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o ABSTRACT

The importance of Sediment Engineering in
relation to the design and maintenance of irrigation
structures 1s being realized increasingly by both
hydreulic and irrigation engineers. Though great strides
have been taken during the last 25 years toward the solu-
tion of many of 1ts complicated problems,there are still
many more awaiting solution. One of the problems which
has hitherto received very little attention 1s that of
scour by Jets.

A Jet may be square, rectangular, circular, or
even tubular in cross section. When the flow through
the outlet condult of a dam, for instance, 1s regulated
by a needle valve at the downetream end,6 the resulting
discharge 1s in the form of a solid circular jet. In
recent years, however, there has been an increasing use
of the hollow-Jjet valve on many irrigation projects.

This velve has a smaller cost-discharge ratio and is so
arranged that all the mechanical parts are easily re-
moved. Water discharges from this valve in the form of

a tubular or hollow Jjet.

The problem
The problem for which this thesis seeks to



furnish an answer may be gtated as follows: Vhat 1is
the scouring capacity of a hollow Jet of water and how
does 1t compare with that of a sgolid jet?

Anelysis of the problem.--A general appraisal
of the problem presents the followlng questions:

1. VWhat are the factors affecting the

phenomenon of gcour by jets?
2. How do thesé factors govern scour?
3. How does the hollow jet compare with the

solid Jet in respect to scouring capacity?

Factors affecting scour by Jjets

There are several factors that exert influence to
a verying degree on the phenoménon of scour. Some of
them have a direct bearing on the problem and the others
are related only indirectly. All of the important
fectors may be grouped under four headings.
Characteristics of the Jjetg.--Important factors
included in this group are:
1. Shape of Jet
2, Area and velocity of Jet
3. Height and travel of jet
4, Inelination of jet.
Cherscteristics of the pool.--The factors
thet are related to the pool are:
5. BSize of pool
6. Initial disturbances in the pool.



Cheracteristics of the inflow.--The two main
factors that charscterize the inflow are:!

7. Sediment load of inflow
8. Duretion of inflow.
Charascteristics of the sediment.--Important
factors included in this group are the following:
9. Mean fall-velocity and standard deviation
of the sediment

10, Shear resglistance Qf the bed material.

Theoretical analysis
Problems dealing with clear water having no

sediment load are often so complicated thet it is
difficult to solve them rationally. Taken with its
sediment load, however, the flow depends upon so many
variables it 1s generally impossible to solve the
problem from the rational point of view.

In the first place, if the Jet 1s discharged
into the ailr i1t entraine the alr and disintegrates
before 1t strikes the surface of the porl, After it
plunges into the pool it diffuses until it reaches the
bed and scours a hole in it. The material thus loosened
18 carried into suspension or along the bed by the
turbulent: eddies of various sizes. Much more informa-
tion on the diffusion of jets in eir and water and the
turbulence mechanism, all of which are involved in the

phenomenon of scour, is needed before analytical



solutions to the problems of the type of scour by jets
can be attempted. A theoretical approach in such cases,
therefore, 1s no closer to the prediction of the needed
solution than the recognition of the parameters which

are involved in the phenomenon and their generalized
functional relationship. It is believed that dimensional
analysis offers the most direct means of exploring the
general forms of functional relationships between the
variables.

Dimensional anslysis.--For purposes of dimen-
slonal analysis, all the variables that govern the
phenomenon of scour by Jets may be arranged under four
groups.

a. Geometric characteristics -- Let the

extent of pool be L units long, B wunits wide and D
units deep. Further let d be the depth of sediment,
H be the height of the exit of the jet above the bed, 6
be the angle which the center line of the jet makes with
the surface of the pool, and f be the shape factor for
the jet.

b. Flow characteristics -- Let A and V Dbe
the area and velocity of the Jet respectively, t Dbe
the duration of inflow, D, be a term characterizing the
initial disturbance in the pool, D be the coefficient
of turbulent diffusion in the pool, and Cg be the

concentration of gediment in the jJjet.



c. Fluld characteristics -- Let p be the
mass density anduﬁl the viscosity of the water at
temperature t,.

d. Sediment cheracteristics -- Let w, bDe
the mean fall-veloclty of sediment, Gy the standard
deviation of the fall-velocity, and g the mass density.
Further,let p Dbe a factor representing the 'shear
capaclty of the sediment and h be the depth of scour.

At the outset, it is clear that too many
variasbles enter the problem for an experiment to be
carried out succesgsfully and that some of them must
therefore be eliminated. If it 1s decided to experiment
with a squeare pool which is also free from initial dis-
turbances, then B equals L and Dy need not be
taken into consideration. Further, if the experiment
is so planned that the depth of sediment is never ex-
ceeded by the depth of scour, d can be omitted.
Because the incoming flow will carry no sediment, Cg
may be considered zero.

Except for 1ts effect on the value of wp,
the flow 18 not influenced by vicoslity and consequently
M can be neglected. The material to be used will be
gravel and will not be compacted initially in any way.
Under such circumstances, the water has negligible
difficulty penetrating the bed between the grains.

Therefore, it may be assumed that the factor p has no



significant effect on the results. Both D and h are
dependent varisbles and since there should be only one
such varisble the former is omitted. The most general
relationship between the remaining variables may be

expresgsed ss follows:
¢’|(L: Hi BJ bl f, v: A: t,f,ﬁ,wm,fﬁ, h)'O (1)

Choosging A,f , and w,, as the repeating variables,
dimensional analysis yields
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Further simplification of the problem is necessary, how-
ever, before it could be handled practically. If the
setudies are confined to a Jet with its exit at a constant
level from the bed of sediment, thenxy%%.is constant so
long as the studies relate to a given jet. Furthermore,
iﬁ may be considered constant for all practical purpcses
if water and gravel are used throughout the studles
within a small range of temperature. Further, if the
sediment to be used has & narrow size range;%; may be

m

treated as zero. The resulting relationship then

becomes

L e » £ ’ 115_—-! —b—'s -v—-.! 'Wmt] = 0 (3)



Ir f% , 8 , and f are held constant for a series

of runs then the relation reduces to

,_Y_,Wmt
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from which

Ao ]
If\/—_l—;-— and —A'E- are each divided by J—%— the
relationshlip becomes

T [ﬁ, L. .‘i;f] (6)

It 1s now possible to study, for instance, the varia-
h w.t
tion of 2 with respect —%}- for different values of

Y_ uhile the velue of —2- 1s held constant.

W JA

Delimitation.--Because of the obvious com-
plexity of the problem, this study 1e limited to an
investigation of seour, in a bed of material of rela-
tively uniform size, by a jet from a hollow-Jjet valve
eg compared with a solid jet. The Jet is to be dis-
charged vertically downward from a constant height above

the origlinal level of the bed.

Experimental eduipment
and procedure

The laboratory equipment needed for this



study mainly consisted of devices for obtaining hollow
and solid jets, gravels of sultable size-ranges, a
weter-supply system with means to regulate the discharge,
and a flume to accommodate the gravel and the flow.

Genersl layout of the ecuipment.--A 4-in.
deep-well turbine pump was used to pump clear water from
the sump, located beneath the floor of the laboratory,
through a 2-in. galvanized iron water-supply line.
The discharge through the line was regulated by means
of a valve Just above the floor level. At the end of
the water-supply line was a 2-in. diameter copper pipe
kO 1/4 in. in length with a steel flange at the end to
enable the hollow-jet valve and the solid-J)et nozzles
to be fixed. The febrication of the water-supply line
wasg such that with proper levelling the vertical copper
plpe was exactly centered over the head-box of the
flume containing a bed of gravel.47 in. by 47 in. and
25 in. in depth. A tail-water gate was used to control
end vary the depth of water over the bed. Since it was
necessary to have a known depth of water over the
gravel before the Jet was allowed to strike the pool,
a wooden trough was used to divert the stream beyond
the gravel bed. At the end of the flume was a call-
brated weir to measure the discharge.

A 2-in. brass model of the hollow-Jjet valve,

borrowed from the hydraulic laboratory of the Bureau



of Reclamation, Denver, Colorado, was used to obtein
the hollow Jet. For the solid Jet, two nozgzles with
exit diameters of 1.68 in. and 1.145 in. were turned on
the lathe from solid steel. Two grades of gravel, ob-
tained from the Cache La Poudre River at Bellvue, Colo-
rado, were used. One of them consisted of particles
passing through a sieve with 2 meshee to the inch but
retained by a sieve with 4 meshes to the inch. The
perticle size-range of the second gravel was 1/4 to

1/8 in.

Procedure.-~-To begin an experiment, the gravel
bed was levelled and the wooden trough was placed below
the Jet to divert 1t downstream. The pump wae then
started and, when the level of the water over the bed
was brought to the required depth, the trough was with-
drawn allowing the Jet to strike the pool. Care was
taken to note the time the Jet struck the pool. After
it hed run for the proper length of time, 15 minutes
for inastance, the pump was stopped. The drain-valve
was opened to lower the water-level in the box to expose
fully the scoured reglon. Because the scour was almost
symmetrical and conical in shape about the center of
the Jjet, only one central line of measurements was
taken transverse to the box with every experiment. The
experiment was repeated with the same depth of water in

the pool with the Jjet running for an additional 15 min



80 thaﬁ the total time for the second experiment was

30 min. * A 30-min run for the third time, and l-hr run
for the fourth, made the duration of the third and
fourth experiments 1 hr and 2 hrs respectively. After
the completion of one get of experiments with a partic-
ular depth of water b, the gravel bed was levelled
before beginning the next set with another depth.

A total of 87 experiments were conducted with
the hollow Jet and 97 with the solid jet. The data
were represented graphicslly in accordance with Eqgs.
(5) and (6) and the following were the important
findings:

a. If the material i1s relatively uniform,
the depth of scour depends upon the area and velocity
of the jet, the mean fall-velocity of the material, the
depth of water over the bed, and the duration of the
scouring action.

b. The magnitude of scour increases with an
inerease in velocity whether this increase occurs due
to a change in the area of the Jet with the discharge
remaining constant or due to a change in the discharge
while the area remains constant.

c. The incremental increase of scour, with
time as a geometric progreesion s a constant. No
equilibrium is to be expected with any depth after any

period of time.



d. The magnitude and rate of scour decrease
with a decrease in the ratio of jet velocity to fall-
velocity--approaching zero as the ratio spproaches unity.
Thie result leads to the inference that Af the material
were to consist of several sizes of particles the
heavier ones would gradually line the scour hole there-

fore decreasing the value of _V and increasing the

——

i
tendency for the hole to become stabilized.

e. The most interesting result which at first
appeared to be contrary to the commonly held opinion is
that, other factors remaining constant, scour increases
with increase in the depth of pool until the depth
reaches a critical value. Any further increase in the
depth of pool diminishes the resulting scour.

Emperical expressionsg for scour.--Attempts
to work out, with the aid of experimental results, an
expression involving the dimensionless parameters of

Eqa. (6) resulted in the equation

- -
h = 0,023/& 1og[ﬁg§] ["m J - 0.022 b+ 0.5 (7)
b b b JA
for the hollow jet when it is fully open and
S 1]
b - 0.023 /& ., [¥m¥["m - 0.022_ b + 0.4 (8)
b b b JA

for the solid jJet with a corresponding area. Though the



equations have been based on studies made under ideal-
1zed conditions, they do establish the fundamental
principles which govern the phenomenon of scour.

Comparison of the results obtained with the
hollow and solid jets under similar conditions lead to
the following generalized statements.

a. For a given area of Jjet the comparison
of the scour resulting from the two types of jets
appears to indicate one trend. With a change in area
the results of comparison show quite a different trend.
This inconsistency may be due to the fact that a vari-
ation in the area slters the diffusion of the Jets and
the turbulence mechanism in the pool. Further it will

also introduce two additional variables sille and %

JA
into the gtudy.

b. The scouring capecity alone, divorced
from other hydraulie, structural, and economic factors,
1s not important enough to make one of the two types of
Jets superior to the other unless it is decided to
operate the one jet only in the specific range in which
experimental studies have egtablished its superiority
over the other.

Suggestions for further study.--This study is
Just one aspect of a multiphased problem. Attention
was directed to the investigation of the effect of only
gix factors out of a total of 18. An extension of the



present study without the inclusion of additional
variables might be carried out as indicated below:
a. Experiments may be conducted to obtain
further information to define more clearly the two
regimes of the phenomenon of scour on elther side of

the critical depth and to relate this depth with %'

b. Studies may be extended to include
additional sizes of valves in order to relate the
scouring capacity with the varlation of the area A.

In order to augment the usefulness of the
results to the solution of practical problems the
studies may be further extended to include the follow-
ing additional varisbles.

¢. Studies may be mesde to eveluate the effect
of the inclination of the jJet © . on scour.

d. Experiments may be conducted with sediment
having appreciable size range of particles thereby making
'%Ei an important variable.

e. It may be interesting to sudy the efréct
of the relative dimensions of the pool and to find the
glze &t which the scour cescses to be affected by 1it.

A complete comprehension of the problem, of
course, is possible only when the effects of all the

fectors that influence scour are evaluated.
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Chepter I
INTRODUCTION

The past quarter of a century has been witness-
ing the rapid development of a branch of engineering
which may be called "Sediment Engineering." (8:68) This
fileld of escience 1a of utmost importance to the irrigation
engineer, especlally in view of the fact that many irri-
gation projecte have become eilther partially or com-
pletely useless because of man's inability to cope with
the forces involved. It deals with problems arising
from the fact that flowing water has ability to carry
sediment with it. This ability to transport sediment,
however, is not unlimited. When the flow receives more
gediment than 1% c¢an convey, or i1ts power to carry 1is
curtailed, deposition of sediment takes place. On the
other hand, 1f it is deprived of 1ts load without having
its carrying capacity reduced, it picks up sediment
causing scour. ~Froblems of sediment, therefore, may be
clagsified broadly into:

a. thogse dealing with deposition of sediment
which results in silting-up of reservoirs, obstruction
of floodways and navigation channels, and blocking of

outlets of sewers, water intakes, and drainage and



navigation canals,

b. those dealing with deposition and scour
which affect channel alignment and hydraulic conditions
around newly bullt structures,

¢. those dealing with scour, that causes
demage to irrigaticn lands, scour of oanals, and under-
mining of structures.

Large sreas of land are denuded by the process
of scour. Although seemingly insignificant in depth,
this process is fraught with disastrous consequences in
the long run. Scour which is confined to 2 small area
me.y be termed localized scour. It mey occur in streams
at certaln places across the section, ss at bridge piers
for instance, where the local conditions are such as to
cause the scouring capacity of the flow to be more pro-
nounced and concentrated. Another source of scour is n
Jet, either 2-dimensional or 3-dimensional, which
impinges on the river bed.

With particuler reference to localized scour,
two classes of Jets may be distinguished. One is exem-
plified by the nappe over & splllway. This 2-dimensional
Jet extends over the full width of the energy dissipat-
ing structure, is guided by a fixed boundry, 2nd is
subject to a varylng pressure around the periphery.
Unless its enerzy is destroyed before it leaves the non-

erodible bed it may cause scour of the erodible



material downstream.

Water iesuing from outlet conduits in dems,
either controlled by gates or regulated by valves, forms
the second class of Jets. Buch jets may be submerged or
may discharge into the air. In both the cases, the re-
sulting turbulence is a maximum within the jet at the
point of greatest shear, decressing with distance from
the center of the Jet.

The needle valve and its various modifications,
with which the discharge through the outlet conduits of
geveral dams have been controlled, give solid cylindrical
Jets. In fact this shape is the most common one assocli-
ated with Jets. Recent years, however, have seen the
installation in many irrigation projects of a regulating
device called 2 hollow-~jet valve. This valve has a
lesser cost-discharge ratio and is so arranged that all
the mechaniecal perts that require maintenance are essily
removed. ¥Water discharges through thias valve in the
form of a tubular or hollow Jet. The hollow form has
been developed with a view to distribute the energy over
s comparatively large area, facilitating its dissipation
and legsening the destructive action in the stilling

pool.
The problem

The problem for which this thesis seeks to



furnish an anewer may be stated as follows: What is the
scouring capacity of a hollow Jet of water and how does
1t compare with that of a golid Jet?

An attempt to further analyze this problem in
a gsearch for its solution, will be much facilitated by
a review of the work that other investigators have

already done in this field,
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Chapter II
REVIEW OF LITERATURE

The phenomenon of localized scour has hitherto
had very 1little systematic investigation. Generally
experimental studies are made to prevent scour below
dems in relation to particular structures and attention
is directed to see that, by the time the flow reaches an
erodible bed after pessing through an energy dissipating
structure, 1ts flow pattern is such that no dsngerous
scour will occur.

For scour to occur, the flow must be able to
dislodge material from the bed and convey it elther
along the bed or in suspension. Thus, lodalized scour
is Just & phase of sediment trznsportation. Therefore,
the search for information pertaining to the oroblem set
forth for investigation includes literature which deals
with (a) factors that influence scour in genersl, (b)
analytical or functional relationships between these
factors, and (¢) quantitative studies of localized scour
in particuler. ‘

The English system of units (foot-pound-
second) 18 used throughout this study unless otherwise

gtated.
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Factors affecting scour
Gilbert (5) 1914, who ploneered in meking

sediment transportation experiments in flumes, c¢arried
out comprehensive studies to investigate the effect of
slope, discharge, size of sediment, ratio of depth to
width, and velocity on the sbility of = stream to trans-
port bed-load, Hig imoortant conclusiocons which have a
bearing on this thesis are noted below:

a. With the width, the slope, and the size of
debris remaining constent, the nbility of the stream to
transport materisl, that ia 1ts capacity, increamses with
the incresse in stream discharge.

b. For constznt values of width, slope, and
dlscharge, the capsgcity of the flow incresges when the
slze of the msterial decreases,

¢, The cspecity of the stream a2lso increases
with velocity. It varies on the average with the
veloecity to the 2.2 power provided the increase in the
velocity 18 due to an increase in discharge.

Rubey (13), in 1938, in a theoretical anslysis
of the various hypotheses regerding the force required
to move particles on a siream bed made the following
observations!

a. A perticle on 2 streeam bed moves due to
impact of weter ageinst it or to friectional drag on its

surface or to differences in pressure on 1tes top
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and bottom caused by the velocity gradient.

b. The "gixth-power lew", stating thst the
weight of the largest particles moved by a stream varied
as the sixth power of velocity, is basgsed on impact
theory and this law refers to the size of the particles
moved and has nothing to do with the total amount of
gediment transported by the stream, Re-examination of
Gilbert's (5) results showed that the movement of coarse
sand and grovel followed the “sixth-power law" but the
smaller particles required higher velocities than were
indicated by this function.

¢. The velocity on the stream bed 1s more
gignificant than the mean velocity of the entire section.

¥Xalinske (6), in 1940, conducted experiments
at the University of Iowa to study the fluctuation of
the veloecity and turbulence mechanism in turbulent flow
by injecting, with a fine hypodermic-type of needle tube,
drops of carbon tetrachloride and benzine having the
same specific gravity as the water and photographing
their movement. By en analysis of the veloelity fluctua~
tions, both parallel and normsl to the direction of flow,
he pointed out that the fluctuating velocities in the
turbulent flow are statistically distributed according
to the normal error law. Further, an expression for the
turbulent diffusion, similar to that for molecular dif-

fusion, was shown to be of the form
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where ‘EE is the mean square spread of the particles, D
is & measure of the diffusing power of turbulence, v

is the mean veloclty of flow, and x, in inches, 1s the
distance downsetream from the point of injection. His
study of the diffusion chorasteristics of the turbulence
throughout the section of an open channel by injecting
droplets of carbon tetrachloride and benzine corroborated.
the theoretical approach.

Erumbein (7) mnade flume studies in 1942 to
determine the effect of the shape of the particles on bed~
load transpeortation and to relste this behavior to 1ts
settling-velocity. The dats were confined to the bed-
movement of single particles of cement mortar having a
constant volume but verying systematically in ehspe. The
ghnpes studled were clegsified as cubea, disks, rollers,
bricks, and fregments. He @efined the sphericity ) of

the particle, one of the characteristics of shspe, by the

valRlR] @

where a, bl’ and ¢ are respectively the longest, intes

relationship

mediate, and shortest mutuzlly perpendicular axes through
the particle. His conclusions may be summarized by the

following statements.
a. For all shapes, the ratios of particle
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veloeity w to the velocity of flow V, increase
rapidly at low Froude numbers Fr and level off toward
asymtotes between ‘v, equal %o 0.8 and 0.9. Compered

with disks, the sﬂ%rical particles have a higher ratio of

X
’ b. The particles of greater sphericity in
general have higher settling wveloclities.

¢. In view of the close correspondence between
the relative behavior of rollers and discs during
setiling and in the flume, the settling~-velocities of
the particles furnish an sdequate index for studies of
varticle trensportation either in suspension or along the
bed.

In 1948, Albertson and others (1) published a
study of the diffusion and deceleration of the submerged
Jet resulting from the turbulence generated by 1it.
Anslytical expressions were derived to evaluate the
characteristics of the resulting mean flow both within
the zone of flow establishment and that of established
flow. The =2nalysis was substantiated by experimental
results.

According to them, the equation for the dis-
tribution of the longitudinel velocity component in the
zone of eatablishment for the three-dimensional Jet 1s

r-b, [
logqp !v': = =33 {0.081 + °Lg] (3)
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and for the zone of egtablished flow,

oo & of = 079 -3 ()
where Vv, 1s the exit velocity of the Jet, v, 1is the
veloclty at a dietance x from the efflux secticn, D,
is tho diameter of the orifice, and r ie the radial
dlstance,

Bpecific forms of equations for the volume-flux

and the energy-flux are respsctively

1 + 0,083 8 ¢ 0,00128 (5)
% T 4
2

- ® )« 0,09 & « 0,029 (6)
R

Corresponding equations for the zone of establishod flow

are

'Eg s 0,32 .ﬁ: (7)
5 bl D (@)
o X

Approximate Surbulense charneterietics were slso studied,
but only qualitstively., A similar snalysis was made for
a two=dimensional Jet.

Corey (&), 1949, studied the influence of the
shave of the roek particles on the fallevelocity. The
study vae limited to sanda of sleve diameters corres-
ponding to 4 to 14 meshes to the Ainch. The shape factor

wvags expregsed by the ratio
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of = °/ abl (9)

A photographie method was msdopted for measuring the fall-
velocity w. He obtained satisfactory correlation between
the shape factor and the falleveloelity by plotting the

coefficfent of drag GD as o function of Reynolds number

R in which Op was defined as 2y onda R as
P2

:in, d  being the nominel diameter. He also pointed out

there was scareely any correlation between the same two

factors when GD and R were defined respectively us

87

ApelySical or funotiopal reletionshipg
MacDougall (9), in 1933, conducted 2 series of

experiments in the River Hydraulie Laboratory of the
Massachusetts Institute of Technology to find the
variation in the transportation of bed-load when velocity,
discharge, and depth are inereased. The results showed
that the amount of bed-=load transported increased with an
increase of any one of the three factors, other conditions
remaining unaltered. The form of the equation which was
found to fit his detas accurately was

G = Klﬂoxz (8450 - Kg)(soq - IaJ (10)
where G 18 the discharge of bed load in pounds per foot

of width per second, 8, 1s the slope, q 418 the

discharge in ¢fs per foot of width, and Il and Kz are



17

constante dependent only on the epecific gravity =and

mechanicsl composition of sediment. When q equsls A

K5 equels B8uq,, q, being the initial discharge of%

0
which sand begins moving. The unsclved oroblem, however,
was the determination of the relationship between the
constantes Il' 12, and 13 and the chsracteristics of
the sediment.

Rouse (11) 1939, analyzing the problem of
trangportation of suepended losd in the light of the
turbulence of the flow, pointed cut that the aversge
sediment parameters to be coneidered are, primarily, the
megni tude of the geometric mean value of fall-velocity
verasus frequency curve, =2nd secondarily upon the extent
tc which the fall-velocity deviates from the mean. He
further developed the general functionz1l relationships that
existed between =11l the pertinent perameters for several
phases of suspended sediment transportsation.

He ghowed that for the concentration of
sediment C at any elevation over the vertical section

of the flow the function ies of the form

¢ = 9, l:ca. o Mo, O w (11)
,Jio;P wm
vwhere Ga is the concentration of sediment by weight at
the elevation a, D 1s the total depth of flow, w,
is the geometric mean fall-velocity of sediment, T 1is

the boundary shear, 0 1s the mass density of water, and
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Cw 1s the standard geometric deviation of w =
frequency.

Ir Q1 is the quantity in suspension then by
substituting the absolute value of roughness k for a,

- Cxo Lo ;m v Zx (12)
Ql d)z [ k D /P W, ]

m

where the megnitude of C, 1in turn varies with k, Wy,
0y, Dbed concentration Go’ and the effective mixing at

the bed Ek, that 1is,

& a— (13)
e = o gl S | ’
The function relating G, the rate of sediment

discharge by weilght, 1is of the form

Q W (14)

£ =,k X I
4 D w
m m

Rouge (12) 1940, also indieated that, for scour
by Jets in which the fluid characteristics such as weight
and viscosity have no effect on the flow and in which
these variables effect the sediment only in so far as they
vary the magnitude of w,, the functional relatlionship

is of the form

%
g =%FE_, %;, O‘;w:l (15)
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the variable b being some length charncteristic of the

boundary geometry.

Suantitative astudies of locclized scour

In 1935, Schoklitsch (14), Germany, published
nis comprehensive sgtudies of scour and energy dissipation.
Part of his work has been translated by Edward F. Wilsey
of the United Stateas Bureau of Reclamation. According to
B8choklitach, the depth of soour T of an unprotected
river bed due to free overfall over a weir is given by
the formula

dg.az

where T ig the maximum depth of water above the scoured
region in feet, q 1s the discharge in ¢fs per unit
width of dam, 4, 1s the head in Teot measured from the
head-water elevation to the tallwater elevation and, 4,
is the effective diameter of the bed materisl in milli-
metarqﬁand 18 defined in such a way that ten per cent by
weigh% of the samonle is coarser.

The depth of scour calculated from the formula

18 the maximum occurring over the entire width of astream
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after a prolonged impact of the discharge. This study
covers in detall the relationship» between the depth of
scour, leangth of apron, size of material, and the
elevation of apron.

Rouse (12) revorted in 1940 the results of a
systematic study of scour with a two dimensional vertical
Jet impinging on an originally level bed of prepered
sand in a small glags-walled flume 6 in. wide. The
following 1s a summary of the conclusions from the study:

a. Two distinct regimes of flow are possible,
the jet either being deflected through nearly 180 degrees
or following the boundary of the scour as far as the cregt
of the dune that forms out of the scoured material.

b. In either regime, the denth of scour in
uniform mcsterial depends upon the size and velocity of
the jet, the mean fell-velocity of the material, and the
durstion of the scouring action.

6. The relative rate of scour produced by a
given jet at a given etspe depends only upon the ratio
of the Jet velocity to the mean fall-=velocity of
sediment. The scour =z, proaches zero as the ratio
asproaches one.

d. With 2 relatively uniform material, no
equilibrium of scour can be exnected at =ny depth, the
removal of meterisl continuing as an exponential function

of the time, with only the fixed boundaries governing
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the ultimate limit of exeavation. If the material wvere
to have a wide range of sizes, selesctive sorting would
take plece with the result that the magnitude of w,
of the material lining the hole would steadily rise.
Under these circumstances, there would be a tendency to
epproach n gtate of equilibrium.

e. The equation which would express, with good
zpproximetion, the relationship between the magnitude of

scour and the other independent variables is of the form

8 o () (3ol B o

where V with the dimensions of velocity has a value of
5.2 for all of the three sands used in the experiments.

Its significance, however, is not entirely
clear,

In 1942, Blstsdell (3) csrried out model
studies in an effort to use the erosion in the stream
bed to compare the efficiencles of different types of
stilling basins at the end of culvert-outlets. Of the
two grades of sand used cne did not contaln greine
coarser than 8 mesh and the other coarser than 12 mesh
to the inch, Hls obgervations lead to the following
conclusions,

a. The veriations in scour pestterns for the

game structure under tne same test conditions were not
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appreciable.

b. The increase in denth 2nd volume of erosion
with time wes very rapid at first and then the increase
slowly aoproached & maximum asymptotically. For the
experiments which were made, 65 per cent of the total
erosion occurred in 12 1/2 per cent of the total time and
the remaining 35 per cent took 87 1/2 per cent of the
total time.

¢. The depth of erosion was nearly the same

for both of the sands used in the experiments.

Sumnary

The salient points in the review of studies
made by several invegtigstors may be summerized by the
following statements.

a., In order t¢ study the individual influences
of several factors affecting the mechanics of bed
movement, flume studies are still as important snd
necesaary as they were when Gilbert (5) oioneered them.

b. HMore studles of the type made by Kalinske
(6), and Albertson (1), which help in understanding the
inner mechanism of physieal occurrences asre needed for
obtaining rstional solutions of many problems in
sediment engineering.

¢. The geometric mean fall-veloecity of

sediment w, and 1ts standard deviation O sre the
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necesgsary and sufficient sediment characteristics to be
taken into consideration in sediment oroblems. This has
been amply nroved in studies made by Rouse and Krumbein
(7, 11, 12).

d. Hitherto very little systematic investiga-
tion of scour by Jets has been carried out,

e. The study by Rouse (12) with » 2=
dimensional Jet is one of basic resgearch. It establishes
the law of acour in 2 relatively uniform meterial under
idealized conditions. It is important to note that this
18 the only study that has attempnted to find the
variation of scour with respect to time. It also took
into consideration ,although only indirectly, the effect
of change in the size of 00l =28 a result of scour by
the Jet.

f. A very comprehensive study of scour in
relation to engineering atructures has been made by
Schoklitsch. (14), However, the fzct thet he has
congidered only the effective diameter of gediment snd has
not considered time as a varisble in his experiment
minimizes the scope of its genersl spplicabllity.

g. Blaisdell's (3) aponroach of making scour
a criterion for the extent of energy dissipation appesrs
to be logical. His studies would have been more
informative if he hed taken into consideration the

peremeters w, and oy and related them with the depth



of w:ter over the erodible bed and the duration of

agour.

24
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Chapter III
ANALYSIS OF THE PROHLENM

The numerous factors that govern the
ohenomenon of scour by Jets have been discussed in the
preceding chapter. Before attempting to solve a
problem experimentally, however, it first should be
analyzed ess thoroughly as possible; therefore, an
explanation of the complexities that beset & purely
theoretical analysie 18 given as a prelude to dimensional
enalysis with which the general forms of functionsal
relationships between important dimensionless parameters
have been obtained. The analysis has been followed by
the delimitation of the problem and a study of the range
of the variebles necessary to furnish adequate inform-

etion for solving the problem.

General study of the problem
A general sppraisal of the problem set forth

et the end of the firast chapter presents the following
guestions:

1. ¥het are the factors affecting the
phenomenon of scour by Jjets?

2. How do these factors govern scour?



3. How does the hollow Jet compere with a

solid Jjet with respect to scouring capacity?

Factors affeoting soour by Jjets

The review of the studies made by several
investigators in the field of sediment transportation
has indicated the many factors thet exert an influence
to a varying degree on the ohenomenon of scour. Some
of the faotors discussed had a direct bearing on the
problem while cthers were related only indirectly. An
analysis of these various factors, with particulsasr
reference to the jet scour, is made in the following
pages beginning with the group of factors that affect
as well as those which define the charscteristics of
Jets.

Characteristics of the Jet.~-The following
factors describe the main features of the Jet.

1. Shape of Jet -« For cloese regulation in
the release of gtored waters upstream from large-size
dams, scores of outlets sre provided., Because of the
greater faellity of construction, these outlets sre
generally square, rectangular, or eirculsr in section.
The shapes of the Jets i1ssuing from the conduits,
irrespective of the methods of control at the upstream
end, are fixed accordingly. When the discharge through

an outlet 1s regulated by means of a hollow-jet valve

26
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at the downetream end of the condult, the Jjet 1s
tubular. The shape of the jet may also be elliptic or
parabolic but the construction of conduits of such
shapes 1s definitely more difficult. The shape of the
Jet at its exit must have an influence on the extent of
deformation 1t undergoes beyond the efflux section.

2. Ares and velocity of jet -- The srea and
velocity together are » measure of the rate of ianflow
of both maes and energy., Since it 1s the excess kinetic
energy of the Jet that is responsible for the dislocation
of sediment particles, the jet discharge must be one of
the orimary factors affecting scour. Whether or not
scour 1s independent of changes in the area and the
velocity of the jet must be determined by investigation.
If 1t 18 not independent, an additional problem, from the
point of view of scour, of the relstive merits of a
small jet with a high veloeclity or & large jet with a
small velocity for a given discharge needs to be solved.

3. Heignht 2nd travel of jet ==~ The height of
the exit of the jet above the bed governs the travel
of the Jet. It may travel partly in air and partly in
water depending on the position of the efflux ssction.
Submerped Jets pass only through weter before resching
the bed of materisl., The extent of travel and the
mediums through which 1t has to travel determine the

degree of dleintegration which the jet will undergo.
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Some of the early engineers seem to have paid
attention to the height of the jet only when they tried
to dissipate i1ts deastructive energy by providing water-
cushions. From observations of several natural water-
falls they dlscovered that the depth of water-cushion
generally varied from 1/5 to 1/7 the height of fall.
Experimental studies on the Bari Doab canal in Indla
showed that when the depth of water-cushion ecualled 1/3
to 1/4 the height of fall the jet hed no injurious
effect on the floor of the weter-cushion (16:187).

b, Inelination of jet -- The angle at which
the Jet hits the bed mey affect the upward and the
forward movement of particles of sediment, The
turbulence and resulting scour pattern may become more
end more unaymmetrical with a decrease in the ineclination
of the jet from the horizontal.

Gherecteristios of the gt11ling pool.=-

The factors pertaining to the stilling pool are
explained below. .

5. 8ize of pool == The boundaries of the
pool are likely to influence the scour in two ways:
first, the formation of subsidiery currents and eddies
may be modified; second, the scour pattern may be
affected, particularly if the scoured region were to
extend to the experimental boundaries. The depth of

the stilling pool, therefore, 1s & very imoortant factor



with respect to the diffuelon of = Jet.

6. Initiesl disturbances in pool == If a jet
discharges into & pool where other Jets are also
emptying or where the flow 1s slreedy in a disturbed
gtote, as for example, due to 2 spillway nappe plunging
into it, the scour pattern must certalnly be affected.

Sharscteristicg of the inflow.--The two main
factors that cheoracterize the inflow are:

7. BSediment load of inflow == The extent of
additional entresiment in any flow depends, among other
factors, on the amount of sediment that it is already
carrying. It 1s natural to expeet that, with an increase
of sediment lozd in the inflow, the extent of scour will
decrease and if the sediment load 1s equal to that which
the Jet can seour, the scour pattern should become
stabllized, as imolied by the studies of Rouse (12).

8. Duration of inflow -- The acour should
depend not only upon the rate of inflow but also upon
the time‘during which the jet is running unless
conditions are such aes to stabllize the scour pattern
with reaspect to time. This fact has been demonstrated
by the results of Blaisdell (3) esnd Schoklitsch (14)
and s imolied in the results obteined by Rouse (12).

Cherscteristios of the sediment.--Important
factors included in this group are the following!

9. Mean fallevelocity =nd standard deviation
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of sediment -« From the point of view of its entrainment
in water, the important properties of sediment are
perticle size, particle shape, and specific gravity. All
three have a primary effect upon the rate at which
auspended particles settle in water and this combined
factor largely controls the movement of suspended
sediment, As a2 result, in any sediment problem the fall=-
velocity of the individual particle has come to be
regarded ag a charscteristic of considerable practical as
well as analytical value. This has been well established
by the studies of Krumbein (7) and Rouse (11). Since
gediment consists of ‘nnumersble partieles differing in
size, shape, and, to a smaller degree, in apecific
gravity, the fall-velocity generally varies over s
considerable range for a given sediment and 1%t is
necessary in any problem to consider both the geometric
mean fall-velocity and its standard deviation.

10. Shear resistance of bed materisl -=- It is
concelvable that, depending on the nature of sediment,
there 1s more or lesgs regiatanee offered by the psesrticles
to be torn away from the rest of the mass. The angle of
repose of the material, the bearing power of the soil or
a combination of these and other factors msy govern this

resistance as indicated by Rouse (12),
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Theoretical analysis

The movement of sediment, whether by flowing
water or by the asction of a jet, is a very complicated
oroblem, It depends upon so many variables that 1t is
generally imposaible to solve the problem by using purely
rational methods.

If the jJet is discharged intec air, for example,
it entrains sir aund breaks up before 1t strikes the surfece
of the pool. If the distence of 1ts trevel in air 18 con-
siderable "the Jet may show very little solid w=ter but
instead resemble = dense spray" (15:142), Lue to the shear
at the boundary of the Jjet its kinetic energy ias fast con-
swned. The center of the Jet which 1s conical in shape
gradually disintegrates due to shear. If the Jjet travels
for sufficient digtance in alr it will be comvletely die-
integrated and will result in = eloud of spreay which then
drops vertically dovnwvard, After it olunges into the pool
with whatever energy 1t haas at the end of its travel in
alr, 1t begins to diffuse, both inwards and outwards, until
it reacheas the bed and finally erodes 1%. The extent of
its penetration into the bed depends upon the energy that
it nosseases when 1% reachea the bed. The material thus
loosened 1s earried into suspension by the turbulent
eddies of various sizes. The quantity of mi:terial whichis
nicked up and the height to which it 18 thrown depend uoon
the depree of the turbulence =nd the grain size. This

action 18 opposed by the settling of the particles
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due to gravity. If stesdy conditions prevail, 2s when
the depth of scour approaches a astate of equilibrium,
there will be a st=te of balance between the rate at which
sediment 18 ralsed from the bed by the turbulence and the
rate at which 1t settles or ies carried down again onto
the bed. If the nominal 1limit of upward throw of
particles is X units then, that heizht may be taken as
limiting the edge of the zone beyond which the activity
of the upwerd currents and eddies cease to heve percep-
tible effect on the diffusion of the incoming jet. Thus,
in general, three distinet stoges of disintegration of
the jet 18 discernible, one in air, another in water, and
the third in & mixture of water and esediment. Under some
circumstances, the first or p»erhaps both the first and
second phages of diffusion may be sbsent. To heighten the
comblexity every one of the three stages of disintegratim
is influenced by many of the factors described in the
preceeding paragraphs.

Very 1little inform=tion 1s available on the
problem of entrainment of air by a Jet and its
disintegration. The analysis of the diffusion of a 3-
dimensionnl jet, vrovided its efflux section is sub-
merged, 18 possible by use of Eaa., (3) to (8). The
turbulence mechanism in the zone of heirht X is
ancther comnlicsated phenomenon which depends much on

whzt hapens to the jet in the first two phases. Future
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investigations in the field of turbulence mechanism
involving transfer of sediment may lesd, for instsance,
to & reletionship assoclating the cheracteristics of the
Jet, the stilling pool, and the sediment with the factor
D of Bg, (1) which 18 = measure of the molar mixing in
which finite masses of fluld in eddy diffusion play a
role similer to thet of the molecules in molegular
diffusion.

The opreceding remarks serve to indlcate the
complexity of the o»roblem of jet scour. A theoreticsl
aporeach te such oroblems, therefore, c¢an be no cloeer
to the prediction of the needed solution than the
recognition of the paremeters whieh are involved in the
phenomenon and their generaligsed functional relationsiilp.
It 13 believed thet dimenaional anzlysis offers the mos%
direot means of exploring the general forms of functional
relationship between the variadbles.

Dimensionsl analysls.--For purpcses of dimens-
ional analysis, all the variables that govern the
ohenomenon of scour by jeta maey be arrsnged under Tour
groups.

a. Geometric charncteristics -~ Let the extent
of pool be L wunits long, B wunits wide, and b units
deep. Further, let d be the depth of sediment, H Dbe
the heipht of the exit of the Jet above the bed, & be the
angle which the center line of the jet meakes with the sur-
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face of the pool, »nd f be the shape factor for the Jet.

b. Flow characteristics =-- Let A and V De
the zrea and veloclty of the Jet respectively, t be the
duration of inflow, Dl be a term characterizing the
initial disturbance in the poocl, D Dbe the coefficient of
turbuleat diffusion in the pool, and C, be the concentra-
tion of sediment in the jet.

¢. Fluid characteristics -- Let /7 be the
moss density and M the viscosity of water,

d. Sediment characteristics -- Let w_  be the
geometric mean fall-velocity of sediment, O, the
standard deviation of the fall-velocity, and ,3 the mass
density. Further, let p be = factor representing the
shear capacity of the sediment and h be the depth of
scour.

At the outset it 13 clear that too many
variableg enter the oroblem for an experiment to be
carried out successfully and that eome of them must
therefore be eliminated. If 1%t is decided to experiment
wlth a square pool which 18 also free from initial
disturbances, then B equals L and Dy need not be
taken into consideration. PFPurther, if the experiment
is 80 planned that the depth of sediment is never
exceeded by the depth of scour, 4 c¢an be omitted.

Because the incoming flow will earry no sediment, G

may be consldered zero. Except for its effect on the
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velue of w_ the flow 1s not influenced by viscosity

m
and oonsequantly"/L can be neglected. The material to
be used, will be gravel and will not be compacted initially
in any way. Under such circumstonces the water has
negligible difficulty penetrating the bed between the
greins, Therefore 1t may be assumed that the factor p
haa no significent effect on the results., Both D and h
are dependent verisbles and since there should be only one
such variasble the former is omitted. The most general

relationship between the remailning variables may be

expressed asg follows:
$,(L, B,0, b, £, V, A, &,0, 0, W0k h) =0 (18)

S8ince there are 13 physical quantities involved
and since three fundemental physical dimensions are
required to express them, there will be 10 non-dimensional
parameters according to Buckingham's Pi-theorom (10314).
Chocsing A, p , and w, a8 the repeating variebles,
dimensional anslysis ylelds

cp_[( P Bees gt L s, ..}{s_. _?f%] = 0 (19)
m

Further simplification of the problem is
necessery, however, before 1t could be handled practic-

ally., If the studies are confined to a jet with its
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exit at & constant level from the hed of sediment then
v;-x' 18 conatant cc long ng the atudles relate to &
given Jet of narticular area. Furthermore, ﬁg_ mey be
considered constant for 211 practiearl murrcses if weter
and gravel are ueed throvghout the studies within a small
rance of temperature, Mlnally, if the gediment to be -~

used has s narrow eize range SW_  may be treated as
W
m

zero. The resulting relationship then becomes

L, 6,1, A, k2., Y l'mf. = 0 (20)
P9 [JI k-l s JT]

If L, © , end £ oare held constant for a series of
VA

runs then the relation reduces to

P b5 -

(21)

(]

from which
= 1_1 ::ﬂz-\ (22)
A ocoulp o
B

4 - ﬁ and  ¥m®  cre each divided by the relation-
A JA

VA
glilp becomes
h s:rmf. 2
2 ad)l’“’[A';i b} (23)

It 18 now possible %o atudy, for instance, the variation
of .% with respect to 'EEE for different values of

Y_ while the value of E is held constant.
¥im
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Delimit .=<-Becnusge of the obvious
complexity of the problem, this etudy is limited to an
investigation of scour, in a bed of material of
relatively uniform gize by ¢ jet from a hollow=jet valve
es comprred with & s0lld jet. The let 1a to be dis-
eherged verticslly downward from & constant heirht above
the origincl level of the bed.

J Range of verisbles.--Referring to the Eq, (23)
it i8s seen thst the three osarameters ,/%' Y, and _"_gf

| ¥m

form the independent variables and control the variation
of -%. It 1s evident that different values for thesge
parameters m2y be obtained by changing any one of the
quantities constituting the parameter. In order to
utilize the existing equipment and complete the study in
the limited time avallable, the dimensionless parameters

are varied as shown in Table 1, Appendix B.
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Chapter IV
EXPERIMENTAL EQUIPMENT AND PROCEDURE

The analysis of the problem in the foregoing
chapter revesnls the complexities and indicates the limit-
ations which muet be imposed on its scope to make a
leboratory investigetion precticable.: The range of vari-
ables is fixed with & view to obtaining adequate informa-
tion to answer the problem within the limitations. This
chapter describes the equipment that was necessary and
the procedure that was followed for orderly collection of

sufficlient data.

Equioment

The leborstory equipment needed for this study
consisted mainly of devices for obtaining hollow and
solid Jets, gravel of sultable slze-ranse, a water-supoly
aystem with measns of regulating the discharge, and the
flume to accommodete the gravel and the flow.

General lsasyout of the equipment.--Fig. 1 shows
the assembly of the equipment. A ten-stage, four-inch,
deep-well turbine oump, with a2 maximum capascity of 1/3
efe agrinst a head of 150 feet, was used to oumn clear

water through the oipe line Py, P,, Pj, and P, from
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the sump located beneath the floor of the laboratory.
The discharge through the supply line was regulated by
the valve vl located Jjust above the floor. The pipe
line above the floor level consisted of galvanized iron
pipes 2 in. in diameter. The verticzl pipe 2y was

connected to the longitudinal member P, through a

2
bend. The transverse pipe PB was supported by two
wooden beams, W, and ¥, 6 in. by & in. in gection,
with clemps and terminanted with a verticel ccpper pipe
P, which was 2 in. in diameter and 40 1/4 in. in length.
The copoer pipe had a steel flange welded onto it at the
end to enable the hollow-Jet valve and the solid-jet
nozzles to be attached by means of studs or bolts and
nute. The fabrication of the water supply line wae such
that with proper levelling the vertical copoer pipe was
exactly centered over the head-box of the flume. The
exit of all jJets was at a fixed height of 28 1/3 in.
above the gravel bed.

The head-box was 36 in. by 47 in. by 48 in.
and was fllled to a depth of 25 in. with gravel which
was supported on one side by a plank strengthened by
2-15. by 4-in. wooden rails. The area of gravel bed
was 47 in, by 47 in. In continuation of the top surface
of the gravel bed and supported on wooden sills nailed
to the sides of the box was a horizontal platform

extending 24 in. downstresm from the end of the gravel
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bed. There was e gap between this platform and the
regular floor of the flume in order to trap the gravel
that was expected to be washed out by the asction of the
Jet.

To vary the depth of water over the gravel bed,
a tall-water gate was formed out of boards 4 in. wide
laid across the flow. Closer adjustments in the depth
of water was secured by placing narrow slats vertically
on the upstream side of the partition formed by trans-
verse boards. On one side of the box were marked hori-
zontal lines at intervals of 2 in. from the top of gravel
bed to gage the depth of water. Since it was necessary
to have a known depth of water over the gravel before
the Jjet wes allowed to strike the pool, a wooden trough
6 in. wide and 8 in. deep was used to divert the jet
downstream beyond the gravel bed onto the extensicn
platform. A scale was prepared cn one face of a steel
angle and graduated in tenths of an inch on each side of
center to measure the horigzontal dimensions of the scour
hole. A steel gscale with a plumb-bob fastened to it
wag used to measure the depths of the scour pattern.

At the end of the flume was a 3~librated
sharp-orested weir with a hook-gauge and well attached
to one side. Passing over the weir, the wster spilled
into a return channel below the floor level which

carried i1t back into the sump. The formula for the
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discharge G over the weir with depth H, was
<

G = 5.35H,°
A mercurial thermometer, graduated to 0.5 degree C. was
used to messure the temperature of water in the pool.

Hollow-Jjet valve.--The 2-in. brass model of
the hollow=jet valve used in this experiment was borrowed
from the Hydresulic Laboratory, Brznch of Design and
Construction, Bureau of Reclamation, Denver, Colorado.
The hollow-jet valve (2) is a regulating control used
exclusively at the end of an outlet conduit. It consists
of a bell-ghaped outer shell or body, a stationary tube
toward the downstream end supoorted on ribs, and a
closure element or needle on the upstream side telescop-
ing inside the stationary tube, Fig. 2. In the model
the needle is operated by a screw geared to a handle and
18 closed completely by 14 turns. Water discherges from
the valve in a tubular or hollow Jet the outer diameter
of which remsins constant at any opening of the valve.

B8ince the erea of the water-section of the
hollow jet changes with the position of the needle, and
as this area is not poseible to be calculated from the
drawing, 1t was decided to find the area by measuring
the velocity with known discharge. To this end a pltot
tube was made by welding an hypodermic needle to a 1/8
in. brass tube. This was placed below the jet with the
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needle pointing upstream and was connected by means of
rubber tubling %o & mercury manometer., The algebralc
difference 4in the depth of mercury in the two legs of
the manometer was noted and the velocity calculated,

From the correavonding discharge the area of the jet was
found. The area of the hollow jet when the valve was
fully open was 2.04 sq. in. and when 1% was closed by
nine turns it was 0,90 sq. in.

Bplid-jet ngzzleg.--To properly compare the
scour caused by the hollow jet with that caused by a
solid Jet, the discharge =2nd velocity must have the same
values for each jet. In other words, for proper compari-
son the area of the wester-section of the hollow jet
ghould be the same a8 that of the solid Jjet if the dis-
charge 18 the same in both cases. The two nozzles used
in this experiment had diameters 1.62 in. and 1.145 in.
respectl vely to give eross-sectional areas of 2.06 sq. in.
and 1,02 aq. in. Both nozzles were turned on the lathe
to conform with details shown in Fig. 3. The diameter
of the bigger nozzle wag such that the area of the re-
sulting jet equalled the water-section srea of the hollow
Jet when the wvalve was fully open and the diameter of
the other was ;jﬁ"times the first giving an srea
slightly larger than the corresponding area of the
hollow jet. This was necessary in order to make use of

the norzzles conveniently for future research.
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Gravel.--Gravel thet had been used for another
experimental research project was used for this investi-
goation. It came from the Cache La Poudre River at
Bellvue, Colorado, and was prepared for use by screening
into grades by a system of sleves. Each gravél wag com-—
posed of grains which passed through a certain mesh and
was arrested by a smaller one. Thus the 1/2- to 1/4-in.
grade consisted of greains passing through a sieve with
twvo meshes to the inch but being retalined by a sieve with
four meshes to the inch. Two gravels having 1/2- to 1/4-
in. and 1/4- to 1/8-in. size ranges, were used in this
experiment and were designated for the sake of brevity as
No. 1 and No. 2.

The average shape factors, as defined by the Eq.
(9) were found for both the grasdes by measuring the axes
of the grains contained in a representative sample from
each. The detaills are shown in Tables 2 snd 3. To find
the mean fall-velocity of the two cgrades, larger samples
were used. The samole of gravel No. 1 contained 668 grains
and that of No. 2 1353 grains. The average weight of a
single grain was calculated by measurinz the weight and
volume of the samples. The average fall-veloeity of gravel
Ro. 1 was then calculated with the aid of the curve corres-
ponding to the shape factor of 0.65 to 0.75 in. Pig. 4 as
worked out by Corey. Since Fig. 4 does not have a curve

corresponding to the shape faator 0.609 of gravel No. 2,
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a2 curve to represent shape factor 0.609 was interpolated
between those pertaining to shape factors averaging 0.70
and 0.35 and used for caleculating the fall-velocity of

gravel No. 2.

Procedure

To begin an experiment, the gravel bed was
levelled. The wooden trough was placed below the valve
to divert the water downatream and the transverse tail-
water boards were set to approximately the height re-
quired to give the required depth of water over the
gravel bed. Next, the pump was started and the depth of
water over the bed was adjusted by introducing vertical
tall-water slats when necessary. The hook-gage resding
was noted for all experiments.

When the level of water over the bed had re-
mained steady for a few minutes, the trough was withdrawn
allowing the Jjet to etrike the pool, taking care to note
the time of its striking. After i1t ran for 15 min, for
instance, the pump was stopped and the drain-valve was
opened to lower the water level in the box to expose
the scoured region fully. As the scour was almost sym-
metrical and conical in shape about the center of the
Jet, only one central line of measurements transverse
to the box was taken with each experiment. For this
purpose, the steel angle scale was placed with its zero

to coincide approximately with the center of the scour.



a5

The depths were me=sured always to the left and to the
right of center to complete one experiment.

The next experiment wss made with the same
depth of water in the pool and the Jjet running for an
additional 15 min thereby meking the total time for tre
second experiment 30 min., A 30-min run for the third
time and l-hr run for the fourth made the duration of
the third and fourth experiments 1 hr and 2 hre respec-
tively. After the completion of a set of experiments
with & particular value of b, the gravel bed was
levelled before beginning the next set with snother
value for b.

For convenience in discusgsion, 211 the experi-
ments pertalning %o one value of b with one type of
Jot and a constant value of + heve been called a set.
Four sets with a particular Jjet and with a constant
value of %E heve been termed s series. Thus series
No. 1, includes 21l the experiments made with the hollow
Jet and gravel No. 1 when x; wag equel to 10.40 and
the area of Jjet 2.06 sq. in. One series of experiments

conglsted normally of 12 to 16 runs, the2 being three

to four experiments for each value of b. The depth b

wae ehanged from 2 in. to 16 in. in four stages in every
series. With gravel No. 1 2nd the hollow~]Jet valve, tao
series of experiments were mpde with the valve fully

open and one geries when the valve was closed by nine
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turns out of 14 possible turns. With the same gravel, two

gseries of experiments were conducted with 1.62-in., nozzle
After completing the foregoing tests, the

gravel No, 1 was replaced by gravel No, 2. Using a

gimilar procedure, three series with the hollow=jet

valve, three with the 1.62-in. nozzle and two with the

1.145-1in, nozzle were carried out. In s2l1l, 13 geries

totalling 184 experiments were mode.

Suzzestions for the imorovement of technique

The arrangement of diverting the Jjet by means of
a wooden trough in order to bring the level of water up to
the required depth bgrora turning the jet into the pool,
was not satiefactory at higher velocities of the jJet.
The disturbance in the pool made close regulatlon of the
depth of water difficult. A better arrangement for this
pursose would be to have a by=-pass from the water-supply
line discharging st a considerable distance downstream
from the gpravel bed.

It also would be better to have the water-
supply system such as to provide =z greater range of
discharge through the valves in order to exoeriment with

a wider range of values of _¥V for any particular gravel,
¥

Further, if the equipment is such as to ensble
the measurement of the depth of scour that exists when

the jet 1s running it would not only decrease the amount



of work and time needed for every experiment but also
would eliminzte the dependence on the oross seetions of

scour patterns for oWeining the depths of scour.

a7
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Chapter V
PRESENTATION OF DATA AND DISCUSSION OF RESULTS

In the first part of this chapter the data
collected by conducting 184 experiments as explained in
the preceding chapter are presented with the inteantlion of
meking them throw all possible light on the results.
Empirical relstionships between the parameters of Eq.
(23) for both the hollow jet and solid jet have been
developed, Finslly, the resultes of the inveatigation
heve been set forth and dilscussed in the latter part of

the chapter,

Zregentation of data

The Eqs. (22) and (23), obtained by dimensional
enalysis and a gystematic simplification of the problem,
evidently afford the beat means for graphical representa-
tion of the data. These equations ianclude the quantity
h, whioh 18 a charscteriatic depth of scour and has to
be obtained from the eroas seoctions of the scour patterns,
Typioal erose sections have been included in Appendix E.
Appendix C consists of the experimental data of center
line depths of acour pattern. A uniform secale of one-

fourth asctusl aize has been adopted for all the sections.
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An examination of the cross sections makes 1t apparent
that the characteristic depth of scour may be distingiish-
ed by at least two methods., It may elther refer to tre
emount of material that 1s permanently removed from tre
region-or scour below the original bed level, as
evidenced by the volume of the scour hole after the jet
is turned off, or 1t may refer to the total material

that 18 excavated during the period that the jet runs,
including both the material that i1s transferred beyond
the scoured region and that which haspens to be in
suspension. A cheracteristic depth of the latter type is
more significant for the design engineer and is therefore
adopted here. BSuch & depth, however, is not directly
measurable from the cross sections. Therefore, to
determine the denth of scour it was decided to estimata
the elevation of the point of intersection of the side
slopes of the cross-section relative to the undisturbei
bed level. Furthermore, it was thought that the silde
slopes of the cross-sections should remain the same 80
long as they all pertained to one msterisl., No two
plotted slopes, however, were found to be the same evel
though 2ll those pertaining to one type of gravel show2d
a particular trend of orientation. The reason for this
was soon evident in that when the Jet is running the
distribution of the materisl held in suspension 1s by

no means uniform zround the perlohery of the Jet.
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Therefore, when the flow stops snd the materiasl falls
directly to the bottom, the side slopes become irregular.
During the operation of the Jet, however, the sides mcy
be expected to assume a more or less regular slope
cheracteristic of the materisl only. With a gre=ter
depth of water _b the zone of suspension and genersal
size of the flow pattern ie much gre=ter and consequertly
the gettlement of material covers a wider ares and is
distributed more uniformily. This uniform distribution
1s also conspicious with the higher velocities. For
shallower depths and lower veloclities, on the other hand,
most of the merterisl deposits itself at the center. It
may therefore be assumed that irregulerity of any crossa
section is an indication of the haphazard deposition of
the material in suspension. Converasely, if the side
slopes of any cross section are quite straight, the
implication is that there was either uniform deposition
or no deposition at all over the surface of the scour
hole,

In view of the foregoing anaslysis of the scoar
mechanism the sloping lines were drawn with the greatest
emphasis being plsced on those plotted noints which moat
nearly geve 2 straight line. Another factor that was
kept in mind while fixing the depth of scour was that
the orovision made for the material in susoension

should be the seme as nearly as possible for all the
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eross sections of any one set of experiments., By using
this technique, it wag found that the average slope of the
line, which 18 as close as possible to the side slopes

of the majority of the cross sections, was 28°%- 30‘ for
gravel No, 1 and 27° for gravel No. 2. The final

location of the aide slopes drawn to obtein the depth of
scour h, 1is shown in the cross sections and the valuyes
of h have been given in Tables & to 16. It should be
noted that a number of trisls were necessary before a
consistent value of h was obtained.

Preliminary graphiocal repregentation of the
dnta in accordance with Eqs, (22) and (23) showed that
Bq. (23) gave plots whioh were more clearly indicative
of gsome of the results. Figs. 5, 6, 7, and 8 show the

value of ,g olotted against 'ht for different values >f
b

Ym

In Fig. 5, for instance, the family of curves shown at

-~y while the value or,?*_ 18 held constant.

the bottom 18 for values or'g against n®  when v

¥m

varies from 10.40 to 26.01 with 'VR' remaining

constant at l.39. The number of lines in any group
equals the number of series of experiments conducted wish
the particular Jet and area., Each figure has four
groups or families of curves corresponding to four

values of b, 2 in., &4 in., 6 in., and 16 in.
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The equation for any one of the lines in Figs,
5 tc 8 18 of the form

w.t
(28)
.% = m log ‘_g_ o

The values of m and e; for all the four families of
lines in Figs. 5 and 6 ere shown in Tables 17 and 18
reaspectively. VYhen values of m are plotted against
;; - 1 on reectangular cross-section naper, Fig. 9, it
12 found that all of the four lines pass through the
origin and the ecquation of any one of the lines has the

form

S

Values of m, corresponding to the four values of 7}{
A

have been ealculated for the 2,06~s84q. in. hollow Jet ani
sre given in Table 17. The plot of m, a8 the ordinat?2
with 'Vﬁ' ag abgcigsa produced 2 suvraight line, Fig. 11,

with the ecuation

the slope of the line being «1.

Therefore

m, = 0,023 Jg
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whence

m =« 0.023 VA [,\:__ - 1:'
)

The values of ¢y of Eq. (24), when plotted with :73
A

as the ebscissa, resulted in the irregular curves shown
in Fig. 9. It 1s seen that the lines sre closer with

larger values of _DbB. With a view to simplifying the
VA

analytical expression, the curves were aoproximated by
the stralght line shown in Fig. 9 and its equation is
e = - 0.032_Db + 0.5
vV A
Substitution of the values of m and oy 1in Eq. (24),

then, gives the relation between ,% and ¥, _», and

m VA
ﬁ%& in the following form
R - 1
b = 2.023VA log | Ymb ("m ) - 0.032 b +0.5
y . » s

(25)

A similar ecuation for the solid Jjet 1is

% = 0.023 VA log [3%3]('& i )-o.ozzmp + O.k

(26)

It may be noted that the value of m 1e the same for
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the two equations.

Figs. 14 and 15 sre additional plots of _h

JA
against _Db for different values of “m® with constant
VA VA .
value of _V,
Wi
Discussion of results
Factors and thelr effect on sgour.--While

analyzing the problém by the theory of dimensional
homogeneity it was shown that there are at least 18
relatively importsnt independent feootors to influence the
phenomenon of seour. Of these, only six, f, b, A,

vV, W and t, were chosen for this study and the
results indicate that for a relatively uniform material
the depth of scour depends upon b, A, V, L and %.
A comparison of depths of scour obtained by using the
hollow jet with those obtained by using the solid Jjet
under similer conditions revezls that scour is influenced
also by the shane of the Jet.

From series 1 and 2 or from 7 and 8 the
discharge has been increased by zbout 50 per cent while
the area remains constant., The resulting increase in
the depth of scour is very marked. Likewise, from
Series 2 and 5 or from 8 and 13 the dlscharge is held
almost constant although the area 1s decressed by nearly

half. The increase in scour is agsin conspicuous.
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It may therefore be stated that, other factors remaining
constant, the scour incresses with wlocity whether this
veloclty inoresse is brought sbout either by decreasing
the sree and keening the discharge constant, or by
increzsing the diecharge while the area remsins constant.
An examination of the graphlical representation
of the results shows. the following trends wiilch &re
comnon to &ll the families of lines in Figs, 5 to 8@

a. %With given values of ]% and _Y, the
v

m
inerement of soour remsins constant with time increasing
in geometrle progresasion, In other words, a state of
equilibrium in the oprocess of scour c2nnot be expected
el ther at any depth or after any pericd of time. There-
fore, the ultimate limit of the megnitude of acour is
the fixed mundaries.

b. The msgnitude zand rate of scour decreanse

with _V decreasing at any glven value of . As

“l'li

shovn in Pigs., 9 and 10, the slope of the lines is

oroportional t0 ¥ . 1 indicating zero secour vhen

W
m

the velocity of the Jet equals the moun fallevelocity of
the material., This result leads to the inference that
if the material were to consist of seversl sizes of
particles the heavier ones would graduelly line the

gooured nole thereby decreasing the value of _Y and

m
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incressing the tendency for the hole to become stablili-zed.

It may be noted that the above two findings
indicate the behavior of a 3-dimensional jet may be
identical in these respects with that of the 2-dimensional
one which was investigated by Rouse (12).

¢. A comparison of the values of h 4in any
Series and the fermilies of curves in Figs. 14 and 15
reveal that, with _V remsining constant, the magnitude
of scour incresases :Ttn increase in the depth of water.
Tnis phenomenon of greaster scour in a deeper pool runs
counter to commonly held opinion and needs further
discussion.

The incresse in the magnitude of scour, which
is comparable to the progress of the work of excavation
equipment depends upon the amount of materizl that is
plcked up and the extent of dispersion laterally from
the zone of jet erosion. The greater the latersl
dlspersion the lesser will be the percentage of displeced
material that falls back to the place of exeavation.
Therefore, Af an increase in the value of a certaln
factor were to accelerate the process of scour its
contribution would be in one or both of the following ways.

1. It may be responsible for an inerease in
the 2mount of material that is thrown into suspension.

2. It mey increase the lrtersl dispersion of

the material.
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Whether =2n inecrease in the depth of water in
the pool is condueive to inereasling scour may now be
examined in the light of the foregoing remarks.

With the energy of inflow assumed constant, she
extent of the turbulence may be expected to increase when
the depth of water in the pool increases becsuse with a
grezter depth there is greater scope for the full
development of the flow pattern. The photos in Figs.
16-19 included in Apnendix D sppear to support this
assumption. With an increase in the size of the zone of
turbulence the ares from which the grains are picked
increases; this should therefore result in an inerease in
the total quantity of material that goes into suspensien.

Further with shallower depth the local "boils"
are concentrated round the immediste periphery of the jet.
Obgervations during the experiments showed that when tae
Jet 1s discharging into a shellow pool the helght of tae
"boils" 2bove the surface of the pool often exceedas th?
depth of the pool 2nd consist of & mixture of gravel a3
water most of which fallg or 1s carried back ggain and
agein into the plage of 1ts removal. In other words, she
vertical component of the veloclity seems to be more
predominant which, while inereasing the 1ift, will not
help the lateral dispersion of the m=terisl., W¥With an
increase in the denth of the pool, the "boils" cover a

wider area givins rise to a pronounced ring-vortex fora
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of flow pattern. Even though the total energy may almost
remain the same, the formation of the ring vortex may Se
expected to increase the horizontal component of the
velocity. Ae 2 result, the material is thrown farther
and farther from the center of the jet.

This development of flow pattern, however, w-1ll
result in a maximum scouring capacity at = certain depsh
depending upon the charscteristics of the jet, pool, f_ow,
and sediment. It 1s therefore clear thet, with a givea
exit velocity of the jet and with all the other fsctors
remeining constant, the rate of removal of the material
and the rate of 1ts dispersion continue to increase =s
the denth of the pool increases, The rntee sttain =
maximum when the depth of water over the erodible bed
reaches a certain critical value bo' At thie stape tre
flow panttern accompanied by the ring-vortex form of
motion has reached its maximum scouring capacity.

When the denth exceedas the value bo' the
scouring cajacity decreases due to = grenter diffusion
of the Jet in the deeper pool, even thouzh the exit
veloecity may remein s constant, with the result that
the magnitude of scour also d-cresases.

d. Study of the values of h 1in any geries
brings out the general trend that, while an increase ir

the magnitude of h occure with increasse in b, the
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incremental increase in h with respect to the time in
geometric progreseion is the same with all the depths
with only & few exceptions. The lost set of experiments
in Series 5, 8, and 13 are zmong the execeptions. It will
be interesting to see whether future studies made with
equipment having fascilities to measure the depth of sccur
while the Jjet is running will substantiate or modify tris
stotement,

Emperical expregsions for seour.--Attempts to
establish n relationshi, between the dimensionless
parameters of ecuation (23) with the necessary numeric=l
constants obtained from the experimental data resulted in
Eqs, (25) and (26). Although the equations have been
developed from results obtained under idenlized condit_ons,
they do establiash the fundamental orinciples governing the
phenomenon of scour,

To indicate the extent of agreement between the
computed values of ‘g and those from experimental data,
Filgs. 12 and 13 have been prepered. The dots in Fig, 12,

for instance, represent the values of h 4in Series 1,
b

plotted against the corresponding values of _g as
computed from Ea. (25), represented by the 45° line shown
in the same Fig. 12.

Comoerison of the hollow and solid Jjets in
Xespeet to goouring capacity.~-The values of h in
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Series 1 to 4 obtained with the hollow jet correspond
to those of Serieas 7 to 10 with the solid. 8Similarly,
Series 5 and 6 &re comparsble to Series 12 and 13.
By comparing the values of h 1in Series 1 to & with
those of Beries 7 to 10, 1t seemsa that the scouring
capacity of the hollow jet is grester than that of the

solid jet for values of _YV wupto about 20. For values

Vi
of _V greater than 20, however, the scour csapscity of

me——

Wm
the hollow Jjet 18 exceeded by that of the solid jet.

Furthermore, in the Series 1 to 4 the critical value

bg 1lies between 5.58 end 11.16 whereas such & value
V&

exceeds 11.16 in the cese of the solid jet. The results
of Series 5 and 6 when compared with those of 12 and
13 do not portray the same trends as were evident in

the previous comparison. For instance, with _Db
VA
remsining constant et 2.11 and we? changing from

5.16 x 10° to 3.88 x 10° n increases from 4.20 to

5.80 when _V changes from 41.40 to 57.60 for the hollow

¥m

Jet, whereas with the solid Jet the change in h 1is from

3.90 to 5.25 while _¥V 4increases from 28.10 to 50.70.

¥

These figures point to the possibility that the scour by
the solid jet when _V 1is 57.70 mey be less than that

v
caused by the hollow ?et, namely 5.80, thus reversing

the trend noticed when the area of the Jet was larger.
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Further, in Series 6, 1t 1s seen that the magnitude of
scour is increasing when :73 has resched 16,88,
A

whereas with the solid jet the maximum scour lies between
7.92 and 15.84.

Two factors seem to contribute to the discon-
tinuity in the trend of resultas when the areasg of the two
tynes of lets mre changed. Firstly, the externsal
dyameter of the hollow Jet remains constant irrasﬁeotiva
of the change in the area of the water seetion whereas
«with the solid Jjet it changes with the arean. 8ince the
volume of the zone of turbulence mechaniasm 1a likely to
change with the diameter of the Jet, the effect of a
decrease in rren mey have duite dlasimilar effects on tae
resulting intensity of turbulence with the two types of
Jeta. BSecondly, the nhenomenon of diffusion of a solid
Jet (131589, Fig. 15) 1a such thet the aversge veloclty
decreases due to diffusion more rapldly 2es the dlameter
of the jet diminishes.

The oreceding discussion cbout the relative
goouring capaclty of the two typnes of Jets under similax
conditions leads to the follewing generalized statements,

a., There does not seem to be any uniformity
in the trend of regults with respect to the secour cauged
by the two tynes of jets when the srea of the Jets is
varied. The scour caused by one may be less than the

other only in some specifled range of glven conditions
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but not under 2ll poseible varietions.

b. The scouring capscity, by itself, divorced
from cther hydraulie, structural, and economic factors,
is not important enough to mske one of the two types of
Jets superior to the other; 1t may become significant,
however, when the ooerating conditlions are so restricted
as to require the jJet to operate with a constant erea,

SBugrestiong for further studies.--Thils study is
Juat one aspect of a multiphased problem, Of the 18
relatively impertant faetors attention was directed to
the inveatigation of the effect of only six of them.

An extension of the present etudy without the inclusion
of additional variables might be carried out as indicated
below.

a, Experiments may be conducted to obtsin
further information to clearly define the two regimes of
the phenomenon of scour on eithar side of the criticsl

depth and to relate this depth +«ith _V,
] m
b, Studies may be extended to include

additional values of A with o view to relsting the

socouring cspacity with the variestion of A, This will
increase the scope of the applicability of the results
for deslsn purposes where the sultabllity of outlets of
differant dlameters haove to be considered before final

seleotion.
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In order to asugment the usefulness of the
resulte in the solution of practiczl problems, 1t 1is
sugrested that the studies may be further exteanded to
include additional variables as indicated below.

a. Btudies might be made to evaluate the
effect of the inclination of the jet, © , on scour.

b. Experiments might be conducted with
sediments having spprecisble size range of particles.
The stendard deviation o would then be an important
var' able.

¢c. It may be interesting to study the eflect
of the dimensions of the pool and to find the size at
which the scour ceases to be sffected by 1t. With suen
e study the length L =and breadth B of pool require
consideration.

A complete comprehension of the problem is,
of course, possible only when the effects of all the
factors th=at influence scour are evaluated. It m#y be
remarzed that if 1t 1s possible to take into account
the average velocity =t the bed instead of the exit
velocity of the Jet or the energy of turbulance for
correlation with scour then there is & likelihood of tae

number of independent variables being reduced.
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Chapter VI
SUMMARY

The importance of Sediment Engineering in
relation to the design and maintenance of irrigzation
atructures is being increasingly felt by hydrauliec =and
irrigation engineers alike. During the last 25 years
greet strides have been taken Soward the solution of
many of the problems of this complicated science. There
are many more problems, however, which sre still awelting
solution. One of the problems which has hitherto
received very little attention 1s that of scour by Jets.
In cross section, a Jet may be square, rectangular,
circular, or even tubular. When the flow through the
outlet conduit of a dam, for instance, is regulated by a
needle valve at the downstream end the result is a
solid circular jet. Outlets of some of the dams buillt
recently have hollow-jet valves to regulate the discharge.
The jet from such a valve is hollow or tubulsr in cross
section. This study was concerned with scour caused bz
hollow and solid jets.

The phenomenon of scour by Jets 18 influencec
by 211 the fsctors that characterize the jet -~ the pocl
into which 1t discharges, the flow, and the sediment



65

which conaetitutes the crodible bed of the pool. A clese
examination of all the factors showed there are a2t least
12 independent quantities to affect the magnitude of
sesour. To make the problem susceptible to laboratory
investigation, 1t was decided, after a detalled dimen-
sional analysla, to reatrict the investigation to the
study of scour in a bed of relatively uniform material
by a Jet from a hollow=J}et valve diacharging vertically
dowaward from o constant height sbove the sediment anc
comparing the results with those obtained from 2 s0lif
Jet under aimilsr conditions. Using dimenslonal analysia
the followlng general functional relationships were

obtzined for a Jet of given ineclinstion, shepe,and area.

% =¢' ’ EE.E: L
VA b Wi
- [ w 7
and h = (ba_ B, _m_,
/A A VA ¥,
where h 4is the depth of scour,
b 418 the depth of water over the bed,
A 1ie the area of the jet, and
¥ 18 the duration of the scouring =ction.

A 2-in. brass model or the hollow-jet valve
installed in many of the dams recently bullt by the
Bureau of Reclamation was used to obtain the hollow jet.

For =z solid Jet, two nozzles with exit diameters of
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1.62 in. and 1.145 in. wvere turned on the lathe Trom
solid steel. The arrangement of the water supply line
wes such as to make the jet central to a2 bed of gravel
which was 47 in. by 47 in. and 25 in, deep in the head-
bex of a flume. At the end of the flume was a calibrated
welr to measure the discharge.

A totsl of 87 experiments were conducted with
the hollow jet end 97 with the solid Jet. The scour
pattern wae conieal in shape and almost symmetrical
about the center of the bed.

The data have been represented graphicrlly in
accordance with the equations mentioned earlier. The
following are the important findingst

&, If the meterial 1s relatively uniform
the depth of sccur depends upon the area and the velocity
of the jet, the mean fazll-veloclity of the material, the
depth of water over the material, snd the duration of the
secouring action.

b. The rate of inerement in scour with respect
%o %Ame lnoreasing in zeometric progression is constant,
In other words a stote of equilibrium in the proceas of
scour sannot be expected elther &t any depth or after
any oeriod of tima,

6. The megnitude of scour decreases with &
decrease in the ratio of Jet velcelity to fall-velocity

--approaching zero as thig ratio approaches unity.
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d. The most interesting result which sppears
to be strange and contrary to the commonly held opinion
is that scour increases with increase in the depth of
water over the erodible bed until the depth reaches a
eritical value. Any further increase in depth will
diminish the resulting scour.

e, For a given area of Jet, the comparison of
the seour resulting from the two types of Jjets aonpears
to indicate one trend. With s change in ares the results
of comparison show quite a different trend. This
inconsistency may be due to the fact that a variation in
the area alters the diffusion of the Jete znd the
turbulznce mechanism in the pool. Further, it introduces

two additional variables _L and _H 4into the study.

Y ry
f. Except wvhen the operating conditions are so
restricted as to recuire the jet to operate with a
constant area, the scouring capacity by itself divorced
from other hydraulle, structural, and esconomic factors,
is not important enough to make either one of the two

types superior to the other,
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Teble 1.--RANGE OF VARIABLES

A il v . i

in.2 VA Wi

2.06 2 1,39 9,92 10,40 4,8ex102
L 2.78 18.70 19,60
8 5.56 15,20 21.12 4.1:x10%
16 11.12 18.70 26.01

0.90 2 2.11 41.40 43,30 L. 8ex102
L 4,22 41,40 57,60 -
8 R.44 b.1zx10%
16 16.88

2,06 2 1.39 9,93 10.40 l4,82x102
L 2.78 19.35 20.25
8 5.56 9.93 13.80 L, 12x10%
6 11.12 15.20 21.15

19,135 26.92

1.02 2 1.98 20.20 28.10 k4.85x102
4 3,96 136.42 50.70
8 7.92 1.55x10%
6 15.84
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Table 2,-«=SHAPE FACTOR AND OTHER CHARACTERISTICS OF

GRAVEL NO.,

1

W

Grain Axis a Axis b Axis ¢ factor Remarks
o in, in. in. c
Jeby
1 0.334 0.262 0.185 0.61 Specific gravity
2. 0.328 0.27% 0.261 0.8 2.650
3 0.354 0.240 0.164 0.562
Average aubmer%ed
L 0.486 0.395 0.29 0.674 weight of gra
5 0.38% 0.293 0.20 0.61 0. oooués
6 0.279 0.233 0.177 0.69
Average sedimentation
7 0.255 0.180 0,150 0.702 diameter 0.0205
8 0.308 0.281 0.186 0.633
9 0.325 0.283 0,186 0.612 Meag §a11-velceity
0.95
10 0.414 0.258 0.218 0.66
11 0.339 0.241 0.187 0.63
12 0.441 0.182 0,169 0.596
13 0.350 0,302 0.122 0.356
1k 0.432 0.256 0.204 0,62
15 0.342 0,209 0.210 0.78
16 0.245 0.219 0.162 0.698
17 0.243 0.210 0.150 0.664
18 0.240 0.233 0.193 0.818
Average shape frotor 0.656




a3

Table 3.--SHAPE FACTOR AND OTHER CHARACTERISTICS OF

GRAVEL RO. 2
o

—--
e e e

I

— . Bhape
Grain Axis e Axis b Axis ¢ fsetor Remarks
No. in. in. in. e .
Jabl
1 0.27 0.264k 0,139 0.519 Specific gravity
2 0.26 0.090 0,066 0.429 2.505
3 0.275 0.295 0,159 0.652
Average submerged
L 0.257 0.182 0.122 0.565 vtight of grain
2 0.270 0,205 0.193 0.81 0.00019
0.261 0,217 0.149 0.62
Average sedimentation
7 0.278 0.208 0.155 0.646 dismeter 0.0135
8 0.255 0.194 0.142 0,637
9 0.272 0.195 0.152 0.657 Meanl;all-velocity
0.7
10 0.228 0.153 0.142 0.760
11 n,222 0.184 0.125 0.619
12 0.179 02.116 0,093 0.641
1 0.227 0.152 0.138 0.742
1 0.302 0.17 0.114 0.498
15 0.290 0.18 0,173 0,740
16 0.428 0.202 0.127 0,432
17 0.211 0.191 0.138 0.687
18 0,209 0.,164 0,091 0,492
19 0.27 0.136 0.116 0.601
20 0.346 - 0.122 0,114  0.496
21 0.201 0.163 0.131 0.72h4
22 0.265 0,165 0.108 0.516
Aversge shape factor 0.609
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Teble 4,--8COUR CAUSED BY 2,06-8Q.IN. HOLLOW JET IN
GEAVEL NO. 1

Series 1

VS9.93; wp = 0,955 - = 10.40; A = 2,06 1n.2;

S = 1,435 Q= 0.1420; T = 62,6 F.

b t h h Wt
1n. min in. i ks | 7%
15 2.80 1.40 5.16 x 10
30 2,90 1.45 .09 x 10
2 40 3,00 1.50 2.06 x 10% 1.39
120 3.12 1.56 4.12 x 10%
15 3.10 0.775 2.58 x 102
30 3.20 0.800 5.16 x 107 2.78
b 60 3.20 0.825 1.02 x 1oﬁ
120 3.ko 0.850 ~.06 x 10
15 3.50 0.4375 1.29 x 10
0 3.80 0.4500 2.58 x 10 5.56
8 0 2.70 0.4625 5.16 x 10
120 1.80 0.4750 1.03 x 10
15 2.75 0.1719 6.4k x 102
30 .20 0.2662 1.29 x 102
16 60 3.40 0.2125 2.58 x 107 11.12
120 3,50 0.2188 5.16 x 103
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A= 2.06 in.7%}
66.2 F.

Series 2
Vp ® 0.955; 3= = 19.60;
JA = 1.435; G =0.2673; T

V = 18.70;

GRAVEL NO. 1

Table 5,--3COUR CAUSED BY 2,06-8G.IN, HOLLOW JET IN

4

1]

t h
min in.

b
in.

1.39

llllll

2.78
5.36

11.12




96

Table §,-=-3COUR CAUSED BY 2,06-8Q.IN. HOLLO¥ JET IN
GRAVEL NO. 2

Series 3

V= 15.20; wp = 0.719; = = 21.12; 4 = 2,06 in.?;
Ja = 1.435; Q= 0.2170; T = 55,6 F.

b % h ' '% Wt b
in. min in. Te Th

15 | 2,62 1.81 3,88 x 107

2 go 3.84 1.92 7.76 x 102 1.39
0 L.06 2.03 1.55 x 104
' 15 .82 0.955 1.9% x 102

4 120 L. Ol 1.010 3.88 x 103 2.78
60 L, 26 1.065 7.76 x 103
15 b,62 0.5775 9,70 x 102

8 20 k.84 0.2050 1.94 x 102 5.36
60 5,06 0.£225 2,88 x 107
15 2,52 0.2200 4.85 x 102

16 go 3. 74 0.2338 9.70 x 102 11.22
0 2,96 0.2475 1.94 x 105
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Table 7.--SCOUR CAUSED BY 2,06-8G.IN, HOLLOW JET IN
GRAVEL NO. 2

Serieas &

V= 18.70; 1w, = 0.719; = = 26.01; A 3 2,06 in.2;

A = 1,435; Q= 0.2673; T = 55,6 F.

e am e
—

b t h h wt b

in Bl in. D T = B VA
15 4,10 2,050 3.88 x 102

2 30 Y 2.175 7.76 x 107 1.39
60 4,60 2,300 1.55 x 10%
15 +.60 1.1{0 1,94 x 102

I 30 4.85 1.212 3,88 x 305 2.78
&0 5.10 1.275 2.76 x 103
15 5,20 0.6500 9.70 x 107

8 30 5.45 0.6812 i.94 x 103 5,36
60 5,70 0.7125 2,88 x 103
15 5.00 0.3125 k.85 x 102

16 0 5.25 0.3281 9.70 x 102 11.12
0 5,50 0.3434 1.94 x 102
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Table 8.--3COUR CAUSED BY 0.90-8Q.IN. HOLLOW JET IN
GRAVEL NO. 1

Series 5
V= b1.bO; w, = 0.955; - = k3.30; A = 0.90 1n.%;
JE = 0,95; Q= 0.2581; T = 6.2 F,
B e e e e P~ e et e —
b % h Wit b
in. min in. % T = —'Tr /i
15 4.20 2.10 5.16 x 10
30 . 140 2,20 1.03 x 10, 2.11
2 &0 .60 2.30 2,08 x 10,
120 4.80 2.5Lo 4,12 x 10
15 4,30 1.075 2.58 x 102
20 4,50 1.12% 5,16 x 1og
b &0 4,720 1.17% 1.03 x 10 b, 22
120 14,90 1.225% 2,06 x 107
15 2.95 0.743 1.29 x 102
0 15 0.7669 2,58 x 102
8 0 .35 0.7938 5.16 x 10 8. 44
120 6.55 0.8188 1.02 x 10}
240 6.75 0.8438 2.06 x 10
7.5 6,00 0.3750 3,22 x 102
16 15 6.8 0.3928 6.4k x 1072 16.38
30 6.76 0.4225 1.29 x 10°
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Teble 10,--5CO0UR CAUSED BY 2,06-3Q.IN, 8SOLID JET IN
GRAVEL NO. 1
Series 7

V=29.93; w, = 0.955; -E'; = 10.40; A = 2,06 ln.z;

Jh = 1.435; Q = 0.,1420; T = 62.6 F,
b % h Wt
in, min in. % T = *snl- JE
15 2.4 1,20 5,16 x 10
0 2.6 1,30 2.06 x 10%
15 2,45 0.6125 2,58 x 102
b 20 2,55 0.637% 5.16 x 103 2.78
15 3,25 0.4062 1.29 x 102
8 20 3.9% 0.4188 2,58 x 103 5.56
50 3,53 0.47312 5.16 x 10°
15 3.25 0.2094 6.45 x 102
16 30 a,kLs 0.2156 1.29 x 102 11.12
60 3.55 0.2218 2.58 x 103
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Table 11,-«SCOUR CAUSED BY 2,06-3Q.IN, 30LID JET IN
GRAVEL NO. 1

Series 8
V = 19.35; w, = 0.955; %; = 20.28; A 3 2.06 in.%;
JA = 1.435; Q= 0.2762; T = 62.6 F.
= = —— ;
b t h n Wt k
in, min in, b e —’;‘- _ vy
15 3. 50 1.75 5.16 x 107
0 2.70 1.85 1.03 x 105
2 0 3,90 1.95 2,06 x 10! 1.39
120 k.10 2,08 4,12 x 10
7.5 3.55 0.8875 1.29 x 107
15 3475 0.9375 2.58 x 102
N 30 2.95 0.987% 5.16 x 103 2.78
go b 18 1.037% 1.03 x 10;
120 4,25 1.0375 2.06 x 10
35 L, 00 0.5000 1.29 x 102
30 4,20 0.5250 2.58 x 107
8 30 b, 1s0 0.5500 5.1€ x 10 5¢56
120 4,60 0.5750 1.03 x 10
158 4.70 0.2934 6.55 x 102
30 5.00 0.3125 1.29 x 103
16 0 5,30 0.3312 2.58 x 107 11 12
120 5.60 0.3300 5.16 x 103

LIRR AW Y..,.M
GEAORADO A & W (OLLESE

FRET CALLINS, COLSNABD
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Table 12.--8COUR CAUSED BY 2,06~8q.IN. SOLID JET IN
GRAVEL NO, 2

Seriecs O
V=9.33; w, = 0.719; - =13.8; & = 2,06 in.%;
m
/A = 1.435; Q= 0.,1420; T = 60,8 F,
e —— e - — - e i
b t h Wyt b
A VRS iR % r - S -
1 3,20 1.600 3.88 x 10
2 3 3.33 1.665 7.76 x 107 1.39
60 .46 1.730 1.55 x 10
15 3.23 0.8075 1.9% x 102
b 60 3.49 0.872% 7.76 x 103 2.78
15 3, 40 0.4250 9.70 x 102
8 60 %66 0.55758 3.88 x 103 5.56
15 3.45 0.2156 4,85 x 105
16 30 3.58 0,2238 9.70 x 10 11.12
50 3.7 0,2320 1.94 x 10>
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Table 13.-=8COUR CAUSED BY 2,06-3Q.IN. SOLID JET IN
GRAVEL NO. 2
Series 10
V= 15.20; w, = 0.719; - = 21,15; A = 2.06 in.?;
m

/& = 1.435; @ = 0,2170; T = 60.8 F.

b t h h Wt b
in. min in. b Te Iz
15 4.10 2.050 1.88 x 102
0 b.31 2.125 7.76 x 103
2 0 .52 2.260 1.55 x 10, 1.39
120 4.73 2.365 3.10 x 10
18 ﬁ'ﬁo %.0500 1.34 x 13
3 A .1025 3.88 x 1
" 50 4,62 1.1550 7.76 x 10 2.78
120 4.83 1.2075 1.55 x 10
15 u.zz 0.5312 9.70 x 102
8 0 4.b 0.5575 1.94 x 103 5. 56
0 .67 0.2812 3.88 x 10 ’
120 4,88 0.56100 7.76 x 107
13 4,20 0.2625 4,85 x 1g§
5.30 0.3312 9.70 x 1
15 0 5.51 0.3L40 1.94 x 103 11.12
120 5.72 0.3575% 3.88 x 103
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Table 14.--SCOUR CAUSED BY 2,06-8(.IN. SOLIL JET IN
GRAVEL NO. 2

Series 11
V= 19.35; wy = 0.719; - = 26.92; 4 = 2.06 in.7;
m
JE = 1.435; Q= 0.2762; T = 60,8 F,
b t h Wt b
in. min in. 3 L o
0 4,87 2,135 2.76 x 107 -
2 0 5.1k 2.570 1.55 x 1oﬁ 1.39
120 5,41 2.705 3,10 x 10
7.5 4.65 1.1625 9.70 x 102
15 4,92 1,2300 1.94 x 102
n 30 5.19 1.2975 3.88 x 103 2.78
50 5.456 1.3650 7.76 x 102
120 5.73 1.1325 1.55 x 10
15 5,10 0.6375 9.70 x 102
30 5.37 0.6712 1.94 x 10
8 g0 5,67 0.7090 3.88 x 10 5.56
120 5.94 0.7300 7.76 x 103
15 5.50 0. 3440 4.85 x 102
0 2.77 0.3606 9.70 x110:
16 0 .Ob 0.377 1.94 x 107 11.12
120 6.31 0.39%4 3.88 x 103
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Table 15.--3COUR CAUSED BY 1,02-8Q.IN, SOLID JET IN
GRAVEL NO. 2

Series 12
V220,205 w = 0.719; 3~ = 28.10; A = 1.02 1n.%;
m
JE = 1,011; Q= 0,1420; T = 55.5 F.

b t h b T . ¥mb b
in. min in. b . i
15 .90 1.95 3.88 x 102
2 30 .10 2.0% 7.76 x 102 1.98
60 k,30 2.15 1.55 x 10
15 4,00 1.00 1.9 x 102
b 20 4,20 1.05 3.88 x 102 3.96
60 L. 40 1.10 7.76 x 103
1 .50 0.4375 9.70 x 102
? 33 g.?o o.ugzs 1.94 x 103 7.92
80 3.90 0.4875 .88 x 10°
15 4,30 0.2688 4.85 x 102
16 30 4,50 0.2813 9.70 x 107 15.84
60 4,70 0.2938 1.94 x 10°
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Teble 16.--SC0UR CAUSED BY 1.02-8Q.IN. SOLID JET IN
GRAVEL NO. 2
Series 13 \
V= 36.42; w_ = 0.719; 3 = 50.70; A = 1,02 in.?;

256

Jh = 1,011; Qe 0.1420; T = 55,6 F.

: ot e et
b t h "
in. min in. 'E = —%— J%
15 5,25 2,625 3.88 x 10
2 go 2.75 2.875 7.76 x 107 1.98
0 .25 3,128 1.55 x 10
15 5.80 1.450 1.94 x 10>
N 0 .20 1.575 3.88 x 102 3.96
0 6.80 1.700 2.76 x 10°
15 6.30 0.7875 9.70 x 102
8 20 6.20 0.8500 1.94 x 107 7.92
0 7¢30 0.9125 3.88 x 103
g.;s 5.23 0.3125 1.52 = igg
.50 3, 0.3375 2.43 x
16 18 g.ao 0.3%42% 4,85 x 102 15.8k
20 . 20 0.3278 9.70 x 10
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Table 17.-~VALUES OF COEFFICIENT ¢y AND SLOPES m AND m,-_
2.06«3Q.IN. HOLLOW JET

b ——————— -]

Series \ b m [ wdls
v~ in, e L
ﬁ 0.137 0.780
0.083 0.500
1 10.40 t ook o.goo 1.39 0,078
16 0.021 0.140
o
2 19.60 8 0. 086 0:330 2.78 0.0283
16 0.055 0.130
2 0.367 0.634
3 =23z 4 383 2300 s o.0om
16 0.043 0.103
E n.uég c.g;o
0,2 0.
L 26,01 £ o1 0033; 11.12 0.0721
16 0.052 €.170
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Toble 18,-~VALUES OF COLFFICIENT ¢y AND SLOPES m AND mq -

Series = b m e .
Yo in % VA "
ﬁ 0.337 0.583
0,083 0.33
7 10.40 o 0. 042 0.275 1.39 0.0478
16 0.021 0.150
o o
0,167 0.3
8 19.35 3 0.08 0. 341 2.78 0.0283
16 0.06 0.113
5 0.215 0.320
0.10 0.450 .
9 13.80 g 0553 0‘250 5,56 0.041
16 0.027 0,142
E o.iso o.zsz
0.175 0.47
10 21.15 8 0. 088 0,269 11,12 0.0121
16 0. Olils 0.202
2 0.450 0.685
b 0.22 0.489
o 26.92 g i3 oi3ei
16 0.055 0.195
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Appendix C,-~Tables 19-71
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Series 1
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X
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¢
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Table 19.--EXPERIMENTAL DATA OF SCOUR CAUSED BY 2,06-8C.IN.
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*Origin ot intersection of jet center line with

original surface of bed material.
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Table 19.--EXPERIMENTAL DATA OF SCOUR CAUSED BY 2,06-8C.IN.
HOLLOW JET IN GRAVEL NO. l--Continued

Series 1
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*Origin et intersection of jet center line with

original surface of bed material.
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Table 20,«~-EXPERIMENTAL DATA OF SCOUR CAUSED BY 2,06-5Q.IN,
?.5
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of test

OO ©\0 N OO O MWD OO O VIO O
HOC WD~ WD Wi VOO O P
- - - L L] - . ¥ - - - ® & & = & & 4 s & » * =
vl ONC DO MMVEHO N HO O TFNHO ~H
11 4 =) 14 U AR TR B B R (I A
oo cooCco OO0 NO OO\ OO OCWN
- - L 3 - L 3 - - a4 ® ® = & & & a ® a2 8 ® 3 »
© (N0 T WO O S WO O WO O © WO O O\
e ] b et )b e e e
-+ ) -+
M- O 00 N~ EWD  —\O\D ™ €0 00 4
VWOS O NM O N (NOC O Q0 €00 N
- - - - - - - - L] - - - - Ll L] - - * -
A0 ©CONHO A 4O O OO
U B O (N B R 11 1=
coo0 ccoo ccoCcoc o0ON coCcOoO
. - - - - - - - - - - L] - - - - - - -
S ONO G WO O G (N0 O (N0 O\ (Y © We O
hede == ) | ++*-.-d B e 2
-HO CONC W CONG I OO © N W
OV N O N SN0 WO\ W O oty
....... - L] - - L ] - - - L] -
1O -t NO VOO HO O
LI B A T | -+ 1=+ 14 I A
O W = M eV CWOS N C W\
© N OO O © 01 O\ (O~ m2w9
e ) 4 - J S A
0N OV ND O - OO O LD
OO O~ OO N Q0 O WA, 40 NG
- - - - - - - - Ll - - - - - - - -
NHC NOO NHOO NO O VN © 4
f 1= 0 1 4 1 1=+ 1 1 1 1=
OO0 OOWN cooMmMOoowWm coomn
» L 2 L] - - - - L] - - - - - L 3 - - -
O OWNO WD TS O WO O TN @ © A0 D~
e ] e e
s o o
i ™ o'

izin &% intersection of Jet center line with

originélugurraca of bed material.
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Table 20,--EXPERIMENTAL DATA OF SCOUR CAUSED BY 2,06-8 IN.
HOLLOW JET IN GRAVEL NO. l1--Continued

Series 2
f e e —— =
uration — bepth of s8illing 200l b An inches .
of tegt )
t Co-grdinates of scour hole®
min X y X ¥ * ¥ X y
in, in. in, _in. in, in. in. _3in,
—2.0 -2.29 -2.2 =2.44 «3.0 =3.69 -2.0 -7,29
. 00 ""0029 "'5&2 "'00?5 "'6.0 -1.92 "6-0 "'3062
=7k 40,46  <9.6 $0.97 =9.0 $0.06 <9.0 -C.54
120 0.0 =2.46 0.0 =13.63 0.0 -£.41
+3.° -2006 *?'8 "'2019 *310 ‘-3.16
+600 "‘0.46 *L}-a "0'9“ "600 "‘—.o ol'f
+7.7 40.50 47.8 40,91 +49.0 -3.41
-300 ‘-2-00 "'2.3 "'?.56 +13.1 +:.¢65
""6-0 -00 2 -5-3 ""Ot89 «7.0 "?0‘}4'1
-7.8 $0.83 -10.0 $1.25 4.0 -2.29
«9.0 =).91
~13.2 $2.96
+3.0 “":"‘az”l
$6.0 =2,16
$6.0 <0.66
$14.1 41.84
-:*.C "3-?
2 2.1
-9.0 «1.10
«14,.1 ¥1.06

*Origin at intersection of Jet center line with
original surfece of bed materi=l.
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Teble 21.--EXPERIMENTAL DATA CF SCOUR CAUSED BY 2.06-8 IN,

HOLLOW JET IN GRAVEL NO. 2

Series 3

Deoth_of gEilling oool b in inches .

2
Co=-ordinate

Duration
of test
t

of ggour hole®

y
in

x y =
;nc m! mﬁ_

¥y
in,

X
1n.
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MOWHIOC 2 NO N
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R L A B it
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oNIWVWE@ YW
wirefuadesdep § 1 1 1 0}
OO 0O NN O
OO\ O NONNO
- - - - L] - - . - - -
OCrHOO0OCO HHHOOO
[ O A | L B B
CCOoOCOoOW OCOOC~
- - - - L] . B & = * =&
O NI YW O iYW
b o ot ot o TR B BN I R |
Wy
i

......

-1.03

53

30

«1.0 =2.47
"‘200 -:.28
-4.0 -Z.47
"600 -..?2
-?.4 ..00

"'2-0 "2.78

'-1}.0 -2.11'7

«2.0 «1.72
-“0 0 -1- Bb

0 -2.40
0 ""108“’

"

.0 -1.53

é.
-8.4 0,00

0 -1.15

"'8-0 —0.59
-9.1 0.00

*Origin at intersection of jet center line with

original surface of bed material.
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Table 21,--EXPERIMENTAL DATA OF SCOUR CAUSED BY 2,06-8Q.IN.
HOLLOY JET IN GRAVEL NO. 2=<Continued

Series 3

e ————

1ing .E‘Qﬂl.gb_lﬂ_lm e
. 1
Co-grdinates of goour hole®

T

T ———
— e —— e

Lepth

Duration
of test

2

y

An,
0.0 =2.65
$41.0 -2.28

X
m-

x y

in. in.
0.0 ‘1022
*?'0 -0.78
$4.0 =0,84

y
in.

X
in,

y
in,

t
min

X
in.

000 -1.3“
+2.0 -1.78
+4.0 ‘loh?
45.0 «1.40

4+56.0 =1.03
*8.0 -0.“0

+8,6 0,00

+2n0 -2-28
+u¢0 -1065
+6¢O -0.?8

46-0 -0.90
$7.0 -0.84

+800 -0

60

59
00

$6.6 ¢©

0.00

‘2.0 -1028
*h.g ‘1078
«5.0 =1.53
“6‘0 -1.28
-800 “0
-8.6

-a.o “10?8

“6.0 -1.03
“8.5 0-00

*Origin at intersection of Jet center line with

original surface of bed material.
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Table 22,--EXPERIMENTAL DATA OF SCOUR CAUSED BY 2,06-54.IN.
HOLLOW JET IN GRAVEL RO 2

Series 4

thof gH1l4%E c00l b n tches

2

Durstion
of test

t
min
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*0rigin at intersection of jet center line with

original surface of bed materizal.
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y
in.

x
in

¥
in,

of ggour hole®

x

in.

¥

e
in.

Series &4
i

hof stllling pool D 1A 1nc

Co=
X
ia.

2
y
in.

X
lé\l._

——e 28 DS

HOLLOYW JET IN GRAVEL NO. 2--Continued

t
min

Table 22,--EXPERIMENTAL DATA OF SCOUR CAUSED BY 2.06-8Q.IN.

Iuration
of test

i3
3k
"40 34
3
0
«2.15

60

"‘1.0 "'J'é

1 0.00 $11.3

0 =k, 72

llllll

-1
-800 “0093

=1.0 =4,03 410

~2.0 «3,72
-1&.0 -2.78
"6.0 "'1.59
"800 "'0093

*Origin at intersection of jet center line with

original surface of bed material.
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in,

of geour hole*

1
Series 5
in,

Depth_of Et;;;;ng pool B _in inche
1

2
Co~
in, in,

X
in,

HOLLOW JET IN GRAVEL KNO,

t
min

Table 23.=--EXPERIMENTAL DATA OF SCOUR CAUSED BY 0.90-30.IN.

Duration
of' test

.........

3.75

OO A OO
W M- O 0~ 0O O
FTAXIIVOATOHON
I I I I S I B A &
COOO0O0OO COOC N
T ® ® = ® & @ & = &
© WO O 0 WY OONO O O Ny
e e o o I B O A |
-+ - | I }

why

(3

with

.....

-3
-9
-12

19
69

0,50 412
8l

00 “"l

6
-9.0 40

-"bo 5 "1

“Origin &% intersection of jet center line

original surface of bed material.

15
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1--Continued

Table 23,--EXPERIMENTAL DATA OF SCOUR CAUSED BY 0,90-5Q.IN.
HOLLOW JET IN GRAVEL NO.

Series 5

e
——-— - ——

—————

in,

X

Deoth_of gtilling ool b in inches

2

Co-ordinates of scour hole®

in.

x
in

y
in.

t

min

Luration
of test

X

—in.
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60

"'2.0 "'h'c69
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"'900 -1.38
-12.0 0-00

0 “2.82
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%
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€ 4 00 4 00 \O G0N0
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Q2XIOCO0O0 MOOCO
. - L ] - - - - - .
C N0 T OO
et E AR E

120

#*Origin a2t intersection cf jet center line with

original surfsce of bed material.
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Table 23.--EXPERIMENTAL DATA OF SCOUR CAUSED BY 0.90-8Q.IN.

HOLLOW JET IN GRAVEL NO,
Series §

Duration 2
of test
t _ Co-ordinates o
min X X y
in, in,

in. in.

[

l-~Continued

L 3
y x
in.

Depth_of gt;;;;ng ggglab in inches n

f_scour hole

in,

in.

240

OO0 QCOCO0OOO0

+
|

NN OO NN OND O D M

U

|
-

oA
-l 3
=3.38
-1- 88
“"0013
+0.9

"‘“’lg

-3«57
-2.00
-0.32
+1.25

*Origin at intersection of jet center line with

original surface of bed material,.
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$14.1 0.00

2

Depth_of ﬂ§1;;;ng pgol b in inches

2

in.

HOLLOW JET IN GRAVEL NO.
x

t
3.75

Table 24,--EXPERIMENTAL DATA OF SCOUR CAUSED BY 0,90-3Q.IN.
min

Duration
of test

S-ONONWVOND
OO O~NOO
* e s B ow e @
VIV (T ©
L A

CCooCcoOoOMm
- L - - - L] Ll
NIOOONM
8 -1%1-.—..%

0.0 =5.15

12.0 -i.59
#oo _3'90

*6.0 “"3.09
+8.0 ""20 22
+10.0 "'"1- 22
$12.4 0.00
-2.0 "5. 03
""}IO "3! 9?
-6c0 "'2-97
-3.0 -?c 09
""10-0 ""lo 15
-12.1 0,00

#*O0rigin st intersection of jet center line with
original surface of bed material.

7+5
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2--Continued

Table 24,~~EXPERIMENTAL DATA CF SCOUR CAUSED BY 0,90«SQ.IN.
HOLLOW JET IN GRAVEL NO.

Series 6
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NV NN H O O
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#Origin 2t intersection of jet center line with

original surface of bed mesterial.
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Table 24,--EXPERIMENTAL DATA OF SCOUR CAUSED BY 0,.90-8G.IN.
HOLLOYW JET IN GRAVEL NO. 2--Continued

Series 6
Duration ___!’.ﬁpth_‘?_F_lmf i ng .22‘2111’_3.0_1“0
of test 2 : . 18
% Co-grdinates of gocour hole®
min X y X y X y X Y

1[}. 1!’!' L!}, in, in, in, 1!!. in.

60 0.0 =4,00 0.0 =5,28 0,0 <4.97

$2.0 <4,59 41.5 -5.65 $2.5 ~5.15

$4.0 «4,00 44,0 4,40 4.0 -%4,.28

+600 ""‘2090 +6.0 "3022 +630 "‘3.“0

48!0 -?.00 +8oo “"2065 +8I0 "’2.“‘0

*10.0 “'1. 28 *1000 "‘1.90 +10'0 "1.53

+12o0 -00 53 +1200 -1015 *12-0 "'0-53

$13.2 0,00 $14.3 0,00 4$13.1 0.00

"'2.0 ""1".72 "'105 - 28 "'2'0 "'h‘. 9?

-"4'.0 "'3. 97 —4.0 - .09 "L}oo -“15:

“‘600 "20815 "‘6-0 -3. 22 "'6-0 "’3.53

"8-0 -1078 "'8.0 "'2.31" -8-0 "'?n53

«10.0 =0.84 «10.0 -1.57 <10.0 -1.33

-12.0 0. 00 "13;7 Oo 00 -12-0 -0.53

#*Origin et intersection of Jet center line with
original surface of bed material.
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*

ng pool b in inches

y

Series 7
3

X

Co-grdinateg of

in.  in.  in.

y
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Table 25.--EXPERIMENTAL DATA OF SCOUR CAUSED BY 2,06-3C.IN.
SCLID JET IN GRAVEL NO. 1

Duration
of teat

X
L °

min

15
30
60

*Origin at intersection of Jjet center line with

original surface of bed material.
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Table 25,--EXPERIMENTAL DATA OF SCOUR CAUSED BY 2,06-3Q.IN.
SOLID JET IN GRAVEL NO. l--Continued

Series 7
Dgrgtign - Depth _of Egglgzng pooi b in inchesg _
0 es
t Co-grdinates of sgour hole*
min X y X y X y X y

in, _in.  in. _in. in. _in, in. _in.
-100 _1.07 ""200 “'0.10 *8.0 *006
""2'0 "0.?9 "4.0 "'0.91 -1.0 +0.2
-2.0 -0,47 -5.0 «0.3 -2.0 40,09
bl IG -0.22 ""8-0 +0.3 - -5 ""0029
-5|0 ""0‘07 - .0 *0.78
""6.6 0.00

*Origin at intersection of jet center line with
original surface of bed material.
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Series 8

D tn_QI_ﬁillllng pool b in inches
of sgour hole®
X y x
in. in, in. in.

Table 26.--EXPERIMENTAL DATA CF SCOUR CAUSED BY 2,06-3G.IN.
SOLID JET IN GRAVEL RO. 1

P o

e
y
in.

2
Co-
y X
in. in,

x
ALn.

Duration
of test
t
min

,0 «2,60

-?.0 —O.Uu
-8.0 - 0,00

7.5

000 “3-91
$1.0 -3.41
*2.0 -2029
$4.0 -0,97

66

0.0 -3079
+u-0 ‘1-60
*6-0 -0.4?

*2.0 -?C

000 “2.82

*100 *?c25
+2.0 -2,12

‘4.0 *1.07

0.0 -3-16
+2n0 -2-&1

*4.0 -1-10
46,0 40,21
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-0 -21?2
00 -1.“7
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o NI
R

0.0 3429
$1.0 -2,72
$3.0 =1,66
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0.0 «3,22
+2.0 =2.19

+4.0 «1.10
+6.0 $0.15

30

*Bog -y
'aoo -1lh? *10.0[*0
-1.0 -u

-7.8 $0.40

*Origin at intersection of Jjet center line with

original surface of bed material.
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Series 8

Depth_of stilli

Table 26.--EXPERIMENTAL DATA OF SCOUR CAUSED BY 2.06 B3Q.IN.
SOLID JET IN GRAVEL NO. l--Continued

in.

0
X
s

na_aggl_g_la_in h
S
8*
y
1n.

of

I
Co~ordinate
X y
n
-4,0 «1.29
"'6.0 +0.03

2

X
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of test
t
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*Origin at intersection of Jet centér line with

original surface of bed material.
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Teble 27.--EXPERIMENTAL DATA OF SCOUR CAUSED BY 2,06-3Q.IN.
SOLID JET IN GRAVEL NO. 2

Series 9
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#*Origin at intersection of jet center line with

original surface of bed materisl.
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Table 27.--EXPERIMENTAL DATA OF SCOUR CAUSED BY 2.06-3Q.IN.
SOLID JET IN GRAVEL NO. 2--Continued

Series 9

Depth_of stilling pool b in 1nongg,lg___,

2

Duration
of test

Co=

t

min

X

of scour hole®
x y

Y

in.

X
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J
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*Origin at intersection of jet center line with

original surface of bed material.
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Table 28,--EXPERIMENTAL DATA OF SCOUR CAUSED BY 2.06-84.IN,
SOLID JET IN GRAVEL NO, 2

Series 10

ng pool b in incheg —

£
y

in. in.
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t
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Teble 28.-~EXPERIMENTAL DATA OF SCOUR CAUSED BY 2.06-3Q.IN.
SOLID JET IN GRAVEL NO. 2--Continued
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*Origin at intersection of jet center line with

originel surface of bed material.
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Table 29.--EXPERIMENTAL DATA OF SCOUR CAUSED BY 2,06-35Q.IN.
SOLID JET IN CGRAVEL NO. 2

Series 11

Depth_of Eg;;;;ng pool b in inches
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Table 20,-=-EXPERIMENTAL DATA OF SCOUR CAUSED BY 2,06-8Q.IN,
SOLID JET IN GRAVEL HNO.2--Continued
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*Crizin 2% intersection of Jet center line with

original surface of bed materlal.
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Table 29,-«~EXPERIMENTAL DATA OF SCOUR CAUSED BY 2.06~3Q.IN.
S0LID JET IN GRAVEL NO. 2--Continued

Series 11
e T —— == TS
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#Origin at intersection of jet center line with
original surface of bed meteriasl.
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Series 12

0.~--EX’ERIMENTAL DATA OF SCOUR CAUSED BY 1.02-8Q.IN.
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2«-=Continued

Series 12

Table 30,-~EXPERIMENTAL DATA OF SCOUR CAUSED BY 1,02-80.IN,
SOLID JET IN GRAVIL NO.
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¥*Origin at intersection of jet center line with

original surface of bed material.
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Table 31,--EXPERIMENTAL DATA OF SCOUR CAUSED BY 1,02-8Q.IN.
SO0LID JET IN GRAVEL NO., 2
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*Origin at intersection of jet center line with
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2==Continued

Table 31.--EXPERIMENTAL DATA OF SCOUR CAUSED BY 1,02-3Q.IN.
SCLID JET IN GRAVEL NO.
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2--Continued

Series 13

Taeble 31.--EXPERIMENTAL DATA OF SCOUR CAUSED BY 1,02-8Q.IN.
SO0LID JET IN GRAVEL NO.
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Appendix D,--Figures 16-19



16

17

18

19

LIST OF FIGURES

PHOTOGRAPHS SHOWING THE
ACTION INCREASING WITH
DEPTH OF STILLING POOL
2. 06-%- INO HOLLW JET

PHOTOGRAPHS SHOWING THE
ACTION INCREASING WITH
DEPTH OF STILLING POOL
0.90-8Q.IN. HOLLOW JET

PHOTOGRAPHS SHOWING THE
ACTION INCREASING WITH
DEPTH OF STILLING POOL
0.09-8G.IN, HOLLOW JET

PHOTOGRAPHS SHOWING THE
ACTION INCREASING WITH
DEPTH OF STILLING POOL

TURBULENT

INCREASING

WITH

. - - L d

TURBULENT

INCREASING

WITH

-

- - - - L]

TURBULENT

INCREASING

WITH

L] . . -

TURBULENT

INCREASING

WITH

1.02-8QUIN3 SOLID Jm e . L

144

1486

146

147

143



144

b=8N. b =16 IN.

Fig. l6--Photographs showing the turbulent action
increasing with increasing depth of stilling
pool with 2.06-8q.in. hollow Jjet

Gravel No. 1 V=29.93 Q@ = 0.1420



b=8IN. b =16 IN.

Fig. 17--Photographe showing the turbulent action
increasing with increasing depth of stilling
pool with 0.90-8q.in. hollow jJjet

Gravel No. 2 V = 41.40 Q = 0.2581



b= 16IN.

Fig. 18--Photographs showing the turbulent action
increasing with increasing depth of stllling
pool with 0.09-8q.in. hollow jet

Gravel No. 1 V = 41,40 Q= 0.2581

146
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b=2 N b=4IN.

b=8 N. b=16IN.

Fig. 19--Photographs showing the turbulent action
“increasing with increasing depth of stilling
pool with 1.02-sg.in. solid Jjet
Gravel No. 2 V= 36.42 Q = 0.2581
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NOTATIORN

area of Jet

longest axis of = sediment perticle

depth of water over the levelled bed of sediment
intermediate axis of = sediment particle
shortest axis of a sediment particle

shape factor for jet

height of the exit of the exit above the bed of
sediment

depth of scour

length of pool

duration of scouring action in minutes

veloclity

fall-velocity of sediment

geometric mean fall-veloclity

angle of inclination of the tangent to the center
line of the Jet with the horizontal at the point
where 1t strikes the originsl plane of the bed
of sediment

mass density of water

megs density of sediment

function of

gtandard geometric deviation of w-frequency
kinematic viscosity of water
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