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ABSTRACT OF DISSERTATION 

TERMINAL FALL VELOCITY OF PARTICLES OF IRREGULAR 

SHAPES AS AFFECTED BY SURFACE AREA 

The objective of this research is to study the effect of surface area 

on terminal fall velocity of particles and objec ts of irregular shapes . An 

auxilliary study was also made in a qualitative manner on the effect of 

various concentrations of neutrally buoyant fine material on the fall 

velocity of spheres. The results of this auxilliary study are given in 

Appendix (B). It is expected that these investigations will lead to further 

research in areas related to these topic s. 

Various shapes of gravel-sized particles we re studied . The term­

inal fall velocities were obtained by repeatedly dropping the same particles 

in fluids with different viscosities. A photographic technique was used 

to determine these terminal velocities. A new shape parameter was 

developed and the variation of d rag coefficient with Reynolds number using 

this new parameter is given . This Cd versus Re relation leads to the 

possibility of a model law for the irregular shapes with the new shape 

parameter as the third variable . A limited verification is given for 

several selected machined shapes and for ordinary concrete test cylin­

ders. The model verification was accomplished by dropping larger 

scale particles in water and measuring te rminal fall velocity using a 

specially constructed large scale speedometer. 



Plastic (Vestyron) particles were us e d to form a neutrally 

buoyant suspension in salt water. A small plastic sphere was dropped 

through various concentr ations of this s uspension and the fall velocity 

was determined with a stop watch. The results indicate the nee d to study 

the electrochemical properties of the suspende d fine material as they 

appear to affect the fall v elocity of the l arger particle. The writer 

believes from the results obtaine d that the conside r a tion of the Zeta poten­

tial of the fine mate rial would ultimatel y l ead to a bette r description of the 

apparent viscosity effects whe n us e d in conjunction with existing theories. 

George R. Al ger 
Civil Engineering Department 
Col orado State Unive rsity 
July 1964 
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CHAPTER I 

INTRODUCTION 

The demand for domestic, commercial , and agricultural water 

supplies places more emphasis on the physics and mechanics of water 

storage and conveyance . The problems involved are numerous and 

often complex. One such problem area is that of transport and deposi­

tion of sediment which has been of interest to the United States Geological 

Survey at Colorado State University for several years . Although much 

progress has been made, many of the variables and parameters govern­

ing the transport and deposition characteristics of sediment are still in 

need of research. One important problem, chosen for this study, is that 

of the terminal fall velocity of irregular gravel - sized sediment particles. 

The relationship between drag coefficient (Cd) and Reynolds num­

ber ( R.e} for regular shapes which may be expressed in mathematical 

terms (a sphere, disk, flat plate, etc . ) has been studied e xtensively. 

These relationships have been summarized in the form of curves which 

related the coefficient of drag (Cd) to the Reynolds number (Re) with a 

parameter expressing particle shape as a third variable . Consequently 

the third parameter in the drag coefficient versus Reynolds number rela­

tionship is some standard shape that has a mathematical expression .for 

surface area and volume. When one deals with naturally worn sediment 

particles which are in general irr egular in shape , surface area , and sur­

face roughness mathematical expressions are not easily obtained; 
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however, some characteristic parameter is needed in order to de scribe 

each particle as to its behavior in the (Cd) versus (Re) rel ations . One 

such parameter that has b e en c ustomarily e mpl oyed to express particle 

shape is the Corey shape factor . This shape factor will be discussed in 

more detail in the chapter on theoretical anal ysis. 

Much study has been devoted to anal ysis of raindrops falling 

through air and to the phe nome non of air bubbl es rising through water. 

The problem of variable density is invol ved in these studies since the 

air bubble changes its s i ze with change s in l ocal pressure and the rain 

drop s hape is mol ded by local resis tance and surface energy which in 

turn is a function of surrounding air density . Thus , the probl ems in­

volved in these areas are not completely similar to those involve d with 

solid particles , as the motion of the solid pa rtic les is governe d by shape , 

while the shape of the raindrop and air bubbl e is mol de d by the type of 

motion. 

For solid particles it is appa rent that a paramete r shoul d b e 

fo und whic h would uniquely characterize each sediment particle as to its 

hydraulic behavior under free fall conditions and that woul d work well 

with the usual drag and Re ynolds number t ype of rel at ion . 

It also appears that factors such as shape, surface area, and 

roughness m ay affe ct suc h a parameter to varying degrees . Several 

studies by various investigators have been devoted to finding such a 

parameter ; however , these have not proven to be completely s at isfactory 
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due to the difficulty of measurement of the various shape parameters 

as well as l arge scal e scatter of the data . 

Another aspect invol v ed in the analysis of sediment transport is 

that of the effect of various conce ntrations of fine material in the trans­

portive medium on the fall ve l ocity of the l a rger particles . This a ppears 

to be related to an apparent viscosity effect due to the presence of the 

fine material. This effect has a l so b een investiga ted by various re­

searchers, but further attention was given to this problem in the develop­

ment of this dissertation. This problem study was made as an auxiliary 

topic and is treated in a qual itative manner in Appe ndix B. 

A . The Problems 

( 1) What effect does surface area have on the Corey shape fac­

tor as used in existing (Cd) versus {Re} r elationships? 

(2) If a significant effect exists w ha t new s hape parameter would 

better describe the (Cd) versus {Re) r elationship? 

( 3) What effects do varying concentra tions of differe nt sizes of 

neutrally buoyant f ine materials have on the fall vel oc ity of particles? 

B . Problem Anal ysis 

The sol ution of these problems depends on the following conditions: 

1 . Knowl edge of the factors affecting fall ve l ocity. 

2. A method of measuring surface area of irregul ar shapes . 

3. The correlation of a shape parameter a nd surface area 

parameter t o establish (C d) versus (Re) rel ationship which b e tter des ­

cribes particle b ehavior under free fall conditions. 
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4. A means of forming a neutrally buoyant suspe ns ion of fine 

material in which the affe ct on fall ve l ocity can be investigate d . 

C . Scope of the Work 

The gravel-sized particles studied ranged in size from a nominal 

diameter of approximately 2 to 4 centimeters . The larger particles 

tested for verification of a possible model l aw ranged in size from 9 to 

22 centimeters in nominal diameter . Reynolds numbers varied from 

approximately 10 to 400, 000. The fine material used to form a neutrally 

buoyant suspe nsion was composed of several sizes of small plastic pel ­

lets and spheres . 
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CHAPTER II 

REVIEW OF L ITERATURE 

In order to ke e p the pe rtine nt refe rence mate rial s e parated for 

the two topics treat e d in this work, the review is divided into two main 

sections with a summary: 

A . Particl e shape and fall veloc ity. 

B. Apparent viscosity. 

C . Summary. 

A . Particl e Shape and Fall Vel ocity 

One of the earliest scientists inte r ested in fall vel ocity was Sir 

George S tokes. Lamb ( 31 ) gives Stokes formul ation (known as Stokes 

Law) as F = 371' DµV for viscous fl ow cond itions where : 

F is the l ongitudinal f orce e xerted by a s l owl y moving viscous 

fluid upon a small s phere 

D is the diameter of sphere 

µ is the dynamic viscosity 

V is the terminal fall veloc ity 

Some years a te r in 1908 , due to problems arising in the ore 

dressing industry, Ric ha rds ( 8) studied fall velocities of quartz and 

gal ena particles and a ttribut e d the differenc e s in his r e sults to the dif­

fe rence in specific gra v it y of the t w o mate rial s. 

In 1934, Ze grzda ( 16) showed that diffe r ences in specific gravity 

could not acc ount for the r e sults of Richar ds a nd pointe d to particle shape 
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as the cause. Z e grzda 's pl ot of (Cd) ve r sus ( Re) was b roke n down into 

three ranges ; stre amline or St okes range , interme dia t e or t ransiti on 

range, and turbulent r ange. 

Wadell ( 12}, 13}, { 14) in 193 5 re garde d s phe ricity a s t he pa r a m e -

ter to use in e xpress ing shape of a pa r ticle. He defin e d sphericity as the 

ratio of the surfac e a r ea of a sphere having the sam e vol ume as t he par t icle 

to the surface a r ea of the part icle . However , r e c ogniz ing the diffic ulty 

of m easuring i r regula r surface areas he furthe r p r oposed to define 

sphericity a s the rat io of t he diameter of a circle e qual in a r ea to the 

projecte d area ( obtaine d w he n t he particl e r e s ts on one of i t s large r fac e s) 

to the diamete r of the s m a llest cir c l e c i rcumscrib ing t he projected area . 

This, however, l eft the errone ous r e sult of sphe r e s a nd disks with the 

same sphericity but hav ing differe nt fall c hara c teristics . Als o, t h i s fac ­

tor did not take into account the t hickne ss of the part ic l e. 

In 1938 Heywood (2) suggeste d a "vol ume constant " K a s a sha pe 

parame ter define d as 

where 

K = Volum e of particle 
d 

d is the diamete r of a c irc l e of a r e a e qual to t he p r ojecte d area 

of the particle when pl a ce d in its m ost s t abl e p osit ion . He als o p r e pa r e d 

a nomograph from whic h fall v e l ocity coul d be det e rmi ne d if the vol ume 

c onstant K was known . 

Krumbe in ( 3) in 1941 de m ons trat e d tha t fall velocity prove d t o be 

an ade quate inde x of the crit ical veloc it y r e qui r e d to caus e move m ent of 
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sediment particl es as well as for the quantity of sediment transported per 

unit time. He also suggested a shape parameter 

where 

n =~~ V ~ b 

a is the longest axis of the particle 

b is the intermediate axis of the particle 

c is the shortest axis of the particle 

The terms in the above r elation proved to be easier to measure than 

those suggested earlier investigators . 

In 1948 , Serr ( 10) propose d the ratio of sedimentation diameter to 

sieve diameter as a means of expressing shape . Serr concluded from his 

investigations that shape has little effect on fall vel oc ity for all s and grains 

less than 0. 05 mm in diameter. He also showe d that shape has an impor ­

tant influence on the type of motion experience d by a falling particle . 

In 1948, McNown, Lee , McPherson, and Enges ( 5) worked out 

relations for the influence of boundary p roximity on the drag of spheres. 

From the analysis of Stoke s , for small inertial e ffe cts, the r e sistance 

to motion F was given by 

F = 371' u V d 

The e quation can be modified by the introduction of a coefficient K to 

include the effect of cylindrical boundary so that 

F = K 3·,r u V d 
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For large Reynolds numbers the r e sistance to motion is given by 

vz 
F= Cd pA 2 

where 

Cd is the coefficient of drag 

p is the fluid density 

A is the cross s e ctional area of a sphere 

The coefficients K and Cd may be r elate d by 

Cd Re 
K= 

24 

where 

Re is the Reynol ds number. 

An approximate sol ution for K is given as 

K = 1 + ~ d + (~ ?..) z 
4 D 4 D 

where 

d is the diameter of sphere 

D is the dia m eter of cylinder 

At the point where i approaches 1, it is assumed tha t the flow is 

similar to that b etween the flat p ates and considering continuity, geo ­

m etry and equilibrium, a s e cond approximation is obtained for K for 

large diameter ratios. 

Experiments were conduct e d to check the formulations. For negligibl e 

inertia effects, the data s ubsta ntiated the formul ations for i less than 
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o. 1. 
d d 

For D a pp roach ing 1, the r esults agreed closely fo r D greater 

than 0. 95. 

The Reynol ds number for which inertial effects become appreci-

. d d 
able mcrea.s e s from Re = 0. 2 for i5 = 0 t o Re = 70 for i5 = 0. 8 

indicating that the magnitude of the v i scous force increases more rapidly 

with i than does the inertial force. 

A hexa gonal pa ttern was assume d in order to make a typical 

concentration anal ysis in which the effective spacing of particles was S . 

The effective spacing S was rel ate d to the concentra tion C by 

where a = 1 ~ 2 (a constant) for the hexagonal pa tte rn. A nomograph 

t 1 t . d . 1 . d ype re a 10n was rawn 1nvo v1ng S , K , 
d 
D' and C in percent, from 

which it is de te rmined that, for a sedim e nt diamete r of 0 . 00 01 feet and a 

c oncentra tion of 10 percent, a settling velocity of 33 pe r cent less than 

that given by Stokes e quation woul d result . 

The most widel y used parame te r for expressing s hape is that 

proposed in 1949 by Corey ( 1). This expre ssion is 

S.F . = 
C 

where 

S. F. is the shape factor 

a is the l ongest axis of the particle 

b is the intermediate axis of the par t icle 

c is the shortest axis of the part icle 
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This factor actually appears to express the de gree of flatness of a 

particle. As note d by Corey and others, particles t end to fall with 

their maximum projected are a normal to the direction of fall and the 

product ab i s an approximation of this a rea while c accounts for the 

thickness which was ignored in Wadell 1s (1 2}, ( 13). (14) work. However, 

the de gree of angularity and degree of roughness are still not accounted 

for . The dist ribution of surfac e area is also unre al since a disk and a 

cross of the same thickness and diamete r have the same shape factor. 

Also, spheres and cubes have the same shape factor. 

In 1959 J amil Mal aika ( 4), using a photographic technique 

developed by McPherson (7) and specially machined metal shapes, con ­

cl uded that in the "defor mation drag zone " the particles are sta bl e in any 

position (Re less than 0. 1), in the "surface drag zone " ( Re great er than 

0. 1 but less than 500) the particles tended to orie nt with their largest 

cross section normal to the line of fall, and in the "zone of e ddy forma ­

tion" (Re greater than 500) particle stability was affected by formation of 

eddies in the wake . 

In 1950, McNown and Malaika ( 6) reviewed the data on m etal 

shapes that Malaika had gathered and independently developed a shape 

parameter the same as that sugge sted by Corey. Sieve diameter and 

sediment diameter were related by a factor K 

K = Ws 
w 



where 

11 

Ws is the fall vel ocity of a sphere with diameter e qual to the 

nominal dia m et er of the particle. 

W is the fall velocity of the particle. 

In 1952 Wilde { 15), working with gravel-size d particle s , com­

pared the product ab with the actual project e d area of the particle. The 

ratio of proje cte d area to ab was found to average 0. 75 . A comparison 

of data for naturally round and sharply angular particles showe d poor 

correl ation using the shape factor _c_ and Wilde reasoned that 
C 

-/ab 
doe s not take into acc ount the factor of angularity. 

He · e xpl ored the possibility of using a shape param eter equal to 

the ratio of particle volume to projected area but decided that little advan­

tage woul d be gained and projected are a was more difficult to measure 

than the terms in 
C 

,/ab 

In 1953, Schulz (9), while studying s ize r anges from O. 2 mm to 

O. 5 mm and us ing the Corey shape factor, noted the large scatter of his 

and others ' data on the Cd versus R e pl ot with the Corey shape fac t or 

as the third variable. He a ttributed this scatter to measure m ent e rror 

or to possibly some unknown factor . Schulz's Cd versus Re pl ots s how 

data for both naturally worn and also a ngula r particles. 

The Unite d States Interagency Re port No . 12 ( 11}. 195 7, give s a 

relation between Cd and Re for various particles. The net gravita ­

tional forc e acting on a particle i s given b y 
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where 

d is the nominal d iam eter 
n 

p s is the mass density of partic l e 

~f is the mass density of fluid 

g is the accele ration of gravity . 

The force F r e s ist i ng the fall , as give n by Newton is 

vz 
F ' = C A p -

d f 2 

A is the c ross s e ctional a rea of the particle in the d irection of 

motion 

V is the t e rminal fall ve l oc ity 

Cd is the d rag c oeffic i e nt 

when the particle falls at t e rminal velocit y F = F ' , a nd 

The Re ynol ds number ( Re) is giv en by 

Vd 
Re= -

V 

where 

V is the velocity 

d is a charac te r istic phys ical length 

v is the k ine matic v iscosity 
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In order to make a pl ot of Cd versus Re for irregular s hapes, d is 
d 2 

7T n 
taken as dn and A is calculated from A = 4 and the s hape factor 

of the particle i s 
C 

S.F.~. 

B. Apparent Viscosity 

Baver ( 2 7) g ives reference to some of the earlier investigations 

regarding viscosities of suspensi ons by, Einstein. Einstein p r oposed the 

formula N = N ( 1 + 2. 5 cf,) 
s m 

where 

Ns is the v i s c osity of the colloidal syste m 

N is the viscosity of the dispers ion m e dium 
m 

cf, is the vol ume of the di spersed phase per unit volume of 

sol ution . 

whic h indicat e s that the apparent v is c os ity of t he colloidal sys t e m de pe nds 

on t he total vol ume of the part icles a nd is independent of the de g ree of 

dispersion. The particl e s we re as s um e d spherical and ridge d a nd cf, 

include d any water of hyd ration. 

Yotsukura (25) pointe d to some l ater modifications to the Einstein 

formul ation as proposed by Brinkman, Roscoe, Vand, and Hatschik . 

Brinkman and Rosc oe derive d an equation 

where 

1 
Nr = - -----

( 1 - CJ 2 . 5 

Nr is the ratio of apparent to fluid viscosity 

C is the volum e tric concentration of sol ids. 
V 
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This e quation was proposed to be valid for varying size fractions within the 

same suspension. Roscoe further modifie d this equation to i nclude con­

centrations of suspended material in which particles rotate as a spheri­

cal clot . For this case 

1 
Nr = --------

( 1 - 1. 35 C) 2· 5 
V 

L ater Vand made further modification to include clottin g of the particles 

in the shape of a dumbbell by 

1 
Nr = ----------

1 + 2 . 5 C + K C 2 

V V 

where K was a constant . Hatschik has indicated an e quation for volum e 

concentrations of more than 50 percent as 

1 
N r = 17 

1-C 
V 

All of the above modifications were for suspensions of ridged non-

attracting particles. 

In 1922 Bingham (28) referred to the coefficient of viscosity as 

N == F-i and, the coefficient of fluidity as if> ~ 

where 

F is the shear force per uni t area 

V is the vel ocity of the moving plate 

For clay solutions the fluidity is inde pendent of time, agitation, and 

previous treatme nt , and the fluidities of suspe ns ions follow the empiri­

cal rel at ion 
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b 
¢=(1--)~ 

C 1 

b is the volume concentration of solids 

c is the particular value of b for which the fluidity becomes 

zero (c varies from zero to one) 

~ 
1 

is the fluidity of the m e dium 

With reference to exchange phenomena, Grim ( 18), in 1952, stated 

that the cation exchange property of soils is restricted to the c lay frac ­

tions. Cation exchange capacity is high for montmoril onite and 

vermiculit e, and low for kaolinite and halloysite . The organic component 

of some soils also shows a great tendency for high exchange capacity. 

He also points out that the water adsorbed on the surfaces of the cl ay 

mineral particl es for some distance outward from the surface is not 

liquid but is composed of layers of oriented water molecules which do not 

have the properties of liquid water:. This in turn effects the a pparent size 

of an individual particle. 

Roge rs (21) , in 195 3, was concerned with viscous properties 

of drilling muds and noted for these very high concentrations that dril ­

ling muds are thixatropic or possess different viscosities for different 

rates of shear. The montmorillonite minerals possess both base e xchange 

/ 
and hydration and ionizat ion affe ct the viscosity of the solution. A usual 

order of repl acement is given by 

H, Ba, Sr, Ca , Mg, K, Na, Li 
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where the degree of hydration and ionization decreases as the type of 

salt changes from lithium to hydrogen. 

Wood, Granquist , and Krieger (24) in 1955 studied viscosities of 

dilute c l ay mineral suspensions. They s uggested bentonite suspensions 

are non-Newtonian and thixatropic and that clay suspe nsions showe d a 

need for aging ( 72 hours) be fore fluidity became stabilized. They sug-

gested a l so that for concentrations less than or equal to 5 percent the 

ratio of viscosity of solution to that of water is independent of the tem­

perature and that the viscosity of dilute clay suspensions i's governed by 

·the geometry of the particles rather than by specific interactions between 

particle and solvent or between particle and particle. 

Bave r (2 7) in 1956, mentions that in a colloidal solution it is 

assumed that the particles are hydrated and that friction takes place be­

tween the water mol ecules of the water hull and the dispersion medium . 

Colloids are d ivided into two groups , hydrophile and hydrophobe , with 

respect to their viscous propert ies. The hydrophilic sol are character­

ized by ·high v iscosity while the hydrophobic do not possess a viscosity 

appreciably different from that of their dispersion medium . Clay soils 

can be classified as occupying an intermediary position . Baver also 

refers to the equation 

where 

Ns 
No 

Ns 
No 

1 + 2 . 5 _cf>_ 
V-cf> 

is the relative viscosity 
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V is the total volume of sol 

cf> is the effective volume of the dispersed phase . 

It is noted that the effects of the amount and nature of the 

exchangeable cation affects the viscosity of clay soils . Most clay par­

ticles possess a negative charge ; the magnitude of the charge is known as 

the Hel mholtz double layer. The inner l ayer is part of the wall of the 

particle. It migrate s with the particle in an electric field and determines 

the sign of the charge on the particle . The outer layer is of opposite 

sign and is at a d istance of mol ecular dimensions from the inner l ayer. 

The ions of the outer layer are easily replaced by other ions. The pos­

sibility of replacement becomes greater the further the ion of the outer 

layer is removed from the inner layer or in other words, the greater the 

thickness of the doubl e layer or zeta pote ntial. 

In 1958 , Nor man Street (23) presented a paper on the viscosity of 

clay suspension and stated that c lay suspensions usually e xh ibit non­

Newtonian viscosity . It is often assumed that suspensions of clay min­

erals behave as plastic fluids, in other words , have a definite yiel d value 

that . must be exceeded before flow can begin. However, it seems that 

these sol utions can better be described in terms of a mixture of both 

pseudo-plastic and plastic flow. A reduction of zeta potential and not 

necessarily of par ticle charge causes the decreased repul sion at high 

e l ectrol yte concentrations. The increase in e l ectrolyte concentration 

decreases the doubl e layer thickness . The viscosity of solu ion depends 
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on the type of adsorbed cations on the clay part icle. This ranges from high 

viscosity with Li to l ow viscosity with Ca . 

In 1958 , Chakravarti ( 1 7) conducted tests on hydroge n kaolinite , 

B . D. H . kaolin, hydrogen montmorillonite , and akli bentonite . Results 

showed that by virtue of its higher zeta potential (Z. P . ) and hydration, 

H -montmorillonite clay suspensions behave as a hydrophilic colloid 

whereas H - ka.olinite , possessing a lower Z. P. and l ower hydration, be­

have as a hydrophobic colloid. A plot of results show the viscosity of 

H-kaolinite increases regularly but slightly, and that of H - montmorillonite 

increases more or less rapidly with increasing conc entration of the sus ­

pensions . He included an excellent plot r elating viscos ity to concentration 

for various m ixtures of kaolinite and montmorillonite. 

In 1961 , Simons, Richardson, andHaushild (22) worked with 

aqueous solutions of ka olin and b entonite. The appare nt viscosities of 

aqueous dispersions of kaolin and bentonit e are give n for dispersions of 

0. 5, 1, 2, 3, 5, and 10 percent bentonite and 3, 5, and 10 percent kaolin 

for tempe ratures ranging from 5 to 45. degrees centigrade with hexam eta ­

phosphate as the dispersing agent . The ratio of viscosity of solution to 

that of water is found to be independent of the temperature for concentra­

tions less than or e qual to 5 perce nt , confirming the findings of Wood, 

Granquist , and Kreiger (24). It is a l so note d that the amount and type 

of dispersant a ffect s the v isc osity of a water- l ay solution. The specific 

weight of the sediment-water dispersion in pounds per cubic foot is 
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given by 

where 

'( = -------c 
'(s - 1. O 3 

10
4 

C is the concentration in parts per m illion by weight 

'(w is the specific weight of water 

'( s is the spec ific weight of the sediment 

They point to the ne e d for a more exact de finition of Cd versus Re 

rel ation for irregular-shaped sedime nt particles . 

From results of flume studies it appears that the total sedime nt 

dischar ge of a stream cannot be predicted unless the concentration of 

fine material and its affect on fall vel ocity are known. 

In gene ral, resistance to flow and b e d materia l transport is 

dec r e ased in the l owe r regime and increased in the upp e r re gime when 

f ine s e diment is applied to the flow . Addition of fine sedime nt t e nds to 

stabilize the b e d and streamline be d f orms in the l ower flow r e gime. 

In the upper flow re gime , the reduction in fall velocity that results from 

the addition of fine sediment may change a plan e bed flow to a standing 

wave or antidune flow . and in general tend to change the bed form from a 

l ower stage of deve l opment to the next higher one . 

Also in 1961 , Riddick (20) presente d a paper on the design of a 

devic e for m e asuring z eta potentia l to be use d in the e nginee ring field. 
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The fundamental equation for determining zeta potential of particles of 

a size comparable to raw water colloids is given as 

where 

uvt 41r 
Z . P. = --

Dt 

U is the electroporetic velocity of the particle 

Vt is the viscosity of the suspending liquid 

Dt is the dilectric constant of the suspending liquid . 

In 1962 , Hubbell and Khalid Al-Shaikh Ali ( 19) investigated the 

effect of temperature on the mechanics of flow in alluvial channels . They 

found that changes in water temperature cause changes in the total bed 

material concentration, flow resistance, shear, and sometimes the bed 

form. 

The magnitude and direction of the se changes were not the same 

for all flows. When the temperature changes, the viscosity changes and 

consequently the fall vel ocities of the b e d material a l so change. Thus the 

influence of the bed material is altered and the stream adjusts to accom ­

mode the change in fall velocity. 

C . Summary 

Several methods have been proposed for describing particle shape 

as it affects the fall vel ocity of a particle . A parameter which woul d 

include all the properties affecting fall velocity of a particle may b e a 

combination of several eleme nts ; volume, surface area, roughness , 
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angularity and flatness . Under certain circumstances roughness and 

angularity may be difficult to distinguish from one another . It is also 

conceivable that particles of the same fixed roughness, vol ume, angul ar­

ity and flatne ss would be difficult to differentiate with regard to surface 

are a . One significant property of the well rounded s e diment particle 

which is still in need of further investigation is that of surface area . 

C 
At pre sent the most commonl y used sha pe par ameter --

-./ ab 
(Corey shape factor is one which considers apparently only the flatness of 

a particle. This parameter has primarily been accepted bec aus e of the 

relative ease of measurement of the te r ms in the par amete r. However, 

graphs of Cd versus Re us ing this param eter a s the third variable 

show a l arge amount of sca tte r , pointing to the need for a closer l ook 

at th e othe r possible p r opertie s of partic l es. Surface a r ea has bee n con­

sidered a s affecting fall velocity of a pa rticle ; howe ve r , the surface area 

of an irregular s hape has prove d to be quit e difficult to m easure. 

The literatur e a l so shows that the fluid prope rt ies (viscosity a nd 

de nsity} and bed - m a t e rial transport are a ffected by additions of fine sedi­

m e nt. Bed forms can a l so b e modified by changes in the amount and kind 

of fine material concentration. Investigations have also shown that 

apparent viscosity due to concentration of fine material in the fl ow can 

materially affec t the fall velocity of individual pa rticles and that the 

mechanics of the c onditi on are not c ompletely unde rstood . 
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CHAPTER III 

THEORETICAL ANALYSIS 

This section is intended to discu s s the theory relative to the 

dynamics of a freely falling particle in a quiescent fluid and the approach 

used to investigate surface area as it affects a shape parameter and fall 

velocity. The fundamental concepts used are also reviewed . 

A. FUNDAMENTAL CONCEPTS 

Certain assumptions are generally made in order to develop the 

relationships among forces acting on solid, freely falling objects. The 

fluid is assumed to have uniform density and viscosity and the falling 

particle is assumed to have reached terminal velocity. Under these con­

ditions it i s possible to equate the net submerged weight of the particle 

to the resistance to fall. The relationship for resistance or drag is 

dependent on the Reynolds number which in turn relates the inertial 

for ce s to the viscous forces and provides an ind e x to lamina~- and 

turbulent flow. 

The total resistance to fall or drag force is composed of two basic 

components , pressure and shear. The shear component is caused by 

tangential shear along the particle boundary while the pres sure component 

is c aused by the pressure exerted by the fluid normal to the particle 

boundary. All fluid resistance can be divided into one or a combination 

of these two components. The shape or form of an object and its orien-, 

tation to the flow greatly influen e the role of pressure and shear in any 
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given situation ( 26). 

By making use of the Reynolds number (ratio of inertial to viscous 

forces) it is possible to describe three regions of flow as indicated in the 

drag-·Reynolds number relations. At very small Reynolds numbers (less 

than O. 5) t he flow about a submerged object is laminar and the shape of 

the object is of secondary import ance in relation to the drag , Under 

these conditions the viscous forces predominate and flui.d shear is of 

primary importance. Henceforth , thi.s region will be referred to as 

Stokes region named after the man who der ived a mathematical solution 

for purely laminar flow .. This solution (known as Stokes Law) is 

24 
F = 31rµVd and the pl t of Cd versus Re is a straight line and Cd = Re 

In this region shear contributes 2/3 and pressure l /3 of the total drag . 

As the Reynolds number is increased, the pressure forces con -

tribute more and more to the total drag . The degree of influence of the 

pressure depends on particle shape, orientation and Reynolds number , 

This region is referred to as the transition region, The shape of the 

particle determines the path taken by the fluid and a zone of separation 

begins to form on the downstream portion of the particle . 

At larger Reynolds numbers the inertial effects predominate 

and the drag coefficient can be regarded as independent of the Reynolds 

number . This will be referred to as the inerti.al region , A separation 

zone i.s formed and a large reduction in pressure occurs in the wake 

downstream from t he particle. T he n atur e of the separation zon e and 
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the vortices which occur wit h in it . depends on t.he shape , or i entation 

and Reynolds number . The forces caused by the pressure are of pre­

dominat importance in this range of Reynolds numbers . 

B. FLOW PATTERNS 

The flow patterns which may occur and the resultant particle 

motion are dependent on several phenomena of fluid flow past submerged 

objects. The fundamentals of these phenomena are described below. 

1. Separation 

As the Reynolds number increases the inertial effects become 

more predominant and the phenomenon of separation occurs. 

Fixed zones of separation are associated with angular 

shapes . A disk (for example) with its circular face normal to the ap ­

proaching flow will have a separation zone at the c ircumferential edge 

of the disk and it will remain there r egardless of the flu id or flow 

character i stics. 

For the s ituation of the gradually expanding boundary the 

. dv 
point of separation occurs where ·dy == 0 on the boundary . This sepa-

ration is characterized by a reversed flow nea r the boundary . The lo­

cation of this point varies depending on particle geometry and flow con-

ditions. If the flow near the boundary is laminar the velocity gradient 

dv 
dy 

near the boundary is relatively small and the particle boundary 

does not need to expand to any great extent before separation will occur . 

However , if the boundary layer is turbulent the mixing is much greater 
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and the velocity distribution is more nearly uniform . The change from 

this more nearly .uniform distribution to zero velocity at the boundary 

dv 
makes dy much larger and thus the boundary may expand from the flow 

to a greater extent before separation will occur . This point of separation 

has great influence on the magnitude and distribution of the shear and 

pressure. A point of separation well forward on the body will have the 

effect of reducing shear and increasing pressure and a point of separa­

tion well downstream on the body will have the reverse effect . Although 

the location of the point of separ ation will remain in a fixed position for 

an angular boundary, the point will shift upstream around the boundary 

for a surface of slight curvature as the Reynolds number is increased 

until t he flow near the boundary becomes turbulent, at which time it 

will suddenly shift downstream. 

2. Vortex Formation 

Separation is accompanied by the formation of vortices. As 

the separation zone develops vortices are formed at the trailing edge of 

the particle . In the case of a sphere ( 26) or disk ( 35) a vortex ring may 

be formed. In the case of long cylinders a pair of vortex sheets may 

form. These are stable at small Reynolds numbers but "break off'' at 

larger Reynolds numbers and new sets alternately form at the two edges . 

Investigat i on of a circular cylinder ( 26) shows the pressure drag gradually 

increases from 1 /3 the total at small Reynolds numbers to about 1 /2 when 

vortices begin to form . Beyond this point the contri.bution of pressure 
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jumps to about 75 percent of the total drag when the alt-ernati-ng system 

of vortic-es has been formed . Karman derived a theoretical relationship 

for such a s ystem of well establi.shed vortices in terms of the longitudinal 

spacing .L and the transverse spacing b . The frequency f of the alter­

·nate shedding is given by 
Vv 

f = .1, where Vv is the velocity of the vortex 

street relative to the cylinder ( 26). 

The alternate shedding of vortices downstream creates cor­

responding fluctuations in pressure and consequently alternating trans­

verse thrusts on the particle. At much higher Reynolds numbers the 

vorti ces appear to break down and blend into the flow as random turbu-

lence. 

3 . Circulation 

Circulation r is defined as the line integral around a closed 

curve fixed in the flow . An element of circulation ctr is defined as the 

product of the velocity component tangent to the curve and the element 

ds of the closed curve or 

r = 

If a submerged object is rotated the additional motion gives 

rise to the phenomenon of circulation. Side thrusts may develop due to 

this rotation which has been termed the Magn_us affect after its discoverer. 

It has been shown (30) that net circulation about a symmetrical object is 

zero since the vorticity shed at the top and bottom is the same but of 

opposite s ign. However, if the object is not symmetrical, d i fferent 
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amounts of vorticity are shed from the top and bottom and as a result , 

a circulation is produced around any contour surrounding body. This 

phenomenon in turn a ffects the local pressure d istribution around the 

body . 

C. TYPES OF PARTICLE MOTION 

The motion of an individual particle in free fall is stable for 

very small Reynolds numbers . As the role of the inertial effects be­

comes greater, however, thi s stabl e or ientation no longer persists and 

parti cle motion will be influenced by the phenomena described in the 

section on flow patterns , As soon as separation occurs vort i ces begin 

to form . These are seldom formed s y mmetrically about a three dimen­

sional object depending to a great extent on particle shape and orientation 

to the flow . 

Cons J.der for example a thi n flat rectangular shape falling through 

a viscous fluid with its major c r oss secti onal area perpendi ular to the 

direction of fall. At some value of the Reynolds number the v or t ices that 

have developed at the edges of the rectangl e will release in a regular alte r ­

nating pattern. The vortices formed at the ends will be effected by those 

formed on the sides and in the extreme corners of the rectangle a some ­

what superimposed result wi ll occur . Since these vortices affect the 

pressure distributi.on a resultant alternating force will occur with some 

eccentr icity from the center of gravity, which in turn will impart a 

torque to the particle ( see sket ch) . 
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As the .part icle is tipped slightly to the d irection of fall the resultant 

shear will be directed al ng the inclined particle and a component of 

submerged weight will a ct a l ong the opposite direction with the magni ­

tude of the weight component increasing with increased inc lination of 

the particle . 

-\ - -

Since the elements of pressure and the other component of the 

submerged weight act only normal to the sur face of the inclined shape 

there i s an unbalanced thrust tending to make the particle s lid e back 

towards its or iginal fal.1 centerline as the particle inclination is in-

creased. 
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As the next vortex system is shed from the opposite end of the 

particle the reverse process is observed and the mass center of the 

object is shifted to the opposite side of the fall centerline and the entire 

process repeated over and over. 

At the same time any net circulation present will modify the 

shear and pressure distribution which in turn will alter the thrust and 

torque on the particle . Ini.tial local instabilities in the fluid as well as 

the release mechanism will also influence this behavior " Thus it i s 

seen that particle motion during the formation of vortices may be a 

sliding, tipping or rotating motion or some combination of these . The 

net thrust and net torque exerted on the particle will be the integral re ­

sult of the influence of these motions on the shear and pressure distri­

bution surroundi ng the particle. The schematic drawing shows the re·­

lationship of forces at a certain angle of inclinatio!~ of the particle. 

Qualitatively there is a decreas,~ in pressure from A to B and a 

further decrease from C to D. The greatest pressure reduct i on 

occurs from A to D which augments the vortex formation there. 

The particle itself is experiencing constant periodic changes in velo­

city as it moves from point to point through the liquid and a summation 

of forces at any instant is a force equal to the product of particle mass 

and acceleration , As one applies the above considerations to other 

shapes 1t is apparent that the relative order of the magnitude of the re­

spective forces will be altered , 
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D . SURFACE AREA AND SHAPE FACTOR 

The hy draulic behavior of freely falling solid partic les in a 

viscous flu id may be characterized by two extremes in shape , that of a 

sphere and that of a thin flat particle. A consideration of these shapes 

should furnish some information about other intermediate shapes. 

Wit h reference to the thin flat parti cle of Fig. 1 and of surface 

area S . volume V , and thickness c, the value of the Corey shape 

factor is 

S . F . 
C 

= 

For purposes of illustration, remove the portion X such t hat 

the length o p q =; o r q, then the surface area removed is equal to 2S 1 

if S I is the surface area of one s ide of X. The volume removed is cS 1 

where C represents the a verage thickness. Since the values of a , b , 

and c have not changed, the sha.pe factor remained constant . It is now 

necessary to determine the e ffect of removing the portion X on the Cd 

versus Re relation without changing the shape factor ( S . F . ). 

where 

Making use of the drag equation of the form 

v (rs - rf) g = 

V 
pf 2 A 

V is the particle volume 

A is the cross secti onal area 

KV 
A V2 ( 3. 1) 
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FIG TYPICAL IRREGULAR - SHAPED PARTICLE 
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K is 

and the region of .application is considered outside Stokes range one 

sees that the coefficient of drag of the original particle C do is 

1. decreased by a decrease in V 

2 . increased by a decrease in A 

3. increased by a decrease in V 

when the portion X is removed . 

If one assumes that the area A in the drag equation is that 

area exposed to the direction of fall and that the particle will fall with 

i.ts maximum projected area normal to the direction of fall, A is then 

approximately equal to 

(S - ex 1 ) 

2 

where x I is the circumference of the particle. Then for t he original 

particle 

C = 
do 

c ( S - ex 1 ) K = Kc 
( S - ex ') V 2 'v2 ( 3. 2) 

0 0 

where V is the terminal fall velocity of the original particle . 
0 

For the particle with the portion X removed, the coeffi cient of 

drag C dl i s 

= 
Kc 
yT 

1 
( 3. 3) 

where V 
1 

i s the terminal fall veloci.ty of the particle with the portion X 

removed. 
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This of course assumes that both particles are fall ing in the 

same fluid with t he same orientation at constant t emper ature . 

Now taking 

( 3. 4) 

where t h e initial conditions may be taken as a constant, it is now possible 

to determine how C dl - C do c hanges with velocity . 

and 

aZ 
av 

cb 
= --3 

v1 

ca 
v4 

1 

where a and b are constants . 

This indicates the graph of :K versus V 
1 

is similar in form to that 

s hown in F ig . 2 . 

Since V 
1 

i s less than V 
0

; Cd 
1 

is greater t han C do ; and Re is 
0 

great er than Re 
1

, the general shape of t he Cd versus Re relation 

should be as shown in Fig . 3; where the subscripts 
O 

and 
1 

refer to 

the original particle and t he particle with the portion X removed 

respect ively . 

In the inertia l. region however, previ ous researc h has indic ated 

that Cd becomes independent of Re and approaches a constant value 

as shown by the dashed lin e s on F ig. 3. This illustrates the fact t hat 

the Corey shape factor alone d oes not descr ibe t he part i cle adequately . 
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FIG. 2 GENERAL VARIATION OF CHANGE IN 

THE DRAG FORCE WITH CHANGE IN VELOCITY 

CAUSED BY MODIFICATION OF PARTICLE SHAPE 



' 

I ' ' \ 

Cd 

' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ... ' ' 
'' ''' SHAPE ( I ) ', ....... .... 

', -----------------... 

Re 

...... --- SHAPE (0) ------------
S.F. Cl/ab 

FIG. 3 GENERAL VARIATION OF DRAG ·COEFFICIENT WITH REYNOLDS NUMBER FOR 

MODIFICATIONS OF PARTICLE SHAPE 
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For the previ ous analys i s- to be valid in co-rnparison to concepts of pres­

sure drag , the change from particle ( o) to particle ( 1) by removal of 

the portion X actually shifted from one shape curve vertically to that 

of another shape curve . 

It appears that an expression of particle shape may be influenced 

by several parameters . The Corey shape factor of a sphere is 1 . 00 and 

since shape factor is a good measure of flatness and has already proved 

to be a fairly good indication of t he orientation of the curves for various 

particles in the Cd versus Re relat ionship, it seems advantageous 

to combine it with similar expressions which relate partic le roughness, 

angularity and surface ar ea . The purpose of this study is to determine 

the effect and necessary modificat i ons relating to surface area. 

Since the sphere has been thoroughly investigated and its relation ­

ship in the Cd versus Re d iagram is quite sound , it seems wise to use 

it as a base from which to measure other particles . The C orey shape 

factor ., as it has been used , places the sphere (S. F. = 1) at the lower 

portion of the Cd versus Re diagram . The results of tests on other 

shapes (Corey shape factor less than 1) show curves s i tuated above the 

sphere curve with values of shape factor decreasing in the vertical 

direction. Then with t he vertical shift shown in F ig . 3 wi th the removal 

of the port i on X (S. F. =constant) , the correction applied to the Corey 

s hape factor must be such that it would dec rease the Corey shape factor 

in order to account for the effect of surface area change . 
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A correct ion which would tend to indicate the distr ibution of 

surface . .area and at the same t i me maintain a shape parameter equal to 
d d 

1. 00 for spheres would be the ratio of · d A or d n . 
n A 

d . is the diameter of a sphere having the same volume as that of 
n 

of the particle (nom inal diameter) 

d A is the diameter of a sphere having the same surface area as 

that of the particle 

dA 
It must now be shown that either 

d 
n 

d 
n 

or is a function decreasing 
dA 

in absolute value , 

With reference to Fig. 1 
d 3 

1r n 
V = 

6 
or d 

n 
_:16V -v-:;-

S - 1r d 2 or d =-. ~ = A . A y ·; 
then 

d 
Ao 

d 
no 

for the original particle where c 
1

, c 
2

• and c 
3 

are constants , 

Then for the particle with portion X removed 

dAl c3 -Y S - 2S ' c 3 2\ = .yv-d cS' 
-· 

nl 

where 

°Y S - 2S 1 

yv - cS ' 
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then 

dZ 
1 

C 

3 
(S - 2S ' )l/Z (V - cS ' ) - Z/3 -· (S - 2S ' )-l/Z (V - cS 1//

3 

or 

and 

dS ' 

(V -cS 1 )
2

/
3 

dZ l 

dS ' 

= c (S - 2S ' )l/2 (V - cS ' ) - 2/3 
3 

- (S - 2S ' )- l /Z (V - cs i )l/3 

cs 
= --

3 
cS' + - - - V 
3 

which with further refinement yields 

dZ 
dS~ (V - cS ') 4/3 (S - 2S')l/2 

3 
- = S + S ' 
C 

3V 
C 

( 3. 5) 

where the si.gn of all the terms on the left are positive with the excepti'on 

of the unknown ( ::: ) , then if it can be shown that the net sign of ( S + S - :v) 
. . I dZl ) 1s negative, __ 

dS 1 

\ 

must be negative and the function i s a d e e e asing one , 

For small c and s I and an area and volume approximation of 

S = 2ab, V = abc, the right side of the equation becomes (s 1 - ab) 

where s ' is much less than ab or the sign is negative and the function 

is a decreasing function , Thi s suggests a new shape parameter 

where S. F. = 
C 
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E o REYNOLDS NUMBER 

It is also necessary to i.nvestigate the Reynolds number since it 

has been customary to use d as the characteristic length in the Reynolds 
n 

number equation . It may be t hat d A would be a better c haracter istic 

length for particle descriptions . 

Reynolds number i.s defined as the ratio of inertia force to that of 

the resistance force due to vi scosity 

or v2 
d 3 V Fl p v-

Ma ' 2 vv n 
Re - = -· = ·- ----

F dv 
A 

V 
A 

V A V A 
V µ - µ -

dy L 

( 3 . 6) 

where A is the area on which the viscous shear acts . This area is not 

necessarily t he total area nor i s it a c onstant . 

From a simple ty pe of d imensional analysis Reynolds number 

becomes 

R,e =-
p V 2 L 2 

µ VL 
= 

VL 
V 

( 3 0 7) 

where L is customarily thought of as some representat ive Jengt h for 

the particle in question and in the Cd versus Re relationships for 

irregular particle L has been taken as d . 
n 

If one regards a sphere made of putty with a diameter d and 
n 

then molds t he putty into various other shapes it is apparent t hat d 
n 

stay s t h e same for all shapes and is thus not a characteri stic length for 

the particles . However, if one regards d A as the c haracter istic lengt h 

it is also apparent that t his would in effect distinguish the d ifferent forms 
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with the same d value . Thus it would appear better to use R e = Vd A 
n 

V 

for the Reynolds number .. 

F. DRAG EQUATION 

In making use of the drag equation as indicated by equation 3 . 1 
d z. 

the area term has been customarily taken as .!!_-f- . For irregular 

shapes t his does not seem to be indicative of area . Taking the drag 

equation in the form 

C = 
d 

and with area equal to 

4 
C ·::: ·-

d .3 

d .3 
n 

vz. 
AP ·­f 2 

d z. 
7f n 

4 
the equation is modified to 

d (p ·-plg n s f 
p vz. 

V 

for i.rregular shapes as well as for spheres . 

( 3. 8) 

However, in the initial equat10n it is seen that A is intended to 

represent the cross secti.ona.l. area of the particle normal t o the direction 

of falL From the analysis of the ball of putty in the section on Reynolds 

number , it is seen that here again d is not necessarily a function of 
n 

such an area for the irregular shape. Again making use of d A instea d 

of d , the drag equation becomes: 
n 

(
d ~ ?.. 4 n 

C ·- -
d 3 dA 

d 
n 

p vz. 
f 

However , it must be recognized t hat 

d z. d l. 

g 
( 3 0 9) 

1Tn 1rA 
--- and are not necessarily representative 4 4 
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of the true area term in the drag equation. The term d A may only 

appear to be a better indicat ion than d . Furthermore . the correction 
n 

(::)'from the analysis above may be too extreme and the exponent may 

have to be determined exper imentally . 
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CHAPTER IV 

EXPERIMENTAL EQUIPMENT AND PROCEDURE 

The terminal fall velocities of the gravel particles were deter­

mined by a photographic technique. The particles were dropped in the 

fall column in a dark room. A stroboscope of known frequency was 

placed at the top of the column and the flashing light used as t he light 

source to form the images with a polaroid camera located at a fixed 

distance from the column . 

A graduated scale was suspended in the fall column at various 

points i.n order to determine the scale factor to be applied to the photo­

graphs and to apply a correction to particles not falling in the exact 

center of the column. F rom the photographs of the scale suspended in 

the fluid, plastic overlays were constructed that could be placed over 

the photographs of the part icles to obtain the fall velocit i es . 

where 

The fall velocity could then be computed from the equation 

V = CD f 
N 60 

( 4. 1) 

C is the correction applied for a particle not falling along the 

center line of the fall column, 

D i.s the distance between two images taken from the plastic 

overlay, 

N is the number of image spac es between the two selected for 

measurement , 
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f is the frequency of the stroboscope in rpm . 

It was necessary to devise a different means of obtaining the 

terminal fall velocity of the larger part ic les. These particles were 

too large to be dropped in the fall column because of the limited length 

and d iameter of the column. These larger particles were eventually 

dropped in a reservoir from the side of a boat. A special technique 

was devised to measure the fall velocity and is des cribed in section 

6 of this chapter. 

A. Components of the Equipment 

1. Fall Column - The fall column consisted of a vertical plexi­

glass tube 1 / 4 inch thick, 16 inches inside diameter , and ten feet high . 

The bottom of the column was sealed with a 1 / 2 inch thick inclined plastic 

plate such that the particle as i t struck t he bottom would slide down the 

incline. A plastic tube outlet equipped with plast .i.c hos e and p inch clamp 

was located at the bottom of the incline. A plastic receiver cup was in­

serted at the outlet in order to collect the particles. A circular cotton 

fabric screen was suspended on a brass ring about 3 inches from the 

botto:µi of the plate. This screen was used to catch the particle before 

striking the bottom. With slight alternate pulling and releasing of the 

cords which suspended the ring, the particle was caused to slide down 

the fabric to an opening located near the tubular outlet of the fall column . 

D irecUy opposite the plastic tube outlet was a second opening into the 

fall column. This outlet was sealed with a rubber stopper with a long 
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brass rod extending through the center of the stopper and into the fall 

column . This rod could then be used to position the particles better for 

extraction from the fall column. 

A background of black fabric was provided in the lower section 

of the fall column for c ontrast. 

Four thermometers were provided at various points in the fall 

column to determine the temperature differential in the column. 

At the left of the column a mirror was provided in order to show 

a view 90 degrees to that of the line of the camera . This view as it ap­

peared in the photographs was used as a means of correcting fall velocity 

for particle position . 

2. Partial Release - An attempt was made to use a mechanical 

release consisting of a steel frame on which was m ounted a steel jaw. 

The jaw could be opened by pulling on a cord which led back to the posi­

tion of the camera. However , this prove d to be unsatisfac ory as a 

dropping mechanism for irregular particles. Better results were ob­

tained by simply holding the particle with its largest cross-section 

normal to direction of fall between the thumb and forefinger about one 

inch under the surface and making the drop from this position. Other 

drop positions and or ientations were tried but in all cases the particle 

would orient with its major cross-section normal to the direction of 

fall in a relatively short distance. 
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3. Stroboscope - The specifications for the strobos c ope used in 

this investigation are as follows : 

Flashing rate - 110 to 25,000 flashes per minute in three ranges : 

110 - 690 , 670 - 4170, and 4,000-25,000. 

Accuracy - 1 percent of dial reading after calibration in the middle 

range . 

Calibration -· could be calibrated against power line frequency by 

panel screwdriver adjustment. 

Flas h duration - approximately 1, 3, and 6 mic roseconds for h igh, 

medium , and l ow speed ranges , respectively (measured at 10 percent of 

maximum intensity). 

P eak light intensity - 0. 21 , 1 . 2, and 4. 2 million candlepower 

minimum on high , medium, and low speed ranges respectively . For 

single flash , 7 million candlepower. 

Reflector angle - 10 degrees at half intensity point s . 

4 . Scale - A calibration scale was made by marking a white 

painted steel tape at five centimeter intervals . The scale was then 

weight ed at the lower end and suspended in the fall column for ea c h of 

the several fluids used during the test. 

5. Camera and film - A P olaroid Land Camera , Model 95B , 

was us ed for this investigation . 

The film was Polaroid type 47 having a speed of ASA 3200. 

The prints obtained were 3- 1 / 2 by 4-1 / 2 inches. 
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A sketch arrangement of t his equipment is shown in figure 4 and 

a photograph of the equipment is shown in figure 5. 

6. Velocity Measurement of Large Particles - The rear wheel 

and hub from an English racing bike were mounted in a steel bracket 

which in turn could be fastened to the back of a boat much like an out-

board motor . The wheel was fitted with a hand operated brake as well 

as a mechanical brake system which could be adjusted and set to any 

desired degree of bearing resistance for the wheel. A light spring steel 

wire was then fastened on the periphery of the wheel in such a way as to 

protrude out radially from the rim . A 1 / 16 inch diameter, 150 lb . test 

ny lon c ord was then wrapped around the rim and the particle to be dropped 

fastened to the loose end of the cord. As the particle fell through the 

water the wheel would turn and as it turned the spring steel wire would 

strike an insulated metal contact with each revolution . The bracket 

holding the wheel and the insulated contact were then connected in 

series with a 45 volt D. C . battery and a 28 volt D. C . counter . 

In this manner each revolution of the wheel was recor ded by 

the counter. A stop watch was then used to time a series of revolutions 

and the fall velocity computed from 

N'C ' 
V = 

T 

where 

V is the velocity in cm/sec, 

N' is the number:- of revolutions, 
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C I is the circumference of the wheel (cm) , 

T is the time in sec. 

The wheel was allowed to go through two revolutions before beginning 

to count to insure that the particle had fallen a sufficient distance to 

reach terminal fall velocity. 

B. Particle Surface Area Determination 

At this point a method had to be devised for measuring the sur­

face area of t he irregular shapes. Two methods were tried and a des -

cription of the procedure used and results obtained follows. 

1. Wax Method - In the wax method regular household wax was 

melted in a glass beaker which was held at 75 degrees centigrade in a 

constant temperature water bath . The gravel specimens were placed in 

a temperature-controlled oven. The temperature setting of the oven was 

also maintained at 75 degrees centigrade and checked periodically with 

a thermometer. Each piece of gravel had been previously spray painted 

with "Tempo" brand , No. 6004 Callion Gold lacquer to prevent the ab­

sorption of additional moisture and also to give the necessary light re­

flectivity for photographing during the fall velocity tests. 

After the particles had been in the oven a sufficient length of 

time to reach a temperature of 75 degrees centigrade and all of the ex­

cess moisture had been driven off , they were removed and each one was 

weighed separately and the weights were recorded. The balance used 

was a Voland and Son's Chainomatic analytic type with capability to 
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0. 0001 gram. After weighing, the particles were placed in the oven 

at 75 degrees centigrade. 

After allowing the particles to reach a temperature of 75 degrees 

centigrade, an individual particle was removed from the oven with a 

s urgical tweezer and immediately suspended in the melted wax for a 

period of ten seconds, after which it was removed and allowed to drip 

freely in the room air at 18 degrees centigrade. After all dripping 

had stopped (approximately 10 seconds) the particle was immersed in 

water at room temperature ( 18 degrees centigrade) and the wax allowed 

to set. The particle was then weighed again ( with the wax coating) and 

the weight recorded. This process was repeated for all the particles, 

taking care to observe the same minimum contact of particle and tweezer. 

The wax was removed from the particles by immersion in hot water after 

which the particles were again placed in the 75 degree oven and allowed 

to come back to temperature equilibrium. This process was repeated 

ten times and an average weight of wax was computed for each particle 

for the ten trials. Duplication of results was reasonably consistent 

(see table 1) . 

At this point a special particle was selected (of the same material 

as the gravels) which was of such a shape that a relatively small amount 

of grinding transformed the particle into one which had a shape that al­

lowed physical measurements of its size to be made and calculation of 

its surface area. (A round particle and a flat one were selected in order 
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to determine if different amounts of wax would adhere to the particle per 

unit of surface area. The two extremes in shape showed essentially the 

same weight of wax per unit of area.) 

After determining the average weight of wax (ten trials) for the 

particles of known surface area, a factor of grams of wax per unit sur­

face area was calculated and applied to t he particles of unknown surface 

area to determine the surface area of the i.rregular shapes. 

2. Fluorometer Method - The possibility of using the fluorometer 

to determine surface area of gravel-sized particles was suggested by 

Daryl B. Simons. 

In t his method 150 m illiliters of distilled water was placed in a 

beaker and to thi s was added O. 40 grams of "labtone II glass cleaner and 

0. 10 grams of Rhodamine B red dye. The glass cleaner was used to 

modify surface energy effects , This soluti on , as well as the gravel 

particles , was allowed to reach room temperature ( 22 degrees centi­

grade). 

Each particle was thoroughly washed using the glass cleaner to 

create the same surface energy effects as the solution. At this point 

each particle was separately immersed in the dye solution (using the 

surgical tweezers) for a period of 15 seconds, after which it was re­

moved and allowed to drip freely in air ( 22 degrees centigrade for ap­

proximately 10 seconds). The partic le was then dropped into a beaker 

which contained 300 milliliters of pure distilled water. The beaker 
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(now containing the particle) was agitated thoroughly so that the dye 

solution that adhered to the particle would go into solut i on with the 

300 milliliters of water. Some of this solution was then decanted off 

into a small test tube which, in t urn , was placed in the fluorometer 

(the fluorometer was a G. K. Turner , Model no. 111 , which had been 

zeroed using distilled water). 

The reading of the instrument was observed and recorded, the 

particle washed again, and the process repeated for each particle. An 

average of the readings for ten trials was computed for each particle. 

Again there was reasonably good consistency between the readings for 

an individual particle. A factor then was obtained from the average 

reading of the particles of known surface and expressed as gage reading 

per unit surface area, There again appeared to be little di.fference in 

unit adhesion between the round and the flat calibrating part icles. The 

unit adhesion factor was applied to the particles of unknown surface area 

which in turn yielded the surface area of the irregular particles. 

3. Conclusions and Comparison of Results - The surface areas 

obtained from the fluorometer method required less accurate controls, 

was easier to operate, and was less time consuming than the wax method. 

The temperature, controls, and amounts of materials used in 

either method have been given only for means of clarity in explanation. 

Since anyone making such tests must calibrate using properties affiliated 

with some standard particle, the properties and controls expressed here 
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in these tests could be altered to fit the new situation as long as they 

remained consistent. 

Table I shows the measured quantities using both methods as 

well as the standard deviation of the ten trials. The standard deviation 

was computed from 

(Lx) 2 

Sx 
n 

( 4. 2) 

C. Particle Properties 

Ten particles were carefully selected to cover a range in shapes 

from spherical to flat. A photograph of the ten part icles used, is shown 

in figure 6'. The s y mbol shown on each card i s used to plot the results 

of tests on graphs. Particle 1 is a glass marble and was chosen in order 

to provide a c heck on the Cd versus Re relation for spheres for each 

series of drops or viscosity of flu id. On the flat end of the scale , part­

icle 2 was selected on t he basis of its r ound flat character i s t ics and 

particle 3 for its flat rectangular character " 



GRAVEL-SIZED PARTICLES 

FIG. 6. PHOTOGRAPH OF THE IRREGULAR GRAVEL-SIZED PARTICLES SHOWING 
THE LETTERING AND NUMBERING SYSTEMS USED TO DESIGNATE EACH PARTICLE 
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TABLE I 

COMPARISON OF SURFACE AREAS FOR IRREGULAR 

PARTICLES BY THE WAX AND FLUOROMETER METHODS 

Part d 
Wax method Fluorometer method 

number 
n 

S.F . cm 
Area Sx Area Sx 

cm2 cm 2 cm 2 cm2 

2 2 . 44 0 , 22 40 . 8 0. 95 37.0 3.9 

3 2 . 62 0.3 1 39 . 9 2.2 37.2 4.5 

4 3 . 28 0. 74 57.8 3 . 7 55 . 7 2.9 

5 2.99 0.75 46.8 3.3 47.7 2.3 

6 3.06 0 , 67 41. 4 3.4 44 . 8 2.9 

7 3.31 0.56 56. 0 5.0 55.2 2.9 

9 3.24 0.64 50.7 4 . 8 47.6 5 , 2 

10 3.28 0. 73 49.9 3.2 53,4 4.2 

Parti.c les 4 and 5 possessed near ly spherical character but of different 

densiti.es and si.ze. Numbers 6 and 7 were of egg-shaped a p,t)earance 

with d ifferent size and specific weight . Particle 8 was a relatively 

flat piece of mica . However , this particle was not suitable for study 

si.nce it had a tendency to flake off and to take on considerable amounts 

of moisture between the mica layers . Particles 9 and 10 were of com­

pletely irregular character but at the same time similar in nature to 

each other. All particles were oven dried and then spray painted a 

y ellow color in order to give a good light reflectively and to avoid ab ­

sorption of moisture during testing. 
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The dens ity of the particles was found by weighing in air and then 

in distilled water from the relation 

where 

p 
p 

w~ 
Wa - S 

Wa is the dry weight in a ir, 

pw is t h e density of water, 

S is t h e scale reading of submerged weight 

p is the dens ity of the particle , 
p 

Particle volume i s t hen 

Wa - S 
l,f = ----

pw 

and 

where d is the nominal diameter (see t ab l e number II). 
n 

( 4. 4) 
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TABLE II 

PROPERTIES OF GRAVEL-SIZED PARTICLES 

USED IN FALL VELOCITY TESTS 

Particle 
Symbol 

d dA gm / cm2 S.F. (df number 
n S . F . dn cm cm 

1 e 2.49 2.49 2.47 1. 00 1. 00 

2 X 2.44 3.51 2. 93 0.22 0.32 

3 0 2.62 3.5 0 2. 91 0 .3 1 0.41 

4 + 3 .28 4 . 25 2.57 0.74 0.96 

5 I::, 2.99 3.88 2.59 0.75 0.97 

6 z 3 .06 3 .70 2.96 0.67 0.81 

7 C 3.3 1 4.20 2.98 0 . 56 0.71 

8 K 1. 36 2.70 0.22 

9 V 3 , 24 3.96 2.59 0.64 0.78 

10 
,,_ 

3.28 4.06 2 .6 3 0.73 0.90 ,,, 

As a check on the results obtained from the irregul ar shapes 

several particles were machmed from aluminum in order that the 

shapes used would have some mathematical expression for volume and 

surface areas . Disks , spheroids and rods were selected. One of the 

disks was 1 -1 / 2 inches in diameter and 5 / 3 2 inch thick. The other was 

1 inch in diameter and 1 / 8 inch thick or a scale factor of O. 5. The 

larger of the two spheroids had a major a xi.s of 1 -1 / 2 inches , and minor, 

of 3 / 4 inch while the smaller had a major axis of 1 inch and a minor of 

1 /2 inch or a scale factor of 2/3. The scale factors referred to, 
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represent the multiple by which representative lengths of one size were 

modified in order to obtain another size but of the same shape. These 

particles were dropped in water ( 11 degrees centigrade) and the fall 

ve l ocity results as well as particle properties are given in table III. 

The large particles used c nsisted of a regulation size concrete 

test cylinder and two steel cylinders of different sizes . The properties 

of these particles are given in table IV. 

D. Fluids 

In order to cover a range of Reynolds Numbers for each individual 

particle, various mixtures of glycerene and water were used to obtain 

different viscosities for the surrounding medium. In thi s manner, a 

wide range of viscosities could be covered and a clear solution could be 

maintained for taking photographs. 

The viscosities of the fluids were obtained using a Stormer vis­

cosimeter and curves showing viscosity as a function of te :'11.DPrature 

are given in figure 7. The densities of the solutions are given in figure 8 . 

The water and glycerene were mixed using a centrifugal pump 

connected to the outlet of the fall column and pumping back into the top 

of the fall column . The pump was run for approximately three hours to 

insure thorough mixing. After the pump was shut down the fluid was 

left to stand in the fall column for about three days in order for all air 

bubbles to escape and turbulence to dissipate. Only water was used for 

the large particles and the machined shapes. 
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TABLE III 

FALL VELOCITIES AND PROPERTIES 

OF MACHINED PARTICLES 

Velo. 
d dA 

dA 
cm/ pp n S . F. S.F .d Cd Re 
sec. cm cm n 

87.5 2. 79 2.40 2 . 48 0.707 0.73 0.734 16,750 

76.6 2.79 1. 60 1. 66 0. 707 0.73 0.614 9,820 

48.3 2.79 1. 15 1. 35 0.50 0.585 0 . 99 5,040 

33.3 2.79 0.576 0.673 0.50 0.585 1. 04 1 , 730 

30.0 2.79 1. 82 2.52 0.125 0.173 3 .42 5 , 850 

28.0 2. 79 1. 46 2.00 0.125 0.173 3 . 19 4,330 

11 is the l.a.r ge spheroid. 14 is the small rod. 
12 i.s the small spheroid. 15 is the large disk. 
13 is t he large rod . 16 is the small disk. 

TABLE IV 

FALL VELOCITIES AND PROPERTIES 

OF STEEL AND CONCRETE CYLINDERS 

Velo. p 
d dA 

dA 
c~/ ~rf~/ n S . F. S.F.d Cd Re 

sec c cm cm 
n 

220 2.39 22.0 24. 1 0.707 0.775 . 765 483,000 

204 8. 19 7.77 9.62 0 . 389 0.481 1. 47 179,000 

379 8.00 9.07 9 ., 76 0.817 0.879 .577 307,000 

17 i s the concrete test cylinder (approximately 6 11 di.a . by 
12 fl long) 

18 is a. steel cylinder (approximately 1-3/8 dia. by 9- 1 / 2 fl 
long) 

19 is a. steel cylinder (approximately 2-3/4 dia. by 4-1 / 4fl long.) 
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E. Procedure 

The physical size range covered by the particles ne essitated 

two di.ff erent procedures for the determination of the terminal fall velo­

cities of the particles. 

1. Gravel-sized Particles - After the des ired flu i d had been mixed 

and allowed to stand a sufficient time . the particles were prepared for drop­

ping. Just prior to dropp ing all particles were immersed m a beaker con­

taining some of the drop fluid. The next step was to adjust the flashing of 

the stroboscope such that two consecutive images on a photograph were 

about 1 centimeter apart on the photograph. This usually required a 

trial drop at a given setting and then an adjustment in order to obtain the 

desired setting. The camera shutter control was set at 11B 11 with lens 

opening at f8. 8 and triggered by a cable release thus allowing the shut-

ter to be held in an open position by the operator. With the camera set 

and the stroboscope set at a suitable flashing rate , all lights were turned 

off, the stroboscope turned on and the particle released. As the particle 

reached the lower half of the fall column the lens shutter was opened by 

means of the cable trigger and held open until the particle reached the 

bottom. Then the lights were again turned on ., the picture removed and 

the stroboscope frequency recorded on the photograph . Figures 9, 1 O, 

11 show pictures of the type used for computation of fall velocity. 

2. Large Scale Particles. - The large particles were suspended 

over the side of the boat by simply holding the bicycle wheel to keep it 



(A) PA1~TICLE NO. 2 (B) PAR TICLE NO. 

100% GLY C . 100% GLYC. 
200 RPM 200 R P M 
23. 2° C 23. 2° C 

FIG. 9. SAMPLE PHOTOGRAPHS OF GRAVEL-SIZED PA R TICLES 
FALLING IN FLUIDS AT VARYING VISCOSITIES 
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(E ) PARTICLE NO. 2 

55% GLYC . 
500 RPM 
19. o0 c 

{F) PARTICLE NO. 3 

55% GLYC. 
500 RPM 
19. o0 c 

FIG. 10. SAMPLE PHOTOGRAPHS OF GRAVEL-SIZED PARTICLES 
FALLING IN FLUIDS AT VAR YING VISCOSITIES 



(C} PARTICLE NO . 9 (D) PARTICLE NO. 

<: 0°h GLYC. 55/o GLYC. 
600 .R P M 5)0 RPM 
20. o0 c 13.5°C 

F IG. 11. SAMPLE PHOTOGRAPHS OF GRAVEL-SIZED PARTICLES 
FALLING IN FLUIDS AT VARYING VISCOSITIES 
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from turning. The particl e was then lowered until the spring steel wire 

had just passed the metal contact point. The wheel was hen released and 

allowed to pass through two revolutions by observing the c ounter. At the 

instant the counter recorded the second revolution the stop watch was 

started and allowed to run until 4 more revolutions had been made at 

which time the stop watch interval was recorded . With the diameter of 

the wheel used this involved a fall distance of 692 cm or approximately 

22. 5 ft. The fall distance divided by the recorded t i me resulted in the 

fall. velocity . Ten drops were made for each particle and an average 

time for the ten drops was used to calculate the velocity . 
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CHAPTER V 

PRESENTATION AND DISCUSSION O F RESU LTS 

The results of the study are presented in this section and a 

des cription of various particle motions and an analysis of the results 

of the s u r face area - shape parameter study are emphasized . S ample 

photographs of several particles falling at various Reynolds numbers 

are also p resen ted . 

A . P article Motion 

Figures 9 and 10 show particle num ber 2 falling at Reyn olds 

numbers of 10 and 159 0 1:·espectively . At Reynolds number 10 this 

round flat particle appears to fall with a quit e stable orientation in 

contrast to the altern ate tipping-sliding motion of Fig. 10 at Reynolds 

numbe r 1590 . Intermediate photographs (not shown) in dicate t h is tip­

ping -sfrding motion is first observed at a Reynolds number of 

about 100 . Reynolds number at which this motion begins cannot be 

determined because of the manner of data collection. Other photo-

graphs of the same par ticle indicate a fully developed motion of the 

type in dicated at a Reynolds number of between 700 and i 000 . The 

shape parameter of this particle S . F . ( : A ) is O. 3 2 and if one refers 
n 

to Fig. 14 it is interesting to note that the horizontal portion of the 

curve relating t o this par ticle begins at a R eynolds number in this 

same range . The observed rotation of this particle was very slight . 

Particle number 3, Fig . 10 is of a flat rectangular n ature 

and h as a shape parameter of 0 . 4 1. This particle exhibits th e 
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alternate tipping motion between R eynolds number of 123 an d 210 (slightly 

greater than part icle number 2) and fully developed tipping and sliding 

motion between R eynolds numbers of 1000 and 2000. With reference to 

Fig. 14 the inertial region is again apparently est ablished in this range. 

Particle rotation was very slight but greater than for particle number 2 . 

An analysis of the more rounded particles (5, 6, and 9) with S . F . \:Al ap-
n 

proaching 1. 00 indicates this same pattern of development with the tipping-

sliding motion becoming less and less pronounced as the shape parameter 

approached 1. 00 . Intermediate shapes illustrate Lhe same tendencies 

considering their observed motion . 

One can summarize by saying th at in general, increase of 

S . F . [:A) indicates a .decreas e in the tipping-sliding motion and an in­
n 

crease in part icle rotation . 

The period and amplitude of the alternate tipping - sliding motion 

may be qualit atively explained by referring to the discussion in Chapter 

III on particle motion. As particle size and surface area are increased 

for the same general shape (say a disk of increasing diameter) the com­

ponent of weight and shear forces will increase in magnitude but not 

necessarily at the same rate . Thus, particle inclination will be altered 

until the weight component directed along the inclined axis of the part icle 

overbalances the shear . At the same time the separation zone has in­

creased and the degree of influenc e of the vortex formation has affected 

the pressure distribution as well as the resulting eccentricity . The 
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combination of these will in turn have direct influence on the net thrust 

and net torque exerted on the particle. 

B. General Relationships 

Three Figs . ( 12, 13, and 14) are given o illustrate the effects 

of the proposed corrections outlined in Chapter III. A summary of the 

pertinent data is given in the Appendix A in Tables VI through XII. 

Figure 12 is a reproduction of Fig . 1, page 20 from reference 11 . 

This shows a compilation of results plotting 

4 
d ( p - pf) 98 1 V d 

C = n p V versus Re = __ n with the Corey shape factor 
d 3 pf V 

(S. F.) as the third variable. The lines of constant shape factor are 

average lines determined from data with considerable scatter. This 

plot is shown for comparison with the new plots resulting from this 

study. The original data collected by others and used to construct the 

lines of constant shape factor have been omitted while the results of 

this investigation have been superimposed i.n order to s how the need 

for further refinement. The collection of this data was accomplished 

by dropping different par ticles through the same fluid . The size of the 

particle was then the criterion for changing the Reynolds number. If 

one refers to the particle properties listed in Table II, it is apparent 

that particles do not behave as the lines of constant shape factor 

would predict. For example, particle X has a Corey shape factor of 

0. 22, yet it appears to follow the shape factor line of 0 . 30 . The plot 

of the data appears to indicate a dip through a certain ra ge of Reynolds 

number, depending on the shape factor . This dip is not apparent in the 
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curves as taken from reference 11, however Schulz ) an d Wilde ( 15 ) 

show this dip in their proposed curves as well as a secon d hump as the 

Reynolds number is increased. 

4 
C = -

d 3 

Figure 13 relates 

d )
2 

(d: 
d (p -pf) 981 

n p . 
2 

to Re = 
. dA . /dA) 
-v- with S. F. \ct 

n 
as the 

third variable as proposed in the theoretical analysis. If one wi shes to 

use the relation for spheres as a reference, it is apparen t that he cor­
/ d 2 

rection \ d n ) is too ext reme since pl o ted points drop bel ow that of 
A 

the line for spheres . This relation was formul ated on the assump i on 

that dA woul d be a better indication of the area t erm in the drag equa­

t ion t han d and the substitution was made accordingly. It should be 
n 

recognizied here that the area term in the drag equation varies from 

that of the surface area of the particle for very small Reynolds number s 

to that of a cross-sectional area for very large Rey olds numbers and 

the contribution of shear and pressure to total drag have reversed in 

their respective orders of magnitude. At this point one should only 

expect the correction to better define the reactio wi h different shapes 

but having the same d . 
d n 

The points for the sphere are not plotted 

A 1 since d = 1 and no change wou d occur . 
n 
In order to provide a s imilar relation but one in whi ch the sphere 

curve could still be used as a reference the relation 

4 
C = 

d 3 

d ( p - pf) 981 n p 

pf y2 
to Re = 

Vd 
A 

V 
was plotted in Fig. 14 
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with the Corey shape factor multiplied by the correction factor 
d 

n 
as the third variable. This factor henceforth will be referr'ed to as 

S. F. ( :A) 
n 

By us ing the term 
d 

n 
d ' 

A 
all points plot above that of the curve 

for sphe r es and approach this relation for low Reynolds numbers. Also, 

by using the third variable as S. F . (:A), a l ogical location and orien­
n 

tation is given to the curves representing individual particles . There 

still is some scatter for the more angular particles and the effect of 

angularity should be investigated to further refine the results of this 

work. 

A check was made at this point using t h e m achined aluminum 

shapes. The results of these tests are given in Tabl e III. All particles 

were dropped in w ater at 11 degrees c entigrade. A superposition of 

these results (see Table III) on Fig . 14 shows reasonable agreement with 

the proposed curves . 

C . Prediction of Fall Velocity of Larger Particles 

A concrete cylinder and the two s te e l cylinders were used in 

order t o determine if valid predic tions o f fall velocity could be made 

from Fig. 14. Since these particles were falling at large Reynolds num­

bers in the inertial region where Cd becomes indepen dent of the R ey ­

nolds number ; the predicted velocity could be found from the relationship 

V= 
d ( p -pf) 981 n p 

C 
where Cd was t aken from Fig. 14 

pf d 
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( ddA). knowing the value of s·. F . 
n 

The results of the test s and the 

predicted fall velocities are given in Table V. The measured velocity 

was computed from an average of the time for the ten drops . These 

results show a very close agreement between measured and predicted 

velocities. A comparison using the Corey shape factor and Fig . 12 shows 

considerable disagreement illustrating the distinct advantage of the new 

shape parameter which is the third variable in Fig. 14 . This comparison 

with the per cent deviation from the measured velocit ies is given in 

Table V . The per cent deviation of the calculated velocities using Fig. 

14 and the shape parameter S. F. (:A) are all less than 2 per cent while 
n 

the deviation using the Corey shape factor ranges from 10 to almost 20 

per cent . 

In view of the results for the machined shapes and those for the 

large cylinders, the new shape parameter and drag relationship better 

describes particle behavior under free fall conditions . 



Particle 
No . 

17 

18 

19 
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TABLE V 

PREDICTED AND MEASURED VELOCITIES OF 

LARGE CONCRETE AND STEEL CYLINDERS 

Measured Predicted Per Cent 
P redicted 

Average Velocity Devia-
Velocity 

Velocity Fig. 14 tion 
Fig. 12 

S . F . 

cm/sec cm/sec cm/sec 
220 218 1 246 

204 200 2 17 7 

379 372 2 3 06 

P er Cent 
Devia-

tion 

11 

13 

19 
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CHAPTER VI 

SUMMARY AND CONCLUSIONS 

A drag - Reynolds number relation has been found for a series 

of irregular shaped particles up to Reynolds numbers of approximately 

400, 000 . These relations were determined by dropping each particle 

in fluids of varying viscosities and measuring the terminal fall 

velocity . 

The irregular shapes used were select ed from natural gravel­

sized particles and the data collected were supplemented by results 

of tests with machined aluminum part icles and large concrete and steel 

cylinders. 

The photographs of the particles indicate that particles will 

fall with a quite stable orientation for small Reynolds numbers. How­

ever, as the Reynolds number is increased the motion of individual 

particles may be one or a combination of the several typer.:: including 

tipping, sliding and rotation or some combination of these motors. 

In general it is concluded that an increase of the shape parameter 

S. F. (:A) indicates a decrease in the sliding-tipping motion and an 
n 

increase in particle rotation. 

These various types of motion are influenced to a great extent 

by separation and the effect of vortex formation on the shear and pres-

sure distribution . 
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The region in t he Cd - R e relati onship w here t he drag coefficient 

becomes independent of the Rey nolds number appears to be related to 

the point at which t he separation zones are fully developed . 

A new shape par a.met er is des cribed as S. F . ( : : 1 where 

S . F. is t he Corey shape factor --Ya~ 

The results obtai.ned from t ests with the gravel- s i zed particles 

and t he supplemental data collected using t he larger concrete and steel 

cylinders to test t hese results indicate tha t t he fall velocity of l a rger 

particles can be accurately predicted . This degr ee of correlation is not 

possibl e us ing the Corey shape factor 0 

Various inherent problems became evident during t he course of 

this investigation and their solution would extend the range of kn ow ledge . 

These problems may be summarized as follows : 

1 . Cubes in fre e fall in a viscous fluid can not be descri bed with 

the t hree types of motion cited above . C an t h is behavior b e formulated ? 

2. What is the ef(f dde Anc_t)of?roughness 

on the parameter S . F . 

and angularity of the particles 

3 . Is it poss ible to formulate equations of motion for th,e various 

shapes at all Reynolds numbers? 

4. There appears to be a p oint for each shape at which a certa in 

amount of ins tability occurs. Can this inst ability be described and 

analy zed ? 

5 . Will an extension of these results for larger particl e s lead t o 

a sound model law for particles having the same shape fa tor S . F . ( ::) ? 
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TABLE VI 

PARTICLES IN 1 OOo/o GLYCERINE 

Particle Terminal Fall 
No. Velocity ( cm /se c) Cd Re Temp 8C 

1 25.2 4.79 8.84 23.2 

2 21. 4 6.79 10.0 23.2 

3 24.4 5.78 11. 8 23.2 

4 35.2 2 .83 20.8 23.2 

5 31. 7 3 . 16 1 7 .4 23.2 

6 37.4 3. 14 19.9 23.2 

7 40.2 2.91 23.7 23.2 

9 , 33.8 3.30 18.5 23.2 

10 36 . 1 2 . 89 20.9 23.2 

TABLE VII 

PARTICLES IN 90o/oGLYCERINE, 10% WATER (VOLUME) 

Particle · Terminal Fall 
No. Velocity ( cm/sec) Cd Re T emp°C 

1 55.0 1. 08 107 23.2 

2 40. 1 1. 98 104 23.2 

3 46. 1 1. 66 123 23.2 

4 68 . 5 0.77 225 23.2 

5 63.2 0.83 191 23.2 

6 6 7 .6 0.99 200 23. 2 

7 67 . 1 1. 08 220 23.2 

9 62.3 1. 01 188 23.2 

10 70.0 0 . 79 225 23.2 
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TABLE VIII 

PARTICLES IN 85% GLYCERINE, 15% WATER (VOLUME) 

Particle T erminal Fall 
No. Velocity (cm/sec) Cd Re Temp°C 

1 67. 1 0. 74 208 24.5 

2 39 . 4 2.09 164 24.5 

3 48.8 1. 49 2 10 24.5 

4 77.7 0.61 408 24.5 

5 7 1. 5 0.66 347 24 . 5 

6 75.3 0.81 355 24 . 5 

7 71. 9 0 . 95 378 24.5 

9 69.0 0 .. 84 335 24 . 5 

10 73 . 4 0 . 73 3 78 24 . 5 

TABLE IX 

PARTICLES IN 70% GLYCERINE , 30% WATER (VOLUME) 

Partic le T erminal Fall 
No . Velocity ( c m/sec) Cd Re 'Temp°C 

1 88.7 0 . 44 1000 22.5 

2 42 . 0 2. 10 639 22.5 

3 51. 5 1. 4 1 806 22.5 

4 94 . 3 0.43 1810 22.5 

5 85 . 0 0.49 15 10 22.5 

6 85 . 9 0.65 1490 22.5 

7 81. 2 0 .77 1560 22.5 

9 80. 1 0.65 1420 22 . 5 

10 81. 3 0 . 62 1520 22.5 
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TABLE X 

PARTICLES IN 55% GLYCERINE, 45% WATER (VOLUME) 

Particle Terminal Fall 
No. Velocity ( cm/sec) Cd Re T e mp°C 

1 99.0 0.38 2620 19 

2 44.8 1. 79 1590 19 

3 55.5 1. 30 2020 19 

4 95 . 3 0 . 46 4250 19 

5 86.1 0.51 3550 19 

6 88.5 0 .65 2480 13. 5 

7 87 . 6 0 . 71 2730 19 

9 92.6 0 . 52 3820 19 

10 96 . 0 0.48 2920 13. 5 

TABLE XI 

PARTICLES IN 40% GLYCERINE, 60% WATER (VOLUME) 

Particle Terminal Fall 
No. Veloc ity ( cm/sec) Cd Re Temp°C 

1 103.0 0.37 6250 20 

2 45.4 1. 92 3260 15 

3 50.5 1. 66 4230 20 

4 98 . 0 0 . 46 11000 22.5 

5 82.4 0.51 7170 15 

6 81. 5 0.81 6410 20 

7 82.5 0.84 8450 20 

9 86.5 0.63 8190 20 

10 85.0 0.65 8530 20 
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TABLE XII 

PARTICLES IN WATER AT 8°C 

Particle Terminal Fall 
No . Velocity ( cm /sec) Cd Re Temp°C 

1 109 0 . 4 1 19,400 8 

2 47. 7 1.98 11 ,3 00 8 

3 55 . 6 1. 55 13 ,600 8 

4 111 0.43 33,300 8 

5 99.0 0.49 27 , 400 8 

6 81.5 0.9 7 22,000 8 

7 86 . 5 0.91 25,900 8 

9 95. 0 0 .63 26,300 8 
10 94.0 0.63 27,600 8 

TABLE XIII 

PARTICLES IN WATER AT 27°c 

Particle Terminal FaH 
No. Velocity ( cm /sec) Cd Re Temp°C 

1 109 0 . 41 32,000 27 

2 47 . 5 1. 99 18,350 27 

3 56.4 1. 57 22 , 500 27 

4 106 0.47 51, 900 27 

5 101 0.47 45,500 27 

6 88 . 7 0.81 38,900 27 

7 84.6 0 .95 41 , 400 27 

9 97.7 0.60 45,200 27 

10 97.8 0 . 59 47,500 27 
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APPARENT VISCOSITY 

This study was conducted as an auxiliary study to that of the 

main topic of fall velocity and surface area. A c ondensed presentation 

and discussion follow in the remaining pages. 

Beginning with the equations by Einstein and proceeding through 

the various later developments wit h reference to viscosity of suspensions , 

one sees that the viscosity of the suspension relates pr imarily to only 

the volume of the suspended solids and to the configurat i on of the con­

glomeration of suspended particles. However, in recent years other 

investigators have shown that parb.cle charge and the d i ffuse double 

layer affect the d egree of hydration and in turn the viscosity of the 

suspens i ons . 

At this point it appears that if one wishes to know the effect of 

a concentr ation of fine material on the apparent viscosity of a solution, 

he must recognize both particle volume and particle charge. The in­

vestigations made as part of this dissertation are only intended to indi­

cate the interdependency of these variables for a complete understanding 

of apparent viscosity effects . 

A. C omp.onents of the Equipment 

1. Fall Column - The fall column consisted of a plastic tube, 

four feet long and six inches in diameter. The bottom of the tube was 

sealed wit h a plexiglass plate inserted with a one-inch diameter plastic 

tube at the center line. On the end of the one-inch tube was placed a 
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short piece of plastic hose with a pinch clamp. This whol e system was 

held in a vertical pos ition by means of a pipe stand (see figure 15) . 

The base of the stand was provided with four bolts in order to plumb 

the tube . Figure 15 also shows a cloud of fine material in suspension 

in the fall column. 

2. Accessories - The time of fall between two fixed points in 

the fall column was measured to hundredths of a second usi.ng a stop 

watch. A centigrade thermometer was used to measure temperature. 

Thin straight wires were supported six inches in front of the fall column 

at the tw o fixed points. Sighting between a wire and a fixed mark on the 

fall column eliminated any parallax that could have been encountered. 

The average time for five successive drops was used for computations 

of fall velocity. 

B. Particle Properties 

Two types of particles were used to form the concentration of 

fine material for these tests. One type consisted of very fine plastic 

beads (Vestyron type N) . These beads had an average density of 1. 05 

grams per cubic centimeter and were of varying diameter but less than 

0. 046 inches . The beads were sieved into two size groups , those pas sing 

the 0. 046-inc h sieve and retained on a 0. 0276-inch sieve , and those pas­

sing a 0.0232-inch sieve and retained on the pan. The second type also 

possessed an average density of 1. 05 grams per cubic centimeter but 

were larger in size and of a cylindrical shape . The major axis averaged 
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FIG. 15 DROP APPARATUS FOR FINE MATERIAL 
CONCENTRATION STUDY 
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0. 3 c.entimeters, the intermediate O. 3 centimeters, and the m inor , O. 2 

centimeters, see Fig-. 16 . 

The sphere which was -dropped through the suspension was red in 

color ; had a density of 1. 152 grams per cubic centimeter and a diameter 

of 1. 268 centimeters. This sphere was also of a plastic material. 

C. Fluids 

The fluid used for these tests was formed by adding a commercial 

salt to water until a density of 1 . 042 grams per cubic centimeter was 

created . This density gave the best results and held t he f ine particles 

suspended in the salt solution for several hours . 

D . Procedure 

With the fall column properly positioned and filled with salt 

water, a series of five drops with one particle was made in the clear 

salt solution in order to obtain the velocity (V'). The parti cle was re­

leased by hand just under the surface of the solution and t i med using 

the stop watch as i.t fell between two points located 71. 1 centimeters 

apart . A bulk volume of 400 cubic centimeters of fine particles was 

added and the process continued until the desired range of concentra­

tions was a c hieved . High wattage lights were placed behind the fall 

c olumn opposite the observer at the end points of the fixed distance. 

This enabled the observer to see the particle as it fell through the 

c onc entration of suspended fine material. 

Dr ops were made in sev eral of the concentrations as well as in 
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FINE PLASTIC BEADS (VESTYRON) CYLINDRICAL GRANULATE (VESTYRON) 

FIG. 16. PHOTOGRAPHS OF FINE PLASTIC BEADS AND CYLINDRICAL 
GRANULATE USED TC FORM NEUTRALLY BUOYANT SOLUTIONS 
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the clear salt solution at vari.ous temperatures. This was done in order 

to correct the observed fall velocities to a standard temperature. 

E . Discussion of Results 

The fall velocities obtained from the tests made with the neutrally 

buoyant particles and a heavier, plastic sphere indicate that particle 

volume alone does not adequately describe the apparent viscosity effect 

as some earlier investigators had surmised. 

The results of the various tests are plotted in figure 1 7 in order 

to show the effect of the volume concentrations of neutrally buoyant par-· 

ticles on the fall velocity of a heavier particle . The ratio of ~~ versus 

concentration of fines by volume indicates the effects of particle charge . 

V ' is the fall velocity of a plastic sphere ( p = 1. 152 gm/cc) of diameter . . p 

1. 268 centimeter in the clear salt solution at 20° centigrade , Ve is the 

fall velocity of the same sphere in a given concentration of neutrally 

buoyant fine material. Ve i.n the plot has been corrected to 20 degrees 

centigrade for all points shown . 

The two sizes of spherical particles follow almost identical paths 

showing a decrease in the ratio of ~~ or an increase of apparent vis­

cosity up to about 5. 5 percent concentration and then an increase in ~{ 

(de rease in apparent viscosity) up to a concentration of 6 . 5 percent and 

then a further decrease , 

Ve 
At 6 , 5 percent, the ratio of - - has returned to 1 . 00 or in 

V' 

other words, the plastic sphere is falling at the same speed in the 6 . 5 
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percent c oncentration as it did at zero concentration and the apparent 

viscosities appear to be the same for zero and 6. 5 percent concentration. 

In contrast the larger cylindrical particles do not exhibit this 

Ve 
property but show a continual decrease in (increase in apparent 

V' 

viscosity) with increasing concentration. 

The explanation for this might be considered in the following 

manner. The small spherical particles exhibit a large electrostatic 

charge and will not disperse in water . However, when placed in the 

salt solution (about 1. 3 normal) they exhibit complete dispersion. Un-

fortunately , the necessary equipment was not avai.lable for the measure­

ment of zeta potential. 

A test for the cati.on exchange showed 9 milli. equiv . /100 grams . 

This may appear low in comparison with the cation exchange capacity of 

bentonite clays, but on the other hand, the surface area exposed per 100 

grams for the plastic beads is much less than that per 100 grams of clay; 

thus , the charge per unit of surface area on the beads is very high. The 

fact t.hat the beads disperse in the salt solution and not in water indicates 

an ion exchange with possible replacement by sodium. The fixation of the 

sodium ion on the beads results in a change in the character of the initial 

medium. Thi s would take place to varying degrees as more beads are 

added as opposed to the availability of the sodium ion at that particular 

stage. 

The urves shown i.n Chakravarti I s ( 1 7) work tend to indicate 
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what may be happening with the change in added base due to the fixation 

of the s dium ions. A reproduction of some of these curves is shown in 

figure 18 . From these curves it appears that the apparent viscosity is 

changing due to the physical volume of fines pres ent and also to the 

particle charge. 

The larger cylindrical particles did not exhibit this large electro­

static charge and being more inert in this respect, did not behave in the 

same manner. These appeared only to effect apparent viscos ity by change 

in volume , 

It should be noted , of course, that at the same time the c harge 

per unit surface area on the large particles had decreased the effective 

weight had increased and in this respect the relative role of particle 

charge and weight were different from that of the finer material. 

The li.mit in the range of concentrations covered was due to the 

fact that one could no longer see the larger sphere falling t hrough the 

higher concentration of fines. 

F. Conclusions 

The work done on fall velocity as affected by neutrally buoyant 

fine material indicates the need for the development of some special 

instrumentation and measuri ng techniques. There is a good possibility 

that sensitive pressure transducers might be used to indicate the falling 

sphere as it passes a particular point in a fall column. The effect on fall 

velocity for varying concentration of clay suspensions c ould then be 
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formulated. lt is apparent from the results that for the clay size 

fraction of suspended fine material attention should be given to par­

ticle charge as well as volume concentration as they affect apparent 

viscosity . If the type of fine material present is highly c harged, this 

charge could materially affect apparent viscosity and in turn fall velo­

city. 

Zeta potential would appear to be one parameter that would be 

indicative of particle charge and which could possibly lead to formu­

lations dealing with both volume concentration and part ic le charge. 

Attention should also be given to effect of adding a dispers ing agent 

to fine material in suspension as it in turn will effect the apparent 

v iscosity of the resulting suspension a s well as the effect due to the 

volume concentration. This study points to the need for further 

research into the effects of fine material concentration on the fall 

velocity of larger sizes. 


	ETDF_1964_Summer_Alger_George_001
	ETDF_1964_Summer_Alger_George_002
	ETDF_1964_Summer_Alger_George_003
	ETDF_1964_Summer_Alger_George_004
	ETDF_1964_Summer_Alger_George_005
	ETDF_1964_Summer_Alger_George_006
	ETDF_1964_Summer_Alger_George_007
	ETDF_1964_Summer_Alger_George_008
	ETDF_1964_Summer_Alger_George_009
	ETDF_1964_Summer_Alger_George_010
	ETDF_1964_Summer_Alger_George_011
	ETDF_1964_Summer_Alger_George_012
	ETDF_1964_Summer_Alger_George_013
	ETDF_1964_Summer_Alger_George_014
	ETDF_1964_Summer_Alger_George_015
	ETDF_1964_Summer_Alger_George_016
	ETDF_1964_Summer_Alger_George_017
	ETDF_1964_Summer_Alger_George_018
	ETDF_1964_Summer_Alger_George_019
	ETDF_1964_Summer_Alger_George_020
	ETDF_1964_Summer_Alger_George_021
	ETDF_1964_Summer_Alger_George_022
	ETDF_1964_Summer_Alger_George_023
	ETDF_1964_Summer_Alger_George_024
	ETDF_1964_Summer_Alger_George_025
	ETDF_1964_Summer_Alger_George_026
	ETDF_1964_Summer_Alger_George_027
	ETDF_1964_Summer_Alger_George_028
	ETDF_1964_Summer_Alger_George_029
	ETDF_1964_Summer_Alger_George_030
	ETDF_1964_Summer_Alger_George_031
	ETDF_1964_Summer_Alger_George_032
	ETDF_1964_Summer_Alger_George_033
	ETDF_1964_Summer_Alger_George_034
	ETDF_1964_Summer_Alger_George_035
	ETDF_1964_Summer_Alger_George_036
	ETDF_1964_Summer_Alger_George_037
	ETDF_1964_Summer_Alger_George_038
	ETDF_1964_Summer_Alger_George_039
	ETDF_1964_Summer_Alger_George_040
	ETDF_1964_Summer_Alger_George_041
	ETDF_1964_Summer_Alger_George_042
	ETDF_1964_Summer_Alger_George_043
	ETDF_1964_Summer_Alger_George_044
	ETDF_1964_Summer_Alger_George_045
	ETDF_1964_Summer_Alger_George_046
	ETDF_1964_Summer_Alger_George_047
	ETDF_1964_Summer_Alger_George_048
	ETDF_1964_Summer_Alger_George_049
	ETDF_1964_Summer_Alger_George_050
	ETDF_1964_Summer_Alger_George_051
	ETDF_1964_Summer_Alger_George_052
	ETDF_1964_Summer_Alger_George_053
	ETDF_1964_Summer_Alger_George_054
	ETDF_1964_Summer_Alger_George_055
	ETDF_1964_Summer_Alger_George_056
	ETDF_1964_Summer_Alger_George_057
	ETDF_1964_Summer_Alger_George_058
	ETDF_1964_Summer_Alger_George_059
	ETDF_1964_Summer_Alger_George_060
	ETDF_1964_Summer_Alger_George_061
	ETDF_1964_Summer_Alger_George_062
	ETDF_1964_Summer_Alger_George_063
	ETDF_1964_Summer_Alger_George_064
	ETDF_1964_Summer_Alger_George_065
	ETDF_1964_Summer_Alger_George_066
	ETDF_1964_Summer_Alger_George_067
	ETDF_1964_Summer_Alger_George_068
	ETDF_1964_Summer_Alger_George_069
	ETDF_1964_Summer_Alger_George_070
	ETDF_1964_Summer_Alger_George_071
	ETDF_1964_Summer_Alger_George_072
	ETDF_1964_Summer_Alger_George_073
	ETDF_1964_Summer_Alger_George_074
	ETDF_1964_Summer_Alger_George_075
	ETDF_1964_Summer_Alger_George_076
	ETDF_1964_Summer_Alger_George_077
	ETDF_1964_Summer_Alger_George_078
	ETDF_1964_Summer_Alger_George_079
	ETDF_1964_Summer_Alger_George_080
	ETDF_1964_Summer_Alger_George_081
	ETDF_1964_Summer_Alger_George_082
	ETDF_1964_Summer_Alger_George_083
	ETDF_1964_Summer_Alger_George_084
	ETDF_1964_Summer_Alger_George_085
	ETDF_1964_Summer_Alger_George_086
	ETDF_1964_Summer_Alger_George_087
	ETDF_1964_Summer_Alger_George_088
	ETDF_1964_Summer_Alger_George_089
	ETDF_1964_Summer_Alger_George_090
	ETDF_1964_Summer_Alger_George_091
	ETDF_1964_Summer_Alger_George_092
	ETDF_1964_Summer_Alger_George_093
	ETDF_1964_Summer_Alger_George_094
	ETDF_1964_Summer_Alger_George_095
	ETDF_1964_Summer_Alger_George_096
	ETDF_1964_Summer_Alger_George_097
	ETDF_1964_Summer_Alger_George_098
	ETDF_1964_Summer_Alger_George_099
	ETDF_1964_Summer_Alger_George_100
	ETDF_1964_Summer_Alger_George_101
	ETDF_1964_Summer_Alger_George_102
	ETDF_1964_Summer_Alger_George_103
	ETDF_1964_Summer_Alger_George_104
	ETDF_1964_Summer_Alger_George_105
	ETDF_1964_Summer_Alger_George_106
	ETDF_1964_Summer_Alger_George_107
	ETDF_1964_Summer_Alger_George_108
	ETDF_1964_Summer_Alger_George_109
	ETDF_1964_Summer_Alger_George_110
	ETDF_1964_Summer_Alger_George_111



