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ABSTRACT

Understahding the effects of curvature on the flow in rivers is ’
_1mportant to the practicing engineer. Consideretion of the
resulting redistribution of boundary shear stress and ve]oc1ty are
especially important in the design- of bank erosion protection for
river bends. | | | |

 The purpose of this study was to examine the developing flow
near a.sloped bank in a bend. The intention was to determine- if
there is a potentialA for economizing on construction costs when
using riprap, by zoning the sizes up the bank and around the bend.
‘Zonlng wou]d involve uS1ng larger rocks in areas of severe attack
and sma]]er rocks in areas of less severe attack

The first .part of this study reviews the results - of previous
investigations intol the charecteristits of . shear and velocity
distributions ih channel hendsl‘ The second part presents a

contribution to the'existing body of . data, with.analysis directed

toward an 1ncreased understand1ng of +the deve]opment of the flow ;5

‘;along the s]oped bank . as the flow progresses through the bend. The
final sect1on of th1s stady compares these f1nd1ngs to previous
Tebératory and f1e1d 1nvest1gat10ns, end descr1bes possible
"practwcal app11cat1ons of these resu]ts. -

The exper1menta1 1nvest1gat1on involved a 1aboratory f]ume study

‘r,

'of a 270 bend in which six runs, compr1sed of three flow depths and

\

~ two side  slopes were made . Longitudinal and’ 1atera1 velocities and

S

iv
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Q. : . »
turbu]ent f1uctuat1ons, were measured with a Laser Doppler
Anaemometer. Boundary shear stresses and boundary stress ang]es
were computed from the measurements. |

As a: resu]t of this 1nvest1gat1on it was found that zoning

riprap: s1zes up a bank is ‘Tikely not feasible. . However the
potent1a1 does exist for zon1ng around the bend. There was a]so

some ev1dence that h1gher aspect ratios were assoc1ated ‘'with qu1cker

' developement of the secondary circulation.

A
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INTRODUCTION

Understanding the mechanics of flow around a bend in an open
channel is essential to the practicing river engineer. Curvature

effects are important in the consideration of the processes of‘fiow

fesistance, superelevation of the flow, distribution of flow and

especially channel stability and sediment transport.

In Canada, bank stabi]ization works involve the expenditure of

millions of dollars every year, much of which is spent on riprap " -

armouring of these.eroded banks. Yet the three dimensional nature

of the ‘curved channel flow phenomenon 1is inadequately understood,-
and design teohniques are for the most oart empirical.

Unfortunately, we are at present a 1ong way from being able to adopt

a pure]y analytical approach to erosion protection des1gn This is

especially true cons1der1ng the comp]ex1ty of the prob]em for even'

simple channel shapes, and the lack of detailed flow 1nformat1on at

most design sites.

The present study confined‘itself to a situation resembling a

;riprao ermoyfed bank, -allowing the examination of a limited rahge of :

a

| oractical'side s]ooes and a”rigid bank. However for simp]icity; a
‘ r1g1d bed a priémé&ic channe1 shape and a smooth boundary were
used.\ These:. s1mp11f1tat1ons 11m1ted the pract1ca1 app]1cab111ty of

the resu]ts, howeyer, ‘it was the purpose of th1s study to gain

information about the distribution of velocity and boundary‘shear‘

stress on a s]oped bank in an open channel bend, and to app]y th1s
’ knowledge to the considerations of r1prap des1gn in a general

manner. It was the intent that the information gained from this



study would indicate what potential exists for zoning riprap sizes

up a bank, and around ‘a' benq,'4in an ~ effort to economize on
construction costs. |

" The first part of this study reviews ‘ the results of previous
investigations inio the characteristics Fof shear and ve]ocity

d1str1but1ons in channel bends. The second part presents a

'contr1bution to the ex1st1ng body of data, w1th analysis of data

directed toward an increased understand1ng of the red1str1but1on of

the f]ow around a bend as it perta1ns to the sloped bank. The final

'sect1on of this study compares these resu]ts to previous laboratory

énd' field ]nvest1gat1ons, and descr1bes possible practical

'5Eb1ﬁéatf0ns of- these results.

“



1. PART ONE - LITERATURE REVIEW

1.1 INTRODUCTION
Characteristics of the f]qw in é bend are quite different from
- those in a straight feach. | Centrifugal a;ce]eration produces a
‘number of effects such as superelevation of the water surface ond
helicoidal flow, which fn turn lead to a redistributionl of the
velocity and boundgry shear stress distributions. These flow
‘characteristics have a pronounced effect on erosibn, deposition and
sediment transport in a natural channel.
In" the past, numerous laboratory investigations :have been
conducted in an effort to better'understana.the complexities of flow
around a behd, however, field ihvestigations are rather écarce;A

This section discusses some of these investigations as they pertain.

to the current study.
1.2 VELOCITY‘DISTRIBUTION IN OPEN CHANNEL BENDS

1.2.1 Causes and _aveiopment of Secondary Circulation

The most signif rspect of the flow in curved channels is

the secondary ci- il or helicoidal flow, which is set up by

~ihe transverse surfa = _ :nt (supere]evation)lwhich itseM occurs
' as.a_direcf resuit of . “i1gal accelerction. This spiral flow
‘essentially originates sezau. : _:7trifugz? force has a différgnt

effect at different gepth.  cue to the ac:reasing longitudinal

velocity of the flow in the vic - iy of the bed. The Tower fluid,



slowed by the bed resistance, has less inertia than the faster
| moving fluid above and is therefore 1é§s aS]e to resist the effects
of the transverse pressure gradient caused by the superelevation of
the flow. Consequently, the slower moving f]uia is accelerated
toward the inside of the bend, ugﬁi] jt is balanced by friction.
The faster moving fluid near the surface experiences the opposite
effect and is accelerated outward. Because the fluid possesses
'1nertia, there is a distance.over which this spiral flow becomes
fully developed. Rosovskii (]961) and Nouh and Townsend (1979)
estimate the development length as the distance to réach 90 pefcent

of its 'developed' value. They presented,

Lg = (1.8 to 2.3) D C/Vg (1)
where:
Lg = development length for the spiral flow;
C = Chezy coefficient;
oD = flow depth; and
g = acceleration due to gravity.

This assdmes’that the water surfaée cﬁ%gges abruptly from flat to
superelevated. As the relationship ‘indicates, development of the
secondary circulation occurs relatively quickly.. At the downstream
end of the bend the decay occurs in the same way, although in
reverse, therefore the decay length is the same as the development
length. Steffler (]9845, in his 1laboratory investigation using a
rectangular channel, found this decaylto begin soon after the spiral

flow was observed to be fully developed.



The distribution of lateral velocities at a‘vertica1 prbfi]e can'
be said to be comprised of two parts.; First is that portion which
represents the spiral ‘flow and exhjbiis a net value of zero
transverse flow. Supefimposed on this distriﬁution is a net inward
or outward flow, associated with the overcoming of inertial effects
in the redistribution of the ]ohgitudfna] ve]ocjties. That portion
which represents the spiral flow increases in magnitude (strength)
as the spiral flow develops, and decreases. as it decays, over a
distance such as estimated by Equation 1. That portion which
reflects the longitudinal velocity redistribution is discussed
further in Section 1.2.3.

In their field study of the flow aroﬁnd several éctua] river
bends, Bathurst et.al. (1979) found that small cells of reverse
circu]étion, commonly known as relic cells, seemed to be carried
'over from upstream bends to the outside of downstream behds.
However, they also observed similar cells- in isolated bends where
the outside bank\was steep, although nbt where the outside bank was
sloped gently. They report that the effect of these cells 'seldom
extend for more than one or two flow dépths into the channel,
however, the cells are significant in all cases concerning the
problem of bank erosioﬁ. Steffler (1984) also observed evidente of
a counter rotating cell on.the outside ‘of his rectangular channel

section, once the secondary circulation was fully developed.



1.2.2 Strength of Secondafy C1rcul$t1on in Natural Channels

Bathurst et.al. (1979), fn their field investigation, observed
that the str;ngth of-the secondary circu]api&n appeared to depend
upon a number of factors including Reynolds number, aspe;t \ratio
(width to depth ratio), arc angle of the bend and the rafio of
radius of curvature to channel width. As Steffler (1984) shows, the
strength of the secondary circulation _is most dependant upon the
magnitude of the 1ongitqdina1 velocity and the %1ow depth. This
means that the strength of the spiral flow cannot pn]y vary from
:bend to bend, but varies with discharge (as expected). Field
measurements by Bathurst et.al. (1979) seemed to suggest that
secondary circulation is weakest during very low flows, when primary
velocities are low and the centrifugal force is therefore small; and
during  very hibh flows when, a]though primary velocities are high,
point bars are submerged thereby ‘increasing the effective radius of
the curve and therefore reducing the centrifugal force. Conversely
at medium flows when point bars dare only partially submerged, the
éurwature remains re]ative]y high, and primary velocities are high

as We]], consequently secondary circulation is strong.

1.2.3 Longitudinal Flow ?”'1sfribution

Ippen et.al. (1962), in theirm_lpboratory investigations using
trapezoidal channels, found that }d cases of reduced curvature the
he]i;oidal motion was the dominant,factor.in the development of high

velocities along the outside of the bend. They also observed,

however, that as curvature increased the separation zone commonly "
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observed on the inside of the bend effectively constricted the
stream, thus further increasing velocities and deflecting the flow
toward the outside bank.

Velocity distributions,"presented by section in that study,
indicated ah initial shift in longitudinal maximum velocity toward
the inside of the bend upstream of this separation zone. McCrea
(1983) and Steffler (1984) also observed this shifting of the
1ongitudina1 maximum velocity first toward the inside of the bank,
followed by the outward shift of the maximum longitudinal velocity.
In fact, this is ‘a well known characteristic of the _10ngitud1n§1
velocity redistribution, Chow (1959) states that where bank
protection is required it is needed on. the outside bank near its
downstream end, and to a lesse(‘extgnt: on the inside of the bend
near its upstream'eﬁd.

.In1t1a11y the longitudinal  velocity redistfipgtioq -.occurs
independent of friction. This results in a ‘'free vortéx'_ve]ocity
distribution, exhibiting an increase 1in velocities towards - the
inside bf the bend. There is a corresponding net inhard traﬁsverse
flow. As the secohdary circulation develops (due ‘to friction),
there is a étrong skewing of the f]ow outward, iand th; max imum
Tongitudinal velocity moves to the outside bank. This is
accompanied- by a net outward transverse flow. In a sufficiently
_Tong bend, the 1ongitudina1 velocity may become fully developed as
the net transverse flow approaches zero. - At the bend exit, a
redisiributjon of the Tlongitudinal velocity to the outside again

occurs, equal yet opposite to that which occurred at thé entrance to



the bend. This is again accomﬁaniéd by a net outward transverse
flow. . .

A]though'development of the 1ongitddina] velocity redistribution
fo]ipws‘ the ¢eve10pment of the spiral flow, it -occurs at a much
slower rate. Steffler (1984) did not.-observe the longitudinal
velocity redistribution to be fully deve]oped even in his 270°
bend.- Cons{dgring the irregular shape of natural channels, and the
fact that they seldom sustain a constant‘radius of curvature, it is
unlikely that the longitudinal velocity redistribution becomes fully
developed even in long bends . Although décay of the 1longitudinal
velocity distribution occurs equal and opposite to the development,
it may still take much ]onger.. That is because the deveTopment is
assisted by the spiral flow, which is not tﬁe case with decay.
Predicting the di§tance required for this deéay is important in the

consideration of where to end bank protection works.

1.3 BOUNDARY SHEAR STRESS DISTRIBUTION IN OPEN CHANNEL BENDS

Of prime importance in the.consideration of bank erosion is. the
‘redistribution of the boundary shear stress through thé bend. In
the straight reach upstream of a bend the shear stress exhibits a
fairly uniform distribution, as do the 10ngithdina1 velocities. In
fact the two are é]oié]y ré]ated, and as -Bath;rst ét.a]. 11979)
report, the redistribution of fhe boundary shear stress follows that
of the longitudinal velocity. Ippen et.al. (1962), McCrea (1983)
and Steffler (1984) all confirm this tendency. This occurs because

the magnitude of the boundary shear stress is directly proportional



to the velocity gradient near the boundary. Because zones of high
velocity must lead to a Compression of the velocity isovels near the
boundary, a ]oca] increase in'the bohndary shear stress resglts.

Ippen'etié]. (1962) investigated the éhéar stress distribution
in. both "smooth and rough trapezoidal chahne]s, and foﬁﬁd the
distribution of boundary shear stress around the bend to be very
dependént upon the stream geometry. Increased stream curvature’ was
associated with higher stresses deveToped both'a]ong'the inside of
the bend in the upstream portion of the curve, and albng the outer
bank past the bend. Increased curvature énd depth were also found
to be associated with the upstream movement of the location of fhe
maximum shear stress , ffom the outside of the bend'to the inside.
Decreasing curvaturé was found to lead to decreased average shear
stress, and a tenqency_for the inner bank shear stress fo diminish
as well. |

The -comparison of their results from the smooth and rough
channels indicated that, fora the .1atter. >=:¢, there was a much
quicker transfér of the stream momentum to the outside bank, and a
general increase in the maximum dbséryed shéar-gtress. Both were
atfributed to the fact that in a rough channel theré is a greater
thickness of fluid slowed by the boundary roughness. As a
consequence, moré fluid can be induced to move toward the‘inside of
the bend by the transverse pressure gradient. This accelerates the
crossover and manifests itself in a overall increase in the attack
along the out3ide bank. They concluded that, in natural streams,

even greater variation could be expected.



Bathurst et.al. (1979) also found that -the boundary shear stress

distribution in natural river bends was affected by stream geometry
~pérameters such as: Dbend curvature;‘ arc ang]é iof the bend;. and

width to depth ratio. They also observed thatijncréésed curvaﬁure

1

was 'associated with dincreasing maximum shear stress.; They found

that the strength/‘of the shear stress seemed to be- related to.

Reynolds number as well. In cases of low and high fiqw, where the
secondary circulation was observed to be weak, they compared it with

shear stress distribution in straight reaches.

Another interesting finding of their study was the relationship

*  ueen shear stress peaks and - the reverse circulation cells -

(observed adjacent to steep outside banks). These ~{hgar sﬁress

peaks were found to be associated with the downwelling region at the =
junction of the main secondary cell and the counter rotating cell,
for low and medium discharges. At high.f]ows, where the primary‘

velocities were strong the peaks appeéred to be‘_assocjafEd with =

maximum velocity instead.
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W 2. PART TWO - EXPERIMENTAL STUDY

]

2.1 INTRODUCTION |
The fundamenta] purpose: of this. study was té investigate -the
distribution df shear stress and velocity along a sloped bank around
a bend, in grder to gain information whf;h might be valuable in the
) désign of riprap armourfng'for bank protection. Specifically the
objective was to investigate-the feasibility of zoning riprap sizes
up a bank‘ and around a bend, rather than using one large size
Jthroughout. An additional purpose of, this study was to proQide
further experimental data to augment that obtainéd by préviou§
“investigators.
| Wfth tHese in mind, the following experimenta]lobjectives cou]d
be defined:’*-i
1. That the model ftse]f should be of realistic proportions and
Ishou]d operate at av natural Froude- number and an édequafe
Reynolds nhmber such that =~ is could be considered
representative of actua] river bends. |
2.‘That detailed ‘lateral and longitudinal velocities should be
measured, along with  their 'corresponding turbulence
iéfensjties; and that such,measuréments should facilitate the
eva]uatidn of boundary shéar stresses and any other pertinent
characteristics of flow.
P

'3f§That the model should cover a'range of side slopes realistic

to its application to riprap armoured banks.
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The experimental facility used was designed specifically for use
with the DISA Laser Doppler Anaemometer (LDA) in the University of

‘Alberta's T. Blench Hydraulics Lab. Six runs were conducted with a

combination of two side s]opes'and three flow depths.
2.2 FACILITIES AND PROCEDURES

2.2.1 Flume -+ - ..

The:.f]ume'ﬂwas ffdnstructed of galvanized sheet metal on étee]
slupports“.~ -P]é*ig]dss was‘subétitufed for the sheet meta} at each
'@easurement <secfioh,i.tq é]]OW” the laser light beams to enter the
flow from‘be]ow; The¥origina1 f1ume itself was.rectangular in éhape
1.07 metresd(m) wide and 0.20 m deep, wjtﬁ a radius of curvature to
the centreline of the EhanﬁeT section o% 5.66 m.. The\side slope was
constructed inside the.feétangu]arﬂ¥1ume,.a]ong the outside of bank
using flexible plexiglass onvwooden supports. Figure 1 i]lu§trates
thé channel sections for each of the two side slopes.

Two side slopes were used, first 3 to 1 (horizontal to vertical)
thén'ZLto.1. AnreVén steepef side slope was desirable, but  due to'
- the physical iimitations of the existing flume a 1 to 1 side slope
wou]d.ﬁave afforded inadequate room to manipu]éte the LDA and still

_obtain a reasonable quantity of information og,this sloped bank. It

v -

was felt that investigation of more flow depths at the two practical
side s]opes,{wod]d'provide moré'valuab1e jnformation.
__ Figure 2 shows the flume Tayout and test locations. The curve

consisted of a 13.4 m long entrance section, a 17.2-m curved segment



! N

covering an arc of 270°, and a 2.4 m straight exit section. The
slope of the flume was set constant for all runs at 0.00083
(]/]200); ‘This was sufficiently small tha? thé\change in elevation
from one end of -the flume to the other was inadeduate to allow
clearance for the fecircu]atibn of- the flow, therefore the exit
section terminated in a drop box. Flow circulation was facilitated
by pumpfng from a level requlated sump td the bottom of the head
box. The head box itself was equipped with a gate which regulated
overf]ow back into the sump, thus a]]ow1ng the control of the flow
depth. The ex1t sect1on was equ1pped with a tailgate to prevent

[}

drawdqwn of the flow. ' o

2.2.2 Co-ordipate System

Figure 3 defines the éO*brdinate system adopted for this study.
X, ¥, and z represent- co—drdinates of length along the flume
centreline, across the flume perpendicular to the flow, and up from
. the bed 6f'the f]ume, respective]y. x is positive in thé downstream
‘direction with its origin at the beginning of the curve and y is
positive out from the Centre]ine of the original rectangular flume.

This y origin was chosen to provide a consistent reference point for

all runs, as Figure 1 111ustratés. 'z is positive up from the

r

boundary. u and v are the velocities corresponding to the x and y

directions, ‘respectively. Figure 4 illustrates the measurement

convention in the z direction.
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2.2.3 'Laser Dopp]er Anaemometer

As stated already, the Tlaser 1light beams »entered‘ the flow
through the plexiglass obsérvation stations from below the flume.
The location of the measuring point was. moved by traversing the
plane mirror and focusing lens on threaded tracks. This traversing
mechanism was motor dfiven and controlled by ; computer; THe laser
and opfics did not move during this travéréing pfocess. Positjonjng
of the Tlight measurin§ point was .accurate to +0.01 mm. The
threaded tracks had a maximpm range of 0.6 m therefore two setups
were required for each sectibn. This involved manually moving tﬁe
trolley carrying.the LDA system. Alignment of the measurements was
facilitated by means 6f a string through the centre of the curve and
a reflecting surface above the flow.

The laser itself was a 4W Argon-ion laser, run using 500-600 mW.
Two focal lengths were used for the study, 160 mm for Runs 1 to 5
and 80 mm for Run 6.

Figure 3 illustrates schematically the flow of information for
the LDA éetup.r The laser beam was sp]it‘into thfee light beams:
blue, green and mixed, which intersected at the measuring point.
These three beams excited the optics parallel to and concentric
about its axis. These opticé were aligned such that the blue/mixed
Tined up tangential to the channel axis, and the green/mixed Tlined
up’normal to the channel axis, facilitating direct measurement of

longitudinal and lateral velocities. The optics also collected

the” scattered light ~which was then separated by colour:

sensitive mirrors, converted into electric .signals by separate

.
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photo-multipliers, and fed to the frequency shifter. This in turn
lpéssed the signé] on to two counters (one for each direction) that
evaluated the Doppler frequency. The coincidence fi]te; assured
that the measurements from each of the two directions occurred close
enoudh togetﬁer to be COnsideréd simu]taneous{

Scattef%ng bf light was accomp{fshed by seeding the flow with
latex paint\(concentrationdiess than .2 ppm): Cornstarch was triéq

: oy : : .
for this purpose as well, but_it was found to be too heavy to stay

<.

in suspension at the velocities“éncountered.
{ :
2.2.4 Data Acquisitionland Reduction
Steffler (1984) provides a detailed 'qescription> of the
acquisition and reduction techniquesl_used.-‘ Longitudinal vé]oéity
and its mean square turbulence inten§ity wére' méasufed by the
green/mixed beams, while secondafy velocity and its meah square
turbulence intensity were measured by' thé blue/mixed ,beams{ "The
Doppler frequencies Were analyzed according to residencg time‘in the
measuring volume, using the total number of .fanges in a burst.
fhis information was provided by one of fhe cdunters. A minimum

sample size of 10,000‘readings; with individual readings not more

than 4 standard deviations away from the mean, was collected at each

measuring point.

At each cross section thirteen vertica1‘profi]es werg téken; in
a direction pefpendicu]ar to the baundary. Four to five of théie
profiles were located on the sloped’ outside bank. These

measurements were started as close to the boundary as-possible and
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were spaced at increasing increments - up toward the surface. These

data were stored on floppy disk for later transfer to the University

. of Alberta main computer for analysis.

Ther verticg] co-ordinates had to be adjusted for refraction.

The- formula used was:

’

R Cn (- sin? (972)y /2 | |
z = (z2'-12') .{ . }{ — } (2)
cos (6/2) n? . N |
where: f
 z = actual measuring quif aistance-above the bgd;u
z' = traverse reading; R
2'g = traygrse reading ;hen bgam intersection was'oq the-
) ins;de of the wall; ' s
"A n = refréctive‘index of water = 1.33; §de j '. ~ |
6 =‘beam intersection angle.

2.3 EXPERIMENTAL RESULTS

-

2.3.1 Introduction
Six ru%; were condgcted‘for tE:S investigation the significant

1. ' ‘

'

details for which are given in Tabl

The model was designed to; rea]istica}]y represent an ‘actual
river bend, as the details in Tab]e 1 show. Of\prime importance is
a vé]id.Frbude number. Values for Alberta rivers were obtained by

- examining the data presented by Kellerhals et.ai.- (1972). The

majority of natural Froude numbers were found to range between 0.1

16
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to 0.6 at bankfull discharge (a typical design flow), thus the

experimental range of about 0.4 to 0.5 given in Table 1 can be

considered reasonable.

Also of importance are parameters such as bed slope, aspect

ratio (8), and width to radius of curvature ratio. Typical values"

for the firsf two items were also obtained from the data on Alberta
rivers given by Kellerhals et.al. (1972). Values for those rivers
investigated ranged from about 0.00604 to 0.02 for the bed slope,
and from about 5 to 80 for the aspect ratio. Both the bed slope and
the aspect ratios used in the experiments were within these ranges,
however the latter, raﬁging from about 10 to 16 would be catagor%ied
as narrow streams, such ag the Swan River, Little Paddle River and
Vermilion River. Aerial photographs of these rivers were uied to
obtain estimates for typical values of the width to radius of
curvature ratio. Characteristi& values ranged from about 0.1 to
0.3. | Again Téb]e 1 indicates that the model was realistically
proportioned. )

The Reyno]ds number ranged from 1.6x104 to 3.0x104, which
assured fully turbulent f]bw. Thus viscosity effects remained

negligible in the redistribution of the flow characteristics. The

entrance section was sufficiently long to assure a fully developed

turbulent boundary layer by the time the flow reached Section 1.

This can be checked by estimating the boundary layer thickness, (s5),
using the Blasius equation, and assymidg turbulent conditions exist

at the channel entrance (Ippen et.al., 1979):

18



5 0.38 (3)
« (v x\1/5
=
where:
x = distance from channel entrance;

cross sectionally averaged longitudinal velocity; and

<
"

<
i

kinematic viscosity of the flow.

'6;‘ yields a

‘Substituting: x = 13 m; v = 0.44 m/s; and v = 10
value of & = 0.2 m, confirming that the turbulent boundary layer was

developed for all six runs.

2.3.2 Velocity Distributions

Figures 6 through 9 illustrate the longitudinal vg]ocity
profiles at Sections 1 to 4, for Run 6. Figures 10-and 11 show the
velocity distributions at  each section for Runs i and 6. These
figures show quite clearly the redistribution of the longitudinal
velocity pattern, as the flow progresses through the bend. It
should be remembered when viewing Figures 10 and 11, that the y
origin represents the centreline of the rectangular section into
which the side slopes were built, as the actual channel centreline
for the trapezoidal section Varied from run to run due to the
channels' assymetric shape (see Figure 1).

At Section 1 just upstream of the curve (x = -0.75 m), the flow

distribution was relatively uniform (again keeping in mind the

assymetric channe] ‘shape) showing a s]ight tendency for higher -

velocities near the inside bank in the case of Run 6. Velocities on
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2
the side slope were much lower than in the rest of the channel and
they decreased up the bank. By Section 2 (x = 5.75 m), fﬁe
maximum velocity had moved to the outside bank, Qith a corresponding
decrease in velocity along the inside bank, as Figure 10 shows. By
Seétion 3 (x = 11.5 m) the flow was strongly skewed to the oUtside,
and the maximum channel ve]ocity was increasing. This tendency
continued at Section 4, just downstream of the curve (x = 17.5).
Comparison of the ve]gcity profiles for the four sections shows

not only the skewing of the velocity distribution, but also the

changing shape of these profiles as the flow proceeded around fhe

bend, (Figures 6 to 9). Compared to the straight upstream séction

(Section 1), the other profiles showed a marked increase in the
velocity_grahient‘near the boundary. This effect Qas observed first
to occur on the side slope at Section 2, which stands to reason as
an increase in the Qe]ocities in that area must result in a
compression of -the velocity isovels. At Sections 3 and 4, Qhere the
max imum chaﬁnel ve]oéity showéd an fncreasﬁng trend, profi}es near
the slope showéd this éffect as well as those 6n the slope.

Comparing the two side slopes, there appeared to be a slight
tendency for the longitudinal velocity to skew outward more quickly
in the case of the steepef side slope. Thi§ was especially evident

when comparing results for Section 4. For the 2 to 1 side slope

(Run 6), the location of the maximum velocity isovel remained at the

very outside, however, this was not the case for the 3 tg 1 side

slope (Run 1). . i
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Figures 12 through 15 illustrate the development of the spiral
flow by depicting the ]atefa] velocity profiles at Sections 1 to 4
“for ‘Run 6. At ’Section 1, in the straight reach, the magnitude
~ of the lateral velocities were found to be very §ma11; typically the
maximum observed values were in-the‘order of 2 to 5 percent of the
ave;age longitudinal velocity. They usually occurred near the walls
“and were directed toward the centre. ‘At Section 1, Run 6 showed
much more scatter at the top of those prqfi]es nearest the inside
wall, than did other ruﬁs. An extreme peak velocity of about 8
percent of the channel average in the longitudinal direction was

observed, as Figure 12 illustrates. | RS

The spiral flow pattern- was well established by Section 2, as

Figure 13 shows. Large lateral velocities were apparent, especially’

the inward component near the bed. Values near the walls were
somewhat lower in magnitude.

By Section 3v the spiral fiow appeared quite fully developed,
with maximum lateral ve]ocitiés near the surface of the same order
of maghitude as those near the bed, however, somewhat sma]fer than
those at Section 2, indicatiﬁg .tﬁe decay of the secondary
circulation. Again circulation near the walls was not  as strong as
near the centre, as evidenced by the spreading of thé velocity
profiles shown in Figure'14. Typically, by Section 4, a further
decrease occurred in the magnitude of the lateral velocities.

There was some evidence of counter rotating cells near the
outside wall at Section 3 in Run 1, and to & much smaller extent‘ét

Section 4. Evidence of such a cell at the outside of Sectién 4 was
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also observed during Run 4.

2.3.3 Turbulent Fluctuation Intensities

. The turbulent ~intensity. fluctuation distributions in the
longitudinal direction (;T?) for Run 6 are shown in Figures 16
through 19 for Sections 1 fo 4, resbective]y. At Section 1 the

pro%i]es characteristically showed a peak near the bed and a gradual

. reduction near the surface. These peaks near the bed support the

concept of the occurrence of a high boundary shear stress. Peaks on

the sloped bank  were of a simi]ar magnitude, a]though' they were
_ somewhat smailer than those near the bed, and not as well defined.
At Sectién 2 the prbfi]es showed a simi]ar‘tendency, however the
peak'values a]oné the wall (siope) were increased such that they
were about the same as ‘those on the bed. ’These peaks were also much
‘ m6ré sharply defined.' This general trend towards increasing peak
values of ;TE continued through Segtions 3 and 4.

Figﬁres 20 through 23 show'the turbulent intensity distributions
in the 1lateral direction (;Té) .for Run 6, Sections 1 to 4,
respectively. They appeared to be somewhat similar in shape to
those in the longitudinal diﬁettion, haQﬁng a maximum value near the
bed and showing a gradual reduction toward the water surface.
However, the peak was much more rounded and_ typically about half to
twb thirds as large as the corresponding values in the 1ongitudiha1

direction. Peak values up the slope were similar to those elsewhere

at all sections, a]though>they appeared not to decrease as much near

22



the surface. Considering the variation around the bend, there again
appeared to be a trend towards increasing peak values; and 'péakier'

shapes.
2.4 ANALYSIS OF RESULTS

2.4.1 Velocities

Averages of the longitudinal and lateral velocities were

determined at each profile by numerical intergration. Values on the

outer bank represent ah average through a profile perpendicular to

the slope rather than a vertical‘(as Figure 4 illustrates), as these
profiles iwere oriented- to faci]itate computdtion' of the boundary
sheér stress. True averages ‘through verticé] profiles could have
been. obtained using 1nterpolafed values defgrmined between'profiles,
however, it was felt fhat the perpendicular profiles were adequafe,
.as they still indicafed"behavioral tendencies .up the slope, and

either method would be approximate.

2.4.2 Boundary Shear Stress

........................................

The bbundary shear-;stress in the ]ongitudiha] direction was

deﬁermined using the mean ye]ocity results, ‘and is expressed in the_

form of a shear ve]ocity, Uy. The longitudinal velocity profiles

were fitted to a semi-logarithmic distribution defined by the

following equation:
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u=5.75log {z ux \+ B . @)
Ux oy ) o . , . .
where:

y = ]ongitudinal velocity at depth z; Lo T Ty

z = location of measurement point above the bed; —

v = kinematic viscosity of water; and

B =a consfant. .

The value of u, was initially estimated. using the first ten
values of velocity above the 3 mm depth; 60 percent of the flow
depth was taken as an upper Tlimit (Schlichting, 1979). A
semi-logarithmic line was then fifted through these points expressed
non-dimensionally as u/u versus log z/zmax, - where u represents éﬁe
depth averdged longitudinal velocity, and"zmex representé fhe
maximum z value at that profile (ds shown in Figure 4). This f£r§t
value of u, was then used to eliminate "all ‘poie}s less than

70 /u, (Schlichting, 1979). A second value of u, was 'combuted

and the procedure was repeated until there was no change in u,.

This. procedure was not particﬁ]ar]y well suited to computer analysis

as ‘some judgement was required. Therefore, visual. examinations of

the semi-logarithmic plots were conducted to confirm and refine the

results.. Figures 24 through 27 show semi-logarithmic plots of
u/uy . vs. zuy/v . They confirm that the- assumbtién of a

semi-logarithmic distribution 1is valid over the range indicafed,

K

Equation 4 1is plotted on ‘these figures as we]],‘ for 'comparative
o ‘ _ . ‘ el

purposes. A value of B = 5.5 was ‘used (Schlichting, 1979).
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Figures 28 through 33 show the distribution of the boundary
_shear stress for each sectiontof Run. 1 to Run 6. As expected, they

show the  same tendenciesi as the longitudinal velocity

distributions. At Section 1 the distribution was rather uniform,

with values on the slope being lower than those on the béd. As the
" flow progressed around the bend the trend was to increasing values
along the outside of the bend, especially on the side slopes, with a
corresponding decrease on the bed near the inside of the bend.
There appeared to be no significant difference in the magnitudc of
the shear stress experienced by the different side slopes, for
CO(responding flow depths.

Polar plots of the longitudinal and lateral Velocities indicated
that the total bed stress vector could reasonably be aésgmed to‘1ie
in the same path as the‘régu]tant velocity vector. The orientation
of the vglocity vector near the bed was determined by best Tine fit

qﬁﬁpoints below:

u =12 ‘ S ’ - (5)

.

which is-an upper limit recommended by Nash and Patel (1972). In ™

many cases there were insufficient points bedow this 1imit to allow

this determination, however those that did allow it indicated a

tendency for the angle to decrease up the slope. With respect to

the variation around the bend no strong conclusion could be. drawn, .

“hOwever, theré did seem to be some evidence that. all angles tended
to increase at Sections 2 and 3 and decrease by about a half by

Section 4. -Values were found to be near zero at Section 1, as might

i\

|
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. be expected.

Figure 34 sﬁows a polar plot of the velocities at Section 3 of
Run 6, illustrating this straight Tine tendency and tﬁe trend tow5rd
a decreasing angle up the bank. Figuré 35 illustrates the vafiation
of the bed stress angle up the slope for Sections 2 and 3 oflRun 6.
tan. I represents, the bed stress ang]e at the éentre of the section

and tan 0 represents the 1oca1 bed stress angle; zmax represents the

total depth at the profile and Zmax represents the maximum depth in

o

the channel as shown in Figure 4.
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3. PART THREE - DISCUSSION OF RESULTS

3.1 [INTRODUCTION

As stated earlier, the prime objectﬁve of this study was to
observe the variation of shear and velocity distributions along
sloped banks with particu]ar‘foéus on characteristic variations up
the bank and the effects of varying side s]obe. Variations along
the slope through the bend were to be considered as well. It was
.fntended that a better understénding of the<e behaviors will lead to
fewer failures of bank erosion protection works, and yet will at the
same time decreasé construction costs once these. variations are
understood sufficiently to improve riprap design techniques.

There are fwo typical. criteria uséd for determining the size of
rock required to resist movement, one based on a]]okab]e attack
ve]ocity and the other based on tractive force thebry. These are
fundamentally the same and should therefore yield the same results.
‘.With these two approaches in mind, this section discussesi the
variation" of thehshear«and velocity distributfons along the sloped
bank. Other important factors such as the secondary circulation and

the turbulent fluctuation intensities are considered as well,

however, in necesSarily more qualitative terms.

3.2 LONGITUDINAL VELOCITIES
Consideration of an atlowable attack velocity is probably the
most common criteria used by practicing enginéers, perhaps bechuse

it is easier to identify with than shear stress. Typically a d&sign
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attack velocity is détermined by using the average approach channel
velocity as a base in somé empirical equation. There ére numerous
‘ approaches, perhaps the simplest is taking 4/3 times the 'aVerage
channel velocity to be the attack velocity along the .bank
(California Department of‘ Transportation, 1970). Whatever the
empirica] equati&n, the next step is to relate this attack velocity

to rock size using a table or figure. Such a table or figure may be

developed from tractive force theory, however, once the relationship

between velocity andlrock size has been developed, tractive force is
not considered again. Quite often such a relationship is based
purely on results of laboratory measurements where the velocity
required to fnitiate movement was the actual measured quaﬁtity;
leading to an empirical relationship between.critical velocity and
rock size.

Using an empirical equation e]iminafes the need to precisely
define attack velocity, however, it must be determinable when trying
to apply distributions measured in the lab to prototype sitﬁations.

There are,]ike1x two rational approaches, one would be to take the

depth averaged longitudinal velocity, . (perhaps modiffed by some’

safety factor) or alternatively, to consider the velocity at some
distance above the bed where it would be considered to have maximum
influence on rock movement. The 1aﬁter actually approaches‘ a
boundary shearvsfress consideﬁation, and’as such will not be pursued

further here. The former, which will be discussed next, would still

be highly empirical in app]icatién and is therefore, perhaps,

somewhat less desirable.
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Figures 36 to 39 illustrate the variation of the longitudinal
velocity up the 3 fo 1 side slope for Sections .] to 4,
respectively. Figures 40 to 43 do the same for the 2 to 1_side
slope. . Again (as in Figure - 35), zmakamax indicates reiative
position -up the bank; u/V is the ratio of depth averéged
Tongitudinal velocity to the cross sectionally averaged longitudinal
velocity at that section. At Section‘ 1, in 4the straight reach
upstream of the curve (Figures'36 and 40), U/V appeared to gradually
decrease up ‘the slope, with a‘maximum near the bottom of about 1 to
1.1. Generally there did not seem fo be a strong variation for the
different diécharges, a]thdugh there was more scatter for the 3 to 1
sfde s lope. Coﬁparison of the résu]ts for the. two side slopes
indicated that values for the steeper side slope did nﬁi aﬂngﬁr
higher in this straight section. . ‘ | : “3 '

N

At Section 2 (Figures 37 and 41), the runs on the .3 to 1 side

slope showed a greatvdea] of scatteh, especially Runs 2 and 3. It

should be noted that some problems developed with Runs 2 and 3 due

to inexperience yith the cbmp1ex L.DA eduipment, possibly accounting
for this scatter. Results on the 2 to 1 side slope indicated a much
more defined relationship which appeared to show good agreement Qith
Run 1 on the 3 to 1 side slope. Again there was an indicationAthat
u/V versus zmax/IZmax did not depend‘much on discharge (Figure 41),

and values onvthe 2 to 1 side slope were slightly higher than on the

flatter slope (as would be expected). By a zmax/ZmaX of 0.4 or (40

percent of the way down the slope), u/V was already about 0.9

(except for the scattered runs), indicating that the potential for

29
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zoning }iprap sizes up the bank c¢could be limited. This -will be
discussed further 1later on.  The maximum u/V was about 1.1, which
agrees well with Yen (1965) for his‘invéstigation in a 90° bend.

Figures 38 and 42.for Section 3, illustrated a relatively steep
gradient of u/V versus zmax/Zmax, as well ‘as a definite tendency for
those’ values on the 2 to 1 side slope to be higher: fhan on the
flatter 3 to 1 side slope (by about five percent). By a zmax/Zmax
of 0.4, ﬁ/V Qas about 1. As for previous sections the relationship
did not appear to depend significantly on discharge. The maximum
u/V was about 1.2.

At Section 4 (Figures 39 and 43) theré  appéared to be more
spread between runs for both side slopes, .indicating perhaps some
dependenée on discharge. Va]ues>for the 2 to 1 slope were up to 20

percent higher than those on the 3 to 1 slope, and in both cases

values of U/V increased quickly down from the top of the slope. By

a zmax/Imax of 0.4 values of U/V‘were 0.95 to 1.2 for the 3 to 1
side slope, and 1.2 to 1.4 on thé 3 td 1 side slope. The maximum
observed was 1.45. | |

These figures illustrated a limited cababi]ity of zoning of rock
sizes up a slope. Even near the upstreah énd of the bend where U/V
increases more gradually, it has to be remembered that u must.st111
be related to some attack velocity. Such decreases in u up the
slope might be counteracted by the fact .that flow depth is
decreasing and therefore Je]ocity isovels might be more compreSsed
near  the boundary. The only way to determine this 1is by

considering the velocity gradient at the boundary, which is then the
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consideration of boundary shear stkess.
Figures 44 through 49 show the u/V versus zmax/Zmax relationship
in a slightly different way, by run rather than by section. These

figures “indicate the' potehtia] for zbning of rock sizes around a

bend to be high, as expected. They also illustrate the comparisoﬁ

between side slopes (as already discussed), where there does not

appear to be a radical difference until at least Section 3 or 4.

3.3 BOUNDARY SHEAR STRESS
It appears that the most direct approach towards sizing riprap
protection would be the consideration of tractive force theory in

combination with a predicted distribution of boundary shear stress.

‘This is particularly necessary if designers hdpe to zone rock sizes,

considerfng the difficulties encountered when trying to aséertain
the actual attack velocity.

Figures 50 to 53 illustrate the variatfon of the longitudinal
shear velocity up the 3 to 1 side slope for Sections 1 to 4,
respectively. Figures 54 to 57 do the;éame for the 2 to 1 side
é]ope. Again'zﬁax/Zmax indicates the re]at{ve poéition up\the bank;
ug/U, is the ratib of the shear ve]ocity-at a point on the bank
to the average shear Vé]ocity in the stfaight section upstream of
the curve.

Shear velocity varies as a direct function of the boundary shear

stres; such that:

w VT (6)
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where:

total boundary shear stress; and

o

p = mass density of water.
The shear ve]ocity_at.a point was detgghined as discussed in Section

2.4.2. The average shear velocity in the straignt section upsfream

of the curve was determined using the equation:

Ux =4/ g RS~ - - (6)
where:

g = acceleration due ta-gravity;

R = channel hydraulic radius (area/wetted perimeterj;-and

S = slope of the energy grade line.

‘At Section 1, 1in the straidﬂt‘ section upstream of the curve

§
i

 (Figures 50 and 54) there appeared to be tendency for the boundary
-shear stress to decrease up the slope, espec1a11y for the 3 to 1

side slope. As in the case of the velocities, there.did not appear

to be excessive spread between runs, indicating that there was not a

sf?Bng»dependence on discharge. Also there did not seem to be much
variation between the two side slopes. The maximum value of
U/ Uy at.Section 1 was about 1.15. '

.As might 'be expected’at'Section 2, the plots for the 3 tovl side
slope, in Figure 51, showed a great deal of scatter.. This is likely
due to the difficulties outlfned in the previous section. Also Run
1, on the 3 fo 1 side slope, behaved in accordance with the results

for ‘the 2 to 1 side slope shown in Figure 55. A significant feature
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of the fesu]ts at this section was the fact that the shear stress
remained almost constant, at or near its maximum value, up most of
the slope, indicating that no potential for zoning sizes up the baﬂﬁ\h\\al/’/,_\\
exists. Exc]uding the questionable points, it appeared that ‘
u,/U, was slightly 1§wer than at Section 1, although there still o
did not seem to be a significant Qifference between the side slopes, .
or a dependence on discharge. The maximum observed value of
u,/U, at this section was just over one.

The boundary shear stress showed some increase by Section 3, as
Figures 52 and 56 illustrate. Again fhere appeared no significant
difference between the two side slopes. - An jntereﬁting feature at
this section was that the highest stresses were found to be near
the top of the bank; .although typically there was not a lot of
variation over the bank. Again the runs did not show much spread,;
jndicating that the relationship may not be strongly dependant on
discharge. Typically u*/UQ peéked at about 1.2 to 1.4 for most
runs.

At: Section 4 u,/U, peaked at Jjust over 1.5, -as shown in
Figure 57. In general the distributions wére fognd to be much more
variable over the slope as seen in Figures 53 and 57. Values did
not seem significaﬁt]y higher on the 2 to 1 side slope, and the
. Shear st#ess appeared to show a marked decrease near the base of the
bank. Generally the maximum observed values of wu,/U, ranged
from about 1.2 to 1.5 ét Section 4.

-These resd]ts .épgéér to /Bél in éenera] agreement ‘with Ippen

et.al. (1962), who found the ratio of the local boundary shear



Y

\
stress to the average, to range frbm about 0.6 near the upstream end
of the bend, to about 2 at .the downstream end just past the bend
(for the smooth channels). Bathurst et.al. (1979) found that shear
stresses associatéd.with the cores of maximum velocity were about
1.5 to 2.5Atihes the mean. Those associated with regions of st}ong
downwelling and counter rotating cells at the outer bank were found
to be higher, up to 3. Yen (1965) found somewhathlower values, in

the order of 1.2. However, in his investigations the redistribution

of boundary shear stress did not fully develop, and in fact the _

location of the-maximum shear stress stayed tq the inside of the
channel centreline, although it displayed an othard' skewing
tendency. '

Figures 58 through 63 illustrate the same information by run,
rather than by section. These are somewhat less definitive than the
corresponding plots for longitudinal velocity. They illustrate the
redistribution of the shear stress arbund the bend, howeve;;
indicating that the potentié] exists for zoning riprap %izes around

the bend.

3.4 LATERAL VELOCITIES
Secondary circulation will have a significant effect on the
erosion along the outside bank of the bend, and comparably will

contribute to the instability of rock armour material placed to

protect that bank. Examination of the development pattern of the

lateral velocities could feasibly lead to at le:st a qualitative

indication of how the sizing of this rock could be refined,



~especially considering their effect on the ,1ongitudina1 velocity
redistributibn. |

As discussed in 'Section 2.4.1, mean lateral velocities at a
profile were detefmined through direct numerical intergration. This
analysis also provided vq}ues for the'net lateral flow at a profile,
and led td an indicafion of the ‘degree of -development of thé
longitudinal velocity redistribution through the bend.

As expected, all runs showed the net latefal flow to be near
zero at Section 1. By Section 2, Runs 2, 3, S.and'6 ‘exhibited a
tendency toward a slight outward net f]ow.” This indicates that the
spiral flow was already developed by Section 2. . In these runs the

magnitude of the net transverse flow was found to be relatively

uniform from profile to profile (across the channel section).

Profiles taken at Section 2 in Runé 1 and 4 showed a slight inward
net flow, ‘especially those profiles nearest the inside wall.
Therefore the spiral flow might not have been fully developed by
Section 2 fn these runs. '

By Secfion 3 the spiral flow had been fully developed in all
runs and in fact, some deterioration in the étrength of thellatefal
~velocities was noted. Most profiles had consistent lateral movement
of the flow across the section, which still showed a slight outward
tendehcy; It can therefore be said that the spiral flow had

developed quickly, however, tﬁé redistribution of the 1ongifudina1

velocities was still developing by Section 3. Values of net.

transverse flow at those profiles on the side slope were found to be

slightly lower than in the rest of the channel.
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By Section 4, Runs 1 and 4 appeared to indicate a net outward
movement of the flow and a slight tendency for profi]es at the walls
to have higher values of net flow. Runs 2, 3, 5 énd 6-showed the
lateral flow to be nearly balanced, and individual profiles across
the section exhibited consistent values of net flow except on the

s]oﬁe where they were slightly lower. : |

Interpretation of these results is not simple. In general, it

was found that the spiral: flow developed and decayed’ quickly. Ih ‘

comparison, the Tlongitudinal velocity redistribution '~ never did

~ become fully developed. There appeared to be a general tendency for .

the net "lateral transfer of flow to be consistent across the |

channel, and somewhat less up the slope, once the spiral flow had
become fully developed. The results seem to indicate that in the
case of higher aspect ratio, the spiral flow developed more quickly
‘than those of Tower aspéct ratio. This ref]ects Equation 1 which
expréssed this development length as being directly proporfiona] to

flow ‘depth. It is interesting to note that Runs 1 and 4 (lowest

' aspect ratios) were associated with cells of reverse circulation

along the outside bank, which migh} be related to the deteriofation

of the spiral flow. Unfortunately, there did not appear to be any

pattern in the magnitude of the net flow for the profiles on the

slope that might indicate the effect of varying the side slope.

3.5 TURBULENT FLUCTUATION INTENSITIES
'Turbu1ent fluctuations, if high enougﬁ, can Jead to fai]uré of

riprap protection by vibrating individua1~.rb¢ks Tocse. Although

36



(\f\)

S

c

' was not directly measured in the experiments, comparison of
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indicate if turbulent fluctuation intensities are significantly
higher along fhe s]obedabank in the curved channel.

Figure 64 illustrates ~ the peak vlongitudinai turbulence
fluctuation for Run 6, non-dimensionalized by wu,. 'TypicaT values
on the slope ranged from é to 3.5, only slightly higher'thaﬁ the
maxima of up to 3.0 observed in a straight .rectanguiar channel by
Steffler (]983). In general, the peak value at a section appeared
to move down the slope as the flow progressed around the bends,
however, it 1is difficult -to conclude much based on one run.
Unfortunately, difficulty in getting good.data near the bed, whére
the peaks tended to occur, meant that no signfficant results coufd
be extracted from the other runs. |

Peak values of the lateral turbulence 1ntens1ty on the gi%pe
were typically . e-half to two-thirds of corresponding values in the

longitudinal direction, which concur'with the findings of Steffler

(1983).

3.6 PRACTICAL APPLICATION QF THE RESULTS
Direct application of the résu]ts of this study must necessarily

be limited. . Actual riprapped banks have localized protrusions into

‘the flow which have effects on the redistribution of velocity -and

boundary shear stress, not considered in this smooth .boundary'

model. Nonetheless, some valuable general applications are possible.

The most notable result was the indication that it is probab]j

and v to similar values for straight reaches should

37



not practical to .consider zoning rock sizes up a ban , although
significant potential for zoning the sizes ardund the’ bend does
exist. Thg next step should be to try ‘to determine: typical
distributions for a rough boundary (simulating the rip%ap s&?fage),

considering différént curvatures, and a wider range of QUﬂEgt

ratios. The tendency for the distributions to be ~independent of -

discharge indicates that zoning could be accomplished by relating

local shear stress to an average straight reach va]&e. The major

difficulty would be determining how points around a natﬁra] bend

correspond to those in a model. It is Tikely that refineﬁents of

riprap design such as zoning will 'require extensive, fjé]d_

investigation before apply prediction techniques with'. any

confidence. If riprap zoning does become viable in the fufure, it

will have to be done through consideration of boundary shear stress

rather tﬁan velocity, due to the difficulty in defﬁning “attack
ve]ocifies in anything but empirical terms. |

An important question, as yet unanswered, is'wheredtq begin and
| end the. bank prote;tion works. Nouh et.al. (1979) provided some

insight into the distance required to develop the spirai flow, which

is indicative of where protection should begih. ' However, the

effects of the longitudinal velocity redistribution .persist much

longer- than the spiral flow, therefore more investigation is
required into the flow downstream of a bend.

it ]

A]though results from this study did not show: signifitant

, =

differences in the magnitudes of velocities, énd especially shear

stresses, between the two side slopes, particle stability itself
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jncreases with flatter s]opes. ' Stfength- of " the” downwé]]ing flow
caused by the secondary ¢irculation, and the tuer]ent fiuqtuatidn
intensities will contribute to pattit]e instébiiity, howe?er, the
résu]ts in‘this respect were somewhat inconclusive. “

It is interesting to note that those runs of higher aspect fatio

- appeared to show quicker development of the spiral flow. Since the

~aspect ratio is the ratio of width to depth this effect would be

expected, as both Rosovskii (1961) and Nouh and Townsend (1979)

- . predict “the deve]bpment length of the spiral flow to bé"dire¢t1y -

proportional to the depth. Lower aspect ratios séeméd to exhibit a

slight tendency to develop counter rotating cells along the outer

bank.
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TONCLUSIONS

The purpose of this sthdy was to examine the shear and velocity

distribution along a sloped bank in a curved channel, with the

objective of 5nvestigating the~potential for zoning rock sizes up a
bank and around a bend when designing ribrap bank protection; A
detailed experimental  investigation was conducted involving
’»_measurément of longitudinal and lateral velocities, and turbu]ent
f]uctuatfons %n a smooﬁh, 270‘ bend Qith a sloped outer bank .
Boundary shear stresses and boundary - stress. angles were also

. determined.

This study concludes that there"igklitt]e, if any, potential for

. zoning rock sizes up a bank 1in river ‘bend, however, zoning around

v

the bend would be quite feasible. It was found that there was not a

- significant difference in the relative size of velocities and shear
= :

stresses. ®n the s]oped bank as the curved flow develqped. However,

no conc]us1ve resu]ts were obtained comparwng the strenoth of the

downwelling flow, or the turbulence f]uctuat1on intensities, for the

two side slopes.

It was found that the secondary circulation developed quite

-
—— . Lo

quick1v for the runs “with higher aspect ratios, while counter

.
v/

--.at 2 ~211s along the outer bank seemed to be associated with the

~yne© Tlwer ast-  ~atios.
Future st. < . 1g roucr boundaries to simulate the riprap
‘should *be conduc. for varying curvatures, and a wider rance of

aspect ratios. These studies mus: utilize more measurement sections

and longer exit channels if more information is to be gained as to

J

S a0

e
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where -to start and stoh. bank protection work§. More field
measurements are needed as well, if modé] studies are to be related
to field.situations w1th any confidence.

In conclusion, this study presents the results of a detailed
'ﬁhvest1gat1on of the f]ow near a sloped bank 1in- a curved channe]

thus providing a contribution to the ongoing research into flow in

curved channels.
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