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Synopsis 

A concrete simulation model which deals with the hydrolytic polymerization of c-caprolactam 
(CL) in the tubular reactor (TR) with the heat exchangers (HEx’s) was described, and a method for 
its numerical solution was presented. The numerical calculations were carried out for 13 cases, where 
the position and number of the HEx’s in the T R  were varied. The effects of the HEX on the distri- 
bution of the temperature in the T R  and of the characteristic data of the polymerization (the con- 
centration of CL and number average degree of polymerization) in the T R  and a t  the outlet of the 
T R  were investigated. The results suggested that the HEX positioned a t  the upper half of the T R  
and the HEX positioned a t  the lower half of the TR are effective to narrow the temperature distri- 
bution in the TR and to produce the polymer product with narrower molecular weight distribution, 
respectively. 

INTRODUCTION 

In the preceding paper,l the concrete simulation models dealing with the hy- 
drolytic polymerization of e-caprolactam (CL) in the various reactors used in 
the industry were reported. As an extension of the previous study, the simulation 
model of the polymerization in the tubular reactor (TR) with the heat exchangers 
(HEX’S) is dealt with in this work. 

Several patents2 have claimed the utilization of the HEX for the TR with re- 
spect to the polymerization. So far as we know, however, no publication has 
appeared in which the experimental andlor theoretical interpretations of the 
polymerization in the TR with the HEx’s are reported. 

The objectives of this paper are (1) to give a concrete mathematical simulation 
model which represents the polymerization in the TR with the HEx’s, (2) to 
clarify the effects of the HEx’s on the temperature distribution in the TR and 
on the distribution of the characteristic data of the polymerization such as the 
concentration of CL (i.e., the yield) and the number average degree of poly- 
merization ( P N )  in the TR and a t  the outlet of the TR, and (3) to predict the 
position and number of the HEx’s in the TR which are preferable for improving 
the performance of the TR. 

SIMULATION MODEL AND NUMERICAL CALCULATION 

Chemistry of the polymerization. The mechanism and kinetics of the hy- 
The polymerization drolytic polymerization of CL are summarized in Table 
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TABLE I 
Mechanism and Kinetics3v4 

Equilibrium reactions 
1. Ring opening: CL + HZ0 + ACA (1) 

P, + P, + P,+, + HzO 
-NHz + HOCO- + -NHCO- + HzO (2) 

Y Y x o - x - y  w 
CL + P" F= P,+1 

CL + HzN- + HzN- 
X Y  Y - 2  

Rate equations 

x w z  
2. Polycondensation: 

3. Polyaddition: 
(3) 

dxld t  = -k l [x(wo - Y )  - z / K J  - k3[Xy - (Y - z)/K31 (4) 
d y / d t = k l [ ~ ( w o - y )  - 2 / K 1 ]  - k z [ y ' - ( x o - ~  - Y ) ( w o - Y ) / K z I  (5) 
dz ld t  = ki [x(wo - y )  - z /K1]  - 2kz[yz  - (Y - Z ) ( W O  - y ) / K z ]  

-kg(xz - z/Kg) (6) 
Rate constants and equilibrium constants 

ki = kp + kFy (i = 1 , 2 , 3 )  (7) 
k{ = At exp[-Ef/(RT)] O ' = O , c )  (8) 
Ki = exp[(Si - Hi/T)/R] (9) 

can be characterized by the following equilibrium reactions: (1) ring opening 
reaction of CL, (2) polycondensation between the end groups (EG), and (3) 
polyaddition reaction of CL. The cyclic oligomer formation5 was neglected in 
this work, since the fraction of the reaction heat generated by this reaction is 
negligibly small. Equations (4)-(6) listed in the table are the rate equations 
derived from the reaction mechanism, where x ,  y, z ,  and w are the concentrations 
of CL, EG, 6-aminocaproic acid (ACA), and water, respectively. k;  is the rate 
constant. Ki (= hJhi) is the equilibrium constant. 

Those three reactions have been accepted to be catalyzed by the carboxyl end 
group, so that the rate constant ki can be expressed as eq. (7). All the constants 
depend on temperature T ( O K )  for which the Arrhenius relation can be assumed, 
and the equilibrium constants are expressed as a function of T [cf. eqs. (8) and 
(9)]. The values of the kinetic constants such as the frequency factor A; and 
activation energy Ei  and the thermodynamic constants such as the enthalpy Hi 
and entropy Si are listed in Table II.6 

Tubular reactor with heat exchanger. As reported in the preceding paper,' 
the temperature distribution in a tubular reactor (TR) can be obtained by solving 
the heat diffusion equation [eqs. (10) and (ll)] given in Table 111, where eq. (11) 
is the finite difference approximation of eq. (10). u is the mean linear flow rate, 
cr is the heat diffusion coefficient, cp  is the specific heat, and QR is the sum of 
the reaction heat. The TR has the cylindrical symmetry, so that the coordinate 
system ( r ,  s)  shown in Figure 1 can be defined. The division j 0' = 1,2, .  . . , M )  
of the radius along the r-direction corresponds to the polymerization time ( t )  
if the laminar flow is assumed, and the division i (i = 1,2,. . . , N )  in the flow (s-) 
direction correspond to that of the residence time (7). The (i, j )  volume element 
can be signified by the ith plate and j t h  stream. The mean kinetic data at the 
outlet of the ith plate w(i) is given by the integration of eq. (12). Here X ( t )  is 
the kinetic data at time t (i.e., the solution of the set of the rate equations listed 
in Table I) and E ( 7 ,  t )  is the density distribution function of the TR. In this 



0
 r 

T
A

B
L

E
 I

1 
K

in
et

ic
 C

on
st

an
ts

 an
d 

T
he

rm
od

yn
am

ic
 C

on
st

an
ts

6.
8 

ib
 

A!
 

EP
 

A:
 

E
; 

Si 
Hi 

1 
5.

98
74

 X
 l

o5
 

1.
98

80
 X

 l
o4

 
4.

30
75

 X
 lo

7 
1.

88
06

 X
 l

o4
 

-7
.8

84
6 

X
 1

0' 
1.

91
80

 X
 lo

3 
2 

1.
89

42
 X

 1
O

lo
 

2.
32

71
 X

 l
o4

 
1.

21
14

 X
 1

O
lo

 
2.

06
70

 X
 l

o4
 

9.
43

74
 x

 1
0-

1 
-5

.9
45

8 
X

 l
o3

 
3 

2.
85

58
 X

 l
o9

 
2.

28
45

 X
 l

o4
 

1.
63

77
 X

 1O
'O 

2.
01

07
 X

 l
o4

 
-6

.9
45

7 
X

 1
0' 

-4
.0

43
8 

X
 l

o3
 

a 
D

im
en

sio
ns

: 
A

o 
(k

g.
m

ol
-'.

h-
l);

 A
C

 (k
g2

.m
ol

-2
.h

-1
); 

E 
(c

al
-m

ol
-')

; S
 (

eu
);

 H
 (c

al
-m

ol
-l)

. 
i-

1,
 r

in
g 

op
en

in
g o

f C
L;

 i=
2,

 p
ol

yc
on

de
ns

at
io

n;
 i=

3,
 p

ol
ya

dd
iti

on
 of

 C
L.

 

E.
3 cn
 

E.
3 

W
 



2530 TAI, ARAI, A N D  TAGAWA 

TABLE I11 
Basic Eauations for the TR with the HEX’S 

work, the laminar flow was assumed, so that the E has the expression of eq. (13). 
The plate to which no HEX is located can be dealt with by eqs. (11) and (12). 

Here we deal with the simulation model for the HEX. A schematic repre- 
sentation of the TR with one HEX is shown in Figure 1, where LIN and D are the 
divided length and diameter of the TR and L’ and D’ are the length and diameter 
of the H.Ex. The total length of this reactor is L’ + ( N  - l)LlN, while that of 
the reference TR is L. Tin, T o  and Tm are the temperature (“C) of the input 
reactant, output reactant, and heat transfer medium of the HEX, respectively. 
In the figure, the ith plate is the HEX with n fine tubes. A set of the basic 
equations to express the performance of the HEX can be given by eqs. (14)-( 16) 
listed in Table 111. Equation (14) is the well-known heat transfer equation ap- 
plicable to the fine tube. The nomenclature of the variables and constants are 
as follows; QT is the heat to be transferred; h,, is the overall heat transfer coef- 
ficient; A is the contact surface area; w is the mass flow rate; X is the heat con- 
ductivity; p is the viscosity of the reactant at T; p’ is the viscosity of the reactant 
at  Tm; f ( f  = 1,2, , . , , F )  signifies the division of the HEX in its flow direction. 
The flow in each fine tube of the HEX was assumed to be the plug flow for sim- 
plification, although it is also to be approximated by the laminar flow. The mean 
linear flow rate in each tube was determined so that the mean mass flow rate at  
the outlet of the (i - 1)th plate is equal to that at  the inlet of the (i + 1)th 
plate. 

The simulation calculation for the TR with the HEX’S requires us to solve the 
heat diffusion equation [eq. (10) or (ll)] and the heat transfer equation [eqs. 
(14)-(16)] together with the set of the rate equations [eqs. (4)-(6)] and the 
equation of the reactor performance [eqs. (12) and (1311. 

Numerical calculation. The set of the rate equations [eqs. (4)-(6)] listed 
in Table I was solved numerically using the Runge-Kutta-Gill integration 
scheme. The integration of eq. (12) was carried out by the well-known inte- 
gration scheme. Equation (11) was solved according to the numerical method, 
details of which were reported in the Refs. 1 and 7. The TR was divided in the 
equal parts (of residence time) of 1/12 along the s-direction (i.e., i = 1,2,. . . ,12) 
and in the equal parts of ‘/9 along the radius ( r - )  direction (i.e., J = 1,2, . . . ,9).  
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(A) ( C )  

Fig. 1. Schematic representation of the TR with the HEx’s. (A) and (B) show the definition of 
the coordinate, variables, and constants for the TR and HEX (cf. text). (C) is the representation 
of the algorithm for solving the HEX, where the ordinate is the temperature, the abscissa is the length 
(L’)  of the HEX, and QR (f ,  j), for example, is the reaction heat a t  the f th  division of the HEX in the 
j t h  stream of the TR. 

The resultant solution gave the temperature distribution for the plates without 
the HEX. 

A set of the temperatures at  the outlet of the HEX can be obtained by solving 
the set of equations [eqs. (14)-(16)] according to the scheme of the algorithm 
shown in Figure l(C). The distance from the inlet to the outlet of the HEX is 
divided in the equal parts of l/5 (i.e., f = 1,2, . . . ,5) and the iteration calculation 
between eqs. (14)-(16) to obtain a consistent solution of the outlet temperatures 
was carried out for each division. The consecutive process from the first division 
to the final (fifth) division gives a set of the temperatures at  the outlet of the 
HEX. 

All the calculations in this report were carried out with a HITAC 8250 Com- 
puter. 

Assumptions for the numerical calculations. So far as we know, no pub- 
lication including a patent article which has the experimental results suitable 
for confirming those of the simulation calculations exists. Therefore, the fol- 
lowing model reactor system and polymerization conditions were assumed for 
a set of the numerical computations, which were transferred from the preceding 
paper1 and patent article8 with a little alteration but have no experimental 
background with respect to the introduction of the HEx’s. 

The postulated reactor is a part of the combination reactor1 with no recycle 
of the polymeric reactant. The dimensions of the TR with the HEX’S are as 
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follows; D = 0.90 m, L/N (= L/12) = 1.0 m, D' = 0.0317 m, L' = 3.535 m (deter- 
mined so as r = 2 h a t  the HEX), and n = 228. 

The polymerization conditions for the TR with the HEX'S are as follows: (1) 
the characteristic data of the reactant input into the TR are [CL] = 4.10 mol-kg-l, 
[EG] = 0.091 mol-kg-l, and the concentration of the free water [FW] = 0.649 
mol-kg-l; (2) the temperatures of the input reactant, jacket of the TR, and HEX'S 
are 260°C; (3) the parameter 6 ,  which is an expression of the behavior of the water 
removal at the top of the TR and is defined as 1 - [effective water]/[FW] is 0.94; 
(4) 80% of the reaction heat generated at the first plate (i = 1) is removed by the 
stripping operation of Nz gas; (5) the mean linear flow rate ( u )  of the reactant 
in the TR is 0.5 m-h-', so that the mean residence time (7) is 24 h. 

In the actual calculations, the following constants and computational sim- 
plifications were used; a = X/(c,p) (m2-h-l); X = 0.21 (k~al-m-l.h-l-"C-~)~; p 
= 1.1238 - 0.566 X lov3 T ( g - ~ m - ~ ,  T OC)lo; cp = 0.5 + 5.0 X T (kcal. 
kg-l."C-', T "C)ll; to save the computer memory, the mean kinetic data at the 
outlet of the (i, j )  volume element were used for the initial values of the (i + 1, 
j )  volume element, since this is valid when the division 6 )  is fine enough; the 
reaction heat QR of eqs. (10) and (11) was approximated by QR = (-l/cp). 
H,A[CL]/At, since the A[CL] term due to the polyaddition reaction of CL is the 
majority of the heat. 

RESULTS AND DISCUSSION 

Calculated results. The numerical calculations were carried out for 13 cases 
of the TR with the HEX'S. The positions of the HEX'S are listed in the Table IV. 
Two examples of the detailed calculated results corresponding to the case 1 (the 
control, without the HEX) and case 3 (with the HEX at  fifth plate) are shown in 
Table VA and Table VB. The upper thirds of the tables are the calculated 
temperature distribution (a set of the Ti;%, i X j = 108) in the TR. The notation 
J means the jacket. The intermediate thirds and lower thirds of the tables 
correspond to the distribution of the CL concentration and that of the PN in the 
TR, respectively, where X ( i )  signifies the mean kinetic data a t  the outlet of the 
ith plate. 

In Table IV, a summary of the results of the calculations for 13 cases are given; 
viz., the temperature data in the TR consisting of the maximum temperature 
(T,,,), arithmetic mean value ( ( T ) )  for 108 temperature data, and standard 
deviation (u) for the data, the characteristic data, x (= [CL]) and PN, at the outlet 
of the TR consisting of each maximum value, minimum value, range (the dif- 
ference in value between the maximum and minimum), and mean kinetic data 
defined by eq. (12). 

Effect of HEX on the temperature distribution. The upper thirds of Table 
VA and Table VB demonstrate the detailed temperature data in the TR without 
the HEX and with the HEX, respectively. In comparison with these two sets of 
the data, it is found that the HEX remarkably affects the temperature distribution 
in the TR. Figures 2 and 3 are the graphic expression of the maximum tem- 
perature in each plate plotted against the plate number and traced by the solid 
line. In the figures, the broken line indicates the positioh of the HEX and shows 
the drop of the maximum temperature by the heat exchange. The numbers 
denoted by # 1, #2, etc., correspond to the case number listed in Table IV. 
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0 1 2 3 4 5 6 . 7  8 9 10 11 12 
I 

Fig. 2. Graphic representation of the maximum temperature profile in the TR with one HEX. The 
maximum temperature in each plate of the TR was plotted by the open circle against the plate number 
(i) and traced by the solid line. The trace by the broken line indicates the position of the HEX in 
the TR. The number denoted by (#) such as # 1, # 2, etc., in the figure corresponds to the case 
number listed in Table IV. 

Figure 2 covers the TR’s without and with one HEX (cases 1-6)’ and Figure 3 
covers the TR’s with two HEx’s (cases 7-10). From these two figures, it is evident 
that the maximum temperature in the TR can be controlled by introducing one 
or two HEx’s. The TR’s with two HEx’s (cases 7-9) are found to be more pref- 
erable to reduce the maximum temperature in each plate of the TR. 

From the temperature data for each case listed in Table IV, it is found that 
the arithmetic mean temperature in the TR and its standard deviation could 
be interpreted as a function of the position and/or number of the HEx’s in the 

I 

0 1 2 3 4 5 6 . 7  8 9 10 11 12 

Fig. 3. Graphic representation of the maximum temperature profile in the T R  with two HEx’s. 
The maximum temperature in each plate of the T R  was plotted by the open circle against the plate 
number (i) and traced by the solid line. The trace by the broken line indicates the position of the 
HEX in the TR. The number denoted by (#) such as #7, #8, etc., in the figure corresponds to the 
case number listed in Table IV. 

I 
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IC I 

Fig. 4. Graphic representation of the profiles of the maximum and minimum characteristic data 
of the polymerization in the TR with the HEx's, where the data in each plate are plotted against the 
plate number (i) of the TR. The graphs shown by the open circle and solid line and by the closed 
circle and broken line correspond to the number average degree of polymerization and CL concen- 
tration, respectively. The number denoted by (# )  in the figure signifies the case number listed 
in Table IV. The positions of the HEx's are directly shown in the figure. 

TR. From the point of view of the standard, deviation which is a measure of the 
unevenness of the temperature in the TR, the cases 2 and 3 (with one HEX) and 
cases 7-13 (with two HEX'S) are preferable, so that at  least one HEX positioned 
at  the upper half of the TR (e.g., at  i = 3,4,  or 5) is to be recommended. Based 
upon those temperature data, it is strongly suggested that the mean temperature 
and its standard deviation can be controlled by changing the position and number 
of the HEx's. 

Effect of HEX on the yield. The yield of the polymerization can be evaluated 
from the concentration data of CL, so that the CL concentration is dealt with 
in this section. The intermediate thirds of Table VA and Table VB demonstrate 
the distribution of the CL concentration in the TR. Comparing these two sets 
of the data, a slight influence of the HEX is found on the distribution of the CL 
concentration in the TR. The similar fact can also be seen in Figure 4, where 
the maximum concentration of CL (the upper graph) and minimum concen- 
tration of CL (the lower graph) in each plate were plotted against the plate 
number (i) by the closed circle and traced by the broken line. 

The concentration data of CL at the outlet of the TR listed in Table IV suggest 
that the effect of the HEX is to increase the range of the CL concentration (i.e., 
the unevenness in the CL concentration) and the mean value in most cases. 
Although this effect is not advantageous for the polymerization in the industry, 
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the amount of the deviation from the control (the case 1) is as slight as the ex- 
perimental measurement of the CL concentration by the gas chromatographic 
method could distinguish it with some difficulty. 

Effect of HEX on the degree of polymerization. The lower thirds of Tables 
VA and VB demonstrate the detailed distribution of the number average degree 
of polymerization ( f " )  in the TR's. From the tables, the considerable influence 
of the HEX is recognized on the distribution of the PN in the TR. 

Figure 4 is the schematic representation of the maximum PN value (the upper 
graph) and minimum PN value (the lower graph) in each plate, which is plotted 
against the plate number by the open circle and traced by the solid line. It is 
clear that the cases 3,5, and 9 have the narrower differences in value between 
the maximum PN and minimum PN graphs than that of the control (the case 
1). 

The calculated data of the PN at  the outlet of the TR listed in Table IV also 
suggest that the HEX is very effective in reducing the range defined by P%= - 
PEi"and that the narrower range is established by setting the HEX at  the lower 
half of the TR (e.g., at i = 7,8, or 9). It should be pointed out here that the range 
has a close relation with the molecular weight distribution of the outlet polymer 
product and with reducing the range, the molecular weight distribution converges 
to a certain distribution which is to be described by the Schultz-Zimm distri- 
bution function.12 

Conclusive remarks. The simulation model and its algorithm for the nu- 
merical calculation presented in this report were well proved to be very effective 
for elucidating the performance of the TR with the HEX'S. From the present 
investigations for 13 cases of the TR with the HEX'S, the following conclusions 
were derived; (1) the HEX at the upper half of the TR is advantageous for nar- 
rowing the temperature distribution in the TR; (2) the HEX at the lower half of 
the TR is advantageous for narrowing the molecular weight distribution of the 
outlet polymer; (3) the HEX has a slight adverse influence on the outlet yield. 
Experimental verification by the plants is expected in future. 
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