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Following the initial finding of Morbidelli et al. (1982) that 
the optimal catalyst activity distribution (OCAD) in a pellet 
is given by a Dirac delta function for single reacting systems, 
such activity distributions have received great attention. The 
work in this area has been reviewed by Doughmy and Verykios 
(1987) and recently by Gavriilidis et al. (1993). Now, it can be 
generally concluded that for any catalyst performance index, 
for example, effectiveness, selectivity, or yield, and for the 
most general case of an arbitrary number of reactions, fol- 
lowing arbitrary kinetics occurring in a nonisothermal pellet 
with finite external heat-and-mass-transfer resistance, the 
OCAD is a Dirac delta function. 

The application of the OCAD theory to maximize the outlet 
conversion of a fixed-bed catalytic reactor has been described 
by Morbidelli et al. (1986a) for single isothermal reacting sys- 
tems. It was shown that the rigorous optimal solution for the 
maximum outlet conversion is obtained by maximizing the 
local conversion along the reactor axis. In other words, the 
optimization problem of the reactor is determined strictly by 
the local optimization of each pellet. 

In the present work, the application of the OCAD theory 
to maximize the outlet yield or selectivity of a fixed-bed cat- 
alytic reactor is discussed for isothermal parallel reacting sys- 
tems. It is interesting to find that, unlike the case for the 
maximum outlet conversion, the local optimization of each 
pellet does not necessarily give rise to the maximum outlet yield 
or selectivity. Instead, if the'OCAD in pellets is considered 
globally as a parameter to be optimized with respect to the 
reactor outlet performance, a higher outlet yield or selectivity 
can be obtained in some specific situations. 

Basic Equations 
Consider the following isothermal parallel reacting system: 

(1) - C  

Each of the reactions follows a genera1 Langmuir-Hinshelwood 
kinetic law: 

With the assumptions of ideal plug flow in the fluid phase 
and negligible interpellet mass-transfer resistance, and with the 
particular Dirac delta form of the catalyst activity distribution 
in pellets (Morbidelli et al., 1982): 

6 ( S - S )  
a ( s )  =- ( n  + 1)s" (3) 

the following equations can be obtained from the steady-state 
mass balances both for the reactor and for the pellet: 

- Da.RA = - Da. [F, (Zl)  + R'F2(ii2)] (4) 
dv I -= 
dz 

( 5 )  _- - Da a RB = Da.  Fl ( iil ) dv2 
dz 

with initial conditions: 

V I = ~ ;  y = O ,  at z=O 

where 

and El = uI (S), which together with S and tll satisfies the fol- 
lowing algebraic equation (Morbidelli et al., 1986b): 
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or 

or 

u, -ii, -- -1-5 for n=O, 
42Ra 

U l - i i ,  1-3 -- for n = 2  
42RA 3S 

For the given parallel reacting system ( I ) ,  the yield (Y,) and 
the selectivity (S,) of the catalyst pellet with respect to the 
product B can be expressed respectively as (Wu et al., 1990): 

which, when the Dirac delta type of catalyst activity distri- 
bution (Eq. 3) is considered, are reduced to 

FI('iil1 Yc=- 
l + R i  

Fi (El) S, = 
F,(ii,) +RiF2(iZ,) 

The outlet yield (Y) and the outlet selectivity (S) of the reactor 
can be simply defined as: 

Y=u,o (14) 

uz" S=- 
1 - up 

When the optimization of the reactor is solved by considering 
the local optimization of each pellet, the problem is reduced 
to find the optimal active location in pellets at each z E [0, 11, 
which maximizes Y, (or S,). The general procedure is first to 
find the optimal value of ii, E (0, 11 from Eq. 12 and Eq. 13, 
which gives the maximum value of Y, (or S,), and then to find 
the optimal active location ( 5 )  through Eq. 9. Note that when 
u, 2 LJ,, we have to let El = t r ,  and S= 1 ,  that is, the external 
surface is the optimal active location. This optimization ap- 
proach is referred to as the local OCAD approach. 

Another approach to be examined in this work is that instead 
of finding locally the optimal value of PI for the maximum Y, 
(or S,), we find globally the optimal value of El E (0, 11 which 
maximizes the outlet yield ( Y )  or the outlet selectivity (S). Ti, 
must be found numerically through the one-parameter esti- 
mation process. For any given value of Ti , ,  the procedure is 
actually the same as that in the local OCAD approach. Such 
an approach is referred to as the global OCAD approach. 

- 
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In the next section, the two approaches are compared for 
some specific parallel reacting systems. 

Results and Discussion 
Maximum outlet yield 

Eqs. 1 and 2. Equations 7 and 8 become: 
Let us consider the case: m, =m2= 1 ,  aI = 2  and a2= 1 in 

- 
UI F , ( i i , ) = ( l + ~ ) ~ *  

(1 +a*ii ,)2 

Now both the local and global OCAD approaches are applied 
to this parallel reacting system for the maximum outlet yield. 
The typical solution is shown respectively in Figure 1 (the local 
OCAD approach) and Figure 2 (the global OCAD approach), 
where a= 20. 

It is readily found from Eq. 12 that the maximum yield (Y,) 
of the catalyst pellet is attained at Ti, = l/o. Then, the active 
catalyst should be located at the position in the pellet where 
ii, = l/a. It follows in Figure 1 that in the first portion of the 
reactor, z € [0,2) where u1 > l /a= 0.05, we have that El = 0.05 
and S < 1 .  At z=Z, ii,=u,=o.o5 and S = l ,  and then in the 
second portion, z E (2 ,  11, since u, < 0.05, 'iil = U, and S = 1. The 
outlet yield (Y)  through the local OCAD approach is 0.914. 

The solution with the global OCAD approach shown in 
Figure 2 indicates that for the maximum outlet yield the optimal 
value of ii, is 0.02362 rather than 0.05. The obtained outlet 
yield is 0.934, higher than that with the local OCAD approach. 
By comparing Figure 2 with Figure 1,  it is seen that since the 
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Figure 1. Optimal solution for the maximum outlet yield 
from local OCAD approach. 
Profiles of the active location 3.. the reactant concentration u, at 
s=i, and uI and u2 in the fluid phase along the reactor axis. 
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Figure 2. Optimal solution for the maximum outlet yield 
from the global OCAD approach. 
Profiles of the active location J, the reactant concentration il at 
s = s ,  and u I  and u2 in the fluid phase along the reactor axis. 

value of Ti, is lower the value of 2 is now greater, that is, the 
first portion of the reactor where S< 1 is longer. 

The failure of the local OCAD approach in giving the max- 
imum outlet yield can be easily explained once one notices that 
for the given reacting system (Eqs. 16 and 17), the selectivity 
of the catalyst pellet increases as Ti, decreases. The yield is 
practically the product of conversion and selectivity. To get 
the maximum outlet yield, one should weigh the conversion 
and the selectivity both locally and globally. In Figure 1 from 
the local point of view the conversion and the selectivity are 
weighed very well such that at each z E [0, I ]  the yield is max- 
imized locally, but from the global point of view, the conver- 
sion is over-considered, because it is already 0.99998 at z = 0.9 
leading to the remaining portion of the reactor ( Z C  [0.9, 11) 
being practically unused. In the case of Figure 2, since 
u ,  =0.02362<0.05 in the first portion of the reactor, the se- 
lectivity becomes higher, that is, slightly over-considered. This 
leads to a lower local conversion and yield, but globally, since 
the whole reactor has been utilized, the outlet conversion is 
still very high (0.9994). As a result, the global OCAD solution 
gives a higher outlet yield, and it is therefore the optimal one. 

In Figure 3, the optimal outlet yields and the values of 2 
obtained from the two approaches are shown as functions of 
Damkohler number (Da) ,  where the dashed lines denote the 
results from the local OCAD approach. It is clear that the 
difference between the two approaches exists only when 
&< 1, that is, when the reactor has two distinct portions: the 
first portion, Z E  [O,?), where S< 1, and the second portion, 
z E [&I] ,  where S= 1. The difference increases when the size of 
the second portion (1 - 2) related to the local OCAD approach 
increases. When the second portion disappears, the global 
OCAD approach reduces to the local OCAD approach. In 
addition, the value of i decreases with Da for the local OCAD 
approach, while for the global OCAD approach it decreases 
slightly to a minimum value and then increases. Moreover, it 

- 
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can be expected that, as Da- m,i-0 for the former and 2- 1 
for the latter, further indicating that through the global OCAD 
approach the whole reactor has been better utilized. For the 
global OCAD approach the increase of i w i t h  Da at  high values 
of Da is due to the dominant effect of the selectivity on the 
yield. Actually, when the value of Da is very high, the con- 
version is no longer a problem, and to  get the maximum outlet 
yield one should consider how to improve the selectivity. 

Maximum outlet selectivity 

and a2=0 in Eqs. 1 and 2, and then, Eqs. I and 8 become: 
In the following, we consider the case: m, = 2, m2 = 1, a ,  = 2, 

- 
u: 

(1 + u . U , ) 2  
F,(U,) =(1 

It can be shown from Eq. 13 that in this case the local selectivity 
is maximized at ti, = l/u. 

The two optimization approaches used for the maximum 
outlet yield are now used for the maximum outlet selectivity. 
The solutions based on the local OCAD approach and the 
global OCAD one are shown respectively in Figures 4 and 5 ,  
where u= 10. Again, the global OCAD approach gives a higher 
outlet selectivity (for the chosen reacting system, the difference 
in the outlet selectivity from the two approaches is not very 
significant. Although the difference does exist, it is not due to  
the computational error). 

Comparing the two profiles of S, in Figures 4 and 5 ,  one 
can find that the local selectivity in the case of Figure 4 is 
higher in the first portion of the reactor where the active lo- 
cation is below the external surface and it becomes inferior 
only in the second portion where the active location is at the 
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Figure 4. Optimal solution for the maximum outlet se- 
lectivity from local OCAD approach. 
Profiles of the active location i, the reactant concentration GI at 
s=i and uI in the fluid phase, and the local selectivity S, along 
the reactor axis. 

external surface. It implies that the second reaction is dominant 
in the second portion, leading to the decrease of the selectivity. 
In the case of Figure 5 ,  the selectivity is slightly lower in the 
first portion, however, the size of the second portion has been 
reduced. The profit from the reduction of the second portion 
compensates well for the loss in the selectivity in the first 
portion, thus, giving rise to the higher outlet selectivity. 

Finally, it should be pointed out that although the present 
study indicates that the global OCAD approach is superior to 
the local OCAD approach in some specific cases, whether the 
solution based on the global OCAD solution is the upper bound 
one for the problem under examination needs to be verified. 
Such verification has not been provided in this report. How- 
ever, it is clear from the above observation that, indeed, the 
solution based on the local OCAD approach cannot be gen- 
erally considered as the upper bound one, at least for the outlet 
yield and the outlet selectivity. 

Notation 
a(s )  = 

c =  
D =  

Do = 
D, = 
f =  

F. = 
k =  
K =  

I =  
L =  
mi = 
n =  

Qr = 

- 

activity distribution function in pellets 
concentration 
D ~ A  / D ~ B  
Damkohler number, El f l  (Ck/)( l -  e)ST/QTCA, 
effective diffusivity 
concentration-dependent portion in reaction rate expression, 
defined by Eq. 1 or 2 
(i= 1,2) functions defined by Eqs. 7 and 8 
volume-average reaction rate constant 
adsorption equilibrium constant 
axial coordinate along the reactor 
reactor length 
(i= 1.2) kinetic parameters defined by Eqs. 1 and 2 
integer characteristic of pellet geometry: slab (n = 0), cylinder 
(n = I) ,  sphere ( n  = 2) 
total flow rate of the feed stream 

m,=2; yl; a1=2; 

o=lO; n-2; R i 4 ;  

w) 
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Figure 5. Optimal solution for the maximum outlet se- 
lectivity from global OCAD approach. 
Profiles of the active location i, the reactant concentration GI ,  at 
s=i and u, in the fluid phase, and the local selectivity S, along 
the reactor axis. 

distance from the center of the pellet; reaction rate 
function defined by Eq. 4 or 5 
characteristic pellet dimension: half-thickness ( n  = 0), radius 
( n =  1,2) 

r /Rp 
dimensionless location of the catalyst activity in the pellet 
intersection area of the reactor 
( i = I)C,/C:,; (i= 2)C,/Ci, 
UI 6) 
( i  = I)C,&b/; ( i= 2)CB,/Cif 
I/L 
value of z which indicates the portion of the reactor, 
z E [0, 2)  where the active location in pellets is below the 
external surface 

- 
kf2 ( Ci,) /Elf I ( Ckr) 

letters 
( i =  1.2) kinetic parameters defined by Eqs. 1 and 2 
Dirac delta function 
bed void fraction 
kinetic parameter, KC,, 
Thiele modulus, RgElfl ( C$)/DcACi, 

Superscripts 
i = value at the reactor inlet 
o = value at the reactor outlet 

Subscripts 
1 = reactant A;  reaction 1 
2 = product E ;  reaction 2 
f = value in the fluid phase 
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