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ABSTRACT

The present thesis describes an experimental and theoretical inves-

tigation of the flow field and scour action of an offset jet.

The hydraulic characteristics of the offset jet and the resulting

scour developed in the bed were investigated in the laboratory.

Tests were carried out using a fixed bed and a single offset ratio
(height of jet above bed / jet thickness). Three flow rates were used.
Velocity measurements in two directions, especially in the recirculat-

ing zone, were of help in understanding the flow field and in providing

the necessary data for comparison with the theoretical results.

™

The development of scour, on a uniform sand, was monitored at set
time intervals, in most cases until the asymptotic state was reached.

A new effective and simple method for measuring the scour profile, while
the experiment was running, was devised. The experiments were conducted
using four different offset ratios and several flow-rates. Results
showed dependency of the scour characteristics on Froude number, time
and especially the offset ratio. The findings of each experiment were
combined dimensionlessly to produce relationships which describe the
development of scour characteristics for the tested range of parame-
ters. Scour profiles were found to be similar for a given offset ratio,

but differed from one offset ratio to another.

The second part of the work was concerned with developing a general
integral method capable of the prediction of velocity fields of dif-

ferent flow situations, including those of offset jet impinging on rigid
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and eroded beds. The combination of strip integral method in a curvi-
linear system with the k-¢ and algebraic stress turbulence models pro-
vided such a method. Application of this method to a variety of
selected test cases revealed the ability of the model to capture the
main features of the flow within the considered range of interest. The

algebraic stress model was found to give better results in curved and

wall effected flows.
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GLOSSARY

Av = coefficient
A,A],Az = constants
a,a1,az = constants
B],Bz,B3 = constants
b = half-width of the velocity profile
bA = half-width of jet at the end of rigid apron
b,bI,b2 = constants
B = constant ; width of scour hole ; width of 2-D channel
b0 = Jet nozzle thickness, sluice gate opening
bu = upper half-depth
C = constant
Cn = coefficient
Cu, £1°Ceo = coefficients in turbulence model
C1, C2 = ASM constants
C'], C'2 = ASM constants
Ck, Cs = ASM constants
Dij = diffusion transport tensor
d = submergence of jet
d15“9 = sieve diameter which passes 15.9%
d50 = median size of sediment
d90 = mean size of sediment of with 90% by weight is finer
ds = depth of scour at any distance x from the jet exit
dm = maximum depth of scour for a particular run time
de, dpz = height of the upstream and downstream
dune, respectively
E = coefficient
F = empirical curvature correlation
f,f ,f = indicates ''function of"
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wall function in ASM
Froude number of flow = Uo/v/gb0
densimetric Froude number = Uo//(S - l)gd50
drag force on a typical particle lying on the bed surface
1ift force on a typical particle lying on the bed surface
disturbing forces
stabilising forces
acceleration due to gravity
functions of
body forces in i, s and n directions
rate of sediment transport out of the scour hole
rate of supply to the area under scour
downstream tailwater depth
impingement height of vertical jet
distance between the sluice opening and the original bed

level

1+n/R = ratio of local to reference radius of curvature
momentum of an offset jet

turbulent kinetic energy (= 3 u, ui)

s/R, curvature parameter of logarithmic spiral

1.5

dissipation length scale (L =k "7 /¢)

Width of shear layer

characteristic length of scour hole
mixing length

length scale of turbulence

exponent

unit normal vector to the s

instantaneous pressure

mean pressure

fluctuating part of pressure
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generation tensor for turbulent kinetic energy

hydrostatic pressure

PN + pu2 = PN + pv2

pressure on the centreline of an offset jet

excess pressure

atmospheric pressure

production of turbulent kinetic energy

bed load transport in vol. per unit time per unit width

flow rate

volume rate of sediment being transported into the

scour hole

volume rate of sediment transport out of the scour hole
Reynolds number of flow

radius of curvature of the curved surface

hydraulic radius

radial dimensional space coordinate (= R + n)

specific gravity of sediment = ps/p

curvature parameter

coordinate along longitudinal direction
time, time of scouring action
turbulent time scale

Diffusion term in k and £ transport equations
instantaneous velocity at a point in the x or s direction

mean velocity in x or s direction

fluctuation component of U

instantaneous velocity component in xidirection

mean velocity in X, direction
maximum velocity at a section
maximum velocity at the end of rigid apron

maximum horizontal velocity at the section of maximum
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scour depth

mean velocity of incoming jet

0.5

]

friction velocity [= (t"/p)
Reynolds stress

external flow velocity
instantaneous velocity at a point in the y or n direction
mean velocity in y or n direction

fluctuation component of V

maximum total velocity of offset jet

volume of scour hole

volume of scour per unit width

mean fall velocity of sediment

fluctuating part of the velocity in z direction

longitudinal distance measured from the jet exit

coordinates, usually in the flow direction

direction
attachment length

distance of the section of maximum erosion from jet exit

extent of scour measured from the jet inlet to
the crest of the dune

distance of the upstream and downstream dune

from the sluice
XD at the asymptotic state
downstream distance from attachment point
normal distance from the boundary
coordinate, usually normal to water surface (vertical)

vertical distance between the point of maximum

velocity and the bed

coefficient

coordinate, usually transverse to the horizontal



flow direction

coefficient

constant, coefficient

boundary layer thickness

Kronecker delta (=1 for i=j and = 0 for i#j)

dissipation rate of turbulence energy

non-dimensional crosswise space coordinates

Von Karman constant

dynamic viscosity of fluid

turbulent eddy viscosity

+
HTH,

kinematic viscosity of fluid

mass density of fluid

mass density of sediment grain

n/b

turbulent Prandtle number for diffusion of k and ¢

spread parameter for free jet

geometric standard deviation of particle sizes

shear stress

shear stress along the bed

critical shear stress

shear stress

angle of repose of sediment

indicates "function of"

pressure-strain redistribution tensor

infinity ; suffix denoting scour at the asymptotic state.

orthogonal space planes
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CHAPTER 1. INTRODUCTION

1.1 GENERAL INTRODUCTION

In hydraulic engineering, the prediction and control of erosional
problems is an important subject. Amongst different flow cases, the
action of an offset jet can result in the erosion of bed material. This
scour can cause severe damage to the bed and nearby structures. For

example near cooling pools of power plants or under sluice gates.

It is therefore essential that the erosive power of an offset jet

is understood, enabling adequate safety factors to be included in the

design of any structure where scour is to be expected.

To date, little work has been carried out on the effect of this type

of flow on any nearby bed sediments.

1.2 SCOPE OF THESIS

The main purpose of the present work is to contribute to an under-
standing of the flow field resulting from an offset jet and the char-
acteristics of the scour hole caused by it. The detailed computations
of flows presented herein and the reported experimental velocity data
may also be of use to investigators who seek to predict the scour pro-

files caused by different jets.
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Prediction of the flow field of an offset jet is of considerable
interest to the engineer. Offset jets are found in a wide variety of

practical situations, for example at the pool of a power plant.

Calculation of flow fields is perhaps in its third phase of devel-
opment. In the first phase there was an almost exclusive reliance on
experimental correlations of overall flow behaviour with relevant non-
dimensional groupings of variables. The next phase saw an increasing
effort to develop mathematical models of the flow phenomena and then
to deduce the behaviour of flows through mathematical reasoning. The
advent of high-speed and large-capacity computers, and new and better
finite difference and finite element techniques have led to the present
phase. It is now possible and practicable to use advanced turbulence
models for computing complex flows. In an effort to reduce the empiri-
cism in models, attention is usually focused on basic transport mech-

anisms in the flow.

The present study, in the theoretical part, evaluates the perform-

ance of an integral method of solution in conjunction with the use of
advanced turbulence models in predicting different flows. Comparisons
with published experimental data enable an assessment of the model and

help to identify corrections and further improvements that can be made
in future work. The second aim is to use these analytical methods to
predict the behaviour of the flow in a scour scour hole caused by an
offset jet and to provide a basis for further work on the prediction
of the scour-hole development. The computations are compared with ve-
locities obtained by the writer in the experimental part of his re-

search.
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1.3 LAYOUT OF THE REMAINING CHAPTERS

A comprehensive survey of experimental and analytical work of

scouring action of jets, with particular emphasis on that caused by an

offset jet, is given in CHAPTER TWO.

In terms of the scouring action of the offset jet, the survey re-
vealed that little work had been carried out, and as yet nothing was
known about the temporal development of the scour. It was also found

that most of the analytical work was based on the scouring action of a

wall jet.

A similar survey was conducted into the nature of the offset jet

itself, and this is given in CHAPTER THREE. It was found that limited

theoretical work, in this field had been carried out.

As a result of the overall lack of data in this field, a study was
carried out to provide adequate measurements of velocity on which ver-

ification of the present theory could by made. These velocities would

also provide a better understanding of the flow field.

The details of the experimental arrangements and procedures for both
the rigid bed and scour hole experiments are described in CHAPTER FOUR.

A new method for measurement of the scour profile is introduced in this

chapter.

Results of the present experimental work on the offset-jet impinging

on a rigid bed is then described in CHAPTER 5.
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CHAPTER 6 deals with the experimental results of the scouring action
of the offset jet. The effects of the jet's height and jet discharge
on the scouring action of the offset jet are studied. Some basic re-
lationships between the duration of the scouring action, and different

characteristics of the scoured profile are given.

CHAPTER 7 deals with the theoretical aspects of the problem. The
basic equations and turbulence modelling involved in computing the
various flows are presented, especially in the curved coordinate system
appropriate for the present investigation. Also, a selection of the
relevant literature on turbulence modelling is reviewed. CHAPTER 8 is
concerned with solution methods and includes a review of the different

methods of solving the governing equations. An integral modelling

technique is developed for prediction of the flow-field.

In CHAPTER 9, computation of the velocity fields of a wide range of
flows using different turbulence models are compared with various ex-
perimental results. Theoretical computation of the velocity distrib-

utions in a scour hole is also presented.

Finally CHAPTER 10 draws conclusions from this study and makes rec-

ommendations for further related work.
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CHAPTER 2. BACKGROUND AND LITERATURE REVIEW

2.1 INTRODUCTION

The localised scour phenomenon has been the subject of extensive
investigations by many researchers and numerous literature exists for
scour caused by 2- and 3-dimensional turbulent jets. Most of the studies
conducted on scour have been empirical because of the complexity of the
physical processes. In this chapter much of the work carried out by
others into scour, with particular reference to that produced by jets,
has been summarised. A survey of literature revealed a limited amount

of published material concerning offset-jet scour.

2.2 THE CONCEPT OF LOCAL SCOUR

Scour or erosion may be defined as the enlargement of a flow section
by the removal of material comprising the boundary through the action
of the moving fluid. This phenomenon generally takes place when water
flows on a movable bed. Within the context of this work, it refers to
the removal of soil particles by water. Implicit in this definition
is the fact that the moving fluid exerts shearing and normal forces on

the boundary particles, thereby causing their movement. The amount of
material which the fluid can move or transport, in unit time, is termed

the capacity of the flow.

Erosion may be divided into land or soil erosion, and local scour.

Land erosion as an engineering problem applies primarily to the accel-
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erated erosion of agricultural land as distinguished from normal or

geological erosion.

Localised scour is regarded as the erosive action in a stream bed
caused by an increase in the shear stress on the bed. A scour hole de-
velops when the capacity of the water to carry sediment is greater than
the incoming supply. Hence, the stream bed material is forced into mo-
tion by the local increase in transport capacity, which further disrupts
the normal flow pattern. Therefore, localised scour occurs where the
flow is being accelerated as it moves past the obstruction in the
stream, or where large vortices are generated as the flow separates from

the obstruction.

The problem of sediment transport caused by an offset jet, and any

study of its development, must involve the concept of local scour.

Generally, local scour is classified into two types;

1. clear water scour

2. scour with continuous sediment transport

Clear water scour occurs when the bed shear stress of the undisturbed
upstream region is less than the critical tractive value. If the former

becomes larger than the later then scour with continuous sediment motion

OCCUrs.

Clear water scour is often split into two periods (Fig. 2.1a). As

the scour hole develops, the local flow is concentrated in the proximity

of the hole. Thus a rapid increase in the eroded depth with time oc-

curs. As the scour time increases, the size of the hole becomes too big
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to concentrate the flow. This results in the flow becoming scattered
and weakened. As a result, there is a gradual decrease in the rate of
erosion. The eroded profile therefore begins to stabilise and an equi-

librium state is reached.

In the case of scour with continuous sediment motion, the equilibrium
depth 1is obtained as a result of the balance between the amount of
sediment eroded by scouring action, and that supplied from the upstream
region. Under these circumstances the depth of scour fluctuates with

time about the equilibrium value (Fig. 2.1b).

2.3 TYPES OF LOCALISED SCOUR

Local scour in alluvial channels and rivers, occurs under a variety

of conditions and the following cases have been observed.

a) Scour in Meandering Rivers: Meandering channels usually occur on
lower, gentler slopes towards a river mouth. Secondary currents occur
at each meander loop and cause scouring of the outer bank and deposition
on the inner bank. A consequence of this phenomenon is that the mean-

dering 1loops extend outwards and gradually migrate downstream (Fig.

2.2a).

b) Scour Around the Foot of Hydraulic Structures:

1. Scour around bridge piers :

When designing a bridge to span a stream where the supporting mate-

rial for the foundation is erodible, the engineer is confronted with
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the problem of designing foundations that must be safe from washout due
to scour. A downward flow in front of the pier should exist as a result
of the horizontal curvature of the streamlines in front of the pier and
the fact that the velocity near the bed is reduced by friction (Fig.
2.2b). This downward velocity component gives rise to the so-called
"horseshoe vortex" that is wrapped around the pier near the junction
with the bed. The vortex as well as the downward velocity component
itself is effective in initiating and extending the scour around and
close to the pier. During floods, scouring of the supporting material
from the vicinity of the foundations may permit them to tilt or settle

and cause partial or complete failure of the bridge.

2. Scour Around Spur-Dikes:

A spur-dike is an armoured projection in an alluvial channel. Once
the stream is obstructed by a spur-dike, a scour hole is developed in
the vicinity of the dike (Fig. 2.2c). The flow accelerates through the
contracted section, thus increasing the bed shear stress. In addition,
a vertical and a horseshoe type of vortex may develop and increase the
tendency for granular material to be entrained in the main flow. This

effect is enhanced by the street vortices that shed from the nose of

the dike and travel along the flow separation line.

c) Scour by jets:'

A jet is defined as a stream of high velocity fluid of discrete

cross sectional area issuing into a mass of fluid; the properties
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Scour caused by water jets may be classified under three conditions:

1. Two dimensional horizontal jet:

Examples of this are the cases of a water jet issuing underneath a
sluice gate opening (wall jet), a jet entering stilling basin and the
case of the flow downstream of a spillway or a weir (Fig. 2.3a-c). The
water jet will attack the erodible bed at the end of the solid floor.
Local scour occurs downstream of the solid floor and a scour hole is

developed. Deep scour holes might result in the undermining and failure

of the solid floor.

2. Two dimensional vertical jet:

As in the case of a water jet issuing from solid (full) or hollow

circular (annular) jet impinging vertically on a flat erodible bound-

ary. Other typical examples are associated with free overfalls, flip

buckets and ski-jump spillways (Fig. 2.4a-c).

3. The offset jet:

This is the case of a horizontal submerged jet with its entrance
above the original bed (Fig. 2.5), as in the case of a cooling pool for

a power plant. The combined action on the erodibel bed caused by at-

tachment of jet, pressure inside the vortex under the curved jet and

wall jets flowing upstream and downstream of the attachment point cause

of the jet and the fluid into which it emerges need not, necessar-

ily, be the same.
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a complicated process of sediment movement and hence localised scour

(the offset-jet will be discussed in detail in Chapter 3).

It should be mentioned that scour around bridge piers, spure-dikes

and scour due to long constriction are typical examples of scour with

continuous sediment. However the clear water scour is usually connected

with jets

2.4 LITERATURE REVIEW

Since only group '¢" of the above mentioned categories of localised

scour are related to the present investigation, the following review

is restricted to this group.

The work on localised scour can be grouped as analytical and exper-
imental. In most of the experimental work, model studies were utilised
to investigate some aspects of the problem and to find functional re-
lationships between the parameters of localised scour. Due to the com-

plexity of this problem, the number of analytical studies on this

subject is very limited.

Understanding of the scour problem has been aided considerably by
investigations on scour caused by water jets. Such investigations per-
mit the initial flow patterns to be more simply described and, thus,

the other basic variables to be systematically studied.
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This section reviews local scour of a non-cohesive bed? in the fol-

lowing flow situations:

1. scour due to horizontal turbulent jets,

2. scour caused by impinging jets, and

3. scour caused by offset jets.

Although sections (1), and (2) are not directly relevant to our inves-
tigations, they however belong to the same class of problems. These
studies also show the similarity of scour profiles and the logarithmic
progression of the scour depth with time. The detailed process of scour

itself is different from one problem to another because of the variation

in the flow structures.

2.4.1 Local Scour due to a Horizontal Turbulent Jet

Since there were both experimental and analytical investigations on
this type of scour, our review is split into two sections. First, ex-

perimental results and then analytical methods are reviewed.

Bed materials, from the point of view of erosivity, may be classi-
fied as: i) non- cohesive sediments ii) cohesive sediments

Non-Cohesive sediments: are those of discrete particles, the
movement of which, for given erosive forces, depends only on par-
ticle properties such as shape, size and density, and on the rela-
tive position of the particle with respect to surrounding
particles.

Cohesive Sediments: are those for which the resistance to ini-

tial movement or erosion depends also on the strength of the cohe-
sive bond between particles.
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2.4.1.1 EXPERIMENTAL INVESTIGATIONS

Laursen (1952)

The pioneering study in this field was probably that by Laursen
(1952). As this work is important in understanding the scour process,

we review it in more detail.

His experiments were conducted with a horizontal 2-D submerged wall
jet directed over a sandy bed. Laursen carried out a wide range of tests
with varying incoming flows and three types of bed material. The jet

thickness in all runs was kept constant.

Laursen showed that the scour pattern was similar in shape and,
hence, similarity of scour profiles was established by plotting dimen-
sionless coordinates of the profiles using the horizontal distance from
the inlet to the crest of the dune, XD, as the length scale. Fig. 2.6a
shows the similarity of the scour profiles, obtained by Laursen, using
the length scale, XD. It can be seen that except for the profiles rep-
resentative of an initial transitory stage of scour, all the profiles
of a run superpose, if plotted in this manner. Moreover, Laursen found
that the profile forms for all runs of one sand were almost identical
and the forms for the various sands differed only slightly. Having
established the profile similarity, the results of the experiments were
analysed, by Laursen, using XD as the key variable and were plotted as
a function of time as shown in Fig. 2.6b. A separate curve is obtained
for each value of Uj/w and the curves show that the extent of the scour

increases linearly with the logarithm of th/bo’ and can be expressed

as .
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XD/b0 = A 1og]0(th/b0) + B (2.1)

where b0 is jet thickness, w is the fall velocity of the sediment, t

represents time, U, is the velocity of the incoming jet, and A and B

J

are constants (for a given Uj/w and medium size of the sediment, dso)'

Laursen stated that a limit exist for the extent of the scour pro-
file, as time reaches a certain value. To prove this idea, he used the
following indirect method. By reducing the velocity of flow after a
scour hole had developed, he imposed conditions such that the sand
particles rarely moved at the point of impingement, and movement of any
particle over the ridge was hardly conceivable. A slight increase in
velocity would increase the amount of movement. The limiting velocity

for any given size of scour hole was defined by Laursen as the velocity
which appeared to carry particles to, but not over, the ridge, during

a period of observation of several minutes. This limiting velocity was

measured and the asymptotic extent of scour, XL, was found to be given

by the following equation:

0.75

: (2.2)

B 0.5
XL/b0 = c (Uj/w) F

where F0= U&//((S-l)gdso) is the densimetric Froude Number, S is the

specific gravity of sediment, and c is a constant.

Laursen deduced that the scouring process has the following general

characteristics which are typical of any local-scour phenomenon:

1. The rate of scour will be equal to the difference between the ca-

pacity for transport out of the scoured area, g(B), and the rate

of supply of sediment, g(S), to the area.
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2. The rate of scour will decrease as the flow section is enlarged by

erosion.

3. There will be a limiting extent of scour for given initial condi-

tion, and

4. The limit will be approached asymptotically with respect to time.

The first principle can be viewed as a form of a sediment continuity

equation, expressed symbolically as:

df(B)/dt = g(B) - g(S) (2.3)

where f(B) = a mathematical description of the boundary, and df(B)/dt

is local rate of scour or deposition.

In general, Eq. 2.3 should describe the rate of erosion. If for any

reason a local change in the transport rate occurs, then there will be
a corresponding local change in the bed configuration. If g(B) > g(S),
localised scour occurs. Conversely, if g(B) < g(S), localised fill or

deposition occurs.

The application of Eq. 2.3, in general, depends on the establishment
of mathematical functions to describe the bed geometry, the capacity,
and supply, as functions of the flow conditions and time. Laursen made
an attempt to determine the scour depth, using Eq. 2.3, which will be

given later in this chapter.

Altinbilek and Basmaci (1980)
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Altinbilek and Basmaci (1980) conducted an experimental and theore-
tical study of localised scour caused by a two-dimensional submerged

wall-jet issuing from a sluice gate. Three different bed materials were

used.

Fig. 2.7 shows the results obtained by Altinbilek and Basmaci with
the maximum depth, dm, plotted against the logarithm of time. Although
there is considerable scatter, the data points followed reasonably the
semi-logarithmic law . As shown in Fig. 2.7, the equilibrium scour
condition was attained in some of the runs. On the basis of these runs,

an empirical equation was obtained for the asymptotic scour depth, viz

1.5

a 0.5 0.75
d /b, = (tang) “(d, /b)) " "°F,

Moo (2.4)

where ¢ is the angle of repose of the sediment.

It was found by Altinblik et al. that dm computed from Eq. 2.4 agreed

o0

favourably with the results obtained by Laursen (1952) and by Tarpore

(1956).

Rajaratnam et al (1981, 1983)

Recently, Rajaratnam and his co-workers contributed several inter-
esting papers on erosion caused by 2-D turbulent wall jets on a bed of

erodible sand. Their work were mainly experimental and two extremes in

the submergence of the jet outlet were studied:

a. The deeply submerged jet where the tailwater depth, H, is many

times the height of the jet opening, d0 (H >>d0).

b. The minimum submerged jet, where H = bo'
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The conclusions reached by Rajaratnam et al, regarding the similar-
ity of the scour profiles and the exponential nature of the scour depth
versus time relationship were in general conformity with the findings

of the other workers (Altinblik et al (1980), Laursen (1952)). However,

some interesting experiments were performed, particularly for scour at

the asymptotic state.

In the case of scour by 2-D jets, (Rajaratnam (1981)), the tests were
conducted for the high submergence, and both air and water jets were
used. The time evolution of scour was examined in these experiments.

At the asymptotic state, Rajaratnam (1981), deduced from dimensional

analysis that:

d /b

/P = £, (Fys Uob /v, by/d ) (2.5)

Neglecting the jet Reynolds number, Ujbo/v, as the effect of the

fluid viscosity would be small if the Reynolds number is large, Eq. 2.5

becomes:

d /b

me’ 00 fz(Fo’ bo/dso) 2.0)

It was also shown that at the asymptotic state, the normalised scour
profiles (using dmm and me as length scales) for experiments with

different F0 were similar and can be approximated by a sine curve (Fig.

2.8a).

In addition, Rajaratnam (1981) also studied the characteristics of
the ridge: the distance of the ridge, X 0 and the height of the ridge

were both found to be functions of the densimetric Froude number, Fo'
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Rajaratnam and MacDougall (1983) did experiments on the scour by
two-dimensional water jet with minimum tailwater depth. They studied

the asymptotic state of erosion in details.

It was shown that, in the case of minimum tailwater depth, the nor-
malised scour profiles at the asymptotic state (using length scales
d and me)’ scatter considerably (Fig. 2.8b).

oo

As expected, because of the small jet submergence (H = bo)’ no ridge

was observed for the case of scour with minimum tailwater depth.

Figs. 2.9a and 2.9b show asymptotic data of the above mentioned ex-
periments of Rajaratnam (1981), and Rajaratnam et al (1983) for the 2-D
wall jets with H >> b0 and H = bo'

Lim (1985)

Recently, S.Y. Lim (1985) conducted extensive investigations on lo-

calised scour by two- and three-dimensional turbulent wall jets with

shallow tailwater depths.

Much of his research effort and time was spent on the measurement

and analysis of the flow patterns and boundary shear stress distrib-

utions in the scour holes.

He also observed time development of the scour holes to develop a

method of predicting the scour characteristics, i.e. the maximum depth

and volume of the scour holes.
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It was shown by Lim that the hydraulic radius of the jet outlet,
R(=Area of jet/perimeter of jet) was a useful characteristic length for

describing the shape of the jet outlet and in the collation of the ex-

perimental results.

Variations in the dimensionless volume Vh/R3 and maximum depth of

scour, dm/R, with the parameter th/R were found to be well represented

by the following relationships:

Vh/R’ = Al (th/R)B‘ (2.7a)
d /R = A2 (th/R)Bz (2.7b)

where Al, B1l, A2 and B2 are coefficients.

To check for similarity of the scour profiles, Lim used two different

length-sclaes 4 and x . for the vertical and horizontal dimensions,
m m
respectively. The dimensionless scour profiles, for various jets, and

at different times, were well represented by an exponential relation,

viz:

ds/dm = -exp[-a1(x/th-b])2] (2.8)

is the distance from the jet exit

where a] and b1 are constants and th

to the point where ds=0.5dm (Fig. 2.10).

Lim found that the scour development was greatly affected by the
tailwater depth, H. A larger and deeper hole was obtained for tests with

non-submerged jet outlets, i.e. H < bo, than those with intermediate

values of H.
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Lim also found that the tailwater depth profoundly affected the as-
ymptotic scour depth, dm“. He showed that there existed a critical
tailwater depth at which either an increase or a decrease in tailwater

causes an increase in dmw'

He made extensive measurements of the velocity distribution in 2-D
and 3-D scour holes. Because of the transient nature of the problem,

Lim used a method of 'fixing' the scour hole for any desired scouring

time.

Based on these measurements, he showed that the velocity profiles

for those sections from the jet exit to the location of maximum depth
were similar, irrespective of the period of scouring (Fig. 2.10), and

were well expressed by the following reltionship: -

U/U_ = exp[-0.693((y=6,)/(y_=6,))"] (2.9)

The different parameters are defined in Fig. 2.10.

Lim used Rossinskii's (1961) analysis to determine the theoretical

velocity distribution for a two~dimensional scour hole.

To calculate the boundary shear stress, T, s along a scour hole, Lim

developed a method which estimated the boundary shear stress from the

mean floor velocity data.

The distribution of the boundary shear stress showed that in the
scoured region of the hole, the shear stress was less than T (tc =

critical shear stress for the initiation of particle motion). Lim stated

that the entrainment and transport of sediment particles were not unique
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functions of the boundary shear stress but they also depended on the

intensity of turbulence over it.

Nik Hassan (1985)

At the same time as Lim (1985), Nik Hassan (1985) investigated
scouring due to a 2-D submerged turbulent jet of water issuing out from
a sluice gate, with and without a solid apron. He studied the effects
of sand size, sluice opening, efflux velocities and length of apron on
the scour. However, no attempt was undertaken by him to establish the

equilibrium scour depth.

Nik Hassan measured velocity distributions, associated with the de-
velopment of a scour hole. For decay of maximum horizontal velocity

in the scour hole, he found the following empirical relationships:

A) With rigid apron

e"°"33(x/bA)“°55 for 0<x/b, <4.28 (2.10a)

U /U

m mA

0.61 (x/bA)"°" for x/b, > 4.28 (2.10b)

U /U

m° mA

where Um is the maximum horizontal velocity at a distance x from the

beginning of the scour hole, U an.d.bA are respectively, maximum ve-

mA
locity and half-depth of the mean velocity distribution at the end of

the rigid apron.

B) Without rigid apron
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Um/Uj = 1 for x/bo < 5.2 (2.11a)
U /U, = 2.28 (x/bo)“"'5 for 5.2 < x/b, < 18.0 (2.11b)
U /U, = 10.77 (x/bo)_]'°4 for x/b, > 18.0 (2.11¢)

He found that the line joining the positions of the maximum velocity

mostly curved inward into the scour hole as a result of entrainment

which is typical of reattaching flows.

2.4.1.2 Summary of theoretical work

In general, most of the analytical methods attempt, in one way or
another, to find a solution for the sediment continuity equation (Eq.
2.3). Assuming that the control volume is the scour hole volume, Eq.

2.3 can be re-written as:

d Vs/dt = Qs - Qi (2.12)
where, d Vs/dt is the rate of change of the volume of sand removed from

the scour hole with time, Qs and Qi are volume rates of sediment

transported out of scour hole and into the scour hole, respectively.

In the case of localised scour caused by turbulent jets, the analysis

assumed that no sediment was transported into the scour hole other than

the sediment that would slide from the side into the scour hole. Hence,
the rate of supply, Qi, in Eq. 2.12 is zero. The solution of Eq. 2.12

was based upon a separate determination of dVS and Qsin terms of the
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scour hole geometry. The final function relating the scour depth to time

was then obtained by the integration of Eq. 2.12.

In the following sections, the analytical methods used by Laursen
(1952), Carstens (1966) and Altinblik and Basmaci (1980), based upon
the above criteria, are summarised first,and then a semi-empirical ap-
proach developed by Nik Hassan is given. It should be mentioned that
in all cases, the scour depth versus time relationships were derived

for a 2-D turbulent wall jet with the jet outlet deeply submerged.

Usually, due to the difficulty in obtaining analytical expressions
for the parameters in Eq. 2.12, researchers resorted to experiments to

determine these functions.

Laursen (1952) obtained the values oi’QS experimentally by supplying
a known rate of sediment into the scour zone. In Carstens’' (1966) and
Altinblik et al's (1980) case, Qs was derived empirically, from a con-

sideration of the forces acting on a particle which is scoured from the

bed. In the Altinblik et al's work, the rate at which sediment is
scoured from the scour hole was assumed to be given by the sediment

pick-up function obtained by Le Feuvre (1970).

All three methods derived the differential volume function, dVS, by

assuming that the volume of the scour hole is given by an 1isosceles
triangle having side slopes equal to the tangent of the angle of repose,

¢, of the sediment (Fig. 2.11). Thus

V. = (2B/tang) dm2 (2.13a)

and differentiating
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d VS = (4Bdm/tan¢) d(dm) (2.13b)

where B is the channel width.

Although Laursen's differential volume function is different from
Eq. 2.13, it has been shown that both functions are similar and utilise

the same assumption, as mentioned above.

Finally, the scour depth versus time function should be such that
it approximates to a semi-logarithmic relationship, i.e. a linear var-

iation of scour depth with the logarithmic of time over a considerable

time period.

A different approach was proposed by Nik Hassan (1985), to predict
the temporal rate of maximum scour depth by relating the mean velocity

in the scour hole to the scour potential, thereby predicting the scour

depth as a function of time.

He used similarity of scour profiles in ascertaining the character
of flow. This enabled him to identify a characteristic mean velocity

in the scour hole. A brief review of his method is given below.

Nik Hassan assumed that the disturbing forces Fd which are trying

to dislodge the particles out of the scour hole were proportional to

the following parameters:

F.~p d 2y °. (2.14a)
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where p is fluid density, and Umx is the maximum horizontal velocity

at the vertical section passing through the position of the maximum

scour depth dm.

On the other hand, the stabilising force Fs resisting the fluid forces

is proportional to the submerged weight of the sediment i.e.,

3
F_ (ps P)gds0 (2.14b)

The scour potential is expected to be proportional to the ratio
Fd/jFs of these forces which is [Umxz/gdso(s-l)] . In addition, taking

account of the dimensional homogeneity, the rate of scour with respect

to time may be written as,

d(d )/dt =B U [U “/(gd, (5-1))] (2.15)

mx

where B is a coefficient of proportionality.

The above equation assumes that all the sediment particles that are
dislodged from the bed are removed from the hole to be dumped down-

stream. Evidently this is not the case because some particles do not

make the full journey out of the scour hole. The fraction of sediment
that will leave the scour hole was considered to be proportional to some
power of the relative magnitude of the kinetic energy to the potential

energy of the sediments, i.e [Umxz/g(S-l)dm ]n

So, the equation for the rate of the scour depth becomes,

d(d,)/dt =B{U__*/(g(s-1)d )1" U [U */(g(5-1)d_ )] (2.16a)
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or

1/ (n+1) d[dm‘“”’

_ 2 _ n 2 _
J/dt=p [U  ~/(g(5-1))]"U [U ~/(gd  (5-1))](2.16b)
Finally, by integrating Eq. 2.16b, the temporal variation of dln can
be found. At any step of integration, it is necessary to know U . Nik

mx

Hassan used similarity of scour profile for that purpose. Knowing the

initial value of dm at that step, the value of X  can be obtained.

By using Eqs. 2.11 and 2.12 with X=X s the value of Um can be found.

X

2.4.2 Local Scour due to Impinging Jets

Here, scour is caused by a jet impinging at an angle of 90° to the
initially horizontal sand bed. Many investigators in the past have
published results on this problem (Rouse (1939), Rao et al (1967), Ra-
jaratnam et al (1977, 1981)). This section intends to give a brief de-

scription only of some of the more important findings.
Generally speaking, most of the investigators found that:

a. The development of scour varied linearly with the logarithm of

time for an appreciable part of the time, and

b. The eroded bed profiles were similar.

These two criteria will be assumed in the following review unless oth-

erwise stated.

Rouse (1939)
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The pioneering work in this field was done by Rouse (1939) who in-
vestigated experimentally the scour resulting from a vertical, deeply
submerged two-dimensional jet with the upstream face against the wall
(Fig. 2.12). This nature of study could result in two possible types
of flows; a) the jet may be deflected either 180° or b) it may follow
the boundary of the scour hole as far as the crest. The transition from
(a) to (b) depended upon certain conditions such as the jet velocity,

sediment fall velocity and boundary geometry.

Rouse observed that the particle transport out of the scour hole was
mainly a phenomenon of suspension. The particles falling upon the up-
stream side of the dune would gradually slide back towards the zone of

erosion. These would then be carried again into suspension as they met
the deflected jet. As the flow stopped, the suspended particles settled
down and the dune's slope adjusted itself to the natural angle of repose

of the material. Rouse suggested a functional relationship for the

maximum scour depth, d , viz.
m

da/Py = £,(wt/by, U /w, o ) (2.17)

where og is the geometric standard deviation of the sediment.

Rouse argued that scour is an ever increasing phenomenon and neither
in model nor in prototype situations can a limiting depth of scour be
expected. Rouse, however, stated implicitly that in the case of graded
bed material, where selective sorting of the bed material occurred, the

scour hole would eventually be paved with material of non-scourable

sizes and that scour would not progress any further.

Rao and Sarma (1967)
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A comprehensive study of the erosion characteristics of a 2-D sub-
merged vertical jet was conducted by Rao and Sarma (1967). In this
study, the jet outlet was located just above the original flat bed

level. Three sizes of jet thickness, together with two types of sand

were used.

From dimensional analysis, Rao and Sarma obtained:
dm/bo = fs(Uj/w, wt/H, H/bo) (2.18)

Comparing Eqs. 2.17 and 2.18, it can be seen that the effect of the

tailwater depth, H/b0 has been ignored by Rouse. Rao and Sarma's paper,
however, reported that the tailwater depth used in their experiment was
constant for all the runs. Hence, neglecting the term H/bo in Eq. 2.18,

Rao and Sarma proposed an empirical scour depth versus time relationship

of the form:

d /b

_ - D
/b, = Az(Uj/w) tan _[Bz(wt/H) ] (2.19)

where Az, B_, and D are constants, to be determined experimentally. At

2
the asymptotic state, Eq. 2.19 becomes:

d /b

oo’ Pg = A, (U /W) (7/2) (2.20)

The asymptotic scour depth was obtained indirectly using the arti-
ficially imposed condition employed by Laursen (1952). From a plot of
dmw/bo against Uj/w, the constant A2 was found to be equal to 0.883.
Eq. 2.20 was then reduced to a straight line when plotted on a log-log

axis. The constants B2 and D were found to have the same value of 0.4.

Hence, Eq.2.19 becomes:
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d /b, = 0.883(U,/w) tan ' [0.4(Cwt/H)" 4] (2.21)

Fig. 2.13 shows the experimental data of Rao and Sarma together with

Eq. 2.21.

Rajaratnam et al (1977, 1981)

In Rao and Sarma's experiments, the vertical distance between the
jet exit and the original flat bed level, referred to here as the height
of impingement, h,is zero. For h > 0, Rajaratnam (1981) and Rajaratnam

and Betlaos (1977) conducted extensive tests with 2-D and 3-D submerged

impinging air and water jets. Significant in these studies is the fact

that the results were found to be well correlated using the following

length scales:

1. For large impingemenf height, i.e h > 8.3b0, the length scale used

was h, and

2. For small impinement height, i.e. h < 5.5b0, the length scale was

bo'

As in the case of the horizontal jets, Rajaratnam et al were more in-
terested in the asymptotic scour depth and most of the experiments were

conducted with large impingement height.

For the 2-D jets, dmﬂ/h was found to be a function of Fo/\/(h/bo)

only. Similarly, for the 3-D circular jets, dmm/h when plotted against

Fo/\/(h/bo) was found to be uniquely described by a straight line for

both air and water jets, viz:
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dmm/h = 0.5[F0//(h/b0) -0.18] (2.22)
In the 3-D case, with small impingement heights, Rajaratnam et al

found that dmm/b0 was a function of F0 only.

2.4.3 ILocal Scour Caused by an Offset Jet

Balfour (1973) conducted experiments to study the scouring action

of a two-dimensional offset jet discharging parallel to a movable bed
into a tailwater of finite depth. In his experiments only one type of
sediment was used and all the parameters except the jet discharge were

kept constant (with b0=2.5 cm, h=1.5 cm and H=10.5 cm). His experiments

can be divided into two parts:

1. The object of the first part was to obtain a series of instantaneous
bed shapes during the development of a scour hole through the action
of a two-dimensional submerged jet with shallow tailwater depth,
issuing from a sluice positioned a short distance, above an ini-

tially horizontal sand bed.

2. From the data produced in (1), fixed-bed models of the scour hole
at various stages of its development were produced. Having, with
these shapes, 'frozen' the instantaneous scour hole shape, a de-
tailed analysis of the fluid flow that would be acting at that in-

stant of time, could be undertaken by measuring velocities and shear

stresses.

As his experiments were undertaken for a shallow tailwater depth,

Balfour observed different flow situations which are summarised below:
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Initially, the jet started at a position 1.5 cm above and parallel
to a horizontal flat bed (Fig. 2.14a). Immediately the jet attached

itself to the bed and began scouring away-at the sand. After about 5

minutes a considerable scour hole was produced with the jet apparently
still attached to the bed ( evidenced by the tranquil free surface)
(Figs. 2.14b-d). At this stage, the scouring has nearly finished and
the large hump excavated material is being held up by the action of the
jet. Shortly afterwards the free-surface began to boil signifying that
the jet had deflected to the surface (Fig. 2.14e). At this point the
mound of sand just downstream of the scour hole slumped back into the
hole. While the deflected jet remained at the surface, the backflow
under the jet aided the filling in of the scour hole. This continued
until a point was reached at which the jet could no longer stay at the
surface and reattached once again to the bed. Scouring started imme-
diately and the whole cycle was repeated. This process can also be

noticed in Fig. 2.15 which shows the development of volume of scour hole

with time.

The above observations indicates that the character of the scour hole

development could be explained in terms of whether or not the jet at-

taches to the bed after leaving the sluice.

In the second part of his experiment, Balfour measured horizontal
velocity distributions in fixed-bed scour holes. A typical velocity
distribution related to the scouring period of the cycle is shown in
Fig. 2.16. Using the velocity distributions for the different stages
of the scouring and filling periods, Balfour was able to describe the

above mentioned scouring cycle.



- 31 -

In a similar investigation, King (1985) studied scour by an offset
water jet. His experiments were conducted under shallow tailwater con-
ditions and small jet height situations. However, because of time lim-

itations, King was not able to investigate this problem thoroughly.

An interesting investigation on the use of turbulent jets to induce
scouring near the bed in a dock was undertaken by Ali and Halliwell
[1980]. The main object was to obtain a good distribution of high ve-
locities (generated by properly-directed water jets) near the bed at a
certain area. The experiments were conducted to study the influence on

the floor velocities of the following parameters; 1) Elevation of the

water jet above the bed, 2) Operating head, 3) Downstream water level,
4) Size, shape and direction of the jet nozzles and 5) Form of the bed
, whether rigid or composed of erodible sand bed. It should be stressed
that their experiments were conducted using three-dimensional jets
which usually behave very differently from two-dimensional offset jets,

as will be shown later in this thesis.

2.5 CONCLUDING COMMENT

To the best knowledge of the present writer there has been no work

- reported on scour by a two-dimensional offset-jet under a deep tailwater
condition. Also, in all of the work to date no conclusion could be
drawn concerning the rate of development of scour induced by an offset
jet under shallow tailwater conditions. Further work was therefore re-

quired. In order that such work would have a sound basis, it was decided
that the flow-field produced by a two-dimensicnal offset-jet under deep
tailwater conditions impinging on a rigid bed had to be investigated

first.
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CHAPTER 3. OFFSET-JET LITERATURE REVIEW

3.1 INTRODUCTION

The free jet has long been of interest in the study of turbulent
shear flows. Besides having many engineering applications, the free
turbulent jet provided early investigators with a simple geometry upon
which to base various speculative models. In the recent years, con-
siderable attention has been directed towards better understanding and

also the need for obtaining an improved theoretical model for turbulent

submerged flows discharged into quiescent and moving ambient.

These efforts have been motivated 1largely by needs arising from

problems of pollution control, such as the dispersion of affluent from
industrial chimneys and cooling towers, and the discharge of condenser

water and sewage into rivers, lakes, and oceans. These problems intro-

duce such complicating factors as ambient fluid motion, buoyancy, dis-

charge geometry and jet-boundary interaction.

Although much attention has been focused on the development of the-

oretical models to predict the jet characteristics in unbounded flows,
the effect of the possible jet-boundary interaction has not been fully
explored. Three types of jet-boundary interactions are commonly en-

countered in many engineering applications (see Fig. 3.1):

1. the wall jet, where the fluid is discharged at the boundary,
2. impinging jets, where the the discharge is aimed towards the boun-

dary, and
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3. the offset jet, where the fluid is discharged at some distance from
the boundary and eventually attaches to it because of the bending

of the jet by forces acting upon it. The wall jet may be considered

as a limiting case of the offset jet.

The third of the above categories is mainly the subject of this

study.

The phenomenon of jet attachment to an adjacent surface is one in

which a jet of fluid after being deflected by the adjacent surface would

flow along it. The importance of its study is twofold:

1. When the attachment is undesirable, one ought to know the method

by which it can be prevented;

2. when it is desirable, the variables involved can be chosen so that

a precise control on the flow can be established.

The case of a submerged jet in the vicinity of a solid boundary is

of special interest because of its practical application, e.g. in

thermal discharges from power plants which emerge near the bottom of
rivers and lakes. The subsequent interaction with the solid surface may

significantly alter the plume's behaviour. Furthermore, pressure and

shearing forces by the floor-bound jet give rise to scouring and bed

erosion resulting in discharge structural problems.

In this chapter, it is tried to define the offset-jet flow and also

to review the previous work done on it.
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3.2 DEFINITION OF THE PROBLEM

To have a better understanding of the general problem, we start by

considering the free-turbulent submerged plane jet.

3.2.1 The Free-Turbulent Submerged Plane Jet

This flow situation refers to the case where a two-dimensional plane
jet issues from a slot opening into a still medium which has no re-

stricting solid or free-surface boundaries (Fig. 3.2).

The diffusion of submerged jets has been studied by many researchers
and the paper by Albertson, Dai, Jensen and Rouse (1950) gives an

analysis for both two-dimensional and three-~dimensional free-turbulent

submerged jets.

Consider the flow emerging from a two-dimensional slot as shown in

Fig. 3.2. The flow emerges into the ambient fluid as a uniform jet

(constant velocity core) of width b0 and velocity Uj.

The jet enters an initial region known as the Zone of Flow Estab-
lishment. At the edges of the constant velocity core there is a velocity

discontinuity, which produces high shearing forces and mixing of the
jet and surrounding fluid. These regions of mixing are highly unstable

and turbulent; they progressively eat away at the central velocity core

while the surrounding fluid is accelerated or entrained. This results
in the total quantity of flow and overall breadth of the jet increasing
with distance from the efflux section, while the width of the central

core decreases. The end of the zone is reached when the two mixing
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layers meet at the centre-line of the jet. The whole jet is now turbu-
lent and the flow may be considered as fully established. This region
is called the Zone of Established Flow. The diffusion process continues
thereafter without essential change in character. Further entrainment

of the surrounding fluid is now balanced inertially by a continuous

reduction in the velocity of the whole central region.

The velocity profiles in the zone of established flow become 'flat-

ter' and 'wider' with increasing distance from the jet orifice.

When the velocity distributions are plotted in dimensionless form,

it is found that the velocity profiles, at all sections of the fully
developed zone, are geometrically similar. This implies that at any

section,

U/U_ = £(y/x) (3.1)

where, Um = maximum velocity (i.e. on the centre-line) and U = hori-

zontal velocity at distance y from the centre-line. (see Fig. 3.2).

If the assumption of the geometric similitude holds for the two-di-

mensional free-turbulent submerged jet, then the increase in thickness

of the jet (2B) is given by

B = constant.x (3.2)

in which B, is defined as the value of y, where U=0 (Fig. 3.2).

Gortler (1942) established a non-dimensional relationship for the
decay of the centre-line velocity, in the zone of established flow, as

0.5

U /U = Const.x (3.3)
m 3
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Gortler also established that the velocity profiles could be repres-

ented by

/U = Sech® (ay/x) (3.4)

where 0 is a constant called spread parameter.

Albertson et al (1950), on the other hand, found that their exper-
imental data for the velocity distributions were well defined by a
Gaussian normal probability function. They were then able to represent

their results for the decay of the centre-line velocity as

Um/Uj = 2.28/(b0/x) (3.5)

3.2.2 Shallow Plane Jets

The term 'free' submerged jet implies that there are no external
boundaries to impede the diffusion of the jet. However, the character-

istics of the jet will change when a bed and /or a surface boundary are

in close proximity to the jet.

As has been outlined in the discussion of the free jet, the jet en-
tering a reservoir immediately entrains the fluid that was originally
at rest. Due to the high shearing forces at the edges of the jet, mixing
and entrainment increase as the jet progresses further from the efflux
section. This outward spreading and deceleration of the jet in the
downstream direction is symmetrical about the centre-line for a free

jet. However, if a free surface is relatively close to the efflux sec-

tion, then only the bottom half of the jet has an infinite supply of
water available for entrainment, whereas the supply of water available

for entrainment in the upper half is restricted by the free surface
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(Fig. 3.3). Hence, the ambient fluid entrained into the jet from the
upper half must be replenished by a backflow of water near the free
surface. The limit to the backflow region will be signified by a region
of 'boiling' on the free surface. A vortex will be established in this

region enclosed by the upper surface of the jet, the wall containing
the slot and the free-surface (Fig. 3.3). The pressure in this region
will be lower than the pressure below the jet and results in a pressure

difference that produces a net lift effect that deflects the jet towards

the free-surface.

Mahajan and John (1971) and Stoy, Stenhouse and Hsie (1973) inves-

tigated the conditions shown in Fig. 3.3, where the tailwater depth was
slightly above the level of the jet's outlet. Stoy, Stenhouse and Hsie
(1973) concluded from their studies that the Froude number was not a
significant parameter for the shallow submerged jet and that the sub-
mergence ratio, (d/bo), was of primary importance in determining the

flow pattern and the resulting dividing streamline.

If, the solid bed is the boundary that limits the entrainment of
fluid, then jet deflection is somewhat like that of the free-surface

mentioned above. This time, however, the jet deflects towards the bed.

This case is explained in more details in the next section.

In the situation where both the free-surface and the bed boundary
are close enough to affect the jet, attachment of the jet to either
boundary is possible. Whether or not it is the nearest boundary which

will influence the jet is not certain; external forces such as ambient
turbulence, surface turbulence, jet buoyancy and bed shape may affect

the jet to a greater or lesser extent.
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One of the observations by Balfour (1973) during his general exper-
imental study once again demonstrated the instantaneous flow pattern
changes possible when two boundaries reacted on the flow instantane-
ously (see Fig. 2.14 in Chapter 2). In this case the boundaries had

the effect, under suitable conditions, of changing the path of the jet
from the surface to the bed. (The problem was mentioned in more details

in Chapter 2).

This phenomenon is of particular practical significance to the en-

gineer concerned with hydraulic structures where shallow jet conditions

prevail.

Coates (1976) investigated the possible flow conditions present in
shallow water jets and showed that the predominant boundary affecting
the jet's diffusion could be established if several parameters were
known. These included, the Froude Number (sz/(gbo)), the dimensionless
submergence ratio of the jet (d/bo) and the offset ratio, (h/bo) (Fig.
3.4). From these studies he was able to classify three possible separate

zones of jet diffusion under various conditions. In one zone the jet
would become attached to the bed and in another it would be dominated

by the free surface boundary and would become attached to the surface.

In the intermediate zone the jet could become attached to either of the
boundaries and could be physically flicked between boundaries by me-

chanical means.

In a similar work, Johnson (1978) conducted experimental investi-

gations on two-dimensional shallow jets. In addition to the mean-flow
features, he measured some components of the fluctuating velocity and

bed shear stress. He also distinguished between four separate zones of
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jet diffusion compared with the three zone classified by Coates. (Fig.

3.5).

3.2.3 Basic Features of the Two-Dimensional Offset-Jet

The studied flow geometry is shown in Fig. 3.6. A plane, incompres-
sible, turbulent water jet is discharged into quiescent ambient sur-
roundings in the vicinity of a plate offset from and parallel to the
axis of the jet. When the jet enters the tailwater, its action is si-
milar to that of a turbulent free jet, in that it entrains fluid from
the surrounding tailwater. However, when the jet efflux is close to a
solid boundary there is only a finite volume of fluid which is available
to be entrained between the jet and the bed boundary. Therefore, the
surrounding fluid being entrained must be replenished by a back flow
near the plate. This will set up vortices in the surrounding fluid.
Because of the back flow and the vortices set up in the region, the
pressure below the jet will be considerably lower than that above the
jet, and consequently the jet deflects toward the boundary and eventu-

ally attaches to it.

By attaching to the boundary, the jet encloses a region of eddying

motion known as the recirculation region (Fig. 3.6).° The jet region

It is clear that the attached flow to the bed will not be estab-
lished in practice unless the flow is nearly two-dimensional. If
spanwise flow from the edge of the jet is permitted, the vortex will

not be very strong as entrainment will bring fluid from the sides.
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extending from the nozzle's exit to the point of attachment is commonly
referred to as the pre-attachment region. A dividing streamline is
defined as that which extends from the lower nozzle's exit to a location
on the wall which separates the forward and reversed jet flow. Across

this streamline there is no mass flow. The portion above the dividing
streamline is accelerated along the boundary because of the jet's pos-
itive pressure and the fluid below this streamline is assumed to be the
part of a recirculating region, on average, contains a fixed amount of
fluid. Thus, any fluid entrained on the lower side of the jet is re-

turned to the recirculation region in the impingment zone.

In the pre-attachment region, pressures are generally lower than
hydrostatic. As the jet approaches the boundary, the pressure inside

the jet increases, reaching a maximum as the jet attaches to the boun-

dary.

In the second, or impingment region the pressure decreases, eventu-
ally reaching a hydrostatic value, and the acceleration ceases. The jet
then undergoes turbulent diffusion analogous to that of a plane turbu-
lent wall jet in what is known as the wall jet region. A typical ve-

locity prof