
- 
g,g = 
Gy = 

h, = 

K =  

L =  
1 
- 

- - 

M =  

N =  

P , , P ,  = 
Q =  
v =  

arbitrary functions 0 = axial fluid velocity based on 
molar velocity, (Ib. mole/ open area for flow, (ft./hr.) 
sq. ft.-hr.) 
wall heat transfer coefficient. General Greek 

(B.t.u./hr.-sq. ft. - OF.) 
arbitrary dimensionless con- 
stant 
tube (bed) length, (ft.) 
diffusional path length char- 
acteristic of the capacity ef- 
fect in a stage 
number of stages in a radial 
row, or dimensionless tube 
radius (based on d,) 
number of rows of stages in 
a bed, or dimensionless bed 
length (based on dp) 
finite-difference operators 
total volumetric throughput 
in a stage, (cu. ft./hr.) 
stage volume, (cu. ft.) 

dimensionless coefficient in 
heat balance equations 
dimensionless diffusion pa- 
rameter characteristic of the 
capacity effect in a stage 
void fraction of the packed 
bed 
dynamic viscosity of the ex- 
ternal field, (lb./ft.-hr.) 
molar density of the external 
field, (Ib. mole/cu. ft.) 
density of the packing 
spheres, (lb./cu. ft.) 
dimensionless average inlet 
concentration to a stage 
dimensionless average inlet 
temperature to a stage 
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A Computational Model for Predicting and 

Correlating the Behavior of Fixed-Bed 

Reactors: 
11. Extension to Chemically Reactive Systems 

H. A. DEANS and LEON LAPIDUS 

The ability of the finite stage model 
to represent the macroscopic physical 
behavior of an unreactive external field 
was established in part I of this paper 
(3 ) .  On this basis the model may now 
be evaluated as a framework for the 
formulation of more complex packed- 
bed problems. In particular the means 
and effect on the model of introducing 
chemical reaction in general form are 
of interest. 

Hereafter the packing spheres are 
considered to be porous and catalyti- 
cally active. The reactions which take 
place on the available surface are as- 
sumed to proceed with appreciable 
heat evolution (or absorption) at rates 
which vary exponentially with temper- 

H. A. Deans is with The Rice Institute, IIous- 
ton, Texas. 
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ature. These heat effects necessitate, 
among other things, the simultaneous 
consideration of heat and component 
material balances for the external field. 
A reaction rate expression depending 
on both temperature and concentration 
must appear, either directly or indi- 
rectly, in all the balances; the particu- 
lar term in which the effect of reaction 
rate is felt is referred to as the coupling 
term. 

This type of physical-chemical coup- 
ling between balances is perhaps the 
most important single characteristic of 
nonisothermal reactive systems, in that 
it effectively determines the behavior 
of such systems both statically and dy- 
namically. Moreover the form of the 
coupling term is in general such that 
analytical solutions to the balance 
equations are not obtainable. The 

A.1.Ch.E. Journal 

Princeton University, Princeton, New Jersey 

availability of practical numerical pro- 
cedures for solving the expanded equa- 
tions of a model is thus a primary con- 
sideration. 

The nature of the coupling term de- 
pends upon a combination of physical 
and chemical kinetic factors. In a given 
reactor problem any of the following 
serial rate mechanisms may be import- 
ant at a particular position in the 
reactor: 

1. Transport of chemical species and 
heat of reaction through the interfacial 
resistance between the external field 
and the catalyst spheres. 

2. Diffusion of reactants and prod- 
ucts through the pore matrix of the 
spheres and conduction of heat through 
both pore fluid and solid structure of 
the spheres, between the surface of the 
spheres and the actual reaction sites. 
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3. Surface chemical reaction rate at 
the sites. 
Although any one of these may be the 
absolutely limiting rate step under cer- 
tain physical conditions, a general state- 
ment of a reactor problem must allow 
for the simultaneous importance of any 
two, or even all three. Such a state- 
ment obviously entails the writing of 
balances for sphere elements associated 
with every point in the external field. 
A t  positions where rate step 2 is pre- 
dominant the dimension of the problem 
is increased even in the favorable case 
where the elements may be considered 
one dimensional. 

The expression to be introduced for 
the surface reaction rates will in gen- 
eral be a function of the temperature 
and the concentrations of all reactants 
and products at the site. It is apparent 
that if stoichiometic relationships 
among the components are available, 
not all the component concentrations 
are independent. The conditions under 
which stoichiometry of the feed stream 
may be assumed to hold everywhere 
have been given by Baron (2) .  His 
analysis, based on a differential bal- 
ance model of the type reviewed in 
part I, showed that all component con- 
centrations except that of the limiting 
reactant can be eliminated from the 
rate expression for a single reaction. In 
the more general case of P independ- 
ent reactions the problem reduces to 
the simultaneous solution of P limiting 
component material balances and the 
heat balance, again under favorable 
circumstances. The remaining ( K - P )  
concentrations follow from stoichio- 
metry. 

A number of conditions may exist in 
a reactive external field which tend to 
invalidate the assumptions made in de- 
riving the models of part I. All of them 
owe their origin to heat effects; quali- 
tatively the more important of these 
are : 

1. Radial temperature gradients 
when the tube wall is a nonadiabatic 
boundary. 

2. Radial variation in local reaction 
rates resulting from 1 and the ex- 
ponential temperature dependence of 
the rates. 

3. Radial variation in density and 
its axial derivative in gaseous systems 
caused by 1 and 2, especially where 
the reactions proceed with net changes 
in the number of moles present. 

4. Nonstoichiometric accumulation 
in the unsteady state. If condition 3 
and 4 are of appreciable magnitude, 
the stoichiometric relationships of the 
feed stream cannot be assumed to hold 
throughout the external field. Although 
solution of the differential balance 
model equations would be complicated 
by this eventuality, the effect on the 
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finite stage-model equations is not sen- 
ous, as will be seen later. 

The possibility of signi6cant radial 
variation in density tends to invalidate 
the assumption of constant mass veloc- 
ity which was made in part I. The 
finite stage model would have to be 
expanded to include some form of 
momentum balance if the effect of non- 
constant density on the velocity profile 
were to be included in an implicit man- 
ner. It is in fact possible, under certain 
conditions, to write macroscopic mo- 
mentum balances for each stage in the 
model. One result is the appearance of 
a radial component of mass velocity 
from each stage. This has the unfor- 
tunate effect of destroying the inde- 
pendence of the equations for stages at  
a given axial position and thus compli- 
cating the numerical solution of the 
model considerably. 

Calculations based on the expanded 
model would be of theoretical interest 
only, since no experimental data is 
available for comparison. Consequently 
constant density will be assumed in the 
discussion to follow. However both 
fluid and packing property values may 
under normal conditions be considered 
insensitive functions of temperature and 
concentration, at least when compared 
with the coupling term. It is assumed 
that the magnitudes of the derivatives 
of the various property-value param- 
eters with respect to the dependent 
variables are much smaller than the 
magnitudes of the parameters them- 
selves. Convergence of certain iterative 
corrections in the numerical solution of 
the model equations is taken to be 
guaranteed by this property, so that 
constant property values will be as- 
sumed. 

PARTICULAR FORMS OF THE 
COUPLING TERMS 

With these assumptions the balances 
for the kth component in the i,jth stage 
are 

dck 4, - c, + Rn (ci, cs, . . . CK; T )  = - 
dt 

(69) 

dT 
dt 

(70) 

and 

$ -  T + RT (ci, cs,. . . CK; T )  = - 

The i, j subscripts have been deleted for 
clarity. Each stage may now be con- 
sidered to contain 6 ( 1-e) (2i-1) cata- 
lyst spheres, all of which are in equiva- 
lent positions in the original packed 
bed which the stage model simulates. 

In the general situation where all the 
rate steps mentioned earlier are of 
potential importance, heat and material 
balances for this composite sphere ele- 
ment must be solved in conjunction 
with the external field balances for 

each stage. The internal problem will 
not be considered here in detail; that 
is no formulation of the sphere-element 
balances will be proposed. I t  need only 
be stated that the pore-diffusion and 
surface-rate mechanisms are contained 
in these balances. However the bound- 
ary conditions at the surface of the 
sphere element are needed for subse- 
quent arguments. These may be written 
as 

(71) 
and 

(72) 

T ( s )  and C k ( s )  are values of these 
functions at the surface of the sphere 
element, that is on the inside of a ficti- 
tious interfacial film which separates 
the sphere element of the i, jth stage 
from its external field. 

Thus the coupling terms R k  and RT 
need only express the material and heat 
transport across the film in a manner 
consistent with (71) and (72).  The ex- 
ternal field balances may therefore be 
written 

dC, 

(73) 

4 k  T ck + NETk[Ck(S) - c k ]  = dt 

dT +-  T + N s p  [ T ( s )  - T ]  = - dt (74) 

N s T ,  N m k ,  NSch,  and Nwu will in general 
be functions of temperature and con- 
centration, but of the type prescribed 
earlier; that is they may be assumed 
constant in a first approximation and 
subsequently corrected interatively. 

In the steady state (74) may be 
solved for T to give 

T =  + + N E T  T ( 8 )  
(75) 

1 + N X T  

This result may be used to eliminate 
T from (72), the result being 

(76) 

By analogous manipulation (73) be- 
comes 

[ E$L] (,, = 
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Since II, and C$k are considered to be 
known functions (from solutions of the 
finite stage balances for row +I) ,  the 
internal problem may be solved inde- 
pendently. T and Ck then follow from 
(75) and the equivalent steady state 
material balance. 

Similar arguments hold for the un- 
steady state or transient condition. The 
right side of (70) for example may be 
replaced by a finite difference ap- 
proximation of arbitrary order. It is 
assumed that T is known at times up to 
t = lAt on a finite time axis and un- 
known at t = (l+l)At. Equation (70) 
becomes in symbolic differenced form 
Ti ,  6 u “ 8 T ; T i - m ;  +l-m+l; 

T ( s )  i - m ; T ( s )  1+11 (78) 

m = 0 , 1 , 2  ) . . . . .  
in which only T ( s )  I+l is unknown. In 
equivalent manner the boundary condi- 
tion (72) is approximated as 

(79) 

where the left side is understood to be 
an average over the (2+1) time step. 
On substitution of (78) ,  (79) becomes 

(80) 

which contains no unknown values of 
T .  With (80) and the equivalent mate- 
rial boundary conditions, the sphere 
element balances may be solved for the 
(Z+l)th time step. T,, ,  and (C,) t i ]  

follow from (78) and the analogous 
expressions for the concentrations. 

The purpose of the foregoing discus- 
sion is to show that accounting for 
internal rate steps does not disturb the 
sequential character of the solution of 
the external problem. It is assumed here- 
after that the surface reaction rate step 
is absolutely controlling; that is the in- 
ternal surface is uniformly accessible to 
the external field. Also solid temperature 
is considered equal to fluid temperature 
in each stage. Basing later arguments 
nn these assumptions one implies that 
the internal problem can be readily 
solved by using straightforward numeri- 
cal procedures, which is not necessarily 
the case. Especially in the unsteady 
state, time required for numerical solu- 
tion may be greater by a factor of 100 
or more when the internal problem is 
included. This fact limits the practical 
value but not the applicability of the 
model. 

STOlCHlOMETRlC LIMITATIONS 

It was pointed out earlier that the 
stoichiometric relationships of the feed 
stream could be assumed to hold 
throughout the external field only under 
certain conditions. The assumptions of 
constant molar and mass density are 
sufficient to satisfy these conditions in 
the steady state, although nonstoichio- 
metric accumulation is still possible 
under transient conditions. However 
such universal relationships are not re- 
quired by the finite stage model. For 
each independent reaction occurring 
there will be a locally limiting react- 
ant in the combined feed stream to a 
given stage. If nonstoichiometric ac- 
cumulation in the stage is ignored as a 
first approximation, it follows for a 
single reaction that 

where v( is the stoichiometric coefficient 
of the limiting reactant. All other con- 
centrations may be eliminated from the 
coupling term in the material balance 
for component [ by using the linear 
relationships (81); that is 

R,( c,, c,, . . . . c,, . . . . c,; 1) 
= R,(C,; $1, +*, . . * * 4rc; T )  (82) 

Thus only one material balance has to 
be solved simultaneously with the heat 
balance. The C, (k+[) follow from 
(81) .  By similar reasoning all but P 
concentrations may be eliminated from 
P prop9rly chosen coupling terms in 
the more general case of P independent 
reactions. This latter situation will not 
be considered here, since the algebraic 
complications introduced are not bal- 
anced by any increase in generality of 
the analysis. A first-order, irreversible, 
effectively homogeneous reaction is 
sufficient for later purposes. The cou- 
pling terms may be written in explicit 
form as 

(83) 
and 

Rn = - C (k e-’IT) 

R T  = XC ( k  eTSIT) 

In the specific examples to follow k 
is considered positive (exothermic re- 
action) and independent of tempera- 
ture and concentration, as are B and E .  
It was assumed earlier that the varia- 
tion of property values with the de- 
pendent variables is such that iterative 
corrections converge. The numerical 
procedures for making these corrections 
are straightforward and will not be 
discussed here. 

NUMERICAL SOLUTION FOR 
A TYPICAL REACTIVE SYSTEM 

The balance equations to be solved 
for a suitable choice of parameters are 
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(85) 
I r i L N ; O < i < M  

For i = M, (85) must include the ef- 
fect of heat transfer at the wall. If the 
wall heat transfer coefficient NETW is 
considered constant 

- T*J 
$4-1.11 + NET, TwC 

( 1 + N ~ T W  

which is of the same form as (85 ) .  
The inlet and initial conditions which 
complete the specification of the sys- 
tem are 

+,,,j = 40 ( t )  , 9 o . j  = $0 ( t ) ,  Twz = T w t  ( t )  

Ct,j(O) = C ( i , f )  T* , , (O)  = T ( 6 f )  
Equations (84) and (85) represent 

the finite stage-model formulation of a 
system which has been stripped of a 
number of complicating factors, namely 
variable mass and molar density, in- 
ternal pore diffusion and surface film 
transport as contributing rate steps, the 
complex homogeneous kinetic expres- 
sions associated with multiple higher 
order (that is other than first order) 
reactions, and property values which 
vary with temperature and concentra- 
tion. 

On the other hand the equations are 
still sufficiently general to account for 
many of the major physical effects in a 
reactive system, which are turbulent, 
radial, and axial mixing, thermal COU- 
pling of heat and material balances by 
a realistic rate expression, and heat 
transfer through the tube wall. 

The particular system parameters 
chosen for the example are 

2 M  = 11 B = 2 . 5  E = 10 
X = l  

Two cases have been evaluated nu- 
merically on an IBM-704 digital com- 
puter. The first, a steady state case, 
had as boundary conditions 

+.(t) = +.(t) = Tw, ( t )  = 1 

The appropriate forms of (84) and 
(85) are 

$ ,-,,, - Ci , ,  (1 + k e-S’T*,J) = 0 (87) 

and 
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+M,J - 2'4,) + C,,j A e - " l T & . j  = 0 (88)  
Equation (87) may be used to elimi- 
nate C4,J from (88), the rearranged 
result being 

A 4 w  

k 

$t-LJ - Ta,l  f eE,T, , ,  = O  (89) 
+ 1  

The numerical problem reduces to that 
of locating the root of a simple tran- 
scendental equation. Once the value of 
T,,, which satisfies (89) is found, C,,, 
can be obtained from (87) .  Since the 
root of (89) may be determined to any 
desired accuracy (the number of digits 
in a machine word serving as a practi- 
cal limitation), no errors arise in the 
steady state case beyond those result- 
ing from the assumptions of the finite 
stage model itself. 

The solutions of (87) and (88) for 
i odd, i = 1/2, 3 / 2 ,  . . . . . 11/2, are 
shown on Figures 2 and 3. Curves were 
drawn through the points for each 
value of j to clarify the results. 

Calculation of Tt,, and C',, for the 
360 stages in the system required 35 
sec. on the IBM-704. This elapsed time 
is equivalent to about 400 multiplica- 
tions (or divisions) per stage. Seven- 
place accuracy was obtained in all 
answers by iteration, with a Newton- 
Raphson formula with third-order cor- 
rection term ( 4 )  used. 

The values of the parameters E,  k, 
and A used here are such that (89) 
possesses a single root for each stage 
in the system. I t  may be shown (1) 
that this equation has three distinct 
roots for certain combinations of E,  k, 
and A. The fact that only two of these 
roots correspond to physically stable 
operation of a stage cannot be shown 
from analysis in the steady state. More- 
over the choice between the two physi- 
cally acceptable .roots depends upon 

A X l r \ L  ROW NUMBER I 

Fig. 3. Longitudinal temperature profiles at various radial po- 
sition, static system. 

the manner of approach to steady 
state. These difficulties may be avoided 
by using the dynamic model equations 
to simulate start-up as part of a design 
calculation. If the proper initial condi- 
tions are employed, every stage must 
approach its correct steady state oper- 
ating condition. 

A second case was run with the same 
parameter values to show the response 
of the system to an idealized disturb- 
ance of an inlet variable. The results of 
the first case were used as initial con- 
ditions for all stages in the model. At 
t = 0, $,, was changed from 1.0 to 
0.75. All other conditions remained 
eonstant; that is 

4.(t) = 1, - 0 0 < t < O  

+.(t) = 0.75, O ' t <  + 00 

- 00 < t < + 00 $.(t) = T w i ( t )  = 1, 
Since (85) and (86) are ordinary 

differential equations, a variety of nu- 
merical integration techniques are ap- 
plicable. The particular one used here 
was chosen for its simplicity and the 
consequent ease with which it could be 
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Fig. 2. Longitudinal concentration profiles a t  various radial positions, 
static system. 

programed for a digital computer. The 
method is numarically stable for any 
reasonable value of A t  on a finite time 
axis t = lA t ,  the only limitation in the 
size of A t  being the allowable trunca- 
tion error. 

If first-order central difference ap- 
proximations about the point t = 
( 2  + M ) A t  are substituted for the de- 
rivatives, (84) and (85) may be writ- 
ten 

- Ct,, (1 + k e-E/Ts3j) 
1 

and 

The left-hand 'sides are averaged over 
the (Ef1)th time step. The i and i 
subscripts are deleted hereafter to 
avoid confusion. With simple arithmetic 
averages introduced (except for the ex- 
ponential term) (90) and (91) become 

41 + +1+1 Cl + CI,, 
- [l + k(e-"/')] 

2 2 

= B ( TI+;; " ) (93) 

Equation (92) may be solved alge- 
braically for CI+ ,  and the result used to 
eliminate this unknown from (93). 
After rearrangement the final equation 
is 
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DIMENSIONLESS ELAPSED TIME t 

Fig. 4. Outlet concentration response to step forcing of inlet 
concentration. 

At 

Everything on the right side of (94) is 
known except em. If A t  is not too large 

- 
~ E J T ' ~  e E J T i  (95) 

gives a reasonable first approximation, 
which allows calculation of T(l)i+l from 
(94).  eEJT may be corrected by the 
formula 

- 

( E / T i  tE/T(m)l+l) 

(96) 
The iteration converges very rapidly 
for the small value of At used in the 
second case. The final stationary value 
of eW is then used in (92) to calculate 
C,+l. 

Figures 4 and 5 show the resulting 
output concentration and temperature 
as a function of t for the second case. 
The variables plotted are volume aver- 
ages for the 60th row, given by 

5 

wherefis either C or T. The terms 
outside the summations are for the wall 
stage, which was fractional in the even 
rows. Calculation time on the IBM-704 
was about 17 min. to t = 217.5, with 
A t  = 0.25. 

The effect of coupling between heat 
and material balances is apparent in 
Figures 4 and 5. If no coupling were 
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The possible use of the finite stage 
model in conjunction with an anticipat- 
ing or feed-forward control system is 
discussed in the later section on appli- 
cations. 

COMPARISON OF FINITE STAGE 
MODEL WITH EQUIVALENT PARTIAL 
DIFFERENTIAL EQUATIONS 

The differential balance model dis- 
cussed in part I may be expanded to 
apply to the simple example which was 
just solved by means of the finite stage 
model approach. The differential heat 
and material balances are 

1 azc 1 1 ac 
T ar 

present ( A  = 0 for example), a fluc- 
tuation in inlet concentration would 
show up at the outlet near t = 60, the 
piston-flow residence time for material. 
Indeed a small pseudolinear response 
begins to appear just before t = 60. 
The major response however occurs 
much later since the mean residence 
time for heat is 608, t = 150 in this 
case. Temperature disturbances caused 
by changing concentration travel 
through the model at the slower rate 
u/@, as both external field and catalyst 
spheres supply heat capacity. 

The ambiguity of response exhibited 
by both variables indicates that a con- 
ventional control system would be 
totally inadequate. Both the magnitude 
and the direction of output changes 
depend on the nature of the forcing, 
the values of the parameters, and the 
history of every point in the system. 

The boundary and initial conditions 
given in part I also apply to this sys- 
tem. The equations are still of the 
boundary-value type but are no longer 
linear. They have not been solved 
either analytically or numerically to 
date. 

Unfortunately it is impossible even to 
estimate the time requirements for a 
numerical solution of these equations, 
since the numerical stability (and rate 
of convergence where iteration is re- 
quired) of applicable procedures can- 
not be predicted. However certain gen- 
eral observations can be made regard- 
ing any method employed. Finite dif- 
ferencing of all derivatives would be 
required, resulting in a three-dimen- 
sional array of mesh points. The dif- 
ferenced forms of (98) and (99) 
written for each mesh point would 

DIMENSIONLESS ELAPSED TIME f 

Fig. 5. Outlet temperature response to step forcing of inlet 
concentration. 
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still be coupled by nonlinear rate terms. 
Because of the boundary conditions in 
both x and r directions the entire two- 
dimensional set of equations for each 
time plane would have to be solved 
simultaneously, unless explicit techni- 
ques were used. The latter alternative 
however is characterized by acute sta- 
bility problems unless the finite time 
increment is sufficiently small. In any 
case the total number of calculations 
necessary to proceed a physically mean- 
ingful distance along the time axis 
would be very large. 

It is apparent from this that the use 
of the differential balance for more 
complex systems offers little promise 
for successful numerical solution. In- 
clusion of kinetic mechanisms within 
the packing for example would aggra- 
vate the problem of stability and/or 
convergence rate, since a new dimen- 
sion would be added to the finite dif- 
ference grid. Differenced balance equa- 
tions for an associated sphere element 
would be coupled through boundary 
conditions to the differenced external 
field balances at every point in the 
original three-dimensional grid. No 
separability of internal and external 
problems is to be expected. 

Since (98) and (99) have not been 
solved, no direct measurement of 
agreement between solutions given by 
the two models can be made. As a 
means of indirect comparison the 
stage-model solution obtained for the 
second case above could be differenti- 
ated numerically at various points and 
substituted into (98) and (99). How- 
ever since this was essentially the pro- 
cedure used in part I to obtain the con- 
stant values of N P ~ ,  and NpeS produced 
by the finite stage model, it need not 
be repeated. As long as the chemical 
reactions are not so rapid as to invali- 
date the assumption of small functional 
variation over a length d,, a solution 
obtained from the finite stage model 
will essentially satisfy the differential 
balance model. In the presence of ex- 
tensive reactions it woud be a priori 
expected that the models will disagree. 
At the present state of knowledge it is 
difficult to say which model would then 
be more representative of actual con- 
ditions. 

APPLICATIONS OF THE FINITE 
STAGE MODEL 

The purpose of part I1 of this paper 
has been to indicate both the means 
of including chemical reaction in the 
finite stage model and the computa- 
tional advantages of the resulting for- 
mulation over the conventional partial 
differential equation approach. Solu- 
tion of quite general external field 
problems was seen to involve at most 
the numerical integration of a set of 
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simultaneous, first-order, ordinary dif- 
ferential equations. 

Three categories of engineering ac- 
tivity offer possible applications for the 
finite stage model. These are a priori 
design of fixed bed reactors, analysis of 
data from fixed bed processes, and 
control of nonlinear fixed bed systems. 
In lieu of conclusions some specific 
uses in each of these areas are sug- 
gested. I t  should be emphasized that 
experimental proof of the applicability 
of the finite stage model to actual re- 
active systems is almost entirely lack- 
ing. The following remarks are there- 
fore admittedly speculative in nature. 

Scale up, optimization, and deter- 
mination of stability or parametric sen- 
sitivity are steps in a design calculation 
in which the finite stage model could 
be employed. The model accounts for 
the various factors which change with 
the dimensions of a fixed bed, so that 
at least some of the experimental steps 
in an incremental scale up might be 
avoided. The model representation of 
the full-size design could be subjected 
to optimization by means of recently 
developed statistical techniques. The 
final optimized design would then be 
checked for stability and sensitivity by 
dynamic perturbation of the model. 
Linearization was seen not to be neces- 
sary for such unsteady state calcula- 
tions. 

Various factors are present in experi- 
mental integral reactors and mass ex- 
change columns which tend to obscure 
the basic rate mechanisms. The model 
furnishes a means of eliminating cer- 
tain of these effects, at least in an 
implicit manner. Turbulent mixing, 
dynamic bed capacitance, variation of 
fluid and bed property values with de- 
pendent variables, and heat coupling 
may all be taken into account and thus 
removed from the final analysis of 
actual physical or chemical kinetics. 
Since analytical solution of the model 
equations is normally not possible, as- 
sumed kinetic mechanisms would have 
to be inserted in the model and experi- 
mental results compared with the nu- 
merical solutions obtained. 

Finally the finite stage model quali- 
fies for consideration as one component 
of an open-loop computer control sys- 
tem for a nonlinear fixed-bed process. 
The simple unsteady state example 
calculated earlier serves to show that 
closed-loop control of such processes is 
probably impractical. The calculation 
also indicates that the complete model 
could not be used as a real-time simu- 
lating tool. A file of predicted system 
behavior would have to be computed 
before start-up, to be used as an initial 
basis for decisions by the real-time 
components. Depending on the com- 
plexity and stability of the process 
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adaptive or corrective functions might 
be necessary in the control system to 
expand the fde and keep it up to date. 
The parameters of the model would of 
course be corrected concurrently. 

NOTATION 

Subscript 

6 = limiting reactant in a reac- 
tion 

Independent Variables 
P = dimensionless sphere radial 

position (based on dJ2) 

Qynomic Moduli 
NsT = Stanton number for heat 

transfer 
NYT.. = Stanton number for mass 

transfer of the kth compo- 
nent 

N,, = Nusselt number 
N,,, = Schmidt number for the kth 

component 

General Roman 
E = dimensionless activation en- 

ergy (= E d R T . )  
E,,, = activation energy (B.t.u./lb. 

mole) 
AH, = heat of reaction, (B.t.u./lb. 

mole) 
k = dimensionless (homogene- 

ous) rate constant (=k,d,/v) 
k, = first-order homogeneous rate 

constant at  infinite tempera- 
ture (hr.”) 

K = total number of chemical 
species in a system 

M,: = direct radial mass flow (1bJ 
hr.) 

P = number of independent 
chemical reactions 

R ,  = coupling term in the kth 
component material balance 

RT = coupling term in the heat 
balance 

U,V,W = unspecified functions 

Generol Greek 
7,y = temperature and concentra- 

tion dependent coefficients 
(dimensionless) 

i7 = pressure in a row of stages 
v k  = stoichiometric coefficient of 

kth component in a reaction 
x = exothermicity group (dimen- 

sionless) (= - AH,C./ 
C*PpT. ) 
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