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Synopsis

The concrete simulation models dealing with the kinetic behavior of the hydrolytic polymerization
of e-caprolactam (CL) in various polymerization reactors used in the industry were described, and
the method for their numerical solutions was presented. The characteristic data of the polymer-
ization such as the concentrations of CL, end group, water, e-aminocaproic acid, cyclic dimer, and
the hot-water-soluble component, conversion, number average, and weight average molecular weights,
and solution and melt viscosities can be calculated at every stage of the polymerization reaction,
at every part of the reactors, and/or at the outlet of the reactors. The calculated values based upon
the models were found to be quite compatible with the observed values for the reactors. The ap-
plicability of the technique was well confirmed for the quality control, process control, modification
of existing plants, and development of new chemical process plants.

INTRODUCTION

Poly(e-caprolactam) (PCL; Nylon 6) is industrially produced by the hydrolytic
polymerization of e-caprolactam (CL), using various chemical processes. The
simulation calculation of the polymerization in those reactors play an extremely
important role in the quality control, process control, modification of existing
plants, development of a new process, etc. In this regard, the development of
the widely applicable simulation models has long been awaited.

Although Gerdes et al.! suggested a general principle for studying this subject,
they did not describe concrete mathematical models for the actual reactors.
Reimschuessel and Nagasubramanian2-% have made a great contribution on
various aspect of the polymerization and also made a contribution on this
subject.* However, their description on the mathematical simulation models
covers only a limited kind of reactors.

Recent progress on the instrumental analysis and on the technology of the
numerical computation enable us to perform a more detailed and precise phys-
icochemical analysis of the kinetics of the polymerization’™1° and simulation
calculations of the polymerization in various reactors. The objectives of this
report are (1) to give concrete mathematical simulation models for the poly-
merization in various polymerization reactors, (2) to test the compatibility be-
tween results of experiments and those of numerical calculations, using the ex-
amples cited in patent articles, and (3) to derive informations for the improved
operating conditions, modification of existing plants and development of a new
efficient process.
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HYDROLYTIC POLYMERIZATION OF ¢-CAPROLACTAM

The mechanism and kinetics of the hydrolytic polymerization of e-caprolactam
(CL) are summarized in Table I.1-1© During the polymerization, three main
equilibrium reactions occur: (1) ring opening of CL, (2) polycondensation at
end groups (EG), and (3) polyaddition of CL. In addition to the above reactions,
there are two equilibrium reactions concerning to cyclic dimer (CD): (4) ring
opening of CD and (5) polyaddition of CD were taken into consideration, since
CD is the major portion of cyclic byproducts and is the most undesirable material
for spinning and molding the polymer.

The set of rate equations [egs. (6), (7), (8), and (9)]%7? was derived from the
mechanism, where x, v, z, w, and u are the concentrations of CL, EG, ¢-amino-
caproic acid (ACA), water, and CD, respectively; k; is the rate constant; K; (=
k;/k;) is the equilibrium constant. The rate equations with respect to momentum
i, [egs. (6), (7), and (10)]19 are the representation of molecular weight distribution
(MWD) terms, which are derived by applying the Z-transform to the molecular
rate equations. The simplest parameter to characterize the MWD is the poly-
dispersity U defined by eq. (11). A constrained relation of eq. (12) was intro-
duced to enable the set of rate equations to be numerically soluble, assuming that
the MWD of the polymer follows the Schultz—-Zimm distribution as a first ap-
proximation.

The five reactions were accepted to be catalyzed by the carboxyl end group,
so that the rate constants k{ can be written as eq. (13). All the constants depend
on temperatuare T for which the Arrhenius relation can be assumed, and the
equilibrium constants are expressed as a function of T [cf. eqs. (14) and (15)].
The kinetic constants such as the frequency factor A! and activation energy E!
and the thermodynamic constants such as the enthalpy H; and entropy S; were
determined by the nonlinear least-squares curve fitting and are listed in Table
I1.8

The gas-liquid equilibrium of water and CL are given by eqs. (16)—(19) in Table
11112 The relations between relative viscosity 1), intrinsic viscosity [7], melt
viscosity 1y, and number average molecular weight My (number average degree
of polymerization Py = My/113.16) are represented by well-known empirical
equations [(20)-(22)], the coefficient of which were taken from Refs. 13 and 14.
Here the solution viscosities, 7. and [n] are those measured in concentrated
sulfuric acid solution at 30°C, the melt viscosity s is that of the stationary state
flow at 280°C, and p is the hot-water-soluble component (WSC, wt %).

SIMULATION MODELS

Fundamental Models of Reactors
Autoclave Reactor

A batch of CL containing prescribed water is placed in an autoclave (AC) and
the polymerization is carried out under an appropriate control program of
temperature T, pressure P,, and stirring. During the polymerization, excess
water and CL are removed from the AC to obtain the desired polymer, the
quantity of which is inevitably determined by the gas-liquid equilibria among
water, CL, and PCL under given T and P, conditions. The simulation calcula-
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TABLE 1
Basic Equations

Equilibrium Reactions

Ring opening of CL; CL + Ho0 = ACA (1)
Polycondensation; P, + P, = Pp4s + HO (2)
—NH; + HOCO— = —NHCO— + H;0
Polyaddition of CL; CL. + P, = P4 (3)
CL + HoN— = H,N—
Ring opening of CD; CD + Ho0 = Py 4)
Polyaddition of CD; CD + P, = P42 (5)
CD + HoN— = HoN—
Rate Equations
dx/dt = —duy/dt = —ki[x(wo — y) — 2/K1] — ks[xy — (y — 2)/K3] 6)
dy/dt = dpoldt = kafixwo — y) = 2/Ku] = haly? ~ (xo — x — y = u)awo = y)/Ki] ™
dz/dt = ky[x(wg —y) — 2/K1] — 2ks[yz — (y — 2)(wo — y)/K3] — ka(xz — 2/K3)

—ks(uz — z/Ks) (8
du/dt = —k4[u(wo —y) — 2/K4] — ks[uy — (y — 22)/Ks] ®)
dug/dt = kafx(wo — y) — 2/K1] + ko[2(xo — x)% + (wo — ¥){xo — x — 13)/K2/3]

+k3lx(2x0 ~ 2x + y) + (y — 2x9 + 2x + 2)/K3) (10)

, = HolZay = (o= 2Py (12)

{(xo—x)
Rate and Equilibrium Constants
Ri=k{+kSy (i=12...,5) 13)
ki = Al exp(—E{/R/T) (j=0,¢) (14)
K; = exp[(S; — Hi/T)/R] (15)
Gas-Liquid Equilibrium
logPY,0 = —2.08 X 103/T + 8.55 (18)
logPY, = —3.28 X 10%/T + 9.03 (17
logPcr = —4.10 X 10/T + 9.6 (18)
lognuo/Puo = 357 X 108/T — 1141 (19)
Viscosity Relations

[n] = 2.5(nlt — 1.0) (20)
My = 1.4145 X 104[n]1-217 ©@1)
logny = 4.7 log My — 22.35 + 3.19 x 102 _ (4.7logMy ~18.82 + 2.09 X 103/T)p 22)

100
Kinetic Data at Outlet of Reactors

X(1) = fX@)E(7, t)dt X=x,y,-) (23)
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E(r,t) = exp(—t/T)/7 (CSTR) 29)
E(r,t) = 72/t3/2 (TR) (25)

tion is carried out by solving the set of rate equations [(6)—(12)] given in Table
I, following the control program of T' and P, with respect to the polymerization
time t. The program was represented by a linear graph plotted against ¢t with
an appropriate division (e.g., Yy, 1, or %12 h). Here it was assumed that the mixing
of the reactant is perfect. The characteristic data of the polymerization such
as [CL], [EG], [water], [ACA], [CD], pcaic, conversion, Py, Pw, U, 1., and ny
can be calculated, where pcq is the calculated hot-water-soluble component
defined as the summation of [CL], [water], [ACA], and [CD]. The contribution
of the concentration terms of cyclic higher oligomers (trimer, tetramer, ---) and
linear oligomers (dimer, trimer, --) to the p value were not taken into consider-
ation because of the lack of their formation kinetics.

The simulation model enables us to determine the program of T and P, to
obtain the desired polymer only by the numerical computations.

Continuous Stirred Tank Reactor

In the continuous stirred tank reactor (CSTR), the polymerization is carried
out continuously under given T, P,, and residence time 7, where the input is the
molten CL containing water and the output is the prepolymer mixture. The
characteristic data of the polymerization at the outlet of the C3TR are calculated
by eq. (23). X(7) is the mean value of the data and X (¢) is the solution of the
rate equations, i.e., the kinetic data at the polymerization time t. E(7,t) is the
density distribution function to characterize the degree of mixing. The perfect
mixing can be assumed for the CSTR, provided that the stirring is good and that
the fluid is not too viscous. The deviation from the assumption is usually small
in practice. Thus eq. (24) was used as the E function. The simulation models
are classified as: (i) sealed CSTR where the pressure takes its own course and
water and CL are not distilled out and (ii) controlled-pressure CSTR where the
pressure is controlled at the prescribed value and the excess water is distilled
out accompanying with a small amount of CL.. The concentrations of water and
CL should be corrected according to egs. (16)—(19).

TABLE 1I
Kinetic and Thermodynamic Constants

A? E? AS Ef H; S;

5.987 X 105 1.988 X 10*  4.308 X 107 1.881 X 104 1.918 X 103 —7.885 X 100
1.894 X 1010 2327 X 10* 1.211X 10 2,067 X 10* —5.946 X 103 9.437 X 107!
2.856 X 109 2.285 X 104 1.638 X 101¢  2.011 X 104 —4.044 X 10> —6.946 X 10°
8.578 X 1011 4.200 X 10+ 2331 X 10'2 3.740 X 10* —9.600 X 103> —1.452 X 10!
2.570 X 108 2130 X 10* 3.011 X 10°  2.040 X 10* ~-3.169 X 103 5.827 X 1071

~

[ LR R

1 = ring opening of CL.
2 = polycondensation.

3 = polyaddition of CL.
4 = ring opening of CD.
5 = polyaddition of CD.
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Tubular Reactor

The tubular reactor (TR) is another type of reactor in which the polymerization
is carried out continuously. The first approximation for the purpose of calcu-
lating the reactor’s performance is based on the assumption that there is plug
flow. This assumption, however, was found to be inadequate for the polymer-
ization in the TR. In general, it has been well recognized that the fluid follows
the Hagen-Poiseuille flow. The characteristic data of the polymerization at the
outlet of the TR are obtained by integrating eq. (23), using eq. (25) as the E
function, when operation conditions such as T, P,, and 7 have been given and/or
observed. The simulation models can be conveniently divided into four groups:
(i) isothermal sealed TR, (ii) isothermal and controlled-pressure TR, (iii) sealed
TR with multiple heating zones, and (iv) controlled-pressure TR with multiple
heating zones. In the actual simulation program, the correction of the concen-
trations of water and CL due to the pressure control was taken into consideration,
and the subject of the multiple heating zones was treated as shown in the fol-
lowing section of the temperature distribution.

Combination Reactor

The combination reactor consists of n numbers of CSTR followed by TR, and
the case of n = 1,i.e., CSTR + TR is most commonly used in practice. To achieve
the desired polymer characteristic data at the outlet of the reactor, the excess
water is to be removed from the reactant by evaporation using an appropriate
evaporator installed between the CSTR and the TR, flashing at the inlet space
of the TR under reduced pressure, or stripping at the inlet space of the TR by
N3z gas. Thus a new parameter 6 should be taken into consideration, which is
defined as 6 = 1 — [EW]/[FW]. Here FW is the free water in the reactant at the
outlet of the CSTR and EW is the effective water for the TR reaction. The
simpiest and most commonly used method to evaluate the parameter depends
on an empirical determination for the respective plants as a function of the op-

“eration conditions. It should be noticed, however, that the value can be detier-
mined by the theoretical treatment for each apparatus, if the required chemical
engineering constants such as the diffusion coefficients, mass transfer constants,
etc. of the low boiling materials have been available for a wide range of the op-
erational variables (cf. treatment by Nagasubramanian and Reimschuessel®).

Temperature Distribution in TR

Empirical Temperature Distribution

In a practical TR, the temperature distribution are recognized from center
to wall and from top to bottom. Here we deal with the simulation model of the
polymerization at a temperature distribution, the tabulated function of which
is obtained by experiments.

Let us suppose a TR with length of L and diameter of D. The mean residence
time 7 can be given by 7 = L/v, where v is the mean linear flow rate. The TR
has the cylindrical symmetry so that the volume element shown in Figure 1 car
be defined. The divisionj(j =1,2,...,M) in the radius direction corresponds
to that of the polymerization time if the Hagen-Poiseuille flow is assumed and



736 TAI ET AL.

the divisioni ( = 1, 2, ..., N) in the flow direction corresponds to that of the
residence time. Consider the (i, j) volume element, i.e., the ith plate and jth
stream, the polymerization time in this element is given by t;; = L/N/v;, where
v; is the flow rate of the jth stream. The polymerization in the jth stream is
described as

Ty . Ty . Tivrj . .
X(0)—X(1,)) > X(2,j) > ~—>X(@-1,))
tij toj ti-1,j
T . . Twj .
—>X(i,j) = —>X(N,j) (26)
tij tNj
where T7; is the polymerization temperature at the volume element and X (i, j)
is the mean kinetic data at the outlet of the volume element. The mean kinetic
data X; at the outlet of the ith plate of the TR is given as

- M
X = Zl X, DEG, j)At; (27)
=

where At; is the increment of the polymerization time and E (i, j) is the density
distribution of residence time having the following expression:
EG, j) = 77/(2t}) (28)

where 7; =iL/N/v and t; = t1; + tyj + =+ ¢;; =iL/N/vj. The mean kinetic data
X at the outlet of the reactor is calculated by eq. (27), substituting i = N.

Theoretical Temperature Distribution
The heat valance in the TR is given by15.16
v(dT/ds) = a[d2T/or? + (1/r)(dT/3r)] + Qr (29)

Fig. 1. Schematic representation of the cylindrical coordinate for the TR.
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where r and s are the cylindrical coordinates defined in Figure 1, T is the tem-
perature, v is the mean linear flow rate, and « is the heat diffusion coefficient.
Qr is the sum of the heat of the reactions. Equation (29), by using the finite
difference approximation, can be rewritten as

(0/As)(Tivrj — Tij) = (@/Ar2)(Tij41 — 2T + Ty j-1)
+ (a/rAr)(T;j+1 — Tij) + (=1/cp) l‘; (H;AX,/At)  (30)

Thus the M X N linear equations give the temperature Tj; of the (i, j) volume
element.

Numerical Calculation

The set of rate equations (6)—(12) shown in Table I was integrated numerically
using the Runge-Kutta—-Gill integration scheme with variable time increment.
The mean kinetic data at the outlet of the reactors and that at the outlet of the
(z, j) volume element of the TR were calculated by eq. (23), following well-known
numerical integration methods. The mean kinetic data at the outlet of the ith
plate of the TR was calculated using eqs. (27) and (28).

The (M X N)-dimensional linear equations given by eq. (30) were solved nu-
merically, according to the method described in Ref. 16: Suppose that the in-
formation of the temperature T;_; ; of the (i—1)th plate is known, and the M-
dimensional linear equations, the variable of which is Tj, can be derived. Then
the set of equations can be solved by the Gauss—-Seidel method, the iteration
process of which is cut off by the prescribed criterion of convergence. The
consecutive process from the first plate (i = 1) to the final plate (i = N) gives the
full solution of eq. (30).

These calculations were carried out with a HITAC 8250 computer.

RESULTS AND DISCUSSION

Autoclave Reactor

Two examples of the polymerization by the AC were taken from a patent ar-
ticle,!” and the simulation calculations were carried out for them. The results
are listed in Table III, comparing the calculated characteristic data at the outlet
of the reactor with the observed ones. The polymerization conditions were as
follows: No. 1: [CL]o = 8.572 mol/kg, [H20]o(wo) = 1.665 mol/kg, T = 268° C

TABLE III
Characteristic Data at Outlet of AC
No. [CL] [CD] [EG] o Drel Py
1 Obsd 0.716 0.0220 — — 2.44 —
Calcd 0.769 0.0235 0.063 9.61 2.34 126.6
2 Obsd 0.619 0.0530 — —_ 2.31 —
Caled 0.753 0.0390 0.064 9.79 2.31 124.6

Dimensions: [CL], [CD], and [EG] (mol/kg); o(WSC) (wt %).
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— 265°C, PP* (maximum controlled pressure) = 5 kg/cm?2, and t = 6.5 h; No.
2: [CL]o = 6.893, [CD]o = 0.571, [Ho0]o = 2.775, T = 285 — 265, P™* = 18, and
=11.6. Fair agreement was obtained between the observed and the calculated
characteristic data of the polymerization.
Here it is not surprising to find that the actual polymerization temperature
T deviates, in general, from the jacket temperature 77, the value of the difference
being a characteristic of the respective AC and dependent on the heat balance
in the AC. For the practical AC, it is also difficult to measure the actual reaction
temperature because of the difficulty to set a thermocouple deep into the reactor
without interference by the stirrer, so that the program (7 vs. t) has some un-
certainty. This also causes an uncertainty with regard to the water quantity to
be distilled out. These uncertainties explain some deviations between the ob-
served characteristic data and the calculated ones.

Continuous Stirred Tank Reactor

The characteristic data of the polymerization at the outlet of the CSTR is
expressed as a function of the inlet composition ([HyO]o; wo), temperature T,
pressure P,, and residence time 7. Thus the calculation with respect to each
characteristic data results in a multidimensional contour map. Figures 2 and
3 are examples of the contour maps obtained by the calculation for the sealed
CSTR; Figures 2(A) and (B) are the CL concentration and Py maps (7, 7) for

T N TS

~
~

(B)

240 260 T 280

Fig. 2. Contour maps of the characteristic data of the polymerization at the outlet of the sealed
CSTR. (A) [CL] map (T, ) for wo = 1.665 mol/kg. (B) Py map (T, 7) for wo = 1.665 mol/kg.
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(A)

(8)

) | 2w, 3
Fig. 3. Contour maps of the characteristic data of the polymerization at the outlet of the sealed

CSTR. (A) [CL] map (wo, 7) for T = 260°C. (B) Py map (wy, 7) for T = 260°C.

wo = 1.665 mol/kg; Figure 3(A) and (B) are ones (wq, 7) for T = 260°C. The
figures suggest that the CL concentration decreases monotonically with in-
creasing the temperature, residence time, and inlet water concentration, while
the Py map shows a mo{intain slope in variation with the variables. The band
surrounded by the 3.0 mol/kg contour and the 5.0 contour in the {CL] maps, and
the band surrounded by the 35 contour and the 50 contour in the Py maps are
especially important for industrial scale CSTR’s. These data are available for
elucidating the polymerization conditions of the respective CSTR.

A temperature difference (T' ~ T”) between the reaction mixture and the
heating medium arises also for this reactor and a deviation from the perfect
mixing takes place when the viscosity of the reactant exceeds a certain value.
The deviation is detectable as a discrepancy between the observed characteristic
data and the calculated ones. The sealed CSTR is more suitable for practical
use than the controlled pressure one, since the latter has an energy loss due to
distillation of water and CL.

We had taken up an example of the polymerization by the CSTR from a patent
article,!8 and the simulation calculation was carried out: Operation conditions:
wo = 2.775 mol/kg, T(= T’) = 260°C, P, (controlled pressure) = 2.3 kg/cm?, and
7 = 2.1 h; experimental data: [FW] = 0.783 mol/kg and p(WSC) = 48.0 wt %;
calculated ones: [FW] =0.649 and p = 47.5. A fair agreement is found between
the experiment and the calculation.
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Tubular Reactor

The characteristic data of the polymerization at the outlet of the TR is also
expressed as a function of the operational variables. Figure 4 is an example of
the simulation calculation for the isothermal sealed TR; Figures 4(A) and (B)
are the CL concentration and Py maps (T, 7) for wg = 0.222 mol/kg. The region
surrounded by the broken line contour of [CL] = 0.8 mol/kg in Figure 4(A) cor-
responds to an equilibrium low concentration, i.e., high conversion. Comparing
Figure 4(A) with Figure 4(B), it is well demonstrated that the high conversion
region does not coincide with the high number average degree of polymerization
region.

Only few examples!? were found in the patent article dealing with the poly-
merization of the isothermal sealed TR. An example to test the applicability
of the simulation program is shown as follows: TR conditions: wg = 0.111
mol/kg, T = 250°C, and 7 = 45 h; experimental results: [acetone soluble com-
ponent] = 13 wt % and 7,.; = 3; calculated results: p(WSC) = 11.6 wt % and 7,ej
= 3.35.

Most frequently encountered TR’s in various patent articles are those of the
controlled pressure with a large quantity of the input water. Those reactor
should be treated by the simulation model for CSTR + TR, since the Hagen—
Poiseuille flow is disordered by convection currents in the upper 1/4 — 1/3 part
of the TR, so that the CSTR treatment is adequate for this region.

30 ,
i
T . '
0.8 Jo e

2 04
i moi/kg

2

3\

NE N
R
240 260 T 280

(B)

240 260 | 280
Fig. 4. Contour maps of the characteristic data of the polymerization at the outlet of the sealed

isothermal TR. (A) [CL]) map (T, 7) for wy = 0.222 mol/kg. (B) Py map (T, 7) for wy = 0.222
mol/kg.
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Combination Reactor

Figures 5 and 6 are parts of results of the simulation calculation for the com-
bination reactor (CSTR + TR), where the prepolymerization is carried out in
the CSTR and the polymerization is finished in the TR. Figure 5 shows the CL
concentration and Py curves as a function of the residence time 7, where the
parameter 0, the removal efficiency of free water, was fixed to 0.9 and the poly-
merization conditions are as follows: sealed CSTR, T = 250°C and wq = 1.110
mol/kg; isothermal TR, T = 270°C. From the figure it is revealed that the
converged values of Py increases and the concentration of CL increases with
increasing the residence time in the CSTR. Figure 6 demonstrates the effect
of the parameter d on the kinetic data at the outlet of the TR, which indicates
that the Py value is much more affected by variation of the ¢ value than the CL
concentration. Both the converged Py value and the [CL] value increase with
increasing the 0 value. These data should be available for the quality control,
process control, and modification of the operation conditions.

In Table IV is listed an example (taken from the patent article!8) of the
polymerization performed in the combination reactor, with the operation con-
ditions being as follows: CSTR conditions: wg = 2.775 mol/kg, T(= T) =
260°C, P, = 2.3 kg/cmZ2, and 7 = 2.1 h (cf. preceding section of CSTR); TR con-
ditions: 7'} (upper 1/3 of TR) = 240°C, Ty(intermediate 1/3 of TR) = 270°C,
T (lower 1/3 of TR) = 260°C, P, = 1 kg/cm2, 7 = 24 h, and stripping by N,
gas.

The calculated result denoted by calc I was based upon a gross approximation
of the isothermal TR, where T was the average of T3, Ts, and T3. The 6 value
was assumed as 0.94 in contrast to the reported ¢’ value of 0.71 in the patent ar-
ticle,'® where & is defined as & = [CW]/[FW]; CW is the water which is condensed
in a condenser installed at the top of the TR. As described already, 6 is defined

150

=0

Fo0

r50

Fig. 5. Calculated characteristic data curves plotted against the residence time 7 (h). The sim-
ulation calculation of the polymerization was carried out for the combination reactor with the sealed
CSTR and the isothermal TR. Thick solid line, thick broken line, thin solid line, and thin broken
line correspond to Py at the outlet of the CSTR, [CL] (mol/kg) at the outlet of the CSTR, Py at the
outlet of the TR,and [CLJ] at the outlet of the TR, respectively.
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Fig. 6. Effect of the § value to the calculated characteristic data (|[CL] and Pn) of the polymer-
ization at the outlet of the combination reactor (CSTR + TR). Thick solid line, thick broken line,
thin solid line, and thin broken line correspond to Py at the outlet of the CSTR, [CL] (mol/kg) at
the outlet of the CSTR, Pn at the outlet of the TR, and [CL] at the outlet of the TR, respec-
tively.

as 6 = 1 — [EW]/[FW]. The 6 value is equal to the 4’ value only when [FW] is
equal to the sum of [CW] and [EW]. This is an ideal case. In the practical re-
actor, however, the 6 value is greater than the ¢’ value obtained by the experiment,
since [FW] is always greater than the sum of [CW] and [EW].

Fair correspondence is found between the calculated characteristic data at
the outlet of the reactor and the observed ones (c¢f. Table IV).

Temperature Distribution in TR

As described in a preceding section, TR has a temperature distribution. The
observed tabulated function of the temperature T3; in the actual reactor has not
yet been available, because of the experimental difficulties. Therefore a com-
plete calculation due to eqs. (26)—(28) could not be performed. Here another

TABLE IV
Characteristic Data at Outlet of CSTR + TR
TR conditions Characteristic data

T, T, TE; P, T [CL] Nrel Py
Obsd 240 270 260 1 24 — 3.08 —
Caled I 257 1 24 0.80 3.18 199.9
Caled II 240 270 260 1 24 0.84 3.15 197.5
Caled III 240 270 260 1 24 0.84 3.06 190.0

Dimensions: T (°C); P, (kg/cm?); 7 (h); [CL] (mol/kg).
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approximation, i.e., multitemperature zone model, was taken into account, which
is more reliable than the isothermal one, where the temperatures were assumed
asTy;=Tii=1,2,...,N/3,j=1,2,... ., M), T;j=T, (i =1+ N/3,2+ N/3,
.«»2N/3,j=1,2,...,M),and T;; = T3(i =1 + 2N/3,2+ 2N/3,... ,N,J = 1,
2,...,M). The result of this type calculation for the example cited in the pre-
ceding section is listed in Table IV (calc II). The compatibility is improved
between the experimental data and the calculated ones in comparison with that
of the isothermal case (calc I).

In Table V are shown the results of the numerical solution of the heat diffusion
equation [cf. egs. (29) and (30)] for the example where the polymerization con-
ditions were those mentioned in the preceding section and the dimensions of the
reactor were assumed as L = 12m, D = 0.84 m, and v = 0.5 m/h, because of the
incomplete description of the dimensions in the patent article.!®8 The calculation
was carried out by using the cylindrical coordinate (cf. Fig. 1). The stream di-
rection of the TR was divided in equal parts of 1/12,i.e.,i = 1,2,...,12, and the
radius direction was divided in equal parts of 1/9,1.e.,j =1,2,...,9. There-
action heat Qg was approximately expressed as Qg = (—1/cp)H3A[CL]/At, since
the A[CL] term due to the polyaddition reaction of CL is the majority of the heat.
a = 0.21/cp/d (m?2/h) was used as the heat diffusion coefficient, where ¢, and
d are the specific heat and the density of the reacting material, respectively. The
80% of the heat generated in the first plate (i = 1) was assumed to be removed
by the Nj stripping operation.

The upper third of Table V is the calculated temperature distribution T}; in
the TR. The notation J means the jacket. The intermediate third and lower
third of the table correspond to the distribution of the CL concentration and that
of the Py in the TR, respectively, where X (i) means the mean kinetic data at
the outlet of the ith plate. It is found in the table that the temperature map has
a high temperature band (>270°C) the coordinates (i, j) of which are (5, 9) —
(6,5) — (10,4) — (12,4) — (12, 7) — (8, 9), and shows rather complicated dis-
tribution, while, in the concentration map of CL, monotonical decrease is only
recognized from center to wall and from top to bottom except the 9th stream.
In the Py table, the value of Py increases from center to wall and from top to
bottom, except the streams near wall such as the 8th and 9th which have a
maximum at the 4th plate. The calculated data (calc III) in Table IV are those
according to the calculation for the above described temperature distribution.
A better agreement is found than in cases of cale I and IIL.

It should be emphasized here that these detailed temperature distribution
data and kinetic data in the TR give a great contribution to the quality control,
process control, modification of existing reactors, and development of a new
process, and to clarifying the relations between operational variables and varying
kinetic data in the TR.

Conclusive Remarks

From the present investigation the following is recognized to be very important
for the hydrolytic polymerization of CL in the various chemical process plants
used in the industry: (1) mass transfer functions related to the removal of low
boiling materials (water and CL) at the evaporator between CSTR and TR or
at the top of TR; (2) representation of mixing in CSTR, especially when the
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mixing deviates from the perfect mixing; (3) representation of flow pattern in
TR, especially when the flow is between the plug flow and the Hagen—Poiseuille
flow; (4) subjects of heat balance, which consist of the heat escape from the re-
action mixture by flashing or stripping and the emission of heat from the reactor
and reactor cover. The subjects have been characterized by the institutional
factor of the respective reactors. In this work, these four subjects were treated
by introducing empirical parameters or theoretical approaches as shown in the
respective sections. Further investigations for these subjects should be beneficial
for the progress in the chemical processes for the manufacture of nylon 6.
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