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NOTATIONS AND DEFINITIONS

FLT
Symbol Units Dimensions Definition

A (cm)a L2 Maximum projected area of a
particle,

Ap (cm)2 e Projected area of a sphere of
the saﬁegvolume as the particle,
Ay ==_E¥m.

a mm L Major axis of a particle,

b mm L Intermediate axis of a particle,

c mm L Minor axis of a particle

Cp - - Drag coefficient,Cp = -;# "-fké.

~ oW
Cid i N—
e ) P)
Cq - - Size coefficient F
s ~ggre
f
7* & : = AT

Cyr Veloecity coefficient,C, ;%733_

d mm L Diameter of circle equal in
area to the vertical projection
of a particle when falling in
its most stable position,

De mm L Diameter of smallest circle
completely circumscribing largest
projected area of a particle,

de mm L Diameter of a circle equal in
area to projected area of a
particle,

aj mm L Inside diameter of the fall=-
column,

dn mm L Nominal diameter (diameter of a

sphere having the same volume
as a particle)e



HOTATIONS AND DEFINITIONS (continued) viii

Symbol Units

da mm
dsv mm
P em
g em/sec?
k -
K o
Kd -
Ky -
m -
Re -
Se cm2
S cm2
gf -
v cm3

FLT

Dimensions

L

Definition

Sedimentation diameter (diameter
of a sphere of the same fall

velocity and same specific
gravity as the particle in the
same fluid under the same
conditions),

Sieve diameter (sieve opening of
the sieve preceding the sieve

on which the particle was
retained),

Net gravitational force on the
particle falling in the fluid,

F =_d CCp /S‘f) 2

Acceleratlon of gravity
(980.7 cm/see?),

Volume constant proposed by
Heywood (k = volume of particle/

S =7@°),

Shape coefficient proposed by
Halaika (K = v/vg)e

588330t %%ngia Eteinﬁas.

agimentagievedgaﬁggggr s PR

Boundary correction for
experimental drag coefficienta

Reynolds number (usual form =

wd, although some special
va iations occur in this report).:

Surface area of a sphere having
the same volume as a particular
particle,

Surface area of a particle,
Corey shape factor = c¢/=/cb.

Volume of particle,



NOTATIONS AND DEFINITIONS (continued) ix

Symbol
v

Vs

Units

cm/sec

em/sec

em/sec

gn Bec/cm?
em®/sec

gm sec?/cmlt
gn sec/cmlt

FLT
Dimensions

L/7

L/T

L/T

FT/L°
L2/7
rp2/pH
rre/T

Definition

Fall velocity in data of Serr,
Corey, Malaika and Wilde,

Fall velocity of a sphere having
same volume as a particle as
used in Malaika's datas

Fall velocity as used in this
report,

Particle roughness parameter,
Dynamic viscosity.
Kinematic viscosity = / °

Mass density of fluid,
Mass density of particle,

Shape factor proposed by Wadell
( zde/De).

Shape factor proposed by Wadell
( =8e/S)e

Shape factor proposed by
Krumbein

3 =
S T



FOREWORD

This report summarizes a number of years of research in
sediment engineering conducted in the hydraulics laboratory
at Colorado Agricultural and Mechanical Colleges Under the
direction of Dean N, A, Christensen, Eugene Serr III proposed
in a Mastert!s thesis as a shape factor, a simple ratio of
sedimentation diameter to sieve diameter, Later under the
direction of Professor M, L. Albertson, Head of Fluid
Mechanics Research, A. T. Corey, R¢ H. Wilde and E. F, Schulz
conducted investigations using a shape factor porposed by
Corey and natural sedimentary materials from different
sources ranging in size from 1/l mm sand to 1 in, gravel,
During this same period under the direction of Professor
Je¢ Se McNown at State University of Iowa, Jamil Malaika
conducted experiments in o0il using steel particles with
regular geometric shapes,

In 1952 a grant was made available to Colorado Agri=
cultural and Mechanical College through its Research
Foundation, by the Corps of Engineers, Department of the
Army, for the purpose of assembling this report and obtaine=
ing the data for the gravel particles dropped in oil. Mr.
Don C. Bondurant, represented the sponsor and much credit is
due him for his efforts and suggestions.

The authors are indebted to Mr, E., W. Lane of the U. S,
Bureau of Reclamation for his encouragement and for
supplying the initial incentive for this series of studies
of shape., They are also indebted to Dr. D. F. Peterson,
Head of the Department of Civil Engineering, for his
encouragement and for reviewing this reporte

In the interest of maximum utility, all of the available
measurements and other data have been included in the
Appendix. The authors hope that in this way the data will
be available to others for future improvement in the
techniques of sediment engineeringe.



ABSTRACT

Techniques used in modern sediment engineering require
knowledge of the fall velocity of sediment particles in
water, Under certain condltions the fall velocity of a
sphere can be computed using Stokes Law, Stokes Law, however,
considers only the viscous forces on the particle, The
resistance of particles falling in water is attributed to
(1) viscous deformation of the fluid, and (2) inertial losses
in the fluid caused by acceleration (both tangential and
normal acceleration) of the fluid around the particle, The
Reynolds number (a ratio of the inertial forces to the
viscous forces) is a dimensionless parameter which expresses
the relative importance of the inertial forces to the viscous
forces in the motion of the fluid around the particle. Stokes
Law is valid when the viscous forces are the predominate
cause of the resistance of the particle, As Reynolds numbers
become greater than 1,0 the inertial forces assume greater
importance and any equation which considers only the viscous
forces (such as Stokes Law) becomes less and less valid, A
quartz sphese approximately 0,1 mm diameter falling in water
at 20°C (67°F) would have a Reynolds number of 1,0,

To study the fall velocity of natural particles,
dimensionless parameters were employed to give general
solutions to the equations involved. The principal parameters
employed were the Reynolds number (ratio of inertial forces
to viscous forces), the drag coefficient (intensity of drag
force) and the shape factor, Particles were selected at
random from a number of samples of sediment having different
geographical and geologic origins, The shape factor of these
particles was measured, The particles were then dropped in
water and the fall velocity measured., By measuring the
weight, the volume, the fall velocity and the shape of the
particle, the dimensionle ss parameters previously listed could
be computed and a graph of drag coefficient versus Reynolds
mumber with the shape factor as a third variable could be
prepared, The particles studied in this manner ranged in size
from 0,25 mm to 25 mm, To verify the results from the tests
on the small particles, the gravel-sized particles were also
dropped in oil. Because of the viscosity difference between
the water and the oil, the larger gravelw-sized particles had
Reynolds numbers between 1.0 and 500 when dropped in oil, It
was found that the affects of surface roughness could not be
ignored; therefore, data obtained from the extremely rough
particles were separated from the more rounded material by
plotting on separate graphs,



ABSTRACT (continued) xii

The data obtained by Krumbein and Malaika in tests on
artificial particles were also plotted on these two graphs,

Other information regarding the extent of variation of
the shape factor, relation of average shape factor to sieve
sizey, relation of sieve size to nominal diameter and
intermediate axes, relation of sieve diameter to sedimentation
diameter and shape factor have also been investigated. All
the available data have been assembled in the Appendixe



Chapter I
INTRODUCTION

The success of many irrigation and flood control
projects has been seriously hampered because of man's in=
ability to cope with the problems brought about by the
presence of large quantities of sediments or other problems
associated with sedimentation, Some of these might have been
avoided in the design stage had present day information and
knowledge been available to the designers. Other difficulties
because of sediment encountered in the current operation of
irrigation and river control projects might at least be
alleviated, if not eliminated, by a better understanding of
factors involved in the process of sedimentation,

Sediment problem in cngineering

Modern sediment engineers have been greatly handicapped
by the lack of physical measurements required to describe
fully the forces governing the movement of sediments,
Recently, theoretical methods have been developed for de=
scribing the movement of sediment and predicting the amount
of sediment being transported in streams., To employ these
theoretical methods, certain aversge hydraulic properties
of the sediment and also the extent of variation of these
properties from the average must be known,

Fall velocity == a fundamental property of sediment

Salient among these sediment properties is the terminal
fall velocity or settling velocity, Investigators have known
for considerable time that the fall velocity is an important
consideration in reservoir sedimentation; however, recent
research has shown that the stream velocity required to move
particles along a stream bed is also directly related to the
fall velocity,

Factors affecting fall velocity

Many factors influence the terminal velocity or fall
velocity of a single isolated particle, the most important
factors generally considered are size, shape, density of the
particle, proximity of boundaries, particle concentration,
and viscosity of the fluide, Although it is difficult to
isolate these factors and study them individually, certain



INTRODUCTION 2e
generalized statements can be made concerning them,

Particle size:= The size usually is considered the most
important variable and is sought as a criterion to determine -
which forces will have predominant action on the particle
moving in the fluid, Size would be an easy variable to
measure if all sedimentary particles were of regular geo-
metric shape such as a sphere, The exact size of the larger
particles like gravel can be determined easily because the
particles are large enough to handle, examine, and measure,

Sieving is most often employed to determine the size of
a varticle wherein the sediment size is usually described by
arbitrary sieve-size ranges, The sediment size scale is
shown in Table 1,

Particle shape:= The shape of the particle, although
secondary in importance to size, cannot be ignored because
many of the differences and discrepancies of the fall
velocity for a particular size can be explained by measuring
or describing the shape,

Particle densitys~ The particle density is relatively
unimportant because the density of common sedimentary parti-
cles varies between narrow limits, Actually, the important
factor associated with particle density is the particle
density relative to the density of the fluid medium, If
the fluld medium is water, the relation can be simply
expressed as the specific gravity of the particle, Since
quartz and the silicas occur so frequently in natural
sediments, the average specific.gravity of sediments 1is
commonly assumed to be 2,65. < The average specific gravity
of common sedimentary minerals is shown in Table 2,

Table 2
Specifie Gravity of Common Sedimentary MinoralaZE
Mineral Specific Gravity
Beryl 2,75 = 2,8
Biotite 2.8 = 3.2
Calcite 2.72
Coal 243
Dolomite 2.85
Galena Toll = 7.6
Garnet 3.5 = 4.3
Muscovite (mica) 2Lefb = 3,1
Microcline (Feldspar) 2,54 = 2,57
Orthoclase (Feldspar) 2.57
Quartz (calcedony 2.65

/a From Dana's Handbook of lMinerology



Table 1
Sediment Grade scaleéﬁ

(Subcommittee on Sediment Terminology, A.G.U,)
Approx, Sieve Mesh
Size in Millimeters - Microns Inches Opegings perUIndh Class
KR Standard
- 160-80 Very large boulders
888-%888 80=40 Large 'boulders
1000-500 40-20 Medium boulders
500=250 20=10 Small boulders
250~130 10=5 Large cobbles
130-6l G=2,5 Small cobbles
6l=32 2¢5=1.3 Very coarse gravel
32=-16 1,3-0.6 Coarse gravel
16-8 0.6-0.36 21 Medium gravel
8=l 0.3-0.1 Fine gravel
=2 0.16-0,08 g 1% Very fine gravel
2=1 2+00-~1,00 2000~1000 16 18 Very coarse sand
1-1/2 1.00-0,50  1000=500 32 35 Coarse sand
1/2-1/% 0.50~0,25 500-250 0 0 Medium sand
1/3-1/ 0.25-0,125  250-125 115 120 Fine sand
1/8-1/16 04125=0,062 125=-62 250 230 Very fine sand
1/16-1;32 0.062-0.031 62=31 Coarse silt
1/32-1/6l 0,031=0,016 31-16 Medium silt
}/6 -1/128 0.016~0,008 16-8 Fine silt
1/128-1/256 0.008-0, 00l 8=y Very fine silt
1/256-1/512 0,004-0,0020 h=2 Coarse clay
}/512-1/102 0,0020~0,0010 2-1 Medium clay
1/1024=1/20l 0.0010-0,0005 1-0.5 Fine clay
1/2048-1/4096  0,0005-0,00024 0.5-0,24 Very fine clay

NOILONUOHINI

*€

/& Rouse et al,, Engineering Hydraulics, John Wiley, 1950, p. 776.
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Fluid viscosity:= The fluid viscosity plays an important
role in the fall velocity of a particle. When the particle
is moving slowly, any differences in the viscosity of the
fluid cause changes in the fluid drag on the particle.
Viscosity varies considerably with changes in temperature but
only slightly with changes in pressure, In fact, the varia=-
tion with pressure is so small that it can be ignored so that
viscosity is considered a function of temperature only. The
fluid properties of density, dynamic viscosity, and kinematic
viscosity of water are plotted as a function of temperature
in Figo le

Present techniques used in sediment analysis

Presently accepted techniques used in sediment analysis
will be briefly described, Complete detailed descriptions
of these tests can be obtained from the Proceedings of the
American Society for Testing Materials or the reports of the
Cooperative Federal Interagency Project (1) (2).

Geometric size and submerged weight are the primary
properties of a sediment particle which influence its be=
havior in resisting the forces to which it is subjected by
the fluid both while in suspension and while on or near the
bed. Because the weight of a particle is sometimes conside
ered to be synonymous with size (since specific gravity is
so near a constant for most natural water-borne sediments),
the size thereby becomes the most important property of
sediment and of greatest significance in sediment engineering,
The properties of particle shape, fluid density and fluid
viscosity all are associated with the drag or resistance of
the particle and are therefore associated with the force
which can be mobilized to act on the particles

Sieve and gedimentation analysis:= Size is determined
by several different methods depending on the relative size
of the particles. If the particles are very large (coarse
gravel and larger), the particles are usually measured
uging calipers or a scale, Since these particles are
seldom encountered in sedimentation studies except for
scour or bed-=load studies in steep mountain streams, the
technique of size determination can be one of considering
each particle individually.

For the size range from fine sand (1/16 mm) to medium
gravel (16 mm) the usual method of size determination is by
sieving and the measured size is termed the sieve diameter
(23:775)s Sieving sorts the particles according to a range
of sizes and it is assumed that the particles are sorted
according to their intermediate axes (b dimension), This
is true only if the particles are thoroughly agitated for a
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INTRODUCTION 6.

sufficient period of time. The range of sizes present in
any sieve fraction depends on the difference in sizes of the
sieve openings of the "retained" sieve and the "passing"
sieve,

Sieving is quite often considered an unreliable method
of size determination for particles smaller than the No, 200
sieve (approx. 1/14 mm) (23:775)« The size distribution of
particles smaller than silt size (1/16 mm) is determined by
using any one of a number of methods classified as sedimen=
tation methods (1).

The sedimentation methods sort the particles according
to the hydraulic properties rather than by actual physical
measurements and the size is then termed the sedimentation
diameter. The properties of shape and specific gravity are
indeterminably confused with the size analysis when the sedi-
mentation methods are used.,

Specific avity:~ Because the relative weight of the
sediment in the fIEIE is the desired variable, specific

gravity is usually determined instead of density. Consider-
able variation in specific gravity exists in particles of
large size (larger than gravel =~ mm) because the mineral
composition depends upon the parent rock. In nature most
sands are composed of quartz (SG = 2,65)s Therefore, the
specific gravity of sand is approximately 2,65, The fine
materials (silt and clay == sizes less than 1/16 mm) are more
often fragments of feldspars and micas (SG = 2,5 to 2,7) and
therefore these fine materials tend to have a lower specific
gravity (23:777).

The foregoing discussion has shown how the specific
gravity varies as the size decreases from large boulders to
fine clays In certain problems these variations in specifiec
gravity could easily account for large discrepancies in fall
velocity.

Lack of a shape standard:~ Of all the variables Influ=-
encing the fall velocity, only shape lacks an easy and
widely accepted definition. This lack of generally accepted
and easily measured standard has hampered many refinements
of technique in modern sedimentation engineering., Because
there has been considerable confusion in describing shape,

a review of the existing literature is appropriate and help=
ful in formulating a satisfactory and useful method of
describing shape,




Chapter II
REVIEW OF LITERATURE

With the more complete utilization of stream flow to
fill the expanding needs of irrigation and the increasing
demands for municipal and domestic water supplies, the
problems resulting from the presence of sediments in the
streams and sedimentation in the stream beds and reservoirs
have become evident and in many cases aggravated, In uti=-
lizing this stream flow, means have been devised for
separating the wanted water from the unwanted sediment. In
rany cases much of the sediment has been discharged back into
the stream, thus increasing the concentration of the sediment
load downstream, The problems of predicting and controlling
the action of these sediment-laden streams have been increased
and in many cases today are completely unsolveds To employ
the turbulence theory on these problems, more must be known
about the fall velocity.

The most apparent use of the fall velocity concept is in
predicting the time required for a particle to settle through
a known distance in a body of quiet water, By this means the
length of time may be determined that water must be retained
quietly in a settling basin in order to separate the sediment
from the water., The fall velocity is useful also in predict-
ing the location of the sediment deposits in existing or
potential reservoirs,

Another need for knowing the fall velocity was demon-
strated by Krumbein (8) and Rubey (26) who found that the
critical velocity of the stream when the particles on the
bed of the stream moved into suspension was related to the
fall velocity of the particles in quiet water, Thus to
prevent movement of the bed material into suspension, the
stream velocity must not exceed the critical velocity of the
particles comprising the bed material, If in a stream the
particles need to be kept in suspension, the fall velocity
to a large extent determines the intensity of turbulence re~
quired to prevent sedimentation.

Finally, perhaps the most important need for knowledge
of the fall velocity is the use of the fall velocity in the
forrlae for computing the quantity of material being moved
in a stream as suspended sediment and also as bed load.
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Early research

Sir George Stokes (19) was first to show concern about
the fall velocity of particles, In 1846 he derived an
equation for viscous conditions, later called Stokes law,
which defined the fall velocity of spheres falling under the
action of gravity in a fluid medium of known viscosity.
Stokes law is expressed as follows

L 2
v =% (sa, - sop

where
w = fall velocity,
d = diameter of the sphere,
SGp - fSpecific gravity of the particle,
SGy =~ gpecific gravity of the fluid,
7

7> = gpecific weight of water,
/. = dynamic viscosity,

Later metallurgical engineers, concerned with ore
dressing problems, recognized that there was a significant
difference in the fall velocity of different rock particleso
In 1908 Richards (24), a mining engineer, studied the fall
velocities of crushed quartz and galena particles., Richards
studied sieve fractions ranging in size from 0,32 to 11,93
millimeters. He observed that the drag coefficient was no
longer a function of Reynolds number for particles larger
than 1,55 mm diameter, Furthermore, this anomaly occurred
differently for the quartz and galena, He sought to explain
the difference on the basis of the difference in the specific
gravity of the two materials, Closer investigation might
have disclosed to Richards that this difference could not be
attributed to a difference in specific gravity, but to the
shape which was different for the gquartz and galena, The
explanation was pointed out years later.,

Recent research

In 1933 Rubey (26) using Richard's data and additional
data of his own recognized that the fall velocities follow
two different laws. He found that for particles sma ller than
about 0,1l mm sieve diameter Stokes law seemed to be valid
and he called this range the viscous range because the particle
motion could be completely described by the action of the
viscous and gravity forces., Rubey developed an equation for
the particles larger than 0.1l4 mm, He stated that this
- second law applied to the "impact" range because the resis=-
tance to motion in this range was caused by the "impact" of
the fluid. His equation consisted essentially of Stokes law
combined with a correction for "impact." The use of the word
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"impact" does not conform to the present-day concept of the
term. Rubey also found that it was necessary to use an
additional correction coefficient to make the galena data
conform to his curve, which had been derived from the data
for the quartz grains. He suggested that the difference in
this coefficient for the quartz and galena was because of
the difference in the characteristic shape of the crushed
quartz and galena particles.

In 1934 A. P, Zegrzda (42), a Russian engineer, plotted
some original experimental data Zggether with other available
data on a type of Cp:Re graph./2& When plotted in this
manner, three logical ranges appeared., Zegrzda called the
first range (Reynolds number less than 1,0 where Stokes law
is valid) the "streamline stage", the second range the
"intermediate stage" (Reynolds number 1.0 to 1000), and the
third range the "turbulent stage" (Reynolds number greater
than 1000), In the latter range the drag coefficient re=-
mained constant and was therefore independent of Reynolds
number, He found that the drag coefficient varied greatly
for any particular value of Reynolds number depending upon
the shape of the particle. He plotted his data using the
sieve diameter as the characteristic length in both the drag
coefficient and the Reynolds number,

Zegrzda used both smooth spherical balls and "natural
sediment" particles of sand, To obtain fluids of different
density and viscosity he used water and differert petroleum
products. In this way he could vary the viscosity by dropping
the same particle in the different fluid mediums, He found
that data using the smooth balls plotted a smooth curve on
the Cp:Re graph regardless of the fluid medium used. On
the other hand he found that the curves for the sand grains
dropped in water would not fit the curves for the same sand
grains dropped in the oil, He explained that this discrep-
ancy was caused by the influence of the relatively rough,
irregular surface of the sand grains on the flow pattern
around the particle. Therefore, he recommended that for
sedimentation studies, water only be used as the fluid
medium,

Actually the affects of the fluid are completely
accounted for when using the Reynolds number parameter, The
influence of the fluid on the particle is one of viscosity.
When the Reynolds number is high (Re»10,000) the viscous
forces, while still present, are of minor importance relative
to inertial forces. This relationship is true for any par-
ticular Reynolds number, regardless of the fluid used., The
validity of the assumption that Reynolds number completely

Lg A short English summary of Zegrzda's paper is presented
in the appendix,
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accounts for the effects of the viscosity of the fluid was
later verified by Malaika,

In 1935 wadell (35)(36) attempted to evaluate the shape
parameter by means of the sphericity of the particle, He
defined sphericity as the ratio of the surface area of a
sphere having the same volume as the particle to the actual
surface area of the particle, He also suggested the present=
ly accepted definition of sedimentation diameter (i.e., the
diameter of a sphere having the same terminal velocity and
Specif%c gravity as the natural particle falling in the same
fluid.

Wadell's conclusions were based on sound theoretical
considerations. He also recognized the impractical nature
of his concept of sphericity because the true surface area
of individual small particles is virtually impossible to
obtain, Therefore, he redefined the sphericity as the ratio
of the diameter of a circle equal in area to the projected
area (obtained when the particle rests on one of its larger
faces) to the diameter of the smallest circle circumscribing
the projected area. The projected area was measured by
tracing around a magnified projection of the particle with
a planimeter., The area of the circumscribing circle was
obtained by placing a specially=-co nstructed circular grid
over the projected image and observing the diameter of the
smallest circle which surrounded the image. The weakness of
Wadell's simplified sphericity coefficient l1ies in its lack
of any consideration of the "thickness" of the particle with
respect to the measured projected area,

In 1938 H. Heywood (6), a British investigator, studying
the "fineness" of rock crusher materials suggested a "volume
constant"as a shape parameter., The volume constant, k,
was defined as: 2

i volume of particle

a3

where d = diameter of a circle of area equal to the
projected area of the particle when placed
in its most stable position.

Heywood prepared a nomograph (l:lli) which could be used
to determine the fall velocity of the particle provided the
volume constant k could be determined, The volume constant
could be estimated using a table of "k" values published for
a number of particles used as examples, The weakness of
Heywood'!s concept lies in the estimation of the volume
constant,

In 1942 W. C. Krumbein (8) in studying the "flume behavior"
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of particles formed of molded portland cement mortar,

verified the relationship between fall velocity and critical
velocity of a stream of water required to move a particle

on the bed, Because he made artificial particles, he could
control the shape, density, volume, and nominal diameter, The
latter three variables were held constant for all the particles.
EKrumbein suggested the following expression for the shape
parameter:

£ = TTE )

where a = the longest axis of the particle;
b = the intermediate axis of the particle,
¢ = the shortest axis of the particle,

His investigations showed this shape parameter was related to
the sphericity as defined by Wadell, He plotted the b/a
ratio versus the c¢/b ratio and drew lines of equal spherice
ity on the plot; thus the true sphericity could be determined
using definite and measurable dimensions a, b and e,

J. We Stanley (33) was puzzled by difference in the size
analysis curves obtained from the same sediment sample when
a sieve analysis and a sedimentation analysis were compared,
He found that sieve analyses and sedimentation analyses
yielded the same results when a sample of spheres of uniform
specific gravity was used. He explained the difference in
the two size analysis curves by pointing out that some of the
particles of similar sieve size must have different fall
velocities and that the difference in fall velocities must be
caused either by a difference in the shape of the particles
or by a difference in the specific gravity of the particles,

In 1948 E, F. Serr (31) compared the difference between
the sieve diameters and the sedimentation diameters of ten
samples of sand obtained from widely different sources, He
studied eight sieve fractions between the No, 10 and No, 100
Tyler standard sieves, He suggested using the ratio of the
sedimentation diameter to the sieve diameter as the shape of
the particle, Serr found little difference in the sieve
diameter and the sedimentation diameter for the particles
corresponding to the No, 100 sieve size indicating that shape
had little influence on the fall velocity of small particles
(approx. 1/16 mm) because they were in the viscous range of
Reynolds number, He also found that the drag coefficlents
for the most angular samples became independent of Reynolds
number at a nominal diameter of about l.4 mm, For the more
spherical particles this does not occur until the nominal
diameter becomes as large as 7 mm to 10 mm which was out of
the range of Serr's work,

In 1949 A. T. Core§ (3) working with discrete individual
sand particles suggested a simplified shape parameter which
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he called the shape factor sf:
c

/b

where a = the longest (or major) axis of the particle,
b = the intermediate axis of the particle,
¢ = the shortest (or minor) axis of the particle,
All axes were mutually perpendicular.

sf =

Corey selected 10 representative sand particles from each of
5 sieve fractions between the No, U4 and the No, 1l mesh Tyler
standard sieve., He examined in this manner sand samples from
Tfour different sources, He found that the fall velocity for
two particles of the same weight and falling in the same
fluid medium could vary as much as 100 percent depending

upon the shape of the particles Thus demonstrating that for
a fundamental study, the individual rticles must be studied,
Corey selected the expression ¢/ «/ab for his shape factor
because he and others found that the particles usually
oriented themselves in the fluid so that they presented the
greatest resistance to the passing fluid, Thus the maximum
projected area as discussed by Wadell, Heywood, and Krumbein
is oriented normal to the path of motion. The projected area
can be approximated by the ab term and the c¢ term
corresponds to the thickness which was not accounted for in
Wadell!s simplified sphericity coefficient. Hence the form
¢/ =/ab is a logical dimensionless shape parameter expressing
the relative flatness of the particle,

Corey expressed the drag coefficient and Reynolds rumber
in two different forms:

Cn = F/ab
¥ f'W?/Z

Re = wb
3
and . e F/dn
Dn rPwW /2
wd
Ren = _:;EL.

where
Cp = drag coefficient,

ch - drag coefficient (using nominal diameter),

Re = Reynolds number,
Re,, = Reynolds number (using nominal diameter),

F .= force causing motion (buoyant weight of particle),
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mass density of fluid,

fall velocity of particle,

ma jor axis of particle,
intermediate axis of particle,
minor axis of particle,

n = nominal diameter of particle,

poo'Ps o
t it

kinematic viscosity of the fluid,,ﬂ4;,
- dynamic viscosity of the fluid,

b

When he plotted Cp versus Re, using the first two
expressions for Re and Cp, he found difficulty in draw=

ing the lines of constant sBape factor. On the other hand

he found it reasonably simple to draw lines of constant shape
factor through his experimental data when Re and Cp were
expressed in terms of nominal diameter, He concluded then

that the nominal diameter should be used for the characteristie
length and area in the Reynolds number and drag coefficient
parameters,

In 1949 Jamil Malaika (11) reported the resistance
characteristics of twelve machined steel shapes. He dropped
these particles in six different types of oil and also varied
the temperature, This technique permitted him to vary the
Reynolds number between Re = 0,001 and Re = 1000,

Malaika also spent considerable time investigating the
proper position to release the particles in order that stable
motion might occur when the particle was released. He used a
unique electromagnet to hold the steel particle prior to
release, Krumbein (8), Rubey (26), and others (23) had
previously stated that the particles would tend to orient
themselves until the maximum cross section was normal to the
direction of motion, Malaika observed this stability over a
wide range of Reybolds number, His findings are summarized
as follows:

l. Zone of deformation drag (Re< 0.1).
Particles were stable in any position provided
the center of gravity of the particle and
center of resistance were on a line parallel
to the path of motion,

2o Zone of surface drag (0.1< Re< 500),
The particles oriented themselves so that the
largest cross section was normal to the path
of motion. The particles were quite stable
in this positione

3s Zone of edd% formation (Re» 500). :
ormation of eddies in the wake affected the
stability of the orientation of the particle,
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In 1950 McNown and Malaika (1ll) developed a shape
parameter in tThe form

¢/ =/2b.

It is interesting that Corey and Malaika and McNown working
independently both used the same basic parameter for the
simplified shape factor, McNown and Malaika related the
sieve diameter and the sedimentation diameter by a factor K,

w
K==2,

where ws 1is the fall velocity of a sphere with
diameter equal to the nominal diameter of
the particle (sedimentation diameter),

w is the fall velocity of the particle.

A graph of K versus ¢/ /86 in parameters of b/e was
presented based on Malaika's previous data taken from his
experiments with the twelve machined steel particles dropped
in various types of oil,

Coreyt's simplified shape factor (which was also
developed by McNown and Malaika) is simple and therefore
practical to use, is in dimensionless form and therefore a
perfectly general form of the shape factor, and is a simple
and direct method relating the difference between the sieve
analysis and the sedimentation analysis of the same sediment
sample,

Summary

Although the drag characteristics of spheres and disks
and other regular geometric shapes have been thoroughly
studies, the behavior and characteristics of natural
particles have been investigated only recently. A descrip-
tion of the shape of natural particles is Wadell's coeffi=-
of sphericity (. The determination of this coefficient
is difficult and, wﬁlle its importance should be recognized,
it is too impractical to be of general use, Other proposed
methods for describing the shape of a natural particle
involves either the measurement of:

l. The maximum projected area, or
2 The length of the three mutually perpendicular axes,

Because of the relative ease in measuring the three axes,
the latter method is preferred., Corey advocated the use of
his simplified shape factor (sf = ¢/w/2P) and this shape
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factor was also used by Mclown and Malaika (14), Wilde (41),
and Schulz (29). Corey, Wilde, and Schulz have assembled
considerable data on natural sedimentary particles and they
have shown that, within certain stated limitations of
average particle roughness and average specific gravity,

the Corey shape factor is practical and involves a minimum
amount of labor to measure and compute,



Chapter III
THEORETICAL ANALYSIS

Fundamental principles

- The fundamental principles of fluid mechanies involved in
the study of fall velocity are the basic laws of motion, The
forces producing the motion and the drag or resistance will be
analyzed,

Basic assumptions:= In expressing the most fundamental
drag equation to be considered in studying the fall velocity
of a particle it rmust be assumed that:

l. The fluid is of uniform density.
20 The fluid is of uniform viscosity.

3. The motion of the particle in a direction normal to
the mean falling path (usually vertical) is
negligible and involves no lateral acceleration of
the particle (falling straight.)

s The particle is not accelerating in mean falling
path,

If these assumptions are met, the submerged weight F of the
particle (called the activating force) is exactly equal to
the drag forces on the particle (which is moving steadily
through the fluid of uniform density and viscosity). The
cause of the drag can be explained using the principles of
both laminar and turbulent flow,

Laminar flow:=~ Laminar flow is a result of the fluid
Property called viscosity, which Rouse (23:75) defines as
'that property of a liquid or gas which gives rise to an
internal stress opposing deformation of the fluid during
flow." Viscosity also may be defined as the ratio of the
gradient of momentum flux to the rate of diffusion of momentum
per unit area in the direction of the gradient, Any relative
motion between a particle and the fluid causes internal
viscous stress in the fluid medium and produces a deformation
of fluid adjacent to the particle, Drag on the particle is
a result of transfer of momentum by molecular diffusion from
the moving particle to the fluid,
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Turbulent flow:~ The distinction between laminar and
turbulent flow can be made by considering the difference
between the molecular (or laminar) diffusion of momentum as
compared with the molar (or turbulent) diffusion of momentum,
The diffusion by molecular action is sufficiently slow that
its effect may be felt over a widespread region (by deforma=-
tion) without becoming unstable, Turbulent (or molar)
diffusion however, is a result of the gradient of momentum
flux being so great that the flow becomes unstable and turbue
lent mixing results, With turbulent diffusion, finite masses
of fluid are moving in a somewhat random fashion through the
fluid and the mixing process is much nmore rapid and intense,
These phenomena are involved to varying extents in the
different types of drag experienced by sediment particles.
One of the most important variables associated with drag is
the Reynolds number (a ratio of the inertia forces to the
viscous forces involved in the flow) which may be used as a
criteria for determining the type of drag which exists on a
sediment particle,

Cause of drag:=- The drag forces on a particle are a
result of either one or both of:

l. The shear along the boundary of the particle in the
direction of motion. This is called Surface Drags,

2. The pressure difference between the upstream and
downstream side of the particle. This is called
Pressure Drag.

Because most sediment particles are relatively short even in
their greatest dimension, the drag resulting from shear along
the boundary in the direction of motion (surface drag) is of
secondary importance except for low Reynolds numbers,

Discussion of the CptRe diagram

The drag on the particle can be classified as one or a
combination of two different types of drag (21:209)

l, Deformation drag.
2, Form drag,

Deformation drag is principally the result of viscous forces
and is characterized by a flow pattern where the deformation
of the fluid laminae is widespread, Form drag results from
inertial forces and is characterized by a flow pattern in
which there is a separation. The relative importance of these
two types of drag depends on the Reynolds number,

Low Reynolds numbers:= At low Reynolds numbers (Re< 0,1)
the efrects of the inertial forces caused by the motion of the
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particle may be ignored and the drag on the body is exclusive=
ly one of deformation, caused by viscous stress, Deformation
drag may be classified further as a combination of surface
drag due to boundary shear and pressure drag due to the form
of the projected area, The motion in this range is charac=-
terized by a "widespread distortion of the basic flow pattern"
(19:232) and is defined mathematically by Stokes Law (19:158)
for spheres,

and (9:605) (4:7L) for disks:
F = Bdﬂw

where

net gravitational force,

diameter of the particle,

dynamic viscosity of the fluid,

terminal or fall velocity of the particle.

=T o
BEEE

As shown in Fig. 2, Stokes Law for spheres may be plotted on
the CptRe graph as a straight line:

Cp = 24/Re

and the equation for disks may be rearranged as
Cp = 20.37/Re

for plotting on the CptRe graph,

Because the drag in the Stokes range is due to the
"widespread deformation of the basic flow pattern,” there is
extensive viscous movement of the fluid normal to the ambient
direction of flow, Such movement must be accompanied by a
drop in pressure in the direction of flow and hence a drag on
the particle due to a difference in pressure between the up=
stream and downstream sides of the particle, Also boundary
shear on the particle contributes to the drop in pressure,

In fact, Prandtl (4:7L4) has pointed out that theoretically
one=third of the drag on a sphere is due to pressure differ-
ence and two~thirds is due to boundary shear, Furthermore,
Prandtl has shown that in the direction of motion the sum of
the shear and pressure difference is the same at all points,
Because a circular disk has no boundary in the direction of
flow, however, the viscous drag is due entirely to the
pressure difference, It is remarkable that the drag co=-
efficients for the two extreme cases of a sphere and a disk
are so near the same value that it is difficult to plot the
difference on a graph,
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Evidently, then the drag coefficient in the viscous
range is essentially independent of the thickness of the
particle (provided the particle is not relatively long) and
depends only upon the magnitude and shape of the projected
area of the particle, Furthermore, because the resultant of
the pressure and shear is the same at all points on the
boundary there is no unbalanced force to create a torque which
would rotate the particle. This confirms the experimental
findings of McNown and Malaika (14:78) in which the falling
particle did not rotate regardless of its initial orientation,

Intermediate Reynolds numbers:= As Reynolds number is
increased to the range of 0.,1< Re< 1000, the viscous flow
pattern becomes unstable and the inertial forces gradually
assume greater importance, The zone of viscous flow ==
though still present -« becomes restricted to a relatively
thin layer at the surface of the particle known as the laminar
sublayer, Outside the laminar sublayer the inertial forces
predominate and the flow is turbulent, The shape of the
particle determines to a large extent the path taken by the
fluid, as it flows about the particle, hence determines the
radial and tangential accelerations necessary for the fluid
to travel this path.

As a result of the instability of the laminar flow and
the increased importance of the inertial forces (due to accel=
eration), a zone of separation is formed on the downstream
side of the particle as shown in Fig, 2. This zone of separa=
tion has a poorly defined appearance at Re = 3 but gradually
takes on a more clearly defined appearance as the Reynolds
number is increased, until at Re = 20 the separation zone
has a well-defined vortex pattern downstream from the particle

(5:65) (5:551).

Separation occurs at the point where the flow is
expanding (streamlines are spreading) and the local velocity
in the boundary layer becomes zero. Any further expansion of
the boundary layer causes flow near the boundary in the
direction opposite to the ambient velocity v,, The point of
separation may occur at a number of positions along the
boundary of the particle (as the case of the sphere) or the
point of separation may be fixed always by a sudden change
in the curvature of the boundary of the particle (as the case
of the disk),

Thus in the Intermediate Range of Reynolds number the
type of drag gradually changes from about half surface drag
and half pressure drag (Re = 0,5) to almost exclusively
pressure drag (Re = 1000) == the surface drag (viscous effects)
being negligible compared with the pressure drag,

Finally, because the inertia forces have become signifi=
cant in this range of Reynolds number, there develops a single
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stable orientation for each particle relative to the direction
of motion,

High Reynolds numbers:=~ As the Reynolds number is in=
creased further (Re” 1000) the influence of viscosity becomes
of less and less importance until at Re = 500,000 for
spheres and Re = 5000 for disks the flow pattern in general
and the drag in particular becomes completely independent of
Reynolds number,

Throughout this range the separation is well defined; but
the point of its beginning upstream, and hence its size,
varies with the nature and extent of the laminar sublayer
surrounding the particle upstream from the point of separation.
Complete destruction of the laminar sublayer occurs for smooth
spheres at about Re = 200,000 and for disks at about Re =
5000, The sphere and the thin disk can be considered to be
the extreme limits of shape for natural particles,

For high Reynolds numbers, the particles assume an
orientation which is most stable, Because of the asymmetric
formation of vortices in the separation zone, however, there
develops an unsteady oscillating motion, the extent of which
depends largely upon the shape of the projected area of the
particle,

Dimensional analysis

Before any attempt is made to analyze the problem further,
the variables will be organized into orderly dimensionless
%arame?ers using the principles of the Buckingham  ~Theorem

21313).

The variables:= All the fundamental variables which
affect the motion of the particle are tabulated together with
. their dimensions,

w = fall velocity - cm/sec (L/T),
Lp = density of the fluid = gm seca/dmh (FTz/Lh),

H

R_ = density of the sediment = gm seca/cmu (FTz/Lu),

ol

dynamic viscosity of the fluid = gm sec/cm® (Fr/L2),
- intermediate axis of the particle (normal to a) =

em (L)

shortes% axis of the particle (normal to ab) =

em (L),

= longest axis of the particle = ecm (L),

activating force; apparent weight of sediment
particle in fluid = (pp “Pr ) gV = gn (F),

Q. of
5 1

o
i

k = A measure of surface roughness or surface
irregularities (L)e
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Here a, b, and ¢ are used to represent the geometry of the
particle, It is doubtful that these are fully adequate to
rigorously describe the geometry; however, they are simple and
convenient and any more adequate system would be greatly
complicated, The relationship between these variables may be
expressed by the following equation:

ﬁl (wy, a, by ¢, F:pfwops,u: k) =0 (1)

The variables can then be rearranged into dimensionless
parameters by combining the repeating variables (w, b and P¢)
successively with each of the remaining variables in Eq. 1.
The following equation of parameters then results:

Wby F Pl a c k
ﬁ / f, 3 P, 3 ) =0 (2)
L A Wems Pr. B B

As previously discussed the activating force F must be egqual
to the drag force D and D = ¢p A fw2/2 (19:24))

The expression for drag D can be solved for the drag co=
efficient Cp:

Op = —2 (3)
Bpgw/2

where A refers to the projected area normal to the path of

motion, Wilde (41:37) has shown that this projected area A

can be approximated by the product ab provided the particle

travels with its greatest projected area normal to the path
of motion. Eqe. 3 then becomes:

o~ F
Cp~- . ( Ll-)
2 abﬁfwz/ 2

Eq., 2 may be rearranged into the following dimensionless
equation?

# (w a;af:_ F :'DE: a’ c’ x )=0 (5)
U A e b il e

Each of the parameters in Eq, 5 is described as follows:

W ab::
- - g form of Reynolds number Re

_.._E._E_ - a form of drag coefficient Cp

a’q&fw

ﬁ;B.a / »/g - specific gravity of the sediment
~Ff 71/8 oparticle 86
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- AP :
N disregarded for present
c

= Corey shape factor sf

:

- surface roughness coefficient € ,

3

Eqe 5 can then be rewritten:

#), (Re, Cp, sf, 5G, € ) =0 (6)

Eq. 6 indicates the scope of the research program since
the influence of the variation of each of the parameters
must be studied in relation to the others, However, in the
light of past research, some of the parameters may be dis=-
regarded until the more fundamental relationships have been
established,

The Cp:Re equationt~ If the specific gravity term SG

~and the surface angularity term are assumed to be constant
or of secondary importance, Eq, 6 then can be written in the
simplified form:

#g (Re, Cp, sf) =0 (7)
or
Cp = ﬁg (Re, sf) (8)

when the drag coefficient Cp 1is chosen as the dependent
veriable, Eq. 8 may be represented graphically as shown in
Fige 3 and is simply a minor elaboration on the Cp:Re

graph. With this arrangement of the data, the drag coefficient
and the Reynolds number are expressed in terms of lines of
constant shape. This arrangement is the most convenient for
obtaining a direct solution of the drag (or submerged weight)
of the particle of given shape moving at a given velocitys

The Cp:Cg equationi= an arpangement of the data which
will give the velocity at which a particle of known size,
shape, and weight moves in a given fluid may be developed by
reconsidering the variables in Eq. 1, Choosing variables
b, 0ps 8nd F as the repeating variables, the following
‘equation results:

g Eog F a c pp  k
> ¥ ] B - 0 9
7 ( ans y b‘fofwz’ b b y /3 f’ b ( )
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When this equation is modified as previously described; the
following simplified equation results:

ﬁa(ﬁ, Cps 8£; =0 (10)

By choosing Cg = Fi‘-g- as the dependent variable, Eq. 10
becomest J<2

R F
¢, =£‘l§=m=¢9 (Cps sf) (11)

This arrangement is useful when the fall velocity w is un=-
known because in Eq., 11 w appears only in the drag co=-
efficient Cpe Malaika (11:6) has shown that Eq. 11 plots as
a series of sStraight lines of constant resistance (or constant
size) at a slope of =2 and may be plotted on the CpiRe
graph by using an auxiliary scale, In making such a statement,
however, and must also be considered to be constante
This is illustrated in Fig. 3.

The C,:Re equation:= In a similar manner, lines of
constant ngl velocity (or constant sedimentation diameter)
may be developed by again reconsidering Eq. 1 and choosing
Wsp £y @8nd 4 as the repeating variables., The following
equation results:

£y / Wb gp o o, kwpp aop pr't’ cvyjf)__: 0 (12)
H ~

’ — ’
wboree Rp K K o

Eqe 12 may be rewritten and simplified by the method pre=~
viously described, resulting in:

; F \
#.. [Re, -3---3——2—M s 88 | =0 (13)
s \ w"b F’f
or 5
F w4 Fi o AY
= - = @15 (Re, sf) (1)
WBb%DfE w3dn%cf w%ﬂ% e :

When the nominal diameter (equivalent to b ), fluid
characteristics, and fall velocity are known, thils arrange-
ment is useful for a direct solution of size or relative
weight (AY)e Malaika (11:36) shows that Eq, 1l plots as a
series of straight lines of constant fall velocity at a slope
of 41 and may be plotted on the Cpi:Re graph using a
second auxiliary scale which is illustrated in Fige 3.

Surmary

In Summary, one should state that there are too many
variables in the geometry of natural particles to make a
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complete analysis by theoretical methods alone,

By dimensional analysis the fall velocity may be shown
to be included in a functional relationship involving Reynolds
nunber, drag coefficient and some parameter or parameters des=
cribing particle shape., The shape factor is generally
considered to be a combination of length and area terms, the
Reynolds number contains a length term, and the drag coeffl=
cient contains an area term, Although certain theoretical
deductions can be made regarding the area and length terms in
these parameters, it is necessary to determine experimentally
the most significant form of each parameter,

Because of the many irregularities and odd shapes found
in natural sediment it is highly improbable that a simple
method can be devised which will completely describe shape.
Based on the work of previous investigators and the theoretical
considerations in this chapter, the shape factors which seem
to be most easily measured are based on one or a combination
of:

le Maximum projected areas,
20 Lengths of mutually-perpendicular axes,
3. Nominal diameter,

Use of the mutually-perpendicular axes in the dimensional
analysis results in three factors describing shape.



Chapter IV
EXP_RIMENTAL EQUIPMENT AND PROCEDURE

Because this report has assembled the data from a
number of different experiments, the materials studied, the
equipment used, the experimental procedure and the results of
each experimenter will be briefly described,

Krumbein

Materials:= Krumbein was concerned with the settling-
velocity and flume=behavior of non-spherical particles., He
made special particles from cement mortar, All particles
were of the same volume and density. The shape was varied
systematically, A total of 17 different particles were made
and tested, The a, b, and ¢ dimensions of each particle
were measured,

Equipment and procedure:- The fall velocity was deter-
mined by dropping each of the 17 particles in a vertical
lucite fall-column, 6 in, in diameter and 6 ft long filled
with water at 20°C, Each particle was released in a random
position at the surface and was timed with a stop=-watches A
2=t distance was allowed for particle acceleration before
velocity measurements were begun, The particles were timed
over a distance of lj ft. An average fall velocity for each
particle was obtained from 10 to 20 observations on each
shape,

The flume behavior was observed in a stream of running
water in a flume 22 ft long, O,4ly ft wide, and 0,96 ft deep,
Water was supplied to the flume from a constant=head tank
through a stilling basin., The discharge was measured over a
90° Venotch weir, Observations were made in a 10=-ft control
section in which the depth was 0,43 ft being controlled by
adjusting the discharge and the tail gate position,

Each particle was dropped into the stream upstream from
the indicator which marked the beginning of the control
section, The velocity of the particle through the 10=-ft
control section was measured with a stop watch,

Resultss=~ Prior to Krumbein's work, two theories were
advanced to explain the importance of shape in studying the
fall velocity. Some writers thought the most important shape
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consideration was the angularity of the corners and edges;
other writers believed that the general form of the particles
was more important than angularity. Krumbein's observations
proved that the general form was a more important considera=
tion than particle angularity.

Krumbein derived a dimensionless shape parameter based
on the three mutually perpendicular axes, a, by, and ¢

n = -3\/(b/a)“ (c/v) (15)

This equation was developed from Wadell's (37) concept of
sphericity and the substitution of the a or b dimensions
for the appropriate radii., Using this shape-parametery,
Krumbein plotted a family of curves representing equal shape
parameter on a dimensionless b/a:c/b graph. This curve
served as a guide to the optimum particle dimensions for his
particles, His particles were made with a complete range of
variation of b/a, ¢/b, and £3 , Krumbein's data are shown
in Appendix Bes The data obtained by Krumbein varied from
3000 < Re < 10,000,

Serr

Materials:= Under the direction of Dr. N. A, Christensen,
Serr compared the sieve diameter with the sedimentation
diameter of sand from 10 different sources, The sources were
a fresh talus slope, sand dunes, a lake beach, 2 river bed,
and standard Ottowa sand, The sand samples came from many
geologic origins, Table 3 lists the types and sources of the
sands studied by Serr,

Table 3 ’
Types and Sources of the Sands Studied by Serr
Sample Type Source
le River bed material Cache la Poudre River,

Fort Collins, Colorado
2e River bed material Michigan River, Camp Pennock,

Colorado
36 Fine rock debris Talus slide, Verdi, WNevada
Lo Dune sand Small dunes, Fernley, Nevada
Se River bed material Truckee River, Truckee, California
6. River bed material South Fork, Yuba River, Cisco,
California
Te River bed material Putah Creek, Davis, California
Be Dune sand Dunes near Great Salt Lake, Utah
9. Lake beach material Grand Lake, Colorado

10, River bed material Cache la Poudre River, Chamber
Lake, Colorado
11, Sedimentary deposit Standard Ottawa sand
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Equipment and procedure:- For dividing his samples into
size groups or sieve fractions, Serr used Tyler Standard
Sieves, Tyler Numbers 10, 14, 20, 28, 35, 48, 60, 65, 80
and 100 were used, with some exceptions (See Appendix C).
About 500 gm of material were quartered from the oven dried
and air cooled raw sample, This material was sieved through
the series of sieves by shaking for 15 minutes in a Ro=tap
Shaker., Each sieve fraction was weighed and retained for
sedimentation analysis.

Fifty random particles were taken from each sieve fraction
using a specially constructed microsplit as described by Otto
(17)s Each particle was timed through a fall of 50 em in a
glass fall-column filled with water The time of fall was
determined with a ten-second-sweep stop watch giving the time
to the nearest 0,01 sec, The particles were allowed to fall
25 cm before the timing was begun to insure that the particle
had attained terminal velocity.

The falle-column consisted of a large glass graduate 5,08
cm in diameter. The ratio of the particle diameter to the
diameter of the tube was less than 0,06 in all cases, However,
the boundary was close enough so that its influence should not
be ignored. Based on a study reported by McNown et al (13),

a 1% boundary correction factor should have been applied, A~
graph giving the correction to be applied is shown in Fig. L.

It is necessary that the viscosity be constant throughout
the fluid column so that the viscous stress on the particle
will be constant after the particle has accelerated to terminal
velocity. No attempt was made to control either the temper-
ature of the water or the temperature of the air surrounding
the fall column, The temperature of the water was measured
at the center of the column and half-way down at the beginning
end end of each group of runs, If these two temperatures
differed by more than 1,0°F, the data were not used and the
runs were repeated., The temperature just outside the tube
was also kept within 1.,0°F to insure that the transverse
viscosity pattern in the tube was sufficiently uniform to
insure the desired accuracy,

The average fall velocity of each sieve fraction was
computed from the values obtained for the 50 random particles,
The standard deviation of the fall velocities was computed
for each sieve fraction,

The specific gravity of a 25 cc sample of each sieve
fraction was defermined by the standard me thod described in
ASTM D 854=45T,

Resultsi= Serr used the data to compute the Reynolds
number Re and the Drag Coefficient Cp for each sieve
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fraction using these formulae:

Re = el
/4 =L
-o\ad
op = b/3 JS2priess
b w “ PF

These data for each sieve fraction and sample were plotted on
the Re:Cp graph., Lines of constant size (slope -2) were
drawn through each group of experimental points representing
each sieve fraction, These straight lines were extended to
intersection with the line for spheres, This intersection
gives values Re and Cpe for the mean sedimentation
diameters of eacg sieve fraction, Serr stated that the ratio
of C at the intersection to C determined from the fall
veloc?gy data yields a ratio of sedimentation diameter d, to
the sieve diameter d, for that particular sieve fractionéﬂ
From this ratio do/dn the sedimentation diameter can éasily
be computed. Serr's analysis is slightly in error here, He
spoke of lines of constant fall velocity, but used lines of
slope =2 which Malaika pointed out are lines of constant sizes

Malaika

Materials:= Under the direction of Dr. John S. lMcNown,
Malaika conducted a series of experiments using 25 steel
particles of 12 regular geometric shapes. With the exception
of one steel ball bearing, all the particles were specially
machined for the investigations. The different shapes and
geometric ratios are tabulated in Table L.

Table L
List Of Particle Shapes Used by Malaika

Shape Length = diameter ratio or
Length = side ratio
1/4 R

Spheroids x 1 1
Circular cylinders 2 1 1
Square prisms 1 1 1
Double~cones ) § 1 1
Vi

c T ryee, d . o4

E—§°= 3u £ = Yo
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Six different fluids were used consisting of two natural
mineral oils furnished by Standard 0il Company of California,
three synthetic oils furnished by the Standard 0il Company
of Indiana and a mixture of two of the last three oils, These
fluids exhibited § range of kinematic viscosity of from
0.00004 to 0.3 ft</sec at ordinary room temperature,

Equipment and grocedure:w Each particle was dropped in
each of the six different oils thereby producing a wide range
of Reynolds number, The fall-column was set in a water bath
and consisted of a lucite pipe 0,68 ft in diameter and 1,5 ft
long. The water was heated by an immersion coil., .Current to
the heater was controlled by an electronic relay. A 13=in,
by 1l3=in, by 2l=-in. tank was used for the water bath. This
tank was made from glass supported in an angle iron frame and
was insulated on the outside by 1/2-in. celotex, Openings
were left in the insulation for photographic and lighting
purposes,

Prior to dropping, the particles were he’d in the desired
position just under the surface of the fluid by a point of an
electromagnet, Position of the particle prior to dropping
could be altered by changing the relative position of a small
plastic ring surrounding the tip of the electromasnet.

The fall velocity of each particle was obtained from
successive images on a photograpnic film. The experiment was
set up in a darkened room. Photographs were obtained using
an f=2,8 Robot or an f=2,7 Mercury II camera, The shutter of
the camera was opened for the entire run and the particle was
lighted for short intervals regularly spaced in time by a
Strobolux driven by a Strobotac, Fall velocity computations
were made by observing the number of time intervals (images
of the particle) required for the particles to travel a known
distance, This equipment was perfected by McPherson (15),

The two most viscous oils lacked sufficient transparency
to use the photographic method of measuring the fall velocity.
Therefore, a lO=second-sweep stop watch was used to measure
the time required for the particle to travel a known distance,
All measurements using this stop watch were repeated four
times, The average of the four readings was recorded, The
maximum deviation from the mean was less than 1% in all cases.
The distance of fall was determined by a white-face steel tape
placed at the line of fall of the particle and photographed,
The particles were placed in an electro-magnetic release
mechanism and a ten-minute period was allowed for all disturbe
ances caused by placing the particle to be damped outs,

The specific gravity of the pvarticles was determined by
weighing relatively large pieces of the stock in air and then
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in distilled water at known temperature. Each individual
particle was weighed to the nearest 0,0001 gm on a chaineo=
matic balance,

The specific gravity of the oils was determined with a
Mohr-Westphal balance hydrometer., The viscosity of the fluids
was determined for a range of temperature of from 25 = 35°C
using a Hoepler precision viscosimeters

Results:~ Malaika investigated extensively the stable
falling position of the particles. These findings have been
discussed in Chapter III.

The technique of changing the viscosity of the oil re=-

sulted in data covering a large range of Reynolds number
(0,0001< Re €1400), Malaika's data are given in Appendix E,

Corey

Materials:~ Corey obtained data from four samples of sand.
The sources of the materials are tabulated in Table 5,

Table 5
Sources of Sand Sanples Used by Corey
Sample Type Source
1. River bed material Cache la Poudre River near
i Bellvue, Colorado

2e River bed material Middle Loup River at
Dumming, Nebraska

3e Rock crusher Rock crusher near Bellvue,
fragments Colorado
e Wind blown sand Dune at LaPorte, Colorado

Corey limited his observations to the sand grains between the

Tyler Number L and 1l sieves (5 mm to 1.2 mm)., He also chose

only particles of quartz and feldspar, Photographs of Corey's
samples are shown in Fig. 26,

Equipment and procedure:- Corey used Tyler Standard Sieve
Numbers UL, 8, 9, 10, and 1y to divide his samples into size
groups. Each sample was sieved for 15 minutes in a Ro=tap
Shaker, Ten particles were chosen from each sieve fraction.
The a, b, and ¢ dimensions of these particles were
measured using an ocular micrometer, Particles were placed
on a glass slide using a pair of tweezers. The long (a) and
intermediate (b) axes were measured by orienting the glass
slide parallel to the micrometer scale, The shortest axis (e¢)
was then measured by grasping the particle with a pair of
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tweezers and turning 90° on edge and then measured with the
micrometer,

Each particle was weighed to the nearest 0,1 milligram
on a chain=o=matic balances Since only quartz or feldspar
particles were used, the specific gravity of the particles
was assumed to be the average published value for these
minerals - 2,65,

The temperature of the fluid (water) was measured before
and after each run., It varied not more than 1°F . during the
entire experiment. Since the investigation was carried out in
the furnace room in the basement of the Hydraulics Laboratory
where the air temperature was nearly constant at 69°F, the
constant=temperature water bath designed by McPherson and later
used by Malaika was not necessary,

The fall=column consisted of a rectangular tank 10 in. by
11 in, by 21 in. high. Three sides and the bottom were made
of plywood painted flat black, The fourth side was made of
polished plate glass. Glass and plywood were cemented to a
welded angle~iron frame,

The fall velocity was measured by obtaining successive
images of the particles on photographie film as they settled
through the water. A 3 1/L x 2 1/l Speedographic press=-type
camera was used, The experiments were conducted in a darke
ened room and the particles were lighted at regular intervals
for an instant by a Strobolux powered by a Strobotac, In
general the apparatus was similar to that designed by
McPherson. Corey experienced difficulty in obtaining satis=
factory photographs for the smaller particles (1l,5mm) which
he studied because the light reflected from the particles
was insufficient to expose properly even Dupont High Speed
Pan Type 428 (ASA exposure index 200) at a lens opening f=3,5,

Corey also reported difficulty from oscillation of the
particles about the straight falling path, Since the camera
had a very limited depth~of-field when the lens was set at
f=3,5, and 22 in. from the expected fall path, the particles
moved in and out of the range where a sharp image could be
obtaineds This oscillation also caused some error in the
distance measurements, '

The particles were placed between the points of a pair
of tweezers fixed at the surface of the water, The particles
were handled with a second pair of tweezers., Each of the
particles was placed in the fixed tweezers with the greatest
cross section in the horizontal plane, The larger particles
were released just above the surface of the water while the
smaller ones had to be released below the surface because the
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surface tension was great enough to hold the particles on the
surface, All particles dropped about 12 ecm before they entered
the rield of the camera, Acceleration to terminal velocity

was accomplished in this distance,

Results:= Corey was concerned about the particles which
traveled in an irregular path as they settled through the
water, Tests were repeated on several particles to obtain an
estimate of the degree of error to be expected in the measure=
ments gf fall velocity., These findings are tabulated in
Table 0O,

Table 6

Estimated Error Caused by Particles not
Falling in a Straight Line

Type of particles and motion Percent deviation

Small particles falling in a 0.6%
straight line

Irregular particles falling
continuously within depth
of field S%

Irregular particles falling
partly outside focused range
of camera 10%

In interpreting his results, Corey found that best
correlation of the shape factor parameter (c/«/a8b) existed
when the drag coefficient and Reynolds number were defined as

F/dn®
On =
: I'eré/ 2

and

Re

]
l‘:-: =
E

He first attempted to use

Op = F/ab
/?fw§/2

and
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The data obtained by Corey for natural quartz and feld-
spar particles covered a range of Reynolds number from 200
to 2500 and shape factor from 0.21 to 0.95, Corey's data are
presented in Appendix D,

Wilde

Materials:= Recognizing the limited range of Reynolds
number investigated by Corey, Wilde studied the behavior of
the larger, gravel-sized particles falling with a Reynolds
number greater than 2,500, He obtained gravel particles from
three sources, Table 7 lists the types and sources of the
gravel particles studied by Wilde, Photographs of these
samples appear in Fig. 27.

Table 7
Types and Sources of Gravel Studied by Wilde
Sample Type Source

1. Gravel stock pile A selected sample to obtain
extreme shapes

24 River bed material Cache la Poudre River near
Fort Collins, Colorado
3. Rock crusher Rock crusher near Fort Collins,
fragments Colorado
Lo Lateral moraine Rocky Mountain National Park,
Colorado

Equipment and procedure:- Wilde's samples were divided
by sieving into size groups using Tyler Standard Sieves Size
1 in., 3/4 in., 1/2 in., 3/8 in., No, lj and No, 6, The
samples were sieved in a Ro-tap Shaker, A representative
sample of 10 particles was chosen from each sieve fraction by
a method of pure chance,

The three mutually perpendicular axes were measured using
a vernier micrometer., Because of the irregular shape of many
particles, the longest dimension was often not obvious., To
make all measurements in directions which were mutually per=
pendicular was also rather difficult. For these reasons,
duplicate measurements of the shape of a particular particle
varied sometimes as much as 5% from the mean, Wilde also
measured the maximum projected area. This was accomplished
by placing the particle in a pair of tweezers in such a
position that the shadow of the particle fell on a cross=
ruled translucent screen. The area was measured by counting
the squares within the shadow area, The position of the
particle for maximum area was determined by visual observa=
tion,
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Bach particle was weighed to the nearest milligram on an
analytical balance., The specific gravity of each particle
was obtained by weighing the particles submerged in distilled
water while suspending them with a fine wire., It was found
necessary to stabilize the action of surface tension on the
suspension wire by adding a trace of detergent to the water.
Before the detergent was added to the water, the surface
tension caused erratic and severe damping of the balance and
made accurate weighing impossible,

Wildet!s fall-column consisted of a lucite tube 10 in, in
diameter and 10 ft long. During the latter part of the
experiments, a glass tube made of the glass bowls from sale
vaged old-fashioned gasoline pumps was substituted for the
lucite tube, Initially the fall=column was filled with Fort
Collins City water and later filled with oil, A fall-column
which is round in cross section was to be desired because the
round fluid column acted as a lens and magnified the particle
in the horizontal plane to aid in observing the particles,

For measuring the fall velocity, Wilde used a variation
of the photographic method suggested by McPherson and used
by Malaika and Corey. Since Corey had difficulty with
particles passing in and out of focus if they travelled an
irregular fall path, Wilde devised a method of overcoming
this difficulty. He used a smaller lens opening (f=l) and
set his camera at a greater distance (7 ft) from the expected
fall path, This gave him sufficient depth of field, and also
a somewhat larger field of vision, which permitted the i
particle to be timed for a longer period than Corey or Malaika,
He used a Kodak 35 camera and Plus=X film (ASA exposure index
50). Illumination was provided by a No. L vhoto flood lamp
placed above the fall=-column, The beam of light was concens
trated by a "liquid" lens made by filling a convex dish of
lucite with water and placing between the light and the fall=-
column, To obtain periodic exposures of the falling particle,
a revolving desk with four equally spaced slots was placed
directly in front of the camera. The revolving disk was made
by gluing a circular piece of cardboard onto a phonograph
turntable which was placed on edge. The speed of the revolv-
ing disk was checked several times and was found to vary not
more than 1%, The shutter was opened only during the interval
in which the particle was in the field of view of the camera,
This reduced the exposure of the field in general and produced
sharper and more clearly defined pictures, The photograph
was identified by a card bearing the particle number in the
photograph during the test run.

A graduated scale was placed beside the tube so that it
was photographed with each falling particle, The seale was
made slightly distorted to exactly compensate for refraction
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when the particle fell in the center of the tube, A mirror
was also placed alongside the tube so that the position of
the particle relative to the center of the tube at any point
of its descent could be observed and the velocity corrected
accordingly. When the particle fell at the extreme front of
the fall-column the observed velocity was recduced by four
percent, Similarily, an increase of four percent was re=
quired when the particle fell at the rear, A general view
of the apparatus except for the camera is shown in Fig. 5e

The average temperature over the section of the tube in
which velocity measurements were taken was recorded to the
nearest 0,5 degree F for each run, This was done by suspending
a thermometer in the tube, near one side and in the center of
the camera field of view, At first, temperatures were taken
along the entire length of the test section but, when it was
found there was little variation, this practice was dis=
continued, Heating of the fluid at the top by the photo=flood
light was prevented by the "liquid" lens.

When the film had been developed the negatives were
placed in a standard photographic enlarger and measurements
were made directly on the projected image. With this method
accurate measurements were obtainable and the cost was less
than five cents per negative., A sample of the type of results
obtained by this method is presented in Fig. 27¢

When all the particles had been dropped two or three
times in water, the water was removed, and the tube was
shortened to about seven feet and filled with oil. The oil
used was a light, colorless, pure mineral oil designated by
the Texas 0il Company as Texaco White 0il A and had an S.A.E,
rating of approximately five.

For the series of tests in which the particles were
dropped in o0il, no dropping mechanism or camera was used.
Instead, the particles were released by hand and timed with a
stop watch, Experience showed that when flat particles were
dropped with the dropping mechanism they entered the oil edge=
wise and as a result tended to oscillate during the first two
or three feet of fall before they became stable with their
projected areas perpendicular to the direction of motion, For
this reason the dropping mechanism was discarded in favor of
hand placing the particles in their most stable position.

The velocity of most of the particles was sufficiently
low to accurately measure, with a stop watch, the time re=
quired for them to travel 100 cm, Since the stop=watch
method is much faster than the photographic method it was
used exclusively for the oil phase of the experiment. However,
some of the larger particles tested fell faster in the oil
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than in water and the velocity data for them is probably
subject to considerable error, because the error in measuring
the fall velocity of particles moving fast is greater than
for the particles moving slowly. Particles would move faster
in oil if the drag coefficient for the particle in oil was
less than for the same particle in water, Somé of Wildets
data occurred in the range where this was true.

The standard published data for the viscosity of the
water were used (See Fig. 1), The viscosity of the oil was
measured using a Saybolt Viscosimeter,

At higher Reynolds numbers, mény of the particles struck
the sides of the tube, in all cases these data were discarded,

Resultsi= Wilde obtained data for the gravel particles
falling in water between Reynolds number 1000 and 25,000 and
for the gravel particles in oil between Reynolds number l and
200, At the higher Reynolds number the fallw=path was erratiec
and deviated greatly from the basic assumption that the motion
must be only in the vertical direction, This erratic nature
was due in part to the eddies formed in the wake of the
particles and the turbulence associated therewith. The dégree
of error under these conditions is doubtless considerable,

Wilde found that the rock crusher fragments gave signif=
icantly higher drag coefficients for a given shape factor
than the other samples., The probable rcason for this differ-
ence was the fact that the crusher fragments were rough and
angular while the other samples were smoother and rounded,
having been worn and polished by the abrasive action of the
stream, Therefore, angularity and possibly surface roughness
have an important influence on fall velocity which the shape
factor does not take into account,

Schulz

Materials:= A majority of the sediments causing problems
in hydraulic engineering today occur in the smaller size
ranges, Therefore, Schulz set out to study the shape
characteristics of the small size natural sediments (1/5 mm
to 1,5 mm)s This is in the range of Reynolds number 1 to 300,
A sample of spherical glass beads was tested as a standard
and a number of sediments from natural deposits was used to
represent natural material, These sediments are tabulated
in Table 8, Photo-micrographs of these samples are shown
in Fig. 28 .
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Table 8
Types and Sources of Sand Studied by Schulz

Sample Type Source
la Glass spheresél
2e Crusher fragmentsél Rock crusher near Fort
Collins, Colorado

3. River bed material Wolf Creek below Fort Supply
Zé Dam, Oklahoma

L. River bed material Arkansas River at Lamar,
Zg Colorado

Se River bed material Loup River near Dunning,

Nebraska
6o River bed materialég Cache la Poudre River near
Fort Collins, Colorado
A River bed materiall2 Alder Creek in Yosemite
_ Zg National Park, California
8. River bed material Colorado River at Yuma, Arizona

1 Incomplete size range.
Data obtained only on shape factor and mineral type.

These sands originate from widely separated geologic and
geographic origins, No attempt was made to choose only certain
mineral types; therefore, the data can be used to study the
distribution of the mineral types in these sediments.

Equipment and procedure:= Schulz sieved his samples

" through Tyler Standard Sieve Numbers 12, 14, 16, 20, 24, 28,
32, 35, 42, 48, 60, and 65 in order to establish size-groups.
Oven=-dried and air-cooled samples were sieved for 15 minutes
in a Ro-tap Shaker,

The three mutually perpendicular axes were measured
using a specially=-constructed microscope, The particles are
placed on a piece of glass 3 in, wide and 36 in., long and
moved about by sliding with a pointed brass rod., Since a
great deal of hazard of losing was involved in handling the
particles needlessly, the microscope was adapted to move on
a ball=bearing carriage over the glass sorting table, The
glass table was carefully adjusted until in the same plane
as the carriage rails. A microscope was made from a discarded
Leitz tube, a 32 mm Bausch Lomb objective lens, and a 1lOx
Bausch Lomb eyepiece fitted with a biological eyepiece micro=
meter, The eyepiece micrometer was calibrated after the
apparatus had been assembled using a standard stage micro-
meter, The microscope was also fitted with a Starrett dial
indicator reading to 0,0001 in, This was used to measure the
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thickness or "e"-axis., Fig. 6 is a photograph of this
microscopic micrometer, The procedure for measuring the
shape was as follows:

1, The sieve fraction was reduced to about 500
particles by quartering.

2, The remaining part was placed in a single line on
the sorting table,

3. The sample was further reduced by choosing every
fifth (or some other convenient number) particle
until the sample was reduced to 10 representative
paeticles from the entire sieve fraction.

L« The ten particles were oriented to their most stable
position by tapping the table several times,

5. The microscope was moved over the particles and the
eycpiece rotated until the major axis of a particle
was parallel to one set of the cocordinates of the
micrometer grid, '

6o The a and b axes were measured,

T« The carriage was then moved until the stem of the
dial indicator could be brought down carefully on
the sand grain, In this manner the remaining "c"
axis was measured,

8. The particle was carefully swept into a small brass
scoop with a camel's hair brush and stored for
further processing,

The fall=-column was constructed of cast lucite 6 in, in
diameter and 72 in. long. The bottom was a sloping sheet of
lucite, A small drain was located at the bottom of this
slope. As the particles reached the bottom of the tube, they
could easily be sluiced out with about one ounce of water,

The particle~release mechanism consisted of a series of
1/4 in, diameter glass tubes 4 in. long which were "drawn
out" to smaller tip openings. The tip openings were
approximately 3/l mm, 1 mm, 1,5 mm and 2,5 mm, The size used
was controlled by the "a" axis of the particle to be dropped,
This dropping tube was held by a spring loaded clip in such a
manner that the small opening was just below the surface of
the water in the fall-column., The opening of the tip was
closed off by a round steel wire approximately 1 mm diameter
whose axis was normal to the longitudinal axis of the
dropping tube. For releasing the particle this wire was



Particle
Release

Mechanism
Space-Time Recorder

& Control Box

A

Thermocouple
Probe & Switch

FALL COLUMN & RELATED EQUIPMENT

Fig. v



EXPERIMENTAL EQUIPMENT AND PROCEDURE 45,

moved first down and then to the side allowing the particle
to settle in the fluid, The wire was operated by an electriec
solenoide

No attempt was made to control the temperature of the
water, Copper-=constantan thermocouples made from B and
S Nos. 30 wire and mounted on a 1/L=in, diameter round lucite
rod were located approximately 12, 36, and 55 in, from the
top of the fall-column, The round lucite rod was set in the
side of the fall-column through a water-tight seal and the
probe could be moved into the water column to measure the
trggsverse temperature variation which was never greater than
0.5%Co

Illumination of the column was provided by a 200~watt
spot=bulb located outside the room and about 2 ft directly
above the fall-column., Light was admitted into the room
through a glass=covered hole in the ceiling.

The column was divided into five 30=cm measuring courses
and one 15 em accelerating course at the top. These positions
were marked on the surface of the tube by scribing a fine
line in front of the tube, This scribed line was filled with
green paint and a mirror was fastened to the back of the tub®
opposite these lines, The time when the particle crossed the
plane of each line and its reflected image in the mirror was
observed visually and transmitted to the space-time recorder
by closing an electrical contact. Sufficient accuracy was
obtained because the fall velocity of these smaller particles
was never greater than 17 em/secs A specially designed
space -time Yecorder was used to record the data, Date were
recorded on ordinary adding-machine tape drawn through the
recorder by two rollers driven by a phonograph motor, The
tape speed could be varied from approximately 3/8 in, to 2 in,
per second by adjusting the governor, Normally a tape speed
of 1/2 in, per sec was used,

Date were fed into the recorder as electrical signals
which operated any one of three electrical solenoids, The
solenoids each moved a ball«point pen causing a break in a
normally straight line. One of the pens received a time
signal every second from a clock. A second pen received a
position signal from the position switch-button which was on
the small control box in the hand of the operator. A third
pen was operated by the rune~cancelling, switch~button which
was also on the control box. This button was depressed when=
ever the run or part of the data were to be discarded, Such
occasions were when the particle oscillated badly or when the
particle touched the side of the tube, In this manner poor
data were clearly marked and there was no danger of such data
being used by mistake,
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Switches for operating the particle-release mechanism
and the space-time recorder were also mounted on the control
box., This was necessary so that the operator could easily
control the entire run while giving his undivided attention
to the falling particle and its behavior.

Each particle was weighed to the nearest 0,0001 gm using
an Ainsworth semi-micro balance. It was necessary to know
the weight of the particle in order to compute F in the
drag coefficient,

The volume of each particle was determined by dropping
the particles one at a time in a serological pipette, which
was partially filled with water, and observing the rise of
the water surface., Two pipettes were used depending on the
length of the be~axis of the particle, One pipette had a
uniform bore of 1 mm and the other 2 mm, The fluid used in
the pipette was water to which 5% Aerosol and 5% fluorescein
dye had been added in order to nullify the effects of surface
tension and make the fluild more visible, A small amount of
the fluid was drawn into the pipette and the pipette closed
with a rubber tube and pinch-cock as shown in Fig. 8. The
pipette was mounted in a clamp on a ring stand and the water
surface in the pipette was observed with the microscope pre-
viously described, The particle was introduced at the top
of the pipette and pushed to the water surface with a fine
wire, This was necessary because the inside surface of the
pipette and the particle was always wet and caused the particle
to stick, The volume of the particle was computed from the
rise of the water surface caused by introduction of the
particle in the water, This method of volume determination
was unreliable when the rise of the water surface was very
small (about 0.1 of 2 scale unit on the micrometer,)

Results:= Schulz was handicapped in the interpretation
of his data, Uhile the fall velocity and shape factor data
were obtained with satisfactory precision, the reliability
of the drag coefficient depends upon the accuracy of the
particle weight and volume determinations,

Since the particle volume was probably known with a
higher degree of accuracy, it was decided to use this particle
volume and an assumed specific gravity, Because the specific
gravity of the glass spheres could not be assumed with any
degree of certainty (because of inclusion of minute air
bubbles), the data for the glass spheres were not used, For
the natural minerals, the apparent weight of each particle
wag computed using the measured volume and the regularly
published value of the specific gravity for that particular
mineral, These data have been tabulated in Appendix G,

Table 1l
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The data on the shape factor were used to study the
variation of shape factor with sieve size and mineral type.
Some correlation between shape and sieve size was observed
when the average shape factor for a given sieve size was
used. The average shape factor for all the particles from
a particular sieve fraction was plotted on a graph (Fig. 18)
against the sleve diameter, Also shown is an average curve
for all sieve fractions from all sources,



Chapter V
DISCUSSION OF RESULTS

Scope of oxneriments

These experiments have presented considerable data
supporting the use of some form of shape parameter, The
primary purpose of this report is to consider the adequacy of
the Corey shape factor c/E/hb and to use the shape factor
to relate sieve diameter and sedimentation diameter, Also
the report has collected considerable additional information
regarding the extent of variation of the shape factor in
natural sediments,

Choice of the shape factor parameter

Since the standard procedure in fluid mechanics is to
use projected area for the term A in the drag coefficient
2F/ prV-y Fige 9 was plotted on that basis, The shape factor
used as the thirg variable in this plot was the dimensionless
area ratio, - dn“/U4Ae. The lines of average shape ructor were
drawn in by eye as the best fit to the data. The second
trial for correlation between shape and fall velocity is repe
resented in Fig, 10 in which the shape factor is ¢/+/ab,
ab 1is used for A in the drag coefficient, and ‘¢ as the
length measure in Reynolds number in place of dp,

Comparison of Figs, 9 and 10 reveals that they are very
similar in all respects. As was stated, the average shape
factor lines were drawn in as the best fit to the points,
However, there are many points on both figures which do not
fits For example, in Fig: 9 two different particles, each
having a shape factor of 0,77, have values of drag coefficient
of 0-%6 and 1,19 respectively at Reynolds number between
hxlo3 and 9x10“, The difference in the drag coefficient repr=
resents 50 percent of the complete range at that Reynolds
number,

The data shown in Figss 9 and 10 indicate that at high
Reynolds numbers low values of shape factor tend to be
assoclated with high values for the drag coefficient which
is as would be expected, For Reynolds numbers below 100, the
lines of constant shape factor all tend to converge to the
line for spherese
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After this fact was indicated by the plots of the data,
careful consideration and a more thorough review of the
literature revealed the probable reason., The numerator of
the drag coefficient is the ratio between submerged weight
and projected area, Submerged weight is a function of
particle volume. Knowing projected area, the approximate
value of particle thickness to give the actual particle volume
can be computed. In other words, the numerator of the drag
coefficient is in itself a measure of particle flatness or a
shape factor. Therefore, the effect of shape is largely
already taken into account by the drag coefficient and =
second shape factor has little significance at low Reynolds
numbers,

At high Reynolds numbers there is a second factor influence
ing the drag coeflficient == namely, fluid separation in the
wake of the particle, The degree of separation, and hence the
influence on the drag coefficient, depends again on particle
shape, Therefore, as a result of the phenomenon of fluid
separation the shape factor has some significance at high
values of Reynolds number but little significance at low
values of that number,

Evaluation of shape factor:= At this point a choice was
made between the two shape factors investigated, The time
required to measure the mutually-perpendicular axes of the
particles was considerably less than that required for measure=
ment of projected area using the present technique, This
matter of time required to make measurements is a very
important consideration if the shape factor is to be practical,
The product ab 1s a good indication of projected area, More
information about the particle is obtained by measurement of
the axes lengths than by a measure of projected area -= for
example, the length to width ratio may be important, Since
both showed about the same degree of correlation with drag
coefficient, one could not be chosen as more significant than
the other., Because of the other advantages obtained by
measurement of the axes lengths compared with the measurement
of the projected area, the shape factor c¢/=-/ab was consider=
ed the more practical of the two and therefore was used in
the remainder of the investigation,

Malaika (8) and Corey (3) suggested the use of the
square of the nominal diameter in the drag coefficient to
replace projected area. Fige. 11 is similar to Figs. 9 and 10
except that nominal diameter was used to compute drag co=-
efficient. The use of nominal diameter had the effect of
widening the range of values of drag coefficient covered by
the data. Errors in individual points then became less
noticeable, Also, the numerator of the drag coefficient was
then the ratio of two factors based entirely on particle
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volume with the result that the drag coefficient did not
include particle shape. This single fact greatly increased
the significance of the shape factor at low Reynolds number,

Even at high Reynolds numbers the use of nominal diameter
improved the correlation between drag coefficient and shape
factors. For example, the data for two particles which had a
shape factor of 0,48 were analyzed., Uhen plotted with drag
coefficient based on ab the values of the coefficient were
0,73 and 0.88, In the range of Reynolds number in which the
above points lie, the complete range of drag coefficient was
from 0.31 to 1,10 which includes a range in shape factor fron
0,24 to 1,00, Thus, in this case the variation in the drag
coefficient for two particles having the same shape factor was
19 percent of the total range of the coefficient wvhen ab was
used in the drag coefficient. When nominal diameter was used,
however, the same data resulted in values of 1.23 and 1,52 in
a region whore the total range of drag coefficient was from
0¢31 to 2,81, This amounts to a variation of 11,6 percent of
the complete range of drag coefficient which is less than in
the preceding case, For these reasons nominal diameter
appeared to be the best dimension to use in the drag coefficlent
and further studies were made on this basis,

Study of Fig, 1l indicated that the drag coefficient
remained ngarly a EOnstant in the range of Reynolds number
between 10° eand 10, As was pointed out in Chapter III and
also by McNown and Malaika (10), the ratio a/b ma; be an
important factor in describing shape. To study the importance
of the a/b ratio, a graph of Cp:sf was made with a/b
as the third variable %:ee Fig. 1%). There was a lack of any
trend in the data so that no definite conclusions could be
drawn., However, in the lower portion of the curve there was
an indication that higher values of the ratio a/b tend to
result in an increased drag coefficient for particles with
the same shape factor, Unfortunately, this type of plot may
be made only in the comparatively narrow range in which the
influence of Reynolds number is insignificant and for that
reason the practical significance of a/b is questionable,

Two other factors describing shape, namely angularity
and surface roughness were discussed in the theoretical
analysis and discarded with the hope that for natural
particles these factors would be essentially a constant value
and could be neglecteds A comparison of the results obtained
by Wilde is shown in Fig. 13 where one may note that the drag
coefficients for the crusher plant sample are larger than for
the other samples, The photograph, Fige, 27, indicates the
probable reason, The crusher=plant sample fragments were very
rough and angular, Hence, one may infer that the two factors--
angularity and roughness == are of importance, However, the
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other samples which were composed of natural particles (not
modified by crushing) did produce results exactly comparable
as is indicated by the rather small spread between the curves
of Fig. 13+ Therefore, in practice, the two factors, angulare
ity and roughness,. probably could be neglected except when
those characteristics were very noticeable, In that case a
small overeall correction could be applied to the measured
shape factor to give results more nearly correct.,. A sample
of the natural sediment in question may be compared with the
photographs of the samples, The crusher fragments probably’
represent the extreme condition of angularity and roughness,
Natural particles would range between the value of zero
angularity (or roughness represented by smooth spheres) and
the condition represented by crusher fragments,

The Cpi:Re graph for natural particles

The data here presented indicate that the Corey shape
factor can be employed to explain a significant part of the
variation of the drag coefficient for a particular Reynolds
number, All of the available data were reduced to the
parameters of drag coefficient, Reynolds number, and Corey
shape factors The data were plotted on two composite CpiRe
graphs as shown on Figs. 1l and 15, Fig. 1l represents the
composite graph for the rounded particles and sediments that
have been well worn. The crusher fragments and angular
particles have been plotted separately on Fig. 15, because
Wilde has shown on Fig, 13 that this segregation is desirable,

The Corey shape factor also was computed for the particles
used by Krumbein and !Malaika, DBecause Malaikal's particles
were geometric shapes made from steel, the particle angularity
could be varied over an extreme range for a particular shape
factor, For example the shape factor of 1.0 could be for a
sphere or for a double cone. Examination of the data discloses
that the double cone whose shape factor is 1,0 behaves more
like a natural particle of shape factor 0.6, For this reason
Malaika's particles were further identified on Figs. 1l and
15, The four basic shapes were spheroids S, cylinders C,
prisms P, and double-cones D (in order of increasing angu=
larity). Because some of Malaika's particles were rounded
‘and others were angular, all of his data were plotted on
both Figs. 1} and 15.. Lines of constant shape factor were
drawn through the data giving careful consideration to the
particle angularity and the general principles of laminar and
turbulent flow,. The undulations in each shape factor line
in the range 500«¢< Re< 10,500 can be explained as the
migration of the line of separation on the surface of the
particle,. Characteristic of this range of Re 1is the wide
scatter of the data which is typical of the turbulent
conditions in the boundary layer around the particlc and the
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large scale eddies in the wake of the particle;

The shape factor lines from Figs. 1llj and 15 heve been
plotted on Fige 3 and tables giving the drag coefficient
for a particular shape factor, Reynolds number, and sample
source are given in Appendix G,

It is interesting to note all of Krumbein's data fall
generally on a line of slope =2 because all of Krumbein's
pearticles were of constant size, This verified Malaika's
statements about these lines and repudiates Serr's
assumption that these lines of slope =2 should be used to
determine the sedimentation diameter,

Variation in fall velocity of a particle

Because of the possibility of a single particle
falling with different orientations, and hence different
velocities, several runs were made to determine what
variations existed with respect to the fall velocity of a
single particle when it was dropped a large number of times.
Several selected gravel-sized particles were dropped in
both o0il and water, The particles were selected to give a
wide range of shape and surface roughness,

Results of this study revealed only small fluctuations
in fall velocity for Reynolds numbers less than approxi=-
mately 100, The data for Reynolds numbers less than 100
were obtained by dropping the particles in oil. For
Reynolds numbers increasingly greater than 100, the
variations in fall velocity from one run to another rapidly
increased, Associated with this difference is the fact
that Re = 100 is approximately the point where ti_e
orientation of the particles becomes unstable and
oscillations develop. It was found that the stability of
a particle depended upon the shape factor and Reynolds
number, In some cases where the particles were unsymmet=
rical but had large shape factors, there was no stable
position for Reynolds numbers greater than 100, These
particles while falling would change their orientation
frequently and continuously. Other particles having small
values of the shape factor but an approximately symmetrical
shape, were stable up to relatively high Reynolds numbers
(Re = 10,000) 4"
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It is quite probable that the variation of the fall
velocity could account for a large part of the scatter
displayed by some particles on Fig. 1l and Fig. 15, The
data used to compute the drag coefficient and the
Reynolds number on Fig. 1l and Fig. 15 were based on
single observations of the fall velocity. Time and resources
were not available to conduct an adequate statistical in=-
vestigation of the variation of the fall velocity of each
particle,

Relation of fall velocity to shape factor and weight

A graph showing the correlation between fall velocity
and the shape factor was used by Corey in his report. The
requirement for this graph is that the viscosity must
remain constant. All the available gata for water temper=-
ature 69.5°F (20,8°C); ) = 0,0098 em</sec were plotted on
Fige 16, Lines of constant shape factor can easily be
drawn on this graph of fall velocity versus particle
weight, The importance of shape factor in the fall
velocity problem is apparent by considering the extent of
the variation of the fall velocity. For example, assume
a particle weight of 200 mg, the fall velocity of a sphere
(sf = 1,0) would be more than 300% greater than the fall
velocity of a particle whose shape factor is 0,35, For
this same weight a particle whose shape factor is 0,85
would fall at twice the velocity of the particle whose
shape factor is 0,35, In using Fig. 16, certain limitations
should be kept in mind:

le The graph is for a water temperature of
69.5°F only. If a similar diagram is
desired for some other temperature, a new
curve for the desired temperature must be
computed using the dimensionless Cp:Re
graph,

2e This graph is not valid for particles which
fall at high velocities (greater than
30 em/sec) and the secondary irregularities
are important., If the particles are
extremely rough (note the photographs of
these samples), the Cp:Re graph for the
ecrusher fragments must be used to construct
a senarate graph of fall velocity vs.
particle weightes

Relation of shape factor to volume

If the product abe is an accurate measure of particle
volume, the necessity of weighing each individual particle
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could be eliminated. Wilde and Schulz investigated this
relationship from their data, A graph of abc vs volume for
natural particles was prepared and is shown in Fig. 17, Two
lines representing cubes and spheres were also added to this
graph, The average value of the ratio of the volume to abe
(volume/abe) for the natural particles was 0.49 and the
average deviation was 15.8 percent, This large variation was
considered too great to justify using abec as a measure of
volume, For comparison purposes the theoretical lines for
cubes and spheres were also drawn on the graph == the cubes
from the equation volume equals abec, and the spheres from the
equation volume equals wabc/6, The curve for cubes is the
extreme case in which volume equals abe and is obtained only
by particles which are rectangular in three dimensions., The
ratio between volume and abe for spheres is /6 or 0.52
which, once again, is a close approximation of the data for
natural particles,

Relation of shape factor to source of material

Serr reasoned that the most angular material produced
in nature would be that material which was newly formed and
for his investigations he chose material from a fresh talus
slope, Corey, Wilde, and Schulz used rock crusher fragments
as examples of the extremely rough case of natural material,
It may be reasoned that as these newly formed materials are
carried by water, wind or glaciers, they are constantly worn
down -= beccoming rounder and smoother, Therefore, a relatively
"o0ld" sediment should have a smooth appearance and the shape
factor should tend toward a spherical particle (maximum volume
for a given surface area).

Another example explaining this theory is mica, The
mica particles are formed from laminae of mica scaling from
the parent deposits, The thickness of these mica flakes is a
characteristic of the parent deposit., At the formation of
these mica flakes, the shape factor would be quite low because
the particle is very thin, It may be reasoned further that
after the particle undergoes the action of sedimentation the
relatively large particle is divided into smaller ones but
still maintaining its original thickness; therefore, the
shape factor must be increasing during this wearing down
process, Examination of Schulzts data yields some verification
of this logical deduction concerning the mica,

Examination of the mineral types from the various sources
disclosed the fact that mica is a small percent of the total
(usually less than 10%); however, when it is present, the
average shape factor is somewhat less for both the sample as
a whole and for any particular sieve fraction. On the one
hand, no mica was found in the Loup River sample and the
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average shape factor for the entire sample was 0,66, On the
other hand, about 12% mica was found in the Alder Creeck
aagple and the average shape factor for the entire sample was
0,564

The data showing the distribution of mineral types, and
average shape factor of the particles for each sample and
sieve fraction are shown in Tablelh in Appendix G. A graph
showing the average shape factor for each sieve fraction in
each sample is shown in Fig. 18,

In this report the sieve fractions are always identified
with the sieve on which they were retained, On the other hand
the sieve diameter for a given sieve fraction is the size cof
the sieve opening of the passing sieve (the one preceding the
retained sieve). A graph showing the intermediate axis as a
function of the sieve diameter for the crusher fragments is
shown on Fig, 19« Examination of this graph discloses that
the intermediate axis is nearly always larger than the sieve
opening. Since the sieve opening is a square, the largest
possible sieve opening is not the diameter of the largest
sphere which would go through the opening, but the diagonal
distance across the opening, If the particles are very thin,
the length of the intermediate axis could then be times
the sieve opening. This line is also plotted on Fig. 19

Most of the points lie between the two lines b = d
and b_ = «/2 dsy. The points occurring to the right of £he
2 dgy 1line can be explained as errors in measuring the
true T axis, a sieve which is "leaking" at the edge, a
sieve having larger openings than specified, or poor sieving
technique,

Relation of sieve diameter to nominal diameter

A graph giving the relation of the sieve diameter to
the nominal diameter for the rock crusher samples studied by
Corey, Wilde and Schulz is also shown on Fig. 19. Examination
of this graph shows that a line of slope +1 (dgy = d,) could
be assumed to represent the data. A majority orf ti.c data
are enveloped by two lines == dgy = 1:2dn and dgy = Os 8dne
It is interesting to note that Ior the larger sieve sizes
(dgv'>2mm) most of the data seem to fall to the left of the

sv = dn line; whereas, for the smaller slieve sizes

(dsv< 1, 5 mm) most of the data fall to the right side of the
dgy = dn line, Some of this might be explained as personal
error since the data at the two extreme ends of this curve
were obtained by different investigators.
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The Cp:Cs graph for natural particles

It has been illustrated in Chapter III how lines of
constant size at a slope of =2 could be superimposed on the
CptRe graph, Each of these lines represents a constant
value of the size coefficient:

Cg = F/jof‘fiao

This arrangement of the variables is useful in engineering
problems where the fall velocity is unknown and to be deter=-
mined, An example of this type problem is the determination
of the critical scour velocity for certain bed material, To
make this graph more useful, the Cp, Cg, and sf paraméters
have been transposed from Fig, 3, p 24 to Figs. 20 and 21,
Since it has been necessary to differentiate between the
rounded particles and the rough and angular particles on the
CptRe graph, it is also necessary to make two graphs of
Cp vse. Cg. Examples of the use of these graphs are in
Chaptor VII and tabular values are given in Table 17, Appendix G.

The Cyi:Re graph for natural particles

Lines of constant fall velocity at a slope of +1 are

superimposed on the Cp:Re graph (Fig. 3)., This family of
lines can be defined as

Fre 2 ba =/
w3 dan:‘fz W-?fof ;

The lines on Fig. 3 have been displaced by the constant 6/%
and plotted as A»Z/,

g

This arrangement of the variables is useful where the
nominal diameter is unknown because the nominal diameter
appears only in the Re parameter, To make this graph more
useful, the C,, Re, and sf parameters have been transposed
from Fige 3, » 2} o Figs. 22 and 23, Again it has been -
necessary to have two graphs -+ one for rounded particles and
one for angular particles, Tabular values of Figs. 22 and 23
appear in Table 18, Appendix G,

Relation of sieve diameter to sedimentation diameter

Sediment engineers have recognized a need for a method
of relating sieve diameter to sedimentation diameter without
actually having to measure the fall velocity, weight and
volume of the particle, This has been made possible through
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the medium of the shape factor. The sedimentation diameter
for each particle that was dropped can be determined using
the method suggested by Serr. This is based on two facts:

ls The nominal diameter, sieve diameter and
sedimentation diameter are all equivalent
for a sphere,

2e¢ On the CptRe graph lines of constant
fall velocity occur at +1,

The sedimentation dliameter coefficient K , has been

computed from a ratio of the Reynolds number of the
particle to the Reynolds number of a sphere of the :zame

fall velocity.
Wy d
T foie

d
o RBB Wg dna dnB s*
v

The sedimentation diameter for any particle can be
determined from a ratio of the Reynolds number of the
particle to a ratio of the Reynolds number of the particle
projected along a line of slope +1° to the Cp:Re line for
spheres (sf = 1,0)s¢ Because the nominal diameter is
assumed to be equivalent to the sedimentation diameter for
a sphere and because all of the particles falling on a line
of slope +1 have equal fall velocities, a simple ratio of
these two Reynolds murmbers results in a ratio of the
nominal diameter of the particle to the sedimentation
diameter of the particle. Since the sieve diameter and the
nominal diameter for each of the particles is known, the
ratio of the sieve diameter to the sedimentation diameter
can easily be obtained by multiplying the sedimentation
diameter coefficient K, by the ratio dg,/d,e The
resulting ratio is called the diameter coefficient, ae

K g Ky (dsv/dn) = (dn/dg)(dgy/dn) = dgy/dge

The diameter coefficient qa has been computed for
the naturally worn stream sediment samples and is shown
on Fig. 24« The Reynolds number on Fig. 24 is bascd on
d instead of djye The lines of constant shape factor
have been drawn on this graph., This graph is now in a
practical form and can be used to solve for the sedimentation
diameter, dg, if the sieve diameter dgys sheape factor sf,
the fall velocity w, and the kinematic viscosity 1) are all
knowne
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The procedure outlined for using this graph is given
in the following listed steps:

l, Determmine the kinematic viscosity @ from
Figs. 3 using the water temperature which
must be either known or assumed,

2, Estimate the fall velocity of the particle
in question using Fig., 25. Assume the
nominal diameter to be equal to the sieve
diameter of particle,

3o Compute Reynolds number using this equation
and the quantities determined in Step 1 and
Step 2:

L4 Using Fig., 2, determine K g using the
Reynolds number from Step 3 and the known
shape factor,

Se« Compute the sedimentation diameter

- Ysv _ dgv

d
B Xg dgv/ds

If only a rough estimate of the ratio of sieve
diameter to sedimentation diameter 1is desired, the lines of
constant sieve diameter drawn on this graph may be used,

It must be pointed out, however, that these lines resulted
from data in which the temperature of the water (and hence
its viscosity) varied, and therefore the lines could be
expected to drift considerably for wide variations in water
temperagure. The temperature of the water varied fom
12°C(5L°F approx.) to 20°C (68°F approx.) during the
experiments, These curves of constant sieve diameter should
not be used unless the water temperature falls within the
experimental ranges
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Chapter VI
CONCLUSIONS

The Cp:Re graph for natural varticles

All the data available have been plotted on two CpiRe
graphs (Figs. 1l and 15) and lines of constant shape factor
have been drawn through the data, These chape factor lines
may seem to contradict the data at certain points; however,
they have been drawn carefully giving proper consideration
to the data as a whole and with due consideration of the’
principles of fluid mechanics herein discussed. If Figs,
14 and 15 are used, the possibility of large errors must be
recognized; however, the errors involved in using the shape
factor lines are reduced considerably over what they would
have been if the original sphere line (sf = 1,0) had been
used,

If 1t is not possible to perform the necessary shape
factor measurements, an estimate of average shepe factor
can be obtained from Fig. 19 or by comparing the natural
sediment with the photographs of the samples appearing in
this report. Because the two Cp:iRe aphs have been used
as a basis for Figs. 3, 20, 21, EE, Z%rand 2, these graphs
also must be used with the same discretion as Figs. 1L and 15,

By repeating fall velocity measurements on a number of
selected particles, the variation of fall velocity was found
to be of relatively minor importance at Re 1less t:an 100
but of increasing importance at Re greater than 100,
Principal reason for the fluctuation of fall velocity seemed
to be instability of orientation, The instability of
orientation was associated with low values of the shape
factor, lack of symmetry of the particles, and high values of
the Reynolds number,

Relation of fall velocity to shape factor

If the temperature of the water can be fixed, then a
graph of fall velocity as a function of weight, similar to
Fig. 16, can be constructed from either Fig,., 1l or 15
(depending on the particle roughness or angularity). As has
been pointed out, by using the shape factor, a difference in
fall velocity of as much as 300 percent can be explained,
This fact serves to illustrate the necessity for considering
the shape of the particle,
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Relation of shepe factor to sieve diameter

If the sieving process is thorough, the sieve diameter
is proportional to the b-axis of the particle, The average
shape factor for all the particles measured from all the
samples has been converted to a graph of average sI Vs,
sieve size and is shown in Fig. 18, This curve was obtained
from average data and should be used only to obtain an
estimate, It is apparent from this graph that the average
shape factor for all samples is approximately 0.60; although
the angular crusher fragments exhibit generally a higher
shape factor than the naturally worn stream sediments, In
some cases the smaller sediments seem to have a higher shape
factor than the larger sizes,

Variation of drag coefficient with size coefficient

Figs. 20 and 21 are especially useful for determining
the drag coefficient for a particular size when the shape
factor is known., If the size coefficient and shape factor
for a particular particle are known, the drag coefficient for
a sphere of the same size (or weight) can be obtained from
the intersection of the given Cg and the sf = 1,0 line,
The drag coefficient can in turn be used to solve for the
fall velocity. All the errors inherent in the original
CptRe graph are also inherent in Figs. 20 and 21,

Variation of the velocity coefficient with Reynolds number

Many times it is desirable to know the size of some
other particle having the same fall velocity, but a
different shape than the particle under study. The
determination of the sedimentation diameter is a special
case of this type of problem, Figs. 22 and 23 have been
constructed to aid in the solution of these types of
problems, All particles having the same fall velocity will
plot as horizontal lines on these two graphs. Examination
of Figs. 22 and 23 will indicate that all particles having
the same fall velocity but of shape factor less than one
will be larger in size and fall with a higher Reynolds
number than a sphere (sf = 1.,0),.

Relation of nominal diameter and sieve diameter

The nominal diameter and sieve diameter for the rock
crusher samples have been compared on Fig. 19. The data
have been enveloped by two lines having the equations:

dn = 1.8 dBv
dn = 0.7 dsv L
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As an approximation the nominal diameter can be assumed
equal to the sicve diameter (d, = dgy)e

Relation of sieve diameter to sedimentation diameter

The ratio of the sieve diameter to the sedimentation
diameter (Eyq = dgy/dg) was determined and is shown on
Fig, 2l for all naturally worn stream sediments. This greph
gives the diameter coefficient as a function of a Reynolds
number with shape factor as the third variable, The length
term in the Reynolds number is the sieve diameter. The
substitution of the sieve diameter for the nominal dlameter
was made as an aid for the use of Fig. 24 when the nominel
diameter is not known, It is expected that Fig. 24 is the
most useful to sediment engireers from the practical point
of view.



Chanter VII
SAATTPLES

iixamnles have been included in this report as
reference material to guide the reader in the use of the
information herein presented,

Photographs showing a representative sample of
sediment from each source have been included., Corey's
samples have been enlarged approximately 1 1/3 times, A
25=cent coin (approximately 2ﬂ mm diameter) appears in
each of the photographs taken by Wilde, The photo=
micrographs taken by Schulz show the sand grains enlarged
approximately 2 1/2 times,



a) Sample of sand grains b) Sample of sand grains tfrom

from Cache Le Poudre the Middle Loup River at
River near Bellvue, Colo- Dunning, Nebraska.
rado, Ave, S, F. = 0.67t0 0. 71,

avel S B, = 0,589 to .76,

¢) Sample of fragments from d) Sample of wind -blown
rock crusher at Bellvue, sand grains from Laporte,
Colorado, Colorado.

Ave, S,F, - 0.45t0 0,53 Ave, S, F. - 0.53 to 0,64,

(Note: Enlarged 11/3 times natural size.)
PHOTOGRAPHS OF SAMPLES STUDIED BY COREY

Fig. 26,



Sample from Cache La
Poudre River north of
Fort Collins, Colorado.
Ave. S.F. - 0.49 to 0. 65.

Sample from crusher
plant near Fort Collins,
Colorado.

Ave. S.F. - 0.53 to 0.57.

Sample from glacial morraine
in Rocky Mountain National
Park, Colorado.

Ave, S, F, - 0.65 to 0.67.

(Note: 25-cent plece in each photograph indicates size.)

PHOTOGRAPHS OF SAMPLES STUDIED BY WILDE Fi 27
ig.



a) Sample of sand grains
from Cache La Poudre
River east of Fort Collins,
Colorado,

Ave., S.F, - 0.50 to 0,70,

c) Sample of sand grains
from Arkansas River at
Lamar, Colorado.

Ave, S.F, - 0.45 to 0,69.

b ) Sample of sand grains
from Wolf Creek below Ft.
Supply Dam, Oklahoma.
Ave. S.F. - 0.42 to 0. 70.

d) Sample of sand grains
from Alder Creek in
Yosemite Nat'l Park,
California.

Ave. S, F. - 0.49 to 0. 65.

PHOTOGRAPHS OF SAMPLES STUDIED BY SCHULZ. Fig. 28.



a) Sample of sand grains b) Sample of sand grains

from Middle Loup River from Colorado River at
at Dunning, Nebraska. Yuma, Arizona.
Ave, S.F, - 0.60 to 0. 74. Ave, S5.F. - 0.60 to 0. 75.

fragments.
Ave, S.F, - 0.44 to 0.67,

PHOTOGRAPHS OF SAMPLES STUDIED BY SCHULZ.

Fig,

29



8lo
Example Problem No, 1
A well rounded particle of the following properties was

dropped in water at 20°C, It was found that the fall velocity
was 8,0 cm/sec and that

a = lo,2 mm

b= 0.9 mm

¢ = 0,5 m
weight = 0.00132 em
volume = 00,0005 cc.

To find the sedimentation diameter of this particls the
following computations are necessary,

Solution:

£ = ¢/m/ab = 0s5 = 0.49
/T2 (<07

for water at 20°Cy+0.,01011 ama/sec (from Fige. 1)

dn = (6)(V°1um°) d, = 0.0998 cm

P 8 0l 09981 g
5e -v 20101 =19

From Fig, 22 at Re = 79 and sf = 0,5, C, = 1
Move to the point where sf = 1,0 and C, = 1.5 x 1072,
At this point Re = 61.

dsphel-te = d W (.0998) = 00077 Chle

Example Problem No, 2

Find the fall velocity of an extremely angular particle
having the same nominal diameter as the known particle but
having a shape factor of 0,3 falling in water at 20°Ce The
properties of the known particle are as follows:

a = 0,5 mm
b= 0,3 mm
c = 0-26 mm
F = 0,00006 gm
Solution:
sf =026 = 0,67

eo(e3
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V = 0,01012 em®/sec (from Fig. 1)
Pgr = 0.9982 gn/ce 5 00006 -
= P _ +9982(,01012)% _
c. = 1 -
8 Pri/e 980 578

Use Fige. 21 for crusher fragments (because the particle is
extremely rough) to find Cps At sf = 00,67 and Cg = 578,
c? = 3,8, Move upward from this point to the point where
sf = 0.3 and Cg = 578, Cp = L.6 at this new point,

Assume the specfflc gravity to be 2,65 then

A-;/, Wolume fA‘v' .{-J }

!
¥ = 6 (,00006) _
d e - 0006
o = Sl s o
dn = 0,041 mnm P
but Cp = 46 =F/a e

Frwersg

2 Fa®  00006/(.001) (L0L1) ., 52,
L4ebpp/28  14,6(49982)/2(980)
w = 1.2 cm/sec .

Example Problem No, 3

Determine the sedimentation diameter of  a particle when
the sieve diameter is 0,35 mm 3nd the shape factor is 0,7. The
temperature of the water is 20

Solution:

Fig, 2l is used for the solution of this problem, One
method of solution is as follows:

ls Use lines of constant sieve size and constant shape
factor to determine the diameter coefficient, Kg .
2e Solve for the sedimentation diameter,

Another solutzon uses both Fig. 24 and Fig. 25,
at 20° C = 0401012 (from Fig. 1)
w at 20°¢ and d = 0,35 mm = 5 cm/sec (from Fig. 25).

wd
‘Usv = .{oo = 17.3'

Kq = 1.15 at sf = 0.7 and Regy = 17.3,

=d3v = U
6 "gi- "§9E =03 m.

Regy =
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FALLING OF GRAINS OF SAND AND
GRAVEL IN CALM WATER

By A. P. Zegrzda, Eng,

le The study of existing experimental data has shown that
the descent of particles of the same kind in various liquids and
of particles of various materials in the same liquid, proceeds
according to laws which differ to a certain extent from one
another,

As it seems this circumstance cannot be attributed to the
difference in physical properties of the liquid or of the
particles! material, but must be due to the influence of the
shapes of falling particles,

2. The experimental data on the descent of sand=grains
in water published in technical literature differ somewhat fron
one another and, if plotted, form two curves nearly parallel to
each other,

This discrepancy may be explained, in our opinion, also
by the difference in the shape, which, on the average, charac-
terized the particles used in various experiments,

3. The fact that experimental data may be plotted and
form smooth curves, indicates that in this case (uniform motion
of particles of irregular shape) the relationship is also
maintained between the coesfficient of resistance and the
Reynolds!' number, if the latter characteristics be regarded

as composed by average values (of velocities, dimensions, ete).
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L, Existing formulae based in a majority of cases on
experiments with balls, give naturally, such results which do
not coincide with experimental data as obtained with sand-grains
falling in water,

5. Practical formulae must be of such a nature as to
satisfy conditions illustrated by both series of poin®s
(obtained by experiments).

This condition involves certain fluctuations in the values
of narameters included into the formulae.

The formulae given below contain extreme values of such
parameters, corresponding to the highest and lowest situation
of test points on the diagram,

For each group of formulae, the extreme values of
Reynolds' number are given, limiting the domain of application
of this group; corresponding diameters of particles for the
temperature of water equal to 10--15° are also given,

I. Streamline stage:

Re < 1.0 (d £ 04125 mm).
Stokes! formula: P = 4,50 pa— (1)
II. Intermediary stage:
A) 1.0 £ Re " 20,

1

Allens' formula: P = 2.66‘.%3 (2)
- g v
B) 20 Re - 150 (0,60 nim < d < 2,0 mm) «
1 0.235

P =2,10 gz (31)
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III, Turbulent stage:

Re » 150 (4 . 2,0 mm)
P = 0.45 (4)
Richards! formula: P = 0,65 . (4)
Note, Dimensionless characteristics P and Re are
computed from average values of quantities characterizing the
descent of a particle, using for this purpose the following

formulaes

P e (%)

RHa & i (6)
where:

= the average velocity of descent,

I

the average radius of a sand-grain,

the acceleration of gravity,
= the density of the sand-grain,
= the density of the liquid,
= the kinematic coefficient of viscosity.

6. Except the equations mentioned above, the nomographic
interpretation of the formulae, proposed by Prof. M. A, Velikeov
and A, P. Zegrzda, may also be used,

In this case it is necessary to substitute into the
formula the radius of the equivalent sphere, that is, such a
sphere which, being of the same density as the sand-grain, has
the same velocity of descent (at the same temperature) in water,

The radius of the equivalent sphere (r. ) and the average

radius of the sand-grain ( » ) may be expressed as functions
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of one another, as follows:

I, Streamline flow (d -~ 0,125 mm)

= (7)

ITe 4 0,20 mms
= 0,525 - (8)
. = 0,66 - (81)

Experiments show that for particles having diameters
from 0,125 mm to 0.20 mm, the relation between ', and » ,
is rather uncertain,

T« It is recommended not to use the Krey's formula,
which has acquired some popularity among hydraulic engineers.

This formula is based on data which are not sufficiently
accurate,

Beside this, an analysis of experimental data published
by Krey makes us believe that he selected an incorrect value
for the coefficient in the formula for the turbulent flow
(d © 1,5 == 2,0 mm)., For this stage the corresponding Krey's
formula gives too low a value of resistance or, which is the
same, == too high a value of velocity of descent for a given

size of grains,



Table 9

Physical and Hydraulic Properties
of
Particles Studied by Zegrzda

(1]
[4] 4
. g s g 25 ¥4
rc-)'& g)m 1 ﬁé .-35, -;'? T::;"u_n' muﬂgﬂ
2 §3+ B g8 EE O§E B ol e R
3 Es ¥ d3' 8% a3 o 3 b -
1 0.278 18,0 L6 2.67 1.00 0,0106 04653 040436 0,276
2 0.425 12,0 2.67 1.00 0.0124 0,586 0.0258 0.391
0.750 10,0 2.67 1.00 0.0131 0.497 0.,0112 0459
g 1,25 12,0 2.67 1.00 0,012 0,468 0400477 0.79
1.25 18,0 2.67 1.00 0,010 0 1471 0.001410 0.712
6 1,75 18,5 2.67 1,00 0,0105 0.453 0.00240 0.850
7 0.27 Te5 2.67 1,00 0.01h1 0.828 0,062 04308
8 0.425 8.2 2.67 1,00 040139 0,600 0,0292 0.415
B 12.0 2.67 1.00 0,012L 0.540 060110 0¢555
10,0 2.67 1.00 0,0131 0450l 0,00522 0.759
7.5 2.67 1,00 0.0141 0.123 0,00265 1.125
8.2 2.67 1,00 0,0139 0.461 0.00220 1,190
ey 2.67 0.880 0,167 8.00 1,17 04398
1307 2067 0¢880 0.173 L|-039 00398 0.596
12.3 2.67 0,880 0.1 2453 0,151 0,892
7 2.67 0.880 0.173 1.37 0,0626 1,260
Iy 2.67 0.880 0.167 0.945 0.03 1,620
: 2,67 0,880 0.171 0,69 0,019 2.180
2 2.67 0.880 0.187 21,8 11,88 04279
2.67 0.880 0.231 yely 2416 04390
2.6$ 0.880 0,190 2.86 0,16 04860
2.6 0.880 0.179 1.32 040635 1.280
§'2$ 0 809 o188 %‘3’1; 000231 T
L ] - - L 02 L ] 0
2.23 8.883 0,057 g.gé 0.621 0e225
24 é 0.0 . 04560 Oe
2.67 8.880 0.82% 2.98 O.%l o.ggﬁ
5:5% 8. 888 o:og 11 B85/ E:Bg;
2.67 0'880 0.080 0.0 8 0.0 0 1le

*56
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Table 10
A
3 Physical and Hydraulic Properties
1 of
Particles Studied by Krumbein
(Table 1, p. 624 from Krumbein's paper)

§\

ApPprox. Sf/l Crit= (v/V Settl= Rey- Coeff. Form-

Form Sym- Den- HNom=- Spher- round=- ica for - coeff,
bol sity inal icity ness, ggou%e F=0,5, vé?gc- n%ids Ezzig ?V /v.)

a1 ame P F e Fo s/2 d/y= it i{ .3 o ’ 1/ '3

eter ¢ &= 0,11 J D
gm/cc cm cn/sec
"Spheres" S 2.06 147 0.96 0.95 0.93 0.13 0.68 63.4 9300 0.50 0.91
Rollers 1 Rl 2,14 1.44 0.85 0.90 0.89 0.15 0,6g 53.0 7640 0.77 0.75
Rollers 2 R2 2.11 1.4y 0.68 0.85 035 OO0 0sb 48.8 7030 0,87 0.69
Rollers 3 R3 2.02 1.46 0.52 0.80 0.61 0.35 0.50 39.1 5700 1.28 - 0.56
Disks 1 DI 2,12 1.43 ' 0,93 0.95 0.82 0,16 0.61 51.8 7410 0.78 0.73
Disks 2 D2 - 2,03 145 0.5 0.95 0.42 0,37 0.52 35.7 5170 1.53 0.51
Disks 3 D3 2,13 1.6 0.61 0.95 0.22 O.42 0.38 2hied 3520 3472 0.35
Blades 1 Bl 2,09 1.43 0.80 0.85 0:72 0,20 059 49.1 7020 0,85 0.69
Blades 2 B2 207 1.4 068 0.80 0.51 0.33 0.54 390 STI0 1,28 0.56
Blades 3 B3 . .35 k3 0.52 0.75 0.43 0.41 0.46 33.5 960 1,82 0.29
Cubes C 2.1% 1.45 0.82 0.25 0.73 031 | D56 46,7 750 0,97 0.66
Fragments f 2.0 1,45 0.85 020 0468 026 0,505 6.0 6680 0,96 0465
"Bricks" b 2,10 1.4l 0.65 0.25 0.35 040 0439 33.6 L840 1,84 04147
Rollers 4 R4 ~ 2.24 1.4l 0.82 0.30 0.8 0.18 0.62 516 430 0.87 0673
Rollers 5 RS 2.23 1l.41 0.5l 0.30 0.59 0.38 0.52 36.6 5160 1.69 0,51
Disks I D 2,17 1k 0i8) 0.95 O.4ly 0.32 0.50 38.4 5540 1.46 0453
Disks 5 D6, 2,20 183 057 0.95 0,17 0435 0,50 26, 3760  3.26 0.37
1l Computed from Krumbein's data.
éz Froude Number not important in this case -- see Kalinske's discussion,

wié






Table 11

Physical and Hydraulic Properties
of

Particles Studied by Corcy Zl
(Combined from Tables 1, 3, & li, pps 7599 .rom Corey's Thesis)
Particle Axis :- (mm) sf Particle Nominal With nominal With projected
Number a b c ¢/~/ab Weight Diameter dimensions dimensions
(mg) (mm) 2
wdn Fldy, wb F/ab
2 w/2° ' w/2°

Sample of sand from Cache la Poudre River at Bellvue, Colorado
Retained on l-mesh sieve

3 8.3 7.% o7 0.73 471 7.00 2310 14,12 2u§o 0,90
I 9.9 8 L0 0.33 399 6,60 2220 1,03 2950 0452
5 5.5 5.0 2.3 0:80 175 5,01 1260 1,40 1250 1.25
6 10,1 6.8 3 0.76 493 7.07 1560 2,56 3150 1.82
7 8.2 6.8 5.7 0.76 N 6.83 2070 1.26 2100 1,05
8 634 5.3 L9 0.8l 209 532 1700 0,91 1700 0.76
9 8.3 64 hol 0460 388 6.54 2280 0,95 2220 0,76
10 8.0 68 | 3% 0.40 - —— ———— m——— 1900 ———
Retained on 8=~mecsh sieve

1 T8 53 30 0.47 147.0 LeT3 990 1,90 1110 1,05
2 569 4.0 249 9.59 91,8 L} Ol 1060 0,84 1050 0.70
3 549 36 3ali 0.74 7.6 3.82 925 1.1l 865 0479
L 5;§ 38 - 350 0,66 6li.1 3.58 810 1,23 860 0479
5 6. L.8 2.2 0.l43 92,2 1,05 920 1,38 1090 0.73
6 Sell | 3a1 29 0456 Sh.1l 3438 875 0,88 960 0,50
7 6 4T 34 0.62 143.0 1o 68 1280 1,11 1280 0.81
8 B 3.7 33 0,72 96,2 4410 956 1433 860 1,07
9 59 Le8 3.4 0.6l 121.0 lhel}3 1330 0,71 1440 0,60
10 Ts3 B8 89 0.149 118.0 1439 1090 1.25 1190 0.69

(Continued on next page)
Zl All particles either feldspar or quartz =-- Specific Gravity assumcd to be 2,65

“*601



Table 11

(Continued)
Particle Axis ( mm) st rarticle Nominal With nominal  With projected
Number a b c ¢/~/ab Weight . Diameter dimensions dim: 1sions
(mg) (mm)  gan  F0° Wb F/ab
w/2° T w/22
Retaincd on 9-mesh sieve
1 a3 3.0 ‘24 0.66 zu. 2459 547 1,02 635 0.
3 3,1 2.9 2.5 0.83 17.1 2.32 534 0.77 662 0,
L Be3 25 245 0.69 39.3 3.0 601  1.37 495 0496
5 3 330 | 245 0469 20,6 2. 465 1.20 590 0455
6 s 26 256 0.80 22.1 251 467 1.28 L8L 0.75
7 35 245 253 0.76 15.9 2,25 362 1,53 400 0.89
8 3.1 3.0 24 0,68 1746 2433 452 1,08 581 0,60
9 hi9' &6 18 0.49 23.7 257 521 0,09 535 0.5
10 sl 248 2.k 0.76 18,6 2.38 455 1,13 4S5~ 0.6
Retained on 10-mesh sieve
1 aug 2,5 1.9 0.65 1349 2415 430  0.94 501 0,51
2 3. 2:1 1.8 0.62 12.7 2,09 360 1,23 366 0,67
3 340 244 149 0. 75 13.8 2415 ww—  mm—- ———— -———
L 3a3 2al1" . X9 0,68 12.1 2406 275 2,03 317 1,12
5 e 255 250 0,62 13.3 2.12 320 1.63 380 0469
6 30 2.8 245 0.87 12,9 2410 375 1.15 491 0.62
7 & 20y 2 0.80 16,6 2429 430 1,13 400 0,82
8 2.5 2.2 2.’.'. 0.98 8.7 10811- —— TP - W O S i
9 3.3 ' 2 2.3 0479 147 2420 390  1l.24 461 0.73
10 sl 2kt 243 0.83 1Ll 2617 Jo0 1,13 435 OeTh
Retained on llj-mesh sieve
2 251 28 1.6 0,82 Jely 1.82 290 1429 206 1,19

(Continued on next page)

*0TT



Table 11

(Continued)
Particle Axis (mm) st Particle Nominal With nominal  With pro jected
Number a b c C/~/5b Weight Diameter dimensions dimensions
(mg) {a) win  Fld,° wb F/ab
BRI AR .5
3 2ot 1.9 . 183 0463 5:7 1.60 - m——— -—— -
0SS 252 19 0.59 9.6 1.90 345 1.01 398 067
? 2u0 ‘2 1.8 0.78 11,7 2,0l 330 1,13 350 0,99
6 2l 0 10 0.68 9.7 1,91 313 1,03 326 0,85
7 2e3 2%k BB 0.73 12,5 2408 430 0,85 Lu5 0 75
8 2l . k.- 146 0.68 10.0 1.93 306 1,35 340 0. 70
9 TR Vs St Y | 0.97 8.6 1.83 326 1,01 369 0475
10 Z¢3 2139 XS 0.73 6.2 1.6l 270 1,08 310 0.70

1 7



Table 12

Physical and Hydraulic Properties
of
Particles Studied by Malaika
(Tables III, IV, V, VI, VII & VIIi pp. 54 to 6 from Malaika's Thesis)

Summary of Results with 0il No. 15967, Standard 0il Company of Illinois

Particle Nominal Velocity Reynolds Particle Computed Boundary Corrected
Diameter Number Density Drag Coefs. Correction Drag Coef,
D v s CD m CD
£t ft/sec Slugs/cu.ft,

ls At 27.1500., oil dénsity 1.702 slugs per cu. ft., kinematic viscosity 0.2060 sq. ft. per
sec., jar diameter 0.675 ft,

2. At 27.90°C, oil density 1.701 slugs per
sec., jar diameter 0.675 ft,

0.0226l
0.01907
0.01183
0.02295
0.01551

0.01233
0.01713
0.01280
0,01301

0.01182
0.00885
0.,00752
0,01131
0.01233

0.0122
0.00766

0.02440
0.,01770
0.0070!

0.0247§
0,01151

0,009345
0.01193
0.00709
0.01173

0,00705
0.00411
0.00302
0.,00613
0.0081l

0.,00863
0,003L2

0.002662
0.001640
0.0004045
0,00275
0,000868

0,000559
0,000992
0.000L441
0.000713

0.000432
0.000189
0,0001178
0.000359
0.000521

0.000556
0,0001359

15.30
15.18
15.18
15430
15.30

15,30
15,30
15,30
15,10

13,090
20,600
81,100
12,820
1,0,100

48,400
1,200
7,100

33,200

cu, ft., kinematic

15,18
15.30
15,18
15.30
15,30

15.30
15.30

80,600
178,200
280,000
103,100

6,300

57,200
222,600

1,107
1,085
1.050
1.098
1.080

1,049
1,133
1.098
1.040

viscosity 041930 sqs fte per

1.051
1,010
1.031
1,051
1.049

1.048
1.030

11,810
18,990
77,200
11,690
37,120

146,200
36,380
7931400
31,900

76,600
171,500
271,500

98,100

61,000

5, 700
217,000

(Contiiued on next pago)
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Table 12

(Continued)
Particle Nominal Velocity Reynolds Particle Computed Boundary Corrected
Diameter Number Density Drag Coef, Correction Drag Coef,
D v s CD m Cp
£t ft/see Slugs/cu.fte

3« At 27.3500, 0il density 1.702 slugs per cu. ft., kinematic viscosity 0.2020 sq. ft. per
sec., jar diameter 0,675 ft.

15.30 29,430

c-1 0.01421 0,01284 0.000901 1,043 28,200
Cc-1 0.01196 0,00920 0,000545 15,18 47,850 1.033 6,250
P-l 0.01150 0.006595 0,000375 15,30 90,250 1.042 6,500
P-1 0:.01445 0,01299 0.000927 15.30 29,400 1.040 28,250
D=l 0401593 0,01220 0,000965 15.30 36,200 1.070 32,600
D-1 0.01597 0.,01579 0.001248 15,30 22,000 1,070 20,570
S=-l 0402027 0.02098 0.002105 15.30 15,780 1.099. 14,390

Le At 28,05°C, oil density 1.701 slugs per cu. ft., kinematic

sec., Jjar diameter 0.469 fts

s=1/

0 .‘02119

0.02040

0,002275

15.30

17,500

viscosity 0.1900 sq.

1.195

ft. per

11,650

The two following spheroids were dropped in a direction normal to the one stable in the
surface drag zone,

S=ly=N

0.01050

0.000686

15.30

38,600

1.068

The dynamic properties and the jar diameter are the same as above,

36,200

S=-1/4-N 0,02119 0.,02890 15.30 1.088 77,950

Summary of Results with Mixture of 0ils No., 15967 and 1593L, Standard 0il Cbmnany of Illinois

0.003400 81,800

le At 26,40°, o0il density 1.671 slugs per cu. ft., kinsmatic viscosity 0.0412 sq. ft. per
sec., jar diameter 0,675 ft,. )

‘€It;

0.01182
0,00885

c=1/4

0,0368
c=-1/4

0.,02042

0,01057
0.00i138

15.18
15.30

3,025
7,100

1.051 23 880
1.040 7,110
(Continued on next nage)



Table 12

(Continued)

Particle Nominal Velocity Reynolds Particle Computed Boundary Corrected

Diageter Numger Density Drag Coef. Correction Drag Coef.

¥ 8 c! m C
fv ft/sec Slugs/cu.ft. b D

c-1/L 0.00752 0.0149 0.00272 15.18 11,730 1.031 11,380
P=-1/l 0,01131 0,0298 0.00819 15,30 4450 1,051 u,zzs
D=l 0.01233 0.03945 0.01180 15.30 2,762 1.049 2,60
S=U 0.01242 0.0400 0.01282 15,30 2,720 1.048 2,595
S=l 0,00766 0.0154 0.002 15,30 11,260 1.030 10,930
S=1/L 0.02119 0.1033 0.05300 15.30 692 1.130 612

2. At 29.80°C,

oil density 1.667 slugs

sec., jar diameter 0.675 ft.

3. At 30.00°C, o0il density 1.667 slugs per cu. ft.,

‘sec,,

3

0.0226l
0.01907
0.01183
0.01421
0,01196

0.1670 0.11950 15.30 285 1.107
0.1210 0.07280 15.18 152.5 1,085
0.04835 0.01807 15.18 1,760 1.050
0.0876°  0.03930 15,30 650 1,043
0.0626  0,02360 15.18 1,062 1.033

jar diameter 0.675 ft,

0.02295
0.01150
0.01145
0.01162
0.01551
0.01593
0.01597
0.01233
0,01713
0.,03280
0.,02027
0.01301

0.1720 0.12650 15.30 271 1.098
0.0458 0.01690 15.30 1,920 1.042
0.0875 0.04050 15,30 662 1.040
0.0576 0.02150 15.30 1,227 1.033
0.0770 0.03828 15.30 921 1.080
0.08375 0.04275 15.30 798 1.070
0.1046 0.05350 15.30 512 1.070.
0.0641 0.02535 15,30 1,051 1.049
0.0778 0.04265 15.30 996 1.133
0.0491 0.02015 15.30 1,862 1.098
0.1380 0.08970 15.30 37h.2 1.099
0.0758 0.03160 15,10 gin 1.010

per cu. ft., kinematic viscosity 0.0317 sq. ft. per

258
17
1,677
622
1,027

kinematic viscosity 0.0312 sq. ft. per

2L 7
1,840
637
1,187
852
05
L78.5
1,003
880
1.637
341
754

(Continued on next page)
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Table 12
(Continued)

Summary of Results with 0il No, 1593, Standard 0il Company of Illinois

Particle Nominal Velocity Reynolds Particle Computed Boundary Corrected
Diameter Number Density Drag Coef,. Correction- Drag Coef,
D v R 8 C'p m C
ft ft/sec Slugs/cu.ft. -

1e At 26.90°C, oil density 1.643 slugs per cu., ft., kinematic viscosity 0400525 sq. ft. per
sec., jar diameter 0,675 ft,

C=l 0,02264 0,731 3,158 15430 15.12 1,040 14455
C=ly 0,01907 0.575 2,087 15,18 - 20437 1,038 19,60
Cely 0.,01183 0.268 0,604 15.18 58.27 1,036 56430
c-1/4 0.01182 0.26) 0.59% 15,18 60,00 1.037 5790
c-1/4 0.,00885 0,16l 0.27 15.30 117.2 '1.033 113,04
c=1/l 0,00752 0,117 0,1672 15,18 193.9 1,031 188,0
P=1/l 0,01551 0,398 1,175 15,30 34485 1,042 334
p=1/l 0.01131 0,236 0,5075 15,30 7243 1,037 6947
D=l 0,01233 0,289 0,677 15,30 52.6 1,036 50,8
S=l 0.00766 0,125 0,1887 15,30 17446 1,030 169,.6
S=1 0.,01301 0.409 1,01L 15,10 27426 1,027 2646

2. At 27.40°C, o0il density 1.6l43 slugs per cu, ft., kinematic viscosity 0,00507 sqe ft.
per scc., jar diameter 0,675 fte '

c-1 0.01421  0.475 1,330 15,30 22,40 1,025 21482
C=1 0,01196  0.35) 0.834 15,18 33,62 1,023 32,82
P=-1 0.01 0477 1,592 15.30 224 1,019 2242

P=1 0.01162 o;%31 0.8885 15.30 37.73 1,021 36.8

D=l 0.01593  0.436 1,608 15.30 29486 1.032 28.90
S=ly 0.02027 0,668 2.672 15,30 16,17 1,041 15451
Sel} 0.0125;2 0,309 0.757 15.30 146,37 1,032 L4490

(Continued on next page)
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Table 12

(Continued)
Particle Nominal Velocity Reynolds Particle Computed Boundar Corre
cted
Diageter Numger Density Drag Coef, Correctign Drag Coef,
v c! m

3. ht 25.3000, 0oil density 1.645 slugs per cu. ft., kinematic viscosity 0,005915 sqe. ft.
per sec., jar diameter 0,675 ft,

D~-1 0401597 0.471 1.272 15,30 25458 1,038 2463
D-1 0.01233 0,300 0.6252 15,30 18,80 1,037 }7.10
D=1/l 0,01713 0357 1,034 15.30 7.80 1,078 lie 30
D=1/l 0401280 0,226 0.489 15.30 9.10 1,072 3,00

Lo At 32,80°C, o0il density 1,638 slugs per cu. ft., kinematic viscosity 0,00345 sq., ft.
per sec., jar diameter 0.469 ft.

s=1/l 0.02119 0,825 5.060 15,30 11,34 1,066 10441

Summary of Results with 0il No. 15933, Standard 0il Company of Illinois

1, At 28.7000, 0il density 1.615 slugs per cu, ft., kinematic viscosity 0,000795 sq. fts
per sec., jar diameter 0,681 ft,

C"'LI. 0-’ 01907 10 0 31'-'-.55 15-18 3.315 1'.013 3.2 8
C=l} 0,01183 0,872 13.00 15,18 5.605 1,008 54565
C-1 0.01421 1,430 25,60 15,30 24530 1,007 2.510
c=1/l 0,01182 0,876 13,02 15,18 54540 1.009 5490
c=-1/L 0.00885 0,602 6.695 15,30 84840 1,008 84770
c=1/l 0.00752 04504 Lo 745 15.18 10465 1.008 10,58

P=l 0.02295 1,770 51,00 15,30 24650 1,016 2.610
P=l 0.01150 0,830 12,00 15,30 6,050 1,007 6,010
P=1 0.01445 1,400 25.41 15,30 2,675 1.008 24655
P=1 0,01162 1,090 15.93 15.30 34555 1,006 3.535
D=l} 0.01593 1,140 22,80 15.30 JLa 1148 1,012 144390

(Continued on next page)
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Table 12

(Continued)
Particle Nominal Velocity Reynolds Particle Computed Boundary Corrected
Diameter Number DenSity Drag Coef, Correction Drag Coef.
D \'i R s CID m : Cp
ft ft/sec Slugs/cu.fte
D=l 0.01233 0.91 14417 15.30 54370 1.009 5330
S=l 0.02027 1.55 39.62 15.30 34050 1,017 3.000
S=l 0.01242 0.952 14,88 15.30 11e965 1,009 1,925
S=-1 0.01301 1,370 22. 111 15,10 241180 1,007 2,463

2. At 27.20°C, oil density 1.616 slugs per

per sec., jar diameter 0,681 ft,

D~-1 0.01597
D-1 0,01233
D=1/l 0.01713
D-l/u. 0.01280.
C-1 0.01196

3. At 28,60°C, o0il density 1,615 slugs per

1. 360
1.030
0,960
0,705
1.0%6

25,15
1Ls 70
17.87
10.43
15.00

per sec., jar diamcter 0,681 ft,

P-1/l 0.01551
P=1/l 0.,01131

Le At 27.10°C, oil density 1.616 slugs per

1,088
0.772

23,01
10,92

per sec., jar diameter 0,681 ft,

S=1/4 0.02119

1.443

35.20

cu, ft., kinematic

15.30 34130
15.30 L4220
15,30 7.680
15,30 94330
15,18 3,582

cu, ft., kinematic

15.30 L1765

cu. ft., kinematic

15.30 3.680

viscosity 000086l sq. fte

1,012
1,009
1,025
1,023
1,005

3090
114190
7490
9.110
34561

viscosity 0.,000800 sq. ft,

1.01
1.00

« 700
830

viscosity 0,000869 sq. ft,

1,019

3.610

Summary of Results with 0il No. 5618, Standard 0il Company of California

1le At 28,40°C, o0il density 1.674 slugs per cu. ft., kinematic viscosity 0.,000245 sq. ft,
per sec., jar diameter 0,681 ft,.

24260

209.0

15430 1.551

1.011

1.53

(Continued on next page

Tt



Table 12

(Continued)
Particle Nominal Velocity Reynolds Particle Computed Boundary
Diameter Number Density Drag Coef, Correction
D v R s C'D m
£t ft/sec Slugs/cu.ft,
C=ly 0.01907 1.980 154.1 15,18 - 1.681 © 1.010
c-l 0.01183 1.310 63.3 15,18 2.387 1,006
C-1 0.01421 2,130 123.7 15.30 1.093 1,003
C=-1 0,01196 1.810 88.4 15,18 1,262 1,002
c=1/l 0.01182 1.260 60475 15.18 24580 1,006
c=1/l 0.00885 04,960 3l.65 15,30 34352 1,00
c-1/ 0.00752 0,818 25.10 15.18 3,888 1,00
P~l 0,014h5 2,100 123.9 15430 1,142 1,004
P-1 0,01162 1,700 80.7 15,30 1.40h 1,003
P-1/1; 0,01551 1,460 92,85 15.30 24516 1,012
D=l 0,01592 1,630 106,10 15430 2,090 1,009
D=l 0.01233 1,325 66,70 15430 24447 1.006
S=l 0+:02027 2,090 173.1 1530 1,620 1,012
S=l 0.00766 0,880 275 15,30 3s460 1,003
S=1 0.,01301 2,080 110.5 15,10 1,033 1,003

2, At 27.05°%, o0il density 1.677 slugs per

per sec., jar diameter 0,681 ft,

D-1
D=1
D-1/4

3. At 32,20°C, oil density 1.670 slugs per

0.01597
0.01233
0.01280

1.835
1.534
0.950

11342
73415
47.12

per sec., jar diameter 0,681 ft,

0,01131
0.02295
0.01150
0,02119

1.176
2,380
1,381
1.748

63.51
261,5

7640
177.0

15.30
15,30
15,30

15.30
15,30
15,30
15.30

cu. ft., kinematic

1,650
1.827
L9440

cu., ft., kinematic

24870
1.416
2,102
241420

Corrected
Drag Coef,

1,600
24230
3450
1,030

viscosity 040002585 sqs ft,

1,009
1,006
1,015

1,638
1.816
L1860

viscosity 0,000209 sq. fte

1,006
1,010
1:005
1,01

24855
1,400
24092
24382

(Continuecd on next page)
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SMable 12
(Contimed)

Swmary of Resilts with 0il No. 5617, Standard 0il Company of California

Particle Nominal Velocity Reynolds Particle Computed Boundary Corrected
Diameter Number Density Drag Coef, Correction Drag Coef,
D v R s C‘D m CD
ft ft/sec Slugs/cuefte

At 29,05°C, o0il density 1,616 slugs per cu. ft., kinematic viscosity 0,0000425 sq. fte per
sec,, jar diameter 0,675 ft,

Cely 0.226l 24590 1380 15.30 1,226 1,007 1,218
C=l 0,01907 2,360 1059 15,18 1,231 1,006 14225
C-ly 0,01183 1.845 513.5 15,18 1,252 1.003 1.238
c=1/l 0.00752 1.073 189.6 15.18 2.345 1,003 2,338
D=l 0,01593 2,100 785 15.30 1,311 1,005 1,30l
Dl 0.01233 1.850 536 15,30 1.310 1,003 1,304
D-1 0.01597 2,100 786 15.30 1,313 1,005 14307
D=l 0,01233 1.830 529 15.30 1.337 1,003 1.332
Sel 0.02027 24630 1252 15.30 1,06l 1.006 1,059
Sely 0.01222 1,885 550 15.30 1.271 1,003 14269
Sely 0.00766 1,383 2L48.7 15.30 1.451 1.001 1.450
Swl 001301 3,040 930 15.10 0.505 1,001 04504

61T
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Table 13
Physical and ﬁyd;anlic Froperties
o

Particles Studled by Wilde
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=POUDRE RIVER SAMPLE.

Table 13 {econtinued)

Phyalecal and

Particles

Hydroulie Propertien

of

Studiod by Wilde
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9 » 1,22 1,06 1.65 1,05 0.75 0,63 2.9 1,06 89 0,57 .57 % ineé 1,22 I3 * 377 w77 Wb
95 2,55 h,08 1,93 1,55 1.25 1,52 2,67 L.k3 161 0,72 1,25 " S0 0,96 66 "

%% " 1,22 1,51 1.60 1.23 0,70 0,60 2,77 1,10 95 0,50 130 * 30,5 2,13 320 *  aLS 1,95 I
97 ® 1,27 2,00 1.7k 1,17 0.83 0,80 2,59 1,15 104 0,58 1.9 ® e’ —» & " 36,6 1,87 L6
98 " 1.62 2,58 1,50 1.22 0,90 0,56 2,690 1,22 117 0,59 1.56 "  [6.2 0,99 =52 ® 38,6 1,70 51
99 M 1,08 1,70 1.90 1.35 0,53 0.62 2.7h 1,06 B8 0,3h 1,35 " 30,0 2,09 29,2 * 2.6 2,92 3
0 " 0.20 0,32 1,09 0.56 0,22 0,12 2,5 0,62 306 0,71 1,3 " 188 z.m 1 & 1,2 595 9.6
00 n 0.k8. 0,76 1,65 121 0,29 0,28 2,67 0.1 §2,50,20 1,36 " = o~ ® B9 k7 168
102 Hou L Oulli 0,23 0,71 0,51 0,45 0,09 2,59 0,56 246 0,75 133 " = == - " 16,3 105 10
10 " 0,30 0B 0,78 0,70 0,57 0,18 2,67 0,70 35,5 0,77 LAl " - -0 o 237 2,52 18,0
w0h " 0,28 016 0,90 0,82 0,80 0,7 2,58 0,69 30,3 0,5 1,0 " 32,58 1.7 24 " 20,8 3.06 158
108 % 0,36 0,60 0,95 0,90 0,56 0,23 »ooWLg om 29 23,8 266 19,2
106 n 0.i2 0.68 1.06 0.6l 0,50 0,26 " 390 00 29 F 23,6 275 20.5
107 * 0.6 02 0150 0.0 0ug5 0u13 R 32,5 1,05 20 *

100 " 019 0.71 1.00 0.65 0.5 0.2 LR 7 7 o e e AL & O - s s 1 B
w0 " 0,20 0.8 1,k 0,73 0.6 0.8 ® 0.3 1,290 200 " 19,8 3,60 15.2
10 " 0,06 0,14 0,78 0.k 0,01 0,06 Foo32,1 0,79 i o 12 LB 1.8
111 o, & 0,65 T. 7 0,50 0429 0.35 0,03 " 2.4 0,51 10 " ILE 58 5.2
12 v o0k 0,61 Ouli3 0,21 0,02 MO A%.E 168 70

13 T 0.0 0,05 0.L3 0,28 0,06 e R S = DT B
ni, " 0.06 0,61 OE 0,25 0.03 L 28.3. 1.2 L T 10,6 14 L.
ne » 0,06 0.71 0.2 0,31 0.0% M ot Y G R T
116 » 0.12 0,56 0Jif 0.33 0.07 L e s T T R W A R 5
F 0,06 0,53 0u5L 0427 0.Ch T ARA T [ T U (S % TR SR %
M8 * 0,08 7T 0ab0 0429 0407 oy e E ol Rl 1608 ] Gag
e " 0.03 SL 0,38 029 0,02 * 2206 8 " g0l 35



=CHISHER PLANT SAMPLE.

Phyalcal and Hydraulle Properties
r

Tabla 13 (continued)

o,
Partlcles Studied by Wilde

Y c WAT'E%_J OIL

Selve a T TR C.dr R )
No. Si.e F W a b ° Vol sspe % an Jab 13 J,s X ohden (_.g'_'z o5 iy d i
120 14n  1h7lh 23.6h 3,30 2,88 2,45 B,90 2,66 2,57 0,79 1,15 1,11 S8,1 1,30 135 0,62 66,2 1,18 18
10 i 100 1652 327 2k 2.3 631 263 229 Iay ok Id e v ek 1.2 ms
122 " m 5,72 9.1‘: 3.8 247 1,18 3.2 267 187 27 o2 1.29 M 360 245 6L n |22 2,13 90
123 " 7,50 12.0% 3.2 235 150 LGk 262 2,07 336 0,88 1.7 " 52,7 1,23 99 m 656 1.1 125
12, n 3,75 6405 3.59 200 1413 2,30 2,63 1.6h 211 0,39 1,5 " 62,5 0,70 b
T 6,65 10,81 2,89 2,70 1.16 LJaé6 2,60 2,00 31 042 1,07 " Lo, 204 73 m £ 2,0
126 L B.6S 14,08 3.71 ?-%3 1489 Seb2 2,59 2,18 373 0,68 1,86 » B0 1,54 " Iijl.c 1:]1; lgg
127 " 11.99 1910 2,56 2.5h 1479 T.ll 2,69 2,39 LU8 0,65 1,17 " 1.0 1,30 lgg "9 1,35 158
128 7469 12,20 3,06 2,25 2,00 L.R0 2,69 2,05 330 0,79 1,6 " 52,0 1,32 w BT 1.8 178
129 » 5416  B423 2,57 2.27 175 3.06 2,69 1,00 252 0,72 1,13 .62 53,5 1,09 B6 v 50,5 1.LL 99
130 " he23 6401 2449 2426 1,24 2,57 2.65 1,70 227 0,52 1.0 " U5, 1,38 70 »
I 2,70 L6 2,25 1,64 1.04 1.h5 2,67 101 15 0,5 1,22 * LB,0 1,15 61 n 37,8 2,20 1]
132 1/2"  La20 6,72 3,66 1471 0,50 2,52 2,66 1,69 22 0,26 2,34 " 7.0 1.[?0 12 " 37,0 2,50 68
L SR 2,808 68 2,45 1.70 1,33 1,80 2,60 - 1,51 179 0465 1k " Lo,o 1JB 56w jo 1,80 66
13 " SeTT 935 3402 2,06 1405 3.57 2,62 1.00 264 0. 7h 146 ® 50,3 1,23 B7 »
135 " 360 5.82 2,50 2,50 1,08 2,22 2,62 1.62 206 040 1,00 " Jll 1.6 B0 % 435 1.68 T
136 » 2,52 LoOl 1493 1482 1,57 1,52 2,66 1,43 161 0.8 1,06 " .
137 * 3.9L 6,27 3,02 2,00 1,10 2,35 2,66 1.65 21k O 1,9 " 36,0 2,18 gy =
13 » 2.53 Na06 2.2h 1.89 1,06 1,5 2,65 143 160 0,52 1.9 * 370 1,76 L7 n 3.8 2,00 g9
139 3,30 5.7k 2,19 1,51 1.5 2,35 2.k 1,65 713 0,63 1,45 % 090 1.00 73 " [6.3 0,63 ik}
o » 1,70 2,74 2,02 1.h5 0,00 1,03 2,66 1,25 123 0,47 1,29 " 39.0 1.l by v 32,2 2.8 Ll
ﬁ% /; 0,56 0,91 17T 1,30 O.i7 0.3k 2.6k 0,87 59,3 0,26 1,13 " 29,7 1,60 24 » 20,6 L.C8 19,8

3/8n . 7.6 6,
F 37 Sl 0,79 245 1e51 1423 0,30 2,63 0,83 4,0 0,68 1.2 " 11,7 o0.k0 3w - i
wh " 1002 1.6 1,59 1.9 0,80 0.62 2,65 1406 B8 0,52 1,07 " 369 1.0 36 " 274 2,80 32
ms. * 1,27 - 2,05 3,08 1,7k 0,36 0.78 2.6h 104 102 0,06 1,77 " 0.7 20k 32 v 19.6 5.50 2l
wé6 " 0.57 0,92 1,61 1.61 OL0 0,34 2,67 0.87 59,3 0,40 1,00 * 2,7 3,18 17 » 20, k.23 18,6
Wy " 085 1,38 1,32 1,001 0,99 0,52 2,64 1,00 78,6 0, L3 " 32,6 1,87 35
ST R 0,96  1.52 1491 1,51 0,67 0,56 2,70 1,02 02,5 0,39 1,27 " 26,5 2. gﬁ " 240 3,70 27
mwy " 0,67 1.08 1,73 1,19 0,61 0.1 2.62 0,92 67 0,i3 1,L5 .16 28,0 1,93 22,2 370 22
1% " 0,25 O.i1 0,95 0,58 0,57 0.15 2,62 0,67 35.2 0,77 1.64 1,01 32,3 1,68 19 " 20,3 3.20 14,8
151 " 0,12 0,68 1,29 0,90 0,62 0,26 2,63 0.79 19,5 0,58 1,3 » 32,0 1,29 18 » 22,8 3,02 19,7
152 Yo, b 0.55 0,86 2,03 0,65 0,45 0,21 2,75 0.8 $6 0,29 3,33 " 37,0 1,32 28
153 " 0,13 0,22 0,76 0,66 05 0,09 0.6 1,15 ® 39,3 " 15.8
5 " 0,28 Oulili 1,30 0,73 0.1 0,16 2,67 0,68 36,7 0,51 1,70 ® 27,6 1,65 17 » 1h,3
155 " 0.39 0,63 1,17 0,59 0.5 0,24 2,65 0,77 B6,6 02 1,18 " . 29.6 1. - R TR N U 17.5
156 n 0,23 ﬂ.s‘g 1,06 0,73 0.72 0,20 2.63 o.?ﬂ L2e2 0482 1.5 " 2 o.'ég {g " 22,0 3.3 17.5.
T " 0,22 7,36 L1 0,90 0,28 0,13 2,66 0.6h 32,2 0,2 1L7 ﬂ.e 3.03 " 1,0 2.6 9T
158 » 015 W35 0u95 0,50 0,46 0,09 2465 0456 25,0 0,67 1,80 ". 257 b 13 v 16,3 L,28 10
159 " 0,71 2h 0,77 0.61 0,60 0,12 2,67 0,62 30,7 0,87 1,26 .89 32,5 1,0 18 » 20,1 31k 13,7



Table 13 (continued)
Physleal and Hydranliec Properties
: 3

o
Particles Studied by Wilde
«=GLACTAL MOMRATNE SAMPLE

TER
Seive o v ¢ (d J nria) ¢ (d) R{d
No. Size F W A b o Wl sge % anom B |ee ¥ dn gen’ | v g ct__g) )
T80 1 In  G5.60 1005 2,01 2401 1,06 505 T..%_’l‘ T.59 307 0.0 1,03 10.7 0,60 69,5 0.n 229
161 3/L" 10,92 17.11 3,15 2,56 1.67 6,19 2,77 2.2 LSO 0,99 1,23 " 61.5 1, Fy
162 * 16,08 26,0k 3,55 2,53 2,1710.06 2.60 2,73 50 0,02 11 " 65,5 a.gg " 97,0 0.8 350
163 " 15,85 25,48 3,56 2426 2,75 9,63 2,64 2,64 Sk6 0,79 1,58 " B,f 0,67 205 " 00,0 0,82 351
16 " Tsh9 12,16 247 2,07 1,89 L6 2,60 2,07 336 08k 1,19 " 68,5 0,73 139 " 66,7 0,91 230

165 *® 21,02 32.13{ 111 z.Bg 2036 11,71 z.g 2,82 623 0,73 1.35 " 80,0 01 215 » 100 o062 L0
166 » 13,15 21,31 3,55 2.6 1,90 B,15 2, 2,50 490 0.6 1,45 0 68,0 089 156 71,5 0,95 297
167 " 6.57 10,52 2,26 2,23 1,53 3.9 2,67 1.96 302 0,686 1,0 " @,2 OB M2 »

12; " 11,52 23,17 3,56 2,72 1.85 B.6L 2.68 254 507 0.60 1,1 ® 743 OR0 173 " L5 1,26 273
1 L]

170 /4" 2,66 L.?6 1.87 1.82 1.00 1,60 2.66 1.45 165 0,55 1,03 " LS.y 1.20 63

171 1/2% 2,58 LaS 1,92 1.67 1.35 1.56 2,65 1.4k 163 0.75 1,05 " L9.5 0.9E 65 " 1.6 .21 14
172 = 2,62 Lhe?2 1,82 1,13 1,29 1,60 2.6h 145 165 0.80 1,27 « LYy | 78 N Sl.3 1,10 12k
i3 * 6,06 9,77 2,50 2,52 1,30 3,71 2,6L 1,92 289 0,66 1,02 " 53,0 1,10 95 "

17h = 5.01 8,090 2,70 1.80 1,29 3,08 2,62 1,80 255 0,59 1,50 " 8,0 1,0k 93 " 5.9 Lk 148
176 2,88  L.63 2,6k 140 1,12 1.7k 2,65 1.h9 176 0,8 1,88 * L26 1,38 09 ¢ L47.9 136 116
176 » 5.61 z.Jl 20Th 1462 1450 3,50 2,66 1,88 277 0,76 1,69 " 53¢2 141k 93 - 62,0 0,79 19
X Gl 3.09 WU 2,07 1,61 1.0 1,84 2,68 1,52 181 0,57 1,20 » She5 0,09 17 . 56.2 1,02 140
178 n 5,26  BuiS 2,53 2409 1,25 3,18 2,65 1.02 260 0.5 1,24 " 59,0 0.9 97 " B9 1.06 178
179 " 3,60 5,87 2,04 1,80 1,8 2,27 2,58 1.6 208 0.62 . W6 101 151
160 1.00 1,61 1,40 1,07 1,03 0.61 2.65 1,05 06,5 00 2,71 " LS50 0,88 L3 n  Lo,0 1,33 70
180 " 1.08 3,00 2,62 1,25 0475 1,16 2.62 1,30 134 0.1 2,10 " 42,8 1,18 52 0 39l 1,65 06
182 34" 1,61 2,58 1,75 1.65 0,72 0,97 2.65 1.23 119 0.2 1,06 * 374 b9 L3 v 397 1. f
183 " 1,38 2.23 1LL9 1,25 1,02 0.85 2,63 1,17 108 0,75 1,39 * 5.0 0,82 a L IO 1 T ST
15ﬂ " 201 3.35 1.6L 1,32 1,08 1.2 2,70 1,33 139 0,73 1,2, * 54,0 0,80 " 9T 1.2 110
185 * 1ai2 2429 1473 1430 0,91 0,86 2,66 1,18 109 0,601 1,33 " 36,5 1,9 3%5 " 37,3 1,71 Tl
1686 n 0,90 1,16 1.3 1426 0,71 0,56 2,60 1,02 82,50,53 1,13 " 39,0 111 38 *  m.B 1.9

187 * 1,57 316 1.89 1,35 1.26 1,10 2,67 1,21 135 0,79 140 " 51,2 0,85 63 v 17,5 1.8 104
188 = 2,63 L9 2,03 1.65 1,22 1.55 2,69 1.bh 163 0,67 1,23 v, L8,2 1,06 65 " 9,7 1,20 119
189 = 2429 3,69 1,65 1.65 1,20 1,40 2,6h 1,39 152 0,73 1,00 * k55 L. 59 n L3.9 1.2 102
190 3/8" 0,57  0.76 1.57 0.70 0,5k 0.2k 3.08 0.52 2,24 » 3.2 LR A

191 " 0,£0 0,98 1425 0,99 0,087 0,38 2,60 0.89 63,3 0,70 1,26 " 3,2 0f0 ¥ » 32.2 1,58 L8
192 Moo i 0,23 0,38 0,61 0.69 0,59 0,1l 2,65 0,65 33,2 0,79 117 "

193 " 0,28 0.6 1,01 0,67 0,60 0,17 2,65 0,69 37.5 0,72 1.51 "  3h3 1,00 23

s, " 0,23 0,37 0,92 0,73 0.57 0.1 2,66 0,60 32,9 0,70 1,26 " 30,7 1,17 22 " 21,0 291 23
195 " 0433 0,53 1,09 0,02 0,59 0,20 2,66 0,72 U1.5 0,62 1.?3 " 351 1,02 ﬂi " RaY 2,08 27
196 a2k 0. 11 0,78 0,57 0420 2,69 0,73 B 0,62 1.2 » 332 145 2 n 2,8 2.4 30
197 " 0.17 1,28 0,78 0,76 0,39 0,11 2,55 0,59 21 0.51 1,03 " 20,0 1,1 16 " 3193 XD 18,2
198 n 0,60 297 1,00 0,90 0,65 0,37 2,59 0,89 63 0,69 141 w 31.2 .27 ;{ " 1.7 1.7 L7
199 " 0.6 03 1,40 0.9 0,77 D.38 2,62 0,90 6 0,67 s v 36,4 1222 LA % S 5 R |



Table 14

Physical and Hydraulic Properties
of
Particles Studied by Schulz

o 228

2 w Partigle g g{‘-; g 001 . -y
O K o Dimensions & = mig ® O - O —
- © N O © O ~ £ oo ~ '& =
52 2B 82 & e Tl - S e
GE o PRI b = o i F m;b' e o a
b = ram mm m o B ce mm  S.Ge gm /kec cm/sec o ©
Sample of Rock Crusher Fragments

Retained on No. 20 Tyler Standard Sieve
B20,1 Q3.2 104 « 70 694 .00038 .90 2,65 ,00063 ,0110 11,08 90,5 27
B20.2 Q 1.38 1.0 .91 733 .00057 1,03 2.65 ,00094 L0110 11,72 110 1,30
B20.3 M 2,80 1,93 411 4038 .00018 .70 2,8 ,000325 ,0110 5.42 345 L.51
B20.4 F 1,52 1,344 1.005 4705 .00082 1,60 2,57 400335 ,0110 13,28 193 1,49
B20.5 Q'1.28 130 18 657 load : :
B20.6 F 2-02 1.68 r?l .'385 Lost
Bzo.g Q 3¢56 108 3T  S5ET | Lost : +0110 11,71
B20, Q 1.50 l.ég 1.22 .833 Lost «0109 13,02
B20.,9 0O 1l.64 1. .60 374 ,00060 1.04 2.65 .00097 L0113 8,81 81 2.27
B20,10 F 1.1 1,15 « 70 « 60 »00037 .89 2.57 .00059 L0111 10,98 88 1.23

Retained on No, 24 Tyler Standard Sieve

B2hil Q 1.40 1,00 b3 L3065 .00013 63 2,65 L000217 (0113 7,00 3% 2,2l
B2ls2 G 1.32 .94 .63 .566 ,00028 ,81 4,00 ,0090 L0116 14,50 101 1,2
Bzu 3 P 2,16 1,00 .36 246 ,00031 ,8h4 2,57 .000485 40117 5.54 4O e
B2h B 1.1 .90 625 ,00035 L87 3.0 ,00066 ,0116 9,50 T1 1.9
B24,6 B 1.56 1,00 %9 <393 .00039 L,91 3.0 .00074 L0113 10,00 81 1,80
Pohe? X ‘1.48 112 .528 .00050 .99 2,8 ,00092 L0113 10,68 9L 1,65
B24.8 F 1,90 1,10 .51 «353 00054 1,01 2,57 .00084 L0113 8,25 Zu 2.1y
B24j,9 F 1.08 1,00 .66 ,635 ,00030 .83 2,57 .000465 ,0113 8.8 5 1.74
B2l,10 Q 1430 1,12 71 ~ 695 ,00045 .95 2,65 .0007h4 0113 10.3 87 1,52

(Continued on next page)
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Table 1L

(Continucd)
S &> -

; g

~ Q0
o Particle o o 2 gg .B' "CF <l
< OO Dimensions % 5 58 8 © MO - £
~ © ~ O ® O — 85 oo —~ o]
£ .0 o o IE) o O | V) ~—
B STV S pi e RE g
v S mm mm mm N M ce mm SeGo gm am7/sec cnysec

Retained on No. 28 Tyler Standard Sieve

B2B.,l M 1.46 1,00 i 5116 L00009 ¢ E5 2,8 @ 000158 L0110 «30 37 473
B28,2 F 1,32 1,06 42 .355 .00025 .78 2.57 L00040 L0110 63 h7.1 2,91
BEUs3 P 1,20 08 45 42 00020 .72 @ 2,57 00030 | GO110 7.1u L7 243

Babi. Q 486 480 466 . LTIT L00019 .71 2,65 L0003) . 0113 9.%& 59 1.3

B2U,S P 1,36 470 .67 687 .,00053 1,00 2,57 00082 . w0113 9,53 & 1,81
BEHeD Q 2436 96 .99 .3%1 »00025 .78 2,65 L000415 L0113 6,92 4 2.8

B28, Q 1416 470 62 ,688 ..,0002L 77 2,65 L00040 L0113 8,55 58 1,8

B28, Q. 2 e72 W49 4596 ,00012 .61 2,65 .000195 L0113 5,58 30,2 3,46
B28.9 X 2,0 o76 oB3 o343 00030 83 2,8 L0005l L0113 T7.29 56 2,96
B28,10 F 1,08 .84 .60 .630 .00025 .78 2.57 .000395 ,0109 T7.96 57 2,01

Retained on No., 35 Tyler Standard Sieve

B35¢1 M 1.56 .78 ,07 .06l ,00003 .37 2.8 L000047 <0109 3435 11,4 6,03
B¥Ss2 X '8 o76 437 .h 7 .00012 L,61 2,8 ,000215 (0109 6,17 35 3404
B35, RS 68 ,30 .00008 .53 2,65 ,000130 L0110 5,83 28 2.71
B35. Q@ 692 oT70 ‘iS5 .562 «00015 L65 2,65 ,000220 L0110 6,45 38 2¢ 72
B35.5 ) .80 .28 .342 ,00009 L55 2,65 ,000123 .0110 5,18 26 3.65
B35.6 Q o7 oy JUS  ,T52 L00007 451 2,65 ,L000108 40113 6,23 28,2 2,26
BBS.E G |l 62 462 < ,985 ,00013 .63 2,65 .00022 L0113 8,73 L9 1.23
B35, = il - eb6 4O  ,570 ,L00009 .55 2,65 L000148 L0113 5,98 29,2 2.65
B35e9 F 492 - W8h 2 L2713 400012 .61 2,57 ,000186 0136 1,93 26 L4+ 20
B35.,10 F 1,14 .61 451 .612 .00026 .79 2,57 .00041 L0117 7.08 L7.6 2,59

(Continued on next page)
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Table 1l
(Continued

Particle ~ O 48 by

artic - -~

E- A Dimensions o =% g3 ® = ~
o8 [} & 5 mig 0 o ~ O ~— &
- 1A T LER K <
3 g a b ¢ @ O -~ =0 F = [ o) [a)
& E S mm mm G ce mm S.Ge gn cm /sec cem/fsec o

Retained on No. 48 Tyler Standard Sieve

BhB.l B .hS B 2 .38 .8&9 Lost 3.0

BiBe2 Q o76 «50 <23 o374 ,00004 L42 2,65 ,000576 L0101 3.85 16 3.96
BuBs3 M 6L  o5h - 409 4153 ,00002 L33 2.8 ,000033 L0101 2,79 9.1 «20

BUS.L, M - 44 W44 .14 ,318 ,00001 .26 -2.8 .000018 ,0100 3,01 7.8 5,50
BUB.5 Q o9 4O .3 +567 ,00006 4B 2,65 4000097 40100 190 23,5 3,52
BL8,.6 Q .gg 10 L16 » 295 ,00002 «33 2.65 ,000031 L0100 3:32 10,9 S5¢17
B48.7 B, L0 .26 ,439 .00005 - LL5 3,0 L,000090 L0101 L,07 18,1 5,45

BO.E ¢ 92 .hg .22 ,3%? .0000L, © 42 2,72 +0000635 ,0101 3442 1lhs2 6,45

BU8,9 Q .62 .26 488 ,00004 J42 2.65 L000057 ' ,0102 g.lu 1.3 435k

ByB,10 T 56 54 ,30 L,548 .00005 W45 »0102 07 2Le2

Retained on No, 60 Tyler Standard Sieve

B60,1 Q .go " #30 426 ,753 .000012 L27 2,65 L0000185 ,0110 8,82 21,6 6,00
B60,2 Q .68 ,30 .25 ,555 ,000025 L35 2,65 ,000037 L0110 4412 13,1 3,58
B60,3 Ga .48 ,32 ,18 ,461 ,000012 ,27 7,50 4000039 ,L011lh 3,63 8,6 = 7.28
B6Osh Q W46 ,32 ,21 ,549 ,000013 .29 ' 2,65 ,000021 L0113 2,93 7.5 5.98
B60,5 Q W40 .36 ,18 475 .,000012 ,L,27 2.65 0000175 0112 2,85 6,8 5,8
B60,6 Q 48 430 +26 L687 .000017 .31 2,65 L0000265 ,0112 3,70 10,2 3,99
B60s7 Q 450 28 .20 4535 .000011 .25 2,65 ,0000137 0110 1.95 L4 11,33
B60s8 B 470 436 413 o260 Lost 3,0 ‘

B60,9 M ,60 42 ,03 ,060 ,L,000005 ,20 2,8 ,0000074 0102 0,96 1,9 12,80
B60,10 F .50 ;38 .03 ,069 ,000005 ,20 2,57 0000068 0102 1,28 2,5 18,50

(Continued on next page)
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Table 1l

(Continued)

Perticle o EE B
° g Dimensions o) g S cEd @ i
°s 1, iy 2 5 e
e 8B b & 2 2 A o 22 e a
a8 S8 e ¢ R F 2 i S
= = mm  mm mm 0 ce nim SeGe gmn cm7Bec cm/sec

Retained on No, 65 Tyler Standard Sieve

BEE.) ' Q w20 522 .20 .<00% . Lost 2,65
B65¢2 Q oLl.2 -28 .13 -381 Lost 2.65 _
B65s3 Q W48 428 423 4630 L000011 <25 2,65 L0000138 ,0102 1,78 Ue37 13,50
B65.§ Q 930 28 421 .T27 4000010 .2} 2,65 ,0000125 ,0102 2,37 5,58 7.45
B65, M Al W36 S0% w101 | Tost 2.8 '
B65,6 Ga JU40 430 +12 o347 .000008 L2 7.50 40000235 ,0102 1,23 2,9 4. 10
BOSLT M L0 536 L0h 3100 “Iost 2.8
BESL0 . Q@ kD weB R20 80 Lost 2.65
B65.9 F U8 zg 020 4592 ,L,000011 .25 2,57 .000013h4 40102 2,03 U4.97 9,82
B65,10 B .68 428 ,12 L276 ,000011 .25 3,00 L000013k 0102 0,61 1,5 10,41

Biotite

Calcite

Feldspar

Garnet

Galena

Mica or Vermiculite
Quartz or Chalcedony
Mixture :

IS BRI B S N

N@Egmﬁow

s SN



Table 1l

Physical and Hydraulic Properties
of
Particles Studied by Schulz

Q
& --iff %0
—~ O 4 o L)
- i Particle o 5 e -8 =
4 —
oK o Dimensions & § et 5 00O 0 g ot
i © A © 0 — g o a e o o
+L 0 (V)] 242 o (ol o o o O S ~—
Pl LA A R ST SO - AR A
P= =g mm mm mm 3 e, ce mm SeGe @M cm /sec cm/sec & ©

Sample of sand from Wolf Creek below Ft. Supply Dam, Oklahoma
Retained on No, 1l Tyler Standard Sieve

Llhel Q 1.94 1.78 1.00 .5 .00170 1,48 2,65 ,00285 L0112 13,03 173 1,52
e 8 180 130 .1.32 . .7 .00108 1,27 2,65 L00175 L0112 15,62 177 0,90
Lile3d @ 1,56 1,k 1,34 .90 LO0IRY 1,39 © 2,65 ,00235 L0112 16,35 204 .83
Llh,g G 1,68 1,52 (117 -«7h - 400338 1,38 ' 2,65 400230 013D 15,96 200 +95
L1ll. Q 1,80 1,62 1,19 .70 L00160 1,45 2.65 ,00265 L0110 16,18 21} «96
Llhe6 X 1,72 1.20 1,26 .81 L0014l 1.39 2,65 ,00235 L0110 16,04 203 Ol
Llh.g X 1092 100 o785 o3 . J00100 1.27 ' 2.65 '¢0007S " 0308’ 10,36 122 2,0l
L1k, Q 1.68 1.56 1,1l L7l L,00136 1.37 2.65 ,00225 L0108 15,78 200 7 T |
L1he9 Q 1,56 1,44 .95 .62 .00103 1.20 2,65 ,L,00165 L0108 13,82 154 1,09
LIG10 ' Q1,60 1,52 319 .00158 1,48 2,65 ,00285 L0108 16,20 222 «98

Retained on No. 16 Tyler Standard Sieve

L16,1 Q 2,02 1,36 1.1} .69 L00150 1,42 2,65 ,00251 L0106 15,95 214 1,05
L16.2 Q 1l.56 1.38 .74 .51 .00080 1.15 2,65 ,L,00132 L0106 12,26 133 1.33
LEbe3 @ 1a72 142 .98 .63  ,00118 1,31 " 2,65 00193 0106 . 13,58 158 1,26
L6t F 154 1430 127 +90 - ,00112 1,28 2,57 00171 L0106 15,05 182 «78
L16. Q 1.6% 1.40 . ¢51 .3% «00058 1,03 2,65 400097 L0105 9.65 95 1,92
L36ub Q1,66 1,20 ..82 o5 «00075 1,12 2,65 ,L,00122 L0105 11,88 127 1.40
L16,7 F 1.70 1,40 1,02 .66  ,00105 1,26 2,57 ,00162 L0105 12,02 145 1.h4l
L1648 Q 1,66 1,16 1,02 .74 400095 1,22 2,65 (00156 L0100 13,95 170 1,10
L1649 Q lolili 1426 096 .71 00084 1,17 2.65 L00140 L0100 165 172 «96
123620 X 1,38 3326 1,03 78 - L,00077 1.13 2.60 ,00122 0100 6 A5,02 170 «8

(Continued on next page
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Table 1l

(Continued)
Particl £ o b
ar cle

© Dimensions (] 'c-u' 3 "3 "; ﬂ

— oo £ 0 - e~ —~

ol :1' & E o E o O ~ O o o

QO & ®© O — £ g o ~ e o

& 3k s e SRR KB F o e

ﬁé o2 mm m  omm 58 ce mm S.G. gm em“/sec cm/sec 2 M o

Retained on No, 20 Tyler Standard Sieve
12041 Q1260 1426 1,02 72 00092 1,20 25565 LO00150 (L,0100 13,98 168 1,075
L2042 137 1,02 .ZB .66 .00063 1,06 2,65 ,L,00103 L0100 12.%2 132 1,19
L20e3 X 1luohf 1:16 .63 .39 .00036 0,88 2,65 ,00059 ,0100 7843 1 9u
L20. Q 1.20 3,00 95  L87 - 200051 0.99 2,65, ,0008 00100 14,06 139
L20, P oi.hh G880 566 ' .59 00037 0,89 2.57 60005 «0110 9.38 76,0 1 gl
L1206 Q 1,uo 1,16 .Zo 55 00048 0,97 2,65 L00087 L0110 9.48 83,7
1207 @ 1.40 1.0 . 56 400043 093 - 2,65 400070 L0110 9.57 81,2 1.75
1208 Q 134 1,2 80 461 00081 1,05 : 2:68 J00099. <0310 12,23 117 1522
L2049 Q 2430 1426 484 66 «00063 1,06 2,65 L00103 «0110 12,06 116 1,26
L20,10 Q 1l.34 1,04 1.05 .89 «00065 1,07 2,65 ,00106 L0110 14,98 146 83

Retained on No. 24 Tyler Standard Sieve

Lgﬁ.l @ le22 1,00 o7h 267 JO00040 0,91 2,65 ,000655 40112 10,17 82,8 1,54
L2le2 Q Lost

L2e3 Q 1le06 12400 81 479 <0004 0,92 2,685 00067 0112 11,92 98,0 1,13
LEh.% 1,26 1,12 -.53 .35 .00035 0,87 2,65 L00057 40110 9410 7241 1,82
L2, Q 0468 0,80 «00023 076 2.65 4000385 L0110 10,56 73.0 1,18
L2hs6 @Q 0.94 0,86 68 .7h 00023 0,76 2,65 L000385 L0110 8465 59.8 1,66
Leh.g Q 1lea40 0,96 .?1 0004l 0.74 2.65 .0003§5 «0108 Teb65 52,5 2,19
L2l X 1400 0,96 465 66 .00029 0,82 5,00 ,002250 ,0108 5,80 Lheo1 1,99
L2h.9 F 1,06 0,80 L67 .73 <0002l 0,77 2.57 4000375 L0106 9,87 ‘7148 1e3%
L2L4.10 1.40 1.00 477 465 .00050 0,98 2,65 4000810 ,0106 11,25 104 1.35

(Continued on next page)
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Table 14

(Continued)
ok
Porticle a pr e B

9 Dimensions 2 o - "

O & 'j & 5 | & 0 O ~ O — -—~
) & o0 0 — £ d < o — £ o]
BE 2R 8 P g . Re & E
EE)'E -r-lg a b c G o = i f

aZ SE mm omm mm A ce mm  S.G. gm cm“/see cm/seec o s

Retained on No, 28 Tyler Standard Sieve

1281 Q@ 80 472 o459 +TT 00015 0466 2,65 000250 40110 9.00 5?.0 l.442
L28,2 Q 1,16 ,80 ,36 ,37 .00013 0,62 2,65 .000210 ,0110 6425 35,3 2,75
L2B.3 Q 94 ,90 ,53 .60 ,00020 0,72 2.65 3000320 40110 8.60 56,3 1.68
L28, g Q 1,00 | y60 .ﬁ§ .73  .00016 0,69 2.65 ,000285 L0108 9+15 5845 1.4k
L28, Q «88 JTh i 258  L00013 0,62 ' 2,65 L000310 L0108 T«28 11,8 2,02
128.5 Q «88 .80 L5, J,65 ,00018 0,70 2,65 .000300 L0108 8420 53,3 1,78
L28, Q 1,28 .86 .6l L,61 ,00035 0,87 2,65 L000570 0108 930 75.0 1,75
L28, Q 1.00 o84 .52 .57 00020 0.72 2.65 ,000320 ,0110 T+80 51,1 2,05
L28,9 Q 1,34 94 .42 438 ,00025 0,78 2,65 ,00041S 40110 6,69 27.u 3,02
L28,10 Q 1,04 = .76 <53 .66 ,00022 0.75 2.65 000362 ,0110 8.80 60,0 1,68

Retained on No. 32 Tyler Standard Sieve

L32.1 Q 90 .80 ,36 13 .00013 0,62 2,65 ,000210 L0110 5.95 33,6 3,02
L32,2 .68 80 435 » 56 Lost

L32.3 Q .82 oTh 46 .79 ,00013 0,62 2,65 ,000210 L0110 8493 51,3 1,35
L32,4 Q 8 W68 ,60 ,L,78 ,00015 0.65 2.65 ,000242 L0108 9,02 5u. 1,38
L32,5 F 1,06 7,62 .48 .59 40001 0,64 2,57 .000228 L0108 .00 Ll.,5 2,24
5 A e T Sl S ,0001l 0,6 2,65 ,000228 ,0108 $52 50,5 1,53
L32.g Q 1,02 .84 .46 .49 ,00018 0,70 2.65 ,000300 L0108 7«15 L6, u 2435
L32. Q 70 .52 W47 .78 .00008 0,53 2,65 ,000131 L0106 700 35,1 1,86
L32,9 Q .72 é o445 .67 400009 0,55 2.65 ,000145 L0106 6.05 31,4 2,61
L3200 0 .86 '8 49 .69  ,00010 0,57 2.65 ,000162 L0106 6439 3lhel 2,45

(Contirued on next page)
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Table 1L

(Continued)
Ok
Particle 2 ne
o v Dimensions g o S8 o~ ~
ae & o o b g8 g 2 " 8
‘5‘5 S" . 8o 2 =2 A P éﬂ 2 g i
c
= mm mm & & ce mm S.G. gnm em /seec cm/sec @ S
Retained on Nc, 35 Tyler Standard Sieve
L35.1 Q .50 .35 .61 L,00005 O.L 2,65 ,000080 ,0103 22,20 3,05
135.2 @ «52 436 .55 ,00006 o.ug 2.65. ,000096 ,0103 23635 3637
L35.3 Q T | .29 .00002 0,32 2,65 ,0000289 ,0103 9.78 5,20
L35, Q o6 .33 .63 ,00004 O.42 2,65 ,000065 L0103 18.55 3.57
L35.5 Q 12 523 49 00002 0,32 2,65 ,0000289 ,0101 10457 LeT72
L35.6 Q '%h «30 .52  ,00005 O0.45 2.65 ,000080 L0101 19480 U405
TE35:7 Q 50 430 .56 .0000l4 O.h2 2,65 .000065 L0101 17.88 3,98
L35, 8 Q A | .gs .00002 0,32 2,65 ,0000289 ,0101 10.83 L50
L35.9 Q o148 47 .81 ,00006 0,48 2.65 ,000096 ,0101 5 32 1,95
L35.10 Q 56 43 .73 .00006 0.48 2,65 .000096 L0101 2945 2,15
Retained on No, h2 Tyler Standard Sieve _
Luz.l_ Q ol +23 .51 ,00002 0,32 2.65 ,0000289 ,0100 10,89 L.60
Lhz X Q «38 .35 .75 .00004 O.42 2.65 .000065 0100 26 45 2,03
Lij2.h, Q Wil 436 .70  L,00005 0,45 2,65 ,000080 L0100 g 2,10
L42.5 Q A6 26 L8  ,00003 0,38 2.65 ,000049 L0100 12. 3 5.80
hese  § e38 43 .88 00005 O.45 2.65 L000080 L0100 28,3 1,95
Liy2.7 Q 36 .37 .82 .00003 0.38 2.65 ,000049 .0101 15098 2.92
Lh2.,8 Q@ 40 o35 .75 .00003 0,38 2,65 .000049 L0101 15,98 3.68
Lh2.9 Q 40 34 .67 L00004 O.h2  2.65 .,000065 L0101 18.48 3,73
L42.10 Q 48 37 .68 ,00005 O0.45 2.65 ,000080 L0101 23.15 2,90

(Continued on next page)
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Table 1l

(Continued)
o &
Particle g e 4::_;;

o Dimensions © 'c_u’p o 0 e —

— q 5 8 0 s 0 o o —
[0 1 & o = D O ~ O o -J"
o~ © £ ) i £ d <l 1 —

gg. 5 a b c gg = = F %b > i .
aE S8 mm  mm mm U ce mm S«Go egm em”/sec cnfsee = (S

Retained in No., 48 Tyler Standard Sieve

LBl Q 42 4O 30 .75 .00002 Q.32 2,65 ,0000289 0110 3475 10.90 3,72
whs2 qQ 386 36 .2% .64 .00002 0,32 2,65 ,0000289 ,0110 3,10 9,00 5,36
ThO.3 Q 52 46 o «53 .00003 0,38 2,65 0000490 (0108 3,30 11,72 6.19
IS Q 5h <46 20 4O  L,00002 0,32 2.65 .00002089 ,0108 2,91 8,70 6.21
IHB.5 Q 462 .38 ,35 471 L00003 0,38 2,65 ,0000490 ,0108 L.25 15.21 3,65
Ih6s6 Q 42 432 27 <Th 400002 0.32 2,65 .0000289 ,0106 L.07 12,30 3,20
LhB.7 Q o4 40 21 .51 ,00002 0,32 2,65 ,0000289 ,0106 2,80 B.45 6,75
Ly8.8 o5 e38 W34 .75 .00003 0,38 2,65 ,0000490 0106 5.75 20465 2,02
LRSS Q 5k .30 31 +00003 0,38 2,65 ,0000490 ,0106 3,65 13,08 L.97
L§0.10 Q <4 36 .26 6u .00002 '0.32 2.65 .,0000289 ,0106 3,10 9,35 5,48
Retained on No, 60 Tyler Standard Sieve
0.1 Q' ohli <36 Ok ' 1} 2.65 Lost
IS0s2 Q- ohh 3 N .50 ,000012 0.28 2.65 .0000195 ,0110 2,48 6.32 7.91
L60.3 Q o’-l-u— .3 20 2.65 Lost
60k Q 2 30 2.65 Lost
005 ' Q' w3 30 16 | kB J0D000T 0.22 2,65 .0000118 ,0110 1,86 407 12,03
L60,6 Q - <42 36 .18 .u7 .000010 0.2 2,65 ,0000255 40108 2,20 5430 9.40
L60, Q! &k 26 <20 .000009 0,25 2.65 ,0000135 ,0108 1,75 L.05 11,50
L60o Q, .J-]-c? .26 12 .35 2.65 Lost
L60¢9 Q a38 ; .3’.[. 2.65 Lost
L60.10 Q .60 .3!-} 2.65 Lost

(Continued on next page)
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Table 1L

(Continued)
58 b
Particle 26 oo - S
3 Dimensions o) g-g = 8 - g -:.F —~
o& 'EJ & § . ﬁ g 0 —~ ~— 'Ug
33 §° a b c %g § §8 P EQ gg [} ;
52 EEE; mm mm mm o ce mm o AR cmz/sec em/see ™ "
Retained on No, 65 Tyler Standard Sieve
LOE.E Q[ «2B 428 422 . 78 @ 000007 0423 2,65 0000302 0106 1460 348 11412
L65¢e2 Q J40 28 19 .58 .000008 0,2l; 2.65 ,0000118 ,0106 1,12 2,54 14,00
I65.3 Qi &b 426 (12 W3l L000005 0.21 2,65 0000070 40106 @ 1.68 .3 13,01
L6544 Q 30 428 .23 .82 L.000007 0e23 2,65 0000102 (0110 2,27 L.75 7.95
L65:5 Q 36 .20 423 .87 000006 0,22 2.65 .0000087 0110 2,08 L.59 8.21
L65.6 Q 632 .20 417 69 000003 0,19 2,65 L0000071 ,0100 1,92 3.65 9.43
L65.7 Q 432 30 .22 .68 .,000009 0.25 2.65 .0000135 ,0100 2,86 7.15 Seli2
L65.8 Q .36 .32 2e 65 Lost
IO58 Q. 40 430 220 58 < J000011 D.27  2.65 JOOOO1T70 L0200 24851 6.8 Tel45
L65,10 Q 14O ,26 .19 .61 ,000009 0,25 2,65 ,0000135 0100 1,72 Ue3 9679

F « Feldspar
Q = Quartz or Chalcedony
X = lMixture
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Table 15

Drag Coefficient as a Function of Reynolds
Number for Naturally Worn Sediments
(Taken from Composite CptRe Graph, Fige. 1l4)

Re Cp
sf = 0.3 0.5 0,7 0,9 1,0
105 25.0 21 1951‘- et 1900
2 20.2 16-8 15!’-’- o 1’.].09
3 1L|-09 120”- 11.2 4ol 10-8
g 12.0 9.9 8.9 et 8!6
b 10.3 8.5 7-5 o 7‘2
6 9-1 7.“—5 6@5 . 6-3
7 8ol W 5,85 o 5.6
8 705 601 503 - 5.05
9 6.9 5.65 4e9 - L.65
10 6.5 5+25 455 -- Le3
15 5.05 Ll-ol 30%5 e 3-23
20 Le3 3.l 2,68 2. 75 2.68
30 3.5 2.72 2.28 2.1 2.08
40 3.1 2.35 1.94 1.81 1,75
50 2,85 2.11 1.74 1,59 1.56
60 2. 70 1.95 1.60 1.45 1.40
70 2,60 1.83 - 1.49 3:33 1,29
80 2452 1,75 1.41 1.25 %5 |
90 2.47 1.67 1.35 1,18 1.1%
100 2.45 1.61 1.30 . 3.0
150 2,36 1.45 1l.1L U .895
200 2.34 1.38 1.07 8l .79
300 237 1.30 1.02 o 75 67
1400 2.40 1.30 1.00 + 13 »60
500 2.45 1.31 1.00 .695 «555
600 2.50 1.33 1.02 .685 0528
700 2.55 1.37 1.03 .683 .502
800 2.59 1.40 1.03 .680 1188
1000 2,65 1.%8 1.0 675 + 160
1500 2.70 1.61 1.14 .670 1128
2000 2.70 1.68 1.17 670 410
3000 2.63 1,70 1.20 .680 01100
000 2655 1,70 l.21 682 «1100
000 20l 1.67 1.20 .695 #1401
6000 2.38 1.66 1,19 « 700 »1,02
7000 2.31 1,63 1.18 « 705 4O
8000 2.26 1.61 2% <705 140
10000 2,17 1.57 1.1% . 710 o110
15000 2,11 1.40 1+0 o711 el 1l



Table 16

Drag Coefficient as a Function of
Reynolds Number for Crusher Fragments

(Taken from Composite CpiRe Graph, Fige. 15)
Re CD
gf = 0.3 0.5 007 009 1.0
1-5 2&.5 2103 1905 —— 19.0
2 1909 1609 15-5 —_—— 1&09
3 1u.6 12-3 11e3 - 10.8
u lloB 9.9 809 > 805
5 10-2 8.55 7.5 - 7.15
6 8.95 Te5 6.6 - 6.25
7 8,05 6.7 5.9 - 5455
8 Te33 6,15 535 - 5ol
9 6-80 5.7 ho95 e i htés
10 6- J-I-O 503 ,-l-o 60 ST LI--3
15 5.02 4e13 3.55 -— 3.26
20 lj.28 3.52 3,00 2.75 2.7
30 3.5 2.85 2.38 2,18 2.10
Lo 3.15 2.5 2.06 1.86 1.76
50 2.92 2.28 1.86 1.66 1,56
60 2,8 2.1 1.72 1,52 l.41
70 2.70 2.05 1.63 991 § 1,29
80 2.66 1,96 1.54 1.34 S s
90 2,62 1.94 1.47 .27 1.15
100 2,60 1,88 1.43 1.22 1,09
150 2.67 1,78 1.30 1,06 .90
200 2'83 1!75 1.23 .98 l?g
300 3,08 1,75 ;21 .89 .67
00 3.20 1.77 1,22 . 865 .60
00 3.22 1.78 1.23 .858 .56
600 3.25 1.82 1.24 .855 +528
700 3.2 1.83 1.27 .855 502
800 23 1.84 1.28 .855 ;88
900 3,22 1.86 1.29 857 U473
1000 3,18 1,88 1.29 .860 U160
1500 3.08 1.88 1.30 .863 1126
2000 2.99 1.90 132 .866 410
3000 2.90 1.89 1,32 .869 1400
4000 2.79 1.86 332 «870 .00
6000 2.68 1.80 1,29 .865 1102
7000 2.62 1,76 1.28 .855 .10
8000 2.57 1.72 1.27 8L2 o140
9000 2,52 1.69 1.2 .825 «1,08
10000 2.48 1.67 1.22 .800 110
15000 2.35 1.57 1.19 . 750 01410



Table 17

Drag Coefficient as a Function of Size
Coefficient for Natural Particles
(Taken from Figs. 20 and 21)

cs Cp cD
For naturally worn sediments For crusher fragments

sf = 0.3 0.5 0,7 - 0.9 1,0 0,3 0.5 DsT | 0:9 1,0

20 28,0 21.1 . 18.2 -= 16,3 200 | 22.2 | 204e - 643

b Rl TR ouE T s BB R e

1000 Ve iS 2.02 2,25 . 1.98 1.88 3508 2,88 2,32 2i0b 1,88

ly, 000 -5 - [l U - TR W 7 Gl - 1e33 2:76 2,06 1,56 1,32 1,13
10,000 2ol - 1,50 1,18 0,92 0.845 257 1082 132 1,05 0.8445
20,000 2432 - 1:38 2,06 0,780 0,708 258 ' 1e70 ' 1423 096 | 05705
40,000 2,30 - 1,30 1.02 0,710 0,595 2,69  1.74 1.20 0,895 0.595
70,000 2832 . 2,27 1501 0.G85 . 0.5%0 249 1.7 1,21 0,860 04530
100,000 . 2,33 - 1,28 1,01 0,675 0.495 30 1le7 1.23 0,850 0,495
400,000 2,50 | 1,41 1,07 0,665 0,420 3s21 1,86 1,29 0,865 0,420
700,000 2.60 1,50 1,12 0,665 0,407 3:20" 1387 1.9 0875 0,407
. 1,000,000 2,68 1,58 1,16 0.680 0./,00 3.19 1,89 1,30 0.835 0.400
2’000’000 2;72 5 1.65 1.18 Ol682 0'397 3.12 1090 1031 0.8 0 0.397
ly, 000,000 2470 - 270 1,20 0,685 0,397 .01 - 1490 @ 1,32 0800 04397
7,000,000 2883 . 1,70 1,20. 0,687 0,400 2,93 1,88 1.32 O.BZS 0,400
10,000,000 258 1,69 1,19 0,695 0,405 287 1.6 ' 1,30 0,860 0,405

20,000,000 205 1466  1.17 0,706 - 2,76 1.80 1,28 0.835 -

30,000’000 2.37 1.62 1.13 - - 2.68 1.7'-!- 1026 - - e

40,000,000 a3l 3460 | 1411 s -- 2663 171 1423 == -

50,000,000 225 157 -- - —- 2,58 1,68 - - -



Table 18

Velocity Coefficient as a Function of Reynolds Number
(Taken from Figs. 22 and 23?

Cy Re Re
For naturally worn sediments For crusher fragments
sf = 0,3 0.5 0.7 0.9 1.0 0.3 0.5 0s7 0.9 1.0
.00000003 —— i et - 9800 - —— - - 9800
« 00000007 - - -= 6100 1,000 - o ~= 8100 1000
«0000001 - -= 7700 L4450 2800 - ~-- 8500 5950 2800
«0000002 7600 5600 L4080 2290 1470 8600 6100 LL50 3050 1470
0000004 250 2950 2030 1180 30 L4670 3200 2260 1500 30
0000007 2540 1620 1080 665 540 2800 1850 1280 850 540
000001 1780 970 690 470 L10 2000 1280 870 586 410
. 000002 880 L2s 340 262 248 1070 625 L0o8 302 218
«000004 L16 225 186 158 153 sgo 294 210 173 153
+ 000007 226 142 117 107 103 260 165 128 112 103
,00001 151 106 90 8l 80 180 119 96 85 81
«00002 82 6%.5 55.6 52,5 50,5 86 66,5 584 531 5045
«00004 47.0 38,5 34.6 33.5 32.5 L8 40s8 35,6 33,5 3245
«0001 2L 6 21.5 19:l == 18,1 2562 22,2 19,7 18,5 18.4
.000L 10,2 9.0 8.15 - 8.0 1063 962 8:3 == 8.0
«001 568 52  L.85 -- I 70 569 552 1485 wm L4 70
.00 256 2433 2,22 == 2,18 2:58 2433 2,22 == 2,18
.00 . 1.?2 1-58 1.50 - 1.'.[.8 1.72 1.58 1.51 Ve 1.'.'.8
.01 1 53 10,41 1033 i 1029 1-50 1.'-]-0 1033 comig 1.29

(6150-53) ¥
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