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Abstract

‘e . o -.._'\.‘v,

. y <.g£.'
This study presents ‘a . method-tq analyse the intergction"

gu‘. \ ~."'.1 Dl
e bbetween flow in the main cﬁannel and the flood plain channel

el R SR

J'supported by observation of the velocity field and shear *

-

a- straight qectangular channel with smooth and - rough.
boundaries.!Tbe effecm of the aspect ratio on the
distributiom of the shear stresses on. the bed and Jalls for
both types of boundaries .was investigated. More preCiseg

values of the ‘aspect ratio and relfted shear stresses were

o _’obtained for better definition of{a broad channel 'which;was
ide enough to. ensure that the gﬁésence of walls did not

CN '

- interfere with the main core of the flow. A straight and_

symmetrical compound cross sec%&on with rectangulan‘main and

lood plain channels was testeh and the results showed that

omentmm is transferred from the main Qhannel to the flood

'shear stress. It.was found that the most important

R Hoe

parameters for slowing down tﬁe flow 'in"thé main channel and

v

tslative width and depth of- the main and flood plain >

channels. It was also found tPat the lateral variation of

' .
the longitudinal velocityVis similar for various depths of .
. itable form of non- dimensional velocity

“fdistribution as’ introduced. A~ relationship for relati%e et

Lof a model river. The basicdconcept of:, this method has been.fff

/'stresses. ‘The- study was started b% investigating the flow in f

4

lain chay\nel the eby disturbing the ve‘tity field and bed ¥

| anreasing the flow in the flood plain channel are the :;;57“"

N

.. .. ‘ai_ . .



: : ‘ ;"ff'fV : -V'] 'te~“. -'”.;;u
o of 1ateral penetration qﬁrmamentum exchange An, the mainland
flood plain channels.i x f'. ';ﬂfv'i .f'~d§

- -

Asymmetrical straight channels ith wide main and flood

i ]
-

- ;plain channels> ere tested and it was determined that the

A Lo
'V'flow pattern did ot. differ in principle from symmetrica13

jstra ght channels and that the results for the symmetrical
e S| : . ) N

channels can be used for practical purposes._ﬂ

B \/“ . ‘ K : b . ' | l - .

B The analysis was extended to include flow in meandering

e hannels within a straight‘valley- Experimental results
. 3 e
'showe& that heiicoidal motion was noticonfined to the m/in

'

curved channel..The upper part of the flow above the flood
.

‘, plain level has can effective width approximategg equaﬂ to

“-itwice the amplitude of the meandering channel. In the‘ ain
dchannel the flow retained the secondary £1low- characteristic
‘by exhibiting hipher velocity along the radially innermost

'(convex wall) wall and lower velocity along the outermost
i’wall (cdhcave wall).»The tangential velocity profiles were

‘approximately uniform Land the 1ogarithmic law was not valid

o

fleven,as a rqugh approximation. The exchange of momentum was.

. observed to take place between the channels with the breadth

t
[

'ﬂof twice the -tplitude of the main channel curve and thec

flood plain ch'nnel. Comparison of the flow characteristics

"“of interesting points and‘showed that it is: possible to
‘determine the ﬁ%ne df increasing velocity, length of
penetration, and similarity of;&ateral velocgty profiles.
Becaus‘ the velocity of the flow has a tendency to persist
in one direction,-it accelerates inside the .curve wave over,

the flqod_plain and decelerates in the main’ channel.. Isovel'

o

L » S o



f.msps’shoﬁed that high velbcity would-occnr on top of the
flood plain close to the convex region,suggesting that it 1s
the‘excess shear(stress assoéiated with higher velocity

'which erodes the chapnel.;rhis mechanism appears to be the

’

“‘principal reason foxw’ the sf?iighteﬁing out of the main

mehndering channel during the time of high flood in a. river.
5 1itative tests were also conducted in the straight
~

and meandering channels usiny dye to observe the flow

vdirection. Eddy visgosity computations were made in a few
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If high flow inm a river rises above the natural or

artificial banks in any reach, water from the overtOpped
banks spreads out over’ the flood plain. Since the
characteristics of the flood plain make it a desirab1e
location for a variety: of activities, it is important to

develop a method to determine the rating curve for hirh

discharges.

1.1;1 Introduction to Problem

'.Measures to control flood flows are only one set of
adjustments that'can be made to combat the flood hazard. Tﬁe
appraisal of such engineering_weasures, if'they are to be
viewed in relation to their full consequences, requires the’
analysis of other possible adjustments. Experience shows
that the construction and operation of engineering works to
control flood flows may reduce or curb flows without
necessarily reducing the threat of erosion to _the river bed
and banks “or the flcod plain area. Little is known of the
ehear sbreSs“distributiqn on a riYer bed and flood_plain
bed. Risevof flow over'the flood piain area together with
the ;ncrease of shear stress 1s capable of eroding the edge

of the flood plain and the main channel. The redistribution

—
T

of velocity and shear stress 'will affect the amount of
sediment transported in both channels as well as the

stability of the main channel bank: and ‘the flood plain beds.



‘1 2 Review of Flow in 6hainels-withQFiood;PlLind
| When. the depth of flow D 1in the main c annel exceeds'
fthe depth of the main cha nel h, the flood lain carries a’ |

part of the total discharge. In the prepar tion of rating

curve's. for rivers when D . is much larger than d (where d is

the depth of flow in the flood plain) the general practice

N

(Chow, 1959) is to divide the compound flow section into a .

number of homogeneous sub-areas by the introduction of
shear- free vertical boundaries which are the extension of
rthe banks of the main channel. The flow\_s then computed for
each subsection and the sum of the flow in all of the
subsections ts the total discharge Q. When D is only
slightly larger than d, the division 1is done by introducing’
- a horizontal plane as an extension of the bed of the flood
plain (Smith, 1978 and Toebes & Sooky, 1967) "The first
method of sub- division is the one, most frequently used since
the majority of the practical cases have a large value‘of
D/d.'It has been generally recognized (Concharov, 1964,
Sellin, 1964, and Zheleznvakov, 1071) that appreciable
interaction and turbulent mixing occurs between the faster
main:channel flow and the slower floéd plain flowf Because
of the transport of the Longitudinal momentum tobthe flood:
plain, the vertical plane between the main channel and flood

plain experiences significant (turbulent) shear stress in

the longitudinal (or flow) direction. Wright & Carstens

(1970) demonstrated the existence of,this shear stress in an’

air-duct of a compound cross-section. A similar observatioh

\ .
could be made from the study of Myers & Elsawy (1975) on a
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.rectangular main channel wi h ‘an asymmetrical ood plain._l

_;Sellin (1964) found thmt when the depth of flow D just

_HeXCeeds’the depth of the main channel h, the rate of

inérease'of:the dbscharge 0 with the total depth of flonnb~ /{-

,becomes very small. For cgses with a 1arge value of D/d the:;
discharge Q of the compound cros5*section could be
‘?3considerab1y 1ess than the ‘sum of the individual dischar es, .

of the- homogeneous sub areasx obtained.by the introduction

of the shear -free vertical separating ;afls. A few‘f/ze- '
“reseamchere (Sel&in, 1964, Zheleznyakov, 1971 and Mveta*&_ >
Elsawy, 1075) found that in a channel with an asymmetric ‘

Ry
flood plain, the bed shear stress in the flood plain would

J"

be much larger than its undisturbed value, which would exist

if there were no interaction with the main channel ﬁlow.

¢
-

*Similarly, the main channel bed- would experience a. reduction
of the’ bed shear stress from its undisturbed value. Some

.
further observations on the interaction in straight channel

have been made by 1lin (1°6A), Zheleznyakov (1971) and

Ghosh & Jena (1971).

Lk

1.3 Effect of Curvature of Nain Channel

It is well known that natural channels are neither

straight and symmetrical nor are the boundaries

hydraulically-smooth. L.B. Leopold and W B. &mngbein in a
United States Geological;Survey'report, "RiveriNeanders

)
1

(1566) wrote: i;
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"Is there 8uch a thing ‘ag a- straight river? Almost
anyone can think of a river that is more or less
straight for a certain distance, but 1t is unlikely
fthat the: straight porition 1is either very straight or
very long. In fact, it 1s almost cé{tain that the ’

'hik;’distance any ‘river is straight does! not exceed 10
e 'times its width at that point. AT

Y1.3.1 PevieG.of the Literature on Curved Channels

Thomson in 1876 observed the spiral rotion in a river.r.
» { .
bend. Boussinesq theoretically soLved the equations of-
motion‘for the~case of laminar floWuin a curved pipe. Many

-

investigations have since been conducted ‘on flow in bends.

P-C; Yen (l965) gives a brief summary of .the important
R < , . o :
experiments on flow in open -channel bends. o ‘“‘

hl*?Fargue summariied bis observation of the Caronne river

.43

» since 184Q and proposed a numher of empirical laws dealing

with a meandering river and a mobile ed. Leliavsky verifiedm

,Fargue s laws from field observations. In 1934, Blue,

9

‘Herbert, and Lancefield published results of measurements in

‘ X

‘the Iowa River. Imn 1935, Eakin published a study on the

~

curvature of the Mississippi Fiver. ‘ '
Among the analytical an experimental investigators,
|
Ross assumed free-vortex velocity distribution in the radial

direction. Yarnell and’ Woodward observed spiral motion-

. Mockmore performed a theoretical study on flow in

Shelicoidal.

TR ~p oy n

rfOpen channel bends by using assumed distributions of

velocity components. His study sngwed the streamlines to be

BN

o . B 7 . e el ) ,‘

Shukry (1049)rpresented the results of his experiments, .

1
Y "1\

which.cpveredpa~wide-range of central angle, Froude number,
.o ‘\ .

T v



@

and aspect ratio.n

5ﬁ§*_a Rozovskii (1957) reviewed ‘the work of previous Russian

...

investigators such as Ananvan and Nilovich. Wwith the aid of

order -of magnitude considerations and assumptions about eddy
viscosity, vertical distribution of longitudinalivelocity

components, and. zero net lateral discharge, Rozovskii was

uable to derive an approximate solution of the radial

v

"velocity component from Reynolds equations of motion. Using:

a number of other assumptions he atgempted to solve for the
radial distribution of the 1ongitudinal velocity component‘
and f;;\the growth and decay of the spiral motion. The
classical work in this area was done by Rozkovskii. More
contemoorary"investigators'have tended to accept Pozovskii’s
assumptions’. | ‘

A widelyuaccented anaiytical andhexperinental
investigation is that condicted by R.C. ‘en in 1265. Yen
proposed that, for fully developed flow 'in a bend the loss
of energy is the same for equal increments of the turning

angle: ased on a 1ogarithmic distribution of longitudinal

velocity components along the vertical, and assuming that

____the eddy viscosity 1s a function of the depth and the radial

LR e,

distance, he derived an expression for the vertical

distribhution of the radial velocity component. However, by

_assuning that the coefficient of roughness in a CUrved

J B .

channel is the same as that in-a straight channel, he was

ES

able |to derive an expression for the distribution of the

vwaverage 1ongitudi§$1 Velocity in the radial direction- He‘

&
‘found that the average longitudival velocity is

u.»

ety i

approximately inversely proportional to the square TooOoL of

W e BN %
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the radial. distance from the center of the m;% der turve. ;
Tn 1974 anelund assumed a\kgfstant tangential lope;
for fully developed flow in the curved channel and usled
sirmilarity assumptions %or radial and longitudinal ve ocjty
components. Further, he assumed that the longitudinal‘

‘v.

velocity followed the lo}arithmic distribdtion near‘the*bed
\ .

and parabolic distribution in the upper pagt of the flow.
|

~Rased on these considerations, anelund derived a fairly >
simple’ equations for the distribution of radial velocity
over the depth and of longitudinal velocity over radial
distance.

%keda's (1975) work closely followed that of Fngelund.

. ‘)""

However, Ikeda proposed an arbitr;!; function for the

~

distribution of tangential velocity over the width of the:

channel.

1.3.2 Comments on Assumgtions in Flow Around Bends

In order to simplify the Reynolds equations of motion,
certain general assumptions have been made by all
dinvestigators. An assuhption which is frequently employed 1is /
the ddea of fully developed flow around a bend. The fully A
developed flow in a pipe is reported after 300 degrees turn
or more (Ellis & Joubert, 1974;. In considering the flow in
an open channel,.it is impossible to reach fully developed
flow because of the presence of the free water surface. If
the bed slope of the valley is assumed Lonstant throughout

the entire reach as one can conclude from Figure l. 1 the ¢

bed slope of the main channel (in the straight portion) 1's

- R \

~tﬁe same as the valley slope. .But as omne moves along the

-



— Magnitudg' ,-o‘f_,“B'ed Slope
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Figure 1.1 Variation of Bed Slope

o
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_ Figure 1.2 Flow Around Bluff Body
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‘me/andering path, the bed slope”of the main channel chénges
‘accordingly. When the" channel is running cross-wise, the bed
Fad .

slope 1is zero. If one assumes a flat bed a water surface

-

slope 1is required in order that the flow .can take place, and
since this means:'a drop in elevation the depth of flow will
not be the same at all cross-sections. Thus, one cannot_'

)

assume there ig unitogm flow, with a constant slope and
depth of flow,'eveniatathe'centerplan;’of the‘meanderingi"'
channel. Choudhary et al.L(19775 observed'that in a 180
degree'bend of a‘narrow rect%ngular channel (aspect ratio
of 5), and of a wide rectangular channel (aspect ratio of
20), the depth oh flow changes with ‘the angle of
cross-sectiom 8. Siebeb & Gotzr(1975) investigated'the
deviation of the tangentiasl velocity from the mean veldcity
with. €. B.C. Yen and C.L. Yen (1971), studied the variation
of the water-surface slope with 0. .
~Another aSSumption is SO4R=S T in_which So repregents
the water surface slope along the channel centerline,dﬁ is
.‘radius oflthee centerline and 8§ is the water surface‘slope
at a radial distance;of r from the centerkof the bend. 3.Ci
ven (1965) arrives at this: conclusion by setting the loss of
‘energy equal for every se?ment of egual included angle.
Further,it 1is well known that flow will not_behave the ‘same’
before and after 1t passes a bluff body (see Figure 1.2).
Even with these assumptions, the, number of unknowns in

the simplified equations of motion are still more than the.

number of equations of motion and continuity. To circumvent

. °

this difficulty, many investigators‘have had to assume &

vertical distribution of the tangential velocity. vith few
: |
\



exceptions; investigators have assumed that the 1ogarithmic
law is adequate to describe the vertical distribution of
.this tangential velocity component. Rozovskii unlike the
-othérs, considered the pa:abolic 1aw,>the elliptic law and

mthe logarithmic law, but preferred'to use the logarithmic

K3

'1aw with the Von Varman constant equal to 0.,.-If the

momentum exchan e can occur in the Vertical direction from
' Lo . _ \
the upper layer to the lower 1aver, there is no reason to

believe that a momentum exchange can not occur in horizontal

,direction from the inner region (generally a region of -
AT “
higher velocity) toward the outer region (the region-of

'lower,velocity). It is known that v’, the verticalgg

fluctuation velocity, which isfonly a small percentage of

e,

the,tangential velocity Ugs is responSible‘for'the vertical

mixinf. Although the magnitude'of the radial velocity_v

r’
depends upon many factors such as the radius‘oflcurvature,f
fhe aspect ratio, its order of magnitude is comparable to
that of v;; Therefore; the tangential velocity must be

'redistributed in the lateral direction. As far as this‘

'author has been able to determine, ‘no one has accounted for'
N [

the effect. of v on the redistributlonuof.ug, over edthe:

the depth or the width of the flow. g

>

Similarity assumptions for the distribution of ug and
'v£ appear to.be unﬁounded. In sections beyond the crest of

n;the bend (i.e. in a 180 degree bend sections beyond\ﬁe’fff;i
-degrees)5 ‘the trend of ths predicted lateral distribution of

19 is contrary to that existing in the - flow (B.rC. Yen,

19p5, Chbddhary, 1977, _and Siebert & GOtz, 4975) h; .

An adequate model should not only be able to predict
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the distribution ofs radial velocity,‘but should also be able

to. account for the variation with 9 as well as the«effecq of
the secondary fLow on .the redistribution of. the velocity

field, To date, investigators are’ uncertain as to whether

»thelkinematic eddy yfscﬁsdties (Sx’.sy’ g ) in a'straighto'

;channel are the'samé.as;thbse.(eg; €, €,.) in a meandering

z

\

.channel.alt is generally believed that secondary currents Ln
a meandering channel are stronger than those in> a, similar

straight channel. Therefore, "there 1is no basis for assuming -
s ) . . »’ W LN

that the'eddy'viscosities'are even approximately the sate *in

straight and meandering chahdkls} ' \

.

o
I

1.4 Scope of Present Study’

An understanding of the velocity field and shear stress

distribution in the main and flood plain channels" will be of |
great practical use, primarily for.tpe protection  of flood

e S

fcontrol structures. Erosion'of'the bed,. river bank and’

surrounding flood area,‘conveyantehof‘flow'thrOugh thefﬁ'

compound cross-section channel magnitude of shear stress
'yhnd eddy viscosity, both horizontal and vertical are’

“required to predict ‘the’ flood stage, erosion and deposition,
. i N B
and the "amount  of sediment transported in the system.

.

. vAnother'factor is.the mamentum eXChange bétweem the main
channel and flood plain channel. Fven thoughea'certain'

Vamount of WOrk has already been done on some aspects of the

. N .

SR
-problem, many questions remain to be answered.-r o
O " [ AP -'

~

1to understand such,characteristics ofuﬁlow as thetN:

. - “ . . . E d
. N es . : !
. : a N - S . . N .

S S , N




distihution’of'velocity, the béd shear stress, the:effective -

;géﬁe of momentum exchange and thervariation of eddy fyﬁi:i
.viscosity. These, if properly understood would enable the;
hydrologist to design flood control structun s and predict-
“the flood hazard zone with some degree of" confidence.

’The experiments began with ‘the simplest posSible case'

a straight reCtangular main channel with symmetrical flood -

'

plain.AIn'an attempt to study a main” channel of.large width”

:an asymmetrical channel with larger main channel width was
tested..The study was then extended to determine whether a}
one stage flood plain cauld be superimposed on another ;3*
;provide_a,multi—stage flood plain.

| Natural”rivers,fof course, differ significantly from
the ideal case considered above. In nature,'rivers are not
‘straight; and the main channel reanders along its valley in
4%afsomewhat irregular manner.vIn order to assess the effect
'of the meandering main channel the present investigation

-;includes the case of ‘a curved main channel in a straight

"valley. Some dye injection experiments were perform%d to

explore the aspecs of secondary flow in the main cbannel and”,l

; .
;the encroachment of.secondary flow into the flood_plain )
region. In- the course of this study, some supplementary

experiments Were performed to study the variation of the bed

shear stress with the aspect ratio_ fon simple rectangular

channels® with smooth “and- rOugh beds.

. A [

ol"’T??* - o
l.4.1 Presentation of the Program' o '

~The experimental arrangements, the measuring

tecHniques, the structure of the base flume ang etraight and 73



meandering channels are-discussed in Chapter II. This
chapter also contains a description of the probes, the
. calibration techhiques and the method of using ~the

calibratioq charts. The limitations of the measurements are

o
«

developed fully in Chapter II as well. Ap x<y-z electric
}
‘coordinate system, 1n conjunction with a data acquisition

system were used to handle the mass of data obtained from

experiménts. The data could be processed by computer with

greét ease. The system is descrited without going into
details of the electronic "design or .programming of the

mini-computer (PDF8) ‘or the main computer. A dye injector

2
v

a ‘ .
was constucted for flow visualisation tests.

In Chapter ITT, investigations on the interartion

between a straight miin channel and symmetrical flood plain

. . rs
flows yith smooth and rough beds are presented. This
. n .
preliminary  study clarified the concept of mompntﬁw exchange

between the main channel and the” flood plain flows- The

interaction repion and reduction 6f shear stregs in the main

b3 ‘
channel and fnvrease nfilthe hed shear atress at the _ edpge of

the flnad plain are also studied-
S )
Investigations of the effert of a wide main channel and

large width flood plain channel, are presented in Chapter
TV. Experimental findings on the asymmetricai channel
confirmed the hasic céncepts.estab]ished'iu Fha?tér TIT.
Once aéain,.it ﬁas'possible to shbw that. the T;ternl
velocity profiles are similar. The length scales in the
interaction region<&er° dbpre]atod with Dyd. Pedistribution
of ghear stre%s in thg main and flood plgin channels was

7
axamined.



N

IniChapter‘V:~é preliminary investigation of the flow
in. a curved channel without the flood plain is presented.

The experiméntal results of this run indicated the

| o

inadequacy of the exiéting solutions to predict the velocity

v,
'ni'

profiies‘and the bed shear stress in curved open channels -
Therefore, the results of this study on curved channels are
presented 1n an empirical form. This chapter also presents
the results of two experiments with a curved m;in ch;;nel~in
a straight Qalley. | (

A number of point velocities were measured with the use
of the data acquisition system in order that the datc could

be fed to the computer. After plotting the velocity ;i1ofiles

with the computer plotter, for better visualization =rf
secondary flow and acceleration and dfceleration of .¢low,
isovel maps in the y-z and x-z planes were ptepared. These
velécity profiles and isovel maps showed the interaction
heto%en-the main megodering channel and. the flood p'iainr
channei. ‘ : .

2 Based on the present studies, general conclusions are
presented'in Chapter Vi. A summary of the idea of
interaction in a wide main channel and wide-flood.plain, and
also, a general qualitative study of flow' in the meaﬂde&ing
channel in a straight river valley aée.discussed. Qome
recommendatione are then made for further studies in this

field.

During the course of this investigation, some

M‘sugplgmentary expetiments were conducted din rectangular

I

4
Ed SR

;e -

channels with smooth -and - rougb beds. The reéults of- the-‘,

correlétion hetween maximum bed stear stress‘in a

o I Y =
2 KN PN
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rectangular channel with aspect ratio and distribution of
bed shear stresses are presented in Appendix A. Appendix B
presents the results of omne experiment in a straight channel’

with two asymmetrical flood plains at two different levels.

a- ..

The present experimental investigations were carried

out at the T. Blemnch hydraulics 1ab0ratory of the University

&

of Alberta, Edmonton, Alberta, Canada, during the years\1977

N

and 1978.



2. Experimental Arrangement and Measurement Techniques

2.1 Introdﬁtion

This chapter describes the Eonstruction of the flume,
‘Fhe experimentglVarrange@ents used, the lihitatioﬁ of the
héasuréments and physical limitation of the size of the
channels..The first set of experiments‘were conducted in a
main chanﬁel with symmetrical flood plain. The secoﬁd set of
experiments were conducted in a straight but asymmétricall
channel to simulate a Ver?nwide'main channel. The last set

v

of experiments were conducted in a meandering channel, in a

straight valley'.

2.2 Experimental Flume
!

The experiménts were conducted 1in a tilting rectangular
channel 4 feet (1.22 m) wide, 3 feet (0.90 m) -deep, and 60

._fgét (lS;Z?tp)hlppg,“w%th‘adjus;éh%e slope. The side walls
of the flume are”maﬂe'of’pfé%iélééé{ The plngod;bgdgi&'”‘v,*-“
'eoyergd with a smooth laver of'fiberglass,resip.zmhigwflpmp .

-

B " - - o . Lo EEEEN & . - : co e LS N -~ PR
"was used as a base. All channels, consructed from concrete,
--were placed within this rectangular flume. Considerable care
..was taken -to ensure that the concrete blocks were uniformly

»
laid on the bed of the flume and the bed was level prior to

adding roughness or tilting the flume.
¢ The flume was supported on three sets of synchronized
. screws which' Cold bé drive®d Yy  an elrectric noter for slope - -

adjustment. Water was.pumped from a sump into the head-tank

of the flume through a 12 inch -(30:46 cm) overhead pipe,
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fitted with an orifice meter; from which the dish@erge-was

obtained. 1he flume was fitted with a tilting tailgate for

control of the depth of flow.

.

2.2.1" Boundary Roughnes

f"Zul.7‘Témperatﬁre.ﬁeasuréments';,

[

For most of the testing, the. finished smooth surface of

the concrete was used. In some tests,'half inch (12.7 mm)

diameter hemispheres, closely packed, were used as the

roughneSs elements. This roughness was fabricated from hard
ruhber into rectangular sheets using a stieel mold. The
roughness height is 0.0208 feet (5.35 mm). These rubber mats
were placed in the flume for a length of about 30 teet (9.15
m) and the velocity and shear measurements were carried out
at a section located at least. 20 feet (6.1 m) downstream

\

from the ‘start of 'the roughness.

(I .
° . -

Waeerstemperature was measured in order t.o determine

the viscosity. The temperature was taken at- fixed time

intervals Juring tests using an electronic thermometer which

[T .

a

was read t'o the nearest 0: Oi degree celsius. Water : ] 'f

.Qﬂempenature»ranged from 17.0 degrees to 19.0 degrees

o ¢

Sooaay e

Celsius.

2.3 Experimental Channel \

CAllL eompound cross sections simulating ‘the main channel

. o - st 5 0w -

and the flood plain were made of concrete which was steel

trowelled:to .ensure smooth surfaces.
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2.3.1 Symmetrical Channel

The compound cross- section simnlating the'main channel |
and symmetrital flood plain was'. made of two rows of concrete
blocks. For the first geven experiments, the depth of the
main channel h below the flood plain level was about 4.3
inches (10 92 cm) and for the later experiments h was
reduced to 3 inches (7.62- cm) by placing a layer of concrete
in the main channel. The width of the main channel B was

maintained at 8 inches (20.32 cm) for all these experiments.

~.

‘The total width of the flood plain b was equal to 40 inches
(1.02 m) in all these experiments. h
The measurements were made in the. central part of the -
channel at a distance of'approximately 30 feet (9.15 m) from
the entrance, after making cértain'that the flow was fully
developed and that the depth oflthe flow was approximately
constant. For the first seven experiments, due to the
presence of a "small hump in the bed of the main channel, the
-effeCtive slope for the main channel could be assessed only
'appreximately. The slope given in Table 1 for experiments
i - 7-1is to be taken as the slope of the flood “plain. For
'all'further.experiments; the effect of this hump was'remOVed
by adding a layer of thick cement to the main channel bed
:;and by making it parallel to the flood plain bed.~
) The velocity measurements were made’in one half of the
compound section. Measurements of the bed shear stress in
the main channel and flood plain were made by using the
.?randtl tube'as‘a.Preston'tube (Preston, 1954, Rajaratnam,
1965,'and Rajaratnam & huralidhar, 1968) A series pf seveni

~ a :,mn/

additional experiments were done mainly to obtain moreﬁdata

‘.



fijsfor the whole cross—section at, a, section,_half ﬁay down the
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on thé bed shear stress distributions in the,main.channelf
.and flood plain. ‘In the fier eight eXperiments (Ehe

| R ) . . .
surfac s were generally ‘smooth. For.the ninth experiment, )

B signi{icant details are recorded‘in Table 1), the boundary
the bed of the flood plain was made<rougﬁ by spreading the
rubber mat.withfhemispherical projections of 0 5 inch (l2.7
mm) diameter.

In‘addition, a number‘of.special.exPeriments were
performed with the’flow confined to the mainfchannel, with
smooth and rough boundaries to obtain some supplementary
information‘dn the distribution of the bed shear stress in

rectangular channels of small and medium aspect ratios.

These result will be presented in Appendix A

2. 3 2 Asymmetrical Channel

"In ordexr to -asses the effect of aspett'ratio in the

>

- wmain channel and flood plain channeéel three asymmetrical

channels were tested.lln addition, a multi-stage flood plain

channel was also constructed.

2.3.2.1 Asymmetrical Channel Type A

One side wall of the main:channél was ektended.by a row
of concrete bricks. The depth of main channel h below the
flood plain level was about 3 inches (7.62 cm). The width-of
tHe main channel R was maintained at 8 inches (20 3 cm) Tne

flood plain width b was-: eaual,tpHZO inches (50 8 cm), see'

: Figure QZ iA). The Velocity and sheaT’ measurements were madefif“

(R

o . - - e . . o B . . i e . A =

> - -
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2.3, 2 2 Aeymmetrical Channel Type B

Since, in the previous experiments, the width of the
main channel was not large enough and the depth of the main
channel from the flood plain level 'h was high, the concretebl
blocks &e;e removed (See Figure 2:1R). The depth of main

:ﬁl channel h, was.i;ZS inchesA(d.Z cm);ihe.width of main
chagnel 20~inches (50. 8 cm) and the width of flood plain was

-8° inches (20 3 cm) ‘Mea3urements vere conducted 30 feet from

- - N . o
N - o P . . i ENI4
',

the head-tank. ST L

2.3.2.3 Asymmetrical Channei_TypehQ

.In order‘to-eimulate reasonably wide main and ‘flood .
plain channels; the bottom of the main channel was filled up
with mortar. The depth of main channel h below the flood
plain level was ahout 3 inches (7.6 cm). The width of the
main channel B.Qae‘maintained'at 28 inches (7.1.1 cm5: The

» flood plain width h_;as ecual to 20 inches (50.8 cm).

| Fi&e experiments were conducted. Tre middle of the
flume was chosen for cross-sectional measurerents. The
velocity and shear stress measurements were made over the
entire co&pound cross—seotion. Figure 2.1C shows the
dimensions of the‘channel and Table 2 shows the significant

details of experiments 1 to 5.

-

2 3 2 4 Asymmetrical Channel Type D

In addition, one test with. multi level flood pIaihiwés'

»

'conducted. The depth ‘of main chaqnel ‘h, was 1 35 inchesA(B.?

;Jir“7cm) and the depth of fifst ‘level. of flood plain h” -5 was 2.75

N, PR

imche& (7 0 cm). The main channel width B was- 20 inchesvh'w
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. (50.8 c¢m). The first level flood plain width was b/2=8
inches (20.3'cm) and the second. level flood plain width'was‘
b"/2=20 1inches (50.8 cm). Figure 2.1D shows the detailed

.

. dimensions of this channel.

“2.5;3VMeandening Channel

s

In designing a meandering channel that is tofbe

t ! -

representive of a. typical meandering river,rone‘ﬁas to

e e L

consider several parameters.-The”paraMeters invoLyed can .be .

'classified into f0ur groups

l. The channel geometry characterietics,
2. VthehfioyAcnaracteristics,‘

3. the‘fluid properties,

Lo th% Sedimegt propertiesu

Obviously, these are too many variables to be handled
in the 1imiLed size of laboratory iiume described
previously. Therefore sediment was, eliminated from the

»study;.clear water was used ‘as- the fluid; the movable bedaL.h
was replaced by a smooth rigid boundary, the channel was"'
built with a uniform rectangular cross- section. The
meandering channel with constant curvature was constructed.
Short tangents connected the reverse curvee with one
another.

With this simplified model (See Figure 2.2), the
geometry of the curved channel can be defined by the, central
angle‘of the bend QC, centerline radius R, the tangent
lengtth,.the‘width of the channel B, and'the depth of flow
D. P S

"B.C. Yen (1965) conducted .a survey of the most

= l'—,a,' " v
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. important»eXpeximental work on flow in open channel bends.al‘

I I o

Pased on this survey, he maintained that those: channels had

N a few short comings. These sbort comings include the f@ct,-v<

e - ,_.?I
- b3

the aspect ratio B/D was’ small or if che channel had a
'large width the total mentral angle 9 is,too~large‘br too

small. HoWever, in most cases theze was . only one bend.

il
T

>._Leopoid & Langbein (1066) used a’ statistical analy51s of.

rivers to- give a range for sinuosity, or tightness of ‘bend,

. which is expressed as the ratio of the'length of the channel

'in,a'givenwterE'lh;”to<the wave length .k’ between 1.3:1

and 4al. Another.property is the ratio of wave length of .the

curve and the radius of curvature. Ihe'appearance of
regularity, dépends in part on how constant .this ratio Is.
This walue'may change'from the water surface t¢ the bottom

of the channel. The average value of l /X is about 4 7

- S
2

' Also LeOpold Bagnold & ”olman (1960) gave an‘ayerage value

of R/B of: 2 3 for many rivers and channels, and an avera&

. - - : - I

PR . . \“~

J. . ] R - B ) . . | - 2 N - - " : . .I a - . ° ]
River. cee o T S - . " oo
v . _ « , o ¥y

E Rased on alr this inforwation,,and the limitation of

.... L
P -

the size of the available flume in the laboratory, the
'planimetric geometry of the model was chosen with 9 £90
- ( ®

degrees, R/B=3.0 A/R=3. 02 and 1u/ X =1. 13. The model was

P
o

'.built with the following dimensions' B 10 inches (25 4 cm),
’ R 30 inches (76 2 cm), tangential length T=4 inches (10 2

cm), and.h the depth 6f -the" curved channel bed below the__

flood plain equal to 1.5 inches (3.8 c@). Sevem identical 90.

o .

degree curves of ‘reversed direction'were connected by>the 4

"inches (10,16 cm) straight,reacn,;where.it'formed total of

.

"7value of 3 24 for the few data they obtained for Miesissippi r‘f

"
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thfeelloops;—ltMJ;s-helieved“thatgdevelopedhflow would be
;fgobtained“inhtheWsecond'loop. The channpl was 60- feet (18:3.
;h) long: The first 18 feet (5 5 m) was a straight
szmmetrical main channel with flood plain width (1en 18
feet, _pS m) of 19 inches (48 3 cm) ‘on either side. The

f;middle part 26 6 feet (8 l“m) of the flume contained three

loops, and the rest was straight channel with a tail gate at:v
the downsrteam end (lex~13 5. feet or &. 1 m). The general

layout of the model is shown in Figure 2 2. As shown in this
.schematic plan view, the amplitude of the wave was 20 inches
CSO 8 cm) and the narrowest width of the flood plain in the

a

meandering portion was 9 inches(c1—22 q cm).w . - ¢

v / . ~

The Velocity and shear measurements were made in

-
nnnnn &

””second 1oop and at the entrafce of the loop. -Figure 2. 3

shows a detailed plan view of these sections. The vertical

A’?profiles were located at O 1 feet (3. 05 cm) intervaLs in the™

%

'fflood plain and at-l inch (2 54 cm) Intervals in the main

'channel. Velocities were measured’ eve;y 0.01~feet_(3 rm) in

ertidal prefiles. o e T r ot mm s

-
~

2.4 VelhcitX‘Measurements

-

Prandtl and yaw probes were used for measuring the

",Velocity fieldu In straight channels with very weak

secondary currents, ‘the velocity measurements vere made

:'using a 3 om or "1.5. mm Prandtl type Pitot statie- tube. ‘The-

differential pressure was measured with a Pace model P1D

nfvariable reluctance differential pressure transducer with
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@

'Zone inch of water for full scale diaphragm (zero to ten

volts .on the demodulator anplifier respectfully). Initially,
'readings were obtained ‘from a- direct reading Pace indicator .
(model ehE 25).:Later on, ‘the Outputs were recorded on a-
strip chart recorder andvaveraging was . done by hand.

The calibration,procedure consisted of applying static

N

differential heads ‘to the Prandtl tube and adjusting the
“demodulator for avlinear Output of zero to one, inch of

water. According"to the manufacturer, the precision qg these :

i

transducers 1s +0.1%.

Fach modulator was provided with a capacitor which
&
damped the. circuits to reduce the frequency response, of the

R P on R N R et -

output to a level suitable for input to the strip char

e

recorder. ‘Instantaneous differential preSSure‘betweep

'dynamic and static heads was recorded for one minute.p.

/Whenever the depth of flow om the flood plain was small the

requirement of depth of flow being at 1east five times*the’

N
outside diameter of . the probe could not be met-with a 3mm” OD

%

probe. Therefore; for small depths of flow,-the 1f5 mm OD

&

Prandtl‘Pitot;static tube was used.

3

‘2.5 Veloci;l Vector Neasurement ' e

<

For velocity measurenents in the curved channel with-a

»

flood plain,’the conventional Pitot tube wouhd}not suffice,
~as the angle gfgattack would be very large. In addi-tionr the .

present investigation was aﬁggd at measuring all the three

components of a velocity vector which would require the

’

measurement of the yaw and pitch angles. The obvious choice

L ]
6
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was a five hole arobe. After a preliminary study in the 
curved channel it was ound ;hat tge vertical comévnénﬁ of
the veloéity vector wés‘rather small compared fo the
ho%izontal component of the velocity vector‘ahd thefefo{e

owuld be neglented. Besides, the outéide diameter of five

.

hole probe @wnm=< large and couid~not mget the reqnipément bﬂ
the depth nf flow heling ér least five timés the probe
diameter. Purther, the cemplexity of the ralibration curves
“ruled out the possibility of wsing thé five hele probe. In
two'dimensiopa] flows, when the volocfﬁy Qerrdr isrin‘the
horizontal plane of tﬂe prﬁh;, fts magnitude and diré;fion
ran be conven1on;1§ determined bhy. means of the yaw probe.
The yaw probe wae prerared from ﬂtainle;s steel tnuhes
~nf 1.5 mm outside diameter and tad a 45 degreeqrhamfer. Ate
the heginning of the expérimenf 2 'otariﬁg mechanism was
attarhed tno the vaw Ipr’r‘hq. Py rotatring the yaw rrohe nuntil
tho differential prc’cénrf‘n’;wofween f‘er‘rc;r tube and the ~ide
tube ho?amp the csame, It was possible ta abtain the
directien and maenitnrde f the val~r{ty vector. The lag rim
hetwoen vntating the yaw probhe and rhe reepnnee of the
differeqtia‘ pressures lep' the vaw probe {- rﬁnd’%n'
motinn. The flu tuation f Jf;n'rion aof the v lacity vertor
added a greater prehlom. In ardor to o v om thege
difficultiea, an r\lt‘t‘?né" ~ method was w~r41. Rajaratman &

Mutalidhar (1968) gave th'e nrregsary callfhration cnrvere for

romputa' fon, of magnitude and direction of the velocity

-
f

wectnr. The principle fnvelved ir thie wathod of wvelncify

measurement 1g Adescribed Friofly 'n fthe £l -wing

) 4

paragraphr

"

i
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. For fwo—aimensional flows, if at any point the velocity
is V at any angle of{éttack of 8 and the static plezometric
head 1is ho, the piezometric heads indicated by the three

" tubes of the probe set at that point are written as:

h h + k '\‘12 '

= v - (2.1)
1 . ‘0 .1 28 ,
h —h + k V2 '

2 T "o - o . (2.2)

, g : _
d h N (

an = e . . : 2.3)

where hl; k2’ and k3 are the calibration coefficients and

avre functions of 8 mainly, for a given probe neglecting

viscous effects and other minor correction factors (see

Figure 2.4). The mean calibration cuTvés for ko k2'and k 4

wore obtained through a series nf experiments, with 8

tranging from -60 to 60 degrees,

"sing the three calibratian factors kl' ¥ an k_ =a

7. 3
fanrth farteor ¥ is defined asg:
“w
k -k
K - -b—; 2 (2.4)
Y

and it conld he seen that ¥ i mainly 2 function of 8. Uging

the mean curves presented 1n Figure 2.4, the variation of k

with 8 45 shown in Figure 2.5. E

. T
" v - ‘:éul
Fquation 2.4 1in combination ‘with equatinns 2.1 to 2.3
r . o :
could be rewritten as: ¢

e =1 Vﬁ
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From equa;ioﬁ 2.5, k. is found and hence the angle of the yaw

is found by referring to Figure 2.5, It could be shown that

Y
» -

e e
1 2 t
wl';gre d *
: - , :
o T oo, E - D
and
Aho= b - b, | I (2.8

It couid be shown that k,_ is only & function of 6, and its

6

9 N . -— ! . '
varfation with 8 {s shown in Figure 2.6. Using this figure,

k6 could be found for the particular angle of attaék 8 and

¢

the magnitude of the velocity vector is determined.

2.6 Boundary Shear Stress Measurements

The Preston tube is a total head tube restiﬁg on a
boundary and'faping the flow, witﬁ the tube in a zone where
the law of the walllis valid. This requirement.was met at
all pimes and whenever the depth of flow was shallow, the
1.5 mm fitot-statié probe used. The Preston tecﬁnique is a
convenient meéthod of meééuring the boundary shear stress.
Thé'differential.Ap ;regsﬁre Betyeen‘the dyndmic and the'
static pressurés.is c&irelatéd wifh the boundary sgear

stress T . Thesé correlation was developed by Preston'

(1954),. mainly from similarity considerations and the
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exlstence of the law of the wall. This correlation is given

{
in the form of ) ’ -

a’ a2 .
AP — = .f ‘( lq___i ) (2.9)
4p Vv 4 p v ) T UL

After Preston (1954) a number of investigators conducted
several experiments to check Preston’s original calibration,

‘and to extend the use of the technique to developing

"~

b0undary;1ayers and‘to study_the-effect of pressure
gradients'kqu, 1955, and Rradshaw & C£6gory; 1058).
Rajaratnam (1965) defined calibration curves theoretically
.b& assuming a suitable velocity distribﬁtion in the wall
'region.'The numerous smooth boundary calibration;Ashowed'
only a few percent dfffergpce. Réjaratnam & Muralidhar
(19.68) showed that the Prandtl tube. could be used as.a’ "
Preston tube. In the présent investigatipn,‘?atel's curves
(Patel, 1965) were used to convert .p to I, and the required

calibration curves for the 3 mm and l.5 mm Pifot-static

_probe were prepared.

2.6.1 Yaw Probe as a Preston Tube

<

In the‘meandéring chaﬁnel, th; directidn of th; bed
shear stress is not known bgforehand.-ln'principlé, its
magnitude and direction can still be found by rotating the

_ Preston tubg.till the maximum dynamic pressure 1s indicated.
This method of rotating Ghe probe. 1s time conéuming. In
order to overcome these difficulties, Rajaratnam and
Muralidhar (1968) used the yaw probe on ;he boundary and

gave the necessary calibration curves for obtaining the
B ’ ’ . ‘ Bl
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- Q,»_ mbLang“varLous -expre sidhs dn»equation P, and W2 5°W SR

direction and magnitude of the bed shear stress. The samen

yaV.PFng’ deseribed previously in connectiqn_w;th velocity :

meesprement was used . as:. the Preston tube.-5~3~f'

. 1
(2 G-

[ 4

the following can be written:

2 .

4 pwv ,
b= by bk ( SEE(gH e e (2e1))
. 4 p v2 ' . _
P, = P, + k2( )f(Tb+) : ‘ , - (2.11)

- .

4 A .

py= Py + kgl Py E(T, ) R ; (2.12)
\ . . d2 , = o b ? P

. o T, d°
where (T +) =.— 5 g _ . ' (2.13)

and P> Py and P, are respectively the pressure at hcle 1, 2
and 3.

By a suitable combination, the expressions in 2.5 can
be written as the following:
(p, - p) 1

i = £(T,H) Lo 21

v

In measuring shear stress at any point, pl, P, and Py are
known quantities so that k could be computed aed then 9
could be found. Also ki and kz could be found from Figure
2.4. Since all the quantities on the left hand side of

equation 2.14 are,known, f(T°+) can be determined. Using

Patel)s calibration curyes T,+ and hence- T, were computed.
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2 7 Depth and Slope of Water 9urface»

-

Depth was’ determined from manual gauge readings of the

water surface along the flume centerline at every

v

ection.) These readings were. referenced to’ their bed

e B e s e v = A

level datum. For subcritical flow conditions;‘the tailgate P

was adjusted to establish uniform flow by a trial and error

--process. The bed. slope was set and uniform flow conditions

- . Y

‘were approached by manipulating the tailgate while observing’

the depth of flow. They were measured. f.rom 5 feet to S0 feet
v(1.52 to 15.25 m)r from-head tank at 5 feet intervals.

o o

: After a few runs were conducted it was found that the

water surface measurement with a point gauge was not

“baccurate enough for this study. Seven static probes were

mounted over a reach betwen 15 ‘to 45 feet from the entrance

at'interﬁals of 5 feet. The-differential'preSSures,betweenm
"the'static$&robes“were measured with a pressure transducer
Pace model.PlD. Therefore, the uniform flow was established
by manipulating the tailgate until the 6 differential
pressures between the static probes ‘became -equal and the
.slope could be calculated by dividing the differential
pressure reading over the distance between the two probes..
Since the drop of the water surface could be read within a
precision of 1/10 000th of a foot, the slope of the water
surface could be measur ed accurately. In all cases, care was
taken to see that the bed and the water surface slopes were

essentially'the gsame.

~
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J 5:8 Special;I&sfruméntaﬁibn
‘ "In_thé spraiaﬁ; channel a y-z electric coo*dinatof and
: aibﬁe cﬁahnei‘sﬁfip‘ﬁhartiré;order we;éKQUite sufficiént to
t;ke d#ta-ﬁandéliy.'But; 1n‘the case of the m;andefing.'~

.. channel, obtaining data manually was quite time consumings:

2

In éddiffon”to'thaé; pfaéegslhéfthé‘d%ﬁf;wfthqgﬁacqmputer“
help and plotting or ﬁapping.isovels-was a great task bv

hand: . '

2.8.1 Coordinate Positions and Input Panel

The yaw probe was positioned within the flume by. a
x—y—i;e.electric‘édordinate system, where 8 is the degree of
'fotationvof ;he yaw prébeVWith respecgito thé x direction.
:The origin of the xiy—z coordinateiwés selected in such é
way phatux=0.0 at cross-section NO. 1, z=0.0 at the right
;hand side corner_of the fléod’plain and y or y';Q.O upwafd.
. ' 4
from the bed. The location and rotation of theAyaw probe (x-y
-z-8) could be controlled from a remoteﬁcontrol.switch
hox, which 1in turn Hrove.; small DC electric motor to a
desired positiﬁn. The.cqp?dinate-voltages'were zeroed.with
the referente.to the frﬁme oriéin. The'DC voltages
 tepresenting the coordinates were then fed into the data
acquisition system.
B "This.system also was controlled from a smali panel
‘where coordinate datum planes cd&?d,be'set and calibrations
performed. This equipment 1is indiéatea in thé photograph_ih

0y

" Figure 2.7.
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Meandering Channel " Yaw Prabe

f

Figure 2.7 Photagraph of Data Aquisition System
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2.8.2 Data Acquisition System
The acquisition system was made up of the following

elements, which are represented in Figure 2.8.

1. 20 Channel Scanner (Vidar 604)
2. Integrating Digital Voltm (Vidar %00)»
3. -Data.Coupler (Control Equipment Corporﬁtion model 310)

4, Scan Counter

-

5. Magnetic Tape Récorderv(Techtran)

‘Agl,iqputs for the data acquisition system were in the range
of -20.0 toAZOZO volts and each was .assigned po.a particular
;hannel of the Scanner..The Scanner ;eguentially sampled

selected channels, routing the analogueée signals to the

Digital Voltm where they were digitized and converted to a
\

-

.Binary Coded Decimal (BCD) Code. The Data Coupler forﬁulated
the RBRCD signal and routed it to the magneéié'tape recorder
(Techtran). The Techtrah, on write mode, stored the
information on a casset tape énd, at a later péfiod, the
tape could be read to PDP8 computer.

The desired number of scan cycles were selected on the
Scan Counter and the scan rate was selected on the Scanner.
After several trials, 2400 characters per minute gave the
best.result, with approximately 80 samplings per minuLe in
each channel. |

Tﬁrough a Basic language program, the information on
the magnetic tape.was read to the Digital Computer (PDP8)
and the aata was stored on the Flupy. furthermore, PDP8

through several programs, was able to convert each set of

readings to the desired average of that reading and, {1if

-
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/xnecessary, by going'throuph'a subroutine Amd applying:
hcalibration ‘curves to.obtain the value of the variables..
'Thena this information from the Hydraulic Laboratory was
transferred to the University Computer Center. From there
the~data were stored in SUitable matrices. It could be
called for under the Michigan Time Sharing %ystem (MTS)
using an Amdahl 470vV/6. All data processing and analyses
_were carried out using Amdahl 470V/6 and the reSults were
plotted using a new version of Calcomp plotter. Surface 11
Program (Qampson, 1978) had more capability for mapping,
therefore it was decided ta use this' program for isovel

maps.

2.8.3 Test Method s
The foldowing procedure was normally carried out to
complete a single test: |

1. The channel slope wasAselected;

2. the flume'slope”was set,

_3. a,discharge was selected,

4. uniform flow was established_by4measujiné water depth,
and adjusting the tatlgate elevation until the
differential pressure between each pair of the static
probes became equal,

5. final depthshwere measured, the water surface was

plotted, and slope was determined,

6. the uelocity distribution was measured by:

a. selecting the crossr-section, : . I

b;‘vzeroing and calibrating the coordinate positioner,

and the pressure transducers, and changing the angle
Il
| .
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of the yaw probe if necessary,
4 - ’
making sure scan rate is set at 80 cycles,

positioning the velociﬁy probe, selecting the‘éhanneis'
to bé’scéﬁned,:and starting auto countex:,n |
recording the data. on magnetic tape,

shear reasurements wege,éqr¥ied ouﬁ by fdllowing the

same procedurelés above with the yaw probe positiomned on

the boundary.

Flow Visualisation

%ye waé‘iﬁjeéted bafallei'to'theyflow; by means of a 1

mm OD tube connected tb a small constant pressure head-tank.

Dispérsioﬁ of the dye was photographed from a fixed position .

approxiﬁately"4 feet (1.2 m) above the flow. These photos .

served many purposes such as measuring the rate of éxpanéiop

‘

of the width of thé1dye plume, or the extent of .the RO

infrusion of the main cﬁannel flow 1nto the flood'plain

region.



3.vInteraction:BetweenvStraight Main dhannel And Flood Pfain“
Flows in a Symmetrical Chanmel Cios

vA preliminary‘studyvnas done in a narrow main_channelvwith

wide symmetrical flood plain. ' |

. The conStruction and dimensions of" this symmetrical

bl

flure were described in detail in Chapter II, Section 2.3.1.

Originally, it was used to check'the basic idea of exchadige

. of momentum between the main channel and the Flood plains

8 . P

3.1 Concept gi,MomentUm ﬁxchange"and Interaction Region'

In a conpound crossﬁgection ehannel composed of two
s1milar channels with. the same longitudinal slope, the one
with ; larger depth of flow at. any givem level will have a
higher velocity than the one with a lower depth of flow at
the same level. Therefore, "it is ‘obvious 1in a compound
crdss-= -section .like a river with a flood plain, at anv”level
above the flood plain, the main channel will have higher
. velocity becauselof gﬁeater depth of flow. It can be seen at
any of these lev%ls that there'exists a.lateral veloeiky
gradient, higher velocity in the middle of the main channel
and lower in thexflood plain. The result of this difference
will be that a part of the main flow near the flood‘plain‘
will slow down»and-a part of the flow in the flood plain
near the main channel will speed up. Perhaps this action
_will oecur in suchfa way that the velocity of the main tIOWv
decreases smoothly toward the flood, plain until it reaches
the flood flowq%elocity. This is the result of transport of

3

the 1ongitudinal momentum to thefflood plain and the

39
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. J .
-vertical plane between the main channel and flood plain will,

experience appreciable turﬁuleﬁ€J§heaf stress in the
longitudinai directlon,

+ In order to test tﬂe above ideas, data were takemn from
the isovel contours given by Sellin (19643 and plotted. A
veryQ?imple calculation resulted in undisturbed velocity for °
the main ~hannel and the flood plain chanpel. Comparison of
these Vé10¢1tieS‘Qifﬁ those ~btained from the dsovel showed
maiﬁ channel'volocitiesiée%o redwced and fland plain
velpcities 1ncr°“Qéd~f

Tn order to he ahle to pursue the forgoing ide=, the
sy‘mn’\prr'ica] channrl wa‘s teated for diff - ent depthe ~f main

crhannel and 1 ' oplade Cloaya.

3.2 Txperiments A 7 Fxperimental Pesults

Mensurementn~ —“nre made in the central part ~f thr
chaonel (at a distance of »spproximately 30 feet (0,15 m)
from the entrance) after making certain that the Flow wae
fully dévoloped and thor the depth of flow was approximately
roneftant. A= pre - iously evrlafned, far the first seven
axperiments, the effeotir- slope feor the main ‘chonnel, conld

B4

anly be approximated. T'e ~lope given ipn Table 1 f -
evperimants 1 * fe te hoe tnben as the olepe nf the flood
!\1""*."

Tho-velnf';y apnd cehear strress measurementr yere made in
one half of the comprvnd se~tinn. A serjes nf seven
add{itirnal erperiments were made, mainly to obtain more dota

nn the hed ahmar in thae mofn channel and.the flood plafn. Ir



B = 0.67 feet. b
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TABLE 1

Significant Detalls of the Experiments

h(ft)

0.346

0.358

~0.35R

N.358
0.358
0.358
0.35R
Nn,248
0.271

0.245

0.7245

0.245

0-245

0.245

0.245

N L2724

* Addit{ional

n(f%)

0.

0.

0.

0.

483
410
S84

538

0.407

0.
0.
0.
0.

0.

0.

0.

0.

0.

0.

n .

518
450
160
338
550
AQR
4272
375
345
32R

2(?’\

2

3.33 feet

d(ft)

0.537
0.052
0.226
0.180
n.12a

0.160

0.305
0.253
0.177
0.130
0.100
OV.OQ"!

Lo N A B

experjmenta,

A L.
c s . S

(cfs) x103

7,

N.9R 0.70
0.50 0.40

2.00 1.14

F

41

Shgarf
1bsxio’
sq.f;

18.37-
9 0;. 96
l§;56 .
17..59
23.32

1750

*%* Rough fl1nnod plain 0.5 inah d*amof;r hemimnphevlC§1

roughbhnege.

<4
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the first eight experdments (see Table ! for the significant
details of the experimeﬁzs),Athe boundary surfaces were
generally smooth. For the ninth experiment only, the bed of
the flood plain was_made-rough. In addition, a number of
special experiments were made with the flow confined to the
main channel, to obtain supplementary information en the

4

distribution of the bed shear 1in rectangular channels of
small aspecé ratio. These results are presented in Appendix
A -

" The veloci;y erofiles for three typical expefiments are
shown in Figure 5.2. Figure 3.2(a) shows the profiles for a‘
1;rge Froude nurber F of 0.52, wherein f_isitaken as the
ratio of the-meaq velocity to the square root of the pfoduct
of acceleration due to gravity and tee depth of flow D.
Figure 3.2(b) shows the profiles for F=0.08,. Figure 3-2(c3
shows‘the results for the ninth experiment which had a\rough
hed_for the fiood plain. Considering the flood plain, in
Figure 3.2(a), the velocitiés increase continuously as one
moves towards the main chaneel. This increase can be noticed
in Figure 3.2(c) and to a lesser extené in Figure 3.2(b). In
the main chaﬁnel, Figqre 3.2(a), the velocity increases with
vy, tﬁe distance from the bed up to some level, and decreases
continuonsly to eventually become approximately constant
near the water surface. This behaviour 1s noticeahle 1in
F;g"re 3-2(b) as well as Figure 3.2(c).

Figure 3.3(a) shows the variation of u with z from the

centerplane for different horizontal planes (i.e. different

~~

values of y). From Figure 3.3(a) §t can be seep that u
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¢ 0.12 ft
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o
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Figure 3.3a, b & c Typical Velocity Profiles (in z direction)
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decreases'from‘a maximum Value'of u on the centerline
rather rapidly toia value of u; at the junction plane
between the main channel and'flood plain ‘and 'then decreases
continuously from um to eventually approach the thdisturbed
flood plain velocity of u. Figures 3.3(b) and 3.3(c) show
two other typical profiles, o&e‘for'low F and the other for
a rough f]ood plain and similar variation can be doticed: In
ﬁ@he immédiate vicinity of the junction plane, in some
experiments, a.sharp increase 1in velocity was noticed (see
for example Figure 3.3(5)). This sudden increase has also
oeen reported by other observers (Goncharov, 1964).

The variation of the bed shear stress in tge main .
channel and flood plain ispshown in Figure 3.4 for the eight
eXxperiments as'wellﬁas the additional series. In the main
channel the bed shear decreases from a maximum value of To
to zero at the‘corner of the banks - In the flood plain, To
decreases continuously from a maximum at the Jjunction plane
to approach an undisturbed value of TOm" TOCD will again

decrease as the bank of the flood plain 1is approached.

3.3 Analysis of Fxperimental Results

3

Some preliminary calculations indicated that in the
part of the flow above the bed of the flood plain (1i.e.
y>h), the velocity profiles in the trangsverse direction
(i.e. u(z)) 1f viewed with'reepect to um, the undisturbed
velocity in the flood plain, appeared to possess the B}

property of similarity. After further analysié, it was found

that the u(z) profiles could be split into two parts, one in

u

&
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the_main channel and the other in the flood plain. If um-and
u; are the values of the longitudinal velociEy inin?§, ‘V
centerline of the main channel and at the junction of the
main channel and flood plain for any given horizontal plane
for which Um 1s the corresponding undisturbed flood plain
velocity,. it was found that {f (u - w )/ (u_ - ur) is
~plotted against n=zlbm_wnere bm is the length scale, taken
as equal to z wherp (u —'u;n)/(um - u;)=0.25, the prnfiles
are appfoximately similar as shown for a few.tynical
experiments in Figure 3.5. The data are described by.a curve

of the equation:

f£(n) = ——— @ - | _ qg.75n%" (3.1)
u .

In the above description, {P and u; are the réference
velocities and bm is the length scale. If the main channel
was sufffcigntly wide (Rajaratnam & Muralidhar 1969), v
could be represenfed by the equation:

u_ | y u
B = 5,75 1o0g(

) + 5.5 (3.2)

? : .
where u,=/ g D S SO is the slope of the channel and Vv is

the kinematic viscosity of water. The undisturbed flood

plain velocity Yo would be given by the equation:

u '

y u
= 5.75 log( ~——\)—f—‘l°)+ 5.5 (3.3)

where u m=¢-g d So » and y* 1is flood plain (éee Figure'

N
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y' =
* 0.063 ft (Expt 9)
* 0.070 (Expt7)
* 0.13 (Expt 6)

* 0.12 (Expt 5)

* 0.17 (Expt 4)
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Figure 3.6 Velocity Profile Similarity: Upper Part of Main Channel
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Then ‘it could be”éhown.tbat:

Un Yy D log ,/_g

5 =/—:~[ 1+ J -1 (3.4%)

¥.o 11f/g—1——§2—

v
u - u ., d D S
m @ g S
=f[_2_,_y_,;, oy C(3.%b)
u_ d d ' Vv )
M 4

wherein C is a constant equal to 9.06.

In this study, the width of the main channel is not
large and, as a fesult, the -effects of mixing at the
interface of the main channel énd flood plain have p’ﬁmeated
go the centerline of the main channel. Using equation 3.4 as

a guiée, a scheme was found for correlating u_ by plotting
‘gwA . . : s R ’

(hm - um)/(um) Fgainst y’/d (see Figurez@.6(a))- For ,any
experiment, (um - um)/<“m) decredses with y“/d to
eventually approach an asymptotic value as y’/d approaches’
unity. Usiﬁg the results in Figure 3.6(a), Figure 3.6(b) was

prepared which.showsnthat (um - um)/(um) for any given

value of y“/d increases linearly’wiﬁh”D/d. In.;By flood
plain problem, if the flood plain~15'§hfficieﬁtly wide, as
was‘(approximately) the case in the present experiments,
then U, could be found. The behaviouf of the length scale
bm {s studied in Figure 3.7(a) whereiq bm/d,is pldtted
against y’/d for.different values of D/d. For any given
value of D/d, variation of bm/d with y°/d is not large and
1f an average value is adopted, this average value of

bm/D is seen to inérease lineagrly with D/d as shown in

> <
Figure 3.7(b) dnd is described by the equation:

-
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Expt D/d =
o1 3.53 °
o 2 7.88
A3 2.58 .
A4 299
m5 3.78
o6 . 324
v 7 4.89
vs8 313 N
09 4.97
.
| | .l | 1 |
4 5 6 7 8 9 10
'D/d |

Figure 3.6 Velocity Scale: Upper Part of Main Channel
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b : . ‘
,—3“— = 0.92 — - 1.32 . o e (3.5)

o
o :

The velocity profiles in the flood plain, when plotted
with (Um - Um)/(um - um) against A"=(z" /b ) where
z"=(z - B/2) and b =z' where (u = u )/(u' - Um)=o’53 were

found to be (approximately) similar and a few typical plots

are shown in Figure 3.8. These curves are satisfactorily

’

'described'by the error function. In some plots of ‘Figure
. \
3.8, there is, appréciable,scatter,.particularly for the

1ower most level, 'i}é. for the Pitot tube sitting®on the bed:-:

of the, flood plain. This observation will predict scatter in

bed shear profiles. The behaviour.of~the velocity scale

(“;.‘ Um)/(u ) is studied in Fipure 3. 9(a) wherein it is
found that, for y“/d=0.3, it varies mainly with D/d and this

variation is shown separately in Figure 3. Q(b) In Figure

“»
J3'°(b)"( m )/(u o) ;s §een to {ncrease linearly with
or

D/d. Figure 3. 9(c) shows ghag the length scale b /d is

‘(almost) independent of y “/d: and varies mainly with D/a.
This variation is seen to be linear (see Figure 3. 7(b)) and
could be described by‘%%e equation

b . 9‘2\

—£ .2.02 2 - 2u71s * (3.6),
d Ut Td oo

v

-7 .

The flow in the main channel below the bed level of theb

flood plain is analysed in an empirical manner. When the

velocity proﬁiles in this region were plotted with u/u.

against y/h where u, is the value of u for y=h "as shown in

Figure 3.10 it could be seen -that for approximate

wrd
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I4
L]

calculation purposes, an average curve (shown by a

continuous line in Figure 2.]10) could be used. For this ean

0 L}

curve, the‘maximum value of'u/uo=1,06 and occurs at

'Y/h=0-§-‘T0'USE this curve, u_ could be obtained from:Figpre

3.6 for the lowest (experimental) value of y’/d. An

alternate method‘of analysing the flow in this region 1is
! g

indicated later.

From the plog of the shear stress measurements, in thg
flood plain, (Figw;e 3.4) it 1s easy to see that the bed
shear stress in the flood plain increases as the junction

\

plane with tﬁe main ‘channel is approached. If TOm is the

uﬁdisturbed shear stress in the flood plain (occurring at

points sufficiently away from the bank's of the flood plain)

and if T, is the shear stress at any , distance z” the maximum

value of AT0=(TO - 700?)# written as ATbm’ occurs at the

edge of the , flood plaiﬁ (i.e. for z°=0.0). A plot of the
variation of ATO/ATom witp z° 1in terms of a suitable length
scale'shawed that for_Qer& approximate‘pufposes, the

disgribution of this diﬁensionless excess bed shear stress

could'be considered to‘be similar but there was considerable

\J

-gcatter. Jf 1, 1is the value of z’ where ATO=O-O, the

variation of l*/d with D/d 1s shown in Figure 3.11(a). From
Figure 3.11(a), 1t can be sgid that I*/d increases almost

linearly with D/d. Figure'3.1lkb) shows a plot of the

variation ff Tom’/ To with D/d. FEven though 1t is difficult to

draw a trend-line in Figure 3.11(b), it can be seen that for

om=2 TOm' Simila; large increases ave<beem y

reported by Myers and Elsawy (1975). s
— A ‘ . -
Considering the bed shear stress 1in the wxin channel,

~
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the results of.the additional experiments as well as those
of experiment 8 are shown in Figure 3. 1l(a) wherein Tom is
the corresponding To'which will exist if the side walls of
the mainrchannel were extended to a total depth of D. A
curve for the variation of Tom/p g D S* with B/D based on
the available results, with additional experiments performed
by the author, is given in Figure 3. 12. From Figure 3.11(a)
it appearS'that the maximum bed shear stress in ths::jgn
ehannel {s-reduced by abOut 407% because of the inteTa tion
'with the flood plainm flow. Similar decreases have bean
reoorted hy Myersfand‘Elsawy (1975)- It was also four'l (see
Figure 3.11(c))'that the variation of To(z)/fom {n the main
channel with z/B/2 was approximafely the same as that of
rectangular chaanels without flood plains. Fence, the main
effect appears to he a reduction in the magnitude of'the bed

shear in the main-channel. "

1f T, is the aversge.shear stress exerted DYy the main
channel flow on. the flood plain flow at_the junction plane,
(T d) could be recognized as equal to (Integral of Arodz’
from 0 to z7) where the upper limit is the valug of z~ where
To is reached. (1f the flood plain wall shear 1s measured,
T*.could a{so be computed by considering all the forces
acting on the flood plain flow for unit length.) The results
for ell the experiments are given 1in Table 1. Neglecting the
experiments with small values of d (since in such cases, the
error in T, measurements will be large), one general‘comment
that could be made is that T, {s of the same order es the
maximum shear stress .in the flood plaih which occurs\neer

L]

the junction plane.
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Suggested Mean Curve

Mean Curve (Rajaratnam & Muralidhar).
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Figure 3.12 Centerline Bed Shear for Rectangular Chanpels
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Using the results presentéa earlier, it 1s possible to
present an analysis of the velbcity profiles in the main
channel. With reference to Figure 3.1(d), for~any value of
z, let curve 1 repreéent the profile of u with y, that would
‘exist ‘when the side wali of the main channel 1is exteﬁded to
a depth of D. If now the extension of the side wall is
removed, the actual velocity ptofile has~the~shapé of curve
3. Curve 3 predicts smafler velocities in the neighbourhood
of the bed because of the reduction of To: Further, as vy
approaches h and for y>h , due to the direct momentum loss
to the flood blain, the velocity profile shows a dip or
defect from curve 2, which is different fr;m cufve 1 because
of Onlylghe reduction in T,, For the flood-ylain, in the
region affected by the f@%eraction, if curveié in Figure
é.l(d) is the-undisturbed velocity distribution, curve 5§
represents a typical velocity profile whieh 1includes an
increase due to thg momentum transport to the flood‘plain.
It was fbund“that fof a numrber of thé‘experiments, the
shaded area between curves 2 and 3 integrated for the whole
width of‘the main channel was approximately equal to the
shaded area between curves 4 and 5 inﬁegfated for the whole
fwid;h of the flood‘plain. That means the gfea betweén"curves
1 and 2 integrated to.cover the fnll-widtb of the main
channel will give the reduction in carrying capaqity of the
compound cross-section becausé of the flow interaction. It

is possible to express this observation analytically.



',‘, 6 2

3.4 Effect of Roughness . -

‘Two eXperiﬁents, experiment 9 and 10, were performed
with thexflbod plain roughened with.a dense hemispherical
roughnesé of diameter of 0.5 inch (12.7 mﬁ). The equivalent
sand roughness of this roughness haébearlier been fouqd
equal to 0.028 feet (8.5 mm) (Follingshead, 1972). The
results of the velocity measuremenfs showed that the
méﬁentum transport exists as in.the’case‘of a émooth bed.

_ The velocity profiles in the main '‘channel (for y>h) and in
tﬂe flood plain were similar when considereh rélative to the
undisturbed flood piain velocity and agreed with the results

for fhe smooth bed.

Considering the velocity scale, Figure 3.€La5 shows

rhat}the variation of (um - um)/(um) with y’/d is not at
all affected by the roughnes#. The length scale bm/d is
increased by the roughness (see Figure 3.7(a)). The velocity

scale (Um - Um)/ u,) is affected to a certain extent

(Figure 3.9(a)) And the Iepgth scale bf/d is conéiderébly
reduced by the roughness (?igure 3.9(c)). It 1is necessary to
perform more experiments with a range of roughness heig;:%>
before the effects of the flood plain roughuness on the

memant am Cransporr cruld be p}:operly assessed.

3.5 Conclusions

Based on the experimental results presented in thdis
chapter, the following conclusions could be made. The
transport of the longitudinal momentum from the main channel

to the fload plain as well as the existence of apprdcieble

™~
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.shear stresses in the junction.plane between the main
channel and flood plain have been establiéﬁed. The lateral
distribut;on of Fhe'longitudinal velocity, in the upper part

g( of interaction region between the méin cﬁannel and the flood

plain if viewed with respect to the proper velocity, has
been found to be separately sid&lar in the main channel and }\
-flood plain: In th; main channel intgraction region, the
velocity scale is the difference between the maximum

velocity u in the main channel and that in the junction

plane (u;) and the base‘t:locity'(for similarity
consideFaﬁions) is u;. The Iength scale‘bm is the lateral
distance from theicentefline where (u - u;\rﬂ.?ﬁ(um - u;)L

The dimensionless velocity distribution 1« Adeccribed by

equation 3:1. The dimensionless velocity (um - um)/u

......

\yariés with D/d and y’/d (see Figure 3.6). Futher,

(P; - Ua))hﬂn varies mainly with D/d and to a small extent
wlth y°/d for y°/d>0.35. The dimensionless'iengtb scale
bm/d’ varies mainly with D/d and futher this variation 1is
lineag gnd 1is described b& equation 3.5.

For the.interaction région in the flooa plaiﬁ, the‘

velolity scale 1is (u; - uw)faﬂd“;ﬁe length scale 1is bf,'the

distance from the junction plane to the point where

(u - Um)=0.5(u;‘— u,). The dimensionless dlength scale bf/d
has been found to vafy mainly with D/d and this variation
1s described by equation 3:6. In the main channel below the
level ofsthe flood pléin, the veloeity .profiles have been
found to be approximately similar‘with~uo the velocity in

the main channel at y=h as the velocity scale. The value of
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u, could Ee obtained from the similarity profiles presented
earlier.

The increase in the shear stress in the flood plain in
tefms of TOm as well as the egtent.of the affected region
in terms of d appear to be mainly Qunction of D/d. Most of
the results in this chapter are concerned with‘smooth‘
boundaries and henge more experiments should be performed
with different kian and heigths of.roughhes§ elements

before the results presented in this chapter could be -

adopted for practical use.



. 4. Interaction Between Straight Main Channel and Straight
Flood Plain Flows—Further'Stgdiés—Asymmetrical Channel
In Chapter III the réesults of the interaction between the
ma1n channel and the flood piain flows, for an idealized
éése of a straight chanﬁel in éVStraight valley, with the
%gin channel being narrow so‘thaﬁ the effects-of interaction
dominated the éntire main channel, was studiea. In this
chapter the main chanﬁel\iSAVi&e enough t§ have at/leaét a
section at the center in which the effecgévof lateral
transfer of momentum are negligible. Hence, the results
presented in this chapter héve greater potential for
applicability to practical problems. o : ; _‘f

Q- .
In this chapter;mainly the "effect of the width of the

\ . . v

channels on the structure of the flow is studied. Although,
‘Bhree types of asymmetrical channels (Tvpe A,B and C) vere
studiedf greater number of runs were made with t%pe C

lbecanse of its wide main channel and fleod plain and this

chapter presents the results on only the type C channel.

4.] Experiments

The.meaéurements were‘madg.in the middle cross—sécqion
of the Chénnel at a distance of approximafely 30 feet (9.15
'mz from the,.entrance after making sure the fléw was fully
developed and that the depth of flow was constant. It was
believed thét'uniform flow was established. .This Qas accom-
plished by manipulating the tailgate an& Qﬁserving‘that tﬁe'
differertial pressure geading bétWeén each cdnsecutive pair
of the seven static probes.was the sdmé up :to one millivolt

\‘\ /

-
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reading 9n"the modulator'of toe transducer. Also, care wasf
taken to makevsure tﬁepweterjsurface slope and the bed slquy
were parallel. Five efperiments vere_conducted in the type t
channel, with di;ferent values for d or D. Table 2 shows the :
pertinent details of the dimensions and the experiments.

The velocity and shear stress measurements were made in
the whole‘croes—section of . the compound channel. The
boundary surface wae generally smooth. Tﬁe interactica
regions were gtudied_firstgllt was fcund where the
interaction.would teke plece and this area was studiod in
detail. The vertical velocity profiles in the mixine zone
were very?close together. In- aiﬁition, one special’
ekperiment was conducted with the multi—level flood'p]ain

and because of its special features the respylts of -thin

‘experiment will be discussed in Appendix B.

1

4.2 Experimental Results

The velocity profile of a typical experimen érelshowd
in Figure 4.2. qince-the Froude number/of all t¥e
experiments was around .35, it was decided to present the
velocity profiles of oge experiment (number 3 with
D/d=4.76). It was found that the velocity‘will continuously L
increase as one moves from the flood plain:towards the main
channel and reaches a point where the disturbed velocity
approaches the- local undisturbed velocity. Figure 4.2 shows

clearly this location of disturbed velocity approaching the

undisturbed velocity. In the main channel the velocity

N \

increases with y, up to some'level, and then decreases
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TABLE 2

B = 2.35 feet, b = 1.67 feet

7*

%

h(ft)

0.323

" 0.322

07321

0.317

0:218

0.320

* Dye Test

D(ft)"

0.373

0.395

<

Td(ft) o
. .‘ - .=(Cf8) “
0;050 0...06
16,083' 1.06
Q{;sa 1.56
0.275 1.08
0.036 0.90
0.102 1.26
0.1P0 1.97

ok

t Details of the EXperimeﬁt&

-’B/d

33.3
20.1,

10.8

6.07 -

46 .4

. 16.3

1o, 26
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8 ’/’ v
contihuously'to eventually become approximately constant
near the water’surface. This'behayior was also obser¥ed in
the ﬁreﬁiOUS chapter (Symmetrical Chaqnel). In the central
region'of the main channel, i increases continuously with y
upvtb (almost) the water surface whereas in the region near
the flood plain;id;erféce, a dip in Ehe veldcity.profiles
due to lateral momentum transfer;sould be seen. At-least in
princfple,.this—dip is similar to the dip in velocity
profiles observéd in narrow channels due to the laterdl
momentum transfer to the side wall regibns. In the flood
plaiﬁ region, the velocity increéses cont@nhously with y” '
until the water surface is reached exée?t in tﬁe narrow
region ngér thé side wall of the flood plain. '
.Although, velocity profiles in ghe la;eral difPection
;.(u(z)') in the regic;n where‘y>h for a few values of y’ “(the
normal distancé from the bed of the flood‘plgin) were
prepared for all experiments, only.three of those plols are
shown in Figure 4.3, for tbree’fypical experimentéi In
Figurélé.B for ;he three éxperiments, it 1is séeﬁ that u

decreases continuously from a maximum value of u_ at

apﬁroximately the centerline of the main channel 'to u; at

the interface between the main channel and the flood plain

and u further decreases with z to ;each u for gome value

of z°%. The.vélqe of u remains constant ag:'uCD for a'pbrtion
of the flood plain until. the section where influence of-the
wall is felt. Im the haih channel for z<0.0,vtheﬁu felocity
decreases due to the influence qf the‘siieiwall.'ln tHe

immediate Vfbinity of the junptioh‘plane,'in most of the

.experiments, a sharp increase in Velpcity was noticed. This
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sudden increase has alsonbeen reported by othe; observers
such -as Goncharov (1964).

_P;inles of the boundary shear stress T, for the
experigtnts eie shown 4«n Figure &4.4. Considering the bed
shear stfess, it decreases from a maxiﬁum value of Tom in

-the central region @f the main channel to some value as the
junction plane with the flood plain is reached. In the flood
‘plain, T'_deeréeses from a large value at z =0. 0 until TOOQ !

Tﬁe‘presence of. the side walls causes a further

i

‘decrease in t e hed shear stress.

r,

4.3 Analysis of Resultg

As indicated by n earlier study with a narrow main

channel, u velocity -profiles in the main channe(} in the

-

region for y>h, in the lateral direction, (i.e. u(z)) were
§

. . ' " L N _ . ; =
pLet;ed with (u um)/.(um um) Yersus n z/bm wherein b %f
the length scale /fchosen in such a way that at n=1.0, .
(u - u?)/ (u_ - ﬁ’)=0.25.’THE results, shown in Figure 4.5,

4 .m " m- n’ o« .
{indicate that, in general, for y’/d=0.0 to&l.O,.the velocity

. - .
profiles are si&ilar.and tha# they are well descrited by the

equation: \k L ad g
& - : -
v-' . ‘ 2 [ . ' . 1
f(n) = = 1 - 0,75n" . » _ (h.1)
ﬂ: o ) R .
!.L

4 S : o B
Considering the velocity scales,-iibthe main channel and
-~ k. ) f :

‘flood plain were so wide that sections where the yelocity_

profiles (u(y) or u(y’)) arq;notdaffected to any Iav

o . N
' (noticeable) extent by ‘the momentum.transfer to the flood-,
&a, o C ' R 4, ' -

3
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plain and assuming that in . those undffected regions, the
vertical velocity profiles (u(y) or u(y”)) are described by

the logarithmic law, then:

y C* D '
log —é;zi%;zi. ’
' Yy * L
[1 o+ £ ] -1 (4.2)
: C y v Cuy 8dS
log .
V
wherein C is a comnstant equal to 9.06 and C, =T __/y D S_ 4dnd

, ‘ . _ *m om’ | o]

C*E?IOw/ Y d So" The fact:o:rs;,C*m and C*‘f could ég:ebtained
from Figure A-2 in Appendix A. For the present ‘experiments,

values of

“ (um - u )/(u ) calculated from equations 4.2 are

compared with measured values. Figure 4.6 shows that. vhe
ea1Culated values agree reasonably well wit% the measured

<

values. g

. %TO'p.redﬁ;iCt um, (U:n v‘-‘w‘)/(um' - uCD) Iwas plotted
against’y'/d for the seven experiments. It appears from

Figure 4.7 that (“; - “w)/(u -u) varies mainly with y’/d

and increases,from about 0.2 for y”/d=0.0 to about 0.3C

forty'Jd;L.O.‘An hveFaée-value of'0125 could be suggested

for praktical‘purposesl |

The data for the 1qngth scaléd showee-that for any

experiment, the variation of b with‘y"was small hence

average‘values'for bm/D foi‘the whole range of y ‘/d .were
/6€;aineﬂ~ These velues were then plotted against D/d»in‘

Figpre 4.8. From:Figure 4,8 it is seen that-bﬁ/d:inereeéee

linearly with D/d aqﬁ.qould be described by the equation:"

A}



(meas)

Un=- Vs

.81

Y
B

\{iggre 4.6 Calculated Vél})city:-lv_s. Meé;umd Velocity

N

\ - —_—
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The velocity prfv

1

similarity Qy plotting

(u. )/(u f ) versus z /bf

)/Tu 'e' ) 0. so. Figure 4 9°

'where'bf=zf»where'(U'F;
o ' ST - H

shows'that' in general these profiles are similar and could~

+

A . -’I'Do
;be described by the exponential equation'*

B |

u < ou -g“--o.693fnf2'fi“ B
)

UE(RY) =

»

wher§¢w£=i’/b-} The undisturbed velocity in the flood plain
. .q;?"j ‘
could be predicted using the 1ogarithmic 1aw and then um

: could be calculated using t%e results presented earlier.p

Figure 4 8 shows that the dimensionless length'scale b /d

increases linearly with D/d and- could be described by the'

.pweqUation o #m& ) "" e
b, / , . . _ T
£ . D _ o . . ,
—=— = 0.6 —_— - T - _ _ (4.5)
3 ‘O. 4(ﬁd‘ 1 )“'_ I N ..:(4 H)

The width of the momentum, diffusion region could be
seen 'to start from approximately the section in the main.

< :
channel where u begins to: decrease with z to the séction in

the flood plain where u reaches um. Using equations 4. 1),
4.3, 4.4 and 4 5 the total width of the length scale b
calculated- The results plotted in Figure 4. 8 show that b /d
increases.’ lineale with D/d "and is described by ‘the

2

hequation~ ' ' ' .3,‘v'

'.”U - uv_. A i . ’r o . f N . : X }’

, wWas



v

10.2’“_.

T
oy

'0_4.1-_] "® 0300 Epr' 1

Lenes

| / RZR
YA 00032 A0552 o
oo :

o0 260 ao. 974‘;; |

v
: oOlOO

50660
_mo.940_ o o
B Ll L

‘I

0l : T
0 02.04 0608 10 12 14 16 18 20 22 24

!

" Figure 4.9 Velocity Profile Similarity: Flood Plain (Expts 1,3,4,5&6)



WU e

e R
,The dotted line in Figure 4 8 shoas the width of

“;;diffusion region from an earlier stddy (dhapter rﬁI{ whereﬁ _
1£5bé main Fhann61 was so narrow that it did notfallo;TtheH”‘ Tt
:f;full gronh of the'diffusion region.frf*'f R l
£ V‘The éxPerimental res“1ts Shown'in Figure'd R‘indicated
:ﬁithat thelbed sh;éf';tress in the flood plain, was increased

'_hdue to the intexaction. Figure 4 10 shows that the profiles

'vof the excess bed shear stress in the flood plain defined as

,\‘ .'f

,fAr&ergéifr‘o. ) ‘are similar when Ar /(r - T ) 13 plotted Sy
, jragainst z /b where by —z“‘Where AT /(T ”}?OH )‘;o 5 The L“~“"
A .’n. . [o ») R o _.,\

'3similarity curve iSyﬂell represented by the“éauation-ﬁd:

B 'a n\ : . ) . _»', L .

‘ . R ‘ v«,Z o . :

- o . S i
SRR

-éThe behaviour of th% scale for the excess bed shear stress

.ih(Tfrqr )/(T ) and the 1ength scale b /d is shown in

.“A

om L
' \ yre 4 10. Both thESe scales, when expressed 1&}, dimen-—__-"""’::';'_

_sionl ss manner, increase linearly with D/d and c0u1d be4

i gueee Bl y e T (4, 9)
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Ponsﬂdering the bed shear stress in the main channel

.

Hfit is known that it(ds reduced-due to the transfer of

fw,momentum for the flood plain.;The results shown in Figure ‘
“fA 11 support thi& idea. If T ' ds the bed shear stresstat
. Ry & e T R B

Mfr;approximately the middle of the main channel which is

. 2 T“
apparenbly/not affected by the lateral momentum transfer,
. : ! ) .

’_and AT is the reduction in shear str%ss at any 2 dJL_co the

.;momentum transfer, Figur; 4u11 shows that AT /T i; rcaSes;_fr

wien »‘Z/B/z tor each value of D/d. ‘If (AT [Top)  is the
luyp‘maximum value of.the reduction as othined frhm Figl. 4 11,
it is seen. that (AT:/Ti is mainly a function of p '; For

a D/d 100, (AT'/T ) is about 0: 20._ ,-_j; v .‘f']' B

A L
It was questioned as to whether the velocitv
':distribution in the region affected by the.lateral homehtum‘

S 1
gtransfer is still logarithmic. From Figure 4 12 for

e

“Qexperiment 1 and othen plots,(not reproduced herein) it was

\‘14
'~found that in the portions of the main channe and flood

i
plain that were not affected by the momentum transfer, the-
. N

vvelocity distribution follows the 1ogarithmic law

/_
w. o ayou, f'«tf.'i - L
& 5.75 log( ) +.5:5 S (4.10)
. . o
‘fhfexcept in the narrow region close to “the side walls.-It was
'Ehalso found that in the interaction region, equation 4 10
‘Eahde cribes the data well if the local value of u is used in =

ﬂthe equation. This observation suggests ‘a: possible
f;analytical attack on’ the interaction region combining tée,f'
‘law of the wall and shear layer concepts. In the‘main

.f'channel, in. the interaction region, the,momentum transfer togﬁg
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;hthe flood plain causes a significant dip (more noticeable

R / n{ .
f»fthan that in channels without a flood plain),'n the veqpcity'

o . C e .
ﬁprofile in the upper part Of the flOWo If y is the location»;

thi"of the start of the dip in the velocity profile (see Figure'

*;4 12) in Figure 4 13 y /D is plotted against fﬂ-z/BAZ tor a

’number of experiments. One can at most i'dicate some trend$ﬂ;7

.H5’in Figure 4 13. It appears that for any given D/d y° /D

“3 decrease% as A increases and for X close t%;unity,‘y*/pz_flfll

’}Q;* attains values in the range of 0 45 to 0 7..,'.figesfﬂ7.

o

4 4 Kinematic Fddy Viscositv"’» A'T:‘hﬂ;ff

It was shown that the vertical distribution of the ve—f‘;;]

transfer is logarithmic.‘Average kinematic eddy viscosity in

o 067 u;”

o

'ﬁg:variation of the 1ateral Pinematic eddy ViSCOSitY E h ?3§:( o

S see whether“it was af ected bv the lateral momentum transfer

in the interachgA:region. It can be shown the that rate of-f

! :
growth of a passive jet ih a media with the same density as

the frnid injected is a function of E é X and u. The E{hal

vwork‘nglequation is given (1ecture notes, Fajaratnam 1978)

W L g S
, o . L Cha11)
' o | R
where b is the halfTVthhﬁof_theqﬁlnnefatfdistaneeﬁx-fromk
: . '/‘ I T **.f’fT’ﬂ“ S o';:~"-N  ;Vh“imﬂ" . -
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o s ‘ .95
the nozzle and u is the vdlocity at the point where thep%
nozzle 1is located.‘ ‘ ‘if‘ﬁb . .‘

'Iateral distributﬂon of the velocity was defined by
equations 4.1 and 4.4 {in: the main. channel\and flood plain
channelmrespectivelyj Theretore, ez courd be_calculated’as

“follows: - ) ' tf{uﬁﬁ dz | |
Togxwf - Q;ez ég? ki | , ip:f,h .t‘h‘ (4r12)(

Equation 4.12 could be evaluated' 'since the values of To ozk

{ Y
could ‘bBe obtained simply by considering the equilibriun'.f"

condition for a cqlumn of waterh(seebsketches.in Figure
PSP A . o
4 . 1 4 ) . - ] ’{5‘, N . v.‘- ‘-q"_.‘. _-_,-":/ o . - .,‘ké

4

Two series of dye test were conducteﬁ in the ";_['
;‘asynmetrical channel Typ%'C. The dye had a density equal to

&\

_the water and was injected through a one milimeter oD tube.b

- \

\ T ﬂ
© The dye wa's’ iniected parallel to the x direction at half

:depth on the flood plain. A constan% head tank proviﬁed the
necessary head in such a way that the@dye could flow with
‘the same’ velocity as the surrounding flow. The yelocity u.
bandﬁbed shearlstress\ngﬁeie.measurEd'foraeach'profile: éach
time the - dye was injected;?a few photos were taken from four
. .y . ‘ o
feeq (1.25 m) above the water surface. The photos provide ta
measure of the rate of expansion of the jet.
From equation 411 the value of lateral eddy viscosity
Ei was calculated. Fhe‘values of € . and E at the revel of

—d/2 =0. 05 feet and. y’Cﬂ 005 feet (1 5 and 0.15 cm) for

.experiment number 7 and y =d/2 0 09 feet (2 75 cmT ﬁor

w

<

experiment number & were. obtained from the dye test. Figure.A

.o
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‘.14 shows the . lateral ‘distribution of €, and €' ‘for

-~.experiments with‘one large and one small value. of D/d

(experiment nu her 1, ‘D/d=7.46 and ﬁxperimentgnumber 5,

D/d “2.17). _Experimen: number 7 is".al'so included. N
Variation of . ththransverse mixing coefficient € /d u*

over’ the width of the channel is shown in Figure 4. 14.

" Fischer (1975) showedhthat'the transverse—mixing coefficient

‘is'a function of the aspect ratio. For a range of aspect

'tha§fin the mixing.regibn, ez or eé

ratios from 3 to 60 the transverse- mixing coefficient‘:;
varies from 0. 09 to 0.20. For each set of experiments;‘the‘
aspect ratio is constant. Therefore, the variation of the
transverse— mixing coefficient over the width of the channel
in Figure 4o14 shows the eff//t of the interaction between

\

y :
the main flow and the flood plain flow on €, It is shown

, is increased. The

transverserumixing coefficient in the interaction region

‘dec;eases rapidlv from the juncfion plane toward the flood:

: plain bank and it decreases slowly toward the center of the

main channel. Depending on the D/d the'tran5verse-mixing

coefficient in this mixing region will assume: appreci&bly

»

.larger values, more- than the unéisturbed value for a channel

“with the.same aspect ‘ratio of the flood plain or main

-

channel. .
A cross- sectional isomel map of . experiment ‘number 4 is-
shown 1im Figure 4 15. From this isovel map, one can %

visualiZe the zone of interaction} the direction of the,

° |

!
momentum transfer and the ‘change 1in the magnitude of the

velocity. ’; o Rl

v
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4.5 Conclusions R ,'f?“:?' o . R

:

The results presented 1o this ch pter demonStrate thath,
fthe structure of ¢he flow in the main hannel with a flood
'plain could be analySed using the concept of latéral: t4~
momentum. transfer and by treating the interaction region as '’
a turbulent shear 1ayer..The interaction between thexmainn:
channel and the flood plain flow produces increaseAf,
velocities ard bed shear stresses in the flood.plain and
causes reductions of velocities and bed shear stresses ini'
the‘main channel. These changes have been analysed using
similarity principles. It has been shown that in the upper
part of the'flow (y>h), in the main channel and in the flood
plain area of the interaction ;one,’the lateral velocity
profiles are similar and can be described by equations 4. 1
~and 4.4 The related length scales,‘bf and b in terms of d,
-the depth of flow in the flood plain increase linearly with
.D/d, which are defineﬁ.%y equations 4.3 and 4.5, Further
findings . reveal that the velocity profiles in the vertical
'vdimection are described by the 1ogarithmic velocity
'1distribution law (equation A.IO)Tif the local bed shear

_stress is used as the velocity scale, except in the upper /

¥

part of the flow 1n the;%ain channel. Equations have also/

" been develOped for predicting the revelant velocity scales

(equation 4.2 and Figure 4.67). ‘ )
From the variation of the maximum bed shear stress with;

~aspect ratio. shown in Figure A- 1 and the 1ateral

distribution of the bed shear stress in the undisturbed

zones (main channel and flood pIain) shown in Figure A-2,



< -n.;'_ . T ';,...

'xthe variation of To in the interaction region in the main,j}i‘*'

.channel could be predicted (Figure 4 11) Equation 4 8

e _provides the magnitude Qf T’ at the junction plane. The

om
"lateral distribution of the eycess bed shear stress in the'
. N v . _
"flood plain is pnesented bv the similarity curve, equation'

4a7. The 1engeh scale for the bed shear stress in the flood

vplain varies 1inearly with D/d equation 4 9. Proper ”"

\
'manipulation of equatiens 4.7 and 4. 9 prbvides Ty in the_

-'affected region of the flood plain. This suggests
ysibilities of predicting the magnitude of the turbulent
viscosity for the interaction region analytically and.

this pr cedure is given in’ Figure 4. 14. From this figure, it

..

could be se that the’ eddy viscosity in the’ junction plane'bm

is increased sha ”ly. NN h;_ Ki :,., .it _An;;“b



[
LN

'channel curves and pipe bends:nl

"aceeleraﬁion,vthe water surface is superelevated spiral

:motionvis"set hp, and ‘the velocity and boundary shear stress

‘_1.3;<channels;¢¥f‘ o,

;7EJAlth0ugh several studies have been made on pipe bends and

U

_jopen channel bends; only a: few investigators have studied_dﬁlh”:“

j'Rajaratnam &

fﬁffyfhe;fact‘i because of the presence of centripetal

=

'J

L -.z'

PoA)

N

'distributions will be modified accordingly.iThe flow
“;characteristics wfll change from section to section. The

'y_effect of the bend extends in all directions. The;bend is an’

obstacle to. the flow, causing additional resistance besides

" the boundary resﬂstance..As ‘a’ result, there is extra energy

.loss and a bJLkwater curve is created. In- tight bends,. ".“h

. . . . | )
separation may occur.,In natural rivers, the flow is further

Hcomplicated by irregular channel geometry and movable bed

material. The presence of’ the flood plain brings additional

- complications to the study of mbmentun exchange betWeen the

flow in the meandering river and the flood plain flow. A - _7
brief literature review on’ curved was presented in Section»

a
T

¥

y : ‘ - “ e ' T

5.1 Flow in Curved Channels

A good review of the nature of the flow in the curved:

»channel has been written by Rozovskii (1961) He accounts

for the existing forces acting on the flow. Because of the

- 100

'in»1967 collected a list: -



.jcurvature of t\e channel the streamlines are curved in plan
S SRR N '
f‘transverse inc ination of the free water

;T and this results i

'y

surface. The extent oﬁ this superel“vation can be evaludted

‘ﬁ aﬁﬁroximately by considering the eq_ilibrium conditions for
A'.a column of water on the bed. Actual_y, the three main L
“ forces,tnamely the centrifugal force F differential

S pressure on the sides of the prism AP fand frictional force;fﬂ:

. g ( ’
F% exerted'on the column of fluid must be in equilibrium and

. q ’ .
3 using this observation, one can der ve an expression for’

{A lradial slopefs . If frictional force is

M}show that ) *:
. c. ) c v - Lo
B A T S DR R S L
RS R R AP T )

. ‘ T

An expression for transVerse circm};tion can be derived

T by considering equilibrium for a Nolume element assuming the'“~

radial compone

an be ignored.

- ’:.j‘ [
F ‘g o : B TR O T : S
BT A k o R

.

Since equation 5 2 is independent of z, this equation can”

-: only be satisfied in two case8° »_f

}5AStraight channel \r=infinity and »

‘huse of. bed friction,l

éthe vertical velocity varies frog a aximum at’ the top

.bn:and a’ minimum vdlue at the bed. The only place equation_-‘

'5 2 can be satisfied is where thervelocity;is equal to'li'

:flfﬂ'the average velocity-ﬁﬂﬁ

PR

':5} For parti;l s’moving with % higher velocity than the

W . - . - L R



T

‘:faverage velocity, the centrifugal forces will exceed

hgthe differential pressure. Therefore,.theself -

o 1,;particles will be displaced in a radial direction
.F_;away from the center of curvature.r - . “

b &In‘the lowen part of the flow, where the VelOthieS:

.:are lower than the average velocity, the centr*fugal

‘34eforce is smaller than the AP and particles wilL
“mave: toward the center of curvature.m

Both transverse slope'and helicodial/’irculation will

-~

change the velocity structure‘of the ‘stream bend. The -

velocity components intensify the exchang~ of momentuL in

all directions especially,in the 1ongitudina1 and radia

:directions in turbulent Ylows which leads to a

K4

redistribution of vertical and radial velocities;‘Thi<

:[greater change of momentum over the width of the curved

”1'channels in meandering,channels with the flood plain channel

102

N ‘

e adds an additional complication to- the exchange of momentum

between the main channel ‘and the flood plain.

‘_A brief discussion and analysis of the properties of_

streams in bends and a few aWailable models are given in the -

following segtion.

1 . f ¥l

«

‘.5 2 Theoretical Considerations of Flow in a Bend

J

'If a suitable cylindrical coordinate system is chosen,'

_the Reynolds equation of motion and the continuity equation

"theoretically will/givefaéahuate base to solve the problem

T s

solution to these equations of motiom ‘can be f0und. For an

e L : oz — .‘
e AT - - P

L€
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L,

,{W-‘these equations usually baSed on the aSSumptions

‘1 differential equation would still be impossible; Therefore,

'approximate solution to- this problem, a simp"
fully'

eveloped flow,v(see Rozovskii 1961 " B.C. | ‘Yen- 1965

eriend 1976 ) ~flat’. bed and or constant loss of energy for‘

an equal lenoth of flow,'couldabe established. Unfortunatly,gjm

ke .
even in this simpﬂified form, there are ten unknowns in

.1those four nonlinear differential equations. Therefore, at’

1east six.more relations-are necessary. Even with these

conditions, a,; complete solution to such a highly nonlinear

2‘

}

_ further approximations and simplification have to be

intrdduced.”’ The latest simplification brings restrictions on

e Sphd X
'the geometry of the‘channel. The distrid&tion of th

'tangentdal velocity components ug has to- be assumed ahead of

“time. Pestrictions are’as follows'

N

1 ‘geometrical restrictions, which state the applicability
”of the model 2t the following points." :
“d.-.the channel nust - be shallow which means a large*'

aspect ratio (B/D>10.Q); '” - "f . l’ 'ffh"'

b.. width of the channelnand the radius to hf of ‘the’

, same order of magnitude; T R \yh
s . ’ ) ) : \ X ada [ ’
2. ‘flow restrictions: . ' R A T

‘a. . at’ the core of the flow, all vertical profiles will
’ - assume a'predetermined yelocity distribution-'mosto
.investigators are suggesting the 1ogarithmic

Py

velocity profile for. their models,

e B similarity assumption for-the distxibutionioffthe .

lateral velocity components is valid-v

. fnk’,

'f@éh;}he shean sbress effects musb dominate the inertial

PR

4

\ ! oo ; . L - ¢
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S 2. geodetry»coﬁdition:- o C ¢

: effects;-

R anelund (1975) introduced ‘his simple model by providing

&\a relationship based on the abOVe assumptions. His approach

ié ‘as’ followse,
1., simplified'equatiohs‘of motion are:
. : o ’ - . .

‘e -

‘ whererh the ieVellof:wa{er'surface;

P

\

| ‘@;":

S rEs R T (5.5-)'?..“

~ "'5

s ..
(5 ..-3 )

104

om0 s

3. the slip velocity method was' chosen for the distribution‘

" of ug over the depth. The logarithmic law was assumed

near the bed and the parabolic distribution was assumed ,;v

for the region away from the wall region._h. L

4. Similarity assumptions’arg_as follows:ff

o R v S .';."ﬁhy o S
ug - //2; B0 L (5.

g2 e e R
h "fla(Az—)‘;'u o Lo Q"'f\ S .(5.8)

where U: is some * reference ve]ocity.f“ Q:V C e

After solving for the pair of ordinary differential

T b R

equations and imposing boundary conditionsxto obtain the
' ' Aid
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.

values for the integration constants,‘Engelund obtained

expressions for f and f2

More‘elaborate models are those of RonVSkii (1961),_1),;;

-

:'h.C. Yen (1965) and de Vriend (1976) Besides the complexity

f of their models, they do not offer a better solution of the

flow around the bends..Even with the use pf these models,
o .

prediction of the flow does not match the measurements and
\
- Vo

in some sections the trendwis‘in‘the-opposite direction. In":z

R A
chapter I,.Section 1 3. 2 some remarks were made on the

subject and it was indicated why analvtical solutions,

- considering present knowledge of flow in curved channels,’

" fail to predict the bghavior of the flE%. _Also, 1t was

entioned that most of the assumptions necessary to simplify

v the_equations,of motion;are.not;necpssarily”true.

/Lo

;aS.B_Ekperiment and fxperimentaliResults on Floweinfcurved e

_‘Channels7“ o o f‘/:f} vJJ'ff' ‘.: o ;y_:' ‘:th ';i“

The details of the construction of the curVed channel V
‘were presented(in section 2 3 3. Chapter II also described

the equipment used in connection with the/measurement of the"

s
&

slope, discharge, velocity and shear stress.

The measurements were made at the beginning of the

'hsecond loop at a distance of approximately 30 feet (o 15 m)

'from the entrance. Fighteen feet (5. 49 m) of the straight

Tmain chanqel was connected with the first loop through a.

niigentle curve. It was believed that developed flow was -

‘f.obtained at the exit of the first loop. The cross—sections

\ ‘

L were located at 15{degree increments of 9 from the first

v
o
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ﬂféectioh;llocated at the beginning of the second 1oop.»Thel;t

ectionS;in the bend were nameF by their angle in degreeS'?dV,lﬂi

”and also numbered‘fron‘;

ere l corresponds to
ffent ”ection of the R

7ésecond meandering loop. All sections were'perpendicular to-

v
'tthe longitudinal axis of‘the curved channel» every

';cross—section, nine vertical profdle' ere selected in such;jfr"'

J .

al way that thev were one inch?(;,‘h cm) apart from each

' ther.‘These profiles were named by the distance from the’

inside wall of the curved channel'(i e RZ means two. inchesv

ifrom the wall or a distance of 27 inches from the center of
fthe curve) . | o :

One exPeriTePt with depth'of:flow e ual to 0 10 feet: s
(3. 05 cm) was performed.»Maonitude and §ie angle of , B
.;udeviation of the veiocity from the tangential direction_wereif'

i

measured and the velocity vector was resolved into thefg.Vf_f~<f

o E

tangential anrlxadial compo”ents. The information obtained

-at ‘any point such as x,y, _ R, V,. and vr ere entered

8

’”into a matrix for further processing of the data (i €.

f'plotting the isovels etc ).”

Figure 5. 1 shows tangential Velocitv profiles For

‘cross section numbers 1 to 15.’Figure ‘8. 2 presents radialf_fi“;

._velocity profiles.‘ﬁince the angle of: deviatio'

rthe tangential velocities and the Velocity Vector Were~fi;;‘ .

tfalmost equal. Therefore, it was decided not to plot vector

elocity profiles-fk quick examination of tangential

. 'velocity prowiles revealed that none ~of" theSe wrofiles5

'“fnfollowpd 1ogarithmi.

_distribution. However,Qq:;f'fw

for\this run was about»8 3. (B/n—S 3).wmiéﬁf§;sf%g£]i£rgal’
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s . . . { . . B
enough to neglect thée effect of the side walls on the ‘core

of the flow but it was similar to one of the B. C. Yen's

experiments, where he found that the velocity profiles ‘in

the center of the channel could be described by the log~law.

The photos in Figure 5 3 skows“the helicoidal motion of the
flow in the curved channel. In Figure 5.4 isovel maps of the
cross-sections are shown.. The isovel contours of. any given

cross-seé¢tion are based on@bppqoximately 200 data points.

Surface 11 program (Sampson, 1978) was employed for
. . i > 7L

v o

" contouring tlhe isovel maps_and the .Calcomp plottéer 'was used
: : . B R

-for drawing the isovel maps. Basically?ﬁ{ﬁfie' L
o7 .
prepared for comparison with tsovel ‘maps of the main channel

wvith the flood plain. Lateral distribution of the depth i

K

averaged tangential velocity 1is shown in Figure 5.5. It can
be seen from the fﬂgure that ‘these average tangential

velocity profiles are not the same.'It can‘easil§ be'noticed

g
that the maximum velocity at the beginning of the bend 1is

close to the inner wall and gradually shifts boward the

other ‘side (outer wall). By the time the flow reaches the

dnd of bend and enters the next bend, the order of shifting

velocity is changed and again the maximum velocity will '

~

i ‘

occur near the inner wall.

Regarding the distribution of tne velocity'and
appﬁicability of the defect law along the depth of flow,‘the
vector and tangential velocities were plotted and compared
with a theoretical curve;‘lt was interesting to see that

none of theee profiles obeyed the logarithmic law. The

“

dimensionless form éf u /ugmax vs. y/D is shown in Figure
5.7. As can be seen. for the velocity profile located in

2 et
) ISR S e
?‘. T i
R i

9

- N



Curved Channel

\

Figure .5.3 Photograph

. At e ‘ _.,.‘ 4:~ ;" .“ - q\' . . - . - .
. s.Helicoida’l Mot ion in_the Curved Channel

»

.

v N -

: : 'Hél"'{c‘oi*aa”l'ﬁjot-ion
of the Flow :iﬁ ‘the Meafidering Chanmel.
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cross section number 1 (9 O 0 degree), the velocity

hincreases from zero (on the bed) to a maximum at a relative'tfg‘“*
\ .

':ddepth of 0. 2 (y/D 0. 2) Then the velocity ig- constant up tor

v

.fthe water surface. However,'in cross section number 5 (9 45'
‘ B y ‘ -
“degrees) the velocity increases with y and the maximum

occurs approximately near the water surface. Not only does
the vertical distribution of tangential veloci&y vary with.

9 but the magnitude of' the velocity depends on the angle-O L

% o f
‘i.e, the location of: cLoss section in the bend. The average - \
velocity of. each cross=— section u was computed for all the

Y
|

,profiles. If the average velosity of cross sections 1 8_and”

.15 which correspond ‘to 9 O 0 degrees is set to U then thg -

Aazvariation of u/ U with 9 for cross sections 1 to 15 is shown

’-yin Figure 5 8. As was diSCussed in chapter I, the slope of

the maid channel will change according to S CosQ

Consequently,_with the increase of 9 the bed slope will be'
SN .
'reduced and therefore, the velocity which 1s proportional to

Vﬁthe water surface slope to spme power will be decreased.

at_Subsequently, the continuity equation reveals that .any

iijireduction in the average velocity requires a higher average

o

nﬁdepth of’ flow in order that ‘an equal amount of flow passes
thr0ugh all cross- sections. In the same figure,'the
;;jmariation of D/D0 (where D and D0 are the ave, age depths of“
the flow at any section and that at 9 O O degrees) with 9 is
shown. Apparently, ‘the: reduction of the velocity at 9 45
_degrees is about 14 percent (U at 45 degrees/U at . 9=0 0 is
'poequal to 0 86) and- the increase of the depth of flow for the

same cross- section is about ll percent. Thef

Aiscrepa,ncy 'of

| 37 is possibly due to the error. in.the experimental

- : “



measurements .

Non dimensional distribution of the'depth’averagedfﬁxi” :

: . v ' ' is the maximum hh{'
tangential velocity ( u/ umax where U/ umaxpg¢q_ P

' value of u) over the width of the channel (r -T )/(r T ),~x5$5£

‘:where ri,*r;:and r are innermost radius,:outermost radius :h;'
‘n“yand radius of the bend respectively, is shown in Figure 5 9.:
1;It can be seen from theSe lateral velocity distributions
?that at cross section number 1 the maximum velocity occurs
near the inner wall and the 1ower velocities are locatéd .
hnear the outer wall. As the flow goes around the bend (i.e.b
as © imcreases) the maximum velocity will shift toward the_x
outer wall.’Naximum shifting occurs at 9 &B degrees which is
'half of the - central angle (9-—90 degrees) All of these
distribution profiles can be superimposed on top of each
other by rotating their ordinates around a- point 10cated at
i20 percent of the depth and °5 percent of the maximum
tlvelocity. Once again, the importancevof Qlcan be seen; Aé7'
:Choudhary & Narasimhan (1977) and Sieber & Cotz (1975)
F:showed in their experimental results, the flow is indeed
deoendent on Ou; | o
Cenerally, radial velocities are small compared with
tangential velocity. Thd maximum radial velocity OCCurs near:
the bed and its magnitude is about 10 percent of the maximuml
'tangential velocity. An attempt was made to £ind out if anyl
:‘of the similarity hypotheses suggested by previOus authors

’ - '.N“'-«‘-N

can be adopted for the distribution of the

8,

s

'component. It seems that none;of;tuo e'sib"“"” '

"hold perfectly-»but generally the predictio

y. e
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The variation of the bed shear stress in the meandering.

lchannel can be seen in Figur§ 5 6. The maximum bed shear

._. »

but it.-_‘is not

<~st ess Qs locabed near the inner waLl

-..._.t,.,,', hE AL d

'”located: lose touthe inner wall and it can be as large as

2 15 times the centerline bed shear stress of the

S 4 Fxperiments on Neandering Channels with Flood Plains

e

Since the primary ohjective was: to explore the. _' i
characteristics of ‘the flow~ in the meandering channel when
the flow tops its banks the flume and the equipment were

4.set up for experiments in the curved channel in a straight
valley.-The discharge vas increased until the depth of flow:
on the flood plain reached abouﬂ one. inch (d= 2 54 cm)
( Uniform flow in the straight reach of the flume was ensured
o by manipulating the taﬁlgate and observing the depth of flow_

in the different reaches.

The experimental arrangement and the instrumentation '

v

preViously explained in curved

PO ‘.-. Rel
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\Two experiments in the meandering channel with a flood
plain were condueted{ The fidst experiment had the depth in-
Lthe main channel equal to O 20 feet (D=6 1 cm) Depth of the'
flood plain flow Was about O 08 fee{\(d 2. 4 cm). For this
.run, cross section numbers 1 to 15 were investigated in ’f;
detail. For the second run; where D=0 23q feet (7 2. cm).and
] d=0.11L fe%t (3 35, cm), the velocity measurements were;‘.“

I

ca&%i g out for all the cross-sections (numbers_lito_lS)/butv

LA Lo 4 e o <o
b

only At a level of y'*o 05 feet (115 Cm)

Sl - FORIREE
‘a . ‘w . sl

4w - cq".._ .

.&u

5 5 Flow Visualization Resm~t§ ‘.T‘ 7'7df"”%ffﬁp;;1

Ped_dye with the ‘s s e density as water was injected
into the. flow through a tube of 1. 5 am OD and 1. 0 min ID, -

with a.conqtant head of 0 4 inch (1. cm) ﬂn order tov

,

clearly observe»the flow path. To identify what is happening”Wh_

/""

S —

at different levels above the bed three l/ye&s’were chosen.;ﬂvp

o

: one located diYEtt%y—ohuxh ; one at half the depth and

¢

’ another at the water surface.’Cross?section number 1 (at.the
‘entrance of the second 100p) was used as an injection

:sgction. Starting from the’ flood plain bank the red dye'
spread as in any normal test in a simple rectangular
channel. This part of the test where the dye spread up to a;l

Lo point of about 9- inches. (c1—22 9 cm) ﬂrom the bank‘ showed ,

,o measurable secondary ) irrent . in this

this part of ‘the . ﬁjood plain channel

..

n is the minimum width of the flood plain/(c r9 inches, 22 645?3'

s a.-o.

Low in this area folLows the alignment oF

:;_'- 4’:.\ g.:.n‘? u L

lley, which is straight (see photos in Figure“.9;5h;”
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s, 10(a)).

C e e e
.

In the main channel when the dye was injected below

:‘the flood plain level helicoidal motion was observed (see L

'H-photo in Figure 3. 10(b)) as in the case of a curved channel

K}

,without a flood plain. But the helicoidal motion was not

_L}confined to the main channel. When -a particle cOmes up above

l;the flood plain, the spiral motion will continue,onAGOamhefinli

'"flood plain area. If the dye is: injected a%ove the flood

'iplain, then the water has a tendency to. ‘move more or less‘

c

7ﬁstraight in a width equal to the amplitude of the meander'A

-

Tifﬁfhelt (see photo in Figure 5 0(c)) Therefore, it can he

'ﬁ.to c) illustrate theSe mechanisms of the flow.-

”7seen that the width of the main channel for the upper’

PRI

v

-portion is equal to” C’-ZO inches (50 8 cm) The other‘

interesting observation was_ that the particle»which is

¢

located’just below the flood level instead of going around

]

B

}the bend; simply went over the flood plain. Figures 5.10(a

~

e .
a .,
P

PR C P e e

6 Data Handling and Presentation of Pesults.

In Chanter II the data- acquisition system was»

described.'It was used to record-the information for each

‘test. Then the data processing and analysis were carried out

using the University of Alberta Computer. Due to some;'v

difﬁiculties in Surface II Program, in regions of very steep

T

.gradients, sometimes the contours cross each other. Hence,:

\_\

B .
N

>



7Part oflflow. Pe11c01dal “otlon

e :-::"ﬁi'3ffﬂ;',q_ An the Neéndering‘thannel _“5 ,,  ‘L—¢ Q.f‘w'
. -
/ c; Upper Part of Flow"Stralght Flow
- 7 in the Meandering-Channel
Flgure k 10 Photﬂgraph : Ffective Zone of Momentum Fxchange

'1n the Veanderin?‘ hannel with Flood Plaln Channels
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»jOf the radial vector and tangential velocities within the

AR N i..,\.» - -

':~ﬂse1ected channei cross sectiqns (numbers 1 to 15) for run

i‘number 1 are presented in Figures 5 11 to 5 14. Since-every<

”fcross section had at least 40 vertical velocity profiles, it T

'lwas decided to select a few representive.profiles for {hef"”‘:“

[N

4{sake of brevity. l‘ A ”ﬂ‘ ’g'

AT QUiCk Slance at bhe vertical distribution of 9 the-

angle of the velocity with the tangential direction on the:f

“;flood plain. for the cross= section 1 to 15 in Figures 5 11(1)

to’ 5 11(15) reveals that 9 ranges between°—2 to +2 degrees

’

“_except for the region close to the meandering main channel.-

‘V,-/ EE"

lrilTheupnecision of the yaw probe in meaSuring the angle of the T

RS Lt - ; Tea a-

b P e .

'flOW direction for eoclose to zero. degree c0uld be a few : _: -

degrees (Rajaratnam & Muralidhar,'1°69y;

s D s e bl

. -
o q

Using the modifiew‘ﬁ”'"

o T
,/-"’ __,A - 7

. g 3D Tt TS e

3" :mated this“

it

-~

o procedure of the yaw probe technique,

PR LD o pe .w

Va couple degrees. Considering'_;;

Bt N

inaceuracy could be redu@edﬁp

the above inaecuracy,,it is concluded that the velocity

-“f vector in the flood plain channel 1s parallel to the x axis.
Since the lower(part of the flow in the meandering - l°<;£
‘ - .
’channel is bounded by the side walls, the flow is forced to

L; flow more or 1ess along the stream lines of the curved

'fllchannel..In the upper part of the flowj becawse of the
oo N ‘

h"absence of side walls, the flow has a tendency to move

2 parallel to the x- direction. The yaw pr‘be in the meandering
channel was always kept parallel to: the local tangential

direction of the curvature of" the main channel at each 4,i7a:~ﬂ

section.»Consider the profﬂles 1ocated at one inch (2 54 cm)
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' N
from the side wall in the main channel for‘cross sections.
'number 1 to 15 . One could clearly see from’the profiles inv
}ﬂFigures 5.11(1) to 5. 11(15) that the angle of : the ve10city
.vector.with respect to the local tengential direction 9
. varies a little for the lower part of the flow (y 0. O to h)

H“but for the upper part of the flow (y h to waterqsurface)
)

[19 varies in sych a way that the - velocity vector is parallel
to anxis. For example, for R1 in Figure 5 11(3),_where the
cross- section ig located at 30 degrees with respect to z,.ﬁ
‘has value of a few degrees when y 0.0 up to 0 1 feet and
fsuddenly 8 increases to a constant value of about —36' i

degrees from y =h= 0 125 feet to D%O 20 feet.

Exhat%the component of
the velocity vectorslin z dY?ectionv(w) in the flood plain
bbchannel are negligible except ‘in the region near - the main’
) channel which As affected hy the secondary current in the.

”meandering channel.}f7

Since the upper part of ‘the flow in the meanderinp
channel is flowinv almost parallel to the x axis, the
magnitude of v is very small whereas” in the lower part of

the nai@ flow, the magnitude of vr reaches up to 40'percent‘
B ' . BT —
of the velocity vector.. ‘

The tangential and vector velocity profilestin\thev

flood plain channel were replotted with u/u versusvl

log_
, v

*;', where u- simply replaced v and u9 because there'
'were no difference between the twd\velocities. From these

plots (these are not presented here) it was found that the
1

'jvelocity distribution agreed well with the Well known.h

-Karman Prandtl équation (Schlichting,'l9§8)‘for.a.smooth



.o

. boundary: I : o L C ¢ o
— = 5.75-1o0g( = ) .+ 5.5 - - L (5.9)
Uy : ' ‘ oL R :

even for the reg}on near the main channel. It was noticed
- that near the fgee surface there was a dip in the velocity ¢

profile (Rajaratnam & Muralidhar, 1968).

Figures 5 13 and- 5 14 show that Y and ué-increaseﬁnith
uy,‘the distance from ‘the bed of the meandering channel
'rather rapidly and then assume an almost constant value up
‘to the flood plain level. From this point on, if the profile

is close to the outermost.wall the velocity‘decreases

,continuously to. eventually become approximately constant

near the water surface. Likewisé- if the profile is near the

innermost wall he velocity increases contfhuously toﬁ;h'

~ >

become constant near the water surface. This behav1or was‘ﬂ
noticed in the straight main channel with straight flood

plains (Chapter III and IV) dlfg “ttff:f‘ %

Rad

From the above figures it was concluded that separating
the effect of the momentum exchange due to the compound

»‘?ngs section from fhe one due to the effect of " the curved

)

channel is difficult, if possible at all. A comparfson of
[ i

'u(y) for flow with and without the flood plaig‘shows;a

little difference for the lower part of the profile. Edr:theﬂf‘

«

4upper part ; above the flood plain level 'as we should ) dfrk

A

':expect from the experience in straight channel,'it should S

2

‘ hhave a dip with approximately a’ constant velocity for each.h
. vertical profile. The dips in meander flows ‘re/not similarmpjg

1'to the dips in the,straight compound channels. ‘ k:y;'w!”pff;ﬂ

-



) Figure 5 15 shows the lateral distribution of the -

tangential velocity (u(z)) for run. number L oat- differentv

‘ levels abo:: the flood plain (y ). For'run numbermz u (z)-
is presented for y =0 05 feet (1 5 cml is.shown~inhfigure.
5 h6.<From Figure Sals it‘can be seen that Uy increases with

hi; the distance from the side wall of the flood plain until

¢ -

1t reaches almost @ constant value. Due to the interaction

between the curved channel and the flood plain,_ug increases /
l) ‘5 . At [ . .
to a maximum va e at the innermost junction plane between v‘/-‘

!

'ithe main channel and,flood plain. The tangential velocity in

the main channel decreases rather rapidly toward the ;

outermost junction plane between the meandering channel and

s N

flood plain channel At the outermost junction plane, one_

could see a- small increase in ug‘in the interactioJ(zone,
Vbut eventually ug approaches a constant value and then will
"‘againldecrease as the bank of the flood plain is approached.yﬁb'
\,' : pDue to the uniformity of the velocity profile in the upper |
lepart of the flow (u (y)}, the curves ofrthe&lateral
distribution of ug in the maix‘channel for dif?erent 1evels

e

aboye the flood

S
lain level are %he;sane. o '
nd 521 cleariy show;that the velocity

L - ‘- , .
y o near the edge of the main channel and tﬁe flood plain has

because of tKe effect o the interaction

>

ifbetween the two channels. As can be seen, the‘léteral

P

;_-distribution of the veloctgy over the jﬁood plain o1r, both

_sides~of the main channel is not the same. On the convex -
: hap Dl e : o e
S side, over the floof pLain” hemvelocity—steadilg increases~

&

'up to the crest. of the meand . }Pen it‘decreases until it":;h”

ches the meandering chann 1. Fowevep ~the flow velocity
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over the fhﬁod plain on the conveXx side is always higher,”

\

than on’ the concave side‘ Therefore,rit was decided to draw

(

9

Jisovel maps for different 1evels.‘, . f

’
/_'Froh Figure 5 11 whidh reveals the distribution of 9

one can conclude from ‘the sudden change of § at y= h thaty

the velocity vector direction isg changing from its direction

in the main channel to becoming almost parallel to the x

axis at the flood pladn elevation. The sudden change of the

‘-idirection and the magnitude of v suggests there is a

rotational shear as well fs a. parallel shéar in the

_horizontal (parallel to the meandering béﬂ) plane.

]

5.6.2 Cross-Sectional Isovel

For cross-Section numbers 1 to 15, maps.of isovelslfor

the tangential velocity were prepared.”These crosstectional

isovel maps are- shown in Figure 5.17. These‘mapsﬂshow;two

“important mechanisms of the flow.

Firstly, in the main channel below the. flood . plain'

1eve1 the higher velocity wiil occur near the convesx side

(the innermost wall) at the hﬁginning of the bend and will
g .
shift toward the concave (outermost wall) with increasing 9.

Nevertheless, it will never occur close to the concave wall.

The amount of shifting of ue‘can be seen by comparing the

cross- section number 5 with crogs-section number 11. They

. 7

are located 45 degrees before thiwg;aa&qand past the cTrgst”

of the: meandering channel respectively.
Secondly, the meandering channel flow will affect the
flood plain channel flow. As the result of the 1ateral,

momentum exchange between the twp»channels,vimcreased. =

£ Y
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,“ \
‘v/ »They differ mainly with regard :to the acceleration and

deCeleration of the flow on the flood*plain and theﬂeffect' |

ET IR

t%; Qf g The isovel maPS
re lnot the same- . 4

']sectionsf[guaf'“

| 5. 6 3 I'sovel E_-_g j, R
: fﬁ FoI the entire second loop at different levels.éb§§éiﬂﬂhu

é, V and w,-(where ¢ the angle ofgﬁaf;fgf

"lcontours are shown in.

o .J

}ifi number 2 the same contour maps for the level y =0 05 feet
if. (1 15 cm) are shown in Eigures . Qﬁ 5 22._j‘

umff Figures 5 19, nd.S 2f show that the deviation of the
Fom the x axis ranoes fromi{ZQ"‘

angle of the vecto. elocity f

by themselves,”suggest thatf;Q

angle of devia”iﬁn of the velocity vectorﬁr from the x'~h

ghe rotation pf V to x isj;f_ﬂt,ﬂfﬁ

:Figure 5 22 shows 15 Vel maps of the radial

_‘.r .

velocit§ucomponent.' hese contour maps are given for y
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equal to the width of the meander lodp. lhe exact
. ) . . PO ) .

cdntribution of~the momentum7ekchange from the‘cdrved

channel and the compound cross -section tq’ the lateral

velocity redistribution iswnot known.tBut qualitatively,

b

the effect of the curVed channel and the exchange of

[

) T

momentum for u(z) could be,seen_from;lateral tangential

o ' . S ST ’ ‘ o
'velocity profiles. : .

. s N\,
- 7 SRR . . .
. oh ' e ¥
N e oy . . . {

5.7 Discussion on Interaction Results . tE Y AN

4 There is an absence of sound knowledge aboutfthe‘flov,u

in' curved channels, even in the simplest cross- section

(rectangular). Addition LOR flood plains to meandering
AL . : 1,;,&
channels brings additional diﬁficulties. Tn light of the

study described in chapters III and 1V, transfer of momentum

l -ﬂ‘r
will tahe place from the region of high velocity to the ;ff"

negion of . the Lower'velocity (in the case of straight # :

jchannel from the main channel to tﬁe flood plain chamnel)

¥
J
In the case of meandering channels w%;h flood plains,_one

‘”‘should expect the transfer of. momentum to occuyr between the

'high and low region oﬁ ‘the velocity.‘ s
S : ,
The secondary current which is generated in-the

. ' ., )
meandering channel because of the curvatute of the main |
channel, will transport momentum in and out from the

meandering channel to the flood plain. Thebhelocoidal motionx
in the 1ower pétt‘of theacuryed-chainel is confined in‘the
‘,main channel because‘oﬁ-the presence of the'solid walls.
"However, in the upper part of the flow, the absence of solid

boundaries aflows the helicoidal motion to continne on toi%
A . . .



the flood plain. Therefore, in.Figure 5. 22 an isovel map for
;theilateral component of the. velocity vector vr, for a few
selected cross sections 1is shown; The secondary currents are
mostly confined to a region equal to the total width of the
fmeander. |
The flow above the flood plain level has a- tendency to
flow more Or, less in the X direction.iBecause of changes in,
ﬂh.»the depth of the flow in x direction, the flow will

\ -

- accelerate in the deeper part “(om- the main channel) and. will

‘o

slowly decelerate, on the shallow part (in the flood plain)
by excess friction- Comparison»of-the lateral tangentia o

'velocifies'of crossfsectipn_numbers 1 to .15 'with the

L

’ symmetrical cross-section number,O'(i,e. see Figure 5.16)
will bring the following points to light‘
l} ‘increased velbcity in the flood rlain channel due to,

exchange of momentum betwegn ‘the main flow and the flood
,Ul' 'Vplafn flow, O“EIA S '

2. decrzased velocity ‘in the main channel due to *
interaction. However, the lateral tangential velocities

retain their features such as higher Velocities near the~
-\ 1 N
: A ¥ i}
' innermost wall and lower near the outermost wall :

due to the acceleration and theodeceleration mechanisms,'

- ! ""
.

at' the beginning'of.the bend, the velocity on the flood

plainiwill increase up to cross—section number 8 (the‘

\ a

crest cross- section) and decrease gradually,

4. the sudden change of the direction of the velocdty

!. B
Velocity {n the main channel at plane’;ah:introducesvamf

-

. . ‘. , e
L rotational shear in this: plane. L ce T

IA most cross sections the’ lateral velocity profiles near

-
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the convex edge of the flood plain bears the maximum

'velocity which normally is associated with high shear

”;stress.'Therefore, at high flood flow the convex edge of the

flood plain will be eroded and the channel will straighten ‘

C .

ou te.

5.8‘Conclusions and Comments on”Further Direction

The present study of flow field in a smooth rigid
¢ boundary model of a curved channel and a meandering channel

in a straight flood plain valley has led to the following

\/
-

qualitative conclusions. ' Y

The logarithmic velocity ddstribution law may be

J-,-

applicable only in the immediate region close to’ the bed of

a

‘the. Curved channels (about ?07 of the depth of flow) re 1s S

shown that the distribution of Uy (vY in the core. of flow is

T

'hmosfly'uniform. The magnitude of -u. - is dependent on CosG.

g .

Alsogbthere is a relationship between D » Uy and 9. The

normalized lateral velocity distribution u (z), for
different cross- sections has been studied._They areiSimilar

_pif the distribution curves rotate around the point of

v
4

'intersection of all distribution.curves, where it is located‘

o

at 207 of B from the innermost wall of the curved channel.

The shear stress near thg\convex region of the
._meandering channel was about 2 5 times as 1arge as tha@ for

“a uniform channel of the same width and’ for the same
.
hydraulic radius and discharge. .
. Aﬂ :
The interaction between the inbank and overbank flows

results in lateral momentum transfer which in;turnu;

14 .
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s produces increased flood plain velocity and increased bed

.- as [

shear stresses. This interaction also cahses_reductions in

the meandering channel velocity. The ‘lower part of the . flow

r o

s in the main channel bounded by the side walls; flows oreﬁog

less parallel to the b0undary. The upper part of the. 1ow“pﬁif
above the flood plain level flows parallel to the X

: direction.-This change of the direction”of the flow in a -

| horizontal plain will cause an additional rotational shearlil

,?between the adjacent horizontal plains. At this, stage of the*“’r

. study, no attempt was made. to determine the nagnitude of the‘“f’

rotational shear stresses nor the effect on reduction of the l'
discharye due to this extra shear.'

An interesting observation was the acceleration of the
flow from the main channel to the flood plain up . to. the
middle of tbe loop in the flood plain area.IAt this point

the1flow started to decelerate until it reached the ‘end of

" the loop.

5 ° Fbrther ﬁirection<ﬂf”

The existing models for prediction of the flow 1n a.,
curved opqh channel are not adequate for descrihing theh ) /v
flow. This 1s: the casge. mainly because the models ignore “the /
fact ‘that 8 is one- of the most important parameters. Besides
that, the assumptions made to: simplify the eauation of
motion can‘nothbe justf%%e%_(fully‘developed flow.
1ogarithmic 1aw, etca). S o

Vith this state of knowledge for flow in curVed

channels, the addition of a flood.plain makes the problem

. s
. . Y

S



'.even morerdifficult.;Pence it might be adviqable t° first Lo

tackle the problem of flow in curved channels and then

ﬁattempt to gglve the problem of flow in curved main channelsg'ff:;

.with flood plains. 5\;_~fpﬁﬂ.;~¥pi‘ﬁ '&ffilﬁff:'pgif%pjlf ;"lpf:“ﬁﬂ

'7¥$5fifj"ff[p{;$;;_pppg\.'

N /- .



”1ffPlain Flows'l,

Coa

l~fof “ar main channel (region -0

.'lyichannelfand the flood plain.

i 6. Sunmary. ofConc]_usions ’

ifj6 1 Concept of Interaction between Main Channel and Flood

?ﬂ The concept of the momentum t ansfer from high-toflow

k%gh]momentum) with a straigh
*:-:.t S - PN /'

5

> N X b

:;lresults in the creation of a mixing region between the mai

::f;velocity region by.turbulent mixing was tested in the case

t T

|“xof momentum from the main channel to the flood plain channel

n

: The;velocity and boundary shear stress distributions,:

w

’aV'were measured for a range of flow conditions in a‘ :

b-ffrectangular compound crOSSvsection channel with both

"-hfffor‘a meandering main channel with straight flood plains.
- series of figures show the relationships between boundary

:’,shear stress,7ai5fct ratio and relative rougmness for_

.Shape axe described.-uJ

rvplain, the interaction bet

1:flood plain flOWS has been stud ed experimentally. The

réctangular channels._Nethods of estimating the looal

4

lrectangular channel and a compound cross section channel

_'e main channel and the,gl

results haVe demonstrated the transport of the longitudina

..:197tp E d.:;»‘fz“f}f:l_:?;ﬁkvu

0.

1

';bOundary shear stress,,velocity and discharge for a. simplei'

uflood plain (region of low momentum) The lateral transferiffﬁf.

Lf straight symmetrical and asymmetrical flood plains and als w




ﬁsmlateral velocity profiles in the flovd plain/and the main f?

;jﬁchannel above the level of the flood [lain, if viewed with

grespect to the undisturbed flood plaij velocity, have been";m'

"y .
:ff'found to be approximately similar. Emp rical correlationsv

"have been”found*for the velocity and length scales. It_seems;ﬁ:f
”Qf*the structure of the flow in a main chanmel with ‘a flood

o L o\ ) .
'*plain c0uld be analysed using th¢ conceptwofilaterar s

:n:dj‘momentum transfer and by treating the i‘ eraction region as_"m

"~‘ . D

”'7ﬂ!a turbulent shear layer.,The verticali

i
1
I

ocity profiues can

.lﬁﬁbe described by logarithmic velocity distribution law. This ﬂ”laf

“'”suggests analytical possibilities of predicting the

”:ﬂf?magnitude of the turbulent eddy viscosity for thevlt.

'?jl;interac.ion region.'

L.

'Jﬂplane'wi
_thelmain channel bedushear isfdecreased héﬁause of the h;;

.:niﬂinteraction between the main channel and the flood plain,nvi

S

ﬁflows.aThese changes have been anakysed using similarityﬁéf

“;‘ﬁiideas. Some estimates of this penetration distance couldfi“
';perhaps be made using the results on. turbulent compound

”Eshear layers.,The scale factors for the shear stress"d“

. - 4 FORN
2 W

_be the main parameter to indicate the extent of thel




—fiobqrpiaiﬁ¢isfiq¢1uaéa,ﬁ.

vhge 3 Meandering Channelhin.;v traﬂght Vallewl

ﬂl;ﬂ-b. Flow in a curVed channel and meandering channel in ad
":straight flood plain valley wa's also studied. .‘H'i:fi - o
Vh'”ft The logarithmit velocity distribution law may be

:fapplicable only in the immediate region close to the bed of

the CUrved channel for about ZC7 of the depth of flow. It ia
eshewn that the vertical distribution pf the velocity”in the

'fcore of flow is mostly uniform. THe magnitude of the
. A

Thvelocity is dependent on the angular position of the

'section.ANormalized lateral veloci%y distributions for'

different cross—sections are similar. The bed shear stress

_‘near the convex region of the meandering channel was. about o

w.to 2. 5 times as large as’ that for a uniform channel of the

. )
'-fsame width and for the same hvdraulic radius,%rouphness and

\
14

o Lo
. *

1discharge..l'
- The interaction between the inbank and overbank flows
resubms in lateral momentum transfer which ‘in “turn,
produces increased flood plain velocity and increased the
bed shear stresses. This interactiou also’ causes‘reductions
in the meandering channel velocity and - bed shear stresses.
ipThe lower part of the flow in the main channel bounded by
the side walls flows more or less parallel to the bodndarfg.

J‘_‘q

"ﬁ.The upper part of ‘the. flow above the flood plain 1evel flows_t“

iparallel to the X direct on . This change of the direction of»gmf

T

wthepflow in horizontal plain‘will gause an. additional

R i A RN o, FTIEN N S

Pﬂ?i' rotational shear between the adjacent horizontal pla

” .
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this stage ‘of the study, no. attempt was made to det rmine

: feither the magnitude of the‘rotational shear stresses orJthe,

Nreffect'on.repuCtion of the discharge due to this extra -

shear:.

o

The flow accelerates from the wain channel to‘the fldqd“

rvplain up . to the middle of the 1oop in the flood plain area.

T At this point the f10w starts to decelerate until it reaches.

._..,_.,

'thehend of the 1oop. The present results on the meandering»f“'

channel with flood plains c0u1d be considered to constitute[

dnLy‘an.exploratory Study&~

T




* ' NOTATIONS

~ The followingusymbOIS are used 1in thie fepert:

yaw probe

4

g

A.A,nBlﬂC;#k;andxki to ksl = ‘constants

§ Ah.~f 'widtb of the main channel
bt : '=s width of flood plain channel

‘5b£ ‘.v ‘5T i \1ength scale for flood plain

ll#%m .1 E .?;“;L@ngth scale for main channel )

bt-" ’ ";i total length siale » ,
b, - =’;ehear'length'scalefp" -
h’ - = width of. F@Eet flood plain channel
b" ".‘=> width of second flood plain channel

dci 1vl.=' minimum width of %he flood plain channel IS
c, = maximum'widthvof the flood plain channel
D o - depth'ef»maln.flow i
da - -o= depth‘of flou in flood plain
ar ,-‘:e deﬁth of flew-dn flood plain at second level

vin multi stage flood plain\‘f |

F o= kFroude number :

;f : ~ = function J
gh ,‘=: acceleration due to. gravity

h = depth of main channel belowﬁthevlevel 55 .

a ‘flood plain ‘ |

h' ' = depth of main channel below the qecond level
| of ‘the flood plain in multi stageflood plain
ho~, “‘ = static pressure head a } | . |
hlﬁb ’f ',%j dynamic preSSure head of" hole No.r of the o

201



= dynémie;pneésuredﬁeed“ofihqle Eo,Qiofﬂtne

ufyaw probe t’::,f‘f 'd’fi f"u; "”f'fg{p:?

v

n'_ldynamic pressure head of hole No 3 of the

ijaw probe"

Nikuradse sand roughness ST

-
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o ‘JAPPEN_DIXH‘:'A: R

::mA 1 Turbulent Flow in Pectangular Channels ;.y?lggiii:h'f;,].f _t?
o - Perhaps the most simple cross section inianﬁhbenlj~ﬁ7:%f;{5;&&
:‘channel is a rectangular one. Even in a simplified case like

‘ha straight channel with rectangular cross section, the
.equations of motion for turbulent flow,'along with the i.& ifi
:continuity equation cannot be solved. In order to formulate
han approximate solution,,it is required to adopt empirfcal
'1assumptions. it is necessary to supplement the original

hypothesis with additional hypothf‘es which may vary from

‘case ‘to case. The form of certain f nctions, or at least'
certain numerical values, must be extracted from"
experiments. In order to ignore the effect of the side B

d-
f.walls, one must always assume the channel is Very wide.

t,Cruff (1965), and subseouently Rajaratnam & Nuralidhar
'.(1069),.obtained considerable experimental data for smoothh
frectangular channels. Rajaratnam & Nuralidhar (1069),

jtheir paper, presented the variation of maximum bed shearlp
E,stress with reSpect to aspect ratio. In addition, they
;iexpanded upon the distribution of bed shear stresses andﬂ.fr
.wall shear stresses.

vl; This study presents some‘supplementary measurements on,
jthe shear stress and velocity distributiomﬁin smooth and

o’

'5r0ugh channelsa Together with the data available from Cruff

'.3(1065), Rajaratnam & Muralidhar (lv69) and

v”(1971) and supplempntary.m 't sand rough:

'3?*:rectangudar channels,wthe authoFMW?ﬁfébled



ais

'iaximum bed shear stresses. Furthermore,.the“distributionfof"Lo;'

:{bed and wall shear stresses “with width and depth of flow
| it

‘frespectively was obtained ﬁFugther,,the average v;g{jg;,#‘d

' A

-‘area~ B ' SRR e IR

/cm) wide, seven inch (1? 8‘cm) deep and 60 feet (18 3‘ml
long channel with adjustable slope. Water entered the flume

" from a constant head reservoir provided with su1tab1e-
screens. The dischaigebwas“measured by means of an »
'orifice meter located in the'supply line to the head- tank.

"The height of the water surface was. measured with poihtf

vgauees..The water surface slope was measured by a precsure

f:transducer. In: order to obtain uniform floh, the tail gat;,

,tvwas adJusted until the water surface slope for the middlev70

:“feet (6 1 m) of the flume, coincided with the bed slope. The
test section was. located in the middle of the flume.

'4Velocitie5'were measured using a.1/8 inch: (3mm) external
diameter Prandtl type pitot static tube' The same Prandtl"

3tube also served as the Preston tube for the smooth

‘5;Tboundary-“;”b-’-”‘




Lo S R
’ ," . : ’ R
~curve and to fill the gap between data points. L ' . ¥
In the case of the rough bed with smooth walls, data
'were obtained from a Pepartmental report by Pajaratnam-d

:1(1067 1960), from Ghosh &Jena (l°71) and f&om several

experime ts condueted by others._Fu(her experiments were

T-c:ondu ted ith pre—molded rubber mats with hemispheres of l

"inch (2.54 cm) and 1/ inch (12.7. mm) in diameter.h

All d;ta were chosen in Such -a way that the FrOude

-”ﬁnumber‘yaried from 0 10 to 0 70. Velocity and the boundary

£y

e Qe -

e &

';ishear stress distributions were obEaLn&d in one half of the

- _-_, . 4" sy

“ﬁé&&channel. If y s the normal distance above the bed and ifﬁz%i?if
-fgdepotes the transverse distance Erom the centerplane of thei.'
-iéﬁé&ﬁeiV the“ ;l—Z/(B/Z) and n= y/D,rwhere B is the width offﬁﬁi
the channel and D is the1depth of Water and the range of A |
twas from zero up ‘to about 0 95 and n ranged from 0 005 up
to_almost.l.o. |

- “ . . P v

-\A 3 Veloc141 Distrihution.xt *]r.jfﬂy'zxvlﬁi - jh;ti‘“'Z;,F
| | "a} Smooth Roundary | |
The velocity data on the - centerline of'thé ehahhel as well
‘- as off the centerline were plotted with u/u versus
,loggLib;j whe;e u, ‘is: the shear velocity,;equal to ' T/O

at the foot of the corresponding normal line, and P is thel

mass. density of water..It vas found that the velocity

Lot ami . e

o

~meﬁdistribution”agrees;wel] with the well'known Karman_— . Y

Prandtl:equation




\ o215

u -

= 5.75 log(

ueven for values of X as. large as 0 95. It was noticed that

-

near the free surface, there is a dip in .the velocity

S -Profile. ST .

b Rough boundary ‘ 1:"‘5ff"375y;‘;‘“'“"”

” Tl
-~ -.,..-.« o -

'JThe present semi empitical methods forxcomputation of

’5;turbulent flow in open channels .are based essentially on the

"WOTK of Yeulegan (1938) er rough boundaries,

o

eulegan uses'f’

‘;gthevxarman - Prandtl velocity djstribution enuation ast:

—_— = . lo - ). ) S . se e T e
Ty At e . L

D
\

where k is the roughness height and L is, a coefficient. For

~

the densely packed sand rOughness of Nikuradse, k becomes'ké

and C 8 Se: Pajaratnam used an averaged value of u

25 based on .

. -
R A

y b3 S where Y is the speci{lc weight of the fluid r-istL

: the. hydraulic radius and S is the bed slope, to evaluatef»lﬂ”

the value of A._He found for 4 types -of roughness the value

of A ranging from 7. 40 to 6. 32.

- ! ’ ~

' A—&,Distribution'of Boundary Shear'Stresses~-

: : . T . .
Based-ah\existing data from literature and several"

"supplementary experiments, a plot of the aspect ratio (B/D)

ifversus To /Y D. s’f for difﬁerent values of D/k in‘shown.In

N . . e R ey
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"»?confirmed that the average curve obtained by Rajaratnam and

. and fir ting an equat ion to the curve in Figure A2y

plementary exp’riments

“pd._Figure A 2 shows the

r

'3gshows the distribution of T /roﬁ versus h¢f4

boundary.‘Figure A
for the roqgh bed witb smooth walls.:There is quite a
scatter of the points in this plot, caused basically by the‘

variation of D/k At this stage of the work, it was not

possible to. label tbe different curves for varlous values of
D/k An average curve is\all thﬁt c0u1d he drawnr

e e e e e

after inteoration with proper boundary conditiop

i

average velocity,for“the cro

‘omeciantti v
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1659y

Lxhﬂwherein V* is shear V910City, based on the hydraulic radius

l'ffrather chan the depth of flow. It is seen that the CQnstant

f3 25 is higher because the hydraulic radius r is always;“‘
.“,3uiqsmaller than D the depth of flow.; fﬂL33T’
For a rOugh boundary the governinp equation 1s.w7

Lk A n-g

'(whereﬂkgen

ikuradse sand roughness)

LSRN



}th 5 75 log(—;—) 4 5. 25 -if,ﬁilnﬁug

o .

e By knowing the aspect ratio and D/k g from Figure A l oneﬂf L
;-_f}fcan obtaim T ; and hence u*o and using Equation‘m 6
e . : ;

VE@?pff‘xm
"Qg‘be calculated.-ﬂf‘]Qm”Tff'[v“r1 TR R

,-theséjédeffi¢i¢ﬁfs,ugiﬁgﬁa;bitiary;ghgaé~stress’

1profiles and the experimenta; data of Bazin.




.« >~ APPENDIX B

\ B-1 Channels;with Flood Plains'at'Tﬁo’Levels

Often successive increments of overbank deposition are
responsible for building a flood pléin. The erosion of ‘the
omain channel bedWand‘the'edge,of the flood plain creates a
narnﬁw_strip ofwéntermediate flood pﬂain‘level. A detailed
study by Wolman & Le0pold (1957) showed that the depositionr

on the flood plain does not continue indefinitely. The flood
.plain area can. be transformed into a terraced surface by
'some tectonic or climatic chanpes: A terrace overflows less
frequently than a flood plain. When a flood plain and 1its
adjacent terrace are flooded during a very high flood, the
compound cross;section will have at least three or more
different ‘bed elevations.

Onlv one experimen: was conducted with the multi level
Jflood plain channel. The dimensionsuof the multi-flood plain
.were presented in Chapter II. (see Figure 2.2d). Figure BR-1
shows the distrlbution of u(y), u(y'l and u(y"). It can be
seen from the profiles that'the velocity in the main ch®inel
increased with y and the raximum velocity will be obtained
just below h (first flood plain elevation) Ihe velocity |
will continue.to increase at lower rates up to y =-h and
from here to the water surface will remain almost constant.
The lateral‘velocity profiles are shown in‘Figure B-2.
Considering the uppermost flood plainyxsecond level Bf the

A

flood plain),the velocities will increase continuously as

dneimoves_towards the first level of the flood plain. The
. ) . : ‘? . . ‘ .
first stage flood plain evidently aéts\as a main channel for

{
°

?, , 220
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s the second stage flooF plain. The velocity continues‘to,ﬁwﬁ
S . e o
v increase from the first stage flood plain to the mainf

channel.;

[y

I;p QTWe variation»ofbthembedwhh%a'

"-f",‘}’a'-;, ~»‘-:.‘ : b oam s : .

is.also shown in Figure B 2.'lnjthe ain channel the bed “”'fa
shear stress decreases from ‘a maximum value of To to zero
at the main channel wall which is attached to the first

R

flood plain.'In the first flood plain channel i decreasesii

-,continuously from ‘a, maximum at the junction plane to”'

,.7‘

B approach an undisturbed value of TO Then T wiLl again
decrease as it reaches the junction plane of the tWO~ flood B _d

plains.‘The part of the first flood plain area close to theiw,fff

bmain channel acts as a flood plain for the main channel. Thek
f other part of the first flood plain acts as main channel for‘
\the second flood plain level. To on, the second flood plain

: w0 .
y{ level will continue to decrease from the Qpnction plane to -
approach an undisturbed vaJue of TOI‘Z and then T will
’Edecgease as the bank of the second flood plain is'

Looa

'appnoached.

B 2 Analysis of prerimental Pesults

From lateral velocity distributions one can seeithat‘
the curve consists of twor parts. The first curve looks the
same]as the 1ateral velocity distribution of a nain‘channe]
with a’ flood plain channel having a wi%&? of the main
i channel equal to. b’ and the depth of flow equal to d "Eor;

the second parﬁ of the curve; one should consider the main_

‘.

channel width equal to b nd the depth of flow equal to o

i




nsuperimposed in such a’ way that the origin'of the 'z axis
ﬁplain channels,'the lateral velocity prof e of th&

nxo’obtained from ChaEter IV the two separate 1ateral

The &ateral velocity distribution curves at
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Tvelocities were calculaﬁed amd'plotted. Superpos

’,‘9'{‘,

ybe treated as a simple flood plain for the main channel and".

ﬂagreed very Well with the measurements. v“w
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' P 3 Conclusions

For a stradght multi level f]ood plain channel

¢

;a¢level

S

j_interaction bétween any pair of adjacent channel flows

"a

w“'“’:-:'ﬂ'.multi level flood plains wi‘ll ﬁorm.‘Using the results =

KN . . LT

:z.“..:t.-- ’

wcompound channels could
o v . '.' R . %"
‘easily be calculated and plotted.‘If these two plots areujg[

o«

Avtwo produced the final lateral velocity distribution which

’.,ncoincides with the edge of the first and second level flood

.t he

-take place..The channel adjacent to the main channel should

‘o

the same channel will serve as a main channel for the second

i'

ition of the

t\f’i"l l

EA AR

"flood plaln and s0 on- It is possible to obtain the 1atera1 y

.Ldistribution of uorT, By superposition of the related

fcurves.calculated for a simple comp%und cross section.,_»,
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