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ABSTRACT .. 

The initial settling behaviour of kaolinite suspensions 

under the influence of centrifugaI and gravitational forcéS 

i5 examined. The object is to determine whether the results 

of centrifugally induced sett11ng of solid particies can 

be used to predict the behaviour of kaolinite dur1ng batch 

settling. If the predict10ns were reliable, the exper1-

mentation time used 1n the tests would be greatly shortened. 

The goals of the experimental invcstigatlon are: 

a. E~aluatlon of the cffect of kaolin1te concentration 
\ 

on the settling behaviour of the suspensl0ns. 

b. Determination of the settleability coefficient for 

kaolin1te suspensions. 

c. Study of the effect of the imposed force on the 

settling behaviour of the kaolinite suspensions 

and the influence on the grain size- distribution. 

The experimental results show that the centrifugaI force 

enhances the segregation of the solid particles, and hence, 

centrifugaI tests cannot be used to predict the"settling 

velocity of kaolinite suspensions under the influence of 

gravit y . 
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RESUME 

\ \ Le comportement initial du processus de décantation 

de suspensions de kaolinite, sous l'influence de forces 

centrifuges, et gravitationêlles, a été ~,tudié. L' objet 

de cette étude est de voir Si il est poss~ble de prédire 

dl avance le comportement des suspensions de kaol inite, durant 

la décantation discontinue, et ce, par des essais de 

décantation par centrifuge. s~ les préd~ctions étaient 

fiables, il en résulterait une diminution importante du 

temps nécessaire à effectuer ces experiences. 

Les buts de cette étude experimentale comportaient 

les points suivants: 

a. Examen de 1 1 infl uence de la concentration initiale 

de kaol ini tt:;, sur la décantation des suspensions 

b. Détermination du caeff icient de décantation des 

suspensions de kaol ini te. 

c. Etude de l' effet des fqrces imposées sur la 

décantation des suspensions de kaol inite, et 

sur 1eur1 distribution granulométrique. 

Les résultats des experiences démontrent que la force centri-

fuge accroît la ségrégation des particules solides. Il en 

suit que la méthode centrifuge ne peut être employée pour 

prédire la vitesse de décantation des suspensions de 

kaolini te, sous l'influence de la pesanteur. 
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CHAPTER 1 

INTRODUCTION 

1.1 STATEMENT OF THE PROBLEM 

Mineral separatl0n involves the separation of two 
1 

phases, 1.e. solid suspended in liqUld. Separation processes 

may be classified according to the method involved (see 

Fig. l.ll. If the llqUld is constrained and the particles 

can move freely within it (due ta the acceleration), sedimen~ 

t~on and flotatlon occur. For sedimentation ta occu~ a 

density dlfference between the SOllds and the liquid is 

necessary. If partlcles are const~ined by a medium and 

the liquid can flow due to hydraulic gradlent, filtration 

and screenlng occurs, where a density dlfference is not 

necessary. Sedimentation lS a process of solid-liquid 

separat10n whereby the SOllds separate under the effect 

of external forces (grav1ty or centrlfugal force). 

Continuous sedimentation, which involves settling 

of solid particles under the influence of gravit y, occurs 

in settling tanks. A dlstlnctlon 15 made between the 

different types of separatlon, depending on their purpose. 

If the clarity of the overflow is of prlmary lmportance, 

the protes5 is called clarlficatl0n and the feed slurry is 

usually dilute. If a thlck underflow 15 the primary aim, 

the process 15 called thickenlngl and the feed 51urry is 

usually more concentrated. 

-1-
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Gravit y settling is still one of the most economical 

means of removing the solids produced during these processes. 

Because of variations in type, nature, and concentration of 

solids involved, as weIl as properties of the liquid and 

the settling tank design itself, no one theory or design 

approach can be used for aIl solid-liquid separation applica-

tions. 

In discrete settling, the assumption is made that 

each particle moves through the liquid phase unaltered and 

unaffected by the surrounding conditions. The subsidence 

velocity of such part1cles can be estimated with reasonable 

accuracy, using the formulations of Newton and Stokes. 

With increasing partlcle concentration, the settling particles 

"h1nder" the motion of adjacent particles. Because of this 

hindered settl1ng of the suspension, and since fluid shear 

force rnay cause the partial breakup of flocs wh1le Subs1ding, 

it is not possible to predict the performance of settling 

tanks from the theoret1cal relationships. Therefore, it is 

necessary to employa settling t~t in orde~ to predict 

the performance of the settling tank. 

For the purpose of increasing the gravitational 

force and hence the rate of particle settling, a centrifuge 

is used; 1ts effect is to accelerate the settlinq of solid 

part1cles, hènce shortening the settling time. Centrifu-

gation increases the ,force on the solid particles and the 

technique can be used to determine whethèr or not gravit y 

,1 
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SOLID LIQUID SEPARATION 

1 , 

Liquid constrained, Particles constrained. 
particles free liquid free 

1 

1 
Flotation 
(dispersed air, 
dissolved air, 
electrolytic) 

" 

1 

1 l ~ 
Gravit y CentrifugaI Cake 
sedl.mentation sedimentation filtration 
(thickeners, (vacuum, 
clarifiers) pressure, 

1 centrifugaI} 

1 l 
Fixed wall Rotating wall 

(hydrocyclones) (sedimenting 

'-------------~_._--_ .. -._~_ .. - ----

centrifuges)_ 

Fig. 1.1 Classification of Solid-Liquid 
Separation Processes 

\ 
\ 
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Deep bed 
filtration 
(sand and 
coke) 

~ 
~. 
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Screening ~ 
(dewatering,~ 

vibrating 1 
~ screens) .;: 
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thickening is feasib1e, and whether or not it can sub-

sequently be used to provide guide1ines for the design of 

sett1ing tanks. 

1.2 PURPOSE AND SCOPE OF THESIS 

The pur pose of the study reported herein -is to 

determine if centrifuga11y induced settllng of solid 

partlcles can be used to predict the sett1ing behaviour 

of SOlld partic1es during batch settling (i.e. the settling 

of SOîld partic1es under the lnfluence of gravit y). 

Baslca1ly, this study involves observatlon of the settling 

behaviour of two materials: a Hydrite Flat D Kaolinite 

and a Hydrlte Ultra Fine Kaolinlte. The experlmenta1 

part of thlS study lS divlded lnto two phases as follows: 

PHASE 1: Experimental evaluatlon of interface subsidence 

character1stlcs of a Hydrite Flat 0 Kaolinite 

and a Hydrite Ultra Flne Kaollnite, over a wide 

range of lnitial concentrations. 

This was carried out by two methods: the first 

was a gravit y test, and the second involved uSlng a centrl-

4 

fuge at a constant rotational speed of lOO r. p.m. (6.25 t.ines gravit y) . 

The experimental evaluation is divlded into: 

a. Determination of the relationship between initial 

settling velocity and initlal concentration in the 

centrifuge test (l.e. the settling of solid partlcles 

under the influence of centrifugaI forces) for 

1 

1 
i 

-1 , 
• 
l 

1 
; , 
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concentrations 8%' to 30% by weight for a Hydrite 

D Kaolinite, and 8% to 20% by weight for a Hydrite 

Ultra Fine Kaolinite. 

b. Determination of the relationship between initial 

settling velocity and initial concentration in the 
, 

gravit y test (i.e. the solid particles settle under 

the influence of gravit y force) for concentrations 

similar to those used in the centrifuge test. 

PHASE 2: In this phase, the Hydrite Flat D is investigated 

in more detail by concentrating on six cornposi-

tions (16%, 20%, 24%, 27%, 30% and 33% by weight) 

and using five rotational speeds for each co ne en- 0 

tration. 

The purpose of these'choices is ta obtain a basic 

understanding of the settling behaviour of the clay suspen-

sion. For any concentration, the velacity of the sharp 

interface increases with increasing rotational speed. 

However, sorne questions rernain: 

../ 

1. Does the particle size distribution remaln the same in 

the column or does it change with depth on increasing 
,) 

the rotational speed (i.e. external force)? 

2. If segregation occurs, how is it affected by the 

changing rotational speed? 

3. For different concentratlons but at the sarne rotational 

speed, does the concentrati~ affect the particle size 

distribution, and if sa, ~w to relate the distribution 

to the settling velocity of the interface? 
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1. 

\ Further evaluation of the experi~ental test re~ults 

set~ling include: 

Establishment of the validity of the settleability 

coefficient used in reference to the centrifuge test. 

2. Determination of the particle size distribution of 

3. 

the tested material, under the influence of ceEtrifug~ng 

field, for two conditions: 

a. at a fixed concentration of 16% by weight, 

at different rotational speeds. 

b. at a fixed rotational speed but changing the 

range. of concentration. 

Determination of the particle size distribution of the 

tested material under the influence of the gravitational 

field. 

6 

4. Establishment of the relationship between the theoretical 

diameter, determined from the viscosity of the suspen-

sions,and the actual diameter measured from the sedi-

graph 5000 D. 

1.3 ORGANIZATIONOF THE THESIS 

This thesis consists of five chapters and two 

appendices. The contents of the five chapters are as 

'fol1ows: 
) -

Chapter 1: of which this section is a part, is an 

introductory chapter which presents the 

problem and the purpose of the present 

study. 
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(~ Chapter 2: Consists of a literature review of sorne aspects 

of the settling of suspensions. 

Chapter 3: Prov1des a complete description of the experi-

mental methods, and the characteristics of 

the materials. 

Chapter 4: Contains tYP1cal experimental results obtained 

from bath centrifuge tests and gravit y tests, 

as well as a discussion of the results. 

Chapter 5: Contains the summary and conclusions and 

suggestions for future'studies. 

# 
The contents of the appendices are as follows: 

Appendix A: Conta1ns samples of calculations 

( Appendix B: Contains aIl of the test results, from which 

representative samples were used in Chapter 4. 

<-
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Suspended partIcles 
settlement tests 

1 

1 ., 

centrlf~ge tests (i.e. SOlld partlcles gravlty tests (l.e. solid particles 
settle under the influence of centri- settle under the Influence of the -

fugal fleld, at constant rotatlonal gravItatIonal field 
speed of 100 r.p.m. 

l 
1 

1 mater 1815 used 1 
1 ~ 

Hydrite Flat 0 Kaollnlte HydrIte Ultra FIne Kaolinite 
8% - 30% wt/wt 8%-20% wt/wt 

J 1 
Test Results Test Results 

1. height-time relationshlp 1. helght-tIme reiatlonship 
2. initial settling velocitY-lnitlal 2. lnitial settllng velocltY-lnitial 

concentration relationship concentratIon reiatlonship_ 
3. Floc dlameter based on vlscosity 

measurement using Stokes formula- . 
tian --

1 
'\ Compar16on of results with the 

existlng theories 
--~ .. -- -- - ------ ---- ---
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Fig. 1.2 Flow Chart Outllning the Sc ope of Study Phase l 
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CtIAPTER 2 

LITERATURE REVIEW 

2:1 -rNTRODUCTION 
li", 

Aécording to Fitch (l958~ suspended particles 

sett1e in· any of four marked1y different ways, dep~nding 
." 

upon concentration and relative tendency of the.particles 

to agglomerate .. ,Figure 2.1 describes the four classes 

as fo11ows: 

Class 1: discrete non'-flocculating particles which sett1e 
\, 

Class 2: 

'-....... 

at' a characteristic con.st;ant rate. These rates 

depend on: " 

1. individual particle characteristics 

2. properties of the fluid through 

which it sett1es. 

the settlinq ra~es of particles depend aiso on 

the size, shage and density of the settling 

,particles, as weIl as the·properties of the 

f1uid. 
... ""}

'i't'"" 

Because of the abi1ity o('~l~ss 2 particies to 

adhere to one another, the size, shape, effective density, 

and' accordingly, the settling velocities change throughout 

o "the process. 

With increasing particle concentration, a corres-

ponding reduction in settling velocity is observed. This 

reduction,may be attributed to the fo11owing: 

-10-
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Cf 
L upward veloèity of displaced fluid through restricted 

between particles. spaces 

2. interf erence of velocity fields 

3., interference of velocity field by the presence of 

soUd objects such as the container wal1.~ 

.. 
The retarding efiect of these phenomena qn the 

set~ling velocity is called "hindered settling". Under 

these conditions, the particles cohere into a structure, 

such that aIl particles in a given neighbourhood subside 

'a,t the same rate, but 'the structure does not lend mechanical 
./' 

c 1 

support. Under the se conditions, the hindrance of liquid 

flow between particles is 50 great that a clear slurryj ., 

clear supernatant interface is formed, indicating the 

collective sedimentation of aIl particles, irrespective 

of size. 

'1 

Class 3: An extreme case of hindered settling oceurs wh en 

the salid concentration is sufficiently high to 

cause aIl the particles in the suspension ta 

settle at the same velocity. In this situation, 

the solids settle as a blanket, the veloeity of 

sUQsidence being an inverse function of eoncentra-

tion. This, type of settling (class 3) is known 

as zone settling. 

• 
" 
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.. .\ 
,Class 4: Settling, or compression, occurs when the particles 

" , 

1. 

are in physica 1 contact and are supported to sorne 

degree by particles directly below. The main 

reas0':ls for the modification of settling behaviour 

in hindered settling have been well summarized 

by Coulson and Richardson (1955), as follows: 

"Large grains are settling relative to a suspen

sion of fine grains, and this suspension has 

a higher vfscosity and density than the pure 

fluid, thus tending to reduce the settling 

velocity. 

2. The fluid displaced by settling grains flows 

upward between the grains, SO that the settli'ng 

velocity is less than the true relative velocity 

between the grain and the f./luid. If there is 

a large range in grain sizes, 'finer grains may 

actually be swept upward by the fluid rlsing 

up through the spaces between the larger settling 

grains. 

3. Velocity gradients close to the grains are 

increased as a result of close pressure of 

other gral.ns. 

4. For cohesive grains, close proximl.ty and resultin9 

random eolll.sions between grains may trigger 

flocculation. 

It would seem that the whole problem hinges upon the proper 

calculation of the velocity of a suspended partiele acted 

upon by a force. The 1 aws controlll.ng the movement of 

particles through a continuous fluid phase have been defined 

\ 
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by Newton, Stokes and Svedberg: When a force ls applied 

to a particle, the particle is accelerated, F = ma, until 

it reaches a velocity at which the resistance to its motion 

equa 1 s the applied force. In a set t 1 ing tube, the appl ied 

force is the force of gravit y, whl1e·in a centrifuge it is 

the centrifugaI field w2r. The two forces differ only in 

direction and order of magnitude. The gravitational field 

i5 along a radius of the earth (Le. verl:ically down), 

while the,centrifugai field is along a radius normal to the 

axis of rotation. 

2.2 EFFECT OF SUSPENSION CHARACTERISTICS ON THE SETTLING 
BEHAVIOUR 

14 

A typical settling curve for a relatively cOQPentrated 

flocculated suspension (class 3) is shown in, Fig. 2.2 (Behn, 

~ 1957; Bond, 1960). Section 1 is termed the pre-flocculation 

period, in which the particles are interacting and growing 

in size; subsequently very little settling _takes place. 

Sect~on 2 is a period where the slurry interface travels 

downward at constant rate. This i5 commonly referred to as 

the initial rate period; the slope of the cu~ve in this 

period, for a given material, is inversely proportional to 

concentration. Section 2 1S a period of decreasing slope 

of the interface;ltime curve.and is commonly referred to as 

the changing rate period. The effect of increased concentra

tion is to reduce the rate of settling along aIl portions of 

the settling curve. 
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( 
A study of concentrated suspensions began with the 

work of Coe and Clevenger (1916). They studied the settling 

behaviour of slimes and described two types of settling. 

Type 1: in which the slurry interface settles at a constant 

rate, down to a point which they identify as the 

critica1 point. 

Type 2: ln which the s1urry interface settles at a constantly 

decreaslng rate ta the crit~cal po~nt, as shawn in 

Flg. 2.3. 

Coe and Clevenger deflne the1r critical point as the top of 

Zone "0" just when zone "CH d~sappears, and state that, at 

this point, the flocs at the surface just rest upon each 

l 
other, but compression has not yet started in the surface. 

Eckenfelder and Melblnger (1957) and Anderson and Sparkman 

(1959) stated that the mass rate of settling of solids is 

1..; generally a minlmum at Coe and Clevenger's "critlcal point" 

and the area requirement for thickening 15 determlned by 

the concentration and settling velocity at that pOlnt. 

work and Kohler (1940) stupied the effect of initial 

concentration on the settling properties of calcium carbonate 

and basic alum1num sulphate w1th barium sulfate. A log-log 
f! 

plot of slurry helght versus t1me showed two straight 11ne 

port10ns for each settling curve. The f1rst port10n began 

immediately after the constant sett11ng rate period, where 

the subs~dence rate beglns ta decrease. The second portion 

l occurred when the sett11ng was fair1y advanced, and thlS 
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behaviour was likened to consolidation of soil. The slopes 

of both straight line portions were unaffected by initial 

concentration~ 

Several workers have proposed empirical or semi

empirical formulae relating concentration to settling velo

city; most of these deal with the initial or straight line 

portion of the settllng curve. Robinson (1926) proposed the 

use of a modified Stokes equatl0n, in which the density of 

the s01id particles and the vlscosity of the fluid are 

replaced by the denslty and vlscosity of the suspension. 

17 

Steinour (1944) made a fairly comprehensive settling. 

study of various types of materials, expressing concentration 

in terms of vOldage E. In a series of three papers, he 

reported on investigations of non-flocculant unlform size 

spheres, angular particles of uniform Slze, and flocculated 

powder suspensions. His equatlon for the spheres related 

settling veloclty of indlvidual partlcles to the voidage. 

ThlS basic equation was modlfied for the more cornplicated 

cases by a factor w1 ' which accounted for water carried down 

with the suspensions as part of the settling particles. As 

flocculation effects increased, the amount of entrained or 

trapped water, and accordlngly, the values of w
1

' increased. 

Dollimore and McBrlde (1976) investigated Steinour's equation 

by testing samples of metal carbonates; the plot of log v 

versus lnitial concentration yields a straight line with a 

slope (-b). Extrapolation of this graph to zero concentration 
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gives the rate of fall of a single particle in an infinite 

fluid. Substi tution of this ve loci ty into the Stokes 

equation yields a very simple method for the determination 

of the rnean particle diameter of the solid ~ndergoing sedi-

'mentation. 

Hawks ley (1951), gave an expression for the rate of 

s,ettling of concentrated suspensions, based on the assurnption 

that dur~ng the settling process, an "equilibrium arrangement" 

of particles was establ~shed. Lateral forces were assurned 

ta produce a more or less uniform spacing in a horizontal 

plane, and the particles were presumed to arrange themselves 

in such ù 'way that they offered the minim~êsistance to 

the flow of the d~splaced fluid _ The rate of settling of a 
j 

1 

suspens~on, relatlve, to the fluid, was assumed ta be equal 

ta t,he Stokes veloc1.ty of a single particle falling in a 

flu1.d of vlscosity ~s' and density P , where Il , PS ' are s s 

the apparent viscos i ty d densi ty of suspensions. 

Steinour, Hawksley a Il assumed that the 

ef fecti force actlng on the part1.cle depends on 

the denslty of the suspension. This cannot be true for a 

suspension of uniform particles aIl settling at the ~ame rate, 

because each particle displaces l.ts own volume of liquid 

as it settles. On the other hand, if a~ticle is 

settling in a suspension of particles which are sufficiently 

small to behave as part of the liquid, the particle displaces 

an equal volume of suspension. 
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Richard~on a~Zaki (1954) examined experimenta11y •• 
the effect of concentration of suspended particles .on their 

rate of sett1ement in view of f~nding a satlsfactory method 

of correlating the results. The experimental work was 

confined to uniform1y sized spherical particles, greater 

than 100 mIcrons in dlameter (glass Ballotinil. For condi-

tions of viscous flow, a relation was obtained, connecting 

the ter'iminal falling velocity of a single spherical particle 

in an iI~f1n1te medium (Va)' w~th the velocity of fall V, 

of a suspenSIon of uniform spherica1 particles, contained 

in a vessel whose diameter was large compared with that of 

the particles. The relation was: 

( 2.1 ) 

where E is the v~idage of the suspension, and 

n is a constant equal to 4.65 

Davies et al. (1976) have shown that n may be 

represented by 

n = 
l - El 

(2.2) 

where El is the initial porosity, corresponding to maximum 

solid flux, for any system obeying the Richardson 

and Zaki equation (initial porosity for maximum 

sedimentation mass transfer). 

Table 2.1 sununarizes severa!" of the proposed 

19 

formulations relating slurry concentration to settling-ve1ocity. 

The nomenclature for Table 2.1 may be found in Appendix A. 
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TABLE 2.1 Equations Relating Settling Velocity 
~ 

to Concentration* 

, 
Author(s) Equation 

2 
K2d (Ps-Pf) 9 

Robinson V :::: 

9 ~s 

d
2

(Ps-Pf} 9 
Hawksley V :::: 

9 18 ~s 

V E 3 

Steinour V 0 . ~H E) :::: 

9 1 - E 

Steinour V 0.123 Vo 
E2 

;:; 

l-E 9 

(E-w. ) 3 
Stelnour V K V l. 

:::: 

9 0 1 - E , 
,-, 

Rouse V 
V

t [ 1_(~)2/3] ;:; 

b 9 

Ka 1 inske V :::: Vt - K1q where q :::: peP 
9 

, Loeffler and Ruth V V [!. + 
2K

2
(I-E) ] -1 

:::: 

9 o E 
E3 

Bond V :::: Vt [ 1- fc 2 / 3 ] :::: VtEc 9 
<Il 

Richardson and others V :::: V En 
9 t 

Richardson and Meikle V 0.14 V E 3 
:::: 9 9 0 (l-E) 

, 
Oliver V V 

. 1/3 
:::: (l-K C).l-K C ) 

9 0 3 " 3 
1 

• The variables appearing in these equations are 
explained in Appendix A. 

20 
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Figure 2.4 shows a typical family of settling curves 

for flocculant suspensions (Escritt, 1953). As the initial 

concentration inêreases, the fo11owing occurs: 

a. 1ength of pre-f1occu1ation phase increases. 

b. slope of constant ~ate period decreases ") 

c. changing rate section'is shifted upward and to 

the right. 

Figure 2.5 i11ustrates a typica1 fami1y of sett1ing 

curves for a non-flocculant suspension. The most significant 

differences between the two types of curves are the absence 

(or near absence) of pre-flocculation in the non-flocculant 

suspension settling curve, and the length of the chang~ng 

~ate settling section. The non-flocculant suspension curves 

appear to have a more clearly distingu~shed changing rate 

section and approach a def~nable final settled height; the 

changing rate section of the flocculant suspens~on curves is 

longer and does not approach a well-defined final settled 

height, but sett1es at a slowly decreas1ng rate, approaching 

the f1nal settled height. 

2.3 EFFECT OF ELECTROVISCOSITY ON SEDIMENTATION 

ANALYSIS 

In clay suspensions, Eugene (1917) has pointed out 

that the only considerable force opposing the applied force 

is o8motic pressure, which 18 a property cornmon to colloidal 

particles. A second property of colloids is the presence 

21 
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. 
of an electric char~e at the surface~of the particles. The 

charge can be either positive or negative" and is due to the 

adsorption of ions or the ionie dissociation at the surface 
1 

of the partieles. Naturally, the presence of sirnilar elect-
" 

rie charges on the partieles would lead to an electro-repulsion 

Jor,ce between particles. 
" 1 

pavlik and Sansone (1973) pointed out that charged 

partieles in weak electrolytes have assoeiated with them an 

electr ical double-layer. When these particles settle under 
o 

"the force of gravi ty, 'the, double layer is distorted wi th the 

resul t that an ele"etric field, opposed to the force ,of 

gravit y , is s-et up, .. The force exerted by this field (el'ectra-
o 

viscous force) may represent an appreciable fraction of the 

total resistance ta motion for small particles. A charged 

partiele suspended in an electrolyte solution attracts to 

its surface a layer of oppositely charged ions. When the 

eharged p,artielesoare settling in a liquid, a potential 

gradient or "sedimentation potential" develops in th~' fluide 

Tbe electric field exerts a force opposed to the downward 

motion of the sedimenting particles and this forée has l::?een 

"termed the electroviscous force. 

The magnitude of eleetroviseous force depends on 

the thickness of the double-layer surrounding the particles. 

Elton and Hirchler (1954) have proposed the following 

expression to describe the, sedimentation of monodispersed 

spheres, taking into aceount the possil:He electroviscous 

effect: 

..... -----(' .. ~ .. 
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(2.3 r 

where E is the sedimentation potential gradient (volt/cm) 

= TI d
2 cr V N/K 

and 

N is the number of particles per unit volume of 

. -3-
suspens~on cm 

K is the specifie conductivity of the suspension 

(ohm:"' l cm -1 ) 

cr is the e1ectrokinetic charge per unit area of 
, 2 

the particle (e.s.u./cm ) 

Pp \.l K (Va -V)'1 1/2 
=( -2Mv ) 

v is the terminal velocity in a given fluid 

Va is the terminal velocity determined in the absence 

of electroviscosity. 

M is the mass of particles per unit volume of 

suspension. '\ 

It can be seen that the reduction in the sett1ing rate of 

a sphere due to the e1ectroviscous effect is direct1y 

proportional ta th~ magnitude of the sedimentation potential 

gradient and the electrica1 charge on the partic1e. 

2.4 EFFECT OF CENTRIFUGAL FORCE ON SEPARATION OF MATERIALS 

OF DIFFERENT DENSITIES 

According ta P. Arrne Vesi1ind (1977) a batch 

;sett1ing iest can be conducted at high centrifugaI forces 
-0 

o 

using a desk top centr~fug~ and strobe light; the test tubes 

Q .' 

.. ' 

' .... 
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are filled with the suspension and spun on a horizontal,Ij':, 

plane, and the strobe l,ight is sy~chronized with the 
, , 11', 

centrifuge sa that the height of the sluriy-liquid~inter-
1 

face can be observed with time a~ t:any 'centrifuge speed. 

r 
. 

-~--- '-1- 1 ~~ 

Fig. 2.6 A Paiticle Settling Under Centri
fugal Force in a Test Tube 

Centrifugal sedimentation i5 based on a density 

difference between salld and liquid. Consider a particle 
.. i,· • 

in a solution, held in a rapidly °spinning centr'ifuge. This 
o . 

particle, as it is settling in the centrifugal field, has 

two forces acting on it 1 the centrifugaI force and the 

drag force. If the rotor turns with an angular velocity 

w (radians per second), the particle experiences a centri-
, 

fugal force. This force can be described as 

(2.4) 

wherè r == radius from the centre of rotation to the 

particle (cm) 

p = density s of the particle (gm/cm3 ) 
,~ 

p = density of the fluid (gm/cm3 ) 

V == volume of the, particle (cm3 } 

\, 

" 

" 0 
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The force is balanced by the drag 'forœ~ F d' which can 

written as 

Fd Co 
A v 2 p 

= 2 

where A = projected area a.f the particle cern3 ) 

Co _. drag coeffiéient 
c 

\ 

v ;::;; particle velocity fcm/sec) 

Assuming laminar ,flo~ (CD = 24/Reynalds number) 

'and sphex: ical 'particie shape 

be 

( 2 . 5 ) 

(2.6 ) 

the above equation can be rearranged to read (Appendix A-21) 

v (P s P) d2 

-2- = 18 w r ~ 
{2.7 ) 

The term on the right hand side is Stokes' law, with the 
. 

gravi ty' term missing, and . contains variables which Gre 

solely properti:es of the slurry, while the term on the 

left hand side of the equation represents an oper)ltio~al 
, ~ 

variable of the centrifuge. 
<fi' 

o 

The 'term v /w2r has been used in biology to charac

terize the stability of single cells in ultra-centrifuge 

and is teJ:rrej the "settl.i.ng coefficient" S. In gravita-

tional thickening, if it is assumed that the slurry inter-

face veloci ty is a function of the saUd concentration anly t 

then the sarne assurnption can be made for settling in a test 
1\ 

tube centrifuge. However, the radius changes as the salids ., . , 

'0-.. 

,J' 

i 
1 
~ , 
l 

~ 

1 
1 
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, 
move rapidly outward and thus, the centri,fuqal force imposed 

on the slurry increases and the interface ,velocity could 

weIl be influenced by the increasing radius durinq settling. 

This difficulty can be eliminated by recognizing that 

v dr = dt (2.8) 

dr w2r S dt = (2.9) 

Integrating, 
r 2 

,.r 

Ln 2 
S (t2-t1 ) - = w 

rI 
(2.10) 

where rI and r 2 are the positions-of the interface at times 

t 1 and t 2 respectively. 

A graph of Ln (r 2/r l ) versus (t2-tl ) yields the slope 
1 

w2s and hence S, since the rotational speed is known. If 

the settling coefficient is truly a variable which describes 

the settleability of a slurry in a centrifugaI field, v/w~r 
o 

should be independent of w2r. 

In other words, as either w or r increase, the settlinq, 

velocity should increases 50 as to hold the value of v/w2r 

unchanged. 

o 

The "settling coefficient" is suqgested as a measure 

of settleability of a slurry in a centrifuge and is thus 

representative of the slurry characteristics. According to 

White and Lockyear (1978), when a suspension i5 subjected 
Cl 

to a centrifugaI force two important effects are apparent. 

First, the rate of settlement of individual particles increases; 
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furthermore, in the case where the concentration of 

particles is such that hindered or zone settling occurs, 

the rate of settlement of the interface (between the 

suspension and the supernatant liguor) increases aiso. 

The increase in settllng rate is given by: 

v = a V c 9 
(2.11) 

,where Vc is the settling rate under an applied centrifugaI 

force of ag, 

and Vg is the settling rate under gravit y force, with 

acceleration 9 

Secondly, as the suspension thickens and becomes more 

concentrated, water is expelled and must ri se through the 

If the water has to pass through a long column 

of the suspension, the rate of thickening w~ll be lower 

than for a short column. This effect can be further 

elucidated from the following argument. Conslder a layer 

of slurry of concentratlon C and of thickness 6X in a 

gravit y column. The tlme required for the 11guid, rising 

with veloclty V, to pass through the layer is given by 

(2.12) 

It is assumed that the same concentration of slurry occupies 

a layer ln the centrifuge tube of thickness 6x, and that 

the liquid rises through the slurry with a velocity 

v :;;; B V 
c 9 

( 2,. 13 ) 

where B is constant and reflects the different geometries 

of the two systems. 
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The time, t, taken for the 1iquid to pass through 
/ 

the layer will then be 

29 

(2.14) 

'It is also assumed that the ratio of thickness of the slurry 

layers, ~X/~X, is equal to the ratio of the initial suspen-

sion heights, H/hj then, 

T = B t (H/h) (2.15) 

The depth of slurry in centrifuge tube is small 

compared with a grav1ty thickener, and sa the rate of 

thickening is very rapide 

According ta Brugger (1976), the size determination 

by centrifugaI sed1mentation ~s limited for small particles . 
by their Brownlan mot1on. The terminal speed ~ of a pqr-

ticle at a radial pos1tlon r in the centrifuge, and ~t, the 

time regulred ta move radlally between rI and r 2 /is given 

by the famlliar centrifugaI equat10ns 

, r 
, 2 2 = 1/IS-t;P/\1 • 0 w r (2.16) 

and (2.17) 

where D represents the Stokes diameter of particle 

t;p is the density dlfference between partlcle and fluid 

\1 is the V1SCOSlty of the fluid 

w is the angular velaclty of the centrifuge 

On the other hand, the mean square dlsplacement ln 

a radlai direct10n due ta Brownian motion, in the time 

(" 
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interva1 6t,is given by 

6r 2 = (2KT) 6t 
~ 

(2.18) 

where ~ is the coefficlent of the Stokes drag term - 3n~D 

-16 0 K is Boltzmann constant = 1.38 x 10 erg/K 

T is absolute temperature (oK) 

For a Slze determlnation to be meaningful, the displacement 

of the partlcles due ta Brownlan motion must be smal1er 

than their dlsplacernent under the centrifugaI_force, hence 

the condltlon 

(2.19) 

Ambler (1952) has specified the situations in which 

the centrifuge could be used; these are: 

1. Separation of immiscible liquids 

2. Removal and recovery of solids from a dispersion 

3. Removal of excess 11quld from solids. 

He also modlfied stokes law ta take account of the centri-

fugal force. The mathematlcal relationshlp governing the 

velocity of migration of the dispersed phase was developed 

by Stokes. The centrlfugal force causes the particles of 

the dlspersed phase ta migrate with a veloclty (v
c

) in a 

directlon opposite ta that of the continuous phase. The 

effective force operatlng on a pa~ticle in a centrifugaI 

field is 

(2.20) 
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where m is the mass of dispersed particles 

m is the mass of equivalent volume of continuous 

phase that it displaces 
\ 

w is angular veloclty (r.p.m. ) 

r is distance from the centre of rotation. 

If it is assumed that the particle is a sphere of 

diameter D then the equation becomes 

D
3 

w2r F = ntlP 8 (2.21) 

where l1P = p-p 
l 

Pl = density of continuous phase 

P = density of dIspersed phase 

The movement of the dispersed phase particle is 

hindered by the resistance of the continuous phase to motion 

through 1 t. This resistance f oree is pr"oportlona l to the 

veloelty of the moving particle 'and, for the particular 

case of a spherical partlcle, 15 deflned by Stokes law as 

FI = 3 TI n D v 

where n = viscosity of the contlnuous 

From 2.21 and 2.22 
tlP D2 

fN
2 r 

V = c 18 IJ 

In a gravitational field, V g 

(2.22) 

phase 

(2.23) 

Thus, the centrifugaI fl.eld differs from the gravitationa1 

field ln that it may be hundreds or thousands of times 

greater. Aiso it varIes in proportion to the distance 

from the centre of rotation (r), 50 that the sedlmentation 
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velocity of a particle increases as it moves outward from 

the axis of rotation, while in the gravit y field, its 

equilibrium velocity is indepenqent of position. 

2.5 CURRENT APPROACHES TO SETTLING TANK DESIGN 

The first attempt to consider the effect of solids 

concentration on settling velocity and to develop a rational 

basis forîcontinuous thickener design, was made by Coe and 

Clevenger (1916). Working with metallurgical slimes, the y 

developed procedures for determinIng the relationship between 

settling velocity and concentratIon from the results of 

batch settling studles. This procedure requires several 

separate settllng tests, WhICh involve the experimental 

determlnation of the InitIal settlIng velocity at several 

concentrations between the Influent and desired underflow 

concentrations. 

Their method i5 based on the premise that, in a 

continuous thickener, the SOllds must be able to pass through 

-aIl concentration levels between the inflow and underflow 

concentratIons, as rapldly as they are fed into the unIt. 

If, at any particular level, the area is insufficient to 

accommodate the mass of SOIlds passing, thlS concentration 

layer' will bUlld up in the basin and aIl solids in excess 

of ~he basin capacity - under these conditions of feed and 
A 

underflow - will overflow. The most limlting concentration 

value between the influent and desired underflow concentrations 

1 
l • 

\ 
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has been termed the critical concentration. Considering 

water release and solids balance in a continuous thickener 

under dynamic equilibrium conditions, Coe and Clevenger 

derived the following formula 

U.A. = 1.33 (~ ~Gd) 
9 

(2.24) 

where U.A. = required' unit area of basin (ft 2/ton solids/day) 

F = feed dilution (mass ratio liquids to solids) 

d = underflow dilu~ion (mass ratio liquids to solids) 

Vg = settling rate (ft/hr) 

"G = specifie gravit y of liquid 

The experimentally determined values of F and R, for 

a desired underflow concentration, are inserted in the above 
" 

u 

equation and the "maximum value 'of unit area (U.A.) is used 

as the area requirement. The SOlld concentration associated 

with the maximum area is the critical concentration. The 

major disadvantage of the Coe and Clevenger approach is 

the necessity of conductlng several settling tests. Most 

of the recent approaches to basin design involve attempts 

to determine the capacity-limiting concentratlon from ~he 

results of a slngle batch settling test. The most promising 

of these approaches ~s based on Kynch's (1952) mathematical 

analysis of the batch settling process. 

Kynch, assumlng that the velocity of fall of particles 

in a dispersion i5 a functlon of the local concéntration 

only, proved mathematically that the concentration layers 
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travel upwards at a constant rate and develop the shape 

of the subsidence curve for the liquid-solid interface. 

Kynch's conclusions do not depend on any assumptions as ta 

the mechanlsm of the settling process. 

Talmadge and Fitch (1955) were the first ta utilize 
, 

the Kynch analysis for basin design purposes. Using the 

results of a slngle settling test,they determined the 

relationshlp between settllng velocity and concentration as 

follows: 

Considerlng a batch test with uniform lnitial 

concentratIon sufficiently high to result in zon~ settling, , / 
a plot of interface helght v~rsus time might be illustrated 

as shawn in Fig. 2.7. The interface wlll be observed to 

move downward at a constant velacity, until a time tA" 

after WhlCh the rate begins ta decrease. SOllds ln the 

height time O-A'-Ha are aIl at the ~nit1al concentration 

... 

and are settllng at the rate associated with that concentra-

tion. As the solids settle tuward the bottom of the con-

tainer, concentration layers build up from the bottom. Line 

OWrepresents the path of upward propagatlon of a SOlld 

concentratl0n layer ~A' which is Just slightly higher than 

the InitIal concentratIon. When CA intersects the slurry

liqUld interface, at tIme tA; the subSIdence velocity of 

the lnterface changes ta that associated with the concentra-

tian CA' The settling velocity is an inverse function of 

confentratlon, and Slnce CA is greater than the initial 

concentration Co' the result is a reduction of the slope, 
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or settling v~locity-of the interface. Similarly, lines 
" 0 

OB, OC, and OD are lines of progressively greater concentra-. 
tion, travelling upwards at different but constant rates, 

and changing the rate of interface subsièlen'ce to that rate 

associated with the concentration at the interface. 

rf concentration layers travel upwards in straight 

lines, from th~ origin to the interface,and upon int~rsestion 

with the interface,determine the slope (settling velocity) 

of the curve, it is then possible to determine the relation-

ship between concentration and settling velocit~ by use of 

a materiàl balance equation. using the concentration layer 

CA of Fig. 2.6 as an example, the value of CA may be deter

mined as follows: 

Layer, CA starts from the origin (bottom of cylinder 

at time zero), travels upwards at a constant rate, UA' and 

intersects the llq~ld-solid interface at time tA. While 

layer CA traveis alo~g thlS path, a-A, aIl solids present 

in the basin (C H A) must have passed through thlS layer, 
,00 

because lt starts at the bottom and ends at the slurry-

11quid lnterface. Assuming the settllng veloclty to be a 

function of concentration only, the rate of passage of 

SOllds relative to the layer CA would be the sum of the 

rlse veloclty, UA' of the layer, and the settling velocity, 

VA' of the solids relatlve to the wall (slope of the inter

face at A, the pOlnt of lntersection)~ The solids balance 

would be as follows: 

~ - -.;. ..,.. ."'l". ot ..p ,K~A$,~ r....t, 'u- ~q. •. :-,~-.4..,.. • ..t.. 
~ 
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(2.25) 

where VA is numerically equal to HI-HA/tA 

and 

Inserting these terms and simplifying 

= 
Co Ho = CA HI ( 2 • 26 ) 

~ 
.!) .. 

or 
Co Ho 

C = (2.27) 
A HI 

where Co = initial concentration 

Ho = initial height 

A = area of settling vessel 

CA ;: interface concentration at point A 

VA = slope of settling curve (settling velocity) 

at point A 

UA = rise velocity of concentration layer CA 

tA = time to point A on settling curve 

H' = intercep.t on vertical axis of tangent to 

settling curve at point A 

Since Co' Ho and HI are known or easily obtained, CA' the 

concentration associated with settling velocity VA can 

readily be calculated. Concentrations at other points such 

as B, C, D, can be calculated in a similar fa'~ion and 

graphs relating the settling velocity ta the concentration 

can be prepared. 

,,:' 

, ( 

1 

i 
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The values of concentration and velocity can then be 

inserted into Coe and Clevenger's equation, and the unit 

area requirement determined. 

38 

In many cases, it ia more convenient to use a modified~ 
., 

forrn of their equation. A commOn forrn i5 as follows: 

_ U .'A. = 
-l'~ 

where U.A. = unft are a requirernent (1000 crn2jgm of so1id~/min) 

C x 

Cu = 

·v = , x 

= concentration at any point x (gms solids/1iter 

slurry) 

desired underflow concentration (gms solidsl 0 

liter slurry) 

settling velocity at conc~traiton C (cm/min) • -:!C 
:'\ . 

The term l/Cx - l/Cu is comparable to the term (F-O)/? 

of the Coe and Clevênger equation, in that both are 

numerically representative of the unit volume of water 

releasèd from the feed, as it is concentrated to the under- ~ 

flow concentration. This volume, divided bYothe rise 
" 

velocity of the released water, is equal to the' basin area 

requirement. 

Since this rise in velocity is greater than the ' . 
..1 

settling velocity of solids, the solids will then overflow 

the basin.' The maximum area calculated by equatj.on (2.28) 

i5 thus the minimum that could be used tOI prevent solids 

overflolf1. 

\ 
" ' 

.. 
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CHAPTER 3 

EXPERIMENTAL MATERIALS, EQUIPMENT AND TECHNIQUES 

3.1 MATERIALS FPR SETTLING TEST 

Hydrite Flat D and Hydrite Ultra Fipe Kaolinite, 

products of the Georgia Kaolin Company, were the test 

materials used in this study. Hydrite Flat D and Hydrite 

Ultra Fine Kaolinite clays were chosen because of their 

settling properties which cause them to undergo hindered 

sett 1 in.g (class 3 and 4) over a wide roange of concentrations. 

The range of concentration evaluated was: 

80 to 300 grams per liter for Kaolin Flat D 

" , and, 80 to 200 grams per liter for Kaolin Ultra Fine 

". 

The X-ray,diffraction patterns, the grain size 

analysis and the index prC?perties for the two clays used 

are shown in Figs. 3.1, 3.2 ~nd Table 3.1 respective1y. 

3.2 SAMPLE PREPARATION 

To ensure dispersibility of particles in the f1uid, 

the k~olinite clay was dispersed in 15 meq/l sodium bicar-

bonate (NaHC0
3

) solution. This choice of solution concentra

tion was based on the need to establish proper dis~ersion 
~ 

of the clay particles, as discussed in previous studies by 

Yong et al. (1978) and Douglas and Yong (1981) on the 

.effects of ion concentration on the dispers~on stability 

of kaq~inite particles in suspension. 
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TABLE 3.1 Index properties 

. 
Properties Hydrite Flat 0 Hydrite Ultra Fine 

. 
Liquid Limit (L. L. ) 46% 65% 

Plastic Limit (P.L. ) 29.5% 45% 

Plasti? Index (P.L) 16.5% 20% 

specifie Gravi ty (Gs ) 2.'62 2~58 
1 

0 10 
0.62 17 , 

0 50 
. 

~. 8 36 ) :, 

°60 
5.3 45 

Cu* 8.55 2.,65 

1 

* Coefficient of uniformity (Cu) = °60/°10 

1 

\ .: 
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( 
The kaolinite suspensions were left for a period of 

24 hours to reach equ1librium. -To start the test, the 

settling tubes were turned end over end by hand 8 ta la 
-.-

times. Th~ choice of inverting the tubes (i.e. turning end 
. 

aver end) is based on studies by Alan and Justine (1962) 
1 

which indicated that thi~ method a110ws the aggregàtes to 

- . approach a fairly uniform 'average equivalent diameter. 

3.3 DESCRIPTION OF THE SETTLING TEST 

The settling characteristics of Hydrite Flat 0 and 

Hydrite Ultra Fine kaolinite were obtained by observin9.the 
- i'" 

sOlid-liquid interface in transparent plexiglass cylinders 

at frequent intervals. 80th centrifuge and gravit y tests 

( 
, 

were conducted in plexiglass cylinders with 112.5,mm diameter. 

The 1nit1al he1ght of aIl suspensions was 320 mm. Plots, 

of interface he1ght versus t1me were made for each test run 

and the slope of the straight line portion was abta1ned 

d1rectly from the graph as 111ustrated in F1g. 3.3. The 

slope sa determlned, 15 termed "in1t1al s~ttllng velocity" 

and 1S related to the lnltial solids concentratlon. 

3.3.1 tentrlfuge Test 

In th1S invest1gation, a laboratory centrifuge, as 

shawn ln F1g. 3.4, was employed. The centrifuge itself 

consists of a vert1cal shaft on top of which is mounted a 
, 

20 mm thlck alumlnum disc of 600 mm d1ameter. The shaft 

l (and hence the dise) 1S rotated via a hydrau11c motor. 
\ . 

... 
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FIGURE 3-. LABORATORY CENTRIFUGE 

AP'PARATUS 

~ ____________ 720 mm. 

t----r1:400 mm. __ +-_ 320 mm. 
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FIGURE 3-5 SCHEMATICALLY OIAGRAM OF CENTRIFUGE tYLINOER 
------------~---
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Image~ en couleur 
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Two tubes can he fixed ta the dise, one filled with 

the supsension being tested and the other wi th tap water. 

In arder to ma~nt.ain the ba lance required dur ing the rotation 

of the machine, the two tubes are fixed at 1800 to each other 

with respect ta the center of rotation. The disc is illumi-

" 
nated with a stroboscope sa that the interface between the 

suspens10n and the supernatant can be ohsèrved. The relative 

centr1fugal force (RCF) var~es along the length of the tube. 

The change ln RCF over the work1ng range of the interface 

hel.ght (400-720 mm) lS about 80%, see Fig. 3.5. 

In determlning sett l eabi 11 ty coef ficients, i t would 

have been deslrab1e ta use the same set of f 1. ve speeds, for 

(" 

each of the seven concentrat ~ons tested, in arder ta faci l i

tate the l.nterpretat~on of results. Due to ~nstrument 11mita-

t10ns, assoclated W1 th sett~ng the centr ifuge at pre-desired 

speeds, no bve speeds for one concentration could be dupli-

cated for any other concentrat10n. Speeds were set via an 

excessive l Y sens~ t1ve va Ive (equL va lent ta a f 1. ne ad Justment 

,knob only on a mlcroscopel controlhng the hydraulLc pump. 
f 

Due to the sensLt1vlty of the valve, the dupll.cation of 

any part~cu lar speed was dL f f icu l t. 

3.3.2 Gravl.ty Test 

The COnd1.tlOns for conducting the gravit y tests were 

l.dent1.cal ta those of the centr1.fuge tests, except for the 
, -

1 
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absence of any externally applied force (i.e. centrifugaI 

force). The height of aIl suspensions, as 1n the centrifuge 

tests, was 320 mm and the tests were conducted in the same 

transparent plexlglass cyllnders. Flgure 3.6 deplcts the 

cylinders employed for the gravit y tests and the centrlfuge 

tests. As in the centrIfuge tests, the cy11nders were turned 

end over end 8-10 t1mes before the start of the gravit y tests. 

3.4 SEDIGRAPH PARTICLE SIZE ANALYZER 

Flgure 3.7 shows t~e sed1graph 5000 D particle size 

analyzer. It measures the sedlmentat10n rates of particles 

in suspension and autornatically presents the data as a 

cumulatIve mass percent distribution in terms of the Stokesian 

or equivalent spher1cal dlameter in mlcrons. The lnstrument 

determlnès, by means of a flnely col11mated beam of X-rays, 

the concentratlon of the partlcles remalning at decreasing 

sedlmentatlon depths, as a function of time. The logar1 thm , 

of the dlfference ln transmltted X-ray lntenslty lS electronl-

cally generated, scaled and presented Ilnearly as "cumulative 

rnass percent" on the Y-aX1S of an X-y ~ec6rder. The Instru-

ment typlcally ylelds a particie dlameter d1strlbutI0n over 

the range 50 to 0.18 wm. For detalls concerning the sedi-

graph 5000 D and !ts use, see Appendlx A. 

The construct10n of the sedlgraph lS 11lustrated 

schemat1cal1y ln Flg. 3.8. The radlatlon from an X-ray 

tube (1) wlth Its associated power supply (2) is coillmated 

by horizontal sUts (3) and (4) .toa beam .05 mm high and 
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FIGUR€ 3-6 PLEXIGLASS CYLINOERS FOR 

GRAVITY AND CENTRIFUGE TESTS 
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FIGURE 3-7 0 SEDIGRAPH 5090D 

PARTICLE SIZE ANALYZER 

(I~ ____________________ ----_~------.-.--~-
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9.5 mm wide. The X-ray tube is a small, air cooled unit 

having a tunqsten target inclined at about 300 to a thin 

beryllium window. The tube is operated at a power level 

of about 13 watts. The X-ray beam· passes through a sample 

ceU (5), located midway between the collimating alits. 

51 

The celi i5 of rectangular cross-section of internaI d~ameter 

12.7 mm, height 35 mm and thickness 3.5 DUn. The 

cell 15 clo,sed at the top and, in use, is complete1y f illed 

vith the dispersed sample. 

3 • 5 RHEOLOGY 

The Rheomat 15 T la used to determine :he Viscosit~\f 

the suspension, which is çlefined as the ratio of shearing 

stress to rate of shear, and can be visualizèd as a resistance 

. ta flow. Plotting the shear stress versus shear rate allows 

extrapolation of the value of gel strength, which i5 defined 

as the true shear stress at zero shear rate; i ts value ls 

usua11y approximated, in Cassonls model, by measuring the 

shear stress at a rate of shear of unity. 

Figure 3.9 shows the Rheomat 15 T. The rotatinq part 

of the Rheomat 15 T ia driven round in the çlay suspension 

by a motor and the torque required to maint4in a certain 

speed ls measured. From the geometry of the measuring system, 

the rotational speed, the, torque, the shear stress and shear 

" 
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rate can be calcula1:ed and hence, the flow beh~viour of 
. " 

the clay suspension can be deduced .. 

A number of suspensions (volume 200 cm 3 ) of Hydnte 

Flat D kaol ini te _.in the c:once9tratl.ono; range of 8% to 50% 
. . 

by we1ght were prepared using the same technique discussed 

(Section 3.2). For each concentration, a sU1table cup and 

cone was selected by tr ia1,.and error; the readings of the 

torque indica:tion scale were then ta ken for 15 speeds, 
" 

starting from the l6west to the highest. These readings 
" 

were then used 1n conn-e:ct10n wlth the Cas'son model ta 

determine the gel strength, the slope and the intercept. 

-1 Wl.th these data, the Vl.SCOsl.ty·.at rate of shear of 50 sec 

was determi ned. 

. " 
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CHAPTER 4 

RESULTS AND DISCUSSION 

4 . l RESULTS OF PHASE l 

Interface subsidence characteristics. 

4.1.1 Relationship Between Initial Sett1ing Velocity 

and Initial ~oncentration (Centn.fuge Test, 100 r.p~m.) 

." The results of eleven setthng tests are reported 
, 

in th1.s sect10n. All tests were conducted 1.n 112.5 mm dl.a-

menter cyllnders, Wl.th an l.nl.t1.al hel.ght"of suspenSlon of·, 
\ . 

320 nun. Sol1.ds concentratl.?l1" was'tne only varl.ab1e and 

ranged from 8% to 30% (by welghtl. The method of preparlng 

the samples 1.5 descrlbed ln Sectlon 3.2. The centr1fuge 

speed W'as set (by trial and error) at a rotatl.on speed of 

100 r.p.m. and was kept constant throughout the tests. 

Initial settl1.ng veloClt~es were deter'm1.ned by the technl.que 

. ~ s h own 1. n F l g. 3. 3 . 

Fl.gure 4.1 shows the settllng curves for the eleven 

tests. From concentrat1on 8% up to 16\ (by weight) ~very 
'0 

curve shows a stra1.ght 11.ne portion beginn~ng at the in~tlal 
u 

heHl.ht of suspenSl.on, fol ~owed by a gradually decreasinq. 

settllng_ rate; ultimately, 1n each curve, there 1.5 an 

abrupt change 1.n the settll.ng rate, 1.ndl.cat~ng the vlrtual 

end of zq,fle set~hng. An l.nCreaslng tendency towards 
\ 

concaVl.ty ln the curves can be observed wlth lncreaslng , 

concentratl~n (begl.nning trom 18' up to 30% (by weight». 
. (' 
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Figure 4.2 shows th~ relationship between initial 

settling velocity, see Section 3.3, and initial concentra-

tion, ih the conce,ntrat~on range 8\ - 30\ (by wei<jht). 

When the data points are plotted on a log-log scale (Fig. 

4.5) a straight line ~s obtained, which May he approximated 

by the following equatlon: 

v = 0.196 x 10-3 x C- l • 858 
c (4.1) 

where V : initial settling velocity under the influence c 

of centrIfugaI acceleration ln cm/sec 

C = Inltlal concentrat1on in gm/cm3 

R2 : correlatIon coefficIent 

4.1.1.2 tl~Q!!~~_g!~!!_EiU~_~~2!!U~!~ 
The resul ts of seven settling test-s us~ng Hydrite 

Ultra FIne Kaollnlte are shown ln FIg. 4.3. The test 

cpndltlons were ~lmllar to those of the Hydrlte Flat 0 

Kaollnite, Wlth concentratIon belng the only varIable. The 

results Ind~cate that the settllng curves. for concentration 

8% and l~' (by WelgJt) are characterlzed by a stralght line 

portion descrIblng most of the settling be~aviour, followed 
j\ 

by a graduaI change ~n settllng,rate, Indicating the end 

of zone settllng. At concentrations of 12' through 20\ 

,t by weight) a tendency towa"rds Increasing concavity wi th 

increÂslng concentration can be observed ln the greater 

part of the curve. ThlS indicates art initially decreastnq 

56 
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settling rate, followed by a 'gradually" increasing 
, 

settling rate. The concavity over MOst of the ~urve for 

these concentrat~ons (~.e. 12% through 20%) 15 followed 

by an abrupt change ln settling rates, ind~cating the 

end of zone settling. 

Flgure 4.4 shows the relatiohship between the initial 

settIlng velocity (5ee Section 3.3) and initIal concentra

tion, for the concentration range 8\ - 20% (by welght). 

When the data points 'ar:e 1?1otted on a log-log scale (Fig. 

4.5) a stralght llne 15 obtalned, which ma~.be approxlmated 

by the followlng equatIon: 

V
c 

= 0.02 x 10-3 x C- 1 . 8l9 

. 2 
R = 0.974 

\ 

'" . 

" (4.2) 

where Vc = In;lial settllng velocity under the influence 

• of centrlfugai accelerat~on in (cm/sec) 

C = lnitiai concentratIon in gm/cm 3 

R2 = correlatIon coeffIcient. 

FIgure 4.5 shows that the linear relatlonshlp 

·describing the behavlour of the Hydrite Flat D kaollnlte 

and Hydrite Ultra FIne kaolinite ln log-log scales can 

be represented by para llel ll.nes. The s lopes of the, tWÇl 

lines are approxlmately the sarne. ThIS needs further 

expianation. The fact that the graIn Slze d~strlbutlon 

of Hydrlte Ultra Fine kaollnlte 15 finer than Hydrlte 

Flat D kaolinite (see Flg. 3.1~ lndlcates that the nurnber 

of particles per gram SOlld of Hydrlte Ultra FIne kaolinite 
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is larger that Hydrite Flat D kaolinite (Appendix A 

shows sample calculations of the number of particles per 

gram solid based on the grain size distribution (see Fig_ 

3.1), 

1 

Figure 4.6 shows thé.re1ationship between 109 

(init~al settling velocity) and log (number of particles 

corresponding to the in~~ial concentration) . The figure 

62 

• "Y 

shows two strai~ht 11nes with ~ smali shift between them, 

which May be attributed to the ~pproximate method used ta 

calculate the number of particles per gram solide ;t is 

expected that, had the determlnation of the number of 

particles been more ~ccurate, the two segments would,have 

joined into a single linear relationship. To examine the 

effect 'of viscosity, Fig. 4.7 shows the relatio~~hip between 

the product of veloclty and viscosity versus initial 

concentrat1on. The velocity 15 the lnitial settllng 

'veloclty of Hydr1te Flat 0 kaolinite. The viscosity ls 

that at rate of shear 50 sec- 1 (see Appendix B). The 

straight line parallel to the x-aX1S suggests that the 

settling velocity 15 inversely proportional to the viscosity 

of the suspensi~n, 50 the product is i~~pendent,of 

concentration. 

,- , 
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4.1.2 Relationship Between Initial Settling Ve10city 

and Initial Concentration (Gravit y Test) 

The method of preparation of test samples and the 

conditions under which these tests were conducted were 

similar te those of centrifuge tests, with the exception 

of the force inducing the settling. In this case, the 

suspensions settled under the effect of gI;'avity. 

~Fi~ure 4.8 shows the curves obtained from·eleven 

sett 1 i.ng tests. It is seen that curves for concentrations 

less than or -equal to ~6% (by weight), are chara~teiized 
- " 

by a straight line portion/de~cribing the initial sebtling 

behaviout, followed by a rather abrupt cpang~ettling 

rate, indicating the end, ot' tone settling. The curves 
• 

for concentrations g~eater than, or equal to 18%, are 

characterized by an apparent increasing' c'oncavi,ty with 

,increasing concentr'ation, rather than- by ,a straight 1 ine 

portion as in, the former case; ,this is followed by an 

65 

abrupt~hange in settling ra~e,indicating the end of zone 

settling: AlI tests show a very slow interface subsidence, ~ 

after the end of zone settling, indicating the possibility 
r' 

- of either late sedimentation, compression" or consolidation 
" 

in progresse 

Figure the relationship be~ween the initia~' 

settling velocity of the interfac~ (see Sectfon '3.3) and 

the initial ,soiids concentration. When \9 th_~data 'pOints are 

. -
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FIGURE 4-8 S~TLINC CURVES AT QIFFERENT INITlAL CONCENTRATION (w~/wt) 

\ 
32 KAOlINITE FLAT 0 

GRAVITY DATA 

___ ~'. 28 1...IIoIll.]ol,'\. 15 MEC. IL. NaHC03 

litt 24 
.,. 

.... 
1 

- 20 . 
E 
0 

Da -
16 

!i: 
C3 -LLI 
::t: 12 

'0 "'~ •.• , , ... "'-~'-1 

. ,- ~ 

39% 

2't% 
18% 

,- ; 

a' 

~ 

t· "'" i 
~ 
t 

§ 

t 
l 
t 
L 

'" 1 . ~. 
r 

16% 

, . , 
r •• 

8 
" 

4 .......... 

B , ' l , , 

m 19B, 2BB 309 -400 500 Be0 700 saa 9. 1000 110B 120B 

... 
GRAVITY :t)ME <min. ) " i 'L ',' 

14% 
*12% 

10% 
-- BX 

" 

J" " 
l' 

CJ\ t 
CJ\ 

J. li 
• 1> U -( l A~ .... __ ..... l.I .. ~~ ... pi .... If~ r .... JI' ...... _.--.._......-._~ .. 

J 

, 



"- .-

--. 

a 

~, 

-• 0 

I ....... 
• li 

0 -
C') lm -• 

>-t--u 
0 
...J 
LiJ 
> 
...J 
< -t--z -

" 

1 :'t' 

('" .. ,~. , - ~ 1""'" 

" 
ç 

FIGURE 4-9 ,INITIAL SETTLING ~ELOCITY-INITIAL CONCENTRATION RELATIPNSHIP 

8 • GRAVITY DATA 
HYDRITE FLAT 0 KAOLINITE 

" ':3 -1.605 
Vg-B.1B7*IB C cm.I •• c. 

2 7 
R -8.994 

6 
r y-

.l. ,; 

-- 5 

, .-
4 

3 1 '\. (> 

--

2 

'- ""-

1 r- ~ 

e ~ B. BB r:~ • BS. . lB ~ 15 .2B .25 .3B" .35 .421 . 45 ~ .58 
c 

INITIAL CONCENTRATleN <gm./cu. 0"'.) 
41' 

," 

1 Q' 

, . --' 1 

0'< .... 

, 
1 j 

! 



...... 

, i' · '). 

., 
/ 

, , 

. , 

c' 

plotted on a 109-lo9 sca17 a s~rai9ht 11ne 15 obtained as 

1ndic.ated 1n F1g. 4 . .} 2. The line ma'y be approxl.mated by 

the followl.n9 equatlon: 

v ...... = O. l 07 x l 0- 3 C -1 . 60 5 
9 

(4.3) 

R2 ::;;: 0.994 

wRer~ v = lnltlal settling veloc1ty of the interface 
,g 

under the ~nfluence of gravit y force in cm/sec 

C = lnit1al so11ds concentratlon in gm/cm3 

. 
correlatlon coeff1cient. 

The, method of preparation of test sarnples, and the 

~o;ditions under WhlCP thlS test'wa~ conducted,were again 

sirni1ar to those of the centrifuge tests, except that the 
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suspensions settled under the influence of gravitY,rathe~ 
-

than the centri~ugal force. 

Figure 4.10 shows the curves obtained from seven 
/ 

sett1ing tests. The f1gure shows that in' the concentration 

range 8% - 14%,every curve shows a straight line portion 

beginning at the initial height of susp~nsion, fol1owed 

by a gradua11y decreasing settling rate; ultimately, in 
, . ---------

~ach curve, ther'e is an abrupt change in the settling r~e, 

indicating the virtual end of zone settling. For concentra-

tians 16%-20%, the curves a~e distinguished by the absence 

of gradually sett1ing per~od; they exhibit a straight line 

portion, fo11owed by an abrupt change in the set~ling rate , 
indicative of the virtual end of zone settling. 
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Figure 4.11 shows the re1ationship between initial 

settling velocity (see Section 3.3) and initial concentration 

in the concentration range 8%-20% (by weight). When the 

data points are plotted on a log-log sca1e, a straight 

1 i:ne 15 obta1ned as indicated in Fl.g. 4.12. The 1ine J 
'b~ apprùximated by the following equation: 

0.03965 x 10-4 x C-l.94939 (4.4) 
" 

Vg 

2, 0 
~ = .951 

, 

wheré Vg = initial sett1ing ve10city in cm/sec 

C - initial solids concentration in gm/cm3 

~ 
R2 correlation coefflcient = 

• 
4.1.3 Calcu1ation of Floc Dlameter Based on Viscosity 

Measurement 

The Stokes equation can be rnodified by using the 

viscosity of the suspension in two cases: 

l . At gel strength (i.e. viscosity at rate of 

shear of un1ty) 

2. At rate of ~hear of 50 sec- 1 

Using the initial settling ve10city (see Section 3.3) 

associated with the initial concentration, the equivalent 

partic~e diarneter, as shawn in Fig. 4.13, also in AppendiJS A, 

shows a sample ca1culation. 

It is seen from the figure that,at viscosity at 

rate of shear of unit y, the equivalent diarneter obtained 

" from gravit y data are higher than those obtained from 
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centrifuge data. With increasing concentration, the 

associated initial settling velecity decreases,and the 

equivalent diameter increases exponentially. 

-1 At viscosity at rate of shear 50 sec the equivalent 
~ 

diameters calculated from gravit y data are higher than those 

calculated from centrifuge data. The f1gure aIse shows that 

the equivalent diameter 1S independent of concentration, 

having an average value of Il ~m from gravit y data, and 

9 ~m from centrifuge data. These diameters obtained from 

the modif1ed Stokes calculation can then be compared with 

the D50 value of 4.5 ~m/determined from the standard hydro

meter test. ThIS d1screpancy may be due to the fact that 

the true rate of shear is unknown. If i t~ere possible to 
~_ l.~ 

determIne the, ViSCOSIty of suspension at the true rate of 

shear, it wou]d be possible to obtain the initial settling 

veloci ty of suspension, uS1ng DSO va l ue from the hydrometer 

test. 

4.1.4 Sediment volùme 

The resul ts of Hydri te Flat D kaol ini te show that, 

no matter what the initial concentration was" the final 

concentration, at the end of zone settling was approxim,ately 

0.8 gm/cm) 1n centrifuge tests, whi'ie in gravit y tests, 

the final concentration was approximately 0.70 gm/cm 3 . , ..., 
\ 

These values are not constant, but over long periods of 

time, will increase due to late sedimentation, compression 

or consolidation. These values of concentration with time 

PZ .. 

i 

1 
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, , 

were calculated with the assumption that the change of 

concentration with depth is uniform at any interval tim~ 

as shown in Figs. 4.14-16. The higher values of final_ 

concentration in centr~fuge tests indicate that the final 

volume becomes more compacted due to the applied force. 

75 

4.1.5 Comparison of Resul ts of Phase l wi th Other InvestigatorlJltO 

Richa~dson and Zaki have proposed a correlation 

explainlng hindered settllng of non-flocculated mono-dispersed 

smooth spheres. ThIS correlation, which is most accepted 

by workers ~n the field, is expressed as follows: 

(~.l ) 

where V is the hindered settling veloci t~ of a suspension 

V 
0 

is the settling velosity of a p~rticle at inflni te 

di lution 

E is the porosity ( l.e. the free area 

the flow of the dlsplaced liquid in 

l' section wi thln the suspension 

V -v suspension SOlld = V . suspenSion 

= l _ C 
P 

where C is initial concentration gm/cm3 

P is density of solid gm/cm3 

available for 

any cross-

(4.5) 

n is power term in Richardson and Zaki = 4.65 

v 

-" 
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" Several exp~ri_mental < studie~ have .shawn that the val ue 'of 

th~~ower n exceed~ 4.65 for non-spherical and/or rough 

non-flocculated particles in the Stokes reg{me.' For . \ , 
exa~ple, in' the case of alumina po~der having a mean dia-

• l. 1 ,..... 
mete! of 5.5 microns, the value of n waf foun&. ta be 10.5 

(see Table 4.1). Davies and Richardson (1966) summarized 
'. 

~he results obtained from several worker~, as shown in 

Tab le 4. 1 • 

" 

79 

TABLE' 4.1 Compilation of values of n for various materials 
based oh Richardson and Zaki form~'lat~o~ 

A'uthor dp _ Materlals Method Index Index 
'" eBsured Predlcted (micron) 

n 
Jot.ttand (195 20-1l0 'sand/water fluldization 5.6 4.65 

Sower .68.8 porous catalyst/ fluldlzatlon 8.3 4,.65 
(1949 ) 86' orgsnlc liqUIds flUldlZat.lOn 

" chardson and Blumlnum/water . 
Mel e (1961) 

5.5 
calgon sedlmentatlo 10.5 4.65 

·194 methyl ~ethacry- sedimBntatio 6.9 4.65 
139 ratel Aq.Pb (NO)) 2 7.5 4.65 

97 e:3 4.65 
65 + glycerol 9.5 1 

' 4.65 , 

The above table that there is a tendency for the. 

val ue of n ta increase particles. In 

-order ta Richardson and Zaki 

dlx. (n-=4.65) normally associated 
'\l( 

smooth~eres , 

Richardson and Meikle (1961) 

introduced a modified hindered settling 

form 

.. -

v = v 0 (I-KC) 4.65 

, , 

(1979 ) 

of the 

1 
, 1 

1 
1 
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\ 
where K = hydrodynamic volume facto~ 

C = solid c~ncentratio~ 

.' This modification assumes the pres~nce of i~le .. 
liquid ~urrounding the particle. The.presence of th~ liquld 

• film increases the effective concentratiQn of the particles, 

and . thereb~r'e,~ses t?e settling velc>clty of the 7iuspen-. 
sion. 

" . 
In. th)e latest communications of Fouda and Capes (1979) 

, fi lt 

. ana in Epstei~ (197~), it'was ~uggested that the hydro~ 
. / _ _ _ ,,0 

dynami~ volume, factor Can be estimated by the relationship 
• ~ <J ,f1., 

0.6-
1 - E b 

(4.7) 

. \Ô/here Eb is~ the void fr~cti,?n ,of~e settled bed. In' 
• (j - 0 

words, if~a suspension is allowed.to settle, then the 

final se~tled bed vbidagê can be used to est~mate K. 

The Richardson and Zaki equation can. then 

in the forro 1 
, " 

, ' 

v .' V (1- c)n ,oP 

Ta include the effec~ of 

density of the suspension/after final settlement reached, 

, .the has ta be considered. For,Hydrite fllat 

final concentration was approximaie}y 0 

ted value of P, based, on this 

similarly, P value for Hydri 

(Yang and Sethi, 1978). These two values of t 

were used ,in the Richardson and Zaki 
~ , 

gm/cm3 ; 

. 3 
3712 gm/cm 

• 

, . 
" 

i. 

, 
..\ 

, . 

• J 

. .'...,10 



L 
P10tting 1~9 V versus log (1- C/P) for the two 

J 

materials yie1ds straight lines whose slopes ~give the 

exponent va 1 ues in Richardson and Zaki' s equation, as shown 

in F i9. B. 31-32, and whose intercept 9 ives the settl ing 

velocity of a partic1e at infinite dilution. Table 4.2 

shows the results of this calculation for bath tested 
\ 
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\ 0 materials, as weIl as the values of single particle velocity 

. based on Stokes' 1 aw. 
TABLE 4.2 Results of Hydrite Flat D and Hydrite Ultra 

,Fine Kaolinite (based on Richardson and Zaki 
formulation) . 

f1ater la1 Partlcle Value of V xlO-J 
0 

Correlation Test Vo baaed 
SlZe Coefficlent Data n 

CfA/sec !DO Stokes v (.icron) 
R2 

, Infinite 
Ollution ' c 

Hydnte Flat 0 4'.5 12.056 7.1184 0.952 gravit y 
0 

Il Il 4.5 13.743 24.623 0.928 centri-
fuge 

0, 

Hydnte li" 0.3 0 16.951 1.288 - 0.950 gravlty 
, 

Il " 0.3 14.63 3.9345 0.942 centri-' 
fuge 

* for single particle 
",0 

Table 4.3 shows the analysis based on Steinour's 

equatiœ which is in the forro 
1 

4 where A • empirical constant in S~.inour'. equation 

:& 1. 82 
" Ir 

\ 

L.* 
Cfa/sec 

1.786lxlO·' 

9.650xlO -J 

7.742xlO -6 

4.18xlO -5 

(4.9) 

\ 

• 
1 

\ 

" , , 
) 
~ 
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Plotting log V/E2 versus (l-E), (Fig. 8.33-34), yields 

'a straight line, whose slope is A and whose intercept gi ves 

the settling velocity of the particle in infinite dIlution. 

Table 4.3 shows the values of A and V calcu lated on the 
o 

basls of Steinour 1 5 equation, and the ve10ci ty of single 

partlcles calculated on the basis of Stokes' law . 

• 
TABLE 4.3 Resu1ts of Hydrlte Flat 0 and Hydrite Ultra 

Flne Kaollnite (based on Steinour formulation) 

Haterlal Parbcle Value V xlO- 3 Correlatlon Test V based on 
0 0 Slze of Coefflclent Data 

1 (mlcron) A cm/sec 
R2 Fo Stokes Law· 

cm/sec 

Hydrlte 
Flat 0 4.5 -'5.29 7.8077 0.944 gravlty 1.7B6lxlO -3 

Hydrlte centrl-
-3 Flat D 4.5 -6.2 27.50 0.918 fuge 9.650xlO 

Hydnte OF 0.3 -7.31 1.4194 0.929 gravlty 7.742xlO -6 

Hydnte ur 0.3 -6.33 4.394 0.939 centrl- 4.18x1O 
-5 

fuge 

4 for slngle parhcles 

The large values for n obtalned from Richardson and 

Zaki's equatlon, and aiso the high values of A obtained 

from ~telnour's equatl0n,may be attributed to the presence 

of the double layer, whlch becomes more signif .l.cant as the 

particle concentration increases, and the particle Slze 

decreases. It should be noted in this connect ion that the 

050 for Hydrite Flat 0 kaol inite i5 4.5 microns, and for 

HydrIte ultra Fine kaolinite 15 0.3 mlcron. The values 

for n&A calculated for Hydrite Ultra Fine kaolinite are 
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higher than those calculated for Hydrite Flat D kaolinite; 

this difference may be attributed to ,thé different charac-

teristics of the mater,ia 1. 

4.2 RESULTS OF PHASE 2 ) 

4.2.1 Establishment of Sett1eabi1ity Coefficient 

This part of the study was conducted in or~er to 

determine the settleabil~ty, coefficient (see Appendix A). 

The settleabillty coefficient can be defined as the settling 

velocity of the particles per unit force imposed, 

i . e. 

where 
4) 

2 w 

S = 

v = 

r = 

settleabl1lty 

-1 
sec 

coeff icient in 

particle veloc~ ty ln cm/sec 

centrifugaI acce lera tlon ln 

(4.10) 

sec- 1 

cm/sec 2 

In an effort ta determine th~ settleabllity coefficient, 

seven dlfferent concentrations (16%, 20%, 24%, 27%, 30% 

and 33% (by weightl) were consldered and a serles of tests 

were conducted at dlfferent rotational speeds (w). 

Flgure 4.17 shows the height of suspension as a 

function of centrifuge time,at different rotational speeds, 

for a glven concentration. Five rotational speeds in 

increaslng magnitude were used for each of the seven concen-

trations considered. Due to lnstrument limitations 

encountered ln pre- setting the centrifuge at a desired 

rotational speed, the five individual speeds used for a 

1 

î 

1 
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given concentration were somewhat different from those 

used for other concentrations. For example, the rotational 

speeds for the 16% suspension were 100, 130, 160, 200 and 

260 r.p.m. while those for the 20% suspension were 100, 150, 

160, 205 and 235 r.p.rn. respectlvely. 

The suspens10ns be1ng tested were treated as previously 

descr1bed in Section 3.2, and for each test run, the po~~
~ 

tian of the interface as a functl0n of centrlfuge tirne was 

recorded for each rotatlonal speed. Flgure 4.17 indicates 

that with 1ncreaslng rotatlonal speed, the rate of subsldence 

1ncreases. 

For each test at a glven rotational speed, a relation-

where rI = the distance from the center of rotation to 

the 1nlt1al height of the suspensl0n at tirne t 1 

= the distance from the center of rotation to 

the new pos1t10n of the interface at time t 2 

The slope of the stra1ght 11ne lS w2s, and Slnce w, the 

rotatlonal speed 15 known, the value of S, the settleability 

coefficlent can be determ1ned. 

F1gure 4.18 shows the relatl0nshlp between Ln (r 2/r l ) 

and (t 2-t l ) for the flve rotatlonal speeds measured for 

each concentrat1on cons1dered. It should be noted that 

Ln (r2/r l ) versus (t 2-t1 ) always Ylelded a linear relatlon

ship at aIl the rotational speeds and concentrations examlned. 

The graphs aiso show a small intercept WhlCh may be attrlbuted 
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ta a small vibra tian of the tested tube. Due ta the move-

ment of the sol id particles toward the bottom of the tested 

tube, the centre of gravit y of suspension moves towards 

the bottom, while the centre of gravit y of the second tube, 

filled with tap water, rema1ns at the same position during 

the test. 

The s lape of each of the 1 ines in Fig. 4.18 9 1. ves 

w2S at different rotatl.onal speeds (w). Slnce w is known 

for each test run, Scan be subsequently determlned. 

From the deflnltl0n of settleabl11ty,coefficlent 

(S == v/w2r), the assocl.ated centrifuga1 acce1eratlon can be 

calculated for any observed settling veloclty of the inter-

face (v), at any rotational speed, as long as the settle-

ability coefficient lS' known. 

Figure 4.19 shows the relat10nship between the sett le-

abll1 ty coefficlent and the aSSOCl.a ted centr i fugal accelera

tion (w
2r). The figures indl.cate that the relatl0nship 

between settleability coefficient and centrifugaI accelera

tian 1.5 linear and parallel te the w2r - axis, and that 

the settleabl.hty coefficient decreases wlth lncreasing 

concentration. The 11near relatl.onship between the settle-

abill.ty coefficient (5) and the associated centrifugaI 

acceleration {w2rl suggests that the settleability coeffi-

cient for a glven concentratl.on ls independent of the appl ied 

2 force. That is, no matter what the value of w r, S 

will remal.n the same at the given concentration. This 

, 
• t • 
l 
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indicates that v, the s~ttling velocity of the interface, 

increases pr decreases in direct proportion to respective 

lncreases or decreases of the centrifugaI acceleratl0n. 

Figure 4.20 shows the effect of viscos~ty at rate 

of shear 50 sec-Ion the settleabil~ty coefflcient. It 

89 

is seen that, at any value of the imposed force, the settling 

velocity of the interface lS lnversely proportional to 

the VISCOS 1 ty. 

4.2.2 Relatlonshlp Between Settllng Veloclty and Applied 

Externa 1 Force 

Figures 4.21-26 show the relatlonship between the 

observed settllng veloclty of the lnterface and the aSSOCl-

ated centrlfugal acceleratlon, calculated from the relatlon-

2 
w r - vIS 

aiter the settleablilty coefflclent has been determlned 

for each rotatIona1 speed. These results are shown for 

the f0110w.1ng SlX concentrat.lons: 16%, 20%, 24%, 27%, 30% 

and 33% (by welght). The settllng ve10clty of the lnter-

face, under the Influence of gravlty, wh.lch may be considered 

2 2 equal to w r = 980 cm/sec, has aiso been p10tted for 

each concentratIon for the sake of comparlson. Each graph 

shows a Ilnear reiationship between the settllng ve10city 

of the lnterface and the aS50clated centrifug~luacce1eratl0n. 

It 15 seen that, at 10w concentrations (16% by weight), 

• 
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the settling ve10city of the interface, under the influence 

of gravitational acceleration, is higher than that which 

would have been obtained from extrapolating the settling 

velocity - centrifugaI acceleration line. with increasing 

concentration (20%, 24% and 27% by weight), the gravitational 

settling velocity gets closer to the extrapolated line. At 

the highest concentration investigated, (33% by weight), 

the gravltational settling velocity was lower than the 

extrapolated line. 

Figure 4.27 shows t~e relationship between the settle-

abi1ity coefficient and the initial concentration, for 

both centrlfuge and gravit y data. It is seen that in the 

range of cancentratlon up ta ~ 0.4 gm/cm~ the settleabi1ity 

coefficlents derived from gravit y data are higher than 

those derlved from centrifuge data. The equations describing 
'. " these relationshlps are power functions for bath centrifuge 

and gravit y data, thus; 

S = 0.452 C-1. 687 (4.11) c 

S = 0.152 c-2 • 908 (4.12) 
9 

where Sc - the settleability coefficient calculated from 

centrifuge data in sec 

and 

5 g = the settleabillty coefficlent calculated from 

gravlty data ln sec. 

3 C = initial concentration gm/cm 



i 
... 
'm -• 

CI) 

r"' ~ 
..-. 

1 

FIGURE 4-27 SETTLEABILITY COEFFICIENT Va. INITIAL CONCENTRATION 

21 KAOLINITE FLAT 0 

• 50-.452 CA-l.687 
18 

• ,59-.152 C
A

-2.998 

16 

't, 

14 
59 

12 

11 

B 1 1 J 

1. sa . es . 19 • 15 .29 .25 • 3a • 35 • 4e • 45 • sa 
INITIAL CONCENTRATION <gm./ou. o •• ) 

1 

\D 
CD 

Nd. 

l 



-

t 

- -,.. ~ 

99 

4.2.3 Effect of External Force on Particle-Size 

Distribution 

A possible explanation for the h1gher settling 

velocity observed in the gravit y settl1ng tests, as compared 

with the corresponding values extrapolated from the centri-

2 2 fuge tests ta an accelerat10n w r = 980 cm/sec , may be 

due ta the segr~gation of the part~cles. In order to 

further examine thiS point, a se;Jes of experiments were 

performed: 

- In the first series, six different susp~nsions of 
, 

concentrations ranging from 16% to 33% ~~y weight) 
1 

were subJected to gravltational settling~ 

- In the second series, a suspension of concentration" 

16% (by weightl was subjected ta four rotational 

speeds ranging from 130-260 r.p.m. 

- In the thlrd series, four different suspensions, 

of concentrations ranging from 16% ta 33% were aIl 

subJected ta a single rotation speed of ItO r.p.m. 

Also, a suspension of concentration of 27% was 

subJected to a speed of 130 r.p.m. (see Appendix B). 

For aIl concentrations, the particle size distri-

bution was monitored by the sedigraph 5000 D, except for 

the 27% suspension, which was monitored by the standard 

hydrometer test (see Appendix B). 

The aim of these tests is to facilitate the comparison 

between the behaviour of solid particles under the influence 
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( 

of both centrifuge and gravit y forces. Three samples were 

withdrawn from each tested tube after complete settling 

of the so11d particles. The three samples were from 

dlfferent poslt10ns 1n the tube, namely 
1 

1. a cm below 

100 

the top of the formed sedlment, in the middle of the formed 

sediment, and 1.0 em above the bot tom of the formed sedi-

ment respect1vely. The samples were extracted using a 

p1pette w1th lnternal diameter la mm. It was decided 

to take the samples after complete sett1ing of the solid 

part1cles; if, at any stage of the test, the centrlfuge 

had been stopped gradua1ly ?y reducing the rotat10nal 

speedi the solid particles would have propagated upward 

agaln, and it would have been difficult to determlne the 

correct concentration at any level of the suspension. 

Series 1 

Figures 4.28-29 show the results of particle size 

analysls on samples taken from gravit y tests at each 

concentratl0n. The partiele size distributlons, for any 

three samples taken from a single tube subjected te gravlty, 

are not slgnlfieantly different. It is possible ta eonelude 

that, after turning the tube end over end 8-10 times, and 

running the test, the par'tlcles aggregate to form a floc, 

arrd the composition of eaeh floc remains the same without 

any signficant segregatio~ until the flnal sediment is 

fermed. Also, the maln partiele size dlameter (050) is close 

ta 4.5 microns, which i5 in agreement with the main partlcle 

\ 
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size diameter calculated from the standard hydrometer 

test (Fig. 3.2). 

Series 2 
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The particle size analysis of samples taken from 

centr1fuge tests is different. To facilitate the comparison 

between the tests, the particle size analysis was plotted 

on a probabl1ity scale, as shown in FlgS. 4.30-36. The 

values of 010' 0 50 , 060 , Cu, percent flner less than 40 ~m, 

percent f1ner less than 4 ~m and percent flner less than 

1.0 ~m are glven 1n'each graph. Table 4.4 shows the summary 

of the partlcle size analys1s for a concentration 16% (by 

weight) at the four d1fferent rotational speeds. 

At rotational speed of 130 r.p.m., percent finer less 

than 4 ~m is highest at the top, and decreases from top 

to bottom. Similarly percent finer less than 1.0 ~m is 

also highest at the top and decreases from top to bottom. 

The same results are obtained at the other rotatlonal 

speeds (160, 200 and 260 r.p.rn.). Thus, at any rotational 

speed, the percent f1ner at the top of the formed sediment 

lS higher than at the mlddle of the formed sed1ment, WhlCh 

in turn 15 higher than at the bottom of the formed sedl-

ment. 

The same results can be looked at ln a dlfferent way. 

The percent fine~ obtalned from the top posltlon, decreases 

monotonlcally wlth lncreaslng rotatlonal speedi the situa

tion lS not as clear for a 5ample taken from the mlddle or 
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l .. TABLE 4.4 

Rotational 
Speed 

( w) r. p. m. 

130 

160 

( 
200 

260 

l 

111 

particle size analysis for concentration 16' 
(wt/wt) at di fferent rotational speeds and 

different depths 

Sample 1.0 cm Sample fram Samp1e 1. 0 cm 
Size be10w the top the middle of above the 

of the sedi- of the sed1- bottom of the 
\lm ment , ment , sediment' 

<40 99.98 99.98 99.91
J 

< 4 72.47 S6.34 31. 38 

< 1 12.34 3.12 0.39 

<40 99.98 99.88 99.67 

< 4 84.11 65.4 46.34 

< 1 28.81 11. 67 3.74 

<40 99.99 99.96 99.97 

< 4 85.8 71.6 50.87 

< 1 30.8 13.93 2.03 

<40 99.98 99.98 99.17 

< 4 88.63 65.27 25.3 

< 1 40.67 6.51 0.62 

-
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the bottom: hence the percent finer does not appear to 

relate ln a simple way with the rotat1onal speed. 

112 , 

Table 4.5 shows the values of 010' 050 and D60 , for 

concentratlon 16% (by weight), at different rotatlonal speeds. 

The results indicate that, al any rotational speed, the 

values of 010' 050 and D60 , as determined from samples 

taken at the top, are smaller than the corresponding values 

obtalned from either the middle or the bot tom of the sedi-

menti in turn, the values of 010' 050 and D60 from the 

middle are srnaller than the corresponding values taken from 

the bot tom. 

For sarnples taken from the top, it is seen that, as 

the speed of rotation increases, the values of 010' 0 50 and 

D60 decrease monotonically (thus, at speed 130 r.p.m, 

050 ~ 2.5 wrn , and at speed 260 r.p.m., it decreases to 

1. 25 ~m). 

Again it is not possible to find a simple relation 

between the ° values and the speed of rotation, when these 

values are obtained from samples extracted from the middle 

and the bottom of the tubes. 

The effect may be attributed to the error resultlng 

from passlng the pipette through different layers of the 

formed sediment; it i5 possible that different sizes of 

particles are picked up in this way. This may explain the 

absence of a simple relationship between the speed of 

rotation on the one hand, and the percent finer and the ° 
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TABLE 4.5 Partic1e size ana1ysis for concentration 16\ 
(wt/wt) at different rotational speeds and 

different depths 

Rotational Equivalent Sample 1. 0 cm Sample from Sample 1.0 cm 
Speed Particle below top of the middle above the 

Lw) r .p.m D1ameter the sed1mment of the sedi- the bottorn of 
ment the sediment 

0 10 0.91 1.49 2.41 

130 0 50 2.5 3.59 5.45 
J 

0 60 3.05 4.27 6.4 

0 10 0.53 0.93 1.51 

160 °SO 1.64 2.83 4.31 

0 60 2.06 3.54 5.32 

0 10 0.5 0.85 1.67 

200 °50 1.56 2.48 3.94 

D60 1.95 3.07 4.68 

0
10 0.37 1.18 2.51 

260 D50 1.25 3.01 6.58 

D60 1.6 3.62 7.98 

( ( 
1 
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values (obtained from samples extracted from the middle 

and the bottom of the tubes) on the other hand. With 

114 

regard to the amount of sample withdrawn, which 15 approxi

mately 1-2 cm3 , it is possible to aS5ert that results 

related to samples taken from the top of the sediment are 

more accurate than those relating to samples from either 

the middle or the bottom of the formed sediment. 

Series 3: 

Tables 4.6-7 show the particle size analysis for each 

concentrat1on (16%, 20%, 24%, and 33% by weight) at a 

constant rotational speed of 160 r.p.m. The percent finer 

for any sample extracted at the top i5 h1ghest, and decreases 

from top to bottom. Also, the values of DIO' 0 50 and 060 

at the top of the sed1ment are smallest and increase from 

top to bottom. Tables 4.6-7 also show that the percent 

finer and the values of DIO' 050 and 060 for the top samples 

do not vary significantly at concentrations higher than 20% 

(by weight). On the other hand, in the case of samples 

taken from the middle and bottorn of the tubes, sorne varia

tion is observed ln the values of the percent f iner and in 

the D values; however, no systematic relation could be 

deduced. 
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TABLE 4.6 Particle size analysis at the sarne rotational 
speed (w = 160 r.p.m.) with changing initial 
concentrations at different deptha 

115 

Cone. Size Sample 1. 0 cm Sample from the Sarnple 1.0 cm 
wt/wt \.lm be10w the top mldd1e of the above the 

of the sediment sediment bot tom of the 
sediment , , , 

<40 99.98 99.88 99.67 

16% 1 

1 
< 4 84.11 bS.4 46.34 

1 < 1 
! 

28.81 11.67 3.74 

<40 98.78 99.99 99.87 

20% < 4 92.4 72.6 40.97 ) 

1 
1 < l 82.61 5.86 0.72 

<40 98.78 99.99 99.99 \ 

24% < 4 92.4 77.4t 59.7 

< 1 82.61 9.5 2.08 

<40 98.6 99.99 99.99 

33\ ( 4 91.59 63.25 41.41 

< 1 81.18 1. 6 7 0.42 

\ 

\ 
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TABLE 4.7 Particle size ana1ysis at the same ro~a~i~nal 
speed (w = 160 r.p.m.) with changing ln~tlal 
concentrations at different depths 

Equivalent Sample 1. 0 cm Sample from Samp1e 1.0 cm 
wtjwt Particle below the top the middle above the bottorn 

Oiameter of the sedi- of the sedl- of the sedi 
ment ment ment 

D10 0.53 0.93 1.51 

16% D
50 1.64 2.83 4.31 

0 60 2.06 3.54 5.32 

010 0.0 1.2 2.07 

20% DSO 0.07 2.72 4.61 

D
60 0.15 3.21 5.41 . 

DIO 0.0 1. 02 1.58 

24 % D50 0.07 2.41 3.45 

D60 0.15 2.86 4.02 

010 0.0 1.61 2.17 

33% 0
50 0.08 3.31 4.53 

D60 0.17 3.82 5.24 

• 
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Conclusions: 

1. The results of the first series of tests indicate 

that no significant segregation occurs in experiments con-

ducted under gravit y, and that, independently of conçentration. 

2. The results of the second series of tests indicate 

that segregation occurs in experiments conducted under 

centrlfugal force. For a given concentration, the segre-

gation l.ncreases wi th 1ncreas ing rotational speed; i t is 

/ also highest at the top of the sample, and decreases from 

the top to the bottorn of the sample. 

3. The results of the thl.rd serl.es indicate that the 

segregation is independent of concentratlon, for concentration 

higher than 20% (by wel.ght) 
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CHAPTER 5 

SUMMARY AND CONCLUSIONS 

The purpose of th1S study was to evaluate experi

mentally the appl1cab111ty of the centrifuge as a tool to 

determlne the settl1ng characteristlcs of suspensions. 

The centrifu~e test 1S proposed as a SubstItute for a 

techn1que used 1n convent10nal laboratory batch column 

tests (I.e. settllng of the suspensIon under the Influence 

of gravIt y force) to determ1ne the relatlonsh1ps between 

settllng velocltles and concentratIon of suspensIon. The 

centr1fuge test can be completed ln a few hours, yIeldlng 

Informat1on Wh1Ch would take days or even weeks to obtaln 

from gravlty tests. Two suspenSIon materIals were used: 

Hydrlte Flat D Kaolin1te and HydrIte Ultra F1ne Kaolinlte. 

These two types of suspenSIon tests were conducted 

to study the ef f ect of concentratIon on sett 1:':1ng velocl t ies 

at a constant rotat10nal speed of 100 r.p.m., as weIl as 

the effect of concentratlon on settling veloc1tles under 

the 1nfluence of grav1ty force (l.e. no centrifugaI force 

was emp 1 oyed ) . 

In Hydrlte Flat D studies, the validlty and/or 

appllcablllty of the centrIfuge test was evaluated through 

ItS abIlity to predlct accurately the settleablllty coef

flcient of the suspension, at different rotatlonal speeds, 

and at different concentrations; this predlcted settle

ab111ty coefflClent was then compared to that obtained from 

gravit y tests. 

-118-
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In Hydrite Flat 0 studies, a further evaluation of 
, 

the centrifuge technique was carried out; it invDlved~the 

deterrnination of particle size distribution, at different 

concentratIons and rotatlonai speeds. The results were 

compared to particle size distr1butions rneasured from 

gravlty tests carrled out at the sarne concentrations. 

5.1 STUDIES OF PHASE l 

5.1.1 StudIe9 of Hydrite Flat 0 

The resu1ts of phase one studies of Hydrite Flat D 

Indicated that the reiatlonship between the initial settling 

velocity of the suspensions and their initIal concentration, 

in the range of 8%- 3 0% (by weight) (as determined by Coe 

and Clevenger's initial rate method) was found to conform 

very closely to the following equations; 

1. For centrifuge tests at constant rotational speed of 

100 r.p.m. 

where V = c 

C = 

V = 0.196 x 10- 3 x c- 1 . 858 
c 

initial settling velocity under the 

of centr i fuga l force (at rotatlonal 

100 r.p.m. ) in cm/sec 

inItial concentration 3 1n gmjcm 

( 4 • 1 ) 

influence 

speed of 

2. For gravit y tests (i.e. absence of centrifugaI force) 

V 
9 

= 0 107 10- 3 c- l . 605 
. x \-. ( 4. 3 ) 

where Vg = inItIal settling velocity under the influence 

of gravitationa1 force in cm/sec 
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C = initial concentration in gm/cm 3 

From the above two equations, the theoretica 1 relationship 1 

between settling velocity, at a constant rotational speed 

of 100 r.p.m. r and settling velocity, under the influence 

of gravi ty at any concentration in the range of 8%-30% may 

be described as: 

( 5. l ) 

From the above equation, it is found that the settling 

velocities in a centrifugaI field are approximately 1.3 to 

3.47 times larger than the corresponding settling velocities 

under the influence of gravity. The lower ratio refers to 

the" lowest concentration (8%) while the h1ghest ratio refers 

to the h1ghest concentrat1on (30%). At the same time, the 

imposed centrifugaI force at the rotational speed of 100 

r.p.m. was approximately 5.4 times 1arger than the gravita-

tional force. 

Thus, the eguat10n governing the motion of the particles 

in a centr1fugal field, viz, 

where Vc = settling velocity under the influence of 

centrifugaI force 

v = sett11ng velocity and the gravit y force 
9 

R.C.F.= relative centrifugaI force 

·(2.11 ) 

is not satisfactory. This may be attr~buted to the fact 
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that the particles moving through a centrifuge tube are 

passing through a zone of 'higher force where they are 

being accelerated, and their velocity is less than that 

calculated from equilibriurn conditions. 

Ambler (1961) pointed out that the law of conservation 

of rnomentum predicts that the rotational velocity of the 

partic1e will 1ag behind the rotational speed of the 

centrifuge and its fluid, if the particle is relatively 

heavy. 

5.1.2 Studies of Hydrite Ultra Fine 

The results of phase one studies of Hydrite Ultra 

Fine indicated that the re1ationship between initial settling 

velocity and initial concentration, in the range 8%-20% 

(by weight) (as determined by Coe and Clevenger's initial 

rate method) was found to conform very closely to the 

following equatl9,ns: 

a. For centrifuge test at a constant rotational speed 

of 100 r.p.rn. 

V
c 

= 0.02 x 10-3 x C- l . 819 ( 4.2 ) 

b. For gravit y test (l.e. absence of centrifuge field) 

= 0.03965 x 10-4 x c-l.9494 ( 4 .4) 

The rel~tionship between settling velocity at a 

constant rotatlonal speed (100 r.p.m.) and settling~velocity 

under gravit y for any concentration between 8%-20% (by 

weight) may then be described by: 
,_. 
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~ = 0.19825 x CO.1304 
Vc 

(5.2) 

5.2 STUDIES OF PHASE 2 

The material used in these studies was Hydrite Flat 

D kao1inite. The results of six sets of centrifugaI tests, 

" . on suspensions of different concentrations (16%, 20%, 24%, 

27%, 30% and 33% by weight) were compi1ed. Five rotational 

speeds were applied to each concentration considered. 

The results of each set of tests indicated that the 

observed settling velocity of the interface,is proportional 

to the force imposed, i.e. 

or 

where Vc = 

w2 r = 

Sc = 

Vc Ct w2r 

Vc 
-2-:::: Sc 
w r 

.. ' . 
= constant 

the observed sett1ing ve10city of the 

face in cm/sec 

centrifugaI acceleration in cm/sec 2 

settleability coefficient in sec. 

(4.10) 

inter-

In other words, the settleability coefficient for 

each concentration considered is independent of the rota-

tional speed or radius of rotation. It means tha t, on 

increasing or decreasing the rotational speed, the centri-

fugal acceleration increases or decreasesi at the same 
-
ti~, the observed settling velocity of the interface also 

-, , 
increases br decreases, to keep the ratio between~the 

r 

observed setrtling ve10city and the associated centrifugal 

.; . 
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acceleration constant. The settleability coefficient 

depends on the concentration; it decreases with increasing 

concentration. 

At eacQ concentration considered, the plot of the 

observed settling velocity of the interface, versus the 

associated centrifugaI acceleration, yields a straight line, 

whose slope gives the settleability coefficient. This 

straight line was then extrapolated towards the origin, 

to abtain an estimate of the settling velocity corresponding 

ta an acceleration given by 

2 2 
w r :;; 980 cm/sec 

which is the acceleration due to gravity. 

On superposlng the settling velocity, as determined 

from the gravit y tests,anto the corresponding graph, it 

-was found that at low concentrat~ons (16% ~y weight~ the 

"gravitat1onal" settllng veloeity was higher than the "centri-

fugal" settling velocity, obtained by extrapolation. The 

dif fercence between the "gravl tatlona 1 n sett 1 ing veloei ty 

and the extrapolated "centrifugaI" settling veloclty, was 

found to decrease wlth increaslng concentratIon of the 

suspension. For the hlghest concentration of suspension 

(33% by wel.ght), the "gravl.tational" setthng veIoclty even 

falls below the extrapolated "centrifugaI" settling velocity. 

The relationshl.p between the settleability coefficient 

and the concentration in the centrifugaI field can he 

de~bed by: 
\ 

i 
1 

J 
1 

1 
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S - 0 452 C- 1 . 687 
c - . 

, 
(4.11) 

where Sc = settleability coefficient in sec. 

C = inltial concentration in gm/cm3 

while the relationship describing the sett1eability coef-

ficient as a function~of concentration ln the gravitational 

field is 

S = 0.152 c- 2• 908 
9 

(4.12) 

The observed discrepancy in the values of sett1ing 

velocities as observed ln gravit y tests on the o~e hand, 

and in the centrifuge tests, on the other hand, may be due 

ta segregation of the particles; ln the gravlty fleld, no 

slgnlficant segregation occurred while in the centrifugaI 

field, there was segregation of the partlcles. 

In arder to check th(l..s hypothesis, l t was necessary 

to determlne the particle Slze dlstrlbution. For this 

purpose, three samples were picked up from three dlfferent 

levels of the tubes (VIZ, 1.0 cm below the top, at the 

middle, and 1.0 cm above the bottom of the formed sediment) 

ln both gravlty and centrlfuge tests; the process was 

repeated for flve concentrations (16%, 20%, 25%, 27% and 

33% by weight) . 

The results are illumlnatlng. In samples subJected 

ta gravItational settling, the partic1e size dIstrIbution 

IndIcated no slgnificant dlfferences in the average Slze 

of particles between the top and the bot tom of the formed 
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sediment. On the other hand, the results of centrifuge-

tests are more complexe The following could be observed: 

1. For a constant concentration (16% by weight) 

and for aIl tests in samples taken 1.0 cm below the 

fermed sedlment, the percent of finer increases with 

increaslng rotational speed (in the range 130 to 260 r.p.m) 

and the equlvalent dlameter of particies decreases with 

Increasing rotational speed. In samples withdrawn 1.0 cm 

from the bot tom of the formed sediment, the percent of 

f1ner decreases wlth lncreasing rotatlonal speed and the 

equlvalent dlameter lncreases wlth lncreaslng rotatlonal 

speed. Thus, ln the centr1fugal tests, the lmpo~ed force 
'\'-"~ \....... ,~I 

causes segregatlon of particles. Increasing ,the rotational 
\ 

speed lncreases thlS segregation. 

2. For the flxed rotational speed (160 r.p.m.) 
1 

ln samples taken 1.0 cm below the top, for aIl concentrations 

tested (16% - 33% by welght~ the percent of f1ner increases 

wlth lncreaslng concentratlon, up to a concentratlon of 20% 

(by welght), and thereafter becomes independent of the 

concentratl0n. 

~A theory, proposed by Kynch (1952) explains the so

cnllei hlndered settllng zone; it was developed by assuming 

that aIl partlcles are equ1-s1zed. Furthermore, it seems 

reasonable to suggest that the theory is valld only above 

sorne mlnlmum concentratIon. 
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The present results indicate that, for a kaolinite 

suspension in a centrifugaI field, the Kynch theory is not 

applicable. It 15 found that increasing the centrifugaI 

force causes the segregat10n of the so11d particles, 1n 

spite of the tendency of the particles to agglomerate, 

due to both Brownian motion and surface charge; thus, 

these two 1nfluences are countered by the higher centri-! 

fuga l force. 

On the other hand, the behaviour of kao11nite suspen-

sions 1n a grav1tational field is in agreement with the 
1 

Kynch assumption, and the cond1tion of equi-sized paft1cles 
1 

is sat1sfied; this can be seen from the grain size tlistr1-

but1on. 

"-



t -

A 

127 

CONCLUSIONS 

The present study on the sedimentation of kaolinite 

suspenslons was calculated under both centrifugaI and 

gravitational force. From thlS study, the following con-

clus10ns can be drawn: 

1. The equatl0n govern1ng the se~~ling velocity of 

2. 

a suspension lS given by: 

Vc = (R.C.F.) Vg 

where: V : settling velocity of the interface c 

under the lnfluence of centrifugaI 

force 

R.C.F. = relatlve centrifugal force acting on 

5011d partlcles 

Vg = 5ettling velocity under the influence 

of gravltatlonal force. 

This equatlon was found to not be applicable to 

suspensions of kaolinite at low SOlld concentrations 

« 16% wt/wt); but could be applIcable to suspen-

slons of kaolinlte at high concentrations, where 

segregatIon 15 less of a problem. 

For a kaol1nite suspensIon, under the influence of 

a centrifugal force, the settling velocity of the 

lnterface (V ) is proportional to the imposed 
c 

Il 

l 
1 
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centrifugal force. The ratio between the settling 

velocity of the interface (V), and the imposed c 

centrifugal force i5 constant. The constant 15 

called the "settleabillty coefflcient (8)". The 

settleabillty coefflcient 15 a characterlstic of 
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the system; it depends on the 501ids concentratl0n 

and the nature and size of the flocs, but does not 

depend on the lmposed centrifugaI force. 

3. For a kaolinite suspension, the applicatl0n of Stokes' 

law to calculate the floc dlarneter ln the hindered 

settling zone, uSlng the V1SCOSlty of the supsension 

at shear rate of 50 sec- l shows that: 

a. 

b. 

the floc dlameter does not depend on the 

lnitlal SOllds concentratlon 

the floc dlameter is tWlce (050) the particle 

Slze calculated from standard hydrometer 

tests. 

4. For kaollnlte suspensions, the values of n and A (the 

constants ln the Richardson and Zaki equation, and 

ln the 8telnour equatlon respectlvelyl determlned 

from the present lnvestlgation, are higher than the 

correspondlng values determined by aIl previous 

investlgators. The higher values may be attrlbuted 

to the surface actlvity of kaollnlte partlcle5. 
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NOMENCLATURE FOR TABLE 2.1 

a constant in the Rouse equation 

a constant in the Rouse equation 

volumetrie particle concentraiton (l-E) 

weight particle concentration 

diameter of particle 

diameter of vessel 

shape constant in Bond 1 s equation 

a constant in the Kalinske equation 

acceleration due to gravit y 

a constant in the Kalinske equation 

a constant in the Loeffler and Ruth equation 

a constant in the Oliver equation 

a constant in Steinour 1 s equation 

a constant in the Rouse equation 

a constant in the Robinson equation 

a constant in the Oliver equation 

a constant in the Kallnske equation 

wet sollds fractlon (volume ratio of final 
settled solids to origInal suspension) 

rate of fall of suspension relative to fixed 
horizontal plane 

terminal veloclty of particle 

terminal velocity of particle calculated from 
Stokes law 

Steinour's correction for immobile liquid 

power term in Richardons's equation 

A-l 
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E porosity Of~ spension (volume ratio of voids 
to suspenslo~~ 
cross section ~~sitY of suspension (ratio of 
void area to ta; l area at any cross~section) 

~(E) funct~on of E if Steinour's equation 
( 

viscosity of f,u1d 

Visco~itY of suhpension 
1 

dens1ty of f!Uit 
density of SOl~ 

'>,,) 

o 

o 

.a 
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APPENDIX AQ:) 

SETTLEABILITY COEFFICIENT (S ) 

r 

-3 
A particle sett 1 ing under centrifugaI force in a 

test tube 

Consider a partlcle ln a Solutl0n, held in a rapidly 

spinning centrlfuge. This particle, as lt 1S settllng in 

the centr1fugal f1eld, 1S subJected to two forces, the 

centrifugal force and th~ drag force. 

.... .. ' 

rf the rotor turns w1th an angular velocity w (radians 

" per second), the partlcje exper1ences a centrlfugal force. 

Th1S force can be descr1bed as 

2 
Fe = w r (P s -p) V (A. l ) 

where r l:: radius frJ>m the centre of rotation to the 
particle (cm) 

\. 

ps d'ensi ty of the part1cle (gm/cm 3 
:: 

-
p :: oens1ty of the flu1d (gm/cm3 ) 

v == volume of the part1cle (cm 3 ) 

The force 1S balanced by the drag force Fd , which can be 

written as 

" 

l 
i 
f 
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A-4 

(A.2 ) 

where A = prajected area of the particle (cm3 ) 

Co = drag caefflclent 

v = partlcle velocity (cm/sec) 

Assurning laminar flow (CD = 24/Reynalds number) and 

spherica l particle shape 

(A. 3) 

can be rearranged to read 

v (Ps - P) d 2 

= 
18 2 n w r 

(A. 4) 

The term v/w
2

r has been used ln biology ta characterlze the 

stablilty of slngle cells ln the ultra centrlfuge, assumlng 

that the settling velacity of the lnterface lS a functian 

of the SOlld concentratlon (as ln gravl tatlonal thlckening). 

But as the SOllds move rapl.dly outward, the radlus changes and the 

centrlfugal force on the suspenslon lncreases, and the 

interface Ve?oclty could weIl be influenced by lncreaslng 

radlUS durlng settll.ng. 

Thl.s problem can be ellInlnated by recognizing that 

dr v = 
dt (A. 5 ) 

S = v 
-2- (A.6 ) 
w r 

dr 2 
S dt = w r (A. 7 ) 

..." 

0' ff 
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Integrqting, 

where rI' r 2 are the pos~tiCflS 

and t 2 respectively. 

A-5 

(A.8 ) 

of the interface at time t 1 

A graPh of Ln (r 2 /r 1 ) versus (t 2-t 1 ) y1elds a straight 

2 Ilne whose slope lS W S. Thus Scan be determined Slnce 

the rotat1onal speed lS known. 

• 
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SEDIGRAPH 5000 D PARTICLE SIZE ANALYZER 

The use of the sedigraph 5000 D particle size analyzer 

as a means of determining particle size distribution requires 

the prior determinatlon of the partie le density. The deter-

mined particle density lS used to calculate the largest 

permissible particle diameter from the equation: 

1.837 x 10 6 ~2 
D ;:: 

R e (A. 9) 

where D = largest particle diameter in microns - aiso ' 

called the s tarting diameter 

~ = ViSCOSlty of fluid ln poise 

P density of fluld in gm/crn 3 = 0 

P = density of soUd particie in gm/cm 3 

R Reynold's number 
'\. 

0.4 = e 

The starting dlameter value 1S then used to obtain 

an approprlate multipller; this multiplier determines the 

rate at which the cell containing the suspensIon will move 

downward relative to the X-ray beam. The rate is determined 

from the equatIon: 

Rate (start ~m) 

(205.42) (P-P ) o = s (multiplier) (A.IO) 

The instrument i5 subsequently adjusted for the given rate 

obtalned from the above equat1on. The well-mixed suspension 

in the cell is then allowed to settIe, while the cell itself 

moves downwards with respect to the X-ray beam. A particle 

size distribution is thereby obtained. 
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TABLE A.l Inltlal Settllng Veloclty Data From Gravlty and 
CentrIfuge Measurements (w = 100 r.p.m.) 

Hydrlte Flat D Kaolinlte 

Inltlal Concentratlon V x 10- 3 
V x 10- 3 

c 9 

gm/cm 3 cm/sec cm/s~c 

0.0853 18.97 5.533 

0.1066 13.183 3.683 

0.1324 8.5 2.667 

0.1;66 6.1 2.183 

0.1814 4.383 1.783 

0.1996 3.767 1. 367 

0.2313 2.983 1. 2':) 

D.2')n 2.5 0.983 

0.2863 2.083 0.7':) 

[J.3302 1.5 0.633 

[l. 3584 1. 35 0.517 

.. 

5 tst g= 

A-7 
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TABLE A.2 InItIal Settllng Veloclty Data From GravIt y and 
Centrlfuge Measurements (w = 100 r.p.m.) 

Hydite Ultra FIne Kaollnlte 

InItIal ConcentratIon V x 10-3 
V x 10-3 

3 c 9 
gm/cm cm/sec cm/sec 

0.0853 1.675 0.34805 

0.1066 1. 353 0.318529 

0.1324 0.8 0.268518 . 
0.1566 0.632 0.199881 

-

0.1814 0.404 0.1450444 

0.1996 0.342 0.0737826 

0.2313 0.331 0.0493935 

I~ 

A-8 



.... 
...... 

1.:i!!!",q< < -'.,., 

• ..... t '" 

• 

TABLE A.3 Number of Partlcles per Gram SOlld - Based on the Graln 
Slze Dlstrlbutlon for Hydrlte Flat D 

Dlameter ~ô F lner Mean Dlameter 

~m. pm 

-

40-20 3.4 30 

20-10 12.5 15 

ID-8 7.8 9 

-
8-6 10.5 7 

"6-4 15.3 5 

4-2 - 22 3 

2-1 15.3 1.5 

less thBn 
1.0 13.2 less than 1. 0 

... 3.4 
100 X G

s
(Z.62) = 0.012977 

= No. of partlcles = 0.012977 
14137xlO-12 

Volume of Slngle 
Partlcle 
\l x ~o-12 

cm 

14137 

1767 

382 

IBO 

65.5 

20.6 

1.8 

0.53 

6 = .917953 x la 

Total No. per gm SOlld = 1.7279 x 1011 

\1 T/gm 

3 
cm 

0.012977 

0.0477099 

0.0297709 

0.0400763 

0.0583969 

0.0839694 

0.0583969 

0.0503816 

:/ 
/ 

-r
/ 

Number of Partlcles/gm* 
Sol1d 

0.917952 x 10
6 

2.7 x 10 
7 

7.7934 X 10 
7 

2.22646 x lOB 

8.91555 x 10
8 

4.07618 x 10
9 

3.24427 x 1010 

9.50596 x 1010 

~ 

:t-
1 

I.e 

i 
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TABLE A.4 Number of Partlcles per Gram S011d - Based on the GraIn Slze DIstrIbutIon 

for Hydrlte Ultra FIne Kao11nlte 

Dlameter ~~ r Iner Mean Dlameter Volume of SIngle V1/gm Number of PartIcles per 
PartIc1e Gram Solld 

" V X lO-L 
3 3 

~m ~m cm cm 

40-4.8 1.5 22.4 - 5885 5.81395x10- 3 
0.987915 x 106 

4.8-3.5 1.0 4.15 37.4 3.87596x10- 3 
1;û3635 x 108 

3.5-2.6 1.6 3.05 14.86 6.20155x10- 3 
4.17328 x 108 

2.6-1. 9 2.9 2.2) 8.18 0.0112403 1. 37411 x 109 

1. 9-1. 5 12.5 1.7 2.57 0.0484496 1. 88519 )( 1010 

1. 5-1 28 " 1.25 1.02 0.1085271 0.06399 x 1011 
-

1-.71 37 .855 0.33 0.143411 4 . 34578 x 10 II 

less than \ 

.71 15.5 less than .71 0.33 0.06008 1.82051 x 1011 

Total Number per Gram SOlId = 6.4378 x 1011 

.--.. 

~ 

)li 
1 ..... 

o 

1 
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TABLE A.5 Effect of V1SCOS1ty at rate of shear of unit y 
for various concentrations on particle d1ameter

Hydr1te Flat 0 

(GravIt y Data) 

1. u
l 

= 0.144 (C x 100)1.462 2 

2. 

3. 

log V- = -3.971 - 1.606 log C 
g 

D = 10.0113378 ~ V 
!J 

Concentrat Ion U
l 

V 
g 

gm/cm 3 
cm/sec 

.01 2.0736 10-4 .1742 

0.0'> .\022935 .0131357 

. 10 .17407 4.3151xlO -3 

.15 .56966 2.25xlO -3 

.2 1.3211023 1.4175xlO -3 

.25 2.')368791 9.90625x10-4 

.3 4.3234385 7. 39171xlO-4 

.35 6.78~4414 5. n069xlO-4 

.4 10.02646 4.65685x10-4 

.45 14.148635 3.85427xlO-4 
" 

D 

wm 

6.399 

18.48 

29.18 

.58.12 

46.08 

53.38 

60.194 

66.63 

72.7')9 

78.631 

A-ll 

.. 

, 

1 

\ 
1 



(~ 

( 

TABLE A.6 Effect of V1SCOSlty at rate of shear of unit y 
for various concentratlons on partlcle diarneter 

Hydrlte Flat D 

, (Centn fuge Data) 

x 100) 1.462 2 
u

1 = 0.144 (C 

Log V = -3.706- 1. 858 log C c 

0 = /2.0996 x 10- 3 V n c 

Conccntratlon u
1 V 0 c 

gm/cm 
3 

pOlSE' cm/sec lJm 

0.01 2.0736 x 10 
-4 

1.02329 6.6747 

O.OS .02293) ).144l 
_7 

l( 10 ~ 1).738 

_? 
• 1 .17407 1.419 x 10 - 22. 77 ~ 

.15 .56966 6.6807 l( lU- 3 
28.267 

.2 1. 3211023 3.9145 l( lU- "3 32.951 

-3 
.25 2.5368691 2.')859 x 10 37.113 

.3 4.323438) 1 .8429 l( 10- ~ 40.901 

. 3') 6. 78')4414 1 . 3839 x W- 3 44.4fl5 

- ~ 
47.67 'J .4 lU.D2646 1.0798 l( lU 

.45 14.14863) 8.6762 x 111-4 'JU. 7 {,fj 

'" 

A-I2 

. 
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TABLE A.7 Effect of viscQsity at rate of shear of 50 sec- 1 

for varlOUS concentrations on partlcle diameter' 
Hydr1te Flat D 

(Gravlty Data) 

l 

lJ so = 0.952 x e-0 • 039 CxlOO 

ConcentratIon lJ 50 V 
9 

0 

C)rn/rm 
"3 

cm/sf'C pOlse \Jm 

. () 1 1.1929 x 10- 2 
.1742 48.538 

0 

10- 2 .0') 1. 6297 x .0131357 15. ') 79 

. 1 2.4U7 x 10 -2 
4.31~1 x 10- 3 

10.8'> 1 

.1') 3.5551 x 10- 2 
2.25 x 10- 3 9. '>231 

.2. ').Z';()fl x !o-Z 1.417') x 10- 3 9. 1 !:I(jZ 
! 

.2') 7.7';')3 x 10- 2 
9.9062') x 10-4 

9. 3329 

.3 11.45447') x 10- 2 
7.39171 x 10-4 

9. 7977 
" 

1U- 2 10-4 . 1 J li,. ') WU S'J x J. nU6l) x lU. ')2 

.4 24.98U,2 x 10-2 
4.6)68') x 10-4 

11 .486 

.45 36.906 x 10 -2 3.8')427 li 10-4 
12.699 

A-13 
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TABLE A.a Effect of viscosity at rate of shear of 50 sec-l, 
for various concentrations on particle diameter 

Hydrite Flat D 

(CentrIfuge Data) 

Concentr a t IOn ~50 V D c 
gm/cm 3 

pOlse cm/sec \lm 

0.01 1.1929 x 10-2 
1.02329 50.625 

.05 1.6297 x 10-2 
5.1441 x 10 -2 

13.267 

.1 2.407 x 10-2 ' -2 1.419 x 10 '8.468 

.15 3.551 x 10- 2 
6.6807 x 10- 3 

7.058 

.2 5.2508 x 10- 2 
3.9145 x 10- 3 

6.67 
) 

.25 7.7553 x' 10- 2 
2.5859 x 10- 3 

6.489 

.3 11.454475 x 10- 2 
1.8429 x 10-3 

6.657 

.35 16.918039 x 10-2 
1. 3839 x 10- 3 

7.011 

.4 24.98762 x 10-2 
1.0798 x 10-3 

7.527 
, 

.45 26.906 x 10- 2 
8.6762 x 10-4 

8.199 

: 

, . 

A-14 
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TABLE A.9 Summary of the centrifugation results for 
16% (wtjwt) Hydrite Flat D 

w w2S _'!' 10-4 S x 10-7 V x 10-3 
, c 

-) 
r .p.l"1. sec sec cm/sec 

100 .8747 7.980 4.280 

130 -1.451 7.830 6.980 

160 2.1713 7.734 10.28 

200 3.464 7.890 16.00 

260 5.6423 7.61 26:27 

1 9 18.060 1.77 
_.~-~ .. ~._. ------- - - -

s 7.8088 x 10-7 sec 
c average 

<> 

.,t",mI 1 mmiW11IM':1!l'''''''''''_' Nf e!*,h'n'-~'-

w
2r x 103 

2 cm/sec 
1 

5.360 

8.914 

13.29 

20.28 

34.52 

0.98 
-~_._--

c 

l' 

. , 

, . 

:x:
I 

t-' 
U1 

, , , 
" t 
~ 

" 1 , 
1 

1 

1 
~ 

1 
1 , 
• 
-f 
i 
f 
} 

. ~ 

1 
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TABLE A.IO Summary of centrifugation results for 20% 
(wt/wt) Hydrite Flat D 

w2S )( 10- 4 S )( 10- 7 
V )( 10- 3 

r.p.i 
c 

-1 
cm/sec sec sec 

. 

100 . 6276 5.723 
0' 

150 1.389 5.630 

160 ~ 1.576 5.611+ ' 

205- 2.597 5.~35 

235 3.420 5.650 
c 

" 
-

1 9 12.755 

Sc • 5.6504 x 10~7 sec 
average 

<l '" 

• 

3.080 

6.520 

7.820 

12.870 

16.070 

1. 25 

c 
.D 

w2
r x 103 

cm/sec 2 

5.)8 

Il.58 1 

'1 
13.93 

22.84 

28.46 

.98 . 

-) 

~ 
\ 

" 

)00 , 
....... 
0\ 

1 

~ 

d' - ------------- - , t 
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TABLE-A.ll Su'mmary of centrIfugation results for 24% 
(wt/wt) Hydrlte Flat D 

w 

r.p.m. 

100 

< 120 

14O 
< 

180 

230, 

1 9 

----~- -- ---

w2S )( 10-" S 

sec -1 

------1--- .. 

."327 

.5975 

.84262 

1.)62 

2.075" , 

--- -----
~ 

S .. 3.8t2 )( 10"7 
c 
.verage 

'-' 

---- ---

)( 10- 7 

!I ec 

3· 950 

3. 780 

3. 920 

3. 8)0 

3. 580 

- - - -" 

6. 00 

!lec 
~~ 

t 

V )( 10- 3 
c 

cm/!lec 

2.130 

2.950 

".I.lO 

6.750 

9·85 

.59 

r 

et 

~ 

w2r )( 103 

cm/sec 2 

5.ltO 

7.80 

10.6" 

17.61, 

F·52 
'j 

.98 

t l. 

•• rt Il 1 ' r' t r.,ln ,'''''''' ~ 111..- 1 ... ' .~. , . .,.."." .... _<1" ..... , .• Dti_riM ..... _li.t'u' 'j1I11 •• I._t,~,,' ., "" • 

."",L 

~ 
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TABLE 1\.12 Summaty of centrlfuyatlon results for 27\ 
(",·t wt) Hydrtte Flat 0 

- -- -----
2 

w w :, x 10- 4 5 x 10- 7 V )( 10- 3 
c 

-1 
cm/sec sec 

, 
- - -------- ----

r.p.m. sec 

l----- -'-
2 3.400 4.63 

2.900 5:02 

160 1 955 

180 - 1.030 

200 1 .31 2.990 6.37 

230 1 77 3.050 8.583 

250 1 975 2.890 9.62 
~--- -- -- -+---

\ g 4.592 .450 
--~-

S - ).046 x to-7 sec 
c 

~ 
average 

~ 

-> 

.. 
2 3 w r )( 10 

cm/sec 2 

\3.6\ 

17.32 

21.33 

28. '3 

33.38 

.98 

,-. 

~ 

1 

»1 , 
1-' 
<Xl 

• 

... 
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TABLE A.l J Summary of centrIfugation results for 30% 
(wt/wt) HydTltp Flat f) 

r----- ----,---- ---------- ---- - - -------- ----- ---
w w2s x 10- 4 S x 10- 7 V x 10-3 

c 
-1 cm/sec r.p .m. sec sec . 

--f--------- -

100 .2691 2.45 1.3 

ISO .57569 2.33 2.78 

190 .82995 2. \ 0 4.00 

250 1 .48lt 2.17 7. 18 
-

1 9 3.06 .30 

-

5 - 2.2625 x 10- 7 sec 
c average 

~ 
) 

<_~..;IIIot(: ... ..>.,;.. -' 

23-w r x 10 

cm/sec 2 

5.3 

Il.92 

\9.08 

33·20 

.98 

~ 

-, 

, 

c--

)00 
1 

...... 
1.0 



~ 

~ 

.. ' 

~ 

TABLE A.14 Summary of cent~lfugatlon results for 33% 
(wt/wt) Hydrlte Flat D 

w w2s )( 10.4 S )( 10.7 V )( 10.3 
c 

-1 . 
cm/sec r.p.m. sec sec 

~ 

155 .608 2.3\ 2.833 
! 

170 .65574 2.07 3.05 
~ 

2.16 4.2 195 .9008 ?' . 
200 1.0978 2.07 5.12 

240 1.286 2.0~ 6.00 

1 9 " 1.633 .16 

S - 2.13 )( 10-7 sec c average 

-~ .. " 

• 

w2r )( 103 . 
cmlsec 2 

12.28 

14.74 

19.44 

24.75 . 
29.47 

.98 

,.-.. 

. 
c 

,.. 
1 

fV 
Q 

• 

( 

,.---
~ 

-_/ . 
/ 1 J 
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APPENDIX A-2I 

Der~vat~on of equat~on 2-7 

From 

Fe 2 (P = w r Pl -
5 

V 2-4 

A 
2 P Fd CD 

v 
2-5 = 2 

Therefore 
2 

~ Co A v P 
w r (P - P) V Ils 

5 2 

It can be rearranged to read 

2 (P -Pl V.2 v s 
-2- = 
w r Co·A.P 

A-21-1 

,,, 
~, 

.. ;,where; 
-.! 

C 24 and RN 
PDv 

::; 

D RN ~ 

Therefore 

c = 24 ,1 
[) P v 

D 
A-21-2 

Sub~~ltutlny the value of CD ln equatlün (A-21-11 

glves 

l. 
v 
2 w r 

= 
IP -Pl V.l.P.D.v s 

24.l .... ,J.t' 

(Ps-Pl (1' 6 D
3
1.2.P.D.v 

= -----2-- -------
24.(',4 D ).\.>.P 

v 
2 w r 

2-7 

1 
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FIGURE 8.1 VISCOSITY A~ GEL STRENGTH Vo. !NITIAL CONCENTRATION 

lU 
HYDRITE FLAT 0 KAOLINITE 

91~ o.s 1.463 
P = 0 144 C 
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R = 0.977 

78 

811 

5& 

~ 

31 

28 

11 

1 

• 5 18 l' 28 25 3S ~ 48 4' 511 55 81 85 11 75 81 

CONC.. (911/111 ou. ~ 

~' 

to 
1 ..... 

• 

, 



II') 

d 
1-

i 
d 

0.. • ...... 

~; 

- .- ,,-... 

FIGURE 8.2 VISCOSITY AT RATE OF SHEAR OF 50 •• ~~ V.. INITIAL COCENTRATION 
1 

LB HYDRITE FlAT-D KAOLINITE 
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FIGURE B.3 HEIGHT-TIME RELAT!ONSH!P AT FIVE DIF~ERENT ROTATIONAL SPEEDS 

32 20Z k" ..... OLINITE FLAT 0 (wt. /wt. ) 

0 W=1GO r. p. m. 

28 l:;. W=150 r. p. m. 
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. FIGURE B.5 HEIGHT-TIME RELATIONSHIP AT FIVE DIFFERENT ROTATIONAL SPEEDS 
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FIGURE B.6 HEIGHT-TIME RELATIONSHIP AT rIVE DIFFERENT ROT~TION~L SPEEDS 
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FIGURE B.7 '! HEIGHT-TIME RELATIONSHIP' AT FlVE 8IFFERENT ROTATIONAL SPEEDS 
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FIGURE 8.12 GRAIN SIZE DlSTR18U:!ON 
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FIGURE 8.13 GRAIN SIZE JISTRIB~TION 
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16% KAOLINITE FLAT 0 
CENTRIFUGE DATA 
W=130 r.p.m. 
SAMPLE FROM THE MIDDLE 
OF THE SEDIMENT 

.. 

PARTICLE SIZE ANLYSIS ' 

010 "" 1. 49 micron 
050 ... 3.59 micron 
060 = 4.27 micron 
Cu = 2.86 (Cu = 060/01 Q) 

%CLAY « 40m 1 cron) ::: 99.978.47 
%CLAY « 4 micron) = 56.34038 
XCLAY « ~ mlcron) = 3.11663 

F!GURE B. 14 GRA1N SlZE ~!STRJBUTION 
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16% KAOLINITE FLAT 0 
CENTRIFUGE DATA 
1'=130 r. p. m. 
SAMPLE 1.0 cm. FROM THE 
BOTTOM OF THE SEDIMENT 

PARTICLE SIZE ANLYSIS 

010 = 2. 41 mIcron 
050 :: 5.45 micron 
060 = 6. 40 micron 
Cu 2.65 (Cu = 060/01 Q) 

%CLAY « 40m 1 cron) = 99.91437 
%CLAY « 4 mIcron) ::: 31. 38009 

%CLAY « 1 micron) = • 384f37 

F1GURE 8. 15 GRAIN SIZE 2ISTRIBUTION 
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CENTRIFUGE DATA 
W=150 r. p. m. 
SA~PLE FROM THE M!DDLE 
OF THE SEDIMENT 

PARTICLE SIZE ANLYSIS 

010 = . 93 mi c,...-tm 
050 = 2.83 micron 
060 = 3.54 micron 

~ 

Cu = 3.82 (Cu :;; 060/01 Q) 

%CLAY « 40m l cron) ;; 99.87915 
%CLAY « 4 ml cron) = 65. 39871 
%CLAY « l micron) =11.66702 
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FIGURE B. 16 GRAIN SIZE D!STRIBUTION 
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16% KAOLINITE FLAT 0 
CENTRIFUGE DATA 
W=160 r.p.m 
SAMPLE 1.0 cm. FROM THE 
BOTTOM OF THE SEDIMENT 

L-

.c-

PARTICLE SIZE ANLYSIS 

010 = 1. 51 micron 
050 = 4.31 micron 
060 = 5.32 micron 

~ 

Cu = 3.52 (Cu = 060/010) 

%CLAY « 40mlcron) = 99.66923 
%CLAY « 4 micron) = 46.34086 
%CLAY « 1 micron) = 3.73656 

FIGURE B.17 GRAIN SIZE DISTRIBUTION 
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16% KAOLINITE FLAT D 
CENTRIFUGE DATA 
W=200 r. p. m. 
SAMPLE FROM THE MIDDLE 
OF THE SEDIMENT 

PARTICLE SIZE ANLYSIS 

010 = .85 micron 
050 = 2.48 micron 
060 = 3.07 mlcron 

-

Cu = 3.62 (Cu = 060/010) 

XCLAY « 40m 1 cron) = 99.95475 
%CLAY « 4 micron) = 71. 59518 
XCLAY « 1 mlcron) =13.93150 
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FIGURE B. 18 GRAIN SIZE DISTRIBUTION 
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15% KAOLINITE FLAT 0 
CENTRIFUGE DATA 
W=200 r. p. m. 
SAMPLE 1.0 cm. FROM THE 
BOT TOM OF THE SEDIMENT 

PARTICLE SIZE ANLYSIS 

010 = 1.67 mlcron 
050 = 3.9.4 micron 
060 = 4.68 mIcron 

,,,!(I... ~ 

.. 

4 

Cu = 2.80 (Cu :: 060/01 Q) 

%CLAY « 40m i cron) = 99.97291 
%CLAY « 4 mlcron) = 50.86968 
%CLAY , « 1 micron) = 2.02937 

FIGURE B. 19 GRAIN SIZE DISTRIBUTION 
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161. KAOLINITE FLAT 0 
CENTRIFUGE, DATA 
W=260 r. p. m •• 
SAMPLE FROM THE MIDDLE 
OF THE SEDI~ENT 

"'" 

pARTICLE SIZE ANLYSIS 
---------------------. 
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050 = - 3.01 lIIicron 
060 ..: 3.62l11icnon 

,-.. 

~ 

'V" 

Cu = 3.05 <Cu :0: 060/010) 

o %CLAY «. 40micron) ::: 99.98132 
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16% KAOLINITE FLAT 0 
CENTRIFUGE DATA 
W=269 r. p. m. 
SAMPLE 1.0 cm. FROM THE 

~ BÙTTOM OF THE SEDIMENT 

PARTIC~ SIZE ANLVSIS 

2.51 micron , .. 
6. 58 mi cron-
7.98 micron 

j
\ 

010 = 
050 = 
060 = 
Cu = 3. 18 (Cu = 060/010) 

%'CLAY' 
%CLAY 
%CLAY ., 

« 40micron) = 99.17181 
« ~ ~icron) .= 25.39966 
« 1 micron) = .61539" 

FIGURE 8.21 GRAIN SIZE DISTRIBUTION 
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20% KAOLI~ITE F~T 0 
CENTRIFUGE DATA ~ 
W-160 r. p. m. 
SAMPLE FROM THE MIDDLE 
OF THE SEDIMENT 

!J 

PARTICLE SIZE ANLVSIS . 

010 - 1.20 111 cran 
050 • 2.72 micron 
080 - 3.21 .1cl"'on 

n 

j. 

Cu - 2.67 (Cu 1: 060/010) 
';,. 

XCLAY « 40 .. i cl"'on) 1: 99.99867 
%CLAY « .. 1I1cl"'on) = 72.60419 
%CLAY « 1 micron) = 5.85987 
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FIGURE ~22 GRAIN SIZE OISTRIBtlTION 
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24% KAOLINITE FLAT 0 
CENTRIFUGE DATA 
W-160 r.p~m. 
SAMPLE FROM THE MIDDLE' 
OF tHE SEDIMENT 

PARTICLE SIZE ANLYSIS-

010 -
050 0; 

060 II: 

1.02 micron 
2.41 micron 
2.86 mlcf"on 

,.-... 
" . 

~ 

Cu - 2.80 (Cu = -O~/DIO) 

" 

XCLAY 
%CLAY 
%CLAY 

q 1 

. (~ 49m1cron) .~ 99.99856 
« 4 m1c,..on)~ = 77.44175 
« 1 m1c~n) = 9.49409 
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FIGURE B.24 GRAIN SIZE DISTRIBUTION 
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24% KAOLINITE FLAT 0 
CENTRIFUGE DATA 
W=160 r. p. m. 
SAMPLE 1.0 cm. FROM THE 
BOTTOM OF THE SEDIMENT 

.' 

PARTICLE SIZE .ANLVSIS 

1.58 micron 
3.45l1icron 
4.02 micron 

,,-.. 

c 

010 = 
050 = 
060 = 
Cu = 2.54 (Cu = 060/010) 

%CLAY 
%CLAY 
%CLAY 

(< 40m1cron) = 99.99729 
« 4 micron) = 59.70432 

(< 1 micron) = 2.08359 

j 

FIGURE B.25 GRAIN SIZE DISTRIBUTION 
Log Diameter (micron) 
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33% KAOLINITE FLAT 0 
CENTRIFUGE DATA 
W=160 r. p. m. 
SAMPLE FROM THE MIDDLE 
OF THE SEDIMENT 

PARTICLE SIZE ANLYSIS 

010 ::; 1.61 micron 
050 = 3.31 micron 
060 ::; 3.82 micron 

1-.. 
.' 

Cu ::; 2.37 (Cu ~ 060/010) 

%CLAY « 4Dm i cron) ::; 99.99953 
%CLAY « 4 micron) = 63.24792 
%CLAY « 1 micron) = 1.67215 

FIGURE 8.26 GRAIN SIZE DISTRIBUTION 

te 
1 

N 
0'\ 



,,-... 

QQ.QQ 

QQ.Q~ 

QQ.Q 
QQ.S 

QQ 

QS 

, 1iJ~ 

gO 

1; 80 
! ,.0 -c..eo 

i:~ 
'SO 

Cl. 20 

10 

s 
2 

1 
.s 
.2 
• 1 

.Os 

.01 

-

Log Diometer (m1croh) 

o 

33% KAOLINITE FLAT 0 
CENTRIFUGE DATA 
W= 160 r. p. m. 
SAMPLE '1.0 cm. FROM THE 
BOTTON OF THE SEDIMENT 

~ 

PARTICLE SIZE ANLYSIS 

010 ::: 2. 17 micron 
050 .. 4.53 micron 
060 - 5.24 micron 

-

Cu ::: 2.41 (Cu ::: 060/010) 

%CLAY « 40m 1 cron) '" 99.99277 
%CLAY « 4 micron) ::: 41.~1356 
%CLAY « 1 micron) '" • 42001 

FIGURE 8.27 GRAIN SIZE DISTRIBUTION 
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FIGURE 8.28 GRAIN SIZE DISTRI8UTION-HYDROMETER ANALYSIS 
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GRAVITY DATA 

o SAMPLE 1.0 cm. BLOW THE TOP OF THE SEDIMENT 
o SAMPLE FROM THE MIDDLE OF THE SEDIMENT 
A SAMPLE I.e cm. FROM THE BOTTOM SEDIMENT 
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27% HYDRITE FLAT 0 KAOLINITE 

CENTRIFUGE DATA 

o SAMPLE 1.0 cm. BELOW THE TOP OF THE SEDIMENT 
A'SAMPLE FROM THE MIDDLE OF THE SEDIMENT 
o SAMPLE 1.0 cm. FROM THE BOTTOM OF SEDIMENT 
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t"lGURE 8.31 LOG V Va. LOG E (RICHARDSON AND ZAKI EQU,A.rION) " 

-1.5 r- HYORITE FLAT-D KAOLINITE 
.. GRAVITY DATA 

-1. 7 ... 
LOG (Vg) --2. 147+ 12. 059LOG CE) 

+ 
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FIGURE 8.32 LOG V Vs. LOG E (RICHARDSON AND ZAKI EQUATION) 
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FIGURE 8.33 LOG VIE Va. (l-E) CSTEINOUR EQUATIN ) 
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