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Segregated and Two-Environment Reactor Models—
Calculation of Molecular Weight Distributions

ABU AHMAD and RAYFORD G. ANTHONY, Department of Chemical
Engineering, Texas A&M University, College Station, Texas 77843

Synopsis

An efficient procedure is presented for calculating molecular weight distributions for segregated
reactors and two-environment reactor models.

i Calculation of molecular weight distributions for segregated flow or two-
environment mixing models by conventional methods are long and require a
considerable amount of computer time. Therefore, few, if any, calculated mo-
lecular weight distributions have been presented in the literature for these mixing
models.

If the method of characteristics and the continuous variable assumption as
presented by Zeman and Amundson! and used by Timm et al.® are used, the time
required to calculate a distribution is greatly reduced. This calculation proce-
dure is illustrated as follows for a stepwise polymerization with no termination.
The method can, however, be readily extended to other types of polymerization
mechanisms. The reaction mechanism is

I+M—P, 1)
P]+M_’ J+1

For the batch reactor, the production of polymer chains is given by

dP;
=L = aM(Pj-y — P)) 2
dt
or in terms of the continuous variable assumption,
¢}
at dn

where 7 is the continuous variable for the chain length and j is the discrete
variable. By use of the method of characteristics, the solution for eq. (3) is

P(n(t),t) = P1(¢o) (4)
and

¢
) =1+a f Cdt (5)

to

P1(to) is obtained by integration of the following equation
by _ B:IM — aMP, (6)
dt
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The initiator concentration [ is given by

I =Ipe Bi7 (N
where
= * Mat ©)
Hence, eq. (6) can now be solved in terms of 7 to yield
P,—-P= aﬁilo ~[e~him — 7] 9)

The monomer concentration for the batch reactor is given by

- (fi_—]\tl = &IM - aPTM (10)

t=0, M= M9, Pp=Pp0
Equations (2) through (10) constitute the set of equations which must be solved
for a batch reactor. Equation (5), however, allows for a finite time for a polymer
of length n to grow. This time will be referred to as T',. For all times less than
T,, P(n(t),t) = 0.
For the segregated reactor with a well-stirred residence time distribution,

1 o
Plhog =5 ﬁ (P (n)lparcre—t/dt (11)

P(p) =0fort <T,

Therefore,

1 o
P(n)seg = 5 L {P("I)}batche_t/odt (12)

From the batch solution, P(n(t),t) = Py(tp), and a change of variable for the in-
tegration yields

1
P(1)seg = fy Pi(yo)dy (13)
where

y =1-—exp(—t/0)

Equation (5), in terms of y, becomes

2 =1+  acm (L> dy (14)
Y0 1-y

The maximum chain length is obtained by setting yo = 0 and y = 1 in the above
equation.

Figure 1 shows the characteristic curves for polymer chains in a batch reactor.
From this figure, it is clear that for y <y,’, there would be no polymer of chain
length #’. For a chain length 7, the upper limit of integration of eq. (14) would
vary from y,’ to 1.0. For every value of y, there is a corresponding value of yy,
and the value of yo would vary between 0 and yo,. The solution procedure that
was followed is described below.
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Fig. 1. Characteristic curves for growth of polymer chain lengths in a segregated CSTR.

For any chain length 7, the value of the limit y, in eq. (13) may be obtained
by setting yo = 0 eq. (14). Next, for every value of ¥ (y, <y < 1), the corre-
sponding value of yg is obtained from eq. (14). The value of P, at every value
of yo is obtained from eq. (9). Finally, {P(n)}eg is calculated by integrating eq.
(13).

MWD FOR CHEN AND FAN MODEL

The method of calculating MWD for the segregated model may be extended
further to calculate the MWD for the two-environment reactor model proposed
by Chen and Fan.2 Molecular weight distributions may be calculated separately
for the two environments and then combined in an appropriate manner? to get
the overall distribution. The theory for calculating the MWD for this model
is described below.

For the entering environment (micromixed), the distribution is readily cal-
culated? from the material balance equations. For chain length 1,

R + 1
Pk < P > ~ BieCigCrmg + agP1gCrg =0 (15)
Rearranging eq. (15),
BieCrmeCief
= 15

P 14+ 6R + agbC, g (15a)

For any chain length 7,

R+ 1

P.g <“—0 > = agCpgPy-1,5 + agCppPae =0 (16)

By making the continuous variable assumption
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Fig. 2. Characteristic curves for growth of polymer chain lengths for Chen and Fan model.2

P.g= Pigel=(t—1/agCngt’| amn
where
0
= 17
1+ R0 (17a)
For the leaving environment,
t
n=n0) + f aCndt  t<t, (18)
0
and
t
f,=1+f aCpdt  t2t, (19)
to
Making the change of variable from ¢ to v,
y 9
1=10 + [“aCn () dy v Sy, (20)
0 1—y
and
y 0
n=1+ { aCn (——) dy yzy, (21)
Yo 1-y

Figure 2 shows the characteristic curves for polymer chain lengths in the leaving
environment. From this figure, it is clear that for any chain length %7, the value
of 5(0) will vary between 1 and #”. The upper limit of integration of egs. (20)
and (21) varies between y,” and 1.0, and the corresponding value of y, varies
between 0 and yo”.
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Fig. 3. Comparison between experimental and calculated differential molecular weight distribution
for a typical run in reactor A: (@) experimental, A02; (—) segregated model; (- - -) micromixed model,
(- - =) Chen and Fan model (R = 0.025).

The distribution from the leaving environment is given by

Py = ’1‘;% J;m {P(n(t),t patcne™"/dt (22)

The two boundary conditions for this equation are
P(n(t),t) = P(n(0),0) t=<t¢, (22a)
P(n(t),t) = Pi(to) t=t, (22b)

Therefore, the equation for the leaving environment becomes

P P(5(0),0)e~/dt + .f Pi(to)e—tdt (23
L= 1+Ref (1(0),0)e +R0 (to)e™ (23)
The value of P(5(0),0) is obtained from the entering environment. Thus,
P(n(0),0) = Pyge~/asCnes n(0)-1) (24)
where
¥ 0
1@ ~1=n~1~ [ gl (7) dv (25)
0 1-y

After these substitutions, the final equation for the leaving environment in terms
of the transformed variable y is

RO Yn R
LA Pipe—1/eECned (n(0)-1)dy +
1+R6 1E YT 1+Re

The above equation for the leaving environment is valid up to a chain length
of n = n,,. However, it is clear from Figure 2 that chain lengths higher than »,,

= " Pityody (26)
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Fig. 4. Comparison between experimental and calculated molar molecular weight distribution
for a typical run in reactor A: (@) experimental A02; (—) segregated model; (- - -) micromixed model;
(- - -) Chen and Fan model (R = 0.025).

may grow for this model. Above this chain length, the contribution of the second
term of eq. (26) becomes zero and the upper limit of integration of the first term
of the equation becomes 1.0. Therefore,

120 Yn
P = Pipe—VaECRE (n(0)-1)¢
3L,1 1+Re Jo 1E€ Y
+ RO flp( )d <nm (27)
1+R6J,, 1\Wo)ay n=Mm
and
Ré ! —1/agCmgd’ (n(0)—1)
PnL,2=1+R0£ Pype VarCnst @O-Ddy 5> g, 28)

Combining the equations for the two environments,? the final equations for
the overall molecular weight distribution for this model are

1
P,p1= mPnE + P,r1 75 Nm (29)
and
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Fig. 5. Comparison between experimental and calculated molar molecular weight distribution
for a typical run with mixed feed: (®) experimental A08; (—) segregated model; (- - -) micromixed
model; (- - =) Chen and Fan model (R = 2.26).
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Fig. 6. Comparison between experimental and calculated differential molecular weight distribution
for a typical run with mixed feed: (®) experimental A08; (—) segregated model; (- - -) micromixed
model; (- - -) Chen and Fan model (R = 2.26).



1408 AHMAD AND ANTHONY

Pipo= P+ Py N> Ny (30)

1+ R4

The method of molecular weight distribution calculation for the Chen and Fan
model? should, in general, be applicable to other two-environment reactor models,
with some modifications. For the model proposed by Ng and Rippin,? the cal-
culation should follow directly from Chen and Fan model? and should be simpler,
since the entering environment, for that model, is segregated.

Calculated distributions for micromixed, segregated, and Chen and Fan’s
model are illustrated in Figures 3, 4, 5, and 6. The kinetic model used for these
calculations was proposed by Porter et al.# for the polymerization of isoprene
in hexane with butyllithium. The experimental data were reported by Ahmad.5
We have also used this procedure to calculate distributions when « is a function
of chain length.

An efficient procedure has been presented for calculation of molecular weight
distributions. Even though a nonterminating polymerization mechanism was
used, the method may be extended to more complex mechanisms.
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