GENERALIZATION OF THE TWO-PHASE
MODEL IN FLUIDIZED-BED
CATALYTIC REACTOR

Tadashi MAMURO

Department of Chemical Engineering, Faculty of Textile Science &
Technology, Shinshu University

1. Introduction

It is commonly understood that the fluidizing state of gas fluidized-bed
may be classified into two types for gas flow pattern under a fluidizing condi-
tion, namely “particulate” and “aggregative” type.

In order to explain the performance of the fluidized-bed catalytic reactor
by calculating of the conversion, various model have been proposed, and
now, two-phase model is the most typical for aggregative type of fluidization.

While, in spite of proposing a number of types of the two-phase model,
none of them are considered as the best model for good agreement of
fluidized-bed behaviour,
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regions to the axis of bed as illustrated in IMig. 1.

Following analysis will he taken for the most general case of the system,
that is, small amount of solid particles are present in bubble phase (dilute
phase, D-phase) and large amount in emulsion phase (E-phase), so, the
author designates this system as dilute-emulsion (D-E) type, while the system
that none of solid particles are present in bubble phase, as bubble-emulsion
(B-E) type.

The following restrictions are used for the analysis.

(i). In the bubble phase, a small amount of solid particles (y fraction by
weight or volume) are present, and the gas flow pattern in this phase is
piston flow.

(ii). In the dense phase, a large amount of solid particles (1-y fraction)
are present and the gas flow pattern in this phase follows the dispersion model
in which dispersion coefficient can be adapted as the function of fluidizing
characteristic parameters.

(iti). Considerable gas interchange occurs between the each phases, and
the interchange rate per unit time per unit interfacial area of the two regions
are independent of the axial distance,

(iv). First order or pseudo first order irreversible catalytic reaction proceeds
according to the following rate equation:

d
-——d-g—: EW.C (1)

Taking the differential mass balances of reactant for each phase, follow
ing simultaneous differential equations can be written.

D-phase :
da(l:/‘zd +CZFAT (Cd"'C)'}‘ LeTs W: Cd (2)
E-phase :
_AE, d°C, _c{C a,F, AT (1»~r)kWs - .
o + ot p o2 (C,—Cy) —_FFCe”’O (3)

following boundary conditions are determined for taking of differential
mass balances of reactant at the top and bottom of each phase.

JCd=Co (4)
2=-0
dC, F, 0

| =5, ©=CY (5)

Solution of these fundamental simultaneous equations (2) and (3) under the
boundary conditions (4), (5) and (6) is obtained using the Laplace transfor-
mation for concentrations of reactant C, and C, as a function of axial dig-
tance, z.

Putting z=Lys on the solutions of C, and C,, effluent gas concentrations of
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each phase C,, and C, are derived as follow.

QeAI:iA,eaj ) (7)

Co ="

Car 3 b4; . a

C{";Z—'I?zi&](e i—e~) e (8)
where

A= (m/2) [{eaws+ (@ F) ()} apecz— Loy +{a+ ) (m—os)} dse”B]
Ag= (m/2) [{asgrg+(a+f) m—ay) } agero— {ayoy-- (@+F) (o)} ey
Ag= (m/2) [{agees+ (@a+ ) m—aoy) Jeyeot — {oartg+ (@ F) (11— ey)} pes]

A == (og—atg) (@) ay® g%t (g —aty) (B -+ ta) @sleme - (ap—aty) (@ og) agPee

ay, & and ag are real roots of the following complemental algebraical
equation,

Y+ (a—m)y*—m(a+g) y—m(ag—bf) =0 (9)

a, b, f, g, and m are following dimensionless groups to be determined by
operating conditions of fluidization, respectively.

a= (Fcr"*—TX) /Fdr
b = Fcr/Fdr

f=F,/F,
g={F, +1-nX}/F,
m = u,Ly/E, = 2U,
X =krW,/F, |
F.. = aF ArLi/F,
Fgo=F4/F,
F.=F,/F,
Where X is a reactivity parameter, while F,, and F,, are fractional flow
rates of reactant gas in dilute and emulsion phase, respectively, The efuent
gas concentration of reactant on a catalytic fluidized-bed can be obtained by

equation (10) as assumed that the effluent gas of two phases are  completely
mixed, so

C1 I ' ( 1' 0)
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Then conversion 7 can be expressed by the following equation.

b S/ 1 1\,
1=1= | 2 lake; + 1) A

3. Derivation of various types of the flow model

In order to determine various types of two phase model and to understand
of their characteristics, E, may be set limit to infinite or zero in the gener-
alized two phase model (namely piston-incomplete mixed type, P-I type), and
then extreme types of two-phase model are obtained as follow.

(1) E,—c (P-M type) :

In this case, the flow pattern is piston type in the dilute phase, and it
is complete mixed type in the emulsion phase, i. e., P-M type. E,~c> means
to set simultaniously limit to a,—0, @y—0, azg—~—a and m—0, so, to set the
limits on equation (11), following is ohtained as solution.

g Y [ b {fl—e)tay
7= [e ty a2(1+g)+bf(1—a-e-“>] (12)

2) E.~0 (P-P type):

This case is both piston flows in dilute and in emulsion phase respectively,
i. e., P-P type. By similar treatment as above, setting By, Py, gt
o and m—--c0, final form of 5 is obtained as follow.

1y [<a+f+ﬁ1)2 o @SB )

A T (75 R W Sl P PRy

where §; and f; are real roots of the following algeblaical equation
Y+(@+gy+(ag—bf)=0 (14)

Each of equation (12) and (13) can also be derived hy the basic equations
which are established from eéach specialized model independently of the
generalized two-phase model to put the differential mass balances as follow.

(1) P-M type :
D-phase : the same to equation (2)

E-phase :

F,(Cu— Co) + aF Ar {/(Ca = Chdz + A=p)EW,Ca=0  (15)
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boundary conditions :
z2=0 Cy=Cy
z=Lf C,=C,py (16)
2=0~Ly C,=C, (constant for axial distance)

Solving the simultaneous differential equations (2) and (15) under the
boundary conditions of equation (16), final form of » becomes completely acco~
rdant with equation (12).

(2. P-P type:
D-phase: the same to equation ().
E-phase :
dC, . a:F.Ar () EW,
dZ : Fc (Ce Cd) "l F,,Lf Ce"o (17)
‘boundary conditions :
z2=0 Cy=C,=Cy
2=Ly Cy=Cy, Ce=cel ‘ (18)

Solving above equations, final form of » is completely conformed to
equation (13).

(8. ‘The equation derived from putting y=0 on equation (11) means the
situation that none of solid particles is present in bubble phase, namely B-E
type. Furthermore, setting limit to infinite of parameter X on eguation (11)
we get

lim n= 1- Fa'r exp {_ Fcr/Fdr} (19)
70
X-roo

While to set limit to infinite only X remaining 7y >0 on equation (11), »
approaches to unity, that is

limnp=1
>0 (20)
Koo

On above calculations, it is considered that as X takes larger values, the
conversion makes up to 100 % for D-E type, while the conversion makes up
to certain value smaller than 100 % which is obtained by equation (19) for B-E
type. Thus, when we takes up either B-E type or D-E type as more suitable
model of fluidized-bed catalytic reactor, such a experimental system of
reaction as large reation rate constant as possible, should be chosen to get
large value of X. On the result of the experiment, it is guessed that if we
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get the value of 7 smaller than unity, B-E type are more suitable model ‘fmf
the system than D-E type, and numerical value of F., also will be evaluated
by using equation (19).

4. Derivation of the homogeneous model

Setting limit to y—0 and F,—0 and putting #,==# on the generalized two
phase model, i. e., equation (11) becomes
T T A PR exp {—U (1~ Py — (1= P} exp { ~ U (14 PJ}

U=ulys/2E,

Equation (21) conforms to the homogeneous dispersion model derived by
Dankwerts) and Yagi & Miyauchi®. Moreover, putting y = 0.5 and F, = I,
on the P-P type, i. e., equation (13), equation (22) which conforms to the case
of piston flow in the homogeneous dispersion model can he derived as follow.

p=1-—¢gX (22)

In addition, putting y=0 and F;=0 in the P-M model, equation (23) is
obtained.

p=1-1/(1+ X) (23)
This equation conforms to the extreme case of complete mixed type in
the homogeneous dispersion model.
' 5. Calculating procedure of 7

In this section, following additional assumption is adopted, that the
fractional void in the dense phase is maintained the void in the minimum
fluidizing state regardless of any fluidizing condition. So, all excess volume
of gas more than needful quantity to bring about the minimum fluidizing
state flows into dilute phase. Then, net cross sectional area A, which is
concerned with dispersion of fluidizing gas in emulsion phase, can be
expressed by equation (24).

Ay = euy (1—7)(Luy/Ls) Ar (24)

The fractions of gas flow rate in dilute and in emulsion phase are given
by using equation (25).

Fao=Fg/F, =1 — (1= 1) (tns Ly Sty Ly) ' } -
Foom= FofF, = (1 —7)(us Ly JoLy)

In addition, put #, = #.;, mixing characteristic parameter m is expressed
by following.
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m = umef/sme: R (26)

So, conversion  can be calculated by substituting any suitable values
for the parameters Ly, k, Ar, W, F, aF. (or F,), r and E,. In these,
parameters W,, k, Ar and F, are operational variables, while L, F.,, 7 and
E, are determined experimentally as functions of an operating condition.

6. Influence of gas interchange rate F,. on the conversion ]

Numerical value of gas interchange rate F,, is not yet determined clearly
in a functional relation to operating conditions. However, following treatments
are taken in equation (11) to make evident the influence of F,,. on the .

() F,—0 in equation (11):

This case is no gas interchange occuring., Limiting value of 7 becomes

[l 5

4P
(L+ PR exp (—U, (=P — (1~ PV exp {— U, (1+P’>}}

+F,. (27

where
1 -nX
pr= g1y 2t LU
U, = u,Ls/2E,
and #, has to be difined as #, = tus/eny.

The first and second terms in the bracket of the above equation, mean
the conversion in D-phase and E-phase, respectively. Then, this equation
gives the conversion for the case of the parallel connection of the two
independent reactors, one of them is a piston flow reactor contained W,
grams of catalyst with F,,. fraction of gas flow rate, and the other is a in
complete mixed reactor contained (1—y)W, grams of catalyst with F.,
fraction of gas flow rate. -

(2) F. o in eguation (11):

This case is of infinite gas interchange rate. To set limit for equation
(11), final result of calculation becomes such equation that U,/F,. is taken
instead of U in equation (21). Therefore, when F,, are very large value, two-
phase model will be regarded as a homogeneous model, so, in this situation,
E! corresponded with U’ by the equation U = wu Lg/2E, can be looked upon
as apparent dispersion coefficient assumed as a homogeneous dispersion field,
because U,/F,. can be regarded as a apparent mixing parameter U'. For such
consideration, the following expression is given

gz Yo tlidr | ulr ULy (28)
F,. 2Ez‘4a 2Eg(Ae/ 8AT) 2F;
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where ¢ is the average fractional void in a bed. Combining the equations
(28) and (24), following relation is get,

1 g /L)1 "
Ez - 1—7’ {1"1 Emy }Ez (M)

Therefore, if F., could be made large enough, the dispersion coefficient
of two-phase model E, will be calculated by the apparent dispersion coefficient
E! which is obtained by the experimental procedure similar to get a dispersion
coefficient of the homogeneous fluidized-bed. ¥

7. Caleulation of » and discussions

Numerical values of 7 calculated with various sets of parameter are
shown in Fig. 2, 8 and 4. The value of a fluidizing parameter %y L,/ w Ly
is 0. 25 in each curve,

The extreme types of two-phase model, P-P and P-M with respect to
each of D-E and B-E types, and homogeneous type are together shown in
Fig. 2. Increasing of F.. on the both of the B-E and D-E types, P-P type
approaches to the piston flow model in the homogeneous dispersion type,
while P-M type does to the complete mixed model in the homogeneous
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Fig. 2 » vs. X for two-phase and homogeneous-phase model
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dispersion type.

On the B-E type, as increasing of X, the curves close to the limiting value
marked in the figure. As the tendency is remarkable in the range of small
value of F,,, » approaches to a fixed value independent of X. Fig. 3-a shows
an example of the mixing effect in the emulsion phase at y = 0.1 and F,.=1,
Effect of F,, is shown in Fig. 3-b at X=1. Within the value of F,, is small,
y is affected sensitively with F,, and y, while in the large value of F,, (more
than about 2.5 at the P-M type), » approaches the limit value which is
independent of F,. and X. The values are indicated by the small arrows in
Fig. 3-h.

To make evident of the mixing effect in emulsion phase, the difference
of » s both in the P-P and in P-M type is appointed to a measure of degree
of mixing. Therefore, the effect of £, on » can be estimated by the ratio of
such difference to » of P-P type as shown in Fig. 4. The effect of E, is
remarkable on a certain range of X, in other words, when reaction rate
constant is very large or small, it is concluded so far as the two phase model
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is adopted, that the suitable model of the fuidized-bed catalytic reator can
be looked upon as P-P or P-M type, and the conversions of the both types
approaches to the similar values to each other.

8. Conclusion

In order to explain conversion of a aggregative fluidized-bed catalytic
reactor, generalized two phase model has been proposed by means of mathe-
matical treatment. Then, various types of the model which were proposed
previously by many investigators are all ‘derived from the generalized two
phase model, that is, B-E, D-E, P-P, P-M and homogeneous type.

For estimation of the effects of various parameters on the conversion,
numerical calculation of conversion has been done and effects of important
parameters F.., 7 and X have been discussed by some illustrations. The
characteristics of the two phase model has been clearly understood in this
work. ‘
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Nomenclature

A, : effective cross sectional area for gas flow in emulsion phase [cm?]
AT : cross sectional area of fluidized-bed reactor fem?®]
a; s effective interfacial area between dilute and emulsion phases per unit

volume of bed [em?/em?)
B-E : (Bubble-Emulsion)
Cs, C, : concentration of gaseous reactant in dilute and emulsion phases,

respectively [mol/cm?®]
Ca1, C, - concentration of gaseous reactant at the top of dilute and emulsion

phases, respectively [mol/cm?]
Cy C, : concentration of gaseous reactant at the inlet and outled of fluidized-

bed reactor, respectively [mol/ecm?7]
oR : ‘concentration of gaseous reactant at the bottom of emulsion phase [mol/cm?]
D-E : (Dilute-Emulsion)
E, : longitudinal dispersion coefficient of gas [em®/sec]
EL : apparent longitudinal dispersion coefficient of gas regarded aggregative

fluidized-bed as a particulate fluidized-bed [em?/sec]
F, : gas interchange rate per unit interfacial area [Cem3/emPesec]
Fy;, F, : volumetric gas flow rate through dilute and emulsion phases, respecti-

vely [cm?/sec]
F,, Fi., F.,. :ratio of ;F,ArLyf, F4 and F, to F,, respectively [~]
Fy . : volumetric flow rate of total gas in fluidized-bed reator [cm?/sec]
k : first order reaction rate constant [em®/g-(cat) » sec]
Ry : first order reaction rate constant = AW,/ Vy [1/sec]
Luy : bed height in minimum fluidization state fem]
Ly : fluidized-bed height [em]

n : moles of reactant [mol]
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P-1 : (Piston-Incomplete mixing)
P-M : (Piston-Complete mixing)
P

P- : (Piston-Piston)
U = uLf/2E,
U, = u,Lr/2E,
u = Up/F,.
% ¢ average gas velocity in particulate fluidized-bed
, . average gas velocity in emulsion phase
2%y : superficial gas velocity
Uy : minimum fluidization velocity [[em/sec)
Ve : total volume of gas in fluidized-bed reactor [[em?y
W : total mass of catalyst in fluidized-bed reator Fell
X = kW,/F, (reactivity parameter) |
z : axial distance of bed
Y : catalyst fraction in dilute phase
€ : average fractional void in particulate fluidized-hbed
Eony : average fractional void in minimum fluidization state
9 : conversion
Q9 : time
Literature cited
1) Dankwerts, P. V. : Chem. Eng. Sci. 2, 1 (1953)
2) Muchi, 1. : Kagaku-kikai-gijutsu. No. 16 (1964) Kagalu-Dojin,
3) Yagi, 8. and T. Miyauchi: Kagaku-kogaku (Chem. Eng., Japam) 19, 507 {19585)
4) Muchi, I, T. Mamuro and K. Sasaki : Kagaku-kogaku (Chem. Eng., , Japan) 25, T47 (1961)



