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Introduction

Various two-phase models have been proposed hitherto, and this model is
considered as the most typical mathematical model for fluidized-bed reactor.
However, two-phase model is not only a macroscopic one but also involves some
parameters which cannot be determined easily from the operating conditions, and
so this model is not necessarily an excellent one®.

In this report, “‘particle-bubble model” basing on the motion of particles and
bubbles in gaseous-fluidized bed has been proposed, and from this model a fractional
coversion could be determined reasonably by use of the operating conditions.

Experimental results on the fractional conversions of the catalytic reaction
in fluidized-bed reactors which has been reported by other investigators®?® were
agreed satisfactorily with calculated results based on our model.

1. Bubble-Density Distribution Function

It is well known that bubbles grow in size as they rise in gaseous fluidized
bed, and frequency of bubble decreases with increase in the distance from the
bottom of bed.

To show bubble-frequency distribution in a bed, the bubble-density distribution
function g(y) is defined as Eq. (1).

famay=1 (1)

where y=2z/Ls: non-dimensional distance from the bottom of bed.

Letting the total bubble-frequency in a bed is @, then the bubble frequency
in a differential height of bed dy can be written as Qq(y)dy, and the number of
bubbles passing through the total cross-sectional area at y per unit time can be
written as follows:

P= %q(y)ug(y) (2)

2. Physical Model of Fluidized Bed

We consider that a fluibized-bed consists of bubbles, aggregated particles
around bubbles and uniformly dispersed particles far from bubbles (D. group),
and that there is no particle in bubbles.
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Particle Flow Gas Flow

FIG. 1. Flow pattern of particle and gas.

One of the aggregated groups of particles (C. group) lies on the cap of a
bubble and rises with it and the other one (W. group) lies under the bottom of
the bubble and rises with it.

The flow patterns of gas and particles are illustrated in Fig. 1, where F is
the volume rate of flow of gas and » is that of particles.

3. Derivation of Fundamental Equations

First-order irreversible reaction taking place under isothermal condition has
been considered here.

Material balances around the differential height of a bed for each particle
group and bubbles can be written as follows:

i) Balance on gas volume

(C. groups) %%(QMBVJ +q(FCD+FcW—FBC) =0 (3)
(W. groups) % ‘é% (queVw) + q(Fwy— Few — Fow) =0 (4)
(Bubbles) —2-:}7% (qusVs) +q(Fec — Fwp) =0 (5)
(D. group) 7‘% Fop + Qq(Fow ~ Fep) =0 (6)

ii) Balance on particle volume

(C. groups) Ll Z;C)‘% (QMRVC) + q(vew + vep — vpe) =0 (7
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(W. groups) %}fﬁ d‘j, (qusVw) + q(vwp —vew) =0 (8)

(D. group) 'Ecj)" vov+ qQ(vnc — Vep = Viwp) =0 (9)
iii) Material balance on reactant

(C. groups) %'a(j; (qusVeCe) + q{(Fop + Fow) Co — FpcCr)

+E(1—e)ppaVeCo=0 (10)
Ew d

(W. groups) 1;'3}7 (QMBVWCW) -+ Q(FWBCW — FewCe — FDWCD)

T R(1— EW)QPQVWCW =0 (11)
(Bubbles) *Zl;* “Cg; (qua VBCB) -+ Q(FBCCB - FWBCW) =0 (12}
(D. group) 75 (FonCa) + Qq(FowCo = FesCy)

+B(1—ep)pp{ AsLy — g@(Vi+ Ve + Vi) }Co=0 (13)
iv) Initial condition
Cp=Cc=Cp=Cp=1 at y=0. (14)

The longitudinal distribution of the concentration of reactant can be obtained
from Eq. (3)-(14).
And then fractional conversion can be given as follows:

p=1- { FF‘ZD Cp+ %i]zli; (VeCr+ e VelCs + SWVWCW)} (15)

Ty=1

4. Simplification of Preceding Model

Taking into account of a practical usefulness, three assumptions (i)-(iii) have
been applied to the preceding model, namely:

i) The volume rate of flow of gas Fsr through rising bubbles would not be
varied with axial distance in the bed?, namely:

Fpp= %}i]— 2z Ve = const (16)

ii) The volume ratio of C. group to a bubble §c and that of W. group to a
bubble § would be constant longitudinally®, namely:

oc = Ve¢/Vz = const., 0w = Vw/Vg= const. (17

iii) The ratio of gas flow rate from C. group to D. group to that from a
bubble to C. group would be constant in axial distance, namely:

4= F¢p/Fge = const. (18)
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Using these assumptions, the balance on the total volume rate of flow of gas
at y can be given as Eq. (19), and Eq. (20) can be derived from Eq. (3)-(7).

Fop=Fy — Fpp(1 + ecdc + ewdw) (19)
FWB: F;W = F;D = IF_:V; :FBG (20)

So Eq. (10)-(18) can be simplified as Eq. (21)-(24) by use of Eq. (16), (17),
(18) and (20).

%Qy& = — Frer(Cs— Cw) (21)
é(%;v_ - - gf{;{cw+cg— (1-DCe} - —Q%MQCW 23)
”‘ZCTD = = A e (Co - Co)

_ Le(1=ep)pp

o0 { A= Fun 450+ 80) = [Co (20)

Where Frcr is the ratio of the total volume rate of gas exchange between
bubbles and its surrounding particles to the gas flow rate Fus, and defined as
Eq. (25)

QaFuc _ LiFu

Fper = T Fen T Vaetin (25)

If Vr, ur and Fpc are known as a function of y, Eq. (21)-(24) can be easily
solved with initial condition Eq. (14).
Bubble diameter D» can be represented as the function of y, namely® "% :

D= ay + b (26)

Eq. (27)-(29) have been derived basing on the profile of bubbles and agg-
regated groups of particles illustrated as Fig. 2.

FIG. 2. Shape of bubble and groups
of particle.
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Vs= 15 (1415 sin @ = 0.5 sin’ )+ Dk (27)
ow=1-2/(1+1.5 sin a —0.5 sin’ a) (28)
o= e asint ) ? (29)
Where the value of « is about 15-35°%°%.
Rising velocity of bubble #» can be given as Eq. (30)%® 919,
us=uy gDz 2 const. (30)

In order to represent the gas-exchange rate Fic between bubbles and its
surrounding particles as the function of y, Eq. (31)-(33) have been assumed as
follows:

i) Reaction between the flow rates of gas and particles from C. group to W.
group would be given as Eq. (31).

&c
Fow = i :Ec Uow (3D

ii) The ratio of volume rate of flow of particles from C. group to W. group
to that from C. group to D. group would be constant, namely:

o= Vew/Vcp = const. (32)

iii) Volume rate of flow of particles from D. group to C. group would be
given as follows:

Ve () = Apc (»)up(l - ep) (83)

where Apc can be estimated as Eq. (34)"

2
A» () = 029D} log( fgd;f -%ﬁ—) +1.24) (34)

Using Eq. (31)-(33), the balance of total volume rate of flow of particles at
y can be written as Eq. (35). and then Eq. (36) can be derived from Eq. (7)-19).

vpp = Fpddc(1—ec) + 8w (l—ew)?} (35)

Vpc (36)

Vew =

o
140
Finally Fsc has been represented by use of Eq. (20), (31), (83) and (36), as
follows:

_1=e , o , e
FBC = M1~K 1+a —»‘lﬂec uBAD(,‘ (37)

Thus we can get the solution of Eq. (21)-(24).

Now, using the relations of Eq. (1), (16) and (26), the bubble-density distribution

function g(y) can be given as follows:
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a(») =1 D5 =r(ay+b)"™" (38)
- _5_ 5/2_..__._;,M 9
where =5 ab {1~( b )5/2\ (39)
a+b/ |
5. Comparison with Experimental Results

Using the experimental data and a parameter 1 determined from the data of
the conversions observed, it is possible to evaluated the fractional conversion of

TABLE 1. Calculated results

Data %0/ thent j Feor i X | Dexp I Aexp ! Facr
Shen® (1) 258 | 035 | 034 | 026 | 073 | 0.0
(2)] 4.28 0.19 0.20 0.17 0.82 0.90
(3)] 4.99 0.15 0.18 0.14 0.81 0.80
i
Massimilla®) (1)] 240 | 039 | 046 | 030 | 0.74 J —
(2) 320 | 027 | 035 | 026 | 08 @ 072
(3){ 4.80 l 0.16 0.24 0.18 0.86 % 0.55
3.4 I T
0.3 b ]
0.2 — —
=
0.1 ]
A Particle-Bubble model » A =0.8
O Homcgenious phase model of pisfon-flow type
@ Homogenious phese model of complete-mixing
© P-P-iype parallel-flow model type
[J P-M-type perellel-flow model
X Observed conversion
I ]
[¢] 2 4 [

Wl =3

FI1G. 3. Comparison of conversions calculated and those observed,



Research Reports 199

MASSIMILLA

-2

0.1

.
| & Particle-Bubble model |

| A= 0,8

O Homogencous phase model of piston flow type
b ?
@ Homogeneous phase model of complete-mixin
P g
© P-P-type parallel-flow model type
J PeM-type parallel-flow model

} X Obserbed conversion

L !
0 2 4 6
u°/u7..; (-]

Fi1G. 4. Comparison of conversions calculated and those observed.

fluidized-bed reactor.

The data used in the calculation and the results obtained are given in Table 1.
Where 7. is the conversion observed, X= kWs/Fy, For=1—Fyp/F:®, and the
value of lexp. calculated from 7..,. are given as about 0.8.

Frr is the ratio of the total volume rate of exchange of gas between bubbles and
those surrounding particles in the bed to the total gas rate of flow F, namely:

o1t _ Fu (?
For = B SOQQFBCCI)’ =R SOFBCTdy (40)

These calculated results are compared with other models® in Fig. 3 and 4.
Taking 4=0.8 for our model, the calculated results of fractional conversions are
good agreed with the observed data.

Fig. 5 shows the relation between parameter i and conversion 7: Nexp. and
Aexo. given by Shen® (uo/ums=258) are 0.26 and 0.73, respectively.

And the effect of 1 on % increases with increase in 2, but this effect is slight
in the range of small 2.

Both the relations between bubble-density function ¢ and y, and between Dy
and y are shown in Fig. 6.
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FI1G. 6. g vs. y and Dg vs. ¥

From Fig. 6 it can be found that ¢ is large at bottom and decreases
extremely as distance from the bottom increases, and gas-exchange ratio Facr is

large at bottom and small at top.
Also the concentration distribution of reactant in each particle group in
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Fi1G. 7. Concentration distributions and Fgcr vs. y.

the reactor is illustrated in Fig. 7, and where C. and C, are mean concentration
at y given as Eq. (41) and (42), respectively.

(FBB/uB) (CB -+ 805004: -+ 51V6WCW) + €D( At - (FBB/Z‘B) (1 —+ 56 + 511/) }CD (41)
Arep+ (Frze/ts){{1—ep)-+(ec —ep)0c+ (e —2p) Oy )

CA =
Cr= ‘IIT}A {FopCp+ Fpp(Cr + ec0cCo + ewdwCrw) } (42)

Now, Eq. (15) can be written as follows:

7=1= Cry=y (43)

Conelusion

“Particle-bubble model” basing on the behaviors of particles and bubbles has
been proposed here as a mathematical model for fluidized-bed catalytic reactor.

It is guessed that this model is actually available for predicting the fractional
conversion from the data of the operatig conditions.
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a, b
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Notation

: total cross-sectional area of reactor [cm?*]

: constant defined by Eq. (26) [cm]

: fractional concentration of reactant [ —]

: bubble diameter [cm]

: particle diameter [cm]

: volume rate of flow of gas [cm?¥/sec]
: dimensionless factor defined by Eq. (40) [—]

~Q€1FBG/FPP [-1

: volume rate of flow of total gas in ﬂu1dlzed-bed reactor [cm?/sec]

: gravitational acceleration [cm/sec?]

: 1st-order reaction rate constant [cm?®/g(cat)-sec]

: fluidized-bed height [cm]

: number of bubbles passing through the total cross-sectional area at y per
unit time [1/sec]

: total bubble frequency in fluidized bed [ ]

: bubble-density distribution function [—]

: rising velocity of bubble [cm/sec]

: superficial minimum fluidization velocity [cm/sec]

: superficial gas velocity of fluidized bed [cm/sec]

: volume [cm?®]

: volume rate of flow of particles [cm?®/sec]

: total mass of catalyst in fluidized-bed reactor [g]

=krW;s/F; [ -]

=z/Lf [ -]

: longitudinal distance from bottom of bed [cm]

: wake angle [deg]

: ratio of volume [ --]

: fractional void in group of particles [ -]

: fractional conversion [~

=Fen/Fee [~]

: viscocity of gas [g/cmesec]

: dencity of particle [g/cm?]

=7)Cw/vcn [—]

: angle of C. group of particles [deg]

Suffix

: bubble
: C. group (Cap)
: D. group (Dispersed)

: W. group (Wake)
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