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SUMMARY

Although there have been useful developments in the theory of
solid-liquid separation in 1inclined tubes, many assumptions and
concepts have not been tested. In the present study the principal
objJective was to gain a clearer understanding of the settling
mechanism through observation. of ‘the flow flelds within a
particle-free fluid layer which exists at the upper face of the bulk
suspension and within the bulk suspension itself.

Experimental investigations were carried out using glass beads
in an aqueous glycerol solution.

Preliminary tests in a vertical column showed that the
relationship between the settling velocity V. and the solids
concentration C could be described by

Vo =A (1 -C " when n = 4. 66
In the subsequent work in an inclined column the flow field in

the clear fluid channel and within the suspension core was studied

for suspension under the concentration conditions C, = 0.1 and Co =

0. 2.

Characteristics features (width, velocity and average flow) of

the clear-fluid layer were measured and compared with existing

theory. Generally it was shown that there 1is a fairly good
agreement between theory arnd experiments especially at early stages
of eettling and away from the top interface. Particular attention

was pald to mode of infiltration from the bulk suspension into the

clear-fluid channel.
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Measurements of the concentration distribution along the settling
column were carried out using an electro-conductivity technique from

suspension. Fluid velocity was measured by a dye-tracer. From the

data, it was seen that the fluid velocities within the suspension
were exceedingly high, being roughly 10 timese the bulk settling

velocity of the suspension .
All the characteristics of the flow field within the clear—-fluid

channel indicate a change in behaviour between the upper and lower

parts of the settling column and take place as if there was a form of
rotation above and below a horizontal axis at the middle of the tube.
Existing theory (PNK) was modified to take account of the height

of the sediment layer at the bottom of the tube. This provided
good agreement with experimental data over the range of conditions

studied, apart from the final stages of settlement.
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CHAPTER ONE

INTRODUCTION



1.1 ne &€ 1R Onve N  PhEenomenol

Sedimentation is widely used in chemical engineering as a means
of separating particles from the fluid in which they are suspended,
as well as a way of separating particles with different settling
speeds from each other. The sedimentation process in a convection
settler 1s often very slow especially when particles are small.
Hence there 1s an advantage to be gained from any simple device that
permits solid-liquid separation to be carried out more rapidly. One
such device is known (commercially) as the " lamella settler " or "
high rate settler ", 1n which the retention times can be reduced by
an order of magnitude or more below those in corresponding vertical
settlers. These settlers may be composed either of narrow tubes or a
channel inclined from the vertical or of a large tank containing

several closely spaced tilted plates such as shown in figure (1.1)
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The phenomenon of enhanced sedimentation in inclined channels
has a long history stemming from Boycott (1920), who observed that

when blood is put to stand in narrow tubes, the corpuscles sediment a

good deal faster if the tube is inclined than when it 1is vertical.
Studied by Ponred (1925) and Nakamura and Kuroda (1937) who
established the first quantitative model (PNK theory), and more

recently studies by Hill <(1974) and Acrivos et al (1979), who

provided an explanation to the phenomenon in term of theoretical

continuum mechanics.

1.2 Scope of the study

Although there have been useful developments in theory, many
assumptions and concepts have not been tested and this forms the
basis of the present study
The principal objective of the study was to gain a clearer
understanding of the settling mechanism on the basis of experiment,

focussing on:

1- The clear~fluid layer characteristics (upward velocity ,width and

flow changes with time),

2- The flow field within the bulk suspension ,

3- The concentration changes with time and along the settling

column, and

4~ on the effects of inclination on the solids concentration

distribution .

9- The adequacy of current theory



The structure of this study is outlined below:
Chapter two surveys the background literature and focuses on the

general aspects of settling convection phenomena. Particular

attention 1s pald to the effects of seolids concentration on the
sattling process and what the relationships governing these effects
were.

In chapter three a description is provided of enhanced sedimentation

phenomena, Attention was paid to the theories behind the enhancement

and to the possible modification of these theories.
Chapter four concentrates on the experimental tests on the

Interfacial behaviour, in settling in vertical and inclined tubes.

Preliminary checks were made on materials and methods to be employed

in subsequent analysis, and for convenience this was confined to

vertical tubes. Preliminary checks were also carried out on the PNK

theory. Glass beads were used to examine the effect of initial

concentration on the initial settling velocity, in an inclined tube.
Chapter five was primarily concerned with the characteristics of the
clear-fluid layer under the downward facing surface, whereas chapter
€ix dwells on the flow field within the bulk suspension. Data from
both chapters five and six were analysed to gain a clear

understanding of the way the fluid is released into the clear-fluid

layer.
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CHAPTER TWO

LITERATURE SURVEYON THE VERTICAL SETTLING

2.1 Se 18 _of discrete sphe Al _pa

Stokes, (1851), was the first to study.theoretically the force
acting on a rigid single particle falling in an infinite viscous

fluid. The resistance force (F) to the motion of a single spherical

particle is given as
F=3nuVd oo (2.1)

where V 1is the relative velocity of the falling sphere,p 1s the
dynamic viscosity of the fluid and, d is the particle diameter.
The falling sphere reaches its constant terminal velocity V., when the

viscous drag force given by equation (2.1) equals the effective

~gravitational force ie

nd? (p.-p’g

3an¢d - & _ :n-¢(2.2)
d2(pa—p)g

VQ"' 18,‘ ¢* 40 (2- 3)

Equation (2.3), is only valid in the following conditions
i-  when Re<0.1 (Flemmer et al, 1986) where Re = Vdp/p, ie laminer

creeping flow.

ii- A single particle is not affected by the presence of any other

- ] -



particles ie. free settling.

1ii- the wall effect should be eliminated by using a very large
container: It has been found that vessel walls significantly
modify the settling behaviour of a single particle.hwhen the

ratio of tube diameter to particle diameter, is less than 50 to

100

2' 2 JCA LB AL G AL L U/RY BONOGLEUE] O DUOMCIIO LV '

2.2.1 Introduction

If a homogeneous mixture of solid particles and fluid is allowed

to stand in a container with vertical walls, then after a short

period of time, four zones are wusually formed (Coe and

Clevenger, (1916). Referring to figure (2.1)
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t (@) (b)Y (c)

Figure (2.1)! settling column at a ( begining of settling process ),

b{ after time t ), and ,c( at the end of settling process ).

These zones may be labelled A,B,C and D and refer to clear 1liquid
zone, the initial-concentration zone, the graded-concentration zone
and the sediment zone, raspecti#ely. In zone B, 1f the initial
concentration is under a critical limit, the flocs (or "particles"
if the material is not flocculated) do not exert direct forces on
each other, it i; referred to as the "free settling zone". 1In this

zone, Coe and Clevenger(1916), assumed that the sattling velocity of

flocs (or particles), is a function only of the solids concentration.

At the bottom of the container where the particles can not
settle any further, they deposit on each other , and exert forces on
each oi;her forming a compression zone (zone D). Depending on the
structure of the settling particles, Kynch (1952), predicted the
formation of a graded-concentration zone, (zone C), between the

_9_



initial-concentration and compression zones. Dixon (1977),

considered that the graded-concentration zone can only form within

the compression zone, and that when the solids are rigid particles,

they deposit on each other at their maximum concentration, to form an
incompressible sediment layer.

According to Shannon et al (1963), the maximum concentration |is
likely to be 0.64 (vol. ratio). In this case the graded-concentration

layer does not exist, because there is no compression zone, Dixon,

(1977).

The velocity of the interface separating zones A and B depends

on the solids concentration of the suspension in zone B, and is
constant for a suspension of rigid spheres of wuniform initial
concentraﬁion. As time progresses, zone D increases in depth and its
upper boundary ascends at a rate which depends on the difference in
concentration above and beloﬁ the interface, (Kynch, 1852). 'Thus when
the material is'incompressible, the concentration below the interface
corresponds to the maximum concentration, and the concentration above

refers to the initial concentration in zone B, and leads to a build-
up rate (of the sediment layer), which is a constant with time.
Figure (2.2) 1illustrates these features for both compressible and

incompressible suspensions

_10-
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The less compresﬂble the flocs are the nearerthe plot is to a
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2 2.2 Settling velocC) ce . 3] 8 ns s in the fre€

settling zone

The idea of the dependency of local settling velocity in the

free settling zone, on solids concentration, 1s acceptable to all
observers of the settling phenomenon. For an ideal suspension, where
the flocculation and attrition can be neglected, the presence of
other particles affects the terminal veloclity in different ways, as

stated below

1 ~the presence of other particles causes reduction of the voidage
within the suspension, which reduces the free area available

for the 1iquid to pass through the particles, and causes higher

interparticle velocity of fluid,

i1 -the presence of other particles can modify the flow pattern

around a particle (Davies et al, 1976), and affects the velocity
field and the fluld drag

ii1 -~the particles will tend to carry some of the fluid with them as

static volume, thus magnifying the displacement effect, and

increasing the interparticle upward flow velocity.

Many investigators of the settling of suspension have focused on
the constant rate settling period. 1n order to elimihate the effects
of size and shape of particles, most observers have used 1deni1:1c;'a1
rigid spheres of such a small size that the Reynolds number of the
settlipg Pﬂ',',_f-_:i_:clqs is gmall and inertial forces can . be rritegltctord.

_12_



The primary task of the majority of the workers has been to determine
the relationship between the settling rate of the suspension, the
individual settling rate of the constituent particles, and the

particle concentration.

Davies et al (1976) reported that when t{two sphere of equal
radii, are placed axisymmetrically 1in a steady GStokes streanm,
separation of the flow from the spheres occure 1if the distance
between thelr centres, 1is less than approximately 3.57 times the
sphere radius. This means that the flow pattern of the fluid around
the settling particles differs in the dilute suspensions, from that
in the concentrated ones. With this difference in the flow pattern
in view, many investigators have restricted their studies to dilute
suspension, using the assumption of the unit cell arrangement of the
particles within the fluid. The cell technique has been employed to
show schematically ( and in a highly idealized form), the nature of

the flow pattern involved in the basic types of motion around the

settling particles.

A number of particles are assumed to be settling with equal
velocity under the influence of gravity through a fluid. Attention

has been paid to one particle which is surrounded by a fluid

envelope. The dimension of the envelope is established by assuming

that the cell contains the same volumetric proportion of solid to

fluid, as exists in the entire sssemblage. Some investigators (eg
Famularo. 1862), have assumed the fluid envelope to be of a regular
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geometrical pattern such as a cubical array, with the length scale
of the array being of the order rC-'/®, or a spherical cell with
radius rC-'/® where r 1is the raduis of the rigid sphere (in

spherical array, the particle 1s considered to exist in the centre of
a sphere of fluid. The radii of the sphere is chosen to have the

same solids concentration of the settled suspension ).

All these calculations with a cell radius proportional to C™'7%-

gave a fractional reduction in the fall speed which is proportional

to C-'/3, For C < 1 ,the results of Famularo‘'s investigations are

summarized in the equations (2-4), (2-5) and (2-6).

U 1

Cubilc - = = cooe (2. 4)
Uo 1+41.91 C'7®
U |

Rhombohedral suspension — = ——— e (2.9)
Uo 1+1.79 C'/®
U 1

Random suspension _— s o0 (2.6)
Uo - 1+1.3 CV7®

where U is the settling velocity of particles within suspension of

concentration C

and U, is the settling velocity of discrete particles

The unit cell technique was modified by Feullebois (1984), in

order to investigate the sedimentation of monodisperese spheres in

- dilute suspension, that is homogeneous in any horizontal plane, but
in which a vertical concentration profile is prescribed.

.
e = e B ke e .
e bt e .
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Barnea & Mizrahi (1973) proposed that the semiempirical formula,

(1-C)=
f¢(€C) = —/—/—/m———————— voee K207
' (14C*72) exp(5C/3(1-C))
equation (2.7), was considered to provide the best fit in the case

of a very small particle Reynolds number, which transforms to f(C) =

i1 - C'/? at the dilute limit.

Where investigators have used statistical analytical methods in

attempts to determine the hindered settling rate of a random
distribution of spheres, (eg Burgers (1942), and Pyun and Fixman
1964), they have found that the reduced settling velocity U/Us, is

proportional to the concentration of the first degree. Indeed, using

a statistical anaIYsis, Batchelor (1972) showed that

U=U, (1-6.55C) when C < 1 veoe (2.8)

In a concentrated suspension, the fluid follows a different flow

pattern around the settling particles, but the reduced settling
velocity U/Us, remains as a function of the solids concentration.
The unit cell technique was used also to predict the settling

behaviour in the concentrated suspension. McNown et al (Proc. 7th

Int. cong. Apply. Mech. London 1948), considered the settling

particle to be situated in the centre of a hexagon of fluid, as

indicated 1in figure (2.3) Hawksley <(1950), also considered the

particles to be arranged in adjacent horizontal layers, 0:a8 to
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offer the minimum resistance to the motion of a fluid, flowing

through the system..

/b

e
GO i

Figure (2.3): Hexagonal arrangement of settling particles

Depending on the shearing force balance of the fluid around the
settling particle, Richardson and Zaki (1954-b), adopting the unit
cell arrangement of McNown et al, derived a correction factor to

Stokes' law for multiparticle systems which is in the form

Bf — (I-C)-" .S . ¢ e e (2- 9)

Their model was in agreement with their experimental work for C 3

0. 05.

When C < 0.01, (1-C)4-*% can be stated as 1| - 4.65C, which
means that the velocity is proportional to C. This agrees with
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Batchelor's equation, but with different values of the

proportionally constant.

A very similar resuit was ‘found by Moud and Whitmore (1958,
when they derived a theoretical relationship between ¢ and V. of a
non-flocculated suspension of particles, regardless of the particles
arrangement and the flow pattern around the settling particles and

using the force balance on the settling particles, neglecting

inertial forces. They deduced the equation
U: - Uo (I-C)“ R (2. 10)
where 1 < 8

with a = 5 as the best representation, this being very close to the

value 4.65 in Richardson snd Zaki

Since 1954, the Richardson and Zaki equation has been the most
commonly used empirical correlation . According to Garside and AL-

Dibouni (1977) a value of n = 5.1, most accurately represents their

data for small Reynolds number. Richardson and Zaki, (1954), using

dimensional analysis, argued that the terminal settling velocity of
particles, is a function only of the voidage € (and the dimension of

containing vessel in the dilute suspensions).  Due to = 1its

importance, the analysie of Richardson and Zaki (1954) is reproduced

overleaf.
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The resistance to the motion of a single sphere in a fluid, when

both skin friction and form drag are significant, depends on j, P,

and V le

R = f'l(“' p. d' V)l |l1-(2|11)

resistance force per unit cross-sectional area of particle,

viscosity of the fluld,

density of the fluid,

diameter of sphere,

velocity of fluid relative to the particle.

If the sphere forms part of a uniform suspension, the resistance
force also depends on the presence of the other particles, since they
affect the flow pattern. The restriction of the flow spaces between
the particles, with increase in concentration, results in steeper
velocity gradients in the fluid, and consequently greater shearing
stressas. Hence the flow pattern is a function of the ratio of the
diameter of particle (d), to the distance between the particles (s).

For a uniformly dispersed suspension, d/e 1s a f unction of the

~porosity (e) only. Thus we can write:

Re = faly, p, d, V, €. ' coer (2.12)

Where Rc = resistance force to a constituent particle, per unit

cross-sectional area of particle.
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In order to consider the effect of the ratio of particle.

diameter to tube diameter, equations (2.11) and (2.12) can be

modified as follows:

R = falp, p, d, V, d/D) @013

and Re = falp, py d, V, €, d/D) vooe (2.14)
When the particles are settling at a uniform rate under the action of
gravity, the resistance to motion per unit area of particle (R.) 1s
defined by

Ry = (2/3) d (ps—p) &

ie (the effective weight divided by the projected area).

For a single particle under these conditions,
Re = feip, p» d, Vo, d/D) v ooe (2.15)
and for a constituent particle of a suspension,

Re = feip, py d, V., €, d/D) voes (2.16)

Where Vo, 18 the terminal falling velocity of a single particle,

and Vg, 1s the settling velocity of the particles in a suspension,

relative to the fluid.

In both cases, the resistance force acting on an individual particle

Re . ®d“/4, 18 equal to its weight, but the settling velocity of a

suspenseion, 1s less than that of an isolated particle.
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The actual settling velocity of a particle relative to the fluid, can

be expressed in terms of the apparent rate of settling by,

Ve
Vo = cees €2,17)
e .
and therefore it has been found from equation (2.16) that
Re = fo (1, py 4 Ve, € d/D) Ceee €2.18)
Rearranging equations (2.15) and (2.18),
Vo = fel(p, py d, Rey d/7D) vooe (2.19)
Vo = folp, Py d, Ry, €, d/D) Cees (2,200
Dividing equation (2.20) by equation (2.19),
Ve
Vo = f'o(p’ 0, Rer €, d/D) voee (2.21)

The only possible dimensionless combination of the variables, p, p,

d' R-g 18
Rtpdz
'12
Ve Rt,pd:z d
and therefore Vo = £, wz D € ) voeo (2,.22)
R.pd?
The group :
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Re VodR

o
1s equal to (pV°= ) ( " )4,
R
where ( , 18 a resistance coefficient,
pVg) _
Vodp

and is the Reynolds Group with respect to the particle.

R

pVo™

For a particle of a given shape,

Vodp
is a unique function of ,

and therefore equation (2.22) can be rewritten as

V. Vodp d
-;:'= f.o ( " , fﬁ', € ) vooe (2.23)

In this derivation. no assumption have been made concerning the

nature of the flow past the particles.

In the case of viscous conditions, ( Re <0.1 ), Stokes' equation

is based on the assumption that relative velocity is sufficiently low
for inertial effects to be negligible, so that the whole resistance

may be atiributed to skin friction. Under these conditions,
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rnd=<

=3 npVd

where F= 1s viscous drag

R being independent of p, the dénsity of the fluid. Equation (2.21)

then becomes

Ve d
vo - f]a (’.L' d’ R-t' S' _6- ) * * e 0 (Zl 24‘)

Now, g, d, R, cannot be arranged in a dimensionless group. Therefore

Ve
v nmust be independent of these variables under conditions of
o

streamline flow, so that

= f,a(e, = ) - vons €2, 25)

Through their experimental work on sedimentation, Richardson and

Zaki (1954-a) found that,

V. = Vo (1-C)" Cevs (2. 26)

Where n depends on Reynolds number, (Re), and the ratio d/D, where d
is the particle's diameter, and D is the settling column dimension.
For small Reynold number and sedimentation of small particles .thay

found agreement with experiments that had been carried out by other
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workers (Lewis et al 1949 , and Steinour 1844), (see figures 2.4 and

2' 5)'

O LEWIS ET AL Rmﬂ*"’

O sTainocua's resuLTe
© AUTHORS RESIATS.

ﬂcpcnﬂfm:mndgrwrﬂmvqu‘h

Figure 2.4: Slope n as a function of d/D for various values of Re

( Figure 18 in Richardson and Zaki ( 1954-a )

2.2.3 Kynct

Kynch's thedry of sedimantatidn was based on Coe and Clevenger's
assumption that at any point in & column of euspension, the settling
velocity 1s a function only of the concentration of that point.
Predicting the behaviour of the suspension.ﬁ Kynch, (1952), showed
that the relationship between settling velocity and concentration,

can be deduced from the observation of a batch settling curve eg
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Compressible | Incompressible

slurry slurry
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® 0
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0 w
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0 &0
3 3
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Time Time

Figure (2.5): Batch settling curves for compressible and

incompressible slurries

Assuming that the particles have the same size and shape, and
that the concentration is the same across any horizontal layer, the
particle flux S at any 1level, 1is determined by the solids

concentration.
S=CV veee (2,.27)

where C is the volume fraction of solids concentration, and V is the

settling velocity of the suspension.



For a suspension of uniform concentration, the solids will
settle at a velocity corresponding to the initial concentration,

everywhere except at the bottom, where zero velocity is obtained. At

this position the concentration is at its maximum value, and the
flux is zero. Hence , there is a discontinuity between the position

of the maximum concentration, and the initial concentration. This
discontinuity does not stay at the bottom, but propagates upwards as

it receives more solids from the suspension above, (see figure 2.6).

iy Discontinuity

L.
¥ w
'l'l.
[ ]

F T ETTrTs

Figure (2.6): Propagation of discontinuity with the progress of

settling

The propagation at velocity U is relative to the container wall.
Since the discontinuity 1is considered as a horizontal plane, and

there 18 no solid accumulation within this plane, the material

balance through the discontinuity can be written as,
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Solids flux into the _ Solids flux out of

plane from above - the plane to below v o0 (2. 28)

If the suffix 1 denotes the layer above the discontinuity and the

suffix 2 the layer below, and U is the upwards velocity of the

discontinuity
Cr (Vi #UD =Cz (V24U el €2.29)
C, V, = C2Va=U (Cs - Cy ) v (2,30)
A6 S=CV S, - Sz =UC(C, - Cz) Ce.. (2.31)
S, =Sz
U=- T ceee €2.32)

On an S against C diagram, the speéd U is the negative value of
the slope of the chord, between the points (C,, S,) and (C; , Sz)
respectively, representing conditions immediately above and below the

discontinuity, see figure 2. 7).
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C1 C2 Cmax

Figure (2.7).: the flux plot

If the concentration changes 3radua1_1y with depth, the locus of
C2 will propagate with a velocity determined by the slope of the plot
ath 2.
Kynch argued that the initial concentration discontinuity at the
bottom of the settling column, could be considered to contain all

concentrations between the initial and the maximum values. IFor an

incompressible slurry of rigid spheres, the maximum concentration was

found to be 0.64, Shannon et al (1963). This means that in the flux

plot at C 0.64, S = 0. Hence the discontinuity created at the
bottom between the maximum concentration and the initial one, will
propagate upwards at a velocity determined by the slope of the chord

between these two concentrations, on the flux plot figure (2.8).
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figure(2.8): Flux plot for rigid spheres according to Shannon et al

(1963)

Utilizing the flux plot in f:lgfure (2.7), Kynch, '.(1952)
demonstrated fhe conditions at which.the 1nit1a1 discontinuity.would
change ihto an éxpanding zone of graded conceﬁtration. The settling
velocity could be represented by

V=VQ f(C) 1!11(2-33)

from which the reduced velocity is defined as V/V, = f(C)
and the reduced solids flux is represented by S =C f(C) . Since
f(C) differs between the workers, the flux curve differs as well.

While the flux plot is singly concave for most of the equations
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S = C f(C), Shannon et al (1963) found the plot for an incompressible
slurry to be doubly concave. From their experimental data on glass

spheres Shannon et al (1964), suggested that the reduced velocity

could be represented by a power series of the form

f(c) = 0,338433 - 1.37672(1-¢e) + 1.62275(1-¢€)= veoe (2, 34)

+ 0.11264(1-€)® - 0.902235(1-¢g)*

dS
S' = == = f(C) + Cf' (C) vooe (2,.35)
dC
The plot has a maximum value when S'= 0
f(C) |
ie C = £3(C) oo (2.36)

Since the flux is a power series from the fourth degree of the
concentration, the flux plot has two inflection points, which make 1t

doubly concave . This plot can be divided into four zones according

to the initial solids concentration, as shown in figure (2.9)
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Figure (2.9): The four zones in flux plot for rigid spheres

( Shannon et al 1964)

When the initial concentration lies within the regions 2 or 3 ,

where C = 0,15 to 0. 45 respectively, Shannon et al, 1964, noticed an

upper and lower Iinterfaces, between which an expanding layer of

graded concentration was reported.

The rate of rise of the fixed bed portion shown in figure (2. 10),was

measured by Shannon et al (1963).
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Figure (2.10): Rise of fixed bed during batch settling of &67p

spherical glass beads in water (Shannon et al 1963)

They found it was constant with time for initial concentrations

in the range 0.15 - 0.5, but was non linear for C < 0.15. The latter

behaviour was attributed to two reasons:

1- particle slze segregation
2 - at low initial concentrations a uniform distribution cannot be
achieved; this means that a higher concentration existing at the

bottom of the vessel;ucauses the fixed bed portion to grow faster

than predicted.

Whilst these workers have tried to modify Kynch's theory to suit
the characteristics of a compressible industrial slurry, Dixon et al
, (1976) ; Dixon, (1977), and Wakeman, <(1981), all state that
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Kynch*s theory should never be used to predict ‘the propagation of
discontinuity , because it does not take into account the inertial

forces between the particles in the graded concentration layer.

Dixon et al, (1976), used a simple model of an incompressible
slurry and made a numerical test of the effect of neglecting inertial
effects, in sedimentation. They showed that when the inertia was

included ,the interface layer in no ceses continued to expand.
Instead, the interface rapidly approached a constant thickness. And
when inertia was neglected, they found a good agreement with Kynch's

analysis. Using the momentum-balance rélationship for the solids in

the system, Dixon, (1977), concluded that the graded—-concentration
which

zone*developed during the process, must lie in the compression

concentration range, because the retarding forces-which are

necessary to produce increases in concentration, are not present 1in
the free settling zone. Also considering the case of an
incompressible slurry , Shannon et al (1964), proposed that a graded-
concentration layer results from the increase of pr:opagating
discontinuities, for initial concentration range 0.15 to 0. 45, which

are completely in the free settling region.

Dixon (1977), showed that an incompressible slurry forms a
sediment layer which is so strong, that the lower layers show no

evidence of compression due to the weight of the layers above. As
noted previously when particles come into contact, they are at the
critical concentration ie the maximum concentration, and in an
incompressible slurry the particles never achieve a higher
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concentration, because the application of a compressible strass due

to build-up. More sediment above, causes no further increase 1in
concentration. Dixon concluded that a concentration-graded layer can

not propagate upward from the sediment into settling zone, because
there is no retardation until the sediment 18 reached, and no
increase 1in the concentration within the settling zone. He also
tried to explain Shannon et al's results by considering that the
short graded-concentration zone, could be due to compressive effectis,
resulting from the rearrangement of the spheres into a more closely
packed system. In cubical packing , the concentration obtained with
identical spheres 1is 0,524, whereas for tetragonal packing it is
0.741;in the random packing it lies between these values. Dixon also
considered that 1t is possible for spheres to come into sliding
contact before they reach their concentration, and that a compressive

ef fect could exist even in the incompressible sediment case.
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CHAPTER THREE

ENHANCED SEDIMENTATION
IN VESSELS HAVING

INCLINED WALL
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CHAPTER THREE

ENHANCED SEDIMENTATION IN VESSELS HAVING INCLINED WALLS

3.1

If a settling column is set in an inclined position, within a few
seconds four regions can be distinguished in the suspension, as shown

in figure (3.1) these can be labelled as A, B, C and D

Figure (3.1): The four regions shown in suspension within tilted tube

lar sactioa
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Region A is a clear fluid layer whose depth increases with time.
Region B is a very thin clear fluid layer. The fluid within this

layer moves upward at a velocity, which 1is high compared to the

settling velocity of the suspension

Region C is a core of suspension. The concentration in this layer ie

said to be uniform, and equal to the initial concentration. D is the
sediment layer. The interface between regions A and C _is horizontal,
and moves downward in a settling velocity several times faster, than
the settling velocity of the same suspension in a vertical tube
, Boycott (1920). The inclined interface position seems to be a
steady state condition at a distance below the top interface, and is
independent of time. Below this interface there exists a very thin

layer of suspension, whose particles are moving upward by the action

of the up-flow within the layer B. At the upward facing surface
there exists a very thin layer of concentrated suspension moving

downward in a high velocity, to join bulk of the sediment layer D.

3.2 The developpent of enhanced sedipentation tHec

The enhancement in the sedimentation in inclined tubes has a long

history, Boycott (1920), being the first to note that when blood is
put to stand in narrow tubes, the corpuscles sediment a good deal
faster if the tube is inclined, than when it is vertical. Boycott-
reported that settling rate increases as inclination increases, and

as the tube dismeter decreases. At the time, Boycott thought the
phenomenon was caused by Brownian movement of the lower corpuscles ih
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the settling blood column. The enhancement phenomenon has attracted
considerable 1intrest to discover 1its <cause and properties.
Berczeller and Wastl (1924), Lungren (1927), Ponder(i925) and

Nakamura and kuroda (1937), each examined the phenomenon using blood.

Berczeller and Wastl (1924), observed the corpuscles falling

along the upward-facing wall and rising along the downward-facing
wall, and thought that the friction between the rising and falling
groups of blood corpuscles diminished, as the angle of tilt tube
increases.
Lungren (1927), noticed a stream of plasma flowing upward under the
downward-facing surface (region B), and concluded that this layer was
responsible for the increase in the settling rate, since rising fluid
in region B resulis in h-reduction of the hydrodynamic resistance to
sedimentation.

Ponder (1925) considered that the inclination 1increases the
horizontal area which is needed for settling, as the settling always

happens in a vertical direction . Ponder expressed this verbally.

However Nakamura and Kuroda (1937) were the first to present a

quantitative theoretical model. Thelr formula was based on two

conditions.
a - Only the downward-facing surface accelerates sedimentation

b - The concentration in the suspension is constant, and equals the

initial concentration.
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They argued that since the thickness of the liquid layer (region

B) under the downward-facing surface is typically observed to be

small and independent of time, the portion of clarified fluid formed

under this surface can be added instantaneously to the clear fluid
above the horizontal interface. Thus the settling rate is enhanced by
adding the fluid due to the settling of the inclined interface. With

reference to Figure (3.2) the PNK theory is sketched out below.

Figure (3.2): Settling in an inclined tube

The volume of clear fluid AS, accumulated over the top - -horizontal
interface in time dt, equals the settling velocity oﬂf' the same
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suspension in a vertical tube, times the projected area of the
interfaces (horizontal + inclined), on to a horizontal plane.

AS = Vo (A, + Az). At voee (301D

A, (b / cosa) e
A, = Z2 tana e
where e dimension of the tube in the third direction

b width of the tube

Vo settling velocity of the same suspension in a vertical tube’
a angle of inclination from the vertical

S = Vo . e . (( b/cosa) +( z tana )) . At

Az AS
-_— = —_—— vooe (3, 2)
Ot ( b/cosa ) At e
- 62 ~ .
— =V, (1 + —™ sina ) veos (3.3)
At b

Taking the 1limits as AS -+ O, and integrating the resultant

differential equation gives

b + 2 sina | - Vt
Z-2z2=  — [ 1 - exp(
4 sina - b

sina )] ....(@3E. 4

"According to PNK equation, the enhancement in settling velocity
in an inclined tube, 1s proportional to the aspect ratio Z2/b, and the

angle of inclination «. This was predicted by Boycott (1920),

- Since 1937, the vast majority of the workers concerned with thh
phenomenon have concentrated on testing the validity of PNK' theory:
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for different types of suspensions, and different shapes of tube
settlers.

Kinosita (1949), Inouye et al (1954), Graham and Lama (1963) and

Pearce (1962), all of them tested PNK theory using flocculated

materials like blood corpuscles, smoke in air, emery powder in water,

magnesium hydroxide in sea water and calcium carbonate in tap water.

Kinosita (1949) (using rabbit's blood) initially and smoke in air
and emery powder in water in the later study, noticed that the high
velocity of the upward flow under the downward-facing surface, was a
hundred times the settling velocity of the core suspension. The
smoke at first settled more slowly and then more faster than

predicted by PNK theory.

Kinosita attributed this variation in settling velocity to the

coagulation, which he considered to be more pronounced in tilted

t ube.

Inouye et al (1954) used human blood, carbon in ethyl alcohol
and zinc oxide in water. Of these blood was the only medium which
showed agreement with the PNK equation, whereas with the other

materials the suspension settled more slowly, and sometimes more

quickly.

Using magnesium hydroxide in sea water and calcium carbonate in
tap water, Pearce (1%962), observed thaf both settled .-mre_ - slowly.
From this 1t was concluded that the nature of the suspension iteelf
must have a complex effect on the settling process. For . the
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non-flocculated material, it was anticipated that the actual settling
rate would be less than the theoretical. The deviation will increase

with settling rate because the faster the settling process, the more
vigorous is the circulation in the vessel. A greater proportion of
the potential energy of the suspension is consumed in shearing itself

and overcoming the hindrance of the vessel walls.

Also using a calcium carbonate suspension, Graham and Lama

(1963), tried to correlate their results with the PNK formula by

multiplying the predicted settling velocity by a factor F ie

dz . 4
— =FV (1+— sina ) coee (3.5
dt b o

F was found to be in the range 0.4-0.8.

Oliver and Jenson (1964) noticed that the ascending clear fluid
under the downward-facing surface, forms a triangular channel.
Through their experimental work they showed that this fluid does not

transfer instantaneously, as predicted by Nakamura and Kuroda (1937).
Instead it formed a roughly wedge shaped channel along the upper

inclined face of the tube, as i1llustrated in figure (3. 1)

They considered that the force causing the transfer of fluid, arises
from the differences~.in-.hydrostatic head between a column of
suspension and a column of clear liquid, and the retarding force
conelsts of friction at the side of the tubes. They proposed a model
which is based ‘on counter current steady state flow of two lfquids,
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of similar densities, between parallel plates of equal flux, and
considered that the concentration of the settling suspension affecis
both the width of the channel, and the shape of the settling curve.
They found that the initial settling rate is equal to that observed
in a vertical position. Only fair agreement was obtained between

their theory and their experimental data.

Using clay in water with the solid concentration in the range 2-
20%, Zahavi and Rubin (1975), considered that the settling rate
(V,,.), results from the addition of clear liquid originating from the
flow under the 1inclined interface (V;), to the clear 1liquid
originating from the settling of solids at the liquid-suspension

horizontal interface, at the upper part of the vessel (V).
v:n=Vp+vv 11-1(3-6)

where V_ results from two effects

a - settling of particles at the inclined interface in the vertical
direction

b - filtration of the liquid from suspension of concentration C to

clej;,-

liquid by the action of the forces exerted by suspension because
of)h

the difference in pressure between suspension and clear fluid.
They stated that V,, depends on the suspension concentration while V.

(in the 1initial position), le independent of suspension

concentration, This 1s because increases in the initial sugpension
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concentration result in decreases in the settling effect, and

increases in the filtration effects. They assumed the net result to
be fairly constant.

By observing a dye tracer injected into the core of the suspension,
they stated (what they considered to be a contradiction of the PNK
theory's assumption), that most of the clear liquid layer originated
from the suspension itself, and not from the settling solids under
the inclined plane.

They defined an improvement factor as the ratio between initial

settling velocity in a vessel with an inclined plane, and a vertical

vaeesel under the same initial conditions.

Vrn , (Vp).;, + ( vv )Q (vp)

Jo v (3.7

!B_-r
H

VV (VV)Q VV

Zahavi and Rubin involved the affect of the upward-facing surface in
the settling operation, and coneidered that the thin layer of the

solids sliding along the lower wall of the settling tube becomes out

of the settling game, reducing the suspension concentration in the

parallelogram.vessel. which they used in their settling tests.
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3.3 Hydrodvynanj studies on enhanced sedimentatior

3.3.1 Introduction

All the above mentioned models were based on observations and

did not rationally proceed from the basic equations of fluld

mechanics. Hill (1974) were the first to study the phenomenon

theoretically. He obtained a numerical solution of the two-phase

flow equations, limiting “his- 1investigations to a very diluted
suspension of solids spheres under conditions of negligible Reynolds

number. In this case Vo can be given by Stokes' Law

VQ = T az(P- - pf )8/” IR (3-6)

where a is the radius of the spheres,p. i8 their density, p. is the
density of the fluid, p is the viscosity of the fluid, and g is the
gravitational constant.

Aside from the geometric factors such as the shape of the container

and the angle of inclination, Hill (1974)proposéd that the process is
governed by two dimensionless groups; R, a sedimentation Reynolds
number, and the ratio of a sedimentation Grashof number to Reynolds

number I,

2
R = lp,V.;/p. Hf(C) '—é— ]l a% Pf (P. - Pf)S/’lz AR (3!9)

g 1
2 £CC) ("’;"" )309*&

= 12 (pa = pe) Co /Vop = 1 31103
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where 1 a characteristic length of the macroscale motion was taken as
the 1initial height of suspet;sion, and C, 1s the 1initial volume
fraction of solids which was assumed to be initially uniform. Hill
et al (1977) determined the sedimentation rates in various upward-
pointing cones, and preformed experiments whose results compared

successfully with thelr theoretical predictions

The range of parameters covered by Hill et al (1877) was

Theory ~ experiments
0.8 (R <€6.5 0.8 < R <1.5
250 < T < 2500 2800 < I' < 2900
30e< @ < 43¢ 30e < a < 43

2. 1007 <€ C, <2. 107*

These authors concluded that the PNK theory gave the correct
expression for the settling rate in the limits I' 2 o, and R 4 0,
and this was confirmed by Acrivos et al (1979) when they studied the
phenomenon theoretically using analytical techniques.  As with Hill
et al (1977), Acrivos et al 'limited their study to a suspension of

identical spheres of neglegibly semall Reynold's number, and

restricted their analysis to the following conditions
r 21 and RIF=Y72C O(1)

Since Hill et al (1977), work has tended to concentrate on

studying the phenomenon theoretically and more attention has focused
on t'he flow patterﬁ in the clear fluid layer and in -_t-he .bulk
suspension . Efforts have been made to predict the dimensions of the
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clear fluid layer from the mathmatical analysis to the phenomenon,

but restricted to conditions of those of PNK theory

3—3—2 - 1 RtLQA € 31 '

Using continum mechanics, Acrivos et al (1978) developed a
theory describing qualitatively the sedimentation of smnli particles
‘in the vessel having inclined wall. The settling rate S was shown to
depend upon the two dimensionless groups R and I' (as mentioned

before).

They treated the suspension as an effective fluid and expressed the

ensemble-average fluid and particles velocity in terms of the bulk

average velocity U, and the average slip velocity Us defined as

U=(1-C) U, +C Un e B 1D
Uag = U, - U

where C is the local volume solids concentration.

In order to express the equations in the coming analysie 1in the
dimensionless form; the concentration was divided by the initial
value C,, the velocities were divided by Vo the (settling velocity of
the particles in the suspension of concentration Co), all length were
divided by length scale, 1 and the time by 1/V..

For an incompressible slurry the continuity equations gives

v: UE‘ 0 ¢ & ¢ 9 (3- 12)
and a3t + U,. V.0 =-~-0V.U, vove (3.13)

' - A ¥ L]
. L \. ; . ,;':-l o

where @ is the dimensionless local concentration 0 = C/Co .
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When R is very small R < 0(l) ie for small sizes or highly viscous
conditions, the interaction between the fluid and particles appears

only in the drag, which must be balanced by the gravitational force
on the particles, due to their excess weight. Hence Acrivos et al

(1979) assumed that effects of particle-particle interactions depends
only on the local solids concentration. For R < 1 They considered ©
= 1 ie constant throughout the duration of settling process and
everywhere in the bulk suspension except at the bottom and near the
upward-facing surface, where @ rises from 1 to @, where 0, is the

maximum concentration in the sediment layer

Wwhen I' 4+ ® and for a given geometry, the settling rate S5 was

concluded to be predicted from PNK theory, provided that

a- the suspension is monodisperse,

b- the particles Reynolds number is small ie R - O,

c~ the initial concentration distribution is uniform,

d- I' is large and

e~ the interface between thé'clear fluid layer and suspension remains

stable.

3.3.3 Details of the flow field.

Acrivos et al deduced expreésiohs for the velocity field.'bofh
within the clear-fluid layer underneath the downﬁard-facing surfac'é;
and in the bulk of the suépension. . '

Since R is assumed to be small, the inertial effects were neglectod.
It was assuﬁed that the suspension behaves like 'a_ Newtonian fluid

with an effective viscosity, depending only on the 1local volume
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fraction of particles.

Under these conditions, the ensemble-averaged momentum equations for

a uniform particle concentration become,

Rp(®) DU/Dy = - V.P - T(1-Q)e + p(@ V2 U ....(3.14)

where e is the unit vector in the direction of gravity,

p(@ =1 + Co 0C pa/pe - 1),
p(@) = uc)/p0),
Vo = Uof (Co)
P
P = ;;:' dimensionless pressure head due to the
suspension concentration
V.P=V.p - ;%1' ( Copa + ¢ 1-Co dps e e €(3.15)
1 Pr
=Vp- I'[1+ e o< on e

Due to this definition for p, the body force on the suspension
appears as a buoyancy term -I'(1-0) e, which tends to induce an upward'
motion in the suspension wherever the concentration is less than C,,
(@< 1), or conversely a downward flow, wherever @ > 1.

The thickness of the particle-free layer was found to be vansshengly
small as I' 4 o, '

Defining the boundary-layer co-ordinates, (h,y), with h denoting
the_ co-ordinate along the downward-facing surface, and y the co-
ordinate normal to it, the corresponding velocity components ar<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>