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A theoretical study of the performance characteristics of continuous stirred-tank
reactors when used to conduct radiation-induced polymerizations is presented. The
effects on conversion and molecular weight distribution of the interaction of radia-
tion attenuation, chemical kinetics, and mixing are examined for initiation by ultra-

violet light and by Co*® gamma radiation.

Initiation of chemical reactions by radiation has as one of

its distinguishing features spatial nonuniformities resulting
from radiation attenuation. Many factors influence the
degree to which these nonuniformities affect reactor per-
formance. These factors include reaction mechanism, re-
actor type and size, the type of radiation, the presence or
absence of a photocatalyst, and mixing state. The in-
fluence of these factors on reaction rates or conversion has
been examined in previous papers (I to 5). In the present
paper the analysis is extended to include effects on molec-
ular weight distribution in addition polymerization as

well as effects on reaction rate or conversion.

REACTION MECHANISh

The reaction mechanism to be considered is that of addi-
tion polymerization in bulk. We will treat the following
three different initiation modes, one of which will be opera-
tive at a time:

Initiation by direct absorption of ultraviolet light by
monomer

¢mla

M,——R,.

Initiation by absorption of ultraviolet light by sensitizer

d’sla

5§ —8§

ki
S.-+M, — R,

Initiation by absorption of ionizing radiation by monomer

(Gpl,/6.023)x 107%°

. R,.

The remaining steps in the mechanism are
Propagation

ky
Rj' +M1 and Rj+1.

Chain transfer to monomer

ky
RJ" + M, —_’Pf‘f”Rx'
Termination by combination and disproportionation

ktc
Ri-+Rj» = Pu;

keg
R;.+Rj. — P;+P;j

AIChE Journal (Vol. 17, No. 4)

It is assumed that the rate constants kp, ky, kiq, and kyc
are constant and independent of chain length. Depolymer-
ization and chain branching are assumed to be absent.

ABSORBED INTENSITY DISTRIBUTION

The reaction takes place in a continuous stirred-tank
reactor of annular geometry with a line source of mono-
chromatic radiation located on its axis (see Figure 1). For
present purposes the line source will be assumed to be ef-
fectively infinite in length. This assumption is a good one
for thin reactors. For thick reactors the degree of non-
uniformity in the initiation rate distribution will be under-
estimated. A correct qualitative evaluation of the effects
of nonuniformities wil! nevertheless be found.

For the geometry shown in Figure 1, the contribution df
to the total intensity at radial position z from the source
segment dl is (6)

SLe-p(z-zx) sec 8

dl = de (1
4z

1t is implicit in Equation (1) that there are no effects of
reflection or refraction, and, in the case of ionizing radia-
tion, there are no buildup effects due to scattered radiation.

The total intensity at radial position z is obtained by
integrating Equation (1) over all values of 6.

/2

1 =(2S;/4n2) f e-tlz-2,)sec b gg 2

0

Since at z = z,, I = I, then
Sp =4l,z,
_— SOURCE
Z, 22
—

FEED Z PRODUCT

;
J ]

+

Fig. 1. Schematic diagram of reactor.
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and Equation (2) becomes

/2

e—p.(z-zl)sec ¢ 30 (3)

[ = )]/ 2) f

0

The volumetric rate of absorption of radiation energy is i,
or

/2
Iy = p(2/miz,1,/2) f ek lz=z)sec 8 g (3g)
0

A different interpretation is given to p, depending on the
mode of initiation. For direct photoinitiation resulting from
absorption of ultraviolet light by monomer ;4 = d;m. When a
sensitizer is present, which upon absorption of ultraviolet
light dissociates to produce free radicals, which in turn
serve to initiate the polymerization, then p = ags. In ini-
tiation by Co®® gamma rays, a process which is relatively
insensitive to detailed chemical composition, p is taken to
be simply the linear absorption coefficient. Thus in both
modes of initiation via absorption of ultraviolet light, the
intensity changes with conversion (of monomer or sen-
sitizer), whereas in the case of ionizing radiation the in-
tensity does not vary with extent of conversion. For initia-
tion via ultraviolet light then the equation for the absorbed
intensity, Equation (3a), is coupled to a mass balance for
sensitizer or for monomer.

REACTOR EQUATIONS

For the reactor shown in Figure 1, we will assume that
the feed consists of monomer and dissolved sensitizer.
Equations will be presented for this situation although they
will be valid also when sensitizer is absent by setting the
sensitizer concentration equal to zero. The lifetime of the
monomer and sensitizer will be taken to be long compared
with the mixing time in the reactor so that the concentration
of these substances will be uniform throughout the reactor.
It will be assumed that the steady state approximation with
respect to reactive intermediates applies throughout the
reactor. Finally, two extreme mixing states with respect to
chain centers will be considered. In one, which will be
referred to as the perfect mixing (PM) state, the centers are
uniformly mixed throughout the reactor. The mean chain
lifetime is long compared with the mixing time in the re-
actor, and the effective initiation rate is the average rate.
For the opposite extreme mixing state, the no mixing (NM)
state, the centers are born and die at the same location,
subject to the local initiation rate. The mean chain life-
time is short compared with the mixing time. Hill and
Felder (1) have shown that under these circumstances, at
small conversions, the transition from the NM state to the
PM state leads to increased conversion. Jacob and
Dranoff (7) find this fact to be true at finite conversions
also.

Perfect Mixing (PM)

For the case of sensitized initiation, material balances
for sensitizer, monomer, chain centers, and dead polymer
are

gse~gs -QV =0 (4)
gm, ~ gm + V(=kpmZr; - kgmZr) =0 ()]
Q = (ke + ke (Brp? =0 (6)

Q- kprym — (kee + ked) 1, 2ri ~ kfmr, + kym2ri =0 (1)
kpm(rj_1 - rj) = (kee + ke rjri - kymrj =0 (8)

where j = 2,3,.++ o0
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1, &
~qp;j + (keqriZr; + 5 ke }:1 Titii+ kfmrpV =0 (9)
l=
where j = 1,2,3,...

where 3r; = total polymer radical concentration, and Q rep-
resents the effective initiation rate given by

—_ 2 22
a- ___»f 2Q(2)dz (10)
(z; - 2D J,

and
Q(2) = $ps1,(2)
Equation (4) may be written as
§=85,-060 (1D

where 0 = V/q. If we combine Equations (5) and (6) we
obtain

Mmo

m= — (12)
1+ 60kp + kp(Q/RDY
From Equations (6), (7), and (8) one finds
k -1
rj= o _,} rl (13)
mkp + kp) + (ke Q)7
where
Q+ krm(Q/ k"
T (14)

mlkpt k) 4 (R D%

From Equation (9) the effluent concentration p; is
. o =
pj=0rjlkea@/k)"% + kym] + 5 ke Zl rirje; (15)
t=
By the aid of Euler summation formulas (8), Equation (15)
becomes

pj= Orj[ktd(ﬁ/kt)l/’ + kyml
0 j=1
+ é‘ktc f rirj.idi + 1T (15q)
=1

The weight fraction and number and weight average chain
lengths are defined as

ipi
= (16)
v 2ip;
Zip;
X, = (17
"7 3p; :
2i*p;
Xy = (18
Y Sip; )

where Zp;, 2ip;, and 2i’p; are, respectively, the zero-th,
first, and second moments of the dead polymer size distribu~
tion in the outlet stream. From Equations (5), (6),(7),(8),
and (9) it may be shown that the first three moments are

Epi = 00k + L heo)(Er)? + OhmSr; 19

Sip; = 0(keg + ki) ZriZir; + Okymir; (20)
Si%p; = O(keg + Ric)2riZi’ri + Okee (Zir)* + OkymZi*r; (21
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where
a1%
ky
Q+(k ;
Sir; = M (23)
ke2ri + kfm
S, - Q + kpm(Zr; + 23ir) + kym2r; )

k2ri+ kym

Equations (20) and (21) are obtained with the aid of the sum-
mation identities

=1 i=1 j=1 Jj=1

0 j-1 o0 o0 00 2
275 -2 (L) (S )2 (L)
j=1 =1 i=1 i=1 i=1

The above equations were derived for the case of sensitized
initiation. It may be shown that they are valid also for the
other initiation modes provided the sensitizer concentration
is set equal to zero and

Q(2) = pmly(2) for direct photoinitiation

and

Q(2) = Grlz(2) for ionizing radiation initiation.

No Mixing (NM)

For sensitized initiation, material balances for R, - and
Rj.in a differential element of reactor volume in the absence
of mixing are

Q@) + krm(Q(2)/ k%
m(kp + kf) + (ke (2%

. )
ri(z) =[ el -
mky + k) + (ke Q(2)]%

The sensitizer and monomer are assumed to be perfectly
mixed. Thus the concentrations of the sensitizer and the
monomer are uniform throughout the reactor and are equal to
the outlet concentrations. The material balances for s and
m are

r(2) = (25)

Jj-1
] r(z  (26)

(20
(28)

sy ~qs + Vo, =0
qgmy—qm +V®,, =0

where ®,, represents the volume-averaged rate of disap-
pearance of monomer by chemical reaction.

—2miky, + kf) (2 N
®,, __”L_f_fzzg/,(z)dz

k(2 —22) I

(29)

By substituting Equation (29) into (28) and solving for m,
we obtain

M,

2(kp + kPO =
X/—“"f— f : ZQ% (2)d2
k(2] - 2D Jz,

(30)

The material balance for the mixed average concentration
of pj in the reactor effluent is

(31

where ®,; is the volume-averaged rate of formation of p;

—qpj+V®p; =0
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2 22 1 1,
O = TT“Tf kuaky 51 (2) Q% (@) + kymrj(2)
22— % 2z

j-1
+ % kic <f ritzyrj_i(2)di + r,(2) 7'j_1(2)>] 2dz (32)
i=1

Thus

pi= ——2—0;—— fzz kygk= " ri(z)Q%(z) + kgmrj(2)
T GRI-2) e
1

j-1
+ % kic (f ri(arj_i(2)di + rl(z)rj_,l(z)>] (33
i=1

The first three moments of the dead polymer size distri-
bution in the outlet stream are

3pi=0(ktq + —;— ki) [Zri(2))? + Okrm2r;(2)

(34

Sip; = (ke + kee) 2rilz) 2iri(2) + OkrmZiri(z)  (35)
3% = Okeg + kee) Srif2) 2itril2) + Ok [Zir ()
+ OkfmIitri(z)  (36)

where an overlined quantity is the area-averaged value of
the quantity over the reactor cross section, and

Q21"
Sril2) = [ z ] (37)
ky
Srid
Siri(z) - Q@) + (kp + kPmZr;(2) (38)
kiZri(z) + kym
S ia) - Q@) + kpm[Zri(2) + 22ir;(2)] + kmZr;(2) (39)

kiZri(2) + km

The NM equations derived for the case of sensitized
initiation again apply in the cases of the two other initia-
tion modes if s = 0 and the appropriate definitions of (z)
are used.

In the formulation given above, the chain length jis a
discrete variable assuming integer values only. In another
approach it may be regarded as a continuous variable*(9).
This second approach was also used in the present work for
both the PM and NM cases. The resulting equations, which
are not shown here, were used in the illustrative calcula-
tions that follow. Virtually identical results were obtained
with both formulations.

ILLUSTRATIVE CALCULATIONS

The equations derived were used to calculate conver-
sions and molecular weight distributions and averages as-
sociated with the polymerization of methy! methacrylate via
the three initiation modes. Chemical rate constants used
in the calculations are given in Table 1. Since the source

TaBLE 1. KINETIC RATE CONSTANTS IN THE
POLYMERIZATION OF METHYL METHACRYLATE
AT 30°C. (10)

k, = 2.86 x 10° cc./(g.-mole)(sec.)
ky= 0.074
ke = 0.46 x 10%
kg = 1,22 x 10*

*By the continuous variable method

rj=1 exp b=kt Bri + kpm)(i= 1/ Uepm))
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was regarded as infinite in length, reactor height did not
enter into the calculations and is not specified. Source
well diameter was 3.25 in. (z, = 1.625 in.). Source well
diameter was held constant while source intensity, reactor
diameter, flow rate, and state of mixing of chain centers
were varied.

Direct Photoinitiation

It was assumed that the effective wavelength range of the
ultraviolet light was 300 to 313 my, for which Medvedev (11)
given in Table 2 and Figures 2 and 3. The examples in the
table and figures were constructed for incident intensities
of 1 x 1072 and 1 x 10~° einstein/(sq. cm.)sec.). Two
reactor diameters, 1 ft. and 4 ft., and two flow rates, cor-
responding to values of 0.1 and 1 for the ratio of mean
residence time to monomer lifetime, were used.

The monomer lifetime is defined in Table 2. It is very
long, indicating a very slow reaction and very low flow
rates. The radial lifetime is also long, indicating that the
perfect mixing state with respect to chain centers may be
the significant state. Thus radial mixing times in a 1-ft. or
4-ft. diameter reactor may be short compared with these
radical lifetimes.

It may be seen in Table 2 and Figures 2 and 3 that as-

T T T T T T T T T T T
DIRECT PHOTOINITIATION
7L — PM  ---NM i
RESIDENCE TIME /MONOMER LIFETIME
6 1-0.1 -
2-1.0
o 51 i
Q
= 4| SN .
; \\\\
3+ .
2+ A =
| i -1
2
0 1 ! 1 1 I 1 i 1 | i i
0 8 16 24 32 40
jx1073

Fig. 2. Molecular weight distributions for direct photoinitiation.
Ip = 1x 107 cinstein/(sq. cm.)(sec.). z, = 0.5 ft.

signment of significance to one or the other mixing state is
relatively unimportant since the effect of mixing on all
quantities is small. This is because the optical thickness
T for each of the examples is very small, of the order of 10—
T 1s a measure of attenuation by absorption and hence of
the nonuniformities in the initiation rate distribution. It is
defined in terms of monomer concentration within the re-
actor. Therefore since conversion is sensitive to mixing
state, T is also.

Fraction conversion increases with mixing as expected
(1,7). The number average chain length X, increases and
the weight average X,, decreases with mixing, leading to a
decrease in polydispersity X,/ X, Exposure, effectively,
to a range of intensities in the NM case leads to a broader
dispersion than in the PM case, where all elements within
the reactor are effectively exposed to a single intensity,
namely, the average intensity.

The decrease in average chain length with increased
residence time results from increased monomer consumption.

Sensitized Photoinitiation

Depending upon the choice of initiator, its absorption
spectrum and its concentration, and on the spectral distri-
bution of the lamp used, one may obtain a very large or very
small reactor optical thickness. In the examples given in
Table 3 and Figures 4 and 5, conditions were chosen to
produce moderately large optical thicknesses. We assumed
¢s = 0.6 mole/einstein, oy = 4.3 x 10°, and s, = 9.31 x 10~
mole/cc. The resulting optical thicknesses are 4.45 in the
1-ft. diameter reactor and 22.7 in the 4-ft. diameter reactor.
The initiation rate, based on initator feed concentration and
incident intensity, is now relatively high, leading to rela-
tively short monomer and radical lifetimes. The monomer
lifetimes are still long compated to 'any reasonable esti-
mates of mixing times so that the assumption of uniform
concentration of monomer throughout each reactor is real-
istic. The shortness of the radical lifetimes indicates that
the significant mixing state for this species will be the NM
state.

It is now important to say which mixing state is signifi-
cant since the effect of mixing on all quantities—fraction
conversion, chain length averages, and distributions—is
now large. Polydispersities of about 40 are found in the
NM state in the large reactors at the high intensities.

The high initiations rates also lead to shorter chain
lengths than in the case of direct photinitiation.

TABLE 2. DIRECT PHOTOINITIATION

[m, = 9.31 mole/liter, %= 0.01 sq. cm./mole,
®m =0.12 mole/einstein (11), z, = 1.625_in.,
Iy = 1 x 107 einstein/(sq. cm.)(sec.)

Example 1 2 3 4
z,, ft. 0.5 0.5 2 2
6/8,, 0.1 1 0.1 1
8,.,sec,* 1.4 x 10° 1.4 x 10° 1.4 x 10° 1.4 x 10°
9,,sec.+ 23 23 23 23
Tt PM 9.72 x 107 6.80 x 10~* 5.10 x 107? 3.78 x 107°
NM 9.75 x 10~ 6.82 x 10™ 5.11 x 1072 3.79 x 10~?
f PM 0.061 0.345 0.034 0.232
NM 0.058 0.341 0.032 0.229
X, PM 103,800 87,000 189,100 169,400
NM 102,400 86,100 182,200 163,400
X, PM 203,900 170,900 371,700 332,800
NM 207,000 173,900 385,000 345,600
Xo/Xn PM 1.96 1.96 1.97 1.97
NM 2.02 2.02 2.12 2.12

1
%6, = 1/ kp (b motmmoly /) 2.
16, = 1/(ky Smoimmoly) .
T = &pn{z, = 2,).
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Fig. 3. Molecular weight distributions for direct photoinitiation,

TABLE 3. SENSITIZED PHOTOINITIATION
[m, = 9.31 mole/liter, s, = 9.31 x 10~ moles/liter, oy = 4.3 x 10° sq.cm./mo}e,
¢4 = 0.6 mole/einstein, 2, = 1.625 in., [, = 1 x 107° einstein/(sq.cm.)sec.)]

Example 1 2 3 4
2,, ft. 0.5 0.5 2 2
6/6,, 0.1 1 0.1 1
8 seC.* 9.25 x 10? 9.25 x 10 9.25 x 10° 9.25 x 10°
6,, sec.t 0.016 0.016 0.016 0.016
<t 4.45 4.45 22.7 22.7
fs 1.45 x 107 1.44 x 107! 8.5x%x 107* 8.5x 107°
f PM 0.0242 0.1983 0.0059 0.0563
B NM 0.0168 0.1526 0.0011 0.0114
X, PM 194 160 811 770
_ NM 134 123 143 142
X0 PM 379 312 1,590 1,510
o NM 552 452 5,670 5,650
X,/ X, PM 1.96 1.96 1.96 1.96
NM 4.10 3.68 39.7 39.7
6, = 1/{kp (b otgsoly k) .
T, = 1/(h s 0 g5oly
T= 0gs(z, — 2,
T T
T T 7T T T T T i T 1 T
L SENSITIZED PHOTO!INITIATION
DIRECT PHOTOINITIATION 4 —2PM  ———NM
RESIDENGE TIME /MONOMER LIFETIME RESIDENCE TIME/MONOMER LIFETIME
- 0. | 1- 0
2- 1.0 3 2- 1.0
<« / ,\\\
== 9 I’ )
e s B ; 2 )-;' J/
e TTEES 1/
////,,f 1 ‘~¢\\ ! :r ‘l
Y *.T‘\ 2 {
2 _ ]
/’/ [ 'f’
73 ]
' T
| | S R | ! 1 I 1 L ) | o} { |
8 16 24 32 40 48 o) 2 4
jxi1073 jx1073

fo=1x 107 einstein/(sq. cm.)(sec.). z, =2

TABLE 4.

10NIZING RADIATION INITIATION

(my = 9.31 mole/liter, p= 0.0598 em.”?, Gp taken from Figure V.10 of ref. 12,
2, = 1.625 in., source strength = 10 Ci/cm.)

Example 1 2 3 4
2,, ft. 0.5 0.5 2 2
8/6,, 0.1 1 0.1 1
6,n,86C,* 4.28 x 10* 4.28 x 10* 4.28 x 10* 4.28 x 10
6,, sec 0.73 0.73 0.73 0.73
3 0.665 0.665 3.40 3.40
f PM 0.0900 0.4974 0.0364 0.274
_ NM 0.0882 0.4917 0.0292 0.231
X, PM 2,070 1,140 5,720 4,310
_ NM 2,020 1,130 4,590 3,640
X0 PM 4,060 2,240 11,200 8,460
L NM 4,160 2,320 14,200 11,200
X/, PM 1.96 1.96 1.96 1.96
NM 2.05 2.05 3.09 3.09

*6,, = 1/{k, [(Gp 121,/6.023) x 1075k,)%}.
1,
§6,= 14k, G 11,/6.023) x 107%]%.

T = pulz; ~ 2,).
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Fig. 4. Molecular weight disfributioqs ‘fo‘r sensitized photoinitia-
tion, Iy =1x 107" einstein/(sq. em)(sec.). z, = 0.5 ft.
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T { T T
( SENSITIZED PHOTOINITIATION
—PM ~-= NM
RESIDENCE TIME / MONOMER LIFE TIME
- 0.1 —24
2-1.0 4
25
st/ 2 —20
“l \\
i \ 1
4t N —16
o i N 4
x
z 3 Y 2
1 e —
2 \\‘ -18
. el -4
" 1 . 1 | s
0 2 4 6 8
jxt0™3

Fig. 5. Molecular weight distributions for sensitized photoinitio-

tion. Iy =1x 107° einstein/(sq. cm.)(sec.). z, = 2 f1,

T T T T | T T T I
L INITIATION BY IONIZING RADIATION .
— PM  ---NM
1ok RESIDENCE TIME /MONOMER LIFETIME -
1-0.1
2-10
<
o -
k3
z
-~y
1

jx1072

Fig. 6. Molecular weight distributions for ionizing radiation

initiation. §p = 100 Ci/cm. z, = 0.5 f1.

T T T 7
INITIATION BY [ONIZING RADIATION
—PM ----NM
RESIDENCE TIME /MONOMER LIFETIME

jx1073

Fig.
initigtion. Sg =100 Ci/em. z, =2 f.
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7. Molecular weight distributions for ionizing radiation

PRODUCTION RATE x 102 (g motes/sec)

I I

9 |- SENSITIZED PHOTOINITIATION ]
|
— PM
-—— NM 2
8 — —
RESIDENCE TIME/MONOMER
LIFETIME
} - Ol
4 2- 1.0 —
6 —
5 _ pa—
4 -
3 — B |
2 —
__________________ 1
P R =R =il AL £ 34 2

0 10 20
r=aSg(Z,;2,)

Fig. 8. Production rate for sensitized photoinitiation. o= 1x

PRODUCTION RATE x 10 (g moies/sec)

10~° cinstein/(sq. cm.)(sec.).

9
T I I
INITIATION BY 1ONIZING RADIATION i
— PM
8- - NM T
RESIDENCE TIME / MONOMER
LIFETIME
7 - i =0.l 2 _]
2~-1.0
6 | —
7
re
s
//
5 — /, %’_.
-
/, e
vy -~
P s
4 Ve // —
4 ’
4 s
4 s
/ s
. //
3 7 , —
Va Vd
7 rd
/ v
ya d
2 il il -
’ v
v /
4 7
4 7/
’ (4
b= 7 1
2
2
4
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o | ! !
0 | 2 3 4
t=plZ;-2,))
Fig. 9. Production rate for ionizing radiation initiation. §p =
100 Ci/em.
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lonizing Radiation Initiation

Gr values were taken from Chapiro (12). At low dose
rates, a limiting value of 11.5 radicals/100 eV. absorbed
exists. Above 1 rad/sec., Gg decreases falling to about
2.3 radicals/100 eV. absorbed at 100 rad/sec. Account
was taken of this variation in the calculations. The linear
absormption coefficient for Co®® gamma rays was taken from
Rockwell (6). Source strengths of 10 and 100 Ci/cm were
used. The results are given in Table 4 and Figures 6 and 7.
In these examples, T is 0.7 and 3.4. Moderate effects of
mixing are seen on all quantities. The NM state is the
significant one in view of the short radical lifetimes.

Figures 8 and 9 show the dependence of the rate of pro-
duction on reactor thickness. The curves for the NM state
approach limits as the thickness increases, whereas the
perfect mixing curves increase without limit. In the absence
of mixing the radicals are confined to the location at which
they were produced. Therefore increase in reactor thick-
ness does not affect the concentration profile or rates of
production at smaller thicknesses. At sufficiently large
thicknesses a negligibly small amount of additional produc-
tion results from additional increases in thickness and the
rate of production approaches a limiting value (7).

CONCLUSION

In each initiation mode it is seen that the transition from
the NM to the PM state results in increased fraction con-
version, increased Xn, decreased X,,, and decreased poly-
dispersity. The magnitude of the optical thickness T de-
termines the relative effect of mixing state. Large values
of T correspond to a large mixing effect and vice versa.

The radical lifetime relative to the mixing time determines
which mixing state is significant in practice. A high in-
tensity source yields a short radical lifetime corresponding
to significance to the NM state. The opposite result would
follow for a low intensity source.

Polymerization reactor performance may thus vary con-
siderably with optical thickness and radical lifetime which
are characteristics in part of the initiation mode used.

From a design viewpoint it is important to estimate re~
actor performance using the NM equations when the radical
lifetime is short and the optical thickness is large. When T
is small the PM equations would probably be used regard-
less of the magnitude of the radical lifetime since there is
little effect of mixing state and the PM calculation is
simpler to carry out. It is also important to realize that at
high optical thicknesses and short radical lifetimes a limit-
ing production rate will be encountered as the reactor is
made larger. This limiting rate can only be overcome by
increasing the source intensity.
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NOTATION

f = fraction conversion of monomer, dimensionless
fs = fraction conversion of sensitizer, dimensionless
Gr = radical yield, radicals/100 eV. absorbed
h = reactor height, cm.
{ = radiation intensity, einstein/{(sq. cm.)sec.)
I, = incident intensity, einstein/(sq. cm.)(sec.)
1, = absorbed intensity, einstein/(cc.)sec.) or eV./(cc.)
(sec.)
i,j = chain length, dimensionless
ks = rate constant for chain transfer to monomer, cc./(g.~
mole)sec.)

AIChE Journal (Vol. 17, No. 4)

k; = rate constant for reaction of sensitizer radicals with
monomer, cc./(g.-mole)(sec.)
kp = propagation rate constant, cc./(g.-mole)(sec.)
k¢ = kte + Rid, ce./(g.-mole)(sec.)
kic = rate constant for termination by combination, ce./
(g.-mole)(sec.)
kiq = rate constant for termination by disproportionation,
ce./(g.-mole)sec.)
| = distance coordinate along source, as shown in Fig-
ure 1
m = monomer concentration in reactor, g.-mole/cc.
m, = monomer concentration in feed, g.-mole/cc.
p;j = concentration of dead polymer of chain length j
monomer units, g.-mole/cc.
q = volumetric flow rate, cc./sec.
r; = concentration of active polymer of chain length j
monomer units, g.-mole/cc.
s = concentration of sensitizer in reactor, g.-mole/cc.
s, = concentration of sensitizer in feed, g.-mole/cc.
Si. = source strength/unit length, Ci/cm.
V = reactor volume, cc.
w = molecular weight distribution function, dimensionless
X, = number average chain length, dimensionless
X, = weight average chain length, dimensionless
z = radial distance, cm.
2,,2, = inner and outer reactor radii, respectively, cm.

Greek Letters

Qm, Qs = molar absorptivities of monomer and sensitizer,
respectively, sq.cm./g.-mole
6 =V/q, sec.
0m.0r = mean lifetime of monomer and radicals, respec-
tively, as defined in Tables 3, 4, and 5, sec.
p = linear absorption coefficient, cm.=!
T = reactor optical thickness as defined in Tables 3,
4, and 5, dimensionless
¢m,¢s = primary quantum yield from monomer and sensi-
tizer, respectively, g.-mole/einstein absorbed
$,,0p ;= volume averaged rate of disappearance of monomer
or of appearance of dead polymer of length j
monomer units, respectively, as defined in Equa-
tions (29) and (32)
) = initiation rate; ¢n,l, for direct photoinitiation,
¢sl, for sensitized initiation, and (Grl4/6.023) x
10-?* for ionizing radiation initiation, g.-mole/
(ce.Xsec.)
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