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FOREWORD 

This report summarizes a number of years of research in 
sediment engineering conducted in the hydraulics laboratory 
at Colorado Agricultural and Mechanical Collegeo Under the 
direction of Dean N. AG Christensen, Eugene Serr III proposed 
in a Master's thesis as a shape factor, a simple ratio of 
sedimentation diameter to sieve diameter. Later under the 
direction of Professor M. Le Albertson, Head of Fluid 
Mechanics Research, A. T. Corey,· RG H. Wilde and E. F. Schulz 
conducted investigations using a shape factor porposed by 
Corey and natural sedimentary materials from different · 
sources ranging in size from 1/4 mm sand to 1 in. gravel. 
During this same period under the direction of Professor 
J• s. McNown at State University of Iowa, Jamil Malaika 
conducted experiments in oil using steel particles with 
regular geometric shapes. 

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

The authors are indebted to :Hr. E. w. Lane of the u. SG 
Bureau of Reclamat i on for his encouragement and for 
supplying the initial incentive for this series of studies 
of shape. They are also indebted to Dro D. F. Peterson, 
Head of the Department of Civil Engineering, for his 
encouragement and for reviewing this report. 

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



ABSTRACT 

Techniques used in modern sediment engineering require 
knowl.adge of the fall velocity of sediment particles in 
water. Under certain conditions the fall velocity of a 
sphere can be computed using Stokes Lawo Stokes Law~ however, 
considers only the viscous forces on the particle o The 
resistance of particles falling i n water is attributed to 
(1) viscous deformation of the fluid, and (2) inertial losses 
in the fluid caused by acceleration (both tangential and 
normal acceleration) of the fluid around the particle~ The 
Reynolds number (a rati o of the inertial f orces to the 
viscous forces) is .a dimensionless parameter which expresses 
the relative importance of the inertial forces to the viscous 
forces in the motion of the fluid around the particlee Stokes 
Law is valid when the viscous forces are the predominate 
cause of the res i stance of t he particle. As Reynolds numbers 
become greater t h an 1.0 the inertial forces assume greater 
importance and any equation which considers only the viscous 
forces (such as Stokes Law) becomes less and less valid. A 
quartz sphese approximately 0.1 mm diameter f alling in water 
at 20°C (67 F) would have a Reynolds number of 1.0. 

To study the fall velocity of natural particles, 
dimensionless parameters were employed to give general 
solutions to the equations i nvolved. The principal parameters 
employed were the Reynolds number (ratio of inertial forces 
to viscous forces), the drag coefficient (intensity of drag 
force) and the shape factor. Particles were selected at 
random from a number of samples of sediment having different 
geographical and geologic ori gins. The shape factor of these 
particles was measured. The particles were then dropped in 
water and the fall veloci ty measured. By measuring the 
weight, the volume, the fall velocity and the shape of the 
particle, the dimensionless parameters previ ously listed could 
be computed and a graph of drag coefficient versus Reynolds 
number with the shape factor as a third variable could be 
prepared. The particles studied in this manner ranged i n size 
from 0.25 mm to 25 mm. To verify the results from the tests 
on the small particles, the gravel-s i zed particles were also 
dropped in oil. ·Because of the viscosity difference bet\veen 
the water and the oil, the larger gravel-sized particles had 
Reynolds numb ers between 1.0 and 500 when dropped in oil. It 
was found that the affects .. of surface roughness could n ot be 
ignored; therefore, data obtained from the extremely rough· 
particles were separated from the more rounded material by 
plotting on separate graphs~ 



ABSTRACT (continued) xii 

The data obtained by Krurnbein and Halaika in tests on 
artificial particles were also plotted on these two graphs. 

Other information regarding the extent of variation of 
the shape factor, relation of average shape factor to sieve 
size, relation of sieve size to nominal diameter and 
intermediate axes, relation of sieve diameter to sedimentation 
diameter and shape factor have also been investigated. All 
t he avai lable data have been assembled in the Appendixo 



Chapter I 

INTRODUCTION 

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

Sediment problem 1g engineering 

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

~ veloci~y -- ! fundamental property 2f sediment 

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

Factors affecting fail velocity 

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



INTRODUCTION 

generalized statements can be made concerning theme 

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

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

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

Particle density:- The particle density is relatively 
unimportant because the density of common sedimentary parti-
cles varies between narrow limits. Actually, the important 
factor associated with particle density is the particle 
density relative to the density of the fluid medium. If 
the fluid medium is water, the relation can be simply 
expressed as the specific gravity of the particle. Since 
quartz and the silicas occur so frequently in natural 
sediments, the average specific.~ gravity · of sediments is · 
commonly assumed to be 2.65 • . The average specific gravity 
of common sedimentary minerals is shown in Table 2. 

Tab+e 2 
Specific Gravity of Common Sediment art !clinorals~ 

Mineral 
Beryl 
Biotite 
Calcite 
Coal 
Dolomite 
Galena 
Garnet 
Muscovite (mica) 
Microcline (Feldsnar) 
Orthoclase (Felds~ar) 
Quartz (calcedony) 

Specific Gravity 
2 .. 15 
2.8 
2.72 
2.3 
2.85 
7.4 
3.5 

.. 2. 76 
2.54 
2.57 
2.65 

- 2.8 
- 3.2 

- ·7.6 
... 4-3 

3Dl 
.. 2o57 

L! From Dana's Handbook of Mineralogy 



Table 1 

sediment Grade scale~ 
(Subcommittee on Sediment Terminology, A.G.Ue) 

H 

~ -------------------- ~ Approx. Sieve Hesh § 
Size in Millimeters Microns Inches. Openings per Inch Class § 

h000-2000 
2000-1000 
1000-500 

500-250 
250-130 
130-64 

64-32 
32-16 
16-8 

8-4 
4-2 

2-1 
1-1/2 

1/2-1/4 
1/4-1/8 
1/8 .. 1/16 

1/16-1/32 
1/32-1/64 
1/64-1/128 

1/128-1/256 

1/256-1/512 
1/512-1/1024 

1/1024-1/2048 
1/2048-1/4096 

2.00-1.00 
l.00-0.50 
0.50-0.25 
0.25-0.125 

o.l25-o.o62 

0.062-0.031 
Oo03l·O~Ol6 
o.ol6-o.oo8 
o.oo8-o.ooh 

Oo004-0.0020 
0.0020-0.0010 
0.0010-0.0005 
o.ooo5-o.ooo24 

2000-1000 
1000-500 

500-250 
250-125 
125-62 

62-31 
31-16 
16-8 

8-4 

4-2 
2-1 
1-0.5 

o.5-0.24 

Tyler U. So 8 
Standard ~ 

160-80 Very large boulders ~ 
80-40 Lat'ge ' boulders ·· 
40-20 Medium boulders 
20-10 Small boulders 
10-5 Large cobbles 
5-2.5 Small cobbles 

2 .. 5-1.3 
1.3-0.6 
o.6-0.3 
0.3-0.16 

0.16-0.08 

21,_ 52 
9 

16 
32 
60 

115 
250 

5 
lQl 

18 
35 
60 

120 
230 

Very coarse gravel 
Coarse gravel 
Medium gravel 
Fine gravel 
Very fine gravel 

Very coarse sand 
Coarse sand 
Medium sand 
Fine sand 
Very fine sand 

Coarse silt 
Medium silt 
Fine silt 
Very fine silt 

Coarse clay 
Me dium clay 
Fine clay 
Very fine clay 

-----------------------------------------------------------------------------------------------------~ L! Rouse et al., Engineering Hydraulics, John Wiley, 1950, P• 776. 



INTRODUCTION 

Fluid viscosity~- The fluid viscosity plays an important 
role in the fall velocity of a particle. vfuen the particle 
is moving slowly, any differences in the viscosity of the 
fluid cause changes in the fluid drag on the particleo 
Viscosity varies considerably with. changes in temperature but 
only slightly with changes in pressurea In fact, the varia-
tion with pressure is so small that it can be ignored so that 
viscosity is considered a function of temperature only~ The 
fluid properties of density, dynamic viscosity, and kinematic 
viscosity of water are plotted as a function of temperature 
in Fig~ 1. 

Present techniques used in sediment a~alysis 

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

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

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

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



- · · tc ·f.:t · · 1 i · · --- ± · - -It .t. · · 
- I ~ ~~- - . - - . - !- ' - ,F . 11 . t -

H++H-h-H++++++H·++++H-H++-H++H-H 
- -'1 .# - .:: - - - l l ~ - ~{ -- - - It 
~ ··,. _t·· - _- -- :1: t·_· - __ - 'c ·t=t± --l -

H++-H1H·+HH ;; 1 - -~ · + · n- + -- ' 
• • 

1 
• ~~ - • - t.. J if .. .. . j r -- t - ·:tH+tH Hi 

~~~ - = - -- = - - -- - - - -- '" - - t t - -r -·- _ . 
-~- -.r _ -- -- . -: - - - - . 1 -~ - -, __ 

- . - m - - - - - , = - ;J : - -- - =· - - ~ = ~~ ~~~- . - -

- ft .. t - -. ~ --- =- :-= - _r -. ~r - ~ -= - 1 ~ : - .. ~ - -
~~-l*mm-~' ~rnmm--~i·~-~-mmmw.~- ~-w~mm-~- ~~m--m- ~-~-~-mm4~~-·mmffi~ffiffl*' . ·jt > : _- Hi-H-H-Ii _ _ -

.f -
- -

- - - I .. 
l 

- --

~~-~- ~- mnmm· ff~" ffi' ~- ~:· m. mm.~m- ~-~*m·mm--m--~lffi*-~~· mm~ffiffl_ rn- #,F~· w.m_ 1 ~_,~~~+~ 
- - - - -i - ff . l--.
1 

:[ _ _ :. . . H+.H .. ttt+++t, ff+t+~+tl+H+ttt~+ttti-H-HfftttHl+tH+~ttt.ttt. ffiffl+ttt+TII· . i+f',IIH++-H 
- - - - - -- .. r'T ! L 

Fig. I 



INI'RODUCTION 6. 

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

Sieving is quite often considered an unreliable method 
of size determination for particles smaller than the NoQ 200 
sieve (approx. 1/14 mm) (23:775)~ The size distribution of 
particles smaller than silt size (1/16 mm) is determined by 
using any one of a number of methods classified as sedimen-
tation methods (1). 

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

Specific gravity:- Because the relative weight of the 
sediment in the fluid is the desired variable, specific 
gravity is usually determined instead of density. Consider-
able variation in specific gravity exists in particles of 
large size (larger than gravel - 4 mm) because the mineral 
composition depends upon the parent rock. In nature most 
sands are composed of quartz (SG = 2.65)o Therefore, the 
specific gravity of sand is approximately 2.65. The fine 
materials (silt and clay-- sizes less than 1/16 mm) are more 
often fragments of feldspars and micas (SG = 2.5 to 2o7) and 
therefore these fine materials tend to have a lower specific 
gravity (23:777). 

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

~ 2£ !: shape standard:·- Of all the variables influ-
encing the fall velocity, only shape lacks an easy and 
widely accepted definition. This lack of generally accepted 
and easily measured standard has hampered many refinements 
of technique in modern sedimentation engineering. Because 
there has been considerable confusion in describing shape, 
a review of the existing literature is appropriate and help-
ful in formulating a satisfactory and useful method of 
describing shape~ 



Chapter II 

REVIEW OF LITERATURE 

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

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

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

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

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

- "/d2 
w -,~~,. lB (SGp - SGf) 

where 
w - fall velocity, 
d - diameter of the sphere, 

SGp -Specific gravity of t he particle~ 
SGf -specific gravity of the fluid, 

Y - specific weight of water, 
; .. - dynamic viscosity., 

Later metallurgical engineers, concerned with ore 
dressing problems, recognized t hat t here was a significant 
difference i n the fall velocity of different rock particleso 
In 1908 Richards (.24), a ·mining engineer, studied the fall 
velocities of crushed quartz and galena particles. Richards 
studied sieve fractions ranging in size from 0~32 to lla93 
millimeters. He observed that the drag coefficient was no 
longer a function of Reynolds number for particles larger 
than 1.55 mm diameter. Furthermore, this anomaly occurred 
differently for the quartz and galena. He sought to explain 
the difference on the basis of the difference in the specific 
gravity of the two materials. Closer investigation might 
have disclosed to Richards that this difference could not be 
attributed to a difference in specific gravity, but to the 
shape which was different for the quartz and galenaD The 
explanation was pointed out years later. 

Recent research 

In 1933 Rubey (26) using Richard's data and additional 
data of his own recognized that the fall velocities follow 
two different laws. He found that for particles smaller than 
about Ool4 mm sieve diameter Stokes law seemed to be valid 
and he called t h is range the viscous range because the particle 
motion could be completely descr i bed by the action of the 
viscous and gravity forces. Rubey developed an equation for 
the particles larger than 0.14 mm. He stated that this 
second law applied to the "impact" range because the resis-
tance to motion in this range was caused by the "impact" of 
the fluido His equation consisted essentially of Stokes law 
combined with a correction for "impact." The use of the word 



REVIEVJ OF LITERATURE 9. 
"impact" does not conform to the present-day concept of the 
termo Rubey also found that it was necessary to use an 
additional correction coefficient to make the galena data 
conform to his curve, which had been derived from the data 
for the quartz grains. He suggested that the difference in 
this coefficient for the quartz and galena was because of 
the difference in the characteristic shape of the crushed 
quartz and galena particles. 

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

Zegrzda used both smooth spherical balls and "natural 
sediment" particles of sand. To obtain fluids of different 
density and viscosity he used water and differer..t petroleum 
products. In this way he could vary the viscosity by dropping 
the same particle in the different fluid mediums. He found 
that data using the smooth balls plotted a smooth curve on 
the Cn:Re graph regardless of the fluid medium usedo On 
the other hand he found that the curves for the sand grains 
dropped in water would not fit the curves for the same sand 
grains dropped in the oil. He explained that this discrep-
ancy was caused by the influence of the relatively rough1 
irregular surface of the sand grains on the flow pattern 
around the particle. Therefore, he recommended that for 
sedimentation studies, water only be used as the fluid 
mediumo 

Actually the affects of the fluid are completely 
accounted for when using the Reynolds number parameter. The 
influence of the fluid on the particle is one of viscosity~ 
~.!hen the Reynolds number is high ( Re .:> 10,000) the viscous 
forces 1 while still present, are of minor importance relative 
to inertial forces. This relationship is true for any par-
ticular Reynolds number, regardless of the fluid used.. The 
validity of the assumption that Reynolds number completely 

A short English summary of Zegrzdats paper is presented 
in the appendix-. 
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accounts for the effects of the viscosity of the fluid was 
later verified by Malaika0 

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

Wadell's conclusions were based on sound theoretical 
considerations. He also recognized the impractical nature 
of his concept of sphericity because the true surface area 
of individual small particles is virtually i mpossible to 
obtain. Therefore, he redefined the sphericity as the ratio 
of the diameter of a circle equal in area to the projected 
area (obtained when the particle rests on one of its larger 
faces) to the diameter of the smallest circle circumscribing 
the projected area. The projected area was measured by 
tracing around a n~agnified projection of the particle with 
a planimeter.. The area of the circumscribing circle 1'1!'as 
obtained by placing a specially-oonstructed circular grid 
over the projected image and observing the diameter of the 
smallest circle Hhich surrounded the image. T'.ne weakness of 
Wadell' s simplified sphericity coefficient lies .".n its lack 
of any consideration of the "thickness" of the particle with 
respect to the measured projected area. 

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

k ; vo~ume of particle 
d3 

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

studying 
"volume 
k, 

Heywood prepared a nomograph (1:44) which could be used 
to determine the fall velocity of the particle provided the 
volume constant k could be determined. The volume constant 
could be estimated us i ng a table of 11 k 11 values published for 
a number of particles u sed as examples. The weakness of 
Heywood's concept lies in the estimation of the volume 
constant. 

In 1942 w. c. Krumbein (8) in studying the "flume behavior" 
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of particles formed of .molded portland cement mortar, 
verified the relationship between fall velocity and critical 
velocity of a stream of water required to move a particle 
on the bedo Because he made artificial particles, he could 
control the shape, density, volume, and nominal diameter. The 
latter three variables were held constant for all the particles. 
Y~umbein suggested the following expression for the shape 
parameter: 

n = ~/(b/a)2 ( c/b) 

where a - the longest axis of the particle~ 
b - the intermediate axis of the particle, 
c - the shortest axis of the particle. 

His investigations showed this shape parameter was related to 
the sphericity as defined by 1/~Jadell. He plotted the b/a 
ratio versus the c/b ratio and drew lines of equal spheric-
ity on the plot; thus the true sphericity could be determined 
using definite and measurable dimensions a, b and . c~ 

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

In 1948 E. F. Serr (31) compared the difference between 
the sieve diameters and the sedimentation diameters of ten 
samples of sand obtained from widely different sources. He 
studied eight sieve fractions between the No. 10 and No. 100 
Tyler standard sieves. He suggested using the ratio of the 
sedimentation diameter to the sieve diameter as the shape of 
the particle. Serr found little difference in the sieve 
diameter and the sedimentation diameter for the particles 
corresponding to the No. 100 sieve size indicating that shape 
had little influence on the fall velocity of small particles 
(approx. 1/16 mm) because they were in the viscous range of 
Reynolds number, He also found that the drag coefficients 
for the most angular samples became independent of Reynolds 
number at a nominal diameter of about 1.4 mm. For the more 
spherical particles this does not occur until the nominal 
diameter becomes as large as 7 mm to 10 mm which was out of 
the range of Serr's work. 

· In 1949 A. T. Core~ (3) working with discrete individual 
sand particles suggeste a simplified shape parameter VIhich 
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he called the shape factor sf: 
sf= __ c_ 

-;ao· 
where a- the longest (or major) axis of the particle 1 

b - the intermediate axis of the particle, 
c - the shortest (or minor) axis of the particle& 

All axes were mutually perpendicular. 

12 •. 

Corey selected 10 representative sand particles from each of 
5 sieve fractions between the No. 4 and the No<t 14 mesh Tyler 
standard sieve. He examined in this manner sand samples from 
four different sources. He found that the fall velocity for 
two particles of the same weight and falling in the same 
fluid medium could vary as much as 100 percent depending 
upon the sh ape of the particle. Thus demonstrating that for 
a fundamental study, the individual particles must be studied. 
Corey selected the expression c/ ~ for his shape factor 
because he and others found that the particles usually 
oriented themselves in the fluid so that they presented the 
greatest resistan~e to the pass.ing fluid. Thus the maximum 
projected area as discussed by \rJadell, Heywood, and Krumbein 
is oriented nornal to the path of mot i on. The projected area 
can be approximated by the ab term and the c term 
corresponds to the thickness which was not accounted for in 
Wadellls simplified sphericity coefficient. Hence the form 
c/ ~ is a logical dimensionless shape parameter expressing 
the relative flatness of the particleo 

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

where 

Re 
and 

cnn 

Re n 

F/ab 
f w?/2 

wb --v 
F/dn2 

- 2; ,oW 2 

= wdn 
v 

Cn - drag coefficient, 

Cn - drag coefficient (using nominal diameter), 
n 

Re - Reynolds number, 
Ren- Reynolds number (using nominal diameter)~ 

F . - force causing motion (buoyant weight of particle), 
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P -mass density of fluid, 
w - fall velocity of particle, 
a - major axis of particle, 
b - intermediate axis of particle, 
c - minor axis of particle, 
dn nominal diameter of particle, 

V - kinematic viscosity of the fluid, f1 /p 1 
~ - dynamic viscosity of the fluid. 

13. 

l!Jhen he pl·otted Cn versus Re, using the first two 
expressions for Re and Cn 1 he found difficulty in draw-
ing the lines of constant snape factor. On the other hand 
he found it reasonably simple to draw lines of constant shape 
factor through his experimental data when Re and Cn were 
expressed in terms of nominal diameter.. He concluded then 
that the nominal diameter should be used for the characteristic 
length and area in the Reynolds number and drag coefficient 
parameters. 

In 1949 Jamil Malaika (11) reported the resistance 
characteristics of twelve machined steel shapes. He dropped 
these particles in six different types of oil and also varied 
the temperature. This technique permitted him to vary the 
Reynolds number be tween Re = 0.001 and Re = 1000. 

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

1. 

3. 

~ of deformation drag (Re <.. Ool) o 
Particles were stable in any position provided 
the center of gravity of the particle and 
center of resistance were on a line parallel 
to the path of motiong 

Zone of surface drag (O.l~Re<500). 
The particles oriented themselves so that the 
largest cross section was normal to the path 
of motion. The particles were quite stable 
in this position. 

Zone of eddy fonnation (Re> 500). 
Formation of eddies in the wake affected the· 
stability of the orientation of the particles 
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In 1950 McNown and Malaika (14) developed a shape 
parameter in the form 

c/ .yab. 
It is interesting that Corey and Malaika and McNown working 
independently both used the same basic parameter for the 
simplified shape factor. McNown and Malaika related the 
sieve diruneter and the sedimentation diameter by a factor K 1 

Ws K- . -w-, 
t.vhere ws is the fall velocity of a sphere with 

diameter equal to the nominal diameter of 
the particle (sedimentation dim.1eter) , 

w is the fall velocity of the particleo 

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

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

Summary 

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

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

Because of the relative ease in measuring the three axes, 
the latter method is preferred. Corey advocated the use of 
his simplified shape factor (sf = c/\jaD) and this shape 
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factor was also used by McNown and Malaika (14), Wilde (41), 
and Schulz (29). Corey, \vilde, and Schulz have assembled 
cons iderable data on natural sedimentary particles and they 
have shown that , within certain stated limitations of 
average particle roughness and average specific gravity, 
the Corey shape factor is practical and involves a minimum 
amount of labor to measure and computeo 



Chapter III 

THEORETICAL ANALYSIS 

Fundamental principles 

The fundamental principles of fluid mechanics involved in 
the study of fall velocity are the basic laws of motion. The 
forces producing the motion and the drag or resistance will be 
analyzedo 

Basic ~umptions:- In expressing the most fund~1ental 
drag equation to be considered i n studyi ng the fall velocity 
of a particle it must be ass~~ed that~ 

1~ The fluid is of uniform dens i ty. 

20 The fluid is of uniform vi~cosity. 

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

4. The particle is not accelerating in mean falling 
path. 

If these assump tions are met, the submerged weight F of the 
particle (called the activati ng f orce) is exactly equal to 
the drag forces on the particle {which is moving steadily 
through the fluid of uniform density and viscosity). The 
cause of the drag can be explained using the principles of 
both laminar and turbulent flowo 

Laminar flow:- Laminar flow is a result of the fluid 
property call~iscosity, which Rouse (23:75) defines as 
"that property of a liquid or gas which gives rise to an 
internal stress opposing deformation of the fluid during 
flow." Viscosity also may be defined as the ratio of' the 
gradient of momentum flux to the rate of diffusion of' momentum· 
per unit area in the direction of the gradient. Any relative 
motion between a particle and the fluid causes internal 
viscous stress in the fluid medium and produces a deformation 
of fluid adjacent to the particle. Drag on the particle is 
a result of transfer of momentum.by molecular diffusion from 
the moving particle to the fluid 5 
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Turbulent flow:- The distinction between laminar and 
turbulent flow can-be made by considering the difference 
between the molecular (or laminar) diffusion of momentum as 
compared with the mola~ (or turbulent) diffusion of momentumo 
The diffusion by molecular action is sufficiently slow that 
its effect may be felt over a widespread region (by deforma-
tion) without becoming unstablea Turbulent (or molar) 
diffusion however, is a result of the gradient of momentum 
flux being so great that the flow becomes unstable and turbu-
lent mixing results~ With turbulent diffusion, finite masses 
of fluid are moving in a somewhat random fashion through the 
fluid and the mixing process is much more rapid and intense. 
These phenomena are involved to varying extents in the . 
different types of drag experienced by sediment particles. 
One of the most important variables associated with drag is 
the Reynolds number (a ratio of the inertia forces to the 
viscous forces involved in the f low) which may be used as a 
criteria for determining the type of drag which exists on a 
sediment particle. 

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

1. The shear along the boundary of the particle in the 
direct i on of motion. This is called Surface DragQ 

2. The pressure difference betw.een the upstream and 
downstream s i de of the parti cle. This is called 
Pressure Drag .. 

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

Discuss i on of the CD:Re diagram 

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

1. Deformat i on drag. 
2. Form drag. 

Deformation drag is principally the result of viscous forces 
and is characterized by a f low pattern where the deformation 
of the fluid laminae is widespread. Form drag results from 
inertial forces and is characteri zed by a flow pattern in 
which there is a separation. The relative importance of these 
two t yp es of drag depends on the Reynolds number~ 

Low Reynolds numbers:- At low Reynolds numbers (Re< O~l) 
the effects of the 1.nertial forces caused by the motion or the 
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particle may be ignored and the drag on the body is exclusive-
ly one of deformation, caused by viscous stress. Deformation 
drag may be classified further as a combination of surface 
drag due to boundary shear and pressure drag due to the form 
of the projected area. The motion in this range is charac-
terized by a "widespread distortion of the basic flow pattern'"' 
(19:232) and is defined mathemat i cally by Stokes Law (19:158) 
for spherese 

F = 3Trdpw 

and (9:605) (4:74) for disks: 

where 

F = 8df4W 

F - net gravitational force, 
d - diruneter of the particle, 
~ - dynamic viscosity of the fluid, 
w- terminal or fall velocity of the particle. 

As shown in Fig. 41 Stokes Law for spheres may be plotted on 
the Cn:Re graph as a straight line : 

en = 24/Re 

and the equation for disks may be rearranged as 

Cn = 20.37/Re 
for plotting on the Cn:Re graph. 

Because the drag in the Stokes range is due. to the 
"widespread deformation of the basic flow pattern," there is 
extensive viscous movement of the fluid normal to the ambient 
direction of flow. Such movement must be accompanied by a 
drop in pressure in the direction of flow and hence a drag on 
the particle due .to a difference in pressure between the up-
stream and -downstream sides of the particle. Also boundary 
shear on the par ticle contributes to the drop in pressure. 
In fact, Prandtl (4:74) has pointed out that theoretically 
one-third of the drag on a sphere is due to pressure differ-
ence and two-thirds is due to boundary shear. Furthermore, 
Prandtl has shown that in the direction of motion the sum of 
the shear and pressure difference is the same at all points. 
Because a circular disk has no boundary in the direction of 
flow, however, the viscous drag is due entirely to the 
pressure difference, It is remarkable that the drag co-
efficients for the two extreme cases of a sphere and a disk 
are so near the same value that it is difficult to plot the 
difference on a graph. 
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Evidently, then the drag coefficient in the viscous 
range is essential ly independent of the thickness of the 
particle (provided the particle is not relatively long) and· 
depends only upon the magnitude and shape of the projected 
area of the particle . Furthermore, because the resultant of 
the pressure and shear is the same at all points on the 
boundary there is no unbalanced f orce to create a torque which 
would rotate the particle . This confirms the experimental 
findings of. McNown and Malaika (14:78) in which the falling 
particle did not rotate regardless of its initial orientation. 

Intermediate Reynolds numbers:- As Reynolds number is 
increased to the range of 0.1 < Re< 1000, the visco:us flow 
pattern becomes unstable and the inertial forces gradually 
assume greater importance. The zone of viscous flow --
though still present -- becomes restricted to a relatively 
thin layer at the surface of the particle known as the laminar 
sublayer. Outside the laminar sublayer the inertial forces 
predominate and the ·flow is turbulent. The shape of the 
particle determines to a large extent the path taken by the 
fluid, as it flows about the particle, hence determines the 
radial and tangential accelerations necessary for the fluid 
to travel t his path . 

As a result of ~he instability of the laminar flow and 
the increased i mportance of the inertial forces (du~ to accel• 
eration), a zone of separation is formed on the downstream 
side of the particle as shown in Fig. 2& This zone of separa-
tion has a poorly defined appearance at Re = 3 but gradually 
takes on a mor e clearly defined appearance as the Reynolds 
number is increased, until at Re = 20 the separation zone 
has a well~defined vortex pattern downstream from the particle 
( 5: 65) ( 5: 551) • 

Separation occurs at the point where the flow is 
expanding (streamlines are spreading) and the local velocity 
in the boundary layer becomes zero. Any f urther expansion of 
the boundary layer causes flow near the boundary i n the 
direction opposite to the amb i ent velocity v0 • The point of 
separation may occur at a number of positions along the 
boundary of the particle (as the case of the sphere) or the 
point of separation may be fixed always by a sudden change 
in the curvature of the boundary of the particle (as the case 
of the disk) o 

Thus in the Intermediate Range of Reynolds number the 
t~~e of drag gradually changes from about half surface drag 
and half pressure drag (Re = 0.5) to almost exclusively 
pressure drag (Re ~ 1000) -- the surface drag (viscous effects) 
being negligible compared with the pressure drago 

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

High Reynolds numbers:- As the Reynolds number is in-
creased further (Re51000) the influence of viscosity becomes 
of less and less importance unti l at Re = 500,000 for 
spheres and Re = 5000 for disks the flow pattern in general 
and the drag in particular becomes completely independent of 
Reynolds number~ 

Throughout this range the separation is well defined; but 
the point of its beginning upstream, and hence its size~ 
varies with the nature and exbent of the laminar sublayer 
surrounding the particle upstream from the point of separation. 
Complete destruction of the laminar sublayer occurs for smooth 
spheres at about Re = 200 1 000 and for disks at about Re = 
5000o The sphere and the thin disk can be considered to be 
the extreme limits of shape for natural particles . 

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

Dimensional analysis 

Before any attempt is made to analyze the problem further, 
the variables will be organized into orderly dimensionless 
parameters using the principles of the Buckingham -Theorem 
(21:13). 

The variables:- All the fundamental variables which 
affect the mot i on of the particle are tabulated together with 
their dimensions . 

w ~ fall velocity- em/sec (L/T), 
.cf - density of the fluid - gm sec2/cm4 (FT 2/L4), 

~p - density of the sediment - gm sec2/cm4 (FT2/L4), 

~ - dynamic vi s cosity of the fluid - gm sec/cm2 (FT/L2 ), 
b - intermediate axis of the particle (normal to a) -

em (L), 
c - shortest axis of the particle (normal to ab) -

em (L) $ 
a • longest axis of the particle - em (L)~ 
F activating force; apparent weight of sediment 

particle in fluid - ~P -pf ) gV - gm (F), 

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

(1) 

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

I wlp f P p p a c k ) ¢'2 _,, _, _, _, - = 0 
fl b?fwc. fJ f b b b 

(2) 

As previously discussed the activating force F must be equali 
to the drag force D and D ~ Cn A fw2/2 (19:244). 
The expression for drag D can be solved for the drag co~ 
efficient Cn: 

CD = D 2 . 
Affw /2 

(3) 

where A refers to the projected area normal to the path of 
motion. Wilde (41:37) has shown that this proj~cted area A 
can be approximated by the product ab provided the particle 
travels with its greatest projected area normal to the path 
of motion. Eq. 3 then becomes: 

F 
2 abPrw /2 • (4) 

Eq. 2 may be rearranged into the following dimensionless 
equation' 

rJ ( w..y"a'b/)f . F P3 I ----~2' 
. ~ abP_rw 

j)n, ~~ ___:__, ~ ) = 0 
/.) f b -vas ....jal) 

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

W~Pf - a form of Reynolds number Re 
~ 

F 2 - a form of drag coefficient Cn 
at¥Jfw 
r- · n = -/ p/g __. --~~ - specific gravity of the sediment 
jv f / f/g particle SG 

(5) 
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~ - disregarded for present 

_£__ ~ Corey shape factor sf 
-0.b 
~ - surface roughness coefficient t o 

...;'B.b 

Eq. 5 can then be rewritten: 

(6) 

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

The Cn:Re e.quation:- If the specific gravity term SG 
and t~surface angularity term are assumed to be constant 
or of secondary importance, Eq. 6 then can be written in the 
simplified form: 

¢5 (Re~ en, sf) = 0 
or 

( 7) 

(8) 

when the drag coefficient Cn is chosen as the dependent 
variable. Eq. 8 may be represented graphically as shown in 
Fig. 3 and is simply a minor elaboration on the Cn:Re 
graph. With this arrangement of the data, the drag coefficient 
and the Reynolds number are expressed in terms of lines of 
constant shape. This arrangement is the most convenient for 
obtaining a direct solution of the drag (or submerged weight) 
of the particle of L:, iven shape moving at a given velocityQ 

The Cn:Cs equation:- An arrangement of the data 1-vhich 
will giVe the velocity at wh ich a particle of known size, 
shape, and weight moves in a given fluid may be developed by 
recons i dering the variables in Eq. 1~ Choosing variables 

.E.._11o -r• and E as the repeating variables, the followi ng 
equa~ion results: 

r1. ( Fpf F 117 -z-2' -·,..2~~2' _, _, 
. f-4. b f<'fw b b 

a c (9) 
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~fuen this equation is modified as previously described$ the 
following simplified equation results: 

¢8 ( F;:-1 ~, CD' sf) = 0 (10) 
· j -\ 
- Ft:;f By choosing Cs - - as the dependent variable, Eq. 10 

becomes: ;..:z 2 
_ F,of _ F _ 

cs - j7"2' - pv2 - ¢9 (en, sf) ( ll) 

This arrangement is useful when the fall velocity w is un-
known because in Eq. 11 w appears only in the drag co-
efficient Cn• Malaika 11:6) has shown that Eq. 11 plots as 
a series of straight lines of constant resistance (or constant 

:S ze) at a slope of -2 and may be plotted on the Cn:Re 
grapn by-using an auxiliary scale. In making such a statement, 
however, and must also oe considered to be constanto 
This is illustrated in Fig . 3. 

~ Cw:Re equati on:- In a similar manner, lines of 
constant fall ve].oci t y Tor constant sedimentation diameter) 
may be developed by agai n reconsidering Eq . 1 and choosing 
w, p f 1 and fl as the repeating variables. The following 
equation results: 

rl 1 wb Pf F J-1. /Jn kwpf awpf. bw:p.f 
'~'101 -, , ~, -, '-, 

\ ft w3b3p.r2 ,of f.l. ;.< J-1. 
cwpf) = 0 ( 12) 
~ . 

Eq. 12 may be rewritten and simplified by the method pre-
viously described, resulting in: 

\ 

¢11 ( Re, 
F /-" sf) = Q, (13) 

w3b3pf2 , 
or 

F~ F 1) 7'<1 A 'IV 
sf) ( 14) 

w3b3P.r2 
= w3 3 • ~ = ¢12 (Re~ 

dn Pf ~f 

When the nominal diameter {equivalent to b ), fluid 
characteristics, and fall velocity are known, this arrange-
ment is usefUl for a direct solution of size or relative 
weight (A~). Malaika (11:6) ·shows that Eq. 14 plots as a 
series of straight lines of constant fall velocity at ·a slope 
of ~1 and may be plotted on the Cn:Re graph using a 
second auxiliary scale which is illustrated in Fig. 3. 

Summary 

In Summary1 one should state that there are too many 
variab les in the geometry of natural particles to make a 
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complete analysis by theoretical methods aloneo 

By dimensional analysis the fall velocity may be shown 
to be included in a fUnctional relationship involving Reynolds 
number, drag coefficient and some parameter or parameters des-
cribing particle shape. The shape factor is generally 
considered to be a combination of length and area terms, the 
Reynolds number contains a length term, and the drag coeffi-
cient contains ·an area term. Although certain theoretical 
deductions can be made regarding the area and length terms in 
these parameters, it is necessa1•y to determine experimentally 
the most signiricant form of each parameter. 

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

lc Haximum projected areas. 
2o Lengths of mutually-perpendicular axes. 
3. Nominal diameter. 

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



Chapter IV 

EXP .CRIMENTAL EQ.UIPHENT AND PROCEDURE 

Because this report has assembled the data from a 
number of different experiments, the materials studied, the 
equipment used, the experimental procedure and the results of 
each experimenter will be briefly described 0 

Krumbein 

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

Equipment and procedure:- The fall velocity was deter-
mined by dropping each of the 17 particles in a vertical 
lucite fall-column, 6 in. in diameter and 6 ft long filled 
with water at 20°Co Each particle was released in a random 
position at the surface and was timed with a stop-watch. A 
2-ft distance was allowed for particle acceleration before 
velocity measurements were begun. The particles were timed 
over a distance of 4ft. An average fall velocity for each 
particle was obtained fro~ 10 to 20 observations on each 
shape. 

The flume behavior was observed in a stream of running 
water in a flume 22 ft long, 0.44 ft wide, and 0.9& ft deep. 
Water was supplied to the flume from a constant~head tank 
through a stilling basin. The discharge was measured over a 
90° V•notch weir. Observations were made in a lO-ft control 
section in which the depth was 0.43 ft being controlled by 
adjusting the discharge and the tail gaie position. 

Each particle was dropped into the stream upstream from 
the indicator which marked the beginning of the control 
section. The velocity of the particle through the 10-ft 
control section \vas measured with a stop watcho 

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

Krumbein derived a dimensionless shape parameter based 
on the three mutually perpendicular axes. a, b• and c • 

..fl. =lJ(b/a)2(c/b) (15) 

This equation was developed from Wadell's (37) concept of 
sphericity and the substitution of the a or b dimensions 
for the appropriate radii. Using this shape-parameter~ 
Krumbein plotted a family of curves representing equal shape 
parameter on a dimensionless b/a:c/b graph. This curve 
served as a guide to ~~e optimum particle dimensions for his 
particles. His particles were made with a complete range of 
variation of b(a, c/b1 and~. Krumbein's data ·are shown 
in Appendix B. The data obtained by Krumbein varied from 
3000 <. Re < 101 000. 

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

Serr compared the sieve diameter with the sedimentation 
diameter of sand from 10 different sources. The sources were 
a fresh talus slope, sand dunes, a lake beach, P. river bed, 
and standard Ottmva sand. The sand samples came from many 
geologic origins. Table 3 lists the types and sources of the 
sands studied by Serr . 

Table 3 

Types and Sources of the~ Sands· Studied by Serr 
Sample Type Source 

1. 

2. 

·3(1 
4· 5. 
6. 

7. 
8. 
9. 

10. 

11. 

River bed mate~ial 

River bed material 

Fine rock debris 
Dune sand 
River bed material 
River bed material 

River bed material 
Dune sand 
Lake beach material 
River bed material 

Sedimentary deposit 

Cache la Poudre· River, 
Fort Collins, Colorado 

Michigan River, Camp Pennock, 
Colorado 

Talus slide, Verdi, Ne vada 
Small dunes, Fernley, Nevada 
Truckee River, Truckee, California 
South Fork, Yuba River~ Cisco, 

California 
Putah Creek, Davis, California 
Dunes near Great Salt Lake, Utah 
Grand Lake, Colorado 
Cache la Poudre River, Chamber 

Lake, Colorado 
Standard Ottawa sand 
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Equipment ~ £!Ocedur~:- For dividing his samples into 
size groups or sieve fractions, Serr used Tyler Standard 
Sieves. Tyler Numbers 10, 14, 201 28, 35, 48, 60, 65, 80 
and 100 were used, with some exceptions (See Appendix C). 
About 500 gm of material were quartered from the oven dried 
and air cooled raw sample. This material was sieved through 
the series of sieves by shaking for 15 minutes in a Ro-tap 
Shaker. Each sieve fraction was weighed and retained for 
sedimentation analysis. 

Fifty random particles were taken from each sieve fractio~ 
using a specially constructed mi crospJ.it as described by Otto 
(17). Each particle was timed through a fall of 50 em in a 
glass fall-column filled with watere The time of fall was 
determined with a ten-second-sweep stop watch giving the time 
to the nearest 0.01 sec. The particles were allowed to fall 
25 em before the timing was begun to insure that the particle 
had attained terminal velocity. 

The fall-column consisted of a large glass graduate 5.08 
em in diameter. The ratio of the particle diameter to the 
diameter of the tube was less than 0.06 in all cases. However, 
the boundary was close enough so that its influence should not 
be ignored. Based on a study reported by McNown et al (13) 1 
a 1% boundary correction factor should have been appliedft A. 
graph giving the correction to be applied is shown in Fig. 4 •. 

It is necessary that the viscosity be con~tant throughout 
the fluid column so that the viscous stress on the particle 
will be constant after the particle has accelerated to terminal 
velocity. No attempt was made to control either the temper-
ature of the water or the temperature of the air surrounding 
the fall column. The temperature of the water was measured 
at the center of the column and half-way down at the beginning 
and end of each group of runs. If these two temperatures 
differed by more than 1.0~, the data were not used and the 
runs were repeated. The temperature just outside the tube 
was also kept within 1.00p to insure that the transverse 
viscosity pattern in the tube was sufficiently uniform to 
insure the desired accuracy. 

The average fall velocity of each sieve fraction was 
computed from the values obtained for the 50 random particles 0 
The standard deviation of the fall velocities H BlS computed 
for each sieve fraction. 

The specif ic gravity of a 25 cc sample of each sieve 
fraction was determined by the standard method described in 
ASTM D 854-45T. 

Results:- Serr used the data to compute the Reynolds 
number Re and the Drag Coefficient Cn for each sieve 
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fraction using these formulae:· 

/.I. -
(PP -,Of~ 9 dry 

w:a: Pf 
CD = 4/3 

These data f or each sieve fraction and sample were plotted on 
the Re:Cn graph. Lines of constant size (slope -2) were 
drawn through each group of experimental points representi ng 
each sieve fraction. These straight lines were extended to 
intersect i on Hith the line for snheres. This intersection 
gives values Re0 and Cn0 for- the mean sedimentation 
diameters of each sieve fraction. Serr stated that the ratio 
of CDo at the intersection to Cn determined fr om t h e fall 
veloc1~y data yi elds a rat i o of sedliaentation di ameter d0 jnto 
the sieve diameter dn for that particular sieve fractio~ 
From this rat i o d0 /dn the sedime ntation diameter can easily 
be computed. Serr~s analysis is slightly in error here~ He 
spoke of lines of constant fall velocity, but used lines of 
slope -2 which Malaika pointed out are lines of constant size. 

Malaika 

Materials:- Under the direction of Dr. John s. HcNown, 
l\ialaika conducted a series of experiments using 25 ' steel 
particles of 12 regular geometric shapes. With the exception 
of one steel ball bearing , all the particles were specially 
machi ned for the invest igations. The different shapes and 
geometric rati os are tabulated i n Table 4. 

Table 4 
List Of Particle Shapes Used by Malaika 

Shape 

Spheroids 
Circular cylinders 
Square pr i sms 
Double-cones 

Length -
Length -
ill 

1 
1 
1 
JL 

diameter r atio or 
s i de ratio 
.l JL 

1 
1 
1 
1 

1 
1 
1 
1 
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Six different fluids were used consisting of two natural 
mineral oils furnished by Standard Oil Company of California• 
three synthetic oils furnished by the Standard Oil Company 
of Indiana and a mixture of two of the last three oils. These 
fluids exhibited ~range of kinematic viscosity of from 
Oo00004 to 0.3 ft /sec at ordinary room temperature 0 

Equipment and procedure:- Each particle was dropped in 
each of -the six different-oils · thereby producing a wide range 
of Reynolds number. The fall-column was set in a water bath 
and consisted of a lucite pipe o.68 ft in diameter and 1.5 ft 
long.. The water was heated by an immersion coilo .Current to 
the heater was controlled by an electronic relay. A 13-in. 
by 13-in. by 21-in .• tank was used for the water bath. This 
tank was made from glass supported in an angle iron frame and 
was insulated on the outside by 1/2-in. celotex~ Openings 
were left in the insulation for photographic and lighting 
purposes. 

Prior to dropping, the particles were he l d in the desired 
position just under the surface of the flu id by a point of an 
electromagnet. Position of the part i cle prior to dropping 
could be altered by changing the relative position of a small 
plastic ring surrounding the tip of the elec~roma:net. 

The fall velocity of each particle was obtained from 
successive images on a photographic film. The experiment was 
set up in a darkened room. Photographs we re ob~ained using 
an f-2.8 Robot or an f-2~7 Mercury II camera. The shutter of 
the camera was opened for the entire run and the particle was 
lighted for short intervals regularly spaced in time by a 
Strobo1ux dr i ven by a Strobotac• Fall velocity computations 
were made by observing the number of time intervals (images 
of the particle) required for the particles to travel a known 
distance. This equipment was perfected by !·fcPherson ( 15). 

The two most viscous oils lacked sufficient transparency 
to use the photographic method of measuring the fall velocity. 
Therefore, a 10-second-sweep stop watch was used to measure · 
the time required for the particle to travel a known distance. 
All measurements using this stop watch were . repeated four 
times. The average of the four readings was recorded. The 
maximum deviation from the mean was less than 1% in all cases. 
The distance of fall was determined by a white-face steel tape 
placed at the line of fall of the particle and photographed. 
The particles were placed in an electro-magnetic release 
mechanism and a ten-minute period was allowed for all disturb-
ances caused by_placing the particle to be damped outo 

The specific gravity of the parti cles was determined by 
weighing relatively large pieces of the stock in air and then 
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in distilled water at known temperature. Each individual 
particle was weighed to the nearest 0.0001 gm on a chain-o-
matic balance. 

The specific gravity of the oils was determined with a 
T•1ohr-Westphal balance hydrometer. The viscosity of the fluids 
was determined for a range of temperature of from 25 - 35°C 
using a Hoepler precision viscosimeter 0 

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

The technique of changing the viscosity of the oil re-
sulted in data covering a large r~nge of Reynolds number 
( 0. 0001"- Re < 1400 ). Malaika ' s data are given in Appendix E. 

Corey 

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

Sample 

1. 

2. 

3. 

4· 

Table 5 
Sources of Sand Samples Used by Corey 

Type 

River bed material 

River bed material 

Rock crusher 
fragments 

Wind blown sand 

Source 

Cache la Poudre River near 
Bellvue, Colorado 

Middle Loup River at 
Dunning, Nebraska 

Rock crusher near Bellvue , 
Colorado 

Dune at LaPorte, Colorado 

Corey limited hi s observations to the sand grains between the 
Tyler Numb er 4 and 14 sieves (5 mm t o 1.2 mm). He also chose 
only particles of quartz and feldspar. Photographs of Corey's 
samples are shown in Fig. 26. 

Equipment and procedure! - Corey used Tyler Standard Sieve 
Numbers 4, 8, 9 , 10, and 14 to divide his samples into size 
groups. Each sample was sieved f or 15 minutes in a Ro-tap 
Shaker. Ten part i cles were chosen from each si eve fraction. 
The a, b, and c dimensions of these particles were 
measured using an ocular micrometer. Particles were placed 
on a glass slide using a pair of tweezers. The long (a) and 
intermediate (b) axes were measured by orienting the glass 
slide parallel to the micrometer scale. - The shortest axis (c) 
was then measured by grasping the particle with a pair of 
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t-vreezers and turning 90° on edge and then measured with the 
micrometer. 

Each particle t..ras weighed to the nearest 0.1 milligram 
on a chain-o-matic balance• Since only quartz or feldspar 
particles were used, the specific gravity or the particles 
was assumed to be the average published value for these 
minerals - 2.65. 

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

The fall-column consisted of a rectangular tank 10 in. by 
11 in. by 21 in. high . Three sides and the bottom were made or plywood pai nted flat black . The fourth side was made or 
polished plate glass. Glass and plywood were cemente d to a 
welded angle-iron frame. 

The fall velocity was me asured by obtaining successive 
images of the particles on photogra~hic film as they settled 
through the water . A 3 1/4 x 2 1/4 Speedographic press-type 
camera was used . The experiments were conducted in a dark-
ened room and the particles were lighted at regular intervals 
for an instant by a Strobolux powered by a Strobotac. In 
general the apparatus was similar .to that designed by 
McPherson. Corey experienced difficulty in obtaining satis-
factory photographs for the smaller particles (1.5mm) which 
he studied because the light reflected from the particles 
-v;as insurficient to expose properly even Dupont High Speed 
Pan Type 428 (ASA exposure index 200) at a lens opening f-3.5. 

Corey also reported difficulty from oscillation or the 
particles about the straight falling path. Since the cM1era 
had a very limited depth-of-field when the lens was set at 
f-3.5~ and 22 in. from the expected fall path, the particles 
moved in and out of the range where a sharp liaage could be 
obtained. This oscillation also caused some error i n the 
distance measu.rements~ 

The particles were placed between the points of a pair 
of tweezers fixed at the surface of the water. The particles 
were handled with a second pair of t1..reezers . Each of the 
particles was placed in the fixed tweezers with the greatest 
cross section in the horizontal plane . The larger particles 
were released just above the surrace of the water while the 
smaller ones had to be released below the surface because the 
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surface tension was great enough to hold the particles on the 
surfaceQ All particles dropped about 12 em before they entered 
the field of the camera~ Acceleration to terminal velocity 
was accomplished in this distance. 

~lts:- Corey was concerned about the particles which 
traveled in an irregular path as they settled through the 
water. Tests were repeated on several particles to obtain an 
estimate of the degree of error to be expected in the measure-
ments of fall velocity. These findings are tabulated in 
Table 6. 

Table 6 

Estimated Error Caused by Particles not 
Falling in a Straight Line 

Type of particles and motion 

Small particles falling in a 
straight line 

Irregular particles falling 
continuously within depth 
of field 

Irregular particles falling 
partly outside focused range 
of camera 

Percent deviation 

o.6~ 

10~ 

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

F/d 2 
C - n D-

Pfw2/2 
and 

• 

He first attempted to use 

Cn = F/ab 
fJfw2/2 

and 

Re = ....!!.!?_ • 
i/ 
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The dat~ obtained by Corey for natural quartz and feld-
spar particles covered a range of Reynolds number from 200 
to 2500 and shape factor from 0.21 to 0.95. Corey's data are 
presented in Appendix D. 

Wilde 

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

Sample 

2. 

Table 7 

Types and Sources of Gravel Studied by Wilde 

Type 

Gravel stock pile 

River bed material 

Rock crusher 
fragments 

Lateral moraine 

Source 

A selected sample to obtain 
extreme shapes . 

Cache la Poudre River near 
Fort Collins, Colorado 

Rock crusher near Fort Collins, 
Colorado 

Rocky Mountain National Park, 
Colorado 

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

The three mutually perpendicular axes were measured using 
a vernier micrometer. Because of the irregular shape of many 
particles, the longest dimension was often not obvious. To 
make all measurements in directions which were mutually per-
pendicular was also rather difficult.. F'or these reasons, 
duplicate measurements of the shape of a particular particle 
varied sometimes as much as 5% from the mean. Wilde also 
measured the maximum projected area. This was accomplished 
by placing the particle in a pair of tweezers in such a 
position that the shadow of the particle fell on a cross-
ruled translucent screen. The area was measured by counting 
the squares within the shadow area. The position of the 
particle for maxDrruffi area was determined by visual observa-
tion. 
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Each particle was weighed to the nearest milligram on an 

analytical balance. The specific gravity of each particle 
was obtained by weighing the particles submerged in distilled 
water while suspending them with a fine wire . It was found 
necessary to stabilize the action of surface tens i on on the 
suspension wire by adding a trace of detergent to the water . 
Before the detergent was added to the water, the surface 
tension caused erratic and severe damping of the balance and 
made accurate weighing impossible. 

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

For measuring the fall velocity, Wilde used a variation 
of the photograp!:ic me t hod suggested by HcPherson and used 
by Malaika and Corey. Since Corey had difficulty with 
particles passing in and out of focus if they travelled an 
irregular fall path, Wilde devised a method of overcoming 
this difficulty. He used a smaller lens opening (f-4) and 
set his camera at a greater distance (7 ft) from the eA~ected 
fall path. This gave him sufficient depth of f5.eld, and also 
a somewhat larger field of vision, which permitted the· 
particle to be timed for a longer period than Corey or Malaika. 
He used a Kodak 35 c amera and Plus-X film (ASA exposure index 
50). Illumination was provided by a No. 4 photo flood lamp 
placed above the fall-column. The beam of light was concen• · 
trated by a 11 liquid11 lens made by filling a convex dish o~ 
lucite with water and placing between the light and the fall-
column. To obtain periodic exposures of the falling particle, 
a revolving desk with four equally spaced slots was placed 
directly in front of the camera. The revolvi ng disk was made 
by gluing a circular piece of cardboard onto a phonograph 
turntable whi ch was placed on edge. The speed of the revolv-
i ng disk was checked several times and was found to vary not 
more than 1~. The shutter Has opened only during the interval 
in t-vh ich the particle was i n the field of view of the camera. 
This reduced the exposure of the field in general and produced 
sharper and more clearly defi ned p ictures. The photograph 
was identified by a card bearing the particle number in the 
photograph during the test run. 

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

The average temperature over the section of the tube in 
which velocity measurements were taken was recorded to the 
nearest 0.5 degree F for each run. This was done by suspending 
a thermome.ter in the tube·, near one side ·and in the center of 
the camera field of view. · At first, temperatures were taken 
along the entire length of the test section but, when it was 
found there was little variation, this pract ice was dis-
continued. Heating of the fluid at the top by the photo-flood 
light was prevented by the "liquid" lens. 

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

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

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

The veloc ity of most of the particles was sufficiently 
low to accurately measure, with a stop watch, the time re-
quired for them to travel 100 em. Since the stop-watch 
method is much faster than the photographic method it was 
used exclusively f or the oil phase of the experiment. However, . 
some of the larger particles tested fell faster in the oil 
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than in water and the velocity data for them is probably 
subject to considerable error, because the error in measuring 
the fall velocity of particles moving fast is greater than 
for the particles moving slowly. Particles would move faster 
in oil if the drag coefficient for the particle in oil was 
less than for the same particle in water. Some of \Vi lde' s 
data occurred in the range where this was true 0 

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

At higher Reynolds numbers, n1any of the particles struck 
the sides of the tube, in all cases these data were discarded . 

Results:- Wilde obtained data for the gravel particles 
falling in water between Reynolds number 1000 and 25 9 000 and 
for the gravel particles in oil between Reynolds number 4 and 
200o At the hi~~er Reynolds number the fal l•path was erratic 
and deviated great~y from ·the basic assumption that the motion 
must be only in the vertical direction. This erratic nature 
was due in part tq the eddies formed in the wake of the 
particles and the turbulence associate·d therewith . The degree 
of error under these conditions is doubtless considerable. 

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

Schulz 

Materials:• A majority of the sediments causing problems 
in hydraulic engineering today occur in the smaller size 
ranges. Therefore , Schulz set out to study the shape 
characteristics of the small size natural sediments (1/5 mm 
to 1.5 mm). This is in the range of Reynolds number 1 to 300. 
A sample of spherical glass beads was tested as a standard 
and a number of sediments from natural deposits was used to 
represent natural material. These sediments are tabulated 
in Table 8. Photo-micrographs of these samples are shown 
in Fig. 28. 
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Table 8 
4L 

Types and Sources of Sand Studied by Schulz 

Sample Type Source 

1. 

2. 

3(1 

4. 
5(1 

6-

7. 
8. 

Glass spheresLl 

Crusher fragmentaL! 

River bed mater•ial 

River bed materialil. 

River bed materialll 

River bed materialll 

River bed ma terialll 

River · il bed material 

Incomplete size range. 

Rock crusher near Fort 
Collins, Colorado 

Wolf Creek below Fort Supply 
Dam, Oklahoma 

Arkansas River at Lamar, 
Colorado 

Loup Ri ver near Dunning, 
Nebraska 

Cache la Poudre River near 
Fort Collins, Colorado 

Alder Creek in Yosemite 
National Park, California 

Colorado River at Yuma, Arizona 

Data obtai ned only on shape factor and mineral type. 

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

Equipment ~ procedure:- Schulz sieved his samples 
t hrough Tyler Standard Sieve Numbers 12, 14, 16, 20, 24, 28, 
32, 35~ 42, 48, 60, and 65 in order to establish size-groups. 
Oven-dried and air-cooled s amples uere s ieved for 15 minutes 
in a Ro-tap Shaker. 

Th e three mu t ually perpendicular axes were measured 
using a specially-constructed microscope. The particles are 
placed on a piece of glass 3 in. wide and 36 in. l ong and 
moved about by sliding with a pointed brass rod. Si nce a 
great deal of hazard of losing was invoJved in handling the 
particles needlessly, the microscope was adap ted to move on 
a ball-bearing carriage over the glass sorting table. The 
glass table was careful ly adjusted unt i l in the same plane 
as the carriage rails. A microscope was made from a discarded 
Leitz tube, a 32 mm Bausch Lomb ob j ect i ve lens, and a lOx 
Bausch Lomb eyepiece f i tted with a biological eyepiece micro-
meter. The eyepiece mi crometer was calibrated after the 
apparatus had been assembled us i ng a standard stage micro-
meter. The microscope was also fitted with a Starrett dial 
indi cator readi ng to 0,0001 in. This was used to measure the 
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thickness or 11 c 11 -axis. Fige 6 is a photograph of this 
microscopic micrometer . The procedure for measuring the 
shape was as follows: . 

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

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

3e The sample· was further reduced by choosing every 
fifth (or some other convenient number) particle 
until the sample was reduced to 10 representati ve 
paeticles from the entire sieve fracti on. 

4. The ten particles vJere oriented to their most stable 
position by tappins the table several times. 

5. The mi croscope was moved over the particles and the 
eyepiece rotated until the major axis of a particle 
was parallel to one set of the coordinates of the 
micrometer gride 

6o The a and b axes were measured. 

7. The carriage was then moved until the stem of the 
dial indicator could be brought down carefully on 
the sand grain. In this manner the remaining 11 c 11 

axis was measured. 

8. The particle ~vas carefully swept into a small brass 
scoop with a camel's hair brush and stored for 
further process ing. 

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

The particle-release mechani$n consisted of a series of 
1/4 in. diameter glass tubes 4 in. long which were "drawn 
out" to smaller tip openings . The tip openings were 
approximately 3/4 mm, 1 mm, 1.5 mm and 2.5 mm~ The size used 
was controlled by the "a" axis of the particle to be dropped. 
This dropping tube was held by a spring loaded clip in such a 
manner that the small opening was just below the surface of 
the water in the fal l-column. The opening of the tip was 
closed off by a round steel wire approximately 1 mm diameter 
whose axis \vas normal to the longitudinal axis of the 
dropping tube. For releasing the particle this wire was 
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moved first down and then to the side allowing the particle 
to settle in the fluid. The wire was operated by an electric 
solenoid, 

No attempt was made to control the temperature of the 
water. Copper-constantan thermocouples made from B and 
S No. 30 wire and mounted on a 1/4-ino di~1eter round lucite 
rod were located approximately 12, 36, and 55 in. from the 
top of the fall-column. The round lucite rod was set in the 
side of the fall-column through a water-tight seal and the 
probe could be moved into the water column to measure the 
transverse temperature variation which was never greater than 
o.5°Co 

Illumination of the column 1.vas provided by a 200-v.ratt 
spot-bulb located outside the room and about 2 ft directly 
above the fall-column. Light Has admitted into the room 
through a glass-covered hole in the ceiling. 

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

Data were fed into the recorder as electrical signals 
which operated any one of three electrical solenoids. The 
solenoids each moved a .ball-point pen causing a break in a 
normally straight line. One of the pene received a time 
signal every second from a clock. A second pen received a 
position signal from the position switch-button whi ch was on 
the small control box in the hand of the operator. A third 
pen was operated by the run-cancelling, switch-button which 
was also on the control box. This button was depressed when-
ever the run or part of the data were to be discarded. Such 
occas ions were when the particle oscillated badly or when the 
particle touched the side of the tube. In this manner poor 
data were clearly marked and there was no danger of such data 
being used by mi stake 0 
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Switches for operating the particle-release mechanism 

and the space-time recorder were also mounted on the control 
box. This was necessary so that the operator could easily 
control the entire run while giving his undivided attention 
to the falling particle and its behavior. 

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

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

Results :- Schulz was handicapped in the interpretation 
of his data. .rJhile the fall velocity and shape factor data 
were obtained with satisfactory precision, . the reliability 
of the drag coefficient depends upon the accuracy of the 
particle weight and volume determi nations. 

Since the particle volume was probably known with a 
higher degree of accuracy, it 1-1as decided to use this particle 
volume and an assumed specific gravity0 Because the specific 
gravity of the glass spheres could not be assumed with any 
de gree of certainty (because of i nclus i on of minute air 
bubbles), the data for the glass spheres were not used. For 
the natural minerals, the apparent weight of each parti cle 
was computed using the measured volume and the regularly 
published value of the specific gravity for that particular 
mineral . These data have been tabulated in Appendix G, 
Table l4o 
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The data· on the shape factor were used to study the 

variation of shape factor with sieve size and mineral t ypeo 
Some correlation between shape and sieve size was observed 
when the average shape factor for a g iven sieve size was 
used. The average shape factor for all the particles from 
a particular sieve fraction was plotted on a graph (Fig. 18) 
against the sieve diameter. Also shown is an average curve 
for all sieve fractions from all sources. 



Chapter V 

DISCUSSION OF RESULTS 

Scope of o~eriments 

These experiments have presented considerable data 
supporting the use of some form of shape parameter. The 
primary purpose of this re~ort is to consider the adequacy of 
the Corey shape factor cf-/ab and to use the shape factor 
to relate sieve di~1eter and sedimentation diameter. Also 
the report has collected considerable additional information 
regarding the extent of variation of the shape factor in 
natural sediments. 

Choice of the shape factor parameter 

Since the standard procedure in fluid mechanics is to 
use pro~ected area for the term A in the drag coefficient 
2F/~fV 1 Fig. 9 was plotted on that basis. The shape factor 
used as the thir~ variable in this plot was the dimensionless 
area ratio, iT dn /4A. The lines of average shape l'c.ctor were 
drawn in by eye as the best fit to the data. The second 
trial for correlation between shape and fall velocity is rep-
resented in Fig. 10 in which the shape factor is c/~, 
ab is used for A in the drag coefficient, and ·c as the 
length measure in Reynolds number in place of dn& 

Comparison of Figs. 9 and 10 reveals that they are very 
similar i n all respects. As was stated, the average shape 
factor lines were drawn in as the best fit to the points. 
However, there are many points on both figures Hhich do not 
fit• For example, in Fig • 9 two different particles, each 
having a ·shape factor of 0.11~ have values of drag coefficient 
of 0 · 66 and 1.)9 respectively at Reynolds number betwee·n 
4xl0~ and 9xl0 • The difference in the drag coefficient rep-
resents 50 percent of the complete range at that Reynolds 
number. 

The data sho-vm in Figs. 9 and 10 indicate that at high 
Reynolds numbers low values of shape factor tend to be 
associated with high values for the drag coefficient which 
is as would be eA~ected. For Reynolds numbers below 1001 the 
lines of constant shape factor all tend to converge to the 
line for spheres. 
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Afte~ this fact was indicated by the plots of the data, 
careful consideration and a more ' thorough review of the 
literature revealed the probable reason. The numerator of 
the drag coefficient is the ratio between submerged weight 
and projected area. Submerged weight is a function of 
particle volume. Knowing projected area, the approximate 
value of particle thickness to give the actual particle volume 
can be computedw In other words, the numerator of the drag 
coefficient is in itself a measure of particle flatness or a 
shape factor. Therefore, the effect of shape is largely 
already taken into account by the drag coefficient and a 
second shape factor has little significance at low Reynolds 
numbers. 

At high Reynolds munbers there is a second factor influenc-
ing the drag coefficient -~ namely, fluid separation in the 
wake of the particle~ The degree of separation, and hence the 
influence on the drag coefficient, depends again on particle 
shape. Therefore, as a result of the phenomenon of fluid 
separa.tion t he shape factor has some significance at high 
value s of Reynolds number. but little significance at low 
values of t hat numbero 

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

Malaika (8) and Corey (3) suggested the use of the 
square of the nominal diameter in the drag coefficient to 
replace projected area. Fig. 11 is similar to Figs. 9 and 10 
except that nominal diameter was used to compute drag co-
efficient. The use of nominal diameter had the effect of 
widening the range of values of drag coefficient covered by 
the data. Errors in individual points then became less 
noticeable. Also , the numerator of the drag coefficient was 
then the ratio of two factors based entirely on particle 



'"T1 
cO 

l;l I . I I I I I I I I l I I I I I I I I I I I 6EB±t:=i==t=R=R-+H-t-t=tnr=H . ~-
foetor J-~ 

LL-t-++-___:~~~t:55t;f:la~O··=,·~-~~ I - - -.!2 --u --. -
0 --u -g' I 
0 

-~· 1 ou 0 · .. 
O .'lr 

O·•• 
o. I o.,., o.,. 

o ... 

r--

o.n 

<f .6 F , .. 2 I_ J. I 

o.n 

,41---+----lf---t--t- Co= pw112 
~ ()1.-

~ r I I IT·p - -~ 

.2~-+----+-~~+-

·wdn 
R~= --v-

c s. f . = JOij 

OJI I I I I ' I 1 - I I I I I I I I I I I I I I I 
4 6 8 10 2 4 6 8 lo2 2 4 6 8 103 2 4 6 8 lo4 2 3 

Re - Reynolds number 

Influence of Shope on Drag Coefficient for Random Sample 



DISCUSSION OF RESULTS 

volume with the result that the drag coefficient did not 
include particle shape. This single fact greatly increased 
the significance of the shape factor at low Reynolds number, 

Even at high Reynolds numbers the use of nominal diameter 
improved the correlation betHeen drag coefficient and shape 
factor .. For example, the data for two particles l..rhich had a 
shape factor of 0.48 were analyzed. \~en plotted with drag 
coefficient based on ab the values of the coefficient were 
O.~ 73 and 0 .• 88. In the range of Reynolds number in which the 
above points lie, tha comple te range of drag coefficient was 
from 0.31 to 1.10 which includes a range in shape factor fror11 
0~24 to 1.00. Thus, in this case the variation in the drag 
coefficient for two particles having the same shape factor was 
19 percent of the total range of the coefficient vrhen ab was: 
used in the drag coefficient.. When nominal dia..'lleter was used• 
however, the same data resulted in values of 1..23 and 1.52 in 
a region whore the total range of drag coefficient was from 
OQ31 to 2.81~ This amounts to a variation of lle6 percent of 
the complete range of drag coefficient Hhich is less t han in 
the precedfng case. For these reasons nominal diameter 
appeared to be the best dimension to use in the drag coefficient 
and further studies were made on this basis 0 

Study of Fig~ 11 indicated that the drag coefficient 
remained n~arly a pons tant in the range of Reynolds number 
between 103 and 10/ 0 As was pointed out in Chapter III and 
also by McNmvn and Malaika ( 10), the ratio a/b ma:~ be an 
important factor i n describing shapea To study the importance 
of the a/b rat io , a ·graph of Cn:sf was made with a/b 
as the third variable (see Fig . 12), There was a lack of any 
trend in the data sri that no definite conclusions could be 
drawn. However, in the lower portion of the curve there Has 
an indication that higher values of the ratio a/b tend to 
result in an increased drag coefficient for particles Hith 
the same shape factor, Unfortunat ely, this t;ype of plot may 
be made only in the comparatively narrow range in which the 
influence of Reynolds number is insignificant and for that 
reason the practical significance of a/b is questionable, 

T1..ro other factors describing shape, namely angularity 
and surface roughness were discussed in the theoretical 
analysis and discarded with the hope that for natural 
particles these factors would be essentially a constant value 
and could be neglected, A comparison of the results obtained 
by Wilde is shown in FiS• 13 1-rhere one may note that the drag 
coefficients for the crusher plant smnple are larger than for 
the other samples 0 The photograph, Fig. 27 1 indicates the 
probable reason . The crusher-plant sample fragments were very 
rough and angular. Hence, one may infer that the two factors--
angularity and roughness -- are of importance. However, the 
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DISCUSSION OF RESULTS 57. 
other samples which were eomposed of natural par t icle s (not 
modified by crushing) did produce results exactly comparable 
as is indi cated by the rather s~all spread between the curves 
of Fig. 13. Therefore, in practice, . the two factors, . angular-
ity and roughness, . probably could be neglected except when 
those characteristics were very noticeable • . In that case a 
small ove!'l!all correct·ion could be applied to the measured 
shape factor t .o give results r:nore nearly correct. . A. sample 
of the natural sediment in question may be compared with the 
photographs of the samples.. The crusher fragments probably · 
represent the extreme condition of angularity and roughness. 
Natural particles would range between the value of zero 
angularity (or roughness represented by smooth spheres) and 
the condition represented by crusher fragments . 

The Cn:Re graph for natural particles 

The data here presented indicate that the Corey shape 
factor can be employed to explain a significant part of the 
variation of the drag coefficient for a particular Reynolds 
number. All of the available data were reduced to the 
parameters of drag coefficient , Reynolds .number, and Corey 
shape factor. The data were plotted on two composite Cn:Re 
graphs as shown on Figs. 14 and 15. Fig. 14 represents the 
composite graph for the rounded particles and sediments that 
have been well worn. The crusher fragments and angular 
particles have been plotted separately on Fig. 15~ because 
Wilde has shown on Fig. 13 that this segregation is desirable •. 

The Corey shape factor also was computed for the particles 
used by Krumbein and Halaika . Because Malaika ts particles 
were Geometric shapes made from steel, the particle angularity 
could be varied over an extreme range for a particular shape 
factor. . For example the shape factor of 1.0 could be for a 
sphere or for a double cone... Examination of the data discloses 
that the double cone whose shape factor is 1.0 behaves more 
like a natural particle of shape factor 0.6.. For this reason 
Malaika •s particles were further identified on Figs. , 14 and 
15. The four basic shapes were spheroids s, cylinders C~ 
prism·s P J : and double-cones D (in order of increasing angu-
larity). Be·cause some of Malaika' ·s particles were rounded 

· and others were angular, all of his data were plotted on 
both Figs . 14 and 15 •. Lines of constant snape factor were 
drawn through the data giving careful consideration to the 
particle angularity and the general principles of laminar and 
turbulent flow.. The undulations in each shape factor line 
in the range 500 ·< Re< 10 1 ,500 can be explained as the 
migration of the line of separation on the surface of the 
particle. . Characteristic of this range of Re is the wide 
scatter of the data which is typical of the turbulent 
qonditions in the boundary layer around the partic:e and the 
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DISCUSSION OF P~SULTS 6o. 
large scale eddies in the wake of the pa r ticle . 

The shape factor lines from Figs . 14 and 1.5 have been 
plotted on Fig . 3 and tables giving the drag coefficient 
for a particular shape factor , Reynolds number, and sample 
source are given in Appendix G. 

It is interesting to note all of Krumbein's data fall 
generally on a line of slope - 2 because all of Krumbein ' s 
particles were of constant size . This verified r.~alaika' s 
statements about these lines and repudiates Serr t s 
assumption that these lines of slope .2 should be used to 
determine the sedimentation diameter . 

Variation in fall veloc i ty of ~ particle 

Because of the possibility of a single particle 
falling with different orientations , and hence different 
velocities , several runs ~.Jere made to determine vJhat 
variations exis ted with respect to the fall velocity of a 
s ingle particle \Jhen it Has dropped a large number of times . 
Several selected gravel - sized particles were dropped in 
both oil and water . The particles were selected to give a 
lvide range of shape and surface roughness . 

Results of this study revealed only 5mall fluctuations 
in fall velocity for Reynolds numbers less than approxi-
mately 100 . The data for Reynolds numbers less than 100 
were obtained by dropping the particles in oil . For 
Reynolds numbers increasingly breater than 100 , the 
variations in fall velocity from one run to another rapidly 
increased . Associated \-lith this difference is the fact 
that Re = 100 is approximately the point where tl:.. e 
orientation of the particles become ~ unstable and 
oscillations develop . It was found that the stability of 
a particle depended upon t he shape factor and Reynolds 
number . In so me cases where the particles were unsymmet-
rical but had large shape factors , there was no stable 
position for Reynolds numbers greater than 100 . These 
particles while falling would change their orientation 
frequently and co ntinuously . Other particles having small 
values of the shape factor but an approximately symmetrical 
shape , were ·stable up to relatively high Reynolds numbers 
( Re = 10 , 000) • · 
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It is quite probable that the variation of the fall 
velocity could account for a lar ge part of the scatter 
displayed by so me particles on Fig . 14 and Fig . 15. The 
data u sed to compute the drag coefficient and the 
Reynolds number on Fig. 14 and Fi g . 15 were based on 

61 . 

single observati ons of the fall velocity . Time and resource s 
\vere not available to conduct an adequate statistical in-
vestigation of t he variati on of the fall velocity of each 
particle. 

Relation of ·fall velocity to shape factor ~ .,!Ieight 

A graph showing the correlation between fall velocity 
and the shape factor Has used by Corey in his report. The 
requirement for this graph is that t he viscosity must 
remain constant. All the available data for lvater temper-
ature 69 .5°F {20.8°C); \) = 0.0098 cm2/sec were plotted on 
Fig. 16 . Lines of constant shape factor can easily be 
drawn on this graph of fall velocity versus particle 
weight . The importance of shape factor in the fall 
velocity problem is apparent by considering the extent of 
the variation of the fall velocity. For example, assume 
a part i cle Height of 200 mg, the fall velocity of a sphere 
(sf = 1.0) would be more than 300% greater than the fall 
velocity of a particle whose shape factor is 0.35. For 
this same weight a particle whose shape factor is 0.85 
would fall at twice the velocity of the particle whose 
shape factor is 0.35. In using Fig . 16, certain limitations 
should be kept in mind : 

l. The §raph is for a water temperature of· 
69.5 F only. If a similar diagram is 
desired for some other temperature, a new 
curve for the desired temperature must be 
computed using the dimensionless Cn:Re 
grap~ . 

2.. This graph is not valid for particles wh:. ch 
fall at high velocities (greater than 
30 em/sec) and the secondary irregularities 
are important.. If the particles are 
extremely rough (note the photographs of 
these samples)~ the Cn:Re graph for the 
crusher fragments must be used to construct 
a se);>arate graph of fall velocity v s .. 
particle weight;. 

Relation of shape factor to volume 

If the product abc is an accurate measure of particle 
volume, the necessity of weighing each individual particle 
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could be eliminated~ Wilde and Schulz investigated this 
relationship from their data. A graph of abc vs volume for 
natural particles was prepared and is shown in Fig. 17. Two 
lines representing cubes and spheres were also added to this 
graph. The average value of the ratio of the volume to abc 
(volume/abc) f or the natural particles was 0.49 and the 
average deviation was 15.8 percent. This large variation was 
considered too breat to justify using abc as a measure of 
volume. For comparison purposes the theoretical lines for 
cubes and sphere s were also drawn on the graph -- the cubes 
from the equation volume equals abc, and the spheres from t he 
equation volume equals lfabc/6.: The curve for cubes is the 
extreme case in which volume equals abc and is obtained only 
by particles which are rectangular in three dimensions. The 
ratio between volume and abc for spheres is 11/6 or 0.52 
which, once again,· is a close approximation of the data for 
natural particles~ 

Relation ££ shape factor to source £! material 

Serr reasoned that the most angular material produced 
in nature would be that material which was newly formed and 
for his i nvestigations he chose material from a fresh talus 
slope. Corey, \rJilde , and Schulz used rock crusher fragments 
as examples of .the extremely rough case of natural -:-1aterial. 
It may be reasoned that as these newly formed materials are 
carried by water, wind or glaci ers , they are constantly worn 
down -- becoming rounder and smoother. Therefore, a relatively 
"old" sediment should have a smooth appearance and the shape 
factor should tend toward a spherical particle (maximum volmne 
for a given surface area). 

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

Examination of the mineral types from the various sources 
disclosed the fact that mica is a small percent of the total 
(usually less than 10%); however , when it is present, the 
average shape factor is somewhat less for both the sample as 
a whole &nd for any particular sieve fraction. On the one 
hand, no mica was found in the Loup River s~~ple and the 
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average shape factor for the entire sample was 0.66. On the 
other hand, about 12% mica was found in the Alder Creek 
sample and the average shape factor for the entire sample was 
o.56 .. 

The data showing the distribution of mineral types, and 
average shape factor of the particles for each sample and 
sieve fraction are shown in Table J.4 in Appendix G. A graph 
showing the average shape factor for each sieve fraction in 
each sample is shown in Fig. 18. 

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

Most o~ the pointg lie between the two lines b = dsy 
and b = i/2 dsv• The points occurring to the right of the 
b = ~ dsv line can be explained as errors in measuring the 
true 11b 11 axis, a sieve which is 11 lea1cing" at the edge, a 
sieve having larger openings t han specified, or poor sieving 
technique 

Relation of sieve di~1 eter to nominal diameter 
---~~.- - ..;..;;--..;.. 

A graph giving the relation of the sieve diameter to 
the nominal diameter for the rock crusher samples studied by 
Corey , Wilde and Schulz is also shown on Fig G 19 o Examination 
of this graph shows that a line of slope +1 (d5 v = dn) cou~d 
be assumed to represent the data~ A maj ority of t La data 
are enveloped by two lines -~ dsv = 1 ~ 2dn and dsv = o.8dn• 
It i s interesting to note that for the larger sieve sizes 
( dsv> 2mm) most of the data seem to fall to the left of the 
dsv = dn line; whereas, for the smaller sieve sizes 
( dsv < 1 •. 5 mm) most of the data fal l to the right side of the 
dsv = dn line. Some of this might be explained as personal 
error since the data at the two extreme ends of this curve 
were obtained by different invest igators •. 

, 
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DISGUSSION OF RESULTS 68. 
The Cn:Cs graph for natural particles 

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

This arrangement of the variables is useful in engineering 
problems where the fall velocity is unknown and to be deter-
mined, An example of this type problem is the determination 
of the critical scour velocity for certain bed material . To 
make this graph more useful, the en, Cs, and sf parameters 
have been transposed from Fig, 3~ p 24 to Figs, 20 and 2~0 
Since it has been necessary to differentiate between the 
rounded particles and the rough and angular particles on the 
Cn:Re graph, it is also necessary to make two graphs of 
Cn vs. Cs. Examples of the use of these graphs are in 
Chapter Vll and tabular values are given in Table 17, Appendix G. 

The Cw:Re graph for natural particles 

Lines of constant fall velocity at a slope of +1 are 
superimposed on the Cn:Re graph (Fig. 3), This family of 
lines can be defined as 

The lines on Fig. 3 have been displaced by the constant 6/fr' 
and plotted as 4 ~/z) . 

;.~f· 

This arrangement of the variables is useful where the 
nominal d:i.amete:- is unknown because the non;.inal diameter 
appears only i n the Re parameter~ To make this graph more 
useful, the Cw. Re~ and sf parameters .have been transposed 
from Fig. 3~ p ~~ to Figs~ 22 and 23 ~ Again it has been 
necessary to have two graphs -~ one for ~ounded particles and 
one for angular particles, Tabular values of Figs . 22 and 23 
appear in Table 18, Appendix G. 

Relation of sieve diameter to sedimentation diameter - -
Sediment engineers have recognized a need for a method 

of relating sieve diameter to sedimentation diameter without 
actually having to measure the fall velocity, weight and 
volume of the particle . This has been made possible through 
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DISCUSSION OF RESULTS 73 . 
the medium of the shape factor . The sedimentation diameter 
for each particle that was dropped can be determined using 
the method suggested by Serr. This is .based on two facts: 

1 . The nominal diameter, sieve dianeter and 
sedimentation diarne ter are all equivalent 
for a sphere . 

2 . On the Cn : Re graph lines of constant 
fall velocity occur at +1. 

The sedimentation diameter coefficient K w has been 
computed from a ratio of the Reynolds number of the 
particle to the Reynolds ntunbe~ of a sphere of the s ame 
fall velocity. 

wp dn 
Re ;e dn 

Kw :;:: ___..E = 
.,_,, 

= ~ dn/ds • = Re 5 Ws dns s 
v 

The sedimentation diruneter for any particle c.an be 
determined from a ratio of the Reynolds number of the 
particle to a ratio of the Reynolds number of the particle 
projected along a line of slope +!'" t o the Cn:Re line for 
spheres (sf= l . O) . Because the nominal diameter is 
assumed to be equivalent to the sedimentation diameter for 
a sphere and because all of the particles falling on a line 
of slope +1 have equal fall velocities , a simple ratio of 
these two Reynolds numbers results in a ratio of fue 
nominal diameter of the particle to the sedimentation 
diameter of the particle . Since the sieve diameter and the 
nominal diameter for each of the particles is known, the 
ratio of the sieve diameter to the sedimentation diameter 
can easily be obtained by multiplying the sedimentation 
diameter coefficient Kw by the ratio dsv/dn• The 
resulting ratio is called the diameter coefficient, d • 

Kd =K\-1 (dsv/dn) = (dn/d5 )(d5 v/dn) = dsv/d5 • 

The diameter coefficient d has been computed for 
the naturally worn stream sediment samples and is shown 
on Fig. 24. The Reynolds number on Fig . 24 is based on 
d5 instead ·of dnv • The lines of constant shape factor 
ha~e been drawn on this graph. This graph is now in a 
practical form and can be used ·to solve for the sedimentation 
diameter , d , if the sieve diameter dsv• shape factor sf, 
the fall ve~ocity w, and t~e kinematic viscosity v are all 
known . 
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DISCUSSION OF RESULTS 

The procedure outlined for using this graph is given 
in the following listed steps : 

1. Determine the kinematic viscosity ;.' from 
Fig , 3 using the water temperature which 
must be either known or assumed. 

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

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

Re = w dsv • 

4• Using Fig. 24, determine K d using the 
Reynolds number from Step 3 and the known 
shape factor . 

5. Compute the sedimentat i on diameter 

d = s 

If only a rough estimate of the rat io of sieve 
diameter to sedimentation diameter is desired, the lines of 
constant sieve dianeter drawn on this graph may be used. 
It must be pointed out, hov.rever , that these lines resulted 
from data in which the temperature of the water (and hence 
its viscosity) varied, and therefore the lines could be 
expected to drift considerably for wide variations in water 
temperature. The temperature of the water varied ~~om 
12°C(54°F approx.) to 20°C (68°F approx.) during the 
experiments. These curves of constant sieve diameter should 
not be used unless ·the t.J-ater temperature falls within the 
experimental range. 
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Chapter VI 

CONCLUSIONS 

The Cn:Re graph for natural uarticles 

All the data available have been plotted on t wo c0 : Re 
graphs (F igs . 14 and 15) and lines of constant shape factor 
have been drawn through the data. These ~hap e factor lines 
may seem to con tradict the data at certain points; however , 
they have been drawn carefully giving proper consideration 
to the data as a whole and with due consideration of the · 
principles of fluid mechanics herein discus sed. If' Figs . 
14 and 15 are used , the possibility of large errors must be 
recognized; however , the errors involved in us i ng the shape 
factor lines are reduced considerably over what they wuuld 
have been if the original sphere line (sf= 1.0) had been 
used. 

If it is not possible to perform the ne cessary sr..ape 
factor measurements , an estimate of average shape factor 
can be obtainErl from Fig . 19 or by comparing the natural 
sediment Hith the photographs of the samples appearing in 
this report. Because the two Cn:Re graphs have been used 
as a basis fo~ Figs . 3, 20, 21, 22, 23 and 24, these graphs 
also must be used vd th the same discretion as Figs . 14 and 15. 

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

Relation of ~ velocity ~~ shape factor 

If the tempe rature of the water can be fixe d , then a 
graph of fall velocity as a. function of weight, similar to 
Fig. 16, can be constructed from either Fig . 14 or 15 
(depending on the particle roughness or angularity). As has 
been pointed out, by using the shape factor, a difference i n 
fall velocity of as much as 300 percent can be explained. 
This fact serves to illustrate the necessity for considering 
the shape of the particle. 



CONCLUSIONS 77. 
Relation .9,f shape factor to sieve diameter 

If the sieving process is thol"ough, the sieve diameter 
is proportional to the b-axis of the particle . The average 
shape factor for all the particles measured from all the 
samples has been converted to a graph of average sf vs. 
sieve size and is shown in Fig . 18. This curve was obtai ned 
from average data and should be used only to obtain an 
estimate~ It is apparent from this graph that the average 
shape factor for all samples is approxL~ately 0.60; although 
the angular crusher fragments exhibit generally a higher 
shape factor than the naturally worn stream sediments. In 
some cases the smaller sediments seem to have a higher s hape 
factor than the larger s i zes. 

Variation £f. drag coefficient ~ ~ize coefficient 

Figs . 20 and 21 are especially 'useful for determining 
the drag coefficient for a particular size when the shape 
factor is known . If the size coefficient and shape factor 
for a particular particle are knmm, the drag coefficient for 
a sphere of the same size (or weight) can be obtained from 
the intersection of the given Cs and the sf = 1.0 line. 
The drag coefficient can in turn be used to solve for the 
fall velocity. All the errors inherent in the original 
Cn~Re graph are also inherent in Figs . 2Q- and 21. 

Variation £1 tl~~ velocity coeffic~ with Reynolds number 

Many times it is desirable to know the size of s orne 
other particle having the same fall velocity, but a 
different shape than the particle under study. The 
determination of the sedimentati on diameter is a special 
case of this type of problem . Figs. 22 and 23 have been 
constructed to aid in the soluti on of these types of 
problems . All particles having the s2me fall velocity will 
plot as horizontal lines on these two graphs. Examination 
of Figs . 22 and 23 will indicate t ha t all part i cles having 
the same fall velocity but of shape factor less than one 
will be lar>ger in size and fall .with a higher Reynolds 
number than a sphere (sf = 1.0) . , 

Relation £f nominal diameter and sie~ diameter 

The nominal diameter and s i eve diameter for the rock 
crusher samp les have been compared on Fig. 19. The data 
have been enveloped by two lines havin g the equations: 

dn = 1.8 dsv 

dn = 0.7 dsv • 



CONCIIJSIONS 

As an approximation the nominal dia.rneter can be assumed 
equal to the sieve diameter (dn = dsv)• 

Relation of sieve diameter to sedimentation diameter 

The ratio of the sieve diameter to the sedimentation 
diameter (Kd = dsv/ds) was determined and is shoHn on 
Fig. 24 for all naturally worn stream sediments. This graph 
gives the diameter coefficient as a. functi on of a. Reynolds 
number with shape factor as the third variable . The length 
term in the Reynolds number is the sieve diameter. The 

· substitution of the sieve diameter for the nominal dia.neter 
was made as an aid for the use of Fig. 24 when the nominal 
diameter is not knmm. It is expected t hat Fig. 24 is the 
most useful to sedirrent eng ir:eers fr0m the practical point 
of view. 



Chapter VI I 

Examples have been included in this report as 
reference material to guide the reader in the use of the 
informatio~ herein presented. 

Photographs showing a representative sample of 
sediment from each source have been included. Corey's 
samples have been enlarged approximately 1 1/3 times~ A 
25-cent coin (approximately 24 mm diameter) appears in 
each of the photographs taken by Wilde. The photo-
micrographs taken by Schulz show the sand grains enlarged 
approximately 2 1/2 times. 



- -
- ···.· • 

·· -a) Sample of sand grains 
f rom Cache Le Poudre 
River· near Bellvue, Colo-
rado. 
Ave . S. F. - 0. 59 to 0. 76. 

c ) Sample of fragments from 
rock crusher at Bellvue, 
Colorado. 
Ave. S. F. - 0. 45 to 0. 53 

b) Sample of sand grains trom 
the Middle Loup River at 
Dunning, Nebraska. 
Ave. S.F . - 0.67 to 0.71. 

d) Sample of wind -blown 
sand grains from Laporte , 
Colorado. 
Ave. S. F. - 0. 53 to 0 . 64. 

(Not e : Enlarged 1 1/3 times natural size.) 

PHOTOGRAPHS OF SAMPLES STUDIED BY COREY 

Fig . 2G. 



Sample from Cache La 
Poudre River north of 
Fort Collins, Colorado. 
Ave. s. F. - 0. 49 to 0. 65. 

Sample from crusher 
plant near Fort Collins, 
Colorado. 
Ave. S.F.- 0.53 to 0.57. 

Sample from glacial morraine 
in Rocky Mountain National 
Park, Colorado. 
Ave. S.F. -0.65 to 0.67. 

(Not e : 25- cent pie ce in each photograph indicates size.) 

PIIOTOGHAPHS OF SAMPLES STUDIED BY WILDE Fig. 27 



a) Sample of sand grains 
from Cache La Poudre 
River east of Fort Collins, 
Colorado. 
Ave. S. F. - 0. 50 to 0. 70. 

c) Sample of sand grains 
from Arkansas River at 
Lamar, Colorado. 
Ave. S. F. - 0. 45 to 0. 69. 

b) Sample of sand g rains 
from Wolf Creek below Ft. 
Supply Dam, Oklahuma. 
Ave. S. F. - 0. 42 to 0 . 70. 

d ) Sample of sand grains 
from Alder Creek in 
Yosemite Nat 1 1 Park, 
Califor nia. 
Ave. S. F. - 0 . 49 to 0 . 65. 

P HOTOGRAPHS OF SAMPLES STUDIED BY SCHULZ. Fig. 28. 



b) Sample of sand grains 
from Colorado River at 
Yuma, Arizona. 

a) Sample of sand grains 
from Middle Loup River 
at Dunning, Nebraska. 
Ave. S. F. - 0. 60 to 0. 74. Ave. S. F. - 0. 60 to 0. 75. 

fragments. 
Ave. S. F. - 0. 44 to 0. 67. 

PHOTOGRAPHS OF SAMPLES STUDIED BY SCHULZ. 
Fig . 29 



Example Problem No 0 1 

A well rounded particle of the following properties was 
droppe d in water at 20°C 0 It 1-vas found that the fall velocity 
was 8.0 em/sec and that 

a = lo 2 mm 
b = o.,9 mm 
c = o~5 mm 

weight = 0.00132 gm 
volume = o~ooo5 cc. 

To find the sedimentat i on diameter of this particle the 
followi ng computations are necessary. 

Solution: 

sf - c/~ = 0 ~5 = 0.49 
-v'!.2 C,9) 

for water at 20°CV";:O.Ol011 cm2/sec (from Fig . 1) 
d 3 = (6)(Volume). d = 0.0998 em 

n lT ' n 
Re =·wdn = 8~0{.0998) _ 79 'V .01011 

From Fi g . 22 at Re = 79 and sf= Os51 Cw = 1.5 x lg-5. 
Move to the point where sf = 1.0 and Cw = 1.5 x 10- o 
At t hi s point Re = 61. 

d - d = ~ (.0998) = sphe ::::·e - s r7 0,077 em. 

Example ·Problem No. 2 

Find the fall velocity of an extremely angular particle 
having the same nominal diameter as the known particle but 
having a shape factor of 0.3 falling in water at 20°C. The 
properties of the known parti cle are as f ollows: 

a 
b 
c 
F 

Solution: 

= 
= 
= = 

6.5 mm 
6.3 mm 
0.26 mm 
o.oooo6 gm 

f 0.26 0 67 s - ____ ;__ = • 
-v' ~ 5{o3) 



\J ~ 0.01012 cm2/sec (from Fig. 1) 
l>f = 0.9982 gJn/cc. o •. oooo6 
C : F . _ .9982(.01012) 2 = 578 

s pfv2! g - 980 . 

85. 

Use Fig. 21 for crusher fragments (because the particle is 
extremely rough) to find Cn• At sf : 0~67 and C8 = 578~ 
CD : 3e8• Hove upward from this point to the point wher e 
sf : 0.3 and Ce : 578. CD : 4.6 at this new point. 
Assume the spec~fic gravity to be. 2.65 then 

F = f ~Yi~~"Volume')\ = (A..Y ;. ( -rrdn
3

) \ . .. \. . "\ .. 6 / ' 
d 3 = 6F = 6 (.oooo6) = 000069 

n 4 1' (2.65-1) · " ' 
dn = o.041 mm ' 

but CD = 4. 6 = F / d 2 
/)fw~/2g ' 

w2 = F/dn
2 

=.oooo6/(.04l)(a04l) 
4.6pf/2g 4~6<.9982)/2(980) 

w = 1.24 em/sec .. 

= 1.52 J 

Example Problem Noa 3 

Determine the sedimentation diameter of · a particle when 
the sieve diameter is 0.35 mm and the shape factor is 0.7. The 
temperature of the water is 20°Ce 

Solution:-

Fig. 24 is used for the solution of this problem. One 
method of solution is as follows: 

1. Use lines of constant sieve size and constant shape 
factor to determine the diameter coefficient, Kd • 

· 2. Solve for the sedimentation diameter. 

Another solution uses both Fig . 24 and Fig. 25. 
at 20°c = 0.01012 (from Fig. 1) 

w at 20°c and d = 0.35 mm = 5 em/sec (from Fig . 25). 

Resv = w~sv = %igi~) = ·17 .~' . 

Kd = 1.15 at sf = 0. 7 and Re8 v = 17o3 , 
d = dsv 

s 'Kd =~ 1.15 = 0.3 mm • 
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FALLI NG OF GRAINS OF SAND AND 
GRAVEL IN CALM vJATER 

By A. P. Zegrzda, Eng. 

1. The study of existing experimental data has shown that 

the descent of particles of the same kind in various liquids and 

of particles of various materials in the same liquid, proceeds 

according to laws which di f fer to a certain extent from one 

another., 

As it seems this circumstance cannot be attributed to the 

difference in physical properties of the liquid or of the 

particles' material, but must be due to the influence of the 

shapes of falling particles. 

2. The experimental data on the descent of sand-grains 

in Hater published in technical literature differ somewhat fron 

one another and, if plotted, form two curves nearly parallel to 

each other. 

This discrepancy may be explained, in our opinion , also 

by the difference in the shape, which, on the average, cha~ac-

terized the particles used in various experiments. 

3. The fact that experimental data may be plotted and 

form smooth curves, indicates t hat in this case (uniform motion 

of particles of irregular shape) "the relationship is also 

maintained between the coefficient of resistance and the 

Reynolds' number, if the latter characteristics be regarded 
. as composed by average values (of velocities, dimensions, etc). 



Existing formulae based in a majority of cases on 

experiments with balls, give naturally, such results which do 

not coincide t..ri th experime ntal data as obtained with sand-grains 

falling in water . 

5. Practical formulae must be of such a nature as to 

satisfy condit ions illustra ted by both series of poir.~s 

(obtai ned by experiments) . 

This condition involves certain fluctuations in the values 

of par ameters included into the f ormulae. 

The formulae given below contain extreme values of such 

parameters, corresponding to the hi ghest and lowest situation 

of test points on the diagram. 

For each group of formulae, the extreme values of 

Reynolds' number are given, limit i ng the domain of application 

of this group; corresponding diameters of particles for the 

temperature of water equal to 10--15° are also given. 

I. Streamline stage: 

Re< 1.0 (d !....O .l25mm). 

Stokes ' formula: 

II. Intermediary stage: 

1 
p = 4.50 Re 

A) l. 0 ~ Re ··. 20 • 

Allens' formula: 

B) 20 

' l p = 4.50 He 
Re, 150 (0.60 mm -..~ d 2.0 mm). 

. l 0.120 
p = 0.90 ~ re-.· 

. 1 0.235 
p :::: 2.10 .' Re i 

( 1) 

(2) 

( 2 t ) 

( 3) 

( 3 ') 



93. 
III. Turbulent stage:-

Re >· 150 (d J~ 2.0 mm) 

p = 0.45 

Richards' formula: P = 0. 65 . 

Note. Dimensionless characteristics P and Re are 

( 4) 
( 4' ) 

computed from average values of quantities characteri~ing the 

descent of a pa:::-ticle, using for this purpose the following 

formulae: 

where: 

p = ------

Re :::: ..::...!-
.v' 

= the average velocity of descent, 
:;:: the average radius of a sand- grain, 

= the acceleration of gravity, 

= the density of t!'le sand-grain, 
:;:: the density of the liquid, 

= the kinematic coefficient of viscosity. 

(5) 

(6) 

6. Except the equations mentioned above, the nomographic 

interpretation of the formulae, proposed by Prof. H. A. VelH:a::-~ov 

and A. P. Zegrzda, may also be used. · 
' 

In this case it is necessary to substitute into the 

formula the radius of the equivalent sphere, that is, such a 

sphere which, being of the same· density as the sand- grain, has 

the same ve loci ty of des cent (at the s arne temperature) in water • 

The radius of the equivalent s:;,>here ( r· .. ) and the average 

radius of the sand-grain ( r· ) may be expressed as functions 



of one another, as follows: 

I. Streamline flow (d ' 0.125 mm) 

= ( 7) 

I I. d . 0 • 20 mm: 

:·. = 0.525 
0.66 . 

(8) 

( 8 t) 

Experiments s how that for particles having diameters 

from 0.125 mm to 0.20 mm, · the relation between: · and,~, 

is rather uncertain. 

7. It is recommended not to use the Y~ey's formula, 

which has acquired some popularity among hydraulic engineers. 

This formula is based on data VJhich are not sufficiently 

accurate. 

Beside this, an analysis of experimental data published 

by Krey makes us believe that he selected an incorrect value 

for the coefficient in the formula for the turbulent flow 

( d > 1.5 -- 2.0 mm). For t h is stage the corresponding Krey ' s 

formula gives too low a value of resistance or, which is the 

same, -- too high a value of velocity of descent for a given 

size of grains •. 



'l1able 9 

Physical and Hydraulic Properties 
o:f 

Particles Studied by Zegrzda 
4) 
H () 4-:l 
;:::! Q) OP, Ci-iS:: 

Q) -!-) P,fl) Q) •r-1 -!-) QQ) 
r-f ~fll~ w .p' r-IP, p, .Por-I fll~Q)~ (.)H M or-!S (.).,P .p w fll 
o,-1(1) w;::! Q) (.) (.) o,-1 •r-1 '1::1o.-l s 0 ::ll>M 
.P,O M •r-1 I P.O r-10 -1-)fll •r-1 fll Q) (.) 1 •r-1 •r-1 Q) • 

~3 Q)l"(j so r-ir-tJ fa§ ;:IS:: S:: rn p He" , l"(j ;:::! ;:::: 
l> "' 

Q) <11 Q) r-!Q) •r-1 •r-1 wo<P. 
P...l24 ::!ia:i ~ ~i::::l> ~9 f:l9 ~ fll 

1 0.278 18.0 8.46 2.67 1.00 0.0106 o.653 o.oL~36 0.276 
2 0.425 12.0 10.98 2.67 1.00 0.0124 0.586 0.0258 0.391 
3 0.750 10.0 15.62 2.67 1.00 0,.0131 0 .. 497 0.0112 o.59~ 

~ 1.25 12.0 20.80 2.67 1.00 0.012~ 0.468 0~00477 0.79 
1.25 18.0 20.70 2.67 1.00 0,.010 0~471 0.00410 0.712 

6 1.75 18..5 25.00 2.·67 1,00 0,0105 0.453 0.00240 o.85o 
7 0.278 7.5 7.82 2.67 1.00 0,.0141 o.828 o.o626 0~308 
8 0.425 8.2 10.85 2.67 1,00 0.0139 0.600 0.0292 0.415 
9 0.750 12.0 15.00 2.67 1.00 0.0124 0~540 0.0110 0~555 

10 1.25 10.0 20.10 2.67 1.00 0. 0131 o.5o4 o.oo522 0.759 11 1.75 7.5 25.90 2.67 1,.00 o.o141 0.423 0.00265 1.125 12 2.25 8.2 28.10 2,67 1~00 0.0139 0.461 0.00220 1.190 
13 0~425 14.4 3~27 2.67 o.88o 0,.167 8.oo 1.17 0.398 
14 O. 75C1' 13.7 5.79 2.67 o.880 0.173 4~39 0.398 o.596 
15 1.25 12.3 9~84 2.67 o.880 0.186 2.-53 0.151 o.892 16 1.75 13.7 15.80 2.67 0.880 0.173 1.37 o.o626 1.260 
17 2.25 14.4 21.60 2.67 o.B8o 0.167 0.945 0.0344 1.620 18 3.00 13~9 29.10 2.67 o.88o 0.171 0.694 0-.0196 2.180 19 0 •. 278 12.2 1.61 2 •. 67 0.880 0.187 21.8 4.88 0.279 20 0.425 9.4 2. 44 2.67 0.880 0.231 14-4 2.16 0.390 21 1.25. 11.9 6·25 2.67 0~880 0.190 2.86 0.16j o.86o 22 1. 7:5. 13,0 1 .10 2.67 0.880 0.1$9 1.32 o.o6 5 1.280 

~~ 
2~2"5 12.3 2o.·5o 2,67 o.88o 0.1 1 1.05 0.0392 1.590 
3~00 12.1 28.~0 2 .. 67 o.88o 0.188 g:Jg4 0.0221 2~180 0.278 15.2 2 •. 6 2.67 o.880 0.057 0.691 0.225 ..0 26 0.425 12~0 3.84 2.67 0.;880 0 .09~ 5.88 0.560 8:~~l 

\11. 

~~ 0~750 i~:6 7 .. 75. 2 •. 67 o.88o o.o6 2. L~8 0.115 • 
1 ·•2~ 17 . 1~ ~: gt 8:~~8 o . oLL~ i:g~ o.o~~ 29 1.7 13.3 1 .9 o.o~ o.o2 ~:of 30 2~25 131!2 25.45 2.67 0 •. 880 o.o 0 o. o8 o.o 0 1.4 
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Table 10 
~ 
~ . 

Physical and Hydraulic Properties \' \ 
~ ' I of 

Particles Studied by Krwnbein 
(Table 1, p . 624 from Krumbein ' s paper) 

Approx . sf/l C:r i tr1 ( v / V} Settl- Rey- Coeff . Form-Form Sym- Den- Nom- Spher- round- lea for ing nolds resis - coeff . bol sity inal icity ness, c Froude F=0 .5, tance , (v1;v3 } diam ... p ··ab No!, d/y= veloc- No., 
eter Fe / 2 0 . 11 ity R CD 

gm/cc em em/sec 
"Spheres" s 2 . 06 1 . 47 0 . 96 0 . 95 0 . 93 0 . 13 0 . 68 63 . 4 9300 0. 50 0.91 
Rollers 1 Rl 2 . 14 1 . 44 0. 85 0 . 90 0 . 89 0 . 15 0 . 64 53 .0 7640 0.77 0. 75 
Rollers 2 R2 2 .• 11 1.44 0 . 68 0.85 ·o . 75 0 . 20 0~58 48 . 8 7030 0 . 87 o . 69 
Rollers 3 R3 2 . 02 . 1.46 0 . 52 0 . 80 0 . 61 0. 35 0.50 39 . 1 5700 1 . 28 0 • .56 
Disks 1 Dl 2 .• 12 1 . 43 0 . 93 0 . 95 0 . 82 0,16 0 . 61 51 .8 7410 0 . 78 0 . 73 
Disks 2 D2 2.03 .1 .'"45 o·. 75 0~95 0 . 42 0 . 37 0.52 35. 7 5170 1 . 53 o. 5l 
Disks 3 D3 . 2 . 13 l . Lt-6 0 ~ 61 0 . 95 0 . 22 0 . 42 0 . 38 2L~ . l 3520 3 . 72 ·o. 35 
Blades 1 Bl 2 . 09 1 . 43 o.8o 0. 85 0 . 72 0 . 20 0 . 59 49 . 1 7020 0. 85 0 . 69 
Blades 2 B2 2~07 le44 0 . 68 0 . 80 o.5l 0 . 33 0 . 54 39 . 7 5710 1 . 28 0 . 56 
Blades 3 B3 2 . 15 1 . 43 0.52 0.75 o:43 0 . 41 0 . 46 3~ . 5 ~960 1 . 82 0 . ~9 Cubes c 2 . 14 1 . 45 0 . 82 0. 25 0 . 73 0.31 0 . 56 4 . ~ 7 750 0.97 o . 6 
Fragments f 2.08 1 . 45 0.85 0 . 20 . 0 . 68 0 . 26 0 . 54 46~0 6680 0 . 96 o. 65 
"Bricks" b 2.10 1.44 0 . 65 0. 25 0. 35 0 . 40 0 . 39 33 . 6 4840 1. 8lt- 0 . 47 
Rollers 4 R4 2~24 1 . 44 0 . 82 0 . 30 0.84 0 . 18 0 . 62 51 . 6 7430 0 . 87 0.73 
Rollers 5 R5 2. 23 1 .• 41 0. 51+ 0 . 30 0 . 59 0 . 38 0.52 36 . 6 5160 1.69 0 . 51 
Disks 4 Dl-t 2 ~ 17 1~44 0 . 81 o·. 95 0 . 44 0 . 32 0~50 38 . 4 55~0 1 . 46 o. 53 
Disks 5 D5 2. 20 1 . 43 0.57 0 . 95 0.17 0.35 0.50 --~~ !JL __ _J~_Q_ _3____!_ £;6 ___ "0 . 37 

/1 Computed from Krumbein's data . zg Froude Number not important in t hi s case -- see Kalinske 1 s dis cus sion. 

-.o 
-:1 • 



Serr's photographs 
havo ~ot boon included 

•' 



Table 11 

Physical and Hydraul ic Properties 
of 

Particle s Studied by Corny 11 
(Combined from Tables 1, 3, & 4, PP• 75-99 .• :rom Corey's Thesis}~ 

Particle Axrs~;-=- rmmJ- sf Particle Nomi nal With nominal \vi th proj ected 
Number a b c c/~ Weight Dia~e ter dim ensions dimensions 

(mg ) (mm) wdn Fldn 2 wb F/ab 

Sample of s and from Cache la Poudre River a t Bellvue , Colorado 
Retained on 4-mesh sieve 

j · I 2 - -2 ··· w 2 w/2 

1 9.1 7.8 5.3 o.63 4!~6 6.85 1100 1.95 1930 1.28 
2 6~4 5.o 4.5 o.ao 190 5.o8 1430 1.17 1410 o.95 
3 8.3 7-4 5.7 0.73 471 7.00 2310 1.12 2440 0.90 
4 9.·9 8.8 4.0 0.43 399 6.6o 2220 1.03 295o o.52 
5 5.·5 5.o 4.3 o.8o 175 5.o1 126o 1.40 125o 1.25 
6 10~1 6.8 6.3 o.76 493 1.07 1560 2.56 3150 1.82 
7 8.2 6.8 5.7 0.76 444 6.83 2070 1.26· 2100 1.05 
8 694 5.3 4.9 o.84 209 5.32 1100 o.91 1100 0.76 
9 8.3 6.4 4.4 o.6o 388 6.54 2280 o.95 2220 o.76 

10 9.6 6.4 3.1 0.40 --- ---- ---- ~~-- 1900 -~-~ 

Ret ained on 8-mcsh sieve 

1 7.8 5.3 3.0 0.47 147o0 4.73 990 1.90 1110 1.05 
2 5.9 4.0 2.9 9.59 91.8 4.04 106o o.84 1o5o o.7o 
3 5~9 3.6 3.4 0.74 77.6 3.82 925 1~14 865 0~79 
4 5~4 3.8 3.0 0~66 64.1 3.58 810 1.23 860 0~79 
5 6.5 4.8 2.4 0.43 92.2 4.05 920 1.38 1090 0.73 
6 5.4 3.7 2.5 o~56 54.1 3.38 875 · Oi88 96o o.5o 
7 6.4 4.7 3.4 o.62 143.n 4.b8 1280 1~11 1280 o.8~ 
8 5:8 3. 7 3.3 o. 72 96 .• 2 4.10 956 1.-33 86o 1.-07 :::; 
9 5,9 4.8 3.4 o~64 121.0 4.43 1330 Od71 1440 o.6o ~ 

10 7.3 ;., 8 2.9 0. 49 118.0 4.39 1090 1.25 1190 0.69 
· (Continued on next page) L! All particles either feldspar or quartz -- Specific Gr avity assumed to be 2.65 



Table 11 
(Continued) 

Particle Axis ~ mm~ sf Particle Nominal vJi th nominal With proj ected 
Number a b c c./ ..;no \1-Te i ght Diame t er di mens i ons dime =1s ions 

(mg) (mm ) Fld 2 - -· 
wdn wb F/ab n - w/22 - wL22 7 ~ " 

Retained on 9-mesh sieve 

1 ~ .3 3.0 2-4 0.66 24.2 2.59 547 1.02 635 0,53 
2 4.0 2.8 2.3 o.68 22.4 2.53 612 0,75 665 0,4i 3 3.1 2.9 2,5 o.83 17.4 2.32 534 0,77 662 0.4 
4 5.3 2.5 2.,5 0.69 39.3 3,0i 601 1.37 495 0.96 
5 4.3 3.1 2.5 0.69 20.6 2.4 465 1.20 590 0.55 
6 4.1 2,6 2.6 o.8o 22.1 2.51 467 1.28 484 0.75 
7 3.5 2.5 2.3 0.76 15.9 2.25 362 1.53 400 o.89 
8 3.1 3.0 2.1 o ~ 68 17.6 2.33 452 1,08 581 0,60 
9 4.9 2.6 1. 8 0.49 23.7 2.57 521 o.o9 535 o.57 

10 4o1 2.4 2ol~ 0.76 18 () 6 2.38 455 1.13 455 . 0,66 
• Retained on 10-mesh sieve 

1 2., 4 2.5 1.9 0.65 13.9 2.15 430 0.94 501 0,51 
2 3.8 2.~ 1.8 0,62 12.7 2.09 360 1.23 366 o.67 
3 3.0 2.4 1.9 o. 75 13.8 2.15 ---
~ 3,3 2.4 la9 0.68 12.1 2,06 275 2,03 317 1.12 

4;,3 2,5 2.0 0.62 13~3 2.12 320 1.63 380 o.69 
6 3.0 2.8 2.5 o.87 12.9 2,10 375 1.15 491 0,62 
7 3.4 2.1 2.1 o.8o 16.6 2.29 430 1.13 400 0,82 
8 2.5 2.4 2.4 0,98 8.7 1.84 --- ---- ---
9 3.1 2,6 2.3 0.79 14.7 2.20 390 1.24 461 o. 73 

10 3.1 2.4 2.3 0,83 14.1 2.17 400 1.13 435 0.74 

Re t ained on 14-me sh s ieve . ....., ....., 
0 

12,6 1 3.4 2l)5 le3 0.44 2.09 420 0, 91 500 0.48 • . 
2 2o1 1,8 1.6 0. 82 0.4 1.82 290 1.29· 286 1.19 

(Continued on next paee ) 



Particle 
Number 

3 

~ 
6 
7 
8 
9 

10 

Axis \mmJ 
0. b 0 

2.4 1~9 1.3 
2~5 2.2 1.9 
2.6 2.2 1.9 
2.7 2~0 1.6 
2o3 2.1 1.6 
2.2 2.1 1~6 
2.2 2.1 2.1 
2!'3 1.9 1.5 

sf 
cj~ -

o.63 
0.59 
0.78 
0.68 
o. 73 
0.68 
0.97 
0.73 

Table 11 
(Continued) 

Part i cle 
We i ght 

(mg) 

5.7 
9.6 

11.7 
9.7 

i2.5 
10.0 

8.6 
6.2 

Nominal 
Diameter 

(rom} 

1.60 
1.90 
2.04 
1.91 
2.08 
1.93 
1.83 
1.64 

\Vi tn 11ominal \h th prOfected 
dimens ions dime nsions ----- -2 

wdn Fldn wb F/ ab 

w/2.2 --;;- ~/2c. -1-' --
---
345 1.01 
330 1.13 
313 1.03 
430 0~85 
306 1.35 
326 1.01 
270 1!'08 

398 0~67 
350 o.99 
326 o,85 
445 0.75 
340 -0.70 
369 0.75 
310 0.70 

~ 
1-' 
1-' • 

, _/ 



Particle 

Table 12 

Physical and Hydraulic Properties 
of 

Particles Stu~ied by Malaika 
(Tables III, IV, V, VI, VII & VII r pp . 54 to 64 from Malaika 's Thesis) 

Summary of Results with Oil No . 15967, Standard Oil ComQan~ of Illinois 

Nominal 
Diameter 

D 
ft 

Velocity Reynolds 
Number 

v R 
ft/sec 

Particle 
Density 

s 
S1ugs/cu.ft. 

Compu ted 
Drag Coef. 

CD 

Boundary 
Correction 

m 

Corrected 
Drag Coef. 

Cn 

1. At 27.15°c., oil de'nsity 1.702 slugs per cu. ft., kinematic viscosity 0.2060 sq. ft. per 
sec., jar diameter 0.675 ft. 

C-4 0.02264 0.02440 0.002662 15.30 13;090 1.107 11,810 
C-4 Oo01907 o-. 01770 Oo001640 15.18 20,600 1.085 18,990 
C-4 0.01183 0.0070~ 0.0001+0~5 15~18 81,100 1.050 77,200 
P-4 o. 02295 0.0247 Oo00275 15~30 12:,820 1.098 11,690 
P-1/4 0.01551 0.01151 o.ooo868 15.30 40 ,100 1.080 37,120 

D-1 0.01233 0.009345 o.ooo559 15.-30 48,400 1.049 46,200 
D-1/4 0.01713 0.01193 0~000992 15~30 41,200 1.133 36,380 
D-1/4 0~01280 0.00709 0~000441 15~30 87,100 1.098 . 

79,400 
S-1 0.01301 0.01173 0.0007J.t.3 15.10 33,200 1.040 31,900 

2. At 27.90°C, oil density 1.701 slugs per cu. ft., kinematic viscosity 0.1930 sq~ ft. per 
sec., jar diameter 0.675 ft. 

C-1/4 0.01182 0.,00705 0.000432 15.18 80,600 1.051 76,600 
C-1/4 o .. oo885 0.00411 0.000189 15.30 178,200 1.040 171,500 
C-1/4 0.00752 0.00302 0,.0001178 15~18 280,000 1.031 271,500 
P-1/4 0.,01131 0,.00613 0.000359 15~30 103,100 1.051 98,100 
D-4 0~01233 0.00814 0.000521 15.30 64,300 1.049 61,000 

S-4 0.0124.2 o.oo863 0~000556 15.30 57,200 1~048 54,700 
S-4 0 .00766 0.00342 0 . 0001359 1.5 .30 22_>., 600 1 .030 217,000 

( Conti:..lLWd on next p ac;o } 
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Particle Nominal 
Diameter 

D 
ft 

Veloc i ty Reynolds 
Number 

v R 
ft,/sec 

•ruble 12 
(Continued) 

Particle 
Density 

s 
Slugs/cu.ft. 

Computed 
Drag Coef. 

CD 

• 

Boundary 
Correction 

m 

Corrected · 
Drag Coei' . 

CD 

3• At 27.35°C; oil density 1~702 slugs per cu • . ft ., kinematic vi scosity 0.2020 s q . ft . per 
sec., jar diameter 0;.675 ft. 

C-1 
C-1 
P-4 
P-1 
P-1 

n ... 4 
D•1 
S-4 

0.01421 
0.01196 
o.o1150 
o.o1445 
0,01162 

0~01593 
0.01597 
0.02027 

0•01284 
0.00920 
0;.006595 
0•01299 
0•08360 

0 .,01220 
0.01579 
0.;02098 

0 . 000901 
0.000545 
0.000375 
0 .000927 
0.;000481 

0.000965 
0.001248 
0~002105 

15.30 
15.1$ 
15.30 
15.30 
15 .30 

15~30 
15.30 
15 .30 

29,430 
47,850 
90:,250 
29,400 
56,850 

36:,200 
22;000 
15,780 

1 •. 0!!-3 
1.033 
1 •. 042 
1.040 
1.033 

1.070 
1.070 
1.099 . 

28;200 
46;250 
86;500 
28;250 
55 ,000 
32;600 
20 ;570 
14,390 

4• At 28.-05°C, oil density 1.;701 slugs per cu. ft ., kinematic viscosity 0 •. 1900 sq. ft . per 
sec.;,. jar diameter 0.1~69 ft.-

S-1/4 0.-02119 0.02040 o.-002275 15.30 17,500 1.195 14,650 

The two followlng spheroids were dropped in a direction no1~1al to the one stable in the 
surface drag zone. The dynamic propertie s and the jar .:iiameter are the same as above . 

S-4-N 0.-01242 0.01050 o.ooo686 15.30 38;600 1.065 36:,200 
S-1/4-N 0.02119 0 .'02890 0.003400 15.30 8lj., 800 1.088 77,950 

Summary of Results with ruxture of Oils No . 15967 and 15934, Standard Oil Comoany of Illinois 

1. At 26.40°C, oil density 1."671 slugs per 
sec., jar diameter 0.675 ft. 

C-1/4 
C-1 IL, / r 

0 .. 01182 
o . oo885 

0 .0368 
0 . 02042 

0 .01057 
O. 00!1-38 

cu. ft., kinematic viscosity Ow0412 sq. ft. per 

15'.18 
15.30 

3;025 
7,400 

1 . 051 2;880 
1 .040 7 , 110 

( Continued on next page ) 
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Table 12 
(Continued) 

Particle Nominal Velocity Reynolds Particle Computed Boundary Corrected 
Diameter Number Density Drag Coef. Corl'ection Drag Coef. 

D v R s C' m CD ft ft/sec Slugs/cu. ft . D 
- --

C-1/4 0.00752 0.0149 0.00272 15.18 11,730 1.031 11,380 
P-1/4 0.01131 0~0298 0.00819 15.30 4,450 1.051 4,225 
D-4 0.01233 o. 03945 0.01180 15.30 2,762 1.049 2,640 
S~4 0.01242 0.0400 0.01207 15.30 2;720 1.048 2,595 
s-4 0.00766 0.0154 0.00286' 15.30 11,260 1.030 10,930 
S-1/4 0.02119 0.1033 0 .05300 15.30 692 1~130 612 

2. At 29.80°C, oil density 1.667 slugs per cu. ft ., kinematic viscosity 0.0317 sq. ft . per 
sec., jar diameter 0 .6 75 ft. 

c-4 O.Q2264 0.1670 0.11950 15.30 285 1.107 258 
C-4 0.01907 0.1210 0.07280 15.18 452.5 1~085 417 
C-4 0.01183 0.04835 0.01807 15~18 1,760 1~050 1,677 
C-1 0.01421 0.0876 0.03930 15.30 650 1~043 622 
c-1 0 .. 01196 0.0626 0.02360 15.18 . 1,062 1.033 1,027 

3. At 30~00°C, oil density 1.667 slugs per cu. ft., kinematic viscosity 0.0312 sq. ft. per 
sec., jar diameter 0.675 ft. 

P-4 0~02295 0.1720 0.12650 15.30 271 1.098 247 
P-4 0~01150 0.0458 0~01690 15.30 1,920 1.042 l, 81~0 
P-1 0.01h~5 0~0875 0.04050 15~30 662 1.040 637 
P-1 0.011 2 0~0576 0~02150 15.30 1,227 1 .033 1~. 187 
P-1/4 0.01551 0.0770 0.03828 15.30 921 1.080 852 
D-4 0.01593 0.08375 0.04275 15.30 798 1~070 745 
D-1 0.01597 0.1046 0~05350 15.30 512 1.070. l+ 78.5 
D-1 o •. 01233 0.0641 0.02535 15.30 1,051 1.049 1,003 
D-1/4 0;01713 0.0778 0.04265 1:).30 996 1.133 880 f-J 
D-1/4 0 . O.J.280 0.0491 0~02015 1 5 .30 1,862 1.098 1,697 f-J +=-. 
S-4 0~02027 0.1380 0 .08970 15.30 374.2 1.099 31+1 • 
S-1 0 . 01301 0.0758 0 .03160 15.10 784 1 ~01 1 0 754 

(Continued on nex t page) 



Particle 

To.ble 12' 
(Continued) 

Summary of Results with Oil No. 15934, Standard Oil Company of Illinois 

Nominal 
Diameter 

D 
ft 

Velocity Reynolds 
Number 

v R 
ft/sec 

Particle 
Density 

s Slugs/cu.ft. 

Computed 
Drag Coer. 

crD 

Boundary 
Correction · 

m 

Corrected 
Drag Coef. 

CD 

·1. At 26•90°C} oil density 1.643 slugs per cu. ft., kinematic viscosity 0.00525 sq. ft. per 
sec., jar diameter 0.675 ft. 

c-4 
c-4 c-4 
C-1/4 
C-1/4 

· c;..l/4 
P-1/4 
P-1/4 
D-4 s-4 s-1 

0.02264 
0.01907 
0.01183 
0.01182 
o.oo885 
0.00752 
0.01551 
Oc01131 
0.01233 
0.00766 
0.01301 

0,, 731 
0.575 
Oc; 268 
Oo264 
Oo164 
0 .. 117 

OoJ98 
0.,236 
0 .. 289 
Oel25 
0.409 

3.158 
2.087 
o.6o4 
0 .. 594 
0.276 
0;.1672 

1•175 
o·-.5o75 
o· .. 677 
0;.1887 
1_.014 

15.30 
l5.18 
15.18 
15.18 
15.30 
15.18 

15.30 
15.30 
15.30 
15.30 
15.10 

+5.12 
20.37 
58.27 
6o.oo 

117.2 
193.9 

34.85 
72.3 
52.6 

174.6 
27.26 

1.040 
1o038 
1•036 
1~037 

' 1.033 
1.'031 

1.042 
1.037 
1.036 
1a030 
1.027 

14.55 
19.60 
56.30 
57.90 

113.4 
188eO 

33.4 
69.7 
50.8 

169.6 
26.6 

2~ At "27.40°C 1 oil density 1~643 slugs per cu. ft., kinema tic viscosity 0.00507 sq, ft. 
per sec~, jar diameter 0•675 ft. 

C-1 
C-1 
P-4 
P-4 
p..;.1 
P-1 
D-4 
s-4 s-4 

0.01421 
0~01196 
0.02295 
0.01150 
o.o1445 
0.01162 
0.01593 
0.02027 
o.012L~2 

0.475 
0.354 
0.784 
0.260 
0.477 
Ot.331 
0.436 
Oo.668 
0.309 

1-.330 
0.834 
4•150 

. Ot.5896 
1•592 
0~8885 
1.608 
2.672 
o·. 757 

15.30 
15.18 
15.30 
15.30. 
15.30 
15.30 
15.30 
15.30 
15.30 

22.40 
33.62 
13.33 
60.50 
22.64 
37.70 
.29.86 

' '16.17 
~.46.37 

1.;025 
1.023 
1.033 
1.031 
1.019 
1~021 
1.032 
1.041 
1.032 

(Continued on 

21.82 
32.82 
12.90 
58.60 
22.25 
36.88 
28.90 
15.51 
'44·90 

next page) 
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Table 12 
(Continued) 

Particle Nominal Velocity Reynolds Particle Computed Boundary Corrected Diameter Number Density Drag Coef, Correction Drag Coe.f. D v R s C'n m Cn ft ft/sec Slugsl_cu_._f_~_ ·--
3. At 25.;30°C., oil density 1~645 slugs per cu. ft., kinematic viscosity o.005915 sq. ft. 

per sec., jar diameter 0 .675 ft. 

D-1 o.o-1597 0.471 1.272 15.30 25.58 1.038 24.63 
D-1- 0.01233 0 0300 0.6252 15.30 48.80 1.037 47.10 
D-1/4 0~01713 Oe357 1,034 15.30 47.80 1.078 44.30 
D•l/4 o.o128o 0 .. 226 0.489 15 .30 89.10 1,072 83.00 

4• At 32.80°c, oil dens i ty 1 .. 638 slugs per cu. ft., kinematic viscosity 0,00345 sq. ft • . 
per sec., jar diameter Or- 469 ft, 

S-1/4 0.02119 0 .. 825 5.060 15.30 11.11 1,066 10.41 

Summary of Results with Oil No. 15933, Standard Oil Company of Illinois 

l• At 28.70°C, oil density 1.615 slugs per cu. ft., kinematic viscosity 0.000795 sq. ft, 
per sec., jar diameter 0.681 ft. 

c-4 0.02264 1.723 49ol0 · 15,30 2.780 1 .. 015 2.7~0 
c-4 0.;01907 1 .. 440 34.55 15.18 3.315 1 .. 013 3.2 8 
C-4 o.o1183 o.872 13.00 15.18 5.605 1,008 5.565 
C-1 0.01421 1.M30 25.60 15.30 2.530 1.007 2.510 
C-1/4 o.o1182 o. 76 13.02 15.18 5.540 1.009 5.490 
C-1/4 o.oo885 0.602 6.695 15.30 8.840 1.008 8.770 
c-1/4 o.oo752 o.5o4 4.745 15.·18 10.-65 l -.008 10,58 
P-·4 0.02295 1.770 51·.oo 15.JO 2,650 1.016 2.610 
P-4 0.01150 o.830 12.00 15.30 6.050 1.007 6.010 

1-' 
P-1 0.01445 1.400 25 •. 41 15.30 2.675 1.008 2.655 1-' 

0" 
P-1 0.01162 1.090 15.93 15.30 3.555 1.006 3.535 • ~ 

D-4 0,.01593 1.140 22.80 15.30 ;J.o448 1.012 4-390 
(Continued on next po.c;o) 



Table 12 
(Continued) 

Particle Nominal Veloc i ty Reynolds Particle Computed Boundary Corrected 
Diameter Number Density Drag Coef. Correction Drag Coef. 

D v R s ctD m cD ·ft ft/sec Slugs/cu.ft. --
D-4 0.01233 0.91~ 14.17 15.30 5.370 1.009 5.330 
S-4 0.02027 1~55 39.62 15.30 3.050 1.017 3.000 
S-4 0.012~2 0.952 14~88 15 .30 4.965 1.009 4G925 
s-4 0.007 6 0.532 5.12 15.30 9.770 1.007 9.720 
s-1 0.01301 1~370 22.!~1 15.10 2.480 1.007 2.463 

2. At 27.20°C, oil density 1~616 slugs per cu. ft., kinematic viscosi ty 0.000864 sq. fto 
per sec., j ar diamet er OQ68J. ft " 

D-1 0.01.597 L -360 25el5 15.30 3.130 1.012 3~090 
D-1 0~01233 1 . 030 14o70 15 .30 4.220 1.009 4.190 
D-1/4 Oe01713 0 .,. 900 17.87 15.30 7.680 1.025 7.490 
D-1/4 0.01280 0., 705 10.43 15.30 9.330 1.023 9.110 
C-1 0.01196. 1..: 096 15.00 15.18 3. 582 1.005 3.561 

3 • . At 28 .. 60°CJ oil density 1.615 slugs per cu. ft., kinematic viscosity 0.000800 sq. ft. 
per sec~, jar diame ter Oo681 ft. 

P-1/4 0.01551 1.088 23.01 15.30 4.765 1.01~ ~.700 
P-1/4 0 .. 01131 0.772 10.92 15.30 6.880 1.~oo .830 

4• At 27·.10°C, oil density 1.616 slugs per cu. ft., kinematic viscosity o.ooo869 sq. ft. 
per sec .• , jar diameter 0.681 ft~~ 

S-1/4 0 .. 02119 1.443 35.20 15.30 3.680 1.019 3.610 

Summary of Results with Oil No. 5618, Standard Oil Company of California . 
1. At 28.40°C, oil density 1.674 slugs per cu. ft., kinematic viscosity 0.000245 sq. ft. ...... ...... 

per sec., jar diameter 0.681 ft. -.) 

• • 
c-4 0 .02264 2 .. 260 209,0 15 .30 1.551 1.011 1.533 

(Cont i nued on next page} 



Table 12 
(Continued) 

Particle Nominal Velocity Reynolds Particle Computed Boundary Corrected 
Diameter Ntunber Density Drag Coef, Correction Drag Coef, 

D v R s C'D m CD ft ft/sec Slugs/cu.ft. 

c-4 0.01907 1.980 154.1 15.18 1,681 1.010 1,664 
c-4 0.01183 1.310 63.3 15 .18 2~387 1,006 _2.375 
c-1 0.01421 2.130 123.7 15.30 1.093 1,003 1.090 
c-1 0,01196 1,810 88.4 15.18 1.262 1,002 1.259 
·c-1/4 0.01182 1.260 60.75 15.18 2e580 1,006 2.561 
C-1/4 o.oo885 0.960 34.65 15.30 3··352 1,004 3.338 
c-1/4 0,00752 0.818 25.10 15.18 . 3.888 1,005 3.870 
P-1 0 • 01Lf.45 2.100 123.9 15·.30 1.142 1.004 le138 
P-1 . 0,01162 1.700 80.7 15.30 1.404 1,003 1·•399 
_P-1/4 0•01551 l.L~6o 92~85 15·.30 2e.516 1,012 2,480 
D-4 _0.01592 1·.630 106,.10 15 .30 2,090 1.009 2,074 
D-4 0.01233 ·1.325 66~70 15-.30 2·447 1.:006 2,~33 
S-4 0·, 02027 ·2.090 173.1 15.30 le620 1,012 1. 00 
S-4 0•01242 1 .390 70.5 15.30 2e2i2 1,006 2, 230 
S-4 0.00766 ·o.88o 27.5 15.30 31i4 0 1,003 3.450 
S-1 • 0,01301 ·2,080 . 110,5 15.10 1.033 )..-003 1•030 

2, At 27.05°c, oil density 1.677 ·slugs per cu. ft ., kinematic viscosity 0,0002585 sq. ft, 
per s·ec ., ja.r diameter 0,681 ft, 

D-1 0,01597 1.835 l:i3.2 15~30 1,650 1.009 1,638 
D-1 0,01233 1.534 73.15 15.30 1.827 1,006 1.816 
D-1/4 o.o128o 0~950 47.12 15.30 4.940 )..015 4.860 

3. At 32.20.oc, oil de~sity 1.670 ·slugs per cu-. ft., kinematic viscosity 0.000209 sq. ft, 
per sec., jar diameter 0.681 ft. 

P-1/4 0.01131 1.176 63.51 15 .30 2 .870 1,006 2.855 I-' 
P-4 0. 02295 2.380 261.5 15.30 1.416 )..0"10 1.400 I-' 

Q:) 

P-4 0.0115.0 1.381 76.0 1_5,30 2·.102 1e005 2e092 • 
S-1/4 0 .02119 1.748 17.7-.0 15;;30 2e420 1.014 2.a382 

(Continued on next page) 



;~_·ublc 12 
( Cont i nued) 

Summary of Res tlt s with Oil No . 5617, Standard OiL.Q.ompa.qy of Californig 

Particle Nominal Velocity Reynolds Particle Computed Boundary Corrected 
Diameter Number Dens i ty Drag Coef. Correction Drag Coer . 

D v R s C'D m CD ft ft/sec Slugs/ cu • ft. 

At 29,05°c, oil dens i ty 1.616 slugs per cu, ft., kinematic viscosity 0.0000425 sq. ft. per 
sec,, jar diameter 0 ,675 ft. 

c .. 4 0,2264 2.590 1380 15.30 1.226 1.007 1.218 
c-4 0,01907 2,360 1059 1.5.18 1.231 1.006 1.225 
c-4 0,01183 1 .845 513.5 1.5.18 1.252 - 1.003 1.2~8 
c .. l/4 0~00885 l~l34 23.5.7 1.5.30 2.!~98 1 •. 003 2.4 8 
c,.,l/4 0~007.52 1,073 189.6 1.5.18 2.31+5 1&003 2CJ338 

D,..4 0,01593 2 .. 100 785 15 .30 1.311 1.005 1.304 
D~4 0.01233 1.850 536 15.30 1.310 1.003 1.304 
D~1 0,01597 2,100 786 15.30 1.313 1.005 1.307 
D'l"t1 0,01233 1.830 529 1.5.30 1.337 1.003 1.332 
s .. 4 0.02027 2,630 1252 15.30 1.064 1.006 1,0.59 
s .... 4 0,012~2 1,885 550 1.5 • .30 1.271 1.003 1 .. 269 
s ... 4 0,007 6 1.383 248.7 1.5 .30 1.451 1.001 1.450 
s.,.1 0,01301 3.040 930 1.5.10 o • .5o5 1.001 o.5o4 

r' 
r' 
~ 

" 
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Table 13 

Physical and Rydraulic Properties 
of 

Particles Studied by Wilde 

DATA IN WATER DATA IN OIL 

d s .f. c a 01b abc V ?. 
No. : .., A a b c Vol. s . g . D .., (A) a'O !i ab abc r VO! X lif v Cd(A) Cc(ab ) Cd (dn) R_,<;;,b) ?;!.fn) .. v Cd (J. ) Cd(•o) Cd(cn) R(ab) Cdn: 
1 
2 
3 
4 
5 
6 
7 a 
9 

1~ 

ll 
12 
13 
:.h 
15 

16 
,~ 

" ' l B 
19 
20 

21 
22 
23 
24 
25 

26 
27 
23 
29 
30 

31 
32 
33 
.3l! 
35 

11>. 32 30.!ili 500 
lO.Ol 16. 20 490 
6. 56 11. o6 103 
7. 75 12. 44 55i 
6. 97 lL. 42 726 

1 . 54 ; . oo 258 
2.85 4.59 380 
o. h6 a. 75 79 
0.69 1.11 123 
o. 6o 1.11 ~ 

o.u o. 67 67 
l . 3L 2.15 135 
2 . 1~ !.. . DO 2L6 
2.h5 4. 02 396 
1.26 ·2.05 2l6 
0. 12 0.19 4~ 
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4. 2o 213 : . 9E 1, 45 1 .10 

1. ~ :..L ~ 
1. 94 144 
! , 63 116 
4.71 ~ 
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o.6L 1. 51 345 
o. i3 1. 5< 320 
o. 78 1.39 217 

0.1.2 2. 61 202 
o.6o 1. 24 606 
o.JL 1 . 25 295 
o. 76 1. 05 173 
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2.13 

2.67 
1. % 
1.~o 
1. ~3 
1 . 62 
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Phyalcnl nnd llydronllc Proportion 
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J No . Size F \~ a b Vol 
" · ~ · b JC. IOJ v d n ,.to ... n ~ v 

70 1 " 7 . ~9 12, 76 2, 66 2, o6 1, 60 11 . ~6 2.62 2,10 31.6 0. 72 1, 29 10. !,' 611 , 5 o. 75 133 o . r-? 69 0 . ~7 1S7 
71 J/4" 9 . ~, 1h . 97 2.7h 2 . ~7 1,02 s. 72 2. 61 2. 22 367 0, 71 1,16 70, 0 0, 82 111) 61. . ~ J .ot. 155 
72 " 9. 36 1,, 21 2. 95 2, 20 1, 69 , . ~5 2, 6o 2. 23 )92 0, 66 1, Jh 66. 7 0, 76 lhl 
il • ll . lh 17 . 9, h. 30 2 . 0~ 1,77 6. 110 2, 61. 2.35 1133 o.~ 2, o6 SJ , G 1, hJ 115 Sll .1 t , )n 1119 

12. 92 20 , 6h 3. 25 2, 62 1. 79 7. 92 2, 61 2.117 li79 0, 61 1 . 2h 77, 2 0. 70 115 711 o.~? 199 

75 . 7. 26 11. ~7 2, 00 ;: . o6 1. 40 1., ,6o 2. ) 7 2, o6 335 o . ~n 1 . ]6 69.7 0, 68 l)h 62 . 5 1 , 00 1LO 
76 " lu . J.o 22. 63 3. 30 2. 9) 1. 8o M3 2. 66 2.53 sou o, t-3 1 . 32 61. . 3 1. CL 1L9 7L 0, 9) 2oL 
77 " 9.19 111 . 56 II . ~ 2. 60 1 , 25 5. )7 2.71 2. 17 )70 0, )7 1 . 7) )9.1 2, 72 76 L9. 7 l . f3 90 
78 " 1L.S3 23 . )2 3. 75 2. 59 1 . 70 8, 79 2. 65 2. 56 51L 0, 55 l . LS 69. 0 0. 92 16o 69. ~ l . o6 194 
79 " 6, 9() 11, 16 2, 70 2,L7 1. 32 t. . ?6 2, 62 2, (1l 317 0 , )0 1 ,12 6o. 9 0. 91 112 SJ , J 1 . ~ 112 

80 " 3. 96 6, )9 2, 10 l , f2 l , JI, 2,1.,2 2,63 1,M 216 o, £>9 1,15 54. 8 0, 9h Bla 1.9 .7 l , Jh 90 
61 " 5. 76 9, N-' 2. 93 1. 76 1. 2L J , I:B 2. 65 l , E8 277 0.$5 1. 67 LB, B 1 , )6 84 SL 1 . 29 no 
82 1/2" J.,,lt, 7.17 2. 55 1 , 76 1.1la 2. 71 2. 61. 1 , 7) 235 0, 511 1,1,5 lan . o 1 , 26 76 52 .6 1. 21. 99 
8) " 6. 27 10. 21 2, [\6 1. 98 I . h5 ) . ?4 2, 59 1,96 )01 0, 61 1,U. SL.I, l , OU 96 52 , f. 1 , )6 112 
04 " 6,oe 9. 66 2, 52 1, 52 1. L5 3.56 2, 70 lSO 20) 0, 66 1, )1 6!a . 2 o. no 112 6LS 0, 9h 133 

65 " 4,0) 6,1•7 1. 77 1. 110 1 , )2 2.411 2, 65 1 . 67 219 0, 7h 1 , C2 10.5 OSI 109 57.1 1, 02 1oL 
06 h. lt2 7.14 2.14 1. 97 1. 111 2. 72 2, 62 l,7J 235 0, 69 1. 09 52.5 1, Ch 8h ~ 1,17 101 
07 h.J, 7. 08 2. 01 1 . 95 1, !)1, 2. 73 2. 59 1, 73 235 0, 70 1, 0) 61 . ) 0,76 98 S5. 6 1.09 loL 
88 " h .~8 1. 9) 2,1) 1 , 82 l . h? 3. 01J 2, 60 1. eo 25S 0, 7, 1, 17 6),, 0,73 lOS 
89 " S. 25 0.1.0 2, 71 1. ~5 l ol5 ) .14 2, £>7 1 , 82 26o o. ~o 1 . )9 53 . ~ 1 , 07 69 52. 6 1, )) lOla 

90 " 1. )9 ) , 21 2. 27 1, 26 0. 97 1.21 2, 64 1, 32 1)8 0, 51 1.eo )6 .4 1 , 60 4la 
91 3/8" 1.56 2. 5) 1. 1.:7 1 . )6 o. ~5 0 . ~6 2, 62 1,22 llfi 0, 67 1, 00 1,7. 1 0, 92 53 
92 . 2. 09 3. 1:3 1 , 70 1 . uta 0. 97 1, )) 2, 56 1 • .36 147 0, 61 1 . 23 45. ) 1 , o6 58 4la . 5 1, }1 66 
93 . o. e) 1. 35 1. ~ 1. 22 0, 6, OSl 2. 61 0. )9 76 0, 1.:6 1, 2) J4.S 1, }6 32 20 , 2 2. L5 31 
9la . 1 . 22 l . t-6 1 .65 1, 0) 0. 75 o. t-3 2. 94 l , o6 89 o, <7 1 . 57 la1 , 6 J , 22 41 37. 7 1. 77 44 

95 " 2. 55 4. 08 1. 9) 1.55 1. ~ 1, 52 2, 67 1, LJ 16 o. 72 1, 25 50.U 0, 96 66 
96 . 1 . ~2 l . S'l 1 , 60 1, 2) 0, 70 o.l-9 2. 77 1, 10 95 o.;o 1 , )0 JO. S 2, ]) 32 Jh , , 1. 95 41 
91 1 . 27 2,08 1. 74 1.17 o. B3 o. eo 2.S9 1. 15 104 oso l . h9 36. 6 1. 67 46 
98 1. 62 2S6 1. 90 1 , 22 0, 90 0. 96 2, 69 1 . ~2 117 0.5'9 1 , <6 46. 2 0. 99 ·52 38. 6 lo70 51 
99 " 1 , 06 1 , 70 1.90 1.35 o, 5J 0. 62 2. 7la 1 , o6 on O, )IJ 1 , 35 Jo.o 2. 09 29, 2 " 27.6 2. 92 32 

].00 • o.ro 0. )2 1. 09 0.96 0, 22 0.12 2. 56 0, 62 )o6 0, ?1 1,1 ) 18. ~ 2, 61 11 14.2 5. 90 9.f: 
101 . 0, 1:6 0 , 76 1, 65 1, 21 0, 29 0, 26 2. 67 o . ~l 52.5 o. ~o 1 , ]6 10. 9 u.7 16. e 
102 ~!0· 4 o. lh 0,2) 0, 71 0,51 0.45 0. 09 2. S9 0,56 24 . 6 o. 75 1 . )9 16, ) Ja . o5 10 
10) 0 , }0 M8 0, 70 0, 70 0, 57 0 ,16 2, 67 0. 70 3£' . 5 0, 11 1, 11 23 . 7 2, ,2 l fl ,(l 
lOla " 0.7~ o. L6 0, 90 0, 62 oso 0.11 7, 56 o. c9 JB. 3 o. ~ 1, 10 32. 5 1. 07 21 70.~ 3. CI6 15. ~ 

l''S " 0, }6 o.k> 0,95 0, 90 0, ~6 0. 23 2, 58 0, 76 laS . 1 o. 61 1 , 0S IU , B o. 11 29 23S 2, 66 19. 2 
l o6 " 0, 42 0,66 1, ]6 o. 64 oso 0, 26 2. 50 0.19 11o. e o. 5o 1 , 82 )9. 0 o, eo 29 23 . 6 2. 75 20.5 
107 " 0, ?6 O, !a2 o. so 0, 70 o. r,s 0, 15 2, 70 0, 66 J5.1 0, 69 1, 20 32.5 1 . 05 20 
106 " 0,19 O. Jl 1 , 00 0,65 0, 15 0,12 2, 6o o.H 29 . ~ o.;6 1. su JO , J 1.c::; 17 17. 2 4. 0) ll.S 
1cn " O, JO O.hO 1 .14 0, 7) 0. 1:6 0, 10 2. 6) 0, 70 39. 0 o.~o J . ~6 )0, ) 1, 29 20 1 9 . ~ 3. 6o 1S. 2 

110 " o . oc; ~. ,~ o.n M4 0. 41 o. o6 2. 62 o. Jao 1G,7 O, ?J 1. (1 32.1 0, 79 lL 11, . 2 4. e 7.5 
111 llo , 6 o. c5 oso 0, 39 0, 35 O. CJ 2.1.) o. ho 1) . 0. 19 1 , 28 27 . h 0. 91 10 n . e ~ . 6 5. 2 
112 " o. ch 0, 61 0, 43 0, 21 o. c2 7,69 0, )6 10. 6 n. 111 1 , 42 19 .~ 1, 66 7 
11) " O,JO o.r5 O, LJ 0, )6 o. C6 2. 59 0. 50 2'1, C O, (•J J . ~c 2$.S 1 . 27 12 1). $' 5. J 7. 1: 
11la " o,oc 0 , (•1 o, L6 0, 25 O, C3 2. 50 o. lll l) , b o. la7 1, 3) 23 . 3 1, 2) 9 10, 6 7.1 L. e 

n!> . 0, 06 0, 71 O, L2 0, )1 o. ou 2. 52 o. laJ 1L ,6 O, 'i 1J9 10. 7 7. 0 s . o 
116 " 0,12 0, 96 o. t.o O,JJ O, C7 7, 60 0 . ~2 ::1 .~ o.J.o 2, ()() ?S, J 1, ;11 12 l) . 7 5. 1, 7. $ 
117 " o, c6 o. )3 o, 5u 0, 27 o. cu 2. 5lt o, lala 1:', 3 O,l;f 1 , C9 ?.~ . () 1. "3 11 ll .1 6, 7 S. J 
118 " o. ca f'l , ,., o. 6o 0, 29 o.c~ 2,!.0 o.u. 17 , :' O, '' , . o~ 11 .5 6. 9 5. 9 
119 0, 0) o. ~r 0. ?9 0. 02 2. 54 o. v· , fl , l ~,.t . . 21 25 . 6 2, ((, 8 o, c6 ~ . 2 J.S 



Table 13 {continued) 

Physical and Hydraulic Propertie s 
of 

Particles Studied by Wilde 
·-CRUSHEJ1 PT.AllT SAMPLE , 

· ~ c 1 . ~~ WATtT'(a-) 
ll( d) 1 

OIL 
Scive 

'\, rob 
a 

.,) cd(dJ R(dn ) 
No . Size r w A b Vol s , g , An t v d n <Ill n v 

120 lin 14o74 23 . 64 3o30 2o88 2o4S 8o90 2o66 2,57 517 Oo79 1ol5 l oll S8 o1 l o30 135 Oo92 66 ,2 1 o18 lOS 
121 J/4" 10o~ 16o52 3on 2o44 2o36 6o27 2o63 2o29 411 Oo84 l o34 " " 6oo6 1o23 151 
122 So72 9o1t 3o1 8 2 .47 1o18 3o42 2o67 1o87 274 Oo4 2 1. 29 " )6o! 2o45 61 42o2 2ol3 90 
123 7. ) 0 12o1 3o21 2o.3S 1.~8 4o64 2,62 2o07 3.36 OoS8 l o37 " 52 o7 l o23 99 55o6 lo31 125 
124 Jo7S 6 ocs J o59 2oh0 l ol3 2o)O 2o63 1 o64 2p Oo 39 1o5<J " 62 o5 Oo70 94 

125 6 o6S 10olh 2o89 2o7\l 1o16 4o16 2o60 2o00 Jlll Oo42 1 o07 " 40, 0 2o04 73 4M 2o0J 95 126 6 o~S 14o00 3o 77 2o0,3 1oa9. 5oL2 2, 59 2o18 373 Oo66 1oe6 • 48 o0 1.54 94 SL oo 1o4S 128 
127 n.~ 19o10 2o96 2oS'h 1, 79 7oll 2o69 2o.39 448 Oo6S 1ol7 . 61,0 l olO 1~ 59 o9 1,35 155 
128 7o69 12. 20 Joo6 2o25 2o00 4o50 2o69 2o05 JJO Oo79 l oJ6 . 52o0 1o)2 57 o5 1o28 126 
129 5. 16 6o2.3 2o57 2o27 1o 75 3o06 2o69 l oeo 252 Oo72 1ol J o62 53.5 l o09 06 50o5 1o44 99 
1)0 4o23 6 ofll 2oll9 2o26 1 o24 2o57 2o65 1o70 227 Oo52 1o10 • h5 o5 1o38 70 
131 2o70 4o16 2o 25 l o04 l o04 1o45 2o67 l o41 156 Oo51. 1o22 . uo . o l o15 61 37 o6 2o20 58 
132 1/ 2" 4o20 6 . 72 3o66 l o"ll Oo90 2o52 2o66 l o69 ?.?4 Oo)6 2o14 " u7 od 1,~0 72 37 oCl 2.50 68 
133 " 2, 86 4 . 68 2o4S l o 70 l o.33 1 , 80 2o6o . 1 , 51 179 016) 1 oMI " 40o9 1o 8 56 40o4 1o80 66 
134 5o77 9o35 3.02 2oo6 1,rs 3o57 2o62 1 . ~o 204 Oo74 1o46 " 50. 3 1o2.3 87 

1.35 J o6o So ~2 2oSO 2, 50 1 , 02 2o22 2o62 l o~2 2o6 Oo40 1o00 " 41 . 1: 1. 59 60 43.5 1o68 77 
1,36 2o52 Uo04 1 , 93 1 , 82 1o57 1o52 2o66 1 . 43 161 Oo84 1 , o6 " 1,37 3.91 6, 27 3.1 2 2, 00 1 ,10 2o.35 2o66 l o6S 214 0,44 1S6 " 36, 0 2, 18 54 
138 2. 53 4o o6 2o24 l o€9 l , c6 1.5.3 2. 65 1o43 161 0, 52 l o19 " .37o0 1o 76 47 J7 o8 2o00 59 1.39 .3o36 . So74 2ol 9 1o51 l o15 2. 35 2o44 lo~">5 213 Oo63 1ou5 . 56 1.9 . 0 l oOl 7.3 46 , ,3 0, 63 8.3 
140 l o71 2o 74 2o02 1ohS OoOo l oC3 2o66 1 , 25 123 0, 47 1. 39 . 39o0 l oU 44 )2 , 2 2, 45 4L l4l 0.56 Oo91 l o47 1o30 Ooh7 Oo31, 2o6li Oo87 59o.3 0, 36 l olJ . 29 o 7 1o6o 24 20,6 4, C8 19, 6 
142 3/8• 21 , 0 6o50 33 
143 . SoU 0 , 79 2. 15 1o51 1 , 23 0,30 2o63 ooeJ 54 .1" 0, 68 l o42 " 41 o7 o. eo 31 
144 1 , 02 l ol">4 1 . 59 1 o49 oor<> Oo62 2o65 1oo6 88 0 , 52 l o07 " )6o9 1 , )0 )6 27o4 2o6<> 32 

145 1 o27 . 2, 05 3o08 lo 1L 0,36 o . 76 2. 61, 1,1 4 10?. 0,16 1 ,77 . 30 . 1 2, 04 32 19. 6 5o90 24 146 osr Oo92 1,61 l o61 ooLO Oo34 2, 67 Oo07 59 • .3 Oo4 0 1o00 " 21 o 7 ,3 , 18 17 20o4 4.23 19,6 
1L7 o,e5 1 o38 1, )2 1o01 0, 99 0 , ) 2 2o64 1oCO 78, 6 0 , 86 1 , :J]. " )2 ,6 1 . 87 35 lL8 0, 96 1.5'2 1.91 Ion Oo67 Oo56 2o70 1,02 62.5' Oo39 1o27 II 26.5 2o54 25 24 oO 3o 70 27 
149 o . 67 1 . 08 lo73 1 ,19 0, 61 0,41 2o62 0, 92 67 0 , 1,,3 1. 45 oL6 28ol. 1 . 93 24 22o2 3o70 22 

150 Oo2S 0,41 0, 95 o. S'O Oo57 0,1 5 2,62 Oo67 35. ? Oo17 1o64 1oll 32 . 3 1oC6 19 20o3 ) o?O lL.8 
151 0 , 42 Oo68 1,29 0, 90 Oo62 0 , 26 2, 6) 0.19 4?o5 0,5'6 1oh3 . 32o0 1o29 18 22o8 3o02 19o7 
152 l!o , 4 o.ss Oo66 2, 03 Oo65 Oo h~ 0 , ] 1 2o75 o . eu 56 Oo39 3ol3 • J 7o0 l ol2 26 
15.3 Oo13 o.22 Oo76 0 , 66 o.h5 0. 09 0 , 64 1 , 15 . 39o2 "' 15. 6 
154 0 . 26 0, 44 1,,30 0,7) 0 , !_11 Ool6 2. 67 o. 68 ;J6o7 Oo51 l o70 " 27o ~ 1. 55 17 lL.J 

155 0. 39 f),~J 1,17 o. s-9 Oo4S 0, 24 2o65 0, 17 86oG 0, 1, 2 1o18 " 29o6 l oh9 20 20 , 0 .3; 59 17. 5 
156 O, J) Oo54 loo6 Oo7.3 o. 72 Oo20 2. 63 0 , 7,3 42o2 0, 82 1 . 45 " JA oJ ooe6 if 22o0 3. 01 17.5 
157 o. ~2 ".:-6 1o4l o .~ 0, ?8 Oo1J 2, 66 Oo64 32. 2 Oo24 lo L7 1 ·9 3o0) 1ho0 6o6 9o7 · 
156 o.1~ . ~5 0, 95 o. :;o Oo!,6 0, 09 2. 65 Oo56 25. 0 0 , 67 1oeo . 2$.1 1, M 13 16o) ho?6 10 
159 0. 21 o: 4 0,77 0, 61 0, 60 0,12 2, 67 0,62 .30 . S' 0, £1.7 1,26 . 59 .32.5 1,01 18 20,1 J o14 13o7 



Tnblo 13 (continued ) 

Physical nnd llydrnnl1c Proper ties 
of 

Parti cles Studied by Wilde 
-GLAC1AL mruunm SM!PLE 

Vol 
• o 2 • . 9 

10, 92 17 . ll 1. 67 6,19 2,17 2. 27 61 . 5 1 .~ 1)2 
16, 08 26, 14 2, 17 10. o6 2, 60 2. 7J 65. S 0, 9 170 17.0 0, 84 JSO 
1S, 8S 25. 48 2, <5 9, 6) 2, 64 2, 64 01.$' 0, 67 205 80 , 1) 0, 82 JSl 

7.49 12,16 1. 89 1, ,66 2, 60 2, 07 68 , $ 0, 7) 139 66 .7 0,91 2)0 

16S • 21,02 )2, 79 ) ,17 2. 80 2, )6 11 . 77 2. 78 2, 82 623 0. '/J 1,J5 80, 0 0, 01 215 100 0, 6! 1.70 
166 . 1),15 21, 31 3. 55 2, 1.6 1, 90 8,15 2,61 2, 50 490 0,~ 1. 45 68, 0 0, 89 156 11.5 0,?5 297 
167 " 6.57 10, 52 2. 26 2. 23 1 , 5) 3.91. 2. 67 1. 96 302 o. 1, 01 61, 2 0, 89 112 
168 • lL.S2 23 ,17 J.S6 2. 72 1 , 65 8, 61. 2,68 2.51, 507 o. 6o 1, 31 71. . 3 O, PO 173 6L,S 1, 26 273 
169 • 
170 3/1.• 2,66 4,?6 1. 87 1, 82 1 , 01 1 , 60 2,66 1, t£ 165 0.55 1, 03 1.5. 1. 1. 20 63 
171 1/2• 2.58 1. ,15 1,92 1, 67 1, J5 1.56 2, 65 1 , 163 0,75 1,15 1.9. 5 0, 99 65 47.6 1, 27 114 
172 2. 62 L.n 1, e2 1 , 43 1 , 2? 1 , 60 2. 61. 1,1.5 165 0, 80 1. 27 57 . 5 o, 7L 78 51. . 3 1,10 12L 
17) 6, 06 9o17 2, 58 2, 52 1, )0 J , n 2, 64 1 , 92 289 0, 66 1 , 02 SJ , O 1,10 9S 
174 • 5. 01 8, 09 2, 70 1,80 1. 29 3. o8 2, 62 1, 80 2S5 o. S9 1.50 54. 0 1, 01. 93 55 .? 1,tL 168 

175 . 2, 88 L.63 2. 61. 1, Lo 1,12 1. 7L 2. 6S 1 ,49 176 o. so 1 , 68 42 , 6 1, )8 59 L7 .o 1, )6 116 
176 • S. 81 9o J1 2, 74 1, 62 1, 6o ),50 2, 66 1, 88 277 0, 76 1, 69 SJ , 2 1, 14 9) 62 , 0 0, ?9 194 
177 . ) . 09 4o9L 2, 07 1 , 61 1, 01. 1, 84 2, 68 1, 52 181 0, 57 1, 28 5L. 5 0, 89 77 55. 2 1, 02 lLO 
178 • 5, 26 8.45 2.53 2, 09 1 , 25 ) ,18 2. 65 1, 02 260 0, 54 1,21 59. 0 o. e9 97 58 . 9 1, CI\ 178 
179 • 3. 60 5. 87 2, 01. 1 , 80 1,18 2. 27 2, 58 1. 63 208 0, 62 55. 6 1, 01 151 

180 . 1, 00 1,61 1, 40 1. 07 1, 03 0, 61 2.65 1, 05 86, 5 o, &. 1, )1 45, 0 0, 88 LJ 40, 0 1, )) 70 
181 " 1,88 J ,ot. 2, 62 1. 25 0, 15 1,16 2, 62 1, )0 1Jh O, lll. 2,10 42,8 1,18 52 39 .4 1.1)5 86 
182 3/L" 1,61 2, 58 1. 75 1, 65 0, 72 0,97 2. 65 l . ~J 119 0, 42 l , o6 37.4 1. 49 I,J )9 . 7 1. 56 81 
18) . 1, 38 2, 2) 1. 49 1, 25 1, 02 0. 85 2, 63 1.17 100 0, 15 1,19 49,0 0, 82 Sf! 42 . 9 1, 27 81; 
184 . 2,11 J,J5 1, 61. 1 . 32 1, o8 1, 2L 2, 70 1. 33 139 0, 7J 1 , 2L 54,0 0, 80 66 49 . 7 1,12 110 

18S " 1, 42 2, 29 1. 7J 1, )0 0,91 0, 86 2, 66 1,18 109 0, 61 1, 3) )6, 5 1, 50 39.5 )7 .3 1, 71 74 
186 . 0, 90 1 ,~6 1,43 1, 26 o. n 0.56 2, 60 1, 02 82.5 0.53 1,13 39. 0 1,11 )8 )1 , 8 1, 97 54 
187 • 1. 97 3. 16 1.89 1, 35 1. 26 1,10 2,67 1. 31 1J5 0,19 1,Lo 51 . 2 o. es 63 47.5 1,18 10L 
188 • 2. 63 4.19 2,0) 1, 65 1, 22 1.55 2, 69 1. 44 163 0, 67 1,2) 48.2 1, o6 65 49 .7 1, 20 119 
189 . 2,29 ) , 69 1,65 1, 65 1, 20 l , LO 2, 61. 1, )9 152 0,13 1, 00 h5. 5 l . ::~ .. h 5? I.J . ? 1,1,2 102 

190 3/8• 0.57 o. 76 1.57 0, 70 0, 51, o. 2L J , 08 0, 52 2,2L 35. 2 27 . 3 
191 . o.~o 0, 98 1, 25 0, 99 0, 87 0, )8 2, 60 o, e9 6),) o. 78 ] , 26 1.3 , 2 o, eo )6 32.~ l , <S8 48 
192 No, I. 0, 2) 0, 38 0,81 o .~9 o. S9 0, 11. 2, 65 0, 65 3) , 2 o, 19 1, ].7 
193 . 0,28 O, L6 1,01 0, 67 o, 6o 0,17 2,65 0,69 37.5 0, 72 1.51 JL , J 1,00 2) 
194 . 0, 2) 0, )7 0, 92 0,7) o. 57 0,14 2, 66 0, 61, 32. 9 o. 70 1, 26 )0,7 1.17 21 21 ,0 2, 91 2) 

195 • 0, )) o.E'J 1. 09 0, 02 o, 59 0, ;>0 2, 66 0, 72 L1.5 o, 62 
b~~ J5,1 1, 02 2L 22 ,7 2,85 27 

196 . o.JU n, q, 1,11 0, 78 0. 57 0, 20 2, 69 0, 7) 1,1 , 8 0, 62 33. 2 1 ,15 22 2L , 8 2, 1Jh JO 
197 . 0,17 '1 , 28 o. 78 0, 76 0, 39 0,11 2, 55 0.59 2n OS!. 1, 03 29. 0 1, tL 16 19. 3 J, OJ 18, 2 
198 . 0,1'>0 . ?7 1,00 0, 90 0, 65 0, )7 2, 59 o, e9 6) o. 69 l .ll 5~: ?, 1 , 2~ R Jl , 7 1 , 73 117 
199 . O, (.[, • J 1 , t.o 0, 9h 0,17 0, )8 2,62 0, 90 6h o. 67 1, 49 1 , 2_ 31.1 1. 70 47 



Table 14 
Physical and Hydraulic Properties 

of 
Particles Studied by Schulz 

0~ 
H •rl.P ~ 

~~ ~~ .p 
CD Partie le ~ m +> m ro ·rl 

r-4 l"'f • • S S:::<l> SO 0 ....-.. o M as. D1mens1ons H ;::$ ·rl s <1> o ~ o c ...-.. 
...-~~ H~ <DO ~ Sa:l s:::ro ~r-t rcr ~ +>..o <DP.. p.+> o O•rl ·rl...-t m<D .......... ro 
HS s::1. ~ a b c mo :> ZA F ~:> !i.:> .._.. a:l :::1 ...-18 ..C: aS <1> A 
p.. ~ ~ rnm rom rom rt.l li. c c rom S • G • grn ~ec em/sec p:: u 

Sample of Rock Crusher Fragments 
Retained on No. 20 Tyler Standard Sieve 

B20~1 Q 1.12 -1.04 .70 .694 .00038 .90 2.65 .00063 .0110 11.08 90.5 1.27 
B20.2 . Q 1.48 1.04 .91 .733 .00057 1.03 2.65 .00094 .0110 11.72 110 1.30 
B20.3 M 2.80 1.93 .-_11 .038 .00018 • 70 2.8 .000325 .0110 5.42 34,5 4.51 
B20.4 F 1.52 1.34 1.005 ~705 .00082 1.60 2.57 .00335 .0110 13.28 193 1,49 
B20.5 Q 1.28 1.10 .78 .657 Lost 
B20,6 F 2.02 1,68 ,..71 .:385 Lost 
B20.7 Q 1.56 1.04 .71 .557 Lost . • 0110 11.71 
B20-8 Q 1~50 1.44 1~22 .833 Lost ,0109 13.02 
B20.9 Q 1.64 1.58 .6o .-374 .ooo6o 1.04 2.65 .ooo97 .0113 8.81 81 2.27 
B20.10 F 1,16 1.15 .70 ~608 ,00037 .89 2.57 .00059 .0111 10.98 88 1~23 

Retained on ~o. 24 Tyler Standard Sieve 

B2!t.1 Q 1.40 .1 .. 00 .!~3 .365 .00013 .63 2.65 .000217 ,0113 7,00 39 2.24 
B24~·2 G 1~.32 .94 •. 63 .566 .00028 .81 4.00 .0090 .0116 14.50 101 1.24 
B24.J F 2.16 1.00 •. 36 ._246 .00031 .84 2.57 .000485 ,0117 5 •. 54 40 4.56 
B24~4 1~o4 .96 .sa .sa .ooo22 .74 2.65 .ooo32 .0118 a.s1 54 1.74 
B24;5 B 1.16 .90 ~64 .625 .00035 .87 3.0 .ooo66 .0116 9~50 71 1~94 
B24.-6 B 1.56 1.00 •. 49 .)93 .00039 .91 3.0 .00074 .0113 10.·00 81 1,80 I-' 
B24.7 X 1.48 1~12 .68 .528 .00050 .99 2.8 ,00092 .0113 10,68 94 1.65 N 
B24.B F 1.90 1,10 .51 .353 .00054 1,01 2.57 .00084 .0113 8,25 74 2,44 ;=-
B24.9 F 1.08 1.00 .66 ,635 .00030 .83 2.57 .000465 ,0113 8.84 65 1.74 
B24~1o Q 1.30 1,12 .71 .695 .ooo45 ~95 2.65 .ooo74 Go113 10.38 87 1~52 

(Continued on next page) 



Table ll~ 
(Continued) 

() 
t4 •n +> ~ 

,..;(I) +> •n +> -(I) Particle <D ~.j.) tdO'l •n s:! 
,...; ,...; Dimens i ons s ~ <D so () "0 -Ot4 td t4 •n S (I) () ,..;o ...... s:! 
•n <D t4<D (1) 0 ,...; s~ s:!O'l ,...;,...; "0 
.j..l..o ~~ P.+' 0 O·n •n•n ro <D ...... as b ~() !> ZA F ~!> ~!> (1) A 

•n8 a c ..c:ro crrv'seo 
cr. 0 

P-i:?. ~ mm mm rnm Cl)~ co mm s.a. gm an1sec 

Retained on No. 28 Tyler Standard Sieve 

B28,i M 1.46 1,00 .14 .116 .00009 .55 2.8 .000158 .0110 ~-30 37 .4~ 73 B28.2 F 1.32 1.06 .42 .355 .00025 • 78 2.57 .00040 .0110 .63 47.1 2.91 
B28~3 F 1~28 ~88 .45 .424 .00020 .72 2.51 .00030 .0110 7.14 !~ 1 2.3i B28.4 Q ~86 ~80 .66 • 797 .00019 .. 71 2 • .65 .00031 .0113 9.44 59 1.3 B28.·5 F 1.36 ,70 ~67 ~687 .00053 1.00 2.57 ~00082 .0113 9.53 f~ 1~81 
B28,6 Q, 1.36 .96 a39 .341 ~00025 .78 2.65 .ooo415 .0113 6.92 2.87 
B28.~ Q 1.16 • 70 .62 .688 .00024 • 77 2.65 .00040 .0113 8o55 58 1.86 B28, Q .9i .72 .49 ~596 .00012 .61 2.65 .000195 .0113 5.58 30.2 3.46 B28 •. 9 X 2.0 .76 ·~3 ~343 .00030 .83 2.8 .00054 .0113 7.29 56 2.96 B28.10 F 1,08 .84 • 0 .630 .00025 • 78 2.51 .000395 .0109 7.96 51 2.01 

Retained on No. 35 Tyler Standard Sieve 

B35.1 M 1.56 .78 .o7 .064 .00003 .37 2.8 .000047 .0109 3.35 11. 4 6.03 B35.2 X .9~ .76 .37 .437 ~00012 .61 2.8 .000215 ~0109 6.17 35 3.04 
B35~3 Q .a .68 .30 ~388 ,00008 .53 2.65 .0.00130 .0110 5.83 28 2.71 B35.4 Q, ~92 ~ 10 ~45 .562 .00015 .65 2.65 .000220 .0110 6.45 38 2.72 B35.5· .8"4 .80 ~28 .342 .00009 .55 2.65 .000123 .0110 5.18 26 3.65 B35.6 Q, • 78 .46 .45 .752 ~00001 .5.1 2.65 .000108 .0113 6.23 28.2 2.26 B35.1 Q, .64 .62 .62 .985 ~0-0013 .63 2.65 .00022 .0113 8.73 49 1.~3 B35.8 Q, •. 88 .56 .40 .570 ,00009 .55 2.65 .0001~8 .0113 5.98 29.2 2. 5 
B35~9 F .92 .84 .24 • 273 .00012 .61 2.57 .0001 6 .0116 4.93 26 4.20 
B35~10 ? 1,14 .61 .51 .612 ~000 26 .79 2.57 .00041 .0117 1.0!J 47.6 2.59 .. 

I-' 
f\) 
\.r\ . • 

~ 

(Continued on next pace) 



'l'ab1e lL~ 
(Continued 

c.>P, 
M •rl -1-l ~ 

Particle r-1 a> -1-l ·rl -1-l -
Q) • Q) cd -!-) cd til •rl s:: 
..-i r-1 DJ.mensions s s:: a> s o o rc ........ 
t>M a:l M ::::! •riEl a>c.> ..-iO - S:: 

•rl Q) H Q) Q) 0 r-4 S m S:: til r-1 ..-i "d 
+> .0 a> p. p. +> o o ·r-1 ·rl ·rl m a> -
MS S::P, a b c cdc.> :> ~ ~ F ~:> ii.:> a> Q 
cd ::::1 or! 8 .r:: a:l c I. m/: p:; 0 
p.. z ~ mm mm mm Cl) r:r.. cc mm s.Go gm em 1sec c s·cc 

Retained on No. 48 Tyler Standard Sieve 

B48,1 B ,48 ,42 .38 ,849 Lost 3,0 
B48,2 Q .76 .50 .23 ,374 ~00004 ,42 2.65 ,000576 ,0101 3.85 16 4,96 
B48~3 M .64 . 54 · .09 .153 ,00002 .33 2.8 ,000033 ~0101 2,79 9~1 8,20 
B48o4 M ~44 .44 .14 ,318 ,00001 ,26 ·2.8 ,000018 ,0100 3,01 7.8 5.50 
B48,5 Q .96 ,40 .35 ,567 ,00006 .48 · 2,65 ,000097 ,0100 4,90 23,5 3,52 
B48 ,6 Q . ~74 .40 .16 ,295. .00002 .33 2.65 ,000031 ,0100 3,32 10.9 5~17 
B48.7 B · ,88 .40 ,26 ,439 .00005 ,45 · 3.0 ,000090 ,0101 4,07 18,1 5.45 
B48~8 c ~92 .44 ~22 r347 .oooo4 · .42 2.72 .oooo63~ ,0101 3.42 14,2 6~45 
B48.-9 Q ,62 ,46 ~26 ,488 . • 00004 ,4-.2, 2.65 .000057. ,0102 4•l4 17.1 4,31 
B48;Io T .56 .54 ,30 .548 .oooo5 .45 ,0102 5,47 24.2 

R~tained o~ No, 60 Tyler Standard Sieve 

B60,1 Q ,40 . • 30 ,26 .753 .000012 , 27 2.65 ,0000185 ,0110 8,82 21 ,6 6,00 
B60,2 Q .68 ,30 ,25 ,555 .oooo25 .35 2,65 ;oooo37 ,0110 4.12 13.1 3.58 
B.60~3 Ga :48 · ~32 ,18 .461 ,000012 .27 7,50 .ooo039 ,0114 3,63 8,6 7~28 
B60!4 Q ~46 ~32 .21 .549 ,oooo13 .29 2,65 .oooo21 ,0113 2~93 7,5 5.98 
B60~5 Q ~40 .36 ,18 ~475 .000012 ,27 2.65 ,0000175 ~0112 2,85 6.8 5,8 
B60~6 Q .48 ,30 .26 ~687 ~000017 .31 2.65 ,0000265 ,0112 3.70 10,2 3,99 
B60~7 Q ~50 ~28 . 20 ~535 .000011 .25 2,65 ,0000137 ,0110 1.95 4.4 11,33 
B60,8 B .70 ,36 ,13 ,260 Lost 3,0 . 
B60,9 M .60 .42 ,.03 ,.060 ,000005 11 20 2,8· .,00000.74 ,0102 0;96 1,9 12,80 
B60,lO F .so ~38 .03 ,o69 .ooooo5 .20 2.57 .ooooo68 ,0102 1,28 2,5 18~50 ~ 

(Continu ed on next page) 
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Pe.rticle 
Q) Dimensions Q) 

....-! ....-! s OH as H 
or-lQ) ~ G>. Q) 0 ....-! 
..j..:I.Q Q)P, p,..j..:» 0 ;§ Q:>, a b c (1j 0 :> 

or-lE-t ..oas 
ll.!Z ~ mrn mm mm ell[.]:. cc 

Retained on No. 65 Tyler Standard Sieve 

B65.1 
B65.2 
B65.3 
B65.4 
B65.5 
B65.6 
B65.7 
B65.8 
B65.9 
B65.10 

Q .28 .22 
Q o42 .28 
Q .48 .28 
Q .30 .28 
M ·44 .36 
Ga .40 .30 
M .40 .36 
Q, .40 .28 
F ·t8 .24 
B • 8 .. 28 

B - Biotite 
C - Calcite 
F ... Feldspar 
G - Garnet 
Ga - Galena 

.20 .807 

.13 .. 381 

.23 ~630 

.21 • 727 

.04 .101 

.12 .347 

.o4 .106 

.20 .60 
• 20 .592 
~12 .276 

M - Mi ca or Vermiculite 
Q - Quartz- or Chalcedony 
X - Mixture 

Lost 
Lost 

.000011 

.000010 
Lost 

.ooooo8 
Lost 
Lost 

,000011· 
.000011 

Table lLj. 
(Continued) 

-
0~ 

~ •r-l..j..:l 
rl ·D ..j..:l •rl 
(1j ~ .:l (1j Cll 
Q (!) so ·g ~ <DO 

j:lCil 
0•.-1 •rl •rl 
ZQ F 2';;C. :> 

s.G. mrn grn cm~ec 

2.65 
2.65 

~25 2.65 .0000138 .0102 
.24 2.65 .0000125 .0102 

2,8 
.24 7.50 

2.8 
.0000235 .0102 

2.65 
.25 2.57 .0000134 ,0102 
.25 3.00 .0000134 ,0102 

~ 
..j..:l 
•rl 
0 Q 

riO '0 
rid ....... 
(1j (!) 
P:.:> Q) 

em/sec P:: 

1,78 4.37 
2.37 5.58 
1. 23 2.9 

2.03 4.97 
o.61 1.5 

-Q 
'0 ....... 

Q 
0 

13.50 
7.45 

4.40 

9.82 
10.41 

1--' 
1\.) 
-.,J • 



'i1ab1e 14 

"Physical and Hydraulic Propertie s 
of 

Particles Studied by Schulz 

M 
~-· 

~ •r-i ..p 

Particle ...-1<1> ..p •rl ..p 
Q) Q) cd..P cd Cll .,.; ,...., ,...., 

Dimensions § !=:G> So 0 ......... ,....... 
OM cd M ·~ ~ <DO ...-10 I:: s:: 

or-tG> M <DO ,...., !=:Cil ...-lr-1 't:l 't:l ..P..O <DQ) P....P 0 O •r-i ·r-i •r-i cd <1) - ........ 
~§ s:: ~ a b c cdO :> ~ ~ F t:> !it:> •r-i .S::::ttl Q) ~ 
~:z; ~ E-1 mm mm mm Cl) 13"-t cc mm S.G. gm em /sec em/sec 0:: 0 

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

Ll4.1 Q 1.94 1.78 1.00 .5~ .00170 1.48 2.65 .00285 .0112 13.03 173 1.52 
L14-2 Q 1.60 1.30 1.12 .1 ~00108 1.27 2.65 .00175 .0112 15.62 177 0.90 
Ll4.3 Q 1.56 1.44 1.34 .90 .00141 1.39 2565 .00235 .0112 16.35 204 .83 
L14o4 Q 1. 6!t- 1.52 1.17 .74 .00138 1.38 2.65 ~00230 Q0110 15.96 200 -95 
Ll4.5 Q 1.80 1.62 1.19 • 70 .00160 1.45 2.65 .00265 .0110 16.18 214 .96 
L14.6 X 1~72 1.~o 1. 26 .81 .00141 1.39 2.65 .00235 ~0110 16.0~ 203 .94 
Ll4.7 X 1-.92 1. 0 eo75 .43 .00108 1.27 2.65 .00175 _.0108 10.3 122 2.04 
L14.8 Q 1.68 1.56 1.14 .71 .00136 1.37 2.65 .00225 _.0108 15.78 200 1.11 
L14.9 Q 1~56 1-·44 .95 .6~ .00103 1.20 2.65 .ool65 .0108 13.82 154 1.09 
L14e10 Q 1.68 1.52 1.19 .1 .00158 1.48 2.65 .00285 .0108 16 .• 20 222 .98 

Retained on No. 16 Tyler Standard Sieve 

L16.1 Q. 2.02 1.36 1.14 .. 69 .00150 1.42 2 .• 65 .00251 .0106 15.95 214 1.05 
L16.2 Q 1.56 1.38 • 74 .51 .00080 1 .• 15 2 .• 65 .00132 ~0106 12o26 133 1.33 
L16.3 Q 1 .. 72 1.42 .98 .63 .00118 1.31 2 .• 65 .00193 .• 0106 13.58 168 1.26 
116-.. lt- F 1:.54 1.30 1.27 .• 90 .00112 1 .• 28 2 .• 57 .00171 ;0106 15.o5 182 .• 78 
L16-.5 Q 1.6~ 1 .. 40 .51 .3~ .ooo58 1 .• 03 2.65 .00097 .0105 9.65 95 1·.92 
L16.6 Q 1.6 1.20 .82 .5 .00015 1.12 2.65 .00122 . ~0105 11.88 127 1.40 
L16,. 7 F 1.70 1.40 1.02 .• 66 ; .00105 1 .• 26 2.57 .00162 .0105 12.02 145 1·44 Ll6-.8 Q 1-.66 1.16 1.02 .74 .• 00095 1.22 2.65 e00156 .0100 13.95 170 1.10 t-J 

1\) 

116-.9 Q 1-.44 1-.26 G96 .71 .00084 1 .• 17 2.65 ~00140 .• 0100 14.65 172 .96 ()) 
.• 116.10 X 1·.38 1-.26 1.03 • 78 .00077 1.13 2.60 ~00122 .0100 15.02 170 .81 

(Cont i nued on n ext pa.ge 



Table 14 
(Continued) 

(.)P, 
Particle M •ri .p p, 

r-tQ) +> •ri +> 
Q) Dimensions Q) aS+> aS l1l .,; 
r-l r-i 

~ 
~(j) s 0 •... (.) .-... -OM aS M ·~ m Q) (.) r-iO s:: ,.,p •ri Q) M Q) 0 ~ l1l r-lr-l ro +>.o (l).Q) P.,.P 0 O•ri •ri .,; aS (j) - -~§ ~p., a b 0 aS (.) ::> ~~ F ~> rx..> .,;p, mrn mm rnm ..c1aS cc rnm s.G. gm em /sec em/sec ~ A P...Z ~ 8 Cl)rx.. 0 

- -
Retained on No. 20 Tyler Standard Sieve 

120.1 Q . 1.60 1.26 1.02 .72 .00092 1.20 2.65 .00150 .0100 13.98 168 1.075 
120.2 1.37 1.02 .78 .66 .00063 1.06 2.65 .00103 - .0100 12.~2 132 1.19 
L20e3 X 1.44 1~16 .• 63 -.49 .• 00036 o.88 2.65 .00059 -.0100 B. 9 78.3 1.94 
120e4 Q 1.20 1.·oo • 95 .87 . .• 00051 0.99 2.65 .ooo8~ . • 0100 14.06 139 o.87 
120.5 F l.h!t .• 88 ~ 66 e59 .00037 o.89 2c57 .ooo5 .0110 9,38 76.o 1.71 
120.6 Q 1~~.0 1.16 .70 .55 .• 00048 0.97 2 ,~65 .ooo87 .0110 9.48 83.7 1o87 
L20.7 Q. " 1.40 1.04 .. . 67 -.56 -.00043 0.93 2.65 .00070 .0110 9.57 . . 81 .• 2 1. 75 
12Q.8 Q 1~34 1.28 .Bo .• 61 ,.00061 1.05 2.65 ·.00099 .0110 12. 23 117 r.21 
120.9 Q 1 • .30 1.26 .. • 84 fl66 . 00063 1.06 2.65 .00103 .0110 12,)06 116 1 .• 26 
120.·10 Q. 1.34 1.04 1.05 .89 .ooo65 1.07 2.65 .00106 .0110 14.98 146 .83 

Retained on No. 24 Tyler s tandard Sieve 

124.1 Cci 1..22 J:.oo .• 74 -.67 .00040 0.91 2.65 .ooo655 .0112 10 •. 17 82·.8 1".54 
124.2 Q Lost 
L24.3 Q 1 .. 06 J:.oo .81 .79 .00041 0.92 2.65 .00067 -.0112 11.92 98.0 1'.13 
124.4 1 .• 26 1.12 -.53 -~5 -.00035 0.87 2.65 .00057 -.0110 9.10 72.1 1.82 
L24o5 Q o.88 o.Bo .69 • 2 .• 00023 0.76 2.65 •000385 .0110 10.56 73"".0 r.18 
L24-o6 Q. 0.94 0.86 -.68 • 74 .00023 0.76 2.65 .000385 ·'.0110 8.65 59-.8 l 'a66 
L24.7 Q 1-.40 0.96 .• 71 .• 61 .00044 0.74 2.65 •000345 .0108 7.65 52~5 2".19 
L24 .• 8 X 1.00 0. 96 .65 .66 · .· .00029 0.82 5.00 ~002250 ·.o1o8 5~80 44 .• 1 1~99 
L2!t .• 9 F 1.06 o.8o -.67 .73 .00024 0.77 2 .. 57 .000375 i.0106 9.87 71 .. 8 1.31 
124.10 1 .. 40 1.00 .• 77 .65 .00050 0.98 2.65 .ooo8lo i.0106 11.25 104 1".35 ._., 

1\.) --a • 
(Continued on next paeo ) 



Table 14 
(Continued) 

oP, 
Pnrticle H ..-t.P p, 

rla> .p •r-1 .p 
a> Dimensions a> t\S.p tiS Cll ..-I 
r-f 'at § a (!) s 0 0 
OH H •rl ~ (!) (.) r-IO ....... -..-Ia> H CI>O rl std a Cll rlrl Q Q 

.P,.O a> a> P.,.P 0 O •rl F •rl ..-I tiS CD "d "d 
~§ ~~ ttl 0 > ~~ ~> !i.:> - -a b c .. c: tiS S.G. fl.IZ :a! E-1 mm mm mrn t/.) f:LJ cc mm grn em /sec em/sec CD A p::: u -
R~tained on No. 28 Tyler Standard Sieve 

L28.1 Q .8o .72 .59 .77 .00015 o.66 2.65 ,000250 ,0110 9.00 54.0 1.42 
L28,?. Q 1.16 .8o .36 .-31 .00013 o.62 2.65 • 000210 .·0110 6.25 3~r.3 2.'15 
L28 .• ) Q ~94 ·.90 !153 .60 · .. ooo2o 0,72 2.65 ·.000320 ' .~ 0110 8.60 56.3 1"6'8 
L28o'4 Q 1.00 .60 .56 .73 .00016 o.69 2.65 ·,000285 ~0108 9.15 58.5 1.44 
L28.,:5 Q ~88 ·• ?4 -44 .'55 '!00013 o.62 2",.65 .000210 ~0108 7.28 41.8 2.02 
L28~ '6 Q ·.88 .. 80 ,54 .·65 .00018 0.10 2.65 .000300 ~0108 8.20 53.3 1 .• 78 
L28o7 Q 1.28 ,86 .64 .61 ,00035 0.87 2.65 .000570 ·~0108 9.30 75.0 1~75 
L28,8 Q 1~00 0 81+ .;52 :51 .00020 0.72 2.65 .000320 .0110 7.80 51.1 2.05 
L28.9 Q 1 .• 34 .9i .42 ~38 ·.ooo25 o·. 78 21>65 .000415 ~0110 61)69 47.4 3.02 
L28 .. 10 Q 1.04 .7 .• 53 ~66 ·.00022 0.15 2.65 .000362 ~ · 0110 8.80 6o.o 1~68 

Retained on No. 32 Tyler Standard Sieve 

L32.1 Q .90 .80 ~36 .43 ,00013 0.62 2.65 .000210 .0110 5.95 33.6 3.02 
L32,2 .68 .60 .36 .56 Lost 
L32.3 Q .8~ .74 .~g6 • 79 ·• 00013 o.62 2.65 .000210 .0110 8.93 51.3 1.35 
L32~4 Q .8 ,68 • 0 ~78 ,00015 0.65 2.65 .000242 .0108 9.02 54.3 1~38 
L32o5 F 1,06 ·.62 .48 .59 .ooo14 o.64 2.51 .000228 .0108 7.00 41.5 2.24 
L32.6 Q .78 .76 .56 .73 .00014 o.64 2.65 ,000228 .0108 8.52 50~5 1.53 
L32. 7 Q 1~02 .84 ~46 .49 .00018 0,70 2.65 .000300 .0108 7.15 46~4 2~35 
L32.8 Q • 70 .52 .47 .78 .oooo8 0.53 2.65 .• .000131 .0106 7.00 35~1 1~86 
L32.9 Q .7 2 .6~ ;.45 ~67 !100009 0.55 2.65 .0001~5 .0106 6~05 31~4 2~61 
L32,10 Q .86 .5 .49 ~69 .00010 0.57 2.65 .0001 2 .0106 6~39 34.4 2~45 I-' w 

0 • 
(Cont inued on next pace) 



Table 14 
{Continued) 

OP, 
Particle H or-! .P P, 

~m .P~ .P 
<D Dimensions <D aS .P aS uJ or-~ 
~ ~ E ~m so o - -OM aS H ~ 'r-IB mo ~o ~ ~ 
•ri<D H <DO ~ Ettl ~Cil ,.;r-t 't'.l 't'.l 
.P..O <D <D p...p 0 0 •rt •rl •ri aS m - -
~S ;:j~ a b o ~g :> ZQ F 2Y::> !ii:> <D Q 
P..Z ~ 8 mm mm .mm Cll Iii oc mm S.,G. gm em /sec cm/seo ~ o 

Retained on No. 35 Tyler Standard Sieve 

L35.1 ~ ft66 .5o .35 .61 .oooo5 0.4~ . 2.65 .oooo8o .0103 5.o8 22.20 3o05 
L3$.2 ~ • 78 .52 .36. .55 . .oooo6 0.48 2.65 . • 000096 .0103 5eOl 23.3·5 . 3o37 
L35•3 · ~ .44 .40 .21 .49 .00002 0,.32 2.65 ,0000289 . • 0103 3.15 9.7!) 5c2.0 
L35·4 ~ .6o .46 .33 .63 .oooo4 0.42 2.65 .oooo65 .0103 4c55 18.55 3.51 . 
L35-.5 ~ ~52 . .42 "23 ~49 .00002 0.32 . 2.65 .0000289 .0101 3 .. 34 10.57 4~72 
L35-.6 Q. ~ 74 , .44 .30 .52 . .oooo5 o.45 2.65 .ooooBo .0101 . 4.45 19.80 · 4,05 

-· L35-7 ~ .56 .50 .30 .56 .00004 0.42 . 2.65 .000065 .0101 4.30 17.88 3.98 
L35;8 ~ ~56 .40 .21 .45 .00002 0.32 2.65 .0000289 e0101 3c42 10.83 4.50 
L35.9 · ~ .68 •48 .47 .81 ~oooo6 0,48 . 2.65 .oooo96 ~0101 6.55 31.2 lo95 
L35-.. l ·O Q .62 .56 .43 .73 .oooo6 o.48 2.65 .oooo96 .Q;l01 . 6.2o 29.5 2.15 

Retained on No• 42 Tyler Standard Sieve 

L42-.1 ~ .h6 .44 .23 , .51 . .,00002 0.32 2.65 .0000289 ,0100 3.40 10.89 4.60 
L42-.2 _- ~ ,66 o52 .29 .49 .00005 0,45 2.65 .000080 .0100 3. 70 16,62 5.03 
L42~3 · Q .58 .38 .35 .75 .00004 0.42 2.65 .000065 .0100 6.05 26.45 2.03 . 
L42.4_ Q .58 •44 .36 .70 .oooo5 o.45 2.65 .oooo8o .QlOO 6.1o 27.40 2.10 
L42.5 · Q .64 .46 .26 .48 .00003 0.38 2.65 .000049 .QlOO 3.38 12 .. 8) 5.80 
L42o6 Q .6h .38 o43 .88 .00005 0.45 2.65 .000080 .0100 6,30 28.3 1 11 95 
L42-.7 · ~ ·.56 .36 e37 .82 .00003 0.38 2.65 .000049 .0101 4• 25 15o98 2.92 
L42.8 _ Q .56 .40 .35 .75 .00003 0.38 · 2.65 .000049 ,0101 4o25 15.98 3,68 
L42-.9 · Q .64 .40 .34 .67 .00004 0.42 . 2.65 .oooo65 ,0101 4.,45 18.48 3,73 I-' 
L42.10 Q ·.6o .48 .37 .68 .oooo5 0.45 2.65 .oooo8o .0101 5.2o 23el5 2.90 ~ 

• 
(Continued on next page) 



Table 14 
(Continued) 

Particle ()~ 
H •rt ~ ~ 

Dimensions r-tQ) ~ort ~ 
Q) Q) <1!4.:1 <1! I'll •rt -r-1 af § 1=1 Q) s 0 0 ~ ....... o H H ·g ~ Q) 0 r-10 rc:l ~ •rt t) H Q) 0 r-1 S:: l'll ,.;,.; - rc:l 
~..0 Q)Q) b p,.p 0 O •rt •rl •rt <1! Q) -~~ S::P. a c <1! 0 :> ~ (.:) F ~:> r: ... > 

;:!~ mm ..c, ttl Q) A fl..4Z mm mm Cl)rz_. cc mm S.Go gm em /sec crr(sec ~)::; 0 

Retained ~n No. 48 Tyler Standard Sieve 

L48.1 Q. .42 .40 .30 • 75 .00002 Oo32 2.65 .0000289 e0110 3.75 10.90 3.72 
L48.2 Q .38 .36 .24 .64 .00002 0.32 2,65 .0000289 .0110 3o10 9.00 5.36 
L48.3 Q. r~52 .46 .26 .53 .00003 0.38 2.65 .; oooo490 .o1o8 _3,6)0 11.72 6.19 
L48.4 Q. 4154 .46 .20 el~O .00002 0.32 2.65 .0000289 .0108 2.91 . 8. 70 6.21 
L48.5 Q. .62 .38 .35 e71 .00003 0.38 2.65 610000490 .0108 4.25 15.·21 3.65 
L48~6 Q. .42 .32 • 27 • 7h .00002 0~32 2.65 .0000289 .0106 4c,07 12.30 3.20 
L48.7 Q ·44 .40 .21 .51 .00002 0.32 2.65 ' .0000289 .0106 2.80 8.~5 6.75 
L48.8 .56 .38 .34 • '15 . 00003 0.38 2.65 .0000490 .01 06 5-75 20. 5 2.02 
L48~9 Q .54 q40 .31 .67 .00003 0.38 2.65 .0000490 .0106 3.a65 13.08 ~ .• 97 
L48.10 Q ·44 .36 .26 .64 .oooo2 ·o.32 2.65 .0000289 . 0106 3.10 9.35 5.48 

Retained on No. 60 Tyler Standard Sieve 

L60.1 Q. -44 .36 .04 .11 2.65 Lost 
L60.2 Q. .44 .3~ .19 .50 .000012 0.28 2 .. 65 .. 0000195 .0110 2.48 6.32 7.91 
L60.3 Q. o44 .3 .20 2.65 Lost 
L60.4 Q . 42 .30 2.65 Lost 
L60.5 Q. .34 .30 .. 16 . 1~8 . 000007 Oe24 2.65 .. 0000118 .0110 1.86 4.07 12.03 
L60.6 Q · o42 .36 .18 .47 .000010 0.26 2.65 .0000255 .0108 2.20 5.30 9.40 
L60.~ Q. . 48 .26 . • 20 .58 .ooooo9 ·o.25 2.65 . • 0000135 .0108 1. 75 4.05 1L.50 L60. Q .42 • 26 .12 .35 · 2.65 Lost 
L60.9 Q .38 .34 2.65 Lost 
L60.10 Q .60 .34 2.65 Lost I-' 

' UJ 
1\) • 

(Conti nued on next page) 



Table 14 
(Continued) 

---
(.)~ 

•r-1 .p ~ 
Particle H .p •r-1 .p 

H<D Cll Ol •r-1 
(!) Dimens i ons <D Cll.P s 0 (.) 
H ~ § ~ (!) Q) 0 HO o H H ·s ~ !=! Ol .--IH 
...-t<D H <DO H •r-1 •r-1 Cll Q) 
.P..O (!)(I) P..P 0 0 ··-i ~> lit> 
~§ !=!(;; a b c Cll 0 > ZA F 2 •.-I ...C:Cil s.G, em/sec em/sec ~z ~ E-1 mm mm mm rl.llit cc mm gm 

Retained on No. 65 Tyler Standard Sieve 

L65.1 
L65.2 
L65.3 
L65.4 
L65.5 
L65.6 
L65.7 
L65.8 
L65~9 
L65,10 

Q .28 • 28 .22 .78 
Q .40 .28 .19 .58 
Q . .46 • 26 .12 .34 
Q .30 • 28 .• 23 .82 
Q .36 .20 ··23 .87 
Q .32 .20 .. 17 .69 
Q. o32 .30 .22 .68 
Q .36 .32 
Q .40 .30 .20 .58 
Q .40 .26 ·.19 .61 

F - Feldspar 
Q - Quartz or Chalcedony 
X - 1Uxture 

.000007 0.23 2.65 .,0000102 .0106 1.60 

.000008 Oe24 2.65 .0000118 .0106 lol2 .ooooo5 o.,21 2.65 .0000078 .0106 1.68 

.000007 0.23 2.65 .0000102 .0110 2.27 

.ooooo6 0.22 2.65 .0000087 .0110 2.08 

.000003 0.19 2.65 . • 0000071 .0100 1.92 

.000009 0.25 2.65 .0000135 .0100 2.86 
2.65 Lost 

.000011 0.27 2.65 .0000170 .0100 2.53 
e000009 0.25 2.65 .0000135 .0100 1.72 

.,....., 
!=! rc -

(I) 
n:: 

3.48 
2Q54 
3.34 
4.75 
4.59 
3.65 
7.15 

6.8 
Lt.3 

-!=! rc -
A 

0 

11.12 
14.00 
13.01 

7.95 
8.21 
9.43 
5.lt2 
7.45 
9c 79 

f-l w w 
(II 



Table 15 

Drag Coefficient as a Function of Reynolds 
Number for l'la tura.l1y: \vorn Sedl mon: l;a ·. 

(Tak~n from Composite Cn:Re Graph, FigG 14) 

Re Cn 
sf = 0.3 o.s 0"7 Oe9 loO 

1.5 25.0 21 19e4 --- 19e0 
2 20,.2 16.8 15.4 14~9 
3 14.9 12o4 11.2 10.8 
~ 12.0 9.9 8.9 8,6 
!:> 10.3 8,5 7.5 7.2 
6 9.1 7.45 6Q5 -.- 6.3 
7 8.1 6.7 5.385 5.6 
8 7.5 6.1 5.3 5.05 
9 6.9 5e65 4.9 4.65 

10 6.5 5.25 4.55 ..,_ 4·3 
15 5.05 4.1 3o~5 3.23 
20 4.3 3.4 ?. 8 2.75 2.68 
30 3.5 2.72 2.28 2.14 2(\08 
40 3e1 2.35 1.94 1.81 1.75 
50 2,85 2.11 1.74 1.59 1.56 
60 2.70 1.95 1.60 1 .• 45 1.40 
70 2.60 1,83 1.49 1.33 1.29 
80 2.52 1.75 . 1.41 :J-.25 1.21 
90 2~47 1.67 1.35 1.18 1.14 

100 2.45 1.61 1.30 1.12 1.08 
150 2.36 1.45 1.14 .94 .895 
200 2.34 1.38 1.07 •. 84 • 79 
300 2.37 1.30 1.02 •. 75 .67 
400 2.40 1 .• 30 1.00 • 71 tl>60 
500 2.45 1 • .31 1.00 .695 .555 
600 2.50 1.33 1.02 ~685 ~528 
700 2.55 1.37 1.03 .683 .502 
Boo 2.59 1.40 l.O~ .680 .488 

1000 2.65 1.48 1.0 .675 .,460 
1500 2.70 1.61 1.14 ,670 .428 
2000 2.70 1.68 1.17 .670 .410 
3000 2.63 1. 70 1.20 .680 o400 
4000 2.5$ 1.70 1.21 ,682 o400 
5000 2o46 1.67 1.20 o695 .401 
6000 2.38 1.66 1.19 .700 e402 
7000 2.31 1.63 1.18 • 705 .40~ 8000 2.26 1.61 1.17 t;705 .40 

10000 2.17 1.57 1.~ ~710 ca410 
15000 2o1l 1.40 1.0 !)711 .414 



Tab],.e 16 

Drag Coefficient as a Function of 
Reynolds Number for Crusher Fragments 

(Taken from Composite Gn:Re Graph, Fig. 15) 

Re Cn 
sf = 0.3 0.5 Oc7 0.9 1.0 --

1.5 24.5 21.3 19.,5 19.0 
2 l9e9 16.9 15.5 14.9 
3 14.6 . 12.3 11.,3 10.8 . 
4 11.8 9.9 8.9 8.5 
5 10.2 8.55 7.5 7.15 
6 8.95 7.5 6.6 6.25 
7 8.05 6.7 5.9 5.55 
8 7.33 6.15 5.35 5~1 
9 6.80 5.7 4.95 4.65 

10 6.40 5.3 4.60 4~3 
15 5.02 4-13 3.55 3.26 
20 4.28 3.52 3.00 2. 75 2.7 
30 3.5 2.85 2.38 2.18 I 2.10 
40 3 .• 15 2.5 2.06 1.86 1 .. 76 
50 2.92 2.28 1.86 1·.66 1 .. 56 
60 2.8 2.14 1.72 1.52 1.41 
70 2 .• 70 2.05 1.63 1.41 1.30 
80 2.,66 1.98 1.54 1$34 1.21 
90 2.62 1.94 1.47 1.27 1.15 

100 2.60 1.88 1..,43 1.22 1.09 
150 2.67 1.78 1.30 1.06 .90 
200 2.83 1.75 1.23 .98 • 79 
300 3.08 1.75 1.21 .89 .67 
400 3.20 1.77 1.22 .,865 .60 
500 3.22 1.78 1. 23 .858 .56 
600 3.25 1.82 1.24 .855 .528 
700 3.24 1.83 1.27 .855 .. 502 
800 3.21 1.84 1.28 .855 .488 
900 3.22 . 1.86 1.29 ~857 .473 

1.000 3.18 1.88 1.29 .860 .460 
1500 3 .. 08 1.88 1.30 .863 .426 
2000 2.99 1.90 1.32 .866 .410 
3000 2.90 1.89 1.32 .869 .400 
4000 2.79 1.86 1.31 .870 .400 
5000 2.73 1.82 1.30 .868 .401 
6000 2.68 1..80 1.29 .865 .402 
7000 2.62 1.76 1 .. 28 .855 .40~ 
8000 . 2.57 1.72 L)27 ~~842 .40 
9000 2.52 1.69 1.24 .825 .408 

10000 2.48 ]..67 1.22 .Boo .410 
15000 2.35 1.57 1.19 .750 ~410 



Table 17 

Drag Coefficient as a Function of Size 
Coefficient for Natural Particles 

(Taken £rom Fi gs. 20 and 21) 

cs c D Cn 
For naturally worn sediments For crusher fragments 

sf = 0.3 0,5 0.7 0.9 1.0 0~3 0.5 0.7 Oo9 1,0 .... , 

20 28.0 21.1 18.2 -- 16 ff 3> 28.0 21.2 18.2 ..... 16.3 
100 10.3 7. 73 6.45 -- 5.95 10.3 7.90 6.65 ....... 5.9'5 
400 5.35 3.96 3.20 -- 2.85 5"39 4.11 3.32 ...... 21185 

1000 3.75 2.72 2.26 1.98 1.88 3~75 2.88 2.32 2,00 lo88 
4,000 2.70 1.80 1.47 1. 21 1,13 2.76 2.06 1.56 1,32 1.13 

10,000 2.42 1.50 1.18 Oo92 o.845 2.51 1.82 1"32 1,05 0,845 
20,000 2.32 1.38 1.06 0.780 0.705 2.58 1.76 1.23 0.96 . o. 705 
40$000 2.30 1.30 1.02 0.710 o.595 2.69 1.74 1.20 o.895 0.595 
70,000 2.32 1.27 1.01 0.685 0.530 2.9~ la74 lo21 : o.86o o.530 

100,000 2.33 " 1.28 1.01 0.675 0.495 3.0 1.76 1.23 0,850 0.495 
200:,000 2.41 1.32 1.03 o .• 665 -.450 3.19 lo81 1.27 0.,855 0.450 
400:,000 2.50 1.41 1.07 o.665 0.420 3.21 le86 1,29 o.865 0.420 
700,000 2.60 1.50 1.12 0.665 0.407 3.20 1.87 1.29 . 0.875 0.407 

1;000;000 2.68 1.58 1.16 o.68o 0 .1+00 3o19 lo89 1.30 o.875 0.400 
2:,000:,000 2 .. 72 1.65 1.18 . 0.682 0.397 3.12 1.90 1.31 o.88o 0.397 4,000,000 2.70 1.70 1.20 o.685 0.397 3o01 1.90 1.32 0,880 0.397 7,000,000 2.63 1.70 1.20 . 0.687 0.400 2o93 lc,88 11)32 o,8l5 0.400 10,000,000 2.58 1.69 1,19 0.695 0.,405 2.87 1.86 1.30 o.8 o 0.405 20;000,000 2.45 1.66 1.17 0.706 -- 2o76 1.80 1.28 0.835 -30,000,000 2.37 1.62 1.13 -- -- 2.68 1.74 1.26 ...... --40,000,000 2.31 1.60 1.11 -- -- ' 2~~63 1.71 1.23 ... _ --50,000,000 ' 2.25 1.57 -- -- -- 2n58 1.68 -- ........ ... _ 



Table 18 

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

Cw Re Re 
For naturally worn sediments For crusher fragments 

sf = 0.3 0.5 0.7 0.9 1.0 0.3 0.5 Oo7 0.9 1.0 

.. 00000003 -- -- -- -- 9800 -- --· ...... -- 9800 

.00000007 -- -- -- 6100 4000· --· ...... ... ... 8400 4000 

.0000001 -- -- 7700 4450 2800 -w· .,..._ 8500 5950 2800 

.-0000002 7600 5600 4080 2290 1~70 8600 6100 4450 3050 1~70 .0000004 4250 2950 2030 1180 30 4670 3200 2260 1500 30 

.0000007 2540 1620 1080 665 540 2800 1850 1280· 850 540 

.000001 1780 970 690 470 410 2000 1280 870 586 410 

.000002 880 425 340 262 248 1070 625 408 302 248 

.-000004 416 225 186 158 153 540 294 210 173 153 

.000007 226 142 117 107 103 280 165 128 112 103 
,00001 151 106 90 84 80 180 119 96 85 81 
.,00002 82 6~.5 55.6 52.5 50.5 86 66.5 58. 53ol 5o.5 
.. 00004 47.0 3 .5 34.6 33.5 32.5 48 40o8 35.6 33.5 32.5 
.0001 24o6 21.5 19.4 -- 18t~4 25,2 22o2 19·. 7 18o5 18o4 
.0004 10.2 9.0 8,~ -- 8.0 10.3 9.2 8a3 ...... . a.o 
.. 001 _ 5.8 5.2 4. 5 -- 4.70 5.9 5~2 4.85 ........ 4. 70 
~. oo4 2.56 2.33 2.22 -- 2o18 2.58 2.33 2.22 ...... 2.18 • oo8 1. 72 . 1.58 1.50 - .. 1.48 1.72 1.58 1,51 - 1~48 
.01 1.53 1.41 1.,33 -- 1.29 1.50 1.40 1a33 .... 1.29 -

(6450-53)\* 

~ 
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