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. FORE\70RD 

This report SU1Illllal'izes a number of years of research in sediloont 

engineering cpnducted'in the hydraulics laboratory at Colorado Agricul-. 

tural and .Mechanj_cal College. Under the direction of Dean N. A .  

Christensen, Eugene Serr III propo�ed in a Ha.ster' s Thesis as a shape 

factor, a simple ratio of sedimentation diamater to sieve diameter. 

Later under the direction of Professor U. L. Albertson, Head of Fluid 

Mechanics Research, A. 'l'. Corey, R. H. Wilde and. i!:. F .  Schulz conducted 

investigations using a shape factor proposed by Corey and n�tural sedi­

mentary materials from different sources ranging in size from 1/4 IIIi!l. 

sand to l inch gravel • . During this sama period under the direction of 

Professor J. S. McNown at State University of Iowa, Jamil Malaika con­

ducted experiments in oil using steel particles uith regular geometric 

shapes.· 

In 1952 a grant ll'aS made available t o  Colorado Agri�ultural and 

Mechanical College through its Research Foundation by the Corps ot En­

gineers, Department of the Army, for the purpose of assembling this 

report and obtaining the data for the gravel particles dropped in oil. 

Mr. Don C. Bondurant represented the sponsor, and much credit is duo 

him for his efforts and suggestions. 

The authors are indebted t o  Mr. E. W. Lane of t he U. S. Bure u of 

Reclamation for his encouragement and for supplying the i.ni tial inc<an­

tive for this series of .studies of shape. They are also indebted to 

Dr. D. F. Peterson, Head of the Department of Civii Engineering, for 

his encouragement and for_ reviewing this report. 
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In the interest o! maximum utility, all o! the available 

measurements and� other data have been included in the Appendix. 

·The autliors hope tha.t in this way the data will be available to 

others--for future improvement in the techniques of: sed:imant 

engineering. --
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ABSTRACT 

Techniques used in modern sediment engineering require knowledge 

� ·of the fall ve"locity of sedilllant particles in water. Under certairi 

condi ti ons the fall velocity of a sphere can be computed using Stokes 

Law. Stokes LalT 1 howver, considers only the viscous forces on the 

particle. The resistance of particles falling in water is attributed 

to (1) viscous deformation of the fluid, and (2) inertial losses in the 

fluid caused by acceleration (both tangential and normal acceleration) 

of the fluid around the particle. The Reynolds number· (a ratio of the 

inertial forces to the viscous forces) is a dimensionless parameter 

which expresses the relative importance of the inertial forces to the 

viscous forces in the motion of the nuid around the particle. Stokes 

Law is valid when the viscous forces are the predominate cause of the 

resistance of the particle. As Reynolds numbers become greater than 1.0 
the inertial forces assume greater importance and any equation which 

considers only the viscous forces (such as Stokes Law) becomes less and 

. less valid. A quartz sphere approximately 0.1 mm diameter falling in 

watGr at 20° C (68° F) would have a Reynolds number of 1.0. 
To study the fall velocity of natural particles, dirrensionless 

parameters were employed to give general solutions to the equations in­

volved. The principal parameters employed were the Reynold� number 

{ratio of inertial forces to viscous forces), the drag coefficient (in­

tensity of drag force) and the shape factor. Particles were selected at 

random from a number of samples of sedimel)t having different geographical 

and geologic origins. The shape factor of these particles was measured. 

xii 



The particles were then dropped in water and the fall velocity measured. 

By measuring .the 1reight, the volume , the fall velocity and the shape of 

the particle, the dimensionless parameters previously listed c ould 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 in size from 0.25 mm to 25 mm .  To verify 

the results from the tests on the smill pal�icles, the gravel-sized par­

ticles were also dropped in oil. Because of the viscosit,y difference 

between the water a nd the oil, the larger gravel-sized particles had 

Reynolds numbers between 1.0 and 500 when dropped in oil. It was found 

that the effects- of sur face roughness could not be ignored; t.heref'oro, 

data obtained f rom the extremely rough particles Tl8re separated from tho 

more rounded material by plotting on separate graphs. 

The data obtained by Krumbein and Yalaika 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 diame­

ter t o  s edimentation diameter and shape factor have also been investi­

gated. �11 the available data have been assembled in the Appendix. 



'Chaptsr I 

lNTRODUCTION 

-.. .. � :. :: . :::..:.::. �� _ su�_casp _of _'!fJB.IlY irrigation and !lood c�ntrol projects bas ooen 

c:.· - _ _ - _aeriousl:Y hampered because of man 1 s inability to cope with the. probloiiB 

.f :. : -

_:::. - ... 

�brought about by the presenGe pf large quantities of sedimants or otho_r 

�roblems associated with eedimentation. Soma of these might have been 

- avoided in the design stage had present day information and knowledge b3en 

available to the do3igners . Other_di!ficulties because o! sediment en­

countered in the current operation of irrigation and river control proj­

ects might at loast be alleviated, if not eliminated, by a better under-

standing-of factors involved in the process of sedimentation. 

Sediment Problem in Engin�ering 

Kodern sediment enginGers have been greatly handicapped by the lack 

::. of }ilycic al measurements required to describe fully tho farces governing 

- the movemsnt of sedimants. Recently, theoretical methods havo b sn de­

wloped !or describing the movement of sedi.m9nt and predicting the amount 

o! _aedimant being transported in str&ams. To emplo y these theoretical 

:-. mthods, certain averaee hydraulic properties of the sodimant and also tha 

- - :extent of variation of these properties from the average must be known. 

Fall-Velocity-- A Fundamsntal Property of Sedimsnt 

Salient among these ·aedimant properties is the terminal fall velocity 

or aattling velocity. Investigators ha\"9 knonn for considerable tims that 

the fall velocity i s  an important consideration in reserTOir sedim3ntatiouJ 

hO'llQver,, recGnt research bas shcnm that the stream velocity required to 

move particles along a stream bed is also directly relAted to the !all 

velocity. 



Factors Affecting Fall Velocity 

Many factors influence the terminal velocity or fall velocity of a 

single isolated partiole, the most important factors generally considered 

are size, shape, density of the particle, proximity of boundaries, par­

ticle concentration, and viscosity of the fluid� Although it is d:i.fficult 

to·isolate these factors and study them individually, cEU·tain generalized 

statements can be made concerning them. 

Particle sizea The size usually is considered the most important 

�iable and is sought as a criterion to determine which forces will have 

predominant action on the particle moving in'the fluid. Size wo�d be an 

ea:Jy variable to measure if' all sedimentary particles wre of regular geo­

metric shape such as a sphere. The exact �ize of the larger particles 

like gravel can be determined eazily because the particles are large enough 

to handle, examine, and measure. 

SieVing is most often employed to determine the size o! a particle 

wherein the sediment size is usually described by arbitrary sieve-�ize 

ranges. -The sediment size scale is shoun in Table 1. 

Particle sha.pea The �hapa of the particle, although secondary in im­

pOrtance-to size, cannot be ignored because many of the differences and 

discrepaOcies of the fall velocity for a particular size can be explained 

by measuring or. describing the shape. 

Particle densitys The particle density is relatj_vely unimportant be­

cause the density of common sedimentary particles varies betTieen narrow 

limits. Actually, the important factor associated �th particle deneity 

is the particle density relative to the density of the fluid medium. If 

the fluid medium is water, the ralation can be simply oxpressod as the 

2 



Table 1 

Sediment Grnde Scale !/ 
(Subcommittee on Sedimaot Terminology, A.G.U.) 

Approximate Sieve Mesh 
Size in W.l.J.imsters Microns Inches Openings par Inch 

Tyler U.S. Struxiard 

4000-2000 160-80 
2000-1000 80-40 
1000-500 4D-20 

500-250 20-10 
25Q-130 lD-5 
130-64 5-2.� 

64-32 2.5-1.3 
32-16 1.3-o.6 
16-8 o.6-o.3 2i 8-4 o.3-o.l6 5 � 

4-2 o.16-o.o8 9 10 

2-1 2.oo-1.00 2000-1000 16 18 
1-1/2. 1.00-0.50 10Q0-500 32 35 

1/2-1/4. 0.5D-0.25 50D-250 60 60 
1/11--l/8 0.25-0.125 25D-125 ll5 120 
1/8-1/16 0.125-0.o62 125-62 250 230 

1/16-1/32 o.o62-0.031 62-31 
1/.32-1/64 0.0.31-0.016 . .31-16 
1/64-1/128 0.016-0.008 . 16-8 

. 1/128-1/256 0.008-0.004 8-4 
1/256-1/512 0.004-0.0020 4-2 
·/{512-1/1024 o.oo2o-o.oo1o 2-1 

1 024-1/2048 . 0.0010-0.0005 1-0.5 
1/2048-1/4096. o.ooos-o.ooo24 o.s-o.24 

!/ Rouae et a1., Engineering Hydraulics-, John Wiley, 1950, p. ?76. 

. Class 

Very large boulders 
Large bouldm-s 
Medium boulders 
Small boulders 
Large cobbles 
Small cobbles 

Very coarse granl 
Coarse gravel 
!ladium gravel 
Fine graTel 
Very fine gravel 

Very coarse sand 
Coarse sand 
Jlsdilllll sand 
Fine und 
Very fine sand 

Coarse silt 
l!sdium silt 
Fine silt 
Very fine silt 

Coarse clay 
Medium clay 
Fine clay 
Very fine clay 



specific gravity of the particle. Sin ce quartz and the silicas o ccur I!O 

frequently in natural sediments , the average specific gravity of sodi-

manta is common]s: assum!3d
. 
to be 2.65. '!he average spec�fic gravity of 

common sedimentary minerals is sbown 1n Table 2. 

Table 2 

Specific Gravity of Common &dimsntag lft.norals Y 
1LINERAL 

Beryl 

·Biotite 

": Calcite 
' 

-Coal 

Dolomite 

Galena 

Garnet 
-
·J.fuscovite (W.o.s.} 
Kicrocline (Feldspar) 

Orthoclaue (Felds�) 

�rtz (Calcedony) 
' ·  ..... 

!1 From Dana's Handbook of Minerology. 
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SPECIFIC GRA VITI 

2 .?5 � 2.8 

2 .8 - 3.2 

2 .?2 

2 .8 5  

?.4 - ?.6 

3� - 4.3 

-2 �?6- 3.1 

- 2 •. 54 - 2.5.? 

:2 .5?. 

2 .65 
;· 
- .  ,.. -· -

. -
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Fluid Viscosity: The fluid viscosity plays an important role in 

the fall velocity of a particle. When t.'I-J.e particle is moving slowly, 

any differences in the viscosity of the fluid cause changes in the fluid 

drag on the particle. Viscos_ity varies condderably mth changes in 

temperature but only slightly with changes in pressure. In fact, the 

varia�ion with pressure is so small that it can be ignored so that vis­

�osity i� considered a function of temperature only. The fluid proper­

ties of density, dynamic vi�cosity, and kinematic viscosity of water are 

plotted·as a function of temperature in Figure 1. 

Present Techniques Used in Sediment Analysis 

Presently accepted techniques used in sediment analysis will bo 

briefly described. Complete detailed descriptions of these tests can_ be 

obtained from the Proceedings of the American Society for Testing Mater­

ials or the reports of the Cooperative Federal Inter-Agency Project {1) 

_(2). 
Geometric sizo and submerged W8ight are ths primary properties of a 

��diment particle Which influence its behavior in resisting the forces 

to which it ts subjected by the fluid both whUe in suspension and while ... - . . - . 
on or near the bed. Because the wight of a particle i& sometimes con-

sidered to be synonymous nth size (since specific gravity is so near a 

constant far most natural water-bor�e sediments), the size thereby be-

comes the most important property of sooimsnt and of greatest significence 

in sediment· engineering. The properties of particle shape, fluid density 

and fluid viscoatty all are associated with th9 drag or resistance of the 

particle and are therefore associated with the force which can be mobi-

lized to act on the particle. 

5 
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Sieve and Sedimentation Analys� : Size is determined by several 

different methods depending on the relative size of the part�.cles. 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 streams, the technique of size determina­

tion can be one of. considering each particle individually. 

For· the size ra.nge from fine sand (1/16 nnn.) to medium gravel 

(i6mm. ) the usual method of size determination is by sieving and the 

measured size is termed the sieve diameter (23:775). Siev.U1g sorts the 

particles according to a range of sizes and it is assumed that· the par­

ticles are sorted according to their intermediate axes (b dimension). 

This is true only if the particles are thoroughly agitated for a suffi­

cient period of time. The range of sizes present in any sievs fraction 

depends on the difference in sizes of the sieve openings of the "retained" 

sieve and the "passing11 sieve. 

_Sieving is quite often considered an unreliable method of size de­

termination for particles smaller than the No. 200 sieve (approximately 

1/14 mm. ) (2Jr775). 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 sedimentation methods (1). 

Tbe sedimentation methods sort the particles according to the hydrau­

lic properties rather than by actual physical measurements and the size is 

then ter.rred the sedimentation diameter. The properties of shape and spe­

cific gravity are indeterminably confused: with the size analysis when the 

sedimentation methods are used. 

? 



Specific Gravity: Beca�se the relati�e weight of the sediment in 

the fluid is the desired variable, specific gravity ie usually deter-

mined instead of density. Considerable 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 c omposed of quartz (SG = 2.65). Therefore, the specific grav­

ity of sand is approximately 2.65. The fine materials (siit and clay -

sizes less than 1/16 mm. ) are more often fragments of feldspars and micas 

(SG = 2·.5 to 2.?) and therefore these fine materials tend to have a lcnrer 

specific gravity (23:???). 

The foregoing discussion has shOTIIl how the specific gravity Varies 

as the size decreases from large boulders to fine clay. In certain prob-

lems these variations in specific gravity could easily account for large 

discrepancies in fall velocity. 

Lack of a Shape Standard: Of all the variables influencing. the fall 

velocity, only shape lacks an easy and widely accepted definition. This 

lack of generally accepted and easily measured standard has hampered ma�y 

refinements of technique in modern sedimentation engineering. Because 

there has been considerable confusion in describing shape, a revieW of 

the existing literature is appropriate and helpful in formulating a sat-

isfactory and useful method of describing shape. 

e::-.: :.. ' . 

- .. 
. .._ . ..... - -- ... 

8 

. . .  ..._ � 



• 

' 

, 

. � - -

_.:. - ;,.  . .... 

Chapter II 

REVIEW OF LITERATURE 

With the mare complete utilization of stream flo� to fill the ex­

panding needs of irrigation and the increasing demands for municipal and 

domestic water supplies, the problems resulting from the presence of sed­

iments in the streams and sedimentation in the stream beds and reservoirs 

have become evident and in many cases aggravated . In utilizing this 

stream flow, means have been devised for separating the wanted water from 

the unvJaDted sediment. In many cases much of the sediment has bee n dis-

charged back into the stream, thus increasing the concentration of the 

sediment load downstream. The problems of predicting and c ontrolling the 

a ction of these sediment-laden streams have been in creased and in many 

cases t oday_are c ompletely unsolved . To employ the turbulence theory on 

these problems, more must be known about the fall velocity. 

The most apparent use of the fall velocity concept is in predicting 

the time required for a particle to settle through a known distance in a 

body of quiet water. By this means the length of time may be determined 

that water must be retained quietly in a settling basin in order to sep-

arate the sediment from the water. Tha fall velocity is useful also in 

predicting the location of the sediment deposits in existing or potential 

reservoirs . 

Another need for knowing the fall velocity was demonstrated by 

Krumbein (8) and Rubey (26) who found that the critical velocity of the 

stream When the particles on the bed of the stream moved into suspension 

was related to the fa�l velocity of the particles in quiet water. Thus 

9 
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to prevent movement of the bed material into suspension, the stream 

velocity must not exceed the critical velocity of the particles compris-

ing the bed �teriaL_ I! in � stre�� -�he particles need -�o be kept in 

suspens_i�I), the !all yel:_o�i:ty to a large ex�ent determines the_ intensity 

of tur�ulenc� required to prevent sedimentation. 

�ally, _perhaps �he most impo!tant need !or knowledge of the !all 

velocity is the use of the fall velocity in the formulae for computing 

the qu�ntity �� material being moved in a stream as suspended sediment 

and also as bed load. 

Early Research 

Sir George Stokes (19) was first to show concern about the fall 

veloci�y of particles. In 1846 he derived an equation for viscous con­

ditions, later called Stokes Law, which defined the fall velocity of 

spheres falling under the action of gravity in a fluid medium of kn�n 

viscosity. Stokes law is expressed as follows: 

where 
-. w - .fall velocity, 

d - diameter of the sphere, 
SGP - specific gravity of tbe particle, 
SGf - specific gravity of the fluid, : :y -·specific weight of water, 

�- dynamic viscosity. 

Later met�l�urgical �ng�eers, concerned with_o�e dressi:ng problems, 

recognized that there was a significant difference in the fall velocity 

of different rock particles. In 1908 Richards (24), a mining engineer, 

studied the fall velocities of cru�hed quartz and galena particles. 

10 



Richards studied sieve �ractions ranging in size from 0.32 to 11.93 mil­

limeters. He observed that the drag coefficient was no longer a function 

of Reynolds number for particles larger than 1.55 mm. diameter. Further­

more, this anomaly occurred differently for the quartz and galena. He 

sought to explain the difference on the basis of the difference in the 

specific gravity of the two materials. Closer investigation might have 

disclosed to Richards that this difference could not be attributed to a 

difference in specific gravity, but to the shape which was different for 

the quartz and galena. The explfu,ation was pointed out years later. 

Recent Research 

In 1933 Rubey (26) using Richard's data and additional data of his 

own recognized that the fall velocities follow two different laws. He 

.found that for particles smaller than about 0.14 mm. sieve diameter 

Stokes law seemed to be valid and he called this range the viscous range. 

because the particle motion could be completely described by the action 

of the viscous and gravity forces. Rubey developed an equation for the 

particles larger than 0.14 mm. He stated that this second law applied to 

the "impact" range because the resistance to motion in this range was 

caused by the "impact" of the,fluid. His equation consisted essentially 

of Stokes l aw combined with a correction for "impact." 'I"ne use of the 

word "impact" does not conform to the present-day concept of the term. 

Rubey also found that it was necessary to use an additional correction 

coefficient to make the galena data conform to his curve, which had been 

derived from the data for the quartz grains. He suggested that the dif­

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

11 
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difference in the characteristic shape of the crushed quartz and galena 

particles .  
- - -

In 1934 A: - P . Zegrzda (42), a Rus sian engineer, plotted some original 

experimental data together with - other aVailable data on a type of Co : Re 

graph .!/ When plotted in this manne�, 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 

Stage11 ( Reynolds number 1 .  0 to 1000) J and the third range the II turbulent 

stage" { Reynolds number greater than 1000) . In the latter range the drag 

coefficient remained constant and was therefore independent of Reynolds 

number . He found that the drag coefficient varied greatly for any par-

ticular value of- Reynolds number depending upon the shape of the particle . 

He plotted his da.ta 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" par­

· ticles of sand ; To obtain fluids of different density - and viscosity he 

used water and -different petroleum products . in this way he c ould vary 

the viscosity by -dr opping the simS particle in the different fluid medi­

ums . He found -that -data using the smooth bails plotted a -smooth CUrve on 

the Cn-: Re graph rega-rdless of the f"luid medium used. On the · other hand 

he . found that the curves -f�r 'the sand "grains dropped -in Wa.ter -.;.(n{ld not 

He explained 

that this discrep�ci was caused by . the iOiluence of the relatively -rough , . 
-
- - . .  - ... - - .  - - . 

·- - '- . .  - ... . -- ... _. . 
- - - - - -- . -

- - - - - - ·  .._ _  - -

!_I A short English su.m.mary of Zegrzda 1 s paper is presented in the 

appendix .  

12 
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irregular surface of the sand grai ns on the flow pattern ar ound the par­

ticle . Therefore, he re commended that for sedimentation studie s ,  water 

only be used as the fluid me�ium. 

•ctually the effects of the fluid are completely accounted for when 

using the Reynolds number parameter . The influence of the fluid on the 

particle is one of vi scosity . When the Reyn olds number is high 

(Re :>lO , OOO) the vi scous force s ,  while still present , are of minor impor­

tance relative ·to inertial force s .  :his relationship i s  true for any 

particular Reynolds number, regardles s  of the fluid used . The validity 

of the assumption that Reynolds number completely accounts for the ef­

fects of the viscosity of the fluid was later ver ified by Malaika . 

In 1935 Wadell (35) (36) attempted to evaluate the shape parameter 

by means of the sphericity of the particle . He defined sphericity as the 

ratio of the surface area of a sphere havin g  the same volume as the par­

ticle t o  the a ctual surface area of the par ti cle . He also suggested the 

pre sently a ccepted definition of sedimentation diameter ( i . e . ,  the diam­

eter of a sphere having the same terminal velocity and spe cific gravity 

as the natural particle falling in the same fluid . ) 
Wadell 1 s  conclusions were oased on sound theoretical considerations . 

He also recognized the impractical nature of his concept of spher icity 

. be causa ·the true surface area of individual small particle s is virtually 

impossible t o  obtain . 1herefore , he redefined the s pher icity as the ratio 

of . the diameter of a circle equal in area to the pr oje cted area ( obtained 

when the particle rests on one of its larger face s ) to the diameter of 

the smallest c ir cle c ircumscribing the pr ojected area . The proje cted area 

13 
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was mea sured by tracing around a magnified proj e ction of the particle 

with a planimeter. The area of the c ircums cribing cir cle was obtained 

. by placing a specially-constructed c ir cular grid over the proj e cted ima&e 
'. c· � - �  f • · - -- .... ' r ,. .  

and observing the diameter of the smallest circle which surrounded the 

image . The weakness of Wadell ' s  simpl ified sphericity coefficient lies 
- .  

in its lack of any consideration of the " thickness" of the particle 'with 

re spe ct to the mea sured proje cted area . 

In 1938 H. Heywood (6 ) ,  a . British inve stigator, studying the " fine -

n e s s "  of r ock crusher materials suggested a " volume constant" as a shape 

paramete r .  The volume constant, k, was defined as : 
( . 

k = volume of particle 
d 

where d - diameter of a circle of area equal to the proje cted area 

of the particle when placed in its most · stable position . 

Hejwood 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 e stimated using a table of 11 k11 

value s' published for a number of particles u sed as example s .  The weakness 
I ' .  ·' . . 

of Heywo od ' s  concept lie s in the e stimation of the volume constant . 
. ... _. 

In 1942 W .  C .  Krumbein ( 8) in studying the " flume behavior" of par-

ticles formed of molded portland cement mortar , verified. the relationship 

be tween; fall velocit; and c�itical
. 

velocity of a st�eam· of ' water. required 
":,l� , ·.-� ' " • - •' !' - ·• .• ' · I  ' • � • • • • • • , ', • , • , •: ,  ,I ,.. ,.. _ .,. • , ; ' • , 1. , ... � to move a particle on the bed . · Be cause he made artificial particle s ,  he · · · 

could �ontrol the shape , density, volume , and nominal diameter .' The lat-

ter three Variable s were he ld constan t  for all the particle s .  Krumbein ._ 

14 
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. suggested the following expressj.on for the shape parameter : 

Tihere a -

b 

c -

n :: � (b/a) 2 ( c/b) 
. ·, 

t :-:.· . ' ' . · - "-' · 
l 't " \..... . • • .:_· -:� ·, .... : - .. 

the longe.st axis 

the intermediate 

the shortest axis 

of the particle, 

axis ·of the particle, 

of the particle . 

I •  " •  

' . - . 

His investigations showed this shape pararn.eter was related to 

the sphericity as defined by V�adell. He plotted the · b/a ratio 

versus the c/b ratio and drew lines of equal sphericity on the 

plot; thus the true sphericity could be determined using definite 

· and measurable dimensions a, b, and c .  

In 1948 E. F .  Serr (31) coopared the difference between 

the sieve diameters and the sedimentation diameters of ten sample s 
r_:�  : -

of sa:;d obtained from 'Widely dj_fferent source s .  H e  studied 

eight sieve fracti ons between the No . 10 and the No . 100 Tyler 
-. • • • - � - ('" (_ , • .. • � 

• • �- I :_.. � ', 
standard sieve s .  He suggested usir1g the ratio of the sedimentation 

: '  � -. ... . 

diameter to the s ieve diameter as the shape of the particle . 
( : � . -· 

-
Serr 

· roUnd little differenc e in the sieve diameter and the sedimentati on 
·i -�j ( l ' r � . :· 

_._ 

'

·

, 

.

. 

-

-

-

diameter for the particles corresponding to the No . �00 sieve siz e 
[ l�:t 1 'C-! C.; · j c.;.:, o:: ) {. t _  ' ' · . '· ) . .. .�. _. · ... : � - -. : -, _.. .J (, ... •. · ,' \,. ;  ( • .:._, -_ ..:_ � ..:.. l. . l ' t.. · -� - . .  

. indicating that shape had little influenc e on the fall velocity of 
1 \� l : O \..- .  1 . . , . . .  ,.. _ : : • . .  :- .... � - : - ·· • •  : : �- � - - l - , · � -- ' 

small particles (approxil.lately 1/16 ron . )  because they v;ere in the . ... -. - ': - -
.' 

. 

. 

viscous range of Reynolds numb er. He also f�Jnd that the drag 
. .  
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coefficients for the most angular· samples became independent of 

Reynolds number at a nominal diameter of about 1 .4 rnm .  For the 
-- --

more spherical particles this does �-ot occur until the nominal 
.. \ � . . 

dj_aneter becomes as large as 7 mm .  to  10 mm . ,  which was out of the 

range of Serr 1 s work . . . _. , 

In 1949 A .  T .  Corey (3 ) worh.'ing with discrete individual sand 

particles suggested a simplified shape parameter v:hich he called the 

shape _ factor sf : 

where 

c sf = ----

a - the longest (o� major) axis of the particle, 

b - the intermediate axis of the particle, . 

, . .  

c - the shortest ( or �in or) axis of. the particle . 

All axes we.re mutually perpendicular . 

(' :: . , -. � - . . : 
-

- ; �. . I ( 

( . 

\.. 
- - ·- - - -

J \. :· ·- :--� : Corey selected ten representative sand particles from each of five 
=:1.-:. -- · � .  � - -· - - . : . -- . . . . � ,-:  .- � -- l .  s :-:- -:-..: ·:.:  .. - · - � -, �- � -

sieve fractions between the No .  4 and the No . 14 . . mesh Tyler. standard 
• . ,. • - • • � • • ,..\. :.... c  � ( I ...... :'. • • 

sieve . He exru�ined in this manner sand samples from 4 different sources .  
I :'t .: :. .,. • . : \. :  '- .  

He found that the fall velocity- for 2 particles of .the same weight and 
c"'� � . - , .. -� , : :;-· C': ·. \ · .. _ :  .. 

:. : -� - . - . 
. ....., .. .... - - .. .. I:" •• • r 

falling in the same fluid medium could vary as rrru.ch as lao· ·percent depend'-_ .. ' ·  · · ·" · 
j_� J �·: :- c· ? - - !_ ( '  � -, _ �. 7  � :  .. . · :  t _ '  · , · , -_ , _: r � �1 :·· · -.. :.. :· r_ r:..; r :·t \ � J' :  -' ' c_ 2 '1  vr:J. c �- :· -�,- J :� 

· ing upon the shape of the particle . Thus demonstrating that for a funda- · 

mental study the fudivid��l- ��riici.es. fnu�t be. st�tdied . · Cqr�y �elec·t� �- · . ,.- �  �::, ·, 
the expression for his shape factor because he and others 
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found that the particles usually oriented themselves in the fluid so 

that they presented the greatest resistance to the passing
-

fluid . Thus 

the maximum projected area as discussed by Wadell, Heywood, and Krum-

bein is oriented nqrn�l to the path of motion . The pr oj ected area can 

be approximated by the ab term and the c term corresponds to the 

thickness which was not accounted for in Wadell 1 s  simplified spher icity 

coeffic ient . Hence the form c/ �  is a logical dimensionle ss shape 

parameter expres sing the relative flatne s s  of the particle . 

Corey expressed the drag coefficient and Reynolds number in two 

different forms 2 

where 

C _ F'/ab 
D �-

2 p w /2 

Re - _w_b __ 

v 
and 

Cn - drag coefficient , 

CD - drag c oefficient (using nominal diameter ) , n 
Re 

- Reynolds number, 

R e  n Reynolds number ( using n ominal d iameter ) ,
· 

F - force causin g motion (buoyant TTeight of particle ) , 

- mass density of fluid, 

w - fall velocity of particle , 

a - maj or axis of parti cle , 



.. 

b ·.- .intermediate axis of particle , :� ��- :_ : . 

c --:..:. . minor . axis of particle , - . .  · .. · 

� 1- nominal d iameter of particle , I :  •.J.• • •  

V �-- _kinematic vi scosity of the fluid, P/p · - ! . t .
· .. : ... : -c 

� ·-_ ,dynamic viscosity of the fluid . ' .. _ ,..... :· .. : ·�- c [ ·. :  . :� � 

. - - . . .  
When he plotted Cn versus Re , using the first two expres sions for Re and 

CD , he found difficulty in drawing the lines of c onstant shape factor . 

On the other hand he f ound it reasonably simple to draw lines of constant 

shape factor thr ough his experimental data when Re and Co were expressed 
- - I 

in terms of nominal diamete r .  H e  concluded then that the n ominal d iame-

ter should be u sed for the character is t ic length and area in the Reynolds 

number and drag c oefficient parameters . 

In 1949 Jamil Malaika ( 11)  reported the resistance character istics 

of twelve ma chined steel shape s .  He dropped these particles in six dif-
' 

ferent types of oil and also varied the temperature . This technique per-

mitted him to vary the Reynolds number between Re = 0.001 and· Re = 1000. 
;-

Malaika al�o spent con siderable t ime investigatin g the proper posi-
1 ::-_ .- . ' 

tion to release - the particle s  in order that stable motion might occur 
L ' 

when the partic).e wa s r elea sed . He used a _unique electromagnet to hold 

the steel parti_cle _prior to r elease . Krumbein (8 ) , Rubey (26 ) ,  and 

other s  (23)  had previously stated that the particles vrould tend to orient 
i. t... " - . l. • � .. - ._. • � J • ' - · .. -

themselves untiJ the maximum cros s section was normal to the direction of - .� \_; ..... ( • L 1 l • ' ""' • l 1 J ' '- - � • ., • •• \, ,!.. .,.., 1 .' 

motion . Malaika observed this stability over a wide range of Reynolds 

number . His fipdin_gsJ �Bf
e summariz ed as fo�lows t 

l .  Zone o
_
f deformation drag ( Re < O . l) . 

Parti cles were stable in any position provided the 
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form 

cente r of gravity of the particle and center of 

- resistance were on a line parallel to the path of 

�- � _ _  . motion • 

. 2 .  Zone of surface drag ( 0 . 1  < Re < 500) • 

The particle s oriented themselve s s o  that the large st 

cross se ction was no rmal to the path o f  motion . The 

particles we re quite stable in this positio n .  

J.  Zone o f  eddy formation (Re > 500) . 

Formation o f  eddie s in the wake a ffected the stability 

o f  the orientation of the particle . 

In 1950 McNown and Malaika (14) developed a shape paramete r in the 

It is intere sting that Corey and Malaika and McNown working independently 

�oth use� the same bas ic parameter for the simplified shape factor . McNown 

and Malaika related the sieve diameter and the sedimentation diame ter by 

� !_actor K ,  

ws 
K : - ,  - w 

- whe re w5 i s  the fall velocity of a sphere with diameter e qual 

to the nominal diameter of the particle ( sedimentation 

diameter) , 

_ w is the fall velocity of the particle . 

_ _ _ _ _ _ _ A �r_��h of K versus c/ -.J ab in parame ters o f  b/c was presented 

based on Malaika ' s  previous data taken from his expe rime nts with the 

twelve machined steel particles dropped in various types of oil . 
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Corey t s  s�plifie d shape factor (which was also developed by McNown 

and Malaika) is  s:iJnple and there fore practical _to use , is in dimensionless 

form and there�ore. a perfectly general form of the shape factor, and is a 

simple and dire c_t me_!.ho_d rel�ting_ the difference between the s ieve analy-

sis and the sedimentatio� analY:sis of the same sedimmt s�pl�-· 

Surmnary 

Although the drag characteristics of spheres and disks and other 

regular geometri c shapes have been thoroughly studied, the behavior and 

characteristics of natural particle s have been investigated only recently . 

A description of the shape of natural particles is Wadeil 1 s  coefficient 

of sphericity ( lp � � ) 
_
" The determination of this coefficient is diffi­

cult �nd, while its importance should be recognized, it is too impractical 

to be of general use . Other proposed methods for describing the shape of 

a nat�r�l particle involve e ither the measurement of : • r- :::. 

·0� 1. The maximum projected area,  or 

=..:· �- 2 � · The lengt!l of the three mutually perpendicular axes . 

B��ause of the relative ease in measuring the three axes ,  the latter 
"\ 

method is pref�rre�. �orey advocated the use of his simplified shape fac-

tor (sf .= c/� and this shape factor was also used by �cNown _and .Mal-' .!  ll- � .  t • , - � ' - - - ..: • 

aika (14) , Wilde (41) , and Schulz (29) . Corey, Wilde , and Schulz have 

assembled considerable data on natural sedimentary particles and they have 

shown that, wi �hi� "ce,r,�ai� stated _LiJni �a.tions �.t;' aver.age particle rough-
. . - "'- �- ... ._ l c.  -- -- . - - .... - - ·- - · .' �·- . _ .... _ ... l 

ness �q .average specific gravity, the Corey shape factor is practical and 
.n C � ,- ..! J \ '._ • • ' � ' r ;. ' ) - " • <.. ' • • r \ ·: :: j. \;.  =: S �-: .  ' •: ' 

invol1:l�
�
-

}� �inimum amo�� �f labor to measu;re 
:
and . compute � ·-· - _ c.:. _ -. .-� ·.: 

T,< � J \ ( ; . r ·, . .. . 
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Chapter III 

THEORETICAL ANALYSIS 

Fundamental Principles 

The fundamental principles of fluid mechanics inv.olved in the study 

of fall velocity are the basic laws of motion . The forces producing the 

motion and the drag or resistance will be analyzed .  

Basic assumptions : In expressing the most fundamental drag equa-

tion to be considered in studying the fall velocity of a particle it must 

be assumed that : 

1 .  The fluid is of uniform density. 

2. The fluid is of uniform viscosity. 

J .  The motion of the particle in a direction normal to the 

mean falling path (usually vertical) is negligible and 

involves no lateral acceleration of the particle 

(falling straight . )  

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

If  these assumptions are n�t ,  the submerged weight F of the particle 

( called the activating force ) is exactly equal to the drag forces on the 
- _- = : 
parti�le (which is moving steadily through the fluid of  uniform density 

�nd viscosity) . The cause of the drag can be explained using the prin­

ciples of both laminar and turbulent flow • 

. Laminar flow: Laminar flow is a result of the fluid prope rty called 

_ _ viscosity, which Rouse (23 : 75 ) defines as "that property of a liquid or 

gas which gives rise to an internal stress opposing deformation of the 

fluid during flow. 11 Viscosity also may be defined as the ratio of the 
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gradie nt of momentum flux to the rate of diffusj_on of momentum per 

unit area in the directi on of �he gradient . Any re lative motion be-

tween a ·particle and the fluid causes internal vis cous stre ss in the 
Y ·�,.. __ - : 

fluid- medium and- produce s  a deformti on of fluid adjacen t  to the par-
u. 

ticle . Drag on the parti cle is a r e sult of trans fer of momentum b,y 
mole cular diffusion from the moving particle to the fluid . 

' ._ 

TurbQlent flow: The distinction between laminar and turbulent 

flow can be made by c onsidering the difference between the mole cular 
- -

c .. . . 
( or laminar ) diffusion of momentum as c ompared with the molar ( or tur -

bulent) diffusion of momentum . The diffusion by molecular action is 

· sufficiently slow that it s effect may be felt over a wide spread region 

( by def ormation ) without becoming un stable . Turbulent ( or molar ) dif-

fusion, however, is a r e sult of the gradient of momentum flux being s o  

great that the flow b e comes unstable and turbulent mixing re sults . 

With turbulent diffusion, fintte ma sses of fluid are moving in a some-

what random fashion through the fluid and the mixing process is much 

more rapid and intens e .  These phenomena are involved t o  varying ex-
.· - .  

tents in the different type s of drag experienced by sediment particle s • 

• � .t..lJ -
.· . -- . ... . . - -� ( :... : ._ � : : 

One of the most important variable s a s sociated with drag i s  the Rey-
. . ( .. � ... 

nolds number ( a  ratio of the inertia forces to the viscous forces in-

valved in the flow) whi ch may be used as a criteria for d etermining 
:::·· - ' J :  

the type of drag whi ch exists on a sediment parti cle . 
),.::.._, - , . - _ fl c--; 1 cn·· : ,., ,, .. - -' ) (-- :• c :. ' c - :J:i ·  0 �  V • ' ) :J t, :',_ r  l)J'(Y:'Y:' i�t.y c:E:1 \e:( 

Cause--o.r- -d�ag·: - -The drag f orces on a part ic1e are a result of 
'-� � ,  .- � �· :=::. · �-:- · · . . : . � -.- . �_ ·.._, r : · · · ·: . : ) c� .-'· <. Jj c;'-- · - -� "'? 

either one or both of : 
�(A.;. \ J -.· 
l .  'Ih e  shear alon g the boundary of the particle in the dir.ection 

·' . 
of motion . Thi s i s  called Surface Drag . 
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2 .  The pressure difference between the upstream and downstream 

side of the particle . This is called Pressure Drag . 
. . 

Because most sediment particles are relatively short even in their 
- - . 

greatest dimension ,  the drag resulting from shear along the boundary 
- . 

in the direction of motion ( surface drag) is of secondary importance 

except for lmv Reynolds nunbers . 

Discussion of the CD : Re Diagram 

The drag on the particle can be classified as one or a combina-

tion of two different types of drag (21 :209) : 

1 .  Deformation drag . 

2 .  Form drag .  

Deformation d rag is  principally the result of viscous forces and is 

characterized by a flow pattern where the deformation of the fluid lam-

inae is widespread . Form drag results from inertial forces and is 

characterized by a flow pattern in which there is a separation . The 

relative importance of these two types of drag depends on the Reynolds 

number. 

Low Reynolds numbers: At low Reynolds numbers ( �  �-o:i) -the ef­

f�cts of the inertial forces c.S:u.sed by the mot::i.�n of th� particle may 

be ignored and the drag on the body is exclusively one of deformation, 

caused by viscous stress .  Deformation ·drag may be classified further 

as a �ombination of surface drag due to boundary shear and pressure 

:. ' (• .. . { r · (' ·  .' .: �- � ." · , ( "" ' : . -- - �  .. .  - -i �  c /"  
drag due to the form of the proj ected area . The motion in-this range 

is Jcharacterized by a "widespread distortion of the basic flow pattern" 
-· , . . 

(19:232) and is defined mathematically by · stoke s Law ( 19 :158) for 

spheres. 
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F = Jnd11 w 

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

where 

F = 8d !J. W 

F - net gravitational force, 

d - diameter . of the particle, 

11 - dynamic viscosity of the fluid, 

w - terminal or fall velocity of the particle . 

As  sholm in Figlll"e 2, Stoke s Law for spheres may be plotted on the 

Cn :Re graph as a straight line : 

Cn = 24/Re 

and the equation for d isks may be rearranged as 

CD = 20.37/Re 

for plotting on the CD : 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 fl ow .  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 

bebTeen the upstream and dmmstream sides of the particle . Also bound­

ary shear on the particle c ontributes to the drop in pressure . In fact , 

Prandtl (4 :74) has pointed out that theoretically one-third of the drag 

on a sphere is due to pressure difference and two-thirds i s  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 
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of flow, however,  the viscous drag is due entirely to the pressure dif-

ferenc e .  It i s  remarkable that the drag coefficients for the two ex-
\ 

I f '  

treme cases of a sphere and a disk are so near the same value that it 
-- --·--i 

is difficult to  plot the difference on a graph . 
I " · · -· " ... 
I '-)�.- � r .'-' .. , 

Evidently, then the drag coefficient in the viscous range is es--
i sentially independent of the thickness of the particle (provided the 

particle is not relatively long ) and depends only upon the magnitude 

and shape of the projected area of the particle . Furthermore ,  because 

the resultant of the pressure and shear is the same at all points on 

the boundary there is  no unbalanced force to create a torque which 

would rotate the particle . This confirms the experimental findings of 

McNcmn and Malaika ( 14 :78) in which the falling particle did not ro-

tate regardless of its initial orientation . 

Intermediate Reynolds numbers :  As Reynolds number is lilcreased 

to the range of 0 . 1  <::: Re <:: 1000, the viscous flow pattern becomes un-
--- - -- .· . 

stable and the inertial forces gradually assume greater importance . 

The zone of . Viscous flow -- though still present -�-becomes r�tricted 
i ' - -� I - � c ; , . 

to a relatively thin layer at the surface of the particle known as the 
I -... .......... , . - � 

i . - --
laminar sublayer . Outside the laminar sublayer the inertial forces 

�redomll1ate and the flow is turbvJ_ent . The shape --of the particle de---- ·-

-..... '....... .......___ --- --- _ .  -
termines to a large extent the path taken by the -fluid, as it flows 
� > � I '  . , r \ 

a�out the Parti�le, hence determines· the radia��a�������nti�=-��c��-
e�ations d:�ess'ary "i:or the fiuid r to:_ "tra�l this · pat"h: - ' --_ - -=:=: - --- . - - - -

t .,. . ... -: . 
As a result of the instability of the laminar flow and the in-

creased importance of the inertial forces (due to acceleration) ,  a 

zone of separation is formed on the downstream side of the particle as 
l -
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shown in Figure 2 .  This z one of separation has a poorly defined ap-

pearance at Re = 3 but gradually takes on a mor e clearly defined 

appearance a s  the Reynolds number is increased, until at Re = 20 the 

separation z one has a well-defined vortex pattern downstream from the 

particle ( 5 : 65 )  ( 5 : 551) . 

Separation occur s at the point where the flow i s  expanding 

( streamlines are s preading ) and the local velocity in the bqundary 

layer become s z ero . Any further expansion of the boundary layer causes 

flow near the b oundary in t he direction opposite to t he ambient veloc-

ity v9 • The point of separation may occur at a number of positions 

along the boundary of the partic le ( a s  the case of the sphere ) or the 

point of separation may be fixed always by a sudden c hange in the curv-

ature of the b oundary of the particle (as the case of the disk ) . 

Thus in the Intermediate Range o f  Reynolds number the type of drag 

�gradually ' change s from about half surface drag and half pressure drag 

(Re = 0.5 ) to almos t  exclusively pre s sure drag (Re = 1000) - - the surface 

drag (viscous e ffe cts ) being ne gligible compared with the pre ssure drag . 

Finally, be cause the ine rtia forces have become significant in 

- - this - range ·of Reynolds number, there develops a s ingle stable orienta-

c. - -

tion for each particle relative to the dire ction of motion . 

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

(Re :::::>- 1000) the influence of vis cosity be comes o f  le s s  and less impor-
- -

tance unti l at Re = 500,000 for sphe re s  and Re = 5000 for disks the flow 

pattern in general and the drag in particular becomes comple tely inde -
�-- . 

pendent of Reynolds number .  



Throughout this range the sepa:r:_�t_i �n- is w_e_�� -def:tr:�<:!J __ but the . ..  - -, · -

point of its beginning upstream, and hence its si� e, varies with the 

nature and .exte�t of the laminar sublayer surrounding the particle . 
� . � . - - - . . '· � . . . .. . .... � . . .  

upstream from the point of separation . Complete destruction of the 

laminar sublayer occurs fo� smooth spheres at about Re = 200, 000 and 

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 z one, however, there develops an unsteady oscillat� 

ing motion ,  t.he extent of which depends lar gely upon the shape of the 

projected area of the particle . 

Dimensi onal Analysis 

Before any attempt is made to analyze the problem further , the 

variables will be or ganized into orderly dimensionless parame:ters usf?g 

the principle s of the Buckingham n - Theorem ( 21 :13 ) . 

The variables : All the fundamental variables llhich affect the 

motion of :the particle are tabulated together with their dimen_sions _. _ _ . .  

w - fall velocity - em/sec ( 1/T) , 

Pt - density_ of the fluid - gm se c2/crrl+ (FT2/L4 ) ,  

P p - density of the sediment - g� sec2/cm4 ( FT2/L4) ,  

� - dynamic _ vis cosity of the fluid - gm 

:. n : � _ : · : � ! � -

b - in_termediate axis of the particle (nor_m_al to a )  - em (�_)_, � .  

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

a - longest axis of the particle - em (L ) ,  
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F - activating f� � ;  c.pparent weight of eedilnent particle 

in fluid - (Pr; 
� -

irregularitie s  

gV - gm (F) ,  

J...:· ·, l ... . Here a, b,  and c are u z ed to- represent the geometry of the parti-

.. (· 

J !  

\ = - . -

-t :·! 

Tr c  

cle . It is doubtful t�t the se are fully adequate to rigorously 

describe the geon:etry; hav�ver, they are simple and convenient and any 

more adequate system TOuld. be greatly complicated. The relationship 

bet1men these variables rr2.7 be expressed by the follow.ing equation r 

�'� (- a b c F Pf, Pp, " , k) : 0 Jil l  .. , ' J J J r (1)  

The variables can then be r earranged into dimensionless parameters by 

combining the repeating variablas (w, b and P r ) successively with 

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

of parameters then results : 

¢ 2  
\ .:,. # .  

- . .  - .. . -

-·· , - ·· ( wbpf , 
\1 

F 

2 2 
b Pi• 

' .  

p p, a c 

.: ) - 0 (2) , __ , __ , -
P f b b 

( [ .. - . - .· - . 
As preVioU.Sly di scussed the a ctivating force . F . must be equal to the 

c l  - The -expression for drag D 
. ;.. 

can be solved for the drag coefficient On 1 

b 
'Where 

C' . - :-,' -

l '  

% : -:--_D _
_ ' - . 2 APtw /2 

' -

- . : - ;. 
/ / -.-v� 1 - �.1 · 

\ _. - :  ... ... .) (3) 
- C . 

' ; \ . . ' ; : 
A refers to the projected area normal to the path of motion . 

Wilde ( 4l t 37)  has shown that this projected area A can be approximated 
<'- - . _I C .  

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

become s :  

en � --F __ 

abpi.,2/2 

Equation 2 may be rearranged into the following dimensionless 

equation s 

a ,  c k ) = o  b -rar:- \(QO 
Each of the parameters in Equati on 5 is described as follows : 

w -{abpf - a form of Reynolds number Re 
.... 
F 

- 2 ab Pi" 
- a f orm of drag c oefficient Cn 

� = �p�g - specific gravity of the sediment particle SG 
P f f g 

� - disregarded for present 
b 

- Corey shape factor 
-Jii:b 

c sf -
k - surface roughness coefficient e • 

--flO -
D:Iuation 5 can then be re'R!'itten : 

� - � 4 (Re, On, rsf, SG, e ) = 0 

(4) 

( 5 ) 

{ 6) 

Equation 6 indicate s the scope of the research program since the 

influence of the variation of each of th� parameters must be studied in 
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· relation to the others .  ·However , in the light of past research, �ome 

of the parameters may be disregarded until the more fundamental rela-

tionships have been e stablished . 
c '!he Cn :Re equatio� : If the specific gravity term SG and the 

:...:: ·:. . .  surface angularity term c are assumed to b·e constant or of secondary 

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

¢s (Re, en, sf) = 0 (?) 

or 

¢6 · (Re, sf) (8) 

when the drag coefficient _ Cn is chosen as the dependent variable . 

Equation 8 may be represented graphically as shown in Figure 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 con-

venient for obtaining a direct solution of the drag ( or  submerged 

- weight) of the particle of given shape moving at a given velocity. 

The CntC8 equation : J..n arrangement of the data which rill give - -
tbe velocity at which a particle of kno� size,  shape, and weight moves 

_in a g iven fluid may be developed by reconsidering the variables in 

Equation 1. Choosing variables b, p f' and F as the repeating vari-

z . .  able s,  the following equation results : 

¢7 ( Fpf , F , �, �� ..£E._, 
b
k ) � 0 

l1 2  2 2 b b Pf b PfW 
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. . 
"When this equation is modi fied as previously de s cribEJd , the 

follolrll�g simpli fied e quati on re sults : 

i :�c·. ( Fpf 
8 · 2 . . \1 

, = 0 
' - � ' - .A\. , 

.· 

By choosing C5 = FP� . f. :: .. ..  
as the dependent Variable 1 Equation 10 

be come s t \1 

� <eo , sf) {11) 

This arrangement is us e ful when the fall velo city w is unknown 

be cause i� Equation 11 w appe ars only in the drag c oe fficient CD . 

Malaika (11 : 6) has shown that Equation 11 plots as a s e ries of 

straight lines o f  cons tant resis tance ( or c onstant size ) at a slope of 

-2 and may be plotted on the c0 : Re  graph by using an auxiliary s cale . 

In making such a s tatement , however ,  p! and V must also be con-

sidered to .be cons tant . This is illustrated in Figure 3 .  
- . t 

The c.,;..:Re Equati on : In a s imilar manner ,  line s o f  cons tant fall 

velocity (or cons tant s edimmtation diame te r) may be developed by 
. . 

again re considering E quation 1 and choosing w ,  Pf , and -· ll . as the 

repeat ing variable s .  The following e quation res ults : 

= 0 \ . :  

( .-

. (12) 
\._ ' .... - -

Equati on 12 may be rewritten and s implified by the me thod previously 

des cribed , resulti ng in : 

( Re 
FIJ. . , ':\. 3 2  w-'b P£ 

�1 
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or 

F � 
-�-..- = 
-.3b3 p� 

•' 

= ¢12 (Re, sf ) (14) 

· When the nominal diameter ( equivalent to b ) ,  fluid characteristics, 

�d !'all velocity are knolm, this arrangemnt is useful for a direct 

solution of siz e or r elative weight (6 -1) . lblaika ( 11 : 6 )  shows that 

Equati on 14 plots as a series of straight lines of constant fall veloc-

ity at a e lope of tl and may be plotted on the Cn:Re graph using a 

second auxiliary scale which is illustrated in Figure 3 .  

Summary 

In su.minary, one should state that there are too many variables in 

· the geometry of natural particles to make a complete analysis by theo-

· retical met.�ods alone . 

By dimen sional analysis the fall velocity may be shown to be in-

eluded in. a functional relationship involvin� Reynolds number , drag 

coefficient and some parameter or parameters de scribing particle shape . 

The ehaps factor is generally considered t o  be a combination of length 

. and area terms, the Reynolds number c ontains a length term, and the drag 

coefficient contains an area term. Although certain theoretical· deduc-

tions can be made regarding the area and length terl!U'I in these para;ne-

ters, it is necessary to determine experimentally the most significant 

form of each paramet er .  

Because of the many irregularitie s and odd shape s found in natural 

aediment it is highly improbable t}l.at · a s imple method can b e  devised 

which will completely describe shape . Based on the work of pre�r.lous 
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inve stigators and the theoretical considerations in this chapter, the 

shape factors which seem to be most easily measured ar� based on one or 

a combination of : 

1 .  Maximum proje cted areas .  

2.  Lengths of mutually perpendicular axes. 

3 .  Nominal diameter . 

,;. ·...: · 

Us� of the mutually-perpendicular axes in the dimens ional analysis 

results in three factors describing shape. 
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Chapter IV 

-EXPERIYENTAL EQUIPl!ENT AND PROCEDURE 

' 

Because this report has assembled the data from a number of di!-

!erent experiments1 the materials studied, the equipment used, tho ex--

perimental __ procedure and the results of e ach exper-.i.Joonter will be 

briefly described.  

Krumbein 

llaterials : Krumbe in was concerned lfi th the settling-ve loci ty and 

flume-behavior of non-spherical particles .  He made special particles 

!rom cement mortar . All particl� were of the same volume and density. 

The shape "..'as varied systematically. A total of seventeen different 

particles 1rere made and tested.  The a ,  b, and c dimensions of each 

particle were measured.  

Equipment and Procedure z The fall velocity was determined by­

dropping each of the seventeen particles in a vertical luci te !all-column 

6 inches in diameter and 6 feet lo�g,  filled with water at 20° C .  Each 

particle was released. in a random position at the surface and was timed 

with a stop watch . A 2-foot distance was allowad for particle acceler-

_ ation before velocity measurements were begun .  The particles lrere 

-'timed over a distance of 4 fee t .  An average fall velocity for each 

particle was obtained from 10 to 20 observations on each shape . 

The flume behavior was observed in a stream of running water in a 

!lume 22 �eat long, 0.44 feet wide , and 0 .96 feet deep . Water was sup-

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

The dis charge was measured over a 90° V-notch treir. Observations were -
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made in a lO�foot control section in which the depth was 0.43 foot, 

being controlled by adjusting the discharge and the tail gate position. 

� _ -. _ .  _ _ _ Each particle was dropped into the stream upstream from the indi­

cator which marked the beginning of the control section . The velocity 

. - -

�f_ the particle through the 10-foot control section was measured with 

a stop watch . 

Results : Prior to Krumbein ' s  work, two theorie s were advanced to 

explain the importance of shape in studying the fall ve.locity. Some 

writers thought the most important shape consideration was the angular-

ity of the corne rs and edges ; other writers believed that the general 
.. 

fonn of the particles was more important than angularity . Krumbein 1 s 

_ observations proved that the general form was a more important CQnsid-

eration than particle angularity. 

Krumbein derived a dimensionless shape parameter based on the three 

mutually perpendicular axes,  a, b ,  and c .  

J)_ = �,..-
(b
-

/
-
a)

-:.:2:--
(
-
c/

_
b
_
) . (15) 

T�is equation .was developed from Wadell ' s  (3?) 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 equ� shape parameter on a dimensionless b/a : c/b graph. 

: This curve served as a guide to the optimum particle dimensions for his 

particles .  His particles were made with a complete range of variation 

of b/a, c/b, and ..0. .  Krumbein 1 s  data are shown in Appendix B .  The 

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

Materials : Unde r the direction of Dr . N .  A .  Chris tensen ,  Serr 

compare d the s ieve diameter with the se dime ntation diame te r of sand 

from ten different s ources . The source s we re a fre sh talus slope , 

eand dune s , a lake beach , a river be d ,  and standard Ottowa sand . The 

sand samples came from many geologic origins . Table 3 lists the type s 

and sources o f  the sands s tudied by Se rr . 

Table 3 

!Jpe s  and Sources o f  the Sands Studied by Serr 

Sample � 
1.  River bed material 

2 .  River bed mate rial 

) . fine rock debris 

4. Dune sand 

5 . River bed mate rial 

. 6 .  River bed material 

7 .  River. bed material 

8 .  Dune sand 

9 . Lake beach material 

10 . River bed material 

11 . Sedimentary depos it 

Source 

Cache la Poudre Rive r ,  
Fort Collins , Colorado 

Michi gan Rive r ,  Camp Penno ck , 
Colorado 

Talus slide , Ve rdi , Nevada 

Small dune s , Fernley , Nevada 

Truckee Rive r , Truckee , California 

South Fork , Yuba Rive r , 
Cisco , · california 

Putah Creek , Davis , California 

Dune s near Gre at Salt Lake , Utah 

Grand Lake , Colorado 

Cache la Poudre Rive r , 
Chamber Lake , Colorado 

Standard Ottawa sand 
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Equipment and Procedure : For dividing his samples into size groups 

or sieve fractions , Se.rr used Tyler Standard Sieves . Tyler Numbers 10 , 

14, 20 , 28 , 35 , 48 ,  60 , 65 , 80 and 100 were use d ,  with some exceptlons 

(See Appendix C ) . About 500 gm of material were quartered from the · oven 

dried and air cool�d raw sample . This material was sieved through the 

series of s ieves by shaking for 15 nunutes in a RO-tap Shaker .  Each 

sieve fraction was weighed and retained for . sedimentation analysis . 

Fi.fty random particles were taken from each sieve fraction using a 

specially constructed microsplit as described by Otto (17) . �ach par-

ticle was timed through a fall of 50 em in a glass fall-column filled 

with water .  The time of fall was determined with a ten-second-sweep 

stop watch giving the time to the nearest 0 .01 sec . The particles were 

allowed t_o fall 25 em before the timing was begun to insure that the par­

ticle had attained terminal velocity . 

·.The fall-column consis ted of a large glass graduate 5 .08 em in di­

ameter . , The ratio of the particl$ diameter to the. diameter o! the tube 

was less than 0 . 06 in all cases .  Howeve r ,  the bounda.ry l7'8.S close enough 
I 

so that its influence should not be ignored . Based on a study reported 

by McNown e t  al (13) , a 1% boundary correction factor should have been 

applied . A. graph giving the correction to be applied is sho� in Fig .  4 .  

It is. necessary that the viscosity be constant throughout the fluid 

column so that the viscous stress on the particle will be constant after 

the particle has accelerated to terminal velocity . No attempt was made 

to control either the temperature of the water or the temperature of the 

air surrounding the fall colunu1 . The temperature of the water was rneas-

urad at the center of the column and half-way down at the beginnlng and 
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end · of each group of runs . If those tlfO temperatures differed by more 

than 1 .0° F ,  the data were not used and the runs were repeated . The tem­

perature just outside the tube was also kept within 1 .00 F to j�sure that 

the transverse viscosity pattern in the tube was sufficiently uniform to 

insure the -desired accuracy. 

The average fall velocity of each sieve fraction was computed from 

the values obtained for the 50 random particles .  The standard deviation 

of the fall velocities was computed for each sieve fraction . 

The spe cific gravl ty of a 25 cc sample of each sieve fraction lias 
t 

determined by the standard method described in JBTY D 854-45T . 

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

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

These data for each ·sieve fraction and sample were plotted on the Re :C0 

graph . Lines of' constant size (slope -2 ) wre draTm through each group 

of experi.Ioontal points representing each sieve fraction . These straight 

lines were extended to intersection with the line for spheres . Thi� in-

tersection gives values Re0 and Coo for the mean sedimenta�ion diameters 

· or each sieve fraction .  Serr stated that the ratio o f  Cno at the inter­

section to CD determined from the fal l velocity data yields a ratio of 

sedimentation diameter do to the sieve diameter � for that particular 
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eieve fraction .!/ From this ratio dofdn the sedimentation diameter 
" can easily be compute d .  Serr 1 s analysis is slightly in error here • He 

epoke of lines of constant fall velocity, but used lines of slope -2 

which Yalaika pointed out are line s of constant size • 

. llalaika 

llaterials z Under the dire ction of Dr .  John S .  McNown , Malaika con­

ducted a series of experiments using 25 steel particle s of 12 regular 

geome tric shape s . . With the exception of one steel ball bearing , all the 

particle s were specially machined for the investigations . The different 

ehapes and geometric rat,ios are tabulated in Table 4. 

!I 

Table 4 

List of Particle Shape s Used by Malaika 

Shape 

Spheroids 

Circular cylinder� 

Square prisms 

Double-cones 

Cno 
c; =-

· 4(P . -Pf) gd. R . o 

Ja Pf 
4(P;e-Pr) g� 

3iPr 

--
do - -
�· 

Length - diameter ratio or 
Length - sido ratio 

Y!± 1 J!_ 
1 1 1 

1 1 1 

1 1 1 

1 1 1 

�· -
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Six different fluids lfElre 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 

tlf'O of the last three oils . These fluids exhibited a range or kine­

matic viscosity of from 0.00004 to 0 . 3 ft2/sec at ordinary room 

temperature . 

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 o f  a lucite pipe 

0 .69 feet in diameter in 1.5 feet long . The water was heated by an im-

meraion coil. Current to the he ater was controlled by an electronic 

relay. A 13-inch by 13-inch by 21-inch tank was used for the water bath . 

This tank was made from glass supported in an angle iron frame and was 

insulated on the outside by 1/2-inch celotex • . Openings were left in the 

insulation for photographic and lighting purposes. 

Prior to dropping, the particles 11e re held in the desired position 

just under the. surface of the fluid by a point of an electromagnet . 

Position of the particle prior to dropping could be altered by changing 

, the relative position of a small plastic ring surrounding the tip of the 

electromagnet .  

The fall velocity of each particle was obtained from successive 

images on a photographic film . The experiment was set up in a darkened 

·room. Photographs were obtained using an f-2.8 Robot or an f-2.7 Mercury 

II camera . The shutter of the camera was opened for the entire run and 

the particle was lighted for short intervals regularly spaced in time by 
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a Strobolux driven by a Strobotac . Fall velo city computations were 
-...-u .;. �· - - · - - ----,.. _ - . - -

made by observing the number of time intervals (image s of the particle ) 

required for the particles to travel a kno1m distance • This e quipment 
� - ·  -

was perfe cted by McPherson (15 ) . 
- --

" - - - -

The two mos t  � �ous. oils J.acke d �uffic-ie�t tr�nsparency \o use the 

.photographic method of measuring t.he fall velocity . There fore , a 10-

se cond-sweep stop watch was used to measure the time required for the 
-

particle to travel a knoTm distance . All measurements using this stop 

watch were repe ated four times . The average of the four re adings was 

recorded . The mrud..mum deviation from the mean rras le.ss than 1% in all 

case s . The dis tance of fall was determined by a -white-face steel tape 
. .  

placed at the line of fall of the particle and photographed .  The parti-
. -

cles were placed in an electro-magnetic release mechanism and a ten­

.llinute period was allowed for ali disturbance s  c aused by placing the 

particle to be damped out . 

The spe cific gravity of the particle s tms determined by wighing 

relatively large pie ces of the stock in air and then in distilled water 

at knollll temperature . Each individual particle was weighed to the near-

est 0 .0001 gm on a chain-o-matic balance . 
-

The s pecific gravity of the oils wa.s determined with a Yohr-We stphal 

balance hydrometer .  The viscosity of the fiuids lfd.S determined for a 
< • • 

range of temperature of from 25 - 35° C using a Hoepler pre cision vis-

eosimetar .  
- ... . - - -

- -

Re sults : Ualaika investigated extensively the stable .falling position 

of the particles .  These findings have baen d iscussed in Chapter III . 
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The technique of changing the viscosity of the oil resulted in 

data covering a large ·range of Reynolds number ( 0 .0001 < Re < 1400) . 

Malaika 1 s  data are given in Appendix E .  

Corey 

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

sources of the materials are tabulated in Table 5 . 

Table 5 

Sources  of Sand Samples Used by Corey 

Sample � 

• 

Source 

1. River bed material Cache la Poudre River near Bellvue , 
Colorado 

2. River bed material 

3 . Rock crusher fragments 

4. Wind blo-vm sand 

lliddle Loup River at Dunning , 
Nebraska 

Rock crusher near Bellvue , Colorado 

Dune at LaPorte , Colorado 

Corey limited his observations to the sand grains betrreeri the Tyler Num­

ber 4 and 14 sieves (5  nnn to 1 .2 mm) • He also chose only particles of 

quartz and feldspar . Photographs of Corey' s samples ara sholm in 

Figure 26 . 

Equipment and Procedure : Corey used Tyler Standard Sieve Numbers 

4 ,  8 ,  9 , 10 , and 14 to divide his samples into size groups . Each sample 

was sieved for 15 minutes in a Ro-tap Shaker .  Ten particles were chosen 

from eaoh· sieve fractlon . The a ,  b ,  and c dimensions of these particles 

1rere measured using an ocular micrometer . Particles were placed on a 

glass slide using a pair of twee zers . The long (a) and intermediate (b)  

axe s were measured by orienting the glass slide parallel to the 
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microme ter s cale . The shorte st axis ( c )  was then me asured by grasping 

the particle with a pair of twe e z e rs and turning 90° on edge and then 

measured rl th the microre te r .  

Each particle was weighed t o  th e  ne arest 0 .1 milligram o n  a chain-

o-matic balance . Since only quartz ?r feldspar parti cle s we re used , the 

spe cific g ravity of the particle s was assumed to be the a�erage published 

value for these minerals - 2 .65 . 

The tempe rature of the fluid (wate r) was measured before and after 

each run .  It varied not more than 1° F during the entire experiment . 

Since the inve stigation was carried out in the furnac e  room in the base-

ment of the Hydraulics Laboratory mere the air temperature was nearly 

constant at 690 F 1  the constant-temperature water bath designed by 

McPherson and later use d by Malaika was not nece ssary . 

The fall-column consisted of a re ctangular tank 10 inches by 11 ln-

ches by 21 inche s hi gh . �hre e s ides and the bottom were made of plywood 

pain�ed flat black . The fourth side was made o f  polished plate glass . 

Glass and plywood were· cemented to a welded angle-iron frame . 

The fall velo city was measured by obtaining successive images of 

the particle s on photographic film as they settled through the water • 

.l 3-1/4 x 2-1/4 Speedographic press-type camera was used . The expe rime nts 

were conducted in a darkened room and the particle s were lighted at regu-

lar intervals for an instant by a Strobolux powered by a Strobotac . In 

general the apparatus was s imilar to that designe d  by McPhe rson . Corey 

expe rienced diffi culty in obtaining satis factory photographs for the 

smalle r particles (1 . 5  mm. ) which he studie d be cause the light re fle cted 
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from the particles was insufficient to expose properly even Dupont High 

Speed Pan Type 428 . (ASA exposure index 200) at a lens opening f-3 . 5 . 

Corey also reported difficulty from oscillation of the particles 

about the straight falling path . Since the camera had a ve ry  limited 

depth-of-field when the lens was set at f-3 . 5 , and 22 inches from the 
• 

expected fall path , the particles moved in and out of the range where a 

sharp i.Eage could be obtained .  This oscillation also caused some e rror 

in the distance measurements . 

The particles were placed betmlen the points of a pair of tweezers 

fixed at the surface of the water .  The particles were handled with a 

second pair of tneezers . Each of the particles was placed in the fixed 

tweezers with the greatest cross section in the horizontal plane . The 

larger particles were released just above the surface of the w&ter while 

the smaller ones had to be released below the surface because the sur-

face tension was great enough to hold the particles on the surface . All 

particles dropped about 12 em before they entered the field of the 

camera . Acceleration to terminal velocity was accomplished in this 

distance . 

Results : Corey- was concerned about the particles which traveled 

in an irregular path as they settled through the water .  Tests were re-

peated on several particles to obtain an estimate of the degree of error . 

to be expected in the measurements of fall velocity. These findings are 

tabulated in Table 6 .  
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Table 6 

:Estimated Error Caused by Particles Not 

: "-.f�ling in a Strai��- �ina 

· !Jpa of - Particles and Motion ;: : - -Pe rcent De· nation 

Small partic��s falling in a straight line 

Irregular particle s falling continuously within 

:� - ;  0.6% 

depth or field 

Irregular particles falling partly outsida 

focused range o!· camera 10% 
- - - - . - -·-- - . 

In inte rpreting his re sults , Corey found that best correlation of the 
c .- ... - - - � . 

shape !actor -parameter (c/�) e�sted �en 
-
the �ag coe fficient 

-
and 

Reynolds number were define d as 

and 

• 

He first attempted to use 

and 

� .F/ab 
en = - ·pif?. /2 

: : : . : : ,..b . - - ­

Re = -- • 

- .  ·. ' v - . ... - - . - - . - - . .. - · -

.-

The data obtained by Corey for natural quartz and feldspar particles 

covered a range of Reynolds number from 200 to 2500 and shape factor !rom 

0.21 to 0.95 . Corey ' s  data are presented in Appendix D .  

• 
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Wilde 

llate rials : Re cognizing the limited range of Reynolds numbe r inves-

tigated by Corey , Wilde studied the behavior of the large r �  gravel-sized 

particle s falling wi th a Reynolds numbe r greate r than 2 ,500 . He obtained 

grave l particle s from three source s . Table 7 lists the types and source s  

o f  th e  gravel parti cles studied by Wilde . Photographs of these samples 

. appe ar in Figure 2 7 .  

Sample 

l .  

2 .  

) .  

4. 

Table 7 

Type s and Sources of Gravel Studied by Wilde 

� Source 

Gravel sto ck pi�e A s ele cted s ample to obtain extreme 
shapes 

River bed material Cache la Poudre Rive r near Fo1� Col-
lins , Colorado 

Rock crusher fragments Rock c rusher near Fort Collins , 
Colo rado 

Lateral moraine Rocky Mountain National Park , Colorado 

Equipment and procedure : Wilde 1 s sample s we re divided by s ie ving 

into size groups using Tyle r Standard Sieves Size i inch , 3/4 inch , 

l/2 inch , 3/8 inch , Number 4 and Numbe r  6 .  The sample s were s ie ve d  in 

a Ro-tap Shake r .  A repre sentative sample o f  10 particle s 'Was chosen from 

each sieve fraction by a method o f  pure chance . 

The three mutually perpendicular axes were measured using a ve rnie r 

micromete r .  Be cause of the irregular shape o f  many particle s ,  the long-

e s t  dimension was o ften not obvious . To make· all measurements in dira c-

tions which were mutually pe rpendicular was also rather difficult . For 

the se reasons , dupli cate measurements of the shape o f  a particular 
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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 . 'l'b.e area 

was measured by counting the squares within the shadow area. The posi-

tion of the particle for maximum area was determined by visual 

observation . 

Each particle was weighed to the nearest milligram on an analytical 

balance . The specific gravity of each particle was obtained by weighing 

the particles submerged in distilled water while suspending them with a 

fine wire . It was found necessary to stabilize the action of surface 

tension on the suspension wire by adding a trace of detergent to the 

wate r .  Before the detergent was added to the water ,  the surface tension 

caused erratic and severe damping of the balance and made accurate weigh-

ing impossible . 

Wilde ' s  fall-column consisted of a lucite tube 10 inches in diameter 

and 10 feet long . During the latter part of the experiments , a glass 

�ube made of the glass bowls from salva£ed old-faehioned gasoline pumps 

was substituted for the lucite tube. Initially the fall-column was 

filled with Fort Collins City water and later filled with oil . A fall-

column which is round in cross section was to be desired be·cause 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 photo-

graphic method suggested by McPherson and used by Malaika and Corey. 

Since Corey had difficulty with particles passDlg in and out of focus if 
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they travelled an irre gular fall path , Wilde _ devi sed a method o f  over­

coming this difficulty . He used a smaller lens opening ( f-4) and s e t  

his came ra at a greater dis tance (7 fe e t ) from the expe c ted fall path . 

This gave him suffi cient depth of field , and also a s ome��a� large r 

field o f  vision , which pe rmit ted the particle to be timed for a longer 

period than Corey or Malaika . He used a Kodak 35 camera and Plus-X film 

(ASA expo sure index 50) . Illumination was provided by a Number 4 photo 

flood lamp placed above the fall-column . The beam o f  light was concan-

trated by a "liquid" lens made by filling a convex dish of lucite with 

water and placing betwe en the light and the fall-column . To obtain per-

iodic exposures of the falling particle a revolving de sk with four 

equally s paced slots was place d dire ctly in front o f  the c amera . The 

revolving disk was made by gluing a circular pie ce of ca1uboard onto a 

phonograph turntable which was placed on edge . The speed of the revolv-

ing disk was che cked s everal time s and was found to vary not more than 

1% . The shutter was opened only during the inte rval in which the par-

ticle was in the field of .view of the camera . This reduced the exposure 

of t he field in general and produce d  sharpe r and more clearly defined 

pictt� s . The photograph was identifie d by a card be aring the particle 

number in the photograph during the test run . 

A graduated s cale was pla ced beside the tube so that it was photo-

graphed with e ach falling particle . The s cale was made slightly d is-

torte d to e xactly compensate for re fraction when the particle fell in t.he 

center Qf the tube . A mirror was also pla ced alongside the tube so that 

the position of the pa!�icle relative to the center of the tube at any 

point4 of its de s cent could be observe d and the velo city corre cted 
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accordingly. 'When the particle fell at the extreme front of t.he fall-

column the observed velocity was reduced by four per cent . Similarly 

an increase of four per cent was required when the parti cle fell at the 

rear . A general view of the apparatus except for the camera is shown 

in Figure 5 .  

The average temperature over the se ction of the tube in Which 

velocity measurements were taken was recorded to the neare st 0 . 5  degree F 

for e a ch run .  This was done by suspending a thermomete r in the tube , 

near one s ide and in the center of the camera field of view . At first , 

temperature s we re t aken along the entire length of the test s e ction but , 

When it was found there was little variation , this practice was dis con-

t inued . Heating of the fluid at the top by the photo-flood light 1ra.s 

prevented by the "liquid" lens . 

When the film h ad been developed the ne gative s were placed in a 

standard photographic enlarge r and measurements were made dire ctly on the 

pro je cte d  image . With this method accurate me asurements were· obtainable 

and the cost was le ss than five cents _ pe r  ne gative . A sample of the type 

of re sults obtained by this method i s  pre sented in Figure 27 .  
When all the particle s had been dropoed t� o r  three times in 

water , the wate r was removed ,  and the tube was shortened to about aeven 

feet and filled with oil . The oil us e d  was a light , colorle ss , pure 

mineral oil designated by the Texas Oil Company as Texaco White Oil A and 

had an S . A . 1 .  rating of approximately five . 

For the s eries of te sts in which the particles were dropped in 

oil , no dropping me chanism or ·came ra was used . Instead , the particles 

we re released by hand and timed with a s top watch . Experience showe d 
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E quipment used for 
measuring the projected 
area of the particle . 

.;: , .. 

1 0  inch lucite 
fall - c olumn . 

Photograph of 
falling lucit e cube 
including view from 
right (Mirro rs at 
right . ) 

. PHOTOGR APH OF · WILDE ' S  EXPER IME NTAL E QUIPMENT 
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-
that wen nat particla s were dropped nth the d.roppiD_g mecha.nillm they -
entered the oil e dgmrise and ns a reault tende� to os cillate dur'J.Jlg tho 

- - -
first two or three fee t  of !all be fore they became stable with their 

--
proje cted areas pe rpendicular to the direct-ion of motion . For thi.:; - - -
!'eason the dropping mechanism 111\8 discarded in !avo� of hand plncing 

the particles in tm.ir :most s table position . 

'l'he velocity of most of the particles liaS sufficiently low to ae·-

curately m asu.re , with a stop watch , the tims req,uired for them to travel 

100 em. Since the stop-v.ateh uethod is :rru.ch .faster than the photographic 

mthod it was used exch.sinly .for the oil phase or the experiment . How-

eve r ,  soll18 of the larger particle s tosted fell faste r  in the oil than in 

water and the velocity data for them is probably s ubject · to cons iderable 

error , because the e rror in measuring the !all velocity of particles 

moving fast is greater than !or the particle s ·  moving slowly . Particles 

would move faste r in oil �r the drag coe fficient for th� particle in oil 

were less than for the same particle in water .  Som or Wiide 1 s data 
\ . 

occurred in the range lihere this 1ms true • 

The standard published data for the viscosity or the vater wera 

��d (seo Figura 1) . The viscosity of ths oil was m3asurod using a 

Saybolt Viscosimeter . 

lt highor Reynolds n'Wil.bera , mnny or the particles struck the side s 
- \ 

of the tubo , in all eases these data li\ill'e diccarded. 

Results : Wilde obtained data fot• the grave l particles falling in 

water bet en ynolds nUlD.ber 1000 and 25 ,000 and- for the gravel parti-

clea in oil betwen Reynolds number 4 and 200 . At the highe r Reynolds 
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numbe r the !all-path was erratic and deTiat6d greatly !rom the basic 

aaeumption that· the motion l!USt be only in the vertical direction . Thi� 

erratic nature vas due in part to the eddie s  formed in the wake of thl!l 
particlGs and the turbulence aesociate d  tberewith . The degree o! error 
unde r these conditions is doubtle ss considerable . 

Wilde !ound that the rock crushe r fragments gave significantly 

higher drag coefficients for a given shape !actor than the other sam-

ples . The probable reason for this difference was the fact that the · 

crusher fragments were r-ough and angular while the other samples were 

8JI!Oother and rounded , having been 110rn and poliahed by the abras ive 

action of the stre am .  There fore , angularity _ and possibly surface rough-

ne ss have an important influence on fall velocity which the shape factor 

does not take into account . 

Schulz 

Material.D : A majority of the sediments causing problems in hy-
. . . 

draulic engineering today occur in the smaller size ranges . '!'here fore , 

Schulz set out to s tudy the shape characteristics of the small size nat­

lU"&l. sedi-ments (1/5 mm to 1.5 mt) . This is in the range of Reynolds 

number 1 to 300 . A sample of spherical glass beads was tested as a 

etandard and a nmnber of sediments !rom natural deposits v.ns used to 

represent natural mate rial . These sediments are tabulated in Table 8 • 

. , Photo-ni.erographs of the s e  samples are sholm in Figure 28 . 
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Sample 
. 

1 . 

2 . 

3 . 

4. 

s .  

6 .  

7 . 

8 .  

'fable 8 

Types and Sources of Sand Studied by S chulz 
� - .  4 

- - - ........_ 
_ ... · � -

Glass_ spheres !/ 
Crusher fragments !/ 

-

Rive r  bed material 

River bad material 'Y 
River bed material Y 

Rinr 'bed :ma.terial Y 
: ?:! River bed material 

' 
-

� Sourca 

Rock onshsr noar Fort Collins , 
. Colorado 

W'oii Creek below Fort sui>pl;y Dan, 
_ . _Ok],aho:ma 

Arkansas River at Ln.Dar ,  Colorado 

Loup River near Dunning , 
Nebraska 

Cache la Poud.ra River n a.r Fort 
· Collins , Colorado 

Alder Creek in Yosemite National Park , 
California 

Colorado River at Yuma , Arizona 

3/ Data o��ained . only on shape factor and mineral type . 

- · -- - - - - e - _ ... _ ,r •" f""' - · - .,. , .. , 

'fhe se sands -originate from rldoly separated ge ologic and goographi.e 
- .;.  ... _ .,- _ _  - ... - - . - · -; - - _ _ ... _ _  _. _ _  - - . - - - - - -

origins . No -attem.Pt -Was -�aad& . to choose-only · certain ldne ral types J 

there fore , �� :d� � can ba ·. us�d -� tb - study� th� 
. 
dl�t�ib�ticn of tho minerl\1 

� - .. -

typea in these �sed�nts . 
. . ,. - - - - -
- - ... ... & - - - - - - - - -

Equipment and Procedure : Schulz sieved his samplotJ through 'l'yler 

Standard Sieve Numbers 1.2 ,  14 ,  16 , 20 , 24 , 28 , 32 ,  35 , 42 1 48 1 60 ,  £nd 65. 
in order to establish eizo-greups • Oven-driod and ai.r-coolod samples liON 

sieved for 15 Ei.nutes in a Ro-tap Shakor .  · 

c . 
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The three mutually perpendicular axes were measured using a 

specially-constructed microscope . The particles are placed on a 

piece of glass 3 inches wide and 36 inches long and moved about by 

sliding with a pointed brass rod .  Since a great deal of hazard o f  los­

ing was involved in handling the particles needlessly ,  the microscope 

was adapted to move on a ball-bearing carriage over the glass sorting 

table . The glass table was care,fully adjusted until in the same plane 

as the carriage rails . · A microscope was made from a discarded Leitz 

tube , a )2 "mm Bausch Lomb objective lens , and a lOx Bausch Lomb eye­

piece fitted with a biological eyepie ce micrometer . The eyepiece 

micrometer was calibrated after the apparatus had been assembled using 

a standard stage micrometer . The microscope . was also fitted with a 

Starrett dial indicator reading to 0 .0001 inches .  This was used to 

measure the thiclmess or "c"-axis . Figure 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 sort-

3 . 

ing table . 

The sample was further reduced by choosing every fifth (or 

some other convenient number) particle until the sample was 

reduced to 10 repre sentative particles from the entire sieve 

fraction . 

4 . The 10 particles ware oriented to their most stable position by 
tapping the table several times . 
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5.  The microscope was moved over the particles and the eyepiece 

rotated until the major axis of a particle was parallel to one 

eet. of the coordinate s  of the micrometer grid . 

6.  The a and b axes were measured .  

_ 7 .  The carriage was then moved until the stem o f  the dial in­

dicator could be brought down care fully on the sand grain . In 

thie manner the remaining "c"  axis was measured .  

8 .  The particle was care rully s-vrept into a small brass scoop wit� 
a camel ' s  hair brush and stored for fu_�her processing . 

The fall-colunm was constructed of cast luci te 6 inches in diameter 

and 72 inches long . The bottom was a sloping sheet of lucite . A small 

drain was located at the bottom of this slope . As the particles reached 

the bottom of the tube , they could easily be sluiced out with about one 

ounce of water .  

The particle-release mechanism consisted o f  a serie s o f  1/4-inch 

diameter glass tubes 4 inChes lortg which were "drawn out" to smaller tip 

�penings . The tip openings we re approximately 3/4 mm ,  1 mm ,  1 .5 mm ,  and 

2 . 5. mm. The size us�d �s controlled by the "a" axis of the particle to 

be dropped.  This dropping tube was held by  a spring loaded clip in such 

a manner  that the small opening was just below the surface of the water 

in the fall-column . The openj.ng of the tip was closed off by a round 

steel wire approximately l mm diameter  whose axis was nonnal to the longi­

tudinal:- axis of the dropping tube . For rele asi.rig t.he particle this lrlre 

...-rus moved first down and then to the side allowing the particle to settle 

in the fluid. T2e wire was operated by an electric solenoid . 
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No attempt was made to control the tempe�ature o! the water .  

Copper7cons tantan thermocouple s made !rom B and S No . 30 wire and 

mounted on a 1/4-inch diame ter round lucite red were located approxi­

mately 12 , 36 , and 55 inche s from the top of the fall-column . The ground 

lucite rod was set in the s ide o f  the fall-column through a water-tight 

seal and the probe could be moved into the water col'WIIll to measure the 
. 0 transverse temperature variation which was ne�er greater than 0 .5 C .  

Illumination of the column was provided by a 200-watt Bpot-bulb 

located outside the room and about 2 feet dire ctly above the fall-

column . Light was admitted into the room through a glass-covered hole 

in the ceiling . 

The c olumn 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 s cribing a fine line in front of the tube . 

This s cribed line was filled with green paint and a mirror was fastened 

to the back of the tube opposite these lines . The time when the parti-

cle crossed the plane of each line and its reflected image in the mirror 

was obse!Yed visually and t ransmitted to the space-time recorder by 

J r , ,... ,. '" ·  _ ... , , - , 
· · · - · · - · - : ' closing an electrical contact . Sufficient accuracy was obtained because � ; c ·: : - :: 

. .._: 

the fall velocity of these smaller particles was never _ greater than 
-
17 cmjsec .  A spe cially designed space -time re corde r was used to record 

the data . Data were re corded on ordinary adding-machine tape dra:ml 

through the recorder by two rollers driven by a �honograph motor . The 

tape speed could be �aried from approximately 3/8 inch to 2 inche s  per 

� , second by adjusting the gover�or . Normally a tape speed of 1/2 inch per 
' ,.- .. ___ -

second was used . 
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Data wore fed into the re corder as ele ctrical s i gnals. which op­

e rated any one of three e le ct ri cal solenoids . The solenoids each move d  

a ball-point p e n  causing a break i n  a normally s traight line • One o f  tha 

pens re ceived a tim. signal every se cond from a clock . A se cond pen 

received a position s ignal from the position sYTitch-button which was on 

the small c ontrol box in the hand o! the operator . A third pen was op­

erated by the run-cancelling , switch-button which was also on the control 

box . This button was depre ssed whenever the run or part of the data were 

to be dis carde d .  Such o ccasions were wh e n  the particle os cillated badly 

or llhen the particle touched the s ide of the tube . In this manne r  poor 

data were clearly marked and there was no dange r o f  such data being used 

by mi stake . 

Swit che s for operating the particle -release me chanism and the space ­

t ime  re corder were also mounted o n  the contro l box . This wa s  nece ssary 

so that the ope rator could e asily control the entire run llhile giving his 

undivided attention to the falling particle and its behavior .  

Each particle was weighed tp the ne are st 0 .0001 gm using an Ainsworth 

semi-micro balanc e . It was ne ces sarY to know the weight of the particle 

in o rde r to compute F in the drag coe fficient . 

The volume of e ach particle was determined by dropping the particles 

one at a time in a r;erological pipette , whi ch was partially filled with 

wate r ,  and observing the rise o f  the wate r surface . Two pipettes we re 

used depending on the length of the b-axis of the particle . One pipe tte 

had a uniform bore o f  l min and the othe r 2 mm .  The fluid used in the 

pipette was water to which 5% Aerosol and 5% fluores cein dye had been 

adriod in order to nulli fy  the e ffe cts o f  surface tension and make the 
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fluid more visi_ble ._ A small amount o f  the fluid was drawn into the 

_ _  pipette and the pipette clos ed with a rubbe r  tube and pinch-co ck as 

_ _  sho!m in Figure 8 .  The pipette was mounted in a clamp on a ring s tand 

_ �nd th� wate r surface in the pipe tte was observed with the micros cope � - =-- · :- ·  ... - - - - - - - � - - - - - - - - ·  - _ _ _ .. _ _  

, pre viously de s cribe d .  The particle was ���reduce d _�� the top of the pip-
, ._ -

_ e��e _ and pushe d to the water surface wi�h a fine wire • . This was neces-

s ary be cause the inside surface o f  the pipette and th� parti?le was 

__ _ always wet and c aused the particle to stick . The volume of the particle 

was computed from the ris e  of the wate r s urface
_ 

c �used by introduction o f  

the_ particle i n  t he water . This method of volume determination was unre -

__ 
liable when the rise of the wate r_ surface was ve ry small ( about 0 .1 o f  a 

s cale unit on the mic rome te r . )  

Re sults : S chulz was handicapped in the inte rpretation of his data . 

�bile the fall velocity and shape _ factor data we re ob�ained with . sati s-

fac�ory pre cision , the reliability of the drag coe ffici ent depends upon 
.,, . � 

the accuracy o f  the particle weight and volume determinations . 

_ _ _ Since_ the parti cl� volume was probably known with a higher de gre e o f  

. _ _  ac�ur�cy , i t  wa �  decide d t9 u�e this particle volume an� an assumed spe -
.5 :-_ : _ - . _ .  - - -· - - - - - - - - - .. . . - _ _ _ _ _  ., _  

... .. . .. 

9t fic _ gravity . _ Be �ause the s pe c i fic gravity o f  the glass sphere s  could 

not be a ssumed with any de gree of ce rtainty ( be cause of inclusion of min-

ute air bul?ble s ) , the ga�a_ for t-he . glass �phere s  we re not used . For the 
.::,.. - - ... - - - - - - - -·- - - --- - . - ... 

natural mi�e rals , the apparent we ight o f  each particle was computed using 

_ _ the me asured volume and the re gularly publishe d value of the spe cifi c  

gravity for that particular mineral . The se data have been tabulated in 

Appendix G ,  Table 14 . 
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The data on the shape factor were used to study the variation of 

ehape factor with s ieve s ize and mineral type . Some correlation be-

· tween shape and s ieve s i ze was ob serfed when the average shape factor 

for a given sieve size was used . The average s hape factor for all the 

parti cle s  from a particular sie ve fraction was plottod on a graph 

(Figure 18) against the sieve diamete r .  Also shown i s  an average c� 

for all sie ve fractions from all sources . 
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Chapte r V 

· · DISCUSSION OF RESULTS 

1 ' · : ' 
S cope of Experiments 

.!. , ., � ( .' �. ·.!'!_ -- � y - ·, � � ,. � :· 
These experiments have presented cons iderable data supporting the 

n:=t _ .. . · ,..., _! .. . .... < ,_ ·. � ( �- [_ t : . .  - . 
use of some form of shape parame te r . The primary purpose of this report 

' .. • ' ,  ' I -· • • [ !"' 
i s  to conside� the adequacy of the Corey shape fact�r �� -� and to 

use the shape factor to relate s ieve diamater and s edimentation diamete r .  

Also the report has collected conside rable additional information re gard-

ing the extent of variati on of the shape factor in natural se dime nts . 

Choice of the Shape Factor Paramete r 

Since the standard procedure in fluid me chanics is to use pro je cted . 

area for the term A in the drag coeffic ient 2F/Apfv2 , Figure 9 was 

plotted on that basis . The shape factor used as the third variable in 

this plot was the dimensionle ss area ratio , 2 Jt do /4A .  The line s of aver-

age shape factor were drawn in by e ya as the best fit to the data . The 

se cond trial for correlation be tween shape and fall velocity is repre s ented 

in Figure 10 in 1:hich the shape factor is c/ --.jab , ab is used for A 

in the drag coe fficient ,.  and� as the length measure in Reynolds number 

in place of � • 

Comparison o f  Figur e s  9 and 10 reveals that they are ve ry similar in 

all respects . As vas s tated , the average shape factor lines were drawn 

in as the best fit to tho points . Hol'1eve r ,  the re  are many points on both 

figure s which do not fit . For example , in Figure 9 tlTo diffe re nt particle s 

each having a shape factor of 0 . 77 ,  have value s o f  drag coe fficient o f  0. 66 

and 1 .19 respe ctively at Reynolds number between 4 x 103 and 9 x 103 . 

' - -
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The difference in the drag coefficient represents 50 per cent of the 

-- -- comple te range at that Reynolds number . 

The data shovm in Figures 9 and 10 indicate that at high Reynolds 

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

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

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

verge t o  th e  -line for spheres . 

After this fact was indicated by the plots of the data , care ful 
-- - -

consideration and a more thorough review of the literature revealed the 

---��bable reason . The numerator of tne drag coefficient is the ratio be-

tween submerged weight and projected area .  Submerged weight i s  a func-

tion of  particle volume . Knowing projected area , the approximate value 

of  particle thickness to give the actual particle volume can be computed .  

In othe r words , the numerator o f  the drag coefficient is in itself a 

measure of particle flatness or a shape factor . Therefore , the e ffect 

---�f ���e is l��gely already taken into account by the drag coefficient 

___ aQ� a _ second shape factor has little significance at low Reynolds numbers . 

At high Reynolds numbers there is a second factor influencing the 

drag coefficient -- namely, fluid separation in the wake of the particle . 

The degree of separation , and hence the influence on the drag coeffi-

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

phenomenon of fluid s eparation the shape factor has some significance at 

�gh valu�� of Reynolds number but little significance at low value s of 

-- that number . 

Evaluation of Shape Factor : At this point a choic-e was made between 

. ___ the two shape factors investigated . The time requ�ed to measure the 
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mutually-pe rpendicular axes of the particles was cons iderably less than 

that required for measurement of projected area using the present' tech­

nique . This matter o f  time required to make measurements is a very im-

• portant consideratio-n i f  the shape factor is to be practical . 'l'he 

product ab is · a good indication of proje cted - area . · More- information 

about the particle is obtained by measurement of the axes lengths than· 

by a measure o f  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 s ignificant than 

the other .  Because o f  the other advantages obtained by measurement of 

the axes lengths compared with the measurement of the projected are a ,  the 

shape factor c/;/ab was considered the more practical of the two and 

therefore was used in the remainder of the investigation . 

Malaika (8) and Corey ( 3) suggested the use of the. s quare of the 

nominal di ameter in the drag coefficient to replace proje cted are a .  Fig-

ure 11 is similar to Figures 9 and 10 except that nominal diameter was 

used to compute drag coefficient . The use of nominal diameter had the 

e ffect of lddening the ra�ge o f  values of drag coefficient cove red by . 

\ !.  •• •• 

the data . Errors · in ind:i:Vidual points 'then- became less" noticeable . · Also , 1 : r � -,-� :; ( j_, , . .  

the n'Ull'e rator of the drag ' coefficient was · then the. ratio· of two· ·factors· 

based entirely- on particle volume with the result that the drag coeffi- · 

cient did not include particle shape . · 'l'h:i.s single fact· greatly increased· · 

the significance - bf the shape ' factor at low Reynolds·' number .·· / . . . •. r ' '\  :! o-;-

Even at high Reynolds numbers the use of nominal diameter improved 

the correlation between drag coefficient and shape facto r .  For example , 

the data for two particles lihich had a. shape factor of o·.48 were analyzed .  
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�ben plotted with drag coefficient based on ab the value s of the co­

e ffi cient were 0 . 73 and 0.88 .  In the range o f  Reynolds number in Which 

the above points lie , the complete range of dra� coefficient was from 
- i 

0 . 31 to 1 .10 which includes a range in shape factor from 0 .24 to 1 .00 .  

• 'l'hus , in this case the variation in the drag coefficient for two parti­

cles having the same shape factor was 19 per cent of the total range of 

the coefficient when ab was used in the drag coe fficient . When nominal 

diameter was used , however ,  the same data resulted in values of 1 .23 and 

1 .52 in a region where the total range of drag ·coefficient was from 0 .31 

to � .81 . This amounts to a variation of 11 .6 per cent of the c.omp1ete 

range of drag coefficient which is less than in the preceding case . For 

these reasons nominal di ameter appeared to be the best dimension to use 

in the drag coefficient and further studies were made on this basis . 

Study of Figure 11 indicated that the drag c oeff�cient remained 

nearly a constant in the range of Reynolds number bet·m�en 103 and 105 • 

As was pointed out in Chapter III and also by McNown and Malaika (10) , 

the ratio a/b may be an important fac_tor in describing shape . To lltudy · 

the importance of the a/b ratio , a graph of Cn : sf was made with a/b 
I 

as the third variable (eee

1 
Figure 12�

-
� There 'F.ls a lack '�(�-an� · �rend !� 

the data so that no definite .conclusions could be dra1m . HoWGTer , in �e 
·-

lower portion of the curve there was an indication that higher values of 

the ratio a/b tend to result in an increased drag coefficient for parti- _ 

<: 

" ! 

. -

� �  
I 

cle B w1 th the same shape factor . Unfortunately;-' this type of plot may be -- ' c: 
, I _ · _ j �· 

made only in the comparatively narrow range in Which the influence of Rey-

nolds number is insignificant and for that reason the practical signifi-

cance of a/b is questionable . 
. , ,  . 
� . . -

- - - - -<" 
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� -

2 
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� I t'.. . Two other factors describing shape , namely angUJ.ari ty and surface 
I 

roughnes s , were di scussed in the theoretical analysis and discarded ! 
? • . ? · - . ...... --- · - --- ---;-- .-- _I 

with the hope that for natural l'articles these facto rs would be e s sen-

tially a constant value and coUld be neglected .  !. comparison of the re.';,i�; o bt.d�ed by Wild�
-

i� �ho-: in
�

Fi� i3 ..m�re .�� �;r not; t�
- - --. -- � • 

the drag coefficients fo r the crushe r plant sample are larger than for 

the
, 

��h�� sample s .  The photogra�h, Figure 27,  
-

in�c�t� s �h� pro�:��:
--- - --- -� 

C, 
reason . The c rushe r-plant sample fragments were very rough and angular. 

Renee , one may infe r  that the two factors - - angularity and roughne ss 
, �  ...... 

are ?f i�ortance . Howe ve r ,  the other sample s mich l'lere compo sed of 
,_ 

�atural particles (not modifie d by crushing) did produce results· exactly 
'-.. . 
�omparable as is indicated by the rathe r small spread between the curves 

of Figure 13.  There fore , in practice , the two factors , angular! ty and 
( .... :--

roughn_ess , probably could be neglected except .,fuen those chara�teristics 
r 

were very noticeable . In th at case a small over-all corre ction could be f I 
i 

--- ._ , applie� to the measured shape factor to give results 'more nearly correct . 

A sampr• of the natural sediment in que stion may be
. 

co��ared \.·it:' the ' J 
phot£graphS -o f  the sample s -:- 1'118 -crusher- fragments probably -repre se�tthe ____ ___ l 

I r .  I extreoo condition ' of ·angularity and roughness.. Natural parti cles would 
;( L I 

--·--- -- --.- ---'- --- - · _ ____ _ _ _ _____ _ __: _ _ _ _ _() range· between t he value of zero angularity (or roughne ss represented by 

:smooth! s phere s )  ��d th� : �n�
-
i�ion re pre sented by crushe r fragiOO nts . 

. 

· I 2 1 . r - r _ . -: -·�- ----- - '------. --- - -- - - ---� -----------

The · .;"I: Re Gfaph !'oi' Ni'tiiral Parti cle s : : · '  I 1 
. ! '1> , l . ' _,. ' I ' I 

I ' { ! I I 

The data here presented !indicate that the C?rey shape f_acto�an. be (l ._ . ._ I . - • . 

. (l I � :' t'_ (, , (. "t , f:\ . { I _ (' 
employed to explain a significant part of the variation of the drag co-�. .. , . 
e fficient for a partl cular Reynolds numbe r .  All o f  th e  available data 

I : 
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.-e re reduced to th e  parameters of drag coe ffi cient , Reynolds number, and 
I 

Corey shape factor . The data ·mn--e plotted on tlfO . composite CD : Re �.,graphs 

as shown on Figure s  14 and 15 . - - - -- - - " - . - - - -- -- - - - --- -; . Figure 1·4 repre se.nts the composite graph 
I p 

for the rounded parti cle s  and sediments-that hav� been well worn .  
i I The - - --- i 

' · 
crusher fragments and angular particles �ave be en plotted separately on 

Figure 15 , because Wilde has shom1 on Figure 13 that this se gregation is 

de sirable . 

The Corey s hape facto r also was compute d  for the particle s use d  by 
-

Krumbein and Malaika . Be cause Malaika ' s  particles were geometric shape s 

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 sphe re or for a double cone . Examination of the data dis-

clo ses that the double cone whose shape factor is 1 .0 beh.ave s n�re like a 
f . 

natural particle of shape factor 0 . 6 .  For this reason Malaika ' s  particle s 
. ' 

were furthe r identified on Figures 14 and 15 . The four basic s hape s were 

: 
I 

' . - ·! ' 
sphe roids S , cylinders C , prisms P , an� double -cone s  D ( in o rder of 

-j 
increasing angularity) • Because s ome of Yalaika I s  particle s were roU!lded . - ...... . ;,. 

I I ..... ( . '.. ::: : l 
and others were anguJAr , all of- his data1-were -pi;tted -on ooth Figure s: U 

' • I :. / ( ·, - :::_ .,.... !-: . ! ;!j / c: �· · � - <! ( < and 15 . Line s of c onstant shape factor were drawn througli the data gi'i'-' 
· ;/ ! f: 9 ,

. . J  � � 
ing care ful cons ide ration to the · parlic1.e- a:Oguiarity and the ' -general 

.. .  . / I 
principle s of laminar and turbulent , now. The undulatio� in e ach shape 

I -: 

c 

" 

' I I 

· factor line in the ra��e 5���� �1�!_5��--c�_be ��=����,a�--�-
h�- -��r:-·· --�- _1 � 

tion of the line of separation on the surface of the particle • Charac-- - - - - --- --- - --- - - - -- --- ---- - (' J . 
teristic of this range o f  Re is the wide s catter of t he data which is I 

' / - -· - -·-- --! ·, typical of the turbule nt. conditions in the boundary layer around the par-
- �- -- - �---

ti clo nnd the large scale �ddie� in the �ake of thee pa�icl� . 
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- -- 'fhe shape factor line s from Figure s 14 and 15 have been plotted on 
� - -�---

-
< 

_ _ _ _  Figure 3 and table s giving the drag coe fficient for a particular shape 

f'act?r ,_ !Wyno_?.�s _____!l�er_, _a�d _samp�e so�rce a:re given _ in Appendix G .  

I t  is interesting to note all o f  Krumbein ' s  data fall generally on 

a line o f  slope -2 becanse all of Krumbein 1 s  parti cle s were of constant 

--- ----size . This verified Malaika 1 s  statements about these line s and repudiates 
:: -- · - -- - -- - -

-Serr ' s  assumption that these lines of slope -2 should be used to deter- -

mine the s edimentation d�amete r .  

-
Variation in Fall Velocity o f  a Particle � -

Because o f  the pos sibility of a single particle falling with dif-

ferent orientations , and hence different velocitie s ,  several runs ware 

made t o  determine what variations existed with re spe ct to the fall veloc-
-

ity of a s ingle particle when it was dropped a large number of times . 

Several s ele cted grav�l-sized particles we re dropped in both oil and 

-- - -- - water .  The particles were s ele cted to give a ldde range of shape and 

surface roughnes s . 

- ----Results of tr.is study revealed only small fluctuations in fall vel-

ocity for Reynolds numbe rs less than approximately 100 . The data for 

---�---�ynolds numbers less than �00 were_ obtained by dropping the particles in 

oil . For Reynolds numbers increasingly greater tha� 100 � the var�ations 

- -in fall velocity from one run. to another rapidly incre ased . Associated 

with this difference is the fact that Re = _100 is approximately the 

p:>int where the orientation o f  the particles becomes unstable and oscil-

lations develop . It was found that the s tability o f  a particle depended 

upon the s hape factor and Reynolds number . In some cases where the parti-

cles were unsymmetrical but had large shape factors , the re was no stable 
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position for Reynolds numbers greater than 100 . These particle$ 

'While falling would change their orientation frequently and contin-
_ 

, (-·- -- _ 

uously. Othe� _particles having small val�e s . of _ the shape factor ?u� -. ;:: ::: c :  _ .  

an approximately symmetrical shape were stable up to  relatively high .· _ . . 
- . . . . - - ·- - - - . · - · - - ·  !: ' · · - · - -

ReJ-nolds nu.nbers (Re = 10, 000) .  . :·.!. : .- . . . .. :  :- -� (, : 2 :._ 

It is quite probable :t?at the variation of the fall velocity could , _ .  

account for a large part of the scatter displayed oy some particles on 

Figure l4 and li'igure 15 . The data used to compute the drag c oefficient 

and the Reynolds number on Figure 14 and Figure 15 were based on single 

·observations ·of the fall velocity. Time and resources were not 

available to conduct. an adequate statistical investigation of the 

variation of the fall velocity of each particle . 
i � . 

RelAtion of Fall Velocity to shape Factor and Weight 

A graph showing the correlation between fall velocity and the 

shape factor was used by Corey in his report. The requirement for 

this graph is that the viscosity nru.st remain constant. All the avail­

able data for water temperature .69 .5° F ( 20 . 8° _C) were plotted on 

. ' . .. - ..... . 

Figure 16 . cLine� , of cc;mstant shape factor can ea�il.y _be dram1 on tb,is :; c. , _ f c _ 

graph of fall velocity versus par:ticle weight . The _ impot:tance or _ _ shape :1:: : - -, -- � c  

factor in the fa'lJ. velocity problem i s  apparent by considering the ex-

tent of the variation of �e _fall velocity. Far example assume a particle · 

weight of 200 mg, the fall velocity of a sphere ( sf • 1.0) 1\0Ulci, ,Pe :P!Ore - �  ;-
l 

than .300% greater than the fall velocity of a particle "Whose shape· fac-

-tor is 0 • .35 . · For this same weight a part1cle Vihose shape factor is ·0.- 85 · - · - - - -

. 'WOuld fall �t .t17ice the vel.oci ty of the particle whose shape factor is 

0.35 . In using Figure 16 ,  certain limitations should be kept in :mindJ 

. 80 -
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1. 

2 .  

• 

-
The graph is for a wate r tempe rature of 69 .5° F 
'
only. · If  a s:illlilar diagram is desired for some 

I ' . 
.( 
i 

- -+ 
I ·- ; 
other temperature , a new curve for the desired 

. I (.' 
·- -- --- , . 

\ I '  
temperature mu.st be computed using the dimension-.. 

less CDzRe graph . 

This graph j,s not valid for particle s which fall 

at high velocities ( greater than 30 em/sec) �d the 

eeconda.ry irregularitie s are important . If the par-

ticles s.re extreme ly rough (note t.he photographs of 

these samples) , the c0 : Re graph for the crusher 

fragments mus� be used to construct a separate 

graph o f  fall velocl ty vs . particle weight . 

I 
I . ---r 

I 
_j ,  

i .  

f .  
I ·  I 

I .  -- ... 

-i t, 
I C 
i i 

Relation of Shape Factor to Volume I 
I \ L . < 

If the product abc is an accurate measure -of particle volume , the 

ne cessity of weighing e ach individual particle could be .eliminated .  Wilde 

and Schulz investigated this relationship from their data . A graph of , _ _ � � ' 

, ', •• r I , 
abc· VS . Volume for natural particles was prepared and is shown in Figure 

' \ ' . ' � > ( j . 17 .  'l'liO l-ines representing c\bes a�d spheres were ,al�o .�d�ed to �is - .1 t 
I \ '· 

graph . The average value of the ratio of the volume to · abc (volume/abc} . 
�- -- - -- . .  _ -\---- - --\ - __ _ _ _ _  :. _ r (_ _ -- ---; ' .. 

for the natural particle s  was 0.49 and the average deviation was 15 .8 per 
I I • I ( 

cent . Th�s large variation uas considered too great to justify using , 

I \ I · 

j r 
. 

abc as a !measure o f  vo'lunie ;- -For '\mparison purpos e s  the theoretical--
1
-

lines for cubes and sphe res were also drawn on the graph -- the cubes from 
I \ · I · I I 

the e quation .vo lume equals _ abc , and ' the spheres from the equat�?n volume 
, -, r ' \. 

equals Jt�ci6 .  The curve for cubes is the extreme case in Ylhich volume 
, t  . .. ..  

r '-

r 
l 

' ' 
. . ' 

· . -

\. 
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equals abc and is obtained only by particles which are re�tangular in 
i three , dimensions . The ratio between volume and abc for spheres is n/6 

/ 

or 0 · (2 which , once again , is a close approxima. tion of the dat
.
a for n

_
a�- , , 

l () � --- - - - -- -----·· -- - - -- --- --:--- - - -- -- -- --/ � _______ /_! _ 
ural_ particles .  : : · ; /  : . / · 

{-. � --- -· -

-- -- - - • ..__ - I 

--- - -- - -- - -- ---- - --- --/---
--

•.. I : / ' 
I / 

/ .  
/ i 

! . I 
I 

i / 1 � / 

Relation ·of Shape Factor to Source of Material -- - - � - -- ---, / -· - - - - - - . • 
l / ,f: ! 

Serr reasoned that the most angular material produced in nature· ·would 
.. . . - ---- - - . - -

- / - - - . - - - -. -·' 
be �h�t �terial which was newly fo�d an� for _his_ investigations he 

chose . material from a fresh talus slope . Corey , Wilde , and Schulz used 

, · rock crusher fragments as examples of the extremely rough t'ase of natural 

. material . It may be reasoned that as these nwly formed materials al'El 

carried by water ) rlnd or glaciers , they are constantly worn dol'ID. -- bo-
..... 
:coming rounder and smoother.  Therefore , a relatively "old 11 sediment ..... 

�hould have a smo0th appearance and the shape factor should tend toward a 
_..... 

spherical particle (maximum volume for a given surface area) . _ 

/ 

. :
:An?t�e.r _example explaining this tneory is lllica . The mica particles 

I I " 

are formed ·from laminae of Jrica scaling from the parent deposits . The 

thi����s of these mica·
-
fi�k�� is ;. charac

-
teristic �f 

-
the p;re�t

-
deposit . ! 

I / . I At th� fo�tion o� · these mica flakes , the shape ' factor 1rould be quite : : I I / / : /:-� - I low .bjcause ;he particle is very thin . It may .be re�soned fur;ther th;9-t - - - -- - 1  
a��r � ��:;particle under�0es �he action of sedimentation tfie :t-elative�y - - - -- - -- -� 
large particle is divided into smaller ones but stili'-maintaining -its�- ------· -

o�M��l th_:l,_��
�
�ss; _ th

,
- e��f9r�_, the �hape_ factor mus_:t 'be _j_ncreasing during 1 • 

I ' I 
- - -! -- � 

t�y�� �e.aring do'Wll process . Examination of Schulz 1 s data yields some v_er- I · 
' ' ' ;_.. �. / I ( :; ..:� / ( [ t �I 

ification of this logical deduction concerning the m:tca. . ' . ! . . / 
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Examination o! the mineral type s from the Tarious sources dia closod 
-

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

: :  - · :  ·· 10%) ; however , . wen it is present � the average �;hape factor is somewhat 

J..·, 

- �  .. 

- - -
less for both the sample ae a whole and for any particular sieve frac-

tion . On the one hand , no mica 11as found in the Loup River sample Gd 

the average shape factor for the entire sample was 0 .66 . On the other 

hand , about 12% mica vas found in the Alder Creek sample and the average 

_ ehape factor for the entire sample as 0 .56 . 

The data shoTdng the distribution of mineral type s , and average shap3 

factor_ of the particle s for e ach sample and sieve fraction are shol'lD. in 

Table 14 in Appendix G .  A graph sholrlng the average shape factor for each 

sieve fraction in each sample is shown in Figure 18 . 

In _th is report the sieve fractions . are alwaya identified Yi th the 

sie.ve on which they were retained . On the other hand the sieve dian.etcr 

for a given sieve fraction is the size of the sieve opening of the pass­
ing sieve (the one preceding the retained sieve ) . A graph shoTI!ng the 

intermediate axis as a function of the sieve diameter for the crusher 

.· fragments is sholm on Figure 19 . Examination of this graph discloses 

that the intermediate axis is nearly always larger than the sieve open-

. ing . Since the s ieve opening is a s quare , the largest poss:tble sieve 

_ _  opening is not the diameter of the largest sphere which vould go through 

: � ·:  :: _ _ _ � ��- opening , but the diagonal distance across the opening . If the par-

ticles are very thin , the length of the intermediate axis could then 'b9 

� times the sieve opening . This line is also plotted on Figure 19 . 

Kos
.
t o! the points lie between the tlfo linas b = �v and b = -../'}. dsv • 

The points occurrlng to the ri ght of the b = -ft. d8v line can be explained 
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• 

as errors in msasuring the true "b" axis , a · eieve which iB "leaking" at 

? the edge , a aJieva having larger open1.ngs than spe cified , or poor siev-, ' 
. - ' 

� �g- tecbni:que • 

-- -
' ' . 

- � Relation of S:l.eve Diamater to Nominal Diameter 
.... : ... --
� �- · :  � k graph giving the relation of the sieve diameter to thee nominal 

-
· · cliamster !or the rock crusher samples studied by Corey , Wilde and Schulz Ia.. : - - - -

� � ·u aliSo sholJn on Figure 19 . Examination of this graph shows that a line 

of sloPe +1 (d8v = do) could be assumed to rapresent the data . A majority 

of the data are enveloped by two lines -- d8v = 1 .2<1n and dsv = 0 .8�. 

- It is i.D:t;erasting to note that for the larger sieve sizes (d8y>2mm) mst 

- - or· the data seem to fall to the left of the d8v = dn line ; llbereas , for 

the smaller sieve sizes (d8v < 1 .5 mm) most of the data fall to the right 
aide of the d8v = do line . Somg of this might be explained as personal 

- , error ainee t.he data at the two extreme ends of this curve wore obtained 

by different investigators . 

�e Cn:C,s Graph for Natural Particles 

_ _ .. _ I1i- hsi betm ·illustrated in Chapter III how lines of constant size at 
� -- --- ---
' 

a .4ope o£ _ -2 collld be superimposed on the Cn : Re graph . Each of these 

lines represents a constant value of ·the size coefficient z 

---· - ---- - -

·cs = F/Prv""· 
--ih:fs arrangement of the variables is useful in engineering problems 

llhere 'Ule fall velocity is unknol'ID and to be detenninad .  An eXllJJlple of 

this type problem is the determination of the critical scour velocity for 

certain bed material .. 'l'o make this graph more usef'ul , the c0 , Cs , and sf 
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• 

parame ters have been transposed from Figure 3 ,  page 33 , to Figures 20 

- · -a'1d 21 . Since it ·has been ne cessary to differentiate be tween the rounded 

! -. particles and the rough and angular particles on the 

is also ne cessary to make . two graphs of CD vs c5 • 

gr_aph , it ' .... 
EXample s at· the use 

. : ',  ; 

� -

, _  

' ' � 

of these graphs are in Chapte r VII and tabular values are . given in� 
Table 17 , Appendix G .  ' 

�he C : Re Graph for Natural Particles w 

I (.. ( l I ' 
-:--, - ;' ::---

'· 

- j :.  

Lines of cons tant fall velocity at a slope of +1 are superiffiposed 

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

F i-1  6 6 -I V  < ' . c 
ffi73p ,..3d 3 2 

n Pr f "-

The line s on Figure 3 have been displaced by the cons tant 6/n and 

plotted as • 

This arrangement of the variables is use ful where .. the nominal 

: diameter is unknown be caus e the nominal diameter appe ars only in the 
., . • • I ::' 

�-- -Re paramete r . To make this graph more useful , the C , Re , and sf 

h -- parameters have been transpose
i
d

"��� Figure 3 ,  page 3;, to F{g�el 22 
I ''--., . ·. , c: 
! and 2 3 . Again it has been necessary to_ have two graphs -- one _,f�f 
!-.- - - ;- � I-t- - -· -

! -�=-.round�d pa�icles and one fo_r �ng�l�r particles • Tabular value s of . .... ���gures 22 and 23 appear in Table 18 , Append�� G . , 

!.. � 
1 .. . t· - : l... 

-- ---- l� � H-1- - · - - -�- - - · - -: Relation of Sieve 
I .  

( 
..... �- --- -

"' ! '·'\ 

,.  ', 
Diameter to- Sedim9ntatiori -Diameter.- ' 

', ' 

I I 

r --, ·. 

I Sediment en gtne e rs have recognized a need for a method . of relating 
I ,. sieve diameter to sedimentation diameter without actually having to measure 
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. 

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

made possible through the medium of the shape factor .  'fhe sedimenta-
. - .. . 

tion diameter .for each particle that was dropped can be determined using 
-

the method suggested by Serr . 
- -- - -

This is based on two facts : 

L The nominal diamet.er ,  sieve diameter and . 

sedimentatiop diameter are all equivalent 

---f'or a sphe re . 

2 .  On the Co :Re grap� lines of constant fall 
-- velocity occur at 

- +1 ._ 

- - - - - ---

- The sedimentation diameter coefficient K w has been computed from 

a ratio of the Reynold� number_ of the particle to the Reynolds number of 

a sphere of the s ame fall velocity. 

TE �12 
- �  K = v 

... - Re ws dn • s 
v 

� 
= -<- = 

- -

�/ds • 

- - -

The sedimentation diameter for any particle can be determined from 

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

numb�r of_ the particle projected along a line of slope +1 to the 

Cn:Re-line for spheres (sf = 1 .0) . - - - - -- - -

Because the nominal diameter is as-

sumed 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 o.f the nominal diameter of the particle to the sedimentation diam-· 

eter ·of the particle . Since the sieve diameter - and the nominal diameter -

for each of the particles is known , the ratio of tile sieve diameter to 

the sedimentation diameter can e asily be obtaine d by multiplying the 
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• 

� - sedimentation diameter c oefficient K w by the ratio d8vf� ·  The 

_ : �esulting rati� is called the d iameter coefficient, K d •  

�The diameter coefficient K d has been c omputed for the naturally 

worn stream sediment sample s and - i s  shown on Ftgure 24 .  The Reynolds 

number on Figure 24 is based on d5v instead of � • The lines of con­

stant shape factor have been drawn on this graph . This graph is now in 

a .Practical form and can b e  used to solve for the sedimentation diameter 

- a8 if the sieve diameter d8 v , shape factor sf, the fall veloc ity w, 

and the kinematic viscosity V are all !mown . 

The procedure outlined for using thi s graph is given in the follow­

ing listed steps z 
-

_ 1_.- _ Determine the kinematic vis cosity v from Figure 1 

using the water temperature which must be e ither known 

or assume d .  

·· - : - -. .  2 :  Estimate the fall velocity of the particle in que st ion 

: · · � - - using Figure 25 . Assume the nominal diameter to be 

:'.. . · :. equal t o- the sieve -diameter of particle .· 

: 3.- - Compute Reynolds nWll.ber using this equation and the 

� � � . quantities determined in ·step 1 and Step -2 :  

..... ..  - - : - � :__ ':. � . ..: .,..,c. ·
·
-

Re •  • 

4 .  Using Fi gure 24, determine K d using the Reynolds 

number from Step J and the knonn shape factor . 
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5 .  Compute the sedimenta.t ion diameter 

' . 
' •' I • 

;� . 
... � :: : :: .dsv d ( ", • -. L 

ds = • SV 
Kd 

dsv/ds 
'\ ' '· 

- -
If only a rough estim te of the ratio of sieve diameter 

. .. .. J t � .  < (' l; '  (. -
L 
--' f.:: : (" . 
< : . .  

to sed.:.. 

inentation diameter is desired, the lines of constant s ieve diameter 

drawn on this  graph may be used . It must be .pointed out, however, 
·-

that these lines re sulted from data in which the temperature of the 

water (and hence its viscosity) varied, and therefore the lines could 

be expected t o  drift considerably for wide variations in water - tem­

perature . The temperature of the water varied from 12° C ( 54° F 

approx . )  to 20° C (68° F approx , )  during the experiments .  These 

curves of constant sieve diameter s o ld not be used unless the water 

tempcratUl'e falls w:i. thin the experimental range . 

-- --' 
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Chapter VI 

CONCLUSIONS 

The- Cn:Re graph f or natural particle s 

< � - A�l the data available have been plotted on two s : Re graphs 

_ (Figur e s  l4 and 15 ) and lines of constant shape factor have been drawn 

_. .. _ . through the · data . The se shape factor lines may seem to contradict t he 

. data at c ertain points-; however, they have been dralVIl carefully, giv-

ing proper c ons ideration to the data a s  a whole and with due c onsider-

ation of the pr inciples of f luid me chanic s herein discus sed . If 

Figur e s  l4 and 15 are used, the possibility of large errors must be 

recogniz ed; however , the errors invol-ved in using the shape factor 

lines are reduced considerably over what they would have been if the 

_ _ _ original - sp ere line ( sf = 1.0)  had been used . 

If it is not pos s ible t o  perform the ne cessary shape factor 'meas-

ureme nt s ,  an estimate of average shape factor can be obtained from 

Figure 19 or by comparing the natural sediment Yrith t he photo graphs of 

the s amples appearing in this report . Be cause the two Cn :Re graphs 

have been used as a basis for Figures J ,  20, 21, 22, 23 and 24, these 

graphs als o must be u sed with the same discretion as Figures l4 and 15 . 

By repeating fall veloc ity measurements on a number of selected 

particles ,  the variation of fall velocity was found to be of relatively 

minor importance at Re l e s s  than 100 but of increasing importance at 

Re greater than 100 . Principal reason for the fluc\uation of fall 

velocity seemed to be instability of orientation . The instability of 

orientation was a s s ociated ��th low values of the shape factor, lack of 

symmetry of the particle s ,  and high values of the �eynolds number . 
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Relati on o! Fall Velocity to Shape Fa ctor 

If the temperature o! the water can be fixed, t hen a graph of 
' j : ,  • • 

. fall velocity as a fUnction of weight, -similar to Figure 16, can be 

constructed from either Figure 14 or 15 (depending on the particle · 

roughness or angularity) . As has been pointed out, by using the shape · - · 
!actor, a difference in !all. velocity of as much as 300 per cent can 

be explained. This fact serves to illustrate the necessity for consid-

ering · the shape of the particle . 

{ ,.._ 

Relation of Shape Factor to Sieve Diameter 

. If the sieving process is thorough, the sieve diameter is proper-

tional to the b-axis of the particle. The average shape factor !or all 

the particles measured from all the samples has been converted to a 

graph of average sf vs. s ieve siz e  and is shown in Figure 18. This 

. . . 
J ,  

-· " • ' 

curve was obtained from average data and should be used only to obtain 
"' ... - � -

an estimate. It is apparent from this graph that the average shape 
I :• , 

!actor for all samples is approximately 0.60; although the an&Ular 

.> • .!. t -t •  

,. - � . . E:: • .... .. J - � 

crusher fragments exhibit generally a lower shape facto� than the nat-
� _ ;.., • � . ... � .  ,". . _  , _ _ t ;�:-s L:!-� �� J t �- !.. c. :-

urally worn stream sediments. 
;_.;. .: - . 

In some cases the smaller sediments seem 
.. .  l -- • � .. := � . -� l :t G: .. :.:t: t _._!._ 

to have a higher shape !actor than the larger siz e s .  

Variation o f  Drag Coefficient with Siz e Coeffic ient 

Figures 20 and) 2f are ·e sPecially u�e!ui' for deterniining the dra{( s �- '  · c.- � .. . .. .  

coefficient f?r a particular size when the ·shape factor ' Is known·. ·u-- , . .  ' '  "'· - - · 

the siz e coefficient ' and' shape factor for a particular particle are ' ! !  

known, the drag coefficient for a sphere of the· same size ( or weight) 

can be obtained from the intersection of the given Cs and the 

100 
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. � ...:;. - - -.:  _.,.. __ . ... 

. 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 CD :Re graph 

are also inherein in Figures 20 and 21 . 
-- - - - - - -

� . .::-; - : �- � ::.: -� . ::.  ::: : -=- Variation- of the Velocity Coefficient with Reynolds Number 

- : -�- -· Many times it is desirable to know the siz e  of some other particle 

having t he same fall velocity, but a different shape than the - particle 

Under study . The determination of the sedimentation diameter is a 

special case of this type of problem . Figure s  22 and 23 have been con-

structed t o  aid in the solution of these types of problems . All parti-

cles having the same fall velocity will plot as horiz ontal lines on 

these two graphs . Examination of Figures 22 and 23 will indicate that 

all particles having the same fall velocity but of shape factor less 

than one will be larger in siz e and fall with a higher Reynolds number 

than a sphere ( sf = 1 . 0) . 

Relation of Nominal Diameter and Sieve Diameter 

- - - - · - - - - - : - - The nominal diameter and sieve diameter for the rock crusher sam-

c � - - - - : : - :  - - ples - have veen compared on Figure 19 . The data have been enveloped by 

·: - � - - : ,- - - _ -= -- -two line s  having the equations s 

. -

d = 1 . 8  d 
n SV 

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

sieve diameter (d - d ) n - sv • 
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Relation of Sieve Diameter to Sedimentation Diameter 

The ratio of the s ieve diameter to the sedimentati on diameter 
�- :: ;_ . = . - -

( Kd = dsvfd5 ) was deterrrdL�ed and is shown on Figure 24 for all nat­

urally wot:_ri· stream s
-
edime;t s .- .  This "graph gives the diameter coeffi­

cient as a function of a Reynolds number with shape factor as the 

third variable . - The length term in the Reynolds number is the s ieve 

diameter . The substitution of the sieve diameter for the nominal 

diameter Wa.s made as an aid for the use of Figure 24 -when the nominal 

dirumter 1s· not known . ' It is expected that Figure 24 i s  the most u seful 
. . 

to sediment engine er s from the practical point of view • 

. - ... -
- -- - - . - .. - . - - ----- --- - - - - - - -- - - - -- --

.... . - -=--= � : 

� : --::.. -.- - - - =- - - --

- ::. . -
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· --- - -":'"  -- - Chapter VII 

::: 

-
--- . - - - - - - EXAMPLES 

- . / .  - - . 

Example � have bee� _ included in this report as reference material 

.: tb _ guide the re�der _in th� use of the information herein pre sented. 

Ph�to�aphs showing a representative sample of s ediment from each 

source have been included . Corey 1 s  sample s have been enlarged ap-

. proximately 1-�/3 time s .  �, 25-cent coin ( approximately 24 mm diameter) 

appears in each o! the photographs taken by Wilde . The photomicro­

graphs taken by Schulz show the sand grains enlarged approximately two 

ahd one-hal! time s .  
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a )  Sample of sand grains 

from C a ch e  Le Pou d r e  

R iv e r  n �a r_ B e l l vu e ,  C o l o ­

rad o .  

A v e .  S .  F .  0 .  5 9  t o  0 .  7 6 .  

c )  Sample of fragm en t s  from 
rock c ru sh e r  at Bellvue, 
C olorad o .  

A ve . S . F . - 0 . 4 5  t o  0 . 5 3  

.. 

b )  Sample of sand grai n s  from 

the M idd le Loup R ive r at 

Dunning, Neb raska . 

Ave .  S. F .  - 0 .  6 7  t o  0 .  7 1 . 
< -

d )  Sam pl e  of w ind -b�own 

sand grains from Lapo rt e ,  

C ol o rado. 

A v e . S.  F .  - 0. 5 3  t o  0. 6 4 .  

(Not e :  E nl a rged l 1/ 3 t i m e s  natu ral s i z e . ) 

PHOTOG R A PHS OF S A M P L E S  STUDIED BY C OR E Y . 

F i g .  2 6 .  104 J l :·. 
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Sample from Cache La 

Poudre R ive r north of 

F or t  Col l in s ,  Colorado . 

Ave . s .  F .  - 0 .  49 to 0 .  6 5 .  

Sample from c ru s h e r  

plant n e a r  F o rt C CJl l in s ,  

C olorado . 

Ave . S. F .  - 0 .  5 3  t o  0 .  5 7 .  

Sampl e  from gla c ial morraine 

in R ocky M ountain Nat ional 

Pa rk, Colorado .  

Ave . S. J:< .  - 0 . 6 5 t o  0 . 6 7 .  

(Not e :  2 5  - c ent pie c e  i n  each phot ograph indicat e s  s i ze . ) 

PHOTOG R A PHS OF SA MPLE S  S TUDIED BY WILDE 
105 
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a )  Sample of sand grains 
from Cache La Poudre 
River east of F o rt C ollins, 
C olorado. 
Ave . S. F. - 0. 50 t o  0. 7 0 .  

c )  Sample of sand grains 
from A rkansas R ive r at 
Lamar. Colorado. 
Ave . S. F. - 0. 45 to 0. 6 9 .  

I (� ,  
r 

• -�j 

'(] '· · c  r 
:) f 't) ,,...., ...., 

I. , , .. ,-. ... 
' 0-'--

._, 
' :: 

') 

b ) Sample of sand grains 

from W olf C reek below F t .  
Supply Dam , Oklahoma . 
Ave . S. F .  - 0 .  42 to 0 .  7 0 .  

·������.���=�� 
d )  Sample of sand grains 
from Alder C reek in 
Yosemite Nat ' 1 Park, 
Galifornia.  
Ave . S. F .  - 0 .  49  to 0 .  6 5 .  

PHOTOGRA PH S  OF SAMPLES STUDIED BY SCHULZ . 

2 8 .  106 



=- _ _  a )  :::>ample of sand grain s b )  Sample of sand grains 
_ _from C olorado R iver at 

- - y um a, A rizona. 

--- . - . 

_ = fr_o� M id d�e: Loup R iver 
at Dunning, Nebraska . 

_ Ave.  S. F .  - 0 .  60 t o  0 .  7 4 .  Ave . S .  F .  - 0 .  6 0  t o  0 .  75 . 

� • ::. -
.1.. - .._ - - c 

: :- : ::: .- c )  Sample of rock c rusher 
fragment s .  
Ave . S. F . - 0 . 4 4  t o  0 . 6 7 .  

PHOT OO R A PHS OF SA M P LE .S  STUDIED B Y  SC H U LZ . 

l(J] . 
Fig. 2 9  
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Example Problem No . 1 

A well rounded particle of the following properties was dropped in 

wate r at 20° C .  It was found that the fall velocity was 8 .0 cmjsec and 

that 
a = 1.2 mm 

b = 0 .9 mm 

c = 0 .5 mm 

weight = 0 .00132 gm 

volume = 0.0005 cc 

The particle volume was determined by displacement i n  a pipe t . It may 

also be approximated by the product of abc . 

To fi rrl the sedimentation diameter of this par·ticle the following 

computations are ne cessary. 

Solution : 0 . 5  = -.,.JI:2T.9J J:. 0 .49 s! = c/ -y'ab 

!or water at 20°C,V = 0 .01011 cm2/sec (from Figure 1 )  

d 3 = (6) (volume ) • n = 0•0998 em D ' -zl 
• 

Re .  � = 8 .0 ( .0998) = 79 v .01011 . 

From Fi. gure 22 at Re = 79 and sf • 0 .5 , Ow = 1 .5 x 10-5 . 

Move to the point where sf = 1 .0 and Cw = 1 . 5  x lo-5 . 
At this point Re = 61 . 

�· ) s'- �-� .. � ; �� 
dsphere = ds = �� ( .0998) = . ��07� . .  �· 

108 l .. 
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Examp�e Problem No . 2 
' - -

� - - . -· 
. < 

Find the fall velocity of an extrema�;y angular particle having the 

s� 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 particle 

are as- follows :  

"f .:. : • :: 
a = 0 . 5  liDll 

b = 0 . 3  liDll 

c = 0 .26 llllll 

F = 0 .00006 gm The · force is calculated after 

- knOWing the particle volume end specific gravity . 

Solution : 

� - : . 

ef = __ o_._2_6 _
_ 

.....r.sr.3Y 
= 0 .67 

1) = 0 .01012 cm2/sec (from Figure 1 )  

Pf = 0 .. 9982 gm/cc . 

o .oooo6 
c � : ... = .9982( .01012 ) 2 

980 
= 5 78 

�_- :-_ - u�� Figtire 21 for crusher fragments (because the particle is ex-- -
t�maly rough) to find CD . At sf = 0 .67 and C8 = 5 78 ,  C0 : 3 .8 • 

. � - -

I • - -

· · Move� upward from this point to the point where sf = 0 . 3  and C8 = 5 78 .  
- - . - . - - -
- - Cn- : 4 • 6  at this new point . Assume the specific g ravity to be 2 .65 

- - ...- --- - - then 
· � -

: ·F = (6 I") 
d 3 - 6F 

n -. n 6 .Y 

. ( Jt�.3 ) (Volume ) = (6 y) -e;- , 
= 6 ( .00006) = . 000069 

( 2 .65-l)n 

109 



bb.t 

� = 0.041 mm ,  

. . . 2 Co = 4.6 =· F/du 

Pi.,p/2g 

Y = 1 .24 em/s e c .  

Example Problem No . 3 

. :.� �; �Ooo06/( .041) ( .041) 
4.6( .9982)/2 (980) 

' · 

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 200 C .  

Solution : . . . .  /" - . ­I • 

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

soluti on is as follows : 

1 .  Use line s o f  c ons tant s ie ve size and constant shape factor to 

determine the diameter coeffi c�ent , Kd • 
. . _.,. ___ - -

2 .  Solve for the sedime ntation diameter . 

l . . 

inoth�r solution uses b oth Figure 24 and Figure 25 . 
. .._ . � - - . . ... . . � .. 

"\) at 20° C = 0 .01012 ( from Figure 1) . - _· : c 1 . · . . . - -- - . . . - . . ) . . 
w at 20o ; _C and d = 0 ��5 mm = 5 . em/sec (�rom }'i�ure ��) . 

Re = wdsv_ = 5 ( .035) : 17 .3 SV V -' .01012 
t f:( " � = 1 .15 at sf = 0 . 1  

d d - sv = . 0 . 35 = 
s - � 1 .15 

and Resv = 1 7 . 3  
• ·- .,.i _ _  

6 . 3  DDll . 

. / .  ·. '  
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FALLING OF GRAINS OF SAND AND GRAVEL IN CALM WATER 

By A .  P .  Zegrzda , Eng . 

The study of existing expe rimental data has shown that · the 

des cent of particle s of the same kind in -various liquids and of parti-

cle s of various mate rials in the same liquid , proceeds according to 

laws which differ to a certain extent from one anothe r .  

As it seems this circums tance cannot be attributed to the dif-

terence in physical prope rtie s of the liquid or of the particle s '  

mat�rial , but must be due to the influence of the shapes of fallin? 

particle s .  

2 .  The experimental data on the de s cent of sand:grains i n  wate r 

published in te chnical lite rature diffe r s omewhat from one another and , 

if p_lotted , form trro curves ne arly paralle l to e ach other .  

This dis crepancy may be explained ,  in our opinion , also by the 

difference in the shape , which , on the ave rage , characterized the parti-

� � - � - cle s� used in various expe riments . 
("'" - · . .  ,... 
- c.. ._ _  .. � 

� �-·- . : - . 
J �� - The fact that expe rimental data may be plotted and form smooth 

. _ _ __ _  C!lrves , indicates that in this case (uniform motion of particles of ir-

: , : ?_:
r��ar shape ) the relationship is also maintained between the coe ffi-

cient o f� re sistance and u�e Reynolds ' numbe r ,  if the latter ch aracter­

istics be re garded as composed by average value s (of velocitie s ,  

dimensions , e tc . ) . 
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4.  Existing formulae based in a majorl ty o f  cases o n  expsriment s 

with balls , give naturally , such re sults which do not coincide with ex-

perimental data as obtained lTith s and-grains falling in water . 

5 . PracticaJ. r�nnulae must be of such a nature as to satis fy con-
J . . 

.. � 
� . . . -· - - ,: . .. 

. . . � - -· 

· ditiona illustrated by- both s e ries or points (obtained by expe riments ) .  . ( - : .- • • J � • '. - -· ,.. �- (l : 

This condition involve s ce rtain fluctuations. in the value s o! 
... . ..  '� . 

parameters included into the formulae . I .  
The ·formulae given below contain extreme value s of s uch param­

e te rs , corresponding to th� highest and lowe st situation of te st points 

on the diagram . 

For e ach group of formulae , the extreme values of Reynolds 1 

number are given , limiting the domain of application of this group ; 

corresponding diameters of particle s for the tamperatua� of water e qual 

to 10--15° are also given . 

I • StreamJine · stage : 

- � r 

. ( . . . 

. l • .- - ( 
Re <  1 .0 (d <: 0.125 mm) . ·:·: _ _' : : 
Stokes 1 formula : P = . 4 . 50 lfe-

II • Intermediary stage : 

r -, .. . 
-- -� ... . 

_ _ , ,.  . .  - .  

(1) 
·' 

- � - .. 

�� ' 1 1; · . ;. · _ - � . . : - -- - � ::�.::.� : · -�:-�-- ���- = :� C: E -� -� :- .. - [ :  .:' c -� 7-sc."� t:r•r) f 0 :··:- f. ::t.:.� ! 
A) l .O < Re � 20 :�: ��n; �  !��.; • "p �; -� :66 � , - ,'" . , : ; "  • ::  , _ '<;t·:, ::J ' : _ ' �. -

cj �. :· ·. < - :··u : �. , . , . .  · ?.. = . .  4 .50 .� _ ,  : . : ' · ' '- :! {2 • ) · : � · � · .. -� -: :.  

d :•. · . . . . ' 1 )0 .120 p = 0 .90 \ Re  
( 1 )0 .235 

p = 2 .10 .Re 
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.. 

III . Turbulent stage : 

Re > 150 (d > 2 .0 mm) 

Richards .formula : 

p = 0 . 45 

p = 0 .64 

Note - Dimensionle ss characte ristics P and Re are computed from 

(4) 

(4' ) 

average values of quantitie s characterizi:ng the des cent of a particle , 

using for this purpose the following formulae : 

p2 
g r  

(� - 1) 

where : 

p = -v 2  
vr Re = -:g-

v = the average velocity o f  des cent , 

r = the ave rage radius o f  a sand-grain ,  

g = the accelerati on o f  gravity , 

. P2 = the density of the s and-grain , 

� = the density of th e  liquid , 

V = the kinematic coe ffic ient o f  vis cosity . 

(5) 

(6) 

6. Except the equati ons me ntione d above , the nomographic inter-

pretation of the formulae , propo sed by Prof . M • .A. .  Velikanov and 

A .  P .  Ze grzda , may also be use d .  

In this case i t  is ne ces sary to substitute into the formula the 

radius o f  the equivalent s phere , that is , such a sphere which , being of 

the same density as the sand-grain , has the same velocity o f  de s cent 

(at the s ame temperature ) in water .  
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The radius of the e quivalent sphere ( r  ) and the ave rage ¢ . . 

radius of the sand-grain ( r )  may be e xpressed as functions of one 

another ,  a s  follows : 
f '·', r.'. • • • 

I .  Streamline flow (d -== 0 .125 �j . - -
·, .. .  

r = r ·' ¢ 
. : .· ( 

II . d :;::::... 0.20 mro :  

J ' ' '  

'1 ! \. c " -

r • 

( 7) 

r - 0 . 525 r 2/3 ¢ -
. . 

r¢ = 0 . 66 r 2/3 ·. 
(8) 

(8 ' )  

Experiments show that for particles having diameters from 

0.125 Illl'll to 0 . 20 mro ,  the relation between r111 and r , is rather 

uncertain . 

7 .  It i s  re commended not to use the Krey' s formula , which has 

acquire d some popularity among hydraulic engine e rs . 

accurate . 

This formula is based on data l'lbiqh are not sufficiently 
• ; · 

".. • · ·· -.. ,. • · · r. ,· , , ,... - · 

Beside th is , an analysis of eX:periroental . data.' publi she d by 

c.-: : ·  · 
. . � :  

Krey make s us believe that' he selected an incorre ct val'ue ' for the ' co-

e fficient in the 'formula for the turbulent now (d > 1 . 5" --' 2 .o min) '. ·. -· . .  : 7  � ·. : 

For this stage the c ori� sponding Krey 1 s  formula give s too low a value 

o f  re sistance or , which ' 'ia the same ' ·_..: too' hi gh a value of velocity 

( ; i 'I ,, ' 

\ ... . 

of descent for· a ' •g1.ven; s ize of grains . r· ; · . :  ::·, !  ih ;,.·_. i �. '  s u. c-h c. [ - � ·' . ::  } '(', \.h.i..ch , k�:i. u �: o f  

.· ..... . . 

�� • f I: 
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Table 9 

" / )  ' rl � �  : '(' 11! I" , ;  ( ,  
I 'o ' ., ( I  I '1 ' ,1 , ,  , ,  ! I  ' I  I '> 1 ,, , ' ' • ' I ' ' 

I f  ' j  ' '  · · I ' . ' '  
" , . ,  , .  " ' '  ' 
'" , . ,  .. ! ' ! � ( )  I ' ' • I ' · I ' '  I I  ' I 
"' . ,  : I  ! �  : I  l l o  I I  ' • ' t r 1  I . ' . I I I ' 

1, ' I '· c• PHYSICAL AND HYDRAULIC PRbPERTIES ' ' · " , I  , : . I I  ) r 1 I o .  OF I , r . , 
I )  1 1 ' PARTICLES STUDIED BY' ZEGRZDA ' '  , r ' ' 

., ' 
>Ave;age : T�mpe r- Fall 

• 

I I r ' > I  ' 

( 1 ,  ( f) '" 
' I  

./ ' i  .· , I ' ; 
I '  , ' I I I ' I ' '  

. , 
,. Particle . Radius : . ature 1 " .Velocity Particle Fluid Kinematic , ... . . .  " · �"' . , : ,  1 

Number ·: r - mm °C ' v-cm/sec Density Density Vis cosity P Re 

•I 
' 

.. .  

1 0 . 278 18 . 0  ' B . 46 2 . 67 : 1 . 00 : 0 . 0106 0 . 653 , 0.0436 
2 . 0 . 425 ' . 12 . 0 : .. , ,:- 10 .98 , .  2 . 67 .. 

I 1 . 00 : . 0 . 0124 ... 0 . 586 .. . 0 . 0258 
3 ' " . : 0 .750 . . , •, 10 . 0 ' . - · 15 . 62 2 .67 ; 1 .00 0 . 0131 0 . 497 0 . 0112 
4 . _:.� ·1 . 25 . · ·-: .12 � 0  . :�' : ··� . . 20 . 80 . 2 . 67 1 . 00 . 0 . 0124 0 . 468 0 . 00477 5 ·: . .  · ·_: ' 1 . 25 ' /' - 18 . 0 ' ; ;.• . 20 .70 : - -.. 2 . 67 . .  1 . 00 . . . 0 . 0106 0 . 471 0 . 00410 
6 1 .75 .. 

· 
18 . 5  i 25 . 00 ( 2 .67 . 1 . 00 I 0 . 0105 0 . 453 0 . 00240 

7_ ! . . _ . 0 . 278 : ... .. 7 o 5 --� 7 . 82 , � ' ]_Y, 2 .67 .. ,; 1 . 00 �--- - - 0 . 0141 0 . 828 0.0626 
8 i 0 . 425 : 8 . 2  \ 10 . 85 )� � 2 . 67 I ! 1 .00 : 0 . 0139 0 . 600 0 .0292 
9 : 0 .750 : l2 .0 ; 15 . 00 ..... 2 . 67 .'� ! 1 . 00  ' 0 . 0124 0 . 540 0 . 0110 

L . lO _;_ ·· - - 1 . 25 ; _ _ _ _  .10 . 0  _ j  __ .. . .  20 .10 -- _;_;: : .  2 . 67 -�,,- ��;: ,1..00 : . . ... . .. 0 . 0131 · 0 . 504 ... 0 . 00522 
'i 11 : 1 . 75 : 7 . 5  : 25 .90 ,·,/ 2 . 67 .,<: 1 ..oo ! 0 . 0141 0 . 423 , o·. oo265 
i 12 : 2 . 25 ·  : 8 . 2  i 28 . 10 i 2 . 67 ·;·1 . 00 ·;

. 
0 . 0139 0 . 461 0 . 00220 

.'- - - 13 1 · .... .. . . 0 . 425 ·; - --- 14 . 4  - ..-- . 3 . 27 - - - :-·- - 2 .67 -- - 0 . 880 · ,� -- 0 . 167 8 . 00 . 1 . 17 
� 14 ; 0 . 750 : 13 . 7  ! 5 . 79 ; 2 . 67 0 . 880 : .. . . . 0 . 173 4 .39 0 .398 
\ 15 ; 1 . 25 ; 12 .3 l 9 . 84 ' 2 .67 · o . s8o .. , · ·  : 0 .186 2 . 53 0 .151 
� --· 16 +- - - - 1 .75 ·j-- - ·.:. · .. 13 .7··-+-- --15 . 80 -- - - -i ---- 2 . 6?- - -- - ' o . 88o · .. -·,. ,;_· � o . 173 - · .1 . 37 o . o626 
\ 17 ; 2 .25 : 14. 4  21 .60 2 . 67 � 0 . 880 '� 0 . 167 . ·" 0 . 945 - :c 0 .0344 
: 18 : 3 . 00 ; 13 .9 29 . 10 2 . 67 l 0 . 880• ·:::· . 0 . 171 0 . 694 · 

.. ... 0 . 0196 . 
r- 19 ·l--- -- · o. 278 • · --- ---- u . 2 _ 1 _ _ _ 1 . 61 . 2 . 67 · - . . · ; o . 88o -:. :-, o .187 - 21 . 8  .. . 4 . 88 · 
� 20 0 . 425 ' 9 . 4  2 . 44 2 .67 . ; 0 . 880 0 . 231 ;. 14 .4 2 .16 
:: 21 1 . 2 5  : 11 . 9  l 9 .25 2 . 67 ; 0 . 880 0 . 190 ... - 2 . 86 0 .164 
;--- 22 - �  - -. . -- - 1 .75 · : · --· i3 . o---: -- - 16 .lo 2 . 67- - --- -. o . 88o o .179 1 .32 o . o635 
: 23 2 . 25 l 12 .3 ! 20 . 50 ' 2 . 67 i 0 . 880 0 . 181 1 . 05 0 . 0392 

24 : 3 . 00 l 12 .1 ; 28 . 30 . 2 . 67 ; 0 . 880 0 . 188 0 . 734 0 . 0221 
• �-.. -· � h - •M M • ... , --�M--� --·----· · ···�- - :..--- I 25 . 0 . 278 ; 15 . 2  i 2 . 86 : 2 . 67 ; 0 . 880 0 . 057 6 . 96 0 . 691 

' 26 l . 0 . 425 ; 12 .() i 3 .84 ; 2 � 67 ; 0 . 880 0 . 094 5 .88 0 . 560 
' .. . . .  27 _; __ ��·�- 0 . 75D ,L .�-· �-- 14. 3 �" : __ . _7 .75 . . , .. J . .. � 2 . 67 ·- _ ,,.0 . 880 . .. 0 .067 2 . 48 . 0 . 115 

28 1 . 25 16 . 6  13 . 15 2 . 67 0 . 880 0 . 045 1 . 43 0 . 0274 
29 1 . 75 13 .3 17 . 95 2 . 67 . - . 0 . 880 0 . 078 1 . 08 0 . 0248 
30 2 . 25 13 .2 .2 5 . 45 2 .67 . . - 0 . 880 0 . 688 0 . 688 0 .01/�oO 

, ,  ' .  

' r  

· Radius of 
' .  Equivalent 

. Sphere 
"r!!S - mm  
0 . 276 
0 . 391 
0 . 594 
0 . ?96 
0 . 712 
0 . 850 
0 . 308 
0 . 415 
0 . 555  
0 . 759 
1 .125 
1 . 190 
0 . 398 
0 � 596 
0 . 892 
1 . 260 
1.620 
2 .180 
0 . 279 
0 .390 
0 . 860 
1 .280 
1 . 590 
2 . 180 
0 .. 225 
0 . 343 
0 . 484 
0 . 631 
1 . 02 
1 . 48 
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, 1, I I I PHYSICAL 'AND HYDRAULIC PROPERTIES , ,  I 
Table 10 ' . I OF ' I : PARTICLES STUDIED BY KRUMBEIN 

1(Table 1, p �  624 from Krumbein ' s  paper) 1 I 
I Nom- Approx . Crit- (v/V) Set tl- Rey- Coeff . Form-

Den- I inal Round- sf ,L! ical for ing nolds resis- , Coeff . 
Sym- diam- . Spher...: ness c Froude F = 0 . 5  Veloc- No. tance, : (V /V ) 

Form bol si ty I eter icity p -f8.b No . / d/y = ity ' R I C I 1 3 
tp F � 0 . 11 D 

c 
gm/sec 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 .?? i 0.75 
Rollers 2 R2 2 . ll 1 .44. 0 . 68 0 . 85 0.75 0 . 20 0 . 58 48 . 8  7030 0 . 8?  0 . 69 
Roller s 3 R3 2 . 02 1 .46 0 . 52 o . eo 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 5 1 . 8  7410 0 .78 0 . 73 
Disks 2 D2 2 . 03 1 . 45 0 .75 0 . 95 0.42 0 .37 0 . 52 35 .7 5170 1 . 53 0 . 5 1  
Disks 3 D3 2 . 13 1.46 0.61 0 . 95 0 . 22 0 .42 0 . 38 24 .1  3520 3 . 72 0 . 35 
Blades 1 Bl 2 . 09 1.43 0 . 80 0 . 85 0 .72 0 . 20 0 . 59 . 49 . 1  7020 0 . 85 0 . 69 
Blades 2 B2 2 . 0? 1 . 44 0 . 68 0 . 80 0 . 51 0 .33 0 . 54 3 9 . 7  5710 1 . 28 0 . 56 

....... Blades 3 B3 2 . 15 1 .43 0 . 5 2  0 .75 0.43 0 .41 0.46 34 . 5  4960 1 . 82 0.49 
� Cube s ,.. 2 . 14 1 .45 0 . 82 0 . 25 0 . 73 0 • .31 0 . 56 46 . 7  675 0  0 . 97 0 . 66 v 

Fragments f 2 . 08 1 . 45 0 . 85 0 . 20 0 .68 0 . 26 0 . 54 46 .0  6680 0 .96 0 . 65 
11 Bricks 11 b 2 . 10 1 . 44 0 .65 0 . 25 0 • .35 0 .40 0 • .39 3.3 . 6  4840 1 . 84 ' 0 . 47 
Rollers 4 R4 2 . 24 1 .44 0 . 82 0 • .3 0  o . sL� 0 . 18 0 . 62 51.6 74.30 0 . 87 o .  7.3 
Rollers 5 R5 2 . 2.3 1 .41 0 . 54 ' 0  • .30 0 . 5 9  0 • .3 8  0 . 52 .36 . 6  5160 1 . 69 0 . 5 1  
Disks 4 D4 2 . 17 1 .44 0 . 81 0.95 0 . 44 0 • .3 2  0 . 50 .3 8 .4 5540 1 .46 ' 0. 5.3 
Disks 5 D5 2 . 20 1 .4.3 0 . 57 0 .95 0 . 17 0 • .3 5  0 . 50 26 .4 .3760 .3 .  26 ! 0 • .37 

/1 Computed from Krumbein ' s  data . 

13. Froude number not important in this case -- see Kalinske ' s  discussion . 
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• 

Ty l � r  S i o  � s  100 - 80 
AYorago 0 . 161 mm. 

Tyler S i e ve s GO - 48 
A ve r age 0 . 27 1  mm .• 

� yl o r  S i e v e s  35 - 28 
A v e r a ge 0 . 503 mm .  

Ty�e r S i e ve s 65 - 60 
Ave rage o .  227 mm. 

Tyl e r  S i e v e s 48 - 35 
A ve r age. 0 . 356 mm .  

Ty l e r  S�e ve s 20 � %0 
};. V e rr· r,e 0 . '712 mm . 

SAN D SAMP LE NUMBER 1 
M agni f i c a t i on 10 d h:me t er s 

T yp e : 
Sourc e :  

R i v e r  b e d  m n t e r i al 
C ac h e  l a  P oudre R . , Fort C o l l i n s ,  
C olorado 

123 ' 



Tyie r  S 1 e vo a  80 • 65 
Ava r ag 0 . 192 mm. 

�yl e r  S 1e.veo 60 4S 
Average o .  2'70 mm. 

... I ' � • � • (. �· \; .:- ' -' ( , f • r .  '-

ler S i e ve s � 5  - 28 
. v e r age o .  50:3 I!llll e 

:=·-

I '  

Tyler Siove s 65 60 
Average o .  227 mm. 

Tyler S i e ve s 48 - �5 
Ave r a ge 0 . �56 mm .  

·, 

SAN D SAif!PLE : NU!KBER 2 ,' ' - J r.• 

»agn 1 f 1 c at 1on 10 d i am e ters 

Typ e s 
· Sourc e : 

.• - '  . . 

-'·· Rf ve r bed m at e r i al 
Michi gan R i ve r ,  C r�P P enno c k ,  
C o l o r ad o  

124 
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• 

r 

Tyl e r  S i e ve s  6 5  - 6 0  
A v e rage 0 . 2 27 mm .  

T y l e r  S i e ve s 48 3 5  
' J> v e r age 0 . 3 56 mm .  

� � = Ty l e r  S i e v e s  · 28 - 20 
�- -: :·  �Av e·r· age 0 • .  7 1 2  D1.m . 

Tyle r S i e ve s  60 - 48 
A v e r age 0 . 270 mm .  

Ty l e r  S i e v e s 3 5  28 
A v e r a ge 0 . 503 mm .  

Ty l e r  S i e v e s  1 4  - lO 
A v e r age 1 • 410 mm. 

SAND SMiPLE NUJ;': BER 3 
M a gn i f i c a t i on 10 d i ame t e r s  

Typ e : F i n e  r o c k  d e b r i s  
Sourc e :  F r e s h  t alu s s l i d e ,  V e � d j , N e v a d a  

125 



. l 

Tyl e r  Sie ve s 80 - 65 
Ave r age 0 � 19 2  mm. 

. - ' 
Tyl e �  Siev e s 60 - 4B 

Ave r age 0 . 270 mm. 

Ty
-
le r s 1·e ve s � 5  .- . 28 
Ave r age 'o . 503. mm .  

Tyl e r  Si e ve s  6 5  - 60 
Ave r age o •. 227 mm • . 

Tyl e r  Si e ve s  48 - 35 
Aver age 0 . 356 mm • 

. 'T'·. -, . . .  ' - . 
Tyle r ·· S � e v e s, · ,28 

Ave ragJ ' 0 . 71 2 

. -

-, -
20 

mm .  

SAND SAMP LE  NUMBER 4 
Magn i fi c a t ion 10 d l eJTle t e rs 

Typ e : Dune s and 
Sourc e : · Fe rnl ey ,  N e vad a 

126 
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i Ty l e r  S i e v e s 80 65 
.-. -1 :. � Ave r a ge 0 . 1 9 2  rnm. 

� - - · Tyl e r  S i e v e s 60 - 48 
. - - - Ave r a ge 0 . 270 mm .  

- :- -. .: :�·yia!; S l a
-
v e s· 3 5  - 28 

:. · - Av e r age o .  50 3 rnm .  

�yl e r  S i e v e s  6 5  - 60 
Ave rage 0 . 227 mm .  

Tyl e r  S i e ve s  48 - 3 5  
Aver age 0 . 356 mm. 

Ty l e r  S i e v e s 28 - 20 
, _ . AVi� rage 0 . 7 1 2  mm .  

SAN D SAII':P LE NUt!iBER 5 
M agn i f i c a t i on 10 d i ame t e r s  

_- Typ e :  
S o u r c e : 

R i v e r  b e d  ro & t o r l al 
T ru c k e e R i v e r ,  T ru c k e e ,  C Rl l fo r n l �  

127 
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Tyl e r  S i e ve s 48 - 35 
Ave r age 0 . 356 mm .  

ryl e r  � 1 e v e s  � �  - � 
" ·· ,.. ... � ..,, n _ '7 1 ?.  mm .. 

Ty l e r S i e v e s 1 4  - 10 
Ave r age 1 . 410 mm .  

Tyl e r  ·si e v e s  3 5  - 28 
Ave r ag� 0 . 503 mm .  

Ty l e r  S i e ve s 20 - 1 4  
.l vl'l l" s:� cre 1 . 00 1  mm. 

Tyle r  Si e v e s  10 - 8 
. Ave r age 2 . 00 6  n�. 

SAND SAMP Ll!; NUMBER 6 
M agn i fic at i on 10 d i ame t e r s  

Typ e : R i v e r  b e d  m a t e r i al 
Sourc e :  So . Fork Yub a  R i ve r ,  C i s c o ,  C ali fo rn i a  

128 
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. _ . _ .  Tyl e r  S i e v e s  6 5  - 60 
- - �  . - �Ave r age 0 . 227 mm • 

.r . .  -:: _ _  -

Tyle r  S i e ve s  48 - 35 
. _ ,  . .  Av e r age o .  356 mm, 

_ _ _ _ Tyl e r  S i a ve s · 2s - 20 
. :. ·· � � - _- A v � r a ge o .  7 1 2  nun . 

. . Tyl e r  �1e ve s o v - �o 
- : � . _ _  

·_ Ave! a�� 0 . 270 nnn . 

Tyle r S i e v e s  35 - 2� 
Av� r age 0 . 503 mm .  

� 7 - � _ . Tyl e r S i e v e s 20 - 1 �  
;_ · · � :· ·A v e rage 1 .  001 r-·J� • 

SAND SAMP L� NUMBhR 7 
M a gn i f i c at i on ·10 d i ame t e r �  

Typ e : 
S o u :.v'c e :  

R i v e r  b e d  m a t e r i al 
Pu t ah . C r e o k ,  Da v i s ,  C p ] j fo rn i �  

129 



' 

Ty l e r  S i e v e s  100 80 
Ave r age 0 . 161 mm. 

Ty l e r  S i e ve s  65 - 60 
A \l e r age o .  227 nun . 

Ty l e r  S i e v e s  .. 48 - 3 5  
Aver age 0 . � 56 mm .  

Tyl e r  Si e ve s  80 - 6 5  
A v e r s ge 0 . 1 9 2  mm .  

Tyl e r  S i e ve s  6 0  - 48 
A v e r age 0 . ?.70 mm .  

Ty l e r  S i e v e s  3 5  - 28 
Ave r age 0 . �03 mm .  

SAND SAMPLE NUMBER 8 
M agni f i c at ion 10 d i ame t e r s  

Typ e : Exc ep t i o nly w e l l - w o rn dun e  s and 
Sourc e : Dun e s  n e a r  Gre at S al t  Lake , U t ah 

130 
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- - -

Tyl.or S1o�o o G5 • M 
Avorn 3  o .  22'1 

Tyler Jlevos 28 • 20 
r - - - :: :.Average o .  712 mm. 

- . .  

r - - :-

Tyler Sieves 60 - 48 
. Ave r ag 0 . 270 mm. 

�le r  S i e ve s  35 - 28 
A•er age 0 . 503 rom .  

·Tyl e r  S i e ve� 2 0  - 1 4  
_ �ve r l' ge 1 . 00 1  m1n. 

SAND SAMPLE NUM13ER 9 
. . .  Magn 1 ! 1 o at l on 10 d i ame t e r s  

. -Type : 
Sourc o :  

Lake be ao h ma t e r i al 
Grand L ake , Go l o r ad o  

131 



Ty l e r  S i e ve s  6 5  - 60 

Ave r e.ge o .  22 '7 mm. 

Tyle r S ie v e s 48 - 3 5  
Ave ra ge 0 . 356 mm. 

r� . 
Ty l e :r.· S'!e· ve s '28. :..- ·20' ·· 

A v e r agJ 'o . 712 nnn . 

. : . . .  . ' 

Tyle r  S i e v e s  60 - 48 
Ave r age 0 . 2'70 mm. 

Tyler Si e v e s 35 - 28 
Average 0 . 503 mm. 

1.!_ �- .!.. ( • 
" , I �- � '  

"' '"' �. '"1 'l;yler S i e·ve s  20 - ' 14 · 
Aver age 1 . 00 1  mm • 

SAND SAMPLE NUMBER 10 
ldagnlfi c at ion 10 d i ame t e r s  

Typ e : R i v e r  b e d  mat e r i al 
Sourc e : C ache l a  Poud r e  R i v e r ,  Chambe r s  Lake , 

C olor acto 

132 
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. Table 11 , ,; : ; 
, ... ! tl 

I .  I '  
· Particle Axis 

Number I '  a 
' ' I  

PHYSICAL AND HYDRAULIC PROPERTIES 
OF 

' '  . ' 
:! I 
t l o  I 

, PARTICLES STUDIED BY ·coREY jj 
( Combined from Tables 1, 3 ,  & 4, pp . 75-99 from Corey' s  Thesis ) 

( nun) sf P artic le Nominal With Nominal 
b c c/i(i£ Wei ght Diameter Dimensions 

(mg) (mm) wdn F/�2 

v PJV2/_2 
Sample of sand from Cache la Poudre River at Bellvue, Colorado 

Retained on 4-mesh sieve 

l 9.1  7 . 8  5 .3 0 . 63 446 6 . 85 1700 1 .95 
2 6 .4 5 . 0  4.5 0 . 80 190 5 .08 1430 1 .17 
3 8.3 7 .4 5 .7  0.73 471 7 .00 2310 1 .12 
4 9 . 9  8 .8  4 .0 0.43 399 6 .60 2220 1.03 
5 5 .5  5 .0 4.3 0 . 80 175 5 . 01 1260 1 .40 
6 10 .1 6 .8  6 .3 0 .76 493 7 . 07 1560 2.56 
7 8.2 6 .8  5 .7 . 0.76 444 6 . 83 2070 1.26 
8 6 .4 5 .3 4 .9  0 . 84 209 5 .32 1700 0 .91 
9 8.3 6 .4 4 .4 0 .60 388 6 . 54 2280 0 .95 

10 9 .6  6 .4 3 .1 0.40 

Retained on 8-mesh sieve 

1 7 . 8  5 .3 3 .0 0.47 147.0 4.73 990 1.90 
2 5 .9 4.0  2 .9  9·. 59 91. 8  4 .04 1060 0. 84 
3 5 .9 3 . 6  3 .4 0 .74 77. 6  3 . 82 925 1.14 
4 5 .4 3 . 8  3 .0 0 .66 64 .1  3 . 58  810 1.23 
5. 6 . 5  4 .8  2.4 0.43 92. 2 4. 05 920 1.38 
6 5 .4  3 .7  2 . 5  0 . 56 54.1 3 .38 g"?5 0 .88 
7 6 .4 4.7 3 · '� O . Q2 143 .0  4 .68 1280 1.11 
8 5 .8 3 .7 3 .3 0.72 96 . 2  4.10 956 1 • .33 
9 5 .9 . 4 .8  3 .4 0 .64 121.0 4 .43 1330 0.71 

10 7 .3 4. 8 2.9 0 .49 118 .0  4.39 1090 1 . 25 

, I  I 

With Projected 
Dimensions 

wb F/ab 
-v pw2;2

' 

1930 1 . 28 
1410 0 .95 
2A-40 0.90 
2950 I 0.52  
1250 1 . 25 
3150 1.82 
2100 1.05 
1700 0.76 
2220 0.76 
1900 

illO 1 .05 
1050 0 .70 

865 0.79 
860 0.79 

1090 0.73 
960 0 . 50 

1280 0 . 81 
860 1.07 . 

1440 0.60 
1190 0.69 

(Continued on next page )  
y All particles either feldspar or qt�tz -- Specific Gravity assumed to be 2.65 



Table ll ( continued) 

Axis (nnn) Particle 
Number a b c. 

Retained on 9-mesh -s_iev�--"-:·. 
1 4 • .3 

" 2 · . .  4 .0 
.3 .3 �1 
4 5 • .3 
5 - - - -- - 4 • .3 . 

· J .o - .2 .4 
2 . 8  2 • .3 
2 .9 2 . 5  
2 . 5  2 . 5  
.3 . 1 - 2 . 5  

· - �  6 : ,- ,-,; · ;:4 o 1  '' . ::- · 2 . 6  .. .-- , · r 2 . 6 ; ,., , . , 
7 • ' - -: r'> ')rl ,) . 5 , - ' 2 o 5 · ·i r- ·; - 2.)  
8 .3 .1 .3 . 0  2 . 1  
9 4 . 9  ? . 6  1 . 8  

10 · 4 . _1· 2 .4 • 2 . • 4 

Retained on . 10-me sh sieve· ' 
1 2.4 2 . 5 . 1- .9-
2 :IJ . 8  2 . 1  1 . 8  
.3 .3 .0 2 .4 1 . 9  
4 J .j 2 .4 1 . 9 · 
5 4 �3 2 . 5  2 . 0  

. 6 .3 . 0 2 . 8  2 � 5  
7 .3 .4 2 .1 2 . 1  
8·..., >·,:--j_rv:�r� 2 . 5  ?-� 2 .4 !1 i."-2'.4 
9 .3 . 1  2 . 6  2 • .3 

10- 3 . 1  2 .4: 2' • .3 ' 
' - ·, ) .., r_) 

i, 
lj 
r: 
') 

l_l' 

�· ( . . - . 

:; _ 1. 
(. . ) . h 
r n ..) ,.. 1 #' 

/. 

/ .. _. 8  ;� .. !. 
• '" .r ' �� ... '? 

sr 
c/ -.fib 

0 .66 
0 . 68 
0 . 8.3 
0 . 69 
0 . 69 

' 0 . 80 , .  
0 .76 
0 . 68 
0 .49 
0 .76 · 

0 . 65 
0 . 62 

' 0 .75 
0 . 68 
0 .62 
0 . 87 
o.so 
0 . 98 
0 .?9 
0 . 8.3 

\ I 

,., ' (' \ 

Particle Nominal 
Weight Diameter 

(mg) (nnn) 

24 . 2  
22 .4 
17 .4 

'• ' 1  . ,  

.39 • .3 
20.6 
22 .1 . , . "\ 

16 . 9  
17 . 6  
2.3 .7 
18 . 6 ) 

1.3 .9 
12.7 
1.3 . 8  
12 .1 
1.3 • .3 
12 . 9  
16 .6 

8.7 
14 . 7  
14·.1 r_: 

., ' - . - ('I 

2 . 59 
2 . 5.3 
2 • .3 2  
.3 .04 
2 .46 
2 . 5 1  
2 . 25 
2 • .3.3 
2 . 57 
2 • .38 

2 . 15 
2 . 09 
2 .15 
2 . 06 
2 . 12 
2 .10 
2 . 29 
1 . 84  
2 . 20 
2 . 17 

' ... '· , · ·  
I t ' 

I ' • • I ' 

With -Nominal 
Dimensions 

wdn F/�2 

, � 

547 
612 
5.34 
601 
465 
467 
.362 
452 
521 '-
455 � 

4.30 
.360 

275 
.320 
.375 
4.30 

.390 
400 ' ' 

I >  

' '  \ 

1 . 02 
0 .75 
0.77 
1 • .37 
1 . 20 
1 . 28 
1 . 5.3 
1 . 08 
0 . 09 
1. 13 

0.94' 
1 . 2.3 

2 . 0.3 
1 . 6.3 
1 . 15 
1 .1.3 

1 . 24 
1 . 13 · 

-I 

With projected 
dimensions 

wb F/ab 
, p:;/2 

6.35 -
665 
662 
495 
590 
484 
400 
581 
5.35� I '  
455_ :  

50t 
366' 

.317 
.380 
491: ' 
400 

461 
4.35- -

' '  

0 . 5.3 
0.44 
0 .46 
0 . 96 
0 . 5 5  
0 .75 
0 . 89 
0 . 60 
0 . 57 
0 . 66 

0 . 51 
0 . 67 

1 .12 
0 . 69 
0 . 62 
0 . 82 

0 .7.3 
0.74 

· 1 (Continued on . next page ) 
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Table 11 ( continues� " ' . 
' I  � I  I I  Particle . , sf Particle ' ! ;) . 

' , ,  Weight 
Number a , b . .  c 

c/ -..jab (mg) 

Retained on 14-mesh sieve 

1 3 .4 2 . 5  1 . 3  0.44 12 . 6  
2 2 . 1  1 . 8  1 . 6  0 . 82 8 .4 
3 2.4 1 . 9  1 .3 0 . 63 5 . 7 
4 2.5  2.2  1 . 9 0 . 59 9 .6  

� .  5 2 . 6  2 . 2  1 . 9  0 .78 11.7 VI 6 2 .7 2. 0 1 .6 . 0 . 68 9 .7 
7 2 . 3  2 . 1  1 . 6  0 .73 1 2 . 5  
8 2 . 2  ' 2 . 1  1 . 6  0.68 10 . 0  
9 2 .2  2 . 1  2 . 1  0 . 97 8 . 6  

10 2.3 1 . 9  L5 0 .73 6 . 2  

. , 
. , 

I 

. ' ' I I l l  I 
' " 

' I  

' , 1 
Nominal 
Diameter 

(mm) 

2. 09 
1 . 82 
1 . 60 
1 .90 
2. 04 
1 .91 
2 . 08 
1 . 93 
1 . 83 
1.64 

' j I ' 1 I I 1 1 \ 1 )  q '  
l l "  1 ' " ' ' 1 '  i t ' l l  t 

\ 1  
' , ,  

' ' ' ' 

' ' ' 1 ' 

I f 

1 1  

I 
With Nominal 

Dimensions 

wdn F/dn2 

v p;;!h 

420 0.91 
290 1 . 29 

345 1 . 01 
330 1 . 13 
313 1 . 03 
430 0. 85 
3o6 1 .35 
326 1 . 01 
270 1 . 08 

·: t 

.. I I l 1 I 
t 1  i ' ' I I 

I' I t  
, I 

( I ' ' ' 

i - · 

, ,  
With Projected 

Dimensions 

wb F/ab 

-v P"1'2 

500 0.48 . 
286 1 . 19 

398 0.67 
350 : 0 . 99 
326 ' 0 . 85 
445 I 0.75 
340 0.70 
369 0.75 
310 0.70 
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PHYSICAL AND HYDRAULIC PROPERTIES . 
Table 12 OF 

PARTICLES STUDIED BY MAUIKA 
( Tables III, IV, V, VI , VII & VIII pp . 54 to 64 from VAlaika 1 s  Thesis ) 

Sum.mary of Results with Oil No . 15967, Standard Oil Company of Illinois 

Nominal 
Particle Diameter 

Velocity 

1 . · ' · �·� .}�_v·r· n - ··-v · )  - - - � 
ft . ft/sec 

Reynolds 
Number 

R 

Particle 
Density 

s 
Slugs/cu .ft. 

Computed 
Drag Coef. 

� 
Boundary Corrected 

Correction Drag Coef . 
m 

. 
CD 

t J• • •  , 

l .  · At ·2? . 15° - C . ,  oil density 1.702 slugs per cu . ft . ,  kinematic viscosity 0.2060 sq . ft . per sec . ,  
jar diameter 0.675 ft . 

c.:..4 0 . 02264 0 .02440 0.002662 15 .30 13 , 090 l . l(J] 11, 810 
C-4 _ . .  , · � " �. o.,o1907 . . . 0.01770 0 .001640 15 .18 20, 600 1 .085 18, 990 
C-4 0.01183 0.0(1]04 0 .0004045 15 .18 81,100 1.050 77 , 200 
P-4 0 .02295 · .  0.02478 · 0 . 002756 . 15 .30 12, 820 1.098 ,, ' 11, 690 
P-1/4 :0.01551. 0 . 01151 · o . ooo868 15 .30 40,100 1.080 '"'II"' "' 37, 120 

D-1· 0.01233 . 0 . 009345 0.000559 . 15 .30 48,400 " 1 .049 . .  , . 46, 200 
D-1/4 0. 01713' . : 0 . 01193 0.000992 . 1 15 .30 41, 200 1 .133 36,380 
D-1/4 0.01280 J 0.00709 0.000441 15 .30 fn,l00 1.098 79,400 
S-1 0 .01301 . · O.Oll73 ' 0 .00(1]43 15 . 10 33 , 200 1.040 31, 900 

. 

2. At 27.90° C ,  oil density 1 .701 · slugs per . cu. ft . ,  kinematic vis cosity 0.193,0 sq . ft .- per sec . ,  
· jar diameter 0.675 ft . 

G-l/4 0.01182 0.00705 0 .000432 15 .18 80,600 1.051 76, 6oo 
C-1/4 0 .00885 0.00411 0.000189 15 .30 178,200 1 .040 171, 500 
C-1/4 0.0(1]52 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 o.ooo521 15 .30 64,300 1.049 61, 000 

S-4 0. 01242 0 .00863 0.000556 15 .30 57, 200 1.048 54, 700 
S-L� 0.0(1]66 0 .00342 . 0 .0001359 15 .30 223 , 600 1.030 217, 000 

( Continued on next page ) 
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Table 12 ( contiJtie'd') '' :, r 1 : I • 1 11 • • 1 • 

1 l ,· ' ' 1 1 t ' , ; t 1 • ' 1 , 1 ' ', � ' , { ( • • 1 t ' r 1 ,  r ' 1 • • • 

I ·' '  ! ' 1 • ' 1 1 ,  • ; ; I , , • ·: I I . I I ·, � 1 I J .;\ I .1 I 
1 1 1  ' , ' ' , , t :, 1 (, , � ' "l l · · t l .  • ' : i Tl � r ' r: i �l ) ·  

I I I  I . .. . ,, _r j 't • !' l l l ! · , .. , , . . I I , , , t '  I f r , 1 1 , I . I , , ,  I '  , 1  , · I ('' ,. , , . , ) , . , ., .  , , -: l 1 l ·.l , , .. , ·  , ,  

Nominal 
Partic),e 

I ! f '  • • 
Diameter 

' n 
ft. 

v 
ft/sec 

R�yno),ds 
Number · · 

R 

Particle 
Density 

s 
Slugs/cu .ft .  

Computed · 
Drag coet'� 

CD 
. 

Boundary I I J I  I 
Qorrection 

m 
' 

Corrected 
Prag Coef. 

Cn 

3 .  At 2? .35° C, oil density 1 .?02 slugs per cu.ft . ,  kinematic viscosity 0 .2020 sq .  ft.  per sec . , jar 
diameter 0 .6?5 fto I I I ' 1  . ' ' 1  I 

C-1 0.01421 0 . 01284. 0. 000901 15 .30 29,430 1.043 28, 200 
C-1 0 . 01196 0 .00920 0 .000545 15 . 18 4?, 850 1 . 033 46, 250 
P-4 0 . 01150 0 . 006595 0 .0003?5 15 .30 90, 250 1 .042 86,500 
P-1 0 . 01445 0 .01299 0 .000927 15 .30 29,400 1 .040 28, 250 
P-1 0 . 01162 - 0 .08360 0 .000481 15 .30 56, 850 1 . 033 55 , 000 

D-4 0 . 01593 0 .01220 0 .000965 15 .3o 36, 200 1 .0?0 32, 600 
D-1 0 . 0159? . 0 .015?9 0 .001248 15 .30 22, 000 1 .0?0 20, 570 
S-4 0.0202? 0 .02098 0 .002105 15 .30 15 ,?80 1 .099 14, 390 

4 .  !t 28.05°  C ,  oil density 1 .?01 slugs per cu . ft . ,  kinematic viscosity .0 .1900 sq. ft. per sec . ,  jar 
diameter 0 .469 ft •. 

S-1/4 0. 02119 0 .02040 0.0022?5 15 .30 1?, 500 1.195 14, 650 

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

S-4-N 
S-1/4-N 

0. 01242 
0 .02119 

0 .01050 
0.02890 

0 .000686 
0 .003400 

15 .30 
15 .30 

38, 600 
84, 800 

1.065 
1 . 088 

36, 200 
??, 950 

Summary of Results with Mixture of Oils No . 1596? and 15934, Standard Oil Company of ·Illinois 

1 .  At 26 .40° C,  ·
oil density 1 . 6?1 slugs per cu. ft . ,  kinematic viscosity 0 .0412 sq . ft . per sec . ,  jar 

diameter 0 . 6?5 ft . 

C-1/4 
C-l/4 

0 . 01182 
0 . 00885 

0 . 0368 
0 .02042 

0 . 0105? 
0 . 00438 

15 .18 
15 .30 

3 , 025 
?,400 

1.051 2, 880 
1 .040 ? , 110 

( continued on ·next page ) 
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Table 12 ( continued� 

Nominal Velocit, Reynolds Particle Computed . Boun� Corrected 
Particle� . � �Diameter. : Number Density Drag Coer. Correction . :brag Coef • . .  

D v R s CD m cD 
ft . ft/aec · -. Slugs/cu. ft .  

' . ·� 

C-1/4 o . ocn52 o .OJ.49 0.00272 15 .18 11,730 1.031 ll, 380 
P-1/4 O . Oll31 0 .0298 0.00819 15 .30 4,450 1 . 051 4, 225 
D-4 0 . 01233 0 . 03945 0 .01180 15 .30 2,762 1 . 049 2, 640 
s-4 - 1  . _: r-0 . 01242 0 . 0400 I 0.01207 15 .30 2, 720 . 1 .048 . ·� 2, 595 
5-4 �

-
"' o . ocn66 0.0154 0.00286 15 .30 11,, 260 1 . 030 10, 930 

S-1/4 o.o2ll9 0 . 1033 0.05300 15 .30 692 1 .130 612 
.. 

2.  At 29. 80° c, oil density 1 � 667 slugs per cu. ft . ,  ld.nematie viscosity 0 . 0317 sq .  ft . per sec . ,  
jar diameter 0 .0675 ft • 

C-4 0 .02264 0 .1670 0 .11950 15 .30 285 1 .10'7 258 
C-4 0.01907 0 .1210 O .CY7280 15 .18 452 . 5  1 .085 417 
c-4 0 .01183 0 . 04835  0 . 0180'7 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, 02? 

3 .  At 30.00° c, oil density 1 . 667 slugs per cu . tt . ,  kinematic viscosity 0.0312 sq • .ft . per sec . ,  .� - ­

jar diameter 0.675 ft . 

P-4/ . 0.02295 0.1720 0 .12650 
P-4 0 . 01150 0 .045 8 0 .01690 
P-1 ; ., r, ·'·.�--::- 0 . 01445 . .  ; 0 . 0875 . ' 0 . 04050 
P-1 ...... ....., ,... __ ,....,0 .01162 -.� " 0 . 0576 . 0 . 02150 . ' 
P-1/4 0.01551 0 . 0770 0.03828 
D-4-- 0 . 01593 0. 08375 0. 04275 
D-1 /'- --�' 0.01597 0.1046 0 . 05350 ' 
D-1 0 .01233 o . o641 0. 02535 
D-1/4tc ,.....,..,_c-y 0.01713 . . .-·:.�  . .- 0 .0778 -�-_,_,-,� 0. 04265 · 0 .  
D-1/4-- ---- - -0 . 01280 - - · --- 0.0491 - ... - 0 .02015 . 
S-4 .. �( • •  1 .... (;0 . 02027 L ri_"J '0 �1380 . (>7_1 --0 .08970 . '� .. ..  

5-1 ·j_.� ,_,��·--:-rO.Ol30;L ' ·-., _  0 .0758 0 . 03160 

- . /t ('\ I l .., f, . /. ' -
/; ( If , . , ,  I ' . " ' 

15 .30 
15 .30 
15 .30 
15 .30 
15 .30 
15 .30 
15 .30 
15 .30 

_i_ ��''l5 .30 : � .. ·. �-�- � 
15 .30 
15 .30 .. . . . . . " 
1� .10 

271 1.098 . .  247 
1, 920 1 . 042 1, 840 

662 - · '· 1 .040 �. ' ,-. . . . 637 
1, 227 1 .033 1, 187 

921 1 .080 8� 
798 1 . 070 745 
512 1.070 ; . 478.5  

1,051 1 . 049 1,003 
. . 996 .,, �-- ' (>,1 .133 '.)f. I 1' . .. ... , ,  880 � .. ,_ -
1, 862 1 . 098 - - -- -

1, 697 
374 . 2  � : . : 1/. ,_� 1.099 ' ,. _ ...... 341 · -
784 1 . 040 

( Continued 
754 

on next page ) 
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Table 12 ( cont.inued) f' 1 ,;  . . . . . .  : •  1 t • • / 1  t 1 , I 1 • •  

I '  

Particle 

I ' Summary o� , Results With , Oil No . 15934, Standard Oil· Company or Illinois 
Nomin'al Velo�i ty ' '  Particle Computed 

' ' 1 

Diameter ' · Reyn'olds Density Drag Coer .  Boimda:Iy 
D ' v ' Number s C 1 Correction 

' ft . rt/sec R Slugs/cu .ft . D m 

t ' ,  l ' f , , , . • 

I I 

Corrected 
Drag coer . 

C
D 

l .  At 26 .90° C,  oil density 1.643 slugs per cu .  rt . ,  kinemB;tic viscosity 0,00525 sq . r.t .  ,Per sec . ,  
j ar  diameter 0 . 6?5 rt . 

C-4 
C-4 
C-4 
C-l/4 
C-l/4 
C-1/4 

P-l/4 
P-1/4 
D-4 
S-4 
s-1 

0 . 02264 
0 . 0190'7 
0 . 01183 
0 . 01182 
0 . 00885 
0 . 00'752 

0 . 01551 
. 0 . 011.31 
0 . 0123.3 
0 . 00?66 
0 .01301 . ·  

0 .?31 
.0 . 5?5 
0. 268 
0 . 264 
0 .164 
0 . 11? 

0 .398 
0 . 236 
0. 289 
0 . 125 
0 .409 

3 . 158 
2 . 08? 
0 . 604 
0·. 594 
0 . 2?6 
0 . 16?2 

1 . 1?5 
0 . 50'75 
0 . 6?? 
0 .188? 
1 .014 

15 .30 
15 .18 
15 . 18 
15 . 18 
15 .30 
15 . 18 

15 • .30 
15 .30 
15 • .30 
15 • .30 
15 . 10 

15 . 12 
20 .3? 
58.2? 
60 .00 

11? . 2  
193 .9 

.34.  85 
?2.3 
5 2 . 6  

1?4 . 6  
2? . 26 

1.040 
1.038 
1 . 036 
1 . 03? 
1 . 0.33 
1 . 03 1  

1 . 042 
1 .0.3? 
1 .0.36 
1 .030 
1 .02? 

14. 55 
19. 60 
56.30 

I 5? .90 . 
113 .4 
188 .0 

33 .4 
69 .? 
5 0 . 8  

169 . 6  
' 26 . 6  

2 .  At 2? .40° C ,  -on density 1 . 643 slugs per cu. ft . ,  kinematic .vi scosity 0.0050'7 sq ._ ft . per sec . ,  
jar diameter 0 . 6?5 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 
0. 01445 
0. 01162 
0 .01593 
o·.o2o27 
0 . 01242 

0 .04?5 
0 • .354 
0 .784 
0. 260 
0 .4?? 
0 • .3.31 
0 .4.36 
0 . 668 
0 • .309 · 

1..330 
0 . 8.34 
4 .150 
0 .5896 
1 . 592 
0 . 888$ 
1 . 608 
2 . 6?2 
0 . ?5? 

15 • .30 
15 .18 
15 • .30 
15 • .30 

·t ' '· 15 • .30 
·_,. .�Y � 15 .Jo 

15 .30 
15 • .30 ' 
15 • .30 

22.40 
.3.3 . 62 
1.3 .3.3 
60 . 50 
22 .64 
3? .?0 
29 .86 
16.1? 
46.3? 

1 .025 
1 . 02.3 
1 .0.3.3 
1 . 0.31 
1 . 019 
1. 021 ' 
1 .03 2  
1.041 
1 . 0.32 

21 . 82 
32 . 82 
12.90 
5 8 . 60 
22 . 25 
3 6 . 88 
28.90 

' 15 .51 
44. 90 

( Continued on next page ) 



Table 12 · ( continued� 

Nominal Velocity Particle Computed Corrected 
Diameter Reynolds Density Drag Coef . Boundary Drag Coef. 

Particl.e D v Number s c •  Correction CD ft . rt/sec R Slugs/cu-. ft . D m 

:L: .. .3 :\" if:.2s(;:3'Q0 <c� . . cii1 density 1 .645 
jar diameter 0.675 ft . 

slugs ·per cu . ft . ,  kinematic viscosity 0.005915 sq . ft . per sec . ,  
• ' ,Y ':)_{ • 'ro ' ' I  I • t, • 

D-1 , ; . 0 .01597 -, 0 .471 
D-1 � 0.012.33 0 • .300 

�·.D-1/4 . . 0 .0171.3 0 .357 
D-1/4 0 .01280 0 .226 

. , ,, · 

1.272 15 .30 
0.6252 15 .30 
' 1 .0.34 15 • .30 
0.489 15 .30 

. . .!.. 
25 .58  
48. 80 

' 47 . 80 
89 .10 

. ... . . _; __ ._ - .  ' ' ' . . 

1.0.38 
1.0.37 
1.cn8.:' 
l . CY72 

' . . .  24 .6.3 
' 47 .10 
; 44 .30 

8.3 . oo 

. 4 .  At . 1�2.8po c ,  oiJ,. d�msity 1�638 . slugs per cu. ft . ,  kinematic viscosity 0.00.345 sq . ft � per sec . ,  
· · . .  j�: :diB.��ter o'.499 {t . 

- , .  · · · · · · 

S-1/4 . 0 . 825 , 5 . 060 ') 9 ·02119 - .. � 

i \ I , ' .• ' I 

15 • .30 11.11 1 .066 

� : � .  Summary of . Results with Oil No . 159.3.3 , Standard Oil Company of Illinois 

10.41 

.
l .

':; At 28.70° : c, oil dens
-
ity 1.615 slugs per cu. ft . ,  kinematic viscosity o.OOCY795 sq . ft . per sec . ,  

. ,· jar diaineter 0 .681 ft •. . 
, · ' I  ' 

. C-4- " 0.02264 , , 1.723 I ; , 
:: 0 .01907 , 1.440 .. C-4. 

C-4 , ,  0. 01183 0 . 872 
C-1 :·. 0.01421 1 .430 

· C-,.1/4 '.. 0. 01182 0 . 876. 
C-1/4 . 0 .00885 0.602 
C-1/4 . . 0 _  o. 00752 , ·  . . . o.504 v , 

· P-4 · .. �-'·: _7�·,.,,., . .o. o2295; �  · ��-· Lnc (� '"" 
P-4 L ., . .. o.oll50 · · ' o . sJo 

" - ( <  

.· P-I 6 �.01445 V '"  .• I p l p400 
- · P-1 0 9. 01162 � 1-. :090 

" • I •  
0 - , . C' - ' ' I • \ 

0 ... ' _l_l /, ( ' . , ,  . .  .J .. I.  I I 
. , 0 . ' " � -:.· '· ,.. - .... ' 
j_' -· ' o .. n l_ \1 ·.' . ;, --; r. 
,. 0 .. ! . .  , (� . ( �"', • '  

· - ' · 0 . ( , 1 . : · : . .  .. , .. �(),..) 

49.10 
. .3{+. .55 

1.3 . 00  
25 .60 
1.3 . 02 

6 . 695 
4.745 

·: . '51 �00 
12 .00 

.; 25 .41 
I� 15 . 93 
' ) . : . .  
1 )  

., 
' I • ,"" 1 ' ' '  

. . 

15 • .30 
15 .18 
15 .18 
15 .30 
15 .18 
15 • .30 
15 . 18 
15 .30 
15 .30 

. }.5 .,30 
15 .30 

' ' 

2 .780 . 3 .315 
5 .605 
2 .5.30 
5 . 540 

. 8. 840 
10. 65 

2 .65a ·· 
6.050 

2.675 
3 . 555 

1.015 2.740 
1 .013 .3 . 268 
1.008 5 .565 
1.007 2 . 510 

; ],..009 5 .490 
1.008 8.770 . ' ' '"'\,..,:... 1 .008 . .  . ,, . 10.58  

, .  � - �· 1.016 J .  
,- . 2 . 610 

1 .007 6 . 010 
! I 

� 1.008 2 .655 
· :  1.006 3 . 5.35 

( Co�tinued on next page ) 
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. , , , .  I · 
Table 1'2 ' ('cond.riued. 1 ' : 1  '; 

I � . • 

N�min'ai: Velb'dt'Y: . . .  ' .  
Diamete1: ' I ' I Reyno leis 

Particle D ' '  Number v · 
ft .' ' ft/sec ' 

R 

D-4 .0 .01593 I I 11 . 140 I I . , 22 ·. 80 
D-4 0 . 01233 0 .914 14.17 
S-4 0. 02027 1 .556 39 . 62 
S-4 . 0 .01242 0 .0952 14 . 88 
S-4 0 .00766 0 . 532  5 .12 
s-1 0 . 01301 1.370 22.41 

1 '  1 . � P I , . 

.- I I  t 4 ' 

I . , , 

Part:i.c:l.e: 
Density 

s 
Slugs/cu. ft .-

15 .30 
15 .30 
15 .30 
15 .30 
15 .30 
15 . 10 

I I 1 1  I I 7 ' ' 

I o 

. \ 

I ' , ,  . .  t • I I 

' ; 

' ' r l 

Comptited 
Drag Coe'r. I c •  D 

4.448 
5 .370 
3 . 050 
4 . 965 
9 .770 
2 .480 

1 1 •  q n r ' ' r 'I 

, , ,  

• l  , ,, , . , I ' , • I l l  

I . n I t  • 
' \ l • ' 

Boundary, 
Correction 

m 
• I  I 1 . 012 

1 . 009 
1.017 
1 .009 
1 .007 
1 .007 

I I 

. I  I I I 

I ' · 
, .  

. .  

Corrected 
Drag Coer . 

CD 

4 .390 
. 5 .330 
3 . 000 
4. 925 
9 . 720 
2.463 

2.  At 27 .200 C ,  oil density 1 . 616 slugs per cu . ft . ,  kinematic viscosity 0 .000864 . sq . ft • .  per sec . ,  
j ar  diameter 0. 681 ft . 

D-1 0 . 01597 1 . 360 25 .15 15 .30 3 . 130 1.012 3 . 090 
D-1 0. 01233 1 . 030 14.70 15 .30 4 . 220 1. 009 4 . 190. 
D-1/4 0 . 01713 0.900 17 .87 15 .30 7 . 600 1.025 7 .490 
Il-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 . 5 61 

3 .  At 28. 60° C, oil density 1.615 slugs per cu. ft . )  kinematic viscosity 0. 000800 sq . ft . per sec . ,  
jar diameter 0. 681 it . 

P-1/4 0 . 01551 1 . 088 23 . 01 15 .30 4.765 1. 014 4.700 
P-1/4 0 . 01131 0 . 772 10.92 15 .30 6 . 880 1.008 6. 830 

4. At 27 .10° C,  oil density 1 . 616 slugs per cu. ft . ,  kinematic viscosity 0 .000869 sq .  ft . per sec . ,  
jar diameter 0 .681 ft . 

s-1/4 0 . 02119 1 .443 35 . 20 15 .30 3 . 680 1 . 019 3 . 610 

( C ontinued on next page ) 



Table 12 ( Continued) 

Nominal 
Diameter 

Particle D 
ft . 

I • ' "": , '.:' \ COT' . 

Velocity 
Reynold s 

v Number 
ft/sec R 

Particle Computed Boundary Corrected 
Density Drag Coef . Correction Drag Coef . 

s C '  m CD Slugs/cu . ft .  D 

- - - - -summary of Results with Oil No . 5618, Standard Oil Company of California 
,· c I .. . . · ·'" 

1 .  At 28.400 C, oil density i . 674 .slugs per cu . ft . ,  kinematic viscosity 0 .000245 sq .• ft . per ·sec . ,  
· jar diameter 0 . 681 ft . 

C-4 0. 02264 2 . 260 
C-4 0 . 01907 1 .98C 
C-4 0 . 01183 1 .310 
C-1 0.01421 2 . 130 
C-1 . 0. 01196 1 . 810 
C-1/4 ' ·o . Oll82 ' 1 . 260 
c-1/4 'o .oo885 · o .960 
C-l/4 _ �"" . . 0 . 0075 2  0 . 818 , 
P-1 : ' 1 � /.v 0 . 01445 :. " ' · 2 . 100 " ' ' 
P-1 " 7  rl J �  �0 . 01162 r• l .700 
P-1/4 ,0,. 015 51 , 1 .460 

: D-4 1 ,0 . 01592 ; 1 . 630 
D-1� , c .P · Ol233 "1 .3. 25 
S-4 ' ,.,0 . 02027 ;,2 . 090 
S-4 ' . 0 . 01242 , 1 .390 
s-4 ( 'o . 00766 · o·. 880 
s-1 . , );.� J,0,_.o . ol3 0l (.('l f 2 . o8o . · <1.'. 
2 .  At Z7'�05° c , ' oil ' d��sity 1 . 677 

· . . jar diameter 0 .  681 ft . I. • ,  , . 

- ·D.:.l/. �o': o1597 I 1·�·835 . D-1 , , · - (\ ,0 , 01 233 . 1 . 534 (. I ' ' D-1/4 ,,; 1, � L  0 . 01280 .' , n �·0 . 95o. · ' 1· . 
• ' .... _,... ( j '  .., ........ . ... . . • • 

' -� t. 

- . .  / l. 

209 . 0  
154 .1 

63 .3 
123 .7 , .. 

88 .4 . 
60 .75 
34 . 65 
25 . 10 

123 .9 
80 .7 
92 . 85 

' 106 . 10 
, . . 66 .70 
:·173 . 1 

70 . 5  
27 . 5  

110 . 5  

slugs per cu .  

113 . 2  
73 . 15 
47 .12 

15 .30 
15 . 18 
15 .18 
15 .30 
15 .18 
15 . 18 
15 .30 
15 .18 
15 .30 
15 .30 
15 .30 
15 .30 
15 .30 
15 .30 
15 .30 
15 .30 

. . 15 . 10 

1 . 5 51 
1. 681 
2 .387 
1 . 093 
1. 262 

. ·2 . 5 80 
3 .352 
3 . 888 
1 . 142 
1 .404 
2 . 516 
2 . 090 
2 �447 
1 . 620 
2 . 242 
3 . 460 
1 . 033 

-

. ' ' I ' 

1 . 011 ' 1 . 533 
1 . 010 '1. 664 
1 . 006 :2 . 375 
1 . 003 1 . 090 
1 . 002 11 . 259 
1 . 006 2 . 5 61 
1 . 004 3 . 338 
1 . 005 3 . 870 

' 1 .004 
f" :· . .. . .... . , . 1 .138 

1 . 003 1 .399 
1 . 012 2 .480 
Loo9 2 . 074 
1 . 006 ' ';2 .433 
1 . 012 1 . 600 
1. 006 

' 
2 . 230 

1 . 003 '3 .450 
1 . 003 

r-

.

•

. 
1 . 030 

• .
.

. 
,.. . ,,... ., 

ft . ,  kinematic vis cosity _ 0 . 0002585 sq . ft . per sec . ,  
j .  

15 .30 1 . 650 1 . 009 . ;1 .• 638 
15 .30 1 . 827 1. 006 1 . 816 
15 .30 4 . 940 

"' f · , , ,. . 1 . 015 '"' .:. , ,,;"\ 4 . 860 ,, . 
( Continued on next page ) 
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Table 12 { continued) 
, , , . 

Nominal 
Diameter 

Particle D 
, ft·. 

, • 
, ,  

• I I . I 1 , •  I 
Velocity 

, V• , • I 
ft/sec 

, ' , 

3 .  At 3 2 . 20° C ,  oil density 1 . 670 
jar diameter 0 . 681 ft . 

:!'-1/4 0 . 01131 1 . 176 
R-lt 0 . 02295 2 . 380 
P-4 0 . 01150 1 . 3 81 
S�l/4 0 . 02119 1 .748 

4 .  At 29 . 05° C ,  oil density 1 . 616 
jar diameter 0 . 675 ft . 

C-4 0 . 2264 2 . 590 
C-4 0 . 01907 2 .360 
C-4 0 . 01183 1 . 845 
C-1/4 0 . 00885 1 .134 
C-l/4 · o . oo752 1 . 073 

D-4 0 . 01593 2 . 100 
D-4 0 . 01233 1 . 850 
D-1 0 . 01597 2 . 100 
D-1 0 . 01233 1 . 830 
S-4 0 .02027 2 . 630 
S-4 0 . 0124 2  1 . 885 
S-4 0 . 00766 1 . 3 83 
S-1 0 . 013 01 3 . 040 

1 , .  

Reynolds 
Number 

I R I 

slugs per cu . 

63 . 51 
261 . 5  

76 . 0  
177 . 0  

slugs per cu . 

13 80 
1059 

513 . 5 
2.3 5 . 7 
189 . 6  

785 
536 
786 
5 29 

125 2 
550 
248 . 7  
930 

r ' 1 ' ·  t ! l ·  I I ' , ' ' '  ,, 1 · t t  I 
1 , ' , r .  

" '  
' ' I I 1 . . I I  

l ' • I 1 ' I I I ' ., I \ I 1 I ' !  . 1 ' .' f \ I ( . � ,  I \ I I I I I I 1 

Particle 
Density 

s 
Slugs/cu.ft . 

I j ' 
Computed 
Drag Coef . 

C '
D 

• t I 1 1  • '  ' ' ' ! . f I 
Boundary 

Correction 
m I '  r 

I I , .  ! 

I I  

Corrected 
Drag Coef . 

CD 

ft . ,  kinematic vis cosity 0 . 000209 sq . ft . per sec . ,  

15 .30 2 . 870 1 . 006 2 . 855 . 
15 .30 1 .416 1 . 010 1 .400 
15 .30 2 . 102 1 .005 2 . 09 2  
15 .30 2 .420 1 . 014 2 .3 82 

ft . ,  kinematic viscosity 0 .0000425 sq . ft . per sec . ,  

15 .30 1 . 226 1 . 007 1 . 218 
15 .18 1 . 231 1 . 006 1 . 225 
15 . 1 8  1 . 252 1 . 003 1 . 248 
15 .30 2 . 498 1 . 003 2.488 
15 . 1 8  2 • .345 1 . 003 2.338 

. 15 .30 1 . 311 1 . 005 1 . 304 
15 .30 1 .310 1 . 003 1 . 304 
15 . 3 0  1 .313 1 . 005 1 .307 
15 . 30 1 . 337 1 . 003 1 .332 
15 .30 1 . 064 1 .006 1 . 059 
15 .30 1 . 271 1 . 003 1 . 269 
15 .30 1 .451 1 . 001 1 .450 
15 . 10 0 . 505 1 . 001 0 . 5 04 
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P!fTSIC.U. .liiD I!IIlR.I.UUC PROI'£RTI!:S 
or TablA 1) -&AIIDOII s.&liiU PAI!TICIJlS STUDIED 81 WillE 

•.  t. c .. ab abo No. • A b a · Vol. •·I• "n An (A) ..p.b b &b abo I"" Vol 1o3 

6 
7 
8 
9 

10 

18.82 
10;01 
6,86 
7-75 
8.97 i ;1..1!4 
2.85 
0.46 
0.69 
0.69 

30.41. 
16.20 
11.06 
12.41. 
14-42 

).00 
4- 59 
0.15 
l.ll 
l.ll 

u o.u 0,67 ' l2 ( •• ,. 2,)., i) 2.�9 ., 4.00 - · ·u - 2.4s 4.o2 
15 1.26 2.05 

16 
17 
18 
19 
20 

0. 12 • .. 0.19 
o.u 2.41 
0.99' 1.61 
1.41 2.29 •• 58 6.9) 

800 3.48 2.91 1.95 l.l.62 480 2. 70 2.15 1.86 6.19 
703 ) .37 ).10 0.91 4.20 
557 3.17 2.30 1.29 . 4.69 
726 ) .19 3.00 1.46 5-45 

258 1.87 1.67 0,68 1.16 
)80 2.70 1.77 0.62 1.74 
79 1.30 0.94 0,60 0.29 

12) 1.38 1.67 0.48 0.42 
85 1.43 0.91 o. 75 0.42 

67 1,0j 
.,, 1.52 248 .2.05 
)98 2.8$ 
21.5 2.7) 

0,9) 0.70 0.26 
1.1) 0.95 0.81 
1 . 64 0.90 1 . 50 
1,80 0.55 1.54 
l.2l 0.69 0.78 

49 1.04 0.54' 0.27' 0 .07 
174 1.66 1,JS 0.85 1.00 
135 1.70 1.01 0,80 0,61 
132 1.46 1.26 1 .05 0,88 
287 2.54 1.49 1 ,22 2.)5 

2,62 2.81 
2.62 2.27 
2.6) 2.00 
2.65 2.05 
2.65 2.18 

2.58 1 .)2 
2.64 1.48 
2,61 0.82 
2 .64 0.92 
2.65 0,92 

2.65 
2.65 
2.66 
2.61 
2.61 

0.79 
1.15 
1.4) 
1.4) 
1.15 

620 o .  78 0,62 
405 o.85 o;77 
JU 0.45 0 .28 
JJO 0,61 0.48 
373 0.52 0.47 

137 0, 5) O.JS 
172 0.46 0.28 
53 0 .61 0 .54 
67 0.55 O.JS 
67 0.72 0.66 

50 0,68 104 0.78 160 0.64 
160 0.41 
104 0.42 

0,71 
0,72 
0.49 
0.24 
0.)8 

1.20 1010 
L25 580 
1.09 1040 
l.JS 730 
1.06 960 

1.12 311 
1 .53 477 
l .JS 122 
1.18 162 
1 . 57 130 

1,1) 
1,)6 
1 . 25 
1 . 58 
1 . 58 

98 
171 
33l 
510 
335 

2.67 0.52 21 0.4) 0 .36 l.9J 56 
2.42 1.24 121 0.69 0.56 1 .20 228 
2.6) 1.05 87 0.64 0.61 1.68 172 
2.61 1.19 111 0,84 0,78 1.16 184 
2.95 l.6j, 211 0.74 0.64 1.70 )78 

2l ).95 .• • i..J4 
22 · 0.41. 0.71 
2) 4.6) 6.90 2j, 1;96 ) .20 
25- . 1.75 2,8) 

287 
55 

278 
200 
161 

2.07 
0.95 
2.)7 
1.86 
1.74 

1.91 
0.77 
1 .57 
1.22 
1.25 

· 1,55 '2 .39 2.65 
0.75 0.27 2.65 
1.2) 2.26 ).05 
1.10 1 .24 2.58 
1.16 1.08 . 2 .60 

1.65 
0.80 
1.6) 
1.)3 
1.27 

2l4 
50 

208 
139 
126 

o. 75 
0.92 
0. 75 
0,70 
0.79 

o. 76 
0,88 
0.64 
0.7J 
0.78 

LOB 
1.2) 
1 . 51 
1.52 
1.39 

395 
7J 

345 
)20 
217 

26 . 0.78' 
27 6.58 
28 1.63 
29 l.l4 
)0 1,82 

· 1.28 174 
10.70 41.5 
2.60 222 
1.86 120 

- j,.)1 i. l9J 

2.30 
2.75 
1.92 
l.J5 
1.89 

)1 2.161 . ).50" 168 1.57 
)2 1.55 2.49 197 1. 75 
JJ 2.461 - ).96 284 2.64 
34 2.27 3.66 2)2 2.05 
35 J-75) . 6.14 452 ' J-55 

0.88 · 0.60 0.49 
2.22 l.j,7 4.12 
1.54 0.59 0.96 

i:;g_ �:� ��:ri 
1.41 ' 3.20 . '1 .34 
l.4l 0 .• 76 , 0.94 
1.42 .0.91 1.49 
1 . 50 0.91 l.JS 
1.82 .0.76· · 2.JS 

2.58 
2.60 
2.70 
2.62 
2.89 

2.60 
2.65 
2.65 
2.65 
2 .57 

1.10 
2.01 
1".2) 
1.11 
1 .41 

1.)6 
1.21 
1.42 l.JS 
1.65 

95 
)16 
119 
97 

1,\6 

145 
115 
158 
149 
214 

0.49 
0.72 
0 .53 
0.81 
0,81 

0,88 
0 . 59 
0.56 
0.64 
0.47 

0.42 2.61 
0,60 . 1 .24 
0.34 1.25 
o .  76 1.05 
0.62 1.45 

0,81 1.11 
0.48 1.21. 
0.47 1.86 
0.52 l .J7 
0 .30 1.95 

202 
606 
295 
173 
245 

221 
21.6 
374 
306 
645 

)6 J.17 5.09 264 2.08 1 .53 1.10 1.92 2.64 1.54 .1e6 0.11 0.62 1.36 J18 
., 37 ).,06, 1.74 197 2,01, 1.16 0.56 0,67 2 . 58 · 1.12 99 0.50 0.37 1.74 2)3 

38. • 2,)8 ),54 248 2.21 '1.40 0.68 1.16. ' J ,05 1.30 1)2 0.54 0,39 1 .58 309 
39 . 2:30 . ).75 197 1.'/9 l.J2 l.lO 1.45 2.58 1.40 154 0.79 0.68 1.51 26) 
40 ' . 8 .08• 1J.15 426 2 .53 2.20 . 1.91 5.07 2.59 2.14 )60 0,85 0.81 1.15 558 

41 2.26 ).6) 258 
42 4.81 7. 77 400 

� J:�' ·t?:;6 �ig 
45 ).8),\ . 6,25 30) 

1.97 
2 .38 
2 .57 
3.20 
2.54• 

l .  70 0.94 1.37 
2.23 1.12 2.95 

�:�. u�·· ;:� 
1 .68' 1.20 '2.42 

46 l.OJ) . 1.65 i 129 
47 0.68 1.08 145 
48 0.42\ 0.68 . 65 
49 1.19 • 1.95 148 
50 2,60\ . 4.20 . 21) 

1.46 1,12 0,82 , 0.62 • 
0.40 

51 
52 
53 
54 
55 

1.09 0.84, 0. 59'' 0.26 
1.68 1.)8 0.97 o. 75 
1.96 1 .45' ,1 .10 ' 1 .59 

0.65 1,06 l.42 
1.21 1.94 l.4j, 1.70 
l.OO\ 1.63 116 1 .50 
2.93' - 4.71 242 2.05 
l .l8) . 1•91 . :us 1.5) 

0.40 
1.20 0.84 0,7J 
1.06 0.73 1:0.6) 
1.46 1.12 1.78 
1.18 �,00 , 1 0.7) 

2 .65 
2.6) 
2.59 
2-95 
2.58 

2.65 
2.68 
2.57 
2 .59 
2.6) 

2.62 
2.64 
2.67 
2.65 
2.62 

1 .37 
1.78 
2.14 
2.27 
1.66 

1.06 
0.91 
0.77 
1.12 
1.45 

0.91 
1.12 
1.06 
1 . 50 
1.12 

147 0. 58 . 0.51 1,16 334 
21.9 0.62 0.48 1.07 530 
360 o. 79 o. 71 l .U 578 
404 0 .56 0.38 l.ll "120 
216 0.72 0.58 1 .51 426 

88 · 0.69 0.64 l .)O 16) 
66 ' 0.45 - --
47 0. 71 0,62 1.30 92 
99 0.67 0.64 1.22 232 

165 0.77 0.65 1.35 284 

66 0.46 
99 0.68 
88 o. 77 

176 o. 73 
99 0.68 

0.59 1.42 195 
0.58 1.1,1 159 
0.65 1.40 299 
o. 75 1.29 180 

19�7 126 
10.8 121 
9 - 5  148 
9-4 131 

13.9 132 

2.12 121 
3.96 126 
0.7) 154 
0.79 132 
l.OO 15) 

0.68 146 
1 . 6) 127 
),02 l35 
2.82 128 
2.)2 1)7 

1.69 9-9 
1.76 9-9 
2.26 9.6 
2.00 10.0 
2.  55 10.0 

1.83 10.2 
2.27 10,) 
2 . 52 9.9 
1.86 9.9 
2.36 9.6 

1,60 10.0 
2.01 10,0 2.00 9 . )  
1.8) 10.0 
2.95 9.6 

0.15 115 2.06 
1.95 131 1.95 
1.)7 127 2,2) 
l.9J 139 2 .20 
4.62 132 1.31 

9.) 
9.8 
9.8 
9.9 

6.13 138 
. 0.55 1)) 

4 -57 124 
2.50 160 
2.5) 135 

1.21 116 
8.96 136 l .  74 1)) l .7J l.4j, 
2.41 127 

2.66 1)7 
1.68 125 
3-41 1)2 
2. 80 132 
4.91 143 

3.73 120 
1.)1 liB 
2.10 125 
2.89 l)J 

10.6 1)1 

1 . 57 
2.0) 
l .  71 
2,00 
2.)) 

2.44 
2.16 
1.81 
2.4) 
1.62 

1.97 
2.00 
2.28 
2.02 
2.06 

9.9 

9.8 
9.6 

9-8 
9 .8  
9.6 
9.6 
9.8 

9 -3  
9 .8  
9.8 
9 -5  
9.6 

1.94 9.6 
1 .94 9.8 
1.61 9.8 
1.99 9.6 
2.10 9.8 

).15 130 2.30 9.8 
5.95 1)) 2.01 9.6 

' 9 .9 126 1.96 
10.6 130 1 .60 9.6 
5.12 l4l 2.11 9 .8  

l.l2 126 2 .11  9.8 Pa.rtiele waa  loe t. 
0.54 141 2.02 9.8 
2.25 157 2.99 9.8 
3.14 116 1.97' 9.8 

1.72 134 2.33 9-3 
1.18 1)7 1.86 9.6 ) , J7 l.2j, 1.89 9.8 
1 .81 l.2j, 2.48 9.) 

56 
57 
58 
59 
60 

1.80) . 2.89 
0.17 0.29 
0.17) 0,28 
0.30 • 0,48 
1.92) . 3.07 

255 
52 
56 
52 

184 

1.91 1.77' 0.85 ' 1.09 2.64 
2.60 
2.60 
2.6) 
2,6) 

1.28 128 
0.59 28 
0.59 28 
o. 70 J8 
1.32 • 1)6 

0.50 
0 . 55 
0 .49 
0.75 
0.72 

0.46 1.6) 338 . 2.87 132 2.6) 9.8 

61 
62 
63 
64 
65 

' •  ' 0.11 
1,1) 0.80 0,34; 0,11 
0.95 0.74 0 . 55 0.18 
1.6) 1.39 . .  � .QB ; o l .15 

1.481 2.39 · 168 1.84 
0,82 • 1.)3 96 . 1.29 
2.)1\ ).84 152 1.40 
2,8)' • 4-71 181 1 . 51 
3-46)

. 5. 77 ·' 206 1.61 

l.J6 0.97 � 0,90 
0.98 ' 0.76 0.51 
1.40 1 .40 ' '1 .53 
1 .51 '1.51 1.88 
1.61 • _!-.61, . 2.)1 

ParUclA• 66 t.hru 69 .. " not u .. 4. 

2,6) 1.20 
2.60 0.99 
2.51 1.42 
2 , 50 ' 1 ,5) 
2.49 1.64 

ll3 0.68 
77 0.80 

152 l .OO 
181 ' l.OO 
206 1.00 

0.)6 1.41 90 
0.66 1.26 71 o. 72 1.17 226 

0.61 
0.66 
l.OO 
l.OO 
l.OO 

1.35 
1,)2 
1.00 
1.00 
l.OO 

250 
126 
196 
228 
256 

0.31 160 2.82 9:8 
0 .39  137 2.11 9 .6  
2 .45  12)· 2 .13  9.6 

2.42 149 2.67 
0.96 1)1 , 1.86 
2.75 1.29 1�80 
3-45 l27 1.83 
4.20 l27 1.82 

9 .8  
9.8 
9.6 . 
9.6 
9.8 

76�2 
77-7 
37 .2 
49.1 
48 .8 

34.8 
)4.2 
)). 2  
29.2 u.s 
43.] 
46.3  
51.2 )0,2 
27-4 

0.77 
o:68 
1.46 
l .U 
1.04 

1.18 
1.2) 
0.94 
1.32 
0,87 

o.63 
0.56 
1.0) 
0.87 
0.80 

0.97 
0.98 
0.68 
l .OO 
0.62 

D A T A  I N  
v v cd(l.) cJ� 

0�80 21.:6 22.8 0,60 85.7 0.74 0.59 0.75 455 
0.63 19,0 17.9 0.60 77 0.82 0.67 0.76 J09 
2.65 12.6 7.8 0,60 4).1 1.21 0.82 2.14 232 
l. 50 13.2 10.1 0.60 56 1.0) o. 78 1 .36 252 
1 .56 14-9 10.5 0,60 

1.75 5.9 4.4 0,60 38.4 1.12 0.93 1.66 11) 
2 .u 7 - J  4-9 o:60 J? , B  1.21 o.96 2.10 138 
1.22 3-7 . 2.9 0.60 26.8 1.90 1.23 2.2) 49 
1.89 3.7 2.1 0.60 29 1.55 1.18 2 .23 62 
0.95 , 5.0 ) .9  0.60 32.6 1.80 1.18 l. 79 62 

0,60 0.45 0.68 
0.91 0.72 1,00 
0,7, 0. 56 0,92 
1.40 1.07 1.65 
1.36 0.99 2 .52 

4-2 ) ... 
6,1 5 o �  

1 0 , 1  ? o 9  
6.7 ' 4.) 
5 .2 \ 3 .4 

0.60 
0,60 
0,60 
0.60 
0.60 

<7 .< 41-l 
50.S 
)6 
28.6 

1 ,92 
1.36 
0.92 
1o12 
1.44 

1.)2 1 ,03 0 , 68 
0.87 
1.05 

�-04 l-�7 l.ll 
2 .17 
2.66 

45 
90 

15� 135 
87 

400 
291 
141. 
191 

85 
9) 
36.5 
45 
50 

J6 
79 120 86 
55 

12 ' 
42.o 0.89 0.68 l .Ol 6.9 
)9.6 0.92 0.73 1.1) 5-3 
,.7,2 o.95 o.69 0.90 6.3 
51.8 1.12 0,85 1.19 10.) 

0.60 13.4 ).2 2,8 5.8 1 17 
5.6 0,60 38.8 '1 .25 0.96 1.42 . 98 
4.3 0.60 )),9 1.50 1.17 l.B) ' 74 
5 -9 0.60 45.7 1.19 0.85 1.11 10) 
8.2 0,60 

60 
59 . 
91 

52.7 1.07 0.78 1.1) 11.3 9.4 0.60 
0,60 
0.60 
0.60 
0.60 

58.9 0.93 0.67 0.98 195 161 
)) l. 70 1.28 1.46 47 4j, 

50:)- 0.78 0.65 0.87 7 .8  
49 .1 0.89 0.66 0.88 7.6 

6.9 
6.5 

4).2 1 .21 0.76 1.)7 129 96 
. 45 .6 1 .21 0.90 1.21 112 : · . 96 

28.0 
56.7 
)) . 5  
45.7 
53.1 

63.7 
40.3  
41.8 
4).6 
)9.0 

50.) 
39.0 

. 38.7 
45.1 
70.4 

l.l4 0.97 1.61 

1.30 1.00 1.96 
0.90 0.62 0.88 
0,66 0.52 0.64 

0.63 0.47 0 . 56 
0.96 0.76 1.27 
0.97 0.74 1.38 
1.02 0.77 L21. 
1.16 o. 78 1.85 

4.1 3.2 

6,0 4.2 
6.3 5 - 5  
8.9 . 8.0 

10.2 9-9 
6 . 5  5 .0 
B .)  6.1 
7 .9 6.3 

10.0 6 .5  

0.60 25 .8  1 .56  1 .35 2.26 61 47 
0.60 57.1 1.04 0.77 1.15 21.6 192 
0.60 )5.7 1.)4 1.01 1.97 102 73 g:�g 

1
39.2 1.41. l.OO 1.40 86 , , 72 

0.60 I 50.9 1.19 0.90 1.08 126 , • ll5 
0.60 39,9 l.U 0.92 1 .54 101, 80 
0.60 41.8 1.)2 0.87 1.62 1)5 199 
0.60 45.5 l.lO 0.83 1.34 1)) 105 
0.60 41.9 1.10 0.77 1 .82 177 ll5 

0.94 0.77 1.04 9.4 
1.04 0.86 L58 6.2 
l.J6 l.lO 2.00 7,0 
1.07 0.8) 1,10 7-7 
0.75 0.82 0.69 17.0 

8.1 0.60 
4-5 0.60 
'5.1 0.60 
6.6 0.60 

15 . 5  0.60 

55.5 0,90 0,75 l.OO 165 
29.1 1.48 1.25 2 .)) 74 

49.) 1.12 0.8) 1.12 1)) 
71 0.87 0.66 0,81 279 

l.42 
54 

115 
254 

60.8 1.0) 0,79 1.40 7.6 5.8 0,60 42.5 1.12 0.67 1,54 130 97 
5Q.6 0.96 0.71 1 .19 12.2 8.4 0.60 50.5 1.09 0.82 1.)8 194 150 

0.60 71.5 o.oo 0.6) 0,80 266 255 
52.7 l .l4 0.88 1 .57 17 .2 12.8 0.60 58.8 1.09 0.84 1 . 50 298 222 
47.3 1.13 0.60 1.23 10,0 8.1 0.60 55 0.96 0,68 1.06 190 152 . 

38.1 1 .10 0.87 1.26 5.0 4 . 2  0.60 o)5.6 1.47 1.16 1 .68 '76 · ,' 63 
2�5 0.60 . 

)9.7 0.74 0 .57 0.87 4.0 ) .2  0.60 27.8 1.68 1 . )6 2.10 44-5 36 
42.1 0.93 0 . 59 1.10 6.5 4.7 . 0 .60 27.4 2.50 1 .59 2.95 69.5 51 
60.4 o.66 0.49 o.64 10.4 9.0 o .6o 50. 5 ·  1.12 o.84 1.13 w 122 

0.60 
44.2 0.85 0.6) 0.98 
42.1 1.19 0.87 1.22 
55.5 0.71 0.63 0.8) 
39.0 1.05 0.84 1.22 

7.0 
5.0 
9.8 
5:9 

2.4 
5.6 
4.2 
8.5 
4-7 

0.60 )8.) 1 .34 0.99 1.53 
0.60 , ,J8,2 1 ,)8 l.OO 1.42 
0.60 

89 
80 

71 
67 

0:60 ' )8 . 8  1.26 1.02 1.46 87 7J 

1.21 0.91 1.88 113 ' 79 

2.62 1.63 4.18 26.. 16.5 
2.13 1.56 2-25 35.. 29 
1.26 1,02 1,)) llO · · 97 

)6.6 1.04 0.78 1.62 

2),2 1.20 0�75 1:91 
36.0 0.89 0.65 0.93 
55.1 0.67 0.55 0.71 

7.2 

2�) 
).1 
8.7 

4j,.8 
42�7 
75-5 
76.5 
80.5 

0 .87 
o:91 
0 . 50 
o :51 
0.48 

0.58 
0,70 
0�41· 
0.41 
0.40 

1.00 · 7 .3  
0.89 4.9 
0:41 l.l.1 
0�41 11:7 
0.1,0 U.J 

4 .7  
1 :4  
1.4 
2.6 
7.  7 

5.5  
.... 

11.1 
1L7 
14.3 

0.60 , ,)6.8 
0.60 . 
0.60 . 16�7 
0.60 25.2 
0.60 4).9 

0 .60 39.7 
0.60 . 37-� 
0.60 57�8 
0�60 62.5 
0.60 66 

1.30 
1.45 
1:06 
o;93 
0.90 

0,87 
1.11. 
0.82 
0:74 
0.72 

1 .51 
1.41 
0.80 
0�72 
0.69 

104 79 
69.5 61 

1)5 137 
158 159 
177 . 160 



tABLE 13 ( Continued2 PHYSIC.a.L AND HYDRAULIC PROPERTIES 
OF 

-POUDRE RIVER SAJII'LE PARTICLES STUDIED BY WILDE 

- lr-A-T-E-R 0-I-L c 
R(d0) Sieve -.Jab a v v Cd(d,j R(dJ No. She F 1r a b c Vol s . g .  � An 'ii xlJ v GJ(do) 10"2 v 

" 70 1 • 7 . 89 12.76 2.66 2,06 1.68 4 . 86  2 ,62 . 2 :10 346 0,72 1.29 10.9 68.5 0.75 133 0.92 69 0 . 87  157 
71 3/4" 9 . 25 14 . 97  2.74 2.37 1 . 82 5 .?2 2 .61 2 , 22 387 0 .71 1.16 • 70.0 0,82 143 n 64 . 5  1.04 155 
72 9.36 15 .21 2 ,95 2 . 20 1 .69 5 . 85 2.6o 2 . 23 392 0,66 1 .34 68.7 0.78 141 
7J 11.14 17.95 4.30 2 .08 1 .77 6, 80 2 . 64  2 ,35 433 0 . 59 2,06 53.6 1.43 115 58.1 1.38 149 
74 12.92 20. 84  3 . 25 2 .62 1 .79 7 . 92 2.61 2 .47 479 0.61 1 . 24 77.2 0.70 175 74 0, 89 199 

• 75 7 . 26 11 . 87  2 , 80  2 ,06 1.40 4 . 60 2,57 2.o6 335 0.58 1 .36 69.7 0.68 134 62 . 5  1 ,00 140 
·- 76 14.10 22.63 3 .30 2.50 1 . 80 8.53 2 .66 2 . 53 504 0.63 1 .32 64.3 1 . 04  149 74 0.93 204 

77 9 . 19 14 . 56 4.50 2 . 6o  1 . 25 5 .37 2.71 2 .17 370 o.37 1 .73 39.1 2.72 76 '49.7 1 , 83 90 
78 14 . 53 23 .32 3 .75 2 . 59 1.70 8.79 2.65 2, 56 514 0.55  1.45 69.0 0,92 160 69 . 5  1 ,06 194 
79 . . 6.90 11 .16 2 .78 2 .47 1 .32 4,26 2 .62 2 , 01 317 0 . 50 1.12 60.9 0.91 112 51.3 1 . 51 112 

80 3 .96 6 .39 2.10 1 , 62 1 .34 2 .42 2 . 63 1 .66 218 0.69 1.15 54 .8 0.94 84 49.7 1 .34 90 
81 5 .76 9.24 2.93 1 .76 1 . 24 3 .48 2 . 65 1 . 88 277 0.55 1 . 67 48.8 1,36 84 54 1 . 29 110 
82 1/2" 4.45 7.I7 2 . 5 5  1.76 1.14 2 ,71 2 . 64 I.73 235 0.54 1 .45 48.0 1 . 26 76 52.6  1.24 99 
83 6 . 27  10. 21 2,86 1 .98 1.45 3 .94 2.59 1 .96 301 0.61 1 .44 54.4 1.08 98 52.6 1.36 112 
84 6,08 9 . 66 2 . 52 1.92 1 .45 3 .58 2 ,70 1.90 283 0.66 1.31 64 . 2  0.80 112 64 . 5  0.94 133 

85 4 .03 6 .47 1.77 1 , 80  1 .32 2.44 2.65 1.67 219 0 .74 1.02 70.5 0 . 57 109 57 .1 1,02 104 
86 4.42 7 . 14 2.14 1.97 1 .41 2 .72 2.62 1.73 235 0 .69 1.09 52.5  l.C4 84 54 1 . 17 101 
87 4 . 35 7 . 08 2 .01 1 .95 1.54 2 .73 2 . 59 1.73 235 0.78 1.03 61.3 0.76 98 55 - 6  1 . 09  104 
88 4, 88 7 .93 2.13 1 , 82 1.47 3.04 2.60 1 . 80  255 0.75 1.17 63.5 0.73 105 
89 5 .25 8.40 2 .71 1.95 1 . 1 5  3 . 14 2.67 1 . 82 260 0.50 1 .39 53 .8 1,(]] 89 52.6 1.33 104 

90 1 .99 3 . 21 2 . 27  1 . 26 0.97 1 . 21 2 .64 1 .32 138 0 . 57 1.80 36.4 1 . 68 44 
91 3/FY' 1.56 2 . 53 1 .47 1 .36 0 .95 0.96 2.62 1.22 118 . 0 .67 1 .08 47.1 0 .92 53 
92 2 . 09  3 .43 1 .78 1 .44 0.97 1.33 2 . 56 1 .36 147 0.61 1 . 23 45.3 1 . 06 58 44 . 5  1 .31 66 
93 0 . 83  1.35 1 .50 1 . 22 0.65 0.51 2.61 0.99 78 0 .48 1.23 34 . 5  1.38 32 28 . 2  2.45 31 
94 1.22 1 , 86  1 . 65 1.05 0.75 0.63 2.94 1 . 06  89 0.57 1 . 57 41.6 1.22 41 37.7 1.77 44 
95 2 . 5 5  4 . 08 1 .93 1 . 55 1 . 25 1.52 2.67 1.43 161 0.72 1 . 25 50.4 0.96 66 
96 1,22 1.91 1.6o 1 . 23  0 . 70 0.69 2.77 1.10 95 0.50 1.30 30 . 5  2.13 32 34 . 5  1.95 41 
97 1 . 27  2 . 08 1 .74 1 . 17 0.83 0 . 80  2 . 59 1 . 15 104 0.58 1.49 36 .6 1.67 46 
98 1 . 62 2 . 5 8  1 . 90  1 . 22 0.90 0.96 2.69 1 . 22 :1,17 0.59 1 . 56 46 .2 0 .99 52 38.6 1 .70 51 
99 1 . 08 1 .70 1.90 1 .35 0 . 53 0 .62 2 .74 1 . 06  88 0.34 1.35 30.0 2,09 29 . 2  27.6 2.92 32 

100 0.20 0.32 1 .09 0.96 0 . 22 0.12 2 . 56 0.62 306 0 . 21 1.13 18,8 2 . 81 11 14.2 5 .90 9 . 6  
101 0.48 0,76 1 . 65 1 . 21 0.29 0,28 2,67 0.81 5 2 . 5  0 . 20  1 .36 18.9 4.7 16.8 
102 No . 4  0 .14 0 , 23 0.71 0 . 51 0.45 0 .09 2 . 59 0.56 24 . 6  0.75 1 .39 16.3 4 . 05 10 
103 0,30 0..48 0 .78 0 ,70 0 . 57 0,18 2.67 0 .70 38.5 0.77 1.11 23 .7 2,52 18.0 
104 0 , 28 0,46 0.90 0 . 82 0,50 0.17 2,58 0.69 38.3 0.58 1 . 10 32.5 1 .(]] 21 20.9 3.06 1 5 . 8  

' 105 0.36 o . 6o  0,95 0.90 0 . 56 0.23 2 . 58 0.76 45 .7 0.61 1,05 41.8 0 .71 29 23 .5 2 . 66  19 . 2  
106 0.42 0 ,68 1 . 16 0.64 0 . 50 0.26 2 . 58 0 . 79 48. 8  0.58 l . S2 39.0 0 . 80  29 23 .6 2.75 20.5 
107 0,26 0.42 0.90 0.70 0.55 0.15 2,70 0,66 35 . 1  0.69 1.28 32.5 1 . 05 20 
108 0.19 0.31 1.00 0.65 0.45 0 . 12 2.60 0,61 29 .5 0 . 56 1 . 54 30.3 1.05 17 17, 2  4 . 03 11 .5 
109 0.30 0.48 1 .14 0.73 0.46 0.18 2,63 0.70 39.0 0 . 50 1 . 56 30.3 1.29 20 19 . 8  3 .6o 1 5 . 2  

� 110 . • 0 -. 0.09 0 , 16 0.71 0,44 0.41 o.a6 2.62 0.48 18.7 0 .73 1.61 32.1 0.79 14 14 . 2  4 . 8  7 . 5  
lll No. 6 0 .05 0.09 0.50 0.39 0.35 0.03 2.63 0.40 13.1 0.79 1 . 28 27.4 0.91 10 11 . 8  5 . 8  5 . 2  
112 0.04 0 .(]] 0.61 0.43 0 . 21 0,02 2 .69 0.36 10.6 0.41 1.42 19 . 5  1 .68 7 

=n3 0,10 6.17 0.85 0.43 0.38 0.06 2 . 59 0,50 20,0 0.63 1.98 25 . 5  1 . 27 12 13.� 5 .3 7.4 
114 0.06 0.09 0.61 0,46 0.25 0.03 2,58 0.41 13 .6 0.47 1.33 23 .3 1 . 23 9 10.6 7 . 1  4 . S  " 

· 115 0 . 06  0.10 0.71 0 . 4 2  0.31 0,04 2 . 52 0.43 14 .6 0 . 57 1.69 10.7 7 . 0  5 . 0  
116 0 .12 0 . 19 0 .96 0.48 0.33 0.07 2 .6o 0.52 21 . 5  0 .49 2.00 25 .3 1 .34 12 13 .7 5 .4 7 . 8  
117 0.06 0.11 0 . 53 0 . 54 0 . 27  0 . 04  2 . 54 0 .44 15.3 0.48 1.09 25 .9 1 . 03 11 11 . 1  6 . 7  5 .3 
118 0,08 0.14 0.61 o.6o 0 . 29 0.05 2 . 6o  0.46 17 .2 0.48 1 . 02 11.5 6.9 5 .9 
"119 o . oJ 0 . 06  0.86 0.38 0 . 29 0 .02 2 . 54 0.35 10 . 1  0.69 1 . 21 25 .6 2 . 86  8 9.06 8 . 2  3 . 5  

...: . .:. : - - -· - -

. .  
• .. 
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TABLE 13 

No. 
120 
121 
122 
123 
124 

125 
126 
127 
128 
129 

lJO 
131 
132 
133 
134 

135 
136 
137 
138 
139 

140 
141 
142 
143 
144 

145 
146 
147 
148 
149 

150 
151 
152 
15) 
154 

155 
156 
157 
158 
159 

Sieve 
Size 

1 � 
3/4• 

1/2" 

J/8" 

No . 4  "· 

" 
" 

" "  - - . 

- .  
� ·, 
_ :: \  

(Continued) 

-cRUSHER PLilNT SAWLE 

F w a b c 
14 . 74 23 . 64 3,30 2,88 2.45 
10.24 16 .52 3 .27 2 .44 2 .36 

5 .'l2 9 .14 3 .18 2 .47 1.18 
7 . 50 12.14 3 . 21 2 .35 1 . 58 
3 .75 6 .05 3 . 59 2 . 40 1.13 

6 . 65 10. 81 2 . 89  2.70 1 . 16 
8 . 65 14 .08 3 .77 2.03 1 . 89  

ll. 99 19.10 2 .96 2 . 54 1 .79 
7 . 69 12.20 ) .06 2 . 25 2 .08 
5 .16 8 . 23 2 . 57 2 .27 1 .75 

4 . 23 6 . 81 2 .49 2 . 26 1 . 24  
2.70 4 .16 2 . 25 1 . 84  1 . 04  
4 . 20 6 .7 2  3 . 66 1 .71 0.90 
2.88 4 . 68 2 .45 1.70 1.)3 
5 .77 9.35 3 .02 2.06 1 . 85 

3 . 60  5 . 82 ·2 . 50 2 . 50 1 .02 
2 . 52 4 . 04  1 .9) 1 . 82 1 . 57 
3.91 6 . 27  3 .12 2.00 1 . 10 
2 . 53 4 . 06 2 . 24 1 . 89 1.06 
3 .3 8  5 .74 2 . 19 1 .51 1 , 15 

1 .71 2 .74 2 . 02 1 .45 0.80 
0 . 56 0 .91 1 .47 1.)0 0 . 47 

5 . 11 0.79 2,15 1.51 1.23 
1.02 1.64 1 . 59 1.49 0.80 

1 . 27  2.05 3 .08 1 .74 0.36 
0.57 0 . 92 1.61 1.61 0.40 
0.85 1.)8 1 .) 2  1.01 0 .99 
0.96 1.52 1 . 91 1 . 51 0.67 
0 . 67 1.08 1 .73 1 . 19 0.61 

0.25 0.41 0.95 0,58 0.57 
0.42 0,68 1 . 29 0.90 0,62 
0 . 55 0 . 86 2 . 03 0.65 0.45 
0.13 0.22 0 .76 0,66 0.45 
0.28 0.44 1 .30 0.73 . 0 .5 1  

0,)9 0.6) 1.17 0,99 0.4-5 
o .J3 o·.54 1,06 0,73 0 .7 2  
0 , 22 0.36 1 .41 0.96 0 , 28 
0.15 0.25 0.95 0.50 0 .46 
0 . 21 O,J4 0.77 0.61 0 . 60  

PHYSICAL AND HYDRAULIC PROPERTIES 
OF 

PARTICLES STUDIED BY WILDE 

. .  c a 
Vol s . g .  � An -[;.b \i 
8 .90 2 ,66 2 . 57 517 0.79 1,15 1,ll 
6 . 27  2 ,63 2 . 29 411 0 . 84  1.34 
3 .42 2.67 1.87 274 0.42 1.29 " 
4 . 64  2 . 62 2 . 07  336 0 , 58 1.37 • 
2,30 2.6) 1 . 64  211 0 .)9 1 . 50 

4 . 16 2 . 60 2 . 00 314 0.42 1.07 
5 .42 2.59 2 .18 373 0.68 1.86 
7 . ll 2 . 69 2.39 448 0.65 1.17 
4 .50 2 . 69 2.05 330 0.79 1.)6 
3 .06 2 . 69 1 . 80 252 0.72 1 . 13 .62 

2 . 57 2 .65 1.70 227 0 . 52 1 . 10 
1.45 2 . 67 1 .41 156 0.51 1.22 
2 . 52 2 . 66 1 . 69 224 0 . 36 2.14 
1 . 80  2.60 1 . 51 179 0.65 1 .44 
3 . 57 2 .62 1.90 284 0.74 1.46 

2 . 22 2 . 62 1 . 62 206 0.40 1.00 
1 . 52 2 . 66 1 .43 161 0 . 84  1 . 06  
2.35 2 .66 1 . 65 214 0.44 1.56 
1.53 2 . 65 1.43 161 0.52 1.19 
2 .)5 2 .44 1.65 213 0 . 6) 1.45 .56 

1.03 2 . 66 1 . 25 l2J 0.47 1.)9 
0.34 2 . 64 0.87 59.3 0 .)6 1.13 

0 .)0 2 . 63 0 . 8) 54.4 0 .68 1 .4:<. 
0 .62 2 .65 1.06 88 0 . 5 2  1 .07 

0.78 2.64 1.14 102 0.16 1.77 
0.)4 2.67 0 . 87  59.) 0.40 1,00 
0.52 2 .64 1.00 78.6 0.86 1.31 
0 . 56 2 .70 1.02 82 . 5  o .39 1 . 27  
0.41 2.62 0.92 67 0 .43 1 .45 .46 

0,15 2.62 0.67 35.2 0 .77 1 .64 1.11 
0,26 2 .63 0.79 49 . 5  0 . 5 8  1 .43 
o.Jl 2.75 0,84 56 0.39 3 . 13 
0.09 0.64 1.15 
0.16 2.67 0.68 36.7 0 . 51 1.78 

0 . 24 2.65 0.77 86.6 0.42 1 . 18 
0 . 20  2 . 6) o;73 •42. 2 0 . 82 1.45 
0 .13 2.66 0.64 32.2 0,24 1.47 
0 . 09  2 .65 0.56 25 . 0  0.67 1 . 80 
0 . 12 2 . 67 0 . 62 30 . 9  0 . 87  1 . 26 .59 

: 
. . . . 

� 

146 

r.- .. • ·� · A -f-: - :  

' - . .  -. 
- -·- --

· -

- ,  ( . ,  

TI-A-T-E-R o-I-L 

v -v v ru<dnl R(�)-
58.1 1.3o 135 0.92 66 . 2  1.18 185 

60 . 6  1..23 151 
36.1 2.45 61 4 2 . 2  2 . 13 . 90 
52.7 1 . 23  99 ' 5 5 . 6  1 .31 125 
62 . 5  0.70 94 

40.0 2.04 73 43 .5 2.03 95 
48.0 1 . 54 94 54 .0 1 .45 . 128 
61.0 1.10 133 59.9 1 .)5 155 
52.0 1.32 96 57 .5 1 . 28 128 
53 . 5  1 . 09 ' 86 50.5 1 . 44  99 

45 . 5  1.38 70 
48 . 0  1 . 15 61 )7 . 8  2 . :20  5 8  
47.0 l.Jo 72 II 37 . 0  2 . 50 68 
40 . 9  1 .48 56 40 . 4 - 1 . 80  66 
50.3 1 . 23 87 

41 .4 1 . 59 60 43 . 5  1.68 77 

)6.0 2.18 54 
)7.0 1.76 47 37 . 8  2.00 59 
49.0 1 . 01 73 46.3 0.6) 83 
39 . 0  1.41 44 32.2  2 .45 44 
29.7 1.60 24 20 .6 4 . 08 19 . 8  

21.0 6.50 JJ 
41.7 0 . 80  31 
36.9 1.30 J6 27 .4 2 . 80  32 

30.7 2,04 )2 19.6 5 . 90 24 
21.7 J- .18 17 20.4 4 . 23 19.6 

)2.6 1.87 )5 
26. 5  2.54 25 24 .0 ),70 27 
28.1 1 .93 24 22 . 2  ) ,70 22 

32.3 1.08 19 20,) 3 . 20  14. 8  
)2.0 1.29 18 22.8 ),02 19 .7 
37 . 0  1 . 1 2  28 
39 . 2  15 .8 . .  
27 .6 1 .55 17 14.) 

, . . _..., . .  : : . ' 
29.6 1.49 20 20 . 8  )..59 17 .5 
)7.) 0,88 25 22.0 3 ,01 !.7 .5 
18.9 3 . 03 ll 14 . 0  6 . 6  . 9 . 7  
25 .7 1.44 13' 16.3 4 . :?8 10 
32.5 1 . 01 18 "' 20 . 1  3 . 14 13 .7 

::._:; ,'· 
- =- ·  ( 

i l . :  , ,  . ·; 
':;' . ;;: ' 

• 



. TA.BLE 13 (Continued) . PHISIC!L .lND HIDRAULfC PROPERTIES 
OF 

�LACIAL J.r.lRRllNE SAlPLE PARTICLES SWDIED BY WILDE 

W-J.-T-E-R o-I-L 
�-sieve c a v · R(dn} 

_ Ho. Size F w a b c Vol • •  g • � �.n · -.Jab. b x1o3 v G:!(dJ xM2 v v � (d,) R (dn) 
• 

: 160 . l in. - 6.60 10.66 2 , Cf7  2,01 1.66 4 .05 2.63 1.98 307 O.Bl 1.03 10.7 0.60 69.5 o.8l 229 � 161 3/4" . 10.92 17 .11 3. 15 2 . 56 1.67 6.19 2.7/ 2 . 'ZI  450 0 .59 1 . 23 n 61.5 1 . 09  132 n 
: -162 • - 16 .08 26.14 3 . 5 5  2 . 53 2.17 10.06 2,60 2 .73 584 0.72 1 .41 65.5  0.98 170 77 . 0  0 . 84  350 
- 163 15 . 85 25 .48 3 . 56 2 . 26 2 . 25 9 . 63 2 .64 2.64 546 0.79 1.58 81.5 0.67 205 so.o 0 . 82 351 
- 164 7 . 49 12.16 2.47 2.Cf7 1 .89 4 . (;6  2 . 60  2 . Cf7  336 0.84 1 . 19 68.5 0 .73 139 (;6 .7 0.91 230 

: 165 21.02 32.79 3 .77 2 , 80 2.36 11.77 2.78 2 . 82 623 0 .73 1.35 so . o  0 . 81  215 100 0.61 470 
166 13.15 21 .31 3 . 5 5  2 .46 1 ._90 8.15 2.61 2 . 5 0  490 0 . 64 1.45 68.0 0.89 156 71 . 5  0.95 29? 

- 167 6 . 57 10. 5 2  2 . 26 2 . 23  1 . 53 3 . 94 2 . 67 1.96 302 . 0.68 1.01 61.2 0 . 89  112 
- 168 14 . 5 2  23 .17 3 . 5 6  2 .72 1.85 8.64 2 ,68 2 .54 5Cf7 0.60 1.31 74 . 3  0 .80 173 64 . 5  1 . 26 'Z/3 

169 

170 3/4" 2 . 66 4 . 26 1 . 87  1 . 82 l.Ol 1 . 60 2 . 66 1 .45 165 0.55 1.03 45 .4 1.20 63 
_ 171 l/2" 2.58 4.15 1.92 1 . 67 1.35 1.56 2 . 65 1.44 163 0.75 1.15 49.5 0 .99 65 47.6 l. 'ZI ll4 
: 172 • 2.62 4 . 22 1 , 82 1 .43 1 . 29 1 . 60 2 .64 1.45 165 o . so  l . 'ZI  57.5 0.74 78 51.3 1.10 124 

173 6 . 06  9 .77 2.58 2.52 1.30 3 .71 2 .64 1.92 289 0 . 66 1.02 53 . 0  1 . 10 95 
174 5 . 01 8.09 2 .70 1 . 80  1 .29 3 . 08 2.62 1 . 80 255 0.59 1 . 50 54 . 0  1 . 04 93 5 5 .9 1.14 168 

175 2 . 88 4.63 2 . 64  1 .40 1 . 12 1.74 2.65 1 .49 176 0 . 5 8  1.88 42.6 1 .38 59 47.0 1 .36 116 
176 5 . 81 9.31 2.74 1.62 1 .60 3 . 50 2 .66 1 . 88 'Z/7 0 .76 1 . 69 53 . 2  1.14 93 62.0 0.99 194 
177 3 .09 4.94 2 . Cf7  1.61 1 . 04  1 . 84  2 .68 1 . 5 2  181 0.57 1 . 28 54 . 5  0.89 77 5 5 . 2  1.02 140 
178 5 . 26  8.45 2 . 53 2 . 09  1 . 25 3 . 18 2.65 1 . 82 260 0 . 54 1.21 59.0 0.89 97 58.9 1.06 178 
179 3 . 60  5 . 87  2 . 04 1 . 80 1.18 2 . 'ZI  2.58 1.63 208 0.62 5 5 .6 1 .01 151 

180 1.00 1 . 61 1 .40 l.Cfl 1.03 0.61 2.65 1 . 05 86 . 5  0 . 84  1 .31 45 .0 o .8B 43 40.0 1 .33 70 
181 1 .88 3 .04 2.62 1 . 25 0.75 1.16 2.62 1.30 134 0.41 2.10 42 . 8  1 .18 52 39.4 1 . 65 86 
182 3/4" 1 .61 2.58 1.75 1 . 65 0.72 0.97 2 .65 1.23 119 0.42 1.06 37 . 4  1 .49 43 39.7 1 .56 Bl 

_ 183 1.38 2 . 23 1 .49 1.25 1.02 0.85 2.63 1 .17 lOB 0 .75 1.19 49 . 0  0 . 82 54 42.9 l . 'ZI  84 
184 2 .11 3 .35 1.64 1.32 1.08 1.24 2.70 1 . 33 139 0 .73 1 .24 54 . 0  o . so  66 49.7 1.12 llO 

185 1 .42 2.29 1 .73 1.30 0.91 o . 86  2.66 1 . 18 109 0.61 1.33 36.5 1.50 39.5  • 37.3 1.71 74 
186 0.90 1.46 1.43 1 . 26  0.71 0 . 56 2 . 60  1.02 82 . 5  0 . 53 1.13 39.0 1.11 38 • ·  31.8 1 . 97  54 
187 1.97 3 .16 1 . 89  1 .35 1.26 1 .18 2.67 1.31 135 0 .79 1 .40 51 . 2  0.85 63 47.5 1.18 104 
188 2.63 4 .19 2 . 03 1.65 1 . 22 1 . 55 2.69 1.44 163 0.67 1 . 23 48 . 2  1.06 65 49.7 l . al  119 
1 89  2 . 29 3 . 69 1 .65 1 .65 1 . 20 1 .40 2 .64 1.39 152 0.73 1.00 45 . 5  1.14 59 43 .9 1.42 102 

- 190 3/PJ' 0.57 0 .76 1 . 57 0.70 0 .54 0 . 24 3 .08 0.52 2.24 35 . 2  'Z/ .3 -
. l.9l • 0.60 0,98 1 . 25 0.99 0.87 0 .38 2 . 60 0 . 89 63 .3 0.78 1.26 43 .2 o . so  36 32.2 1.68 48 
� 192 No . 4  0 . 23 0.38 O . Bl 0.69 0.59 0.14 2.65 0 .65 33 . 2  0.79 1.17 

193 0.28 0.46 1 .01 0.67 o.6o 0.17 2 . 65 0 . 69 37 . 5  0.72 1.51 34.3 1.00 23 
194 0.23 0.37 0 .92 0 .73 0.57 0 .14 2.66 0.64 32.9 0.70 1.26 30.7 1.17 21 21.0 2.91 23 

_ 195 0.33 0 .53 � 1 .09 0.82 0 . 59 0 . 20  2 . (;6  0.72 41 . 5  0.62 1.33 35.1 1.02 24 22.7 2.85 'ZI 
_ 196 : !).34 0.54 l.ll 0.78 0 . 57 0 . 20 2 .69 0.73 41.8 0 .62 1 .42 33 . 2  1.15 22 24 . 8  2.44 30 

197 0.17 0.28 0.78 0.76 0.39 o.11 2.55 0 . 59 28 0 . 51 1.03 29.0 1 .14 16 19.3 3.03 18.2 
_ 198 0.60 0.97 1.00 0.90 - 0.65 0 .37 2 . 59 0 . 89 63 0.69 l.ll 34.0 1 . 'ZI  29 31.7 1.73 47 

199 0 .64 1.03 1 .40 0.94 0.77 o.38 2 . 62 0.90 64 0.67 1.49 35.6 1 . 22 31 31.1 1.90 47 
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Table 14 · PHYSICAL AND HYDRAULIC PROPERTIES 

OF 
PARTICLES STUDIED BY SCHULZ 

. . . 
Particle 

Dimensions 

a . b c 
mm mm mm 

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

B20 .1  Q 
B20 .2  Q 
B20..3 M 
B20.4 F 
B20 .5  Q 
B2d. 6  F 
B20.7 Q 
B20 .8  Q 
.t320.9 Q 
B20.10 F 

1.12 - 1 .04 .70 . 694 
1 .48 . 1 .04 .91 .733 
2 . 80 1 .93 .11 .038 
1 .52  1.34 1.005 .705 
1 . 28 :1 .10 .78 . 657 
2 . 02 1 .68 .71 .385 
1.56 . .  ;1 . 04  .71 . 557 
1 .50 1.44 1 . 22 .833 
1 .64 ; . : ,  : 1 .58 ; ., ; . . .60 - : . · .374 
1 .• 16 1 .15 .70 . 608 

Retained on No . 24,. Tyler .Standard Sieve 
B24.1 Q 1 .40 . · , 1.00 ' .43 .365 
B24 .2  G 1 .32 : ' : . • 94 - . 63 . 566 
B24 .3 F 2 .16 ' , 1 .0o' � .36 . 246 
B24 .4 1 . 04  .96 . 58 . 58  
B24 .5 . B 1 .16 . 90  . 64 . 625 
B24.6 B 1 . 56 ·· 1.00 ·.49 · .393 
B24.7 X 1 .48 1.12 .68 . 528 
B24 . 8  F 1.90' '· · �-: �1 .10 �·: • ·. 51 , · .353 
B 24 . 9  F l . o8 · - - '  . . · l . oo : ,  . • 66 · · .635 
B24.10 Q 1.30 : : < ; 1 .12 .71· .· :  .695 

1 " ,.... •• ' • • 

• 

� rl 0 > 
cc 

.00038 

.00057 

.00018 
�00082 
Lost 
Lost 
Lost 
Lost 

.00060 
_ .00037 

. 00013 
. • 00028 
.00031 
.00022 
. 00035 
.00039 
.00050 
. 00054 
· . ooo3o 
.00045 

.90 
1 . 03 

• 70 
1 .60 

1.04 
.89 

. 63 

.81 

. 84  

.74 
� 87 
.91 
.99 

1.01 
. 83 
.95 

S . G .  

2 . 65 
2 . 65 
2 . 8  
2 .57 

2 .65 
2 . 57 

2 . 65 
4 .00 
2 .57 
2 . 65 
3 . 0  
3 .0 
2 . 8  
2 . 57 
2 . 57 
2 .65 

F 
gm 

.00063 

.00094 

.000325 

. 00335 

.00097 

.00059 

. 0110 

. 0110 

.0110 

.0110 

.OliO ·; .. 
. • 0109 

.om · 

. 0111 .
, 

I '  , .  

!>a 
r-f �  rl () ell 0 fx.t rl  Q) > 
em/sec 

11. 08 
11 .72 
5 .42 

13 . 28 

11 .71 
: 13 .02 I I !  8 . 81 
• '10 .98 

90. 5  
110 
34. 5  

193 

81 
88 

1 . 27 
1 .30 
4 . 51 
1.49 

2 . 'Z7  
1 . 23 

. 000217 . 0113 ! : 7 . oo 39 2. 24 

. o09o .o116 . 11� .50 101 1 . 24 

.000485 · . 0117 : ' 5 . 54 40 4. 56 

. 00032 . 0118 .. ,, : . 8 .57' 54 1.74 

.00066 . • 0116 . i : : 9 . 50 71 1.94 

.00074 .0113 i ,, . . 10 . 00 81 1 . 80 

.oo092 . • oll3 I 10 .68 94 1 . 6s 
· .00084 · · . 0113 , 'I 8 .25 74 2 .44 
.00046, .0113 I �  It 8 .84 65 1 .74 

. • 00074 · .ol13 1 · · , . lo.3s 87 1 . s2 
( Continued on next page ) 
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Table 14 ( continued ) 

. --· 
Dimensions 

b 
mm 

c 
mm 

. .  Retained on No . 28 Tyler Standard Sieve 

B28 . 1  M 
: B28 . 2 F 
B28.3 F 
B28 .4 Q 
B28 . 5  F 
B28. 6  Q 
B28 .?  'Q 
B28 . 8  Q 

· B28 . 9  ·x 
B28 . 10 F 

1 .46 
1 . 3 2  
1 .28 

. 86 
1 .36 
1 .36 
1 . 16 

.94 
2 . 06 
i .08 

1 . 00  
1 . 06 

. 88 

. 80  

.?0 
. • 96 
.?0" 

' 
. • 72 

· , . . • 76 
. 84  

. 14  

.42 

.45 

. 66 

. 67 

.39 
. • 62 
.49 
.43 
. 60 

. 116 

.355 

.424 

. 797 

.687 

.341 

. 688 

. 596 

. 343 

. 630 
-'r ... , 1  ... 1 �  , T ,  'l... · ·· · • . .. . , , · . · • 

Ret.ain'ed ' on No . 35 · Tj'1er Standard Sieve 
r , , ' 1 • 

:B35 . 1  . M 1 . 56 • 78 
B35 . 2  .X .94 ·,76 

. . . B3 5 .3 · � . 88 - .68 
- - !335 .4 ;� . • 92 .?0 
, ; B35 . 5  · . . -· . 84  , - , 80 
. B35 . 6  - Q ·: .78 �- - .46 

.·:B35 .7 ;:Q ·; < 64 � · . 62 
- �B35 . 8 ;Q � · . 88 · . 56 . �B35 .9 F . • 92 � . • 84 

B3 5 . 10 F 1 . 14 . • 61 

.07 

.37 

.30 

.45 

. 28 

. 2.5  
- . 62 
.40 
.24 
. 5 1  

. 064 

.43? 

.388 

.562 
.342 
.752 
.985 

· . 570 
. 273 

' . 612 

� r-i 0 p. 
cc 

. 00009 

.00025 

. 00020 

.00019 

. 00053 

. 00025 

.00024 

. 00012 

. 00030 

. 00025 

.00003 

. 00012 

.00008 

.00015 

. 00009 

.00007 
. • 00013 
.00009 
. 00012 
. 00026 

mm 

. 5 5  

. ? 8  

.?2 

.71 
1 . 00  

. ? 8  

.77 

. 61 

. 83 

. 7 8  

.37 

. 61 

. 53 

. 65 

. 5 5  

. 5 1  

. 63 

. 5 5  

. 61 

.?9 

• I • 

S .G .  

2 . 8  
2 . 57 
2 . 57 
2 . 65 
2 . 57 
2 . 65 
2 . 65 
2 . 65 
2 . 8  
2 . 57 

2 . 8  
2 . 8  
2 . 65 
2 . 65 
2 . 65 
2 . 65 
2 . 65 
2 . 65 
2 . 57 
2 . 57 

F 
gm 

.000158 

. 00040 

. 00030 

. 00031 

. 00082 

. 000415 

. 00040 

. 000195 

. 00054 

. 00039; 

.
• 000047 
. 000215 
.000130 
.000220 
. 000123 
. 000108 
.00022 
.000148 
.000186 
. 00041 

' 

, 0110 
. 0110 
. 0110 
. 0113 
.0113 
. 0113 
. 0113 
. 0113 . 

. • 0113 
. 0109 

. 0109 

. 0109 

. 0110 

. 0110 

. 0110 

.0113 

. 0113 
. • 0113 
.0116 
. 0117 

· I>.. , of-) .... 0 r-i O  rl r-i  cd Q) rx.. > 
em/sec 

4 .30 
6 . 63 
7 . 14  
9 .44 
9 . 53 
6 . 92 
8 . 5 5  
5 . 5 8  
·7 . •  29 
7 .96 

� 

37 
47 . 1  
47 
59 
84 
48 
5 8  
30. 2 
56 
57 

4 .73 
2 . 91 
2 . 34 
1 .36 
1 . 81 
2 . 87  
1 . 86 
3 .46 
2 . 96 
2 . 01 

3 .'35 - 11 .4 6 . 03 
6 . 17 35  3 . 04 
5 . 83 28 2 .71 
6 �45 38  2 .72  

.5 . 18 26 3 . 65 
-.6 . 23 28. 2  2 .  26 
8 .73 49 1 .43 
5 .98 29 . 2  2 . 65 
4 .93 26 4 . 20 
? . 05 47 . 6  2 . 59 ( rr- r " 

· ( Continued on Next Page ) 
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Table 14 ( Continued) 

Q) 'l "' r  ·" ll� ( (' C' V ·' t 10d ) 
r-i � - ---- - - Particle o F-4 

� i -� -.� �- _ _  a 
Dimen s;on.s ___ _ 

� z  :51 E4  nun nnn 
c 

Q) � A �  � � 
mm {/) �  

, . " 

Re tained on1 No . 48 Tyler 
� ..-. �  

Standard Sieve 
, .... . � cJ 
• '  , ,  . ., 

B48.f . . ' B � i: . • 48 • 1 \-... 

B48. 2 : · . Q : 1 r .· • ?6 
B48 .J . - M -- -

·. 64 
B48.4 · ' · ·. M •<"rl " . 44  
B48 . 5  Q \{ . 96 
B48. 6  - � .?4 . 
B48 • .? ' B . 88 . .  
B48 . 8  . c . \ . 92 
B48 . 9 . Q .62 
B4 8 . 10 .T .. . . 56 

' 

.42 .38' ' . 84c y · � 

. 50 ' • 23 " . .3?4 : : 

. 54 --:---- . 09  . 153 
· · :.' . • 44� ''t' :: ·. 14 ... . . 318 · 

.40 . . .35 . 56? 

. 40 ' -" . 16 . 295 

.40 . . , . 26 .439 

.44 
· . . 

. 22 .34? 
.46 � ·  . 26 .488 
. 54 . 30 . 548 

1 f . . ) 
Retained on :No . 60 Tyler Standard Sie ve 

" , ,  . J -

B60 . l, �-· . 
• 40 � ' . JO . 26 . ?53 . 1 

B60 . 2  Q . 68 .JO 
B60. 3 ' ·' '  na.')< l -:': �48 . , .32 r'" ' 

, . ,. _25 . . 5 5 5  
• .' . 1 8  . 461 

. 

B60 .4' <· . Q •r l l  . 46 _ �} 1 . .32. ·n � . 21 . / . 549 ' 

Q) 
§ r-i 0 > 

cc 
r• 

Lost 
• 00004 
. 00002 
. 00001 
. 00006 
. 00002 
. 00005 
.00004 
. 00004 
. 00005 

. 000012 

.000025 

. 000012 
· . • 000013 ' 

B6o . 5 · - � A • 40 ' , • . 36 . / (, . 18 . . • 4?5 ' . . ; . 000012 
B60 . 6 : Q '·' .48 • ' .30. 6� ' . 26 . 68? . • 00001? 
B60 .? 3 · . . Q , ,  . 50 . . . 28 r· r '  I '  . 20 i, .

• 535 ·, .oooon · 
B60 . 8� :.- . B • ?O. r ' ',. . 36 . --�' . . 13 ;- - ·  . 260 ' · . Lost 
B60 . 9' , . M  ,.., . 60 . 7 -. .42 . /fC' ... ; 
B60 . 10�, . F ; . 5 0. r,:,_ .38 . 6� 

• 03 . . • 060 /': - . 000005 . 

• o.3 _ ,.< • 069 · · . 000005 ' 
' .- ,.., r'r' - 'j(, .· ... · ,. '  � .  . . . /, I ' ' I 

, • '  r r ( )  : "' . :Y .. I .} ... . 
. , /. 

\ � ,. .. 0 F . . l '._ r--· r; ' I 

• 

r-i �  liS �  
·g � 0 -.-i  Z f=l  
nun 

. 42 . 

. JJ 

. 26 

.48 

. 33 

.45 

.42 
• 42 
. 45 

. v  

. 35 

. 2? 

. 29  

. 2? . 1 ,  
• 3 1  
. 25 

. 20 ' 

. 20 

0 �  ·rl � � •rl m ;g Q) 0 
� � . 

F 
f . s . o . gm cm2/sec·: , ;  

J .o 
2 . 65· : �  -.0005?6 . 0101 : ' "  

2 . 8  . OOOOJJ . . 0101 
2 . 8  . 000018 . 0100 
2 . 65 . 00009? . . • 0100 . ' 

2 . 65 . 000031 .0100 
J . o  . 000090 . 0101 
2 .?2 . 0000635 • 0101 
2 . 65 . 00005? . 0102 ' . 

. 0102 

2 . 65 . 0000185 f . 0110 
2 . 65 . 00003? . 0110 
? . 50 . 000039 . 0114 
2 . 65 . . 000021 ' 

• 0113 ' '·" 1 
2 . 65 . • 00001?5 ' . 0112 l '  
2 . 65 '

' • 0000265 . . 0112 ' "  

2 .  65 f • 000013? . 0110 ' I > 
' 3 . 0 I 1 , 

2 . 8  I ·. ooooo?4' ·. o1o2 . · · 
2 . 5? . ( . 0000068 ' . 0102 . : "  

' 

t' -rl 0 r-i O  r-i r-i  - - liS Q) · - -
� >  

em/sec ., ' 
-(.' . , ,  . - 1  

3 � 85 . ,  
2 .?9 
3 .01 
4 . 90 ) ·  . 
3 .3 2  
4 . 0? 
3 .42 
4 . 14 
5 .47 

' '  
' .  ' 

8 . 82 . 
4 . 12 
3 . 63 
2 .93 . :· � 
2 .  85 . .'i 
3 .?0 : �: 
1 .95 ,f. l ,  

1 , , .. ·'- • 
0.96 . :::-
l . 28. 'C 

,...... 
"de. ,...... ..._. c. '0 ..._. Q) A ll:: 0 

' '  

" 
16 ' ; 4 .96 

9 . 1  8 . 20 
? . 8  5 . 5 0  

23 . 5  3 . 52 
10 . 9  5 . 1? 
1 8 . 1  5 . 45 
14-. 2 . 6 .45 
1? . 1  4 . 31 
24 . 2  

21 . 6  6 . 00 
13 . 1 3 . 5 8  

8 . 6  ? . 28 
? . 5  '_ .

. 5 . 9 8  
6 . 8  . 5 . S  

10 . 2  3 . 99 
4 .4 11 . 33 

1 . 9  · : . 12 . 80  
2 . 5 ·- · 1 8 . 50 

r \ 1  I I \  ' 

(.Continued· ·.on Next- Page )  
f · , 
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· Table J4 ( Conti'nued r I ' . ' •  ' ' ' 1 ' ' 

Particle , 
d> Dimensions r-i ';! 0 ... ... ·r-i Q) ... B. .S  
� �  

Q) Cl) 
�-� a b c CIS o .J:l CIS  t:l. Z  mm mm mm. tl) rx,.  

Retained on No.  65 Tyler Standard Sieve 

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

Q .28  
Q .42 
Q .48 
� . 3e) 
M .44 
Ga .40 
M .40 
Q- .40 
F .48 
B .68 

B - Biotite 
C - Calcite 
F ·- Feldspar 
G - Garnet 

Ga - Galena 

. • 22 . 20 
. 28 . 13  
. 28 . 23  
. 28 . 21 
.36 . 04 
.3o .12 
.36 . 04 
. 28 . 20 
. 24  . 20 
. 28 . 12 

M - Mica or Vermiculite 
� - Quartz or Chalcedony 
X - MiXture 

. 80'7 

.381 

.630 

.?2? 

.101 

. 34? 
. 106 
.60 
. 592 
. 276 

j 0 > 
cc 

Lost 
Lost 

. 000011 

.000010 
Lost 

.000008 
Lost 
Lost 

.000011 

.000011 

• 

, ,  t ,  
' ·  , ,  

' I  

o >.  -rl �  t-rl �  � ·r-i 
� � -rl CIS �  0 

� !  
Q) 0 rl 0 ......... 

� �  
rl rl  � ......... CIS a> '0 '0� O ·r-i rx. >  -z o  F -

cm2/sec . em/sec 
Q) c.fl rmn S .G .  gm � 

2 . 65 
2 . 65 

. 25 2 . 65 . 0000138 . 0102 1 .?8 4 .3? 13 . 50  

. 24  2 . 65 .0000125 . 0102 2 .3? 5 . 58  ? .45 
2 . 8  

. 24  ? .50  . 0000235 . 0102 1 . 23 2 . 9  4 .40 
2 . 8  

. 2 . 65 
. 25 2 .57 . . 0000134 . 0102 2 . 03 4 .9? 9 . 82 
. 25 3 . 00 . 0000134 . 0102 0 . 61 1 . 5  . 10 .41 
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PHYSICAL I AND HYDRAULIC PROPERTIES I ·, OF . 
Table 14 I I '  PARTICLES STUDIED BY SCHULZ 

' (' : r· 
. CD . -
r-f o J-4 ·n Q) 

� �  P.. Z 

. J ·. · ,  . ,-- ·. · . .  Particle \, •.. : ..... · -· v .. .  · - - -- - · Dimensions r-f I'd . 
J-4 -

-
-·· 

·
-

- b ' Q) Q) a -� � mm mm :i2! E-<  

J-4 ., , 
� . I' . � $  Q) s s:: Q) � ·g @ J-4 Q) 0 0 ' o _a  c p. � ;;;... ' I  z · C1l 0 s .o .  mm. ..c I'd cc mm (/) !%-.  

Sample of sand from Wolf Creek below Fort Supp�y Dam, Oklahoma. 
Retaine� on No . 14 Tyler · standard Sieve 

114 . 1  Q .' . 1 . 94 . 1 .78 1 .00 . 54 
114 . 2 - Q _ _ _ _ 1. 60  1 .30 1 .12 .78 
114 • .3 Q 1 . 56 1 .44 1 ..34 .90 
114 .4· . Q . -� ' 1 . 64 . ·:· - 1 . 52·: .  � · Ll7 .74 
114 . 5  � 1 . 80 1 .62 . 1 .19 . 70 
Ll4 . 6 - x :·. 1 .72 l .4b 1 . 26 . 81 . 
Ll4 . 7�' X�� ' 1 .92 1 . 60. .75 .43 
Ll4. 8 ' Q � 1 . 68 1 . 56 1 . 14  . 71 
114.9 ·· Q ' 1 . 56 1.44 .95 • 64 
T.J.4 .10 Q' L 1 . 68 1 . 5 2 - 1 . 19 .76 ' 

" �  .. . 
Retained on No . 16 Tyler Standard Sieve . . ' 

Ll6 . L ' ,r· 2 . 02 1..36 l . l4 
116'. 2" () Q � 1 . 56 1 ..38 . 74 
Ll6 • .3 
Ll6 .4 
116 . 5  
116 .6  
116.7  
Ll6 .8  
116 .9  
Ll6. 10 

Q 1.72  1 .42 
F 1 . 54 1 ..30 
Q. �  - ; �1 .• 64 . _,, 1 .40 
Q . _ rl . 66 . " 1 . 20 
F:: - ·1 .70

. 
1 .40 

. 98 
1 . 27 

. 51 

. 82 
1 . 02 
1 . 02 Q': - .· ·. 1 . 66 "�-:- 1 . 16 �t = �1.44 .. · ' 1 . 26 . 96 

i:.r _ - -1 .38  . vJ,.,._2?-:.u -;_ +.o.3 
�

- I 
·
- ,-.. . ·· . • · · lr- .-..r ' t  · 

;- - � - . .  • 1 · r �  

.69 

. 51  

.63 

.90 

.34 

. 58  

.66 

.74 

.71 
.78 

.00170 

. 00108 .. -

. 00141 
� 001.38 
. 0016o 
. 00141': 
. 00108 ' 
.001.36 - _· :. 
• 0010.3 � .... 
. 0015 8 , , . 

. 00150 :· I __ 

• 00080 :· 1-· 
.00118 
, 00112 
. 00058 
.00075 
. 00105 

. • 00095 
.00084 
.00077 

1 .48 2 . 65 
1 . 27 2 . 65 
1 • .39 2 . 65 
1 .38 2 . 65 
1 .45 2 . 65 
1 .39 2 � 65 · 
1 . 27 2 . 65 
1 .37 . 2 . 65 
1 . 20 2 . 65 
1 .48 , 1 . 65 

1 .42 2 . 65' :  
1 . 15 2 .65 
1 ..31 2 . 65 
1 . 28 2 . 57 

. 1 . 0.3 2 . 65 
1 . 12 2 .65 
1 . 26 2 . 57 
1 . 22 2 .65 

. 1 .17 2 . 65 
1 .1.3 2 . 60 

F 
gm. 

.00285 
. .• 00175 
. 002.35 
. 00230 
. 00265 
. 00235 
.00175 
.00225 
. 00165 
. 00285 

. 00251 
,00132 
. 00193 
.00171 
.00097 
. 00122 

. •  00162 
. 00156 
. 00140 
. 00122 

0 ?-.  1>. ·n � � ·n � � � ·n 0 -Q) 0 r-I O  - .rJl -� -� r-f rl  "d� � �  ......., !>::: t> ··� � 

cm2/sec em/sec Q) � � 

. 0112 J3 . 0.3 17.3 1 . 5 2  

. 0112 15 . 62 177 0 . 90 

. 0112 16 • .35 204 . 8.3 

.0110 15 . 96 200 .95 

.0110 16.18 214 . 96 

. 0110 16.04 '203 .94 
, 0108 10 • .36 122 2 . 04 
. 0108 15 .78 200 1.11 ., . . 0108 13 . 82 154 . . 1 . 09 
.0108 16 . 20 222 .98 

.Olo6 15 .95 214 · �- 1 . 05 
�· '· . Olo6 12 . 26 133 1.33 

. 0106 13 . 5 8  168 1 . 26 

. 0106 15 . 05 182 .78 

. 0105 9 . 65 95 1 .92 
• 0105 11. 88 . 127 1 .40 
.0105 12. 02 145 1 .44-
. 0100 1.3 . 95 170 1 .10 
. 0100 14. 65 172 . 96 
. 0100 15 . 02 170 . ro  

( Continued on Next Page ) 
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Table 14 - ( continued) 
I I '  I ,. I 

' I '  I ' ' I I " 
, ,  I" , , ,  ' •  Particle 

' ·  Q) Dimensi ons + l q r-1 r-i ' 
tl I-< C1! Q) s ·rl Q) I-< 
� ]  

Q) Q) • I 0.' -P 

� $  
. .  , a b c CIS o ,.c: 1\1 o.. z mm mm mm Cl) rx,  

Retained on No . 20 Tyler Standard Sieve 

120. 1  Q 1 . 60 1 . 26 1 . 02 .72 
120. 2  1 .37 1 . 02 .78 . 66 
120.3 X 1 .44 1 . 16 .63 .49 
120.4 Q 1 . 20 ' 1 . 00 .95 . 87  
120 . 5  F 1 .44 .88 .66 . 59 
L20 . 6  Q 1 .40 1 .16 .70 . 55 

f-' L20.7  Q 1 .40 1 . 04  . 67 . 56 \.J'f 
L20 . 8  Q 1 .34 1 .28 .80 .61 w 
L20 .9 Q 1 .30 - 1 . 26 .84 .66 
L20 . 10 Q 1 .34 1 .04 • 1.05 . 89 

Retained on No . 24 Tyler Standard Sieve 

124 . 1  Q 1 . 22 1 ._00 .74 .67 
124 . 2  Q 
L24 .3 Q 1 . 06 1 . 00 . 81 .79 
L24.4 1 . 26 1 .12 . 53 .45 
L24 . 5  Q 0 . 88 o • .  so . 69 . 82 
L24 . 6  Q 0.94 0 . 86 .68 . .74 
L24.7 Q 1.40 0 .96 .?1 . 61 
L24 . 8  X 1 . 00 0 . 96 .65 . 66 
124.9  F 1 .06 0 . 80 . 6? .73 
L24. 10 1 .40 1 . 00 - .?7 . 65 

! I I f  

" I  

§ r-1 . 0 > 
cc 

. 00092 

.00063 

.00036 

. 00051 

. 00037 

. 00048 

.00043 

. 00061 

.00063 

. 00065 

.00040 
Lo�t 

. 00041 

. 00035 
. 00023 
. 00023 
. 00044 
.00029 
. 00024 
. 00050 

f ,  
' I , , · I 

r-i �  Cli -P  
·g � . 1\1 0 •rl Z' t=:l  
rnm 

1 . 20 
1 . 06 
0 .88 
0 .99 
0 . 89 
0 .97 
0 . 93 
1.05 
1 . 06  
l.O? 

0 .91 

0 .92 
0 . 87 
0.76 
0.?6 
0 .?4 
0 . 82 
0 .7? 
0 .98 

, :  " 

F 
s . o .  gm 

2 . 65 .00150 
2 .65 . 00103 
2 .65 . 00059 
2 .65 .00084 
2 . 57 .00058 
2 . 65 .00087 
2 . 65 . 00070 
2 . 65 . 00099 
2 . 65 .00103 
2 .65 . 00106 

2 .65 .000655 

2 . 65 · .0006? 
2 .65 . 00057 
2 . 65 . 000385 
2 . 65 .000.385 
2 . 65 . 000345 
5 . 00 . 002250 
2 .57 . 000375 
2 . 65 . . 000810 

, ,  ' 
' I ; ' 

' f  I 

.� � � ·rl 
' � � ' (I) tl 

.;i .� � ==-

• 

cm2/sec 

.0100 

. 0100 

. 0100 

. 0100 
• ouo 
. 0110 
. 0110 
. one 
. 0110 
. 0110 

. 0112 

. 0112 

.0110 

. 0110 

. 0110 

.0108 

. 0108 

. 0106 

.0106 

I .  
' ' ' I  ' 

. t' 
' '  1 1  '•rl tl r-1 0 r-! r-1  1\1 Q) >x. >  
em� sec 

13 .98 
12 .42 

8. 89 
1A . 06  

9 .38 
9 .48 
9 . 57 

12. 43 
. 12 . 06 

14.98 

10 .17 

11 .92 
9 .10 

10.56 
8 . 65 
? .65 
5 . 80 
9 . 87  

11 . 25 

- -
c= c= '0 '0 ......... ......... 

(::1 & 0 

168 l . CY75 
132 1 . 19 

78.3 1.94 
139 0 . 87  

76 . 0  1 .71 
83 . 7  1 . 8'7 
81 . 2  1 .75 

117 1 . 21 
116 1 . 26 
146 . 83 

82 . 8  1 . 54 

98.0 1 . 13 
?2 . 1  1 . 82 
73 . 0  1 .18  
59 . 8  1 . 66 
5 2 . 5  2 .19 
44. 1  1 �99 
71 . 8 . 1.3.1 

104 1 .3 'i 

( Continued on Next Page) 



• 
Table 14 ( continued) 

Particle 
o >.  J... -rl +>  >. r-1 (J) +> ·..-l +> (J) Dimensions Q) nl +>  � :g ·r-i -r-1 r-1 I ' s s:: (J) 0 s:: · ,....... o J... C1l Q) a ·g � (J) 0 r-I O  "0 .J= •r-i (J) J... · .-! 
� �  

r-f r-1  -
� �  

(J) (J) P. +>  0 0 ·..-l Ill (J) '-' 

� �  
a b C · C1l 0 :> Z t::l F IX. ?  Q) t::l .s:: Ill cm2/sec em/sec p:: {.) ll. Z  mm mm mm . U) �. cc m:n S . G.  gm 

Retained on No . 28 Tyler Standard Sieve I 
L28 . 1  Q . 80  .72  . 59 . 77 . 00015 0 . 66 2 . 65 . 000250 . 0110 9 . 00  54 . 0  1.42 
L28 . 2 Q 1 . 16 . so .36 .37 . 00013 0 . 62 2 . 65 . 000210 . 0110 6 . 25 3 5 .3 2 . 7 5  
L28 .3  , Q . 94 . 90 . 53 . 60 . 00020 0 .72 2 . 65 . 0003 20 . • ono I .8 . 60 56 .3 1 . 68 
L28 . 4  Q 1 . 00 . 60 . 56 .73 . 00016 0 . 69 2 . 65 . 000285 . 0108 9 . 15 5 8 . 5  1 .44 
L28 . 5  Q . 88 � . • ?4 I I 1 I .41.. . 55 . 00013 . · 0 . 62 2 . 65 . 000210 . 0108 7 . 28 41 . 8  2 . 02 
L28. 6  Q . 88 . 80 . 54 • 65 . 00018 0 . 70 2 . 65 . . 000300 . 0108 8 . 2o ; I 53 .3 1 .7 8  

11. 28 � 86  I 
I L28 .7  Q . 64 . 61 . . 00035 0 . 87 2 . 65 . 000570 . 0108 9 � 30 ; 1 75 o O  1 . 7 5  

L28 . 8  Q 1 . 00 . 84 1 . 52 . 57 . 00020 0 .72 2 . 65 . 000320 . 011b 7 . 80 : 5 1 . 1  2 .05 
.... L28 . 9  Q 1 .34 ·. 94 .42 . •  3 8  .00025 0 . 7 8  2 . 65 . 000415 . 0110 6 . 69 ' 47 .4 3 . 02 '-"' .::-.. L28 . 10 ' ' Q 1 . 04 � 76 I . 53 . 66 . 00022 . 0 .75 2 . 65 . 000362 . 0110 s . so : 60 . 0  1 . 68 

� 
Retained on No.  32 Tyler Standard Sieve 

L32 . 1  Q . 90 . 80 .36 .43 . 00013 0 . 62 2 . 65 • 000210 . 01 10 5 .95 . 3:) . 6  3 . 02 
132 . 2  .68 . 60 .36 . 56 Lost 
IJ2.3 Q . 84  . 74 .46 . 79 . 00013 0 . 62 2 . 65 . 000210 . 0110 8 .93 5 1 .3 1 .3 5  
L3 2 . 4  Q . 86 . 68 . 60 .78 . 00015 0 . 65 2 . 65 . 000242 . 0108 9 . 62 54 .3 1 . 38 
13 2 . 5  F 1 .06 . 62" .48 . 59 .00014 0 . 64 2 . 57 . 000228 . 0108 7 .00 41 . 5  2 . 24 
13 2 . 6  Q . 7 8  .76 . 56 . 73 . 00014 0 . 64 2 . 65 . 000228 . 0108 8 . 5 2  50 . 5  1 . 53 
13 2 . 7  Q 1 . 02 . 84  . 46 .49 . 00018 0 . 70 2 . 65 . 000300 . 0108 7 . 15 46 .4 2 .35 
L32 . 8  Q .?0 . 52 .47 . 7 8  . 00008 0 . 53 2 . 65 .000131 .0106 7 .00 35 . 1  1 . 86 
13 2 . 9 Q .72 . 64 . 45 . 67 . 00009 0 . 55 2 . 65 . 000145' . 0106 6 .05 3 1 . 4  2 . 61 
132.10 Q . 86  . 5 8  .49 . 69 .00010 0 . 57 2 . 65 . 000162 .0106 6 .39 34 .4 2 .45 

{ Continued on Next Page ) 
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Table 14 { Continued� 

0 >.. -M �  :>.. · 
Particle .-I �  � ·rl � (I) � � -M r-1 � Dimensions § 

C\l �  (.) - ......... 
(.) J.. � - (I) Q) (.) � �  "0� "0� ·rl Q) J.. J.. . s � (I) 
� �  � (I) ci) 0 r-1 a ro � �  C\l Q) .......... ......... 

b p.. � 0 0 ·rl F f1. t>  
:,:g �  a c � � t> Z l=l  (I) c..fl P.. Z mm nnn mm cc nnn S . G .  gm om2/sec em/sec p:: U) f;1,  

Retained on No.  35 Tyler Standard Sie ve 

135 . 1 Q . 66 . 50 .35 . 61 . 00005 0 .45 2 . 65 .ooooso . 0103 5 . 08 22 . 20  3 . 05 
. 135 . 2  Q .? 8 . 5 £  .36 . 5 5 . 00006 0 .48 2 . 65 . 000096 . 0103 . 5 . 01 23 .35 3 .3? . 

135 . 3  Q .44 .40 . 21 .49 . 00002 0 • .32 2 . 65 . 0000289 . 0103 3 . 15 9 .?8 5 . 20 
135 .4 Q . 60 .46 • .33 . 6.3 .00004 0 .42 2 . 65 . 000065 . 0103 4 . 5 5 18.55  .3 . 5? 
135 . 5  Q . 5 2  .42 . 23  .49 . 00002 0 . 32 2 . 65 . 0000289 . 0101 3 . 34 10 . 5? 4 .? 2  
135 . 6  Q . ?4 .44 .30 . 5 2  . 00005 0 .45 2 . 65 . 000080 . 0101 4 .45 19 . 80  4 . 05 
13 5 . ? Q . 56 . 50 .30 . 5 6  . C0004 0 .42 2 . 65 . 000065 . 0101 4 • .30 1? . 88 3 . 98 
13 5 . 8  Q . 56 . 40 . 21  . 45 . 00002 0 .32 2 .65 . 0000289 . 0101 .3 .42 10 . 8.3 4 . 5 0  1-' 13 5 . 9  Q . 68 .48 .4? . 81 . 00006 0 . 48 2 . 65 . 000096 . 0101 6 . 55 . .3 1 . 2  1 .95 '-" '-" 135 . 10 Q .62 . 56 .43 .?.3 . 00006 0 .48 2 . 65 . 000096 . 0101 6 . 20 29 . 5  2 . 15 

Retained on No . 42 Tyler Standard . Sieve 

142.1 Q .46 .44 . 23 . 51 . 00002 0 • .32 2 . 65 . 0000289 � 0100 3 .40 10 . 89 4 . 60 
142 . 2  Q . 66 . 5 2  . 29 . 49 . 00005 0 .45 2 .65 . 000080 . 0100 3 . ?0 - 16 .62 5 . 03 
142 .3 Q . 5 8  .38  .35 .?5  . 00004 0 .42 2 . 65 . 000065 . 0100 6 . 05 26 .-45 2 . 03 
142.4 Q . 5 8  . 44  .36 . ?0 . 00005 0 .45 2 . 65 . 000080 . 0100 6 . 10 2? .40 2 . 10 
14 2 . 5  Q . • 64 .46 . . 26 .48 . 00003 0 .38 2 . 65 . 000049 . 0100 3 . 38 12. 83 5 . 80 
142.6 " Q .64 .38 .43 . 88 . 00005 0.45 2 . 65 . 000080 . 0100 6 . 30 . 28 • .3 1 . 95 
142.? Q . 56 . 36 .3? . 82 . 00003 0 .3 8  2 . 65 . 000.049 . 0101 4 . 25 15 . 98 2 .92 
142. 8  Q . • 56 .40 .35 .?5 . 00003 0 • .3 8  2 . 65 . 000049 . 0101 4 . 25 . !'5 .98 3 . 68 
142. 9 Q .64 .40 .34 . 6? . 00004 0 . 42 2 . 65 . 000065 . 0101 4 . 45 18.48 .3 . 73 
!42.10 Q . 60 .48 . • .37 . 6 8  . 00005 0 . 45 2 . 65 . 000080 . OiOl 5 . 20 23 . 15 2 .90 

{ Continued on next page ) 
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Table 14 ( Continued� 

' I : I ' / I i ( ( :. · l l '  \ I l l t I I ' 
Q) Particle 

...-l ...-l Dimensi ons, () J.. l1l Q) a ·rl Q) M 
� �  

Q) Q) 0. �  

� �  
a 1 I ;Q I r •  

c l1l () ..c: m 
' p.. z · mm 1 1  nun mm Ul r<.. I 

Retained on No ., 48 Tyler Standard sieve 

148. 1  Q 1o42 .40 '.30 .75 
1 148. 2 ' ' Q I , ,  .38  ' ' '  .36· I I ' ! ' I • 21..• ' . 64 

14 8.3  Q . 5 2  .46 . 26 . 53 
148 .4 Q . ·. 54 . • 46 . 20 .40 

' I48 . 5 • Q . 62 . • 3 8  . • 3 5  .71 
148.6 Q .42 .32 . 27 .74 
L48.7 Q . • 44 .40 . 21 . 51 
148. 8  . • 56 . • 38 .34 .75 
148.9 Q . • 54 . • 40 . • 31 .67 
L4.8 . 10 Q . • 44 . • 36 . • 26 . • 64 · 

. ' 
Retained on No . 60 Tyler Standard Sieve 

160 . 1  Q .44 . 36 .04 . ll  
160 . 2  . Q . , . ,  .44 ' I  ' .341 ' I I ' ' , .19 1 . 50 
160 .3 Q .44 .36 . 20 
160. 4  Q . • 42 . • 30 
160. 5  Q . 34 .30 . • 16 .48 
160 . 6  Q . • 42 . • 36 . • 18 .47 
L60 .7 Q .48 . • 26 ' . 20 . 5 8  
160 . 8  Q .42 . • 26 . 12 .35 
L60.9 Q . • 38  .34 
160 . 10 Q . • 60 . 34 

·.l 

o >.  •rl +> » J.. +> ·rl +> ...-l Q) � � ·rl ........: Q) !1l +>  () -
s ·g � 

Q) () ...-l O .tf '0� � [/) ri ...-l ...-l � �  l1l Q) ..._, ..._, 0 0 ·ri F rx.. :> :> Z Q  
cm2/sec cl!l/sec  

Q) Q 
. cc nun S .G .  gm � 0 
' 

.00002 o·. �2 2 . 65 . Ob00289 . 0110 ' I  3 .75 10 .90 3 . 72 

. 00002 0 .32  2 . 65 . 0000289 . 0110 3 . 10 9 .00 5 .36 

.00003 0 .3 8  2 . 65 . 0000490 . 0108 3 . 30 . 11 . 72 6 . 19 
·. 00002 I 0 .32 2 . 65 . 0000289 . 0108 ' 2. 91 8 .70 6 . 21 
·. 00003 . 0 . 38 2 . 65 .0000490 1. 0108 ' 4 . 25 15 . 21 3 . 65 
. 00002 ' 0 .32 2 . 65 · . 0000289 . 0106 4 . 0'7 12 .30 3 . 20 
. 00002 ' 0 . 32  2 . 65 . 0000289 · . 0106 /. 2 . 80 8 .45 6 .75  
. 00003 0 .38 2 .65 . 0000490 .0106 ' 5 .75  2·0 .65 2 . 02 
.00003 I 0 . 3 8 2 . 65 . 0000490 .OlOp ', 3 . 65 13 . 08 4 . 97 
. 00002 0 . 3 2  2 . 65 . 0000289 . 0106 ', 3 . 10 9 . 35 5 .48 

, ,  

2 . 65 Lost · 
.000012 0 . 28 2 . 65 .0000195 . 0110 2.48 6 .3 2  7 .91 

2 . 65 Lost 
I 2 . 65 · Lost 1 1. , 1 1  

• .00000'7 I 0.24 2 . 65 . 0000118 1 . 0110 r l . 86 ! 4.1(]7 12.03 
. 000010 ' 0 . 26 2 . 65 . 0000255 . 0108 I 2·. 20 5 .30 9 .40 
. 000009 I 0 .25 2 . 65 

.
• OOOOD5 .0108 · · 1 �75  4 . 05 11 . 50 

2 .65 Lost 1 
2 . 65 Lost· 
2 . 65 . I  Lost ·. 

( Continued on next page ) 
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Table 14 ( Continued) 

Particle Q) rl rl 
Dimensions 0 J.t <ll J.t ·r-i Q) . � Q) 0 

+> .0  Q) Q) P. +>  
� � � �· b lll 0 

a c ..C:: <Il o.. z tl) fz.  mm mm mm 

Retained on No . 65 Tyler Standard Sieve 

L65 . 1  
165 .2 
165 • .3 
L65 .4 
L65 .5 
L65 . 6  
L65 .7 
165 . 8  
L65 .9 
L65 . 10 

Q . 28 .28 . 22 
Q .40 .28 .19 
Q .46 . 26 .12 
Q • .30 . 28 .2.3 
Q • .36 , 20 • 2.3 
Q .• .32 .20 . 17 
Q • .32 .30 . 22 
Q • .36 • .32 
Q .40 • .30 .20 
Q .40 .26 . 19 

F - Feldspar 
Q - Quartz or Chalcedony 
X - Mixture 

.78 

. 5 8  
• .34 
. 82 
. 87  
.69 
.68 

. 5 8  

. 61 

Q) E! � rl 0 > 
cc 

. oooor:n 

.000008 

.000005 

. oooor:n 

. 000006 

.00000.3 

.000009 

.000011 

. 000009 

J.t o :>.  :>. -M +>  ri a>  +> -M +> m +>  � � •r-i .-.. I 
·g � 

0 ....... Q) 0 rl 0 t: .tf 
� �  

rl rl  'd . .0 ·r-i F <ll Q) '-" Z A  rz. :>  
S .G.  cm2/sec em/sec Q) t:l mm gm � (.) 

0 . 2.3 2 . 65 .0000102 . 0106 1.60 .3 . 48 11 . 12 
0 .24 2. 65 .0000118 . 0106 1 .12 2 . 54 14 . 00 
0 . 21 2 . 65 .0000078 .0106 1 .68 .3 • .34 13 . 01 
0. 23 2 .65 . 0000102 .0110 2 . 27 . 4 .75 7 .95 
0 . 22 2 .65 .0000087 . OllO 2.08 ·4 . 59 8 . 21 
0 .19 2 .65 . 0000071 . • 0100 1 .92 

� . 
.3 .  65 9 .43 

0. 25 2 .65 . 00001.35 .0100 2 � 86  7 .15 5 .42 
2 .65 Lost 

0 . 27 2 . 65 .0000170 . . 0100 2 .5.3 6 . 8  7 .45 
0 . 25 2 .65 .0000135 .0100 1 .72 4 • .3 9 .79 



Re 

1 . 5  
2 
.3 

_ 4 
5 
6 
7 
8 
9 

10 
15 
20 
30 
40 
5 0  
60 
70 
-so 
90 

100 
150 
200 
.390 . 400 
500 
6oO 
700 
800 

1000 
1500 
2000 
3000 
4000 
5000 
6000 
7000 
8000 

10000 
15000 

( ' 
-- ' 

Table 15 
- - -� · .:... 

• • l ""  ' 
Drag Coefficient a s  a Functi on of Reynolds 

Number for Naturally Worn Sediments 
(Taken from C ompos ite 

sf = 0 • .3 

25 . 0  
20 . 2  
14 .9  
12. 0 
10 • .3 

9 . 1  
8 . 1  
7 . 5  
6 � 9  
6 � 5  
5 .05 
4 • .3 
.3 . 5  
3 .1 
2 . 85 
2 .70 
2 . 60 
2 . 52 
2 .47 
2 .45 
2 .36 
2 • .34 
2 • .37 
2.40 
2.45 
2. 50 

\ 

2. 55 
2 . 59 

. 2. 65 
�� 2. 70 
� '2 .70 

�-','2 . 6.3 
2.55  

. 2 .46 
2 • .38 
2 • .31 
2. 26 
2 .17 
2 . 11 

( , 
' \ 

-: { 
( 

... ! 

0 . 5  

21 
16 . 8  
12 . 4  

9 . 9  
8 . 5  
7 .45 
6 . 7  
6 . 1 ' 
5 . 65 
5 . 25 
4 . 1  
.3 . 4  
2.72 
2 • .35 
2 . ll  
1 . 95 
1 . 8.3 
1 .75 
1 . 67 
1 . 61 
1 .45 
1 .3 8  
1 .30 
1 • .30 
1 .31 
1 ..3.3 
1 ..37 
1 .40 
1.48 
1 . 61 
1 . 68 

( .1 ,70 
· . ·, : �  ·1 .70 

1 . 67 
· <· .  1 . 66 

1 .-6.3 
1 . 61 
1 . 57 
1 . 40 

Cn : Re Graph , Figure 14 ) 

' 
( .  

( . 

-, -
r -- :' . . ' ' . 

Cn �-

0 . 7  0 . 9  

19 .4 
15 .4  - .  
11 . 2  --

8 . 9  
7 . 5 
6 . 5  
5 . 85 
5 .3 
4 . 9  
4 . 55 
3 . 45 ' 
2 . 88 2.75 
2 . 28 2 . 14 
1.94 1 . 81 
1 . 74 1 .59 
1 . 60 1 .45 
1 .49 1 ..3.3 
1 .41 1 . 25 
1 . .35 · · . . 1 . 18 
1 ..30 1 . 12 

·1 . 14 • 94 
;l : O?  

r ' 
-: . 84  

1 .02 . 75 
1 .00 .71 

:1 . 00 c ,  '-- · . 695 
i �o2: ,�, (·� ,, :·6 s5 - . ;': 
1 . 0.3-
1 . 04 

•1 .08 �J.. :-1.4'- r ' c  -, ' 
• I I I 

1 . 17 

. 68.3 

. 680 

. 675 -
� 670 ---·. ·-·. 
. 670 

1 . 20 
1 : 2t 

680 (< 0 -, :682 < •  (_ 
1. 20 . 695 

' + ·+9 . . .700 
1 .18 
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.?o5 

1 .17 - .705 
1 . 14 .710 
1 .08 .711 
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19 .0 
14 .9 
10 . 8  

8 . 6  
7 . 2  
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5 . 6 
5 .05 
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4 • .3 
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2.68 
2.08 
1 .75 
1 . 56 
1.40 
1 . 29 
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1 .08 
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Table 16 

Drag Coeffic ient as a Func tion . of 
Reynolds Number for Crusher Fragments 

(T aken from Composit e  Cn : Re Graph , Fig . 15 ) 

.. Cn 
Re 

f' sf = 0.3  o .s 0.7  0.9  1.0 

1.5  24 . 5  21.3 19 . 5  19 .0 
2 19 .9  16 .9 15 . 5  14 .9 . 
3 14. 6  12 .3 11 . 3  10. 8  
4 ll.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 1 .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 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 . 6o 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 . 2 2  .865 .60 
500 3 .22 1 . 78 1 . 23 .858 .56 60o 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 

1000 3 . 18 1 .88 . 1 .29 . 86o .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 . 404 
8000 2.57 1 .  72 1 . 27 • 842 . 406 . 
9000 2 . 52 1 . 69 1. 211 .825 .408 

10000 2 .48 1 . 67 1 . 22 .Boo .410 
15000 2 .35 1 .57 1.19 . 750 .410 
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Table 1? 

Drag Coefficient as  a Function of Size 
Coefficient f or Natural Particles 

(Taken from Figs . 20 and 21) 

' "  . ' Cn' 
For Naturally Worn Sediments For Crusher Fragments 

sf = 0.3  0 . 5  O .? 0.9  1 . 0  0 . 3  0 . 5  0 .? 

.- . . · - · . ,_ ,· . .. ;:--- � , :,: �o·� :�28 o , · ·il' l' ; , · �8 . 2  , , , , ,.., , . � . , , , � , , ,  ,-� · · e ' e I 

100 10 .3 ? .?3 6 .45 
400 5 .35 3 .96 3 . 20  

1, ooo 3 .?5 2 . ?2 2 . 26 
, . �-· ,_ . _. ,_. ,_ 4,_000_, ,_, 2.?0 .. ,_, l . SO, __ . , .  1 . 4? . 
. �- � �� · , .  · :  :_. :lO,.OO.P.:r., : . 2 .42· � ·1 . 50:_ � .  1.18  

- .  . . ' 20, 000�' ' '  2 .32 . .  ' '1 .3 8  . - 1 .06 
40, 000 2 .3 0  1 .30 1 . 02 
?0, 000 2 .3 2  1 . 2? 1 . 01 

100, 000 2 .33 - 1 . 28 1 . 01 

.. - �- 200, 000 -' � .  � .41� . :--' .1 .32 :-' :-- l- .03 . 
. . : :-· · : � 400, 000 >:' >·-: '2 .50  ,: "-� Ct.41 �: �-- 1 .0? < 

?00, 000 2 . 60 1 .50 1 . 12 
1, 000, 000 2.68  1 . 58 1 . 16 
2, 000,000 . 2.?2 1 . 65 .1 .18 

ft - - 4, 000, 000. > 2 .?0. - 1 .?0 . •  1 . 20  
: �  '1 : : ;  7 , 000,000� ;s 2 .63 i. :;;_ ;I. ". ?0�:::_ ; �· 1 .  20 

· · · 1o, ooo, ooo ·� , ., 2 . 5 8  . ,  . . 1' .69 · ·· · 1 . 19 

·- '  ' ·' r '  

20, 000, 000 2 .45 1 . 66 1 . 17 
30,000, 000 2 .37 1 . 62 1 .13 
40, 000,000 2 .31 1 . 60 1 .11 
5o� ooo, opo � - �5 . .  l .57. 

.. - . - ·- . ·- ·'"":" r::- r J - '  ' '. ' r ,_ \,..f"l 
' ( "':" ( ') . ' ":: . , "' '· � ... . ... 

16.3 ' 
5 .95 
2 . 85 

1 .98 1 . 88 
. 1 . 21 1 .13 
:· 0 .92 ·-, � .  0 . 845 

0 .780 0 .705 
0 . 710 0 . 595 
0 .685 0 . 530 
0 . 675 0 .495 
0 . 665 - . 450 
0 . 665 ·. 

. 0 .420 ' 
0 . 665 0 .40? 
0 . 680 0 . 400 
0 .682 0 .39'7 

, 0.685 ' '
• 0.39? I . 0 .687 : ·  . . 0 .400 . 

0 . 695 0.405 
0 . 706 

28 .0 21. 2  1 8 . 2  
10 .3  7 .90 6 . 65 

5 .39 4 . 11 3 .32  
3 .75 2 . 88 2 .32 

. · ' 2 .?6 2 . 06. 1 . 56 
2 . 5? 1 . 82 1 .32 
2 . 5 8  1 .  76 1 . 23 
2 . 69 1 .74 1 . 20 
2 .94 1 .?4 1 . 21 
3 . o6  1 .76 1 . 23 
3 . 19 1 . 81 . ' .  1 . 27 
3 . 21 · 1 . 86 1 . 29 
3 . 20 1 . 87  1 . 29 
3 .19 1 . 89 1 .30 
3 .12  1 .90 1 .31 
3 .01 . 1 . 90 1 .32 
2 .93 1 . 88 1 .32 
2 . 87 1 . 86 1 .30 
2 . ?6 1 . 80 1 . 28 · 
2 . 68 1 .74 1 . 26 
2 . 63 1 .71 · 1 . 23  1 

- �- · . 2 . 5 8 ' •, 1 .68 ' ., · ·  l 
. · '  , .... . . . ' : • . 

0 . 9  

2 . 00  
1 .32 

- 1 . 05 
0 . 96 
0 . 895 
0 . 860 
0 . 850 
0. 855 ' 
0 . 865 
0 . 875 
0 . 875 
0. 880 
0 . 880 
0 . 875 
0 . 860 
0 . 835 I 

1 . 0  

16 .3  
5 .95 . 
2 . 85 · 
1 . 88 
1 . 13 
0 . 845 . 
0 .705 
0 . 595 
0 . 530 
0.495 
0 .450 
0.420 
0.407 
0 .400 
0 .397 
0 . 397 
0 . 400 
0.405 
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Table 18 

I ;  I 

' . I 

Veloc ity t C oeffici ent a s  a Function of Reynolds Number 

' · · o •I I / I I ; I ( Taken from Figs . 22 and 23 ) 

Re 
I 

For Naturally Worn Sedime nts 

sf = 0 . 3 0 . 5  0 . 7  0 . 9  1 . 0  

9800 
6100 4000 

7700 4450 2800 

7600 5 600 4080 2290 1470 
425 0 29 5 0  2030 1180 830 

2540 1620 1080 665 540 

1780 970 690 470 410 
880 425 340 262 248 
416 225 1 86 15 8 153 

226 142 117 107 103 
151 106 90 84 80 

82 64 . 5  55 . 6  5 2 . 5 5 0 . 5 
47 . 0  3 8 . 5 . 34 . 6 33 . 5. 32 . 5 
21� . 6  21 . 5 19 . 4  18 .4 
10 . 2  9 . 0  8 . 4  8 .0 

5 . 8  5 . 2  4 . 85 4 . 70 
2 . 56 2 . 33 2 . 22 2 . 18 
1 . 72 1 . 5 8 1 . 50 1 . 4 8  
1 . 53 1 .41 1 .33 1 . 29 

0 . 3  

8600 
4670 
2800 
2000 
1070 

5 40 
280 
180 

86 
48 
25 . 2  
1 0 . 3  

5 . 9  
2 . 5 8  
1 . 72 
1 . 50 

. , ,  , , ,  
I 

Re 

I 1 \  

For Crusher Fragments 

0 . 5 0 . 7 0 . 9 

8400 
8500 5950 

6100 4450 3050 
3 200 2260 1500 
1850 1280 850 
1280 870 5 86 

625 408 302 
294 210 173 
165 128 112 
119 96 85 

66 . 5  5 8 53 . 1  
40 . 8  3 5 . 6  33 . 5  
22 . 2  19 . 7  18 . 5  

9 . 2  8 . 3  
5 . 2  4 . 85 
2 . 33 2. 22 
1 . 5 8  1 . 51 
1 . 40 1 . 33 

• 

1 . 0  

9800 
4000 
2800 

1470 
830 
5 40 

410 
248 
153 
103 

81 
5 0 . 5  
3 2 . 5  
1 8 . 4  

8 . 0  
4 . 70 
2 . 18 

1 . 48 
1 . 29  

. I 
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