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SYNOPSIS

Some of the basic concepts, definitions, and relations essential to particle
size analysis are discussed, The relations between various measures of particle
size are illustrated with data for sand sizes of sediment.

Fall velocity is emphasized both in importance and in relation to physical
size., Data on the effect of concentration on fall velocity are presented, but
the available information is insufficient for adequate coverage of the problem.

A method of preparing sand samples having a known fall=velocity distribution
is outlined., Such samples may be used to study the effect of concentration on
fall=velocity and to calibrate methods and equipment for sedimentation-size

analysis,
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SOME FUNDAMENTALS OF PARTICLE SIZE ANALYSIS

I. JINTRODUCTION

1. Scope of the general study--This report is part of the gencral project,
"A Study of Methods Used in Measurement and Analysis of Sediment \frads in
Streams", which has been sponsored by cooperating Federal agencies since 1939.
The objective of the project is to gather basic engineering data and information
on the characteristics and behavior of sedimentary materials transported by nat-
ural streams in order to gain a better knowledge of the fluvial-sediment problem
and its solution as related to the development of water resources for industrial,
agricultural, commercial, and domestic purposes. The various aspects of the
problem that have been investigated are indicated by the following titles and
brief abstracts of previously published reports:

Report No. l=='"Field Practice and Equipment Used in Sampling Suspended Sediment”
is a detailed review of the equipment and methods used in suspended-sediment sampling
from the earliest known investigations to the present, with discussions of the ad-
vantages and disadvantages of the various methods and instruments used. The require-
ments of a sampler that would satisfy all field conditions are set forth.

Report No, 2~="Equipment Used for Sampling Bed-Load and Bed Material' reviews the
equipment and methods used in bed-load and bed-material sampling in a manner similar
to that in which Report No. 1 covers suspended sediment.

Report No. 3=="Analytical Study of Methods of Sampling Suspended Sediment" covers
an investigation of the accuracy of various methods of sampling suspended sediment in
a vertical section of a stream, Analytical study is based on the application of
turbulence theories to sediment transportation,

Report No. 4--'"Methods of Analyzing Sediment Samples" describes many methods de=
veloped for determining the size of small particles and for establishing the particle-
size gradation and the total concentration of sediment in samples. Detailed instruc-
tions are given for many of the common methods that have been developed and used by
agencies doing extensive work in sedimentation.

Report No, 5--"Laboratory Investigations of Suspended-Sediment Samplers" reports
the effects of intake conditions on the representativeness of sediment samples and
on the filling characteristics of slow filling samplers.

Report No, 6~--"The Design of Improved Types of Suspended-Sediment Samplers"
describes the development of various integrating samplers suitable for taking ver-
tically depth~integrated samples in flowing streams and others suitable for taking
time-int :grated samples at a fixed point. Details of the adopted types are given.

Report No. 7--"A Study of New Methods for Size Analysis of Suspended-Sediment
Samples" reports on research to develop methods of size analysis suitable for most
suspended-sediment investigations and describes a new apparatus and technique, the
bottom-withdrawal-tube method.

Report No, 8-«'"Measurement of the Sediment Discharge of Streams" describes methods
and equipment for use in making sediment measurements under the diverse conditions
that are encountered in streams.



10 Section 2

Report No, 9--'Density of Sediments Deposited in Reservoirs' presents data on the
apparent density of sediment deposited in various existing reservoirs. The results
are summarized, and certain conclusions useful in engineering studies are given.

Report No. 10--"Accuracy of Sediment Size Analyses Made by the Bottom-Withdrawal-
Tube Method" recounts detailed and extensive tests made to evaluate the accuracy of
the bottom-withdrawal-tube method. Glass spheres of sand sizes were used as the
sediments,

Report No. 1l-~"The Development and Calibration of the Visual-Accumulation Tube'
describes a simple and accurate method for rapid size analysis of sediments of sand
sizes.

2. Introduction=--An investigation undertaken to determine the best method
for making sedimentation analyses of sand samples required a study of many sedi-
mentation methods and fundamental concepts. The nomenclature and definitions in
literature on sedimentation methods of size analysis were unstandardized and the
accuracy of sedimentation-size analysis methods had seldom been evaluated; con-
sequently, extensive orientation was required to organize sedimentation data into
a usable and consistent form,

This report is primarily an attempt to record in simple terms the definitioms,
basic theories, illustrative comparisons, and analytical processes that were
essential to the developmental problem and to an understanding of some major
conflicts in reports on sedimentation methods of size analysis. The secondary
purpose of the report is to indicate some of the techniques and methods which
may be useful in further studies.

The scope of this report is somewhat limited. Although terms, definitionms,
and concepts have been made equally applicable to all sizes of sediments, the
report reflects its origin as a by-product of an investigation of the size
analysis of sands. In keeping with present emphasis on the problem of the
transport of sediment in streams, the sedimentation size or fall velocity is
emphasized.

The report was prepared by Byrnon C. Colby with the cooperation of Russell P.
Christensen and under the general supervision of Martin E. Nelson and Paul C.
Benedict, who also reviewed the report.

3. Acknowledgments-~-Many helpful suggestions and constructive criticisms were
received from E. W. Lane and W. M. Borland, Bureau of Reclamation; R. F. Kreiss
and D. M. Culbertson, Geological Survey; D. C. Bondurant and L. C. Fowler, Corps
of Engineers; H. G. Heinemann, Agricultural Research Service; E. M. Thorp, Soil
Conservation Service; and Professor T. Blench, University of Alberta.
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IT. DEFINITIONS AND BASIC CONCEPTS

4, Definitions--Some basic concepts in the field of sedimentation are inher-
ent in the definitions that are used. Also many sedimentation terms do not have
universally accepted definitions. Hence, several definitions are listed before
the basic concepts are discussed. The definitions published by the American
Geophysical Union subcommittee on sediment terminology have been carefully con-
sidered and to some extent have been used as a guide. The following definitions
are used in this report and are recommended for general acceptance.

The NOMINAL DIAMETER of a particle is the diameter of a sphere that has the
same volume as the particle.[l]*

The SIEVE DIAMETER of a particle is the length of the side of the smallest
square opening through which the given particle will pass.

The STANDARD FALL VELOCITY of a particle is the average rate of fall that the
particle would finally attain if falling alone in quiescent distilled water of
infinite extent and at a temperature of 24°C.

The STANDARD FALL DIAMETER, or simply FALL DIAMETER, of a particle is the
diameter of a sphere that has a specific gravity of 2.65 and has the same stand-
ard fall velocity as the particle.

The SEDIMENTATION DIAMETER of a particle is the diameter of a sphere that has
the same specific gravity and has the same terminal uniform settling velocity as
the given particle in the same sedimentation fluid.[l1] (However, this settling
velocity may be in any fluid, at any temperature.)

The STANDARD SEDIMENTATION DIAMETER of a particle is the diameter of a sphere
that has the same specific gravity and has the same standard fall velocity as the
given particle,

SIZE-DISTRIBUTION, or simply DISTRIBUTION, when applied in relation to any of
the size concepts, will specify frequency by weight rather than by particle
count.

FALL VELOCITY and SETTLING VELOCITY are general terms which may apply to any
rate of fall or settling as distinguished from standard fall velocity. In this
paper fall velocity will designate rate of fall of a single particle in water.

SAND SIZES are particle sizes from .0625 to 2mm (62 to 2000 microns).

QUARTZ, as the term is used herein, indicates a specific gravity of 2.65 and
does not imply special mineral content or crystalline structure.

* Numbers in brackets indicate references listed on pages 51 and 52
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5. Physical size of sediment particles--The basic concept of "size" of a
sediment particle is best expressed in terms of volume, and the "true nominal
diameter'" defined as the diameter of the sphere of the same volume as the parti-
cle is a convenient evaluation of the size.[1,2] The expression "true nominal
diameter" will be shortened to '"nominal diameter" throughout this discussion.
When some consideration of the density or mass of the particle is required,
the specific gravity will be used.

6. Sieve size of sediment particles~--Sieves are frequently used for the
separation of sediments into '"size" grades. However, as has been pointed out
by Mitscherlich, sieves do not grade particles entirely by size but partly by
shape as well.[3] Actually, many irregular particles with nominal diameters
much greater than the sieve openings will pass a sieve, Ideally, a size dis-
tribution obtained by sieving would show the relative quantities of the sample
which could pass sieves with Stated sizes of uniform square openings.

The sieve diameter of a particle may be defined as the length of the side
of the smallest square opening through which the given particle will pass.
Therefore, the nominal and sieve diameters of a sphere are always equal.

When a group of particles is analyzed by sieving, the particles are sorted
only at the sizes of sieves actually used; consequently, the size distribution
of the grains retained between any two sieves is not determined. The average,
mean, and median diameters of a group of particles depend not only on the range
of sizes within the group but also on the frequency distribution of particle
sizes within the range. Therefore, no average, mean, or median sieve diameter
of the particles in a sieve fraction can be deduced directly from the openings
of either the passing or retaining sieve or both. The arithmetic average or the
geometric mean of the sizes of passing and retaining sieves sometimes is a useful
approximation for the sieve diameter of the particles in a sieve fraction.

7. Triaxial size of sediment particles~-Particle size may be based on the
lengths a,b, and ¢ of three axes of the particle. Writers generally define a,
b

and c¢ thus;

the longest (or major) axis of the particle,

the intermediate axis of the particle,

the shortest (or minor) axis of the particle,

with all axes mutually perpendicular.

The definition is not precise and differences in interpretation, and variations
in measuring techniques are common. For example, because the axes are perpendic-
ular, measurements of a, b, and ¢ for a given particle depend on which axis is
chosen first. No attempt will be made to standardize or evaluate the microscopic-
size definitions and techniques. For present purposes, measurements of a, b, and
¢ have been accepted as determined by various investigators. Averages of several
such measurements are undoubtedly consistent enough to determine a usable shape
factor and to indicate the general relation of the length of the b axis to the
nominal diameter of the particle, and these are the only characteristics to be
used in this discussion,

H]
a

b

Because of the smallness of the particles, the axis measurements in this
paper were determined with a microscope,.
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8. Fall velocity of a particle--The physical size of a sediment particle is
not an adequate measure of the behavior of the particle in motion in a fluid.
Studies of the transport of sediments in streams require a knowledge of the dy-
namic properties of the particles. Writers are generally agreed that the veloc=
ity of fall of the individual particle in quiet water is the most fundamental
hydraulic characteristic which can be measured. Various terms such as "settlirg
velocity", "fall velocity'", "velocity of settling", or "velocity of fall" have
been applied to this fundamental characteristic.

Two recent statements on '"fall velocity" follow: "The fundamental property
governing the motion of a sediment particle in a fluid is its fall velocity, a
function of its volume, shape, density, and the viscosity and density of the
fluid. As research in sediment transportation becomes more refined, it is
necessary that sediments be classified on this basis."[4] "The term 'fall
velocity', a term denoting the velocity of fall of an individual sediment par-
ticle in water, has gained general acceptance in hydraulic engineering and is
presently conceded the most significant measurement of particle size.'[5] These
statements express our own understanding that the fall velocity is the most
desirable basis for sedimentation size analyses.[6]

In common usage the term '"fall velocity" has had a general meaning but not a
precise definition. 1If data of various investigators are to be directly compa=-
rable, some definite standard for measuring fall velocity is necessary=--for
example, "standard fall velocity". The standard fall velocity of a particle may
be defined as the average rate of fall that the particle would finally attain if
falling alone in quiescent distilled water of infinite extent and at a tempera-
ture of 24°C. 1In this definition rate of fall is rate of change in altitude ]
relative to a datum in the fluid. In an unlimited time a particle is assumed to
reach its most stable orientation and the standard fall velocity will represent
average terminal rate of fall in that position.

9. Fall diameter of a particle--The direct use of fall velocity as the basis
for classification of sediments seems simple and logical. However, the size
concept is so thoroughly embedded in sedimentation thinking that some measure of
"radius" or "diameter" is strongly demanded. Also a designation of size, al=-
though only an approximation of physical size, is a convenience in some studies
of bed shear and bed load. The term hydraulischer Werth (hydraulic value) was
used by Schone in 1868 to define the diameter of a quartz sphere having the same
settling velocity as a given particle in water,[3] Fall diameter, a comparable
term, is used in this discussion. It is defined as the diameter of a sphere
that has a specific gravity of 2.65 and has the same standard fall velocity as
the particle.

The relation between standard fall velocity and fall diameter depends only on
the well known and readily available relation between the velocity of fall and
the diameter of a sphere of specific gravity 2.65.[6,7,8] A given particle has
only one fall diameter and that diameter is independent of the type of material
with which the particle is associated, the concentration in which it is found or
analyzed, and the method of analysis. The conversion of standard fall velocity
to fall diameter supplies a linear size by which the hydraulic size of the par-
ticle may be visualized readily.
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10. Fall-diameter size distribution of a sample--The "size" distribution of
a sample may be advantageously expressed in terms of fall diameter. The basic
difficulty encountered in sedimentation analyses of samples derives from the
generally recognized fact that a particle settling as one of a group of particles
frequently falls with a velocity very different from that for the particle set-
tling alone.{9,10] However, the fall diameter is based on the standard fall
velocity of the individual particle, and the fall-diameter distribution of a
sample is the distribution which would result if each particle in the sample
were to fall with the same velocity that it would have if falling alone in an
infinite extent of distilled water at a temperature of 24°C. Any sample has
only one fall-diameter distribution. This fall-diameter distribution may also
be described as the distribution if each particle were dropped separately and a
summation were made of the fall diameters of the particles. The distribution
considered here is based on weight of material and fall diameter, and the concept
of a summation of individual particle fall diameters would necessarily include
determining the distribution on the basis of weight. The size distribution by
weight expressed in terms of standard fall velocity or fall diameter is believed
to be the most basic and desirable expression for the sedimentation analysis of
a sample.

11. Sedimentation diameter-~-Sedimentation diameter is defined as "the diame~
ter of a sphere of the same specific gravity and the same terminal uniform set-
tling velocity as the given particle in the same sedimentation fluid".[l] The
need for a concept like fall diameter has been so great that the specific defi-
nition of sedimentation diameter has been commonly disregarded, and in general
use sedimentation diameter has been considered equivalent to fall diameter as
defined in this paper except that the water temperature was not designated. The
relation of sedimentation diameter to settling velocity depends on the specific
gravity of the particle. The definition of sedimentation diameter does not
specify the fluid, or its temperature, in which the settling velocity may be

determined. The settling velocity for any particle of a sediment sample varies
depending on the characteristics of the sample, the concentration, the fluid,

and the apparatus in which it is analyzed. Any one of the possible settling
velocities is commonly used with a determination or estimate of specific gravity
to establish sedimentation diameter. Sedimentation diameter has so many possible
meanings that it is ambiguous unless specially defined or qualified in respect

to all these possible variables.

Some of the conditions that affect the settling velocity of a particle obvi-
ously affect the sedimentation diameter. Because the density and viscosity of
the fluid in which the settling velocity is determined are both part of the size-
velocity relation the effect of the fluid on the sedimentation diameter may not
be as obvious. 1If a quartz particle that has a nominal diameter of 1 mm and a
shape factor of 0.7 falls in quiescent distilled water of infinite extent, the
sedimentation diameter will depend on the water temperature thus:

Water temp. Fall velocity (Table 1) Sedimentation diameter (Table 2)
(°C) (cm/sec) (wm)
0 10.4 0.820
24 12.3 0.761

40 13.0 0.725
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Therefore, the sedimentation diameter varies with water temperature under rela-
tively ideal conditions. If sedimentation diameters were compared for a particle
in water and molasses, or if the particle were of another specific gravity, the
disparity could be either greater or less.

Table 5 shows the errors if the fall velocity at 24°C is computed by the
velocity=-temperature relation for quartz spheres from the fall velocity measured
at other water temperatures., Table 5 shows that sedimentation diameter must vary
with water temperature.

12, Standard sedimentation diameter--Sedimentation diameter may be made more
precise by the addition of the word standard. The standard sedimentation diame=-
ter of a particle may be defined as the diameter of a sphere that has the same
specific gravity and has the same standard fall velocity as the given particle,
So defined, the standard sedimentation diameter depends only on the volume and
shape of the particle, and the relation of nominal diameter to standard sedimen-
tation diameter becomes a measure of the effect of shape and roughness on the
settling velocity of the particle in water at 24°C. There is only one standard
sedimentation diameter for a particle and that figure is useful for comparing
the effect of shape on the relations between nominal diameters or sieve diameters
and diameters which depend on fall velocity.

For particles with a specific gravity of 2.65, fall diameter is the same as
standard sedimentation diameter, and standard sedimentation diameter may be eas-
ily and accurately determined from standard fall velocity. For other specific
gravities, conversion of velocity to either sedimentation diameter or standard
sedimentation diameter is not as readily and accurately made unless tables or
curves have been prepared for those specific gravities. 1If standard fall veloc=
ity is the fundamental hydraulic property of a sediment particle, the sedimenta-
tion diameter is not a direct measure of the fundamental property. Because of a
difference in specific gravity, particle A may have a faster standard fall veloc-
ity than particle B, but B may have the larger sedimentation diameter.

13. Practical limitations--Several measures of particle size have been de-
fined as a basis for simple, accurate, and practical determination and expression
of sediment sizes. Because certain measures of particle size are sometimes dif-
ficult to evaluate, some are seldom determined and others are determined only
approximately. Precise standard units of measure are desirable even though ideal
conditions and results are seldom attained in routine analyses.

The nominal diameter of an irregular particle is difficult to measure accu-
rately especially for particles of sand sizes and smaller. Hence, sieve diameter
has sometimes been used as a substitute. Actually, for most irregular particles
the nominal diameter is larger than the sieve diameter and the relative differ-
ence is generally greater at the smaller particle sizes. (See Fig. 5 which will
be discussed later.) ‘

Sieving a sand sample does not divide the individual particles precisely ac=-
cording to their sieve diameters for at least three reasons: (1) inaccuracies
in size and shape of sieve openings, (2) sieving can seldom be continued until
all particles which might pass a given sieve have had the necessary opportunity
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to do so, and (3) significant percentages of very fine material may be retained
on a sieve because the fine material is clinging to larger particles.

The standard fall velocity of a particle of sand size or larger is not hard
to determine with satisfactory accuracy because the fall of the particle may be
followed visually while the particle settles in distilled water at 24°C in a
transparent tube sufficiently large to make wall effects negligible. The fall
of particles somewhat smaller than sand sizes may be traced with special lighting
and photographic techniques, but for particles of clay and of the finer silt
sizes the determination of the standard fall velocity of the individual particle
may be very difficult if not impossible. For some particles unstable orientation
may make a single determination of fall velocity unrepresentative, but this is
seldom an important problem with natural sand particles,

The standard fall-velocity distribution for a sample may be determined accu=
rately from the standard fall velocities of many individual particles if suffi-
cient time and care are used. However, routine determinations of standard fall
velocity for a sample or group of particles are usually based on settling rates
of the particles falling in mass, even though the method generally requires cal=-
ibration and the accuracy depends on the apparatus and techniques,

Standard fall velocity may be converted accurately to fall diameter by the
relation between the diameter and fall velocity of quartz spheres, and the fall
velocity of an individual particle in quiescent distilled water of sufficient
extent to avoid wall effects may be converted to accurate fall diameter if the
water temperature was close to 24°C. (See Tables 1 to 5 which will be discussed
later.)

An accurate determination of sedimentation diameter requires an accurate spe-
cific gravity and, except for a specific gravity of 2.65, the conversion from
settling velocity is not easily made because solution of a Cp vs Ry curve is
required.

To minimize temperature corrections to fall velocity, a standard water temper-
ature of 24°C has been adopted for the determination of standard fall velocity.
Actual laboratory temperatures should seldom be far from this figure. However,
not all determinations of fall velocity will be made at 2400, and fall velocities
at other temperatures will frequently be converted to fall velocities at 24°¢.
Computation of fall velocity at one temperature from that at another involves
uncertainties which increase with increasing temperature differences.
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III. BASIC FALL-VELOCITY RELATIONS

14. Drag coefficient and Reynolds number--The net gravitational force, F, of
a particle in a fluid is its buoyant weight
F = volume x mass density difference x acceleration of gravity

(TT/6) 2 (€ =€) 8 v v v v v v e e i e oo (D)

diameter of the sphere that has the came volume as the
particle (nominal diameter), in cm
Ps & €; = mass density of the particle and fluid, respectively, in

where d

gm--secz/cm4
g = acceleration owing to gravity (980.7 cm/secz)
An expression for F', the force resisting the fall of a particle through a
fluid, was first developed by Sir Isaac Newton as

F' = Ch Af’f v2/2 and, although the original derivation was based on

inertial forces only, the general applicability of the relation has been substan~
tiated by experimental data. In this equation

A = the projected area of the particle in a plane normal to the
direction of motion, in cm?
v =z the terminal fall velocity (free from side~wall and mass-

fall effects), in cm/sec

Cp = a drag coefficient, which has been found to vary with the
particle geometry and the Reynolds number. For a given
shape of particle, Cp varies only with the Reynolds number,
which expresses the relative effect of inertial and viscous
forces. The variation of CD with Reynolds number allows the
equation to apply to particles acted on by viscous as well
as inertial forces.

When a particle falls at terminal velocity, F = F',
(T/6) & (e -e.) g
and Ch = L S e )
2
A(’f v/ 2

if A

(TT/4) di as for spheres
bd, (g =-C¢) 8

.. (3)

1
.
.
.
.
.
-
.
-

Cp

2
3 € g Vv

For spheres and other particles for which (TT/4) dﬁ represents the projected
area in a plane normal to the direction of motion, equation 3 is as universal as
equation 2 and either equation provides a basis for direct comparison even be-
tween particles of different shapes. For all particles of any one shape, Cp will
conform to a single curve of Cp vs Reynolds number, Rg» for which Re expresses
the relative effect of inertial and viscous forces, The Reynolds number can be
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expressed as
R_dV

Y
d = a characteristic physical length or diameter of the
particle (not necessarily the nominal diameter), in cm

kinematic viscosity of the fluid, in cmz/sec.

Y

The relation between Cp and R, has been established empirically for spheres
and discs, and the relation for spheres is widely used.[8,11,13] From such a
dimensionless plot one may find either the fall velocity or the nominal diameter
if the other variables are known. Although the direct Cp versus R, relation can
be solved only by trial and error, modified plottings such as Cg and G versus Ry
permit simpler computations of d and v.[8,11,13]

2 Td (Cs -€ )8 . ,
= o equals
F/€C ¢ 6 c,fyz and als q ( /8)CDR

CS e

if CD is computed from equation 3.

Gy = (Cs =C5) 8Vand also equals 3 Cp  if C, is computed

from equation 3.
Because velocity appears to the first power in the numerator of R, and to the
second power in the denominator of CD’ the product of CD and Rg is independent
of the velocity and may be computed directly if the velocity, v, is unknown.
Similarly, if Cp is divided by R, the result is independent of the diameter and
may be computed if the diameter, d, is unknown,

The Cp versus R relations have been discussed on a theoretical basis. Exper=
imental data will vary somewhat because determinations of C . and R, are not ex-
act. Also R, may be based on any one of several characteristic lengths of a
particle, and Cp may be computed from the nominal diameter, or some other diam-
eter or axis length. Sometimes numerical coefficients are dropped cr changed
for convenience in Cp versus Ry relations. In any comparison of data consist-
ency must be maintained throughout.

15. Shape factor for irregular particles--If natural sediment particles were
limited to a few shapes, a C, versus R, curve could be defined for each shape.
Thus relations between particle, fluid, and fall velocity could be established
empirically. Because the number of shapes is infinite, the logical approach is
to choose some simple system for the classification of shape. A shape factor,
S.F.[8], which appears as satisfactory as any is

S.F. z¢c /Vab
where a = longest axis
b = intermediate axis
¢ = shortest of the three mutually perpendicular axes of the

particle.

If S.F. completely defined the particle shape as shape affects fall velocity,
a curve of CD versus Re could be established for irregular particles of any given
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shape factor and the accuracy could be comparable to that for spheres. Because
S.F. does not completely define the effect of shape, the CD vs R, figures for
individual natural particles that have a given shape factor vary considerably
from an average curve.

S.F. relates only three of a multitude of dimensions of an irregular particle
and only approximately defines particle shape. There may be rounded, angular,
rough, and smooth particles all with the same shape factor. To make S.F. more
restrictive, especially as to roughness, data in this report are limited to
"naturally worn" sediment particles. Shape factors based on roundness, spheric-
ity, or other physical characteristics of particles might be used but they would
not adequately define the shape for hydraulic studies. A determination of fall
velocity is simpler than a determination of particle shape and weight, and the
fall velocity expresses the hydraulic characteristics of a particle more satis=-
factorily.

16. Drag-coefficient curves for irregular particles--The drag coefficient,
Cp, depends on the projected area, A, of a particle in a plane normal to the di-
rection of motion, but for an irregular particle A is generally approximated,
not determined directly. A particle will usually fall with the greatest project-
ed area normal to the direction of motion so that an approximate area for the
drag coefficient may be logically based on the a and b axes of the particle.
Perhaps (Tl/4)a b is the best area on which to base Cp- For spheres equation 2
reduces to equation 3 if (TI/4)a b is used. However, substitution of dg for a b
tends to emphasize the effect of shape on Cp, so (TT/4) dg will be used for the
projected area in this discussion. (Fig. 4 shows that at low shape factors b is
larger than d . Also a is larger than b by definition. The lower the shape
factor the greater a b is in relation to d?. When dg is used in the denominator
of the equation for CD’ Cph
the larger~-and perhaps more fundamental~-a b is used in place of dg, Ch is re-
duced and the reduction is greater at the lower shape factors. The reduction is
such that at Reynolds numbers less than 50 the C_, curve based on (TT/4) a b is
essentially the same for all shape factors.) The constant TT /4 will be carried

is progressively larger for lower shape factors. If

to conform to the generally accepted C, for spheres and discs.

D
The Reynolds number requires a characteristic diameter or length, and the
nominal diameter of the particle appears satisfactory.

Now if one has the shape factor, volume, density, and fall velocity of many
particles and the density and viscosity of the fluid in which the fall velocity
was determined, a relation of Cp to R, may be plotted with shape as a third var-
iable. This has been done in Fig. 1 with data for naturally worn sediments from
a report entitled "Influence of shape on the fall velocity of sedimentary parti-
cles",[8] These curves are not the same as those in Fig. 14 of reference 8 for
three reasons: (1) In the reference, points for spheroids, cylinders, prisms,
and double cones and the curve for spheres were computed from equation 3

CD=4dn ((os-(of) &
3 e £ v2
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but the points for other particles were computed from
Trd, (€4 -€¢) 8

2

3 e gV

Cp = that is, di was used for the area A,

All drag coefficients plotted in Fig. 1 were computed from equation 3, and the
recomputed data moved the CD vs R, curves upward except the curve for spheres.
(2) The undulations in the curves of the reference have been smoothed partly
because of a re-evaluation of the data and partly because a curve representing
the average for many particles of different shapes (although of the same shape
factor) probably should not show abrupt changes for small changes in Reynolds
number, even though such changes might appear for individual particles or for a
specific shape of particle. (3) Data for about 40 of the smallest particles
were not given full weight because they were inconsistent with those for larger
particles dropped in o0il and the volume and specific gravity should be more accu-
rate for the larger particles.

Fig. 1 is a preliminary attempt to define drag coefficients for particles of

irregular shapes with shape classified by the shape factor
S.F. = ¢ /Vab.

The basic data were obtained by different investigators using different sands
and the results are not entirely consistent. As additional data become available
the Cp vs R, curves should be re-studied and revised as necessary. Meanwhile
they are a guide to basic size and fall-velocity relations for irregular parti-
cles. Except for spheres, the curves are for naturally worn sediments and al-
though spheres have a shape factor of 1.0, not all particles with a shape factor
of 1.0 are spheres. Data for naturally worn particles with a shape factor of
1.0 diverge from the relation for spheres. Cp vs Ry curves for very angular
particles are somewhat different from those of Fig. 1.

17. General fall-velocity relations--Table 1 lists the fall velocities for
spheres and for naturally worn sediment particles at each of four shape factors,
four specific gravities, six temperatures, and six nominal diameters. These
were computed from the drag-coefficient curves of Fig. 1. 1In Table 1 the fall
velocity of sediment particles is shown for a few conditions, but by interpola-
tion the data may be used for a very wide range of fall velocities. Because
most sediments have a specific gravity near 2.65, further expansion of the data
will be limited to "quartz" particles although data for other specific gravities
may be expanded as readily.

18. Size, shape, and fall velocity of quartz particles--Fig. 2 shows, for
shape factors of 0.5, 0.7, and 0.9 the relation of the nominal diameter of a nat-
urally worn quartz particle to its fall velocity in quiescent distilled water of
infinite extent and at temperatures of 0°, 10°, 200, 240, 300, and 40°C, The
shape factor of 0.7 is about average for natural sediments.

The concept of resistance to fall within the range of Stokes' Law leads to
the conclusion that the shape of the particle will have little or no effect on
the fall velocity within this range. This conclusion has also been verified by
experiments.[3] Data of Table 1 were expanded on the basis of the curves of
Fig. 1 and were extended down to 60 microns on the assumption that the relations
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TARLE 1
FALL VELOCITIES OF SEDIMENT PARTICLES
[1n cm/sec]
Specifie gravity 2.00 Specific gravity 2.65
Temp. Shape factor Shape factor Temp.
{ °c) 0.3 0.5 0.7 0.9 Spheres| 0.3 0.5 0.7 {%c)
Nominal diameter = 0,20 mm
0 0.84 0.90 0.95 1,00 1.06 1.29 1.38 1.48 0
10 1.0 1.12 1.20 1,26 1.33 1.56 1,68 1.81 10
20 1.21 1.32 1l.42 1.51 1.60 1.78 1.94 2,11 20
2} 1.27 1.40 1.51 1.61 1.72 1,86 2,0l 2,23 2k
30 1.36 1.50 1.63 1.75  1.87 1.99 2,18 2.40 30
Lo 1.51 1.67 1.83 1,98 2,13 2,18 2.1 2,68 Lo
Nominal diameter = 0,50 mm
o) 2,79 3.1k 3.47 3.79  L.ob Lol kb7 5,02 0
10 3.19 3.61 4,02 Lokl he73 L.50 5.12 5.72 10
20 3.53 3.99 LoL7 4.95 5.35 4.90 5.63 6,31 20
2l 3.63  L.13 L.6L 5.16 5.58 5.03 5,79 6.53 2l
30 3.80 k.32 4.88 5.43 590 5.24 6.03 6.8) 30
Lo 4.02 L.62 5.25 5.87 6,10 5.52 6.38 730 Lo
Nominal diameter =1,00 mm
0 5.76  6.59 T.L7 8.50 9,20 7.83 9.04  10.UL 0
10 6.16 7.16 8.23 9,36 10.3 8.21 9,66  1l.4 10
20 6.39 7.58 8.86 10,2 11.2 8.L9 10,1 12,1 20
24 6.145 7.70 9.10 10,5 11.6 8.57 10.2 12.3 24
30 6.54 7.88 9,38 10.9 12.1 8.66 10.4 12.6 30
Lo .65 8.09 9.80 1l.h  12.9 8.77 10,6 13,0 Lo
Nominal diameter =2.00 mm
0 9,50 11l.4 13.8 16.3 18.1 12.4 1.9 18.4 0
10 9.66 11.7 1.l 17.4 19.8 12,5 15,3 19.0 10
20 9.73 11.9 14.8 18.1 21.1 12,5 15.5 19.3 20
2L 9.76 12,0 1.9 18.3 21.6 12,6 15,6 19, 2h
30 9.79 12.1 15,1 18,7 22,2 12.6 15.7 19.5 30
Lo 9.83 12.3 15.3 19.0 23.1 12.6 15.8 19.7 ho
Nominal diameter = },00 mm
0 13.8 17.2 21.4 26,8 32.9 17.7 22.3 27.8 34,9 0
10 13.8  17.3 21,6 27.3  3h.6 17,7 22.h  21.9 10
20 13.8 17.h4 21,8 27.5 35.9 17.8 22.L 28,0 35.6 20
24 13.8 17.5 21.9 27.6 36.3 17.8 22, 28,1 2l
30 13.9 17.5 21.9 27.8 36.8 17.8 22,5 28,1 30
o 13.9 17.6 22.0 28.0 37.4h 17.8 22,5 28.2 35.9 ko
Nominal diameter = 8.00 mm
0 19.5 2l 30,9 39.2 52.4 25.1 31.7 39.6 50 0
10 19.5 2.7 30.% 39.2.  53.C 25,1 31.7 39.6 50 10
20 19.5 2L.8 30.9 39.3 53,1 25.1 31.7 39.7 50 20
2h 19,5 24.8 30,9 39.3 53,1 25.1 31.7 39.7 50 2L
30 19.6 2li.8 31.0 39.4  53.0 25,2 31.8 39.8 50 10
ho 19.7 24.9 3.1 39.5 52,9 25,2 31.9 39.9 50 Lo
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FALL VELOCITIES OF SEDIMENT PARTICLES

TABLE 1 (Continued)

[In cm/sec]
Specific gravity U.30 Specific gravity 7.50
Temps Shape factor Shape factor Temp.
{oc) 0.3 0.5 0.7 0.9 Spheres| 0.3 0.5 0.7 0.9 Spheres | (°C)
Nominal diameter ® 0,20 mm
0 2,21 2.42 2,62 2,76 2.94 3.73 L.08 Bolily Le76 5.16 0
10 2,60 2.87 3.1 3.36 3.61 e 30 4e75 5.28 5.75 6.19 10
20 2.95 3.27 3,62 3.90 he22 o 5.35 6,01 6,58 7.10 20
2L 3,09 3.42 3.80 Ls11 Leks 5.00 5.58 6.28 6,88 7.kl 2
30 3,27 3.6 L.06 Lak0 L.78 5.25 5,90 6.6) 7.30 7.92 30
Lo 357 3.98 L.l8 L.87 5e29 5¢65 6,140 7619 7.93 8.67 ko
Nominal diameter = 0,50 mm
0 6.h1 7.26 8,19 9,06 9,90 10,0 11.5 13.0 1.5 15.9 0
10 7.10 8.15 9,22  10.3 11.3 10.8 12,6 1l 16,2 17.8 10
20 T.62 8.79 10.1 11.3 12.Y 11,4 13.4 15.5 17.7 19.5 20
2k T.79 9.0 1044 11.7 12,8 11,6 13.7 15,9 18,3 20.1 2
30 7699 9,32 10.8 12,2 13.4 11.8 1h.0 16.5 19,0 21.0 30
1o 8.2l 9.76  1l.) 13.0 1.3 12.0 Lol 17.3 20.1 22.3 Lo
Nominal diameter = 1,00 mm
0 11.7 13,8 16,2 18,5 20,1 17.0 20.3 2.5 28,6 31.8 0
10 12.1 .Y 17.3 20,2 22,5 17.3 20.9 25.7 30.7 3L.8 10
20 12.3 14.8 18,1 21,5 243 17.5 21.3 26,1 32,0 37.1 20
2l 12,1 k.9 18.) 21.9 25.0 17.5 21.h 26,6 32.5 37.9 2L
30 12. 15.1 18,7 22.5 25.8 17.6 21.6 2649 33.0 39.1 30
Lo 12.5 15,3 19.1 23,2 27.1 17.7 21.8 27.3 33.8 L0.9 ho
Nominal diameter = 2,00 mm
0 17.7 21.7 26.9 32.8 38.3 24,9 30,7 38.L L7.7 5840 0
10 17.7 22,0 27.h 33.9 1.2 2.9 31.2 38,9 48.8 61,2 10
20 17.7 22,2 27.7 3L.6 h3.bL 2L.9 31.h 39.2 L9 63.L 20
2L 17.7 22,3 27,8 3L.8 W2 2h.9 31.5 39,3 49.6 6h.0 2L
30 17.8 22.L 27.9 35.1 k5.1 2L.9 31.5 39.L 49.8 65.0 30
Lo 17.8 22,5 28,0 35.h Lé.h 25,0 31.6 39.5 50.1 66,2 Lo
Nominal diameter = };,00 mm
0 25,1 31.7 39.5 49.9 65,5 35.2 Lhos £5.6 70.6  9L.1 0
10 25.1 31.7 39.6 50,2 66,8 35.2 Lh.S 55.6 70.7 95,2 10
20 25.1 31.7 39,7 5044 67.7 35.2 Lh,S 5547 70.8 95.7 20
2l 25,1 31.7 39.7 5045 68,0 35.2 hle5 557 70.8 95,7 2L
30 25.1 31.8 3947 50.5 68.3 35.2 L6 S5.7 T70.9 95.6 30
Lo 25,2 31.8 39,8 50.6 68.6 35.3 Lh.7 55,8 71.0 95, Lo
Nominal diameter = 8.00 mm
0 35.4  Lb.8  56.C 7.3 96.3 ho.7 62,9 78,6 100.0 13L.3 0
10 35.4 Lle8 56,0 71.3 95.h L9.7 62.9 78.6 100.0 132.,1 10
20 35.5 L8 56,1 71.h 9.5 L9.8 62,9 78,7 100.0 130.3 20
2L 35.5 U9 56,1 Tl.l 9.1 49.8 63.0 78.7 100.1 129.7 2k
30 35.5 Lke9 56,2 71.5 93.6 L9.8 63.0 78,8 100.2 128.9 30
Lo 35.6 L5, 56,3 71.6 92,8 49.9 63.1 79.0  100.L 127.8 Lo ]
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of size and fall velocity would approach those for spheres,

The relations of diameter and fall velocity for quartz spheres can be obtain-
ed from Fig. 1. Because the data are readily available in graphical form [6,7,8],
the presentation here is in a tabular form that is convenient for accurate compu-
tations. (See Table 2.)

19. Change in fall velocity with temperature-~Tables 3 and 4 show the change
in fall velocity with temperature for quartz spheres and for naturally worn
quartz particles with a shape factor of 0.7. Table 4 was computed from the
curves of Fig, 2, Table 3 was computed from similar data for quartz spheres.
Except for Table 4, tables corresponding to Tables 2 and 3 for spheres were not
prepared for other shapes because the additional work probably is not warranted
until more basic data have been obtained. For most natural sediments Table &
should give more accurate temperature corrections to fall velocity than Table 3,
especially for extreme temperature ranges.

Primarily, Tables 3 and 4 are intended to simplify the computation of fall
velocity in distilled water at 24°C from the fall velocity at another temperature,
For example, if the fall velocity of a quartz sphere in water at 28°C is 1.10 cm
per sec, Table 3 shows that the fall velocity at 24°C is 1,10 + (-0.077) or 1,02
cm per sec.

If one has the fall velocity at 24°C, the tables may also be used to determine
the fall velocity at other temperatures, To determine from Table 3 the fall ve-
locity at 0°C of the quartz sphere having a fall velocity of 1.02 cm per sec at
24°C, find the combination of velocity and change of velocity at 0°C that will
show a fall velocity of 1,02 cm per sec at 24°C, A velocity of 0.50 and change
of 4+0.40 show 0.90 cm per sec and a velocity of 0.60 and change of +0.46 show
1.06 cm per sec at 24°C., By interpolation, a velocity of 1.02 at 24°C would be
equivalent to 0.58 cm per sec at 0°C.

Table 5 shows the error if, for a given particle, the velocity at 24°C was
computed from the velocity at each other condition of Table 1 by the relation
(Table 3) for quartz spheres falling in water, which is the relation usually
used to compute the effect of temperature on fall velocity. Fall velocities cor=
rected to 24°C from temperatures between 20° and 30°C were generally accurate
within 2 percent for shape factors of 1.0 to 0.5 and at extreme shape factors of
0.3 the corrected velocities from Table 3 were within 4 percent. Average correc=-
tions for a given temperature range would be even more accurate, However, cor=-
rections over larger temperature ranges involve greater errors. (Some percentage
error figures could not be computed for Table 5 because the relationships had not
been defined for high velocities.)
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TABLE 2
RELATION OF DIAMETER TO FALL VELOCITY
FOR QUARTZ SPHERES
[Fall diameter in micrond)

Velocity Temperature in degrees Centigrade Velocity

{cm/sec) 0°  10° 20° 21° 22° 23° 24° 25° 26° 27° 28° 29° 30° 40° | {cm/sec)
0.10 k5 38 33.5  33.0 3.6 3.2 31.9 315 3k 3.9 30.6 30.3 30.0 27 0.10
0.20 63 5k 7.4 6.8 k6.2 k5.6 45.0 k.5 Bho 43,5 b3l k2.6 k22 38 0.20
0.30 T 66 58.5 57.6 56.8 56.0 55,2 54.5 53.8 53.2 52.7 52.2 51.8 47 0.30
0.ho 90 76 67.8 66.8 65.8 64.9 64.0 63.2 62.4 61.7 61.0 60.4 59.8 55 0.ho
0.50 01 8 76.5 75.3 Th.1  73.0 T2.0 TL1 70.2 69.4 68.6 67.9 67.2 62 0.50
0.70 121 10b 92.0 0.4 B9.1 B7.9 8.8 8.8 8.8 8.8 8.8 81,9 B8LO 75 6.70
0.90 1o 120 106.7 105.1 103.6 102.2 100.9 99.7 98.5 9T.h 9.3 95.3 9h.3 87 0.9
1.10 157 135  120.8 119.0 117.% 115.9 1ik.5 113.2 111.9 110.7 109.5 108.3 107.2 98 1.10
1.30 I7h 150 13k 132.4 13047 129.1  127.6 126.1 124.7 123.3 121.9 120.6 119.3 108 1.30
1.50 190 16h  147.5  1b5.3  1b3.h 1417 1ho.1 1385 137.0 135.5 134.0 132.6 131.2 118 1.50
1.70 206 178  160.1 157.8 155.8 153.9 152.2 150.6 149.C 147.4 145.9 1hh.4  1h2.9 129 1.70
1.90 222 191 172.3  169.7 167.5 165.6 163.9 162.2 160.6 159.0 157.4% 155.8 154.3 139 1.90
2.10 237 20k 1841 181.6 179.% 17T.k  175.5 173.7 17L.9 170.2 168.5 166.9 165.3 1h9 2,10
2,30 252 217  195.6 193.1 1%.9 188.9 187.0 185.1 183.2 18L4% 179.6 177.9 176.2 159 2.30
2,50 267 230 206.9 20k.4  202.2 200.1 198.1 196.1 1gk.2 192.3 190.h 188.5 186.7 169 2.50
3.00 304 262 23h.9 232.b 230.1 227.8 225.6 223.5 221k 219.3 217.2 215.1 213.0 193 3.00
3.50 30 294 263.1 260.5 258.0 255.6 253.2 250.8 248.4 246.0 243.6 241.3 239.0 217 3.50
5.00 375 326 291.4% 288.7 286.0 283.% 280.8 278.2 275.6 273.0 270.% 267.8 265.2 2k2 k.00
4.50 K09 357  319.8 316.9 314.0 3112 308.4 305.6 302.8 300.0 297.2 29%.% 291.6 267 k.50
5.00 43 389 3u8.4 3w5.3  3kw2.2  339.2  336.2  333.2 330.2 327.2 32h.2 32l.2 318.2 292 5.00
6.00 512 452 L06.0 ho2.5 399.0 395.6 392.2 388.8 385.4 382.0 378.6 375.3 372.0 32 6.00
7.00 581 513 b63.6 159.8 k56,0 k52,3 WWB.6 Lhlh.9  Bh1.2  437.6 430 430.%  426.8 39% 7.00
8.00 650  STT 522.0 518,0 5140 510.0 506.0 502.0 k98,0 k9h.0 490.0 4B6.0 482.0 4h7 8.00
9.00 720 641 581.0 576.7 S5Te.b  56B.1 563.8 559.5 555.2 550.9 Sk6.6 shkell  s53B.e 501 9.00
10.00 791 706 6410 636.0 6314 6266 622.0 617.5 613.0 608.6 60h.2 599.8 595.4 556 10,00
11.00 8k 773 702 696 691 686 681 676 671 667 662 657 653 612 11.00
12.00 938 8 765 759 753 T he 137 732 727 T22 7 T2 668 12,00
13.00 1014 910 829 83 817 811 805 799 793 788 783 718 T3 725 13.00
14,00 1090 980 893 887 881 875 869 863 857 851 845 840 835 784 14,00
15.00 1170 1050 958 951 945 939 933 927 921 915 919 903 898 84l 15.00
16.00 1250 1120 1026 1018 1011 100h 998 992 986 980 974 968 962 906 16.00
17.00 1330 1192 109% 1086 1078 1070 1063 1056 1050 104k 1038 1032 1026 969 17.00
18.00 1510 1264 1162 1153 1ikh 13136 1129 1122 1115 1108 1102 1196 1091 1033 18.00
19.00 190 133 1230 1221 1213 1205 1197 1190 1183 1176 1169 1163 1157 1098 19.00
20.00 1570 1510 1300 1291 1282 1278 1266 1259 1252 1245 1238 1231 1225 1165 20.00
22,00 1730 1560 1k 1h3h  1hgS 1416 1408  1h0o0 1393 1386 1379 1372 1365 1302 22.00
2k.00 1900 1710 1592 1581 1571 1561 1552  15kh 1537 1530 1523 1516 1509 14 2h.00
26.00 2080 1870 1Tk 1731 1721 1711 1702 169% 1686 1678 1671 166k 1657 1590 26.00
28.00 2280 2040 1906 1894 1883 1872 1862 1853 1845 1837 1829 1821 1813 1742 28,00
30.00 2480 2230 2079 2067 2055 2043 2032 2022 2013 201h 1996 1988 1980 1904 30.00
35.00 2990 2730 2556  2o5kk 2532 2521 2510 2501  2kg2 248k 2476 2868 2h60 2380 35.00
40.00 3510 3250 307H 3062 3051 300 3030 3021 3012 300k 2996 2988 2980 2900 40.00
45.00 5080 3830 365k 3742 3732 3720 3610 3601 3592 358% 3576 3568 3560 3490 45,00
50,00 LTO0 BWTO  B3k2 4331 %320 4310 B3I00 4293 k286 4279 k2T2 k266 4260 4190 50,00
60.00 6500 6320 6230 6202 621b 6207 6200 6193 6186 6179 6172 6166 6160 6100 60.00
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TABLE 3

CHANGE OF FALL VELOCITY WITH WATER TEMPERATURE
FOR QUARTZ SPHERES
[Fal1l velocity changes in cm/sec)

Velocity Temperature in degrees Centigrade Velocity
(cm/sec) o° 10° 20° 21° 22° 23° 24° 25° 26°  27° 28°  2¢° 30° 50° | (cm/sec)
0.10 +0.10  +0.0k2 +.010 +.007 +.004 +.002 0 -.002 -.005 -.007 -.009 -,011 -.0l% -.030 0.10
0.20 +0.19 40,085 4,022 4.016 +.010 +.005 0 -.005 -.009 -.0l4 -.018 -.022 -.026 .,056 0.20
0.30 +0.27 +40.125 4.032 +.02k +.016 +.008 0 -.007 -.01k -,020 ..,026 -.,032 -.038 -.080 0.30
0.40 40,3k +0.16 4.0kl  4+.030 +.020 +.010 0 -.009 -.018 -.,026 -.03% -.0b2 -.050 . 10 0.40
0.50 0.0  +0.19  4.050 4.037 +.024 +.012 [} -.011 -.022 -.032 -.0k2 -.051 -.060 -.12 0.50
0.60 +0.46  40.22  +.058 +.042 +.027 +.013 [+ -.012  -.024 -,03 -.048 -,059 -.070 -.1b 0.60
0.70 +0.51 +0.2h  +.066 +.048 +.031 +.015 0 -0k -,028 -,041 -.054 -.06T -.079 -.16 0.70
0.8 +0.56  +0.27  +.07h  +.052 4+.033 +.016 0 -.016 -.031 -0 -.061 -.075 -.088 -.18 0.80
0.90 +0.60 +0.29 +.081  +.058 +.037 +.018 [¢] -.017 -.03% -.050 -.066 -.082 -.,097 -.21 0.90
1.00 4+0.65 +0.32  +.088 +.063 +.080 +.019 0 -.019 -,037 -.055 -.072 -.089 -,105 .23 1.00
1.10 +0.69 40,34 +.095 +.067 +.043 +.021 0 -.020 -.039 -.058 -.07TT -.095 -.113 -.25 1.10
1.20 +0.73  +0.36  +.102  +.072 +.046 +.022 0 -.021 .04l -,062 -.082 -.102 -.121 -.27 1.20
1.30 +0.77T +0.38  +.108 +.076 +.049 +.024 5} -.023 -.0k5 -.067 -.088 -.108 -,128 -.29 1.30
1.4o +0.81  +0.50  +.11%  +.081 +.052 +.025 1} -.02k  -.047 -,070 -.092 -1k -,136  ..32 1.50
1.50 +0.85 40,42  +.120 +.085 +.054 +.026 [+} -.025 -.050 -,0Th -.098 ..122 -.143 -.34 1.50
1.60 +0.89  +0.54  +.126 +.090 +.058 +.028 0 -.026 -.052 -,07T -.102 -.126 -.150 -.36 1.60
1.70 4+0.93  +0.46  +.132  +.095 +.061 +.029 [+} -.027 -.054 -,080 -.106 -,132 .,157 .38 1.70
1.80 +0.98  +0.48  +.138  +.100 +.063 +.030 0 -.028 ..056 -.083 -.110 -.137 -,163 -.k0 1.80
1.90 +1.02  +0.50  +.14k 4,102 +.065 +.031 0 -.029  -.058 ..086 -.1lh - 1k2  -,169 -.4) 1.90
2.00 +1.06 40,52  +.150 +.106 4,067 4.032 0 -.030 -.060 -.089 -.116 -.146 -.1Th -.43 2,00
3.00 +L.b2  +0.69  +.18  +.13  +.08  +.04 0 .06  .,08 .12 -.15 -9 -.23 -.57 3.00
4,00 +1.66  +0.83  +.21  +.15 4,10  +.05 0 -.05 -.10  -.1b .19  -.26 .28  -.69 k.00
5.00 +1.87 +0.94 +.23 +.17 +.11 +.06 [¢] -.06 - -.17 -.23 -.28 -.33 -.80 5.00
6.00 +2.06  4+1.0k +.25 +.18 +.12 +.06 [} -.06 -, 12 -.18 -.24 -.30 -.36 -.89 6.00
7.00 +2.25 +1.12  +.27  +.20  +.13  +.07 4} -.07 <13 .19 -.26 -.32  -.38  -.97 7.00
8.00 #2.05  $1.21 4.29 +.21  +.14 4,07 0 .07 -k -21 -.28 -3k -kl -1.04 8.00
9.00 +2.62  +1.29  +.31 +.23  +.15 +.08 [+} -.07T -l 22 -.29 .36 -3 -1 9.00
10.00 +2.80  +1.36 +.33 +.25 +.16 +.08 [¢] -.08 -.16 -.24 -.32 -.39 -.45 21,17 10.00
15.00 +3.60  +1.75  +.43  +.32  +.21  +.10 2} .10 -1 -.28  -.37  -.B6 .55 -1.40 15.00
20.00 +4.20  $2.00  +.50  +.37  +.24  +.12 [+} -1 =21 -.31  -.41  -51 .60 -1.50 20.00
25.00 +4.30  +2.10  4.55 4.0 +.26  +.13 0 -.11 -2l -,31 -k -51  -.60 -1.50 25,00
30.00 #4540  +2.10 +.50 +.37  +.25 +.12 0 .11 -2 -.31 -.B1 =51 ..60 -1.50 30.00
35.00 +4.30 42,00  +.45  +.33  +.22  +.11 0 .10 -.19 .28 .37 -.46  -.55 -1.bo 35.00
40.00 +4.10  +1.80 4.0 +.30  +.20 +.11 0 -.09 -.18 -.25 -.33 -4 .50 -1.30 %0.00
45,00 +3.40  +1.50  +.35 .27  +.18  +.09 <} -.07 -3 .21 .27  -.33 .40 -1.05 45,00
50.00 4+2.30  +1.00  +.25 +.18  +.12  +.06 0 -.05  -.10  -.15 .20  -.25 -.30 -0.80 50,00
60.00 +1.10  +0.50 +.12  +.09  +.06  +.03 [} -.03 -.06 -0 -.13 -.16  -.20 <0.50 60.00

To the velocity at a given temperature add the change from this table to obtain

NOTE
the fall velocity for the same quartz sphere in distilled water at 24°¢C.

.
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TABLE 4
CHANGE OF FALL VELOCITY WITH WATER TEMPERATURE
NATURALLY WORN QUARTZ PARTICLES HAVING SHAPE FACTOR OF 0.7
[Fall velocity changes in cm/sec]

Velocity Temperature in degrees Centigrade Veloclity

{cn/sec}| ©0° w0° 20° 2% 220 23° 240 250 260 27°  28° 29°  30° 40O | {(om/sec)
0.10 [+0.10 +.040 +.010 +.007 +.,004 +.002 O =002 =,004 =.007 =-.009 -.011 =~,013 =-.029| 0.10
0,20 [+0,19 +.080 +.020 +,015 +,009 +.004 O -,004 =.009 =,013 =-,017 ~,021 =-.025 =-.054{ 0.20
0,30 |+0.26 +.12 +.030 +,022 +,014 +.007 0O ~.006 =-,013 =-,019 -.025 =-,030 ~.035 ~.,076| 0.30
0.40 [+0.32 +.15 +.039 +.028 4,018 +.009 O -.008 -.017 =.025 -.032 -,039 -.0L6 =-.094| 0.0
0.50 [+0.37 +.18  +.047 +.03LF +,022 +.011 0 =010 =,020 =,030 «,039 =-.048 ~.056 =.110] 0,50
0.60 [+0.43 4.2 +.055 +.039 +.025 +,012 O =012 =,023 =,034 =.,045 =.055 =-.,065 =~.13 0.60
0.70 |+0.48 +.23 4,063 +.0L5 +.029 +.014 O ~,013 =.026 =.039 =-.,051 =-.062 -.073 =.15 0.70
0,80 [+0.53 4,26  +.070 +,049 +.032 +.,015 O =015 ~,029 =,043 -.056 -.068 -.080 ~.16 0,80
0,90 |+0.57 4,28 +.,076 +.054 +.035 +.017 O -.016 =.032 -.047 =-.061 -,075 -.086 -.18 0.90
1.00 |+0.61  +.31  +.,083 +.059 +.038 +.018 0O -.,018 =,035 ~,051 -.067 -,081 -,092 .22 1.00
1,10 [+0.65 +.32 +.089 +.,063 +.041 +.020 O =019 -,038 =~,055 =-,071 ~.086 -,098 -.22 1.10
1,20 [+0.68 +.3L  +.095 +.068 +.0L +.020 0 -,020 -.0L0 -.059 -.076 -.091 -.104 -.24 1.20
1.30 {+0.72  +.36 4,100 +.072 +,047 +.023 O -.022 ~,043 =-.062 -.080 ~.096 -,110 -.25 1.30
1.LO |+0.75 +.38 +.105 +,076 +,0L9 +,024 O -,023 -, 045 =.065 -,083 -,100 =~,115 .27 1.0
1.50 |+0.78  +.39  +.110 +,080 +.052 +,025 O -.024 -.047 -.068 -.087 -.104 -,120 -.28 1.50
1,60 [+0.81 +.41  +.22h +.083 +.054 +.026 0 -.025 =-.048 -.070 -.090 -,108 -,128 -,30 1.60
1.70 {+0.8L  +.43  +.118 +.086 +.,056 4,027 O =.026 =.050 =.073 =.094 =-,113 -,130 -.32 1.70
1.80 [+0.87  +.hl 4,122 +,089 +.058 +,028 O =027 ~.052 ~.076 -.098 -.117 -,135 .33 1.80
1.90 [+0.90 +.46 4,126 +.,092 +,060 +,029 O -.028 ~,054 -.079 -.102 ~-,122 -,140 .3k 1,90
2,00 [+0.93  +.48 4,130 4,095 +,062 +.030 0O -.028 ~.055 -.081 =,105 ~,126 =,1L45 -.36 2.00
2,50 |+1.06 +.56 +.15 +.11 +.07 +.03 0 =03 ~.06 =09 =12 =15 =17 -2 2.50
3,00 [+1.18 +,62 +.16 4,12 +,08 +.04 0 =04 =07 =10 -1 =17 =19 =047 3.00
3.50 [+1.29 +.,68 +,18 +,13 +.,08 +,0L 0 =04 =08 =11 -,15 =-,18 «,21L -.52 3.50
4,00 [+1.39 4,73 +.19  +.,1L +.09 +.0L 0 ~0L -0y =12 <16 .20 -,23 -.57 L.00
LS50 [+1.48 4,78 4,20  +.1f  +.,09  +.0L 0 =04 =-09 -,13 =18 .22 .,25 .62 L.50
5,00 |+1.56  +.82 4,21 4,15 4,10 4,05 0 ~,05 «10 =1 =19 .23 =27 -,66 5.00
6,00 [+1.70 +.90 +.22  +,16 +,11 +,05 0 =05 =1 =,16 =21 =26 =31 =.73 6.00
7.00 [+1.82 +,95 4,23  +.17 +,11  +.06 0 -,06 =-11 -,17 -.22 .28 .33 -.78 7.00
8.00 |+1.91 +1.00 +.24 +.18 +.,12 +,06 0 ~06 =12 -8 .24 -,29 -3 -.80 8.00
9,00 [+1.98 +1.02 +.24 +,18 +.,12 +,06 0 =06 -.12 =18 -.2% ~29 -3 -.80 9.00
10.00 (+1.98 +1.02 +.24 +.18 +.12 +.06 0 =06 =12 =18 .2 -.29 -4 -.80 | 10.00
15,00 [+1.70 +.85 +,20 +.15 4,10 +.05 0 =05 =10 =-.15 =20 =-.25 -,30 -.68 | 15,00
20,00 {+1.10 +.55 +.14 +.10 +.,07 +.03 0 =.0h =07 =11 -1 -17 =20 =45 | 2.00
25,00 1+0.50 +.25 +,08 +.06 +.0Lh +.02 0 -.02 -.03 =~.05 =-,06 =-,08 =-,09 -.20 | 25,00
30,00 |+0.20 #.,10 +.03 +.02 +,01 +,01 0 -01 -.01 =~.02 =-,03 =-.03 -04 ~-.08 1| 30.00
35.00 }+0.13 4,06  +.02 +.01 +.01 0 0 0 =01 -0l =02 ~,02 ~,02 -.05 | 35.00
40,00 [+0.,06 +.03 +.,01 +.01 0 0 0 0 0 o] -0l -,01 =01 =,02 | 40.00

NOTE: To the velocity at a given temperature add the change from this table to obtain

the fall velocity for the sams quartz particle in distilled water at 24°C,
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TABLE 5

PERCENTAGE ERRORS IF FALL VELOCITY AT OTHER TEMPERATURES IS
ADJUSTED TO 24°C BY THE RELATION FOR QUARTZ SPHERES
EActual £al) velocities are shovn in parentheses at 24°C

because errors are zerg

Specific gravity 2,00 Specific gravity 2.65
Temp. Shape factor Shape factor Temp.
(°c) 0.3 0.5 0.7 0.9 Spheres| 0.3 0.5 0.7 0.9 Spheres {oc)
Nominal diameter = 0.20 mm
0 +12 + 8 +5 + 2 + 1 +12 + 7 + L + 2 o] 0
10 + 8 + L + 3 + 1 0 + 7 + 5 + 3 + 1 0 10
20 + 3 + 2 + 2 + 1 0 + 3 + 2 + 1 + 1 0 20
2l (1.27)  (1.10) (1.51) (1.61) (1.72)| (1.86) (2.0L) (2.23) (2.Lo) (2.58) 2l
30 -3 -3 -2 -1 -1 -2 -2 -1 -1 0 30
Lo -8 -1 -5 - b -2 -7 -6 - L -3 0 Lo
Nominal diameter = 0.50 mm
0 +1) +11 + 8 + 5 + 2 +13 + 8 + 5 + 2 0 0
10 + 8 + 6 + L + 3 + 1 + 7 + 5 + 3 + 1 0 10
20 + 3 + 2 + 1 + 1 0 + 3 + 2 + 1 0 0 20
2 (3.63)  (L.13) (La6L) (5.26) (5.58) || (5.03) (5.79) (6.53) (7.30) (7.97) 2
30 -3 -3 -2 -1 - 1 -3 -2 - 1 -1 0 30
ko -8 -1 -5 -3 -2 -7 -6 -3 -2 0 Lo
Noaminal diameter = 1.00 mm
0 +20 +1lh + 8 + 5 + 2 +19 +1h + 8 + I 0 0
10 +12 + 8 + + 2 + 1 +10 + 8 +5 + 2 o 10
20 + 3 + 2 +1 0 0 + 2 + 2 + 2 + 1 0 20
2l | (6.8) (7.70) (9.10) (10.5) (11.6) (8.57) (10.2) (12.3) (1h.3) (16.0) 2l
30 - L -3 -2 -1 o ~ 4 -3 -2 0 0 30
Lo -12 -9 -5 -3 0 ~10 -8 -5 -1 0 Lo
Nominal diameter = 2.00 mm
0 +25 +21 +16 +10 + 2 +2h +19 +15 +10 0 0
10 +13 +10 + 8 + 5 + 1 +12 +9 + 8 + 5 0 10
20 + 3 + 2 + 2 + 1 0 + 2 + 2 + 2 + 2 0 20
24 (9.76) (12.0) (1he9) (18.3) (21.6) || (12.6) (15.6) (19.h) (2h.0) (29.L) 2L
30 -k -3 -2 -1 o -1 -3 -3 -1 0 30
Lo 11 -9 -1 _— 0 -11 -8 -6 -3 0 Lo
Nominal diameter = 1j.00 mm
0 +23 +20 +17 +13 +3 421 +18 +1h +10 0 o}
10 +12 +10 + 8 + 7 + 1 +10 +9 +« 7 +5 0 10
20 + 3 + 2 + 2 + 1 0 + 2 + 2 + 2 + 1 0 20
2 |(13.8) (17.5) (21.9) (27.6) (36.3) || (17.8) (22.h) (28.1) (35.7) (U7.2) 2l
30 -3 -3 -3 -1 0 -3 -2 -2 -1 0 30
ho -9 -8 -6 -l -1 -8 -6 -5 -3 0 Lo
Nominal diameter = 8.00 mm
0 +21 «17 +1h +10 + 2 +17 +1h +10 + 4 - 0
10 +10 + 8 + 6 + ly + 1 + 8 + 7 + 4 + 2 - 10
20 + 3 + 2 + 1 + 1 0 + 2 + 2 + 1 0 - 20
2h 1(29.5) (24.8) (30.9) (39.3) (53.1) [ (25.1) (31.7) (39.7) (50.5) (67.5) 2
30 -3 -2 -2 -1 -1 -2 -2 -1 0 - 30
Lo -7 -6 -4 -3 -2 -6 -1 -3 -1 - Lo
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TABLE 5 (Continued)

PERCENTAGE ERRORS IP FALL VELOCITY AT OTHER TEMPERATURES IS
ADJUSTED TO 24°C BY THE RELATION FOR QUARTZ SPHERES
[Actual fall velocities are shown in parentheses at 24°C

because errors are zerg]

Specific gravity L.30 Specific gravity 7.50
Temp. Shape factor Shape factor Tempe.
(oCy 0.3 045 0.7 0.9 Spheres 0.3 0.5 0.7 0.9 Spheres | (°C)
Nominal diameter = 0,20 mm
0 + 8 + 6 + 3 0 -2 + 7 + 3 -1 -k -5 0
10 + L + 3 + 1 0 -1 + 3 + 1 0 - 2 -3 10
20 + 1 + 1 o] 0 0 + 1 0 o] -1 - 1 20
2l (3.09) (3.42) (3.80) (L.11) (b.LS)|| (5.00) (5.58) (6.28) (6.88) (7.kh) | 2k
30 - 2 -1 0 0 0 -2 - 1 0 0 + 1 30
Lo -5 - L - 2 e L 0 -5 - 2 -1 0 + 2 Lo
Nominal diameter = 0.50 mm
0 +10 + 5 + 2 0 -1 +10 + 6 + 2 -2 -2 0
10 + 6 + + 1 0 -1 + 5 + 3 + 1 -2 -2 10
20 + 1 + 1 0 0 0 + 1 + 1 0 -1 - 1 20
2k (7.79) (9.0L) (10.L) (11.7) (12.8) || (11.6) (13.7) (35.9) (18.3) (20.1) 2L
30 -3 -2 -1 o] + 1 -3 - 2 0 + 1 + 1 30
4o -8 -5 -2 0 + 1 -8 -~ 0 + 2 + 3 Lo
Nominal diameter = 1.00 mm
0 +19 +16 + 8 + 3 -2 +19 +1h + 8 + 2 -5 0
10 +10 + 8 + U + 1 -2 +10 + 7 + I +1 = 3 10
20 + 2 + 2 + 1 0 =1 + 3 + 2 + 1 0 -1 20
2L (12.L)  (Wh.9) (18.4) (21.9) (25.0) (17.5) (21.Lh) (26.6) (32.5) (37.9) 2L
30 -1 -2 - 2 0 + 1 -3 - 2 -1 0 + 2 30
Lo -10 -7 -k -1 + 2 -7 -5 -3 0 +5 Lo
Nominal diameter = 2,00 mm
0 +22 +16 +12 + 6 - L +17 +11 + 8 + 2 - 0
10 +11 + 8 + 6 + 2 -3 + 8 + 6 + 4 + 1 - 10
20 + 3 + 2 + 2 + 1 -1 + 2 + 1 + 1 0 - 20
o | (17.7) (22.3) (27.8) (3h.8) (LL.2) || (24.9) (31.5) (39.3) (L9.6) (6L.0) 2l
30 - 3 -2 -2 -1 + 1 - 2 ~ 2 -1 0 - 30
Lo - 8 -6 -5 -2 + 3 -6 -l -3 -1 - Lo
Nominal diameter = L.00 mm
0 +17 +1l +10 + 3 - +12 + 8 + 3 - - 0
10 + 8 + T + + 1 - + 6 + 3 + 1 - - 10
20 + 2 + 2 +1 0 - + 1 + 1 0 - - 20
2h | (25.1) (3L.7) (39.7) (50.5) (68.0) I (35.2) (Lhe5) (55.7) (70.8) {95.7) 2l
30 - 2 -2 -1 -1 - -2 -1 0 - - 30
Lo -6 -l -3 -1 - -4 - 2 -1 - - Lo
Nominal diameter = 8,00 mm
0 +12 + 7 + 3 - - + h - - - 0
10 + 5 + 3 + 1 - - + 2 - - - - 10
20 + 1 + 1 0 - - + 1 - - - - 20
2L | (35.5) (Lhe9) (56.1) (7r.k) (k1) | (b9.8) (63.0} (78.7) (100.1) (129.7) 2L
30 -2 -1 0 - - -1 - - - - 30
Lo -l -2 -1 - - -2 - - - Lo
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IV, RELATIONS BETWEEN PARTICLE SIZE SYSTEMS

20. Nominal diameter and fall diameter of quartz particles-=The relation be=
tween the nominal diameter (physical size) and the settling velocity of a parti-
cle depends on the density, volume, and shape of the particle and on the density
and viscosity of the fluid, Within the limits of definition of Fig. 1, the set-
tling velocity of any naturally worn sediment particle may be computed if the
above characteristics of particle and fluid are known. Because the shape factor
only approximates the effective shape of an individual particle, the relation of
fall velocity and fall diameter for an irregular particle may differ considerably
from that shown by the average curves of Fig., 1.

For simplicity the following discussion will be limited to quartz particles.
For a quartz particle the nominal diameter and shape of a particle determine its
fall diameter, which by definition depends on fall velocity in distilled water
at 24°C. (See Fig, 3, which was computed from the fall velocity at 24°C, shown
in Fig. 2 for shape factors of 0.5, 0.7, and 0.9.) For all spherical quartz par-
ticles, the nominal diameter is equal to the fall diameter by definition. The
effect of the irregular shapes of sand particles is generally such that the par-
ticles fall more slowly than would spheres of the same volume and specific grav-
ity. That is, the fall diameter of an irregular quartz particle is less than the
nominal diameter of the particle,

Fig. 3 shows the effect of particle shape on fall diameter and indicates the
rapid increase in effect of particle shape with increasing size within the sand
size range,

21. Nominal diameter and intermediate-axis length=--For this discussion the
length of the intermediate axis of a sediment particle is the '"b'" dimension that
was determined with a microscope. Because the shape factor ( ¢ /\Va b ) is actu-
ally a flatness ratio, the relation of nominal diameter to intermediate-axis
length varies with the shape factor. (See Fig. 4, which is based on data from
reference 8,) The average relation is fairly well defined for each shape factor,
but because of the wide variations in shapes covered by a single shape factor the
individual particles vary significéntly from the average., 1If a particle is flat,
the intermediate-axis length is relatively large in comparison to the volume of
the particle.

22, Nominal diameter and sieve diameter--A relation of nominal diameter and
sieve diameter is plotted in Fig. 5 and is based on three sets of data: (1) A
curve from reference 13 (the curve originally related "b" dimension to sieve di-
ameter but a reduction of 3 to 4 %, as indicated by Fig. 4, has been made to the
"b" dimension to obtain nominal diameter for plotting in Fig. 5); (2) data re=-
ported in reference 8 for about 200 individual particles; (3) mean nominal diam=-
eters determined from the total weight and the specific gravity of a group of
several hundred counted particles from one sieve fraction of sand between 350
and 500 microns and one between 700 and 1000 microns.

The data are in general agreement. A change in the size of sieve opening
does not seem to justify an abrupt change in the relation of nominal diameter to
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sieve diameter so an average relation has been plotted. The ten particles from
the sieve fraction with a mean diameter of about 0,38 mm had the same average
nominal diameter and intermediate-axis length as thosé from the sieve fraction
with a mean diameter of 0.46 mm; which suggests that both groups may have come
from the same, the smaller, sieve fraction.

Attempts to correlate the relation of nominal diameter and sieve diameter with
the shape factor were unsuccessful. For particles of low shape factor the
intermediate=axis length, or "b" dimension, that can pass a given square sieve
opening is longer than for particles of higher shape factors because the thinner
the particle is the longer the maximum "b" dimension that can pass diagonally
through a given square opening, However, the nominal diameter is generally small-
er in comparison to the "b" dimension so that differences in shape factor do not
change the relation of nominal diameter and sieve diameter significantly. The
relation between nominal diameter and sieve diameter may vary for different sands
because of different proportions of relatively long, slender particles in the
sands.,

23. Sieve diameter and fall velocity of quartz particles=-From the average
relation of nominal diameter to sieve diameter of Fig. 5 and the relation of nom-
inal diameter and fall velocity of Fig, 2, the relation of sieve diameter and fall
velocity may be determined for naturally worn quartz particles in water at various
temperatures, The latter relation is shown in Fig. 6 for shape factors of 0.5,
0.7, and 0.9, and similar data for other shape factors or specific gravities
could be computed from Figs, 1 and 5. Fall velocities for individual particles
of irregular shapes may vary widely from the average relations of Fig. 6.

24, Sieve diameter and fall diameter of quartz particles~--The relation of
sieve diameter and fall diameter that is shown in Fig. 7 follows directly from
Figs., 3 and 5. It is an average relation that may not be accurate for an indi-
vidual particle.

The fall diameter is greater than the sieve diameter at fine sand sizes and
less than the sieve diameter at coarse sand sizes, A shape factor of 0.7 is a-
bout average for naturally worn sediments. For this shape factor the fall diame
eter is about 10 percent larger than the sieve diameter at 60 microns; equals the
sieve diameter at 250 microns; and above 250 microns is less than the sieve diam-
eter by percentages which increase rapidly as the particle size increases. The
nominal diameter of naturally worn sediment particles of sand sizes is more than
10 percent larger than the sieve diameter. For small sand particles (which fall
at low Reynolds numbers) the accelerating effect owing to the nominal size being
larger than the sieve size is greater than the retarding effect of shape and
roughness on the fall velocity of the particle., Hence, the fall diameter is
greater than the sieve diameter. At larger sand sizes, shape and roughness have
a relatively greater retarding effect on the fall velocity and the fall diameter
is smaller than the sieve diameter.

Even though the sieve and fall diameters agree for the median or mean diameter
of a sand sample, that fact does not indicate that either a fine or coarse frac=-
tion can be removed from the sand sample by sieving with assurance that a combi=-
nation of sieve and sedimentation methods of size analysis may be made smoothly
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at the division point,

The relation of sieve and fall diameters will change if the specific gravity
differs from 2,65,

The sieve analysis of a sand sample has characteristics of apparent simplicity,
directness, and reproducibility, which may create an undue impression of accuracy.
In one sense the reproducibility of such analyses is good, especially for samples
containing several grams of material., Results can be duplicated closely as long
as the same set of sieves are used under standard conditions, However, let the
sieves become worn or clogged or be replaced by another set, the time or manner
of sieving be changed, or the preparation of the sample be altered, and the re~
sults may change greatly. In terms of the sieve diameters of the particles, a
given sieve has one effective size for separating spheres under standard condi~-
tions, The same sieve has a different effective size for particles of other
shapes and for other times of sieving. The fall diameter analyses of sand samples
express a far more fundamental property of the material, and one which is less
subject to variations because of unavoidable differences in the analytical appa-
ratus.

25. The effect of particle shape--For particles having a specific gravity of
2.65, the relations among nominal, sieve, axis length, and fall diameters are
determined entirely by the effect of particle shape including, if it is to be
civen separate mention, the effect of particle roughness. Irregular shapes cause
the differences shown in Figs. 3, 4, 5, and 7. The factor of shape may be kept
in proper perspective by remembering that for smooth quartz spheres all four diam-
eters, nominal, sieve, axis length, and fall are the same; that the relative ef-
fect of irregular shapes varies with size of particle; and that for the smaller
particle sizes the effect of shape on the sieve analysis 1s far more significant
than it is on the sedimentation analysis of the same particle.

Particle shape is important in basic sedimentation studies and research. How-
ever, the usefulness of physical shape factors is limited in routine sedimenta-
tion problems by the fact that even if the nominal, axis length, and sieve diam-
eters are known the fall diameter may be obtained more easily and accurately by
determining the fall velocity than by determining S.F. Possibly the shape factor
for a sand could be estimated by microscopic comparison with other sands of known
shape factor with sufficient accuracy for advantageous use under some conditions.

1f the specific gravity, volume, and fall velocity of a particle are known, a
shape factor may be determined from the plotting of CD and R, on Fig. 1. The CD
and Re figures for a particle locate a point that will fall on a curve or between
two curves so that a shape factor can be found directly or by interpolation be-
tween shape factor curves. Such a shape factor expresses the effect of shape on
the hydraulic characteristics of the particle at a given Reynolds number. It is
not S.F. as defined herein, but is in the same dimensionless form and could be
‘called Sp. S indicates the same hydraulic effect as the average for particles
with a numerically equal shape factor, S.F. The SF figure for a particle can be
used with Fig. 1 to compute the CD’ Re relation for the same particle in other
fluids or in the same fluid at other temperatures, and this may be the greatest
value of Fig. 1.



Section 25 39

Cg may be computed for any fluid condition, and if Sy is 0.7 at one Reynolds
number the S.F, curve for 0.7 may be used with Cg to determine R, and Cj . A con-
stant relation between Sp and S.F. Is assumed. The assumption is probably valid
within closer limits than the accuracy of Fig., 1. Both the assumption and Fig. 1
could be verified by a study of the fall of the same particle in very different
fluid conditions. However, the study would have to be repeated for many differ-
ent particles to verify the whole range of Fig. 1.
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V. SEDIMENT CONCENTRATION AND FALL VELOCITY

26, Individual particles-~Obviously, the effect of concentration on the fall-
velocity analysis of a sediment sample may be avoided if each particle of the
sample is allowed to fall alone in water of sufficient extent to avoid wall ef-
fects. A complete analysis then requires the summation and classification of all
the individual fall velocities on the basis of particle weights. The process has
not been adapted to silt and clay sizes and is much too laborious for routine
analyses of sand samples, but research on the effect of concentration on fall ve-
locity of sands should be based on this fundamental process,

27. Very low concentrations--To speed up sedimentation analyses, particles of
a sample are usually allowed to settle as a group. Sometimes an attempt is made
to avoid concentration effects by keeping the concentration of particles very low
so that the distance between individual settling particles is relatively large.

The photographic method [12] of size analysis uses an initially dispersed sed-
imentation system with a maximum concentration of about 5 ppm. At this concen=-
tration the particles presumably fall at approximately the same velocity that
each would have if settling alone.

A top-introduction tube method for analysis of sands was developed by the
Omaha office of the Corps of Engineers.[13] A stratified sedimentation system
was used in which concentrations of material were kept low to minimize effects
of concentration, The sedimentation column was 4 cm in diameter throughout most
of the 168 cm length, Tests made with this apparatus on sands from 100 to 600
microns in size indicated that samples weighing up to 0.0l gm could be analyzed
without significant concentraticn effects.

28. Normal concentrations, one size, completely dispersed--For convenience
and economy, most sedimentation analyses are made on samples large enough to de-
velop significant concentration effects. McNown and Lin [9] have reported the
effect of concentration on settling velocity for one specific condition.

They used a settling tube with an inside diameter of about 11 mm; the settling
velocity was measured over a length of 10 cm; and the particles of sediment had a
uniform hydraulic size with a fall velocity of about 0.6 cm/sec corresponding to
a nominal diameter of about 0.l mm. The particles were uniformly distributed
throughout the sedimentation column. The results are shown in Fig. 8 as "V/V "
versus concentration, The velocity, V, is the settling velocity of the particles
falling in the tube, and V, is the velocity assigned to the particles falling
alone, Vg, was obtained by theoretical computations as an extrapolation of data
that were subject to concentration effects,

The actual velocity obtained by dropping individual particles of sediment was
7 percent slower than the V, used for Fig. 8, but McNown and Lin considered the
velocity from individual particle drops to be less reliable than the velocity
that was computed for V..

For particles of one uniform size that fall uniformly dispersed in a small
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sedimentation column, the report by McNown and Lin showed that: the effect of
concentration increased the settling velocity slightly for concentrations below
20 ppm; for greater concentrations the effect of concentration decreased the
settling velocity progressively; a concentration of 5,000 ppm of sediment in wa-
ter reduced the settling velocity about 10 percent.

29, Normal concentrations, mixed sizes, nominally dispersed-=The bottom=
withdrawal~-tube method of size analysis i1s another sedimentation system for which
the effect of concentration on fall velocity has been determined.[14] The method
was evaluated for a mixture of sizes of glass spheres in concentrations from 200
to 10,000 ppm. The spheres were dispersed throughout a sedimentation column 2.5
cm in diameter and 100 cm long. The initial dispersion was not completely uni-
form.

Data from analyses in the bottome-withdrawal tube were used to compute the ef=-
fect of concentration on the settling velocity of glass spheres in that apparatus.
The computed V/V, relations are shown in Fig. 8 by separate curves for particle
diameters of 62, 125, and 250-500 microns. The curves are approximations because
the data are not entirely consistent. The size distribution within a sample in-
fluences concentration effects.

At concentrations of 200 ppm the fall velocity ratio V to V, is less than
unity and the smaller the sphere size the lower the ratio. At concentrations of
10,000 ppm the ratioc V to V, is approximately unity.

30. Normal concentrations, mixed sizes, stratified systems-=-The visual=~
accumulation tube method of size analysis is another sedimentation system for
which the effect of concentration on fall velocity has been studied.[15] Samples
were introduced at the top of a sedimentation column of water 120 cm in height.
The diameter of the column was 2.5 cm for the top 80 cm, decreased through the
next 20 cm, and was uniform at 2.1, 3.4, 5.0, or 7.0 mm through the bottom 20 cm.
The accumulation of sediment with time was measured in the bottom section of the
sedimentation column,

Hundreds of sand samples for which the fall-velocity distribution had been
established on the basis of the fall of individual particles were analyzed in
the visual-accumulation tube, The particles generally fell faster in the tube
as shown for two tube sizes in Fig. 8. In each size of tube the maximum ratio
of V to V5 was for the lowest concentration. Particle size has a very important
effect on the V to V, ratios, Significant effects of other factors such as the
distribution of sizes within the sample were frequently apparent but these have
not been separately evaluated.

Some data were obtained with mixed sizes of glass spheres. The effect of con-
centration on the fall velocity of glass spheres in the visual~accumulation tube
has not been carefully determined. In general, the glass spheres fell faster in
mass in the visual-accumulation tube than each would have fallen alone in dis-
tilled water of infinite extent., The magnitude of the acceleration effect was
somewhat less than for sands.
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31. General concentration effects==The general effect of concentration on the
fall velocity of particles has been widely recognized. Usually the data have
shown the effect indirectly. Emery[l16] calibrated his top-introduction sedimenta~
tion tube with irregular quartz particles of known sieve-size distribution. The
calibration showed that the irregular quartz particles (especially the finer sand
sizes) fell much faster in the tube than quartz spheres of the same sieve size
would fall alone in distilled water at the same temperature. Also some published
comparisons of pipette and bottom-withdrawal tube analyses show differences that
vary with concentration.[6]

In contrast, if the distribution of particles throughout a sedimentation col=-
umn is uniform and the concentration is appreciable, presumably each particle
falls more slowly than it would fall alone. However, the size of particle prob-
ably has an important influence on the concentration effect, and a mixture of
particle sizes falling through a long sedimentation column of limited cross=-
section is not likely to maintain a uniform distribution. If the distribution of
particles throughout the cross-section of a sedimentation column is not uniform,
density currents may form and greatly increase the rate of fall of the individual
particles, especially those of the smaller sizes,

If, as in the bottom-withdrawal tube, particles are only approximately dis-
persed throughout the sedimentation column the relation of concentration and fall
velocity is too complex for theoretical analysis. In top=-introduction tubes cur-
rents and eddies are set up in the sedimentation fluid which are also beyond
theoretical analysis on a quantitative basis. The relations between sediment
concentration and fall velocity in water appear to depend on many factors includ-
ing: (1) type of sedimentation system, (2) size of sediment particle, (3) spe-
cific gravity of the particle, and (4) the shape of the particle, The effects of
concentration are so widely divergent and the data available are so limited in
quantity and scope compared to the number of variables that extrapolation to
other sedimentation systems would be unwise, One cannot predict the effect of
concentration on fall velocity for several of the sedimentation-size analyses
systems common in the laboratory.

Additional research on the effect of concentration on fall velocity seems
urgently needed.
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VI, SAND SAMPLES OF KNOWN FALL-DIAMETER DISTRIBUTION

32, Need for a standard of accuracy=-Sedimentation size-analysis procedures
have been developed, accepted, and used without first establishing a specific
unit for measuring sedimentation size. If the fundamental property in sedimen-
tation size analysis is conceded to be the standard fall-velocity or fall-
diameter distribution of the sample then this property should be the basis for
measuring size. The accuracy of any method of sedimentation size analysis then
would depend on how correctly the standard fall-velocity or fall=-diameter dis-
tribution of the sample is determined by that method.

To avoid a wrong impression, some comments on early methods of size analysis
seem necessary., The methods of the soil physicists for determining such charac=
teristics as physical size, surface area of particles, voids, and permeability
to fluid flow are not applicable to this problem, which is one of size in terms
of settling characteristics, Those of one school of thought{7,17], set up
analytical methods and calibrated them against sieve or microscopic analyses,
The methods of analysis so devised were not actually sedimentation=size deter-
minations and are therefore not directly adaptable to sedimentation problems.

At least, those responsible for such developments were consistent in establish-
ing some standard of comparison. Another approach, and perhaps the usual one[7]
was to set up a distance for a sample to fall and to compute the settling veloc-
ity from distance and time of fall. Usually this type of analysis seems to have
been unchecked or possibly checked only for consistency of results, or by com=
parison with another method equally open to question. The effects of space lim-
itations, sample concentrations, methods of introduction and dispersion, and of
other factors peculiar to the type of analysis, were sometimes mentioned but
never definitely evaluated throughout the range of sand sizes, This procedure
was defended on the basis that the settling velocities of the particles or sam-
ple were actually determined and therefore the sedimentation diameter distribu-
tion had been established for one set of conditions. Such reasoning minimized
the fact that there could be as many answers as there were methods and apparatus
of analysis; that one must know the significant features of the analysis in
order to interpret the results; and that the fundamental hydraulic property, the
standard fall=velocity of the individual particle, had not been determined.

If size analysis methods are to be improved and standardized, (1) some defi-
nite unit of measurement for sedimentation size is necessary (fall diameter is
recommended), and (2) some accurate method of determining size distribution in
samples, or of preparing samples having a known size distribution, is required.
Without such a basis, the accuracy of a method of size analysis cannot be deter-
mined. Because no adequate method for satisfying item 2 for sand sizes could be
found in reports on size analysis, the method presented in the following section
was developed.

33. Preparation of a sand sample having a known fall-velocity distribution-=-
It was necessary to use the fall velocity of the individual particle to make up
sand samples for which the fall-velocity or fall-diameter distributions were
known. The primary concept was simple and obvious and other investigators had
pointed the way. Carey and Stairmand{12] had developed a photographic method
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for determining the fall velocities of individual particles in samples composed
of particles smaller than 100 microns. Serr[18] determined the sedimentation-
diameter distribution for sands of sizes larger than about 140 microns, by an
individual dropping of many representative particles from each of several sieve
fractions into which the sample had been separated.

The type of analysis used by Serr was given a more rigorous mathematical
treatment and was extended down to sizes of 62 microns. The essentials of the
method thus developed for determining the fall-diameter distribution are as fol=-
lows:[15] A bulk sample of sand is sieved, 10 grams at a time, until the desired
quantity of material of each sieve fraction has been obtained. The sieve=-size
distribution based on the total weights of each fraction is recorded. Then each
sieve fraction is carefully split and resplit until about 100 representative par-
ticles remain., These particles are dropped individually and the fall velocity of
each is obtained and converted into fall diameter by use of the relation between
diameter and fall velocity for quartz spheres (Table 2). The fall diameters of
the particles are cubed to approximate their relative volumes and weights. A
fall diameter is chosen at about the median division of a summation of the cubed
diameters, arranged in order of size. A summation is made of all cubed figures
larger than the cube of the chosen fall diameter and this sum is expressed as a
fraction of the total of all the cubes; for example, 0.520 larger than (and
0.480 smaller than) the cube of 305 microns in the sieve fraction 250 to 350
microns, If 40.0 percent of the sample is in the sieve fractions coarser than
350 microns, and 20,0 percent in the 250 to 350 micron fraction, then 50.4 per-
cent (40,0 plus the product of 0.520 x 20.0) of the total sample has fall diam-
eters greater than 305 microns. Extending this process to all the sieve fractions
completes the computations of fall-diameter distribution for the sample.

The sieve- and fall-diameter distribution curves can be plotted for the orig-
inal sand sample, One should remember that a sieve-size frequency curve is de-
fined only at the sizes of sieves that were actually used. A fall-diameter fre-
quency curve, obtained by the method above, is defined only at the approximate
median sizes that were used to subdivide the fractions. The use of mean or av-
erage figures between points of definition or of figures based on unweighted
particle counts are inexact practices.

After the fall-diameter distribution has been determined for each sieve frac-
tion of a sand, that sand can be used to compound wmany samples for each of which
the fall-diameter distribution can be computed. Such samples are reproducible,
They also provide a basis for consistency comparisons that are independent of
the accuracy of the determination of the fall-diameter distribution. The orig-
inal relative weights of the different sieve fractions can be combined into sam-
ples that have the original fall-diameter distribution. Other relative weights
may be chosen to provide samples that have different fall~-diameter distributions,
and the principles previously stated can be used to determine the fall-diameter
distributions of these samples. Varying the relative quantities of the differ-
ent sieve fractions does not alter the original fall-diameter distribution with-
in each individual sieve fraction so that a graph of the fall-diameter distribu=-
tion of the entire synthetic sample may not be a smooth curve,[15] Sieve frac-
tions from two or more sands can be combined to obtain a desired size range or
type of sample.
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Assumptions and qualifications that pertain to the method of preparing a sam-
ple having a known fall-diameter distribution follow:

(1) The cube of the fall diameter is assumed to be proportional to the weight
of the particle. The relationship is not direct, but the cube more nearly repre=-
sents the volume and weight than would the first power of the fall diameters,
Even the use of the first power of the fall diameter does not significantly alter
the results if the range of sizes in each sieve fraction is small.

(2) The type of computations in the cited example are generally adequate.
However, occasionally a significant percentage of material in the sieve fractions
coarser than 350 microns has fall diameters less than 305 microns, or a signifi-
cant percentage of material in the sieve fractions finer than 250 microns has
fall diameters greater than 305 microns. Then, by extra computations, the weight
of offending material is moved from the sieve fraction where it was originally to
the proper side of the 305-micron size.

(3) A 100-particle split as the basis for determining the fall-diameter dis-
tribution for a sieve fraction is satisfactorily accurate as shown by the con-
sistency of results throughout the size range of samples analyzed on this basis.
Usually splits from about eight size fractions are used to define a curve of fall-
diameter distribution for a complete sample. Because the shape of this curve is
necessarily very similar to that for the sieve~diameter distribution, an incon=
sistent split is immediately obvious. 1If inconsistencies are minor, adjacent re-
sults are averaged; but if any major discrepancy is found, the split is rechecked.
In the cited example, if the 52 percent larger than the cube of 305 microns
should actually have been 60 percent (an extreme variation) the percentage
coarser would have been changed from 50.4 to 52.0 percent which is within accept=-
able limits of accuracy. Errors in individual splits are independent of those
for other splits, are not subject to cumulative errors, and generally apply to
minor fractions of a total sample. Also inconsistencies may be observed easily
and rechecked if necessary.

(4) Within the range of laboratory temperatures, usually from 20° to 30°c,
the effect of temperature on the settling velocity of a particle of sediment in
water i1s considered to be essentially the same as though the velocity were for a
sphere of specific gravity 2.65. The validity of this assumption may be checked
from Table 5 which shows that the errors for particles with a shape factor of
0.7 should seldom exceed two percent.

34. Determination of accuracy of analysis with known samples~~The accuracy
of a method of sedimentation analysis may be readily proved or disproved by anal~
ysis of known samples and comparison of results with the known fall-diameter dis-
tribution of the samples, Most present methods of sedimentation analysis do not
yield results which check such a distribution directly. However, if any method
shows consistent results a variety of samples of known distribution can be used
to establish a correction coefficient or calibration for the method. Many sam=-
ples would have to be analyzed to evaluate the effects of such items as concen-
tration of material; size, shape, and specific gravity of particles; and other
significant factors.
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The visual-accumulation-tube method of size analysis will be used to illus~
trate a calibration procedure based on analysis of known samples. The visual-
accumulation-tube method results in a graph of accumulation of material settled
out of a stratified (top-introduction) sedimentation system with time., The
calibration was accomplished by superimposing the results of the analyses of
many known samples, The data have been simplified by considering only division
sizes of 62.5, 125, 250, and 500 microns.

Each analysis produced a curve (Fig. 9A) of sediment accumulation with time.
For each analysis, points representing the percentages of the known fall-diameter
distribution for selected division sizes were marked on the curve, If 40 percent
of a calibration sample has rall diameters less than 125 microns, the distance
from the time origin is fixed for the 125-micron size by the intersection of the
curve with the horizontal line at which 60 percent of the sample has accumulated
in the bottom of the tube. Thus each analysis established a calibration point
for each division size and for the water temperature in the tube. Points from
several analyses were transferred to a chart, Fig. 9B. A line to represent a
particular division size and water temperature was drawn through each set of
points. The distance of such a line from the time origin of the chart was a
measure of the time for that division size of particle to fall in the visual-
accumulation tube., Analyses at other temperatures provided information for tem-
perature adjustments,

The determination of fall-diameter distribution in terms of the fall velocity
of the individual particle in water and the compounding of samples for which
this distribution may be computed are laborious processes, However, both are
entirely practical and require no special equipment for the range of sand sizes.
These procedures make a basic standard of accuracy available to all investigators.
1f this standard were universally used, directly comparable size data could be
obtained regardless of where, when, or how the analyses were made.



48 Section 34

TOTAL ACCUMULATION

PREDE TERMINED I\*_E
SIZE DISTRIBUTION ]
Diameter Percent 2
(microns) finer 3 N
62.5 ) o
125 40 =
250 70 o o >
500 90 ?\3 S PEN TRACE OF x
e ACCUMULATION °
NOTE:
w
Data simplified for =
clearer presentation -

ZERO ACCUMULATION

A—-— CAL.IBRATION POINTS FROM A SINGLE ANALYSIS

n
2
. E . w
[$] g [ °
© o ~
« N £ o~ )
5 o N 5 o,
SYMBOL | SIZE 4 23 2 oo
{microns) e g v £ 5
x 62.5 3 ft" £ Se
[H ——
+ 125 22 s s 0
o 250 s e - o
. 500 sz c § 20
S L e G ®
X g© k] E s
o @ € s =
XN'-E O e 5 =
© - o ~ € =
2 :
o
["e]
x
ZERO ACCUMULATION #

B—— CALIBRATION POINTS FROM SEVERAL ANALYSES AT 25°C

FIG. 9 — FUNDAMENTALS OF CALIBRATION METHOD



Conclusions 49

VII. CONCLUSIONS

35. Concluding remarks=--This paper does not pretend to be an organized re=-
view of the entire field of sedimént~size analysis but is merely a report of in-
vestigations and concepts essential to a specific development, which related
primarily to sand sizes of sediment. Although much work should still be done a-
long similar lines, some conclusions have been reached:

1. The fundamental property governing the motion of a sediment particle in a
fluid is its fall velocity. Standard fall velocity confines fall velocity to
definite limits for uniformity and precision. Fall diameter is an expression
for standard fall velocity that is more usable for many purposes because it does
not vary with fluild temperature and provides a linear dimension to aid in visual-
izing size,

2., 1f possible, methods of sedimentation-size analysis should be calibrated
or corrected to give answers in terms of the standard fall velocities, or fall
diameters, of the particles, and the size-frequency distribution should be based
on weight of material.

3. Methods are available for determining the fall velocity distribution of
sand samples and for compounding sand samples of known distribution so that methe-
ods of particle=size analysis can be calibrated for particle sizes coarser than
60 microns,

4, Sedimentation diameter may be based on a settling velocity developed under
any condition of fluid. Also the definition of sedimentation diameter has not
effectively limited other conditions of analysis, Therefore, a figure for sedi-
mentation diameter should be accompanied by a description or designation of the
method used (Puri tube for example) together with a statement of specific grave-
ity. Without these qualifications the sedimentation diameter does not express
the settling characteristics of the particle or sample.

5. Standard sedimentation diameter is specifically defined so that it must
be based on the standard fall velocity of the individual particle. Then the
standard sedimentation diameter depends only on the volume of the particle and
the effect of its shape and roughness on its fall velocity.

6. In terms of the sieve diameters of the individual particles, a standard
sieve divides at different sizes depending on particle shape, time of sieving,
and preparatory treatment of the sample,

7. The shape factor, SF, based on the volume, density, and fall velocity in
a fluid of known density and viscosity should be a good indication of the hy-
draulic characteristics of the particle in other fluids and in the same fluid at
other temperatures.

8. Much that is important to an orderly development of sedimentation science
and technique is still unknown and additional research is urgently needed. Some
established relations have been expressed in ambiguous terms. The value of
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future research depends on the degree to which data are determined and expressed
in fundamental units that have precise meanings,

9. Of the many possibilities for future research that are suggested by this
report two specific items are:

a. Effect of concentration on fall velocity for a variety of
sedimentation systems.

b. The Cp versus R, relation for natural sediment particles,
perhaps emphasizing study of the same particle at several
different Reynolds numbers.
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APPENDIX

36. Several possible uses of Fig, l--Six variables are involved in the com-
putations defining Fig. 1: fluid density and viscosity; and particle density,
shape factor, nominal diameter, and fall velocity. Any one variable may be,
determined if the other five are known. The unknown variable may be determined
from Fig, 1 as follows:

Because density appears to the same powers both above and below the line,
Fig. 1 relations may be solved using mass density in gm sec2/cm4 or density in
grams/cm3 as long as consistency is maintained throughout a given computation.

A. Fluid density unknown -=- Compute Ro for a known particle, a sphere if
possible; determine Cp from the intersection of R, and the shape factor curve
and solve for the mass density, € ¢, from

4dy (€5 = €5) 8
Cp = 5 . (Cg or Cy could be used instead of Cp)
3 Cs v

B, Fluid viscosity unknown -~ Compute Cp for a known small particle, a
sphere that falls with a CD high enough to be sensitive to changes in R, is
best; determine R, from the intersection of Cp and the shape factor curve

L

and solve R, = dy V' for the kinematic viscosity, /. (Cq or G could be used

4

instead of Re.)

C. Particle density unknown -- Compute R, and determine Cp from the inter-
section of R, and the shape factor curve (interpolate between shape factor
_ 4 dy (65 -

Cos .
b = £ for the mass density, @g.

3 ef V2
(CS or Cy may be used instead of Cp-)

curves as necessary); solve C

D, Shape factor unknown -=- Compute R, and Cp and the location of the inter-
section on Fig. 1 will indicate the shape factor. (Any two of R,, Cp, Cg and
Cy may be used.) The shape factor, S.F., is by definition ¢/ vab for natu-
rally worn sediment particles., The shape factor determined from Fig. 1 is SF
and indicates that a particle has a shape with the same hydraulic effect as
the average for particles with a numerically equal shape factor, S.F.

E, Nominal diameter or volume unknown == Compute Cy and determine R, from

the intersection of Cw and the shape factor curve; solve R, = dyV  for dy.

(CS or Cp could be used instead of R, .) Volume = %L dg by definition of d,.
F. Fall velocity unknown -- Compute Cq and determine R, from the inter-

section of Cg and the shape factor curve; solve Ry = dnv

n_ for v. (Cp or (y
could be used instead of R,.) Vv
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G. Special cases (rarely used)

1. The fluid is water but the temperature is unknown ~-- Temperature may
be found by trial and error substitutions of Pf and 2/ for water at
different temperatures,

2. Particle density and nominal diameter unknown, but buoyant weight,
shape factor, and fall velocity known =-- Compute Cq» determine R,
from the intersection of Cs and the shape factor curve and solve

Rg = SEX for d,. Compute the density by solving for € g in buoyant
3
weight = ;%L dp (€5 = €p) 8.
The unknowns usually determined are nominal diameter and fall velocity. Spe-~
cific examples follow:
1, A naturally worn sediment particle has a nominal diameter of 250 microns

(.025 cm), a density of 3.00 grams per cm™, and a shape factor of 0.7.
What is the fall velocity in distilled water at 20°C?

3
den ((os- C’f) g

3
6 e, 7
.5236 (.025)°  (3.00 = .998) 981
.998 (.01005)°

159.0

From Fig, 1 if Cq = 159.0 and the shape factor is 0.7, R, = 8.20

.025v
.01005

and R, = EEZ = 8,20 = and v = 3.30 cm/sec.
V

2. Assume the same particle except that the nominal diameter is not known
and is to be determined from the other five variables,

(€= Cp) gV

W
e, v

(3.00 - .998) 981 (,01005) = _ss0
.998 (3.30)°3

From Fig, 1 the intersection of Cw = .550 and a shape factor of 0.7
shows R, = 8.20

.30d
bV .g20:_ 2% ana d_ = .025 cm.

V .01005

Re =
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3. The same answers could have been found by trial and error substitution in

the expressions for Cp and R,.

Thus if dn = .0

and v

3.00

R

o = 7.46

CD - 7.29

25 cm

3.20

7.96

6.40

3.29 3.30

8.19 8.21 )

) on curve for S.F. = 0.7

6.06 6.02 )

and a velocity of 3.30 cm/sec is satisfactory.

If v = 3.30 cm

and d, = .0220
R, = 7.22
Cp :‘5.30

and d, is .025

The addition of CS

/sec
7.
5,

cm,

0240

88

78

.0249 .0250
8.18 8.21 )
) on curve for S.F. = O.
5.93 6.02 )

and Cy scales to the usual Cp versus Ry relation allows
direct solution for d, and v because the diameter expression does not appear in
Cw and the velocity does not appear in Cg

Fig. 1 was based on data for spheres and naturally worn sediment particles

and is valid only for these particles.

The shape factor is ¢/V ab and may not

adequately define shape for individual particles, Consequently many of the
computations illustrated yield answers which are only approximate for an

individual particle,
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