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Abstract

The tendency for a gas-fluidized binary mixture to segregate or mix as a function of the size
and density of the two solids, despite the extensive research efforts motivatedtogng
influence on reactor performances, is still not fundamentally and thoroughly understood.
Recently, the Particle Segregation Model (PSM) [1] has been proposed as a theoretal tool
predict the segregation direction of gently fluidized mixtures. An important and previously
overlooked result, also predicted by PSM, is the presence of peculiar conditions in which the
flotsam and jetsam components, for a given solid pair, may invert their role upon changing
bed composition. In the present work, the segregation behavior of biomass/inert msxtures
investigated with the specific aim to check for the occurrenceigfptéculiar segregation
direction reversal. Crushed olive pits are used as model biomass (1.54 mm diameter) in
combination with glass beads (0.25 mm diameter) and two sand cuts (0.34 and 0.16 mm
diameter). The segregation tendency of an initially mixed biomass/inert bed, deduced by the
measured steady-state composition profiles, turns out to confirm the presence of segregation
direction reversal as a result of a change of the relative solid volume fractions. Although the
critical “equilibrium” composition is quantitatively captured only for the first pair, the
occurrence of the phenomenon appears remarkably in agreement with the PSM predictions in
all the three cases.
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1. Introduction

Bubbling fluidized beds in energy production/conversion units (combustion, gasification, etc.) often
process a certain amount of large, less dense particulate material (the fuel) mixed with smaller,
denser solids in the form of inert, heat or oxygen carrier. A solid catalyst or sorbent can also be
present in the mixture to carry out specific tasks. In such processes, bed homogeneity (for processes
requiring uniform properties, e.g. temperature) or controlled solid stratification (for sequentially
combined operations, e.g. pyrolysis, gasification and €ption) strongly influence the overall
process efficiency [2,3]. However, controlled mixing or segregation can be hard to achieve in a
bubbling bed[4-7]. The values of a long list of properties determine the mixing/segregation
behavior of binary fluidized beds, includinglids’ size ratio and density ratio, gas superficial

velocity, bed composition, rendering its characterization particularly complex.

Experimental investigation of the segregation tendency in binary bed was carried out by many
research groups. Historically, the most significant contributions have been proposed by Rowe and
co-workers[8-10]. The minimum fluidization velocities of multicomponent beds have been studied
extensively by looking at the effect of particle size difference 1T}, density difference [18,19] or

both [20-26]. Analogously, several numerical simulations using different approaches have
supplemented these in the interpretation of the observations, see €3§][27

According to the nomenclature proposed by Rowe et al. [8], a component is termed flotsam if upon
fluidization it tends to float to the bed surface and jetsam if it tends to sink to the bottom. The main
effects can be summarized by a few well-established trends. The rest being equal, the dependence
of the drag force on the projected particle surface determines that larger/smaller spheres tend to act
as jetsam/flotsam, respectively. Denser solids tend to sink to the bottom while less dense solids are
typically found segregated up to the bed surface. The effect of the gas-velocity is to iriedsify
agitation due to increased bubbling. Therefore, higher-velocity fluidized beds tend to reach a more
uniform, mixed state. The mixing degree achieved depends on the segregation tendency of the
mixture. For example, with solids of significant density difference the velocity required to contrast
the strong segregation can easily exceed the value sufficient to elutriate the lighter corapdnent

full mixed cannot be achieved. It is also known that the relative proportions of the components can
also influence the packed bed voidage, thereby affecting the minimum fluidization velocity of the

mixture, while its direct effect on mixing and segregation is not yet clear.

The combination of properties driving towards opposed tendencies can lead to an unpredictable

behavior. It is common to consider that density difference typically prevails over sizertkter
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However, if the finer solid is sufficiently fine a point will be reached in which the denser
component acts as flotsam, as observed a few decades ago by Chiba et al. [36]. It can be shown that
in general, when the effect of size difference counteracts that of the density differenctheeven
basic question of which one component does act as flotsam in the mixture is not at all trivial. Not
only is the role of the two components largely unpredictable, but also whether or not other variables
can change this role is unclear. As an example, a change of superficial velocity or bed composition
determines the well-known layer inversion phenomenon in binary liquid-fluidized beds, as
copiously documented in the literature {39], but no corresponding phenomena have been
investigated yet in gas-fluidized beds. Reference to the suspension condition of the pure
components via a comparison of their minimum fluidization velocities (discriminating the packed
from the fluidized component) has no theoretical foundation, as the two solids are known to behave
rather differently in the mixture than as pure. Indeed, it will be recalled below that identification of
the flotsam component results from a different theoretical perspective. The problem of attributing
the roles of flotsam and jetsam, which we call the determination of the segregation direction, has
been addressed by our group in recent works [1,41], which led to the developmerdédhed

Particle Segregation Model (PSM). A comprehensive list of experimental data exhibiting
segregation in both directions essentially corroborated the parameter-free predictions of PSM. Still,
in some cases source data were incomplete or the extent of the segregation process and the
condition of mixing were difficult to assess. On the other hand, by guiding specific
experimentationPSM predictions offer a new and more direct possibility to validate the results, an

opportunity that inspired the work discussed below.

The main aim of the present study is to report on the PSM-guided observation of segregation
direction reversal in binary gas-fluidized beds as a result of a change obrbedsition. Gentle
fluidization of three initially mixed fluidized systems, consisting of different amounts of biomass
particles combined with two sand cuts and one cut of glass ballotingamsidered. Starting from

the PSM predictions, the sizes of the inert soldse selected in order for the mixture to exhibit a
change of segregation direction with bed composition, at least according to PSM predictions. With
such solids mixtures, experimental tests were carried out to investigate the actual occurrence of the

peculiar phenomenon and verify the PSM predictions.

The Particle Segregation Model approach and relevant results will be presented in the following
Section. The experimental methods and materials used will then be described, detailing how the
PSM predictions guided the selection of the inert size. Segregation experiments and results of the

observed evolution of the concentration profile in the bed will be finally presented and discussed.



2. TheParticle Segregation Model (PSM)

In the study of the segregation phenomena occurring in initially mixed beds upon fluidizasgon, it
important to determine the prevalence of the effect of either size or density of the involved solids. In
the case of binary systems composed of small, dense particles mixed with big, less dense particles,
it is not simple to predict whether or not segregation will take place and if so which one of the two
components will tend to float or sink. In order to tackle this problem, in the Particle Segregation
Model [1,41] it is proposed to compare the weight with the upward hydrodynamic force acting on
one particle of a given species immersed in the fully mixed bed, assuming it at suspension
conditions (FigurE|1). Note that other forces, like particle-particle drag or contact interactions, are
not considered here, as only the initial unbalance of force driven by the action of the fluid on each

separate species is investigated.

Without loss of generality, the small component is denoted as species 1 and the bigger component
as species 2. If the bigger component tends to segregate upwards, the relevant force unbalance

along the vertical coordinate should be described by the following inequality::

D3

wherep and D are the particle density and size, respectively, g is the gravitational accel€reion.
term on the right-hand side is the total hydrodynamic force W acting on the part&lgaat

superficial velocity for which the entire (mixed) bed is fluidized, i.e. at conditions where the

overall bed weight is supported by the action of the gas flow. The other segregation direction is
obtained if the opposite sign applies in ﬁ (). In the following, a solution will be searched for Eq.

in the form of equality, as the relation discriminating between the two segregation directions.
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Fig. 1. Scheme of the force balance on a patrticle in a binary mixture.

In dense systems, such force is often conventiodatlgmposed into a fluid pressure gradient force

and a term F explicitly dependent on velocity, named drag,

D;
Wl =72 VP+ Ryl 2)

It is worth noting that such decomposition is only formal, arisen from recognizing the similarity
with liquids and useful for computing the two terms more easily. Indeed, the pressure gradient
appearing in EqDZn general refers to a scale that is much bigger than the particle size, possibly
the entire scale of the system (so that it becomes measurable). Therefore, such concept is not to be
confused with the local pressure gradient around the particle suafalz@yum that has become
available in more recent years, e.g. thanks to resolved CFD simulations of the flow through particle

systems. When such data are available, the value necessary here can be obtaitneddetaiied

results provided filtering to an appropriate scale is adopted.

The pressure gradient force is composed of an Archimedean term due to gas density and a
generalized buoyancy force due to the fact that the gas supports the other particles
-VP=pg-Vp 3)

It is the second term in the right-hand side of H] (3) that is responsible for the unrecoverable

pressure loss across the bed [42]. By denotingp as net pressure gradient, the net fluid particle

force N acting on species 2 can be defined

D;

and used in EHl) in place ob)\dt least for the present case of gas-fluidized beds.



Recalling that suspension conditions are being assumed for the initially mixed bed, the pressure
gradient across the bed can be easily computed from the total bed weight per unit volume

~-Vp=p(l-¢)g (5)

where p = x,p, +(1- X )p, is the solid density averagég the solids’ volume fractions x and¢ is

the bed voidage.

The most demanding task is to be able to express correctly the drag force acting on a particle
immersed in a binary mixture. The following formulation, derived originally by van der Hoef et al.
[43], is selected mainly because of its simplicity, despite various improvements or other
possibilities exist, see e.g. [44F]. It provides the following direct expression that relates the force

acting on a particle of one species to the average drag force in the system

F,= y§ F (6)
where
D;
Yi = ﬁ )
E:Z% F (8)

-1
and the average diameter is Sauter’s mean definition D = (Z %] .

Because of the assumption of fluidized conditions, instead of calculating the average drag force in
terms of velocity, voidage, etc. the same is obtained by evaluating the suspended weight of one
(equivalent average) particle. Elaboration oflﬁq. 5 in order to expand the left-hand side in terms of

the contributions of each species yields:

El_—gZXD—'_:kﬁ(l— £)g ©)

/)

With the definitions of the average forde (Eq.H) and the polydispersion indeix(Eq.H), the

average force is:
F=pZD% (10)

As a consequence, the explicit calculation of the gas superficial velocity required for suspension is
not necessary. Similarly, no specification of the flow regime is required, i.e. the result shatbapply
any flow condition. The only assumption is for the bed to be fully suspended by the fluid. Also,
since Eq. (1) is applied essentially in the emulsion phase, bubbles are assunedglapta

dominant role. Such conditions are realized for a homogeneously mixed bed using gentle
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fluidization and at the beginning of the observations. Indeed, once segregation takes place the
overall results discussed here are no longer directly applicable, because a gradually different
concentration develops along the axis and the corresponding force balance should be adapted. The
situation is complicated by the fact that part of the bed may undergo defluidization as afresult

segregation, making the drag-weight balance inapplicable in those regions

By using the results obtained in , 6 10), the explicit form q. Q) is

P2 D39=p(1-¢) Dig+ 55" DiDg (11)

or

S=1-s+ed (12)

in which the following definitions apply

s= 22 (13)
P

D

d=— 14
5 (14)

The result expressed by 12), cast as a function of the following spesggseies density and

size ratios, respectively,

s P2 (15)
P1
q :% (16)
2
reads

_ (@-d)i-g)x+d
(1-x e +(@-e)d]+x

Fig.H shows the equilibrium lines at different compositions that separate the two areas of the

(17)

density vs. size ratio chart characterized by a different behaviour at fixed values of the beel voidag
It is worth noting that the formulation of Eﬂl?) provides the possibility of including the
dependence of voidage on composition, as commonly observed in binary packed mixtures.
However, Figljz shows that the effect of different voidage values, typically heavily impacting on

fluidization properties, is relatively limited on the segregation equilibrium lines.

While expressions of the form of EBlZ) have been presented and discussed previously [1,41], the
general derivation in terms of the weight of the average particle is new. Particularly reldtent is



fact that no specific form of the explicit dependence of the hydrodynamic force on voidage or
velocity is required (not even mention of the flow regime established). Nor is an expression of the

average minimum fluidization velocity necessary in order to proceed.
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Fig. 2. Segregation equilibrium lines and species behaviour in terms of density ratio vs. size ratio.

Various bed compositions are shown in the plots for voidage values 0.35 (a) and 0.40 (b).

2.1 Discussion of the PSM results

The inherent concept behind 12) is essentially that when the binary mixture is suspended as a
whole, so an average particle would be at mechanical equilibrium, the individual species (2 in this

case) is not necessarily at equilibrium. Segregation would then result from this unbalance and its
direction can be straightforwardly predicted by comparing the relevant forces.

In practical uses, note that E@mpresses a comparison of the forces acting on a patrticle of
species 2, named its weight, on the LHS, and the hydrodynamic force, on the RHS. Consequently, if
the value of s is greater than the value of the RHS then at overall equilibrium particles of species 2
will be pushed downwards by the action of gravity, so species 2 will tend to settle to the bottom of
the bed (acting as jetsam). Conversely, lower values of s correspond to conditions where species 2
would tend to float, appearing as flotsam. Considering the equilibrium of the total bed, the
mechanical condition of species 1 is specular to that of species 2.

If the value of s is equal to the RHS of (17), the condition of equilibrium will apply to both the
overall bed and the individual species, determining a condition in which the initial mixed (packed)
bed will maintain the degree of mixing upon fluidization. Such implication could provide
interesting alternatives in processes where segregation is contrasted by using high flgatizing
velocities with the sole purpose of producing a vigorous bubbling regime.



The presence of a segregation equilibrium condition prescribed b@q. (17) implies the possibility,
for selected systems of given sizes and densities, to cross it by changing the solid composition. As a
result, the segregation direction initially exhibited at low (or high) concentrations should revert to
the opposite one at high (or low) concentrations. A set of experimental tests will be described in the

following sections in order to check for the occurrence of this segregation reversal.

3. Materials and experimental procedure

The experimental set-up was composed of a 9.3 cm ID Perspex cylindrical fluidization column,
equipped with a 4nm thick plastic porous distributor. Air at ambient conditions was the fluidizing
medium, whose flow from a compressor can be regulated by a set of rotameters. A pressure probe
located just above the distributor, connected twater manometer, &s used to measure the air

pressure drop across the particle bed.

The mixtures investigated involved different compositions of biomass particles combined with three
inert solids, as typical representations of fuel/inert industrial charges. Biomaasavailable in

form of dried, crushed olive pits (OP), while glass ballotini and sae@ used as inert. The
original biomass stock was highly polydisperse and had a relatively large size. Sieving in the range
1.4-2 mm was necessary to bring the sample within workable diameters. Inert particles (glass
ballotini, GB, and two sizes of sand granules, SG) were available in different cuts, and their final
sizes were selected in order for the resulting mixture to fall within the areaﬂ Fig. 2, wherd reversa
with bed composition is predicted to occur, possibly with a critical composition of the order of
x1=0.5. FigB% shows a photograph of the biomass and glass ballotini. Owing to the uncertainties
related to the irregular shape, a determination of the biomass hydrodynamic average size through
pressure drop measurements was carried out. Fig. 4 shows the fluidization curve of the biomass
sample.The fixed bed data have been used in combination with Ergun’s equation to find the
appropriate value of the average size, resulting grid20=1.54 mm. The properties of the
examined materials, including the experimentally determingdre summarized in Tatﬁ 1.
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Fig. 3. Photograph showing representative samples of the biomass particles (OP1540) on the left
and the glass ballotiniGB0250) on the right.
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Fig. 4. Fluidization curve of the biomass (OP1540). The dashed line represents the theoretical

pressure drop at bed suspensipe (bed weight/cross section area).

Table 1.Properties of the solids.

Solid Identifier o [kg/m?] D [mim] Ut [cM/8]
Olive pits (biomass) OP1540 1380 1.54 66.1
Glass ballotini GB0250 2480 0.25 6.6
Sand granules S@0340 2590 0.34 22.8

- SQA0160 2590 0.16 5.6
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3.1 Experimental procedure

Fluidization tests involving binary bedsgere all performed starting from an initially mixed bed.
Care was taken to ensure the maximum bed homogeneity by composing the required total mass
with layers by layers, for each ongixing appropriate amounts of the two solids. Gentle pouring
into the column was carried out by means of a funnel connected to a long tube in order to prevent
segregation during the fall and ensure high reproducibility. In selected cases, the effective
composition uniformity throughout the column was checked right after pouring, following the
procedure described below for the axial composition profile. Bed heiginéssuch as to obtain a
bed-heighto-diameter aspect ratio of about 1.7 in all tests. Bed voidage measurement was obtained
using the data of the loaded mass of the two components and bed height at the different
compositions. Fluidization tests were carried out according to the following procedure: initially the
air superficial velocity was slowly increased with the bed in the packgzl tta velocity at which

the bed entered the suspended state (the initial fluidization velocity) was recorded; the gas velocity
was further increased progressively, in order to ensure a reasonable bed mobility with a relatively
quick attainment of the steady-state composition profile, up to a value 30 to 50% higher than the
initial fluidization velocities and was then kept constant for the test (seeljame €ach desired
velocity, typicaly three to five minutes were sufficient to reach a condition where the solid layers
formed did not show any further dislocation. Measurements of the concentration profiles in the
column wee obtained after “freezing” the bed (i.e. shutting the gas flow suddenly); then, horizontal

layers of particles, about one centimeter thiglere withdrawn from the top of the column,
separated by sieving in the two cuts, each one weighed, in order to reconstruct the volumetric
fraction profile along bed height. Each test was repeated twice and in a few cases thraadimes

reported data are the average values.

4. Results and discussion

The current investigation aims primarily at verifying the peculiar behavior of the segregation
direction reversal. This task is accomplished in both qualitative and quantitative terms, i.e. the
occurrence of the phenomenon, whicht is to remark- has never been reported and investigated
explicitly in the literature, is checked first; then, examination of the steady-state cotcentra
profiles at various nominal compositions will allow comparing the observed versus predicted

critical reversal conditions quantitatively.

Three combinations of the solids listed in .ﬂ- 1 were investigated at different initial bed

compositions. The solid mixtures considered are listed in Eble 2, along with their properties. All
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the resulting density and size ratios correspond to systems predicted to exhibit a change of
segregation direction as a function of bed composition|(fFig. 5). The compositions investigated, the
corresponding gas superficial velocities and the critical volume fractions of species 1, as predicted
by Eqg. ) ate = 0.4, are reported in Tatﬁ 2. Note that the location of the points A-C on the
density-size ratio chart (F@ 5), which incidentally are independent of the mixture composition and
bed voidage, also allows estimating the corresponding critical valygsakleast for the selected
voidage value used to draw the equilibrium lines. For each of the three mixtures the dependences
with composition of voidage, expected equilibrium density ratio and composition profiles are

investigated.

Table 2. Binary mixtures investigated.

Mixtures (inert-biomass) GB0250-0P1540 SG0340-0OP1540 SG0160-OP1540
System identifier A B C
d = DVD2, [-] 0.16 0.22 0.10
s=pdp1, [ 0.56 0.53 0.53
x1, [-] 0.1,0.2,0.3,0.4,0.6,0.8 0.1,0.2,0.3,0.4,0.5,0.6, 0.1,0.2,0.3,0.4,0.5,0.6,0.7
0.7,0.8,0.9 0.8
Uexp fOr eachxa, [cm/s] 40.8, 20.4, 12.2, 5.3, 4.1 51.3,425,37.7,32.3, 28.1, 41.1, 29.0, 21.8, 16.9, 13.6,
4.9 27.5,26.9,24.5,21.1 11.8,10.7,10.8
Xieqfor 6= 0.4 (E, [-] 0.51 0.29 0.57
1
€=0.40
Y .
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Fig. 5. Location of the systems A to C of T4E|e 2 on the density ratio vs. size ratio chart. Lines

represent equilibrium conditions at 0.4 and the compositions shown.
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4.1 System A: GB0250-OP 1540

In the first mixture (A) biomass particles are the larger, less dense species and spherical glass
ballotini act as smaller, denser inert. In consideration of the significant difference in size, the bed
voidage of the binary mixture can be considerably different than that exhibited by the two
individual constituents. FiEI 6a shows the observed dependence of the bed voidage on the volume
fraction of the glass ballotini. As typically observed, while the individual components pack at
arounde = 0.4, the voidage of the mixture decreases at the intermediate compositions, showing a
minimum valuee = 0.28 for x = 0.4. As shown in FigEIZ, such effect can have an impact on the
equilibrium lines, so a recalculation of each curve at the appropriate voidage should be performed.
The impact of the actual voidage on the critical reversal conditions can also be assessed by
comparing the critical
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Fig. 6. Dependence of bed voidage on the volume fraction of the inert particles (a) and comparison

(b) of the solids’ density ratio Sexp (dashed line) with the density ratio s computed by the PSM

equilibrium Eq.) using a constant voidage 0.4 (solid line) and the experimental profig,

(symbols). System A: GB0250-OP1540 with properties listed in CB
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density ratio for a given size ratio at various bed compositionsD:ig. 6b shows the dependence of the
critical value of s for the size ratio of mixture A computed by means o. (17) both using an
approximate value of = 0.4 (solid line) and using the appropriate value of the voidage at each
composition (symbols). The intersection with the value of the actual density extim e chart)

yields the critical equilibrium composition ¢ on the abscissa. It can be observed that the
significant variation of the voidage in the mixture reflects in an appreciable shift of the critical x
when the actual voidage is taken into account. With respect to the datum reportedlfl Table 2, a more

correct estimate of the critical composition appears to be araun@.3.

Measurements of the steady-state volumetric fraction profiles of the glass ballotini along bed height
are reported in Fiﬂ?. Faachtest, the observed composition profiles are reported together with

vertical lines showing the nominal (i.e. overall) bed composition. Note that each vertical line also
identifies an ideally mixed system, i.e. the initial state of the bed. The comparison of the local
volume fraction with the nominal value allows the segregation direction to be qualitatively assessed

and the presence of the reversal condition to be identified quantitatively.

GB0250-OP1540
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Fig. 7. Steady-state composition profiles along bed height. Actual measured profiles (lines with
symbols) are shown with different colours for each test, together with a vertical line identifying the
overall bed composition. System A: GB0250-OP1540 with properties listed in EﬁbleEll and 2.
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For the system A, the composition profiles shown in g. 7 appear relatively close to the nominal
fraction of the species, denoting systems in all cases not too far from a condition of mixing.
However, by looking at the profiles as they change with the nominal compositioan ibe
observed that a segregation direction reversal is rather evidesanmfositions up tox= 0.3 there

is a prevalence of the glass ballotini in the upper portion of the bed. On the contrary, for volume
fractions of x = 0.5 or higher, it is the biomass that prevails in the upper layers of the fluidized bed,
acting as flotsam. For a volumetric fraction=x0.4, essentially mixed layers are found throughout

the bed. Interestingly, not only is the segregation reversal observed in the examined range of
compositions, but the equilibrium condition turns out to occur at an inert solid volume fraction in
remarkable agreement with the predictions of.(17

Packed bed voidage, g, [-]
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Fig. 8. Dependence of bed voidage on the volume fraction of the inert particles (a) and comparison

(b) of the solids’ density ratio Sexp (dashed line) with the density ratio s computed by the PSM

equilibrium Eq.) using a constant voidage 0.4 (solid line) and the experimental profilg,

(symbols). System BSG0340-OP1540 with properties listed in Talﬂes 1|§nd 2.
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4.2 System B: SG0340-OP 1540

Mixture B is composed of biomass particles and the larger cut of sand granules. As in all other
cases, the inert solid is denser and smaller than the fuel particles. The size ratio is less extreme than
the other two systems. Consequently, the change of voidage with composition is more limited in
span (see FigEISa). The minimum voidage value=9.36 for x = 0.3. It is noteworthy that the
voidage of the pure sand granules is relatively high, approaching almost 0.5, probably owing to the
non-spherical shape of the granules. This also explains the increase of the packed bed voidage of

sand-rich mixtures well abowe= 0.4.

According to the datum in Taljlg 2, the segregation reversal condition should be attained around
x1 = 0.29. Opposite to the observations for system A, taking into account the variation of voidage
does not imply a significant shift of the critical density ratio and, consequently, the critical reversal
composition (FigDBb). Interpolating between two successive points, intersection with the actual

value of the density ratiq,g yields a critical composition below x 0.23.
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Fig. 9. Steady-state composition profiles along bed height. Actual measured profiles (lines with
symbols) are shown with different colours for each test, together with a vertical line identifying the
overall bed composition. System 830340-OP1540 with properties listed in Taﬂas lﬁnd 2.
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Composition profiles of the sand granules along bed height for system B are showﬂ1 Fig. 9. In
many plots a significant part of the profiles is in the close vicinity of the nominal composition,
again witnessing a partly homogeneous, mixed bed. This is particularly true for profiles at volume
fraction up to aboutix= 0.6, for which the bed manifests an upper, shallow portion enriched in sand
particles withdrawn from the essentially uniform rest of the bed. For volume fractions of about
x1 = 0.7 and higher, the composition profiles change significantly their shape, exhibiting an upper
part of the bed rich in biomass. The extent of prevalence of the biomass particles decreases
progressively moving deeper until, slightly above the middle of the bed, the profiles cross the
nominal composition. Sand granules show an appreciable dominance in the lower half of the bed
even for nominal compositions as extreme as 8.9. An exception is the very last solid layer at

the bottom, at all concentrations enriched with biomass particles. Rather than to the influence of

unpredicted factors, such phenomenon is likely attributable to distributor effects.

The profiles in Fig{}; prove the occurrence of a segregation reversal condition also forBystem
However, in comparison with the results found for system A, the quantitative prediction of the
critical composition by means of E@, even with the correct voidage, appears much less

reliable.

4.3 System C: SG0160-OP 1540

In mixture C biomass is coupled to a finer cut of sand granules. The size ratio, nearly 1 to 10, in this
case is rather extreme and the possibility for the fine sand to percolate through the biomass patrticles
rendered the experimental investigation more complex. It is the case to mention that it was not
possible to leave the solids, even packed and without air flow, in the initial, fully-mixed state for
more than a few minutes, as the sand particles tended naturally to sink, flowing slowly through the
interstices among the bigger biomass particles. Experimental difficulties prevented us from being

able to examine mixtures at very high fractions of sand, eg0x0.

Similar to the previous cases, the bed voidage exhibits a significant dependence on composition, as
shown in Figa. A minimum voidage valuesof 0.32 was found for a volume fraction of sand

of x1 = 0.3. Similar to SG0340, also the pure finer sand SG0160 exhibits a packed bed voidage as
high as about = 0.48. The determination of the critical composition for segregation reversal can be
performed based on the data plotted in 10b. The theoretical condition for segregation
equilibrium, including voidage-composition effects, is predicted to occur at aboud.4.
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Fig. 10. Dependence of bed voidage on the volume fraction of the inert particles (a) and comparison
(b) of the solids’ density ratio Sexp (dashed line) with the density ratio s computed by the PSM
equilibrium Eq.) using a constant voidage 0.4 (solid line) and the experimental profilg,
(symbols). System (8G0160-OP1540 with properties listed in Taﬁzs 1Bnd 2.

By looking at the composition profiles of 11, it can be noted that the presencextfesnee

size ratio leads to a stronger tendency towards segregation. The fine sand tends to stratify to the top
of the bed right from the lowest compositions investigated, creating a nearly pure layer at volume
fractions betweenyx= 0.4 and 0.6. At higher values, the upper layer shows a slight decrease of the
fraction of fines, and the upper portion of the profile shows an inverted profile, with a decreasing
fraction of sand particles with bed height. This result is more clearly observable=&t8x
Although it is less than a clear manifestation of a direction reversal, it is quite evident that a change
of segregation pattern occurs at the higher volume fractigns @8) with respect to the lower

values also for this system. Unfortunately, the analysis is complicated by the fact that the
fluidization procesoccurs starting from the bottom of the bed rather than from the top. As soon as

the bed is suspended, the (packed) upper part of the bed is lifted as a lump by the (fluidized) lower
section of the bed.
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Fig. 11. Steady-state composition profiles along bed height. Actual measured profiles (lines with
symbols) are shown with different colours for each test, together with a vertical line identifying the
overall bed composition. System §30160-OP1540 with properties listed in Tatﬂzs 1Bnd 2.

Quantitative comparison of the segregation reversal point for system C, that can be estimated
roughly at about x= 0.7, as compared to the predicted critical volume fraction efx4 shows

that the simplified approach of the PSM in this case would appear useful only to provide estimates.
4.4 Discussion

The experimental observations presented in the previous subsection provide a set of data that
substantiate the hypothesis that gas-fluidized beds can exhibit segregation reversal with bed
composition and that this can be easily predicted, if not quantitatively at least qualitatively, by

applying the Particle Segregation Model relationship.

Before discussing the implications of such results, it is instructive to recall some concepts
previously used to distinguish between flotsam and jetsam components. In the absence of a reliable
theoretical model, the commonly established rule that the denser component is always jetsam is
typically adopted. Indeed, it is known that with binary fluidized beds the density difference
dominates over size difference. However, it is also true that in the case of a denser, but much

smaller component, the consideration mentioned above that density effects prevail over size effects
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must at some point break; otherwise, one should imagine that a tiny powder of a metal should sink
when fluidized along with e.g. big ceramic balls. So, in case of “complex” mixtures for which the

simple density rule cannot be judged reliable, one Inestgmpted to attribute the role of flotsam or
jetsam by comparing the minimum fluidization velocity of the two individual components. As
shown in previous works [1,41], the results of this assumption do not agree with many experimental
observations, including the ones discussed here (seeljlable 1). Additionally, none of the previous
criteria include even the possibility of a change of segregation direction with composition, which is

the main result of the presented experimental investigation.

It is from this perspective, i.e. the previous lack of tools in this field, that one should assess the
applicability of the PSM results to binary bubbling beds. Considering the number and sigaificanc

of the approximations in the derivation, the very simple mathematical form of the Particle
Segregation Model and the lack of fitting parameters, it is quite remarkable that the predictions of
segregation reversal, at least for the systems investigated, are confirmed. In quantitative terms the
PSM results prove useful only as estimates of the actual segregation state. On the other hand, it is
probably unrealistic to expect that an essentially zero-dimensional model like the PSM be predictive
when complex multiphase 3D CFD models still struggle to provide accurate simulations in this
field.

From the point of view of applications, the possibility to design or govern the segregation direction

of a fluid bed process, e.g. by selecting the inert size or amount, appears particulatlyeatiat

only could one be able to include such effect right from the initial design of the operation and
appropriate selection of relevant materials, but the improved understanding can also help preventing
segregation-related problems. As an example, by designing a system to operate at the segregation
equilibrium conditions, a straightforward result of the PSM, one should get a multi-component bed
that tends to remain mixed right from the start of the fluidization process, i.e. even at very low
superficial velocities, when segregation tendencies are typically stronger. Indeed, if high gas
velocities are used to improve mixing (or contrast segregation) and are otherwise unnecessary, the
present results open other possibilities to act upon in an attempt to bring the system at its critical

segregation point while operatirtgat low velocities.

5. Conclusions

The low-velocity fluidization characteristics of three binary mixtures were studied by model-guided
experimentation with the aim to define the segregation tendency and check the occurrence of the

segregation direction reversal with bed composition. The recently proposed Particle Segregation
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Model (PSM), based on the concept of force balance on a particle immersed in a binary bed at
minimum fluidization, was shortly summarized. Experiments were carried out to obtain the steady-
state axial profiles of the fine solid volume fraction for mixtures composed of one cut of crushed
olive pits (biomass), OP1540, and three different solids, glass ballotini, GB0250, and two sand cuts
SG0340 and SG0160. The inert sizes were selected in order to give the theoretically expected
segregation direction reversal with bed composition, as predicted by the PSM. In all investigated
cases the fluidized bed appeared relatively mixed, with the prevalence of layers of one or the other
component often visible only at the bed surface. The modest segregation tendency exhibited in
terms of the extracted composition profiles, however, allowed the prevailing phenomena to be quite
clearly distinguished between, at least for most of the cases.

The main result of the present investigation is that the measurements of the axial volume fraction
profiles confirmed the presence of a segregation reversal with bed composition for all the three
systems. It should be noted that such phenomenon, as presented and discussed here, is essentiall

unreported for gas-fluidized beds in the literature.

Quantitative comparison of the observed vs. predicted critical compositions shows a different
degree of agreement. For mixture A (GB0250-OP1540), a quite remarkable similitude is obtained
between the value of the composition predicted at segregation equilibrium and the observed axial
profiles, particularly when the dependence of the voidage with composition is taken into account.
Observations of the segregation tendency exhibited by mixture B (SG0340-OP1540) show that the
change of direction occurs approximately between volume fraction9x and 0.7. In contrast,

the predicted critical value is only x 0.23. Mixture C (SG0160-OP1540) exhibits a quite unusual
fluidization pattern, with the fluidization front propagating from the bottom to the top of the bed.
This reflects in the concentration profiles that show a complex segregation tendency. Based on the
shape of the profiles a segregation reversal point can be estimated at a0, 0 compare with

the predicted value ofix 0.4.

Overall, the predicting capabyitof PSM for the critical composition in quantitative terms can be
judged satisfactory. However, the fact that a simple, first-principle and parameter-free natke| is
to capture the essence of a quite peculiar phenomenon for gas-fluidized beds represents a significant

advancement of the theoretical tools available in the field.
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Notation

D particle diameter, m

D Sauter’s mean particle diameter, m

d diameter ratio (@D>), -

d average diameter ratidX/D), -

F pure drag force, N

g gravitational acceleration, /s

m particle mass, kg

N net fluid-particle interaction force, N
P absolute pressure, Pa

p net pressure, Pa

S inverse density ratigpf/p1), -

S inverse average density ratjo/p ), -

u gas superficial velocity, m/s

Unmf minimum fluidization velocity, m/s

Ug gas superficial velocity at bed suspension, m/s
X fluid-free solids volumetric fraction, -
y polydispersion index, =D, /D, -

w total fluid-particle interaction force, N
Greek letters

£ voidage, -
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o
D
Subscripts
0

1,2

€q

exp

solid density, kg/rh

average solid density, kgfm

packed bed

index for solid species

equilibrium

experiments

relative to the i-th, or j-th particle or particle species

at suspension
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