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Synopsis

We have developed an analytical solution of reversible step growth polymerization in semibatch
reactor with condensation product flashing. We have shown that the MWD of the polymer formed
has Flory distribution, unaffected by flashing of condensation product, if the feed to the reactor is
either pure monomer or has most probable MWD. We have determined analytical expression for
the time when the evaporation of condensation product starts. Assuming the vapor liquid equilibrium
(VLE) is given by Raoult’s law (as well as the Flory-Huggins relation) we have determined the
number and weight average chain lengths. We have subsequently analyzed the polycondensation
step of the formation of polyethylene terephthalate and determined the effect of temperature and
pressure on the course of polymerization.

INTRODUCTION

Polymerization can occur either by chain growth or by step growth mecha-
nism.'” In the latter there are reacting functional groups on polymer molecules
which lead to their chain growth on chemical reaction. If the functionality of
the starting monomer is 2, the polymer formed has a linear structure because
of the following reasons. All molecules in the reaction mass, whether monomer
or polymer, have two unreacted functional groups situated at chain ends. This
implies that the growth of molecules can occur only in one direction, thus giving
linear molecular structure.

In this paper we consider the analysis of step growth polymerization of bi-
functional ARB monomer, where A and B are the reacting functional groups.
Like all other reactions in nature, this is also reversible and ean be schematically
represented as®1°

Pm+Pn‘:Pm+n+W (1)

In this P,, represents polymer chain having m repeat units and W, the con-
densation product formed in the chemical reaction of functional groups A and
B. Above k,,, and k.., are the forward and the reverse rate constants respec-
tively and their subscripts (m, n and m + n) denote that they are dependent
upon the chain lengths of the reacting species. Since the forward reaction in-
volves macromolecules P,, and P,, k,, depends on both m and n while the
reverse reaction depends upon {(m + n).
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In the celebrated work, based on the experimental work of Bhide and Sud-
borough,*! Flory proposed equal reactivity hypothesis!*!® in which the forward
and reverse rate constants, k,,, and k,,., were assumed to be independent of
m and n. Recently experimental works!*!® have been reported where it has
been shown that this is a gross simplification. Under #-conditions, the rate
constant versus chain length n has an S-shaped dependence. In the literature
this has been modeled by the unequal reactivity of monomer.!>1?

Step growth polymerization is either carried out batchwise in a vessel or
continuously in suitable continuous reactors.!*® The latter have either the ge-
ometry of a stirred vessel (modeled as continuous flow stirred tank reactor) or
a long tube (modeled as plug flow reactors) through which the reacting fluid
is continuously pumped. The main goal of these reactors is to form polymer of
high molecular weight, which means that the polymerization must be carried
out to high conversion. However, due to reversibility of eq. (1), overall poly-
merization is limited by equilibrium, which means that a high vacuum must be
applied to the reactor to remove condensation product W in order to obtain
the desired polymer.?*-% Reactors from which the condensation product is con-
tinuously flashing are called semibatch reactors. In this study, we undertake
an analysis of them because of their industrial importance.

The original analysis of Flory for step growth polymerization assumed equal
reactivity hypothesis. Using statistical arguments he solved the molecular weight
distribution (MWD) of polymer formed in batch reactors (i.e., reactors in which
there is no flashing of W). There have been several analyses of MWD of polymer
in industrial reactors, but most of these assume polymerization to be irreversible
in order to simplify the mathematical analysis.?®! A kinetic approach has been
taken and for a given reactor mole balance relations for various oligomeric
species have been written. A Z-transform or a Laplace transform function is
defined and the infinite mole balance equations are combined into a single one
using this. In this way, an analytical solution of the MWD of the polymer has
been found. Abraham?3® has addressed the problem of reversible step growth
polymerization in semibatch reactors. Assuming monomer as feed, no change
in density of the reaction mass, and the vapor-liquid equilibrium given by
Raoult’s law from the beginning of polymerization, he assumes the Flory—
Schultz distribution for the MWD of the polymer. He defines a Flory-Schultz
parameter, which he solves numerically. It may be recognized that flashing in
an industrial reactor starts after some time of polymerization and it is desirable
to know this time a priori.

When vacuum is applied to a semibatch reactor, the condensation product
begins to boil out of the reaction mass. The modeling of flashing of W from
semibatch reactors has been attempted in the literature.3* ¢ In these analyses,
the diffusional resistance of the reaction is assumed to be zero. In addition, the
escaping vapor is assumed to be in thermodynamic equilibrium with the reaction
mass. This leads to mole balance relations as a set of differential equations,
while thermodynamic equilibrium as an algebraic inequality. These could he
solved numerically only and have been described in the literature in complete
detail.

Computer calculations of the MWD of ARB polymerization have been found
to be difficult and time consuming. This is because the set of nonlinear ordinary
differential equations governing it are coupled and must be solved simulta-
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neously. We arbitrarily choose a large number of equations (say N.) such that
the concentration of Py, oligomer is negligibly small. We keep increasing N,
whenever the concentration of P ~, increases beyond some minimum value (say
1078). In our earlier work we have found that N. increases very sharply with
conversion and, as a result, computations slow down considerably and the trun-
cation error begins to build up with increasing time of polymerization. One of
the ways to overcome this computational problem is to derive moment gener-
ation relations from the MWD equations.?**® On doing this, it is found that
the relation for the ith moment of MWD involves higher moments and these
can be found only after suitable moment closure approximation.

In this paper we present an analysis of the general problem reversible step
growth polymerization in semibatch reactor. We have recognized the change
in volume of the reaction mass due to flashing and polymerization. We then
modeled the flashing of the condensation product and developed a complete
analytical solution of the MWD and moments of the polymer formed. We have
shown that no matter what the history of polymerization, at equilibrium, the
formed polymer has most probable distribution. We recognize that the flashing
of the condensation product starts after certain time of polymerization and
this depends upon the reactor pressure. We have found this time analytically
as a function of reactor temperature and pressure and subsequently derived an
analytical expression for the moles of condensation product flashed and the
average chain length of the polymer formed. We also show that if the feed to
the semibatch reactor is either pure monomer or oligomers having Flory’s dis-
tribution, the flashing of the condensation product does not change the distri-
bution. We subsequently solved the problem of polymerization of polyethylene
terephthalate and compared our results with those available in the literature.

THEORY

A schematic diagram of a semibatch reactor carrying out reversible step
growth polymerization is shown in Figure 1. Depending upon the volatility of
components of the reaction mass, there is a flashing of the vapor stream shown
in the figure. In the analysis presented in this work, we assume only monomer
P, and condensation product W vaporize and are present in the vapor phase
at concentrations governed by vapor-liquid equilibrium. This assumption is
made here to keep the analysis simple but can be easily extended for cases
where higher oligomers also vaporize.

In all semibatch reactors, monomer in the vapor phase is condensed in a
suitable separator and recycled because of its high costs. It is assumed that the
reactor is operating isothermally with its total pressure as Py. The volume of
the liquid phase of the reactor, V, changes with time as flashing of W and P,
occurs, and we account for its time dependence in this analysis as follows. We
define p, as the total moles of species P,(n = 1, 2, ...) and w as moles of W
in the liquid phase. The mole balance relations of these on the control volume
shown in Figure 1 are given by
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Fig. 1. Schematic diagram of a semibatch reactor with monomer and condensation product
evaporating. S = separator; W = condensation product; P, = monomer; Pr = reactor pressure; ¢,
= instantaneous rate of evaporation of W; V = volume of reaction mass in the liquid phase; p,, w,
Ao = no. of moles of monomer P,, condensation product W and the polymer respectively in the
reaction mass.

dp,/dt = [—2kprho + 2k,w 2 P )1/ V (2a)
r=2
n—1 oo
dpn/dt = [_2kfpn)\0 + kf Z PrPrn—r — kw(n — 1)pn + 2kw Z pr]/V,
r=1 r=n+l
n=2 (2b)
dw/dt = [keA§ — kew(\ — X)]/V — Qw (2¢)

where k; and k, are the forward and reverse rate constants (assuming equal
reactivity hypothesis) and A, and A;, are the zeroth and first moments which
are defined as

A() = Z Pns >\1 = Z npy, (3)
n=1 n=1

The zeroth moment A, gives the total moles of polymer at any time whereas
A; the total count of repeat units which will be shown to be time invariant a
little later on. Let us assume that the feed to the semibatch reactor is pure
monomer, i.e.,

att = 0: P1 = Do, p.=0 for n> 2 (4)

In order to solve for the molecular weight distribution ( MWD ) of the polymer,
we must know the volume V of the liquid phase of the reactor and the rate of
vaporization, Qw. The volume V is given by
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dV/dt = —vwQw (5)

where vy is the molar volume of the condensation product W. Subsequently,
we assume vapor liquid equilibrium given by the Raoult’s law as

(P21P1 + P(\)IVw) _
(Ao + w)}Pr

1 (6)

Equations (2), (5), and (6) specify the MWD of the polymer formed and must
be solved simultaneously for the analytical solution that follows.

Equations (2a) and (2b) are suitably added to determine the generation
relation of the zeroth moment A, and first moment A, as

dxo/dt: —[kf)\g_krW(}\l_xo)]/V (73.)
w© n—l @ 0
Vd\, /dt = _2kf Ao + kf z E np;Pn-r — Rw( z nzpn - 2 npn)
n=2 r=1 n=2 n=2

+2kw 2 2 np,

n=2 r=n+1

= —2kf>\1)\0 + 2kf>\1ko - krw(xg - k]) + k,-u)(kg - Al) =0 (7b)

Equation [7(b)] implies that the first moment A; is time invariant. Equations
[7(a)] and [2(c)] give

d(w + Ao)/dt = —Qw (8)
which on substitution in eq. (5) yields
V — Vo= —vw{(we + pio) — (w+ o)} 9)

Herein, w, is the moles of condensation product in the liquid phase having
total volume V, at time t = 0.

We propose the MWD of the polymer to be of the same form as the Flory
distribution

pn=x(8)y ()"} (10)

where x(t) and y(t) are independent of the chain length n. On direct substi-
tution of eq. (10) in egs. [2(a)] and [2(b)] it is seen that it satisfies the mole
balance relation no matter what the concentration of W is. If the starting feed
is either pure monomer or has its MWD governed by a relation similar to eq.
(10), then the form of MWD remains unaffected by flashing. The x(¢) and
y(t) in eq. (10) however are not independent because of the invariance of A,
or,
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2P =x/(1—y) =X (11a)
ann=x/(1'y)2zplo (11b)
These give
y(t) =1— (Xo/D10) (12a)
x(t) = (A5/P1w0) (12b)

We rewrite the vapor liquid equilibrium in eq. (6) as

_ PrXo — P%.ps

1
PY — P, (13)

However, eq. (10) gives p; as x(t) or A3/pyo [see eq. (12)], which on substituting
in the above relation gives

w = {Pr/(P% — Pr)}Xo — {P},/(P% — Pr)} N}

= (@ ho — @A) (14)

Between eqs. (9) and (14), it is thus possible to obtain an explicit relation
between V and P as

V = by + bikho — baA (152)
where

by = Vo — vw(wy + pro) {15b)

by = vw(an + 1) (15¢)

b, = vwa, (15d)

We can now substitute eq. (14) for w and eq. (15) for Vin eq. [7(a)] to
obtain

(bo + biho — baA3) dNo/dt = —Re NG + k(N0 — Ao){asho — a\s)  (16)

This can be integrated with the initial condition that at ¢ = 0 Ay is the same
as pyo and the final result can be derived as

Adn(Xg/Xoo) + Aadn[(XNg — dvy)/(Ago — d)) ]
—AsIn[{(ho —d2) /(Mo —dad] =t (17)
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where

g1 = keay

& = kp + Aokeas + kray

g3 = k.aA

di = {[g: + (g3 — 4218)°°1/ 281}

do = {[g:— (g3 — 4£185)°°]/ 281}

A, = by/(d1d281)

Ay = (bo + bid; — byd?)/[drgi(dy — dy)]
As = (by + bidy — byd2)/[g1da(dy — d3)]

When monomer P, has very low volatility and only water flashes,

w = PrXo/(P% — Pr) = a1}
Vo = b() + b1>\0

Equation (16) then becomes
(bo + b1>\0) d}\o/dt = _kf)\?) + k,()\m - )\0)017\0

which can be integrated to

Adn(No/ Ngo) — (As/8)In[(8ho — 85}/ (8hoo — &)} = ¢

where

&5 = 83
84 = k[ + kral
Ay =bo/gs

As = (84bo + bigs) /85

CLOSED REACTORS
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(18a)
(18b)
(18c)
(18d)
(18e)
(18f)
(18g)
(18h)

(19a)
(19b)

(20)

(21)

(22a)
(22b)
(22¢)
(22d)

When the condensation product is not allowed to escape from the reactor,
Qwineq. [2(c)] is zero and according to eq. (5), the volume of the liquid phase
of the reactor is time invariant. It is now possible to write the mole balance

relations in concentrations of oligomers as follows
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dC

—df = —2k,C\\ + 2k.Cw(Ns — Cy) (23a)

dC,, N n-1 e}

g = —2k;C, Ny + & 2 CC+2kCyw > C.—kC,(n—1)C, (23b)

r=1 r=n+1

dC, *

?=klx?;2_erW(Al -X) (23c)
where C, (for n = 1, 2, ...) represent concentration of species P, and

As and A} zeroth and first moments in terms of concentration unit defined as

N =2 C, (243)
n=1

AT =2 nC, (24b)
n=1

The feed to the batch reactor is once again to be pure monomer, in which case
att =20 C,=Cy (25a)
n=0 nz=2 {25b)

We proceed similarly to propose the form of MWD as
C,=x(t)y )" (26)

which satisfies the MWD relations in eq. {23) and the initial conditions in eq.

(25). Since the distribution has time invariant first moment A} (=Cy,) and the
zeroth moment Aj, x. and y, in eq. (26) can be written in terms of them as

x. = NE/N (27a)

¥e=1-X/Cy (27b)

The generation relation for the zeroth moment, Ay, can be derived from eq.
(23) as

dXs
dt

= kA% + b Cw(Cio— A7) (28)

For closed reactors, @, = 0, consequently eq. (8) yields

Cw = (Cwo + Cr) — Ao (29)

where Cyo is the concentration of the condensation product W in the feed
which need not be zero. On eliminating Cw in eq. (28), one has
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dAy
dt

:_kf>‘32+kr(CWO+C10_}\(T)(CIO—A;) (30)

This can be easily integrated to get A\j as

q/qo = exp(—dt) (31)
where
my = k.(Cwo + C19) Cro (32a)
my = E(Cwo + 2Cyp) (32b)
mo = (kf — k,-) (320)
6= (m?+ dmemy)'/? (32d)

_2mog +my — b

= 32
a 27712)\?)< + m, + 0 ( e)

_ 2m2C10 + m, — )
ZmZCw + my + 6

4o (32f)

EQUILIBRIUM POLYMERIZATION

Let us assume that the concentration of oligomer P,, at equilibrium in the
reaction mass is C,.. If Cy. is the concentration of the condensation product
at equilibrium, eq. (23) is written as

ane n—1 o0
_dl— = —2kaneA(#)( + kf Z CreC(n—r)e + riCWe Z Cre
r=1 r=n+l

—kCwe(n—1)C,h=0 (33)
The form of the MWD remains to be the same as eq. (26) as
Cre = Xee¥ % * (34)
where x.. and y,. are parameters defined for the equilibrium and

Xee = &2/ Cro (35a)

Yee = 1= e/ Cro (35h)

If eq. (34) is substituted in eq. (33), we find that in order to satisfy it exactly,
one must have
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Xee = BCwe ce (36a)
where
B = k./ks {36b)

This specifies the entire MWD of the polymer.

RESULTS AND DISCUSSION

Let us consider that certain moles of a monomer (say p;,) are mixed with
some moles (say wy) of condensation product before the mixture is charged to
the reactor. As long as the constraint of vapor-liquid equilibrium [given in eq.
(6)1] is not satisfied, there is no flashing of W and P, and it behaves like a
closed reactor. During polymerization w increases and Ay goes down and there
is a time when the condensation product begins to evaporate. The time when
this occurs can be easily determined by first finding the intersection point of
eq. (6) and (29). When there is no flashing, according to eq. (5), the volume
of the reaction mass is constant and as a consequence eq. (29) can be rewritten
as

Depending on whether monomer is flashing or not, we have 2 situations. When
only W is evaporating, eq. (19) holds for thermodynamic equilibrium and the
intersection point is given by

(38)

In this, superscript ¢1 stands for this situation {called case 1). This is now
substituted either in eq. (21) or (31). When P, as well as W evaporate (called
case 2), eq. (37) is used to eliminate w from eq. (13) and A& for this situation
is determined from

A2 = (a, +1) - V(a1 +2611)2 = 4ay(wy + No) (39)
2

This is once again substituted in eq. (17) to get the time of transition.

In order to demonstrate the efficiency of solution developed in this paper,
we have reexamined the analysis semibatch reactor given in Ref. 33. For specified
final stage, the time of transition, &, is first determined by using eq. (38} {or
eq. (39)] and eqgs. {31) [or eq. (17)] and after that, the time of polymerization.
We have compared our results with those found numerically using the technique
of Ref. 33. We have found exactly the same result and our method has the
advantage of being simple and can be adapted on any programmable calculator.
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In the following, we now examine the sensitivity of design of the semibatch
reactor to various reaction parameters.

Theoretically, the time of transition, &, is expected to depend upon the
reactor pressure and 8. We have varied 8 from 0.1 to 3 and have found that it
is relatively insensitive to it. However, reactor pressure has profound effect on
¢, as seen in Figure 2. As the reactor pressure is reduced, the transition time
falls almost linearly. We have shown t,, for the case when P, and W both flash
in this figure by dotted line and find that for a given reactor pressure it is lower
for this case. This is observed because of the additional term due tc the monomer
concentration in the vapor-liquid equilibrium relation eq. (6).

From the knowledge of A, in the reaction mass, it is possible to compute
number average chain length u,, defined as

#n = A1/ Ag (40)

Since the molecular weight distribution (MWD) is given by the Flory’s relation
in eq. (10), the polydispersity index, PDI, is equal to

PDI = pw/un = 1 + prg {41a)
where
Pra = (1 — Xo/D1o) {41b)
Bw = Ao/ N (41c)
16t
w0 g:-a
12}
|
£
e
2 08} Casel
- ---=-- Case?2
Q4¢f
e 4 A " " 1
0 2 4 6

P(atm)

Fig. 2. Time of start of evaporation versus reactor pressure for case 1 and case 2.
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Above pgg represents the conversion of functional groups. Evidently the max-
imum value of pgg is unity which means that PDI is limited to a maximum
value of 2, as expected. The u, versus time of polymerization in semibatch
reactor has been plotted in Figure 3. It is found to rise quickly for short times,
but for longer time spans, it is limited by the equilibrium. In this figure the
effect of 8 has been examined and it is found that as 3 is increased, the asymp-
totic value of u, falls. This is because smaller conversions are attained for larger
8 leading to smaller u,.

The instantaneous evaporation of the condensation product, @w can be easily
derived from eq. (5)

Qw=—(1/vw)dV/dt (42)
where d V/dt is found from eq. (15) as

dV/dt = blRp - 2b2AORp (43&)
R, = =X+ Bw(X — No) (43b)

In Figure 4, instantaneous Qw has been evaluated as a function of time. It
is found to be very large for short times which progressively reduces in mag-

100
§ B: Q
£
104 o
20
I
1 " a ad a2 s sl a " ek
0l 10 100

Time
Fig. 3. Average chain length u, versus time of polymerization with § as parameter at Py = 5.0
atm for case 1.
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Fig. 4. Rate of evaporation @, versus time of polymerization for different reactor pressure for
case 2.

nitude. Evidently at the reaction equilibrium, polymerization stops and Qw is
zero. In this figure we have examined the effect of reducing reactor pressure.
We find that flashing starts earlier and the initial value of Qw is higher. Also
the case of only W flashing shows an earlier transition and a higher peak of
Qw than the case when both P; and W flash.

The development presented in the text of this paper assumes Raoult’s law
for the vapor liquid equilibrium. It is well known that a more realistic repre-
sentation of this for polymer solution is the Flory-Huggins relation. The dif-
ference between the two theories lies in the fact that there is an empirical
parameter X characterizing the polymer solvent system. For this case, the
scheme of the solution remains unchanged and results are given in the Appendix.
In Figure 5, we have treated X as a parameter and plotted u, versus time of
polymerization. For given 3, as X is increased, the moles of condensation product
W in the reaction mass decreases, which increases the average chain length of
the polymer.

Lastly we have undertaken an analysis of the formation of polyethylene
terephthalate (PET) from bishydroxyethyl terephthalate (BHET) in semibatch
reactors. If the formation of side products is neglected, the polymerization
mechanism can be written as in eq. {1). For this system, the value of parameter
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Fig. 5. Effect of X on average chain length versus time of polymerization at § = 0.1, P = 5.0.

B is 2 and is independent of temperature. The effect of varying reaction tem-
perature, T, alters the vapor pressure of the condensation product W. The
results have been summarized in Figure 6. As T is increased, vapor pressure of
ethylene glycol increases, as a result of which the time of flashing and the value
of W decreases which leads to higher u,.

CONCLUSIONS

We have developed an analytical solution for reversible step growth poly-
merization carried out in semibatch reactors. It has been assumed that polymer
evaporates along with condensation product. Analytical expression for the time
when flashing starts has been obtained employing both the idealized Raoult’s
law as well as the more realistic Flory-Huggin’s relation for the vapor liquid
equilibrium. Expression for the MWD of the polymer formed has been obtained,
and it has been shown that this remains unaffected by evaporation if the feed
to the reactor is either a pure monomer or it is the product from a preceding
batch reactor. Transcendental relationship between the polymer concentration
and time of polymerization has been derived. The results match perfectly with
those obtained by numerical schemes presented in the previous literature. A
sensitivity analysis with respect to kinetic parameter 8 and reactor operating
conditions has been carried out. Subsequently, we have analyzed the industrial
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Fig. 6. Effect of reactor temperature on average chain length versus time of polymerization
for PET formation at Pr = 66 mm Hg, 8 = 2.0.

example of PET formation in a semibatch reactor and have examined the effect
of temperature and pressure.

APPENDIX: SEMIBATCH REACTOR ANALYSIS USING
THE FLORY-HUGGINS RELATION

The vapor-liquid equilibrium relation for monomer P, and condensation product W flashing
is given by

P1vp, P?’, wuy, F%v
( Vv Py vV Py xp( ) (44)

where Pr is the total pressure in the reactor, V is the volume of reaction mass, P(,’)l and PY% are
vapor pressures, vp, and vy are specific molar volumes of P; and W, respectively, and X is the Flory—
Huggins parameter.
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Approach similar to that employed for Result’s law vapor liquid equilibrium is adopted here to
determine w and V in terms of A, alone. Rewriting eq. (44) for w we get

w = [PrVexp — (1 + X) — Ppvp,p1}/ (vwP%) (45)

Substituting this relation in eq. (9), we get a quadratic expression for V, analogous to eq. (15)

V = bor + bipho — bapAd (46a)
where
Bor = [Vo — vw{we + Ao} ]/[1 — Prexp — (1 + X)/P%] (46b)
bir = v,/[1 — Prexp — (1 + X}/ P} (46¢)
PO
2,.~=ﬂ°‘—‘;‘/[1—.DTexp—(1+><)/Pg] (46d)
PPy

Substituting eq. 46(a) back in eq. (45) we get a quadratic expression for w, analogous to eq. (14)

w = cop + Ciphg — Cop A (47a)
where
P —(1+Xx)1b
Cop = rexp[—( _ ) 1bor (47b)
Uwa
Prexp[—(1+ X)]bip
= 47,
c1F ow b (47c)
and
or = [ Prexp[— (1 + X)1bor + vp, P}, /D10l /{ow Pi) (47d)

Substituting eq. (46a) for V and eq. (47a) for w in the rate expression [eq. (7a}] for Ay, one obtains

{(bor + birho — bprAf)d Ao/ dt = dop — dirho — doshl + dar Xy (48a)
where
dor — k- Aptor (48b)
dir = k. (e1pdg + cop) (48c)
dop = (Rt + R AgCor + Rreyr) (48d}
dsr = k.Cop (48e)

Equation (48) can also be used for the case when only condensation product flashes, then the
terms accounting for P%,, the vapor pressure of monomer Py, have to be discounted, that is,

bor = car = dgp = 0 (49)

Integrating eq. (48a) for the simpler case of only condensation product flashing, taking account
of eq. (50), one obtains
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o — Ao —
Awln("—‘ii) + Aﬂln(_o_€£> =yt
)\00 — €er >\00 " €gp

ewr = —[dir + (d3r + 4dordar) 71/ 2dsr

—[dir — (d}r + 4dorder) 1/ 2dor

€or
Ap = (bop + byperr) /ey — eor)

Az = —(bop + birewr)/(err — €ar)
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(50)

(51a)
(51b)
(51c)

(51d)

For the other case, when both P, and W are flashing the roots of the cubic expression on the right
hand-side of eq. (51a) can be obtained and hence a similar approach is adopted for obtaining time

versus Ag.

The transition from closed reactor operation to semibatch reactor operation (i.e., when flashing
starts) is obtained by substituting

w=wy+ Ago — Ag
V=V,

D1 = >\£2)/P10

in eq. (44), giving a quadratic in Ay

where

ap)\g - bpko + Cp = 0

- 0
ar = UP,PP,/pw

bp = va‘&,

cr = (wo + Aoo)vwP% — Prexp — (1 + X)

The transition A, is the feasible root of this quadratic equation

_ bp + be:' - 4ach

0.tr
2(1]:

(52a)
(52b)

(52¢)

(53a)

(53b)
(53c)

(53d)

(54)

The transition time corresponding to this value of A, is obtained by substituting A,, in eq. (50}.
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