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ABSTRACT

The stability of stones when used as a cheap lining material in
steep open channels is a civil engineering problem of practical and
economic importance. The little known information'about this problem
stimilated the pu;suit of a research programme which éonsisted of two
stages.

Stage I dealt with devising a simple theory by which the stability
of irregular stones couid be related to a steady stream power. - This
theory was tested by conducting a series of experiments on a mobile
section of loose stones. The critical stream power that would produce
no scour in the mobile section was determined statistically by
regression analysis.

Froude model simiiarity criteria was employed to extend the results
obtained from Stage I to apply to prototype tumbling streams and bigger
stone sizes. Two empirical relationships were discovered. The first
one predicts the critical stream power and the second predicts low
stone transport stages once the critical stream power is exceeded.

In Stage II, a force measuring transducer was developed to isolate
and measure (instantaneously and simultaneously) the hydrodynamic drag,
1lift and torque on a sphere suspended in a steep shallow stream.

Being an idealized model, Stage II improved the understanding of the
mechanics of removal of a sphere from a bed of similar spheres.
Statistical analysis of the force measurements (on a very light sphere
attached to the force transducer) showed that: drag generally increases
with stream power and sphere protrusion, lift becomes predominantly
negative in a shallow steep stream and torque due to the uneven distri—
bution of skin friction stresses on the surface of the sphere is an

equally significant contributor to the initial removal of a sphere
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as drag and 1lift.

Stage II also included measurements of the critical stream power
that dislodged a loose sphere placed at different locations and
exposures.

Finally, the link between Stages I and II was established through

the similarity of results of both stages.
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CHAPTER 1

Introduction

What happens when a stream of water flows over a bed of
cohesionless particles like sand or quarried rock? Tracing the first
answers to this question shows that channel and river hydraulics began
as an art. When and where this art has started remains hidden in
antiquity. However, scientific attempts have been made to systemize
that art from the Sixteenth Centur& till now; qualitative as well as
quantitative knowledge has been accumulating about erosion, transport
and deposition of cohesionless materials when subjected to a stream of
fluid. The fluid is mainly water or air and the stream is conveyed
by an open channel or a closed conduit. |

Initiation of motion of cohesionless particles by a stream is
usually understood as a threshold condition after which a continuous
flow of sediment commenbes. Although an immenée volume of knowledge
has been gained about'the initiation phenomenon in relatively deep and
subcritical streams, little iébknown about it in relatively shallow
and supercritical ones. It is the ébject of this research to investi-~
gate the critical hydraulic conditions under which large cohesionless
particles start moving when subjected to a shéllow and supercritical
stream.

The practical appliqation of this investigation is to devise a
rational method by which the minimum weight of individual solids could
be chosen to line spillway chutes of small dams, steep highway ditches
and other similar civil engineering works where artificial steep open
chanmnels are to be lined with cheap available material such as gravel,

natural stones or quarried rock.



1.1

The first part of this chapter will consist of a basic physical
picture of subcritical and supercritical steady flows in alluvial wide
channels. A brief review of literature will next be discussed.

Finally the scope of this investigation will be outlined.

A Basic Physical Picture

1+1.1 Definitions

The term_subcritical flow in open channels physically meéns that,
if a small disturbance is created on the water surface, it travels both
upstream and downstream; while in supercriticai flows, such a distur-
bance travels only downstream. On the éther hand, a fiow is described

as deep when the mean depth of flow d 1is large compared to the mean
d

sediment size D50 , say D50

fluid moving over the loose particles (see Fig.‘1q1 ); a shallow flow

> 10, hence, there is a. thick cover of

implies that both .d and D are of the same order of magnitude, say

d %0

D_. < 10 (see Fig. 1.k ).

50

1.1.2 Forces Acting on a Particle

Consider a stream and the forces acting on a particle deposited
in the top layer of a loose bed. These forces couid be divided into

two categories: A - Static Forces. B - Hydrodynamic Forces.

1.1.2.1 Static Forces

(i) The weight of the particle which could be represented by a
vector passing through its centre of mass and pointing
vertically downwards§,

(ii) The buoyancy force which is the weight of the fluid displaced
by the particle. The buo&ancy force acts also through the
centre of mass of the particle but its direction is veftically

upwards.



(iii) ‘Constraint forces transmitted from the neighbouring grains.
These fofces are unknown in magnitude, direction or point
of application.

Since it is difficult to locate‘the centre of mass of irregular-
shaped particles, the point of application of the weight and buoyancy

forces is urnknown.

1.1.2.2 Hydrodynamic Forces

These forces are due to the movement of the fluid over the loose
bed of particles. It is the set of hydrodynamic forces in a region
close to the particle that may set it to roll, slide or be ejected
from its recess. Hencg,a close look at the flow structure near the
loose bed is indispensable. A distinction has to be made between

subcritical deep flows on the one hand and supercritical shallow omes

on the other.

1.1.2.2.1 Subcritical deep flows

Boundary layer characteristics near a rough bed

Most of the discussion in this articie is strongly influenced by
a simple account of the boundary layer characteristics given by
Francis(1958). .

A boundary layer is the extent>of retarded fluid due to the
presence of'a solid boundary when that fluid is flowing: Fig, 1.{
shows a profile of a steady two dimensional flow along a rough flat bed.

Since there can be no slip between the fluid particles and the
solid boundary, the velocity of the fluid at a certain level below the
summits of the roughness elements of the solid boundary should be zero.
This level is usually referred to as the theoretical bed level. In

the boundary layer, fluid elements are continuously sheared one relative
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FIG. 1.1 , Boundary layer development along a rough flat bed

to the other and the flow could be thought of as sluggish layers of
fluid near the solid boundary and faster ones away from it.

The production of a shear stress in the boundary layer needs the
essentiallassumption that a shear stress at a point produces a rate of
strain there. The rate of strain is equivalent to a gradient of
velocity at the samé point. Heﬁce, production of shear forces
culminates wherever velocity éradients are large.

If the flow in the boundary layer is purely laminar, then there

is a simple linear relationship between t (the shear stress at a point)

v

& (the velocity gradient at the same point) such that

and

T= 4 %g-, where u is the coéfficient of viscosity of the fluid.
If 7 is assumed to decrease from T, at the bed to zero at a distance
y = 61 (61 is the thickness of the laminar boundary layer) and the

differential equation Tt = is integrated, the'well-kndwn parabolic

L &v
dy

Veloéity distribution in a laminar boundary layer is obtained

where V is the free stream velocity and v is the velocity at a point
in the boundary layer.

In a turbulent boundary layer, a shear stress at a point could




be thought to be produced by momentum exchange between fast and slow
moving fluid layers. The agent responsible for this momentum exchange

is an eddy of mean size! , see Fig, 1.2 .

fast layer

—
. | g — ,v._ng_V_
2 dy
squqé
l eddy
' cylinder conveying
surplus momentum
/f-_b “1.b
- o= = S 1 ldv
slow layer vegi=-

dy

FIG. 1.2 , Production of shear forces in a turbulent boundary layer
(from Francis 1958)

The rate of change of momentum bethen the two layers is
proportional to the shear forces at the ends of the two cylinders
whiéh are assumed to convey tﬁe surplus momentum from the fast moving
to the slow moving one. On the other hand, the rate of change of

momentum between the two layers is equal to the mean slip velocity of

the eddy: 2! %% , multiplied by the mass per unit time transferred on
each side of the eddy: 2(b p 2 %§'° The shear force at the end of

the cylinders is 2br. Therefore

%‘l%(gbp%l%) « 2.b1¢ . Hence
z z
Iy - &y L dv ]
(p) (2) T Ceteeceteectetecnnaanns . Eg. 1.2

where k is a constant that accounts for the variation of size of the
eddies encountered in both space and time.

Schlichting (1955) reports Prandtl's hypothesis that the mixing
length is proportional to the mean eddy size (mentioned previousiy).

Prandtl integrated equation 1.2 based on the following assumptions:




=

N K =T
1. l(E) ;o.uy

2. The shear stress t at any point in the turbulent boundary layer
is assumed to be constant and equal to to,the shear stress at the

solid boundary.

Integration of equation 4.2 yields the well-known logarithmic

velocity distribution

N|=

v =5.75 (X)) 1log & e eeeteeneeeeaa. ceeeees Eq. 1.3
P C,

where C1 is a constant of integration and depends on the ratio of the
roughness size to the thickness of the laminar sublayer and v is a
time average velocity at a point in the turbulent boundary layer.
Schlichting (1955) also reports that Nikuradse has shown by
experiments on roughlpipes that the thickness of the laminar sublayer

2
is & = 11.5 \,{.Ig} , where y is the kinematic viscosity of the fluid.

The laminar subla?er is observed to exist next to a smooth solid
boundary even if the boundary layer as a whole is a turbulent one.

A transition boundary layer is that region just downstream of the
wholly laminar one, where intermittent unsteadiness of the flow charac-

teristics prevails.

list of Hydrodynamic Forces

With the laws of the velocity distributions in laminar,
transition and turbulent boundary layers established, the mean
hydrodynamic forces on a particle could be predicted. |

Consider a particle in a fully developed turbulent boundary layer,
where x - x' and y - y' are perpendicular axes passing through its
centre 6f gravity c.g. See Fig. 1.3 . The mean hydrodynamic forces

on the irregular particle could be tentatively listed as follows:



1. A mean drag force FD due
to the unbalance of pressures
upstream and downstréam of the
Y - ¥y axis.

2. A mean 1lift force FL

due to the unbalance of
pressures above and below the
x - x' axis. |

3. A mean torque T™ due to
unevenly distributed skin

friction stresses on the surface

) ue . .
1Drr?ssure distnbulion

skin friclion
drag

X

FIG 1-3.. Hydrodynamic forces
on a particie

of the particle. In a highly turbulent flow, these skin friction

stresses could be due to the collapse of turbulent eddies on the

surface of the particle.

The instantaneous hydrodynamic forces which act on a particle

are mathematically expressed by the following set of equations:

FD = FD + FD'
FL = FL + FL!

™ = TM + TM'

Equations 1.k

where FD', FL' and T™' are turbulent fluctuating components of

FD, FL and T™M respectively, superimposed.on the mean values.

The irregular shape of the solid particles making up a loose bed

and the turbulent characteristics of a turbulent boundary layer throw

some uncertainties whether equations 1.4 could be exactly determined.

1.1.2.2.2 Supercritical Shallow Flows

In contrast to Fig. 1.1 , Fig. 1.4 shows a profile of a shallow

steady flow in a wide rectangular open channel, the bed of which is
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1ined with layers of large and loose solids. The term steady flow
implies tha% the volumetric discharge of water per unit time is
constant.

Such a flow picture is radically different from that of a deep

subcritical stream. The main differences are as outlined below:

1. The flow is supercritical and shallow and the size of a loose
solid is of the same order of magnitude as the water depth. The
water depth could be locally defined as the normal distance between
a point on the surface of the particle and the water surface (normal

in this context means normal to the main slope of the channel).

“water surface

none

f'Ow .
separation

velocity profile

bouadary layer

e
-
. ~ o~

air bubbles

turbutent
wake

a larg loose
stone

skin friction
drag angle

of slope y———

FIG. 1.4 , Profile of a shallow supercritical flow over a rough

steep bed

2. A boundary 1ayer grows from the leading edge of the first solid
and fills the whole-depth of the stream within a short longitudinal
distance. This fast growth of the boundary layer is attributed to
the high velocities encountered and the shallowness of the stfeam.
Sharp edges located on the surface of the particle are edges of sepa-

ration of the boundary layer. Turbulent wakes downstream of the
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séparation edges are also of an appreciable size relative to the depth
of the flow; Hence, the boundary layer is severely interrupted.

3. The streamlines in the non-separation zones are radically
distorted due to the presence of a very rough bed indeed. Consequently,
the water surface is a complex combination of humps and depressions and
any attempt to measure the stream depth could be impractical.

L., Distortion of the streamlines together~with the presence of high
velocities near the water surface, may cause some water lumps to leave
that surface temporarily and come back to it again entraining some air
from the atmosphere.

5. A mean velocity traverse at one cross-section of the channel may
be an irregular curve with varying velocity gradients or even negative

mean velocities in the turbulent wakes. .

The instantaneous hydrédynamic forces on a solid are schematically
shown in Fig. 1.4 . They are similar to the ones previously enumerated
in the caée of a deep subcritical stream and are mathematically
expressed by quafions 1.4 . But, more uncertainty is encountered
if the tentative list of hydrodynamic forces is to be determined in the
case of a shallow supercritical stream. Thié uncertainty is due to
the complex characteristics of a tumbling flow ;s was described

previously.

Literature Survéy

This survey will outline and discuss the contemporary methods of
dealing with the initial movement problem, firstly in a deep sub-

critical stream and secondly in a shallow supercritical one.

1.2.1 Methods Followed in Deep Subcritical Streams

Generally speaking, such methods could be classified into two
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categories: A - Classical Approaches, B - Idealized Approaches.

1.2.1.1 Classical Approaches

Where the threshold condition for initiating the motion of a
certain grain size is correlated to critical hydraulic parameters of
the stream (such as T, and V;>. The critical hydraulic parameters
are those associated with zero sediment transport rate.

The majority of researchers, like Shields (1936), have cdnducted
flume experimenfs in which the cross-section of the flume is rectangular,
the side walls are made of glass and the bed consists of uniform loose
particles such as sand or gravel. The hydrauliq parametérs of the
streaﬁ are maintained so as to produce some sediment transport rate
and the critical hydraulic parameters that produce zero transport rate
are extrapolated. _ﬁ

Other researchers like Kramer (1935) and Vanéni'(1964) have
subjectively observed the initial motion of single grains or the
occurrence of small bursts of scour along the loose bed and defined
the associated hydraulic parameters as the. critical- ones.

In the above mentioned classical approaches, no sophisticated
instrumentation was employed, but simply measuring mean flow depths,
mean velocity profiles and the slope of the channel was considered
adequate for describing the flow.

1.2¢1.1.1 Outline of Some Classical Approaches

1. Critical mean shear stress criteria; as developed by Shields (1936)
and later checked or criticized by White (19%0), Lane (1955), Eginzaroff
(1957 and 1965), Vanoni (i96l+), Bogardi (1968) and recently by White
(1970) and Mantz (1973 and 1975).

2. Critical mean velocity cfiteria, as reported by Lelliavsky (1955)

to be first due to Brahams who. developed a critical velocity equatioﬁ
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in 1753. Other classical works are those by Fortier and Scobey (1926),
Hjustrom (4935) and Mavis (1949). Recently, Neill (4967) and Yang

(1973) have developed similar criteria.

1¢2+1.1.2 Brief Discussion of Typical Classical Approaches

(i) Shields' Approach

Sheilds considered the stability of a sand grain among similar
grains which make up the bed of a wide rectangular channel conveying
a deep subcritical flow. He equated the mean drag force on the grain
to its weight under water. By making use of the velocity distribution
in a fully developed boundary layer and dimensional analysis he

obtained the following functional relationship:

Tc . "DV,
n *c .
Tag = P = f(—) ceecmcenss Eq. 1.5
5 _ 11D
pg(p )n

z
T
where V,,gc = {E§1 and is known as the critical shear velocity.

*
i__° _ Re, is known as the grain Reynolds number and could be

v .
thought of as the ratio between the nominal diameter of the particle
Dn and the thickness of the laminar sublayer.

Te is the critical mean shear streés at the bed level that is
Just sufficient to set the grain into motion.

See the list of symbols for the rest of the {rariables.

Shields determined the functional relationship: Eq. 1.5 , by
experiment. His éxperimental results are shown in Fig .1.5 .

The main characteristics of Shields' approach are:
1«  The critical mean shear stress is extrapolated from plots of

sediment transport rates versus the bed shear stress in a uniform flow

region. The mean bed shear stress that correspdnds to zero transport
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FIG. ,1.5., Shields Dicgram. { from Graf(1971))

rate is defined as To-
2. The general shape of Shields Curve is similar to that of a drag

coefficient of a fixed sphere versus the Reynolds number in an infinitely

deep flow.
Three regions in Shields Curve can be distinguished:
A. Re, < 2, this region reveals a linear increase of the critical

shear stress T*cwith decreasing Re, and is not backed up by experi-
mental data. To get down to such low falues of Re,, the flow is usually
laminar and the size of the sand is fine.

_B. 2 < Re, < 1000, here, Tae aecreases with increasing Re, until

: the former reaches a minimum value of 0.033 at Re, = 10 and increases
again to level off at a value of O.CG when Re, = 1000.

C. Re, > 1000, T*cbecomes independent of Re,. Hence, for the

special conditions of uniform particles, a plain channel bed, uniform
flow conditions énd EE = 2.6, the following simple relafionship holds:

D =114d5S8
n o

vhere Dn is the minimum size of a particle that is not eroded by a

stream of uniform depth d and slope So'
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(ii) Iimitations of Shields'Approach

Shieldé criteria has been mainly criticized from the following
points of view: A
1.  When the density difference between the solid and the fluid is
large, disagreement with Shields criteria is distinct, as was shown
in the experiments conducted by White (1940).
2. Shields criteria apply to uniform sediﬁent sizes and have to be
modified for sediment mixtures as was suggested by Gessler (1965 and
1971). | |
3. Experiments conducted recently by White (1970) and Mantz (1973
and 1975) explored the region Re, < 2.
L. In the case of shallow supefcritical flows, some ihvestigators
like Neill (1967) and Ashida et al (1973) have suggested that Shields
criteria could be modified to suit these particular flow conditions.
If will be shown in this investigation that such a modification is_not
adequate especially wheh the sediment size and the depth of flow are

of the same order of magnitude.

(iii) Critical Velocity Criteria

On of the earliest expressions of a critical mean stream velocity

Vc is due to Brahams in 1753 which reads:

0'125, where K is an empirical constant, and W is the weight

Y =KW
c
of the grain. The Task Committee of the ASCE on Sedimentation (1966)
and Graf (1971) have presented a chronological survey of the works of
many investigators in the field of initiation of motion of sediments.
Hjulstrom (1935) in an extensive data analysis on the initiation
of motion of sediments in deep streams (depth in excess of 1 metre),

obtained a diagram as an erosion-deposition criterion, where he related

V; to Dn as shown in Fig. 1.6 .
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FIG "1.6 ,Critical water velocities for quartz sediment as function of mean

grain size. { from Graf(1971))

The work of Mavis et al (1949) is a correlation between critical
velocities near the bed of a stream Vhe and Dn. His critical
velocities were obtained by extrapolating actual velocity distributions
measured in rivers. . Mavis obtained the following equation:

Vi = %(D'n)q/g(% - 1)%, where v, ~is measured in cm/sec and D, in mm.

Neill (1967) used dimensional analysis to write a functional
relationship that describes the initiation of motion of a grain of 'size

Dn’ Neill's relationship reads:

p v vV D D
c - flem n
,Zps-p &b, ) ( v o d )

Neill obtained by experiment:

—002

<l .
o<1
o

PV

D .
z-psT:)—g-ﬁn = 2.5(d—n) for

> 800

The previous equation shows that Vc is dependent on the ‘shallowness

of the stream as expressed by the ratio D_n . Later Neill (1968)
d
attributed the effect of D_n on Vc to systematic errors in his experiments.
d
Y}:Lng (1973) used the equations of velocity distribution in a

boundary layer and conducted multiple regression analysis on experimental

data obtained from different sources. He deduced the following



_15_

equations:

- 2‘5
= Toz (Re* R TINR For 0 < Re, < 70

<[

<<

= 2.05 , For Re, > 70

o0

where Vg is the terminal fall velocity of a particle of size Dn'
Yang's equations apply to sands with a size range of

0.02 mm < Dn < 2 mm

1.2.1.2 Idealized Approaches

Both the lack of understanding of the structure of turbulence
and the complexity of geometry of naturélly deposited sediment beds
have stimulated researchers to introduce the following aids and
simplifications to solve the initiation problem:

1. Line the channel bed with fixed geometrical elements (such as
spheres or cylinders).

2. Concentrate on the understanding of flow structure around one
geometrical element.

3. Explore the effect of turbulence by using sophisticated instru-
mentation. .

L, Infer the stability of one geometriéal solid and hence, the

stability of irregular ones.

1+2+1.2.1 Discussion of Some Idealized Approaches

Einstein and El-Samni (1949) have built a flume, where the bed is
lined with hemispheres 2.7 inches in diameter D . The hemtspheres
were glued in a hexagonal pattern to a flat bed. A fully developed

boundary layer was maintained over the roughened bed. The pressure
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difference Ap between the top and base of the hemispheres was measured
instantaneously by a pressure transducer and the following conclusions
drawn:

Ta The pressure near the summit gf a hemisphere Tluctuates and is
always less than the pressure at the base. The pressure at the base
is virtually constant with time.

2. The probability distribution of the pressure difference Aﬁ is
normal. |

3. There is awique relationship between 4p and the coefficient of

lift of a hemisphere (CL) such that

2
y_
LP?2

stream velocity measured at 0.35 D above the theoretical bed level and

ZE'= c where Zi'is the mean pressure difference, v is the

Ci,is found to be constant and equai to 0.178.
. Experiments to locate the theoretical bed level in the case of
natural gravel were conducted and it was found that the theoretical
bed level is located 0.2 D67 below the summits of the natural grains.
D67 is the sediment size where 67% by weight of thg material is finer
than that size. -

Chepil (1958) measured mean pressures on hemisphere surfaces.
The hemispheres ranged from 0.16 éo 5.08 cm, in diameter and Qere
placed in a wind tunnel in a hexagonal péttern but three diameters
apart. Integrating the pressure distribution over the surface of the
test hemisphere, he obtained the 1lift and drag fofces and concluded
that 1lift is approximately 75% of the drag force, hence 1lift is an
important contributor to the initial instability of a loose grain.

Chepil (1959) obtained records of instantaneous drag and lift on
a sphere. He used straingauges, but the drag and lift records were

taken individually, so there is no direct information on the total

instantaneous force. However, he concluded that the ratio of maximum
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to mean values of drag and liff is approximately 2.5, he also found
that the instantaneous 1lift and drag forces are statistically
distributed according to a skewed normal error law.

Chepil (1961) measured the mean pressure distribution on a sphere
placed at different elevations above the bed of a wind tunnel. He
found that the mean 1lift force decreasés with elevation above the bed
becoming nearly zero at 3 to 4 grain diametérs above the bed.

Using straingauges, Apperley (1968) measured the instantaneous drag
and 1lift forces on a quarter of an inch sphere. The test sphere was
placed in a five-foot working section where similar spheres were glued
to a flat bed in a hexagonal pattern. The rest of the flume bed was
roughened with natural gravel of a mean size of % inch.

'VApperLy'has investigated only one hydraulic condition, namely
one discharge and omne slope of the channel. The.test sphere was
exposed 4 times to the flow with protrusions ranging from D to 1.5 D.
His main conclusions are:

1. The mean lift force starts positive with no protrusion of the
test sphere, inﬁreases to a maximum at %D and becomes negative at

0.9 D and at least up to 1.5 D.

2. The mean drag force increases with the protrusion of the sphere.
3. The instantaneous drag and 1ift forces are sfatistically distri-
buted according to a skewed normal error law. Auto-correlation
calculations for both drag and 1lift show a rapid decay of the auto-
correlation function after a lag time of approximately 1 sec. The
frequency content of the instantaneous records of drag and 1lift was
obtained by calculating the fower spectral density function.. On the
whole, low frequency components of drag and 1lift contain more energy
than high frequency ones. The range of frequencies explored is from

0 to 25 Hz.
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Chen and Clyde (1972) conducted instantaneous force measurements
on a one-foét diameter sphere placed among closely packed ones of a
similar size. The flume used was 50 ft long, 8 ft wide. Their
main conclusions are:

1. The theoretical bed level is located 0.15 D below the summits of
the spheres.

2. The Chezy Coefficient for the bed is ihdependent of the channei
slope and depth of flow and has a constant value of 35.3 ft%/sec.

3. The probability densities of the fluctuating 1lift and drag forces
are approximately normally distributed.

k., The relative intensity of 1lift (ratio of the mean square value to
the meaﬂ value) was found to be independent of the depth of flow and
slope of the channel and is approximately equal to 0.18. The relative
intensity of drag was found to be a weakly increasing function of the
depth of flow.

Chen and Carsten (1973) used a sphere-pin model in a wind tunnel
to determine the probability distribution of the fluid driving moment
(which is the result of drag, 1ift and skin friction contributions to
roll a sphere). They concluded that the contribution of skin friction
drag is of the same order of magnitude as that of 1lift and drag,
especially if the sphere is exposed one  sphere diameter above the fiat,
" bed of the tunnel. They also found that the fluid driving moment is

normally distributed and increases with the protrusion of the sphere.

1.2.2 Literature Survey in Shallow‘Supercritical Flows

Initiztion of motion of large solids in a shallow supercritical
stream constitutes a special problem that has only recently attracted
the attention of few researchers. Only few works have been found to

have direct relevance to the present study; they are briefly discussed
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subsequently:

A. Hartung and Scheuerlein's Approach

Hartung and Scheuerlein (1967 and 1970) have dealt with the
problem of finding a resistance equation to apply to shallow super-
critical flows in a wide rectangular channel with a rough bed. They
have assumed that an equation of the following form applies:

2 K .
(A) 2 = A1 108 (CE-) .-o.n..-.o..ooo-...quu 1.6
m

where MAis a resistance factor, A, is a constant, Km is the mean

1
roughness height of the solids making up the channel bed. Km is

arbitrarily chosen to be equal to DEO . '

dm is an imaginary mean depth 32 flow.

¢ is a rougness factor which is defined in terms of the following
empirical equation:

¢ =0(1.7 + 8.1(P.F1)sin B) eee.. cheeans ceeesssBEq. 1.7

~P.F1is a packing factor defined as a ratio of the D50 of the solid
mixture to the longitudinal distance between two réughness elements.
o is an aeration factor and is gqual to the ratio of the mass

density of the air-watgr mixfure to the mass density of pure water.
B is the angle the channel bed makes with the horizontal.
.The aeration factor o is given by the following empirical equation:

6 =1-1.35inB +0.08 &% «eonnnnn. veeeeees.Eq. 1.8

m
Considering a unit width of the stream -and assuming a uniform

steady flow, a formula for the average stream velocity (similar to the

Chezy formula) is adopted, hence;

- 1 -
Vo= (8g a_ sin B)2/ A P '~ D L

and the discharge of pure water per unit width of the channel is:
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g= o0 4 V teeesscsssascsssscscsassssss BQe 1.10

The sfability of a single solid is next considered:

Fig 1.7 shows a simple

force diagram acting on water surface

one solid in a shallow
supercritical stream.
The forces consist of:

G the submerged weight

: . . di
of the solid; FIG 17., A simple diagram of forces

acting on a stone in a supercritical .
I is a hydrodynamic shallow stream.

impact force given by ( after Hartung etal{1S70))

I= pm(vc)2 S

where pm is the mass density of the air-water mikture, S is the
striking area of the .solid, assumed equal to 2 E- Déo .

Vc is the critical average stream velocity which just sets a solid of
size D50 into motion.

R is a resistance friction force given by:

R=G cos B tan o

where o is the angle of sliding friction of the solid.
Finally, the stability equation is written as:
I +G sinBg Gcos B tan «

After several algebraic manipulations the following equation for ch

is obtained:

- ps-p 2 }%‘
V.C= {2g 5 D5QCOSB g(tana-tanB)

3

where o is assumed equal to 65° and B equal to 20°.

‘For steep slopes and large solids 2 (tan & - tan B) = 1.2
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Hence:

ol

7 - 2g(ps-p)4?50 cos B
o

esrssssssecssnson Eq- 1-11

 Equations 1.6 to 1.11 can only be solved by trial and error

if q, D o’ P, ps, B and P.Flare known quantities.

5
No experiments were conducted by Hartung et al to check the
stability of loose stones when a shallow §upercriticél streamAactually
flows over them. ~ It was also stated in the above mentioned investi-

gatién that V; and dm are imaginary quantities that did not actually

occur but were helpful only for the estimation of an average impact

force on the individual solids.

B. Initiation of Motion Experiments

Some of Neill's experiments to which referenﬁe'has been made
previously, have been conduéted under supercriticai.flow conditions. .
The maximum values of the channel slope , mean sediment size, Froude
number and (DSO/d) were: 2.7%, 2 cm, 1.3 and 0.35 respectively. But,
the flow - as Neill put it - was always uniform and the water surface
was defined and undisturbed. Hence, some of Neill's experiments
could be classified under a threshold class of investigations where
the shallowness of the stream just starts to show some influencé on
the initial instability of solids.

Ashida and Bayazit (1973) have suggested that dimensional analysis,
when applied to the initial instability of a solid by a shallow super-
critical stream, gives the following functioﬁal relationship:

Ty, = £(Rey D5O/d)

They have modified Shields! parametef to account for steep channel

slopes and used the following one instead:
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T*s = "'_;C/(COS B tan o =~

fp sin B) = f(Re, , Dyo/d)

s

Experiments were run to determine the above mentioned relationship.
Fig.1.8 shows a distinct increase of 7, with (D5O/d). The maximum

channel slope and sediment mean size used in their experiments were

20% and 2.25 cm respectively.
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The following comments are made about Ashida and Bayazit's
experiments. ‘
1 It is doubtful whether watef depths.of the same order of
magnitude as the sediment size could be reliably measured.
2o The assumption of the existence of a logarithmic velocity
distribution (as in a turbulent boundary layer) infshallow super-
critical stream with a rough steep bed is questionable.
3. Nothing is mentioned about the reproduceability of the experiﬁental

data, i.e. do different observers obtain the same results under similar

hydraulic conditions?
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In a recent study, Hollingsworth (1971) measured the distribution
of mean pressures on the surface of single hemispheres placed indivi-
dually on a flat bed in a supercritical stream. He concluded:

1. The 1ift force coefficient Cj increases with the ratio of the
depth of the stream to the radius of the hemisphere. Cp is also found
to be an increasing function of the Froude number of the stream.

2 The Drég force coefficient CD is essenfially constant over the
range of flows tested:

1.84 < Fr < 5.9f

1.11 x 10° < Re < 4.96 x 10°

Scope of the Present Investigation

The main purpose of this investigation is to determine the
stability of stones when used as a cheap lining material in steep
open channels. The literature survey presented previously revealed
the necessity to pursue a research programme the scope of which is
outlined below:

The main body of this investigation will be carried out in two
stages. Stage I will deal'with devising a simple theory by which the
stability of irregular solids could be related to a steady stream power.
Testing of this theory by experiment is next done by rumning a seriés
of scour experiments where the qritical stream power is extrapolated.
Stage I will be.the subject of chapters 2 and 3. .

Stage II will consist of Chapters 4 and 5 and will deal with instan-
taneous force measurements on an idealized particle ( a sphere) placed
in a steep shallow stream. Being an idealized model, Stage II will
tend to improve the understanding of the mechanics of removal of a

spherical particle from the bed of a steep channel lined with similar

spheres. Stage II will investigate also the statistical nature of the
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fluid driving forces.
The link between Stages I and II and the main conclusions of the

present research will be the subject of Chapter 6.
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STAGE I

(includes Chapters 2 and 3)

"The initial instability
of irregular stones and

scour experiments."
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CHAPTER 2

Theoretical Considerations in Stage I

2.1 Purpose

Briefly, a shallow fast stream flows in a wide rectangular channel,
the bed of which is steep and lined with a mixture of large stones and
the problem is to devise a simple theory by which a representative

size of the stone mixture (say D..) is just set into motion under a

50
critical set of hydraulic conditions.
Any theoretical analysis of the problem should be initiated with
the following aims in mind:
1. How can a shallow fast stream, convéyed by a wide rectangular
channel whose bed is rough and steep, be hydraulically described?
2. 1Is there a way of correlating the hydraulic parameters of such a
stream to the damage done to the solids lining the channel bed?
(Damage in this context means that some solids are dislodged by the
.stream.)
3. A definition of a threshold (or a criticai) hydraulic property of
the flow just to initiate motion of a representative size of a solid
mixture is needed.
L. What is the nature of the initiatioﬁ of motion problem? Is it a
balance between static forces, or is it statistical in nature?
The answers to the first two questions will be tentatively given

in this chapter, while the answers to the remaining two should await

testing the theoretical approach by experiment.
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2;2 Hydraulics of a Steady Fast Flow in a Rough Steep Channel

2.2.1 Preliminary Observations

Preliminary experiments were run to measure average velocity
distributions at a channel cross-section. The channel has a rectangular
cross-section 50 cm.wide, 4O cm high. The length of the channel is
300 cm and its slope is adjustable; up to sin B = 50%. The channel

bed is roughened with a layer of crushed granite stones (D 0 =2 cm).

5
See Fig. 3.4 and Plates 1 and 2 .

The purpose of thoée experiments was to detect whether a logarithmic
velocity distribution exists in such tumbling flows and to get an idea
about the curvature or distortion of the stream lines and the lines of
equal velocity at a cross-section.

Fig. 2.1 shows velocity profiles at one cross-section in the flume
described above. These profiles were obtained by a Pitot tube which
was always parallel to the channel bed with its tip pointing upstream.
Each ?rofile is an irregular curve with different velocity gradients or
even with negative mean velocities in the turbulent wakes of the solids.
Hence, no universal velocity distribution law could be considered to
apply to such a flow.

Fig. 2.2 shows lines of equal velocities (isovels) at the same
cross-section mentioned above, pockets of reverse flow regions could
be detected, crowding and distortion of isovels, especially near the
summits of the glued solids, indicate that the stream lines in the
longitudinal direction of the flow are radically distorted.

Velocity distributions were also measured at greater channel slopes
than 23.%% (23.3% is the channel slope associated with Figs. 2.1 and
2.2 ) but are not included for the sake of brevity. Generally speaking,

for one solid mixture, the greater the channel slope is the greater are

the water surface disturbances (see Plate 3), the more is air entrained
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by‘the flow (See Plate 2) and the more is the distortion in the isovels.
The above mentioned preiiminary observations show that the

hydraulic parameters that can be measured practically in such tumbling

flows are:

1. The volumetric discharge Q .

2. The channel slope S .

o]

2.2.2 Available Knowledge

It was mentioned in the previous chapter that Hartung and Scheuerlein
(1970) have developed equations 1.6 + 1.11 . These equations allow
the estimation of the following variables:

7T
o+ Vo VC and dm

if q, sin B, D50 and P.F 1 are known.
The author does not find in the literature a more comprehensive
analysis of the hydraulics of a tumbling flow. Therefore, he has

adopted equations 1.6+ 1.11 as an available guide when need arises

to check the results of this research.

Choice of the Method of Analysis

The contemporary methods of analysing the initiation of motion
problem in deep slow flows as well as in shallow fast ones has been
outlined previously. The researcher has to make a decision as to
which method of amalysis should be pursued or should a new one be deviséd.

The above mentioned contemporary methods of analysis are generally

based on the following assumptions:

1. An uninterrupted boundary layer fills the whole stream depth.

2e ' The water surface is smooth or identifiable.

3. Some or all of the following classical hydraulic parameters -can

be practically measured: Tr Vs Vv, d.
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2.5

Due to the fact that the three assumptions mentioned above are
violated (in the case of a fast shallow flow conveyed by a wide
rectangular rough channel) the following new method of analysis was

devised.

Outline of the Author's Method of Analysis

Consider the stream as a machine that fransports irregular solids.
When a certain power input is available to that machine, it produces
a useful work rate (useful in the sense that the machine is able to
dislodge solids from the loose channel bed at a certain efficiency).
The ultimate aim is not to establish an equation for the rate of
sediment transport, but rather to discover by experiment what the

critical (or threshold) input power is, that would just produce no useful

work at all.

The Stream as a Transporting Machine

2.5.1 Available Stream Power

The idea of the stream power, introduced to sediment transport
by Bagnold (1966, 1973), is to be modified and adopted for this research. |

Consider a fast shallow stream as a machine transporting irregular
solids which line a wide rectangular channel bed. ' The available
power input per unit length of the channel is: P = ngSO, where @ is
the volumetric discharge; So = sin B, the channel slope; p the mass
density of unaerated water; and g is the acceleration due’ to gravity.
Hence, the avéilable power input per unit bed area is:

R =pgaq So ceveccserennsans ceecessess BEge 2.1

where q is the pure water discharge per unit width of the channel.
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2.5.2 So0lid Friction

Let a stone of weight W

be on the verge of sliding FIG. 2-3, A large solid just

in air when placed over an sliding in air over a rough
surface.

inclined bed of closely

packed stones of a similar

shape, density and size.
See Fig. 2.3°. Let the
underlying bed of stones be

also considered as a rough

plane surface of inclination ' :
o FIG. 2.4 , A large solid pulled

a” with the horizontal. ' by a force F; with constant

Consequently, it could ' speed.

-

be assumed that the resultant

of contact forces transmitted from the underlying bed of stones to
the stone on top,be represented by the following two components:

The first one is R, which is a resultant friction force parallel
to the line of the greatest slope of the rough hed ti.e. R acts up the
slope and makes an angle a® with the hgrizontal);.the second component
is a resultant normal force Nr perpendicular tovR.

ansider both R and Nr to pass through the centre of mass of the
stone. '

Under the limiting conditions mentioned abové and applying
Newton's first law, the equations of statics of the stone on the verge
of sliding could be written as:

R < Wsina

Nr = W cos a
Therefore

R = Nr tan o« , where tan a could be thought of as a limiting
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coefficient of sliding friction.
If the angle of inclination of the rough bed of stones is
Bca See Fig. 2.4 , and the stone is dragged by a force F1 at a
constant speed ﬁ; then the followiﬁg simple relationship holds:
F1 =Wcos B tan a - W sin B
or

W cos B (tan o - tan B) R s P~

=
]

2.5.3 Work Rate

If, in Fig. 2.4 ; a fast shallow stream is responsible for the
maintenance of a steady motion of tﬁe solid (say by sliding, rolling
or short saltations), then the fluid thrust provided by the stream
should overcome the contact solid to solid friction forces encountered.

If the assumption that the angle of internal friction a, during sliding,

1
rolling or short saltations is constant and is equal to a, the fluid
thrust is given by the following equation:

F.T = W(1 -ﬂz—) cos B (tan @ - tan B) ceeee. Eq. 2.3

The above meniioned assumption that'or.1 is cons£ant and = a is
backed by Francis' experiments (1973) and was also suggested by
Bagnold (1973)*.

The work done by the stream per unit time to move a solid with a

constant speed ﬁ'parallel to the channel bed is:

T WPs™P) cos B (tan o - tan B)

Ps

Considering the work rate per unit area of the channel bed:

* See Francis (1973) for the definition and measurement of o,



W, = ﬁ'w(ps_p) cos B (tan a - tan B)  eeecece... Eq. 2.4
Pq :

~where w is the average weight of solids dislodged per unit area of the

channel bed.

The work rate term w, could be thought of as a low transport rate

k
of solids per unit bed area.

The following three assumptions are considered to hold in éstablishiﬁg
equation 2..4.
1. ﬁ; the speed of the solids dislodged is constant for each discharge
Q and the associated slope of the channel So.
2. Assume that there is no upstreah feed of stones (due to the
difficulty encountered if an upstream feed of stones is to be maintained
in an experimental flume).
3. The area from which the stones are dislodged is the area of a
working mobile section, upstream and downstream of which there are fixed
stones of similar sizes and shapes. The area of the mobile section
is considered to be large enough,such that,for one set of hydraulic
conditions;similar work ratéS\Mk would be produced in both the mobile sec-

" tion and in a very long and wide steep channel (the bed of which is lined

with similar stones as those in the mobile section.).

2.5.4 Efficiency of the Stream

Now, the work rate Wy and the available power § are related to

each other by the following general equation:
wk= Q E N SessteossracsssaT TGN qu 2.5
where E is the efficiency of the stream and could be tentatively expressed

by the following function:

Q -9
E=rf (—2=

1 '_Q——) esesrsecesanseosrsss s qu 2-6

- Q . " A
_where ¢ 1s a ratio of the excess stream power above a critical
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value to the available one. This ratio could also be thought of as a
transport stage (i.e. it is an indicator that tells whether the solids
are just moving, saltating or eventually in suspension).

Substituting equations 2.1, 2.4 and 2.5 into equation 2.6 one

obtains:
= p-p
Q-0 U w s cos B (tan o ~ tan B) .
f(—2) = Ps ee. Eq. 2.7
L")

Q

Equation 2.7 could be tested by experiment if Qc and U are further
defined in terms of hydraulic parameters describing the flow, physical
properties of the fluid and geometrical and physical properties of the

solids lining the channel bed.

2.5.5 U, An Average Speed of a Dislodged Solid

The trajectories of a solid dislodged bj a fast stream (as observed
in the flume mentioned in article 2.2.1) vary from rolling or sliding
. along the_channel bed to short ballistic jumps (saltations).

There is no experimenfal evidence on those trajectories nor on
the average speed of solids in the case of shallow fast flows, but there
is an interesting experimental stuéy on the same subject in siow flows
by Francis (19?3). From that study the‘following fgnctional relationship
could be written:

D

x? EE, shape of solids, adjacent solidsAin motion),

U = fz(V'g, -\-/-, A
where
T is the average speed of a solitary solid particle when performing
saltations in water.

Vg is the fall velocity in still water of a solid particle of a nominal

diameter Dn and mass density Pge
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_ water

V is the averageaspeed in a flume where a turbulent boundary layer is
fully developed.

V, is the shear velocity,

and

D
L is the ratio of the nominal diameter of the solid particle to the

a
depth of flow d.
d is defined as the normal distance from the theoretical bed level to
the water surface.

The following main conclusions were made:
1. Angular and flat solids spin more during saltation but are slower
than well rounded ones.

2 Satisfactory correlation is obtained when g;as ordinates versus %?
as abscissa are plotted. A1l curves are concaXe downwards and are ¥
displaced to the left for increasing depths of the flow. |
3. U is reduced due to the presence of other solids in saltation.
Based on Francis' experiments, a functional relationship is
tentatively written for U in the case of a fast stream as:
U= fB(Vg’ . éhallowness of the stream, physical properties of the
fluid, geometrical and physical properties of the solid mixture) ... Eq. 2.8
It will be shown in the next article that QC_is generally expressed |
in terms of a function similar to f3(..;.), hence, the discussion of

each of the variables on the right hand side of equation 2.8 is

adjourned.

2.5.6  gq,, The Critical Stream Power

If the percentage damage, %dg, (as defined below) to a sfeep channel
bed lined with loose solids is correlated with increasing stream powers,
the stream power that corresponds to zero % dg could be extrapolated

and defined as the critical (or threshold) stream power g_.
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The independent variables that cause the damage are tentatively

listed and discussed.

2.5.6.1 Independent Variables Describing the Flow

The independent variablesdecribing the flow are as follows:
1. The stream power per unit channel bed area 0 .
2e The shallowness of the stream, usuallylexpressed as a ratio of a

representative solid size (say D..) to a mean stream depth d.  Since

50
d can not be practically measured in this problem, the slope of the
channel bed; So = sin B may be substituted té6 define shallowness,
provided 2 and D50 associated with So are also stated.

3. The time T the solids are exposed to the stream.

The time T is a variable that accounts for the change in hydro-
dynamic forces exerted on each-stone as a result §f the following factors:
(a) The turbulent hydrodynamic forces exerted on each stone are

expected to be time dependent.

(b) As a result of the movement of some stones, the forces exerted
on others are expected to change because the bed geometry
upstream or downstream of them has been altered. This feature
is usually referred to as the interaction between the stream
and the loose boundary (i.e. the loose béd of stones).

4, Randomness in space of the forces causing initiation of motion of
solids. This variable is a function of the random shapes and orien-
tations of the solids. An account of the randomness of the driving
forces could be made by subjecting a solid mixture to similar hydraulic
conditions but changing the orientations of the solids each time an
experiment is repeated. Call this variable No'

5. Physical properties of the fluid, such as: viscosity p, density p

and surface tension € .
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2.5.6.2 Independent Variables Describing the Solid Mixture

1. Mass density of solids ps, which is the mass per unit volume of

a representative sample of the solid mixture.

2. Shape factor distribution (S.f)d. For one solid S.F is defined
,a. are three dimensions of the solid

23

in three perpendicular directions passing through its centre of mass,

a
. _ z
as: S.F = a1/(a2a3) , where 245

a, is the least dimension.

3., Size distribution (D-n)d

4, Packing factor is defined in this investigation as a ratio of the
actual number of solids per unit bed area per layer to the number of
spheres per unit area per layer. The diameter of each sphere D is

~equal to D_. of the mixture and the spheres are arranged in a square

50
pattern. The symbol chosen for the.packing factor is P.F2.

5. The angle o, which is the minimum angle at which a layer of a
solid mixture starts to slide over an inclined plane surface roughened
with a layer of a similar mixture.

6. The number of layers of the loose solids placed as a slope
protection to the channel bed. Call this variable N..

7. The under layer condition UL’ such as permeability and grading of

the materials under the slope protéction layers.

2.5.6.3 Dependent Variables

1. %dg; the percentage damage defined as a ratio of the number of
solids per unit bed area dislodged from the top layer to the number of
~ solids per unit bed area per layer placed with a packing factor

P.F2 = 100%.

2 ¢ , the aeration factor. -

3 The terminal fall velocity distribution of a representative sample

from the solid mixture, (Vg)d' For one solid, the balance between the
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submerged weight and the fluid drag on it gives:

. a
. e Ps : . .
Vg = 36; CE— -1 )Dn » where Cp is the coefficient of drag

of the so0lid when it is moving in still fluid at a speed Vg'

2.5.6.4 A Functional Relationship for Qc

A functional relationship for Q. is suggested in terms of the
independent variables listed previously; First let
% dg = f4( 2,8 TN _,1,p, g,ps,(S.F)d,(Ehé,P.F2,a,NL,UL) cesess Eq. 2.9

when %dg

0, fll-( eees ) =0, and Q. = Qc,

hence

o]
I

fS(SO,T,NO,u,p,s ,ps,(s.F)d,(nnsz.Fz,a,NL,UL) cesscassss Eq. 2.10

2.5.7 A General Equation for the Efficiency of the Stream

Going back to equation 2.7 and substituting equations 2.8 and 2.10

into it one obtains:

= eeeee Eq. 2,11

P. @

(9 -f (...)) w(Ds—p) cos B (tan a - tan é) f3(...)
£
1

s

Equation 2.11. describes the scour problem in its most general form.
But, f3(...) and fs(...) in that equation are defined in terms of the

same variables, hence, only one of them has been retained; f_(...).

5

In order to retain the dimensionlessness form of equation 2.11

3

sige 1s D of the s0lid mixture.

50

f_(...) is substituted by Vé which is the fall velocity of a'solid who se

2.5.8 Elimination of Some Variébles from Equation 2.10

Equation 2.10 contains 13 variables, some of which can hardly

affect Qc® Such irrelevant variables are thus discussed and eliminated
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2.5.8.1 n, Viscosity of Water

It was mentioned previously iﬁ Shields approach that Tae is
independent of Re, in the range Re, > 1000. This implies that
initiation of motion of solids is independent of viscosity in turbulent
flows. The flows encountefed in this problem are highly turbuient
and viscosity is thus eliminated from this analysis.

A word of caution might however be added that when experiments
are conducted in well heated laboratories, viscosity of water could be
up to 6 times less than that of watef in real streams near the freezing

point.

2.5.8.2 ¢, Surface Tension

The surface tension stress €, that prevails on both sides of a
water strip of a unit width, couid only be relevant to our problem
'from the following point of view:

Due to the existence of high velocities in a fast stream, surface

. tension forces are overcome by viscous forces, hernce, the water surface
loses its smooth skin and air is entrained by the stream. Thé presence
of fluctuating air bubbles in a fast stream might have an effect on the
initial motion.of solids. Howevgr, one might consider air entrainment
as.a dependent variable; dependent perhaps on the étream power, slope
of the channel, the physical properties of the solids and the relative
magnitude of viscous forces to surface tension forces. Kenn and Zanker
(1967) and Kenn (ﬁ969) suggest that air-entraining water flows can only
be modelled if full scale velocities (assuming the same fluid is used
in model and prototype) are also maintained. On this basis; if a

Froude model is employed to study the initial movement of large solids
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bj a shallow fast stream, air entrainment may not be correcfly scaled.
However, othér researchers like Straub and Anderson (1960) and the
ASCE Task Committee on Aerated Flows in Open Channels (1961) have
concluded from experiments in rough steep open channels the foilowing
equation:

T = 0.743 1og,|0(s.o/q"/5)+ 0.876
where C is the mean concentration of air defined as the ratio.of the
volume of air to the volume of the air—wafer mixture.
S,= sin B and B is the angle the channel makes with the horizontal.
g is the discharge per unit width in £t/sec/ft.

Based on the above mentioned experimental evidence, air entrainment
is a dependent variable on Soand qQ, hence it is concluded that € can

be eliminated.
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3.2

CHAPTER 3

Experiments and Results of Stage I

The main topics discussed in this chapter are:

1. The experiments needed.

2. Description of equipment used and the procedure followed in
conducting the experimenfs.

3. Experimental results and analysis of data.

The Experiments Needed

Two kinds of experiments are needed in Stage I:
T. Experiments to determine the physical and geometrical properties
of an irregular solid mixture such as:
Py (Dn)d, (S.F)d, (Vg)dand 0.

2. Experiments to test equations 2.10 and 2.11 .

Description of Equipment and Experimental Results

3.2.1 Experiments, Kind 1

3e2.1.1 P3 The Mass Density of Solids

A small number of solids (10 was considered sufficient) wés picked
up randomly from a mixture of crushed granite stones, the solids were
dried in an oven at a temperature of 100° Centigrade for 6 hours and
weighed individually in air by an electric sensitive balance (seﬁsitivity
of the Mettler, K7 balance used is 9.81 dynes).

’Each 501id was suspended by a light string and immersed in water
with a temperature 20° centigrade. The water was contained in a

container but the solid did not touch the base or the sides of it.
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The buoyancy force on a solid is the difference between two weights;
the first ié the weight of the container plus the water in it after the
solid was immersed and the second is that of the container plus water
before the solid was immersed.

The volume of the irregular solid is thus:

Buoyance force

Weight density of water at 20°C

and the weight density of the solid is:

_ Dry weight of the solid in air
Yg © Volume of the solid

hence, the mass density of the solid ps is:

oy = =2

Light-weight replicas of 100 granité stones, picked up at random
from the solid mixture, were made to conduct initiation of motion
experiménts on light-weight solids. The technique followed in making
these replicas is subsequently described:

| A granite stone was covered with a coat of grease and immersed
in warm wax contained in a shallow wooden tray. The flattest surface
of the stone was kept uncovered and flush with.the wax surface. The
solid was removed from the wax after approximately 10 minutes. The
cavity in the wax was greased an& preparéd for casting.

Gypsum (plaster of Paris) was mixed with water (one volume water
to one voluﬁe gypsum) and a homogeneous mix was thus ready to be poured
in the cavity. One hour after the cavity was cast, the wax around it
was broken and removed. The light-weight replicas thus obtained were
dried in an oven at 100°C for 2 hours and then painted with two coats
of polyurethane and one coat of rubber paint for water proofing.

Same

The mass densify of 10 replicas was obtained in the,way followed

for the real stones.
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The results of the mass density experiments are shown in Table 3.1

at the end of this Chapter.

3e2.1.2 The Angle of Sliding Friction; a

Measurements of the angle of sliding friction a were conducted
by spreading a loose layer of solids over a layer of similar solids
glued to a metal.tray. The inclination of the tray (as réad from an
inclinometer attached to the tray) was increased gradually until the
loose layer started to avalancheAdown the slope. Simiiar tests were
conducted under still water, but no apparent difference in the limiting

angle of inclination (i.e. the angle ) was noticed. See Table 3.2.

3.2.1.3 Size Distribution;(Dy),

Determination of the size distribution of a solid mixture by sieve
analjsis was abandonedAbecause the sizes of the soli&s were large and
standard sieve sizes would only allow few points to be plotted on a
size distribution curve.

A distribution by weight of 100 solids, picked ﬁp ét random, was
done instead. The solids were labelled from 1 to 100, weighed
individually on the Mettler electric balance and a weigﬁt distribution
curve was thus obtained as explained subsequently:

The weights of the solids were arranged in an ascending order, the
cumulative weights from the lightest to the heaviest ones were calculated,
the ratio of the cumulétive weight to the total weight of the sample
is defined as fhe percentage smaller of the mixture (relative to the
s0lid weight under consideration).

Fig, 3.1 1is a plot of % smaller as ordinate and the logarithm of

the weight of each solid as abscissa. Fig. 3.1 could be converted _
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into a size distribution curve by converting the W scale into a Dn
scale, where D_ is the nominal diameter of the solid given by:

D = (6w/npsg)"/ 3,

3.2.1.4 Shape Factor Distribution; (s.F)d

The shape factor of am irregular solid (as defined in article
2.5.6.2) was meaéured in the following way: |

The outside dimensions of a solid in three perpendicular directions
was measured by é éompass. Idenfification of the three perpendicular
directions was done by eye, hence the shape factof of a solid 6btained
is an approximate value that provides some idea about the'flatness of
an irregular solid.

Fig. 3.2 is a plot of the percentage flatter as o;dinate and the
logarithm of S.F as abscissa. The percentage flatter than a given
value of S.F is obtained from cumulative weights in fhe same way followed
to determine the percentage smaller in the weight dis&ribution curve;

Fig. 3.1.

3.2.1+5 Fall Velocity Distribution; (vg)d

The terminal fall velocity of a solid in still water is reached

when there is a balance between its immersed weight and the drag force
on it. A visual tank 3 m wide, 6 m long and 3 m high provided just
enough depth of wafer so that the time measured for one solid to cross
the 3 m depth of the tank is in the arder of 2 to 5 seconds. Unfortunately,
there was no aéeper tank available in the laboratory to increase the time
measured. |
The method of measuring the fall velocity of one solid was done
iﬁ the* following way:

A stand carrying a vertical scale is immersed in the visual tank
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ofposite one of its transparent windows. A transverse mark was fixed
to the scale at a known height, the solid was released at the water
surface and the time elapsed between passing the transverse mark and
reaching the tank base was'recorded by a stop watch. Fach experiment
was repeated three times and the arithmetic mean of the three time
readings was adopted as the reliable time reading. The fall velocity
of the solid under consideration is the ratio of the known distance the
s0lid has moved to the time elapsed.

Observations during these experiments showed that some solids
followed an inclined path and spun before they hit the base of the
tank, others followed a vertical path without spinning at all, still
others followed a helical path without much spinning.

Fig.3.3 is a plot of % slower as Qrdinate against log (Vg) as
abscissa, % slower is defined in the same way % smaller was defined in
artic1e~3.2.1.3. The same solids were used to establish Figs. 3.1,

3.2 and 3.3 .

3.2.2 Experiments, Kind 2

3.2.2.1 Apparatus
General

The apparatus is a short rectangular flume wifh perspex glass side
ﬁalls, an adjustable slope and dimensions shown in Fig. 3.4, see also
Plate 1. The geometry of the flume entrance was improved by fitting
a streamlined plate upstream of the leading edge of the flume bed.
Two flat parallel plates were also clamped to the leading edges of the
perspex side walls on one end and to the perforated baffle in .the
resefvoir'tank on the other. The purpose of the above mentioned improve-
ments was to prevent standing waves from occurring and persisting'downstream

of the flume entrance (see Plate 2).

5
~
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The Roughened Bed and the Mobile Section

A false bed of inverted steel trays was built in the flume, the
trays were 50 by 50 cm in plan area and had a 10 cm high edge. A
layer of granite stdnes with a D50 = 5 cm was glued to the trays with
100 stones on each tray approximately, see Plate 1.

The mobile section was a layer or more of loose solids placed on
top of a glued one in a shallow tray. The shallow_tpay wés 50 by
50 cm in plan area and had a 2 cm high edge. The elevation and the
longitudinal position of this tray could be changed in relatioﬁ to the
inverted trays of glued stones. The elevations 6f the shallow tray
were always adjusted so that the top loose iayer in the mabile section
was flush with the glued one on the inverted trays upstream and
downstream.

Supply and Disposal of Water

)

A 6 inch plastic pipe supplied water to an open stee1 box (the
reservoir tank in Fig., 3.4 ). A control butterfly vélve was fitted -
two metres upstream of the pipe outlet in the box. A baffle 10 cm thick
was constructed across the steel box to dissipate aﬁ& disturbances in
the flow after it leaves the pipe outlet.

The outlet of the flume was directed to an unde;gfdund measuring
tank where excess water was spilled to the lab sumps over a longitudinal

weir built in the underground measuring tank.

Calibration of Orifice Plate

A circular ofifice plate (the diameter of the orifice was 4.5 inches)
was fitted in é horizontal piece of the supply pipe. Two pressure-
measuring tapping points p1 and p2 were located on the under side of the
éupply pipe and two air-relief omes b1 and b2 were located on the upper

side of it, see Fig. 3.5 .
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The pressure difference . .
. pipe {6 in diameter)

between the tapping points by+ g/ T+ b1
i flow P
p1 an p2 was measured by a P2 hfﬁ
mercury manometer l N
water or a mercury manometer - .
\\ T orifice

depending upon whether the

pressure difference was small

or large respectively.

Calibration of the

orifice was done as follows:

1. A valve opening was

T

H
H

chosen, and air, if any, was

relieved from the supply pipe lions of manometers

by opening tapping points

waterimanometer
Baly

F1G6.- 3.8 , Qrifice plate and connec~

b1 and b2 until air bubbles ceased £6 éscape from the pipe.
2. A point gauge was mounted over the underground measuring tank
. opening. The water level in the tank was read by the first appearance
of a signal which is only activated when a direct current electric
circuit was closéd as the point gauge tip touched the water surface.
The impact of the water outflow from‘the flume generated irregular
waves on the water surface iﬁ the underground tank;_ A vertical steel
pipe 1 m long, 10 cm in diameter, surrouﬁded the point gauge and
damped down the irregular disturbances (wéter in the underground tank
gained access to the pipe through a 2 cm gap near its lower end).
3. The time to fill a known volume of the measuring tank, the plan
area of whiéh is 41.30 m2 , was measured by a stop watch. This step
was repeated 3 times and the arithmetic mean of the three readings was
considered as the reliable time reading.

4, The level difference between the two limbs of thé manometer (fhe

water or the mercury one) was recorded, hence the pressure difference
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bétween the tapping points p1 and p, was calculated.
5. The equétion of the volumetric discharge through the orifice was
assumed to have the form:

Q=c, A, (2gH)% cerecseccencscssascscses Bg. 3.1
where 3 is the coefficient of discharge of the orifice plate;

Af is the area of the orifice and

H is the pressure difference between. the two tapping points p1 and Pye
If an overall coefficient of discharge Cd is substituted for the

a
product c, A. (2g)° equation 3.1 becomes:

a
a
Q=Cd (H)2 e s assesovseernacccsnancnaece . qu 302
A
Table 3.3 shows the measured values of Q and (H)Z.

Fitting an eéuation of the same form as equation 3.2 to the data

in table 3.3 ,by the least square method,gave the following equation:

Q=3291 (H)% # 6 6 8 0@ 20 8 &8¢ ¢V EEGE P e e s LI I 1 Eq. 3.3
where Q.is measured in cm;/sec and H in cm of water.

The coefficient of correlation of equation 3.2 is 99.0%.

3e2.2.2 Simplifications

Some preliminary experiments were run in fhe flume shown in Fig,k 3.4
to simplify the functional relations proposed in the previous chapter
i.e. equations 2.9, 2.10 and 2.11 . Tﬁese experiments consisted of
subjecting several (2 or 3) layers of the granite stone mixture (whose
physical and geometrical properties were described in Figs.3.1, 3.2 and
3.3 and Tables 3.1 and 3.2) to a fast shallow stream. The observations
made dui‘ing these experiments led to thé following simplifications:

1. An impermeable underlayer condition would simplify the main
experimental flume.

2o The variable N0 determining the number of random placings to be
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tested (mentioned previously in article 2.5.6.1) was arbitrarily fixed
at 10.
3. The number of layers in the mobile section should be restricted
to one for the following reason:

If the mobile section contained more than one loose layer of solids,
a standing wave would form over that section due to the flow gaining
access locally tb the lower layers in the tray, thus qreating,a"
special flow condition over it . |
4. The time T was arbitnarily-chosen to be 10 minutes. The'justi-
fication for this choice was based on the following observations:
undér these test conditions, there appeared to be no continuous flow
of solids after the first solids were dislodged by the stream. There
could have been very low rates of solid tramsport,but if so,the rate
was so low that a reliable count of solids might have required several
days to obtain.
5. The geometrical and phyéical properties of any solid mixture could
be expressed in the following way:

The size (D-) of a solid mixture could be thougﬁt of as a pair of

variables; D_. being the median size of the mixture and( being the

20 . P50 d

non dimensional distribution about the median value. The same
argument applies to the distribution of the fall velocity (vg)d but
not to the distribution of the shape factor (S.F)d, because the shape
factor S.F is alreédy non dimensional.

What Figs.3.1, 3.2 enable one to do is to obtain the relative

distributions dbout the median value, i. e.(fr—J and

If the assumption is made that larger or smaller (1n size) stone

=

mlxtures have the same relative distribution curves of(D ) (

850'd
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as well as the same shape factor distribution (S.F)d as the stone
mixture tested in this investigation, then the remaining variables

expressing the geometrical and physical properties of a mixture are:

D5O’ Vgso, S.Fso, ps.

6. The packing factor P.F2 was kept constant at 100%, onnJ
the number of loose stones per layer in the mobile section was always
100.
Based on the above simplifications, equations 2.9 , 2.10 and
2.11. in Chapter 2 are simplified and have the following forms
respectively:

% dg(during time T = 10 minutes) = f6(Q ’SéD5O’S'F50’ps) vesesse Eqo 3.4

o = f7(so,D50',S-Ff5.o,__ps) Ceeeceeeeeonenan teveeseseesnaeess Eq. 3.5
and -
_ (PP
', Q-2 w V. b cos B(tan a - tan B)
_Tvz f1( Q ):‘ Q esencscaccsce qu 3.6

Equations 3.4, 3.5 and 3.6 were tested by experiment as will be

discussed subsequently in the following articles.

2e2.2.3 Experimental Procedure

A typical experiment to detgrmine the percentage damage within
10 min (%dg) was run in the following way:
1. The channel bed was set at a known slope.
2. The mobile section was located at a chosen distance from the flume
entrance.
3. A loose layer of solids was placed on the glued one in thershallow

tray of the mobile section. The tray elevation was adjusted so that



the loose solids were flush with the glued ones on the upstream and
downstream inverted trays; this was estimated by eye.

L. The control valve was opened slowly (within a period of 1 min) to

* the desired valve opening and the aischarge was increased gradually

(in increments of 1000 cmB/sec approximately). The aim of opening
the valve slowly was to prevent a bore (like that of a flood wave) from
occurrence over the mobile section. FEach valve opening was méintained
for 10 minutes and at the end of this period the dislodged solids were
counted and their identifying labels recorded (each solid was identified
so that its weight could be obtained). The corresponding manometer
reading (to allow calculation of Q) Was also recorded.

S. The flow was stopped when damagevexceeded 15% approx%mately, since
after that stage,the geometry of the bed at the mobile section radically
changed.

6. The loose solids were reorientated again as in step 3 above and
the experiment was repeated 10 times for each slope to demonstrate
whether or not there was scatter in the experimental results due to ten
different random placings of the stones.’

7. A range of slopes of the channel bed was tested.

8. The longitudinal position of the mobile section was then‘changed
to demonstrate whether an undeveloped boundary layer had any influence
on the erosion.of large solids.

9; Experiments with light-weight replicas also followed the same

steps mentioned above.

3.2.2.4 Observations

(i) The Beginning .of Motion of Solids

Solids in the mobile section were observed before they were

dislodged by the stream. Some solids adjusted their positions to safer
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shelters. Others were in a critical static balance beforehand and
began.a random rocking movement, still others loocked stable in their
recesses.

Dislodgement of the first solid occurred after a certain discharge,
@, and an accompanying slope, SO, were exceeded. New solids were
also dislodged once Q and/or So were increased. The removed solids
“could have been rocking, adjusted their positions or loocked st;ble before
they were dislodged.

When the loose layer of the mobile section was reorientated
randomly and subjected to the same @ and S0 values that dislodged the
first, second and subsequent solids, the following observations were
made:

(a) For Q and So values that dislodéed only one solid in a previous
experiment, one of the subsequent events occurred:

1. No solid was dislodged at all.

2. A different first solid moved.

3. More than one solid moved (not more than 2 or 3).

(b) For Q and S0 values that dislodged two solids only, the following
events occurred:

Te Less than two solids moved (iﬁcluding no movement at allj.

‘2. Different.two solids moved.

3. More than two solids moved (théugh not more than 5 or 6).

These observations showed that the threshold condition for the
first s0lid to be dislodged from a mixture can not be defined unless
one resorts to a statistical approach. Such an approach will be

discussed when the experimental data is analysed.

(ii) The longitudinal Location of the Mobile Section

For one channel slope and one solid mixture, changing the

longitudinal position of the mobile section did not show any distinct
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and consistent influence on the number of stones dislodged by a stream
of a certain stream power .

fhese experiments demdnstrated‘thét, in the case of a shallow
fast flow over a steep rough channel bed, the region of developing
boundary layer is so short that its influence on the initial movement
of large solids is overshadowed by the irregular shapes of the solids
and the randomness in space and/or time of the hydrodynamic fofces.
Hence, it was decided to fix the longitudinal location of the mobile
section in the remaining tests at 50 < x < 100 cm.

The experimental results regarding this part of the work a&e'not

included in the thesis.

3.2.2.5 Experimental Results

Experimental results are shown in Tables 3.4, 3.5 and 3.6. Each

of these tables will be described in detail.

3.2.2.5.1 Tables 3.4 and 3.5

Each column heading of Table 3.4 was obtaineé in the following
way : |
1. Column 1; g, dimensions: cmB/sec—cm.

q is the volumetric discharge of watér per unit width of the flume.
First the totai discharge Q was obtained by using the calibration
eéuation of the orifice plate, equation 3.3'; theﬁ q = /50, where 50 cm
is the width of the flume.

2. Column é; 'Q , dimensions: 981 dyneé/(cm-sec)

Q@ is the stream power per unit bed area, each value in this
colum was obtained by using the equation @ = pquO, where
pg = 981 dynes/cm3 for water at 20°C. q is found in column 1

and S0 in colum 7.
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3; Column 3; 2500w, dimensions: 981 dynes.

This term represents the total weight of solids dislodged from the
mobile section whose area is 2500 cm2. Fach value in this column was
- obtained by adding up the weights of all solids.dislodged from the
start of an experiment to the experimental run under consideration.

As an example, the weight éf solids dislodged due to the stream power
in experiment 4, run 4 is the sum of the weights of dry solids in air
dislodged during runs 1, 2, 3 and 4.

4. Column 4; %dg, dimensionless.

For one experimental run, %dg is given by the cumulative number of
solids actually dislodged from the start of the first experiment to
the run under consideration. This is because the number of sphericél
solids that could be placed in one loose layer in the 50 cm x 50 cm
mobile section with square packing(P.F2 = 100%) is 100, as D50, the
median diameter of the equivalent sphere was 5.00 cm. It is assumed
that the area of the mobile section is large enocugh to give a fair
indication about %dg in a long flume. As an example of how %dg was
calculated, consider experiment 4, run 4 again: the number of solids
dislodged from the whole area of the mobile section during runs 1, 2,
3% and 4 were: 0, 1, 3, 2 respectively, hence %dg that corresponds to
the stream power in run 4 is (0 + 1 + 3 + 2)/100 =‘6%.

5. Column‘5; wk/fz , dimensionless.

Bquation 3.6 is employed to calculate this ratio, where:

w was calculated by dividing the values in column 3 by ZSOQ cm2; the
area of the mobile section,;é and sin B are tabulated in column 7 of
Table 3.4 . Average values of o under water are found in Table 3.2 .

V was calculated using the following equation:

(———2— = - 1) ) , where CD is assumed to be 1 due to the
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aﬁgular shapgs of the solids. Vé was checked against VgSO as

obtained from the fall velocity distribution curve Fig. 3.3 . Vg 50 is
defined as the fall velocity of a solid where 50% of the solids in a
mixture have slower fall velocities. For the crushed granite stones,

Vé = 104 cm/sec, compared with VgSO = 83 cm/sec. The disagreement
between the two values led the author to adopt Vé to be used in

equation 3.6 instead of Vg 50° since the former is a more practical

parameter to define when the size of a solid becomes large.

2 values are found in column 2.
Q -Q

6. Column 63 ——5——13 ,dimensionless.

This parameter is calculated from a knowledge of @ and Qc (Qcthé stream

power at initial motion,as will be described in the following section3.2.2.5.:
7. Column 7; variables kept constant during one set of experiments.

These variables are:

slope of the channel bed; S0 = sin Bj

~ the longitudinal location of the mobile section as expressed by
the inequality < x < , where x = O coincides with the leading
edge of the flume and x is measured in cm;

- N; the number of solids per layer placed loose in the mobile
section. .

~ average physical and geometrical properties of a solid mixture

as ;xpressed by ps/p and.Dso. In addition, figures -3.1,3.2 and

3.3 show the size distribution by weight, shape factor and its .

distribution and fall velocity and its distribution.

3e2+2.5.2 Determination of Qc

For one channel slope and one solid mixture, equation 3ok could
be written in the following form:

% dg(during 10 min) = fB(Q ) Ceeessscadiesss. Eq. 3.7
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Two alternative functions were fitted to the data in columns
4 and 2 of Table 3.4 namely:
1 % dg (during 10 min) = e log (e )+ C s eveeees Bqo 3.7.1
where e and Co are constants.
2. log (% ag(during 10 min)) = e,log () + c1 eeses BEq. 3.7.2

where e1 and C1 are constants also.

Q
Let C_ = e_log (1/ co) and

%

stream powers corresponding to 0% and 1% damage respectively. Hence

Q - »
eqlog (1/ cl)’ where Q. and @ are the critical

equations 3.7.1 and 3.7.2 could alternatively be written in the

following forms:

. Q |
% dg(during 10 min) = e log ) eeseseseaecass Bgo 3.7.3
co
and
€
% dg(during 10 min) = ( QQ ) . seesssccssesss Eq. 3.7.4
cl

The method of the least square was used in the fitting procedure
and a computer program was fed to a Hewlett calculator* to find the

constants: e , Qe and Q
o co c

1 1°
The coefficients of correlation (see Appendix I) r,and r,
associated with equations 3.7.3 and 3.7.4 respectively were also
determined by the calculator. |

Table 3.5 summarizes the results obtaiﬁed from this regression
analysis, where'a pair of equations of the same form as equations
2.7.% and 3.7.4 , were fitted for each chamnel slope and solid mixture
tested.

Although Qco and ch correspond to 0% dg and 1% dg respectively,

Table 3.5 shows that for the different slopes tested is slightly

Q
cl

@0 0eessrasasev e s @ % e S eCeas PSRN EPE RIS RBROOSEOEEEERAENRS LIC NI BCRE A AP B A I BN S N Y S

* Hewlett Packard Calculator, Model 9100B



less than the corresponding values of Qco' This anomaly is thought

to be due to the scatter in the daté and due to the function chosen in

the fitting-procedure. However, Qco has been adopted as the critical
stream power and hence was used to'evaluate the ratio ( @ - §2C)/S2

in column 6 of Table 3.l.

3.2.2.5.3 Table 3.6; Comparison with Previous Investigatiéns

Data from three different investigations have been collected to
compute the critical stream powers Qc and compare them with those
obtained in this investigation ; Table 3.5 . Table 3.6 shows the results

of these computations and the following comments are made regarding them.

Computations of 2, Based on Neill's Data

1. For one sediment mixture QC does not show a consistent increase

or decrease with the chammel slope. However, an average Qc coul@ be
computed and assumed to be a criterion for the initiation of motion of
solids for the limited range of slopes tested.

2. The larger the Dn of a solid, the larger is Qd'

3. Identification of the threshold condition of motion of a solid was .
based on a subjective method where a small numbe£ of grains only moved

when the threshold hydraulic conditions prevailed.

Computations of 2 Based on Ashida and Bayazit's Data

1; Comments 1 and 2 made about QC based on Neiil's data also apply.
2. Definition of the threshold condition of motion of a solid mixture

" was based on extrapolation from non-dimensional shear stress versus
transport rate plots. Although this method is more oﬁjective than

- Neill's, there was no mention in Ashida .and Bayazit's experiments about
the number of times the same experiments were repeated. In other words,

it is not known whether different transport rates would have been
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measured by different investigators even if the same hydraulic

conditions prevailed in the test flume.

- Computation of Qc Based on Hartung and Scheuerlein's Equations

Equations 1.6, 1.7, 1.8, 1.9, 1.10 and 1.11 were solved for the

case of ps/p = 2.65, D g=5em and a packing factor P.F1 = 1. The

5

critical stream power Qc was computed based on the equation:
Qc = pgq sin B, where q is given in equation 1.10.
The computations of Qc are shown in Table 3.6 and they reveal

the following trends:

1. For a particular solid mixture, Qc increases with So' This trend
was also revealed by the results shown in Table 3.5.

2. It could be shown that similar reiteration solutions to equations

1.6 to 1.11 for increasing D_. and/or ps/p reveal an increase in .

]

50

Q, Based on the Author's Experiments

Table 3.6 shows that, for the crushed granite stone mixture
(D50 = 5 cm and p;/p = 2.65), 2, increaseé with 8 .  The following
.empirical equation was fitted by the least square method to the 4 data
points obtained:
8, = 235 (30)0-516 et ereearaaaanas . Eq. 3.8

The coefficient of correlation of equation 3.8 is 91.7%.

The limitations on equation 3.8 are:
1. It does not apply to subcri£ica1 flows.
2. It applies to a particular solid mixture.
3. The number of points which led to its establishment is small and it
might prove fruitful to increase the number of experimental runs.

Table 3.6 also shows that szc for the light-weight replicas increases

with So. Unfortunately, slopes greater than 15.82% could not be ‘tested

because initiation of motion occurred when the volumetric discharges
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were too small to measure (in the order of 1000 cmB/sec or less).

3.2.2.5.4 Testing Scour Equations

The validity of equation 3.6 is now tested in the following way:

Q —QC

A1l positive value of wk/Q and in Table 3.4 were fed into the

Hewlett calculator so that an equation of the form

Q 2 3
can be fitted by the least square method.

W, Q-9 3
—_ = e2( ) , (e, and e, are constants)
Feeding in 193 data points gave the following equation:

G
Q

12(9_%)0'236 ) eveeresemesraeeeaeneens Bq. 3.9
- |

The coefficient of correlation of equation 3.9 is only 25.8%,
which means that such an equation predicts the weight of solids dislodged

by a stream with a very poor degree of correlation.

W,
3.2.2.5.5 Prediction of % _ and ?%‘ for Larger Solids than those Tested

The experimental results obtained in Stage I' of this investigation,
could be regarded as results obtaihed from a Froude model thaé simulates
the hydraulic conditions in a prototype wide channel lined with loose
solids of ps/p = 2.65. The major crit;cism of this assumption is that
air entrainment in the prototype is greater than fhat in the model.

If the linear dimensions of the prototype are L times larger than
those of the model, then the ratio of the stream powers per unit bed

area is:

QC(Of model)

I‘-1-5
QC(Of prototype)

CSescssserasceessne Eq.‘,3.140

Qonsider a prototype stone mixture with a certain D.. but of a similar

50



weight distribution curve as Fig. 3.1 , assume also that the prototype
‘solids are geometrically similar to those tested in the model and

ps/p ; 2.65 is cqmmon between both.model and prototype. Based on these
assumptions, the following relations are written:

D50(0f model) i '1
D5O(°f prototype) -~ L

aseesae e®sev s 00 s 00000 e qu 3.11

since D50 (of the model) = 5 cm and by substituting equation 3.11 into

equation 3.10 one obtains:

Dy (of prototype))1'5 eeee. Eq. 3.12

gk(of prototype) = g%(of model)
5

where D O(of the prototype) is measured in cm.

5

Substituting the empirical equation 3.8 into equation 3.12 one

obtains the following equation for k% in a prototype:

_ 0.516 1.5
9, = 235(8 ) (_DEQ) O Eq. 3.13.
5 .

Substituting equation 3.13 into equation 3.9 , one obtains the
following equation for wk/SZ in a prototype:

0.516 1.5 10.236
Q - 235 (So) (D5O/5)
Q

W v :
- =12 .e. Eg. 3.14

The same limitations on equations 3.8 and 3.9 also apply to

equations >3.13 and 3.14 respectively.
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Table 3.1 ; Measurements of the Mass Density of Solids, p_
Weight of Weight of
Soiid Weigh’.c conti\iner contiiner Buoya_ncy
mixture °§n521id water water force Ps
before solid | after solid
is immersed | is immersed :
981 dynes 981 dynes 981 dynes | 981 dynes| gm/cm” %

Crushed 219.46 522.90 606.22 -83.32 2.63
granite 217.57 618.32 7%7.80 119.48 2.66
stones 104.17 594.70 633.70 39.00 2.67
Dgg= Sem 138.06 595.50 646.90 51.40 _2.68
107.12 596.30 636.60 40.320 2.66
116.29 596.75 640.85 44,10 2.64
107.97 597.30 639.20 " 41.90 2.58
10%.49 524.20 562.92 | 38.72 2.67
161.51 521.40 582.60 ~61.20 2.64
118.15 599.71 6Lk 11 Il 4O 2.66
Average Py 2.65
Light- 76.10 634.80 €88.00 | 53.20 1.43
weight 62.50 633.00 681.00 48.00 1.20
replicas {15.50 642.50 727.40 84.90 1.36
Dsoz 5cm 89.10 639.70 699.60 59.90 S 1.48
105.90 642.50 | 709.00 66.50 1.59
75.90 6328.00 . 689.20 51.20 1.48
161.10 650.00 752.10 102.10 1.58
164.00 652.10 753.50 101.46 1.61
169.20 655.20 765.50 110.31 1.53
Average Py 1.48
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Table 3.2 ; Measurements of the Angle of Sliding Friction, o
Eme§iment ‘ Solid Mixture a in air o under water
~ No. degrees degrees

1 Crushed Granite 66 65

2 Stones 63.5 62

3 D50= 5cm 62.5 62

L 64 66

PS'

5 ra 2.65 66.5 60

6 65 63
7 63.5 66.5

8 64 65
9 - 66 64.5

10 63 - 62
Average 63.6 6h4.b

1 Light-Veight 63 64
2 Replicas 64 61.5
3 D50= Scm 63.5 62.5
L 61 60.5

. ps

5 ral 1.48 63 62.5

7 63.5 64

8 62 65

10 62 63
Average 62.85 63.10
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Table 3.3 : Calibration of Orifice Plate

Q @? Q @?

om>/sec (om of water)? em>/sec (cm of water)?
8816 . 2.68 58792 17.75
12149 3.73 60439 18.58
15143 . k.70 63791 19. 44
15142 4.63 65936 - 20.02
16950 5.16 | 67202 20.64
17288 5.69 70779 ©21.53
19834 6.10 74526' 22.78
21413 6.49

2183 7.42

2.6302 8.oz>

29477 8.96

32859 10.03

36369 11.13

39031 11.97

39887 12.09

47745 14,64

53717 16.27

Laysy 12.90

L5kl . 13.56

52318 15.55

55427 17.13




66 -

Table 3.4 5 Details of Experimental Results
Column: 1 ' 2 3 L 5 6 7 !
a | g 2500w |%dg| w_ | 0-n Variables
3 { 81 4 81 4 in! X < 'kept constant )
Exp./Run cn 9;1_yn_es_9j THES | 101 @ 2 during each |
sec—-cm cm-sec . . !
min experiment
1/ 1044.80| 71.50 149.95 | 1| 9.29 |22.451 S_ = 6.8%
1/2 1374.30| 93.45 LoL.8h | 3 123.45 | LO.66 | Py ‘
1/3 1425.00! 96.85 625.19 | 4 28.59 bp.75 i p T 2.65
2/1 542.902 36.90 0 o0 - D50= 5cm
2/2 | 781.90; 53.j7 718.10 | 3 |59.83 - 50¢m< %< 100
2/3 1132.60% 77.00 893.70 | 4 {51.40 | 27.99 N = 100
2/k 1440.00; 97.90 | 1255.70 | 7 |57.05 | 43.36
3/1 476.201 31.77 346.38 | 2 [48.31 -
3/2 874.201 59.44 533.12 | 3 139.741 6.71
3/3 1227.40! 83.50 821.60 | 5 |43.58 | 33.59
3/ 1329.40 1 90.43 | 1155.75 i 7 [56.61 | 38.68
3/5 1382.21| 93.99 | 1262.95 | 8 |59.54 | 11.00
L/ 898.80( 61.12 0 oo -
b/2 | 1018.40| 69.25 175.60 i 1 111.231 19.93
L/3 1222.90| 83.15 915.36 | L4 [48.76 | 33.31
L/h 1305.00 | 88.74 1184.51 1 6 |59.14 | 37.51
L/5 1390.00 | 94.52 | 1546.77 + 9 172.51 | 41.33
5/1 904.00| 61.53 0 0o -
5/2 1070.66 | 72.80 129.18 | 1 | 7.87| 23.83
5/3 1266.80| 86.14 365.38 | 3 [18.78 | 35.63
5/h 1382.20 | 94.00 546.20 | 4 |25.72 | 41.01
6/1 795.74 | 5k.11 376.25| 2 |30.79| -
6/2 949.04 | 64.53 522.28 1 3 135.85| 14.07
6/% 1034.35 | 70.33 _820;40 5 151.67 | 21.16
6/4 1258.17 | 85.55 1152.85 | 7 |59.70| 35.18
6/5 1378.26 | 93.72 1410.56 | 9 [66.68 | 40.83
7/ 996.75 | 67.77 _ 0 | 0|0 -
7/2 1050.07 | 71.40 186.74 | 1 [11.64 | 22.34
/3 1100.82 | 74.85 620.36 | 3 [36.72] 25.92
7/ 1280.50 | 82.85 727.56 | L4 |38.8L] 33.07
?7/5 1503.30 | 102.20 822.31| 5 |35.65 45,7k
8/1 572.30 | 38.91 0 -0 lo0 -
8/2 723.90 | 49.23 190.32 | 1 117.10 -
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Column: 1 l 2 [ 3 b 5 6 l 7
9/1 907.88| 143.63 g 777.71 | 6| 22.64 : 20.13 s, = 15.82%
9/2 1068.11: 168.98 g 1126.24 . 8 27.86  32.11 Py :
9/3 1193.61; 188.83 . 1338,30 ;10 ; 29.64139.25| p 265 ;
- 9/h 1382.21; 218.67 | 1519.12 111 | 29.0k | 47.5k4 -
10/ 874.202 128.30 ©  k13.49 ; 2! 12.48 17.05 | S0cme %< 1000
10/2 977.37| 154.62 ~ 918.00 | 55 24.82 | 25.81 N = 100
10/3 | 1191.32} 188.47 © 2099.11 {11 46.58 | 39.14 '
10/4 1281.81: 202.78 | 2502.86 i1k 51.60 | 43,43 !
11/ 595.661 9423 ¢ o 1 o0i o0 -
11/2 788.85) 124.79 |- 526.04 | 3!17.61| 8.00
11/3 871.06| 137.80 . 697.64 | ki 21.16 | 16.75
12/1 735.12; 116.29 é 1233.36 7 L. 3k | 1.36
12/2 982.95] 155.50 ; 1972.13 |10 | 47.64 | 26.23
12/3 1191.32 | 188.46 | 2338.50 1131 51.88 | 39.14 !
13/ 988.48 | 156.38 | 760.27 | 4} 20.32 | 26.65 |
13/2 | 1436.40 | 227.24 ! 1475.02 | 9| 27.14 | 49.52
14/ 681.17 | 107.76 297.08 | 21 11.51 | -6.0 |
14/2 874.19 | 138.29 1735.02 11' 52.46 | 17.05
14/3 117449 | 186.27 | 2488.81 151 55.87 | 38.42
15/ 745,25 {-120.90 - 225.68 7! 7.80 | 5.12
15/2 954.77 | 151.04 1180.70 | 7 32.00 | 24.06
15/3 1085.85'| 171.78 | 1401.67 | 8 34.11 | 33.22
15/ 1186.73 | 187.74 | 2017.62 |12} 44.94 | 38.90
16/1 874.20 | 138.30 109.20 | 11 3.30{17.06
16/2 991.2k | 156.81 288.28 | 21 7.61|26.85
16/3 1177.50 | 186.28 468.28 | 31 10.50 | 38.42
16/4 1279.70 | 202.45 575.43 | 4| 11.86 | 43.33
16/5 1434 .45 | 226.94 926.13 | 6! 17.05 | 49.45
12/& 609.25 | 96.38 0 ol o -
17/2 723.90 | 114,52 | 254.23 | 2| - -
17/3 861.61 | 136.30 385.41 | 3| 11.83 | 15.84
17/k 1091.30 | 172.97 1131.66 | 8| 27.36 | 33.68
17/5 1175.17 | 185.91 3420.00 |19 | 76.93 | 38.28
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Table 3.4 continued
Col;umn: 1 2 3 L 5 6 7

18/1 723.90 | 114.52 0 0{ 0 - 8, = 15.82%
18/2 858,44 135.81 1030.72 | 6 {31.72 }15.53 Py p
18/3 968.96 | 153.29 | 1267.43 34.58 125.17 | p - 207
18/ | 1191.321188.47 | 2693.60 |17 |59.76 | 39-14 D o= Sem
19/1 511.87 i 80.98 0 0 - - 50cme < 100cm
19/2 720.12 | 113.00 129.00 { 1| - | - N = 100
19/3 864.72 | 136.80 1381.06 | 9 142,22 116.15 | - .

19/4 974.58 | 154.18 | 1726.52 {12 |46.83 §25.6o '

20/1 609.25 | 96.38 | 256.68 | 2| - | -

20/2 858 .44 | 135.81 524.28 | 4 116.14 | 15.53

20/3 1095.86 | 173.37 857.28 | 6 ! 20.68 | 33.83

20/4 1268.98 | 200.75 984.00 | 7 {20.49 ! 42.86

20/5 1352.28 | 213.93 | 1120.35 8 {21.89 | 46.38

21/1 547.9% | 86.68 0 ol o -

21/2 738.83 | 116.88 304.06 | 2 110.88 | 1.85 |

21/3 85844 1 135.81 1150.91 { 6 | 35.4k4 1553

21/4 1083.34 | 171.38 2914.7% 118 1 71.12 | 33.06

22/1 572.29 | 90.53 563.68 | 3| - -

22/2 889.66 | 140.74 682.63 | 4 | 20.28 | 18.50

22/3 - 1083%.33 1171.38 ! 2167.68 111 |52.89 | 33.06

23/1 295.80 | 46.80 0 0 - -

23/2 470.05 | 74.36 188.12 | 1 - -

23/3 649.59 | 102.76 505.34 | 3| - -

23/4 1191.32 | 188.46 1766.81 112 | 39.06 |39.14

2L/ 472,08 | 74.84 324,67 | 2 - -

24/2 595.66 | 94.23 878.40 | 5 - -

24/3 672.29 |106.35 1027.13 | 6 - -

2L/l 746.18 |118.04 3238.59 {20 - -

25/1 618.15 | 97.79 752.86 | 4| - -

25/2 10%1.72 |163.21 4534,03 |28 - -

26/1 328.57 | 53.56 0 - -

26/2 572.29 | 90.54 472,02 | 3 - -
T 26/3 738.83 1116.88 | 1457.27 | 7 |52.13 | 1.85

26/l | 977.38 |154.62 1939.70 {10 |52.46 |25.81
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Table 3.4  continued

Column: 1 i 2 ‘ 3 4; 5 ! 6 7
27/1 280.02 g 65.35 0 0f 0O - 8, = 23.34%
27/2 317.71 g 74.15 | 162.38 | 11 1.81i-11.24 Py
27/3 386.60 | 90.23 | 298.78 | 2| 413.06] 2.90| p = 2-65
20/ | W6 {0k19 | 30353 | 3| 189|365 | L
27/5 479.17 | 111.84 | 500.68 | 4|17.65! 19.55 | 2°
27/6 634,78 | 148.15 | 1388.41 | 10 | 36.96 | 39.2p | POcmex<100cm
27/7 | 713.47 | 166.52 | 5505.60 |3k | - |hs.gp ) M= 100
28/1 277.00 | 6465 | 0 o| o -
28/2 014k . 93.69 ; 215.57 | 2| 9.06i 3.97
28/3 502.56 | 117.30 | 113%6.39 | 8| 38.19! 23.29
28/4 552.26 | 128.90 | 1247.03| 9 |38.18 | 30.20
28/5 599.6k : 139.96 | 2649.06 | 18 | 74.63| 35.72
29/1 280.74 | 65.52 0 o] o -
29/2 33%6.91 | - 78.63 149.45 1 1 - -
29/3 394.92 | 92.17 | 384.13 | 3 |16.4k] 2.39
29/k 527.79 | 123.19 | 1447.91 | 9 | 46.34 | 26.96
29/5 565.82 | 132.06 | 1543.08 | 10 | 46.06 | 31.87
29/6 617.45 | 1b4k.11 | 2339.04 |15 | 64.02 | 37.57
29/7 650.58 | 151.85 | 2423.6L4 |16 |62.94 | 4O.74
30/1 446.89 | 104.70 0 ol o -
20/2 508.56 | 118.70 423,40 | 2 | 14.06 | 24.20
30/3 562.36 | 131.25 | 559.80 | 3 [16.81 ] 31.45
30/k 631.%2 | 147.35 773.80 | 4 |20.70 | 38.94
30/5 675.09 | 157.56 | 1132.96 | 6 |28.35 | 4k2.90
20/6 1029.06 | 240.18 | 5343.68 | 33 - 62.54
31/1 382.66 | 89.%1 0 of| o -
31/2 Lh7.38 | 104.42 642.%1 | 3 [24.29 | 13.84
/3 489.02 | 1Mb.1k | 753.97 | 4 |26.05 | 21.17
31/4 526.97 | 122.94 | 1326.12 | 9 |42.53 | 26.84
32/1 252.35 58.90 0 0| o0 -
32/2. 322.45 75.25 171.60 | 1 - -
32/3 511.96 | 119.49 | 342.30 | 2 [11.30 | 24.71
32/k 568.11 | 132.60 | 1943.02 |12 {57.78 | 32.15
32/5 608.61 | 142.10 | 2554.36 |16 |70.91 | 36.66




- 70 -

Table 3.4 continued

Column: 1 2 3 ; L 5 ? 7
33/1 228.00 58.90 o [ 0}0 - 5, = 23.34%
33/2 241.83 | 56.4k i 118.15. 1. - - P
33/3 | 271.83| 6345 226.1h 2 ; - - 7 =265
33/h 392.16 | 91.53 | h20.2k| 3 §18.11 1700 b oem
33/5 480.53 | 112.16 | 551.69| 4 [19.39! 19.80 | °
33/6 509.84 | 118.99 | 664.00: 5 22.00] 2k.39 | 20cmex<100cH
33/7 656.55 | 153.23 | 1728.06 | 11 | b8 | 11,29 =100
33/8 705.84 | 164.67 | 3724.381 23| - | -
/1 | 303.771 .90 o ojo | -
3h/2 412,64 1 96.31 | 303.38 | 3 ’12.43% 6.57
34/3 465.41 1 108.63 | 751.131 6 {27.28: 17.18
3h/L 524,49 | 122.42 | 204%.17 1 12 65.81§ 26.50
34/5 584.28 | 136.37 ! L4210.17 ; 26 - 24.03
35/1 352.61 82.30 o 0 -
35/2 . 425.55 99.32 643.53 ¢ 5 i25.561 9.42
35/3 591.28 | 138.00 | 1050.50 | 8 [30.09| 34.81
35/ 62h.42 | 145.74 | 1954.93% | 13 {52.89 1 28.26
35/5 691.26 | 161.34 | 8258.41 {51 | - | Lh.2h
36/ b49.79 | 104.98 | 1643%.18 1 9 !63.59 14.30
36/2 522.4% | 121.94 | 3886.31 | 24 - 26.21
37/1 | 110.00 | 95.69 | 768.48 21.68| 5.98
37/2 518.27 | 120.96 944,58 30.78 | 25.62
37/3 565.82 | 132.06 | 1730.36 | 11 |51.67 | 31.87
37/ 592.38 | 128.26 | 3076.66 {19 | - | 34.93
38/1 359.51 | 83.86 | 531.95| 4| - -
38/2 465.41 | 108.63 | 782.00 | 6 |28.39| 17.18
38/3 695.32 | 162.29 | 4695.96 129 | - | 49.56
39/1 20%3.93 | 100.42 0 o o - S, = h9.24%
39/2 306.61 | 150.57 94.75 1 1 | 1.81 - Py
39/3 386.84 | 190.48 | 223.75 | 2| 3.40] 11.83| o - 2.65
39/k 447.39 | 220.29 457.92 | 5| 6.00| 23.76 D50= Scm
39/5 503.42 | 247.88 1940.24 9 112.15| 32.24 50cme < 100cm
Lo/ 258.24 | 127.18 0 ol o - N = 100
Lo/2 341.37 | 168.09 | 185.65 | 1 | 3.19| 0.08 '
Lo/3 k10.52 | 202.14 by7.30 | 3 | 6.40| 16.19
Lo/L 514.50 | 253.35 | 1766.83 |13 |20.18 | 33.18
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Table 3.4 continued

} : T - 1

Column: 1 ; 2 3 L 5 ! 6 i 7

11/ ! 232.70 11458 0 i 0/ 0 .

k1/2 | 334971 16k.94  307.34° 2 - - 8. = 49-24%
bi/3 | 446.901 220.05 | 730.54; 5| 9.61[23.67 Ps _ o
B/b | 498.67 245.5h | 868.65; 6 |10.2k|31.60| P

k1/5 E 541.57 . 266.67 : 1054.65. 7 {11.45 1 37.02}  Dgy= Sem

3 k1/6 ; 588.71 ., 289.88 | 2320.26; 17 123.17 | Lp.06 50cmex< 100cm
k2/1 | 206.05 101.46 . O % o) 0 - N = 100
y f !

ho/2 ; 303.05 ' 149.22 | 434.18; 3 - 1 -

k2/3 | 586.13 288.61 i 1161.00{ 8 {11.6k | 41.80

143/ 407.34 200.57 | 0 | 0 to | -

3/2 465.42 | 229.1k | 234.02! 21 2.95 | 26.67

k3/3 | 601.81 296.33 ! 2504.87 | 18 |2l.46 | 43.32

/1| 272.18 | 134.01 0 ol o -

Lk/2 342.01 1 168.40 | 711.56| & [12.22) 0.03

b/ | 514.91: 253.54 | 883.16| 5 [10.08 | 33.75

15/1 | 406.801200.30 | O olo -

45/2 | 4650 |228.72 | 931.41] 6 111.78 | 26.56

146,/ 258.30  127.19 0 ol o -

46/2 235.60% 165.26 202.581 2 - -

46/ 463.60 | 228.27 | 519.20| 4| 6.57| 26.57

46/4 605.04 : 297.90 | 2868.201 20 : - | 43.62

47/ 343,30 5169.04 0 ol o | -

47/2 418.9o§ 206.26 734461 6 {10.31| 18.56

k7/3 466.35 i 229.63% 917.23! 7 111.56 | 26.86

b7/4 557.72 ¢ 274.62 1487.08 | 10 {15.67 | 38.84
- 48/ 340.10 | 167.47 0 00 .-

L8/2 411.57 { 202.66 501.46F 3! 7.16 | 17.13

48/3 468.66 | 230.66 1208.7%31 8 {15.10| 27.22

49/1 462.61 | 227.78 0 0] 0 -

L9/2 513.25 | 252.71 519.751 5| 5.96| 33.5k4

50/1 255.77 | 125.94 0 ol O -

50/2 Z3h 42 | 164.62 | 202.37) 2| - -

50/3 401.45 | 197.67 466.12| 4| 6.8 | 15.04

50/ ¥57.91 | 224.97 | 1028.50| 8 |13.85| 25.85
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Table 3.4 continued
(ﬁ Column: 1 2 3 L s 6 7
i 51/1 336.90 | 165.84 | O ol o - 5, = 49.24%
L 51/2 1 408.931201.36 | 1086.13, 6 ! 15.62  16.60| p_
L 51/3 % 460.74 | 226.87 | 1509.58 0 9 i 19.25 25.97 p 2.65
i 51/4 1 558.90: 275.20 . 1591.19 10 { 16.73; 38.97 _
i D5O_ Sem
51/5 1 596.75 1 293.83 - 1zyo- -
52/1 1 256.61 | 126.35 o loio - | PPem*x*100cm ,
52/2 % 327.11 | 161.06 133.35] 1] - - N =100
| 52/3 ! 506.85!249.57 | 238.55! 2| 2.76| 32.71
52/ | 555.78 ;273.66 i 384581 3 5 4.07 38.62
52/5 | 635.42° 312.88 § 3724381 231 - - |
53/1 114,00 | 18.03 o oi 0 - 5, = 15.82%
5%/2 147.18 | 23.28 | 69.50! 1! - - | . e,
1 —
53/3 215.30 ; 34.06 § 458.30 ! 5115.801 26.87] Pp 1.48
\ | | _ _
Sh/1 145.70 | 23.05 0 0j 0 = | 50cmex< 100cm
sk/2 180.26 ; 28.52 330.40; L4 i13.62| 12.65 N = 100
54/3 237.32 | 37.54 | 562.10| 6 |17.58 33.65
Sh/L 340.10 | 53.80 - 18} - -
55/1 152.95 | 24.19 0 ol o -
55/2 181.45 | 28.71 422.30 5117.28] 13.22
55/ 203.94 | 32.26 580.20 | 7121.13 22.80
55/4 25h.42 | L40.3%2 - |so}i - -
56/ 152.95 | 24.19 ko.00 | 1 2.37] -
56/2 206.05 | 32.59 127.10| 2| L4.57| 23.58
56/3 276.91 | 43.80 - 701 - -
57/ 155.76 | 24.64 0 o| o -
57/2 183.82 | 29.70 bah, 20| L4 | 16.76.| 14.34
573 2%2.71 | 36.81 - |70 - -
58/1 110.00 | 17.40 0 0 -
58/2 157.14 | 24.90 184.60 81681 o
58/3 188.48 | 29.82 | 796.30| 11| 31.37] 16.14
58/14 232.71 | 36.81 - 60| - -
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3.4 continued
Column: 1 2 ! 3 Ly 5 6 7
59/1 110.00 | 17.40 0 oo - 5, = 15.82%
59/2 -157.00 | 24.84 167.30; 3 - - Py '
59/% 188.00 | 29.82 228.30 | 4 [10.78 | - 5= 1.1
59/4. 203.00 | 32.11 417.60; 7 |15.28 : 22.43 D_ = Scm
59/5 245.00 | 40.18 - {50 | - - 20
' , 50cm<*<100cm |
60/1 106.00 | 16.76 0 g 00 - N = 100
60/2 157.00 | 24.84 330.00; 4 | - -
60/3 188.00 | 29.74 - 20 | - -
61/1 157.00 | 24.84 78.10: 1 | - -
61/2 188.00 | 29.74 519.60F 6 120.51 ! 22.43
61/3 203.00 ! 32.11 - 25 - -
62/1 j144.20 12.98 0 0} 0 -
62/2 211.24 | 19.01 186.60; 4 - -
62/3 246.28 | 22.17 505.70| 5 |28.02 | 12.07
62/4 282.34 | 25.41 1074.507 9 |51.93 | 23.29
62/5 364.69 | 32.82 - {157 - | -
62/6 426.56 | 38.39 - 50 - -
63/1 210.21 | 18.92 o | ojo -.
63/2 241.84 | 21.76 980.90| 8 | 46.06 | 25.49
63/3% 290.65 | 26.16 1380.85] 11 | 59.33 | 31.83
63/4 371.17 | 28.59 868.18; 17 | 61.56 | 47.72.
63/5 420 | 37.28 | 1868.18] 26 | - -
64/1 161.23 | 14.51 0 ol o - S, = 9.00%
6h4/2 191.90 | 17.27 221.00| 4 - - Py
61/ 294,36 | 26.49 | 660.35| 7|320.69|26.43] B = 14
6L/l . 325.13 | 29.26 812.35| 8 | 34.0933.39] o _ 5o
6l4/5 374.08 | 33.67 - | e8| - - 20
50cm<x<100cm
65/1 142.69 | 12.84 0 ol 0 - N = 100
65/2 180.26 | 16.22 162.401 3 - -
65/3 296.56 | 26.69 | 441.80| 7| 20.33| 26.97
65/ 350.15 | 31.51 580.20f 8| 22.69 | 38.14
65/5 383.82 | 35.4h 718.90] 9| 24.92| 45.00
65/6 476.46 | 42.88 - 30| - -
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Table 3.4 continued
Column: 1 2 ' 3 L | 5 6 7
66/1 176.61 | 15.90 0 0 ; 0 L 5. = 9.00%
66/2 212.26 | 19.10 217.70 4; - - o
66/% 346,74 | 30,67 416,450 616,68 36.45 'E§ = 1.48
66/1 436.60 | 39.29 | 946.80. 10 ' - -
j ' ‘ D__= S5cm
67/ 158.52 | 14.27 o | o0io - 70
67/2 219.20 | 19.74 | 118.20] 31 - - | 20cmex<100cm .
67/3 329.10 | 29.62 | 377.55! 6:15.65! 3420 N =100
67/ | 360.51 | 32.45 | 488.65] 8 -18.481 39.94
67/5 412,62 1 37.14 | 1293.35! 18 f - -
68/1 155.67 | - o foilo | - ;
68/2 218.30 | 19.65 530.171 L ?33.142 0.08 ;
68/3 | 256.61 | 23.10 | 599.67] 5]31.89} 15.63 i
63 /1 294.36 | 26.49 803.37: 7 %37.25 26.43
68/5 322.45 | 29.02 1525.12 | 15 §61+.56i 3218“..
69/ 177.84 | 16.01 o [ o0io -
69/2 225.14 | 20.26 | 385.64| 5123.38] 3.80
69/3 259.13 | 23.32 576.64| 7 :30.39] 16:42
69/ 4 296.28 | 26.76 698.74: 9 i 32.08 | 27.16
69/5 352.00 | %1.68 743.341 10 | 28.82 38.47
69/6 L31.61 { 38.80 872.241 11 527.62; 49.77
70/1 136.49 | 12.28 0 0 O -
70/2 190.76 | 17.17 48.30| 1 - -
70/% 218.30 ; 19.65 249.30| 3 - -
70/ 2h3.62 | 21.43 309.70 4 {17.741 9.05
70/5 335.62 | 20.21 758.85| 8 i 30.87| 35.48
70/6 368.29 | 33.14 1115.65{ 13 | 41.37| 41.18
71/1 83.26 | 7.49 0 ol o -
71/2 136.49 | 12.28 L6.701 1 ~ -
71/3 195.25 | 17.57 LoL.00| 8 - -
71/4 240.04 | 21.60 - 17 - -
72/1 169.09 | 15.22 0 ol o -
72/2 202.87 | 18.26 3%39.40) L | - -
72/3 286.90 | 25.82 597.50 | 7 |28.40| 24.50
72/4 315.66 | 28.41 - 26 - -
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Table 3.4 continued
Column: "1 2 3 n 5 6 7
73/1 248.03 | 22.32 471.10| 6125.95| 12.67 | S = 9.00%
73/2 280.80 | 25.27 7204.55 | 8| 34.25] 22.87 Py
- = 1-1'*‘8
74/ 351.38 | 31.62 351.38 1 9| 13.64) 38.36 | P
7h/2 500.41 | 45.09 913.20 | 11 | 24.88 | 56.78 Doo= 5 em
74/3 677.66 | 60.94 B 7 B - 50¢cmex<100cm
N = 100




Table 3.5 ; Contains ey Q. T,y ©

7 -

CcO

Defined in Equations

1’ e

1

1 and r_ as

3.7.3 and 3.7.4 and Appendix I

Symbol So D50 ps/p e, ‘Qco ro | e ch r,
Dimensions % cm - - 2§1_gi22§ % - 2§1_QIEE§ %
secC-=Ccm sec-cnm

6.8 5 1 2.65 | 31.15 55. 4l 66 | k.61 58.45 58

15.82 | 5 | 2.65 [106.38 | 11k.71 53' k.97 | 100.88 3

23.34 | 5 | 2.65 |103.09 | 89.97 | 72 {4.45 | 77.76 | 8k

k9.24k | 5 |2.65 | 75.53 | 167.95 70 |5.21 | 162.93 80

9.0 5 | 1.48 | 256.41 24 .91 65 | 7.94 24 .37 83

15.82 1 5 | 1.48 |107.53 19.49 65 |3.27 13.87 82
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Table Comparison of @ Versus S_, Based on Data
From Different Sources
Source ‘
P RN
981 dynes
- sec-cm 5
Neill 0.62 2.54 141 0.45
(1967) no n 2.14 0.55
n " 2.62 0.43
" " 2.4k 0.37‘
n " 1 2.86 0.40
" " 2.22 0.37
" " | 2.45 .0.24
" n 2.83 0.2k
" n 2.03 0.20
0.85 2.52 3.47 1.70
" " 2.49 ' 0.85
n " 6.01 10.66
" " 5.60 0;41
2.00 2.52 9.04 2.70
" " 10.48 1.97
" " 8.56 1.46
" " 10.47 1.16
" " 13.05 1.07
" " ' 11.16 0.75
" " 14.75 0.75
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Table 3.6 continued
Source .
of D p/p 0 S
data 50 s/ ¢ °
981 dynes
SeCc—-cm
cm %
Ashida 2.25 2.49 22.30 2.00
and .
Bayazit " n 18.50 5.00
(1973) :
" " 18.37 7.50
" " 22.87 15.00
n " 17.00 20.00
1.20 2.65 6.75 1.00
" " 6.25 2.50
" n k.25 10.00
" 7"t 4.37 12.50
0.64 2.50 3.25 1.00
" " 3.00 2.50
" 1" 2.12 5.00
Reite- 5.00 2.65 96.39 - 6.80
ration
solution " n 100.33 15.82
based on ]
Egs, 1.5 " " 120.88 23354
to 1.10
" " 161.30 4o.2k
Present 5.00 2.65 55. 44 . 6.80
research
(1975) " " 114.71 15.82
n " 89.97 23.34
n " 167.95 _ k924
" 1.48 19.49 9.00
" 1.48 k.91 15.82
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STAGE 1II

(includes Chapters 4 and 5)

"Force measurement on a sphere
in a shallow stream and the
initial instability

of a loose sphere.M
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CHAPTER L

Hydrodynamic Forces on a Sphere in a Supercritical Rough Flow and

their Statistical Analysis

k.1 Purpose

As was mentioned previously, Stage 1I1 of the present invesfigation
is an idealization of Stage I. In addition to the complexity of the
flow picture over a steep bed of stones, the geometry of the stones
themselves and their arrangement together add another set of variables
.that affects the initial instability.of any one stone. Hence, the
main idealization proposed is to build a uniform bed of fixed spheres,
suspend one sphere in the flow by a steel leaf and measure the instan-
taneous forces on the sphere induced by the stream. Although the
experimental details and results of Stage II are found in Chapter 5,
the present chapter will discuss the following theoretical ideas:

1. How to isclate the instantaneous drag, 1lift and skin friction
forces on a sphere in a supercritical stream.
2. What desirable properties should the force transducer possess so
as to havé a linear response to the input forces of the stream.
3. Having obtained simultaneous record of the instantaneous drag,
lift and skin friction forces, what statistical analysis needs to be

done and how can the stability of a loose sphere be investigated.

L.,2 1Isolation of Drag, ILift and Skin Friction Forces

Let a sphere be suspended by a steel leaf in a shallow supercritical
stream. Consider the stream to be steady and the bed to have the
geometric configurations shown in Figs. 4.1 a and b.

The stream forces acting on the sphere consist of the drag FD, the
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res and a supercritical flow over it
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lift FL, a torque T™ due to the skin friction forces distributed on the

surface of the sphere and a buoyancy force F_. All these forces are

B

represented diagramatically in Fig,4.1a .

The steel leaf OAA'BC is a cantilever with a 900 bend at point B.

The bending moments set up in the cantilever at one instant of time

"_are shown in Fig. 4.2 .

@
@

top fibers

* test sphere

1

FIG. 4.2 , Diagram of Bending Moments

Positive bending moments are defined as those which produce

compression in the top fibres of the cantilever.

M
o

Mg

M

The co-ordinates of the bending moment diagram are:

= -T™M
= Mo + (FD - FB sin B) OB
= MB+(FL+FBcosB)E€

where OB and BC are distances shown in Fig .2 .

Let the strains at locations 8,5 83, S? (see Fig. L4.1a ) be

measured by wire resistance strain guages. If the stresses induced in

.

the cantilever are within the elastic limit of steel, then the bending

moment at any section in the cantilever will be directly proportional
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1° M3

to the strain measured there. Therefore, the bending moments M

and M, could be measured at sections S,, S, and S, respectively.

7 17 73 7
Finally, FD,FL and TM are given by the following equations:

' . M, -M ,
FD = m—— 4 T SIN B eeeeeescncesceenes BEge L1
X, - X B
37 ™M
™ = ME-XE(FD-FB SinP) ceseccenees Eq 4'2,
- A : - - - - .
FL = x7 (M7 - ™ XB(FD Fy sin B)) Fy cos B ......Eq. 4.3
where X1, XE’ X7 and XB are distances shown in Fig .1a and Fig 4.2 .

4.3 Desirable Dynamic Properties of the Force Transducer

It would be ideal if there is a linear relationship between the
turbulent forces on the sphere (see Fig-. 4.1a’') and the stresses
transmitted to the cantilever. The turbulent forces on the sphere
act as an input (or an exciting) source to the cantiiﬁer; while the
stresses in the cantilever are the response or the output from it.

Benéate and Piersol (1971) in their book about'fandom data analysis,
revievwed the frequency-résponse functions of simple mechanical systems.

Let the force input, F(in), to a mechamical sygteﬁ have a dominant
frequency f and the mechanical system itself have a natural frequency
fn and damping characteristics E. The force output from the ﬁechanical
system would be magnified in magnitude or shifted in phase (relative
to a static force input) depending upon the combination of properties
of F(in), f, fﬁ and £. Fig. 4.3a shows the variations of the gain
factor with f/fn for different damping ratios £ 4 where the gain factor
is the ratio of deflections (produced in the mechanical system) caused
b& am exciting force F(in) with frequency f, to the deflections caused

by a static force equal in magnitude to F(in).
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Fig. 4.2b is a plot of f/fn Vs. phase factor for different
damping ratios £ - The phase factor is a measure of lag in time between
the output deflections and the exciting force F(in).

The above mentioned discussion about forced vibrations of a
mechanical system leads to the following recommendations that must be
considered in the structural design of the cantilever.

Te The cantilvér and the sphere attached to it should ha&e a high
natural frequency both in air and in water.

2 Since the furﬁulent forces on the sphere are expected to have a
wide band of frequeﬁcies f , the ratio f/fn shoﬁld be different from
unity, otherwise the response from the canﬁilver,will be fadically
magnified. |

3. Ideally, it would be desirable to have a cantileﬁer.with a gain

factor of 1 and a phase factor of 0° for all frequencies encountered.

Analysis of Random Data

It is now assumed that the cantilever in Fig..4.1a responds
linearly to the turbulent forces of the stream. Siﬁcé the turbulent
forces on the test sphere are expected to be random, it is necessary
to describe the nature of their randomness statistiéaliy.

The instantaneous stresses at sections S1, S3 and S7 (in the
cantilever shown in Fig- 4.1a ) could be described by three simultaneous
random waves as shown in Fig- 4.4 . Using equations 4.1, 4.2 and 4.3

allows the calculation of the instantaneous and simultaneous values of

FD, ™ and FL fespectively.
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FIG 4.4 , Simultaneous Recrods of Stress at Sections S1, 33 and S7

4.4.1 Basic Descriptive Properties of a Random Wave

Bendate and Piersol (1971) have also outlined the main types of
statistical functions necessary to describe the basic properties of
a random wave. |

It is élways necessary to establish whether a random wave is
stationary or not. The simélest test for stationarfty of a random
wave is to see whether the arithmetic mean of the wave amplitudes
changes with changing lengths of the record. If thé arithmetic mean
does not change materially after an optimum length of record, it could
be said that there are no increasing or decreasing trends in the wave
and the wave is described as stationary.

The mean square value furnishes a rudimentary description éf the
intensity of the data. It is often desirable to think of a random wave
as a static or fime invariant mean and a dynamic or fluctuating component
vsuperimposed on it. The mean square value ;s a measure of the fluctuating
part.

The probability density function describes the probability that a
éertain wave amplitude will occur at any instant of time.

. The ‘autocorrelation function furnishes a criterion for the dependence
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of the values of wave amplitudes at one instant of time on those at
another.

The power spectral density function is a measure of the occurrence
of dominant frequencies in a random wave.

Joint probability density, autocorrelation and power sprectral
density functions for two or more random waves could also be desirable

to describe a physical process.

L 4.2 Digital Analysis Procedures of a Random Wave

Let a continuous random record X(t) have a sample length T and be

sampled at points At apart. See Fig- 4.5 .

x{t)4 Aty MZZ){ ',FAB
Xe &x T L7 M, '
l —AAt l :
l { TIM T
0 : : ~ ME

it t t

Yl n N :

L T=NAt 1

FIG, 4.5 , Sampling of a Continuous Record

The functions that statistically describe a random wave are now

defined in a form suitable for digital computers.

1 Arithmetic Quantities

1.a The mean value

The sample mean value is given by:

n=N
z Xn et e s s ssseeesnrsanosnvnoses oqu Ll..Ll-

n="1

X

1
N

where n = 1,2,3 «.... N,
N is the number of data points and

Xn is the nth amplitude of the random wave.
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1.b The standard deviation and the third moment

The sample standard deviation is given by

;
_ — B
a=N (xn-x)2 | _
Sd = z —————— ® 9 & & 2 8 8 000 0o ® & @ ¢ 00 o0 Eq. 1+.5‘
N -1
n=1

The third moment of the data about the mean value is

_ — 1/3
=Ny _ 33
= z__n-______ ' EEEEE] , Ses s versnusaecas qul+-6
N -1

x>

n=1

2. The Probability Distribution Function

Coﬁsider the sample record X(t) illustrated in Fig. 4.5 . The
probability that X(t) assumes a value within the range X and X + AX
may be obtained by the ratio %E, where Tx is the total amount of time
that X(t) falls inside the range (X, X + AX) during an observation.
time T. AX is a small increment iﬁ x(t).

The ratio %E will approach an exact probability if T approaches

infinity. In equation form:

prob(X < X(t) < X+AX) = LimTE © eeeeseseans cevsees Eq. 4.7
Ty

The probability density function p(X) can be defined as:

prob(X <X(t) < X+aX)
: aX

p(X) = 1lim
AY~+0
Curves of p(X) vs X are called probability density curves while
Prob(X < X(t)< X+AX) vs X are called cumulative probability distribution
curves ,

For digital computations, a sorting procedure is needed to assemble

the amplitudes of a random wave X(t) in a descending order of magnitude.
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The probability that a certain X(t) is exceeded will be equal to the

ratio of the rank order of X(t) to the total number of data points.

/ »
Wl shifted time axis
7N TNA A I /r\,/
*‘/"r J 1 2 — >
;:x:
- \t

t t

Y s tn N

FIG, 4.6 , Sampling of a Stationary Random Record with a Zero Mean

3. The Autocorrelation Function; R(rAt)

Take a random wave Xé(t) which is stationary and the time axis
is shifted so as to let the mean value of Xbﬂt) equal zero, see Fig. 4.6 .
The autocorrelation function of this transformed wave may be
obtained in the following way;
| 1. Compute the product of X;(t) at times t and t + rAt, where -
r varies from O+ M, n varies ffom 1* N,
rAt is called the lag time and
MAt is the maximum lag time

i.e. Compute X;(t) Xé(t + At) for r

=1
1 1] . —

Xn(t) Xn(t + 2At), for r = 2
1 ] . —_

Xn(t) Xn(t + MAt), forr=M

2. Sum up all N-r products for each lag time rAt and divide by the
number of products N-r.

Hence, the autocorrelation function for r = 1 is:

n=N-1

1
R(1At) = — 'yt
N-1 X X n X n+1

n=1
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for r = 2:
. n=N-2
- A —
R(2at) = > XX
n=1 '
and for rth lag rime:
n=N-r
1
= —_— z ' sas s cscesssssss e - . .
R(rat) = 5= XX Eq. 4.9
n=1
wheren = 1,2,3 «2... N
r=041y2 eccaa M
For zero lag time
n=N
S 12
R(O) = N 2 Xn ‘..oo...--. ----- P qu L“-’]O
n=1

Hence R(0) is equal to the mean square value of the transformed
wave and is the maximum value 6f the autocorrelation function.

The autocorrelation function R(rAt) could be normalized by dividing

R(rat)
R(O)

coefficient and varies according to the following inequality:

. R(rAt) by R(0). Hence,the ratio is called #he autocorrelation

R(xrAt)

R(0) <+1

-1 <

R(rAt)
R(0)

of the dependence of one set of random wave amplitdues measured at

A plot of rAt vs is called the autocorrelogram and is a measure

time t on those measured at time t +rAt.

.  The Power Spectral Density Function; G(f)

Consider the stationary random wave X'(t) which has a zero mean
and is shown in Fig . 4.6 . The mean square value of the wave amplitudes

in a frequency range T to f + Af may be obtained by filtering the sample
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récord X'(t) and computing the averages of the square of the filtered
amplitudes. This average square value will approach an exact mean
squaré value as the observation time T approaches infinity. In
equation form:

t=T

X2 (f,Af) = Lim 1y @2 ,£,AF)AL
T> o t=0

where X'(t,f,Af) is the portion of X'(t) in the frequency range f
to £ + Af.

For small Af, a power spectral density function G(f) may be defined

such that:
— _
X< (£,0f) = G(f)af
Hence
X'Z(f AT)
G(f) = Lim _"7EFL"'
Af >0
=T
= lim %;- Lim-% L X'2(t,f,Af)AL
Af 20 T Lo
At 20 =

An important property of the power spectral density function lies
in its relationship to the autocoffelation function. Specifically,
for a stationary random wave with a zero mean, the two functions are

related by:

nrA
MA

G(f) = &4 sy R(rdt) cos(n z}d(rAt) sesscanan «e. Eq. ho11
0
For purposes of numerical analysis, using the trapezoidal rule for
integration, eqﬁation 4.11 can be rewritten (following the procedure

of Blackman and Tukey (1959) as:
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r=M-1
G(£) = 2At(R(0) + 2 £ R(rAt) cos Eﬁﬂ + R(MAt) cos nm) .... Eg. 4.12
r=1

vhere n = 0,1,2 eveeee M
= "1y2y3 eveees M

G(f) in equation 4.12 is the raw estimate of the power spectral
density function. To obtain a better power spectral estimate at any
frequency, a simple smoothing operation is performed. Better power
spectral estimate in this context means to account for the inaccuracies
of expressing G(f) in terms of discrete values at the corresponding
frequencies.

Blackman and Tukey (1959) reported that a smoothing operation could

be done in the following way:

G(0) = 0.54 G(0) + 0.46 G(4)

G(f) = 0.23 G(£-1) + 0.54 G(f) + 0.23 G(£+1) ceeeesss Egs, 4.13

G(M) = 0.46 G(M-1) + 0.54 G(M)

This smoothing operation is referred to as the Hamming procedure.
The maximum frequency (fmax) that can be investigated in a random
~ wave is a function of At, ﬁence

1

max - DAL ° fmax is calle@ sometimes the folding freguency.

The lowest frequency obtainable is theoretically:

But, because only one cycle is measured the estimation of G(fmin)

is not accurate. Probably, a more practicable limit is ﬁ%? .
On the other hand, if frequencies greater than fmax are present,
the function G(f) for frequencies slightly less or equal to £ oy Would

be - " magnified. This phenomenon is referred to in spectral’

analysis as " folding'.
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Therefore, for a 5 sec record, sampled.at 0.025 sec intervals, the
frequency range that could be reliably detected would probably be:

08 HZ <« £ < 15 HZ .

4.5 Stability of a Sphere

FIG. 4.7 , Forces Acting on a Loose Sphere

Consider a loose sphere of diameter D gnd mass density Pge The
loose sphere is part of a closely packed bed of fixed spheres of the
same diameter. See Fig. 4.7 . Let the channel bed make an angle B1
with the horizontal and the channel be considered wide (say the width
of the channel , 10D).
Investigate nbw the response of the loose sphere to a superéritical
stream Qf water which is steady. The forces acting on the loose spherenve:

FD, FL, ™, W, F, and R

B
_ T 3
where W = 8P, ¢ D

Fg = 8P '2‘ D° , p is the mass density of water

-« .

R is an unknown reaction force from the fixed spheres

FD, FL and T™M are as previously defined in equations 4.1, 4.3 and 4.2

respectively.
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Assume as a result, the loose sphere will roll over the next fixed
sphere downstream with an angular acceleration a.

The sum of moments of all the forces about a contact point P is:

D . (p-p) . D D
> D sin B, - s W 3 cos (B1+62) + 3 FL cos B, - ™
5

there 62 is the instantaneous angle that the line joining ﬁhe centres
of the loose sphere and the one fixed downstream makes with the original
channel bed. See Fié. 4.7 .

The angular momentum of a sphere rolling on another with an
angular acceleration a is:

2 .
Ia+ m'%- a, where I is the moment of inertia of a sphere about

its diameter.

2 .
I = %-m T where m is the mass of the sphere.

Hence the angular momentum of the'sphere is:
(émﬁ+m2—%)a = z—mD—Za

57 4 4 55k

For a sphere accelerating in a stream of water; an extra resistance
is encountered due to the need to accelerate some water particles around

Wthe sphere. This extra resistance is usually refer;ed to as the added
mass.

In an infinitely deep and irrotational flow, Valentine (1969)
evaluated the added mass term for a sphere moving with constant speed
in an otherwise stationary fluid. For such an ideal flow picture the

. added mass m' ; %Mw, where_Mw is the mass of the water displaced by
the sphere. |
The presence of a rough bed near the sphere increases m' while the

presence of a close free surface decreases it. Hence it was simply

assumed fbr this investigation that m' =%NL.
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2

FD sin ﬁa -
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Equating the moment of all forces

m')

PP

W g-cos (ﬁ1+ﬁ2) +

Solving for a:

- 20 a . 1 _
a= m{gFD sin BZ + 2FL cos B2

The stability of the loose sphere

as follows:

1.

Compute the instantaneous angular

using equation 4.1k .

2.

3.

acting on the sphere to the

one obtains:

2

%FL cos ﬁZ -TM:%(m+m') -IL%-a

3 .
nD ™
(ps-p) %T_cos(ﬁ,l’rﬁa) "D—}

--....-oqu 4-14

could be statistically described

accelerations a of the s?here

Compute the cumulative probability distribution -function for a.

- Estimate the stability of the particle as the probability that a g O.
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CHAPTER 5

Experiments and Discussion of Resultsof Stage II

5.1 Scope of Experiments
The Scope of eyperiments "
aStage II of the research consists of the following aspects:

1. Modify the existing flume used for Stage I and build a bed of
spheres as was shown in Fig, 4.1 a and b.

2. Design a force transducer and calibrate it.

3. Measure the instantaneous drag,.lift and torque on a sphere fbr
24 different hydraulic conditions including different volumetric dis-
charges, channel slopes and sphere protrusions (see Table 5.1).

Lk, Determine experimentally the critical stream power that will just
dislodge a loose sphere. Four different channel slopes and three

sphere protrusions are investigated.

5.2 Modification of Existing Flume

The only modification to the flume described previously in Chapter 3
was to line the flat channel bed with one layer of wooden hemispheres
glued in a hexagonal pattern. Another layer of spheres of the same
diameter (5.1.cm) and hexagonal packing was glued on top of the layer
of hemispheres. See Fig, 4.1 a and b and Plate L . Three spaces were
left in the top layer of spheres along the centre line of the flume
where each space accommodates one sphere of diameter 5.1 cm.

The three spaces left allowed flexibility in changing the longitu-
dinal location of either the instrumented sphere for the purpose .of
force measurements or the loose sphere for the purpose of the critical

stream power measurements.



5.3 Description of Force Transducer

5.3.1 Choice of Dimensions

The force transducer consists of a cantilever beam OAA'BC bent
at a 90° angle at point B. See Plate 7. Fig, 5.1 shows the
dimensions of the cantilever beam with the locations of the straingauges.
The test sphere was glued to the threaded part OA of the circular rod
OA'', The test sphere itself was made of a very light materiai
(polyétyrene) with mass density of 0.059’gm/cm3.

The following considerations have led to the development of the
force transducer.

A, Part A"'BC of the cantilver is bent at point B to allow
isolation of FD, T™ and FL according to the theory presented in
article 4.2. The width of the caﬁtilver beam was chosen to be 1.5 cm
énd was dictated mainly by the dimensions of the strain gauges. The
thickness of the beam and the longitudinal dimensions A''B and BC were
a compromise between a transducer with a high natural frequency and

_ that where the stresses induced by the stream are 1arge'enough to be
measured.

B. The test sphere is suspended from a fixed point C above the
water surface. To offer the 1eas£ resistance to the flow, p;rt QAATA'"!
of the cantilvgr was chosen as a éircular rod 5 mm in diameter. Part
OA was thregded so as to secure better bond between the polystyrene
sphere and the circular rod. An equally important factor that decided
what length and diameter the circular rod should be was to maiﬁtain a

high natural frequency of the force transducér as a whole.

5.3.2 Strain Gauges

A.Specifications

Wire resistance strain gauges were used. They were manufactured
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by Micro-Measurement, Romlus, Michigén, U.S.A. and their type is
EA-06-125MG-120.  Each straingauge has a resistance of 120.0 T o.2% ohms,
a gauge factor (which is defined as the ratio of the percentage change

in resistance to the strain) of 2.685 z 0.5%, a strain limit of 5%,

a temperature range of -75°C -+ 205°C, a length of 3.2 mm and a fatigue
life of 108 cycles at : 1200 microstrains.

Kock et al (1952) have provided a concise but comprehensive
description of the techniques of measurihg bending stresses by wire
strain gauges. The techniques followed in cementing the strain gauges
to the cantilever and water—proofing_them are similar to those recommended
by Kock et al (1952). Plate 8 is a close view of the force transducer

showing the strain gauges glued and water-proofed.

B.Wiring Diagrams

| To measure the stress at é point in a simple cantilever due to a

load p (see Fig. 5.2a.), a straingauge T could be glued to the top
fibres of the cantilver and the increase in resistapce in the gauge
will be proportional to the strain inmduced by the load. 1If the material
of the cantilever is not stressed beyond the elastic limit, the strain
will be directly proportional to £ﬁe stress there. The chanée in
resistance in the gauge will be proportional to the potential difference
AE1 measured in the circuit shown in Fig§'5.2b - Where R ,R are two
equal and unstressed resistances, T is the stressed straingauge and Rs
is é dumny gauge of equal resistance to T but is glued to an unstressed
piece of the same metal as that of the cantilever.

The circuit shown in Fig, '5.2c gives a potential difference
‘AE2 = 4AE1. Where T and C represent straingauges in equal tension and

compression respectively.

Three circuits like that shown in Fig. 5.2¢c were wired up to measure



1 53 and S,7 in the

cantilever beam. See Figures 5.1a, b and c and Plates 7 and 8.

the stress at three different cross-sections S

strcin gauge

top tibers toad
p
FIG. 5.2a FIG. 5.2b FIG. 5.2¢
Loading One-armed Four-armed
Diagram Bridge Bridge
S1——{Ar—By

S7>~% A7 B7

FIG. 5.3 , Block diagram of electronic set-up

5.3.% Block Diagram of Electronic Set-Up

Fig. 5.3. is a block diagram of the electronic set up used fo

measure the stresses simultaneously at cross-sections S, S, and S

1" 3 7

in the cantilever shown in Figs.5.1a, b and c. In Fig. 5.3 , A is a

San Gamo amplifier (manufactured by West Control Ltd., England), while

A3 and A7 are identical and synchronized 581 -DNH amplifiers (manufactured

by Automation Industries, Holland). B, B3 and B7 are 3 independent

buffer circuits of resistors connected upstream of a multi-channel ultra

violet recorder (type 1185, manufactured by New Electronic Products,

England).
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S_ and S was obtained by selecting

17 3 #0¢ 5y

an optimum range of amplifier sensitivity for each of the three signals.

A simultaneous record of S

A paper speed of 10 cm/sec was selected so as to obtain clear records

with peaks and troughs that can be identified visually.

5.3.4 Natural Frequency

The natural frequency of vibrations of the forge'tranéducer shown
in Fig.5.1a, b and c and Plate 7 was measured both in air and water in
the following wa&:' |

In air, a small impulsive force was applied fo'the sphere which is
an integral part of the force transducer. .The variation.of stress at
a cross-section (say 51) in the cantilver was measured by a U.V. ]
recorder and a typical record of the decay of free'vib?ations in air
is shown in Fig: 5.4a . Since the speed of the paper in the U.V.
recorder was 10 cm/sec and the number of peaks countéd in each cm is 16,
then the natural frequency of the transducer is 160 c&cles/sec.

Similarly, the natural frequency of the transducer when the sphere
was wholly immersed in still water was also'measured‘and a typical record
is shown in Fig. 5.4b .  Although the decay of vibrations is not as
smooth as in the case of air (this is due to the refiecfions of water

from the side walls of a 30 cm x 30 cm x 30 cm container), the natural

frequency in still water is observed to drop to 70 cycles/sec.

5.3.5 Static Calibration of Force Transducer

Bach four-armed bridge of cross—sections_sq, S3 and S_ (see
Fig.5.1a, b and c) was statically calibrated in the following way:
The force transducer was clamped by a vice in the position shown

in Fig: 5.5a . A mass of 200 gn was suspended by a light string'at

a distance L1 from the centre line of the circular rod and the bending
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Stress

- M i b

FIG. S.4b,

Free vibrations of
force transducer

in water; =70 HZ

FI1G. 5.4a ., Free vibrations of force

transducer in air: f,=160 HZ.
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1 S3 and S7 was calculated. The three
17 Bz A7 and the ultra violet recorder were switched on

and a short record of the stress at points S

moment at each point S

amplifiers A_, A

17 S3 and S7 was recorded
before and after the 200 gm mass was suspended (see Fig 5.5b). The
deflections d

d, and d. of the signals Sq’ S3 and S7 on the U.V.

1 73 7
recorder paper were related to the bending moments M1, M3 and M7
respectively. The same experiment was repeated for diffefent masses
suspended and the calibration constant for each foﬁr—armed bridge was
found practicaliy constant. Saﬁple calibration constants forAsig;nals

S., S, and S are shown in Fig, 5.6 .

17 73 7

M1:H3:m-g-l." .']r Zl/}-

7 bid - :
M7 =mg-Ly S| |(s.s;5.) beiore loading
vice 137
: L
~ -
S 1l he /

53 1) | - | '_
o/ ] '

L1=L3 'I;LL’ ( ( [
\4

m:g . U5305)  aler loading

le

(a) ' ( b)

FIGS. 5.5a & b , BStatic calibration of force transducer
(a) Ioading diagram

(b) Deflections of signals S, ,5, & S_ after loading

173 7

Experimental Procedure

S.4.1 Simultaneous Records

After the four-armed bridges at cross-sections S1,S3 and S7 (see
Fig.5.1) Weré ététically calibrated, the force tranéducer was positioned
so that the polystyrene sphere was suspended in positions A',B' and C' in
Fig.5.12 . Hence, the polystyrene sphere was not touching any of the

fixed.%pheres around it. The protrusion of the polystyrene sphere above

the bed was measured as the normal distances from‘the centre of the
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polystyrene sphere in positions A', B' and C' in Fig, 5.12 to the line
joining the centres of fixed spheres.

Before any water was allowed to flow in the flume, the datum lines
of signals Sq, S3 and S7 were recorded on the U.V. recorder paper. A

steady volumetric discharge was then maintained in the flume and the

three signals Sq, S, and S7 were simultaneously recorded. The speed

3
of the U.V. recorder paper was always kept at 10 cm /sec.  If the three
signals intersected ohe another or any of thém occﬁrred outsidé the

20 cm wide recofdihg paper, the‘sensitivity of the signals was adjusted
Ey choosing a coarser micro-strain range on the émplifiers.

Fig. 5.6 shows a typical simultaneous record of the stresses
(hence the bending moments) at sections-s1, S3 and S7_for the hydrauiic
conditions of record number f6, Table 5.1.

The length and number of records was dictated by_%he following
factors: |
1e To expose the polystyreﬁe sphere to a sufficient number of
hydraulic conditions so as to include different discharges, channel
slopes and spheré protrusions.

2. Not to consume a prohibitive amount of recording paper (in the

U.V. recorder), computer time and computer cards.

e To record for long enoughi;hat the statistical functions (such as
mean values, standard deviations etc.) computed from such records would
not be muéh different (withih 1 to 2% difference) from those cbtained
from very long records. Preliminary caléulations performed on data
obtained from record number 6 , showed that the statistical functions
discussed in Chapter 4 of the variables FD,FL and T, varied only 1%

or less when the length of the record varied from 10 seconds to 5 seconds.
The sampling time interval was kept always as 0.025 seconds. Hence it

was decided that 200 sampling points at 0.025 second intervalsAare

sufficient for the statistical analysis of the data.
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Finally, it should be mentioned that preliminary records (not
included in this thesis) similar to those shown in Fig. 5.6 were
taken.when the polystyrene sphere was removed from the force transducer.
Such measurements demonstrated thaﬁ the hydrodynamic forces on the
0.5 cm diameter, 6.9 cm long circular rod (see Fig. 5.1 ) are negligible

compared to those acting on the 5.1 cm diameter test sphere.

5.4.2 Digitization and Filtering of Simultaneous Records

An x-y digital reading equipment (type Z.A.E.I.B., manufactured
by P.C.D. Limited, England) was used to puch on cards the simultaneous
S - i

10 53 and S7 A constant sampling

time step of 0.025 sec was dictated by the minimum horizontal step of

amplitudes of the three records S

2.5 mm that the x-y reader could digitize. The length of each record
was 5 seconds, hence 200 time steps were digitized for each signal.

Visual inspection of the simultaneous records shows the following
features:

(i) The thickness of the datum lines in Fige 5.6 is originally
in the order of 0.2 to 0.3 cm and the frequency of £he datum line
signal varies between 40-50 cycles/sec superimposed on a very dense
signal. A straight horizontal line was drawn in the middle of this
thick signal and was considered to be the line of zero stress for the

signal under consideration.

(ii) The simultaneous records S_, S_ and S contain a predominant

17 73 7

frequency of L40-50 cycles/sec. This feature was thought to be due to

the following factors: '

1 Electronic noise is superimposed on the true response
of the force frénsducer. |

2. Vibrations from the laboratory pumps and the tumbling

water in the laboratory sumps may be picked up by the
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force transducer.

3. There could have existed some high frequency components
in the stream turbulent forces (acting on the test
sphere) that are well tuned to the natural frequency of
the force transducer to produce some amplification in

the recorded stress signals.

Based on the above mentioned observations and discussion, it was
decided to adopt a digital filtering techﬁique to remove the above
mentioned 40-50 cycles/sec amplifications in the raw records. When
digitizing a record, a line midway between the high frequency peaks and
troughs was followed with data punched on cards at 0.025 sec intervals

as shown in Fig. 5.7 .

raw record

Stress

FIG- 5.7., Digital filtering of a record

S5.4.3 Experiments on the Initial.Instability of a Ioose Sphere

The force-measurement programme of tests was supplemented by a
seriés of experiments to determine the critical stream power that will
Jjust dislodge a loose sphere of mass density.2.65 gm/cm3 and diameter
5.1 cm. The loose sphere waé placed in one of the test holes left in
the top layer of fixed spheres (see Fig 4.1 a and b). The test ﬁoles'

were located along the centre line of the flume and at distances 66.25,
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110.42 and 154.58 cm.: respectively dowmstream of the leading edge of
the flume.' The protrusion of the sphere was varied by placing 4 cm
by 4 cm square steel plates on the bottom of the test hole. The
thickness of each plate was 0.6 cm , hence, by placing one, two or
three square plates on top of each other the loose sphere was exposed
0.6, 1.2 and 1.8 cm respectively.

The criticai stream power was determined experimentaliy in the
following way: | |
1. The channel siope was set ih turn at 6.8%, 15.82%, 23.32% and
35.0%.
2. For each channel slope, the test spheré was placed in the test
hole with a known exposure and the volumetric discharge was graduall§
increased (increments of 1000 cmB/sec within a period of 1 minute)
until the loose sphere was first dislodged by the stream. The discharge
was decreased again 3 5 5 litres/sec below the lowest one that dislodged
the sphere in 1 minute. Finally, smaller increments (500 cms/sec) of
the discharge for a period of 10 minutes were maintained until the

sphere was dislodged for a particular discharge called the critical

. discharge. The critical stream power was then calculated according to

equation 2.1 .
Similar experiments were conducted for each of the channel slopes,

sphere protrusions and longitudinal locations of the test holes above.

Experimental Resuits and Discussion

5.5.1 Force Measurements

Three computer programs (see Appendix II) were written to compute
and plot the following statistics of the drag (FD), turning Moment (TM)

and 1ift (FL) acting on the instrumented sphere.
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1. The instantaneous values according to equations 4.1, 4.2 and 4.3
respectively; the mean value according to equation 4.4 and the standard
deviation according to equation 4.5 .
2. The cumulative probability distribution according to equation 4.7
and the skewness of distribution according to equation 5.1 .
3. The autocorrelation and power spectral density functions according
to equations 4.9 and 4.13 respectively.

The hydraulic parameters under which the experiments were.conducted
are summarized iﬁ Table S5e1. |

. It should be mentioned that Figs,5.8,5.14,5.45 and 5.16 in the

following articles correspond to the hydrauiic conditions.of record No, 16.

-

5.5.1.1 Instantaneous Values of ¥D, FL and ™

Figures 5.8a,b and ¢ show sample plots of the instantaneous and
simultaneous values of D, ™ and FL respectively.  A distinct feature
common to all these plots is that the instantaneous fluctuations are
large as compared to the mean value. An average frgquency of
fluctuation of 13 cycles/sec is also common. The ﬁeaké and troughs in

each ofWFigs. 5.8a, b and c show some correspondence to those in the

other two. This feature cannot be generalized, however, as a dominant
characteristic of all instantaneous force plots for the rest of the record;
in Table 5.1, and hence no conclusion may be drawn about the correlation

between the fluctuations in drag, lift and moment.

5.5.1.2 Mean Values and Standard Deviations

5.5.1.2.1.2255

Figures 5.9a,b and c are plots of the meén drag force (FD) as
o?dinates and the stream power per unit area of channel bed Q as
absciésa. . The sphere pfotrusions for fhe three figures are 2.84,

3.84 and 4.84 cm .respectively; One standard deviation above and one
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below the mean values are also shown for each experimental run.
Figures 5.9a,b and ¢ show the following features;
1. The mean drag force on a sphere in a supercritical shallow stream
increases with stream power. Such a trend could be attributed to the
following reason: |

Part of the supercritical stream acts as an impact jet on the test
sphere. The imbact force is equal to the rate of change 6f momentum
in the jet. Since greater stream powers are associated with gfeater
mass flow rates bf.water and greéter stream velocities, the trend of
Fﬁ-increasing with @ becomes supported by classical physical reasoning.
2e It is noticed that the increase in FD  due to increaéing 8 values
is not a smooth one. The scatter in the FD - Q figures could be T
attributed to the mean value being unrepresentative of a long time
average. On the other hand, the reason for so much scatter could be
due to the presence of a randomly distorted water surface (see Plate 6)
ﬁhat is near enough to affect the pressure distribufibn on the surface
of the sphere. The formation of a turbulent wake with pockets of air
entrained into it from the atmosphere,adds yet anothér‘factor that
increases the scatter of a mean drag force for increasing stream powers.
Another reason - and perhaps a likely one - is that.thére may be
instrumental and measurement errors that are systematic in a particular
run (giving a general upward or downward bias in that run) But thch
vary from one run.to the next (see section 5.5.2).

3. The ratio of the standard deviation of the drag force (Sd)FD to

the mean value FD varies from 0.21 to 0.55 for 21 out of 2l experimental
' ' (Sd)FD

FD

runs (see Table 5.1). Only records number 9, 10 and 11 have
equal to 2.02, 0.945 and 1.414 respectively.

4; Gomparison of Fig. 5.9¢ with Figs. 5.9a and b shows that
greater protrusions of the polystyreneéphere weakly decreaées the meén

drag force. - This feature could be attributed to the reduction in form
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drag as a result of pressure build up in fhe wake of a sphere placed
in shallowgr and shallower streams. In other words, as the sphere is
more and more exposed to the stream, there will be thinner and thinner
sheets of water flowing over the downstream half surface of the sphere.
But, ‘such thin sheets of water are moving slower than the fast coming
water hitting the test sphere. Probably, the result is that a region
of high pressure is created on the downstream half surface.of the

sphere relative to a low pressure region on the upstream half surface.

5.5.1.2.2 Lift

The mean hydrodynamic 1lift fofce FL (after deducting the buoyancy
force according to equation 4.3) varies with Q in a completely different
way as compared to FD. For a sphere pfotrusion of 2.84 cm: , Fig. 5.10a
shown a predominant positive FL with increasing Q. There is no obvious
trend that FL increases with increasing f.

When the test spﬁere is exposed 3.84 and 4.84 cm:. respectivély,
Figs. 5.10 ,b and ¢ show a distinctly negative FL with increasing 9. | A
mean 1lift force is created by the pressure difference between the distri-
butions of pressures below axis x-x'and ab&ve it of.the-sphere shown in
Fig. 1.3. For small sphere protrusions, the mean lift'force is approxi-
mately constant with increasing Q,because there are two counter balancing
effects: (i) the prevalence of high velocities above axis x-x' tend to
create higher 1ift on the upper surface of the sphere; for greatef channel
slopes (hence, greaterq for the same discharge), the flow becomes
shallower and a greater proportion of the flow finds its way between the
voids of the bed of spheres and hemispheres, tending to create a lower
pressure on the lower surface.

For greater sphere protrusions, a large portion of the flow passes

underneath the exposed sphere at a high velocity; while the water that

passes over it is shallow, piling up to form a hump and hence creating
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a high pressure region above the sphere. The net effect is a
predominantly negative 1lift.

It could be anticipated that a saltating solid in a shallow and
supercritical stream would perform short and fast saltations, because
at the moment a solid is lifted from the bedg a predominant negative
1ift force would act to bring the particle back to the bed. The
impact force creéted, together with the predominant positiﬁe'ff would
assist to maintain another cycle of saltations. | |

It is interésfing to compare the relative magnitudes of FL to FD
irrespective of the direction of each force. Itvis observed that for
the majority of test points shown in Figureé 5.9a,b&c and 5.10a,b and c,
FL/FD is in the range of 0.3 - 1.0. :

On the other hand, the standard deviations from the mean 1ift
force in Figures 5.10a,b and ¢ varies between 30% to'100% for 13 records
(see Table 5.1), 100% to 150% for 5 records and from 150% to 497% for

6 records.

5¢5+1.2.3 Skin Friction Drag

One 6f the surprising findings that emerged from the instantaneous
force measurements is the demonstration that skin friction stresses
distributed on the surface of the sphere are appreciable in comparison
with drag and 1lift. It is thought that these skin friction stfesses
are due to the collapse of small eddies on the surface of the sphere.
Although the fofce transducer (described previously) cannot detect the
distribution of the skin friction stresses on the sphere surface, the
overall effect of them is recorded as an overall torque TM that affects
the stability of a loose sphere.

| Figures 5.11a, b and ¢ arelplots of the mean torque T™ for

increasing values of o for three sphere protrusions 2.84, 3.84 and 4.84 cm
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respectively. The mean torque T is shown to increase with Rin a
manner similar to that revealed by FD. Buf, more scatter and inconsis-
tency prevails in Figs. 5.11a,b and c¢ relative to the scatter in Figs.
5.9a,b and c. The standard deviation of the fluctuating ™ values
varies in the range'of L4 to 150% of T™ for 15 test runs, and from

150% to L460% for 11 funs (see Table 5.1 again). It must_be mentioned
that contrary to equation 4.2, TM is considered to be positi&e when
acting in a clockwise direction in Figs. 5.8b,5.11a,b and ¢, 5.14c and

in Table 5.1.

5.5.1.2.4 Angular Acceleration

The instantaneous angular acceleration, a, was computed using
equation 4.14, for a loose sphere with a mass density of ps=2.65gm/cm3,
diameter = 5.1 cm and resting at intermediate positions A, B and C as
shown in Fig. 5.12. Fig. 5.84 shdws a sample plot of the instantaneous

angular .acceleration a versus time.

 F16'512., Actual and assumed suspension localjons
'

'/ of the test sphere.

It must be mentioned that, in the force measurements, the test
sphere was suspended in positions A', B' and C' respectively (see
Fig. 5.12 again). This assumption was made because FD, FL and TM can
only be measured if the test sphere is completely unrestrained by any
of the fixed spheres.

Figures 5.13%a,b and c¢ show the variation of a for increasingq ,
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where the sphere protrusion varies from 2.84, 3.84 to 4.84 cm respec-
tively. A positive a indicates that the moment of the fluid driving
forces about the point of contact P (Fig.4.7) exceeds that of the
immersed weight of the loose sphere. Hence, whenever Zfs 0, the loose
sphere could be thought of as stable and whenever a > 0, the loose
sphere could be considered unstable and conseuently might roll or
saltate along thé bed downstream.

Comparison of the variation of T with g (see ‘Fig.;s.s.'l'la,. b and c)
with the variation of a with 9>(see, Figs.5.13a, b and c) shows that
there is a similarity between the variations of both variable T and a
with @ . Even the standard deviations of both TM and a from the
mean values TM and a respectively look similar. i

It could be reasoned that the increase of ;.witq Q at small sphere
protrusiéns is produced more or less equally by the tq;que due to skin
friction, the form drag and the 1ift. Although'ff becomes increasingly
negative for larger 9‘va1ueé;'g still persists to be pesitive. It
could be anticipated consequently that at large protrusions, a loose
sphere would still roll downstream, but it would be-brought down to
the bed due to the increasingly negative 1lift force on it.

The standard deviations of a are in the range of L44% to 150% for
15 runs, except where a is very close to the zero value. In such a
case, the standard deviations become several times greater than.the |
mean values.

Upper enveiope curves could be drawn by joining the ordinates of
Z.+_one standard deviation (see Figs.5.13 a, b and c). It could be
seen that fhe upper eﬁvelope curves intercept the Q -axis at greater

Qc values for smaller and smaller sphere protrusions, where c=100x981,
66x981 and 37x981 dynes/ém-sec fér the sphere protrusions of 2.84, 3.84

cm
and 4.84,respectively. Such a trend implies that a loose sphere
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bécomes more unstable for greater sphere protrusions and for the same
streém power; |

Due to the high fluctuations of the fluid driving forces on a
sphere (as could be judged from the high values of the standard
deviations of FD,FL and ™), it is suggested for design purposes, that
the mean value plus one standard deviation above the mean of FD, FL
and TM might be considered when deciding whether a loose sphere is stable

or not.

5.5.1.3 Probability Distribution

Sample cumulative probability distribution curves of I, FL, TM
and a are shown in Figs.5.14a,b,c and d respectively. All these curves
show a distinct S shape. Such a feature implies that the cumulative
probability distributions of the above mentioned variables afe either
normal or somewhat skewed normal distributions. The skewness Sk from
the pormal distribution of a variable X could be calculated by theb
folloﬁing equation:

X - E T+ 20

Sk = T ceeeeen ceeeeeeaaas Eq. 5.1°

For a normal distribution with zero mean, Sk = O. Variation of
Sk for FD, FL, ™ and a are shown in Table 5.1, where Sk varies in the

following ranges:

-2.56 + L.02 for FD

-4.,07 » 3.6k for FL

-4.95 +» 2.31 for T
and -3.69 + 5.06 for a .

There is no consistent trend that the . skewness of distributions

‘increases or decreases with Q or sphere protrusion.
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For the sake of brevity, not all probability distribution curves
of the angular acceleration a.are included in thié thesis.

Howevér, the stability of a loose sphere based on probability
considerations is investigated in the following way.

For each hydraulic condition tested, the probability that the
angular acceleration a ¢ O may be read from the probability distri-
bution curve and is defined as the percentage stability. Figs.5.1ke,
f and g show percentage stability versus Q for thé three sphefe
protrusions 2.84, 3.84 and 4.84 cm respectively, where the following
characteristics are deduced:

1.. Percentage stability decreases with increasing & .

2 Percentage stability reaches a high value 85% for a critical ’
stream power Qc' The 85% stability is chosen becauﬁe in a normal
_probability distribution the mean value of fluctuationg of a variable +
one standard deviation are not exceeded 85% of the time. Consequently
the critical stream powers obtained from Figs 5.13a,b and ¢ could be
compared with those which can be obtained from Figs.5.14e, f and g as
will be mentioned subsequently.

e The critical stream power Qc based on probability considerations
weakly decreases with increasing protrusion of the test sphere, where
Q, = 77-5 x 981, 74 x 981 and 40 x 981 dynes/sec-cm for the sphere

protrusions of 2.84, 3.84 and 4.8%4 cm respectively. It should be
mentioned that a similar trend was revealed from Figs. 5.13%, b and ¢.
L. It will be remembered (see section 3.2.2.5.3) that the experiment
Witk increasing S Valueg

w1th loose stones showed an increase in Q Aaccordlng to equation 3.8.
However, results from the force measurements in Stage II do not show a
similar trend because the number of volumetric discharges tested for
each sphere protrusion pr and chanﬁel slope So is not sufficient to

isolate the effect of S on 2
0 8
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5«5.1.4 Auto Correlation Functions

The autocorrelation coefficient B%%%§l is plotted as ordinate and

the lag time (rAt) as abscissa for the three variables FD, FL and TM.
Sample plots of (rAt) versus Ré{A;é are shown in Figs.5.15a, b and ¢
respectively. The maximum lag iime in all aforementioned figures 1is
100 time steps, where each step is 0.025 sec. Comparison of the

shapes of the autocorrelation curves for all the test rums and.for the
three variables FD, FL and ™ show a rapid decay of the auto correlation coef-
ficient 1immediately after several time steps only. Such a trend is
characteristic of stationary, random variables with a wide band of
frequencies. The rapid decay of RéfA;l also implies that there is
practically no dependence of one set Zf values of ¥D, FL and T™ measured
af one instant of time upon another set of values measured at earlier

of subsequent instants of time.

There is no clear indication from all the autocorrelation curves
plotted that the stream power or the protrusion of the test sphere affect.
the rapid decay of Bé%A%l.

o}

5.5.1.5 Spectral Density Functions

For one test run, sample graphs of the power spectral density
function G(f) as ordinates and the frequency f as abscissa are presented
in Figs.5.16a, b and ¢ for the variables FD, FL and ™ respectively.

There is one feature dominating all spectralAdensity graphs
obtaiﬁed in this investigation, namely: all of them have many peaks and
troughs in a wide band of frequencies ranging from 0.8 Hz to 15 Hz.

Apperley (1968) has done a similar speétral analysis as in this
investigation, but found that the graphs of frequency f as abscissa
and G(f)‘as ordinate for drag and 1lift on a sphere in one subcritical

flow are smooth concave curves. He also found that the function G(f)
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is at a maximum at low frequencies of 0.1 Hz and decreases smoothly
with increasing fequencies approaching 20 Hz.

The distinct difference between Apperley's (1968) results and
those shown in Figsg S5.16a, b and ¢ could be attributed to the contrast
between the eddy structure in turbulent subecritical streams and the
eddy structure in turbulent supercritical ones. It may be anticipated
in the latter caSe, that the distorted water surface (see Plates 3
and 6) and the turbulent wakes behind individual soiid particlés of a
rough steep bed constitute a maiﬁ source of creating eddies of low
frequency and of a size which may be not much smaller than the size of
each solid. The fast moving thin layer of'fluid4in the non separation
zone (as the one shown in Fig.1.4) constitutes a source of very smail
eddy size (relative to the diameter of the sphere) and of a high
frequency. | .

The interaction of all this complex set up of ed@y structure
produces a sét of turbulent f&rces on individual solids.

The above ﬁentioned anticipation may be supported.by the shapes
of the spectral density plots in the following way: -

Based on the mean velocity distributions conducted in Stage I
(see.Figs.2.1 and 2.2) it may be assumed that the mean water velocities
around the test sphere in record No.16 - range from 250 cm/sec in the
non separation zones (see Fig.1.4) to-25 cm/sec in the turbulent wakes
of the test sphere. The approximate frequencies of the eddies may be
obtained by dividing the local water speeds by the diameter of the
test sphere. Consequently, the frequencies of the eddies would range
frém S50Hz to 0. Although the spectral analysis done in this investi-
gation is valid for frequencies between 0.8 and 15 Hz, the multi-peak
shapes~of the spectral density plots supports the idea that turbulent

eddies of a range of frequencies of at least 0.8 to 15 Hz are existant

in a tumbling steep stream.
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5.5.2 Sources and Relative Magnitudes of Error in Force Measurements

The main sources of error in the instantaneous force measurements
bf Stage II could be claséified under two main categories.

(i) Systematic Errors
10 33 and 37 could have been magnified due to

resonance occurring as a result of the high freqﬁencies of turbulent

Te Signals S

forces and/or the natural frequencies of the éectroniq insfruments
being not much less than the natural frequency of the force tréﬁsducer
in water.

2. EBrrors in static calibration of the fofce transducer produce
systematic errors in the variables FD, FL dnd ™. It shéuld be'mentiqned
that static calibration was checked before and after taking groups‘;f
three records of the 24 ones taken in Stage II.

(ii) Accidental Errors

1. Digital filtering of the raw records, S1, S and S7, could

3

be in error due to the tedious process of identifyiné the midway between
'peaks and troughs of the raw records.

2. The x-~y reader which was employed to digitize signals 51, 53 ‘

and S_ could accidently mis- puach numbers (corresponding to the ampli-

7 .

tudes of the signals) in spite of the constant care to prevent this
possibilty from occurring.
Consider now the percentage error produced in the computed values

M_ and

of D, ™ and FL due to a +1% error in the bendM3 moments M1, 3

M_ measured at sections S, S_ and 5_ respectively.

7 173 7
The partial derivatives of the variables, 0, ™ and FL (given by

equations 4.1, 4.2 and 4.3 respectively) with respect to M1, M3 and M7'
are given, respectively, by the following sets of equations.
afD -1 3 ¥D 1 3, :
BM =X —X ] aM = X —X 5 aM = O -ouoc.oqu 5.2

1 3 1 3 3 1 7



3TM +X 3TM _ -X aT

S s =211, =2 - 0 E

= s = < s = eeess Eg. 5.3
R M A X5 - X, 3
o gex moomox oo
MT X -x) 0 W T XX - X T

eeses Eg. 5ob
The percentages of error in estimated ¥D, TM and FL values due to

+1% error in each of M,, M, and M., are given by the following equations:

13 7
daFD - 3FD _Pi‘l_ + ._a.:.E_D. 142 +' 0 e . T 5.5
FD aM FD aM F'D . R K] q.
. 1 3
dT™ aTM M 9™ 5
= — —F
TM - aM TM + aM TM+ o esevscesceve Eq. 5.6
L 3
drL OFL. M 9FL M 9FL M
— o —— e o 2 4 —— Wi Fq. 5.7
FL — @, FL W, T M, FL CtToeee R

Substituting equation 5.2 in equation 5.5 , equation 5.3 in

equation 5.6 and equation 5.4 in equation"5.7 , one gets:

dFp M, - M

o 3 1 :
FD - FD(X _ X‘y es e csesvscnssvce ee Eq. 508
z - ™M .
aT™ M XM, - M) ‘
- 2 _ i
™ = T —Tﬁhy ........... eeeee Eg. 5.9
and il = M1(XB _ XB) - i (j—- + XB _ X3 + M? ... Eq. 5.10
FL x,?(x3 - x1)FL FL x? x7 x3 - X,l X?FL

A sample solution of equations 5.8, 5.9 and 5.10 for one set of
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simultaneous values of M_,M, and M, (taken from record number 16), gave

173 7

the following answers:

For M1 = 435 x 981 dyne-cm, M. = 544 x 981 dyne-cm and

3

M7 = 940 x 981 dyne-cm and
dM1 ) dM3 i} dM7 -
M1 M3 M7
Then:
dT™ dFL dFD
™ = -1% L -4%  ana 55 = 1%

The above mentioned sample calculations show that the errors
produced in TM are of the same order of magnitude as those produced in
FD but in an opposite direction; while the errors produced in FL are
L times higher than those produced in TM and in the same direction.

It should be mentioned that eqations 5.8, 5.9 and 5.10 could be
easily modified to consider the effect of i1, i_ and i, percentages of

5 7

M_ and M_ respectively. Where i_, i, and i, assume a

173 7 175 7’

reasonable range of values (say between O and : 10).

error in M

Equations 5.8, 5.9 and 5.10 or their modified forms could have
been included in the computer programs to work out the percentage of
error in I, ™ and FL at each sampled point of the 48000 data points
digitized in Stage II. But, the computing time needed would be

expensive.

5.5.3 The Critical Stream Power in the Case of a Loose Sphere

Measurements of the critical stream power associated with the
initial instability of a loose sphere was described in article 5.4.3.
Table 5.2 summarizes the experimental results and Figs. 5.17a, b and c

are plots of s% as ordinate and the channel slope &, as abscissa.
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It is clearly revealed from the aforementioned figures that for one
protrusion of a loose sphere, QC increases with S0 « Such a trend
could be attributed to the greater stream power consumption associated
with greater water surface disturbances, more air entrainment and
highly turbulent wakes in the downstream side of individual spheres.
It is also revealed that for one channel slope, the greater is the
protrusion of a loose sphere, the less is thé stream power needed to
dislodge it from its recess. Such a trend was also revealed from the
instantaneous force measurement and particularly in Figs,5.13%a, b and
c and 5.1k4e, f and g.

Comparison of Figs.5.17a, b and ¢ with each other show that for
one protrusion of a loose sphere, the gréater is fhe distance x (x is
the distance measured along the channel slope, from the leading edge
of the flume to the position of the loose sphere, see Fig.3.1), the
greater is the critical stream power. "Hence it could be anticipated
that loose stones near the leading edge of a steep rough channel are

more vulnerable to be dislodged than those(of the same size and mass

density) located further downstream. This is a weak trend. It may be partly

atﬁributed‘to a reduction in shear stress at the bed‘with distance in the
region of boundary layer development close to the inlet, and partly to the
progressive'consumption of stream power to increase the air concentratiocn
with disﬁance in the region of development of a fully-established air-

concentration profile.



- -

ug '
oIRE - ’ slope Vs QC
B gl/‘// ¥= 66.25cm
ol FIG. 517a
Lo .
7 pr=1.8 cm
—__pr=1.2 cm
St , PT=0-6 cm
an slope.,%
i g
ol U%’ slope Vs S
Ke X =11042 cm
o] FIG, 547b
v Lo
!.O.;-
N .
slope. %
lol 10 20 30 =
a 5 Lo
ol / slope vs J2c
i ’ ' . X=154.58 cm
ol ~  FIG. 517c
o] ,, pr=1.8cm
/ b-—pr=12cm
ol Pr=06cm
slope. 9,
0 40




- 2 -

Table 5.1 Summary of Instantaneous Force Measurements
Re;zrd! S, Q rr D (Sd%D (Sd)FD Sk
| ' E
% % 981 dynes! (cm) | (981 dynes) i(981 dynes)
| sec cm i {
i 9.0 65.69 1.66 i 99.98 %0.56 '0.306 0.908
5 56.19 1.66 @ 94,55 43,14 0.456 1.94
6 56:19 | 2.66 h2.65 15.65 0.367 | 0.43
8 65.69 | 4.84 62.95 20.90 0.333 | L.02
9 46.27 L.84 19.83 Lo.47 2.020 i -0.74
10 65.69 3.84 28.90 36.79 0.945 ! -3.68
11 46.27 : 3.84 28.67 LO.62 1.415 1 -2.56
12 2%.34 © 119.98 2.84 84.07 28.85 0.344 | -0.325
13 145.74 2.84 61.65 21.82 0.3254 @ 0.02
15 119.98 | 3.84 ol Ll 25.39 * 0.269 | -0.94
16 145.74 3.84 95.06 26.92 0.281 1.16
17 170.37 | 3.84 98.52 34.98 0.255 | -0.18
18 | 119.98 | 4.84 | 49.52 19.92 0.402 | 1.23
19 * 145.74 4.84 60.65 33.04 0.545 0.79
20 170.37 4,84 60.1& 20. 44 0.506 |-0.30
21 35.00 ; 180.02 4.84 96.94 - 36.66 - 0.378 | 0.43
22 | 218.67 | 4.84 | 135.8% 7%.23 0.540 | 3.47
23 255.63% 4,84 ' 124.55 44,69 0.359 0.23
2l 180.02 | 2.84% | 140.05 29.05 0.210 |-0.23
25 218.67 3.84 | 122.86 35.15 0.287 |-0.45
26 255.63 13.84 | 205.74 59.58 0.290 |-0.20
27 180.02 : 2.84 123.64 30.91 0.250 |-0.46
28 218.67 2.8k 188.62 48.40 0.256 |-1.93
29 255.63 | 2.84 | 151.04 50.27 0.332 |-0.45
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Table 5.1 continued
Record| s, 2 pr T (5a) gy (Sd)FL! Sk '
T i ,
% 981 dynesi (cm)
—Sec cm | (981 dynes) | (981 dynes) 1 i
L | 9.0 65.69 | 1.66| 39.73 27.11 0.683 | -0.80 !
5 56.19 | 1.66 | -11.71 4o.67 -3.465 ! —1.49!
6 56.19 | 2.66 | 52.07 23.37 042 | -4.07 |
8 65.69 | h.84|  -3.64 18.08 | -4.970 | -0.29 |
9 46.27 -15.74 36.62  |-2.330 0.46 |
10 65.69 | 3.84 37.0L 31.68 0.846 | 3.64 |
11 L6.27 7.23 33.82 4.690 2.50
12 23.34 119.98 2.84 37.75 31.10 0.825 | -1.36
13 145.74 76.11 33.28 0.436 | -3.10
15 119.98 3.84 ¢+ ~21.09 22.39 -1.080 | -0.51
16 145 .74 16.27 22.86 1.405 | -0.50
17 170.37 24.84 1 36.94 1.480 | -0.71
18 119.98 | b8k | -33.55 17.00 -0.507 | -1.58
19 4574 | ~32.74 32.12 ~0.982 | -1.17
20 170.37 -10.78 27.81 -2.590 0.07
21 35.00 | 180.02 | -90.56 27.34 -0.301 |-0.50
22 218.67 | =112.59 50.30 -0.446 | -2.00.
23 255.63 ; ~98.9k 43.37  [-0.437 |-0.72
24 180.02 53.84 -7§.02 22.25 . -0.304 | -0.12
25 218.67 -36.23 32.10 -0.885 0.91
26 255.63 -146.30 50.22 -0.343 0.11
27 180.02 | 2.84 2k.26 30.78 1.270 |-0.15
28 218.67 2.84 13.18 42,96 3.260 1.26
29 255.63 i2.84 42.99 45.97 1.070 | 0.26
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Table 5.1 continued
Re§grd§ s Q T ™ (Sa)m (?fi?M Sk
i ™
§ % 981 gznesj(cm)§981 dynes cm| 981 dynes. cm
: sec cm i |

b 9.0 65.69 [1.66) +39k.12 276.96 | 0.703 | -0.97
5 i 56.19 1.66! +327.20 393.39 | 1.202 | -2.50
6 | | 56.19 |2.66 -191.h2 13543 |-0.696 | -4.06
8 | 68.69 |4.84%  -71.96 202,07 | 2.808 . -4.95
9 46.27 ; -218.50 343.23 1.571 |, 0.78
10 | 65.69 |3.84° -16h.42 306.78 | 1.866 | 3.8
1 46.27 | -156.80 348.94 | 2.205 2.3
12 |23.34; 119.98 |2.84. +124.92 -126.66 | 1.014 | 0.27
13 145,74 L -191.15 155.81 0.815 ' -0.31
15 119.98 |3.84: +321.56 161.71 0.698 | 1.12
16 WS.74 | 418170 200.09 1.101 | -1.4
17 170.37 [4.84:  +48.85 224.81 | 4.602 | 0.28
18 119.98 - -47.93 138.15 2.882 ' -0.19
19 145,74 ; -88.38 252.46 2.857 . -0.54
20 170.37 L -175.18 253.32 | 1.446 0.k
21 |35.00] 180.02 =171.26 251.73 3.533 -0.95
22 218.67 % +262.70 577.85 2.200 ' 5.23
23 255.63 § +104.76 287.53 2.7k j -0.33
24 180.02 |3.84 | +326.28 224.87 0.689 | 0.69
25 218.67 | +265.90 275.21 | 1.035 @ 0.03
26 255.63 +618.49 508.95 0.823 | 0.35
27 180.02 |[2.84 +260.45 221.85 | 0.852 = 0.47
28 218.67 +820.96 362.74 0.442 Z 2.30
29 255.63 +398.77 382.70 | 0.960 | 0.6k
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Table 5.1 continued
el s, Lo e | T e, | e (P
| | =

% —El—-gzgcdcmes cm | rad/sec:2 | rad/secaé | %

b1 9.0 | 65.69 | 1.661 33.84 | 127.64% | 3.772 0.79 | Lk
5 56.19 1.66 6L4. 24 173.85 ! 2.706 1 1.99 ! 75
6 56.19 | 2.66| -234.50 | 70.07 § 0.299 | -0.31 99
8 65.69 | U.84| k.10 | 12075 | 2.740 | 5.06| 30
9 46.27 -159.1 206.38 | 1.297 | -0.79 | 77
10 65.69 | 3.84| -122.08 | 165.61 § 1.357 | -3.69 | 96
1 46.27 ~208.00 | 191.30 | 0.920 ! -2.17| 91
12 | 23.34] 119.98 | 2.84| -25.88 98.68 § 3.813% | -0.46| 60
13 145.74 -159.70 80.31 | 0.503 ! 0.47| 97
15 119.98 3.84 60.54 90. 43 1.492 | -1.39 | 18
16 145. 74 ' 67.54 111.59 1.652 | 1.55| 23
17 170.37 11.26 123.41 i 10.960 | -0. 44 | 46
18 119.98 | 4.84| -5.40 88.02 : 16.300{ 0.20| 52
19 145.74 -11.98 154.51 | 12.900 ; 0.55| 56
20 170.37 - =47.03 153.89 | 3.272 | -0.k2} 67
21 35.00 [ 180.02 121.76 | 158.79 1.304 | 0.91| 20
22 218.67 255.78 359.0k | .40k | L.OL| 17
23 255.63 168.43 179.84 1.070 | 0.35| 15
24 180.02 3.84 139.;2 126.86 0.911 | -0.57| 12
25 218.67 123.28 | 152.21 1.235| 0.16| 9
26 " 255.63 287.54 282.53 0.983 | -0.35| 12
27 180.02 | 2.84| 93.31 | 113.28 .| 1.214 |-0.30| 15
28 218.67 409.60 181.83 O.4h4L | -2.11 2
29 255.63 202.22 | 190.13 | 0.940 | -0.60| 10
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Table 5.2 Summary of Initiation of Motion Experimental Results

on a Loose Sphere, D = 5.1 cm, pS = 2.65 gm/cm3

QC . x Slope pr
981 _dynes (cm3/sec cm) cm % cm

sec cm

29.80 § 228.00 66.25 35.00 0.6
73.93 ? 211.24 1.2
60.95 174 .14 1.8
46.07 131.64 _ 2.k
83.00 237.32 110.42 0.6
76.41 218.30 1.2
65.16 186.17 _ 1.8
90.70 259.13 154.58 0.6
83.00 237.32 1.2
65.16 186.11 _ 1.8
63.34 271.38 66.25 23.34 0.6
57.48 246.28 1.2
50.95 218.20 : 1.8
68.70 294.36 110.42 0.6
59.50 254.92 1.2
55.39 237.32 1.8
84.00 260.00 154,58 0.6
75.26 ' 322.45 1.2
59.50 254.92 ' 1.8
60.71 283,70 66.25 15.82 0.6
51.01 322.45 1.2
41.65 © 263.28 ' | 1.8
57.03 360.51 110.42 - 0.6
46.57 294.36 1.2
40.33 254.92 1.8
69.85 441,53 154.58 0.6
64.19 405.71 ' ' 1.2
49.93 ' 315.66 | 1.8
58.36 858.18 - 66.25 - 6.80 0.6
52.96 778.79 1.2
40.28 592.38 _ 1.8
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CHAPTER 6

Conclusions

6.1 Stage I
.1. To describe the geometrical and physical properties of a coarse
s0lid mixture, it is thought that the following information should be
gathered:

(1) A weight distribution curve, like Fig. 3.1 , is more
accurate and practical to determine than the classical size
distribution curve obtained by sieve analysis.

(ii) A shape factor distribution curve, like Fig. 3.2 , gives a
fair idea about the flatness of the solids.
(iii) The mass density of the mixture could be measured by
measuring the mass density of individual stones as was

mentioned in article 3.2.1.1.

2. Initiation of motion of coarse stones by a shallow supercritical
stream constitutes a special problem that has been overlooked-'in
literature. Only recently, few investigators have just touched upon

the analysis of this problem.

3 The idea of the stream power, as introduced to sediment transport
by R.A. Bagnold,“could be adopted and ﬁodified to fit the special flow
conditions of a shallow supercritical stream. It is thought that the
critical stream power as was defined in article 3.2.2.5.1 could be
statisticall& determined for one solid mixture and different channel

slopes.
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The increase of QC with increasing channel slopes So is attributed
the extra stream power consumption needed to maintain higher degrees

turbulence and more air entrainment in steeper streams.

Prediction of QC for coarser solid mixtures (but of a similar

shape and of the same ps as the granite mixture tested in this

investigation) subjected to prototype tumbling streams could be based

on

a Froude model similarity criteria, as was explained in article

3.2.2.5.4. Assuming that air entrainment in the model is less than

that in the prototype, this will introduce a scale effect.

6.

Comparison of QC as determined in this investigation, with those

based on data obtained from different sources éhows that the present

experiments could be considered exploratory.

7.

Solids dislodged by stream powers greafer than the critical one

~are very poorly.predicted by equations 3.9 and 3.1k4. The low degree

of correlation in the aforementioned equations is mainly due to the

following factors:

1. The crude assumption that the speed of dislodged solids
T = Vg (the fall velocity of a solid whose size is equal to
Deyy of the solid mixture).
2. The random shape and orientations of soiids.

3 The random nature of the fluid driving forces which will be

discussed in the conclusions of Stage II.
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6.2 Stage II
| 1. By designing a force transducer as describéd in section 5.3, it
Cis possible to isolate and measure the instantaneous and simultaneous

vélues of drag, 1ift, and torque on a sphere subjected to a supercritical
stream. The design of the force transducer should be a compromise
between one with a high natural frequency of vibration (in air and water),
and one which is.not so stiff as to make the stresseslinduéed by the
stream too small to measure. The reason why a fofce transducér should
have a high natural frequency ié mainly to prevent resonance oécurring
as a result of the coincidence of the frequency of the turbulent forces
on the sphere with the natural frequency of the force transducer.
However, since fhe natural frequency in -still water of the forc;
transducer designed for this investigation, is only 70 Hz and electronic
noise may have been superimposed on the stress signals, digital filtering

was applied to the output stress signals for the reaéons mentioned in

section 5.4.
2. Statistical analysis of the simultaneaus and inétantaneous records
of M, FL, ™ and a (see Figs.5.8a, b, ¢ and d) revealed the following

features.

6.2.1 Mean Values and Standard Deviations

6.2.1.1 Drag

The mean vélué of the drag fﬁbincreases with the stream power
‘as shown in Figs 9.9a, b and c. Increasing phe sphere protrusion
weakly decreases the mean -drag.

The ratio of the standard deviation to the mean vélue of the drag

] (Sd)FD
force . varies in the following ranges:

FD
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0.2 to 0.55 for 21 test records
and 0.945, 1.415 and 2.02 for records number 10, 11 and 9 respectively

(see Table 5.1).

6.2.1.2 Lift

For a sphere protrusion of 2.84 cm, FL is virtually constant and
positive for increasing values of Q (see Fig.5.10a); while fof greater
sphere protrusions of 3.84 and 4.84 cm , FL becomes increasingly
negative with increasing  (see Figs.5.10b and c). The ratio of the

(Sd)FL varies

L

standard deviation to the mean value of the lift force
in the following ranges:

0.3 to 1 for 13 test records

1.0 to 1.5 for 5 test records
and 1.5 to 4.95 for 6 test records

(see Table 5.1).

6.2.1.3 Torque Due to Skin Friction

Surprisingly, ™ emerged from this investigation to be an equal
contributor to dislodge a loose sphere as drag and lift. TM increases
with @ (see Fig.5.11a, b and c), but the degree of scatter is greater

than both cases of drag and lift. The ratio of the standard deviation to

<Sd)TM varies in the following ranges:

™

the mean value of the torque

0.44 to 1.50 for 13 test records
and 1.50 to 4.60 for 11 test rums

as can be seen in Table 5.1.

6.2.1.4 Angular Acceleration

The angular acceleration a of a loose sphere is a measure of
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" whether the fluid driving forces (FD, FL and TM) overcome the submerged
weight of the sphere and hence cause the loose sphere to roll or be
ejected from its recess downstream. |

The relation between a and Q.(see Fig 5.13a, b and c) looks much
the same as that between TM and 2 . A loose sphere could be
considered stable if a critical stream power Qc would just make the
mean angular acceleration plus one standard deviation above the.mean
equal to zero. The critical stream power thus defined decreases
weakly with increasing protrusion of the test sphere.

The standard deviations of a are in the range of 4L4% to 150% of

a for most test runs, except where'g.is close to zero. In such case

the standard deviation becomes equal to several times the mean value.

-6.2.2 Probability Distributions

Sample probability distribution curves of the variables FD, FL and
T (see Figse5.14a, b and c) show a distinct S shape. Such a feature
. implies that the fluid driving forces are statistically distributed
according to a somewhat skewed normal error law. Thé skewness for each
of the aforementioned vafiables is tabulated in Tabie 5.1 for all test
runs.

The percentage stability of a loose particle is defined as the
probabllity that the angular acceleration is equal to zero. It was
shown in Figs.5.14e, f and g that % stability reaéhes a high value of
85% for a critical stream power Qc. The critical stream power based
on probabllity considerations weakly decreases with inﬁreasing

protrusion of the test sphere.

6.2.3 Auto Correlation Functions

The shapes of the autocorrelation curves, for all the test runs
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and for the three variables FD, FL and TM show a rapid decay of the

autocorrelation coefficient'%%i%zl with increasing lag time (rat).

R(rAt) reaches a zero value immediately after several time steps (each

R(o)

time step is 0.025 seconds) and then oscillates between positive and
negative values indefinitely (see Figs.5.15a, b and c). This shape
of autocorrelation curves implies that the fluid driving forces FD, FL
and TM are randoﬁ and have a wide band of frequenciesf If could élso
be concluded that there is practically no dependence of one sef of
values of FD, FL.aﬁd ™ measured‘at one instant of time, upon another

set of values measured at earlier or subsequent instants of time.

6.2.1t Spectral Density Functions

There is one feature dominating all spectral density curves,
namely: all of them have mény peaks and troughs in a wide band of
frequencies ranging from 0.8 to 15 Hz. Consequently, it may be
anticipated that, a steep roﬁéh stream is dominated B& a complex eddy-
structure where a wide range of eddy sizes and frequencies may be

present.

The Critical Stream Power in the Case of a Loose Sphéré

The variation of Q, (associated with the initial instability of
a loose sphere) with increasing channel slopes So are shown in figs.
5.17a, b and c, where the following conclusions could be drawn:
(i) For one sphére protrusion, QC increases with %}.
(ii) Tor one channel slope, the greater is the sphere protrusion,
the less is the critical stream power.
(iii) Keeping the channél slope and the sphere protrusion constant,
. the critical stream power weakly increases with increasing x

" (where x is the longitudinal distance from the leading edge

of'the test flume to the position of the loose sphere).
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6.4 The Link Between Stages I and II

Stages I and ITI of thié investigation are linked through the

following common grounds:

6.4.1 Link in Geometry and Hydraulic Parameters

In Stage I, the granite stone mixture (which was used to line the
channel bed) has a D50 = 5 cms and Py = 2.65 gm/cmB; while in Sfage 1T,
the spheres lining the channel bed have a diameter D = 5.1 cms. The
mass density of the loose sphere in Stage IT was also 2.65 gm/cmB.

The range of channel slopes covered in both stages varied between
6.8% to 49% in Stage I and from 6.8%.to 3% in Stage II. In both
stages the flow was shallow and tumbling and the only hydraulic parameters
that could be practically measured were the discharge @ and the chanmel
slope So' The stream power per unit area @ was adopted to be the

only practical hydraulic parameter to which the initial instability of

a loose particle is related.

6.4.2 Link in Results

(i) There is a striking similarity between the trend of
increasing.vS%.with increasing‘SO in.the case of a loose sphefe
(Stage IT, article 5.5.3) and that of a granite stone mixture (Stage I,
article 3.2.2.5.2). The only difference between the two trends is
tﬁat the rat; éf increase of S?C with increasing éo is much highér in
the case of the&anite stone mixture (compare Table 3.6 with Table 5.2).
Consequently, if both angular and rounded stone mixtures were.available
to line a steep open channel, the angular mixture is preferred to the
roundéﬁone because the former is more stable than the latter under
similar hydraulic conditions (it is assumed that the size distribution
and the mass density are the same in both angular and rounded stone

mixtures).
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(ii) It was established in Stage II that the standard deviations
of FD, FL and T (acting on a sphere in a éteep rough channel) from
their.corresponding mean values fluctuate in ranges mentioned in
articles 6.2.1.1, 6.2.1.2, 6.2.1.3 and 6.2.1.k.

Consequently, it could be anticipated that the hydrodynamic forces
acting on an irregular particle are at least as random as those
acting on a smooth sphere, if not more. Hence, the low degree of
correlation of equation 3.9 (established in Stage I between the rate
of scour and the stream power) could be partly attributed to the wide

ranges of fluctuations of the fluid driving forces.

(iii) 1In Stage I, equation 3.9 shows an increase in scour rate
with increasing stream power. Such a trend has a parallel in Stage II,
where the mean angular acceleration ;} increases with increasing @
and % stability decreases with increasing £ (see Figs_ 5.13a, b and c

and 5.14e, f and g).

(iv) 1In Stage II, statistical analysis of FD, FL and ™ acting on

~ a sphere showed that the aforementioned variables.bélong to a stationary
random category with a wide band of dominant frequencies. Consequently,
the initial instability of a loose particle (whether being a sphere or
irregular in shape) is a random process that could be investigated via
one or both of.the following two approaches:

1. Regression analysis to extrapolate 2. from scour experiments
on real stone mixtures as was done in Stage I.

2. TForce measurements on individual geometrical solids (a sphere)
and their statistical analysis to shed more light on the
nature of forces responsible for the initial dislodgement
of a loose particle. Therefore, Stages I and II are thought

to complement one another.
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(v) The Froude Model similarity criteria could be applied to the
results obtained from both Stages I and IT to predict the stability

of prototype solids subjected to prototype tumbling streams.

An Outlook for Future Research

It is suggested that future research on the problem of the
initial instability of stones in steep shallow streams be élong the

following lines:

(i) Scour experiments like those in Stage I, but conducted in

longer and wider flumes (suggested length 200 times D50

10 times D50 of the stone mixture tested). D50 of the stone mixtures

should vary from 10, 20 to %0 cm . The time of observation under

and width

which very low rates of scour occur should be increased to perhaps one
day for each experimental run. Regression analysis should be employed

to determine the critical stream power.

(ii) Torce measurements. on idealized particles and their statis-

tical amalysis, as in Stage II, should include the following.

1e Deéign a force transducer whose natural frequency in'still
water is as high as 200 Hz. . Such a requirement would
entail the use of semi-conductor strainguages to detect the
small stresses induced in the force transducer.

5. Investigate the effect of the surface roughness of the ideal
particle itself on its initial instability.

3. In order to cover a wide range of slopes,discharges, sphere
protrusions, surface roughngsses of the ideal particle
itself and different size combinations of spheres in a

. reasonable time, an improved mefhod of recording the stresses

- induced in the force tramsducer and of analysing them
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directly is required, by employing sophisticated data
apalog facilities.

Force measurements on other idealized particles such as
cubes, pyramids or flat parallelograms could prove helpful
in improving the understanding of the initial instability
of irregular particles.

Initiafion of motion experiments on loose cubes,'pyramids
or flat flakes could be of a considerablé value in checking

on the férce measurements suggested in part 4 above.



Plate 1. Top view of flume (looking upstream) showing the bed

roughened with granite stones. Scale indicator: width
of flume = %0 cm.



Plate 2. Top view of flume (looking up-stream showing the shallowness
of the stream and the roughness of the water surface.
Scale indicator: width of flume = 50 cm.

Q 24.63 litres/sec, Slope = 30%
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Plate 3. Profile of flow (direction of flow is from right to left)
showing a distorted water surface. Scale indicator: Depth
of flow is in the order of 6 to 8cm.

Q = 24.63 litres/sec, Slope = 30%.



Plate 4. Top view of flume (looking up-stream) showing the force
transducer, the idealized bed of spheres and the hexagonal
packing. Scale indicator: diameter of each sphere = 5.1 cm.



Plate 5.

.k. .
i P
g ‘

Top view of flume (looking up-stream) showing the force
transducer mounted in position and a rough, shallow and
supercritical stream over the idealized bed of spheres.
Air entrainment is clearly indicated by the white spots
on the water surface.

o) 24.63 litres/sec, Slope = 20.6%.



Plate 6. Profile of a shallow super critical stream over a steep bed
of spheres. Scale indicator: diameter of sphere = 5.1 cm.
0 24.63 litres/sec, Slope 20.8%



Plate 7. Profile of force transducer showing the mounting arrangement
and the point gauge. Scale indicator: diameter of sphere
5.1 cm.



Plate 8. A close view of force transducer showing the strain gauges
glued and water-proofed. Scale indicator: diameter of sphere
=:5.1 cm.
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List of Symbols

Projected area of a sphere on a plane normal to the mean
flow direction. A = D°

Area of a circular orifice.

A constant.

Dimeﬁsions of an irregular particle measured in fhree
perpendicular directions passing_through'its centre 6f
gravity, a, is the smallest dimension.

Angular acceleration (rad/secz), mean angular acceleration.
A cross-sectional -area of a circular c,jlinder.

A roughness factor; constants of integration.

Meén concentration of air defined as the ratio of the volume
of air fo the volume of the air-water mixtgr;.

A non-dimensional constant of integration,:calibration constant.
Calibration constaﬁfs. |

A coefficient of discharge of an orifice plate.

Coefficient of drag of a sphere ar of an ifregular particle.

Coefficient of 1lift of a sphere or of an irregular particle.

Centimetre, 1/100 of a metre. mm = 1/10 of a cm.

Diameter of a sphere.
Nominal diameter of an irregular solid ,

173

y5ize distribution of a stone

D = C% volume of solid
mixture.

n
The nominal diameter of a so0lid in a solid mixture where
50% by weight of that mixture is finer than that size.

Percentage damage.

Degree Centigrade.

. Depth of flow measured from a theoretical bed level to the

water surface.



F(in)

Fr

F.T
£(...)
¥D;7
' FL;<ff

ft

G(f)

Hz

K,k
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Iist of Symbols Continued

Deflections of signals S,, S, and S5, during static loading.

1 3 7

An imaginary depth of flow in a rough steep chanmel.
Efficiency of a stream in transporting solids.
Potential difference.

Constants.

A tangential force necessary to pull a solid along a rough
inclined bed with a constant speed T.
Force input to a mechanical system.
The Froude Number defined as Fr = Vy(gd)%.
Buoyancy force. |

The fluid thrust.

Frequency of vibrations.

A function of ...

Natural frequency of vibrations of a structure.
Form drag force; mean drag force.

Iift force; mean 1lift force.

Foot, a unit of length.

Immersed weight of a solid.

Power spectral density function.

Acceleration due to gravity.

Gram mass.

Head difference between two tapping points in a pipe,
measured in cm of water.

Hertz, one cycle/sec.

Hydrodynamic impact force on a solid.

Empirical constants..

Mean roughness size of a solid mixture lining a steep

channel bed. K = (D50/3).

——



P.F1,P.F2
P

Ap

pr

Q

a3,

R(rat)
Re

Re,
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List of Symbols'Continued

Mean size of a square eddy.
Mass of a sphere; added mass of avsphere.

Scale ratio of linear dimensions in a Froude Model.

Bending moments.

Maximum lag. time.

Millimetre.

Mingte.

The total number of solids per layer placed in a mobile

section of a known area, or number of data points in a

record. ) -

The number of layers in a mobile section.

Number of orientations of loose solids.

A normal contact force.

Packing factors.

Stream power per unit length of a channel.

Mean pressure difference.

Protrusion of a sphere.

Volumetric discharge of water in a channel or a pipe.

Volumetric discharge per unit width of a wide rectangular

channel; critical volumetric discharge per unit width.

A resistance friction force, or unknown reaction force.

Autocorrelation function.

Reynolds number defined aS_Vb/v .

The bouﬁdary roughness Resynolds nu@ber, defined as
‘DnV*c/v .

Lag time.

.Coefficients of correlation.
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sSec
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List of Symbols Continued

The striking area of one solid = g-gi .

Three sections in a force transducer, or three signals.
Slope of a channel bed, SO = sin B in steep channels and
SO = tan B in mild ones.

Standard deviation.

Second; a unit of time.

~

S.F;(S.F)dShape factor; shape factor distribution of a stone mixture.

T3t

TM{TE

<l

Vg;(Vg)d

v
g

Duration of time a solid is exposed to a stream; time as a
variable.

A torque due to skin friction stresses &istributed on the

surface of a sphere; Mean torque.

An average velocity of a solid during slidiné, rolling or

short saltations. |

Under layer condi tion.

Shear velocity = (ro/p)%.

a
Critical shear velocity = (rc/p)?.

An average velocity of a stream.
Free stream velocity of an infinitely deep flow.
An imaginary average stream velocity of an air-water mixture.

A critical average stream velocity.

A critical velocity near the bed of a channel.

Velocity of a stream at a depth y above the theoretical bed
levei.

The terminal fall velocity of a solid in still water; Fall
velocity distribution of a stone mixture.

Fall velocity of a stone whose size is DEO of a stone mixture.
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. Iist of Symbols Continued

_w,(w)d The weight of an irregular solid; weight distribution of a
solid mixture.
W ‘ The weight of loose solids per layer per unit area of the

channei bed.

W ‘Work rate per unit area of the channel bed.

x v‘ Longitudinal distance measured from the leading edge of the
flume along its centre line. ‘

Xq,XB,X7, . . .
Distances shown in Fig, L.1a .

1 Xe

Xn,X The nth amplitude of a random wave.

X(t) The amplitude of a variable X measured at any time .

Xﬁ(t) The nth amplitude of a stationary random wgvé with zero mean.

y Elevation of a point in a stream above the theoretica1 bed
level.

Y A dependent variable.

z A distance measured normal to the side waIi of the flume

o The angle of sliding friction.

a1 The angle of internal friction.

B The angle of inclination of a channel.bed measured from the
horizontal.

e Surface tension stress.

61 Laminar boundary layer thickness.

6tra Traﬁsition boundafy layer thickness.

stur Turbulent boundary layer thickness.

§' Laminar boundary sublayer thickness.

A ) A resistance éoefficient.

g Aeration factor.
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List of Symbols Continued

Shear stress at a unit area around a point in a stream.
Dry weight density Qf solids.

Damping ratio.

Dimensionless critical shear stress.

Dimensionless critical shear sfress adjusted for steep
channel slopes.

Shear stress at the channel bed.

Critical shear stress at the channel bed.

Viscosity of water.

Kinematic viscosity of water.

Mass density of water} probability density function of a
variable X.

Mass density of an air-water mixture.

Mass density of solids.

Stream power per unit area of a channel bed.

- Critical stream power per unit bed area.

Critical stream powers that correspond to O%dg and 1%dg

'respectively;
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Appendix I

Curve Fitting by the Least Sguare Method

Let Xi; X1’X2’ e Xn be a list of an independent variable X and

Yi; Y1,Y2, e Yﬁ be a list of a dependent variable Y, where n is the

number of observations of each variable. Assume one of the following
two algebraic functions to be fitted by the least square method to the

above mentioned lists of variables:

Y= m1X +m, ccscccnes P 1 T I
N
Y=m3x @es o vevr sesecsacsoencanca Eq- I-2

where m1,m2,m3 and m4 are constants to be determined from the least
square fitting. " The algebraic steps involved in the determination of
those constants could be found in Brownless (1965). However, an

expression for each of them is written below.

n
Ijoq X - X@E; - 1)
My = P)
(x. - X)
1
____ T T
m2 =Y m1X
n n
S P & _ E._,I X.
where Y = —=l 2% and X = =35 =
n n
n n n
n 2'1=1(1n X. InY.) - T g In X, i1 lnYl
My = n 5 n )
n 2‘1_1(].1’1)() (z -1 In Xj)
n n
Ljq 0¥ -m 2,  InX
m =
3 n

There is a restriction that Yi and Xi should be positive only for the

case of m_, and mh.

3
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The coefficients of correlation of equations I .1 andI .2 are as

respectively defined:

. . (X, -, -Y)
1= 1
1. 57T a n z
=42 2
[zi=1 x, -0 2, _ (T -1 }
n n ’ n
Dy, qnXIn¥, - (‘Zi=1 In X, )( I;0q In T.)
r = .
2 n > n > n 5 n 24%
[{n o %)% - (py I 0 Hap, (0 ¥)%(5, 1n ¥) }]
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Appendix II
Computer Programs for the Statistical Analysis

of Force Measurements

This appendix contains three sample computer programs which were
written to facilitate the'statistical analysis of the force measufe—
ments.

The instantaneous and siﬁultaneous value, of drag (FD), turning
moment (M), 1lift (FL) and angular acceieration (a) were calculated
according to equations 4.1, 4.2, 4.3 and L4.14 respectively, where

the three simultaneous records of the stress at sections S_, S, and S

17" 73 7
in the force transducer were digitized and stored in the computer
memory for further sfatistical analysis. It was necessary to work

out the combined calibration constants C C, and C_ (for the stress

1" 73 7
records at sections S1, 53 and S7 respectively) resulting from the
static calibrétion of the forcé transducer aﬁd the scale factor of.the
x-y digitizer.

Proérams I, IT and III contain subroutines BDS, RSO and ASA
" respectively, where the afﬁrementioned sﬁbroutines are available in
Statmat file at the Imperial College Computer Centre and the publisher
is: Control Data 6000 Series Compufer Systems Statistical Subroutines

Reference Manual, Pub. No. 60135300

Control Data Corporation /

Documentation Department

3145 Porter Drive

Pala Alta

California, U.S.A.
A brief description of the subroutines is presented below:

Subroutine BDS has three arguments which are discussed in their

order from left ﬁo right:
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Te One dimensional array of data points (the array should not be
subscripted).
2 An integer indicating the number of data points.
3. A one dimensional array callea STAT, which contains 8 locations.
STAT(1) contains the mean value of the datd points according to
equation 4.4 , STAT(3) contains the third moment of the data points
about their mean according to equation 4.6 , STAT(6) contains the
standard deviation according to equation 4.5 and STAT(7) contains the
skewness according to equation 5.1 .

Subroutine RSO has seven arguments which are described below:
1. A multi-dimensional array of nuﬁbers stored column-wise (like
numbers arranged in a determinant). However, only one column was
conéiderd in the present appendix.
2. An integer indicating the number of data points (m) in each
column.
3 An integer indicating the number of colums of the matrix considered
(this integer is 1 in this investigation).
4, An integer indicating'the maximum number of rows in each column.
Se An integer indicating the index of the column of data points to
be rank ordered.
6. A one dimensional array‘dimensioned to m locations. This
argument rearranges a row column of data/points in a descending order
of magnitude. |
7. A one dimensional array which contains m locations and stores the
raw numbers in a column against the rank ordered numbers in argument
number 6. _

Subroutine ASA has six arguments which are described below: -

1. An integer N equal to the number of data points in a one dimensional

array.
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2. An integer M equal to the maximum number of lag time steps in the

autocofrelation and spectral density functions, 1 < M < N.

3. A one dimensional (non subscripted) array containing the N data

points.

4., One storage location for the mean value of the N data points.

Call this location XB.

5. T4 is a two dimensional arréy dimensioned to T1(10,M ; 1)

locations where T1(7,p + 1) and p = 0,1:2,.««« M contain the auto-

correlation coeffiéient, 3&%&%1 and T1(9,p + 1) contains the estimates

R(O

of the smoothed power density function accordingvto equation 4.13 .
GRAFIT is a plotting subroutine availéble also at thé Imperial

College Computef Centre and has six argumeﬁts as described below:

1. One dimensional array containing the horizontal co-ordinates of

the data points to be plotted.

2. One dimensional array containing the verticallcb—ordinates of the

data points to be plotted.

3 An integer indicating the maximum number of data points to be

plotted. | |

L. An integer indicating the number of the first group of data points

to be plotted as asterisks.

5. An integer indicating the number of the second group of data points

to be piotted as crosses and the remainder of the\@ata points will be

plotted as O. |

6. If zero is pfinted as the last argument, the computer will plot

the data pointé as scattered symbols without joining between them.
Finally, samples of the three/;omputer programs I, II and III are

presented below.

.



Program I, Means, Standard Deviations and Skewnesses

1e PROGRAM ARITH(INPUT,OUTPUT,TAPES=INPUT, TAPEG_OUTPUT TAPE62)
2. COMMON $1( 200),83( 200) S7( 200)
3 COMMON FD( 200),FL( 200),™( 200),ACC( 200) : _
L. COMMON - STAT1(8), STAT2(8),STAT3(8),STAT4(8) .
5 COMMON T(200)
6. READ (5,100) (81(1),s3(I),87(I),I=1, 200)
7. 100 FORMAT((12F6.0))
o R.16 . SLOPE=2% PER CENT, PRTRUS. =3.8%5CM. Q= 90CM OF WATER
C DENSITY '=2.65
o THIS PROGRAM CALCULATES DRAG, IIFT AND TURNING MOMENT ON A
C SPHERE PLACED IN A FAST SHALLOW STREAM. ALSO IT CAILCULATES
C THE MEAN, STANDARD DEVIATION, SKEWNESS AND KURTOSIS OF THE ABOVE
C 3MENTIONED VARIABLES. CALCULATE ALL INSTANTANEOUS VALUES OF
C DRAG LIFT AND TURNING MOMENT.
C .
8. C1=+0.1973
9. C3=-0.1311 '
“10. '\ C7=+0.0827 o
1. Cc8=-128.786 -
12. DO 10 I =1, 200 !
13. FD(I1)=16.0+(C3*S3(1)-C1*31(1))/1.93 -
14, TM(I)=C3*33(1)-10.07*(FD(I)-16.0)
15. FL(I)=-66.7+(C7*87(I)-TM(I)-12.05*(FD(I)-16. o))/h.194
16. ACC(I)=0.960*FD(I)+O0. 841*FL(I) ~-0.503*TM(I)+C8
17. . m(I)=I*2.5
18. 10 CONTINUE
19. WRITE (6,200) (FD(I) ,FL(I),TM(I),ACC(I),I=1, 200)
20. 200 FORMAT(1H1,10X,///,*DRAG/GM,LIFT/GM,T.M.GM~CM,ACC R/SEC/SEC*,//,1X
, 1,(F17.3,F8.3,F10.3,F13.3)
C CALL SUBROUTINES FROM STATMAT FILE TO COMPUTE MEAN..... . -STANDARD DEVIATIONS AND SKEWNESSES
21. CALL BDS (FD , 200, STAT1)
22. CALL BDS (FL , 200, STAT2)
23. CALL BDS (TM , 200, STAT3)
2h. CALL BDS (ACC, - 200, STATL)

C WRITE OUT MEAN STANDARD DEVIATION , SKEWNESS AND KURTOSIS OF ALL VARIABIES.



25.
26.

27.
28.

©20.
30.

31
320

33.
3h.

36:
.37

Program I Continued

WRITE (6,400) (STAT1(1) ,STAT1(6) ,STAT1(7) ,STAT1(8)
400 FORMAT(1HO,10X,*DRAG AVERAGE,STANDARD DEVIATION ,SKEWNESS,KURTOSIS*
1,//////,(F21.3,F19.3,F9.3,F9.3))
WRITE (6,500) (STAT2(1) ,STAT2(6), STAT2(7) ,STAT2(8)
500 FORMAT(4HO,10X,*LIFT AVERAGE,STANDARD DEVIATION,SKEWNESS,KURTOSIS*
1,//////,(F21.3,F19.3,F9.3,F9.3))
WRITE (6,600) (STAT3(1),STAT3(6),STAT3(7),STAT3(8))
600 FORMAT(1HO,10X,*MOMI AVERAGE,STANDARD DEVIATION,SKEWNESS,KURTOSIS*
1,//////,(F21.3,F19.3,F9.3,F9.3))
WRITE (6,700) (STAT4(1),STAT4(E),STATL(7),STATL(8))
700 FORMAT(1HO,10X,*ACCE AVERAGE, STANDARD DEVIATION,SKEWNESS,KURTOSIS*
1,//////+(F21.3,F19.3,F9.%,F9.3))
CALL GRAFIT(T,FD,100,50,25,0)
CALL GRAFIT(T,TM,100,50,25,0)
CALL GRAFIT(T,FL,100,50,25,0)
CALL GRAFIT(T,ACC,100,50,25,0)
STOP
END

- 2gL -



Program II, Probability Distribution

1. PROGRAM ARITH(INPUT,OUTPUT,TAPE5=INPUT, TAPE6=0UTPUT,TAPE62)
2. COMMON $1( 200),83( 200),87( 200)
3. COMMON  FD( 200),FL( 200),TM( 200),ACC( 200)
L., COMMON T(200) ,PR(200)
5. COMMON DZPI( 200),DMORN( 200),UZPI( 200),UMORN( 200).,TZPI( 200)
1,TMORN( 200),ACZPI( 200),ACMORN(200)
6. READ (5,100) (81(I),s3(1),87(1),I=1, 200)
7. 100 FORMAT((12F6.0)
c R.16 . SLOPE=23 PER CENT, PRTRUS. =3.835CM. Q=90 CM OF WATER
c DENSITY '=2.65
c THIS PROGRAM PLOTS A CURVE FOR EACH OF THE VARIABLES FD, FL,
c TM,ACC,VS. THE PROBABILITY OF THE FORCE LEVEL OF EACH OF THE
c FOUR VARIABLES. THIS PROGRAM CALCULATES DRAG, LIFT AND TURNING
c MOMENT ON A SPHERE PLACED ON A FAST SHALLOW STREAM.
c v :
c X s -
c . -
o = ) :
o : E . -
- C . Lt A
8. C1=+0.1973 \
9. C3=-0.13%11
10. C7=+0.0827
1. C8=-128.786
12. DO 10 I =1, 200
13. FD(I)=16.0+(C3*33(1)-C1*S1(I)/1.93
14. T™(I)=C3*53(I)-10.07*(FD(I)-16.0)
15. FL(I)=-66.7+(C7*87(1)-TM(1)=-12.05*(FD(I)=16.0) )/4.194
16. ACC(I)=0.960*FD(I)+0.841*FL(I)-0.503*TM(I)+C8
C17. T(I)=2.5*1
19. 10 CONTINUE
c CALL SUBROUTINE FOR RANK ORDER
20.. CALL RSO(FD, 200,1, 200,1,DZPI ,DMORN)
21. CALL RSO(FL, 200,1, 200,7,UZPI ,UMORN)
22. CALL RSO(TM, 200,71, 200,1,TZPI ,TMORN)

23. CALL RSO(ACC,200,1, 200,1,ACZPI,ACMORN)

_ggL_



2k.
25.

26.
27
28.
29.
20.
31.

Program II Continued

WRITE(6,800) (DZPI(JK) ,DMORN(JK) ,UZPI(JK) ,UMORN(JK),TZPI(JK) ,TMORN (
1JK) ACZPI(JK) ACMORN(JK) yJK=1, 200)

800 FORMAT (1HO,10X,////,*ODR./GM,TDR/SEC,OLIF/GM,TLIF/SEC,0M/GM-CM, TT
1MM/SEC, OACC/RAD/SEC/SEC TIM ACC/SEC*,///,1X,(F8.2 3X,F8 2,3X,F8.2,
23X,F9.2,3X,F9.2,3X,F9.2,3X,F9.2))

CALL GRAFIT (PR,DzPI,200,50,25,0)
CALL GRAFIT (PR,Usz,zoo,5o,25,o)
CALL GRAFIT (PR,TZPI,200,50,25,0)
CALL GRAFIT (PR, ACZPI 200,50, 25,0)
STOP :

END

- 4l -



.10.
11.
12,
13.
™

15.
16.

17+
18.

19.
20,
21.
22.

23.
21"'-

esNoNoNsReoNsNeoNe!

|

Pr

ogram 1IT, Autocorrelation and Spectral Density Functions

100

PROGRAM ARITH(INPUT,OUTPUT, TAPES=INPUT,TAPE6=QUTPUT,TAPE62)
COMMON $1( 200),83( 200),S7( 200)

COMMON FD( 200),FL( 200),TM( 200),ACC( 200)

COMMON: T(200)

COMMON 71(10,101) ,T2(10, 101),T3(10, 101)

DIMENSION T17(101) T27(101) T37(101) T19(101), T29(1o1) ,739(101)
READ (5,100) (51(1) $3(1), 57(1) I=1, 200)

FORMAT(12F6 0))

'R.16 . SLOPE=23% PER CENT, PRTRUS. =3.835CM, Q=90 CM OF WATER

10

300

DENSITY '=2.65

THIS PROGRAM CALCUILATES DRAG, LIFT TURNING MOMENT AND ANGULAR ACCELERATION ON A
SPHERE PLACED IN A FAST SHALIOW STREAM. THE AUTOCORRELATION COEFFIC.

SPECTRAL DENSITY FUNCTIONS ARE ALSO CAICULATED AND PILOTTED.

C1=+0.1973

C3=-0.1311

C7=+0.0827

C8=-128.786

DO 10 I =1, 200

FD(I)=16.0+(C3*83(1)-C1*81(I))/1.93
T™M(I)=C3*S3(I)-10.07*(FD(I)-16.0)
FL(I)=-66.7+(C7*37(1)-TM(I)-12.05*(FD(I)-16. o)/4.194
ACC(I)=0.960*FD(I)+0.841*FL(I)-0.503*TM(I)+C8

T(I)=2.5*1

CONTINUE

CALL ASA ( 200, 100,FD ,XB1,T1,REL1) _

CALL AsA (200, 100,FL ,XB2,T2,REL2)

CALL AsA (200, 100,TM ,XB3,T3,REL3)

WRITE OUT AUTOCORRELATION COEFFIC. AND SMOOTHED SPECTRAL DENSITY
WRITE (6,300 ) (T1(7,J) ,T1(9,d),T2(7,J),T2(9,d),T3(7,J),T3(9,d)
1J=1, 100) .

FORMAT (1H1,10X,//// ,* (AUT.D - SPEC. D. ), (AUT. L. SPE.L.)
1, (AUT. TM - SPE. TM. ), (AUT.ACC-SRE.AGC)*,///,1X,(F16.2,5X,F16.
22,5X,F16.2,5X,F16.2,5X, F16 2,5X,F16.2))

AND THE SMOOTHED

_ggL_



25-
26.
27.
28.
29.
20.
3.
32.
33.
3h.
35.
36.
37
38.
39.
4O.

Program 111 Continued

20

DO 20 J=1,100

T17(J)=T1(7,J)

T27(J3)=T2(7,J)

737(J)=T3(7,J)
T19(J)=171(9,J)*1.0E-03
T29(J)=T72(9,J)*1.0E-03
T739(J)=T3%(9,J)*1.0E-04
CONTINUE

CALL GRAFIT (T,T17,100,50,25,0)
CALL GRAFIT (T,T27,100,50,25,0)
CALL GRAFIT (T,T37,100,50,25,0)
CALL GRAFIT (T,T19,100,50,25,0)
CALL GRAFIT (T,T29,100,50,25,0)
CALL GRAFIT (T,T39,100,50,25,0)
STOP

END

_981’_





