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SYNOPSIS

In this study-on behaviour of flow 1in open channel

bends, experimental investigations were <carried out in a
U-shaped and an S—-shaped channel of rectangular
cross—-section with 180° curvature. The turbulent

characteristics were measured by- using the Laser Doppler

Anemometer (LDA).

Experimental results concerning the distribution of
velocity and boundary shear stress together with the
distribution of the Reynolds stresses and the instability of
secondary flow are presented. The measured velocity
distributions in the direction of flow are then compared
with those calculated by solving the general equations of
motion by the use o0of finite difference method. The
correlation between the velocity and the boundary shear
stress distributions is discussed, as well as the

distributions of Reynolds stress with the secondary flow.

The growth of the transverse circulation in the
U-shaped and S-shaped channels was studied in detail. The
striking feature of the instability of flow occurs near the
cross-over region of the S-shaped channel, and indicates
that the strength of the secondary current produced in the
upstream bend is not completely eliminated straight away

when the flow enters the downstream bend. The behaviour of



the flow patterns in this transition region were studied for

three different flow rates and found to be almost identical.

The transverse motion of fluid particles in the
cross—-section of the bend were observed photographically and
compared with the secondary flow pattern revealed by the LDA

system
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NOTATIONS

SYMBOL

Ar

B/h

B/Rm

i/s, o/s

—iv-

MEANING

Area of cross-section
Turbulent or Eddy viscosity
Width of a channel

Aspect ratio

Curvature ratio

Chezy coefficient or

a constant

Distance between fringes
Relative depth of a point
in the cross-section
Darcy-Weisbach friction
factor

Frequency shift

Doppler Frequency

Detected frequency

Froude number

Acceleration due to gravity
Local depth of flow
Inner side and outer side

of the wall respectively



Ir Tangential and radial

slope of water surface

1 Prandtl mixing length

In Natural logarithm

X Wave length of the Laser
beam

m Hydraulic radius

n Manning coefficient

P Pressure difference

p Wetted perimeter

0 Flow rate or discharge

Fluid density

hay Radius of curvature
of the inner wall

r Radius of curvature
of the outer wall

Rm Centre line radius of

curvature

Um m
Reynolds number

SFb Shear force near the bed

SF Shear force near the wall
Strength of the helical flow
Mean value of boundary

shear stress



Um

XrYr 2

—vi-—

Bed shear stress

Wall shear stress
Tangential and radial
components of bed shear
stress respectively

Local mean velocity in the
straight channel

Mean velocity over the
cross—-section

Friction velocity

Velocity of the moving fringe
Distance measured from the
centre line of the channel,
negative towards the inner
wall and positive towards
the outer wall

Angle of intersection of
the Laser beams

Cartesian coordinates

x - longitudinal coordinate

in the direction of flow
the origin taking at the
entrance of the straight
channel

y - lateral coordinate

in the direction



u',v' w'

v==/7

Ar/?

-vii-

perpendicular to the
walls, taking the origin
at the inner wall

z - coordinate perpendicular
to x-y plane

Cylindrical coordinates

Instantaneous velocities

respectively in the x,vy,z

or r,”,z directions

Local mean velocities

respectively in the x,y,z

or r,fr,z directions

Fluctuating or temporal

velocities respectively

in the x,vy,z or r,£,z

directions

Kinematic viscosity of

the fluid

Turbulent kinematic

viscosity of the fluid

Unit weight of water
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CHAPTER 1

INTRODUCTION

1*1 General Introduction

Flow in meandering channels is complicated Dby several
features, including superelevation of the water surface,
secondary flow, redistribution of velocity and Dboundary
shear stress, the ©possibility of flow separation from the
banks, and interaction between the flow and the bed
topography. The main effect of the bend on the flow passing
through it is to induce strong cross—-stream motions which
lead to asymmetry of the flow thus resulting in a motion
known as spiral or helical flow. The simplest possible
meander 1in a river bend consists of two consecutive loops in
the shape of a sine curve. However, 1in any natural river,
meandering consists of curved portions of the river
connected by the straight portions. It should be noted that
the connecting straight portion is the most important part
of the meander, because in this region, the maximum velocity
crosses the channel from one side of the bank to the other.
Then, at the next bend, the helical flow pattern continues
downstream and changes the river configuration. The nature
of the helical flow is important in the connecting straight
and strongly depends upon the pattern of the flow that

existed in the upstream bend. Physically, when fluid enters



- channel bend, as a result of a stream curvature, there
will be a centrifugal force exerted on the fluid, and this
centrifugal force will be opposed by transverse pressure
gradient. The water surface rises on the outside of the
tend, giving rise to a transverse water slope, and the fluid
Particles close to the channel bed will move towards the
inner bank and the fluid particles close to the water
surface will move towards the outer Dbank while moving
downstream along the channel. The resulting
three-dimensional flow which was previously refered to as
spiral or helical flow can be described as a secondary flow

Perpendicular to and superimposed on the main flow.

Though the existence of secondary flows in curved channels
was discovered early in the history of Hydraulics, a
complete understanding of the phenomena associated with flow
in open channel ©bends does not seem to have evolved. One
reason 1is, the difficulty in measuring the small secondary
components of wvelocity in the ©presence of the larger
tangential components. The motion at the bed need not always
be inwards to satisfy the equations of motion. Indeed flow
conditions were reproduced where the motion was outwards in
some parts of the bed. The effects of the secondary current
end of the resulting helical motion are exhibited in natural
streams with erodible Dboundaries. The movements and the
configurations of river beds are intimately interrelated to

the secondary currents in the flow. Even in straight



channels of non c¢ircular <cross-section, the secondary-
currents due to turbulence have a dominant role in the
C ion of the channel cross-section, Therefore,
secondary currents may occur in straight channels as well as
channels of non-uniform plane form. It is still difficult to
Predict for flows in erodible open channels, whether the
interaction of the primary flow with gross open channel
features would Dbring about the presence of the secondary
currents, or conversely, the secondary currents would bring
about the formation of the channel configuration. Apart from
the above question, it is accepted that the secondary
currents will affect the process of flow resistance, the
sediment transport, the Dbed and bank erosion, and the
development of the channel morphology. However, there 1is
still a lack of knowledge concerning the pattern of the
secondary currents particularly near the Dbanks, their
variations with time, and their relationship to the boundary

shear stress

Our knowledge of the complex flow at channel bends 1is still
incomplete, one reason being that the small but important
secondary currents have proved difficult to measure with
conventional techniques. However, the measurement of
tangential components of velocity presented very little

difficulty, and many experimenters have successfully

Measured these by using conventional techniques.



1*2 Review of Previous Work

The phenomena associated with flow in open channel bends
have been studied for over a century.

In 1876, Thomson appears to have Dbeen the first to Thave
Pointed out the existence of helical flow in curved channel.
In 1944, Mockmore, using two 180° bends, showed that, (1)
the tangential components of the forward velocities are
greater near the convex bank than the concave bank and vary
across the channel in close agreement with the law of free
vortex; (2) the angular velocities and accelerations
inherent in the spiral motion contribute strongly in the
Movement of bed load, not only in a downstream direction but
toward the inside of the bends; and (3) at about
three-fourths of the way around the bend there is a tendency
for the development of an eddy or slack water along the
inside bank because of the helical or spiral motion which is
conducive to the deposition of sediment and the formation of

a bar.

In 1949, Shukry studied the problem experimentally, and most
of his results agree with those obtained by Mockmore. Shukry
developed a new term for the strength of the spiral
flow, S . This term was defined as the percentage ratio of
the mean kinetic energy of the lateral motion to the total

kinetic energy of the flow at a given cross-section.



Many of the early laboratory investigations in curved
channels (Malouf, 1950; Chacinski, 1956; and Wadekar, 19506
and others) were carried out in rather narrow and sharply
curved rectangular flumes over a limited range of flow
conditions. Most of the work concerned the measurement of
water surface profiles and the tangential velocities. 1In
some instances the obliquity of the flow was recorded using
dyes and threads. It was concluded that the obliquity of the
flow near the channel bed which measures the intensity of
the secondary flow varies directly with the square root of
the curvature ratio and inversely with the fourth root of
the Reynolds number, whereas Rozovskii (1957), Yen (1965),
and Zimmermann (1977) who carried out investigations
covering a much wider range of Reynolds numbers in large
curved channels, found that the obliquity of the flow wvaried

directly with curvature ratio.

Rozovskii (1957) made a detailed study of the Dbehaviour of
flow 1in bends Dboth theoretically and experimentally. His
experimental work included the study of the free surface
profiles in the curved stream together with the tangential
and radial components of wvelocity at different depths and
radii. Rozovskii's experimental results of tangential
velocity components were 1.2 to 1.5 times greater than his
theoretical results. He explained that the strength of the
secondary flow 1in a Dbend gradually increases from the

entrance to the exit of the bend and subsequently decays in

_5_



the straight stretch of the channel. He also concluded that
the helical motion does not depend on the boundary roughness
of the channel, but the free surface profile will be greatly

affected by the roughness of the boundaries.

Chacinski in 1956 measured the velocity in  his experiments
with a specially designed small pitometer which was
carefully calibrated in a straight flume against an ordinary
small pitot in order to find its coefficient. Measurements
were taken either Dby chattock manometer with carbon
tetrachloride when the velocity was smaller than 15 cm/sec,
or by cathatometer and an ordinary water manometer when the
velocity was larger than 15 cm/sec. Photographic method was
used to measure the bed angles by fixing a thread on the bed
in such a way that it was free to move without having any

initial twist in 1it.

in 1959, Chow concluded that the helical flow 1is caused
mainly by (1) friction on the channel walls, which causes
lower velocities near the sides of the channel than near the
center; (2) centrifugal forces, which depend on the velocity
of the fluid particles and the radii of the stream lines;
and (3) the vertical velocity distribution which exists in
the approach channel flow. He concurred with ©previous
workers that the Dbest formula for calculation of the
superelevation in sharp bends was the one based on the law

°f free vortex



Sanmuganathan (1966) demonstrated that the secondary cell
pattern in a narrow curved channel is unsteady and indicated
that the flow phenomena in narrow curved channels involve
the combined effect of the bed and the instability of the
flow. The unsteady behaviour of the secondary flow was also

confirmed by Gotz (1980) for a wide, shallow-curved channel.

In early investigations the mathematical predictions of the
curved flow were based on potential flow and ideal
notational flow. Significant contributions to the
understanding of flow in curved ducts have been made through
ideal rotational flow solutions developed by Hawthorne
(1951, 1967) and others. However, i1inviscid flow solutions
have made only a small impact on the understanding of

developing flow in curved open channels.

Muramoto (1967) studied the properties of the generating,
developing, and fully developed regions of secondary flow in
a single bend with respect to the vorticity components. The
development of a mathematical model for axisymmetric
turbulent flow through open channel bends by Ananyan (1957)
and Rozovskii (1957) in USSR was followed by a large number

of investigations in wide, shallow bends.

In 1968, Asfari investigated the characteristics of the
secondary currents by measuring the velocity distribution

and the bed shear stress distribution. The measurements of

the wvelocity distribution were obtained by the photographic



method in the case of laminar flow, and by miniature current
meter in turbulent flow were then compared with the results
obtained from the solution of the general equations of
motion from the method of finite differences.

The theoretical models of curved flow developed by Ananyan

(1957), Rozovskii (1957), Yen (1965) and De Vriend (1977)
were Dbased on a highly simplified representation of
turbulence (such as constant eddy viscosity) and on highly

restrictive assumptions such as axisymmetry of the curved
flow and negligibility of inertia effects. So far, no
mathematical model has provided a description of the flow in
compound bends where the interaction of the bend components
leads to a complex development and decay of water surface
slope, transverse circulation and radial asymmetry in the

main velocity, and shear stress in the Dbend.

De Vriend (1981) made an extensive study of the mathematical
modelling of curved flow, taking into account the convective
influence of the secondary flow as well as the influence of
the side walls. He found that the commonly used simplified
computational methods which disregard the side wall effects

and secondary flow convection are applicable only to very

mildly curved flow and that the influence of the steep
channel Dbanks is present 1in a large part of the channel

cross—section



As reported by Humphrey et al. (1981) the numerical
uncertainties in the solution of three-dimensional

Navier-Stokes equations may be large in comparison with

those introduced by the turbulence model. Pressure-driven
flow through curved ducts have received considerable
attention and, in general, the superior experimental

techniques used 1in duct flows have led to a clearer
understanding of the flow mechanism in confined curved duct

flow as against that of free-surface flow in bends.

Keerthisena in 1982 investigated the characteristics of flow
in S-shaped open channel bends. His work included the
Measurements of velocity, bed shear stress and free surface
Profile. The three-tube yaw and pitch probes were introduced
to measure the three dimensional velocity field, while the
water surface level was obtained with the aid of a static
Pressure tube. The measurement of bed shear stress was
achieved with the aid of a Preston tube. Although his
results were not conclusive, owing to a limited range of
experiments, lack of reliable measurements, and differences
in experimental conditions such as those relating to the
inlet and outlet, channel slope, plan geometry and surface
finish. His investigation has contributed significantly to a
better understanding of the physical processes governing the
flow in moderately curved open channel bends and also the

general Dbehaviour of the flow in S-bends. It was found from

bis experiments that the secondary flow pattern did not



always give the motion near the bed to be towards the inner
bank to satisfy the equations of motion, neither did it give
the two cell pattern similar to those found by Thomson
(1876) and Wadekar (1956). This is probably due to the
influence of important variables such as aspect ratio,

Reynolds and Froude numbers of the flow.

Falcon and Kennedy (1983) considered that the radial
shear-stress force exerted on a fluid element at any
elevation (the wvertical distribution of which is the
principal determinant of the radial-plane velocity profile)
to be equal to the difference between the centrifugal body
force and the radial pressure force resulting from the
superelevation of the water surface. Even though the
integrals of these two forces over the depth are very nearly
equal, locally they are grossly out of balance. The radial
pressure gradient is very nearly constant over the depth,
while the centrifugal force varies from zero at bed level to
a maximum near the free surface. It 1is the difference

between the distributions of these two forces that is

responsible for the secondary flow.

The secondary flow causes the radial water surface slope to

greater than it would Dbe for a flow with vertically

uniform primary velocity (which would not produce a
secondary current). This is because the secondary flow
Produces an inward radial shear force on the Dbed; the

_10_



corresponding radial force on the flow must be balanced by
part of the radial ©pressure-gradient force. Thus, in
determining the distributions of the three principal radial
forces - pressure, shear and centrifugal - exerted on the
flow, one 1is faced with the problem of having two of them -
shear and ©pressure unknown, even if the velocity
distribution of the primary flow and hence also the
centrifugal force distribution are known. Clearly to proceed
with the calculation of these forces, another relation, in
addition to the equation expressing the balance of radial
forces, 1is needed.

Falcon and Kennedy developed an analytical model for
vertical distributions of radial shear stress and velocity,
and radial distributions of depth and streamwise velocity.
They used an expression for the conservation of
tioment-of-momentum as an additional relation required in the
formulation of the radial forces. They were able to
calculate the radial velocity profile by introducing into
the radial momentum equation a linear primary-shear stress
distribution and the eddy-viscosity distribution obtained
from the power law distribution wused for the primary
velocity. The streamwise velocity was obtained by using the
transverse distribution of local depth of flow. Their
analysis was limited to a channel of constant centreline
tadius which is a good approximation for strongly meandering

natural channels. Falcon and Kennedy's analytical model is

_11_



strictly wvalid only for uniform flow and at the central

regions of the curved channel. However, 1in the near Dbank
regions, the flow becomes strongly three dimensional and
heavily influenced by local bank characteristics
(erodibility, slope, roughness, etc.). Analysis of the flow

in these regions 1is correspondingly more difficult than for
the central region, and probably must await availability of

better experimental data for its guidance.

i«3 Present Investigation

in the present investigation an attempt was made to measure
the local mean and fluctuating velocities at different
points in the cross-section of an open channel bend. The
velocity measurements near to the boundary were successfully

carried out by using the Laser Doppler Anemometer (LDA).

in order to achieve a better understanding of the complex
flow phenomena in open channel bends, experiments were
carried out in U-shaped and S-shaped channels of rectangular
cross—-section of 180° curvature. The structure of the
secondary flow was fully investigated for three different
flow rates with uniform depths of flow in the channel.
Theoretical results obtained from the equations developed by

Rozovskii (1957) and De Vriend (1979) are compared with the

experimental results.

-12-



The experimental work in this investigation centred in

measuring the velocity components in the three coordinates

directions, the boundary shear stress, the secondary flow

pattern and the Reynold stresses in turbulent flow.

_13_



CHAPTER 2

THEORETICAL VELOCITY DISTRIBUTION IN A BEND

OF A RECTANGULAR OPEN CHANNEL

2.1 General Introduction

Every flow in a river is in practice a turbulent flow;
consequently, any equation of its dynamics, including the
flow around bends, must be solved with the aid of the
general equations describing the flow of a turbulent stream.
Unfortunately, no accurate equations of this kind are known
as yet to hydromechanics. It follows that at present it is
only possible to speak of an approximate theory in bends by
introducing a number of simplifications and hypotheses.
Previous workers have made an attempt to formulate an
approximate theory of the motion of streams in bends while
taking advantage of all available relevant data and
verifying the theoretical conclusions under laboratory and
field conditions. Though the theory is far from perfect, its
form 1is dictated Dby the need to solve practical problems.
Furthermore, its application can only be proved if it is
verified by a sufficiently large amount of experimental
data, thus reflecting on the importance of experimental

investigations.

The flow phenomena in rivers and artificial channels may

vary considerably in magnitude both in time and space. In
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most cases, however, they have two elements in common : the
momentum of water and of sediment. The complexity of
mathematical procedure to be used depends strongly on the
number of dimensions involved. Flow in rivers 1is generally
variable in time: it 1s unsteady. For some ©practical
applications however, the wvariation may be considered so
slow that a steady (or quasi-steady] flow situation can be
assumed. Considering the spatial distribution of flow, it
can be concluded that it is essentially three-dimensional,
ire. the direction and magnitude vary from one point to
another. Detailed knowledge of this three-dimensional flow
structure in rivers 1is still wvery limited, but for many (but
not all) engineering applications it is sufficient only to
have information about certain mean values. Depending on the
type of the mean value required, a number of situations can

he identified according to Jansen et al. (1979),

(1) a two-dimensional situation is obtained by averaging
over the depth of the river at a particular point; the
resulting velocities are still wvariable in both

longitudinal and lateral directions

(2) a quite different two-dimensional situation is
obtained by averaging in the lateral direction. The
resulting values then depend on longitudinal and

vertical coordinates
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(3) finally, by far the most important case 1is the
one-dimensional situation, obtained by averaging over
an entire cross-section. The resulting values depend
only on the longitudinal coordinate. For many
practical purposes this is the type of information

required

In the ©present work an attempt is made to solve the
two-dimensional equations for the velocity distribution of
flow in open channel bends with the aid of numerical
computation techniques. In all ©practical situations the
river flow is turbulent and our knowledge of turbulence is,
however, rather limited. Therefore it is thus unavoidable
that the solution of the equations can only Dbe obtained

through semi-empirical methods.

To analyse the behaviour of flow 1in a bend of an open
channel, it 1s necessary to describe the movement of the

Particles of water in the bend of an open channel in three

directions. The three-dimensional equations of motion
describe the conservation of mass (the continuity equation)
and the conservation of momentum as expressed by Newton's
second law (Lamb, 1963; Oswattisch, 1959). In the present
investigation the equations of motion in cylindrical polar

coordinates are used to derive the wvelocity of flow 1in the

bend, in which u, v and w are the velocity components 1in the

r' - and z direction respectively as shown in Fig. 2.1.
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Fig

Consider a unit mass of fluid element situated the
middle of the channel cross-section where w the vertical
component of velocity is very sm 11 or negligible. Let the
curved element at a distance z from the bed, moving with a
velocity v in the tangential direction have a radial
inclination f Then the system of equations for a
steady flow of an incompressible fluid with a free surface

In a wide open channel, according to Rozovskii is

2
23 +  vdu v 3 f du
u e i,
3r rae Yaz r glr + dz (2.1)
v
u'f= - vdv + vu . 4 3 4 dv
ST rae- * Wiz r gie dz dz (2.2)
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together with the continuity equation

— + 3 + dv  —

~r r 3z rae- 0 (2.3)
In all further discussions the system of Egs. (2.1), (2.2)
and (2.3) will  Dbe used in determining the components of
velocity. If the length of the section around the bend 1is

sufficiently great then the stream tends in certain cases to

some stable state, at which the velocity distribution in all

sections is the same and is independent of the
coordinate . Consequently, all derivatives of wvelocities
with respect to the coordinate - vanish. For such a flow,
which will henceforth be termed two-dimensional, the above

equations assume the form

ulB du _ V _ au
dr + w9Z . glr 95 (2.1.a)

dv vu .
or wh¥ 4 VY gi-e ( 0, (2.2.a)
and the continuity equation
2" + [13 + = O
cor r 9z (2.3.a)
-Ln river bends the flow structure is actually

three-dimensional, due to the centripetal acceleration. All

water particles in a vertical experience the same lateral

(radial) pressure gradient. The centripetal acceleration

required to keep the particles in a circular path, however,
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ls greater near the surface than near the bottom due to the
non-uniform velocity distribution. Near the surface the
water particles therefore tend to move outward and near the
bottom inward. Thus resulting in a spiral or helical
motion. Near the Dbanks compensatory vertical wvelocity
components give upward motion at the inner banks and

downward motion at the outer banks.
2*2 Velocity Distribution in an Approach Channel

The velocity distribution along a vertical in an approach
channel was obtained by using the concept of mixing length
theory proposed by L. Prandtl. The velocity distribution

obtained from the above theory is of the form

U = Umax + —; Ux* (2.4)
where u* =V~7p, is the frictional velocity, u 1is the
velocity at a distance z from the Dboundary, 7 = z/h,

= 0.4, 1is the Von-Karman universal constant, and Umax 1s

the velocity at the water surface.

Using the mean shear stress on the boundary = pgmi and
the Chezy's equation Um = cVini (where Um 1is the mean
velocity over the cross-section, C the Chezy coefficient, m

the hydraulic radius and i1 the energy gradient), we have

Vg m i = Unm (2.5)
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Eg. (2.4) Dbecomes

U = Umax +

But the mean velocity is given by

= Umax -
and therefore
Umax = urn (1 + =J~) (2.6)
Now the Eq. (2.4.a) can be written as
U = Unm (2.7)

Eg (2.7) gives the velocity distribution along the wvertical
near the Jjunction of the approach channel and the bend near

the centre line of the stream.

2.3 Radial velocity Component in a Fully Developed Flow in a

Curved Channel

The radial velocity component u can be obtained from the
basic Egs. (2.1.a) and (2.2.a) of two-dimensional turbulent
flow in a channel bend using the distribution of tangential
velocity v. and assuming that the turbulent kinematic
viscosity coefficient has the same wvalue in the
tangential and radial directions.

In what follows, it will be presumed that the turning of the

stream takes place along a gentle curve whose radius of
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curvature is many times greater than the depth of the
Stream. in such a case, the transverse or radial velocity
components will be small and the change in the tangential
velocity components at the Dbeginning of the bend will be
insignificant, it is therefore permissible to assume 1in the
first approximation that the distribution of the
longitudinal or tangential velocity components and the
turbulent exchange coefficients in the Dbend flow will
approximately remain initially the same as in the flow

upstream of the bend.

Since the radial wvelocity component (u)y and the vertical
velocity component (w) are small in comparison with the

and wét—J i
°n the left hand side of Egq. (2.1.a) are second order of

Magnitude and may be ignored.

Ecf* (2.1.a) now becomes
— + g ir = ) (2.1.b)

substituting z = h, we obtain

2

- ( ~3u

Integrating this equation we have

> d7 (2.8)
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Substituting Eg. (2.7) into Eg. (2.8) by equating u = v, the

tangential velocity, we have

Therefore

91 “u — h2Um2g (1 )2¢c2

. 5
I Cr yg

The constant of integration Co can be found from the
boundary condition that the friction on the free surface is

egual to zero. Now applying this Dboundary condition

Vr( P y?=1 O

and the wvalue of Co is given by

2 .
; Umgg (1+j 9)2C2\  2C /9 9
Co e Y+ ———(1+—

C2r 9 K, 7g KC >c2
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Substituting the wvalue of Co into Eq. (2.9) we have

2 9 2
h Um g rirC
Um?

1 (*1n2h -2"~1n~+2"
/<2

(2.10)

The wvalue of turbulent viscosity in the Eg. (2.10) can be
determined from the condition of equilibrium in different
layers of the moving 1liquid. Now considering the stress
distribution, the shear stress at any point in the flow can

be determined as

f= r (1 - z/h) = £h i (1 -J)

where jfthi is the mean shear stress at the Dboundary.

Therefore, in a uniform turbulent stream, where v = w = 0,

the above relation assumes the form

SU
3z

where A" is the coefficient of eddy wviscosity. By using

this relationship we arrive at an equation for determining

the coefficient as given below.
£ ~ h Um2 (X
au ) au (2.11)
C
az
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From Egq. (2.11) one can now obtain an expression for the

coefficient of virtual or eddy kinematic viscosity
by making use of the wvelocity distribution obtained in

Eg- (2-7). The virtual or eddy kinematic viscosity is given

by

V= [Jh Um ™M1 -{>] (2.12)

Substituting Eg. (2.12) 1into (2.10) we have

du h2Um2g rlrC?

hUm-fi (1-7) Um?2

‘ (l—ﬂ(/l)i(?mr?)

/rlrC?2

\ Um2

and the radial velocity component is given by

(2.13)
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By introducing

and

120) = f

the Eg. (2.13) can be written as

hom/g / (1+7™)2c2 42

~rK.c Um?2
2C
>cl/g
where
Ir +

As the shear stress in the radial

small, we have

Ir = <x Um
le) gr

Since ir is also given by Ir = —

the above equation becomes

-25-
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direction is

at

any point

(2.14)

negligibly

in the flow



SO that
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Making use of the fact that the net transverse flow across a
vertical must be equal to zero which satisfies the condition

that 0 the radial velocity distribution in fully

developed flow 1in curved channels can be obtained from the
Eh' (2.16). This is achieved by numerical integration
method, a brief description of which is illustrated in the

following lines.

The functions F1 (%) and F2(") are solved separately by
substituting 0 < £ < 1. The wvalues of F1(®) and F2(") can be
represented as the areas which are formed by the functions
In the range 0 < £ < 1o In order to achieve a high degree
°f computational accuracy, the value of was increased from

0.0001 to 0.9999 with equal increments of 0.0001.

2.4 Distribution of Tangential Velocities Across the Width

of a Bend

The distribution of tangential velocity components over the
width of a channel bend was investigated by Kozhenikov in

1946. The distribution of velocities according to him must

satisfy the equation

v = C x — (C is constant)

Rozovskii (1957) assumed that the distribution of tangential
components of wvelocity v over the width of the channel

°ccurs according to the law of areas, that is
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where the wvalues v
and rc correspond to the central part of

the channel

(1964) introduced nearly the same equation as
Kozhenikov's, suggesting that in the radial direction, it is
reasonable to express the tangential velocity wvariation Dby

the following equation

When m has the wvalues of -1 and +1, and the above equation

becomes
Q
v = - (for free vortex)

v = ¢ X r (for forced vortex)

2*4.1 Distribution of tangential velocity across the width

in the straight channel

Theoretical expression for the velocity distribution across
the width for different ]locations of the U-shaped channel

Were developed by assuming a velocity distribution in the

straight part of the channel upstream of the bend a; (Rozovskii,

1957) 0.4

U
Umax (2.17)

where u is the local mean velocity at a distance y from the

mid-point of the channel and B is the width of the channel.
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Ec?« (2.17) 1is the Dbasic formula which will be wused in
determining the tangential wvelocity distributions across the
width of the channel in the regions of the Dbend -entrance,

within the bend and the bend exit.

2.4.2 Distribution of tangential velocity across the width

at the entrance region of the bend

Rozovskii (1957) and other investigators have developed

several expressions to determine the tangential velocity

distribution across the width of a curved channel. A simple

Method of obtaining the expression to depict the tangential
velocity distribution across the width of the curved channel

is illustrated below.

Considering a very wide stream with free surface

superelevation of ~h at the outer wall and applying the

Bernoulli's equation, we have

7 v’
g i *°h (2.18)

where v 1is the tangential component of velocity at a

distance r from the centre of curvature and U 1is the 1local

mean velocity as defined in Eqg. (2.17) .

Therefore the superelevation of the free surface in the

channel 1is given by

z’h = JIr dr = J dr + Cl1 (2.19)
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where Cl is a constant of integration.

Substituting the wvalue of ~h into Eq. (2.18) and

differentiating with respect to r, we obtain

dwv?2 V2 du?
dr 2 r dr (2.20)
Integration of Eg. (2.20) gives the general expression for

the tangential velocity distribution across the width at the

bend entrance as

- + C2 (2.21)

where C2 is the constant of integration which can be

evaluated by applying the conservation of mass flowrate in

the channel as shown in the equation below.

rre e, ~F? 7
Q = J v h dr =3 VvV /r du + C2 (2.22)

T il

where ri, r are the radii of the inner and outer Dbanks
o

respectively, h is the depth of flow. Now the tangential
velocity distribution at the entrance region of the bend can
be obtained by solving the Egs. (2.21), (2.22) together with

the Eq. (2.17) with the aid of finite difference method.
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2.4.3 Distribution of tangential velocity across the width

within the bend of the channel

As the water enters the bend from the straight portion, the

bend Dbrings about a redistribution of velocities over the

entire cross-section of the channel. In general, the
velocity distribution over the width at the entrance to a
bend 1is represented Dby the expression given in the

(2.21) . Within the bend itself, owing to the exchange
of momentum caused by the transverse circulation in radial
Planes there takes ©place a redistribution of velocities,
thus the maximum velocities gradually moving to the outer
bank. in order to obtain the velocity distribution across
the width within the bend of the curved channel Rozovskii
considered the Eqg. (2.2) to represent the bend flow in the

cylindrical polar coordinate system, 1i.e.,

v 9v , av + 3
* r 9§ W9z 9z (2.2)

The above Egq. (2.2) can be modified wusing the following

relationship

and together with the equation of continuity

av aw q (2.3)
rse- az
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into the form

2
rae- az <taz ’

where the tangential shear stress is given by

Since the velocity component in the 2z direction 1is equal to

Zero on the bed and at the free surface (i.e. w 0,

z=0
w2= *= () and the tangential shear stress at the free surface
is also equal to zero (i.e., z=h= 0), integrating each
term of the above Eqg. (2.23) between the limits 0 and h
'taking use of the radial wvelocity distribution and curved
element, Rozovskii obtained an equation for the tangential
velocity distribution across the width of the curved channel
as

o—75—/9 S)(thvZ) + ~=(v2h) = - 2 rv2 + gl-'h (2-23-a)

K.JCr «r C7

where § 1is Von—-Karman’s universal constant (K=0.4), C is the
Chezy coefficient, h is the depth of flow in the channel and

= Ilg. x r, which «can be obtained by taking suitable

values of I- in order to find the tangential velocity by
iterative method to satisfy the conservation of mass
equation

0 = vhdr (2.23.Db)
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Thus, knowing the velocity distribution at the bend
entrance, the tangential velocity distribution across the
width and at any successive positions within the bend of the
channel can be determined by integrating the Egq. (2.23.a)
and (2.23.b) with the aid of a step by step numerical

calculation method.

2*4.4 Distribution of tangential velocity across the width

at the exit region of the bend

To find the tangential wvelocity distribution at the exit
rcgion of the bend, where the transverse slope of the water

surface diminishes so that the centrifugal force is
Negligibly small, we can again use the Bernoulli's equation

from the bend to the straight portion of the channel as

+ ~h (2.17)
where
Ah = dr + C2
Ecf+ (2.17) can be written as
dr + C2 (2.24)

where u is the velocity distribution in the straight portion

Near to the exit region, v 1s the tangential velocity

distribution within the bend near to the exit region and the

constant of integration C2 can again be obtained from the
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Principle of the conservation of mass flow rate in the

channel

Knowing the tangential velocity distribution across the

width of the channel from Egs. (2 .23.a) and (2.23.b) in the
re9ion near the exit of the bend, the velocity distribution

across the width Jjust downstream of the bend can be computed

with the aid of Egs. (2.24) and (2.25).

Computational procedure by Finite Difference method

T%e computation of the exact longitudinal flow profile in a

bend of an open channel is by no means an easy task. Due to

tvl .
Ve presence of the centrifugal force, the problem Dbecomes

VerY complex and it is further complicated when the bend is

composite, (i.e., when two bends are connected in series in

h . . . . . .
t e opposite directions). Bearing in mind the complex

n“ture of the flow 1in S-shaped <channel, the following
assumptions are used in solving the Egs. (2.21), (2.23.a)

an<3 (2.24) by using finite difference method.

The longitudinal water surface slope 1is assumed to be

ne9ligible along the channel, (ii) the energy slope and the
slope of the channel are considered to be very mild, and

the depth of flow is assumed to be uniform along a

c’nstant radius.
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The Egs. (2.21), (2.23.a) and (2.24) are used in conjunction

T | T .
“ne principle of conservation of mass to determine the
tangential velocity distribution across the width of the
channel at the Dbend entrance, within the bend and at the

xL region of the bend. Sufficient care is taken in

adopting an appropriate sign convention for in the

Ornputational procedure in order to determine the tangential

Velocity distribution across the width beyond the cross-over
e9ion of the S-shaped channel. A detailed account of the
C’mputational procedure 1is given in Appendix 1, while its

ornPuter Program is presented in Appendix 2.

35-



CHAPTER 3

THEORETICAL ASPECTS ON THE DEPENDENCE OF SECONDARY

CURRENTS ON ANGLE OF TURNING OF THE U-SHAPED CHANNEL

General Introduction

Chapter 2, consideration was given to an axi-symmetric
two-dimensional steady flow in a Dbend, where all the
~“erivatives of velocity components with respect to # wvanish
from the equations of motion. Owing to the presence of the

A

-*dividual transverse circulation the fluid particles
travelling along the curved channel suffer vertical as well
as radial displacements, which together with the exchange of
Centum between the separate currents alter the

Craracteristic distribution of forward velocity in the
curved channel. It has been found by many research workers

only at some distance

a gradual development of
transverse circulation takes place. Tt is evident that a
Gradual decay of transverse circulation 155 takes place
when the flow enters the straight length of the channel
downstream of the Dbend thus showing a transition to a
rectiiinear fjgy in a straight channel. The question of the
Growth  and decay of this transverse circulation possesses

C°nsiderable practical interest and accordingly it has

a’tracted the attention of numerous investigators.
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Therefore, the theoretical analysis of the dependence of
transverse circulation on angle of turning of the U-shaped
channel is presented in the following sections.

*
2*2 Decay of Transverse Circulation Downstream of the Bend

Considering the radial wvelocity distribution given in

Eg. (2.16) and taking the radial component of velocity in

e fully developed transverse circulation to be equal to

U)» it can be shown that

Uo ~ AUh}-(F1<b -‘/\F2<p)

° <2 r
similarly Eg. (2.8) can be written as
3u
h2 £(glr - J-) il
(g J-) (3.2)
ifferentiating Eqg. (3.2) with respect to we have
9 2
= h2(glr - 7) (3.2.a)
where
TT 2
Ir = (1 + 8§
—2—2
K, C gr
Substituting . ) ) )
U from the velocity distribution Eg. (2.7) as

quivalent to the tangential velocity component v in the

Eg (3 9 i .
and using the above wvalue of Ir,

Educes to
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az(Vr_az <ot 1 + (1+£c)IN7 + 2*Cln 1 3.3

where dz L dz) varies 1n proportion with uo,
giving
u
—_— Z _____
v g%z %) (3.4)
Substituting

- 2/guUm (1 + (A+"PDIn; + 4|In2™

To solve Eq. (3.5), let us turn to Eq. (2.1), where at the
sufficiently small ratio of h/Rm, the terms u 8t and w az

are very small and can be ignored.

Eqg. (2.1) will then become

v3u -2
e glr + % 6az (2.1.c)
Ignoring the inertia forces in the Egq. (2.1.c), and
replacing r¢ = x and v = U, Eq. (2.1.c) can be written as
ud
“ (3.6)
ax

Substituting the wvalue of Um from Eqg. (2.7) and the value

of az . from Eqg. (3.6) into Eqg. (3.5), we obtain
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1 + (1+O)IN? + 2/ IN" /

34 - 2/gulU
U Iy Z1 + icc(1+In?) F1(?) - jSF2(?) 3.7
€
. (3.7.a)
Fi(z) - ~F2(f)
into Eq. (3.7) and integrating with respect to x the radial
velocity u can be obtained as
u = Cl e (3.7.b)
If x 1is measured from the
and hence Cl1 uo Therefore Eq. 3.7.b) now becomes
and hence the distance x can be found as
h 1 N, o)
" 27gF(?y In— (3.8)
Eg. (3.8) allows the decay of transverse circulation to be
determined theoretically, by assuming an average value of
F (1) for a constant value of K and C (Chezy coefficient)
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3.3 Growth of Transverse Circulation in the Bend

In order to obtain the growth of transverse circulation in

the bend, the radial momentum Ed. (2.1.b) 1is wused. For a
flow of established circulation, with u = u , this equation
becomes
2 au
- gl =g (g (2.1.4)

where u is the transverse velocity in the fully developed

flow in a curved channel.

Substituting the left hand side of the Eg. (2.1.d) into
Eqg. (2.1.c) we have

3U

rae- 3z (3.9)
Knowing that = o0, the Eq. (3.9) can be written as

9(uo—u] 3(uo—u]

v r ae- az az ) (3.10)

On comparing Egs. (3.10) and (3.6), it can be seen that they

possess exactly the same structure, where the magnitude u in
Eqg. (3.6) corresponds to the magnitude (u -u) in Eqg. (3.10) .
This can be interpreted as that the transverse circulation
gradually increases from the begining of the bend to reach a
fully developed stage at some distance from the entrance of

the Dbend causing the transverse velocity difference
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of (u -u). Subsequently the transverse circulation gradually
decreases and consequently obeys the transverse circulation
described by the Eqg. (3.6). Eqg. (3.2) is similar to the
Eqg. (3.6) with r-0 = x and the solution of the growth of the

transverse circulation can be obtained as
—2/g”~EF")
u - u = Cl e (3.11)

But at the begining of the bend Cl = u and consequently,
2/°F (7?)
u % (1 e )

This expression determines the growth of transverse
circulation in the Dbend and the growth of transverse
circulation will be

For example u = 0.9 uo, then -i 1is called which can

limit'
be attained when
—27°F (7
T - 0.9 (1 e J
o
which gives
e h In 0.1
limit 2r/gF (y)
where the growth of transverse circulation is fully
developed

The average value of F(//) for K =0.4 and C (Chezy)

%l .nOmI/Z}sec is given in Fig. 3.1, where according to
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Rozovskii (1957) the average value of F(") 1is assumed to be
0.0082. It 1is a little different from the average value
obtained from the calculation of Eqg. (3.7.a) by the author,
as shown in Fig 3.1. The decay and growth of transverse
circulation calculated from Egs. (3.8) and (3.12) are
presented in Figs. 3.2 and 3.3 respectively. A Computer
Program to solve Egs. (3.7.a), (3.8) and (3.12) is

presented in Appendix 3.

Fig 3.1 Value of F (7] vs from Eq. (3.7.a)
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CHAPTER 4

SECONDARY FLOW AND BOUNDARY SHEAR STRESS

AT A BEND OF A RECTANGULAR OPEN CHANNEL

4.1 General Introduction

Secondary flow can develop in flow along straight channels
and channels of non uniform plan form. It is defined as
currents that occur in the plane normal to the local axis of
the primary flow and is brought about by interaction of the
primary flow with gross channel features. Secondary currents

are important because they distort the distribution of

primary isovels and boundary shear stress from those
expected in simple flows. Therefore, they affect the
processes of flow resistance, sediment transport, and bed

and bank erosion, and influence the development of channel

morphology

Many laboratory investigations of secondary flows have Dbeen
made. However, there is still a lack of knowledge
concerning the pattern of currents particularly near the
banks, their variation with discharge, and their

relationship with the distribution of boundary shear stress.

In relatively straight, long channels the bed shear stress
distribution is normally symmetrical about the channel

centre line. In a channel Dbend the secondary flow
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originating from streamline curvature leads to an asymmetric
bed shear stress distribution. The magnitude and direction
of Dbed shear stress play a decisive role in determining the
pattern of movement of bed material in an alluvial channel

bend

The magnitude of the boundary shear stress depends on the
velocity gradient near the Dbed and consequently on the
pattern of primary isovels. Peak wvalues of shear stress
occur in regions of downwelling where the isovels are
compressed and 1in regions where the primary velocity 1is
relatively high. At a bend the pattern of primary isovels 1is
affected by secondary circulation and so, therefore, are the
magnitude and position of the shear stress peaks. At a bend
entrance free vortex flow tends to appear, keeping the core
of maximum velocity (and the associated shear stress peak)
near the inner Dbank. At the bend itself, secondary
circulation develops, thus breaking down the free vortex. At
a point that depends on the strength of the circulation and
the Dbend arc angle, the circulation carries the core of

maximum velocity across the channel towards the outer bank.

In the work presented here, the secondary flow and boundary
shear stress at different cross-sections in U and S-shaped
bends in rectangular open channels were studied by direct
measurement of velocity near the boundary in the three

coordinate directions using the Laser Doppler Anemometer.
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The results of the radial and vertical velocity measurements
were plotted to depict the secondary flow in the channel
while the tangential velocity measurements were used to plot
the isovels of the main flow. The boundary shear stress was
determined by assuming that the tangential velocity
distribution near the boundary will obey the logarithmic

law

4.2 Secondary Flow

The existence of the secondary flow in the cross-section of
straight channels has been demonstrated by Nikuradse (1930)
who observed that the velocities in the corners of square
and triangular cross-sections are relatively large. This can
be explained by assuming secondary currents directed towards
the corners and has Dbeen Dborne out by experiments with
coloured tracers. Little is yet known about the mechanism of
these currents. Investigation by Einstein and Li (1958) and
Townsend (1956) indicate that the turbulent terms neglected
in Eq. (2.1) may be responsible. The velocities have been
estimated to be, at maximum, 10 to 20% of the mean wvelocity.
This is the same order of magnitude as the turbulent
fluctuations. Variation in channel boundary roughness along
the perimeter also gives rise to secondary currents. In this
case the secondary flow is directed towards the rougher part

of the wall (Hinze, 1967).
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In 1876 Thomson gave an explanation for the existence of
secondary flow in curved channels. When a river or canal
meanders, the velocity of the fluid in a section does not
remain tangential. In addition to the tangential motion,
much smaller but significant components of velocity are
induced in a plane perpendicular to the direction of flow.
Thomson used the expression "transverse movement" to
describe an important feature of the flow 1in bends of
natural rivers, now generally known as "secondary flows" and
they are very noticeable in curved artificial channels. He
explained that, owing to centrifugal action in the bend,
there exits a pressure gradient from the inner wall to the
outer wall. This pressure gradient in the main body of the
fluid above the boundary layer is impressed on the boundary
below. As the wvelocity in the boundary layer is less than
that in the fluid above it, the Dboundary layer cannot
sustain this pressure gradient, resulting in an inward flow
at the Dbase. To ensure continuity, an upward flow at the
inner wall, an outward flow at the top, and downward flow at
the outer wall exist thus forming a spiral flow caused by
transverse Or secondary circulation. It is clear that
Thomson 1s theory provides an explanation for the erosion of
the outer Dbank and the accompanying deposition of bed
material on the inner bank often observed at the bend of a
river. However, his explanation does not answer the question

as to whether the existence of the pressure gradient in a
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section where the wvelocity 1is such that the centrifugal
force does not Dbalance it, is a sufficient condition to
cause spiral flow. It is also clear that though Thomson's
mechanism may partly explain the existence of secondary
flows, it does not establish whether such flows will die

away or alternatively, grow.

Bathurst, Thorne and Hey (1979) studied all the processes at
the bends of rivers with coarse alluvial beds. The current
knowledge about the subject was introduced, the field
measurements of secondary currents and boundary shear
stresses were ©presented and their interrelationship was
reviewed

At the bend entrance the shear field (characterized by the
vertical velocity profile) 1is two-dimensional and contains
only the spanwise vorticity of the bend. This is because
the primary velocity changes with depth, and the centrifugal
force acting on the flow has a different effect at different
depths. The shear field therefore Dbecomes skewed and
presents a component of its spanwise vorticity in the
streamwise direction. The resulting secondary circulation
drives surface water towards the outer bank and bed water
towards the inner bank.

This single cell of secondary circulation was well
understood. However the pattern is sensitive to the presence
of any preexisting circulation. In a series of meanders, if

the Dbends are linked by relatively short reaches, the flow
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cell of one bend can appear as a relict cell at the next
bend downstream. Its sense of rotation is then opposite to
that of the main cell of the bend. Small cells of reverse
circulation have also Dbeen observed at the outer banks of
single bends in channels and a similar feature may exist in
pipes and ducts. The cells are affected by the side wall
effect, extending over a region of one or two depths from
the Dbank, but is negligible in bends with large width/depth

ratios (aspect ratio).

Secondary flows are typically one order of magnitude smaller

than the Dbulk primary velocity. However, at a bend the
strength of the circulation depends on Reynolds number, the
cross—-section at the bend, the radius of curvature, the

ratio of width to depth, and the deflection of the arc angle
of the Dbend. In the channels these parameters vary with

discharge as well as between bends.

In deriving Egq. (2.16), no account was given to the inertia

terms of the form ur} + wf, and the argument was based on
ol C/z

the assumption that the flow in a bend follows circular

trajectories of constant radii along the depth of the flow.
In actual fact, however, the curvature of flow lines changes
continuously around the bend and also along the flow depth.
Due to velocity changes from bottom to top, the bottom
trajectories are of higher curvature than those at the bend.

Consideration of the influence of inertia forces due to
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secondary currents is particularly important in a bend of

sharp curvature where (B/Rm) is not much less than one. The
parameter r in the right hand term of Eg. (2.16) 1is actually
the central-line radius and may be written as Rm. After
considering these inertia terms, Eg. (2.16) 1is modified by

Rozovskii to the following form
u = GG ;

- 7+1) t4-1"

Further consideration must be given to the derivation of the
radial velocity expressed in Egs. (2.16) and (4.1), in which
it was assumed that for a smooth bottom the radial shear
stress 740 near the boundary 1is equal to zero. In the case
of rough boundaries the radial shear stress component is
not negligibly small. For rough boundary the following
relationship between the radial and tangential components of

shear stress is given by

where and are the radial and tangential components

of the shear stress near the boundary; uy and vy are the

corresponding components of velocity near the boundary; is
the relative roughness. For rough boundaries the direction
of the force with which the stream acts upon @ it, must

apparently coincide with the bottom velocity as sketched in
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Fig. 4.1. On resolving the force and velocity vectors into
their components in the direction of r and -t, we arrive at
Eq. (4.2.). By assuming the relation Dbetween the stress
components and the corresponding velocities to be a linear

one, Rozovskii (1957) expressed the relation as

~rh 1 (AFA"™ (4.3)
and Eqg. (4.1 can be written as
9u Ud
3z <
3 (4.4)
3z Vs

Fig. 4.1 Tangential and radial velocities near

the boundary

Furthermore, using the relation of Egq. (4.4) to derive the
Eq. (2.14), and utilizing the experimental results in canals
with rough bottoms, Rozovskii gave the formula for

determining the radial velocity component u in the form

_ 1 h
u = X.Jf%mRm (4.5)
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Bouwmeester (1972) applied the above method for the
logarithmic velocity distribution for rough bottom channels,
assuming both velocity components v and u, to wvanish at

level z = zq. The resulting expressions are,
U = + AF2P "2+ 202
SN - (4-6)

The additional term (the last one on the right hand side) in
Eqg. (4.1) exhibits its effect when h/Rm is not much less

than one, and its effects diminish rapidly otherwise.

It should be borne in mind that Eqg. (2.106) was derived Dby
assuming the flow to be unaffected by the side walls, due to
the large width of the cross-section compared with the flow
depth. The effect of the side walls, 1in these cases, 1is
suggested by Rozovskii to extend over a narrow strip of
about twice the depth of the flow from each bank. However,

near the side walls of a wide stream and in a flow in a

narrow channel, the turbulent stresses neglected in the
previous derivation are no longer negligible. Corresponding
terms, considering the changes of u and w along r and z

must, therefore, be introduced Dback into the simplified
Eg. (2.1.b), Ananyan (1957) then gave the correction factor
of distribution of wvelocity u accross the width of a
channel, due to the effect of the side walls for wvarious

aspect ratios B/h, as shown in Fig. 4.2.
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B/h = i0

Fig. 4.2 Correction factor of radial velocity

component according to Ananyan

In the analytical model developed Dby Falcon and Kennedy

(1983), the primary-flow velocity distribution expressed by

the power law,

7)1/n
\Y; n+l u )1/ (4.7)
v n
where v is the vertical distribution of the tangential

velocity component, V is the tangential velocity component

near the free surface, n is the exponent, which is related

to the Darcy-Weisbach friction factor by
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where = Von-Karmanls universal constant and f = 8g/C

The background of this relation is reviewed by Zimmermann

and Kennedy (1978). Karim (1981) examined critically the
above relation, verified it with laboratory data, and
formulated the dependence of on sediment concentration.

The radial velocity component is then expressed by con

and Kennedy (1983) as

(n+tl)4 / 1

7 (n+1) \ (=+2+7) (=+1+7]

1  1/n (n+l)3 /
(M“+1+3 > 3)/ n(n+2)\
?(1+4I+3)  2?n+3\
2+1+))

Fig. 4.3 shows the non-dimensional relation of
obtained from Egs. (2.106), (4.1), (4.5), (4.6) and (4.9),
and Computer Programs to solve the above equations are

presented in Appendix 4,5,6,7 and 8 respectively.



Relation of from five different

equations of radial wvelocity component

The experimental results from three different cross-sections
in U-shaped and S-shaped channels are observed and compared
with the theoretical results. Their deviations are

discussed in Chapter 6.

4.3 Boundary Shear Stress

It is well understood that the average shear stress may be
readily computed from the hydraulic radius and energy slope,
while the distribution of stress around the wetted perimeter

cannot be determined successfully by any known theoretical
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method, particularly for channels of composite roughness and

non-uniform shape.

In 1979, Knight and Macdonald measured the Dboundary shear
stress Dby two methods (1) A semilogarithmic plotting of
velocity profiles normal to the boundary (or isovels); and
(2) by Preston tube measurements. In general, both methods
gave shear stresses that agreed within 10 . The ratio
between the mean wall and mean bed shear stress was found to
vary between 0.2 and 1.2 depending upon boundary roughness
distribution and aspect ratio. The mean values of the

measured wall and the bed shear stresses are defined by

w
and respectively, and the corresponding values of the
shear force acting on the walls, SFW = 2 h 1& , the Dbed
SF~ = B , and the wetted perimeter, SF* = 'T P = ~gAi; in
which = mean boundary shear stress; P = wetted perimeter;

= density; g = gravitational acceleration; A
cross—-sectional area; and 1 = energy gradient. As a check of
the overall averages, the shear stress distributions were

then integrated over the wetted perimeter and the mean value

of Imo obtained. This was then compared with the average
shear stress T as derived from energy slope, 'T ="gmi, in
which m = hydraulic radius. Values of ~o/T for the 50

experiments obtained and ranged from 0.850 to 1.134 with a

mean of 0.976, and indicates that approximately 88 % were
within 10 %. This wvalue <clearly indicates satisfactory

correlation and suggests that calculation of boundary shear

stress using the first method is reasonably accurate.
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The percentage of the shear force carried by the walls,

% SF (= SFE X 100/SF_) and bed, % SF, (= SF,, x 100/SF |
' w P b b o)

were also given. Values of the Nikuradse roughness size for

the Dbed, ksb’ were determined from wvalues of the bed

friction factor and Reynolds number and were shown in
dimensionless form by dividing these by the wall roughness
size k . The ratio k , /k is then a measure of the
differential roughness between the bed and the walls.
Finally, Knight arrived at an analytical function, based on
various experiments, to describe the variation of % SFW'
and 7£,

In smooth channel flow, the suggested equation is

% SWw= e” “tanh7c”> - 0 5 (tanh7E£> Y ™) vy (4.11)

in which <= -3.264 log(B/h + 3) + 6.211

1 - X/5

<
Il

log <ksb/ksw'

The corresponding equations for the mean wall and bed shear

stresses are then

Fw SSFW B

~ghi 100 2h (4.12)

and
$SFb A
= 1-0.01 SF
pghi 100 W (4.13)
The mean wall and bed shear stress equations above may be
related to the overall mean boundary shear stress by the

equation
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In the case of smooth channels, k .=k . Hence X = 0, 0=1,
sb sw il

and the right hand side of Eqg. (4.11) becomes e”.

Fig. 4.4 shows the wvariation of %‘SFw with B/h obtained from

Eg. (4.11) and experimental results on smooth channel flow.

Fig. 4.4 Variation of % SF” with aspect ratio

A study of the boundary shear stress in symmetrical compound
channels was also done by Knight in 1984. He concluded that
the boundary shear stress around the wetted perimeter in
open channel flow is indeed influenced by the shape of the
cross-section, the presence of secondary flows and the
lateral distribution of roughness. Although Knight's work
was limited to a simple plan form, i.e., uniform plan form,
it has given a Dbetter understanding of the shear stress

distribution near the boundary of flow in open channels.
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The major phenomena leading to the asymmetric distribution
of Dbed shear stress in a bend are the secondary circulation
and the longitudinal acceleration and deceleration of the
main flow. These effects give rise to deformation of the
vertical distribution of the main wvelocity. The Dbend shear
stress depends on the velocity gradient close to the bed and
consequently on the pattern of contours of main velocity

in a channel cross-section.

Many previous workers have measured boundary shear stress in
curved open channels using a number of techniques. In 1950
Malouf obtained the bed shear stress in a curved channel by
measuring the speed of sand grains moving in contact with
the bed. Wadekar (1956) and Asfari (1968) employed the same
method using small perspex and glass spheres rolling on the
bed of a curved channel. The relation of the average bed
shear stress J to the Reynolds number and the
curvature ratio (h/Rm) of the bend was obtained. It was
noted by Wadekar that particles of large diameter deviate
considerably from the direction of the bed shear stress.
Apart from that, experimental errors occur due to
intermittent inactivity of the movement or due to particles
making short jumps, and the method is unwieldly for use in

curved channels.

The measurement of boundary shear stress in curved open

channels Dby the use of Preston's technique was initiated by
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Ippen et al (1960) and then Ippen and Drinker (1962) . The
same technique was then used by Yen (1965) 1in a large
trapezoidal meandering channel. The Preston tube was aligned
in the flow direction at the bed and the bed shear stress
coefficient (7°/-"u”) was found to be independent of the
Froude number but dependent on the radius ratio (Rm/B). Yen
concluded that erosion and deposition are determined by
secondary flow on the bend rather than by bed shear stress.
However by measuring bed shear stress and sediment discharge
on a sinusoidal meander bend, Hooke (1974) concluded that
contrary to the findings of Yen above, it 1is the sediment
distribution rather than the secondary flow which 1is
primarily responsible for the bed geometry of a meandering

channel.

The method of point velocity measurement to determine
boundary shear stress distribution of logarithmic wvariation
of velocity in the vertical has been reported by Ali (1964),
Bathurst et al (1979), and Nouh and Townsend (1979) for
movable beds. Bathurst also observed the peak of bed shear
stress to be associated with the core of maximum velocity
and the uniformity of the bed shear stress distribution was
found to be dependent on the Reynolds number and on the
strength of secondary circulation. He related that the
uniformity increases as the Reynolds number increases. The
effect of high Reynolds number and of a subcritical Froude

number on the bend characteristics is generally
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insignificant (Gotz, 1980). Choudhary and Narasimhan (1977)
observed that the bed shear ratio, 77/Z7, decreases with an
increase in the Froude number and with a decrease 1in the
aspect ratio. They also noted that the position of the
maximum shear stress at any section in the strongly curved
flow studied tends to occur at lower r/Rm for narrow
channels than for wide channels. Several experimental runs
obtained from the curved flow studies done by Rozovskii
(1957) and Yen (1965) were numerically simulated by De
Vriend (1976). He found that the results of the mathematical
computations based on the simplified models which disregard
the secondary flow convection represent the experimental
results rather poorly. However, procedures based on the
integration of complete three-dimensional flow equations are
very complicated although it gives a ©proper prediction of
the Dbed shear stress pattern (De Vriend, 1981). Several
investigators have predicted bed contours in Dbends with
movable Dbeds on the Dbasis of simplified calculations of
radial bed shear stress and found agreement with actual

measurements,

Zimmermann and Kennedy (1978) predicted bed contours, using
the radial bed shear stress obtained by equating the moment
of the radial bed shear stress to the torque induced by
centrifugal forces, using a power law distribution for main

velocity
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Boundary shear stress 1is not only affected by the wvariation
of the roughness at the channel boundary itself, but also by
the development of the flow circulation. In the work
presented here the boundary shear stress 1is observed along
the wetted perimeter of a smooth rectangular open channel
for two different plane forms, 1i.e. a U-shaped channel and
an S-shaped channel. Primary isovels patterns are required
in order to calculate the boundary shear stress. These were
obtained by taking velocity profiles with the aid of the
Laser Doppler Anemometer technique using a predetermined

grid pattern in the cross-section of the channel as shown

in Fig. 5-9. The velocity measurements were taken at 45
points or 54 points for each cross-section,
horizontally and five or six vertically). Boundary shear

stress was calculated at 19 ©points around the wetted
perimeter of the same cross-section, from the velocity
gradient near the bed and near the wall. By establishing the
primary velocities of primary isovels near the boundary, the

shear stress at a point was determined using the relation

(4.10)
5.75 log (~)
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in which = density of fluid; V o local shear
velocity; and and = wvelocities at two points at
distances 2z and z2 respectively from the boundary

It should be noted here that the method, used to calculate
the shear stress along the wetted perimeter, described
above, is highly dependent on the accuracy of the

primary-flow velocity measurement.
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CHAPTER 5

EXPERIMENTAL EQUIPMENT AND PROCEDURES

5.1 General Introduction

For many studies of flow, particularly of flow in curved
channels, detailed measurements are still very important.

The use of the laser Doppler anemometer to measure the mean

and the corresponding components of the Reynolds
stress—tensor has become very common recently. In contrast
to hot-wire instruments and some other conventional

techniques, laser anemometers are a non-contact optical
instrument which enable the fluid flow structure in gases

and liquids to be investigated.

In 1977, Humphrey, Taylor and Whitlaw made use of a laser
Doppler anemometer to measure the longitudinal component of
mean velocity at a rectangular curved duct. Later in 1981,
Humphrey, Whitlaw and Yee provided the basis for the precise
measurement of two components of mean velocity and the
corresponding Reynolds stresses in the same rectangular
curved duct at a Reynolds number corresponding to turbulent
flow. As observed Dby Humphrey the vast majority of the
previous investigations of three dimensional curved flow are
limited to the determination of the longitudinal main

velocity.
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Observation of flow in S-shaped open channel bends has been
carried out by Keerthisena (1983), who paid special
attention to the detailed measurement of flow, using
three-tube vyaw and pitch probes, and bed shear stress by
using a Preston tube. The three components of local mean
velocity were measured at the same time for one particular
point in the grid framework of the cross-section, but the
Reynolds stress—-tensor was not discussed. The use of the
three-tube yaw and pitch probes made it impossible to

measure the velocity field near the boundary.

The purpose of the present investigation is to provide
detailed measurements, of quantified and good precision,
which will increase present understanding of the physical
process governing curved open channel flow. The experimental
equipment and experimental techniques used to obtain the

measurements are described in the following sections.

5.2 Experimental Equipment

The experimental channels were prepared in two different
shapes or planforms. The first channel was a U-shaped

channel, made of perspex, consisting of a straight portion

of rectangular cross—-section (0.15 m by 0.15 m and 1.50 m
long), leading to a curved channel of the same
cross—-section, The radius of the inner wall (r™ was

0.820 m and that of the outer wall (rQ) was 0.970 m giving a
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ratio of width to centreline radius (Rm) of 1:6. The curved
portion of the channel was extended for 180°, leading to a
straight portion of the same cross-section downstream from
the bend, thus forming a 'U shaped channel in plane as

shown in Plate 5.1 and Fig. 5.1.

The second channel was an S-shaped channel, prepared Dby
removing the downstream straight portion of the U-shape
channel and replacing it with a curved channel of the same
cross—-section but having a bend in the opposite direction.
The curved portion of the downstream channel was also
extended for 180°, leading to a straight portion of the same
cross—-section downstream from the Dbend, this formed an
S-shaped channel as shown in plate 5.2 and Fig. 5.2.

The base of the channel was 1/2" thick, as were the other
parts of the channel (i.e., the base of the inlet and the
outlet tank), except the wall part of the channel which was

1/4"™ thick.

The curvature of the perspex wall was produced initially by
warming up the 1/4" thick perspex glass in the water to
about 30° C to reduce the ductility of the perspex sheet,
which was then bent into the desired shape. The precision of
the curvature was considerably high as the process was
carried out by a special heavy machine available in the

University Work Shop.
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A special glue was made to connect the "base to the wall part
of the channel. This was a mixture of 'Tensol' cement no. 7;
25 parts component A and one-part component B. It must be
mixed well before stirring and used within 25 minutes. The
hardening process depends on the amount of glue which has
been poured 1into the joint. The thicker the layer, the
longer the hardening process. The best result was achieved
when the glue was poured layer by layer. Each layer was
allowed to dry first before the next layer was poured. This
also enable the glue to go into the joint holes properly, so
that a water tight Jjoint was obtained.

The main parts of the channel which had to be glued
separately were the two straight parts of the channel and

the two bend parts of the channel with bends in opposite

directions. The other parts of the channel were the inlet
and the outlet tank. (The inlet and the outlet tanks are of
identical design which enables them to be used

interchangeably).

The end of each part of the channel was designed in such a
way that the connection between one part and the other was
achieved easily by using screws and rubber gaskets. Thus,

tight connections were obtained.

The channel bed was arranged so that it was level on a
Dexion angle frame for both channel configurations. This was

maintained by initially using a micrometer precision level.
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Water was then introduced into the channel to a certain
level. The water was then allowed to stand over a period of
time.

A period of time of 2-3 hours was required to get a still or
undisturbed water in the channel, because of its length. At
the end of that period of time the channel level was checked
by observing the depth of the water along the channel which
was supposed to be uniform. Non-uniformity of the still
water depth in the channel indicates that the channel is not
level. It was made level by adjusting the screws which were
available at the bottom of the angle frame. This action may
cause the water in the channel to move alternately upstream
and downstream. The same procedure was repeated a few times
until the still water gave a uniform depth along the entire

channel,

Flowrate identification was arranged as follows. First, it
had to be managed in such a way that the flow was steady
during the experimental run. Because of the uncertainty in
obtaining sufficiently steady flow in the channel Dby

directly pumping the water from the sump tank into the inlet

tank, a constant head tank was used for the present
laboratory investigation. Secondly, to minimise the initial
disturbance to the flow, an energy dissipator had to be

placed in the inlet tank at the end of the inflow pipe
coming out from the constant head tank. Finally to identify

the flow rate introduced during the experimental run, a
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specially designed weir in conjunction with a water depth
gauge, mounted on the straight portion downstream from the
channel was used. In a uniform flow, a certain flow rate
would give a certain depth of flow and thus, a certain
welr-crest elevation as well. Calibration was then made to
establish the correlation between the flowrate and the depth
of flow which is nearly uniform. This flow calibration was
required in order to be able to make a quick adjusment of
the weir-crest elevation, the water depth gauge and the
valve beneath the constant head tank, thus the desired flow
rate was obtained. The correlation between weir elevation

and uniform depth of flow versus flow rate is presented in

Fig. 5.3. Only three different —runs were carried out in
this investigation. These were 10 1/min, 30 1/min and 50
1/min flowrates —corresponding to 0.025 m, 0.045 m and

0.060 m uniform depth of flow respectively.

5.3 Experimental Technique

5.3.1 Laser anemometry

In many cases, flow can only be measured correctly if a
non-contact sensor is used. For example, a flow pattern may
be of such small dimensions that even the smallest of probes
would affect the parameters under investigation, and a flow
of chemically active medium would damage a physical probe.

Some flow even makes the physical presence of a probe
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impossible. (For example flows around propellors, flows in

turbines, etc.)

In such flows, the Laser Doppler Anemometer (LDA) may be the
only possible means of measuring local flow velocity, and in
many other flows LDA may be the most practical method of
investigating the dynamic properties of flows.

This non-disturbing method of measurement of the velocity
field in fully - or semi - transparent flow media has four
main features,

i) The creation of "measuring volume", consisting of the
crossing point of two monochromatic laser beams which
create a local fringe system, which is ©precisely
located within the flow without disturbing the flow.

ii) The generation and introduction into the flow of
light-scattering particles, consisting of a small
diameter (of the order 1-5 yU'm) light refracting
droplets, preferably of similar density to that of
the flow medium.

iii) The method is absolute and requires no calibration.
The detection by a photomultiplier, of the wvariation
of light intensity caused by the scattering particles
as they pass through the fringe system of the
scattering volume.

iv) The processing and interpretation of light intensity
signals in terms of time-mean velocities and

fluctuation velocities.
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5.3.2 Principles

In LDA measurements three modes of operation, the Reference
beam Mode, the Differential Doppler Mode and the Dual
Scattered Mode have been used, but only the first two have
found general acceptance.

A monochromatic coherent beam is produced by the laser which
has an extremely high frequency stability. In the
Differential Doppler Mode, as used in this experiment, this
beam then passes through a beam splitter (see Fig. 5.4). The
non-refracted beam then passes through an acousto-optical
device known as a Bragg Cell in which ultrasonic energy is
propagated transversely to the laser beam to have the
frequency of the light waves upshifted or downshifted. The
detracted beams have the same optical properties as the
incoming beam and cause no deterioration of the performance
of the laser Doppler system. The two beams produced then
pass through the Beam Displacer, Beam Translater, Beam
Expander, and finally ©pass through a suitable lens
arrangement to cross at a convenient position in the fluid
flow whose characteristics are to be observed.

The power of the Laser used in this experiment is 10 mW.

At the beam crossing the two laser Dbeams of monochromatic
coherent 1light, each with plane and parallel wave fronts,
will form a fringe pattern. The fringes, formed by
alternately constructive and destructive superposition of

the two Dbeams, define the measuring volume. Frequency
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shifting may be described as a movement of the fringes in
the measuring volume in the wvelocity of v, = fs x d, where
fg is the freguency shift introduced and d is the fringe

space

(d = ""slnVv/"" aS Can be seen in Fig 5,5

Movement of the fringe pattern against the flow direction
will result in an increase of the frequency of the scattered
light from a particle in a measuring volume by an amount f |
corresponding to an increase in the flow velocity. In other
words, the detected frequency is £~ = £~ + £7, taking into
account the sign of fT. Further clarification is presented

in section 5.4.2 part a).

5.3.3 Optical components

Laser anemometer measurements can be carried out under
conditions which vary considerably. It is thus essential
that the optical system can be adopted to the mode and
configuration most suited for the particular measurement.

The LDA system adopted for the purposes of the present
investigation is LDA mode 8, One-Component Forward Scatter
Differential Doppler Mode with Frequency Shifting as shown
in figure 5.4, produced by DISA ELEKTRONIK group of
companies. The system can facilitate forward scatter flow
measurement in both gases and liquids. A range of different
front lenses are available for the transmitting optics which
enable focal length to be adjusted depending on application.
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The scattered light 1is detected using a photomultiplier
which operates in conjunction with a 55N20 Frequency

Tracker, and 55N10 Frequency Shifter.

5.3.4 Seeding

The particles responsible for the 1light scattering at the
interference fringe ©pattern can be considered as being
actual velocity measures.

Consequently much importance must Dbe attached to the
consideration of such particles 1if laser anemometry is to be
used successfully. The particles should be small enough to
track the flow accurately and yet be large enough to scatter
sufficient 1light for the proper operation of the

photodetector and the special processor.

Particles which are of most interest in laser anemometry are
of a size comparable to the wave length of light (the
Lorenz—-Mie scatter region) and scatter far more 1light in a
forward direction than in a Dbackward direction. This 1is
particularly marked with the ratio of forward to

backscattered light being of the order of 102 to 103.

A more even scatter is produced with smaller ©particles
whilst larger particles are more unpredictable.
Consequently, in general, forward scatter optical
arrangements provide better signal to noise ratios. It also
means that bigger lasers or better optics should be used for
backscatter measurements
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Often the natural concentration of very small particles is
much greater than that of particles in the useful range. 1In
some cases, particularly when measuring in liquids, this
causes an undesirable shot noise level as a result of
incoherent signals from the many small particles.

Whenever possible, therefore, it is wise to control the size
and concentration of the seeding particles Dby means of
filtration and the addition of known seeding particles.
However, it is not essential to seed while using the LDA

system for measurements in water.

5.3.5 Doppler signals

The frequency information relating to the velocity to be
measured is picked up by the photomultiplier and translated
to a current pulse. This photocurrent also contains noise,
the primary source of which is the photodetector shot noise.
This however 1is a fundamental property of the detection
process, the interaction between the optical field and the
photosensitive material being a gquantum process. This
unavoidably impresses a certain amount of fluctuation on the
mean photocurrent and shot noise, as a consequence undesired
light reaching the photodetector this being reflected laser
light or merely ambient light.

The best operation of a laser anemometer is achieved if shot
noise in the signal is the predominant noise source. Such a

performance can only be obtained by proper selection of
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laser power, seeding particle size and optical system
parameters. In addition selection of the minimum bandwidth
needed for measuring the desired velocity range by means of
filters should minimise noise. The qgquality of the signal and
performance of the signal processor are dependent upon the
number of seeding particles which are simultaneously present
in the measuring volume. Should there be an average much
less than one particle present in the measuring volume then
we speak of a "burst type" Doppler signal. If more particles
are present in the measuring volume simultaneously then we
speak of a "multi particle" signal. The current from the
detector is the sum of the current Dbursts from each
individual ©particle within the measuring volume. Since the
particles are located randomly in space then the individual
current contributions are added with random phases. The

resulting Doppler signal envelope and phase thus fluctuate.

5.3.6 Signal processing

The Doppler signal contains the velocity information as a
frequency modulation of the detector current. The signal
processing electronics thus function essentially as a
frequency demodulator. The special character of the signal,
however, demands a very sophisticated frequency detector. 1In
the multi-particle case the signal is quasi continuous, but
the envelope and phase do contain random fluctuations as a
result of the random number and positions of the particles
in the measuring volumes.
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The LDA Tracker is a frequency tracking filter which is able
to lock on the Doppler frequency and continue to track the
instantaneous frequency provided that the internal servo
loop stays locked. The incoming Doppler signal is amplified'’
and filtered by the tracker, with the servo loop implemented
as a phase-locked loop. By means of a phase detector the
phase difference between the Doppler signal and the output
of a voltage controlled oscillator (VCO) 1is detected. After
low-pass filtering, in the loop filter this errop signal
controls the VCO in such a way that the phase difference is
minimised. The high frequency phase noise from the VCO
control input is removed by the loop filter which then
integrates the error signal over a period of the order of a
transit time for a particle through the measuring volume.
Providing the loop remains closed, the VCO frequency is then
a good measure of the Doppler frequency. However, the
correlation between the VCO frequency and the input Doppler
frequency is measured by a special circuit the Lock
Detector. Should the correlation drop below a preset level,
then the locked detector causes the loop to open and the VCO
is held as the last wvalue. Following a preset delay of 500
periods, the VCO start to sweep increasingly large frequency
bands around the last measured Doppler frequency until lock

to the input frequency has been re-established.

Output from the tracker is made available in two analogue

forms, the VCO control voltage and the frequency to voltage
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converter (F/V) output. The F/V output is the more accurate
whilst the VCO control voltage 1is —capable of following

higher frequencies.

The analog presentation of the Doppler frequency is fed out
from the ANALOG OUT connection to the tracker. The detected
input frequency fp is then obtained by connecting to a

digital wvoltmeter from which

analog out Range D

where Range = maximum frequency in selected range in tracker

\Y4 originates in a frequenc oltage
anaiog out 9t * - y/v 9

The tracker is designed for continuous signal detection but
performs well in the case of relatively short drop-out
periods caused by fluctuations in the envelope of the
multi-particle signal. The random phase fluctuations of the
multi-particle signal cause a small noise signal in the
tracker output. This however 1is unavoidable in any frequency
detection system and can be attributed to the random arrival
of scattering particles in the measuring volume. This phase
noise does not 1nfluence mean velocity results although it
does add a certain amount to the RMS value. A
multi-particle signal 1is often found when measuring in
ligquids and under such conditions an LDA system with a

tracker processor enables undistorted measurements of highly
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turbulent flows to Dbe made. Flows in separated regions,
oscillatory motions and reversing flows can also be measured
successfully.

A diagram of the LDA signal processing equipment used in the

present investigation is shown in Fig. 5.6.

The LDA counter is designed to take care of the Dburst type
Doppler signal where a relatively long period without a
signal occurs Dbetween burst. Velocities may change
appreciably between bursts and hence the LDA counter is
neccessarily a wide bandwidth device. In principle the LDA
counter acts simply as a timing device which can be
programmed to measure time between certain events. The LDA
counter systems are most commonly used in situations where
low seeding particle concentrations exist such as in wind

tunnel measurements.

5.3.7 Traversing mechanism

The optical part of the LDA system, comprising the the Laser
Optical Unit and Photomultiplier, was mounted on an optical
bench placed on a precision made traversing table capable of
moving in three coordinate directions. The table allows 12
cm total traverse in a horizontal (r) direction, 20 cm in a
vertical (z) direction and 10 cm in a longitudinal
(perpendicular to r-z plane) direction. The accuracy of

positioning in each direction was 0.5 mm.
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5.4 Experimental Procedure

5.4.1 Initial adjustments

In this section the fundamental steps of initial adjustments
of transmitting optics are described paying special
attention to the aspects related to the practical use of the
Laser Doppler Anemometer. Successful experimental work is
quite often influenced by the way in which the instrument
used for the experiment 1is set. Reliable results may be
obtained if the instrument is set properly, otherwise
considerable errors may arise. Therefore, step Dby step
adjustment of the transmitting optics must be carried out
before using it for the experimental work. For more
detailed information the experimenter is referred to
standard optical textbooks, or the relevant instruction
manuals, but the treatment given here should enable the
experimenter, with some understanding of optics, to
appreciate the design and the limitations of the LDA

instruments.

The initial adjustments involve the adjustment of the Laser
light beam on its way into its measuring volume, and the

determination of calibration factor C which 1is a function of

the Laser wave length [ A- ) and the angle of the beam

intersection (0%

-79-



Firstly, with the transmitting optic consisting of the Laser
Adaptor, Beam Splitter, Bragg Cell Section, Beam Displacer
and Beam Translator as shown in Fig. 5.4, the adjustments
are performed according to the following sequence;

(1) The transmitting optics is mounted on the optical
bench, and then the laser is switched on. The Bragg Cell
section 1is connected to its power supply and the frequency
of the Laser beam is shifted.

(2) The light beams are positioned properly on the prisms,
by making adjustments through small ports located on the
Beam Splitter, the Bragg Cell section and the Beam
Displacer. The best position is indicated by the brightest
image on the screen (a wide screen made of paper is mounted
at the front of the system). Adjustments are made by using
an Allen key.

(3) In order to ensure that the laser beam is parallel to
the top of the optical Dbench the following procedure is
used. The Beam Expander 1is screwed on the transmitting
optics and a special high quality mirror is placed in front
of the optics. The reflection from the mirror is aimed back

to the Beam Expander. The error in the positions of the

\

reflected and transmitted beams is noted. 50 % of the error
is taken out by adjusting small ports on the Beam
Translator. The remaining error is taken out by adjusting
the screws which are available at the back of the mirror.

The transmitting optics is then rotated through 180° and
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again the error is corrected in the same way as before until
the error disappeared. This can be achieved with 3 to 4

repeated trials.

Secondly, the selected front lens, which in this case has a
focal length of 600 mm is screwed on to the Beam Expander.
The intersection of the two Laser light beams is checked by
placing the test objective lens at the intersection of the
two beams. This is done by sliding the test objective lens
forward and Dbackward along the axis of the transmitting
optic until the images of the two beams are superpositioned,
forming a single 1image on the screen. If a single image
cannot be found, it means that the beams do not intersect
properly. By making adjustments through ports in the Beam
Translator, the beams can be can be made to intersect in
such a way so that when the images on the screen are
superpositioned, the size of the combined image is the same

as the size of the individual beam image.

The initial adjustments described above must be made Dbefore
any experimental measurements are carried out. Better
adjustments may be achieved when the screen 1is Dbigger and
mounted further away from the transmitting optics. This is
because the images of the beams are bigger. However a longer

optical bench and a bigger working space are required.

In determining the factor of calibration C, a big screen 1is

located far in front of the transmitting optics. By
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measuring the distance between the two images on the screen
and the distance from the intersection point and the screen,
the angle of intersection of the Laser light beams can be

determined from the relation

$ = 2 arc
where
" = angle of the beams intersection
B = distance between the two images on the screen
L. = distance between the intersection point and the
screen

For example in one case,

L = 515.50 cm

B = 62.0 cm
giving
b= 2 ‘ 62.0/2
T ¢ arc tan 515 5p
= 6.8828°
The calibration factor (C) 1s defined as ; Cc = ——é'

| n -
2 sin'0-/2
where A is the Laser wave length (A = 632.8x10 9m). Thus

632.8x10 9

5.27090x10-6m/s/Hz

0.527 cm/s/KHz (for 600 mm front lens)
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L and B were measured to an accuracy of 0.5% and 1%. When L
and B were changed by 0.5% and 1% respectively, it was found

that C changed by only 0.056%.

For the 310 mm front lens,

L = 329.5 cm
B = 78.0 cm
giving
‘ 78.0/2
« - 2 arc tan 8.0/
= 13.500379°
632.8x10 9
C 9 13.500°
2 Sln —-—-2-—-
and
C = 2.69183 x10 9m/s/Hz

0.269 cm/s/KHz

5.4.2 Test and measurements
a). Accuracy test of the LDA

The magnitude and direction of the fringe movement was
specified Dby the frequency shift introduced in conjunction

with the given alignment of the fringe pattern.
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When particles pass through the fringe ©pattern (measuring
volume), the detector measures the sum of the shifted
frequency due to the fringe movement and the Doppler

frequency

It was noted that the the frequency shift used during the
experimental run was 60 KHz, while the detected input
frequency f” was then obtained by connecting the analog out
from the tracker to a digital voltmeter, from which

Range x Vanalog out

D % 10

The detected frequency fU is the sum of fo and fl' where fS
is the frequency shift introduced into the system and fT is

the actual frequency of the particle movement which is to be

measured.
fD = fS + f?
2 sin-e-/2 ,,
where -
T X

With the selected setting of the digital voltmeter and the
selected frequency shift (= 60 KHz), the accuracy of the
digital voltmeter reading was tested by using the LDA in
still water. It can be seen from Fig. 5.8 that the average
reading of the DC is 6.047 Volts while the average reading
of the RMS is 0.436 Volts. These two values are then used as

a reference for further data analysis.
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As it can "be seen in Fig. 5.8, that the test 1s considered
to have a high degree of accuracy because within 465.5
seconds, the 146 DC readings gave the mean value of 6.047.

The distribution of the 146 DC readings showed a tendency

for normal distribution; with 100% were within 5%, as well
as the 108 RMS readings where 80% were within 5%. It was

then decided that readings of the DC or RMS would always Dbe
taken 20 times and the average value was then obtained.
Occasionally, it was also found during the experimental run
that the distribution of some DC and RMS readings, at a
certain flow and location, were showing a tendency for
normal distribution with 100% DC readings were within 5%,

and 97-100% RMS readings were within 5%.

In still water, fT = 0, hence, fT;?Sgi = (100000 x 6.047)/10
= 60. 47 KHz « 60.00 KHz, slightly different with the shift

introduced by the frequency shifter.

When water is flowing with a certain velocity and direction,
for example, the average reading of DC from this particular

situation shows 5.850 Volts, therefore, the actual flow is

(5.850 - 6.047) = -0.197 Volts.
R x V
A\Y 10
100000 x (-0.197)
10
fT = -1.97 KHz (f£T<0)
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When fT < 0, < fg, the direction of the flow is the same
as the direction of the fringe movement.
When f1 > 0, fI:;<£>’ the direction of the flow is against

the direction of the fringe movement (see Fig. 5.7).
b). Mean and fluctuating velocity measurements

The mean and fluctuating velocity measurements were made
either in the straight portion or at the ©bend of the
channel. The locations of the cross-sections in the U-shaped
channel are shown in Fig. 5.1 while in the S-shaped channel
are as shown in Fig. 5.2. The grid framework of the
measurement points in the cross-section of the channel is

shown in Fig. 5.9.

For tangential velocity measurement, the optical bench was
mounted on the traversing gear which is able to move in
three coordinate directions. The optical bench axis was
placed below the channel and maintained perpendicular to the
direction of the main flow in such a way that the
intersecting beams could be directed to the desired location
in the channel where the characteristics of the flow are to
be investigated. The axis of the transmitting optics is
maintained perpendicular to the longitudinal axis of the
channel so that the tangential or forward velocity can be
measured

The mean and fluctuating velocities were measured
accordingly by adjusting the DC and RMS button at the front
panel of the digital voltmeter.
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Initially, a 310 mm front lens was used as this was more
convenient due to the limited space available around the
channel. Later, a 600 mm front transmitting 1lens in
conjunction with a 300 mm focal length photomultiplier lens

was used during the experimental work. However at the

for different runs to measure the forward velocity), and U-2
for one particular run to measure the vertical and
tangential components o0of velocity, the 310 mm front
transmitting lens in conjunction with the 300 mm focal
length photomultiplier lens was used. Consequently, for the
first combination mentioned above, the calibration factor C
was 0.269 cm/s/KHz, and for the second combination,

calibration factor C was 0.527 cm/s/KHz.

The measurements of the mean and fluctuating vertical
velocity components were carried out by rotating the optics
through 90°. To minimise the time taken, both the mean and
the fluctuating components in the tangential and vertical
directions were measured at the same time at one measurement
point. The procedure was adopted at the next measurement
point. Details of this procedure are illustrated in section

5.4.2 d.

The mean and fluctuating radial velocity component
measurements were always made after the measurement of the

tangential and vertical velocity component characteristics
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had Dbeen made over the whole measurement points in the grid
framework of each cross-section

As it can be seen in Plate 52, a specially designed mirror
was placed on the optical bench in front of the optic so
that the incoming beams could be reflected upwards to enable
the radial velocity component to be measured. The optical
bench was in the same position as before, when it was used
to measure the characteristics of tangential and vertical
velocity components. This meant it was unnecessary to make

any level adjustment to the traversing gear position.

c). Reynolds stresses measurement

This section gives the detailed procedure for the
measurement of Reynolds stresses (v'w'”? and (v'u' .

From the original position the optical unit is rotated to

plus and minus 45° to be able to measure the Reynolds stress

v'w' . Denoting RMS values by and (T-, respectively, we
have v'w' = /2 (%2 - (/-)

at +45° . yw = (v + w' | (V + w' ) (5.1)

at =45° . yw = (v + v')(w - w') (5.2)

(5.1) vw = vw +v'w + vw' + v'w'

time averaging,

vw = vw + v'w + vw + viwl
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VW = VW + V™w (5.1.a)

Similarly, the Reynold shear”stress formed by the tangential
and radial wvelocity fluctuations (v'u"y), is measured by

rotating the optical unit to plus and minus 45° with respect

to its original position.
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d). Measurement procedure

This section describes the measurement procedure which is
essential for the experimental work in order to optimize the
time consumption, especially at the bend part of the
channel.

The measurements were always made according to the

sequential number of cross-sections as shown in Fig. 5.9.

Measurement of vertical and tangential velocities

Firstly, at one particular point, the mean tangential
velocity (DC) with its corresponding fluctuation (RMS) was

measured. The optical unit was then rotated through 45° and

the fluctuation (RMS) was again measured. The optical unit
was again rotated through 90° in order to measure the mean
vertical wvelocity (DC) component and its corresponding
fluctuation (RMS) value. Finally, the optical unit was
rotated through 135° and the fluctuation (RMS) was measured.
These measurements at one particular point give the wvalues
of and the v'w',. The same procedure was
followed accordingly for all other measurement points

throughout the grid framework.

Measurement of radial wvelocities

The next observation was the measurement of the mean radial
velocity component with its corresponding fluctuation and

the Reynolds stress formed by tangential and radial velocity
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fluctuations. A specially designed reflecting mirror was
placed at the front of the transmitting optics. For this
particular situation the photomultiplier was mounted above
the channel to enable it to pick up the intersection beam in
the flow. The procedure was then repeated, starting from
measuring point no. 1 in the grid framework employed in the

previous case.

The optical unit was rotated through plus 45° and the beams
reflected by the mirror were rotated through plus 45° with
respect to radial traverses in the flow. Then the RMS value
was measured. The optical unit was rotated through plus 90°
for the measurement of mean and fluctuation of radial
velocity component. Finally, the optical unit was rotated
through 135° and the RMS value was measured. These

measurements at one particular point gave the wvalues of u,

\/u' , and v'u'.

It must be noted here that due to difficulties in
maintaining the axis of the optical bench perpendicular to
the main flow direction, or perhaps due to slight
imperfection of the channel itself, the lens mounted on the
P.M. section and the pin hole of the photomultiplier had to
be adjusted after every rotation of the transmitting optics.
In some situations however, it was impossible to measure the
vertical and radial velocity components according to the
grids in the cross-section, particularly near the bottom and

at the water surface. This was because one of the incoming
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beams was out of alignment on its way to the measuring
volume. The results obtained at wvarious cross-sections for

three different runs are discussed in Chapter 6.

e). Secondary flow pattern as observed by

photographic technique

The pattern of secondary flow at some cross-sections of the
U-shaped and S-shaped channels was observed by photographing
the flow by introducing suitable particles.

The particles needed to be of sufficiently small size and
representative of the fluid flow itself whilst moving with
it. Furthermore the particles needed to be of a density
which enabled them to remain suspended within the fluid for
a long period. Finally the particles needed to be able to
reflect 1light so that they can be tracked in the flow by
photographing them. For the purpose of this investigation,
use was therefore made of particles formed from fine filed

perspex.

Having obtained suitable particles, the desired flow
conditions could be chosen and the particles were introduced
into the flow. initially it was considered that the
particles could Dbe introduced directly into the flow as
loose powder. It was found, however, that the ground perspex
tended to float on the water surface.

The problem was eventually solved by mixing the particles

with some water in a bottle prior to introducing them into
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the flow. The mixture of particles and water was then
introduced into the flow at about 0.5 m upstream from the
observation section.

In order to avoid the refractive paths of the 1light caused
by the channel curvature effect, the curved channel was
enclosed with a specially designed perpex box (see plate
5.1), and the box was filled with water, 1in such a way that
the cross-sectional view of the observation section could be
clearly seen.

The section under observation was illuminated through a 6 mm
slit fixed across the top of the channel. The photographs
were then taken using a zoom lens having a focal length of
2000 mm and a 27.5 mm extension tube. The distance between
the front lens and the illuminated cross-section 1is about

610 mm.
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Fig. 5.4 One-component forward scatter differential

Doppler mode with frequency shifting

Fig 5.5 Description of frequency shifting as a

movement of the fringes
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Fig.

Fig.

5.

6

Diagram of LDA signal processing equipments

fs =-60kHz fs = + 60 kHz

direction of flow
\"/ |

fD <fs fD > fs

n wW

direction of
moving fringes

5.7 Identification of flow direction by
appointing the sign convention of the

fringe movement direction
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CHAPTER 6

EXPERIMENTAL RESULTS AND DISCUSSION

6.1 General Introduction

Experimental results concerning the wvelocity distribution,
boundary shear stress along the wetted perimeter, the
Reynolds shear stress and the instability of flow (secondary
flow) are ©presented. It 1is found that there is a close
agreement between experimental results and theoretical
analysis described in Chapter 2 for the forward velocity
distribution and in Chapter 4 for the secondary flow

pattern.

As mentioned earlier in Chapter 5, the experiments were
conducted with three different flow rates in the present
investigation in order to cover a wide range of flow
conditions. It should be noted however, that for each flow
rate a uniform depth of flow is maintained in a channel of
constant width. Therefore, only the aspect ratio was varied
in both U-shaped channel and S-shaped channel. No attempt
was made to vary either the channel width or the channel

curvature,

The raw data taken from the various readings of the
experimental work on U-shaped channel are presented in

Tables 6.1 to 6.12, while those on S-shaped channel are
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presented in Tables 6.13 to 6.36. Using the data presented
in Tables 6.1 to 6.36, the wvelocity and the turbulence
intensity distributions in three coordinate directions, the
boundary shear stresses, the Reynolds shear stresses and the
secondary flows were <calculated. The tangential, vertical
and radial velocity distributions are tabulated in Tables
6.1.a to 6.36.a, the corresponding intensity of turbulence
are tabulated in Tables 6.1.b to 6.36.b, the Reynolds shear
Stresses are tabulated in Tables 6.1.c to 6.24.c. The
results are presented in the graphs shown in Figs. 6.1 to

6.155.

On each graph the particulars relating to the flow are shown
separately by specifying the discharge, channel width,

uniform depth of flow and the mean velocity over the

cross—section (i.e. discharge divided Dby cross-sectional
area)
In most presentations of results, a non-dimensional

presentation is preferable to any other as this will clearly
show the comparison with a certain wvalue which is considered
to Dbe the reference value. The reference value can be the
maximum value or the average value of the experimental
results. For this reason, the results are normalised by
referring to the mean velocity over the cross-section in
case of the mean and fluctuation velocity distributions, and

referring to the average wvalue of shear stress (obtained

-104-



from the experimental results) while referring to the

boundary shear stress distribution. Especially for the
secondary flows, the results are presented in particular
magnitude (cm/s) and direction (indicated by arrows). And of
course, due to the smallness of their wvalues, the length

scale was introduced to enable the secondary flows to Dbe
read clearly.

The average values of the shear stress over each Dboundary,
(i.e., the boundary along the inner wall of the channel,
along the bottom of the channel and along the outer wall of
the channel) were obtained by integrating the results over

each boundary.

6.2 Velocity Distribution

Velocity measurements have been carried out by some previous
workers on different grid frameworks of the measuring
stations (location of measurements). For instance, Asfari
(1966) measured the velocity nearest to the boundary at 5 cm
from the wall and 10 cm from the bottom. Keerthisena (1983)
measured the velocity nearest to the boundary at 5 cm from

the wall and 1 cm from the bottom.

In the present investigation the velocity field is mapped in
more detail. The author measured the velocity nearest to
the boundary at 0.5 cm from the wall and 0.2 cm from the

bottom with an accuracy of 0.5 mm.
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6.2.1 Tangential velocity distributions and the intensities

of turbulence

Measurement of local mean tangential velocities and the
corresponding fluctuation velocities was carried out in the
manner described in Chapter 5. The results are presented in
Figs. 6.1 to 6.12 for the U-shaped channel and in Figs. 6.13

to 6.36 for the S-shaped channel.

a). The U-shaped channel

Figs. 6.1 to 6.3 <clearly indicate that the non-uniform
distribution of the local mean tangential wvelocity across
the width is not symmetric to the longitudinal axis of the
flow 1in a straight channel. A  typical feature of the
velocity distributions is that the wvelocities were smaller
in the region near the centre-line of the stream than in the
region near the walls, and this occurred for almost every
depth of flow at the measuring stations in the cross-section

of the channel.

The ratios of u/Um range from 0.4 to 1.25 for the wvalue of

= 0.08 to 0.900 with the aspect ratio B/h of 6.00 (run
no.l). The range of these ratios become smaller at the
smaller aspect ratio, i.e., from 0.4 to 1.05 for the wvalue
of = 0.044 to 0.911 with the aspect ratio of 3.33 (run
no.2), and from 0.6 to 1.05 for the wvalue of y = 0.033 to

0.933 with the aspect ratio of 2.50 (run no.3).
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The maximum local mean velocity at a particular point is not
always near the surface, especially at the region near the
wall the wvalue of ranging from 0.4 - 0.6 has the maximum
value of u/Um of about 0.8 to 1.1. Thus, at the region near
the wall the vertical distribution of tangential velocities
did not follow either the Prandtl's mixing length theory or
the Power law theory

The distribution of turbulence intensity seems to be
dependent on the value of the Reynolds number In
Fig 6.1.b, with the Reynolds number of 833 (which is
considered to be a low turbulent flow), the turbulence
intensities vary from 0.01 to 0.08 times the mean velocity

Figs. 6.2.b and 6.3.b show the decrease of the intensities
to 0.05 times the mean velocity for the Reynolds number of

2083 and 3086 respectively

In section U-2, for the angle of turning (0-) = 45°, due to

the presence of the centrifugal force, the local mean
velocity across the width 1is redistributed as shown in
Fig. 6.4. Generally at the outer half of the bend the
velocity is greater than at the inner half. The effect 1is
more significant in the upper layers than in the lower
layers of the cross-section. The range of the local mean
velocity is about 0.4 to 1.15 near the centre-line region of
the stream, 0.2 to 0.7 near the inner side of the bend and
0.4 to 1.3 at the outer side of the bend as can be seen in

Fig. ©6.4.a. When the aspect ratio decreases, (as shown in
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Figs. 6.5.a and 6.6.a), the presence of the centrifugal
force becomes less influential to the development of the
flow and it has the tendency of having the greater velocity
at the outer half of the bend only in the upper layers of
the stream. The turbulence intensity distribution became
more irregular with increased value of about 15% of the mean
velocity 1in the range of Re = 833 to 2083, to about 8% of

the mean velocity for Re = 3086.

When the flow negotiated 135° of the curved channel, at

section U-3 (Figs. 6.7 to 6.9), the distribution of the
local mean tangential velocity was very much more developed
compared to that at section U-2. Near the top layers
(Fig. 6.7.a), shows that the local mean tangential
velocities at the inner half of the bend wvaried from 0.3 to
0.5; in the centre-line region from 1.1 to 1.2; and at the
outer half of the bend from 1.3 to 1.4 times the mean
velocity. Figs. 6.8.a and 6.9.a reveal that at the 1lower
aspect ratio, the distribution of the tangential velocity
brought about by the effect of the channel curvature is
weaker. From Figs. 6.7.b, 6.8.b and 6.9.b, one can observe
that the turbulence intensities at section U-3 are generally

slightly less compared to those at section U-2.

Considering the experimental results at section U-4
downstream of the Dbend, it can be seen from Figs. 6.10.a,

6.11.a, and 6.12.a that the tangential velocities in the
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outer half are still greater than those in the inner half of
the bend similar to section U-3. This clearly indicates the
presence of the residual effect of the strong secondary
flows induced in the bend being carried into the straight
portion of the channel and the same persists for a
considerable length of the straight channel downstream of
the bend

The turbulence intensities seemed to increase considerably,
especially in run no.l at section U-4 (Fig. 6.10.b), where
the turbulence intensity at measuring station 13 reached 20%

of the mean velocity.

b). The S-shaped channel

The patterns of the tangential velocity distribution across
the width of the S-shaped channel are presented in Fig. 6.13
to 6.36. Sections S-1, S-2 and S-3 actually had the same
location as sections U-1, U-2 and U-3 of the U-shaped
channel. Hence, theoretically, with the same flow rate, the
pattern of the velocity field at sections S-1, S-2 and S-3
should be the same as that at sections U-1, U-2 and U-3 of
the U-shaped channel. In terms of local mean tangential
velocity, 1t can be seen from Figs. 6.13.3a, 6.14.a and
6.15.a that the wvelocity distributions across the width have
more or less similar patterns and magnitudes as those shown
in Figs. 6.1 to 6.9. However, there exist some discrepancies
which are generally less than 5% and presumably they are due
to a small variation of the flow rate.
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In section S-4, where the flow had negotiated 167.2° of the

curved channel, the distribution of the tangential velocity
component became very significant as the flow was aproaching
the fully developed phase. The greater velocities occurred
in the flow with the highest aspect ratio of 6 (Fig.6.21.a),
where the local mean velocities ranged from 0.4 to 0.75 at
the inner half of the bend and from 0.7 to 1.49 at the outer
half of the bend. Comparing Figs. 6.22 and 6.23 with the
aspect ratio of 3.33 and 2.5 respectively, the distribution
became less significant when the local mean velocities
ranged from 0.5 to 0.80 at the inner half of the Dbend and
from 0.7 to 1.22 at the outer half of the bend.

The turbulence 1intensities at section S-4 increased
considerably in the three flow rates, up to 15% of the mean
velocity at Re = 833, 12% at Re = 2083 and 11% at Re

= 3086.

In a position symmetrical to section S-4, investigation was
carried out at section S-5. The results are presented in
Figs. 6.25 to 6.27. It can be observed that on the way to
the crossover region, the distribution of the local mean
tangential velocity was still developing. As a result, after
the centrifugal force changed to the opposite direction, the
development of secondary flow in the upstream bend also
influenced the development of secondary flow at section S-5.
This has produced the local mean velocities at the inner

half of the bend from 0.6 to 1.6 times the mean velocity and
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at the outer half of the bend from 0.1 to 0.7 times the mean

velocity (see Fig. 6.25.a).

Considering the experimental results at section S-6, where
the flow negotiated 45° of the second curved channel, the
distribution of local mean tangential velocity across the
width were generally still greater at the inner half of the
bend than at the outer half of the bend, but the strength of
the non-symmetry was less compared to that at section S-5.
Surprisingly, at the higher aspect ratio (Fig .6.28.a), the
process of the translocation of the distribution with the
greater at the inner half than that at the outer half of the
bend was faster at the lower aspect ratio (Figs. 6.29.a and
6.30.a)

The tangential turbulence intensity distributions at section
S-6 (Figs. 6.28.b, 6.29.b and 6.30.b) vary from 10-20%,
8-12% and 6-10% with the corresponding aspect ratio of ¢,
3.33 and 2.5 respectively, while in general, the turbulence
intensities at the inner half of the bend are lower than

those at the outer half of the bend.

At the bend of the S-shaped channel at section $S-7, where
the flow had already negotiated approximately 160.70° of the
downstream bend, the distribution of local mean tangential
velocities showed greater wvalues at the outer half than at
the inner half of the bend. When comparing the experimental

results at section S-7 and section S-4, [section S-4 has
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nearly the same radius of turning as the upstream Dbend
(approximately 167.20°)], one can observe that the pattern
of the distribution of local mean tangential velocity at
section S-7 has deviated considerably. It can be concluded
that the centrifugal force in section S-7 was not strong
enough to eliminate the residual effect of secondary current
induced in the upstream bend. Therefore, the strength of the
non-symmetry of the distributions at section S-7 is
generally less pronounced than that at section S-4. The
same argument can be substantiated by comparing the results

plotted in sections S-8 and U-4.

There is no difference in the patterns of turbulence

intensity shown at sections S-7 and S-6.

The experimental results at section S-8 plotted in
Figs. 6.34, 6.35 and 6.36 indicate the presence of the
residual effect of the strong secondary flows induced in the
upstream bend being carried into the straight portion of the
channel and the same persists for a considerable distance
into the straight channel downstream of the bend, showing
greater velocities at the outer half of the bend than at the
inner half.

The tangential intensity of turbulence at section S-8
(Figs. 6.34.b, 6.35.b and ©6.36.b) shows that wvalues of
2-10%, 2-6% and 2-6% for the corresponding aspect ratio of
6, 3.33 and 2.50 are generally smaller than in the upstream
sections
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From the wvarious experimental results discussed above, in
general, the pattern of the local mean tangential velocity
distribution across the width wvaries directly with the wvalue
of the aspect ratio (B/h) as well as the Reynolds
number (Re). However, it is difficult to distinguish which
one of these two factors  has the more influence on the
development of the local mean tangential velocity
distribution across the width.

The tangential velocity distributions across the width of a
channel «closely agree with the results obtained by the
solution of an equation proposed by Kochenikov (19406) and
also Ali (1964) for the forced vortex. Figs. (6.1.a), (6.2.3a)
and (6.3.a) indicate that at the entry of the Dbend the flow
does not appear symmetrically about the longitudinal axis of
the channel. And then Figs. (6.4.a) to (6.12.a) indicate that
at the Dbend of the channel the secondary circulation
develops and breaks down the free vortex, providing the

maximum velocity near the outer bank.

An approximate solution in the case of three dimensional
flow suggests that due to the secondary flow components, the
fluid particles travelling along the bend suffer vertical as
well as radial displacements. Owing to these displacements,
an exchange of momentum between separate currents takes
place, and this alters the distribution of forward velocity
around the bend. Unless the bend is very 1long, which is

rarely the case in practice, no stable state of flow in
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curved channels, where it is Jjustifiable to put — = 0, is
maintained anywhere around the bend. Such an assumption is
only made as a first step to an approximate solution.

The experimental results at the outer half gave speeds
generally from 1.2 to 1.5 faster than the theoretical
results, thus confirming the findings obtained by Rozovskii
(1957). At the inner half of the channel the velocities were
0.6 to 0.8 slower than those obtained in the theoretical
results

Empirically, by introducing the factor F as a function of
angle of turning, the radius of turning and the average

depth of flow at a given cross-section in the form

(which wvaries from 0 - 360°)
and substituting into the Eqg. (2.23.a), a closer agreement
is obtained between the results obtained from the

experiments and the results obtained from the above modified
Eg. (2.23.a). The theoretical and experimental values at

several cross-sections are presented in Fig. 6.37.

Another feature that may be seen from the experimental
results shown in Figs. 6.1 to 6.36 is the wvertical

distribution of the tangential velocity in the centre-line
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of the eight cross-sections o0of the S-shaped channel. The
distributions tend to follow Prandtl's logarithmic theory
especially in runs no.2 and 3. The results plotted in
Fig. 6.38, indicate that the assumption of the wvertical
distribution of tangential velocity following the
logarithmic law (Eq. (2.4)) can Dbe used in solving the

equation of motion at a bend in a rectangular open chanel.

6.2.2 Vertical velocity distributions and the intensities of

turbulence

Measurements of the vertical wvelocity component were not
carried out at all frameworks on the grids. The results of
local mean vertical velocities with the corresponding
turbulence 1intensity measurements are plotted in Figs. 6.39
to 6.43 for the U-shaped channel, and Figs. 6.44 to 6.61 for

the S-shaped channel for the three different flow rates.

a). The U-shaped channel

The existence of the vertical velocity components in curved
channel flow when the flow has negotiated 45° of the
U-shaped channel is shown in Figs. 6.39.ga, 6.40.a and
6.41.a. A general situation can be observed in Fig. 6.39.a
where at the inner half of the bend the flow moves upwards,
while at the outer half of the Dbend the flow moves
downwards. The magnitude is of the order of 5% of the mean

velocity. However, an amazing feature occurred in runs no.2
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and 3, in which only a small part of the right side of the
bend showed a downward movement of flow. The magnitude of
the local mean vertical velocity in run no.2 (Fig. 6.40.a)
varied from 3-4% of the mean velocity at the inner half of
the bend (with upward motion), 8-10% of the mean velocity in
the centre-line region (with upward motion) and 1-2% of the
mean velocity at the outer half of the bend (with downward
motion) . In run no.3 (Fig. ©6.41.a), the magnitudes varied
5-12%,10-20% and 2-6% of the mean velocity at the inner half
of the Dbend (with upward motion), near the centre-line
region (with upward motion) and at the outer half of the

bend (with downward motion) respectively.

The turbulence intensities at this particular cross-section
varied from 1-7% of the mean wvelocity for the three
different runs. In general, the further up the layer, the
higher the turbulence intensities, except in run no.l where
the lowest layer has the highest turbulence intensity with a

magnitude of 9% of the mean velocity.

The local mean vertical velocities with the corresponding
turbulence intensities in section U-3 (when the flow had
negotiated 135° of +the U-shaped channel) are shown in
Figs. 6.42 to 6.44. In general, the magnitudes are much

smaller compared to those in section U-2, and of the order

of 0-2%, 0-8% and 0-9% of the mean velocity for runs no.l,
no.2 and no.3 respectively. A special feature can Dbe
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observed from Figs. 6.43.a and 6.44.a that the vertical
velocity 1is upwards at the inner side of the bend and at the
outer side of the Dbend, while in the region near the
centre-line the flow moves downwards. This indicates that
there 1is a two-cell ©pattern of secondary flow in section
U-3 .

Having observed the turbulence intensity results at section
U-3, the magnitudes are also generally smaller compared to
those at section U-2, and they are of the order of 0.5-4% of
the mean velocity. The higher values are not always found in

the upper layer.

). The S-shaped channel

In the S-shaped channel, at section S-2, where the flow had
negotiated 45° downstream of bend forming the S-shaped
channel, a single-cell pattern was formed in the three runs
(see Figs. 6.45.a, 6.46.a and 6.47.a). The results of the
local mean vertical velocity in run no.l are much smaller

than those in runs no.2 and no.3 with magnitudes in the

order of 0-5%, 0-10% and 0-15% of the mean velocity
respectively

The turbulence intensity at section S-2 in run no.l
(Fig. 6.45.Db) shows considerably high wvariation of 12% in
the upper layer where = 0.6. With a higher flow rate, the

turbulence intensity tends to be smaller, as seen in Figs.
4.46.b and 6.47.b which wvaried from 0-4% of the mean

velocity.
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Having observed the experimental results obtained in
sections S-3 and S-4, when the flow had negotiated 135° and

167.2° respectively in the upstream portion of the S-shaped

channel™ can be concluded that a two cell pattern of
secondary flow generally dominates the situation, with the
local mean vertical velocity components of the order of 0-8%
of the mean velocity at both sections.

The turbulence intensity in section S-3 has more or less the
same magnitude as that in section S-2. In section S-4, which
is the cross-over region, the turbulence intensity increased
considerably over the three —runs, with magnitudes in the
order of 0-12%, 0-7% and 0-7.5% for runs no.l, no.2 and no.3

respectively

When the flow entered the downstream bend of the S—-shaped
channel, the strength of the secondary flow from the
upstream bend was introduced into the downstream bend. As a
result, at section S-5 the secondary flow appeared with
vertical velocities at the inner side of the bend which were
moving downwards, whilst at the outer side of the bend they
were moving upwards (see Fig. 6.54.a). A two-cell pattern
also appeared at this section during runs no.2 and no.3 (see
Figs. 6.55.a and 6.56.a), but the direction had changed
compared to that at section S-4. The magnitudes of the local
mean vertical velocity components are more or less the same
us those at section S-4, i.e. 1in the order of 0-8% of the

mean velocity.
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The turbulence intensities in this section are very high,
and they are of 4-13%, 1-8% and 1-6.5% of the mean velocity
for runs no.l, no.2 and no.3 respectively, it 1is clear that
in the section near the <crossover region the turbulence
intensity or the fluctuation velocity becomes very high,
especially at the higher aspect ratio. It should be noted
that section S-5 has an angle of turning of 12.80° of the
downstream bend of the S-shaped channel, symmetrical to the

crossover region with section S-4 in the upstream bend.

In section S-6 (Figs. 6.57.a, 6.58.a, and 6.59.a), where the
strength of the secondary flow introduced from the upstream
to the downstream bend was less, in general, the cellular
pattern remained the same as in section S-5, but in terms of
the magnitudes, the values generally decreased.
Surprisingly, the distributions of turbulence intensity in
this section remained high during the three different runs,

as well as in the section near the crossover region.

Finally, at section S-7, where the flow had negotiated
160.70° of the downstream bend, the cellular pattern was no
longer affected by the strength of the secondary flow
produced by the upstream bend As a result, the upward
velocity at the inner side of the bend and the downward
velocity at the outer side of the bend occurred again (see
Figs 6.60.a, 6.6l.a and 6.62.a). The magnitudes of the

local mean vertical velocity component varied from 0-10%,
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0-5% and 0-5% of the mean velocity in runs no.l, no.2 and
no.3 respectively. Only run no.l had a high turbulence
intensity of 1-12%, whilst runs no.2 and no.3 had a

turbulence intensity of 2-8% of the mean velocity.

From the above discussion of the experimental results, one
can conclude that the vertical velocity distribution across
the width 1is not always symmetrical and that the cellular
pattern is not always of single-cell form.

In this investigation, the wvalues of local mean vertical
velocity components generally wvaried from 1-10% and the
vertical velocity fluctuation (vertical turbulence
intensity) also varied from 1-10%. The breaking down of the
strength of the secondary flow induced by the upstream bend

took place just after the flow has negotiated 45° of the

downstream bend.

6.2.3 Radial velocity distributions and the intensities of

turbulence

The results of the local mean radial velocity component
measurement of the U-shaped channel are presented in
Figs. 6.63 to 6.68, and of the S-shaped channel are
presented in Figs. 6.69 to 6.86. The positive flows indicate
the outward motion and the negative flow indicate the inward

motion.
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a) The U-shaped channel

Due to the centripetal acceleration the water particles in a
vertical experience the same radial pressure gradient. The
centripetal acceleration required to keep the particles
following in a circular path, however, 1is greater near the
surface than near the bottom due to the non-uniform velocity
distribution. Theoretically, therefore, near the surface the
water particles tend to move outwards, while near the bottom
they tend to move inwards. The experimental results shown
in Figs. 6.63 to 6.68 for the U-shaped channel Ggenerally
agree with the behaviour of the secondary flow, as described
above. The magnitudes of the local mean radial velocity
component varied from 0-15% of the mean velocity with a
greater radial velocity at the region near the centre-line
than in the region away from it. The irregqularity of the
distribution of local mean radial velocity in a <certain
layer which has some ©positive wvalues and some negative
values, indicates the presence of a non single cell ©pattern

of secondary flow.

o°

In general, the turbulence intensities wvaried from 0-5 of
the mean wvelocity, except in section U-2 for runs no.l and
no.2 (Figs. 6.63.b and 6.64.b). At some frameworks on the

grids the turbulence intensities increased to 17% of the

mean velocity.
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Comparing the experimental results at section U-2 and S-2
where the flow had negotiated 45° of the U-shaped channel
and the upstream bend of the S-shaped channel, the patterns
of the local mean radial velocity distribution were more or
less the same in both sections, with the flow moving inwards
near the bottom and outwards near the surface. In terms of
magnitudes, there were some deviations but these were
considered to Dbe minimal (see Figs. 6.63.a, 6.64.a and
6.65.a for section U-2, and Figs. 6.69.a, 6.70.a and 6.71l.a
for section S-2).

The distributions of radial turbulence intensity in section
S-2 are indeed very irregular across the channel width, and

the magnitudes wvaried from 2 to 15% of the mean velocity.

At sections S-3 and S-4, where the flow had negotiated 135°
and 167.20° respectively of the upstream bend of the
S—-shaped channel, despite some deviations, the major feature
persists, i.e. the presence of the non single cell pattern
is more obvious. Comparing the magnitudes of local mean
radial wvelocity at sections S-3 and S-4 with those at
sections S-2, in general, sections S-3 and S-4 had smaller

values than those 1in section S-2.

At the cross-sections in the downstream bend portion of the
S-shaped channel, i.e. in sections S-5, S-6 and S-7, the
distribution of radial velocity across the channel width was

very complex. As the flow passed the crossover region, the
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centripetal acceleration changed in direction and attempted
to cause the water particles to move inwards near the bottom
and to move outwards near the surface. At the same time, the
influence of the secondary flow resulting from the upstream
bend, also contributed to the development of the radial
velocity component at sections S-5, S-6 and S-7. As a
result, the water particles near the bottom still tend to
move outwards while those near the surface tend to move

inwards. In section S-5 (Figs. 6.78.a, 6.79.a and 6.80.a),

surprisingly, the radial wvelocity distributions did not
follow the above pattern. Even 1in the layers near the
bottom, the water particles tended to move inwards as well

as 1in the layers near the surface, and only in a very small
region near the outer wall did the water particles move
outwards. Furthermore, the complexity of the local mean
radial velocities increased as the flow negotiated 45° of
the downstream bend portion of the S-shaped channel, 1i.e. at
section S-6. It can Dbe observed that the water particles
moved outwards at almost every position on the grid of the
cross—-section. By comparing these results to those in
section S-5, 1t can be concluded that from the cross-section
after the crossover region up to the cross-section where the
flow had negotiated to 45° of the downstream bend portion of
the S-shaped channel, there 1is a gradual transfer of lateral
momentum direction. As a result, 1in this particular region

the radial and vertical flows change direction.
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Finally, at section S-7, where the flow had negotiated
160.70° of the downstream bend portion of the S-shaped
channel, the major feature, that the water particles near
the surface move outwards while those near the bottom move

This indicates
that in section S-7, the influence of the secondary flow
being induced from the upstream bend portion to the
downstream bend portion of the S-shaped channel has been

broken down.

A comparison between the experimental results and
theoretical results from Eqg. (4.1) 1is presented in Fig. 6.87
by assuming that the development of secondary flow has
reached its full stage at sections U-2, U-3 and S-2. S-3 and
S-4. Theoretically (according to Egq. (3.12)), in the
cross—-section where the flow had negotiated 45° and 135° for
example, with the uniform depth of flow = 0.025 m (run
no.l), the growth of the transverse circulation has only
reached 28% and 63% of the full stage. Hence, if this is
taken into consideration, the theoretical results should
have been multiplied by 0.28 and 0.63 based on the angle of
turning of the corresponding cross—-sections under
investigation. The experimental results of the three
different rates of flow for sections U-2, U-3, S-2 and S-3

are compared with the theoretical results.
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It can be seen in Fig. 6.87 that in the three different runs
there is a close agreement in the values of the om X o
6.3 Isovels of the Velocity Distribution in the Flow

Direction and Boundary Shear Stress

Experimental results of the local mean tangential velocity
were plotted 1in the form of isovels and the boundary shear
Stresses were calculated from the results obtained from the
measurement of local mean tangential velocity at the grid
points near the channel boundary according to the method

described in Chapter 4 (Eqg. (4.10)) .

Results from the U-shaped channel were presented in
Figs. 6.88 to 6.99 and those from the S-shaped channel were
presented in Figs. 6.100 to 6.123. At the straight approach
portion (section U-1 of the U-shaped channel, run no.l), the
pattern of the isovels provides an explanation for the
stable motion over the cross-section. The mean shear stress

along the inner wall, the bottom boundary and the outer wall

is found to Dbe 0.026 N/m2, 0.138 N/m2 and 0.029 N/m2

respectively (see Fig. 6.88). When  the flow rate is
increased (runs no.2 and no.3), stable motion changed and
some instability near the outer wall was observed. The

magnitudes of the mean shear stress increased up to 0.045
N/mg, 0.194 N/m9 and 0.053 N/m9 for run no.2 and up to 0.044
N/mz, 0.193 N/m2 and 0.044 N/m2 for run no.3 along the inner
wall, the bottom and the outer wall respectively.
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Unstable flow appeared near the outer wall when the flow
negotiated 45° of the U-shaped channel. The shear stress at
this section also increased and had a greater value at the
outer wall than at the inner wall. The distribution of the
shear stress along the bottom boundary produced a greater
value at the outer side than at the inner side of the bend.
If the results obtained from the approach straight channel
are compared with section U-2, the overall mean shear stress
along the channel boundary increased from 0.110 N/m to
0.124 N/m2 in run no.1, from 0.140 N/m2 to 0.232 N/m2 in run
no.2, and from 0.127 N/m2 to 0.217 N/m9 in run no.3.

If special attention is given to the isovels formed in
section U-2, one can observe that the greatest influence on
the creation of unstable motion near the outer wall, occurs
in run no.l. This feature is more visible when we observe
the results shown in Figs. 6.94, 6.95 and 6.96 of section
U-3, where the flow has negotiated 135° of the U-shaped

channel

The overall mean shear stress along the channel boundary in
section U-3 is 0.120 N/m”, 0.127 N/m” and 0.195 N/m” in runs
no.l, no.2 and no.3 respectively, and 1in comparison with
those in section U-2 the deviation 1is very small. When
comparing the experimental results in section U-1 upstream
of the bend and section U-4 downstream of the bend of the
U-shaped channel, it can be seen that the forward wvelocity

distribution in section U-4 was not symmetrical across the
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width when compared to that in section U-1. The unstable
motion near the outer wall in section U-4 is wvery obvious
especially in run no.l. An overview of all the results from
section U-4 in run no.l, no.2 and no.3 indicates reliably
the presence of strong secondary currents induced at the
bend and carried into the straight portion of the channel.
The same persists for a considerable distance in the
straight channel downstream of the bend. The overall mean
shear stress along the channel boundary in section U-4 1is

0.090 N/m”, 0.205 N/m” and 0.318 N/m” in runs no.l, no.2 and

no.3 respectively.

From the various values of boundary shear stress obtained
from the U-shaped channel for the three different runs, it
can be said in general, that the greater the flow rate, the
greater the overall mean value of shear stress along the
channel boundary. The most striking feature of the pattern
of the distribution of the shear stress along the boundary
is that near the area of stable motion, the shear stress is
relatively smaller than that near the area of unstable

motion.

The decay of the transverse circulation as expressed 1in
Egq. (3.8) indicates that the helical pattern should
disappear in the cross-sections in the straight portion of
the channel downstream of the bend at a distance x from the

bend, where x approximates to 2.24 m, 4.041 m and 5.39 m in
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runs no.l, no.2 and no.3 respectively. If the results 1in
section U-4 of the U-shaped channel and section S-8 of the
S—-shaped channel are compared, it can be seen that the
secondary flow in section S-8 in general is less strong than
that in section U-4. This is due to the strength of the
secondary current in the upstream portion of the bend which
is introduced into the downstream bend portion of the
S—-shaped channel. If section U-4 is considered, where the
flow has reached a point 50 cm downstream from the bend, the
strength of the secondary current should theoretically (see
Eg. 3.33 and Fig. 4.3) have decayed to 35.85%, 56.56% and
65,22% of the fully developed stage of the secondary current
in runs no.l, no.2 and no.3 respectively. However, only one
cross—-section was investigated in the straight portion
downstream from the bend, and in any case the length was too
short to enable the author to make a comparison between the
theoretical and the experimental results of the decay of

transverse circulation.

6.4 Secondary Flow Patterns

The experimental results obtained from the local mean radial
velocity and local mean vertical velocity measurement were
then plotted as resultants of the two components in the r
and z directions. Thus the magnitude and direction of the

flow at a given cross-section were obtained.
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As has already been discussed in Part 6.2.2 and Part 6.2.3
of this chapter, the magnitudes of the local mean vertical
velocities varied about 10-15% of the mean velocity as well
as the local mean radial velocity. The resultants of the two
components accordingly varied about 14-21% of the mean

velocity

Instead of being presented in terms of the ratio to the mean
velocity, the secondary flow patterns presented in
Figs. 6.124 to 6.131 are given in terms of wvelocity units,
i.e. cm/sec.

In some cross—-sections, 1.e. cross-sections U-2, U-3 on the
three different runs, section S-6 on run no.2 and section
S-7 on run no.l, photographs were taken to identify the
secondary flow pattern. The results are presented in Plates

6.1, 6.2 and 6.3

Observed results presented in section U-2 of the U-shaped
channel, Fig. 6.124, clearly indicate that cellular patterns
tend to move inwards near the bottom and outwards near the
surface in the three different runs. In run no.l, a small
cellular pattern arose at the top right corner of the
section with a velocity of about 0.4 cm/s, whilst near the
bottom the transverse circulation had a velocity of about
0.8 cm/s. The transverse circulation became very complex in
runs no.2 and no.3 because in the region near the central

vertical a high vertical velocity of about 1.00 cm/s in run
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no.2 and 2.00 cm/s in run no.3. If the experimental results
of sections U-2 and U-3 are compared, the transverse
circulation in section U-3 was generally less complex than
that in section U-2, besides the magnitudes were smaller
than those 1in section U-2 with a maximum of 0.3, 0.5 and 0.8
cm/s in runs no.l, no.?2 and no.3 respectively. The
existence of the second cell pattern can clearly be seen in
runs no.2 and no.3 in section U-3, near the top corner of

the outer wall of the bend.

Having observed the photographic results in plates 6.1 and

flow pattern obtained in both cases. If a comparison is
made between the experimental results in sections U-2 and
U-3 and the corresponding photographic results in those
sections, one can appreciate that the magnitudes (and also
the existence of the secondary «cell ©pattern) of the

transverse circulations varied a little over the time.

In section S-2 (Fig. 6.26) of the S—-shaped channel the

transverse <circulation tended to Dbe o0of a single cell
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pattern, except in run no.l where the second cell ©pattern
appeared near the top corner of the outer wall of the
channel similar to that in section U-2 of run no.l. By
comparing the results in section U-2 and S-2 in run no.l and
no.3, generally, a more sensible pattern can be found in
section S-2 as in the region near the central vertical the

water particles did not move upwards.

The transverse circulation in section S-3 1is rather weaker
than that in section S-2, but compared to that at section
U-3, the strength of the transverse circulation or secondary
current did not deviate very much. The tendency of non
single-cell pattern was more obvious in section S-3 than in
section S-2. In the last observation section of the
upstream bend part of the S—-shaped channel (section S-4
Fig. 6.128), the pattern was again not a single cell and the

second cell appeared bigger than that in section S-3.

From the above discussion of the experimental results, it
can be said that in general, cell patterns of the secondary
current in the single bend of a rectangular open channel
depend on the angle of turning. The ©possibility of
producing more than one «cell pattern increases with the

greater angle of turning.

Very complex secondary flow patterns can be seen in sections
S-5 and S-6 of the downstream portion of the S-shaped

channel (Figs. 6.129 and 6.130). Apparently, the flow tended
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to circulate toward the inner wall of the bend in section
S-5, and then gradually tended to circulate toward the outer
wall of the Dbend. A second cell appeared near the bottom
corner of the inner wall of the bend in section S-5 and near
the top corner of the outer wall of the bend in section S-6
except in run no.3 where the cellular pattern was very

irregular with more than one cell.

The secondary flow patterns, which can be seen 1in sections
S-5 and S-6, are discussed in Part 6.2.3 of this chapter.

In the region between sections S-5 and S-6, there took place
a gradual change in the flow direction. The photographic
results of the secondary flow pattern in section S-6 1in runs
no.l and no.2 presented in Plate 6.3 provide a further
indication of the complexity of the secondary flow pattern

in section S-6.

Finally, at section S-7 (Fig. 6.131), where the flow had
negotiated 160.70° of the downstream bend portion of the
S—-shaped channel, the secondary flow pattern became normal,
near the bottom where the water particles moved inwards and
near the surface they moved outwards. The second cell
pattern was still apparent in this section, and tended to
occur near the top corner of the outer wall of the bend. If
the results at sections S-7 and U-3 are compared, it can be
seen that the secondary currents at section S-7 were rather

weaker than those at section S-6, whereas at section U-3
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they were much weaker than those at section S-6. This,
again, indicates that the strength of the secondary current
induced in the upstream bend portion which was subsequently
carried into the downstream portion of the S-shaped channel
has been broken down on approaching section S-7 and no
longer affects the development of secondary flow in the

sections thereafter.
6.5 Reynolds Stress Distributions

The Reynolds stresses formed by the tangential and vertical
velocity fluctuations (v'w'") and by the tangential and
radial velocity fluctuations (v'u'] are presented in the
form of the ratio with the square of the mean velocity. The
results are plotted in Figs. 6.132 to 6.137 for the U-shaped

channel and Figs. 6.138 to 6.155 for S-shaped channel.

Figs. 6.132 to 6.137 show that the Reynolds stress patterns
in the two sections of the U-shaped channel were very
irregular. In general, the values of GTQ'/Umz and QTE'/UmZ
varied from -0.01 to +0.01. Lower values of GT@'/UmZ and
\_/'_'_u'/Um2 containing positive and negative values appeared in
the cross-sections of the S-shaped channel with magnitudes
of less than 0.008, except at section S-2 for run no.l

(Fig. 6.138) which had relatively high wvalues of the two

Reynolds stresses of about 0.015.

At section S-5 in run no.l (Fig. 6.147.b), the magnitude of

the Reynolds stress is about 0.009 and there were no positive
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values. Comparing the results of section S-5 with section
S-4 (Fig. 6.146.Db), it can be noticed that the positive
values of the Reynolds stress v'u' were present in section
S-4, even though they are of small magnitude. From this
observation at these two sections, it can Dbe seen that
generally the patterns of secondary currents at section S5-4
were more regular than at section S-5. The negative and
positive wvalues of the Reynolds stresses indicate that the
secondary flow is more regular with a tendency to give a
single cell pattern. However, such behaviour is weaker at
the higher Reynolds number which is evident from Figs. 6.148

and 6.149, and also from Figs. 6.130 and 6.131.

Finally, at sections S-6 and S-7, the negative wvalues of
v'w'/Um (0.00 to -0.01) persisted with lower wvalues
occurring at higher Reynolds numbers. On the contrary, the

values of ¥'u'/Um 1in sections S$S-6 and S-7 were dominantly
positiver with values less than 0.01, except at section S-7

for runs no.2 and no.3 (Figs. 6.154 and 6.155) the wvalue of
v'u'/Um” varied from 0.00 to -0.005.

From the complex nature of the turbulence characteristics
discussed above, it can be inferred that the secondary
motion in the turbulent case is responsible for the
cross—-stream convection of Reynolds stress and for high
turbulence-energy fluid being driven from the outer side

region towards the inner side region of the bend.
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CHAPTER 7

CONCLUSIONS AND SUGGESTIONS

FOR FURTHER RESEARCH

7.1 Conclusions

A detailed study was made of the velocity distributions at a
bend in a rectangular open channel and experiments were
carried out on the measurement of mean and fluctuation
velocities in three coordinate directions over the various
depths of the stream. From the analysis of the —results,

following conclusions can be drawn

1. The tangential velocity component distributions across
the width of straight approach channels for Dboth
U-shape and S-shape channels depend on the the Reynolds
number of the flow. A lower Reynolds number indicates
that there is a stronger tendency for slower velocity
near the boundary than near the midstream region of the
flow. The difference is more significant in the upper

layers than in the lower layers of the flow.

The vertical distribution of tangential velocity at
different ©points across the width in the cross-section
of the straight approach channel is generally

non-uniform but it does not exactly follow the
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logarithmic velocity distribution law. In a curved
plane stream, the maximum tangential velocity at any
cross—-section does not occur near the surface. This 1is
attributable to the effect of secondary currents
developing in the flow. The maximum tangential velocity
at any cross-section in any uniform depth of flow
occurs near the outer wall of the cross-section of a
straight portion downstream of the bend in the U-shaped
channel and also near the inner wall of the
cross—-section downstream from the crossover region of
the S-shaped channel. A reasonably accurate numerical
solution Dbased on two dimensional flow (depth-averaged
main flow) analysis can be obtained by the use of
program MFADIl. However, in the region of the side walls
of a wide stream, this method fails to give

satisfactory results.

The distribution of the tangential wvelocity is inwardly
skewed in the transverse direction, giving greater
values near the outer wall, and lower values near the

inner wall. The effects are less pronounced in the
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region near the entrance to the bend in U-shaped and

S—-shaped channels.

The vertical velocity components appear at the Dbend
with the magnitudes of 0-10% of the mean wvelocity, and
generally, with upward motion near the inner wall and
downward motion near the outer wall of the bend. In the
region near the crossover of the S-shaped channel the
distributions occur conversely, with downward motion
near the inner wall and upward motion near the outer
wall of the bend. Some complex features may occur in
the region near the top corner of the outer wall of the
bend which contribute to the creation of the second
cell pattern. Unlike the wvertical velocity component,
the radial velocity component produces the greatest
magnitudes of the order of 17% of the mean velocity. 1In
general, near the surface the particles move outwards
and near the bottom they move inwards, except in the
region near the crossover of the S-shaped channel,
where the change in direction of +transverse velocity
occurs. The main cell pattern of secondary flow has
magnitude of 21% of the mean velocity, whereas the
second <cell ©pattern, which is not always present, has
magnitude of 4% of the mean velocity

Photographs taken of the same flows and locations Dbut
at different times showed some differences in the

distribution of the cellular pattern over the
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cross-sections. The photographs taken at some
cross—-section uphold the suggestion that spiral motion

around bends 1is slightly unstable.

In the region near the bend entrances of U-shaped and
S—-shaped channels the secondary flow is more pronounced
near the outer wall than near the inner wall and
stronger near the Dbed than near the free surface. In
addition a unidirectional radially inward motion is
seen to prevail. Secondary flow gradually develops at
the region of the inner wall, leading to a single
vortex pattern towards the latter part of the bend. The
secondary flow is weaker but the development and decay

are delayed at high aspect ratios and Froude numbers.

The distribution of the turbulence intensities varies
from 2-20% of the mean velocity, and in general, the
higher the Reynolds numbers the higher the turbulence
intensities. The pattern of the turbulence intensity
distribution is very complex, and thus indicates the
complex nature of secondary flow. A high turbulence
intensity seems to be responsible for the creation of
unstable motion due to concave curvature effects at the

outer bend of a channel.

In a U-shaped channel unstable or agitated motions
occur near the outer wall and stable motion near the

inner wall. The deformation of the main velocity
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distribution 1is revealed by the rotation of the main
velocity isovels, inwards and outwards, corresponding
to the effect of stream wise acceleration and secondary
flow convections. Shear stress peaks occur near the
unstable motions, thus further supporting the fact that
agitated motion at the outer part of the wall
consequently changes the entire configuration of a
natural water course by dislodging material there and
eventually transporting and depositing the eroded
material at the inner wall downstream of the bend.

The residual effect of the strong secondary current
induced in the Dbend being carried into the straight
portion of the channel which persists for a
considerable distance along the straight channel
downstream of the bend. In the S-shaped channel, strong
induced currents at the upstream of the bend are
weakened at the downstream of the bend as a result of
the change in the direction of centrifugal force. In
the region slightly downstream from the <crossover the
obliquity of the flow is gradually displaced. In
addition helical motion and the +velocities near the
inner wall decrease while near the outer wall they
increase. The velocities are greater near the outer
wall than near the inner wall. As the flow negotiates
about 45° of the upstream bend of the S-shaped channel
with the higher aspect ratio the obliquity development
process 1is faster.
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The shear stress peak is in the order of 1.5 times the
overall mean shear stress along the channel boundary of
a given section and takes place near the channel bed
where the flow motion is unstable. Over the whole
length of a channel, the maximum shear stress occurs in
the cross-section near the end of the bend of the
U-shaped channel, and in the cross-section downstream

near the crossover of the S-shaped channel.

Secondary flow patterns may exist containing a
single-cell pattern and a two-cell pattern (the second
cell generally exists in magnitudes which are much
smaller than the main cell). The single-cell and main
cell of the two-cell pattern have magnitudes of about
14-21% of the mean velocity and may vary with time.
Photographic techniques which enabled the secondary
flow to be revealed continuously would provide a
better understanding of the behaviour of the secondary

flow in relation to time wvariation.

The persistence of transverse circulation in a straight
channel downstream from the bend is revealed by the
streamwise vorticity contour which occurs near the
outer wall. It was not revealed whether the transverse,
circulation occurs in the phase of development or in

the phase of decay.
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10. The present investigation demonstrates that the LDA

system can be used successfully to measure the three

components of mean velocity. The results concerning
the average velocity can be obtained from the
integration of main wvelocity profiles. These are in

good agreement with the mean velocity obtained from the
flow rate measurement. The discrepancies are less than
5% of the mean velocity.

A laser anemometer employing frequency shift can be
made to respond to the sign of the velocity direction
and operate satisfactorily in regions of very low or
even zero mean velocity. Therefore, the direction of
small secondary components can easily be measured.
Uncertainty arises in the measurement of turbulence
flow parameters as the readings always fluctuate
greatly. A large number of R.M.S readings need to Dbe
taken and analysed using a statistical approach if
adequate electronic instrumentation is not available to

measure the R.M.S.

7.2 Suggestions for Further Research

A series of experiments, investigating compound bend
channels wunder a wide &range of flow conditions and with
varying curvature ratios is still needed to remedy the
present lack of understanding of the influence of channel

configurations, such as curvature ratio and of flow
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parameters, such aspect ratio and the Reynolds number of the
flow. Further investigation of the wvarious cross-sections
in the straight channel downstream of the bend will be

desirable

Detailed information is needed on the Reynolds stresses and
secondary flows, 1in order to gain a better understanding of
the physical processes governing flow 1in compound bends.
Comprehensive and systematic investigations are important to
isolate the effects of parameters such as channel roughness,
longitudinal bed slope, transverse bed slope, side wall
slope, taken individually, and determine the effect of
channel curvature and channel width, before attempting to
understand the flow in alluvial meander bends. In this case
complex interactions occur between the flow and the bed
topography and even the deformation of the channel boundary

which may cause the deformation of the channel configuration

during the flow process. The characteristics of flow in
curved channels in correlation with turbulent flow
parameters and Reynolds number is still incomplete. Further

study of this subject with a wider range of Reynolds number

will also be desirable.

An investigation on idealized meandering flumes can still be
conducted by considering the factors which may affect the
development of flow in practice. These include the channel

boundary roughness, sediment concentration and river
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engineering works (bridge piers, groynes, checkdams, etc) .
Such an extensive experimental programme could also provide
the much needed data for the verification of computational

models which are finding increasing application today.

Engineering Applications.

It is often necessary to build river training works along
the banks of a river (e.g. revetment, 1lining etc.) or in the
river across the stream (e.g. groynes, checkdams etc.), not
only to improve unfavourable stream patterns but also to
stabilize the river. When dealing with a purely meandering
type of river, an understanding of the flow is necessary in
locating structures such as these. A knowledge of the
behaviour of flow in open channel bends as presented in this
study may be used as the first guidance in determining the
location of the river training works, and also in designing
them. When the measurement of the flow velocity in the river
cannot be carried out, the estimated flow velocity may be
obtained from program 'MEFAD1! for determining the
distribution of the main flow velocity, and program 'UBOUW'
for determining the transverse circulation Such
contribution is also a means as reducing the river

investigation works
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Mean and fluctuation velogcities and Reynolds shear

0 i
stress components at section S-2 run no.3
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un = 0.07407 m/s

, vertical and radial mean velocity

|
distribution at section S-7 run no.2

1a

a). The tangent

Table 6.32
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3.09259 m/s

S-8 run no.3

vertical and radial mean velocit
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1'S D/S

5 S-7(G=16i° )

5 S-6(6-M5°)

.5 S-5C6-=13°)

5 S-4<'&=167°)

5 S-3Ce-=135°)

5 S-2C€-=45°)

3
-1.0 0 1.3

Computed frcm Eq. (2.22.a) 2v/B
(with empirical factor F)  EXPERIMENT  QCLMIN)  Um(m/s)

g 103 0-0444
X 30.3 0-0741
A 50.0 0-0926

Fig 6.37 Tangential velocity distribution in S-shaped
experimental channel
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zzh z'h

SECTION S-I SECTION S-2 SECTION S-3 SECTION S-4
SECTION S-5 SECTION S-6 SECTION S-7 SECTION S-8
Q Experimental results on run no.2
o Experimental results on run no.3

-------- Prandtl's logarithmic theory

Fig. 6.38 Vertical distribution of tangential
velocity on the S-shaped channel
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shear stress at section U-l, run no.l

Fig. 6.89 Isovels of the velocity distribution
in the direction of flow and boundary

shear stress at section U-I, run no.2
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2.0

Fig. 6.90

Isovels of the velocity distribution
in the direction of flow and boundary

shear stress at section U-I, run no.3

shear stress at section U-2, run no.l
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Fig. 6.92 Isovels of the velocity distribution
in the direction of flow and boundary

shear stress at section U-2, run no.2

shear stress at section U-2, run no.3
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Fig. 6.94 Isovels of the velocity distribution
in the direction of flow and boundary

shear stress at section U-3, run no.l

in the direction of flow and boundary

shear stress at section U-3, run no.2
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Isovels of the velocity distribution
in the direction of flow and boundary

shear stress at section U-3, run no.3

shear stress at section U-4, run no.l
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50.B00
0.150
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"mean (N/m2>

>

0.281263
0.006120
0.138581

Isovels of the velocity distribution

in the direction of flow and boundary

shear stress at section U-4, run no.2

in the direction of flow and boundary

shear stress at section U-4,
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shear stress at section S-L, run no.l

in the direction of flow and boundary

shear stress at section S-I, run no.2
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Fig. 6.102 Isovels of the velocity distribution
in the direction of flow and boundary

shear stress at section S-I, run no.3

Fig. 6.103 Isovels of the velocity distribution
in the direction of flow and boundary

shear stress at section S-2, run no.l
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Fig. 6.104 Isovels of the velocity distribution
in the direction of flow and boundary

shear stress at section S-2, run no.2
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Fig. 6.106 |Isovels of the velocity distribution
in the direction of flow and boundary

shear stress at section S-3, run no.l

Fig. 6.107 Isovels of the velocity distribution
in the direction of flow and boundary

shear stress at section S-3, run no.2
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Fig. 6.108 Isovels of the velocity distribution
in the direction of flow and boundary

shear stress at section S-3, run no.3

in the direction of flow and boundary

shear stress at section S-4, run no.l

-274-



Fig. 6.110 Isovels of the velocity distribution
in the direction of flow and boundary

shear stress at section S-4, run no.2

Fig. 6.111 Isovels of the velocity distribution
in the direction of flow and boundary

shear stress at section S-4, run no.3
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in the direction of flow and boundary-

shear stress at section S-5, run no.l

in the direction of flow and boundary

shear stress at section S-5, run no.2
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in the direction of flow and boundary-

shear stress at section S-5, run no.3

in the direction of flow and boundary

shear stress at section S-6, run no.l
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in the direction of flow and boundary

shear stress at section S-6, run no.3
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Fig. 6.118 Isovels of the velocity distribution
in the direction of flow and boundary

shear stress at section S-7, run no.l

in the direction of flow and boundary

shear stress at section S-7, run no.2
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Isovels of the velocity distribution
in the direction of flow and boundary

shear stress at section S-7, run no.3
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in the direction of flow and boundary

shear stress at section S-8, run no.2
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a). Run no.l (uniform depth of flow - 0.025m)

b). Run no.2 (uniform depth of flow - 0.045m)

c). Run no.3 (uniform depth of flow = 0.060m)

Plate 6.1 Secondary flow pattern at section U-2
run no.l: run no.2 and run no.3
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a). Run no.l (uniform depth of flow - 0.025m)

b). Run no.2 (uniform depth of flow = 0.045m)

c). Run no.3 (uniform depth of flow = 0.060m)

Plate 6.2 Secondary flow pattern at section U-3
run no.l, run no.2 and run no.3
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a). Run no.2 of section S-6 (uniform depth of flow = 0.045m)

b). Run no.l of section S-7 (uniform depth of flow = 0.025m)

Plate 6.3 Secondary flow pattern at section S-6
run no.2, and section S-7 run no.l
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Step 1

Step 2

Step 3.

Step 4.

APPENDIX 1

Computational Procedure to determine the tangential
velocity distribution across the width in the U-shaped

and S-shaped channel

For a steady flow rate Q, the mean velocity over the

cross section 1is obtained from Um = Q/ (BxH).

In order to determine the tangential velocity
distribution across the width in a straight channel, an
appropriate value of Umax in Eg. (2.16) must be found.
The mean velocity Um is then calculated by computing
the area under the curve of the velocity distribution,
and this must be equal to the wvalue of Um defined in

step 1. This can be done by iteration.

The tangential velocity distribution in step 2 is then

used to determined the tangential velocity distribution

in the entrance region of the Dbend by solving
Eqg. (2.21) in conjunction with the Eq. (2.22) . An
appropriate wvalue of C2 must be found to solve

Egq. (2.21), and the flowrate Q 1is calculated using
Eqg. (2.22) . The calculated value of Q must be equal to
the wvalue of Q given in step 1. This can be done by

iteration

By using the tangential velocity distribution obtained

in step 3, the tangential velocity distribution within

-301-



Step 5.

the bend at the first increment 39 s calculated Dby-
solving Eg. (2.23.a) in conjunction with Eg. (2.23.b).

An appropriate value of I must be found to solve the
Eqg. (2.23.a), then the flow rate Q is calculated by
solving Eqg. (2.23.Db). The calculated wvalue of Q must
be equal to the value of Q given in step 1. This can
again be achieved by iteration.

Similar procedure 1is continued to calculate the
tangential velocity distribution within the bend for
the next increment 9%, and so on. It must be noted that
the sign convention of 36- must be changed when the flow

enters downstream bend of the S-shaped channel.

Finally, the tangential velocity distribution at the
exit region of the Dbend can be obtained by solving
Eq. (2.24) in conjunction with Eg. (2.25). The
tangential velocity distribution within the bend near
to the exit region obtained from step 4 and the
appropriate value of C2 are used to solve the
Eg. (2.24), the the flow rate Q is calculated by
solving the Eqg. (2.25). The calculated wvalue of Q must
again be equal to the value of Q given in step 1. This

is also done by iteration.

The Newton-Raphson method of iteration is used in the
above five steps and the rate of convergence is found

to be satisfactory.
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Computer programs
(Appendices 2-8, pp. 304-321)
have been deleted for
copyright reasons



APPENDIX 2

Program 'MEFADI

A computer program to determine the main flow
distribution across the width of a rectangular
U-shaped and S-shaped channels using the method

of Finite Difference
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APPENDIX 3

Program 'DECGROW

A computer program to solve the growth of
transverse circulation within the bend and
the decay of transverse circulation beyond

the bend of a channel
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APPENDIX 4

Program 'UROZO'

A computer program to solve the radial velocity-

distribution according to Eqg. (2.16)
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APPENDIX 5

Program 'UROZ1'

A computer program to solve the radial velocity

distribution according to Eqg. (4.1)
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APPENDIX 6

Program 'UROZ2'

A computer program to solve the radial wvelocity

distribution according to Eq. (4.5)
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APPENDIX 17

Program 'UBOUW'

A computer program to solve the radial velocity

distribution according to Eg. (4.6)
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APPENDIX 8§

Program 'UKEN'

A computer program to solve the radial wvelocity

distribution according to Eqg. (4.9)
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APPENDIX 9

Paper presented at the 21st IAHR Congress,

August, 1985, Melbourne, Australia

"Velocity Distribution Across the Width
of a Rectangular Open Channel as Revealed

by the Laser Doppler Anemometer"



APPENDIX 9 (pp. 323-326)

Paper presented at the 21st IAHR Congress,
August, 1985, Melbourne, Australia
"Velocity Distribution Across the Width of a
Rectangular Open Channel as Revealed by the Laser
Doppler Anemometer"
has been deleted for copyright reasons
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