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The axial distribution of large biomass particles in bubbling fluidized beds comprised of sand and biomass is investi-
gated in this study. The global and local pressure drop profiles are analyzed in mixtures fluidized at superficial gas
velocities ranging from 0.2 to 1 m/s. In addition, the radioactive particle tracking technique is used to track the trajec-
tory of a tracer mimicking the behavior of biomass particles in systems consisting of 2, 8, and 16% of biomass mass
ratio. The effects of superficial gas velocity and the mixture composition on the mixing/segregation of the bed compo-
nents are explored by analyzing the circulatory motion of the active tracer. Contrary to low fluidization velocity
(U =0.36 mls), biomass circulation and distribution are enhanced at U = 0.64 m/s with increasing the load of biomass
particles. The axial profile of volume fraction of biomass along the bed is modeled on the basis of the experimental find-

ings. © 2014 American Institute of Chemical Engineers AIChE J, 60: 869-880, 2014
Keywords: fluidization, mixing, biomass, particle tracking, pressure analysis

Introduction

Producing energy from biomass provides a key substitu-
tion for fossil fuel sources which results in the mitigation of
greenhouse gas emissions. Additionally, use of biomass in
forms of municipal and agricultural waste as an energy
resource relieves the problem of waste management in favor
of developing localized plants of energy production.

Thermochemical and biochemical processes are known as
the most widespread technologies to convert biomass into
energy or value-added synthetic fuels. The main processes
used within the thermochemical conversion process are the
following: combustion, pyrolysis, gasification, and liquefac-
tion. Several unique operational advantages, like fuel flexi-
bility, intense solids mixing, and efficient heat transfer, have
made the fluidized bed the most efficient reactor for all of
these processes. Nonetheless, fluidization of biomass par-
ticles is a cumbersome or even impossible task owing to
their irregular size, density, and shape. Generally, an inert
material, like silica sand, alumina, calcite and so forth, is
added to biomass to assist its fluidization and improve the
heat transfer; however, some new multiphase flow complex-
ities arise as a consequence of the fluidization of dissimilar
components. Understanding and managing multiphase flows
are critical for the successful design of biomass conversion
units and for improving the existing biomass processes.’ One
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of the most undesirable multiphase flow phenomena in fluid-
ization units comprising dissimilar components is the tend-
ency of particles to be segregated along the bed. In general,
particles which are larger in size or higher in density, tend
to sink to the bottom of the bed (jetsam particles), whereas
those that are smaller in size or lower in density move up to
the bed surface (flotsam particles). Possessing very low den-
sities, biomass particles behave regularly like flotsam in mix-
tures composed of sand and biomass and are likely to
accumulate at the top of the bed.

The mass content of fuel, for example, coal or biomass, as
a percentage of the total bed mass in bubbling bed combus-
tion or gasification conditions is typically about 1-5%,
depending on the fuel type, size, and reactivity. Considering
the relatively low fraction of biomass in the mixture, the
impact of biomass particles on the hydrodynamic characteris-
tics of the fluidization medium has generally been neglected.
Assuming insignificant interaction between multiple large
objects, the common approach to study the motion of fuel
particles in fluidization conditions is immersing a single
large/light object in a bed of relatively small/dense par-
ticles.”™

Fuel particles are subject to thermal fragmentation as they
are fed into the reactor. However, it can be shown that the
time needed to reach the bed temperature increases dramati-
cally with the size of fuel particles. For instance, on the
basis of the energy balance for a single particle, a 10-mm
wood particle, which is comparable to the materials used in
the present study, takes tens of seconds to reach 800°C under
bubbling fluidization conditions.” During this considerable
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period of time, the mixing/segregation pattern of the bed can
fully be established.

A few researchers have deployed particle tracking techni-
ques to study the motion and mixing mechanisms of the
objects possessing a larger size and lower density than the
bed material. Using cinematographic recording and a radio-
active tracer, Rios et al.® investigated the characteristic
motions and the velocity of such particles as a function of
superficial gas velocity, characteristics of bed material, and
bed height in two-dimensional (2-D) and three-dimensional
columns. Lim and Agarwal’ utilized the automated image
analysis methods to characterize the circulation pattern and
measure the velocity of a light sphere 7 mm in diameter
immersed in a 2-D bubbling fluidized bed of 0.7-mm glass
ballotini. Pallares and Johnsson® tracked phosphorescent trac-
ers varying in size and density in a 2-D riser to obtain the
concentration, velocity, and dispersion field of the fuel-like
particles. Using digital image analysis in a 2-D bubbling flu-
idized bed, Soria-Verdugo et al.>? studied circulation of a
large cylindrical object with the same density of the bed
material and explored the effect of buoyant forces on the
motion of objects with different sizes and densities.

Use of the radioactive particle tracking (RPT) technique
for studying the solid circulation patterns in binary mixtures
was initially introduced by Larachi et al.? Cassanello et al.'®
adopted this technique to investigate solids mixing in gas—
liquid—solid fluidized beds. More recently, Upadhyay and
Roy'! used this method to explore the mixing and hydrody-
namic behavior in a bed consisting of equal weight percen-
tages of the same size particles differing in density.

Zhang et al.'* studied the effect of biomass ratio on the flu-
idization behavior of mixtures composed of 1-3% biomass.
They found that the composition of mixtures had a quantita-
tive impact on the ultimate distribution of biomass particles,
that is, increasing the ratio of biomass to sand at U > Uy led
to the occurrence of a greater maximum of mixing index at
higher gas velocities. They have also reported that when mix-
ing prevailed against segregation, increasing the biomass load
exerted an adverse influence on the mixing; in contrast, as the
increase of gas velocity enhanced particle segregation,
increasing biomass load improved particle mixing.13

Despite the widespread application for fluidization of a
bulk of large and light Geldart D particles'* mixed with a
fluidization medium of Geldart B, the phenomenological
knowledge about their mixing pattern is still scarce. Accord-
ingly, this work is aimed at deploying the powerful, nonin-
trusive RPT technique to shed some light on the distribution
profile and circulatory motion of biomass particles fluidized
with the help of sand. Moreover, the experimental findings
have been used to develop a model predicting the volume
concentration of biomass along the bed.

Indeed, the density of biomass particles decreases during
their pyrolysis and segregation is enhanced. As the density
of the tracer used in this study was constant during the
experiment, such a phenomenon could not be mimicked.
However, this phenomenon can be addressed in the RPT
experiments by using a tracer with lower density compared
to the conventional biomass materials. Moreover, gas proper-
ties, such as density and viscosity, are different in a cold
system from those of a hot system where gas has much
lower density and higher viscosity. These differences should
be taken into consideration before applying the results of
this work to the practical units operating at extreme
conditions.
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It should be noted that as the fluidization of binary sys-
tems consisting of common bed materials and irregular par-
ticles is not limited to biomass processing, the range of
weight fractions investigated in the present study extends
beyond the typical maximum biomass loads in industrial
units.

Experimental

A cylindrical Plexiglas column 152 mm in diameter is
used as the main facility of all experiments performed in the
present study. Air is injected into the column through 163
holes, 1 mm in diameter, arranged in a triangular pitch on a
stainless steel distributor plate. The percentage of open area
of the perforated plate is less than 1. It is worth pointing out
that the cross section of the commercial biomass combustors
or gasifiers may be as large as a few square meters, while
the column diameter used in this study is quite limited. Such
a small column diameter may affect motion and mixing of
the bed inventory particles.

The bed material utilized in the experiments is sand whose
size distribution ranges from 100 to 1000 um. As only one
tracer can be tracked in the RPT technique, no variety of
size and shape of biomass particles could be considered in
the experiments and identical biomass particles are used in
the system represented well by an active tracer. Accordingly,
wood rods are carefully cut into similar cylindrical pieces to
make identical biomass particles.

It should be kept in mind that in reality, a broad range of
biomass particles, in terms of size and shape, is fed into the
thermal processing unit complicating the hydrodynamic and
reaction phenomena. Moreover, biomass degrades into fine
char (in pyrolysis and gasification) or ash (in combustion)
particles and its proportion and properties change with loca-
tion in the bed. These deviations from the practical systems
have not been addressed in this work. Nonetheless, as men-
tioned earlier, large biomass particles remain for a relatively
long period of time at their original size before they reach
the high temperatures which is needed for thermal degrada-
tion. This period is long enough for forming the distribution
pattern of particles in the bed.

Properties of materials used in the present study have
been listed in Table 1. Measured quantities of these materials
are mixed to obtain the desired weight fraction of the bio-
mass in the mixture. Table 2 contains more details of the
mixtures studied.

In all experiments, the static bed height is set to 228 mm
(H/D = 1.5).To start from a well-mixed condition, the sand
and biomass measures are each equally divided into eight
batches. Each batch of sand is mixed with a single batch of
biomass. Finally, the content of all mixtures is added sequen-
tially to the fluidization column.

Two differential pressure transducers (OMEGA PX 272)
are deployed to measure the pressure fluctuations of the
lower and upper sections of the dense bed. The mean dis-
tance of these pressure transducers from the distributor is 85
and 235 mm, respectively, while their respective probes are
vertically spaced 50 mm. In addition, the time-averaged
pressure drop along the whole bed (5-2000 mm above the
distributor) is acquired through another pressure transducer
(MODUS Instruments R32-100).

The tracer used for the RPT experiments is fabricated by
embedding a tiny amount of a mixture of Scandium oxide
and epoxy resin in a hole made in one of the biomass
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Table 1. Properties of Materials Used

Table 2. Properties of Systems Studied

D P Lp Pp Po
Material Shape (mm)  (mm) (kg/m’)  (kg/m’)
Sand Spherical 0.38 - 2650 1550
Biomass Cylindrical 6.35 12.70 824 342

particles so that the size and density of the final tracer are
almost identical to those of the original particle. Such a
tracer could successfully mimic the motion of biomass par-
ticles while being fluidized. The tracer is then activated in
the SLOWPOKE nuclear reactor of Ecole Polytechnique up
to an activity of 70 uCi. The produced isotope *°Sc emits -
rays, which are counted by 12 Nal scintillation detectors. To
maximize accuracy of the RPT results, detectors are distrib-
uted on three planes such that each plane is configured 100
mm apart from the adjacent one and staggered 45° to keep
the farthest distance between detectors on alternate planes.
The spatial angle between two neighboring detectors in each
plane is set to 90°. The horizontal distance between the col-
umn and detectors is set according to their saturation lengths
measured beforehand.

A high speed data acquisition system counts the number
of y-rays detected by each detector. These counts are ana-
lyzed later to calculate the coordinates of the tracer. Details
of the system calibration and the inverse reconstruction strat-
egy for determining tracer position can be found else-
where.'>! In each experiment, the location of the tracer is
tracked every 10 ms for about 6 h until finally more than
two million points are acquired. RPT experiments are con-
ducted at low (U = 0.36 m/s) and high (U = 0.64 m/s) super-
ficial gas velocities for systems containing 2, 8, and 16 wt %
biomass. It is important to note that the velocity range stud-
ied is similar to that of fluidized bed gasifier but lower than
the superficial gas velocity adopted typically in fluidized bed
combustors (1-3 m/s).

Results and Discussion
Characterization of biomass fluidization

Analysis of the Local Pressure Drop. It is generally
accepted that solids mixing in fluidized beds comprising dis-
similar components is a function of the gas velocity. The
local concentration of each substance, therefore, varies along
the bed by changing the superficial gas velocity. These varia-
tions can be analyzed through the local time-averaged values
of the signals of the pressure drop. To study the trend of
mixing/segregation with gas velocity, the gradients of the
local pressure drop vs. gas velocity are obtained at bottom
and top of the bed. Any change in these gradients arises due
to the change in the fraction of sand, biomass, and the asso-
ciated voidage. The fractions pertaining to sand and voidage
(gas phase) are excluded by subtracting the corresponding
experimental pressure drop gradients of a bed of sand alone
which is fluidized under the similar operational conditions.

The resultant parameter, that is, ([44F] —— [%] n d)
reflects changing in the fraction of biomass in the intended
section with the superficial gas velocity, on the assumption
that the presence of biomass does not change the void fraction
of the bed of sand. Figure la represents variations of this
parameter at the top of the bed for mixtures containing differ-
ent loads of biomass. The descending trend of profiles at
U < 0.65 m/s, indicates that the amount of biomass declines
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Wt % Vol % Bulk Density of Sand-

of of Biomass Voidage
Biomass  Biomass Mixture (103 kg/m?) (-)

0 0 1.49 0.42
2 6.16 1.40 0.45
4 11.82 1.36 0.44

8 21.85 1.30 0.42
16 57.72 1.17 0.40

by increasing gas velocity. In other words, biomass particles
which are initially accumulated on the surface of the bed at
low gas velocity (U~Uy) sink to the lower parts and the mix-
ing extent of sand and biomass is enhanced along the bed. It
is noteworthy that the positive effect of increasing gas veloc-
ity on the mixing of the bed components is more pronounced
when the load of biomass is higher. In other words, an identi-
cal increase in gas velocity brings about a greater decrease in
the content of biomass when the total quantity of biomass in
the mixture is higher. The values of the investigated parame-
ter at velocities higher than U = 0.65 m/s are relatively small
and almost identical, regardless of the composition of the
mixture. It denotes that compared to the low bubbling gas
velocities, no significant change in the fraction of biomass at
the top of the bed is expected when the superficial gas veloc-
ity exceeds a certain range.

This behavior is in total agreement with observations of
Zhang et al.,'> who studied the mixing and segregation of
biomass particles in a wide range of superficial gas veloc-
ities. They reported that the biomass concentration at the top
layer of the bed decreases significantly with increasing gas
velocity, and at a certain velocity, it reaches a minimum,
then it increases gradually. They emphasized that enhance-
ment of mixing as a consequence of increasing gas velocity
is only limited to the top part of the bed. This is the case

also in the present study, as plotting ([‘ZA—UP} =[], d)

vs. U for the bottom part of the bed brings no meaningful
results.

The trend of evolution of void size distribution at the top
of the bed is shown in Figure 1b. As explained in our previ-
ous work,'” this graph was obtained by analysis of the pres-
sure statistics. In this regard, pressure increments were
initially calculated for a certain time delay (10 ms). The
probability density function (PDF) of these increments was
then computed and normalized to the respective standard
deviation value of the pressure signal. Finally, Student’s dis-
tribution (Eq. 1) was fit to the PDF to obtain two fitting
parameters («, f5). It has been shown that the parameter f is
related to the shape of the void size distribution around the
pressure measurement probe'®

p(2)=N(x, B)[1+02z2] " )

As seen, the remarkable similarity between the trend of

change in ([%} mix [%] san d) in Figure la and f values in

Figure 1b with gas velocity signifies the existence of a link-
age between the segregation pattern of biomass particles and
evolution of size and shape of voidage at the top of the bed.
It indicates that in systems composed of irregular particles
like biomass, the local concentration of the nonconventional
material governs the properties of bubbles in the bed at rela-
tively low gas velocities.
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Figure 1. (a) Profile of the difference between the local pressure drop gradients of mixtures of sand and biomass
and that of a similar bed composed of sand alone in bubbling regime; (b) variation of parameter f as one
of the two curve fitting parameters of Student’s distribution used to fit the PDF of pressure increments.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Time-Averaged Concentration and Velocity Profiles of
Biomass Particles. The time-averaged concentration profile
of biomass particles is obtained noninvasively by the RPT
method. For this purpose, the bed space is compartmental-
ized by means of azimuthal slices of several radial and axial
cuts. The ratio of occurrence of the tracer in a specific com-
partment to the total number of occurrences, that is, total
fraction of recorded instantaneous positions, is considered as
the corresponding concentration of that compartment.

The schematic concentration profile of biomass particles
in systems containing 2 and 16% wt biomass is depicted in
Figure 2. Formation of a biomass-rich layer at the top, as
well as a region nearly devoid of biomass at the bottom, of
the bed is a common feature observed for all fluidized sys-
tems regardless of the fluidization velocity studied. Such a
feature denotes the flotsam behavior of biomass particles.
The expansion extent of biomass particles as a consequence
of increasing the gas velocity from 0.36 to 0.64 m/s is inver-
sely proportional to the load of biomass. In other words, the
higher weight fraction of biomass is, the lower extent of bio-
mass expansion is expected.

A very low concentration of biomass particles in the core
of the bed is ascribed to the dominance of bubbles in this
region. Moreover, owing to the large size of biomass par-
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ticles, it is unlikely that they are lifted in the wake of bub-
bles. Thus, it is not surprising that the biomass concentration
is substantially higher at the bed annulus compared to the
bed core.

Characteristics of Biomass Circulation. The axial trajec-
tory of the tracer consists of several ascending and descend-
ing segments representing the rising and sinking paths. Gross
circulation, that is, upward movement of solids as a conse-
quence of bubble rise and their offsetting downward flow in
the dense phase is known as the main mechanism of solids
mixing along the whole height of the bed. As explained by
Stein et al.,19 the cycle time, that is, the period of tracer cir-
culation from below 30% to higher than 70% of the bed
height and back, correlates with the axial mixing rate of sol-
ids. However, Stein et al. determined these boundaries based
on the circulation of Geldart B particles, our studies showed
that they are also appropriate to delineate the circulation
path of biomass particles in the mixtures used in the present
work.

The gross circulation length is defined as the maximum
vertical displacement traversed by the tracer in a gross cycle.
Due to the lower degree of expansion of large particles in
the bed, the effective dense height (H.y) decreases with
increasing biomass loading and the gross cycle lengths drop
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z/Heff (=)

08 06 04 02 0 02 04
MR{)

Figure 2. Time-averaged concentration (occupancy) profile of biomass particles of mixtures containing (a) 2% and
(b) 16% biomass.
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[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Figure 3. Probability density function of the normalized gross cycle length for systems fluidized at (a) U= 0.36 m/s

and (b) U=0.64 m/s.

proportionally. H.g is defined as the height up to which 95%
of all tracer occurrences took place. The probability distribu-
tion of gross circulation lengths normalized by the H.g is
shown in Figure 3 for systems fluidized at low and high bub-
bling velocities. As inferred from the relatively short lengths
of the most probable gross cycles and the wide distribution
of the probability density profile, fluidization of the mixture
containing 16% biomass at U =0.36 m/s does not result in
the adequate circulation of particles in the bed. Conversely,
at U=0.64 m/s, the most frequent normalized gross cycle
length is almost identical for all systems, whereas the corre-
sponding frequencies rise by increasing the load of biomass.
These variations signify the occurrence of more uniform
cycles in the presence of larger quantities of biomass at a
high enough superficial gas velocity.

The circulation pattern of an object immersed in a bub-
bling fluidized bed is characterized by the number of jumps
occurring during its upward path as well as the maximum
depth attained by the object.2 Figure 4 shows the distribution
of the number of jumps, which take place during rise of the
tracer in the different systems studied. At U =0.36 m/s, in
spite of the shorter length of the most frequent gross cycles,
a larger number of jumps occur in the case of 16% biomass.
This is ascribed to the feeble bubbles inducing the jumps,
which are not capable of establishing a uniform circulatory
motion of biomass particles. At U =0.64 m/s, however, a
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Figure 4. Occurrence percentage of jumps in gross cycles of systems fluidized at (a) U =0.36 m/s and (b) U = 0.64
m/s.
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lower number of jumps are required to vertically lift the bio-
mass particles for beds with higher biomass fractions. As
reported previously, at high superficial gas velocities, the
dense phase fraction decreases at the center of the bed with
increasing biomass loadings.!” Thus, lift of biomass particles
induced by bubbles is boosted as they are subject to less
resistance during their upward paths which is caused by the
dense phase. The similar pattern of change in the profiles of
the normalized gross cycle length and the occurrence per-
centage of jumps implies the pivotal role of the bubbling
characteristics of the bed in governing the circulatory motion
of biomass particles.

The axial loci of valleys of the tracer trajectory are ana-
lyzed to explore the extent of penetration of biomass par-
ticles within the bed. The probability density profile of the
normalized maximum attainable depth (Ly.x/Hegr) of mix-
tures fluidized at U= 0.64 m/s is plotted in Figure 5. As
defined above, H. is the height up to which 95% of all
tracer occurrences take place. It was found that this limit
(95%) delineates well the height of the dense bed beyond
which biomass particles splash. Therefore, the zone over the
dense bed height is not involved in the biomass circulation
path and not shown in the graph.

As illustrated, the plots encompass two peaks. The first set
of peaks signifies the downward motions disturbed by the
rising bubbles impeding the sinking process. The second set
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Figure 5. Probability density profile of the maximum
attainable depth of biomass particles for
systems fluidized at U = 0.64 m/s.

corresponds to the deep penetration of biomass particles
achieved in the gross cycles. It is observed that the probabil-
ity that biomass particles will sink to the lower level of the
bed is enhanced with increasing biomass fraction in the mix-
ture. This behavior can be explained in light of recent find-
ings by Soria-Verdugo et al.,> who found that the difference
between the density of a large object immersed in a bubbling
fluidized bed and the bulk density of the surrounding
medium governs the sinking behavior of the object. Because
the bulk density of the systems studied in the present study
are reduced by increasing the fraction of biomass, the net
buoyant force exerted on the particles weakens proportion-
ally. Additionally, studies of the gas distribution pattern
between the dilute and dense phases show that increasing the
quantity of biomass in the mixture leads to increased gas
holdup and a dilution of the dense phase at the wall region.'’
Consequently, the sinking process at this zone is improved
due to the higher permeability of the surrounding medium,
which causes less resistance against the downward motion of
the larger flotsam particles. As a result, the gross circulation
of biomass particles in the bed is boosted with larger bio-
mass loadings at high superficial gas velocities, and more
successful gross cycles are observed in the bed per unit time.

Figure 6 shows the mean cycle time (the mean duration of
gross cycles) and the cycle frequency (number of cycles per
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given period of time) in mixtures differing in the quantity of
biomass fluidized at U =0.36 and 0.64 m/s. As expected,
increasing gas velocity reduces the mean cycling time and
raises the cycle frequency. The opposite effect of biomass
fraction on the cycle characteristics at low and high superfi-
cial gas velocities is clearly seen in the figure. Unlike
U =0.36 m/s, the mean cycle time decreases and the cycle
frequency increases at U =0.64 m/s with increasing the
quantity of biomass. It should be noted that the mean rising
and sinking velocities of biomass particles do not change
meaningfully by changing the load of biomass. Therefore,
the increase in the cycle frequency is solely ascribed to the
increase in the number of gross cycles that come to pass dur-
ing a given period of time.

The time-averaged concentration (occupancy) profiles of
the biomass particles involved in gross cycles are illustrated
in Figure 7 for mixtures containing 2 and 16% biomass.
Increasing the number of gross cycles with the load of bio-
mass is inferred from the higher range of the corresponding
legend of Figure 7b compared to that of Figure 7a. The
cross-sectional distribution of biomass particles differs also
for these systems. As inferred from the position of the red
spots in the figure, in the case of 2% biomass, most of the
gross cycles are demarcated between the center of the lower,
and the wall region of the upper, bed sections. Conversely,
by raising the biomass fraction to 16%, particles start their
ascent from the wall region at the bottom and move toward
the center of the column as they rise. Then, particles sink
from the center of the upper toward the wall region of the
lower bed sections.

Mabrouk et al.** studied the solid holdup profile in a col-
umn 15.2 cm in diameter filled with sand up to h/D =2.
They found that at a given height the radial solid holdup is
generally high close to the wall and declines moving toward
the center of the column. In addition, it was shown that the
cross-sectional averaged solid holdup increased by descending
in the bed. In view of the direct correlation between the solid
holdup and the local bulk density,?' it is expected that the
local bulk density will increase by going down in the bed, par-
ticularly at the wall region. As discussed earlier, the higher
bulk density of the sinking medium impedes the descent of
biomass particles. As a consequence, the downward pathway
of the flotsam particle is dragged to the core of the bed where
the particle is exposed to the less buoyant force due to the
more dilute state of the bed. In light of the bubble dominancy
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Figure 6. (a) The mean cycle time and (b) the cycle frequency of systems fluidized at U =0.36 and U =0.64 m/s
dilute and dense phases of beds comprised of sand and biomass in a bubbling fluidization regime.
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[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

at the core of the bed, however, biomass particles are prone to
be involved in a rising process before a thorough sinking thus,
reducing overall mixing. When the biomass load is increased,
the bulk mixture density decreases and it has been shown that,
when the biomass fraction increased from 2 to 16%, the mean
bubble size became smaller and the dense phase fraction at
the wall region fell remarkably.'” Hence, the sinking process
could be carried out in the annular region of the bed and flot-
sam particles penetrate more effectively into the lowermost
sections without being disturbed by the passage of large bub-
bles. In view of these phenomena, the most probable pathway
of biomass gross cycles has been plotted in Figure 7.

It is worth pointing out that these differences matter from
the practical point of view for considering an adequate loca-
tion for the feeding locations. In other words, the optimal
feeding point can depend on the composition of the bed
inventory. Radmanesh et al.”> showed that the feeding loca-
tion could significantly affect distribution of gas products in
the bed. In bottom feeding, the product gases from the pyrol-
ysis step enter directly into the region of the bed where the
concentration of oxygen is high. As a result, light gases,
such as H, and CO, as well as tar, are prone to combustion
in the bed. Conversely, in top feeding, the gas product from
the pyrolysis step enters in a region that has already become
depleted of oxygen, mainly through the char combustion in
the bed. Consequently, concentrations of H, and CO are
higher and cracking and combustion of tar is less prone.

In view of the influence of the composition of the bed
inventory on the locus of the most probable circulation path-
way of the biomass particles, it is inferred that the inward
ascent (from the wall toward the central region) and the out-
ward descent (from the center toward the wall of the bed)
are the favored paths for occurrence of a higher degree of
the axial mixing. This fact is a matter of importance in
designing the feeding points of biomass combustors/gasifiers.
In addition, the effectiveness of top or bottom feeding can
be changed by changing the composition of the mixture flu-
idized in the bed. For instance, in the case of bottom feeding
for the mixture composed of 16% biomass, particles are
prone to being drawn into the rise path of the gross cycles
as soon as being fed into the bed, whereas for the mixture
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containing 2% biomass, particles can rest longer in the lower
part of the bed as the loci of gross cycles are far from the
wall proximity in this region. Thus, it is expected that in the
case of bottom feeding, contact of the pyrolysis products and
oxygen takes place more effectively when the load of bio-
mass is lower. Conversely, as biomass particles are subject
to descend in the wall region when the load of biomass in
the bed is high, it is more likely that they will react effec-
tively with the interstitial oxygen of the dense phase, thereby
improving the reactor performance.

Quantification and modeling the axial distribution of the
volume fraction of biomass

Distribution of bed components along the bed is usually
quantified through obtaining the axial profile of the volume
fraction of jetsam or flotsam particles. In the present study,
the volume fraction of biomass (Xp) is obtained by postpro-
cessing of the RPT data through the virtual slicing of the
bed and computing the ratio of occurrence of the tracer in a
specific slice to the total number of occurrences, that is, the
total number of recorded instantaneous positions. These val-
ues are then related to the volume fractions of biomass in
each slice knowing the quantities of sand and biomass mixed
initially and the respective densities.

To compare the degree of uniformity of biomass distribu-
tion in mixtures differing in biomass fractions, Xy is normal-
ized to the total volume fraction of biomass in the bed
(XB.tota1). As depicted in Figure 8, increasing gas velocity
gives rise to a shift in the normalized Xg values, particularly
at the middle height of the bed, to the dashed line indicating
a perfectly mixed state. This improvement in the mixing
state is more pronounced for systems containing 8 and 16%
biomass, signifying the positive effect of the higher load of
biomass particles on their even distribution along the bed.

To model the axial distribution of biomass, the principles
of the Gibilaro and Rowe (G-R) model®* are applied, how-
ever, unlike the G-R and other common models in which the
jetsam profile is studied, the concentration profile of the flot-
sam component is described in the current model.

As the bed is composed of dense and dilute phases, it has
been assumed that the dilute phase is devoid of biomass
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Figure 8. The experimental normalized volume fraction of biomass (Xg/Xg total) VS. the dimensionless height at (a)

U =0.36 m/s and (b) U =0.64 m/s.

particles because of their extreme size. The rise of biomass
particles mainly occurs due to the intermittent jerks produced
by a drift mechanism as a consequence of successive bubble
passes. In addition, as bubbles travel preferentially in the
central region of the bed, a large scale circulation is also felt
by the flotsam particles. Jetsam particles, however, rise in
the dilute phase and descend in the dense phase. Therefore,
they can be exchanged between dilute and bubble phases. As
reported by other researchers,®**** contribution of the jet-
sam axial mixing and segregation propensity to the material
balances for solids mixing is negligible under the conditions
of biomass fluidization, thus they have not been considered
in the proposed model. Figure 9 depicts a diagram of a hori-
zontal layer of the bed of dZ thickness to which the mass
balances of both phases have been applied. The mathemati-
cal expression of each term is as follows.

Fluidization medium (sand in our experimental systems)
rises along the bed in the wake of bubbles and sinks in the
dense (emulsion) phase. Thus, the flow of rising sand, that
is, Y2(m3/s), is formulated as below

Yp=UpSpF\ (1—2p)A )
where ¢ is the voidage of the emulsion phase of a bed con-
taining sand only. It has been calculated by the Cui et al.
correlation® taking into consideration the effect of gas

velocity (Eq. 3)

0.429 ©)

ep=éms +0.2—0.059%exp [— M]

The volume fraction occupied by bubbles has been calcu-
lated using Eq. 4. Y indicates the degree of deviation of the
bed from the “two-phase theory”. Because sand is the domi-
nant component in the investigated mixtures in terms of
weight and volume, Y = 0.7 is chosen as a typical assumption
for the Geldart B particles. As reported in another work,'” the
presence of biomass particles could delay the onset of bub-
bling compared to the bed of sand alone. Thus, it is reasonable
to use the initial bubbling velocity (Uj,) instead of U ¢ of sand
in order to evaluate the excess gas velocity

Y(U-Uyp)

Sn=
b U

“)

On the basis of the analysis of the biomass rise velocity
realized through postprocessing of the RPT data, it was
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found that the average rise velocity of biomass particles is
around 0.2 times the average bubble rise velocity (Figure
10), consistent with the findings of Soria-Verdugo et al.” As
discussed below, bubble size and velocity are calculated by
using Darton et al.”® and Davidson and Harrison®’ equations
(Egs. 9 and 10), respectively. To calculate the mean bubble
rise velocity, the latter equation is integrated and averaged
along the bed height. Thus, the ratio of biomass to bubble
velocity (0.2) is a height-averaged value.

In view of the rise of biomass particles in the emulsion
phase, the rising flow of biomass, that is, l//%(m3/s) is
obtained by Eq. 5

W5 =0.2Up(1—0p)(1—¢c)Xp A 5)
& 1s the voidage of the emulsion phase in a mixture contain-
ing fluidization medium and biomass particles and, as pro-
posed by Bilbao et al.,** it can be calculated using Eq. 6
based on the fact that the fluidization medium occupies the
voidage between biomass particles

(©)

Equation 6 is valid when Xg, > 1 =5 For lower values of
Xp,, it is assumed that the voidage of the mixture emulsion
phase (e.) equals to the voidage of a bed of fluidization
medium alone (eg).

The exchange rate of the fluidization medium between
bubble and emulsion phases per unit of bed height can be
described by Eq. 7

q=Kyon(1—er)A )

Assuming that the exchange coefficient between the con-
stitutive phases (K,,) is not affected by the biomass particles,
the correlation introduced by Hoffmann et al.?® (Eq. 8) is
chosen to calculate K,, from properties of the bed as pointed

out by Radmanesh et al.’

0.081
2Smf db

W= ®)

One of the common assumptions in modeling binary mix-
tures is that the bubbling characteristics of the system are
those of a bed of pure fluidization medium. However, it was
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Figure 9. Diagram of the model.

revealed that the presence of biomass particles led to the
breakage of bubbles.'” From a holistic point of view, the
mean bubble size and velocity in all systems could be fairly
predicted by correlations of Darton et al 2 (Eq. 9), and David-
son and Harison®’ (Eq. 10), respectively, regardless of the bio-
mass fraction. It should be noted that other correlations, such
as those developed by Choi et al.,* Cai et al.,** and Horio
and Nonaka,31 predict smaller values than the bubble size
measured experimentally and their use in the model leads to
predictions not in agreement with the present data

dy=0.54¢ "2 (U~Usp )4 (Z+4A05"
gdy+(U—Uyp)

C))

Up=0.711 (10)

A mass balance on a slice of the bed for both bubble and
emulsion phases can be summarized as follows
dXBC _ qXBC

d YRty

The axial volume fraction of biomass (Xg) is derived from
Xp, values through the following equation
(1=0p)(1—s5)Xp,

(1_5b)(1_se)+FW5b(l_SF)

B.C. Xp.=Xgp, Z=0 (11)

XB: (12)

A computer program was developed to fit the experimen-
tal data with the above equations. To do so, the bed was dis-
cretized into successive layers. Equation 11 was then
converted into linear equations using a finite difference
scheme and solved numerically for each layer. The boundary
value (Xp,) was the only adjustable parameter. It should be
noted that as exhibited in Figure 2, the lowermost 50 mm of
the bed in all studied cases is almost devoid of biomass and
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this layer is not involved in the circulatory motion of bio-
mass particles presumably because of the ineffective bub-
bling conditions in this zone. Hence, the volume fraction of
biomass in this part was considered as the boundary condi-
tion of the model.

Figure 11 shows the experimental profile of biomass con-
centration along the bed compared to the model proposed at
two different fluidization velocities. In general, the model
proposed could satisfactorily estimate the experimental data,
particularly when the load of biomass is low. By increasing
the weight fraction of biomass, however, the fitting quality
slightly declines mainly because of the considerable devia-
tion of the actual bubble size from what is predicted by the
correlation of Darton et al. Indeed, it is expected that the
prediction capacity of the model would improve significantly
if the effect of biomass on the bubbling behavior of systems
could be taken into account more accurately. To keep the
proposed model free of any adjustable parameter, it is rea-
sonable to relate Xg, to the fluidization velocity (U) and the
weight fraction of biomass in the mixture (xg,,). Applying a
multivariable data fitting reveals that X, is related to xgy,
and U as below
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The experimental and modeled volume fraction of biomass (Xg) vs. the dimensionless height of the mix-
tures containing 2, 8, and 16% biomass fluidized at (a) U = 0.36 m/s and (b) U = 0.64 m/s; Xg_, is the single

adjustable parameter in the model used determined by data fitting.
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Table 3. Comparing the Values of Xg , Obtained from the
Fitting of Experimental Data and Eq. 13 (k=2)

Load of Gas Velocity XB,, Xg,,

Biomass (%) (m/s) (Fitting) (Eq. 13)

2 0.36 0.0041 0.0036
0.64 0.0089 0.009

8 0.36 0.0237 0.0188
0.64 0.0459 0.0473

16 0.36 0.0431 0.0433
0.64 0.1119 0.1086

XBC():kamlAzUlAé (13)

Since Eq. 13 has been obtained for the lowermost part of
the bed, adjacent to the distributor, dependency of the volume
fraction of biomass on superficial gas velocity can be linked
to the parameters governing the multiple gas inlet jets. It has
been shown that the minimum moving zone diameter (d,,)
around the jetting zone is correlated to U'~.>* As indicated by
Agarwal et al.,* this zone contains slow moving emulsion
particles entraining into the jets and its demarcation is pivotal
in determining the particle circulation volume in the region
above the distributor base and below the jet penetration
height. By enlarging this zone as a consequence of increasing
gas velocity, the likelihood of biomass penetration from the
upper layers to the distributor region is enhanced.

Table 3 compares the values of the Xp , obtained from the
fitting of experimental data and Eq. 13. Furthermore, experi-
mental data and a model in which Eq. 13 is considered as
the boundary condition have been compared in Figure 12.
As seen, use of Eq. 13 in the suggested model for estimating
Xp,, brings about the acceptable prediction of the biomass
distribution profile along the bed.

Carrying out sensitivity analysis reveals that the sensitivity
of the profile of biomass volume fraction to the load of bio-
mass increases by increasing the superficial gas velocity. In
other words, at high gas velocities, a slight change in the
load of biomass could significantly impact biomass distribu-
tion along the bed. It is consistent with the above discussion
considering the improvement in the circulation of large par-
ticles by increasing their fraction in the bed at U = 0.64 m/s.

To verify the suitability of the proposed model to predict
the distribution of biomass in other experimental systems, it
was applied to the experimental data of Bilbao et al.,** who
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obtained the axial volume fraction profile of straw particles
mixed with sand in a small fluidization column (i.d. = 8 cm).
To extract the volume fraction of sand along the bed, Bilbao
et al. followed the “freezing bed” technique, that is, they
suddenly stopped the air flow and extracted 1-cm thick bed
layers. It should be noted that this method does not allow for
considering the real voidage of the bed under fluidization
conditions; therefore, the reported values may not be repre-
sentative of the real axial distribution of the particles.

Considering the different properties of straw from those of
the biomass particles used in our experiments, a sensitivity
analysis was performed with respect to the ratio of the aver-
age rise yelocity of biomass particles to that of bubbles in
the bed [{—%:‘ . As shown in Figure 13, %Lb“ =0.3 is the opti-
mal ratio resulting in the predicted values representing the
experimental data. Increase in %ﬂ respecting the ratio used
in the present study (0.2), is justitb’lable in light of the smaller
size and the lower density of the straw particles compared
with the large wood pieces fluidized with sand.

As demonstrated in Figures 14 and 15, the error between
the experimental and the corresponding model values for
systems differing in composition and fluidization velocity
decreases slightly when Uﬁ" changes from 0.2 to 0.3.

The above discussion indicates that further experimental
work is required to improve the developed model (with no
adjustable parameter) in order to make it fully applicable to
the fluidized beds involving various types of inert and bio-
mass particles in terms of size, density, and shape.

Conclusions

The distribution of large biomass particles along a bub-
bling fluidized bed was studied experimentally through anal-
ysis of the local pressure fluctuations and inference of the
biomass particle circulation patterns. The axial particle dis-
persion in the bed was explored by tracing the trajectory of
an active tracer in mixtures containing different weight frac-
tions of biomass. The occurrence of segregation in the bed
was qualitatively perceived through the local time-averaged
pressure drops as well as the time-averaged occupancy pro-
file obtained by the RPT technique. Increasing the biomass
fraction at U =0.36 m/s leads to the imperfect circulation
and severe segregation of biomass particles. However, at
U=0.64 m/s higher quantities of biomass in the bed
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used to estimate Xg,,.
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improve the sinking process of biomass and bring about a
more uniform distribution of biomass throughout the bed.
Considering the enhanced mixing state and the loci of the
most probable pathway of biomass circulation, it is expected
that the impact of the feeding location (top or bottom feed-
ing) on the distribution of gas products in the bed diminishes
by increasing the biomass fraction under vigorous bubbling
conditions.

The parameters relating terms of the G-R model to the
operating conditions were improved on the basis of the
experimental findings describing the motion of the flotsam
particle and the characteristics of bubbling. Analysis of the
experimental data acquired by the RPT technique revealed
that the averaged rise velocity of biomass particles is around
0.2 times the bubble velocity in the bed regardless of the
biomass load or fluidization velocity. A model has been pro-
posed that could successfully predict the volume fraction of
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biomass along the bed. It was shown that the biomass vol-
ume fraction in the grid-zone region of the fluidized bed is
correlated to the superficial gas velocity and the load of
biomass.
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Notation

A = cross-sectional area of the bed, m>
Ac = catchment area of a hole in the distributor, m>
H.¢ = effective height of the bed up to which 95% of all tracer occur-
rences takes place, m

F, = ratio of bubble wake volume to bubble volume, 0.185
Ky = exchange coefficient between the dilute and dense phases, s~ '
Lin.x = maximum attainable depth of biomass particles
Nlo, ] = normalization factors of the student’s distributions,

U = superficial gas velocity, ms ™'

U,, = bubble rise velocity, ms ™!
U, = initial bubbling velocity, ms~ !
Xp = volume fraction of biomass in a specific layer
= total volume fraction of biomass along the bed
Xg, = volume fraction of biomass in the emulsion phase of a specific
layer
volume fraction of biomass in the emulsion phase at Z=0
volume fraction of fluidization medium in the emulsion phase
of a specific layer
Y = deviation factor from two-phase theory of fluidization
Z = height above the distributor plate, m
dy,, = bubble diameter, m
d, = minimum moving zone diameter, m

dsana = mean size of sand particles, m
dgraw = mean size of straw particles, m

¢ = bubble-emulsion exchange coefficient, m? s~
weight fraction of biomass in the mixture
weight fraction of straw in the mixture

z = generic random variable
W& = volumetric flow rate of biomass in the emulsion phase, m® s~
VP = vo}lurrlletric flow rate of fluidization medium in the bubble phase,
m’s
o,ff = curve-fitting parameters for student’s distribution
Jp = volume fraction of bubbles in bed
&= void fraction of emulsion phase in a biomass-fluidization
medium mixture

1

1
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Psand = density of sand, kg m
Psraw = density of straw, kg m™

eg = void fraction of a bed of biomass alone
ep = void fraction of a bed of fluidization medium alone

&mr = ér at minimum fluidization conditions
3

3
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