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Chapter I
INTRODUCTION

Sedimentation probleme are beconming inereasingly
important in the {ield of irrigation. The annual cost of
removing sediment from channels and the lose of storage
space in reservolrs 1s very great. Unfortunately, the
eclence of sedimentation engineering is in its infancy,
and there 18 a consliderable lack of fundamental knowledge
concsrning the movement of sedimentary particles 1n water.

Por purposes of design, engineers would like to
know in advance the probable rate of sedimentation in a
given resepvolr or canale In the past, estimations have
been made on the basls of experlience with other projects,
but often these estimetions bear little relationship to
actual condlitions. FHecently a number of theoretical
nethods for predioting the rate of sedimentation have been
devised. All of these umethods require a knowledge of the
average hydraullc properties of the particular sediment
under consideratlions

The hydraullec properties of sediment particles
include the rate at which they will settle out of sus~
penslicn or in the case of the larger particles, the
velcclity of flow required to move them along the bed of &

channels. It has been established by & number of workers



in thie fleld that the fall velocity of particles in ltiil
water serves as an ldeal index for both of these hydrasullce
propertiesa.

Fall velocities have Leen measured in the past
by dropping particles in water and measuring thelr rate of
fall with & stop watchs This method is satisfactory when
the particles are small and the velocitlies are relatively
slow, but the accuracy is decreased when the greater ve-
loelties of larger particles are moasured.

It is the larger particles, corresponding to
Reynoldes numbers above 100, about which Information 1s
most neededs In the case of small particles, shape is
loss important because the {low pattern follows Stokes
law more closely. As the particles become larger, shape
becomesa 1lncreasingly important and some meens of corree=
lating shape with fall velcelty would be helpfuls Practie-
cal methods of measuring both fall veloclty and particle
shape need to e developed, and for that reason this

investigation is organized as shown.

The problem

How does the shape of rock particles influence
the movement of the particles in water?

Problem analysis.=-The following questlons cone

cerning this preblem need toc be answered:
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Cen & practical method be found for
measuring the movement of partlicles in
watery

Do different deposits of sand have
different average shape charactere
istiocs which can be expregsed
mathematically?

Can a practical method be found for
evaluating the shape of the particles?
What 18 the effect of the difference
in shape upon the movement of the

particles in water?

Delimitationge.~=In thisg investization considere

ation is glven only to those methods of evaluating shape

that are sufficiently simple to be of practical value.

The study will be limited to sands of sleve

diameters corresponding to sieves 4 to 14 meshes to the

inche PFour sands will be considered--twoc from river

sediment deposits, one wind«blown sand, and one sample of

fragnents from a rock crushers
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“hapter 11
RIVIEW OF LITERATURE

The great incresss In intereat In problems of
sedimentation brought about by the silting of reservoirs
and the clog:ing of irrigation and navigation channals has
led to an extensive search for fundamental knowledze
concerning the movement of sediments In suspension and
along the bveds of channels.

It has been recognized for some time that the
distance which a given particle will be carried in suse
pension and the rate at which it moves io a funotion of
ite fall velocltye MNore recently it has besn found that
the velocity of flow required to move larger particles
along the bed of a stream ig also & function of their fall
velccities, and in the case of larger particles, thelr
veloeity 1ls a function of shapes For thig resson a number
‘of workers have gathered information on the fall velocli=-
ties of sand particles and have attempted to correlate
velocity wilth shapos

Among the {irst to gather information on the
fall veloclty of rock pareloloo were metallurgical engl-
neers concerned with ore-dressing problems. They lnvestie

gated the problem {rom the standpoint of relating sieve
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slze and fall veloclty of mineral particles in water since
that was the kind of informatilon required in thelr in-
dustrye. Iichards (4), in 1808 made a study of the
settling velocities of crushed quarts and galena grains.
He found that for particles larger than 1,586 mm in
dlameter the coceffliclent of drag no longer was a function
of Feynolds number only, but a dlstinet varlation exlsted
(:}twoon the quartz and galena gralns. This varlation was
apparantly attributed to the dilference in specifie
gravities of the minerals.

In 1933 rubey (8) used Hichards' data and much
of his own to develop a formula which he thought could be
used in plece of 3Stokes law for calculating fall velooi-
ties of particles larger than about O.14 mm In dlameter.
fle sald that the lall velocitles of particles vary with
thelr dlamebers accerding to two dlastinet laws. The {irst
law is the law of SHtokes which applies to the purely
viscous ranges The second law which he calls the impact
lew applles to the range in which resistance 18 practlicale
ly independent of viscous forces. Fubey derived an ex-
pression for impact resistance by considering that the
forces holding & spherical particle in suspension at a
constant height in a rising current of some fluld is the

impact of the fluid. By combining Stokes law and the 1lnm=

pact law he derived a general expression for fall veloecity

as follows:
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4/3 77'r3( g = ef)g = 81Tr Uv f ﬁrevg@r

In this expression r refers to the sieve radius, GZ is
the particle density, 6} is the fluld density, <(r 1is
the viscosity, and v 1is the terminal veloclty of the
particle., FRubey added experimental coefficlents to make
the results fit the data for quartz particles, but he
could not make it it the data for both quartz and galena.
He consldered this tc be due to the difference in average
shape of the particles, galena being more nearly cublcal
whereas crushed gquartz tended to be more flaky in averagé
shapes He noted that particles generally fall so that
resistance is a maximum. He also observed that the
current required to move a particle along the bed of a
channel is approximately the same as 1ts settling velocity
in still water.

Rubey considered that his expression for fall
velocity was based on sound theory, but as illustrated by
Rouse (5:245) 1n 1945, the relationship between the drag
coefficient and Reynclds number beyond Stokes range cannot
be expressed by an equation of the same form as Stokes law
and the point of departure from Stokes law depends on the
shape of the particle.

A FRussian investigator, Zegrzda (10), 1934, was
among the first tc emphaslize the importance of shape. Iie

pointed out that the discrepancy between the drag
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coefficlents of quartz and gelena es found by Kichards
could not possibly result from a difference in specific
gravity, and he attributed the discrepancy to the differ-
ence in average shape of these minerals.

Zegrzda plotted the data of Richards along with
his own on a graph of drag coefficlient as a function of
Reynolds number. He pblntad out that such a graph could
be valid for only a specific shape and that to be theo~-
retically accurate, graphs should be made for every
conceivable shape of particles. However, he sald that
such graphs would not represent average conditions and
could be of nc practical use. Therefore he plotted the
data, using the sieve diameters in the expressions for the
drag coeffliclient and Reynolds number. He also compared
the sleve diameters with the sedimentation dlameter which
is the diameter of a hypothetical sphere having the same
density and fall velocity.

Zegrzda used petroleum products and water as a
medium in which he measured the fall veloclity of sand
grains and perticles of controlled shape made of steel.
He noted that with the steel shapes there was no break in
the drag coefficient as a function of Reynolds number
curve regardless of the medium, whereas for irregular sand
gralns the curves obtained by using water as a medium did
not fit the curves obtained with other mediums. This

result pugzled Zegrzda, but he suggested that since sand
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zrains contained minute pits and projections not found con
the stesel shapes, that flow around the sand particles
might be influenced by fluid properties other than density
and viscosity. Therefore he recommended that water alone
be used as & medium in sedimentation studies.
In 1935 wWedell (©) defined true sphericity as
the ratio: 5
¥ »x
where 8 1s the surface area of a sphere of the same
volume as the solid, S8 the actual surface area of the
solld, and £ denotes the degree of true sphericity. The
rmaximum value obtained for £ 18 1, which is the numeri-
cal shape value of a sphere. Wadell showed that the coef-
ficlent of resistance, a function of Reynolds number for
solids of verious shapes is also a functlion of sphericlty.
S8ince the surface areas of individual sand par-
ticles are very difficult to obtain, true sphericity ls
impractical to use for studies of the fall velocity of
individueal grains. For this reason, %Wadell suggested the
use of the following expression for shapet
a

# e

where d, 1s the diameter of a circle equal in area to
the projected area obtained when the grain rests on one of
its larger faces, more or less parallel to the plane of

the longest and intermedlate dlameters, and D, 1is the
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dlameter of the smallest circle circumserliding the proe-
Jected area.

%adell sald that this ratio was an indlication of
true spheriaity for average perticles, but he pelinted ocut
that for extreme cases, thils definition gives entirely
erronecus results, for example, the sphericlty of a thin
dlek as defincé by this ratic 1is 1.0, the same as for
spheres.

The measurement of the projected area was ac=
complished Dy magnifying the grains to a standard sigze by
& camora luclde mirror and the area was reproduced by
drawing !t on paper after which 1t wes measured with a
planimeters A circle scale consisting of & numsber of
circles drawn on the ground surface of a 20 om by 20 em
sheet of transparent celluloid was used with a microscope
toc measure the clrocumscrided cirele.

Wadell analyzed the experimental data on eéxe
tremely thin ¢isks (sphericity velues of C.12 and 0.22)
and showed graphlcally the wide spread betwean the ree-
sistance curves for these disks and that for spheres even
in Stokes range. Ye was the first to point out that
elimination of the nominal dlameter bLetween Feynolds
nuzber and the drag coefflclient,

As .fi!nﬂn
A
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yields a series of lines,

log Oy, = 1log B + log 4/~'a(6’E - Celeu
€, [+]

on the logaritimic Cp versus R graph, each of which
represents a particular terminal settling veloelty in the
same fluld. In this \oxprnaion €, and C"r are the dene
sities of the particle and fluid, A< 1s dynamic viscosity,
and v, 1s the terminal velocity.

in 193¢ Heywood (1) sugzested the use of a
voluze constant k for use in measuring shape. e define

ed & as follows:

= volume of particle
. é

where d 1l defined as the dlameter of a cirecle of area
equal to the projected aree of the particle when placed
in its most steble positiones The volume constant k
varies from /7/8 for e sphere to values of less than Osle
Heywood has prepared a nomograph such that fall velcecity
can be determined 1 an approximate value of k can be
estimats¢ which tends to be more nesrly the true value
than 1f the particle was assumed to De sphericals IHeywood
tabulated valuee of ¥ for partiecles having equal length,
breedth, and thicikness, but of various angulsritliecs.

In 1042 w. C. Krumbein (2) published the results

of an inveatigation correlating fall veloelty and flume
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behavior for non-spherical particles. He found that the
relative settling velcelty furniszhes an adequabte index of
flume behaviore FPlume behavior refers tc both velccity
of waior necegsary to move a particle and the rate at
which 1t moves once it starte.

By using particles ol equal dersity and volume
made from molded cement, the nominsl dlameter was held
conatante The shapes studled were classified as cubes,
dleka, rollers, bLricks, snd {ragments.

rrumbeln sugiested the use of an over-all "forme
coeflficlent®™ whlceh could be derived Irom settling
veleocities Dy introduction of the nominal diameter into
the coefficient of reslstance., Ilie also sugyested the

follewing expression for sphericity:

3
K » V(v/8)% (o/v)

where a, b, and ¢ are the long, intermediate, and
short axes of the particles 7The results of his experi-
ments indlcated that thls ratic gives values coumparable to
true sphericity ss defined Ly ¥Wadell, and he made graphs
on which the ratlo b/a 18 the ordinate and ¢/b 18 the
absciseas Lines of equal sphericity besed on the fore~
going egquation were alsc plotted on the graphe

In 1645 Serr (7) investigated the fall velocity

of varicus sands of sizes corresponding to sleve dismeoters
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10 to 100 of the Tyler standard screen scale. e compared
the sleve diameters to the sedimentation diameters of
sands of different shapes and proposed that the ratio of
sedimentation dlameter to the sleve dlameter be used as a
practical criteria [lor expressing shapes

The sleve dlameter was used for computing
Feynolds number and the drag coefficlent in plotting the
drag coefficient as a function of Reynolds number. 3Jerr
agsumed that the sleve diameter was roughly comparable to
the nominal diameter and found that this was more nearly
true as the size of the particles incrsased. Ie also
found that the sedimentation diameter was always smaller
than the sieve dlameter, and that for his most angular
sand gralns, this caused a reduction in fall velceity of
about 20% to 30% in the larger siszess Particles corree
sponding to & screen size of 100 showed little effect of
shapes In other words, the ratio of sedimentation to
sieve dlameters was abocut unity. The drag coelflicient as
a function of Reynolds number curves were found to {latten
at a nominal diameter of adbout 1.5 mm indicating to Serr
that this 18 near the sise where viscous effects become
secondary and the drag coefliclient becomes independent of
Reynolds number for natural particles. For spheres, thls
does not occcur untlil the dlameter is about 6 mme The data
obtalned by Serr 414 not extend beyond the Keynolds number
at which the curves barely begin to flattens
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All of the investigators already mentloned
measured fall velocity of particles in a fluld by timing
the fall through a messured distance with a stop watchs
This procedure ls sufflclently sccurate for particles of
srall slze and slow rate of fall, but 1t becomes inaccurate
when larger particles are used which is the reason that
these investigators generally used particles of a sise
that are Iinfluenced primarily by viscous [lorces.

More recently, as reported by Ealaika (3),
KePherson adopted a photographic methed for veloelty
measurement In order to utllise larger spheres, but he did
not apply this method to irregular shaped particles. In
1049 Malalka (3) used the eguipment developed by KePherson
to study the resistance of steel particles of various
shapes. For particles syrmetriocal about three mutually
perpendicular axes lalalka found that the shape lactor
¢ould bve satlisfactorily expressed as the ratio of the
length to the largest dlameter perpendicular to the long
axis. In this Investigation, the particles were carefully
dropped by & magnetlic release in the position that they
normally assume while gettling in a flulds

Prom this investigation Malalke concluded the
followings

ls 7The positioual atability of the particle

differs markedly for each of three reglons of
drag studlied,

In the deformation=-drag zone, the particles
are stable in any settling position; in the
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gurface-~drag zone, they orient themselves with
the largest sectlion, in the planes of symmetry,
normal to the direction of motiong in the zone
of eddy lformation, the particles start to oscile
late and the motion becomes wholly unsteady.

€+ Although an accurate prediction of
settling velocity from geometry is very diffie
cult, the normal and tangentlal areas of a partie-
cle related to simllar values for the equlivalent
sphere are found to be significante These factors
are combined with clrcularity to yleld the settling
veloelty ae & semleenpirical function of shape
characteristice.

be All particles settling in a fluld in the
deformation~drag zone follow & resilstance law of
a form similar to Stokes law for spheres with a
correlation coefflcient depending on the shape and
orientation of the particle.

4. An analytical solution was found for the
veloclty of spherclids settling along a prircipal
axls in the deformmtionedrag zone. 7To & close
approximation, the effect of ashape on settling
veloclity is found to be a function only of the
1/8 ratio of the particle, so that the analytie-
cal results can be uased to predict lottling
veloolty of a wide variety of shapes. (35346)

Summary of literaturee.--The fact that shape has

a conslderable influence on fall veloelity has been estabe
liaheds It has also becn shown that fall veloclty serves
as &n index ol the bebavior of particles in water. A
nuaber of schemes for expressing shape have been dovised
which seem to correlate with fall veloclty under average
condltionss These expressions for the shape factor ree
quire measurements which are tediocus and time~consuming
to meices A practical expression for the average shape
factor of particles, the ratio of sedimentation diameter

to sieve diameter, has been proposed by Serre This ratio
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is not entirely eatlsfactory from the research standpoint,
however, since 1%t shows nothing of the {undamental factors
invelved in particle drag.

fost of the investigations have beer made with
small particles that asre primarily influenced by viscous
forces snd little data hae been accumulated with larger
particles that are Influenced primarily by Ilnertia forces.

A method for determining the velocity of larger
particles has recently be:n employ:d by Malalka (3) with
which fundamental knowledge has been accurulated concerne
ing the fall velocity of nonespherical particles. B2efore
the present investigetion, thlis method had not been asdapte
ed to the study of irregular sand grains.



Chapter 111
THEOR “TICAL ANALYSIS

The theory inveolved in s study of the fall
veloclty of a particle is largely a mattsr of analyging
the gravitational forces tending to move the particle
downward and the resistance forces developed by the fluid
as the particle moves. When the actuating and resisting
forcee are equal, the particle no longer accelerates
snd 1s eald tc have reached terminal velcclitye In this
‘tlscussion, fall velocity is consldered tc be synonomous

with terminal velocity.

telance of forces

Every fluld exerts a buoyent force on a sub=
merged sclid equal to the welght of fluid dlisplaced so
that the eflectlive gravitational force acting on the solid
is nomally consldered to be equal to the difference in
‘unit welghts of the fluld and s0lid times the volume of
the sclid or:

¥ = (volume) (&, - Ce (1)

At terminal velocity the net gravitational
force F I8 equal to the fluid resistsnce which la some=-
times called [ricticnal resistance although this definie

tion i not concise. The reslsteance developed by the
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fluld ies actually a combination of two entirely different
phencmena . |

The first phenomenon and the one which 1s most
important In the case of small partlicles meving relatively
slowly is viscous resistence. Under these condlitions,
flulid movirg past the particles is deformed in a manner >
wholly unllke that which would be Indlecated by & {low net.
The veloclty gradient cresated by theae condiﬁxuns results
in & resistance to the motion of i small ephere which

can be expressed Ly the well known law of 3tokes,
P 3ﬂ'dvoM (2)

in which F 1s the net gravitaticnal force, d 1is the
dismeter, v, 18 the relative velocity of the particle
when the forces are ln bslance, and «¢ 1s the coeffliclent
of dynanic viscositye This kind of resistance 1s called
deformatlion drag.

As the welght of the particle iz increased,
other fsotors remalning constant, the relative veloelty
is increas:d thereb; ecausing inertia forces to decome a
factor ir the dreg on the particle. Ths inertia forces
of the fluld are a function of voth fluld velocitj rola=
tive to the solld particle and the radius or.ourvaturo
of the path 1t must take in paasing the particle. The

inertla forces, therefore, cepend upon the veloclty v,

of the fluld relative to the particle, the dimension 4
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of the particle perpendicular to the msajor axlis of fluid
motion, the shape of the particle surface, and the density
© of the fluld. |

T™he ratioc of inertlis foreee to fluld viscosity
18 called Teynolds number which 18 exprecsed aas

O v,d
AA

Aa thls retio increas=s, the viscous forces bDecome less
important, and the veloclty and pressure distrlibution
within the fluid surrounding the particle are changed.

The value of Reynolds number at which viscous forces are
no longer important depends ujon the shape of the particle.
When Reynolds number reaches a critical value (about 10°
in the case of sphrerea) the pattern of flow around the
pirtlclo reachzg & conatant for a given shape, and resiste
ance to the fall of & particle of a glven welight is &
functlon of shape and veloclty onlys. The exact value of
Feynolds number at which thls occurs is alsc a function

of shape.

“hen lnertla forces are dominant over viscous
forces, a zone of separation is created on the downstream
s8lde of the particle. This separation takes place at a
peint where the veloclty 18 increased because of the
resliastance of the surrounding fleld to a change in direc-
ticne The stream lines are forced closer together by

fluid inertia, and tangentlel acceleration takees place.



As the veloolty increeases, the pressure ls reduced
according to Bernmoullll's principle.

The area of low pressur: 1s mainteined throughe
cut the region of discontinuity downstream from the
particle. ©Cn the upstream face there is & reglon of
stagnation in which tangentisl velocity is reduced to a
ninimum arnd pressure 1s & maximume The combination of
high preasurs on the upstrean face and low pressure on
the downstream face produces e resistance totally une

related to viscous shear and 1ls known as form drag.

Consideration of variables

From the above discusslon It cen be seen that
the variasbles invelved In the fall veloclty of a particle
are as follows:

ls The net gravitational force ¥ which

can be expressed &g

F = (volume) (Cy ~ ) 8

where C, , and Cp are the densitles

of the partlicle and the fluid respectively.
2¢ The fluld viscosity (<«<.

e The terminal veloelty v, .

4+ The projected dimension or

dimensions of the particle
perpendlicular tc the direction

of flow.
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S¢ The curvaiure of the surface cof

the particle which is called sheape.

It 1is obvioue that, for & particle of ziven
welght, the last two varlables listed are directly related.
4 particle of non=spherical shape will have either s
greater or lesser prolected area perpendicular tc the
flow thar & sphere of the same welght depending on the
direction of flow. |

This 1s a point of major significance in the
fall veloclty of perticles of random shepe beocause, as
peinted out in Chapter II, the particles generally fall
20 that thelr resistance s & maximum in the alge range
‘of surface and forme drage The exact position in whieh
| the particles fall 18 influenced by thelr eccentriclty,
however, because for stability the center of gravity and
the center of resistence must Le in & line with these
forees. Therefore, the projected dimension of a particle
of given volume 18 alsec a function of shape.

In the case of true spheres the shape ig a
constant and the remaining variables can be summarized

in the following expression:

v ® (P, d,(D.AX) (3)

Dimensional analysis of this expression ylelde

2
the perameters, fg?n and é§£ﬂ§ + The first of these is
Vo



the familiar Reynolds number £ , and the sscond ls
relatzd to Bulers number -{$§g7§ s in which 4P 1is the
increment in pressure. Iy replaocing 62 with A , the
projected area, and v by v,/2 , an expresslon ls ob-
tained that is even mecre closely related to Fulers numbere
Thls paraseter 1s called the drag ccefficient and 18 ex-
pressed as folliows:

=

Cvgp

A graphlcal representation of C, a8 a function
of R for spherses snd disks appears Iln the textbook, Fle=
mentary Mechanics of Flulds, by fouse (5:245)e« An inspec=-
tion of this graph shows that the value of CE for disks.
is considerably greater thar that for spheres beyond the
range of Stokes law. 7This effect is caused Ly the increas~
ed lnertial resistance to flow as already explalned.

In order to obtaln parameters for use with ire
regular particles that sre comparable to those used for
symmetrical shapea, the tentative asassumption may be made
that the form of the particle is described Ly the lengths
of three mutually perpendicular axes, the major axis a ,
the intermediate axls b , and the minor axis ¢ « The

variables influencing the problem now may Le expressed as:

r(vo, Fothy Cpy Gy 8, b, ¢) = O (4)
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By applying the Puckingham 7=Theorem to these
variables the following dimensionless equatlon can be
written:
. 2
vore  F/u® & b c)_ (5)
tl(,u .evoz’ef'a’b 0

fince the ratio %g; 18 held constant in this Investigation,
it may be eliminated as one of the variables.

In order to obtaln parametere with more signifi-
cance, the remaining four veriables may be recombined,
Since the product ab 18 roughly related tc the projlected
area perpondicularnéo the motion of felling particles,
the parameter gfh; 1s multiplied by the ratic b/a
and it Lecomes éé%ﬂg « It ls probable that the dimension
b bhas as much in:guenoe on Heynol&: number ae any other

dimension therefore Reynclds number may be left as 1t

1s expressed In %Ege (6).

Consideration of shape factor

Since a number of investigatore (3, 6, ©) have
found that particles generally fall with thelr largest
projected area perpendicular to the line of motion, 1t
may be reasoned that flatness 1s the shape {actor having
the most glgnifllicance. To cbtaln a parameter expressing
flatness the ratios b/a and ¢/ ocan be recombined by
squaring tre ratic c¢/b and multiplying this ratio by
bv/a « The square root of this product c¢/+/a5 may be

used to express flatness., The dimensionless equation
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trhat results from the forsgoling operations s as follows:

Vb ®/ab ¢ g_) .
fa e evog/Q. Jas ' 5/ ¢ (6)

In order to reduce the number of verlables sc
thet they can be correlsted with a single graph, the
assuuption may be made that the ratic ¢/b 18 relatively
irsigniflicant so that the following dimensionless equation

results:

¢ (Yab€ #/ab

¢
H ' evoe/z’ ﬁ) = 0 (7)

The shape factor ¢/«/8D 1s probably not as

complete from the theoretical standpoint as the volume
constant of Heywood because it does not take roundnoss
into account. Murthermore, the value for both spheres
and cubes ia 1.0, therefore this shape factor cannot
accurately be ocalled s herlcitye. However, 1t has a declde
ed advantage in that 1t doaa/not involve the tedious and
time consuming process of measuring surface or sectional
areas of irregular particles and yet 1t does descoribe
the flstness. PFor thls reason the ratioc o¢/«/ab was
used to exprese shape in this =tudye.

Qther ratios were considered for use in this
investi ation but were eliminated because of theoretical

and prectical conslderations. 0OCne of these is the ratio

/a+ ¢/a ¢+ o/b wnhich seemed to have no advantage over

4
o
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the ratic of=-/8D and ls less convenient. Another was
the retio d&p,/-/86 which was eliminated because 1t glves
a value for spheres less than the value for cubes. The
ratio c¢/d, was not used because an angulsr particle
cen give & high value tc & non-sphericel particle.

A shepe factor analogous to the volume constant
of Heywood (1:27) was considereé. Heywcod's veclure cone

etent 1&g expressed Ly the ratio:
K e xglgng
- a

where 4 18 the dlameter of & circle having an area
equal to the largest projected area of the particle. The
possibility of replacing a5 with (ab)¥/2 was studied
eince (lb)g is roughly related to 4 . Fowever, (ab)é
iz normally somewhat greater than d ard the dlascrepancy
is ccnsiderasble in the case of round particles which
should have higher values of the ratioc 1f it is to corre-
late with fall velccity.

It is not probable that a siuple ratlc can be
found that adeguately expresses shaspe from the thecretical
point of view., Uowever, it is Lelleved that the shape
factor used In this study is superlor to the simplified
ratio suggested by wadell (9:264):

sla™



32

where d° ls the dlameter of & circle equal in area to
the largest projectad area and D° is the diameter of
the emallest circle circumsceribing this area. This ratio
not only gives values of shape for dlsks and spheres that

are identical, but it also 1s Aifflicult to measure.

Coefficient of drag based on neminal dimensions

Sedlumentatlion englneers cannot convenlently

measure the dimensions of individual sand particles in

the fleld. Therefore, they are interested 'n relating

the influence of shape to the behavior of a given volume
or welght of sediment. For a given density, the welght

of & particle 1s descridbed by ite nominel diameter. For
thlis reascn asnother :roup of parameters was studled using
the same ghape factor and the nominal dlameter.in Reynolds

number and the coeflliclent of drag as follows:

F/d,° Vo d e \ " -
(b m ) = o e

The dimenslional analysis resulting in this
equation can be accomplished in the same way as the snalye-
sls of true spheres, £qe (3),except that the nominal
diameter dn is substituted for the actual diameter and
the shape parameter ls added. ‘

It should be thoroughly understood that the
nominal coefflclent is Dy no means comparadble to the coefw

ficlent of drag expressed in terms of projected areas
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perpencicular to movement. However, since it ls desirable
in most cases to compare directly the fall velocity of
particles of & given volume, the nominal coefllclent is
probably more slgnificant. It should be remembered that
for & glven volume, feynolds mumbers and drag ccefflclents
based on projected areas are funotiocns of shepes There~
fore, when these variablcs are used, shape ls already
largely taken into accounts

The nominal coefflclent of drag may also De

thought of as s ratlo of two drag forces

R v
Cp = = : (9)
D A, B/ rag on sphere having same
€hnvo?/2 woight end velocity 4

where & 18 a varlable dépending on Reynolds number. At
bigh Reynolds number Ff is a constant.

Prom this relationshlip 1t 1s obvious that the
nominal coeffliclent of drag may Lecome extremely large as
the particles become very thine On the other hand, the
plot illustrated by fouse (5:245) shows that the conven-
tional cooeffliclent of drag based on projected areas hard-
ly exceeds 1 beyond a Reynolds number of 10a even with
oxtremely thin dlsks.

The pertinent projected area is imposaible to
meagure in the case of Irregular particles because there
ig no sure way cof determining the position in which a

given irregular perticle will fall.
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If the settling position of particles was purely
a metter of chance, average results obtained by using a
very large number of fall valoelity measurements should
show no difference whether nominal or true areas are used.
The settling position ls not entirely a matter of chance,
however, as 1t has been ehown by many investigators that
the particles normally fall sc that the resistance 1s &
maximume

Since sleve diameters ars roughly comparable bto
noninal diameters as was shown by Serr (7:287), the same
principle applies to the use of sieve diameters in calculae

ting the coefficliont of drage
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Chapter IV
MATERIALS AY¥YD METHODS

The principal object of this lnvestigation was
to evaluate the effect of shape on the movement of sand
grains in watere. It was known beforehand that the effect
of shape 18 greatest in the case of particles that move
too fast to bLe accurately timed with s stop watch. De=-
cause information concerning the effect of shape on
particles of this slce was needed, a satisflactory method
of measuring fall velocity of this magnitude was sought.

Equipment.--The baslec princlple used for
measuring fell veloclty In this investigation was adapted
from tho method used by Malalka (3) which was developed
by EePherson at the Iowa Instlitute of Hydraulic Kesearch.
Using & 1lizht from a strobolux, the particles were phioto-
graphed as they fell through the water. The perlod of
the flashes was controllo& by a strobotac, and dbecause
this period was known, the poslition of the particle at
the time of successlve flashes could be detected on the
photographlec films 3y photographing & scale under the
same condltione, @ reference is obtalned with which the
distance traveled Ly a particle between flashes can be

measured. From these data, the fall veloclty was

W
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Fig. 1 =-- Equipment for photographing
falling particles.
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Fig. 2--Schematic layout of equipment for
photographing falling particles.
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calculated.

Hesides the strobolux and strobotac, the e-
quipment used for this measurement consists of a water
tank with two sides of glass in which the sand grelns were
dropped, e camera, equipment for developing plctures,
micrometer, scale, and tweegers for dropping the particles.

The strobolux 1s a Uoneral Radie Type €484,
and the strobotac 18 a Type 63l«B3s The strobolux was
mounted beslide the camers, and the light was directed
toward the center of the water tenk in s vertical beam
about 2 inches in width and sbout 12 inches in depth.

The beam wag directed as nearly parallel to the camera
as posslble without Iinterfering with the plotures. This
was done In order to get as much reflection as possible
from the face of the particles toward the camera. A
pasteboard hood painted white on the inside was placed
over the {ront of the strobolux to direct the light in
a narrow vertlocal bean,

The tank, 10 in. by 11 ins by 21 in., was made
of 1/4 in. plywood and polished glasss with a welded angle=
iron frame. The glass and plywcod were sealed to the
frame with rubberisgzed cement. Aquarium cement was used
on the inside corners as an additional precaution esgainst
leakage. Plywocd sldes were painted flat black to serve
as a background for the particles, The tank was bullt

with the 1dea of using 1t ae a constant temperature bath
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in which a glass c¢ylinder would be plsced according to
fhe procedure of M¥crPherson. However, it wae found that
a constant temperature bath was not needed. All of the
photography was done 1ln the furnace room of the Colorado
A & ¥ Eydraulic Laboratory which le below ground level
so that the temperature is uniform over resscnably long
periods of time. During the two weeks ln which plotures
were taken, the temperature varied less then 1° P. 1In
addition, there ls a dark room equipped for developing
film edjacent to the furnace room. Since neither s water
bath ner a glass cylinder were required, the particles
were dropped directly into the center of the tank,

This greatly improved the photography bLecause
the use of a glass cylln&er wilthin the tank gives an
ocbjectionable reflection especlally when the light ls
directed practically parallel to the camerae.

In taking the plotures of the falling sand
grains, several cameras were tried. It was found that
cnly a camera with a very gocd lens would give satis-
factory results. A Speedographic press~type camera with
8 3¢5 lens and ground glass focusing was rented for the
purpose. 7The camera was mounted so that the lens was
22 inches from the line of fall of the particle and so
that the center of the camera field was at the center of
the tank. The depth of the camera field at this distance
is only about 20 om. Consequently the particles fell



40

through about 12 om of water before they came within the
camera fleld,

A reference scale was made which consisted of
& thin steel rod palnted flat bLlack. Tarrow marks were
painted on the scale § c¢m apart with aluminum painte The
scale stood on a metal base in the center of the water
tank at the exact position of the line of fall of the
particles.

Plctures were taken with the fastest film obe-
tainable, Dupent High 3peed Pan Type 428, which has an
emulsion speed of 200, Slower fllm was found to be une
satisfectory since the reflection from rough sand gralins
is feint and ls necelsirily of very short duration. Cut
film 2§ in. by 3§ in. was used, and it was developed with
an FTastman FKodak Uell developlng solution.

The dlstance between images on the film was
measured with a &1oromater graduated ln millimeters which
can be read to the nearest QO+l mm.

Partlicles were dropped just at the surface by
means of tweezors which were clamped rigldly in position
over the center of the tanke Another palr of tweezers
was used to place the particles into the fixed tweezers.
A magnetic dropping device such as wag employed Ly
¥alalke cannot be used except on metal particles., The
tank was filled with distilled water which was frequently

changed. It was found necessary to use very clean water
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for best results.

A Chalnometlic analytical balance was used to
welgh the particles to the nearest 0.1 mge. Axes of partie
cles smaller than a selve size of S meshes to the inch
were measured with an ocular micrometer. Larger particles
were measured with 8 micrometer to the nearest 0.1 mum,

Procedure.==The photography was done 1ln conme
plete darkness. Pletures were taken Iin batches of ten
gince that was the number of cut-fllm holders avallablse
and was a convenlent number to develop at one time.

The strobolux and strobotac were allowed to
warm up twenty minutes bsfore ecach run teo insure a uniform
flash perlode. The strobotac was adjusted to the line
fregquency by turning an adjusting screw until the adjust-
ing reed apposred to stand still at speede of 900 rpm
and 3800 rpm. The strobolux was then set at 600 rpm
which 1s the slowest aspeed possibles This was found to
be & convenlent spe«d for the range of particle slzes
used for both photographle results and convenience in
calculeting veloeitys Since 600 rpm equal 10 flashes per
second, 1t is only neceszary to multiply the distance
traveled between flashes by 10 to get the fall voloecity.

Hach particle was pleced in the tweezers in the
position st which particles nomally fall, with thelr
larzest cross section in a horizontal position. They

were usually placed Just at the water surface. After the
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particle was placed and held by the dropping tweezers,
the relesse could be ascecemplished with one hand while the
camera shutter was operated with the other.

The particles were allowed to drop a few inchee
before the ghutter was openeds The shutter was closed as
goon as the particle fell beyond the camera [ield. It
was found that the shorter the interval of time the
shutter was open the more dlstinct were the images on the
.rilm. Decause 1t is imposalble to prevent some diffusion
of light by the water or to entirely eliminate reflections
from the background, any unnecossary {lashes tend to mask
the images made by reflections from the particles

The scale was photographed ln the same way as
the particles and in exactly the same position as the
normal line of {all of the particle in order to prevent
inaccuracles 1n the distance relationships.

lecause many of the larger particles varied
considerably fron this line in their fall, the error
regulting from this was deternined by photographing the
scale in positions § em forward and to the rear of the
dropoing positione 1t was found that thls caused a 10%
change in the dletance ratlo ol the scale points to the
images on the fllm. A few large particles fell at a
distance preater than U om from the normal line. When
this happened the images on the fllm were either invisible

or too blurred to measure as the focal range of the camsera
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at thie distance ls very short.

nefore each run, the camera was osrefully
focused on a string in the line of fall by means of
ground glass. The string, which was weighted to make 1t
hang vertically, waa then removed from the tank and the
water waa sllowed to become etlll before particles were
droppeds It was imposslble to prevent minute particles
of dust from getting into the water and theese were visible
when the strobolux flashed in the darkness. 7The dust
particles were utilized to determine when the water became
8till since these could be seen moving when the water was
unsettled.

Although the water temperature was measured
vefore and alter each run, 1t verled not more than 1° I,
during the entire investigation. The water temperature
seemed to increase gradually with the flashing of the
strobolux until after several bours of continucus opere
atlon, 1t reached a temperature about 1° higher than the
alr temperature. Transverse termperature gradients were
not detectable. The alr tempersture varied even lese than

the water tempersture, being around 69° », for sll runs.

After several rune, the water became cloudy
vecause at the end of esach run the particles were re-
moved from the tank by hande In addition, the paint used
on the inslde of the tank contalned carbon black, some

of which went intc suspension in the water.
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In éropping the smaller particles, 1t wes dls=-
covered thet unless they were pre-wetted they would remaln
et the surface when relessed. PFor very flat particles, 3
pre-wetting wae not sufficlent to prevent the particles
from being buoyed up by surface tenslon in which case it
wvag found necessary to release the particles Jjust below
the surfaces. The very slight disturbanee of the surface
caused by this 1s not belleved to have affected the
terminal velccity. . .

The velcclty was obtalned by measuring the dll-? .
tance between several images near the center of the
negative, the exact number depending on the velocity of
falls The average of these was taken for calculating the
fall veleeltys Irregularity of fall veloeclty was rescorded
where this was signlificant which was chiefly in the case
of the larger particles. The deviation from a vertiocal
line was also messured. Heasurements wers made from the
edge of one image to the sawe edge of another.

The long, intermedlate, and short axes of eagh
particle wore measured. In the case of the smaller
partiecles, this wasg accomplished with an occular micrometer.
The particle was placed on a glass slide under the lens
of the microscope with 1ts long exls parallel tc the long
axis of the slide. The long axls was neasured first, and

the slide was turned 920° wlthout moving the perticle. The

intermediste axls was then reasured. In the case of
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particles of roughly rectangular shape, the axes were
nmoasured parallel to the sides and not from corner to
corners This was done s¢ that the product ab would be
more closely related to the maxisum cross-sectional areas
The short azxies was measured last. This was accomplished
by 8liding the particle to the edge of the glaass slide
whore 1t could be grasped and turned on edge with & palr
of tweszeors that had been ground to a {ine point. An
attempt was made to measure the short axls at 90° to the

imensions & and Dbe. 7The particles tco large to measure
with the ocular micrometer were messured directly with an
erdipary micrometer tc the nearest C.l1 mm.

From the dimensions a , ° , and ¢ the
shape factor o¢/+/80 was computed for each particle and
the average shape [sctor for each type of sand was de-
termined.

Altogether 190 perticles were measured. There
wore [1fty from each of the samples excopt the wind-blown
saumples The largest fraction was missing from this sample,
so that only 40 particles were selected. The particles
varied in woight from 4 mge toc 500 mgs.

Calculations of the coefficlent of drag and
Reynolds nuxber were based on the assumption that all
particles selected have the average specific gravity of
quartz, 2.85. Partlcles cof quartz and feldspar only were

gelected for measurenent,
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frrors lpherent ln technlquee.~-The most serious

inaccuracy of the metbed of measuring fall veloclty used
in this investigation results from the fact that the
larger particles do not fall in a vertical line. Wwhen

the particles move cut of fooue the results are in error
by as much as 107. Neasurements could seldom be made on
particles that were out of focus to & greater degree since
thelir Image cocn the negative was blurred.

The assumptlion of all particles having the
average specific gravity of“guartz may lemd to errors of
54 in individual cases even though only quarts and
feldspar particlos were selected. Loth of these minerals
have an average specific gravity close to 2.850. A great
nmajority of the particles were quarts so that the average
of all particles dropped should be very close to 2.80.

The measurements of the shape factor of parti-
cles are reproducidle only within about + 57 owing to
the fact that a slight change in angle of the particle
may make & difference In the measurement of an axis. In
the case of the more compact shapes, the longest axis is
not always obvioua, and unless care 1s taken, the longest
axis will not be found. B3llght differences In measure=
ment make considerable éifference in the shape factor
eapeclally as thls ratlo approaches l.0.

The settling position of lrregular particles

1s controlled to a consideralle extent Ly thelir shape,
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but 1t ie also affected somewhat by the position in which
they are dropped. ¥hile all particles were dropped in
what was thought to bLe their moat stable position, this
was probably not alwaye accomplished. The extent of error
resulting from thlis faector slone is not known. However,
in one case a rather irregular particle was dropped five
times Iin dlfferent positions end was found to have a
deviatlion of fall velccity of 5£. The extent of error
resulting from this particle being out of focus is not
knoems A relatively flet partlicle with a deviation from
the normal fall line of about § cm was dropped five tinmes
in different positiong, and 1t wvas found that the partie-
cle fell in essentlially the same position regardless of
how it wes dropped, but the fall veloelty deviatlon was
104 which can be attributed entirely to the particle
getting out of foous. Swall particles thst fall in a
roeasonably stralght line such as most of those pasaing

a screen with 10 meshes to»the inch have an insignifiocant
deviatlion of fell velocity regardless of how many times
they Aro dropped 1f they are dropped with thelir largest
crose sectlon horizontal.

A minor scurce of error results from the fact
thut the period of the strobolux flash 1s accurate only
within ¢ 1%,

Recommendations £2£‘£g§rov1ng technlques.~-1t ls

recommended that 1 thisg method 18 used for future studlies
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of irregular particles that a camera telephoto lens be
obtained. It might be possible with such a lens to place
the camera at a consliderably greater distance from the
line of fall than was poeslble with the lens used. This
would materially reduce the error resulting from partie
cles Yeing ocut of focuse |

It 18 also recommended that the camera Le
placed so that pictures are obtained of perticles near
the beginning of their {all, where thelr deviation from
the normal fall line ls a minimume Because the szall
particles wore dropped first in this investigatlon, the
desirablility of dolng this waa not recognized until a
great amount of data was collecteds It was thoughi best
not to change the conditlions when the larger particles

were dropped so that results would be comparables
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Chapter V
PRESENTATICRE AND TISCUSSION OF DATA

The principal alms of this analysis are to de-
termine the usefulness of the photographic method for mea-
suring fall velocity of sand gralns, to develop a practical
nethod of expressing shape, and to determine the correla-

tlon between fall velooclty and ghapee.

Jeggurement of fall veloelty

It can be seen from the photographs of falling
sand grains, Plgs. 5, 4, and §, that the photographlc
method of measuring fell velocity permits a more complete
analysis of the motion of partlcles in vﬁpér than does
the timing of thelr fall with a stop watéh. The pattern
of the pethe of particles and the position of the parti-
¢cles while felling are shown Ly the photographa. By
comparing the spacing between images, the deviation fron
a constant veloclity alsc can de studled,

From the standpolnt of cost the plhotographle
method hss the disadvantage of requlring film which has
& very high emulslion spesd and is qulite expensive. PFure
thermore, the time involved In making the measurements is

greater then the time required to use a stop wateh because

of the necesslty of developing the {ilm and making



Fig. 3 =-- Falling particle. Fig. 4 -- Falling particle.

Axes dimensions: d Axes dimensions:
a ». 2.6 ' a = 7.5
b = 2-5 b - 201
c =z 2.0 ¢c = 1.0
sf = 0.78 sf = 0.25
Weight = 16.8 mgs Welght = 16.2 mgs
Fall velocity = 220 mm/sec Fall velocity = 96.6 mm/sec
Chbn = 0.86 Con = 4.1



« 5 == Falling particle

Axes dimensions:

Fig
a
b
c
sf
Welght
Fall velocity
Cbn

4.0

2.4

1.9

.61

14.2 mgs
132 mm7sec
2+15

Fig. 6 =-- Photograph of
scale with marks 5 cm
aparte.

15
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meassurementsa from the negative.

An Inspection of the photographs of falling
grains shows that the particles do not alwayes fall in a
straight lines As shown in Table 2, when & particle with
an irregular path of fall was photographed five times,
the maximum deviation from the average of the five trials
wes 10%. Another particle with a somewhat less irregular
path had a maximum deviatlion of ebout 5%, and still anoth-
er particle bad an insignificant deviatione There is a
tendency for the paths of larger particles to deviate
more from e vertical line than is the cese for smaller
particles as can be seen from the tabulation of these
data in Table 3 in the Appendixe In most cases the images
on the photographs substantliated the findings of previous
investigations in that they showed the particlea to be
falllng with the largest projected ares horigzontal. The

photograph, Flge 4, 1s an example of thls tendency.

Keasurement of .ﬁagg

It was found thet the necossary measurements
for calculating the shape-factor ratic ¢/«/3b for ebout
25 particles could be made in en hours

leasurements of individual particles from four
different sediment deposits were made In order to deter-
mine whether or not these sediment depcaslits have different

aversge shape characteristics which can be expresscd by



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

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

Ave. S/F=0.59.10"0, 706.

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

Ave, 8. F, - U.45 to 0,53 1 Ave. S.F. - 0.53 to 0. 64.

d
(Note: Enlarged 1 1/3 times natural size. )

PHOTOGRAPHS OF SAMPLES STUDIED BY COREY.

Fig, 26. 104
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the ratic ¢/«+/E6 .+ The values of the shape-factor ratio
for each particle are shown in Table 1.

The averege value of this ratlo 1s loweat in the
case of crushed rock -~ Dbelng about 0.45., The fact
that crushed rocx tended to Le somewhat flatter and more
angular than the others is svident In the photographe of
the sand gralns, Pigs. 7, &, 9, and 10.

For both the Loup Hlver sample and the Poudre
Flver sample, the average shape factor 1s about 0.7.
Although the Loup Kiver partlcles have the appearance of
being somewhat =more highly polished and worn than the
Poudre Nlver particlas, this apparent difference in shape
18 not reflected Iin the measured rstiocs. Intermediate
betwesn shape-factor ratios of the crushed rock end the
river deposita 18 the wind~blown sand which has an aver-
age of adbout 0.8y The appearance of these particles slso
indlcates that the; are intemedlate In shape bLetwssn the

other two samples.

Correlation of fall veloclty with shape

The correlation between fall velocity and the
degree of flatness can easily be visualized by examining
the plot, Plge 11 of fall velocity a8 a function of
wolght, keeping the same [luid at constant temperaturse.
1t can be seen from this plot that particles with a shapee-

factor ratio of 0.85 show an average fall veloclity nearly
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twice as great as particles with a shape-factor ratlo of
0.35, and perfect spheres show a fall veloclty more than
three times as great in the slze range studled.

in the plot of the coefllclent of drag as a funce
tlon of Teynolds number ueing nominal dimensions, Plge 13,
the data obtalned by Serr (7:84) are represented Dy Lroken
lines. Serr used sleve dilameters in the drag coefllclent
and Reynolde numb:r in his origlnal plot whereas this plot
utiliges nominal diameters. Consequently, the data are
not entirely comparable.

However, as pointed out by Wadell (©:258),
the intermediate axis b ls& the dimension whleh usually
determines whether or not a particle will pass through a
glven sleve openinge As can be seen by comparing the
data complled in Tables 1 snd 4, the value of b does
not differ widely {from d, for most of the particles
measured in this investigatione Therefore, the curves
plotted by Serr using sleve dlameters have been trange
ferred directly so that a comparison of the data of both
studles can be mades

In order to make this comparison as dlrect as
possible, a8 range of the shape~factor ratics corresponding
to the avers. e of the two river samples was plotted. The
curve which [its these datas Lest 1s & continuation of the
curve drawn by Serr for the same kind of materlal. Serr's

curve for talus debris passes through points corresponding
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to about the avera.e shape=-factor ratio of the crushed
rock used in thils studye. Individual particles of the
crushed rock, however, have even smaller shape~factor

ratios and much larger values of C as shown by the

In
curve drawn for a shape factor of Q0«3 to Ce4d,

The plot of cD as a function of K , Plg. 12,

#/ab Vb
in which cD is defined as cv 2/z and £ as > »

shows almost no correlation between the curve for true
spheres and theleurve for disks taken from the plot 1lluas=-
trated by Fouse (5:245). All values are less than 2 for
fleynolds numbers greater than 102 and less than 1 for Fey-

nolds numbera greater than 10°.

Significance of results

In spite of the many difficulties encountered
with the photographic method, there i& probably no slmupler
method of eoqual accuracy and latitude of use. Yo direct
comparison was made in this lnvestigation, but it is
probable that in the ranze of sand greins corresponding
to siave sizes of the Tyler series 1C to 14 meshes to the
inch, the photographic methed of measuring fall velccity
is considerably more accurate than the method of using
& stop watche. Although measuremente on smaller particles
wore not made in thils study, it is llkely that such
measurements could have been made without dAifficulty.

The procedure &8 used in this Investli:zetion was
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not satisfactory for msasuring the fall velocity cof the
larger particles. Tecsuse of the instablility of eddies
formed at higher Feynolds numbers, the larger particles
may drift out of the plane of focus resulting in considere
able error. Since dats on the larger particles are necded,
@ method of overcoming this d4ifficulty would be helplul.
There ls & posslbllity that most of this Inaccuracy could
te overcome by using a telephoto lens and placing the
camera at a much greater distence from the falling parti-
cles.

For partlcles small enough to fall within the
range of Stokes law, the stop wateh 1s probasbly as accu-
rate as the photographic method and 1s famter and cheapers

Ly photograpiing the particles in the water at
various pcints during theler fall, much information of
fundamental nature concerning the movement of partlcles
in water can be obbtalned such as the variation in orien=-
tation, velocity, anéd direction.

As pointed out !n the reviecw of literature there
arc many different types of shape factors. The ratio
¢/-/80 was us<( to express shape In thls experiment
because 1t waa bLelleved that flatness ls the shape char=-
acteristic which has the greatest Influence on f{all
veloecity and bLecause of the convenlence of determining
this ratio. The time lnvolved in deterzining the ratio

¢/=-/86 18 much less than the time requlred to make
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measursements for shape factors involving surface or
projected areas of particles,

The data indicate thét deposits of totelly dif=-
ferent origin have average shape differences that can be
measured LYy the shape-factor ratic. It 18 nossible,
however, that this method of measuring shape may not be
sufficliently sensitive to dlstinguleh between samples
with minor shape differences such ae theose which exlet
betwesn sand <eposits from 4l ferent rivers. The ratio
does not take Iinto account roundness or eccentricity.

When CD is expressged in terms of nominal
dimensions there i1s a definite correlation between CE
and the shape-factor ratios Fall velocitlies of sand
particles are inversely related to thelr flatness which ls
a mesasure of their projected srea per unit volume. Flate
ness may reduce the aversje fall velocity of crushed rock
over that of rivereworn sand grains by more than 100¥ for
Reynolds numvers greater than 100s The effect of flatness
on fall velccity can be visualized by comparing the
photographs, Figs. 3 and 4, of falling particles with
different degrees of flatness. As was pointed out in
Chapter IV, there i{s no theoretical limit tc the extent
to which flatness can increase the coefficient of drag
when this coeffici:nt is expressed in terms of nomxinel
dlsmeters. It 18 probeble, for exemple, that particles

guch as mics flakes have values of Cﬁn far greater




than anything found In this investigation.

ecauss the coefficlent of drag expressed ln
terms of projected sreas showe virtually no correlaticn -
between cD and shape factor, it appears that the shape=-
factor ratio ¢/«/ab 18 not relstsd to the angularity of
the particle edgese In other words, this shape factor
apparently does not describe the particle sufflcliently to
show a correlation betwesn the shape factor anéd the coefl=
ficlent of drag Lesed on projected areas =~ the numere
ator of this coefflcient F/ab belng in itaself an exe
pression for [latness, Possibly, a correlaticn could be
found if the ratic e¢/b hsd not been eliminated from
ge (B)or 1f an improved method of measuring fall velocity
could be cdevised,

tven when Cp 1s expressed in terms of nominel
dimensions, there 1s a pronounced diiference between the
Cp of true spheres and the CD of irregular particles
with shape~factor ratice approaching l. The most probable
reagon for thils is that the shape-factor ratio does not
express the degree of roundness o= the value for cubes
being the same as that [or spheres. %hlle the shape~
factor ratio shows the effect of incressed inertial re-
slstance due to flatness and to the flow, it cannot sate-
isfactorily show the effect of an increased inertial

registence due to sharp odges.
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Chapter VI
SUBUATY

flecently, & number of theoretical methods for
predlicting the rate of sedimentation have Leen devised.
All of these methods require & knowledge of the average
hydraulic properties of the particular sediment under
conslderatione It alsc has been established that the fall
veloclty of particles in still water scrves as an index
of the veloclty of flow required toc move them along the
bed of a channel) and the rate at which they will move for
a glven veloclty of flow,.

Pall veloclitiee have been measured in the past
Ly ¢ropping particles in water and measuring thelr rate
of fall with a stop watch., The acoursecy of this method
is not satisfactory when the greater velocities of rela~
tively large particles are measured.

In the case of particles of a eize which are
normally carrled in channels as bed load, shape is a
factor having conslderable influence on the fall velocltiye.

A photographlc method for measuring fell velo=-
cities has Leen adopted recently at the Iowa Institute of
Hydraulic Researchs Thls method had not been used in the
study of fall velocitles of sand gralns bvefore the

present investigation.
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The purpcse of this investigation has been to
study the usefulnesa of the photographic method for doe
termining fall velocities of sand grains, to develop
a practlical method of expressing shape, and to determine
the relatlionship Letween shape and fall velocitye.

Samples of sand fro= the Cache la Poudre Rlver
and the ¥iddle Loup River together with samples from a
wind~blown deposit were studled. Fragments from a roek
crusher alsc were gtudied to obtain data on particles
with an anguler shape. Altogether data were obtained on

190 particles varying n welght from 4 mgs to 500 mge.

The dimensions a, b, end ¢, (the major, inter
mediate, and minor axes) of each particle were measured,
and shepe wae expresssd by the ratic o/=/806. Fach pare
ticle was welighed to the nearest 0.1 mg, and the fall
velocities were determined by photographing the particles
ae they lell through water by means of periodic flashes
of light from & strobolux.

Fall velocity and shepe were correlated graphle
cally by plotting the drag coefficlent as & function of
feynolde number with the shepe-factor ratic o¢/«/ab as
a third veriabls. GJraphs were made in which the drag
coefiiclent and Feynolds number were expressed in terms
of both projected dimensions perpendiculer to movement

and nominal Adlmenslions.
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%hen projected dimensions were used, little cor-
relatiocn was found between the drag coeflliclent and the
shape factor. UIvidently, the lallure of this shape factor
to take into sccount the engularity of edzes is the prin-~
oipal reason {for the lach of correlation «= the value
of the shape-{actor ratlic for cubes belng the same as for
aphaeres.

When nominal dimensions were substituted for
projected dimensions there was a definite correlation
between shape and fall velocity =~ particles with low
retios having much larger values for the drag coefflclent
than particles with higher ratics., In general, the values
of the dra; coefficient when nominal dimensions are used
is much higher than when projected dimenslons are em=
ployed.

The drag coefficlent based on projected dimen-
sions Js an expression for reslistance in terms of unit
area. Theoretically, when thls expreassion ls used, the
only influence that shape can have results from the
effect upon inertlal resistence of the angularity or
roundness of particle edgess Apparently, the ratlo
¢/=-/86 does not express this shape characteristic satis-
factorily.

The drag coeffliclient based on nominal dimensions
is an expression for resistance In terms of unit volume.

Flatneas of natural particles may increase the projected
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area per unit volume over that of true apheres and there-
by greatly increase the drag coefflclent when this 18
expressed ln terme of nominal dimensionse There is no
theoretical limit to the extent to which flatness may
increase the érag coefficlent, and evidently the ratlo

¢/=/80 expresses the degree of flatness falrly well.
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DEFIRITIONS

Drag coefficient.=- The coefliclent in the drag force
equation (F & CpA & »%) expressing the relative
resistance of bodies of the same projected area
under the same flow conditlons.

Nominal dimensione== The dimenslions of a sphere of the
same volume as the glven particle.

Nominal drag coefficlents== A coefficlent of the same
form as the drag coefficient, but with the
projected area replaced by the nominal dlameter
squared.

Nominal Reynolds number.=~ A parameter of the same form
as Reynolds number in which the nominal diameter
18 used as the length dimension In the numerators

Projected dimensions.=~ The dimensions of the crogse
sectional area of particlea.

fieynolds number.=- The ratic of the ilnertia forces to
the viscous forces acting on a body which has
motion relative to a fluid surrounding the body.

Sediment == Fragmental rock materlal transported by, sus=
pended 1n, or deposited by water or alr.

Sedimentation dlameter.=- The diameter of a sphere of the
same terminal fall. veloclity as the given pare
ticle In the same fluld end under the samg Con=-
dltionse.

Gleve dlameter.-- The slge of opening through which the
glven particle will Just pass.

Sphericitys== The ratioc of & sphere of the same volume as
the particle to the actual surface area of the
particle.

Terminal fall veloclity.=- The vertlical component of the
uniform veloclty of a particle falling under
gravitation forces when the forces of Tluld
resistance equal thé gravitational force acting
on the particle.



ROTATIOR

nominal projected area of the particle

me jJor axls of the particle
intermediate axis of the particle

minor axls of particle

drag coefficlent w _Zlé_.
Gv,%/2

Vo

dreg coefficlent m F/ape
6}90275

diameter of partlicle

nominal dlameter

net gravitational force on particle
T % G- S)e

acceleration of gravity

dynamic viscosity of the fluid
kinematic vigcoslty of the fluid
S:;gs = Reynolds number

density of particles

density of fluld

shape=factor ratlo = ¢/«/ab
terminal fall velocity

R MR e
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Table l.=«CALCULATION OF SHAPF FACTOR RATIO ¢/«/eb

R —

Sample of gand {rom Cache la Poudre River
&t Bellvue, Colorade

Jroup Fumbey Axls in mm sf ratlo
B o/~/3B
1l Gl 7.8 He3 Qe85
2 Cad 5.0 4e0 Q.30
S Ded Ted Be7 Q.73
4 Ge8 Tel 440 043
Fetained on $ Seb  Be0 4,3 080 7/
denegh sleve 3] 10el 648 8e3 076
7 842 Ge8 5.7 078
8 Ged Sed 4.9 0.84
g Ded €ed ded Q.60
10 Qo€ Ged Jedl 0«40
Average U.TE
1 78 Bed S50 0 Qe47
2 540 4,0 2.9 .59
k] 5.9 Se€ Sed .74
4 Ged Se8 30 Q.68
Feteined on ) Geb 4.0 244 Oedd
Cemesh aleve 8 Ged 347 28 056
7 Ced &7 Sed C.C2
38 5.8 Se7 S8 O 072
e BeD 408 Je4d 0«€4
10 T e 4.8 2.9 Qe dO
Average U.50
1 Ge3 340 ed 0«68
2 4.0 2.8 243 0.88
S Sel 2.9 25 0.83
sl & & 203 b gos 8c69
Kfetaine n . ® v .
9"}3:6311 sieve g 4.i 2.% 2-8 0088
7 Seb Ceb B3 C.76
8 Seld 240 2.1 0.€8
e 4.9 248 l.8 0.49
10 441 2ed 244 Qe76

Average U.70
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Table l.==CALCULATION OF SHAPE PACTOR RATIO c/ B -
Continued
Sample of sand from Cache la Poudre River at Bellvue,
Colorado
Jroup ¥umber Axls in mm af ratio
a8 o ¢ c/-/iﬁ
1 2ed 28 1.9 %ﬁﬁ CE
2 38 2.1 1.8 88 o4
3 5.0 244 1.9 G786 .71
4 Se& 244 1.9 0.68
Retalned on 5 Ged Le¢B 2.0 Q.88
10=maesh sleve & 340 2.8 2.5 087
7 3«4 841 2.1 0«80
8 2.8 2.4 Led 0.80 .
@ 3ed 2.8 Bed O g
10 3ol 2.4 243 o’%g
Average U.70
1 Ged 248 1ed Cedd
B 2.1 1l8 1.6 0.88
S Bed 1.9 1.3 0«63
4 205 202 1-9 0.59 E}l
Fetalined on 5 £+6 2.8 1.9 0.78
ld4-pmesh sleve é 247 240 1.6 0,68
7 2«8 2.1 1.6 0.7
8 2.2 2ol 146 0468 74
] 242 8.1 2.1 087
10 243 10 1.8 073

Average U.70
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Table le==CALCULATION OF SHAPE PACTOR RATIO of=/aD ==
Continued

Samyle of sand from Mlddle Loup Fiver at Dunning, ¥ebrasks

Group ¥umber Axis in mm sf ratio
a o 3] c/-/i'S
! Ted DHae¥ 4.0 0.8}
2 Se0 748 4.7 0.61
o TeD Do 4¢5 0.8
4 Ge8 5.8 Sed Q55
fetalned on 5 Ced D8 S8 0.56
4-mesh sleve € Te7T €Ged 3.8 C.d8
T Ged Tl 4.0 0«48
8 G48 €.,0 5«0 070
12 9.3 T el e.g 8-30
Ba 648 Ge .
Average Uﬁ
1l D8 4.4 Sed Ce78
2 446 3.0 27 0.72
b} 847 508 2.8 Ce6l
4 540 440 29 0«85
Zetalned on b D dod ZeB 079
Jemegl: glove ] 4s0 Jeb 2.0 Ceb4
7 ST 340 S0 C«90
a8 Sed 4ed 4.) C«88
9 Ge® 5.2 L4 Qedl
10 Ge@ 5a0 2.7 80
Average .
1 Ge@ E48 25 0.683
2 Jed  Jel 1.8 0«48
5 3¢9 34 2.0 Q.58
4 2.9 2.6 2.5 0.0
#etalned on & Se8 8.8 1.9 0.568
Pemesh sieve 6 Sed 246 2e3 075
K 432 2.8 1.9 0+56
8 S8 2.8 2.6 Ce88
1+ Bel 246 2.0 0.78
10 4.8 2.8 2.1 0.62

Average U.c0



Table le==CALCULATION OF SHAPE FACTOR HATICO ¢/=/G0 «=

Continued

78

Semple of sand Crom Hiddle Loup Eiver at Dunning, Nebraska

droup Kumber Axis in »m ef ratlo
& © [ &
1 3.0 249 1.8 Q.80
2 3s8 Be8 2.0 0.61
S B8 245 1.9 0.71
4 Sel B8 1.8 0«87
Retained on 8 2.8 2.4 2.1 Q.83
10=mesh sieve & el £4€8 2.0 0.70
” JeB 2485 19 0.63
8 3«1 2.4 2.0 074
> 2:0 2.8 8.4 G086
10 7% 240 1.9 O+84
Average 0,70
1 Sed 262 240 Ce77
4 247 1.8 1.4 Ce83
S 2.3 19 1le6 0eT3
4 Bed 1.8 %08 0486
Hetained on ] 2s4 1.6 Y] G084
ld-mesh sleve & N ) 2¢8 1le6 0. 80
7 Sed £l 1.7 067
8 Sed le8 146 Ce85
@ 368 1eB 146 C«59
10 1.8 l.6 1.6 Q.08

Average
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Table l.==CALCULATIOR CF SUAPE FACTOR HATIC o/«/80 «e
Continued

Sample of fragments from rock crusher at Hellwvue, Colorade

Sroup Tamber Axis in mm af ratio
a [7) © o/=/a
1 13.56 5e¢3 2.7 038
2 Gel 71 1.8 Oe7
o 139 T8 2.8 Ce27
4 1l.4 7.8 Seb Oe39
tetalned on 8 &3 4:5 2.8 Cedl
4-mesh sieve 6 14.28 8.4 4.0 C.42
7 10.8 7.4 l.8 0.20
8 11.0 6.8 2.8 0.32
@ 20 Tel 2.4 030
1¢ 1040 €s1 1.8 Oe24
Average Usol
l 805 *.6 9.1 0056
2 8.7 4.1 1.9 Qo377
3 2.4 4.8 2.7 0.58
4 7.4 ST 1.8 0386
Fetained on 8 8+l . Gad e 0.38
Eemesah sieve (5] €.8 Sef 28 Ce88
7 6.5 446 2.1 038
8 78 6.8 S0 0.46
@ 4B 4.0 SeQ 071
10 5.9 L™ 4.8 Q.88
Average O,
) | 78 21 1.0 0«25
8 Se9 £.9 1.5 Qe4H
o Jeb Sel 1.4 Ced0
4 £e8 28 1.9 0+80
Feotalned on 8 4.0 2ed 1.9 Ce€l
S-mesh sieve 8 4¢5 8.8 1.5 0e48
7 £.8 £+3 led O35
8 S8 248 1.9 0.6
o Jef S0 1.8 C.48
10 4.0 30 1.3 0.30

Average U.4D
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Table 1.-=«CALCULATIOK CF SHAPE FACTOR RATIO ¢/+/ab =-
Continued

Sample of fragments from rock crusher at Bellvue, Colorado

Croup fumber Axis in mm sf ratio
) 19 c ¢/~/&C

1 7.8 2.8 l.6 0.356

2 4.0 2.8 2.1 C.64

S 5.3 2.8 2.5 0.66

4 S8 Sel 2.4 Q.58

Retained on 5 4.9 3.0 2.8 0.68
10-mesh sleve 6 4.6 Seb 0.9 C.21
7 5.3 Sed 1.5 0.36

8 Sed 2.9 2.0 0.64

i+ 5.9 2.0 2.0 0.59

10 4.4 3.0 2.3 0.62

Average 0.50

1 33 3¢l 1.5 0.47

2 4.3 2.1 1.4 0«48

3 4.3 23 1.5 0.49

4 4.8 2.1 1.5 0.47

Retained on 8 38 2.8 1.5 Ce47
l4-mesh sleve [ 4.4 1.9 1.5 0.52
7 4,0 2.8 1.8 0.53

8 5.8 1.9 1.3 0.38

9 4.8 2.0 l.1 0.37

10 5.0 2.4 1.9 0«65

Average 0.47




Table 1leewCALCULATION OF SUAPE FACTOR TATIO of=/abh-=
Continued

Sample of wind-blown sand from Lapcorte, Colerado

Croup Humber Axis in =m af ratio
a B ¢ ¢/ «+/ab

l 8¢5 4B 2.8 Ce68
2 69 5.8 3.2 0.51
b 5.9 440 245 Q.51
4 €8 Se7 1.4 Ce20
RHetained on 8 447 Sed 2e¢3 Ce88
Senosh sleve G 58 447 G0 0«50
7 5.0 Sel 2.0 0.50
4] Jed 340 1.6 0.60
9 440 Sed 2.0 0«56
10 57 Sa7 2.3 0«50
Average U.08
1l S8 <«0Q 2.1 063
2 S8 el 1.4 Q.39
S S8 Sed 2.1 061
4 4.0 2.6 2¢O 070
Retalned on g - 4el Sel 1.6 Q.48
femesh sleve 8 ée5 240 1.8 Ced2
7 4.0 S0 1.9 0.54
8 53 2.9 2.0 0«51
9 ded 246 2eb Q.75
10 4.8 2.6 21 O«61
Average B
: 4 Seb 2.8 2.0 Q.68
2 Seb 2.8 1.9 0.59
o Sed 2.6 2.1 073
4 Sed 2.5 1.0 0+£58
Retalned on 4] 4.0 2+.8 1.8 Q54
10=«mesh sleve é Se8 2e8 240 0«84
7 Sed 245 1.9 0.C8
8 Sew 2.4 1.8 Cel4
1% Se8 246 1.9 C«60
10 2.8 Leb l.8 0«60

Average U.Co
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Table 1¢~-CALCULATION OP SEAPE FACTOR FATIO ¢/=/85 ==
Continued

s
s

Sample of winde-blown sand [lrom LaPorte, Colorado

droup Number Axis in mm sf ratlo
a b © c/</at

k } Sel 1.8 1.0 0.72

2 Zed 1.8 143 0.60

3 2.0 1.6 1.5 U858

4 2.6 1.8 1.3 CeC6

fistalned on 5 2.6 1.4 1.1 0+.58
l4~mesh sisve 6 21 1.4 l.1 0480
7 Bed 1.7 0.8 047

8 2.9 1.3 1.2 O.84

) 243 19 1.3 0.64

10 243 1.4 1.0 056

Average 0O.c4




Table 2.--CALCULATICN O DEVIATION OF FALL VELOCITY MEASUREMENTS

Source of Wte of af of Fall velocity Haximum

particle particle particle measurements in mm/sec deviation from
in mgs I 2 L g 5 mean in percent

#ind-blown 8l.5 0.58 253 210 210 212 212 10

Poudre River 12.5 0.73 203 202 183 202 163 S

Loup River ide 0.64 176 175 175 175 176 0.8

£8



Table Se=«RAXIKUM DEVIATION OF PALL PATHS OF PARTICLES
FROM A VERTICAL LIKE

Sample of sand from Cache la Poudre River at Bellvue,

Colorade
Group Humber Welight af ¥axinmum
in mg ratio deviation
in »m
1l 448 Q.63 13
2 180 Q.80 4
3 471 Ce73 S
4 389 043 2
Reta'ned on 5 175 0«80 G
4enegh sleve 6 483 0«76 S
7 444 Q.76 8
8 209 0.34 4
¢ S88 C.60 Q
10 - 0440 4
Average Deé
1 147.0 0.47 11
2 Ple@ 0459 2
3 T7+6 C.74 4]
4 64,1 Q.88 &
Fetalned on 8 D28 Codd b
g=moesh aleve e 54.1 Oe58 5
7 148.0 0.2 ¢
8 6.8 0,72 12
7} 121.0 C.64 b
10 118.0 0440 1
Average ~ Gel
1 24.8 0.466 2
2 28.4 Ce68 0
S 174 0.83 2
4 3043 Q.69 3
letained on . 80.6 (Q.€9 2
Semesh sleve é 228.1 080 -
7 15.0 Q78 10
8 178 0.68 8
@ 237 0.48 (5]
10 18,6 0O.7¢ 18
oz Average - 5.0
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Table Je=-=NAXINUE DEVIATICN OF FALL PATHS OF PARTICLES
PROY A VERTICAL Li¥PesContinued

Sample of sand [rom Cache la Poudre Hiver at Hellwvue,

Colorado

Group Bunber Welght sf Vaxlmum

in =g ratio deviation

in om
1 138 0.65 2
2 12,7 0.2 2
3 138 Q.78 -
4 1241 0.88 é
Fetalned on 8 133 0+68 b
10~mesh slieve 8 12,9  C.87 2
7 1848 0480 0
3 8¢7 0a98 0
@ 14.7 0470 2
10 léel Ou83 5

- Average ©e8
1 126 Qed4 B
e Gesd¢ ©.82 4
3 Be7 0463 0
4 P8  0.858 1)
“etained on 5 11.7 0.78 8
l4-mesh sleve 8 Gs7 Q.68 9
7 1248 0473 2
3 10.0 0.88 4
9 Be8 0497 &
10 2

€8 Ca73
./ Average 447

—— ——
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Table 3.--EAXINUK DEVIATION OF FALL PATHS OF PARTICLES
FROM A VERTICAL LINE-=-Continued

.
]

Sample of sand from ¥iddle Loup Hiver at Dunning, Nebraska

Group Kumber Welght ef Maxioum
in mg ratio deviation
In mm
184 0.61 7
2 306 0«61 5
3 304 0.68 -
4 152 0.55 -
Retalned on 5 198 C.56 10
4~mesh sleve 6 197 Ce46 o
7 386 C.49 12
8 303 0«70 -
) 466 0+.80 &
10 272 0«48 2
Average D6
1l 053 0473 14
2 68,0 Q.72 2
S B8+8 0«61 0
4 900 0.65 0
Hetained on 5] 108.0 0.79 -
G-mesh sieve € 42.0 0.54 3
7 52.2 0490 0
8 1228.0 0.86 0
°) 161.0 ©0.41 b 4
10 114.0 0,50 11
Average 4,2
: 1847 0.83 2
2 16.86 0445 5
3 25.0 0.55 2
e 18.5 0.91 2
Retained on 5 18.7 0.58 0
¢=mesh sieve 6 19.7 0.78 t*)
7 16.8 0+58 3
8 17.9 0.885 v}
o 648 0.78 0
10 25.5 0.62 2
Average 245
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Table Se=~MAXINUK DEVIATION OF FALL PATHES OF PARTICLES
PEOR A VERTICAL LINS-~Continued

Sample of sand from Hiddle Loup ERiver at Dumning, Yebraska

Group Humber Welght sf ¥axioum

in mg ratio deviation

in mwm
1l 12.9 0.60 5
2 15647 0«61 6
S 11.7 0.71 6
4 12.3 0.67 0
Eetained on 5 12.8 0.83 11
10-mesh sleve é 12,2 0«70 0
7 1445 0.63 12
8 13.8 Ce74 10
¢ 13.8 0886 2
10 13.3 Q64 Q

Average  GUel
1 1541 Q77 7
2 10.4 0«63 6
3 7.8 073 18
4 8.9 089 86
ietained on 6 6.0 064 8
l4~mesh sleve 6 1340 0.60 4
7 18.1 G687 4
8 10.8 Q.88 2
9 12.4 0.50 2
10 4.4 0.92 4

Average G.l
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Table Je==HAXIKUK DEVIATION OF FALL PATHS OF PARTICLTS
PROE A VERTICAL LIXIe«Continued

Sample of fragments from rock crusher at 2Bellvue, Colorade

Croup Yumber Welght ef ¥aximum
in mg ratio deviation
in mm

169 0.38
105 0.27
208 0.27
274 0.39
-—— Cedl
234 C.42
13¢ 0«R0
206 C.32
183 0.30
85 C.24
Average

fletained on
4-mesh sieve

SqummAuww

—
.Ja,uu U X I e

o

B5eH 034
S1le8 037
45.8 0,82
4442 Q.36
51le6 0.32
T9ed Q58
4648 0»38
106.0 Q.46
4548 071
80.2 0.85
Average

(™)

Fotalned on
Bemesh sleve

ORI H

et

w0
oo GG

4

o4

1648 0.285
13.28 0045
1144 0CQedD
2le8d 0.50
14.¢ C.81
16.0 0445
184C 038
17.8 0O.02
11.¢ 0.48
11«7 C.36 13
Average c.o

Retalned on
Owmosh sleve

O WM ~IM iAW
SaENDOOoCMOBO

-
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Table Se-=-HAXINHUE DEVIATION OF PALL PATHS OF PARTICLES
FROW A VITRTICAL LINfe=-Continued

 —

- —

Sample of fragmunts from rock crusher at Dellvue, Colorade

Croup ¥unmder Welght (34 Yeaxlmum
in mg ratlioc deviation
in num
p | 254 0.38 -
2 11.4 0.64 é
S 20.8 C.C8 -
4 18.6 C«S8 L
hetalned on o 20.0 066 0
10=u08h alove & 8«7 0.2 7
i 17.4 CusS8 k §
8 178 0.64 7
& 1840 0.50 4
10 82.9 0,68 8
Avernge Db
1 - 047 &
) 8.1 C. 48 S
3 11,6 0.490 0
4 el Ced% 4
Retained on 3! Te8 Ced7 2
l4-ash sleve 6 -—- 0.58 0
7 D7 0.53 8
8 Beb Q.38 5
¢ Bed Q.37 ]
10 123 0.55 3
Average 0.0




90

Table J.==MHAXINUN DEVIATION OF PALL PATHS OF PARTICLIS PROM
A VERTICAL Ll¥E-eContinued

SRS et e e et S A A i3

Sample of wind-blown sand from LaPorte, Colorado

Jroup Rumber Welight sf ¥aximum

in mg ratio deviation

in om
1l 787 C.328 8
2 110.0 0.8) 12
S 6440 0.5 ]
4 26.68 0.8 g
Eeteined on 3 B4 Q.68 8
Seziesh sieve & 315 Q.50 ¢
7 344 0«80 g
8 8048 0480 4
9 28.4 Q.56 2
10 0.4 0+50 &

‘ Averago Gel
1l 22.0 0«63 o
2 1245 Ce30 8
i 16.8 C+8) 1+
é . 213 0«70 o
Fetalned on i} 2143 Q445 K]
S=mesh sleve 6 1528 Oed2 ' §
7 12.9 Ce54 o]
o £7 .6 C+8) 4
4 17.8 0.75 4
10 20.1 Ce81 -

‘ Average 5.9
) £ 1548 0«85 e
2 1847 0.56 6
S 138 Ca73 b6
4 1546 0«65 6
Fetalned on 5 15.1 O.54 12
10=mesh gleve 8 177 Cs84 g
 § 1547 C.66 T
8 10.1 0+64 .
G 12.4 C.80 o
1C G

11.1 0«65
£, hverege 7.1
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Table J.w-«=MAXIHUM DEVIATION OF PALL PATPS OF PARTICLIS
PROM A VERTICAL LINE-=Continued

Sempls of wind«blown ssnd from LePorte, Colorsdo

Jroup Tumber Weight af ¥aximom
in mg ratio deviation
in mm
1l Tel C.78 14
2 Se7 0.9 2
3 4¢3 C.85 4
4 8.1 0.08 0
Teteined on 3 £.,0 CeS8 38
l4-mesh sleve e 3.8 C.€0 é
7 400 Qo7 €
8 Sel Ce84 S
] 541 Cel4 -
10 548 Ce58 0
5. ) 4 Average 5.0
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Table 4+=-=TABULATION OF ATYNOLDS NUMEER AND CORFPICIEET OP
PRAG

Sample of sand from Caeche la Poudre Niver at Bellvue,
Colorado

— —— ————— —

L ——— W_—

Cyoup Tunber Yominal %ith nominal ®ith projected
diameter d;mens;ggz 2
dn in mm Vo dn F/dy vo b  F/ab
bl -evb!/z )2 e'SZ/z

1 68.85 1700 1.8 1980 l.28

b4 8.08 1430 1.17 1410 095

S 7«00 2310 1,18 2440 090

“ €.60 2880 1.03 2080 058

Fetalned on S 5.01 1260 1.40 . 1280 1.256
4eicsh sleve € 707 1560 2+56° 3180 1.82
7 6.59 2070 1l.28 2100 1.05

8 5438 1700 0.91 1700 078

7] €e54 2280 0.85 2220 Ce76

1l 473 960 1490 1110 1.08

2 4404 1060 0Q.G4 1050 0.70

S S.82 £25 1l.l4 8656 0.7

4 Ze58 8l0 1.83 860 0.7¢

Hotained on B 4.05 080 1.38 1060 0.73
Bermosh slove 8 3«08 875 0.88 080 0.50
7 4.68 1280 1l.11 1880 0.81

8 4410 856 1.03 860 1.07

6 443 1330 0.7 1440 Ce60

10 4.39 1080 1l.88 1160 Q.60

1 2.59 547 1.02 8386 Q.58

2 283 612 075 665 Q44

S 2.58 534 0.77 862 0+4€

4 304 601 1.37 495 CeG8

Roetalned on ] 2.46 468 1.20 5980 0«58
femesh sleve & 2.8 467 1l.28 404 078
7 2.88 S8 1453 400 0.89

8 2.3 458 1.08 581 Ce80

9 257 581 0.08 7117 5386 0«87

10 2.38 455 1413 4586 Q.66
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Table 4.~-TABULATI N OF REYHKOLDS NUMBER A¥WD COEFFICIENT OF
DRAC=~Continued

R P e e o
- ~ o o

— - v
- o —

Sample of sand from Cache la Poudre River at Bellvue,

Colorado
Croup Number Nominal With nominal Wilth projected
dianeter g;gegsio%F dimensio

Y evy YV ev.e/fe

1 2.15 430 Q.94 501 0.51

2 2.09 360 1.283 366 0.67

3 24156 o - - -

4 2.06 275 2.03 317 1.12

Retained on 5 2.12 20 1.63 380 0.69
10=-mesh sieve 6 2.10 375 1.15 491 0«62
7 2.29 430 1.13 400 0,82

8 1.84 - B - -

o 2.20 390 l.24 461 0a73

10 2.17 400 1.13 435 0.74

1l 2.09 420 C.91 500 0.48

2 l1.82 290 1.286 206 1.19

S 1.60 - e ~ - -

4 1.80 345 1.01 398 0.67

Hetalined on 8 2.04 330 1.13 350 0499
l4~mesh sieve 6 1.91 313 1.03 3526 C.858
7 2.08 430 0.85 445 0«75

8 1.83 306 1633 540 0«70

] 1.83 326 1.01 369 075

10 l.84 270 1.08 310 0.70
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Table 44~«TABULATION OF REYNQLDS HUMBER AND COEFFICIEHT OF
DRAG=-«Continued

e e T - e
sample of sand from ¥iddle Loup Rlver at Dunning, Hebraske

Gaoup ¥umber lNominal Wlth nominal With projected
dlameter i

dp inwm g pA4a2 v,b F/ab
Y evele T evjijz

1l 5.10 1530 1.00 1770 0.80

e 6403 1780 1.85 2180 0.76

& 803 1810 1.058 1770 0.88

retained on § 5.20 1870 1,01 16680 0.58
4-megh sleve & 520 1600 0.87 1870 053
| 8416 2C10 1l.02 23280 0.57

8 6.03 1510 1.17 1800 C.83

G 604 2850 1.17 2360 Q.78

10 5481 2010 0.85 8280 0.54

1 £.09 1060 1.09 1130 0.7¢

2 Se€6 1040 0©.79 8585 0.76

3 389 1230 Q.73 1110 0.5%

4 4.02 1C60 0.87 10786 0©.78

netained cn S 427 1060 1.08 1170 0.86
Senesh sleve & Sell 850 0.74 1380 0,861
7 Jed4 870 0470 870 0.71

8 4.44 1540 Q.8 140C 0.56

4] .78 1040 1,75 1130 1,11

10 4.4 1060 1.21 1260 0478

1 2.38 480 0,89 514 0.82

2. 2.28 440 1,07 601 0.581

bt 2.68 490 1.31 831 0.69

4 2,28 540 0.72 620 0.580

hetained on 6 2.38 430 1.30 481 0,72
gemesh sleve & 2448 440 1l.28 480 0.85
o 2+42 480 1,10 494 0.62

8 235 488 1.056 518 Q.6)

o 2.20 510 Q.88 657 0484

10 2.04 550 1.06 583 Q.04
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Talle 4em=TARULATION OF RIYNOL HUMBER ARD COEFIFICITHT OF
DRAC==Continued

Sample of sand from Xiddle Loup River at Dunning, Nebraska

S — —————— A —— o ——" —— —"— ————————— A . — o Ao——. - -

Group Bumber Hominel With nominal With projected
dlameter _dimensiona dimensions
dn in ma v, 4, Eﬁﬁf vo b P/ab

V evoa/ 2 pZa evoz/ 2

1l 2.10 378 l.15 514 Q.50

2 B.24 410 l.12 G000 0.5

3 2.04 4385 Q.77 40 0.47

4 .07 PO PRN— Py - ————

Ketained on 5 2.08 445 Q.81 505 Q.54
10~mesh sieve 6 £.08 360 117 463 061
7 218 418 1.08 476 Q.57

8 2.15 340 1.80 378 095

] 215 420 Q.97 540 0487

10 2.12 380 1.16 491 Q.61

2,32 403 l.18 400 Q.85

2 1.85 3586 1.04 3828 078

3 1.70 310 1.08 240  0.73

4 1.80 348 Q.98 385 0.84

Retalned on 5 1.63 231 1.4) 232 0.97
l4emesh sleve 6 £.10 330  1.80 S84  0.97
T 2.08 381 1.05 380 Q.70

8 1.98 08 1.45 280 0.02

@ 2.08 385 1.17 308 Q.77

10 1.47 220 1.15 253 Q.88
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Table L,~=-TABULATION OF REYROLDS RUMBER AND COSFFICIENT OF
DRAG-=Continued

Sample from rock crusher at Bellwvue, Colorado

Group Humber Nominal With nominal With projected

diameter dimensions dimensions
dy inmm “vo gy Bfdg Vo b ¥/ab
Vv evoz/'l rd 8102/2

he90 828 3.12 885 1.07

2 L}. 21 o S - - - - T -

3 59 1080 3.15 1440 1.01

b4 5482 1370 1.8 1700 0,76

Hetained on 5 e 750 wowe
Lenesh sieve 6 5453 - - e
g i.zg 915 3.10 1180 1,15

oly

10 3492 630 2,65 980 0467

1 3495 590 3.4 670 1.25

2 2,82 395 2453 570 0475

3 J.19 630 1ok 830 Q¢S54

L Jel6 230 3,0 507 1,11

Retained on 5 3,88 20 2.4 1020 0.78
B-mesh sieve 6 3.65 770  1.67 760 0,96
7 3.23 500 2,35 715 0.82

8 Le25 850 1.5 1100 .78

9 3.1% 630 1.38 865 0.76

10 3e 910 1.22 1110 065

1l 2.27 223 4.10 208 1,32

2 2012 2 2.61 342 1.06

3 2,02 2 2.18 396 OTh

L 2449 K60 1.06 L65 Q.54

Retained on 5 220 295 2,15 318 1,10
Semesh sieve 6 239 L10 lokh 426 0,66
” 2.26 266 2,84 212 0.96

8 234 407 135 L3k 0.82

3 2,05 290 1.77 425 0,64

1 2,04 265 2,11 390 0,73
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Table 4,--TABULATION CF REYNOLDS XNUMDBER AND COEPFICIEXT OP
DhAQ-=Contimued

" — o a—

Sample from rock crusher at Bellwvue, Colorade

Group Humber Xominal With nominal With projected
diameter _dimensions ensions
dyinmm v q /a2 vob  ¥/ab

Vv ev°272 vV ev°27!

1 B Y 67 - - s e e o K =) - ——

2 2.08 S0 1l.12 4885 Q.41

3 B8.44 ——— m——— 341 1.45

4 2.41 380 148 487 0.59

Retalned on S 2440 340 £.20 417 Q.88
IC=mesh sleve © 1491 180 474 304 0.98
7 2.08 260 J.31 360 1.05

8 Beld 400 1.29 465 0.78

Y 2438 SBS 2.1 278 1.00

10 2454 450 1448 6§76 0.71

8 1.604 137 weew e X1

3 2.01 274 1.98 306 0,83

% 1.07 258 2,03 270 0,70

Retalned on 5 1.88 212 2447 318 0.82
l4=mesh sleve © e - - 200 wwww
T 1.8) B33 2,25 334 0.76

8 1.8 230 2.04 225 0.69

] l. 66 PP p—— - - oo

10 2.07 SO0 1.73 344 Q.83
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Table L.==-TABULATION OF REYHOLDS KUMBER AND COEFFICIERT OF
NRAG-=Continued

Jample of windeblown sand from Laporte, Colorado

Group Humber Hominal With nominal With projected
diameter d'mensions dimensions

d,inmm , 4 P2 v, b  F/ad
v evozk V evo!/z

1 SeT4 540 131 1010 063

2 4420 850 193 1150 0.89

3 S.58 760 Lle4l 8490 C.75

4 2.67 24 Se821 446 088

Ketained om & 2.868 514 1.58 430 1.20
Gwnesh gleve € 2 J480 880 1440 1030 0+83
7 261 GO0 1.21 636 Cel4

8 Ledb 428 1ledd 518 0«88

4] 266 467 l.58 560 CeB3

10 S0 00 Gav7 lec8 708 0«04

l %3 § 487 133 548 Q072

2 2.08 278 2408 480 Q.73

S 220 60 1463 511 070

4 3.49 - - - - -

Fetalined on & 2.50 460 116 €04 0«56
twmesh sleve © 20?2 528 1.84 418 070
7 2. o D ndad - - - R

8 2.71 438 183 461 O.560

¢ 2+31 427 1.16 485 O.64

10 2e4é - - IR, - [y

l 2424 50 1.58 418 Q.88

3 2.29 410 1.856 494 0«66

o 2414 340 1445 400 C.78

4 2423 S68 1.47 400 0.86

Fetalned on 5 E2.88 S60 1.48 413 0«73
10~rmagh sieve & B+38 430 1.20 481 CeB7
7 2.24 400 1.23 448 076

a8 1.94 300 1.48 368 C.69

] 2.08 300 172 o882 Q76

10 2.00 318  1l.41 <92 0.76
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Table 4»==TARULATION CF REYNOLDS YUKDER AYD COEFFICIENT OPF

DREAG==Continued

Sample of windeblown sand from Laporte, Colorade

Croup Number ‘Yominal With nominal With projected
gia?oter
n mm
n vy 4y r/dna 1".}: F/ab
P E"o“; 2 vV €V3/ 2
1l 175 2656 l.34 270 0.72
2 1.70 250 1433 258 1.04
S 1.46 217  1l.15 231 079
% 1.84 235 l.41 228 C.87
Fetained on 5 le42 173 1.70 175 T8
l4-mesh sleve & 1.40 1537 1.83 181 1.21
7 14851 8056 1.43 830 0.582
8 l.54 2156 1.39 162 0.86
) l.64 263 1.10 S08 Ca71
10 l1.61 288 145 201 1.16
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