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Probabilistic averaging is used to model fluidized-bed reactors across the three fluid-
lization flow regimes most commonly encountered in industry (bubbling, turbulent, and
fast fluidization), extending earlier work, which introduced this approach to bridge the
bubbling and turbulent regimes of fluidization. In extending this concept to the fast
fluidization regime, the probabilities of being in each of the three regimes are represented
as probability density functions derived from regime boundary transition data. The three
regime-specific models— a generalized version of a two-phase bubbling bed model at
low gas velocities, a dispersed flow model for turbulent beds at intermediate velocities,
and a generalized version of a core-annulus model at higher velocities— are employed,
leading to improved predictions compared with any of the individual models, while
avoiding discontinuities at the regime boundaries. Predictions from the new integrated
model are in good agreement with available ozone decomposition data over the full
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range of applicability covered elsewhere.

Introduction

Gas-fluidized-bed reactors are widely used in industry for
catalytic reactions (such as catalytic cracking, acrylonitrile
production, and chlorination reactions) and for gas-solid re-
actions (such as combustion, gasification, and ore roasting).
In each case, a commercial reactor can be operated in three
flow regimes—bubbling, turbulent or fast fluidization. The
bubbling and fast fluidization regimes have been extensively
studied. Models for the bubbling regime generally consider at
least two “phases,” a dilute phase representing the bubbles
and a continuous or dense phase. The solid fractions, mixing
parameters and interchange between phases need to be spec-
ified. Bubbling bed models, such as the Kunii and Levenspiel
(1969) three-phase model and the Grace (1984) two-phase
model, have been successful in simulating the bubbling bed
phenomena with proper estimation of bubble size. The turbu-
lent regime has been studied less than the other two regimes
considered in this work (see Bi et al. (2000) for a recent re-
view). Some models assume single-phase one-dimensional (1-
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D) plug flow (for example, Fane and Wen, 1982), while oth-
ers adopt axially dispersed plug flow (Edwards and Avidan,
1986; Foka et al., 1996). The latter approach has been suc-
cessful in modeling fully turbulent fluidization. Single-region
1-D models and two-region models with and without al-
lowance for hydrodynamic axial gradients have been consid-
ered for the fast fluidization regime (Grace and Lim, 1997).
Single-region models have generally been unsuccessful, as
they do not accurately portray the behavior in CFB reactors.
Two-region models are more realistic, as there is ample evi-
dence that distinct dilute core and dense annular regions ex-
ist. Some of these two-region models ignore axial gradients
(for example, Brereton et al., 1988), while others allow for
axial gradients (for example, Puchyr et al., 1997).

Until recently, each of these flow regimes was treated sep-
arately with a distinct reactor model. The implicit assumption
has been that the flow regime is known with certainty for
given operating conditions and particle properties. This re-
sults in substantial discontinuities at the boundaries between
the flow regimes, notwithstanding the fact that the transitions
tend to be diffuse and gradual in nature, with a continuous
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variation in reactor performance as one passes from one flow
regime to another (for example, Sun, 1991). Most commer-
cially important catalytic processes (such as acrylonitrile,
phthalic anhydride, oxy-chlorination, and so on) operate be-
tween the bubbling-turbulent and turbulent-fast fluidization
regimes (Bolthrunis, 1989; Rhodes, 1996). A turbulent flu-
idized bed possesses aspects of both bubbling beds, where
the mass-transfer resistance between the bubble and dense
phases affects conversion and selectivity, and fast-fluidized
beds, where there is relatively rapid interchange between the
dilute core and the dense annular region containing most of
the particles. In addition, there is considerable uncertainty in
the flow regime transition correlations. Various methods have
been used to determine the transition velocities U, and U,,,
and different methods tend to give different results. In spite
of the many studies on the criteria for transition to different
flow regimes, they have not yet been established with cer-
tainty (Bi et al., 2000).

In earlier work (Thompson et al., 1999; Grace et al., 1999),
we introduced a “Generalized Bubbling Turbulent” (GBT)
model based on the probabilistic averaging approach. This
model provides a smooth transition between the first two of
the three principal flow regimes and gives good agreement

with available data for low and intermediate gas velocities. In
this article, we extend this approach so that the new version
of the model (which we call the “Generic Fluidized Bed Re-
actor” (or GFBR) model) provides a seamless way of covering
the complete range of gas velocities and flow conditions from
minimum bubbling right up to fully fast fluidization condi-
tions. The goals are to overcome the difficulties in predicting
the transition boundaries among the three flow regimes and
to eliminate discontinuities at the boundaries, while giving
improved predictions of particle and gas dynamics and reac-
tor performance.

GFBR Model

Our approach involves formulation of model equations that
describe phenomena within each of the three flow regimes,
while providing smooth transitions between them, normally
without complete certainty of being in any regime. This en-
ables prediction of reactor performance for the three regimes
through weighted averaging of the three regime-specific mod-
els themselves (not of their predictions). The generalized
model is shown in Figure 1. As in Thompson et al. (1999), we
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Figure 1. Generalized 1-D, two-phase/region model with freeboard.

Inset shows axial notations for the two regions.
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use for the dilute phase/region the general descriptor “low-
density” (L) phase and for the dense phase/region “high-den-
sity” (H) phase. Thus, for the three principal flow regimes
under consideration, the L-phase represents the bubble phase
at low U and the core region at high U, while the H-phase
represents dense/emulsion phase at low U and the outer an-
nular region at high U.

Dense Bed

From the various reactor models written specifically for the
three fluidization flow regimes, three regime-specific models
are chosen to represent the limiting behavior of the GFBR
model corresponding to fully bubbling, turbulent, and fast
fluidization conditions: (i) the generalized version of the
Grace (1984) two-phase bubbling bed model (expanded to in-
clude dispersion in both phases) at low gas velocities; (ii) the
dispersed flow model for turbulent beds at intermediate ve-
locities; (iii) a generalized version of the Brereton et al. (1988)
core-annulus model (expanded to include reaction terms, as
well as dispersion terms in both the core and annulus re-
gions) at higher velocities. These regime-specific models are
chosen because they are realistic and have had some success
in describing the physical phenomena in the individual flow
regimes. In addition, after incorporating these generaliza-
tions, they become fully compatible with each other, and,
therefore, a single model formulation each for the L and H-
phase can describe all three flow regimes.

Mole balance for the two-phases/regions

Steady-state two-phase/region mole balances represent the
two-phase bubbling bed model in the low velocity limit, dis-
persed flow model at intermediate gas velocities where the
turbulent fluidization regime is predominant, and the core-
annulus model in the high velocity limit

dC;p (72CiL Y. D,,, 9 aC;.
‘/jLuL P) - l/lLng,L D 8- r
z 9z r ar ar
+ kLHallpL(CiL - CiH) + . py Rate;; =0 (1)
ICiy 9°Ciyy YyDygy 9 ( ICiy
Vit Jz HZ2H 552 r ar\" ar

+kppa(Ciy = Cip )+ by py Rate;; =0 (2)
Overall balances
Ci=q.Cip +quCin 3)

The boundary conditions are

aC;.
atz=0 - ng,LT =ur(Cirl,-—Cil, +)
z
iCin
- ng,HT = uH(CiH|0 *_CiHlo +) (€))
e e
atz=1L L—o, 7_9 (5)
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Jc; Jc;

atr=0 —==0, -0 (6)
ar ar
Jc; Jc;

atr=R —— =0, =0 (7)
ar ar

The net rate of consumption of component i in the jth phase
participating in N, reactions can be written

N,

Rate; = 3 v, (C)l;
k=1

where the stoichiometric coefficients v, are positive for
products, negative for reactants, and zero for nonreacting
species.

Energy balance

The steady-state energy balance equation for the fluid-bed
reactor with cooling can be written (neglecting any tempera-
ture differences between the L- and H-phases at a given level)

d (k dT) c UdT ¢>§(AH
e e — Ly P + k,i=base rx
dz dz PETET 7 ’ !

XRatei=base rxt) - hAs(T - Tcuol) =0 (8)

with corresponding boundary conditions

dT
at z=0 — ke; = UAngpg(TO - T) (9)
L ar 0 10

tz= - =
at z ye (10)

Pressure balance

The pressure, assuming the only contribution to the axial
pressure drop is the hydrostatic head of solids (that is, ignor-
ing accelerational effects and friction at the walls), is given by

dpP

—E=Pp8(1_f) (11)

The boundary condition at z =0 is

P=P (12)

o

Freeboard Region

Accounting for the freeboard is also important in extend-
ing the probabilistic modeling approach to the fast fluidiza-
tion regime. The height of integration must be extended to
cover the total column/reactor height.

Consider the dense and freeboard regions shown in Figure
1. The solids concentration in the freeboard is assumed to
decay exponentially according to (Kunii and Levenspiel, 1991)

=" +(bg— *)e (13)
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where zy is the freeboard axial coordinate. The saturation
carrying capacity ¢* is obtained from

¢* = MIN(&7,¢3) 14

where the value for low and intermediate velocities ¢§ is
correlated (Morikawa et al., 2001) by

¢* =0.022(U~U,, )" (15)

while, at high gas velocities, ¢% can be obtained (assuming
v, <U) from

é3 =Gy/p,(U~v,) (16)

where the terminal velocity v, is calculated assuming parti-
cles of the same size as in the bed. The net solids circulation
flux G, is obtained by weighting with the respective regime
probabilities the solids entrainment E,, (Choi et al., 1998) at
low and intermediate superficial velocities, and the average
solids flux G,, in the high velocity limit so that

Gs = Ew(l - Pfast) + Gso Pfast (17)

where Py, is the probability of being in the fast fluidization
regime, described in detail below. The product of the decay
constant a and the gas velocity U has been found to be a
constant (Kunii and Levenspiel, 1991, 1997). For group A and
B particles, a value of “3” reasonably fits measured solids
concentration for a wide range of freeboard data pooled by
Kunii and Levenspiel (1991). A slightly modified form of the
relation is

3
a=—-— (18)
(U-U,y)
The total solids inventory in the column is
Ms:App(Ld¢d+Lf$f) (19)

where $f is the average holdup of solids in the freeboard
given by

by —(d* +(pg— d*)e L1)
aLf

1 Ly *
<@=E£ bz = ¢ +

(20)

The freeboard and dense bed heights are obtained by itera-
tively solving Egs. 19 and 20, noting that L,= L, + L. The
freeboard region is then modeled as being in axially dis-
persed plug flow with

D, =0.195(1-¢) " (1)

from the correlation of Li and Wu (1991).
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Table 1. Summary of Bed and Phase Balances

b+ =1
eE=yYpe + ey
U=ypu, +yuy
p=1Yy p.+ ¥y Py

Phase volume allocation
Phase gas holdup allocation
Phase velocity allocation
Phase density allocation

L-phase volume allocation e +¢p =1
H-phase volume allocation eyt oy =1
Bed volume allocation et+top=1

Phase dispersion distribution D=4y D,y +4yD,o gy

Bed and Phase Balances

Phase balances relate only to the dense region where there
are two distinct phases, while bed material balances apply to
the entire column. Table 1 summarizes the pertinent bal-
ances.

Representing the Regime Boundaries and
Quantifying their Uncertainty

The probabilities of being above or below the regime tran-
sition boundaries are computed by imposing appropriate
probability density functions, using the U. and U,, regime
boundary correlations and the uncertainty associated with
them. These probabilities are then used as proxies for the
probabilities of the applicability of the regime-specific mod-
els in the different flow regimes. Note that, when dealing with
multiple models, the point prediction with minimum variance
in prediction errors is their probabilistic average (Lainiotis,
1971; Thompson, 1996; Murray-Smith and Johanssen, 1997).
Let:

e p(U|Ar) = probability density function (pdf) represent-
ing the uncertainty in the regime correlation for U; (where
subscript “c”

Tre2)
l

is used to denote either “c” or “se”).

® Poubb> Prurbs Prase = probabilities of being in the bub-
bling, turbulent, and fast fluidization flow regimes, respec-
tively, with the sum always equal to 1.

The gamma probability density function has been deter-
mined to be the most appropriate pdf satisfying all the con-
straints: uncertainty/error “e;” in correlations normally dis-
tributed with mean “0”, variances o> and U, > U, >0
(Thompson, 1996; Thompson et al., 1999). If the transition
velocity U, is far enough from zero, the pdfs can also be as-
sumed to be normally distributed with the same means and
variances. For example, the uncertainty in the regime corre-
lation for U,, can be represented by the Gaussian pdf

U-u,)’
202

se

(22)

1
(UlAr) = ——=—cex
Pye( ) O-S(?‘/ﬁ p

For ease of computation, sigmoid-shaped logistic regression
functions (LRFs) were fitted to the cumulative distributions
evaluated from the Gaussian function

Po = P(U>U,) = (1+e7#5) " = ["p (UIADU (23)
U

where

A Gl ) (24)

Ose
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Table 2. Summary of Correlations for Regime Transition
Velocities

Regime Boundary Normalized

Source Correlation Standard Deviation
Bi and Grace (1995)  Re, = 0.57 Ar*4¢ a* =036
Re,, = 1.53 Ar®3 o =052
This work Re, =0.74 Ar0426 a* =029
This work Re., = 1.68 Ar4® o =045

It was found that 8 = 1.7 fitted both the Gaussian and gamma
distributions within a 1% tolerance. Complete assignment of
all the probabilities is specified below.

In constructing the regime probability diagram for our
probabilistic approach, we need to specify some minimum U
= U, below which there is zero probability of turbulent flu-
idization. To ensure this, we impose the following constraint:
for U just above U, (U,,, <U <U,;), Ppu,, must be 1 and
P = Pr = 0. Uy, was assigned as U;, =2U,, or U,/10,
whichever is lower. The same problem could arise with re-
spect to some minimum velocity below which the bed has 0
probability of being in the fast fluidization regime, such as to
avoid the coexistence of bubbling and fast fluidization condi-
tions. However, given that the mean of the U,, distribution is
well above zero, it was not necessary to impose a further con-
straint on the lower limit of U where P, is nonzero. Over-
all, the set of constraints U,, > U, > U,;, > U,,, > 0 was satis-
fied in all cases.

Central to the probability predictions in the GFBR model
is a reliable estimate of the standard deviation of the error
;. In earlier work (Thompson et al., 1999), a reasonable value
of 0.2 m/s was adopted for o, and the need to estimate this
parameter from actual hydrodynamic data was noted. With
the aid of the raw data used to determine the flow regime
transition correlations for U, and U,, (Bi et al., 1995) and
additional data (Bi, 1994), improved correlations have been
developed here with a reduced level of dispersion. Estimates
of the normalized standard deviations o;* at the regime
boundary correlations are summarized in Table 2. Note that
o;* is assumed to be independent of operating conditions
and particle properties. With these controls and by invoking
the axioms of probability theory, the probabilities of being in
each of the three flow regimes are expressed as

in

Py =1—P(U* >U*)=1-[1+e #7171 (25)
Pig = P(U*>U2)=[1+¢ #0170 (26)
and from the summation rule
Py = 1= P = Poupy (27)
where

(U* = Unin) —UF

® s

U¥* = Re,/ArY?; v} =

o = Y [Uips — U (AD);]” (28)
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Figure 2. Regime diagram boundaries and regions of
uncertainty.

Correlations lines are from Table 2.

* *
U¥ = Re,,/Ar"?; v*=U Uee .
se se > Yse ® ’
*2 1 c * * 2
O = n—1 Z [Use,exp,j - l]se (Al‘)]] (29)
j=1

Figure 2 shows regions of uncertainty in the correlations
for U* and U} depicted by error bars (corresponding to 2 o;*
in the correlations). Figure 3a plots the pdfs representing the
uncertainties in the regime transition correlations. The corre-
sponding probabilities of operating within each of the three
flow regimes appear in Figure 3b for Ar =10. As expected,
bubbling conditions dominate for low U, turbulent conditions
at intermediate U, and fast fluidization at large U, with
smooth transitions in between.

Flow Regime Transition Equations

With the probabilities of being in each flow regime deter-
mined, the next critical step is to use these probabilities as
weighting factors to obtain point estimates of the hydrody-
namic parameters. The model parameters (coefficients in the
mole and energy balance equations for each separate flu-
idization regime) are then weighted according to

Mm

6=
i

O (30)

where 6; is the value of 6 for regime j and P; is the probabil-
ity of being in regime j with j =1 for bubbling fluidization, 2
for turbulent fluidization, and 3 for fast fluidization. For ex-
ample, the point estimate € from the expected values of € in
each regime is obtained as

€= Ebubbeubb + etuerturb + EfastPfast (31)

where €1, €urb, aNd €g, are the voidages in the bubbling,
turbulent, and fast fluidization flow regimes given in Table 3;
this table also lists the equations used to evaluate all the av-
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Figure 3. (a) Uncertainties in flow regime boundary cor-
relations; (b) probability of being in each
regime as a function of dimensionless super-
ficial gas velocity (Ar=10).

eraged variables in the three flow regimes. The equations
employed to estimate other hydrodynamic parameters such
as uy,, d,, and r- for each of the three regimes, and for
required thermophysical properties such as gas mixture diffu-
sivity, are given in Abba (2001). Note that it will be straight-
forward to replace the correlations or mechanistic equations
currently in use by better ones as these become available
through future work.

The complete steps in the probabilistic approach to GFBR
modeling can be summarized as follows: (a) Generalized
model equations based on mole, energy, and pressure bal-
ances are formulated applicable over the fluidization regimes
of interest; (b) the uncertain regime boundaries are repre-
sented as probability density functions (pdfs) using appropri-
ate distributions; (c) the probability of being in regime j is
determined given the operating conditions and model param-
eters (P(H = H;|x)); (d) the hydrodynamic parameters (tran-
sition variables) pertaining to each flow regime and needed
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by the model are calculated; (e) the transition parameters are
weighted and averaged as shown in Egs. 30 and 31; (f) finally,
the differential equations posed in step (a) with the weighted
coefficients now provided are solved with the boundary con-
ditions to obtain the concentrations, temperature, and pres-
sure as functions of axial coordinate z along the entire reac-
tor and at the exit.

Limits of GFBR Model

The model is explicitly developed to span the three princi-
pal fluidization flow regimes. While it would be possible to
extend this model to other flow regimes such as slug flow or
dilute pneumatic conveying, its applicability is currently lim-
ited to bubbling, turbulent, and fast fluidization conditions
and transitions between them. Therefore, we note the follow-
ing limits of the model:

(a) U>U,,, that is, the gas velocity is at least sufficient to
initiate bubbling;

(b) Alarge or shallow enough column and/or small enough
particles that slug flow conditions are avoided over the entire
range of interest;

(© U<Ug, or G,> G,  (Grace and Bi, 1997) in the high
gas velocity limit to avoid the dilute-phase transport flow
regime;

(d) U < UDSU — 0.0113G51,192pg1.0()4[ /-Lg( pp _ pg)]—().064 to
ensure that the system is not operating in the dense suspen-
sion upflow regime (Grace et al., 1999).

As in our earlier work (Thompson et al., 1999; Grace et al.,
1999), the probabilistic model was solved using gPROMS
software from Process Systems Enterprise Limited. Full de-
tails are given by Abba (2001).

Application to Ozone Decomposition Data

The capability of the model in eliminating discontinuities
at the boundaries, while giving improved predictions of parti-
cle and gas dynamics and of reactor performance, is demon-
strated using experimental ozone decomposition data from
Sun (1991) (see also Sun and Grace, 1990; Grace and Sun,
1991), covering a wide range of superficial gas velocities and
catalyst activities. No other data reported in the literature
cover such an extensive range of gas velocities extending from
near bubbling right up into fast fluidization conditions. Other
ozone decomposition data in the literature are either for cases
where Py, is close to 0, so that they do not provide a test of
the fast fluidization upper end of the spectrum added in this
article, or they solely pertain to cases where Pg, is essen-
tially 1 (such as data of Ouyang and Potter (1995)) where the
model reduces to the simple core-annulus model. The parti-
cle properties and operating conditions employed in the in-
vestigation are shown in Table 4. The velocity range covers
bubbling, turbulent and fast fluidization flow regimes (with
U.=055 m/s and U,,=1.38 m/s, respectively, estimated
from the correlations in Table 2). Other considerations in ap-
plying the model to these data are:

(a) The ozone decomposition reaction was conducted at
atmospheric conditions with a very small inlet concentration
of ozone. Also, the column is shallow enough (L, =2 m) that
pressure gradients are not very significant. Therefore, it is
assumed that both temperature and pressure variations along
the column height and volume changes due to reaction are
negligible.
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Table 3. Summary of Regime Bounds and Transition Equations

Regime-Specific Parameter Values, 0;

Variables/ j = Fast
Parameters, 6 j = Bubbling j = Turbulent Fluidization
1_(1_ emf) U+1 Gso\l,.rlip :
: TR U2 T
14— mf P
0.711+/gd,
(Clift and Grace, 1985) (King, 1989) ** (Patience et al., 1992)
1
Umf +2 Dmixemfubr V2 ~ 6 037 4DmianU & 2
kLHal 3 de db 1.6318¢ U T X Z
(Sit and Grace, 1981) (Foka et al., 1996) (Pugsley et al., 1992)
" (e — €, ) ey — €pyp) re/R?
{in limit e > €, , & €, = €9=1— ¢ )}
D, Doy UL ,/Pe,* 0.184€(~ 4449
D,y 01X D,,,
D,, UL /Pe,* UL ,/Pe,.* UL,/Pe,,"
D,g,H 0.1X ng,H
u; MIN(e, u,,, (U — U i) U e
L Lo 1-€ 1-%

3

Point estimate 6 in column 1 is obtained by weighting 6; with P; as: 6= Z 0P,

j=1

*Pe,i = fpe X 3AT2Ar "1¥Re 02350~ 0-232(L, /D )02 (Bi et al., 2000).
*Pe,, = fp, X UL A0.1848 *#9) (Li and Wu, 1991).
T W, = 14 5.6/Fr? +0.47Fr! (Patience et al., 1992).

(b) Sun (1991) estimated that about 20% of the solids were
in the solids return system during the experiments. Hence,
the solids inventory was adjusted in all cases so that M, = 0.8
X M,,.

(c) The voidage at minimum fluidization e, was taken as
0.48 from Grace and Sun (1991).

(d) Three parameters appearing in the transition equa-
tions (Table 3) needed to predict the limiting conditions in
the GFBR model, one per flow regime, were fitted using one
of the three sets of data from the study of Sun (1991), the
only published study which spans all three flow regimes un-
der consideration:

(i) The initial volume fraction ¢, , of solids in the L-phase
at the lowest superficial velocity was estimated to be 0.0355
by matching model predictions with data at the lowest U val-
ues, using the two-phase bubbling bed model. This value is
consistent with the finding that particles typically occupy a
few percent of the bubble phase for group A particles.

Table 4. Operating Conditions, Hydrodynamic Properties
and Reactor Geometry (Details are Given by Sun (1991))

Parameter Value
Inlet temperature, T, 298 K
Inlet pressure, P, 101 kPa

Inlet superficial gas velocity, U, Varied (0.1 to 1.75 m/5s)

Expanded bed height, L, Varied (~ 0.56 to 2.0 m)
Average particle diameter, d b 60 wm
Initial solids inventory, M, Skg

Catalyst density, p, 1,580 kg/m?

Catalyst rate constant, k, Varied (8.95, 4.62 and 2.41 s~ 1)
Inside diameter of reactor, D, 0.105 m

Column overall height, L, 20m
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(ii) The average solids flux under fast fluidization condi-
tions G,, was estimated to be 120 kg/m?s by matching model
predictions with data using the GFBR model for intermedi-
ate velocities (1.4 <U < 1.8 m/s) between turbulent and fast
fluidization conditions. There are no precedents for this pa-
rameter, but the fitted value is of a reasonable order of mag-
nitude with respect to fluxes encountered in studies of fast
fluidization.

(iii) Axial dispersion correlations for the turbulent flow
regime of fluidization differ by orders of magnitude (Bi et al.,
2000) as for the entire fluidization spectrum. The fp, param-
eter was chosen to be 0.0711 with the single-phase axial dis-
persion model fitted to reactor results pertaining to the tur-
bulent flow regime. The resulting Peclet numbers are of or-
der 1, well within the range of experimentally determined
values.

After these three values were chosen based on one of the
Sun (1991) sets of data, they were held constant and applied
to the other Sun data sets. The purpose of the article is to
test a reactor model, and this approach reduces the probabil-
ity that uncertainty in specifying hydrodynamic parameters
could spoil the quantitative agreement between the reactor
model and available reactor results.

Results and Discussion
Hydrodynamics

Figure 4 shows exponential decay of solids holdup in the
freeboard according to Eq. 13 for different gas velocities and
the other conditions given in Table 4. As expected, at low gas
velocities (U = 0.03 m/s = 5X U,,,), the model predicts only a
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Figure 4. Axial profiles of solids holdup in column at
different superficial gas velocities.

Conditions are listed in Table 4.

small fraction of solids in the freeboard. Solids holdup in the
freeboard is predicted to increase with increasing gas veloc-
ity, while the column-average value decreases. The height at
which the decay starts corresponds to the dense bed height
L,. The predicted solids holdup at U=1.5 m/s > U,, indi-
cates that L, approached the total column height (L, =2 m).
Solids holdup from then on becomes a strong function of the
net solids flux.

Figures 5 and 6 show predicted phase and average gas ve-
locities and densities with increasing superficial gas velocity
for the ozone decomposition reactor operated by Sun (1991)
whose operating conditions appear in Table 4. The phases
are quite distinct at low velocities where the L (low-density)
phase accommodates most of the gas flow, while the H (dense)
phase, composed of solids and interstitial gas, occupies most

4
== Superficial o
3.5 & L-phase a2
0 H-phase u, a®

Gas velocity [m/s]

Superficial gas velocity, U [m/s]

Figure 5. Predicted gas velocities in low- and high-den-
sity phases and bed average with increasing
superficial gas velocity in the dense bed.

Conditions are listed in Table 4.
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Figure 6. Predicted suspension densities in low- and
high-density phases and bed average with in-
creasing superficial gas velocity in the dense
bed.

Conditions are listed in Table 4.

of the volume. Hence, as seen in Figure 5, u,, trails u;, as
almost all the excess gas flow (U-U,,;)A passes via the low-
density phase. As U increases, however, the two phases
merge, that is, become almost identical, corresponding to the
nearly homogeneous behavior encountered within the turbu-
lent fluidization flow regime. As U increases further, the bed
begins to segregate into a continuous dilute core surrounded
by a dense annular region as fast fluidization gradually takes
over. For the core-annulus model, it is assumed, in the fast
fluidization limit, that gas flows upward in the core only, with
zero net flow of gas in the annulus. Thus, u,, is seen to ap-
proach zero, while p, approaches a low value equivalent to
p, X ¢, with ¢, being the dilute phase solids concentration.

Reactor performance

(a) Influence of Freeboard on Ozone Conversion. Figure 7
shows the dense bed height predicted based on Eq. 19 as a
function of increasing gas velocity, both with the freeboard
included and ignored. With the freeboard ignored, the ex-
panded bed height is computed by assigning all the solids to
the dense region. A smaller expansion is predicted when the
freeboard is included, because some of the particles are dis-
persed there. When U is high enough, the predicted bed
heights in both cases reach the column height L,.

Figure 8 shows predicted axial profiles of ozone conversion
at different gas velocities for the two same cases. For low and
intermediate U, solids dispersed in the freeboard are more
effective in catalyzing the reactions than additional particles
in the bed, where the bubble-to-dense phase mass-transfer
resistance is appreciable. However, when U is high enough
that the bed expands to fill the entire column, there is no
difference in the predictions for the two cases.

The performance of the GFBR model, with and without
the freeboard considered, is tested by comparing model pre-
dictions with experimental data over a wide range of superfi-
cial gas velocities and catalyst activities in Figure 9. Inclusion
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Figure 7. Comparison of computed expanded bed
height when freeboard is included in GBR
model and when it is ignored.

of the freeboard appears to give somewhat better agreement
with the data. For U > 1.2 m/s, predictions from the two cases
merge as explained above. Overall, the freeboard is impor-
tant when its height occupies a significant fraction of the to-
tal column height. For highly exothermic reactions, the dense
region provides good temperature control (because of intense
solids mixing and circulation), while the freeboard can be
subject to large temperature variations. Further reactions in
the freeboard can profoundly change the final species com-
positions, especially for complex reactions where selectivity is
important.

(b) Comparison of Predictions from Regime-Specific and
Probabilistic Models. Figure 10 compares predictions from
the three individual regime-specific models—generalized
two-phase bubbling bed at low U, dispersed flow at interme-
diate U, and generalized core-annulus at high U—with the

5

2

g

g

5]

o

o

§,

S Freeboard excluded
02 = = = Freeboard included

) L s . .
(o] 0.2 0.4 0.6 0.8 1

Dimensionless height, z/L, [-]

Figure 8. Predicted axial ozone conversions with the
freeboard included in the GFBR model and
with it excluded at different superficial gas ve-
locities (k,=8.95 s™").
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Figure 9. Comparison of predicted ozone conversions
with experimental data for different catalyst
activities when the freeboard is included in the
GFBR model and when it is excluded.

experimental ozone decomposition data of Sun (1991). Sharp
transitions at the U, and U,, boundaries cause discontinuities
in the predicted conversions when the three separate
regime-specific models are employed. Such discontinuities are
not observed experimentally. The GFBR model correctly pre-
dicts a smooth transition in the conversion (as well as other
variables) as one spans the flow regimes. It also gives im-
proved agreement with the experimental data as shown in
Figure 10.

Conclusions

A new generic fluid-bed reactor model is presented which
interpolates between three regime-specific models by proba-
bilistic averaging of hydrodynamic and dispersion variables
based on the uncertainty in the flow regime transitions. Pre-
dictions of hydrodynamic variables across the fluidization flow
regimes most commonly encountered in industrial scale fluid-

1.0 U, U,
= 0.8
g
L
|7]
]
Z 0.6 ® Experimentaldata | 7Tt -e. T
S (Sun, 1991)
L)
g —— GFBR model
o) 0.4+

- - - - Regime-specific
models
0.2
T T L T T
0.0 0.5 1.0 1.5 2.0

Superficial gas velocity, U [m/s]

Figure 10. Predicted and experimental conversion
trends.

(a) Individual regime-specific models which switch sharply
at regime boundaries; (b) GFBR model. k,=8.95 s~ .
Other conditions are given in Table 4.
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bed reactors—bubbling, turbulent, and fast fluidization—are
realistic, while conversion predictions are in good agreement
with available experimental data. This approach leads to im-
proved predictions of reactor performance compared with any
of the three separate models for individual flow regimes, while
avoiding discontinuities at the boundaries between the flow
regimes. The contribution of the freeboard is shown to be
important for reactors where bubbling plays a strong role,
especially where the freeboard height represents a significant
fraction of total column height. This approach has been suc-
cessfully validated with two industrial catalytic gas-solid pro-
cesses—oxy-chlorination of ethylene and oxidation of naph-
thalene to phthalic anhydride (Abba, 2001; Abba et al., 2002).

Notation

a; =interphase transfer surface area per unit volume of gas
in low-density phase, m !
A =bed cross-sectional area, m? _
Ar = Archimedes number, p,(p, — pg)gd;/;u2
A, =heat-transfer surface area per unit reactor volume, m~
C, = concentration of species i, mol/m?
C; 1; C; y =concentration of species i in L-phase, H-phase, mol/m?
C,, =specific heat of gas, J/mol K
dj, =volume-equivalent bubble diameter, m
d, =mean particle diameter, m
D =molecular diffusivity of gas, m%/s
D,,;, =mixture diffusivity, m?/s
D, =column/reactor diameter, m
D, , =axial gas dispersion coefficient, m%/s
D, , =radial gas dispersion coefficient, m?/s
E =error or uncertainty in regime boundary estimation, m/s
fpe =parameter used to adjust Peclet number (Table 3)

Fr =Froude number based on U, U/y/gD,

Fr, =Froude number based on v,, v,/4/gD,
g =gravitational acceleration, m/s?
G,, = average solids flux under fast fluidization conditions,
kg/m-s
G, =net solids circulation flux, kg/m’s
h =overall bed-to-surface heat-transfer coefficient, W/m?-
K
H =hypothesis (such as bubbling, turbulent, fast fluidization
regime)
A H, =heat of reaction k, kJ/kmol
k, =effective axial thermal conductivity of solids, W/m-K
k; y =gas interchange coefficient between L and H phases,
m/s
k, =first-order reaction rate constant, s~
K =interphase volumetric mass-transfer coefficient, s~
L =column height at any level, m
L, =dense bed height, m
L, =freeboard height, m
L, =total column height, m
M, =solids inventory, kg
N, =number of gaseous components
I\}i =number of reactions
P =pressure, kPa
P, =probability of being in regime j
P, =inlet pressure, kPa
p(.) =probability density function (pdf), s/m
p(.l) =conditional probability density function
Pe, =Peclet number, UL /D, ,
Pe,; =Peclet number based on L, UL,/D,,
Pe,, =Peclet number based on L,, UL,/D,,
q; =fraction of total flow passing through phase i
O =gas-flow rate, m%/s
r =radial coordinate, m
re =core radius, m
r, =rate expression for reaction k, kmol/kg s
R =column radius, m

1

1
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Re. =Reynolds number based on U, _ngCEp/;,L
Re, =particle Reynolds number, p,Ud /i _
Re,, =Reynolds number based on U,,, p,U,.d,/p
T =reactor temperature, K
T.,, =coolant temperature, K
T, =inlet temperature, K
u,, =bubble rise velocity, m/s
u; =absolute gas velocity in phase j, m/s
U =superficial velocity of gas at any level, m/s
U* =dim1e/§15i0nless superficial gas velocity, U[ pgz/p,g( pp—
p)]
U. =trgansiti0n velocity from bubbling to turbulent fluidiza-
tion, m/s
U, =transition velocity to regime i, m/s
Up sy =onset of dense suspension upflow, m/s
U,, =transition gas superficial velocity to fast fluidization
regime, corresponding to significant solids entrainment,
m/s
v¥ =normalized transition velocity from bubbling to turbu-
lent fluidization (Eq. 28)
v¥ =normalized transition velocity to fast fluidization regime,
corresponding to significant solids entrainment (Eq. 29)
v, = terminal settling velocity of particles, m/s
x =any hydrodynamic variable (such as k,, ¢, D,, )
y =set of performance variables (such as conversion, selec-
tivities)
z = axial coordinate, positive upwards, measured from grid,
m
z; = axial coordinate in freeboard (Figure 1), m

Greek letters

B =fitting parameter in logistic regression function

€ =voidage

€ = cross-sectional average voidage

0 =set of operating conditions and physical properties (such
as T,, P,, p,)

v = stoichiometric coefficient

= absolute viscosity of gas, kg/m s

p =density, kg/m?

o =standard deviation of uncertainty in regime boundary
correlation, m/s

¢ =solids volume fraction

¢* =saturation carrying capacity
{y =phase volume fraction
W5, =slip factor =1+5.6/Fr> +0.47Fr) !

Subscripts

a =annular (outer) region
b =bubble phase or bubble
bubb =bubbling flow regime
¢ =critical
C =core region
CA =type A (accumulative) choking
d =dense phase
f =freeboard
fast =fast fluidization flow regime
g =gas
H =high density phase
L =low density phase
mb =minimum bubbling
mf =minimum fluidization
o =initial/inlet

p =particle

r =radial

s =surface

se =significant entrainment
t =total

turb =turbulent flow regime
z = axial
Superscript

% = dimensionless variable
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