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1 | INTRODUCTION
Basic and applied research on fluidized systems behavior has been
carried out for nearly 100 years now, but despite the often-
overwhelming scientific production, some basic knowledge gaps are
still far from being satisfactorily addressed. This statement is valid for
fluidized suspensions made up of a single solid type, but more so
when two or more solids are fluidized in the same column, with the
fluid dynamic interaction between the fluid and the solids or the solid-
solid interaction difficult to put in a quantitative footing. As a result, it
is challenging to confidently predict the key features of such a system,
for example, bed expansion or the extent of mixing and so
on. Recently, Zhang et al.! reviewed multi-solid fluidized beds, focus-
ing on their main flow patterns and applications.

This work tackles a specific knowledge gap: understanding how a
perfectly mixed binary solid mixture behaves when an upward fluid
flux is gradually increased, stepwise, from zero to the point where

both solids are fully fluidized. In other words, it examines how the

In this work, an investigation of the transition from fixed to fluidized state of initially
homogeneous binary-solid mixtures due to an upward liquid flux was carried out. Like for
analogous gas systems, it was confirmed that the full transition occurs over a range of
fluid velocities, from the initial to the final fluidization velocity. Based on fluid dynamic
equilibrium considerations, we proposed a simple model that quantitatively predicts the
different bed configurations as a function of fluid velocity. Thanks to the model, all the
mixtures were categorized into four regions, which determined their behavior during
the transition process. Extensive experimental investigations supported model predic-

tions, offering insights that had not been reported in previous studies.

binary-solid mixture, flotsam and jetsam, fluid-solid forces, minimum fluidization velocity,

transition from the fixed to the fluidized state takes place. A similar
investigation was presented by one of us a few years ago for a
similar problem, with the difference that the solids were initially in a
completely segregated state.? The relevance of the particle-wall inter-
action was highlighted there as one of the main factors governing the
whole process.

The problem is not new by any means as this aspect also has
practical implications: an example is the industrial process of classifi-
cation, where the difference in size and density is exploited to sepa-
rate different solids.> Nonetheless, the present state of the art is quite
unsatisfactory: researchers have mostly focused on the behavior of
binary mixtures in full fluidization conditions, examining phenomena
such as particle segregation and layer inversion, leaving the beginning
of fluidization unexplored.

Observations in gas-solid fluidized beds have been more
numerous®~® possibly due to their higher simplicity of operation and
their application in thermochemical processes. However, their behav-

ior is more chaotic, complicating the development of correlations.
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Most notably, the research group of Formisani focused extensively on
binary gas-solid fluidized beds, covering various aspects of their
description.” %° In their works, they reported that the transition from
the fixed to the fluidized state of a binary-solid mixture takes place over
a range of fluid velocities, with the limiting ones named initial (u;) and
final fluidization velocities (ug). While calculating the first is rather
straightforward, for the second more problems arise: these authors pro-
posed a model to find its value, but the model is not fully predictive and
still relies on experimental observations to estimate some parameters.

Next to the extremely relevant contribution by Formisani et al., a
few more gas fluidization articles are related to the purpose of this
study. One is the work by Rao et al.,'* who attempted a classification
of the gas fluidization behavior of binary mixtures by relating it to the
size and density ratios of the two solids. In this classification, they
identified seven different mixture categories, but their work is more
concerned with established fluidization conditions, rather than the
transition from the fixed to the fluidized state. A very important con-
tribution on incipient gas fluidization was performed by Di Maio
et al.,'2 who mainly focused on binary mixtures of large and light par-
ticles and small and dense particles. These authors showed that by
classifying mixtures according to their diameter and size ratios, three
regions can be identified: one where bigger-lighter particles float and
fluidize, one where smaller-denser particles tend to sink and fluidize,
and one where smaller-denser particles tend to float and fluidize.
Their work is, however, only concerned with the onset of the fluidized
state and does not discuss the transition from this configuration to
the fully fluidized regime. More recently, Liu et al.'® expanded the lat-
ter work by also taking into account other variables, such as the mix-
ture composition and the excess velocity, and by considering the bed
voidage more realistically.

Fewer works have investigated this specific aspect dealing with
liquid-solid fluidized beds. Asif tried to experimentally determine the
minimum fluidization velocity for binary-solid systems* by analyzing
the pressure drop versus the liquid flow rate, but to do so he consid-
ered defluidization runs and his results are therefore not applicable to
the present problem. Other works, generally more recently, have also
focused on specific aspects, mostly with good results but without pro-
viding definitive answers to the overarching questions. For example,

.15 applied the fundamental approach by the group of

Vinnenberg et a
Formisani for a binary mixture of differently sized glass particles, con-
firming its general accuracy while commenting on its abovementioned
shortcomings.

Other researchers employed instead numerical simulation tech-
niques. Sun et al.1® tackled the fluidization of an initially mixed binary
fixed bed through CFD-DEM simulations: they managed to draw
interesting conclusions, showing observations that only numerical
simulations can provide, but with the underlying problem that the
employed fluid-solid drag model'” is in principle only valid for station-
ary spheres, and their use for particles with a non-null relative velocity
is an extrapolation. Along this vein, Tiwari et al.,'® who performed
Eulerian-Eulerian simulations of polydisperse liquid fluidized beds,
commented that many of the particle-particle force models are also

inadequate since they were originally developed for gas-fluidized

units. In our more recent study'® on CFD-DEM simulations of binary
mixtures fluidized with water, which only considered same-sized
solids, we observed that when starting from perfectly mixed beds the
fluid velocity at which the unmixing starts (labeled “critical velocity”)
always corresponds to the value for which the fluid pressure drop
equals the effective bed weight; the two solids become completely
unmixed when applying a fluid velocity at least equal to the minimum
fluidization velocity of the denser material.

In this framework, the present work tries to shed more light on
the transition from the fixed to the fluidized state of binary solid mix-
tures, using water as the fluidizing agent. We performed an extensive
experimental campaign covering a wide range of size and density
ratios, and we employed the results to propose a classification and a

model to predict how the transition takes place.

2 | MATHEMATICAL DESCRIPTION OF
THE PHENOMENON

The system under consideration here is an initially fixed bed of n type
solid particles, in the most general case differing in both size and den-
sity, homogeneously distributed in the column. Each solid occupies a

fraction ¢; of the bed so that
n
e=1- Z &, (1)
i=1

is the overall bed voidage. For a mass of solid i charged into the col-

umn, M;,
M;
" — | 2
& /J,‘V, ( )

with V the overall bed volume (calculated as the product of the col-
umn cross-sectional area, A, and the bed height, H), p; the density of
solid ith, and the specific solid volume fraction, x;, is

Xj= = J . (3)

We consider now the case where an upward fluid flow rate is
stepwise increased, starting from zero flow. If the interaction between
the solids and the column wall is neglected, an overall force balance
on the solid phase can quantify the supporting plate distributor reac-
tion, Fpjate, Needed to maintain the solids static (the downwards direc-
tion z is taken positive). By introducing the piezometric pressure, P,

and with AP being its drop across the bed height,
n
Fplate = Z giv[(ﬂi _p)g} —AAP, (4)
i—1

where the term inside the bracket represents the solid effective

weight (solid weight minus the classic Archimedes buoyancy).
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When the fluid velocity is increased up to a value so that the
piezometric pressure equals the effective weight of the solids, the
distributor plate reaction will become equal to zero; in other words,
the overall fluid-dynamic interaction force is sufficient to support
the whole solid bed, allowing the fluidization process to start. For
single solid type beds, this point represents the transition from a
fixed to a fluidized state (the well-known minimum fluidization
velocity, ums). For multisolid systems, this specific fluid velocity rep-
resents the point that can be identified as the velocity of initial fluid-
ization, u;. The estimation of the minimum, or the initial, fluidization
velocity can be carried out once the law correlating the pressure
drop on the system parameter and fluid velocity is known. For a sin-
gle solid type with diameter d, this is commonly achieved by using

the Ergun equation:

AP=H

150(1—¢)’u  1.75(1—¢)p ,
3d? ut ed | )

and numerous correlations based on this approach are available in
literature. 292

For multisolid systems, the most common approach to identify uj
has been so far based on modifying the Ergun equation by introducing
the concept of hydraulic diameter. For spherical particles, it coincides

with the Sauter mean diameter:

th =% (6)

This approach has proved to be quite successful in the quantifica-
tion of the overall bed piezometric pressure drop for binary-solid sys-
tems, for which a considerable amount of experimental evidence is
available. 2?2 However, it is not sufficient in completely describing mul-
tisolid component beds. In these, a quantification of the forces acting
on each solid type is necessary, and the equations cannot predict their
values.

At initial fluidization velocity conditions, the force balance for the
specific solid type i will be

6 4 AP| "IZD
C
&V (Pi—ﬂ)g—ﬂ—d?f,‘ “Hlt ]; F;=0, (7)

where the terms inside the bracket respectively represent the particle
effective weight, the drag force on the particle due to the solid-fluid
relative velocity and the additional contribution brought about by the
pressure gradient. Ficj is the overall solid-solid contact force exchanged
between particle type i and particle type j, with F,-Cj- = —Ff,-. Contrary to
ideal monocomponent beds, contact force will always be non-null for
multisolid beds even at uy, as the effective particle weight is not bal-
anced by the overall fluid-solid interaction force for each individual
solid type.

The relation between piezometric pressure drop and individual

drag force on each single particle type is

AI?BIl:'J R NALJ?,;f14

P 1" i
8P _1s-Sap, ®

3
H e nd;

and summing all the force balances written for each particle type leads

to the overall, well-known, expression

B> el 9)

i=1

In the last two decades, the advance of computational tech-
niques has allowed researchers to perform direct numerical sim-
ulations of polydisperse particle-fluid systems, which can yield
the exact magnitude of the force acting on each particle type.
The obtained force magnitudes can be then employed to
develop empirical correlations. These are generally expressed as
the product of two terms: the average force acting on all parti-
cles (ﬁj), and a correction factor (4;) that is specific for each solid type
and that depends on its local relative abundance in the mixture.
Various correlations are available and a superior one has not yet
emergedzz; however, for our current purposes, we have considered
the one proposed by Rong et al. in 2014,2° which has the advantage
of being continuous with the bed composition. Its equations are as
follows:

2Re; _
e

~d -
fi = (0.63+4.8Re; %) 5 e 7, (10)

N2
7 =2.65(c+1) — (53— 3.5¢)% exp (—M) (11)

2
0.5
= +0.5(1—e)y? +0.5y, (12)
S e/v?
=1

where y; is the ratio between the particle diameter and the Sauter
mean diameter, while Re; is the particle Reynolds number.

The above correlations allow the determination of the initial
fluidization velocity, once the void fraction of the bed is known.
It is a well-known aspect that the voidage for solid mixtures in
fixed conditions is dependent on the relative amount of the vari-
ous solids charged in the column, with values well below those
typical of single beds. However, the exact value of this parame-
ter is quite difficult to reproduce experimentally given the effect
brought about by the way the solids are charged into the col-
umn. Exactly defining the bed height is also difficult due to the
irregular shape of its upper surface, and even small errors in its
estimation may have a large impact on the calculated voidage if
H/d is low (as it is here). Therefore, for the time being, a con-
stant value of 0.4 was assumed in all cases, also simplifying
numerical calculations.

Moreover, from now on, we restrict the analysis to binary-solid
systems, which will be classified by the use of two parameters, the

effective density ratio
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pL_pP
Peftr :Fﬁ’ (13)
and the diameter ratio
d
dr=—, 14
r dS ( )

where the subscripts L and S, respectively, identify the large and small
solids; for same-size systems, the subscript L relates to the denser
solids.

Representative examples of calculated uj values are depicted in
Figure 1 for a same density and a same size binary-particle system, as
a function of the small/light particle fraction in the mixture. The figure
was obtained by fixing to 4 the diameter ratio for one case, and to
0.22 the effective density ratio for the other. For each value of xs, the
corresponding uj was calculated numerically through a MATLAB code
as the value that satisfied Equation (9), with the piezometric pressure
drop estimated through the Rong model (Equations (10)-(12)).

The difference in the calculated curve shape is noteworthy, with
the same size case being very close to a straight line. The above
numerical example shows that uj is somewhat positioned between
the minimum fluidization velocities of the monocomponent beds (Upr.
and umrs) and depends on the relative quantity of the single particle
type. Needless to say, had the system been of the type where
UmfL > Umss, then the curve would have been increasing with xs.

Moreover, and more importantly, the above correlations can indi-
cate for which solid component the term inside the squared bracket in

Equation (7) is positive or negative. When positive, the solid at u;s will

50

XS

FIGURE 1 Calculated uj for 1 mm glass + 4 mm glass sphere
mixture (continuous line) and 1 mm glass + 1 mm iron sphere mixture
(dashed line) in ambient water.

tend to move downwards (i.e., the jetsam component) once the fluidi-
zation process starts, whereas, when negative, the solid will tend to
move upwards (i.e., the flotsam component). This estimation is graphi-
cally reported in Figure 2 in a generalized map, with the different lines
reported for selected values of the original solid mixture composition.
The curves were obtained through a MATLAB code by fixing the mix-
ture composition and the diameter ratio and varying gradually the
density ratio of a generic binary-solid system in ambient water until
the pressure drop estimated through Equation (8) and Equations (10)-
(12) equaled the overall solid effective weight, Equation (9). This pro-
cess was repeated for different values of the particle type volume
fraction and diameter ratio, yielding the complete curves shown in
Figure 2.

In the plot, binary-solid systems positioned above the lines are
those where the smaller solid is the flotsam, whereas the opposite will
be true for systems positioned below the lines. This result qualita-
tively resembles the one presented by Di Maio et al.*? for gas fluid-
ized binary-solid systems. It must also be noted that the addition of
fine particles has a dramatic effect for low values of xs, notably shift-
ing the curve above. The effect is much less marked when they com-
prise 50% or more of the mixture, or in all cases where the diameter
ratio is small.

We move now to describe what happens when the liquid flow
rate exceeds uj. An inspection of Equation (7) coupled with the overall
pressure drop indicates that contact forces are not capable any longer
of keeping the solids stationary, and the solid phases will therefore
rearrange their positions until a new configuration is reached.

Given that the initial uj is always in between the two single com-
ponents upy, four different scenarios can be expected depending on
which of the two solids is the flotsam and if its upy is larger or smaller
than uj.

The above classification can be mapped by using the previ-
ous results regarding the flotsam classification and introducing a
correlation that quantifies the relative magnitude of the mini-
mum fluidization velocity for the two solid components. Given
that Reynolds number at minimum fluidization conditions varies
to the power 1 of Archimedes number for viscous suspensions
and to the power of 0.5 for inertial suspensions, and considering
that the majority of liquid suspensions are in the intermediate

regime, we have assumed Remf:xArO'75

which lead to the following
correlation describing systems possessing the same minimum fluidiza-
tion velocity
(o —p)°'75df25 — (ps —p)°'75d§'25. (15)
Introducing this result into the generalized maps, three different
regions can be individuated, as depicted in Figure 3. Only the curve
obtained for xs equal to 0.5 has been reported as this study focuses
on this specific value for the time being.
For type A, the largest particle of the mixture is the floatsam and
UmfL < Uir < Umrs; for type B, the largest particles are again the float-
sam but Upyg; > Uir > Ungs, and for type C, the floatsam component is

represented by the smaller particle and again Umei > Ui > Umgs.
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FIGURE 2 General diagram for the identification of the jetsam and flotsam components in a binary-solid mixture suspended by water ((A) is

the overall plot, while (B) and (C) are magnifications).

The forth possible combination (smaller particle floatsam and
UmfL < Uif < Umrs has no practical existence) and therefore only three
regions are depicted in Figure 3.

The results depicted in Figure 3 are equivalent, and close numeri-
cally, to those first reported in Figure 6 by Di Maio et al.,*? for gas flu-
idized systems. We have also maintained here their original
classification (region A, B, and C).

For the three possible cases depicted in Figure 3, it is understand-
able that an exact prediction of the arrangement of the particles for
velocities larger than uj is impossible to carry out. The reason lies in
the difficulty of the numerical quantification of the fluid-solid, solid-
solid, and solid-wall interactions. Nevertheless, a limiting, ideal
situation can be thought of at least, assuming no restrictions on the
particle movement once the velocity exceeds uj. The system may be
thought to behave accordingly to the maximum segregation model®*
where the bed was assumed to be made up of two distinct layers: a
top, monocomponent one, and a bottom one made up either of one
or both solid types, consistently with the overall pressure drop bal-

ance. Therefore, we postulate that for a liquid velocity larger than uj,

the bed will be composed of two separate layers: a top one made up
exclusively of the flotsam component and the bottom one of a com-
position that satisfies the pressure drop constraint.

With these hypotheses, a description of the transition from the
fixed to the fully fluidized state for each single case presented before

in Figure 3 can finally be carried out.

21 | TypeC

The overall process is depicted graphically in Figure 4 for a generic
equivolumetric mixture that falls in the type C classification. This kind
of mixture is presented first because it is the most straightforward to
describe and understand.

The continuous line in Figure 4 represents the calculated values
of uj for our specific system. A stepwise increase in the fluid velocity
in our process means moving on a vertical line upwards in the figure
starting at the center of the x axis. Upon doing so, three different

regions are encountered. For u < uy, the whole system is in a fixed
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Peffr

05 - type 8

FIGURE 3 General classification of binary-solid mixtures fluidized
by water at uj..

water veloci

FIGURE 4 Overall depiction of the transition from fixed to
fluidized state for a Type C binary-solid mixture.

state, with the overall pressure drop increasing with flow rates. For
Uif < U < Ugs, the appearance of a small-component fluidized layer at
the top of the bed is expected, with the larger solid and some of the
small material forming a bottom fixed layer of particles. The composi-
tion of the bottom layer is determined from the xs-uj curve at that
specific velocity where the solids are in equilibrium, whereas an over-
all mass balance will quantify the relative distribution of the smaller
solid in the two layers. It can be seen from Figure 1 that as the

smaller particles leave the bottom layer, making it shrink, they remain

the floatsam component throughout the whole process. For u > ug,
both solids will be fluidized, with ug coinciding with upy. Figure 5
reports the trends of the relative heights of the two layers forming
during the transition from the fixed to the fluidized condition. It is also
easy to deduce, moreover, that the overall pressure drop will equate
to the effective weight of the two solids once ujs is reached and will

stay at that value for any further velocity increase.

22 | TypeA

This case is specular to the previous one, and it is represented in
Figure 6 for a representative mixture. The monocomponent top layer
is made up of the larger solid in a fluidized state, the bottom being a
mixture of small and large particles in a fixed state. Inspecting Figure 2
clearly demonstrates that the larger solids remain the floatsam com-
ponent in this case throughout the whole transition process. A quali-
tatively similar bed height curve as the one depicted in Figure 5 is
predicted, and it is hence omitted for the sake of conciseness. Once
again, the overall pressure drop will equate to the effective weight of
the two solids for any velocity larger than uy, and ug will coincide

with Umfs-

23 | TypeB
This is probably the least intuitive situation to describe and is depicted
in Figure 7. Once the fluid velocity goes beyond uj, larger solid parti-

cles will start to segregate, in a fixed state, at the top of the bed.

relative bed height

-
-~

e e P R TR

interface =
uif uff
0 :
water velocity
FIGURE 5 Predicted total and bottom layers relative heights for

Type C binary-solid systems as a function of water velocity.
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water veloci

FIGURE 6 Overall depiction of the transition from fixed to
fluidized state for a Type A binary-solid mixture.

water veloci

FIGURE 7 Overall depiction of the transition from fixed to
fluidized state for a Type B binary-solid mixture.

Contrary to the previous cases, however, the point on the uj curve
will not satisfy the overall solid volume balance constraint, and the
only remaining option available consistent with the pressure drop
constraint is a fluidized layer of smaller particles. As a consequence,
the system will consist of a bottom fluidized bed of only smaller parti-
cles with a layer of a fixed bed of only larger particles on top, a layer
supported by the solid underneath. The separation between the two

solids takes place at once, at a velocity just larger than uj, and ug will

AI?BIFJ R NALJ7;f14

overall
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relative bed height

T

interface :
uif . uff
0 H
water velocity
FIGURE 8 Predicted total and bottom layers relative heights for

Type B binary-solid systems as a function of water velocity.

be reached for u=ups too. Expected bed and layer heights are
depicted in Figure 8, and they are quite different from the previous
two cases considered. Again, the overall pressure drop will equate the
effective weights of the two solids once uj is reached, even if the top
layer is in a fixed state, with the bottom fluidized layer functioning as

a distributor and supporting plate.

3 | EXPERIMENTAL SETUP AND
PROCEDURE

To confirm the previous considerations, we performed an exten-
sive experimental campaign. The cylindrical column used in this
work was made of transparent Perspex, 1500 mm tall and with
an internal diameter of 50 mm. It was fed with tap water at
ambient conditions, with a fluid density equal to 1000 kg/m?®
and a viscosity very close to 0.001 Pa s (these values were used
for all the relevant calculations). Water flow rates were regulated
with fine valves, and they were measured with a series of cali-
brated rotameters. The distributor plate at the bottom of the
column was made of sintered brass, and it was followed by a
100 mm layer of lead shots, either 3.4 or 1.7 mm in diameter,
which aided the radial homogeneous distribution of the fluid.
Whenever an imbalance of the flowing fluid was observed,
resulting in internal solid circulation, it led to the dismissal of the
experimental run. A pressure probe was positioned just above
the layer of lead shots, connected to a pressure transducer with
an attached digital display. Pressure readings allowed the quanti-
fication of the piezometric pressure drop in the bed for any set

flow rate.
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Material Acronym Density (kg/m?®) Diameter (mm)
Zirconia ZRO.7 3800 0.7
Lead glass LG1.0 2850 1.0
Zirconia ZR1.2 3800 1.2
Lead shot LS1.3 10,800 1.6
Soda glass SG1.7 2500 1.7
Teflon TF2.0 2100 2.0
Soda glass SG2.4 2500 24
Soda glass SG2.8 2500 2.8
Acetate AC4.9 1280 4.8
Soda glass SG4.9 2500 4.9
Delrin DR14 1450 14

The solids used were all spherical with a very narrow diameter
range. The size was verified with an analog micrometer, considering a
representative sample for each solid type. The main solid characteris-
tics (density and size) are reported in Table 1. In the table, the calcu-
lated minimum fluidization velocity for ambient water, u,y, is also
reported.

The following procedure was adopted for all runs. The desired
amount of each material making up the binary mixture was first
weighed, to obtain an equivolumetric mixture that, once put in
the column, ensured an aspect ratio (H/D) between 1.0 and 1.2.
This choice had the objective of minimizing any interactions
between the solids and the column wall, such as solid-wall friction
or solid bridging (a possibility when larger solids were employed),
thus guaranteeing maximum freedom of movement for the parti-
cles. Each weighed solid batch was then divided into 10 smaller
batches. Two batches of each component were then mixed and
dropped into the empty column from the top, with no water
inside it. This operation was repeated until the whole mixture was
transferred into the fluidizing tube. A quite satisfactory bed of
material was obtained in this way with the two solids appearing
randomly mixed, and no attempt was made at this stage to modify
the arrangement obtained. The initial bed height was estimated
visually and recorded, which allowed the overall fixed bed voidage
to be evaluated. At this point, the flow rate was increased step-
wise starting from zero. For each water velocity, the pressure
drop was recorded and the bed visually inspected. The first
parameter that was determined was the initial fluidization veloc-
ity, uir, which was individuated when the overall bed height had
changed and some of the solid had separated and become fluid-
ized. From this point, at each water flow rate, the appearance of
the solids was noted, with particular attention to the formation of
segregated monocomponent particles in the upper part of the
bed, next to the overall height and bottom layer height, when pre-
sent. The steps were repeated until both solids appeared in a flu-
idized state, and the resulting final fluidization velocity, ug, was
recorded. A certain degree of subjectivity is obviously inherently

present in this determination of uj and ug, as well as in the

TABLE 1 Physical parameters and
calculated minimum fluidization velocities
for the solid utilized in this work.

Upsat e = 0.4 (mm/s)
8.5
10.5
19.0
60.1
18.5
18.0
27.2
30.5
17.5
50.5
45.8

evaluation of bed layer heights, but at this stage, this is not con-
sidered an important limitation.

4 | SUMMARY OF EXPERIMENTAL
OBSERVATION AND COMPARISON WITH
PREDICTED BEHAVIOR

An extensive experimental investigation has been carried out to verify
how close to reality the description of Section 2 would be. A large
number of binary-solid systems were studied, and here only the main
and most relevant observations are reported in detail. Specifically, the

results are discussed following the previous classification.

41 | TypeC

The first system reported at length was made up of binary-solid where
the larger one was the denser as well: 4.9 mm soda glass spheres
mixed with 2 mm Teflon spheres. The difference in minimum fluidiza-
tion velocity for the two materials is quite large, ensuring a wide range
of water flow rates over which the transition from the fixed to the
fully fluidized state takes place. Moreover, with the less dense parti-
cles being at the same time the smaller, there would be no uncertainty
on the fact that it would be the flotsam and segregate at the top of
the bed. The overall behavior was indeed much as expected. For
water velocity below 25 mm/s, the solids are kept in a fixed state. As
the flow rate was increased above this value, a clear layer of the smal-
ler solids could be seen forming at the top of the bed, whereas the
larger solids remained in a fixed state at the bottom, together with
some of the Teflon particles. Figure 9 visually supports the above
description.

The different colors of the solids allow for a clear definition of the
layer interfaces, with the top one made up of only Teflon and the bot-
tom of a mixture of Teflon and glass (the darker layer at the very
bottom of the picture is the lead utilized to achieve a uniform liquid

distribution). This behavior was observed up to a water velocity of
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FIGURE 9 Picture of the binary-solid mixture 2.0TF + 4.9SG at a
velocity intermediate between ujr and ug.

e
(S]
1

relative bed height

o e S S S S N S S A S S S A S A S AN e A S a S SEa SUTIESE

- mOony
5 “see. T HiDH
0.5 ; o
: interface
uif | uff
0 — :
0 20 40 60
water velocity (mm/s)
FIGURE 10 Experimental and model layers relative heights as a

function of water velocity for the binary system TF2.0 + SG4.9.

55 mm/s, after which both materials could be seen fully fluidized.
Observed overall bed heights and interface heights are reported in
Figure 10. The Figure also shows the model predictions, qualitatively
confirming its correctness. The observed initial and final fluidization
velocities, determined as said by visual observation and reported in
Figure 10 as vertical lines, are close to the predicted values and the
trend of the bed heights, overall as well as the interface, is satisfacto-
rily reproduced.

Measured pressure drop values were as expected increasing

when the bed was in a fixed state and then keeping a nearly constant

AI?BII:'J R NALm

value onward, corresponding to the solid effective weight once the
fluidization process had initiated; Figure 11 shows the measured data.
The figure shows a quite clear overshoot, after which the pressure
drop settles for the expected value (i.e., the solids effective weight).
The reason for this overshoot will be briefly discussed in the next sec-
tion, and the result of ad hoc investigation will be reported in a suc-
cessive publication. The same qualitative behavior for the pressure
drop was observed for all the systems investigated, and it will not be
shown again.

The same qualitative behavior was observed for the relevant
practical cases of solids differing only in size or in density. Glass parti-
cles of 2.4 and 4.9 mm were utilized for the first case, and observed
bed heights are depicted in Figure 12, with u; estimated at 34 mm/s
and ug at 59 mm/s. Glass and plastic spheres with a diameter of
4.9 mm made up the same size binary-solid system. In this case, uj
and ug were 37 and 59 mm/s respectively, with bed heights as
reported in Figure 13.

Experimental investigations for Type C systems were completed
by utilizing two further solid mixtures possessing a density ratio smal-
ler than one, where the solid density and the size act in opposite
directions. The main results, together with the previously reported

one, are all summarized in Table 2.

42 | TypeA

The binary-solid systems that fall in this region behave very much as

expected: once the uj is reached, the large particles kind forms a
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water velocity (mm/s)
FIGURE 11 Experimental pressure drop for the system TF2.0

+ SG4.9 as a function of water velocity. The continuous line is the
calculated value for the fixed bed. The horizontal dotted line is the
overall effective weight of the solids.
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function of water velocity for the binary system SG2.4 + SG4.9.
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FIGURE 13 Experimental and model layers relative heights as a

function of water velocity for the binary system SG4.9 + AC4.9.

fluidized layer above a fixed mixed layer. For the sake of brevity, only
one system is reported in detail (2.4 mm glass mixed with 4.9 acetate
plastic sphere), with the bed heights as a function of water velocity
depicted in Figure 14.

A summary of all the experimental observations for Type A sys-

tems is synthesized in the following Table 3.

TABLE 2 Summary of the experimental observations for the Type
C binary-solid systems investigated.
System d, Pettr u;r (mm/s) ugs (mm/s)
TF2.0 4+ SG4.9 2.48 1.36 25 55
SG2.4 + SG4.9 2.06 1.00 34 56
AC4.9 + SG4.9 1.00 5.36 37 59
LG1.0 + SG2.8 2.80 0.81 17 39
LG1.0 + SG4.9 4.85 0.81 17 50
2 : ;
1.5 :overall
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FIGURE 14 Experimental and model layers relative heights as a

function of water velocity for the binary system SG2.4 + AC4.9.

TABLE 3 Summary of the experimental observations for the Type
A binary-solid systems investigated.
System d, Pefr,r u;r (mm/s) ug (mm/s)
LS1.3 + AC4.9 3.67 0.03 36 53
TF2.0 + AC4.9 2.38 0.25 19 25
SG2.4 + AC4.9 2.06 0.19 25 34
SG1.7 + TF2.0 1.18 0.73 20 22
43 | TypeB

Five of the systems experimentally investigated were located in
Region B, and the obtained fluidization velocities are reported
in Table 4.

For the Type B region, the expectation once the water flow rate
was increased beyond uj was the establishment of a fixed bed layer
made up of the larger solids on top of a fluidized layer made up of the

smaller solids, with a clear interface separating them. This rather
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TABLE 4 Summary of the experimental observations for the Type
B binary-solid systems investigated.

System d, Peftr u;s (mm/s) ug (mm/s)
LG1.0 + AC4.9 49 0.15 9 18
SG4.9 + DE14 2.83 0.3 49 55
ZR1.2 + SG2.4 2 0.54 19 33
LG1.0 + SG2.4 2.4 0.78 17 32
ZR1.2 + SG4.9 413 0.54 22 46
2 ; :
15 1 ; . overall
: : m N

relative bed height

: ) u Wl
P BT
0.5 1 . O linterface
uif . uff
O I ' I I
0 10 20
water velocity (mm/s)
FIGURE 15 Experimental and model layers relative heights

function of water velocity for the binary system LG1.0 + AC4.9.

unusual feature was indeed observed for the two top systems in
Table 4. Specific results for one of them (LG1.0 + AC4.9) are reported
in Figure 15 in terms of layer heights.

The present complete segregation approach, however, completely
failed for the three remaining systems in Table 4. For these cases,
once the transition to fluidization started, no clear bottom layer inter-
face could be distinguished, and a very strong solid mixing occurred
instead. No specific measurements were carried out at this stage of
the work to investigate the extent of solid mixing, with visual observa-
tion only indicating a stronger presence of the larger solid near the
top of the bed.

To produce a first, approximate justification of this discrepancy,
we must consider the condition for which a fluidized suspension made
up of smaller solids can be able to support an unfluidized bed of larger
solids. When the difference between the two solid sizes is consider-
able, then force analysis can be limited to buoyant contribution.?> The

equilibrium condition will be given by

pr=pe+(1-¢)ps, (16)

AICBE R AL 1ot

which is equivalent to
peff,r:(i_g)’ (17)

therefore, we expect the fixed bed layer to be supported only for sys-
tems possessing a pesr, SMaller than the solid volume concentration in
the fluidized region.

Consequently, we can tentatively divide region B into two sub-
areas, with complete segregation expected for pef, < 0.5, B(l), and

strong solid mixing for pes, > 0.5, B(ll).

5 | SUMMING UP AND DISCUSSION

The present extensive experimental investigation provides strong sup-
port for the ideal model suggested earlier, with the transition from the
fixed to the fluidized state of binary-solid mixtures taking place over a
well-defined range of water velocity, from u;s to ug.

The model presented allows for the estimation of the two bound-
ary velocities as well, with uj calculated through Equation (5) and ug
assumed to coincide with the largest minimum fluidization velocity of
the two monocomponent solids. A comparison between estimated
and observed values for the velocities is reported in Figures 16 and
17, respectively, with the more than satisfactory agreement evident.
It should be remarked here that, as for the monocomponent case,
pressure drop measurements are of great help in the quantification of
ui, but on the other hand are of no use for the quantification of ug.

The mild positive deviation between calculated and experimen-
tally observed values for ujr can be justified as they were evaluated at

a fixed overall bed voidage of 0.4, whereas it is a well-known fact that
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£
O [ N J
B
Q
= 20 -
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FIGURE 16 Comparison between experimental and calculated uj
values.
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Summary of all the systems investigated in this work
(circle = Type C; square = Type A; diamond = Type B(l);
triangle = Type B(ll)) compared with model predictions.

when particles of different diameters are mixed, then the voidage can
reach values below those of the corresponding monocomponent bed.

The present approach has proved to represent a good description
of the transition process, with the two characteristic parameters of
the solids (size ratio and effective density ratio) indicating which solid
would segregate at the top of the bed. All the experimental systems
investigated in this work are depicted in Figure 18: the encouraging
agreement with theoretical predictions is evident. The main open
question remains the behavior of the Type B (Il) systems, for which

further investigation is clearly needed.

It should be stressed here that although the above classification is
quite general, it is strictly valid and has been verified for equivolu-
metric binary-solid mixtures suspended by ambient water. It goes
without saying that if the initial solid volume fractions were different,
or if the fluid was not ambient water, then the lines separating the
different regions would be affected.

The present categorization was able to predict how the inter-
face separating the two solid layers would change with the water
flow rate under idealized conditions. A closer examination of the
experimental results (Figures 10-15) indicates that the trend is
well captured even if the experimental bottom layer heights are
generally larger than predictions. This should not come as a sur-
prise: the present model assumes that the solid particles have com-
plete freedom of movement after the fluidization process starts,
leading to the formation of a new equilibrium configuration. In
reality, however, solid movement is bound to be hindered by solid-
solid and solid-wall interactions, and model prediction should be
interpreted, therefore, as a limiting, ideal result that real systems
may fail to reach.

A further relevant question has to be related to the applicability
of the present phenomenological description to systems fluidized by a
gas stream. There is no reason why the estimation of ujs should not be
valid, as only fluid-solid friction governs the process before the transi-
tion to the fluidized state takes place. However, once the solid segre-
gation and fluidization on the upper part of the bed come into effect,
it is most likely that the whole process will strongly depend on the
fluid dynamic behavior of the solid-gas system. Solid-solid interaction
and the appearance of gas bubbles will play an important part by pro-
moting solid mixing, with the consequent disruption of the complete
segregated idealization. An indirect confirmation of this effect can be
seen from the reported experimental observation of Formisani et al.,”
with ug differing quite substantially from the largest u, as
observed here.

Finally, one last aspect has to be mentioned. In all the present
experimental observations, pressure drop exhibited an overshoot at
uir before leveling off to the expected value corresponding to the
overall solid effective weight (see, e.g., Figure 11). This can be justi-
fied by considering that, at that velocity, solid-solid interaction force
in the vertical direction is not zero, and the occurrence of a solid
stress in the vertical direction will automatically result in a solid
stress in the radial direction (see Janssenn?®) with a resulting friction
between solid material and column wall. The solid-wall friction force
should be considered (even if it was ignored in the present treat-
ment), and a pressure drop larger than the solid effective weight
would therefore result. Quantification of this specific aspect is

underway.

6 | CONCLUSIONS

In this work, an extensive experimental investigation of the transi-
tion from the fixed to the fluidized state of binary-solid homoge-

neous mixtures has given support to a theoretical model based on
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force balance. All the studied mixtures could be characterized in
terms of two variables (the diameter ratio and the effective den-
sity ratio), which determined their behavior during the transition
from the fixed to the fluidized state. Specifically, categories were
identified, which differed in terms of which of the two solids
tended to move upwards and/or fluidize, with one peculiar case
where the two solids tended to mix rather than separate. More-
over, contrary to what was previously reported for gas-solid
beds, the initial and final fluidization velocities can be easily esti-
mated analytically, with the latter merely coinciding with the
larger of the minimum fluidization velocities of the two solids.
The model also allows predicting the height of the two layers
during the transition process.

Despite the excellent predicting capability of the theoretical
approach, several questions remain unanswered and are currently
being investigated. Most notably, we decided not to consider for
the time being the influence of the mixture composition on voi-
dage because its experimental estimation is difficult and we
believe that it would have brought more uncertainties than advan-
tages. However, this is undoubtedly an aspect worth further

investigating.
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