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Abstract

The main objective of this work was to develop a solid phase mixing model that followed not only the mixing extent, but also the overall mixing
mechanism, i.e., the contribution of the convective onto the dispersive mixing mechanism. A non-invasive radioactive particle tracking (RPT)
technique was used to estimate the model parameters and generate tracer curves at various axial positions. The proposed model follows the tracer
data well compared to the axial dispersion model. It has the flexibility to represent various contributions of the convective onto the dispersive mixing
mechanism observed in three-phase fluidized beds and it is linked to the bubble velocity distribution. The convective/dispersive model successfully
followed the evolution of the extent of particle mixing and the overall mixing mechanism at various superficial gas and liquid velocities as well as

reactor diameters.
© 2007 Published by Elsevier B.V.
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1. Introduction

Three-phase fluidized bed reactors are used in various
industries, such as the petrochemical, biological and mineral
industries. In order to design, optimize and scale-up three-phase
fluidized bed reactors, models may be used. CFD models are
great potential tools, but empirical closing equations and long
computing times limit the utilization of such models. More
simple models, called mixing models, which are based on
assumptions about flow patterns, may be employed. These mix-
ing models include the axial dispersion model, which is often
relied on to model each phase without physical justification.
Mixing models should be based on key hydrodynamic proper-
ties, such as mixing mechanisms, e.g., convective and dispersive
mechanisms [1,2].

Lefebvre et al. [3] reviewed phenomenological mixing mod-
els proposed in the literature for reactors containing bubbles.
The main conclusions were that the gas phase followed a con-
vective mechanism [4], i.e., represented by a distribution of plug
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flow reactors in parallel. This means that bubbles are assumed
to have constant Lagrangian rising velocities along the reactor
length. This gives a convective mixing contribution to the lig-
uid phase [5] due to the transport of the liquid in the bubble
wake. Constant Lagrangian particle velocities were observed
with radioactive particle tracking (RPT) measurements for the
solid phase [6] due, also, to the transport of the solid particles into
the bubble wake. Based on these key hydrodynamic properties,
Lefebvre et al. [3] proposed an updated version of the struc-
tural wake model [7]. There is no solid phase mixing model that
takes into account the convective mixing contribution coming
from the bubble wake transport at various Lagrangian constant
velocities.

Lefebvre et al. [8] relied on RPT data to compute parame-
ters to investigate the relative contribution of the convective and
dispersive mixing mechanisms on the overall solid phase mix-
ing. One important finding was that the extent of mixing and
the overall mixing mechanism (relative importance of the con-
vective onto the dispersive mechanism) did not follow the same
trend with experimental conditions, e.g., when the mixing extent
increased, the relative importance of the convective mechanism
might decrease or increase. A solid phase mixing model should
follow not only the mixing extent, but also the overall mixing
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mechanism. The objective of this work was to develop such a
mixing model.

2. Experimental
2.1. Experimental setups and operating conditions

Data were obtained from two different size co-current upward
three-phase fluidized bed reactors and for various particle sys-
tems. Water was used as the fluidized medium and air was the
gas phase. Experiments were conducted at ambient temperature
and pressure.

The smaller column had a diameter of 0.10 m. RPT data
obtained in this column have already been published in previ-
ous articles, e.g., Larachi et al. [9], Larachi et al. [6], Cassanello
et al. [10], Kiared et al. [11]. In a new, larger, three-phase flu-
idized bed, 0.292 m in diameter, nine new sets of RPT data were
obtained. In total, 15 sets of RPT data were used here. Table 1
shows the experimental conditions. The range of superficial
gas and liquid velocities was 0.010-0.106 and 0.042-0.065 m/s,
respectively. Table 1 lists some particle properties. The 0.10 and
0.292 m columns had a height of 1.5 and 2.7 m, respectively.
Description of the distribution systems and more details can be
found in Lefebvre et al. [8].

2.2. Radioactive particle tracking (RPT)

Our noninvasive radioactive particle tracking (RPT) tech-
nique was used [12]. This technique followed one radioactively
marked particle having the same diameter and density as the
bed particles. The 3D position of the particle versus time was
measured. Solid parameters, such as particle velocities and par-
ticle phase holdup, could then be computed to study solid phase
hydrodynamics.

The RPT technique consisted of arranging various
76 mm x 76 mm uncollimated and unshielded Nal(TI) cylin-
drical scintillation detectors around the studied reactor. Eight
detectors were used for the 0.10 m column and 16 for the 0.292 m
column. A #0Sc filled particle was used as the traced particle and
had the same diameter and density as the bed particles. The *°Sc
was obtained using neutron radioactive capture by **Sc in the
Ecole Polytechnique Slowpoke nuclear reactor. Radioactivity
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Table 1
Experimental conditions
Run (#) Ur, (m/s) Ug (m/s) Particle system® Total bed mass® (kg) Umeg = 0° (m/s) ud (m/s)
D.=0.10m
1 0.065 0.032 GB3 4.0 0.036 0.37
2 0.065 0.069 GB3 4.0 0.036 0.37
3 0.065 0.106 GB3 4.0 0.036 0.37
4 0.065 0.106 {GB3}GB0.9 2.8 {0.036}0.009 {0.37}0.14
5 0.065 0.032 {GB3}GB5 3.0 {0.036}0.051 {0.37}0.47
6 0.065 0.032 GB3{GB5} 3.0 0.036{0.051} 0.37{0.47}
D.=0.292m
7 0.042 0.031 GB3 88 0.036 0.37
8 0.042 0.050 GB3 88 0.036 0.37
9 0.042 0.080 GB3 88 0.036 0.37
10 0.051 0.031 GB3 88 0.036 0.37
11 0.051 0.051 GB3 88 0.036 0.37
12 0.051 0.080 GB3 88 0.036 0.37
13 0.062 0.031 GB3 88 0.036 0.37
14 0.062 0.051 GB3 88 0.036 0.37
15 0.062 0.080 GB3 88 0.036 0.37

2 GB: glass beads. The attached number represents the particle diameter in mm. {}: tracked particle.

b For binary system, the bulk volume ratio is approximately 1:1. The solid phase holdup at rest for glass beads particles is approximately 0.59.
¢ The liquid/solid minimum fluidization velocity was calculated by the Grace’s [25] correlation.

4 The terminal particle velocity was calculated by the Schiller and Naumann’s [26] correlation.

of the #6Sc was 50 and 200p.Ci for the 0.10 and the 0.292m
columns, respectively. The -y-rays emitted by the “°Sc were
detected by the scintillation detectors. A detector photon count
depends on the traced particle location in the bed, the corre-
sponding subtended effective solid angle and the bed attenuation.
This triangulation technique was used to yield the instantaneous
traced particle position at 30 ms intervals. Data were collected
over 5—-6 h for each experiment.

Prior to each experiment, the bed was fluidized and a set of
measurements of the y-ray photon count was made to calibrate
the system using the traced particle rigidly positioned at 150
representative and known locations throughout the bed. Three
parameters were fitted for each experiment: the linear attenua-
tion coefficient of the gas—liquid—solid emulsion, the detectors
dead time and the source radioactivity.

2.3. Mixing data from RPT

A tracer concentration curve generated after tracer injec-
tion was obtained from RPT data. This method assumed an
ergodic motion process for the particles in the fluidized bed.
It was already used by Cassanello et al. [13] to obtain, as
was done here, pulsed tracer data. The injection region was
below 0.2m in the axial direction (close to the distributor).
Several radioactive particle trajectories starting below 0.2m
were collected. The positions of the collected trajectories were
followed over 10-30 s. The first position of the collected trajec-
tories was set at zero. At each time step (0.03s), the number
of particles in various axial regions, for example 0<z<0.2
and 0.2<z<0.4, was counted and divided by the volume of
the region. The tracer concentration at each time step was
divided by the tracer concentration at homogenization. Nor-
malized tracer curves were then obtained at various axial
positions.

3. Convective/dispersive model development
3.1. Model concept

Based on the updated version of the structural wake model
proposed by Lefebvre et al. [3] and the study of Lefebvre et al.
[8], the solid phase mixing model shown in Fig. 1 is proposed.
The solid phase is separated into three sub-phases, i.e., the par-
ticle wake phase, the particle downflow-emulsion phase and the
vortex-emulsion phase. The dotted contours surround the parti-
cle phases. The solid in the particle wake phase is transported at
the various bubble wake Lagrangian constant velocities, illus-
trated by the various boxes. This is demonstrated in Fig. 2, which
gives an example of RPT data. The upward constant Lagrangian
velocity paths are identified as the particle wake phase. There-
fore, the solid follows the convective mixing mechanism in that
particle phase. The emulsion phase is divided into two particle
phases. The particle downflow-emulsion phase represents the

e
Particle wake
phase
(Subscripts: pw)

Particle
downflow-
emulsion phase
(Subseripts: pde)

Particle vort;x'
emulsion phase
(Subscripts: pve)

Fig. 1. Schematics of the solid phase convective/dispersive model.
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Fig. 2. Time series of the traced particle axial position. Particle phases examples.
D.=0.292m, GB3mm, UL =0.042 m/s, Ug =0.050 m/s.

solid going down and following a convective mixing mecha-
nism as a compensatory effect of the upward solid movement in
the particle wake phase [6]. Therefore, the movement of the solid
in the downflow-emulsion phase is indirectly linked to the gas
phase hydrodynamics. The solid in the particle vortex-emulsion
phase has a random movement, i.e., the particle position and
velocity fluctuate erratically (dispersive mechanism). The solid
in that particle phase is linked more to the liquid phase. Solid
exchange occurs between the convective phases and the particle
vortex-emulsion phase, but rarely between convective phases.
Solid exchange is illustrated by the horizontal double arrows in
Fig. 1. In Fig. 1, a large circulation pattern is represented by the
arrow linking the convective phases at the top and bottom of the
bed. This model agrees with the obvious superposition of the
convective onto the dispersive mixing mechanism observed for
the solid phase in three-phase fluidized bed reactors. It is also
consistent with the result of Cassanello et al. [10] that the solid
phase is superdispersive (faster than dispersive flow) in the axial
direction.

3.2. Mathematical formulation

The model was applied onto a pulsed tracer test in batch
mode constructed with the RPT data, as discussed previously.
Mass balances on the solid phase convective/dispersive model
were, therefore, made on an unsteady-state regime in a solid
phase batch system.

The representation of multiple plug flows in parallel needed
a velocity distribution function. Larachi et al. [6] and Lefebvre
et al. [8] have shown that solid Lagrangian velocity distributions
of the particle convective phases may be modelled after the log-
normal distribution function shown in Eq. (1) for the particle
wake phase. The Lagrangian velocity distribution of the particle
wake phase may be viewed as the bubble velocity distribution.
For the particle downflow-emulsion phase, replace upwd, Upw
and opwd by Upded, Upde and o pged:

6]

Y
flupwa} = _ (In(upwa) — @) ]

1
exp
,Bupwd\/ 27 l 2:82

The relations linking the mean (upw) and the standard devia-
tion (opwa) of the distribution to the function parameters («, 8)
are shown in Egs. (2) and (3):

2
Upw = eXp (a + '32> 2)

2
Opwd = €Xp (a + '32> \/exp(B?) — 1 3)

Unsteady-state regime mass balance applied on a fraction of
the solid in the particle wake phase rising at a velocity upwq (one
of the plug flow reactors) is shown in the following equation.
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Several differential equations, like Eq. (4), have to be solved.
The number of differential equations depends on the discretiza-
tion of the log-normal velocity distribution. This number has
to be high enough to converge to the solution of the system of
equations (discussed later).

An equivalent equation is obtained for the solid in the particle
downflow-emulsion phase:
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Assuming that the solid mixing in the particle vortex-
emulsion phase follows Fick’s law, the unsteady-state regime
mass balance gives:
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The average solid tracer concentration is obtained by:
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Some explanations concerning the mass exchange terms have
to be given. As a first formulation, the output flux of solid from
one particle phase to another was assumed to be proportional
to the concentration of the “expulsing” phase, e.g., output flux
from the particle wake phase to the vortex-emulsion phase equal
t0 Kpw—pve Cpw ’upwd' This assumption came from developments

+ (bpde

of Dayan and Zalmanovich [14], Turi and Ng [15], Tang and
Fan [16] and Murray and Fan [17]. Depending on the authors,
the value of Kp,w_pve is equal to the relative velocity of the parti-
cles close to the wake frontier, to the probability by unit length
that the particles were discharged or to the axial velocity of the
entrained particle. The total solid output flux from the particle
vortex-emulsion phase to the wake phase was Kpye_pw Cpve. For
one wake class defined by upwq, this total flux was weighted by
the fraction of that class, i.e., f{upwd } dupwq. Therefore, the first
formulation of Eq. (6) contained the following exchange term
for the mass transfer between the particle wake phase and the
particle vortex-emulsion phase:

¢ o0
|:pr—pve = pr f{upw} dupw - vae—pw vae (8)
d’pve 0
At an infinite time, the net flux should be zero (Eq. (8) is equal
to zero) for three-phase fluidized beds having a constant solid

concentration axial profile. In other words, the tracer concen-
tration was the same everywhere in the reactor. The following
relation between the constants was then obtained:
¢
vae—pw = pr—pveﬂ (&)
Ppve
Replacing Eq. (9) with Eq. (8) gave the second term at the right
of Eq. (6). The second term of Eqgs. (4) and (5) as well as the
third term of Eq. (6) were also obtained in that way.

3.3. Model parameters

Table 2 contains the model parameters and how they were
obtained. The mean particle wake phase velocity (upw) was fitted
using the model predictions of RPT tracer data. For the con-
vective phases, it was observed that the dimensionless standard
deviation (0 pwd/upw and opged/upde) of the particle velocity dis-
tribution was only a function of the reactor diameter [8]. These
simple relationships were used to evaluate the particle velocity
distribution standard deviation (STD). The ratio of the parti-
cle mean velocities of the convective phases (upde/ttpw) Was
constant whatever the operating conditions, particle systems
and reactor diameters. Particle vortex-emulsion phase holdup
(¢pw) was evaluated with RPT data [8]. Global mass balance
linked the particle convective phases and made it possible to
evaluate the particle downflow-emulsion phase holdup (¢pde).
Note that the mean particle velocity of the vortex-emulsion
phase was zero. The particle vortex-emulsion phase holdup
(¢pve) was simply obtained by the definition of the holdup,
i.e., ¢pw +Ppde + Ppve =1. The expanded bed height (Lf) was
obtained from RPT data. The axial dispersion coefficient of the
particle vortex-emulsion phase (Daxpvc) and the exchange coeffi-
cient from the particle wake phase to the vortex-emulsion phase
(Kpw-pve) were fitted using model predictions and experimen-

Table 2
Model parameters
Parameter Unit Evaluation® Note
Upw m/s Fitted
o
Opwd m/s 2 0.927 D055 Use 0pwd/ipw = 0.49 for run 15
Upw
u
pde m/s 2 0.90
Upw
o
Opded m/s Ipded 0.873D2'369 Use opged/pde = 0.48 for run 15
Upde
Dpw - RPT data
Upw
Ppde - Ppde = —— Ppw Global mass balance
Upde
¢pve - ¢pve =1- ¢pw - ¢pde
L¢ m RPT data
Daxpe m?/s Fitted
Kpw-pve s Fitted
LK pde— LiK py—
Kpde-pve s~ fopdepre _ 2 pwopve Assumption based on symmetry observed between the convective phases

Upde Upw

@ The correlations came from Lefebvre et al. [8].
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tal RPT data. Hydrodynamic parameter values obtained for the
convective phases were very close. Therefore, the assumption
was made that the dimensionless number representing the ratio
of the mass exchange between phases on the convective trans-
port was the same for the two convective phases. The exchange
coefficient from the particle downflow-emulsion phase to the
vortex-emulsion phase (Kpdepve) Was evaluated based on that
dimensionless number. In summary, the model had 11 param-
eters, but only 9 independent parameters due to global mass
balance and holdup definition. Only three parameters were fitted.

3.4. Numerical procedure

The fractional step method was used to solve the equation
system [18]. Using this method Renou et al. [19] successfully
solved a convective/dispersive/reactive system. The fractional
step method is robust and stable if the methods used to solve the
sub-system are adequate. It consists of separating the equations
into sub-systems that can be solved with an efficient numeri-
cal method. For each time step, the solution of one sub-system
becomes the initial condition of the next sub-system. For exam-
ple, the convection sub-system of Eq. (4) was solved by simply
shifting the matrix index for one time step (using Az = upwa A1)
and the result became the initial condition for calculating the
linear ordinary differential equation mass exchange sub-system.
That sub-system was solved by the Runge—Kutta method with an
adaptable time step. For solving the linear dispersion sub-system
of the vortex-emulsion phase, the exponential matrix was used
[20].

The fractional step method converges toward a unique solu-
tion while decreasing the time step. The method is stable, i.e.,
the error does not increase with each time step and the solution
is consistent with the results (see Section 4). Various discretiza-
tions of the velocity distribution function (Eq. (1)) were used
in order to converge toward a unique solution. A velocity step
of 0.05m/s is sufficient over a range from 0 to 1.3m/s. A
Nelder—Mead direct search method was used to fit the three
parameters. The model was fitted onto various tracer concentra-
tion curves along the reactor length. Fitting onto only one curve
would have produced various sets of fitted parameters giving the
same minimization of the objective function [3].

4. Results and discussion

Fig. 3 shows two examples of calculated data, one for each
reactor diameter. The model was fitted simultaneously onto three
curves above the region of the tracer injection, i.e., z>0.2 m. The
objective function used is shown here:

) Z;ill\]b" Zi:ll\lbt(cs exp; — Cs mod,-)?
= J=Nb N~=Nb;  ~ 3 (10)
2o imy sexp;)

where “j” represents the tracer concentration curve of the vari-
ous axial positions, “i” represents the tracer concentration value
for a given time; Nb, and Nb;, are, respectively, the number
of axial measurement positions and the number of time steps.

This objective function forces the fitting procedure to obtain the

parameter set respecting not only a tracer concentration curve
at one axial position, but respecting the axial evolution of the
tracer concentration curves as proposed by Lefebvre et al. [3].

The increasing rank of difficulty for a model to fit the data is
as follows: steady-state axial profile, one residence time distri-
bution (RTD), axial evolution of RTDs or batch tracer curves.
In other words, more models can fit a steady-state axial pro-
file better than an evolution of RTDs. A model following the
tracer axial evolution would represent the mixing mechanism
well [1].

The fit quality for the 0.10 m reactor is good with a normal-
ized square residual (+2) ranging from 0.004 to 0.023. The fit
quality for the 0.292m reactor is fairly good with 7 ranging
from 0.017 to 0.093. For the larger reactor, the overshoot close
to the injection zone is more pronounced due to the higher ratio
of the solid circulation velocities to the exchange coefficient
(Ppwitpw/Kpw-pve). The axial evolution of the overshoot is diffi-
cultto fit. This is due to the assumption that the model parameters
are not a function of the axial position. The authors’ previous
work [8] indicated, for example, that the particle wake phase
holdup is a parabolic function of the axial position. In order to
have a number of parameters as low as possible and because the
model captured the trend of the tracer curve evolution, the con-
vective/dispersive model was not updated. The model respected
the observed contribution of both the convective and dispersive
mixing mechanisms (see Fig. 2). Furthermore, the model gave a
good estimation of the solid phase mixing time. Cassanello et al.
[10] used a model assuming one velocity for the particles going
up and another for the particles going down. Solid particles in
the vortex-emulsion phase were not considered. Solid mixing
was represented by an exchange coefficient linking the upflow
and downflow solid particles. Such a model overpredicted the
solid phase mixing time, because it did not take into account the
axial mixing.

Table 3 presents the three fitted parameters (¢pw, Kpw—pve and
Dax,,.) as well as the particle wake phase holdup (¢pw) and the
STD of the particle wake velocity distribution (opwd). The other
model parameters may be calculated with the relations given in
Table 2. The particle wake phase holdup represents the contri-
bution of the convective mixing mechanism in terms of relative
volume of the convective phases (remember that ¢pge = Ppw/0.90
as shown in Table 2). The particle wake velocity distribution
STD and the axial dispersion coefficient of the vortex-emulsion
phase represent, in terms of mixing extent, the contribution of
the convective and dispersive mixing mechanism, respectively.
The solid phase holdup is also given in Table 3 due to its link with
the convective/dispersive model parameters (discussed later).

The axial dispersion model (Eqgs. (6) and (7) with
®pde = Ppw = 0) was also fitted onto the tracer curves. That model
did not give a good fit quality as shown in Fig. 4. This fig-
ure compares the fit quality of the axial dispersion model with
the convective/dispersive model at the same operating condi-
tions. The r2-values for the axial dispersion model are about
2-4 times higher than the r*-values for convective/dispersive
model, except for run 1.

The axial evolution of the tracer curves was badly followed
by the axial dispersion model. This means that the solid mixing
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Fig. 3. Convective/dispersive model fitting quality example for GB3mm. (a) D.=0.10m, U =0.065m/s, Uy =0.106 m/s. (b) D.=0.292m, UL =0.051 m/s,

Uy =0.051 m/s. Dot: experimental result, line: model result.

has to be represented by more than only one parameter. The
axial dispersion model is not appropriate as was expected from
Cassanello et al. [10], Lefebvre et al. [3] and Lefebvre et al.
[8]. The apparent axial dispersion coefficient (Daxapp) values
are shown in Table 3. A comparison of Dy, between the two
reactors should be made carefully, because the fit qualities were
poor. Although the apparent axial dispersion coefficient is not
correct to describe mixing and, especially, to be used to predict
reactor conversion and selectivity when the kinetics are fast, it is
often used in the literature. The values obtained here are similar
with the ones obtained by Fan et al. [21], i.e., 0.005-0.1 m2/s,
for 3 mm glass beads in a three-phase fluidized bed containing
a binary system (3—4 and 3—6 mm glass beads).

For most cases, D,Jlxpve < Daxapp and the extent of mixing is
mainly due to the convective mixing mechanism. In other words,
the extent of mixing is determined by the standard deviation

of the velocity distribution of the convective phases and not
by Fick’s law. The difference between the two axial dispersion
coefficients is more obvious for the larger reactor.

The convective mixing mechanism is more pronounced for
the larger reactor, i.e., particle velocity distribution STD and
holdup of the convective phases are higher. Knowing that is
important for the scale-up of fast reacting systems from lab-
scale (D. <0.10m) to pilot-scale (D, > 0.3 m) and from pilot-
scale to commercial-scale (D, > 1 m). Lefebvre et al. [8] showed
quantitative assessment of that scaling effect and proposed a
scaling factor named MMI (mixing mechanism indicator). The
relative importance of the mixing mechanisms will change at
each scale-up step. The proposed model is capable of following
this mixing mechanism changes.

As mentioned previously, the mean particle velocity of each
convective particle phase was obtained directly from Lagrangian
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Fig. 4. Convective/dispersive vs. axial dispersion model fitting quality example for GB3mm, D =0.10 m, U, =0.065 m/s, Ug =0.069 m/s. (a) Convective/dispersive

model and (b) axial dispersion model. Dot: experimental result, line: model result.

RPT data, i.e., z—t slope of the straight line shown in Fig. 2.
As seen in this figure, marked particle paths having constant
Lagrangian velocity cover various lengths, called trajectory
lengths [22]. The trajectories start and stop at various axial
positions. This causes an axial profile of the mean velocity distri-
bution as presented in Fig. 5. The proposed convective/dispersive
model assumes that the trajectory lengths are equal to the
expanded bed height. Fig. 6 shows that the actual trajectory
lengths are much smaller than the expanded bed height and that
there is a large distribution of velocities. The proposed model
is then a simplification of the reality: particles ascend the bed
in the bubble wake, but need various lifts from bubbles to cross
the whole height. Between those lifts, the particles spend some
time in the vortex-emulsion phase resulting in an apparent lower
value of their ascending velocity across the whole bed height. In
the experiment presented in Figs. 5 and 6, the average value of

the particle velocity across the bed height is 0.29 m/s, while the
apparent velocity taking into account the various lifts and the
time spent outside of the wakes is 0.24 m/s as obtained by the
model. As expected, the apparent velocity is lower (about 20%)
than the average velocity (Fig. 7).

The apparent particle wake phase velocity has a tendency to
decrease with solid phase holdup. Fig. 8 reflects that tendency.
Therefore, the overall solid circulation decreases for systems
where the particles are closer. Indeed, the system inertia is higher
for larger solid holdup. The particle wake phase velocity is
higher in the larger column due to the fastest bubbles being
there. The particle wake and particle downflow-emulsion phase
velocity distribution STD follow the same trend with the solid
phase holdup due to their relation with the particle wake phase
velocity. This means that the extent of mixing decreases with
the solid phase holdup.



Table 3

Model parameters values and apparent axial dispersion coefficient
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Run (#) &5 RPT data ¢pw RPT data upw Fitted (m/s) Opwd relation (m/s) Kpw-pve fitted ) Daxpye fitted (m?/s) Daxypp fitted (m2/s)
D.=0.10m
1 0.425 0.126 0.07 0.027 0.97 3.29E-2 0.037
2 0.408 0.261 0.15 0.061 0.33 4.44E-2 0.147
3 0.324 0.304 0.28 0.115 1.08 4.79E—12 0.135
4 0.172 0.320 0.22 0.092 0.29 7.85E—12 0.110
5 0.364 0.175 0.13 0.052 0.55 4.15E-2 0.095
6 0.347 0.196 0.20 0.082 1.11 9.34E—-3 0.101
D.=0.292m
7 0.503 0.251 0.13 0.077 0.03 2.85E—2 0.037
8 0.459 0.336 0.20 0.121 0.21 4.83E—14 0.074
9 0.459 0.337 0.21 0.126 0.18 2.63E—12 0.096
10 0.485 0.340 0.24 0.146 0.45 2.23E—11 0.071
11 0.451 0.360 0.24 0.144 0.43 5.47E—6 0.073
12 0.451 0.312 0.28 0.165 0.21 1.40E-3 0.111
13 0.436 0.366 0.27 0.162 0.70 2.31E—-14 0.076
14 0.436 0.345 0.30 0.177 0.28 2.90E—12 0.117
15 0.436 0.279 0.35 0.169 0.32 2.84E-3 0.133
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Fig. 5. Axial profile of the mean velocity distribution
D:=0.292m, UL =0.051 m/s, Uy =0.051 m/s.

Axial position (m)

from RPT data.

. N :

1.8F iy :
& e *

16} &, -
bR :

14} & /rt
soL o+ Expanded bed height -

12f e 4

0’#

0.8

0.6

0.4

Particle wake phase velocity (m/s)

02H

02 03 04 05 06 07 08 09 1

11 12

upw RPT data (m/s)

Fig. 7. Particle wake phase velocity—fitted vs. RPT values. The dashed line has

a slope of 1. The solid line is a linear fit of the data and the slope is 0.8.

u,, fitted (m/s)

0.40

0.35 A

*® Dc=0.292 m
® D;=0.100 m

0.30 A1

0.25 4

0.20 A

0.15 A

0.10 A

0.05 ~

0.00
0.30

0.35

0.40

0.45

0.50

Particle wake phase axial trajectory length (m)

Fig. 6. Particle wake phase Lagrangian velocity (slope of z vs. f) vs. axial

trajectory length.

Solid phase holdup (-)

0.55

Fig. 8. Fitted particle wake phase velocity vs. solid phase holdup. The dash lines
do not represent a correlation, but they only follow the decreasing tendency.



94 S. Lefebvre et al. / Chemical Engineering Journal 133 (2007) 85-95

1.20
. ° *Dc=0.292 m
1004 N o ©Dc=0.100 m
N
N\
\\
@ 0801 N
Z \\ .
N
3 060 N
h=3 [}
= N
c;:_ \\ . ¢
¥ 0.40 N
. o« N
A4 N
0.20 *s N
N
N\
0.00 : : : hd
0.30 0.35 0.40 0.45 0.50 0.55

Solid phase holdup (-)

Fig. 9. Fitted exchange coefficient from the particle wake phase to the vortex-
emulsion phase vs. solid phase holdup. The dash line do not represents a
correlation, but it only follows the decreasing tendency.

The exchange coefficient from the particle wake phase to the
vortex-emulsion phase (Kpw_pve) varied, in a general way, from
0.2to 1.1s~!. These values are of the same order of magnitude
as the solid mass exchange coefficient obtained by Cassanello
etal. [13]. Fig. 9 shows Kpw_pve versus the solid phase holdup.
This figure reveals a tendency of Kpw_pve to decrease with the
solid phase holdup. For large solid phase holdup, the particles
are closer to each other and their interactions are more pro-
nounced. This stabilizes (retains) the particles in the bubble wake
as observed by Fan and Tsuchiya [23] and Fan and Yang [24].
It is demonstrated in Fig. 9 that the exchange Kpw_pve is higher
for the smaller reactor. Solid particles are exchanged between
phases less frequently in a larger reactor. This means that the
particle velocity changes less frequently and randomly in larger
reactors.

Correlation matrixes of the fitted model parameters were
computed at iso-r%. The results indicated weak and very weak
correlation between the fitted parameters (from 0.4 to 0.8). This
revealed that the fitted parameters are sufficiently independent
to represent independent hydrodynamics phenomena.

4.1. Limits of the convective/dispersive model

The relation between the two exchange coefficients shown in
Eq. (9) is valid if the solid phase holdup axial profile is flat, as
in this case. For slurry reactors and three-phase fluidized beds
containing large/light particles, the solid phase holdup changes
with the axial position. In that case, the convective/dispersive
model may also be applied in the mathematical form given here,
but Kpw_pve and Kpye pw have to be determined separately. As
discussed previously, not taking into account the axial profile of
the model parameters reduces the capacity of the model to fol-
low the axial evolution of the tracer concentration curves for the
0.292 m reactor. Moreover, Lefebvre et al. [8] showed that the
parameters are also a function of the radial position. The solid
particles having a time-averaged upward velocity in the center
of the reactor are mostly in the particle wake phase. The solid
having a time-averaged downward velocity close the wall (annu-

lus) of the reactor is mostly in the particle downflow-emulsion
phase. Between the two regions, the solid is about equally sep-
arated between the three particle phases. A more refined model
would take into account this spatial repartition of the particle
phases.

5. Conclusion

The main objective of this work was to develop a solid phase
mixing model that follows not only the mixing extent, but also
the overall mixing mechanism, i.e., the contribution of the con-
vective onto the dispersive mixing mechanism. The developed
model separates the solid phase into three sub-phases. Two sub-
phases follow a convective mixing mechanism and are linked to
the bubble velocity distribution. The third sub-phase follows a
dispersive mixing mechanism and is subjected to random move-
ment due to drag in the liquid emulsion phase. In the model, the
relative contribution of the mixing mechanisms is weighted by
the sub-phase holdup, the solid convective sub-phases velocity
distribution standard deviation and the axial dispersion coeffi-
cient of the dispersive solid sub-phase. Solid mass exchange
and overall solid circulation are also considered in the convec-
tive/dispersive model. Some model parameters were obtained
from the RPT data. Three model parameters were optimized by
fitting the convective/dispersive model onto the axial evolution
of tracer curves (generated by RPT data). Relations developed
in a previous work were used to estimate the remaining model
parameters. The model estimated successfully the extent of solid
mixing as well as followed the overall mixing mechanism.

In order to develop a predictive model for a three-phase
fluidized bed reactor, the next step is to include the model param-
eters’ axial profile functions into the model calculation. A bubble
coalescence/breakup model should evaluate these axial profile
functions. Local bubble size and bubble velocity distributions
would be measured in order to develop a model that will be
linked to the solid hydrodynamics in the particle wake phase.
Relations found in literature for bubble wake holdup and solid
holdup in the wake may be used. The solid hydrodynamics in
the particle downflow-emulsion phase may be obtained from
relations given by Lefebvre et al. [8]. The solid hydrodynam-
ics in the particle vortex-emulsion phase has to be linked to the
liquid phase hydrodynamics. Local measurement in the liquid
for a three-phase fluidized bed should be obtained, but it is not
an obvious task. There is a great lack of literature for the liquid
phase local hydrodynamic in a three-phase fluidized bed.
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