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Corporation, Morristown, New Jersey 07960 

synopsis 

A reactor system consisting of a cascade of N perfectly mixed stirred tanks followed 
by a plug flow reactor was analyzed. Compared with a single-stage closed system, a 
substantial reduction in the total reaction time was indicated for systems using cascades 
of three or more stirred tanks. Calculations for both the micromixed and the segregated 
systems showed no significant difference between the respective total residence times. 

INTRODUCTION 

Optimization studies on the water-initiated polymerization of capro- 
lactam have been reported previously's2 for processes utilizing tubular plug 
flow reactors. The processes considered in these studies consisted of two 
stages and were characterized by the nonexistence of operating limitations 
with respect to achieving both true plug flow and instantaneous removal of 
the free water present in the system after a certain conversion X had been 
reached. Although realization of these conditions is not easily achieved, 
there are processes that operate according to the basic principles upon 
which these studies were based. On the other hand, processes have been 
proposed3 and are being practiced that utilize a cascade of stirred-tank re- 
actors. In these cases, advantage is obviously taken of the good heat and 
mass tpansfer attainable in this reactor system. The efFiciency of this 
process type, however, decreases considerably when high conversions are 
required as it is in case of the polymerization of caprolactam. The present 
study is concerned again with a basically two- stage process. Its first stage 
consists of a cascade of stirred-tank reactors and the second, of a tubular 
flow reactor. This reactor configuration constitutes a combination of the 
two forenamed types of processes, and a corresponding analysis and opti- 
mization entails, in addition to the kinetics of the polymerization the con- 
sideration of the dynamics of the system (such as mixing in the reactors). 
In this paper we shall present results for some limiting cases. 
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PROCESS DESCRIPTION 
The process of polymerization has been outlined in Figure 1. It consists 

of a set of N stirred tank reactors followed by a tubular reactor. To ob- 
tain the highest possible rates of conversion, the reactor segment consisting 
of the stirred tanks 1 to (N - 1) is an essentially closed ~ y s t e m . ~  Removal 
of the free water is carried out only in the Nth tank. Whereas in the pre- 
vious treatment2 this removal was assumed to occur instantaneously, a 
finite rate of water removal will be considered in the present case. 

Inr.----&?+ WO WN PRODUCT FINAL 

Fig. 1. General process outline. 

To define the dynamics of the system, the contents of the stirred tanks are 
assumed to be perfectly mixed. Thus, the residence time density (RTD) 
function (1) may be used6: 

f(t) = e-* exp(-t/e) (1) 
where 0 is the residence time in the stirred tank and is equal to V / F  where V 
is reactor volume and F is feed rate. 

For a given number of stirred tanks, we are interested in achieving high 
conversions ( X  > 90%) and minimizing the total residence time in the 
system. Since no water is removed in the tubular reactor section, the 
amount of water to be removed in reactor N is determined by the feed con- 
centration (W,) and the desired final polymer molecular weight. 

In this study, all calculations were made on the bmis of one mole of feed 
lactam. The water concentration in the feed was taken to be 0.1. The 
desired final degree of polymerization was 262.0. At a polymerization tem- 
perature of 265"C, this corresponds to 

w, + s, = 0.01 

where the subscript refers to the number of the tank, W = water concentra- 
tion, and S = chain concentration. Table I summarizes the data used in 
these calculations. 

Under the conditions of perfect mixing, the performance of a stirred 
tank would lie between the extremes of micro- and rna~romixing.~ Calcu- 
lations for the two ideal cases can be made from the knowledge of basic 
kinetics. 

(2) 

MICROMJXEDREACTORS 
If the contents of the tanks are msumed to be perfectly mixed on a molec- 

ular level, the process equations can be written directly from batch kinetics 
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N I  P R O C €  SS 

1 il = 0.09 

1 r, =0.09 

t r3 = 0.09 

TOTAL 

I s i  .HRS. %o 

12.3 

I * 12.13 0.674 

Fig. 2. Computation results; micromixed system. to = total reaction time in a single 
stage plug flow or batch reactor = 18 hr. 

by incorporating the input-output terms. Thus, for tank i, the process is 
defined by the rate equations listed in Table 11. At steady state, the time 
derivatives vanish and the resulting algebraic equations can be solved 
sequentially to give the interdependence of M ,  S, S1, W and 8, for a given 
inlet conversion and polymerization temperature. 

&, a search in the operating re- 

gion has to be carried out over the variables M ,  S, and S1. Approximate lo- 
cationof the optimum can be found by carrying out a single variable search 
in M (assuming others to remain constant) by the dynamic programming 
technique? The exact calculations are then carried out by trial and error, 
around the approximate optimum. Calculations were carried out in an 
IBM 360/50 computer, using known batch kinetics. The results are sum- 
marized in Figure 2 (for up to three tanks). 

For each additional tank in the system, the percent improvement in c8 
becomes smaller and smaller. It can be seen, however, that even with three 
tanks a significant improvement over the single-step process is achieved. 
The required water removal rate in tank N (rN) could be achieved through 
suitable process design. 

N C 1  

i = l  
To minimize the total reaction time 

SEGREGATED REACTORS 

As opposed to molecular mixing, the reactor contents may be perfectly 
The individual segments react in- mixed only on a macroscopic scale. 



CAPROLACTAM POLYMERIZATION 
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M, = 0.149 

P = 67.3 

i3 = 0.196 
P: 167 

- - 
8,: 5.7 fi.262 03:2.2 81.2.03 - 02.1.9 

t 1, + 3,) = 0.1 (1, +S,bO.Ol - - 

I 

Fig. 3. Computation results; threetank, micromixed system. 

dependently of one another and are mixed at  the exit. As before, the over- 
all RTD function is given by eq. (1). 

The performance of such a reactor can be determined directly from batch 
kinetics by integrating the parameters over all the reactor elements. For 
example, conversion in the segregated reactor would be given as 

x = X(t)f(t)dt (9) 

where f(t) is the RTD function and X( t )  is the batch conversion. (Quanti- 
ties pertaining to the segregated case are identified with a bar.) Similar 
expressions apply for n, S, Sl, and IF. 

An optimization of sets of segregated reactors can be carried out in a 
manner analogous to the micromixed case. However, because of the nu- 
merical integrations needed, the procedure is much more tedious and time 
consuming. 

For comparison purposes, calculations were carried out for the three tank 
system obtained earlier (Fig. 3). For the given residence times 01, 82, and 
&, the product characteristics at  the exit of reactor 3 were calculated as 
follows : 

Since no water is removed in the first two tanks, the calculations for 
these two can be carried out in a single step by using the combined RTD 
function 

f(t) = [el - e21-llexp(-t/el) - exp(-t/&)l. (10) 

Calculations for the third tank would involve some trial and error. At + S = 0.01 would have to be satisfied. Assum- the exit, the condition 

r3 = 0.09 t -  
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ing the water removal rate from each reactor segment to be proportional to 
its water content, we can write the differential equation for water concentra- 
tion in the segments as 

dw/dt = (-ds/dt)  - aW 

v + s 5 0.01. 

(11) 

(2) 

where a is a proportionality constant determined from the condition 

On integrating eq. (11) from t = 0 to t = co and using the relation (2), we 
get 

Ly = 0.09/(e,W). (12) 

(13) 

Substituting in eq. (11) we get 

dW/dt = -ds/dt - (O.O9W)/&V). 

A proper value for is now found by trial and error, to satisfy eq. (2). 
The results are summarized in Figure 4. It is seen that if all the reactom 
are totally segregated, the performance is not significantly different from 
the micromixed case, as long as the perfect mixing condition is satisfied. 
In fact, the tendency of the reactor contents to remain segregated at high 
conversions, coupled with the possibly micromixed state of the low vis- 
cosity polymer in the first tank, would further improve the product quality 
in terns of molecular weight and conversion. The situation could how- 
ever be different if only one or two stirred tanks were used. 
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