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NOTATIONS AND DEFINITIONS

FLT
Symbol Units Dimensions Definition
A _ (cm)2 12 Maximum projected area of a particle.
A, (cm)2 L2 Projected area of a sphere of the
same volume as the particle,
A nd_2
B
a mm L Major axis df a particle.
b mm L Intermediate axis of a particle.
c mm . L Minor amis of a particle.
2
Cp - - Dreg coefficient Cp = -Eéém = F/dn
oW /2 pn/2
C - - Size coefficient C, = 4 .
8 s ;'?55
f
| = AY
Cor - - Velocity coefficient, C, = ___;23 .
Pp ¥
d mm L Diamster 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.
dj mm L Inside diameter of the fall-column.
dn mm L Nominal diameter (diameter o{ a sphere
having the same volume as a particle).
dg mm L 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).
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Symbol Units
dgy -
F gn
g cn/sec?
k -
K -

Kq -
Ky -
m -

Re -

Se cm

S cmz
sf -
v cm3

v cm/sec

FLT

Dimensions

L

L/T

Definition

Sieve diameter (sieve opening of the
sieve preceding the sisve on which

" the particle was retained).

'Net gravitational force on the parti-

cle falling in the fluid,
- g2 _
=z (P, - Pg) &

Acceleration of gravity
(980.7 cm/secz).

Voiume constani proposed 2? Heywood
(k = volume of particle/d

or k =%<jd‘n>3).

Shape.coefficient proposed by
Malaika (K = v/vg).

Ratio of nominal diameter to sedimsn-
tation diameter d,/dg.

Ratio of sieve diameter to sedimsnta-
tion diameter dgy/dg -

Boundary correction for experimental
drag coefficient.

Reynolds number (usval form - wd/y
although some special varia-
tions occur in this report).

Surface area of a sphere having the
game volume as a particular particle.

Surface area of a particle,
Corey shape factor = ¢/—/ab.
Volume of particle.

Fall velocity in data of Serr, Corey,
Malaika and Wilde.
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:
: FLT
' Symbol Units Dimensions Definition
] Vg cm/sec L/t Fall velocity of a spnere having same
volume as a particle as used in
Malaika's data.
’ w cm/sec L/T Fall velocity as used in this report.
= - Particle rougnness parameter.
€ g P
. ' n gm sec/cn?  Fr/L2 Dynamic viscosity.
v cm2/sec L2/'l‘ Kinematic viscosity = p/p.
Pr gm sec2/cm4 F‘1‘2/L4 Mass density of fluid.
Pp gn sec/cm[‘ F‘l‘2/LZ’ Mass density of particle.
¢ - . - Shape factor proposed by wadell,
(¢ = de/De).
- - Shape factor proposed by Wadell
(Y = 3e/s).
e} - - Shape factor proposed by Krumbein

- 3
(efi= \f(b/a)z(c/b). )
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FOREWOHD

This report summarizes a number of years of research in sedimant
engineering cpnducted'in the hydraulics laboratory at Colocrade Agricul-
tural and Mechenical College. Under the direction of Dean N. A,
Chfistensen, Eugene Serr III proposed in a Master's Thésis a3 & shape
factor, a simple ratio of sedimentation diamster to sieve diameter.
Later under the direction of Professor M. L. Albertson, Head of Fluid
Mechanics Pesearch, A. 1. Corey, R. H. Wilde and &. F. Schulz conducted
investigations using a shape factor proposed by Corey and natural sedi-
mentary materials from different sources ranging in size from 1/4 mm
sand to 1 inch gravel. During this sames period under the direction of
Professor J. S. McNown at State University of lowa, Jamil Malaika con-
ducted experiments in oil using steel particles with regular geomstric
shapes.

In 1952 a grant was made avallable to Colorado Agricultural and
Mechanical College through its Research Foundation by the Corps of En-
gineers, Department of the Army, for the purpose of assembling this
report and obtaining the data for the g;avel 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 encouragerment and for supplying the initial incen-
tive 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 encouragemsnt and for reviewing this report.




In the interest of maxdmum utility, all of the available
‘measurements and other data have been included in the Appendix.
- The authors hopsa tha£ in this way the data will be available to -
others for future improvement in the techniques of sedimsnt

engineering.
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ABSTRACT

Techniques used in modern sediment engineering require kmowledge
of the fall velocity of sedimsnt particles in water. Under certain
conditions the fall velocity of a sphere can be computed using Stokes
Law. Stokes Law, howsver, 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 lcsses 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 eipresses the relative importance of the inertial forces to the
vliscous forces in the motion of the fluid around the particle. Stokes
Law is valid when the viscous forces are yhe predcminate cause of the
resistance of the particle. As Reynolds numbers becoms 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 sphere approximately 0.1 mm diameter falling in
water at 20° C (68° 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 in-
volved. The principal parameters employed were the Reynolds number
(ratio of inertial forces to viscous forces), the drag coefficient (in-
tensity of drag force) and the shaps 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.

xii




) 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 dimensionless parameters previously listed could be

computed and a graph of drag coefficient varsus Reynolds number with the
shape factor as a third variable could be preparad. 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 par-

S

ticles were also dropped in oil. Because of the viscosity difference

4 between the water and the oil, thé larger gravel-sized particles had
Reynolds numbers between 1.0 and 500 when dropped in oil. It was found
that the effects of surface roughness could not be ignored; thereforo,
data obtained from the extremely rough particles were separated from the
p more rounded material by plotting on separate graphs.

The data obtained by Krumbein and Malaika in.tosts on artificial
particles wére also plotted on these two graphs.

Other information regarding the extent of variation of the shape

factor, relation of average shape factor to sieve size, relation of sieve
" size to nominal diameter and intermediate axes, relation of sieve diame-

ter to sedimentation diameter and shape factor have also been investi-

gated. A1l the available data have been assembled in the Appendix.

xiii
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Chapter I

INTRODUCTION

The success of many irrigation and flood control projccts bas been
seriously hampered because of man's inability to cope with the problems
brought about by the presence of large quantities of sedirants or other
problems associated with sedimsntation. Soma of these might havs been
avoided in the design stage had present day information end knowledge baen
available to the designers. Other difficulties bocause of ssedimont en-
countered in the current oporation of irrigation and rivser control proj-
ects might at least be alleviated, if not eliminated, by a better under-
standing of factors involved in the process of sedimentation.

Sediment Problem in Enginsering

Modern sediment engineers have been greatly handicapped by ths lack
of physical msasuremants required to describe fully the farces governing
the novemsnt of sedimsnts. Recently, theoretical mesthods have been de-
velopad for desoribing the movement of sedimsnt and predicting the amount
of sedimant being transported in streams. To employ these theoretical
mathods, certain average hydraulic properties of the sodimant and also the
extent of wvariation of these properties from the average must be kmown.

Fall Velocity -- A Fundamsntal Propsrty of Sedimsnt

Salient among these sedimsnt propertics is the terminal fall velocity
or sottling wvelocity. Investigators have knomm for considerable tima that
the fall velocity is an important consideration in reservoir ssedimsntation;
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.
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Factors Affecting Fall Velocity

Many factors influence the termigal velocity or fall velocity of a
single isolated particle, the most important factors generally considered
are size, shape, density of the p;rticle, proximity of boundaries, par-
ticlq concentration, and viscosity of the fluid. Although it is difficult
to isolate these factors and study them individually, certain generalized
statemonts can be made concerning them.

Particle size: The size usually is considered the most important

variable end is sought as a criterion to determine which forces will have
predoninant action on the particle moving in the fluid., Size would be an
easy variable tc measure if all sedimentary particles were of regular geo-
maetric shaps such as a sphere. The exact size of tha larger particles
like gravel can be determined easily because the particles are large enough
to handle, examine, &nd measure,

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

Particle shape: The shapa of the particle, although secondary in im-

portance to size, cannot be ignored because many of the differences and
discrepancies of the fall velocity for & particular size can be explained
by measuring or describing the shape.

Particle density: The particle density is relatively unimportant be-

cause the density of common sedimentary particles varies between narrow
limits, Actually, the important factcr associated with particle density
iz the particle density relative to the density of the fluid medium. If

the fluid medium is water, the rslation can be simply expressed as the

2
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Table 1
S8ediment Grade Scale E/

(Subcommittee on Sedirment Terminolozy, A.G.U.)

Approximate Sieve Kash
Size in Millimsters Microns Inches Openings per Inch Class

Tyler U.S. Standard

4000-2C00 160-80 Very largs boulders
2000-1000 : 80-40 Large boulders
1000-500 40-20 ¥odium boulders
500-250 20-10 Small bouvlders
250-130 10-5 Large cobbles
130-64 5-2.5 _ Small cobbles
64-32 2,5-1.3 . Very coarse gravel
32-16 1.3-0.6 Coarse gravel
16-8 0.6-0.3 2} ¥sdium gravel
8-4 0.3-0.16 5 5 Fine gravel
4-2 0.16-0.08 9 10 Vory 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
1/2-1/4 0.50-0.25 500-250 60 60 ¥adiun sand
1/4-1/8 0.25-0.125 250-125 . 15 120 ~ Fine cand
1/16-1/32 0.062-0,031 62-31 Coarse silt
1/32-1/64 0.031-0,016 31-16 ¥adium silt
1/64-1/128 0.016-0.008 16-8 Fine silt
. 1/128-1/256 0.008-0.004 8-4 Very fine silt
1/256-1/512 0.004-0.0020 4=2 Coarse clay
1/512-1/1024 0.0020-0,0010 2-1 Medium clay
1/1024-1/2048 0.,0010-0.0005 1-0.5 Fine clay
1/2048-1/4096 0.0005-0.,00024 0.5-0.24 Very fine clay

a/ Rouse et al., Ingineering Hydraulics, John Wiley, 1950, p. 776.



specific gravity of the particle. Since quartz and the silicas occur so
frequently in natural sediments, the average Specific gravity of sedi-
ments is commonly assumed to be 2.65. The average spscific gi'avity. of
common sedimenta;'y minerals is shown in Table 2.

Table 2

Specific Gravity of Common Sedimentary )Minerals &/

MINERAL ; : SPECIFIC GRAVITY
Beryl : 2,75 - 2.8
Biotite 2,8 -3,2
- Calcite 2,72
Coal | 2.3
‘Dolomite 2,85
Galena T - 7.6
Garnet , 35 - 4.3
‘Muscovite (}ca) 2,76 - 3.1
Microcline (Feldspar) 2,54 - 2.57
Orthoclass (Feldspar) 2,57

Quartz (Calcedony) 2,65

~

a/ From Dana's Handbdok of Minerology.
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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 bgt only slightly with changes in pressura. Ir fact, the

variation with pressure is so small that it can be ignored so that vis-

cosity is considered a function of temperature only. The fluid proper-

ties of density, dynamic viscosity, and kinematic viscosity of water are
plotted'as a function of temperature in Figure 1.

Present Techniques Used in Scdiment Analysis

.

Presently accepted techniquses 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 Mater-
ials or the reports of the Cooperative Federal Inter-Agancy Project (1)
(2).

Geomstric size and submerged weight are ths primary propertiies of a
sediment particle which influence its behavior 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 iz sometimss con-
sidered to be synonymous with size (since specific grevity is so near e
constant for most natural water-borme sediments), the size thereby be-
comos the most important property of sediment and of greatest significance
in sediment-éngineering. The properties of particle shape, fluid density
and fluid viscosity all are associated with ths drag or resistance of the
particle and ere therefore associated with the force which can be mobi-

lized to act on the particle.
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Sieve and Sedimentation 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 using cdlipers 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 determina-
tion can be one of considering each particle individually.

For the size range from fine sand (1/16 mm.) to medium gravel
(16mm.) the usual method of size determination is by sieving and the
measured size is termed the sieve diameter (23:775). Sieving sorts the
particles according to a range of sizes and it is assumed that the par-
ticles are sorted according to their intermediate axes (b dimension).

This is true only if the particles are thoroughly agitated for a suffi-
cient paeriod 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 de-
termination for particles smaller than the No. 200 sieve (approximately
1/%% mm.) (23:775). The size distribution of particles smaller than silt
sizo (1/16 mm.) is determined by using any one of a number of methods
classified as sedimentation mathods (1).

The sedimentation methods sort the particles according to the hydrau-
lic properties rather than by actual physical measuremsnts and the size is
then termed the sedimentation diametcr. The properties of shape and spe-
cific gravity are indeterminably confuseq with the size analysis when the

scdimentation methods are used.
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Specific Gravity: Because the relative weight of the sediment in

the fluid is the desired variable, specific graiity is usually deter-
mined instead of density. Considerable variation in specific gravity
exists in perticles of large size (larger than gravel - 4 mm.) because
the mineral composition depends upon the parent rock. In nature most
sands are composed of quartz (SG = 2.65). Thereforé, the specific grav-
ity 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 thege fine materials tond 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 clay. In certain prob-
lems these variations in specific gravity could easily account for large
discrepancies in fall wvelocity.

lack of a Shape Standard: Of all the variables influencing the fall

velocity, only shape lacks an easy and widely accepted definition. This
1éck of generally accepted and easily msasured 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 helpful in formulating a sat-
isfactory and useful method of describing shape.
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Chapter II

REVIEW OF LITERATURE

With the more complete utilization of stream flow to fill the ex-~
panding needs of irrigation and the increasing demands for municipal and
domestic water supplies, the problems resulting from the presence of sed-
iments in the streams and sedimentation in the stream beds and reservoirs
have become evident and in many cases aggravated. In utilizing this
stream flow, msans have been devised for separating the wanted water from
the unwanted sediment. In many cases much of the sediment has been dis-
charged 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 unsolved. To employ the turbulence theory on
these problems, more must be knovm 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 sep-
arate the sediment from the water. Ths fall velocity is useful also in
predicting the location of the sediment deposits in existing or potential
reservoirs.

Anothér need for knowing the fall velocity was demonstrated 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
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to prevent movement of the bed mate;ial inté suspension, the stream
velocity must not exceed the critical velocity of the particles compris-
ing 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 required to prevent sedimentation.

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

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 con-
ditions, later called Stokes Law, which defined the fall velocity of
sphere3 falling under the action of gravity in a fluid medium of known

viscosity. Stokes law is expressed as follows:

w = m— (SGp - SGf)

where
~w - fall velocity,
d - diameter of the sphere,
SGp - specific gravity of the particle,
SG¢ - specific gravity of the fluid,
- ¥~ specific weight of water,
B - dynamic viscosity.

Later metallurgical engineers, concerned with ore dressing problems,
recognized that there was a significant difference in the fall velocity
of different rock particles., In 1908 Richards (24), a mining engineer,

studied the fall velocities of crushed quartz and galena particles.

10
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Richards studied sieve fractions ranging in size from 0,32 to 11.93 mil-
limeters. He observed that the drag coefficient was no longer a function
of ﬁeynolds number for particles larger than 1,55 mm. diameter. Further-
more, 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 quartz 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 smaller than about 0.14 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 0.14 mm. He stated that this second law applied to
the "impact" range because the resistance 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 "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 dif-

ference in this coefficient for the quartz and galena was because of the

11




difference in the characteristic shape of the crushed quartz and galené
particles.

In 1934 A. P. Zegrzda (42), a Russian engiheer, plotted some original
experimental data together with.other available data on a type of Cp:Re
graph.ﬂ/ When plotted in this manner, three logical ranges appéared.
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 remeined constant and was therefore indepsndent of Reynolds
number. He found that the drag coefficient varied greatly for any par-

ticular 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 Reynolde number.

Zegrzda used both smooth spherical balls and "natural sedimsnt" par-

“ticles of sand, To obtain fluids of different density and viscosity he

used water and different petroleum products. In this waYy he could vary
the viscosity by dropping the same particle in the different fluid medi-
ums. He found that data using the smooth balls plotted a smooth curve on
the Cp:Re graph regardless of the fluid médium used, On the other hana
he found that the curves for the sand grains droﬁped in water would not
fit the curves for the same sand grains dropped in the oil. He ‘explained

that this discrepancy was caused bY the influence of the relatively rough,

5/ A short English summary of Zegrzda's paper is presented in the

appendix.

12
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irregular surface of the sand grains on the flow pattern around the par-
ticle. Therefore, he recommended that for sedimentation studies, water
only be used as the fluid medium.

Actually the effects 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 prgsent, are of minor impor-
tance relative to inertial forces. This relationship is true for any
particular Reynolds number, regardless of the fluid used. The validity
of the assumption that Reynolds number completely accounts for the ef-
fects 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 par-
ticle to the actual surface area of the particle. He also suggested the
presently accepted definition of sedimentation diameter (i.e., the diam-
eter of a sphere having the same terminal velocity and specific 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

13




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—constructed.circular grid over the projected image

and observing the diameter of the smallest circle which surrounded the
image. The ﬁeakness of Wadell's simplified sphericity coefficient lies.
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 "fine-
ness" of rock crusher materials suggested a "volume constant" as a shape

parameter. The volume constant, k, was defined as:

kE volume of particle

&

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:44) 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" of par-

ticles formed of molded portland cement moftar, verified the relationship‘ :
between fall velocity and critical velocity of a stream of water required
to move a particle on the bed. Becausé he made artificial particles, he
could control the shape, density, volume, and nominal diameter. The lat-

ter three variables were held constant for all the particles. Krumbein




S s e i S

i o ST i

TSRy T v MW

suggested the following expression for the shape parameter:

2= (v/2)2 (c/v) e ol

where a - the longest axis of the particle,
b - the intermediate axis of the particle,

c - the shortest axis of the particle.

-

His investigations showed this shape parameter was related to

the sphericity as defined by %adell. He plotted the b/a ratio
versus the c/b ratio and drew lines of equal sphericity on the
plot; thus the true sphericity could be determined using definite

and measurable dimensions a, b, and c.

In 1948 E. F. Serr (31) compared the difference between
the sieve diameters and the sedimentation diameters of £en samples
of sind obtained fronm widely different sources. He studied
eight sieve fractions between the No. 10 and the No. lQO Tyler
standard sieves. He suggested using #he ratio of theysedimentation
diameter to the sieve diaméter as the éhape of the particle. Serr
found little difference in the sieve diameter and thé sedimentation

diameter for the particles correéponding to the No. 100 sieve size

indicating that shape had little influence on the fall velocity of

small particles (approximately 1/16 mn.) because they were in the

viscous range of Reynolds nusber., He also found that the drag

15




coefficients for fhe most angular sémples became independent of
Keynolds number at a nominal diameter of about 1.4 mm. For the
more spherical particles this does not occur until the nominal
dianeter becomes as large as 7 mm. to 10 mm., which was out of the

range of Serr's work.

In 1949 A. T. Corey (3) working with discrete individual sand
particles suggested a simplified shape parameter which he called the

shape factor sf:

Cc

where

[+
1

the longest (or major) axis of the particle,

o’
t

the intermediate axis of the particle,

(o]
{

the shortest (or minor) axis of the particle.

All axes were mutually perpendicular.

5 g s B _ —
Corey selected ten representative sand particles from each of five
sieve fractions between the No. 4 and the No. 14 mesh Tyler standard

sieve. He examined in this manner sand samples from 4 different sources.

He found that the fall velocity for 2 particles of the same weight and
falling in the same fluid medium could vary as much as 100 percént.depehd?

TR A T e NN ar XA - ~
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ing upon the shape Efxihe'paftiéle.’ Thus de@onstra%iné that for a funda— = .
mental study the individual particles must be studied. Coréy selected

the expression ¢ / -~/ ab for his shape factor because he and others

16
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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 Krum-
bein 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 hich was not accounted for in Wadell's simplified spheric}ty
coefficient. Hence the form c/ -\/ZE- is a logical dimensionless shape
parameter expressing the relative flatness of the particle.

Corey expressed the drag coefficient and Reynolds number in two

different forms:

cp = F/ab
2
p W /2
- i)
RB— W
v
and 2
6 < F/dp
n 2
pw/2
Re. = wdp,
a7y
where
Cp - drag coefficient,
C, - drag coefficient (using nominal diameter),
n

Re ~ Reynolds number,

Rgn - Reynolds number (using nominal diameter),

F - force causing motion (buoyant weight of particle),
P - mass density of fluid,

w - fall velocity of particle,

a - major axis of particle,

17
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b - intermediate axis of particle, G
¢ = minor axis of particle,
d,, - nominal diameter of particle,

V - kinematic viscosity of the fluid, ®/p TR AN e

B - dynamic viscosity of the fluid.

When he plotted Cp versus Re, using the first two expressions for Re and
Cp, he found difficulty in drawing the linés of constant shape factof.
On the other hand he found it reasonably simple to draw lines of constant
shape factor through his experimental data when Re and CD were expressed
in terms of nomiﬁal diameter. He concluded then that the nominal diame-
ter should be used for the characteristic length and area in the Reynolds
number and drag coefficient parameters.

In-l949 Jamil Malaika (11) reported the resistance characteristics

of twelve machined steel shapes. He dropped these particles in six dif-
ferent types of o0il and also varied the temperature. This technique per-
mitted him to vary the Reynolds number between Re = 0.001 and Re = 1000.
Malaika also spent coﬁsideragle time investigating the proper posi-
tion to ;elease‘the particles in order that stable motion might occur
when the particle was released. He used a unique electromagnet to hold
the steel particie rrior to release. Krumbein (8), Rubey (26), and
others (23) had previously stated that the particles would tend to orient
themselves unt;l-thg maximum cross section was normal to the dirgqtiop'of
motion, Malaika observed this stability over a wide range of Reynolds

number. His findings are summarized as follows:

1. Zone of deformation drag (Re<0.1).

Particles were stable in any position provided the

18
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center of gravity of the particle and center of
resistance were on a line parallel to the path of
T motion.

2. Zone of surface drag (0.1 <Re <500).

The particlés oriented themselves so that the largest
cross section was normal to the path of motion. The
particles were quite stable in this position.

3. Zone of eddy formation (Re=500).

Formation of eddies in the wake affected the stability
of the orientation of the particle.

In 1§50 McNown and Malaika (14) developed a shape parameter in the

form

¢/ =Jab.
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,

K = 8
=2,

where Wg is the fall velocity of a sphere with diameter equal
to the nominal diameter of the particle (sedimentation
diameter),
w 1s the fall velocity of the particle.

A graph of K versus c/ -~/ ab in parameters of b/c was presented

based on Malaika's previous data taken from his experiments with the

- twelve machined steel particles dropped in various types of oil.

19




Corey's simplified shape factor (which was also developed by McNown
and Malaika) is simple and therefore practical to use, is in dimsensionless
form and therefore a perfectly general form of the shape factor, and is a
simple and direct method relating the difference betwesen the sieve analy-
sis 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 studi;d, the behavior and
characteristics of natural particles have been investigated only reqently.

A description of the shape of natural particles is Wadell's coefficient

wnjn

of sphericity (Y = 5 ). The determination of this coefficient is diffi-
cult and, while 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 involve either the measurement of:

1. 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 fac-
tor (sf = ¢/~/ab) and this shape factor was also used by McNown and Mal-
aika (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 rough-

.

ness and average specific gravity, the Corey shape factor is practical and

involves a minimum amount of labor to measure and compute.

ko 1
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Chapter III

THEORETICAL ANALYSIS

Fundamsntal Principles

The fundamental principles of fluid mechanics 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 equa-

tion to be considered in studying the fall velocity of a particle it must
be assumed that:
1. The fluid is of uniform density.
2. The fluid is of uniform viscosity.
3. The motion of the particle in a direction normal to the
mean falling path (usually vertical) is megligible and
involves no lateral acceleration of the particle
(falling straight.)

4. 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 éxplaiﬁed using the prin-
ciples_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
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gradient of momentum flux to the rate of diffusjon of momentum per
unit area in the direction of the gradient. Any relative motion be-
tween a particle and the fluid causes internal viscous stress in the
fluid medium and produces a deformation of fluid adjacent t; the_par—
ticie. Drag on the bafticle is a result.of transfer of-momegﬁum:ﬁy;

molecular diffusion from the moving particle to the fluid.

Turbulent flow: The distinction between laminar and turbulent-
flow can be made by considering the difference bet;een the molecular
(or laminar) diffusion of momentum as compared with the molar (or tur-
bulent) diffusion of momentum. The diffusion by molecular action is
sufficiently slow that its effect may be felt over a widespread region
(by deformation) without becoming unstable. Turbulent (or molar) dif-
fusion, however, is a result of the gradient of momentum flux being so
great that the flow becomes unstable and turbulent.mixing results.
With turbulent diffusion, finite masses of fluid are moving in a some-
what random fashion through the fluid and the mixing process is much
more_rapid and intense. These phenomena are involved to varying ex-
tents in the different types of drag experienced by sediment particles.
One of the most imporﬁant variables associated with drag is thenﬁéy—
noldé number (a ratio of the inertia forces to the viscous forces in-
volved in the flow) which may be used as a criteria for determininé
the type Qf drag which exists on a sediment particle. )

Jofmib iy 0 3 Jas AL : nrorerty calliee

Cause of drag: The drag forces on a particle are a result of

either one or both of:

1. The shear.aldng the boundary of the particle in the direction

of motion. This is called Surface Drag.

22




2. The pressure difference betwzen the upstream and downstream
side of the particié. This is called Pressure Drég.
Because most sediment particles are relatively short even in their
gre;test 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 Cp:Re Diagram

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

1. Deformation drag.

2. Form drag.
Deformation drag is principally the result of viscous forces and is
characterized by a flcw pattern where the deformation of the fluid lam-
inae 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'<=O;1) the ef-

fects of the inertial fofées caused by the mofion of fﬁe pérticle may
be ignored and the drag on the body is exclusively one of deformation,
caused by viscous stress. Deformation drag maf be classified fﬁrther
as a combination of surface drag due to bouﬁdary shear and pressure
drag due to the form of the projected area. The motion in this range
ié‘characterized by a "widespread distortion of the basic flow patiern"
(19:232) and is defined mathematically by Stokes law (19:158) for

spheres.
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F = 3ndpw

and (9:605) (4:7@) for disks:
Fo&8dpw

where

F - net gravitational force,

d - diameter of the particle,
¢ - dynamic viscosity of the fluid,
w = terminal or fall velocity of the particle.

As shown in Figure 2, Stokes Law for spheres may be plotted on the
Cp:Re 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 Cph:Re 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 upstream and downstream sides of the particle. Also bound-
ary shear on the particle contributes to the drop in pressure. In fact,
Prandtl (4:74) has pointed out that theoretically one-third of the drag
on a sphere is due to pressure difference and two-thirds is due to
boundary shear. Furthermare, 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

24,
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of flow, however, the viscous drag is due entirely to the pressure dif-
ference. It is remarkable that the drag coefficients for the two ex-
treme cases of a sphere and a disk are so near the same value that it
is difficult to plot'the différence.on a graph.

Evidently, then the drag éoefficient in the viscous range is es-
séntially 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 ail 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 ro-
tate 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 un-
stable nd the inertial forces gradually assume greater importance.
The zone of viscous flow -- though still present -- becomes restricted

to a rel tively thin layer at the surface of the particle known as the

! SN

~

laminar sublayer. Outside the laminar sublayer the inertial forces
predominate aﬁd the flow is turbuylent. The shape of the particle de-

termines to a large extent the path taken by the fluid, as it flows

about the pariicle, hence determines the radial and tangential accel-
t . -. 3

TN ol

erations décéssary for the fluid to travel this'patﬁ.h -
As a result of the instability of the laminar flow and the in-
creased importance of the inertial forces (due to acceleration), a

zone of separation is formed on the downstream side of the partic¢le as

26
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shown in Figure 2. This zone of separation has a poorly defined ap-
pearance 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 dowﬁstream 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 émbient veloc-
ity Voo 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 curv-
ature 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 surfac; drag and half pressure drag
(Re = 0.5) to almost exclusively pressure drag (Re = 1000) -- the surface
drag (viscoﬁs effects) being negligible compared with the pressure drag.

Finally, because the inertia forces have become significant in
this range of Reynolds number, there develops a single stable orienta-
tion for each particle relative to the direction of motion.

High Reynolds Numbers: As the Reynolds number is increased.further

(Re =1000) the influence of viscosity becomes of less and less impor-

tance until at Re = 500,000 for spheres and Re = 5000 for disks the flow

~ pattern in general and the drag in particular becomes completely inde-

pendent of Reynolds number.
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Throughout this range the separation is well defined; but thqﬂﬂ
point of its beginning upstream, and hence its size, varies with the
nature and extent of the ;aminar 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 = 5,000, 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 oscillat-
ing 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 parameters using
the principles of the Buckingham = - Theorem (21:13).

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), _ ;
Py - density of the fluid - gu sec®/cad (FT%/1%),
Pp - density of the sediment - gm sec2/ca® (FT2/L4),

B - dynamic viscosity of the fluid - gm sec/em?® (FT/L2),

b - intermediate axis of the particle (normal to a) - cm (L),
¢ - shortest axis of the particle (normal to ab) - em (L),
a - longest axis of the particle - em (L),
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F - activating forzcz; zpparent weight of sediment particle

in fluid - (P, =%, ) gV - @ (F),

i
.

: o k - A measure of =z=-Zzce roughness or surface
i B _ irregularities 1).
. Here a, b, and ¢ a2 t=+3 to represent the geometry of the parti-

cle. It is doubtful tzz=< these are fully adequate to rigorously

s P

1 describe the geometry; kcwaver, they are simple and convenient and any
i more adequate system would be greatly complicated. The relationship
betwsen these variables rey be expressed by the following equations

1 ﬁl (w, a, b, ¢, F, pf, Pp, py, k) =0 (1)

The variables can then be rearranged into dimensionless parameters ty

combining the repeating variables (w, b and Pg) successively with

each of the remaining variables in Equation 1. The follosing equation

3 of parameters then resalts: : L0 ﬂ%
¢2 ('bpf, F 2 Mp; 25 c:_"f__) Z0 (2)
. B bzpf,ﬁ Pe b b b

As previously discussed the activating force F must be equal to the

“drag force D and D = Cp & waz/z (19:1244,).

e The expression for drag D can be solved for the drag coefficient CD:

£ 1 -\‘._-.-. ; i cD ‘= _______D_______ v /-;\m e

: : 2 ', (3)

1 . ‘.pfﬁ /2

. - i : 3 :

'? where A refers to the projected area normal to the path of motion.
(e ,

Wilde (41:37) has shommn that this projected area A can be approximated

by the product ab provided the particle travels with its greatest
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projected area normal to the path of motion. Equation 3 then

becomes:
abpsz/z

Equation 2 may be rearranged into the following dimensionless

equation:

@("fa‘gpf, F , P, *, °, Kk >=o (5)
L4 abpsz Pr b «/ab -/ab

Each of the parameters in Equation 5 is described as follows:

w Vabpf
M
F

~ a form of Reynolds number Re

- a form of drag coefficient Cp
ab PeY

_22 = 7/¥ - specific gravity of the sediment particle SG
4 E :

-2 - disregarded for present

- Corey shape factor sf

- surface roughness coefficient € .

N

Equation 5 can then be rewritten:

¢1‘ (Re’ cD, sf, 8G,€ ) =0 ' (6)
Equation 6 indicates the scope of the research pfogram since the

influence of the variation of each of the paramsters must be studied in
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relation to the others. However, in the light of past research, some
of the parameters may be disregarded until the more fundamental rela-
tionships have been established.

The Cp:Re equation: If the specific gravity term SG and the

surface angularity term € are assumed to be constant or of secondary

importance, Equation 6 then can be written in the simplified form:

¢5 (Re, Cps sf) = 0 (7)
5 : . qr_
Cp = P¢ (Re, sf) (8)

~ when the drag coefficient Cp 1is chosen as the dependent variable.
Equation 8 may be represented graphically as shown in Figure 3 and is
simply a minor elaboration on the CD: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 con-
venient for obtaining a direct solution of the drag (or submerged
" weight) of the particle of given shape moving at a given wvelocity.

The CpiCg equation: An arrangement of the data which will give

the velocity at which a particle of known size, shape, and weight moves
in & given fluid may be developed by reconsidering the variables in
Equation 1. Choosing variables b, Pes end F as the repeating vari-

ables, the following equation results:

#p (£, P, 2, c,Pp, k)= 0 C2
w2 2.2 5 b Pf h
b PsW
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When this equation is modified as previously described, the

following simplified equation results:

vzy
ke

%8 —g,%,ﬂf)=° | BT,

1)
By choosing Cg = ng as the dependent variable, Equation 10
1)

becomes?
Fp F
= £ -
6,5 =k F—y = #5 (0p, sf) (11)
B pgu

This arrangement is useful when the fall velocity w is unknown
because in Equation 11 w appears only in the drag coefficient Cp.
Malaika (1136) has shovm that Equation 11 pléts as a series of
straight lines of constant resistance (or constant size) at a slope of
=2 and may be plotted on the CD:Re graph by using an auxiliary scale.

In making such a statement, however, and V must also be con-

r
sidered to be constant. This is illustrzted in Figure 3.

The Cg:Re Equation: In a similar manner, lines of constant fall

velocity (or constant sedimentation diameter) may be developed by
again reconsidering Equation 1 and choosing w, Pg s and p as the

repeating variables. The following equation results:

%0 ‘bpf: Fu ,EE, k'pf, ist chf) =0 (12)
B wBbe% P B .u 0 ;

tilrd : .
Equation 12 may be rewritten and simplified by the method previously

described, resulting in:

11 (.RG,___F_}_L__.ssf) = 0 ' (13)
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Fy = YV % 87V = g, (s, sf) (14)
w3b3 P; ‘3dn3 Pr w3 Ps

‘Whea the nominal diameter (equivalent to b ), fluid characteristics,
and fall velocity are known, this arrangement is useful for a direct
solution of size or relative weight (A 7). Malaika (11:6) shows that
Equation 14 plots as a series of straight lirnes of constant fall veloc-
ity at a slope of #1 and may be plotted on the Cp:Re graph using a
second auxiliary scale which is illustrated in Figure 3.

Summary

In summary, one should state that there are too many variables in

“the geometry of natural particles to make a complete analysis by theo-
" retical methods alone.

By dimensional analysis the fall velocity may be shown to be in-
cluded in a functional relationship involving Reynolds number, dreg
coefficient and soms parameter or parameters deséribing particle shape.
The shaps facter is generally considered to be a combination of length
and area terms, the Raynolds number contains a length term, and the drag
coefficient contains an area term. Although certain thecretical  deduc-
tions can be made regarding the area and length terms in these parame-
ters, 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 dewvised

which will completely describe shaps. Based on the work of previous

k72
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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:

l, Maximum projected areas.
2. lengths of mutually perpendicular axes.

3. Nominal diameter.

Usg of the mutually-perpendicular axes in the dimsnsional analysis

results in three factors describing shepe.
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Chapter IV

< -~ EXPERIMENTAL EQUIFMENT AND PROCEDURE

Becausetthis roport has assembled the data from a number of dif-
ferent experiments, theo materials studied, the equipment used, the ex--
perimental procedura and the results of each experimznter will be
briefly described.

Krumbein

Materials: EKrumbein was concerned with the sottling~velocity and
flume—behaiior of non-spherical particles. He made spscial particles
from cement mortar. All particleg were of the same volume and density.
The shape was varied systematically. A total of seventeen diffe:ent
particles wore made and tested. The a, b, and c¢c dimensions of each
particle were measuréd.

Equipment and Procedure: The fall velocity was determined by

dropping each of the seventeen particles in a vertical lucite fall-column
6 inches in diameter and 6 feet long, filled with water at 20° C. Each
particle was released in a random position at the surface and wa§ timed
with a stop watch. A 2-foot distance was allowed for particle acceler-
ation befofe velocity measurements were begun. The particles were
4imed over a distance of 4 feet. An aversge fall velocity for each
particle was obtained from 10 to 20 observations on each shapa.

The flume behavior was observed in a stream of running water in a
flume 22 feet long, 0.44 feet wide, and 0,96 feet deep. Water was sup-

plied to the flume from a constant-head tank through a stilling basin.

The discharge was measured over a 90° V-notch weir. Observations were
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made in a 10-foot control section in which the depth was 0.43 foot,
being controlled by adjusting the discharge and the tail gate position.

Each particle was dropped into the stream upstream from the indi-
cator which marked tha beginning of the control section. The veiocity
of the particle through the 10-foot control section was measured with
a stop watch.

Results: Prior to Krumbein's work, two theories were advanced to
explain the importance of shape in studying the fall velocity. S@me
writers thought the most important shape consideration was the angular-
ity of the cornmers and.nges; 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 consid-
eration than particle angularity.

Krumbein derived a dimensionless éﬁape parameter based on the three

mutually perpendicular axes, a, b, and c.

3
0 ="V (b/a)? (c/b) (15)

éhis 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-parameter, 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
particleé. His particles werc made with a complete range of variation
of b/a, c/b, and ) . Krumbein's data are shown in Appendix B. The

data obtained by Krumbein varied from 3000 <Re << 10,000,
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Serr

Materials: Under the direction of Dr. N. A. Christensen, Serr

compared the sieve diameter with the sedimentation diameter of sand

from ten different sources. The sources were a fresh talus slope,

sand dunes, a lake beach, a 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
1, River bed material

2. River bed material

3. Fine rock debris
4. Dune sand
5. River bed material

6. River bed material

T. River bed material
8. Dune sand
9. Lake beach material

10. River bed material

1. Sedimentary deposit

Source

Cache la Poudre River,
Fort Collins, Colorado

Michigan River, Camp Pennock,
Colorado

Talus slide, Verdi, Nevada
Small dunes, Fernley, Nevada

Truckee River, Truckee, California

South Fork, Yuba River,
Cisco, California

Putah Creek, Davis, California
Dunes near Great Salt Lake, Utah
Grand Lake, Colorado

Cache la Poudre River,
Chamber Lake, Colorado

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 usod, with some excaptions
>(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
sleve fraction was weighed and retained for.sedimentation analysis.

Fifty random particles were taken from each sieve fraction using a
speclally constructed microsplit as described by Otto (17). Each par-
ticle was timed through a fall of 50 ck 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 0.0l sec. The particles were
allowed §9 fall 25 cm before the timing was begun to insure that the par-
ticle had attained terminal velocity.

"The fall-column consisted of a large glass graduzte 5.08 cm in di-
amoter. The ratio of the particles 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. 4.

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 temperature of the water or the temperature of the
air surrounding the fall column. The temperature of the water was meas-
ured at the center of the column and half-way down at the beginning and
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end of each group of runs. If thess two temperaturss differed by more
than 1.0° F, the data were not used and the runs were repeated. The tem-
perature 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
determined by the standard Eethod described in ASTM D 854--45T.

Resﬁlts: Serr used the data to compute the Reynolds number Re and

the Drag Coefficient Cp for each sieve fraction using these formulae:

Re = pfw dn
¥
CD - A(Pp zez pf)gan
-
3w p

f

These data for each sieve fraction and sample were plotted on the Re:CD
graph. Lines of constant size (slope -2) were drawm thr;ugh each group
of experimental points represeﬁting each sieve fraction. These straight
lines were cxtended to intersection with the line for spherss. This in-
tersectioﬁ gives values Re° and CDo for the mean sedimentaﬁién diamsters
of each sieve fraction. Serr stated that the ratio of CDo at the intef—
section to Cp determined from the fall velocity data yields a ratie of

sedimentation diameter d, to the sieve diauweter dn for that particular

11



sieve fraction.?/ From this ratio d,/dy the sedirentation diameter
can easily be computed. Sgrr'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 size.

Malaika

Materials: Under the directién of Dr. John S. McNown, Malaika con-
ducted a series of expsriments 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 geomatric ratios are tabulated in Table 4.
Table 4

List of Particle Shapes Used by Malaika

Length - diameter ratio or

Shape , Length - eide ratio
Y& 1 &
Spheroids | 1 1 1
Circular cylinders 1 1 1
Square prisms 1 1 1
Double-cones 1 1 1

Cpo _ Jmfr - 4
® e, &,
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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 Cd&pany of Indiana and a mixture of
two of the last three oils. These fluids exhibited a range of kine-
matic viscosity of from 0.00004 to 0.3 ftz/sec at ordinary room
. temperature.

Equipment and procedure: Each particle was dropped in each of the

six different oils thereby producing a wide ranga of Reynolds number.
The fall-colum was set in a water bath and consisted of a lucite pipse
0.68 feet in diameter in 1.5 feet long. The water was heated by an im-
morsion coil. Current to the heater was controlled by an electronic
relay. A 13-inch by 13-inch by 21-inch 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-inch celotex. Openings were left in the
insulation fof photographic and lighting purposes.

Prior to dropping,lthe particles were held 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
electromagnet.

The fall velocity of each particle was obtained from successive
images on a photographic film. The expariment 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 tims by
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a Strobolux driven by a Strobotac. Fall velocity computations were
made b& observing the number of time 1nte;§als (images of the particls)
required for the particles to travel a knowvmn distance. This equipmant
was perfb;ted by McPherson (15);

The two most vlscous oils lackod sufficient tr;nSparency”%o use the
photogrgphic method of measuring tne fall velocity. Therefore, a 10-
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 maximmm deviation from the mean was less than 1% in all
cases. The distanée of fall was determined by a white-face steel tape
placed at the line of fall of the particle and photographed. The parti-
cles were pleced in an electro-magnetic release mechanism and a ten-
minute périod was allo%ad for all disturbances caused by placing the
particle to be damped out.

The specific gravity of the particles was datermined by weighing
relatively large pieces of the stock in air and then in distilled water
at known temperaturs. Each individual particle was weighed to the near-
est 0.0061 gm on # chain-o-matic balance.

The specific gravity of the oils was determined with a Mohr-Westphal
balance ﬁydrometer. The viscosity of the fluids was determined for a
range of température of from 25 - 35° C using a Hoepler precision vis-

: cosimeta;. : '
Results: Malalka investigated extensively the stable falling position

of the particles. These findings have bsen discussed in Chapter III.
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The technique of changing the viscosity of the oil resulted in
data covering a large range of Reynolds number (0.0001 <<Re << 14C0).

Malaika's data are given in Appendix E.

Corey
Materials: Corey obtained data from four samples of sand. The

[ 4
sources of the materials are tabulated in Table 5.
Igble 5

Sources of Sand Samples Used by Corey

Sample Type Source
1. River bed material Cache la Poudre River near Bellvuse,
' Colorado
2. River bed material Middle Loup River at Durning,
Nebraska
3. Rock crusher fragments Rock crusher near Bellwvwe, Colorado
4. Wind blowvn sand Dune at LaPorte, Colorado

Corey limited his observations to the sand grains between the Tyler Num-
ber 4 and 14 sieves (5 mm to 1.2 mm). He also chose only particles of
quartz and feldspar. Photographs of Corey's samples ara shown in
Figure 26.

Equipment and Procedure: Corey used Tyler Standard Sieve Numbers

4, 8, 9, 10, and 14 to divide his samples into size groups. Each sawple
was sieved for 15 minutes in a Ro-tap Shaker. Ten pafticles ware chosen
from each sieve fraction. The a, b, and ¢ dimensions of these particles
were measured using an ocular micrometer. Particles were placed on a

iglass slide using a pair of tweezers. The long (a) and intermediate (b)

axes were measured by orienting the glass slide parallel to the
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micrometer scale. The shortest axis (¢) was then measured by grasping
the particle with a pair of tweezers and turning 90° on edge and then
measured with the micromster.

| Each particle was weighed to the nearest 0.1 milligram on a chain-
o-matic balance. Since only quartz or feldspar particles were used, the
specific gravity of the particles was assumad to be the a¥erage published
valus 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 base-
ment of the Hydraulics Laboratory where the air temperaturs 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 inches by 11 in-
ches by 21 inches 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 photographic film as they settled through the water.

A 3-1/4 x 2-1/4 Speedographic press-type camera was used. The experiments
were conducted in a darkened room and the particles were lighted at regu-
1arvintervéla for an instant by a Strobolux powered by a Strobotac. In 7
general the apparatus was similar to that designed by McPhorson. Corey
experienced difficulty in oBtaining satisfactory photographs for the

smaller particles (1.5 mm.) which he studied because the light reflected
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from the particles was insufficient to expose properly even Dupont High
Speed Pan Type 428 (A3A 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 inches from the
»expected fall path, the particles moved in and out of the range where 3
sharp image could be obtained. This oscillation also caused some error
in the distance measurements.

The particles were placed betwsen 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 wdter while
the smaller ones had to be released below the surface because the sur-
face tension was great enough to hold the particles on the surface. All
particles dropped about 12 cm before they entered the field 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 re-
peated on several particles to obtain an estimate of the degree of error
to be expocted in the measuréments of fall velocity. These findings are

tabulated in Table 6.
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Sk Table 6
Estimated Error Caused by Particles Not
--Falling in a Straight Linas

Type of Particles and Motion Percent Deriation

- Small particles falling in a straight line 0.6%
Irregular particles falling continuously within

depth of field _ -- 5%
Irregular particles falling partly outside '

focused range of camsra e 10%

In interpreting his results, Corey found that best correlation of the
shape factor paramster (c/~/ab) existed when the drag coefficient and

Reynolds number were defined as

F/d 2
‘o = pfw2/ 2
and -
Ssir g
pdolie )
He first attempted to use
F/ab
Cp = ;;;572;
and |
Re = ¥ |
v

The data obtained by Corey for natural quartz and feldspar 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.
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Wilde

Materials: Recogn&zing the 1limited range of Reynolds number inves-
tigated by Corey, Wilde studied the behavior of the lafger% 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 Figure 27. ’ !

Table 7

Types and Sources of Gravel Studied by Wilde

Sample Type Source

1. Cravel stock pile A selected sample to obtain extrems
shapes

2. River bed material Cache la Poudre River near Fort Col-
lins, Colorado

3. Rock crusher fragments Rock crusher near Fort Collins,
Colorado

4. 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 inch, 3/4 inch,

1/2 inch, 3/8 inch, Number 4 and Numbar 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 chancs.

The three mutually perpendicular axes were measured using a vernier
micrometer. Because of the irregular shape of many particles, the long-
est dimension was often not obvious. To make all measurements in dirzc--
tions which were mutually perpendicular was also rather difficult. For

these reasons, duplicate measurements of the shape of a particular
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particle varied sometimes as much as 5% from the mean. Wilde also
measured the maxdmum 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 posi-
tion of the particle for maximum area was determined by visual
observation.

Each 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 tbe 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 ténsion
caused erratic and severe damping of the balance and made accurate weigh-
ing impossible.

Wilde's fall-column consisted of a lucite tube 10 inches in diameter
and 10 feet long. During the latter part of the experiments, a glass
Xube made of the glass bowls from salvaged 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 thé photo-
graphic method suggested by McPherson and used by Malaika and Corey.

Since Corey had difficulty with particles passing in and out of focus if
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they travelled an irregular fall path, Wilde devised a method of ovér-
coming this difficulty. He used a smaller lens opening (f-4) and set
his camera at a greater distance (7 feet) from the expected fall path.
This gave him sufficient depth of field, and also a somewha’ larger
field of vision, which permitted the particle to be timed for a longer
period than Corey or Malaika. He used a Kodak 35 camera and Plus-X ?ilm
(ASA exposure index 50). Illumination was provided by a Number 4 photo
flood lamp placed above the fall~column. The beam of light was concen-
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 per-
iodlc exposures of the falling particle a revolving desk with four
equally spaced slots was placed directly in front of the camera. Ths
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 par-
ticle was in the field of wview of the camera. This reduced the exposure
of the field in general and produced sharper and more clearly defined
plctures. The photograph was identified by a card bearing the particle
number in the photograph during the test run.

A gradvated scale was placed beside the tube so that it was photo-
graphed with each falling pérticle. The scale was made slightly dis-
torted to exactly compensate for refraction when the particle fell in the
center q{ 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

pointiof its descent could be observed and the velocity corrected
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accordingly. When the particle fell at the extreme front of the fall-
colurm the observed velocity was reduced by four per cent. Similarly
an increase of four per cent was required when the particle fell at the
rear. A general view of the apparatus except for the camera is shown
in Figure 5.

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 discon-
tinued. 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 negativé. A sample of the type
of results obtained by this method is presented in Figure 27.

¥hen all the particles had been dropved 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 01l A and
. had an S.A.k. rating of approximately five.

For the series of tests in which the particles were dropped in
0il, no dropping mechanism or camera was used. Instead, the particles
were released by hand and timed with a stop watch. Experience showed
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that when flat particles were dropped with the dropﬁing mechanism they
entersd the oll edgewise and as a resuvlt tended £; oscillato during the
first two or three feet of fall before they boégﬁé stable with their
projected areas psrpendicular to the direction‘ofimotion. For thie
reason the dropping mschanism ;as discarded in:fa§o£ of hand placing
the particles in thair rost stable position.

The velocity of most of the particles was sufficiently low to ac-
curately moasure, with a stop watch, the time required for them to trawel
100 ecm. Since the stop-watch rsthod is ruch faster than the.photographic
mathod 1t was used exclusively for the oil phase of the experiment. How-
ever, soms of the larger particles tested fell faster in the oil than in
water and the velocity data for them is probab}y'subject~to considerable
error, because the error in msasuring the fall velocity of particles
mwoving fast is greater than for the particlas'ﬁoving slowly. Particles
would move faster in oll if the drag coefficient for ths particle in oil
were less than for the same particle in water. Soms of Wilde's data
occurred in the range thére this was true.

The standara published data for the vlzcosity of the water wers
LT (see Figure 1). The viscosity of ths oil was mszasurod using a
Ssybqlt Viscesimetor. ;

At highor Rsynolds numbers, many of the particles struck the aidés
of the tubo, In all cases these data wore discardéd; \

Results: Wilde obtzined data for the gravel particles failing in
water betreen Roynolds number 1000 and 25,000 and for the gravel parti-

cles in oil between Reynolds number 4 and 200. At the highor Reynolds
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number the fall-path was erratic and deviated greatly from the basic
assunﬁtion that the motion must bs only in the vertical direction. This
erratié nature was due in part to the eddies formsd in the wake of the
particles and the turbulence associated therswith. The degree of error
under these conditions is doubtless considerable.

Wilde found that the roék crusher fragments gave significantly
highar drag coefficients for a given shape factor than the other sam-
pPles. The probable reason for this difference was the fact that the'i
crusher fragments wers rough and angular while the other samples were
smoother and rounded, having been worn and polished by the abrasive
action of the stream. Therofore, angularity and possibly surface rough-
ness have an lmportant influence on fall velocity which the shape factor
does not take into account.

Materials: A majority of the sediments causing problsems in hy-
draulic engineering today occur in the smaller size ranges. Therefore,
Schulz set out to study the shape characterigtics of the small size nat-
ural sediments (1/5 mm to 1.5 Em). 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
representAnatural material. These sedimsnts are tabulated in Table 8.

Photo-nicrographs of these samples are shown in Figure 28.
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Table 8

Types and Sources of Sand Studied by Schuls

Sample Typs : - - Source
1.  Glass spheres Yy _
2. Crusher fragments y Rock crushsr near Fort Collins,
Colorado
3. River bed material Wolf Creek bslow Fort Supply Dan,
b : \ . Oklahoma
4. River bed material 2/ Arkonsas River at Lawmar, Colerado
5. River bed material 2/ Loup River near Dunning,
Nebraska
6.  River bed materisl 2/ Cache 1a Poudre River moar Fort
- Collins, Colorado
2/
7. River bed material Alder Creek in Yosemite National Perk,
California
: 2
8. River bed material"/ Colorado River at Turw, Arisona

1/ Incomplets size range.

2 Data obtained only on shq ] factor and mineral type.
P

’

These sands originata fnom widoly separated geologic and gsographie

origins. No attempt was nado to choose only cerbain minoral typss;
therefore, the data can be usad to study the distributicn of the minersl

types in tbese ‘'sedirmsnis.

Equipment and Procedure: Schulz sieved his samples throuvgh Tylef

Standard Sieve Numbers 12, 14, 16, 20, 24, 28, 32, 35, 42, 48, 60, end 65

in order to establish gize-groups. Oven—dried and air-cocled samples wers

sieved for 15 rdnutes in a Ro-tap Shaker.
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The three mutually perpendicular axes were measured using a
specially-constructed microscope. The particles are placed on a
piece of glass 3 inches wide and 36 inches long and moved about by
sliding with a pointed brass rod. Since a great deal of hazard of los-
Ing was involved in handling the particles needlessly, the microscope
was adapted to move on a ball-bearing carriage over ihe glass sorting
table. The glass table was carefully adjusted until in the sams plane
as the carriage rails. A microscope was made from a discarded Leitz
tube, a 32 ‘mm Bausch Lomb objective lens, and a 10x Bausch Lomb eyc-
plece fitted with a biological eyepiece micrometer. The eyeplece
micrometer was calibrated after the apparatus had been assembled using
a standard stage micrometer. The microscope was also fitted with a
Starrett dial indicator reading to 0.0001 inches. This was used to
measure the thickness or "c"-axis. Figure 6 is a photograph of this
microscopic micromster. The procedure for measuring yhe shape was as
-fbllows:

l. The sieve fraction was reduced to about 500 particles by

quartering.
2. The remaining part was placed in a single line on the sort-
ing table.

.3. The sample was further reduced by choosing every fifth (or
some other convenient number) ?artiéle until the sample was
reduced to 10 representative particles from the entire siewvs
fraction. '

4. The 10 particles were oriented to their most stable posjition by
' tapping the table several times.
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5. The microscope was moved over the particles and the eyepiece
rotated until the major axis of a particle was parallel to one
set of the coordinates of the micromster grid.

6. The a and b axes were measured.

7. The carriage was then moved until the stem of the dial in-
dicator could be brought down éarefully on the sand grain. In
thie 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 luéite 6 inches in diameter
and 72 inches 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-inch
diameter glass tubes 4 inches long which were "drawn out" to smaller tip
openings. The tip openings were approximately 3/4 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 opsning of the tip was closed off by a round
steel wire approximately 1 mm diameter whose axis was mormal to the longi-
tudinal axis of the dropping tube. For releasing the particle this wire
was moved first down and then to the side allowing the particle to séttle

in the fluid. The wire was operated by an electric solenoid.
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No attempt was made to control the temperaturs of the water.
Coppe}econstantan thermocouples made from B and S No. 30 wire and
mounted on a 1/4-inch diameter round lucite rcd were located approxi-
mately 12, 36, and 55 inches from the top of the fall-colum. The ground
Jucite rod was set in the side of the fall-column through a water-tight
seal and the probe could be moved into the water colwmn to measure the
transverse temperature variation which was never greater than 0.5° C.

I1lumination of the column was provided by a 200-watt spot-bulb
located outside the room and about 2 feet 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 omne
15 cm accelerating course at the top. These positions were marked on
the surface of the tube by scribing a fine line in front of the tubs.
This scribed line was filled with green paint and a mirror was fastened
to the back of the tube opposite these lines. The time when the parti-
cle 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 nevar greater than

17 cm/sec. A specially designed space-time recorder was used to record
the data. Data were recorded on ordinary adding-machine tape drawn
tnrough the recorder by two rollers driven by a phonograph motor. The
tape speed could be varied from approximately 3/8 inch tn 2 inches psr
second by adjusting the governor. Normally a tape speed of 1/2 inch per

second was used.
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Data were fed into the recorder as electrical signals which op-
erated any one of three electrical solenoids. The solenoids each moved
8 ball-point pen causing a break in a normally straight line. OUne of tha
pens received a timoe signal every second from a clock. A second pen
roceived 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 op-
erated by the run-cancelling, switch-button which was also on the control
box. This button was depressed whenever 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 poof
data were clearly marked and there was no danger of such data being used
by mistake.

Swit ches for operating the particle-release mechanism aﬂd the space-
tims recorder were also mounted on the control box. This was necessary
8o 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 tp 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 1n 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 ware
used depending on the length of the b-axis of the particle. One pipatte
bad a uniform bore of 1 mm and the other 2 mm. The fluid used in the
pipotte 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
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fluid 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 Figure 8. The pipette was mounted in a clamp on a ring stand
and the water surface in the pipette was observed with the microscope
previously described. The particle was introduced at the top of the pip-
ette and pushed to the water surface with a fine wire. This was neces-
sary 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 unre-
liable when the rise of the water surface was very smal; (about 0.1 of a
scale unit on the micrometer.)

Results: Schulz was handicapped in the interpretation of his data.
While the fall velocity and shape factor data wers obtained with satis-
factory precision, the reliability of the drag coefficient depends upon
the accuracy d}: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 spe-

- cific gravity. Because the specific gravity of the glass spheres could

not be assumed wifh any degree of certainty (because of inclusion of min-

ute air bubtles), the data for the glass spheres were not used. For the

‘natural minerals, the apparent weight of each particle was 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 14.
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The data on the shaps factor were used to study the variation of

shape factor with sieve size and mineral type. Some correlation be-

- tween 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
(Figure 18) against the sieve diameter. Also shown is an average curve

for all sieve fractions from all sources.
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Chapter V

ene £ DISCUSSION OF RESULTS

Scopa of kxperimenta

- 4 = e on e

Tnese experiments have preééﬁted considerable data supbbrting thé
use of some fofm of shape paramster. The prihar§ purbose of this report
is to conside? ﬁhe adequacy of the Corey shaﬁe factor ¢/ ~/ab and to o
use tha shapelfactér to relate sieve diameter and sedimentation diameter.
Also the report has collected considerable additional information regard-
ing the extent of variation of the shape factor in natural sediments.

Choice of the Shape Factor Paramster

Since the standard procedure in fluid mechanics is to use projected.
area fo? the term A in the drag coefficient 2P7Apr2, Figure 9 was
plotted on that basis. The shape factor used as the third variable in
this plot was the dimensionless area ratio, g dn2/4A. The lines of aver-
age shape factor were drawn in by eyc as the best fit to the data. The
second trial for correlation between shape and fall velocity is represented
in Figure 10 in vhich the shape factor is ¢/ ~/ab, ab 1is used for A
in the drag coefficient, andyab as the length measure in Reynolds numbor
in place of d,.

Comparison of Figures 9 and 10 reveals that they are very similar in
21l rospects. As was stated, the average shape factor lines were drawn
in as ths best fit to the points. However, there are many points on both
figures which do not fit. For example, in Figure 9 two different particles
each having a shape factor of 0.77, have values of drag coefficient of 0.66

and 1.19 respectively at Reynolds number between 4 x 103 and 9 x 103.
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The difference in the drag coefficient represents 50 per cent of the
complete range at that Reynolds number.,
The data showvm in Figures 9 and 10 indicate that at high Reynolds

numbers, low values of shape factor tend to be associated with high val-

ues for the drag coefficient which is as would be expected. For Reynolds

numbers below 100, the lines of constant shape factor all tend to con-

" verge to the line for spheres.

After this fact was-indicated by the pléts of the data, careful
consideration and a more thorough review of the literature revealed the
probable reason. The numerator of tne drag coefficient is the ratio be-
tween submerged weight and projected arsa. OSubmerged weight is a func-
tion 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 a second shape factor has little significance at low Reynolds numbers.

At high Re?nolds numbers there is a second factor influencing the
drag coefficient -- namely, fluid separation in the wake of the particle.
. The degree of separation, and hence the influence on the drag coeffi-

cient, depends again on particle shape. Therefore, as a result of the

phenomenon of fluid separation the shape factor has some significance at

__ nigh values of Reynolds number but 1little significance at low valuas 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
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mutually-perpendicular axes of the particles was considerably less than

tpat required for measurement of projected area using the present tech-

nique. This matter of time required to make measuréments is a very im-
“portant consideration if the shape factor is to be practical. The

product ab is 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 lengtnh to width ratio

may be important. Since both showed about the same &egree of correlation

with drag coefficient, one could not be chosen as more significant than

the othsr. 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 considered 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. Fig-

ure 1l is similar to Figures 9 and 10 except that nominal diameter was

used to compute drag coefficient. 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, Lt els

the nurerator of the drag coefficient was then the ratio of two factors BAREEE
based entirely on particle volume with the result that the drag coeffi-
‘cient did not include particle shape. This single fact greatly increased
. the significance of the shape factor at low Reynolds number. =~ tom veluss
Even at high Reynolds numbers the use of nominal diamster improved

the correlation between drag coefficient and shape factor. For example,

the data for two particles which had a shape factor of 0.48 were analyzed.
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¥hen plotted with drag coefficient based on ab the values of the co-
efficient 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 from 0.24 to 1.00.
Thus, in this case the variation in the drag coefficient for two parti-
cles having the same shape factor was 19 per cent of the total range of
the coefficient when ab was used in the drag coafficient. When nominal
diameter was used, however, the same data resulted in values of 1.23 and
1.52 in a region where the total range of drag coefficient was from 0.31
to 2.81. This amounts to a variation of 11.6 per cent 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 coefficient and further studies were made on this basis.
Study of Figure 11 indicated that the drag coefficient remained
nearly a constant in the range of Rseynolds number between 103 and 105,
As was pointed out in Chapter III and also by McNown and Malaika (10),
the ratio a/b may be an important factor in describing shape. To study
the importance of the a/b ratio, a grapn of Cp:sf was made with a/b
as the third variable (see Figure 12). There was a lack gféany trend in
the data so that no definite Eonclusidns could be drawm. ﬁ;;ever, 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 parti-
cles with the same shape factor. Unfortunately, this type of plot may bs
rade only in the comparatively narrow range in which the influence of Rey-
nolds number is Insignificant and for that reason the practical signifi-

cance of a/b is questionable.
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““Two other factors describing shape, namely angularity and surface
roughness, were discussed in the theoretical analysis and discarded
wiih the hops that for natural part-.icle-s these factors would be essen-
tially a constant value and could be neglected. A comparison of the
re;eits— obtained By Wilde is shownr in Figure 13 where one may noteﬂ that
the drag coefficients for the cms‘her plant sample are larger than for
@he other samples. The photograph, Figure 27, indicates the probable
r_eason. 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 other samples which wsre composed of
patural particles (not modified by crushing) did produce results exactly
eemparable as is indicated by the rather small spread between the curves
of Figure 13. Therefore, in practice, the two factors, angularity and
roughness, probably could be neglected except when those characteristics
were very noticeable. In that case a small over-all correction could be
applied to the measured shape factor to give results more nearly correct.
A samp;Le of the natural sediment in question may be compared wit:h the
photeg;‘aphs of the samples. The crusher fragments probably represent the
extrems condition of ar;gulaﬁty and roughness. Natural particles would

,
o

range between the value of zero ang-ularity_ 7(or- roughness repr.ese;lltedvﬁys' -
I ¥ .

smooth'; spheres) and the condition represented by crusher fragments.

L A 2 .
The Cp:Re Graph for Natural Particles
|

The data here presented dndicate that the Corey shape factor can be

employed to explain a 51gnlf1cant part of the variation of the drag co-

efficient for a particular Reynolds number. All of the available data
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vere reduced to the parameters of drag coefficient, Reynolds number, and
Corey shape factor. The data were plotted on two composite Cp:Re qgraphs
a3 shown on Figures 14 and 15, Figure 14 represents the composite graph
for the rounded particles and sediments that havéibeen well worn. The
crusher fragments and angular particles have beeﬁ plotted separately om
Figure 15, because Wilde has showm on Figure 13 that this segregation is
desirable. I

The Corey shape factor also was computed for the particlos used by
Krumbein and Malaika. Because Malaika'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 dis-
closes that the double cone whose shape factor is 1.0 behaves nore like a
natural particle of shape factor 0.6. For this reason Malaika's particles
wore further identified on Figures 14 and 15. The four basic shapes were
spheroids S, cylinders C, prisms P; end double-cones D (in order of
increasing angularity). Because some of Maléika's particles were rounded
and others were angular, all of his data were plotted on both Figuras 14
and 15. Linss of constant shape facto;%%ere drawn through the dat; giv—
ing careful consideration to the paré;ci; 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 migra-
tion of the line of sgéaratiog.on the suffacé of thé ﬁé;;iéie. Char;c—
teristic of this range of Re 1is the wide scatter of the data which is
typlcal of the turbulent cénditions in the boundary layer around the par- .

ticle and the large scale eddies in the wake of the pafticlé.

(C '

——r

VAET e

O
Q




ki

LL

o1

14

©  GoReEY e KRUMBEIN
e Wioe ‘@ . MaLaxa
‘e ScHuLy 8 spheroidy
€ cylinders
P priams .
D double congs
= Ll
N R S . ark - g e —— o
‘Ezig" 1>\ "t}ﬁ': j??.:?’rh .._____.h.‘_u____._,_______....-—"‘ i _"'I"""""--'~-l~~
LI_ Q_ G -I'. ”,\:th?'.‘ _{_‘;:‘dll i ik = Jh ! gy WO | W% L'\_.OB
2 R L AT ARl
S S A A 5‘-'"": z ‘:'7-"‘ i =--""'"'"—'|__ b =l T T TT——05
- L,, h:;-g_:{;:?:h i - Ol b l *‘:ﬁﬁ r:.- ® --- 'f._’ .,{ S
E .:\‘u?;n 7R ‘:, T;‘:‘:n__ ..:-‘-“ﬁtu':"'ul'm‘u “- T "'.“] ":"fﬁu—-_,_ O?
LGU | W s\rlu -%#ﬁﬁ“'&_‘“'ﬁ“ ‘:,_:f?‘u' -a'u = C
: o8 = e m“*‘\:-.‘.“z_‘*;-:” AT B i B AL o
8 S ——— -
- 06 ~1_| w -
2 7 E =
© 04 L poe 1.0
03 == B
02
(<
0.l - '
5 2 3 4 6 810 2 3 4 6 8I07 2we,3 4 6 8 I10° 2 34 6 810 15

REYNOLDS NUMBER Re-T
Cp Re GRAPH FOR NATURALLY WORN SEDIMENTS

SHare Factor sf



Sl Ol4

8L

F/d2
p w2

CD=

Drac COEFFICIENT

o CoRrev 6 Kauiaein
e Wioe o  MaLaa
o ScHuLz S spheroids
C cylinders
P priams
O double cones
B 1] o N‘_.| Ty T
B, I .2 il
6 N S
. ?\NK :: - i'. b i
™y ¥ AmT Azl
4 s U -
3 e \ = L] %n@;—u f: o b ,E kel —-:-_‘
\-.f\,rr r g .‘I"‘HI -‘o ‘.__T__-—'";:‘-‘ oy 5 i i b -_":“'_"i%.______-03
o N e . gt W1 -
%\g\i&m ‘]‘"3:;"‘"—-_._-:___ —— i 2 " ——5?;...___| ] --.[.._______-05
) i i nob q|‘".u 4% - ] “". iy
ol S~ -l-,' V‘F-ﬂ“ W - - P = _L
%ﬁ% — .“_:..-—'g has| a6 wpe W b " " ‘T—.r..., :n O?
| i e S i 1 =
08 : Frr—o
06 <
04 | e
03 i
i
02
VeSS
Ol .
15 3 4 6 8 10 3 4 6 8 I? 2 3wd4 6 8 I0 2 3 4 6 8 10 15
REYNOLDS NUMBER Re = v"

Cp:Re

GrapH FOR CRUSHER FRAGMENTS AND

ANGULAR PARTICLES

SHAPE FACTOI_? st = ¢/iab



The shape factor lines from Figures 14 and 15 have been plotted on
Figure 3 and tables giving the drag coefficient for a particulaf shape
factor, Reynolds number, and sample source are given in Appendix G.

It is interesting to note all of Krumbein's data fsll generally or
a line of slope -2 becanse all of Krumbein's particles were of constant
size. This verified Malaika's statements about these lines ana repudiates
Serr's assumption that these lines of slope -2 should be used to deter-

mine the sedimentation diameter.

Variation in Fall Velocity of a2 Particle

Because of the possibility of a single particle falling with dif-
ferent orientations, and hence different velocities, several runs were
made to determine what variations existed with respect to the fall veloc-
1ty of a single particle when it was dropped a large number of times.
Several selected gravel-sized particles ;ere dropped in both oil and
water. The particles were selected to give a wide range of_shape and
surface roughness. f

Results of this study revealed only small fluctuations in-fall vel-
ocity for Reynolds numbers less than approximately 160. The data for
Reynolds numbers less than 100 were obtained by dropping the pérticles in
oil. For Reynolds numbers increasingly greater than 100, the variations
in fall velocity from one run to another rapidly incre#sed. Associated
with this difference is the fact that Re = 100 is appréximately the
point where the orientation of the particles becomes unstable and oscil-
lations develop. It was found that the stability of a particle depended
upon the shape factor and Reynolds number. In some cases where the parti-

cles were unsymmetrical but had large shape factors, there was no stable
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position for Reynoldé numbers greater than 100. These particles
while falling would change their orientation frequently and contin—_
uously. Other particles having small values of the shape factor but
an approximately symmetriéal shape were stable up t§ relatively high
Reynolds numbers (Re = 10,000).

It is quite probable that the variation of the fall velocity could
account for a large part of the scatter displayed oy some particles on
Figure 14 and Figure 15. The data used to compute the drag coefficient
and the Reynolds number on Figure 14 and Figure 15 were based on single
‘observations of the fall velocity. Time and resources were not
available to conduct an adequate statistical investigation 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 avail-~
able data for water temperature 69.5° F (20.8° C) were plotted on
Figure 16. Lines of constant shape factor can easily be drawn on this ..
graph of fall velocity versus particle weight. The importance of shape
factar in the f&11 velocity problem is apparent by considering the ex-
tent of the variation of the fall velocity. For example assume a particle
weight of 200 mg, the f%ll velocity of a sphere (sf = 1.0) would be more -
than 300% greater than the fall velocity of a particle whose shape fac-
tor 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 Figure 16, certain limitations should be kept in minds
80
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1. The graph is for a water temperature of 69.5° F
only. If a similar diagram is desired for some 5:
other temperature, a new curve for ithe desired
temperature must be computed using the dimension-

less CD:Re graph.

2. This graph is not valid for particles which fall &
at high velocities (greater than 30 cm/sec) and the
secondary irregularities are important. If the par-
ticles ere extremely rough (note the photographs of
these samples), the CD:Re graph for the crusher
fragments must be used to construct a separate | (

graph of fall veloclty vs. particle weight.

Relation of Shape Factor to Volume

If the product abc 1is an accurate measure of particle volume, the
necessity of weighing each individual particle 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 Figure

'

e c; N ]

17. Two lines representing cubes and spheres were also added to this '

i \ \ p
graph. The average value of the raiio of the volume to abc (volume/abc)

for the natural particles was 0.49 and the average deviation was 15.8 per

|
cent. This large variation was considered too great to justify using
abc as a measure of volume. For "comparison purposes the theoretical P

lines for cubes and spheres were also drawn on the graph —- the cubes from

the equation volume equals abc, and the spheres from the equation volume

equals mabc/6. The curve for cubes is the extreme case in which volume

82
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equals abc and is obtained only by particles which are rectangular in
three dimensions. The ratio between volume and abc for spheres is n/6
or 0.52 which, once again, is a close approximation of the data for nat-

ural particles. PR

| 4 //

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 sxtremely 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 -- bo-
coming rounder and smoother. Therefore, a relatively "old" sediment
should have a smooth appearance and the shape factor should tend towara a
spherical particle (maximum volume for a given surface area).

AAnother 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 formatlon of these mica flakes, the shape factor would be quite
low bacavse the particle is very thin. It may be reasored further that
after the particle undergoes the action of sedimentation the relatively
largelparticla is divided into smaller ones but still maintaining its
or%giha;_thicknmss; therefore, the shapes factor must be increasing during
this wearing down process. Examination of Schulz's data yields some ver-

N . ( Vo

ification of bhls 1ogioa1 deduction concerning the mica.
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Ememination of the mineral types from the various sources disclosed

" the fact that mica is a small per cent of the total (usually less than

10%); however, when it is preseni, the average shape factor is scmswhat
less for both the sample as a whole and for any particular sieve frac-
tion. On the one hand, no mica was found in the Loup River sample and
the average shape factor for the entire sample was 0.66. On the other
hand, about 12% mica was found in the Alder Creek sample and the averesgs
shape factor for the entire sample was 0.56.

The data showlng the distribution of mineral types, and average shapo
factor of the particles for each sample and sieve fraction are shown in
Table 14 in Appendix G. A graph showing the average shape factor for each
sieve fraction in each sample is shown in Figure 18.

In this report the sieve fractions are always identified with the
sieve on which they were retained. On the other hand the sieve dianeter
for a given sieve fraction is the size of the sieve opening of the pass-
ing 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 Figure 19. Examination of this graph discloses

that the intermediate axis is nearly always larger than the sieve opan-
ing. 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 dlagonal distance across the opening. If the par-
ticles 2re very thin, the length of the intermadiate axis could then ¥s
~/2 times the sieve opening. This line is also plotted on Figure 19.
Most of the points 1lie between the two-linas b=dg, and b = ~JZ dgve

The points occurring to the right of the b = -\/5 dgy line can be explained
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a8 errors in psasuring the true "d" axis, a sieve which is "leaking" at

- the edge, a sieve having larger openings than specified, or pbor siev-

- ing technique.

- Relation of Sieve Diamster to Nominal Diameter

k graph glving the relation of the sieve diameter to ths nominal
dianstar for the rock crusher samples studied by Corey, Wilde and Schulz
is also showvn on Figure 19. Examination of this graph shows that a line
of slops +1 (dgy = dj) could be assumed to ropresent the data. A majority
of the data are enveloped by two lines —- dg, = 1l.2d, and dgy = 0.8d,.

It is interesting to note that for the largez.' sieve 'sizes (dgy>2mm) most
of the data seem to fall to the left of the dg, = d linej whereas, for
the smaller sieve sizes (dg  <1.5 mm) most of the data fall to the right
gide of the dsv = d, line. Soms of this might be explained as personal
error &ince the data at the iwo extreme ends of this curve were obtained

by different investigators.

The CpiCg Graph for Natural Particles

~ It has been illustrated in Chapter III how lines of constant size at
& slope of -2 conld be superimposed on the Cp:Re graph. Each of these

lines represents a constant value of the size coefficient:

Cg = F/ PfV2°
This arrangement of the variables is useful in engineering problems
where the fall velocity is unknown and to be determinad. An example of
this type problem is the determination of the critical scour velocity for

certain bed paterial. To make this graph more useful, the Cp, Cs, and sf
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parameters have been transposed from Figure 3, page 33, to Figures 20

“and 21. Since it has been necessary to differentiate between the rounded

E;figures 22 and 23 appear in Table 18, Appendix G.

;
}
|
l.
i

particles and the rough and angular particles on the GD:Ra graph, it

is also necessary to make two graphs of C_ vs CS' Examples of the use

D
of these graphs are in Chapter VII and tabular values are given'iﬁ

Table 17, Appendix G. - 3

The Cw:Re Graph for Natural Particles

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

on the CD:Re graph (Figure 3). This family of lines can be defined as

n Pr f
The lines on Figure 3 have been displaced by the constant 6/n and

plotted as A7V

pr

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 Cw’ Re, and ‘sf
a5 & I I
parameters have been transposed from Figure 3, page 33, to Figures 22
N . C

«

and 23. Again it has been necessary\to have two gravhs -- one for

3 -
—

- rounded particles and one for angular particles. Tabular values of

INTO,

1 l
NN |

T Relation of Sieve Diameter to Sedimontation Diameter
[ »

i

Sediment engineers have recognized a need for a method of relating

sieve diameter to sedimentation diameter without actually having to measure

89

)



YOLIVS FIVHS
o

1.0
s

m uy

e

10 I O A S 1 1 T Y O ||fl!* 1107

|

,
\
&3

———

10%

]

SEDIMENTS

WCRN

NATURALLY

/

103
FOR

Py

el

b
I~
e

COEFFICIENT

GRAPH

~~
\\k‘
™~

SIZE

Cp*Cs

.
—~—
\
BN T e

T

2

K¢

i b

8 100

6

CONSTANT ORAG. INTENSITY

\ = _ FZIS INVISN

o, ¥ ~ - o @

mnv o]
AN
. = D UNFID/443F0D0 OVHO
2 v/ 4

FIG. 20 90

100
80
60
40
20




2
n

F

18
ORAG COEFFICIENT

12 9OI4

100
80

60

40

o

= pf""/z{N

CD
o ©® O

V/iva
7/ A

M/ /

/)

/

AV ARY
/

/

e

[

CONSTANT SIZE

SIZE COEFFIGIENT
CRUSHER

0% *
ZF__.

Prv2

FRAGMENTS

SHAPE FACTCR




i it A

il

e

i

s i

HOLOWd JdVHE

: AT
iV i
VAV ARV, -
Fir Bl
[V [ .
/77
18 _\.\ \\ \ %
M/
\\a\ ”
4 /! i fe
Finws'Aw =
7 °
[ /]
v/ 3
17
/4l z
V4
/4 !
\r\\\ o
 / ©
i
V4 o
/Y
\\ .
i
7 2
/) L
g. [ ]
i - =
/
% 5
.mu e &w T " - * « o . ° . " . © -
= = o s 2 o o 2 e
' ’ = I._nm.mﬂo.uxu AN312/14330D ALI12073A -
"FIG. 22 92

Wdp
v

Cw:Re GRAPH FOR NATURALLY WORN SEDIMENTS

REYNOLDS NUMBER Re =

i




¥OL1lOvid 3IdVHS
morao 2

T
bl
=
P

s 104

S
e
~

[}

\
e |
\ ““\._ -‘\h
\"‘-‘.\ oy
~
\\
= \-,

A I/ / Fd | .Mlv
il FA | ©
WAIEY. o
77 © 5
I/ V/V « 3
[V <
11/ g &
\\ / b |
1
W
i1 2§ 6
77, o2
/Y uw O
\“.\m\ -3 =
\ QO X
] a
\\ oy g
\ (&)
VA e
\\ =
\\. ~ 3
\\ )
x :
\Q [ ]
1/,
V74 ©
V74
/ ‘
/
7| |
7 )
| | | -1 :
o . o , b o o o 5
= Mo,
. |m.\o|v<u D AN3IIDISSF0D ALID0OT3IN
03 FiIG. 23

i s o a codcr



S G

s.'.

the fall velocity, weight and volume of the particle. This has been

l made_possible through the medium of the shape factor. Tﬂe sedimenta-
tion diameter for each particle that was dropped can be determined using

the method suggested by Serr. This is based on two facts:

l. The nominal diameter, sieve diameter and

sedimentation diameter are all equivalent

for a sphers.
2., On the Cp:Re graph lines of constant fall

velocity occur at +1.

The sedimsntation diameter coefficient K [ has been computed from

a ratio of the Reynolds number of the particle to the Reynolds number of

a sphere of the same fall velocity.

] -_P - _YV 2 p = d/d..
. K' Ras Vg dns 3;8 S
e

The sedimentation diameter for any particle can be determined from
& ratio of the Reynolds number of the particle to the Reynolds

number of the particle projected along a line of slope +1 to the

Cp:Re line-for spheres (sf = 1.0). Because the nominal diameter is as-
sumad to be equivalent to the sedimsntation diameter for a-sphere and

L . becaﬁse all of the particles falling on a line of slope +1 have equal

- fall velocities, a simple ratio of these two Reynolds numbers results in

a ratio of the nominal diameter of the particle to the sedimentation diam-
eter ‘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

; _ _ 94
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sedimentation diameter coefficient K by the ratio dg dn‘ The

resulting ratio is called the diameter coefficient, K 4.

g =Ky (4,/) = (&/8) @u/dy) = 8g./4,.

-The diameter coefficient K d has been computed for the maturally
worn stream sediment samples and is shown on Figure 24. The Reynolds
number on Figure 24 is based on dSv instead of dn , The lines of con-
stant 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 diamster
ds if the sieve diameter dev’ shape factor sf, the fall velocity w,
and the knematic viscosity 1) are all known.

The procedure outlined for using this graph is given in the follow-
ing listed steps:

1. Determine the kinematic viscosity V from Figure 1

using the water temperature which must be either kmown
or assumed. |

2. Estimate the fall velocity of the particle in question

using Figure 25. Assume the nominal diameter to be
equal to the sieve diameter of particle.

3. Compute Reynolds number using this equation and the

Quantities determined in Step 1 and Step 2:

Re = ¥ dgy
Vv

4. Using Figure 24, determine K ; using the Reynolds

number from Step 3 and the known shape factor.
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5. Compute the sedimentation diameter

d_ = dsv = dsv %

8 <
Ky da‘v‘/ds

If only a rough estirmate of the ratio of sieve diameter to sed-
imentation diameter is 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 tem-
perature. The temperature of the water varied from 12° C (54° F
approx.) to 20° C (68° F approx.) during the experiments. These
curvés of constant sieve diameter should not be used unless the water

temperature falls within the experimental range.
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Chapter VI

CONCLUSIONS

The CD=R6 graph for natural particles

1 .. _ .. _ _ 411 the data available have been plotted on two CD:Re graphs
! ) . (Figures 14 and 15) and lines of constant shape factor have been drawn

1 3 through the data. These shape factor lines may seem to contradict the

data at certain points; however, they have been drawm caréfully, giv-
ing proper consideration to the data as a whole and with due consider-
ation of the principles of fluid mechanics herein discussed. If
Figures 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 it is not possible to perform the necessary shape factor meas-
urements, an estimate of average shape factor can be obtained from
Figure 19 or by comparing the natural sediment with the photographs of
i the samples appearing in this report. Because the two CDzRe graphs
have been used as a basis for Figures 3, 20, 21, 22, 23 and 24, these

graphs also must be used with the same discretion as Figures 14 and 15.

A kb i

By repeating fall velocity measurements on a number of selected
. particles, the variation of fall velocity was found to be of ;elativel
minor importance at Re 1less than 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.
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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 Figure lé, can be
constructed from either Figure 1, 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 per cent can
be explained. This fact serves to illustrate the necessity for consid-

ering the shape of the particle.

Relation of Shape Factor to Sieve Diameter

If the sieving process is thorough, the sieve diameter is propor-

tional 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
1 graph of average sf vs. sieve size and is shown in Figure 18. This

curve was obtained from average data and should be used only to obtain

— e

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 lower shape factor than the nat-

-3

1z
Lo

urally 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 ' it ' ~ .

Figures 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

100
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sf = 1.0 1line. The drag coefficient can in turn be used to solve for
the fall velocity. All the errors inherent in the original CD:Re graph

are also inherein in Figures 20 and 21.

Variation of the Velocity Coefficient with Reymolds Number

Many times it is desirable to knmow 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. Figures 22 and 23 have been con-
spructed to aid in the solution of these types of problems. All parti-
cles having the same fall velocity will plot as horizontal lines on
thgse two graphs. Examination of Figures 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 sam-
ples have veen compared on Figure 19, The data have been enveloped by

two lines having the equationss

dn = 1.8 dsv
8, =0.74d, .

As an approximation the nominal diameter can be assumed equal to the

sieve diameter (dn = dsv)‘
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Relation of Sieve Diameter to Sedimentation Diameter

The ;atiq of the sieve diameter to the sedimentation diameter
(Kd = dsv/as) was determined and is shown on Figure 24 for all nat-
urally worn stream sediments. This graph gives the diameter coeffi-
cient 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‘
diameter was made as an aid for the use of Figure 24 when the nominal
diameter is not known., ‘It is expected that Figure 24 is the most useful

to sediment engineers from the practical point of view.

o
RN
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Chapter VII

dracie = N . EXAMPLES

Examples 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 ap-
proximately 1-1/3 times. A 25-cent coin (approximately 24 mm diameter)
appears in each of the photographs taken by Wilde. The photomicro-
graphs taken by Schulz show the sand grains enlarged approximately two

and one-hglf times,
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a) Sample of sand grains
from Cache Le Poudre
River near Bellvue, Colo-
rado.

Ave. S.F. - 0.59 to 0. 76,

b) Sample of sand grams from
the Middle Loup River at
Dunning, Nebraska.

Ave. S.F. - 0.67 to 0. 71.

- |

c) Sample of fragments from
rock crusher at Bellvue,
Colorado.

Ave., S.F. -0.451t00.53

(Note:

L e i Lk i

d) Sample of wmd blown

sand grains from Laporte,
Colorado.
Ave. S. F,

- 0.53 to 0. 64,

Enlarged 1 1/3 times natural size.)

PHOTOGRAPHS OF SAMPLES STUDIED BY COREY.

Fig. 26.
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5 {5 A Sample from Cache La
’. fal - 4 :
7 -:\ (M\ el ol } Poudre River north of
- L . ;‘\/ 5 ) ﬁ Fort Collins, Colorado.
N < !  Ave. S.F. - 0.49 to 0. 65.
- :i- : . i
miy T
& ..q-:l... \f )
. Bt 1
X5 = »4:.

)
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£
Brai,

r el s Rt e P kT T Lok attis e
i
Fan g
PR S W e Sample from crusher
{ eyl i : : plant near Fort Collins,
N ek Al Colorado.
& og i : Ave. S.F. - 0.53 to 0.57.
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2 £ _ j Sample from glacial morraine
' E in Rocky Mountain National
& [ % Park, Colorado.

; 3 1 Ave.S.F. -0.65to0.67.
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(Note: 25-cent piece in each photograph indicates size,)

PHOTOGRAPHS OF SAMPLES STUDIED BY WILDE Fig. 27
| .
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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.
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b ) Sample of sand grains
from Wolf Creek below Ft,
Supply Dam, Oklahoma.
Ave. S.F. - 0.42 to 0,.70.
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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.
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. a) Sample of sand grains
from Middle Loup River
at Dunning, Nebraska.

.Ave, S.F, - 0.60 to 0. 74.

b) Sample of sand grains

~ from Colorado River at

Yuma, Arizona.
Ave, S.F. - 0.60to 0.75.

PHOTOGRAPHS OF SAMPLES STUDIED BY SCHULZ.

COET
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b o : s
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c) Sample of rock crusher
fragments.
Ave, S,F. - 0.44to0 0.67.
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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<=1.,2m
b = 0.9 m
¢ =0.5 m
weight = 0.00132 gm
volume = 00,0005 cc

The particle volume was determined by displacement in a pipet. It may
also be approximated by the product of abc.

To find the sedimentation diameter of this particle the following
computations are necessary.

Solution:

0.5
L = b S — e (0,49
s ¢/ ~/ab RG]

for water at 20°C,V =0.01011 cmz/sec (from Figure 1)

dn3 = (6) (volume) ; @ = 0,0998 cm
n

", _ 8,0 (,0998)

e S .01011

= 99

From Figure 22 at Re = 79 and sf = 0.5, Cy = 1.5 x 1072,
Move to the point where sf = 1.0 and Cj = 1.5 x 1075,

At this point Re = 61,

d =dg = 6L (,0998) = 0.077 cm.

sphere = "8 79
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Exampla Problem No. 2

. . Find the fall velocity of an extremely angular particle having the
- same nominal diameter as the knomm particle but having a shape factor
of 0.3 falling in water at 20° C. The properties of the known particle

are as follows:

0,5 mm

[+
n

o
]

0.3 mm

¢ = 0,26 tm

F = 0.00006 gnm The force is calculated after

knowing the particle volume and specific gravity.

Solution:
0.26

~/50.3)

sf = = 0,67

7Y = 0.01012 cm?/sec (from Figure 1)
Pr = 0.9982 gm/cc.
0.00006 2
_ . B - _.9982(,01012)° = 57a
| ST ot 980
= reV /g

.. _Use Figure 21 for crusher fragments (because the particle is ex-

tremely rough) to find Cp. At sf = 0.67 and Cg = 578, Cp = 3.8.

Move upward from this point to the point where sf = 0.3 and Cg = 578.

Cp = 4.6 at this new point. Assume the specific gravity to be 2.65

. © T """ then .
F=- (A7) (Volume) = (AY) _’5-2_“-.) s
dn3 = 6F = 6 (.00006) = .000069

nAY (2.65-1)n

. o 109




0.041 mm,
= 4.6 = F/d 2 RS it
pf'2/2g

o

o

=

ct

Q
(W]
1

2 = F/a 2 v .00006/(.041) (.042)

4.6pg/2g 4.6(.9982)/2(980)

w = 1.2 cm/sec.

it 2

Example Problem No. 3

the water is 209 C.

Solution:

] solution is as follows:

! determine the diamster coefficient, Xj.

2. Solve for the sedimsntation diameter.

Y at 20° C = 0.01012 (from Figure 1)

4 e = Msv _ _5(.035) =17.3
; sv VJ 01012
k - K4 = 1.15 ;gr‘sf = 0.7 and Resv =17.3
( d d & [
= sV = 0.35 - 0.3 mm .
4 Ky - 1.5

110

diameter is 0.35 mm and the shape factor is 0.7.

= 1.52;

Determine the sedimentation diameter of a particle when the sieve

The temperature of

Figure 24 is used for the solution of this problem. One method of

l. Use lines of constant sieve size and constant shape factor to

Another solution uses both Figure 24 and Figure 25.

i w at 200 Cand d = 0.35 mm = 5 cm/sec (from Figure 25).
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FALLING OF GRAINS OF SAND AND GRAVEL IN CALM WATER

By A. P. Zegrzda, Eng.

1. The sﬁudy of existing experimental data has shown that the
descent of particles of the same kind in various liquids and of parti-
cles 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 dif--
.ference in physical properties of the liquid or of the particles!
material, but must be due to the influénce of the shapes of falling
particles.

2. The experimental data on the descent of sand-grains in water
published in technical literature differ somewhat from 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, characterized the parti-
cles 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 ir-
regular shape) the relationship is also maintained between the coeffi-
cient ofiresistance and the Reynolds! number, if the latter character-
istics be regarded as composed by average values (of velocities,

dimonsions, etc.).
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4. Existing formulae based in a majority of cases on exporirments
with balls, give natuwrally, such results which do not coincide with ex-
perimental data as obtained with sand—gfains falliﬁé iﬁ'water.

S. Practical formulae must be of such a nature as to satisfy con-
ditions illustrated by both series of points (obtained by experiments).f

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

The formulas given below contain extreme values of such param-
eters, corresponding to the highest and lowest situation of test points
on the diagram.

For each group of formulae, the extrems 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. Streamldine stage:

Be<<1.0 (d << 0.125 mm).

Stokes!' formula: P = 4.50 -%;— (1)
II. Intermediary stage:

A) 1.0 < Re << 20

LSRR

= 2.66 [T (2)
od o : P 4.50‘_\/—?;3 e ifan)

Allens! formula: P

bR

PAS

d P = 0.90 (%3)0'120 (3)
p = 2.10(%3)0'235 (37)
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JIT. Turbulent stage:

Re = 150 (d > 2.0 mm)
0.45 (4)
0.64 (4')

P

Richards formula: P

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 formulae:

P2
1>—__2_'5r(1st X (5)
= : - (5
Re = = (6)

where:
v = the average velocity of descent,
r = the average radius of a sand-grain,
g = the acceleration of gravity,

= the density of the sand-grain,

o
N
!

the density of the liquid,

=
"

V = the kinematic coefficient of viscosity.

6. Except the equations mentioned above, the nomographic inter-
pretation of the formulae, proposed by Prof. . A. Velikanov 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.
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The radius of the equivalent sphere (r¢) and the average
radius of the sand-grain (r) may be expressed as functions of one
another, as follows:

Lt z
I. Streamline flow (d < 0.125 mr)

ry=r | _ | (7)
II. d = 0.20 mm

T, =0.525 r 2/3 (8)

ry, = 0.66 v /3 (8")

Experiments show that for particles having diameters from
0.125 mm to 0.20 mm, the relation between r¢ and r , 1s rather
uncertain.

7. It is recommended not to use the Krey's formula, wﬁich has

acquired soms 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 co-
efficient in the formule 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. such & iieh, beiug of
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Table 9 . : PHYSICAL AND HYDRAULIC PROPERTIES o
} OF
il PARTICLES STUDIED BY ZEGRZDA

mn
|

) ' Radius of

Average  Temper- Fall Equivalent
Particle . Radius ature Velocity Particle Fluid Kinematic .. . .. 1 Sghers

Number r - mm oc v-cm/sec Density Density Viscosity P Re g —Im
1 0.278 18.0 2.46 2.67 1.00 0.0106 0.653  0.0436 0.276
2 0.425  ° 12.0 10.98 2.67 ~,1.00 0.0124 0.586  0,0258 0.391
3 0.750 . 10.0 15.62 2.67 1.00 0.0131 0.497  0.0112 0.594
% 1.25 12.0 20.80 2.67 1.00 0.0124 0.468  0.00477  0.796
5 T 1.25 18.0 20.70 2.67 1.00 0.0106 0.471 0.00410 0.712
6 1.75 18.5 ' 25,00 | ‘2,67 -1.00 0.0105 0.453 0.00240  0.850
L7 0.278 . ... 7.5 ;.. "7.82 2.67 1.00 0.0141  0.828  0.0626 0.308
8 . 0.425 ° 8.2 | 10,85 2.67 1.00 0.0139 0.600  0.0292 0.415
9 0.750 .  12.0 15.00 ..; 2.67 "4 11,00 0.0124 0.540  0,0110 0.555
10 1,25 (1. .. 100 220,10 .. c; - 2,67 wa 51,00 0.0131" 0.504 . 0.00522  0.759
11 1.75 7.5 25.90 2.67 %:1.00 0.0141 0.423 0.00265  1.125
e 2,25 8.2 28.10 2.67 1.00 0.0139 0.461  0,00220  1.190
13 . - 0.425 14.4 3.27 2,67 — - 0,880 .-- 0,167 8.00 5] 0.398
14 : 0.750 13.7 5.79 2.67 9,880 .. 0,173 4.39 0.398 0.596
15 1.25 | 12.3 9.84 | 2,67 0.880 0.186 2,53 "j .0,151 0.892
16 == 1,75 -~ --13,7-+---15,80 --i-— 2,67 =i 0,880 ~i-0,173 1.37 -+ 0,0626 ~' 1,260
17 2.25 1444 21.60 | 2.67 10.880 0.167 | ™ 0.945 0.0344 1.620
18 3.00 13.9 29.10 " E ™ 2.67 0.880 0.171 0.694 ~  0,0196 2.180
19 0.278 12.2 1,617 12,67 0.880 0.187 21,8 4.88 0.279
20 0.425 9.4 2,44, 2.67 0.880 0.231 14.4 2.16 0.390
P21 1.25 11.9 | 9.25 2.67 0.880 0.190 2.86 0.164 0.860
T227TTTTLLYS 13,071 16,10 T T 2.67 777 0.880 0.179 1.32 0.0635 1.280
23 2.25 12.3 20.50 = 2.67 ' 0.880 0.181 1.05 0.0392 1.590
24 3,00 12.1 28.30 2.67 0.880 0.188 0.734  0.0221 2.180
25 0,278 15.2 2.86 | 2.67 0.880 0.057 6.96 0.691 0.225
26 0.425 12,0 K84 T 2s647 0.880 0.094 5.88 0.560 0.343
27 ) 050 5 I83. L TS5 . L 260 ...-0.88D 0.067 . 2.48 0.115 0.484
28 1.25 16.6 13.15 2,67 0.880 0.045 1.43 0.0274 0.631
29 1.75 13.8 17.95 267 0.880 0.078 1.08 0.0248 1.02
30 2.25 13.2 25.45 2.67 0.880 0.688 0.688 0.0140 1.48
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PHYSICAL AND HYDRAULIC PROPERTIES

' Table 10 - ! OF
— PARTICLES STUDIED BY KRUMBEIN
(Table 1, p. 624 from Krumbein's paper)

Nom- Approx. Crit- (v/V) Settl- Rey- Coeff. Form-

inal Round- gf/1 ical for ing nolds resis- Coeff,

Sym-  Den-  diam- Spher- ness _c Froude F = 0.5 Veloc- No.  tance, (V_/V_)

Form bol sity eter icity P Jab No. /2 d/y = ity R ce s "3

L’J Fc L2 0.11
gm/sec  cm cm/sec.

"Spheres" S 2.06  1.47 0,96 0.95 0.93 0.13 0.68 63.4 9300 0.50 0.91
Rollers 1 Rl 2,14 1l.44 0.85 0,90 0.89 0.15 0.64 53.0 7640  0.77 0.75
Rollers 2 R2 2,11  1.44 0.68 0.85 0.75 0.20 0.58 48.8 7030 0.87 0.69
Rollers 3 R3 2,02 1.6 0.52 0.80 0.61 0.35 0.50 39.1 5700 1.28 0.56
Disks 1 Dl 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 1l.45 0.75 0.95 0.42 0.37 0.52 35.7 5170 =53 0.51
Disks 3 D3, 2.13 1l.46  0.61 0.95 0.22 0.42 0.38 24.1 3520 3.72 0.35
Blades 1 Bl 2,09 1l.43 0.80 0.85 0.72 0.20 0.59 49.1 7020 0.85 0.69
Blades 2 B2 2.07 1l.44 0.68 0.80 0.51 0.33 0.54 39.7 5710 1.28 0.56
Blades 3 B3 2.15 1.43 0.52 0.75 043 0.41 0.46 34.5 4960 1.82 0.49
Cubes C 2,14 1.45 0.82 0.25 0.73 0.31 0.56 46.7 6750 0.97 0.66
Fragments f 2,08 1.45 0.85 0.20 0.68 0.26 0.54 46,0 6680 0.96 0.65
"Bricks" b 2.10 1l.44 0.65 0.25 0.35 0.40 0.39 33.6 4840 1.84 0.47
Rollers 4 R4 2,24  l.44  0.82 0.30 0.84 0.18 0.62 51.6 7430 0.37 0.73
Rollers 5 R5 2.23 1l.41  0.54 0.30 0.59 0.38 0.52 36.6 5160 1.69 0.51
Disks 4 D4 2,17 1l.44 0.381 0.95 0.44 0.32 0.50 38.4 5540 1.46 0.53
Disks 5 D5 2,20 1.3 0.57 0.95 0.17 0.35 0.50 26.4 3760 3.26 0.37

4& Computed from Krumbein's data.
Zg Froude number not important in this case -- see Kalinske's discussion.



ENLARGED PHOTOGRAPHS OF PARTICLES

USED BY SERR
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STANDARD OTTaWA SAND 5
Tyler Sleves 28 - 20 R
Average 0.712 mm., R e 3
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Tyler Siovos 100 - 80 Tylor Sieves 65 = 60
Averaga 0,161 mm, ' Averege 0,227 mm,

Tyler Sieves €O - 48 Tyler Sieves 48 - 35
Aversge 0,271 mm, hverage 0,356 mm,

iyle} Sieves 35 - 28 Tyler Sleves 2¢ = %0
Aversge 0,503 mm. : Averrge 0,712 ma,

SAND SAMPLE NUMBER 1
Magnification 10 diemeters

Type: River bed material )
Sourca: Ceche la Poudre R,, Fort Collirs,
Colorado
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Tyler Sleves 80 ~ 68 _ Tyler Sileves 65 -~ 60
Averege 0,192 ma, Averago 0,227 mm,

Tyler Sloves 60 - 48 Tyler Sloves 48 - 35
Average 0,270 mm., Average 0,356 mm,

U 2T i R

ler Sleves 35 - 28
.verage 0,503 mm,. Average 0,712 :in,

SAND SAMPLE NUMBER £ 4
Magnification 10 dismeters
Type:  River bed materinl

‘Source: Michigan River, Cemp Pennoclk,
Colorado
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Tyler Sleves 65 - 60
Average 0,227 mm,

Tyler Sieves 60 - 48
Average 0,270 mm,

Tyler Sieves 48 - 35
Pverage 0,356 mm,

~2-Tyler Sleves 28 - 20
v:r - Average 0,712 mm.

1yler Sleves 35 - 28
Average 0,503 mm,

Tyler Sieves 14 - 10
Average 1.410 mm,

<= SAND SAMPLE NUNBER 3
Magnification 10 dlameters

Type:
Source:

Fine rock debris -
Fresh talus slide, Verdi, Nevada

125 .

ay ) Rt " T

T T e Lo bl ey

T T



Tyler Sileves 80 - 65 Tyier Sleves 65 - 60
Average 0,192 pm, Average 0,227 mmn,

Tyler Sleves 60 - 44 Tyler Sleves 48 - 35
Average 0,270 nm, Average 0,356 mm,

Tyler Sleves 35 - 28 TylerT$£¢§ésyéé.? 20" '”ji
average 0,503 mm, Average 0,712 mm." ;

SAND SaMPLE NUMBER 4
Magnificatlon 10 dileameters

Type: Dune sand
Source: Fernley, Nevada
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.nyler Sleves 80 = 65 Tyler Sieves 65 - 60
<~ -~ Average 0,192 mm, Average 0,227 mm,

-iTyler Sleves 60 - 48 | Tyler Sieves 48 - 35
- Average 0,270 mm. Average 0,356 mm,

’ff?yler Siebes’35 - 28 ) Tyler Sleves 28 - 20
~  Average 0,503 mm, *‘Agfrage 0.712 mm,

SAND SAMPLE NULBER 5
vagnification 10 dlameters

~ Type: River bed material
- Sourte: Truckee River, Truckee, Californis
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Tyler Sieves 48 - 35 Tyler Sieves 35 - 28
Average 0,356 mm, Avergge 0,503 mm,

I'yler S1eves 28 = v Tyler Sileves 20 - 14
Avamnra 0712 mm. Advaraca 1.001 mm,

Tyler Sleves 14 - 10 Tyler Sleves 10 - &
Average 1,410 mm, ‘Average 2,006 nm,

SAND SAMPLE NUMBER 6
Magnification 10 diameters

Type: River bed materlal
Source: So. Fork Yuba River, Cisco, Californisa
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. Tyler Sieves 65 - 60 . Tyler Sieves ou - =o
~ _. Average 0.227 mm. ) Average 0,270 mm,

Tyler Sleves 48 - 35 - Tyler Sieves 35 - 28
Average 0,356 mm. Average 0,503 mm,

- - Tyler Sieves 28 - 20 :=_.-_. Tyler Sieves 20 - 1:
i=----Average 0,712 mm, Az Average 1,001 rm.

~ SAND SANPLE NUMBER 7
Magnification 10 diameters

Type: River bed material
Source: Putah.Creok, Davis, Celifornis
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Tyler Sleves 100 - 80

Tyler Sieves 80 - €5
Average 0,161 mm,

Aversge 0,192 mm,

Tyler Sieves 65 - €0 Tyler Sieves 60 - 48
Average 0,227 mm, Aversge 0,270 mm,

Tyler Sleves 48 - 35 Tyler Sieves 35 - 28
Aversge 0,%56 mm, Average 0,503 mm.

SAND SAMPLE NUMBER 8
- Magnification 10 diameters

~ Type: Exceptionly well-worn dune sand
Source: Dunes near Grest Salt Lake, Utah
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Tyler 8icvog €S » €O Tyler Sleves 60 - 48
Avorago 0,287 mm, - - Averagoe 0,270 mm,

Tyler 8iovos 43 = 8§ Tylor Sieves 35 =~ 28
Average 0,356 rma, . Avorage 0,503 nm,

Tyler Slevos 28 = 20 Tyler Sleves 20 - 14
. c-_-- < Averago 0,712 mm, -_._ _ Averrge 1.001 mm,

SAKD SAMPLE RUMBER 9
Mognificetion 10 dismeters

- Types Lako beach material
Source: Grand Lakae, Golorado
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Sleves 60 - 48
ler Sieves 65 - €0 Tyler
TyAgerage 0,227 mm, Average 0,270 mm,

Tyler Sieves 48 - 35 Tyler Sieves 35 = 28
Average 0,356 mm, Average 0.503 mm,

S0 @) ‘

Tyler Sleves 28 - 20 Tyler Sieves 20 - 14
Average 0,712 mm. Average 1.001 mm,

SAND SAMPLE NUMBER 10
Magnification 10 diameters

Type: River bed material
Source: Cache la Poudre River, Chambers Lake,
Colorgado
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“Table 11

PHYSICAL AND HYDRAULIC PROPERTIES
OF
PARTICLES STUDIED BY COREY
(Combined from Tables 1, 3, & 4, pp. 75-99 from Corey's Thesis)

€eT

-Particle Particle With Nominal  With Projected
Weight Dimensions Dimensions
(mg) wdg  F/4,* b F/eb_ Jab
vV owja 7V oY
Sample of sand from Cache la Poudre River at Bellvue, Colorado

Retained on 4-mesh sieve
1 9.1 7.8 5:8 0.63 446 85 1700 1.95 1930 1.28
2 6.4 5.0 4.5 0.80 190 08 1430 1.17 1410 0.95
3 8.3 7.4 5.7 0.73 471 .00 2310 1.12 2440 0.90
4 9.9 8.8 4.0 0.43 399 60 2220 1.03 2950 0.52
5 5.5 5.0 4.3 0.80 175 01 1260 1.40 1250 1.25
6 10.1 6.8 6.3 0.76 493 .07 1560 2.56 3150 1.82
7 8.2 6.8 5.7 0.76 YA 83 2070 Jie 26 2100 1.05
8 6.4 5 4.9 0.84 209 1700 0.91 1700 0.76
9 8.3 6.4 A 0.60 388 2280 0.95 2220 0.76
10 9.6 6.4 3.1 0.40 —— —— ——— 1900 _—

Reteined on 8-mesh sieve
1 7.8 5.3 3.0 0.47 147.0 4,73 990 1.90 1110 1.05
2 509 1000 2-9 9'059 91.8 10—001# 1060 Oo& 1050 0.70
3 5.9 3.6 3.4 0.74 77.6 3.82 925 1.14 865 0.79
4 5.4 3.8 3.0 0.66 64.1 3.58 810 1.23 860 0.79
5 6.5 4.8 2.4 0,43 92.2 4,05 920 1.38 1090 0.73
6 5.4 2.9 2.5 0.56 54,1 3.38 875 0.88 960 0.50
8 5.8 3.7 3.3 0.72 96.2 4,10 956 88 860 1.07
9 549 4.8 3.4 0.64 121.0 4 43 1330 0.71 1440 0.60
10 7.3 4.8 2.9 0.49 118.0 4,39 1090 1.25 1190 0.69

(Continued on next page)
1/ All particles either feldspar or quartz — Specific Gravity assumed to be 2.65
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Table 11 (continued) |
Particle  Nominal  With Nominal  vith projected
Particle Axis (mm) sf Weight Diameter Dimensions dimensions
Number  a b e ¢/ ~/2b (mg) (mm) wd F/d * %} Ezgy
v P P72
Retained on 9-mesh sieve. . “
i 4.3 530 724 0.66 2.2 2.59 547 1.02 635 - 0.53
2 4.0 2.8 2.3 0.68 22.4 2.53 612 0.75 665 0.44
3 3.1 2.9 2.5 0.83 17.4 2.32 534 0.77 662 0.46
4 53 2.5 2.5 0.69 39.3 3.04 601 1.2/ 495 0.96
5 4.3 3.1 2.5 0.69 20.6 2.46 465 1.20 590 0.55
6 0 el 2,60 2,6 0,80 22.1 2.51 467 1.28 484 0.75
7] 365 2.5 :~-:2.3 0.76 16.9 2.25 362 1.53 400 0.89
8 3.1 3.0 2.1 0.68 17.6 2.33 452 1.08 581 0.60
9 4.9 2.6 1.8 0.49 237 2.57 521 0.09 535 0.57
Retained on 10-mesh sieve :
1 A 2.5 1.9 0.65 13.9 2.15 430 0.94 501 0.51
2 3.8 Xy 1.8 0.62 12.7 2.09 360 1.23 366 0.67
3 3.0 2.4 1.9 0.75 13.8 2.15 — — - ——
4 873 2.4 1.9 0.68 12.1 2,06 275 2,03 317 1.12
5 4.3 2.5 2.0 0.62 13.3 2.12 320 1.63 380 0.69
6 I 0] 2.8 2.5 0.87 12.9 2.10 ¥/5 1.15 491 0.62
7 34 21 2. 0.80 16.6 2.29 430 113 400 0.82
87 NN R2,5 77T 2,47 72,4 0.98 8.7 1.8  — S —— -— ——
9 oo 2.6 2.3 0.79 147 2.20 390 1.24 461 0.73
10 3.1 2.4 2.3 0.83 14.1 2.17 400 1.13 435 0.7

(Continued on next page)
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Table 11 (continued) . . i itk i e [
Particle Nominal With Nominal With Projected

Particle - ' sf Weight Diameter Dimensions Dimensions
Number a b c ¢/ ~/ab (mg) (mm) win F/dnz wb F/ab

I R ..

Retained on l4-mesh sieve

bl 3% 2.5 W3 0.44 12.6 2.09 420 0.91 500 0.48 .
2 2.1 1.2 1.6 0.82 8.4 1.82 290 1.29 286 1.19
3 2.16 1.9 1.3 0'63 5.7 1.60 — — S ———
4 2.5 2.2 1.9 0.59 9.6 1.90 345 1,01 398 0.67
5 2.6 2.2 1.9 0.78 11.7 2,04 330 1.13 350 0.99
() 2.7 2,0 1.6 .0.68 9.7 1.91 313 1.03 326 0.85
7 2.3 2.1 1.6 0.73 12.5 2.08 430 0.85 L45 0.75
8 2.2 2.0 1.6 0.68 10.0 - 1.93 306 1.35 340 0.70
9 2.2 2.1 2.1 0.97 8.6 1.83 326 1.01 369 0.75
10 2.3 1.9 1.5 0.73 6.2 1.64

270 1.08 310 0.70
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PHYSICAL AND HYDRAULIC PROPERTIES

il A - b i i i il & e A i 3 R ok ket Sk, e e e il

Table 12 OF
_ PARTICLES STUDIED BY MALAIKA
(Tables III, IV, V, VI, VII & VIII pp. 54 to 64 from Malaika's Thesis)
Surmary of Results with 0il No. 15967, Standard Oil Company of Illinois
Nominal Velocity Reynolds Particle Computed Boundary Corrected
Particle Diameter Number Density Drag Coef, Correction Drag Coef.
N A1 Long v R s Cp, m c,
£t ft/sec Slugs/cu.ft. :

= :
1. At 27.15° C., oil density 1.702 slugs per cu. ft., kinematic viscosity 0.2060 sq. ft. per sec.,
jar diameter 0.675 ft.

C=4

C-4 -
C~4

P-4

P-1/4

D-1
D-1/4
D-1/4
s-1

© 0.02264 0.02440 0.002662 15.30 13,090 1.107 .
> 0,01907 0.01770 0.001640 15.18 20,600 1.085
0.01183 0.00704 0.0004045 15.18 81,100 1.050
0.02295.  0.02478 0.002756 15.30 12,820 1.098
0.01551 0.01151 0.000868 15.30 40,100 1.080
0.01233 0.009345 0.000559 15.30 48,400 1.049
0.01713 0.01193 0.000992 15.30 41,200 1.133
0.01280 .7 0.00709 0.000441 15.30 87,100 1.098
0.01301 0.01173 0.000743 15.10 33,200 1.040

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

46,200
36,380
79,400
31,900

2. At 27.90° C, o0il density 1.701 slugs per cu. ft., kinematic viscosity 0.,1930 sq. ft. per sec.,
Jar diameter 0.675 ft.

c-1/4
c-1/4
C-1/4
P-1/4
D-4

S-4
S~4

0.01182 0.00705 0.000432 15.18 80,600 1.051
0.00885 0.00411 0.000189 15.30 178,200 1.040
0.00752 0.00302 0.0001178 15.18 280,000 1.031
0.01131 0.00613 0.000359 15.30 103,100 1.051
0.01233 0.00814 0,000521 15.30 64,300 1.049
0.01242 0.00863 0.000556 15.30 57,200 1.048
0.00766 0.00342 0.0001359 15.30 223,600 1.030

76,600
171,500
271,500

98,100

61,000

54,700
217,000

(Continued on next page)



LET

c L AP B A 1 S Mhenia),

Table 12 (continued)
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Nominal Velocity Reynolds Particle Computed - Boundary Corrected
Particle Diameter Number Density Drag Coef, Correction Drag Coef,
D v R s Ch m ' Cp
ft. ft/sec Slugs/cu.ft.

3. At 27.35° C, oil density 1.702 slugs per cu.ft., kinematic viscosity 0.2020 sq. ft. per sec., jar
diameter 0.675 ft.

c-1 0.01421 0.01284 0.000901 15.30 29,430 1.043 28,200
c-1 0.01196 0.00920 0.000545 15.18 47,850 1,033 46,250
P-4 0.01150 0.006595 0.000375 15.30 90,250 1.042 86,500
P-1 0.01445 0.01299 0.000927 15.30 29,400 1.040 28,250
P-1 0.01162 0.08360 0.000481 15.30 56,850 1,033 55,000
D-4 0.01593 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

L. At 28,05° C, oil density 1.701 slugs per cu. ft., kinematic viscosity'd.l900 sq. ft. per sec., jar
diameter 0.469 ft.

s-1/L, 0.02119 0.02040 0.002275 15.30 17,500 1.195 14,650

The two following spheroids were dropped in a direction normal to the one stable in the surface
drag zone. The dynamic properties and the Jjar diameter are the same as above.

S-4-N 0.01242 0.01050 0.000686 15.30 38,600 1.065 36,200
S-1/4-N 0.02119 0.02890 0.003400 15.30 84,800 1.088 77,950

Summary of Results with Mixture of 0ils No. 15967 and 15934, Standard Oil Company of Illinois

1. At 26.40° C, oil density 1.671 slugs per cu. ft., kinematic viscosity 0.0412 sq. ft. per sec., jar
diameter 0.675 ft.

C-1/4 0.01182 0.0368 0.01057 15.18 3,025 1.051 2,880
c-1/4 0.00885 0.02042 0.00438 15.30 7,400 1.040 7,110

(continued on next page)
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Table 12 (continued)

Nominal Velocit, Reynolds Particle Computed Boundary Corrected
Particle (-Diameter : Number Density Drag Coef. Correction brag Coef.

N D v R s Cp m Cp
£, ft/sec Slugs/cu.ft.

C-1/4 0.00752 0.0149 0.00272 15.18 11,730 1.031 11,380
P=1/, 0.01131 0.0298 0.00819 15.30 4,450 1.051 4,225
D~4 " 0.01233 0.03945 0.01180 15.30 2,762 1.049 2,640
S-4 0.01242 0.0400 0.01207 15.30 2,720 1.048 2,595
S=4 0.00766 0.0154 0.00286 15.30 11,260 1.030 10,930
S=1/4 0.02119 0.1033 0.05300 15.30 692 1.130 612

2. At 29.80° C, oil density 1.667 slugs per cu. ft., kinematic viscosity 0.0317 sq. ft. per sec.,
Jar diameter 0.0675 ft.

C-4
C—4
C-4
c-1
c-1

0.02264
0.01907
0.01183
0.01421
0.01196

0.1670
0.1210
0.04835
0.0876
0.0626

0.11950
0.07280
0.01807

0.03930

0.02360

15.30
15.18
15.18
15.30
15.18

285
452.5

1,760
650

1,062

1.107
10085
1.050
1.043
1.033

258
417
1,677
622
1,027

3. At 30.00° C, o0il density 1.667 slugs per cu. ft., kinematic viscosity 0.0312 sq. ft. per sec.,
Jar diameter 0.675 ft.

P-4/ 0.02295
P-4 0.01150
P-1 0.01445
pP-1 0.01162
P-1/4 0.01551
D-4 0.01593
D-1 " 0.01597
D-1 0.01233
D~1/4:»-nry 0.01713
D-1/4" ~ 0,01280
S—4 \.A00.02027
8-1 <i~rmntear0.01301

0.1720
0.0458
-0,0875
~-0,0576
0.0770
0.08375
0.1046
0.0641

~ +0,0778
000491
~0.1380
0.0758

0.12650

0.01690
0.04050
0.02150
0.03828
0.04275
0.05350
0.02535

0.04265 -

0.02015
0.08970 -
0.03160

15.30
15.30
15.30
15.30
15.30
15 '30
15.30
15.30
15.30
15.30
15.30
15.10

271
1,920
662
1,227
921
798
512
1,051
996
1,862
374.2
784

1.098
1.042
1.040
1.033
1.080
1.070
1.070
1.049

0133

1.098

10099 Ye

1 [ ] 040
(Continued

247
1,840
- 637
1,187
852
745

478.5
1,003
of IXlin~ 880
1,697
341
754,
on next page)
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Table 12 (continued) C1 L.
Summary of Results with O0il No. 15934, Standard Oil Company of Illinois |
Nominal Velocity Particle Computed Corrected
Diameter Reynolds Density Drag Coef. Boundary Drag Coef.
Particle D v Number s C'D Correction c
ft. ft/sec R Slugs/cu.ft. m D

1. At 26.90° C, o0il density 1.643 slugs per cu. ft., kinematic viscosity 0,00525 sq. ft. per sec.,
jar diameter 0.675 ft.

C-4 0.02264 0.731 3.158 15.30 15.12 1.040 14.55
C-4 0.01907 0.575 2.087 15.18 20.37 1.038 19.60
C-4 0.01183 0.268 0.604 15.18 58.27 1.036 56.30
c-1/4 0.01182 0.264, 0.59 15.18 60.00 1.037 57.90
c-1/4 0.00885 0.184 0.276 15.30 117.2 1.033 113.4
c-1/4 0.00752 0.117 0.1672 15.18 193.9 1.031 188.0
P-1/4 0.01551 0.398 1A S 15.30 . 34.85 1.042 8.4
P-1/4 10.01131 0.236 0.5075 15.30 72.3 1.037 69.7
D-4 0.01233 0.289 0.677 15.30 52.6 1.036 50.8
S-4, 0.00766 0.125 0.1887 15.30 174,..6 1.030 169.6
S-1 0.01301 0.409 e O 15.10 27.26 1.027 26,6

2. At 27.400 C, -0il density l.643 slugs pér cu, ft., kinematic viscosity 0.00507 sq. ft. per sec.,
jar diameter 0.675 ft.

c-1 0.01421 0.0475 1.330 15.30 22.40 1.025 21.82
c-1 0.01196 0.354 0.834 15.18 33.62 1.023 32.82
P-4 0.02295 0.784 4,150 15.30 13.33 1.033 12.90
P-4 "~ 0.01150 0.260 0.5896 15.30 60.50 1.031 58.60
p-1 ¥ 0.01445 0.477 1.592 ¢ 15,30 22.64 1.019 22,25
pP-1 0.01162 0.331 0.8885 - 15.30 37.70 1.021 36.88
D-4 0.01593 0.436 1.608 15.30 29.86 1.032 28.90
S-4 0.02027 0.668 2.672 15.30 16.17 1.041 1551
S~4 0.01242 0.309 0.757 15,30 46.37 1.032 44,90

(Continued on next page)
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Table 12° (continued)

Nominal Velocity Particle Computed Corrected

Diameter Reynolds Density Drag Coef. Boundary Drag Coef.
Particle D v Number s c! Correction C
ft. £1/sec R Slugs/cu.ft. D “m D

3, " At 25.30° C, 0il density 1.645 slugs per cu. ft., kinematic viscosity 0.005915 sq. ft. per sec.,
jar diameter 0.675 ft.

D-1 0.01597 0.471 1.272 15.30 25.58 1.038 24,63

D-1/4 0.01713 0.357 1.034 15.30 47.80 1.078.. 44,30
D-1/4 0.01280 0.226 0.489 15.30 89,10 1.072 83.00

4. At 32.80° C, oil density 1, 638 slugs per cu. ft., kinematic viscosity 0.00345 sq. ft. per sec.,

jar diameter 0.469 ft.
S—l/L 0.02119 .0.825 5.060 15.30 11.11 1.066 10.41

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

1., At 28.70° C, oil density 1.615 slugs per cu. ft., kinematic viscosity 0.000795 sq. ft. per sec.,

jar diameter 0.681 ft..

C~4, L0.02264 . 1,723 49.10 15.30 2.780 1.015 2.740
C<4 0.01907 1.440 34.55 15.18 3.315 1.013 3.268
C~4 0.01183 0.872 13.00 . 15.18 5.605 1.008 5.565
c-1 10.01421 1.430 25.60 15.30 2.530 1.007 2.510
C+1/4 0.01182 0.87€. 13.02 15.18 5.540 1.009 5.490
c-1/4 "0.00885 0.602 6.695 15.30 ' 8.840 1.008 8.770
C-1/4 . ,.0.00752 0.504 4,745 . 15.18 10.65 ... 1.008 10.58
P-4l 0.02295.0 71,770 51.00 ‘ 15.30 2.650 1,016 2.610
P-4 77 0.01150 0.830 12.00 15.30 6.050 1.007 6.010
P-1 ©0.01445 ~1.400 125.41 15.30 2.675 -1.008 24655
P-1 ~0.01162 1,090 15.93 15,30 555 1.006 3.535

0. (Continued on next page)
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Table 12 (Continued) e
Nominal Velocity Particle Computed oy Corrected
Diametel: Reynolds Density Drag Coef. Boundary Drag Coef.
Particle D v Number s c! Correction C
£t. ft/sec R Slugs/cu.ft. D m D
D~4 0.01593 1.140 '+ 22,80 15.30 4,448 1.012 4.390
S-4 0.02027 1.556 39.62 15.30 3.050 1.017 3.000
S-4 0.00766 0.532 5.12 15.30 9.770 1.007 9.720
S-1 0.01301 1.370 22.41 15.10 2.480 1.007 2.463

™t

2. At 27.200 C, oil density 1.616é slugs per cu. ft., kinematic viscosity 0.000864 sq. ft.-per sec.,

Jar diameter 0.681 ft.

D-1 0.01597 1.360
D-1 0.01233 1.030
D-1/4 0.01713 0.900
P-1/4 0.01280 0.705
c-1 0.01196 1.096

25.15
14.70
17.87
10.43
15.00

15.30
15.30
15 .30
15.30
15.18

3.130
4.220
7.680
9.330
3.582

1.012 3.090
1.009 4.190.
1.025 7.490
1.023 9.110
1.005 3.561

3. At 28.60° C, oil density 1.615 slugs per cu. ft., kinematic viscosity 0.000800 sq. ft. per sec.,

jar diameter 0.681 ft.

P-1/4 0.01551 1.088
P-1/4 0.01131 0.772

23.01
10.92

15.30
15.30

4.765
6.880

1.014 4.700
1.008 6.830

4L, At 27.10° C, oil density 1.616 slugs per cu. ft., kinematic viscosity 0. 000869 sq. ft. per sec.,

jar diameter 0.681 ft.

S-1/4 0.02119 1.443

35.20

15.30

3.680

1.019 3.610

(Continued on next page)
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Table 12 (Continued)

Nominal Velocity Particle Computed Boundary Corrected
Diameter Reynolds Density Drag Coef. Correction Drag Coef.
Particle D v Number s C! n c
Bz ft/sec R Slugs/cu.ft. D D

(Can -

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

1. At 28.40° C, oil density 1.674 slugs per cu. ft., kinematic viscosity 0.000245 sq. ft. per sec.,
jar diameter 0.681 ft.

C-4 0.02264 2.260 209.0 15.30 L3550 1.011 1.533
G4 0.01907 1.98¢C 154.1 . 15.18 1.681 1.010 1.664
C-4 0.01183 1.310 63.3 15.18 2.387 1.006 2.375
c-1 ~ 0.01421 2.130 1287 15.30 1.093 1.003 1.090
o 0.01196 1.810 88.4. 15.18 1.262 1.002 1.259
C-1/4 0.01182 1.260 60.75 15,18 .2.580 1.006 2,561
c-1/4 0.00885 0.960 34 .65 15.30 3.352 1.004 3.338
c-1/4 _ . 0.00752 0.818 25.10 15.18 3.888 1.005 3.870
P-1 ' -“Y 0,01445 " 2.100 123.9 15.30 1.142 - 1.004 - 1.138
R=1 "70.01162 1.700 80.7 15.30 1.404 1.003 1.399
P-1/4 0.01551 1.460 92.85 15.30 2.516 1.012 2.480
D-4 0.01592 1.630 106.10 15.30 2.090 1,009 2.074
D-4 0.01233 1.325 66,70 15,30 2.447 1.006 2.433
S-4 ©0.02027 2.090 173.1 - 15.30 1.620 1.012 1.600
A 1,0.01242 1.390 70.5 15.30 2.242 1.006 2.230
S-4 0.00766 0.880 27.5 15.30 3.460 1.003 3.450
s-1 , ~-0.01301 2.080 110.5 15.10 1.033 1.003 _ 1.030

2. At 27705° C, 0il density 1.677 slugs per cu. ft., kinematic viscosity 0.0002585 sq. ft. per sec.,
Jar diameter 0.681 ft.

ot '0.01597  1.835 11852 15.30 1.650 1.009 '1.638
D-1, . - 0.01233 . 1.534 73.15 . 15.30 1.827 1.006 1.816
D-1/4 ~'7*° 0.01280 " T0.950°"" T 47.12 15.30 4.940 - 1.015 °- ool

(Continued on next page)
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Table 12 (continued)

y [}

Nominal Veloéity Particle Computed Boundary

Corrected
Diameter Reynolds Density Drag Coef. Correction Drag Coef.
Particle D A Number s c! m
. D C
ft, ft/sec R Slugs/cu.ft. D

3. At 32.20° C, oil density 1.670 slugs per cu. ft., kinematic viscosity 0.000209 sq. ft. per sec.,

jar diameter 0.681 ft.

P-1/4 0.01131 1.176 63.51 15.30 2.870 1.006
B~ 0.02295 2.380 261.5 15.30 1.416 1.010
P 0.01150 1.381 76.0 15.30 2,102 1.005
S-1/4 0.02119 1.748 177.0 15.30 2.420 1.014

2.855
1.400
2,092
2.382

4. At 29.05° C, oil density 1.616 slugs per cu. ft., kinematic viscosity 0.0000425 sq. ft. per sec.,

jar diameter 0.675 ft.

C-4 0.2264 2.590 1380 15.30 1.226 1.007
C-4 0.01907 2.360 1059 15.18 1,231 - 1.006
C-4 0.01183 1.845 513.5 T8 1.252 1.003
c-1/4 0.00885 1,134 235,7 15.30 2.498 1.003
c-1/4 0.00752 1.073 189.6 15,18 2.345 1,003
D-4 0.01593 2.100 785 - 15.30 1.311 1.005
D-4 0.01233 1.850 536 15.30 1.310 1.003
D-1 0.01597 2.100 786 15.30 1,318 1.005
D-1 0.01233 1.830 529 15.30 1.337 1.003
S-4, 0.02027 2.630 1252 15.30 1.064 1.006
S=4, 0.01242 1.885 550 15.30 1.271 1,003

S-1 0.01301 3.040 930 15.10 0.505 1.001

1.218
1.225
1.248
2.488
2.338

1.304
1.304
1.307
1.332
1.059
1.269
1.450
0.504
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Particles 66 thru 69 were not used.

- ]
C . PHYSICAL AND HYDRAULIC PROPERTIES -
? or
Table 13 —HUNDCM SAMPLE PARTICLES STUDIED BY WILDE
h o DATA IN WATER DATA IN OIL
2.1, Y al aba 4
No. ¥ " « b o Vol sg U W vt w oae b T 07 v Geld) Gylaw) Gy Man) 84l Vv G cdad Gld) o Fa)
Xl a2
1 18.82 30.44 3.48 2,91 1.95 1:.62 2,62 2.8l 0.78 0.62 1.20 1010 19.7 126 169 9.9 76.2 0.77 0.63 0.80 24.6 22.8 0.60 857 0.74 0.59 0.75 455 400
2 10,03 16.20 2,70 215 1.86 6.19 2.62 2.27 0.85 0.77 1.25 50 10.8 121 1.76 9.9 77.7 0.68 0.56 0.63 19.0 17.9 0.0 77 0.82 0.67 0.76 309 291
3 6.86 11.06 3.37 3.10 0.91 4.20 2.63 2.00 0.45 0.28 1.09 1040 9.5 148 2.26 9.6 37.2 1.46 1.03 2.65 12.6 7.8 0.60 43.1 1.21 0.82 2.14 232 144
AOT75 124y 3.17 2.30 1.29 4.69 2.65 2.05 0.61 0.48 1.38 730 9.4 131 2.00 10.0 49.1 1.4 0.87 1.5 13.2 10.1 0.60 56 1.03 G.78 1.36 252 191
5 8.97 142 3.19 3.00 1.46 5.45 2.65 2.18 0.52 0.47 1.06 960 13.9 132 2.55 10.0 48.8 1.0 0.80 1.56 1L.9 10.5 0.60
!

6 l.e4 3.00 1.87 1.67 0.68 1.16 2.58 1.32 0.53 0.38 1.12 311 212 1201 1.83 10.2 34.8 1.18 0.97 1.75 5.9 4.k 0.60 38.4 1.12 0.93 1.66 113 85
7 2.85 L.59 2.70 1.77 0.62 1.74 2.64 1.i8 0.46 0.28 1.53 477 3.96 126 2.27 10.3 34.2 1.23 0.98 2.11 7.3 4.9 0.60 37.8 1.21 0.96 2.10 138 93
8 0.46 0.75 1.30 0.94 0.60 0.29 2,61 0.82 0.6 0.54 1.38 122 0.73 154 2.52 9.9 33.2 0.9, 0.68 122 3.7 . 2.9 0.60 26.8 190 1.23 2.23 49 36.5
9 0.69 1.11 1.38 1.67 0.8 0.42 2.6, 0.92 0.55 0.38 1.18 162 079 132 1.86 9.9 29.2 1.32 1.00 1.89 3.7 2.1 0.60 29 1.55 1.18 2.23 62 45
10 0.69 1.1l 1.43 0.91 0.75 0.42 2.65 0.92 0.72 0.66 1.57 130 1.00 153 2.36 9.6 41.8 0.87 0.62 0.95, 5.0 3.9 0.60 32.6 1.80 1.18 L79 62 50
11 04l 0,67 1,05 0,93 0.70 0.26 2.65 0.79 0.68 0.71 1.13 98 0.68 146 1,60 10.0 43.3 0,60 0.45 0.68 42 3.4 0.60 27,& 1.92 1.32 2.0k 45 3%
12 .43k 215 1.52 113 0.95 0,81 2.65 1.15 0,78 0,72 1,36 170 1,63 127 2.01 10,0 46,3 0.91 0.72 1,00 6.1 5.4 0,60 4.3 1.36 1,03 137 90 K4
13 29 400 2,05 .64 0,90 1,50 2,66 1.4) 0.64 0.49 1,25 335 3.02 135 2.00 9.3 51.2 0,7% 0.5 0.92 10.1 7.9 0.60 50.8 0.92 0.68 1.1l 15 120
L7 248 4.02 2,85 1.80 0.55 1.5, 2.61 1.43 0.41 0.24 1.58 510 2.82 128 1.8)10.0 30,2 1.40 1.07 2.65 6,7. 4.3 0.60 36 112 0.87 2.17 135 e
15 126 2.05 2.73 1.23 0.69 0.78 2.61 1.15 0.42 0.38 1.58 335 2.32 137 2.95 9.6 27.4 1.36 0.99 2.52 5.2 “3., 0.60 28.6 l.44 1.05 2.66 87 55
16 0.2 0.9 1.04 0.54 0.27 0.07 2.67 0.52 0.43 0.36 1.93 56 0.15 115 2.06 0.60 13.4 3.2 28 58 117 12
17 0.1 2.41 1.66 1,38 0.85 1.00 242 1.24 0.69 0.56 1,20 228 1.95131 1.95 9.3 42.4 0.89 0.68 1.01 6.9 5.6 0.60 38.8 1.25 0.96 1.42 98 80
18 0,99 1.61 1.70 1.01 0.80 0.61 2.63 1.05 0.64 0.61 1.68 172 1.37 127 2.23 9.8 39.6 0.92 0.73 1.13 5.3 4.3 0.60 33.9 1.50 1.17 1.83 ' 7 59
19 141 2.29 1.46 1.26 1.05 0.88 2.61 1.19 0.84 0.78 1.16 184 1.93139 2.20 9.8 k7.2 0.95 0.69 0.90 6.3 5.9 0.60 45.7 1.19 0.85 1.11 103 91
20 4,58  6.93 2.54 1.49 1,22 2.35 2.95 1.6k 0.74 0.64 1.70 378 4.62 132 1.31 9.9 51.8 1.12 0.85 1.19 10.3 8.2 0.60

2 3.95) 6.34 2,07 1.91 1,55 “2.39 2.65 1.65 0.75 0.76 1.08 395 6.13 138 1.57 9.9 52.7 107 0.78 1.13 11.3 9.4 0.60 58.9 0.93 0.67 0.98 195 161
22 -0.44 0.7 0.95 0.77 0.75 0.27 2.65 0.80 0.92 0.88 1.23 73 .0.55 133 2.03 0.60 33  1.70 1.28 1.46 47 s
23 4L.63  6.90 2.37 1.57 1.23 2.26 3.05 1.63 0.75 0.64 1.51 345 4.57 124 1.71 0.60

2% 1.96 3.20 1.86 1.22 1.10 1.2 2.58 1.33 0.70 0.73 1.52 320 2.50 160 2.00 9.8 50,3-0.78 0.65 0.87 7.8 6.9 0.60 43.2 1.21 0.76 1.37 129 96
25.,1.75 2.83 1.74 1.25 1.16 1.08 2.60 1.27 0.79 0.78 1.39 217 2.53 135 2.33 9.6 49.1 0.89 0.66 0.88 7.6 6.5 0.60 45.6 1.21 0.90 1.21 11z, 96
26 '0.78 -1.28 2.30 0.88 0.60 0.49 2.58 1.10 0.49 0.42 2.61 202 1.21 116 2.44 9.8 28.0 1.14 0.97 1..61 4.1 3.2 0.60 25.8 1.56 1.35 2.26 61 47
27 6.58 10.70 2.75 2.22 147 412 2.60 2.01 0.72 0.60 1.24 606 8.96 136 2.16 9.8 56.7 0.60 57.1 1.04 0.77 1.15 246 192
28 1.63  2.60 1.92 1.54 0.59 0.96 2.70 1.23 0.53 034 1.25 295 1.74 133 1.81 9.6 33.5 1.30 1.00 1.96 6.0 4.2 0.60 35.7 1.34 1.01 1.97 102 73
29 1.4 1.86 1.35 1.28 1.00 0.71 2.62 1.11 0.81 0.76 1.05 173 1.73 b4 2.43 9.6 45.7 0.90 0.62 0.88 6.3 5.5 0.60 39.2 1.4k 1.00 1.,0 86 72
30 1.82 - 4.31 1.89 1.30. 0.98 '1.48 2.89 1.41 0.81 0.62 1.45 245 2.1 127 1.62 9.8 53.1 0.66 0.52 0.4 8.9. 8.0 0.60
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Table 14 PHYSICAL AND HYDRAULIC PROPERTIES
- OF
PARTICLES STUDIED BY SCHULZ
O P
Particle 48 £ o] »
[} . -] - n ~ - ~—~
— ~ Dimensions g 8% g 9 38 &
a8 8 o8 e g5 2 o fry = 3
tg 28 b c 8% 2 &4 rodg 2 )
aE S8 mm m 6 E cc mm gn_ cm’/sec cm/sec &= &
Sample of Rock Crusher Fragments
Retained on No. 20 Tyler Standard Sieve
B20.1 Q 1.04 .70  .694  .00038 .90 .00063 .0110 11.08 90.5 1.27
B20.2 @ 1.04 .91 .733 .00057 1.03 .00094  .0l110 11.72 110 1.30
B20.3 M 1.93 11 .038 ,00018 .7V .000325 .0110 5.42 34.5 4.51
B20.4 F 1.34 1,005 .705 .00082 1.60 .00335 .0110 13.28 193 1.49
B20.5 Q 1.10 .78 657 Lost
B20.6 F 1.68 71 385 Lost
B20.7 Q 1.04 S 557 Lost .0110 11.71
B20.8 Q 1.44 l.22 .833 Lost .0109 13.02
©820.9 Q 1.58 60 374 .00060 1.04 6 .00097 .0113 8.81 81 2.27
B20.10 F 1.15 .70 .608 ..00037 .89 2,57 .00059 .0111 10.98 88 1.23
Retained on No. 24 Tyler Standard Sieve
B24.1 Q 1.00 A3 365  .00013 .63 2.65 .000217 .0113 = 7.00 39 2.2
B24.2 G 94 .63 566 .00028 .81 4.00 ,0090 .0116 .50 101 1.24
B24.3 F 1.00 36 .246  .00031 .84 2.57 .000485 L0117 5.54 40 4,56
B24 .4 .96 .58 .58 .00022 .74 2.65 .00032 .0118 8.57 54 1.74
B24.5 B .90 B4 625 .00035 .87 3.0 .00066 .0116 9.50 71 1.94
B24.6 B 1.00 A9 393 ,00039 .91 3.0 .00074  .0113 10.00 8l 1.80
B24.7 X 1.12 .68 .528 .00050 .99 2.8 .00092 ,0113 10.68 94 1.65
B24.8 F 288530 o 51153535 00054 1.0 2.57 - .00084 - 0113 8.25 4 2.44
B24.,9 F 1.00 56 635  ,00030 .83 2.57 .000465 .0113 8.84 65 1.74
B24.10 Q :1.12 J7L 1,695 .00045 95 2,65 ,00074 .0113 10.38 87 1.52

(Continued on next page)
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Table 14 (continued)

Particle’

0

. - g8 " fin

© . Dimensions g 5‘3 a3 o —
— - E [T —~ O =]

O K @ £ ~ H o 7] —~ o —~
~ © M L o O Q - 5.,—1 o QO — o
ﬁ.g veo o b e 2 > = A F = fy > )
o= . ES " mm mn C m B cc mm  S.G. gm cm?/sec cm/sec 8 £
Retained on No. 28 Tyler Standard Sieve
B28.1 M 1.46 1.00 L4 116 00009 .55 2.8 .000158 ,0110 4,30 37 4.73
B28.2 F 1.32 1.06 42 355 00025 .78  2.57 .00040 .0110 6.63 47.1 2.91
B28.3 F 1.28 .88 A5 424 ,00020 .72 2.57 .00030 ,0110 7.1 47 2,34
B28.4 Q .86 .80 66,797  .00019 .71 2,65 ,00031 .0113 9.44 59 1.36
B28.,5 F 1.36 .70 67 687  .00053 1.00 2.57 .00082 .0113 9.53 84 1.81
B28.6 Q 1.36 .96 39 341 .00025 .78 2.65 .000415 .0113 6.92 48 2.87
B28.7 Q 1.16 .70 .62 .688 .00024 ST 2.65 .00040 .0113 8.55 58 1.86
B28.8 Q <94 .72 49 .596 .00012 .61 2.65 .000195 .0113 5.58 30.2 3.46
B28.9 X 2.06 1 .76 A3 .343  ,00030 .83 2.8 .00054  .0113 7.29 56 2.96
B28.10 F 1.08 .84 .60 .630 .,00025 .78 2,57 .000395 .0109 7.96 57 2.01

Retained on No. 35 Tyler Standard Sieve

B35.1 M 1.56 .78 .07  .,064 .00003 .37 2.8 ,000047 .0109 5 11.4 6.03
B35.2 X .94 ,76 .37 437 .00012 .61 2.8 .000215 ,0109 6.17 35 3.04
B35.3 Q .88 .68 .30 .388 .00008 .53 2,65 .,000130 .0110 5.83 28 2.71
B35.4 Q 92 .70 A5 562 00015 .65 2.65 .000220 ,0110 6.45 38 2.72
B35.5 L 84 .80 .28  .342 .00009 .55 2.65 .000123 .0110 5.18 26 3.65
B35.6 I w78 A6 L5  ,752 .,00007 .51 2.65 .000108 .0113 6.23 28.2 2.26
B35.7 Q@ .64 .62 .62 .,985 ,00013 .63 2.65 .00022 .0113 8.73 49 1.43
B35.8 Q .88 ., .56 W40 570 ,00009 .55 2,65 ,000148 .0113 5.98 29.2 2.65
B35.9 F .92 :7A 24 .273 .00012 .61 2,57 ,000186 0116 4.93 26 4,20
B35.10 F 1.14 .61 51 0 W6l2  .00026 .79 2.57 .00041  ,0117 7.05 47.6 2.59

(f‘r*w r

‘(Continued/bn Next Page)



Table 14 (Continued)

0sT

.50 /\A 038.(} 003 0069 .000005 020

[ 3 E" » ~
- tn 14 (conbinund) A = *é @ o == -
o vl Particle - 5 S % ® 9 ~ 8 ~ L
73 8o Dimensions as S O . E a AN o a
Y ’g 5 B a b c a4 > = A F > B > o o
Rz H& g mm m O cc mm S.G. gnm cm?/sec cm/sec .
Retained og;No. 48 Tyler Standard Sieve
B48.1. " B & (. .48 42 .38 .849  Lost 3.0 _
B48.2. 0 .Q “'r 76 50 W23 374 00004  J42  2,65-41,000576  ,0101: ¢ 3.8 " 16 4,96
B48.3 M T .64 54 .09 .153 00002 .33 2.8 .000033 .0101 2.79 9.1 8.20
B48.4 Mol b4 A A 318 .00001 .26 2.8 .000018 .0100 3.01 7.8 5.50
B48.5 Q .. .96 40 35  .567 .00006 .48 2,65 .000097 .0100 4.90 23.5 . 3.52
B48.6 Q o 40 .16 «295 .00002 .33 2.65 .000031 .0100 3.32 10.9 5.17
B48.7 B .28 40 .26 439  .00005 45 3.0 .000090 .0101 4.07 18.1 5.45
B48.8 C .92 VA 22 347 .00004 A2 2,72 .0000635 .0101 3.42 14.2 6.45
B48.9 Q .62 L6 .26  .488 ,00004 .42 2,65 .000057 @ .0l02 414 17.1 4.31
B48.10 T .56 7A .30  .548  .00005 .45 .0102 5.47 2.2
Retained on No. 60 Tyler Standard Sieve
B60.1 Q .40 .30 .26 .753 . .000012 .27 2.65 .0000185 @ .0110 8.82 21.6 6.00
B60.2 Q .68 .30 «25 «555 .000025 .35 2.65 ,000037 .0110 4.12 13.1 3.58
B60.3 " ha”t T.48 32 .18 461 .000012 ,27 17.50 .000039 °~ .01l4 3.63 8.6 7.28
B60.4-~ Q ;1 .46, 3270 W21 ;4549 ,000013 .29 : 2.65. .C00021 @/ .0l13 2,93 7.5 5.98
B60.5 Q .40 3674 .18 A7750 .,000012 .27. 2.65  .0000175 ' .0112 2.85.17 6.8 5.8
B60.6° Q 48 .30. .26 .687 .000017 .31 2.65 .0000265 .0112 3.70 10.2 3.99
B60.7: .Q .50 .28 - «20 535 .000011 .25 2.65 .0000137 .0110 1.95 L 11.33
B60.8 " B .70 ¢ W36 .13 .260 Lost 3.0 (W <L
B60.9° ..M .60, A2 /0 .03 .060,7 ,000005 .20 2.8 .0000074 ,0102 ' 0.96. =~ 1.9 '.12.80
B60.10. F 2.57..0000068 .0102 1.287° 2.5° 18.50

,, "4 i (Continued on Next Page)
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Table 14 (Continued) '

0 P
P >
Particle -5 g 2 i

i q Dimensions Q 9% BQ . Py
(S % f4 [} g <] n N~ = ~
I I S 23 — < E-H o o o -]
+ .e [V ) +2 (] o -A e > ~ Lo}
ey g = a b c me = =ia F - =
&= L mm mm mm 0 cc mm  S.G. gm cmz/sec cm/sec ~ &

Retained on No. 65 Tyler Standard Sieve

B65.1 Q .28 022 .20 . 807 Lost 2.65
B65.2 Q 42 .28 .13 .381 Lost 2.65
B65.3 Q 48 .28 .23 .630 .000011 .25 2.65 .0000138 .0102 1.78 4.37 13.50
B65.4 Q 30 .28 .21 727 .000010 ,24 2.65 .0000125 .0102 2.37 5.58 745
B65.5 M obily .36 04 101 Lost 2.8
B65.6 Ga 40 .30 A2 G347 .000008 .24 7.50 .0000235 .0102 1.23 2.9 4 .40
B65.7 M .40 .36 .04 106 Lost 2.8
365.8 Q 40 .28 20 .60 Lost 2.65
B65.9 F 48 o2 .20 «592 .000011 .25 2.57 .0000134 .0102 2.03 4.97 9.82
B65.10 B .68 28 .12 276 .000011 .25 3.00 .0000134 .0102 0.61 1.5 -10.41
B - Biotite
C - Calcite
F - Feldspar
G - Garnet
Ga - Galena
M - Mica or Vermiculite

Q - Quartz or Chalcedony
X - Mixture
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PHYSICAL AND HYDRAULIC PROPERTIES

(0} .
Table 14 : PARTICLES STUDIED BY SCHULZ
O P>
H )
. Particle r‘-‘«; § *é D pr
o — Dimensions 8 20 ® o -~ o -~ .-
dy 7 y  BWE g5 58 ds F Z
"0 & . o 0 f or o 2P Z ~
PO 0O a b c e =4 =8 F
5;2 QS mm mo. o g cc mm  S.GC. gm cm?/sec  cm/sec 2 &

Sample of sand from Wolf Creek below Fort Supply Dam, Oklahoma
Retained on No. 14 Tyler Standard Sieve

L14.1 Q 1.94 1.78 1.00 .54 .00170  1.48 2.65 .00285 .0112 135031 NgB .52
L4.2 Q 1.60 1,20 1,12 .78 .00108. = 1.27 2.65 .00175 .0112 15.62 177  0.90
L14.3 Q 1.56 1.4  1.34 .90 .00L41  1.39 2.65 .00235 .0112 16.35 204 .83
4.4 Q 1.64° 1,52 1.17 .74 .00138  1.38 2.65 .00230 .0110 15.96 200 <95
4.5 Q 1.80 1.62 .1.,19 .70 .00160  1l.45 2.65 .00265 .0110 16.18 214 .96
L14.6- X 1.72 1,40 1.26 .81 .00L41: 1.39 2.65 .00235 .0110 16.04 203 9L
L14.7 X 1.92  1.60 75 W43 .00108 1,27 2.65 .00175 .0108 10,36 122 2.04
L14.8 Q 1.68  1.56 1.4 .71 .00136 -. 1.37 -2.65 .00225 .0108 15.78 200 1,11
L14.9 Q s 56 1.44 .95 .64 .00103 - 1.20 2.65 .00165 .0108 13.82 154 1.09
114.10 Q7  1l.68  1.52 1.19 .76 .00158  1.48 2.65 .00285 .0108 16.20 222 .98

Retained on No. 16 Tyler Standard Sieve

116715 Q 2.02 1.36 1.14 .69 .00150 - 1l.42 2.65 .00251 . ,0106 15:95 214 1.05
L16.2°'C Q 1.56 1.38 .74 .51 .00080 - 1,15 2.65 .00132 ‘“ 0106 12,26 133 1.33
L16.3 Q 1.72 ~ 1.42 .98 .63 .00118 1.31 2.65 .00193 .0106 13.58 168 1.26
L16.4 F 1.54 1.30 1.27 .90 ,00112 1.28 2.57 .00171 .0106 15.05 182 .78
L16.5 Q, .1.64  1.40 .51 .34 .00058 1.03 2.65 .00097 .0105 9.65 95 1.92
L16.6 Q. ~ .1.66 1,20 .82 .58 ,00075 1.12 2.65 .00122 .0105 11.88. 127 1.40
Llbs7 Fa' Sl.90 1.40 1.02 .66 .00105 1.26 2.57 .00162 .0105 12.02 145 1.44-
L16.8 Q.  1.66 1.16 1.02 .74  .00095 1.22 2.65 .00156 .0100 13.95 170 1 510
L16.9 Q. l.44 1.26 96 .71 .,0008, -1.17 2.65 .00140 .0100 14.65 172 .96
L16.10 X. _ 1.38 1.13 2.60 .00122 .0100 15.02 170 N:¢

l.2,':‘.'\1 1003 078 .OOW’?

~

2 - axy The-londs (Continued on Next Page)
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Table 14 (continued)

€T

(3}

Particle i IJ.‘,? 2
o 3 )] o + (%) el
2. Dimensions " g é o % 3 .3 ~ ~
58 Bo s 5 - g a Z &
gg gg; a b c gg > =A F M= fr > & -
aE He e pm mp W= cc mn  S.G. gm cm?/sec  cm/sec =
Retained on No. 20 Tyler Standard Sieve
120.2 Q 1.60 1.26 1.02 .72 .00092 1,20 2.65 ,00150 .0100 13.98 168 1.075
120,2 1.37 1.02 .78 .66  .00063 1.06 2,65 ,00103 .0100 12.42 132 1.19
L20.3 X 1.44 1.16 63 49 .00036 0.88 2.65 .00059 .0100 8.89 78.3 1.94
120.4 Q 1.20 1,00 95 .87 .00051 0.99 2.65 .00084 .0100 14.05 139 0.87
L20.5 F 1.44 .88 66 .59  .00037 0.89 2,57 .00058 .0110 9.38 76.0 1.71
L20.6 Q 1.40 1.16 S70 55 ,00048 - 0.97 2.65 .00087 .0110 . 9.48 83.7 1.87
L20.7 Q 1.40 1.04 67 56 00043 0.93 2.65 ,00070 .0110 9.57 8l.2 1.75
L20.8 Q 1.34 1.28 .80 .61 00061 1.05 2.65 .00099 .0110 12,23 117 l.20
L20.9 Q 1.30 1.26 84 .66  ,00063 1.06 2.65 .00103 .0110 12,06 116 1.26
120.10 Q 1.34 1.04 1.05 .89 .00065 1.07 2.65 .00106 .0110 14.98 146 .83
Retained on No. 24 Tyler Standard Sieve
L24.1 Q 1.22 1,00 J74 67 ,00040 0.91 2.65 .000655  .0l12 10.17 82.8 1l.54
L24.2 Q Lost
124.3 Q 1,06 1.00 .8l .79 .00041 0.92 2.65 -.,00067 .0112 11.92 98.0 1,13
L2444 1.26 1.12 53 W45  .00035 0.87 2.65 .00057 .0110 9.10 72.1 1.82
L24.5 Q 0.88 0.80 69 .82  ,00023 0.76 2.65 .000385 ,0110 10.56 73.0 1.18
L24.6 Q 0.94 0.86 68 .74  .00023 0.76 2.65 .000385 ,0110 8.65 59.8 1.66
L2%.7 Q 1.40 0.96 J1 61 00044 0.74 2.65 .000345 ,0108 7.65 52,5 2.19
12,.8 X 1.00 0.96 65 .66 .00029 0.82 5,00 .002250 .0108 5.80 44.1 1.99
L24.9 F 1.06 0.80 67 .73 .00024 0.77 2.57 .000375 ,0106 9.87 71.8 1.3
L24.10 1.40 1.00 77 .65  .00050 0.98

2.65  ,000810 ,0106 11.25 104 1.34

(Continued on Next Page)
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Table 14 (continued)

0 b
q, Ha, g 2 r
3 - Dimensions g e 23 3 = =i
e & 08 4 BS g EE @ &
+ 0O [ 3] 2+ o O - é Ral S O ~—
g S fié; a b c E g = =N F 5 = > ‘g d?
A= : mm mm m .= ©e cc mm S.G. gm cm</sec cm/sec
Retained on No. 28 Tyler Standard Sieve
L28.1 Q .80 72 59 77 .00015 0.66 2.65 .000250 .0110 9.00 54,0 1l.42
128.2 Q 1.16 .80 36 .37 .00013 0.62 2.65 .000210 .0110 6.25 35.3 2.75
L28.3 Q 94 .90 .53 .60 .00020 0.72 2.65 ,000320 .0110 8.60 56.3 1.68
L28.4 Q 1l.00 .60 .56 .73 .00016 0.69 2.65 .000285 .0108 9.15 58.5 l.ds
L28.5 Q .88 74 A4 W55 .00013 . 0.62 2,65 .000210 .0108 7.28 41.8 2.02
L28.6 Q .88 .80 54 65 .00018 0.70 2.65 .000300 .0108 8.20 53.3 1.78
128.7 Q 1.28 .86° 64 61 .00035 0.87 2.65 .000570 .0108 9.30; 72510  1.75
128.8 Q 1.00 A «52 57 .00020 0.72 2.65 .000320 .0110 7.80 51.1 2.05
L28.9 Q 1l.34 <94 L2 .38  ,00025 0.78 2.65 .000415 .0110 6.69 47.4 3.02
128,10 ''Q 1.04 076 53 .66 .00022 0.75 2.65 .000362 .0110 8.80 60.0 1.68
Retained on No. 32 Tyler Standard Sieve
132.1 Q .90 .80 36 W43 .00013 0.62 2.65 .000210 .0110 5.95 35.6 3.02
132.2 .68 .60 36 .56 Lost
132.3 Q .& 7 46 .79 .00013  0.62 2.65 .000210 .0110 8.93 51.3 1.35
132.4 Q .86 .68 .60 .78 .00015 0.65 2,65 .000242 .0108 9.02 5,.3 1.38
132.5 F 1.06 62 48 .59 .00014 0.64 2.57 .,000228 .0108 7.00 41,5 2.24
132.6 Q .78 .76 56 .73 .00014 0.64 2.65 .000228 ,0108 8.52 50.5 1.53
132.7 Q 1.02 84 WACIEAS .00018 0.70 2.65 .000300 .0108 75 46.4 2.35
1L32.8 Q .70 .52 A7 .78 .00008 0.53 2.65 .000131 .0106 7.00 35.1 1.86
132.9 Q .72 64 A5 .67 .00009 0.55 2.65 .000145 .0106 6.05 31.4 2.61
132.10 Q .86 .58 49 .69 .00010 0.57 2.65 .000162 .0106 6.39 344 2.45
(Continued on Next Page)
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Table 14 (Continued)

‘ ) e

o Particle — § *é g, o _ N

E ks '5 Dimensions H % S g Qo :’ﬁ - o

£4 Eg e§ 2 B3 g B2 T <

o g | £ a b c a4 e = A F o £

o= & mm mm m o5 cc m  S.G. gm  cm?/sec cm/sec =
Retained on No. 35 Tyler Standard Sieve
135.1 Q .66 .50 35 .61 . 00005 0.45 2.65 .,000080 .0103 5.08 2,20 3.05
135.2 Q .78 52 36 .55  .00006 0.48 2,65 .000096 .0103 5.01 23.35 3.37
L35.3 Q A 40 21 49 .00002 0,32 2.65 ,0000289 .0103 3.15 9.78 5.20
135.4 Q .60 46 33 .63 .00004 0.42 2,65 ,000065 ,.0103 4.55 18.55 3.57
L35.5 Q 52 42 .23 49 . 00002 0.32 2.65 ,0000289 .0101 3.34 10.57 4.72
L35.6 Q 74 A .30 52 . 00005 0.45 2.65 .000080 .0101 445 19.80 4.05
135.7 Q .56 .50 .30 56 .20004 0.42 2.65 .000065 .0101 4.30 17.88 3.98
135.8 Q .56 .40 .21 A5 « 00002 0.32 2.65 .0000289 .0101 3.42 10.83 4.50
135.9 Q .68 A48 A7 .81 .00006 0.48 2.65 .000096 .0101 6.55 '31.2 1.95
135.10 Q .62 .56 43 75 .00006 0.48 2.65 000096 .0101 6.20 29.5 2.15
Retained on No. 42 Tyler Standard Sieve
142,1 Q L6 Lk .23 .51 00002 0.32 2.65 ,0000289 .0100 3.40 10.89 4.60
142.2 Q .66 .52 «29 49 .00005 0.45 2.65 .000080 .0100 3.70 16.62 5.03
142.3 Q .58 .38 .35 .75 . 00004 0,42 2.65 .000065 .0100 6.05 26,45 2.03
L42.4 Q 58 oLl .36 .70 .00005 0.45 2.65 .000080 .0100 6.10 27.40 2.10
142.5 Q 64 WA .26 .48 .00003 0.38 2.65 .000049 .0100 3.38 12.83 5.80
L42.6 Q 64 .38 W43 .88 .00005 0.45 2.65 .000080 .0100 6.30 28.3 1.95
142.7 Q .56 .36 37 .82 .00003 0.38 2.65 .000049 .0101 4.25 15.98 2,92
142.8 Q .56 .40 .35 .75 .00003  0.38 2.65 .000049 .0101 4,25 5,98 3.68
142.9 Q .64 40 7A .67 00004 0.42 2,65 ,000065 .0101 L.45 18.48 3.73
142,10 Q .60 48 37 .68 .00005 0.45 2.65 .000080 .0101 5.20 23.15 2.90

(Continued on next

page)
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Table 14 (Continued)

i >

o Particle Y *é 0 pe] il =
Ty ¢ Pinensions; .y § 5% 28 wgs T NF
+ 0 oo Q4+ — =] « Q & © o ~ ~
18 5% = 2. o #0227 R (N I S
&z Ha mm mm mm = cc mn  S.G. gm cm?/sec  cm/sec ~ ©
Retained on No. 48 Tyler Standard Sieve
148.1 Q 42 40 .30 .75 .00002 0.82 2.65 .0000289 .0110 3.75 10,90 3.72
148.2 Q .38 .36 o2 .64 . 00002 0.32 2.65 .0000289 .0110 3.10 9.00 5.36
148.3 Q 52 WA .26 .53 .00003 0.38 2.65 .0000490 .0108 3.30 11.72 6.19
1.8.4 Q oS54 A .20 40 . 00002 0.32 2.65 .0000289 .0108 52,91 8.70 6.21
L48.5 Q .62 .38 35 .71 .00003 0.38 2.65 .0000490 0108 4,25 15.21  3.65
148.6 Q NAY) 32 .27 A .00002 0.32 2.65 .0000289 .0106 4.07 12,30 3.20
148.7 Q VA 40 .21 .51 .00002 0.32 2.65 .0000289 0106 2.80 8.45 6.75
148.8 .56 .38 34 .75 .00003 0.38 2.65 .000C490 .0106 5.75 20.65 2.02
148.9 Q .54 40 Jl .67 .00003 0.38 2.65 .0000490 .0106 3.65 13.08  4.97
148.10 Q At .36 26 .64 .00002 0.32 2.65 .0000289 .0106 3.10 9.35 5.48
Retained on No. 60 Tyler Standard Sieve
L60.1 Q A .36 04 .11 2.65 Lost
160.2 Q AA 34t 10019 .50 .000012 0,28 2,65 .0000195 .0110 2.48 6.32 7.91
L60.3 Q YA 36 .20 2,65 Lost
L60.4 Q b2 .30 [ 2,65 Lost ' / . It
L60.5 Q 34 .30 .16 A48 .000007 « 0,24 2.65 ,0000118 0110 1.86 4,07 12,03
L60.6 Q 42 36 .18 A7 000010 0,26 2.65 ,0000255 .0108 2.20 5.30  9.40
L60.7 Q .48 .26 .20 .58 ,000009  0.25 2,65 .0000135 .0108 1.75 4.05 11.50
160.8 Q A2 .26 A2 .35 2.65 Lost
L60.9 Q .38 34 2.65 Lost
L60.10 Q .60 34 2.65 Lost

(Continued on next page)
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Table 14 (Continued)

o O
o Particle ~ 0 pife bey
— —~ (1] « g 0 ot
ok © Dimensions o 5 g 50 E 9 — . —~
+» 0 (I ] [oTRred — 8 5 0 —~ ~ o 'cF
8 58 4 v . 8% = 2R r gf Ep & =
0“3 = = & v [ 2. > == @ o
mm M mm cc mm  S.G. gm cm</sec  cm/sec o S
Retained on No. 65 Tyler Standard Sieve
L65.1 Q .28 - .28 22 .78 000007 0.23 2,65 .0000102 .0106 1.60 3.48 11
L65.2 Q .40 .28 .19 .58 .000008 0.24 2.65 .0000118 .0106 1.12 2.54 1
L65.3 Q 46 .26 .12 34 .000005 0.21 2.65 .0000078 .0106 1.68 3.34 13
165.4 Q .30 .28 .23 .82 .000007 0.23 2,65 ,0000102 .0l1l0 2.27 4.75 7
165.5 o] .36 « 20 .23 .87 .000006 0.22 2.65 ,0000087 .0110 2.08 4 .59 8.
L65.6 Q .32 «20 .17 .69 .000003 0.19 2.65 .0000071 .0100 1.92 3.65 9
L65.7 Q .32 .30 22 .68 000009 0.25 2,65 .0000135 .0100 2.86 7.15 5
L65.8 Q 36 .32 2.65 Lost
L65.9 Q 40 .30 «20 .58 .000011 0.27 2.65 .0000170° .0100 2,53 6.8 7
165.10 Qq 40 «26 .19 .61 . 000009 0.,25 2,65 ,0000135 .0100 1.72 4.3 9
F - Feldspar

Q - Quartz or Chalcedony
X - Mixture
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Table 15

Drag Coefficient as a Fﬁﬁction of Reynolds

Number for Naturally Worn Sediments
(Taken from Composite Cp:Re Graph, Figure 14)
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Table 16

Drag Coefficient as a Function of
Reynolds Number for Crusher Fragments

(Taken from Composite Cp:Re Graph, Fig. 15)
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Table 17

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

253858 g
i % C
Cs For Naturally Worn Sediments For Crusher Fragments
8f = 0.3 0.5 0.7 0.9 1.0 0.3 0.5 0.7 0.9 1.0
ey e D00 128, 0 oA v 48,2 —_— 1eeel" 28.0 21.2  18.2 i 16.3
100 10.3 5 6.45 — 5.95 10.3 7.90 6.65 —_— 5.95
400 5.35 3.96 3.20 -— 2.85 5.39 4,11 3.32 - 2.85
1,000 3.75 2.72 2,26 1.98 l1.88 3.75 2.88 2,32 2.00 1.88
.. 4s000_ 2,70 1.80 1.47 . 1.21 1.13 2,76 2.06 1.56 1.32 1.13
=, 10,000 v, 2.42°_ 7.1.507,-.1.18 . 0.92 0.845 . 257 1.82 1.32  1.05 0.845
20,000° 2.32 1.38 1.06 0.780 0.705 2.58 1.76 1.23 0.9 0.705
40,000 2.30 1.30 l.02 0.710 0.595 2.69 1.74 1.20 0.895 0.595
70,000 2.32 1.27 1.01 0.685 0.530 2.94 1.74 1.21 0.860 0.530
100,000 2.33 1.28 1.01 0.675 0.495 3.06 1.76 1.23 0.850 0.495
D000~ ¥ 2, 41% % 1,32 & 1,030,665 -.450 3.19 1.81 1.27 0.855 0.450
2400,000 ' 2,50 "1 141 7 1,07 0.665 0.420 3.21 1.86 1.29 0.865 0.420
700,000 2.60 1.50 1l.12 0.665 0.407 3.20 1.87 1.29 0.875 0.407
1,000,000 2.68 1.58 1.16 0.680 0.400 3.19 1.89 1.30 0.875 0.400
2,000,000 2.72 1.65 1.18 0.682 0.397 3.12 1.90 1.31 0.880 0.397
4,000,000 2.70 1.70 1.20 0.685 0.397 3.01 1.90 1.32 0.880 0.397
777,000,000 2 2,63 7.71.707 7 1.20 . 0.687 7 0.400 2.93 1.88 1.32 0.875 0.400
10,000,000~ "~ 2,58 1.69 © 1.19 0.695 0.405 2.87 1.86 1.30 0.860 0.405
20,000,000 2.45 1.66 1.17 0.706 - 2.76 1.80 1.28 0.835 -—
30,000,000 2.37 1.62 1513 s - 2.68 1.74 1.26 —— -
40,000,000 2.31 1.60 1.11 - - 2,63 1.71 5 1.23 —_— -
50,000,000, . R.25. . l.57 —— iy — 2.58 1.68 - - —
- ol Pt o L SRS b
— a
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Table 18

Y T

Velocity Coefficient as a Function of Reynolds Number

(Taken from Figs. 22 and 23)

Re Re
Cw For Naturally Worn Sediments For Crusher Fragments

sf = 0.3 0.5 0.7 0.9 1.0 Q.3 0.5 0.7 0.9 1.0
.00000003 - - - -- 9800 - - - - 9800
. 00000007 - - - 6100 4000 - - - 8400 4000
0000001 - - 7700 4450 2800 —— - 8500 5950 2800
.0000002 7600 5600 4080 2290 1470 8600 6100 4450 3050 1470
0000004 4250 2950 2030 11€0 830 4670 3200 2260 1500 830
0000007 2540 1620 1080 665 540 2800 1€50 1280 850 540
.000001 1780 970 6290 470 410 2000 12E0 870 586 410
000002 880 425 340 262 248 1070 625 408 302 248
000004 416 225 186 158 153 540 204 210 173 153
000007 226 142 117 107 103 280 165 128 112 103
.00001 151 106 90 84 80 180 119 96 85 81
00002 82 64,5 gD 6 52.5 5045 86 66.5 58 53.1 50.5
00004 47.0 38.5" 34.6 33.5 32.5 48 40.8 35.6 33.5 32.5
.0001 2.6 21505 19.4 - 18.4 25.2 22.2 19.7 18.5 18.4
.0004 10.2 9.0 8.4 - g.0 10.3 9.2 8.3 - 8.0
.C01 5.8 5.2 4 .85 — 4.70 5.2 5.2 4.85 - 4.70
.00/, 2.56 2.23 2.22 _— 2.18 2.58 2.33 2,22 - 2,18
.008 1.72 1.58 1.50 - 1.48 1.7 1.58 1.51 - 1l.42
.01 1.53 1.41 1.33 - 1.29 1.50 1.40 1.33 - 1.29
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