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CHAPTER 1
INTRODUCTICN

Solids mixing is a common processing operation widely used in a
variety of industries., It is extensively employed in the manufacture of
ceramics, fertilizers, detergents, glass, pharmaceuticals, animal feeds,
and in the powder metallurgy industry.

Three principal mechanisms are known for the process of solids mixing:
convective, diffusive and shear mechanisms (Lacey, 1954). However, the
extent of mixedness as a function of time is generally difficult to
predict because satisfactory theories capable of describing the mechanisms
have not been fully developed.

The phenomenon of solids mixing has been analyzed largely based on a
linear diffusion mechanism (see e.g., lacey, 1954; Otake et al., 1961;

Hogg et al., 1966; Chen et al., 1973). Such a simple approach is applicable
only to nonsegregating particle systems, i.e., highly idealized systems.

The behavior of systems where the particles differ in properties and
characteristics (segregating particle systems) is a matter of practical
concern in industrial operations. The occurrence of demixing (segregation)
is extremely important, since it can markedly alter product quality.
Despite this importance, the simultaneous occurrence of mixing and demixing
in segregating particle systems has received relatively little attention.

In recent years, solids mixing in a fluidized bed has been the
subject of many experimental and theoretical studies. The simplicity of
design, the ease of application in continuous systems, and the turbulent

motion of particles are attractive characteristics associated with a



2

fluidized bed, which make it an effective device for solids mixing. The
phenomenon of axial solids mixing in fluidized beds has been described
by many investigators (see €.8., Rowe and Partridge, 1962; Xunii and
Levenspiel, 1968; Schugerl, 1969). However, only few reports are
available on the radial solids mixing in fluidized beds despite of its
importance especially when heat transfer is involved. Correlations for
estimation of the radial solids mixing are lacking.

Fluidization research has been focused largely on fine particles
(< 500 um). Relatively little attention has been given to the fundamental
behavior of particles larger than 500 mm. Nevertheless, there are some
applications of fluidization where the use of large particles can be
advantageous (e.g., Cox, 1958; Anon., 1961; Brown et al., 1972; Vogel et al.,
1975; Wilson and Gillmore, 1975). In general, correlations for estimation
of the solids mixing in large particle beds are rather sparse.

The present study has been conducted to investigate:

(1) Axial mixing of segregating particles in a motionless mixer.

(2) Mixing of large particles in a two-dimensional gas fluidized bed
--nonsegregating particle system.

(3) Mixing of large particles in a two-dimensional gas fluidized bed
--gegregating particle system.

In the next chapter, an extensive review on the mixing of segregating
particle systems is provided. In the third chapter, a modified coale-
scence-dispersion model is given for the axial mixing of segregating
particles in the motionless mixer. In the fourth chapter, a staticnary
random walk model is presented for the progress of axial and radial
mixings of the large nonsegregating particle system in the two-dimensional

gas fluidized bed. In the fifth chapter, the stationary random walk model



is extended to a2 nonstationary one for the axial mixing of the large
segregating particle system in the two-dimensional gas fluidized bed.
Finally, major conclusions and recommendations for future research needs

are summarized.
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CHAPTER 2

LITERATURE SURVEY

2.1 INTRODUCTION

Segregation is a process which produces separation or classification
of particles, Mixing particles of different characteristics is generally
accompanied by segregation, which prevents the attainment of a random
state of mixing. A typical example is shown in Figure 1. As can be
eeen from the figure, the homogeneity improves rapidly during the early
stage of mixing, however, as the mixing is prolonged, the homogeneity is
deszreased due to the inherent segregation tendency.

The behavior of segregating particle systems where the particles
differ in properties and characteristics is a matter of practical concern
in industrial operations. The occurrence of the demixing (segregation)
is extremely important, since it can markedly alter product guality.
Despite of this importance, the simultaneous occurrence of mixing and
demixing in segregating particle systems has received relatively little
attention.

In addition to surveying the existing literature on segregation, in
the present review, an attempt is made to identify several research areas

that are in need of study.
2.2 CAU3TI OF SEGREGATION

While there is no absolute way to detect if a given particle
gystem will segregate it is possible to stipulate a few conditions that

tend o ¢ause the segregation., Characteristics of particles which may



affect a mixing process are size, size distribution, shape, effective
particle density, surface characteristics, surface conductivity, bulk
density, flowability, angle of repose, and resistance to agglomeration
(van Denburg and Bauer, 1964). Obviously not all of these are indepen-
dent variables. ©OSome, such as bulk density and angle of repose, represent
the composite effect of two or more of the variables. A compltely

random mixture can be obtained only when the net influence of these
factors is negligible.

It has been shown that size difference is the most important
segregation factor in conventional mixers (Stairmand, 1962; Van Denburg
and Bauer, 1964; Valentin, 1965; ﬁilliams, 1965, 1975; Campbell and Bauer,
1966). However, when aerated suspensions are created during a mixing
process, €.8.y Dixing in a fluidized bed, density difference may become

predominant (Rowe and Nienow, 1975).
2+2.1 Size and Size Distribution

Most industrial segregation problems arise from the size and the
size distribution. There is no ready way to relate the size distribution
with the performance of a mixer, but in general, the narrower the size
distribution the less the tendency to segregate.

Fowler (1959) reported that smaller particles had greater angle of
repose. The angle of repose aids segregation by causing the smaller
particles to roll in a direction opposite to the larger ones., Olsen and
Rippie (1964) proposed a first-order kinetics for the rate of segregation
in a particle system with size difference. The rate constant can be
correlated with the size and the size distribution. Hill (1965) reported

that the segregation tendency was decreased when the proportion of small



particles was increased and vice versa. Donald and Roseman (1962a,
1962¢) concluded: the greater the size difference, the faster the
segregation. The size effect is further illustrated by Fig. 2, which is
a plot of the standard deviation at sieady state vs. the diameter ratio
of ash to sand in a horizontal drum mixer. The line connecting the
experimental points has a slope of 3, indicating that the size ratio is

&an important factor in segregation.

24242 Density

Rose (1959) examined the experimental data of Coulson and Maitra
(1950) for the mixing of components with different densities in a
inzlined drum mixer. The data cover only the region where mixing effects
are dominant. Syskov and iyan (1960) reported the datia on the extent of
density segregation in ore-coal mixtures., Fischer {1560) has proposed
that the role of density on the segrezation is determined by the ratio of
the supporting surface to the mass. Donald and Roseman (1942b) discussed
the effect of density differences and concluded that once the density ratio
excesads 1.2 segregation staris to have an effect inm a herizontal drum
mixer, Rippie et al. (1342) studied the interaction between the density
and the size in particle systens with both size and demsity differences.

Nicholson and Smith (1566) studied the axial mixing of particles
differing in density in a fluidized bed. XNienow et al. (1372) rerorted
the role of particle size and particle density in segregation of particles
in a fluidized bded. They concluded that a fairly wide particle size
differonce zan be tolerated without appreciadle segregaticon while even a

emall density difference led to readily settling of the denser parzicies,



2- 2.3 Sha.pe

Significance of the particle shape lies primarily in its effect on
the flow characteristics of particles. Other properties being equal,
particles of different shapes will assume different angles of repose and
hence any process which invloves rolling or sliding will likely to
separate them (Williams and Shields, 1967). The smooth-surfaced, spherical
or egg-shaped particles tend to flow readily. The rough-hewn fractured
pieces are less mobile, while the interlocking filaments, rods and
complex crystals often flow so poorly that they tend to set up a small=-
scale equivalent of a log jam (Fischer, 1960).

Another point regarding the shape is that the irregular configuration
displays more surface area per unit volume. This can be of importance when

the surface effect becomes predominant or an aerated suspension is created

during a mixing operation (Fischer, 1960).

2.2.4 Electrostatic Charge

The electrostatic effect is a direct consequence of the sufficiently
high surface area compared to the mass of particles. Particle streams
that flow freely in the uncharged state may become charged by agitation or
mechanical stirring. Fischer (1960) concluded; “Electrostatié forces
alone may be too weak to cause the motion of particles on a large scale,
But when these forces are superimposed on random dynamic forces, the

relatively small electrostatic forces can produce drastic effect."

2.3 MEASUREMENTS OF SEGREGATION

Williams and Kahn (1973) concluded,"In spite of its industrial

importance, very few attempts to measure the extent of segregation.”



Over 30 different mixing indices have been reviewed by Fan et al,
(1970, 1975). These mixing indices constitute the counter-parts of
segregation indices, and thus can be used as measurements of segregation
as well,

Danckwerts (1952) proposed a useful segregation index analogous to
the "scale of segregation" used in the statistical theory of turbulence.
Williams and Birks (1965) devised a test for the measurement of segrega-~
tion in a mixture divided into iwo regions. Williams and Schields (1967)
defined a coefficient of segregation for the system in which the mixture
is separated into halves. Harris and Hilton (1970) suggested that the
summation over the absolute values of deviation from the mean can be used
as a measurement of segregation in a core-flow central filling hopper.
Rogers and Clements (1971) devised a sampling scheme to detect segregation
in a tumbling mixer. Lai et al, (1974) proposed the test statistic of
the Hann—Whitney test can be used as an index of segregation without

assuming that the population is a normal distribution.
2.4 MECHANISMS OF SEGREGATION

Brown (1939) has described two mechanisms of segregation:
(1) Vvibrational segregation, in which larger particles tend to rise to
the surface when a mixture is vibrated.
(2) Pouring segregation, in which larger particles tumble further down
the free surface of a pile.
Ashton and Valentin (1966) have proposed two additional mechanisms:
(3) Free flight segregation, which results from different trajectories

of materials falling at an angle,
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(4) Percolation segregation, in which small particles can pass through
the interstices between large particles.

The vibrational segregation has been studied by Stairmand (1962) and
Williams (1965). According to them, a simple geometrical analysis will
shows that spherical particles segregate in this way if the size of the
smaller particles is less than one-sixth that of the larger ones.
Williams (1963) reported a single large particle in the bed of small
particles can be segregated to the top on vibration. Suzuki et al. (1968a,
1968b) and Takahashi et al. (1968) studied the solids circulation patterns
in a two-dimensional hopper-shaped vessel subjected to vertical
sinusoidal vibrations. This circulatory motion has been considered to
play an important role in the segregation of the particles.

Pouring segregation is characterized by the fact that the fines are
concentrated in the oylindrical region around the vertical axis of a cone
with the coarses on the outside when a mixture is poured on to a free
surface. lLawrence and Beddow {13968) noticed, in their study of a powder
segrezation during die filling, an inner mound of fines-rich material in
the bottom of the die and an excess of coarse particles in the periphery
of the die cavity. This segregation was increased with the rate of die
filling and the height from vhich the powder falls into the die. Tanaka
(1971) reported that heavier particles tended to remain near the central
portion while lighter particles tended to roll down the slope toward the
bin wall when the bin was filled.

The free flight segregation is due to the fact that if particles are
projected horizontally the distance they will travel is proportional to
the square of the particle diameter {Williams and Kahn, 1973). Fowler
(1260) studied the variables that affect the segregation of particles

discharped from bins and hoppers. In order to obtain clarity on this
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phenomenon, Opitz (1971) took some pictures for the free fall of a
stream of raw meal.

The percolation segregation is the size, shape, or density segregation
in the failure zone beiween two bodies of particles moving at different
velocities under the influence of gravity and strain (Bridgwater and
Ingram, 1971). 3Bridgwater et al. (1969), in an attempt to separate out
the interparticle segregation from the mechanisms of particle mixing,
considered the random walk movement of percolating particles through a
packed bed of larger particles. Bridgwater (1971) demonstrated the effect
of percolation on the macroscopic equipment performance by a model mixer
where the convection and the interparticle percolation predominate.
Campbell and Bridgwater (1973) devised an equipment to demonstrate the
occurrence of percolation in failure zones. Scott and Bridgwater (1975)
studied the strain-induced interparticle percolation under closely
controlled conditions. The amount of percolation was found dependent

upon the size of particles, the total strain, and the rate of strain.

2.5 SEGREGATION MODELS

Several attempts have been made to model the behavior of segregating
particle systems (see Table 1). Some of these are purely empirical.
Others are semi-empirical or mechanistic models for segregation in
specific mixers.

Rose (1959) has proposed the equation

& a1 -m) - BY (1)

where

M = degree of mixedness,
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L = demixing potential,
A, B = constants.
The first term in the right-hand side represents the mixing effect and
the second term represents the demixing effect and is based on a somewhat
arbitrarily defined demixing potential. The demixing potential ¥ is
defined by

Y =+J1-M (2)
Egquations (1) and (2) can be solved to obtain

M= 21 - (B/A+ (15 B/4) exp(-4t/2))°} (3)
vhere 7 is another constant to account for imperfectness of the mixer.
It was pointed out (Danckwerts, 1959) that A mush ﬁe greater than B if the
expression is to be physically compatible.

Weydanz (1960) has proposed a model for a two-dimensional process

in which the segregation effect is present in only one dimension. The
main assumptions are that the rate of segregation is constant and that

the volume interchanges in either direction are constant. The model can

be expressed as

M= [exp(-24't) + ol (1 - exp(-B'A't)zJ% (4)
vhere

M = degree of mixedness,

Cos = standard deviation at infinite time,

4', 3! constants.

]

Faiman and Rippie (1965) have suggested that both mixing and demixing
are of the first order processes and that the process may be considered
analogous to a reversible steps which occur simultaneocusly. The model

can be expressed as
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e = -k, C. +k,C (5)
dt - 17 2 72
where
C1 = concentration of mixed particles,
02 = concentration of unmixed particles,
k1. k2 = constants.

Rumpf and Muller (1967) proposed that solids mixing can be described

by a simplified second-order Kologoroff equation of the form

oC{x,t [=d ol
SR o Plx,t) C{x,t) + 2 D(x,t) C(x,t) (6)
where
C(xyt) = concentration of the key particles,
D(x,t) = diffusion coefficient,
T(x,t) = convection coefficient.

Pramoda (1969) based on the first-order kinetics proposed by Faiman
and Rippie (1965), analyzed the overall functional relationship between
the physical properties of segregating particle systems and an
experimentally observed rate constants, ko' Their analysis has led to

the following correlation:

d & s ~F
b, =[P - yf B )3 - 1) L2l (ar ex-mv )
8 8 8 2

+ A" exp(-B"' /v 2)) B¢
where
4 = diameter of the particle,
P = density of the particle,
A", A"', B", B"', D*, Vo = constants.
Shinchara et al. (1970, 1972) have proposed a "screen" model for

the particle segregation in filling hoppers. The model considers the
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gieving process of small particles through the interspaces of larger
ones to be analogous to the flow mechanism of particles “rom a hopper
having a definite opening diameter. Thus, the relative mass flow rate
of small particles passing through the interspaces of large particles

per unit flowing area can be written as

Fove S0=2) (op (8)

8T J'rd

£
where
d = size of the particle,
&' = void fraction of the particle,

ol'y; D' = complex functions related to flow rate.
The first term in the right-hand éide represents the number of opening per
unit area and the second term represents the mass flow rate per opening.

Tanaka (1971) proposed a “"push-away" model for the segregation of
particles differing in size in central filling hoppers. The model is
schematically represented in Fig. 3, where H and L denote heavy and light
particles, respectively. GSphere 1, 2, and 3 can not move unless
coefficient of friction, AL, is smaller than the critical value,iic

a, = (W /) tans/ (M, /ut) (9)
Since,UEA>;ﬁB =‘%C>*%D’ L of model A can travel farther to the ends of
the wall; L of model B and H of model C can travel to the same point of
the way; model D will be stagmant. As results of these actions, three
zones of different compositions can be obtained.

Fan et al. (1975), assuming that mixing and demixing can be described
independently, presented a mechanistic model as shown in Fig. 4. The
segregated state of type I represents a metastable state, and if it is
acted upon by a mixing device the system will be converted into the

segregated state of type II, which is stable. The process to be modeled
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was the transition from the segregated state of type I to the segregated
state of type II, which was visualized as proceeding through an inter-
mediate state (mixed state). The first step was assumed to be a first-
order rate process, and the second step was assumed to be an autocatalytic

mechanism. The model can be expressed as

* * k3 2
o fexp[8 (" + 32) t) - 1}

M=1- exp(-kjt) - (10)

a 2
1 +°L*-g§,— exp[[B*(‘l + gﬁé) tJ
oo

°

where
M = degree of mixedness,
o = Btandard deviation at t = 0,
Soo = standard deviation at t =ov,
* *
ky,et y 8 = rate constants.

Baranov and Vorobev (1973) have proposed the following eguation for

the mixing of segregating particle system in a drum mixer

av? * #
—E-=AV'+B (1‘1)
wvhere
LA = coefficient of variation,

1*, B* = constants.

Bridgwater (1974) has proposed a percolation model for the segrefaiion
of particles in a packing bed. In his model, percolating particles are
assumed to be spheric2l and to be small compared with the packing
particles. The motion of the percolating particles thus consisis of
rolling down the surface (represented by a flat plane) of a packing
particle, followed by free flight to the next packing particles as shown in

Fig. 5. The model can be expressed as

mgd sing = % m(%%)z + % I W (n2)
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where
m = mass of percolating particle,
I = moment of inertia,
W = angular velocity.

The time a percolating particle spends on a plane can be obtained by
intergrating equation (12) and from which the mean time it spends in the
bed can be obtained by taking inclination distribution of the plane into
consideration, A similar model, which takes plane length distribution
into accout, has been considered by Davidson (1959).

Gibilaro and Rowe (1974) formulated a model based on four physical
mechanisms in a fluidized bed (Fig. 6): overall particle circulation,
interchange between wake and bulk phases, axial dispersion, and

segregation. The model at steady state can be expressed as
2

D d CB dCB
IR W ] | ] M - —

Hd22+(w + K 21{(:]3)‘1Z+qH(cw cB)‘_o (13)

and
de
Vo = —_

Lil-T qH(CB Cw) =0 (14)
where

CB = concentration of the jetsam in the bulk phase,

Cw = concentration of the jetsam in the wake phase,

D = diffusion coefficient,

K' = segregation constant,

H = dimensionless bed height,
q = exchange rate,

W' = circulation rate.
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2.6 REDUCING SEGREGATION

While several methods have been suggested for reducing segregation
in the mixture, none of them can be said entirely satisfactory.

Willemsley (1960) reported that the density segregation can be
eounteracted by having the heavier particles larges. Bourne (1965)
suggested that segregation can be overcome by some additional operations,
€.g.y grinding or granulation, before or during mixing, however, this
adds to the cost of the whole operation. Johnson (1968) studied the
effect of ceoating on the segregation tendency of particles. Silicon
coating was found to increase the rate of segregation while rosis and
magnesium stearate coatings to descrease the rate of segregation.

In many cases segregation can be reduced by introducing into mixtures
an additive that will more seriously affect the process or end product.
Hogg (1971) suggested that wet mixing may be helpful when particles are
extremely troublesome in the dry state. Klein and Wilcox (1972) reported
that the addition of deagglomeraters can produce a powder with superior
properties. Pieces of hard rubber were found to be the most successful
deagglomerater in the drum mixer while a rapidly revelving bar was most
successful in the twin-shell mixer.

Fischer (1960) reported that radial segregation in a mixer can be
prevented if the particles were charged in alternate layer instead of
completely separated. Donald and Roseman (1962b) analyzed the effect of
loading on the segregation in a horizontal drum mixer and concluded that
the segregation can be reduced by increasing the speed of the mixer.
Williams and Kahn (1973) also draw the same conclusion from their study
of a inclined drum mixer. Lloyd et al. (1970) reported that at a properly

gelected speed a "pseudo-random" mixture can be achieved in a horizontal
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drum mixer.

Hersey (1975) introduced the ordered mixing concept. The random
distribution mechanisms are destfoyed by the ordered mixing but this
can be beneficial when segregation is a problem. Ordered mixtures can
be achieved through particle interactions, e.g., adsorption, chemi-

sorption, surface tension, frictional, electrostatic or any other form

of adhension.
2.7 SELECTION OF A MIXER

Homogeneity of a mixture which can be obtained depends primarily
on the choice of a mixer; a suitable mixer may produce reasonably good
mixtures even for componenis having strong segregation tendency while an
unsuitable mixer may produce poor mixtures for componentis which segregate
only slightly.

Solids mixers are available in a wide variety of design but potential
users often have little gquantitative data on which to base their
selection. Ashton and Valentin (1966) and Miles (1970) have shown that
most industrially available mixers can ultimately produce a mixture
close to random for nonsegregating particle systems. This is however not
true for segregating particle systems. The quality of the final mixture
is determined by the mixing mechanisms in the mixer employed.

Three principal mechanisms are known to be active in the solids
mixing: diffusive, shear and convective mixings (Lacey, 1954). It has
generally been believed that the convective mixing is the one which
minimizes the segregation (Ha:nby, 1967). In the cases where the diffusive
mixing prevails, the segregation tends to be severe. Segregation caused

by the shear mixing is relatively minor but can become important if bulk



22

density of a mixture is reduced. Williéms (1968) classified mixers into
two groups: segregating mixers, which rely mainly on the diffusive or the
shear mixing, and nonsegregating mixers or, strictly speaking, less-
segregating mixers, which rely mainly on the convective mixing.

Horizontal drum mixers are typical segregating mixers. Performance
of such mixers can often be improved by fiiting baffles or deflectors (see
e.g., Hill, 1965) to elevate the charge pass a normal flow angle so that
particles are thrown and do not roll down the surface. Donald and Roseman
(1962b) concluded that the design of a tumbling mixer should allow
frequent change in the particle path direction and had no tendency to set
up axial gradient. These two points of mixer design have been incorporated
into both the Y-shaped and the diamond mixer. Williams (1968) reported
that the improvement can also be made by means of a shaft with projecting
vanes, fitted along axis of a drum mixer.

Nonsegregating mixers included ribbon blender, nauta mixer, leodge
mixer, etc. In the ribbon blender there is some segregation due to the
rolling of particles down the inclined surface, and some due to the
shearing, but main mixing action is the convection. The naunta mixer and
the mixers with mechanical stirrers, such as the lodge mixer, are designed
to produce the convection within the body of particles rather than the
shear.

Harnby (1967) compared the performance of four types of mixers for
segregating particles. The impeller type mixer showed a superiority over
the others in regard to both the efficiency and the quality of mixtures.
The results can be explained by the mixing mechanisms in the mixers as
shown in Table 2. Lynch and Ho (1972) compared rotating-shell mixers
with fixed-shell rotating agitator type mixers and made general recommen-

dations for seleection.
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King (1964) proposed a multiple mixer system for alleviating the
segregation problems. The major mixing of this system is carried out in
larger batches and a small final mixer is used to eliminate the
segregation which may have risen during transportation of the mixture.
Cook et al. (1974) evaluated a nauta mixer for preparing multicomponent
mixtures. The results indicate the difficulties may exist with
multicomponent mixtures that each of the components behaves independently,

each approaching the required specification at different rates.
2.8 MIXING OF SEGREGATING PARTICLE SYSTEMS IN CONTINUOUS MIXERS

Williams and Rahman (1971) concluded, "Though many papers dealing
with the batch mixing of particles have appeared there seems to be little
movement toward the study of continuous mixing systems involving particles.,”

Poole et al. (1965) reported experimental data on the mixing of metal
powders with ceramic oxides in a continuous ribbon bladed mixer. Sugimoto
et al. (1966) studied the phenomenon of segregation in a continuous
horizontal drum mixer and proposed a model to predict the periocd and the
scale of fluctuation in the discharge rate and also the composition of
different segregation zones. On another occasion, Sugimoto et al. (1967)
argued that small and large particles might have quite different
residence time distributions in the continuous drum mixer and substan-
tiated their argument by the experimental investigation. Williams and
Rahman (1970) studied the effect of operating variables on the residence
time distribution in a continuous inclined drum mixer. They concluded
that in many cases the undersirable segregatiion can be reduced ﬁy carefully
controlling the operating conditions. Harwood et al. (1975) evaluated

peveral industrial continuous mixers for dry powders. They concluded
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that a desired mixer was the one which develops continuously the
convection current without creating a free-fall surface across which

segregation can take place.
2.9 MIXING OF SEGREGATING PARTICLE SYSTEMS IN FLUIDIZED BEDS

While gas fluidized beds have been known as excellent mixers for
nonsegregating particle systiems, relatively few attempts have been made
to evaluate them as mixers for segregating particle systems.

Leva (1962) reported that the segregation in a fluidized bed can be
reduced by introducing a stirrer or by carefully shaping the bed.
Nicholson and Smith (1966) studied the axial mixing of particles differing
in density in a fluidized bed and proposed a first-order rate equation
to describe the progress of mixing in the short mixing time. Nienow
et a1, (1972) reported the role of particle size, particle density, and
air rate on the segregation behavior in a gas fluidized bed. They
concluded that a fairly wide particle size difference can be tolerated
without appreciable segregation while even a small density difference
led to readily settling of the denser particles. Gibilaro and Rowe
{(1974) formulated a model based on four physical mechanisms: overall
particle circulation, interchange between wake and bulk phases, axial
dispersion, and segrezation. XZxperimentially observed equilibrium
concentration distributions can be satisfactorily predicted from this

model.
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2.10 CONCLUDING REMARKGS

Mechanisms of segregation are closely related to those which give
rise to the diffusive mixing. Both processes are favored by the
conditions which lead to maximum opportunity for particles to move as
individuals. Thus, for materials which tend to segregate, it may be
necessary to sacrifice some advantages of the diffusive mixing in order
to achieve acceptable final mixtures.

Batch mixing of segregating particle systems has long been a problem.
Segregation occurs not only during the mixing but alsc during the
subsequent handling. The possibility of using a continuous mixing system
should be considered to eliminate the intermediate storage and minimize
the subsequent handling. Such a system should include not only a mixer
(or & number of mixers) but also a feeder, a2 storage vessel or vessels,

a recycle loop, and other auxiliary units.

Since there is no easy way to relate the particle characteristics
with the mixer performance at this stage, there is no substitute fér
experimental investigation. Only by trial and error can one select a
suitable mixer and establish an optimum operation to cbtain the best
possible homogeneity.

According to Vogel (1965) and Matthee (1967), the still unknown
general differential equation of mixing and segregation may be formulated
by determining the functional relationship among dimensionless groups.
Much work needs be done before it will be possible to identify all the
relevant dimensionless groups and the form of the interrelation among

them.



26

10k 10(eR A9puafq uoqqry
10len JOUTH XJWe3iney
—— iouty 1ofey I3XTR-A
I0UTK I0UTl aolepy (19TT2duy yirm) i
. J0UT 1oley (I2TTaduy 23INn0oY3ITA) !
ma:uOuom_
. _
3ATIDAAUOY Ieayg FAFSNIITA Jaxyu o adAg
10 3urlroy _
SWSTUBYII| i _

*(196T1 “Aquipp) SIIXIW SNOTIBA Ul PaATOAUT SusSfueylaw jo 3afoy * [ F14VL



Sample standard daviation

05 :, S,

0.4~

03

02

0"1 — —— -q‘

e

e e e e e . e e e e e e . — —— e —— —— ————— —— —— O

0 | I N 1 | I SR I | !
2 4 6 8 10 12 14 I 18 20 =

Thouzenrds of roveluticns

Fig.l Typical example of mixing - camixing vs. timg
(Weidenbaum et al., 1955).



28

50
2 4o} Slops=3-~
c
2 3o}
=
>
L4
-
3 zof
‘ E
&
2
o 15|

0|

3
08 1 ! I R o I 1
0-8 0 -3 <0

Dicmetar ratlo, dash/da:ad

Fig. 2 Effcct of slze veritions of scda esh-ccnd mix on the
mixtore homogznity (Campbell et ol., 1S33),



29

A B
L
T77IIHIT77777 7777777 7770077777717,
C D

T T 7777777 1771177

Fig.3 Typical two-dimansisnal mod2l of combination of three
spheres of cqual diameter and pcozssitle coinbinations of
heavy and light componznts (Tanzka, 1971).



B A /
C 1
B
Sercgated State Mixed State Segregaied State
of Type | of Type li

Figd4 Representation of a Semi-Emperical Kinetic Model
(Gelves -Arocha, 1973),

A =Small or light particles
B = Big or heavy particles
C= Mxture of AandB



v particle

g‘ \ Small
‘ path
1

Fig5 Farticle molion cna plene (Bridgewater, 1974).

31



Segregotion

'Circulation

Wake'
phase

A

e mmm—————-
Axial ! Circulation
mixing ' | |
I v ¥
Bulk =1
phase Exchange
A
Lt | x
Axicl ‘ % Circulation
mixing
\---- ———————
Segrepation
dCy

Circulation

ca (:-dz)( = ca (z))

a2 l
A z? lwca(z-dz) ' ¥ Cala)
T~ dz - - . .. ' I
¥y v qACB (z]dz
Bulk phaze I =} vake phase
concentraiion concentration
"‘ on
of jetsam qﬂcﬂz )d; of Jetsam
Catz) F— Cwiz)
ac ' é
- & wlp (z) 'cu(z-dz)
dz
z=-C2

TR O N

Fig.6. A modal for a sogregating gas fluidised bed (Gibilaroetal,1974)

32



35
NOTATION

*
A, A', A", A'"", A = constnats

*
B, B', B", B"', B = constants

C = concentration

© = mean concentration

D(x,t) = diffusion coefficient

ﬂ*, D! = constants

d = diameter of the particle

I;r' = relative mass flow rate of small particles passing

through the interspaces of large particles per unit
flowing area
g = gravity
= total bed height

moment of inertia

L]
n

= total number of push away actions
equilibrium constant

' = constant

Lo S o I o B
n

= observed rate constant

-]

= mixing rate constant

-

= demixing rate constant

n

constant

length of the plate
= large particle

= degree of mixedness

- A .
n

= number fraction

mumber of planes the percolating particles rolls down

=]
n

rate of exchange

Wt
n



7(x,t)
t

vr

w =

w'

= small particle

cross-sectional area of a2 hoppér
convection coefficient

time

coefficient of variation
angular velocity

circulation rate

Greek Letter

QA &> « T °

A

density of the particle
void fraction
inclination of the plate
coefficient of friction
demixing potential
efficiency factor
standard deviation

standard deviation at t=0
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CHAPTER 3
A MODIFIED COALESCENCE-DISPERSION MODEL
FOR THE AXIAL MIXING OF SEGREGATING PARTICLES
IN A MOTIONLESS MIXER

3.1 INTRODUCTION

Solids mixing 18 a common processing operation widely used in a
variety of industries. It is extensively employed in the manufacture of
ceramics, fertilizers, detergents, glass, pharmaceuticals and animal feeds,
and in the powder metallurgy industry.

Three principal mechanisms are known for the process of solids mixing:
convective, diffusive and shear (Lacey, 1954). However, the extent of
mixedness as a function of time is generally difficult to predict because
gsatisfactory theories capable of describing the mechanisms have not been
fully developed.

The phencmenon of solids mixing has been analyzed based on
essentially linear diffusion models (see €.Z.y Lacey, 1954; Otake et al.,
1961; Hogg et al., 1966; Chen et al., 1973). Such a simple approach is
applicable only to nonsegregating particle systems, i.e., highly
idealized systems.

The behavior of systems where the particles differ in properties and
characteristics (segregating particle systems) is a matter of practical
concern in industrial operations. The occurrence of demixing
(segregation) is extremely important, since it can markedly alter product
quality. Despite this importance, the simultaneous occurrence of mixing
and demixing in segregating particle systems has received relatively

little attention.
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Some attempts have been made to formulate mixing rate expressions
for segregating particle systems. Rose (1959) derived his expression
by incorporating the so-called mixing and demixing potentials into a
regular diffusion expression. While his model has been successfully
emﬁloyed in representing some experimental data, definition of the
demixing potential is conceptually difficult to accept. It was pointed
out {Danckerts, 1959) that the estimated parameters in the model are
inconsistent with the theory behind the model. Weydanz (1960) proposed
a model for a two-dimensional process in which the segregation effect is
present in only one dimension. The main assumptions were that the rate
of segregation is constant and that the volume interchanged in either
direction is constant. Neither of these assumptions can be expected to
be valid in anything other than highly limiting cases., Faiman and Rippie
(1965) suggested that both mixing and demixing are first order processes
and that the process may be considered analogous to a reversible
chemical reaction in which both forward and reversible steps occur
simultanecusly. The rate expression thus derived can only describe the
later stage of a mixing and demixing process. Fan et al. (1975), assuming
that mixing and demixing can be described independently, presented a
mechanistic model which is analogous to chemical kinetics of two
complex reactions in series. The model can describe mixing cur%es
(degree of mixedness vs. time plots) to some extent, however, it gives
no concentration distributions which are extremely important in the
design of multiple mixers and continuous mixing systems.

A modified coalescence-dispersion model has been developed in the

present study. The concept of coalescence-dispersion was introduced by
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Curl(1963) and has been employed by many investigators to study the
effect of dispersed phase mixing on various reactions (see €euy
Spielman and Levenspiel, 1965; Kattan, 1967; Komasawa et al., 1971;
Zeitlin et al., 1972; Patterson, 1973). The validity of the present
model has been tested against the available data (Gelves-Arocha, 1973).
Relationships between parameters of the proposed model and physical

properties of the system have been analyzed.

3.2 DESCRIPTICN OF TEE MODEL

In the present model, the entire length of the mixer is divided
equally into z finite number of sections in series in the vertical
direction., Each section in turn is divided equally into a finite
number of cells in the horizontal direction. Each cell contains a
specified number of particles. Schematic representation of the cells
and sections is given in Fig. 1.

Mixing particles of the same size which may or may not have other
similar characteristics is considered first. The following mixing
mechanisms are assumed (see Fig. 2):

(1) The convective mixing in the axial direction is induced by allowing
random coalescence between cells in the adjacent sections, namely
the i-th and the (i+1)-th sections, two at a time. No coalescence
is possible between cells in the same section. The number of
particles in each cell and the number of coalescences per unit time
(coalescence rate) are invariant with respect to time and position.

(2) The diffusive mixing mechanism is induced by collision and

redistribution of individual particles between coalescencing cells.
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Upon each coalescence, particles in one coalescencing cell experience
one-to-one random collisions with particles in the other coalescenc-
ing cell and redistribute themselves instantaneously between the two
coalescencing cells. In the case of a key-nonkey particle
collision, the key particle may find its new position in the
coalescencing cell either in the i-th section or in the (i+1)-th
section. The probability of the key particle to find its new
position in the i-th section is denoted by «, and consequently that
in the (i+1)-th section is denoted by (1-a). The magnitude of the
distribution ratio & is mainly dependent on physical characteristics
of the particles. When the key and nocnkey particles are identical
in every aspect except color, « is equal to 0.5.

(3) The two coalescencing cells are redispersed back into their original
positions in the respective secticns.

Based on these assumptions, for an arbitrarily small interval at,
we have (see Appendix 1)

The number concentration of key particles in cell j in the i-th
section at t + at provided that the coalescence is with cell k in the
(i+1)-th section
= [ci’j(t) Ci+1'k(t) +{(1- Ci'j(t)] ci+1,k(t) + Ci'j(t) (1 - Ci+1,k(t)]}

a| U &t G: Lt 1 - TU at 1
xa]U st 0, () (1- 0 a2) (1)
The number concentration of key particles in cell k in the (i+1)-th

section at t + At provided that the coalescence is with cell j in the

i-th secticon

= [Ci,j(t) ci+1’k(t) +{(1- Ci,j(t)] Ci+1,k(t) + ci,j(t) [1 - Ci+1'k(t)]}

x (1-a)]uats Cipp i (8) (1=Uat), 121, 2 coey net (2)

j.k=1’ 2, q--,m
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where
Ci,j(t) = number concentration of key particles in cell J in the i-th
section at t,
ci+1,k(t) = number concentration of key particles in cell k in the

(i+1)-th section at t,
U = number of coalescences per unit time,

Mixing particles of different sizes is complicated by the fact that
the total number of particles in a cell is a function of the composition
and the structure (packing) of the mixture in that cell. The great
difficulty involved in such system; can be overcome by assuming that
replacement of a key particle lost from the cell can be accomplished
either by another key particle or a number of nonkey particles provided
that the key particles are larger than the nonkey particles. Under this
circumstance, the assumption of one-to-one particle collision is no
longer valid unless a certain number of the nonkey particles is treated
as an aggregate, which behaves as if it is a single particle., For this
purpose, the apparent number concentration of key particles in cell j in

the i~th section is defined as

X, ()
ci,J(t)a = Yl (t) ’ i=1y 2y eouyp n (3)
X, At) ¢ S8 .
ll() r 3 = 1' 2. ssaey m
in which
X, j(t) = number of key particles in cell j in the i-th section,
: ]
Y, j(t) = number of nonkey particles in cell j in the i-th section,

T = bulk volume ratio of a key particle to a noneky particle.
With this definition, Equations (1) and (2) are applicable to the mixing

of different size particles.
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3.3 SYSTEM EQUATIONS

The probability that cell j in the first (top) section and cell k

in the second section are selected as the two cells of a coalescencing

pair (see Appendix 2)
=2_L2_' Je k=1, 2, coey m (4)

The probability that cell j in the i-th section and cell k in the

(i+1)-th section are selected as the two cells of the coalescencing

pair (see Appendix 2)

=-——1— i=2| 31 seny n"2 (5)

Jr k=1, 2, ey m

The probability that cell j in the (n-1)-th section and cell k in the
n-th (bottcm) section are selected as the two cells of the coalescencing
pair

= the probability that cell j in the first section and cell k in the

second section are selected as the two cells of the coalescencing pair

=_l——2 ’ j,k: 1’ 2' .oc,m (6)
2nn

The change in the number concentration of key particles in cell j in

the i-th section during at due to the coalescence provided that the

coalescence is with cell k in the (i+1)-th section

" [Ci'j(t) Croq (8 + {01 = €y () ey (1) w0y () [1 = ey y  (8)])
xl]U At + ci,,j(t) (1 - U at) - Ci,j(t)’ 1)

i=1, 2’ *n ey :n"'1

j’k'; 1' 2, l.l'm
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The change in the number concentration of key particles in cell j in the
i-th section during 4t due to the coalescence provided that the
coalescence is with cell k in the (i-1)-th section
= [ci,j(t) ci+1,k(t) + {[1 - Ci,j(t)l Ci+1,k(t) + Ci,j(t) 11 - Ci+1'k<t)]}

x (1 -a)] U at + Ci,j(t) (1 - U at) - Ci,j(t)’ (8)

i=2' 3| sweyg n

j’ k= 1’ 2' ssag MM

The expected change in the number concentration of key particles in cell

j in the first section during 8%

E {chj(uat) - C1’j(t)}

TEE 51[—{01.3“) Co,e{8) + {11 = Gy 5(0] G (4] + €, (%)

x [1 - c?_ k(t)]}a] Ust+ C, (t) (1 -1U0at) - c, j(t)}

Uat r r
e RO ORN CEENNONEANORNIO

x[1-C t)x - ¢, .(t ] :
I 2,k( )} 1'3( ) ! Jd=13 24 ecay (9)
The expected change in the number concentration of key particles in cell

j in the second section during st

E {cz’j(nat) - Cz’j(t)}

._g__u,;c_ k§1 [Cz'j(t) By k(t) + {[1 - 02'.(t)] c, k(1:) + C, J_(t)
nm = ]

x (1= 6 (M1 -a) - ¢, (1)) + 85 B e, (1), (1)

nm k_1 & 2y
+ {[1- Cz’j(t)] Cs’k(t) + c2,j(t) [1 - 03’k t)l}a - Cz,j(t)] . (10)

=1, 25 veay m

The expected change in the number concentration of key particles in cell j
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in the i-th section during at

= E {Ci’j(t+at) - Ci'j(t)}

2

Uasat m
- ; = [Ci.j(t) Ciq,x(®) + {01 - ¢y () ey, (1) +c; (%)

% [ - Ci_1,k(t)]] (1 -a) - Ci,j(t) + C, (t) Civn, L)+ {0 - Ci,j(t)J

x

(8) + ¢, 5(8) [1- ¢y (D -, (0], (11)

1+1 k

i 3' 4’ esay n_i?

j=1, 2, sessyg I
The expected change in the number concentration of key particles in cell j

in the (n~1)-th section during a2t

B0, , (4 ©) - C (¥)]

]

T4t
N ;2 k§1[ n-1 J(t) Com 2,k(t) #4f1 = Cn—1,j(t)] Cn—E,k(t) + Cn«1,3(t)

x [1- Cn 2,k

(1)} (1-a) -c_ (t)] 208t .?;‘1‘{0 (1) ¢, (1)

+f{lv-c (D] c () +c o (1) (1~ Cn,k(t)]} d - Cn—1,j(t)] ,» (12)

J=1, 2y aaey m
The expected change in the number concentration of key particles in cell j

in the n-th section during at

= E {Cn'j(t+at) & cn,j(tn

2

Uit m
2 n 2 e [Cn,j(t) Cpg (8 + {01 = (0] ¢y () + ¢ (%)

x [1-¢ ()} (=) - cn,j(t)J , i=1 2 ceepm (13)

Dividing Equation (9) by 4t, and setting at-0, we obtain

E{' dC1’1 }



| m
- —;é;-;ﬁ kE1[C1.j(t) Co () + 111 = Gy (1)) €, (1) + ¢y (%)

x [1- cz_k(t)l} a - 01,3(1:)] P J=1,2, vy m (14)

Similarly,

ac, .(t)
SR

U m
"o i (2,58 05 (8) + (L1 - G (0] €, () + €5 5(8)

x [1- ¢y (O - 2) - cz,j(t)] +— kf; [02'j(t) €5 ()

nm

{01 =gy (0] 5 (1) Cp,5(¥) (1 - ¢ (B} &« - 02'j(t)} , (15)
J=1, 2y ceey 1
ac, .(t)

B

dt

U
- —— £§1 [cl’a(t) C. _1, (t) 4 {1 - Ci’j(t)] ci_1'k(t) + Ci,j(t)

X (1= oy, (DN = @) - o () + 0 (9) €y L (0)
P10 = 0 (0] By (8 + € (0 T - oy ()Fa - & (8], (19
i=3,4; seaey =2
J=1; 25 eesy W

dcn—‘l i(t)
E {—33—]

e BN LR OLASNO RS CE TN CHLNPNO R R
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x(0 -, (DI -a) - cn_hj(t)] —2% 3 { ,5(8) € i (8)

2nm k=1

s{lr-c e () +c , (D1-c (H)]}e

- cn—-1,j(t)] ] J =1y 25 esey m (17)
ac_ .(t)
s i)
30 m ’
N s b [ s(e) o g (8 + {01 - €y, (1] Croy, i (1) + Cn,j(t)
x[1-0C (D) (1-2)- Cn,j(t)] s O om Ty 2 sesy B (18)

Equations (14) through (18) can be solved numerically to give the number
concentration of key particles in each cell. The number concentration of
key particles in each section can be calculated by averaging all the cells
in the section. When the model Eguations (14) through (18) is applied
to a mixer operated in a semi-batch mode, e.g., repeatedly passing a
mixture through a motionless mixer, the time of mixing can be considered
to be proportional to an integer number of passes when end effectis are
negligibly small.

A more convenient discrete time approach is described in the next

section.
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3.4 MONTE CARLO SIMULATION

wWhen 8t equals to 1/U (i.e., period of a coalescence), Equations (1)

and (2) reduce to, respectively,
1

ci’j(t + 3)
= Ci'j(t) ci+1’k(t) + [[1 - ci,j(t)] ci+1'k(t) 4 ci'j(t)

x [1 = Ci+1,k(t)]1d ’ (19)
and

;

ci+1,k(t + 9
= ci'j(t) Ci+1,k(t) +{[1- Ci’j(t)] Ci+1'k(t) & Ci,j(t)

x [1- Ci+1’k(t)]] (1 -a), i=1, 2, eeuy n-1 (20)

jf k = 1’ 2’ seey I

where Ci,j(t + %) and ci+1,k(t + %), by their definitions, are respectively
the number concentration in cell j of the i-th section and that in cell k
of the (i+1)-th section after the coalescence.

According to the Monte Carlo simulation technique (see e.g., Meyer,
1956; Shreider, 1966) the mixing process described by Equations (14)
through (18) can be simulated by using only Equations (19) and (20) in
the following manner (see Fig. 3):

(1) A section is selected at random by generating a random number

11 where 1z i1 £ n.
(2) A cell is selected at random from this section by generating
another random number j1 where 1 é—j1 £ m,

(3) If the section selected in (1) is neither the top section nor
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the bottom section, one of the two adjacent sectionsis selected
at random by generating a third random number 12 whexre
14 i, £ 2. If the section selected in (1) is the top section,
the second section from the top is always selected, and if the
section selected in (1) is the bottom section, the second
section from the bottom is always selected.

(4) A cell is selected at random from the section selected in (3) by
generating a random number 32 where 1 ﬁ.jz % m,

(5) The two cells selected in (2) and (4) constitute the coalescencing
pair. Redistribution of particles in these tells after the
coalescence is computed according to Equations (19) and (20).

(6) Repeat steps (1) through (5) until a desired number of

coalescences is obtained.
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3.5 EXPERIMENTAL DATA

The procedures employed to obtain the data (Gelves-Avocha, 1973) in
this work are outlined below.

The mixing device employed to obtain the data (Kenics mixer)
consisted of a 1.5-in. ID pyrex tube with a number of helical elements.
Experiments were carried out by three basic operations: loading, passing,
and sampling. In the loading process, key particles (see Table 1) were
poured into the feeder first; particles of the second component (nonkey
particles) were carefully layered on top. After loading, the feeder was
placed above the mixer and the gate valve was withdrawn rapidly,
permitting the slug of particles to fall freely through the mixer. The
particles were caught in the collector; then the feeder and the ceollector
were interchanged to carry out the second pass. This process was
repeated to give the desired number of passes. To determine the
fluctuation of the concentration of the key particles in the mixer, the

variance was calculated by using the equation

: =2
g2 _ D (ci - C)
= E To-1 (21)

where C denotes the mean concentration of the key particles in the mixer
and n represents the number of samples taken from the mixture. PFor the
present case the entire mixture was divided into samples. The degree of

mixedness was calculated for each experiment according to the definition

(22)

o5
where c7§ is the variance of the completely segregated state of the

mixture, which can be calculated by

2=3%(1-79 (23)
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3.6 RESULTS AND DISCUSSION

Computations for solving Equations (14) through (18) by means of
fourth-order Runge-Kuita method have been performed on an IEM 370
computer by dividing the mixer into 9 fictitious sections in series in
the vertical direction with 10 cells arranged horizéntally within each
section. Simulations by means of the Monte Carlo method have also been
carried out by using the same scheme and computer. Typical resultis are
shown in Figs. 4a through 4e, which give concentration profiles for the
axial mixing of 3/16" glass beads with the same size steel balls. Good
agreements between the experimental data and the two simulations can be
observed in general.

The overall progress of the mixing and demixing process can also be
illustrated by a plot of the degree of mixedness (M) versus the number of
passes as shown in Fig. 5. As expected, the simulated result based on
Bquations (14) through (18) is deterministic in nature while that based
on the Monte Carlo simﬁlation is stochastic in nature. In this aspect,
the Monte Carlo simulation appears to be a better representztion of the
process. The difference in the iwo simulated results is not significant
at the 5% confidence level. However, the computing time needed for the
simulation based on Eguations (14) through (18) is about 10‘times as
much as that needed for the Monte Carloe simulation. Simulation for all
other particle systems have been performed by using the Monte Carlo
gimulation. The degree of fluctuation in the Monte Carlo simulations is
dependent upon the number of cells identified in the mixer. It can be
reduced by increasing the number of cells at the expense of more computing

time, Nevertheless, 90 cells in the mixer have been found to be

sufficient in this study.
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3.6.1 Nonsegregating Particle Systems

Experimental data (Gelves-Arocha, 1973) in Fig. 6 show that the rate
of mixing was relatively fast initially and decreased as the number of
passes increased. After a sufficient number of passes, a dynamic
equilibrium state was reached and no further improvement in the homogeneity
may be obtained. The rate of mixing was strongly dependent on the particle
size., Mixing progressed most rapidly when the particle size was small.
The progress of mixing for this case can be described by the proposed
model with &= 0.5 as shown in Fig. 6. The values of the coalescence
rate (number of coalescences per pass), U*, estimated from Fig. 6 are
represented in Table 1 and plotted against (1/Particle diameter)3 as shown
in Fig. 7. A near straight line can be obtained from the plot indicating
that an important factor for mixing is the volume of particles. The line
passes through the origin when extrapolated. This implies that as
particles become excessively large and therefore (1/Particle diame‘ter)3
excessively small, no mixing can be achieved in the mixer. The result is
intuitively expected as mixing is limited by the dimension of a mixer
when the particles mixed are extremely large.

The coalescence rate is plotted against the number of helices in the
mixer as shown in Fig. B, which indicates the followinz correlations

U = 11+ 20 x (number of helices) (24)

for 1/8" lucite particles,
and

T =14+ 9x (number of helices) (25)

for 5/32" lucite particles.
The nonzero intercepts imply that even without mixing elements in the

mixer, slight mixing can still be achieved.
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3,6.2 Segregating Particle Systems

For the system with size difference, the small particles were
initially placed at the bottom and the large particles were layered on the
top (Gelves-Arocha, 1973). A typical degree of mixedness versus time plot
(see Fig. 9) shows a rapid initial rise in M to a maximum, followed by a
declined to a terminal value corresponding to a dynamic equilibrium state.
Egtimated coalescence rates presented in Table 1 can be correlated by

U" = 22 + 9 x (number of helices) (26)

for 1/8"-5/32" lucite particles,

and
*
U = 10 + 9 x (number of helices) (27)

for 1/8"-3/16" lucite particles.

The coalescence rate for the 1/8"-3/16" lucite particle system was
smaller than that for the 1/8"-5/32" lucite particle system while the
size difference for the former was greater than that for the latter. It
is possible that in addition to size difference, the coalescence rate is
also a function of individual particle sizes. The size and the size
difference may couple together in a complex fashion that is beyond our
description at this stage.

The distribution ration, o4, which appeared in the model, indicates
the tendency of a particle system to segregate. While it is impossible
to determine explicitly the dependence of the distribution ratic on the
gize difference from the limited number of the available data, it appears
that an increase in the size difference results in an increase in &.

Figure 8 shows that the linear relationship between the coalescence
rate and the number of helices is less obvious for the system with

density difference than that for the system with size difference. It
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may be that the end effects cre more pronounced for the former than for

the latter. The rate of mixing for various combinations of particles
differing primarily in density is shown in Fig. 10, which reveals the fact
that the greater the density difference the faster the mixing and demixing.
The estimated coalescence rate is plotted against Ap/pm in Fig. 11. It
appears that the rate of increase in the coalescence rate with np/f)m is
reduced as the density difference becomes smaller. After the density
difference reaches a certain value, the increase in the coalescence rate
becomes so drastic that eventually the particle system mix and demix
within a single pass. @&/(1 - &) is plotted against Af/f:m in the same

figure, which indicates the correlation,

— S+ 206x4/p, (28)
(1 -a)

For the system with both density and size differesnces, the small
particles were initially placed at the bottom and the coarse were layered
on the top. The degree of mixedness for this case is plotted as a
function of the number of passes in Fig. 12. As can be seen from the
figure, the rates of mixing and demixing are much greazter than the two
previous systems. The combined effect of size and density differences

is greater than the single effect of either the size or density

difference.
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3.7 CONCLUSIONS

A modified coalescence-dispersion model has been developed and
successfully applied to correlation of the available experimental data
(Gelves-Arocha, 1973). For the nonsegregating systems and the segregating
systems with size difference, the coalescence rate is a linear function
of the number of helices in ihe mixer., The linear relationship between
the coalescence rate and the number of helices in the mixer is less obvious
for the system with density difference than for the system with size
difference. The dependence of the coalescence rate on the size of particles
indicates that an important factor for mixing is the volume of individual
particles for the nonsegregaiing system, The distribution ratio appeared
to be dependent upon the size, the size difference, the density, and the
density difference.

while previous proposed deterministic model (Fan et al., 1975) for
mixing of segregating particle systems in motionless mixers contains four
parameters, the present stochastic model contains only two parameters.
Unlike the deterministic model, the present model is capable of
generating concentration distribution as a function of time and its
applicability is not constrained by the initial concentration distribution
in the mixer. Therefore, the present model may be valuable in
understanding the mechanisms of mixing in the motionless mixers as well
as for the improvement of mixer design.

To derive a model which can take into account additional details of
mixing mechanisms such as the cell size distribution and the coalescence
rate distribution in the mixer tahn the present model can, additional

analysis and experimentation are required.
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NOTATION

Ce= average number concentration of key particles in the mixer

Ci = average number concentration of key particles in section i

Ci,j = number concentration of key particles in cell j of the i=th section

(Ci,j)a = apparent number concentration of key particles in cell j of the
i-th section

m = number of divided cells in each secticn

n = number of divided sections in the mixer

np = number of passes through the mixer

r = bulk volume ratio of a key particle to a nonkey particle

U = number of coalescences per unit time

U* = number of coalescences per pass through the mixer

xi,j = number of key particles in cell j in the i-th section

Yi,j = nunber of nonkey particles in cell j in the i-th section

o = distribution ratio

4 = total number of particles in each cell

02 = variance

Ui = variance of the completely segregated state

p = density

pp = average density
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APPENDIX I. DZRIVATION OF EQUATIONS (1) aAND (2).

According to assumption (1), the number of particles in each cell is
a constant which is to be denoted by £. Based on assumption (2), upon
coalescence, each particle in one of the two coalescencing cells
experiences a one-to-one collision with another particle in the remaining
cell in a completely random manner. Thus, L collisions occur for each
coalescence.

The number of collisions per unit time

= 4U (a1.1)

where U denotes the number of coalescence per unit time,

The number of collisions during an arbitrarily small interval At

= 1Uat (a1.2)

The probability of key-key particle collisions provided that cell j
in the i-th section coalescences with cell k in the (i+1)-th section
- Ci.j(t) Ci+1'k(t), i=1y 2y eeey n=1 (41.3)
Jdy k=1, 2, aesy I
The expected number of key-key particle sollisions during at
provided that cell j in the i-th section coalescences with cell k in
the (i+1)-th section
= [Ci.j(t) Ci+1'k(t)] (Luat), i=1 2, seey n=1 (a1.4)
Jo k=14 25 4oy m
Based on assumption (2), after each key-key particle collisions, the
two particles in the colliding pair split instantaneously and distribute
randomly between the coalescencing cells. Thus,
The expected number of key particles in cell j in the i-th section

resulting from key-key particle collisions during a4t provided that
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the coalescence is with cell k in the (i+1)-th section

= I8,

1,508 Cipq, (B)] (AU) x 1, i=1y2, «oay =1 (41.5)

Jyb k=1, 2 esuy, m
The expected number of key particles in cell k in the (i+1)-th
section resulting from key-key particle collisions during at
provided that the coalescence is with cell k in the (i+1)-th section

= lci'th) Ci+1'k(t)3 (Lust) x 1, 1= 1y By wesy =1 (A7.86)

de & 5Ny By wewy W
The probability of key-nonkey particle collisions provided that
cell j in the i-th section coalescences with cell k in the (i+1)-th

section

= 1 - ci,j(t)] Cipr,ik(t) Ci,j(t) (1 - Ci+1,k(t)]. (41.7)

i=1, 2, sesay n=1
Jr k=1, 2y seey m
The expected number of key-nonkey particle collisions during 4%
provided that cell ] in the i-th section coalescences with cell k
in the (i+1)-th section
= {l1- ci’j(t)l Ci+1,k(t) # ci,j(t) {1 - Ci+1,k(t)]} (2Ust), (41.8)
i=1, 2, eeey n-1

j'k=1' 2| saegy M

According to assumption (2), upon collision, a key particle will have a
probability of oo to find its new position in cell j in the i-th section
and a probability of (1-a) to find its new position in cell k in the
(i+1)-th section. Thus,

The expected number of key particles in cell j in the i-th sectiion

resulting from key-nonkey particle collisions during At provided that

the coalescence is with cell k in the (i+1)—th section
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= {11 - ¢y (D) ey (8 + e () (1= ¢, (]} (0uar), (41.9)

i=1,2, «eey n=1

Je k=1, 2, ey m
The expected number of key particles in cell k in the (i+1)-th section
resulting from key-nonkey particle collisions during 8t provided that
the coalescence is with cell k in the (i+1)-th section

= {{1- Ci’j(t)] Ci+1’k(t) + Ci'j(t) (1 - Ci+1.k(t)]}(PUdt) (1-a), (41.10)

i=1,2, v+eey n-1
Jo k=1 2y eeay I
Collisions between nonkey particles contribute mneothing to the concentration
of key particles.
The number fraction of particles in a cell which do not collide during

At provided that the cell is selected as one cell of a coalescencing

pair
= (8 - (uat))/e
=1- Uat , (41.11)

The expected number of key particles in cell j in the i-th section
which do not collide during 4t provided that the coalescence is with

cell k in the (i+1)-th section

c. .(t) #(1 - vat), 121, 2) eeey n-1 (41.12)
i,J .

JE 1| 2' .-u,m

The expected number of key particles in cell k in the (i+1)-th section

which do not cellide during At provided that the coalescence is with

cell j in the i-th section

= Ci+1,k(t) 1(1 - UAt)l i = 1, 2, seey n-1 (A"c-’})

j=1’ 2' seey I



76D

The total expected number of key particles in cell j in the i-th
section at t+at provided that the coalescence is with cell k in the
(i+1)-th section

= [ci'j(t) Ci+1,k(t) (Puat) x 1]+ [{[1 - ci’j(t)] Ci+1’k(t) + Ci’j(t)

- ol -

x [1 Ci+1’k(t)]} (ﬁUAt)}-r [Ci’j(t) 2(1 - Uat)) (41.14)
i = 1’ 2, sesaey n—1
J' k= 1' 2, [ X3 m

The total expected number of key particles in cell k in the (i+1)-th

gsection at t+ 4t provided that the coalescence is with cell j in the

j-th section

= [ci,j(t) Ci+1’k(t) (fuat) x 1] + {{[1 - Ci’j(t)] Ci+1'k(t) + Ci,j(t)
x [1- Ci+1'k(t)]} (euat) (1 - d)} # [Ci+1’k(t) £2(1 - vat)], (a1.15)

i=1 2y eeey n-1

Js k=1, 2, ceey m
The expected concentration of key particles in cell j in the i-th
section at t+4t provided that the coalescence is with cell k in the
(i+1)-th section

- [Ci,j(t) ci+1’k(t) + {[1- Ci,j(t)] Ci+1’k(t) + Ci'j(t) [1- Ci+1’k(tﬂ}dJ

x ULt + Ci,j(t) (1 - Uat), i=1, 2y eeey n=-1 (41.16)
Jyrk=1, 2, veepy m
which is equation (1).
The expected concentration of key particles in cell k in the (i+1)-th

section at t+4t provided that the coalescence is with cell j in the

i-th section

= [0y, () cppy (8 4 {11 - ©p (0 ¢y (8) + 0 (%) [1- Ci+1'k(t)]}
x (1 -<x)} Udt + Ci+1’k(t) (1 -Uast), 1i=1, 2y eesp n=1 (a1.17)

j!k= 1’ 2| ssey M
which is equation (2).
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1 1 1 1
= x + X
nxm m nxm 2 xm
-— (A2.7)

2
2 xnxm

which is Equation (4).

The probability that cell j in the i-th section is selected as the

first cell of a coalescencing pair

_ 1 (42.8)

The conditional probability that cell k in the (i+1)-th section is
gelected as the second cell of the coalescencing pair provided that cell
j in the i-th section is selected as the first cell of the coalescencing
pair

1
=2 xnm (A2-9)

The probability that cell j in the i-th section is selected as the first
cell of the coalescencing pair and cell k in the (i+1)-th section is

gelected as the second cell of the coalescencing pair

1 1
v r e n (42.10)

There is equal probability that cell k in the (i+1)=th section is
selected as the second cell of a coalescencing pair and cell j in the
i-th section is selected as the second cell of the coalescencing cell.
Therefore, the probabtility that cell j in the i-th section and cell k in

the (i+1)-th section are selected as the two cells of the coalescencing

pair

__1 (42.11)

which is Equation (5),
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APPENDIX 2. DERIVATION OF LQUATIONS (4) AND (5).

The probability that cell j in the first section is selected as the

first cell of a coalescencing pair

o1 (a2.1)

The conditional probability that cell k in the second section is selected
as the second cell of the coalescencing pair provided that cell j in the

first section is selected as the first cell of the coalescencing pair

-1 (42.2)

The probability that cell j in the i-th section is selected as the first

cell of the coalescencing pair

1 1
“nxm X @ (22.3)

The probability that cell k in the seccond section is selected as the

first cell of a coalescencing pair

R (a2.4)

The conditional probability that cell j in the first section is selected
as the second cell of the coalescencing pair provided that cell k in the

second section is selected as the first cell of the coalescencing pair

: (42.5)

=2xnm

The probability that cell k in the second section is selected as the first
cell of the coalescencing pair and cell j in the first section is selected

as the second cell of the ccalescencing pair

e B (a2.6)

Therefore, the probability that cell j in the first section and cell k in

the second section are selected as the two cells of the coalescencing cell



77

CHAPTER 4
MIXING OF LARGE PARTICLES IN A TWO-DIMENSIONAL GAS
FLUIDIZ£D BED -~ Nonsegregating System

4.1 INTRODUCTICN

Soligs mixing in a fluidized bed has been the subject of many
experimental and theoretical studies. The simplicity of design, the ease
of application in continuous systems, and the turbulent motion of
particles are attractive characteristics of a fluidized bed which make it
a potential device for solids mixing.

The phenomenon of solids mixing in fluidized beds has been described
by many investigators (see e.g., Rowe and Partridge, 1962; Kunii and
Levenspiel, 1969; Schugerl, 1969), and wake mixing, bubble induced drift
and gross circulation have been considered as the three principal
mechanisms of seclids mixing.

Two models have been used to déscribe the axial solids mixing in
fluidized beds. Brdtz (1952), May (1959), Levey et al. (1560), and
Massimilla and Westwater (1960) applied essentially linear diffusion
models in investigating the effect of systiem variables on the rate of
mixing. Katz and Zenz (1954) and Talmor and Eenenati (1963) proposed a
circulation model by considering material balances about two completely
mixed regions in a fluidized bed and correlated the model with published
information.

Few reports are available on the radial solids mixing in fluidized beds
despite its practical importance. Brotz (1956) measured the rate of radial
mixing in a two-dimensional fluidized bed and assumed a diffusion model to
describe the mixing data. Gabor (1964) studied the radial mixing in
fluidized and fluidized-packed beds. Mori and Nakamura (1965) reported

experimenial results of radial mixing and its relation to the bubbling
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phenomenon. Wen (1974) concluded that in general, correlations for
estimation of the radial solids mixing are lacking.

Research has been conducted mainly in systems where particle sizes
are smaller than 500 um. However, there are some applications of
fluidization where the use of large particles can be advantageous (see
e.g., Cox, 1958; Anon., 1961; Brown et al., 1972; Vogel et al., 1975;
Wilson and Gillmore, 1975). Geldart and Cranfield (1972) carried out some
hydrodynamic studies on the gas fluidization of particles varying in size
from 0.8 to 2.4 mm. Cranfield and Geldart (1974) reported a bubble
formation mechanism and several unusual features for a large particle bed.
Correlations for estimation of the solids mixing rate for large particle
beds are scarce,

In this study, extremely large particles (1 7% -in. table tennis or
ping-pong balls) were used as fluidizing particles. It should be of
interest to note that table tennis balls or similar particles are actually
employed in turbulent contactors which are essential three phase
fluidized beds (see e.g, Anon., 1959; Kielbach, 1961; Douglas et al., 1963;
Douglas, 1964). Both axial mixing and radial mixing were carried out in
& two-dimensional gas fluidized bed. The bed employed may be regarded as
truly two-dimensional in character, since the dimension of the bed (130—in.
X 15-in. x 1 % -in.) was such that it gave rise to essentially only
two-dimensional motion of the particles in the bed. A discrete time
stationary random walk model presented by Wang and Fan (1975) has been
extended to a continuous time stationary random walk model for the axial
and radial solids mixing. The model is a special format of the Markov
process which has been applied by many investigators (Oyama and Ayaki, 1956;

Oleniczak, 1962; Inoue and Yamaguchi, 1969; Chen et al., 1972; Lai and Fan,

1975) to study the performance of conventional solids mixers.



4.2 THEORETICAL

The motion of particles which leads to axial mixing is described as
a one-dimensional process by equally dividing the bed into m fictitious
sections in series in the vertical direction (Fig. 1). The motion of
particles which leads to radial mixing is described as a one-dimensional
process by dividing the bed into m fictitious sections in series in the
horizontal direction (Fig. 2). To botain rate expressions for both
mixing process, the following two assumptions are made:
(A1) The concentration distribution inside a section is spatially
uniform and each section is a discrete state.
{(42) The motion of particles can be described by a random walk process.
The random walk is a Markov chain Xy i=1,2, «0uy m} on a
state space consisting of integers with the property that if the system
is in & given state i, the system in a single transition either remains
at state 1 or moves to one of the states adjacent to state i; in other
woxrds, the particle can only move to the nearest neighbors (see €alsy
Parzen, 1567; Barber et al., 1970). The transition probabilities
associated with suth a random walk process in an arbitrarily small time
interval At can be stated in terms of:
(1) The probability of a key particle transitioning from state i to
state (i-1), which is Ai’i_1(t)dt.
(2) The probability of a key particle transitioning from state i to
state (3+1), which is Ai’i+1(t)nt.
(3) The probability of a key particle remaining in state i, which is

equal to {1 -4 (t) + Ai’i+1(t)]}dt .

ipi=1

2
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Fig.2. Schematic representalion of sections and states for the radial mixing.
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In these expressions, 4. (t) and & (t) represent the intensities
l,i"‘l i’i+1
of transition (transition rates) from state i to state (i-1) and state

“(i+1), respectively. The corresponding transition probability matrix

in At is of the form:
(see the following pages)

For simplification, two additional assumptions are made:

(A}) The random walk process can be described as a stationary process,
i.e.y a process with the intensity of transition remains
invariant with respect to time.

(44) The intensity of transition from a state to an adjacent state
remains spatially invariant.

Under these assumptions,

f27 (2)

1,2
As i=2) 3 coey w1 (3)

(4)

4,17 4,541 7

‘h,m—1

where #is a positive real constant. Thus Equation (1) becomes

]

A

(see the following pages)
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Mathematically, the concentration of key particles at (t+4t) can be
related to the concentration of key particles at t and the corresponding

transition probability matrix as (Parzen, 1967)

Bjc(t+at)h= c(t) B orC, = £§1 CP; s 3=1, 2, eeey, m(6)
where
e(t) = [e (1) c,(t) vov € (8) wuu (1) C ()] (7
Accordingly,
E{C (t+¢t)}= c,(t) (1 —oat) + Cy(t)ast (8)
E{C (t+&t)}= Ci_1(t)a4t + () (1 - 2aat) + Ci+1(t)dat, (9)

i = 2, 5, es ey m-'1
E{c (t+4t)}= c (t) (1 -ast) + c . (t)}aat (10)
Egquations (8), (9), and (10) can be simplified by carrying out multiplication,
collecting common terms, dividing through by at, and taking the limit as

At 0 to obtain

ac, (t)
E{ ;t k= aC,(t) - ac (t) (11)
ac,(t)
{-—%?——§= aCi_1(t) - 2ac (t) + aCi+1(t), (12)
1= 2 35 wsey m=1
ac (t)
El—aei= aCuq (¥ - 2Cy (1) (13)

To determine fluctuation of the concentration of the key particles

in the bed, the variance can be calculated as

(1) =5 B lc(y-T I (14)
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where C denotes the mean number concentration of the key particles in the

bed. The degree of mixedness, M(t), is calculated according to the

definition
2
g
M(t) = 1 - =t (15)
o
o
2

where © 6 is the variance of the completely segregated state of the

mixture.

4.3 EXPERIMENTAL

The experimental set-up, particle system, and procedure are described

below.
4.3.1 Set-Up

The schematic diagram of the experimental apparatus and equipment is
shown in Fig. 3. The main section of the bed was 130-in. high, 15-in.
wide and 1 g -in. thick. The height of the particle bed was indicated by
a scale attached to the bed. The bed was supported by a drilled standard
steel distributor which contained 15¢ ~£Z -ir. holes arranged in scuare
pitch. A 15 % -in, calming sectiocn beneatn the distributor consisted of
two packed sections, one at the bottom with 1 —-in. glass beads, the other

8

. T . ; : _ L
at the top with 1 75 ~in. sand filled ping-pong balls. A manometer atitached
to the bed was used to measure the pressure drops across the distributer

and the bed. Air flow from a compressor was controlled with a needle
valve and measured with a rotameter. The air was direcied throurh the ted

or to the vent line by a 3way valve to minimize the transient period

during the start-up.
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4.3.2 Particle System

Halex 3*-star table tennis balls, 1 ?% =in. in diameter and 2.42 g
in weight were used as fluidizing particles. The balls in white were
denoted as key particles and the btalls in yellow as nonkey particles
throughout the experiment. The particle diameter was measured by the
displacement volume in water. No significant difference in size and
weight was observed between the white and yellow particles. The minimum
fluidization rate of the particle at 76-in. static bed height was found
to be 6.78 ft./sec. by measuring pressure drops across the particle bed

at several air rates. 4 full-log plot of the pressure drop vs. the air

rate was used to determine the minimum fluidization rate.

4+3.3 Procedure

For determination of axial mixing, the key particles were poured into
the bed first and the nonkey particles were carefully layered on top. The
air from the compressor was metered and allowed to vent-off initially
through the by-pass line fitted with the 3way valve. The 3way valve was
then quickly switched, forecing the air to flow through the bed, and timing
started. After a predetermined period of mixing, the by-pass line was
opened to terminate the fluidization. The number of key particles and that
of nonkey particles in each section were recorded.

Two sets of runs were devised to itest the intermediate termination

and reinitiation of the fluidization on mixing. In the first, each
experiment was started with a fresh charge and the experiment was terminated
when the fluidization was terminated. In the second, the operating
conditions were identical with those of the first except that the bed was

collapsed and refluidized beiween successive mixing interval. The
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difference in the results of the two sets was not significant at the 5%
confidence level. All other experiments for the axial mixing were run
in the second operating mode.

For determination of radial mixing, the key particles were charged to
one side of a centrally located vertical partition and the nonkey particles
were charged to ithe other side., After the particles were fluidized, the
partition was quickly removed, allowing the particles to mix. Each
experiment was started with a fresh charge and the experiment was
terminated when the fluidizaticn was terminated.

Throughout each experiment, the air temperature was kept at 25.000

+ 0.5 and the pressure on the top of the bed was 1 atmosphere.

4.4 RESULTS AND DISCUSSION
4.4.1 Fluidization Characteristics

Each particle oscillated slightly arcund a fixed position in the bed
prior to the onset of bubbling. Transition from the bubbling-bed
condition to the slugging-bed condition was almost immediate., This may
be typicazl for fluidizing particles of large size and low density (Brown,
1972). lLenticular slugs were generated at 10-20 in. above the distributor
and rose slowly through the bed because of its shape. Occasionally, a
rising slug was broken into smaller irregular bubbles by the down-flowing
particles, which rose through the b;d more rapidly than the original slug
probably due to their more streamlined shapes.

The minimum bubdbling rate, Ub’ was obzerved 1o be approximately 1.3
X Umf_as compared to 1.2 x Umf reported ty Rowe and Sutherland (1964) for

their small particle bed (0.4-0.5 mm). No appreciable solids mixing
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occurred below the mirnimum bubbling rate. Bubble induced drift and gross
solids circulation appeared to be predominant solids mixing mechanisms in
the large particle bed of the present study. The contribution from wake

mixing appeared to be minor.
do4.2 Axial Solids Mixing

Figures 4a through 4d give axial concentration distributions of the
key particles respectively at the mixing times of 30 seconds, 60 seconds,
90 seconds, and 150 seconds at an air rate of 9.77 ft./sec. These
figures show the overall progress of the axial mixing process. Apprecizble
scattering of the data was expected since the system was essentially a
stochastic system with a small population (see e.g., Asaki and Kondo, 19653
King, 1968) containing only about 30 balls in each section.

Concentration distributions predicted by the proposed model are also
presented in Figs. 4a through 4d. Concentration predicted by the model is
generally higher than the experimental data in the upper part of the bed
and the opposite is true in the lower pari of the bed. These discrepancies
have protably arisen frem the fact that the distribution of the axial
mixing intensity along the bed is not taken into account in the model.
Obviously, the motion of particles directly above the gas distributor was
different from that in the main body. The particles may be completely
stagnant, semi-stagnant, or fully mobile. Combination of these various
types of behavior was found across the distributor in the present study.
The mixing pattern in the top layer of the bed also was different Irom that
in the main body of the bed because the slugs coniinually broke up the
surface and the particles were scattered over the surface. In order to

derive a model which can take into account these various types of complex
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behavior, additional analysis and experimentation are required.

The degree of mixedness of a mixture can be determined from Equation
(15). A plot of the degree of mixedness against the mixing time provides
an indication of the overall progress of mixing. As shown in Fig. 5, the
rate of axial mixing is rapid initially and decreases with the mixing
time. When the mixing time was prolonged, the degree of mixedness was
reduced, indicating a segregation tendency in the system. This segregation
tendency might have resulted from the surface property differences between
the particles.

The effect of air rate on the rate of axial mixing is shown in Fig. 5.
The increases in the rate of axial mixing with the increase in the air
rate can be readily understood because the mixing in a gas fluidized bed
is predominantly induced by bubbles which increase both in number and
size when the air rate is increased.

Theoretical prediction of the degree of mixedness as a function of
the mixing time is alsc shown in Fig. 5. Values of the parameter (see
Table 1),o, is plotted against (U - Ub)2 as shown in Fig. 6, which
indicates the following correlation:

A= 0.038 x (U - ub)2 (16)
This implies that no mixing occurs when the air rate is less than the
minimum bubbling rate. The expression of & given by Eguation (16) is
geimilar to the expression of the first-order rate constant proposed by
Nicholson and Smith (1966) for small particles. In other words, the excess
alr rate which is responsible for formation of bubbles should be (v - Ub)
for a large particle bed instead of (U - U ) which has been

conventionally used for a small particle bed.
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Table 1

Parameter of the Random Walk Model
for the Axial Solids Mixing.

Standard Deviation

Air Rate.ft,/sec. o, sec.-l of fitting
9.19 3.9 x 1073 0.057
9.48 6.5 x 107° 0.068
9.62 1.4 x 1072 0.063
9.77 3.5 x 1072 0.029
10.06 5.4 x 1072 0.034

10.35 8.8 x 1072 0.045



99

A

'‘Buixiw [DIXD By} 4O} D UO SiDJ JID JO §934)9 Byl 9By
q
2(N-N)
il cl 80 14°, 00

— v ¥ ¥ o.o
]

201X D

09

00l




100

'4.4.3 Radial Solids Mixing

The overall progress of radial solids mixing in terms of the degree
of mixedness 1s presented in Fig. 7. No appreciable segregation occcurred
in the radial direction. The degree of mixedness predicted by the model
is also shown in the same figure. Values of the parameter, o, estimated
from the data shown in Fig. 7 are presented in Table 2 and plotted against

U=-0 2 as shown in Fig. B, indicating that & varies with the excess air
b

rate as
2
a= 0.1 x (U - 1U.) (17)

According to Gabor (1964), the rate of radial solids mixing is
proportional to (U - Umf)1'25 for a small particle bed (0.196 mm).
Stronger dependence of the rate of radial solids mixing on the excess air
rate was reported by Brdtz (1956), and Mori and Nakamura (1965) for large
particle beds (0.4-0.5 mm and 0.6 mm, respectively). It appears that the
dependence of the rate of radial solids mixing on the excess air rate is
increased with the size of particles.

Equations (16) and (17) suggest that radial solids mixing is more
rapid than axial solids mixing. However, such a conclusion may not be
true for other fluidized beds of different dimensions and particles

because of the probable change in the predominant mixing mechanisms.
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Table 2

Parameter of the Random Walk Model
for the Radial Solids Mixing.

Standard Deviation

Air Rate,ft./sec. a , sec. of fitting
9.19 5.4 x 1073 0.071
9.33 2.4 x 1072 0.068
9.48 3.9 x 1072 0.057
9.62 5.5 x 1072 0.030

9.77 8.6 x 10 0.042
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4.5 CONCLUSIONS

Several unusual features were observed. Iach particle oscillated
slightly around a fixed-position in the bed prior to the onset of
bubbling, The transition from the bubbling-bed condition to the
slugging-bed condition was almost immediate. The minimum bubbling rate,
Ub, was observed ito be approximately 1.3 x Umf as compared to 1.2 x Umf
reported by Rowe and Sutherland (1964) for their small particle bed
(0.3-0.5 mm). No appreciable solids mixing occurred below the minizum
bubbling rate. Bubble induced drift and gross solids circulation
appeared to be predominant solids mixing mechanisms in this large particle
bed. The contribution from wake mixing appeared to be negligible.

4 stationary random walk model which is equally applicable to the
axial and radial solids mixings, was successfully employed to represent

the experimentszl data. It was found that the rate of solids mixing can

be correlated as a function of the excess air rate.
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NOTATION

Ai’i_1(t) = intensity of transition from state i to state (i-1) at time t

Ai,i+1(t) = intensity of transition from state i to state (i+1) at time t
Ci(t) = concentration of key particles in section i at time t
Cj(t+nt) = concentration of key particles in section j at time t+4t.

m = number of sections

M(t) = degree of mixedness at time 1

g(t) = transition matrix at time t

U = air rate

Ub = minimum bubbling rate

Umf = minimum fluidization rate

C = mean number concentration of key particles

Greek Letters

a
o?(t)

(1)

parameter in the model

variance at time t

variance of the comﬁietely segregated state



105A

G¢
£

9TqTITII8U
IqIdT1d8uU
0
0

0

6¢*0
0%°0
¢z o
02°0
02°0
GL*o
G0*0
8IqQTdTIdau

a[qIIFT[F3U

%

uorsuedxs pag

omz ‘ut

I03nqTI38TP 8y}
8soxoe doIp aianssaag

®}EP UOT}RZIPIALA

"LV 21qEL

0670 v6°0L 291,
68°0 L2*0t 2*9lL
08°0 86 2*9L
cl*o L8 &r 9
0L*0 20°8 e 9L
$9°0 62°L 2°9L
0%°0 bl & el
0Z°0 G9°¢ 29l
oL*o 262 2°9L
o%r eut *088/°3§ ‘uy
paq @y} SSOIOR
doxp sanssaIg ?}BI ITY JYIFoy peq 913BIS



1058

000°1 86670 9.8°0 GrLt0 27Ad0) A L6070 L¥o"0
000°1 000" 1 1$6°0 98L°0 GBL-o LL0*0 000°0 000°*0
000°1L 000°1 0660 129°0 ¢80 90°0 000°0 LLL*0
000" 000" 1 LvL*0 LLG*0 Lov-o 8¢0"0 ¢¢0°0 980°0
000°1 896°0 668°0 €9L°0 966°0 LLL*O 0000 000°0

§ UOT}085 | UOT3088 9 UOT}08G G UOT3085 p UOT100§ ¢ UOT1998 2 UoT308g | UOT3935  *ou uny

*088/°1J LL*6 JO 93BI ITE UB 4B JUTXTW JO
Spuodas (Qf Iaj}jB eTorjged Amvﬂnzv L8y 8y} Jo UOTINQTIFSTP UOT3RIFUSOUOD [BIXY

*BZY 8Iqey



105C

000" 1 2L8*o LLL®O 19670 A4'AR0 8LE "0 19¢°0 ALANY S
668°0 9¥L*0 9v9°0 9L¥-o 6LV°0 ¢8vo 657°0 viz o 14
9670 9r8*0 05L70 8O¥°0 €660 0620 6LL°0 ¢8L°0 ¢
000° L or8*o L09°0 Lov*o l92°0 bLL®O 982°0 2leto 2
000" L 026°0 298°0 IA4'Ad0 1ANAL0 ZLL*o ZLL°0 GLL°0 b

g UOT3938 / UOT}985 g UOT}03G § UOT}088 p UOT}08G5 ¢ UOT}D8S Z UOT}085 | UOT}08g *ou uny

*098 /137 LL"6 JO 93BI IB UB 3B JUIXTW JO
5puoo8s (9 I83Je salarraed ﬁwpﬂ:»& L8} 8y} JO UOT}NQTI}ETP UOTF3BILUSIOUOD TBIXY °*qQ2V @1QE]



105D

926°0 00870 L9970 61570 LS¢ 0 00%*0 2610 £6¢°0 G
688°0 19L°0 £62°0 AR GLL*0 62¥°0 9¢60 0L9°0 4
258%0 GlB*o 12970 00¥*0 ¢ebh-o Ll 261L°0 9¢lt0 ¢
Aq=30) 69L°0 veGto 61570 005°0 Gheo 00%°0 Lesto 2
LLG*0 8GY°0 0L£°0 A4’A0) ¢evto 025°0 9860 826°0 b

§ UOT308S | UOT3088 9 UOT}O8G G UOT398S § uoI}oag § uojzoag g uorjoeg | U0T398% *ou uny

*088/°3F LL"6 JO 83®I ITe uB 3B JUTXTW JO
SpUCDas (O I93Je BaToIYImd mowansv £33 8y} JO UOTNQTIFSTP UCT}RIJUSOUOD [BIXKY °O2Y 9[qRB[



105E

2260 L8v*0 662°0 ¢6°0 98670 12970 £65°0 9LG*0 G
98L°0 0260 ¢6%°0 Lob*o 6L°0 14 50) YA4Al0) 9260 14
¢€s°0 96270 9.2°0 986°0 9¢6°0 Lg9°0 6L9°0 8¢6°0 ¢
62670 evaro 12440 gy o 4190) 09¢°0 2650 L59°0 2
966°0 0£9°0 L0970 61L5°0 yov*o 946°0 £65°0 ¢Gpo L

g UOT}08g [ UOT}08G g UOTE08G § UOT3O85 § UOT}285 ¢ UOT30aS g UOT308F | U03098 *ou uny

*09s8/*3F LL*6 JO 93BI ITE UB 3B JUTXTW JO
8puodes G| I23Je sarorjaed (a3Tuym) 483 8y} Jo UOTINQTI}STP UOT}BIFUSOUOD [BIXY °P2y @1qBL



105F

-- --  be6°0 - 2L6T0 VP60 LF6°0 296°0 69L°0 £89°0 GLbTO G¢ 0L

B ==  §56°0 -~ LL6"0 28670 --  £28°0 -- L0G*0 P¥£2'0 90°0}

~=  9l6°0 1260 996°0 8¥6°0 198°0 -—  6£9°0 --  Lés°0 - LL*6
6L6°0 LB6°0 [L£6"0 868°0 2PL'0 2160 - €20 == 4D == g9*6
L¥8°0 GLL°0 66L°0 819°0 Lob"0 1lz°0 8S2°0 -=  260°0 - - gV*6
¢LG°0 68V°0 80S°0 2v¥*0 LivTO0 ¢8L°0 ==  810°0 i = = 61°6
oc¥  09¢ ©0¢ ove o8t ozl 08 09  oF 0§ 0z  °98s *085/°33

FUTXTw [BIXB 9y} I0J EBOUPAXIW JO aaxda(

¢V

SWT} JUTXTINSIBL ITY

2148



105G

< 860 o l26 o e 68L°0 - ¢vG o - LL*6
6L6°0 2ZW6*0 €06°0 0LB°0 C 886°0 e 9¢v 0 = 29°6
696°0 116°0 - e G09°0 - ST - = gy 6
L8O  €99°0 G2l'0 Pz9*o s 82¢°0  ¢8L°0 = LLo°0 ¢e6
0LG°0  9L2°0 €92'0 8L0°0 = - = — = 6L°6

081 ozl 06 09 or 0% 02 Y oL ) “055/°33
aWTY 1Bl ITY
Jurx Ty

FUTXTW Tefpea 8y} J0J SSAUPaxXTWw Jo @axdeq *py ©IqEJ



106

LITERATURE CITED

Anon.,, "New Floating Eed Scrubtber Won't Plug," Chem. zng., éé, 106
(December 4, 1959).

Anon.E "Fluidized Bed Experiment Assembled at Martin," Nucleonics, 19 (1),
25 (1961).

Asaki, S., and Kondo, Y., "Fluctuation of Particle Concentration in
Fluidized Bed," Kagaku Kogaku, 29, 899 (1965).

Barber, M. N., and Ninham, B. W., Random and Restricted Walks, Gordon
and Breach Science Publishers, lew York (19?0).

Brotz, W., "Grundlagen der Wirbelschichtverfahren,” Chem. Ing. Tech.,
24, 60 (1952

Brotz, W., "Untersuchungen uter Transportvorsange in durchstromtem,
gekorntem Gut," Chem., Ing. Tech., 28, 165 (1956).

Brown, G. E., Farkas, D. F., and De Marchena, E. S., "Centrifugal
Fluidized Bed," Food Technology, 24, 23 (19?2).

Chen, S. J., Fan. L. T., and Watson, C. A., "The Mixing of Solids
Particles in a Motionless Mixer--A Stochastic Approach," AIChE J., 18,

984 (1972).

Cox, M., "A Fluidized Adsorbent Air-Drying Plant,” Trans., Instn. Chem.
Engrs., 36, 29 (1958).

Douglas, H. R., Snider, I. W. A., and Tomlinson, G. H., "The Turbulent
Contact Absorber," Chem. Eng. Progr., 59 (12), 85 (1963).

Douglas, W. J. M., "Heatl and Mass Transfer in a Turbulent Bed Contactors,"
Chem. Eng. Progr., &0 (7), 5 (1964).

Gabor, J. D., "lLateral Solids Mixing in Fluidized-Packed Beds," AIChE J.,
10, 345 (1964).

Gabor, J. D., "Fluidized-Packed Eeds," Chem. Eng. Progr. Symp. Ser., 62
(62), 32 (1966).

Geldart, D., and Cranfield, R., "The Gas Fluidization of Large Particles,”
Chem. Eng. J., 3, 211 (1972).

Inoue, I., and Yamasuchi, K., "Particle Motion in a Mixer--lixing in a
Two-Dimensicnal V-Type Fixer," Trans, Inst., Chem. Engrs., 10, 3 (1970).

Katz, D., and Zenz, F. A., "Mixing and Internal Circulation," Peirol
Refiner, 32, 203 (1954).

f <Y -

Kielbach, A. W., "The Development of Floating-Bed Scrubtles," Chem. g,
Progr. Symp. Ser., 57 (35), 51 (1961).



107

King, R. P., "Continuous Flow Systems with Stochastic Transfer Functions,"
Chem. kng. 3ci., 23, 1035 {1968).

XKunii, 0., and Levenspiel, 0., Fluidization BEngineering, Wiley, New York

(1969).

Lai, F. S.y and Fan., L. T., "Application of a Discrete Mixing Model to
the Study of Mixing of Multicomponent Solids Particles,” I & EC Process

Design and Development, 14, 403 (1975).

Levey, R. P., De La Garza, A., Jacobs, 5, C., Heidt, H. M., and Trent, P.
E., "“Fluidized-Bed Conversion of VO3 to UF,," Chem. Eng. Progr., 56 (3),
43 (1960).

Massimilla, L., anc Westwatgr, J. W., "Photographic Study of Solids-Gas
Fluidization," AIChE J., 6, 134 (1960).

May, W. G., "Fluidized-Bed Reactor Studies," Chem. Eng. Progr., 55 (12),
4 (1960).

Mori, Y., and Nakamura, K., "Solids Mixing in a Fluidized Bed," Kagaku
Kogaku, 29, 858 (1955).

Nicholson, W. J., &nd Smith, J. C., "Solids Blending in a Fluidized Bed,"
Chem. Eng. Progr. Symp. Ser., 62 (62), 83 {1966)

Oleniczzk, A., "A Stochastic Model of Ideal Dry Particle Mixing," Ph.D.
Thesis, Princeton University (1962).

Oyama, U., and Ayaki, K., "Studies on the Mixing of Particulate Solids,"
Kagaku Kogaku, 20, 143 (1956).

Parzen, E., Stochastic Processes, Holden Day, San Francisco (1962).

Rowe, P. N., and Partridge, B. A. Proc. Symp. on Interaction between
Fluids and Particles, Inst. Chem. Engrs. (1962).

Rowe, P. N., 2nd Sutherland, K. S., "Solids Mixing Studies in Gas Fluidized
Bed," Trans. Insi. Chem. ing., 42, 755 (1964).

Schugerl, XK., "Mixing Regions in Fluidized Beds," Powder Technology, 3,
267 (1959).
Talmor, E., and Benenati, F. B., "Solids Mixing and Circulation in Gas

Fluidized Beds," aIChZ J., 5, 536 (1963).

Vogel, G. V. et al., "Recent AL Bench-Scale PFBC Studies,'" A paper
presented at the International Conference on Fluidized Bed Combustien,
Mclane, Virginia (1979).

Wang, R. H., and Fan, L. T,, "Axial Mixing of Grains in a Motionless Sulzer
(Koch) Mixer," to be published in I & EC Process Design and Development.



108

Wen, C. Y.,"Research Needs for the Analysis, Design, and Scale-Up of
Fluidized Beds," A paper presented at AIChE Annual Meeting, Washington,
D. C. (1974).

Wilson, J. S. and Gillmore, D. W., "Preliminary Report on FBC of Anthracite
Wastes," A paper presented at the Fourth International Conference on
Fluidized Bed Combustion, Mclane, Virginia (1975).



109

CHAPTER 5
MIXING OF LARGE PARTICLES IN A TWO-DIMENSIONAL
GAS FLUIDIZED BED - Segregating System

5.1 INTRODUCTION

Solids mixing in a fluidized bed has been the subject of many
experimental and theoretical studies. The simplicity of design, the ease
of application in continuous systems, and the turbulent motion of
particles have been most frequently mentioned as the attractive charcter-
istics associated with a fluidized bed, which make it a potential device
for solids mixing (see e.g., Kunii and Levenspiel, 1969).

It has been known that gas fluidized beds have excellent and rapid
mixing characteristics for nonsegregating particle systems. Much effort,
both experimental and theoretical, has been spent in explaining this fact
(see e.g., Brotz, 1952; May, 1960; Levey et al., 1960; Kunii and
Levenspiel, 1969). However, in industrial solids mixing, it is often
required to mix particles which differ widely in physical properties.

In fluidized beds contzining particles of different physical properties,
segregation which prevents the attainment of a random state of mixing is
usually encountered.

The forces which promote particle segregation in a fluidized bed have
been discussed by Sutherland and Wong (1964), and Pruden and Epstein
(1964). Though there has been moderate interest in studying the
segregation behavior of a mechanically homogenized mixture during
fluidization (see e.g., Wen and Yu, 1966; Gelperin et al., 1967; Pena

et al., 1968; Goossens et al., 1971), little has been done in investimating
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the mixing of segregating particles in a fluidized bed. Nicholson and
Smith (1966) studied the axial mixing of particles differing in density

in a fluidized bed and proposed a first-order rate equation to describe

the progress of mixing in the short mixing time. ZXNienow et al. (1972)
reported the role of particle size, particle density, and air rate on the
segregation behavior in a gas fluidized bed. They concluded that a fairly
wide pariicle size difference can be toleratied without appreciable
segregation while even a small density difference leads to readily settling
of the denser particles. It should be of interest to note that this is in
contrast to ithe situation in conventional mixers, where the size difference
is the most important segregation factor (see e.g., Williams, 1975).
Gibilaro and Rowe (1974) formulated a model based on four physical
mechanisms: overall particle circulation, interchange between wake and

bulk phases, axial dispersicn, and segregation. Experimentally observed
equilibrium concentration distributions can be satisfactorily predicted
from this model.

In this study, extremely large particles (1 -1—5 -in.) with density
difference were usad as fluidizing particles. 3oth axial and radial
mixings were carried out in a two-dimensionzl gas fluidized bed. The bed
employed may be regarded as truly two-dimensional in character, since the
dimension of the bed (130-in. x 15-in. x 1 g -in.) was such that it gave
rise to essentizlly only two-dimensional motion of the particles in <the bed.
A nonstationary random walk model has been developed to represent tihe
axial concentration distribution in a segregating fluidized particle

systen as a function of the operating time.



5.2 THEORETICAL

The motion of particles which leads to axial mixing is described as
B one-dimensional process by equally dividing the entire length of the
bed into m fictitious sections in series in the vertical direction, with
the last section being that adjacent to the gas distributor (Fig. 1).
To obtain the rate expression for the mixing process, the following
assumptions are made:

(A1) The concentration distribution inside a section is spatially
uniform and each section is a discrete state.

(A2) The motion of particles can be described by a random walk process.
The random walk is a Markov chain { X;p 1=1, 2, «esy m} on a
state space consisting of integers with the property that if the
system is in a given state i, then in a single transition the
system either remains at state i or moves to one of the states
immediately adjacent to state i; in other words, the particle can
only move to thé nearest neighbors (see e.g., Parzen, 1967; Barber
et al., 1970).

(A}) The bed consists of two mixing regions, the segregated region at
the bottom or lower part of the bed and the completely mixed region
at the top or the upper part of the bed. The proportion of the two
regions is dependent upon the characteristics of particles, the
geometry of the bed and the operating conditions.

(A4) The random walk process in the completely mixed region is a
stationary process, i.e., a process with the intensity of transition
(transition rate) invariant with respect to time.

(A5) The random walk process in the segregated region is a nonstationary
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process, i.e., a process with the intensity of transition as a
function of time.

Under these assumptions, the transition probability matrix associated
with the mixing process in an arbitrarily small time interval At can be
written as

(see the following pages) (1)
where

Ai,i-1(t) = intensity of transition of a key particle from state i

to state (i-1),

A, i+1(t) = intensity of transition of a key particle from state i
9
to state (i+1),
k = section number above which complete mixing occurs, i.e.,

the  border line between state (k-1) and state k divided
the completely mixed region and the segregated region.

The expressions, 4, . .(t) &4t and &, . .(t) 4t, which appear in the matrix,
1,i-1 i,i+1

represent respectively the probability of the key particle transition from

(t)

+ A i+1(t)]at} represents the probability of the key particle remaining

]

i
in state i. For further simplification, the following additional

state i to state (i-1) and state (i+1) in 4t, consequently, {1-14; 4 4
g

assumptions are made:

(A6) In the completely mixed région, the intensity of transition from a

state to an adjacent state remains spatially invariant. Thus,

A1,2 = d (2)

Ai,i_1 = Ai'i""‘[ = d i-= 2' 3| esay k-1 (3)

where a is a positive real constant.

(A7) Only interactions between particles in the adjacent states are
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significant in the segregated region. Those between particles in
the same state and those between particles beyond the adjacent
states are ignored. The transition of a particle in the segregated
region is the result of an interchange of states between a pair of
particles in the adjacent states. For a key particle in state i,
four possible combinations of the key particles in state (i-1) and
state (i+1), are possible as shown in Fig. 2. Associated with each
combination, two transitions, each with a specific intensity, may
occur, The intensity of each transition is primarily dependent
upon the stability of the original state and that of the final
state of that transition. Assuming that the key particle is lighter
than the nonkey particle, the key particle will be more stable in
the upper state [state (i-1))} than in the lower state [state i]
and vice versa. Any transiticn from a less stable state to a more
stable one is classified as a favored transition; that from a more
stable state to a less stable one is classified as an unfavored
transition. If the stability of a system remains unchanged, the
transition is classified as an equivalent or neutral transition,
The intensities of the three transitions are assumed to be:
(8) The intensity of an equivalent transition = « ,
(9) The intensity of a favored transition = o+ g,
(10) The intensity of an unfavored transition = A=pB
In these expressions, gis a positive real constant which is less than or
equal to o . Thus, magnitudes of the intensity of transition can be
assigned with reference to Fig. 2 and are summarized in Table 1. Accordingly,

the intensity of a key particle transitioning from state 1 to state (-1

is
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Table 1

Occurrence probabilities and transition probabilities
for combinations A, B, C, and D in Fig. 2.

Combination Probability of occurrence A: 11
g T
A Ci—l(t) X Ci+l(t) a
B [l—Ci_l(t)] X [1—Ci+l(t)] atf
c Ci_l(t) X [1-Ci+l(t)] a
D [1-¢, ()] x ¢, ,(t) a+8

i,i+1

a-B

a-B
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Ry (¥
= C;_4(t) ¢, (%) [AI,HJA + - 01—1(t)]l1_ci+1(t)][£:,i—1]B

*

T OO 1 BN C) 1 E Wi PR AN O) LN O T W
=d+p"ﬁci_1(t) ’ 1=k, k+1, «ouy m (4)

Similarly, the intensity of a key particle transitioning from state i to
state (i+1) is
Ai,i+1(t)

= 0y (800, (D[] 4 1),y + 1=y (DI L=, (] LAY 4 )

i+ i,i+1
O TN} CWIIS PR LN OO LI 1 E W I

- E;.,(_:.ciﬂ(t) " i =k, ktl, cou, m-1 (5)

Substituting Equations (2), (3), (4) and (5) into Equation (1), the
transition probability matrix can be rewritten as
(see following pages) (6)
Mathematically, the concentration of key particles at {t+4t) can be
related to the concentration of the key particles at t and the corresponding

transition probability mairix as

E{g(tmt)}: c(t)p(t) or c; = £ CiPy 5 i=1, 2y veeygm  (7)

where

c(t) = [C1(t) 02(1:) Ci(t) Cm_1(t) Cm(t)] (8)
Accordingly,
E{c1(t+at)}= cy(t)(1-aat) + Cy(t)olot (9)
E{C;(twst)f= €, (t)dst 4 c (t)(1 - 2aat) + €, (thast , (10)

i= 2, 3' *aw) k—2
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E{ck_1(t+5t)}= Cop(Bant + ¢, (£)(1 - 2ast)
+ C () (a4 o= e, _,(t)]at (11)
Bl (trat)f = ¢ ()4t + ¢ (¢) f1- (w-pC,_,(t) + po, ,(£))at}
- Ck+1(t)ﬁﬁﬁ-pck(t)]6t (12)
Efc; (teat))= ¢, (£) x-p+pe ()]0t + C () (1= (2x-pC, _ (£)+aC,, (1)) at])
+ C, (8) lppc, (1)) 0t i= ke, k42, seey m-1  (13) .
Eleg(trat)]= o () x-prpc (£)]ot + C (£){1- fap-pc (1)) At] (14)

Equations (9) through (14) can be simplified by carrying out multiplication,

collecting common terms, dividing through At, and taking the limit as t-+0

to obtain
ac, (t)
E{——%;——§= ~aC,(t) + aCy(t) (15)
dci(t)
E{ " }: aci_1(t) - 2dCi(t) + aci+1(t), i =2y 3, weey k-2 (16)
de_1(t)
gt} = %Cal®) - 296 1() + @orp-p0_,()]C (%) (17)
359
Bl —az—|= «C_4(8) - (2a-60,_, (%) + e, ()]c, (t)
+ [+p-g0, (t)]c,  ,(¢) (18)
dCi(t)
it = -pepc (0] Cy (1) - [2-pc,_,(t) + BC,  (£)]c,(+)
+ fep-pe (t)c; (1) 1= k+1y k42, eeuy m=1 (19)
ac_(t) :
Elgr—i= @e+pc (v)]c, ,(t) - fug-pe_ (D)) (1) (20)

When =0 and/or k=0, the nonstationary random walk model is reduced

to the stationary randem walk model (Chapter 4).



E{ dC1(t)

"_E¥_'}= acy(t) - ac,(t) (21)

dCi(t)

{"EE" (t) » £ =2, 3y souy m-1 (22)

§= ®C;_(t) - 2¢C,(t) + aC, |

ac_(t)

q—qt—ju ac__.(t) - «c (1) (23)

The stationary random walk model can be applied to systems where segrega-
tion does not cccur.

The motion of particles which leads to radial mixing is described as
a one-dimensional process by equally dividing the bed into m fictitious
sBections in series in the horizontal direction (Fig. 3). It is postulated
that the density difference between the particles does not give rise to
the radial segregation., Provided that this is true, the stationary random
walk model, expressed as Equations (21) through (23), can also be applied
to representation of the radial mixing process.

To determine fluctuation of the concentration of the key particles in

the bed, the variance can be calculated as

o%(1) = ‘“‘1 (e, () - T )° (24)

where C denotes the mean number concentration of the key particles in the
bed. The degree of mixedness, M(t), is calculated according to the

definition

M(t) =1 - ﬁﬁ (25)

062
where obz is the variance of the completely segregated state of the

mixture.
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5.3 EXPERIMENTAL

The experimental set-up, particle system, and procedures are

described below.

5¢3.1 Set-Up

The schematic diagram of the experimental apparatus and equipment is
shown in Fig. 4. The main section of the bed was 130-in. high, 15in. wide
and 1 g -in. thick. The height of the particle bed was indicated by a
scale attached to the bed. The bed was supported by a drilled standard
steel distributor which contained 156 EE -in. holes arranged in square
pitch., A4 15 % -in. calming section beneath the distributor consisted of
two packed sections, one at the bottom with-% -in. glass beads, the other at
the top with 1-7% -in. sand filled ping-pong balls. A manometer attached
to the bed was used to measure the pressure drops across the distributor
and the bed. Air flow from a compressor was controlled with a needle
val?e-and measured with a rotameter. The air was directed through the

bed or to the vent line by a 3>way valve to minimize the transient period

during the start-up.

5.5.2 Particle System

Halex 3-star table tennis balls, 1 ?% -in. in diameter and 2.42 g in
weight, were used throughout the experiment as key particles. Honkey
particles were the same sized table tennis balls, of which the ﬁeight was
changed to be 2,50 g by sealing dryed sand inside. The minimum fluidization
rate of the balls was found by measuring pressure drops across the particle
bed at several air rates., A full-log plot of the pressure drop vs. the
air rate was used to determine the minimum fluidization rate. This rate
was determined to be 6.72 ft./sec. for 2.42 g table tennis balls and

6.80 ft./sec. for the 2,50 g table tennis balls at 57-in. static bed height.
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5¢3.3 Procedures

For determination of axial mixing, one type of particle was poured
into the bed first and then the second component was carefully layered on
top. The air from the compressor was metered and allowed to vent-off
initially through the by-pass line fitted with the 3-way valve. This
valve was then quickly switched, forcing the air to flow through the bed
;ith a timer started. After a predetermined pericd of mixing, the by-pass
line was opened to terminate the fluidization. The number of key particles
and that of nonkey particles in each section were recorded.

Two sets of runs were devised to test the intermediate termination
and reinitiation of the fluidization on mixing. In the first, each
experiment was started with a fresh charge and the experiment was
terminated when the fluidization was terminated.

In the second, the operating conditions were identical with those of
the first except that the bed was collapsed and refluidized between
successive mixing intervals, The difference in the results of the two sets
was not significant at the 2.5% éonfidence level. All other experiments
for the axial mixing were run in the second operating mode.

For determination of radial mixing, the key particles were charged
to one side of a centrally located vertical partition and the nonkey
particles were charged to the other side. After the particles were
fluidized, the partition was quickly removed, allowing the particles to mix.
Bach experiment was started with a fresh charge and the experiment was
terminated.

Throughout each experiment, the air temperature was kept at 25.0°C

4+ 0.5 and the pressure on the top of the bed was 1 atmosphere.
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5.4 RESULTS AND DISCUSSION

5¢4.1 Fluidization Characteristics

Bach particle oscillated slightly around a fixed position in the bed
prior to the onset of bubbling. Transition from the bubbling-bed condition
to the slugging-bed condition was almost immediate., This may be typical for
'
fluidizing particles of large size and low density (Brown, 1972).

Lenticular slugs were generated at 10-20 in. above the distributor and

rose slowly through the bed because of their shapes. Occasionally, a

rising slug was broken into smaller irregular bubbles by the down-flowing
particles, which rose through the bed more rapidly than the original slug
probably due to their more streamlined shapes. The minimum bubbling rate,
Ub’ was observed to be approximately 1.3 x Umf of the denser particles.

No appreciable solids mixing occurred below the minimum bubbling rate.
Bubble induced drift and gross solids circulation appeared to be predominant
solids mixing mechanisms in the large particle bed of the present study.

The contribution from wake mixing appeared to be negligible.

Apparently segregation resulted from preferentially transporting the
lighter particles upwards with rising bubbles and interparticle

competition for the voidage left temporarily behind the rising bubbles.

5.4.2 Axial Solids Mixing

Figures 5a through 5d give, respectively, axial concentration
distributions of the key particles (lighter particles) respectively at the
mixing times of 10 seconds, 25 seconds, 60 seconds, and 120 seconds of
mixing at an air rate of $.77 ft./sec. These figures show the overall

progress of the axial mixing process. The data in these figures were
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Fig.5a.  Axial cocentration distribution of the key particles
after 10 seconds of mixing at an air rate of 977

ft./sec..
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Fig.5b. Axial concontration distribution of the key particlzs
after 25 cecends of mixing at an air rate of 277 ft./sec..



Section number

s
-
Exprimental »—%—
" Theoretical — =—
l 1 1 L
0.0 0.2 04 0.6 0.8 1.0
Number fraction of the key particles
Fig.5c. Axial concentraticn distribution of the key particles

after 60 seconds of mixing at an air ratz of 9.77
ft.7s2cC.. '

132



Section number

Number fraction of the key particles

Fig.5d. Axial cocentraticn distribution of the key particles
after 120 seconds of mixing at an oir rciz of 977

ft./sec..

5 ’ *
Experirhental —pt—d
3 " Theoretlical —_—
] i 1 !
0.0 0.2 0.4 0.6 0.8

1.0

155



134

obtained by initially placing the key particles at the bottom and the
nonkey particles at the top. As mentioned previously, appreciable
scattering of the experimental data is expected as the system consisted
of about 30 balls in each section, i.e., a stochastic system with a
rather small population (Asaki and Kondo, 1965; King, 1968).

As can be seen from Figs. 5a through 5d, the overall homogeneity of
the system was initially increased with the operating time. When the
operating time was prolonged, a continued movement of the key particles
to the top of the bed was observed until a dynamic equilibrium was
established between the mixing and segregation tendencies. Only slight
fluctuation in the concentration distribution could be observed thereafter.

Typical equilibrium concentration disiributions of the key particles
are shown in Fig., 6. At a moderate air rate (9.77 ft./sec.), the
equilibrium concentration distribution was characterized by the fact that
the concentration gradient existed only at the bottom of the bed, and the
upper part of the bed remained spatially uniform. The concentration of
the key particles in the upper layer of uniform concentration was decreased
while the proportion of the upper layer was increased with the increase
in the air rate. Uniform concentration over the entire bed was not
obtained even at an air rate of 11.17 ft./sec., above which the particles
elutriated from the bed. At a low air rate (9.48 ft./sec.), the
concentration gradient developed throughout the bed. In general, the
homogeneity increased rapidly in the low air rate range and slowly in the
high air range as illustrated in Fig. 7.

Concentration distributions represented by the proposed model,
expressed as Equations (15) through (20), are also presented in Figs. 4a

through 4d. Agreement between the model and the experimental data is
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Fig. 6 Egquilibrium axial concentration distribution of the
key particles.



136

Gell

ool

"9)DJ 4D "SA wnuqiinba jp ssaupaxiw j0 aaiba(

29s/ }} ‘@8jpa Ay
0S'0l 0001 0S'6

1613

$2'6

00

ol

wnpqyinba o ssaupaxiw jo aalbag



137

sufficiently good. Obviously, the motion of particles directly above

the gas distributor was different from that in the main body. The
particles may be completely stagnant, semi-stagnant, or fully mobile,
Combinations of these various types of behavior were found across the
distributor in the present study. Mixing pattern in the top layer of the
bed was also different from that of the main body of the bed because the
slugs continuously broke up the surface and the particles were scattered
over the surface. In order to derive a2 model which can take into

account these wvarious types of complex behavior, additional analysis and
experimentation are required.

The degree of mixedness of a mixture can be determined from Equation
(25). A plot of the degree of mixedness against the operating time
provides an indication of the overall progress of mixing. As shown in
Fig. B, where the data were obiained by initially charging the key
particles at the bottom, the degree of mixedness increased rapidly up to
a maximum and then declined to a terminal value corresponding to the
equilibrium state. Values of the parameter, o, B, and k, of the model
estimated from Fig. 8, are presented in Table 2. The parameter, &, which
serves as an index for the rate of mixing, can be correlated with air
rate as (see Fig. 9)

= 0.74 x (U - Ub)2'94 : (26)
This result was expected, since the air rate was responsible for the
formation of bubbles which induced the mixing. The parameter, @, which
indicates the segregation tendency of a particle system (here 8= 0
represents a nonsegregating particle system), varies with the air rate

according to the equation (see Fig. 10)
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p=0.36 x (U - Ub)2'99 (27)

Since additional voidage was created by increase of the air rate, this
correlation appears to be consistent with the hypothesis by Pramoda (1969):
segregation is the result of an interpariicle competition for free void
space. The parameter, k, specifies the proportion of the constant
concentration layer over the entiire bed. The value of k was increased
with the increase in the air rate. k may or may not be a time invariant.
Further work is required to determine this dependency.

When the process was started in reverse (denser particles at the
bottom and lighter particles at the top), only a small extent of mixing
was observed. One such experiment was performed at an air rate of
9.77 ft./sec. Apparently the equilibrium state reached in this case was
the same as that reached when the process was started in the normal
order (denser particles at the bottom, and lighter particles at the top),

and mixing was carried out for a long time, as illustrated in Fig. 11.

5+4.3 Radial Solids Mixing

The overall progress of radial mixing in terms of the degree of
mixedness is presented in Fig. 12, No appreciable segregation occurred
in the radial direction. As postulated, the progress of mixing in this
direction can be described by the nonstationary random walk model
expressed as Equations (21) througnh (23). Values of the parameter, «,
estimated from the data shown in Fig. 12 are presented in Table 3. The

parameter can be correlated with the air rate as (see Fig. 13)

o= 0.23 x (U - Ub)1‘49 (52)



143

*09S/4) JJ'6 2iDJ 11D D swy} b dwil Buixjw ‘sA ssaupaxiw jo sasbaqg | big

spu02as ‘awly buixiw
Gl 0]=] gel 00l Gl os *T4 Q

i LI I

doy ayi 1opabioyd $a|91440d Kay = X

wa o] 3y$ ° pabioyd 83)1014i0d £ay = Q

I

|D313310aYy ]

|Djudwiiadxy

00

2’0

v'0

90

8’0

o'l

ssaupaxiw jo saibag



144

08

‘Bujxjw jpipos ey o) 2wy} Buyoiado "SA SS3uUpaIX|W o 3iH3Q 2| bi g

"223s ‘awi buybsadp

oL 09S oS 0] 4 oge 02 0l
|DoN3403Y |
1.6 =9
¢ =V
LG =9 |DIWIICXT ;
€C6 = % |
616 = &

*298/°4} 3401 Ay

00

20

© <,
S (o)

ssernogw Jo 22489Q

o
o]

o)}



145

Table 3

Best fit parameter o of the random walk model
for radial mixing of the particles at 25°C,

Standard deviation

Air rate, ft./sec. o, sec. of fitting
9.19 3.8 x 1072 0.057
9.33 5.3 x 1072 0.041
9.48 7.9 x 1072 0.068
9.62 1.2 x 107} 0.081

9.77 2.1 x 1071 0.062
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5.5 CONCLUSIONS

Fluidization characteristics were essentially identical to those of
nonsegregating system of the previous chapter (Chapter 4). The
transition from the bubbling-bed condition to the slugging-bed condition
was almost immediate. The minimum bubbling rate, Ub’ was observed to be
approximately 1.3 x Umf of the denser particles. No appreciable solids
mixing occurred below the minimum bubbling rate.

Axial mixing was more rapid for the process where the lighter particles
were initially placed at the bottom and the denser particles were placed
at the top than for the process which was started in reverse. It appears
that 2 common equilibrium concentration distribution can be obtained for
both the processes. At a moderate air rate, the equilibrium concentration
distribution was characterized by the fact that the concentration gradient
existed only at the bottom of the bed and remained spatially uniform in
the upper part of the bed. Radial mixing was more rapid than the axial
mixing., No appreciable segregation occurred in the radial direction.

The principal significance of this work is that it provides a
nonstationary random walk model which can represent the axial concentration
distribution of a segregating fluidized large particle system as a
function of the operating time. The model is equally applicable to
representation of the radial concentration distribution when it is reduced

to a stationary form.
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ROTATION

11’1_1(t) = intensity of transition from state i to state i-1 at time t

Ai,i+1(t) = intensity of transition from state i to state i+1 at time t

' Ci(t) = concentration of key particles in section i at time t
Cj(t+nt) = concentration of key particles in section j at time t+at
n = number of sections
M(t) = degree of mixedness at time t
k = a parameter in the model
P(t) = transition matrix at time t
U = air rate
Ub = minimum budbbling rate
Umf = minimum fluidization rate
€ = mean number concentration of key particles

Greek Letters

o parameters in the model
dz(t) = variance at time 1t

variance of the completely segregated state

ds
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CHAPTER 6

CONCLUSION

This chapter summarizes significant conclusions of this work and

several recommendations for further studies.

6.1 CONCLUSIONS

(1)

(2)

(3)

(4)

A modified coalescence-dispersion model has been developed and
successfully applied to correlation of the available solids mixing
data in a motionless (Kenics) mixer. For the nonsegregating
systems and segregating systems with size difference, the coalescence
rate is a linear function of the number of helices in the mixer.
The distribution ratio appears to be dependent upon the size, size
difference, density, and density difference.

The fluidization of large particle systems in a two-dimensionzl gas
fluidized bed is characterized by the immediate transition from the
bubbling-bed condition to the slugging-bed condition. The minimum
bubbling rate is approximately 1.3 x Umf' No appreciable solids
mixing occurs below the minimum bubbling rate.

At a moderate air rate, the axial equilibrium concentration
distribution of the segregating large particle system in the two-
dimensional gas fluidized bed is characterized by the fact that the
concentration gradient exists only at the bottom of the bed and
remains spatially uniform in the upper part of the bed. No concen-
tration gradient exists at equilibrium in the radial direction.

A nonstationary random walk model has been developed to represent

the axial concentration distribution of the segregating fluidized
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large particle system as a function of the operating time. The

model reduces to a stationary random walk model which is applicable
to axial mixing of the nonsegregating particle system. The
stationary random walk model is also applicable to the representation

of radial mixing data.

6.2 RECOMMENDATIONS

(1)

(2)

(3)

The modified coalescence-dispersion model can be extended to take
into account additional details of mixing mechanisms such as the
cell size distribution and the coalescence rate distribution in the
mixer. To derive such a model, additional analysis and experimen-
tation are required.

The slugs which previal in a two-dimensional large particle bed

can be disadvantageous, e.g., they reduce the gas-solid contact

time and cause local inhomogeneity in the bed. The possibility of
introducing suitable internals into the system to break up the slugs
sﬁould be considered.

More realistic mixtures, e.g., powdered mixtures, should be selected
for study. Electrostatic charges on the surface of particles
constitute perhaps the least understood causes that tend to prevent
particles to form a random mixture. In some cases, this may result
in the formation of an ordered mixture, and may provide a solution

to the segregation.



ACKNOWLEGMENTS

The author wishes to express his gratitude to Dr. L. T. Fan for
his guidance during the course of this work. The sevices of Dr. J. C.
Matthews and Dr. W. P. Walawender on the author's graduate committee
are appreciated. Thanks are also due to Dr., F. S. Lai, Mr, R. H. Wang
and Mr. S. H. Shin for their suggestions and discussions. Mr. D. Mormy
is also to be thanked for helping set up the experimental apparatus.

Pinancial support from the National Science Foundation (Grant GK
40798) is gratefully acknowledged.

Finally, the author wishes to express his deep indebtness to his
wife, Wei, for her unshaken confidence and for her continued

encouragement.

153



MIXING OF SEGREGATION PARTICLES

by

YUEHSIUNG CHANG

B.S., National Taiwan University, 1971

AN ABSTRACT OF A MASTER'S THESIS

submitted in partial fulfillment of the

requirements for the degree

MASTER OF SCIENCE

Department of Chemical Engineering

KANSAS STATE UNIVERSITY
Manhattan, Kansas

1976



ABSTRACT

A modified cocalescence-dispersion model has been developed for the
axial mixing of segregating particle systems in a motionless mixer (Kenics
mixer). The validity of the present model has been tested against the
available experimental data (Gelves-Arocha, 1973). Relationships between
parameters of the proposed model and physical properties of the system
have been analyzed.

Table tennis or ping-pong balls, 1 7% -in. in diameter, which were
identical in every aspect except color,were employed as a nonsegregating
particle system, and the same size table tennis balls with density difference
were employed as a segregating particle system to study the fluidization
and solids mixing characteristics of large particle systems in a two-
dimensional gas fluidized bed. The bed employed may be regarded as two-
dimensional in character, since the dimension of the bed (130—in. x 15-in.
x 1 % -in.) was such that it gave rise to essentially only two-dimensional
motion of the particles.

A nonstationary random walk model has been developed to represent the
axial concentration distribution of the segregating fluidized large particle
system as a function of the operating time. The model reduces to a
stationary random walk model which is applicable to the axial mixing of
the nonsegregating particle system. The stationary random walk model is
also applicable to the representation of radial mixing data. It was found
that the rates of both axial and radial solids mixing can be generally

correlated as a function of the excess air rate.



