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ABSTRACT

This thesis discusses the removal of cohesionless sediments by siphoning. A
significant part of this study involves the analysis of equilibrium scour hole dimensions
under different siphon flow characteristics. Scour holes of the sediments were formed by
a siphon tube of three different sizes (9.65, 13.86 and 20.4 mm) positioned vertically at
different positions relative to the surface of the sand bed. A total of 174 tests were
performed, where the position of the tube ranged from 101.6 mm below the original bed
to 6.4 mm above it. The latter part of the study investigates the heights for critical and
general movement of the sediment particles.

Initially, dimensional analysis was used to examine all length parameters relating
the equilibrium scour hole dimensions and the heights for critical and general movements
with the characteristics of the flow through the siphon tube. These relations fit well with
the densimetric Froude number when an individual sediment is considered. However,
when data for different materials are compared, the curves show quite distinct relations.
After using dimensional analysis, an effort was made using theory to determine what
other parameters might affect the scouring process. This analysis is based on the
threshold movement of a sediment particle moved by the viscous shear stress in a laminar
boundary layer. It is evident from the theory that besides the densimetric Froude number,
the angle of repose, dimensionless size and the Reynolds number of the sediment particle,
as well as the Reynolds number of the flow through the tube should be taken into account
to predict all the lengths parameters of scour hole dimensions and heights for critical and
general movements of the particles. General relations are found for the length parameters

obtained from different sediment materials used in the present study as well as in the

il



studies by Mazurek and Rajaratnam (unpublished) and Brahme (1983). Similarity is
found for all the scour hole profiles when the radius of the scour hole at the tube level and
the relative maximum equilibrium scour hole depth are used as scales in the radial and

axial directions respectively.
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CHAPTER 1: INTRODUCTION

1.1 Introduction

Siphoning is an important technique for the removal of sediment from channel
and reservoir beds. A simple siphon device consists of circular tubing through which
water is pumped out at a certain rate, so that the resulting flow erodes the bed sediments
creating scour at the bed. Sometimes a siphon is created by means of the difference of
water levels between upstream and downstream of dams, instead of mechanical pumps, to
remove sediment from the reservoir. An example of this situation is shown in the Fig.
1.1. Although some experimental studies of this phenomenon have been carried out in
cohesionless sediment, they are not well supported by theory.

The significant applications of sediment removal by suction are (Herbich 2000;
Herbich and Brahme 1991): (1) contaminated and toxic sediment removal, (2) removal of
clogging in wastewater channels, (3) dredging for navigation and mining, (4) land
reclamation and beach nourishment, and (5) removal of deposited sediment in reservoirs
and dams. Of these, contaminated sediment and its removal have been identified as
major environmental concerns in many areas in Ontario, especially the Great Lakes (1JC
1985). Persistent toxic substances that have accumulated in bottom sediments from
industrial, municipal, and non-point sources cause potential threat to the survival of
benthic organisms, fishes, and their consumers. This pollution can also impair the quality
of surrounding water, which may be difficult to treat for drinking purposes. Most
inorganic and organic contaminants are preferentially adsorbed onto finer grained

sediment, such as silts and clays. The concern is that finer grained sediments are more



readily disturbed during dredging than coarse-grained sediments (sand and gravels).
Resuspension of contaminated sediments and potential contaminant release to the water
column are the most important issues during dredging operations (Herbich 2000).

The classic techniques of sediment removal consist of both mechanical and
hydraulic dredging. Mechanical dredges use direct mechanical force to dislodge and
excavate the material whereas the hydraulic dredges remove and transport sediments in
the form of a slurry. The type of dredging used mainly depends on the area of the
location, the water depth, sediment characteristics, and thickness of the sediment layer to
be removed (Herbich 2000).

Hydraulic dredging normally involves slurrying of the sediments with water
usually in a one-part sediment to four-part water mixture where this mixture is typically
then pumped as slurry to either open water or to a confined upland disposal or sometimes
to a hopper of a hydraulic dredge (Herbich 2000). Thus, it can contain a limited amount
of dredged material. For hydraulic dredging, there are many techniques which differ in
that portion of the hydraulic dredging system that is in contact with the bed (the
dredgehead). Depending on the dredgehead, the hydraulic dredges can be classified as
the cutterhead dredges, suction dredges, and hybrid dredges (Herbich and Brahme 1991).
The cutterhead dredge is equipped with a rotating cutter apparatus surrounding the intake
end of the suction pipe. These dredges are capable of digging and pumping all types of
alluvial materials and compacted deposits such as clay and hardpan (Herbich 2000).
Suction dredges include those hydraulic dredges that do not consist of a cutterhead. For
the suction dredges, the dredgehead can be classified into plain suction, modified suction

and matchbox suction (USEPA 1994). The plain suction dredge, the simplest of the



hydraulic suction dredges, employs a long suction pipe to dig and lift the sediment
material to the surface. Sometimes this digging may be supplemented by water jets at the
suction pipe mouth. Hybrid dredges use a combination of mechanical action and
hydraulic pumping.

A plain suction dredge, operating in soft, free-flowing and unconsolidated
material, usually causes little solids suspension than those supplemented by water jets or
a cutterhead. In general, plain suction is still a preferred methodology because of its
capability to dredge material with less resuspension, thereby creating less turbidity, than
other types of hydraulic dredging (Herbich 2000; Herbich and Brahme 1991). The
prediction of amount of dislodged material should be sufficiently accurate. The geometry
of the scour hole produced due to siphoning of a certain flow condition needs to be
predicted to get the precise extent of dredging without excessive removal of non-
contaminated material. Accuracy in prediction of scour in both the horizontal and
vertical directions might be important to ensure economic dredging and minimal impact
on environment (Epskamp and Nedam 1995).

The mechanics behind the scour or removal of sediment in case of plain suction is
still not well understood. There apparently no published literature that focused on the
profile of the scour hole under different siphon characteristics and flows. This study is

therefore meant to expand the knowledge of scour phenomena due to suction.

1.2 Objectives of the Study

The main objectives of this study are:
(1) To study the geometry of the scour hole created by a siphon flow through a

circular tube fixed above the soil surface in the equilibrium condition, with



varying suction tube diameter, flow rate (velocity), sediment size, and height
of the tube above a cohesionless sand bed.

(2) To develop semi-empirical equations to predict the dimensions of the scoured
out area created by the suction flow, through the use of dimensional analysis
and previous research on scour of cohesionless material.

(3) To attempt to use theoretical fluid mechanics (potential flow in combination
with boundary layer theory) to predict the scour hole dimensions and compare

this with the experimental results.

1.3 Contents of Thesis

This thesis consists of five chapters. Chapter 2 introduces the variables involved
in scouring by siphons and a background discussion on the flow behavior under different
possible tube configurations. This chapter also illustrates criteria of incipient sediment
motion and a review of previous literature related to scouring by siphons. Chapter 3
describes the details of the experimental setup and experiments of the present study and
that of Mazurek and Rajaratnam (unpublished). Chapter 4 provides the observations and
results of the experiments. The results contain both a dimensional and theoretical
analysis of the experimental data. Chapter 5 gives the conclusions of the overall study, as
well as a number of recommendations for the future studies relating to scour by siphon

flows.
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Fig. 1.1: Flushing of sediment from the bottom of a reservoir over the dam crest with a
siphon (adapted from Rehbinder 1994).




CHAPTER 2: BACKGROUND AND LITERATURE REVIEW

2.1 Introduction

Before one can understand the scour of sediments created by siphon flows, it is
necessary to have some knowledge of the velocity field at the mouth of a suction tube, as
well as the characteristics of the flow over the sediment bed. The purpose of this chapter
is thus to provide some background to understand the flow around a pipe inlet, as well as
the criteria for the erosion of cohesionless sediment grains. There is also a review of the

previous research studies that have focused on scour by siphons.

2.2 Definition of Variables

A sketch defining the variables related to scour created by a siphon flow is shown
in Fig. 2.1. Important variables are the diameter of the tube inlet d, the vertical distance
from its open end to the initial sediment bed surface zy, the radial distance of any point
from the tube centerline #, the radius of the scour hole at bed level r;, the radius of the
scour hole at tube inlet level r,, the distance between the center of inlet and the edge of
the scour hole r, (aerial radius), scour depth ¢ at radial distance r, the maximum depth of
the scour hole &, the depth of scour hole along the centerline €., and the depth of the
fluid above the bed Z. The mean grain diameter of the sand bed is denoted by D and the
density of sand and the fluid are given as p; and p, respectively. The rate of flow through
the intake pipe is O and the average velocity is Uy. The dynamic viscosity and kinematic

viscosity of the fluid are x and v respectively.



2.3 Flow Characteristics around a Siphon Inlet

There are three conditions for the siphon tube that will be studied herein:

(1) a tube that is set at some height above the bed,

(2) a tube that rests on the surface of the sand bed,

(3) atube that is set within the bed.
For every tube position, this study considers that the inlet of the tube is deeply
submerged. Therefore, the surface boundary conditions are the same for every case and
do not have any significant affect on the scouring process. A sketch of the three possible

cases is shown in Fig. 2.2.

2.3.1 Siphon Tube set above the Bed

There are two scenarios possible in the case where the siphon tube is above a
horizontal boundary. If the distance between the siphon inlet and the bed is very much
greater than the inner diameter of the siphon tube, the flow into the siphon is essentially
free from any effect of the boundary. When the tube is near the bed, bed effects must be
considered. However, what should be considered as “near the bed” has not been

explicitly defined in the literature.

2.3.1.1 Inlet Flow having no Boundary (z,/d >>0)

The flow towards the suction tube where there is no bed or boundary is typically
described by potential flow theory. The absence of any boundary precludes the formation
of shear stresses and therefore little turbulence might occur in the converging flow. The

flow pattern in this case may be described by potential flow theory since this theory



neglects viscous effects and follows Euler’s equations of motion. Potential flow theory
also assumes that fluid is ideal and the flow is irrotational and without turbulence.

The three-dimensional flow near the suction inlet without having a solid boundary
can be regarded as that created from a point sink flow (Apgar and Basco 1973; Rehbinder
1994). The three-dimensional point sink is given by the potential function (Vallentine

1959)

¢=— @1

where ¢ is the velocity potential function, Q is the rate of flow through the point sink.
The co-ordinate system for the three-dimensional sink flow is shown in Fig. 2.3. If v, =

radial velocity component and vy = tangential velocity then

v =Z_f=_4nQ'r2 22)

and
Vg =———=0 (2.3)

where r is the radial distance from the point sink, x and y are two mutually perpendicular
axis on the z-plane for Cartesian coordinates, and 8’ = tan™'(y/x). From Eq. 2.2, we can

see that the velocity is the maximum at the mouth of circular inlet and this velocity is
inversely proportional to the square of the radial distance. Therefore, the velocity

decreases rapidly with the distance from the inlet center.

2.3.1.2 Inlet Flow above a Rigid Boundary (z,/d > 0)

Apgar and Basco (1973) used theory and experiments to examine the flow

characteristics around a tube inlet near a flat, horizontal, and smooth rigid bed. The flow



into the tube was described by using potential flow theory. The inlet was represented as a
sink and the boundary was simulated by an imaginary “mirror sink”, which was placed at
the same distance beneath boundary as the tube is above it. By the principle of
superposition, by adding the expressions for point sinks at z = zyp and z = -zj, a plane of
symmetry is formed which represents the boundary. Since the flow field below the plane
of symmetry is a mirror image of that above, no flow is possible across that plane and it
represents a solid boundary. Considering this situation, they showed that the velocity

components of the flow to a tube with a smooth rigid boundary can be expressed as

__2 r r
v, = 47[|i[(z-—20)2 +r:,']3/2 + [(z+zo)2 +r2]3/2] 2.4)
and
=_2 Z2—2Z, z+2z,
v, 477"|:[(Z-—ZO)2+I‘2]3/2 +[(Z+ZO)2+r2]3/2:| (2.5)

where v, = the component of velocity in the radial direction and v, = the component of
velocity in the vertical direction, r = radial distance from centerline of the tube and z =
distance measured upward from the boundary.

After determining the velocity above field from the potential flow theory, Apgar
and Basco (1973) carried out experimental studies of the flow patterns around tube inlet
to compare the theory with the actual flow. The flow rate was varied from 3.12 to 4.23
L/s and the inlet heights zy were 35.7, 71.0 and 142.0 mm above the bed. Only one tube
was used, which had an inner diameter of 35.7 mm. The velocity was measured within
the first few minutes of each test run. The streaklines and velocities were then plotted for

nine flow cases, each of which was a composite of at least six test runs. For zp/d = 1 and



Q =3.12 and 4.23 L/s, the measured velocities agreed fairly well with theory. However,
at z¢/d = 2 and 4, far from the tube (nearly at 16d from the inlet), a large number of
velocity values were significantly higher (up to 3 times) than predicted.

Apgar and Basco (1973) also observed that with time the flow situation changed
gradually. The streaklines started to move and become unstable and the values for
velocities also changed. This instability occurred in every case until a “general
turbulence” set in. As well, after “few minutes”, a horizontal plane of separation
developed above the tube inlet position (Fig. 2.4). Below the plane of separation, the
streak lines tended to align themselves parallel to the boundary near the inlet. Above the
inlet, the flow was weak, and above the plane of separation upward vertical flow takes
place. The final flow patterns around the inlet were also similar to theoretical
predictions, except that velocities measured below the inlet and near the boundary were
larger than what theory predicted (1.5-2 times higher than calculated values).

It is evident from the above discussion that the justification to describe the inlet
flow near a smooth boundary as a sink flow by the potential flow theory is related to the
elapsed time of the flow through the inlet. The flow around the tube inlet on a rigid bed
could be described well by potential flow theory, if we consider the situation just after
start-up of the flow. However, the shear stress on the boundary due to this sink flow is

apparently absent in the previous literature.

2.3.2 Siphon Tube at Bed (z¢/d = 0)

Theoretically, if the tube is exactly on a rigid bed and there is no opening between
the pipe inlet and the interface, flow cannot occur. However, if we assume that the tube

is located at very small distance above the rigid and smooth bed, it might be considered
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as a point sink located on the bed. Schlichting and Gersten (2000) demonstrates a
theoretical analysis to determine the boundary layer thickness due to a line sink. Fig. 2.5
shows a typical boundary layer formed over a bed due to the line sink flow. Schlichting
and Gersten (2000) gives the velocity distribution in the laminar boundary layer due to

the sink flow on the smooth bed as

vi= f’(ﬂ)= 3tanh2[%+arctanh\/§]—2 (2.6)

where the dimensionless distance from the smooth bed

n=z L (2.7)

and v, = the radial velocity at a distance » towards the tube centerline, u = the velocity at
a vertical distance z from the boundary, and v = kinematic viscosity of the fluid.
According to Parthasarathy (1969), the dimensionless distance in the boundary

layer formed due to a point sink located on the smooth bed (Fig. 2.6) can be taken as

z | Q
n_r dvr

(2.8)

Using this velocity distribution described in Eq. 2.6, the wall shear stress 7y can
be estimated according to Newton’s law by

ou

7,(r) =—u(5) 2.9)

where 7,(r) is the wall shear stress at a radial distance r from the sink position, u is the

dynamic viscosity of the fluid, and (a—uj is the gradient of the velocity distribution at
ZJo

the boundary . The above relations will be discussed further in Chapter 4.
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2.3.3 Siphon Tube within Bed (zy < 0)

In the last two cases flow around siphon tube has been explained assuming that
the bed is impermeable, smooth and rigid. But in the actual situation the soil itself is
permeable and the initial flow around suction tube within permeable bed is different from
the previous cases. Salzmann (1977) developed an electro-analog model to describe the
potential flownet in soil beneath cylindrical suction tube. He mentioned that the amount
of flow into the suction pipe prior to scour depends upon the permeability of the soil and
the magnitude of the negative pressure acting upon the bed surface. The flow initially
will be governed by Darcy’s formula for seepage flow through the bed (Das 2002)

v=Ki (2.10)
where v = the quantity of water flowing in unit time through a unit gross cross-sectional
area of soil at right angles to the direction of flow, K = hydraulic conductivity, and i =
hydraulic gradient. However, it must be noted that Darcy’s law specifically neglects the
kinetic energy of the flow through the porous medium.

Suppose, the tube is vertically inserted through the bed and the thickness of sand
column inside the tube is A (Fig. 2.2(c)). Due to an upward flow through the tube, the
stability of the sand particle any point inside the tube will be lost when the hydraulic
gradient, i at that point reaches its critical value (Das 2002). This phenomenon is
commonly referred as “quick conditions” and this critical hydraulic gradient is commonly
denoted by i.. Normally for most soils, the critical value of hydraulic gradient is close to
1. However, the flow through the tube must be great enough to carry the particles away.

Theoretically, this occurs if the average velocity of flow is larger than the settling
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velocity of the particle in the fluid. After some removal of particles takes place, the tube
inlet eventually becomes free of sand.

This study concerns only the geometry of the scour hole by siphon flow when the
scouring process reaches equilibrium. Therefore, details of the initial flow configuration

through the soil are not provided.

2.4 Incipient Motion of Sediment

Cohesionless grains composing the surface of the sediment bed are subjected to a
weight force and forces applied by the flowing fluid. The initiation of motion of a
particle on a horizontal bed occurs by the action of fluid flow when the forces applied on
the particle by fluid flow (drag and lift), exceed the stabilizing force due to particle
weight (Raudkivi 1998). Thresholds for particle erosion from any horizontal bed can be
calculated using average values for hydraulic parameters if the fluid and sediment
properties are known. The important fluid properties are specific weight and viscosity.
Significant properties of cohesionless sediments are particle size, shape, specific gravity,
and position in the matrix of surrounding particles. Major hydraulic forces are bed shear
stress, lift, pressure fluctuations related to turbulence and impact from other particles.

If the flow near the boundary is laminar, the individual grains will not shed eddies
and the drag force will be mainly due to viscous shear. At a higher velocity more
exposed grains shed eddies and a wake is formed in the lee of the grain (Raudkivi 1998).
The drag force in this case becomes the resultant of the surface drag (viscous skin
friction) and the form drag due to pressure difference in front and behind the particle.

The point of application of the drag force depends on the magnitude of lift and drag

13



components which in turn are functions of the shape and locations of the particle, and the
local Reynolds number (Raudkivi 1998).

Fig. 2.7 shows a typical diagram of an exposed grain subject to fluid force, where
the weight of the particle, lift force and drag force are denoted by W, F; and Fi
respectively. For the purpose of analysis Mih and Kabir (1983) assumed that the solid

particles are spherical in shape, the drag force F, on a solid sphere of diameter D, is

2
F;:Cfﬁpwgé @.11)

where C,; = the drag coefficient, p = fluid density, and V is the relative velocity between
the fluid and the solid particles. If we consider the initiation of the motion of the solid
particles along the stationary stream bed, ¥ will represent the velocity of the fluid. The

net gravitational force or the submerged weight of the particle is

F,=W-F, =

g

< De(p, - p) 2.12)

where g = acceleration due to gravity and p; = density of the sediment particle. The

dimensionless ratio of the drag force to the net gravitational force, —ﬁfi— , 1S an important
g

parameter in the initiation of motion (Mih and Kabir 1983) and this can be expressed as

F,_3C,_ V7 2.13)
Fg 4 [ps_pj .
gDl —=——

p
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The drag coefficient in Eq. 2.11 and 2.13 is a function of Reynolds number and the

2
particle shape. The square root of the ratio _r in Eq. 2.13 is termed as the
D[ Py~ pJ
g
p

densimetric Froude number (Mih and Kabir 1983) which is denoted by Fy.

White (1940) considered the initiation of the particle movement would occur by
the rolling of one particle over another due to instability in moments only. The point O is
the center of gravity of the grain and the point C the pivotal point of rotation (Fig. 2.7).

The moment due to the submerged weight of the particle, Mg, and the moment due to the

fluid motion, M,, was expressed as

D’ D .
M, ==——g(p, - p)=sing (2.14)
4 2
and
2
M, = Bpu? ”14) gcosqo (2.15)

where p; = particle density of the sediment, D = sediment size, g = gravitational
acceleration, p = fluid density, ¢ = angle formed by the line OC with the vertical axis,

and S represents the effects of turbulence, the point of application of drag force, etc., i.e.
all the effects besides the weight and drag and the shear velocity, u, = %o The
\I p

moments M, and M, must be equal for the sediment grain to rotate over the downstream
grain about the pivotal point C. Considering this situation, the direction which makes an
angle ¢ with the downstream should be the direction of easiest movement. The angle ¢ is
defined as the angle of repose of the sediment grain. Equating moments described in Eq.

2.14 and 2.15, the shear velocity u+ for the threshold condition can be found (White 1940)
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, =|2tane M oze D]m 2.16
”“(w)[(,;}g (2.16)

where ux is the threshold or critical value of u+. Note that u. is the dimensionless form
of critical shear stress.

Shields (1936) applied dimensional analysis to determine some dimensionless
parameters and established his well-known diagram for incipient motion (Fig. 2.8). He

proposed the following functional relationship

7. = f(Re.) (2.17)
where 7, = ( %o )D (Shields parameter) and Re- is the local Reynolds number (or the
Ps—Pp)LE

. D . .
particle Reynolds number at the boundary) 4= Here, 7+ represents a dimensionless
%

shear stress.

Fig. 2.8 shows the experimental results obtained by Shields and other
investigators at incipient motion of cohesionless sediments. At points above the curve,
the particle will move, whereas points below the curve the flow is unable to move the
particle. The curve represents the critical value of the Shields parameter 7. that
corresponds to the incipient motion (7y = 1.).

Julien (1998) showed that the critical value of the Shields parameter 7« is a
function of both the particle Reynolds number at boundary, Re+, and the angle of repose
of the sediment grain, ¢. He attempted to replace the abscissa of the Shields diagram by

using dimensionless particle diameter which can be expressed as

D, = D[(—pffﬁ} (2.18)
pv
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Using D+, the critical values of the Shields parameter 7+, can be approximated as follows

7,, = 0.5tang; when D« < 0.3 (2.19)
7., =0.25D;%% tang; when 0.3 <D< 19 (2.20)
7., =0.013D] tang ; when 19 < D« <50 (2.21)
7,, = 0.06tan ¢ ; when D+ > 50 (2.22)
where 1,, = e is the dimensionless critical shear stress.
© (p.-p)Dg

Note that the Shields curve does not apply to where the soil bed has a slope. The
following equation was proposed by Chiew and Parker (1994) in order to account for the
effect of bed slope on Shields critical shear stress as

2
(LG-J = cos 9(1 - tanej (2.23)
Uy tan ¢

c

where usq is the critical shear velocity for the particle on a bed with a streamwise slope 6,
ux. is the critical velocity for a horizontal sediment bed, and ¢ is the angle of repose of
the particle submerged in water.

Cheng and Chiew (1999) performed a force analysis for the threshold condition of
sediment transport by including the effect of a force due to upward seepage flow. They
suggested that the ratio of the critical shear stress with the seepage flow in the sediment
to that without the seepage flow depends on the hydraulic gradient for seepage just below

the surface of the bed. From a theoretical analysis, they gave

[”—"J —1-L (2.24)

u*cé) lc
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where u,, is critical the shear stress of the particle with a streamwise bed slope 6 and

where the seepage flow exists, u., is the critical shear velocity of the particle with a

streamwise bed slope  and without any seepage flow, 7 is the hydraulic gradient for
seepage, and i, is the critical hydraulic gradient at which quick conditions occur. From
Eq. 2.24, it is apparent that an increase in the hydraulic gradient results in a reduction of
the critical shear stress, and the critical velocity decreases to zero when quick conditions
occur. If the hydraulic gradient for the seepage is small compared to its critical hydraulic

gradient, then the seepage effect on the scouring process can be neglected.

2.5 Previous Studies of Scour by Siphon Suction

Only a few studies have been found that investigated scour by suction flows.
Most studies have been experimental in nature and those were mainly intended to predict
the relationships of the radius of scour hole under given flow conditions. There have
been few studies that have specifically focused on geometric profile or the depth of the

scour hole produced by siphon flows.

2.5.1 Slotta (1968)

Slotta (1968) made an attempt to determine similarity criteria for the suction of
sediment into the entrance of a dredge pump intake. He analyzed the fluid flow around a
vertical intake over single grain layer on a flat board and found a relationship between ry,
and the governing variables Q, d, zy, D, Uy, p, i, and, w, (the terminal settling velocity of
the particle). A schematic of the experiments is shown in Fig. 2.9. Slotta used two
different pipe sizes of 14.2 and 28.5 mm inner diameter and granular materials of three

different specific gravities (plastic BB’s (S, = 1.28), sand (S; = 2.65) and coal (S, = 1.3)).
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. . . . 1y
Slotta suggested the dimensionless variables important to the problem were -£-,
2o

2 2
Uy . .
— and —=47 . The second parameter,—2- is in the form of a Froude number.
g2 Q" w; "Dz, gz,

2
vV

Plotting the experimental data in terms of this Froude criterion gave a “poor” correlation

for the scour data. However, for these three different sediment materials, almost straight-

2
: D 7 rv
line relationships were found between - and —5-4——.
z, Q"*w, "Dz,

Slotta considered the last term as a Reynolds number, since this can also be

written as

v v
L Sy 223

where V is the velocity term, L, is a length and v is a viscosity term. Therefore, he
suggested that a Reynolds scaling criteria should control model similitude criteria for
dredge suction inlets.

For the three materials he obtained straight lines of three different slopes. The

straight lines were described by these equations

F 7'2V
1. For plastic BB’s  : - =0.71+0.52) —5-2~>— 2.26
p ZO (QI/ZW;/ZDZO J ( )
2
2. for sand . b =046+ 0.39[%) 2.27)
Z, Q" w/ Dz,
2
3. for coal 0414 0.23(”2#) (2.28)
Z, QO ""w, Dz,

It is apparent that the data for the radius for the sand falls between those for plastic BB’s

and coal, although the specific gravity of sand is the largest. This study does not explain
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this behavior. It is evident that the term -2 is present in both the dimensionless
2

parameters which could make a spurious relationship. Also, the second term contains the
terminal particle settling velocity, w,, diameter of the sediment grain, D, and the
kinematic viscosity, v. Here, the terminal settling velocity of the particle can be

expressed as (Yang 1996)

2
w, = e| L2 | B (2.29)
180 p v

From Eq. 2.29 it is evident that the terms D and v are included in particle settling velocity

2
nv
1/2_,1/2
K} 0

w;. Therefore repeating these variables in the parameter might have caused

over specification. As well, the suction tube diameter d is not present in these
dimensionless parameters. Therefore, the importance of suction velocity is ignored. No

experimental data is given in this paper.

2.5.2 Gladigau (1975)

Gladigau, in an extension of Slotta’s (1968) study, used a similar experimental
setup to Slotta (1968) but used more tube diameters and inlet shapes and had a sand bed,
as well as the rigid bed with a layer of particles. The main purpose was to assess the flow
behavior for a variety of cutter head types and to develop some similarity criteria for the
amount of the sediment removed for each case. Two tube inlets were used having
internal diameters of 69.9 and 38.1 mm, with straight and bellmouth inlet shapes. The
sand used was clean sand with a mean diameter of 0.24 mm, a specific gravity of 2.67,
and a settling velocity of 26.7 mm/s in water at 21°C. The experiments were conducted

in a tank containing a submerged horizontal sand tray. The first set of experiments was
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performed using the sand bed to determine the threshold of the particle movement for a
stationary tube (case Al) and a traversing tube (case A2) and the second set was used to
determine the scour hole radius and the rate of scour for a stationary tube (case A3) and a
traversing tube (case A4). The four configurations for his experiment are shown in the
Fig. 2.10.

Gladigau (1975) observed there could be two situations where the particles on the
bed were picked up by the flow, as the flow rate increased in the stationary tube
experiments (case Al in Fig 10). The first was the “Horizontal Threshold Movement”
where the first grains moved and then more grains were transported towards the center of
the flow. The other case was the “Spiral Threshold Pickup” where a small vortex picked
up sand and moved it upwards into the tube. From observations of the flow net around
the suction inlet using the hydrogen bubble technique, Gladigau determined that the
horizontal movement and spiral pickup were completely independent phenomenon.
Based on Kramer’s (1935) criteria for defining the threshold when a bed of particles are
moving, the “Horizontal Threshold movement” was further divided into “weak
movement”, where the movement of the first grain was assessed, and “general
movement”, where the overall sand grain movement was observed and which resulted in
the formation of a conical heap at the center of the flow. He suggested that with general
movement the radius of the scour could be distinguished and measured, whereas in case
of the weak movement scour radius was not distinguishable.

For case A3 configuration (where a stationary tube was placed close to sediment
bed), for a constant flow rate, sand was removed from the bed at a decreasing rate

creating a scour hole. The velocity inside the scour hole was reduced continually as the
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scouring progressed. After a certain time, an equilibrium condition was reached where
the shear force tending to move the grain balanced the gravity forces holding the grain in
position. The “equilibrium profile” was defined as the scour hole profile that occurred
when no further sand grain movement could be observed. He showed from his
measurements of the velocity field, that the velocity at the bed which just caused particle
movement was not greater than the velocity within the scour hole in the equilibrium
condition.

In another set of experiments, Gladigau (1975) reconstructed Slotta’s
experimental set up and measured the scour hole radius for varying flows and height of

the tube inlet above the bed using a 69.9 mm tube inlet. Gladigau observed when z is

2

. . . . vV . .
held constant and Q is varied, the relationship between % and ——2——— is straight-
d Q'“w/'“Dz
s 0

line. It was also found that that the shape of the suction inlet did not produce any

difference in scour.

2.5.3 Salzmann (1977)

Salzmann (1977) conducted model studies on hydraulic suction systems and
developed a method for computing the solids output of hydraulic dredging equipment.
The study included a simple electrical-analog experiment to describe qualitatively the
potential flownet beneath a cylinder suction pipe. He also attempted to investigate the
interrelation between fluid and soil mechanics as well as the influence of soil type, the
influence of the shape of the suction head, and of the supplementary-pressured water
leading the output of solid material during hydraulic dredging. He used different pipe

sizes and suction inlet shapes such as pear-shape, funnel shape, cylindrical, oval and tube
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inlet shapes and determined the intake loss coefficients for different suction head shapes.
The inlet pipe diameters tested were 21, 32, 40.5 and 50.5 mm.

He suggested that a straight circular pipe or cylindrical suction head represents a
Borda’s outlet. The suction flow becomes constricted as it enters the inlet and at certain
distance from the inlet cross section, the constriction of the suction stream is no longer
noticeabie. Hydraulic model studies were also carried out to determine the pressure and
velocity conditions around the intake of a suction pipe. The velocity and pressure
distribution beneath the cylindrical inlet above a horizontal and above a funnel shaped
rigid bed was measured and graphically presented. In case of funnel shaped rigid bed,
Salzmann observed that the flow velocity increases sharply only in the immediate vicinity
of the tube inlet. From the results of his studies, he also concluded that:

1.  The suction flow is a potential flow and the soil to be loosened is only taken

up by flow streamlines that touch the soil surface.

2.  The water flows towards the suction pipe not only across the surface of soil

but also through the soil. The tendency to constant hydraulic soil movement

is due to a large pressure gradient at the soil surface below the suction pipe.

2.5.4 Brahme (1983)

The main objective of Brahme’s (1983) study was to understand the basic
hydrodynamic conditions in the vicinity of a rotating suction cutterhead and to determine
the various factors that contribute to the turbidity generation, the resulting environmental
problems and means to reduce the turbidity. The study included flow visualization at the
suction intake, measurement of velocity near the intake and an evaluation of sediment

removal due to suction.
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Brahme used dimensional analysis and conducted similar experiments to Apgar
and Basco (1973) to determine the velocity field. In his experiment, Brahme used a steel
tank 2440 mm long, 1220 mm wide and 1220 mm deep and three pipe diameters (e.g. 30,
41 and 50.8 mm) at three different heights (e.g. 101.6, 152.4 and 203.2 mm) above the
bottom. The pipes were cylindrical shaped and positioned at angles 90° and 60° to the
horizontal. Three discharge conditions (e.g. 2.53, 3.03 and 3.53 L/s) were used and the
depth of water over the bed throughout the experiment was 914 mm. A flat steel plate
was placed at the bottom of the test section.

Brahme observed that initially the effect of shear stress at the boundary was not
significant. After some time, the flow away from the intake showed a tendency to
become more and more parallel to the boundary than before (which is similar to that
observed by Apgar and Basco (1973)). However, like in Apgar and Basco (1973), there
is no data for the transient effect of the flow pattern. Brahme mentioned that velocity in
the flow field, in general, increased with an increase in the discharge and that the velocity
was fairly high very near the intake of the pipe, although it dropped rapidly with distance
away from the pipe. He also observed that the region of high velocity near the intake of
the pipe moved upwards with an increase in the distance between intake and bottom of
the tank, and the velocity field changes very little for the same suction discharge, but

different pipe diameters. Brahme also found that the values of the dimensionless number

Q

—— at any location in the velocity field for different flow conditions were similar.
ry

Again the pattern of the flow field and the magnitude of velocities remained more or less

unchanged for similar conditions with pipe at 90° to the horizontal.
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To study the similitude criteria for the removal of sediment through a suction
inlet, Brahme used the same values of parameters as before, except the height of the inlet
in this case were 12.7, 22.9 and 31.8 mm, and the cohesionless bed materials used were
made up of either microbeads (S, = 2.45), fine sand (S, = 2.66), medium sand (Sg = 2.64)
or coal (Sg = 1.38). The sediment under study was placed over the steel plate at bottom of
the tank. In most cases, the scour hole dimensions were observed at 30, 45, 60 and 75
min from the start of the test. He observed that the movement of the sediment to the
center of the scour hole continued until the depth at center reached an equilibrium, which
took about 1.5 hrs. When the equilibrium was reached, there is no further increase in the
scour hole diameter. He discussed four stages of development of scour hole as shown in
Fig. 2.11. In the beginning of a test, the sediment starts to move towards the point
exactly below the suction pipe and then enter through the inlet. He thought that due to
sudden application of vacuum pressure in the center, the bed was found to be slightly
raised (Fig. 2.11(a)). He noticed that the sediment was removed mostly from the central
portion of the scour hole area just below the pipe. Later on the sediment at the center of
the hole was picked up thus creating a deep hole (Fig. 2.11(b)). With time the depth of
this portion gradually increased (Fig. 2.11(c)), resulting in more sediment that slipped
into the hole when the angle of the slope equaled the angle of repose of the sediment.
The movement of the sediment towards the center continued until the geometry of the
scour hole reached the equilibrium (Fig. 2.11(d)). Brahme proposed two possible reasons
for which the sediment at the periphery of the scour hole was found to be moving towards
the center: (1) due to increase in the slope of the scour hole the particle slips to the center

of the scour hole; and (2) movement of particle due to the radial flow towards the center
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of the pipe. Brahme thought that the contribution of the latter towards the total
movement of sediment into the suction pipe appeared to be small compared to the former

since the magnitude of velocities at the bottom was small.

2
. . vy r,v Z
Brahme used three dimensionless parameters —2 > b and Q2 . These
d'z, wdz, rv

Zg

e )
- and " to determine the

dimensionless parameters have been plotted against &,
Zy

possible correlations among the various parameters. The relation between the

2

. . vV v .. z )
dimensionless parameters —2 >— and b with =% showed that there is a clear
wd z, wdz,
. . . Oz, .
dependence on d in both cases. The other dimensionless term =— was also related with
PV

Ed"—. The relation showed a dependence on d for all the materials studied. All the best-fit

curves for the different materials, plotted in log-log graph paper, were almost parallel to

each other (Fig. 2.12). The relations for the three materials are given below:

0.6892

1. Microbeads: % _0.1037] o107 (2.30)
d vy
0.7184
2. Fine sand: % _0.0767 Lo 107 2.31)
d rv
0.7309
3.Medium sand: 22 =0.0639] £ x10° (2.32)
d v
Oz,

However, it has been noticed from this plot that, although the term

3 was

Y

. z . _
increased gradually from some value the term —6—10— has the same value. This behavior in
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the plot was not clarified in this literature. Brahme mentioned that the variation in the
slope of the equations (Fig. 2.12) for different materials was mainly due to the difference
in the diameter and the specific gravity of the particle. The normalized data for particle
diameter and specific gravity using fine sand as the basis were plotted on a log-log paper

and the equation for the best-fit line for all the data is

D 03 B 05 0.693
Z_°=O.0819[(~Q—22—°-><10“3]( f‘) (pfs p] ] (2.33)
d rbv D ps_p

where Dy and p; are diameter and density of fine sands and p; is the density of the

sediment grains under study. This equation has a correlation coefficient of 0.79. Since

the term %’— is a form of Reynolds number, Brahme concluded that, the sediment scour

rev
by siphon flows did not follow the Froude-type relationship, but was basically a

phenomenon governed by a Reynolds criteria.

2.5.5 Rehbinder (1994)

Rehbinder (1994) demonstrated both theoretical and experimental analysis to
study the threshold conditions of sediment removal by siphons and to examine the effect
of pressure due to seepage flow and shear stress on lift of the removed particle. He
defined the critical flux through a siphon tube as the flux when the uppermost particles
from a horizontal bed barely start to move. The theoretical analysis initially considered
the flux which is less than critical flux (which is defined as subcritical flux) and was
based on some assumptions: the sediment is homogenous and isotropic; the grains are

rounded; and the sediment forms an infinitely extended stratum which rests upon an
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impervious horizontal bottom of a semi infinite water reservoir. It was also considered

that r >> z,, which made it reasonable to assume the flow into the inlet as a sink flow.

Rehbinder explained that the flow of water exerts hydraulic forces on the
sediment grains in the stratum. These forces are mainly two kinds: (1) forces caused by
the flow in the stratum (seepage flow) and (2) shear forces generated in the boundary
layer. From the basis of potential theory, Rehbinder calculated the velocity and pressure

distribution on the sediment bed along the radial direction. He showed that the radial

. N o 2
velocity near the boundary varies linearly up to a certain axial distance (r =z, T) and

. . 2 . .
reaches its maximum value at » =z, - He suggested that the viscous flow exists only

within a cylindrical shaped region located in the vicinity of the mouthpiece of siphon (0 <

V2

2 . . e
r <z, e ;0<r<z vy ). Using these relations, the pressure distribution and hence the

shear force on the particle in the soil water interface was deduced.

Rehbinder also mentioned that the lift force on a particle is a function of the
pressure distribution in the soil stratum, porosity, and the volume of the particle grains.
He derived vertical pressure distribution on the basis of the pressure distribution at the
interface (as discussed before) and Darcy’s law. Using the vertical pressure gradient, the
hydraulic force has been derived by means of Archimedes’ lift.

Combining the two forces (shear force due to viscous effect and lift due to
hydraulic pressure gradient), Rehbinder explained that the location for the initiation of

motion is only possible at 0.8 < r/zy < 1.4. He showed that the magnitude of the resultant
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force has a local maximum at » ~ 0.8z and at critical flux the removal of sediment starts
in this annular region.

In his experimental analysis, Rehbinder used quartz sand of density 2500 kg/m’
and diameter 0.2 mm. The suction pipe had an inner diameter of 5 mm and the flow rate
Q of 0.49 L/s. He found that as the tube is lowered slowly and at a distance zp = 15 mm,
a ring shaped crater is rapidly formed around the stagnation point under the tube inlet
(Fig. 2.13).

Using the input data of the experiment, Rehbinder calculated from his theory that
the ratio of the lift force to the shear force exerted on the sediment grain is from 2 to 20,
the thickness of the boundary layer was 0.6 mm. From this point of view, he suggested
that the removal of grains in sediment is initiated by lift force due to the creep flow in the
saturated sediment and the shear stress at the surface of the sediment has a relatively
small influence on the removal. He also concluded that the lift force acting on the grains
is proportional to the square of the flow and inversely proportional to about the fifth
power of the distance between the tube inlet and the sediment. It should be noted that,
although the variables used in the experiment more or less satisfy the assumptions and
simplification considered for the theoretical derivation, only one set of flow parameters
and sediment size was used in the experiment. The only parameter that was varied in the
experiment is the height of the siphon inlet from the bed, zy, which was decreased slowly
in order to achieve the critical flux. The primary outcome which is relevant to the
theoretical analysis is the formation of a crater which was used as a justification for the

theory.
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2.6 Summary

From a review of the literature, it is evident that studies relating siphon scour on
cohesionless materials are limited and generally empirical in nature. There has been
limited success in supporting those empirical formulae by theoretical explanation. So far
potential flow theory has been the basis for assessing the flow conditions around the
siphon inlet near the sand bed. Little effort has been made to determine the maximum

scour hole depth or the scour hole profile at equilibrium condition.
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Fig. 2.2: Three possible cases for the tube position.
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Fig. 2.3: Three-dimensional co-ordinate systems in a sink flow and equipotential line.
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Fig. 2.4: Final flow configuration of Apgar and Basco’s experiment
(adapted from Apgar and Basco 1973).
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Fig. 2.5: Typical velocity distribution and boundary layer growth due to a line sink flow
near bed (adapted from Schlichting and Gersten 2000).
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Fig. 2.6: Typical velocity distribution and boundary layer growth due to a point sink
flow near bed (adapted from Parthasarathy 1969).
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Fig. 2.7: Forces on an exposed grain (adapted from Raudkivi 1998).
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Fig. 2.8: Shields diagram for incipient motion (reproduced from
Vanoni and Brooks 1975).
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Fig. 2.9: Schematic of Slotta’s flat bed Experiment (adapted from Slotta 1968).
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Fig. 2.10: Suction tube and sand bed configuration for Gladigau’s experiment (adapted
from Gladigau 1975).
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Fig. 2.11: Various stages of development of scour hole in sediment removal studies by
Brahme (adapted from Brahme 1983).
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Fig. 2.13: Formation of the crater in the Rehbinder’s experiment (a) immediately after
the removal of grains has started and (b) when the removal of grains has stabilized
(adapted from Rehbinder 1994).
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CHAPTER 3: EXPERIMENTAL SETUP AND EXPERIMENTS

3.1 Introduction

In this thesis, experimental data of the present study as well as that of Mazurek
and Rajaratnam (unpublished) are presented and analyzed. The experimental setups and
procedures are similar and were meant to determine the profile of the scour holes of
cohesionless sediments under different siphon flow conditions. No tests were performed
in Mazurek and Rajaratnam (unpublished) for the case when tube is set above bed. The
experimental setups, measurements, testing programs, and soil properties are described in

this chapter.

3.2 Experimental Setup and Experiments of Present Study

3.2.1 Experimental Setup

The tests were performed in the hydraulics laboratory at the University of
Windsor. The experiments were conducted in a cylindrical plastic tank of 1219 mm
diameter and 1219 mm depth. A smaller cylindrical tank of 550 mm diameter and 705
mm depth was set within the bigger tank at a distance of 100 mm from its right edge and
contained the cohesionless sand used for the scour experiments. The depth of water
above the sand bed was about 230 mm for all the tests. The siphon tube of 9.65, 13.86, or
20.40 mm diameter was suspended vertically above the smaller tank through the use of a
horizontal traversing system set across the larger tank. The siphon tube was connected
through the use of 12.7 mm L.D. PVC tubing to a settling basin, which was used to collect

the scoured material. This settling basin, a large (50 Liters volume) cylindrical glass jar
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having a 450 mm diameter, was placed within the bigger tank. The bigger tank and the
glass jar were filled with tap water prior to commencing tests and the glass jar was sealed
with a rubber stopper. The flow through the siphon tube was created by using different
combinations of two centrifugal pumps and a jet pump, with the flow being drawn from
the settling basin. The flow rate was controlled by means of a 25.4 mm gate valve
connected at the outlet of the pump. The flow through the pump was returned to the
bottom of the large cylindrical tank. The setup is shown in Fig. 3.1 and is sketched in

Fig. 3.2.

3.2.2 Testing Program and Measurements

Before performing each test, the bigger tank and the glass jar were filled with
water and sand bed in the smaller tank was manually delved so that there was no trapped
air inside the sediment. The sediment surface was then leveled. The siphon tube was
positioned vertically at a desired distance from the original sediment bed. Scour was
initiated by starting the pump. The discharge was measured by volumetric measurements
at the pump outlet (using a bucket of volume 11.56 L and a stopwatch). The range of
discharge obtained from the pumps was 0.05 to 4.1 L/s using alternately the siphon tubes
of three different sizes, the range for the average velocity at the tube inlet of 0.34 to 6.5
m/s.

Two series of tests were carried out. In the first series, the tube was slowly
lowered at a given flow rate until a few particles of sand moved below the tube (noted by
visual observation). The height of the tube above the sand surface was noted and this
distance was called the critical height for movement, z.. In these tests, the critical height

above the sand surface for a more general movement of the particles (creating a small
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conical mound) was noted. This height is the height for general movement of the
sediment, z,. In the second series of experiments, the scour created by a given siphon
flow was measured. The siphon tube was set above the bed (up to 6.4 mm), at the soil
surface, or beneath the soil surface (up to 102 mm). The maximum height inlet above the
bed was selected in such a way that the pump at its maximum capacity could create
measurable scour hole from that height. The maximum depth of tube inlet was so chosen
that pump could create sufficient pressure head for the quick conditions to occur. The
details of the experiments are given in Tables 3.1 and 3.2.

For the scour tests (the second series), where the scour hole profile created by the
siphon flow was measured, the scouring process occurred in a very rapid manner and the
equilibrium reached in a very short time (which was generally within a few seconds).
Thus, the physical measurements of the scour hole in transient condition were not taken.
Equilibrium can be described as the condition at which the scouring process ceases and
there is no movement of sand grains inside the scour hole and the scour hole geometry
becomes stable. Initially the tests were run for 30 min, 45 min and 1 hr to ensure the
profiles did reach equilibrium. Later, the scour hole profiles were measured after each
test was run for 10 to 15 min. The deviations of the scour hole radii measured in the two
perpendicular directions were found within 4 % for all of the tests. Therefore the scour
holes might be considered as axisymmetric and therefore the cross-sectional profiles were
measured only across one direction through the center of the scour hole. The depth of
scour holes relative to the original soil surface were measured by using a digital point
gauge (graded to 0.01 mm). The horizontal distance of the point gauge was measured by

using the scale (with 0.1 mm accuracy) attached to the horizontal traversing system.
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3.2.3 Soil Sample

Only one type of cohesionless sediment was used in these tests. The soil
appeared free from dust and organic matter. The grain size distribution curve (Fig. 3.3)
shows that the mean size of the sand grain, D is 0.58 mm. The coefficient of uniformity
is defined as the ratio of the sieve size through which 60 % of particles by weight pass to

that through which 10 % of particles by weight pass (Dey/D1o) and its value for the

1/2
sample is 1.9. The geometric standard deviation, o, :(hj has been found as 1.38.
159

From the geometric standard deviation it appears the sand is fairly uniform, although

geometric standard deviation is slightly larger than the ¢,=1.35 which is considered

uniform by Breusers and Raudkivi (1993). Again the ratio D¢s/Ds has a value of 3.5,
therefore this soil sample can be considered as uniform from the hydraulic point of view
(Raudkivi 1998). The particle density of the sample has been measured as 2.65. It is to
be noted that, for the sake of having a clearer view of sand bed through water in some
later experiments, the sand specimen was recycled from the settling basin so that the very
fine particles were removed. This did not change the particle size distribution
significantly and the mean diameter of the sediment sample remained almost at 0.58 mm.
The hydraulic conductivity of the sample was measured according to Freeze and Cherry

(1979) and its value is 2.24 mm/s.

3.3 Experimental Setup and Experiments of Mazurek and Rajaratnam

3.3.1 Experimental Setup

Mazurek and Rajaratnam (unpublished) performed a similar set of experiments as

above. The sand samples were contained within a square box, 1.25 m on a side and 0.25
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m deep, filled with one of two sands tested, and set within a larger cylindrical tank of 2 m
diameter filled with tap water. The siphon tubes, each about 30 cm in length, were fixed
to a point gauge that rested on a level bar that extended across the larger tank. Four
siphon tubes were tested, with diameters d of 15, 13.7, 7.4, and 4.3 mm. The experiments
were first performed using fine uniform sand with a median diameter D of 0.20 mm and a
geometric standard deviation o, of 1.1, and then repeated using the coarse sand with a D
of 0.5 mm g, of 1.25. The experimental setup is shown in Fig. 3.4.

The flow through the siphon was produced by a small progressing cavity pump
with the flow rates ranging from 0.5 to 1.2 L/s. The height of the siphon tube inlet was
also varied and was held either on the sand surface or at depths of 15 or 30 mm into the
sand bed. Observations included the final scour hole profile, measured with a point
gauge graduated to 0.01 mm and the time for the equilibrium scour hole profile to form.
The height of the tube above the sand surface at which a few sand particles which first
observed to move and at which there was a general motion of the particles was also

noted. The details of the 19 experiments performed are given in Table 3.3.
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Table 3.1: Details of the experiments of the scour hole geometry (Present Study).

Test No. Q d Uy Zy D T Fy
(L/s) (mm) (m/s) (mm) (mm) (%)

T2/6.35/2.06 0.310 13.86 2.06 6.35 0.58 20 21.2
T2/6.35/1.48 0.223 13.86 1.48 6.35 0.58 21 15.3
T2/6.35/1.56 0.235 13.86 1.56 6.35 0.58 21 16.1
T2/6.35/1.12 0.168 13.86 1.12 6.35 0.58 21 11.5
T1/5.08/6.41 0.461 9.57 6.41 5.08 0.58 20 66.2
T1/5.08/5.68 0.408 9.57 5.68 5.08 0.58 20 58.6
T2/5.08/1.90 0.287 13.86 1.90 5.08 0.58 20 19.6
T2/5.08/1.93 0.291 13.86 1.93 5.08 0.58 20 19.9
T1/5.08/5.31 0.382 9.57 5.31 5.08 0.58 20 54.8
T2/5.08/1.91 0.287 13.86 1.91 5.08 0.58 20 19.7
T2/5.08/1.92 0.290 13.86 1.92 5.08 0.58 20 19.8
T2/5.08/1.52 0.230 13.86 1.52 5.08 0.58 20 15.7
T2/5.08/0.94 0.141 13.86 0.94 5.08 0.58 20 9.7
T2/5.08/1.35 0.204 13.86 1.35 5.08 0.58 20 14.0
T2/5.08/1.13 0.170 13.86 1.13 5.08 0.58 20 11.7
T2/5.08/1.38 0.209 13.86 1.38 5.08 0.58 20 143
T2/3.81/1.77 0.267 13.86 1.77 3.81 0.58 19 18.3
T2/3.81/1.61 0.243 13.86 1.61 3.81 0.58 18 16.6
T2/3.81/1.07 0.162 13.86 1.07 3.81 0.58 18 11.1
T2/3.81/1.24 0.187 13.86 1.24 3.81 0.58 18 12.8
T2/3.81/0.90 0.135 13.86 0.90 3.81 0.58 18 9.2
T2/3.05/1.88 0.284 13.86 1.88 3.01 0.58 20 19.4
T2/3.05/1.88 0.284 13.86 1.88 3.01 0.58 19 19.4
T2/3.05/1.88 0.283 13.86 1.88 3.01 0.58 20 19.4
T1/2.54/5.60 0.403 9.57 5.60 2.54 0.58 21 57.8
T1/2.54/6.43 0.463 9.57 6.43 2.54 0.58 21 66.4
T1/2.54/5.27 0.379 9.57 5.27 2.54 0.58 19 54.4
T2/2.54/2.04 0.307 13.86 2.04 2.54 0.58 15 21.0
T2/2.54/2.01 0.303 13.86 2.01 2.54 0.58 20 20.7
T2/2.54/1.58 0.238 13.86 1.58 2.54 0.58 17 16.3
T2/2.54/1.32 0.200 13.86 1.32 2.54 0.58 21 13.7
T2/2.54/1.16 0.176 13.86 1.16 2.54 0.58 20 12.0
T2/2.54/1.39 0.210 13.86 1.39 2.54 0.58 20 14.4
T1/2.54/3.68 0.265 9.57 3.68 2.54 0.58 20 38.0
T2/2.54/1.15 0.173 13.86 1.15 2.54 0.58 20 11.9
T2/2.54/1.02 0.154 13.86 1.02 2.54 0.58 22 10.6
T2/2.54/0.81 0.123 13.86 0.81 2.54 0.58 22 84
T2/2.54/2.04 0.307 13.86 2.04 1.27 0.58 17 21.0
T1/1.27/3.70 0.266 9.57 3.70 1.27 0.58 21 382
T2/1.27/2.03 0.307 13.86 2.03 1.27 0.58 21 21.0
T2/1.27/1.49 0.226 13.86 1.49 1.27 0.58 21 15.4

44



Table 3.1: Cont'd...

Test No. Q d U, Z D T F,
(L/s) (mm) (m/s) (mm) {(mm) CC)

T2/1.27/1.43 0.216 13.86 1.43 1.27 0.58 20 14.8
T2/1.27/1.24 0.187 13.86 1.24 1.27 0.58 20 12.8
T2/1.27/1.14 0.174 13.86 1.15 1.27 0.58 20 11.9
T2/1.27/1.06 0.160 13.86 1.06 1.27 0.58 20 10.9
T2/0/0.34 0.051 13.86 0.34 0 0.58 21 35
T3/0/0.53 0.173 204 0.53 0 0.58 21 5.5
T2/0/0.64 0.096 13.86 0.64 0 0.58 21 6.6
T2/0/0.68 0.102 13.86 0.68 0 0.58 17 7.0
T2/0/0.68 0.103 13.86 0.68 0 0.58 19.5 7.0
T2/0/0.70 0.105 13.86 0.70 0 0.58 21 7.2
T1/0/0.76 0.249 204 0.76 0 0.58 22 7.9
T2/0/0.80 0.121 13.86 0.80 0 0.58 17 83
T3/0/0.86 0.281 20.4 0.86 0 0.58 21 8.9
T2/0/1.03 0.155 13.86 1.03 0 0.58 17 10.6
T2/0/1.14 0.172 13.86 1.14 0 0.58 17 11.7
T2/0/1.15 0.174 13.86 1.15 0 0.58 21 11.9
T2/0/1.20 0.181 13.86 1.20 0 0.58 19.5 12.4
T2/0/1.30 0.196 13.86 1.30 0 0.58 21 13.4
T2/0/1.34 0.203 13.86 1.34 0 0.58 19.5 13.9
T2/0/1.54 0.232 13.86 1.54 0 0.58 21 15.9
T2/0/1.55 0.234 13.86 1.55 0 0.58 23 16.0
T2/0/1.63 0.246 13.86 1.63 0 0.58 7.4 16.9
T2/0/1.78 0.268 13.86 1.78 0 0.58 22 18.3
T2/0/1.60 0.287 13.86 1.90 0 0.58 19.5 19.6
T3/0/1.95 0.142 9.65 1.95 0 0.58 21 20.1
T2/0/1.95 0.294 13.86 1.95 0 0.58 19 20.1
T2/0/1.95 0.294 13.86 1.95 0 0.58 19.5 20.1
T2/0/2.00 0.301 13.86 2.00 0 0.58 7.5 20.6
T2/0/2.18 0.329 13.86 2.18 0 0.58 22 22.5
T2/0/2.33 0.352 13.86 2.33 0 0.58 20 24.1
T1/0/2.53 0.185 9.65 2.53 0 0.58 22 26.1
T1/0/2.78 0.203 9.65 2.78 0 0.58 21 28.7
T1/0/2.87 0210 9.65 2.87 0 0.58 21 29.6
T1/0/3.21 0.235 9.65 321 0 0.58 19 332
T1/0/3.48 0.254 9.65 348 0 0.58 19 359
T1/0/3.68 0.269 9.65 3.68 0 0.58 21 379
T1/0/3.87 0.283 9.65 3.87 0 0.58 18 39.9
T1/0/4.01 0.293 9.65 4.01 0 0.58 18 414
T1/0/4.24 0.310 9.65 4.24 0 0.58 22 43.7
T1/0/5.34 0.391 9.65 5.34 0 0.58 20 55.1
T1/0/5.48 0.401 9.65 5.48 0 0.58 21 56.6
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Table 3.1: Cont'd...

Test No. Q d U, Z, D T F,
(L/s) (mm) (m/s) (mm) (mm) O

T1/0/5.560 0.410 9.65 5.60 0 0.58 18 57.8
T1/0/5.72 0418 9.65 5.72 0 0.58 22 59.0
T1/0/5.96 0.436 9.65 5.96 0 0.58 21 61.5
T1/0/6.21 0.454 9.65 6.21 0 0.58 21 64.1
T3/-1.27/0.77 0.251 20.4 0.77 -12.7 0.58 21 7.9
T2/-1.271.12 0.169 13.86 1.12 -12.7 0.58 16 11.5
T2/-1.27/1.19 0.180 13.86 1.19 -12.7 0.58 16 12.3
T2/-1.27/1.20 0.181 13.86 1.20 -12.7 0.58 16 12.4
T2/-1.27/1.25 0.189 13.86 1.25 -12.7 0.58 17 12.9
T2/-1.27/1.45 0.218 13.86 1.45 -12.7 0.58 20 14.9
T2/-1.27/1.84 0.277 13.86 1.84 -12.7 0.58 21 19.0
T1/-1.27/1.88 0.137 9.65 1.88 -12.7 0.58 21 19.4
T2/-1.27/2.11 0.318 13.86 2.11 -12.7 0.58 16 21.8
T2/-1.27/2.42 0.365 13.86 2.42 -12.7 0.58 22 25.0
T1/-1.27/2.55 0.187 9.65 2,55 -12.7 0.58 22 26.3
T1/-1.27/2.94 0.215 9.65 2.94 -12.7 0.58 21 304
T1/-1.27/3.12 0.228 9.65 3.12 -12.7 0.58 18 322
T1/-1.27/3.53 0.258 9.65 3.53 -12.7 0.58 20 36.5
T1/-1.27/3.86 0.283 9.65 3.86 -12.7 0.58 20 399
T1/-1.27/5.85 0.428 9.65 5.85 -12.7 0.58 20 60.4
T3/-2.54/0.53 0.173 204 0.53 -12.7 0.58 21 5.5
T3/-2.54/0.53 0.175 20.4 0.53 -25.4 0.58 21 5.5
T3/-2.54/0.77 0.250 20.4 0.77 -25.4 0.58 21 7.9
T2/-2.54/0.97 0.147 13.86 0.97 -25.4 0.58 18 10.0
T2/-2.54/1.13 0.170 13.86 1.13 -25.4 0.58 17 11.7
T2/-2.54/1.38 0.208 13.86 1.38 -25.4 0.58 16 14.2
T2/-2.54/1.46 0.221 13.86 1.46 -25.4 0.58 20 15.1
T2/-2.54/1.84 0.278 13.86 1.84 -25.4 0.58 21 19.0
T2/-2.54/2.09 0.315 13.86 2.09 -25.4 0.58 20 21.5
T2/-2.54/2.42 0.366 13.86 242 -25.4 0.58 22 25.0
T1/-2.54/2.57 0.188 9.65 2.57 -25.4 0.58 22 26.5
T1/-2.54/2.84 0.208 9.65 2.84 -25.4 0.58 21 293
T1/-2.54/3.14 0.230 9.65 3.14 -25.4 0.58 18 324
T1/-2.54/3.47 0.254 9.65 347 -25.4 0.58 19 359
T1/-2.54/3.82 0.279 9.65 3.82 -25.4 0.58 18 394
T1/-2.54/4.22 0.309 9.65 4.22 -25.4 0.58 20 43.6
T1/-2.54/4.42 0.323 9.65 442 -25.4 0.58 18 45.6
T1/-2.54/4.61 0.337 9.65 4.61 -25.4 0.58 18 47.5
T1/-2.54/4.77 0.349 9.65 4.77 -25.4 0.58 20 49.3
T1/-2.54/5.23 0.383 9.65 5.23 -25.4 0.58 22 54.0
T1/-2.54/5.59 0.409 9.65 5.59 -25.4 0.58 21 57.7
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Table 3.1: Cont'd...

Test No. Q d Uy Z D T F,
(L/s) (mm) (m/s) (mm) (mm) O

T3/-3.81/0.53 0.174 20.4 0.53 -38.1 0.58 22 5.5
T3/-3.81/0.77 0.252 20.4 0.77 -38.1 0.58 21 8.0
T2/-3.81/0.99 0.149 13.86 0.99 -38.1 0.58 18 10.2
T2/-3.81/1.16 0.175 13.86 1.16 -38.1 0.58 19 12.0
T2/-3.81/1.19 0.180 13.86 1.19 -38.1 0.58 17 12.3
T2/-3.81/1.35 0.204 13.86 1.35 -38.1 0.58 16 14.0
T2/-3.81/1.38 0.209 13.86 1.38 -38.1 0.58 20 14.3
T2/-3.81/1.84 0.278 13.86 1.84 -38.1 0.58 21 19.0
T2/-3.81/2.06 0.311 13.86 2.06 -38.1 0.58 20 21.3
T2/-3.81/2.33 0.352 13.86 233 -38.1 0.58 22 24.1
T1/-3.81/2.61 0.191 9.65 2.61 -38.1 0.58 20 27.0
T1/-3.81/3.12 0.228 9.65 3.12 -38.1 0.58 18 322
T1/-3.81/3.59 0.263 9.65 3.59 -38.1 0.58 22 37.1
T1/-3.81/3.79 0.277 9.65 3.79 -38.1 0.58 20 39.2
T3/-5.08/0.54 0.176 20.4 0.54 -50.8 0.58 22 5.6
T3/-5.08/0.78 0.253 204 0.77 -50.8 0.58 21 8.0
T2/-5.08/1.17 0.176 13.86 1.17 -50.8 0.58 17 12.0
T2/-5.08/1.22 0.1384 13.86 1.22 -50.8 0.58 19 12.6
T2/-5.08/1.31 0.197 13.86 1.31 -50.8 0.58 19 13.5
T2/-5.08/1.32 0.199 13.86 1.32 -50.8 0.58 17 13.6
T2/-5.08/1.39 0.210 13.86 1.39 -50.8 0.58 19 14.4
T2/-5.08/1.85 0.280 13.86 1.85 -50.8 0.58 22 19.1
T2/-5.08/2.21 0.333 13.86 221 -50.8 0.58 22 22.8
T2/-5.08/2.39 0.360 13.86 2.39 -50.8 0.58 22 24.6
T1/-5.08/2.58 0.188 9.65 2.58 -50.8 0.58 20 26.6
T1/-5.08/3.12 0.228 9.65 3.12 -50.8 0.58 17 322
T1/-5.08/3.58 0.262 9.65 3.58 -50.8 0.58 17 36.9
T1/-5.08/3.94 0.288 9.65 3.94 -50.8 0.58 21 40.6
T1/-5.08/4.27 0.312 9.65 4.27 -50.8 0.58 22 44.1
T1/-5.08/4.35 0.318 9.65 4.35 -50.8 0.58 18 44.9
T1/-5.08/4.71 0.344 9.65 4.71 -50.8 0.58 18 48.6
T1/-5.08/5.49 0.402 9.65 5.49 -50.8 0.58 21 56.7
T1/-5.08/6.40 0.468 9.65 6.40 -50.8 0.58 22 66.1
T3/-6.35/0.54 0.175 20.4 0.54 -63.5 0.58 15 5.5
T3/-6.35/0.77 0.250 20.4 0.77 -63.5 0.58 21 7.9
T2/-6.35/1.89 0.286 13.86 1.89 -63.5 0.58 22 19.6
T2/-6.35/2.14 0.323 13.86 2.14 -63.5 0.58 21 22.1
T2/-6.35/2.36 0.356 13.86 2.36 -63.5 0.58 22 243
T1/-6.35/2.50 0.183 9.65 2.50 -63.5 0.58 22 25.8
T1/-6.35/3.12 0.228 9.65 3.12 -63.5 0.58 18 322
T1/-6.35/3.58 0.262 9.65 3.58 -63.5 0.58 17 36.9
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Table 3.1: Contd...

Test No. Q d U, Zy D T Fy
(L/s) (mm) (m/s) (mm) (mm) CC)

T1/-6.35/3.98 0.291 9.65 3.98 -63.5 0.58 22 41.1
T3/-7.62/0.53 0.174 20.4 0.53 -76.2 0.58 15 55
T3/-7.62/0.77 0.252 204 0.77 -76.2 0.58 21 8.0
T2/-7.62/1.13 0.171 13.86 1.13 -76.2 0.58 15 11.7
T2/-7.62/2.14 0.323 13.86 2.14 -76.2 0.58 21 221
T1/-7.62/2.50 0.183 9.65 2.50 -76.2 0.58 22 25.8
T1/-7.62/3.11 0.227 9.65 3.11 -76.2 0.58 18 32.1
T1/-7.62/5.44 0.398 9.65 5.44 -76.2 0.58 20 56.2
T1/-7.62/5.60 0.409 9.65 5.60 -76.2 0.58 20 57.8
T2/-10.16/1.89 0.285 13.86 1.89 -101.6 0.58 22 19.5

Code for Test No. : Tube used (T1 =9.65 mm, T 2 = 13.86 mm and T3 = 20.40 mm tube)/ Inlet
height above the bed (mm)/Velocity of fluid in the tube (m/s).
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Table 3.2: Details of experiments for height of critical and
general movement (present study).

Test No. Q d U, D Temp F,
(L/s) (mm) (m/s) {mm) O
T2/1.810 0.273 13.86 1.81 0.58 7.5 18.9
T2/1.005 0.152 13.86 1.01 0.58 19.5 10.5
T2/1.178 0.178 13.86 1.18 0.58 20.0 12.3
T2/0.702 0.106 13.86 0.7 0.58 20.0 73
T2/1.523 0.230 13.86 1.52 0.58 20.0 15.9
T2/1.799 0.272 13.86 1.8 0.58 15.0 18.8
T2/1.624 0.245 13.86 1.62 0.58 15.0 17.0
T2/1.352 0.204 13.86 1.35 0.58 15.0 14.1
T2/1.130 0.170 13.86 1.13 0.58 15.0 11.8
T2/1.093 0.165 13.86 1.09 0.58 16.0 114
T2/0.950 0.143 13.86 0.95 0.58 16.0 9.9
T2/0.728 0.110 13.86 0.73 0.58 16.0 7.6
T2/0.786 0.119 13.86 0.79 0.58 16.0 82
T2/0.480 0.072 13.86 0.48 0.58 16.0 5.0
T2/2.139 0.323 13.86 2.14 0.58 22,0 22.3
T1/3.474 0.254 9.65 347 0.58 12.0 36.3
T1/3.129 0.229 9.65 3.13 0.58 12.0 327
T1/3.618 0.265 9.65 3.62 0.58 12.0 37.8
T1/2.242 0.164 9.65 2.24 0.58 15.0 23.4
T1/2.823 0.206 9.65 2.82 0.58 13.0 29.5
T1/2.087 0.153 9.65 2.09 0.58 21.0 21.8
T1/2.732 0.200 9.65 2.73 0.58 21.0 28.5
T1/4.733 0.340 9.57 4.73 0.58 20.0 49.4
T1/5.657 0.407 9.57 5.66 0.58 21.0 59.1
T1/6.157 0.443 9.57 6.16 0.58 21.0 64.3
T1/5.153 0.371 9.57 5.15 0.58 20.0 53.8
T1/5.967 0.429 9.57 5.97 0.58 20.0 62.3

Code for Test No.: T1=9.57, T2 = 13.86 and T3 =20.40 mm tube/ U, (m/s).
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Table 3.3: Details of experiments of Mazurek and Rajaratnam (unpublished).

Test No. Q d U, D Temp Fy
(L/s) (mm) (m/s) (mm) (6Y)
la 0.092 0.64 13.51 0.17 6.5 12.3
1b 0.092 0.64 13.51 0.17 7.5 12.3
2 0.184 1.29 13.51 0.17 8.5 245
3a 0.276 1.93 13.51 0.17 8.5 36.8
4a 0.316 2.20 13.51 0.17 9.0 42.0
4b 0.316 2.20 13.51 0.17 10.5 42.0
S5a 0.092 0.64 13.51 0.17 10.5 12.3
5b 0.092 0.64 13.51 0.17 10.5 12.3
6¢c 0.184 1.29 13.51 0.17 7.5 245
7b 0.276 1.93 13.51 0.17 9.0 36.8
8 0.316 2.20 13.51 0.17 9.0 42.0
9 0.092 0.64 13.51 0.17 6.0 12.3
10 0.184 1.29 13.51 0.17 7.0 24.5
11 0.276 1.93 13.51 0.17 9.0 36.8
12 0.316 2.20 13.51 0.17 9.5 42.0
13 0.027 1.84 4.29 0.17 7.0 35.1
14 0.066 4.57 4.29 0.17 8.5 87.1
15a 0.027 0.61 7.44 0.17 6.5 11.7
15b 0.027 0.61 7.44 0.17 8.0 11.7
16a 0.066 1.52 7.44 0.17 8.0 29.0
16b 0.066 1.52 7.44 0.17 9.0 29.0
l6c 0.066 1.52 7.44 0.17 85 29.0
17a 0.105 2.43 7.44 0.17 9.0 46.3
17b 0.105 243 7.44 0.17 9.5 46.3
17c 0.105 243 7.44 0.17 9.5 46.3
18a 0.132 3.03 7.44 0.17 10.0 57.8
18b 0.132 3.03 7.44 0.17 10.0 57.8
19 0.046 1.07 7.44 0.17 8.5 20.3
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Fig. 3.4: Experimental setup of Mazurek and Rajaratnam
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CHAPTER 4: RESULTS, ANALYSIS, AND DISCUSSION

4.1 Introduction

This chapter presents details of the experimental observations and results.
Dimensional analysis is used to aid in developing parameters and empirical equations that
are appropriate to predict the equilibrium scour hole radius and the maximum scour hole
depth and the heights of critical and general movement of particle under siphonic action.
An attempt is also made to derive prediction formulae by theoretical studies and to
compare these formulae with results from experiments. Data obtained from Mazurek and
Rajaratnam (unpublished) and Brahme (1983) have also been used to validate these
formulae. In addition, the similarity criteria of the equilibrium scour hole profiles is

analyzed.

4.2 Observations

A significant part of this study concerns the analysis of the dimensions of
equilibrium scour hole formed on a deeply submerged cohesionless sediment bed due to
flow through a cylindrical siphon tube which was set vertically at different positions
relative to the original bed level. The formation of waves or an air entraining vortex was
not observed and as a result the surface of the fluid apparently has no significant effect on
the scouring process.

Under a certain rate of flow through the siphon tube, when there is no movement
of the sediment particles inside the scour hole, we can say that the scour hole reaches

equilibrium. For tube set above sand bed (zy > 0) and on the sand bed (zy = 0), the rate of
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scouring appeared to be the same in both vertical and radial direction and this rate
decreased as the scour hole reached equilibrium. Typically, it took only a few seconds to
remove most of the sediment. In the case where the siphon tube inserted below the bed
surface (z9 < 0), as the particles were being removed through the tube inlet, the sediment
around the tube inlet appeared to collapse around the tube. This failure was seen at the
surface of the bed as a progressive increase in radius of the scour hole until equilibrium
was reached. It took normally 30 s to 1 min to complete most of the scour when the tube
was below the sediment bed. The scour hole radius apparently reached equilibrium at
this stage.

After most of the sediment was removed in all the three cases, sediment removal
became slow and occurred intermittently. This intermittent period could be 30 s to a few
minutes. A few unstable particles around the scour hole boundary would slide down
towards the center and be removed immediately as they fell into the region near the
maximum scour depth. The movement of these few particles occurred for a longer period
(normally 10 to 15 min). At this stage, the scouring process ceased completely and there
was no movement of the particle inside or outside the scour hole. For the present study,
this situation is referred as equilibrium condition. The shape of the equilibrium scour
hole, for every test, appeared axisymmetric and the radii measured in two perpendicular
directions were found almost the same (within 4 %). Therefore, it was reasonable to
measure the scour dimensions along only one direction through the center. A conical hill
formed in the scour hole bed centered just below the center tube inlet. A photograph of
some typical scour hole are shown in Fig. 4.1 and some typical cross-sectional profiles

are shown in Fig. 4.2. It can be seen from Fig. 4.1 that the radius of the scour hole is
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easily discernible. Also the maximum scour depth in three dimensions is a ring shape
encircling the small conical hill at the center of the scour hole. This ring of maximum
scour depth formed closer to the periphery of tube inlet in case of a bigger tube compared
to that of a smaller tube.

Some tests gave unusually high scour depths and took a very long period of time
to reach equilibrium. For the same setup and flow conditions, different tests would give
widely varying scour depths, and take different periods to reach equilibrium (10 to 60
min). After some careful observations, it appeared that circulation in the flow around the
tube inlet can cause a vortex (especially at higher siphon velocities) to form beneath the
inlet. This vortex typically occurred after the major portion of the sediment was removed
and some individual particles slide towards the center of the scour hole. If the circulation
is prevented by some means, and the flow into the tube is only radial flow, this vortex
does not form. The formation of vortex below the center of the tube inlet caused the pick
up of the sediment to occur in a spiral manner (the sand was swirling) over the hill
resulting in a deep scour hole. This is apparently the same behavior as the “spiral
threshold pickup” as seen by Gladigau (1975). A typical scour hole profile created when
the vortex was present is shown in Fig. 4.3.

In another part of this study, which was meant to determine the height of the tube
above the bed for critical and general movement of the sediment particles, the
observations were similar to what was described as “horizontal threshold movement” by
Gladigau (1975). The distance of tube inlet from the bed at which the first grain moves is

defined as the height of critical movement z.. As the tube was lowered slowly from z,
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suddenly an overall movement of the sediment towards the center is observed. This

smaller height is defined as the height of general movement z,.

4.3 Results and Analysis

A total of 174 tests have been performed. Among them, there were 41 tests for z,
= 0, 88 tests for zy <0, and 45 tests zg > 0. The tube inlet position was varied from 101.6
mm below original the bed level to 6.4 mm above it. The radius at tube level, r,, was
within 19 to 35 mm, the aerial radius, r,, was within 17 to 29 mm, and the relative
maximum depth, &.,, was found within 4.4 to 14 mm. The results of these tests are given
in Tables 4.1 and 4.2.

For determining the heights of critical and general movement of the particles, 26
tests were performed. The values for z, were found within 8 to 17 mm and z, were within
5to 13 mm. The results are shown in Table 4.3 and 4.4. Data obtained from Mazurek

and Rajaratnam (unpublished) and Brahme (1983) are also presented in Tables 4.5 to 4.9.

4.3.1 Analysis Using Dimensional Arguments

4.3.1.1 Development of a Dimensionless Length Scale

In a first attempt to analyze the scour data, an effort to develop appropriate
dimensionless parameters is made by using dimensional analysis. For the present study,
the significant length parameters are: r,, the scour hole radius just at the tube level in the
case where tube inlet is set on the bed (zp = 0) or below the bed level (zp < 0), 7,4, the
distance between the center of the tube inlet and the edge of the scour hole in the case
where the tube is located above bed level (zy > 0), and &, the relative maximum scour

hole depth (vertical distance from the tube inlet to lowest point of scour hole). The other
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length parameters are the height of the inlet above the bed for threshold conditions, z, and
Zg. Let us denote all five lengths as a general length term /. It is assumed that this length

is a function of

I=f{Us.p.8(p, = p)v.d. D} @.1)
where: Uy = velocity of the siphon at the tube inlet,

P = density of the fluid,

Ps = density of the sediment particle,

g = acceleration due to gravity,

v = kinematic viscosity of the fluid,

d = inner diameter of the siphon tube,

D = mean diameter of sediment particle.

These properties have the dimensions of length (L), mass (M), and time (7) of:

|- L
Uy — (L/T)
p — (M/L?)
g(ps -p) = (LIT) (ML) — M/L’T)
v — LT
d—L
D—>L

The functional relation in Eq. 4.1 can also be written as

fi{Us.p.2(p, - p)v.1.d.D}=0 (4.2)
In this expression, we have 7 variables with a total of 3 basic units. Using Buckingham
n-theorem with the repeating variables Uj; p and d we will get 4 dimensionless

parameters. This analysis is as follows
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7 =(Ug)*(0)" (@)’
m =(L/T*(M/L)(L)°L

T: 0=-a a=0
0="> b=0
L: 0 = a-3b+c+l c=-1
m =t
d

m =(Uy)*(p) (@)
m =(L/T)*(M/L*)*(L)*(L*/T)

T 0=-al a=-1
M 0=b b=0
L: 0=a-3b+c+] c=-1
y
T, =
U,d
o, Ul
A%

73 = (Uo)*(0) @) g(ps-p)
s = (L/T) (ML) (L) (M/(L°T)

T: 0=-a-2 a=-2
M 0=b+I b=-1
L: 0 = -2+3b+c-2 c=1

. _dzglp, - p)

T pUs

This can also be written as T, = Y,
g[ p,=p ) 4
p
UO

In the similar manner we can write 7, =




Therefore

U,d U, U,
v ’ — ’ —

\/g(ps p)d \/g(ps ij

p p )

In Eq. 4.3, the term é contains the independent variable / and can be referred as a

= /3

v

(4.3)

’
d

\

dimensionless length scale. The first term is the Reynolds number of the flow through

U,d . . . . e .
the tube, R, =—2—. Since water is the only fluid considered in this study and its
v

viscosity does not change significantly, this Reynolds term might be neglected (for now).

)

tube. This term will be neglected since the Froude number is not an important term for

The second term is the Froude number for the flow through the siphon

pipe flows and flows that are deeply submerged (as in the present case). If the velocity

over the sediment particle on bed is assumed to be a related with the tube velocity Up, the
last term Uy can be approximated as the ratio of the exerted force on the
g( p. =P j b
p

bed particle by the flow to its resistive force (as discussed in Chapter 2). This term here

is the densimetric Froude number and is denoted by Fy. Since it is known that erosion for
cohesionless sediments typically has a strong functional relationship with Fj, we will

keep this term and therefore Eq. 4.3 can be written as
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S R 44

g(ps —p)D
“ p J

By following the same dimensional reasoning, expressions can be written for

Q| ~

scour hole dimensions r;, 7,, and &, and tube heights for threshold condition z. and z,.

These are as follows;

~

5=ﬁ@n (4.5)
§=ﬁM} (4.6)
“m - £ ARy} @.7)
d_60 .
Z,

7-ﬁM} (4.8)
Zg_

7—&%} (4.9)

4.3.1.2 Analysis of Scour Hole Dimensions at Equilibrium

To examine the dimensionless relationships developed above, the scour hole
dimensions were plotted against the densimetric Froude number, Fy. The experimental
results of Mazurek and Rajaratnam (unpublished) are also analyzed for the case when zj
=0 and zp < 0. For the case when zy > 0, the results of the scour hole radius of Brahme
(1983) are used along with those of present study to test the relationship.

For the case where the tube is set on or within the bed, the equilibrium scour hole

radius at the tube level, r,, has been considered for analysis. The data of r,, obtained from
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the present study as well as from Mazurek and Rajaratnam (unpublished), are plotted
with Fj as shown in Fig. 4.4. It appears that, the two sets of experiments fall on separate

curves, which can be expressed by the following equations

% =0.635x% FOO'405 (Present Study) (4.10)
and
% =0.664x F,>*"  (Mazurek and Rajaratnam (unpublished)) 4.11)

with correlation coefficients R of 0.95 and 0.93 respectively. These relations show that

E’ increases at a decreasing rate with increasing Fy. Also, in the present study the radius

is always larger than that found by Mazurek and Rajaratnam (unpublished).

In case when zy > 0 results from the present study as well as those from Brahme
(1983) are used, as Mazurek and Rajaratnam had no experiments with the tube above the
bed. For this tube position, the distance between the center of the tube inlet and edge of
the scour hole or the aerial radius, r,, are considered for analysis. This aerial radius is
normalized by the tube diameter, d. From the experimental results this dimensionless
aerial radius is correlated with the densimetric Froude number, Fy, as shown in Fig. 4.5.
The relationship for each data set again does not fall on one curve and each can be

described separately as

%“ =0.580x F ¥ (Present Study) 4.12)
% =0.368x F,***  (Brahme (1983) for fine sand) (4.13)
%’ =0.334x F*  (Brahme (1983) for medium sand) 4.14)
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% =0.380x F>**  (Brahme (1983) for microbeads) 4.15)

with respective correlation coefficient, RZ%, of 0.88, 0.93, 0.97 and 0.83. From an

inspection of all of the curves (in Fig. 4.5) obtained for different materials, it is clear that

ra

= is increasing with F) in a decreasing manner in every case. The curves are almost

parallel and in case of present study the value of %’; is always larger than that of Brahme

(1983). It should be noted that the scale of the experiments in the present study is smaller
than in Brahme (1983). Therefore, likely due to the errors in the measurements, the data
of the present study shows more scatter. The scatter is more in case of lower values of
the densimetric Froude number, Fj, when the scour hole radius is smaller.

For every test of this study, the average of the two maximum relative depths
formed in both sides of the centerline is taken for the reported &,,. Results obtained from
Mazurek and Rajaratnam (unpublished) and the present study are used for analysis. The

relations between the &,, and Fy are shown in Fig. 4.6. It was found that the data was

best fit by
% =0.171x F)*" (Present Study (for all three inlet positions)) (4.16)
86’;’ =0.170x F,)** (Mazurek and Rajaratnam (for zy = 0, and z; > 0) 4.17)

These relations have correlations coefficients, R, of 0.93 and 0.89 respectively. The plot
shows that %increases at a decreasing rate with increasing Fy and it is again always

larger in the present study than that of Mazurek and Rajaratnam.
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4.3.1.3 Analysis of Heights of Threshold Conditions

The results of the height of the tube inlet for critical and general particle
movements obtained in the present study as well as those in Mazurek and Rajaratnam

(unpublished) are plotted in the Fig. 4.7.and 4.8 respectively. A general relationship is

found for %‘ data for both the studies and it is fitted with the following equation

%ﬂ = 0.252% F* (4.18)

z
This equation has a correlation coefficient, R2, 0f 0.88. However, the —% data do not fall

together for these studies. Two separate curves is obtained in this case which are
expressed by these formula

4
Fg =0.195x F¥°  (Present study) 4.19)

and
Zg 0.404 .
”l =0.219x F; (Mazurek and Rajaratnam) (4.20)

The above equations fitted with correlation coefficients, R2, of 095 and 0.78
respectively. The difference between studies here may be due to difference in the
judgment between the observers for the “general movement”.

From the above dimensional analysis it is apparent that, the inside tube diameter
(inside diameter) is the most appropriate scale for describing the length parameters
related to scour of cohesionless materials by siphon. All of the dimensions correlated
fairly well with the densimetric Froude number. However, the data show slightly

different trends when compared between studies where different sediment particles or
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experiment scales were used. Therefore, it is apparent the densimetric Froude number
alone is not adequate to describe the length parameters related to the siphon scouring.
Other particle properties or flow characteristics appear have important effects and this

will be explored in the following section.

4.3.2 Analysis Using Theory

As discussed above, densimetric Froude number is possibly not the only
parameter important in predicting the dimensionless lengths in the scour produced by
siphon flows. The following provides an attempt, from a theoretical point of view, to
determine functional relationships that might be suitable to describe the equilibrium scour
hole radii (7, and r,). These analyses are based on a comparison of the threshold shear
stress of the particle and the viscous shear stress acting on the particle as the scouring
reaches the equilibrium. Results from the present study, as well as from Mazurek and
Rajaratnam (unpublished) and Brahme (1983) are again used to test and develop the

functional relations.

4.3.2.1 Development of Functional Relationships for Equilibrium Scour Hole Radii

This first part of this section focuses on the radius of the scour hole at the tube
level, r, for the condition zg = 0 or zp < 0, and the second part is intended to derive the
aerial radius, r,, for the scenario when zp > 0. The Shields criteria for threshold particle
movement has been used for developing the theory.

A typical equilibrium scour hole profile is sketched in Fig. 4.9 for the case when
z9g =0 or zg < 0. Consider the situation just before equilibrium. Part of the total flow in

the tube comes from the flow above the scoured sediment bed and the other part of the
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flow comes from the seepage across the sediment-fluid interface inside the scour hole.
Let us assume that the portion of flow coming from above plane 4OB (Fig. 4.9) can be

expressed as

0, =kQ @21)
where k; is a constant, Q, is the portion of discharge resulting from other than seepage
flow, and Q is the total flow rate through inlet. Let us consider a point A4 located on the
boundary at the tube level. Suppose, the velocity over the boundary at point 4 is v, (Fig.

4.9) and it is directly proportional to the average velocity into the scour hole through the

plane AOB. Then it can be written as:

0 0
- a =—k 4,22
P} —d*14) P} (4.22)

vrb

The negative sign in Eq. 4.22 refers that the flow is moving radially inwards. Here, k;

2
and k3 are constants, and (rf —dT) has been replaced by the term 7;. The term 7, has

no physical existence. This is a radius an imaginary circle that has the same area as the
fluid enters through the plane AOB (in Fig. 4.9). Therefore, when the tube diameter is
negligible, for the same flow rate, r, represents the radius of the scour hole at tube inlet

level. This by expansion also can be written as

r'lzr{l_l(i] _L(i] _} (4.23)
87, 1281 r,

Here 0> 4 >1. This range may be true for all practical situations (from the experimental

T

data of the present study, 4 has been found within 0.28 to 0.94). Considering this range,
r,

t
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the relation in Eq. 4.23 may be reasonable to convert in a linear form with the following
equation

vy =ct, —cyd (4.24)
where c; and c; are constants. If we consider that the boundary layer at point 4 is laminar

that the velocity distribution in boundary layer can be taken as in discussed in Chapter 2

(Eq. 2.6) (Schlichting and Gersten 2000)

u' , n 2
— = =3tanh’ ——+arctanh\/’: -2 4.25
v, f(’?) (\/5 3] ( )

where v,; is the velocity above the boundary layer at that point, #’ is the velocity in the

’

boundary layer at a distance z' normal to the bed, and 11=% is the dimensionless

distance from the bed. Here, z’ is the axis normal to bed at point 4, and ¢ is the thickness

of the boundary layer which has been taken as (Schlichting and Gersten 2000)

nd

5=

(4.26)

- vrb
where, ry; is the distance of point 4 from the center of the tube inlet when its diameter is

very small, v is the kinematic viscosity of the fluid. Thus we can write

— /‘ Vrs (4.27)
}‘”V

At point 4, the bed shear stress exerted by the fluid can be obtained from the gradient of

the velocity distribution in the boundary layer. Thus, differentiating Eq. 4.25 with

respect to #, and putting # = 0 for point 4 (since it is located on the bed) we get

1 (ou 2
— == 4.28
vrb ( 617 ]A ﬁ ( )
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In the practical point of view, the boundary at the point 4 is not a rigid and
smooth. When some dye was injected into the flow near point 4, there was apparently no
mixing of dye by the radial flow. Thus the flow over the point 4 can be considered to be
laminar. However, in the actual situation there is always some seepage flow at interface
through the point 4. For the highest flow rate (0.47 L/s), and the highest flow velocity
(6.4 m/s) through the inlet, the hydraulic gradient for seepage flow over the scour hole
boundary at tube level was measured. This hydraulic gradient appeared to be very small
(within 5 % of the critical hydraulic gradient). Therefore, considering the boundary layer
most possibly as laminar, and the effect of the seepage flow as insignificant in the
scouring process, the constant in right hand side of Eq. 4.28 may need to be adjusted to

some extent. Therefore, this equation can be re-written as

L(?_”_j =c, (4.29)
vrb a’? A

where c; is another constant. Again, using the value of # from Eq. 4.27 the above

relation becomes

i(a”j W e, (4.30)
v \OZ' ) N =V,
' 3

or, (alj =c, Vs (4.31)
oz' ) 4 Fav

From Eq. 4.22 and 4.31 we get

' 3 3
[6_”) _e, ’;(2) (4.32)
0z' ), VAT

Again, as discussed in Chapter 2, the bed shear stress at point 4 can be expressed by the

Newton’s law
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ou'
T, = ,u( az'j (4.33)
A

where 7, = the shear stress at point 4, and 4 = the dynamic viscosity of the fluid.
The discussion so far, considers the period of scouring which is just before
equilibrium is reached. At equilibrium, the particles stop sliding down from point 4 the

bed shear stress, 74, reaches the critical shear stress of the particle in the inclined bed, 7.

Thus multiplying both sides of Eq. 4.32 by u and using Eq. 4.33, we can write

ou'’ k)’ Uld®
Teos = === 4.34
cOs /’l( 8z' )A 64 p V;Z ( )

where 7. is the critical shear stress of the sediment particle at point 4 where the bed has
a slope of angle 6 and seepage flow is present across the bed (Fig. 4.9). The ratio of the
critical shear stress of cohesionless sediment in an inclined plane under seepage flow, 7.4,
to that in a horizontal plane without slope or seepage effect, 7., can be found by

multiplying the terms in Eq. 2.23 with those in Eq. 2.24 as

2 [
[3‘—0] =cos€[l— tan@)(1—%]' (4.35)
Us, tan ¢ i

or, % =K'(0,9,i) (4.36)
T

4

where K'is a function of slope of the bed, 8, the angle of repose of the sediment particle,
@, and the hydraulic gradient, i, (since i, has a typical value of 1 as discussed in Chapter
2). The slope of the boundary at tube level, for every equilibrium scour hole profile does
not vary significantly. This will be discussed in the following section. Again, as in this
experiment the hydraulic gradient for seepage flow, i, in the scour hole boundary at tube

level (point A4) is small compared to its critical hydraulic gradient i, K' could be
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considered is a function of ¢ only. Therefore, Eq. 4.34 can be written as follows by using

the relation in Eq. 4.36

T vU,; a’6

T, = -k——(";p—j =K"(p)p

(4.37)

tl
where K' and K" are function of the angle of repose of the sediment grain. From Eq. 2.19
(which was derived from the Shields curve) we can see that the critical shear stress of

cohesionless materials in a horizontal bed is a function of dimensionless particle

2

1/3
diameter, D" = D[Mil , and the angle of repose of the particle, ¢. Using this
pv

equation, Eq. 4.37 and 2.19 (when D+ < (.3), the following relation can be derived.

= K”((o)p = (ps - p)Dg x0.5tan ¢ (4.38)

After some simplifications Eq. 4.38 can be written in the following form

r_( K@) Y (R (4.39)
d \0S5tane R, '

is the densimetric Froude number of the particle and

g(ps -2)p
p

R, = Yod is the Reynolds number of the flow in the tube. Again, using Eq. 4.24 and.
v

4.39, we get

1/7
F
—'_c K"(o)P’ : hen D+ < 0.3. 4.40
d +[ ((0] |:(05t )2 j| when < ( )
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The critical shear stress of the particle for other range of values of dimensionless particle
size D*, can be obtained from Eq. 2.20 to 2.22, and the following relations can be

developed in the similar manner

’ . i F32pos 1
~=C, +[K"(p) Y ; when 0.3 <Ds<19  (4.41)
d | (0.25tang)’ R,
r F68 2/21
7, nf \2/7 0
“=C +[K"(p : when19<D«<50  (4.42)
d &) | (0.013tan g)’ Ré'SRS‘"S}
and

177
r, 2/7 Fy
- =C, +[K"(p) T ; when D+ > 50 (4.43)
d (0.06tan ¢)* R,

Uy .
where C; is a constant, K” depends on ¢, R, = —>— is the Reynolds number of the flow
v

U . . . .
in the tube, F, = ——-——1is the densimetric Froude number, ¢ is the angle of
g( Py~ p) D
p

0
v

repose of the sediment grain, and R, = is a Reynolds number of the particle on bed.

Note that these equations apply only to the cohesionless sediments since relations for 7,
have been obtained for cohesionless sediments. Appendix B provides more details of the
above theory.

The above discussion was focused on the equilibrium scour hole formed when the
tube is set on or below the bed. The velocity on the bed for that case was derived by
using continuity equation. The following provides a theoretical analysis for the

conditions when the siphon tube is set above the bed (zp > 0). In this case, the potential
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flow theory will be used as an attempt to derive the radial flow velocity over the edge of
the scour hole boundary.

When the ratio of the diameter of the tube inlet and its distance above the bed is
very small, the center of the tube can be considered as a point sink. As discussed in the
review of literature, just after start up of this configuration, the flow around the tube can
be described as potential flow (Apgar and Basco (1975)). If the inlet resembles a point
sink, then using Eq.2.4, the radial velocity over any point on a rigid horizontal bed

becomes

SR S (4.44)

= e

where r is the radial distance of the point, Q is the flow through the tube, and zj is the
distance of the inlet from the bed. The negative sign in Eq. 4.44 implies the velocity is
towards the centerline of the tube.

As discussed before, most of the sediment is removed in a very rapid manner in
the case when zp > 0. A sketch of a typical scour hole formed at this instant is shown in
Fig. 4.10, where 4 is any point on the edge of the scour hole near bed level. Below the
tube inlet, the bed is no longer horizontal and also the seepage flow is now included in
the total flow, Q. As a result, the velocity over point 4 should differ to some extent from
v, which has been described in Eq. 4.44. Suppose, just before equilibrium, the

component of the radial velocity over point 4 is v,;. Then it may be reasonable to assume

that

vy = 8(0,i, (4.45)
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where g; accounts for the slope effect and the seepage flow and should depend on the
slope at point 4, 8, and hydraulic gradient of the seepage flow at point 4, i. Just before
the equilibrium, it may be reasonable to assume that the streamlines are parallel to the
bed surface, over the point 4 and seepage has a negligible effect on further scouring.

Therefore, at this stage, the parameter, g, (H,i), described in Eq. 4.45 may be considered

primarily as a function of the bed slope, 8. Since the flow around the tube inlet is likely
to be laminar, the velocity distribution can be expressed by the similar equation as Eq.

4.27. In this case, the dimensionless distance from the bed is

' “Vu

n=z

In a similar manner as in Eq. 4.31, we get

ou' 2 -, 2 |-v
— == /—’ =— . (4.47)
(az jA V3 (zg + rz)mv V3V v

where 7, = Jizé +r? ’ the aerial distance of the point 4 (the distance between the inlet

center and the edge of the scour hole boundary) when the inlet is considered as a point
sink, and r its radial distance from the centerline, and z, is the height of the point sink
above the bed level and using Equation 4.45, 4.46 and 4.47 we get (More details are

given in Appendix B)

ou' 1 |[g,@)FUid
= | = 48
(5Z'L \/384\/ vr) (4.48)

The scouring process ceases, as the bed shear stress at point 4 reduces to its
critical value 7.4, Multiplying both sides of Eq. 4.48 by u, similarly as in Eq. 4.34, we

get
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[, [vUid’s
Ty 10
. al

(4.49)

where 7.9, = the critical shear stress of the sediment particle when a bed slope and
seepage flow is present. At equilibrium there is no particle movement inside the scour
hole and the radius at the bed level is now increased to r, which be expressed as (Fig.
4.10)

¥y = F,o SNy (4.50)
where i is the angle between the tube centerline and aerial radius, r,. Hence, Eq. 4.49

becomes

g, (0"  |vUzd®sin’y
cls
19.6 rh

4.51)

From the experiments, it has been observed that, for the case zy > 0, at the edge of the
equilibrium scour hole (point 4 in Fig. 4.10), the slope & is not the same. Therefore,

using Eq. 4.36 and 4.51, the critical shear stress at horizontal bed can be expressed as

_ [2,(6)]" vUsd® sin’ y
° 19.6K'(8,0,i) r

(4.52)

where K'(6,¢,i) = the ratio of the critical shear stress in the inclined sediment bed to that

in the horizontal bed of a cohesionless material (Eq. 4.36). In this case, if the hydraulic
gradient for seepage flow is very less compared to its critical hydraulic gradient, K’

should be the function of # and ¢. Therefore, Eq. 4.52 can also be written in the

following form

3 16
. = [K"(0,0)sin*? y]p | 724 (4.53)

a0
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where K" is a parameter that depends on the bed slope, 8, and the angle of repose of the
particle, ¢. If the dimensionless particle size D+ < 0.3, the following expression can be

derived in a similar manner as in Eq. 4.39

Tao _ [[K "(6,9)sin>"’ W]I”(F_f}w (4.54)

d 0.5tan ¢ R,

Eq. 4.54 has been derived for the scour hole formed by a point flow located above a
cohesionless sediment bed. In the actual situation, we used siphon tubes of different
diameters. The diameter has some influence on sink strength along the radial direction as
well as the resulting scour radius. If the diameter of siphon is bigger, the flow converges
at some radial distance away from the center which is in case of pipe negligible diameter
converges at closer to tube center. This effect has been depicted in Fig. 4.11. Therefore
we can expect greater scour radius and thus greater aerial distance in the actual situation
and this might be reasonably assumed as

r,=r,,+C,d (4.55)
where r, = the scour hole radius formed when tube inlet has a diameter d, and C, is
another constant. Hence Eq. 4.54 becomes

1/7
r " 27| Fysin’y
Lo _ ¢ +[K™(o, 0 ¥ | whenD+<03 4.56
d 2 [ ( (0)] {(O.Stan(p)zRoJ ! ( )

Similarly using Eq. 4.53, and the value for 7. (from Eq. 2.20 to 2.22) for other ranges of

values of D», we get

32 p08 (2.3 177
To -, 4 [K"(0, )| L RSV | en 0.3 < Da< 19 4.57)
d (0.25tan )’ R,
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7 /7 E¥sin’ y

=, +[K"(8, 0 . when 19 < D+ < 50 (4.58)
d [K"(@.0)F [(0.0l3tan o) RISRO®

and

r F}sin’ y v

=, +[K"(6,0)]"| —2 d ; when Ds> 50 (4.59)
d (0.06tan ¢)’ R,

Note that the above equations should apply only for cohesionless materials.

4.3.2.2 Validation of the Theory using Experimental Data

The theory developed in the previous discussion will now be evaluated using the
experimental data of the equilibrium scour hole radii, #, and r,. This validation can
enable us to find the prediction formula for the length parameters that incorporates the
theoretical functions. First, the data of equilibrium scour hole radius at tube level r,,
from the present study as well as those from Mazurek and Rajaratnam (unpublished) are
used for the case zp = 0 and zp < 0. Later, for the case zy > 0, the aerial radius 7, of the
equilibrium scour hole obtained from the present study and from Brahme (1983) are
tested to validate these functions. Table 4.10 shows the values of the dimensionless
particle diameter D+ of the cohesionless materials used in the present studies as well as in
Mazurek and Rajaratnam and Brahme (1983). The angle of repose, ¢, at submerged
condition used was (from Simons, 1957) as nearly 30° for all the materials. Therefore,
for all of the materials used in different studies, the dimensionless particle diameters are
found within the range of 0.3 < D+ < 19 (Table 4.10).

For the equilibrium scour radius at tube level, we will use the functional relation

described in Eq. 4.41. Fig. 4.12 shows a plot of 7, data from this study and Mazurek and
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Rajaratnam (unpublished) the have been related by a single straight line with the

theoretical function. This relation can be expressed by the following equation

Y,

SR

F3‘2R0'8 7
=0.320+0.450x L (4.60)
(0.25tang)’ R,

where, Fy = the densimetric Froude number, R, = the particle Reynolds number, Ry =
Reynolds number of the flow in the tube, and ¢ is the angle of repose of the sediments.
This equation has a correlation coefficient, R?, of 0.95. This equation is an improvement
over Eq. 4.10 and 4.11 since a general relation is obtained for the two different

experiments. Comparing Eq. 4.41 and 4.60 we can see that, C; = 0.32 and K ”((p) has a

constant value of 0.06.

For the aerial radius, r, of the equilibrium scour hole, data from the present and
that from Brahme (1983) are used as before. Brahme used three different cohesionless
materials of different mean diameters, whereas in the present study only one sand is used.
The dimensionless particle sizes for different materials are shown in Table 4.10. Since
all the particle fall within the range of 0.3 < D« <19, we must use the function described
in Eq. 4.57. Fig. 4.13 shows the plot of dimensionless aerial radius r, with the theoretical

function. The relation is fitted with a straight line having the following equation

(4.61)

32 508 .3 Y7
%=O.240+0.463X{F° R;”sin ‘”]

(0.25tan¢)’ R,
This equation has a value of correlation coefficient, R* of 0.93. It is evident that, Eq.
4.61 has a general applicability since both the experiments were used in different scales

with a variety of cohesionless materials, where using only the densimetric Froude

number, we obtained separate relations for each sediment material (Eq. 4.12 to 4.15 and
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Fig. 4.5). By comparing the coefficients in Eq. 4.57 and 4.61, it can be noted that,
K"(6,¢) in Eq. 4.57 appears to have a very weak correlation with %" and may be taken

as a constant. The value of K" here is 0.07.
In both of these equation (Eq. 4.60 and 4.61), we can see that the constants C; and
C, has value of 0.32 and 0.24 respectively. This implies that the tube diameter has an

added effect on the equilibrium scour hole radii.

4.3.2.3 Applying the Theory for Predicting the Equilibrium Scour Hole Depth

The functional relationships developed above were for the equilibrium scour hole
radii. The following provides an attempt to correlate the maximum depth with the scour
hole radius at the tube level that might help to find a prediction formula for this depth, as
it appears that Reynolds number should be included in the relations.

The maximum scour depth is measured from the inlet and plotted with the radius

at tube inlet (Fig. 4.14). They can be related by the following formula

fm —0.410x7L~0.13 (4.62)
d d

This equation has a coefficient of correlation, R?, of 0.95. From Eq. 4.60 and 4.62, it is
evident that, % also has a relationship with the previously developed function (Eq.

4.41). Using the experimental results of the relative maximum scour hole depth at

equilibrium, &,,, and corresponding values of the theoretical function are plotted in Fig.

rm>

4.15. This plot is fitted with a straightline which also has the equation as

m —(0.205 xli
d

32 p08 177
R, } (4.63)

(0.25tan ) R,
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This equation fit the data with an R?> = 0.90. Unlike the formula for predicting 7, (Eq.
4.60), the straight line in this case goes through the origin. Therefore it can be said that
diameter of the tube inlet possibly have no additional effect in predicting the maximum

scour hole depth, ¢, .

4.3.2.4 Applying the Theory for Predicting the Threshold Heights

For threshold heights the shear stress at bed cannot be explained the theory that
discussed above. This is because the velocity of the flowing fluid is approaching towards
the center loses its radial component (the flow becomes vertical as it moves through the
tube). Therefore transfer of momentum to the bed and thereby bed shear stress is reduced
to zero as the fluid particle closes to the center. The location and the magnitude of the
maximum bed shear stress for different inlet heights are yet to determine to obtain any
theory for predicting the threshold heights. The present study does not include this
analysis. However, the functional relationship derived for the scour hole radius at tube
level, 7, here has been used to examine their correlations. Data from the present study
and those from Mazurek and Rajaratnam has been used for this purpose. Fig 4.16 and
4.17 show plots of the threshold heights for critical and general movements of the
particles fitted with the theoretical function (as specified in Eq. 4.41, 4.60, 4.63). These

has been (Fig. 4.16 and 4.17) and related with the following equations

32 p08 17
Ze _0240x| — 10 Rs . (4.64)
d (0.25tan p)* R,

32 p08 177
Ze _0213x| Lo K (4.65)
d (0.25tang)’ R,
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Eq. 4.64 and Eq. 4.65 are fitted with a coefficient of correlation, R?, of 0.89 and
0.91 respectively. The equation for the critical height (Eq. 4.64) shows a better
correlation than what obtained with the densimetric Froude number (Eq. 4.18). Again,
Eq. 4.65 is a general form for both the experiments thus an improvement over the
previous equations as described in Eq. 4.19 and 4.20. It is noted that the equations for
dimensionless height of general movement (Eq. 4.65) and dimensionless maximum scour
hole depth (Eq. 4.63) contain almost same coefficient for the theoretical function. This
shows that the maximum depth below the tube is almost the same as the tube inlet for

general movement, z, which would intuitively be the case.

4.6 The Scour Hole Profiles at Equilibrium State

As discussed in Chapter 3, due to its axisymmetric pattern, scour hole profiles
were measured only one diametric direction. Appendix A gives the complete data for the
scour hole profile measurements. In the case when zy = 0 or zy < 0, several different
scales were tried to nondimensionalize the scour hole profile data. These include the
scour hole radius at bed level and the radial distance at half of the maximum scour hole
depth for the scale for radial distance r, but yielded no good correlation. Again, the
maximum scour hole measured from the bed level also tried as a scale for depth (or axial
direction). This also did not work well to collapse all the data. A similarity in the scour
hole profiles have been found when the scour hole profiles are normalized with the radius
of the scour hole at inlet level, r,, as the scale for the radial distance; and the maximum
scour depth from the tube inlet level, &, as the scale for scour depth. The data of the
present study are used for the dimensionless profile. Fig. 4.18 and Fig 4.19 shows the

plots of the normalized scour hole profiles of different tests for tube set -2.54, 5.08, 7.62
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and 10.16 cm below the bed and on the bed respectively. All of the profiles fall within
the same curve. The origin of this nondimensionalized profile is the center of the tube
inlet. The equation of the dimensionless scour hole profile below the tube level can be

expressed as follows

3 2
& =-1.32><(1j +3.83>{1] —1.72><(LJ—0.79; (when 0 << 1) (4.66)

€ r, v, v,

rm t 1 rt

This relationship fit with data with an R*> = 0.95. Using Eq. 4.66, we can find that the

. o . ro.
maximum scour depth occurs at a radial distance of 0.26r,. Again, when — is greater
t

than 1, and Er g positive, a linear relation has been found which is shown in Fig. 4.18.
€

m

This can be expressed by the equation

S =2.147>{1 —1} (when - >1) (4.67)

F h

For this part, a correlation coefficient R* = 0.99 has been found.
By using Eq. 4.62 and 4.67, we can get a relation between scour hole measured

from the original bed and the radial distance. This can be expressed by the following

equation

e, =(0.88—-0.314x£)(r ~r,); (when L->1) (4.68)

h "

From the experimental result, a has been found within the range of 0.28 to 0.94. Using

h

these values, the scour hole boundary above the tube level has a slope within 35° to 40°.
This range of values of slope is somewhat greater than the angle of repose in the two-

dimensional case which is about 30°. The increase in the angle of repose might be
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expected since the particles are more stable because of dynamic flow conditions and the
conical shape in the scour hole around the tube axis.

In the case when tube is set above the bed level (zg > 0) the scour hole radius at
bed level was checked as a scale for radial direction and found inappropriate. Again, no
r; data can be obtained from the experiments when tube is above the bed level.

Therefore, for each test, the imaginary radius #, at tube level is obtained by putting the

32 p038
0

value of the function ————*——
(0.25 tan (p) R,

in Eq. 4.60. Now the radial distance of the scour

hole profiles are normalized by r, values. The depth is normalized as before by the
relative scour depth &.,. Only data from the present study has been used for this purpose

which is plotted in Fig. 4.20. This relation fits with the following equation

¥, Y, ¥,

arm ! 1 !

3 2
& =-1.59x[1j +3.94x[—’;\] —1.73{1}—0.79; (when 0 << 1) (4.69)
¥,

t
This equation fitted with the profile with a correlation coefficient, R%, of 0.89. The
correlation in this case is not as good as in previous cases since a small setup is used in

the experiment which might have led observation errors.

4.7 Analysis of Errors

The following provides estimates of the errors in measured and derived quantities
in the present study. The calculations used in estimating these errors are based on
Topping (1957). The errors given are the maximum errors and thus represent the worst
case.

The flow was measured using a bucket of known volume and stop watch. For the

same pump configuration and experimental setup, flow rate differs 2.0 % from the mean

83



value thus an error of 2.0 % is estimated. The tube diameter has an estimated error in
measurement of 0.1 mm which was the precision of the digital calipers used for the tube
measurements. This gives an error of 1.0 % for 9.67 mm tube, 0.70 % for 13.86 mm tube
and 0.5 % for 20.4 mm tube. The maximum errors in the velocity measurement for each
tube are obtained as 4.0 %, 2.4 % and 2.0 % respectively. The measurement of mean
grain diameter has a largest possible error possible error of 3.5 %. Using these errors, the
UO

g(ps—ij
p

error in the densimetric Froude number, F; = ,can be calculated estimated

5.6 % for 9.67 mm tube, 4.2 % for 13.86 mm tube and 3.8 % for 20.4 mm tube.

The maximum possible errors in determining tube Reynolds number, Ry, are 5 %
for 9.67 mm tube, 3.1 % for 13.86 mm tube and 2.5 % for 20.4 mm tube. The particle
Reynolds number, R,, is calculated with the maximum errors of 7.5 % for 9.67 tube, 5.9
% for 13.86 mm tube and 5.5 % for 20.4 mm tube.

Therefore, the maximum error the calculated value of theoretical function

32 p038 v
[(O 21;" R, )2R } can be approximated as: 6.7 % for 9.67 mm tube, 6.9 % for 13.86
Zi)tang) K,

mm tube and 4.1 % for 20.4 mm tube.

The tube position was calculated with a Vernier scale having a precision of 0.254
mm. The minimum tube inlet position was 1.27 mm for all the tubes. This gives the
maximum percentage of error 20 %. The error in the measurement of the tube inlet
height iz, estimated as 2.5 %. The same scale was used for determining the heights for
critical and general movement, z, and z;. The lowest value found for these lengths are

7.62 and 5.53 mm and therefore the maximum percent error of 3.3 % and 4.5 %
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respectively. Again the scour depth was measured by a digital point gauge with a
precision of 0.01 mm. However due to error in observation this error can be as high as 10

%. This estimation was made by the deviation from the mean value of several readings
of the same scour hole depth. Therefore relative maximum scour depth, €,,, =& - z;, has

the most probable maximum error of 10 %. The minimum equilibrium scour hole depth
at tube inlet level, 7, is 19.0 mm. The possible maximum error in all the derived and

measured quantities is shown in Table 4.11.

4.8 Discussion

The siphon tube diameter has been found to be the best scale for normalizing all
the length parameters. The relations obtained from dimensional analysis give reasonably
good results for the length parameters when particular sediment is taken into
consideration. However, they show quite distinct curves when compared with those
obtained for other sediment particles used in different experiments. It appears that
besides the densimetric Froude number, Fy, other sediment characteristics and its
behavior in the flow have important effects on the equilibrium scour hole dimensions and
the threshold heights. All the length parameters were fitted by power curves with the
densimetric Froude number of the particle.

Theoretical analysis was based on comparing the viscous shears stress exerted on
the particle at equilibrium and its threshold shear stress. An effort has been made to
determine the functional relationship for the equilibrium scour hole radii. It has been
found from the analysis that these scour hole radii are related to a dimensionless term that
includes the tube Reynolds number; and densimetric Froude number, Reynolds number

and dimensionless diameter of the cohesionless sediment particle. Experimental data
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from the present study and studies by Mazurek and Rajaratnam (unpublished); and
Brahme (1983) were used to validate the theory. Both the dimensionless scour hole radii,

h

(; and%“), well fitted by common straightlines for all the experiments. Again, the

function also showed a general relation when the maximum scour hole was fitted with it.
It has been noticed that, the flow towards the inlet can be considered as a sink flow if the
maximum depth is taken into account. For the scour hole radii, the size of the tube has an
incremental effect.

The threshold heights for particle movement showed better relations with the

[4

z
theoretical function. Both % and 7g are fitted with general straightlines, when the data

of the present study as well as those of Mazurek and Rajaratnam (unpublished) are
plotted together.

The scour hole profiles for all the case were found similar when normalized with
the relative maximum scour depth as depth scale and radius of the scour hole at tube
level. These profiles were fitted with a common equation for the condition zy = 0 and z
< 0. However for the case when zy > 0 the profile show a slightly different relation. The
slope of the scour hole above the tube inlet level for all tests has been found to be almost
same which is approximately 35° to 40° above the horizontal direction. The radial

distance of the maximum scour hole depth was obtained about 0.267, from the centerline.
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Table 4.10: Calculation for dimensionless particle diameter (D) for different studies.

DSO

Dso

Study/Material D.
(mm) (mm) p

Present Study 0.58 30° 0.58 2.65 14.64

Mazurek and Rajaratnam 0.19 30° 0.19 2.65 4.81

Brahme (1983) Fine Sand 0.22 30° 0.22 2.66 5.58

Brahme (1983) Medium Sand 0.40 30° 0.40 2.64 10.10

Brahme (1983) Microbeads 0.10 30° 0.10 245 243
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Table 4.11: Maximum errors in measured and derived quantities.

Quantity Maximum Error Notes
0 up to 2 % of flow rate From deviation from the
mean value

1.0 % for 9.67 mm tube
0.7 % for 13.86 mm tube

0.5 % for 20.4 mm tube
4.0 % for 9.67 mm tube
U 2.4 % for 13.86 mm tube
0 2.0 % for 20.4 mm tube
5.6 % for 9.67 mm tube
F 4.2 % for 13.86 mm tube
0 3.8 % for 20.4 mm tube
5.0 % for 9.67 mm tube
R 3.1 % for 13.86 mm tube
0 2.5 % for 20.4 mm tube
7.5 % for 9.67 mm tube
R 5.9 % for 13.86 mm tube
s 5.5 % for 20.4 mm tube
o 10 %
32 108 1/7 6.7 % for 9.67 mm tube
FS°RS 6.9 % for 13.86 mm tube
(O 25tan (0)2 R 4.1 % for 20.4 mm tube
. 0
Zo 20 %
e 10 %
& 224 %
r 0.1% estimated
¥ 0.1% estimated
Ze 20%
Zg 20%
norn 1.1%
d’ d
23.4 % for 9.67 mm tube
Em 23.1% for 13.86 mm tube
d 22.9 % for 20.4 mm tube
20.1% for 9.67 mm tube
z, Zg 20.7% for 13.86 mm tube
;l'_ > 7 20.5 % for 20.4 mm tube
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Fig. 4.1: Photograph of the some typical scour holesat equilibrium.
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<«+—— Siphontube ———»
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In case when d is very small In case when d is large

Fig. 4.11: Possible effect of tube diameter on flow convergence at bed.
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CHAPTER 5: CONCLUSIONS

5.1 Summary of Observations

A review of literature showed that scouring by siphon has received a little attention
and studies were mainly empirical in nature. The present study contributes a
comprehensive investigation of the equilibrium scour hole geometry and the threshold
criteria for removal of cohesionless sediments by a siphon flow. The siphon tube
selected was cylindrical in shape and set vertically on, above, or within the sediment bed.
Initially, dimensional analysis was used to find prediction formulae for the scour hole
dimensions and heights for critical movement.

Later, an attempt was made using a theoretical analysis to find dimensionless
functions that affect the length parameters related to siphon scour. The following
significant observations were drawn from this study:

1. Most of the scouring occurred very rapidly and normally within a minute, for all the
tube positions. After removal of most of the sediment, the scouring occurred
intermittently and continued for a few minutes (normally 10 to 15 minutes). In this
period, a single or few particles around the boundary of the scour hole have slide
down towards the center and then immediately removed into the siphon tube. After
this intermittent scouring the scour hole reached equilibrium and there was no
movement of particles on or outside the scour hole.

2. The equilibrium scour holes were axisymmetric and looked similar in shape. The
radius of the scour hole could easily visible in every test. The maximum scour hole

depth occurred at some radial distance away from the center, and encircles a small
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conical hill located at the center. This distance to this maximum depth was found to
be 0.26 times the radius of the equilibrium scour hole at the tube level.

The dimensionless analysis yielded a general relation of the dimensionless length
parameters and the densimetric Froude number. All of the length parameters related
to siphon scour have been normalized by the inside tube diameter and fitted by power
curves with the densimetric Froude number. These length parameters found
increased at a decreasing rate with an increase in the densimetric Froude number. For
a particular type of sediment, they showed good correlations with the densimetric
Froude number. However, the relations were quite distinct when compared with the
same length parameters where different sediment particle were used in the
experiments. This indicates that the densimetric Froude number alone is not enough
to describe the length parameters related to siphon scour.

An approach from thoretical point of view resulted in general semi-empirical
relationships for the equilibrium scour hole radii, (7, and ;). These functions have
been derived by comparing the threshold criteria for sediment movement and the
viscous shear stress on the particle at equilibrium. For both the equilibrium scour
hole radii, the function differed with different ranges of value of the dimensionless
particle diameter, D*. These theoretical functions implied that, although the
densimetric Froude number has an important effect, other particle and flow properties
(such as the Reynolds number of the flow through the tube, the angle of repose, and
the Reynolds number of the sediment particle) have also some influence on the
equilibrium scour hole radii, , and r,. Experimental data of the scour hole radii,

and r,, obtained from this study as well as from other studies have been used for
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10.

validation and general linear relationships have been found for each of the radius.
Thus, it may be concluded that the function has a general applicability regardless of

the size of the cohesionless sediment and the scale of the experiment.
o . . . T v .
The straightlines for the dimensionless scour hole radii, —6-;1- and:‘;- , and the theoretical

functions found to cross the positive Y-axis at 0.32 and 0.24 respectively. This

indicated an incremental effect of the inside tube diameter on the scour hole radii.
The experimental data of the dimensionless scour hole radius at the tube level, A

varies linearly with the dimensionless maximum depth of equilibrium scour hole,
grm
I

€ rm

A general relationship has been found with and the theoretical function. This

relation was a straightline passing through the origin. Therefore it could be suggested
that there is no additional effect of tube inlet diameter on the maximum scour hole
depth.

The height for critical and general movement also showed general linear relationships
with the theoretical function.

The straightlines for the maximum depth of equilibrium scour hole and the height for
the general movement were almost the same. This might imply that the hydraulic
conditions below the tube inlet are the same for both the cases.

A similarity could be found when the scour hole profiles were made dimensionless by
using the maximum scour depth from the tube inlet as scale for the scour depths and

the radius of the equilibrium scour hole at tube level for the radial distance. The
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origin of the profile was the tube inlet. The lower part of the profile was fitted with a
cubic formula whereas the upper portion was fitted with a straightline. The slope of

the scour hole was almost the same and it is within 35° to 40° above the horizontal.

5.2 Conclusions

The main conclusions of this study are as follows:

1. Besides, the densiometric Froude number; the Reynolds number of the particle as
well as of the flow through tube are needed to obtain proper scale.

2. The maximum scour hole dimensions (depth and radius) at equilibrium, can be
predicted if the tube diameter, flow rate, fluid properties (kinematic viscosity and
density); and the particle properties (particle mean diameter, density and the angle of
repose) are known.

3. The scour hole profiles are similar in shape and they are fitted with common
equations. Therefore, using these equations, the actual scour hole profile can be

obtained if the maximum dimensions (depth and radius) at equilibrium are known.

5.3 Recommendations for Future Research

The theoretical derivation assumes the velocity distribution in the boundary layer
to be the same as in case of line sink located on the rigid bed. This should be measured
with proper accuracy to get the actual shear stress on the sediment bed. The theory for
determining the heights for the threshold movement should be studied. The location of
the maximum shear stress around the centerline might be necessary to know in order to
derive the theory. Bigger experiment scale, and different types of soil and fluid should be

used for this purpose.
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Although this study covers analyses for the uniform cohesionless sediment
materials; investigation should be carried out on other type of soil such as the non-
uniform cohesionless sediment and cohesive soils. The role of seepage flow in predicting
the equilibrium scour hole dimensions should also be examined. The present study
considers the tube inlet which is deeply submerged. The effect of lower submergence of
the tube inlet on the scouring should be studied. A similar experiment should be carried
out where a stream flow is added perpendicular to the tube axis. Again, the transient
nature of the scour hole dimensions should be studied. The generation of the vortex
below the tube inlet caused excessive removal of sediment and random values for the
scour depth. The present study has not elaborated on this phenomenon. This should be

studied further.
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APPENDIX B

Explanation of the Derived Equations
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The following provides explanations of the derived theory on page 70-75. Applied shear

stress on a point horizontal plane equivalent to that of at point A

, Uld®
1'C=Kl(¢))p Y 07

"

Threshold shear stress of the sediment

17,, =0.5tang; when D« < 0.3

T
where, 7., = £

(p, - p)Dg

or, T, = (ps — p)Dg x0.5tang

putting the above value of 7. in Eq. 4.37, we get

ngd(’ 3

=
™

K"(o)p

Multiplying both side by d'’

vU,

K"(p)p

¢l

or, K"(p) (VU = (ﬁ

d

]
(ujpgx(o.sw)dw
p

% (05tang) U,d
Stang (ps—p]Dg 0

p
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(Ps - p)Dg x0.5tan¢g

3 47
o _ (p, - p)Dgx (0.5 tan )"
Y,

KII(¢) U(? v =(r’_lj7/2

[ Eq. 4.37 on page 70 J

[ Eq. 2.19 on page 17 J

[ Eq. 2.38 on page 71 J




2/7

Using Eq. 4.24 on page 67we get

1/7
Q= " 7 E)4 [ ]
y C + [K ((o) |:———(O.5tan (p)2 R0j| Eq. 4.40 on page 71

Again when 0.3 <D« <19

7, =0.25D tang [ Eq. 2.20 on page 17 }

Using Eq. 4.37 and 2.20, we get

3 76
K"(p)p ZVU(’:! =(p, — p)Dg x0.25D;° tan ¢
Fa

3d’ 1/3
or,  K(p)p /2%~ (0.25tanp)xd"*(p, - p)Dg[D{(ﬂs—zp)g} }
pv

-0.6

" 173706
o, K'lp) __ U; D{(ps—p)g} ] _y_{g)m

pv* U,d d

K'p) Ui | D" {o}s-p)ug}“} £ H

or, 0.4
(O.25tan(o)(ps _'Dng R p Ud \d
p
" 16 0.4 04 712
or K'(p) Uy Uy*D v {ﬁ)
’ v ud \d

(0.25tang) {( % JDg}M
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Ku((o) E)LGR?A:(i 72

or, ((),25tan (p) R y
or T _ K"(go) F;)I»GR;)A 1217
» d (0.25tan ¢) R(l)/z |

32 p08 117
or, 1=[K"(p) /7[( £ R, R}
0

d 0.25tan g’

Using Eq. 4.24,

) R"® " [ Eq. 4.41 on page 72 J
- O ]

|

0.25tanp) R

when 19 < D« <50

7., = 0.013D* tang [ Eq. 2.21 on page 17 ]

Now from Eq. 4.37 and 2.21, we get

3 76
K)o 2909 _ (5, - p)Dg x0.013D2 tang

t1

7
or, K'(p)p YUyd =(0.013tanp)x d"*(p, — p)Dg x D**

rtl
17374 772
{(ﬁwp)g} ] (mj
=Dy -
pv d
04

ST A A
’ (0.0l3tan¢)(ps—ijg v p d \d
p

K"(p) 1 vU?

or,
(0.013tan(0)(ps -ijg d
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SO S S o

(0.013tan (0) {[ _ J }3‘4 U0.8D0.8
P P 0
—~— |Dg
p

K”(¢) [FO6'BT/3 =(i 7/2
(0.013tang) [g3]“R1>  \d

or,

o K"(ﬂf’) [E)&Srm I
or, 4 = /3
d | (0.013tang)[ros|" g2 |

Now, using Eq. 4.24, the above equation becomes

2/21
h " /7 F;)6'8 ( h
L=C+|K Eq. 4.42
d [K"(o) [(0.013tan (p)Rf-"R;j} = onpage 72 |
Again, for D« > 50 the threshold shear stress p \
Eq. 2.22 on page 17
7., =0.06tan ¢ C )

Now comparing Eq. 2.22 and 2.19 and using Eq. 4.37, similarly as in Eq. 4.40, we can

derive

4 1/7
=C]+[K"((o)2/7|: Iy )2R} [ Eq. 4.43 on page 72 ]
0

n
d (0.06tan g
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v = 9 r Eq. 4.44 on page 73 ]
r o 202 +r2 /2 L
Eq. 4.45 on page 73
vrb = gl (0’ l)vr — ~
(?ﬂi) _2 __L _2 ﬁ [ Eq. 4.47 on page 74 |
')y 3 (zg +r2)1/2v V3 v - /

Using Eq. 4.44 and 4.45

) Y, r
oV = "gl(ea’)gm
0

Assuming that the seepage flow has little effect on scouring and using the above value of

vy in Eq. 4.47, we get

o), B

A _7—5 (zé +r2)1/2v B \/5 YoV

since r =r,,siny LEQ- 4.50 on page 75 ]

orT
1(9 A3
(Gu') 2 -v 2 {g( )27rrao:|

Uynd® . ]3
siny

o, (5“'] _2g 00" [ 87

g ;\/3 ragov r=r,
3/2 ) . 3
or (61} @) |lvud’siny]
’ oz'), /384 2y
Multiplying both sides by u
(au’] [2,0)]"* [an’2 sinz,u]3
M F = tcﬂs = pv 9
Z A 196 raOv
or, T = &, @) p VU3d69Sin3 1d [ Eq. 4.52 on page 75 J
19.6 Fo
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