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ABSTRACT

A stochastic-type numerical model is developed to predict the
stable bed shear stress distributions and related bed topography in the
vicinity of open channel bends having large radius of curvature to flow
depth ratios. The flow regions described by the model include the bend
sections and those portions of the downstream straight channel reaches
along which the strong secondary flow mechanisms, generated in the
former, remain an influential flow feature.

In addition to the theoretical and numerical analyses the over-
all investigation included comprehensive laboratory studies on a represen--
tative physical model of the system. The physical model consisted of a
10 m long plexiglass channel, having a rectangular cross section 30 em
wide by 6 cm deep, that contained an adjustable bend (test) section
approximately 2 m downstream from the entrance to the channel. Central
bend éngles of 45°, 60° and 75° with a mean radius of curvature to channel
width ratio = 3 were adopted for the studies. The bed material used
throughout the tests was a coarse sand having a median grain size (dSO) =
0.7 mm and standard deviation (0) = 2.05.

Point velocity and turbulence measurements were obtained using
a Lazer Doppler Anemometer system. The major advantage of this particular
system, over other velocity-measuring systems, is the remote sensing
{optical) techinque it employs. Since local disturbance of the flow field,
at the point of measurement, is eliminated overall accuracy is enhanced.

Measured'shear stress distributions within the test sections
were expressed in dimensionless format, i.e., local boundary shear stress

was related to the corresponding theoretical uniform shear stress for a




- iii -

straight infinitely-wide rectangular channel operating under similar
flow conditions.

In the numerical analyses different models were employed to
generate steady state bed shear stress distributions in the various
test sections along selected pathlines that were parallel to the channel
walls and comparison between predicted and measured Stress distributions
were used to examine the relative merits of the models developed for
this purpose.

The results of these comparative studies indicate that shear
stress distributions, along any pathline parallel to the channel walls,
can be predicted to any require accuracy using a finite Fourier series
approach. Furthermore, to ensure an acceptable degree of accuracy in
the prediction, a minimum number of harmonics in the analysis is
recommended. This number was found to depend on the position of the
respective pathlines (relative to the channel's inner wall) and also on
channel geometry; for example the number increases as the radius of
curvature of the pathlines and the bend angle decrease.

Moreover, a second order autoregressive process appears
appropriate in the analysis and the auto correlation function for all
pathlines is found to be of the damped sine wave or damped exponential
wave character. This conclusion is reflected in the periodic behaviour
of the change in the bed shear stress along any pathline in the channel

test section.
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NOTATIONS

The following symbols are used in this thesis:

cross—sectional area of channel;
logarithmic velocity distribution law constant;

coefficient of Fourier series corresponding to the mth
harmonic;

white noise;
constant;
logarithmic velocity distribution law constant;

coefficient of Fourier series corresponding to the mth
harmonic;

channel width;

Chezy coefficient;

estimated sample variance at lag k;

volumetric concentration of total sediment load transported;
median size of sediment (letter D with numerical subscript
denotes particle size in sediment for which percentage by
weight corresponding to subscript is finer, i.e., Djg is
size for which 16% by weight of sediment is finer);

flow depth;

unit vector in laser light scattering direction;j

unit vector in laser light incident direction;

v/vgd = Froude number;

(1 + R'2/(l - R'Z)).tan ZWfO = phase in AR model;

Doppler frequency;

frequency which is defined as cos ZWfO = ¢1/(2/;¢2);

fixed value;

1/N = fundamental frequency;
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frequency of incident laser light;
frequency of scattered laser light;
roots of the characteristic equation in AR(2);
acceleration of gravity;
mean depth of flow;
limiter;
transverse slope of free water surface;
longitudinal slope of free water surface;
von Karman's universal constant;
length of channel;
number of observations;
refractive index of medium;
pressure;
wetted perimeter of channel;
water discharge;
hydrfaulic radius of channel (= AC/PW);

-¢2 = damping factor;
amplitude at mth harmonic;
radius of curvature of channel;
coordinate, transverse to main flow direction (horizontal);
estimated kth autocorrelation coefficient;
channel slope;
distance of a point from the wall;
duration period;

turbulent correction factor;

time constant;

time;
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length lags

velocity at distance s from the wall;

DC output;

V%o/p = shear velocity;

instantaneous turbulence fluctuation of u at a point;
mean velocity;

velocity vector;

velocity;

velocity at distance & from the wall;

mean velocity at vertical;

maximum velocity at vertical;

shear velocity;

grain-roughness shear velocity;

form drag shear velocity;

instantaneous turbulence fluctuation of v at a point;
transformed variable defined as v z,

z h’

velocity projections along the coordinate lines of r,
© and z respectively;

lag window function;

fall velocity of the bed material D16 at a given viscosity;
variable length or distance;

coordinate in flow direction;

coordinate normal to water surface (vertical);

normal deviate corresponding to probability o;

coordinate transverse to flow (horizontal);

transformed variable defined as z L,

h!
angle;

unit weight of water;
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autocovariance at k lag;

angle;

coordinate in the flow direction;

kth parameter of MA;

wave length of laser light;

dynamic coefficient of- turbulent viscosity;

dynamic viscosity of water;

kinematic coefficient;of turbulent yiscosity (= u/p);
kinematic coefficient:.of turbulent viscosity in r directiom;
kinematic viscosity of water surface in r direction;
transformed variable defined as vr/vro;
mass density of water;

kth population autocorrelation coefficient;
mass density of sediment;

gradation of bed material;

population variance of a series;

bed shear stress;

average shear stress acting on channel boundary area
(defined by its wetted perimeter, Pw’ and length, L);

average bed shear stress acting on a series path;
estimated bed shear stress;

kth parameter of AR;

jth coefficient in an autoregressive process of order k
B

arc tan - KE = phase at mth harmonic;
m

z/h = dimensionless variable.

we




CHAPTER 1

INTRODUCTION

Boundary shear stress distribution, in a fully-developed
open channel flow, is predominantly a function of the velocity dis-
tribution in the flow field. The velocity distribution in a curved
channel section (river bend) differs substantially from that in the
preceding "straight". This is largely due to the presence of a
strong helicoidal flow pattern in the bend (generated by the flowline
curvature) - the effects of which may persist for a considerable

distance downstream from same.

These so-called "secondary currents', which govern the
distribution of boundary shear stress (and hence the genefal bed
topography) in the vicinity of channel bends, constitute only one

factor in a highly complex problem in river engineering, namely that

of sediment transportatiomn.

In an alluvial stream, where non-cohesive materials con-
stitute a large  percentage of the total sediment complex, this
secondary flow phenomenon is the prime mechanism respoﬁsible for the
establishment of the "meander' profile of the main channel. This
has become, in many instances, an important economic consideration
(in overall river management) in that substantial areas of valuable

agricultural lands are lost in the erosion process.




Furthermore, subsequent deposition of material, (initially
eroded along the outer bank of a river bend), near the inner bank
downstream from the bend can present problems of equal importance.
For examble: dredged navigation channels may become blocked through
silting and river intake/outfall. structures might suffer similar

consequences.

These complex interrelated processes of erosion, transporta-
tion and deposition of material are governed, to a large degree, by
the shear stress distribution at the sediment/water interface as is

the stable channel bed configuration under "regime" flow conditions.

A major criticism that can be made concerning recent funda-
mental studies in this area is the fact that theories(tﬁ’zs’hs)
developed for the prediction of boundary shear stress distribution are
only applicable to the bend sections themselves. They do not extend
to the straight channel reaches (immediately following the bends)
where, as has been mentioned earlier, the secondary currents remain a
significant flow feature. Moreover, these same theories are based on
an assumed uniform tractive force distribution on the channel bed -

an assumption that normally does not reflect the true situation in a

natural watercourse. -

Another recent laboratory investigation;(4g), while reporting
boundary shear stress values in channel bends, does 'not - provide a
methodology to facilitate prediction of the steady-state distribution
therein. Furthermore, the data reported‘in these studies may be
subject to inherent errors introduced by the nature of the instrumenta-

tion employed in the investigations.

x:m




In view of the aforementioned limitations in existing
theories and related laboratory studies on this subject it was felt
that further work in this area was warranted. In particular there
was a need to develop a more comprehensive predictive model that
would include those portions of the straight channel reaches, down-
stream from the bends, that continue to be influenced by the secondary

currents generated in the latter.

In the present study bed shear stress distributions in
channel bends, and in the straights following the former, were deter-
mined using a "single-point" measurement technique and predictions
of the steady-state stress distribution were obtained from a stochastic-

type numerical model developed for this purpose.




CHAPTER 2

LITERATURE REVIEW

Boundary shear is the tractive force exerted by water flowing

over the wetted perimeter of a channel or river cross section. It is
defined by Lanec53) as a force exerted over a unit area of the channel
perimeter. It is believed that the concept of average shear stress
for an entire flow cross—-section was first introduced into hydraulic
literature by duBoys in 1879 (Chow(lz)). If uniform flow exists in

a channel the average shear stress, ?;, acting on the channel-
boundary area (defined by the wetted perimeter, Pw’ and length, L)

must evidently balance the corresponding weight component of the

volume of water contained in the channel section of 1ength L.

i.e. T P L=vyvysinf A L
w c

o
or To = v ii; S =v RS (@)

where v is the unit weight of water; S is the channel slope defined
by S = sin@; Ac is the cross—sectional area of the channel; and R is

the hydraulic radius (= Ac/Pw)'

This equationywhile supplying the mean value of boundary
shear stress in the section,does not provide a means for determining
the distribution of same over the channel bed. Moreover, the

necessary condition for generating a uniform stress distribution is




that where an "infinitely wide rectangular channel" situation is
applicable. Accordingly this particular distribution is rarely

approached in a natural watercourse.

Localized erosion and sedimentation processes in a river
cross section are due , largely, to the presence of an inherently
non-uniform stress distribution at the sediment/water interface

caused by local accelerations and secondary currents in the flow field.

The degree to which these interrelated flow phenomena in-
fluence and govern the complex sediment transport processes constitutes
an important aspect of overall river management and, in this regard,
application of Equation (1) requires some method of differentiating

the expression over the wetted perimeter.

This problem becomes even more complex when curved channel
sections (river bends) are encountered insofar as the aforementioned

secondary currents in the flow field become a dominant feature.

In recent years several researchers(l6’28) have attempted,
through analysis and experiment, to solve this particular problem.
Their investigations center on the nature and development of the
secondary currents in channel bends and their resulting effect on the

velocity (and hence boundary shear stress) distribution therein.

2.1 Secondary Currents in Curved Streams

In the field of fluid dynamics there are a number of flow
phenomena that are collectively described as '"secondary (currents)

flows'". Although, in general, the term secondary flow may be used




to describe any flow that has velocity components perpendicular to

its mean flow path, Prandtl(as)

identifies three basic flow categories
where strong secondary currents will normally develop as follows:

(2) flow in conduit bends, between curved guide vanes, and
in open channel (river) bends;

(b) flow in straight open channels, and in conduits of non-
circular section; and

(c) oscillating flows produced by either a solid body
vibrating in a still fluid, or a fluid oscillating near

a solid, stationary boundary (e.g. standing waves near
a vertical wall).

A common example of the first category is the double-spiral
(helicoidal) flow pattern that initially develops in a bend of an
open channel. James Thompson(ﬁq), in 1877, was the first to conduct,
with the aid of flow visualization techniques, a qualitative investi-~
gation of this flow phenomenon in a curved experimental ch;nnel.
Subsequently, Hinderks(b&>, using a similar technique, clearly
demonstrated that the secondary current near the outer‘wall of the

bend is the dominant flow feature insofar as it tends to grow rapidly

at the expense of the other secondary current in the flow field.

The secondary flows associated with the second category,
(namely flow in straight channel sections); take the form of two
contra-rotating spiral currents that are symmetrically distributed
about the centreline of the channel cross section. Whereas this
particular motion is difficult to show experimentally, (since it is
not usually as dominant a feature as the first category), Einstein

and Li(zi), using Lamb's form of the Navier-Stokes equationms, have




shown that this type of flow occurs spontaneously in a turbulent

flow field but not in laminar flows.

’ In channel stabilization work, the study of flow processes
in stream channel bends (secondary flow of the first kind) is of
Primary importance. This is because the erosive patterns characteris-
tic of river channels, such as downstream migration of meanders, are
essentially due to the non-uniform flow created by river bends.
Studies of this type supply the answers to many important questionms,

such as, which areas of the stream bed require protection and to what

depth?

One of the important characteristics of flow in bends is
the presence of a spiral flow pattern which was analyzed by Joseph
Boussinesq about 1868 and independently discovered and demonstrated by
James Thompson(47) a few years later. It owes its existence to the
interaction of frictional, centrifugal and inertial forces on the
fluid passing through the curve. Near the bottom of a channel the
local velocities are pgreatly retarded by boundary resistance. The
surface particles, which have much greater inertia because of their
higher velocities, tend to maintain their direction down the channel
while the slower moving fluid near the bottom is forced to follow a
more sharply curved path to maintain a balance between centrifugal and
pressure forces. To maintain continuity of the fluid mass, water
flows upward from the bottom along the inner bank while it is being
forced downward at the outer bank. This induced spiral current tends
to transport eroded channel material laterally across the bend, de-

positing some of it to form "point bars".




Ideally, if flow approaching a bend first traverses a
sufficiently long upstream tangent, the lateral distribution of
velocity at the entrance to the bend will be essentially uniform
except ciose to the boundaries where friction is important. Upon
entering the bend the tendency will be to conserve the momentum of
fluid, leading to accelerations along the inner-bank
where the radius of curvature is smaller, and to deceleration along
the outer bank., Were it not for the effect of the boundary in-
fluences, which diffuse through the flow, the tendency would be to
develop across the bend a free vortex velocity distribution, in
which the product of velocity and radial distance is constant.
Boundary effects are most prevalent along the inner bank and across
the bottom where, in the latter case, a continuous boundary layer is
formed by the laterally inward movement of fluid induced by the

(22)

spiral flow . This bottom boundary layer grows larger as the

fluid traverses - the width of the bend. and- approaches the-inner bank
Simultaneously, the resistive effect of the inner bank on the flow

is diffused outward to form a region of retarded fluid growing in
width with distance through the bend. Although boundary resistance
is also important at the outer bank, the size of the boundary layer
generated at the inner bank is larger owing to the existence of
favourable preQSure gradients. Thus, as a first approximation, the
flow pattern may be considered to have two principal parts; firstly,

a complex boundary region in which frictional effects are dominant

and secondly, the remainder of the cross section (distant from the
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bottom and the inner bank) in which frictional effects are largely

unimportant.

The lateral effects of the boundary layer growth along the
inner bank is to force outward the filament of maximum velocity.
The growing boundary layer becomes filled with ever-increasing
quantities of relatively slow-moving fluid, and the velocities in
the outer inviscid flow region must continually accelerate to satisfy
continuity. As the exit of a bend is approached the influence of the
downstream tangent redistributes velocities so that they tend to

return to lateral uniformity.

In fact, the flow pattern in a natural bend tends to be
considerably more complicated than this simple explanation. Residual
circulation patterns arising from upstream bends and the generally
irregular channel geometries are two of the important modifying
factors. 1In addition, along the inmer bank of a relatively short
radius and shallow bend the fiow may separate from the boundary,
creating an essentially stagnant eddy zone. Despite these complica-
ting factors the gemeral flow pattern in almost all bends exhibits
the secondary spiral pattern, the initially higher velocities along
the inner bank, and the gradual outward deflection of the maximum

velocity filament.

(46)

James Thompson was the first to produce a cogent analysis

of the behaviour of water flowing through a river bend. He concluded

that:

B .»:th-&,ul g
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(a) There must be a transverse inclination of the water surface,

(b) the layer of water along the bed, being retarded by friction
has much less centrifugal force than fluid above and will
consequently flow across the bottom towards the inner bank,

(¢) part at least of this cross flow will rise up the inner bank
and protect that bank against the faster main stream flow,

(d) along the outer bank, the tendency of descent will draw
fast flowing surface water into the bank and accelerate
erosion,

(e) transverse flow begins upstream of the bend, and

(f) mud and sand in motion in the bed layer will tend to be

deposited at the inner bank and this material is more

likely to come from upstream than the outer bank of the
same bend.

The transverse inclination of the water surface in open
channel bends has been well documented, Blue, Herbert and Lancefield(s)
Eakin(lg) and Leliavski(ss), the amount of superelevation being pro-
portional to vzb/gr, where "v'" is mean longitudinal velocity, "b'" is
the channel breadth, "g" is acceleration due to gravity and "r" is
mean radius of curvature. A similar formula is obtained by Grashof(38)
assuming that the velocity is uniform everywhere in the cross section.
This formula has been modified by experiments for design purposes by

Jobes and Douma(so).

Based on assumptions that the velocity varies directly as
radius (forced vortex flow), and the mean velocity occurs at the
centroid of the section Chatley(iQ)derived the formula for water supexr-
elevation. Ippen and Drinker(45) derived another formula assuming that
the mean velocity occurs at the centerliné of the section and for con-

stant average specific head and constant cross section. This formula
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is modified(gZ) later to take into consideration the effect of the
corrected angular velocity of the vortex for angle of bend being less
than 90°. On the other hand, another formula is suggested(loaz when
the circﬁlation constant of the vortex is corrected for the inclined
angle of the bend being less than 90°. Woodward(¥05) derived another
formula which is based on the assumption of parabolic distribution of
velocities at any (radial) section in the channel bend with wvelocity
equal to zero at banks and maximum at the center. When the velocity
varies both directly and inversely with radius (combined vortex),
Chatley(lo)derived another formula for the superelevation of the water
surface. However, Shukry(gz) found that critical depth exists at the
radius separating the zones of forced and free-vortex flow in the bend.
The formula that is based on a combined vortex flow concepF is con-
sidered best suited for computation of maximum superelevation in river
bends, even though the zones of free and forced vortex are not com-

pletely defined in such sections.

Theoretical and experimental studies of flow in an open
channel bend were made by Mockmore(66). In the laboratory investigation
the motion of floats, suspended oil globules and rice grain were filmed
and velocity distributions measured using a small current-meter. From
his experiments Mockmore concluded that the spiral flow enunciated by
James Thompson existed but was very complex, and that slack water
developed at the inner bank due to the secondary motion. Mockmore
found that the strong boundary motion caused the bed load to move from

the outer to the inner bank. The thin layer of fluid which moves across
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the bed of smooth chanmnels (and carries with it some particulate
matter) appears not to form in rivers, probably due to the rough bed
form common in natural water courses. (Friedkin(ﬁﬁ) also showed that,
in rough.loose boundary models, sand does not cross the stream bed

at bends.) Mockmore's contribution, however, ignores certain im-
portant geometric parameters, (including relative curvature'of the
bend, shape of the channel cross section, and the length of the bend),
which undoubtedly have significant effects on the flow field generated
therein. Moreover, his mathematical model of the system assumes that
the spiral flow is initiated, suddenly, at the point of entrance to
the bend and remains constant through the bend section. Several in-
vestigators(32;75§85)have proved, however, that the spiral flow starts
at a certain distance upstream from the bend entrance, increases in
intensity through part of the bend and then decays over the remaining
portion of the:rbend and over a section of the straight channel reach
immediately following the bend.

Shukry(gl)

» using a pitot sphere to measure velocity com-
ponents, was able to calculate the strength of the secondary flow at
various sections around a channel bend. Defining strength of the
secondary flow as the percentage ratio of mean kinetic energy of
lateral motion to the total kinetic energy of the flow, Shukry studied

the variation of the strength of the secondary flow with Reynold's

number, radius to breadth ratio, depth to breadth ratio and bend

length.
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It was suggested, in the discussion following Shukry's
paper, that the Froude number of the flow should be considered a
factor in the development of the spiral currents. However, in the
closing éiscussion Shukry countered that, since spiral currents are
primarily a friction-related phenomenon, there is every reason to
expect that, for Froude numbers well beiow critical, the development
of these currents would be essentially independent of the Froude

number.

Unfortunately, Shukry's experimental results must also be
viewed with caution in viéw of the fact that he reported poor entrance
conditions (to his bend test section) which ultimately influenced the

secondary flow generated by the bend.

Chacinski(ga and Wadekar(loz) investigated the effects of
different "entrance'" conditions in their experimental studies. They
initially controlled (minimized) secondary motion in the straight
channel section preceding the bend and compared data with similar
observations obtained after deliberately introducing secondary motion

in the flow upstream from the bend.

Avy
dr °?

(where "r" is radius of curvature and "v" is velocity), which is a

Einstein and Harder(za) introduced a parameter'cl.

function of the horizontal velocity distribution and should lie be-
tween -1 and +1 for free and forced vortex flow respectively. Experi-
mentally all values were in excess of +l1 and this may be attributed

to the distortion of the velocity distribution by the secondary flow.
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After introducing experimental values in their theory they discovered
that it was necessary for the friction slope, in the upper layers of
the fluid, to be almost zero (i.e. bed shear stress was only effective
in the fiuid field very close to the bed). Their analysis assumed

that vertical velocity components were negligible and that the velocity
pattern did not change from section to section or with time (i.e., an
equilibrium velocity distribution was assumed to exist). Although
these assumptions appear to be reasonable they did not check the
validity of these assumptions in the course of their experiments.

Fox and Ba11(33)

investigated the secondary flow generated
in a bend of a rigid-boundary experimental channel with the aid of a
finite-difference type . mathematical model. While satisfactory

agreement was obtained between theory and experiment, their model has

a limited application in view of the rigid boundary condition

examined.

A second major characteristic of the flow field in channel
bends is the related superelevation of the water surface therein.
Yen(107) studied this particular phenomenbn, for flow in trapezoidal
channel bends, and derived, from an examination of the equations of

motion, simplified mathematical expressions for the'iongitﬁdinél and

transverse water surface slopes.

While reporting satisfactory agreement between computed and
measured superelevations he stressed that calculations, based on mean

velocities alone, are often inadequate and that cross sectional shape
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and helical motion in the flow field are important factors in the
analysis. Consequently, in wview of the complex nature of the latter,

accurate determination of the water surface superelevation is difficult.

These added complications, (introduced by the presence of
secondary currents in open channel bhends), led Robert(81) to recommend
two basic approaches to the problem-depending on the degree of sophisti-
cation required. In dealing with minor studies on small streams, for
example, he suggests neglecting the effects of secondary currents and,
in the case of detailed studies relating to major watercourses, he
recommends the use of more sophisticated mathematical and physical
models of the systems. Robert(SI)” also developed a formula which
related maximum superelevation of the water surface in a channel bend
to discharge in the channel. The methodology is based on .the principle
that transverse water surface slope is related to velocity head and
bend geometry.

Ripley(so)

. used data collected from natural streams to pro-
duce empirical formulae by which one can estimate the depth of a stream
corresponding to any natural curvature. He concluded from his analysis
that whenever the radius of curvature is less than 40.0 times the square
root of the area of the channel, no further deepening of the channel
results from increased curvature. Also, whenever the radius of curva-
ture is greater than about 50.0 times the square root of the sectional
area, the cross-section profile does not conform strictly to that due

to curvature.

(68)

Muramoto studied the hydraulic characteristics of the

upper layer in a fully developed region of curved flow, that had a

-

P
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uniform equilibrium velocity distribution in the main flow direction.
He derived fundamental equations to compute the radial distribution
of the tangential velocity and the surface profile in the upper and
lower layers, from the Navier-Stokes equations of motion, and the
continuity equation. He concluded, from his investigations, that the
fully-developed region in a curved section of an open channel is
restricted to the downstream portion of same.

Salamon(87) studied analytically and experimentally the

turbulent properties of a fully developed two-~dimensional flow of air
in a curved channel with constant radius of curvature. He concluded
from the results that the fully developed turbulent flow occurred at
an angle of 170.0° from the entrance to his bend section. Also, the
intensity of turbulence as well as the energy dissipated through the
curve were found to be greater at the inner wall than corresponding

measurements near the outer wall.

Mostafa(67), using the principle of moment of momentum for

flow through a bend, tried to find the radius of curvature which gave
minimum loss of energy. He found that the loss due to the bend
approached that for the straight channel when the ratio of the width
to the double radius of curvature is equal to or less than 0.15, and
Froude number is equal to or less than 0.60. He found from both his
analytical and experimental results that the bend losses depend mainly

on Froude number.

Muramotoesg), in his study of the complex structure of the

flow field in a bend, divided the flow into three distinct zones,

... .
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namely: a generating region, a developing region, and a fully-developed
region. The analysis, which was based on measurements of the three
velocity components and computed vorticity components of the bend flow,
produced-expressions for the distribﬁtion of velocity and vorticity in
the initial and final regions of the flow field.

A study of laminar flow through pipes of circular cross
section with small curvature was conducted:by»Murata and=Inaba(70)-
They concluded from their studies that, at sufficiently low -

Reynold's number, the axial flow shifts laterally to the inner part of
a curved section and is accompanied by minimum energy dissipation.

At higher Reynold's number the flow shifts to the outer boundary.

The adaptation of the flow to curvature in the direction of flow is
more and more delayed as the Reynold's number increases; the delay also

increases with wave number in the case of a sinosoidally=curved pipe.

Chikwendu(ll) performed a series of laboratory experiments
to study the patterns, magnitudes:and mixing effects of secondary
currents in curved density-stratified rivers. Hot water and cold
water were used to simulate the upper and lower layers respectively.
He found that in the case of simple underflow, (which is free from
entry secondary currents), two helical motions exist in the cold layer.
In the overflow-with underflow case three helical motions are generated;
one in each_fluid layer and one in the intermediate mixing layer. He
concluded that the helices are essentially confined within the density
layers where they are formed. Also, he concluded that although these
currents are responsible for transporting heat and mass from one layer

to another they affect mixing to a small extent only.
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In general the complex nature of the flow field in river
bends is due, firstly, to the non-alignment of the channel (which
results in centrifugal forces, superelevation of the water surface
and relaéed secondary currents) and secondly to the presence of the
mobile boundaries. These various factors are, in turn, responsible
for the development of the well-known meandering profile of the main
channel of alluvial rivers where they cross their respective flood
plains. While many researchers have examined these secondary flow
processes with the aid of numerical models, until recently few
laboratory studies have been performed using mobile-bed models.

Engels(zs) revealed the essential meandering tendency of

river channels by passing a flow over an initially flat sand bed.
He found that a sinusoidal profile was developed by the flow.
Boussinesq(s), in assuming similarity between flow in pipe
bends and open channel bends, produced a relationship for the mean
flow depth in a bend as a function of the bend radius of curvature.
A similar relationship, based on field observations, was reported by

Fargue(31).

Rozovskiics6) performed experiments in an exﬁerimental

channel having a mobile bed and a single 90.0° bend section. He
found that significant erosion of the bed material occurred near the

exit of the bend section.

Based on an assumed velocity distribution and critical

6
shear stress for incipient motion of the bed material, Suga(g‘)

obtained the static equilibrium lateral bed profile in a bend as a
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function of radial position in the bend. Moreover, for an assumed
bed shear stress distribution, he produced similar relationships for
dynamic equilibrium conditions.

An approximate theoretical analysis (through dimensional
analysis) has been developed by Yen(106). In his study, the bed-
topography was obtained by passing water along a fixed-wall meandering
channel with an initially flat sand bed until the latter reached a
stable bed configuration. He found that, in fully developed curved

. channel flow, the transverse slope at a given point on the stabilized
i bed is directly proportional to the parameter which characterizes the
relative importance of fluid inertia versus gravity acting on a
particle, moving along the bed. Also, the pattern of bed-topography
in a fixed-wall meander with a given plane channel geometry is a
function of width: depth ratio, the Froude number and the ratio of

particle fall velocity to the mean flow velocity.

Callander(aa” developed a linearized stability mathematical
analysis for the flow of water in a channel with a loose bed and
vertical banks. His analysis is based on the assumption that the wave
length of the perturbations, which develop into meanders or braids,
is longer than the width of the channel. He found that instability
is interpreted as leading to a meandering or braided channel. He

concluded that all natural channels are unstable. Wave lengths cal-

culated for channels expected to meander are compatible with those
given for Inglis' empirical rule and wavehlengths calculated for
channels which become braided are approximately the same as those

observed.

b_!?.""—“”—‘“" e e e e . . . e
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Engelund(26’27’28) adopted the vorticity transport equation
to study mathematically the stability of a sand bed in an alluvial
channel. He and Skovgaard(27) developed a mathematical model des~
cribing éhe three-dimensional flow leading to instability of an
initially straight channel, Their analysis indicated that for given
hydraulic resistance and depth the river will exhibit meandering if
the width is smaller than some threshold value, while a wider river
will braid in two or more courses; the more, the wider it is. They
found their results seem to. agree with observations reported by

(53)), In31974,’Enge1undF28) developed a theory

Leopold and Wolman (1957) (Lane
to predict the bed topography in sinusoidal open channel bends with
erodible beds. The agreement between his theory and Hooke's observa-
tions(&z) was satisfactory especially in the zone upstream of the

point bar formatiom.

Langbein and Leopold(SA) have suggested a "random walk"
technique which can be made to produce a meander-like profile. They
claim that such a pattern is more stable and minimizes energy losses.
In a study of five Wyoming rivers, they found that the variances in
the bed shear and in the friction factor were uniformly lower in the
curved than in the straight reaches. Einstein and Shen(za) observed
two types of meandering patterns in straight alluvial channels. They
postulated that the first type (i.e. alternating diagonal bar patterns)
resulted from surface waves on the water, and that the second type,
namely alternating scour hole patterns, could be caused by the dif-

ference between the shear stresses at the two sides of the flow cross

section.

<8
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Einstein and Li(23), and Shen and Komura(gc) have argued
that meandering is an instability phenomenon. Exner(53) argues that
meandering is due to reflection of the stream by dunes and the eddies
which fofm in their lee. However, this argument appears to be in-
adequate in that it can explain erosion but does not deal adequately
with deposition. Quick(78) proposed that the principal of meandering
depends on a stream—wise spiral flow which changes its direction of
rotation in a cyclical manner. Furthermore, he postulated that the
entrainment and subsequent deposition of bank material produce de-

flections in the main channel direction.

From this summary.ofsrecent-contributions in this:
area of research it would appear that both mathematical deterministic
and empirical-type approaches to solve the problem have failed to
simulate, adequately, the complex flow field in river bends. In view
of the inherently random nature of stream turbulence and related
transport phenomena numerical models, based on stochastic processes,

were favoured in the present study.

2.2 Shear Stress Distributions in Curved Open Channels

Bed shear stress determination is a very important aspect
of any investigations relating to channel stabilization. Du Buat
was the first scientist to introduce the concept of boundary shear
stress as the main factor in analyzing the erosion process. His con-
tribution led, eventually, to the well-known "Tractive-Force' theory

by the French engineer DuBoys(lS) about 100 years later.

2 .._ll :—‘.’LE-
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In fact bed sediment movement increases with increasing
shear stress once the critical value of shear stress (corresponding
to the state of incipient motion of the individual particleé) is
exceeded.. Therefore, it can be argued that, at any point on the bed
of an otherwise stable (regime) channel, the local geometry adjusts
to provide precisely the shear stress necessary to transport the
sediment load supplied to that point. This adjustment takes the form

of either erosion or deposition of material.

In river bends sediment transported by the flow tends to
deposit in the 'slack water' zone (near the inmer bank) causing the
depth of flow to decrease there. This, in turn, results in a cor-
responding increase in the local velocity gradient (and hence shear
stress). This process continues until a state of balance, -or equili-
brium, is reached. On the other hand, .shear stress-.: distribution
along the outside bank of the bend is relatively low, initially, and
a negligible amount of sediment is moved to this area of the bed from
the upstream source. Because the shear stress can remove more sedi-
ment than is supplied, erosion occurs. As the outside of the bend be-
comes deeper, the local shear stress decreases and the lateral slope
off the point bar increases, thereby increasing the sediment supply
to this area of the bed. In due course equilibrium conditions are

established.

Ippen and Drinker(ﬁ5) have measured the shear stress distri-

butions on the bed of a trapezoidal rigid boundary bend with a constant

angle of 60°. They concluded, in general, that the distribution and
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relative magnitudes of the local boundary shear stress appear to be

a function of the stream geometry for subcritical flows. Although
they determined, from the measured shear patterns, the total head loss
for the cﬁrve as well as the locations of the shear maxima, their
analysis is based on one-dimensional flow in a smooth trapezoidal
channel which is not the case in natural streams. Besides, the data
obtained were subject to experimental error introduced by the fact

that a pitot tube was used to measure velocities in the flow field.

Engelund(zs) developed a theory to predict the distribution
of sediment and hence bed topography in sinusoidal open channel bends
with erodible beds. His theory is based on a mathematical approach
which takes into account the theory of helical flow in circular bends.
It provides a simplified, but non-axisymmetric computational method
for the prediction of flow and bed configurations in such channels.
Although the prediction was good upstream of the point bar area, it
was noticed that there were non-satisfactory differences between the
predicted and the measured values of shear stresses and bed topography
downstream of the point bars. These differences were due to the flow
separation zone downstream of the point bars, which had not been taken

into consideration in the analytical model.

An attempt was made by Varshney and Gardegmmo)to determine

the magnitude of maximum local shear stress in rigid bends. They
approached the problem both analytically and experimentally. Their
analysis was based on the assumption of a forced vortex condition for

the radial variation of the: depth-averaged- tangentdial: velocity

S g ain ]
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of the flow. However, such a velocity distribution did not exist in

the experiments conducted by the authors. Several studies(ls‘él?ﬁn

have shown that, for a fully developed bend flow in a long wide channel
with zero lateral bed slope, the depth averaged longitudinal velocity,-
Vs varies approximately with %-if the flow is laminar and with r_o'5

if the flow is turbulent. On the other hand, shear stresses were computed
from Preston tube measurements, which introduced some systematic errors

in the latter that are very difficult to overcome.

De Vriend(lﬁ) developed a theory for secondary flow profiles

for non-axisymmetric steady flow in shallow curved channels with fixed
beds. The theory is based on the assumption that the main flow has a-
logarithmic longitudinal velocity_p§ofile in the vertical plane. How-
ever, it was found by Mahmood(64) that the velocity profile in a ver-
tical pan be divided, generally, into three regions of éifferent
velocity distribution. Only in the case of a flat bed without any
"cut-back" at the water surface, could the logarithmic law be suitably
applied over the entire vertical. 1In such channel bends, the computed
shear stress values, using De Vriend's theory, are not in satisfactory
agreement with the measured shear stress values. This disagreement
increases rapidly in the downstream direction. In addition, the com~

putational procedures are both tedious and complicated.

(42)

Hooke measured the shear stress distributions, bed topo-

graphy and helical strength in open channel bends with erodible beds.
The centerline geometry of his flume was based on the sinéggenerated

curve of Langbein and Leopold(54). : His work established the shear

PR
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stress distribution patterns corresponding to the stabilized bed con-
dition for such bends. However, these patterns have not, as yet,been
described by a theory which could make it possible to predict the

shear stfess at a point on the bed of a curved channel. Besides, shear
stress measurements were obtained using a Preston tube which, in turn,
affected the reliability of the data since systematic and random errors
were introduced by the presence of the instrument in the flow field.

These errors are due to one or more of the following sources:

1. In a mobile bed system, the height of the Preston tube above
dune crests may vary. In Hooke's experiments, the tube was lowered

to the point where scour of the crest was imminent. It is possible,
therefore, to assume that the tube might have been systematically lower
in zones of low shear stress. This, then, would have artificially
accentuated the change in shear stress across the channel at statioms
(sections) in the straighter reaches. 1f, for example, the tube was
located 1.50 mm above the dune crest near the inside bank and 3.00 mm
near the outside bank, the relative shear stress, Tf;, would have been
underestimated by 15% to 20% near the inside bank and overestimated

by about 10% near the outside bank(ﬁZ)’

2. Dune geometry changes with position in a channel. In Hooke's
experiments, all measurements were made on dune crests to ensure that

the computed shear stress was maximum for any given position. There-

fore, the error in underestimating the shear stress on the inside of

the bend and overestimating it on the outside of the bend would be

magnified.




[

- 26 -

3. Von Karman's coefficient, «, is not a constant. It varies
as the sediment concentration changes, (Vanoni and Nomicos(gg)k. have
established that its wvalue increases as sediment concentration in-~

(.86)

creases). Moreover, Rozovskii , in 1957, showed theoretically that

under certain conditions k may increase substantially through a bend

section.

Since the erosion process is initially governed by boundary
shear stress distribution, a methodology to facilitate the estimation
of shear stress distribution (in the vicinity of channel bends and in
the straight sections immediately downstream from them) is a funda-
mental requirement for studies relating to the problem of channel
stabilization. 1In view of the apparent lack of fundamental research

in this particular area, the present investigation was initiated.

2.3 Analytical Approach to Shear Stress Distribution

A mathematical model for shear stress distribution has been

developed by Olsen and Florey(74), using the membrane analogy, analytical

techniques and finite difference methods. The model was based on the
assumption that ' turbulent mixing and momentum transfer, which
modify a laminar velocity profile from its parabolic shape to the
characteristic turbulent flow shape, can be achieved by taking some
power of the velocity for the laminar case. This approach implies that
the shearing stresses present in a flowing stream depend in some way
on the velocity gradient. Although the method gives fair results for

wide channels, it fails to predict the true shear stress distribution

=Ry
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for narrow rectangular channels and the fact that the maximum velocity
filament is located below the free surface. This is because the

mechanism§of turbulent mixing and momentum transfer are not properly

represented in the model.

‘ An alternative approach is presented by Deissler and Taylor(ls).
This approach depends on the assumption of neglecting the magnitude of
secondary currents to simplify the equation of motion. They assumed
that "uv-type'" turbulent shear stresses appear only on surfaces normal
to those where there is a finite gradient of u, (the usual classical
concept of mixing length theory), and that a velocity fluctuation v'
moving through a y-gradient of u-momentum produces a correlation be- -
tween v' and u' and hence a stress u'v'. Therefore, they devised a
model involving the "law-of-the-wall" correlation and an "isovel"
coordinate system which was solved iteratively to determine the wall
shear stress from the axial pressure gradient. However, it is not
necessarily true that the converse situation of no correlation holds

if no gradient of U exists in the direction of v'.

2.4 Experimental Methods for Shear Stress Calculations

There are several methods, based on velocity data, that are
available for the determination of boundary shear stress. These methods

are: direct methods, heat transfer techniques, and pitot tube methods.

2.4.1 Shear Stress Calculations from Velocity Data

Shear stress distributions, using velocity measurements, may

be grouped into two general classes. The first is based on the entire
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velocity mapping of the channel cross-section such as the mapping pre-

sented in the Bazin(AD (104)

(71)y .

data (see Wien and Harms » page 286, or

Nikuradse This method, adopted by Leighly(57) for data on

three stfeams in Europe, involves drawing lines perpendicular to the
isovels (lines connecting points of equal velocity) which divide the
boundary into small segments. These perpendiculars terminate either

at the point of maximum velocity or on the line which connects points
of maximum velocity on vertical lines throughout the cross sectiomn.
Thus the channel area is divided into several prisms defined by two of
the perpendiculars, a unit length of channel, and the top line formed
by the maximum velocity point in each vertical. Each;prism contributes
drag to that part of the boundary between the perpendiculars. The
remaining prisms formed above the line of maximum velocities are
assigned by Leighly to the dissipation by the surface. However, this
method gives increased value of P, in Equation (1), (since the surface
is considered as an area of dissipation), and therefore the value of
average shear stress, ?;, is lower than that calculated using only the
channel perimeter. On the other hand the assumed velocity-distribution
approach, re: tractive force distribution, (i.e. that the perpendiculars
constructed as described above define surfacesof equilibrium), in the
presence of secondary currents and asymmetric velocity distributions

can no longer be assumed.

The second method of determining shear stress distributions

from velocity data consists of using a logarithmic velocity law.

(73)

0'Brien used a form of the velocity-distribution law for pipes

proposed by Von Karman (SchlichtingGSS), page 488). He wrote the
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appropriate equations for two points in the flow field at different
distances from the wall, and solved the equations by eliminating the
maximum velocity term. The resulting equation can therefore be solved
for Tos if two point velocity measurements on a velocity profile are
known. Several investigators have adopted this particular approach.
(97)

Taylor used the universal velocity-distribution law for pipes

and solved it for two different distances from the wall. Enger(zg)

used the equation, developed by Einsteinczo)

for both rough and smooth
walls, in much the same way as 0'Brien and Taylor. His equation in-
dicates that the shear stress wvaries with the square of the velocity

gradient and that two points from the velocity profile are sufficient

to determine this shear stress.

In 1938, Keulegan(sz) presented equations for smooth, wavy
and rough channels based on the Prandtl and Von Karman velocity-dis-—
tribution laws. Using these equations, one can compute the shear stress

if one point on the velocity-profile and its distance from the wall are

known.

2.4,2 Tractive-Force (Shear Stress) Determination from Inner-Law
Velocity Data

prandel (88

was the first to suggest that the velocity dis-
tribution near the wall should be independent of more distant boundary
conditions and should be a function only of the wall distance, the
kinematic wall shearing stress, and the viscosity. Beyond the very

thin viscous sublayer Prandtl assumed a constant shear and a linear

mixing length to derive the following logarithmic expression:
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u,s

(2)

Z.-A +B log
u, e e

where the constants Ae and Be are experimentally determined, u is
the longitudinal velocity at distance s, from the wall, v is the

kinematic viscosity, and u, = /%o/p is the shear wvelocity.

In 1956 Ross(83) observed that the previous velocity laws
(that attempted to describe the entire turbulent velocity profile

with one equation) were deficient and failed to agree with measured
velocity profiles. He proposed a division of the profile into a wall
region and a main-flow region. The wall region was further divided
into three parts: the viscous sublayer, the buffer zone, and a wall
turbulence region; the first two usually being thin. He derived
Equation (2) for the wall turbulence region from dimensional analysis
by assuming that the most important influence on the eddy viscosity
is the distance from the wall.

In the earliest formulation of the '"law-of-the-wall" the
constants Ae and Be were based on observations of pipe flow (Coles(l3))-
The law-of-the-wall in boundary-layer studies was first proposed(?nd
the constants Ae and Be determined)by Ludweig(51’62) who stated that,
for smooth walls, Ae and Be are universal constants independent of the

pressure gradients, the Reynolds number, or the past history of the
(83)

flow. Ross examined several cases where wall shear and velocity

were measured. He concluded that there is no difference between the
coefficients for various types of flow, and that both Ae and Be can

be taken as 5.6. However, other investigators, (Nikuradse(72),
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(36)

Clauser R Laufer(ss), Leutheusser(sg), Ludweig and Tillmann(ﬁz)

(98)

and Townsend have variously reported values of 4.9 to 6.9 for Ae

and 5.53 to 5.8 for B, Therefore, Ross' value of 5.6 for both Al

and Be could be justified.

Ross(ss) found that the wall region, where the law-of-the-wall
applies,extends out to about 10 to 15 percent of the boundary layer
thickness, and for the main-flow region the Von Karman velocity-
deficiency law could be applied if the value of the Von Karman co-
efficient ¢ is taken as 0.30. His equation is solved by O'Brien(73)

for the shear stress, Tos if two points from the velocity profile are
known. The solution gives satisfactory results for data points in

the wall region if ¥k = 0.41, or in the main-flow region if « = 0.30,

and in case of smooth boundaries.

For "rough-wall" conditions Glauser(36) presented an analysis
of the roughness effects by considering them as a velocity shift which
is numerically identical to a shift of the wall position. The equation
representing this velocity shift was used by Robertson to analyze the
Nikuradse rough-pipe data. He presented the results as a function of

the roughness height.

In the case of flow over a movable bed material, the pro-
blem of determining shear stresses from velocity profiles becomes
complicated. This is due to the separation of the flow from the
large scale boundary roughness elements and the generation of eddies
in the flow field. However, Mahmood(64) fﬁund that the wvelocity

profile over a channel sand bed can be divided into three regions.
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Each region follows a different shape of the logarithmic velocity law.
Thus, the determination of the velocity at a certain point depends on

its location with respect to the bed.

Therefore, it would seem that these velocity-profile methods,
for computing boundary shear stress, should be valid for both smooth
and rough wall conditions if point velocity measurements are taken

from the region described by the respective equation.

2.4.3 Direct Methods of Shear Stress Measurements

Direct skin-friction measurements were first taken by
Kemf(51) who used a floating element on the bottom of a barge to obtain
gskin-friction values at high Reynolds numbers. A similar technique
was used by Schultz—Grunow(Sg) to measure the frictional force on a
wind-tunnel wall. Dhawan(l7), Leipmann and Skinner(60), and Hakkinen(39),
obtained, recently, direct measurements of the force om a small surface
element of a flat plate at medium Reynolds numbers and over a range of
Mach numbers. The measured skin friction was found to agree well with
Blasius' theory for laminar flow at low Mach numbers. When the flow
was turbulent, the measurements agreed with the semi-empirical formula
of Von Karman(sa). In these methods, linear variable differemntial
transformers were used as the transducers to convert physical dis-
placements of the small floating element into electrical signals. For
various reasons it would be difficult to employ, and obtain valid

results from, this particular measurement teéhnique in the case of

flow over a mobile boundary.

ERVERE
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2.4.4 Heat Transfer Methods

These methods utilize the Reynolds analogy between transport
of momentum and the transfer of heat near a solid boundary. Ludweigc6l)
developed an indirect method of obtaining skin friction by measuring
the heat transfer from a small heated element mounted flush with the
surface of a flow boundary. An extension of Ludweig's heated element
technique was reported by Liepmann and Skinner(so). They used a
simple hot wire embedded in the surface to determine the skin friction
coefficients for low-velocity air flow. However, in addition to its
requirement for frequent calibration, this technique, like the direct-
shear measurement technique, lacks mobility. Also, because the hot
wire is very semsitive, it cannot be used in situations where flows
have a suspended sediment content. Moreover, the presence of the wire
sensor in the body of flow disturbs the latter and, as a result, sig-
nificant errors are introduced in the measurements. In addition, its

application has been substantially limited to constant property flows

of low temperature, low speed and low turbulence intensity.

2.4,5 Pitot~Tube Techniques

Stanton, Marshall and Bryantcgs) were the first to introduce
the surface-impact—probe measurement technique. This instrument was

developed to study boundary layers in turbulent pipe flow. The device
was a "half-pitot" which was essentially a small square tube inserted

perpendicularly through the flow boundary. The upstream wall of the

tube was open and its end was covered with a razor-sharp plate to form
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one side of a rectangular opening. The flow boundary formed the other
side of the very small rectangular opening that skimmed the viscous
sublayer. This device was used by Fage and Falkner(so) to measure

skin friction on airfoil shapes.

(76)

Preston was the first to deduce that, if a law~of-the-
wall velocity profile exists near a solid boundary, then a unique
relationship should exist between the parameter (pt-po)snzlpv2 and
Tosnz/pvz. He showed that when (po—pt) is measured by any impact
probe immersed in the appropriate part of the boundary layer, T, can

be determined if the dynamic pressure of the free stream and the

Reynolds number are known.

In 1955, Hsu(éa) derived theoretically the relationship
found experimentally by Preston for round tubes. He showed that the
wall thickness of the probe was unimportant and that surface-impact
probes could be used to measure the total turbulent skin friction of

(32)

external boundary layers. Fenter and Stalmach extended the

principle to include the effects of compressible flow over insulated

(56)

surfaces and Leadon and Barlle extended it to include incompressible,

plane, turbulent, boundary layer flow over a porous, flat plate surface.

However, Granville(37)

examined the velocity of Preston
tube approach on the basis of the log-similarity law and the displace-
ment effect of the tubes. He concluded that the tubes were not suited

for the rough surface conditions found in practice.
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In fact, although Preston tubes are inexpensive, easily
calibrated and mobile, the errors introduced in the measurements can
not be considered negligible. These inherent errors:are due, largely,
to the phygical presence of the probe in the flow field. Therefore,
in order to remove this type of error from the present study, a
measurement system that does not require the presence of a probe in

the flow was considered essential.
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CHAPTER 3

FORMULATION OF THE PROBLEM

Since the secondary currents generated in channel bends
are largely responsible for the asymmetrical distribution of velocity
and boundary shear stress in the straight channel sections,(in the
immediate vicinity of the bend sectioné} a theory 1is developed to
predict corresponding stress distributions in zones where these
currents are strong. In fact these zones extend from a limited
distance in the straight channel upstream from-the bend.entrance, where
the growth of transverse circulation~driginates, to a certain dis-~
tance in the straight channel downstream from.the bend exit, after.which

the flow is not affected by the presence-of:the bend existence.

However, for all practical purposes, it can be assumed
that the zone of influence of the secondary currents, (on the velocity
distribution, etc.), begins at the bend entrance section and ends a
certain distance along the straight reach downstream from the bend.
Consequently the study section adopted for this investigation consists

of a single channel bend followed by a straight channel section.

In the experimental investigation local boundary shear
stress values in the study section are determined for the stable
state condition (i.e. no sediment movement). In the numerical analysis
a theory is developed to facilitate prediction of the stable boundary

shear stress distribution within the study section.
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3.1 Theoretical Considerations

3.1.1 Decay of Transverse Circulation

The mechanisms governing the: decay process of transverse
circulation in open channel bends have been investigated by many
, . (75)
researchers in the past. Pioneer works include those of Potapov ,

Ananyan(Z), Makkav;év(GS) and others.

When flow passes through a bend, and enters a straight
reach downstream from the former, a gradual transition from secondary
flow to parallel flow takes place. The complex velocity distribution
in a bend section can be explained if it is assumed that the trans-
verse flow arises from the influence of centrifugal forces (generated
by the stream curvature) and then begins to decay under the influence

of viscous forces.

The equations of dynamic equilibrium of a continuous medium

given in cylindrical coordinates can be written as

dvr - aprr + aTre + aTrz + PrrPeo .
° at 3r = 108 oz T ’
. dve ) arre . BP'é9 N Brez N ZTre . (3.1.1.1)
dt T rde 3z r ’ e
and
dv 9T 9T op T
zZ _ rz 02z z2 rz
Pt -8t 5 Yttt ez Yty

If a linear relationship exists between the stress and strain

velocity components, one can write(63):
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v ov._. ov v
- _r . eyl X8 _ 8,
Pyr p+ 2u or P Tre T u(r or ot r ) 3
ov v v ov
= _ l1_6 ., . - (2 1 2y,
sz sz Bvr
Paz = 7P + 2 (3;_ 5 Tar T “CS?—'+ 9z )

Combining Equations (3.1.1.1) and (3.1.1.2) gives, in cylindrical

coordinates, the equations for the flow of an incompressible fluid as:

2
Moy e, Ve e M Yo 1o,
ot r dr r ' 98 z 3z r p * or
82v 1 82 azvr 1 Bvr ave vr
tv Gy tress tys tr e T 27 %% -2 °
T e 4 X T
v ov v 1 "c)vr Bve Vg avr sz avr
25 ot G T T T G tag )l
v v v ov v vV 3
=) e _e 2] (2] e _ ' _ lﬂ_ P
5t T Vr3r T %6 T V232 Ty AT
2 2 2
9 v 9 vy v ov ov v
e 1 Nz e 1 e ,.2 r =]
+vr( 2+2. 5 + 2+r'9r’+‘2'89_2)+ (3.1.1.3)
or r 08 9z T r
. o
+ a\)r (.l-. Bv.r__#.ave - _3_9_) + 2 i\)_ﬁ(.?y_g +,:,_r.).+ E.\_)E:”. (_8179..;. .:_':.__VE).
9r ‘r'98 d9r 0 rY T r¥\rie  r 9z, ‘9z r'ae 7
and
avz . sz +,ZQ sz N avz 1 22.+
It Ve v r ° 38 V2 3z g p " 9z
2 2 2

2z z z A
+ v_ ( + = . + F= =2+

x 3r2 r2 392 322 or

avr sz Bvr Bvr Bve sz avr avz
+ ar <8r + dz ) + rde (Bz + rae) +2 3z ° 03z
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The equation of continuity should be added to describe the motion

completely, therefore,

Eir—+v—r+av—e+avz=0 (3.1.1.4)
or T 36 9z teee
where
) r,0,2 are the cylindrical coordinates of a point,
VsV, are the velocity projections along the coordinate

; lines,
| V. = ﬁ/p is the kinematic coefficient of turbulent viscosity,

u is the coefficient of turbulent viscosity, ;nd
| o is the mass density of the fluid.

In the case of a curved open channel, (large radius of curvature),
the transverse velocity components, v, and v,s are small compared

85
with the longitudinal velocity component ve( ).

Integrating Equation (3.1.1.4) leads to

zZ " avz z avr Vr Bve
Yz T { 3z dz = - J (Br +.;—'+ rae) dz
o o]
Bvr Vr ave z
= -7 3;f-+ ;_.+ 5o'n 1 | _ (3.1.1.5)

where "m" represents the averaging within the limits of integratiom.

Therefore, if the radius of curvature is large compared to the depth

of flow, v, will be of the order of magnitude (%9 and can be ignored.

Define the variables z', vz' and v; such that

and v!' = —

in order to obtain variables of the same order of magnitude as r, Vg

and v_.
r

ST
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Introducing these variables into Equation :(3.1.1.3), leads in

case of steady flow to:

v v v ov v2 v
‘r,. 8 " xr, o v_x_6__1 3 . o & (gy T
Ve 3T + r * 36 + V2 3z r p ' or + Vro [Br (Zvr or ) +
v 2 ov v
1 3 r r 3 T 3 e
M~ B ! ' =
X 2758 v ae)+h2 5o Vx5 tme O )t
ov! v v v
3 ] A l Y _2___l e_ '_E_ Py
‘ NPy o ar ) T Ve or 2 'r 30 Vr r2] >
v v v v v.Vv
8,86 __8 8, re__1_23p_
Ve o1 + r 26 v 3z’ r o rde +
! i
dv v 2 v
: 9 e 3 =) r ] e
+ —— T 1 . —— T
Ve or (vr 3r )+ 20 (zvr rBG) + h2 * 2z! (vr Bz') +
ov! v ! ov
9 2 9 r T T 30, .
+ ' : o L. —_— — -y =] L.l
32T (vr ra6)+ar V. r89)+2r2'89 vo r2] ; and (3.1.1.6)
v’ v v! av!
hoo Y Ve MNp Ve L
T [vr or + r ° 98 + V2 3z &E°0 " Bz +
ov! 3v! av!
h 3 v z h 3 ' z . 2
+vro [r'ar (vr_—ar)+r'—r39 (\)r—-—-rae)+vr———-az,_+
v ov ' “ov
I 3yt Iy, E 3 0 & T __T
+ h ° or (v' az') * h * r3@ (vr 82') + r ° or ]
All those terms, between the square brackets on the right hand side
of the first and the second equations of (3.1.1.6) may be dropped
2
? with an error of the order of ?E except the term which contains £§
r h

(since this term is much larger than the others). In the square

bracket of the right-hand side of the third equationm, it may be

craea
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possible, with an error of the order of';, to retain only the terms

that contain the factor %u After dropping terms of small magnitude,

the following system of equations is obtained:

2
v v v v v 2 v
_x, 8 _r_ _xr__6__1 3 r_ 23 v Iy,
Vr 3t r ° 98 t V. S T p ° dr + vro hZ'BZ' (Vr 3z'’?
T dr ‘96 9z’ T p°rde r, h2'Bz' r 3z °°
and (3.1.1.7)
| | 1
By Do Ve e o Tag o 1,
r* 'r 9r r ‘96 z 0z’ p*oz'
v av
I 3 (y' % 3 '
+ vro h [ar (vr Bz') + 98 “r Bz')]
If the viscosity,\)r , has a small magnitude whose order does not
2 [o]
exceed —5, one can write ( to an accuracy of %):
T
g+=.22-9 (3.1.1.8)
p ¥4
If the pressure is assumed to be hydrostatic in the case of wide
streams, one can write:
where "zo" is the coordinate of a point on the free surface of the
stream, "p" is the excess pressure above atmospheric. Therefore:
2%
= - ‘ .1.1.
or e or °e Ir . (3 10)
p_ 2%
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where Ir and Ie are the transverse and longitudinal slopes of the

free water surface, respectively.

Introducing Equations (3.1.1.10) and (3.1.1.11) into
Equations (3.1.1.7) leads, after dropping the quantities of small
order of magnitude and returning to the original variables, to the

following system of equations:

Bvr v9 avr avr vé 3 Bvr
Ve or +';— T2 + vz 3z ;_'= -8 Ir + ?z (vr 0z 3
ov v v ov vV v
=) =] =] =] r e _ o 0
Vo3 TF T T V2 tr el ty; (vr 3z )
Bvr avr
Dropping the terms V. o1 and v, 3z ° being of the order of

magnitude (%)2, equation (3.1.1.12) reduces to

.ve oV v v

r = - 8 .
’ r 8 Ir + 3z (Vraz )

Ignoring the inertia forces of transfers flows, which are of the
order of magnitude (%92, the absence of centrifugal forces on the
straight channel length beyond the bend must lead to the dis-
appearance of the transverse slope of the free water surface.
Therefore, Equation (3.1.1.14) can be written, after replacing

L by x and Vg by Vs as:

avr 3 avr

V=T

X 9ox 9z vr oz

For channel bends, with radii of "curvature-many - timeslarger

T

than stream depths, ‘the change-in the'velocity -field -&€ V-

(3.1.1.12)

(3.1.1.13)

(3.1.1.14)

(3.1.1.15)
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the bend ate insignificant in comparison with ‘an equivalent strdight

(2,3)

reach , the distribution of longitudinal velocity components and

of turbulent exchange coefficients on the bend, approximately, will
remain the same as in the straight channel upstream. Therefore, the
transverse velocity components v, and v, can be neglected in com-

parison with Vo and Equation (3.1.1.12) can be written as:

2
3 avr VG
—a—z. (\)r az) =g Ir - ;— (3.1.1.16)
Introducing the variable £ into Equation (3.1.1.16) such that,
z
g = %
leads, after rearrangement, to:
2
ov v
i3 I - _-8
h2 " 3E (vr 5E g Ir - (3.1.1.17)
Integrating, with respect to £, gives
avr 2 ve
V. -B—E— = h j(g Ir - -r-—) dg (3.1.1.18)
According to the stated assumptions, Vg can be substituted from
Prandtl's equation :
v.=v, +%v,1n¢ (3.1.1.19)
e max K %
This equation gives the coefficient of turbulent viscosity u as:
v_ = u/p = «hv l{é-_.(g-l)g (3.1.1.20)
r m C

Integrating Equation (3.1.1.17) after substituting the value of Vg
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from Formula (3.1.1.19) leads to

2.2 2
av gv_hg CI_.r -2 —
y —L oD ([—I— - (kCH/g) 1+ 2(K0+{§) (1-1nf) -
r 9% 2 2 2 2
Cr Vo K g K /g

2
_ (n £-21nE+2) } + constant

5 (3.1.1.21)

K

The radial component of frictional stress, T can be represented
v

r
by v, 3 Therefore

T
X

p

<

avr
9E

-.r
h

Based on the boundary condition that the friction at the free sur-

face is equal to zero (no wind effect), the constant of integration

can be determined

Tr vr Bvr
i.e., 65—)E=1 =1 Q§E—Og=1 = 0 , therefore

mo T (xCtvg) 2(kCH/g) _ Z__} + constant = 0
2 2 2 2,~ 2
C'r \ K'g Ve K

m

Substituting by this constant and by the turbulent viscosity co-

efficient from Equation (3.1.1.20) in Equation (3.1.1.21) we get

(3.1.1.22)

o~ 2
v gv_ h rI C —
r _ m C 1.2 r 1l 2C /g Eln-E+1
£3 Ckr {[(7g + K) ~v2g ] 3 + K7g (a+ KC) £(E-1) +
m ¥
2
1 Eln"E-2Elng+2E-2 3.1.1.23
7 E(e-1) ' (3.1.1.23)
Integrating this equation, with respect to the condition f: vrdz = 0,
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leads to
/g v_h r1_c?
_ m c 1.2 "r - _
v, = g U7+ 97 - 7 (ag)
v_E
m
2 .C 1 1
"Gt A® B(&)}
where
_ ElnE-g+1
AGE) = + f——-———-—g(g_l) de ,
and

2
B(E) =_5 Eln E-2E1nE+2E-2 .

£(g-1) K

The transverse slope of the free surface, Ir’ can be expressed as:

._dh Vm(_+ izg
r dr o gr pgh

The coefficient o, can be determined from:

12
o % .
o, STy s which leads to
vm/gr
= | -—-g—-
% 1+ 55
kK C

Substituting the value of "Ir" into Equation (3.1.1.24)>leads to

v h /—
__m_ -
v_ = 2 [F(&) - 2 G(8)]

where

F(E) = 2 {Ing + 1 - A(E)} , and

G(g) = 2 A(&) - B(&)

At the surface, the radial velocity component can be expressed,

srzam el

(3.1.1.24)

(3.1.1.25)

(3.1.1.26)

(3.1.1.27)
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from Equation (3.1.1.27), as
v h
- - i3
vros Kzr {1.25 0.44 C } (3.1.1.28)

On the assumption that, in the process of circulation decay, the
profiles of velocities vr remain similar to one another one can

express v_ as

V. = Vg £(g) (3.1.1.29)

In the section of steady circulation, the right~hand side of
Equation (3.1.1.15) can be determined from Equations (3.1.1.21),

(3.1.1.25) and (3.1.1.26). After substitution the following equation

is arrived at

ov - 2
_2/ v —_—
9 Lo _ & Vn Vg /g 2
3z (vr % ) = ~Cr {1+ @+ KC) Ing + 2¢C In“t} (3.1.1.30)

Assuming that, for the zone of circulation decay, the longitudinal

velocity components v_ and the coefficient vr remain unchanged, then

v
. 9 T \ . .
the magnitude "2 (vr 5% ) will vary in proportion to vrn, where vrn

is the radial velocity component at the surface, therefore:

v v v
3 _xy __m 3 To
3z (vr 9z ) = v, 3z (vr Sz ) (3.1.1.31)
Osg
or
v 2

v Tr, 2 s T2
5z (Vr 3;—9 = - Vr . Cr L+ (3 + KC) Ing + 5ol In"&] (3.1.1.32)

o
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substituting the value of v, from (3.1.1.28) into (3.1.1.32) leads
Og

to the following equation

/e, e 1,2
. Bvr 2¢§rvm vrs [1+ (1 + KC) Ing + e In"&]
= (vr S;_g = - (3.1.1.33)

[ -z
< (1.25 - 2B

From Prandtl's equation, the velocity, v, at any depth & can be

related to the average velocity, v, as:

v =V 1+ é%-(l + 1ng&)] (3.1.1.34)

Adopting the longitudinal velocity component v, = v, from Prandtl's
equation, and substituting expression (3.1.1.33) into Equation

(3.1.1.14) gives:

avr 2v K/E- 1+ 1+ Zg; 1ng +<£g; lnzg]
S m KC 2kC
ax = - M / ‘/ (301-1‘35)
[1+28 1+ 1me)]1£Ce) - B e®)]
2va/§.
= -5 " MO

For a first approximation, if one assumes that the Chezy's coefficient,
C = 50, and Von Karmans coefficient « = 0.50; and for £ = 0.1 (i.e.,
close to the bed), the function M(£) = 1.30. Therefore, Equation

(3.1.1.35) reduces to

Bvr va/g-
ax = - 2.6 -ﬁ""— (30101.35)

Integrating this equation leads to

nv =-2.6 5ﬁ§5~+ 1n C (3.1.1.36)
r Ch 1
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or
—2.6K/§§
v = C, e Ch
r 1
s
At the bend exit v | =v » then
r T
x=0 o
—2.6K/§x
v_=v_ e Ch (3.1.1.37)
o

Choosing « = 0.5, and considering the length at which the decay of
circulation takes place terminates where the intensity of circula-
tion amounts to only 10% of the original intensity, i.e., v, = 0.1 v, o

o
the length over which the circulation decays can be expressed as:

1.77 Ch
X =

3.1.1.38
- ( )

Therefore, in the chanmnel system adopted the total length T (in the
longitudinal direction) affected by the secondary flow can be

expressed as

p o 1:77 Ch  7re (3.1.1.39)
g 180

where
g 1is the gravitational acceleration,
C is the Chezy's coefficient,
h is the mean depth of flow,
® 1is the central angle of the bend in degrees, and

T is the radius of curvature of the bend.
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3.1.2 Velocity Distributions in Straight Sand Bed Channels

e Vo —
e £ = 1 water surface
surface layer
£ = Ez
A
d d outer layer
E=E
. 1

,///;nner layer

v r
,,,,,T,,r, ——r—r—r—r—r—17775r Mean Bed Elevation

g

0

The vertical distributions of velocity over sand bed channels
can be divided, generally, into three regions(64>. This division cor-
responds to differences in turbulence characteristics in the three

regions. In the first layer (surface layer), the secondary flow causes

a "cut-back"

in the velocity profile. The zone close to the bed,
(inner layer), is affected by the location of the vertical with respect
to the bed form. The difficulty concerning measurements in this region
relates to separation of the flow from the irregular boundary and the
presence of eddies. These flow phenomena make the definition of the
flow depth difficult. In the middle zone, (buter layer), the velocity

profile is less affected by the location of the origin for "y" (because

of larger absolute values of y) or by the secondary flow.

Mahmood(ﬁa; concludes that, in case of a plane-bed, there is
no eddy zone, but the effects of contact load and the uncertainty
about the location of the origin introduce a curvature in the velocity

profile. Therefore, there is no individual velocity profile in sand
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bed channels that can be representative of the flow. However, for
average flow conditions, it is possible to adopt the concept of an
average velocity profile based on the spatial average of velocities
observed iﬁ a vertical plane along the mean direction of flow at
specific heights above the mean bed elevation.

- (64)

It is found- that the vertical velocity distributions over

sand bed channels can be expressed thus:

! 1
For E SESE p—=i—Iln () 5v, =0 (3.1.2.1)
* o o o
For E, <& <& Tmax ~ 7t --1 Ing (3.1.2.2)
1-°-"2 Ve K
o
v - v
max E_ _1
For &, < £ < gi v, === 1ng + £(&) (3.1.2.3)
o
where
Vg is the shear velocity,
o

VE is the velocity at depth £ from the bed,
v is the maximum velocity in a vertical,
¢ is the Von Karman's coefficient,

£(&) is a correction factor which takes into 'account the

effect of cut-back and can be expressed as

- - E32 -
(&) ay 1 0.80) : (al 35.0, 0.80 < £ < 1)

Based on statistical analysis Von Karman's coefficient, k, is found(ﬁa)

to vary according to the following relationship:
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G0.34
k = 0.446 £0-15_C,0.15, 0.11 (3.1.2.4)
Ve £
where
¢ is the gradation of the bed material,
F is the Froude number of the flow,
C
VA is the Chezy's roughness coefficient, and
g
,Tf is the turbulence correction factor derived from the
consideration of two-phase flow and is defined as
- 2
Tf = [1+ (30{ps-pf}/pf) V. Ve CV/V*O] (3.1.2.5)
where
v is the average velocity of flow,
Cv is the volumetric concentration of total transported

load (including the fine material load),

16 is the fall velocity of the bed material D16 at the
given viscosity, and

pgoPg are the mass density of the sédiment and water

respectively.

In the case of flow over coarse sand stable channels (no
sediment in motion), CV can be assumed to be negligible. Therefore,
Equation (3.1.2.4) reduces to

0.34 -

o
0.15 c.0.15

F
(75)

Kk = 0.446 (3.1.2.6)

red(93)

In general, the shear velocity, vy , can be conside as the
o

sum of two components v; and v; such that
o o

s mm
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v, =V, + Vg (3.1.2.7)
o ) o

This subdivision corresponds to the flow resistance due to skin
friction and bed forms respectively. Therefore, for channels with
flat beds the wvalue vgo is negligible and v, = V;o.

According to our earlier assumption that the components of
the tensor of stress are in a linear relation to the components of

the tensor of rate of strain, and in case of a flat uniform turbulent

stream, where v& =v, = 0, the following relationship can be derived

T =T=y = (3.1.2.8)

On the other hand, the slope can be expressed with the aid of the

Chezy's formula as

v_ = Cv/hs (3.1.2.9)

Vio = Y, 1%% (3.1.2.10)
Therefore, Equation (3.1.2.2) can be expressed as

_ /g
VE Vinax + ¢ Vm 1ng (3.1.2.11)

Neglecting the eddy zone close to the bed surface, in case of stable
channels (no sediment in motion) with flat-beds, the average velocity

along the vertical velocity profile, Vo can be expressed as
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1
- - _ e
m f Ve dg Vmax ~ kC 'm
o}
Then,
- /e
Voax = Vm 1+ C) (3.1.2.12)

and Equation (3.1.2.2) becomes

ve = vy [1+ -"Z/% (1 + 1ng)] (3.1.2.13)

3.2 Stochastic Approach

: 3.2.1 Theory

As stated beforehand, a major objective of this study was
the development of a numerical model to describe the complex £low
field in the vicinity of open channel bends and also to assist in

the prediction of steady-state distribution of boundary shear stress

therein.

To this end the system was initially viewed as consisting
of a series of similar channels, each having an overall length T
(Equation 3.1.1.39) made up of a single bend followed by a straight-
channel reach. Accordingly in the system adopted, once the secondary
flow influences the boundary shear stress, the following (time-

invariant) relationship can be written for stable-state conditions:

Tm(t) = Tm(t+T) | (3.2.1.1)
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where
Tm(t) is the dimensionless shear stress, at length "t
(from the bend entrance to the point where the bed

shear stress is calculated,

or alternately

Tm(t) = Tml(t)/ro (3.2.1.2)

where
Tml(t) is the bed shear stress at the length "t" (from
the bend entrance to the point where the bed shear
stress is measured); LT Tz
T is the uniform shear stress in case of wide rec~

tangular channel of equivalent mean flow properties.

Equation (3.2.1.1) is a periodic function (of period "T").
The function between the length "t'" and "t+T" can be of any shape
whatsoever. This section, in analyzing the structure of this func-
tional relationship, describes the various stochastic-type processes

employed in the investigation.

3.2.2 Assumptions

1. For any path parallel to the channel centreline of length T
(Equation 3.1.1.39), along which changes in sand bed elevation take
place gradually and smoothly, the resistance to flow is assumed to be
due to skin friction omnly.

2. Based on a mean radius of bend curvature to flow depth ratio
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(%) = 22.5 used in the experiments, it is assumed that the velocity
field in the bend is essentially similar to that in a straight reach
of the channel. Therefore, as a first approximation, it is assumed
that the distribution of longitudinal velocity components (and turbu-
lent exchange coefficients) in the bend section and in the "decay"
region (downstream from the bend) will be the same as that in the

straight reach upstream of the bend.

3. The zone, in which secondary currents have significant effect
on the system velocity distribution, originates at the entrance to the
bend and extends over a length T (Equation 3.1.1.39) into the straight

channel section downstream from the bend.

4, For a stable bed condition the process governing the change
in bed shear stress, along any path (length T), can be considered a

stationary stochastic process.

3.2.3 Mathematical Techniques

The discrete shear stress values can be considered as having
been derived from a continuous signal t(t) of duration "T" by sampling
the values of the signal at spacing A. This produces N = T/A sample
values Teo where

T, = t(t=xA) (3.2.3.1)

The periodic function which passes through the sample values may be
chosen as the finite Fourier series:
n-1

T(t) = ™2 ] {Am cos 2mmf

t + Bm sin vaflt} +
m=1

1

+ An cos 2wnflt; (n = gﬁ (3.2.3.2)

LU
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or

A _ n-1

(t) = 142 X {A cos 2nmflt + B_ sin anflt}; (N=2n - 1) (3.2.3.3)
w1 0 m

where

T is the mean value of the series along the length T,

f1 is the fundamental frequency which is equal to %K s

A ,B are coefficients which can be determined so that the
discrete and continuous values coincide at points

t = rA. This provides an approximation to the original

continuous function T(t) in the interval - T/2 < t 5 T/2.

Substituting t = rA, and setting Tt(rd) = Tes Equations (3.2.3.2) can

be written as

n-1

A —
T, =T + 2 Z {Am cos 2wmf1rA + Bm sin Zwmfer} +
m=1
+ A.n cos 2nnfer, (r = -ny +.,0,1,..,n~-1) (3.2.3.4)
It has been proven(7) that
n-1
_ 1 2mt
Am = 2 T, €OS T » (3.2.3.5)
= -n
and
n-1
_ 1 2Tt
Bm = tz . T, sin = (3.2.3.6)

Equations (3.2.3.2) can now be expressed(7) thus:
n-1

A
T(t) = R+ 2 mzl R cos (2mmf t + ¢m) + R cos 2mf t (3.2.3.7)

where R.m and ¢m are the amplitude and the phase respectively of the
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mth harmonic relative to an arbitrary origin of time. They can be

obtained(j) from the following relationships:
R =/a2+8 ; ¢ = ctan—i“— (3.2.3.8)
m m m m - &f : A.m cEe
and
A.m = Rm cos ¢m s Bm == R.m sin ¢m (3.2.3.9)

Length dependence

This refers to the degree of linear association between
observations that are separated by "k" length units. It is measured
by an auto-correlation coefficient. The population value of the lag

"k" auto-correlation coefficient is defined(y) by

E(T~~T) (T, , - T)
£ t-k .
Py = = (3.2.3.10)

Te

where oi is the wvariance of the series Teo The unbiased sample

t
estimate can be written(3) as

N-k 1 N-k N
L TeTer ~ Tk Z ) ¢ 2_: Ty
T Ni T2 1 (N-ilT )]1/2[ I§ .T 1 ( Ii] ] )2]1_;_2 2.3,
to1] T N-1 =1 t e=5 ° N-1 oz t

For the hypothesis that Py = 0, and based on the assumptions that the
series is stationary and the observations are normally distributed
(i.e., it was found by Ghosh and Misra(35) in 1977 that the frequency
distribution of shear stress values can be considered to follow a

normal distribution pattern), the confidence limits can be given as(J)
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-1- ya¢ﬁ:7 -1+ ya/ﬁff
= <pg < ) (3.2.3.12)

where Yy is the normal deviate corresponding to probability a.

Variance spectrum

The theory of variance spectrum analysis postulates that
the observed time series is a random sample of a process in time
(length in this study) that is made up of oscillations of all possible
frequencies. A single series spectrum partitions the variance into a
number of intervals or bands of frequency. The power spectrum can be
estimated from the auto-covariance fﬁnction(?), namely:

N-1

p(£) = 2[o_ + 2 )

0, cos 2w fk] (3.2.3.13)
k=1

where 9, and 0, are the variances at lags of zero and k respectively.

On the other hand, the spectral density function can also

be estimated from the auto—correlation function(i) as

N-1
g(f) = 2[1 + 2 ) p, cos 2mfk] (3.2.3.14)
k=1

The irregular spectrum estimated from the adto-correlation or the
auto—-covariance functions may be smoothed by using special functioms.
Such functions are equivalent to the application of a filter on the
auto-covariance function. One of these functions is the "lag window"

function, W . The smoothed estimate of spectral density can be

)

written as




B
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N-1

A
p(f) =2[c_+2 ¥} w,_C,  cos 2mfk] (3.2.3.15)
0 k=1 k 'k

where

Co and Ck are the estimated sample variances at lags from
zero and k respectively, and

Wy is the "lag window'" function which is defined(7)

as

W, = (3.2.3.16)

4] for k > M

where "M" is the maximum number ofllags used in computing the auto-

covariance function.

Assuming that the process is stationary, the population
variance spectra is determined by considering the Autoregressive pro-—

cesses and the Moving average processes as linear stationary stochastic

models.

A. Linear Auto-Regressive Models

In these models, the current value of the process, Teo is
expressed as a finite linear combination of the previous values and a

random part as by the following representation

+ a (3.2.3.17)

T, = ¢l Te 1 + ¢2 Teg ¥ oo + ¢p Tt_p N

Using the backward operator shift B, the autoregressive process can
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be expressed as

@(B) T, = a, (3.2.3.18)
where

- 2 P
#(8) = 1-§.B-¢,B —...—¢pB (3.2.3.19)

The order of the auto-regressive process for a given series can be
determined by computing the partial autocorrelation function with two
standard error limits. Denote by ¢kj’ the jth coefficient in an
autoregressive process of order k, so that ¢kk is the last coefficient.

From Equation (3.2.3.17), ¢kk gatisfies the set of equations (in

general),

Therefore:
Py = ¢klpj_1 + .0+ ¢k(k_1)pj_k+l + ¢kkpj_k (3.2.3.20)

This leads to the Yule—Walker(])" equations which may be written as:

1 e P Pr-1 1 Py
Py L P2 | %2 Py
Py 1 Pr-3 - (3.2.3.21)
Pr-1 1 é 6
- Kk k
or
Pe P = P

Solving the system of Equations (3.2.3.21) gives the partial auto-

...




N
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correlation function as:

¢k = °k/Pk (3.2.3.22)

It was shown by Quenouille(77), that on the hypothesis that the pro-

cess is autoregressive of order p, the estimated partial auto-

correlation of order p+l, and higher, are approximately independently

distributed with wvariance

s k > p+l

Zl=

var [¢kk] =

Therefore, the standard error (S.E.) of the estimated partial auto-

correlation ¢kk is

S.E. [B, ] = %ﬁ-, k > p+l (3.2.3.23)

An examination of all the series in this study indicated that the

auto-regressive process of maximum second order is satisfactory.

A-1. First Order Markov Model AR(1)
This model can be written as
T, = ¢1Tt_l +a : (3.2,3.24)
For stationarity corndition

-1<g, <1 (3.2.3.25)

According to this model, the auto-correlation function can be

(N _q

expressed

Py = ¢1 (3.2.3.26)

aemrtaEies
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where ¢l =0y
and the spectrum is given(7) as
Zci
p(f) = 5 0 < f<0.5 (3.2.3.27)
1+ ¢1 - 2¢1 cos 2nf
where
2 _ 2 2
Ga = UT (l - ¢l)
2, .
and o, is the variance of the process.
3 A.2, Second Order Markov Model AR(2)
This model can be expressed as
T, = ¢l T g * ¢2 T, ta (3.2.3.28)
For stationarity condition
@, +8, <1
¢, -9 <1 (3.2.3.29)
-1 < ¢2 <1
Thecharacteristic equation for this model can be written as
. 2
$p(B) =1 - ¢lBl - ¢ZB =0 (3.2.3.30)
Depending on the roots of this equation, the auto-correlation function

can be computed. If the roots are real, the auto-correlation function

(7)

can be written as

e DY
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6, (1-62) 656, (1-62) ¢k
P T T (6,6, (+6,G,) (3.2.3.31)

where GIl and G;l are the roots of the characteristic equation. If

the roots are complex, then the auto~correlation function can be

written(47) as

lelcos(ZﬂfokF)

P = oo F (3.2.3.32)

where —_—
R is the damping factor and is equal to /¥¢2,

f is the frequency which is defined as cos vao =

8,/ V-4, , and
1482
F is the phase which is defined as tan F = 2 tan 2ﬂfo.

1-Rr

If the characteristic Equation (3.2.3.30) has equal roots, the cor-
relation function can be computed from Equation (3.2.3.26). According

to this model, the spectrum can be written(s) as

202

p(f) = 3 = ., (3.2.3.33)
{1+ ¢l + ¢2 - 2¢1(1 - ¢2) cos 27f - 2¢2 cos 4nf}

0<f < 0.5

whefe ci can be computed(7) from the variance of the process, oi, as

2 2
Ua = GT (1 - pl¢1 - p2¢2) (3-2.3.34)

Using Yule-Walker Equations (3.2.3.21) with k = 2, gives the

following expressions:

Fo i




e

- 64 -

Py =By *+ By

(3.2.3.35)
Py = 81y * 0y
Solving for ¢1 and ¢2 gives
e, (1-p,) P5=p
94 =-4L——7§5— 3 @, = 2 21 (3.2.3.36)
’ 1- 1-
1 P1

In estimating these parameters, the theoretical autocorrelations P
are replaced by the estimated autocorrelations L Therefore,

Equations (3.2.3.36) can be written as:

2
r, (1-r,) ra-Y

¢. = I s B, = z2 L (3.2.3.37)
1 2 2 2
l—r1 1-rl

B. Moving Average Processes:

The moving average process=of order p, MA(p), is defined as

T, = -6

¢ at - 8,a - +... — 0

1%t-1 7 "2%c-2 p3t-p (3.2.3.38)

are parameters, and

a, is an independent "white noise" of mean equal

—_— . 2
to a and constant variance ca.

B.i. First Order Process MA(l)
This model is defined as:

T =

M elat-l (3.2.3.39)
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or

T, = 1 - GlB) a,

According to this model, the auto-covariance function is defined as:

= Ela, - 02, ,1la 4 ~ 913 4 4]

Yk
and the variance is

2 2
Y, = (1 + 91) ca

Therefore, the auto-correlation function can be written as

2
- 91/(1+el) for k=1
o =k
k Yo
0 for k.2 2
and the spectrum is defined(7) as
2 2
p(£) = 20a a + 91 - 291 cos 2nf), 0 < f < 0.5
The partial auto-correlation function(v) is

92(k+1)}

Lk 2
=-9o/ {L-86]/1-6]

¢kk

B.2. Second Order Process MA(2)
This model is defined as

T, =3, -8 2, 1783

()

The auto-covariance function, K’ is given as

(3.2.3.40)

(3.2.3.41)

(3.2.3.42)

(3.2.3.43)
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2
(- 8 + 0.8 1 +0,8, )0,  fork=1,2

Yr
0 for k > 2

2 s
where o, can be computed from the variance of the process, Yo @8

2 Y
0'a=
1+e

[3S3 o]

3
+8,

-

1

The auto-correlation function, Py is defined(j) as

':91(1 - 92) .
__2_'—7 if k=1
1+ el + 92
P, = -0,/(1 + 62 + 92) if k=2
k 1 1 2
0 ifk=3
and the spectrum can be written as:
p(f) = 202[1 + 92 +'62 - 20, (1 - 8,) cos 27f - 28, cos 4nf]
a 1 "2 1 2 2
0< f < 0.5

The parameters 91 and 92 can be estimated by replacing the theoretical

auto—-correlation, Py by the estimated auto-correlations Ty -

The characteristics equation in this model is

2
1 - GlB - GZB =0

The behaviour of the auto-correlation function depends on the roots

of this equation.

_ras
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CHAPTER 4

COMPUTATIONAL PROCEDURES

Two computer programmes were prepared to facilitate the
study of boundary shear stress distributions in the study section of
the channel. The first one (Appendix B.l) was used to compute flow
properties and local shear stress values from given channel geometry

and velocity measurements in the flow field.

The second programme, (which is an extemsion of the Former),
was used for the stochastic analysis of the computed shear stresses
along any path parallel to the centreline of the channel. This in-
cluded the use of finite Fourier series, Auto-regressive processes,

and Moving-Average process as linear stationary stochastic models of

the system.

The analysis reflected both the aforementioned theoretical
considerations and the assumptions listed in Section 3.2.2. Figures
4.1 and 4.2 are the flow charts for the first and second programmes

respectively:
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READ'

1. Channei System Diﬁensions, Longitudinal
and transversal Subdivision properties
and bed material properties.

2. Water and bed surface levels and signal
measurements of point velocities in the
channel system.

3. Head of water over V-notch in the outlet
tank.

CALCULATE
1. Scoured and deposited areas in every
cross section.

2. Scoured and deposited volumes between
every two cross sections.

Y

Determine the measuring points positions
Eq. 5.2.1.3 and Eq. 5.2.1l.4

Compute point velocities from Doppler fre-
quencies. Eq. 5.2.1.2

¥

Compute the discharge.

=

At every section in the channel system, compute
average slope, flow depth, velocity, Chezy's
coefficient and Von Karmans coefficient.

Eqs. (3.1.2.9) and (3.1.2.6).

(

At every measuring point in each cross-section,

Determine its position with respect to the bed
level beside the flow depth.

Compute the average velocity in the vertical

Eq. (3.1.2.13). |
K

- LTEE
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A
A
Average velocity in.
the vertical = is
average velocity in YES average velocity in the NO
the cross section vertical significantly different

from average velocity
in the cross section?
5% tolerance

NO

A

"
COMPUT

Maximum velocity in the vertical Eq. (3.1.2.12).

Shear velocity Eq. (3.1.2.2), and shear
stresses.

Dimensionless bed shear stresses.

Figure 4.1: TFlow Chart: Flow Properties in the Channel System.
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READ

Channel system dimension.

Dimensionless shear stresses.

Y

CALCULATE

Series mean.

Series wvariance.

Y

HARMONIC ANALYSIS

Coefficients, Phases and Amplitudes
Fq. (3.2.3.5), Eq. (3.2.3.6) and
Eq. (3.2.3.8).

Estimated values Eq. (3.2.3.2) and
Eq. (3.2.3.3).

Auto-correlation function Eq. (3.2.3.10).
Confidence limits Eq. (3.2.3.12).

Spectrum and smoothed spectrum estimate
Eq. (3.2.3.13) and Eq. (3.2.3.15).

N

AUTO-REGRESSIVE PROCESSES(AR)

Order of the process determination.
Parameter estimation.

Spectral and correlation analysis.

MOVING AVERAGE PROCESSES (MA)

Order of the process determination.

Parameter estimation.

Spectral and correlation analysis.

Figure 4.2: TFlow Chart: Stochastic Stationary Linear Models.
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The theory developed in this study is based, primarily, on
the assumptions that the variation in boundary shear stress (within
the zones of secondary circulation generation and decay) is a
stationary process and that local values of shear stress can be deter-
mined from point velocity measurements. The following statements are

made in support of these assumptions:

1. In view of the inherent inaccuracies associated with other
known deterministic methods, (re: evaluation of boundary shear stress
in curved open channels with movable bed material), it is believed
that, in this instance, the best approach is to compute such values

from point velocity measurements.

2. The logarithmic velocity distribution law is assumed to

apply to any vertical in the channel system adopted. This is because
the radius of bend curvature is many times larger than the depth of

the flow (22.5 times) which supports the earlier assumption that
modifications in the velocity field at the bend are insignificant

when compared with that for a straight reach. In addition, it was
found that changes in the bed elevation, (throughout the study section),
take place gradually (Fig. 6.4). Moreover, this supports the premise
that the (vertical) velocity distribution, at any location in the

study section, differs little from that in the immediate neighbourhood

of same.

3. The logarithmic velocity distribution law is found by many

investigators (Sections (2.4.1) and 2.4.2)) to be applicable to flow
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in streams with either smooth or rough surfaces. Recently, it was
shown(64) that such a law could be used in the case of flow over
flat sand bed. Therefore, the bed shear stress at:a point in the

channel system can be determined, using this law, from a point

velocity measurement.

4, The approach used in this study (to determine bed shear
stress) has the following major advantages:

(i) Changes in Von Karman's coefficient (k), due to
relative position in the study section, are accounted
for (Equation 3.1.2.6),

and
(ii) point velocity measurements in the flow field are
obtained without disturbance to the ;atter (f.aser-

Doppler Anemometer system).

It should be noted, at this point, that the validity of
the assumption, (concerning the logarithmic-type distribution of
velocity in a vertical) was checked by comparing actual velocity
measurements with computed values. Moreover, differences
between shear stress values, computed using one and two-point velocity
measurements, were considered negligible -hence the "one point"

velocity measurement approach was deemed to be valid in this instance.
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CHAPTER 5

EXPERIMENTAL APPARATUS

5.1 Physical Model

5.1.1 Experimental Channel

The laboratory programme was performed in a plexiglass channel
having a rectangular cross section 30 cm wide and 15 cm deep with an
overall length of approximately 10.0 m. The channel was assembled

using straight and curved sectional units (each approximately 1.2 m

long).

The central angles of the three bends tested during the in-
vestigation were 45°, 60° and 75° and the mean radius of bend curvature
to channel width ratio was 3.0. This particular range of bend geome-

tries was considered to be reasonably representative of the more common

bend conditions found in '"'stable" rivers.

The "entrance" section (to the bend) was a straight length of
channel, approximately 1.8 m long, and the "exit'" section (downstream
from the bend) was a similar channel reach approximately 5 m long. The
former was made sufficiently long to promote good entrance condifions
(symmetrical flow field) upstream of the bend (test) section, and the
long exit section length was required to remove any possibility of the
zone of secondary circulation decay being affected by flow conditions

in the vicinity of the channel outlet structure.

croeeed TR
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The channel walls were made from 0.3 cm thick plexiglass
sheeting and were supported against lateral deflection (water and sedi-
ment pressures) by external plexiglass brackets at 12.5 em spacing

along the straight sections (and at 5° intervals within the bend

sections).

The entire channel was supported on a number of identical and
equally-spaced wooden 'box' units (0.5 m x 1.5 m) above a wooden plat-
form which, in turn, was supported 1 m above the laboratory floor on
an adjustable-sloping steel frame. Thesspacing between adjacent boxes
allowed the "Optical Bench" (Laser Doppler Anemometer System) to span

the channel (from below) for the purpose of measuring velocity components

at points in the flow field.

5.1.2 Control Sections

In view of the changes in channel aligmnment, (resulting from
the three different bend geometties considered), the "inlet" and "outlet"
tanks were supported on steel frames fitted with casters to enable them

to be easily relocated in the event of a change in bend geometry.

The function of the inlet tank (100 cm long x 100 cm wide x
120 cm deep) was to supply relatively smooth, parallel flow to the
channel. Water entered the base of the tank through two (circular)
orifices located at the upstream end and placed symmetrical about the
tank's axis. Screens and baffles were installed downstream of the
orifices to dissipate large-scale turbulence (surface 'boils') and

circulation in the tank and a variable height overflow.pipe was

T
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located on the tank's axis to provide additional control over the water
surface elevation generated therein. The downstream portion of the
tank was a smooth streamlined transition section leading to the channel

which prodiced a uniform acceleration in the flow as it passed along it.

The outlet tank, which measured 100 em x 100 cm x 200 cm long,
provided a means for monitoring the discharge in the system during the
experiments. A rectangular channel unit, measuring 40 cm x 40 cm, was
suspended inside the tank, parallel to three sides of the tank. Water
in the experimental channel discharged to the upstream end of this
unit, passed through screens located at the two corners of the unit,
and finally discharged over a sharp-edged "V'-notch (installed at the
downstream end of the unit) to the main tank. Head above the "V'-

notch was measured some 10ccm upstream of the notch by point gauge.

5.2 Instrumentation

5.2.1 Velocity Measurements

As stated before, a Laser Doppler Anemometer System was
employed to measure local longitudinal velocity components in the test
section of the channel. Each test section included the bend section

and a downstream 'straight' of overall length T (Equation 3.1.1.39).

The various units of the system were arranged according to the
"reference-beam" mode of operation (Fig.. "A.1) since this particular

mode best suited the physical arrangement of the experimentalbfacility.

o TIERE
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Fig. 5,1 ~—General View of the Model

B ...

v
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Fige 5,2 = Inlet Tank : Top View.




Fige 5.4 —=Inlet Tank s Connection to the Flume Entrance.




Fige 5,6 <Outlet Flume Gatee

m__—”, S, - o
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Fige 5.5 =Outlet Tank : Top View.
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For the purpose of data collection the test sections were
divided, lengthwise, into approximately 30 sections and each section
was subdivided into 6 cross-section compartments to form a grid for

point velocity measurements.

The following procedures were followed prior to actual

velocity measurements:

(i) The direction of the bisector of the two laser beams was

adjusted so that it was aligned perpendicular to the channel at the

section under investigatiom.

(ii) The laser units, (which ran on the optical bench traversing
the channel from below), were then moved back and forth along the bench

until the beams intersected precisely at the reqaired measuring point

in the flow field.

(iii) Finally the "elevation screws" on the optical units were

adjusted, where necessary, to keep the laser beams in a horizontal

plane.

Since the purpose of the velocity measurements was to compute
boundary shear stress within the test section, the measuring points

were chosen as close as possible to the channel bed.

It was found(4alhat the velocity component, v, in the direction
normal to the bisector of the beam intersection angle 6, and parallel
to the beam plane can be calculated from the formula:
fD.A

v =m (5.2.1.1)
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where
v = Local flow velocity,
fD = Doppler frequency which can be read directly on the
Meter Unit incorporated in the Doppler Signal Processor,
A = Wave length of Laser light which is found(44)to be equal
to 0.6328 X 10—'6 m, iﬁ the system adopted, and
6 = Angle éf beam intersection. ‘

In fact, the above formula is valid for measurements in air
(vacuum) . Besides, the aécuracy of the analog output of the Doppler
Signal Processor is reported(44)to be approximately 1% fsd. Therefore,
in order to determine ‘the flow velocity with the same accuracy, modi-
fications are introduc;d into Equation:5.2:l.1:to take .into considera~

tion the effect of flow temperature and the refractive index of the

medium as well.

Because the two light
beams pass through mediums of
different refractive index, the

crossing of the two beams is

expected to be displaced. This
displacement must be perpendi-
cular to the interface as soon Fig.5,7.Position of the measuring point
as the two beams are symmetric to the normal of the plane of such

interface. Therefore, the law of refraction gives in case of measure-

ments in a liquid with refractive index n,:
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=
>‘2 = nz A > and
sin 0,/2 = 2~ sin 0/2
2 n
2
Thus
£f..2 I}
= D _ D "2
V= Z7sin6/2 " 2 sin 6,/2 (5.2.1.2)
and
_b ,
a =3 cot 92/2
where
v = velocity,
f,, = Doppler frequency,

>
1]

g = wave length of Laser light in liquid, and

2]
It

2 intersection angle in liquid.

The refractive index of air is found(44)to be:

noir (760 mm Hg, 20°C) = 1.000277

and for water

0 oter (0°C) = 1.334;

and temperature dependence of nooter is approximately

A = 0.0001/c° .
n

However, a new method is adopted to determine the exact
location of the beam crossing (i.e., not only its distance from the
channel wall but also its depth from the water surface). Accordingly,

for each crossing four measurements, (YI, YO, XI and X0), were taken
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FIG. 5.8 — Installation of the Equipment.
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Figo

5,9— Installation of Laser Set With the Flume.
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(Fig. 5.8). The position of the crossing can be determined from:

X0
x=w/(1 +'§f , and

(5.2.1.3)
+ Yo - VI x

y = YL K

Therefore, the beam intersection angle, 8, can be computed from:

-1 XL (5.2.1.4)

8 = 2 tan e

5.2.2 Depth Measurements

In order to compute bed shear stresses from point velocities
the position of the measuring point, with respect to the channel bed
(and the water surface), must be determined. Furthermore, accuracy in
depth measurements is extremely important if erroi in compﬁtations of
related bed shear stress are to be minimized. In orxrder to achieve
accurate readings of local water surface levels and bed elevations,

an electronic point gauge was used which measured to an accuracy of

0.01 cm.

In stable channels, where there is no bed sediment in motion,
the bed-configuration does not change with time. Therefore, it is
assumed that the mean velocity at a point (as well as water surface
configuration) also does not change with time. Accordingly, at each
point of the reference grid (test section), longitudinal velocity
components were measured (LDA System) and 1ocal water surface eleva-
tions were recorded at these same points. Following each test run -
corresponding elevations for the bed were recorded (in the dry) at the

grid point locations.
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5.3 Reliability of the Theory

While the methodology adopted to estimate the bed shear
stress distribution in the test section is subject to a number of
errors, these errors can be minimized (as stated earlier) by in-
creasing the number of harmonics and/or increasing the period length

T in the analysis.

Errors are introduced as a result of the following observa-
tions: It is assumed, for example, that the first portion of the
system to be affected by the secondary currents is the upstream limit
of the bend section, and the pprtion over which the decay of secondary
circulation takes place terminates where the intensity of circulation

amounts to 10%Z of the original intensity.

In fact experimental observations indicate that secondary
currents begin to develop upstream from the bend entrance section.
Furthermore, the length of channel, in which the decay process takes

place, can be considered, theoretically, to approach infinity.

The aforementioned assumptions, therefore, would necessarily
lead to an underestimation for the actu%l perigd length I, with a
corresponding underestimation in boundary shear stress. Moreover,
point velocity measurements, water surface and bed elevation measure-
ments are not taken instantaneously, consequently small errors may be
introduced as a result of not taking velocity and elevation measure-

ments in the exact same vertical plane.
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Finally random perturbations in Doppler signal may occur

from time to time during the tests; this can result for example from

poor beam intersection and associated shift in the "measuring-volume'
zone in tﬁe flow field. This instability in the signal output intro-
duces errors in point velocity measurements, consequently a corresponding
error in the computed shear stress value is to be expected. However,

in view of the characteristically smooth and gradually-changing bed
profiles within the test section, it can be argued that small dis-
placements (of the actual point of measurement) from the true grid

point will result in negligible error.
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CHAPTER 6

DATA ANALYSES AND RESULTS

6.1 Introduction

As stated beforehand the laboratory programme consisted of
three series of tests on similar channel bend units having central
angles of 45°, 60° and 75° respectively. The initial (boundary) con-
ditions in each of the test series were similar; namely, flow was
over a uniform flat sand bed (d50 = 0.7 mm;o'=~2.05)*. After equili-

\

brium conditions were establishedin the test section the.-following
measurements were taken:

(i) point velocity measurements (LDA system) in that portion
of the channel in which secondary currents were a signi-
ficant flow feature;

(ii) water surface elevations; and

(iii) bed elevations.

In view of the close similarity of the three testssections, and the

same initial flow conditions used in all tests, the basic steady-

state flow patterns that developed in each test section, were similar and
hence the bbserved velocity and boundary shear stress distributions

were comparable also. Accordingly, for the purpose of presentation

and discussion of experimental observations, detailed results for

one of the test series (i.e., ebend = 60°) are presented in

Appendix C.1.

*
All experimental observations are available on request from the
Department of Civil Engineering, University of Ottawa, Ottawa, Canada.
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6.2 Bed Topography

The observed steady-state bed topography, for both straight
and curved portions of the test section, are shown in Fig.@l;l and
Fig.Cl.2 respectively for test series number 2.* The initial "flat
bed" elevation provided a reference line for subsequent measurements

ofillocal erosion and deposition of bed material.

For steady state conditions in the test section it was

observed that:

(1) maximum scour occurred near the outer wall of the channel

a short distance downstream from the bend section (for
test series no. 2 this amounted to -5.3 cm);

(i1) .maximum deposition, (+1.85 cm for this same test series),
occurred near the inner wall of the bend section; and

(1ii) longitudinal profiles of the stable sand bed, along any
path line (parallel to the channel centre line), are
smooth - i.e., they exhibit gradual change in bed elevation,

lengthwise, through the test section.

Use of a flow visualization technique (dye injection) indicated that
deposition occurs within a zone of flow deceleration -~ caused by flow

separating from the inner bank near the entrance to the bend.

At this point it is also worth noting that the third observa-
tion (above) strongly supports the argument for adopting the logarithmic
velocity distribution law when computing bed shear stress from point
velocity measurements - especially if such measurements are taken close

to the sediment/water interface and without disturbance to the flow field.

*
Stable bed topography for all experimental runs are presented in
Figs. 6.1, 6.2 and 6.3.

SRy

R )
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FLOW Ny

7

Fige 6.1 -STABLE BED TOPOGRAPHY.

Run number 1

Bend central angle © = 45°

Mean flow depth 4 cm
Froude number 0.49
Number of measuring sections 26
Mean radius to width ratio 3
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FLOW

77

Fig.6.2 -S5TABLE BED TOPOGRAPHY,

Run number 2

Bend central angle
Mean flow depth
Froude number

Number of measuring sections 26
Mean radius to width ratio 3

6 = 60°
4 cm
0.49
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/

Fig, 6.3. -STABLE BED TOPOGRAPHY,

Run number 3

Bend central angle 6 = 75°

Mean flow depth 4 cm

Froude number 0.49

Number of measuring sections 26
Mean radius to width ratio 3
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Fige 6.4 — Sand Bed Elevations.
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6.3 Water Surface Profiles

Water surface elevations, for the straight and curved portions

of the test section, are shown in Fig.CT.3 and Fig.Cl.4 respectively.

Values represent the recorded water surface elevations relative to the

initial horizontal water surface level. The following observations

were noted:

(1)

(i1)

(iid)

maximum superelevation of the water surface occurred near
the exit from the bend, (in the fully-developed turbulent
flow region), and had a value of +0.55 cm in the second

test series;

since erosion occurred over much of the bed in the test
section, most of the "steady-state" water surface elevations
had negative signs (i.e., the water surface was generally
lower than the initial water surface elevation at the be-
ginning of the tests), however local water depths, (Figs.C.1l.9
and Cl1.10), were approximately the same as the initial
values. This particular observation was supported by the
computed changes in the cross-sectional areas of flow and
the computed changes in sediment volume at any point in

the system (Figs. C.1.5,C.1.6,C.1.7,C.1.8)

the ratio of the "steady-state" cross sectional area of flow
to the "initial" flow area had two maximum values at bend
sections 3 and 4 and a minimum value atssection 19 in the

straight channel reach downstréam from the bend, (Fig.C.1l.1l1

and Fig. C.1.12)
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6.4 Bed Shear Stresses

Local bed shear stresses, which were computed from point
velocity measurements using the logarithmic velocity distribution
law, were expressed in dimensionless form (i.e., stresses were divided
by the uniform boundary shear stress value obtained for similar flow
conditions in a correspondingly infinitely wide channel. The observed
boundary shear stress distributions, for each of the test series, are

presented in Figs. 6.5, 6.6, 6.7, 6.8, 6.9 and 6.10.*

Inspection of these diagrams indicates two areas of maximum
shear stress and two areas of minimum shear stress in the test sectioms.
The former occur near the inner wall of the channel (at the entrance
to the bend) and near the outer wall (at the downstream end of the
bend) ; whereas the latter occur near the outer wall (at eﬁtry to the
bend) and near the inner wall (at the bend exit section). Moreover,
in general it may.be stated -that -¢hange in boundary shear stress.

(along the walls of the test section), takes place gradually.

Furthermore, in the straight portion of the channel (following
the bend section), bed shear stress tends to decrease along the outer
wall and increase along the inner wall until a section‘is reached
(some distance downstream from the bend) where the stress distribution

becomes more or less uniform across the bed.

These characteristicspatterns of maxima and minima stress
distribution in the test section can be considered manifestations of

the flow being deflected, diagonally, to and fro across the channel by

*.
Ty» the theoretical uniform bed shear stress value for an equivalent
straight infinitely-wide channel, is found to be equal to 0.073 gm/cmz.
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FIGURE 6.5

Shear Stress Distributions (T/To)

Run Number 1

Central Bend Angle = 45°
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FIGURE 6.7

Shear Stress Distribution (T/To)

Run Number 3

Central Bend Angle = 75°
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Fige 6.11 —Zones of Maximum and’Minimum Bed Shear Stress
in the Bend Sections (Flow From Right to Left)

Fige6,12 ~Zones of Maximum and Minimum Shear Stress

in the Straight Reach Immediately after the
Bend (Flow From Right to Left)

e
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the wall curvature in the bend section. Moreover the portion of the
straight channel section (downstream from the bend), in which an
essentially uniform stress distribution is re-established, represents

the fiow zone where decay of secondary circulation takes place.

In comparing Figs. 6.9 and 6.2 it should be noted that
zones of maximum shear stress on the bed correspond closely to zones
of maximum scour; also zones of minimum shear stress are compatible

with areas of maximum deposition of material in the test sectionms.

It is also clear that the maximum value of bed shear stress
occurs near the vuter bank, (at bend exit), where the forced vortex
law can be reasonably applied for determination of local longitudinal
velocities. Furthermore, it was noted that this maximum value in-
creased as the bend angle increased. This can be expléined by the
fact that the flow becomes fully developed (i.e., has a uniform

velocity distribution in the main flow direction) at larger bend angles.

6.5 Stochastic Analysis

The dimensionless shear stresses, presented in Fig.C2.3-.
were obtained using stochastic-type predictive models. Finite Fourier
Series, Autoregressive and Moving Average Models were employed to pre-

dict shear stress on thebbed along any path parallel to the channel

centre line.

Since the computational procedures used in a test series

were the same for all tests, a general discussion of the procedures is
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included in this section. However, in view of the similarity in data
obtained for the various tests, only detailed results for pathline

no. 1l; test series no. 2, are presented as a representative example
and afe tabulated in Appendix C.2. In addition, a summary of the main

characteristics, for all paths in each of the test series, is pre-

sented in Figs. 6.13 and 6.14.

6.5.1 TFinite Fourier Series

The "analysis of variance" table (Finite Fourier Series
Model) for the selected test series is shown in Eig;ciZQZ; The vari-
ables shown were calculated, for the different harmonics chosen, using

Equations (3.2.3.2).

Reférring to Fig. C.2.2 it was noticed that thevvariance of
the chosen series could be explained by increasing the number of har-
monics (a number of harmonics equal to half the total.observations in
the path is required to explain all the variancé(Z?).However, for
practical application of the method, it is believed that a number of
harmonics which explains about 80%, or more, of a series variance is
adequate for dimensionless bed shear stress prediction. Accordingly,
in this instance, a number of harmonics = 4 was considered suitable
for predictive purposes (since this gave an explained variance of
96.1%). It was felt that the increased amount of explained variance
(obtained from a corresponding increase in the number of harmonics
employed) did not warrant the related increase in calculations required.

Furthermore, by comparing the estimated and measured values (Fig. C.2.3)
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Fig. 6.14 - Dimensionless Shear Stresses
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for different numbers of harmonics it was clear that the selected

number of harmonics, (i.e., 4 for that particular path line), was

valid.

A correlation analysis, with a confidence limit of 957 for
path line no. 1, is presented in Fig. C.2.4. Similar analyses for all
path lines are shown in Figs.63215b to §429b. It is clear, from these
data, that the correlation of dimensionless bed shear stress values
is significant only at small length lags. This, in turn, reflects
theddependen;e of each bed shear stress value on its "neighbourhood"

values of bed shear stress.

The spectrum and smoothed spectrum for path line mno. 1 were
calculated and are shown in Fig. 6+30. A peak value at the third har-
monic in the periodogram is observed. Furthermore, a decreasing trend
in the rate of explained variance (as the number of harmonics increases)
reflects the fact that observations along this particular path line
have a periodic structure. Moreover a study of the spectrum within the
95% confidence limit indicated that an increase in the number of har-
monics, over four, is not warranted for the purpose of series analysis
(Fig. 6.30%). This spectral analysis was based on the assumption that
the red noise Markov spectrum could be used as an appropriate null
continuum; this is because the hypothesis: that the population cor-
relation coefficient Py is as small as zero, was tested and rejected
using Fisher's method and performing z-transformation (at a 0.05 level
of significance and using a one-tailed test of the normal distribution).

Based on the spectral analysis the choice of 4 as the harmonic number
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strongly supports the use of the selected number which was obtained

from the analysis of variance table (Fig. C.2.2).

6.5.2 Autoregressive Models

Another type of numerical model investigated was the Auto-

regressive model. The order of the mddel, that best fitted observa- i
tions along path line no. 1, was determined from a study of the partial ;
autocorrelation function, Fig. 6.31. The second-order autoregressive

model was found to be the more appropriate model for this particular

study.

The complex roots of the characteristics equation, if the

second-order autoregressive model is adopted, reflect the following

facts:

1
1
i
|
(i) the second order (AR(2)) model displays pseudo periodic ?
behaviour; {

(ii) this behaviour is reflected in the autocorrelation function !
i

(the autocorrelation function then is damped sine wave with
0 < phase < 90); and

(iii) this condition means that the autocorrelat&on starts by
being positive for a few length lags and then is damped in

a typical sine wave profile (Fig. C.2.7).

The spectriims of AR(l) and AR(2) were analyzed. It was noted that the
spectrum damps out more or less exponentially if the AR(1l) model is
used. However, it shows a large pwoportion of the series wvariance

(accounted for by the frequencies) in the neighbourhood of the most

significant frequency, in the series analysis, if the AR(2) model is

used.
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6.5.3 Moving Average Models

First and second order moving average models were used to
predict dimensionless shear stress at any point on any path parallel
to the channel system centerline. The parameters of these models
were estimated from the observations, and the results, for path line

no. 1, are given by Fig. 6.13&.

The spectrum analysis indicates that both MA(1l) and MA(2)
converge to satisfy the stationmarity condition for the process. The

spectrum analysis table, for path line no. 1, is given in Fig. €:i2.9.

In view of ;hese general comment; and observations it would
appear that eithér a Finite Fourier Series Model or an Autoregressive
model (AR(2) is suggested) could be used to predict bed shear stresses
in a movable bed channel test section similar to the oné considered

in this particular study.

Since bed topography and water surface configurations are
essentially functions of local boundary shear stress, it is believed
that their values can be determined in the same manner as bed shear
stresses were determined in this study (i.e., knowing the initial

values and employing similar models).
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CHAPTER 7

CONCLUSIONS AND RECOMMENDATIONS

A major objective of this study was the development of a
comprehensive numerical model to facilitate prediction of the stable
boundary shear stress distribution (and hence the stable bed configura-
tion) in the test sections of the experimental channel - each consisting
of a bend followed by a straight channel reach. The assumption was
made that bed shear stress distributions in the study sections could
be determined using stochastic-type predicéive models.

In view of the limiting boundary conditions imposed in the
study, concepts were introduced which lead to simplifications in what

would otherwise be complex analyses. These concepts may be summarized
as follows:

1) Secondary currents, associated with flow in an open channel bend,
are generated at entry to the bend, develop within the bend section
and have negligible effect on the hydraulic properties of the channel

flow after a limited distance along the straight reach immediately

following the bend.

2) For wide chanmels (i.e., those having large width to depth ratios),
in which bends also have large radius of curvature to channel width
ratios, the distribution of longitudinal velocity components and of
turbulent exchange coefficients within a bend will, as a first approxi-

mation, be similar to those for a corresponding straight reach of

channel.

e
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With regard to the experimental programme the selection of
the measuring techniques employed in the tests was governed by a
desire to minimize, where possible, experimental error in the observa-
tions. Accordingly, in view of the remote-sensing concept associated
with the Laser Doppler Anemometry system, this instrumentation was
adopted for point velocity measurements in the flow field. Moreover,
the methodology used to determine bed shear stress distribution in
the study sections took into account change in the value of von Karman's

coefficient (K) with location in the cross section.

The following are the main conclusions drawn from a review

(and comparison) of results obtained in the numerical and experimental

studies:

1) For the stable-bed condition considered in this study of bed shear
stress distribution in an open channel bend, the zone of maximum shear
stress occurs near the outer wall of the bend and towards the dewnstream
end of the bend. Moreover the maximum valfie increases, and its location
tends to move downstream, as the length of the bend section increases.
This trend might be explained by a similar tendency of the zone of flow
separation (at the inner wall of the bend) to move downstream with in-

creasing bend length - thereby causing the zone of accelerated flow to

move downstream also.

2) At the bend exit section the longitudinal velocities tend to in-
crease 1in proportion to the radii of curvature. This tendency increases

as the length of the curve increases in a zone where the flow is

essentially fully developed.

PRS-
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3) A basic assumption: that bend secondary currents are effective

over a length of chamnel bounded by the bend entrance section (upstream
limit) and a section in straight reach following the bend where residual
circulation amounts to approximately 10% of the original intensity
(downstream limit): appeared a valid concept for all practical pur-
poses. This was supported by the observed (essentially uniform) bed

topography and absence of superelevation of the water surface above

and below these limiting sections.

4) Within this zone of influence (as defined in 3, above) the analyses
performed, using linear autoregressive and moving average models, in-
dicated that change in bed shear stress, along any path parallel to the

channel system centerline, could be considered as stationary.

5) The mean value of dimensionless bed shear stress, along any path

line, increases linearly as the radius of curvature increases, Fig. 6.14.

6) Of the various models considered, the stress distribution prediction
obtained using the second order autoregressive model gave the best over-
all results. The roots of the characteristic's equation were found to

be either complex or real — which indicated that, along any path, the
change in boundary shear stress is periodic with an autocorrelation
function of damped sine wave (in the case of tﬁe former) and damped

exponential wave (in the case of the latter).

7 Bed shear stress distribution in the system can be predicted, with

reasonable accuracy, using a finite Fourier series (stationary stochastic)

model;
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8) For design purposes a minimum number of harmonics is suggested,
Fig. 6.13, to provide an acceptable explained variance in the analysis.
Design charts, such as that presented in Figs. 6.32 and 6.33, could be
prepared to supply the constants in the Fourier analysis for any

required accuracy in the prediction exercise.

)] The minimum number of harmonics required depends on the point
location in the system (where shear stress is to be determined) as well
as on channel geometry. TFor example, the number increases as the point
approaches the inside wall of the bend and as the bend angle decreases.
This may be explained by the large-scale flow pattern in the bend section;
namely that the main stream separates from the inner wall (at entrance to
thebend) , is forced towards the outer wall by centrifugal action and is
then reflected back across the channel towards the inner wall downstream
of the bend before the decay process is accomplished. As a result bed
shear stress, being a function of local velocity in the flow field, is
subject at the inner bank to a decaying wave of frequency larger than

the frequency of the decaying wave at the outer bank of the bend section.

10) For stable open channel systems, that contain bends which approach
the geometry of the test sections considered in this study, the general
distribution of bed shear stress (and related bed topography) in the

bends can be predicted, with reasonable accuracy, as follows:

(a) Determine the effective bend angle and define the location
of the data points (selected grid pattern) in the study
section; (i.e., the distance from the inner bank to a point,
(b), and the distance from the bend entrance section to the

point, (L)).




(b)

(c)

(d)

(e)

()

(g)

- 134 -

From the relevant field data (channel and flow characteris-
tics) determine the overall length (T), (Eq. (3.1.1.39)),
of each of the longitudinal path lines contained in the
grid which, taken together, define the effective zone of

influence of the secondary currents in the system.

Divide the path lengths into a number of subdivisions, ND,
so that the mean subdivision length N along a path is given
by: N = T/ND and count the number of subdivisions (Ne) up

to the point in question, i.e.,

Ne = L/N

Determine the transverse width parameter (Bd) for the point,

where
Bd =b/B ; (B = channel width)

Calculate the dimensionless bed shear stress value from

Fig. 6.14.

Employ a design chart (e.g., Fig. 6.32) to determine the
recommended number of harmonics to use, (to achieve the

desired accuracy), as well as the phase and amplitude of

each harmonic.

Use Equation (3.2.3.2) to predict the dimensionless bed
shear stress value at the point in question (i.e., relative

to the uniform bed shear stress value for an infinitely wide

channel condition).

-
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Recommendations for Future Research

The present study was limited to an investigation of the
effects of secondary currents, generated in a single channel bend, on

the stable bed shear stress distribution (and related bed topography)in

the vicinity of same.

A single bend configuration was adopted to isolate the flow,
entering and leaving the test sections, from residual bend secondary

flow mechanisms that would otherwise exist if the test sections were

to include two or more bends. While this arrangement obviously simpli-

fied the problem, from both an analytical and experimental viewpoint,
it also limits, to some extent, the applicability of the predictive

model to field situations where conditions approach those examined in

the study.

Therefore, in view of the meandering nature of most alluvial
river channels, it is recommended that this work be extended in the

future to include the "multiple-bend" condition.

Another limitation imposed on the study was the stable bed
condition examined. (It should be noted that this condition was, to a
large extent, necessary since applicatioﬁ of the Laser Dopp}er Anemo-
meter System (point velocity measurement) is virtually restricted to
"clear-water" flows). Accordingly it is further recommended that, for
comparison purposes, future work in this area should examine the be-

haviour of such systems under dynamic conditions (i.e., sediment in

motion).
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Appendix (A)

Measuring point velocity with Laser Doppler Anémometer
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MEASURING POINT VELOCITY WITH THE LASER

DOPPLER ANEMOMETER SYSTEM

Experimental fluid mechanics has, for many years, made use
of mechanical measuring probes to obtain information on fluid velocity.
Total-pressure probes, in conjunction with static-pressure probes,
have prqvided the principal means of measuring mean velocity and hot-
wire or hot-film anemometers the principal means of measuring instan-
taneous veloqity. The limitations of these instruments when, for
example, measuring velocity near solid boundaries or near the water
surface have emphasized the need for an alternative (remote sensing)
measurement technique. An example of such a technique is the optical

sensing method empioyed in the Laser Doppler Anemometry . System.

While the application of this particular measuring technique
is limited to certain flow categories and boundary conditions it,
nevertheless, has one major advantage over all other "direct'" sensing
methods, namely: the fact that the region of the flow field being
studied remains undisturbed. This, in turn, removes inherent errors
associated with the physical presence of a probe (however small) in

the flow.

In essence the technique works on the following principle:
the instrumentation7which is positioned outside the test section,

directs a laser beam at a point in the flow and the light scattered,
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by small particles suspended in the fluid, contains information that

can be related to the velocity of these same particles.

Although the frequency of the scattered light waves (from
the particles) is different from the frequency of the directed light
wave, there is a vector relationship between these frequencies and

the local velocity of the particles, namely:

= 13 -
£ = £, +3V (e, ~ ;) L

where

f = frequency of scattered light,

f, = ffequency of incident 1light,

e = unit vector in the scattering direction,
ei = unit vector in the incident direction,
v = velocity vector,

A = wave length of incident light.
The frequency shift is equal to the Doppler frequency, fD;

and thence
f=-1-7(e—ej (2)
D XA '‘s i

Therefore, the Doppler frequency is directly proportional to the

particle velocity (Equation 2).

The optical technique employes the interference pattermns
produced by the equipment to facilitate determination of the particle

velocity (by measuring the "transit time" of a particle across a
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Fig. A.l1l.b Measurements using the differential-Doppler mode on forward
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Fig. A.l.c Measurements using two seattered light beams with forward

scattering (Dual-~beam Mode)
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Fig. A.1l. Modes of Operation




arrangement Fige A.2 represents a typical Laser-Doppler anemometer
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known number of interference "fringes'"). These interference patterns

are formed in three ways and are referred to as the "dual-beam" (or

fringe), "feference-beam'" and "two-scattered beam" modes (Fig. A.1).

Whichever mode is used, a Laser-Doppler anemometer comprises
a light source (which is always a laser), optical arrangements to

transmit and collect light, a photocathode and a signal processing

and identifies the various components. The laser is a source of co-
herent light of appropriate intensity, as indicated on the figure, its
beam may be split into two parts which cross to provide an interference
pattern in the local region of the flow where velocity measurements

are required. Part of the volume of interference is observed by a
light-collecting system and imaged on a photodetector. The photode~
tector converts the optical signal to an electronic signal which is,

in turn, processed by an appropriate signal-processing arrangement.

Fig. A.2. Laser-Doppler Anemometer System
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A DISA Laser Doppler Anemometer System (type 55L) was used
to measure velocity in this study. The system included the following
basic units: (i) optical unit (type 55L01); (ii) photomultiplier
(type 55L1B8); (iii) doppler signal processor (type 55L20); (iv) high
1 voltage supply unit (type 55L15); (v) signal conditioner (type 55D26);

(vi) digital voltmeter (type 55D31); and (vii) R.M.S. voltmeter (type
E 55D35).

(44)
: It was established that the laser source should be a con~-

tinuously luminous type with a coherence length of not less than 20 cm

and with a low noise factor, therefore a 5 mW Helium~Neon Laser

(Spectra-Physics Model 120) was installed in the system.

The operation mode selected for the study was the "Differential-

Doppler" (forward scattered light) mode, see Fig. A.l.bw
. .

-

With this particular mode of operation the optical unit

(Fig.A.4) focuses,via two beam adjusters, the laser beams at the required

data point in the flow field. The beam adjusters age two glass wedge

. ° Rear refleg&ing
plates (with wedge angles of 3°) Beam adjusters rror

positioned next to each other, ﬁFgfj;Biprism

but with their direction of : —'E::::i =

taper at 90f to one another. Lens " 4 J~~surface mirror
.The wedée plates can be rotated Housing

by using two micrometer screws, Fig. A.4 Diagram of the Optical Unit.

a 25 mm movement of a screw

turning a wedge plate through 40°. This micrometer adjustment ensures

a high resolution of beam adjustment for perfect beam intersection.
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The photomultiplier (Fig. 4) has the function of detecting
the doppler shifted light scattered from the point of measurement.

It consists of a collecting light tube and a PM-tube containing a

photocathode, an electro-

View finder

optical input system, a Shutter
secondary emission multi- \\\
Housing — :::}
Ly
plier, and an anode. PM tube | z
e
Because the PM- Pin-hole

ube
tube is very sensitive to

light, it is protected by a Fig; A.5 Diagram of the Photomultiplier.

housing (Fig. A.5. The B

builtdin shutter is controlled by the knob at the end of the housing
and protects the PM-tubes photocathode from exposure to_ the intensive
laser beam while setting up the LDA system.

The pin-hole aperture unit prevents undesired light from
hitting the PM~tube during measurements, thus optimizing the PM-tube
signal quality. The objective mounted on the view-finder tube is
focussed on the point of measurement in the flow. Adjustment screws
on the pin-hole aperture unit make centering of the scattered light on

the pin-hole center possible.

In the PM-tube, photoelectrons from the desired area of the
cathode must be guided onto the first dynode of the‘secondary emission
multiplier with the maximum possible efficiency. This is achieved by
the optimization of the cathode to first dynode geomet;y, and the

maximization of the collecting field. Photoelectrons impinging on the

Objective
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first dynode produce a number of secondary electrons which are

accelerated onto the next dynode of the multiplier where they, in

turn, produce secondaries. A potential gradient is maintained between

the successive dynode stages, by means of a suitable resistor chain.

The last dynode is in the form of a shallow box, within which
the anode mesh is stretched. Electrons from the penultimate dynode
pass through the anode mesh to strike the last dynode, the low energy

secondaries produced are then collected at the mesh.

The Doppler signal processor contains the circuits of pre-
amplifier (Type 55L30), Frequency tracer (Type 55L30), and meter unit
(Type 55L40). 1Its purpose is to provide a Boppler signal, corresponding.

to mean flow velocity, with minimum noise. The Doppler signal can be _
Frequency discriminator

filtered by using the pze-

fD . (QKFéA) flr Limiter IF/B(QB’fo)
amplifier circuit. This Dgp-’ Mixer " CA, o —> 1 Limiter II
pler
in- Ph C .
circuit has two électroni- -0 \ » ase Lomp
put v
; !u
cally switched filters for fVCO Drop-out Gate
Detector
"top cut" and "bottom cut'"
. CR
of signal. VCo e <:§§EE:}&— Integr,T
Then, in the fre-
Meter S
- nalog output 4
quency tracker (Fig. A.6) analog outpu

Fig..A.6 Block Diagram of the Tracker.
the incoming Doppler '

signal at a frequency which varies with time, is combined with:the out-~
put of a voltage-controlled local oscillator in a mixer stage. The

output signal at the difference frequency is narrow-band filtered
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(by IF/A), to remove as much noise as possible, then passed through
Limiter I, in order to remove amplitude fluctuatiomns inherent in the
Doppler signal, and thence to a sensitive frequency discriminator.

This provides a DC output (u) pwoportional to IF frequency deviation
from a fixed center value fo, after suitable smoothing with a long

time constant To’ and DC amplification, the resulting error voltage v

is fed back to the control input of the VCO. The result of the feedback
is that, provided a suitable value of loop gain is chosen, the
oscillator frequency tracks that of the Doppler signal, maintaining a
nearly constant difference equal to fo. Thus voltage v provides an

electrical analogy of "instantaneous' Doppler frequency, and hence of

flow velocity.

The frequency discriminator consists of a second IF filter

IF/B (also tuned to fo) together with Limiter II and a Phase Comparator:
IF/B selects only the fundamental (sinusoidal) component of the rec-
tangular wave form delivered by Limiter I; the second IF circuit is
arranged so that its output lags the input by 90° at resonance, and

by more at higher frequencies and less at lower frequencies, the phase
lag approaching zero at low frequencies and 180° at high frequencies.
The Limiter II generates.a rectangular #aveform of géfined amplitude,
similar to that from Limiter I, and the Phase éomparator performs a
simple analog multiplication, its output is therefore a rectangular
wave, fundamentally at twice the IF frequency, whose mark/space ratio

varies with the phase difference of the inputs. The mean DC level u

of the output is proportional to (%ﬁ— @), where @ is the phase lage

L
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introduced by IF/B. Thus u (and hence v) is positive for IF fre-
quencies below resonance, negative for frequencies above resonance
and zero if £ = fo' Provided the oscillator operates at a frequency
higher than the Doppler signal, thezamplified (non-inverted) voltage
v is then the correct sense to give overall negative feedback, at

least for slow modulation of the Doppler frequency.

The Signal Conditioner has the function‘44)of converting
an anemometer output signal so that the parameters of interest will
stand clearly, whereas undesired signal components are suppressed.
It may be used 4)as a filter, amplifier, zero suppressor, and summing
and subtracting metwork. 1In this study it is used as filter of the

anemometer output signals.

Two voltmeters have been used, Digital voltmeterﬁéa) for
mean flow velocity measurements, and RMS voltmeter§44) for turbulence
level determinations. In the digital voltmeter, a built-in filter,
(switchable in 7 steps), provides a choice of time constants between
0.1 and 100 seconds, thus permitting measurement of the mean value
(and hence the mean flow velocity) of a signal from turbulent flows.
On the other hand, the RMS voltmeter has 12 ranges between 1 mV and
300 volts and operates over the frequency range from 0.1 Hz to 400 kHz.
The maximum permissible crest factor at full scale is 5, at smaller
deflections it may be proportionally higher (for example 10 at 507% of
full scale, etc.) without introducing distortion. Six different in-

tegrating time constants between 0.3 s and 100 s are available.
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Appendix (B)

Computer program listing
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Appendix (B-1)

Computation of bed shear stress from point
velocity,amount of sediment scoured and
deposited,and cross sectional area at any
point in a system of"N'"curved channels

separated by straight channels,
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2b FORP-AT(/oFEb/(.IQ..l?X.I5. X.F(‘).?‘IOXQF6.2'7XQF6.2’7XQF602)

26 FCRMAT(//+17X43¢CURVED CHANNEL NCe? ¢3Xs?NCe OF CROSS SECTION®,,3X,°C
CRUSS DISTANCE® 3X, "WATER LEVEL®s3X*'BED LEVELY 43X WATER DEPTH?®,2(
C/Z+17Xs38(%%%)))

27 FORMAT(F10.2)

28 FORMAT(8F10e7)

29 FUORMAT(2F1042)

31 FURMATI(2110)

32 FORMAT(I110)

611 FCRMAT(1S5X+12¢8X41248(4X,Fua2))

612 FORMAT( %1% ,///311Xs"STeCH.NMNe NDeCReSEe BED LIVIL WATZIR LEV FREQJS
CN?} RMS QUTER Y oUTER X INNER Y INNER X%42(/411X, 97('*
c? )

613 FORMAT(*17%4///+11Xs'CUCHeNT s NOCReSEse BED LIVIL WATIR LZV FREQUS
CTE{) KRMS OUTER Y OUTEK X INNER Y INRER X1 42(/s 11X,97( "=
C

61 3(*'%%)))
5 1

FORMAT( Y1 o ////77+s60Xs *IRUN CINSTANTS? ,2{ /7,86 + 13
29/ 20X "NIJMZER OF CU
F

4 0Xsl
S FORMAT(//+20Xs *NUMBER OF STRAIGHT CHANNFL=',12,
CRVED CHANN&LS"cIZo/oZOX.'4’\0 OF WATER CVER V-=NITCH=?,
CP*INITIAL LEVEL OF SAND IN TH:l RUNZ1,F6Ge89/+20X,

De

Ko *FLUME BZID LEVEL=',
CRECe2¢/+20Xs *INITIAL WATSER SUIMACE LEVELZ=? 3F3.2,/+20Xs'"RADIUS TO A1
COTH RATID=',FAh42)

616 FORMAT(/4+20Xs*RADIUS OF CURVATURES OF CURVED CHANNFLS IN THRE RyUN=®
Ce2(F1042+5X))

617 FORMAT{20X+'STRAIGHT CHANNZL LENGTHS=?43(F10.243)

24+5X}))

€18 FORMAT{ 20X+ *CENTRAL ANGLFS OF CURVED CHANNELS=?',2{F10¢2+:5X))

619 FURVMAT(20X s *NUMBER OF LONGITUDINAL SUBCIVISION S IN STRAIGHT CHANN
CELS=?'+3(110+5X))

€21 FORMAT(ZOX;'NUMBER CF LUVQXTUDIVAL SUQDIVIGIUVS IN CUPVED CHANNZLS
Cte2(110,5X

622 FORMAT(20X+*NUMBER OF CROSS SURDIVISIONS IN STRAIGHT CHANNELS=", 3!
CI10+,5X))

623 FORMAT (20X *NUMBER UOF CRCSS3 SUBDIVISIONS IN CURVED CHANNILS=*,2(11
CO+5X))

624 FCRMAT(20X+ *LONGITUDINAL SURBDIVISINN LENGTHS IN STRAIGHT CHANNELS
CARE ' 4/ 930X+ "NCe OF STRAIGHT CHANNECL NUe OF CROSS SECTION LONSL .
C DISTANCES? +/ 930X +63(%5%10))

626 FUORMAT(40X+I24+420X4s12917XsF0e2)

c27 FORMAT{(20X*LONGITUDINAL SUSDIVISICN ANGLES IN CURVED CHANNELS
CAREZY 3/ +320Xy*NQCe OF CURVEZD CHANNEL N0« OF CRIOSS SECTION CENTZA
CcL ANbLiS 2/ +30XeH1(%%))

€28 FURMAT( 20X 'CRUSS SUEBDIVISICON LENGTHS IN STRAIGHT CHANNILS ARS2 ',/
Ce30X+*"NOe UF STRAIGHT CHANNEL NOe 0OF SELTIbN'.OX.’CPD S SuyDIvVIS:
CONS® 4 /430X 73( %))

629 FORMAT(20X+'CRESS SURDIVISIOCN LENGTHS 1M CURVED CHANNELS ARE2I Y,/
Cy30Xe*NDs CF CURVED CHANNFL NU. CF SECTION!' 60Xy *CRUSS SUBNDIVIST
CONS?® 4/ +30X+73(2%0))

631 FGR%AT(4UX.IZ.20A;I?p5Xo7(c4ol.?X))

632 FURMAT( Y1 y//7/7/77777)-
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NN=MW§S
MM=NSL
READ (K
DO SO

NN=N¥S

U s~ {0

N e g b S
[T

OS(I’J’K)N( 1sNN)sJ=1,MM)

Z
Z
i
rd
-
Zr\
n=

MM=NS
READ(
DO 11
NN=NW®
MM=MNS

o~ -

;!S(I,J‘K) s K=1 o NN) s J=1 4MM)

s~
2~

)S(DS(I’JQKJ sK=1sNN)sJI=1,MM)

xr@oxrmoxrmoxr
Z"'l

Pt s s~

IS{IsJeK) o K=13NN) yJ=1 4 MM)

2~
N x

NN=NJY
MM=NS
READ (i
DG 14
NN=NW

o Y

REQCLIIvJsK)sK=14NN) s JI=1,14)
C

L ]
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MM=NS
RrAD(
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PRIMT OUT THE DATA GIVEN AS INPUT

REFEFIRRRRFFERFEIF SRRk whhdhd i ids®

WRITE(K2+614)
WRITE(KZs61SINSeNCeH s CIlsCINBWS,RAT
WhITE(K2:618)(RIT)I=14MC)
WHITE(KZ:617)(SLITI)eI=1,4NS)

RMSS( ToeJeK)esK=14NN),,J=1 s M)

VOLTS({IsJsK)sK=1sNN) s JI=1,M1)

RMSC{IeJsK)sK=1,4NN)yJ=14MM)

OLTC({TsJsK) e KS1oNN)YyJ=1,4MM)
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150 WRITE(KZOGI%)(CA(I)'I:'IGNC)
#1551 VRITE(K2,619)(NSL{I)T=1,N5)
H152 WRITE(KZ2+:621)(NSC{I)sI=14NC)
A153 WRITE(K2+622)INWS{TI)s1I=1,NS)
R154 WRITE(K2,623)(MNWC{I)s1I=1,NC)
JH155 WRITE(K2,632)
‘1%156 WRITE(K2+,624)
X157 DG 650 I=1,,NS
¥158 NN=NSL{ 1)
< §159 DO 650 J=1,NN
®160 WRHITE(KZ2+s620)14J+0DSL(I,4)
|16l 650 CONTINUE
1@162 WRITE(K2,632)
$163 WRITE(K2,4,0627)
;164 DD €60 I=1.NC
#1165 NN=NSC(1)
2106 DG 660 J=1 NN
B167 WRITE(K2:626)143J+0SCLI,4)
HMio8 660 CUNTINUE
169 WRITE(K2+,632)
W®i70 WRITE(K2,628)
Hi71 DO 670 1=1,NS
172 NN=NSL(I)+1
2173 MM=NWS(T) .
. HM174 DO 670 J=1.NN :
: g175 670 WRITE(K2+s621)I3J+(WSL{LsJeK)sK=14MM)
: Hq176 WRITE(K2,632)
. 77 WRITE(K2,629)
{ 178 DO 6830 I=1,.NC
i 179 NN=NSC(I)+1
: 150 ME=NSC(I)
31 DD 580 J=1,NN
;s 2 680 WRITE(KZ24+631)T14Js(WSCLTIosJeK)sK=1,4,MM)
1 13 WRITE{(K2,612)
1 34 D08 o0l0 I=1+NS
;] 35 NN=RNSL{TI)+1
W 56 MM=NWS{I)-1
137 DO €10 J=1.NN
1 38 WRITE(K2+611)I3JsHBSTT9Js1)sHES(IeJsl) ,
13l <9 DC ©30 K=1,MM
190 M=K +1
191 WRITE(KZ2e611)I 9 JeHBS{I sJeM) e HWS(T 4 J JeM) s REQSIT 3 JsK)IsRMSS{I0JesK)sYDS
- C(IOJ'K)'XOS(I'J'K’!YIS‘I.J’k)oxlq( IsJdeK)
o2 630 CONTINUE
;i G3 WRITE(K24+611)T9JsHRS{TI vJs7) s HWS(TI4J,7)
;o4 610 CONTINUE
B WRITE(K2.613)
DC &L20 1=14NC
NM=MSC(T)+1
MM=N&C(I)—-1
DU 20 J=1 NN
WEITE(RK2 3511 )T 0 JoHOCTI TS5 1)oHWC{TeJrl)
DC 640 K=1 4MM
A=K +1
hFlTE(KZ.Gl])IoJcHFC(I'JnM)oHﬂC(IoJ!U)'PEQC(IOJIK)-QN5C(IQJ'K)'Y::
ClIsJoR)aXOC(Iods®D)oaYTIC(I gy JoK)oXIC(IvJoK)
€40 CONTINUE
WRITZ(K24611)1, JcH*L‘IiJo7)0H%((!9J'7’
620 CUNTINUE
c

A e
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*******#**********#******#***#*#**#*#****#t****##*#***##*******i::
RUN CONSTANTS

e I I Y P Tt sttt **************#**#***** +x2

W=12.%2.54

PI=22e/7

C=w/2.,

Q={Be/15)%0e62HTAN((30.3PI)/180e)* [ (2+208] ) %50 e5) ([ kx 2e3)
BI=CIB-ClI

STD=2,02S5 - -
RUC=1,/981.,

GMA=1 .0

e T I F L P ******##*#***¢*##*****#$$::

MENAE

SCOURED AND DFPOSITED AREAS

LR 2 2 T R T N R R R P P P Ly SRRk ARk Rk bRk kg
DO 192 I=1.,NS
NN=NWS(I)+1
MM=N3L(I)+1
DO 190 J=14,MM
DO 199 K=1 4NN
HBS(I‘JoK)=CI—HBS(IoJ‘K)‘
HUSIT s JoKI=WS=HEWS{I+sJsK)
CUNTINUE
WRITE(K233INS,NC,RAT
WRITEZ(K2:4)
DC 191 I=1sNS
NN=NWS(I)+I
MY=NSL{T)+1
DC 191 J=1 ..MM
WRITE(K2s5)TsJe(HBS(TIsJsK)sK=14sNN)
CONTINUE
WRITE(K23:Z)INSsNCIRAT
WRITE{(K2+6)
DU 192 1I=1,NS
NMN=mMNwS{1)+1
MM=NSL(TI)+1
DO 192 J=1 M
WRITE(K2¢35)1eJ s (HWS{IsJeK)sK=1,NN)
CONTINUE

DO 550 I=1.NS
NN=MWS(I)+1
MHA=NSL(I)+1

B5S(IeJeK)=CI+CIR
WS{T edeK)=WS+CIHY

HBC(I =~HEC(I+JsK)

I
WS=HWC (T sJeK)




2090

194

195

u
o)
o

163

240
230

1906

- 170 -

CONTINUE
WRITE(K2
WRITE(K?2
DC 194 1
NN=NWC( I
MM=NSC(I
DC 194 J
WRITE(K2
CUONT INUE
WRITE(K2
WRITE(K2
DO 195 1

1

1

J

2

NS+ NCsRAT

4
N

]
*
)
)
B

Gt

M .
e Js (HBC{1sJeK) +K=1,4NN)

NMN=NwC

zZ
O

I
NN=HNWC{1
MM=NSC (I
DO 560 J
DO 560 K
HYWC (T sJo
HRC{IvJo
CUONT INUE
po 210 1
NN=NSLAT

KY=-WwsS+ClB
K)=CI+CIB

CG
o ®

XA=0.

KK=NNS(I) .

DG 220 K=1 KK

AS(I+sJ44K)= Ooo*((HDS(I.JoK)+HPS(IoJoK+l))*NQL(I-J'K))—WS (TeJdeXK)IxZI
XA=XA+AS{I+JsK)

ASH{IsJ)=XA

WRITE(K2+3)INSsNCIRAT

WRITE(K24+9)

DO 193 I=1.NS

NN=N%WS{(1I)
MM=NSL(I)+1
DO 193 J=1,MM
WRITE(KE.I1)IngASN(I‘J)o(AS(IcJ-K)-K=loNN’

KK=NWC(I)

XX=0e

DC 240 K=1¢KK

AC(I13JeK)I=0eD%({(HBEC(TsJsK KY+HRC(IsJeXKt+1) )% HWSCL T o JoXK))=WST(T s deR)#.
XX=XX+AC (1 JeK)

ACN(T 4J)=XX

WHITE(K2s3INS,NC,RAT

wWRITF(K2.12)

DC 196 I=1.NC

MM=NSC(T)+1

NN=NwC( 1)

DO 196 J=1,MM
WRITEA(K2s11)14JeACNIT s J) o {AC{TI+JsK)sK=14NN)
CCNTINUE ‘
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SCOURED AND DEPSITED VOLUMES

Ry B g R Y L N T T T L L L LI T T e

‘alslalalalal
N

$313 DB 250 I=1.NS

314 KK=NSL(I)

i315 DO 250 J=1,KK

316 XV=04

317 KX=NWS{I)

318 DO 260 K=1,KX

§319 ASIIeJ4yK)=0eSO0R{AS{I sJeK)+ASIT s J4+1,4K)IEDSLA(I +J)

41320 260 XV=XVH+AS(IsJeK)

: 250 ASN(I¢J)=XxV
WRITE (K24+3)INSsNCsRAT
WRITE(K2,13)
DO 197 §=1,NS
NN=NWS(1)
MM=NSL_ (1)
DO 197 J=1.MHM
WRITE(K2+11)T1+JsASNIT4J) s (AS(IsJeK) sK=1,NN)

197 CCONTINUE

DG 270 I=1,NC
B{I1)=R(I)—w/2.
KX=NSC({1I)
DO 270 J=1+KX
KG=NWC{ 1)
YV=0.

DO 280 K=1,KG

IF(KeEQel1)GUTO 101

KK=K=-1

SUM1=0,

sSui12=0,

DO 290 KC=14+KK

SUMI=SUMTI+wSC
290 SUNMI2=SUM2+wSCH{

BII)=B(1)+0.5%
101 RR(IsJdeKI=RB{I)

AC(1, K)I=0aD%
280 Yv=vYV C{TI +JeK
270 ACN({1 YV
E
=4

198 CONTIN
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SUMS(1)
DU 470
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+DSL(1,+J0-1)
0+5%DSL{1+sJ—-1)

[y
| =

P
o NN)

e
||

I+~ i X)X |
HR I XON+ -

1)+DSC{1+J=1)%R(I)%P1/
)= 0e5%DSC(I 4J—-1)ER{T1)* ‘
NNJ) T

N
I
N
C

Lt O
¢ WX Mme mong
Zrermine Z

e (.

- L'

I
(
+
N
XS{T+1+J)=XS(T#1,J-1)+DSL(T+1,0-1)

XSC{I+1+J)=XS(I+1+J)=0e5*DSL(I+1,J-1)
CONTINUE

Y I Y I I3 S SIS 2 2 2 2 YT I II I TSI IS 2R 22 2 R 2 1 2 2 b bk

MEAN ARLCAsVELDCITY,FRODUDE NUMBERsAND DIMENSIGNLESS AREAS
**#*********#*#***#***************###*#**#*#**#*#*****###&***#*

S=0e.
X=0e

NN=NSL{1I)
MM=NWS{I)
XX=XX+NNEMM

DO 370 J=1 NN

DO 370 K=1 MM
SSL{1sJsl)=0e
IF(KsEQs1)GOTO 351
KK=K=1

DO 350 =1 4KK
X=X+WSL(1s Js M)
SSLLT +JeKI=X

X=0e
st(I'J!K)=HWS(ICJ’K)-HBS(I'JQK)
WRITE(K2+25)1+Jd+SSLK IoJoK)oHWS(IcJ'K) +HBST T1oJeK)eXWS{I +JeK)
S=S+XWS(I s+ JsK)

X=0oe

WRITE(K24+15)

WRITE(K2s28)

DG 380 I=1NC

NN=NSC(I)+1

MM=NWC({I)+1

XIX=X1X+MIENN

DO 380 J=1 NN

DO 380 K=1sMM

SSC({T1+4J91)=0e

IF{KeFQUe1)1GOTO 361

KK=K-—1

DO 360 M=1.KK
X=X+WSC(I e JsM)
SSC{IsJeKI=X - ‘ . e




S

[N ey )

oV ~NGUHW

ano

3ol

380

770

780

409
390

199

420

- 17% -

X=0o
XWC{TaJeyKI=HWC(
WRITZI(K24:25)1,J
S= b+XMC(I-J-K)
YAV=S/( XX+X1X)
PARR=2 ¢ ¥ YAV +
ARAV=WRYAV
VAV=Q/ARAV
F=VAV/[ (981 «%YAV)%%0,5)
SUM=0.,
SUM1=0.

=SNSL{NS)+1
MM=NwS(1)+1
ML=NWS(NS)+1
DO 770 K=14iMM
SUM=SUM+HWS (191 +K)
SUMI=SUMI +HB8S(1s14K)
SUM=SUM/4M
SUM1I=5UMl /MM
SUM2=0,
SUM3=0.
DO 780 K=1 ML
SUM2=SUM2+H'WS (NS 4NN, K)
SUMI=SUMI3+HBSINS s NNsK)
SUM22=SUM2 /ML
SUM3B=SUMI/ ML
SUW—(SJM—5U42)/XS(NSQNN),
SUMI={SUMI—SUMIZ)I/XSINSJNNY
SLOPE=SUM=(F%%2)%x(SUM=-SUML)
IF{SLOPC LELO)SLCPE=SUM
SHEAR=GMAZYAVESLUPE

o —
J)L.
"x

)
TeJeK)eHBCITsJe K)o XWCLTsJsK)

******#************##-ﬁ**************************%’-****#**###****##t

WRITE(K24.15)
WRITE(K2y16)ARAVIVAV4F s NSy NCRAT
DC 390 1=1,NS

NN=NSL({1)+1

MM=NwS{TI)

D0 3290 J=1+NN

XA=0e
DO 400 K=1 MM
XWS{IsJaK)=Z0e3H(XWS{TIsJeKI+EXWS(IsJsK+1))IXNSLA(T »JeK)
XA=XA+XES(TedeK)
ASN(IsJ)=XA

SM{TsJI=ASN(I s3)/(YAVENW)
WRITE(K2,17)
DO 199 I=14NS
MM=NSL(I)+1
DO 199 J=1 .MM .
WRITE(K241E8)T 9JsASN(T,J)
CUNTINUE
DG 410 1=1+NC
NN=NSC(I)+1

MM=NwC{ 1)
DC 410 J=1 +NN
XX=0e

DG 420 K=1 MM
Xwl( I.JoK)—Joﬁ*

(XWClToJoK)+XRCIT 0 Jek+1))2wSC(I s JeK)
XX=XX+XUC(leJsK) -
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470 ACNN

(IeJ)=XX
471 410 ACN(L vJ)=ACN(IsJ)/(YAVZW)
472 WRITE(K2,15)
473 WRITE(K29s16)ARAV VAV FsNSNC,RAT
474 WRITE(K2,19)
475 D0 201 1I=1+NC
475 MM=NSC(I)+1}
477 DO 201 J=1.MM
4738 WRITE(K24+18)1+sJsACN(I, J)
479 c 201 CONTINUE
C *********************t*****t*****t************¢#*#******#*** T 23
C
C FIXED PARAMETERS
C
C kbt R R E L 2 2 E 2R E 2 R R L L e S T L LT e
480 DU 690 I=1,NS
481 NN=NSL(I)+1 e |
482 MM=NWS({1)
483 DU 690 J=1,NN B
484 ASNII sJ)=0/7({ASN{I 4 J)&EYAVEW)
485 SUM=0.
486 DU 700 K=1.MM .
487 SUM=SUM+SORT(ABS(HBS(I s JeK+1)— “HBS({ToJoeK))%Z24+WSL(T4J4K)E%2)
433 700 CONTINUE
489 ASN(I.J)‘ASN(I.J)/(SQRT(SUM+X%S(I.J,1)+XWS(I.J 7))
490 590 CONTINUE
491 DG 730 I=1,.NC
492 NN=NSCI(I)+1
493 MM=NWC(T)
494 DC 730 J=1,4NN
495 ACNITI+J)=Q/7(ACN(I s J)EYAVEW)
496 SUM=0.
47 DO 740 K=1,
4983 SUM= SUM+SQRT(ABS(HBC(I'JvK+1)‘HUC(I’JvK))v*2+hSC(IQJ’K)
499 740 CONTINUE
500 ACN(I'J)—ACN(I'J)/(SQRT(SUM+XV~\,(l'Jol)+XMC(IoJ97)))
501 730 CONTINUE
C
C
C LR SRR R R I T T R N L L I i I T T ryyon
C
C 4 DETERMINATION OF MEASURING POINT PQOSITIGNS
C
C R R R g L T g g R o R L S vy
C .
502 DC 510 I=1,,NS
503 NN=NSL(I)+1
504 O0 S10 J=1+NN
505 AMA=NNS{TI)~1]
506 DO 510 K=1,MM
507 XIS(IeJoKITW/L{L1a+{XOS{T+sJsKI/ZXIS{TsJsK)I))
508 REQS(IoJ'K)=REQS(I'J.K)/(Z.*SIN(ATAN(XOS(IoJ.K)/(a.*(w XIS(IsJsx})
C)iyn
509 REQS(I+JsK)=REQS({I +JsK)*100000.
210 YIS(I oJeK)I=C=YIS(I 9JeK)
511 YOS(I e JeKI=C=YUS(IsJaK)
512 510 YIS(IsJ -K)=YIS(I,J'K)+((YOS(I.J.K)—YIS(I.J.K))/%)*XIS(IvJ.K)
513 DO S20 I=1.NC .
514 NN=NSC(I)+1
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DO 520 J=1.NN
MM=NwC{(I)=-1

DO 520 K=1 MM
XIC({IeJeKI=0/(a+(X0OC
PECC{I+JoKI=REQC({I 44,

\o

1
) LToJdeK)Z(2e%{W=XIZ{IsJsr))
e J oK )I=REQC(
JeK)=C-Y IC{
JsK)=C-YOC(
J .
*x

LN~C VENOU

(

K
K
K
K
*

b 2
$5
b2
b2

IeJeK)S
Tedos )
14JeK)
K)=YIC(1 J'K) ((YOC(I)J.K)—YIC(IOJ'K))/W)*XIC(IOJQK)
%

xRk *****#************»#**#*#*i***#**#****#*s***# 2

X=0e
DO 330 K=1 ¢ MM

103 DC 104 M=14,MM
X=X+WSL (TeJs M)
IF{XeLTeXIS{I3JsK))IGOTO 104
XOS{IsJsKI=X
N=M
GCTO 329

104 CONTINUE

329 XIST(IsJeK)I=XOS(IeJsKI=XIS{TIsJsK)
HBS(I’JOK)=HBS(10J'N)+((HRS(‘thN+l)~HQQ(I'JcN))/Nqu(I v JeN)IXR(Y
CleJsN)=XISI{IsJsK))
HWS(IszK)=HWS(IQJoN)+((HWS(IOJ|N+1)~H\Q(I‘J'V))/WSL(I.J.N))*(“:_[
CledeN)I=XISI(IsJeK))
YGS(IoJoK)=Hﬁ§(10JvK)—HPS({vJ'K)
330 YIS(IOJCK)=YIS(I!J'K)—HES(IkoK)
DO 340 1=1.NC
NN=NSC{I)+1
MM=NWC(I)—1
DO 340 J=1sNN
X=0o.
DO 340 K=1+MM
106 DO 107 M=1.MM
X=X+WSC({I s JeM)
IF{XelLTeXIC{IJsKIIGOTO 107
XOC({IsJeKI=X
N=M
G0TO 328

107 CCNTINMNUE
328 XICI(T,4JsKISXOCIT s JsKI=XIC

~—

J
»

.
K)
HDC(I'JOK)—H%L(I'J.N) ( (He2 C 1 o N+1)=HSC (1 edoeN)IZUSCIT o s NI EIRTTL
CTodoN)=XICI(TIsJenR)) -
HWC (I e JeKITHC{I e JoaN)H((HWCHI 0J9N+1)"Hn’(.(19J'\‘))/‘.\’§C(I-JQN))*(?.S:(
CI.JQN)—XICI(IQJ.K))
YUC(IcJoK)=ﬁWC(loJoK)—HnC(IQJ'K)
340 YIC(I'JOR)TYIC(IOJOK)—HUC(loJQK)
WRITZ(K2415)
WRXTE(KZ;IG)AKAV.VAVOFoNSvNC.RAT
WRITE(K2+24)
DC 224 1=1 NS
MM=NSL(I)+1
NN=NUS(1I)Y-1
DC 204 J=1 MM
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DD 204 K=19NN
WRITE(K2925) T o Jes XIS{I4JsK) sHWS T ¢ JoK) yHBS{ 143JeK)s YOS{I4JsX)
204 CONTINUE
WRITE(KR2
VRITE{K?2 ARAV s VAV 3F oNSsNCRAT
WRITE(K?2
I
1
I

DO 205 C
NN=NSC({
MM=NWC(
DG 205 J=1
DO 205 K—l-MM o

WRITE(K?9235) T e JeXIC IaJeK)sHWC(IsJoK) HBCH TeJeK)eYCC{TI4vJsK)
205 CONTINUE

R R L T L Y T I I T

o1
sl
2

=1
)+
)

S)
5)
€)
o N
1
1
l

6 PCINT LONGITUDINAL VELNOCITIES

[aXalalslalel

S Ty T T T L I L e

ALANZ{(14/1.334)%63.28)/102%0000.

D0 430 I=1,NS

NN=NSL{I)+1

MM=NWS(I)~1

DG 430 J=1,NN

DC 430 K=1,MM

REQS(I.J.K)‘REQS(IpJ'K)*ALAN
430 CONTINUE

NN=NSC(1I)
MM=N®KC(I)
’

DO 440 K
REQC(IsJ
440 CONTINUE

S R I I I I I I I ™
SHEAR STRETS DISTRIRUTIONS AT THE CHANNFEL BED
I I I R e T R Ty

DO 720
NN=NSL (
MM=NWS(
00 720
DO 720
IF{J.EQ.
IF(J-&:'JoN
HBS(IsJsK
HYS{IysJeK
GOTN 723
721 HES(1sJ,

Kxmkis
FEEXRFEFEF

aXalaksisialal
~

4
wn

Al rtrme—
i s )
- et gt | e
HilwNe o rame
z
nZ

TD 721

oYQa 722
HES(TeJ=13K)-HRS(I,J
HW S(I s d=1sK)=HWS(]I,J

AﬁC“C?
+ +

~

S{IsJeK)=HRS(I,J+1,
(I.J.K)—HNS(I.J+1

o

722 HZS( —HHS(T'J

*
~HWS(TeJs
¢~9)$(qu

)

)
723 HIOS3( F
IsJeKYI=AKS
=
pa

e e w e

K
K
K
K
(

r

K

FL~LGLCM
##Re ZAXK AA
P (e e

fe (Ne o0 N
<

(H3S(Tedy
X0 el )X (HLS

AP X T~
D0V~ T I”
*Ze NFC

“rite N
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YIS(IevJseK)=ALOGIYIS{TeJsKIZYDS(1,4JsK))

HBS(IkoK)z(REQS(I9JoK)/(lo+(SQrT(Qslo)/(XK*HBS([oJ.<)))*(1o+YIS(I
CoJdeK)IIIIF{1e+SARTIOBL I /ZIXKEHIS(T4JeK)))

REQS (I o JeK)ITXKHE(HH3S(TeJeK )~ REQS(I»JsK)II/YIS(T,J,K)

REQSTI s JeK)I=Z(REGS(I e JaKIEX2)EROU

REQS(I+JyRI=REQS(1+JsK)/SHEAR

720 CUNTINUE
DO 750 I=1.NC
B{I)=R(I)=%/2.

NN=NSC(1I)+1
MM=NWC(TI)—-1
DO 750 J=1+NN
DO 750 K=1+MM
IF(KeEQe1)60TO 753
KRK=K=—1
SUM1=0.
SUM2=0.
DO 76D KC=1 KK
SUML=SUM1I+%WSC(I 4+JeKC)
760 SUM2=SUM2+uSC{I,JsKC)
B{I)=BlI)+0.5%(SUM1+SUM2)
753 REPIT+JeKI=H(T)
IF(JeENLLIGOTO 751
IF{JeEQeNN)IGUTGC 752
HBC(I s JoK)I={HBTC{ I 4 J=1sKI)=HBC(TsJ+1wKII/Z((DSC(I +J=1)+DSC{T,J))%PI%R
CR((1eJsK)/180.)
HWC(IoJoK)—(HhC(I'J-I'K)‘H\C(x;J*loK))/((DSC(IOJ 1)Y+#DSC(T4J))%PI*>
CR{IsJeK)I/Z1504)
GOTC 7L 4 )

751 HEC{IsJoK)IZ(HBC{T s JoKI—HBC{T4JI+14KII/Z(OSCU T 4J)4OTERA(1,4J.K)7180,.)
HWC{TI s JsK)I=Z{(HWC{I sy JoR)=HWC{ToJ+14sKII/(DSCL T4 S)EPTHRR{II+JH,XK)/7130,)
GGTO 754

7352 HBC{IsJoK)I={HBC(I +J=1sK)=HICII9JaK)IIZ{DOSCUL1 o= 1)%PI&xRN(1sJeKIZ12D,

Cc) .
HUWC {1 9 J o KI=Z{HYC( L 9 J=1 3 K)=HWC(I+JsKI)I/(DSCCIeJ-1)%XPI%FR{IsJKIZ1ED.
C)

754 HBC(I s JsK)IZHWC (I 9o K)I=(FHE&E2)F(HUC{] +JyK)~HIC(I +JsK))
IF(HBC({ I3 J-K)eLTeOIHBC{ I o JeKIZAISIHRAC(I I sK))
HBC(IsJsKITATHN( T2 J)/SORT(HBC(I+J4,K))

XK=Z0o4406%(STD%%0e34) /((FEFJe1S)F(HBCI{TI+JWK)I/SIRT(9814))550a15)
YIC(ToJoKITALOGIYICIIsJsKIZYIC(I,4J,4K))

HOC(I s JsKY=ZIRFQC(I 32K}/ (1 e+ (SURT (981 ¢)/IXKEHBC(1eJs<)I)IET(1a+YIC(I
CodsKIIIIF(1 o4SCFRT{O981 )/ (XKXHRBC(143eK)))

REQC(I s JoKI=ZXKF(HBC( T4 JeK)=FREUWC(I s JsKII/YIC(TIysJeK)

REQC{TI s JoKI=Z(REGC(I yJsK)EX2)XR0OO )

REQC (14 JsK)I=REQC(I sJsK)/SHEAR

750 CONTINUES .

WRITE(K3,19)

WRITE(XKI3s1LGIARAVIVAV sF s NSy NC kAT

DO 202 I=1.NS

NH=NSLT)+1

AM=NrS(I)=-1

DO 202 J=1,NN

DO 202 K—loMM !

WEITE(K3922)YI 0 JeXIS{I,5JU¢K)+REQS(IsJsK)
202 CUMTINUE

WRITE(K3415)

WHRITZ(K3,1C)ARAV VAV ,F "JSu'\lLoRAT

DC 203 I=14NC

NN=NSC(T)+1
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MM=NWC(I)~1
DG 203 J=1+NN
DO 203 K=1 MM -

WRITE(K3+22)I3JeXTC{I9JsK)eREQC(I,4J,K)
CUNTINMUE

e R R S R e R P Y T R T

bR R R R R Rk 22 SRR R R T
LS S EE 2 S 2 R I3 R S

2 * ¥
*¥ SYMBOLS USEYD *
*% EE

R X R S IR R 2 2 B E R R TR
gl phkkkrhk btk rdkdrxk

NS NUMBFR GF STRAIGHT CHANNELS

NC NUMBER CF CURVED CHANNELS

H HEAD OF WATER OVER V-NOTCH

Cc1 CINITIAL BED LEVEL

cIi FLUMEF BED LEVEL

ws IMITIAL WATER SURFACE LEVEL

R MEAN KADIUS OF CURVATURES

SL STRAIGHT CHANNEL LENGTHS

CA CENTRAL ANGLES OF CURVATURE

NSL NUMEER UF LONGITUDINAL SUBDIVISIONS IN STRAIGHT CHANNELS

NSC NUMBEF GF LONGITUDINAL SUCDIVISIONS IN CURVED CHANNZLS

NWS NUMBER COF CKUSS SURDIVISIUN IN STRAIGHT. CHANNELS

NuC NUMRE: BF CRCSS SU3DIVISION IN CURVED CHANMELS

DSsL LONGITUDINAL SUBDIVISION LENGTHS IN STRAIGHT CHANNELS

RUN=3.

DsC LONGITUDINAL SURDIVISION ANGLES IN CURVED CHANNELS

wSL CROSS SUBDIVISICN LENGTHS IN STRAIGHT CHANNELS

wsC CROSS SUBDIVISION LENGTHS IN CURVED CRANNELS

HBS FINAL BED LEVELS IN STRAIGHT CHANNELSTRANSFORMED TO HIGHTS
OVeR FLUMES BED IN Ceel sHIGHTS OF B8ED AT THE MEASURING PUINTS
OGVER THF FLUME BED IN Cesed

tHws FINAL WATErR LLOVELS IN STRAIGHT CHANNELS »TRANSFOPMED T2 HIS-T3
CVER FLUME BED IN CeelsWATER DEPTHS AT T MEASURING PCINTS
CVER FLUME BED IN Cee4

HB8C FINAL BEO LLVELS IN CURVED CHANNELS JTRANGFNRAMEDS TO HIGHTS
OvVeR FLUME BiD IN CeelsHIGHTS OF 3ED AT THE MFASURING PUINTS
OVER THE FLUME FZO IN Cee4s

HWC FINAL WATER LFVELS IN CURVED CHAMNNESLS TRANSFEORMED TG HIGAHTS
OVER FLUME 9FD \IN Coeels@ATER DEPTHS AT Tidk MEASUKRIMG PULINT S
CVER THE FLUMLS 2ZD IN Ceeé

REQS DOPPLER FFFQUENCIEZES IN STRAIGHT CHANNSLSs TRANSF(CRMID TOQ POIT
VELOCITIES IN Ceeo

REQC DOPPLEE FIREQUENCIES IN CUFVED CHANMELS,TRPANSFORMED T0O POINMT
VELOCITIES IN Ceed

RMSS RUS-VLULTS IN STRAISHT CHANNILS

RMSC RMS=VOLTS IN CURVED CHANNELS

Yis VERTICAL LENGTHS OF LASER BEZAM FRPCYM THE OUTER FLUMYE CTOGE In
STRAIGHT CHANNKELS y TRANSFUORMED TO CORRESPINDING nIG4TS GVIK
FLUME &2 IN Ceasd ¢WATIR DFEPTHS AT THE MTASURKING RPOINTS IN Zee-

YIS CERTICAL LENGTHS UF LASLE 3ZAM FROM THE INNER FLUME Z0RCE I

TGHTS Cv=Ee

STRAIGHT CHANKELS»TRANSFORMED TO CLRRESPINDING H
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FLUME BED IN C4e4+HIGHTS OF MEASURIMG POINTS OVER THE FLUNME
RUN=3,

BED IN Ceoed4sHIGHTS OF MEASURING POINTS OVER CHARNNELS EED IN Caee

X0S HORIZUNTAL WIDTH OF LASER REAM IN THE CUTER SIDE 0OF STRAIGHT
CHANNELS, TRANSFORMED TO TGCTAL DISTANCES 0OF MEASURING PLINTS
FROM THE INNER SIDF OF THE CHANNEL IN Ceo4

XIS HURIZONTAL WIDYH OF LASER HEAM [N THE INNER SIDE DF STRAIGHT
CHANNELS TRANSFORMED TO THF DISTANCES OF THE MEASURING POINT
TOD THE INNFR SIDE OF THE CHANNEL IN Ceeé

YGQC VERTICAL LENGTHS OF LASER BEAM FROM THE JUTER FLUMZ EDGE. 1IN
CURVED CHANNELS,TRANSFORMED TO CORRESPOND ING HIGHTS OVER T+
FLUME DBED IN Cee4+WATER DEPTHS AT THE MEASURING PQINTS IN CTews

YIC VERTICAL LENGTHS OF LASER BEAM FROM THE TNNER FLUME EDGE N
CURVED CHANNELS, TRANSFORMED TO CGFFESPOND ING HIGHTS OVER THT -
FLUME BED IN Cee4sHIGHTS CF MEASURING CI ’
FLUME BED IN Ces&sHIGHTS OF MFASURING POINTS CVER FLUMES B33
IN Cee4sHIGHTS OF MEASURING POINT QVER THE CHAMNELS #ED IN £

X0C HORIZONTAL WIDTH OF LASER BEAM IN THz QUTER SIDE QF CURVED
CHANNELS »TRANSFORMED TO TOTAL DISTANCES OF MEASJURING POINRS
FROM THE INNER SIDE OF THE CHANNEL IN Cee%

XIC HURIZONTAL WIDTH OF LASER BEAM [N THE INNZR SIDE OF CURVED
CHANNEL S, TRANSFORMED TOD THE DISTANCE OF THE MEASJURING POINTS
TD THE INNER SIDE OF THE CHANNEL IN Caeé

AS ELEMENTARY SCOUKED R DEPOSITED AREAS IN STRAIGHT CHANNELS,
TRANSFORMED TOU CORRESPUNDING VOLUMES IN Coe2s ELEMENTARY WATSS
CRIOSS SECTIONAL AREAS IN CeeS

ASN TOTAL SCOURED OR DEROSITED AREAS IN STRAIGHT CHANNELS, TRANSF
TO COPRESPONDING VOLUMES IN Caee2TOTAL CRCSS SECTIDNAL AREAS
OF WATER IN CeeS .

ved

RUN=3,

AC ELEMENTARY SCCURED OR DEOSITED AREAS IN CURVED CHANNELS,
TRANSFORMED TO CORRESPONDING VOLUMES IN Coe2+s ELEMEINTARY WAT=>
CROSS SECTICNAL ARSEAS IN CeeS :

ACN  TOTAL SCOURED UR JEPOSITED ARFAS IN CURVED CHANNELS+TRANSFC2vI)
TQO CORRESPUNDING VUOLUMES IN Cee2,TOTAL CROSS SZCTIONAL AREAS
CF WATER IN Cee5S

B RADIUS OF CURVATURES TO THE OUTER FLUME EDGE

XS TOTAL DISTANCES FROM THE STARTING MEASURING SECTION TO THF
SLICE END IN STRAIGHT CHANNELS

XSC TOTAL OISTANCES FRUM THE STAFTING MEASURING SECTION TC THE
SLICE CENTER IN STRAIGHT CHANNELS

xXC TOTAL ODISTANCES FROM THE STARTING MEASURING SECTION TO THE
SLICZ END IN CURVED CHANNELS .

XCC TOTAL OISTANCES FR(CM THF STARTING MEASURING SECTION YO THE
SLICE CENTER IN CUFVED CHALLELS

LR R X E R LRI ET T T2 L e i T T T
R R R R L R R L R R P g A ] R R R R 2 DR R P X Ry
bbb b R R LR TR R R T L T R U R e g ey FEFTRRBEFEITER ST A Sy a Kb s
STOPR

END
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Appendix (B-2)

Computational analysis for Finite Fourier

Series,Autoregressive Process,and Moving

Average Models,
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o LeEvEL 21 ‘ MAIN LATE = 78048 05/35/33

********#*#*****#*****#**#***#******#**************#*************#
********#*********#****#**#**************************##********#*#
*#*#*##**#*****$*###****#*#***#********#*****#**#********#*******#

PART(2) DOF THE PRCGRAM PREPARED 8Y MAMOCUF ALY NOUA CIVIL ENGINEER!
DEPARTMENT~GCTTAWA UNIVERSITY.TO SIMULATE ThE SHEAR STRESS DISTRIBUT
ON THE BED OF OPEN CHANNEL 3ENDS BY USING STCCHASTIC STATICNARY
PRCCESS—KEPT »

THE SHEAR STRESS DATA PUINTS ARE UBTAINED FROM THE SAME FROGRANM
PART (1) AND INTRCDUCED IN TAdL SYSTEM ON PUNCHEL CARDS

********#***********************************#**************#****##
#****#******************************&**************#************t*
****$***********#***#****#*******#*#t#*********************###**##
*************##*#*****#***#*#***#*#*************#***************##‘

ﬁﬁ(ﬂﬂﬁ(ﬂﬁﬁfwﬁﬁﬁfwﬁﬁﬁ

DIMENSION X(5933)‘Y(33s1)'NA(S)oNB(ﬁ)cNCC(S)gND(S)'
CSE(EB)oAMD(d3)-FHEQ(33).SSPCC(33),SUMVAR(33),EST(333 ) sCCV(23)sCC
RR(3308)oSPP(J3.7)oxx(33v33)oAA(33o33)oAC(33’1)-LC(53 )2 LLE33) MK
C33)+DIV(33) ‘

c .
C ******#**#**#*****#**************#*******#****##***##***********:
READ(S+1INR
DU B8BJ300 I=1sNR
83000 READ(S-Z)NA(I)ohﬁ(l)ohCC(I)sND(I)
DO 9000 I=1eNR
NJ=NA(I) -
000 READ(5-4)(K(I.J)0J=19NJ)

A(33)sB(33)PHA

(3
17
»1

********************************#*******************##********##:t'
#*#******#*#****#******************#****#******#*******#**#*****#*j

[eXalglgl

WRITE(6+9001)

WRITE{6+9003) A :
BI=2e%3e14 '
DO 1000 N=1sNR

NP=NA (N)
NH=N3 {N)
NNH=NH=-2
NS=ND(N)
INT=NCCH(
WRITE (6

-
W

1
3004 WRITE( 1
2

2
DO QU055 1I=
Q005 WRITE(6+23
WRITE(O,8888
WHITE(&-BOQZ)(X(N.J),J=10NP)

(X o o W s e
L
o u

****#*******#*#*#******#***#*#******#****#*****####*************#3
CALCULATICN OF THE MCAN

********#*##*#***#***#************#******#*********************##8r

aYaYaYalalala

XM=0.
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390

49

17
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2 0 MAIN 77 77 DATE = 78048 09735/

DG 30 J=1,NP
XM=XM+X (N J)
XMEAN=XM/FLOAT(NP)

[V]]

FREXEhFRxhEhrpr bbbk hrhhk bk rhkkr kb korhk kb hkkhrk bk rhFi ke
CALCULATICN OF THE VAKIANCE

L R I Y Y T e Y P T T T I IS LT
XV=0e

DC 40 J=1 NP

XVEXVHFIXINsJ) =X NCAND %%2 S
XVAR=XV/FLOAT(NP) )

*****#***************#*****#*****#*#**********;*******#*##*****###
HARMCNIC ANALYSIS “
LR X S S R T ER S S S I S 2 R SRR S R S R R SRS SRS R RIS S RS
DO €0 M=1,,NH

DC 60 J=1+NNH

JI=Jd=-1

XJdJd=JJ

FREQ( J)=XJI/FLOAT (NP)

DU 70 K=1NP
IF(JeEUs1.ANDNSLEC.1)GOTC 75
IF({JJeCUaNHeANDsNS.EGC.1)GOTL 17
CO=BI*FREQ(J)*FLCAT(K)
A(JI=A(JI+XINWRIFCCS(CO)
SUJIISE(II+XINSKIFSIN(CU)
GOTO 70

AQ=AQ+FARX{(N»K)

NHeAND eNSOE
*2e¢ ) /FLLAT
*¥2e )/ FLCAT

[ XalP]

«l)
NP)
P)

LCAT(NF)

OCTP»OCP>»POTE™
(el Xl ®lalallalaill
ZLLHCLHACLC~

J))#¥(180e/3e14)

(S99 -4

TAN(=-B(J)/
*

A
VREDHE( D) EER

w
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193
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SUMVAR(J)=0.
SUMX=(0e.
V0 S0 J=14NNH
Jd=J-1
SSPLC({J)=C(AMP(UI®RIC0.)/ /(2 e ¥XVAR)
IF(JUeEQe 1 )SSPEC(JI={AMP(Y JI*100a)/7XVAR

NAN=NF/2
IF{JJEQNNN)SSFEC(Y )=
SUMA=SUMX+SSPLC(J)
SUMVAR{J)=SUMX
CONTINUE

WRITE(6+91)
WRITE(Cs92)
WRITZ(€+93)
wRITE(E+54) : B

{AMP(J)%*100+)/XVAR

ARITE(6H+65)

WRITE(6,96)

WRITE(6,97)

WRITE(E,S6)

DE 100 J=1,NNH

L=J-1

WRITE(€s58) LoA(J)sE(J)oAMP(J)’PHA C(J).SSPtC(J)oSUdVAR(J)oFREQ(J)
CONTINUE

WRITE(G9S6)

WRITE(64+96)

WRITE(6+S9)XMEAN s XVAR
***#*#**#****#**********************#**##****#*****#******#***###3
#RITE(6+101)

WRITE(64,102)

WRITE(G,103)

WRITCE(60104) -
JH=NH=-1

WRITE(Os1GE)(Jed=1,12)

WRITC(6,5102)

VRITE(G641C2)

DO 107 K=1,NP

XEST=0.

NANH=NH-1

DO 108 L=1,sNH

J=L+1

CU=BI*FREQ(J)*FLCAT(K)
XEST=XEST+A(J)#COS(CCI+B(JII*SIN(CO)
M=J-1

EST(K+MI=XEST+XMEAN

CCNTINUE

CCNTINUE

oc
Y {x

1 P

’ }
CCNT

1

T

N
K
NP
IY(K 1) s (LST(KWI)eI=1,12)

****#*******#*#*#***#***t**#****#*****#****t*******#*########**$3$
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504
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607
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UI
(]

CORRELATIGN ANALYSIS

e e e R I Y I II YT

WRITE(b6s134)
WRITE(O.IBI
WRI

o A =
nmmmmmmmnm

)
2)
)
}
)
)
)
)
j
3

[ NN I
WU LWWwW WLt
NN W=WN

WRIT
K =N

NK=NP—-K

DC 122 J=1,NK
AX=AX+({XINsJI=XNEAN
AZ=1 .G6%xSCRTI{FLCAT(
COVIKI=AX/FLCGAT (NF)
CCR(K#2)=COV{(KI/XVA
CORIK$3)=(-1++A2)/FLLATI(NK)
CCRN(Ke4)=(—-1e—A2)/FLCAT{NK)
WRITE(H4123IKICCVIK) s CUR{K32)+sCUR(K 23) 9 COR(K s4)
CENTINUC

WRITE(691322)

WRITC{(6+4132)

WRITE(Es605)

NK=NP=-1

DC 601 1=1.NK

XX(1lel)=1,

II=1+1

XXCLsI1)=CCR(I+2)

CCNTINUE

DO 602 K=1sNP

XX{Ks1)=XX(1sK)

CCNTINUE

DC €02 I=2.NP

DO €03 K=14NP

Kl=K+1

K2=K~-1

Il=1I-1

IF({I.CE-K)YGOTC €04

XX{ILsK)I=XX(I1+:K2)

GAOTO €03

IF(I.CT.KIGOTO €0€

AA{T+K)=1o

GCTO 603

XX(T e K)I=XX(Ks )

CCNTINUE

DG &07 1=1«NP

WRITE(O»608) (XX (] sK) sK=1,NP)

DC 70 1I=1,4NP

DO 70£ K=1,4NP

AA(T o K)={XX(I ¢KI¥*¥XVAR)IZ1D0

ANY 3 {(X{Ns(J+K)I=-XMEAN)
TINKI-1.)
E

VAR
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WRITE(6+600)
D0 7CE€ I=1sNP

706 WRITE(6+608) (AA(I sK) +K=1eNP)
WwRITE(6s1111)

C
C *************?**********#****************#********************#***
C
C SPECTRAL ANALYSIS
C
, C **********#********************************#**********************
; C
WRITE(6+141)
WRITE(Gs142)
WRITE(69143)
- WRITE(64142)
WRITE(E+144)
wWRITE(os 142) -
ACC=0s
ASS=0e -
NNH=Nk+1 i
DG 143 1I=1sNNH
SUMA=0e
SUMB=C.

DC 146 J=1 KM
AZ=COS(31#FREQC 1) *FLCAT(J))
SUMA=SUMA+COR(Je2)*AZ
BWIN=1e—FLCOAT{J)/FLOAT(NP)

13 IF(FLCAT(J)«GE«FLCAT(NFE))IEWIN=0.
1 146 SUMSB=SUMR+AWINYCOR(J2)%AZ

| SPR(Is1)=FREQ(I)

: SPP(I¢2)=2e%(1e+2e%SUMA)
SPP(143)=2e%(1e42e%SUMB)
1F(IeEGel eOReleEQsNHIGUTD 147
ACC=ACC+SPP{1s2)
ASS=ASS+SPP(143)
GCTO 143

147 ACC=ACC+U5%SPP (1
ASS=ASS+0.5%5PP(1

IF(I.LT«NR)GOTG 14

ACC=ACC/ (2 e%¥NH)

ASS=ASS/ {2 e%¥NH)

CCNTINUE

NNH=NH+1

DC 151 I1=1,NNH

151 WRITE(0+152)5PP(1s1)+SPP(1,2)+SPPI1+3)
WRITE(Gs142)
WRITE(Ss142)
WRITE(Ge153)ACC +ASS

2)
3)
S

——
P
(1N ¢+

********#****#****#**##*************#**#*#********#****#*#***##*#3
AUTCRKREGRESSIVE ANALYSIS_FIRST AND SECCND CRDER LINEAR MCDELS

###***#************##*##*##t***********#*##*#*#***#*#*****##***ttt

faXalalalalalalalalt
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WRITE(6
wRITEL(6

CR(1+2

n O
VI Y]
[\VENE (A
# N
N~
[y

H21+PH

DO 47 K=1.NK
47 CCR{K$35)=PH1%**K
NNH=NH+1
DO 48 1=1sNNRNH
X1=I-1.
FREQUII=XI/FLOAT(NP)
43 SPP(Ig4)=2.*(lc—Phl**2)/(1.+PH1**2—2.*PH1*CCS(2.*3.14*FREQ(‘)’T‘
Al=PIH21 %5244 s %P Hh22
IF{A1)51 452953
51 WRITE(GLZ4)
R1=SCGRT(=PH22)

R2=ARCCS{ABSIPHZ1)/(2+%R1))
R3=ATAN(((1.+R1**2)/(1.—Rl**2))*TAN(RZ*IBO./3.14)’
R‘G:(RE*I30./3-14)/(2.*3. 14)

WRITE(&s7000)R1 sR4+R3

NK=NP-1
DC S35 K=1NK
CCR(K.6)=(R1**K)*COS(((RZ*K)—R3)*(180./3.14))/COS(R3*180./3.14)
GCTO &9
NK=NP-1
DO 56 K=1sNK
56 CCR{K +€)=COR(K+E)}
GUYTa <9
53 WRITE(wsS58)
Gl=(PF21+SQRT(PH21**2+4.*PH22))
G2=(Pth-SJRT(PPZI**2+40*PH22))
WARITE(6:57)G1l G2
NK=NFP=1
DO €1 K=1sNK
61 CUR(K,6)=(G1*(10—62**2)*61**K—62*(l.—Gl**Z)*GZ*#K)/((GI—GZ)*(1-+GI
cxG2))
59 DC 62 K=1NP
62 DIVIKI=X{(NsKI=XNEAN
DI=0e
DG 63 K=1 NP
63 DI=DI4DIV(K)
DIVM=DI/FLOATINF)
OV=0.
V0 64 K=1sNP
64 DV=DV4H(DIVIK)=DIVM)**2
SIVAR=DV/FLOAT(NR)
SYGMA=DIVAR*(1-—CCR(1.2)*PH21—COR(292)*PH22)
NINP= IR+

n
U

n
N

YGNA)/((1.+F‘H21**2+PH22**2-—2.*PH21*(1o‘PHZZ)*CCS(Z.8
2.*PH22*CUS(4.*3.IQ*FHEQ(J)))*XVAR)
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71

27

7005
7C06

7007

CC*%2)%(F %%
CRx(Ex%Z)%(F
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oo W
0OV -
L

WRIT

| o~

+ooc0o0CcoCcCcOT=c0oCCO

LG 7
KsCCR(K9s2)sCOR(K35)sCOR({Ksb6)

IO N G G Ll e
D PrersJa

®
&

W=RKNMWX Newwh
-t D -~

v e o v e e |

‘o
VIOV
&P
£ N
-t

2242)

OC 27 J=1+NNH
WRITE(62282)SPP(Js1)sSPPLJI2)sSPP(J44)+SPP{JsS)
WRITE(0L+242)

WRITC(6+242)

LR E R 2 s R R I I T3
ANALYSIS CF FIRST ANC SECCND CRDER MARKCVIAN MCDELS
LR i i i S I S R SIS E TSI SRS E T2

WRITE(64,7001)
E=COR(1s2)
F=CCR(2+2)
NG=10C00
vC 70CH
I=J=-NGr2
XI=1/100,
D=(XT%%5) %

J=1sNG

4)F(DeHFEF(FREI) I+ (XTSI )IT(2 %xF%%4+F 23 +(3 %L
R Gk EX(FRXTVI+(2%EF(FE%R2)I+(EXXIIEFI+XIE(3,
¥F)I+(E%*%3) %F

P
IVIVE 3
- s 3

(Fx*4)+(Xx
2)))Y+(Xxi*
(2 )+ {(E%
XL=AHES(D)
XXL=14/7100,
IF({XLGCT «XXLIGOTC 7005

GCTC 7006

CCNT INUE

SI=ABS(XI) :

IF(SI «CEe2)XI=]1 e/ X1

THE21=X1

THEZz2=(F%X1)/((F*XT)+4E)

DO 7CC7 J=1.NG

I=J=-NG/2

XI=1/7100.

DE(XI%*42)*E+XI+E

XL=AAS(D)

XXL=1471004

XXAXL=2 e ¥ XXL

IFCXL o GT e XXXL e AND o XL o GT o XXXL)IGGTU 7007
IFUXL oCT e XAXLeAND e Xl oLE « XXXL)IGOTO 7C08
HGLTU 7003

CUONTINUE
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7008 SI=ABS(XI)
IF{(SI eGr e2)XI=1 o/ X1
THFE1=XI1
VARNSXVARZ7{]l e +TEE1%%2) )
VVKRN=XVAR/ (1 +THEZ21%¥2+THE22%%2)
NANH=NH+1
OC 7309 J=14NNH
~ E=THEZ21
F=THE22 - e
SPP(Js7)=2e%VVRN* (1 ¢ +LEX24FH%2-2 (%E%(1e~FI)*COS{2e*3+14%(FREQ(J)))~-
C2e%F%CLES (4 e%3e14%xFREG(JI®(1830e73e14)))/XVAK -
E=THE1 3
F=0e
SPP{J 20 )2 e ¥VARN¥ (1 e +E:¥%2-2+%CEFCOS(3 e 14FXFREQC(II*(180e/3614))I/XVA2
7ICY9 CCNTINUE
WRITE(647002)THEL +THEZ1 +THE22
WRITE(6+241)
WRITE(GCe242)
WRITC(bs 243),
WRITE(Re242)
WRITE(G.244)
WRITE(Le242)
: NNH=NE+1
DC 70C4 J=1+NNH
7004 WRITE(e+252)1SPP(Je1)sSPP(Js2)sSPRP{J+6)+SPP(J.7)
WRITE(L+242)
WRITE(Hs242)
WRITE(6+33)
wRITE (G 31)
4RITE(GY31)
WRITE(GL31)
WRITE(GLs31)
1000 CCNTINUE
DC 2300 N=1sNR
NI=NP
CALL NMINV( (XXsNI sYYsLL sMM)
CCR{NF +2)=0.
DG 7C1 I=1.NP
701 AC(LIL1)=CCR(I,2)
CALL GMPRD(IXXsACsZCosNP NPy 1)
WRITE(6+134)
WRITE(6,702)
DC 702 1I=1sNP
703 WRITEZE(6+704)I142C(1e1)
2000 CUNTINUE

I Y R i R R R Rl L R LA
WRITE(64+2353)

I i I L e S L R S L L R L RSl
P L R T ey e e T e R R S A

FCRMAT STATMENTES

*****#*#*********************#***#*****************************#88
MR AN F R ERE AR PRI R AR R EX LI FLR BRI FIERRERRFRIRREFFELRRXXEREXRXETEE

NCAONOONON NOND
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FCRMATA
FCRMAT (4
FCHEMAT (¢
FCORMATI Xe*TIME SERIES ANALYSIS FCR3')

FCRMAT (S

FURMAT(

FORMAT(G

FCIFMAT(

F??NAT( 7/ +60Xes " ANALYSIS CF THE RESULTc'lﬁuXoZJ('*')/bOX923('$
Cce ="
33 FCRMAT('1%9//7/7+E0X+s ' GENERAL ANALYSIS*' /60X 161 "%¢ ) /60X 1 €(*%1))

43 FCRMAT(Y 1% 4/ / /7777777 +55Xe*ANALYSIS UF LINEAR MIDLL S*/5S5Xs25(%*%)/
COSXW25(* % )/50Ke28(*%")) .
44C§?RMAT(/////,SSX.'AUTCREGR&SSIVE PROCESSES'/S5Xsy24( *%*)/5EXe24( 52"

VIS Ve S \ VI
e we we e Ol
ANNC N
Y. Y
3 o o\
LI
“w e ®oe
- o wr (f]
-~

)
*
2
3
2¢
(3]
7/

[CUSTIVVE Vg

45 FCRMAT(®10,///7/77+:S0X+s"PARAMETERS FCR AUTCREGRESSIVE FROCESSES ARE
Cl/SOX 444 ("% )/50X+44(V%2))

46 FORMAT(///77 20X sFUR FIRST ORLCER PHI=*3F1Ceb4+20X»*'FOR SECOND CREER
C PHIS " 3F 1064 +s35Xs"AND*3sF10e4)

54 FCRMAT(////77/7+7T0X»*THE ROUTS CF THE CHARACTERISTICS ECUATION ARE C
COCMPLEX®*/70Xs03( %))

S7 FCRVAT(///7»70Xs *"THE RCUTS ARE 19 /70X 14('2%) /75X sF9I e4/7EXsFSGe4)

58 FORMAT(//7//7+s70Xs*THE ROOTS OF THL CHARACTERISTICS EQUATIUN ARE REZA
CLY*/77CXs50(*%*%))

€6 FCRMAT(GOXo0%%" 42(10Xs7%¢),2X+"CUTCREG FRCCESS*+2Xy0%%0)

€7 FORVAT(40X 3% %% 33X 'LAG? 34X ' %31 Xs'CUTOCCR? +2X324( *%%))

EB FORMAT(4IR 9" %% s2{10Xs 0% ) 32X 9 FIRST®" 43X t%? 33X9*'ScCCADY 31 Xe"%%0)

66 FORMAT(AOX 2" %%® 34 (10Xe?%? ) et k¥ /40X 99%k%? 34 XeT294Xe3(8%%431XsF8e241X)
Cy %%t .

72 FCRMAT(® 10 3//777+4CX046(0"%0))

73 FORMATI40X»46("%%))

91 FORMAT(*1 //// 777777 +20Xe893(%%%))

G2 FCRMATL2UX+10(*%%),6GXs10(v%0))

93 FCRMAT(20X+10(*%?)412Xs*ANALYSIS OF VARIANCE TABLE FGCk GIVEN SERIEZ
CS*s14Xs10(%%%))

94 FCRMAT(20Xs40(* %7 )s3Xe *NGUH®* 93X 439( %))

S5 FORMAT(20X340{ " %3 )31 Xe'SHeSTRESS'+1X38('%1?))

96 FCEMAT(20X+89("%*))

Q7 FORMAT(20X o9 %% 3l X "HARMONIC?® s %% 9 42X *CCEF A% e2X2'% % 42X *COEF 3°%,°2
CXe ¥ %8 ¢ AMPLITUDLE 91X s " %232Xe "PHASE® 43X 9% 32Xe%'EX VAR 9 2Xet %0 ,0350N
C EX VAR® v %9 , s RECUENCY® o " %% )

G3 FCRMAT(20Xs%%%® 3OX 6 050 3 10X) 92%8 qQX 99Kk /20XeV%&? 34X 4]2:3Xes6(*%°,
ClXoFBea301X)e 1%t 41XsFT7eSelXe¥x%t)

99 FCORMAT(//Z7/7/7777 20Xy *SERIES MEAN VALUE=?' 4F10e2320Xs *SERIES TCTAL Vv
CARIANCE=*,Fl10e2)

101 FORMAT(* 194,77 4:10X,120(%%¢))

102 FCRMAT(1UX120( %))

103 FCRAMATUI1OX»?%%® X"V ,40Xs'ESTIMATED VALUES® e45Xe* *¥8)

104 FCRMAT(lOX o0 %% "CHBSERVELD*$110("%1))

108 FCRMATLIUX911( %9 ) q12(1 X012+ "HAR" 42X ¢%'%0),0%%0)

113 FORMATLLIOX e 'k o 13( %058 X) o X0/ 10Ky " %% 3 13(2XeF5e201X92%0),%%")

122 FURMAT(4UX 29 %2 3D(10Xe 7% ) 9?27 /40X " %Y 400 204Xs3( *E0 41X eF8e2e¢1x)
Cotxe)

131 FUCRMATI('12 /777 +40Xe58(2%0))

132 FCRMAT(I4UXs28(*%0))

133 FORMAT(GOX P &% 4S4Xe "%%Y)

134 FL!MAT('l'o////////////////////.33Xo'CURHELATICN ANALYS IS /58X 2481
Coke)/8GK¢20(t%2))
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135 FURMAT(40Xe9%%7 g3(10X"%*) 32Xy CONFIUENCE LIMITS® 42Xe"%%0)
13¢ FCRMAT(40X"**'n3X"LAG'oQXo'*';le'GUTDCCV.'olXo‘*'olx.'OUTUCOR.'
CalXe264(*%%))
137 FCRMAT(4OX¢'**'-J(IOXo'*')yZXo'UPPER'o3X.'*'o3X-'LDWEF'oZXo'**')
141 FCRAATIY VY W/ // /77277777 +45Xs51('%%))
142 FCRMAT(43X,s351(*%%))
143 FCRMAT(45SXs " %% 315X,y YSPECTRAL ANALYSIS? ¢1SXxe "%%1)
144 FGHMAT(QSXo‘**"3X-'FREGUENCY'oBXc'*"3X9'5PECTRAL'o4Xo'*"lXo'S!3
COTH SFECT® 42X %%1)
152 FCPMAT(QSX,'*#'o3(lSX;'*')o'*’/45X"**'03(2XoF1004s3X:'*')o'*')
152 FCRMATI(////465XeF10+420XsF10e4)
261 FCRMAT(Y 18 o/ ///77777777+53X+67(*%%)) e
242 FLRMAT(52IX257(%%))
243 FOHMAT(OSX o0 %% ¥ 425X, P SPECTRAL ANALYSIS® 921X *%%7) ;
244 FCRMAT(S3X.'**'o3Xo'FREQUENCY'.3X-'*'o3X"CBSEHVED'.4X9'*"1X-'FIQ
CST PRCCESST 91Xy #%941Xs 'SECOND PRUCESS e *¥%1) :
252 FGRMAT(&BX.'**',4(15%.'*').'*'/SBX.'**'-4(2XoF10-4.3X.'*').'*')
311 FORMAT(O LY 3/ /77 +4CXe4T71%%))
312 FOCREMAT(40X47("3%))
313 FURMAT(4OX oY %% 443Xy '%%1)
31d FORMAT(40Xs?%%¢ 312Xe "CURRCLATION ANALYSIS?s11Xs®%%0)
353 FGRMAI(QOX.!**'o4(10Xo'*')o'*'/4OXo'**'o4X01294Xo5('*"IX-FB-Z’IX)
Co ¥Rk
431 FCRMAT(40X+?%%% 317X *CORRELATICN ANALYSIS® 317X k%)
DCU FORMAT(Y1%9/////7+60Xs* COVERTIANCE MATRIXY/ECXs17( "% )/60Xs17( %))
65J8 FCRMAT(7X924(FSe2)s/)
6C9 FUIMAT("1" o/ ///7+60X+'CORRELATICN MATRIX?/7€0Xe18("%*)/60X+18(%%°*))
7382 FCORMATL 18 o/ /7777 30X *PHI* 437X+ * OUTOCORRELATICN TERMS? /30X *$5%0,
CAaUCRelS('#%)/30K+7%%%k 940X+ 15(%%))
704 FCRMAT(31Xs12442X4F1040) )
OUEE FCAMAT(40X»o%%% ¢3(10X9"7%1)s2Xs"MIVING AV FRCCESS? 92X "% %)
7000 FCOKMAT(//7/77 470X *THL DAAPING FACTIR="3F1Ce4/T7T0Xe ' THE FREQUENCY
C =1,F10.4/70Xs*THE PHASE =1 ,4F10.4)
7001 FCRMAT (Y1 o/ /// 017277777777/ 7777+S0Xs*FIRST AND SECOND MOVING AVARA
CGLE PROCE3S'/S0X43G(*%%)/50X933('%%))
7002 FCRMATI(///s20Xs *PARAMETER O FIRST CRLER FRUCESS?®* s20Xs* PARAMETERS

CFOR SECOND CRDEekR FROCESS'/ZOX.BZ('*')OZQXOBS('*')///3OXQF12.4043X0
CF10e4 sSXsFl0e2)

3002 FCEMAT{3GX+8F10e29/)

8233 FCRMAT( 1% o/ / /7777777 +4TXy*THE OBSCERVATICNS GF THE SERIES ARE AS F
CCLLCWZ'/47X.4G('*')/47X|4G('*'))

3001 FORMAT(®1%3///7/7+55Xs*FOURIER ANALYSIS FOR TIME SERIES®*/55Xs*PERIC
CDGRAM-SPECTRUM—CCRRLCGRAM‘/55Xq30('*')/55Xv30('*'))

QU022 FLRMATI//+25X»* THIS ANALYSIS CF TIME S&ERIES IS BASED CN FLURIER T=
CANSFUQMAT[CN(HARMCNICS)'/ZOX"NUMBCR CF HARMCNICS IS LIMITED TO O
CE HALF JF TUTAL NULMBER CF CH3SERVATICNS IN EACH RUN? /20X s *NUMEER C=
CLAGS USED IN CURRECLATICN ANALYSIS IS LIMITED TC CNE FCURTH TCTAL &
CUMBEIKR UF CASCRVATICNS ' /20X *NUMBER OF SETS IS LIMITED TU FIVE wii-
C (z25) ODATA ECINTS EACH'/2CAe'SA<TLETTE LAG wINDUW MLELTHUD I3 o
CEL IN SHMNOTHING Thi SPECTRUMY /20X *FOR MCRE LAGS USE CUBICUS VALLZ
CS 1TILL Tkht NUMIER CF COS=RVATICHNS MINLS CNE')

3033 FCRMAT(////77 s20X%y *THE SYAR0LLS USCO IN THIS PKOGRAM ARE AS FOLULCe:®
C/720Xs *NR=NUMBEIR CF CATA SETS' /720X *NASNUMELrR OF vATA POINTS IN E&C
CH SET'/2J)xs*NU3=NUNBER CF CF HAHAGNICS IN EACH SUET*)

545 FLRMAT(/Z/7/7/77/7+2EXs*THIS ANALYSIS IS OCNE EY NMANMOTUH ALY NCUH®*/20A

C*MARCE 183 THie19779/720Xs PUNIVERSITY CF LTTAWA'/20Xs* ClVIL ENGINEES
CNG DEPARTNENT'o////////////////////)

1111 FCMAT(//7s7XsTHE VARIANCE VALUES AR: MULTIPL BY 100%/7X+40(°%'))

[IN¥2]

]
i
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L R S R I I 3 IR IR T Y
R I I T T T T T T IR T Py
R e s R T I T X T Yy
EFRREFREER IR RRRE LR RPN FE RS RS eRInd b e b b nbghkhhb skt bbb e ebxsrs

oy sTOopP
END

o YaYa¥aYalals!
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Figures
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Stable Channel
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Fig. CL.9 - Water Depths in Stable Straight Sand Bed Channel
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Fig. C1.10 ~Water depths in stable curved sand bed channel,
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Fig. Cl.12 -Dimensionless cross sectional areas of water in stable
straight sand bed channel,

FLOW CHARACTERISTICS
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Appendix (C=2)

Stochastic Analysis

For

Path (1)-5.0 cms.From Inner
Wall,Bend Central Anglea 60




Fig. €2.1 _Dimensionless shear stress values along Path(1l).
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FOUSILR ANALYSIS FAOR TIME SERIES
PERIUIGHANM~SPLCT RJUM—CORIALOGRAM
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: THE SYMUOOLS USEC IN THIS FRUGRAM ARKE AS FCLLOwW:
ENR=NUMBER OF ODATA SETS

ANA=NUMBER CF DATA FCINTS IN EACh SET
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TIME SERIES ANALYSIS FCR;Path(l)
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Fig. C2.4 -Correlation analysis for the dimensionless shear
. .. .Stress observed values in Path(l),
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Fig. C2.5 -Spectral analysis for the dimensionless shear stress
observed values in Path(1l).
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"Fige C2.7 - Theoretical and'obéefﬁéd“aﬁtocorrelation'aﬁalysis.
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FigL2.8 ~Theoretical spectral analysis of autoregressive process,
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Fig.C2.9 -Theoretical spectral analysis of moving average process.
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Appendix (C-3)

Velocity Distributions in Sand Bed Curved Channels
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VELOCITY DISTRIBUTIONS IN SAND BED CURVED CHANNELS

Vertical velocity distributions in a sand bed channel have
been investigated, recently, by Mahmood(64). He found that the velocity-
defect law can be used to describe the vertical velocity profiles in the
outer layers in such channels and also in the case of flat beds. Von
Karman's coefficient, k, in the outer layers is found to be related to
the total suspended load as well as to the parameters representing the
shape, concentration and angularity of the bed forms.

According to the stated assumptions in this study, namely:
that the bed profile, along any path, is gradually-varying and smooth
and that, in the case of curved channels of large radius of curvature to
width ratio, the distribution of longitudinal velocity components in the
bend will remain approximately the same as that in the sﬁraight channel
upstream, the velocity-defect law (Eq..3.1.2.2) can be used, with Von
Karman's coefficient as a variable (Eq. 3.1.2.6), to describe the
vertical velocity profiles in the channel system.

However, to examine the applicability of these laws, in the
study Von Karman's coefficients are computed (Eq. 3.1.2.6) and a com-
parison between the velocity~defect law (Eq. 3.1.2.2) and measured

point velocities in the corresponding vertical has been made (Fig. C3.1

and Fig. C3.2, respectively).
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FIGURE C3.1

Run Number 2

Central Bend Angle = 60°

Path

von Karman's Coefficient

Path Path Path
1 2 3 4 5
0.51 0.51 0.51 0.51 0.51
0.52 0.51 0.51 0.48 0.48
0.52 0.51 0.51 0.50 0.48
0.53 0.52 0.50 0.50 0.49
0.53 0.52 0.52 0.50 0.50
0.53 0.52 0.52 0.50 0.50
0.52 0.52 0.52 0.50 0.50
0.52 0.52 0.52 0.51 0.50
0.52 0.52 0.52 0.51 0.51
0.51 0.52 0.52 0.51 0.51
0.50 0.52 0.52 0.52 0.52
0.48 0.52 0.52 0.52 0.53
0.47 0.52 0.52 0.53 0.53
0.48 0.52 0.52 0.53 0.53
0.48 0.52 0.52 0.52 0.53
0.49 0.52 0.52 0.52 0.53
0.48 0.52 0.51 0.52 0.52
0.48 0.52 0.51 0.52 0.52
0.49 0.52 0.51 0.52 0.52
0.49 0.52 0.51 0.52 0.52
0.50 0.51 0.51 0.51 0.52
0.49 0.51 0.51 0.51 0.51
0.49 0.50 0.51 0.51 0.51
0.50 0.50 0.50 0.51 0.51
0.50 0.50 0.50 0.50 0.50
0.50 0.50 0.50 0.50 0.50
0.50 0.50 0.50 0.50 0.49
0.50 0.49 0.49 0.48 0.48
0.49 0.48 0.49 0.49 0.48
0.49 0.49 0.49 0.49 0.49
0.46 0.48 0.48 0.48 0.49
0.48 0.49 0.48 0.48 0.49
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Fig. 63.2. Typical theoretical and measured vertical velocity profiles

a) Straight channel at its centerline (Path 3-Section 26)
b) Curved channel (Path 5-Section 13)
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RESUME

Boundary shear stress distribution, in a fully-developed open
channel flow, is predominantly a function of the velocity distribution
in the flow field. The velocity distribution in a curved channel
section (river bend) differs substantially from that in the preceding
"straight”. This is largely due to the presence of a strong helicoidal
flow pattern in the bend (generated by the flowline curvature) - the

effects of which may persist for a considerable distance downstream

from same.

These so-called "secondary-currents", which govern the distri-
bution of boundary shear stress (and hence the general bed topography)
in the vicinity of channel bends, constitute only one factor in a highly

complex problem in river engineering, namely that of sediment transporta-

tion.

In an alluvial stream, where non-cohesive materials constitute
a larger percentage of the total sediment complex, ‘this secondary flow
phenomenon is the prime mechanism responsible for the establishment of
the "meander" profile of the main channel. This has become, in many
instances, an important economic considerétion (in overall river manage-

ment) in that substantial areas of valuable agricultural lands are lost

in the erosion process.

Furthermore,'Subseqﬁent deposition of material, (initially
eroded along the outer bank of a river bend), near the inner bank down-
stream from the bend can present problems of equal importance. TFor
example: dredged navigation channels may become blocked through silting

and river intake/out fall structures might suffer similar consequences.

el




These complex interrelated processes of erosion, transporta-
tion and deposition of material are governed, to a large degree, by the
shear stress distribution at the sediment/water interface as is the

stable channel bed configuration. under "regime'" flow conditions.

A major criticism that can be made concerning recent funda-
mental studies in this area is the fact that theories developed for the
prediction of boundary shear stress distribution are only applicable to
the bend sections themselves. They dornot extend to the straight channel
reaches (immediately following the bends) where, as has been mentioned
earlier, the secondary currents remain a significant flow feature.
Moreover, these same theories are based on an assumed uniform tractive
force distribution on the channel bed - an assumption that normally does

not reflect the true situation in a natural watercourse.

Other recent laboratory investigations, while reporting boundary
shear stress values in channel bends, do not provide a methodology to
facilitate prediction of the steady-state distribution therein. Further-
more, the data reported in these studies may be subject to inherent errors
introduced by the nature of the instrumentation employed in the investi~-

gations.

In view of the aforementioned limitations in existing theories
and related laboratory studies on this subject it was felt that further
work in this area was warranted. In particular there was a need to
develop a more comprehensive predictive model that would include those
portions of the straight channel reacheé, dbwnstream from the bends,
that continue to be influenced by the secondary currents generated in

the latter.
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In the present study a stochastic-type numerical model is
developed to facilitate prediction of the distribution of shear stress
on the stable sand bed of a bend in an open channel and that portion
of the straight channel reach (immediately following the bend) along
which the secondary flow, generated in the bend section, remains a

significant flow feature.

The overall investigation, which included laboratory studies
on a physical model of the system, also presents a new method for
determining actual boundary shear stress based on single-point velocity

measurements in the flow field.

The physical model a 0.30 m wide rectangular channel, 10.0 m
long contained an adjustable bend section, (mean radius of curvature
to width ratio = 3.0), approximately 2.0 m downstream from the channel

inlet. Central bend angles of 45°, 60° and 75° and a Froude Number ¢

= 0.50 were adopted in the study.

Point velocity measurements in the test section were obtained
with a high degree of accuracy and without local disturbance to the

flow field using the Laser Doppler Anemometer system.

Shear stress distributions, within the test section, were
expressed in dimensionless format (i.e., local boundary shear stress
values were related to the corresponding theoretical uniform stress

value for a straight infinitely-wide channel).

Prediction of the steady-state distribution of bed shear

stress in the three different bend sections was generated, (along

paths that were parallel to the channel centerline), by the different




mathematical models considered using the respective upstream (initial)

channel boundary conditions.

Comparison between predicted and actual (steady-state) shear
stress distributions were used to examine the relative merits of the

numerical models developed for this purpose.

The results of this study indicate that shear stress distri-
bution, along any path parallel to the channel centerline, can be pre-

dicted, to any required accuracy using Finite Fourier Series.

Furthermore, to ensure an acceptable degree of accuracy, a
minimum number of harmonics is recommended. This number is found to
be dependent on the position of any path (relative to the channel
centerline) and also on the channel geometry; for example the number

increases as the radius of curvature and bend central dngle decreases.

Moreover, a second order autoregressive process appears to
be appropriate in the analysis, and the autocorrelation function for
all paths is found to be of the damped sine wave or damped exponential
wave character. This conclusion is reflected in the periodic behaviour

of the change in the bed shear stress along any path in the system.




