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SUMMARY 

Although there have been usef ul developments in the theory of 

solid-liquid separation in Inclined tubes, many assumptions and 

concepts have not been tested. In the present study the principal 

objective was to gain a clearer understanding of the settling 

mechanism through observation of the flow fields 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 

V, =A(1-C)h 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 Co = 0.1 and C. 

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 is a fairly good 

agreement between theory and experiments especially at early stages 

of settling and away from the top interface. Particular attention 

was paid 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 elect ro-conduct ivit y 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 times 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 

Sood'agreement with experimental data over the range of conditions 

studied, apart from the final stages of settlement. 
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1.1 The settling convection phenýnon 

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 is often very slow especially when particles are small. 

Hence there is 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 ", in which the retention time can be reduced by 

n order of magnitude or more below those in corresponding vertical 

ettlers. 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 MD 
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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 is 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 st al (1979), who 

provided an explanation to the phenomenon in term of theoretical 

continuum mechanics. 

1.2 ScoI12 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: 

I- 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 . 

5- The adequacy of current theory 
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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 is paid to the effects of solids concentration on the 

settling 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 

six 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 Settling of discrete spimrical Rarticlers 

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=3npVd (2.1) 

ubere V is the relat - 
ive, velocity of the falling sphere, p is the 

dynamic viscosity of the fluid and, d is the particle diameter. 

The falling sphere reaches its constant terminal velocity VO when the 

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

gravitational force is 

rcd*(po-p)g 
3nlAVc, d 6 .... (2.2) 

d2(p. -p)g 
VO= 18p .... (2.3) 

Equation (2.3), is only valid in the following conditions 

I- when Re<o. l (Flemiir"'r et al, 1986) where Re = Vdp/p, ie laminer 

creeping flow. 

ij- A single particle is not affected by the presence of any other 
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particles is. free settling. 

iii- 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, when the 

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

100 

2.2 Sedimntation of sonodisparrae surallangion. in vertisal 

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 t ime, four Zones are usually formed (Coe and 

Clevenger, (1916). Referring to figure (2.1) 
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(a) (b) (c) 

Figure MIX settling column at a( begining of settling process )s 

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 C-lear liquid 

zone, the init ial-concent ration zone, the graded-concentration zone 

and the sediment zone, respectively. In zone B, if 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 is referred to as the "free settling zone". In this 

zone, Coe and Clevenger (1916), assumed that the settling 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 other 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 
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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 uniform initial 

concentration. 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 below the interface, (Kynch, 1952). 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) illustrates these features for both compressible and 

incompressible suspensions 
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2.2.2 Settling velocity-concentration relationshille In the free 

settling zone 

The idea of the dependency of local settling velocity in the 

free settling zone, on solids concentration, is 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 velocity in different ways, as 

stated below 

i -the presence of other particles causes reduction of the voidage 

within the suspension, which reduces the free area available 

for the liquid to pass through the particles, and causes higher 

interparticle velocity of fluid. 

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

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

field and the fluid drag 

III -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. In order to eliminate the effects 

of size and shape of particles, most observers have used identical 

rigid spheres of such a small size that the Reynolds number of the 

settling particles is small and inertial forces can be neglected. 
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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 two sphere of equal 

radii, are placed axisymmetrically in a steady Stokes s tream, 

separation of the flow from the spheres occurs if the distance 

between their centres, is 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 asswiing 

that the cell contains the same volumetric proportion of solid to 

fluid, as exists in the entire assemblage. Some Investigators (eg 

Famularo. 1962), 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-1 11ý, or a spherical cell with 

radius rC-", 13- where r is the raduis of the rigid sphere (in 

spherical array, the particle is considered to exist in the centre of 

a sphere of f luid. 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-",:,, 

gave a fractional reduction in the fall speed which is proportional 

to C-1-111. For C << I the results of Famularo's investigations are 

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

U 
Cubic .... (2.4) 

U, 1+1.91 C, 

U 
Rhombohedral suspension - .... (2.5) 

UO 1+1.79 C" 

U 
Random suspension .... (2.6) 

UO 

where U Is the settling velocity of particles within suspension of 

concentration C 

and UO is the settling velocity of discrete particles 

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

order to investigate the sedimentation of mon(Wisparese spheres In 
dilute suspension, that is homogeneous in any horizontal plans, but 
in, which a-vertical-concentration profile is prescrib*d. 

--------. - 
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Barnea & Mizrahi (1973) proposed that the semiempirical formula, 

(I-C)2 

f (C) = .... (2.7) 
(I+CI, 13) 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) 

I- C1,13 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 Me, is 

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

a statistical analysis, Batchelor (1972) showed that 

U, (1-6.55C) when C << I .... (2.8) 

In a concentrated suspension, the fluid follows a different flow 

pattern around the settling particles, but the reduced settling 

velocity U/U*, 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 at al (Proc. 7th 

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

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

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

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

through the system.. 

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 NcNown et al, derived a correction factor to 

Stokes' law for multiparticle systems which is In the form 

of = (I-0-11. go .... (2.9) 

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

0.05. 

When C(0.01, can be stated as I-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 result was found by Moud and Whitmore (1958), 

when they derived a theoretical relationship between c 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.. = U. 0-0- .... (2.10) 

where I(a< 

with aa5 as the best representation, this being very close to the 

value 4.65 in Richardson and 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. Ricýardson and Zaki, (1954), using 

dimensional analysis, argued that the terminal settling velocity of 

particles, Is a function only of the voidage e (and the dimension of 

containing vessel In the dilute suspensions). Due to Its 

importance, the analysis 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 pt p, 

and V ie 

V) (2.11) 

Where R= resistance force per unit cross-sectional area of particleg 

p= viscosity of the fluid, 

density of the fluid, 

d= diameter of sphere, 

V= 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 

stresses. Hence the flow pattern is a function of the ratio of the 

diameter of particle (d), to the distance between the particles (a). 

For a uniformly dispersed suspension, 
41s is a function of the 

porosity (e) only. Thus we can write: 

Re a f2ýPf p, d, V, s). 

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 MID and (2.12) can be 

modified as follows: 

R= f3(p, p, d, V, d/D) (2.13) 

and Rc = f,, (p, p, d, V. s, d/D) .... (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,. ) Is 

defined by 

R, = (2/3) d (ps-p) g 

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

For a single particle under these conditions, 

R-t = fr. (p, p, d, Vo, d/D) (2.15) 

and for a constituent particle of a suspension, 

R-% =fa, (IA, p. d, V., ri., d/D) (2.16) 

Where VO Is the terminal falling velocity of a single particle, 

and V. is the settling velocity of the particles in a suspension, 

relative to the fluid. 

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

R., . xd2/4, is equal to Its weight, but the settling velocity of a 

suspension, is 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, 

vc 
Va (2.17) 

and therefore it has been found from equation (2.16) that 

R-t = f7(p, p, d, V,, a, d/D) .... (2.18) 

Rearranging equations (2.15) and (2.18), 

VO = fs(p, p, d, R-%, d/D) .... (2.19) 

V, = fl, (p, p, d, R. %, e, d/D) .... (2.20) 

Dividing equation (2.20) by equation (2.19), 

ve 

vo = flc>(li, p, Rt, s, d/D) (2.21) 

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

d, R-t is 

R., Pd 
p2 

vc Rtpd2 d 
and therefore = fll( To- 

js2 

R. %pd: 2 
The group 

(2.22) 
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R, VodR 
Js equal to 1 (-)2 

p V02 '0 -pI 

R-t 
where 7- PV, O), 

is a resistance coefficient, 

Vcýdp 
a&9%A A 

is the Reynolds Group with respect to the particle. 

R 
For a particle of a given shape, ; -VI2 

VOdp 
is a unique function of Ap 

and therefore equation (2.22) can be rewritten as 

vc Vodp d 
= f12 (-I-, a) 

vo AD (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 attributed to skin friction. Under these conditions, 
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ud2 

43nVd 

where F= is viscous drag 

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

then becomes 

f 13 (p, d, R-t, s, .... (2.24) 
vo D 

Now, p, d, R-t cannot be arranged in a dimensionless group. Therefore 

Ve 
VO must be independent of these variables under conditions of 

streamline flow, so that 

vc d 
fl4(el - 

.... (2.25) vo D 

Through their experimental work on sedimentation, Richardson and 

Zaki (1954-a) found that, 

V, = vo (1-0- .... (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 they 

found agreement with experiments that had been carried out by other 
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workers (Lewis et al 1949 , and Steinour 1944), (see figures 2.4 and 

2.5). 

n 

0 L9WlS ETAL RCOMYSM Is's ,. talk 
6.04S ". ro ALPT6 

-s--.. 

-S 

Sl** n as &VOCUM G( Id 

d 
5 ror veriow volm of As 15 

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 KyAchls theory and zone settling 

Kynch's theory of sedimentation was based on Coe and Clevenger's 

assumption that at any point in a column of suspension, the settling 

velocity is a function only of the concentration of that point. 

Predicting the behaviour of the suspension, Kynch, (1952), showed 

that the relationship between settling velocity and concentrationo 

can be deduced from the observation of a batch settling curve, eg 

Figure (2.5). 
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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 level, is determined by the solids 

concentration. 

SxCV (2.27) 

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

settling velocity of the suspension. 
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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). 

" . 'L: ", ". 
nir. enntinuttv 

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 is considered as a horizontal plane, and 

there is 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 
.... (2.28) 

plane from above the plane to below 

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

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

discontinuity 

Cl ( VI +U)= C2 ( V2 +U) 

Cl VI - C2 Vý =U( C2 - Cl ) 

As S=CVS, - 
S2 =U(CI- C2 ) 

Sl -S2 

CI -C2 

(2.29) 

(2.30) 

.... (2.31) 

.... (2.32) 

On an S against C diagram, - the speed U is the negative value of 

the slope of the chord, between the points (Clo SI) and (Ca j S2) 

respectively, representing conditions Immediately above and below the 

discontinuity, see figure (2.7). 
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S=CV 

Si 

S2 

Figure (2.7): the flux plot 

If the concentration changes gradually with depth, the locus of 

C2 Will propagate with a velocity determined by the slope of the plot 

at 

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. For 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=O. 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 thorns two concentrations, on the flux plot figure MAL 
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figure(2.8): Flux plot for rigid spheres according to Shannon et al 

(1963) 

Utilizing the flux plot in figure (2.7), Kynch, (1952) 

demonstrated the conditions at which the Initial discontinuity would 

change into an expanding zone of graded concentration. The settling 

velocity could be represented by 

V= VO f(C) .... (2.33) 

from which the reduced velocity is defined as V/Vo = f(C) 

and the reduced solids flux is represented by S=C f(C) Since 

f (C) diff ers bet wean t he workers, t he fI ux: curve differs as well. 

While the flux plot is i. ingly 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) + 1.622750-02 ... (2.34) 

0.112640-03 - 0.9022350-04 

dS 
So = -ý-c =f (C) + Cf I (C) .... (2.35) 

The plot has a maximum value when S, = 0 

f (C) 
ie C=fI (C) .... (2-36) 

Since the flux is a power series from the fourth degree of the 

concentration, the flux plot has two inflection pointsowhich make it 

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 zoners In flux plot for rigid sphere6 

( Shaman et al 1964) 

When the initial concentration lies within the regions 2 or 3 

where Ca0.15 to 0.45 respectively, Shannon et al, 1964, noticed an 

upper and lower interfaces, 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 

meassured 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 st. al 1963) 

dq - 67 
ju 

Ps - 2.46 q. /cc. 

ww 11.2 g. /sq. cm. 
I -Temperature - 76*F. 

Symbol 0- F-) 
0.55 
0.50 - Q15 
010 

c 0075 
0 005 

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: 

I- particle size 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, causes the fixed bed portion to grow faster 

than predicted. 

Whilst these workers have tried to modify Kynchl 9 theory, to. suit 

the characteristics of a compressible industrial slurry, Dixon et, al 

9 (1976) - Dixon, . (1977), and Wakeman, (1981), all state-Ahat 
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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 cases 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 moment um-balance relationship for the solids in 

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

zoneldeveloped 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 in 

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 propagating 

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 is 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 stress due 

to build-up. More sediment above, causes no further increase in 

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 is reached, and no 

increase in 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 effecte, 

resulting from the rearrangement of the spheres into a more closely 

packed system. In cubical packing , the concentration obtained with 

identical spheres is 0.524, whereas for tetragonal packing it is 

0.741; in the random packing it lies between these values. Dixon also 

considered that it is possible for spheres to come into sliding 

contact before they reach their concentration, and that a compressive 

effect could exist even in the incompressible sediment case. 
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CHAPTER THREE 

ENHANCED SEDIMENTATION IN VESSELS HAVING INCLINED WALLS 

3.1 Introduction 

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 

z z 

____ �4 
B� 

"_ 

-�C 

I... 

Figure (3.1): The four reglons OWWm In suspension within tilted tube 

.! rscta1ar sciai - 
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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 is high compared to the 

settling velocity of the suspension 

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

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 develogmt of enhanced sediwntation theory 

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 diameter decreases. At the time, Boycott thought the 

phenomenon was caused by Brownian movement of the lower corpuscles in 
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the settling blood column. The enhancement phenomenon has attracted 

considerable intrest to discover its cause and properties. 

Berczeller and Wastl (1924), Lungren (1927), Ponder(1925) 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 8 results in a reduction of the hydrodynamic resistance to 

sedimentation. 

Ponder (1925) considered that the inclination Increases 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 f irst to present a 

quantitative theoretical model. Their 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 
I 

adding the fluid due to the settling of the inclined interface. With 

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

ý* dt 

Figwe (3.2): Settling in an lnclln*d tube 

The volume of clear fluid AS, accumulated over the top-horixontal 

interface in time dt, equals the settling velocity of the Sam 
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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, + A2). At .... MD 

A, = (b / cosa) e 

A2 =z tana e 

where e dimension of the tube in the third direction 

b width of the tube 

Ve settling velocity of the same suspension in a vertical tube, 

a angle of inclination from the vertical 

AS = VO .e . 
(( b/cosa) +( z tana tit 

Az AS 

At ( b/cosa ) at 
(3.2) 

Az z 
-= VO (I+- Gina .... (3.3) 
At b 

Taking the limits as AS 4 0, and integrating the resultant 

differential equation gives 

b+Z sina - Vt 
Z-z=[I- exp( - sina .... (3.4) 

sina b 

ýAccording to PNK equation, the enhancement in settling velocity 

in an inclined tube, is proportional to the aspect ratio Z/b, and the 

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

Since 1937, the vast majority of the workers concerned'witkthis 

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 st 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 (1962), observed that both settled -more slowly. 

From this it was concluded that the nature of the suspension itself 

must have a complex effect on the settling process. F(w, ý, tbe 
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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 Is 

dz z 
=FV(I+- sina 

dt b 

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, form 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 illustrated 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 

consists of friction atthe side of the tubes. They proposed a saftl 

which is based 'on counter current steady state flow of two-Alquide, 
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of similar densities, between parallel plates of equal flux, and 

considered that the concentration of the settling suspension affects 

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 inclined interface (VP), to the clear liquid 

originating from the settling of solids at the liquid-suspension 

horizontal interface, at the upper part of the vessel (Vv). 

V1. + vv .... (3.6) 

where VP 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 

clear P- 

liquid by the action of the forces exerted by suspension because 

of I 

the difference in pressure between suspension and clear fluid. 

They stated that Vv depends on the suspension concentration while V,, 

(in the initial position), Is independent of suspension 

concentration, This is because increases in the initial suspension 
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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 

vessel under the same initial conditions. 

VZ. (VP)o +(V, ), (VP) 
(- )0 ==1 -r % )0 .... (3.7) 

vv (V, ) 0 V, 

Zahavi and Rubin involved the affect of the upward-facing surface In 

the settling operation, and considered 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 Hydrodynamic ratudiers on enhanced 6edimntation 

3.3.1 Introduction 

All the above mentioned models were based on observations and 

did not rationally proceed from the basic equations of fluid 

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

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

flow equations, limiting `4j*- investigations to a very diluted 

suspension of solids spheres under conditions of negligible Reynolds 

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

2 
VC, = -T a2(p. - pf )g/p .... (3.8) 

where a is the radius of the spheres, p, Is their density, pr 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)proposed 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 r, 

2 
f(C) p, (p. ý p, )g/IL2 M. 9 

9 
12g (- )2 (31 10) (P* - P") Co 'V*" =2 f(C) a 
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where 1a characteristic length of the macroscale motion was taken as 

the initial height of suspension, and CO is the initial 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 their theoretical predictions 

The range of parameters covered by Hill et al (1977) was 

Theory experiments 

8<R<6.5 0.8 <R<1.5 

250 (r< 2500 2800 (r< 2900 

30« a< 43o 30 0< ct < 43s 

2.10-7 < Co (2.10-l' 

These authors concluded that the PNK theory gave the correct 

expression for the settling rate In the limits r -4 w, 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 small Reynold' 9 number, and 

restricted their analysis to the following conditions 

r>>i and Rr-, -: a< ou) 

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

studying the phenomenon theoretically and more attention has. focused 

on the flow pattern In the clear fluid layer and in the bulk 

suspension Efforts have been made to predict the diAMMOlons Of the 
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clear fluid layer from the mathmatical analysis to the phenomenonj 

but restricted to conditions of those of PNK theory 

3-3-2 Settling rate of the top interface 

Using continum mechanics, Acrivos at al (1979) developed a 

theory describing qualitatively the sedimentation of small particles 

in the vessel having inclined wall. The settling rate S was shown to 

depend upon the two dimensionless groups R and r (as mentioned 

before). 

They treated the suspension as an effective fluid and expressed the 

ensembl e- average fluid and particles velocity in terms of the bulk 

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

U= (I-C ) uf +C Up .... MID 

"=Up- 

where C is the local volume solids concentration. 

In order to express the equations in the coming analysis in the 

dimensionless form; the concentration was divided by the initial 

value C(>, the velocities were divided by Vcý the (settling velocity of 

the particles in the suspension of concentration Cc, ), all length were 

divided by length scale, 1 and the time by l/VO. 

For an incompressible slurry the continuity equations gives 

V. U = .... (3.12) 

bO 
and bt + V. 00V. U. (3.13) 

where 0 is the dimensionless local concentration 0= C/Co 
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When R is very small R< 00) 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 (< I They considered 0 

=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 0 rises from I to 0,,, where 0,, is the 

maximum concentration in the sediment layer 

When r -i go and for a given geometry, the settling rate S was 

concluded to be predicted from PNK theory, provided that 

a- the suspension is monodisperse, 

b- the particles Reynolds number is small ie R -) 0, 

c- the initial concentration distribution Is uniform, 

d- r is large and 

e- the interface between the clear fluid layer and suspension remains 

stable. 

3.3.3 Details of the f1cm field 

Acrivos st al deduced expressions for the velocity field, both 

within the clear-fluid layer underneath the downward-facing surface, 

and in the bulk of the suspension. 

Since R is assumed to be small, the inertial effects were neglected. 

It was assumed that the suspension behaves like a Newtonian fluid 

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

Under these conditions, the ensembl e- averaged momentum equations for 

a uniform particle concentration become, 

Rp(O) DU/D-t =- v-P - ra-e)e + p(e) v2 u .... (3.14) 

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

p(0) =- 1+ CO o( P. /pf -1), 

P(O) = P(C)/P(O), 

VO = UýJ(co) 

P 
P= 

JLVO 
dimensionless pressure head due to the 

suspension concentration 
gl 

V. P= V- p--( cop. +( I-CO )P, )e .... (3.15) 
ILVO 

I pf 
v. p - r[ i+- co Pa- Pr 

Due to this definition for p, the body force on the suspension 

appears as a buoyancy term -r(t-@) 9, which tends to induce an upward 

notion In the suspension wherever the concentration is less than CO, 

0<I), or conversely a downward flow, wherever 0>1. 

The thickness of the particle-free layer was found to be vanishengly 

small as r -i a. 

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 are u 

and v (see fig. 3.3) 
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k 

0 

Figure (3.3): The boundary layer coordinates 

v was deduced to be 0(D along the interface between the suspension 

and the particle-free fluid, and hence it is 00) within the clear- 

fluid layer. This implies that the longitudinal velocity u, is 

inversely proportional to the thickness of this layer (8). 

Since the viscous force must balance the buoyancy term in this 

region, it follows that u= o( r,, *,, ) and that the thickness of the 

layer is o( r-11m ). The shape of the channel was given by 

3h 
is(h) c-osc((h) 

J sina(h) dh ]1-13 + 00) .... (3.16) 
0 

If a(h) is considered constant along the inclined interface 

I sina(h) dh = sina 
0 

and the equation (3.15) becomes 
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a (h) = r- 1 '-: 3 (3ht ana )1/3' 

The above solution does not apply near the leading edge where h=0. 

At this region the channel width is given by 

c3h 
+-J sina dh P/3 + 0(l) 

Cosa Cosa 0 

C depends on the surface geometry. Near h=0, c= o( r-,,, ) if 

is 

00) as h -4 0, or C= ow-2) if a= O(h) as h40 

For a fixed h, 6 was reported to increase linearly with time 

until it reaches its steady-state value for that h. Hence at any 

given h, 8 reaches its steady state (3.161)whon 

r-,,, 3 (3htana)1-13/sin(x (3.18) 

At the top interface, the width of the particles-free layer is given 

approximately by 

3r-, h 

cosa(h) 0f 
sina dh (3.19) 

The PNK theory applies for predicting the instantaneous height 

of the suspension, only if 6. is much less than the length of the 

effectively horizontal portion of the length of the suspension-c, lear 

fluid interface. 
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The buoyancy- induced motion in the particle-free region imparts a 

longitudinal velocity at the interface equal to 

U= 1/2 rl /082 cosa (h), .... (3.20) 

where 3 is given by equation (3.16). 

In the region where 0=1, the buoyancy term is absent. The 

longitudinal velocity is o( r,., 3), at least close to the interface 

between the suspension and the particle-free layer underneath the 

downward-facing surface. Hence the inertia term in equation (3.15) 

must be balanced by the viscous term. 

When 0 =- I the characteristic Reynolds number is Rr,, 13, rather 
t han, 

CR 
where 

-R 
= Rp(D/p(D. 

Within the bulk suspension, the value of ( Rr-1/a P/2 gover I ns 
the 

esettling system instead of R. 

For ( Rr-, /; a )1,12 = 0Q), when H >> (Rr-, /s)1/a in the core 

suspension, u and v must be of comparable order, O(R-'/: 2r, /41). The 

momentum and continuity equations 

become respectively, 

bu bu b2U 1 bp 
u -ýh-- +V býy ý7y2 Rr2, a bh 

o( r-,, m + o( ir, -, - 

bP/by = o( rl, a 

bu/bh + bv/by =0 

(3.21) 

(3.21a) 

(3.21b) 

the stretched variable U, Y and v are defined as 
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Rrl. -3 )v 

... (3.22) 

These differential equations which needed a numerical solution 

can apply everywhere within the suspension, ( except within singular 

regions near the top and bottom ) but the boundary condition at the 

upward-facing surface. must be replaced with 

U. (h) at y Rr, /3 )'-'2 b(h)/Z .... (3.23) 

In the region where 0>1, the large buoyancy term in equation 

(3.14), tends to induce a downward motion. Acrivos et al (1979) 

stated that the flow here is analogous to that in the clear fluid 

layer. In the sediment layer, the buoyancy term can be balanced only 

in a thin viscous layer. immediately adjacent to the upward-facing 

wall whereas in the clear-fluid layer, the Interface is self- 

sharpening, so that the concentration distribution is known. In the 

sediment layer the concentration varies continuously, and must be 

determined as part of the solution. 

Acrivos et al- carried out their settling tests for typically 

ideal glass spheres under the following set of conditions: 

2( Zo (8 ; 00 ( (x 4 5W1 ; 0.76 4 Po ( 3.04 

4.8 x 1V9 ( r(i. 5x lo7 - 0,0 1 (c. 0.10 

Typical experimental results for the height of suspension as a 

function of time, were plotted together with the correepond, ing 

prediction of the. FWtheory for CO = 0.11 76/b =8 
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Acrivos et al stated that an account should be taken for the 

existence of the concentrated sediment region at the bottom of the 

vessel. They said that Z should be replaced by Z-Z., where ZO 

refers to the height above the interface, between the bottom sediment 

layer and the suspension. 

Acrivos et al calculated the maxisitum concentration Cs in -the 

sediment layer at the bottom of the settling tube, directly from 

measurements of the suspension height Z and the height of the 

sediment layer Z.. The calculation was carried out by neglecting the 

clear-fluid layer and the thin sediment layer at the upward-facing 

surface, and the concentration in the suspension and sediment were 

assumed to be uniform with values of Ca and Cs respectively. C. was 

found to increase with time during a given experiment, the typical 

range being Cs = 0.43 to 0.53, whereas the concentration In the 

maximum packing for incompressible materials was about 0.64 ( Shannon 

et al (1964 ) 

The variation in Ci with time in a given experiment war, 

explained by Acrivos et al (1979), by the fact that the average 

concentration in the sediment layer on the upward-facing surface is 

relatively low, and that after it flows off the wall, this sediment 

can slowly compact, while remaining at the bottom of the vessel. 

Acrivos st al (1979), did not carry out any quantitative 

measurements about the velocity fields in the clear fluid layer, or 

within the bulk suspension, and did not measure the time at which the 

clear fluid layer reaches its steady state. But they meamwed the 

-53- 



dimensions of the clear fluid slit in its steady state and gave 

qualitative descriptions of the phenomenon which are described below. 

the boundary of the particle-free layer forms immediately 

after mixing has ceased 

the flow in this region reaches a steady state after a few 

seconds. 

III- the shape of the clear fluid slit is very thin at the beginning 

along the tube, but turns sharply (to become horizontal), on the 

top Interface. After a short time, the 'sharp turn' broadens 

gradually at a distance of about 2cm below the horizontal 

interface. 

After a short time the thickness of this layer at a given point 

on the downward-facing surface should be independent of both 

time and the instantaneous height of the suspension. This was 

found to be the case everywhere except near the top of the 

suspension, where the width of the slit at a given point 

increased with time as the top of the suspension approached-see 

figure (3.4). 
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2cm 

2cm 

to tI ta 

figure(31,4): The change in the shape of top Interface with time 

TO ( tl <t2 

iv - By visually observing the motion of the particles, large 

velocities were found near the interface between the clear-fluid 

layer underneath the downward-facing surface, and the 

suspension. This velocity was directed along the Interface and 

its magnitude increased from essentially zero at the bottom of 

the vessel, to a maximum value near the top of the suspension. 

This was roughly one or two order of magnitudes greater than the 

vertical settling velocity. 

v- In the core of the suspension, the motion was relativelY slow 

everywhere, except in a thin layer adjacent to the clear-fluid 

slit, beneath the downward-facing surface. The thickness Of 

this layer was approximately five times that of the clear-fluid 

layer. The particle$ close to the clear-fluid layer were 

observed to rise rapidly, come to an abrupt stop at the top of 
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the suspension, and then descend rapidly in a thin layer 

immediately adjacent to that where the particles were rising. 

The primary flow in the core was much slower, with the particles 

moving primarily down the vessel. 

Near the top of the suspension, a thin stream of rapidly moving 

suspension was observed to break away from the main flow and to 

descend rapidly into the bulk of the suspension, where it seemed 

to die down in the vessel. This behaviour has not yet been 

explained. 

Using Acrivos et Ws assumptions, Shiba 1985), solved equations 

(3.12) and (3.13) taking Into account the Inertia effects within the 

clear-fluid layer. They deduced an expression for the thickness of 

the clear-fluid slit as; 

3h sina 
6r 

Cosa - I& 
)I/: a .o.. (3.25) 

where 4 is the Inertia term, in Integration of equation (3.13). 

If Rr-,, * and Rr-: 2-'* are less than 0.1,1,, can be neglected and the 

width of the clear fluid slit can be represented by equation (3.19). 

The case studied above is valid when the spacing between the 

plates (b), is much larger than the thickness of the particle-free 

layers. 

If the spacing is decreased, the large velocity at the clear-fluid 

interface, may set the bulk of the suspension Into rapid circulating 

motion, similar to that observed in closed cavities with one moving 

wall. 
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For very large values of Rrl., *, (the effective Reynolds number 

for the flow in the suspension. ), the motion was said to resemble the 

Batchelor (1956) model of high Reynolds number steady flow, with 

closed streamline ie a constant vorticity inviscid core surrounded by 

a thin boundary layer. The velocity in the bulk of the suspension 

will be o( r/*), and the flow will be inviscid. When Z/b is large, 

the streamlines of the inviscide constant vorticity flow In the core, 

are effectively parallel to the inclined walls of the container, with 

longitudinal velocity given by 

wb (1/2 -y Z/b ) .... (3.26) 

where w, a dimensionless uniform vorticity in the core is given by 

J. u b3 7/3 

-=r- cos - 613a sln"ft ] 1/2 

.... (3.27) 2 56 

This core is separated from the interface between the particle-free 

region, underneath the downward-facing step. This was confirmed by 

Schneider (1982), who studied the particular case in detail. 

Schneider (1982) was concerned with the case 

R-ir -o w while R-3r 4w. 

He based his analysis on the continuity equations for the 

particulate phase and the incompressible mixture. Respectively 

supplemented by a drift-flux relation describing the relative notion 

of the particles and the liquid in terms of the particle 

concentration. As the inertial terms are neglected In the bulk flow, 

the particle concentration was considered to be constant In planes 

perpendicular to the body forces ie in horizontal plan**. Hance it 
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followed that there were horizontal kinematic-wave fronts whose 

vertical motion depends on the two-dimensional, or three-dimensional 

total volume flux. 

Schneider did not consider the particle concentration to be constant 

in the whole suspension, as did Acrivos et al (1979). Schneider also 

predicted sedimentation processes with centred waves which emerge 

from the bottom of the initial concentration, in such a way that a 

simple concentration Jump from the suspension to the sediment is not 

possible. is 0. < 00 < Ot 

Using the kinematic-wave theory Schneider (1982), considered the flow 

in the bulk of the suspension could be determined without any 

knowledge of the details of the flow in the boundary layer. and that 

the boundary layer can be subdivided into an inviscide main part, a 

viscous sublayer at the wall, and a free shear layer at the interface 

between the clear liquid and the suspension. 
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CHAPTER FOUR 

EXPERIMENTAL OBSERVATION OF THE INTERFACIAL BEHAVIOUR 

4.1 Introduction 

This chapter focuses on the interfacial behaviour of a settling 

suspension. According to theory (see section 2.2.2, equation 2.26), 

vertical tube settling is described by the Richardson and Zakils; 

equation 

Vo (I-C)- (4.1) 

with VO identified by Stoke's equation for a discrete particle 

Vo =d2 (pa - pf) g/18p .... (4.2) 

Though it is evident that equation (4-1) must be true when C :*1, 

the author Is unaware of experimental work (apart from Richardson and 

Zaki) which confirms the theoretical identity when C<I 

Preliminary experiments were carried out in a vertical tube to 

check the sensitivity of the functions VM-C)" to changes in diameter 

and viscosity. This is intended to provide a check on the accuracy of 

the experimental procedures: and' to provide necessary data for testing 

the PNK theory and its modifications which are considered in sectlim-- 

(4-4-2). 
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4.2 ExlRerimental set-up 

4.2.1 PreRaration of solids 

The solid material which was used for all the research experimental 

work was white glass beads supplied by Jencons (Scientific ltd), from 

grades 15,13 and 11, which cover the size range from 55 to 250 pa. 

The material was first of all sieved into size ranges between the 

sizes; 0,63,75,90,106,125,150,180,200 and 250 jAm. 

Each size Slass was washed with water and then subjected to 

differential settlement in a 90% glycerol solution to help detach 

small spheres stuck to the large (xws. To achieve this the solids and 

glycerol were added to a 500 al measuring cylinder and the suspension 

was stirred and left to settle for 2 minutes. The supernatant (which 

I 
was initially cloudy due to the presence of the very small particles) 

was withdrawn by a pippette. This process was repeoted until a clear 

supernatant appears on the top of the suspension. After-this, glycerol 

was removed by washing with tap water 

For the chemical wash, the materials were soaked initially in an 

alkaline liquid (soap) for 24 hours for the acidic impurities to be 

dissolved, and thereafter for six hours in an acidic solution of 0.1N 

of HCL. Following this, the material were washed further with non- 

ionised water to remove chemical traces. The beads were then dried In 
I 

an oven with temperature 105c' in preparation for the tests. 7be glass 
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beads were re-useable, and after any test were washed chemically and 

dried as mentioned above. 

The diameters of fifty glass spheres were measured under a 

microscope, and the mean diameter was considered to be the 

representative of the particular size glass. Using a specific gravity 

bottle the density of the beads was found to be p. = 2.849 g/ce 

4.2.2 The fluid 

The suspending fluid used in the series of experiments was a 

mixture of distilled water and glycerol in a different weight ratio to 

give different values of fluid viscosity as part of the confirmatory 

studies concerning the affect of viscosity on the settling process. 

Table (4.1) gives density and viscosity of the fluid mixture at 

different values of mixing ratio at a temperature 21 -t 0.50C. These 

were obtained using a tube viscometer. In table (4.1) the term G/W 

refers to the ratio of glycerol solution (98% pure glycerol) to water; 

pf is specific density of the mixture and p Is the dynamic viscosity of 

the mixture 
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Table (4.1): Composition, density and dynamic viscosity of aqueous 
glycerol used as the suspension fluid 

G/W 
% 

P-r 
S/CM: a 

p 
pol se 

65 1.153 0.145 
70 1.169 0.200 
75 1.180 0.305 
80 1.198 0.480 
85 1.215 0.87 
90 1.228 1.530 

4.2.3 Settling colum syAtem 

Two square tubes (termed Tube I, and. Tube 2) were made of perspex 

with the cross sections of area 4.62 caP and 3.79 cze respectively and 

with a height 30 cm were used in the experiments (see figure 4.1). A 

, ecaled tape was fixed to one side of the tube. To create a homogeneous 

suspension at the beginning of an experimental run a stirrer unit was 

constructed from a square plate (side Is 1.8 cm) with a3 mm hole in 

each corner to facilitate mixing by raising and plunging (see figure 

4.1). 

Since the fluid viscosity is sensitive to temperature and can have 

a significant effect on the experiments, the column was immersed in a 

water bath. The temperature was maintained at 21 :t0.50C. 
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Figure (4.1 ) a- the frame carrying the settling tube. 

b- the settling tube. 

c- the plate stirrer 
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4.2.4 Dye Solution 

Dye solution was used in the experimental study for two reasons: 

in batch settling tests to give colour to the settling 

suspension, this helps to distiguiebLthe existence of interfaces easily, 

because the more dense the suspension is the lighteriArthe colour of the 

suspension. (ii), the dye solution was used as tracer to measure 

the fluid velocity within the clear fluid channel in an inclined tube 

and within the suspension core. 

Blue dye was dessolved in the fluid mixture described in section 

(4.2.2). G/W = 0.8. The quantity of the added dye powder was not 

measured, it was just enough to give a dark solution. However, f ew 

drops of this solution was needed to colour the suspension, so that its 

effect on the fluid density is negligible 

When the dye solution was used as a tracer (see chapter six), the 

qensity effect of the dye solution was tested by injecting it into pure 

fluid. The dye drops stayed within the fluid at the injecting points 

and did not have velocity components in any direction. 

4.2.5 Suripmion prolMratign -ý 

The procedure described below were used for the preparation of the 

suspension. 
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the test tube was set at the required Inclination and placed in a 

constant temperature tank. 

glycerol solution was poured carefully into the test tube to 

avoid the intrusion of bubbles. 

the required quantity of the glass beads were added very slowly, 

and carefully so that a thin layer of glass beads was set on the 

top of the fluid. No further beads were added until this layer was 

wet and sank into the fluid by its wet weight. This helps to avoid 

the ingress of air bubbles. 

after adding the required quantity of glass beads additional 

glycerol solution was poured to bring the suspension to the 

selected height. 

the column was left for an hour for thermal equilibrium to be 

attained. 

the suspension in the tube was stirred until the uniform 

concentration distribution was reached. Timing was commenced from 

the moment at which stirring ceased. 

4.3 ElglMriamtal procedure in jortical tubes 

0 
4.3.1 Initial heighl and settling velocity 

Preliminary experiments were carried out to check the effect of 

the initial suspension height on the Interfacial velocity. In these 

experiments beads with dz 100 pm and a suspension characterised by 

viscosity p=o. 48 poise and concentration CO = 0.202 was used. 
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The suspension was prepared in the way described in section 

(4.2.5) and the height of top interface measured from the tube bottom 

was recorded with time. The initial height ranged from 9 to 19 cm and 

led to the data shown in figure (4.3). Inspection of figure (4.3) 

indicates that interfacial velocity 

is V=0.39 -t 0.014 cm/min. 

Errors refer to the 95% confidence interval, and it Is seen that V is 

essentially independent of the release height h except for the height 

H=9 cm where the settling velocity seems to be higher. This is 

probably caused by experimental error, but the reasons 

are unclear. 
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Overall, the results of this test justifies the procedures of 

controlling the concentration in settling tube by using fixed amounts 

of solids and varying the associated volume of the glycerol solution. 

4.3.2 The relationships V-C., 

In literature, as it was mentioned in section ( 2.2.2 ), there are 

many forms of the relationships which predict the settling velocity as 

a function of the initial concentration in the form 

vc = Vo f (C) 

where Vc is the settling velocity of suspension of solids concentration 

C and, Vc, is the settling velocity of discrete particles in the sam 

settling media, predicted by Stockes' equation (2.3) 

Barnea and Mezrahi (1973) predicted f(C) according to equation (2.7) 

(I-C )2 

NO 
exp( 5C/ V1-C 

Batchelor (1972) according to equation (2.8) 

f(C) =I-6.55C for C (< I 

and, Richardson and Zaki ( 1954-b) according to equation (2.9) 
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f(c) = (I-C)4.66 

To check the validity of the equations above to the existed 

experimental data, the effect of concentration on settling velocity was 

studied. 

I- C/rA 

Particles of diameter d=0.0135ýwas used. The fluid mentioned in 

section 4-2-2 was used with a viscosity p=0.48 poise. The suspension 

was prepared in the way described in section (4.2.4) and, the 

concentration was in the range C, = 0.147 to 0.29. 

For different values of concentration batch settling tests were 

carried out. As in section (4.3.1) the position of the interface was 

recorded at different times and the velocity was deduced. The mean 

settling velocity was deduced by plotting the settling curve which is a 

straight line (the same way followed In figure 4.3). 

The relationship between initial concentration and velocity ratio 

V, /VO is plotted in f igure (4-4) along with the theoretical 

relationships (2.7), (2.8) and (2.9). 

Figure (4.4) is an evidenc* that the existed experimental data are 

very close to the curve representing Richadson, and Zaki's equation 

(2.9). Therefore it is Justified to represent the settling velocity as 

a function of initial concentration of the form 

vc = vo ( 

n is to be discussed in section (4.3.5) 
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Figure (4.4) 
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4.3.3 Viscosity and settling velocity 

The object of this set of tests was to test that the term 

Vo =V/ 0-0- in Richardson and Zaki's equation is inversely 

proportional to the fluid viscosity (see equations 4.1 and 4.2) 

In these experiments beads with d= 117 gm were used; Co was in 

the range 0.15 to 0.24 and the initial suspension height set between 

13.5 to 21.7 cm. The viscosity was varied from 0.145 to 1.53 poise. 

As in section (4.3.1) the position of the interface was recorded at 

different times and the velocity was deduced. 

For every value of fluid viscosity p, data was fitted by equation 

(4.1) rewritten as V=A(I-C )- which is equivalent to: 

lnV = InA +n In(I-C) o. s. (4.3) 

Data was compared with (4.3) and the- coef f icients A and n were 

found by a least square fit. 

Table (4.2) summarizes the results showing Coefficients A and n 

for different values of fluid absolute viscosity 

Also shown In table (4.2) is the Stokes' velocity VO based on equation 

(2.3). 
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Tables (A2 to AD in appendix A summarise the raw data for this 

set of experiments. 

Table (4.2): A summary of the effect of viscosity on settling velocity. 
In col. 35 errors refer to the 95% confidence interval. 

A 
poise 

1 
pf 

g/cw, 
ln (A) A 

ca/min 
n vo 

cm/ain 
Re 

X lok 

0.145 1.153 1.61 1 0.093 5.00 4.65 1 0.47 5.23 a 

0.200 1.169 1.18 0.085 3.26 4.75 0.40 3.76 4 

0.305 1.180 0.74 0.018 2.10 4.48 0.08 2.25 1.8 

0.480 1.198 0.36 0.030 1.44 4.83 0.15 1.53 0.7 
, 

0.870 1.215 -0.42 0.022 0.65 4.53 0.10 0.84 0.2 

1.530 1 1.228 1-0.69 1 0.040 0.50 4.76 :t 0.17 1 0.47 0.1 

In theory Aa 
d2 (p. - pf )g 

(4.4) 
18 p 

Since the fluid viscosity was altered by using different ratio 

of glycerol to water mixture, the specific gravity of the fluid 

consequently was altered. This implies that (pS - pf) was not 

constant . Hance Equation (4.4) was re-cast in the form 

Pia, - Pir 
Kp (4.5) 

with K as a constant If the dependency on p-1 is maintained. Figure 

(4.5) shows the experimental relationship between A/ (p, - p, ) and 

1 /ji 
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Figure (4.5-a) confirms that the slope is constant and by 

implication K is constant, confirming that A /(pa - pf )a I/Is 

Figure (4.5-b) shows a comparison between the experimental value of 

A and VO defined by Stokes' equation . 

Also shown in figure (4.5-b) is the comparison between A and Vc and 

confirms the identity 

As Vo 

shown by the trend line. The parameter n shows no significant 

dependency on viscosity and has average value 

4.66 -t 0.11 

(error limits refer to 95% confidence Interval) 
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4.3.4 Size of particles and settling vel0c; ItY. 

The object of this set of tests was to confirm experimentally 

that the term VO in equation (4.1) is proportional to d2 where d is 

the settling particle's diameter where 

vo =- V/(l-C)- .... (4.6) 

In these experiments, 11 = 0.48 poise; CO was in the range 0.14 

to 0.29; the initial height war. in the range 11 to 21.7 cm and : 

particle diameter d was in the range 117 to 217 pm. 

As in section (4.3.1) the position of the interface was recorded 

at different times and the velocity was deduced. 

For each d, data was again fitted by equation (4.1) in the form of 

equation (4.3) in which coefficients A and n were found by least 

square fit. Table (4.3) summarizes the results showing coefficients 

A and n for values of particle's diameter . Also shown in table 

(4.3) is the stokes' velocity VO based on equation (4-2). 

Table (4.3): A sýary of data on the effect of particle diameter 
on settling valocity. In col. 3,5 errors refer to 95% 
confidence interval. 

d/D d ln A A n vo Re 
X 102 pm cm/min cm/min X 103 

0.58 117 0.36 1 0.022 1.44 4.85 1 0.11 1.54 0.75 
0,66 132 0.55 0.025 1.73 4.40 0.11 1.96 1.08 
0.84 168 0,98 0.042 2.65 4.97 0.18 3.17 2.20 
1.00 200 1.47 0.048 4.32 5.47 0.21 4.50 3.7 
1.08 217 1.57 0.052 4.82 5.41 t 0.26 5.30 4.7 
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Tables (A8 to A12) In appendix A contains the raw data (h, t)for 

this set of experiments. 

d2 (p, -pf)g 
In theory Aa 18 P .... (4.7) 

which can be set in the form 

.A=K d2 .... ( 4.8) 

with K as constant if the dependence on d2 is maintained. 

Figure (4.6-a) shows that the slope, and by implication K, is 

constant confirming Aa d2. Also shown in figure (4.6-b) is the 

comparison between A and VO and confirms the identity A =- Vo shown by 

the trend line. From data in table (4.3) n increases as d Increases 

(see figure 4.7). 

7 

6- 

5 

4 

100 130 160 190 220 250 
d (jAm ) 

Figure (4.7): (; oefficient a as a function of d 

Using the data in table (4.3) the relationship between n and d 

is of the form 

3.55 + 0.00882 d .... (4.9) 

where týe unit of d is pm 
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4.3.5 Coýnt 

Figure (4.4) confirms that in the existed experimental data, V- 

C relationship follows the form 

VC = VO ( I-C )" - 

Tests also confirm that term A defined in equation (4-3) was 

proportional to p-I and d2 provided term n in 0-0- is not 

considered to be a constant. A direct comparison with A and Vc 

defined by Stokes' equation shows Aa Vo. For inf luence of Ccý, in 

the case of js varying 

4.66 t 0.11 

whereas f or changing d, n increased. In Richardson and Zaki' s 

nalysis they demonstrated the effect of the ratio d/D (D being the 

imension of the settling tube) on the value of the coefficient n. 

For Re < 0.2 this was given In the form 

4.65 + 19.5 d/D 

Considering Dw2 cm the side length of the settling tube, equation 

(4.9) can be rewritten in the form 

3.55 + 189 d/D (4.10) 

Since in the present work the highest value of Re is 0.008 < 

0.2 equation (4.10) can be compared with the experimental value in 

figure (2.4). Figure (4.8) shows fitting of the data in figure (4.7) 

to previous experimental data taken from figure (2-4) for Re < 0.2 . 
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4.4 EyRgrimental procedure In sloping tubeR 

4.4.1 Control of concentration and ongle of Inclination 

The original aim was to undertake sedimentation tests for a 

particular solids suspension at 5% increments in porosity . This 

would provide a series of tests at 95%; 90%; 85% etc. down to initial 

porosity at which a suspension would no longer mix to a uniform 

distribution in the column. Thus the settled solids from a previous 

test could be reused. The initial porosity was adjusted by decanting 

supernatant and adding fresh solids. The initial. suspension height 

was remained at 20 cm which is equivalent to a volume 75.8 ce within 

the column . Thus a 5% increment in volume of solids represents a 

removal of 3.79 ce supernatant and a consequent addition of 3.79 cW 

of solids. 3.79 cW' of solids is equivalent to 10.797 g. In practice 

the weight increment was actually 10.78 g. This gives an error to the 

highest concentration value, about 1.2% which Is acceptable and was 

not considered to be significant. 

For each value of initial concentration, the test was repeated 

at different angle of inclination measured from the vertical with a 

in the range 0- 301* at 511 intervals. The entire procedure was 

carried out for particles with d= 67 ps and d= 133 pm; the ratio 

of glycerol solution to water was w/g = 80% and the absolute 

viscosity of the fluid was 0.48 poles at temperature 211 (see table 

4.1) 
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Data in tables A13 to A17 was analysed to study the effect of 

solids concentration on initial settling velocity in an inclined 

tube; Analysis focused on (a) PNK theory (b) modified PNK theory to 

take account of sediment layer and (c) the Zahavi and Rubin 

interpretation of PNK theory. 

4.4.2 Timt of PNK theory and its developj=ls 

The data contained in Appendix A, was used to test the PNK 

equation, which was discussed in section (3-3). The integrated form 

of PNK equation is, 

b+Z sina V, t 
z sina exp b sina)) 

The plots shown in Figures (4-10) and (4-11) show that equation 

(4.13) under-estimates the height variation shown In the data, 

particularly at longer times. 

One feature which was not taken into account in the original PNK 

theory is the possible influence of the sediment layer, this 

affecting the magnitude of the term z. This is discussed bellow. 
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4.4.3 Modifications to PNK theory 

From section (3.2) the modified form of PNK equation Is (see 

equation 3.3) 

dz z 
-ýt .... (4.14) z VO (1+ b-'7 e'na ) 

When the sediment layer builds up with time the interface length of 

the clear fluid channel is scaled by the term. 

ZI =z- za M 15) 

This can be substituted into the right hand side of equation M 14). 

Two possibilities exist to define the left hand side. The first case 

(case 1) is that this term remains unaltered dz/dt simply models of 

interface. 

The second case (case ID is that dz/dt term models interface 

length 

dz dz dz,, 
(4.16) dt dt dt 

Since dz/dt and dz, /dt are in opposite directions, this is equivalent 

to 

dzi dz dz. 

dt dt dt ( 4.17) 
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Figure (4.9): settling curve In an Inclined tube 

Applying conservation of mass in settling column gives, 

(z - ZW)CO + Z' C" =Z CO .... (4.18) 

where z, z, and Z are defined as shown in figure (4.9) Cc, the initial 

solids concentration in the suspension and C,, the concentration of 

the sediment layer at the bottom of the settling column. 

, ze = (Z-Z) CO / (C" - C()) .... (4.19) 

ZI =Z- Ze .... (4.20) 

Z' =z- (Z-z) CO / (CM - CO) .... (4.21) 

Defining the factor CO / (C. - Co) . 0.6 (4.22) 

equation (4.9) becomes, 

Z, =z (1+0) -AZ .... (4.23) 

Replacing z by z, to the right hand side of equation (4,14) 

and assuming that the left hand side is unaltered (case I) leads twý 
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dz (1+0)z 
-=V, +- sina dt b 

where t=I- ft Z sina /b 

z dz t 
V, dt 

z+( 1+0 )sina z/b0 

(4.24) 

(4.25) 

(4.26) 

Taking X=t+( 1+0 ) sina z /b equation (4.26) becomes 

b X2 dX t 

(1+0) sina Xý x V, 
01 

dt .... (4.27) 

where X, =t+ (1+0)sina Z/b .... (4.28) 

and X2 =t+ (1+0)sina z/b .... (4.29) 

Integrating equation (4.27) and compensating X, , X2 and t by their 

values from (4.28), (4.29) and (4.25) gives the modified PNK equation 

as 

b+Z raina -VC, t 
zQ +P) sina exp( b sina (1+0))] (4.30) 

Experiments described in section (4.4) and the data in tables 

A13 to A17 in appendix A were used as settling tests in inclined 

t ube. Figures (4.11) and (4.12) show a comparison between the 

experimental settling curves, the theoretical curves deduced from the 

origin PNK equation (4.13) and the modified equation (4.30). 

V., in equations (4-13) and (4.30) was taken directly from exporiment 



on the same suspension settling in a vertical position 

C'. 
To calculate 1+0 = C. - C, C. was taken equals to 0.55 which is 

less than the maximum concentration for glass beads in vertical 

settling (this is discussed later in section 5.3.4.3). 

Inspection of figures (4.10) and (4.11) shows that equation (4.30) 

represents an improvement on the PNK prediction . 

4.4.4 Implication of sedimnt height on dz/dt term (case II ) 

For the case when dzj/dt follows the equation (4.17) It can be 

deduced that 

dzl/dt = (1+0) dz/dt 

Equation (4.24) becomes 

dz (1+0)z 
-T- = VO sina tb 

.... (4.31) 

(4.32) 

Integrating equation (4.32) leads to the modified PNK equation in 

this case to be of the form . 
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b+Z sina -v. t 
Z-Z=[1 -«ex (1+ß) sinci P( -b sIna )] (4.33) 

when this was tested it was found that the theoretical prediction was 

above the experimental points. Thus it Is deduced that dz/dt on left 

hand side of equation (4.14) models the interface speed rather than 

the clear fluid channel length. 

4.4.5 Effect of the shalle of tilbe bottom 

In the derivation of equation ( 4.15) the influence of storage 

in the dip was ignored. If we consider Its potential influence, the 

time tj needed to fill the dip must be taken into account. t, can be 

deduced from equation (4.13) as 

tj 
-b 

ln [I- 
%sina 

(4.34) Vc> sina b+ Z2 sina 

where n, =b tana/2 

and Z2 =Z-q, 

To compare experimental data with the theory, the co-ordinate 

(z, t) in the equation (4.30) to be shifted by the t, and q, 

The new co-ordinate s become. 

q2 = 1/2 b sina C. /Co 

mt '4 t-t, i t, is given by equation (4.34) 
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and MZ =Z-qI- q2 
.... (4-35) 
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4.4.6 Test of Zahavi and Rubin. 

In section (3.2) Zahavi and, F, ubin (1975) considered that the 

settling velocity of top Interface in an inclined tube follows 

equation (3.6) 

VI"= V--, + Vp .... (4.36) 

where VL. is the total settling velocity for angle of inclination a 

V, is the settling velocitk of the same suspension in a vertical tube 

(a=0)V, Is the contribution of the inclined interface to the 

settling process, They assumed that V, in the initial position is 

independent of initial solids concentration. To check the above 

assumption, the experimental data of section (4.4.1) and data in 

tables A13 to A17 were used for the value d= 133 Is& Data are 

summarized in tables (4.4) and (4.5). Figures (4.12-a) and (4.13-a) 

show plots of 

VP = Vt. - V., 

These show that V,, depends strongly on Co. The dependence of V. on 

CO increases as the inclination Increases. However VP/V, shown in 

f Igures (4.12-b) and (4.13-b) is essentially independent of Co for 

the range considered. 
A 
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table (4.4) Initial settling velocity V,,,, 
d= 67 pm 

CO a= 00 a= 5* a=100 a=15* a=20* a=30* 

5 0.38 0.60 0.83 0.98 1.22 1.49 
10 0.31 0.45 0.60 0.82 0.94 1.30 
15 0.25 0.34 0.52 0.68 0.84 1.04 
20 0.18 0.29 0.40 0.48 0.66 0.76 
25 0.12 0.18 0.30 0.39 0.40 0.49 
30 0.10 0.14 0.19 0.23 0.28 0.35 
35 0.07 0.11 0.20 0.28 

table (4.5) Initial settling velocity V: t,, 
d= 133 pm 

C, Cx= 0* a= 50 a--10* CX=150 a=20* or-30* 
5 1.38 2.06 3.05 4.06 4.80 6.28 

10 1.10 1.59 2.22 3.48 3.95 5.33 
15 0.85 1.26 1.84 2.61 3.05 4.02 
20 0.64 1.00 1.48 2.08 2.44 3.03 
25 0.44 0.75 1.05 1.59 1.88 2.42 
30 0.30 0.50 0.84 0.97 1.17 1.40 
35 0.22 0.35 0.44 0.60 0.86 1.08 
40 0.15 0.30 0.34 0.39 0.58 0.74 
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CHAPTER FIVE 

4 
CHARACTERISTICS OF THE CLEAR FLUID LAYER 

5.1 Introduction 

In this chapter the characteristics of the clear fluid layer 

were studied experimentally. The experimental results are compared 

with a theory was predicted by Acrivos et al (1979) and a clearer 

idea is deduced about the flow within the clear fluid layer and about 

the 

concentration distribution along the settling column in both casegof 

vertical and inclined settling. 

Sections (5-2) and (5.3) contain a description of the 

experimental set-up and the methods used to measure the dimensions of 

the clear fluid layer, the velocity of the flow within this layer and 

the concentration distribution within the settling column. 

In section (5.4) the measured data is compared with the theory by 

Acrivos; et al (1979). Tests were carried out for two values of 

initial concentration, CO = 0.2 and Cc) = 0.1. 

In section (5.5) ananalysis focusses on the contribution of flow 

through the inclined Interface to the overall settling process. 
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5.2 ExRerimental set-up 

For this sequence of experiments the apparatus, suspension and 

suspending fluid are as described in section (4.2) 

5.2.1 Audio visual 2quipmnt 

The audio visual equipment consisted of a colour video camera, a 

video recorder and a 14" portable colour monitor. The colour video- 

camera had the advantage of recording the time with an accuracy of 

0.01 second. By attaching a lens unit to the camera a magnification 

of 15 times could be achieved. This magnification allows the 

observation of the movement of particles of diameter as small as 

0.133 mm and to measure the dimension of clear fluid channel ()0.1 

mm ). 

5.2.2 Mnsuremnis of susRension concentration %. 

The experimental equipment for measuring solids concentration 

based on the electrical conductivity of the suspension is shown 

schematicallY in figure (5.1). It consists of: 

-a dtgital universal resistance bridge excited by a 1000 Hz A. C. 

sLgnals was used to measure the resistance a across a pair of 

electrodes. 

-a sedimentation column forms one arm of the universal bridge In a 
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settling tube of approximately the same dimensions of the tube No. 2 

described in section (4.2.3). The tube has a cross sectional area 

of 3.84 cW1. A scaled tape was fixed to one face of the tube. In 

the wall of the sedimentation volume resistace pins were set at 2cm 

intervals starting from 1.5 cm height until 19.5 cm on opposite 

face of the tube. The res, istance pins were made of platinum wire 

of diameter 0.87 mm and long enough to fix into the tube wall, 

project 3 mm into the tube and hold the electrodes from the 

switching unit 

switching unit has the capacity to join 10 pairs of'slectrode., 
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Figure (5.1): Electro-conductivity Equipment 

a- settling tube with the resistance pins b-switching unit and 

c-universal bridge 
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The principle of the measurements is that, the settling column 

forms an arm in a bridge circuit as shown in figure (5-11), in order 

to measure the electrical resistance of the suspension at specific 

height. 

Figure (5.111) Sedimentation colum iks an arn of a brioge circuit 

Measurements required bringing the bridge into balance and to 

scan all pairs of resistance pins as quickly as possible. To 

facilitate this process and to avoid the necessity of writing down 

results the audio visual equipment was used to record all the 

essential data during the manipulation of the instrumentation while 

the experiment was in progress. 
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5.3 Experimental procedure 

5.3.1 upmrd Velocity of the glear-fluld layer 

This part of experimental program was designed to measure the 

velocity of the clear fluid layer with a view to calculating, the 

overall flow. The velocity was assessed by monitoring the progress 

of particles and by dye injection. 

5.3.1.1 Observation of particles 

As noted in section (3.1) the settling column can be divided 

into four region as described in figure (5.2) 
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Figur 5.2: Settling column 

Of direct concern are: region (1), the clear fluid moving upward 

by the action of the buoyancy force and region (2), the thin layer of 

suspension which is driven upward by the friction forces exerted by 

the clear fluid layer moving upward. 

It can be assumed that Vr.., the velocity of particles on the Interface 
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between region (1) #nd region t-21 is closely linked to Vf the man 

velocity within region (1) and can be represented by a relationship 

"of the form: 

vp = V.,. f (5.1) 

where f is defined by the ratio Vp/Vf. 

By measuring the upward velocity of particles within or in 

contact with region (1), the magnitude of the upward velocity of the 

clear fluid layer can be, deduced provided f is known. 

In these experiments beads with dN 133 #Lm were used, Cc, was 0.2 and 

0.1, the initial suspension height (inclined) HO = 20 cm, the 

viscosity p=0.48 poise and the angle of inclination a= MO. 

The suspension was prepared in the way described in section 

(4.2.5). The video camera was focussed on the lowest part of the 

settling column and adjusted to view (on the monitor screen) as large 

a number as possible of the particles which are moving along the 

inclined interface (see figure 5.3). This procedure was repeated at 

I cm intervals until the top of the settling column. Measurements 

were recorded on the video tape. 

To reduce the experimental errors a large number of observations 

were carried out at I ca interval over the height of the settling 

column. 

Tables (A18-A32) in appendix A summarises velocity-time data for 

H=I cm to 17 cm for C=0.2 and, tables W3 to A49) In appendix A 

shows the corresponding data for C=0.1. 
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Figure (5.4) shows examples of the change of upward velocity 

with time at H=1,5,14 and 17 cm. The approximate trend of the 

relationship V-T was drawn by eye and as close as possible to the 

line fitted by least squares fit of polimaral equation of degree 

f ive. 

Figure (5.5) illustrates the comparison between the trends of 

the velocity-time relationships at the heights 1,4,7,91 11 and 15 

cm 

Video Camera 

View of ascending 
particles on the screen 

Quo 

frl 

Settling tube 

Figure 5.3 the settling tube in recording position 
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Figure (5.3'): Settling tube and the audio visual equipment 
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5.3.1.2 Velocity of the dye tracer. 

The object of measuring the velocity of the dye tracer within 

the clear-fluid layer was to check the velocity observation of 

the particles and to determine parameter f in equation (5.1). This 

procedure was adopted to take advantage of the large number of 

measurements of the parameter V, compared with the measurements of 

Vd. 

A dye solution was prepared in the manner described in section 

(4.2.4) and it was used as concentrated solution of specific density 

P" I g/cmý3. The dye solution was injected into the clear-fluid 

layer by means of a needle of internal diameter 0.25 mm 

The velocity of the ascending dye drop was recorded in the 

video-tape and the velocity was measured at heights H=3,41 7,8, 

12 and 13 cm. The velocity-time data are summarised in tables (A50 

to A55) in appendix A. 

Figure (5.6) represents the factor f V,, /V,, with the height H 

(inclined) at different times, where Vj is the upward velocity of the 

dye tracer (identified with the term Vf In equation 5.1). 

Figure (5.6) shows that there is no significant effect of the 

time of settling on the factor f. The factor f is slightly increased 

by the increase of height. However ignoring the-low value at H ='13 

ca (this point was near the top interface at time 120 s), f can be 
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taken as the mean value of the whole range H without significant 

error. The upward velocity of particles within the clear fluid layer 

can now represent the velocity of the clear fluid layer after 

multiplying by the factor 1/f where 

f=0.85 ± 0.04 

Errors refere to 95% confidence limit. 
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5.3.3 Dimensions of the clear fluid layer. 

obJections 
There were two in this set of tests (1), to observe the 

change of the dimensions of the clear-fluid layer with time so that 

the theory described in section (3.3) could be tested and (2), to 

permit estimates of the flow through the channel given knowledge of 

the velocity. 

In these experiments glass beads with d= 133 pm were used, 

Cc, =O. I and 0.2 and the initial suspension height H, = 20 cm (in an 

inclined position). The viscosity was g=0.48 poise. 

To reduce the error on the measurements of the channel width, a 

large magnification was used. The magnification = 10-15 on the audio 

visual camera was set so as to enlarge the size of the channel, but 

not to lose view of a2 cm length of the test tube when displayed on 

the screen. To eliminate the distortion due to the shape of the 

monitor-screen, it was ensured that the image being surveyed was in 

the middle of the monitor screen. - 

Tests were carried out in the way described in section (5.3.1) 

and recordings were carried out over the duration of the settlement. 

Recordings were taken at every I cm intervals over the tube height. 

The ensue data is summarised in table A56 for C=0.2 and table A57 

for C=0.1 in appendix A. 

Figure (5.7) shows the change of the clear-fluid layer width 

with time. for C=0.2. The associated analysis of figure (5.7) is 

persued in section (5.4) 
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5.3.4 Concentration measurements 

Knowledge of the solids concentration distribution at different 

heights and times within a column of settling particles provides 

valuable information about the mechanism of settling and the 

approximations that can be made in theory. 

5.3.4.1 Tbooratical background 

The, rnode of analysis used in the current study makes use of the 

approach used In Holdich (1983) and Is based on the relationship 

between electrical conductivity and the solids concentration. Many 

good relationships between concentration C and the ratio of K. the 

conductivity of the mixed phase (solid-liquid) to Kc the conductivity 

Of the continuous phase (liquid) were deduced and tested 

experimntally 

For dilute suspension when C<0.1 M8xwell (1881), quoted the 

equation 

K. 1+ 20C 
K... I- PC .... (5.2) 

Kd - Ka 
where Kd -2K, .... (5.3) 

and Ka is the conductivity of the particles phase. Maxwell, S 

equation Is considered to give an adequate approximation for K,, when 

C<0.1. When K, 0 



Kc 

which leads to 

1-C 

1+ 0.5 C (5.4) 

1-K,. / K, 
-- 

1+0.5 K., /K,. 
(5.5) 

Maxwell's equation can be expanded as a Taylor series and by 

restricting analysis to the first two terms, Bruggeman (1935) 

proposed the following relationship 

(K. /Kc) - (Kc. /Kc) 
= I-C .... (5.6) (K. /Kc)'13 (1-kd/K ) C 

When Kc, =0 this gives K. /Kc = 0-03/2 .... (5.7) 

Meredith and Tobias (1962) introduced different equation when 

they calculated the overall conductivity considering the stepwise 

addition of a dispersed phase to the mixture. In their approach they 

proposed: 

Kd Kd Kcj Kd 
2+2 1] C (2-0 [-j- +2] +2 [-Kc -I] C 

c 
It. 

C 
KC Kd Kd 

x Kd 
(5.8) 

2+21]C (2-C) [-je- +2] - 1] C 

When K, 0 the equation is reduced to 

K. 8(2-C) (I-C) 

K. (4+C) (4-C) .... (5.9) 

Holdich (198.3) tested the above equation experimentallY using 

ballotini of mean diameter 55 jim, his resultsare included in figure 

(5.8). 

Ii 
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5.3.4.2 Calibration of the resistance pins 

Since the liquid used as settling media Is a non-conductor 

(glycerol-water) a little salt (NaCD was added to the settling media 

to bring the conductivity to a level within the range of an AC 

digital universal resistance bridge. 

Each pair of the pins were sequentially joined to the electrodes 

of the universal bridge. Noting that 

K,. =I/R,,, and Kc = I/Rc 

where R, is the resistance between the two electrodes, equation (5-9) 

transform to 

Rc -C) (1-C) 8(2 

R. (4+0 (4-C) 
(5.10) 

Equation (5.10) can be rearranged to give the concentration as a 

function of Rc/R. i. e. 

c= 
12 - Of 122 - 16(1-R. /R )(8+R, 

-/R. 
) 

" (5.11) 
8+ Rc/R. 

R, differs In practice from one pair of resistance pins to 

another, and can also change with the original concentration due to 

the possible dissolution of electrolytes. During any individual 

experiment, R, was taken as the resistance associated with pairs of 

pins within the supernatant zone. 
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5.3.4.3 Exparimental procedure 

A set of settling tests were undertaken in a vertical tube for 

initial volume concentrations in the range 0.05 to 0.45 at intervals 

of 0.05. The object of these tests was to calibrate the resistance 

pins and to compare the data with equations (5.4), (5.7) and (5.9). 

A suspension of the glass beads with diameter d0 133 pm in a fluid 

of viscosity 0.48 poise was used. 

Table (5.1) contains the mean values of R,, /R. for each value of 

original concentration C. Errors represent the 95% confidence 

limits. The mean values were taken for the 8 pairs of the resistance 

pins along the settling tube. 

Table (5.1): R, /P,, for each pair of resistance pins at different 
concentrations. Errors are 95% confidence limits 

NO. H(cm) C=O. 05 C=O. 10 C=O. 15 C-20.20 C2'-O. 251 C=O. 30 C=O. 35 C=O. 40 

1 19.5 0.84 0.85 0.75 0.63 0.63 0.59 0.53 0.46 
2 17.5 0.83 0.84 0.75 0.74 0.67 0.59 0.55 0.49 
3 15.5 0.84 0.85 0.80 0.71 0.64 0.61 0.57 0.47 
4 13.5 0.86 0.83 0.74 0.69 0.67 0.58 0.59 0.49 
5 11.5 0.81 0.80 0.75 0.71 0.67 0.52 0.57 0.48 
6 9.5, 0.81 0.91 0.73 0.71 0.68 0.62 0.58 0.48 
7 7.5 0.83 0.85 0.73 0.75 0.73 0.62 0.63 fffo 
8 5.5 0.86 0.85 0.77 0.70 0.69 0.58 0.61 ff*f 

Nean Valuer, 0.83 0.85 0.75 0.70 1 0.67 1 0.60 0.58 0.47 
I 

Errors 0.016 0.025 10.019 0.033 1 0.025 1 0.014 10.021 
. 
JO. o2o 
, -- 

Figure (5.8) gives the theoretical relationships 5.4,5.7 and 5.9 

plus the experimental results on ballotini taken from Wakeman and 

Holdich (1982). 

In a vertical tube the graded concentration layer above the 

sediment layer Is very thin. Since the distance between two 

-116- 



resistance pins is 2 cm, which is more than the thickness of the 

graded concentration layer, the change in concentration along a 

vertical settling tube at specific time does not give the accurate 

(dDr-cIriPticlAof the graded concentration layer. Therefore the change 

in concentration with time at fixed height H was ploted and an idea 

is gained about the thickness of this layer from the time needed for 

concentration to change from C, to C,... at this specific height. 

Figure (5.9) shows the change of concentration with time at interval 

2 cm starting from height H=5.5 cm until H= 19.5 cm for Cc) = 0.2 

and a=0. The top and bottom interfaces were also shown in figure 

(5.9). From the position of bottom interface with time. The 

difference in position of bottom interface, from time when C= Cc, and 

the time when C=C,,,,, was considered to represent the thickness of 

the graded concentration layer. Figure (5.9) shows that the 

thickness of the graded concentration layer is very small (2 0.8 cm 

at the and of the settling process). 



Figure (5.8) 
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The solids concentration distribution along an inclined settling tube 

was also measured using the same technique described above. 

In the case of an inclined tube, the inclination was such that 

the resistance pins were kept on the vertical face ( see figure 5.1) 

Apart f rom the point at C=0.05 the data in f igure (5.9) gives 

a reasonable fit of the theoretical curves. It is seen that equation 

(5.9) by Meredith and Tobias lies in the midrange between equations 

(5.4) and (5.7). Therefore equation (5.9) can be used as an accepted 

relationship between the solids concentration and the resistance 

ratio R, /R,,. At first scan of the R,, the concentration is already 

known, 

CO 

where C, > is the initial solids concentration. 

From equation (5.10) R,. /P,,, can be calculated for concentration 

C= Co. Hence R, can be deduced for this particular pair of 

resistance pin 

Rc / R., 

8 (2 - Co) Q- Co) 

(4 + Co) 4 Co) 

R, A, R,, 
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One pair of resistance pins was joined to the universal bridge 

and the change of R,,, was scanned all over the settling time. Knowing 

the value of Rc from equation (5.12) and working via equation (5.11) 

the solids concentration can be calculated with time at the cross 

section of the settling column corresponding with the position of the 

particular resistance pin, 

Different run was undertaken for each pair of resistance pins. 

the above settling test were carried out for CO = 0.2 and a= 300 and 

the same suspension (d = 133 pm, p=0.48 poise). 

The concentration distribution along an inclined settling tube 

at different times when Ccý = 0.2 is shown in Figure (5-11) 
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5.4 Copparlson of exiMrimental data with dgdUrtions of Acrlygm et 

al (1979) 

Acrivos et al (1979) predicted thec6aracteristics of the clear 

fluid layer (see section 3.3). The shape of the layer in its steady 

state was given by equation (3.161) 

8=Q r-I h tana)1,13 , 
(5.13) 

The time for the clear fluid layer to reach its steady state T was 

given by equation (3.18) 

r-,, 12(3 h tana)11: 11/sina .... (5.14) 

and the upward velocity of the flow within the layer is given by 

equation (3.20) 

1/2 r, a2 cosot (5.15) 

where aQh tana)"I 

and r= 9/2 .' (H. /a)' . C/f (C) 

a the angle of inclination of the inclined interface which is 

considered constant for simplicity. The term C refers to the 

original solids concentration and, 

(C)=, /Vo 

where Vr_ /VO refers, to ratio of settling velocity ff suspension of 

concentration C to the settling velocity of discreto particles. The 

term 'a' is defined by 

d/2 (5.16) 

in which d is the mean diameter of the settling particles. 

Ho is the initial height of the suspension i. e. 

Zo - Hcosa .... (5.17) 

where Hothe Initial inclined length of the settling column 
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Terms 8, T and r values are each dimensionless. They are rendered 

dimensional by the following transformation 

t=T. HO/Vo .... (5.18) 

del =6. Ho .... (5.19) 

vel =V. VO .... (5.20) 

Table (5.2): Parameter of exsisted settling conditions 
for comparison with Acrivos et al(1979) 

Parameters C. = 0.2 CC, = 0.1 

R 0.53 0.89 
r 1.6 x 107 4.8 x 107 

253 169 

15.9 13.0 

2.1 xlO-ýs 5.9 X10-3 
13.8 8.7 

Rr- 2.1 x 10-11 5.2 x 10-3 
F 1.3 2.2 
ir-2/3 

8.3 x 10-6 3.1 x 10-15 
irl, a 336 377 

V, (CM/6) 0.033 0.033 

f(c) 0.374 0.629 

zo(CM) 17.3 17.3 

a (c M) 66.35 x 10-4 66.35 x 10-4 

I ob 1 175 1 11 1 

in which V<, is the settling velocity of the same suspension in the 

vertical position 

and were the particular regime under scruting was charact. erised by 

aa 30.50 vd=0.0133 cm , Zo = 17.3 cm and V. = 0.664 Wain 
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The parameterscovering the settling conditions are summariOejin 

table (5.2). Figure (5.12) shows the shape of the clear fluid layer 

at different times. It shows that there are two significant regions 

along the layer. 

region I- from H=0 to H=9 cm (the lower half of the settling 

column) the clear fluid layer has a uniform width which 

decrearses with time 

region II - from H=9 cm to the top interface the width of the layer 

widens sharply. At H= 11 cm the layer width is 

independent of time 

Figure (5.13) shows the velocity distribution along the clear 

fluid layer at different times for initial solid's concentration C= 

0.2. 

At a fixed height the velocity decreases with time. There Is 

always a layer under the top interface where the velocity starts to 

decrease until reducing to zero at the top Interface. The thickness 

of this layer Is approximately 2 cm and it Is constant with time. 
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Figure (5.7) shows that the width of the clear fluid layer 

increases with time until it reaches a maximum width. 

Figure (5.7) shows also that the clear fluid layer width Increases 

linearly with time in the early stage of settling test. This linear 

increase does not continue until the the layer reaches its maximum 

width as was predicted by Acrivos et al (1979). The time T2 after 

which the layer width becomes steady is plotted along the inclined 

interface. Figure (5.15) shows (I) the time T, at which the linear 

increase ends (ii) the time T2 as a function of height H and (III) 

the time T (the time to reach the steady state prediction by Acrivos 

et al (1979). Figure (5.15) shows that T has a midvalue between T, 

and T2. TI, T2 and T are shown schematically in figure (5.14) 

Time 

Figure (5.14) Illustrative schom for-tha_changs of 8--with-time 
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Figure (5.15) 
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Figure (5.16) shows Q along the clear fluid layer at different times 

for initial solids concentration CO = 0.2 where 

Q=6. V .... (5.21) 

where Q is the volume of supernatent flow within the clear fluid 

layer measured for the unit depth of the third dimension of the 

settling column. 6 and V are taken from the data shown in figures 

(5.12) and (5.13) respectively. 

From figure (5.16) it is evident that the flow has a maximum 

value of about 2 cm below the position of the Interface. In the top 

layer there is evidence of decreases in the flow . This suggests 

that there may be a vortex zone which causes the flow to penetrate 

the suspension column. (This aspect i4horoughloiscussed in section 

7.3). Figure (5-16) shows also that the flow predicted by Acrivos, et 

al (1979) is higher than the experimental values. 

The gradient of the relationshipat any height H represents q the 

infi-Itration along the unit area of the inclined interface at this 

height. The fluid infiltration q at any height H originates from the 

fluid creeping out of the suspension column at velocity 

Vy = q/a .... (5.22) 

where a is the area of spaces between the solids particles available 

for fluid to pass through. In a unit area (Voidage ratio). 

6= 

where C is the local solids concentration 

vv (5.23) 



To have a close estimation of VI, the concentration C at the 

inclined interface should be closely predicted. 

(Further work on calculating V. is persue4ed in section 6.5). 

Figures (5.12), (5.13) and (5.16) show that Acrivos et al (1979) 

theory gives -higher values to 6, and consequently to Q which are 

according to theory are constant with time. In practice it is evident 

that this is not the case. 

Figures (5.17), (5.18), (5.19), (5.20) and (5.21) show plots 

corresponding to (5.7), (5.12), (5.13), (5.15) and (5.16) for initial 

solids concentration C. = 0.1 

For suspension of initial concentration Co = 0.1 values of 6, V 

and Q predicted by Acriv os at al (1979) show a good agreement with 

the experimental data particularly at the beginninSof settling 

process when Va 0. 
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Figure (5. lea) CO = 0.2 
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Figure (5.19) cc = 0.1 

0. tIIIaaII 

, 20(s) / 
, 18. A/ 

17. -40(s) 
Iv 

Is. 

15. 4 . 
14 . O(S) 

Ix 

12 iOO(S) ' 
., C 3 

11 . 
120(s) 

a U 10 . W 

7 . 
S . 
5 . 
4 . 
3 . 
2 

0 -1 l 1 ' 1 40 20 1 1 0 10 40 so 80 00 
VeLocity (cm/mLn) 

DeveLopment oP upward veLocity with timt 

Mosition oF interPace 

Prediction oP Acrivos et aL (1979) 

-136- 



i gure (5.20) Co = 0.1 
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5.5 Pathways of fluid relearmee MgroscoRiC view 

In this section the relative contribution of the clear-fluid 

layer to the settling process is examined. Assuming that the 

settling of the top interface is at a velocity V1, (cm/min), this 

settling results in a supernatant volume collected over the top 

interface during a time interval At is V,,, * givin by 

v. tc3. -t ý Vtrw at Sa 

where S,, is the active surface area of the top interface (see figure 

5.21) 

I The active 
S-ur ýfac 

e--N 

Figure (5.21. ) - Diagram abowsAbs active suface area of the top 

Interfa9p 
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This volume V,,,, is actually a sum of two values : 

(i) the volume Vj,, coming from the clear-fluid layer 

Vill = Q1. At .... (5.24) 

where Q, is the flow coming from the clear-fluid layer and defined by 

equation (5.2 1) 

(ii) the volume V,., coining from the real settling of the particles 

at top interface. Vt,,, can be deduced from the difference 

V-týp ý V-tý+ - Vin 
.... 

(5.25) 

As a result of the volumes V, V,., and V,,,, the settling velocity 

can be divided into two equivalent velocities 

M The velocity equivalent to the flow Q 

V"/S., .... (5.26) 

and (ii) the velocity equivalent to setting of the top interface 

V, ý., /S_ (5.27 ) 

RVI, is the ratio of Vj, /S. to the total settling velocity v,, and 

RV,,,,, is the ratio of V,.,, /S. to the total settling velocity v, 

Calculations and results are 

0.2 and table (5.4) for C,, = 0.1 

Figure (5.22) shows the change of 

= 0.2 and figure (5.24) shows the 

Figure (5.23) shows the change of 

0.2 and figure (5.25) shows the ci 

summarised in table <5.3) for C, = 

V.,. 
_,,, 

V,, and Vt.,,, with time for C, 

corresponding data for C, = (). I . 

RV,, and Rv,,,, with time for C,, 

Drresponding data for C, = (). 1, 
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To compare between the case of Ca = 0.2 and Ce> = 0.1 the share 

of top interface to the total settling velocity war, plotted against 

the height of the top interface. 

Despite the difference in the shape of the curves in figures 

(5.22) and (5.25), figure (5.26) shows that a common curve can be 

plotted on the data of CO = 0.2 and data of CO = 0.1. This confirm 

that the height of the settling column has a great effect on the 

settling behaviour of the top interface. 

The equivalent settling velocity of particles at top interface 

(sv) deduced from the share of the top interface to the total volume 

Vtot (equation 5.28) providing that the concentration at the top 

layer of settling column is the initial solids concentration Co. 

vs = 
Vt. p (5.28) 

SA . (1-co) 

Figure (5.27) shows sv changes with time for CO = 0.2 and for 

C,, = 0.1. The value of settling ve locity of the same suspension in 

the case of settling in a vertical tube is shown in the same figure. 

It is evidence that sv Is higher than the settling velocity In the 

case of vertical settling for C<), = 0.2 and for Ccý = 0.1 . 
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Figure (5.25) co 0.1 
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Figure (5.26) 
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CHAPTER SIX 

FLOW FIELD WITHIN THE SUSPENSION CORE 

6.1 Introduction 

This chapter focuses on the flow pattern of the fluid within the 

suspension core. This was studied experimentally using a dye tracer 

technique The aim of the analysis was to gain a clearer idea about 

the mechanism of the fluid infiltration into the clear fluid layer. 

Sections (6-2) and (6.3) describe the experimental set-up 

together with the methods used to measure the velocity field. In 

section (6.4) the velocity vectors are examined in terms of their 

components. Section (6.5) investigates about the velocity components 

V, as the feeding velocity of the fluid into the clear-fluid layer. 

Section (6.6) dwells on the transfer of fluid from the suspension 

core into the clear- fluid layer. AS a consequence of imponderables 

identified in the previous analysis, a check was carried out on the 

efficiency of the dye tracer technique, the results being reported in 

section (6.7) NB. this check was carried out in a vertical settling 

column. In section (6.8) and (6.9) the-continuity equation was 

checked in the z-x frame and, In Sections (6-10) and MID data of 

velocity vectors were studiedAnd compared with the existed theory 

In section (6.12) calculations of the velocity of settling within the 

suspension based measurements of the concentration distribution 

along the settling column were compared with the observed Y*locity 



f ield. 

6.2 Experisental set-up 

For this set of experiments the apparatus, suspension and 

suspended fluid are as described in section (4.2). The dye solution 

mentioned in section (5.3.4) was used as a dye tracer. 

The audio visual equipment described in section (5.2-1) was used 

to observe the movement of the dye drops injected Into the settling 

suspension . 

6.3 Experimntal prcmedure 

Using the inclined tube the experimental regime is described by 

ot = W> p C. = 0.2, iL = 0.48 P, Ho m 20 CIIL 

The dye mix and the needle described in section (5-3.1-2) were 

used and, the procedure described in that section was followed to 

record the movement of ascending dye drops using a video recorder. 

, 43. ue to the time consuming nature of the experiments, observations 

were restricted to the period of t= 20 s to 70 s from the beginning 

of the settling test. During this time, dye was injected on 900 

occasions at different points within the settling column. 

Figure (6.1) shows the velocity vectors within the settling 

suspension at time intervals 10 seconds for time ranges 25-35,35-45, 
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45-55, and 65-75 seconds together with the positions of the top 

interface. 
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6.4 Velocity components and contours 

Velocity components were deduced from the data plotted in figure 

(6.1) during the time interval 40 ±5 seconds. This was selected 

because of large number of observations carried out during this 

interval. For convenience the settling tube width was divided into 20 

equal slices of width 0.1 cm as a means of collating the data. The 

velocity components V, and V, were plotted along the settling column 

for y= 0.05 to y = 1.45 cm where y is the distance towards the 

suspension core starting from the downward facing wall, NB. Vh is the 

velocity component in the direction H along the inclined wall (see 

figure 6.2) and V,, is the component perpendicular to the direction H 

measuring from the upper sloping wall. 

z 

0 

)p 
Figure (6.2): Axes for the velocity conponents. 
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Figure (6.5) 
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Figure (6-8) 
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Figure (6.3) illustrates the velocity vectors V,, and V, at yý 

0.15 ± 0.05 as an example of the V,, -H and V. -H plots the smoothed 

curves in the same figure represent the experimental relationship for 

V,, and V, against the suspension height. Figure (6.4) shows the 

corresponding data at y=0.65 1 0.05 cm. Data for the whole range 

of y values over the settling column for V,, and V, are presented in 

figures (6.5) and (6.6) which show the velocity contours for each of 

the components. 

It is also extremely useful to examine the velocity components 

in the z-x frame. They are V. and V., where V. is the vertical 

velocity component (taken as positive as z increases) and V,,, is the 

horizontal component (see figure 6.2 taken as positive from the upper 

sloping wall). Flow In the z direction coincides with the direction 

of gravity and is strongly indicative of buoyancy-induced motion. V. 

and V, can be deduced f rom f igures (6.5) and (6.6) as f actors of V', 

and V.. From figure (6-2) V. and V. can be written 

V= = Vp, cos30 - V. sin3O (6.1) 

and V,, = Vh sin3O + V. cos30 .... (6.2) 

Figure (6.7) and (6.8) show the velocity vectors and components 

for V. and V, respectively. Overall figures (6.5) to (6.8) show 

clearly the flow pattern within the suspension core and suggest that 

the suspension column can be classified into four zones based on 

velocity behaviour (see figure 6.9). 
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Zone I- adjacent to the inclined interface. It has a thickness of 

0.2 cm which is about 2 to 3 times the thickness of the 

clear- fluid layer. Along this layer all the velocity 

components show an inclination in Its values, Vh, V. tend 

to increase rapidly towards the clear fluid channel while 

V. values tend to decrease. V., decreases rapidly at the 

edge of the clear-fluid layer 

Zone II - the top interface layer. It has a thickness of about 2 cm 

In this layer all the velocity components are reduced to 

zero at the top interface where H= HI, 

Zone III- the corner at which horizontal interface meets the inclined 

one. It is a mixing zone where the fluid tend to return 

back to mix with the suspension. 

Zone IV - The suspension core zone. It occupies most of the settling 

column. Within this zone Vt,, V. and V. have a horizontal 

velocity contours which Increase in value with the height 

of the column until It reaches the bottom of the zone H. 

After that the velocity vectors decreases towards the top 

interface. For the velocity components V,. the contours are 

verticals in zone IV. 
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Figure (6.9) Zones of suspension core and the velocity behaviour 

Figure (6.10 ) shows V. the distribution across the settling 

column for H=4,8,11 and 13 cm. 

Since V,, is virtually parallel to the clear fluid channel, V. is 

essentially the only component of the fluid motion which can feed the 

clear-fluid layer . 

Values of velocity components V, at the inclined interface 

represents the feeding velocity into the clear-fluid layer. 
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6.5 Investlication of th2 ' feeding Velocity '(I,.. I 

In section (5-4) the I feeding velocity' V,, was given as a 

function of the fluid infiltration qt1wough a unit surface of the 

inclined interface and C, the local solids concentration at the 

inclined interface 

V, f q M-C) .... (6.3) 

q can be considered the gradient of the relationship Q-H 

dQ/dH 

The value of C is very important in calculating V.. In an Inclined 

settling tube, the solids concentration was shown to increase ( with 

height ) along the settling column and this increase becomes more 

evident with the passage of time (see figure 5.11). At any given 

level H the concentration must change across zone I (see section 6.4) 

from the suspension column where the concentration is C to the 

particle-free fluid (is C= 0) within the clear-fluid channel. This 

rapid decrease in the solids concentration is accompanied by a 

rapid decrease in the velocity components V.. 

Thus it is seen that the feed velocity V., lies between the limits 

q(V, j 4 q/(I-C) .... (6.4) 

where C is the solids concentration of settling suspension at level 

H. 

Values of V, f were compared with the observed values of Vy along the 

inclined Interface in figure (6.10). Figure MID shows a 

comparison between the velocity component V. at 

y=8, and the values V., deduced via equation (6.4) 
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From f igure 6.11 the f luid inf iltration into the clear-f luid 

layer seems to have two distinct regions along the inclined 

interface; the bottom region from the tube base to the level Hm9 

cm the infitration has a slight increase towards the upper part of 

the tube and V, f has 

cmP, 

min 
In the region above the level a mean value of 0.41 [ 

mn 

H=9 cm Vvf values increases very rapidly until the level H= 11 cm, 

where it has the value 1.2 cm/min. Above the level H= It cm the Vvf 

value remains constant. The value of the velocity component V. can 

be considered to be of the same order of magitude as V, f but it has 

different behaviour as it increases linearly from the bottom of the 

settling tube until the elevation H= 12.5 cm at which V. value 

starts to fall. It appears to reach zero at H= 14.4 cm. NB the 

interface is at H= 17.3 cm at the corresponding time. 
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Figure (6.11) C9 = 0.2 
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6.6 and the continuity 2quation within ttLe clear-fluid layer 

As further insight into the properties of the V, f, the 

continuity equation will be examined to try and &Certain the 

effective position of the feed interface compared with the position 

of channel interface. Within the clear-fluid layer the continuity 

equation has the form 

dVh dVv, 

dh +y0.... (6.5) 

V1, P V" 
where is the upward velocity along the clear-fluid channel and Vy 

Is the velocity feeding the flow from suspension in the direction y 

measured fromthe upper wall. Using the equation (6.5), the distance 

6y over which the velocity changes by 6Vy may be stated as: 

avy 
ay =- dV, /dh s.. (6.6) 

The term dVp/dh can be evaluated - from the gradient of the plot Vm-H 

(see figure 6.5) at time 40 s and 6V, identified with (V, f - 0) in 

figure MID ie the distance across which Vy is reduced to zero. 

Table (6.1) summarizes the calculation of 6y and 6V, and figure 

(6-12) shows a comparison between By and 8 the width of the clear 
fluid layer measured directly along the inclined interface (both with 

origin at the y= 0). The change in behaviour between the upper and 

lower part of the inclined interface appears again in the comparison 

between 6 and 6y as shown in figure (6.12)-Atthe upper part the plans 
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from which q originates seems to be inside the suspension core. As 

yet ther is no explanation for this peculiar feature. 

Table (6.1) 
Calculation of 6V, and 6y from the flow within the clear-fluid layer 
and a comparison with the directly measured values of 8 and V, 

H 
cm 

Conc. q= 
dq/dh 

cm'/min 

vy = 
-q/(1-C) 
cm/min 

dVy/dy= 
-dV, /dh 

WG) 

öy 

(cm) 

8 

(cm) 

VY 

cm/min 
1 0.220 0,48 -0.615 -6.20 0.077 0.025 fiff 
2 0.220 0.48 -0.615 -5.70 0.084 0.025 ffft 
3 0.215 0.46 -0.585 -5.50 0.084 0.041 0.30 
4 0.210 0.44 -0.557 -5.20 0.085 0.041 0.55 
5 0.210 0.40 -0.506 -4.70 0.085 0.041 1.11 
6 0.210 0.38 -0.481 -4.75 0.080 0.041 1.38 
7 0.205 0.34 -0.428 -4.08 0.083 0.041 0.83 
8 0.202 0.31 -0.388 -3.75 0.083 0.040 0.83 
9 0.200 0.40 -0.500 -3.50 0.114 0.040 1.00 

10 0.200 0.80 -1.000 -3.00 0.270 0.050 1.67 
11 0.200 1.08 -1.350 -2.70 0.400 0.062 1.50 
12 0.200 1.18 -1.470 -2.10 0.560 0.062 2.00 
13 0.200 1.18 -1.470 -0.83 1.420 0.069 1.80 
14 0.200 1.18 -1.47 fifff *oft» *of** 0.50 
15 0.200 1.18 -1.47 fffff ***of ffff 
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Figure (6.12) Co= 0.2 
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6.7 Check on velocity of dye tracer In the case of vertLcal tube 

As a check on the representation of interstitial flow using the 

dye tracer, it was tested in a media in which the settling velocity 

is already known. The same settling conditions described in section 

(6.3) was used to measure the velocity of ascending dye drop in 

vertical tube. 71 observations were carried out at different point 

of the settling column. The dye tracer had always an upward velocity 

of vertical direction and mean value 

V, g = 5.56 ± 0.58 (cm/min) 

(Errors refer to 95% confidence limit). Assuming that the solids 

concentration of the suspension Is CO = 0.2, the settling velocity of 

the particles within the suspension V, Is 

5.56/0.8 

6.95 c a/ mi n 

From table (4.3) in section (4-3.4) the vertical settling 

velocity of the same suspension in 0.648 cm/min 

Thus there is an adjustment factor f determined by 

6.95/0.648 

This suggests that the velocies measured by observing the dye tracer 

might have to be reduced by a factor shown by (f = 10.7) In order to 

provide a good estimates of the real fluid velocities within the 

suspension. 
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6.8 Check on observed velocity within sUggension 

Since the velocity components in figures (6.5) to (5.8) show a 

very high values compared with the vertical settling velocity of a 

suspension which have the same settling conditions (concentration, 

particles diameter and fluid viscosity) and since the check on the 

velocity of dye tracer (in section 6.7) in a vertical tube showed an 

enhancement of the dye velocity by a factor of 10.7j It was 

considered that the enhancement might be due to the difference in 

density between the dye solution and the suspension. 

To find out whether the enhancement in the upward velocity of 

the dye tracer affects only the vertical velocity component or the 

total velocity vectors, the continuity equation was checked in the 

directions z-x as distenct from the H-y coordinate systems. The 

continuity equation has the form 

dV:. dV. 

dz + -ýX- =0.... (6.7) 

Integration of (6.7) at an arbitrary position z at a fixed coordinate 

xO yields 

z 0, ý(xw z) 
V. (xO. z) - Vz (X(,, Zl) =-I ). dz .... (6.8) 

dx 
Zi 

It is convenient to subdivide the Integral into a series of discrete 

steps of interval Az in which (see figure 6.13) 

dVy dV,, 
-ýz- Is regarded as a constant (the average value dx within the 

interval) and leads to 
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n dvx (x<), z) 
Vz(xoiz) - Vo (xo, zl) Az 1 dx l=1 

dV,. 

dx 

dV. 

dx 

( 6.9 ) 

acbew Figure (6.13): Illustrative w for the extrapolation 

n dv. 
V. (XC"z2) - 

vo (xo, Z, )= az Z --7x-(x09 Z) 

i=I 

6.9 The co7--ordinates Z-X 

.... (6.10) 

In the previous section the data were analysed In the H-Y 

frame (see figure 6.14). To examine the continuity equation in terms 

of velocity components V., V. a now pair of co-ordinates z-x have to 

be introduced, the relationship betwe on the h-y and x-z coordinates 

must be determined by rotation of the coordinate axis shown in figure 

(6.14) 
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Figure (6.14): Co-ordinates H-Y and Z-X 

From figure (6.14) it is seen that 

z= oe x= eb 

z= od ad x= eg - gb 

z=h cosa y sina and x=h sina +y Cosa 

Equations (6.11 ) can be rearranged to give the co-ordinates h- 

y as a functions of z and x. Thus when a- 300 and x= xO 

h=x sin 30 +z cos30 and y=x cos30 -z sin3O 

To carry out the-calculatlons of V,, plots (6.7) and (6-8) were used. 

Calculationswere applied on 3 vertical lines where xO = 5.1,6.65 and 

8.7 cm. xQ values were chosen to represent bottom (as far as data was 

collected) middle and top area of the settling column. &ý lines are 
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shown in f igures (6.7) and (6.8). Values of V, was chosen at (x, , z) 

corresponding to y=0.65 cm. 

Tables (6.3) to (6.5) summarize the calculations of Výr deduced from 

the initial value Vo following the continuity equation and the 

observed values taken from figure (6.7) along the vertical lines at 

the positions xO. Figure (6.15) shows the comparison at each xo 

val ue. 

It demonstrates that away from the top interface (zone ID the 

continuity equation appears to hold within the suspension core on the 

frame z-x 

Since the data in tables (6.3) to (6.5) are taken within the 

range y=0.25 cm and y=0.65 cm, the errors on the velocity vectors 

V. and V. are calculated within this range and averages crvx and crv. 

are considered. 

a,. and av. were calculated from the values cFvv and avt,. The 

distribution of the data differs between the upper part of the column 

and the lower part. Therefore the errors are calculated twice, for 

the lower part ofthe settling column, where H= 6-11 cm, and for the 

upper part where H 11-16 cut. From equations (6-1) and (6.2) 

V= V, -, cos300 - V. sIn3OO 

Vx Vt., s. 0300 + V., cos3011 

bV. bVz 
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bv. bvx 
vv 

(avx) 2= (-)2 (IUV,, )= +(-): 2 ((yVV)-Z 
bvh 

z- 

bvm = (cos3OO)2 (CFVh)2 + (sin3O')2 ((rv, )2 (6.12) 

bv,., = (sin3OO)2 (av, )2 + (cos300 )2 ((yVY)2 
.... (6.13) 

Table (6.2) summarizes the calculations and contains the errors 

on velocity components Vt,, V,, V,, and V. at y=0.25 cm and at 

0.65 cm 

Table (6.2): Errors on the velocity vectors_ 

y cm H range cm CFVt, CFVV Cr'. 

0.25 15.5 - 11.5 3.04 1.42 2.73 1.38 
0.65 16.5 - 11.5 2.47 2.20 2.40 1.60 
0.25 11.0 - 9.0 1.21 0.61 1.09 0.57 
0.65 1 11.0 - 6.0 1.19 1.43 1.37 0.97 

The average values of errors are 

a%, = (H z 16,5 - 11. S) (2.73 + 2.4) /2 = 2.56 cm/min 

arv,, 16.5 - 11.5) Q. 38 + 1.6)/2 = 1.49 cm/min 

arv= (H z 11 -9) (1.09 + 1.37) /2 a 1.17 cm/min 

crv.,. « (0.57 + 0.97) /2 = 0.77 cm/min 

Table (6.3): Calculation for continuity equation on the frame z-z 
at X0 = 5.13 ca 

dV. dV. dV. V, U0,1) V, (X0, Z) 
z . - Azý * from Eq measured 
cm 

dx dx dx (ca/min) (cm/min) 

7.0 + 1.0 8.6 t 0.77 8.6 t 1.17 
7.2 - 6.0 - 2.50 + 0.50 9.1 1 1.09 10.2 t 1.17 
7.4 - 3.3 - 4.65 + 0.93 10.03: k 1.09 9.0 1 1.17 
7.6 + 3.3 

0.00 0.00 10.03t 1.33 9.0 t 1.17 
7.8 + 7.0 + 5.15 - 1.03 9.0 1.54 8.7 1.17 
8.0 - 3.7 + 1.65 - 0.33 8.7 1.72 8.5 1.17 
8.2 -22.5 - 13.10 + 2.62 11.3 t 1.89 10.0 t 1.17 
8.4 -25.0 -23.75 + 4.75 16.00 2.03 12.0 t 1.17 
8.6 -36.5 -30.75 + 6.15 22.2 -t 2.18 17.0 t 1.17 
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Table (6.4): Calculation for continuity equation on the frame z-x 
at XO = 6.6 cm 

z 
cm 

dV. 

dx 

dV. 

dx 

dV. 

dx . Az 
V. (X6, Z) 
from Eq 
(cm/min) 

IV, (X(), Z) 
measured 
(cm/min) 

9.3 - 3.0 
- 0.50 + 0.10 11.90 1 1.5 11.90 t 2.6 

9.5 + 2.0 
+ 1.85 - 0.37 12.00 t 2.1 12.00 -t 2.6 

9.7 + 1.7 + 1.35 - 0.27 11.63 t 2.1 12.15 1 2.6 
9.9 + 1.0 + 1.35 - 0.27 11.43 t 2.6 12.00 -t 2.6 

10.1 + 1.7 
- 0.15 + 0.03 11.16 1 3.0 12.70 t 2.6 

10.3 2.0 11.19 3.3 12.50 :t 2.6 
10.5 9.3 - 5.65 + 1.13 12.32 3.6 11.90 t 2.6 
10.7 -17.0 - 13.15 + 2.63 14-95 3.9 13.95 t 2.6 
10.9 -23.0 -20.00 + 4.00 18.95 :t 4.2 18.00 -t 2.6 
11.1 -38.0 -30.50 + 6.10 25.00 :t 4.5 20.00 t 2.6 
11.3 -41.0 -39-50 + 7.90 32.95 1 4.7 22.50 1 2.6 

Table (6.5) calculation for continuity equation on the frame z-z 
at Xo = 8.7 cm 

z 
cm 

dv. 

dx 

dv" 

dx 

dv. 

dx . az 
v. (x�, Z) 
from Eq 
(cm/min) 

V, (x(" Z) 
measured 
(cm/min) 

12.6 - 3.7 
- 3.85 + 0.77 10.20 t 1.5 10.20 ± 2.6 

12.8 - 4.0 
- 2.00 + 0,40 10.97 ± 2.1 11.00 ± 2.6 

13.0 0.0 + 2.15 - 0.43 11.37 t 2.1 9.80 ± 2.6 
13.2 + 4.3 10.94 t 2.6 7.20 t 2.6 
13.4 + 0.7 + 2.50 - 0.50 10.44 ± 3.0 6.60 ± 2.6 
13,6 - 3.3 - 1.30 + 0.25 10.69 t 3.3 7.00 ± 2.6 
13.8 - 0.7 - 2.00 + 0.40 11.09 ± 3.6 7.00 2 2.6 
14.0 - 1.0 - 0.85 + 0.17 11.26 ± 3.9 5.50 t 2.6 
14.2 - 2.7 - 1.85 + 0.37 11.63 t 4.2 4.50 f 2.6 
14.4 + 6.6 + 1.95 0.39 11.24 ± 4.5 4.00 t 2.6 
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6.10 coýnt on velocity vectors 

The continuity equation appears to be valid in the frame z-x in 

the core suspension zone IV only. This means that there is a 

velocity enhancement arising from the dye tracer technique, it 

applies to the total velocity vector and not Just to the vertical 

component alone. If such a factor is considered to exist the 

question remains at to what is the reduction factor should be used. 

Table (6.1) suggests a mean value of 

f=9.86 t 1.56 at y=0.25 cm 

(the errors are the 95% confidence limit). 

In section (6.7) the dye tracer injected within the same 

suspension in a vertical settling tube gave an enhancement factor 

f= 10.72 

Remembering the upward velocity of fluid within zone I (see section 

6.4), a factor of 10 times is accepted as an enhancement factor for 

the total velocity vector. 

6.11 CgMarlson with Acrivos et al's theory 

Acrivos, et al (1979) predicted the longitudin+locity within the 

bulk suspension to be of the order (see section 3.3.3). 
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Using the exerimental data which are listed in table (5.2), the 

predicted values for U and V when CO are, 

V/Vc, = 13.8 

providing that 

and 

V. = 0.664 

13.8 x o. 664 

V=9 cm/min 

In figure (6.5), the velocity vector within the bulk suspension 

(zone IV) is in the range 6-10 cm/min which is very close to the 

figure 9 cm/min predicted by Acrivos et al (1979) 

6.12 Settllng velocity w1thin the s psuslon core IN 

In section (5.3.4) the concentration distribution was measured 

along the inclined settling column. In this section, data of the 

concentration at time 40 s was used to deduce the change in the 

settling velocity along the suspension column. The relationship 

between velocity and concentration was taken from table (4.3). For 

the settling conditions used in this set of experimental work, the 

relationship is of the form, 

V, = 1.73 (I-C)4., * (6.14) 

Figure (6.16) shows a comparison between the velocity vectors 

measured by the dye tracer after reducing them by a factor f= 10 

and velocity value deduced from equation (6.12) for the 

concentration distribution at time 40 s 
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CHAPTER SEVEN 

DISCUSSION AND CONCLUSIONS 

7.1 Introdggtlgn 

In this work the flow field In the clear fluid channel and within 

the suspension core was studied for suspension under the 

concentration conditions Cc) = 0.1 and CO = 0.2. 

This compares with previous experimental work reported in 

chapter three which has 'tend ed to concentrate on very dilute 

suspensions is COM. I. 

NB In some commercial Lamella settlers the slurry can be fairly 

concentrated. Also the values selected for C. permited a direct test 

of the Acrivos et al's theory which was described In section 

(3.3). All other parameters defining the settling conditions are 

listed in table (5.2). 

Although some preliminary discussion has already been made at 

the end of individual chapters, the present chapter examines this 

material more generally. 
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7.2 Vertical settling 

Amongst the many posible relationships between V, and C the form 

7.1 ) 

appears to be the most accurate way of representing the relationship 

V, -C (see figure 4.4) 

Detailed tests(which have not been found in the literature) show 

Aa d2 and Aa I/p 

Overall the experiments confirm -- the broadly accepted view that 

A= Vo .... ( 7.2 ) 

where VO is the settling velocity of discrete particles as d4fined by 

Stol(e,, V' law. NB in the present study 10-4 4 Re ( 10-0 

For f ixed particles n=4.66 1 0.11 ( error represents 95% 

confidence limit) which is in agreement with the value (n = 4.65 when 

Re <0.2) predicted by equation (3.3) in Richardson and Zaki (1954-b). 

For a fixed fluid viscosity (p = 0.48 poise) n increased with 

increases in d/D according to the relationship 

n=3.55 + 189 d/D ... ( 7.3 ) 

It should be noted tha t equation (7.3) is not -consistance with 

Richardson and Zaki's formula which is quoted as n=4.65 + 19.8 d/D 

Nevertheless values of n consistent with (7.3) Is n=4.4 - 5.4 

are around the value n5 quoted by Maude st al (1958). 

Overall the tests conf Ira work reported in chapter four and 

provide support for the techniques which were used in the later 
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studies. 

7.3 The flow field wLthin clear--fluid layer 

In chapter five the characteristics of the clear-fluid layer wars 

studied experimentally covering velocity, width and flow. 

7.3.1 Velcmity 

Measurements of velocity of the flow within clear-fluid layer 

were carried out using two different techniques, (I) by observing the 

particles of the suspension which are trapped within the clear-fluid 

layer and, (ii) by injecting a dye solution as a tracer within this 

layer. The results. were in reasonable agreement but both techniques 

were regarded as not being strectly satisfactory in terms of 

measuring the average velocity across the clear-fl. 4id channel. 

Nevertheless they were considered to provide a sufficiently accurate 

description of the velocity profile along the clear-fluid layer. 

Measurements relied on the first. case (particles velocity) becuase it 

provides larger number of observation, - which helps to reduce the 

experimental errors. The velocity, distribution along this layer is 

shown In f igure (5.13) f or GO - 0.2 and In (5.19) f or C. = 0.1. For 

both cases of initial solids concentration, the velocity c hangs* 

along the clear fluid layer display the same features. The velocity 

at the bottom of the clear-fluid layer is zero and increases to 
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values of about 100 times the settling velocity of the particles 

within the suspension. The maximum velocity values exist at a level 2 

cm below the top interface. Beyond this, the velocity decreases to 

almost zero at the top interface. The decrease in the velocity at 

the top interface has not been reported in any previous study. In 

their analysis of the flow field within the clear-fluid layer Acrivos 

et al predicted the longitudinal velocity and the width of the 

channel in the dimensionless form 

u-o (r, w) and a= o(r-lxa) .... (7.4) 

which in the dimensional form equation (7.4) becomes 

V., = O(U. V. ) and a =ow-lem . H. ) 

Using the data shown in table (5.2) shows 

Vt, = 0(253 X 0.648) 

= 0(164 ca/min) 

and 6=0 (0. W21 X 20) 

= 0(0., 042 cm) 

Thus Acrivos st al's theory seems to give an unreal let ically high 

value of velocity even when compared with the highest velocities (in 

the upper part of the clear-fluid layer) which were observed to be 

60 ca/min In the experiments. However apart from the top 

interface zone, figure (5.13) Indicates that the theory provides a 

fairly good approximation of the volocity field at lower depths when 

t -4 0. NB the nearest comparison to this condition Is t= 30 e In 

figure (5.13) and t 1P 20 a In figure (5.19) 

-- 
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7.3.2 Width 

The development of the clear-fluid channel was observed over the 

settling time. At the early time of settlement ta0 the measured 

shape could be in agreement with Acrivos et alls theory. However. in 

the experiments, it was seen that the width rqAMg&s with time which 

is in marked in contrast with Acrivos et all theory; this shows the 

width to be a constant at any particular height and independent of 

time. The channel width increased linearly at the very early time 

of settling. However after a time TI, the width Increased more 

rapidly until it reached a maximum width at time T2. The prediction 

given by eqiuation (5.14) by Acrivos et al (1979) for the period of 

linear increase until the width reaches its maximum value lies 

between the observed values of T, and T2 (see figure 5.15). The 

channel width predicted by Acrivos et al (1979) was very close to the 

observed value (see figure 5.12). at the beginning of settling tests 

and in the part of the settling column where the conditions are more 

stable is H(9 cm 

7.3.3 Charactarillics of toll interface 

Figures (S. 13) and (5.19) show that the maximum values of the 

upward velocity are, not at the top interface as reported by Acrivos 

tt al (1979). Hance. an Idoai about the scale of the channel 

velocities cannot , bw- gained from -observations taken at the-top 

interface such aw employed In Ohmma at al (1982). As note&in the 
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review by Shiba (1985). Ohsasa et al also used red-coloured 

polystyrene particles to serve as a tracer. These particles had a 

diameter of 300 pm, which exceeds the largest dimension of the clear- 

fluid channel reported in the same paper. This means that the tracer 

particles occupied the whole width of the clear-fluid channel and 

indeed, part of the suspension core at the inclined interface. The 

particles forming the settling suspension are as small as 0.68 FLm 

which means that the tracer particles are 440 times the settling 

particles in diameter and seems very libely to disturb the flow 

system of the suspension. Accounting for both of these features 

means that the comparison between the observed and predicted values 

of V as carried out by Shiba (1985), is Invalid. Another aspect, 

which was not taken into account when theory was chocked 

experimentally by Ohsasa et al (1982), was in batch settling, that 

the characteristics of the cl*ar fluid layer were sensitive to time. 

It is not clear from the review by Shiba (1985) as to what particular 

time the measurements of velocity and channel width were carried out 

by Ohsasa et al (1982). 

7.4 Flcm field within the bulk 

A general inspection of the velocity distribution over the 

settling column is shown In figure (6.1) and provides insight into 

the flow field -a subject which has not been scrutinised in previous 

Investigations. Velocity vectors show predominantly vertical motion 

within body of suspension. The fluid velocities ( as gauged by a dye 
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tracer ) were exceedingly high, being roughly 10 times the bulk 

settling velocity of the suspension (see also figures 6.5 and 6.6). 

The suspension core can be envisaged as being divided into zones 

in terms of the velocity vectors (see figure 6.9): (IV) The core 

suspension over which the velocity seems to have a uniform 

distribution and is predominantly vertical; (ID the top layer where 

all the velocity vectors are reduced to zero towards the top 

interface; (D The inclined boundary layer where the longitudinal 

velocity components V,, increased rapidly and, the components 

perpendicular to Vj,, (Vv ) decreased to zero rapidly and; UID the 

most peculiar zone is the 'corner' between the inclined interface and 

the top interface. It Is evident that in this zone the fluid returns 

into the suspension within a vortex motion (see figure 7.1). This 

reveals the reason why the upward velocity within the clear fluid 

layer decreases to zero at the top Interface. The vortex motion at 

this corner was observed fon the Yi4eo monitor during the measurement 

of the flow field 'Within, the ý sespenelcm core. Where dye was 

introduced into the suspension and close to the top of the clear- 

fl uid channel, it was observed to move upwards and towards the clear 

f luid channel. Hear the I ''corner I it reversed direction, moving 

down Into the suspension as described in figure MD. 
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Top interface 

Clear-fluid channel t '. *Suspension core 

Figure 7.1: The vortex notion within the suspension core 

To the author's knowledge, no experimental measurements of flow 

f ield within suspension core have been reported previously In the 

literature. Data on the components velocity V1, and V. within core 

suspension zone (IV) are shown in f Igures (6.5) and (6.6). These 

are of the same order of magnitude 0(6-10 cm/min) and which is in 

accord with the f Igure 9 cm/min predicted by Acrivos et al (son 

section 6.11). 

Apart from those aspects, there was concern about the overall 

accuracy of the flow field measurements stemming from difficulties of 

explainting the infiltration behaviour (see section 6.5) and from dye 

tracer work in a vertical column (see section 6.7). Nevertheless 

tests on continuity equation showed that it was satisfied overall, 4be 

settling column.. 
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Further investigation on this aspect is needed to clarify the 

mechanism of fluid infiltration into the clear-fluid channel on the 

light of the present experimental study. 

7.5 Concentration distribution within the settling colum 

In the vertical position the concentration within the bulk 

suspension remains constant and equals the Initial concentration CC) 

along the free settling zone until It reaches the sediment layer. 

This in an agreement with Holdich (1983). The graded concentration 

layer is very thin (w. 0.8 cm ) and remains small, in thickness as it 

propagates upwards. This is in contrast to Shanon et al's 

assumption (see section 2.2.3) who considered that where Co Is in the 

range 0.15 - 0.45 there are upper and lower interfaces between which 

exists an expanding layer of graded concentration. 

A sliding behaviour. of the glass spheres as they attain the 

maximum packing arrangement. was described by Dixon (1977) (see 

section 2.2.3) and may explain the presence of the very thin layer of 

graded concentration above the sediment in a vertical tube. However 

it does not explain Shannon et al's case . In the latter study, the 

graded concentration layer beganýfrom initial concentration as low as 
0.15 and was ended at C-0.45 which is in free settling zone. In 

this regime Dixon (1977) considered it'-was Impossible for the graded 

concentration layer to exist. 

It should also be -noted -that, the data of Holdich (1983) (Using, an 
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electrical-conductivity technique to measure the vertical 

concentration distribution in a settling column containing micro 

spheres), showed no evidence of an expanding graded-concentration 

layer, instead there was a very thin layer of a constant thickness. 

Holdich results were valid for the range of initial concentration 

between C=0.15 and C=0.45. 

In an Inclined tube the concentration increased with time 

towards the bottom of settling column. This could be explained by 

the thin sediment layer at the upward-facing wall. This layer slides 

downwards until it reaches the top of the sediment layer at the 

bottom of the tube. Since the thin sliding layer has a relatively 

low solids concentration which is less than C, in the bottom sediment 

layer (Acrivos et al 1979) it cannot go further than the top of the 

bottom sediment layer. Thus it lbreaks", up and join a mixing region 

at the top of the sediment layer. Thus there is a graded 

concentration layer, between the, maxim= concentration (in the 

sediment layer) and the concentratiop CO ) in the upper. region (see 

figure 5.11) of the bulk suspension 

The mechanism of forming a graded concentration zone within an 

inclined settling column may explain the reason for the existence of 

this type ofýzone observed in Shannonet al (1964). This could have 

arisen as a result of their experimental. technique in that they did 

not use a container with. vertical walle, since a conical container 

was used. 

It is the presence of the nixing region which has erroneous Shannon 



et al's results and has lead to their questionable explanation . 

Since their flux plot (see figure 2.8) was deduced from the same 

confused data, they produced a doubly concave flux plot which 

satisfies their graded-concent ration layer In the range of initial 

concentration between C=0.15 and C=0.45. 

Close to the interface, the concentration remains at the initial 

value Cc>. This is in contrast to Zahavi and Rubin (1975). who 

assumed that the thin sliding sediment layer at the upward-faclng 

surface, collects solids during the settling process and causes a 

decrease in the concentration values within the bulk suspension (see 

equation 19 in their analysis). 

7.6 The infiltrallon into the clear-fluld lay-2r 

Details of the Infiltration process along the inclined Interface 

were reported in chapter six. The infiltration was studied from two 

viewpoints: (I), the flow along the clear-fluid channel; and (ii), the 

flow field within the bulk 'suspension adjacent to the clear fluid 

channel. Clearly they must be In a state of balance. 

From the flow in the clbat"41uid channel, the filtration shows 

two distinct regions along the Inclined Interface at which the 

Inf iltration has a unif orm values (see f igurs 6.11). At t he upper 

part this interface gives tw1ke1be 'infiltration which is given by 

the, lower part. 
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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 level H=9 cm 

(when C, = 0.2) at all times until the Interface reaches this level. 

The corresponding height f ov Cý) a 0.1 is H=7 cm 

For the second case the Infiltration is deduced from the flow 

field within the bulk suspension (see section 6.5). Figure MID 

shows that the infiltration Increases upwards along the inclined 

interface until a height at Which the infiltrati on started to 

decrease in value. At the top Interface the infiltration has a 

negative value which is a strong Indication of the presence of a 

vortex motion at the top interface (zone III). 

Figure (6.11) provides evidence that the two estimates of 

infiltration are of the same ordw of, magnitudo. The fact that they 

are not equal, stem fro* thw difficulty, of speciflying the precise 

position from which the inflIt'ration should be deduced. From the 

analysis shown in sect lon (6.6). The Inclined plane from which the 

feed velocity- was originated haw been predicted and compared to the 

measured channel width. Figure (6.12) demonstrates the comparision 

between 6 and 6y. At the lower- part of the Inclined interface the 

two values shoved a good agreemmt but'deviation started In the upper 

part (see figure 6.12). 3 

Figure (6.11) also show that the infiltration is not constant 

along the inclined, lnterfaýcC-es 4pr6dicted by Acrivos at -slI7.4heory. 



(NB the slope of the curves in the f Igures 5.16 and 5.20 represent 

the infiltration rate for the experimental and theory by Acrivos at 

al 1979). 

From the literature it appears that no experimental work has 

been previously carried out on infiltration. All previous theories 

including Acrivos et al, (see figures 5.16 and 5.20), have asawned. 

that the infiltration rate is constant along the inclined interface. 

This is because the settling velocity has been considered solely as a 

function only of the solids concentration, and that the concentration 

distibution is uniform taking the initial value Co. The present' 

study shows clearly that the concentration is_021_uniform along the 

suspension column and vertical concentration gradient generally 

increases with time. 

Although In the early phase of settlement the concentration 

changes along the settling tube can be neglected the data shows that 

in spite of this, the infiltration increases up the inclined 

interface; this means that concentration is not the only factor 

affecting the settling process within to'S Inclined column. 

The effect of Initial solids concentration on the seen value of 

infiltration was studied in chapter Jour. Zahavi and Rubin (1975) 

considered that the settling velocity In an Inclined tube can be 

divided into two parta. (equation 3.5) 

V V" + V1. 

where Vp is the share of the Inclined interface to the settling 



process and V, is the share of the top Interface. Zahavi and Rubin 

assumed that Vp originates from two effects along the inclined 

interface (see section 3.2) is from infiltration due to density 

difference between fluid and suspension and from settling of 

particles along the inclined Interface. They stated that as 

concentration increases the effect of filtration increases and the 

effect of settling velocity decreases. The combination of filtration 

effect and settling effect was considered to be constant. Therefore 

they considered V,, at early stage of settling to be independent from 

initial solids concentration. In this work Vp was found to depend 

strongly on C. but the ratio Vp/V, was found to be independent from 

CO (see figures 4.12 and 4.13) 

7.7 Pathways of fluid rml 

The balance between the volume of supernatent accumulated over 

the top interface and the volume of fluid released from the clear- 

fluid channel was calculated during a time Interval At (see section 

5-5). This was for two' values of solids concentration (Co = 0.2 and 

Ccý 0-1). for both values C,, the ratio of volume released from top 

interface to the total supernatent volume decreased with time and 

this decrease was shown (in figure 5.26) to be Independent from 

initial concentration and depend strongly on the position of top 

interface. 
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The settling velocity of particles within the bulk suspension 

which is deduced from the fluid release through top interface 

indicates a higher settling velocity than that of the same suspension 

with a vertical settling column. This velocity is fairly constant 

with time. 

7.8 Modified PNK theory 

When the origin PNK theory given by equation (3.4) was tested 

against experimental data of monodisperse suspension good agreement 

was only obtained in a very diluted suspension (C<) = 0.05, see figure 

4.11). For higher values of initial concentration equation (3.4) was 

found to be deficient. In its modified form,. taking account of the 

height of the sediment layer at the bottom of the tube (see section 

4.4.3) it may be expressed by 

b+Z sina -V<> t 

+ 0) sina -(1- exp [ --i- ei na (1+ß))). . (7.5) 

where co 

For the derivation and definitions see section 4.4) 

Plot (5.11) shows that the concentration at the sediment layer 

is about Cm = 0.55. 
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Although most of the assumption on which PNK theory depends (is 

constancy of concentration distribution, filtration rate and settling 

velocity) are strictly invalid, the modified PNK equation was found 

to provide an excellent agreement with the experimental batch 

settling curves over the range of conditions studied is C,, = 0.55 

This agreement is more evident with the increase of initial 

concentration or the angle of inclination (see figures 4.10 and 4.11 

It is recommended that equation (7.5) should be used as a mans 

of representing settling phenomena In inclined tubes when using 

cokesionless suspensions. 

7.9 Sýry of the =in conclustom 

Conclusions centred on the flow distribution and comparison with 

theory 

1) - In a vertical tube the settling velocity concentration 

relationship followed Richardson'and Zakils form 

VC M, A Q-011 

where A represents the settling velocity of discrete particles and 

was found proportional to d2 and I/IL, p referring to the particle 

free fluid viscosity n has values in the range 4.4 to : 5.4 

depending on particle diameter forpepwolde numbers << 0.1 
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2) - The velocity within clear-fluid layer was found to change from 

zero at the bottom of the tube to a maximum value of about 100 times 

the settling velocity of the suspension. This maximum values exists 

at a level roughly 2 ca below the top interface Initially at Hcý - 2Q 

CM. At the top of the channel the velocity reduces to zero. The 

decrease in the velocity appears to be connected to a local vortex 

motion within the suspension; this causes components of fluid to 

enter the suspension and results in a reduced channel velocity. 

Apart from the top interface zone, figure (5.13) indicates that 

theory by Acrivos et &1 (1979) provides a fairly good approximation 

of the velocity field at lower depths when t -# 0. 

3) - The development of the channel shape with time shows that at a 

fixed height, the width of the channel reduce* as tims passes. This 

is in contrast with Acrivos et al's theory, which shows the width is 

constant at any particular height and independeniof time. 

4) - An assessment of ths, flow field within the bulk suspension 

showed clearly the vertigal nature direction of fluid motion. 

Velocities within the core of the suspension were shown to be 10 

times the settling velocity of the same suspension within a vertical 

tube. 

The suspension core caa-ýbe: -envlaag" as being divided Into zones 

in terms of the, velocity wwA(wa Asee f Igure 6.9): (IV) The eorw. 

suspension over which the velocity has a uniform distribution and Is 



predominantly vertical; (ID. the top layer where all the velocity 

vectors are reduced to zero towards the top Interface; (D The 

inclined boundary layer, where the longitudinal velocity components 

Vh increased rapidly and, the perpendicular component U. ) decreased 

to zero rapidly and; (III) the 'corner' between the inclined 

interface and the top interface in which a vortex resides (see 

conclusion 2). 

5) - In the case of a vertical tube the solids concentration was 

independent of height in the free settling zone and equals to the 

initial value Co over the settling time. The sediment layer has a 

maximum concentration C.. = 0.6 vMich is close to the value 

C... = 0.64 predicted by Shannon et &1 (1963). Between the free 

settling zone and the sedimnt layer exists a very thin layer of 

graded concentration which does not expand with time as reported by 

Shannon et al (1964). 

In an inclined tube 'there Is a graded concentration layer 

between the maximum concentratlont whiciv occurs in the sediment 

layer and the concentration CO In the upper region (see figure 5.11), 

the later being independent of time. 

All the characteristics of the flow field within the clear-fluLd 

channel Indicate a change In, behaviour between the upper and lower 

parts of the settling column and takt, place as If there was ai,, fora 

of rotation above and ý below a borlzontal axis at the level It. n9 cA 
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(when Co = 0.2 ) at all times 'until the interface reaches this 

level. The corresponding height for C,: > = 0.1 is H=7 cm. 

6) All previous theories, including Acrivos et al (1979), (see 

figures 5.16 and 5.20), assume that the infiltration rate is constant 

along the inclined interface. The present study shows that the 

infiltration increases with height up the inclined interface. At the 

upper part of the settling tube the infiltration was twice the value 

in the lower region. 

7) - Zahavi and Rubin (1975) considered V. the share of the clear- 

fluid layer to the settling velocity at early stage-of settling to be 

independent from initial solids concentration (. see section 3.2 and 

equation 3.6). In this work V. was found to depend strongly on Co ( 

see figure 4.12-a and 4.13-a). However the ratio Vr., /V, was found to 

be independent from C. (see figure 4.12-b and 4.13-b). 

8) Acrivos et al's theory (1979) gives reasonable upper limits of 

the clear-fluid layer characteristics (upward velocity and channel 

width) away from the top onterface zone . It fails to predict the 

conditions at top interface and the flow field within the suspension 

core. 

9) - PNK theory in its original form does not provide an appropriate 

prediction for the settling of Interface In an Inclined settling 

column . The modified form shown below provides an excellent 

agreement with experimental bach settling curves over the range of 
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conditions studied apart from the final stages when the top interface 

and the sediment are very close to each other. 

b+Z sina -v, t 

sinoi 
11- exp tb sina (1 + ß) ]) 

C. 
where C. - co 

It is recommended that equation (7.5) should be used as a means 

of representing settling phenomena in inclined tubes when using 

cohsionless suspensions. 
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Table Al: Raw data for initial height and 
settling velocity (section 4.3.1) 

N z18.9C§ N z16.9co 0 314.8co 8 *12.9c& N 210.8co Na9, Qce 

t b t h t h t b t h t b 
ein Co ein cm i ein cm ein Co ein Co ein Co 
0,0 19.0 0.0 17.0 0,0 16.0 0.0-, 13.0 0,0 11,0 0.0 9,0 
2.5 17.9 2,0 16.1 2,0 14,0 1.6 12,3 1,0 10, i 1,0 8.6 
4,0 17.3 4.0 15.3 4,0 13.3 4.6 

1 

11.1 2.0 10.0 3.0 7.6 
6,6 16.3 6.0 14.5 6.0 12.6 6,4 10,6 4.0 3.3 4.0 7.2 
8,6 IS. 6 10.0 13,0 9.6 11.1 4,4ý 9.8 6.5 8.3 6.0 6.8 

11.0 14,6 12,0 12.2 12,8 10.1 10.0 9,0 8.0 7,8 6.0 6.4 
14.0 14,6 16.0 10.7 14,8 9.4 1186, 8,4 10.6 6.8 7,0 6.0 
18.0 11.9 18.0 9.9 16.0 8.8 14,0 ''7.4 12,6 6,0 8.0 6,6 
21.0 10.8 21.0 8.8 18.0 7.8 16.0 6,7 17.0 4.4 9,5 6,0 
24.0 
1 

9,6 
1 1 

24.0 
1 

7.6 
1 

20,4 
11 

ý 

7.2 
1 

18.0 6.0 
1 1 

10.0 
1 

4,1 
1 1 

10,0 
1 

4.3 
11 
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Table A2: Raw data for viscosity - settling velocity 

section 4-3-3 

0.145 poise 

c =0.85 W=0-83 a =0.80 a =0.77 

t h t t h t h 
Im ni 1. cla min 912 min cm lain cm 

0.0 20.0 0.0 18.0 0.0 15.0 0.0 13.5 
0.5 18.8 0.5 16.8 0.5 14.2 0.5 12.7 
1.5 16.5 2.0 13.6 1.5 12.4 1.0 12.0 
2.5 14.0 3.0 11.5 2.5 10.7 1.5 11.2 
4.0 10.6 4.0 9.2 3.5 9.0 2.5 9.7 
5.0 8.2 5.0 7.2 4.5 7.2 3.5 8.2 
6.0 6.0 6.0 51.4 5.5 5.6 4.5 6.7 

Table A3: Raw data for viscosity - settling velocity 

section 4-3-3 

pt 0.200 poise 

gE =O. 85 E-0.03,, 
- 

' ý-�«=0.80 « =O. 77 

t h t h t h t h 
Ird n cra Min 'Cla min Cla min olz 
0.0 20.0 0.0 18 *ý-0 0.0 15.0 0.0 13.5 
0.5 19., 2 0., 5 17. -3 0.5 14.3 0.5 12.9 
2.0 '17.0 ý 1.5, ý 16.0- - , 

2.0 . 12.7 2.0 11.5 
3.5 14.8 3.5 1,3.5 3.0 11.6 2.5 11.0 
4.5 13.0 5.0 ll. '5 4.0 10.0 3.5 10.1 
7.0 9.5 0.0 10.0 0 9.4 4.0 9.6 
8.0 8.0 7 

'. 
o 8.5 ! 8.5 7.7 5.0 8.6 

9.0 8.5 8-5 8.4 5 8.5 6.0 7.8 
9.5 5.2 10.0 5.2, 0 5.3 7.0 6.8 



Table A4: Raw data for viscosity - settling velocity 
( section 4-3-3 ) 

. &. L = 0.305 poise 

=O. 85 -&<X. 83 -0.80 -0.77 

t h t Tb t' h t h 
min cim min OB min GIB iain 012 

0.0 20.0 0.0 2181.0 0.0 15.0 0.0 13.5 
1.0 19.0 1.0 17.0 1.. 0 14.2 1.0 12.7 
2.5 17.5 3.0 15.2 2.5 13.0 2.0 12.1 
4.0 18.0 4.5 13.8 4.0 11.9 3.0 11.4 
6.0 14.0 7.5ý 11.0 5., 0 11.1 4.0 10.8 
8.5 11.5 90.5 g. 2 8.0 10.4 5.0 10.2 

11.0 9.0 10.0 ß. 8 7.0 9.7 6.5 8.0 
12.5 7.5 12.5 -0.5 8.0 8.8 8.1 9.0 
14.0 8.0 13.5 '5.5 

t 
10,0 7.4 

1 1 
9.0 

1- 
7.5 

1-1 

Table A5: Raw data for-viscoolty settling velocity 

section 4-3-3 

IA 0.480 poise 

a =0.86 , ýý 85 ff -0.83 a =0.82 

t h t t h 
lain CIS min ca min cis min CIR 
0.0 21.7 0 q- 40- o 

" 
0.0 18.0 0.0 16.5 

1.0 20.9 , : 10 li 1 19 1-0 17.5 1.5 15.8 
3.0 19.7 3.0 le, ýo 2,5 16.7 3.0 15.0 
5.0 18.2 T.! ý 1! ý. "2 51.0 15.3 5.0 14.0 
7.5 16.6 10 

, 
13, P-4 

6.0 13.5 7.0 12.9 
9.0 15.5 Il. 0 23.0 11.5 11.3 9.0 11.8 

11.5 13.7 13.5 11'. 2 15.5 8.9 13.0 9.0 
15.5 '11.2 16.5 'IS. 3; 18.0 7.3 16.5 7.7 
17.5 9.5 19.0 T. 6 20.0 6.2 18.0 

. 
0.4 



Table AG: Raw data for viscosity - settling velocity 
( section 4-3-3 ) 

0.870 poise 

Iff =O. 85 e m0.83 lEr -0.80 0 =O. 77 

t h t h t t h 
ini n cm min : . Cla iain 013 min 0211 
0.0 20.0 0.0 118.10 0.0 15; 0 0.0 13.5 
3.0 19.0 2-0- ; 17--4 2.0 14.4 2.0 13.0 
7.0 17.8 8.0 15.7 7.0 13.3 4.0 12.8 

10.0 18.9 9.0 15.4 9.0 12.8 8.0 12.2 
13.0 18.0 12 .ý 10 

94. 5 l3.0- 11.9 8.0 11.7 
18.0 15.0 13.0 . 14.3 18.0 11.1 11.0 11.1 
20.0 13.8 16.0 13.4 18.0 10.8 15.0 10.3 
24.0 12.5 21-0 12.0 20.0 10.2 18.0 9.7 
29.0 11.0 21>. 0 10,7 22.0 9.8 20-0 9.3 
33.0 9.7 26.0 10-6 24.0 9.3 24.0 9.7 
35.0 9.0 29.0 9.8 28.0 8.4 27.0 7.8 
36.0 8-8 33.0 8.7 30-0 8.0 32.0 8.9 
39.0 7.9 37., 0 7.5 33.0 7.2 35.0 8.4 
42.0 7.0 38.0 7i4' 37.0 6.3 37.0 6.0 

1.530 poise 
I 

a =0.84 -4 0'0.82 Or =0.79 e =0.76 

t h t h t t h 
=in cis =in cis min C32. Imi n cm 
0.0 20.0 0.0 18.0 0.0 15.0 0.0 13.5 
ra. 0 18.7 3.0 17.3 3.0 14.4 3.0 13.0 

10.0 17.8 8.0 16.3 4.0 14.2 6.0 12.5 
14.0 17.0 12.0 15.6 9.0 13.4 9.0 12.1 
18.0 16.2 18.0 14.4 

1 
14.0 12.0 13.0 11.5 

23.0 15.0 22.0 13.6 20.0 11.7 17.0 11.0 
30.0 13.4 27.0 12.6 25.0 10.8 21.0 10.5 
34.0 12.5 32.0 11.5 30.0 10.0 25.0 9.9 
39.0 11.4 36.0 10.8 38.0 8.9 30.0 9.2 
43.0 10.5 39.0 10.3 

1 
42.0 8. P 34.0 8.6 

49.0 9.3 46.0 '8.9 48.0 7.3 39.0 8-0 
57.0 7.4 52.0 53.0 6.8. 42. 0 74 7 
60.0 6.8 55.0 7.3 

t 
57.9 

i 
6.0 1 46.0 , 7.1 

ýX, v, 
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Table A 8: R4kv data for particle size-settling velocity ( section 4-34 

d z0.0117 

Ex0,86 e ic 0.85 cm 0.83 eig 0,82,1 'E Z 0.801 C- Z 0.77 
t b t h t b t ' h. t b 

1 

t h 
ein ce ein ca ein ca ein m 

J 
ün ta DIR ta 

0,0 21,7 0,0 20.0 0.0 18.0 0. e 16. s, , 040 16.0 0.0 13.6 
1.0 20.9 1.0 19.2 1.0 17.6 1.6 15,4 1.0 14.6 1.0 13,0 
-3.0 19.7 3.0 18.0 2.5 16.7 3.0 16.0 3.0 13.6 2.6 12,4 
6,0 18,2 7.5 15.2 5.0 15,3 5.0 14ý0, 6.0, 12.6 4.0 11.8 
7.5 16,6 10.0 13,4 8,0 13.5 7.0 12,9� 610 12.2 6.0 10,4 
9,0 15,5 11.0 13.0 lt. & 11,3 9,0 11.8 ý 7, s 11.6 7,0 10.5 

11.5 13,7 13.5, 11.2 15,5 8.9 Ite le. 1 leio 10.1 10.0, 9.3 
15,5 11.2 16.5 9.1 18,0 7.3 ' 13,0 9-, 6 12j, 9.3 13.0 8.0 
17.5 9.5 19,0 7.6 20.0 6.2 16,6 7,7 14.0, 

ýi 

oýA 
11 

16.0 7.2 

-1 

Table A 9: Rav data for particle size-settling velocity section 4-3-4 

d z0.0133 

0.86 0.85 0.80 0.77 0,73 
t h t h t b t b t- b t h 

ein cm ein cm eilt 
1 

>ct ý eilt ca bin, -to @in ta 
0.0 21.7 0.0 20.0 0.0 18.0 0,6 16.0, 0.6 13.5 0.0 11.2 
2.0 19,8 2.0 18.2 1.0 17; 1 1.5 14.0 12.2 1.0 10.6 
4.0 18,0 3.5 17.0 2.5 %1 6 13 3 i 34, 

, 
11.4 2,0 1 0.2 

6.0 16.3 6.0 14.9 3.6 16.3 3.0 t3. » 
_SAý, 

3.0 9.8 
7,0 15.2 8.0 13.4 6,0 14f2, 's! j 

il. 8 6.0 ! 0.0 4,0 9.4 
9.0 8.6 9.0 12,5 6. 's 13,0 660 11.0 7.9 1.3 6.5 6,7 
9.6 13,1 10,0 11.7 9,0 11.11 7 tf 10j4 8 S" ý 

'8 7 7.0 8,1 
11.5 11.2 12,0 10.0, 11,0 9,6 ý 5 l. 9,8, , 

: 
'IM 

:7 '7 8,0 7,7 
13,5 9.6 13,0 9.2 13.0 8.0- 100-0, 13. , eý 63 'l 10.0 6.9 



Table AIO; Rea data for particle size-settling velocity ( section 4-3-4 ) 

d =0,0168 cm 

e= 0,86 C= 0,85 le 2 0.83 e= 0,80 ' e= 0,77 C= 0.72 

t h t h t h t h t h t h 

min 
1 

cm Min cm Min cm min cm min Cm min Co 
0,0 21.7 0.0 20,0 0.0 18.0 0,0 IS, 0 0,0 13.5 0.0 11,2 
lýO 20,1 1,0 18,6 1,0 16,8 1,0 14,0 1.0 12,6 1,0 10,4 
2.5 18,1 2,0 17,4 2,0 15,7 2,0 13,1 2,0 11,9 2,0 9,9 
3,0 17,5 3,0 16.2 3.0 14,7 3,0 12,3 3.0 11,1 3,0 9,4 
4,0 IG, 24 4,0 IS, 2 4,0 13,7 4,0 11,5 4,0 10,3 3,6 9,0 
5,0 IS. 1 5,0 14,0 S, 0 12,7 5,0 10,7 Cs 10.0 4,0 8,8 
6,5 13,2 6ýO 12,8 6,0 11,7 6,0 9,8 5,0 9,6 S, 0 8,3 
7,0 12,5 7.0 11.6 7,0 10,7 7.0 9,0 6,0 8,9 6,0 7.8 
8.0 1. 0 10,4 8,0 9,7 8,0 8,2 7,0 8,2 6,6 7.5 
9,0 10.0 9,0 9,1 9.0 8.7 9,0 7,5 8,0 7. S 7,0 7,3 

10,0 8.7 9,5 8,10 10,0 7,7 9,5 7,0 9,0 6,8 8,0 6,8 

Table All: Raw data for particle size-settling velocity ( section 4-3-4 ) 

d =O, 0200 cm 

. . 
1 1= 

. 
0, P, (5 = 

. 
0.80 

. 
0.77 0.72 

t h t h t ý t 
h t h t t h t h 

min cm gl in cm in 

m in 
cM min cm min min cm &in cM 

0,0 
21 .7 0,0 21), 0 0,0 - 18,0 0,0 15,0 0,0 0,0 - l, 's 0,0 11 2 1M 
19,4 1.0 113,0 1,0 16,3 1.0 13, E 1,0 12,3 1,0 10,2 

2,0 17.4 2A IC, 3 2,0 14,7 2,0 12,4 2,0 11,2 2,0 9ýs 

'. o 15,5 2,7 15,0 3.0 11,2 3,0 H. 1 3.0 10.1 2,6 9,0 
4.0 13ý6 3,0 IZ. 5 4ýo 11,6 4,0 10.0 4,0 9,1 3,0 8,7 
5,0 11,5 CO 11,9 5,0 IP, 1 5,0 P,, 9 5.0 P,, l co s, 0 
6.0 9,9 5,0 11.1 6'0 2'6 6,0 7.6 C., 0 7.1 5,0 7.3 
7ýO 8,0 6,0 9,5 7.0 7ý2 7,0 1 6,5 7,0 6,2 F,., ) 6,6 
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Table A12: R-aw data for particle size-settling velocity ( section 4-3-4 ) 

d =0,0217 cm 

C- Z 0.86 eZ0,85 eZ0,83 E: m 0.79 F- = 0,77 iý z 0,72 

t h t h t h t h t h t h 
min cm min ca min Ca min cm ein c0 ein ca 
0,0 21,0 0,0 20.0 0,0 18.0 0,0 15,0 0.0 13. S 0,0 11.0 
1,0 19.0 1.0 17,8 1,0 16,0 1,0 13,4 1,0 12,0 1,0 10.1 
2,0 17.0 1 

.4 
17.0 2.0 14,2 2,0 12.0 15 11.5 2,0 9,3 

3,0 15,0 2,0 15.8 2,7 13,0 3,0 10,6 2,0 10,8 2,4 9,0 
4,0 13.0 3.0 13,8 3.0 12,3 4,0 9,3 3,0 9,6 3,0 8,5 
5.0 11,0 4,0 11,8 4,0 10,4 5,0 8,0 4,0 8.5 4,0 7,6 
6,0 9,0 5,0 10,0 5,0 8,6 6,0 6,8 5.0 7,3 5,0 6,8 
7,0 7.0 6,0 8.0 6,0 7,0 7.0 1 5.5 6,0 1 6,2 6.0 6,0 
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Table A18: Raw data for velocity of ascending particles within clear- 

fluid channel at height H=1 cm , Co=0.2 ( section 5-3-1-1 ) 

N Time 
(mi n) 

v 
(cm/min) 

1 0.02 11.35 
2 0.02 16.40 
3 0.05 ' 13.45 
4 0.08 15.04 
5 0.12 15,79 
6 0.15 9.57 
7 0.18 10.64 
8 0.23 7.85 
9 0,31 9.87 

10 0,38 7.94 

N Time 
(min) 

v 
(cm/min) 

11 0.50 5.85 
12 0.55 8.56 
13 0.72 5.81 
14 0.76 5.18 
15 0.85 4,05 
16 1.05 5.13 
17 1.17 4.21 
18 1.26 5.22 
19 1.40 4.05 
20 1.44 3.95 

N Time 
(mi n) 

v 
(cm/min) 

21 1.70 4.54 
22 1.98 4.75 
23 2.49 2.21 
24 2.65 3.78 
25 2.89 2.28 
26 2.99 1.76 
27 3.30 0.82 
28 3.44 1.39 
29 3.38 1.04 
30 3.74 0.93 

Table A19: Raw data for velocity of ascending particles within clear- 

fluid channel at height H=2 cm , C,,., =0.2 ( section 5-3-1-1 

N Time 
(min) 

v 
(cm/min) 

1 0.02 30.14 
2 0.04 19.53 
3 0.05 21.64 
4 0.09 22.83 
5 0.13 21.26 
6 0,17 21.53 
7 0.20 20,01 
8 0.23 18.47 
9 0.27 21.29 

10 0.29 16.79 

11 0.33 14.35 
12 0.36 15.40 

N Time 
(min) 

v 
(cm/min) 

13 0.41 16.92 
14 0.45 17.54 
15 0.48 14.80 
16 0.53 12.30 
17 0.56 15.24 
18 0.66 li. 48 
19 0.81 13.63 
20 0.88 11.41 
21 0.93 9.36 
22 0.97 5.03 

23 1.08 8.53 

N Time 
(mi n) 

v 
(c m/ mi n) 

24 1.17 9.00 
25 1.79 4.22 
26 1.78 3.68 
27 1.91 2.57 
28 2.18 4.30 
29 2.30 5.49 
30 2.45 5.28 
31 2.49 5.03 
32 2.57 5.08 
33 2.70 6.11 

34 2.78 4.88 
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Table A20: Raw data for velocity of ascending particles within clear- 

fluid channel at height H= 3 cm , C,:, =0.2 ( section 5-3-1-1) 

N Time 
(ni n) 

v 
(cm/min) 

1 0.02 23.68 
2 0,03 26.95 
3 0.05 27.86 
4 0,07 29.47 
5 0.09 37.15 
6 0.10 14.29 
7 0.13 28.38 
8 0.15 28.71 
9 0.16 24.81 

10 0,17 20.81 

11 0.19 23.16 
12 0.22 24.06 
13 0.23 23.49 
14 0.23 24.80 
15 0.24 24.61 
16 0.26 26.69 
17 0.28 24.81 
18 0,32 22.03 
19 0.34 22.83 
20 0.35 9.11 

21 0.39 16.28 
22 0.41 20.61 
23 0.44 22.48 
24 0.50 17,54 
25 0.52 21.53 
-ý(5 0. (51 18.05 
27 0.66 17.07 

N Time 
(Imi n) 

v 
(c m/ mi n) 

28 0.69 15.04 
29 0.73 15.07 
30 0.70 18.13 
31 0.76 16.19 
32 0.80 10.19 
33 0.88 12.75 
34 0.94 12.51 
35 1.05 13.12 
36 1.16 9.57 
37 1.23 11.62 

38 1.28 10.61 
39 1.48 4.96 
40 1.63 2.77 
41 1.71 6.89 
42 1,85 6.12 
43 1.98 6.35 
44 2.05 5.76 
45 2.13 6.39 
46 2.19 5.26 
47 2.32 3.56 

4B 2.42 4.53 
49 2.56 3.06 
50 2.69 5.26 
51 2.82 4.80 
52 2.92 4.26 
53 3.0: 3 5.20 
54 3.15 4.74 

N Time 
(min) 

v 
(cm/min) 

55 3.44 4.25 
56 3.60 5.37 
57 3.74 4.66 
58 3.91 5.29 
59 3.92 5.21 
60 4.07 5.05 
61 4.20 5.15 
62 4.25 4.95 
63 4.39 4.32 
64 4.48 3.67 

65 4.58 4.50 
66 4.85 3.43 
67 5.00 4.09 
68 5.08 4.48 
69 5.22 4.05 
70 5.35 3.67 
71 5.48 3.10 
72 5.65 2.65 
73 5.74 2.55 
74 5.94 2.31 

75 5.96 2.21 
76 6.08 2.37 
77 6.17 2.02 
78 6.41 2.27 
79 6.70 1.81 
80 7.12 0.53 
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Table A21: Raw data for velocity of ascending particles within clear- 

fluid channel at height H=4 cm , Cc, =0.2 ( section 5-3-1-1) 

1q Time 
(min) 

v 
(cm/min) 

1 0.02 15.30 
2 0.05 37.15 
3 0.06 35.93 
4 0.10 28.71 
5 0.13 29.42 
6 0.14 33.55 
7 0.17 26.11 
8 0.20 26.32 
9 0.23 32.02 

10 0.26 25.96 

11 0.28 27.46 
12 0.32 16.54 
13 0.35 26.25 
14 0,37 25,26 
15 0.38 31.15 
16 0.37 29.61 
17 0.39 22.56 
18 0.41 15.22 
19 0.43 27.86 
20 0.47 32.01 

21 0.48 26,25 
22 0.50 26.32 
23 0.53 22,71 
24 0.56 16.40 
25 0.58 21.53 
26 0.62 26,95 
27 0.64 23.11 
28 0.66 23.68 
29 0.68 22.83 
30 0.70 21.53 

31 0.72 21.53 
32 0.75 25.11 

N Time 
(min) 

v 
(cm/min) 

33 0.78 19.58 
34 0.82 22.56 
35 0.91 19.24 
36 0.97 18.58 
37 1.04 18.76 
38 1.08 16.13 
39 1.12 15.04 
40 1.24 9.76 
41 1.27 15.91 
42 1.31 18.17 

43 1.36 12.79 
44 1.42 17.91 
45 1.48 10.70 
46 1.50 13.75 
47 1.55 20.04 
48 1.62 10.72 
49 1.70 8.58 
50 1.78 8.61 
51 1.87 12.63 
52 1.91 10.47 

53 2.01 11.00 
54 2.09 8.59 
55 2.17 7.89 
56 2.26 8.48 
57 2.32 8.23 
58 2.43 6.24 
59 2.53 5.69 
60 2.63 6.42 
61 2.84 2.04 
62 2.96 1.94 

63 3.30 6.02 

N Time 
(mi n) 

v 
(cm/min) 

64 3.49 5.51 
65 3.57 4.82 
66 3.68 4.29 
67 3.80 5.34 
68 4.04 5.66 
69 4.22 4.50 
70 4.29 5.61 
71 4.33 7.16 
72 4.53 6.46 
73 4.69 5.26 

74 4.77 6.05 
75 4.88 6.24 
76 5.08 6.73 
77 5.20 5.94 
78 5.38 6.63 
79 5.52 5.92 
80 5.64 4.59 
81 5.74 4.98 
82 5.82 5.50 
83 6.05 5.69 

84 6.27 3.82 
85 6.50 3.60 
86 6. V 4.01 
87 6.96 2.56 
88 7.08 3.45 
89 7.24 3.72 
90 7.36 2.24 
91 7.54 2.12 
92 7.68 2.56 
93 7.86 2.29 

94 a. 16 2.01 
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Table A22: Raw data for velocity of ascending particles within clear- 

fluid channel at height H=5 cm , Cc, =0.2 ( section 5-3-1-1) 

N Time 
(min) 

v 
(cm/min) 

1 0.01 16.19 
2 0,03 27.86 
3 0.03 61.12 
4 0,05 25.26 
5 0.06 24.47 
6 0.07 47.37 
7 0.09 39.47 
a 0.10 36.44 
9 0.11 39.04 

10 0.13 34.54 

11 0.14 37.15 
12 0,15 40.87 
13 0.17 39.04 
14 0.18 34.45 
15 0.20 33.18 
15 0.22 38.13 
17 0.24 34.45 
18 0.26 34.17 
19 0,27 34.74 
20 0,30 31.15 

21 0.31 35.33 
22 0.34 36.40 
23 0.35 30.65 
24 0.33 31.58 
25 0.40 35.75 
26 0.421 32.63 
27 0.45 33.55 
28 0.46 35.60 
29 0.48 30.59 
30 0.50 29.61 

31 0,54 37.15 
32 0.56 29.61 
33 0.57 32.57 
34 0.60 32.57 
35 0.62 33.18 
36 0.64 32.57 
37 0.67 24.06 
38 0.70 26,25 
39 0.71 29.61 
40 0.73 27,86 

41 0.75 29.67 
42 0.79 28.47 
43 0.83 30.59 
44 0.37 30.21 
45 0.94 19.74 

N. I 
(Time mi n) 

V 
(cm/min) 

46 0.96 25,26 
47 1.00 25.96 
48 1.06 26.25 
49 1.09 24.06 
50 1.12 23.68 
51 1.16 16.84 
52 1.19 25.10 
53 1.24 18.13 
54 1.28 20.84 
55 1.32 21.53 

56 1.36 20.83 
57 1.39 23.83 
58 1.43 21.05 
59 1.49 20.18 
60 1.52 16.92 
61 1.56 17.57 
62 1.59 20.54 
63 1.52 17.54 
64 1.64 18.05 
65 1.70 15.63 

66 1.73 14.28 
67 1.77 20.01 
68 1.87 17.96 
69 1.94 15.38 
70 1.99 10-09 
71 2.07 13.16 
72 2.11 11.28 
73 2.16 13.95 
74 2.22 12.81 
75 2.26 13.82 

76 2.36 9.76 
77 2.44 9.37 
78 2.52 10.41 
79 2.61 10.20 
80 2,66 8.27 
81 2.74 9.85 
82 2.86 7.43 
83 2.90 7.27 
84 3.02 5.80 
85 3.15 6.24 

86 3. ý4 6.40 
87 3.31 7.09 
83 3.40 6.82 
89 3.49 6.51 
90 3.6ý 2 7.15 

N v 
(cm/min) 

91 3.74 7.15 
92 3.85 4.85 
93 3.94 7.17 
94 4.09 5.58 
95 4.22 5.47 
96 4.32 5.57 
97 4.41 5.97 
98 4.52 4.83 
99 4.60 6.21 

100 4.72 5.81 

101 4.82 5.52 
102 4.95 3.91 
103 5.09 4.11 
104 5.20 4.91 
105 5.34 4.48 
106 5.50 5.26 
107 5.58 5.11 
108 5.74 6.23 
109 5.91 6.53 
110 5.96 4.93 

111 6.04 6.09 
112 6.12 6.42 
113 6.20 5.22 
114 6.20 4.99 
115 6.31 4.57 
116 6.46 5.06 
117 6.52 5.78 
118 6.6B 5.34 
119 6.76 5.57 
120 6.96 5.34 

121 7.12 5.41 
122 7.19 5.72 
123 7.32 5.69 
124 7.45 5.88 
125 7.53 5.63 
126 7.67 5.05 
127 7.74 5.13 
128 8.06 5.29 
129 B. 19 4.49 
130 8.33 4.09 

131 8.49 3.17 
132 8.63 2.60 
1: 33 8.93 3.00 
134 9"'16 1.68 
135 9.54 0.97 
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Table A23: Raw data for velocity of ascending particles within clear- 

fluid channel at height H=7 cm , Cc, =0.2 ( section 5-3-1-1) 

a 

N Tiine 
(mi n) 

v 
(cm/inin) 

1 0.02 19.87 
2 0.04 58.95 
3 0.07 27.46 
4 0.09 42.11 
5 0.11 33.37 
6 0.12 35.47 
7 0.14 45.28 
8 0.16 32.11 
9 0.18 48.80 

10 0.20 35.75 

11 0.21 37.89 
12 0.23 97,89 
13 0.25 29.61 
14 0.28 38.54 
15 0.30 39.47 
16 0.31 51.82 
17 0.33 41.45 
18 0.34 35,75 
19 0.36 45.93 
20 0.38 47.37 

21 0.40 40.19 
22 0.43 37.89 
23 0.46 39.96 
24 0.48 40.87 
25 0.53 38.67 
26 0.54 46.05 
27 0.56 38.39 
28 0,57 37.02 
29 0.61 44.50 
30 0.65 38.67 

N Time 
(mi n) 

v 
(cm/min) 

31 0.66 37.89 
32 0. b9 40.31 
33 0.72 37.43 
34 0.75 38.13 
35 0.78 33.24 
36 0.80 38.39 
37 0.83 32.11 
38 0.85 45.11 
39 0.88 42.90 
40 0.91 35.79 

41 0.95 33.24 
42 0.99 25.76 
43 1.05 31.58 
44 1.08 29.61 
45 1.14 40.52 
46 1.17 31.58 
47 1.19 28.79 
48 1.22 30,59 
49 1.24 28.38 
50 1.27 31.58 

51 1.29 31.58 
52 1.32 23.31 
53 1.36 41.66 
54 1.38 31.58 
55 1.41 26.82 
5CD 1.44 27.97 
57 1.47 21.41 
58 1.50 23.31 
59 1.53 27.69 
60 1.55 26.11 

N Time 
(mi n) 

v 
(cm/min) 

61 1.58 28.38 
62 1.52 27. b9 
63 1.66 23.59 
64 1. bg 25.96 
65 1.72 20.37 
66 1.76 25.26 
67 1.79 19.94 
68 1.81 23.68 
69 1.87 25.96 
70 1.90 21.53 

71 1.94 28.55 
72 1.98 27.97 
73 2.01 21.75 
74 2.05 19.53 
75 2.08 21.05 
76 2.12 16.17 
77 2.19 18.71 
78 2.21 20.84 
79 2.25 21.05 
80 2.29 23.27 

81 2.32 19.69 
82 2.35 17.57 
83 2.39 22.91 
84 2.47 21.64 
85 2.50 19.30 
86 2.54 21.53 
87 2.58 21.27 
88 2.61 17.57 
89 2.66 18.05 
90 2.69 20.03 
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Table A24: Raw data for velocity of ascending particles within clear- 

fluid channel at height H=8 cm , Cc, =0.2 ( section 5-3-1-1) 

N Time v N Time V 
(mi n) 

I 
(cm/ mi n) 

I 
(min) (cm/min) 

1 0.01 16.41 47 1.11 25.95 
2 0.01 50.00 48 1.15 26.61 
3 0.01 60-00 49 1.18 30.00 
4 0.02 56.90 50 1.20 35.83 
5 0.01 58.62 51 1.23 23.91 
6 0.02 71.74 52 1.25 29.82 
7 0.05 32.29 53 1.30 26.72 
8 0.06 44.74 54 1.32 34.31 
9 0.09 31.82 55 1.34 28.18 

10 0.10 33.67 5t 1.38 28.57 

11 0.12 36.36 57 1.42 26.56 
12 0.14 36.25 58 1.45 26.67 
13 OA6 34.69 59 1.48 26.32 
14 0.17 38.46 60 1.51 26,98 
15 0.19 40.54 61 1.54 28.33 
16 0.22 40.79 62 1.62 24.17 
17 0.24 36.96 63 1.66 25.45 
18 0.25 37.50 64 1.68 26.52 
19 0.27 37.50 65 1.73 18.67 
20 0.29 39.77 66 1.76 24.53 

21 0.30 43.14 67 1.82 19.53 
22 0.32 34.09 68 1.85 23.97 
23 0.34 34.62 69 1.91 21.43 
24 0,36 34.38 70 1.94 17.03 
25 0.38 34.04 71 1.99 16.67 
26 0.41 34.09 72 2.02 17.14 
27 0,45 32.05 73 2.09 23.19 
28 0.47 33.90 74 2.11 20.67 
29 0.49 34.38 75 2.15 19.87 
30 0.53 19.05 76 2.17 20.67 

31 0.55 29.59 77 2.20 17.31 
32 0.59 25.36 78 2.26 16.48 
33 0.61 28.33 79 2,33 16.24 
34 0.65 29.25 80 2.39 11.70 
35 0.67 30.00 81 2.41 21.74 
36 0.70 34.69 82 2.44 19,85 
37 0.73 25.78 83 2.49 20.31 
38 0.77 28,57 84 2.52 14.67 
39 0.80 30.43 85 2.55 15.63 
40 0.81 28.45 86 2.50 1.44 

41 0.84 31.63 87 2.63 17.61 
42 0,86 36.17 88 2.65 17.05 
43 0.90 29.09 89 2.70 18.67 
44 0.95 25.78 90 2.72 17.05 
45 1.06 25.83 91 2.80 20.24 
46 1 1.071 34.37 

N Time 
(mi n) 

v 
(cm/min) 

92 2.85 21.33 
93 2.87 17.09 
94 2.93 19.59 
95 2.99 14.45 
96 3.06 16.02 
97 3.14 12.61 
98 3.18 15.23 
99 3.28 7.56 

100 3.33 15.57 
101 3.44 15.74 

102 3.50 14.60 
103 3.57 15.53 
104 3.62 12.41 
105 3.70 15.23 
106 3.78 15.32 
107 3.82 14.71 
108 3.86 15.47 
109 3.93 13.45 
110 3.98 12.89 
111 4.06 7.24 

112 4.11 13.75 
113 4.16 10.19 
114 4.27 9.36 
115 4.32 12.85 
116 4.41 13.27 
117 4.47 12.40 
118 4.52 12.84 
119 4.54 13.89 
120 4.66 10.22 
121 4.71 7.55 

122 4.80 9.62 
123 4.86 8.22 
124 4.91 10.64 
125 4.94 4.93 
126 4.98 9.79 
127 5.03 7.26 
128 5.07 7.14 
129 5.08 9.09 
130 5.12 7.39 
131 5.16 3.55 

132 5.24 4.55 
13: 3 5.29 1.64 
134 5.30 5.68 
135 5.40 3.52 
136 5.42 2.53 
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Table A25: Raw data for velocity of ascending particles within clear- 

fluid channel at height H=9 cm , Co=0.2 ( section 5-3-1-1) 

N Time 
(mi n) 

v 
(cm/min) 

1 0.00 21.76 
2 0.02 47.36 
3 0.03 25.53 
4 0.06 63.83 
5 0.08 58.20 
6 0.10 51.06 
7 0.10 61.17 
8 0.14 49.32 
9 0.17 49.47 

10 0.19 45.26 

11 0.21 49.32 
12 0.24 49.10 
13 0.26 44.56 
14 0.28 46.97 
15 0.29 47.87 
16 0.31 47.46 
17 0.32 47.87 
18 0.34 45.35 
19 0.37 47.87 
20 0.38 46.58 

21 0.39 54.26 
22 0.43 42.55 
23 0.44 45.79 
24 0.4G 40.38 
25 0.48 44.97 
26 0.49 46.28 
27 0.51 44,97 
28 0.54 41,22 
29 0.57 50.74 
30 0.58 44.68 

31 0.61 56.74 
32 0.63 41.03 
33 0.65 41.30 
34 0.67 47.87 
35 0.69 38.54 
36 0.71 46.54 
37 0.72 46.04 
38 0.75 60.18 
39 0.77 40.38 
40 0.82 31.00 

41 0.83 43.52 
42 0.8G 36.32 
43 0.88 45.39 
44 0.90 53.19 
45 0.91 43.46 
46 0.93 47.53 
47 0.95 37.33 
48 0.99 54.01 
49 1.01 31.91 
50 1.06 42.99 

N Time 
(min) 

v 
(cm/min) 

51 1.08 41.68 
52 1.10 38.30 
53 1.14 38.56 
54 1.17 41.68 
55 1.18 32.42 
56 1.21 35.83 
57 1.25 40.03 
58 1.28 33.97 
59 1.31 38.80 
60 1.35 33.66 

61 1.38 39.89 
62 1.41 29.01 
63 1.42 31.92 
64 1.45 36.32 
65 1.47 38.80 
66 1.50 34.04 
C7 1.54 35.67 
68 1.55 40.38 
69 1.58 39.46 
70 1.61 38.54 

71 1.64 30-92 
72 1.66 40.24 
73 1.68 35.83 
74 1.71 43.52 
75 1.73 43.52 
76 1.76 37.42 
77 1.78 36.32 
78 1.81 29-92 
79 1.84 33.26 
80 1.88 34.04 

81 1.92 32.46 
82 1.94 34.82 
83 1.96 28.37 
84 2.00 28.68 
85 2.03 27.80 
86 2.07 34.73 
87 2.10 30.92 
88 2.13 36.82 
89 2.15 33.54 
90 2.17 31-91 

91 2.19 31.91 
92 2.20 39.08 
93 2.22 33.59 
94 2.25 31.91 
95 2.27 27.23 
96 2.31 31.92 
97 2.34 29.79 
98 2.36 29.10 
99 2.38 28.68 

100 2.40 30.04 

N Time 
(mi n) 

v 
(cm/min) 

101 2.42 33.25 
102 2.45 31.33 
103 2.47 32.91 
104 2.49 34.62 
105 2.52 27.98 
106 2.55 30.92 
107 2.58 27.05 
108 2.60 26.53 
109 2.62 31.91 
110 2.64 32.98 

111 2.67 33.66 
112 2.69 29.79 
113 2.71 32.35 
114 2.74 30.04 
115 2.77 26.60 
116 2.80 33.54 
117 2.82 33.54 
118 2.86 22.80 
119 2.89 28.88 
120 2.92 26.38 

121 2.95 30.44 
122 2.99 27.98 
123 3.02 30.92 
124 3.05 11.05 
125 3.08 22.20 
126 3.13 10.41 
127 3.15 32.46 
128 3.19 27.48 
129 3.23 27.11 
130 3.26 26.38 

131 3.29 27.87 
132 3.32 24.24 
133 3.42 30.92 
134 3.45 25,36 
135 3.47 21.51 
136 3.50 22.04 
137 3.53 16.98 
138 3.58 17,80 
139 3.63 16.46 
140 3.65 22.80 

141 3.67 21.92 
142 3.70 21.47 
143 3.73 25.53 
144 3.75 19.50 
145 3.7B 21.03 
146 3.81 17.65 
147 3.82 17.48 
148 3.86 21.02 
149 3.88 23.13 
150 3.90 14.48 



Table A25: Raw data for velocity of ascending particles within clear- 

fluid channel at height H=9 cm , Cc, =0.2 ( section 5-3-1-1) 

N Time 
(mi n) 

v 
(cm/min) 

151 3.93 22.24 
152 3.97 17.41 
153 3.99 16.72 
154 4.03 4.91 
155 4.06 12.16 
156 4.08 19.95 
157 4.09 11.40 
158 4.12 16.90 
159 4.13 19.43 
160 4.15 8.78 

161 4.17 14.33 
162 4.23 6.20 
163 4.25 9.25 
164 4.31 11.10 
165 4.33 7.45 
166 4.37 3.68 
167 4.39 5.07 
168 4.42 5.80 

N Time 
(min) 

v 
(cm/min) 

169 0.01 46.90 
170 0.03 24.02 
171 0.07 49.32 
172 0.17 50.77 
173 0.19 48.20 
174 0,28 49.32 
175 0.34 49.27 
175 0.37 48.74 
177 0.48 46.42 
178 0.50 51.31 

179 0.54 51.86 
180 0.91 43.46 
181 0.99 53.67 
182 1.01 47.03 
183 1.65 39.89 
184 1.69 34.89 
185 1.74 

1 

43.67 

-1 

N Time 
(ml D) 

v 
(cm/ mi n) 

186 2.07 35.74 
187 2.42 23.01 
188 2.82 34.82 
189 3.42 30.04 
190 3.47 27.98 
191 3.53 18.93 
192 3.75 19.79 
193 3.78 21-76 
194 3.82 17.73 
195 3.86 17.73 

196 3.91 11.75 
197 3.97 17.48 
198 4.00 10.38 
199 4.06 12.89 
200 4.12 16.55 
201 4.17 13.73 
202 4.23 8.74 
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Table A26: Raw data for velocity of ascending particles within clear- 
fluid channel at height H= 10 cm , C,:, =0.2 ( section 5-3-1-1) 

N Time 
(mi n) 

v 
(c M/ mi n) 

1 0.01 30.57 
2 0.02 36.23 
3 0.03 37.65 
4 0.04 37.96 
5 0.06 55.50 
6 0.07 61.71 
7 0.09 49.23 
8 0.12 40.00 
9 0.13 36.25 

10 0.15 48.00 

11 0.16 41.25 
12 0.19 61-67 
13 0.19 45.00 
14 0.21 35.00 
15 0.25 38.08 
16 0.26 43.64 
17 0.30 36.73 
18 0.31 58.18 
19 0.33 34.62 
20 0.37 53.14 

21 0.38 45.00 
22 0.42 45.00 
23 0.43 48.00 
24 0.46 54.86 
25 0.47 38.18 
26 0.50 45.00 
27 0.51 54.86 
28 0.53 47.14 
29 0.54 40.91 
30 0.55 47.69 

31 0,57 36.73 
32 0.60 37.65 
33 0.64 41.74 
34 0.65 48.65 
35 0.67 39.60 
36 0.71 40.91 
37 0.72 40.50 
38 0.74 48.00 
39 0.76 41.25 
40 0.79 50.00 

41 0.86 32.73 
42 0.91 35.77 
43 0.93 58.29 
44 0.97 30.00 
45 0.98 51.43 
46 1.00 53.14 
47 1.02 33.68 
48 1.05 36.23 
49 1.08 39.07 
50 1.12 45.00 

N Time 
(mill) 

v 
(cm/min) 

51 1.15 37.50 
52 1.17 43.64 
53 1.20 33.96 
54 1.21 51.43 
55 1.26 38.82 
56 1.29 43.64 
57 1.31 36.25 
58 1.35 40.91 
59 1.37 40.91 
60 1.38 33.96 

61 1.40 40.91 
62 1.44 39.66 
63 1.46 42.27 
64 1.48 35.79 
65 1.51 38.18 
66 1.53 36.47 
67 1.55 38.18 
68 1.57 46.15 
69 1.58 42.86 
70 1.60 42.27 

71 1.62 43.20 
72 1.65 40.00 
73 1.68 37.65 
74 1.70 29.03 
75 1.73 47.37 
76 1.76 36.84 
77 1.79 35.77 
78 1.81 29.03 
79 1.85 29.17 
80 1.88 27.00 

81 1.91 40.68 
82 1.94 31.94 
83 1.97 32.83 
84 1.99 36.00 
85 2.04 31.00 
86 2.08 45.00 
87 2.13 33.06 
88 2.16 35.51 
89 2.18 29.51 
90 2.22 31.48 

91 2.24 33.96 
92 2.26 31.53 
93 2.28 32.00 
94 2.31 22.41 
95 2.33 33.96 
96 2.36 31.53 
97 2.39 31.53 
98 2.43 31.23 
99 2.45 31.23 

100 2,4B 25.81 

N Time 
(min) 

v 
(cm/min) 

101 2 50 35.29 
102 2 52 28.13 
103 2 54 33.68 
104 2 57 38.18 
105 2 59 29-17 
106 2.62 40-68 
107 2.56 37.06 
108 2.68 32.00 
109 2.72 29.17 
110 2.75 28-12 

Ill 2.77 27.27 
112 2.81 25.00 
113 2.86 29.51 
114 2.89 28.23 
115 2.92 25.00 
116 2.95 30-00 
117 2.98 30.81 
118 3.00 28.00 
119 3.05 25.06 
120 3.09 27.27 

121 3.15 14.46 
122 3.19 26.30 
123 3.21 20-83 
124 3.24 23,23 
125 3.29 16.36 
126 3.31 26.67 
127 3.34 19.69 
128 3.36 15.60 
129 3.39 13.61 
130 3.41 21.18 

131 3.44 12.91 
132 3.47 6.52 
133 3.49 13.75 
134 3.51 15.62 
135 3.56 4.69 
136 3.61 13.64 
137 3.62 4.09 
138 3.65 15.00 
139 3.67 10.91 
140 3.70 6.55 

141 0.03 36.00 
142 0.02 35.59 
143 0.01 48.98 
144 0.05 26-09 
145 0.11 42.27 
146 0.13 45.28 
147 0.16 43.64 
148 0.19 46.91 
149 0.23 42.69 
150 0.26 57.27 



Table A26: Raw data for velocity of ascending particles within clear- 

fluid channel at height H= 10 cm , Cc, =0.2 ( section 5-3-1-1) 

N Time 
(mi n) 

v 
(c M/ mi n) 

151 0.41 45.82 
152 0.48 38.44 
153 0.51 53.18 
154 0.82 49.20 
155 0.92 35.29 
156 0.96 43.64 
157 1.23 32.63 
158 1.26 36.23 
159 1.30 37.50 
160 1.35 37.06 

161 1.37 40.00 
162 1.45 30.75 
163 1.73 41.33 

N Time 
(mi n) 

v 
(c M/ Ini n) 

164 1.76 29.06 
165 1.78 33.96 
166 2.04 31.38 
167 2.06 33.96 
168 2.08 45.82 
169 2.24 35.29 
170 2.27 29.12 
171 2.32 40.00 
172 2.34 34.29 
173 2.41 34.41 

174 2.54 32.90 
175 2.80 26.47 

N Time 
(mi n) 

v 
(cm/min) 

176 2.83 32.81 
177 3.10 18.75 
178 3.12 21.14 
179 3.15 24.80 
180 3.19 25.00 
181 3.32 19.35 
182 3.37 28.57 
183 3.41 20.45 
184 3.44 18.00 
185 3.49 9.92 

186 3.55 14.63 
187 3.59 21.82 
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Table A27: Raw data for velocity of ascending particles within clear- 

fluid channel at height H= 11 cm , C,:, =0.2 ( section 5-3-1-1) 

N Time 
(mi n) 

v 
(cm/ mi n) 

1 0.00 55.26 
2 0.02 63.16 
3 0.04 57.42 
4 0.05 74.30 
5 0.06 55.25 
6 0.09 73.58 
7 0.11 65,34 
8 0.13 74.85 
9 0.14 65.79 

10 0.15 75.30 

11 0.17 68.90 
12 0.19 63.16 
13 0.22 68.90 
14 0.24 63.16 
15 0.27 50.09 
16 0.30 53.05 
17 0.32 53.44 
18 0.33 54.45 
19 0.35 35.53 
20 0.37 65.20 

21 0.38 54.55 
22 0.41 65.34 
23 0.42 53.68 
24 0.45 54.14 
25 0.49 49.62 
26 0.51 54.14 
27 0.54 70.38 
28 0.56 51.67 
29 0.58 41.63 
30 0. GO 45.93 

31 0.62 61.12 
32 0.64 53.68 
33 0.68 56.84 
34 0.71 55.26 
35 0.73 54.14 
3G 0.75 45.93 
37 0.78 43.94 
38 0.80 47.37 
39 0.81 50.24 
40 0.83 52.63 

41 0.85 47.37 
42 0.87 49.29 
43 0.87 49.29 
44 0.88 54.13 
45 0.92 47.37 
46 0.94 51.21 
47 0.96 53.68 
48 0.98 50.20. 
49 1.05 46.78 
50 1.06 47.37 

N Time 
(mi n) 

v 
(cm/ mi n) 

51 1.07 50.53 
52 1.09 44.21 
53 1.11 47.37 
54 1.12 48.80 
55 1.14 48.80 
56 1.16 53.68 
57 1.18 46.62 
58 1.20 49.12 
59 1.21 51.88 
60 1.24 50.24 

61 1.26 51.67 
62 1.29 50.24 
63 1.32 51.67 
64 1.35 41.63 
65 1.41 50.24 
66 1.45 48.80 
67 1.48 40.46 
68 1.50 46.86 
69 1.52 52.33 
70 1.54 56.39 

71 1.54 52.63 
72 1.56 50.53 
73 1.58 36.94 
74 1.62 47.37 
75 1.65 60.73 
76 1.68 40.19 
77 1.70 53.44 
78 1.72 43.42 
79 1.76 41.63 
80 1.79 43.06 

81 1.84 40.19 
82 1.87 43.82 
83 1.89 43.06 
84 1.91 45.34 
85 1.94 37.89 
86 1.97 44.96 
87 2.00 37.89 
88 2.02 47.37 
89 2.04 40.87 
90 2.11 30.59 

91 2.16 47.37 
92 2.19 43.06 
93 2.21 36.94 
94 2,27 41.68 
95 2.30 40.00 
96 2.31 43.64 
97 2.34 39.16 
98 2.38 28.81 
99 2.41 30.14 

100 2.46 35.60 

N Time 
(1[R1 n) 

v 
(c M/ mi n) 

101 2.48 37.47 
102 2.51 36.94 
103 2.54 29.72 
104 2.59 20.56 
105 2.64 34.54 
106 2.66 26.32 
107 2.73 28.07 
108 2.78 25.08 
109 2.81 20-10 
110 2.85 18.53 

Ill 2.93 23.68 
112 2.97 20.71 
113 3.00 15.79 
114 3.01 22.56 
115 3.02 15.79 
116 3.04 15.57 
117 3.07 20.37 
118 3.08 24.29 
119 3.09 23.39 
120 3.10 16-19 

121 3.11 19.85 
122 3.13 11.08 
123 3.14 4.80 
124 0.00 53.59 
125 0.03 54.62 
126 0.06 57.42 
127 0.08 64.96 
128 0.11 68.57 
129 0.13 15.67 
130 0.33 55.26 

131 0.37 59.92 
132 0.42 54.14 
133 0.82 49.62 
134 1.13 61.50 
135 1.21 51.82 
136 1.25 55.26 
137 1.29 50.20 
138 1.32 57.89 
139 1.33 51.21 
140 1.35 43.34 

141 1.66 41.45 
142 1.68 41.45 
143 2.07 31.58 
144 2.12 33.55 
145 2.16 38.78 
146 2.19 43.42 
147 2.21 38.71 
148 2.27 47.67 
149 2.30 41.68 
150 2.36 32.57 
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Table A27: Raw data for velocity of ascending particles within clear- 

fluid channel at height H= 11 cm , Cc, =0.2 ( section 5-3-1-1) 

N Time 
(mi n) 

v 
(c m/ mi n) 

151 2.41 37.15 
152 2.51 36-56 
153 2.55 27.46 
154 2.59 20.18 
155 2.64 34.2t 

N Time 
(min) 

v 
(cm/min) 

156 2.77 18.76 
157 2.81 19.74 
158 2.86 18.13 
159 2.93 16.92 

N Time 
(mi n) 

v 
(cm/min) 

160 2.97 16.62 
161 3.00 14.80 
162 3.05 27.46 
163 3.10 9.57 
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Table A28: Raw data for velocity of ascending particles within clear- 

fluid channel at height H= 12 cm , Co=0.2 ( section 5-3-1-1) 

N Time 
(min) 

v 
(cm/min) 

1 0.06 27.63 
2 0.08 43.42 
3 0.10 55.26 
4 0.12 63.16 
5 0.13 84.21 
6 0.14 66.48 
7 0.16 59.65 
8 0.17 58.95 
9 0.18 71.58 

10 0.22 51.46 

11 0.26 66.32 
12 0.28 53.44 
13 0.31 47.85 
14 0.33 75.79 
15 0.33 54.14 
16 0.35 66.32 
17 0.36 54.74 
18 0.39 63.16 
19 0.41 72.63 
20 0.43 63.16 

21 0.46 40.60 
22 0.49 61.12 
23 0.50 61.12 
24 0.51 47.91 
25 0.53 45.39 
26 0.54 63.16 
27 0.56 54.13 
28 0.58 57.90 
29 0.62 48.58 
30 0.65 56.14 

31 0.67 57.89 
32 0.68 63.16 
33 0.70 53.59 
34 0.72 45.93 
35 0.73 52.33 
36 0.76 57.74 
37 0.78 48.80 
38 0.79 70.18 
39 0.83 69.47 
40 0.84 48.42 

41 0.86 50.93 
42 0.87 48.72 
43 0.89 45.93 
44 0.93 65.07 
45 0.95 47.37 
46 0.97 60.15 
47 1.02 51.88 
48 1.03 60.29 
49 1.05 43.31 

N Time 
(mi n) 

v 
(cm/min) 

50 1.06 42.72 
51 1.08 56.39 
52 1.10 49.62 
53 1.12 55.26 
54 1.13 52.27 
55 1.16 54.13 
56 1.16 79.63 
57 1.20 50.09 
58 1.24 52.63 
59 1.27 49.50 

60 1.36 58.30 
61 1.37 52.63 
62 1.3a 50.09 
63 1.41 52.27 
64 1.44 47.37 
65 1.46 50.53 
66 1.48 50.53 
67 1.50 42.63 
68 1.51 47.85 
69 1.53 41.55 

70 1.55 54.45 
71 1.57 43.86 
72 1.59 50.53 
73 1.64 43.06 
74 1.65 48.12 
75 1.67 46.54 
76 1.70 41.05 
77 1.72 54.45 
78 1.73 54.45 
79 1.76 40.97 

80 1.79 44.02 
81 1.80 60.73 
82 1.83 42.63 
83 1.84 47.37 
84 1.88 44.02 
85 1.90 47.85 
86 1.93 42.63 
87 1.98 40.87 
88 2.00 33.76 
89 2.02 36.56 

90 2.06 39.47 
91 2,07 43.72 
92 2.08 29.92 
93 2.11 40.87 
94 2.15 35.09 
95 2.17 28.71 
96 2.20 42.10 
97 2.22 29.61 

N Tl me 
(mi n) 

v 
(cm/min) 

98 2.24 35.75 
99 2.25 34. G8 

100 2.28 21.05 
101 0.01 54.14 
102 0.05 74.85 
103 0.07 22.97 
104 0.08 72.18 
105 0.10 57.74 
106 0.12 61.24 
107 0.13 42.11 

108 0.16 67.67 
109 0.17 82.38 
110 0.19 55.34 
111 0.21 69.47 
112 0.25 69.93 
113 0.28 39.96 
114 0.29 63.16 
115 0.31 58.17 
116 0.33 73.34 
117 0.39 59.74 

118 0.42 35.75 
119 0.47 43.06 
120 0,50 58.42 
121 0.54 69.27 
122 0. G7 54.14 
123 0.97 53.11 
124 1,03 56.14 
125 1.19 48.12 
126 1.20 54.13 
127 1.27 50.83 

128 1.36 54.13 
129 1.38 56.84 
130 1.44 48.80 
131 1.51 68.57 
132 1.60 47.95 
133 1.61 51.67 
134 1.72 48.58 
135 1.79 42.45 
136 1.81 57.42 
137 1.95 37.89 

138 2.07 40.46 
139 2.17 29.61 
140 2.23 26.69 
141 2.25 32.04 
142 2.31 29.72 
143 2.42 5.85 
144 2.45 10.77 
145 2.49 

- 

11.70 

11 
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Table A29: Raw data for velocity of ascending particles within clear- 

fluid channel at height H= 13 cm , Cc, =0.2 ( section 5-3-1-1) 

N Time 
(mi n) 

v 
(c m/ mi n) 

1 0.02 37.32 
2 0.05 37.32 
3 0.08 37.55 
4 0.10 44.74 
5 0.12 71.58 
6 0.13 63.16 
7 0.14 56.39 
8 0.15 66.32 
9 0.16 74.30 

10 0.18 55.58 

11 0.21 58.11 
12 0.22 54.45 
13 0.23 54.74 
14 0.26 69.81 
15 0.26 58.65 
16 0.29 55.01 
17 0.30 51.67 
18 0.32 63.16 
19 0.34 49.76 
20 0.36 57.90 

21 0.38 51.88 
22 0.41 47.85 
23 0.42 47.91 
24 0.45 44.82 
25 0.47 33.08 
26 0.49 50.93 
27 0.51 53.80 
28 0.52 51.88 
29 0.54 51.88 
30 0.56 50.88 

31 0.61 53.44 
32 0.66 58.30 
33 0.67 54.45 
34 0.68 55.26 
35 0.70 54.45 
36 0.71 57.89 
37 0.73 60.53 
38 0.75 41.50 
39 0.75 43.56 
40 0.79 48.20 

41 0.80 55.01 
42 0.82 53.59 
43 0.83 45.93 
44 0.85 33.08 

N Time 
(min) 

v 
(cm/ mi n) 

45 0.89 63.16 
46 0.90 54.13 
47 0.95 52.97 
48 0.96 56.33 
49 0.98 47.91 
50 1.00 56.62 
51 1.02 49.76 
52 1.04 57.04 
53 1.04 57.90 
54 1.07 56.39 

55 1.09 51.88 
56 1.09 55.01 
57 1.12 50.53 
58 1.14 45.79 
59 1.1E 76.32 
60 1.17 65.79 
61 1.19 47.85 
(52 1.23 47.91 
63 1.26 52.27 
64 1.27 55.01 

65 1.30 49.76 
66 1.32 50.09 
67 1.33 36.09 
68 1.35 53.05 
69 1.37 38.87 
70 1.40 45.93 
71 1.43 46.09 
72 1.45 44.38 
73 1.47 41.55 
74 1.48 45.79 

75 1.50 42.63 
76 1.52 46.92 
77 1.55 41.63 
78 1.59 53.44 
79 1.62 42.11 
80 1.63 38.87 
81 1.66 42.78 
82 1.67 47.37 
83 1.70 37.89 
84 1.72 40.19 

85 1.74 37.32 
86 1.75 35.89 
87 1.76 34.45 

N Time 
(mi n) 

v 
(cm/min) 

88 1.77 37.89 
89 1.79 31.58 
90 1.80 26.41 
91 1.84 32.22 
92 1.86 28.71 
93 0.01 32.10 
94 0.02 36.44 
95 0.04 44.50 
96 0.05 35.75 
97 0.10 45.93 

98 0.14 53.44 
99 0.16 78.95 

100 0.23 57.74 
101 0.26 61.24 
102 0.31 56.33 
103 0,39 54.14 
104 0.44 47.91 
105 0.53 55.26 
106 0.54 50.24 
107 0.68 53-19 

108 0.77 65.20 
109 0.83 46-62 
110 0.86 52.63 
111 0.96 54.14 
112 0.98 52.63 
113 1.16 59.55 
114 1.20 57.42 
115 1.22 55.26 
116 1.28 48.95 
117 1.30 53.11 

118 1.37 45.11 
119 1.43 45.93 
120 1.49 44.50 
121 1.52 44.50 
122 1.68 44.50 
123 1.70 35.93 
124 1.74 35.75 
125 1.77 40.08 
126 1.81 35.53 
127 1.85 33.76 

128 1.87 25.26 
129 1.96 17.54 
130 2.06 20.37 
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Table A30: Raw data for velocity of ascending particles within clear- 
fluid channel at height H= 14 cm , W0.2 ( section 5-3-1-1) 

N Time 
(mi n) 

v 
(cm/ ml n) 

1 0.06 42.11 
2 0.06 45.73 
3 0.09 66.32 
4 0.10 46.09 
5 0.12 63.16 
6 0.13 74.64 
7 0.15 74.64 
8 0.16 76.32 
9 0.18 63.16 

10 0.20 74.85 

11 0.21 69.47 
12 0.22 69.47 
13 0.24 67.23 
14 0.26' 46.44 
15 0.30 73.68 
16 0.33 65,79 
17 0.40 70,45 
18 0.41 54.45 
19 0.42 58.48 
20 0.48 52.63 

21 0.48 68.21 
22 0.51 58.80 
23 0.52 58.48 
24 0.54 52.97 
25 0.57 61.12 
26 0.58 57.42 
27 0.63 54.13 
28 0.65 53.59 
29 0.69 55.01 
30 0.71 67.23 

31 0.74 55.87 
32 0.76 68.02 
33 0.78 47.37 
34 0.79 54.39 
35 0.81 54.85 
36 0.83 55.01 
37 0.84 57.42 

N Time 
(mi n) 

v 
(cm/min) 

38 0.85 54.45 
39 0.87 58.80 
40 0.88 58.65 
41 0.90 57.05 
42 0.94 54.85 
43 0.98 40.19 
44 0.99 53.80 
45 1.01 53.59 
46 1.02 82.11 
47 1.04 46-96 

48 1.05 45-93 
49 1.08 38-16 
50 1.15 52.33 
51 1.17 46-92 
52 1.19 37.59 
53 1.21 41-05 
54 1.22 53.59 
55 1.23 52.33 
56 1.26 47-80 
57 1.27 50-09 

58 1.29 45.34 
59 1.30 41.55 
60 1.33 44.21 
61 1.34 52-63 
62 1.36 45.11 
63 1.39 23.83 
64 1.40 30.14 
65 0.03 19.74 
66 0.06 38.28 
67 0.09 65.34 

68 0.10 57.42 
69 0.11 78.95 
70 0.13 65.34 
71 0.15 65.34 
72 0.20 70.18 
73 0.22 63.16 

N Ti me 
(min) 

v 
(cm/min) 

74 0.24 59.33 
75 0.30 67.67 
76 0.33 72.51 
77 0.39 53.11 
78 0.41 49.86 
79 0.46 50.53 
80 0.48 47.37 
81 0.51 55.73 
82 0.57 57.74 
83 0.63 57.74 

84 0.66 55.26 
85 0.69 61.24 
86 0.71 61.24 
87 0.77 50.53 
88 0.79 48.98 
89 0.81 53.19 
90 0.84 54.85 
91 0.88 58.42 
92 0.92 38.28 
93 0.98 58.30 

94 1.02 50.53 
95 1.01) 42.82 
96 1,12 63.16 
97 1.16 50.24 
C )8 1.18 47.08 
99 1.21 50.53 

100 1.26 32.91 
101 1.30 27.89 
102 1.32 46.54 
103 1.34 46.40 

104 1.40 28.95 
105 1.41 40.31 
106 1.45 30.07 
107 1.49 32.39 
108 1.58 19.74 
109 1.63 13.16 
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Table A31: Raw data for velocity of ascending particles within clear- 
fluid channel at height H= 15 cm , Cc-, =0.2 ( section 5-3-1-1) 

N Time 
(mi n) 

v 
(cm/min) 

1 0.02 34.14 
2 0.07 40.42 
3 0.10 59,55 
4 0.14 61.24 
5 0.17 61.35 
6 0.21 54.14 
7 0.23 50.00 
8 0.25 50.80 
9 0.28 66.48 

10 0.33 64.59 

11 0.37 64.96 
12 0.43 66.77 

N Time 
(mi n) 

v 
(c M/ mi n) 

13 0.49 42-11 
14 0.52 64.74 
15 0.56 63.16 
16 0.61 52.43 
17 0.64 64.23 
18 0.74 40.81 
19 0.81 49.80 
20 0.88 60.58 
21 0.96 45.93 
22 0.99 33.68 

23 1.02 27.07 

N Time 
(Ini R) 

v 
(cm/min) 

24 1.04 40.79 
25 1.05 67.23 
26 1.08 52.11 
27 1.09 43.06 
28 1.12 37.15 
29 1.15 17.30 
30 1.16 33.59 
31 1.19 37.25 
32 1.23 31.58 
33 1.24 20.72 

34 1.28 24.81 

Table A32: Raw data for velocity of ascending particles within clear- 
fluid channel at height H= 17 cm , Co=0.2 ( section 5-3-1-1) 

N Time 
(min) 

v 
(c M/ mi n) 

1 0.02 64.71 
2 0.04 38.99 
3 0.06 49,70 
4 0.08 22.47 
5 0.09 54.42 
6 0.10 42.94 
7 0.13 47.13 
8 0.16 71.67 
9 0.21 68.57 

10 0.25 70.71 

N Time 
(mi n) 

v 
(cm/min) 

11 0.28 66.67 
12 0.31 68.25 
13 0.34 57.97 
14 0.36 50.29 
15 0.39 48.61 
16 0.43 66.67 
17 0.45 54.90 
18 0.48 55.00 
19 0.49 45.45 

N Time 
(mi n) 

v 
(cm/ mi n) 

20 0.53 46.97 
21 0.54 50.00 
22 0.56 38.10 
23 0.62 31.75 
24 0.63 24.69 
25 0.65 35.90 
26 0.67 27.59 
27 0.70 16.67 
28 0.72 30.30 
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Table A33: Raw data for velocity of ascending particles within clear- 

fluid channel at height H=I cm , Co=0.1 ( section 5-3-1-1) 

N Time 
(mi n) 

V 
(cm/min) 

1 0.03 11.43 
2 0.05 11.69 
3 0.08 13.60 
4 0.12 14.75 
5 0.14 20.34 
6 0.16 15.25 
7 0.17 17.65 
8 0.19 16.36 
9 0.21 15.25 

11 

N Time 
(mi n) 

v 
(cm/min) 

12 0.34 16.00 
13 0.38 15.00 
14 0.41 14.81 
15 0.46 13.24 
16 0.49 14.75 
17 0.51 15.00 
18 0.54 12.86 
19 0.58 15.00 
20 0.65 14.29 

N Time 
(min) 

v 
(cm/min) 

22 0.74 11.54 
23 0.83 9.06 
24 0.90 6.62 
25 0.96 10-08 
26 1.02 9.76 
27 1.07 8.91 
28 1.12 8.85 
29 1.26 5.36 
30 1.43 4.94 

Table A34: Raw data for velocity of ascending particles within clear- 
fluid channel at height H=2 cm , Co=O. l ( section 5-3-1-1) 

N Time 
Cmin) 

v 
(cm/min) 

1 0.02 18.75 
2 0.04 21.43 
3 0.05 22.50 
4 0.07 23.16 
5 0.09 20.34 
6 0.12 30.00 
7 0.13 27.69 
8 0.16 27.39 
9 0.19 26.25 

10 0.20 25.00 

11 0,22 25.50 
12 0.25 25.53 
13 0.27 23.53 
14 0.29 19.35 
15 0.30 23.53 
16 0.32 22.64 
17 0.34 22.50 
18 0.36 24.55 
19 0.37 19.57 
20 0.38 25.50 

21 0.40 23.18 
22 0,41 23,75 

N 
(Time mi n) 

V 
(cm/ mi n) 

23 0.44 23.75 
24 0.46 22.17 
25 0.50 25.50 
26 0.51 18.11 
27 0.55 22.64 
28 0.57 21.36 
29 0.59 21.05 
30 0.62 21.05 
31 0.65 18.37 
32 0.66 15.79 

33 0.68 17.65 
34 0.71 19.57 
35 0.74 20.00 
36 0.77 16.98 
37 0.79 14.06 
38 0.80 18.75 
39 0.83 13.24 
40 0.85 15.00 
41 0.87 18.11 
42 0.93 20.00 

43 0.96 14.29 

N Time 
(min) 

v 
(cm/min) 

44 0.98 15-19 
45 0.99 8.00 
46 1.05 14.12 
47 1.08 14.46 
48 1.10 15.43 
49 1.15 14.32 
50 1.17 16.19 
51 1.20 13.24 
52 1.23 11.74 
53 1.27 12.99 

54 1.34 8.51 
55 1.39 10.97 
56 1.42 12.37 
57 1.47 9.90 
58 1.59 11.74 
59 1.62 9.90 
60 1.66 8.69 
61 1.73 9.81 
62 1.76 10.30 
63 1.90 9.70 

64 1.97 6.21 
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Table A35: Raw data for velocity of ascending particles within clear- 

fluid channel at height H=3 cm , Cc, =O. l ( section 5-3-1-1) 

N Time 
(mi n) 

v 
(cm/min) 

1 0.01 25.25 
2 0.02 16.53 
3 0.03 24.24 
4 0.05 29.38 
5 0.06 19.44 
6 0.07 24.24 
7 0.09 30.30 
8 0.10 51.04 
9 0.11 34.63 

10 0.12 31.35 

11 0.13 38.38 
12 0.14 39.63 
13 0,16 31.22 
14 0,18 38.10 
15 0.19 36.36 
16 0.20 32.47 
17 0.21 39.63 
18 0.24 39,10 
19 0,24 32,63 
20 0.25 33.33 

21 0.27 34.19 
22 0.30 28.71 
23 0,31 35.19 
24 0.32 31.68 
25 0.37 32.76 
26 0.39 31.68 
27 0.41 31.08 
28 0.42 33.67 
29 0.43 27.55 
30 0.46 25.97 

31 0.48 27.55 
32 0.50 23.77 
33 0.53 26.42 
34 0.55 28.93 
35 0.58 31.04 
36 0.64 23.57 
37 0.68 27.27 
38 0.69 25.25 
39 0.70 23.42 
40 0.71 27.55 

41 0.73 31.17 
42 0.76 24.74 
43 0.78 24.24 

N Time 
(min) 

v 
(cm/min) 

44 0.81 22.04 
45 0.84 22.87 
46 0.89 23.77 
47 0.92 17.68 
48 0.94 21.27 
49 0.96 22.60 
50 0.98 24.74 
51 1.00 14.20 
52 1.01 17.76 
53 1.02 20.66 

54 1.05 20.20 
55 1.06 18.94 
56 1.10 20.94 
57 1.11 23.99 
58 4.13 0.03 
59 1.18 22.26 
60 1.23 13.61 
61 1.26 12.63 
62 1.31 13.04 
63 1.35 16.10 

64 1.37 22.73 
65 1.40 17.93 
66 1.42 11.54 
67 1.45 16.97 
68 1.48 18.88 
69 1.50 17.57 
70 1.55 15.74 
71 1.58 8.95 
72 1.60 18.94 
73 1.62 16.53 

74 1.66 16.45 
75 1.68 17.20 
76 1.70 19.32 
77 1.72 10.10 
78 1.76 20.20 
79 3.28 0.07 
80 1.81 15.62 
81 1.83 13.81 
82 1.85 11.48 
83 1.87 16.38 

84 1.90 15.15 
85 1.97 11.71 

N Time 
(mi n) 

v 
(c M/ mi n) 

86 1.99 11.44 
87 2.03 16.44 
88 2.18 10.01 
89 2.20 14.46 
90 2.26 9.85 
91 2.30 11.07 
92 2.41 il. 20 
93 2.47 12.00 
94 2.50 11.16 
95 2.56 10.29 

96 2.59 12.54 
97 2.62 9.54 
98 2.66 12.24 
99 2.74 10.58 

100 2.77 11.51 
101 2.81 5.36 
102 2.85 8.48 
103 2.88 10-96 
104 2.93 8.59 
105 2.98 10.49 

106 3.03 9.32 
107 3.07 4.83 
108 3.12 7.91 
109 3.15 8.81 
110 3.31 6.89 
Ill 3.36 4.78 
112 3.42 8.35 
113 3.48 6.49 
114 3.55 5.92 
115 3.59 7.49 

116 3.68 5.43 
117 3.74 7.58 
118 3.80 6.60 
119 3.97 5.59 
120 4.03 3.31 
121 4.09 4.62 
122 4.19 7.05 
123 4.26 5.37 
124 4.67 5.86 
125 4.75 3.70 

126 4.88 4.02 
127 5.01 5.14 
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Table A36: Raw data for velocity of ascending particles within clear- 

fluid channel at height H=4 cm , Co=O. l ( section 5-3-1-1) 

N Time 
(mi n) 

v 
(cm/min) 

1 0.03 19.13 
2 0.05 43.73 
3 0.07 12.81 
4 0.08 24.26 
5 0.09 38,27 
6 0.09 32.41 
7 0.11 38.27 
8 0.14 40.82 
9 0.14 34.99 

10 0.15 36.73 

11 0.17 42.67 
12 0.18 40.82 
13 0.18 33.24 
14 0.19 38.00 
15 0.71 0.18 
16 0.23 37.11 
17 0.26 40.82 
18 0.28 26.02 
19 0.29 38.27 
20 0.30 38.48 

21 0.31 34.99 
22 0.32 40.82 
23 0.36 33.09 
24 0.38 37.17 
25 0.41 34.21 
26 0.42 31.40 
27 0.44 30.61 
28 0.49 36.73 
29 0.50 33.09 
30 0.51 30.61 

31 0.52 32.14 
32 0.53 33.40 
33 0.55 34.99 
34 0.57 33.40 
35 0.58 23.55 
36 0.59 30.61 
37 0.60 28.06 
38 0.61 33.09 
39 0.62 31.54 
40 0.62 29.22 

41 0.65 32.97 
42 0.67 29.00 
43 0.69 34.99 
44 0.72 30.61 
45 0.75 27.83 
46 0.76 24.99 
47 0.78 33.24 
48 0.80 24.49 
49 0.83 34.99 
50 0.84 29.15 

N Time 
(mi n) 

v 
(c m/ mi n) 

51 0.87 23.10 
52 0.88 29.22 
53 0.90 29.34 
54 0.92 29.22 
55 0.93 24.49 
56 0.93 25.51 
57 0.95 30.61 
58 0.97 24.49 
59 0.99 22.56 
60 0.99 34.37 

61 1.01 29.06 
62 1.02 27.21 
63 1.05 19.33 
64 1.09 21.24 
65 1.11 27.83 
66 1.12 23.65 
67 1.13 26.02 
68 1.14 21.68 
69 1.16 26.44 
70 1.17 20.41 

71 1.19 23.10 
72 1.20 25.05 
73 1.21 17.81 
74 1.22 23.13 
75 1.24 26.05 
76 1.25 22.26 
77 1.26 24.49 
78 1.28 26.79 
79 1.30 23.65 
80 1.30 22.96 

81 1.32 26.44 
82 1.34 24.01 
83 1.35 23.10 

85 1.42 23.38 
86 1.44 19.44 
87 1.46 19.13 
88 1.48 24.73 
89 1.50 22.63 
90 1.51 15.31 

91 1.52 25.97 
92 1.53 19.13 
93 1.55 20.06 
94 1.57 16.26 
95 1.58 23.92 
96 1.60 17.49 
97 1.63 18.01 
98 1.65 22.00 
99 1.68 22.26 

100 j 69 15.08 

N Time 
(mi n) 

v 
(cm/min) 

101 3.22 0.08 
102 1.74 23.85 
103 1.76 20.97 
104 1.78 21.68 
105 1.81 20.97 
106 1.83 19.39 
107 1.84 16.26 
108 3.36 -0.05 
109 1.88 17.35 
110 1.91 22.00 

ill 1.92 16.26 
112 1.95 15.50 
113 1.96 16.27 
114 1.99 16.26 
115 2.01 18.18 
116 2.04 20.41 
117 2.07 M 21 
118 2.11 16.57 
119 2.14 19.44 
120 2.15 15.31 

121 2.19 20.41 
122 2.22 15.50 
123 2.25 12.76 
124 2.28 15.31 
125 2.33 16.33 
126 2.37 21.43 
127 2.41 17.14 
128 2.45 14.26 
129 2.48 17.64 
130 2.51 13.17 

131 2.53 17.60 
132 2.56 18.18 
133 2.58 17.64 
134 2.60 18.55 
135 2.62 14.19 
136 2.66 18.01 
137 2.67 14.45 
138 2.70 17.01 
139 2.73 10.77 
140 2.76 12.37 

141 2.78 8.50 
142 2.81 15.50 
143 2.84 16.77 
144 2.89 16.77 
145 2.91 11.34 
146 2.93 13.91 
147 2.95 13.61 
148 2.97 9.98 
149 2.98 15.68 
150 3.00 15.11 
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Table A36: Raw data for velocity of ascending particles within clear- 
fluid channel at height H=4 cm , Co=O. l ( section 5-3-1-1) 

N Time 
(min) 

v 
(cm/min) 

151 3.02 18.60 
152 3.05 13.89 
153 3.08 15.31 
154 3.09 16.21 
155 3.15 6.17 
156 3.19 14.82 
157 3.25 13.46 
158 3.26 17.01 
159 3.29 16.17 
160 3.31 14.58 

161 3.33 8.39 
162 3.36 15.68 
163 3.39 11.13 
164 3.41 8.50 
165 3.45 13.61 

N Time 
(min) 

v 
(cm/min) 

166 3.47 13.04 
167 3.49 13.31 
168 3.30 0.40 
169 3.56 11.75 
170 3.61 15.31 
171 3.64 14.18 
172 3.68 11.85 
173 3.71 13.17 
174 3.74 6.80 
175 3.77 13.91 

17b 3.82 10.70 
177 3.84 13.17 
178 3.88 10.52 
179 3.93 7.05 

N Time 
(mi n) 

v 
(cm/min) 

] 

180 3.98 7.41 
181 4.01 9.28, 
182 4.06 il. 48 
183 4.09 7.70 
184 4.12 10-80 
185 4.18 6.25 
186 4.21 5.19 
187 4.29 7.48 
188 4.34 11.85 
189 4.36 7.52 

190 4.42 10-86 
191 4.48 6.49 
192 4.52 4.91 
193 4.69 4.43 
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Table A37: Raw data for velocity of ascending particles within clear- 

fluid channel at height H=5 cm , Co=0.1 ( section 5-3-1-1) 

N Time 
(mi n) 

v 
(cm/min) 

1 0.02 10.40 
2 0.04 31.72 
3 0,05 37.11 
4 0.08 46.39 
5 0.10 39.91 
6 0.11 43.53 
7 0.12 4 2. b co 
8' 0.13 41.24 
9 0.15 41.24 

10 0.19 39.36 

11 0.20 41.24 
12 0.21 44.79 
13 0.23 41.24 
14 0.25 41.97 
15 0.25 45.89 
16 0.27 39.91 
17 0.28 44.54 
18 0.29 44.79 
19 0.29 44,18 
20 0.30 37.49 

21 0.31 47.58 
22 0.32 33.74 
23 0.33 37.11 
24 0.35 39.36 
25 0.36 37.49 
26 0.36 44.18 
27 0.37 43.90 
28 0.38 45.20 
29 0,39 39.36 
30 0.41 39.36 

31 0.42 43.90 
32 0.44 37.49 
33 0.45 39.91 
34 0.46 47.58 
35 0.46 39.36 
36 0.48 41.90 
37 0.50 37.49 
38 0.51 37.11 
39 0.52 45.36 
40 0.53 35.35 

41 0.55 37.49 
42 0.56 33.74 
43 0.57 38.88 
44 0.58 37.49 
45 0.60 26.32 
46 0.61 37.80 
47 0.62 39.91 
48 0.64 36.78 
49 0.65 39.91 
50 0.67 36.08 

N Time 
(mi n) 

v 
(CM/ Imi n) 

51 0.68 37.49 
52 0.59 29.52 
53 0.73 40.53 
54 0.77 34.36 
55 0.79 35.35 
56 0.79 35.35 
57 0.80 36.08 
58 0.81 29.45 
59 0.82 32.33 
60 0.83 30.93 

61 0.85 29.52 
62 0.87 35.61 
63 0.88 37.11 
64 0.89 30.93 
65 0.91 26.89 
66 0.92 39.91 
67 0.93 26.71 
68 0.96 31.72 
69 0.97 34.36 
70 0.98 34.36 

71 0.99 32.56 
72 1.00 30.93 
73 1.01 34.18 
74 1.02 33.31 
75 1.03 29.52 
76 1.04 24.42 
77 1.05 38.88 
78 1.06 33.58 
79 1.08 35.61 
80 1.09 32.47 

81 1.09 33.74 
82 1.12 32.33 
83 1.13 28.12 
84 1.14 33.58 
85 1.15 32.47 
86 1.16 27.84 
87 1.18 35.11 
88 1.19 32.47 
89 1.21 28.35 
90 1.22 30.93 

91 1.23 34.89 
92 1.25 26.51 
93 1.26 28.12 
94 1.28 32.40 
95 1.2a 34.36 
96 1.30 32.65 
97 1.30 31.72 
98 1.31 35.57 
99 1.32 26.51 

100 1.34 34.36 

NI Time 
(mi n) 

V 
(c m/ mi n) 

101 1.36 30.93 
102 1.38 26.51 
103 1.40 27.77 
104 1.41 26.71 
105 1.42 28.12 
106 1.43 21.91 
107 1.45 37.49 
108 1.46 30.93 
109 1.48 20.30 
110 1.49 28.12 

ill 1.51 29.52 
112 1.52 25,55 
113 1.53 23.34 
114 1.55 30.93 
115 1.58 28.12 
116 1.60 30.93 
117 1.63 26.32 
118 1,64 25.77 
119 1.66 22.91 
120 1.67 27.49 

121 1.69 30.93 
122 1.70 28.24 
123 1.71 28.12 
124 1.72 23.34 
125 1.74 28.12 
126 1.75 28.87 
127 1.76 28.12 
128 1.79 26.32 
129 1.80 29.52 
130 1.81 28.24 

131 1.82 26.32 
132 1.85 35.35 
133 1.87 26.17 
134 1.89 26.89 
135 1.91 23.51 
136 1.92 23.34 
137 1.93 29.46 
138 1.95 30.13 
139 1.96 26.51 
140 1.97 14.39 

141 1.98 20.97 
142 2.01 19.92 
143 2.03 21.65 
144 2.04 25.25 
145 2.07 23.87 
146 2.08 23.34 
147 2.09 26.89 
148 2.11 22.49 
149 2.12 25.77 
150 2.13 25.47 
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Table A37: Raw data for velocity of ascending particles within clear- 
fluid channel at height H=5 cm , Co=O. l ( section 5-3-1-1) 

N Time 
(mi n) 

v 
(c in/ mi n) 

151 2.14 25.38 
152 2.16 25.77 
153 2.18 20.28 
154 2.19 22.72 
155 2.21 28.12 
156 2.23 22.40 
157 2.25 28.12 
158 2.26 23.90 
159 2.30 29.46 
160 2.31 24.51 

161 2.33 25.25 
162 2.35 15.27 
163 2.37 19.33 
164 2.38 19-95 
165 2.40 20.97 
166 2.42 23.62 
167 2.44 20.62 
168 2.47 23.34 
169 2.49 22.49 
170 2.50 24.51 

171 2.51 8.38 
172 2.53 17-67 
173 2.55 24.74 
174 2.56 19.33 

N Time 
(min) 

v 
(cm/min) 

177 2.67 19.33 
178 2.69 22.49 
179 2.72 22.79 
180 2.72 19.92 
181 2.75 14.90 
182 2.77 20.28 
183 2.78 24.26 
184 2.80 17.03 
185 2.83 23.34 
186 2.84 22.49 

187 2.86 20.62 
188 2.88 17.42 
189 2.91 18.19 
190 2.94 22.02 
191 2.97 21.70 
192 2.98 14.73 
193 3.01 18.74 
194 3.02 17.67 
195 3.04 21.70 
196 3.07 12.71 

197 3.10 20.62 
198 3.12 8.17 
199 3.13 20.62 

N Time 
(min) 

v 
(cm/min) 

202 3.21 15.46 
203 3.22 16.37 
204 3.24 13.75 
205 3.25 20.34 
206 3.27 7.73 
207 3.31 18-19 
208 3.33 20.62 
209 3.34 20.97 
210 3.36 15.46 
211 3.40 8.16 

212 3.45 16.49 
213 3.55 18.87 
214 3.58 15.82 
215 3.61 16.40 
216 3.63 13.31 
217 3.65 14.40 
218 3.68 6.92 
219 3.72 15.46 
220 3.77 5.75 
221 3.85 13.30 

222 3.89 14.95 
223 3.91 10.64 
224 3.95 4.91 
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Table A38: Raw data for velocity of ascending particles within clear- 

fluid channel at height H=6 cm , Co=O. l ( section 5-3-1-1) 

N Time 
(mi n) 

v 
(cm/min) 

1 0.04 11.60 
2 0.05 28.12 
3 0.05 24.98 
4 0.08 32.47 
5 0.09 29.52 
6 0.10 42.66 
7 0.12 41.24 
8 0.12 44.54 
9 0.13 45.20 

10 0.14 41.97 

11 0.16 49.06 
12 0.17 45.36 
13 0. ia 50.40 
14 0.19 46.92 
15 0.21 42.66 
16 0.22 42.66 
17 0.23 44.18 
18 0.24 45.89 
19 0.25 50.61 
20 0.27 41.24 

21 0.29 50.81 
22 0.32 44.79 
23 0.3ý 38.20 
24 0.34 46.39 
25 0.35 35.57 
26 0.37 44.79 
27 0.39 35.35 
28 0.44 42.42 
29 0.45 48.11 
30 0.46 40.53 

31 0.47 43.11 
32 0.49 39.91 
33 0.50 47.58 
34 0.51 35.35 
35 0.53 41.24 
36 0.54 42.82 
37 0.38 30.93 
38 0.40 35.01 
39 0.55 37.91 
40 0.56 39.36 

41 0.57 45.89 
42 0.58 49.96 
43 0.60 38.88 
44 0.61 42.66 
45 0.63 39.91 
46 0.66 44.34 
47 0.68 39.91 
48 0.70 31.99 
49 0.71 51.55 
50 0.73 42.66 

N Time 
(mi n) 

v 
(cm/min) 

51 0.74 45.20 
52 0.74 39.36 
53 0.75 36.26 
54 0,76 41.90 
55 0,77 29.93 
56 0,78 43.11 
57 0.80 44.18 
58 0.82 37.49 
59 0.84 41.90 
60 0.85 41.24 

61 0.85 31.81 
62 0.87 32.40 
63 0.90 41.90 
64 0.91 36.78 
65 0.94 36.26 
66 0.95 41.24 
67 0.97 43.82 
68 0.98 35.35 
69 0.99 33.44 
70 1.00 38.21 

71 1.00 39.36 
72 1.02 39.36 
73 1.03 26.51 
74 1.05 37.11 
75 1.07 43.30 
76 1.09 39.36 
77 1.11 38,88 
78 1.12 31.62 
79 1.12 36.08 
80 1.14 37.49 

81 1.15 31.87 
82 1.15 37.49 
83 1.18 38.39 
84 1.19 36.39 
85 1.20 31.72 
86 1.23 33.58 
87 1.24 36.78 
88 1.25 37.56 
89 1.27 34.36 
90 1.28 35.35 

91 1.29 37.49 
92 1.30 39.91 
93 1.31 37.11 
94 1.33 39.18 
95 1,36 25.25 
96 1.37 41.90 
97 1.38 36.26 
98 1.39 42.66 
99 1.40 34.36 

100 1.41 30.93 

N Time 
(min) 

v 
(cm/min) 

101 1.42 35.35 
102 1.44 22.20 
103 1.45 37.49 
104 1.45 41.24 
105 1.47 42.66 
106 1.48 33.74 
107 1.49 32.65 
108 1.50 35.35 
109 1.51 37.11 
110 1.55 35.61 

111 1.56 35.35 
112 1.57 36.48 
113 1.58 37.49 
114 1.59 35.35 
115 1.61 23.20 
116 1.62 35.35 
117 1.63 32.47 
118 1.64 28.12 
119 2.61 9.99 
120 2.66 8.10 

121 1.69 37.11 
122 1.70 35.35 
123 1.71 32.56 
124 1.73 32.56 
125 1.74 27.49 
126 1.75 28.55 
127 1.76 37.80 
128 1.78 33.74 
129 1.80 33.31 
130 1.81 30.93 

131 1.83 35.35 
132 1.85 19.33 
133 1.86 35.35 
134 1.87 30.93 
135 1.89 27.84 
136 1.90 36.08 
137 1.91 37.11 
138 1.95 34.02 
139 1.97 33.58 
140 1.99 29.52 

141 2.00 29.46 
142 2.02 30.93 
143 2.04 29.46 
144 2.04 29.52 
145 2.06 28.12 
14rD 2.08 24.74 
147 2.08 25.77 
148 2.10 28.12 
149 2.11 29.52 
150 2.13 21.21 
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Table A38: Raw data for velocity of ascending particles within clear- 
fluid channel at height H=6 cm , Co=O. l ( section 5-3-1-1) 

N Time 
(mi n) 

v 
(cm/min) 

151 2.14 28.12 
152 2.16 30.13 
153 2.17 24.51 
154 2.18 30.93 
155 2.19 26.71 
156 2.20 29.52 
157 2.22 19.20 
158 2.25 29.00 
159 2.27 27.29 
160 2.28 31.49 

161 2.29 24.30 
162 2.32 22.31 
163 2.33 25.60 
164 2.35 26.94 
165 2.37 29.00 
166 2.38 26.84 
167 2.40 27.06 
168 2.43 22.49 
169 2.44 18.19 
170 2.46 28.12 

171 2.48 27.06 
172 2.53 53.33 
173 2.54 27.93 
174 2.58 25.42 

N Time 
(mi n) 

v 
(cm/min) 

175 2.59 24.53 
176 2.61 22.23 
177 2.64 23-62 
178 2.65 18.83 
179 2.66 16.80 
180 7.12 5.30 
181 7.19 5.61 
182 2.72 22.49 
183 2.73 23.94 
184 2.75 23-34 

185 2.78 16-00 
186 2.80 15.73 
187 2.82 19.49 
188 2.84 25.98 
189 2.86 18.19 
190 2.88 22.68 
191 2.89 15.24 
192 2.92 24.16 
193 2.94 23.06 
194 2.95 11.25 

195 2.97 28-12 
196 3.02 21.37 
197 3.07 24.74 

N Time 
(min) 

v 
(cm/min) 

198 3.09 16.34 
199 3.13 11.65 
200 3.14 19.76 
201 3.16 10.54 
202 3.19 15.82 
203 3.21 7.40 
204 3.26 6.95 
205 3.29 19.68 
206 3.36 15.66 
207 3.44 13.20 

208 3.53 11.97 
209 3.54 15.73 
210 3.59 4.03 
211 3.69 7.50 
212 3.71 9.10 
213 3.77 4.45 
214 3.81 4,69 
215 1.65 35.35 
216 1.67 32.47 
217 1.68 34.18 

218 2.67 18.19 
219 2.68 17.67 
220 2.70 23.43 
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Table A39: Raw data for velocity of ascending particles within clear- 

fluid channel at height H= 7 cm , C,, =O. l ( section 5-3-1-1 ) 

N Time 
(mi n) 

v 
(cm/min) 

1 0.01 32,39 
2 0.02 36.09 
3 0.03 34.90 
4 0.04 42.11 
5 0.05 28.95 
6 0.06 40,19 
7 0.07 27.27 
8 0.08 40.35 
9 0.10 51.88 

10 0.10 G5.59 

11 0.11 57.42 
12 0.12 45.47 
13 0.13 50.09 
14 0.13 52.63 
15 0.14 38.71 
16 0.15 47.37 
17 0.15 52.53 
18 0.16 52.63 
19 0.17 45.74 
20 0.17 45.73 

21 0.1B 53.05 
22 0.19 50.53 
23 0.20 52.53 
24 0.22 56.84 
25 0.22 63.16 
26 0.23 21.05 
27 0,24 55.87 
28 0.25 46.94 
29 0.26 50.00 
30 0.27 50.09 

31 0.28 52.63 
32 0,29 42.78 
33 0.30 46.78 
34 0.31 51.46 
35 0.31 47.91 
36 0.33 52.63 
37 0.33 47.37 
38 0.34 50.09 
39 0.34 52.63 
40 0.35 51.01 

41 0.36 50.53 
42 0.37 50,00 
43 0.38 47.91 
44 0.39 49.62 
45 0.39 48.00 
46 0.40 '47.91 
47 0.41 39.47 
48 0.41 43.56 
49 0.42 49.62 
50 0.43 40.19 

N Time 
(min) 

v 
(cm/min) 

51 0.44 40.75 
52 0.45 38.28 
53 0.46 49.12 
54 0.47 45.93 
55 0.48 49.62 
56 0.49 47.37 
57 0.50 51.46 
58 0.51 48.00 
59 0.53 52.63 
60 0.53 39.77 

61 0.55 47.37 
62 0.55 45.93 
63 0.56 41.38 
64 0.57 45.93 
65 0.58 44.82 
66 0.59 39.70 
67 0.60 45.93 
68 0.61 47.37 
69 0.62 57.67 
70 0.63 47.37 

71 0.64 40.75 
72 0.65 43.56 
73 0,65 47.37 
74 0.66 38.28 
75 0.67 40.75 
76 0.68 38.28 
77 0.68 51.01 
78 0.69 48.58 
79 0.70 47.37 
80 0.71 46.78 

81 0.71 51.01 
82 0.72 30.68 
83 0.73 42.86 
84 0.74 40.75 
85 0.75 39.70 
86 0.76 52.63 
87 0.88 40.75 
88 0.77 51.01 
89 0.90 44.82 
90 0.91 43.72 

91 0.91 42.78 
92 0.92 45.73 
93 0.93 46.78 
94 0.94 42.86 
95 0.95 36.09 
96 0.96 34.14 
97 0.97 33-16 
98 0.98 39.70 
99 0.99 46.78 

100 1.00 52.63 

N Time 
(mi n) 

v 
(cm/min) 

101 1.01 38.60 
102 1.03 42.11 
103 1.03 42.95 
104 1.05 42.78 
105 1.06 42.86 
106 1.07 37.15 
107 1.09 40.75 
108 1.11 44.82 
109 1.12 40.75 
110 1.13 35.29 

Ill 1.14 36.84 
112 1.16 44.21 
113 1.16 41.38 
114 1.18 32.84 
115 1.19 40.19 
115 1.19 43.56 
117 1.20 38.28 
118 1.21 41.38 
119 1.23 34.14 
120 1.25 39.70 

121 1.26 35.63 
122 1.26 42.86 
123 1.28 37.02 
124 1.30 45.11 
125 1.31 37.55 
126 1.32 38.28 
127 1.33 37.90 
128 1.35 42.11 
129 1.36 47.37 
130 1.37 38.28 

131 1.38 39.70 
132 1.39 42.11 
133 1.40 42.11 
134 1.41 38.28 
135 1.42 38.28 
136 1.42 36.09 
137 1.44 36.57 
138 1.45 37.89 
139 1.46 40.75 
140 1.50 48.58 

141 1.51 41.50 
142 1.52 38.28 
143 1.53 34.14 
144 1.53 40.75 
145 1.54 43.72 
146 1.55 36.36 
147 1.56 46.15 
148 1.57 42.11 
149 1.58 41.38 
150 1.59 36.09 

-245- 



Table A39: Raw data for velocity of ascending particles within clear- 
fluid channel at height H= 7 cm , Co=O. 1( section 5-3-1-1 ) 

N Time 
(min) 

v 
(cm/min) 

151 1.59 34.90 
152 1.60 39.70 
153 1.62 37.55 
154 1.62 33.16 
155 1.65 36.09 
156 1.66 42.11 
157 1.67 35.09 
158 1.68 35.85 
159 1.69 23.11 
160 1.69 40.75 

161 1.70 35.09 
lt2 1.71 31.58 
163 1.73 34.45 
164 1.74 35.09 
165 1.75 36.57 
166 1.76 31.58 
167 1.77 31.58 
168 1.79 33.16 
169 1.80 31.58 
170 1.82 36.09 

171 1.83 40.19 
172 1.84 28.71 
173 1.86 28.71 
174 1,87 24.77 
175 1.89 34.59 
176 1.91 34.45 
177 1.93 36.09 
178 1.94 33.165 
179 1.94 34.90 
180 1.95 27.07 

181 1.97 37.89 
182 1.98 28.71 

N Time 
(mi n) 

v 
(cm/min) 

183 1.99 31.58 
184 2.00 33.33 
185 2.01 32.48 
186 2.02 28.71 
187 2.04 38-50 
188 2.05 25.78 
189 2.06 34.14 
190 2.07 25.26 
191 2.09 35.09 
192 2.11 22.11 

193 2.13 18.95 
194 2.13 28.71 
195 2.15 25.78 
196 2.17 30.14 
197 2.18 30.26 
198 2.19 31.58 
199 2.20 34.74 
200 2.23 25.00 
201 2.25 31.58 
202 2.26 22.56 

203 2.27 26.53 
204 2.29 17.54 
205 2.30 25.78 
206 2.32 26.88 
207 2.33 31.58 
208 2.35 26.88 
209 2.36 33.16 
210 2.37 31.58 
211 2.38 17.68 
212 2.40 27.27 

213 2.43 14.69 

N Time 
(mi n) 

v 
(cm/min) 

214 2.45 19.74 
215 2.48 15.04 
216 2.50 25.26 
217 2.51 18.31 
218 2.53 20.71 
219 2.54 23.68 
220 2.57 22.07 
221 2.59 18.36 
222 2.60 18.31 
223 2.62 27.83 

224 2.64 26.64 
225 2.65 28.42 
226 2.67 23.27 
227 2.69 18.62 
228 2.71 16.06 
229 2.72 14.76 
230 2.76 16.00 
231 2.77 20.72 
232 2.79 16.51 
233 2.80 18.75 

234 2.83 13.59 
235 2.85 14.65 
236 2.86 18.51 
237 2.89 11.40 
238 2.92 21.36 
239 2.93 20.53 
240 2.9f) 17.68 
241 2.99 18.34 
242 3.02 19.90 
243 3.06 8.61 

244 3.14 9.34 
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Table A40: Raw data for velocity of ascending particles within clear- 
fluid channel at height H=8 cm , Co=O. l ( section 5-3-1-1) 

N Time 
(mi n) 

v 
(cm/min) 

1 0.00 21.91 
2 0.07 -2.46 
3 0.03 26.32 
4 0.04 34,14 
5 0.04 28.25 
6 0.05 37.89 
7 0.06 43.56 
8 0.07 43.72 
9 0.07 23.68 

10 0.09 34.14 

11 0.09 45.74 
12 0.10 43.56 
13 0.11 52.63 
14 0.13 50.53 
15 0.15 63.16 
16 0.16 55.26 
17 0.16 47.91 
18 0.18 47.37 
19 0.19 52.63 
20 0.19 55.26 

21 0.20 40.19 
22 0.21 52.63 
23 0.21 53.05 
24 0.22 52,63 
25 0.23 53.05 
26 0.24 52.63 
27 0.24 57.89 
28 0.25 60.29 
29 0.26 56.14 
30 0.27 60.29 

31 0.28 55.26 
32 0.29 50.09 
33 0.30 50.09 
34 0.32 55.26 
35 0.34 63-16 
36 0.37 52-63 
37 0.40 54.14 
38 0.40 50.53 
39 0.41 63.16 
40 0.42 55.26 

41 0.44 52.63 
42 0.44 31.58 
43 0.46 56.84 
44 0.47 53.68 
45 0.49 63.16 
46 0.51 55.26 
47 0.52 52-63 
48 0.53 45.11 
49 0.54 53-80 
50 0.57 45.74 

N Time 
(mi R) 

v 
(cm/min) 

51 0.58 57.42 
52 0.59 40.75 
53 0.63 50.53 
54 0.65 44.74 
55 0.66 47.91 
56 0.68 44.44 
57 0.68 52.17 
58 0.69 26.32 
59 0.70 40.75 
60 0.71 48.58 

61 0.71 39.20 
62 0.72 43.56 
63 0.75 45.11 
64 0.75 50.09 
65 0.77 40.75 
66 0.78 53.44 
67 0.78 52.63 
68 0.79 40.75 
69 0.81 36.84 
70 0.83 47.91 

71 0.86 70.17 
72 0.87 50.00 
73 0.89 40.75 
74 0.90 52.63 
75 0.92 28.07 
76 0.92 41.50 
77 0.93 34.90 
78 0.94 46.86 
79 0.95 42.78 
80 0.97 38.28 

81 0.98 43.56 
82 0.98 46.78 
83 1.00 51.88 
84 1.00 42.10 
85 1.02 50.00 
86 1.03 45.11 
87 1.04 45.73 
88 1.05 47.91 
89 1.08 43.56 
90 1.08 42.11 

91 1.09 51.01 
92 1.11 40.75 
93 1.11 46.86 
94 1.12 44.02 
95 1.13 37.90 
96 1.14 36.84 
97 1.15 28.71 
98 1.16 40.19 
99 1.18 42.10 

100 1.19 31.58 

N Time 
(mi n) 

v 
(cm/min) 

101 1.20 52.63 
102 1.20 41.50 
103 1.22 51.21 
104 1.23 47.37 
105 1.24 34.14 
106 1.26 28.31 
107 1.27 40.75 
108 1.27 66.48 
109 1.29 40.75 
110 1.32 46.32 

ill 1.33 40.75 
112 1.35 44.44 
113 1.36 43.56 
114 1.38 47.91 
115 1.39 43.56 
116 1.40 42.78 
117 1.41 40.19 
118 1.42 37.89 
119 1.45 36.09 
120 1.45 44.82 

121 1.46 35.09 
122 1.47 47.91 
123 1.48 30.14 
124 1.50 37.89 
125 1.51 42.10 
126 1.52 43.56 
127 1.54 17.79 
128 1.56 31.58 
129 1.58 36.09 
130 1.64 48.90 

131 1.66 36.56 
132 1.66 38.28 
133 1.68 35.85 
134 1.69 36.36 
135 1.71 37.59 
136 1.72 31.58 
137 1.73 28.22 
138 1.42 0.31 
139 1.76 43.73 
140 1.78 28.71 

141 1.79 32.39 
142 1.80 21.05 
143 1.81 28.71 
144 1.82 40.75 
145 1.83 38.28 
146 1.84 43.56 
147 1.85 31.58 
148 1.86 34.90 
149 1.89 30.14 
150 1.91 30.08 
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Table A40: Raw data for velocity of ascending particles within clear- 
Luid 

chanuel at height H=8 cm , Co=0.1 ( section 5-3-1-1) 

N Time 
(mi n) 

v 
(cm/min) 

151 1.92 24.11 
152 1.93 24.77 
153 1.94 36.09 
154 1.95 34.01 
155 1.96 25.78 
156 1.97 38.28 
157 1.99 22.16 
158 2.00 25.78 
159 2.01 34.01 
160 2.02 35.09 

161 2.03 32.25 
162 2.06 27.46 
163 2.07 21.05 
164 2.09 34.01 
165 2.10 20.67 
166 2.11 34.01 
167 2.12 28.95 

N Time 
(min) 

v 
(cm/min) 

168 2.13 31.58 
169 2.15 34.74 
170 2.16 28.42 
171 2.17 28.42 
172 2.19 27.25 
173 2.22 22.97 
174 2.24 23.68 
175 2.26 27.63 
176 2.27 32.54 
177 2.30 38.87 

178 2.31 20.72 
179 2.34 26.53 
180 2.35 26.32 
181 2.37 31.58 
182 2.39 23.68 
183 2.41 30.77 

N Time 
(min) 

v 
(cm/min) 

184 2.42 26.32 
185 2.44 23.16 
186 2.45 27.27 
187 2.47 14.18 
188 2.49 25.05 
189 2.50 16.62 
190 2.51 15.79 
191 2.53 21.05 
192 2.55 21.78 
193 2.5§ 12.92 

194 2.60 10.85 
195 2.64 12.76 
196 2.66 21.05 
197 2.69 4.51 
198 2.73 4.56 
199 2.78 11.78 
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Table A41: Raw data for velocity of ascending particles within clear- 

fluid channel at height H= 9 cm , Co=O. l ( section 5-3-1-1 ) 

N Time 
(mi n) 

v 
(cm/min) 

1 0.02 15.42 
2 0.04 23.58 
3 0.07 25.94 
4 0.08 37.88 
5 0.08 45.26 
6 0.09 32.09 
7 0.09 52.08 
8 0,10 54.69 
9 0.11 49.57 

10 0.12 52.50 

11 0.13 45.26 
12 0.14 57.29 
13 0.15 56.25 
14 0.16 52.08 
15 0.17 43.10 
16 0.18 52.08 
17 0.19 47.41 
18 0.20 57.29 
19 0.21 50.00 
20 0.23 51.72 

21 0.24 57.29 
22 0.25 52.50 
23 0.26 62.50 
24 0.26 53,12 
25 0.27 54.35 
26 0.29 52.08 
27 0.29 47.41 
28 0.30 69-08 
29 0.31 56.25 
30 0.32 59.90 

31 0.34 62.50 
32 0.35 54.69 
33 0.36 51.34 
34 0.37 59.37 
35 0.38 50.00 
36 0.39 55.56 
37 0.40 71.02 
38 0.42 57.69 
39 0.43 54.69 
40 0.44 52.08 

41 0.44 54.69 
42 0.45 34.23 
43 0.46 59.90 
44 0.48 43.10 
45 0.50 40.32 
46 0.50 59.90 
47 0.51 50.00 
48 0.52 56.82 
49 0.53 43.10 
50 0.54 52.08 

N Time 
(mi n) 

v 
(cm/min) 

51 0.55 89.29 
52 0.55 56.25 
53 0.57 62.50 
54 0.57 48.61 
55 0.59 48.08 
56 0.60 46.88 
57 0.62 51.14 
58 0.63 54.69 
59 0.63 49.57 
60 0.64 45.26 

61 0.66 42.28 
62 0.67 52.88 
63 0.69 57.87 
64 0.70 53.24 
65 0.71 45.26 
66 0.72 52.08 
67 0.74 45.67 
68 0.74 52.08 
69 0.75 49.57 
70 0.76 34.38 

71 0.77 52.08 
72 0.78 46.30 
73 0.79 50.00 
74 0.80 46.87 
75 0.81 53.57 
76 0.82 51.34 
77 0.83 57.50 
78 0.84 53.13 
79 0.85 51.72 
80 0.86 54.69 

81 0.86 11.03 
82 0.87 56.82 
83 0.88 49.57 
84 0.89 39.29 
85 0.90 52.08 
86 0.91 47.41 
87 0.92 62.50 
88 0.93 52.08 
89 0.94 47.50 
90 0.94 56.82 

91 0.95 56.82 
92 0.95 54.69 
93 0.97 52.08 
94 0,98 48.08 
95 0.99 53.57 
96 1.00 47.41 
97 1.01 41.67 
98 1.02 62.50 
99 1.03 45.26 

100 1.04 50.93 

N Time 
(min) 

v 
(cm/min) 

101 1.04 44.64 
102 1.05 51.72 
103 1,07 31.25 
104 1.08 62.50 
105 1.09 53.57 
106 1.10 49-57 
107 1.11 45.26 
108 1.12 51.34 
109 1.12 56.82 
110 1.14 55.00 

ill 1.14 50.00 
112 1.17 45.26 
113 1.18 49.11 
114 1.20 35.47 
115 1.21 48-08 
116 1.22 54-69 
117 1.23 29.83 
118 1.24 46.88 
119 1.25 47.41 
120 1.25 48.08 

121 1.27 43.10 
122 1.30 40.32 
123 1.31 56.82 
124 1.31 46.30 
125 1.33 39.77 
126 1.34 45.26 
127 1.34 42.41 
128 1.35 50.93 
129 1.37 32.81 
130 1.38 52.08 

131 1.39 46.37 
132 1.40 48.08 
133 1.41 45.26 
134 1.45 41.67 
135 1.50 44.64 
136 1.51 42.34 
137 1.52 41.07 
138 1.53 43.10 
139 1.53 40.32 
140 1.55 48.08 

141 1.56 41.67 
142 1.57 35.26 
143 1.57 44.64 
144 1.58 28.27 
145 1.59 31.25 
146 1.61 28.13 
147 1.62 21.74 
148 1.63 37-50 
149 1.65 39.77 
150 1,66 37.50 
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Table A41. Raw data for velocity of ascending particles within clear- 
fluid channel at height H= 9 cia , Co=O. 1( section 5-3-1-1 ) 

N Time 
(min) 

v 
(cm/min) 

151 1.67 48.08 
152 1.68 39.29 
153 1.59 25.51 
154 1.71 46.30 
155 1.73 29.76 
156 1.76 37.88 
157 1.77 31.25 
158 1.79 33.78 
159 1.80 33.78 
160 1.81 32.05 

161 1.82 35.98 
162 1.84 37.50 
163 1.86 21.19 
164 1.87 35.71 

N Time 
(mi n) 

v 
(cm/min) 

165 1.88 37.88 
166 1.89 35.47 
167 1.90 28-27 
168 1.91 28.27 
169 1.92 34.72 
170 1.93 37.50 
171 1.96 31.25 
172 1.97 37.88 
173 2.00 12.75 
174 2.04 28.69 

175 2.05 24.12 
176 2.07 30.70 
177 2.08 24.19 

N Time 
(mi n) 

v 
(cm/min) 

178 2.10 28.30 
179 2.13 18.49 
180 2.13 24.65 
181 2.14 19.17 
182 2.16 17.97 
183 2.17 25.22 
184 2.20 11.72 
185 2.21 21.59 
186 2.22 23.57 
187 2.25 11.13 

188 2.27 12.50 
189 2.29 11.68 
190 2.31 12.31 
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Table A42: Raw data for velocity of ascending particles within clear- 

fluid channel at height H= 10 cm , Co=O. l ( section 5-3-1-1 ) 

N Time 
(mi n) 

v 
(cm/ mi n) 

1 0.01 8.79 
2 0.02 11.92 
3 0.08 24.29 
4 0.09 48.58 
5 0.10 33.33 
6 0.11 35.09 
7 0.12 43.56 
8 0.13 57.89 
9 0.14 60.53 

10 0.15 69.47 

11 0.15 72.53 
12 0.17 65.79 
13 0.18 50.00 
14 0.18 63.16 
15 0.19 59.47 
16 0.19 68.42 
17 0.20 65.68 
18 0.21 65.79 
19 0.21 74.54 
20 0.22 69.47 

21 0.23 60.53 
22 0.24 57.42 
23 0.25 65.50 
24 0.25 72.63 
25 0.26 55.58 
26 0.27 63.16 
27 0.27 63.16 
28 0.28 71.77 
29 0.31 63.16 
30 6.31 57.42 

31 0.32 66.48 
32 0.33 42.11 
33 0.34 66.32 
34 0.36 63.16 
35 0.36 60.53 
36 0.37 63.16 
37 0.39 56.39 
38 0.39 65.79 
39 0.41 57.42 
40 0.42 63.16 

41 0.44 63.16 
42 0.46 63.16 
43 0.47 50.09 
44 0.48 57.42 
45 0.49 66.03 
46 0.51 57.89 
47 0.51 63.16 
48 0.52 55.58 
49 0.53 57.90 
50 0.54 52.63 

N Time 
(min) 

v 
(cm/min) 

51 0.55 52.27 
52 0.56 50.53 
53 0.57 63.16 
54 0.58 53.80 
55 0.59 63.16 
56 0,60 53.05 
57 0.61 54.55 
58 0.62 60.53 
59 0.63 55.26 
60 0.64 58.11 

61 0.65 57.89 
62 0.67 31.58 
63 0.68 50.00 
64 0.69 52.63 
65 0.71 50.00 
66 0.72 55.26 
67 0.73 57.89 
68 0.73 42.72 
69 0.74 53.05 
70 0.76 57.89 

71 0.78 55.26 
72 0.80 50.53 
73 0.80 60.53 
74 0.82 53.05 
75 0.83 50.09 
76 Oý84 52.63 
77 0.85 55.26 
78 0.85 56.84 
79 0.86 55.87 
80 0.87 52.63 

81 0.89 52.27 
82 0.89 50.53 
83 0.90 50.53 
84 0.92 43.56 
85 0.94 63.16 
86 0.96 51.46 
87 0.96 43.56 
88 0.97 63.16 
89 0.99 52.63 
90 1.00 51.01 

91 1.00 39.20 
92 1.01 50.09 
93 1.01 51.46 
94 1.02 45.11 
95 1.04 54.14 
96 1.05 51.01 
97 1.07 40.75 
98 1.08 43.56 
99 1.08 51.67 

100 1.09 50.53 

N Time 
(mi n) 

V 
(cm/min) 

101 1.09 51.46 
102 1.11 50.53 
103 1.12 50.53 
104 1.12 54.14 
105 1.14 44.82 
106 1.15 56.84 
107 1.16 35.84 
108 1.18 51.01 
109 1.18 38.23 
110 1.19 45.73 

111 1.20 42.78 
112 1.21 46.86 
113 1.22 53.44 
114 1.23 46.78 
115 1.24 51.01 
116 1.25 36.56 
117 1.26 50.53 
118 1.27 46.78 
119 1.30 37.89 
120 1.30 42.11 

121 1.31 49.12 
122 1.33 36.09 
123 1.34 42.10 
124 1.35 35.09 
125 1.37 27.63 
126 1.38 50.09 
127 1.40 49.12 
128 1.41 39.70 
129 1.42 24.77 
130 1.43 42.11 

131 1.44 50.00 
132 1.45 33.24 
133 1.47 34.74 
134 1.48 42.10 
135 1.51 31.58 
136 1.52 42.78 
137 1.53 30.14 
138 1.54 38.28 
139 1.55 24.45 
140 1.57 30.14 

141 1.58 30.14 
142 1.030 21.41 
143 1.61 40.75 
144 1.62 37.89 
145 1.63 17.07 
146 1.66 22.37 
147 1. bg 29.86 
148 1.71 26.41 
149 1.73 27.07 
150 1.73 41.19 
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Table A42: Raw data for velocity of ascending particles within clear- 
fluid channel at height H= 10 cm , Co=O. l ( section 5-3-1-1 ) 

N Time 
(Imi h) 

v 
(cm/min) 

151 1.75 34.56 
152 1.77 22.97 
153 1.78 26.49 
154 1.80 27.56 
155 1.81 35.75 
156 1.83 25.09 

N Time 
(mi n) 

v 
(CM/ mi n) 

157 1.84 26.22 
158 1.85 32.48 
159 1.87 15.79 
160 1.90 20.53 
161 1.91 20.53 

N Time 
(mi n) 

v 
(c m/ mi n) 

162 1.92 27.79 
163 1.94 15.79 
164 1.98 23.83 
165 1.99 21.53 
166 2.02 10.53 
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Table A43: Raw data for velocity of ascending particles within clear- 
fluid channel at height H= 11 cm , Cc, =O. l ( section 5-3-1-1) 

N Time 
(mi n) 

v 
(cm/min) 

1 0.03 9.49 
2 0.05 40.55 
3 0.06 34.74 
4 0.07 33.87 
5 0.08 41.06 
6 0.09 35.84 
7 0.10 56.45 
8 0.10 41.06 
9 0.11 44.49 

10 0.12 44.49 

11 0.13 53.76 
12 0.14 53.76 
13 0.15 55.30 
14 0.15 53.76 
15 0.17 52.57 
16 0.19 61.94 
17 0.19 70.97 
18 0.20 56.45 
19 0.20 59.14 
20 0.21 64.52 

21 0.22 70.97 
22 0.23 64.52 
23 0.24 61.83 
24 0.25 61.83 
25 0.26 82.11 
26 0.27 64.52 
27 0.28 64.52 
28 0.29 51.61 
29 0.30 64.52 
30 0.31 61.94 

31 0.32 56.77 
32 0.32 80-64 
33 0.33 53.00 
34 0.34 61.83 
35 0.35 73-31 
36 0.36 64.52 
37 0.37 67.74 
38 0.38 64.52 
39 0.39 51.61 
40 0.41 61.58 

41 0.42 64.52 
42 0.43 67.74 
43 0.45 44.49 
44 0.48 53.76 
45 0.50 52.79 
46 0.50 55.30 
47 0.51 

1 
53.76 

1 

N Time 
(min) 

v 
(cm/min) 

48 0.52 41.62 
49 0.53 64.52 
50 0.54 73.31 
51 0.55 64.52 
52 0.55 59.14 
53 0.56 53.39 
54 0.58 30.86 
55 0.61 59.14 
56 0.61 53.76 
57 0.62 51.61 

58 0.63 53.76 
59 0.63 46.72 
60 0.64 54.19 
61 0.65 67.91 
62 0.66 64.52 
63 0.68 56.45 
64 0.69 56.45 
65 0.70 55.30 
66 0.71 43.70 
67 0.73 53.76 

68 0.84 1.27 
69 0.77 38.36 
70 0.78 56.45 
71 0.79 56.45 
72 0.80 51.61 
73 0.82 56.45 
74 0.83 51.17 
75 0.84 53.76 
76 0.85 54.19 
77 0.87 59.14 

78 0.88 67.91 
79 0.88 59.14 
80 0.90 61.83 
81 0.91 64.52 
82 0.92 56.45 
83 0.93 59.14 
84 0,93 48.94 
85 0.95 33.96 
86 0.96 50.18 
87 0.97 43.70 

88 0.98 41.62 
89 0.98 41.06 
90 0.99 56.77 
91 1.00 50.18 
92 1.01 45.16 
93 1.01 41.06 

N Time 
(mi n) 

v 
(cm/min) 

94 1.02 46.72 
95 1.03 58.65 
96 1.04 48.94 
97 1.06 43.01 
98 1.08 98.92 
99 1.09 44.49 

100 1.11 56.10 
101 1.12 43.01 
102 1.13 43.01 
103 1.15 43.70 

104 1.16 39.10 
105 1.17 53.76 
IN 1.18 48.94 
107 1.19 33.96 
108 1.20 32.26 
109 1.21 47.87 
110 1.22 44.49 
Ill 1.23 41.06 
112 1.24 19.35 
113 1.26 52.57 

114 1.27 47.87 
115 1.28 36.62 
116 1.29 43.01 
117 1.30 41.62 
118 1.32 32.26 
119 1.33 33.09 
120 1.35 27.65 
121 1.37 23.36 
122 1.38 29.33 
123 1.39 20.87 

124 1.41 29.33 
125 1.42 39.10 
126 1.44 35.84 
127 1.46 16.13 
128 1.48 37.02 
129 1.50 29.03 
130 1.51 37.95 
131 1.53 33.87 
132 1.54 17.60 
133 1.56 17.80 

134 1.59 24.19 
135 1.60 19.59 
136 1.61 24.06 
137 1.62 13.26 
138 1.64 29.33 
139 1.66 7.68 
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Table A44: Raw data for velocity of ascending particles within clear- 
fluid channel at height H= 12 cm , C,:, =O. l ( section 5-3-1-1 ) 

N Time 
(mi n) 

v 
(cm/ mi n) 

1 0.04 14.57 
2 0.06 39.10 
3 0.07 21.51 
4 0.08 82.44 
5 0.10 29.49 
6 0.11 33.87 
7 0.13 67.74 
8 0.13 56.45 
9 0.14 87.10 

10 0.15 80.65 

11 0.16 77.42 
12 0,16 70.97 
13 0.17 59.14 
14 0.19 75.27 
15 0.20 80.65 
16 0.22 77.42 
17 0.22 73.12 
18 0.24 80.64 
19 0.25 80.65 
20 0.26 51.17 

21 0.27 80.65 
22 0.27 70.97 
23 0.28 80.65 
24 0.29 74.19 
25 0.30 67.74 
26 0.32 67.20 
27 0.32 67.91 
28 0.34 70.97 
29 0.34 58.06 
30 0.39 77.42 

31 0.40 75.27 
32 0.42 64.52 

N Time 
(mi n) 

v 
(c m/ mi n) 

33 0.43 70.97 
34 0.45 70.13 
35 0.47 61.83 
36 0.50 70.97 
37 0.50 64.52 
38 0.51 64.52 
39 0.52 64.52 
40 0.58 53.76 
41 0.61 67.20 
42 0.62 64.52 

43 0.63 60.07 
44 0.64 64.52 
45 0.59 1.51 
46 0.69 35.48 
47 0.71 59.35 
48 0.72 39.10 
49 0.77 59.35 
50 0.78 52.79 
51 0.80 45.79 
52 0.81 43.70 

53 0.82 56.77 
54 0,83 41.62 
55 0.84 47.87 
56 0.86 56.45 
57 0.86 61.83 
58 0.87 35.38 
59 0.89 46.72 
60 0.91 50.18 
61 0,92 49.63 
62 0.93 53.76 

63 0,94 34.87 

N Time 
(mi n) 

v 
(cm/min) 

64 0.95 40.55 
65 0.96 27.42 
66 0.98 46-08 
67 0.98 45.79 
68 0.99 50.69 
69 1.01 43.70 
70 1.02 19.26 
71 1.04 49.63 
72 1.05 33.87 
73 1.06 41.62 

74 1.07 49.95 
75 1.08 32.26 
76 1.09 36.87 
77 1.11 47.79 
78 1.12 48.94 
79 1.14 41.62 
80 1.16 49.63 
81 1.17 35.84 
82 1.17 44.49 
83 1.18 39.10 

84 1.20 19.06 
85 1.21 30.79 
86 1.22 25.81 
87 1.24 36.62 
88 1.25 48.39 
89 1.27 27.42 
90 1.28 26.57 
91 1.29 33.87 
92 1.33 27.30 
93 1.38 16.54 

94 1.40 8.27 
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Table A45: Rdw data for velocity of ascending particles within clear- 
fluid channel at height H= 13 cm , Co=O. l ( section 5-3-1-1 ) 

N Time 
(mi n) 

v 
(cm/min) 

1 0.03 29.33 
2 0.04 33.96 
3 0.05 51.61 
4 0.06 37.35 
5 0.07 33.79 
6 0.08 43.01 
7 0.09 46.08 
8 0.10 44.49 
9 0.12 61.83 

10 0.15 65.91 

11 0.16 74.19 
12 0.17 70.97 
13 0.18 70.97 
14 0.20 64.52 
15 0.21 64.52 
16 0.22 70.97 
17 0.24 64.52 
18 0.25 64.52 
19 0.25 54.52 
20 0.26 52.79 

21 0.27 54.19 
22 0.29 67.74 
23 0.31 71.31 
24 0.35 53.00 
25 0.36 64.52 
26 

1 
0.36 

1 
53.00 

N Time 
(min) 

v 
(cm/ mi n) 

27 0.37 54.52 
28 0.38 C57.74 
29 0.43 74-19 
30 0.46 7.33 
31 0.45 64.52 
32 0.46 81.49 
33 0.47 77.42 
34 0.49 48.94 
35 0.50 61.83 
36 0.51 74.19 

37 0.52 53.76 
38 0.53 78.10 
39 0.54 51.61 
40 0.56 70.97 
41 0.57 53.39 
42 0.57 70.38 
43 0.59 70.38 
44 0.61 59.14 
45 0.62 40.04 
46 0.63 53.76 

47 0.65 59.14 
48 0.66 71.69 
49 0.67 46.72 
50 0.70 53.39 
51 0.72 48.88 

N Time 
(mi n) 

v 
(c m/ mi n) 

52 0.74 44.49 
53 0.74 45.79 
54 0.76 46.72 
55 0.77 53.00 
56 0.78 53.00 
57 0.80 48.94 
58 0.83 33.60 
59 0.85 59.55 
60 0.87 40.10 
61 0.89 53.76 

62 0.90 38.71 
63 0.92 54.84 
64 0.93 46.08 
65 0.94 29.33 
66 0.95 32.26 
67 0.96 41.62 
68 0.97 17.44 
69 0.99 36.87 
70 1.01 41.62 
71 1.02 29.03 

72 1.04 30.79 
73 1.08 27.83 
74 1.11 29.33 
75 1.12 32.26 
76 1.15 14.66 

-255- 



Table A46: Raw data for velocity of ascending particles within clear- 
fluid channel at height H= 14 cm , Co=O. l ( section 5-3-1-1) 

N Time 
(min) 

v 
(cm/min) 

1 0.01 39.70 
2 0.03 62.13 
3 0.04 59.91 
4 0.06 67.74 
5 0.07 61.83 
6 0.09 80.65 
7 0.09 84.68 
8 0.10 80.65 
9 0.11 80.65 

10 0.12 83.49 

11 0.13 74.19 
12 0.15 81.49 
13 0.20 72.58 
14 0.22 56.45 
15 0.23 74.70 
16 0.25 64.52 
17 0.26 49.63 
18 0.29 76.25 
19 0.30 70.97 
20 0.32 49.63 

21 0.33 80.65 
22 0.34 71.31 
23 0.35 67.91 
24 0.36 36.05 
25 0.37 64.52 

N Time 
(min) 

v 
(c M/ mi n) 

26 0.39 48.94 
27 0.40 53.76 
28 0.42 64.52 
29 0.43 80.65 
30 0.44 64.52 
31 0,44 64.52 
32 0.45 70.97 
33 0.47 70.97 
34 0.49 67.74 
35 0.51 59.35 

36 0.52 51.17 
37 0.53 59.14 
38 0.55 52.03 
39 0.56 61.83 
40 0.57 46.72 
41 0.59 39.10 
42 0.61 38.71 
43 0.61 67.74 
44 0.63 43.01 
45 0.64 56.45 

46 0.65 53.76 
47 0.66 37.63 
48 0.66 44.49 
49 0.67 50.18 

N Time 
(mi n) 

v 
(c m/ mi n) 

50 0.68 51.17 
51 0.69 58.65 
52 0.70 47.79 
53 0.73 35.84 
54 0.75 24.35 
55 0.76 51.17 
56 0.77 47.79 
57 0.78 29.33 
58 0.79 25.30 
59 0.81 29.33 

60 0.82 32.26 
61 0.83 39.10 
62 0.83 9,22 
63 0.85 32.25 
64 0.85 30.79 
65 0.86 12.17 
66 0.87 8.60 
67 0.89 32.26 
68 0.90 37.95 
69 0.92 24.35 

70 0.93 7.33 
71 0.95 13.17 
72 0.99 7.68 
73 1.02 3.33 
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Table A47: Raw data for velocity of ascending particles within clear- 
fluid channel at height H= 15 cm , Cc, =O. l ( section 5-3-1-1) 

N Time 
(mi n) 

v 
(c m/ mi. n) 

1 0.02 21.51 
2 0.04 23.77 
3 0.04 25.81 
4 0.06 36.87 
5 0.07 40.55 
b 0.10 40.55 
7 0.10 53.76 
8 0.13 43.01 
9 0.15 64.52 

10 0.16 67.74 

11 0.17 61.58 
12 0.18 77.42 
13 0.18 80.65 
14 0.22 80-65 
15 0.25 80.65 
16 0.25 70.97 
17 0.29 

1 
74.70 

11 

N Time 
(min) 

v 
(cm/min) 

18 0.32 50.83 
19 0.34 39.10 
20 0.36 32.26 
21 0.38 53.76 
22 0.38 77.42 
23 0.41 64.52 
24 0.42 27.86 
25 0.43 67.10 
26 0.43 67.74 
27 0.44 70.97 

28 0.48 64.52 
29 0.49 67.45 
30 0.50 46.72 
31 0.53 33.08 
32 0.53 59.35 
33 

[--- I 

0.54 

I 

44.49 

I 

9 Time 
(min) 

v 
(c M/ mi. n) 

34 0.55 50.69 
35 0.57 20.42 
36 0.59 38.71 
37 0.61 57.84 
38 0.62 56.45 
39 0.63 51.17 
40 0.65 27.65 
41 0.66 41.22 
42 0.68 45.79 
43 0.69 43.01 

44 0.71 17.68 
45 0.73 37.63 
46 0.76 28.83 
47 0.78 16.33 
48 0.79 20.16 
49 0.67 -0.41 

Table A48: Raw data for velocity of ascending particles within clear- 
fluid channel at height H= 16 cm , Cc, =O. l ( section 5-3-1 1) 

N Time 
(mi n) 

v 
(cm/min) 

1 0.01 27.17 
2 0.03 38.04 
3 0.05 43.48 
4 0.06 31.88 
5 0.07 31.13 
6 0.08 32.61 
7 0.11 52.68 
8 0.11 55.18 
9 0.14 62.50 

10 0.14 62.25 

11 0.15 62.25 
12 0.17 81.52 
13 0.18 81.52 
14 0.19 81.52 
15 

.I 

0.20 75.00 

N Time 
(mi n) 

v 
(cm/min) 

16 0.23 78.26 
17 0.24 78.26 
18 0.26 57.07 
19 0.27 68.48 
20 0.29 52.17 
21 0.30 37.27 
22 0.30 43.48 
23 0.34 54.35 
24 0.34 65.22 
25 0.35 71.74 

26 0.36 55.90 
27 0.37 51.72 
28 0.38 57.69 
29 0,39 71.74 

N Time 
(mi n) 

v 
(cm/min) 

30 0.40 57.07 
31 0.41 35.87 
32 0.42 59,78 
33 0.43 57.39 
34 0.45 35.25 
35 0.46 54,35 
36 0.47 42.08 
37 0.49 57.39 
38 0.50 20.60 
39 0.52 29.64 

40 0.55 27.17 
41 0.56 24.61 
42 0.59 11.86 
43 0.60 23.72 
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Table A49: Raw data for velocity of ascending particles within clear- 
fluid channel at height H= 17 cm , Co=0.1 ( section 5-3-1-1) 

N Time 
(mi n) 

v 
(cm/min) 

1 0.04 35.48 
2 0.05 36.39 
3 0.06 41.62 
4 0.08 35.48 
5 0.10 33.96 
6 0.11 43.70 
7 0.12 45.79 
8 0.14 51.61 
9 0.15 50.69 

10. 0.17 86.02 

11 0.19 70.97 
12 0.20 70.97 
13 0.22 41.62 
14 0.23 70-97 
15 0.24 64.52 
16 0.28 64.52 

N Time 
(min) 

v 
(cm/min) 

17 0.31 66.05 
18 0,28 67.91 
19 0.03 39.85 
20 0.04 64.52 
21 0.05 33.72 
22 0.07 38.71 
23 0,08 46.08 
24 0.09 49.63 
25 0.11 50.69 
26 0.11 52.79 

27 0.12 51.17 
28 0.13 54.19 
29 0.15 58.65 
30 0.17 54.96 
31 0.19 80.65 

N Tim 
(mi n) 

v 
(CM/Min) 

32 0.20 74.19 
33 0.21 74.19 
34 0.23 51.61 
35 0.24 64.52 
36 0.24 70.97 
37 0.25 58.06 
38 0.26 77.42 
39 0.27 70.97 
40 0.28 70.97 
41 0.29 51.61 

42 0.31 22.89 
43 0.32 18.98 
44 0.34 39.17 
45 0.35 33.24 
46 0.37 28.05 
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Table A50: Raw data for velocity of dye tracer within clear- 
fluid channel at height H=3 cm , Co=0.2 ( section 5-3-1-2) 

N Tim 
(min) 

v 
(cm/min) 

1 0.59 19.57 
2 0.62 19.57 
3 0.67 18.68 
4 0.92 14.68 
5 1.32 14.29 
6 2.64 5.30 

I Time 
(mi n) 

v 
(c m/ mi n) 

7 3.14 1.56 
8 3.35 9.33 
9 0.69 29.89 

10 0.89 19.11 
11 1.54 10.81 
12 1.58 10.40 

N Time 
(min) 

v 
(cm/min) 

13 2.20 8.46 
14 3.71 13.81 
15 5.37 6.55 
16 0.76 9.90 
17 2.60 6.32 
18 4.44 7.61 
19 5.01 5.01 

Table A51: Raw data for velocity of dye tracer within clear- 

fluid channel at height H=4 cm , Co=0.2 ( section 5-3-1-2) 

N Time 
(mi n) 

v 
(cm/min) 

1 0.63 25.68 
2 0.66 29.25 
3 0.82 23.64 
4 0.96 23.48 
5 1.39 18-68 
6 2.55 35.96 
7 3.21 8.02 
8 3.86 6.74 

N Time 
(mi n) 

v 
(cm/min) 

9 4.79 5.93 
10 5.09 5.46 
11 5.39 7.23 
12 5.69 7.15 
13 0.72 39.23 
14 0.96 27.86 
15 1.10 18.06 
16 1.20 21.92 

N Time 
(min) 

v 
(cm/min) 

17 1.41 15-96 
18 1.61 15.41 
19 3.22 6.85 
20 3.43 12-84 
21 0.81 12.09 
22 2.74 4.78 
23 4.54 3.90 
24 5.12 3.86 
25 0.50 10-16 
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Table A52: Raw data for velocity of dye tracer within clear- 
fluid channel at height H=7 cm , Co=0.2 ( section 5-3-1-2) 

N Time 
(min) 

v 
(cm/min) 

1 0.53 56.68 
2 0.55 37.67 
3 0.66 49.81 
4 0.79 34.25 
5 0.84 28.34 
6 1.01 35.96 
7 1,03 35.96 
8 1.17 33.19 
9 1.36 35.67 

10 1.41 28.84 

11 1.66 29.89 
12 1.70 28.84 
13 1.95 25.38 
14 2.32 22.42 
15 2.71 16.60 
16 3.16 17.79 
17 3.56 23.33 
18 3.61 13.81 

N Time 
(mi n) 

v 
(cm/min) 

19 3.70 8.89 
20 4.04 17.61 
21 4.44 14.68 
22 4.53 12.82 
23 4.78 11.66 
24 5.16 11.74 
25 5.60 8.84 
26 6,03 8.06 
27 6.36 8.93 
28 6.38 7.61 

29 0.47 34.51 
30 0.49 37.36 
31 0.91 37.67 
32 0.92 34.52 
33 1.07 42.05 
34 1.10 32.88 
35 1.22 34.12 
36 1.25 46.97 

N Time 
(min) 

v 
(cm/min) 

37 1.27 31.02 
38 1.29 26.95 
39 1.39 37.36 
40 1.46 41.10 
41 1.57 33.55 
42 1.79 35.23 
43 1.81 32.57 
44 2.29 19.81 
45 2.31 24.91 
46 2.38 17.30 

47 3.51 19.61 
48 3.74 12.94 
49 0.57 19.34 
50 1.62 16.04 
51 2.38 0.22 
52 1.98 12.71 
53 2.39 11.21 
54 2.72 10.34 
55 3.71 8.39 

Table A53: Raw data for velocity of dye tracer within clear- 
fluid channel at height H=8 cm , Cc, =0.2 ( section 5-3-1-2) 

I 
(Timel 

v 
lain) (cm/min) 

1 0.54 54.79 
2 0.56 42.96 
3 0.68 59.78 
4 0.82 53.03 
5 0.88 37.36 
6 1.04 . 

24.11 
7 1.06 44.26 
8 1.20 39.45 
9 1.25 33.55 

10 1.39 37.36 

11 1.43 35.96 
12 1.69 34.25 
13 1.73 35.74 
14 1,99 30.28 
15 1.86 0.30 
16 2.38 27.40 
17 2.74 24.17 
tq 2.78 20.81 
19 3.22 16.28 

N Time 
(mi n) 

v 
(cm/min) 

20 3.28 17.87 
21 3.33 15.96 
22 3.67 18.17 
23 3.69 21.35 
24 3.79 17.87 
25 4.09 18.76 
26 4.85 14.68 
27 4.90 11.66 
28 0.50 39.23 
29 1.10 33.19 

30 1.13 35.96 
31 1.24 39.23 
32 1.28 41.10 
33 1.30 29.89 
34 1.32 34.25 
35 1.41 34.12 
36 1.48 42.15 
37 1.50 35.96 
38 1.74 29.89 

N Time 
(min) 

v 
(cm/min) 

39 1.81 34.12 
40 1.84 29.89 
41 1.87 26.51 
42 2.51 49.81 
43 2.68 24.91 
44 2.87 22.52 
45 3.04 21.35 
46 3.08 19.18 
47 3.25 21.79 
48 3.40 19.61 

49 3.44 17.09 
50 3.57 21.85 
51 3.60 16.60 
52 2.38 0.22 
53 1.98 12.71 
54 2.39 11,21 
55 2.72 10.34 
56 3.71 8.39 
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Table A54: Raw data for velocity of dye tracer within clear- 

fluid channel at height H= 12 cm , Co=0.2 ( section 5-3-1-2) 

N Time 
(min) 

v 
(cm/min) 

1 0.88 32.88 
2 0.94 56.51 
3 0.98 46.97 
4 0.99 54.79 
5 1.01 44.26 
6 1.19 52.30 
7 1.21 63.22 
8 1.23 56.68 
9 1.66 53.03 

10 1.68 37.52 

N Time 
(min) 

v 
(cm/ mi n 

11 1.94 49.31 
12 2.02 46.36 
13 2.17 39.23 
14 2.19 39.23 
15 2.39 42.15 
16 2.43 37.36 
17 2.54 20.55 
18 0.40 58.71 
19 0.44 66.39 
20 0.47 86.52 

N Time 
(min) 

v 
(c m/ mi n) 

21 0.60 58.71 
22 0.76 56.68 
23 0.88 58.71 
24 0.90 43.26 
25 1.04 51.66 
26 1.29 58.33 
27 1.31 41.10 
28 1.90 44.26 
29 2.11 37.67 
30 2.14 39.23 

31 2.35 41.10 

Table A55: Raw data for velocity of dye tracer within clear- 
fluid channel at height H= 13 cm , Co=0.2 ( section 5-3-1-2) 

N Time 
(min) 

v 
(cm/min) 

- 1 0.91 i4.12 
2 0.95 62-35 
3 1.01 54.79 
4 1.03 59.08 
5 1.20 67.51 
6 1.23 71.92 
7 1.25 61.64 
8 1.68 37.52 
9 1.70 51-66 

10 1.96 44.43 

N Time 
(mi n) 

v 
(cm/min) 

11 2.04 54.80 
12 0.42 56.68 
13 0,46 59.52 
14 0.49 75.34 
15 0.62 55.68 
16 0.67 46.97 
17 0.78 54.07 
18 0.80 63.22 
19 0.91 59.52 
20 1.07 71.92 

N Time 
(min) 

v 
(cm/min) 

21 1.15 61A4 
22 1.16 60.88 
23 1.31 57.28 
24 1.34 58.71 
25 1.35 57.53 
26 1.93 35.49 
27 2.11 37.67 
28 2.14 39.23 
29 2.35 41.10 
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Table A57: Raw data for the width 6 (mm) of the clear-fluid 
layer measured at time t(s) and height H(cm) 
C', = 0.1 (section 5.3.3) 

t ý t 10 30 50 70 90 110 130 140 FH ý 

s s S s s S 6 S 

1 0.18 0.40 0.38 0.32 0.24 0.16 0.08 0.08 
2 0.20 0.40 0.42 0.40 0.40 0.40 0.36 0.30 
3 0.36 0.54 0.54 0.54 0.54 0.54 0.52 0.48 
4 0.72 0.72 0.74 0.74 0.74 0.74 0.76 0.76 
5 0.76 0.80 0.80 0.80 0.80 0.76 0.76 0.76 
6 0.76 0.76 0.76 0.76 0.76 0.76 0.76 
7 0.84 0.84 0.84 0.84 0.90 0.96 1.04 
8 1.10 1.16 1.22 1.22 1.22 1.22 1.66 
9 1.00 1.20 1.22 1.22 1.22 1.30 1.40 

10 0.96 0.96 0.98 1.10 0.13 
11 1.08 1.08 1.16 1.52 
12 1.14 1.16 1.30 
13 1.40 1.52 1.60 
14 1.40 1.56 
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