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ABSTRACT
The thesis has been written in the paper format and includes four papers.

Paper 1 prescnts the results of an experimental study on the
characteristics of a circular turbulent wall jet growing on a rough boundary, for
the values of relative roughness ky/D (equivalent sand height over nozzle
diameter ) varying from 0.16 to 2.16. The velocity profiles in the central vertical
planc as wcll as the transverse velocity profiles were found to be similar. The
length scale in the vertical plane was affected by the boundary roughness
whereas the transverse expansion was almost unaffected. The boundary shear

stress was affected considerably by the boundary roughness.

Paper 2 presents the results of an exploratory experimental study on
intersecting circular turbulent jets of unequal momentum fluxes for an angle of
intersection equal to 60 degrees. The flow can be divided into two regions,
region 1 extending from the nozzle to the intersection point and region 2
covering the field downstrcam of the intersection point. In both regions, the
velocity and pressure fields were measured, analyzed and correlated with the

ratio of the jet velocities at the two nozzles.

Paper 3 presents an analysis of all the published data for wall jets, free
jumps and submerged jumps and a study of three cases as a whole. The non-
dimensional forward velocity profiles were found to be insensitive to
submergence. The relative length scale L/yg {L is the longitudinal distance from
gate where the maximum velocity falls to one half of the gate velocity and yy is
the gate opening) for wall jet was found to he 60 and was independent of nozzle

Reynolds number. For free jumps, it was found that the velocity scale decay is



similar, and L/yg value is much smaller than that for wall jet and increases
almost lincarly with Fo. For submerged jumps, the velocity scale decay was
found to have two types: free-jump-like and wall-jet-like. A criterion to
distinguish a submerged jump with free-jump-like decay from that with a wall-

jet-like decay is proposed.

Paper 4 presents the results of an exploratory experimental study on the
cffect of two dimensional baffle on submerged jumps. It was found that two
critical values exist for the ratio of baffle height to downstream flow depth,
(h/y)c1 and (h/y)c2. When hly, is greater than (h/y,).2, the main flow is deflected
to form surface jet which is favorable for channel bed protection. When h/y, is
smaller than (h/y).1, the main flow reattaches the channel bed downstream the
bafflc. When h/y, is between (h/y,).; and (hy).), both deflected and reattached
jets are possible depending on the initial condition. Detailed mean velocity and
pressure ficlds were measured for deflected surface jets. The results were
analyzed and correlated with the baffle size and position, gate Froude number

and tail water depth.
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(the numbers in squarcbrackets [] denote relevant chapter numbers)
Symble Description

aj, az coefficients [3]

B flume width [4]

b length scale equal to y where u = 0.5u,, and duw/dy< 0 [4, 5]

by length scale in vertical direction in the non-central plancs [2)

b, water depth where u = 0.75 u; [4]

bs water depth where u = 0.5u; [5]

by length scale in vertical direction [2, 3]

b, length scale in transverse direction [2]

bz inner side length scale in the transverse direction in region 2 [3]

b,. outer side length scale in the transverse direction in region 2 [3]

b4 inner side length scale in the transverse direction in region 1 [3]

bz1. outer side length scale in the transverse direction in region 1 [3]

C coefficient [2]

Ce coefficient of skin friction [2]

D diameter of jet nozzle [2, 3]

Apcm maximum value of the difference between the centerline
pressure of R#0 and that of R=0 in region 1 [3]

Fo gate Froude number [1, 4, 5, 6]

f) tofy functions [2, 4]

g gravitational acceleration [1, 4, 5]

g1 g2 functions [4]

H distance from nozzle to intersection point [3]

h baffle height [1, 5]

hei lower critical baffle height [5]

hea upper critical baffle height 31

hn hump height above the tail water surface [5]

ki.k2 pitch probe calibration parameters [4]

K2 Kz =kz -k [4]

ks equivalent sand roughness [2]

L length scale equal to the value of x where uy = Ug/2[1, 4, 5, 6]

Ly length of the free jump roller [1, 4, 5]



Lrsj

P21
pa3
Pc
pmax

Pmin

Qcircin

Qnozl

Ro
S#
S %

u,v,w

length of the submerged jump roller [1, 4, 5]

piczometric pressure [4, 5]; pressure inside the jet (with reference to
the surrounding atmospheric pressure [3]

pitch probe middle hole and upper hole pressure difference [4]

pitch probe middle hole and 'ower hole pressure difference [4]

value of p on the centerline of jet [3]

maximum pressure in the reverse flow region [3]; maximum
deviation of piezometric pressure from hydrostatic value [4]
minimum value of p in region 2 [3]

forward discharge per unit flume width [5]

eddy circulation discharge per unit flume width [5]

nozzle discharge per unit flume width [5]

correlation coefficient [2, 4, 5]; ratio of jet velocity at nozzles B to
that at nozzle A [3, 6]

distance from vortex center to the point of measurement [5]

nozzle Reynolds number [4, 6]

submergence [1, 4, §, 6]

smallest value of S required for a WJL jump to have the same length
scale L as wall jet [4]

critical value of S to distinguish between WIL and FIL jumps [4]
time averaged longitudinal veiocity at any point [2, 3, 4, 5]
fluctuation velocity components in x, y and z directions [2]
maximum value of u in non-central vertical planes [2]

boundary shear velocity [2]

velocity of jet at nozzle [1, 2, 4, 5]

value of u in the central vertical plane [2]; maximum value of u at
any section [3, 4, 5]

maximum value of ug, [2]

value of u,, at the location where the decay of uy, deviates from wall

jetcurve [4]

maximum value of ug [4]

time-averaged velocities in y and z directions [2]
magnitude of maximum velocity vector [5]
tangential velocity [5]



Ynozl

z

TR <3 1o )

P

Om

Rl v

distance from the intersection point and along the theoretically
predicted resultant jet axis [3]; longitudinal distance from nozzle |1,
2,4,5]

distance from the intersection point and along the symmetry line [3]
distance from the baffle front to the gate [1, 5]

longitudinal distance from Nozzle A [3]

value of x where submerged jump velocity scale decay starts to
deviate from the wall jet curve [4]

value of x where the surface velocity has the maximum value [5]
the position of the top of surface hump [5]

coordinate in vertical direction [1, 2, 3, 4, 5]

nozzle opening [1, 4, 5, 6]

conjugate tail water depth of the free jump [1, 4, 5]

water depth behind the gate [1, 4, 5)

value of y above which q=q;,, [5]

water depth [5]; distance below the free surface [4)

tail water depth [1, 4, 5]

transverse distance [2]; distance from the (theoretically predicted)
resultant jet axis [3]

distance from the symmetry line [2]

distance between the experimentally determined resultant jet axis
and the theoretically predicted axis [3)

transverse distance from the axis of nozzle A [3])

angle between the jets [3]

boundary layer thickness [4, 5]; boundary layer thickness in the
central vertical plane [2]

boundary layer thickness in the non-central vertical planes [2]

eddy circulation [5]

=y/b [4]

kinematic viscosity of the fluid [2]

angle of attack [4]

density of the fluid [2, 3, 4, 5]

boundary shear stress (in the central vertical plane) [2]

vorticity [5]

the angle between (theorctically predicted) resultant jet axis and
symmetry line [3]



Chapter 1 Introduction

A wrbulent jet is defined as a jet of high velocity fluid discharging into an
ambient fluid which may be at rest or in motion. A systematic study of turbulent
jets is believed to have begun with the theoretical studies of Tollmien (1926) and
Goertler (1942) and the experimental work of Forthmann (1934) (Abramovich,
1963 ) and since then a large number of papers on jets have been published. The
books written by Abramovich (1963) and by Rajaratnam (1976) provide a

coherent treatment of the theory of turbulent jets.

Although the present knowledge on turbulent jets can be considered to be
comprehensive, there are still several areas in which useful contributions can be
made. In this thesis, the results of experimental studies on four practical problems

in hydraulic engineering dealing with wrbulent jets will be presented.

In Chapter 2, the results of an experimental investigation on circular wall
jets on rough boundaries will be presented. A circular wall jet is defined as a jet of
fluid discharging tangentially on a flat surface and Fig. 1-1 gives a definition of
the general characteristics of circular wall jets on smooth boundaries are given
first, Following this, the experimental setup for the present study is described in
section 2.2. In section 2.3, the details of the experiments of four different relative
roughnesses and the direct experimental results are given. The analysis on the
effect of roughness on the jet characteristics and the conclusions are given in

sections 2.4 and 2.5 respectively.

The objective of Chapter 3 is to study the mean flow structure of two

intersecting circular jets of unequal momentum flux (see Fig. 1-2 ). The original



possible to use jet intersection as a means to dissipate energy, in connection with
hydraulic structures. Intersecting jets have been siudied by a number of
investigators and a brief review of the existing investigations is given in the
introduction section (section 3.1) of Chapter 3. The experimental setup is
described in detail in section 3.2. The experimental results for the flow region
between the nozzles and the intersection point and the analysis on the results for

this region are given in section 3.3. The experimental results and the analysis of

The conclusions for the present study are formulated in section 3.5.

Chapter 4 is a major component of this thesis. In this chapter, frec
hydraulic jumps, submerged jumps and two-dimensional wall jets (referred to as
classical wall jets, or CWJ) are studied as a whole. Fig. 1-3 illustrates the flow
configuration of free jumps and submerged jumps. The classical wall jet can be
viewed as the limiting case of submerged jumps when the tail water depth
approaches infinity. In the introduction section of Chapter 4 (section 4.1), the

existing published papers which reveal the flow structure of free and submerged

are reproduced. Section 4.2 focuses on classical wall jets. In this section, the
existing published data on the decay of velocity scale of CWJ and the

corresponding length scale data are collected and analyzed.

For free jumps, a collection of all the available data on velocity and length
scales are presented in section 4.3. By analyzing the velocity scale data, an
attempt was made to obtain a general decay law for free jumps. A second attempt
in section 4.3 is to show how the length scale L of free jumps changes with

nozzle Froude number Fy ( here L equals to the longitudinal distance from nozzle



where the maximum velocity falls to one half of the nozzle velocity, and Fy equals
to Ug/Vgyo in which Up and yo are the nozzle velocity and the opening

respectively, and g is the gravitational acceleration).

Much attraction has been given to submerged jumps since they serve as
the transition from free jumps to wall jets. In section 4.4, all the available existing
scale data on submerged jumps are collected. In addition, some more experiments
were done to supplement the data. The experimental set up for the experiments
will be described first in section 4.4, Following that, an analysis on the
characteristics of submerged jumps based on the collected data and the new
experimental data will be performed. This analysis is done mainly in the following
two aspects: (1) for jumps of different Fg, how the decay of the velocity scale

submergence S (equal to (y,-y2)/yz, where y, is the tail water depth and y; is the
tail subcritical sequent depth of free jump for a given Fo); (2) how the length
scales of submerged jumps vary with Fy and S. The conclusions of the present
study on free jumps, submerged jumps and wall jets are formulated in section

4.5.

In Chapter 5, some experimental results on the effect of two-dimensionai
baffles on wall jets with finite submergences are presented. The flow
configuration of this problem is shown in Fig. 1-4. Chapter 5 consists of 4
sections. In the brief introductory section (section 5-1), the necessity of the
present study is described. Section 5-2 describes the experimental setup for the
present study. The experimental results and the analysis on the results are
presented in section 5-3. First of all, this section describes the flow characteristics
of the two different flow states found in the experiments, the deflected surface jet

and reattaching wall jet. Following this, the formation conditions for the two flow



states are discussed and empirical curves are presented to describe these
conditions. Based on the detailed experimental data, section 5-3 discusses the
baffle effects on the mean flow structure of both flow states, especially the
deflected surface jet state. This includes: the decay of velocity scale, the
development of length scales and the characteristics of baffle induced eddies. In
the last section of Chapter 3, section 5-4, the conclusions on the effects of baffle

on submerzed jumps are formulated.

In the last chapter of this thesis, Chapter 6, a general discussion is
presented on the four contributions presented in Chapters 2 to 5. For each of these
contributions, Chapter 6 gives a brief summary and suggests possible directions

for further study.
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Fig. 1-1 Flow configuration
of circular wall jet

Nozzle A

Fig. 1-2 Schematic representation of mixing of two jets



(a) free jump
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Fig. 1-4 Flow configuration of submerged
Jump with baffle



Chapter 2 Circular Turbulent Wall Jets on

Rough Boundaries *

2.1 Introduction

Consider a circular wall jet of diameter D issuing from a nozzle with an

same fluid (essentially) at rest. Such a flow configuration is referred to as a
circular wall jet ( all boundaries are generally referred to as walls in the Fluid
Mechanics literature and hence the name wall jet ). Fig. 2-1(a) shows the
definition sketch of such a configuration. The circular wall jet belongs to the
family of bluff wall jets ( Rajaratnam, 1976 ). If the Reynolds number of the jet
(equal to UpD/v where v is the kinematic viscosity of the fluid) is greater than a
few hundred, the jet is likely to be turbulent. Based on the investigations of
Newman, Patel, Savage and Tjio (1972), Raj-aramam and Pani (1974) and others

( see review by Launder and Rodi (1983) for a list of other investigations ), we

of the potential core, in the central plane where z = 0, the distribution of time
averaged axial velocity ug, in the Y direction is similar. That is um/umo = f1(y/by)
where f) denotes a functional relation and ugmo and by are respectively the
velocity and length scales. The velocity scale un is defined as the maximum
value of up, which occurs at a normal distance 8 from the wall and by is the
value of y where ug = une/2 and du,,/dy is negative. The inner region where y <
8 is known as the boundary layer ( with 3 referred to as the thickness of the

* The main content of this chapter has been published in the Journal of
Hydraulic Research, 1990, Vol. 28, No. §.
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boundary layer ) whereas the outer region with y25 is known as the free mixing
region. The u velocity profiles in the transverse direction ( see Fig. 2-1 (a)) are
also similar. That is w/ug=f(z/b;) where uy, is equal to the maximum value of u,
b, is the value of z where u = uy,/2 and f; denotes another function. This

function f3 is well approximated by the exponential equation
f, = exp(-0.693(z/b,)2) -1

In the fully-developed flow region, uyo == 1/x and both the length scales
grow linearly with the longitudinal distance x. From a review of the available
results, Launder and Rodi (1983) suggest the following values for growth rates

of scales by and b,

0.048 and db, |

dby
dx

dx

0.26 (2-2)

boundary shear stress in the central plane, dimensional arguments suggest that
Tom > 1/x2. The variation of ug, and Toy, with x has been evaluated in a unified

manner for bluff wall jets of several shapes by Rajaratnam and Pani (1974).

Considering bluff wall jets on rough boundaries, comparatively very
little work has been done. Pani (1972) performed one experiment with a sand-
paper of roughness with a relative equivalent roughness ky/D of 0.20 and found
that the main difference was that 8 increases somewhat at a larger rate. Since the
boundaries are more likely to be rough in practical cases, an experimental study

was done with four values for the relative roughness k,/D equal to 0.16, 0.32,



2.2 Experimental arrangement

The experiments were performed in a jet tank 1.1 m wide, 1.22 m deep
and 3.5 m long. The circular wall jet from a nozzle entered the tank, tangentially
on a flat plate kept horizontal at about the mid-depth in the tank (see Fig. 2-
1(b)). Jets of desired velocities were produced by means of a standpipe of
different heights and the jets were deeply submerged by maintaining the water

level very near the top of the jet tank.

Time-averaged mean velocity field in the jet was measured with a
Prandtl tube of external diameter of 2.4 mm. No turbulence correction was made
to the velocity since the turbulence field was not known. This tube was also used

to measure the boundary shear stress in the center plane.

Two types of roughnesses were used in the experiments. The first
roughness was provided by a (hardened) rubber mat with rectangular ridges
running perpendicular to the direction of the jet. The second roughness was
provided by a flower-type mat and the details of these roughnesses are shown in
Fig. 2-2. The mats were fixed to the horizontal support plate in such a way that
the jets issued tangentially at the top level of the roughness elements. When
roughnesses were calculated, it was assumed that there exists the semi-
logarithmic type of the law of the wall in the inner region of the boundary layer
part. This semi-log law is described as

U = 5.75u,10(30 i) 2-3)
in which u« is wall shear velocity. By eqn. (2-3), if the datum for the roughness

was chosen correctly, the plot of uy, against y data for the inner layer of the jet

datum for the two materials were found. Once the datum was found, the k, value



could be obtained by extending the straight line in the semi-log paper to cross
un=0 line and multiplying the y value at this point by 30. The roughness values
for the strip and flower-typed roughness materials were found to be respectively

4.0 mm and 27.4 mm.
2.3 Experiments and experimental results

Four experiments were performed, the primary details of which are given
in table 2-1. Two nozzles of diameters of 12.7 and 25.4 mm were used with the
two roughnesses, giving k,/D values of 0.16, 0.32, 1.08 and 2.16. The je:
velocity at the nozzle was given two values of 3.35 and 4.27 m/s and the

Reynolds number of the jet was varied from about 5200 to 8100.

Table 2-1. Details of the experiments

Jqun | O(mm) | Ug(m/s) | kymm) | k/D UoDiv__

127 | 427 40Gtrip) | 032 | 5160

2 254 | 335 406sip) | 016 | 8110

254 3.35 _27.4(flower) |  1.08 _8110

_2.16 5160

3 L
4 12.7 427 | 27.4(flower)

For each experiment, the variation of time-averaged longitudinal velocity
unwas measured in the central vertical plane (z=0) at several longitudinal
distances from the nozzle. The uy(y) profiles for all the four runs are shown in
layer and the free mixing regions, the fall of ug, with x/D as well as the growth

of by and & with x/D.

10



The variation of u(z) in the plane of un was also measured in all the
four runs and the results are shown in Fig. 2-4(a-d). In these profiles we can see

the decay of u,e with x/D as vzell as the growth of b, with x/D.

Fig. 2-5(a-b) shows the velocity profiles for several non-zero va'.es of
2/D for one longitudinal section (x/D=16) and these profiles show us the decay
boundary layer becomes somewhat thinner as we move transversely away from

the central plane.

It was attempted to measure the boundary shear stress T, in the central
pleme by means of the 2.4 mm Prandtl tube as the Preston tube using the
calibration diagram of Hollingshead and Rajaratnam (1980), but for the values

of k; and diameter of Prandtl tube involved, the results were found to be very

approximate. Hence T, was calculated by the log-law with the characteristic

constants having the values of 5.75 and 8.5 for the Prandtl tube resting on top of

seen that T, decreases rather rapidly with the distance from the nozzle.
2.4 Analysis of the experimental results

2.4.1 Velocity distribution in the central vertical plane

The velocity profiles in the central vertical plane are plotted in non-
dimensional forms for each run in Fig. 2-7(a-d). It is seen from the figures that
the profiles are similar in each run for x>8D but only those for small k/D values
(runs 1 and 2) agree well with the corresponding curve for the plane turbulent

wall jet under zero pressure gradient on a smooth wall, referred to as the

11



experimental results form a similarity ribbon, at least in the free mixing region.

Let us now consider separately the boundary layer and free-mixing
regions. The data for the boundary region are non-dimensionalized by using the

maximum velocity and the boundary thickness as scales and are plotted in Fig.

other sections, the profiles are similar in each run, and that the similarity profile

for each run can be described by a power law of the form

Un _ (N
ﬁ-(?“” (2-4)

with n varying from about 19 to 3.

All the boundary layer data are plotted together in Fig. 2-10(a). In Fig. 2-
10(a), the data show a wide band indicating the effect of boundary roughness.
The velocity data are also plotted in semi-log form in Fig. 2-10(b) in which
u;gﬂ\/ﬁ, and the results are approximately described by the Karman-Prandil
type semi-logarithmic equation with the respective characteristic constants of

5.75 and 8.5.

2-11 and 2-12 that in the free mixing region the velocity profiles are similar and
they can be represented well by the straight line passing the two points (1, 0.05)

and (0.5, 1). The exponential curves represented by the equation

L W Y-85 9.8
U = exp[-0.693( by- 5) ] (2-5)

are also plotted in Figs 2-11 and 2-12 and they are seen to be close to the data.



2.4.2 Velocity distribution in y =  plane

The u(z) profiles in y = 8 plane are found to be similar and the non-
dimensional velocity profiles are plotted in Fig. 2-13(a-d) for each run and
together in Fig. 2-14 for all runs. The data seem to scatter somewhat when the
values of z/b, are greater than about 1.5. Although the data are around the

exponential curves represented by

u ] e _ _ 77, - _ N
U = exp[- 0.693 z)2] (2-6)

0.5, 1).

2.4.3 Velocity distribution in non-central vertical plane

All the velocity data in the non-central planes measured at x = 16D from
the nozzle are plotted in non-dimensional form in Fig. 2-15(a-c). In the figure
the prime denotes the scales in non-central plane and the curves in Fig. 2-15(c)
are the same as the curves in Fig. 2-9. Just as in the central vertical plane, the
data show very good similarity in the free mixing region and are well described
by the same straight line. The curve in Fig. 2-15(b), which is close to the data, is
represented by

f?mzexp[-D.GQB(%)Z] X))
y' L

The data in the boundary layer region are seen to fall around the power law

curves for the central vertical plane.

2.4.4 Boundary shear stress variation along center-line
To see the variation of the boundary shear stress along center-line, let us
define the skin friction coefficient Cy as

Cr=q-m- (2-8)
umﬂ

S
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The variation of Cg with x/D is shown in Fig. 2-16, and it was found that for x/D

four experiments. The variation of this constant value of Cy with the relative
roughness k;/D is shown in Fig. 2-17, and it was found that this variation can be

"

Cr ko= 0.0116, a0 +0.021 2000 13 (2-9)
with the correlation coefficient R equal to 0.976. The subscripts in equation 2-9
are the standard errors. In Fig. 2-17, we find that for a rough boundary with k,/D

= 2.0, Cy is about nine times that of the corresponding smooth houndary value.

2.4.5 Roughness effect on length and velocity scales

Considering the relative boundary layer thickness /D, its variation with
x/D is shown in Fig. 2-18 and was found to be essentially linear. The variation
of the growth rate of 8 with k,/D is shown in Fig. 2-19 wherein this variation is

described by the linear equation

(R=0.994) (2-10)

\U‘lmﬂ"

dx 2 o= 0.09300000 + 0.008 0000 K2

Contrary to the trend in the longitudinal direction, the boundary layer
thickness was found to decrease linearly in the transverse direction, and this can
be seen from the 678 data measured at section x/D=16 plotted against /D in Fig.
2-20. This decreasiﬂg rate as a function of k,/D is shown in Fig. 2-21 and was

d(87s)
% losos= -0.33 2005 + 0. 18,0016 K& 0.047,00m( 1 2

Qu

(R=0.999) (2-11)
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Regarding the relative length scale by/D its variation with x/D was also
found to be linear as shown in Fig. 2-22. It was found that the rate of increase of
by/D with x/D increased approximately linearly with the relative roughness k;/D

as shown in Fig. 2-23 and that this rate of increase is described by the equation

O o5y = 0.0504004 + 002mit  (R=0.946) (2-12)
For the lateral expansion of the wall jet, Fig. 2-24 indicates that the roughness of
the boundary does not affect the growth of b,/D. Observations on the variation
of Ug/ume with x/D show that uyg = (1/x) (see Fig. 2-25). Further the coefficient
C in the velocity scale equation

LU U (2-13)

Yo " &.36)

decreases linearly with k,/D as shown in Fig. 2-26. In Fig. 2-26, we see that C
decreases from the smooth boundary value of 6.25 to about 4.2 for k/D = 2.16.
the variation of C with k,/D is described roughly by the equation

C Losor= 5.60z0 11 -0.74 Lig0) B3 (R=0.836) (2-14)

2.5 Conclusions

Based on the experimental observations of circular wall jets growing on
rough boundaries with the relative roughness k,/D equal to 0.16, 0.32, 1.08 and
2.16, the following conclusions can be formulated.

(1) The longitudinal velocity profiles are approximately similar, This
similarity characteristic is improved if the profiles are considered separately in

the boundary layer and in the free mixing regions.

15



(2) The length scales of the whole wall jet as well as the boundary layer

quadratic function of the relative roughness.

(3) The velocity scale was found to vary inversely with x, with the
characteristic cocfficient decreasing with the relative roughness.

(4) The boundary shear stress in the central plane was found to vary

linear increase with the relative roughness.
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(a) Definition Sketch

* From pump

(b) Experimental arrangement

Fig. 2-1 Definition sketch and experimental arrangement
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(b) Strip roughness

Fig. 2-2 Details of the Roughnesses (Dimensions shown are in mm)
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Fig. 2-3(a-d) Velocity profiles in the central vertical plane
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Table 2-2. Scale data for §, by, b,, ume and C¢

run # x/D &/D by/D _ Uotumo  b/D <t
1 1.00 1.00 0.0303
7.92 043 1.16 1.29 072 0.0216
16.08 0.31 1.50 2.33 1.78 0.0271
24.00 0.40 1.99 3.66 346 0.0264
31.92 0.50 2.52 5.49 576  0.0247
40.08 0.59 3.12 7.13 8.64 0.0242
48.00 0.68 3.66 8.96 13.44  0.0238
2 1.00 1.00 0.0207
8.04 0.30 1.04 1.32 0.67 0.0165
12.00 0.33 1.22 1.76 1.20 0.0188
15.96 0.38 1.41 241 1.96 0.0171
20.04 043 1.63 3.19 2.88 0.0194
24.00 0.47 1.98 3.84 372 0.0169
27.96 0.51 2.16 4.67 480 0.0165
32.04 0.56 244 5.65 644  0.0184
39.96 0.64 3.07 7.32 0.0195
3 1.00 1.00 0.0658
8.04 0.46 1.17 1.46 0.68 0.0387
12.00 0.52 1.34 2.03 1.13 0.0267
15.96 0.59 1.56 2.81 1.60  0.0292
20.04 0.66 1.78 3.82 2.10 0.0366
24.00 0.74 2.04 4.86 2.88  0.0308
27.96 0.80 2.24 6.08 336 0.0334
32.04 0.86 2.64 7.34 4.68 0.0250
4 1.00 1.00 0.0529
7.92 0.46 1.26 1.48 091 0.0470
16.08 0.58 177 2.77 1.92 0.0711
24.00 0.79 2.48 4.39 3.65 0.0641
31.92 1.01 3.26 6.31 5.09 0.0594
40.08 .19  3.67 8.09 6.91 0.0574
48.00 1.42 4.61 10.00 9.45 0.0594
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Table 2-3. Scales in x/D=16 plane

_mun# 2D 875 _ byby,  uph

1

0.000
0.866

1.654

0.000
0.787
1.587

0.000
0.787

_1.587

0.000
1.181

Table 2-4. Coefficients and length scale growth rates

a8

_x

C

Ce

_002

0.012
0.011
0.019

5.26
5.00
4.55
4.17

0.0235
0.0175
0.0310
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Chapter 3 Intersecting Circular Jets of Unequal
Momentum Flux *

3.1 Introduction

Intersecting turbulent jets can be used for many purposes. In industry, their
application can be found in gas mixing chambers, combustion chambers and spray

drying equipment. In hydraulic engineering, intersecting turbulent jets could be

interpreted as a limiting case of intersecting jets.

There have been relatively few investigations on intersecting circular
turbulent jets. From their early experiments on dual intersecting jets with
intersecting angles o (see Fig. 3-1 for a definition sketch) from 0 to 30 degrees
Baron and Bollinger [1952] found that there exist significant static pressure
gradients. Maxwell (1979) found that when two jets intersect, the direction of the

resulting jet can be found by using elementary momentum consideration and

experimental study of two intersecting air jets with approximately equal
momentum fluxes, with an intersecting angle o equal to 90 degrees. They
explored the velocity field in the vicinity of the (geometrical) intersection point.
When analyzing parallel jets, Knystautas (1964) found that the Reichardt
hypothesis is very useful. In this hypothesis, it is assumed that the fluid viscosity
is negligible and that the pressure field is constant. This enables the linearization

of the equation of motion and allows the resultant flow to be obtained by adding

* The main content of this chapter has been published in the Journal of Hydraulic
Research, 1992, Vol. 30, No. 6.
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the squares of the velocities of the individual jets For intersecting jets with a
greater than about 14 degrees, the observations of Baron and Bollinger (1952) and
Maxwell and Snorrason (1981) both indicated that due to the violation of these

assumptions, this procedure is not valid any more.

Witze (1974) performed a series of experiments with opposing circular
(air) jets (o = 1800) with the separation distance between the nozzles equal to 20,
30 and 40 times the diameter of the jet. He found that impingement produced a
radial jet, which grew at about three times the rate of a radial jet produced from a
nozzle. A similar rapid growth of a plane jet produced by impingement of two

plane wall jets (o = 1809) was observed by Kind and Suthanthiran (1973).

Rajaratnam and Khan (1992) studied intersecting circular turbulent jets of
equal momentum flux for a equal to 30, 60, 90 and 120 degrees. They divided the
flow into two regions (see Fig. 3-1). Region 1 extended from nozzle to the
intersection point (IP) and the region downstream of IP formed region 2. In region
1, using axial pressure measurements, they found that the flow was affected by the
stagnation pressure for x,/H greater than 0.5 for o = 300 where H is the distance
between the nozzle to the IP and x; is the axial distance from the nozzle. This

value increased to 0.85 for normal impingement on a plate (Beltaos and
Rajaratnam, 1974). If p; is the pressure at the stagnation point, ps[%P lpUg was a

function of o where p is the fluid density and Uy is the jet velocity at the nozzle of
diameter D. The velocity profiles in the jet in the transverse (z;) and vertical (y)

directions were similar for x;/H up to about 0.88.

In region 2, the pressure and velocity profiles along the axis of the jet were
found to be approximately similar and expressions were found for the velocity,
pressure and length scales. In the early part of region 2, the vertical growth of the

jet was about three times its transverse growth. In the later part of region 2, these
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two growth rates tend to become equal but were still greater than the growth rate
of simple circular jets by about 50%. The velocity profiles in the vertical and
transverse directions were found to be similar and this similarity curve was well

described by the (familiar) exponential equation.

The results of an attempt to extend this investigation to intersecting jets of

unequal momentum fluxes arc presented in this chapter.

3.2 Experiments

A schematic diagram of the experimental set up is shown in Fig. 3-2. The
jets were produced by two well designed nozzles with internal diameter (D) of

12.7 mm. These nozzles were connected to the air supply (from the university air

valve in each line. The nozzles were mounted on a work bench and the
intersection angle o between the jets could be adjusted to any desired value. For
this study, the valves were adjusted 1o produce jets of desired velocity at each

nozzle. The jet velocity at the nozzle was calculated by measuring the excess

atmospheric pressure. It was observed that the nozzle pressure was very stable and
there was no obvious fluctuation of the water levels in the two manometer tubes
measuring the nozzle pressure. The dominant random error in the nozzle velocity
calculation comes from the manometer reading which can be expected not to
exceed 0.5 mm. This equates to a maximum error of about 2.8m/s in nozzle

velocity calculation for the specific weight of 0.0012 of air under room

temperature.

40



A three dimensional traverse system was set up so that the measuring

instrument (Prandtl probe) could be placed at any required position. The

directions were 0.1 mm, 0.3 mm and 1.27 mm respectively.

A Prandtl-type pitot-static probe of external diameter of 1.5 mm was used
to obtain the time average velocity as well as the pressure field in the intersecting
jets. This Prandtl tube was connected to two micro-manometers. Alcohol of

specific gravity of 0.81 was used as the micro-manometer fluid. The micro-

At every section, the probe was aligned with the flow on the jet axis with a
tuft probe so as to reduce the errors that might be introduced otherwise due to
angle of attack. The slope for the micro-manometer connected to the static
pressure holes was set to 1/25 all the time while the slope for the other micro-
manometer, which was used to measure the total head, was set to from 11.310
(slope 1/5) to 60°. The alcohol levels in the two micro-manometers were very
stable during measurement. Considering that the random errors in reading the
manometers could not exceed 0.5 mm, the maximum error in the pressure
calculation was about 0.02 mm of alcohol column height and that in the total head
calculation was 0.1 to 0.433 mm. The resulting maximum error in the velocity
calculation was 1.2 (for 1/5 slope) to 2.4 m/s (for 60 degree slope). No corrections
were made to velocity and pressure measurements for the effect of turbulence and
this aspect should be kept in mind especially when considering the results in the

region near the intersection point.

The arrangement of the nozzles A and B for the present study is shown in
Fig. 3-3. The angle of the intersection was fixed at 60 degrees with H/D equal to

7.9. Region 1 extends from nozzle A to the intersection point and region 2 lies
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downstream of the intersection point. The ratio of the velocity at nozzle B to that
at nozzle A is termed the velocity ratio R. Six experiments were performed for R
=0, 0.39, 0.47, 0.59, 0.68 and 0.79. The respective velocities at the nozzles are
shown in Table 1 ahd were varied from zero to about 42 m/s. In this range of

velocities, compressibility effects can be neglected.

Table 3-1 Primary details of the experiments

Expt. Uoa (m/s) Uos (m/s) _g&
1 42.14 0 000
2 42.15 16.46 0.39
3 35.19 16.5 0.47
4 42.2 25.03 0.59
5 42.16 28.67 0.68
6 42.14 33.36 079

In each of these six experiments, the time-averaged axial velocity and
pressure were measured along AC (see Fig. 3-3) and the axis of the resulting jet
after the intersection. In Fig. 3-3, CX represents the theoretically calculated axis
of the resulting jet. Fig. 3-3 shows the co-ordinate system used. The profiles of u
in the vertical (y) and transverse directions were measured at several sections in
both region 1 and region 2. Measurements also included the pressure field in the

jets. These results are presented and discussed in the following sections.

3.3 Experimental results and analysis for region 1

3.3.1 Velocity and pressure variation along jet axis
Considering the axis of the jet from nozzle A, Fig. 3-4 shows the variation

of the axial velocity along the axis of the jet A. In Fig. 3-4, one can see the extent

42



of the potential core. After the end of the potential core, it is seen that the decay of
the centerline velocity is increased as R increases. Fig. 3-5 shows the variation of
the centerline pressure in terms of % pﬂg with x,/D. At x;/D = 4.5, the pressure

region. If xy» is the value of x; at which the pressure begins to increase, x;»/H=
5.7 which is approximately equal to the value found for jets of equal momentum
flux for o = 60 degrees. If Ap., is the maximum value of the difference between
the centerline pressure of R#0 and that of R=0 in region 1, the variation of Apey,
with R is shown in Fig. 3-6. From Fig. 3-6, it is seen that Apml%pijg increases
continuously with R from O for R = 0 to about 0.021 for R = 0.79. For R = 1,
Ap@/%pug for H/D = 9.8 was equal to 0.88. The variation of Ap@%pug with R
can be described well by the following polynomial equation.

£Pem | vnz= 0.053,000R - 0.148£00,5R? + 0.210s0010R? @3-
3P

with the correlation coefficient equal to 1.000.

3.3.2 Velocity and pressure distribution in region 1

In region 1, the velocity profiles u(z)) were measured at several sections
with x,/D ranging from 4.9 to 7.4. These profiles are shown in Fig. 3-7(a-f) for R
= 0, 0.39, 0.47, 0.59, 0.68 and 0.79. One can see from Fig. 3-7 that as the
intersection point is approached, on the inner side (i.e. the side of the other jet) the
jet doss not grow as fast as on the outer side. When the velocity on the inner side
was measured near the intersection point, the results can only be considered as
approximate because of the strong flow attack from the other jet to the Prandtl
tube (for this reason the data were not taken for R = 0.79 in this region). In Fig. 3-

8(a-f), the transverse velocity profiles are plotted in non-dimensional form, and
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we can see that these profiles are similar and can be described well by the
exponential equation
o = €xp(-0.693¢L)?) (3-2)

except for the section with x;/D = 7.4. The data for ail values of R are collected in
Fig. 3-9 where the exponential equation appears to describe the data well, except

for the station x,/D = 7.4. In Figs. 3-8 and 3-9, u, is maximum velocity, and b, is
the transverse length scale defined as the value of z; where u = % Up.

The variations of length scales b;;, (on the inner side) and b,;. ( on the
outer side ) with R are shown respectively in Fig. 3-10 (a) and (b). It is seen that
both scales grow approximately linearly, but while the growth rate on the outer

side was not affected by the jet B it decreased on the inner side when R increased.

and it is seen that the growth rate on the inner side decreases approximately

linearly with R and the relation can be expressed as

d(bz14) d%x;) 110,004 = 0.0280005+ 0.078,900R (3-3)

with the correlation coefficient equal to 0.989.

they are found similar when plotted in non-dimensional form in Fig. 3-13(a-f).

The data for all values of R are plotted together in consolidated form in Fig. 3-14..
In Figs. 3-13 and 3-14, by is the value of y where u =% up. It is seen from Figs. 3-

13 and 3-14 that the familiar exponential equation described the data very well,
The growth of the vertical length scale by with distance from the nozzle is shown
in Fig. 3-15 where one can see that as the intersection point is approached, the jet

grows faster in the vertical direction, especially so when R value is large.



Fig. 3-16(a-f) displays the pressure profiles in transverse direction for
several x,/D values and all the six R values. These profiles highlight the
asymmetry of the jets especially for big R values. The pressure profiles in vertical

direction are shown in Fig. 3-17(a-f).

3.4 Experimental results and analysis for region 2

3.4.1 Velocity and pressure variation along resultant jet axis

For the region 2 extending from the intersection point, firstly the direction
of the resulting jet can be predicted from momentum consideration. Referring to
Fig. 3-3, let us denote the momentum from nozzles A and B as M, and Mg, and
the angle between the resultant jet and the line of symmetry (shown by the line
CX'in Fig. 3-3) asa. Let us further assume that the pressure inside the resultant
jet is the same as that of the ambient fluid we can write the momentum balance

equation in Z direction as

Ma,sin (— -a)+ Mgccs(2 +0+ 2) =0 34

Solving o from equation (3-4), we obtain

M, - Mp
a =tan° {MA+MB'3“(2E)}

=128 an G o) (3-5)

Eq. (3-5) has been reported eurlier by Maxwell and Snorrason [1979] in a
different form. Fig. 3-18 shows a comparison of experimental results with Eq. (3-
5). In experiments, the axis of the resulting jet was defined as the locus of
maximum velocity points. It is seen from Fig. 3-18 that the theoretical prediction

is satisfactory away from the point of intersection whereas near the intersection
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point the agreement is not good especially for large values of R due to the

violation of the constant pressure field assumption.

the resulting jet) in terms of Uy (velocity at nozzle A), with x/D is shown in Fig.
3-19(a). The decay of the maximum velocity appears to be enhanced with the
increase of R. In Fig. 3-19(b), the data are presented in a different form. As is seen
from Fig. 3-19(b) that after x/D=3, Up/uy, increases linearly with x/D. If we

assume
U X .
iInQ =sai+ap (3-6)
the variation of coefficients a; and a; with R is shown in Fig. 3-20, and the
relations can be expressed as

110,006 = 1.085Ly,006 -0.723l49,0025R +0.363 11,0936 R2 (3-7)

a2li0.007 = 0.140L0 006 + 0.227Lig001,R (3-8)

with correlation coefficients equal to 0.999 and 0.995 respectively.

The variation of the pressure along the axis of the jet with distance from
the intersection point is shown in Fig. 3-21 wherein for all the non-zero values of
R, one can notice the drop from the increased pressure area before the intersection

point to a low pressure and a recovery for further increase with x/D. For R =(0.79,
the lowest value of pl% pU% = -0.04. Fig. 3-22 shows the variation of the minimum

pressure pmin ( measured along the jet axis) in terms of % pU% with R, wherein

Pmin decreases continuously as R increases. Fig. 3-21 also shows for all non-zero

values of R, the minimum pressure occurs at x/D = 4.

indicated by Fig. 3-23 (a-e). It did occurred at the stagnation point possibly
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shown in Fig. 3-24, wherein pm“I%pU% increases continuously with R and
becomes equal to about 0.11 at R = 1(The result for R=1 is from the work of

Rajaratnam and Khan).

3.4.2 Velocity and pressure distribution in region 2

The transverse velocity profiles in region 2 are shown in Fig. 3-25(a-f),
and they were found to be essentially symmetric about the experimentally
determined resulting jet axis (EDRJA). These profiles were also found to be
similar as shown in Fig. 3-26(a-f). When all the profiles are shown together in
Fig. 3-27, it was found that the exponential equation appears to describe the data
extremely well. In Figs. 3-26 and 3-27, z. is the distance between the x axis and
EDRIJA, and b, is a length scale and is equal to z-z« where velocity is half of the
maximum velocity. The growth of the length scale b; in terms of D is shown in
Fig. 3-28. It was found that the jet growth was almost symmetric about EDRJA,
and the growth was approximately linear (after a short region of no growth). The
variation of the growth rate of the length scale b, with R is shown in Fig. 3-33
(with that in y direction ) from which we can see that the growth rate increases

almost linearly with R and can be expressed as

! Loma = 0.07340007+0.085 0012 (3-9)
with the correlation coefficient equal to 0.909.

The vertical velocity profiles in region 2 are shown in Fig. 3-29(a-f), and
they were found to be similar when plotted in non-dimensional form as shown in

Fig. 3-30(a-f). A consolidated plot is given for all the vertical velocity profile data

in Fig. 3-31, and the exponential equation was found to describe all the data very
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well. The variation of relative length scale by/D with x/D is shown in Fig. 3-32 for
R =010 0.79 in which the growth rates are approximately linear. The length scale
growth rate db,/dx was found to increase continuously with R as shown in Fig. 3-

33 and can be described by the following equation:

’dd% Iﬂ 015= D.DSZ.* o015+ G.OZS:D ,QSQR +0.4 17@ mRZ (3 -1 D)

with the correlation coefficient equal to 0.996. For R in the approximate range of
0.4 10 0.8, the ratio of the growth rate in the vertical to transverse direction varies

from 1 to 2.5. For R = 1, this ratio was found to be 3.3 by Rajaratnam and Khan.

The transverse pressure profiles are shown in Fig. 3-34(a-f), and they are
found to be essentially symmetric about EDRJA. The vertical pressure profiles are

shown in Fig. 3-35(a-f).

3.5 Conclusions

This chapter presents the results of an exploratory experimental study on
the intersection of unequal momentum flux. For jets of equal diameter, the ratio R
of the velocities at the nozzle was given values of 0.39, 0.47, 0.59, 0.68 and 0.79
for an angle of intersection of 60 degrees. A control experiment with R = 0 was
also performed. Based on the results, the following conclusions can be
formulated.

(1) The flow can be divided into two regions, region 1 from nozzle to the
intersection point and region 2 from downstream of intersection point.

(2) Along the jet axis in region 1, the pressure hill associated with the jet

intersection begins to affect the jet for x;/H greater than about 0.57. As R
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increases the maximum velocity in the jet decays faster and the pressure increase
is also larger.

(3) The transverse and vertical distributions of velocity are similar for
x1/H up to about 0.9 but as the intersection point is approached, the transverse
growth of the jet on the inner side (i.e. the side of the other jet) is retarded. In
vertical direction the jet growth rate increases as R is increased.

(4) Near the intersection point, the start point of the jet axis in region 2 lie
on the outer side of the intersection point and the distance increases as R is
increased. Away from the intersection point, the jet axis approach the lines
predicted by simple momentum consideration.

(5) As R increases the velocity scale up, in region 2 decays faster, and for
all R values the ratio Ugp/u, increases linearly with relative distanc.e x/D.

(6) Along the axis of the resulting jet, the pressure decreases to minimum
value at x/D = 4, and after that it recovers. The minimum pressure, in terms of %p

Ug. decrease continuously as R is increased and is as low as -0.04 for R = 0.79.

The maximum pressure exists in the backward flow region and in terms of %p U(z,

reaches a value of about 0.1 for R = 0.79.

(7) In region 2, the transverse velocity profiles are symmetric about the
experimentally determined axis. The velocity profiles in both transverse and
vertical directions have been found similar. The transverse jet growth rate is not
affected significantly by R whereas the vertical growth rate increases with R and

is generally larger than the transverse growth rate.
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Region 1

Region 2

SP:  Stagnation point
IP:  Intersection point

Fig. 3-1Definition sketch for intersecting jets of
equal momentum flux
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1. Moisture trap

2. Main pressure regulating valve

3. Heating element

4. Pressure gauge 7

5. Pressure regulating va,;\}e

6. 19 mm internal diameter tygon tubing

7. Expansion joint connecting 19 mm internal diameter
copper pipe to 38 mm internal diameter copper pipe

8. 380 mm long, 38 mm internal diameter copper tube

9. 25.4 mm long, 12.7 mm internal diameter nozzle

10. 3 mm taps connected to vertical differential water

manometer by means of tygon tubing

Fig. 3-2. Schematic diagram of the experimental set up
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Table 3-3 Maximum pressure data in regi

]

nl

5"

-0.5906

-0.6102
-0.6299
-0.6614

—-0.5906

-0.6142
-0.6417
-0.6693

-0.5906

0.622
-0.6496
-0.6732

-0.5945

0.626
-0.6535
-0.685

—0.6024

-0.6299
-0.6654
-0.689

— 0
039
0.47
059

068

~ 079

-0.6142
<0.6457

=0.6693

-0.6929




Table 3-5. Data for the axis of the jet in region 2

R=0

R=0.39

R=0.47

R=0.59

R=0.68

R=0.79

x'(cm) z'(cm)

2'(cm)

x'(cm)

x'(cm)

z'(cm)

x'(cn) z'(cm)

x'(cm) z'(cm

x'(cm) z'(cm)

0 0
0222 0.128
0.534 0.308
0.801 0.462
1.112  0.642
1424 0.822
1.691 0.976
2.002 1.156
2313 1.336
258 149
2892 1.67
3.203 1.849
347 2.004
3.782 2.183
4.093 2.363
436 2.517
4.671 2.697
4983 2.877
525 3.031
5561 3.2i11
5873 3.391
6.14 3.545
6.451 3.725
6.762 3.904
7.029 4.059
7.341 4.238
7.652 4.418
7919 4.572
8.231 4.752
8.542 4.932
8.809 5.086
9.12 5.266
9432 5.446
9.699 5.6
1001 5.78

10.322 5.959
10.589 6.113
109 6.293

0.149
0.435
0.721
0.957
1.243
1.528
1.814
21
2.336
2.622
2.908
3.194
348
3.766
4.051
4.337
4.623
4.909
5.195
5.481
5.766
6.052
6.288
6.574
6.86
7.146
7.432
7718
8.003
8.289
8.526
8.811
9.097
9.383
9.669
9.955
10.241
10477
10.763
11.048
11.334
11.62
11.906

-0.351
-0.235
-0.12
0.113
0.228
0.344
0.459
0.575
0.807
0.922
1.038
1.153
1.269
1.384
15
1.615
1.731
1.846
1.962
2.077
2.193
2.308
2.541
2.656
2.7
2.887
3.002
3.118
3.233
3.349
3.581
3.697
3.8:2
3928
4.043
4.159
4.274
4.506
4.622
4.737
4.853
4.968
5.084

0.176
0.515
0.806
1.146
1.442
1.733
2072
2412
2.703
3.042
3.382
3.629
3.969
4.309
4.6
4.939
5.279
5.526
5.866
6.205
6.496
6.836
7.176
7.467
7.806
8.102
8.393
8.733
9.072
9.363
9.703
10.042
10.29
10.629
10.969
11.26
11.599

-0477
-0.358
-0.257
-0.138
0.1
0.201
0.32
0438
0.54
0.659
0.777
0.998
1.116
1.235
1.337
1.455
1.574
1.794
1913
2031
2.133
2.252
237
2472
2.59
2.828
293
3.048
3.167
3.268
3.387
3.505
3.726
3.845
3.963
4.065
4.183

0.139 -0.489
0437 0409
08 -0.182
1.097 -0.102
1.395 -0.023
1.758 0.205
2056 0.284
2354 0.363
2751 0469
3.049 0548
3.347 0.627
3744 0.733
4042 0812
434 0391
4702 1.119
5 1.198
5298 1.277
5.696 1.383
5994 1462
6.292 1.542
6.654 1.769
6952 1849
725 1928
7.647 2033
7945 2113
8243 2192
8.64 2297
8.903 2499
9.201 2.578
9599 2.684
9.897 2.763
10.194 2.842
10.592 2.948
10.855 3.149
11.153 3.228
11.55 3334
11.848 3413
12.146 3.492
12.543 3.598
12.841 3.677

0.105 -0.497
0483 -0.294
0.785 -0.236
1.088 -0.177
1491 -0.098
1.768 0.084
207 0143
2474 0221
2776 0.28
3079 0338
3483 0416
3.785 0475
4088 0534
4465 0.736
4768 0.795
507 0854
5474 0932
5776 099
6.079 1.049
6456 1.252
6.759 1.31
7.062 1.369
7.465 1.447
7.768  1.506
807 1.564
8.448 1.767
875 1826
9.053 1.884
9.456 1.962
9.759 2.021
10.062 2.08
10439 2.282
10.741 2.341
11,044 24
11448 2478
1.7 2536
12026 2.719
1243 2798
12.733 2.856
13.035 2915

0.103
0.4%4
08
1.089
1.497
1.786
2.092
25
2.807
313
3521
3.827
4.116
4.524
483
5.136
5.545
5.851
6.14
6.548
6.854
7.16
7.568
7.857
8.164
8.572
8.878
9.184
9.575
9.881
10.187
10.595
10.902
11.208
11.616
11922
12.228
12.619
12.925
13.231

-0.755
-0.581
-0.544
-0.382
-0.334
0.172
-0.136
-0.087
-0.051
-0.015
0.034
0.07
0232
0.28
0.317
0.353
0.40]
0.438
0.6
0.648
0.684
0.721
0.769
0931
0.968
1.016
1.052
1.088
1.263
1.299
1.335
1.384
1.42
1.456
1.505
1.541
1.577
1.751
1.788
1.824
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Table 3-6 Velocity and pressure scale data in region 2

R=0 R=0.39 “R=0.47
BB AR AT
2 2 2 L/
3pUq 0 2pUs 0 L

0.000 -0.0204 0.854 0.000 0.0136 0.847 0.000 00078 0843
0.202 -0.0207 0.840 0.243 0.0166 0.831 0.283 -0.0119 0.826
0.485 -0.0210 0.821 0.485 £0.0188 0.813 0.526 -0.0143 0.801
0.728 -0.0210 0.806 0.728 0.0207 0.796 0.809 -0.0166 0.779
1.011 -0.0210 0.788 0971 0.0216 0.776 1.092 -0.0186 0.763
1.294 -0.0209 0.766 1.214 0.0222 0.760 1335 00192 0.743
1.537 -0.0207 0.750 1.456 -0.0228 0.742 1.618 -0.0201 0.725
1.820 -0.0204 0.733 1.699 £0.0232 0.725 1.901 -0.0207 0.705
2.103 -0.0201 0.716 1942 0.0234 0.703 2.144 -0.0212 0.684
2.346 -0.0198 0.704 2.184 £.0235 0.681 2477 -0.0216 0.660
2.629 -0.0195 0.687 2427 0.0237 0.665 2710 -0.0222 0.640
2913 -0.0192 0.667 2.670 -0.0240 0.651 2.953 -0.0225 0.623
3.155 -0.0188 0.656 2913 -0.0240 0.635 3.236 -0.0229 0.606
3.438 -0.0186 0.641 3.155 <0.0241 0.621 3s19 0.0231 0.583
3722 -0.0182 0.627 3398 -0.0240 0.603 3.762 -0.0231 0.565
3.964 -0.0178 0.614 3.641 -0.0238 0.585 4.045 -0.0231 0.550
4.247 -0.0175 0.602 3.883 0.0237 0.571 4328 -0.0227 0530
4.531 -0.0172 0.586 4.126 -0.0235 0.558 4.571 -0.0220 0516
4773 -0.0169 0576 4369 -0.0234 0.541 4.854 -0.0214 0.500
5.056 -0.0164 0.561 4.611 -0.0231 0.527 5.137 -0.0210 0.483
5.340 -0.0160 0.553 4.854 -0.0228 0.512 5.380 -0.0205 0.468
5.582 -0.0157 0542 5.097 -0.0225 0.497 5.663 -0.0197 0.454
5.865 -0.0154 0.531 5.340 -0.0217 0.485 5.946 -0.0191 0.439
6.149 -0.0149 0.521 5.582 -0.0213 0473 6.189 -0.0186 0427
6.391 -0.0148 0511 5.825 -0.0207 0.462 6.472 -0.0177 0416
6.675 -0.0145 0.502 6.068 -0.0203 0.450 6.755 -0.0168 0403
6.958 -0.0140 0.492 6.310 -0.0198 0.440 6.998 -0.0162 0394
7.200 -0.0138 0.483 6.553 £0.0192 0.427 7.281 -0.0153 0.385
7.484 -0.0135 0475 6.796 -0.0186 0418 7.564 -0.0145 0372
7.767 -0.0133 0.466 7.039 -0.0180 0.407 7.807 -0.0140 0.363
8.009 -0.0130 0457 7.281 -0.0172 0.399 8.090 -0.0134 0355
8.293 -0.0127 0.449 7.524 0.0169 0.391 8.373 =0.0125 0346
8.576 -0.0124 0.441 7.767 -0.0163 0.383 8.616 -0.0119 0340
8818 -0.0123 0.436 8.009 -0.0160 0373 8.899 00112 0329
9.1G2 -0.0120 0.429 8.252 -0.0154 0.366 9.183 -0.0106 0323
9.385 -0.0118 0422 8.495 -0.0146 0.357 9.425 -0.0102 0.316
9.627 -0.0115 0416 8.738 -0.0142 0.349 9.708 -0.0097 0.308
9.91 -0.0112 0.408 8.980 0.0138 0.342
9.223 -0.0133 0.335
9.466 -0.0129 0.328
9.708 -0.0123 0.321
9.951 -0.0118 0316
10.194 0.0114 0.311
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Table 3-6 (continued) Velocity and
—p JAAZ

ressure scale data in region 2
TS nx

X P U | X P | X ¢ Ug
D , Up D 1 ..2 Upg D 1 .2 Up

0.000  -0.0030 0838 | 0000 00059  0.824 0.000 00098  0.801
0.243 -0.0095 0.820 0324 <0.0035 0.800 034 -0.0047 0.794
0.566 -0.0169 0.797 0.566 0.0104 0.786 0.566 00127 0.780
0.809 -0.0201 0.780 0809 -0.0160 0.76% 0.805 00177 0.769
1.052 -0.0225 0.760 1.133 -0.0206 0.742 1.133 -0.0228 0.751
1.375 -0.0245 0.729 1375 0.0235 0.726 1375 -0.0263 0.738
1.618 -0.0254 0.715 1.618 0.0254 0.709 1.618 -0.0284 0.717
1.861 -0.0263 0.694 1.942 0.0275 0.686 1942 -0.0311 0.695
2.134 -0.0272 0.668 2.184 -0.0287 0.666 2.184 0.0331 0.675
2427 -0.0281 0.646 2427 -0.0299 0.649 2427 -0.0343 0.654
2.670 -0.0290 0.626 2.751 -0.0314 0.619 2.751 -0.0364 0.623
2.993 -0.0299 0.604 2993 -0.0327 0.601 2993 -0.0379 0.600
3.236 -0.0305 0.585 3.236 -0.0333 0.579 3236 -0.0384 0.582
3.479 -0.0308 0.566 3.560 -0.0337 0.552 3.560 =0.0393 0.550
3.802 -0.0306 0542 3.802 -0.0337 0.531 3.802 =0.0393 0526
4.045 -0.0305 0525 4.045 -0.0339 0514 4.045 -0.0393 0510
4.288 -0.0302 0.507 4.369 0.0334 0.488 4369 -0.0384 0.483
4.611 -0.0293 0.487 4611 0.0325 0469 4.611 -0.0367 0.468
4.854 =0.0287 0471 4.854 -0.0316 0.456 4.854 <0.0355 0.450
5.097 -0.0277 0.452 5178 -0.0300 0434 5178 -0.0340 0.428
5421 -0.0260 0435 5421 -0.0290 0.422 5421 -0.0322 0414
5.663 -0.0254 0422 5.663 -0.0278 0.409 5.663 -0.0303 0.398
5.906 -0.0240 0.407 5987 -0.0262 0.389 5987 -0.0284 0.384
6.230 -0.0231 0392 6.230 -0.0247 0.377 6.230 -0.0263 0372
6.472 -0.0219 0.381 6.472 -0.0237 0370 6.472 -0.0251 0361
6.715 -0.0210 0372 6.796 00217 0.356 6.796 -0.0234 0.349
7.039 -0.0198 0.363 7.039 -0.0206 0.348 7.039 -0.0217 0338
7.281 -0.0189 0353 7.281 -0.0195 0337 7.281 -0.0204 0329
7.524 -0.0180 0.345 7.605 -0.0183 0.326 7.605 -0.0186 0320
7.848 -0.0169 0335 7.848 -0.0170 0.319 7.848 -0.0177 0314
8.090 -0.0160 0325 8.090 =0.0163 0312 8.0%0 -0.0169 0307
8333 -0.0151 0318 8414 -0.0154 0.305 8414 -0.0155 0.297
8.657 -0.0142 0311 8.657 -0.0143 0.296 £.657 -0.0148 0.289
8.899 -0.0136 0.305 8.899 -0.0136 0.290 8.899 -0.0139 0.285
9.142 -0.0127 0.298 9.223 -0.0130 0.285 9.223 -0.0130 0.278
9.466 -0.0124 0.293 D.466 0.0124 0.278 9.466 -0.0121 0274
9.708 -0.0118 0.285 9.708 -0.0115 0272 9.708 00117 0270
9.951 -0.0112 0.279 10032  -0.0109 0.268 10032 00111 0.262
10275  -0.0106 0274 10275  -0.0105 0.264 10275  -00106 0.259
10517  -0.0101 0.269 10517  -0.0101 0.259 10517 -0.0101 0.255
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Chapter 4 Free Jumps, Submerged Jumps and Wall Jets *
4.1 Introduction
The hydraulic jump is one of the most interesting phenomena in the field
of hydraulic engineering. It forms a rapid transition from supercritical to
subcritical flow and is shown in Fig. 4-1 (a). In Fig. 4-1 (a), a free hydraulic

jump is formed just downstream of a (streamlined) gate which produces a

and the tail water depth y, is equal to the subcritical sequent depth y,, given by

the Belanger equation

4-1)
where Fy is the supercritical Froude number, equal to Ug/\gyp and g is the
acceleration due to gravity. If the tail water depth is less than y,, the jump would
form somewhere downstream and is referred to as a repelled jump. If y, is
greater than y,, a submerged jump is formed at the gate as shown in Fig. 4-1 (b).
A submerged jump is characterized by the supercritical Froude number Fq and
the Submergence factor S, defined as (Ye-y2)/y: ( Rajaratnam, 1965(a)).
Obviously, S is equal to zero for the jump at the gate, which we will refer to as
the free jump and as S increases above zero, we get submerged jumps of
looks like a plane turbulent jet. If S is very large, it would behave like the
classical plane turbulent wall jet ( which is a plane turbulent wall jet with an
unbounded stagnant ambient and zero longitudinal pressure gradient)

(Rajaratnam, 1976 (a)).

* The main content of this chapter has heen sent to the Journal of Hydraulics
Research for Publication.
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Leonardo da Vinci, in the 16th century, was the first to describe the
hydraulic jump and since then, it has been investigated extensively. A general
review of these publications on the hydraulic jump, can be found in a recent
book by Hager (1992). It should be mentioned that most of these papers deal
with the global characteristics of the jump and only a few investigators have

considered the intemnal structure of flow in the jump.

In 1965, Rajaratnam (1965 a) studied submerged jumps treating them as
plane turbulent wall jets with finite submergence. For Froude number Fy ( at the
gate) varying from 4.38 to 7.66 and S in the range of 0.18 to 1.17, Rajaratnam
found that the velocity profiles in the forward flow were similar if they are
normalized with a velocity scale equal to the maximum velocity up, at that
section and a length scale b equal to the distance from the boundary (bed) where
the local velocity is equal to 0.5 uy, and dw/dy < O (see Fig. 4-2 for a definition
sketch). Further, this normalized velocity profile was described well by the
corresponding curve of the wall jet for i up to about 1 where = y/b and y is
vertical distance from the wall or boundary which is the channel bed in our case.
(see Fig. 4-3). For n greater than 1, the experimental observations deviated
downwards from the wall jet curve. For his own data, Rajaratnam used straight
lines to describe the longitudinal decay of the velocity scale up, and found that
the slope of the straight lines was only a function of submergence. Rajaratnam
also found that the length scale b grew linearly and the slope only depended
upon the nozzle Froude number. In a later study, with a much wider range of the
flow parameters Fo and S (Rajaratnam, 1965 c ; Fy varying from 3.01 to 6.44
and S from 1.60 to 2.24), Rajaratnam found that the decay of the velocity scale

followed the -0.515 power law which is very close to the wall jet decay rate of
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-0.5 power law. The growth rate of the length scale b for these cases was found

to be essentially the same as that for wall jets.

Rajaratnam also investigated the free jump as a wall jet (Rajaratnam,
1965 b). The velocity profiles, non-dimensionlized with ug and b, were also
wall and the plane of uy,, the velocity data followed the defect law when plotied
with w/up, vs. y/6 where 8 is the thickness of the layer between the bed and the
plane of the maximum velocity. In the free mixing region which lies above the
uy, plane, the velocity measurements were well described by the corresponding
curve of the wall jet for 1} up to about 1, beyond which the observations fell off
to join the curve for submerged jumps (curve in Fig. 4-3). The length scale data
were located slightly above the straight line found by Sigalla (1958) for wall jets
and that for submerged jumps found earlier by the author himself. For the decay
of velocity scale of free jumps, Rajaratnam found that the velocity scale of free
jumps decayed considerably faster in comparison with that of the wall jet (Fig.

4-5). In Fig. 4-5, it is seen that the data points for free jumps, submerged jumps

Zone.

Long, Rajaratnam and Steffler (1990) introduced a different length scale
for the velocity scale decay in their studies on submerged jump and its
comparison with the wall jet. Instead of using the gate opening, they used the
length scale L which is the longitudinal distance from the gate where ug, is equal
to Ug/2 (Fig. 4-6). There are two advantages of using L instead of yo. Firstly, its
use in place of y, brings the velocity scale data for jumps, submerged jumps and

wall jets into a relatively narrow band and this is shown clearly in Fig. 4-6 (this
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is obvious when Fig. 4-6 is compared with Fig. 4-5). Further, Long, Rajaratnam
and Steffler also found that the length scale L is also useful in analyzing the

longitudinal variation of turbulence properties.

Although the study of Long, Rajaratnam and Steffler can be viewed as a
notable contribution, there are still some questions that have to be resolved.

(1) Since Long, Rajaratnam and Steffler were focusing on submerged
jumps they did not look deeply into wall jet and free jumps. For wall jet, they
simply used the value 49 for L/yp which was obtained simply by transferring the
coefficient in the uy/Ug ~ x/yg relation found by Rajaratnam (1976 a). In fact,
the L/yg value for wall jet might be affected by the nozzle Reynolds number Rq
(defined as Upyo/v where v is the kinematic viscosity of the fluid). Whether this

is true or not needs to be verified. For decay of velocity scale of free jumps,

the experimental results from Rajaratnam (1965 b). In fact, a lot more data are
available since Rajaratnam's work and therefore we can have a closer look at

free jumps by analyzing the existing data.

(2) It is seen from Fig. 4-6 that for some submerged jumps, the decay of
the velocity scale data is wall-jet-like (WIL), that is, they fall on the wall jet
curve for some distance and then fall off from it, whereas for some other
submerged jumps, the decay is free-jump-like (FIL), following the free jump
curve. Long, Rajaratnam and Steffler did not distinguish between these different

trends and it is not known under what conditions either of these occurred.
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(3) To predict the length scale L for submerged jumps, Long, Rajaratnam
and Steffler presented a similarity model, but as can be seen in Fig. 4-7, there is
considerable scatter in the data presented. Hence, it appears that there is a need

to consider this problem further.

The main objective of this chapter is to consider firstly the three cases of
free jumps, submerged jumps of varying degrees of submergences and the
classical plane turbulent wall jet . Secondly, we want to quantify clearly the
differences between the free jump and the wall jet. Thirdly, we want to establish
under what conditions the decay of the velocity scale in a submerged jump is
free-jump-like, and under what conditions it is wall-jet-like. Finally we also
want to recognize any overall similarity between these three classes of flows, if

they exist.

4.2 Wall jet

For a plane turbulent wall jet under zero pressure gradient in an infinite
expanse of the same fluid ( referred to herein as the classical wall jet ), it is easy
to show (Rajaratnam, 1976 a) that uy, = x-05 in which x is the longitudinal
distance from the nozzle. Following the general practice, available observations
on the variation of the velocity scale are plotted together in Fig. 4-8 (a) with Ug

and yj as the scales. These observations are described by the equation

un/Up = 3.50(x/yg)0-5 4-2)
which was obtained by Rajaratnam (1976 a). In Fig. 4-8 (b), the same data are
replotted with Ug and L as the scales. Correlation of the data appears to be better

and the experimental results are described well by the equation
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un/Up = 0.50(x/L)05 4-3)

The variation of the non-dimensional length scale L/yg with the nozzle
Reynolds number Ry is shown in Fig. 4-9. In Fig. 4-9, L/y, does not appear to
vary systematically with the Reynolds number. The scatter of the data in Fig. 4-
9 might be due to the differences in nozzle shape and the initial turbulence in the
jet. The mean value of L/yg is 59.85 and the standard deviation is 9.20. If
converted to the uy/Up ~ x/yg system, the coefficient in eqn. (4-2) corresponding
to this mean value of L/y, would be 3.87. The mean value obtained here is about
20% bigger than the value used by Long, Rajaratham and Steffler and if this
mean value were used by them, the curve in Fig. 4-7 would be even further

away from most of the data points.

For the growth rate db/dx of the length scale b, Launder and Rodi (1981)
presented 22 sets of data in their table ( table 1 in Launder and Rodi (1981)).
According to this table, the mean value of db/dx is 0.0728 and the standard
deviation is 0.0071. According to Launder and Rodi, the mean value of the
boundary layer growth rate, dd/dx, is 0.011 with a standard deviation of 0.0014.

The data on the velocity and length scales L, b and 8 are given in Table 4-1 to 4-

3 at the end of the chapter.

4.3 Free jump

Let us consider the experimental observations available in the literature
on the variation of the velocity scale in the free hydraulic jump. The presently
available experimental observations on the variation of the velocity scale up, for
free jump, in terms of the velocity just before the jump Uy, are shown in Fig. 4-

10 (a-f).
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Rouse, Siao and Nagaratnam (1959) studied three jumps with a Froude
number of 2, 4 and 6 in an air model and their results are shown in Fig 4-10 (a),
with uy,/Ug against x/L. The channel inlet was rounded for all the three runs. As
can be seen in Fig. 4-10 (a), while the data for Fg = 4 and 6 fall together, the data
for Fo = 2 appear to behave differently possibly because at very low Froude
numbers, the flow in the jump may not be as turbulent as that in jumps with

relatively large Froude numbers (Jones, 1964).

The observations of Schroder (1963) on free jumps with the Froude
number varying from 3.85 to 6.92 are shown in Fig. 4-10 (b). The results of
Rajaratnam (1965 b) on jumps formed just downstream of sluice gates with the
Froude number varying from 3.90 to 9.05 are shown in Fig. 4-10 (c). Fig. 4-10
(d) shows the results of Hager (1992, 1993) for the Froude number varying from
4.30 to 8.90. Fig. 4-10 (e) and (f) show the results of Ohtsu, Yasuda and Awazu
(1990) for jumps formed near the gate as well as for jumps formed some
distance downstream (repelled jumps). All these observations, except those of
Ohtsu, Yasuda and Awazu on repelled jumps and the results of Rouse, Siao and
Nagaratnam for the Froude number of 2.0, appear to indicate a well-ordered
decay of the velocity scale, as can be observed in Fig. 4-10. It also appears that
the non-uniformity of the velocity distribution in the supercritical stream before
the jump has only a minor effect on the decay of the velocity scale as evidenced
by a study of the data of Ohtsu, Yasuda and Awazu on the repelled jump as well
as the data from one experiment of Hager with Fo = 4.95 in which the jump was

formed at the foot of a spillway.
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All the velocity scale data are plotted together in a consolidated form in
Fig. 4-11 and a mean curve has been found to describe most of the observations
for the free jump. This mean curve is described by the equation

%‘2 lﬁ.o.o= 1.17310.010 '0.843@;)]7% +0. l74g m(ﬁ)g (4'4)
( with a value of correlation coefficient R of 0.987). In Fig. 4-11, it can be seen

that this equation describes the experimental observations for x/L from about

0.25 to about 3, where uy/Up falls to about 0.20. Fig. 4-11 also shows the

curve is located slightly below the jump curve for x/L less than about 1.0,
whereas for x/L greater than 1.0, ug/Up for the free jump falls below the wall jet
curve. For x/L= 2.5, u,/Uo for the jump is about 0.15 whereas for the wall jet,

the corresponding value is 0.31.

Let us nexi consider the behavior of the length scale L for the free jump.

data of Rouse, Siao and Nagaratnam for the air model of the free jump appear to
be somewhat different from the rest of the data. Even though there is
considerable scatter in the data, it may be said that L/y, appears to increase
(almost linearly) with the Froude number. For Fo=3, L/y, is about 13 whereas
for Fo=9, L/yo is about 30. For the classical wall jet, L/yp is about 60 and
compared to this value, the length scales for free jumps are considerably smaller,
which indicates a faster decay of the maximum velocity. The results for the free

jump are described approximately by the equation

L/yoliaga= 5.064 955 + 2.914035:F¢ (4-5)
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with a value of correlation coefficient R of 0.877. According to eqn. (4-5), to get
the same length scale L as the wall jet, the Froude number of the jump has to be

equal to 19.

As far as the length scale b is concerned, not many data sets are
available. Fig. 4-13 shows all the available data along with the wall jet line with
a slope of 0.0728 which is the mean value for wall jet data as mentioned in the
previous section. The virtual origin for wall jet b is chosen as x¢/yg = -10 which
was used by Rajaratnam (1976 a). It appears from Fig. 4-13 that the length scale
b for the free jump grows at about the same rate as that of the wall jet in the
early stage and grows faster later on. One can also see that the Froude number
only affects the starting position of the faster growth part. A summary of the
data for the velocity scale, length scales L and b is given in Tables 4-4 to 4-6 at

the end of the chapter.

4.4 Submerged jumps

The submerged jump appears to serve as a transition from the free jump
to the classical wall jet. Even though considerable amount of data is available on
submerged jumps, from the investigations of Rajaratnam (1965 a, 1965 c, 1967
a, 1967 b, 1976 b), Narasimhan and Bhargava (1976), Long, Rajaratnam and
Steffler (1990) and others, it appeared desirable to perform some detailed
experiments, especially for relatively large values of the submergence factor S
and relatively large values of the Froude number. Hence four detailed
experiments were performed with the Froude number in the range of 5 to 8 and
the submergence factor in the range of 1.5 to 6. Five further skelcton

experiments were also performed with the Froude number in the range of 1 to
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1.5 and the submergence factor in the range of 2 to 7.5. In the following
subsections, we discuss the experimental arrangement, measurement techniques
and the results obtained which will be followed by a general discussion of the

structure of flow in submerged jumps.
4.4.1 Experimental setup

The experiments were done in the T. Blench Hydraulics Laboratory of
the University of Alberta. Fig. 4-14 (a) shows the experimental arrangement
used in the experiments. The flume was 7.60 m long, 0.466 m wide and 0.60 m
deep. The horizontal bottom was made of aluminum and the side walls were
macde of glass. The tail water depth was controlled by a vertical tail gate located
at the downstream end of the flume. Water entered the flume through a sluice
gate with a streamlined lip, which produced a supercritical stream with a
thickness equal to the gate opening. Water was pumped to the tank from the
sump and the flow discharge was measured by a magnetic flow meter located in

the supply line.

For the measurement of the time-averaged velocity field, two

was made of three tubes of diameters of 1.0 mm. and was made and calibrated in
the Hydraulics laboratory (Rajaratnam and Muralidhar, 1967). Two transducers
Transducer #1 measured the pressure difference between the middle and the
upper tubes and #2 between the middle and the lower tubes. The output ends of

the transducers were connected to a flat cable which in turn was connected to a



written in LabView language. The program was designed for use with both
transducers and manometers. When the pressure differences were within the
range of the transducers (-2.54 cm to 2.54 cm), the transducers were used. When
the observations were made, the computer coupled every two signals, one from
each transducer, to obtain the magnitude of the velocity and attack angle and
displayed the magnitude and angle on a strip chart on the screen in real time.
When the desired number of samples were taken at the desired sampling
interval, the computer processed all the samples and saved the results in an open
file. If the pressure differences were out of the range of the transducers, the three
horizontal tube stoppers in Fig. 4-14(b) were opened and results were obtained
from the manometers and typed into the computer. The flow chart for the
program is shown in Fig. 4-15 which was designed according to the pitch probe
charts obtained by Rajaratnam and Muralidhar (1967). In Fig.4-15, ps; and pa23
are the two pressure differences, f; to f4 stand for four different calibration
functions, @ is the angle of the velocity vector and K3, is a non-dimensional

parameter

Ka=ka-k (4-6)
In eqgn. (4-6), k; and k; are two calibration parameters and both are the functions

of @.

Fig. 4-14{c) shows the arrangement for use with the Pitot tube with an
external diameter of 2.4 mm. Again, two transducers were used. Transducer #1
was used to measure the pressure difference between the dynamic pressure hole
and a reference water level. Transducer #2 was used to measure the difference
between the static pressure hole and another reference level. The two reference

levels could be adjusted and read from the manometer table in Fig. 4-14(c). The
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computer program was also written in LabView language and it was originally
designed for multi-channel resource real time data taking. The above mentioned
two programs are rather large and are available in the computer in T Blench

Hydraulics Laboratory.
4.4.2 Experiments and results

In the first series, four experiments were done and the details are given in
Table 4-7. In these experiments, the gate opening and hence the depth of the
supercritical stream leaving the gate was equal to 10 and 15 mm. For experiment
1, Fo was equal to 5.08 whereas for the other three experiments, Fp was equal to
1, S was equal to 5.08. To check if the flow was two dimensional when the tail
water was deep, the velocity field was measured in the central vertical plane
(CVP) and another vertical plane located at a transverse distance z equal to 0.1
times the width of the flume from the CVP. A comparison of the longitudinal
velocity profiles in these two planes, shown in Fig. 4-16, indicates that at least in

the central part of the flume the flow was two dimensional.

Table 4-7 Details of experiments of Series1

Run Yo(m) y(m) | Ug(m/s) | Fo S |Tubde used
1 0010 | 044 | 172 | 548 | 508 [pitch probe
2 0015 | 053 | 28 | 746 | 251 |Pitottube
3 0015 | 046 | 28 | 746 | 207 |Pitottube
4 0015 | 039 | 286 | 746 | 159 |Ppitotube

In the second series, five skeleton experiments were performed, in

which the gate opening height was 35 mm and the (Fp, S) values were (1.45,
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1.80), (1.21, 2.98), (1.23, 3.74), (1.15, 5.12) and (1.07, 7.42). A Pitot tube of 2.4
mm external diameter, connected to a transducer was used for measuring the
Each sample of the pressure difference was changed to velocity and shown on
the computer screen in real time. The LabView program used was the same as
the one for the set-up shown in Fig. 4-14 (c). For each run, only the maximum
longitudinal velocity was measured at several sections in the central vertical

plane, after checking for the location of the maximum velocity.

Fig. 4-17 shows the velocity field of run 1 in series 1. As can be seen
from Fig. 4-17, the flow is essentially horizontal for a distance up to about 1.2 m
section. The longitudinal velocity fields for runs 2, 3 and 4 in series 1 are shown
in Fig. 4-18 (a-c). The corresponding Piezometric head fields are shown in Fig.
4-19 (a-c). From Fig. 4-19 we can see that for all the three runs, the maximum
defect in the Piezometric head occurs at the upper edge of the gate, and it decays
as we move away from the gate. The velocity profiles in Figs. 4-17 and 4-18
show clearly the wall jet structure near the bed and the recirculating flow near
the water surface. The observations of series 2 will be presented in non-

dimensional form in the next subsection.
4.4.3 Analysis of submerged jump results

4.4.3.1 Velocity profile similarity

Let us consider in detail the general features of the velocity profiles for
the four experiments of the first series with relatively large submergences. In
Fig. 4-20 (a-d), the longitudinal velocity profiles are plotted in non-dimensional

form for each experiment, using uy, and b as the scales. It is seen that except for
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the sections very close to the gate (within the potential core region) and far away
from the gate (near the end of the jump), the velocity profiles at all the sections,
in the forward flow region, are all similar. All the similar profiles are plotied
together in Fig. 4-21 and we can see that they are described by the
corresponding plane wall jet curve very well, except near the upper end, due to

the presence of the reverse flow.

4.4.3.2 Decay of Piezometric pressure defect

The longitudinal variation of pm,x, the maximum deviation of the

Piezometric pressure from the hydrostatic value in terms of (O.Spl.g ) for runs 2
to 4 is shown in Fig. 4-22 where p is the fluid density. It appears that this
deviatory pressure is independent of submergence and decays linearly in the

longitudinal direction. The regression line in Fig. 4-22 has the equation

—Pmas_ | oo1r= -0.039735 00107 + 0.00037 4 g000a5 (4-7)

0.5pU, Yo

and the correlation coefficient R = 0.974.

4.4.3.3 Decay of velocity scale

Considering the velocity scale ug, the available data in the literature and
the results obtained in the present study are shown plotted in Fig. 4-23(a-0) with
un/Up against x/L. Fig. 4-23 (a) shows the results of Narasimhan and Bhargawa
for Fo equal to 3.12 and 4.0 with S varying from 0.33 to 2.24. (Narasimhan and
Bhargawa (1976)). Fig. 4-23 (b) shows their results for Fg = 4, 5 and 6 for
different submergences. In both these figures, the velocity scales decay in a way
similar to that for free jumps. Rajaratnam's observations ( 1965 a, 1965 c, 1967
a, 1967 b, 1976 b) for a wide range of Froude numbers and submergences are
shown in Fig. 4-23 (c) to (g). In Fig. 4-23 (c) and (g), the velocity scale decay is
very much like that in the free jumps or FJL, whereas in Fig. 4-23 (e) and (f) the
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decay is like that in the wall jet or WJL. Fig. 4-23 (h) shows the results of
Ohtsu, Yasuda and Awazu (1990), and as can be seen that the velocity scale
decay of the run with (Fo, S) = (7.34, 0.34) is FJL. whereas those of the other two
runs are WJL. The observations of Long, Rajaratnam and Steffler (1990) shown
in Fig. 4-23 (i) indicate a FJL decay whereas the results in Fig. 4-23 (j) indicate
a WIL decay. Fig. 4-23 (k) and (1) present the results of Liu (1949). The results
of Bakhmeteff and Feodoroff (1941) shown in Fig. 4-23 (m) indicate a FIL
decay. Fig. 4-23 (n) shows the results of the experiments from series 1 of the
present work and these results show a WIL decay. The results of experiment
series 2 are shown in Fig. 4-23 (o) and it is interesting to see that the decay of

the velocity scale is approximately FJL even though the submergence is large.

Considering all these results on the decay of the velocity scale ug/Uy,
except perhaps the results for the smaller values of the Froude number shown in
Fig. 4-23 (0), all the other results can be described as either WIL or FIL decay.
In most of the FJL cases, the velocity scale has a slight increase before it decays
probably because of the existence of the negative water surface slope and
favorable pressure gradient near the gate. In the case of WIL decay, after a
certain distance, the data appears to decay faster, to join the free jump decay
curve, or drop even further. From the above discussion, we may argue that for
any submerged jump of a given F, there exists a certain value of S which we
might write as S* and when S > S*, the decay of the velocity scale is wall-jet-

like or WIL, and when S < S* it is free-jump-like or FJL.

In Fig. 4-24, the available results based on Fig. 4-23 (a-0) are plotted
with open symbols representing WIL decay and the filled-in symbols for FIL

decay. An approximate boundary is shown in Fig. 4-24 between these two

109



classes of flows. It appears that when Fy is close to 1, S* is large and as Fp
increases, S* continues to fall. For Fp = 6.5, $* = 1.0. It should be pointed out
that more experiments should be carried out to define the S* curve more
precisely in the range of Fo from 1.5 to about 3.0. The S$* curve in Fig. 4-24 can

be described by the following equation:

$*=12F,"? (4-8)

4.4.3.4 Variation of length scale L

Let us consider the length scale L for the submerged jumps. In Fig. 4-25,
all the available data for L are plotted with L/yq against S for different ranges of
Fo. In Fig. 4-25, we see that for each range of the Froude number, L/y, increases
with S to eventually reach the wall jet value of 59.85 for a certain value of S.
The experimental results are replotted in Fig. 4-26 and the following equation

3 e 7,260 47148 )0 7750034 R=0947)  (4-9)
describes all the data except the five points separated by the broken lines in Fig.
4-25. In eqn. (4-9), if we set L/yp = 59.85 we can solve for S as a function of Fy
Let us denote this particular value of S as S*. It is the submergence required for
a jump to have the same length scale L as that of the classical wall jet. S¥ can be

described by the equation

S*=15.28F, % - 1 (4-10)

Eqn. (4-10) is plotted in Fig. 4-27 together with eqn. (4-8) and it is
interesting to see that both curves have the same trend. The two curves in Fig. 4-
27 divide the (Fo, S) plane into three zones. Above the broken line defining S¥,
the submerged jump behaves as a wall jet with a WIL decay of uy and a length

scale L same as that of a wall jet whereas in the zone in between the two curves,
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even though the decay of uy is WJIL, the length scale L is smaller than that of
the wall jet. Below the S* curve, the decay of the velocity scale is FIL and the
length scale is described by eqn. 4-5.

4.4.3.5 More about the velocity scale decay

It has been mentioned before that when the decay of the velocity scale in
a submerged jump is WJIL, after a certain distance of x4, the velocity scale data
fall off the wall jet decay curve. Fig. 4-28 shows that this distance x4 in terms of
L is a function of Fg and S and is described by the linear equation

T boosi= 0.208Longs + 0.1320009F0 40124400, (R=098)  (4-11)

If ugq is the value of uy, at the location where the departure from the wall
jet curve occurs, the variation of uyn/ugg in the accelerated decay region, was
found to be function of mainly (x-xg)/y, which is shown in Fig. 4-29. The mean
curve in Fig. 4-29 is described by the equation

o biooer= 10150011 - 0.539:002 s 0.106,0004C 19 2 4-12)

with a correlation coefficient of 0.975.

4.4.3.6 Length scale b

All the available data for submerged jump length scale b are shown in
Fig. 4-30 together with the corresponding line for the wall jet. It is seen in Fig.
4-30 that most of the observations for submerged jumps are contained within a
standard deviation and only the data points near the jump end show an

accelerated growth rate.

4.4.3.7 Length scale 6

The available data for the boundary layer thickness & of submerged
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wall jet. Fig. 4-31(a) shows the data for FIL submerged jumps, and it appears
that in the early part, the FJL jumps have thinner boundary layer than the wall
jet (probably because of fact that the minimum water surface depth occurs at
some distance from the gate) and near the jump end the boundary layer grows
rapidly. For the WIL submerged jumps, the data are plotted in Fig. 4-31(b)
which also shows vertical lines of x = x4. Fig. 4-31(b) also indicates that for x <
x4, the WIL jumps have the same boundary layer thickness as the wall jet and
that when x > x4, the boundary begins to grow rapidly.

4.4.3.8 Reverse flow

In this subsection, we consider the reverse flow which occurs in the
upper portion of the submerged jumps. Since there is a paucity of experimental
observations on the velocity distribution in the reverse flow region in the
literature, this velocity field was measured in the present work and the results
are presented here. Fig. 4-32 (a-d) shows the present results in a non-
dimensional form, with u/u; against y,/b,, where u; is the surface velocity, y; is
the vertical distance from the water surface and b, is the value of y; where
u=0.75 u,. From Fig. 4-32, it appears that velocity distribution is approximately
similar in the reverse flow region. This similarity is demonstrated in a more
general form in Fig. 4-33, where the results for all the four experiments are

shown together.

The data for the length scale b, are shown in Fig. 4-34. Here the jump
roller length Ly; and tail water depth y, are used as scales. In fact, instead of y,, a
more appropriate vertical length scale would be the thickness of the roller, were
it easy to measure. The few data points shown in Fig. 4-34 show considerable

scatter and at this time an average value of 0.2 might perhaps be used. The
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present observations for the velocity scale are shown in Fig. 4-35(a-b) along
with the few data points of Liu (1949) in two different non-dimensional forms.
In Fig. 4-35(a) the inlet velocity Uy is used as the velocity scale and in Fig. 4-35
(b), the maximum value of the surface velocity u,y is used as the scale whereas
in both these figures, the length of the surface roller is used as the length scale.
The correlation appears to be somewhat better in Fig. 4-35 (b) and the mean
curve shown therein is described by the equation

oo boss= -0.215,0070 + 4.049,0 ”‘i%; - 1425,;,,@(:,_%;})2 (4-13)
for x/Ly;; in the range of 0.2 to 0.9 with correlation coefficient of 0.912. It can
also be seen ( Fig. 4-35 (b)) that the surface velocity has a maximum value at
about x/Ly; =0.6. By a process of dimensional reasoning and trial and error, the
following equation was found to describe the variation of the velocity scale for
the reverse flow in terms of the jet velocity Ug for Fp from 2.12 to 8.48 and S
from 0.44 t0 5.08.

%% lise= ag1(Fo)ga(S)

- Q§34;m§foﬂﬁ3ﬂﬂ34 e 0.165(0.029)sin(S) (4-14)

The performance of this equation can be seen in Fig. 4-36 (correlation

coefficient of 0.969).

Present observations on the length of the roller of the submerged jump
are shown in Fig. 4-37, along with the available results in the literature, wherein,
the length L is normalized by the subcritical sequent depth of the
corresponding free jump ( following the general practice). In Fig. 4-37, the

experimental observations are well described by the equation

Plaw= b + 414,68 (R=0.I6) “-15)
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4.4 Conclusions

In this chapier, we have considered free jumps, submerged jumps and
wall jets and have attempted to study the characteristics which are common to
all of them as well the features that are different. This will help us to analyze

submerged hydraulic jumps of any given Froude number and submergence.

For all the three flows, the distribution of the longitudinal velocity u at
different sections are essentially the same, if expressed in a non-dimensional
form with the maximum velocity at that station u,, as the velocity scale and the
distance from the bed b where the local velocity is equal to half the maximum
value and the velocity gradient in the vertical direction is negative, as the length
scale. There are of course some differences in the upper part of the flow. In
particular, for the free jump and submerged jumps, there is a region of reverse
flow in the upper part of the flow, whereas for the classical wall jet, the

entrainment will be essentially perpendicular the main jet.

For the classical wall jet, the decay of the velocity scale in terms of the
velocity at the nozzle, with the longitudinal distance x in terms of the nozzle
opening yo follows the inverse square root equation. We found it necessary to
normalize x with the length scale L which is the value of x where up=Uy/2. For
the classical wall jet, L/y(=59.85, with a standard deviation of 9.18. The decay

equation for the wall jet becomes
up/Up= 0.50 (x/L) 05 4-3)

For the free jumps, we have assembled all the available experimental

results ( from the investigations of Rouse, Siao and Nagaratnam, Schroder,
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Rajaratnam, Ohtsu, Yasuda and Awazu and Hager) on the decay of the velocity
scale in terms of Ug with the longitudinal distance x iz terms of L and found a

generalized decay curve which is different from that of the wall jet. This curve is

given by the equation
R = 1173 0.8437 + 0.174()? (4-4)

The length scale L in terms of yp is a function of Fy and is given by the

equation

L/yo =5.06 + 2.91F, 4-5)
It can be seen that L/yg increases with Fg and for Fp =9, L/yo is 31.3 which is
about half that of the wall jet. In general, it appears that the velocity scale decays

rapidly in a free jump compared to that of a wall jet.

After a thorough study of the existing data in the literature and our
detailed observations on a few more submerged jumps, we found that in certain
submerged jumps, the decay of the velocity scale may be wall-jet-like (or WIL)
and in others, it may be free-jump-like (or FIL). We found that for any given
value of Fo, for S greater than S*, the decay will be WIL whereas for S smaller
than S*, the decay will be FIL. We also found that this parameter S* is given by

the equation

S*=12 ]:0‘1-3 4-8)

For the submerged jumps, the length scale L in terms of yo is given by
the equation

= 126K (14807 4-9)

For a submerged jump to have a length scale the same as that of a wall

jet, S has to greater than S* which is given by the equation
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S*=15.28F;% - 1 (4-10)
The length scales b and 8 which describe the vertical distribution of the
longitudinal velocity u, in the submerged jumps are essentially t".: same as in a
wall jet up to some distance approximately near the end of the roller, beyond

which they grow much more rapidly.

This study also presents some observations on the structure of the
reverse flow for a few submerged jumps and some general conclusions have

been drawn regarding the structure of the reverse flow.
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Fig. 4-6 Decay of the velocity scale of submerged jumps (reproduced
from Long, Rajaratnam and Steffler (1990))
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Fig. 4-7 Variation of L/yq with Fy and S (reproduced
from Long, Rajaratnam and Steffler (1990))
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Fig. 4-18(a-c) Longitudinal velocity profiles for runs 2, 3 & 4
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Table 4-1 Data for the wall jet velocity scale
WL | v, /U, ML | uUp | WL | v /Uy | *L

Myers et al. (1961) Sigalla (1958) | Schwarzetal. (1961) | Forthmann (1934) (%)
Ro=36(m Rog 0000~40000 Roﬁdlﬂ]] RD 53000
0.71865 0.583] 006681 1.00472] 051721 0.72636 004286

0.64678 064} 0.13754 1} 061376 0.67065 0.10573
1.07797 0477] 0.13754 1.00943] 071248 0.61623 0.20574

14373 0412] 026526 093774] 081105 0.28575
1.50916 04} 040674 0.77925] 1.00084 0.34576

042862  0.70841
051721 065186

1.94035 0.338] 053544 0.65472 1.0956
2.15595 0.341] 0.5354 06717] 1.19934

2.37154 0.316] 0.53544  0.68868 R
2.83866 0.308] 0.67789 0.59434] 0.54007

2.83866 0.284] 067789 0.60377] 0.62847

323392 0277 067789 0.63396] 0.71892 1.12896
no=19oooH 067789  0.69245| 081639 1.69205

027688  0.845| 080954 0.56604] 0.89807 2.24682

083064  0.537] 080954 0.57925| 099519 2.80159

13844  0416] 094316 0.51415| 1.09476 3.37855

1.93816 035 094316 0.52358] 1.17233

249192 0319 094316 0.54717 1.02806

3.04569  0302] 107874 047547] 0.58117 1.54083

3.59945 028 107874 0.48491] 0.58402 2.04602

415321 0259 1.07874 05| 0673 2.55121

Ry=37000] 120842 0.45283| 0.76424 3.07661

020243 0933 120842 046226 085312

040486  0.762] 134506 0.42453| 095234 0.95045

067476  0.607| 134506 0.43396| 1.02482 1.4245

101215 0496] 134596  04434| 111638 1.89155

134953 0432 - 2.3586

168691  0.387] Ganshoreetal(1969) | 0.63119 2.84433 :

202429 0355 Ry=30800{ 0.75823 “Guitton (1970)(*) |

236167  0.324] 004736 1| 087803 R=30800

2.69906 031 012832 099 099951 074317  0.58177

3.03644 03] 027956 0856 1.12123 116284  0.4503]
05805  0646| 1.24857 ~ Patel (1962)(*)
088603 0526 1.36345 R=30000
139014 0411 049569  0.66159
189426 0349 096506  0.49772

143115 040213

(*) : data from Launder and Rodi (1981)



Table 4-2 Data for the wall jet length scal L

R,

L.Iyo

Source

R,

Forthmann(1934)*)

53000

Tailland (1970)(*)

11000
18000
25000

Schwarz et al.(1961)

13510
20100
41600

Guitton ( 1970)(*)

30800

Patel (1962)(*) )

Sigalla(1958)

Gartshorc et al.(1969)

30800

Myers et al(1963)

19000
37000

Mean value of iJ?;f %@g ]

Standard Deviation = 920

e ——————————————

(*) : data from Launder and Rodi (1981)

Table 4-3 Data for the rate of growth of length scales for wall jet

(data from Table 1 of Launder and Rodi (1981))

107R,)

dx

Source

103Rg| 4P

53

00139 _

Mogahan

0.07%

00119

e ——

0.0096

Patel

0.0710 |

0 | 00119

| Bradshaw and Gee

Schwarz & Cosart

0.0136
00110

10 ] 0.0098

Tailland

0.0760
0.0740
0.0730

| 00114

0.0118
0.0104
0.0096

_Guition

Verhoff

3Jos

L.0.0710
103 | 0.0816

121

| 00107 |

_Wilson

0.0766
13| 0.0760_

0.0099

| Gilesetal, _

0.0107

Gartshore etal. _

_308

0.0105

Neale

33.5~49.0 0.0670

Mean of db/dx = 0.0728
Mean of d6/dx = 0.0110

Std. Dvin=0.0071
Std. Dvin=0.0014
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Table 4-4 Data for the velocity sca]

ML up/Up xL  up/Ugl xL u ILJ iIL um/Up] /L
Schrbder (1963) ol bl
Foud g (Noo-repelled fump)  (Repelled jump)
01532 097 02237 ¥ 0.3691 Fo=3.6 Fou3.3
03031 09316 04474 03190 € 0.5409 01972 10169 03699
04537 08107 0673 04508 O30 07413 0330 08814  0.5918
06164 06792 08809 06503 06910 0932 03493 079%6 0T
07705 05198 11284 0809 06074 11135 0787 0665 09616 051
09246 05320 13360 09654 03125  1.30% 09577 05212 11342 0.4
10735 04688 1STT7 LIE9 04473  1asas 12113 03941 14548 037
12276 03847 18014 12993 03807 16862 14366 03559 Fomd.1
12927 04057 20291 L4479 O0}S4 187 16620 03220 03515
13869 03058 22567 16197 0242 20m2 Fosd2 0502
15410 032900 24804 17915 026%0 03730 0932 0658
16865 02175 268 19451 02418 05329 08% OmEs 0731
18269 02059 21105 0.2% 07060 0777 09416 05381
Fom3.15 27700 02134 00925 05932 1129 04
01227 09750 02346 Fomt.3 1091 04661 13057 O,
02521 09351 04745 03151 09176 03657 13321 03517 15819 O
03782 08203 07091 04618 08421 0746 15117 0297 1933 023
05092 07354 09385 06329 07372 11035 Fom$.1 Fou$.3
0633 06875 11818 07959 06223 14150 01691 10169 03030 1
07597 06406 141 09508 05262 18602 0332 0879 047M
0.8840 L1165 0436 22386 05073 08263  0.6154
1.0118 12795 03888 26169 06552 07076 09279
1.1395 14397 3% 06%8  1.2408
1.916 1.6027 04831 16285
1.5042 17684 0.4068 Foal.3
19287 03517 03253
0.127 0000 20017 03051 06371 041
0.2488 0.146 22547 0272 09624 051
03733 0718 02977 02153 12065 040
04992 07163 04405 i 01983 14505 025
06221 06744 05874 0.1540 01864 16945 01
07450 06088 07342 02978 Fou?.3 Foxd
0.8679 0.5443 0.8810 0.4355 3 0.9492 0.2525 0000
09938 05034  §.027 0.5982 07246 05101 08220
L1167 04368 03522 05085 07579 06822
12396  0.3958 : 483
13671 0.3067 2585
14792 02730 203
0.1780
Fos5.41
01890 09408
03780  0.8440
05670 07021
07560  0.5429
09450 04783
1130 04375
13230 0.390)
15120 03493
17010 02718
1.8900 0.2084 Fou$.45
20 0172 | 02581 09400 03401 0930 0298 08700  1.0000 0.4500
22401 01530 0.4400
0.3860
0.3340
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__Table 4-5 Data for the length scale L of free jumps

Source

F,

Lly,

Source

Fo

Ly,

Schroder (1963)

' 4.80

3.85
4.25
541
6.06
6.92
5.08

19.135

15.464
18.934
19.347
20.126

Ohtsu et al. (1990)
(Non-repelied jump)

3.60
4.20
5.10
7.30
9.20

15.236

16.109
20.305
24.730
36.731

24.901
18.699

Rouse et al. (1959)

2.00
4.00
6.00

"8.000
10.600
15.000

" (repelied jump)

330
410
530
7.30
9.00

17.406
17.093
22,665
31.661
35.677

~Hager (1992)

4.30

4.95
5.50
6.85

13523

890 | 29.9;

Rajaratnam (1965b)

3.90
545
6.65
9.05

21.000
21.827
24.257

Table 4-6 Data for the length scale b of free jumps

Source

Fy

xlyo | by,

Rouse etal, (1959)

400

5.180 1.554
10.360 2331
15.540 3212

20.720 4921

6.00

7500 | 2.250

15.000 2,625

30.000 7.875

Rajaratnam(1965b)

9000 | 2100
11.500 2.300
15.000 3.000

9,750 1.700

15.850 2.100

24.000 2900

8.500 | 1.500
12.500 1.700
16.750 2.000
24.950 2.500

33.000 |  3.500

15.500 2.460

39000 | 3820
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Table 4-8 Data of Fo and S for submerged jumps
(a) data for FIL jumps (S<S*) , ) ,
Source Fo S Source Fo S
Long etal 3.01 169 [Rajaramam(1955a)  4.45 0.98
(1990). 3.11 0.26 5.77 0.61
3.19 0.85 6.00 0.27
3.20 0.53 6.85 0.86
5.49 0.63 7.17 0.18
5.61 0.22 7.62 0.45
8.00 0.62 7.65 0.62
8.19 024 | 766 | 032
Bakhmeteff(1941)| 212 | 1.64 _ [Rajaramam(1976b)  3.15 0.81
Liu(1949) 265 | 106 3.17 0.12
3.18 148 3.24 0.33
3.18 0.65 425 1.03
424 143 4.40 0.64
4.24 0.22 4.62 0.15
5.30 0.43 4.62 0.34
_ 848 | 044 6.32 0.93
Narasimhanetal. | 3.12 1.21 6.42 0.18
(1976). 3.12 2.20 6.49 047
3.12 0.33 8.92 0.88
4.00 1.28 _9.00 010

4.00 224 |Ohwsuetal(1990)] 3.48 249
4.00 0.72 . 493 1.30
5.00 0.38 Present data 1.07 7.02
5.00 0.87 1.15 5.12

1 600 | o014 1.21 2.98
Rajaramam(1965¢c)|  5.01 1.60 1.23 3.74
5.07 _2.08 145 | 180

(b) data for WIL jumps (S > §*) _ ,
Source Fo S Source _Fo S
Long et al, 5.43 101 | Rajaramam(1976)|  3.13 2.1
(1990). 811 | 100 4.40 1.4
Present data 5.48 5.08 6.07 1.70
7.46 2.51 6.23 3.62
7.46 2.07 8.75 5.38
_ 7.46 1.59 L _8.83 2.30
Liu(1949) 4.24 144 [Rajaratnam(1965c) 644 | 224
6.36 0.58 IR -] 2.20
- 1 636 097 _|Ohisuetal(1990)| 7.34 034
Rajaramam(1965a)] _ 5.37 117 __|Rajaramam(1967a)] 443 | 237
Rajaranam(1967h)] 467 | 191 555 | 325
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2031 0183 0000 1.000 211 1257 0406| 0435 0800
440064 0131 0994 085 1543 0338 3.120.33
0000 1018 0261 0945 . 1000 1829 027 1293 0331
0232 0988 0392 0867 O 655| 0073 1020 2114  0124] 1010 0492
0464 0817 055 0746 0953 0516| 0145 1021 2400 0060] 070 0692
0697 0671 0719 0649 1299 0406 0291  1.006 3011.69| 0414 0908
0929 0544 0882 0558 1646 0252| 0436 0875 0000 1.000| 4.000.72
1161 0410 1275 0373 623362 0655 0720 0061 1027 1321 033
1419 0268 324033 0000 1000] 0873 0385 0121 1.043] 109 0446
1522 0237 0000 1000 0358 0755 1091 0435 0242 1017 0520 0769
1780 0177 0175 1014 0717 0575 1309 0306 0485 0794| 0323 0908
642018 0350 0919 1075 048 549063 OT21 0644 5.00%.38|
0000 1000 0524 0800 1434 0418 0000 1000 0970 0519 1188 0385
0310 0961 0699 0689 1792 0322] 0138 1057 1212 0377 0762 0646
0619 0718 0874 058 8832300 0275  1.033 sono| oss oms
1239 0397 1049 0462 0000 1000] 0551 0763 0000 1.000 5.0000.87
1548 0310 1428 0324 0347 0795 0826 034 0108 1061 08% 0562
0929 0535 315081 0829 0542] 1102 0463 0217 0986] 0765 0631
2168 0182 0000 1000 1310 0428] 1377 0363 0434 074] 047 0815
649047 0198 0997 1791 0.M9] 1653 0223 0651 0613 0335 0877
0000 1000 0397 090 2272 0235 2204 0100 0867 0548 6.000.14
0312 0950 0595 0776 8.75/5.38 561022 1084 0470 1441  0.308|
0624 0709 079 0616 0000 1000 0000 1000 1301 0351 1194 0.M6
0937 0529 092 0501 0278 0851 0182 1017 1735 0166 o09m 052
1249 0399 1190 0360 0732 0586 0364 0947 8.11/1.00 1 0608
151 0269 313217 0985 0503] 0727 0642 0000 1.000 0977
1873 0162 0000 1000 1490 0417] 1091 0466 0170  1.000 n
632093 0250 0921 2247 0352] 1455 0328 0339 o
0000 1000 0500 0743 3005 0300] 1818 0236
0269 0931 0750 0605 2182 0168
0808 0576 1001 0461
1078 0478 1251 0323
1.347 0.355
1.617 0.223
1963  0.110
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Table 4-9 (coming;d)

X/L | uoUo|X/L | umnio XIL um/Uo J:dLﬁ um/Uo XJL: um/Uo ﬂLﬁ um/Uo
Raj l_;gg 949) . __Presentdata __|Rajaramam
1 ] ~3.18/1.48 4.480.4 TAS/ZST 1.45/1.80| (1965 c)
65/0.3 009 0985 0.161 1.000] 0228 0918 0000 1.000
0.372 963 0302 0894 0371 0879] 0455 0737 0054 0977 5.0172.08
0595 0790 0309 0757 0791 0576 0683 0612 0235 0975 0176 0990
0817 0648 0716 0636 1210 0424] 0910 0524 0330 096i] 0387 0.845
1.111  0457] 0923 0545 1630 0273 1138 0463 0425 0932 03598 0720
1.546 0309 1.129 0424 6.36/0.58 1365 0428 0520 0895 0809 0620
6.00/0.27 1336 0303 0140 0969 1593 0395 0642 0.795 1.231 0.380|
0.380 1.068 212164 0333 0788 1.820 0344 0800 0657 1.653 0330
059 OR0Z| 0056 0969 0522 0697 2048 0292 095 0522 5.01/1.60
0794 0648 0319 0939 0711 0606] 2275 0204 1.116 0441 0.145 1.000}
1018 0494] O383 0788 094 0545 7461207 1.274 0.3M5] 0.261 0,930
1.514 0389 O0.B46 0.606 1.097 O0454] 0228 0904 10717421 03N 0.860
7.650.62 1.110 0424 1.281 0394] 0457 0713 0.000 1.000] 0.609 0.710
0209 0969 1373 0333 1474 0303| 0685 0594 0057 0988 0832 0570
0486 0833 2.65/1.06 6360971 0914 0519 0.136 0982 1203 0404
0675 0710} 0.060 1.015 0162 0.969 1.142 0469 0188 0985 6.4472.24
0909 055 0200 1015 0371 0788) 1371 0426 0219 0931 0125 1,000
5717061 0340 0969 0581 0.636 1.599 0358 0370 0.8%4] 0277 0860
0.296 1.049) 0481 0848 0791 0.545 1.827 0293 0461 0.8M| 0421 0.730
0463 0.864] 0621 0.788 1.001 05000 2056 0226 0553 083" 0571 0.650
0.631 0.716] 0.762 0.697 1210 0424 746/1.59 0644 077, 0.723 0.570
0798 0.605] 0902 0.606 1420 0318 0241 0897 0735 0653 086 0530
1202  0.340 1.042 0454 1.630 0258 0482 0711 0826 0.656 1.214 0445
6.05/0.86 1.183 0394 424/144] 0724 0593 09517 0563 1.511 0.370
0417 0926 1.323 0333 0116 1.000] 0965 0507 1.009 0493 5.60/2.20
059 0833 3180065 0296 0.848 1.206 0457 1.100 0411 0.161 0.975
0727 0.691 0.063 1.030 0464 0666 1447 0399 0320 0.840
1.082 0401 0.213 1.030 0.631 0.636 1.688 0.301 0582 0.660
445098 0262 0969 0803 0576 1922 0.179 1.15/5.12| O0.B83 0525
0305 0957 0511 0879 0975 0515 548/508 0000 1.000[0hGuetal.
0467 O0.833] 0660 0779 1.179 0.3%4] 0.142 1.020 0.104 (1990).
0.664 0.691 0809 0.666 1.302 0.242] 0.283 0883 0202 o
1.202 0327 0958 0.539 0425 0754 0300 348249
7.62/0.45 1.107 0485 0566 0667 0398 0369 0.789
0281 0957 1.257 0394 0708 0579 049% 0960 0543
0459 0815 1406 0333 0849 0535 03594 1.034 0470
0638 0.710 4.24/0.22 1132 0469 0692 1.206 0.378
0867 055 0057 0969 1416 0417 0791 1440 0256
1.207 0340 0327 0.939|Bakhmeteii 1.699 0359  0.889 4.93/1.30
717018 0529  0.788[eral (1941) 1982 0272 0987 0243 0980
0.372 1.031] 0866 0576 - 2265 0.175 1.085 0383 0844
0616  0.802 1.135 0424 4.2471.43 1.2172.98 1 0.511 0.725
0842 0772 530043 0209 05924 0000 1000 0.000 0895 0545
1.151 0352  0.107 1.000] 0626 0709 0095 0994 0129 1086 0454
5371.17) 0280 0954] 0744 0616 211 0342 0250 1488  0.i89
033 0914 0510 0788 0889 0,555 ).283 0939 0372 7.MA0.34
0476 0802 0.741 0666] 0.997 0505 0420 0880 049% 0353 0968
055  0.722] 097 0.515 1.158 0416 0.557 0858 0615 0498 0727
0841  0519] 1.144 0424 1316 0370 0694 0759 0737 0.761 0.626
1.375  0.364 1424 0308 04832 0641 0.858 1.253 0.380
1.583  0216] 0969 0535 0980 1.510 0293
1.728  0.154 1.106  0.380 1.102 1.864 0.148
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Table 4-10 Data

Source

for the length scale L for submerged jumps

S

Fo

Liyo

Present data

1.590
2.070
2510
5.080
1.800
2,980
3.740
5.120

~7.460
7.460

55.287
58.368
58.600|
70.645
1a.oaoi
20.820
23.709
29.130

Rajaratnam

(1965a)

Long et al.(1990)

7.020
0.260
0.530
0.850
0.220
1.690
0.630
0.240
1.010
0.620

1.000

17.877
21.882
27.400

(1963).

22.462
33.247

(1967a)

29.043

(1967b) _

29,019
36.890
35310
41.250

(1965¢)

ajaratnam (1976b)

0.098
0.108
0.116
0.150
0.315
0.340
0.465
0.640
0.810
0.884
0.927
1.030
1.450
1.703
2.171
3.620
2.300
5.380

35.246
26.467
15.612
21.275
17.875
23.639
31.404
29.907
25.714
48.654

Liu(1949)

41.635
36.988
42.092
54.450
41.641
70.000
65.000
58.000

Narasimhan et al.,

(1976).

“Bakhmeteff et al,
(1941),

1.433

43.500

Ohtsu et al.(1990)
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Tablc 4-11 Data for the length scale b for submerged jumps

xlyo] blyol x/yol b/yo

aryo| biyo

afyo|_biyo

asyo]_bivol wyo] biye]atyo]

Long et al. (1990)

Present data

el al. 1967b)

Liu(1949)

Fo/$=3.1100.26 5.490.63
200 105 400 1.10
400 110 800 1.20
800 120 1600 1.70
1200 140 24.00 240
1600 1.60 3200 2.80
2000 2.00 4000 3.10
24.00 260 4800 4.00

8.11/1.0 8/0.62
700 128 7.00 1.18
1400 1.56 1400 1.22
2400 222 2400 230
3400 3.30 3400 3.20
4400 4.10 4400 3.80
54.00 4.50 S4.00 4.20
64.00 5.10 6400 570
7400 640 74.00 7.
84.00 8.20 84.00 9.50

5.43/1.01 3.19/0.85
400 110 200 1.00
800 120 4.00 1.05
1600 170 8.00 1.10
2400 240 1200 1.20
3200 280 1800 1.80
4000 3.10 2400 2.30
48.00 3.80 3000 2.80
64.00 6.00 3600 5.00

8.19/0.24 308
400 115 200 1.00
800 125 400 1.05
1200 140 8.00 1.10
2000 2.00 1200 1.20
2800 260 18.00 1.60
36.00 3.10 2400 2.20
44.00 370 3000 2.80
5200 4.30
60.00 5.30 3.01/1.69
6800 740 200 105

561022 4.00 1.10
400 1.10 800 1.20
8.00 1.20 1600 190
1600 1.70 24.00 240
24.00 220 3200 290
3200 290 4000 23.60
40.00 3.60 4800 S5.90

746/2.51
1333 1.59
2667 241
4000 31.64
5333 4Am
6667 5.80
B0.00 640
9333 7.11

1067 8.03
1200 947
1133 9.70

7467207
1333 160
2667 2.60
4000 3.80
-333 51
6667 5.77
8000 6.90
9333 813

1067 B42
1200 947

7.46/1.59
333 163
X 2.61
40, 3.66
5333 49
6667 6.13
8000 693
9333 815
106.7 9.33

ol
Al

Rt
-
g

=

5.48/5.08
1000 142
2000 1.98
3000 2.70
4000 349
5000 446
8000 7.20
1000 8.51
1200 11.16
140.0 16.50
160.0 25.00

45.00 4.53
e

3.02/1.69
1000 136
1500 204
2000 2.60
2500 3.00
3000 338
3400 383
4000 4.08

(1965¢)

5.0172.08
B.00 140
1760 2.07
27.20 2.58
3680 3.60
5600 4.87
75.20 6.90

5.01/1.6

501 12
9.00 140
1280 1.55
21.00 1.90
2870 2.60
4150 4.27

6447224
700 120
1550 1.65
2360 2.30
3200 286
4050 3.50
4850 375
6800 35.15
B460 6.14

5.6/2.2

965 142
1920 2.08
3490 3125
53.00 477

" 6.3610.97

8.25
16.50
24.76
101
41.26
49.51
51.77

149
2.15
2.81
363
495
545
644

2.12/1.64

330
9.90
16.50
2311
29.71

1.16
149
2.15
244
297

2.65/1.06

6.60

990
13.20
16.50
19.81
3.1
2641
29.71

116
1.32
149
1.98
215
2.31
264
ios
314

5.3043

4.95
9.90
16.50
2311
29.71
34.66

1.32
149

3.18/1.48

4.95
11.55
18.15
24.76
31.36
3796
44.56

1.24
1.57
1.90
.81
i
3.80
4.62

6.36/0.58] 762045

6.93
13.86
20.63
2740
3433
41.25
47.86
54.79

1.73] 44t
2.08] 1043
2.59] 16.87
3.30| 23.01
3.80] 3147

4.16] 41.56

347 4356

528 445/0.98

5.78] 441
9.86

8480.44| 15.05

8.25
16.50
33.01
49.51
66.02

1.32| 2097

0.78
1,28

7.17%.18

1043
1687

1.90 23.62
268 3147

1.98 5571.17

380 667
5.61] 15.14
6.60| 21.01
2472

3,18/0.65] 38.19

33

6.60

9.90
13.20
16.50
19.81
23.11
2641
9.1
EEX

1.16| 50.37

140 570,

1.20
1.83

7.65/.62

429
1043
16.75

249 2331

2.76

31.29

4.09 43.74

61&

1.57 6.05/0.86

1.82] 4.14
2.15] 9.58
2.15| 9.58
248 14.83
2.72| 14.83
3,05] 14.83
3.80 19.96

4.24/0.22] 19.78

3.30
9.90
14.85
2311

29.71

4.24/1.44
1.49 Rgmlgm et al. (1967

6.60
13.86
2063
2740
3433
41.26
49.51
54.46

1.12| 21.01
149} 25.21
2.20) 25.34
3.19] 37.70
3801
38.01

0.60
1.07

4.45/0.59

EE)
9.50
14.59

193 2108

1.83
172
2.20
1.95
2.11
267
2.51
240

2563

4.3810.37

LI
v.10
21.08
2509

6/0.27

211
wn
3.07
4.04

1.67
2.20,
2.56
in

093
143
20
2.53
3.20
3.60

0.70
1.20
1.90
245
3.03

0.64
1.98
2.52
3.03

1.82

281 4.76/2.12

3.30] 945
4.29| 18.90
4.82| 30.60
561 42.20
5.61

1.57

251 2

360 36

4.63 5
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Table 4-12 Data for the length scale & for submerged jumps

X/Yo dlyo | xlyo 0/yo Xyo ____ dlyo
Present data Long etal. (lm )
FDIS=7 46/25 3.11/0.26 301/1 69
13.33 0.44 8.00 0.16 8.00 0.20
26.67 044 12.00 0.18 16.00 0.22
40.00 0.59 16.00 0.18 24.00 0.24
53.33 0.67 20.00 044 32.00 0.32
66.67 0.72 24.00 0.4 40.00 0.56
80.00 0.90 32.00 0.44 48.00 0.56
93.33 1.00
106.67 1.39 3.20/0.53 5.43/1.01
120.00 3,06 8.00 0.16 8.00 022
12.00 0.16 16.00 0.30
746R.07 18.00 0.16 24.00 0.36
13.33 0.4 24.00 0.32 32,00 0.38
26.67 046 30.00 0.40 40,00 0.54
40.00 0.59 36.00 044 48.00 0.64
53.33 0.72 42.00 048 64.00 144
66.67 0.92
80.00 1.03 8.00/0.62 8.11/1.00
93.33 1.39 14.00 0.13 14.00 0.33
106.67 1.74 24.00 0.17 24.00 0.37
120.00 3.39 34.00 0.20 34.00 0.43
44,00 047 44,00 0.57
7.46/1.59 54.00 0.60 54.00 0.63
13.33 0.46 64.00 147 64.00 1.00
26.67 0.44 74.00 1.53 74.00 1.67
40.00 0.66 84.00 2.60 84.00 2.00
53.33 0.72
66.67 092 3.19/0.85 5.61/0.22
80.00 1.04 8.00 0.12 8.00 0.10
93.33 1.39 12.00 0.16 14.00 0.14
106.67 354 18.00 024 24.00 0.28
24.00 0.28 32.00 024
5.48/5.08 30.00 048 40.00 0.56
10.00 0.35 36.00 0.56 48.00 0.88
20.00 0.35
30.00 045 8.19/0.24 5.49/0.63
40.00 0.51 12.00 0.23 8.00 0.18
50.00 0.60 20.00 0.30 16.00 0.22
60.00 0.70 28.00 0.33 24.00 0.34
80.00 0.95 36.00 040 32.00 042
100.00 1.30 44,00 0.70 40.00 0.62
120.00 227 52.00 1.27 48.00 0.84
140.00 335 60.00 1.60
160.00 480 68.00 187
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Table 4-13 Scale data for the reverse flow of present experiments

_run

7:,,7 ,L;Si(!ﬁ), _

_Xx(m)

b(m) _—-u(mis)

1.8

0.6
08
1.0

0.0543
0.0706

0.2405
0.2887
0.3169

1.0
1.2
14

16

- 08

0.1090
0.1095
0.1186
0.1199
0.0949

0.3916
0.5110
0.5428
0.6012
0.6115

0.6
08
1.0
1.2
14

0.0735
0.0817
0.1108
0.0958

~0.3084

04118
04914
0.6100
0.6300

20

0.6
08
1.0
1.2

0.4055
0.5119
0.6189

Table 4-14 Surface profile data of present experiments

‘run 1

run 2

run 3

run 4

x(m)
0
02
04
0.6
08
1
1.2
1.8

y(m)
0.435
0.434
0.433
0.435
0.434
0.434
0.434
0.442

0
0.1
02
04
0.6
08

ol o
o o &

x(m)

~ y(m)
0.516
0.513
0.511
0.510
0.511
0.509
0.507
0.505
0.506
0.505
0.509

0.520

x(m)
0
0.2
04
0.6
1
14
1.6
18

y(m)
0442
0.437
0436
0436
0431
0430
0434
0450

x(m)

0
0.2
04
0.6
0.8

1
1.2
1.3
1.6
1.8

2

~ y(m)
0.361
0.359
0.357
0.357
0.354
0.353
0.354
0.366
0.387
0.391
0.391
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Chapter 5 Effect of Baffles on Submerged Jumps *

1. Introduction

In hydraulic structures like dams and outlet structures, when the tail

jump as the energy dissipating element. The main reason for this appears to be

the concern that the high velocity supercritical stream might continue for

erosion. It appears that this can be remedied by the provision of stilling basins of
baffle wall or baffle block types. At this time, even though submerged jumps are
well-understood ( Liu, 1949; Rao and Rajaratnam, 1963; Rajaratnam, 1965a,
1965b; Narasimhan and Bhargava, 1976; Long, Rajaratnam and Steffler, 1990;
Ohtsu, Yasuda, and Awazu, 1990), hardly any work has been done on
submerged jumps with baffle walls or baffle blocks. This chapter presents the
results of an experimental study on the behavior of submerged hydraulic jumps
with baffle walls. It would be interesting and useful to continue this work with
baffle blocks, which might enhance the energy dissipation even more.

Fig. 5-1 shows a definition of a submerged jump with a baffle wall
where yo and Up are respectively the depth and mean velocity of the
distance of xo from the gate and y, is the tail water depth, The supercritical

Froude number is Fy and § is the submergence factor, equal to (yi-y2)/y2.

‘The main content of this chapter has been sent to Journal of Hydraulic
Enginecring, American Society of Civil Engineers for publication.
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In this chapter, we present the experimental arrangement and then the
results of a series of experiments which demonstrate that in the case of
submerged jumps with baffles, one might get either a stable reattached jet on the
bed or a stable deflected surface jet or a bi-stable state in which either of these
might occur. This is followed by a detailed study of submerged jumps with

baffles, regarding the structure of the mean velocity field.
5.2 Experimental arrangement

The experiments were done in the T. Blench Hydraulics Laboratory of
the University of Alberta. Fig. 5-2 shows the experimental arrangement used.
The flume was 7.60 m long, 0.466 m wide and 0.60 m deep. The horizontal
bottom was made of aluminum and the side walls were made of glass. Water
was pumped to the head tank frcm the sump and the discharge was measured by
a magnetic flowmeter located in the supply line. Water entered the flume under
a sluice gate with a streamlined lip, which produced a supercritical stream with a
thickness equal to the gate opening. The tail water depth was controlled by a

vertical tail gate located at the downstream end of the flume.

The horizontal baffles used in the experiments were made with wood.
The length of the baffles was equal to the width of the flume and the height h of

the baffles ranged from 6 to 27 mm. The thickness was 20 mm for the baffles

For the measurement of the time-averaged velocity and pressure fields,
two arrangements were used and these are shown in Fig. 5-3(a) and (b). The
arrangement shown in Fig. 5-3(a) was used with a pitch probe. The pitch probe

calibrated in the Hydraulics laboratory (Rajaratnam and Muralidhar, 1967).
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Three transducers of the Validyne model DP45-16 were used to measure the
pressure differences. The output ends of the transducers were connected to a flat
cable which in turn was connected to a Macintosh IIfx computer. Transducer #1
measured the pressure difference between the middle and the upper tubes of the
pitch probe and #2 between the middle and the lower tubes. Transducer #3 was

used to mcasure the pressure difference between the middle tube and a reference

range of transducers #1 and #2 (-2.54 cm to 2.54 cm). When the observations
were made, the computer first took the samples from transducers #1 and #2 at
the desired sampling rate and coupled every sequence of two signals to obtain
the magnitude of the velocity and attack angle and displayed the magnitude and
angle on a strip chart on the screen in real time. When the desired number of
samples were taken, the computer processed all the samples to obtain the mean
values and the standard deviations for the magnitude and the attack angle and
saved the results in an open file. The computer program used for this two-
After the velocity data sampling, the computer took samples from transducer #3
and showed the pressure difference on the screen in real time. The mean value
of this difference was recorded to the same file at the end of sampling. The
computer program used for transducer #3 was the same as the one designed for
Pitot tube in Chapter 4. The mean value of the piezometric pressure at the
measuring point can be calculated from the three mean values recorded in the
file. If the pressure differences were out of the range of the transducers, the three
horizontal tube stoppers in Fig. 5-3 (a) were opened and results were obtained

arrangement for use with the Pitot tube with an external diameter of 2.4 mm.
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This sctup and the computer program were the same as that shown in Fig 4-

14(c).

5.3 Possible flow states

Some preliminary experiments on submerged jumps with baffle walls
were performed which showed that in any particular experiment, one might get a
stable deflected jet which would eventually form a surface jet ( see Fig. 5-4(a))
or a stable reattached wall (bed) jet, after an initial separation at the baffle ( see
Fig. 5-4(b)). These states are referred to as the deflected surface jet flow and
reattaching jet flow patterns respectively. There was also a transition state in

which either of these could form.

In the deflected surface jet flow regime, the flow from the gate was
deflected at the baffle towards the surface and formed a surface hump
downstream the baffle. The main flow in the downstream channel was near the
water surface below which a big eddy was formed. Another eddy was formed
before the baffle near the gate which had significant circulation. This flow state
might be favorable for the protection of the channel but might induce wave

attack on the banks of the downstream channel.

The flow state shown in Fig. 5-4 (b) is different from that of Fig. 5-4 (a).
The main flow passes over the baffle and gets reattached to the flume floor.
Bcehind the baffle, a small eddy was formed and its length was of the same order
as the baffle height. A very large elaﬁgated eddy was formed above the baffle
and the size of which was comparable with the length of submerged jumps, with

corresponding upstream conditions. This flow state should be avoided in
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and could cause severe erosion in the downstream channel.

Preliminary experiments indicated that for a given gate opening vy,
downstream channel depth y, and baffle position xg, there were two critical
baffle heights h; and hgy. If baffle height was smaller than h,, the flow would
be stable in reattaching wall jet state. If baffle height was bigger than h¢,, the
flow would be stable in the deflected surface jet state. If baffle height was
between h; and hcy, the flow could be in either of these two states, depending
on initial conditions. If the flume water depth was initially smaller than the
given y, and increased to y,, the flow would start at deflected surface jet state
and be stable in this state. If the flume water depth was initially bigger than the
given y, and decreased to stay at y,, the flow would start at reattaching wall jet
state and be stable in this state. It was also found that in the transition state, the
flow could be switched from one state to the other by means of a square wooden
plate of side of 450 mm. This was not true when the baffle was a little shorter
than h, or a little higher than h,,. In the first case the flow was unstable in
reattaching jet state. A small external disturbance could change the flow to
deflected jet state. Once in deflected jet state the flow was stable and could not
be changed back to reattaching jet by external interference. In the second case
the flow was unstable in deflected jet state. A small disturbance could change
the flow to reattaching jet state. Once in reattaching jet state the flow was stable

and could not be changed back to deflected jet state by external interference.

It is believed that the oscillation of the eddy above the main flow jet was
responsible for the instability of the flow. Let us consider the flow state of Fig.
5-4(a) as an example. It was observed that while the water surface downstream

of the hump was relatively stable, there existed a strong oscillation of the water
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surface upstream the hump. This oscillation caused a pressure oscillation on the
upstrcam side of the main flow. If the pressure on upstream side decreased, the
main flow would be pushed backwards by the force from the downstream side
and become steeper to compact the upstream eddy. This, together with the
increase in reverse flow ( by the increased water surface slope ), resulted in the
pressure recovery on the upstream side. When the pressure on the upstream side
of the main flow increased, the main flow would be pushed forwards to become
flatter. This produced an expansion in the upstream side eddy and a decrease in

its pressure on the main flow.

For a given baffle position, the oscillation frequency increased with
baffle height. For a short baffle (e.g., shorter than h,, ) the oscillation frequency
was low and the oscillation period could be long enough for the flow state to
change. On the other hand, for a high baffle (e.g., higher than h,, ) the deflected
main flow was steep, and the oscillation frequency was high. The deflected flow
state was stable because the oscillation period was not long enough for the state

to change.

Flow history played an important role in flow state determination and

seen in many cases and one simple example is that of the critical Reynolds
number for the transition from laminar flow to turbulent flow which is different

from that required for the transition from turbulent flow to laminar flow.

Two series of experiments were done. The first series of experiments
were performed to define these flow states and the second series were
performed, mainly to study the structure of flow of mostly the deflected surface

jet flow,
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5.3.1 Experimental results and analysis ( Series 1)
In the experiments of serics 1, four gate openings of 10, 12, 15 and 17
mm were used. For each opening, experiments were performed with different

gate Froude numbers, baffle positions, baffle heights and tail water depths.

The values of the lower critical baffle height he; were found through the
following steps: (1) Fix a baffle on the flume floor; open the tail gate completely
and start the pump to obtain the desired discharge. Under these conditions, the
high velocity flow sprayed over the baffle. (2) Slowly raise the tail gate in small
increments and wait for the flow to become stable. (3) Repeat step (2) until the
reattaching flow state was formed. The haffle height is the lower critical height

h¢ corresponding to the given yg. Fo, Xo and the final stable tail water depth y,.

The values of the upper critical baffle height he; were found through the
following steps: (1) Fix a baffle on the flume floor and close the tail gate to geta
large tail water depth. Start the pump to obtain the desired discharge. In this
step, the flow would be in reattaching wall jet state because of the deep tail
water. (2) Lower the tail gate slowly in small increments and wait for the flow to
become stable.(3) Repeat step (2) until the deflected surface jet state occurs.
This baffle height is the critical height hg, corresponding to the given yg, Fo, Xo

and the final stable tail water depth y,

The results for the critical heights are listed in Tables 5-1 and 5-2. Tt was
found that when the ratio x¢/yo was greater than about 10, the critical baffle
heights were independent of the gate Froude number Fq. All the data for the
critical heights are plotted in Fig. 5-5(a) and (b) in two different scales. In Fig.
5-5(a), the gate opening yo is used as the scale for both xp and he. It can be seen

that while the data for hgy/yg might be given an average value of about 0.7, the
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data for hgy/ye do not show any systematic variation. It is important to note that
more than 90% of the h.,/yo data are equal to or greater than 1. In Fig. 5-5(b),
the using of the tail water depth y, as the scale enables all the h,, data to collapse

into a narrow range around the regression curve represented by the equation

%leﬂ.,(,(,, = 0.0382140 00072 - 0.0078 1000064 iy% +0.0261 i,omo,.,,sinz(%) (5-2)

(with the correlation coefficient of 0.91). It is seen from Fig. 5-5(b) that the
relative critical baffle height heo/y, increases with xp/y, to reach its peak value at
xo/y: equal to about 1.5. As the baffle was moved farther downstream, the
reattaching wall jet was affected by the impact of the tail water more and more
and the critical baftle height necessary to deflect the jet decreased. The mean
value of h,/y, is 0.200 and the standard deviation is 0.0038. The two sets of data

merge at Xo/y, = 2.7 and beyond this point the baffle almost lost its effect.

The hea/y, ~ xo/y, curve shown in Fig. 5-5 can be used as a reference
curve for baffle height design in submerged baffle stilling basin. For given xg
and y,, the critical baffle height h; can be found from the curve. If the designed
baffle is equal to or higher than hgy, the flow will always be deflected to form
surface jet so that the downstream channel bed will be protected. The designed
baffle height should not be much higher than hgy because it would oe subjected
to an unnccessarily large impact force. For a rough estimation, x/y, and h,/y,
can be chosen the values of 1.00 and 0.05 respectively. At the same time the

baffle should not be lower than the gate opening according to Fig. 5-5(a).
5.3.2 Mean flow structure

Expcriments of series 2 were performed to study the mean flow structure

of the two stable flow states, especially the deflected surface jet. Nine
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experiments were conducted, the details of which are given in Table 5-3. As
indicated in Table 5-3, only one experiment was done on the reattaching jet
while the rest were devoted to the deflected surface jet. Detailed measurements
of the velocity and the (piezometric) pressure fields were performed in all these

nine experiments.

Experiments 1 to 3 were performed to study the mean velocity field of
the deflected surface jet for three different values of Fp with approximately
constant values of yo, y, Xp and h. The results are shown in Fig. 5-6 (a) to (c). It
is seen from these figures that the deflected jet hits the surface at an approximate
distance 0.4m from the gate and this location is marked by the presence of a
hump in the water surface. or a distance greater than 0.6m, the deflected flow
behaves like a surface jet, in which the velocity vectors are almost horizontal,
with the maximum velocity occurring near the free surface. Fig. 5-6(d) shows
the mean velocity field for run 4 for which the conditions are the same as those
of run 1 except for the baffle height. It can be seen that the deflected jet in Fig.
5-6 (d) has a steeper slope than that of Fig. 5-6 (a) because the baffle in run 4 is

1.47 times as high as that in run 1.

Table 5-3 Details of experiments of series 2

Run| yo| Fol | S | %o h , Flc)\x;ismte Rema}ksv
@m)  Jom) "~ Jamm)mm) *o¥: | by

10 | 548 | 442 | 5.08 | 200 | 11.6]| 0452 | 0026 | defid. jet |Bi-stable
10 | 685 447 | 3.86 | 200 | 11.6] 0.447 | 0.026 | defid. jer |Bi-stable
10 | 274 | 424 | 114 | 200 | 11.6} 0472 | 0027 | dend. jet |Bi-stable
10 | 548 | 442 | 508 | 200 | 17.0| 0.452 | 0.038 | defd.jer |Stable jet
10 | 548 | 440 | 5.08 | 400 | 11.6] 0909 | 0026 | dend. jet |Bi-stable
10 | 548 | 440 | 5.08 | 400 | 11.6| 0909 | 0.026 | richg. jer |Bi-stable
10 [ 548 | 440 | 5.08 | 600 | 11.6] 1.364 | 0026 | defid. jet |Bi-stabic
10 | 548 | 440 | 5.08 | 600 | 22.8] 1364 | 0.052 | dend. jer |Stable jet
15 | 746 ] 466 ] 2.09 | 300 | 19.0] 0644 | 0041 | dend.jer |Stable jet
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Figs. 5-6 (e) to (h) show the velocity and piezometric pressure fields for
runs 5 and 6. The flows in these two experiments were in totally different states
even though they had the same boundary conditions. A strong eddy upstream of
the baffle for the deflected jet in run 5 is shown clearly in Fig. 5-6 (). In the
center of the eddy the piezometric pressure reached its lowest value and the
pressure distribution in the surface jet region was almost hydrostatic as can be
seen from Fig. 5-6 (f). Fig. 5-6 (g) shows that the main flow in run 6 passed over
the baffle, impinged on the flume floor strongly and formed a reattached wall jet
downstream. The water surface was almost horizontal and the reverse flow
intensity was weaker than that for the flow without baffle (run 1 in Chapter 4).
The pressure distribution downstream the baffle for the reattaching flow was

almost hydrostatic as shown in Fig. 5-6 (h).

Figs. 5-6 (i) and (j) show the velocity and pressure fields for run 7 which
was different from runs 1 and 5 with regard to the position of the baffle. We can
sec by comparison of the velocity and pressure fields of runs 1, 5 and 7 that as
Xo is increased, the deflected jet becomes less and less steep; the eddy before the

baffle becomes weaker and the free surface became flatter.

The velocity and pressure fields shown in Fig. 5-6 (k) and (1) are those
for run 8 with the same boundary conditions as run 7 except that run 8 had a
higher baffle. Even though the baffle height of run 8 was 1.97 times as big as
that of run 7 the velocity and pressure fields of the two runs are not very

different because the baffles were so far away from the gate,

In Figs. 5-6 (m) and (n), the velocity and pressure fields for run 9 are
shown. Run 9 had a different gate opening from those of the other runs and the

gate Froude number was also higher, The measurements were made by means of

172



a Pitot tube except that the curved jct was measured by the pitch probe. Because

the initial momentum of run 9 was much higher than those of the other runs, the

Let us now have a iook at the velocity fields in detail. The distribution of
the longitudinal forward velocity coi:: 'onents before the baffle in runs 5 to 8 are
presented in Figs. 5-8 (a) to (d). All these data are shown together in Fig. 5-9 in
a consolidated form. The wall jet structure of these flows can be seen in thesc
plots. For comparison, the corresponding curve of plane turbulent wall jet
(Rajaratnam, 1976 ) is also shown in Fig. 5-9. In Figs. 5-7 to 5-9, u is the
horizontal velocity component, uy, is the maximum value of u at the measuring
section, b is the distance from the bed where u = 0.5u, and dwdy < 0, and y is
vertical distance from the bed. It is seen that in the lower part where most of the
momentum flux is transported, the velocity profiles are similar and well
represented by the plane wall jet curve. For the deflected surface jets, the large
surface eddy before the baffle adds induced velocity to the flow in the upper part
of the forward flow. For the reattaching jet ( run 6), the reverse flow almost had

no effect on the forward velocity profiles.

The decay of the velocity scale uy, before baffle is shown in Fig. 5-10 for
runs 5 to 8. The corresponding variation for the wall jet ( from Chapter 4 ) is
also shown in the same figure. It appears from Fig. 5-10 that the velocity scales
for runs 7 and 8 decay somewhat more slowly than for the wall jet, whereas
those for runs 5 and 6 decay at the same rate as the wall jet. This means that as
we increase the baffle distance, the eddy before baffle will affect the main flow

more.



The growth of the length scale b in the region before baffle is shown in
Fig. 5-11 for runs 5 to 8 along with the corresponding variation for the wall jet
(from Chapter 4 ). It can be scen that the growth of the length scale b is not

affected by the presence of the baftles till the jet gets very close to them,

Fig. 5-12 (a) and (b) display the decay of maximum velocity (vector) v

with three different gate Froude numbers. For these three experiments, the gate

opening, the tail water depth, the baffle height and the baffle position were kept

the velocity scale in the region downstream of the baffle, the following three
stages can be noticed: (1) a rapid decrease in the curved jet region to reach its
minimum value right below the surface hump; (2) an increase from below the
hump upwards to reach its maximum value at the free surface apparently duc to
the convergence; (3) steady decrease near the free water surface downstream the
hump. In this region, the flow behaved just like a surface jet originating some
where upstream of the gate. Compared to the corresponding velocity scale decay
of wall jet, the velocity scale of these submerged jumps with baffles decayed
much faster. At x/yg = 140, the relative maximum velocity vp,/Ug for these
submerged jumps is only half as that of the corresponding value for wall jet.
From Fig. 5-12, it seems that the gate Froude number did not have any effect

either on the maximum velocity or the locus of the maximum velocity filament.

A comparison of the decay of the maximum velocity (vector) and its
locus for runs § and 6 is shown in Fig. 5-13 (a) and (b). These two runs had the
same boundary conditions but the flow patterns were different. Fig. 5-13 (a)
shows that in the case of the reattaching wall jet, the decay of the velocity scale

behind the baffle shows the following four stages: (1) the slow decay from x/yq
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= 40 to 50 because of flow convergence; (2) the rapid decay stage from x/yp =
the slow decay stage from x/yo = 60 to 80; in this stage, the impinged flow
converged again. (4) submerged jump decay stage from x/yg = 80 and further
downstream. In this stage, the main flow behaved like that of a submerged jump
whose toe section was at x/yg < 0. Compared to the case of the deflected surface
jet, the velocity scale of the reattaching wall jet decayed slower up to the region
where the shallowness of the tail water was felt by the flow. Fig. 5-13 (b) clearly

shows the impingement of the reattaching main flow on the flume floor.

Inruns 1, 4, 5, 7 and 8, the gate opening, the gate Froude number and the
tail water depth were kept the same but different baffle heights and baffle
positions were used. The decay and the locus of the maximum velocity are
plotted in Fig. 5-14 (a) and (b). For comparison, the velocity scale decay curves
for the plane wall jet and submerged jump without baffle ( same submergence,
result from Chapter 4) are also plotted in Fig. 5-14 (a). In Fig. 5-14 (a), the
broken vertical lines represent the positions of the baffles. As we can see, all the
velocity scale data for the submerged jumps with baffles show the three decay
stages and they all decayed faster than the wall jet and the submerged jump
without baffle. As the baffle was moved farther away from the gate while its
height was kept the same, the curved jet became increasingly flatter. As the

baffle height was increased at a given position, the curved jet became

gate. The velocity scale data for run 9, which is the only run with a different gate
opening, are also plotied in Fig. 5-14 (a) and they show a trend, consistent with

all the other data except for the minimum point.



Let us now have a look at the velocity distribution in the region of
surface jet. Figs. 5-15 (») - (f) show the forward velocity profiles of runs 1, 2, 5,
7, 8 and 9 in non-dimensional form. The data for all the ru s are plotted together
in Fig. 5-15 (g). For comparison, a Gaussian curve representing the ordinary
surface jet velocity distribution ( Rajaratnam and Humphries, 1984) is also
plotted in Fig. 5-15 (g). In Fig. 5-15, v, is the surface velocity, y, is the water
depth and b, is the depth where u = 0.5u,. Figs. 5-15 (a-g) show that although

the forward velocities are similarly distributed, the distribution is different from

The variation of forward discharge of the surface jets with the
longitudinal distance is shown in Fig. 5-16 and the boundaries of the jet are
shown in Fig. 5-17 (a). In Fig. 5-16, g is the unit discharge ( or discharge per
unit width) and qnz is the unit discharge at the gate. Because it was very
difficult to measure the velocities near the jet boundaries, the forward discharges
and the jet boundaries were determined by using the data on surface velocity and
5-16, the forward discharge was as high as about 2.5 times the gate discharge
before the start of the surface jet. The increase of the forward discharge is due to

the enhanced entrainment by the curved jet. In the surface jet region of runs 1

Funs 5, 7 and 8 had the same boundary conditions as those of runs 1 and 2 but
had bigger xo. The forward discharge decreased all the way in the surface jet
region of these three runs. The submergence of run 9 was smaller than that for
all the other runs and its forward discharge also decreased all the way in the
surface jet region. From Fig. 5-16 we can estimate the length of the eddy behind

the baffles by looking at the crossing points of the data curves with the
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horizontal line g/qqo; =1. We can see that as the other boundary conditions were
kept the same, bigger baffle position would result 1n a shorter eddy behind the

baffle.

In Fig. 5-17 (b), the growth of length scale b; in the surface jet region is
shown in which Xy, is the value of x where maximum surface velocity occurred.
For comparison, the straight line for ordinary surface jet ( Rajaratham and
Humphries, 1984 ) is also plotted in the same figure. According to Fig. 5-17 (b),
only part of the surface jet region of runs 1 and 2 can be viewed as a normal
surface jet, starting somewhere different from the gate. In all the other runs, the
surface jet part was affected by the shallowness of the tail water from the
beginning of the region, although the submergence was as high as 5.1. Fig. 5-17
(b) shows that at the beginning of the surface jet region, the jet half width b; was
about 7 times the gate opening and that the slope 0.07 of the ordinary surface jet

was the maximum slope.

Let us consider the velocity scale of the surface jet region. Because the
maximum velocity occurs at the surface, it was easy to measurc. Therefore
detailed measurements were done by using the setup shown in Fig. 5-3 (b) and

the results are presented below.

In Fig. 5-18 (a), the longitudinal variation of surface velocities for four
different gate Froude numbers is shown. In the four experiments of Fig. 5-18
(a), the gate opening, the tail water depth, the baffle height and baffle position
were kept constant and only the discharge was varied. It is seen from Fig. 5-18
(a) that as the discharge was increased, the maximum surface velocity, ugm was
increased, the location of maximum surface velocity x,;, moved upstream and

the decay of surface velocity became faster. The data points shown in Fig. 5-18



(a) are replotted in Fig. 5-18 (b) in non-dimensional form from which we can
see that the surface velocity decayed in a similar way. In Fig. 5-18 (c). the
variations with gate Froude number F, of the following four variables are
presentd in non-dimensional form: the maximum surface velocity ugg; the
distance of the top of surface hump from the baffle xop-xo: the height of the
surface hump h;, ( above tail water surface) and the distance from the position of
the maximum surface velocity to the baffle x.,-Xo. It is seen from Fig. 5-18 (c)
that as Fp was increased, hp/yg and (x;n-X0)/yo changed linearly with it but
usm/Up and (Xiop-X0)/Yo remained constant. The relevant linear equations and

constants are given in Table 5-4.

Fig. 5-19 (a) presents the results for the longitudinal variation of surface
by fixing the discharge, the gate opening, the baffle height and position and
changing the tail water depth only. The same data are shown in Fig. 5-19 (b) in
non-cdimensional form ( with the same scales as those for Fig. 5-18(b)) and the
similarity is also shown for the surface velocity decay. The variations with
submergence S of usn/Uo, (Xop-X0)/Yo. hn/yo and (Xsm=Xiop)/yo are shown in Fig.
5-19 (c). It is seen from Fig. 5-19 (c) that the four non-dimensional variables all
change linearly with S. The equations describing these linear variations are

given in Table 5-4.

The results shown in Fig. 5-20 (a) and (b) were obtained from the five
experiments whose boundary conditions were the same except the different
baffle positions. The variations with baffle position of the maximum surface
velocity and its position are shown in Fig. 5-20 (c) in non-dimensional forms.

Also shown in Fig. 5-20 (c) are the variations of (x,p-X0)/yo and hy/ye with the
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values of these variables are given in Table 5-4.

The results obtained from the four experiments with different baffle

forms. Fig. 5-21 (c) shows the results of u;5/Ug, (Xwp=X0)/yo, hy/yo and (Xem-
x0)/yo All these four variables vary linearly with the relative baffle height h/yg

and the relations are given in Table 5-4.

The surface velocity data shown in Figs. 5-18(a), 5-19(a), 5-20(a), 5-
21(a) and the data for run 9 are plotted together in Fig. 5-22 in non-dimensional
form. As we can see that the surface velocity decayed linearly after the
maximum velocity was reached and this is different from the -0.5 power law of
the decay of the surface velocity of ordinary surface jet ( Rajaratnam and
Humphries, 1984). The regression expressions are obtained for the data shown

in Fig. 5-22:

Uy ' ‘N 134 XXsm A r X=Xem - -
?:: l(ig_m“gliool(ﬂ_913)+0!134(ﬂ.133)’ ?yfl'f - 95723@.3!0) ( ] ; )2 X<Xgm (553)

U, i - X=X
f; ko 000= 1.008,20026) = 0.29520.003, E)Tm X2Xsm (5-4)

Finally, let us have a look at the eddies before baffles. It was difficult to
measure the distribution of vorticity { inside the eddies, and the velocity
distributions indicated that the vorticity could be assumed to be uniformly
distributed. The vorticity was calculated by using the formula for circular vortex

( Pao, 1961) :
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_2rrve _ Ve -
=T =2y (5-5)

wher 1 is the distance from vortex center to the point of measurement and vg is

tr> tangential velocity.

The vorticity was calculated for runs 1, 2, 3, 4, 5, 7 and 8, and the results
are give in Table 5-5 below. Once we get the vorticity, we can estimate the
area of the eddy which we can estimate from the original velocity field plot (Fig.

5-5). The results of circulation are also given in Table 5-5.

From Table 5-5 we can see that the vorticity and circulation of run 7 do
not differ much from those of run 8 although the baffle heights were different.
the experiments listed in Table 5-5, the baffle position xo was combined with

gate velocity Up to form the scale for the circulation. The non-dimensional

line is plotted to represent the mean value. In the last column of Table 5-5, the
ratios of eddy circulation discharges to the gate discharges are listed and as we

can see that the ratios could be as high as 3.3.
5.4 Conclusions

This chapter presents the results of an exploratory experimental study on
the effect of two dimensional baffles on submerged hydraulic jumps.
Experiments of series 1 were done for gate opening equal to 10, 12, 15 and 17
mm. The gate Froude number ranged from 1.4 to 12 and submergence ranged
from 0.5 1o 32. Based on the results of experiments of series 1, the following

conclusions can be formulated:
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(1) For submerged hydraulic jumps with baffle walls, there exists two
different stable flow states: deflected surface jet state and reatiaching wall jet
state. In deflected surface jet state, the main flow is deflected to the water
surface to form surface jet downstream the baffle. In the region below the
surface jet, the water flows slowly towards the baffle. In the reattaching wall jet
state, the main flow passes over the baffle to impinge and reattach to the bed

immediately downstream the baffle.

(2) For a given tail water depth and baffle position, there exists two
critical baffle heights h¢) and hc; and they are independent of gate opening and
gate Froude number. If baffle height is smaller than h.;, the flow will be in
stable reattaching wall jet state. If baffle height is bigger than h,, the flow will
be in stable deflected surface jet state. If baffle height is between h¢; and hej, the
flow can be stable in either states depending on initial flow state and the flow
can be changed from one staie to the other by external interference. The mean
value of the ratio of he to the tail water depth is 2% and the regression equation

for hey is

Bez - 0.0382 - 0.0078 X2 +.0.02615in2(2) (5-2)
Yt Yt M
Based on the results of the detailed measurements in experiments of

series 2, the following conclusions can be formulated:

similar in the lower part and can be described by the corresponding wall jet
curve. They are not similar in the upper part due to the effect of the strong
surface eddy formed upstream of the baffle. The jet half width b in this region is
not affected by the baffle but the velocity scale, the maximum forward velocity,

is somewhat higher than that of the wall jet.
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(2) In the deflecied surface jet, the maximum velocity decays
continuously to reach its minimum value somewhere below the waior surface
decays continuously. In the reattaching wall jet state, the maximum velocity
decays all the way from the gate. For the same boundary conditions, the decay
of the maximum velocity is faster in the deflected surface jet state than that in

the reattaching wall jet state.

(3) In the surface jet region of the deflected surface jet flow state, the
forward velocity profiles are similar. These similar profiles are generally
different from those of the ordinary surface jet because of the effect of the
shallowness of tail water. Also due to this reason the growth rate of the length
scale b is smaller than 0.07 which is the growth rate for the half width of the

ordinary surface jet.

(4) The scales for the surface jet( the maximum surface velocity, the
surface hump height, the position of maximum surface velocity and the position
of the top of surface hump ) are generally affected by the following four
variables: tail water depth, gate Froude number, baffle position and baffle
height.

(5) For the deflected surface jet flow state, the circulation of the eddy
before baffle is about 1.5 times the product of the gate velocity and the baffle
position from the gate. The circulating discharge can be as large as 3.3 times the

gate discharge.
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Fig. 5-9 Consolidated non-dimensional profiles of the

longitudinal velocity component before baffle
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Fig. 5-13 (a)-(b) C@iﬁpariscn of the decay and locus of the maximum
velocity for two different flow patterns
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Fig. 5-14 (a-b) Effect of the baffle position and height on the decay and locus of
the maximum velocity of deflected surface jets
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Table 5-1 Experimental results for critical baffle height h¢y

Fo=5.5-10.3 §=21-~51
xo(mm) | hei(mm) | y(mm)
38 11 442
442
442
442
442
442

§$=0.58~4.32
y«(mm)
520
520
520
520
520
448
448
448
448
448
407
407
407
407
407
370
370

370

00 00 0O O\ O\ 00 00 00 O\ 00 00 GO 0O 00 00 00 00 00 00 =
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Table §-2 Experimental results for critical baffle height h.y

yo = 10 (mm)
Fg = 1.37 ~10.28 ‘ ! . $=06~43

xp(mm) [hco(mm)] y(mm) | xo /y; yy(mm)
38 | 154 | 442 | 0.086 | O. ST1
10 | 152 | 442 | 0226 | o. 511
162 | 442 | 0452
21 | 442 | 0905
228 | 442 | 1357

16 0430
16 395 0.759
11 1.463
1.463
16 1.780
1.935
2.000
2.022
2.320

SE8388 588888

SSEE B822388858888(888588888

8

200
300
600
900
100
200
300
600
900
100
200
300
600
900
100
200
300
600
900
100
200
300
600
900
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Table 5-4 Regression equations for the scales on water surface

Experimental | Regression equations " RZ
conditions _ _ _
Fo= 548 - - —
- . 304 IV L) 9] == 0. 1 84+ L.
Yo =0.01m Uy o/ UQ(%)120.394=50.42040 921 -3.854 40 '"S, 0993
X9 =0.20m | (xy05-X0)/¥0 b0 782= 2.149 ) 1035+4.42640 236 S 0.989
Soh.54.623 bu/Yo b t0s= 2.754s0.46-0.26440038 § 0945
am-XoV¥o by 643= -7.31 133540 +11.18750 265 S ___lo9ss
=0.44m
o =001m Bl UOK%)=31 24030520
X; =0.20m (Xu0p-XoN¥o = 23.000 49,000
bh=0.011 — -
PsvhcBs Bu/¥o Lo o= 0.28030,117 + 0.330s004F,y 0979
( Myo b 61= 62.30043 643 -2.5%040 555F0 0924
y= 0.44m 1
y:)—= 0.0lm Ur/U(%)=28.107 5 165
Fo ; 3;‘8 (Xuop-X0)/yo = 24.80041 643
h=0.0116m -
Xo /yo=10~60 hulyo = 1.19049,108
(xem-XoMyo = 5220045805 — _—
T o | U0 3526 7401072683 41 sty 0959
Fo =548 (Xuop-X0)/¥o bio.353= 33.87810.712-7.897 49 401 (Wyo) 0992
=0.20 oo e
;,°yo.__?',6_?3 by/yo l10.010= 0.90650.036+ 0.39520020 (B/yo) 0992
Xem-XoM¥o L1 ja1= 58.22742 300 9.71641 205 (Wyo) 0.949

Table 5-5 Data for the vorticity, circulation and circulation discharge of the

eddy upstream the baffle _ -
run data source { | area T U | T | e
(1s) } @) | (m¥s) | (m¥s) | Ug*xo _Quopt
(1 Q) 3 | @ [0=GCr@®] © | 8)
downward section 1 r
1 in Fig. 5-6 (a) 4622 ] 0.140 | 0649 | 0.343 | 1.880 | 2.461
downward section ol I
2 in Fig. 5-6 (b) 4758 | 0140 | 0666 | 0.429 | 1.552 | 2638
downward section - o '
3 in Fig. 5-6 () 2393 | 0135 | 0323 | 0172 | 1.879 | 3.286
downward section B o o ]
4 in Fig. 5-6 (d) 4589 1 0126 | 0576 | 0.343 | 1.678 | 2.605
downward section - I
5 in Fig. 5-6 (e) 33731 0224 | 0.755 | 0.687 | 1.100 | 3.330 |
section x=0.4(m), o - N
7 |backwards, Fig. 5-66) | 4926 | 0313 | 1543 | 1.030 | 1.498 | 3.034
section x=0.4(m), 1 1 ) -
g [backwards, Fig. 5-6() | 5039 ] 0303 | 1526 | 1.030 | 1.481 | 3.296
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§0.00 | 2.862 [0.002 § 0.00

f 0.50 | 1.124 | 0255 § 040
| 0.80 | 1.018 |0466 || 050
{ 1.00 | 0.822 |0466 § 060
{ 1.20 | 0.784 | 0466 [ 0.70

Table 5-6 Magnitude and locus of the 100“ _

x(m) | vp(m/s) | 8(m) § x(m)

0.10 | 2.832 |0.004 || 0.10
020 | 2.658 |0.007 || 0.20
0.34 | 2,058 |0.069 || 030

140 | 0.627 | 0466 0.77
160 | 0.559 | 0466 || 0.82
i 0.89
, 1.00
| 1.03
| 1.06
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Table 5-7 Dala or Lhe surfacc D mﬁle.s

B nn 1
| x(m) (m) ‘
70000 | 0.444 § 0.000
0.050 | 0443
0.100 | 0440 § 0.100
0.150 | 0435
0.200 | 0432 § 0.200
0.250 | 0436 § 0.250
0.300 | 0440 § 0.300
0.350 | 0449
0.400 | 0451

|

‘ un 6
x(m) | y,(m)
0.000 | 0.442
0.200 | 0.441 ‘ 0.100
0.400 | 0.441
0.600 | 0439
0.800 | 0.439
1.000 | 0441
1.200 | 0442
1.800 | 0442
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Table 5-8 Length scale and discharge data

in the surface jet repion

Value of y where u=0,
...... The unit width forward discharge of surface jet.

2] ssssesseennenenn. UNIt width nozllet discharge. ) ,
Yozl ssssesesennnnn. Value of y above which the unit width forward discharge equals
10 Qnozl
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Table 5-9(a) Surface velocity data for va

=
{

Xo=0.2(m)

ing Froude numbers
Y0M0m)

Fo=2.74

x(m)

u(m/s)

~ Fe=4.11

x(m)

u(m/s)

Fp=548

x(m)

_u(m/s)

“Fo=6.85

_X(m)

u(m/s)

0.650
0.680
0.710
0.740
0.770
i 0.770
§ 0.800
0.850
0.950
1.050
1.150
1.250

0.257
0.265
0.274
0.271
0.258
0.263
0.262
0.254
0.236
0.222
0.196
0.191

x;=0.2(m) _Fo=5.48  yo=

0.630
0.660
0.690
0.650
0.720
0.750
0.780
0.850
0.950
1.050
1.150
1.250

0.380

0.391
0.396
0397
0.403
0402
0.398
0.387
0.348
0.326
0303
0.253

Table 5-9(b) Surface VE]Q(;“ dila m— 7 ing bafe heighis

- 0.590

0.620
0.650
0.710
0.740
0.770
0.800
0.830
0.860
0.890
0.920
0,950
1.050
1.150
1.250
1.350

0486
0.508
0522
0.523
0.501
0493
0495
0486
0.483
0450
0452
0440
0.403
0.363
0334
0.296
0240

0.670
0.700
0.730
1.100
1.200
1.300
1.400
1.500

0.666
0.670
0.656
0.613
0.589
0.546
0.497
0.452
0418
0.354
0.305

h=15(mm)

x(m)

u(m/s)

~ h=1%(mm)

x(m)

u(m/s)

~ b=20(mm)

x(m)

u{m/s)

h=23(mm)

x(m)

u(m/s)

0.540
0.570
i 0.600
| 0.630
0.660
0.690
0.720
0.720
0.750

0.850
0.950
1.050
1.150
1.250
1.350
1.450

0.467
0.520
0.535
0.545
0.538
0.531
0.532
0.532
0.525
0.491
0.450
0.408
0.357
0.331
0.290
0.275

0.585
0.610
0.640
0.670

0.556
0.566
0.547
0.524
0.525
0.511
0.516
0.469
0.439
0.392
0.345
0.331
0.266
0.228

0.550

0.580
0.610
0.640
0.640
0.680
0.680
0.720
0.720
0.760
0.800
0.900
1.000
1.100
1.200
1.300
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0.563
0579
0.567
0.547
0.554
0.537
0.537
0.542
0.538
0.531
0.502
0.466
0425
0375
0.346

0.510
0.525
0.555
0.570
0.590
0.620
0.650

0.556
0.588
0.598
0.581
0.581
0.585
0.562
0.545
0.526
0.528
0.537
0.541
0.479
0.435
0432
0.420
0.377




1.500

1.600 f:’i

y. —Odd(m) " Foo5 48

y¢,=1b(nr}m) “h=11.6(mm)

 x=02(m) Fy=548 Eiu—m(mm) be11.6(mm) f ]
§=6.23 §=561 | = S§=420 §=354

x(m) uwm/s) | x(m) ums) | x(m) u(m/s) | x(m) u(ms)
0.650 0.374 0.640 0453 0550 0542 | 0510 0.594
0680 0406 | 0.670 0477 | 0580 0594 0540 0.631
0710 0418 0.700 0487 | 0610 0593 0570 0.625
0740 .0419 ] 0730 0491 | 0640 0580 | 0600 0.599
0770. 0440 | 0.760 0488 | 0670 0542 | 0630 0.551
0800 0445 0.760 0482 | 0670 0548 0660 0.539
0830 0459 | 0.79 0482 | 0700 0531 0660  0.538
0860 0446 | 0.790 0471 0.700 0525 0690  0.535
0890 0439 0.820 0487 | 0730 0526 | 0720 0.533
0920 0436 | 0820 0479 | 0730 0526 | 0720 0535
0950 0427 | 0.850 0481 0800 0499 0720 0.531
1.050 0407 | 0.850 0461 0900 0444 | 0800 0461
1.150 0370 | 0.880 0478 1.000 0380 ]| 0900 0393
1250 0.359 | 0.880 0459 1.100 0325 1.000 0313
1.350 0319 0910 0.466 1.200 0.250 1.100  0.252
1450 0291 0.910 0454 1300 0209 1200 0.20
1550  0.287 1.000 0435 1400 0201
1650  0.263 1.100 0.395
1.750 0244 1.200 0371

1.300 0.343

1.400 0303

;ﬂgoim(m)

x(m)

u(m/s)

xo=0.20(m)

x(m)

u(m/s)

x(m)

x0=0.40(m)

n(mls)

xo=0 60(m)

x(m)

u(avs) |

0.500
0.530
0.560
0.590
| 0.590
0.620
0.620
0620
0.650
0.650
0.680
0.730
 0.800
{ 0.900
1.000
1.100
1.200

0419
0454
0472
0486
0473
0473
0467
0475
0480
0470
0469
0453
0.449
0424
0.378
0.350

0.625
0.650
0.680
0.710
0.740
0.770
0.800
0.830
0.860
0.860
0.890
0.950
1.020

0.368
0.441
0473
0499
0.508
0.504
0.501
0.496
0.506
0497
0.507
0.489
0464
0.453
0.405
0.383
0.324
0.313

0.750 |
0.780
0.810
0.810
0.840
0.870
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0408
0449
0482
0479
0479
0481
0483
0479
0.480
0474
0458
0446
0410

1.000
1.030
1.060
1.080
1.120
1.150
1.150
1.180
1.180




Table 5-10 Data of surface bump position, surface bump height,
maximum surface velocity and its position for varying
nozzle Froude numbers, submergences, baffle heights

_.and baffle positions _

| Fo Xem(m) | Ugen(OVS) | Xicy

Xo=0.2(m) 074 | 02744
b=0.0116(m) 0735 | 0403
¥o=0.010(m) | 5. 068 | 05234
¥, =0.440(m) 0.64 | 067

Dy (mV/s)

x0=0.2(m) 0.5448
Fp=5.48 y 0.5663
| Yo=10(mm) 20 .S 0.57916
1y =0440(m) | 23 | 0.5884

Uy (m/s)

%0=0.2(m) 0.83 | 0.45896
Fo=5.48 76 | 049144
Yo=10(mm) .58 | 0.59384
b=116(mm) | 3. 0.54 | 0.63059

y:=0.44(m)
Fg=5-43

{  Yyo=10(mm)

h=11.6(mm)

Ugm <vevereneeenenene. Maximum surface velocity. )

p S «..-... Position of maximum surface velocity.

Kiop sesessesesesasesess POSItiON Of the top of surface hump.

R Height of surface hump (above tail water surface)
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Chapter 6 General discussion

hydraulic engineering using the theory of turbulent jets. In this last chapter, a

brief general discussion is presented on these contributions.

The first contribution is the finding of roughness effect on the
characteristics of circular wall jets. Chapter 2 investigated the effects in the
following respects: (1) the effect on the distribution of mean longitudinal
velocity; (2) the effect on the growth of length scales; (3) the effect on the decay
of mean velocity scale; and (4) the effect on boundary shear stress. The analysis
of the results of the experimental study and the conclusions of Chapter 2 provide
necessary information required to predict the development of circular jets on

rough boundaries.

Due to the restriction of the measuring equipment, the study of Chapter 2
was not extended to cover the roughness effect on the turbulent structure of
circular wall jets. This can only be accomplished with the help of three
dimensional Laser Doppler Anemometer. The investigation on the roughness
effect in this respect will help the hydraulic engineers to predict the diffusion

and energy dissipation of the circular wall jets on boundaries with different

The second contribution of the thesis is the revelation of the mean flow
structures of two intersecting jets with different momentum fluxes. For a fixed
intersection angle of 60 degrees, detailed results are presented in Chapter 3 for
the mean longitudinal velocity and pressure field measurements made for the
momentum flux ratio R ranging from 0 to about 0.8. The study of Chapter 3

showed the existence of similarity in the mean velocity distribution in both
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using the analysis results in Chapter 3, for intersecting jets with the same
intersection angle we can predict the jet development before and after the
irtersection point. This includes (1) the direction of the resultant jet; (2) the
decay of the axial mean velocity; (3) the jet thickness in vertical and transverse

directions; and (4) the axial variation of the mean pressure.

The study of Chapter 3 is the extension to the study of Rajaratnam and
Khan (1992), but it only concentrated on one fixed angle (60 degrees). To
complete the work, further investigations on intersection jets of different
momentum fluxes are needed for different intersection angles. In addition, it will
be interesting to see how the turbulent structure of intersection jets is affected by

different intersection angles and different momentum flux ratios.

As a third contribution, Chapter 4 of the present thesis investigated the
free hydraulic jumps, submerged jumps together with two dimensional wall jets.
This chapter collected all the available existing data for free jumps, submerged
jumps and wall jets. It also presented the detailed experiment results obtained by
the advanced probe-transducer-computer systems. The contribution is reflected
mainly in the following respects: (1) The analysis of the velocity data indicated
that the vertical distribution of forward longitudinal velocity is very insensitive
to nozzle Froude number F( and submergence S; The velocity profiles are
similar in each of the three flow configurations. (2) Based on all the existing
data Chapter 4 derived a general velocity scale decay law for free jumps which
is comparable with that of wall jet; (3) Chapter 4 investigated the variation of
relative length scale L/yq with nozzle Reynolds number Ry for wall jets and with
Fp and S for hydraulic jumps, and derived regression equations for these

variations. This relative length scale played a very important role in the
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and wall jets. (4) For the longitudinal velocity scale of submerged jumps,
Chapter 4 investigated as to how its decay changed from the free jump style to
the wall jet style with increase of submergence and proposed a criteria for this

changing. In addition to these, Chapter 4 also investigated in detail the boundary

Chapter 4 we can now predict the main characteristics of hydraulic jumps of any

submergence.

Chapter 4 concentrated on the mean characteristics of free jumps,
submerged jumps and two dimensional wall jets. It did not consider the
turbulence in these flows. In fact the turbulent characteristics of the three flow
configurations were studied separately by Rouse, Siao and Nagaratnam (1959),
Long, Rajaratnam and Steffler (1992) and Mathieu and Tailland (1965). It will
be interesting to study them together and find the turbulent characteristics which

are common to free jumps, submerged jumps and wall jets.

The fourth contribution of the thesis is of two fold. Firstly, the
investigation in Chapter 5 found out the existence and the formation conditions
of the three flow states, namely the stable deflected surface jet, the stable

reattaching wall jet and the bistable state. The knowledge of the formation

2D baffle structure so that a stable deflected surface jet will form to protect the
river bed. Secondly, the present investigation revealed the mean flow structure
of both reattaching wall jet and deflected surface jet states, especially the later
flow state. The revelation will help us to predict the following features for given

boundary conditions: (1) the decay and locus of the main flow; (2) the velocity
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distribution; (3) the entrainment by the main flow and (4) the vorticity caused by

a 2D baffle.

The purpose of this study in Chapter 5 was to commence an
investigation on deeply submerged flows with baffles. Even for the simple two
dimensional baffle case, the present study is not complete. For example, the
force acting on the baffles was not investigated at this time. As we can expect,
the two dimensional baffles are simple to construct but they can not cause
sufficient mixing and dissipation when the flow is deeply submerged. In order to
have sufficient energy dissipation it is necessary to use baffle blocks. The study
of the baffle block effect on submerged jumps is a large field. For different
value of the nozzle Froude number, downstream water level, different block
sizes and combinations, we need to find the flow structures, energy dissipation
rates and forces acting on the blocks. The accomplishment of the study on

submerged energy dissipators needs further extension.
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