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ABSTRACT.

The Hydraulic Conveving of Solids

In a One—-Inch Diameter Pipe

Previous investigations of the hydraulic conveying
of solids in pipelines have usually been confined to
variables measured externally and a satisfactory dimension-
less cerrelation of friction losses has been produced for
materials with specific gravities less than 4,60. Very few
measurements, however, have been made on the microscopic
scale,

In this investigation, experiments were conducted in
closed-circuit plant with a one-inch pipeline. An attempt
was made to measure the distribution of discharge solids
concentration, the water velocity profile and the mean slip
velocity as functions of mean solids concentration and
hydraulic gradient. Five materials were chcesen for invest-
igation, covering a range of particle diameters from
0.0046 to 0.061 inch, of specific gravity from 1.17 to 4.60
and of settling velocity from 0,0648 to 0.695 ft./sec..

The behaviour of these materials illustrated that
they could be classified according to the mechanism by
which they were supported in the fluid. Three mechanisms
were examined theoretically and all thrce types of

behaviour were exhibited.



Small pérticles with settling veclocities lower than
the turbulent lifting component appeared to be suspended
by fluid tufbulence. A unique methcd for correlation of
concentration profiles is presented, permitting the pre-
diction of coﬁcentration profiles for these materials
under conditions considerably removed froix those encount-
ered in this investigation,

Particles likely to be influenced by spin effects
were shcwn to exhibit anomalous concentration profiles,

Coarse particles, supported by a dispersive stress
resulting from interparticle contacts, were found to ex-
hibit flow with a moving bed at high concentrations.
Empirical corrélétions are shown for the effect of solids
concentration and friction velocity upon mean slip velo=
city, the water velocity profile and the distribution of
diécharge solids concentration., In addition, it was poés—
ible to estimate the transport concentraticen distribution,
s0lids velocity profile and local slip velocity for the

case of flow with a bed.
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SYMBOLS.

depth of channel
width of channel
local discharge concentration of sclids

local discharge concentration of soclids at distance
v from pipe bottom '

predicted local discharge concentration of sclids
at distance y from pipe bottom

mean discharge concentration of solids

drag coefficient

pipe diameter

particle diameter

base of Napierian logarithms

Fanning friction factor

gravitational acceleration constant, ft/5902
pitot tube pressure - ft. water

subscript for impact pressure; hydraulic gradient
in ft. water per ft. pipe

von Karman Universal Constant

Prandtl mixing length

length term appreopriate for momentum transfer pro-
cess, analagous to mean free path of the Xinetic

Theory of Gases

subscript referring to discharged mixture or sus-—-
pension

speed cf rotation in revolutions per second

dispersive stress

—L
1-C



W

W

local transport cencentration of solids

assumed local transpcrt concentration of solids
mean transport concentration of solids

pipe radius

specific gravity of sclids; subscript for suction
pressure; subscript for solids

tangential stress resisting motion of a bed of solids
local water velocity

maximum water velocity within the pipe

assumed mean water velocity along a chord

mean velocity

fraction of total flow

fraction of total flow discharged below a given plane
hindered settling velocity of particles

settling velccity of an individual particle

suBscript referring to water

distance from pipe bottom

distance of point of maximum water velocity from
pipe bottom

distance from pipe bottom to plane of zero shear
distance from pipe boundary

coefficient of internal fricticon for flow within a
bed

coefficient of internal friction for a moving bed

ratio ES/ -'E:m

coefficient of momentum transfer for fluid (eddy
kinematic viscosity)
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density
shear stress at walls
shear stress at plane y

kinematic viscosity of fluid
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CHAPTER T

Introduction

The hydraulic conveying of solids has been employed
industrially for nearly fifty years and examples of its
use may be found in every industrialised country.

It has long been realized that the introduction of
s0lid particles into a stream of fluid requires extra
energy to be imparted to the fluid; this is revealed in
the form of an increased pressure drop. A considerable
amount of experimental effort has been devoted to est-
ablishing a relationship between this excess pressure
drop and the external variables of the system: delivered
solids concentration, the discharge velocity of the mix-
ture of particles and fluid, pipe diameter and the proper-
ties of the particles, This has been done satisfactorily
for the conveyingz of sands and gravels and the dimension-
less correlation produced has been found applicable to
particles with specific gravities less than 4,60. The
various regimes of flow exhibited in hydraulic conveying
have been considered to be governed by the diameter of the
particles, This may be due to the fact that most of the
experiments have been conducted over a rather narrow range
of experimental conditions; only the particle diameter
has been varied widely. Indeed, this criticism gains force

when it is considered that experiments conducted in large
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pipelines were carried out at low hydraulic gradients so
that the friction velocity corresponded with that applying
in a smaller pipe at higher hydraulic gradients.
Thecretical investigation of the problem from the
external or macroscopic point of view has been relatively
unsuccessful and it has been impossible to explain fully
any of the equations put forward. Since the inertia of
the solid particles is greater than that of the fluid, it
is apparent that some difference between the velocities of
the fluid and the solids will exist. If this is the case,
the solids concentration in the discharged mixture will be
less than the transport concentration inside the pipe.
Studies of the sedimentation of particles have shown that
the slip velocity between fluid and solids governs the
momentum transfer process. It is therefore apparent that
the slip velocity will be related to the excess pressure
drop in those circumstances where hydraulic conveying is
essentially a momentum transfer process, It has been found
that small particles apbear to remain suspended in the
fluid and it is probable that a relationship between
excess pressure gradient and slip velocity can be fairly
readily obtained. It rmuust be pointed out, however, that
measurement of these slip velocities is extremely diffi-
cult for small suspended particles. Coarse particles, of
greater inertia, have been treated theoretically and ex=-

perimentally for two-dimensional flow in an open channel
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and it has been shown (46) that the conveying of these
materials is not simply a momentum exchange process.
Because of their greater inertia, interparticle contacts
are of importance and the problem is essentially one of
the flow of granular solids. Motion is caused by a stress
on fhe particles which is derived from the forward momen-
tum of the fluid.

In the present investigation, which has been focuss-
ed upon the microscopic scale, significant differences
between the regimes of flow are shown to exist., It has
been possible to classify these forms of behaviour accor-
ding to the mechanism by which the particles are supported
in the fluid.

Tt will be shown that the five materials studied in
this investigation exhibited three distinct forms of
behaViour. These are considered analytically in Chapter
IIT, Experimental results obtained at various pressure drops
and mean solids concenfrations are presented in Chapter
VII. Although some of the techniques met with limited
success of failure, it was still possible to make signi-
ficant deductions about the behaviour of the solids on

the microscopic scale,
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CHAPTER TI.

Literature Review.

l.' Introduction.

The hydraulic conveying of solids in a pipe, like pneu-
matic conveying and open-channel transport, is a special
case of the general problem of momentum transfer from a fluid
to immersed solid particles., Because the density of air is
so much less than that of water and because so little is
known about the momentum exchange processes on the microscopic
scale, it has not been possible to reconcile many macroscopic
observations made for hydraulic and pneumatic conveying.

As an industrial operation, it is not surprising that
hydraulic conveying first emerged in placer mining operations.
Nardi (1) states that in the late 1850's, water under
pressure was used to raise gold-bearing gravel distances of
30 to 55 feet for discharge to sluices. Horizontal hydraulic
conveying was first employed industrially in London in 1914
when a pipeline 1750 feet in length and 8 inches in diameter
was used to transport ccal from barges moored in the Thames.
Since this time the technique has found wide application in
Canada,vFrénce,vRussia and the United States for the trans-—
port of coal, sand, ores, mine and mill tailings and washery
sludges.-

Because special equipment was often not neccessary,

scientific inhvestigation of the problem has lagged behind
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industrial practice and today the enginecer frequently finds
himself knowing little about the fundamentals of a par-
ticular process.

It has been realized, however, that it is the diameter
of the particles which is of primary importance in determin-
ing behaviour and each of the design formulaec which have
been produced ccvers only a limited size range. Suspensions
containing fine particles less than 30/}4 in diameter
exhibit an increased resistance to laminar shear and the
particles must be considered intimately enough associated
with the suspending fluid for an internal structure to be
established.. Coarser particles exhibit differing rpgimes of
behavicur as the conditicns of flow are varied, but the
criterion gcverning transition from one regime to another
is usually still considered to be the diameter of the par-
ticles, It is these ccarser particles with which the present
series of experiments is concerned.

2. Hydraulic Ccenveying in Pipelines - Macroscopic
Considerations.

External measurements nmnade on the hydraulic conveying
of sclids have been concerned with:
(i) the pressure gradient along the pipe and the
difference between this quantity and that
required to transpert clear water at the same

velocity;s
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(ii) the critical velocity at which a bed of

particles is formed.

The excess pressure gradient provides an indication
of the amount of extra energy which must be imparted to the
fluid to transport the solids while the critical wvelocity
permits optimum operating conditions to be selected. It
will be shown that a coherent picture of the relaticnship
between pressure gradient and system variables has been
established, although this has not been satisfactorily
related to the internal mechanism of the process.

In a series of experinments on one-inch brass and iron
pipes, Blatch (2) measured the discharge concentration and
velocity and the excess head loss for the conveying of
(-20 + 40) mesh and (-60 + 100) mesh sands. At any given
velocity the excess head loss was proportional to discharge
concentration., At very low velccities the excess head loss
was independent of velocity until the critical velocity was
passed; thereafter it decreased with wvelocity. At very
high velocities the total head loss, expressed in terms of
the mixture, was the same as for clear water flowing at the
sane velocity. The breadth of the transition region sep-
érating this last phenoncmencn from the critical velocity
was observed to increase with the size range of the particles,

Hazen and Hardy (3) performed a similar series of
experiments on sand particles less than 0,5 mm, in diameter

in 3 and 4 inch pipes. The excess head loss was again found
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to be a direct funtion of concentration and the general
cbservations of flow regime made by Blatch were substantiated.
Gilbert (4) ceoncluded that particle saltation was the domin-
ant mode of transport and repcrted an increase in the capa-
city of the pipeline when particles of two different size
ranges were conveyed. This he attributed to a change in the
roughness of the surface of the bed. Durepaire (5) stated
that for total suspension the hydraulic gfadient was the same
as for water flowing at the same velocity. For the case of
flow with a deposit the head losseé were said tc be a function
of concentration and particle size. Howard (6) conducted a
systematic investigation of the effect of mean concentraticn
(E) ﬁpon excess hydraulic gradient (is) and suggested the

relationship:

i=4i 4+ i =i + AC (1)

where A was a functicon of pipe diameter and the sand charac-
teristies. 1In addition, a qualitative description of the
water velocity profile was given in which the maximum
velocity was found at a point above the centre of the pipe.
In the discussion of the paper Gadfelter and Howard produced
a plot showing the variation of solids concentration over
the pipe. The vertical diameter of the pipe was seen to be
an axis of symmetry and some variation over a horizontal
chord was evident.

Wilson (7) derived an equation for excess pressure
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gradient by assuming that the work required to maintain
suspensicn could be added to that required to produce the

same water velocity:

V%  KCW
i = iv + is = + — 2 (2)
k 2 gD v

In the discussion of Wilson's paper;'Einstein objected
to the addition of.energy terms in view of the possible
influence of particles upon the state of turbulence.

Turtle (8) measured the discharge velocitj and mean
cohcentration for a considerable range of particle sizes and
densities, and, with Worster's assistance, succeeded in pro-
ducing a correlation based upon theoretical and empirical
conclusions from cpen channel flow., This expression was
observed to be least suitable for large particles.

It was not until Durand's comprehensive series‘of experi-
ments (9, lO)wthat a macroscopic equation adequate for the
design of industrial pipelines was produced, = His expériments
covered a wide range cf the major system variables except

particle density and may be presented in the form:

( ) 1.5
W & D s -~ 1
—_— g6 & (3)
C 1w v 72 C

d

i- i

where the factor (s ~ 1) was introduced by Worster (11) from

Turtle's results to take account of particle density. This
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equation has been found to apply to a wide range of concen-
trations, velocities and particle diameters. It has not
been feund applicable to particles of specific gravity
greater than L,60.

Abbott (12, 13) continued Turtle's series of experiments
with uniform size saﬁds and produced an alternative to
Durand's equation. He adopted Wilson's approach, assumed
that the solids velicity was a constant fraction of the mix-~
ture velocity, and cobtained an expression which differed from
Equation (II - 3) chiefly in that the pipe diameter was raised
to the power 1 instead of 1.5. His assumption about the
behaviour of the solids velocity received some support from
pneumatic ccnveying observations., Chin Yung Wen and Simons
(14) reported that the mean soclids velocity was a constant
fracfion of the mean discharge velocity, while Mehta et al.
(15) observed the same effect fcr the conveying of 36/4 glass
spheres. 'Larger (97%{) spheres, however, were shown to reach
a maximum velocity.

By considering the effect of sﬁspensions of small par-
ticles in reducing the settling velocity of larger particles,
he showed how his observed increase of pipeline capacity
could be explained.

The qualitative terms 'small! and 'large'! will be given
quantitative limits in the next section.

Craven (16) attenmpted a form of dimensional analysis

with rather limited success but did succeed in establishing
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a criterion for the formation of a bed:

—Y— 3.2 (4)
Jﬁ
J o Pu

where V is the mean discharge wvelocity.

Smith (17) suggested an equivalent diameter, de, for

¥4

use in equation (II - 3) in the conveying of mixtures:

IR
R (5)
s

Spells (18) derived expressions for the critical and

d

standard velocities from dimensional analysis and evaluated
the constants from existing data. The standard velocity is
defined as that at which the pressure gradient is the same
as for clear water.

Sinclair (19) studied the transport of heavy particles,
including steel and copper, through pipes of 1" diameter or
less, His investigations were confined to the conditions
where a bed was found., He showed that many of Durand's and
Abbott'!s predictions were not substantiated in a system
where the inertia of the fluid was much less than that of
the particles, Unfortunately, the microscopic measurements,
which might have explained the difference, were not attempted.

Additional data and reviews of hydraulic conveying may
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also be found in the literature (20, 21, 22).

3. Hydraulic Conveying in Pipelines - Microscopic
Considerations,

Early workers in the field of hydraulic conveying aug-
mented their external measurements with visual observations
of the flow pattern. Because the introduction of measuring
instruments into the flow is fairly simple with open channels
and because their usual rectangular shape permits .the assump-
tion of two-dimensional flow, most workers who have attempted
microscopic measurements have done so on such a system, More
will be said about these measurements in a later section.

By shearing suspensions in an annulus, Bagnold (23)
established the existence of two distinct regimes of shear
which he defined as inertial and viscous. In each of these
he showed that the dispersive stress, to which the applied
stress was proportional, was a function of concentration,
particle diameter and solids velocity gradient, In the vis~-
cous shear region the fluid viscosity was observed to be of
importance. He managed to show that the disappearance of
particle saltation which has been observed to occur between
0.20€d 2.0 mm, corresponds with a change of the shearing
process from the inertial to the viscous regime, He rein-
forced his conclusion that saltation is a phenomenon asso-
ciated with the inertial shearing process by using Jeffrecy's

(24) description of the development of drag upon a particle.
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Durand and Worster have classified particles for»the
purposes of hydraulic conveying according to their dia-

meters and the regimes of flow they exhibit as follows:-

1. Particles forming Homogeneous Mixturcs
d(BO/J
2,  Intermediates
30 M ¢ d g 50 AL
3. Particles forming Hetrogeneous Mixtures
(a) Suspended Particles
50 { a 0.20 mn,
(b) Transition Category
0.20 mm. <d { 2.0 m.
(c) Saltation Region

d > 2.0 rmm,.

This classification has been drawn up on the basis of
measurenents with sands and gravels. For particles of dif-
ferent density the criteria will be different, because a
particle travels in suspension if its settling velocity is
less than the turbulent velocity fluctuation, Further, since
the turbulent velocity fluctuation will vary with the
Reynolds number and friction velocity, and hence with the
diameter of the pipe, the applicability of these same

criteria to pipes of widely different diameter must be doubt-

ful.



13.

Because the inertia of the small particles is low
their velocities in the pipe tend to be high and wvisual
observations are impossible. The behaviour of larger
particles travelling in saltation was described in detail
by Durand (25). Smith (17) and Novak (26) noticed that these
particles tended to collect into isolated clouds and dis-
Perse as the fluid velocity was increased., No explanation
for the phenomenon has been suggested.

Durand (27) has published the results of his determina-
tions of local concentration and fluid velocity and has
quoted isolated values of the local slip velocity. Unfor-
tunately his descriptions of the experimental techniques
were vague and even Hallbronn's report (28) on the concen-~
tration measuring instrument leaves much to be desired.

Worster (29, 30) determined transport concentration by
isolating a section of the pipe. Like Bagnold, he recognised
the importance of the shear stress on the upper surface of
a bed of particles and he attempted to deduce its value. He
then defined a coefficient of sliding friction between solids
and pipe using the shear stress and the immersed weight of
the particles. 1In addition he gave qualitatively the fluid
bvelocity profile within a pipe, investigated the economics
of hydraulic conveying, and showed how the present experi-
mental knowledge influences the design of industrial equip=-
ment .,

It is unfortunate that more of the work on hydraulic
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conveying has not been conducted in a closed rectangular
channel, for which, as will be shown in the next chapter,
the applied shear stress may be more easily estimated in
terms of the distance from the bottom of the conduit. How-
ever, Ismail (31) measured the concentration and velocity
profiles for a fine sand in such a conduit. He reported a
fluid wvelocity gradient increased by the prescence of the

solids and a concentration profile of the form:

- EQ(Y-a) (6)

a s

log %
The behaviour of particles smaller than the microscale
of turbulence has been described theoretically by Friedlander
(32) but a great deal of experimental work must be done
before his predictions can be tested and applied to hydrau-
lic conveying. 1In their work on sedimentation, Dell and
Whelan (33) suggested that a highly angular particle may
have enough fluid permanently associated with it to form a
pocket of intermediate density. It is quite possible that
a similar phenomenon may be observed to apply to hydraulic
conveying, Under such conditions both the quantities d and
(s - 1) could vary with particle shape.
In conclusion, the folloWing major facts may be said
to have emerged from thellitérature survey on horizontal

hydraulic conveying in pipelines.
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1. A simple, dimensionally correct, empirical
correlation of friction lbsses against
system variables has been produced for the
sand - water system,

2. Some doubt exists as to the applicability
of this equation where the specific gravity
of the material is greater than 4.60, or
where the size of the particles is not uni-
form,

3. Only a few internal measurements have been
made and even these are subject to some doubt.

4, An explanation has been produced for the dis-
persion of particles too large to be supported
by turbulence, but this has not been related

to conveying in pipelines.

The key to an explanation of phenomena observed in
hydraulic conveying will undoubtedly be found in microsco-
pic measurements of transport concentration, fluid wvelocity
and solids velocity., At the present time it is these

measurements which deserve most attention.

L, Conveying in an Open Channel.

The hydraulic transport of solids in an open channel
has received experimental attention primarily as a conse-
quence of its importance in river flow and irrigation Pro-

jects. The first contribution to the general problem of the
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transport of solids in fluids was the definition of the
terms bed load and suspended load. These were considered
to be the portions of the total solids flow supported by
the dispersive stresses of the bed and turbulent fluid
shear stresses respectively.

For the case when the particles are supported by fluid
turbulence, Lane and Kalinske (34) attempted, with limited
succesc, to derive an expression for the transported con-
centration of solids by considering the turbulent lifting
component which they assumed to be proportional to the
friction velocity., Vanoni (35, 36) measured the water
velocity diétriﬁution for the transport of fine sand at low
(_{ 1.5%) concentrations, and like Ismail interpreted the
increased velocity gradient near the bottom of the pipe in
terms of a 'damped' coefficient of momentum transfer €:m;
Einstein (37) suggested that for suspension the diameter of
the particle must be considerably less than the mixing length
in the fluid and, since near the walls of the channel the
mixing length approaches zero, the mechanism by which paf—
ticles were maintained against their own weight was, in that
region, not turbulent suspcension but 'hydrodynamic 1ift!.
This hypotheses has not received support from subsequent
workers in the field. Richardson (38, 39) sampled the dis-
charge at the mouth of the river Tyne and obtained verifi-
cation of his theoretical predictions. Like most attempts

at explanation of the concentration profile, this was based
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upon the approach due to Schmidt (L40), Rouse (41), and
Prandtl (42). Hunt (43) noticed thét a small difference
existed between‘the velocities of the fluid and the par-
ticles and produced a modification of the Schmidt-Rouse
equation referred to in Chapter III, without assuming that
the eddy viscosity with solids present was the same as for
clear water. Morris (U44) showed that if the local solids
velocity is a constant fraction of the fluid velocity, the
equation is unaffected by slip.

It was Einstein who first introduced the concept of
bed-load, but‘the definition given earlier in this section
was put forward by Bagnold (45, 46) who verified his ana-
lytical predictions by conveying very light (S.Gf - l.OOh)
particles in an open flume. It wés shown ghat, even Qith
particles so near the density of water, only slighfly more
than one half werc supported by fluid turbuienpe? vIn addi-
tion, he established that where the loéal solidchoncentra—
tion was high the turbulence of the fluid was damped con-
siderably. Further, he showed that under such conditions
the dispersion of the particles was prodﬁced by a dispersive
stress resulting from interparticle contacts. For this
mechanism he obtained good agreeﬁent between measurenents
nlade on:

(a) Open channels - sand conveying

(b) Open channels - light particle conveying
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(¢) Air blown sands

(d) Suspensions sheared in an annulus.

It is most unfortunate that the present state of know-
ledge does not permit such a treatment for conveying in

pipelines,

5. Vertical Hydraulic Conveying.

The conveying of particles against their own weight is
essentially a rmuch simpler process than horizontal hydraulic
conveying because the distribution of solids is symmetrical
about the axis of the pipe. In addition, the particle
weight is balanced by a colinear drag force. Névertheless,
the problem has received rather less attention than horizon-
tal conveying, probably as a result of its morc limited
industrial use.

Durand (47) and Worster (48) conducted experiments on
the vertical conveying of solids and concluded that the head
lJoss due to friction, expressed in terms of the mixture, was
the same as for clear water flowing at the same velocity.
Gliddon (49) showed by experiments on 1 and 2 inch pipes that
Durand's empirical equation, for excess pressure gradient for
flow in a horizontal pipe in the absence of a bed, applied
to vertical conveying. Such a conclusion is hardly surpris-
ing because, as the distribution of particles over the cross-

section becomes more uniform, the essential difference
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between the flow patterns diminishes.

Durand presented measurements of solids concentration
and water velocity gradients within the pipe. The water
velocity did not appear to be altered much from that for
clear water and the solids distribution was uniform over
the pipe cross-section., Gliddon obtained evidence to the
contrary in both cases, showing that the particles tended
to concentrate along the pipe axis and that a corresponding
reduction of the local fluid velocity was produced in this
region,

Probably the most ambitious attempt at a description
of the flow process has been made by Maude and Whitmore (50)
who derived, from considerations of drag and the velocity
fluctuations of turbulent flcw, expressions for mixing
length, concentraticn profile and friction factor for finé
(20 - Lo a4 ) particles in small (2 and 5 mm.) tubes. Theinr
prediction of a region of high local concentration near the
walls of the conduit, together with Gliddon's cbservation
of the reverse for the casc of larger particles appears 1o
bear out Bagnold's hypothesis that for the latter the in-
fluence of inertia and wall collisions is more important
than that of the turbulent velocity fluctuations. Particles
larger than 30}J>in diameter, but fine enough to settle in
the Stokes' Law region, were studied by Bhattacharya and
Roy (51) who used a modification of the Vogt and White (52)

method c¢f correlating pneumatic conveying data to derive
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an equation for excess pressure drop from considerations of
dimensional analysis.

In conclusion it may be seen that although theoretical
treatment is least difficult for vertical conveying, the
problem has not recceived a great deal of experiméntal atten-
tion.

Significant theoretical and experimental progress has
however been made for the case of open'channel conveying.
Horizontal conveying in a pipeline represents the most dif-
ficult problem theoretically, but the industrial importance
of the process has resulted in considerable investigation.
Unfortunately, very little is known about the flow mechandism

on the microscopic scale.
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CHAPTER ITII.

Analytical Considerations.

1. Intrcduction.

It has been shown in the Literature Review that
equations based on macroscopic considerations of hydraulic
conveying have been derived either from dimensional analyscs
or using rather questionable hypotheses, and it is doubtful
whether further contributions to the science will be made
from this approach., At the present time, the difficulties
associated with the alternative microscopic analysis arec
intractable because so little is known abéut the variables
concerned. What is possible, however, is an illustration
of how relatively simple expcrimental techniques permit
some of the relevant variables, notably mean solids veclocity
and solids concentration =»rofile, to be determined, Exist-
ing experimental data for the 1ift force experienced by a
sphere rotating in a stream of fluid permit an asscssnent
of the relative importance of particle spin fcr particles
of different size and density, A critical examination of
the Schmidt-Rouse equation for the sclids concentration
profile in a cifcular pipe may also be made.

In addition, Bagnold's relaticnships based on the
mechanisms of the system have been found to apply with such
success to open-channel conveying that their application to

flow in circular pipes is worthy of consideration.
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Consideration will now be given to the factors involved
in determining the way in which the particles are distributed
over the cross-section, the mechanism by which they are dis-
Persed or suspended, and the relative velocity between the
liquid and the solids. Subsequently, possible methcds of
measuring some of these gquantities and the development of

suitable technigues will be discussed.

2. The Mean Solids Velocity.,

The interaction between the liquid and the sclids at
any position within the pipe will be a function of the rela-
tive velocity. It is therefore important to consider how
this quantity can be determined in terms of wvariables which
can easily be measured,

Mass balances on fluid and particles give:

(1-9) ¥, = (1-3) ¥, (1)
TV =37V (2)

Eliminating a which cannot be measured nearly as

readily as 6, and solving for Vs

Q

<l
S
2

voo= (3)

<|
}
l'"
1
al
<l
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and
_ v, - (1-C) V_
q = — - (Ll')
V.
w .
The mean slip velocity defined as VW - ?S is given by
V -V =7V g © (5)
V. -V =V | 1~ = — 5
v =Y V. - (1-C) ¥ I
! H
_ Vw (Vw_vs) (6)
vV - (1-C) V
\ m

Since C and Vn are given by discharge mecasurenments, a

means of evaluating Vw permits Vs’ q and V

-V to be
w s

determined, It must be pointed out that the nmean slip

velocity defined as Vw - Vs is not the mean value ?;"?'V;
of the local slip over the¢ cross~section. In fact, as
Durand has pointed out, even if the local slip is negligible
a mean slip Vw - VS will exist if the particles concentrate
in a region where Vw is less than Vw'

The selection of a suitable method of necasuring the

water velocity will be discussed in Chapter IV.

3. Concentration Profile Measurements.

The concentration of particles will gencrally decrcase

from the bottom to the top of the pipc¢ cross-section, In
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order to obtain a measurcment of the concentration profile
it is necessary to devise a nmethod of sanpling which will
Providce data which can be used for this purpose. Discharge
concentrations are more readily nmeasured than transport
concentrations, and attention will be confined to necasure-

ments of the forner,

.
-

/
{
v S P/

. XSS

!
7 1
[ L,
L3 VA

N v
: v

Consider the circular cross-section of the pipe cut by
the horizontal chords 1 - 1' and 2 - 2!, Thec concentration
of particles in the shaded arca is given by either of the

two expressions:

B2 32 Zl 11
Cioz = B (7)
YB2 T Vm1
c _ C.Al V.[s.l B C.A.?. VA?. (8)
i-2 7 _
Yar T Va2
where
C1-2 Concentration in the arca bounded by planes 1-1' and
2-21
CBZ Concentration in the area below plane 2-2!
Cc Concentration in the area below plane 1-1'!
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CA2 Concentration in the area above plane 2-2!
CAl Concentration in the area above plane 1-1'!
VBl Fraction of total fiow discharged below 1-1"
VAl Fraction of total flow discharged abecve 1-1"
Voo Fraction of total flow discharged below 2-2!
Vo Fraction of total flow discharged abeve 2-2!

If the solids concentration is assuried constant along a
series 5f horizontal chords as observed by Howard for small
particles, there must Ee a peint on the vertical axis of
the pipe where the local concentration is the same as that
given by Equations III (7) or III (8). The location of this
point is governed by the position of the shaded area in a
circular pipe. It would only be at the centroid of the area
concerned if the concentration and discharge velocity pro-
files did not change appreciably with distance above the
bottom of the pipe; under these circumstances it would not
matter much wherce the poeint was located., At the top of the
Pipe the velocity gradient would tend tc put the pcint lower
than the centroid, but in this region the concentration pro-
file doés not change very much, At the bottom of the pipe the
normal rapid rate of change of concentration with height
would tend to lower the point while the velocity gradient
reduced the effect somewhat, PFProvided the interval were
small enough, one would be justified in assuming that the

appropriate point lay at the centre of the area concerned.
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By determining the quantities involved in equations
III-(7) and ITI-(8) at various positions of the divider,

it was possible tc determine the concentration profile.

L, The Concentration Profile - Suspended Particles.

In order to explain the shape of the concentration
profile, consideration must be given to the mechanisms by
which particles are supported. Two cases will be considered,
first, when the particles are suspcnded by turbulent
velocity fluctuations, and secondly when their inmnmersed
welght is borne by strecsses associated with a flowing bed.

For the case wherc suspension results from fluid
turbulence, consider a horizontal element of pipe volume
of unit cross-sectional arca, thickness dy, mean particle
concentration q at a distance y from the bottom of the

T e e et et o et + bt

pipe /

N .&
i
>
|
|
L

Net rate of particle sedimentation from the clement:

-~ 1x1xWxagq x dy gﬁ“ (9)
secC.
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Net rate of 1ift into the element

= 1 x 1 x Qi x v! x dg ftl‘L (lO)
sec.
Consequently, in the stcady state
Uy dg + W q dy = 0 (11)

This equation can be applied only if the quantities ¢

and v' can be estimated.
The Schmidt-Rouse analysis continucs at this peint by

replacing the product Lrve with an eddy diffusivity
vt = £ = P) g (12)

E’m has been defined (53) by the expression

5 = "ry X - (13>

At this point, Prandtl assumed that rk - in the expression

a1y .
Q»\j?w (1)

dy

N
could be replaececd by the boundary value o" Cn the other

U =
hand, { - in (13) is determincd from ’}’o by the expression

Y Y (v, = ) (15)

¥ ° Y,
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The inconsistency is obvious and of course unjustifiable.

By substitution, however,

e 1

AR 2 I (Lo~ 7, (16)

/ Lo
"t/ Pw yo

N

Assuming, after Prandtl,
Lo
( =Ky (17)

Thus

ety

Vo

Q'V': (‘% K (18)
‘ ¢! P'w
(ll) then becomnes
dq
— = (19)
q

When the integrated form of (19) is applied to the
case of hydraulic conveying in an open channel, the distance
Yo is the depth of the conduit. Durand and Abbott in the
interpretation of Durand!s data substituted the pipe dia-
neter for Yoo This is of course impossible because equation
(III - 15) has been used in the derivatiocn. In addition
(17) is open to question in its application to regions out-

side the laminar sublayer. Furthermore, it is doubtful
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whether the product ,QJV4 should be replaced by an expres-
sion found adequate for the mechanism of momentum transfer
between successive layers of fluid. |

It is therefore desirable tc deduce a relationship
which is not dependent upon the mixing length theory.
Abbott considered the effect of solids concentration upon
the settling velocity toc be given by the equation

q)z.h

Wo= W (1 - (20)

Expressing the power to the ncarest integral number to

permit integration leaves the approximation
W oW (1 - a)? (21)

From Laufer's data (Sh) in which the RMS. values of the
velocity fluctuaticns for the flow of air in a circular pipe
were expressed in terms of the friction velocity, it was
found that the vertical ccmponent of the velccity fluctua-
tions was rcughly constant at a value of unity outsiderﬁhgh
laminar sublayer. Certainly the replacement of v! by / :;0

” w

is less open to question than the assumptions made in the

Schmidt-Rouse analysis.
There remains the prcoblem of the length term Q .
Certainly the diameter of the particle must exert some

influence upon the mechanism of momentum transfer vis-a-vis
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the scale of the turbulence, In the absence of a closely
deduced analysis one must be content with the observation
that if the distance from the bottom of the pipe is expressed

in terms of the particle diameter, equation (11) becomes:

dq -V dy
= —2 (22)
q (1-q) . [ Yo
: (DW

Integrating, and substituting the boundary condition

that when "y = 0

Q= q (23)

=t
=
B
Q
A

Y ~ y o - s} Q)w
- e = - = x (24)
1 qy 1 a4,
It will be shown in a later section that although (24)
Wy
does not apply, the dimensionless quantity —2 —  forms a

df_g_;

useful dependent variable for the presentaticn. of concen-

tration prefile measurenents.

5. Effects of Particle Spin.

In the preceding section, the maintenance of particles
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in suspension by the turbulent eddies in the fluid has been
considered. An additional mechanisn may be superimposcd
when the particle is spinning.

For the case of a sphere rotating in a stream of fluid,
Goldstein (55) cites results obtained at particle Reynolds
numbers between 60,000 and 100,000 in which the cocfficient
of 1ift was fcund to be small and ncgative until the peri-
pheral speed exceeded one-half the fluid velocity{ fuch
the same effect was cobsecrved for the case of a rotating
cylinder, Although the particles conveyed in this investi-
gation were certainly not sphercs and the Reynoclds numbers
were undoubtedly considerably lower than 60,000, the possi-
bility of such a criterion applying is worth consideration.

If, for any 1lift to result

) (25)

mast apply, then the necessary speed of rotation N in

Peripheral Velocity > 0.5 (Vw - Vg
revolutions per second is given by the figures quoted in
Table (III - 1)

TABLE IITI - 1

MATERTAL Nr.p.s.

Perspex 26.1 (VW - Vs)
Gravel 31.3 (vw - V)
Coarse Sand 70.0 (VW - Vs)
Fine Sand 267.3 (vW - Vs)
Zircon 415.0 (VW - Vs)
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It may be seen that it is the large, light particles of
perspex, for which (Vw - Vs) is probably locw, which are
likely to be most influenced by spin. In addition, when
the coefficient of 1ift is finite and positive these
particles would be most easily supported because their

immersed weight is small,

6. Bagnold's Internal Stress Considerations,

When the particles are not suspended in the fluid, but
are present in such concentrations-that a dilated bed is
formed, the mechanism by which they are supported is con-
siderably different, Under these circumstances the eddy
veleoccity of the fluid may be considerably less than the
settling velocity of the particles. This problem has been
considered by Bagnold.

(2) The Applied Stress.

When a particle in a bed is subjected to the action of
a fluid stream, there will be an applied stress which
results from the external impelling forces. For the broad
flat, enclosed horizontal duct shown below, the hydraulic
gradient, i, expressed in terms of the conveying fluid, can

be related to the stress at the walls.

a«r—M*»%&»ﬂ‘—'“‘-Mh——‘?M%“———- T T i

e ey
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- ab ngi=(2a+2b) Yo (26)

™ - a .
Vo = s Qute (27)
b
RN Y (28)

V,x -0, G-2) s (29)

It is obvious from the form of (29) that for a circular
pipe it would not be permissible tc assume that KTJZ was
constant along any horizontal plane.

(b) The Resisting Stresses.

In a2 series of experiments in which suspensions of
particles were sheared in the absence of gravitational
effects, Bagnold established that the dispersive stress P

was proportional to the tangential stress T:

T = P tancol (30)

Since the resistance to shear within a bed of particles
results from the prescnce of the solids and since in the

steady state the stress P must be in equilibrium with the



Meander Features in Connection with Ripple Formation.

It was obsurved that if the chanrel was set at a particular
slope, for certain ratio of the trarnsported solids to water
discharge, a well marked diagoral pattern or skew shoals would
form up supperimposed over the rormal ripple pattern. Flates

I I_1




3k,

immersed weight of the particles bearing upon a plane within
the bed, equation (III - 30) can be used to give the resist-
ing stress along that plane.

It has been observed that the regions of a conduit in
which solids are present may be divided into two: one
region generally called the bed, in which the solids con-
centration does not change much with depth; and the second
in which the rate of change of q with y is rapid.

If the boundary between these two regions is located at
Y., at any distance y (v £ yt) from the bottom of the pipe,
the load cof particles per unit length of Conduit, where q_
is the solids concentration in the bed, is given by the

expression:

™ 7
(P PP g? Jy ady + a_ (v,~ v) (31)

i
!

»

Thus the resisting stress equals,

Ol
({’S* e )b & Jy a dy + a_ (yv,- y) [tanel. (32)
t

This relationship for the resisting stress will only
apply within the bed when the turbulent action of the fluid
is damped considerably, Above the bed a term to account for

the resistance of the fluid to shear must be added.
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It is unfortunate that the limitations of the present
state of knowledge on the microscopic scale do not permit

theoretical justification of the observation that

ij=1i-1 =0.8¢C(s-1) (33)

for the case of flow with a bed.

From Zaki's (56) measurements of the effect of particle
concentration on the drag cocefficient Bagnold was able to
derive expressions for the sclids transport rate, velocity
profile and the lccal slip velocity, and it is most unfor-
tunate that this cannot be done for the case of conveying

in a circular pipe.
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CHAPTLN TV.

Topics of Investigation.

1. Introduction.

Analyses of hydraulic conveving in a pipeline arc
usually based upon the fairiy sasily obtained external

variables

3

vressure gradient, pipce diameter; particle
pPropertics, ﬁixture discharge volocity, and riean con-
centration, Macroscopic cguations invelving these vari-
ables are adequate for design purposecs, bermitting the
various regimes of flow behaviour tce be described.

ITn an exanination of hiydraulic conveying from the
microscopic point of view the additional variables of
interest are: the solids distribution within the pipe
and the velocities of the fluid and the conveyed particles.
The experiments worce confined to one pipeline, orne con-
veying fluid and uniform size natural particles, and thus
the effects of a number of other important fachors,
including pipe diamcter, fluid prepertics, particle size
distribution and particle shapce, werc not investigated.

Measurcnents of the solids concentration and fluid
velocity profiies in the wvwipe permitted the observations
of other investigntors working with open channels to be
tested: The solids velocity was determinced by the method

outlined in Scction III - 2, and the rosults were used to
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test the assumptions made about the riicroscopic behaviour
of the particles in the Schmidt-Rousc and Wilson-Abboett
analyses. In addition it was wpossible to made z2n estimate
of the wvariation of the local solids ve¢locity in those

regicons where the concentration approachced its limiting

maximum value.

2. Concentration Mcecasuremonts,

‘o systematic attempt has previcusly been made to in-
vestigate the manner in which the distribution of
particles varies over the crouss-—scection for a range of
experimental conditions, and in view of the importance of
such internal measureqents, a method was developed for
measuring the concentration distribution. The obscrva-
tions were confined to measuring the vertical distribution
of discharge concentration because the difficulties of
determining transport concentration directly were almost

insuperablc,

dca particles with diameters spanning the transi-

Lg

Si
tion region of G.2 te 2.C ma. guoted by Durand were chosen
3o that it could be scen whether a systematic change in
the form of the concentration profile existed. The
importance of particle diamcter 2s a criterion of whether
cr not solids travelled in suspension was then to be

checked by conducting experiments with a fine zircon sand,

Because of its high density, the scttling velocity of the
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-

zircon particles corresponded to that of 2 silica particlc
within the transition region. Furthermore, in proevious
work (57) it had been shown that large, light particles
exhibited anomalous behaviour and the experitients were
repeated with 0.073 inch perspex to verify the obscrva-

tions and to sce il soie explanation could be produced.

3, Mean Velocitics.

The solids velccity and the slip velocity are factors
of great dmportance in the preocess of hydraulic conveying
because they have o direct bearing on the flow pattern and
solids distribution and because thoey deternmine the
relationship between the transport and discharge concentra-
tion. Xquation IIY - 1 shows that the mnean solids veclocity
VS may be obtained from a knowledge cof the mecan water '

elocity Vw. For this purpose thc salt injection technique
described in detail by Allen and Taylor (58) and Taylor
(59) was adopted, Values of Vw were fcund to be grcat
assistance in assessing observations of local water
velocity., The mtethniod consisted c¢ssentially of measuring
the time required for a pulse of salt sclution te travel

between two peoints in the pipe.

L. Water Velocity Frcfiles.

Although somne investigators have alrcecady attempted

measurernients of the water veleocity profile within & pipe,
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it was considered desirable to attempt to relate the
velocity profile toe the distiribution of solids in the pipe-
line. It was realized that the technique was crude and

rather inflexible and insuperable experimental difficulties

ot

might fairly easily arise. It was hoped that at least
some c¢if the phenomena observed in an open channel might be

shown to exist for the case of flow throuzh a pipe.
) ks s

5. Particle Propecrtics.

Standard techniques were used for the determination
of varticle size and density and the porosity of a packed
bed of solids. By this means the results could be related
to those obtained by other worksrs.

In the following chapters the apparatus is described
and details arc given of the experimental techniques

developed for measuring the quantities referred to above,



Experimental Apparatus.

1. General Lavyout of the Plant.

The apparatus was essentially that designed and
operated initially by Turtle and subsequently modified by
Abbott who improved the method of sampling. For the
present work a number of modifications were made so as 1o
periuiit measurcment of several important variables. These
modifications included the addition of a system for inject-

.

ing a small pulse of salt soluticn and the detection of its
passage at two points in thc pipe; a device for splitting
the flow and collecting a sample of each part; and a
pitot tube for determining tiie water velocity profile.
Basically, the system consists of a herizontal loop
one one-inch pipe,fed by a two-inch line from a centrifugal
pump, discharging into a tank. A sccond section of two-
inch pipe connects the tank to the suction side of the
pump. rrovision is made Tor varying the velocity of the
fluid in the onec-inch pipe by diverting a portion of the

discharge from the punp dircecctl into the tanik,
& b

2., The Pineline.

A detailed description of the basic plant and the
methods o¢f comnstruction may be found in Turtle's thesis,

and only an abbreviated version will boe given herce. Two
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removal by abrasion'of about 25 cubic inches of brass.
Rather more than half of this was removed in a period of
about fifty hours punmping at modest (iess than 12%) dis-
charge concentrations. At one time cr another every bend
and tee in thq two-inch section of the plant, as well as
every valve diaphragm, had to be replaced as a direct
consequence of abrasion, In the particular case of the
valve on the discharge bypass shown as B in fig. (v - 2),
the disturbance caused to the flow by the valve resulted
in the wall of the pipe immediately downstream being worn

completely through.

3. The Pump.

The centrifugal pump has a number of advantages over
other types, including simplicity, high runaing speed and’
steady delivery. It may be employed for the hydraulic con-
veying of solids provided the case and impeller are

especially designed for the purpose. A 10% inch Vacseal

Grit Pump , running at 1170 r.p.m., driven by a triple V-
belt pulley system connected to a 10 - horsepower three-

phase A.C, induction motor, proved adequate for the raﬁge
of variables studied. Vacseal Grit Pumps are lined with
rubber throughout to minimise abrasive wear, and vanes on
the back of the impeller maintain a region of low pressure
in the wvicinity of the bearings tg prevent fouling by solid

bparticles. Unfortunately, this reduced pressure made the
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provision of an air-tight seal in the gland very difficult.
It was found necessary to keep the gland packing rings
tightly compressed around the shaft, and at fhe resultant
high running témperatures the packiﬁg tended to lose its
lubricant very rapidly. By completely repacking the
stuffing box at intervals of about fifty hours funning

- time it was found possible to minimise the leakage of air
into the casing. It)is suggested that wherever possible
vfurther experiments be conducted with the gland secured
with a mechanical seal, or flooded with a supply of the
conveying fluid,

After about one-third of the experimental work had
been done, it was found impossible tc eliminate the air
leakage into the plant. The motor and pump were replaced
by the unit from the vertical conveying plant, described
in detail by Gliddon. Roughly another third of the work
was completed with this pump, and when the bearing of the
original had been replaced by the manufacturcrs, it was

returned to the circuit.

L, Pressure Measuremcent.

The static pressure of the fluid is measured at two
points 4 feet 3% inches and 43 fecet 3 inch respectively
from the discharge. Fach pressure tapping, shown in fig.
(V ~ 3 ) consists of a piezomcter of Turtle's design, 4%

inches long and 1% inch in diameter, tcrminating in a
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into the collecting vesscls. Since they are hinged at H
they could be romoved simultanecously at the ond of the
sampling interval.

A check upon the effectiveness of the flow divider was
performed by comparing the amount of fluid discharged bencath
the divider without solids in the systom with that predicted
from the Universal Velocity distribution. Some discrepancy
is evident in the lower part of the pipe because fragments
of gland packing, causing fouling of the knife cdge, tonded
to travel in this region. It was cbscrved that when the
knife edge was removed after having bteen in the coentre or
upper part of the pipc¢, it was relatively clcan, whereas on
removal from the lowest regions it showed the presence of a
considerable amount of fibrous material, It was also observed
that the prescnce of a small guantity of coarse sand caused
the knife edge to remain relatively clean.

The datum level of the divider in its lowest position
was obtained from the assumption that the discharge from the
pipe was symmetrical about the horizontal plane passing through
its axis, The fact that fig. (V - 9 ) shows rcasonable
agrecment in the region 0.20"<Y < 0.90" meant that the loca-
tion of the divider cculd be detoermined by making refercnce
to the graph. Although the method was cbviously less satis-
factory than one giving a direct indication of divider
position, it is felt that the orror involved was probably

never greater than 0.015 inch,
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7 e Time Measurcment - Discharpge Velcocities.

Abbott impfﬁvmd Turtle'!'s technique for measuring the
length of the discharge samnpling interval by cmploying a
Cambridge recording chronograph in place of the stepwatch.
This dinstrument was used throughout these investigations
without modification, and a dcetailed description of its
operation may be obtained from Abbott's thesis.

A spring-loaded brenze sphere contained in an ebonite
tube screwed to the handle (shown in fig. (V -10)}) of the
diverting chutes of the flow divider made contact with a
narrow brass strip inset as it slid along the face of a
fibreboard plate fastened to the back of the flow divider.
Movement of the sphere was possible oniy when the chutes
were raised or lowered for the collection of a sample of the
discharged mixture. At the instant of contact the impressed
potential difference of the storage battery shown in fig.

(V - 11) caused a current to flow in relay solencid 2,
deflecting the pen of the chrcocnograph and indicating either
the start or the finish of the sampling period. The
synchronous motor zrovided an indication of the specd of the
strip chart by driving a fibre contact whecel 2t one revolu-
tion per second and producing deflections of the other pen

through circuit 1 at one second intervals.
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&. Salt Injecticn Circuit.

The injection circuit shown schomatically in fig.
(V - 12) consists of a spring-loaded brass piston l% inch
in diamoeter operating in a brass cylinver 2 inches 0.D. X
5% inches high. Salt solution from the reservoir is main-
tained at 100 p.s.i.g. by compresscd air and was forced into
the cylinder by opening valve E. Whoen about 7 cc. had becn
admitted, the spring restraining movement of the piston
became compressed to balance the pressurce of the fluid.
Valve E was then closed and when the plug cock C was opened,
the contents of the cylinder were discharged rapidly into
the pipe at the 2" - 1" reducer. The system worked well,
and the only experimental difficulty arose from wear in plug

cock C.

9. Electrodes.

The passags of the salt pulsce was detected by umeans of
two pairs of electrodes inserted tarough the hexagonal
portions of the Ermetco pressure coupliings situated respcec-
tively 8 feet 6% inches and 42 feet 1 inch downstrcam of the

inch tappecd

(o]
0
ol

injection point. A gland was screwed into
hole in each coupling and a ©.266 inch perspex rod passed
into the pipe. ach perspex rod was drilled lengthwise with
two holes through which passed a pair of spring stecl wires

pProjecting about % inch bevond the tip of the rod.
8 i
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Amyl acetate cemont was used to form a watertight seal
between wires and rod. When the single-pole double-throw
switch was in position, the impresscd 18.6 V. A.C.pctential
difference betwcecen the wires causcd o current to flow
through the fluid, pernitting the detection of the passage
of the salt pulse by the variation in current as it passed
the electrodes. The clectrcdes functioned satisfactorily at
all times, the only maintenance found necessary being the
removal of fTibrous matter from the electrode tips when

water had been pumped alone in the circuit for some tine.

10. Time Measurecment - Water Velocities,

Several attempts were made to modify the recording
chronograph to measure the time interval between the passage
of the salt pulse at the two elcctrodes. Nc matter how
nuch the inertia of the rclay systems was reduced, it was
not possible to measure the water velocity with a systematic
error of less than 5%,

It was therefore decided to employ an oscilloscope and
a model 1049 mark ITT Cosscor double-beam CRC was connccted
so as to permit a visual observatiocn of the longitudinal
concentration profile of the salt pulse to be made as it
passed each electrods. The advantage of this particular in-
strument was that it had a swesp sneed scalce which extended
to 1.5 seconds, wmaking it possible for salt pulscs of the

length produced by siuple injection devices to be detected
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at distances considerably removed from each other. From the
diagram V - 11, it may be scen that the current flowing
between the e¢lements of the electrode was used to give a
potential difference across the 10--ohm rcsistor and that
this was applied to the ¥V - plates of ithe CRO.

Since it was founu desirable to have a permancnt record
of the nmeasurzment of the time interval, a photographic
technique was evolved., A XKodak 122 folding camera was nodi-
fied internally so that it would take a size 120 roll film
and a special f.3.5 lens system was fitted to permit focus-
sing upon objects at distances of from 8 to 12 inches from
the aperture. A hood constructcd from a length of 5 inch
0.D, brass pipe was fitted over the face of the CRO. and the
eyepiece of the camera was clamped into the opening in the
hood facing the screen., This technique worked admirably and
at least 500 photographs were taken without wastage.

Fig. (V - 13) illustrates the form of the photographic
records of salt concentration at the two pairs of electrodes
The number of complete sweeps of the oscilloscope timebase
separating the two photographed pulse forms, was of course
unknown, Since the mean water velocity did net differ much
from the mixture velocity, it was relatively simple to
determine the number of integral sweeps to which the incrc-
rnent given by the relative positions of the pulses rust be

added.
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HAPTER VI.

Experimental Techaniques.

1. Introduction.

Inasmuch as the basic laveout of the flow circuit has
remazined intact since Turtle's tine, many of the experi-
mental techniques described in detail in his and Abbottts
theses werc adopted for the determination of particle sizec
distribution, bed porosity, particle density and scttliing
velocity.

In order to maintain a steady temperature in the con-
veying liquid, a siphcn was used to remove continucusly a
portion of the conveying fluid which was replaced by an
equal amount of cold water. The modifications to the circuit
described in the previous scection made it necessary that new
techniques be devised for starting and shutting down the
plant and for measuring the concentration distribution, the
discharge velocity, the mean water velcocity and the water

velocity profile.

2. Starting the Plant.

The 60-gallon copper tank into which the rceturn limb of
the flow circuit discharged was filled with watcr to 2 level
abecut 12-14 inchcs above the conical shoulder. With cvery

valve in the systen tizhtly closced except B the punip was
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started. Valve C in the pump suction line was then opened
and water circulated through the bypass. “When D was opened
a portion of the pump discharge circulated through the pipe-
line, The piezometers were purged of air, the manometer
opened to the test section, the siphon from the tank (shown
schematically in fig. (VI - 1) started, and the stream of
cold water to replace the siphoned amount turned on. Up to

this point no solids had been added to the tank,

3. Elimination of Tenperature Rise.

Early in the investigation it was discovered that the
temperature rise associated with pumping was too large for
a mean temperature to be attributed to a series of measure-—
ments, Although Abbott and Turtle completely replaced the
conveying fluid intermittently, it was considered simpler
to replace a portion of the conveying fluid continuously
with water at a lower tenperature, A siphon was construéted
from a length of 7 rm. I.D. rubber tubing terminating in an
enlarged section 5 inches in diameter, which permitted fluid
to be removed at the rate of 1600 cc./minute without carry-
ing away any of the particles. An additional advantage of
the siphon was that fhe fine particles produced by abrasion
were renoved, It was found that although the water often
appeared extremely turbid its density, as determined by a
hydrometer bulb, was indistinguishable from that of pure

water at the same tenperature.
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L Fressure Gradient, Mean 7elocity and Concentration
Heasurcnents.

Once the plant had been started in the manner described
in Section (VI - 2), a guantity of solids was added slowly
to the tark and allowed te circulate until frecly dispersed
through the system. By adjusting valve I on the bypass line,
the pressure gradicnt could be fixed at one of the three
standard values chosen for the investigation. These were
usually 0.160, 0.280 and C.40¢ ft./ft., but in the case of
the fine sand the highest pressurc gradient used was 0.372
ft./rt. The reason for this reduction was that the pump
speed was rceduced from 1170 r.p.wma., to 950 r.p.z. during the
series of experiments din order to c¢liminate the air leakage
into the systewn. At this lower vunip speed the capacity of
the systern at high concentrations of solids was lowercd, and
it was necegsary to reducce tiie value of the standard pressure
gradient. Adjustment of the pressure gradient was of course
most difficult in the case of large particles and accounted
for much of the scatter of the obscerved values of mixture
veleccity for perspex and gravel,

For the determination of discharge velocity and the
concentration profile, itwo sampling vessels were placed on
the wooden platformn in the tank, the chronograph started and
the diverting chutes allowed to fall ianto the position shown
in fig. (V -7). When the desired quantity of the discharge

mixture had becen collected, the chutes were lifted rapidly
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and pinned in position and th« chronograph stopped. A
check upon the manometcer roading was nade, and if it had

not altered to any significant degrvc, the vessels woere re-

@

moved and the volumes of mixture and sclids determined by
Pouring intc an 1300 ml. graduated cylinder. The strip chart

the mixturec

™

was removed and marked and the tenperaturce o
was measured., The sanmnple was then returned to the tank and,

after the pressure gradient had boen adjusted, the operation

was repeated, When a scries of rmeasurcments was coupleted

at one position of the divider, it was raised, usually 1/13",
by turning the traversing screw.

After about one half of the ricasuremcnts had been made
with a given quantity of sclids in the systen, ncasurements
of water velocity were made by the salt injection method.

The reservoir was filled with 5% NaCl solution and the top
screwed in tightly. Plug cock D in the air line was then
opened and a trial injection in the manner described in
Section (V - 8) was conducted with the aperture on the oscil-
loscope hood opencd to perrmit observation. Aftcer the
aperture in the hood had becn cloéed, the cauera was loaded
with film and a scerics of measuremcnts of mean water velocity
Made at each pressure gradicnt, Ammcter G in the circuit
pProvided a visual indication of the passazgo of the salt pulse
at each electrode and periiitted manipulation of the singls-
pPole double-throw switch, Although the CRUO was left turnced

on for =2s long as five days at a time, the brightness scale
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was turned down at all times except when an observation or

a photograph was being taken. The length of the timebase
sweep varied from day to day, and it was calibrated by timing
fifty sweeps twice with a stopwatch. If thce periods as
measured by the watch did not agree within 0.5%, the process
was repeated until a reliable value of the swecep speed was
obtained,

The second half of the experimental work was then com-
Pleted and after the particles had been removed and the mano-
meters isolated, plug cock D was closed and the pressure of
the air in the reservoir used to force the remaining salt
sclution into the pipeline., The plant could then be shut

down.,

5. Shutting Down the Plant.

In order to avert the risk of blockage in the pump, it
was considered desirable to remove the sclids from the system
before stopping the pump. By allowing the diverting chutes
to fall into the position shown in fig. (VI - 7) it was
possible to replace the sampling vessels by a series of
buckets and remove very nearly all the particles from the
system, The residual solids were composcd primarily of the
fine products of abrasion, and as such were best removed
from the system entirely with the conveying water and re-

jected.



59.

After the separation of the solids, the manometer lines
were isolated and valve D closcd., When the flow of siphon
rnakeup water had been stopped, valve A coculd bc opened while
B was simultanecously closed. The circuit empticd rapidly
into the discharge tank, ~nd when it could be heard that the
punp suction was filled with air the motor was turned off

and valve C closed,

6. Water Velocity Profile lMecasurcuents.

After a few attenpts had been made, it was decided that
it was not practicable to measure the water velocity by mceans
of a pitot tube at the same time as the othoer quantities
determined as in Section (VI - 4). Consequently a parallel
series of experiments over the sanec concontration’range was
performed.

Solids were added to the system and the pressurec
gradient fixed as before. The pitot tube orificce was
arranged at a given point on the wvertical axis of the pipe
which was determnined by the numbcr of stcel washers scpara-
ting the pressure tubing boss and the gland nut. Great care
was taken to cnsure that the pipelince was level at all times
during the experiments, After the reading of the bromoform
manonieter had become steady, usually after three to five
minutes, the readings of poth manometcrs were taken and the

pitot tube moved to another position. Sanmples of the dis-

charged mixture were taken, usually three times so that the
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solids concentration cculd be calculated. With the pitot
orifice facing downstrcaa, the manometer reading was
occasionally affected by the collection of small air
bubbles in the low pressure region behind the tube, These
could either be rcmoved by a hypodermic syringe, or elim-
inated by tightening the gland packing of the pump axle.

Although a calibration curve, fig. (V - l) was obtained
for the effect of position on the rcading of suction pressurec
of the pitot tube, the velocity gradient as well as the
local velocity were probably important. The failure of the
calibration coefficient to apply more ncarly when solids
were present was probably a consequence of the fact that the
veloclity gradient was different and could not be allowed for.

Although the siphon system described in Section (VI - 3)
maintained the fluid at a temperature which varied only by
o degrees Centigrade or less during a six-hour period of
operation, the value at which the tcmperature stabilized
depended upon the temperature of the water in the head tank.
In view of the fact that some corrcction of the observed
water velocity was necessary to tanke account of small fluctu-
ations of temperature, it was decided to avoid the tedious
business of varying the siphoned amount to take account of
changes in water supply temperature.

Accordingly a correction was applied which admittedly
is unjustifiable theorctically, but which was probably not

far wrong in practice. -
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For the case of water flowing alone in a pipe, the

o

hydraulic gradient is given by the Fanning equation

I (1)

2g0

where V denotes the mean velocity of the fluid. The mean
velocity observed under conditions i and f may be corrected

to standard conditions i0 and fo by the relationship:

Since the shape of the velocity profile does not change much

as long as the flow remains turbulent, at any distance =z

from the pipe walls

= (3)

Hence a local water velocity measurement may be corrccted by

coembining (2) and (3)

V'Jii (#)
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The appropriate friction factors are evaluated for the mean
water velocities V and V; and the fluid viscosities at*{?and
495. Now if the roughness of the pipe is known, the friction

factor for a particular pipe will be a function of the

quantity 7f§ where T is the kinematic wviscosity of the

fluid. It ﬁas assumed that the rclationship between £ and

12 was the same whether or not solids werc present.
Since the correcticon was never applied to a temperature
difference greater than 5 degrees Centigrade the error in-
volved was small, The cffect of i was included in the cor-

rection to take account of the random fluctuations in

pressure gradient experienced during a series of experiments.

7. Porosity and Density Determinations.

A 250 ml. graduated vessel was partially filled with
water and a carefully weighed quantity of sclids added. The
cylinder was vibrated until the level of the particles had
reached its lowest limit. Recordings were then made of the
initial and final volumes of the fluid and the weight and
apparent volunme of the solids - from which both porosity
and density could be determined., At least three determina-

tions were made for each materizl.

8. Settling Velocity Determinations,

An 1800 ml. graduated cylinder, 24" I.D. was marked

at points 18 inches apart and filled to within %" of the
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top with water., Particles were placed under the surface of
the water, released, and the time required to travel between
the two points measured with a stopwatch, Particles which
tended to move towards the sides of the vessel were ignored
and the temperature of the water was taken at intervals
during the experiment. At least fifty values were taken of
the time required for the particle to settle through +he

fixed distamnce and the scttling velocity was then calculated.

9. Size Distribution Analvyses.

A carefully weighed sample of the material was placed
on a Greening B.S. Test Seive and Vibrated on a G.E,C,Sherwveca
Electric Vibrator for forty minutes. At the end of this
time the fraction which had passed through the screen was re-
moved and the sample vibrated for another five minute period.
If no further particles had passed through the seive at the
ennd of the second period, the process was repeated with a
smaller seive. The successive fractions were removed and

weighed, permitting a size analysis curve to be prepared.
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CHAPTER VII.

Zxpnerimental Results

1. Introducticn.

In this chapter the data obtained from the measure-
nments described in Chapter IV will be presented. Derived
data and corrclations will be shown in Chapter VIII.

It was found that althocugh the technigue for measuring
the solids concentration profile functioned well for all
materials, considerable difficulty was experienced in
measuring the water velocity profile and in determining the
difference between the mixture and water velocities for the
nore slowly settling materials. It could bé concluded,
thereforc, that the sclids velocity, for zircon, fine sand
and perspex was very nearly the same as the fluid wvelocity.

One secction of this chapter is devected to cach of the
five materials studied and separate subsections deal with
the results of the detcerminations of solids concentration,

velocity profiles and mean velccities.

2. Coarse Sand, (d = 0,0275 inches.)

(2) Concentration Profiles.

The results presented in Graphs VII - 1, 2 and 3, and
Tables Al, 2 and 3, illustrate that the cross-section may be

divided into the two regions based on the distribution of
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solids, as described in Chapter III. Sand particles of this
size are large cnough for the mechanism cof particle sﬁspen—
sion to be that described by Bagnold and the general form of
the concentration profiles appears to agrec with his predic-
tions, particularly when the solids concentration was high
and/or the pressure gradient low.

It is evident that the addition of solids to the system
causes particles to travel in successively higher regions of
the pipe. Consequently, in thesc regions the concentration
at a given point increases rapidiy with C once a critical
value of mean concentration is passed, In addition, it is
apparent that the second derivative of point concentration
with respect toc mcan concentration is negative in the lowest
arceas of the pipe. Although it is obvious that loading of
the pipe with solids to the point where the bed ceases to
move forward must produce a situation whereby the experimen-
tal technique fails, the cendition is interesting and merits
special consideration, Fig. VII - 1 illustrates that between

[§

0.055C and C = 0.0648 the discharge concentration below
vy = 0,20" passes through a maxinum. The concentration
profile E obtained for the case where C = 0,083 illustrates
‘that the decrease of lccal concentration with C in this
region is rapid once the point of maximum Cy has been passcd,
Under these conditions the bed was observed to travel for-
ward in jerks with a velocity of about 0.5 ft./second, If

there were no slip betwecen fluid and particles in the region
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of high solids concentration, this tendency to produce a
maximum in the relationship between Cy and C would not be
observed; the local concentration would merely increase
with the addition of solids until it reached its limiting
value and the bed stopped. It can be concluded therefore
that a positive dindication of the existence ¢f local slip
within a bed has been obtained.

In addition, at values of discharge concentration
between 0.0648 and 0.083, as the bed slows its forward move-
ment a dramatic increase in the scolids concentration in the
upper half of the pipe is apparent. If it were generally
observed that the presence of particles at a considerable
distance from the bed accompanied its stoppage, the follow-
ing hypothesis could be justified. Bagnold (46) has pointed
out that the condition necessary for a bed of particles to

move is that

¢ _(Applied Stress! ™, 9 (Resisting Stress) (1)
2y °y

where the applied and the resisting:stresses are those <dis-
cussed in Section III - 6. If the applied stress on the
particles is confined to those regions where particles are
actually present, the observation that solids added to a
conveying system tend to be transported at higher regions of
the pipe would suggest that an increase in C reduced the
applied stress gradient, Once solids were actually prescnt

at the top of the pipe, however, any further reduction of
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the gradient of the applied stress could only be produced

by a reduction of the applied stress on the particles., The
simplest way in which this could be produced would be for
the solid particles to diminish the forward momentum of the
fluid. When the bed finally ceased its forward movement,
solids added to the system could only be transported when a
fraction of their number had so raised the level of the bed
that Eouation VII (1) was satisfied. Under these conditions,
the system would become less and less efficient as a hydrau-
lic conveying device. This fact was noticed macroscopically
by Abbott and Turtle,.

From this hypothesis it would appear that the effect of
adding solids to the system would be¢ to reduce the applied
stress gradient in two ways:

(1) By increasing the vertical distance over which

the stress on the solids is applied,

(2) By diminishing the forward momentum of the fluid

and so reducing the applied stress itself.

When the applied stress is known as a function of solids
concentration, pressure gradient, solids properties and
position within the pipe, it should be possible to attack
the problem of hydraulic conveying in pipelines theoretically
from the microscopic point of view. The special difficulties
introduced by the fact that the pipe has a circular cross-
section may prove intractable. It is probable that an

analysis based upon the two-dimensional system of a closed
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rectangular channel would prove applicable to circular

pipes, but empirical modification may be necessary.

(b) Water Velocity Profiles.

Figures VII - 4 to 6 and AVII - 1 to 13 presenting the
data shown in Tables Al6 to Al8 for each of the standard
hydraulic gradients, illustrate that the presence of solid
particles in the pipe tended to reduce water velocity and
that this reduction was greatest in those regions near to or
where the solids concentration was high. It is not surpris-
ing that no direct relationship between local concentration
and reduction in fluid velocity is apparent since the
existence of a region of high solids concentration would be
expected to reduce the water wvelocity in neighbouring areas
even if they were free from particles.

It is apparent that the agreement between values of
water velocity as measurcd by pitot impact pressure and
suction pressure was fair only in the upper half of the pipe
- the blanks left in the tabulated data refer to cases where
the negative pressure phenomenon mentioned in Section V - 5
was observed, From the graphs it would appear that the cali-
bration coefficient for the suction pressure velocities where
solids are present does not produce the accuracy usually
assocliated with the usce of a pitot tube, Since the deviation
was greatest near the centre of the pipe and appeared to

increcasec with pressure gradient, the hypothesis advanced in
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Section VI - 6 would appear to be substantiated. Reference
to the smoothed plots, Figures VII - 4, 5 and 6, shows that
the velocity gradient was altered most near the centre of
the pipe and at high pressure drops. Bagnold (46) suggested
that the water velocity profile would pass through a point
of inflection in the lowest regions of the conduit when the
local solids concentration was high. Some indication of
this effect was obtained at the lower pressure gradients.

It would appear that the point of maximum water velocity was
raised by the addition of solids and by incrcasing the
Pressure gradient along tihe pipe. The reduction of the maxi-
mum velocity appeared to be greatest when the solids con~-
centration was high agnd the pressure gradient low. Although
the discharge concentrations for the case where i = 0,160 %%
were fairly low, it will be shown in a later section that
the transport concentrations werec high and at the extreme

conditions of C = 0.09 the turbulent action of the fluid was

probably damped to a considerable extent,

(¢) Mean Velocity Measurements.

Figure VII - 7 presents the mecan values of mixture dis-
charge velocity and water velocity obtained as functions of
the mean discharge solids concentration for the three stan-
dard pressure drops. The nmixture velocity was found to
decrease with C in the same way obsecrved by Abbott and Turtle

while a difference between Vm and VW was indicatced under all
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conditions. It was therefore possible for the mean slip

w VS to be calculated. The results will be shown, to-

gether with an empirical correlation, in Chapter VIII.

3. Gravel, (d = 0,061 inches).

(a) Concentration Profiles.

The data presented in Tables Al to 6, and Figs. VII - 8,
9 and 10, show that the general form of the concentration
profiles obtained for gravel of this size was much the same
as for coarse sand (d = 0.0275"), At the two higher pressure
gradients there was some indication that the larger particles
appeared to be rather more evenly distributed over the cross-
section, In the lowest regions of the pipe this could be a
consequence of higher local slip reducing the discharge con-
centration. Above y = 0,50" the phenomenon would be consis-
tent with the existence of saltation, although the diameter
of the particles was r;ther less than the minimum (2.0 mn, )
quoted by Durand for saltation. Nevertheless, it is large
enough for the shearing process as described by Bagnold to
be predominantly inertial, and it is gquite likely that the
particles did travel by saltation. It may be seen that the
behaviour of Cy at a given point as a function of C is much
the same as that observed for coarse sand in both the upper

and the lower regions of the pipe.
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(b) Water Velocity Profiles.

Figures AVII - 14 to 26 and VII - 11 presenting the
data of Table A19, illustrate that the presence of solid
particles modifies the fluid velocity profile in much the
same way as for the coarse sand, The abrasion of the pitot
tube produced by these particles was scvere and experiments
were restricted to suction pressure mcasurenents at a
pressure gradient of 0,280 %%. It is particularly unfor-
tunate that the pitot tube did not last long enough for im-
pact pressure readings to be taken in the upper part of the
pipe, for the wvalues of water velocity obtained in this
region were most unsatisfactory. Nevertheless, a consistent
indication of the reduction of local water velocity by in-
creasing C was obtained and the smoothed velocity profiles
shown in Fig. VITI - 11 are probably not much in error, The
effect of mean concentration upon the maxinum water velocity
was much the same as that observed for coarse sand. No indi-
cation of the predicted point of inflection in the water

velocity profiles was observed, possibly because the mean

concentration achicved was not high enough.

(¢) Mean Velocities.

Figure VII - 12 illustrates that although the scatter
of the experimental data was large, because of the difficulty

experienced in maintaining a constant pressure gradient
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during a sampling interval, a consistent indication of a
difference between Vm and Vw was obtained. It was there-
fore possible to compute the mean solids velocity and the
mean slip V& - VS by the method described in Section IITI -
2. As for coarse sand, these results will be shown, to-

gether with an empirical correlation, in Chapter VIII.

L, Perspex, (d = 0.073 inches).

(a) Concentration Profiles.

Refercnce to Figs. VII - 13, 14 and 15, presenting
the data contained in Tables A7, A8 and A9, illust-
rates that concentration profiles of a significantly dif-
ferent form were obtained with pecrspex., All the profiles
exhibit a maximum point concentration at a distance from the
bottom of the pipe: this distance increases with both
pPressure gradient and the addition of solids. The pheno-
nenon was first observed by Garrett (57) using the first
flow divider described in Chapter V, and was attributed to
.the presence of a large local slip velocity in the lowest
regions of the pipe. If this were in fact the case, the
transport concentration would not necessarily show a rever-
sal, Unfortunately the techniques for measuring the water
velocity in this investigation accomplished little niore than
to indicate that the water velocity profile was not affected

much by the presence of the solids,
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It has been shown in Section III - 5 +that particles of

this relatively large diametcr and low specific gravity (1.17)
would be most likely to be affected by the 1lift force result-
ing from spin, Since the rotation of the particles must be
caused in the first instance by the shape of the fluid
velocity profile, one would expect that the effects of spin
would be considerably different above and below the plane
of maxirmuum water velocity. Furthcer, any decrease in local
slip velocity from the bottom to the centre of the pipe
would tend to improve the transporting qualities in the
latter region at the expense of the former by decreasing the
rotational speed necessary for 1lift, or if the 1lift were
actually experienced, dincrease it considerably. It may be
seen therefore that the particular qualities of this material
make it quite likely that the transport concentration does
not increase rapidly in the lower half of the pipe. Further,
the dangers inherent in the quotaticn of particle diameter
as a criterion of flow behaviocur are made apparent by experi-
ments under these extreme conditions, A blind interpreta-
tion of Durand's criteria quoted in Chapter II might lead to
the supposition that this material travelled by saltation.
Bagnold, however, showed that saltation was probably a mani-
festatiop of the effects of particle inertia wvis-a-vis
diametef/upon the developmnent of drag upon a particle,

\/The.effect of particle density upon the discharge con-

centration profiles for the coarser materials shows that a
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device for the continuous separation of particles of dif-
ferent density could be designed on the principle of the
knife-edge of the flow divider used in these investigations.
Such a device could find application in the separation of

rock from coal,

(b) Water Velocity Profiles.

Attempts were made to determine the water velocity pro-
files accompanying transport of these particles by both the
impact and sucticon pressure methods. It was discovered that
whereas local values of water velocity by suction pressure
were too large, being greater than the values for pure water
at all points in the pipe, those obtained from impact
pressure appeared to be slightly lower than the discharged
mixture velocity. Since the effect of solids concentration
upon the mixture velocity was swmall, it could only be con-
cluded that the presence of the solids modified the water

velocity profile only slightly.

(c) Mean Velocities,

Figure VII - 16 illustrates that the scatter of cxperi-
mental data observed with this material was large, fcr the
reasons mentioned previously. The mean velocities were
observed to decrease only slightly with C and no difference
between VW and Vm could be determined tc the degree of

accuracy necessary to justify the calculation of VW - VS.
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The observation made in the preceding subsection, that the
water velocity profile was relatively unaffected by the
addition of seclids, would appear to be justified. It can
only be concluded that the local slip velccity Vw - VS was
small, and that consequently the mecchanism of spin could

easily have contributed to the 1lift of the particles.

5. Fine Sand., (d = 0.0073 inches).

(a) Concentration Preofiles.

Tables Al10 to 12 and Figs. VII - 17, 18 and 19 illus-
trate that although the diameter of this material was
roughly one and a half times that of the zircon sand dealt
with in the next subsection, it was ruch meore evenly distri-
buted over the cross-section. he effect of increasing
pressure gradient was seen to be the same as that observed
with the other materials - to reduce the rate of change of
Cy with v. Generally speaking Cy at any point appeared to
increase fairly uniformly with c until, between C = 0.17
and 0,20 at the higher pressure gradients, the rate of change
of Cy with C decreased in the lowest regions and increased
in the highest. This is much the same phenomenon, qualita-
tively, as that observed for the coarser silica particles.
However, since the scolids ccncentration was considerably
lower than that associated with the formation of a bed, it

was presumed that the effect was attributable to the
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mocdification of the settling velocity in the concentrated
suspension,

Scatter of the order of ¥ 10% was evident in the values
of discharge concentration - undoubtedly a consequence of
errors made in the positioning of the knife cdge in the flow

divider,

(b) Water Velocity Profiles.

The mean diameter of these particles (0,0073") was
roughly half the diameter of the hole in the wall of the
pitot tube and accecrdingly, measurements of impact pressure
were impossible. Suction pressure readings were taken over
the whole range of mean concentration but in view of the
doubt as to whether the density of water or of the suspension
should be used in the calculation of fluid velocities, these
results have nct been reported. If the density of the mix-
ture as given by the concentration profiles were used to
calculate the fluid velocity, a velocity profile whose maxi-
mum was about the same as the mean velocity determined by
the salt injection method was obtained, If the density of
pure water is used, a symmetrical water velocity profile is
obtained and the measured mean value appears to justify this
method of calculation. Nevertheless, solid particles often
blocked the pitot tube and if these were present in the tube
at all times, they would have reduced the suction pressure

reading of the manometer., Accordingly, the values of water
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velocity obtained must be regarded with suspicion.

(c) Mean Velocities.

Figure VII - 20 illustrates that the mean velocities
of both the mixture and the water decrease slowly with the
addition of solids. Since no difference between Vw and

Vﬁ was apparent, it can only be concluded that within the
limits of accuracy of the method no slip could be detected.
Since the particles were fairly evenly distributed over the
cross-section, the conclusion is not surprising. The

absence of an appreciable slip velocity may be taken as an
indicafion that the particles probably travelled in suspen-
sion., Some deviation of the order of 2 - 3% from the solid

line is obvious at low concentrations because the mixture

temperature under these conditions was low,

6. Zircon, (d = 0.0046 inches).

(a) Concentration Profiles.

The data contained in Tables Al3 to 15 and presented in
Figs., VII - 21, 22 and 23, illiustrate that the solids con-
centration profiles for this material were as would be
expected if the turbulent velocity fluctuations were res-
ponsible for suspending the particles. The settling velocity
of this material was considerably less than the friction

velocity, even at the lowest pressure drop. It would appear
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that the effect of solids concentration upon fluid turbu-
lence in the lowest regions of the pipe was not great
enough to make the turbulent lifting velocity less than the
settling velocity of the particles. The solids concentra-
tion at any point was observed to increase with C in a
linear manner in the range studied. It was particularly
unfortunate that the mean concentration could not be in-
creased further without overloading the motor. The condi-
tion where a bed was just beginning to form would have been
particularly interesting to study, since the transition from
the fully suspended case to bed flow must inevitably occur.
The rapid rate of change of Cy with y observed for this
material tended to exaggerate the difference, as seen through
the sight glass, between the upper and lower regions of the
pipe. The dangers inherent in macroscopic observations such
as those made by Sinclair are obvious, for in this case the
casual observer might be led to suppose that a bed existed

even when the local concentration was not greater than 10%.

(b) Water Velocity Profiles.

Attempts to measure the fluid velocity by means of the
pitot tube met with even less success than for the fine sand.
The tube was constantly being plugged by particles and it
was impossible to obtain consistent results. As with fine

sand there was the suggestion that the particles were not
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associated closely enough with the fluid to permit the mean
density of the mixture to be used in calculations of fluid
velocity. It is quite possible, however, that this was

merely the result of partial blockage of the pitot tube.

(¢) Mean Velocitics.

Figure VII - 24 illustrates the measured values of mix-
ture ard mean water velocities obtained at wvarious discharge
concentrations. It is apparent that a slight difference
between Vi and Vw might exist at the lowest pressure
gradients, but this is presumed to be the effect of the con-
centration profile mentioned in Section ITII - 2. It can be
taken as reasonably well established that the local slip is
small and that the particles are quite probably supported
in suspension.

Some systematic deviation, of the order of 2 - 3% in
the form of the C - V curve, is apparent at the highest
pressure drop. These velocities have not been corrected for
temperature fluctuations and it is comnsidered that the
effect arose from two causes:

(l) The water supply for the experiments at lower con-
centrations was much colder than that used at
higher concentrations.

(2) At the highest pressure drop the pump and motor
appeared to act more ce¢fficiently. Consequently

the temperature of the conveyed fluid was
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observed to fall as the hydraulic gradient

i

approached 0,400 g

An increase in the trans-
ported concentration of solids was observed to
decrease the magnitude of this effect, probably
as a result of decreasing pump efficiency.

The most important conclusion which can be drawn fromn
these plots is that the difference between the nean veloci-

ties of water and mixture is very small. This, of course,

is unaltered by the effects just mentioned,

7. Particle Property Determinations.

Table VII - 1 presents the results of the determina-
tions of porosity, specific gravity, settling velocity and
size distribution. The densities compare favourably with
those quoted in a standard handbook (60) of 1.18 for perspex
2.65 for silica and L.60 for zircon. The size range of
Zzircon, shown on Fig. VII - 25, was considerably greater
than that observed for the other materials and as a conse-

quence the bed porosity was lower.
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CHAPTER VITT.

Correlations and Derived Data.

1. Introduction.

Inasmuch as previous investigations of hydraulic con-
veying have generally been confined to external measure-
ments and little has been discovered about the internal
mechanisms, many of the methods of correlation of the data
Presented in Chapter VII rmust be empirical. In this
chapter the concentration profiles for the coarse particles
will be shown as functions of friction velocity, mean con-
centration and particle properties. Results obtained with
zircon and fine sand will be used to test the analysis
shown in Section III - 4 applying to conditions where the
particles are fully suspended, Velocity profiles obtained
with gravel and coarse sand will be correlated with respect
to friction velocity and mecan concentration. In addition,
an empirical correlation of the mean slip velocities for
these two materials will be given,

Finally, it was possible by making certain assumptions
to estimate the important local variablés: transport con-
centration, solids velocity and slip velocity, for those
cases where the concentration in the lowest region of the

Pipe approached its limiting maximum value,
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2. Concentration Prefiles - Cocarse Particles.

It was found that the slope o

f the discharge concen-

tration profiles in the upper half of the pipe was given

by the expression:

[ L
j 4 To (1)

c.dy _ _-0.601
ac W

y

y o q/ Cd ?w

where Cd is the drag coefficient for the particle settling

with a velocity 7 . On integration this gives log Cy as a

o

function of y. Results were there
Vs, V.
Expressions for the effect of

friction velocity upon the log Cy

fore plotted as log CY

mecan concentration and

intercept gave the fcllow-

ing equation feor the linear portion of the y =~ 1log Cy

curve:
; ’-‘T-.J d . e ——
{ S a G
[ 9 = - T 349 — :
1.38 [ =2 og C = -2.295 | W C.y + 0.842JU log ===
l"\J \\\». (6] < ;’?E’(l"'c)
N YW
‘ > To [a
e
1] - LS
+ 1.078}/10 C, - 676 d Pw T +
_ ¢.361 C
1.21 x 10 1 - To

(2)
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or for each of the threc materials individually:-

Coarse Sand:

- O O 61& l O 0
log ¢ = 2307 T - C.k51
y h/;FO o GW
o e
L ,'7"7- //’/ ¢ -
+ 1.221 - 0.820 [—=2 { 1 - 9361 C (3)
Pw \ 7%
Cw
Gravel:
log ¢ = —%;?5 y 0.614 Lo C . 1.14 5.18 0

L
o~ _\
+1.221 - 0,170 [-=2 |1 - 0.361 ¢C (&)
Pw T
P
Persgex: i
1 g C-y = - 9.%5_1 .10{:’,' ¢ + O-“T:’435 - 2.60 PE
j )O ,YO (1_6)2 j )Cr -~ w
~ Yw r PW\ N Pw
+1.10 - 0.0138 - 9.361 ¢ (5)

These equations are explicit in terms of ¢ and vy, but

suffer from several obvious limitations. First, in common
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with all empirical equations expressed in logaritﬁmic forn,
a small inadecuacy in the terms con the right of the equa-
tion may lead to a considerable error in the estimated value
of Cy' This is particularly true at low pressure gradients
when Cy changes very rapidly with y and C. Secondly, the
equations are elaborate and clumsy. Thnirdly, they are not
dimensionless, Although it would be possible to construct
dimensionless terms from the parameters of Equation (2) and
the independent wvariables of the system, pipe diameter and
fluid kinematic viscosity, this has not been done because
it is felt that this might tend to obscure the purely
empirical basis of derivation.

Implicit in this inadequacy is the further disadvan-
tage that from a mechanistic point of wview, Equation VIII -
2 and its companion applying to the lower region of the pipe,
are valueless. This is patently a consequence of the fact
that there are more variables involved in the relationships
between fluid properties and solids concentration than those
shown in Equation VIITI - 2, More will be said about this
later, but it will be quite obvious to the reader that an
attempt to correlate data cbtained for those cases where
saltation, spin effects and bed shearing consequences apply
to different degrees must be based upon internal and not
external considerations. None of the quantities in Equa-
tion VIII - 2 except C was obtained from internal measure-

ments.
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In the lower half of the pipe the deviation of the
observed concentration profiles frcm Equation VIII - 2 was
systematic and can be given by the following eguations,
where C*¥ is the wvalue of Cy predicted from Equations VIIT -~

2,3,4 and 5.

Generally,
3.50
1 )8/\/:&‘? ¢
= d
1 3%] % log %f = -y o+ _Q_QE%T:: + O. 150<g*>
P o (1-C) 74
‘W
ﬁJ _ Wo T
+ 242 (s-1)° 4 0.32 (s-1) 6t
Pw d
JW ,
Tod
_ 9.583 d + 0.304 7? T (6)
(S 1 ( > FW
Cu
More particularly, for each material:
Coarse Sand:
. 0.659
C* 2,43 vy 1.595 C (c*) c
log = = - —=== + + 0,356 | =—
C To "7:9_ __)2 C
P Pw
_ b.oozol 2.5693 (7)

i
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Gravel: 659
1og_03i__2.43y+1.595'6+0356(*>C _3965T2
c - = " :
(\o _.'t_c_)_(l_a)z TJ PW
Vw ?W Gw
C.0156
- === + 3,6410 8)
Mo\ | (

o,/

Perspex: 1.438
— 5]
C* 1. 115 v 0.731 C 0.1672 C*’JV
log o = - E
T@ To
~2(1-T)*

ew Ou O

_ 0.1678 + 0.8235 (9)

/ To\*

=

All the disadvantages of Equation VIII - 2 apply to

those given above, with the added limitation that Egquation

*
VIII - 6 is not explicit in terms of gf .
From Figures VIIT - 1 to 9, it is evident that Equa-

tion VIII - 6 fails badly at high concentrations of the
slower settling materials when the pressure gradient is low.
The utility of these equations is confined to the condition

where =

C
— < 1,10 (10)
WO ffo

Pw
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The inadequacy of Equation VIII - 6 under conditions
where the criterion expressed in Equation VIII - 10 is un-
satisfied, may be attributed to a change of the flow
regime in the lower half of the pipe at extreme conditions
where variables not mentioned in Equations VIII - 1 to 9
are undoubtedly of some importance. These dinclude particle
shape and size distribution, coefficients of friction bet-
ween perticles and between particles and the pipe, the shape
of the pipe and the rates of change of the velocitics and
concentrations asscciated with transport. It will be seen
that these equaticns contain expressions which are used to
give a numerical estimate of the variation of guantities not
included in the empirical analyses., As such, Equations
VIIT - 2 to 9 cannot be considered a significant contribu-

tion to the science of hydraulic conveying.

3. Concentration Profiles - Fine Particles.

The data presented in Chapter VII for the measurements

of local concentration arc shown in the form of plocts of

1 1
1-C 1-C
c y C o v W |
—X e ——2 & vs. ——— in Fig. VIII - 10.
1-C T-C
y 0 d«/LO
e

It is apparent that the data fit a mean curve fairly
well but the linear relationship suggested by Equation III -

24 is not substantiated. Nevertheless, the quantity
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...... seeris to form a useful dependent variable for the
dfTo
r Pw presentaticen of data.

Figure VIITI - 11 and Tables A20 and 21 show values of
transport concentration obtained by Durand expressed in a
similar manner, The pipe diameters and flow rates repres-

ent a ccnsiderable departure from the conditions of these

/TJ
experiments and the quantities PO and WO had toc be cal-
w
culated from incomplete information. Since presentation in

this form demands a knowledge of the concentration at the
bottom of the pipe, this quantity had to be obtained by
extrapolation., It is known that for the case of the 50

fly ash this extrapolated value was too low - which could
easily account for the deviation observed with this material .
For the 0.18 mm. and O.44% mm. sands in the 5.90" pipe, an
error in the calculated value of NE§% was probably res-
ponsible for the deviation because, as fhe riean concentra~
tion increased, the concentration profiles approached those
obtained in the present series. This would agreec with
Durand's observation that his equation for excess pressure

became more accurate as the mean ccncentration was increased.

vy Ye

The same general behavicur of —g— as a function of Eﬁ?—
o) O

is apparent in all cases, and in view of the Pw

estimations which were made, the agrecement can be regarded

as encourag%ng. Table VIII - 1 shows that the quantity
C =

P = I:a < is particularly sensitive to changes in C when



TABLE VIII = 1

1
1-C
c == €

0.550 11.26
c. k450 5.04
0,350 2,51
C.250 1.262
0.150 0.571
0.050 G.151
0.025 0.071
0.010 0.028
0.006 0.017

0.002 0.006
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C is greater than 0,20, Most of Durand's data were deter-
nined under conditions where CO was estimated to be greater
than this., Consequently the difference between Durand's
data and those presented in Fig. VIII - 11 is exaggerated.

As long as the discharge concentration data obey the same

D y Wo
relationship between - é and B as transport concentra-
(o] e

d s

i Pw

tion data, the local slip wvelocity must be negligible. If
this is the case the particles may be assumed to have been
suspended by turbulent wvclocity fluctuations. There is, of
course, no proof that the particles were in fact suspended:
Bagnold has shown that a dispersive pressure can exist for
the shear of fine particles. Two facts cast doubt upon any
assumption of dispersion by such a stress under these con-
ditions, First, the existence of this stress resulting

from interparticle contacts demands the existence of a high
concentration in the lowest regions of the pipe and, since
no najor deviaticn was observed between low and high con-
centration data, the possibility must be discounted.
Secondly, the data observed for the gravel, 2.04 mm. in dia-
meter, appear to agree fairly well with the ofher observa-
tions, Particles of this diameter would certainly be sup-
ported by an inertial dispersive stress, and it would be
gquite surprising if concentration profiles expressed in this
manner agreed with ecach other when the regime of shear was

different.
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The data obtained with the gravel were particularly
valuable because the particle diameter was greater than
Durand's own limit of 2,00 mn. marking the initiation of
the saltation reginie. The calculated settling velocity was
0.804 ft/sec., while the estimated friction velocity was
0.738 ft/sec. Since the turbulent lifting component was
found to be roughly equal to the friction velocity, ths
agreement of the concentration profile with those obtained
for suspended particles would tend to reinforce the con-
clusion that for low concentrations at lcast, the criterion
governing the transport in suspension is that the settling
velocity of the particles rust be less than the friction

velocity.

L, Water Velocity Profiles. {(Coarse Sand and Gravel)}.

It was observed that each of the water velocity profilecs
could be divided intec two regions separated by +the point at
which the maximum velocity occurred:-

(a) Lower Section,

For this regien, in which ncarly all the solids were
transported, the wvelocity profiles deviated from those for
pure water by an amount directly proportional ‘o mean con-
centration and the distance from the point of maximum
velocity, In addition, this deviation was found to be in-
versely proportional to the friction velocity. Empirically,

the relationship shown in Fig. VIII - 12 was obtained. I%



TABLE VIII - 2

WATER VELOCITY PROFILES AT 2500.

(SMOCTHED DATA)

COARSE SAND

i = 0.160 ft/f+t.

C = 0.01 0.03 ©.05 0.C7
y ins. Water velocities in ft/sec.

0.05 5.13 4,02 3.15 2.41
0.10 5.79 h.76 3.76 3.00
0.20 6.82 5.94 5.01 4,16
0.30 7.52 6.92 6.20 5.35
0.40 7.94 7.53 7.01 6.13
0.50 8.05 7.65 7.29 ' 6.45
0.60 7.92 7.56 7.15 6.38
0.70 7.64 7.25 6.86 6.13
0.80 7.18 6.85 6.38 5.67

0.90 6.55 6.24 5.69 4.99




WATER VELOCITY PROFILES AT 25°C.

TABLE VIII - 2
{(Continued)

(SMOOTHED DATA)

COARSE SAND

i = 0.280 ft/ft

C = 0.03 0.06 0.09 0.12 0.15 0.18
v ins. Water velocities in ft/sec.

0.05 6.30 5.38 L.63 4,02 3.46 2,62
0.10 7.20 6.18 - 5.26 4,43 3.72 3.09
0.20 8,77 7.81 6.78 . 5.67 L.70 3.78
0.30 10.04 9.31 8.41 7.30 6.15 L.,76
0.40 10.72 10,32 9.65 8,68 7.32 5.62
0.50 10.95 10,60 10.16 . 9.30 8.04 6.09
0.60 10.77 10.51 - 10.09 = 9,41 8.29 6.39
0.70 10,k42 10.12 9.72 9.07 8.03 6.4o
0.80 9.74 9.45 9.073 8.35 7.36 6.06
0.90 8.75 8.54 8.09 7.48 6.61 5.56




WATER VELOCITY PROFILES AT 2506.

TASLE

VIII - 2

(Continued)

(SIMMOOTHED DATA)

COARSE SAND

i = 0.400 ft/ft.

C = 0.02 0.05 0.08 0.11 0.1k 0.17 0.20
Y ins. Water velocities in ft/sec.

0.05 8.7h4 7.87 7.18 6.66 6.17  5.62 5.25
0.10 9.85 8.88 8.1k 7.49 6.85 6.27 5.77
0,20 11.46 10.65 9.92 9.16" 8.20 7.65 6.85
0.30 12.57 12,02 11.32  10.67 9.85 8.96 7.90
0.40 13.26 12.95 12.34 11.68 11.08  10.10 8.86
0.50 13.54 13.35 12.91 12.36 11.79 10.81 9.52
0.6C 13.37 13.23 13,05 12,50 12.04 11.19 9.92
0.70 12.87 12.78 12.68 12,50 12.04 11.19  10.02
0.80 12.08 11.99 11.90 11.8¢C 11.32 10.67 9.81
0.90 11,02 10.87 10.68 10.53 10.06 9.64 9.Ck




TABLE VIIT - 3

WATER VELOCITY PROFILES AT'ZSOC.

(SMOOTHED DATA)

GRAVEL .

i = 0.280 ft/ft.

c 0.02 0.0k 0.06 0.10
Y ins. Water velocities in ft/sec.

0.05 6.60 5.80 5.14h L.s5h L.1e
0.10  7.87 6.82 6.00 5.37 4,93
0.20 9.07 8.08 7.28 6.66 6.10
0.30 9.94 9.18 8.41 7.81 7.26
0.40 10.65 10.13 9.u4b 8.93 8.46
0.50 10.97 10,68 10.26 9.90 9.5L
0.60 10,84 10.72 10.51 10.25 10.02
0.70 10,40 10.27 10.13 9.99 . 9.80
0.80 9.79 9.61 9.43 9.24 9.04
0.90 8.98 8.74 8.46 8.21 8,01
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was found that for C 0.01 the data could be represented

by the relationship

Vv I
1 1 7
Ym /v Vi x To _ (0.1176 + 0.0538 log 6)’1 - =
_Y__> O L 7wl
Ayw (11)
where
(V&)w = maximun fluid velocity (solids absent)
V'm = maximum fluid velocity (solids present)
z = distance from pipe boundary (botton)
v! = distance of point of maximum fluid wvelocity from
a pipe bottom
v = filuid velocity measured at z
The dashed curve representing the experimental points,
and the solid linc representing Equation VIII - 11 may be

secn to apply egqually well to coarsec sand and gravel.
Durand (27) reported the results of some measurements
made of the water velocity profile for sand in the form:

v -V Pl
- RSN (12)

and indicated that ¢>was the sarne as for water flowing in

the absence of solids. Unfortunately he failed to describe
his technique and in view of the dangers, described in
Chapter V, associated with neasurcments of wabter velocity
made with the pitot tube orifice facing upstrecam, his results

must be regarded with some suspicion.
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(b) Upper Section.

Figure VIII - 13 illustrates that, within the admit-
tedly wide limits of experimental error, the data obtained

above the point of maximum velocity may be represented by
v Z
a plot of Vé vs. 1 - D - yé , Wwhere z = distance from

pipe (upper) boundary. In the absence of solids this plot

reduces to the 3lasius L Power Law.

7

(o) Effect of Concentration upon Maximum Water
Velocity.

The maximum water velocity was observed to decrecase
with mean discharge concentration and friction velocity

according to the relationship:

1.63 C
V.
o
'\'@w
ft.
! -— ! = o ]
v v, =0.172 =2 oo, (13)
W
as shown in Fig. VIII - 14.
(d) Effcct of Concentration upon Toint of Maximum

Tater Velocity.

From Fig. VIII - 15 it is evident that the maximum
velocity was found to risec with both the addition of solids
and the friction velocity. The data may be represcnted by

the empirical equation,

v - y! = 1.52 <6 z; (14)

m o1
w

s |o
N
}1
s
n
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5. Mean Slip Velocities,

Tables VIII - 4 and 5 summarise the results of the
attempts at estimation of the difference between the mean
velocity of the fluid and that of the particles according
to the method described in Section III -~ 2, In this method
the mean discharge velocity and solids concentration are
used with the mean water velocity by salt injection to com-
pute, through the mass balances on fluid and solids, the
transport concentration and mean solids velocity. It is
obvious that for the case of the coarse sand the mean slip

w VS increases with solids concentration and decreasecs
with pressure gradient., This sccond effect is presumed to
be a consequence of the fact that an increased pressure
gradient tends to distribute the solids more evenly over
the cross-section, Considcrable scatter of the derived
data is evident for the case of the gravel - undoubtedly a
consequence of the pronounced scatter of the experimental
data.

Figure VIII - 16 illustrates that the slip velocity
for the gravel may remain constant at about 3,30 ft/sec,,

but in the absence of conclusive evidence it is felt that

the expression

_‘VS = 3,70 - 0.0397 (1-a) vV ft/sec.

W W
(0]

(15)

represents the data adequatcly for both gravel and coarse

sand,



TABLE VITII - 4

SUMMARY OF MFEAN VELOCITY DETZRMINATIONS.

COARSE SAND.

i C v v v, v, -V,
(ft/ft) (ft/sec) (ft/sec) (ft/sec) (ft/sec)
0.160 0.01 6.61 6.67 3.54 3.07

0.03 6.23 6.42 3.16 3.07
0.05 5.52 5.89 2,62 3.27
0.07 4,35 4.85 1.60 3.25
0.08 2.82 3.87 0.64 3,23
0.280 0.03 8.80 8,93 6.27 2.66
| 0.06  8.41 8.65 5.85 2.80
009 7.64 8.05 5.03 3.02
0.12 6.62 7.28 4,00 3.28
0.15 5.12 6.02 2.72 3,30
0.18 2.78 4,36 1.06 3.30
0.400 0.02 16.95 10,97 8.79 2.18
0.05 10.70 10.85 8.53 2.32
0.08 10.35 10.60 8.15 2.45
0.11 9.78 10.16 753 2.63
0.1k 9.05 9.59 6.76 2.83
0.17 8.17 8.88 5.81 3.07
0.20 7.17 8.18 4,90 3.28




TABLE VITI - 5

SUMMARY OF MEAN VELOCITY DETERMINATIONS.

GRAVEL .
4 c _m Vw VS VW - Vs
(£t/£t) (ft/sec) (ft/sec) (ft/sec) (ft/sec)
0.160 0.01 6.49 6.53 3.85 2.68
0,03 5.96 6.12 3,22 2.90
0.05 5.19 .51 2.46 3.05
0.07 L, ok h,67 1.45 3.22
0.280 0.02. 8.80 8.91 5.41 3.39
0.0k 8.37 8.61 5,06 3.55
0.06 7.82 8.25 4,30 3.95
0.08 7.27 7.80 4,0k 3.71
0.10 6.71 7.31 3.90 3.41
0.12 6.17 6.80 3.70 3.10
0.400 0.02 10,73 10.81 7.94 2.87
0.04 10.30 10.50 7.10 3.4o
0.06 9.87 10,19 6.63 3.56
0,08 9.45 9.88 6.25 3.62
0.10 9.03 9,58 6.35 3.23
0.12 8.61 9.25 5.72 3.53
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It must be pointed out that these measurements strike
at the heart of the cquations derived by Wilson and Abbott
by refuting the assumption that the mean slip is a constant

fraction of the discharge velocity,

6. Derived Data,.

(a) Introduction.

The mass balances given by Equations IIT - 1 and
ITT - 2 may be applied at any point in the pipe provided a
steady-state relationship between the variables is assumed.
At high concentrations the velocity profile along an hori-
zontal chord should be flat cnough to permit the maximum
velocity, as measured in these experiments, to be used to
estimate the mean value. In addition, the measurencents
from which the discharge concentration profiles were
obtained, permitted the estimation of the mixture dis-
charge velocity profile. Since the discharge concentration
C was known, the solids velocity VS and the transport con-
centration g could be estimated in the lower regions of
the pipé. It was discovered that the predictions of trans-
port'concentration were usually higher than the maximum
possible concentration of about 0,54 in the lowest regions
of the pipe,

This difference was attributed to the fact that the

mean water velocity V& along a chord would be less than the
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TABLE VIII - 6

DERIVED QUANTITIES

COARSE SAND.

i = 0.160 ft/ft.

Ql

C vV 37 4 v 1 q q 1

boe] k2l 5
/

ft/svc, ft/see., fi/soc.

G.295 =.36 3.77 1.32 0.559 0.529

0.223 2.65 5.01 1.31 0,589 0,452
0.1L48 3.89 6.20 2,09 0.465 0.275
0.064 6.28 7.02 3.79 0.163 0.106
0,014 7.04 7.30 3.40 0.050 0.031
0.297 1.69 3.00 0,96 0.603 0,521
0.223 2,01 4,15 0.97 0.624 0.461

0.162 2,68 5.36 1.19 0.581 0.365
0,106 4,36 6.13 1.96 0.362 0.236
Cc.0k4l 5.01 6.45 2.21 c.255 0.093

i = 0.280 ft/ft.

0.309 2,28 3.72 1.74 0.668 0.536
0.379 2.65 4,72 1.90 0.652 0.528
0.339 3.49 6.14 2,34 0.624 0.506
0.287 5.19 7,72 3.52  0.521 0.hk22
0.201 6.73 8.0k 5.18 0.331 0.261
0.117 7.35 8.29 3.94  0.218 0.130

0.430 1,64 3.09 1.33 0.698 0,536
0.405 2.07 3.78 1.59 ©0.674 0.527
0.374 2.58 4,75 1.91 0.660 0.505
0,323 3.80 5.62 2.80 0.542 0.438
0.258 5.32 6.09 4,28 0.341 0.321
0.180 6,36 6.38 5.56 0,182 0.206
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value Vw measured by pitot suction preséure. Indeed, if the
first estimate of transport concentration had not been too
high, this would have indicated an appreciable error in one
or more of the experimental measurements.

The inadequacy of the water wvelocity measurements was
eliminated by the following technique. Since the transport
concentration must wvanish at the point on the concentration
profile where C = O (unless the particles arc stationary)
the first estimates of transport concéntration could be used
as guides in drawing an assumed transport concentration pro-
file between the limits q = O and q = 0.54, New values of
water velocity V%, solids velocity Vé and local slip
velocity could then be calculated from the mass balances
using the mixture velocity profile and the discharge and
assumed transport concentration prdfiles. These data are
shown in Tables VIII - 6 and 7 where q denotes the first
and q! the second estimates of transport concentration and

V&. the derived mcan water velocity.

(b) Coarsc Sand.

Figures VIII - 17 to 28 and Table VIII - 6 show the

results of those estimations for the cases where the bed

concentration was considered high enough to reach its maxi-

mum value. It will be seen that near the bottom of the pipe
the solids velocity seems to change very slowly with y.

This observation is compatible with the existence of a bed,
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agrees with Bagnold'!s predictions and is probably correct
because the high concentrations minimise the c¢rror result-
‘ing from inaccuracies in V', C and q. In addition, in the

4.

condition bordering upon the formation of a stationary bed

(1 = 0.160 =X, T = 0.07) in Fig. VIIT - 19 and 20 the rate
of change of Vs with y is only very slight. As Bagnold pre-
dicted, this region is separated from one in which VS in-
creases more rapidly by a point of inflection in the con-
centration profile. At higher levels, where C falls below
about 0,10 it is not considered that the values of Vw’ Vs
and especially VW - V_ are nearly as accurate. It may be
seen that although the local slip vclocity does not change
much over the cross-section, thers is some indicaition that
it tends to increase with distance from the bottom of the
pipe. The opposite variation is ncc.osary to explain the
observed form of the concentration profiles for perspex in
the absence of the effects of spin., The peculiar S-shape
of the curves for local slip velocity may be attributed to
the aforementioned errors in C, g and Vm when the absolute
values of C and q are low,

It would appear that the high concentraticns of par-
ticles, for which these estimations can be made, cxerted a
considerable influence upon the turbulence of the fluid

because the settling velocity of this material, 0,313 ft/sec.

was less than the friction velocity at the lowest hydraulic



TABLE VIII - 6
(Continued)

DERIVED QUANTITIES

COARSE SAND.

i = 0.400 ft/ft.

c v c v v v q q'

ins. ft/sec, ft/sec. ft/sec.

.17 0.1  0.385 4,67 6.27 3.36 0.542 0.535

0.2  0.375 5.22 7.63 3.75 0.572 0.522

0.3 0.357 6.75 8.96 5,10 0.516 0.473

0.4 0.304 8.4k 10.08 7.08 0.416 0.362

0.5 0.195 9.37 10.74 7.91 0,297 0,231

0.6 0.079 9,72 11.12 7,05 0.186 0,108

0.20 0.1 0.401 L, 27 5,76 3.26 0.557 0,537

0.2 0.398 4,93 6.85 3.74  0.566 0,525

0.3 ©6.390 6.35  7.89 4,98  0.509 0.4ol

0.4 0.362  7.77  8.80  6.39 0.436 0.440

0.5 0.309 8.62 9.38 7.30  0.365 0.355

0.6 0.133 8.98 9.77 6.28 ©0.295 0.190
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TABLE VIII - 7

DERIVED QUANTITIES

GRAVEL.

i = 0,280 ft/ft.

Ql

¥ C v v ! v q q'
n w S

ins, ft/sec. ft/sec, ft/sec.

.10 0.1 0.279 2,66 4,96 1,48 0.613 0.500
0.2 0.265 3.31 6.03 1.97 0.596 0.446
0.3 0,244 5,00 7.12 3.37 0.469 0,362
0.4 0,210 6.97 8.17 5.15 0.326 0,284
0.5 O.144 8.03 9.17 6.02 0.250 0.192
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gradient. If a ccnsiderable local slip exists at lower
mean concentrations where the settling velocity was still
less than the turbulent velocity fluctuation, the mechanism
of suspension must be rather different from the case in

which the local slip is small.
(c) Gravel,

Similar results were obtained for gravel as for coarsc
sand. Figures VIII - 29 and 30 and Table VIII ~ 7 illus-
trate that the local slip velocity does not change much
over the cross-section although if the sclids concentration
does not approach its fluid 1limit, the local slip velocity
may increase from the bottom to the top of the pipe.

The assumed transport concentration profiles are

W :
expressed in the form of plots of = s, %7?% in Fig.
c —
~f Y

“VIII - 3L, The devistion from the dashed curve obtained
for the fine particles is severe and much nore significant
than the deviation cbserved for Durand's data because Wo
and é; could be determined accurately for the data
w
obtained in this investigation. Threc pessible explanations
for the behaviour of the data may be given:
(l) Although the friction velocity is greater than
the settling velocity at all pressure gradicents
for the coarse sand, the high concentrations of

solids may so damp the turbulence that the
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particles cannot be held in suspension. Under
these conditions the mechanism of suspension
would be that described by Bagnold,

(2) The transport concentration may not reach its
limit or approach it so closely as has been
assunmed,

(3) Secondary flow of the nature predicted by Bag-
nold, produced by the modification of the fluid
velocity profile by the solids, could produce a
considerable lateral variation of the solids con-
centration in the region above the bed, Under
these conditions the average concentration alcong

a horizontal chord might not obey the él vS.
o

v WO

ifr_z
O

Fxplanations (l) and (3) seemn nmost likely and it is not

relationship.

considered that the plot would apply to other experimental

conditions.
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CHAPTER IX

Conclusions

1. Introduction

In the review of the literature it was established
that the major contributions which have previously been made
to our knowledge of hydraulic conveying in pipelines have
been concerned with externally measured variables such as
pressure gradient and discharge concentration. The flow
circuit of the plant used in the present irvee+-ontio~ has
been employed previocusly (8,12) in attempts to -roduce
correlations for the friction loss associated with flow
and for the investigation of the macroscopic effects of
flow with mixtures of particles of two difierent sizes.

This investigation represents an attempt at measure-
ment or estimation of some of the internal variables which
affect the process of riomentum exchange between fluid and
particles on the microscopic scale. Five materials were
chosen, varying in size from 0.0046 to 0,061 inch in dia-
meter, in specifiec gravity from 1.17 to 4.60, and in settl-
ing velocity from 0.0648 to 0.695 ft./sec,. For each of
these materials atfempts were made to determine the dist-
ribution of the discharged solids over the cross-section,
the velocity profile of the fluid, and the differcence be-

tween the mean velocities of the fluid and the solids at
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cach of three hydraulic gradients: 0.160, 0,280, and either
0.372 or 0,400 ft.(water)/ft.(pipe). The experimental tech-
niques involved were simple and met with varying degrees of
success, Nevertheless, it was possible to classify the
materials according to the mechanism by which they were
supported in the fluid, This classification may be given
as follows:

(i) Coarse Particles (Gravel and Coarse Sand)

During the conveying of these materials at high
concentrations, a moving bed develops in the lower
part of the pipe. Under these conditions the particles
are probably supported by dispersive stresses result-
ing from interparticle contacts. At lower concentra-
tions the particles appear to travel in saltation
when their settling velocities are greater than the
lifting component of turbulence.

(1i) Fine Particles (Fine Sand and Zircon)

The settling velocities of these materials
were low enough for them to have been supported by the
turbulent velocity fluctuafions.

(114) Large Particles of Low Density (Perspex)

It was quite likely that particle spin was an im-
portant factor in the supporting of these particles
against their own weight.

Experimental observations and conclusions will be pre-

sented separately for each group of materials,
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Coarse Particles

(i) Concentration Profiles

At high mean concentrations of solids the rate of
change of local concentration with height was observed
to be slow near the bottom of the pipe, suggesting the
existence of a bed. Above this region the solids con-
centration decrcased very rapidly with distance from

the bottom of the pipo.

(ii) Velocity Profiles

The presence of solids in the system was observed
te reduce the maximum fluid velocity and raise the
point at which it ccecurred. The fluid velocity was rew-
duced, in the lower section of the pipe, by an amount
proportional both to the distance from the point of
maximun velocity and to the mean solids concentration.
Above the point of maximum velocity, the local solids
concentration was low and the velocity profile corr-
esponded with the Universal Velocity Distribution. At
high concentrations and low precssure gradients, some
evidence of a point of inflection on the water velocity

velocity profile was obtained.

(iii) Mean Slip Velocities

It was observed that the difference betweén the

tie mean velocity of the fluid and that of the solids

i
1
'
i
1
i

was directly proportional to solids concentration and
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varied inversely with the pressure drop. In addition,

the mean slip velocity was -bscerved to be greater for

gravel than for coarsc sand,
(iv) Derived Data
By making certain assumptions, it was possible to

‘estimate the local slip velocity for thase cases where

the solids concentration in the lowest regions of the

pipe approachéd its limiting maximum valuc¢. There was
little evidence of a substantial variation of slip
velocity over the cross-section. The local solids
velocity was observed to incrcase slowly with distance
from the bottom of the pipe until the region of high
solids concentration was passcd. Thercafter, its

rate of change was rapid.

An attempt at empirical correlation of discharge
concentration profiles met with failure because the
inpoftant.local variables such as transport concentration,
solids wvelocity gradient and slip velocity were not known.
It is quite likely that the data will be of use when the
analysis made by Bagnold (46) for thc twoc-dimensional case
can be applied to a circular pipe. Considerably more

experimental work will have to be done before this is

possible., The fact that both the concentration and fluid

velocity profiles indicated flow with a bed at high
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riean solids concentrations for coarse saﬁd,~indicates
that the turbulence of the fluid was considerably damped
by the existence of high concentrations of solids. At
lower mean concentrations, the settling velocity of the
particles may be less than the turbulent velocity fluc-
tuation, and the solids may in fact be suspended. Under
these conditions, however, the measurements of mean slip
velocity suggest that the slip velocity may be appreciable
(greater than 1 ft./sec.) and the mechanism of suspension
may differ from that obtaining where the local slip vel-
ocity is negligible.

It has been shown that the mean slip velocity de-~
creases as the mean velocity of the mixture is increased,
This is in contradiction with the assumptions of Wilson
and Abbott, who took the mean slip velocity as a constant
fraction of the ﬁixture velocity. Their expression is the
only one to date which is based on sound theoretical
grounds, It would appear that a succesful explanation of

external phenomena must be sought on the microscopic scale,

3. Fine Particles

(i) Concentration Profiles
Although the relationship suggested by analytical

.considerations, equation IITI-24, was not substantiated

the dimensinless quantity y Y which was produced
d LEP

in the analysis, fornmed ; elw . a useful depen-
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dent variable for the presentation of experimental
data, Results obtained by Durand under considerably
different conditions gave encouraging agreement;
especially in view of the estimations which had to be
made where precise figures were not supplied,
(ii) Water Velocity Profiles
Attempts at measuring the distribution of water
vclocity over a vertical axis through the pipe were
unsuccessful because the particles were smaller than
the pitot tube orifice.
(iii) Mean Slip_Velocitics
Since no difference was apparent bectween the
mean velocity of the fluid and the discharged mixture
velocity, i1t was concluded that the mean slip velocity
was very small,
The settling velocities of these materials were consider-
ably less than the turbulent velocity fluctuations of the
fluid in the absence of the solids at all three hydraulic
gradients. Since no change of regime was apparent as the
mean solids concentfation was dincreased, it was concluded
that, unlike coarse sand, these materials did not damp the
turbulence to such an extent that suspension could not
exiéﬁ._From Durand'!s data obtained with larger particles
in pipes of greater diameter, it would appear that the
criterion governing flow regime is not necessarily the

diameter of the particle., It seems more likely that
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particles remain in suspension only so long as their
settling velocities are less than the turbulent velocity
fluctuation. It is considered that the major contribution
of this investigation has been made for the case of

particles supported by fluid turbulence.

L, Large Particles of Low Specific Gravity

(i) Concentration Profiles
Anomalous concentration profiles were obtained
during the series of experiments on perspex. The
concentration was observed to exhibit a maximum in
the lower part of the pipe. The distance of this
maximum from the bottom of the pipe increased with
mean concentration and with pressure gradient.
(ii) Water Velocity Profiles
As with the fine particles, attempts at measur-
ing the fluid velocity distribution met with failure,
largely because the inertia of the particles affected
the reading of the pitot tube.,
(iii) Mean Slip Velocities
It was concluded that the mean slip velocity was
very small for this material at the range of hydraulic
gradients studied.
The explahation cf the anomalous dischafge concentration
profiles advanced by a previous worker (57) : that the

local slip velocity is very high in the lower part of the
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pipe, nust be rezarded ns unproven becausc the mean slip
velocity was small, It was shown analytically that these
particles are :1 8t susceptible to the effceccts of their own
rotation and it is quite likely that a 1ift force result-
ing from spin was an impertant factor in overcoming grav-
itaticnal effects. Since it is impossible to deducc the
magnitﬁde of the 1ift force in terms of the variables of
the system until the actual speed of rotation of the
particles is known, this explanation of the anomalous bér
haviour must remain hypothetical.

It may be secn that the prescent statc of knowledge
varies considerably for the threc groups of particles. If
the the relatienship betwecen the concentration profiles

and the quantity Y Vg is verified by subscquent
d [
N D

investigation, it should be possible to predict the shape
of the concentration profile for suspended particles under
conditions considerably different from those encouﬁfcred
in this investigaticn, The behavicur of coarse particles
has been analysed for the two-dimensional case by Bagn@ld,
but until the wvariation of the applied stress at a point
on the axis of the pipe is established, this microscopic
treatment will not be possible for conveying in pipes.
Finally, a great deal of experimental work remains to be

done before the shape of the discharge concentration
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profiles cobtained for pcerspex can be explained qﬁant—
itatively.

In crder to ob*tain a full understanding of the influ-
ence of the wvarious factors wihich come into play during
hydraulic ccnveying, a considerable amount cof investiga-
tion is reguired. The main lines of work suggested are
given below for each of the taree groups of particles
referred to in this work,

5. Further York

(1) Cecarse Particles
In order to permit an examination of hydraulic
conveying in pipelines from tlie microscopic point of view
in a manner analogcus to that of Bagnold (46), it is sug-

gested that efforts be concentrated upon measuring:

(a) the distribution of the apnliced stress resulting
from the dissipation of the energy of the fluid,
(b) the solids concentration profile and the distrib-
ution of sclids velocity cver the cross-section,
(ii) Fine Particles
These particles, settling more slowly than the
turbulent velocity fluctuations deserve experimental att-
ention for the determination of:
(a) the local slip velocity between particles and
flu+id,

(b) thee fluid velocity distribution,



108,

(c) the influence of solids concentration upon fluid
turbulence,
The energy reguired for solids transport, manifested in the
form of an increased pressure drop, may eventually be pro-
dicted from varticle drag considerations and it is towards
this end that research should be directed. Since the slip
velccities for these particles will be very small, a tech-
nigue providing greater accuracy than that obtained in the
present investigation must be emploved. The manner in
which a bed is fermed in the cbnveying of small particles
will be of special interest and may bce studied concurrently
with the influence of solids concentration upon fluid tur-
bulence.
(iii) Large Particles of Low Specific Gravity
Attention should be directed towards the deter-
mination cf the speeds of rotation and the 1lift forces ex-
perienced by these particlés.

Wherever possible’ it is guggested that these ex-
periments be conducted in pipes of greater diameter than
one inch, to permit larger particles to be used, to check
the influcnce of pipe diameter upon the flow regime; and
te permit devices to be inserted into the pipe with less
disturbance to the flow than weculd be encountered in a one-
‘inch pipe,

It may be seen therefore, that the lines of conduct

for further experiments have been fairly clearly establish-
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ed, The chief difficulties which will be encountered will

undoubtedly be those associated with the evaluation of

point wvalues of internal variables,

6. Summary

In conclusion, the positive achievements of this in=-

vestigation may be summarised as follows:

(a)

(e)

a method has been developed for correlation of
measurcments of the distribution of solids con-
centration in terms of the gquantity v Yo for
the case of suspension by fluid d’J -

Ou
turbulence;
velocity and concentration profile measurements

obtained with coarse sand and gravel verified the

existence of a moving bed at high mean solids

concentrations;

these measuremnents agreedqualitatively with

-measurements and predictions made for the two-

dimensional case by Bagnold;

mean slip velocity measurements showed that the
mean -51ip is not a constant fraction of the mix-
ture velocity, as suggested by Wilson and Abbott,
but increases with solids concentration and de-
creases as the velocity is increased;

the previous classification of flow regine, given
by Durand, on the basig of particle diameter, has

been modified to include more of the variables of
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the system including hydraulic gradient, solids
density and pipe diameter;

derived date were produced which showed the vérié?
tion of solids wvelocity, slip velocity aﬁa

transport concentration for flow with avbed.
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TasLe Al Concentrarion [roriLe Data For Conrse Smo; L=0.160 fr./ft.

- c — C
C Yins. Ca C, Sm.:h.d. C sz. Cs Cr Smoo':hcd.
0.0194 0.097 ©0.1552 ©0.1533 o0.i1S52 |0.0415 0./09 0.2636 0.2636  0.2610
0.232 0.0140 ©0.0400 ©-0221 0.2§6 0./1552 0.1490 ©0.1628%
0.309 0.0231 ©0.032¢ O.012 0-333 0.131)  o.1220  o.1090
0.3¢¢ 0.0064 0.0065 0.0056 0.410 0.0737 ©.0435 0.0571
0.4%17 0.0074 0.0093 0.0068
0.564 0.00l4 0.000§
0.64! 0.000%
0.8 0.0005
0.0550 0.102 0.2790 0.2142 0.31f0 |0.066€% 0.104 0.2692 0.33%1 0.3040
0.242 0.3100 ¢.2570 0.2060 0.241 0.1808 0.2440 0.2032
0.319 0.1826 o0.l622 o./¢11 0.324 0.10§5 0.10585 0.1484
0.396 0.090/ 0.0872 ©.086% 0.40! 0.1068 0.09%6 0. 0951
0.94173 0.0449§5 0.0465 0.041§5 0.471% 0.0631 0.0605 Q.04
0.550 0.0/139 0.0105 0.039 0.55§ 0.0i79 0.0l4¢g
0.62) 0.0024 o.003} 0.632 0.0081 0.003S
0104 0.0012 0.709 . 0.0043
0.1%!/ 0.0009 0.1%86 0.0009
0.95¢ 0.0004




Teasre A1

CONT‘N UED

ConcenTrATION FROFiLe Data

Coarse Sanp L= 0.160 ft/s.

— (o
C Y‘"s‘ CD C‘l’ Smocthed
0.083 O-lo4 O.119 0.119 0.1195
 0.247 0.160 ©.125 ©0.\595
0.324 o-143 Q.145 0.14495
0.39{ 0.131 o.121 0.l276
0.468 0.10% 0.102 0. 1000
0.545§ 0.06% 0.0%6 0.061%
0.622 ©0.043 ©.0bl  0.046%
0.699 0.033 0.040 ©0.03b60
0.1 0.029 0.0\ 0.02%S

0.907 0.043 0,020

0.0199




TasLe A2 ConceEnTrRATION

Prorite Data For Coarst SAMD; i= 0.2%0 ft./ft.

— - C
C ' YlNS. CB CT Sqog'cl':g_é C YINS. C;g C‘l‘ Smoafrkeé
0.0250 0.097 0.1249 0.125¢% O.\251 0.0590 ©0.109 0.26711 0.2680 0.2620
0.232 0.0980 0©.08¢9¢ 0©0.0%44 0.286 0.2017 0.1802 O.191\1
0.309 0.0589 0.0590 0.0540 0.333 0.1549 o0.16717 ©.l210
0.386 0.0250 0.0260 0.0262 0.410 0.054% 0.0539 0.0549
o.463 0.0093 0.0090 0.487 0.0201 0.021 0.0205
- 0.540 0.0021 ©.0022 0.S64 0.0059 0.0059 0.0072
0.611 0.0009 ©0.0006 0.641\ 0.0024 ©.0024
0. 694 0.000S 0-1¢8 0.000b
0.1 ©.0002 0.7194 0.00006
0.066% ©0.104 0.3363 0.295 0.3150 [O0.11¥4 o;uoq. 0.332 0.3363 9.3350
0.297T 0.2227 0.2348 0.2451 0.247 0.302 o.3122 03095
0.324% o0.19s§ 0.2502 ©.1114 ©0.324 o0.30¢g ©.3032 0.2140
0.401° 0.1139 0.0965 ©O.l0%6c ©.401 o.2tg O.2101 0.2161
0-4718 0.0763 0.034g ©0.047}. o&T8 o0.130 o0.1290 ©0.1350
0.955 0.0073 ©0.0162 ©.0130 0.555 0.054% 0.0649 ©.05%%
o.632. 0.00517 0.0044 0. 632 0.0163 ©.0171
0.709 0.0060 0.006%
0.71%6 0.0022 ©0.0027




TasLe R2 ConceEntration ProrFite Data For Conrse Snuo;ho-z‘?oﬁ/ﬂ:.

= C - C
C YINS . Ca CT SInoo:l\cd C YIHS. CB CT s”"":‘m‘l
0.1404 o0.114+ 0.3909 0.4235 ©0.4156 | 0.167 o0.115 0.3617 0.835§ 0.3860

0-267 0.3560 0.4135 ©.3547 0.269 0.3503 6.2930 0.3472
0.344 0.3237 ©0.2967 ©.3150 0346 0.3300 0.2943 0O.3i190
0421 0.2940 0©0.2320 0.25%7 0.423 ©.2725 0.2944 0.2%00
0.49¢ o.lg1l o0.1672 ©0-1732 0.500 0.2310 0.221S 0.223%
0.575 6.0107 0.0952. ©0.0%69 0.577 0.196% a.1516 0,609
0.652 0.0316 0.0314 0.0305 0.65%4 o.toog o.U92 0O.lo7
0.7129 o©.0240 0.0096 0.00%0 0.131 0.0816 0.0756¢ ©.0103
0.90& 0.0041 0.002% 0.90% 0.0216 ©.034&  0,0407
0.922 0.0004 0.929 0.0l121 ©.004§ 0-00T70
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Sauc 5 L= 0.400 ft./f¢,

F;R CORRSE

= C C
C sz. Ce C.,. S,.,,,,-:?;.d C YWS- CG C'r SMoo':;tcd

0.0290 0.097) 0.10b0 0.7050 ©0-1050 0.0677 O.109 0.2300 0.2035 0.23§7
0.232 0.69/13 o©./oj2 0.0966 0.256 0.2208 p.2142 0.1997
0.309 0.0744¢ 0.0634 ©.0707 0.333 0./51b o 1673 0.1615
0.38b  0.0430 0.0363 0.0373 0.4/0 0.0956 o.0%8%¢ 0.0900
0.46%3 0.9/4/ 0.0/159 0.0174 0.4%7 0.050/ o.0590 0.047%
0.540 0.0059 o0.0/42 0-0l00 0.564 0.0264 0. 0244 00292
0.617 0006 o.0049 0.0056 0.641 o.olog 00109
0.694 ©0.0023 o.0029 ©.003! 0.717 0.0047 0.0043
0.771 o.oorg 9:-901b 0.794 0.004/ 0.0012
0.%4¢ 0.0012  0.000%
0.951 0.000§%

0.094d8 ©./o4 0.2513 0.2938 0.2760 |o0.7270 0.104 0.3000 0.3078 0.3676
0.2417 0.2902 o0.2040 02459 0.249 0.3584 0.2763 0.3022
0.324 ©0.2027 o0.2190 ©92/%0 0.329. 0.3483 o0.3087 02635
o.40/ 0.1382 0.1429  © 139/ 0.40] 0.1931  0.2262 0.2035
0478 o.079g o.0825 0.0%05 0478 0.1164 o.149¢ 0/392
0.8§5 0.0532 o0.03S5 00474 0.5  o.0921 0.0456 00702
0. 632 0.0202 ©0.02/% 0. 0240 0.632 0.008b 0.0419 0.03729
0.709 0.00r1 0.0083 0.769 0.0287 0:0196 0.0219
0.786 0.0006 0.0013 0.786 0.009g 0.0l

0.9:¢ 0.0016 o0.00!t
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- - C
C Yms. Ca C'r S'....i’;.g_( C Y»us. CB Cf Smoo'l",kcd.
0.156 o0.l14 0.3770 0.37170 0.3162 |0./85 0.1'§ 0.3910 0.4645 0.4l Se
0.269 0.3567 0-3512 ©.3935 0.269 0.319¢ 0.2262 ©-3920
0.344 0.3327 0.319¢ o©.3224 0.346 0.3415 o0.3560 0.3716
0.423 0.213% 0.2603 0.2743 0423 0.-3236 o0.3236 o.3210
0.500 0.1432 o0.216] 0.1915 0.500 0.242)1 o.2180 0.2560°
0.576  o.m9g 0.085S ©.0915 0-§77 0.1220 0.15171 Q.139 (
0.653 0.03¢¢  0.027¢ 0.053¢ 0.454 0-0139  6.06%7 ©0.04b]
o.730 0.0209 0.0120 0.0116 0.73/ 0.0324 o, 0269 0.029%4
0.%7 0-003]? 0.00§g 0.0015 0. 809 0.0\6 0.0133
©.922 0.0020 ©-0020 0.933 0.0032 ©.002%




TasLe A4 ConceEnTrRATION ProFiLe Dara

For GRAVEL; (=o0.180 f1/t.

| C Ylws. Ca C'r S:n:f’:\cJ C Y“' S. C s C T Sn.oc':l':«l
0.0159 o0.115 0.0613 0.0877 00198 | 0.0325 0.117  0.4422 0.1436 0.142%
| 0.269 0.0565 0.0318 0.0450 0-212 0./150 0.1230 0.11b0
0.346 0.034% 0.023b 0.02!5 0.349 0.0750 0.0933 0.0%%b

0.423 p.0lli2 0.0l04 ©0.0l03 0.42b (0.044% 0.0236 0.024%

0.500 (.0025 0.0033 0.003) 0-503  .0027 0.0097 0. 00%¢

0.577 0.004/ ©0.00/3 0.0012 ©0.580 0.0078 0.00(5 0.0025

0.654 0.0002 0.0003 0.657 0.0004 0.0004

0.0564 0.12¢ 0./1930 0.2040 0.2410 |0.074 0.140 02695 0.2660 0.2615
0.290 0.2178 0.2109 0./1670 0-3/18 0.2043 0.2022 0.2040

0.361 0.19495 o0.1720 0.1495 0.395 0.148%2 0.1465 0b./620

0.49¢ 0.0972 0.0872 0.0625 0.472 0.1087 0.1137  o./055

0.521 0.0i55 0.0315 (©.0243 0.5499 0.0543 0.0429 o0.0545

0.59¢ 0.0239 0.0052 o.0170 0.626 0.0164 0.0157 o0.0/9¢

0.675 : 0.00!4 0.0025 0.703 0.0029 0.0030 0.003%9

0.7%0 0.0005 0-00/0




TasLe As ConcentraTion Prorite Dara For Gravel ;

L=0.290 €&./4+¢.

= — C
C Y Co  Cr soit] € Yuu  Co Co sumea
0.0205 0.5 0.0905 0.0%i¢ ©O.0%3 | 0.0317 Q.n" 0.130¢ 0.1267 0.1299
0.269 0.0555 0.0533 0©0.054§ 0.272 0.0999 o.o83y 0-0974
0.34b 0.03%6 0.0396 ©0.0373 0.349 0.0%04 0.05i13 0.0750
0.423 . 0.0242 0.0240 ©.0210 0.426 0.0574 o0.0150 0.0445
0.500 0.0133 0.0099 0©0.0119) 0.503 0.0364 0.0212 0.0219
0.§77 0.000¢ 0.0059 ©.0063 0.5%0 0.0l00 0.00%6 0.010b
0.6S4 0.0029 0.0021 0.002¢ 0-657 0.0002 0.0031 0.0037
0.131/ 0.001b 0.000% ©.0006 0.134 0.0015 0.0010
0.06717 0.126 0.1821 0. 1712 0.2157 0.0911 0.140 0.2330 0.24i12 0.2320
0.290 0.1921 0.2140 ©O.|86S 0.318 o0.2060 0.2050 ©.2015
0.367 o./510 o0.Is;0  ©O-IS0§ - 0.395 o 192 0.1972 o 1913
0.9%4% o0.1161 0.1168 o©o.l002 0.472 o.1430 0.1702 0. 1492
0.52) 0.0544 0.0639 0.050§ 0.549 0.1042 0.0656 0.0700
0.59¢ o0.02§7 0.0240 0.0262 0.626 0.0300 o0.0310 ©0.0313
0.675 o0.0248  0.008¢ 0.0119 0.703 0.0273 o0.0log 0.0120
0.152 0.0030  0.0015 0.790 0.0015 0.0025




Tasce A5

CoNTINUED

ConcenTrRATION ProfiLe DaTa

GraveL ; i-o2e80 Sr/ec

— C,
Ck Y ins. Cs C'r Smoo‘l’:ci
0.1155 0.142 0.2bbo 0.2635 0.2785S
0.323 0.2424 0.2b35 0.2440
0.400 0./1982 0.2050 O0.21%4]
0.417 0.1581 0.1772 0./660
0.554 o©0.1083 0.1145 o0.7/02
0.63] 0.0702 0.0410 0.05:8
0.70% 0.0199 0.0126 0.0175
0.785 0.0027 ©0.0030




TasrLe A6 ConceEnTRrRATION

P&oF‘u..E DHT'A FT)R

GRrAVEL ; L=o0.400 ft./ft.

C Yms. Cs C-r Smofrrhgd C Yms. Cg C-,- 5,,,::‘. d
0.0203 0.11s 0.0624 0.0676 0.0256 0.039¢ 0.t17 0.1094 0©0.1119 o.lteo
0.269 0.057¢ 0.039¢ 0.0%22 0.2 0.089¢ o.1181 0.996b
0.34¢b 0.0%4/0 0.0430 0.042+ 0.34§ 0.0915 ©0.07%0 0.0%8)
0.423 0.0314 0.030¢ 0.030! 0.42b 0.0521 ©0.0635 0.06%2
0.500 0.019¢ 0.0/6! 0.0/62 0.50% 0.04¢9 ©0.0374 0.0%20
0.577 0.0026  0.005¢ 0.0099 0580 0.032b ©.0197 0.02!3
0.4§4¢  0.0079 ©-9034  0.00%3 6.657 0.0079 0.0l03
0.3 0.0036 0.0020 0.0016 0.734% ©0.0034 0.0043
0.%0% 0.0009 0.911 0.0019 ©0.00!4
0.430 0.000b
0.0655 0.126 ©0.1322 ©./144¢ ©./15712 |0.08¢I o./140 0.1S64 0.1852 0.1872
0.290 O.1422 o0.ig72 O-(%22 0.31§ ©.20L2 0.174! 0./69%
0.367 0./626 o.1244 0-1299 0.395 ©./140L o0./436 ©0.1539
0.444  0.1297 o.nso ©0.11/9 0.4 o-l1al  o0.1235 0./151
0.52]/ o.0€20 o0.0928 O0.0924 054§ ©5.093§ o0.095¢g 0.090%
0.599 0.02612 ©.042§ 0.03%% 0.626 0:.0732  o0.0¢3¢ 0.0587!
0.67S ©6.0239 ©.0/40 0.0/40 0.703  0.0269 o0.031g 0.02%0
0.752 0.0022  0.00%4/ 0.72%0 0.0093 0.009%¢




Tasre A6 CoNTINUED
ConcenTRATION FPrROFILE DaTa
GRAVEL ; L=0.400 ft./f¢.
. ﬁ
c YIN; . Ca CT Smoofhed
0.1093 0.142 0.2017 0.20071 0.2030
0.323 0.1969 0©0.1237 o0.1902
0.400 0./970 0.1837 o0.1795
0.477 0.15¢7 0.3 0. lboo
0.8554  0-125¢ 0./344 0.l240
0.63! 0.07%0 0.0b12 0.053%
0108 0.0230 0.0I1s3 0,0213
0.78§ 0.0061 0.001%4




TagLe A7 ConcentTraTion ProrFice DAta For Peaspex ; ¢ =0.160 ft/11.
c T ins Cs Cr S'ni,;l...( C  Tins. Cs Cr Smf::“d
0.0291 ©.i03 0.0S%S 0.0489 0.0§95 | 0.0399 0./02 0.0796 ©0.0796 0.0760
0.244 0.07718 0.0763 0.07125 0.219 0.0935 ©.07/0 0.0803

6.321  0.05¢6 0.05¢) 0.0§9) 0.25¢ 0.0192 0.0752 0.018)

0.398 0.0%3¢ 0.04zZo0 00413 0.320 0.0734 6.0m3 0.07/3

0.415 0.0217 o.0280 0.0297 0.397 0.0606 0.059) 0.0590

0.5§2 0.0230 o0.022( (0.02/% 0.474 ©. 04948 0O.0410 (. 04l0

0- 29 0.0169 o 0128 0.0!/33 0.§s1 ©0.0279 ©.-230% 0.0286

0-Tc&6 @0.0093 0.6090 0.00%9% 0.62% 0.0/196 0.9206 (.0202

0.793 0.006% ©.0055 0.006S 0.0 ©@.ol+g O.o/20 (.0143

0. ?Oé 0.003% 0-0036 0.00%0 0.7¢92 0.0llb 0.0/09 ¢.0/0!

0.906 o©0.0c0%0 ©-90%7 0 005§

0.062( o0./6o O l030 O.llbl o.og2 |0-090 ©O.lo2 0.1128 0.l1oé& 0./220
0.24/ 0. {0g7 0.0796 O.lI%2 6.219 0./1392 O.-l%o 0./46¢4

0.319 ©-116/ 0./062 0./072 0.259 O.1442 0.i1%69 O./49%

0.395 ©-90776 0.0692 0.0970 0.320 0./1390 0.is29 0.14%4)

0.472 ©.0%2/10 01220 0.0732 ©.397 0.1306 0.1195 0./125

0§49 ©-056) 0.049g 0.0%68 0.474¢ o.1450 0.1020 (./070

0.b26 ©.035¢ 0.03¢) 9.0320 0.§S1  0.015S  0.0126 0.0736

0.703 0.026% . 0.0227 ©.0220 0.628 0.0492 0.05%6 0.05(S

0.780 ©0.0049 ©0.0i139 0.0/5¢ 0.708 0.0336 0.0392 0.0356

0904 o.013 0.009¢ 0.008¢ 0.792 0.0168 0.0260 0 0241

©.90,L o0.012¢ 0.0099 0.0(0%




Tasce A8 ConcenvtraTion ProFiLe Data Fos [Erseex | Lz0220 /5.

C Yms. R CB C-r Sm::kcd C Y ins. CB C"' Sﬂ'f:"d-
0.0282 ©0./03 0.0395 ©0.0361 0.04po|2-0%32 ©.lol  0.0495 ©.05t0  0.053
0.244 0.0494 o©.0514 0.047] 0.241 0.0765 ©.0904 0.07¢)

0.321 0.0420 0.0415  0.0%44] 0.319 0.0622 0.0692 0.0619

0.39¢ 0.0392 0.0383 0-0%03 0.395 0-05¢4 0.0575 0.06/19

0.425 0.0327 o©.032¢4¢ 0.0329 o.412 o.esig 0.0497 0.082%

0.548 0.0318 0.0097 0.0257 0.549 0.046b 0.0454 0.0440

0.625 0.0245 o©.0200 0.0!97 0.2 0.04S0 0.039F% 0.03 64

0.702 0.0152 0.0/49 0.0156 0.1703 ©0.0320 0©0.0302 0.02¢90

0.779 0.0088 o0.0is2  ©:0125 0.790 0.0242 0-.0199 0,023

090b 0.0096 ©0.0085 0.008) 0.909 o.o0l21 0.0092 D.0/20

0.00sq o lo) 00138 0.0762 0.0729 |9-0975 O.lol 9 9682 0.0762 ©0.0%03
©.24! 0.092¢ o0.1028 ©0.096Co 0.209 0.1089 o.i125¢ 0.(21¢9

0.3:1¢ 0.0960 ©0.0942 0.097§ 0.25¢ 0.1533 0.1430 0./332

0.395 o.oqéé 0.094¢ 0.094%0 0.3:2 0.1346 o-l2si o-1340

0.412 0.09L) 0.09S81 0.08%6 0.395 0.1220 o-.-1290 0.1260
0.549 0.066S 0-07t0 0.0729 0.472 O.l1a2 o. 1§ O .(043
0.1 ©.056S 0-05sg 0.05713 0.549 0.loi§ o0.l04)} 0. 0985

003 0.0314 0.0390 0.0420 0.626 0.0195 0.0949 0.0270
0190 0.040b ©0.0320 ©.0309 0703 0.0620 0.0§s!  0-0556
0909 o.0184 0.0161 0.01%8 0.790 0.0299 ©0.0410 0.0420

| 0.909 0.0316 0.0269 0.029%




Tasre A9 Concentration Frorite Dara For PcnsPéx; {=0.4900 ft/ft.
= e —

C Y‘“S . CB CT Smu:hed C Y INS. CB CT Sm Ooz'rid
0.0295 0.105  p.0292 0.031§ 0.034¢ |0.0695 0.l04 0.069% 0.0b80 0.00L9%
0.249 0.0493 0.0495 0.0%450 0.248 0-09490 0.03853 0.024¢

0.326 0.0472 o0.0422 0.0439% 0.325 06.0909 o.09:2 0.087¢

0.403 0.03¢! o©0.0401 0.039¢ 0.402 0.0792 0.0972 0.08b0

0.490 0.0333 0.0339 0.03%6 0.419 o.0916 0.0812 0.0902

0.557 0.0295 ©0.0307 0.0294 0.5S6 0.0698 0.0674 0.06%6

0.634 0.0269 0.0257 0-0253 0.633 0.059¢ 0.05¢!  0.0566

0.711 0.0201 0.0230 0.02!% 0.710  0.0495 0.0989  0.0465

0.781  0.0121 0.0198 0.0191 0.787 o.0515 0.04i12  0.0382

0.913 0.013b o0.018%3 0.015% 0.912 ©.0290 0.0252 0.0207

0.09¢%3 o.lo2 0.0%0/ 0.0¢s0 0.0¢s0 |0.133 0.100 0.1098 0.los4 O.log)
0.292 0.1200 0O.l%1% 0-1212 0.219 0.!:330 0.Ise4+ 0.14¢%

0.319 0.1254 0.1168 0.1279 0.25% 0.1459 0.1600 g is4yg

0.396 0.i/314 0.1302 0.1296 0.33¢ 0.1544 0.1733  o./621

0.9713 0. 12;54 0.1249  0.125% 0.412 0.1643 0.i1S30 0.l6%0

0.§S0 o.lh10 0./063 0.138 0.499 0.1702 0.1%  o.1601

0.627 0.1000 0./050 0. 0993 0.56b 0.169 0.1495 0.15¢40

0.104 0.081¢ 0.027% 0.0820 0.643 0.19528 0.1495 0.1430

0.29! 0.0690 0.0bl6 0.06%9 6. 720 0.1300 0.1287 0.1152

0.90S 0.0329 0.0433 0.0416 0.7117 0./1613 0.1{101 o0.loig

' 0.91g 0.060% 0.0553 0.0S6]




TasLE Ao ConcEnTRATION

Prorie Data For Fine Sanp g L=o.1co fi./ft.

0.0361

— d — =
C Yuws Co G Smootrea] € Yms S Cr Smasthed]

0.0202 O.lt& 0.021§ o0.0%I¢ ©.0290 | 0.0331 0126 0.0462 O0.0380c O.0%6S
0.266 ©.0239 o0.0324 0.02%6 0.291 0.0405 0.0459 O.0395
0. 343 0.0230 ©.0259 0.023% 0.36¢ 0.0318 0.039 ©.036¢
0. 420 0.0220 O.6132 0. 0220 ©.44S ©.0344 o0.034% O o340
0.997 ©.0207 0.0212 0.0L04 Q522 ©0.0308 0.03:9 0.03\)
0.874 0.0199 go.0200 0O'0I%4% ©.$99 0.0294 ©0-.030S 0.0296
0.6S51 o.0189) 0.0\14 0.0\12 0.616 ©.0257 0.0269 0.02%0
o. 128 ©.0178 ©0.0166  ©.0181 0.163 0.02719 @ o303 ©. 0261
©.%05 0.0153 ©.0137  0.014Y 0.90S ©0.026%8 o.024)1 0.0242
0.936 ©.0103 o.0nt 0.012%

©.04-69 o-122 ©.0919 0.0920 ©.0891 |0.0654 0.09% 0.1\26§ 0.0947 ©.1240
0.282 0.06%4S 0.0768 ©.06%0c . ©.234 o.0q%0 ©0.1194 0©.049%1
o. 389 0.60612 o©0.08687 o©.099¢5 0.311 0.0906 ©.0429 ©0.0863
- %4306 0.0519 ©.0617 o.0600 o.32¢ 0.0192 0.072%9 ©.073%
o.513 0.04942 0.645§ 4 .0%20 0. 465 0.066S 0.0b54 0.065%
o Sq0 0.034, ©0.037% o.039) o.Sa2 0.0562 0.0§63 ©.0511
0.66") 0.6302 ©.02%7 6.0302 0.619 ©.08 11 0.0835 ©-05§20
0.744% ©.0266 0.02061 0.0264 0.6a6 °.0417 0.64679 ©.0810
0.22) 0.0224 ©0.0219 ©.023%2 ©.2713 0.040L6 6.094 | 0.092%
04939 0.0234¢ ©.0202 ©0-0203 0.915 0.0363 0.036S




TasLe Ao

CONCENTRRTION

PRoF‘n.E‘.

CONTJ NUOUED

Da~a

Fine Sawmb L=0.160 ft./ft.
C Yins. CB CT Smofrhcd
0.0969 O./116 0./750 0./622 O0./179©0
0.270 0./46€ ©0.1739 O0./4S§
0.347 0.7330 0.1360 0./292
0.424¢ 0./72% 0.72173 0©0./126
0.So ! 0.0994¢ 0.0976 ©0.0760
0.57¢ 0.0936 o.080/ 0.0%//
0.6S¢S 0.0625 0.0672 0.066%4
o.?So 0.0620 0.0513 ' g.052§
0.914 0.0320 ©.0399 - 0.036§




TasrLe Al ConcenTtRAaTiON Prorice Dara For Fine

Sauo , i=0.290 ft./ft.

— ~ C, = . Cy
C Y ins. Ca c'r 'S__m_u;'wi C Yins. Cs Cf Smoothedl
0.025% o©.174 0.0326 0.0306 0.0339 |0.040) O./26  0.0527 0.0527 0.0576

' 0.266 0.0300 0©0.0303 0.0302 0.29/ 0.045¢ 0.043¢9 6.04S0
0.343 0.0295 o0.0380 0.029% o.36¢ 0.0422 ©.0%!15 0.0926
0.920 0.0272 (©0.025¢ 0.026% 0.445 ©0.03¢2 0©0.0040 ©.040)
0.497 0.0259 0.0260 0.0252 0.522 0.03%! 0.0394 o0.0391
0.574 0.0230 0.0290 0©0.0240 0.599 0.0368 ©0.036| 0.037)
0.651 o©.0224 ©0.0207 0.0229 0.676  0.0375 o0.040) 0.036%
0.729 ©0.0203 00240 0.0220 0.7153  0.0369 0.0369 0.-03%2
0.90% 0.0243 0.020/ 0.0212. 0.905 0.0380 00362 0.0332
0.936 0.0220 0.0/8! ©0.0200

0.058S 0.122 ©0.09/4 0.089S ©0.0923 |0.0926 ©.072 0.1266 ©0.1224 0135

0.292 ©0.0743 o0.08/0 ©0.0757 | 0.234 ©.1116 ©.1227 ©0.1100
6.359 ©.67/0 o0.0692 0.067% 0.31) o./oo0 0.0985 0©.0%990
0.436 0.062) 0.0600 0.060} 0.39¢ o0.0903 o0.0980 0.0900
0.5:3 0.05§) 0.0545 0-053% 0.445 0.0819 0.0%0% 0.08/S
0.590 0.04469 o0.09%5 0.042§ 0.592 0.0760 0.074% 0-0757?
0.667 ©0.047] ©.0464 0.0450 0.619 0.067) 0.0699 0.0707
0.744  0.0¢11 ©.043) 00422 0.696 o0065% o0.062) 00673
0.82) 0.0404 ©.0%/3 (©.04903 0.2773 0.0698 0.066L9 0.0646
0.939 0.0385 ©0.0376 0.03%/ 0.91S.  0.066S 0.0655 ©.0605




Tasee Al ConcenTraTion [roFite Dara For FiNE Sawo § i=0.2%0 ft./4t.
= = , d
C YINS. Ca CT Smof:hcd. C Y”"’- CB C"’ Smoo'r’;\tof.
0.1203 0.11 6 0./812 ©0./797 0.179¢€ |0.1697 ©0.117 0.2440 0.2083 0.2459
0.270 0.1609 ©./546 0.1515 0.272 0.2163 0.2474 0.2:3%
0.347 0./830 o./§!19 0./379 0.349 0.1973 ©0.2066 0.1969
0.424 0./1126 o0./36/ 0./253 0.926 0.1995 0.1929 o©0./%03
0.501 0./092 o./252 ©0.!!53 a.503 0./642 0.17!4¢ 0O./660
©.578 0.1052 o0./062 0./065 o0.sg0 o./1s40 o.lst2 0.15:9
0.65¢ 0.099% ©0.0999 0©.0990 0.657 0.1367 o./9i2 O.1409
0.7149 o./00/ o0.0973  0.092! ©.753  0./39/ 0.1299 ©-129%
- 0.914 ©.09:4 ©0.0772 0.0%40 0.9:§ O0.1128 ©.11717 0. 187
0.2096 0.7l  0.244§ 0.2323 0.2450
0.267 0.2275 ©.2275 0.2299
0.344 0.2197 o0.2179 0.20l10
042/ 0.2170 0.2/35 O0.2/44
o0.49¢ 0.2096 o 2125 0.2095
0.§78  0.2020 0.2059 0. 2025
0,652 0.19%0 o0./1990 0.1976
0. 7¢4¢ ©.1922 0./922 0./9/8
0.9:2 o0.1846 o0.1927 ©0./832




TasLe A1z ConcentrAaTion [Rrorite Data For Fine Sanpj t=0372 ft./f.
C Yus. Co Co 5.5 C Yus. Co  Cuo g

0.0358 o0./17% 0.0483 00456 09979 |0.05%6 0./126 0.075% 0.06%0 0.0207
0.266 0.0430 0.0420 ©0-0924 0-291/ 0.0649 0.0595 ©.0626
0.313 0.0400 0.03€2 0-0494 0-36@ o0.0603 0.05%6 0.0b0OO
0.420 o0.0370 0.0363 0-°36% 0.445 0.056z 0.0572 0.05%0
©0.497 0.0330 0.03S0 ©-03%% 0.S22 0.054§ 0.05%2 0.05bb
0.574 o0.0313 0.0333 0.0335 0-599 ©0.0539 0.6570  0.0SSS
0.65] 0.0304 0.0334 ©0.032% 0.676 0.0§34 0.057/ 0.054%
0.728 o0.0307 0.034¢( ©0-03/6 0.753 0.06/1 0.0563 0.0545
o.905 o©0.0328 o0.0306 0.03!0 0.908% 0.0560 0-0562 0.053¢
0.936 0.030¢ 0.0295 ©0.030%

0.06%06 0.122 0.103¢ 0./022 O./o48 0.0940 0.09¢8 0.136%9 0.1193 0.1385
0.292 0.0849 0.09¢3 0. 0848 0.234 0.1160 0./1290 0.-1176
0.359 0.02465 0.0179 0.07159 0.311 o.110% o.110% 0.7015%
0.936 00776  0.0704 ©0.0705 0.338 o.l100¢ 0.0990 o.loo0
0.5:3 0.06499 (.0649 0.06S3 0.465 0.0900 0.0933 0.0926
0.§90 0.06/5  0.0607 0.0612 0.592 0.093S 0.089S 0.081!
0.667 0.0577 0.057? 0.0575% 0.619 0.0997 0.095% 0.0839
0.714 0.0557 0.0534  0.0543 0.690 0.0773 0-094! 0.081s
0.92] 0.055¢ 00506 0-05i% 0770 0.0773 ©0.0906 0.0799
0.939 0.0412 0.0450 0-04%9 0.9:3 ©.0773 0.6792. 0.021%




TﬁBLE R:z Concsuren-r\ou Paor-'n.s: Da-ra FoR. Fme Sauo; L=0312 £¢. /451

— C =
C YINS. C3 CT Smoo‘l’:cd C )/lNS- CB CT Smof:'\!d

0.1264 O.116 0.192% 0.1717§ 0.18%4 | 0.1729 0.117 0.2334 0.2293 o0.2370

0.270 0.1564 o.172 o. 1626 0-272 0.2100 ©.2209 0.20%2
a.347 o0.i1512 o0.ISt12 o.1492 0.349 ©0.2000 0©.J970 O.l195%
0924 0.136¢ 6.1335 o.1370 04246 0.1923 0.1€52 o.1920
0.501 a.1272 o.1224 0.1240 0.503 0.17%6 0./697 Q.10

Q.58 a.1122 o.1m12 0. 113§ 0.590 0.1591 o.15%1 o.l6!l

0.65S 0./040 o0./064 o.l0b0 0.65" 0.1539 0./s21 0-154¢
0.74% 0.0999 o0.0997 0.0995% 0.753 0.1490 0.1452 o. l46b
o.914 0.0933 ©0.0933 0.093§ 0.915 0.1319 0.1359 . o.1312

0.2:33 O.114 0.2340 0.23:2, 0.232%
0.267 o0.2210 0.219¢ 0.2219
0.344¢ 0.21719 0.2!8) 0.2175
092/ 0.2133 0.218) 0.2134
0.499 0.207%¢ 0.209% 0.209%
0.57S o0.%100 0.20%0 0.2069
0.652 0.2031 o0./1990 0.2039
0.74%¢ 0.2057 0.2078 0.2070
0.912 0.2086 ©0.20§% 0.1969




Tasre A3 Concentration Frocie Dava For Zikcon 3 L=oleo ft. /ft
C YINS. Cs C-r Smof::ud C Ynus. Cs C-,- S,,,,,Sf:“{_
0.0071 0.119 0.0237 0.0293 0.026/ | 0.0/52 o.124 0.06/0 0.0517 o0.0602
0.276 ©0.01§5 o©0.0177 0©0.0/3% 0.297 ©.03/6 ©0.0324¢ 00299
0.353% 0.0096 ©.00%0 ©0.00%2 0.36¢ 0.0/169 ©.0173 0.0/96
0.430 0.0069 ©.004¢ 0.00¢9 0.94¢ 0.0120 ©0.0125 g 0l25
0.507 0:0032 o©.0033 0.0032 0.51% 0.004G o©.0089 0.00%S
0.5%4 6.0024 o.0024 0. 0023 0-595 0.008§ 0©0.005bL ©.0659%
0-661 0.00/4¢ ©.00!2 0.0019 0.672 0.0056 ©0.00%! ©0.6039
0.73% 0.002; 0.00I17 0.0012 ©.749 ©.9020 o©0.0032 0.0030
0.%s ©0.0007 ©.0009 O©O-00l0 0.926 ©.0026 0.0022
d.920 ©.001S5 0.00!§ 0.000% 0.94S ©.0020 ©.00!9
oc.0222 o./124 o./loog 0.0695 0.0%04 b.osqz 0.108 0.1270 o.1900 0./1356
0.2¢7 0.033§ 0©0.0637? 00353 0.25¢  ©.0536 o0.073% ©0.0221]
©.364 ©.02.60 0.0293 0.023§% 0.339 0.0526 004913 0.0523
o4k4) 0.0209 ©.91?! ©0.9166 0.490¢ 0.03%0 ©.0369 0.03%9
0.519 ©.0122 ©0.0/27 0.0117 0.98§ o.0256 0.02/9 0.02/0
0.$9¢ ©.0082 0.009/ ©.00717 0.562 0.0/09 ©.0/06 0.0/22
.62 ©.0083 0.0077/ ©.00%¢ 0.639 0.007¢§ o.0058 0.007%)
0.749 0.00%7 0.-0040 0.7T16 0.003% 0.004/ 0.0049
o216 0.0036 0.0029 0.793 ©.003) 0.0039
0.99% 0.0020 0.0020 0.923 0.0027 0.0030




!-TRBLE Ala ConcenTrATiON

Prorwe Data For ZIRCON"L=°'2’?° . /5t

— - C
C sz. Ce Cr Smof:;\td C Y'Ns- Ca C‘-r smoo;hol
©.00463 0.119 0.0/192 ©0.01§7 ©0.0187 0.0179 0.124 0.0523 0.0S10 0©0.05¢%+
0.276 0.0123 0.0127 o.0l1§ 0.297 0.0336 0.0383 o.032%
©.353 0.00%1 0.0074 o0.0082 0.364¢ 0.0252 0.9232 g o240
o.430 0.0050 0.0065 0.0059 0.441 0.0182 0.0163 .0174+
0.S07 ©0.0035 0.0043 0.004] 0.§19 ©.015 0.0131 0.0129
o0.5%4% 0.00:9 0.0039 0.0032 0.59¢ 0.00%% 0.0102 0.0099
o.661 a.002/ 0.0038 o.001% 0.672 0.0052 0.00%2 0.00?%
0.73% 0.0030 ©0.002§ 0.002% 0.741 0.0082 0.0064 @.006!
0.915 0.0026 ©0.0023 0.0022 0.826 0.006% o0.0052 0.004%¢
o0.920 0.0038 0.00/8 0©0.0020 0.94% 0.0030 0.0036b 0.003§%
0.02§/ 0.124 0.0760 ©.0743 0.06%6 0.03%0 0.10¢ 0.112§ o0.104%g o.1160
0.2%7 0.0429 ©0.0435 g.o¢l6 0.25%4 0.0638 0.0699 0.0730
0.364 0.0216 0.0336 o0.0320 o.331 0.0496 0.0411 0.0547
0.44| 0.0264 0.0264 o0.025/ 0.40% 0.0410 0.0401 0.0408
o0.51% 0.0233 0.0:9%8 0©.0200 0.4%§ 0.0304 0.024(, o0.03/0
- 059§ 0.0193 0.014% o0.0152 0.562 0.0144 0.020§ 0.023§
0.672 ., 0.9130 0.013 o0.0l12 o.639 0.0160 0.014% 0.0192
0.149 0.001§ ©.0090 0.0082 o.T16 0.0182 0.0163 0.0/5¢
0826 0.0043 0.001§ 0.0062 0.193  0.0l61 ©.0lab 0.0/3)
0.94% 0.0063 ©.004S 0.923 ©0.0046 ©.00q1 0.009¢




TasLe Aiq ConTINUED
ConcenTRATION FroFiLe DaTa
ZirRconN l=02%0 ft./ft.

= c,

¢ Yins. CB C"’ Smoothed
0.057¢ o115 0.16 %90 0.165¢ o.1750

0.269 0.1069 0.1166 o.l113
0.346 0.0%22 0.0¥34 o.0%00
0.423 0.055§ 0.0520 Q. 0560
o.Soo0 0.0457 0.0423 0. 042/
0.577 0.0320 0.0320 0. 0331
0. 654 o.02i17 0.0263 0.0262
a.73! 0.0263 0.0200 0.0216
0.%0% 0.0212 0.0177 O o!82
0.130 0.0074 0.0/43 0.013%




Tagre Ais ConcenTraTion Frorice  Data For  Ziacon 5 L=o0.400 fr./5¢.
— C - C
C YI NS, CB C.T Smoo:l; ed C Y’”s . CB CT SMOOIRCJ.
0.0076 ©0.119 0.0200 ©0.017¢ 0.0213 |o6.021/ 0-124 00586 0.0692 00b6%0
6.276 0.01358 0.0154¢ 0.0129 0.297 0.0374 0.03i4 0.038%2
0353 0.0093 0.0100 0.0100 a 364 0.0294 0.02%3 0.0292
0.930  0.0071 0.007Tf1 o.001% 044l 0.0zi12 o0.0l47 o024
©.507 ©0.005¢ 08.0056 0.0058 0.S1§ 0o0l6b 0.0261 00170
0.5%4¢  p.004] 0.0045 0.00%% 0.595 0.0157 o©0.0139 o.014o
0.661! 0.0049 0.003% 0.004/¢ 0.672 0.0119 0.0t19 o0.ol20
0.73% 0.0033 0.0036 d.ooa’? 0.749 0.0144 0.0106 0.0l(0%
0.9!§ 0.0033 ©0.0037 ©0.003% 0.926 o.010b 0.0091 0.009!(
0.920 0.0028 0.003§ 0.0033 0.94S ©0.0046 0.00%0 ©.00%0
0.0299 0.124 0.096] 0.066L1 0.0720 | 0.0460 0.log 0.1/09 O.l1100 o./05'}
0.297 0.0344 0.0529 o.0430 0.258¢ 0.0666 0.0690 0.024
0.36% 0.0327 ©.0393 0.034¢ 0.33/ 0.0583 ©6.0583 ©.0597
0441 0.0304 0.033¢ D.0295 0.40% 0.094%3 o©.0So0] 0.050%
0.51% 0.021¢ 0.0246 (0.0232 0.94¢S 0.040S  0-044{ 0.0427
0.595 0.02.17 0.0199 0.0i190 0.S62 0.0382 o.0340 0.0350
0.672  0.0i156 0.0176 0.0154 ©0.639 0.0262 o0.0239 ©.029b
0.7149 o0.0168 ©0.0130 o0.0124 07116  0.022§ o.01715§  ©0.0230
0326 0.0113 0.0lo7 o.0lal 6.793 0.0133% 0.0156 0.0i82
0.945 0.007¢ 0.007S  0.001S 0.923 0.0129 0.0i56 aol32




TasLE A15 CoNncENTRATION

Peorie Dara For ZirecoN | L=o0.400 ft./ft.

— — C
C 7/ms Ca C'r Smoikgd C Yms . Ca C'-r S,..“:l.._d
0.0633 o.ns 0.1¢1b 0.i3%80 0.14%4 | ©.09:¢; o.log 0.2204- 0.2170 az2/qg
0.269 0.112b 0./310 06./069 0.254¢ o0.i1s%6 0.1694¢ o0.i1Sbo
0.34¢ 0.0968 0.0%89¢ o 0%%5 0.331 0.1363 01215 0.t290
09273 0.057§ 0.0832 0.0720 0.40% o- /066 0.10606 0. t0%0
6.500 0.058¢ 0.0582 0-05%8¢ 0.4%¢ 0. 0829 0-0793 0.0240
0.5717 0.0%:!%¢ 0.041¢9  0.0419 0.562 0.0647 0.0634 o©.0662
0.654 0.04/% 0.0374 o0.0390 06.639 0.0So!  0.0So!/ 0.0537
o. 731/ 0.0367 0.0329 0.031¢ o.7lb 0. 050} 0.0447 0.0442
0.808 o0.0299 0.0272 0.0260 0.7193 o0.03s§ 0.0393 0.0375
0.930 0.0114 0.021§ 0.0209 0.923 o0.0310 0.032% 0.031¢%
0./l09¢ 0. I I} 0.2/196 0.232% 0.249¢5
0.260 0./95¢- o.2:30 0.1933
0.337 0./603 ©./16:3 0./619
0.414 0.1295 ©.1272 0./348
0.49 | 0.1052 o./050 a./to00
0.56¢% ©.0900 ©.0299 0.090%¢
0645 0.0658 o.0725 0 075§
0.722 0.0658 0.0593 0.0622
0.7199 0.0593 0.0503 0.052/
0.926 0.0296 0.0362  0.039!




Coarse Sano DaTn

Tasre Ao ater Vewociry FProfiLe

Measvre memsts 5

L= o.l6oft. /€.

Suetion Fressore Valocities at Wlm‘,gd- Prassure Velocities ot
Variovs D ischarde Concentrations. Various Discharde Caon centratons.

Yms. 0.0235 004349 0.05§3 0.0%%6 0.0\60 ©©.0299 00424 o0.06565 007194
0.027 | 390 &, 32 269§ 4af) Be3z P — — — —
0.0%3 463 j 341 3.07 2.44 || 406 2.09 i“;‘ l.-as f_; — —
0.1314 5.3 4.13 3.96 241 4.92 3.26 286 0.54 g.z —
0.145 6.14 5.39 4.99 zas || s.¢¢ 4.2% 4.0Q 2.1% —
0.307 1.6% 642 6.02 4.¢3 632 646 603 430 264l
0.414 148 1.66 1.0 5.1§ 261 1.32 .08 6.16 4.4
0.531 793 126 6.2s b 1.4 151 156 613 4.6\
0.643 .43 645 68% 5o 185 1.60 125 6.9¢ S.24
o.1s§ 135 b.61 6.17 S.4S Tie 699 643 6.66 5.24
0.9\2 699 652 6.00 4.69 e 6.2¢ 611 6.35 5.19
0869 | 63  s35 565 a3z [ {3t eSS 663 S® 40
0.92S 6.46 S.65 $.33 4.20 o 6.2% 6.24 $.15 4.59




Coarst Sawo DatAa

Tasce Airb  WATER VelociTy ProFiLE
Mf.aSugE.MeuTs 1= ©2%0 ft. /%
So ction Pressure Velocities at
Voarious Dfsahu.rge Concentrations

Yms. 0.0264 0.045S 0.064%  0.0416 ©0.126b6 ©0.1S18  o.17170
0021 |81k Sus A 4438 429 & am & 324 3 2490 &
0083 [T 6.55 5.42 4.1 4.4 3.76 2.96
0.139 T1.40 1.2 6.35 5.43 41s 4.06 3.10
o.135 | %.96 T4 196 6.42 S 4.%b 3.44
0.367 [1081 9.92 ?.93 19¢ 145 ¢.29 4.50
0.4\9 1110 11.29 10.6b lo.02 .14 135 558
o831 [n.sz 22 Lot 10.63 q.10 .33 640
0.643 .12 10.35 10.S1 .34 .23 8.17 .54
o.Tss 10.71 10.42 .23 .02 .29 - 130 6.08
a.g\2 10.26 1044 q.4 | 245 113 632 5.13
o.869 | 9.95 ].44 €49t 1490 116 641 s.30
0.925 |32 Te€  g30 143 650 S41  4sd




Coarse

TasgrLe At Wavten
MeASUREMENTS.

Sanp
VewociTy

Dara

PnoF‘u.e
L= 0. 280 fu./€t.

Impact Pressure Yelocities at
Variowus Dischorde Concentrations.

Y‘“‘- 0.0\97 O.0410 0.0b24¢ ©0.1032 0O.l1320 0O.ISTF
0.027 S.Z.‘S%:'; 3.2 :; l.9e f:'c — — —_—
0.0¢3 | 6a3 426 2.63 — _ —
o.139 | 132 SAa2 1-96 2.03 &, —
e.145 8.03 &3 4.36 3.19 - -
0.307 | 945 %21 118 bed 34l L via 2
0.419 10.45 9.8 %.4¢ 9.3 6.31 3.81
0.531 |108¢ 1042  10.6S 1344 334 30
0.643 10.S1 10.61 10.33 {:_3 914 1.23
0.1ss | lo.16 10.23 l0.02 PRt 9.46 T.68
0.912 | 1.90 9.9 9.20 {:;3 KXy 120
08¢ |21 d29  FY¥ {1 s Tu
0.925 | %30 | A 3) g.12 Q.09 111 645




Coarse Sanp DaTa
TraLe Aiga WaTer Vewocity FroriLESs

Suvetion Pressure Velocities ot - Various
Concentrations L= 0.460 ¥£t./f¢t.

Y‘“S- 0.0299  _0.0536 ©0.0799  ©0.1147 0.\316 0©0.1656 9.1982
0021 | 199 & el6 & 66z & cae & see § s3s £ aes &
0.08% 3%0 8.0b %.0b 2.31 1.0% 6.2 SS\
0139 q.49¢ Q.20 $.70 3.54 121 627 637
0. 184S 10.67 10.4% 4.15 .20 Q.%o 749 218
0.367 |13 123¢ 11.29 to.40 q.45 q.09 Q.66
o.4\9 14.64- i13.91 13.29 13.13 ne. 0.1 10.09
©.531 14.92 14.49 1%4.2.1 13.93 13.2% 12.21 .08
0.643 iti?o 14.05 1372 13.50 12.6% 12.47 .69
o.1sS 13.81 13.20 13.04 12.714 n.249 . lo.30
0.%12 13.28 12.6} 12.26 12.10 10.13 to. Tt q.40
0.969 12.69 X 39 .89 iLog 443 1.49 q.2%
0.925 | 11.5¢ 11.04 10.9b lo0.13 %.49 k.02 ¢.63




CoAarse
TasLe A3 (daTer

Sawnp
v‘ Lo\ vy

Dava

Pa.of-'l LES

YINS.

{m pect

Pressure

Concentrations

VQ loe.'\‘hts

at

Various

1= o0.400 ft./f¢.

0.0263 0.0491 ©.018S5S O0.1\9¢ 0.1442 0.113§
0021 | 649 & 443 B 244 £ a3 B, —
0.08%3 144 6.40 4.22 3.10 —_— —_—
0.1%4 q.15 7.0 S.26 ?u'.';: - E—
0.9 19.14 4.0b 6.5 4.42 — —_—
0301 | h-2¢ 1024 %29 5.6 age &
o.4v\q | 12.68 TRT 1045 929 .11 s £
0.531\ 13.30 270 12.39 IN.1] 10.72 345
0.643 | 1322 241 1236 1222 12.06 s
0.15§% 12.61 1232 12.22 12.0¢ .17 1112
0.912 12.14 1nab ez h.s3 tt.40 l0.93
0.269 h.s3 .34 o0 . WLob lodz 1054
095 lo.92 10.6¢ lo.42, .13 Q52 9.15




~ Geraver Davra

Taescre AI9 Water Vewoairy Prorives

Soction Pressore Veloaities at Variovs

Concentratiaons v L=0.2%90 ft./¢t.
Y""'s' 0.0081 0.0339 9.23%9 0.0613 0©.09634 0.0904 0.044%
0.026 T.30 2{; $.70 f—}‘_ 5-?2.3;_ §s.04 ,f-';"'& S-00 s%-c_ 4.40 sf—:; 4.23 ?g‘
0.092 €32 6.52 6.80 S.05 $.63 5.03 4.9
0.13¢ 2.6 1.3¢ .19 6.2 60b S.64 S30b
o.194 \o. 14 .02 f.to 148 621 6.09 6®
o.306b6 11.80 q.5% q.5% .91 g3 .62 13§
0.41% 12.72 11.30 lo.12 10.23 q.lo .66
0.630 [12.53  1L.e1 | .39 Ww.So loSo  {io:2%
0.6%42 2.7 1t.09 .40 11.04 .32 10.91 lo.72
0.7184¢ | 11\4 q.5¢ 10-61 q.97 \04S5 q.51
0.810 |lo.41  10.3) 441 85¢  4AM Hpt
0.%66 10.19 10.19 10.33 t0.02 10.0¢4 2::
0.922. |lo-21 4.11 %0 q.32 Bt
0978 %.as $.S6 8-10 1.48 .14 1114 {'."::




Taare Azo CowncentraTion rorice Correcation Davta - Fine Sanp
h‘-« :

L= 0.400 £+. /¢t

€20.04 C= 0.08 - C=o.12 T =0.l6 C=0.20
y | . P £ £ P f")"
lashe CY ‘P‘J -.Q Cs % % Cs .e' ? Ch Ps $9ﬁ cs % _—o d o
© |0.066S 0.20b l.oco [0.129) 0.918 \|.000|0.19a9 0.1%c l.000 |0.239§ 1.\ L.000[0.2620 .38 \.000 a
0.10 |0.0bo ©.184 0293 [o.u124 0.9LL 0.885|0.1\§ 0.700 0.998 [6.2180 l-00 0.8717 [0.24ko 123 o0.892 1.7
0.20 [5.0540 0.16% 0.19b|0.1082 0314 0.193 |0.1542 0.620 ©.19S |s.2015 6.3 ©.1% joates !l ©.305| 3.41
030 [0.088¢ O.14b 0.109[0.09%06 0.32b 0.682[0.1447 0.562 ©.720 [0,1¢¢b 0.19% ©.6%6 o210 6.995 o0 | SN2
0.90 (00938 ©.131 0.b3k|0.0815 0.289 0.b05|0.\31% o4ts 0.62) {0.1120 6.702 ©-b'S |0.0%¢ 0.920 0.bet | 682
0.So |5.039¢ O.117) 6.568|0.0800 0.259 0.5%2%|0.\t0b 6.433 o.Svs" 6.15% 0.611 0.S5So|0..9u0 0.23b o.bob | €53
0.60 {0.03L2 0.10L 0.5:\¢ |600728 0.234¢ o.490|a. 11 0.389 04%Y [0.1415 0.5683 0.949% [0.1R4y 6170 0.552 | 1023
0.70 |a.633¢ o.loo 6485|0087 0.21§ 0©0.450|0.104o 0.357 0.455 |0.1398 oSL2 OMSE [0.N62 0322 ol | 1193
0.80 |0.0327 ©0.093 0.45) |0.0654 0.203 "0.415(0.09¢9 0.336 0.43] |0.1393 oS00 O%3IB |0.169) 0.686 0.99) | 13.64
090 [0.0309 6.0992 0.433 |0.0632 0.194 0.90b6(0.0966 0.322 0.413 [0.1307 O48L 0.4} [0.16Sh ©.663 O.4g0 | IS.3S
1.00 [0.0300 0.0862 0.418 | 0.0big 0.190 0.39¢|0.0934 ©.313 ©0.40l [0.1229 0-%1§ 0.41b [0.13]1 0650 0470 | 1Mok
L=0.2%0c &./&t.
C=o0.04 C = 0.09 C = on2 ¢ =0.16 T =020

o 0.0187 0.234 looce |09 0.8543 |.0oo |0.2e0) 0.8 l.000]o2q4ay 1220 |opo|o2140 1501 (-00g] O
0.10 lo.06Sq 0.8 0.863)0.1294 0.410 0.8¢s 61815 0.760 0.257 [6.2261 !-0bo 0.269 [0.2850 130 0912 } 1.96
010 [0.08715 0.195 06748 |0.11a4 6.90S 0.7%5 |0.1633 0.6S0 ©.133 |20k OTi% 0.15% [0.23%6 Lo 0.11¢ | 392
030 [0.0503 0.152 0.650|0.1007 0.344 0.63% [0-1%I0 ©.§e5 0-437 [0.18e9 0195 0.65) [0.2233 lo4o 0.69% | S.¢%
040 |ln.0aez 0.132 0564 [6.0900 0.295 0.543 |03 o0.49% ©.550 |o.'11z ©loe 0513 [0.2087 0430 0.619 | 184
0.80 lo-0390 O0.1165 0.99810.012€ 0.282 0964 0.9 0.942F% 0.980[0.1576 0.620 0.50% [0.1959 0831 o.S560 | 920
©.60 lo.034¢ 0.103 0.4%0/0.0698 0.2/19 O.404 [0.108) 0.384 6.433 [0146E 0565 0463 [b.ifay 0112 o.Si4 | N
0.70 |o.o314 0.090L 0.385|00630 0.194 ©.35) [6.09g8 0.329 0.310 [6.13k0 0567 WS [0.N4E 0N o)) | 1372
020 lo.0290 0.0¢33 0.35L/0.05%4 ©.119 0.330 |[0.6310 0.307 0.3¢6|0.111F O8I0 0.32S [0.16¢(S 0.L70 0.445 | 1548
090 (00113 0.0184 0.335|00553 0369 0.311 (0.02ef 0.28% 0.320 (012 oa3¢ 0.35Y 6590 0.630 O | MLy
1-00 joozer 0-814% ©0.319[0.0540 6164 0.302 [%.0%21 026D ©.303 (o.ltbe o.a1% 0389 |0.1528 0.596 0.396 ] 19.b0




TagLe A20 ConcenTrATION ProriLE CorReLATIon Dara - Fine Sawnd
L=0.160 £4+./F+.
C = o.025 C = o0.085 € =o0.075 C=o0-10
vl % 276 & 26 & 216 & £lax
laches. ey ' 2 RN € (d{p
o 0.0812 0.18" lLooo |0.1048 0.35% |.000]0.158b 0.b28 |.000 | 0.2110 0.950 \ooo o
0.10 |o.0461L 6.1382 0.919 |0.0926 ©.311 0O0%10c | 01396 0:.5Lb 0.8%2 | 0.1g15 0195 0.8371 | 2A.5¢
0.20 |o0.0407 O.120 0.16S | 0.0803 O-261 ©130] 0.1209 ©0.435 0.69b | 0.1643 0.46% 0.692| S b
0.30 |vo3%4% 0.102 0.6So | 0.069¢ OLVS o.6el |0.103b 0.355 6.56% | 0-1396 ©0.528 o0.553 | g
040 |0.0293 o0.084¢ 0.535 |0.0582 0.\18  0.499 | 0.03%] 0.29% 0.470 | 0.1167 0.4b 0.43¢ | 10.32
0.So0 |0.024% 0.0(93 o0.4%| [ 0.0997 0.1%9 o0.%171 |0.0182 o2uo 0.38% | 0.0971 ©.32) o0.3%4 | 1290
0.60 |0.0204& 0.0514 0.3b5 [0.04%] 0.126 0.3a0 |0.0635 .19 0.%% | 0.0805 0.2b2 o) | 154¢
o170 |0.017L 0.0819 0.305 [00352 O.108 0.293 |0.0527 O.lko 0.28b | 0.06LR O.208 0.219 (9.0b
0.80 oot 0.0397 o©.153 |0.0292 0.084 0.235 [0.04%%l 0.132 o.ul |0.05¢¢ O.No O.119 | r0.6%
©.90 [o0.012L 0.0333 O.21L |0.0242 0.0686 o.192 |0.037) o.hl 0412 |O00W0 ONGl 0.49 | 2322
.00 |o.0lc0 0.0215 ©.11§ |0.0200 0.6584 ©.1S® |0.0312 ©0.0%03 0.145 | 0.0%10 O.l22__0.129 25.fa
Tagre A21 CoweentraTion ProriLe CorreELaTioNn Dava - ZirRcon
L = 0.400 €+4./4+.
C = 003 € = 0.06 & = 0.09 €=o0.12

o 0.0918 0.3\ j.000 | 0.2015 0.8 |:©00 |0.2%0 1.3bo |-080 0.3:% 2. l.oso o
010 |6.0716) 0.143 0.135 [0.1S90 6.630 0.0 [0S 0980 6120 0298 LS¢ omns | 3.89
0.20 |0.0603 0.19 ©589 [0.1197 6.430 0.49S5 (o1 6.618 0.484 | 8.229 109 eo.5¢7 | 18
0.30 [0.0412 OA%L 6.429 |0.0940 0.33¢ ©.3)] |31 6.51% 0.3171¢ | 6.183 6.764 o.3s< | 11.68
0.40 |0.0357 ©.U0b 6.320 |Oo.0mL 6223 ©.252 [6.107  0:311 O.21L |[0.145  0.554 o.2s¢ | \SS8
0.50 |6.0272. 0.001¢ 0236 |0.05%¢ 0.7 ©S.1%¢ [6.083 0.272 0200 | O.11 ) 0.3%6 o0a19 | 19.4
0.60 [0.02t0 0.089S ©.f0 |6.0426 ©.126 0442 0063 0439S oi43 |0.085 o0.280 o0.130 | V%
©0.70 |0:016l 0.0%49% O©.136 |0.0337L 0.0963 O.109 |0.080 O.1S1 o.11| |06.06% o.213 0.09% ri iy 3
oo |0.0126 0.0335 © 104 |0.025] ©.0132. 0.082) [D.0%v0 O.120 0.08€3|008s  0.63 6.ng | 3
0.90 |o.0l100 0.011§ ©.083 |0.020) ©O.05€3 0.665) |©.033 0.095) ©.0%04% |0.045 0.3y o0.0613 | 3S.0
1.00 |0.008L 0.60231% ©.012 |9-011F ©0.049( 6.0560 |0.0182. 0.0810_0.0595[0.03% oLl o0.053 | 3¢9




Taare A21 ComceEnTRATION ProfFiLe CorreLATION Dara - ZiRcon
L= o02€c $+./4+.
C = 0.02 € = 0.04 € = 0.06
y | ¢, ® 2| ¢, /& £ [|¢c # 3
Inches. o 'Pgr 'Pn__m-
o 0.0161 0.24§ 1.000]©.153¢ 0.bol |.©00 [02319 1.130 |.000 o
o.lo |0.0632 010§ 0.19b[0.1260 0.260 0.16S |0.gg) O0-$01 0309 | 4.65
o020 |o0.0a¢s o.las 6.S9%|0.0979 0.331 ©SSo o459 0.535 ©0.958 | 930
030 |0.0338 O.100 0.40¢ [0.061S 0.211 a.3S0 |0.low0 03ss  0.314 | 1398
o040 |0.0225 0.0637 0.2bo |0.0u80 0.13¢ 0.223 |0.0614 0.210 o0.186 | 19.6
oSo |0.0156 0.08321 0.176S [©.0312 0.090 o0.149§ |0.04b) o.40 O.12¢ | 233
0.60 |0.0109 0.0297 0.1L11 |0.021€ 0.061¢ 0.102§ |0.6321 0.095 0.0%¢ | 119
o.7c l|o.00g2 0.0226 0.0927 [0.0164 o0.0a5L ©.0159 |0.0046 ©0-03% o.0big| 326
o080 |0.0065 0.0%01 0.0021|0.0130 0.0356 ©.0592 |0.0194 0.0545 0.0493 32
090 |0.0049 0.0148 0.0bo4 |0.009 0.0269 ©.04%47 |0.014g 0.0403 0.0342 mS
1.oo |6.00q; 0.0122 ©.043¢ |0.0082 ©.0226 0037157 [0.0124 ©0.03¢§ 0.030b | 46.S
_ L= o.160 4. /44, Wo
C =o0.02 T =o.04 iﬁ,_
o 0.10¢7 ©.319 |.000 |0.216] 0.99¢ \Goo |  ©
0.10 |0.0809 6262 0.691 |0.leoo 0.635 0.631 | 612
0.20 |6.666C ©.16S 0.435 [0.1103 0.38F ©.3%6 | 12.24
030 [0.60343 o.101 0.26b [0.0618 0212 &S| 1%.36
0-40 |0.0204 00573 O.151 |0o%ob 8.112 6.\ 2| 2449
0.560 |6.0116 o0.030L 0.0202{0.0220 6.0b%, 6.04%) | 30.60
©.60 |0.0069 ©.019| 0.05040.0121 ©.043§ 0.0836| 3622
o.10 |0.0039 o.0l107 0.0291[0.0072 0.02:6 O.02lb | 4284
0.80 |o.00271 6.001S 0.019¢ |0.00%3% D.OIZ| ©O.0121 4296
090 [|6.00212 ©.0059 0.0186 [|0.00357 0.0099 0.0099 | §$5.09
1:00 |o.0011S_0.0049 0.0129 |0.6019S 0.0082 ©.00%2 | bl.20




TasLe A 22 Dorancs Comcentration  ProrivLe Data; Ds $50" | d: 0.12 mm.
Voo Y & P L 32 | VY Y 3 R € 4o
%.Isec. Inches I 'e d '%b . /sec lnches. » ﬁ d h{{,_

T1.61 o} 0.92 4.1 l.ooo o l0.0 o 0.320 2.0% \.0ooc0 o
0.19 0. 24 119 0.289 1.6 0.%44 O©0.\19 0.140 0.3\ ‘ <.
1-19 o.17 0.6%0 0.162 2%0 g 0.143 0.545§ ©.2bb a7
1616 0©.125 0.455 o.11 1\ 3o L4% o. 11 O0.-41b ©O.%03 212
.47 0-0%) 0.2L2 0.0L% 462 1.97 0.023 ©.212 0©0.123 362
14 0. 030 0.0864 0.0\ 64.s 2.6% 0.0%92 o0.u" 0. 057 49q.4
354 ©0.009 0.0300 0.6073 €33 324 0025 0.0bos 0.0245 S9.§
43¢ o0.004 6.0110 o0.0027 lo2.0 4.22 0.0083 0.0229 o.ollz,  11.)
Vm 4 % A L Ven Y %s s L Y
ft./5ec. \nchas. s A T’.u $+./sec. \nches. A d..ﬁ;’“_
4.4 o 0.192 0.864 looo K- e ° - 0.297 -44 l.eoo S
0.844 ©.13b6 0.Sob 0.59b 11.4 0.844 0.160 0.63§ o.440 \%.0
.19 o.121 0.434¢ ©0.S03 \S.6 .1 0.12% .90 0. 326 18.1
(14 0.104 ©.35b o.%t2 19.6 .49 o.lo1g ©0.313  0.289 2.4
.91 06.023 0.212 0.303 2b.0 .97 0.083 0.272, ©.1%9 3.2
2.6% 0.052 ©.181 0,182 354 2.6% 0.041S ©.143 0.i103§  42.4
324 0.033 o.)lO Q.12 42 3.24 0.0313 ©0.0903 0.062} Su2
422 0.0208 0.058¢ 9.0L% SS.® 4.22 00154 0.0430 ©.99%  bL1




Taste A22 Durawno's . ComcenrraTion Proriie  Data g D=690" j d=0.18 mm.
U ¥ 3y f e Wo | Vim S %3 € e 48
£+. /sec.  lnehes. 2 &f‘:}; L4./sec. Inchas. ‘@ d 'ﬁa-

616 o o.1s9 0.630 \.000 o \g.\S ) 0.125 ©0.48§% 1l.oao ()
o,gq.4. 0.\1284¢- 0.4S0 O.NhS 10.0 0944 o.\092 ©.380 038 1.0
1.1€ o.1092 ©0.380 ©.6ko3 4.0 a3 o.lc20 ©0.349 G.167 \2.b
1.4 0.0981 ©.333 0.S19 e a9 6.0944 0.311) 0.696 iS.¢
.97 o©0.093 ©.212 0432 234 1147 ©0.0818 ¢.26S ©O.§%2 210
268 0.056b 913 o022¢ 3.9 2.6@ ©0.0b00 0.1%4. ©.408 29.&6
324 0.04%0 ©-129 020§ 8. 3.24 0.0815 ©0.143 9314 34¢.¢
4.22 o©0.0212 0.0182 O.12% $0.2 422 0.032\ 0.0928 ©.204 _4S.0
Taare A23 Durawo's Concentrarion Prorice Daxa 3 D=9.9¢" ; d= So a.
\7"" Y %3 Pﬁ '9_ %O& Vw\ b | %3 'Pc‘ f _B(oo
ft./5ec. Inches. 'P.QL LAY A f{.‘sec \nches, + d -Pgﬂ'
49 (o) 0.0295 O.0€So0 l.000 o 0.9 o o.0250 0.0n12 |.000 o
- 0.719 0.0263 ©0.0126 o.8s¢ S-S\ e G.0116 ©.031) 0.44F 9.3
0.99 0.0253 00120 o0gy 6.9 197  ©.0063 ©0.0174¢ 0.244¢ 32,
.91 0.0216 0.0609 0116 3.8 2.96 6.00332 ©0.0092 0.119 4.2
296 0.0184 0.0519 o.610 20.7 394 0.00W3 Q.00 O.101 $4.3
394 o.01Sg 00439 o0O.Sl6 216 492 o©.001%4 0.00S§1 O.0N§ 8o0.3.
492 0.0137 00315 O©04%\ 34.S $92 o.0013; 0.0036 0.0505 K6.3
$9o0 0.0126 0.0349S§ 0.%0b 4\.4 6.99 0.0010§ 0.0029 0.040) 1ILS
629 o.01\b 00305 0.359 4383 1.9¢  o-ocolog 90029 0.0%07 1290
12¢ o.010p ©021§ 0.324 552
226 o0.0089§ 006 0.280 62.0




Tagre A 24 Dorand's ConceEnTRATIon Peorie DaTa |, SAwnO

Ae0.6% mm. , D=SDo wns. V= \4 c‘*"_‘-f-_-_ﬂ ) Lo 0.16S .:'-;c.
$/o c ¢ P/ 65 [39:4%
o LR AN o2 \.000 o
o.! a.te 0.695 o.%0c QoS
6.2 o.103 0.352 o.345 (9.l1o
0.3 5.0%0 0.299 0.293 a1l.is
0.4 0.067 0.20% a.204% 3Jk.20
0.5 6.04% o144 0. 18| a4s.28
0.6 6.032 ©.0%4 6.0  §4.30
0.7 0.0u30 0.065  0.0637 &3.35
o o.o0'S 0.0415 ©6.0%07 T2.80
0.9 6.007%5 ©.0208 ©.0204% 2185
Taewe A25 DurAmo's ConcinTRATion ProFue Dara
A= 204 mm. , D= $.90 fH./5ec , V= 14 Ft./sec.
Y/o C € |[P/e [$9%94\3]
o 0.430 440 IK-Y-X-) (o)
o.i 0.299 (P ] 0.402 g
02 o.l2 0.6%4 0.1%6 1S
o.3 0.07? 0.249 0.05b P
of 0.0385 ©.115  ©0.0262 32
o.S O.o02.\ ©0.05%¢ 0©0.013% 4o
0.6 0.0\3 0.0358  ©.00%2 8
0.) 0.00% 0.002 0.00St $6
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