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A comprehensive semi-batch reactor model for suspension polymerization of vinyl chloride at high 
conversions has been developed. A series of kinetic experiments covering different pressure levels was 
carried out in a semi-batch process. The present model is in excellent agreement with the experimental 
data including monomer consumption, conversion history and accumulated number- and weight-average 
molecular weights and molecular weight distribution. The present model combined with our previous batch 
reactor model can be used to predict monomer feed rate, accumulated monomer consumption, 
polymerization rate, conversion history, reactor pressure, instantaneous and accumulated molecular weight 
averages and distribution and other kinetic features. The advantages of a semi-batch process operated at 
the vapour pressure of vinyl chloride include increased productivity, narrower molecular weight distributions 
and increased thermal stability of poly(vinyl chloride) (PVC) compared with a batch process taken to high 
conversions. 
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I N T R O D U C T I O N  

In previous publications 1'2, the kinetic behaviour of vinyl 
chloride (VCM) polymerization in a batch reactor was 
described quantitatively over the entire conversion range. 
During the two-phase polymerization period, the kinetic 
properties of the system are essentially constant because 
the composition of each phase is almost unchanged for 
conversions up to X r, at which the liquid monomer phase 
is consumed and the reactor pressure begins to fall. The 
total reaction rate and accumulated molecular weight 
averages and distribution change with conversion during 
this period because the relative contribution of each phase 
changes with conversion. However, at high conversions 
(conversion > Xf), the kinetic behaviour of VCM polym- 
erization changes with conversion dramatically, and this 
includes changes in reactor pressure, monomer concen- 
tration, reaction rate, instantaneous and accumulated 
molecular weight averages. Kinetic parameters, such as 
termination and propagation rate constants, initiator 
efficiency and decomposition rate constant fall while the 
radical concentration and CM values and polydispersity 
increase with conversion. Consequently, properties of 
poly(vinyl chloride) (PVC), such as thermal stability, 
deteriorate with increasing conversion. All the kinetic 
features which change at high conversions can be 
attributed to the decrease in monomer concentration. 
Therefore, these changes should be minimized if a 
constant monomer concentration was maintained at high 
conversions by semi-batch operation, for example. 

A semi-batch process is applied commercially in 
emulsion polymerization of VCM 3, but has not been used 
commercially in bulk and suspension polymerizations. 
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However, semi-batch or equivalent processes have been 
carried out, experimentally, in bulk 4'5, suspension 6-8 
and emulsion 9-13 polymerizations under subsaturation 
pressure in order to study the kinetics, PVC micro- 
structure and thermal stability of PVC produced at low 
monomer concentrations. In the literature 4-13, the pre- 
synthetic PVC powder or latex were often used as seed 
and monomer was fed as vapour by controlling the 
temperature of the monomer reservoir. Hence, the 
properties of PVC product are relative to the seed used, 
i.e. conversion history of PVC seed will affect properties 
of final product. In the present investigation, suspension 
polymerization was carried out in a batch process up to 
a certain conversion level, then the process was switched 
to semi-batch with VCM fed to the reactor. A compre- 
hensive model for such a system has not yet been 
published. Therefore, the objectives of the present work 
were to develop a comprehensive semi-batch reactor 
model which can be used with different pressure levels 
and to study reactor dynamics and PVC properties made 
under different pressure levels. 

M O D E L  D E V E L O P M E N T  

In general, semi-batch operation for VCM polymeriz- 
ation at high conversions involves feeding fresh monomer 
to the reactor over time to maintain a desired monomer 
concentration-time profile. Therefore, it is essential to 
know the feed rate of monomer required for the desired 
semi-batch operation. 

A possible constraint condition for the semi-batch 
polymerization is that the concentration of monomer in 
the polymer phase is maintained constant, i.e.: 

dI-M]p=0 (1) 
dt 
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Both the number of moles of monomer and the volume 
of the polymer phase are a function of time, hence 
equation (1) gives: 

dNmp 
[M]p ~ t  p (2) dt 

Equation (2) shows the relationship between the number 
of moles of monomer and the volume of the polymer 
phase as a function of time. 

Monomer charging rate to the reactor is governed by 
the mass balance in the polymer phase as follows: 

dNmp RpVp+Fin dNmv 
dt - - d~- (3) 

where dNmv/dt is the rate of change of moles of monomer 
in the vapour phase, and this change is due to the net 
change of the volume in the vapour phase as a result of 
the monomer feed and the reaction volume shrinkage in 
the polymer phase. If the volume of monomer fed is 
greater than that of the reaction volume shrinkage, 
dNmp/dt is negative. 

Volume change in the polymer phase can be expressed 
as; 

_ ( DmRpVp dNmv'~ dVp M m Fin"{" RpVp (4) 
dt O m Op dt J 

The volume of the vapour phase also varies with time 
due to the semi-batch feeding of monomer and due to 
shrinkage as monomer is converted to polymer. The rate 
of volume change in the vapour phase can be expressed 
as: 

dVg-mpVpMm(~D- m !.x)+ gm dt Dpf Dm\du,  v -Fin /  (5) 

The relationship between monomer mole number and 
volume change in the vapour phase can be expressed as: 

dNmv Pm (dVg~ 
dt - R T  \ dt / (6) 

when the ideal gas law is assumed to be valid. 
Substituting equation (5) into (6), one obtains: 

dNmv-D*RpVp(1/Dr~- 1/Dp)-DgFin/Dm (7) 
dt 1.0 -- Dg/D m 

where D~ = PmMm/R T. 
Equations (2)-(4) and (7) allow one to solve for the 

semi-batch monomer feed rate as: 

Fi. - Rp VpE (1/D m -- 1/Dp)(E M]pM m -- Dg) + Dg/D m-  1.03 

[M]pMm/D m -- 1.0 
(8) 

Equation (8) is a general one for monomer feed rate 
for the semi-batch process at high conversions. In other 
words, equation (8) is valid for the conversion range 
X i> Xf. However, Rp, Vp and [M]p are different for the 
semi-batch process operated at different pressure levels. 
These can be classified into two cases. 

Case 1. The batch process proceeds up to conversion 
Xf, where the reactor pressure is still at VCM saturation 
vapour pressure and then the process is switched to 
semi-batch operation to keep the monomer in the 
polymer phase the same as that at conversion Xe. 

Therefore, Dg, Vp, ['M]p and Rp in equation (8) can be 
expressed as: 

PmoMm 
Dg=Dgo- RT (9) 

The concentration of monomer in this case is the same 
as that at conversion Xf, i.e.: 

Mo(1 - Xf) - Mgxf - Mwx f 

EM]p=[M]pxf-Mm[Mo(~p p 1-Xf~ Dm -/]-\  " (Mgxf --[- Mwxf~ ~ Dmm /-] 

(lO) 
where 

M,. = D,oL(1F .0 -- Wi)V~ q XfM°(1/Dm- 1 / - ] ,  Dp)Dm/ 
D m -- D, o J 

and 

Mwx f = K W w 

Although the total volume of the polymer phase increases 
with conversion, the ratio of monomer to polymer in the 
polymer phase is constant at any conversion level as long 
as the vapour pressure is maintained and is the same as 
that at conversion Xf, so that: 

A - M°(1 - X f ) -  Mgxf - Mwx f (11) 

MoXf 
Hence, 

where conversion X is defined based on the initial 
monomer charged. 

The polymerization rate under semi-batch conditions 
can be written as: 

Rp = Kp2[ MJp { 2fg dlxf exp[ -- K d( t -- txf )] } U2 (13) 
VpKt2 

where lxf, Kp2, Kt2, f and K d are the same as those at 
conversion Xf. In other words, the kinetic parameters 
under semi-batch conditions are not a function of 
conversion. Equation (13) can be rewritten in terms of 
monomer conversion per unit time as: 

d X M m K p  2 ( ~ ) 1 / 2  
- -  V 1 / 2  e x p [ -  Kd(t " txf)/2] 

dt Mo [M]p _p 

(14) 

Substituting equation (12) into (14), one has: 

dX 
- CX1/2 e x p [ -  Kd(t-- txf)/2] (15) 

dt 

where 

L \ MoKt2 / 

\Dp DmMoX f 

a constant during semi-batch polymerization. Therefore, 
equation (15) can be integrated from interval Xf to X 
corresponding to txf to t and becomes 
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X= [1.O_exp(_K~(t_txe)/2)]+X~lZ 2 (t>~t,t) 

(16) 

Equation (16) is the conversion history for the semi-batch 
process at vapour pressure. 

Substituting equations (12), (13) and (16) into (8), one 
obtains: 

Fin-dNF=DX 1/2 exp[-Ka(t-t~t)/2 ] (17) 
dt 

where 

D = CM° r ( l tom-  IlDp)([M]pMm -- Dg°) + Og°lOm- 1.0] 
MmL ~ 1 - 0  3 

Hence, accumulated moles of monomer fed to the reactor 
can be found by integrating equation (17) from txf to t, i.e.: 

NF=D(~d+ 2X~/2){1-exp[-Kd(t-txf)/2]}/K d (18) 

Equations (8), (14), (16) and (18) allow one to solve for 
monomer feed and polymerization rates, conversion 
history and accumulated monomer consumption as a 
function of time in a semi-batch process operating at a 
pressure equal to the vapour pressure of VCM. 

Case 2. The batch process proceeds to a conversion 
Xp (X, > Xf), at which time the reactor pressure is lower 
than the saturation pressure, the process is then switched 
to semi-batch VCM feed to maintain the monomer 
concentration constant at that pressure. Then, [M]p, Vp, 
Rp, X and Nv, analogous to case 1, can be expressed as: 

Mo(1 - Xp) - Mgxp - Mwx . 

[M]P:MmrMoCXp_t_|~_Xp ~ Mgxp _t_ Mwxp- I (19) 

L \ D p  D,~ ,] D m ] 

J (20) 

where 

Mgxp = D,[(I - Wi)Vr + Mo(llDm- l /Dp) 

( × 
\Xp + Xf Din- D~o/3 

Mwx p = KMwPm/Pmo 

Rp = Kp2 [M]p - -(2fKoI~p~ ~Z2 exp[ -- Kd(t -- t ~p)/2-1 (21) 
\ ) 

where Kp2, Kt2, f and K s are calculated at pressure Pm 
based on the equations in a previous publication ~. 

X={C,[l_exp(_Kd(t_txp)/2)]/Kd+ ~lz z Xp } (22) 

where 

C'=Kp2EM']pMm¢2fKdlxp~ 1̀ 2 
\ MoK,2 / 

(1  d Mo(1--Xp)-Mgxp-Mwxp)llz 
× Op DmMoXp 

Nv=D'(~  + 2XXp/z){1--exp[--Kd(t--txp)/2]}/Kd (23) 
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where 

D,=C'Mo [(IlDm-1/Dp)([M]pMm-Dg)+ Dg/Dm - 1.01 

M m [M]pMm/D m- 1.0 

Equations (8) and (21)-(23) allow one to solve for 
monomer feed and polymerization rates, conversion 
history and accumulated monomer consumption during 
semi-batch operation with subsaturation pressure. 

Using the same strategy shown above, one can easily 
derive an equation for initiator feed rate for the semi- 
batch process, such as 

f 1 = [I]pV.Rp 

(24) 
where 

K rM (2f/( [s]"VJ2 
R, :  p2L J"t ) 

[I]p = [I]pxf- I o exp(-  Kdt~f ) 

Mo + Dm ] D m 

It should be mentioned that the polymerization and 
monomer feed rates have to be modified corresponding 
to the initiator concentration. 

Molecular weight development of PVC for the semi- 
batch process can be obtained by appropriately modifying 
the batch reactor model. 

EXPERIMENTAL 

To evaluate the present model, a series of experiments 
for suspension polymerization of VCM using batch and 
semi-batch operation was carried out. 

The equipment used for the experiments and reactor 
operational procedures have been given in a previous 
publication 1. The basic polymerization conditions are as 
follows: monomer 1116 g, distilled and deionized water 
2232 g, stabilizer [poly(vinyl alcohol), KP-08] 0.08 wt% 
(based on water), initiator [bis(4-tert-butylcyclohexyl) 
peroxydicarbonate, Perkadox 16-W40] 0.175 wt% (based 
on monomer). When polymerization in the batch process 
proceeds up to a pressure drop or beyond a certain 
pressure level, fresh monomer from a monomer cell, for 
which the weight has been calibrated, was fed into the 
reactor under nitrogen pressure. The monomer flow rate 
was controlled by a manually operated valve. The 
accumulated amount of monomer fed to the reactor was 
weighed on-line. Conversion was measured by an on-line 
tracer method which has been described in detail in a 
previous publication14. 

Accumulated molecular weight averages and distri- 
bution were measured using a low-angle laser light 
scattering photometer and gel permeation chromatog- 
raphy as described earlier 2. The rate of dehydrochlorin- 
ation was measured by the conductimetric method TM. 

RESULTS AND DISCUSSION 

The present model can be solved either numerically or 
analytically. However, both methods require initial 

POLYMER, 1991, Volume 32, Number 11 2089 



Vinyl chloride polymerization: T. Y. Xie et al. 

conditions for semi-batch operation. According to the 
polymerization course described above, the initial con- 
ditions for the semi-batch process are the terminal 
conditions for the batch process. Therefore, solution of 
the semi-batch model equations follows solution of the 
batch reactor model equations with kinetic parameters 
and monomer concentration appropriately adjusted. 

Monomer feed rate 
Figures 1 and 2 show accumulated moles of fresh 

monomer fed to the reactor. One can see that the model 
predictions are in good agreement with the experimental 
data. Accumulated moles of monomer increase with time 
almost linearly (not a linear function). This is not 
surprising since the kinetic parameters and monomer 
concentration are constant; only the initiator concen- 
tration decreases with time due to its decomposition and 
increase of reaction mixture volume, so that the polym- 
erization rate under these conditions is almost linear. The 
monomer fed is consumed by polymerization and the 
remainder swells the new PVC produced. It is obvious 
that monomer consumption rate decreases with decreasing 
pressure level. For seed polymerizations, monomer 
consumption increases with time more significantly at 
the beginning of the process a'9, because extra monomer 
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Figure 1 Monomer consumption of semi-batch polymerization with 
vapour pressure at 50°C: (D, experimental data; - - ,  model 
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Figure 3 Instantaneous feed rate of VCM during semi-batch polym- 
erization with different pressures at 50°C 

is required to swell the PVC seed. In fact, the present 
model is in agreement with the experimental results of 
Sorvik and Hjertberg 8'9. 

The model prediction of the monomer feed rate is 
shown in Figure 3. It is difficult to obtain the instan- 
taneous feed rate experimentally. As expected, the model 
predictions show that the required monomer feed rate 
decreases with decreasing pressure level, However, it 
increases with reaction time at a certain pressure level. 
This can be attributed to increasing reaction consumption 
and swelling produced PVC due to increasing reaction 
volume. Monomer feed rate is a key variable for 
semi-batch operation. Hence, the present model should 
be useful for commercial semi-batch reactor design and 
control. 

Reactor dynamics 
Conversion histories for seed or semi-batch polymeriz- 

ation depending on initiator concentration 5'12 and pres- 
sure level 6'l°'tz are reported in the literature. However, 
a quantitative description of conversion history has not 
been reported. Both experimental data and model 
predictions of conversion histories for the semi-batch 
process at different pressure levels are shown in Figures 
4-6. One can see that the present model predictions are 
in excellent agreement with the experimental data over 
the different pressure levels. Polymerization rates are 
almost linear with present polymerization conditions as 
expected. If the semi-batch process is operated at the 
vapour pressure of VCM, the polymerization rate is a 
maximum. Increase of productivity is very significant if 
the semi-batch process is operated at above 90% vapour 
pressure levels as shown in Table I. The semi-batch 
process requires only 52% of the batch polymerization 
time to obtain 91% conversion (based on initial monomer 
charged) at 50°C. The reason is that the polymerization 
rate in the batch process falls significantly after 85% 
conversion. Figures 4-6 also show the significant effect 
of monomer concentration on polymerization rate. 

Reactor pressures corresponding to Figures 4-6 are 
shown in Figure 7. The model for the pressure and 
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Figure 5 Comparison of conversion history between batch and 
semi-batch processes at 50°C: Q,  batch; A ,  semi-batch at Pmo; - -  
model; * ,  gravimetry 

conversion relationship is given in previous publi- 
cations 15'~5". Figure 7 clearly shows pressure histories 
for semi-batch operations. It should be mentioned that 
the reactor pressure drops slowly before the critical 
conversion Xf (see ref. 15a for details). Therefore, the 
semi-batch operation at vapour pressure commences 
before X e as shown in Figure 7. 

Molecular properties 
Instantaneous and accumulated molecular weight 

averages of PVC made in a batch process decrease with 
conversion after Xf due to the significant increase in CM, 
the ratio of chain transfer to monomer rate constant to 
propagation rate constant. However, for the semi-batch 
process, CM should remain constant because of the 
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constant monomer concentration and constant kinetic 
parameters. The model predictions for CM values 
corresponding to semi-batch operations discussed above 
are shown in Figure 8. One can see that CM increases 
with decreasing pressure level but remains constant at a 
given pressure. Hence, the instantaneous molecular 
weight averages should be almost constant for the 
semi-batch process. If the semi-batch process is operated 
at vapour pressure, the molecular weight averages should 
be the same as those in the polymer phase at conversion 
Xf. Figure 9 shows a comparison of accumulated 
molecular weight averages for batch and semi-batch 
polymerizations. The model predictions for ~r w and Mn 
increase slightly with conversion for semi-batch operated 
at vapour pressure. The experimental data are slightly 
lower than the model predictions. However, ~t w and M, 
of PVC made by the semi-batch process at vapour 
pressure seem higher than those by the batch process at 
the same conversion levels. 

Accumulated molecular weight distribution (MWD) 
shown in Figure 10 also indicates the difference between 
batch and semi-batch processes at the same conversion. 
Accumulated MWD for the batch process shifts to lower 
molecular weights compared with the M WD for the 
semi-batch process at vapour pressure. Figures 11 and 
12 show accumulated MWD for the semi-batch operation 
at pressure levels 90% and 78% Pmo (case 2), respectively. 
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Figure 6 Comparison of conversion history between batch and 
semi-batch processes with subsaturat ion pressure at 50°C: Q,  batch; 
A ,  semi-batch at 90% Pmo; F-l, semi-batch at 78% Pmo; - - - ,  model; 
* ,  gravimetry 

Table 1 Comparison of productivity between batch and semi-batch 
processes 

Terminal Terminal 
conversion time Pressure Time 

Process type (%) (rain) level fraction 

Batch 91 500 52% Pmo 1.00 
Semi-batch 91 262 Pmo 0.52 
Semi-batch 91 300 90% Pmo 0.60 
Semi-batch 91 350 78% Pmo 0.70 
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These results demonstrate that the model in a previous 
publication 2 is in excellent agreement with the experi- 
mental data for the semi-batch process when kinetic 
parameters are adjusted accordingly. 

The effect of the pressure level on accumulated MWD 
is shown in Figure 13. One can see that the accumulated 
MWD shifts towards lower molecular weight with 
decreasing reactor pressure. These results are in agreement 
with the experimental data of Hjertberg et al. using seed 
polymerizations 9. Although .~r w and .M, and accumulated 
MWD vary with pressure level, these changes are not 
significant because the amount  of PVC produced in the 
semi-batch process in the present experiments is relatively 
small compared with the total amount  of PVC produced. 
However, instantaneous MWD corresponding to Figures 
10 and 13 varies with polymerization pressure dramatically 
as shown in Figure 14. The instantaneous MWD of PVC 
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made by semi-batch at vapour pressure, even at high 
conversions, is similar to the accumulated MWD at 
conversion Xf. Figures 15 and 16 further show that the 
instantaneous number- and weight-average molecular 
weights change with pressure level. If the semi-batch 
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process is operated at vapour pressure, the instantaneous 
Mn and Mw are similar to those at conversion Xf and 
increase slightly due to chain transfer to polymer. 
Decreasing pressure level always leads to decrease of 
molecular weight. Figure 17 shows how instantaneous 
MWD shifts toward lower molecular weight as pressure 
decreases at the same conversion level. Obviously, a 
lower polydispersity for PVC should result for the 
semi-batch process operated at vapour pressure. 

Based on experimental data and model predictions 
above, one can conclude that the instantaneous molecular 
weight averages and MWD can be controlled by the 
semi-batch process. In other words, the instantaneous 
terminal groups and other defect structures of PVC can 
be controlled by pressure level or monomer concentration. 
Therefore, dehydrochlorination measurements of PVC 
should reflect the effect of pressure level on thermal 
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1, at Pmo; 2, 95%; 3, 90%; 4, 80%; 5, 70%; 6, 60%; 7, 50% Pmo, 
respectively 
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Figure 16 Effect of pressure level on instantaneous weight-average 
molecular weight for batch and semi-batch polymerizations at 500C: 
1, at Pmo; 2, 95%; 3, 90%; 4, 80%; 5, 70%; 6, 60%; 7, 50% Pmo, 
respectively 

stability of PVC. The results of dehydroclorination rates 
are shown in Table 2. For the batch process, thermal 
stability of PVC decreases significantly with conversion 
after the pressure drop. However, for the semi-batch 
process at vapour pressure, the dehydrochlorination rate 
is the same as that for the batch process before pressure 
drop (see Table 2). For the same conversion level, the 
dehydrochlorination rate for the semi-batch process at 
vapour pressure is much lower than that for the batch 
process. Dehydrochlorination rate increases with de- 
creasing pressure level for the semi-batch process. These 
results are in agreement with the experimental results of 
Sorvik and Hjertberg using seed polymerizations 7-1°. 

The dehydrochlorination rate measurements in the 
present work are based on accumulated PVC samples. 
One can predict from these results that the dehydro- 
chlorination rate of instantaneous PVC produced at 
subsaturation pressure must increase with decreasing 
pressure level dramatically. These results indicate that 
the defect structures which are responsible for the 
decrease in thermal stability of PVC increase dramatically 
with decreasing monomer concentration. At subsaturation 
pressure, the terminal structure of 1-chloro-2-alkene 
which results in chain transfer to monomer reactions 
increases as a result of decrease in monomer concen- 
tration. Meanwhile, the concentration of long chain 
branches, 2,4-dichloro-n-butyl and 2-chloroethyl 
branches, also ought to increase with decreasing mono- 
mer concentration. All these branches contain tertiary 
chloride 16. The experimental results of Hjertberg et 
al. a7-19 and Van den Heuvel et al. 2° show that the 
terminal structure of 1-chloro-2-alkene is not significantly 
involved in the degradation of PVC. Therefore, tertiary 
chloride seems to be responsible for the decrease in 
thermal stability of PVC with decreasing monomer 
concentration. Detailed microstructure measurements 
for these PVC samples are required to confirm the effect 
of the defect structures on the thermal stability of PVC. 
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Figure 17 Pressure dependence of instantaneous MWD for semi- 
batch polymerization at 50°C, conversion 95% (Mw = 62.5r): 1, at 50% 
Pmo; 2, 60% Pmo; 3, 70% Pmo; 4, 80% Pmo; 5, 90% Pmo; 6, at Pmo, 
respectively 

Table 2 Effect of semi-batch process on dehydrochlorination rate of 
PVC 

Terminal 
conversion" Pressure 103 x (dHCl/dt) 

Process type (%) level (% min-  1) 

Batch < Xr Pmo 16.5 
Batch 92.2 45% Pmo 19.5 
Semi-batch 86.1 Pmo 16.5 
Semi-batch 92.7 Pmo 16.5 
Semi-batch 91.8 90% Pmo 16.8 
Semi-batch 101 78% P=o 23.4 

a Conversion was calculated based on the initial monomer charged 
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However, the present experimental results show that the 
semi-batch operation at vapour pressure can provide an 
effective way to limit the defect structures and to obtain 
high productivity at a given polymerization temperature. 

The effect of the semi-batch process on other properties 
of PVC, such as porosity, particle size, bulk density and 
molecular structure, is currently being studied. Details 
will be reported in a subsequent publication. 

CONCLUSIONS 

In the present investigation, a comprehensive model for 
the semi-batch process has been developed. The present 
model combined with the batch reactor model can be 
used to predict monomer feed rate, total monomer 
consumption, conversion history, polymerization rate 
and molecular weight development of VCM polymeriz- 
ation in a semi-batch process at different pressure levels. 
The model predictions are in excellent agreement with 
the experimental data. 

The advantages of the semi-batch process operated at 
vapour pressure include increase in productivity and 
improvement of molecular properties, such as narrowing 
M WD and enhancing thermal stability of PVC. However, 
PVC molecular properties will deteriorate if the semi- 
batch process is operated at subsaturation pressure; the 
lower the pressure, the poorer the thermal stability of 
PVC at a given temperature. 

The present model should be useful for commercial 
semi-batch reactor design and operation. 
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NOMENCLATURE 

A 
C 
CM 

D 
Dg 
Dr. 
Dp 
f 
Fin 
F, 
Io 
[IL 
Ixf 
K 
Kd 
Kp2 
Kt2 
Mm 
Mg 
Mo 

Mw 
Nr 

Nmv 
Nmp 
P~ 
Pmo 
r 
R 
Rp 
t 
txf 
txp 
T 
v. 

W(r) 
X 
Xf 

Xp 

Ratio of monomer to polymer at Xf 
Constant defined in equation (15) 
Ratio of chain transfer to monomer rate constant 
to propagation rate constant 
Constant defined in equation (17) 
Density in gas phase (g 1 - 1) 
Density of liquid monomer (g 1-1) 
Density of polymer (g 1-1) 
Initiator efficiency 
Monomer feed rate (tool min- 1) 
Initiator feed rate (mol min- 1 ) 
Initial mole of initiator (tool) 
Initiator concentration (tool 1-1) 
Mole of initiator at Xf (mol) 
Solubility constant of VCM in water 
Initiator decomposition rate constant (s- 1) 
Propagation rate constant (1 mol- 1 s- 1) 
Termination rate constant (1 mol-1 s - l )  
Molecular weight of monomer 
Monomer amount in the gas phase (g) 
Initial monomer (g) 
Monomer concentration (mol 1- 1 ) 
Monomer amount in the water phase (g) 
Accumulated moles of monomer feeding into 
reactor 
Mole of monomer in the vapour phase (mol) 
Mole of monomer in the polymer phase (mol) 
Partial pressure of monomer (atm) 
Vapour pressure of monomer (atm) 
Polymer chain length 
Gas constant (1 atm mol- 1 K -  1) 
Polymerization rate (mol 1-1 min- 1 ) 
Polymerization time (min) 
Polymerization time at Xf (rain) 
Polymerization time at pressure Pm (min) 
Temperature (K) 
Volume of polymer phase (1) 
Reactor volume (1) 
Reactor charge (fraction) 
Weight fraction of PVC with chain length r 
Conversion 
Critical conversion at which liquid monomer is 
consumed 
Conversion at time txp 
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