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Effect of Mixing on Nonuniformly Initiated 
Polymerization by Radiation 

An analytical study was carried out on the effects of mixing on radia- 
tion-induced polymerization in which the species initiating the polymeriza- 
tion were not uniformly produced because of a nonuniform dose rate distri- 
bution. The analysis is based on the periodic irradiation of fluid elements 
circulating in a stirred-tank reactor having a high dose rate region and a very 
low dose rate region. It is shown that the rate of polymerization increases 
with agitation speed and that the bimodal molecular weight distribution of 
the polymer formed at low agitation speed moves to a unimodal distribution 
as the agitation speed increases. 

W A l  CH I RO KAWAKAMI 
and S U E 0  MACHI 

Takasaki Radiation Chemistry 
Research Establishment 

Japan Atomic Energy Research Institute 
Takasaki 370-12, Japan 

SCOPE 
In this paper we present a simplified analytical method 

to predict the effect of mixing on radiation-induced poly- 
merization in which the species initiating the polymeriza- 
tion were not uniformly produced becawe of a nonuniform 
dose rate distribution. Under the influence of the nonuni- 
form dose rate distribution, the rate of active species for- 
mation is naturally nonuniform, and the efficiency of active 
species utilization in propagation reactions is low because 
of the high probability of their mutual deactivation in the 
high concentration. 

The rate of radiation-induced chemical reaction usually 
has a dose rate exponent ranging from 0.5 to 1.0, depend- 
ing on the deactivation mechanism of active species. In 
the case of reaction with dose rate exponent less than 
unity, it has been established that irradiation with a more 

uniform dose rate distribution gives a higher overall reac- 
tion rate for the same absorbed energy. If one can make 
the distribution of the active species more uniform by 
agitation before the deactivation, an increase in the re- 
action rate may be expected. 

Up to this time, two different calculational methods 
have been reported. One is based on a diffusion model in 
which the radicals produced in the higher dose rate area 
are assumed to be dispersed throughout the reactor by 
diffusion (Noyes, 1959; Hill and Reiss, 1968). The other 
is based on a circulation flow model, in which fluid ele- 
ments are assumed to be irradiated periodically by going 
around in the reactor (Fredrickson et al., 1961; Kawakami 
and Isbin, 1970). 

CONCLUSIONS AND SIGNIFICANCE 
The analysis is based on the periodoc irradiation of fluid tion speed to attain values obtained under uniform irradia- 

elements circulating in a stirred tank reactor having a tion by the average dose rate in the reactor. Also, the 
high dose rate region and very low dose rate region as bimodal molecular weight distribution of the polymer 
shown in Figure 2. The practical consequences of the formed at low agitation speed moves to a unimodal distri- 
calculations are shown for the rate of polymerization and bution as the agitation speed increases. If the energy ab- 
molecular weight diqtribution of polymer based on the sorbed in the reaction system is constant, there is a non- 
polymerization of acrylamide in aqueous solution by an uniformity of dose rate distribution which gives a mini- 
electron beam. It  is shown that the rate of polymerization mum polymerization rate. 
and number average molecular weight increase with agita- The agitation speed required to attain perfect mixing 
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is given by Equation (67). 
These results lead to the conclusion that the radicals 

produced nonuniformly in the reactor can be dispersed 

uniformly throughout the reaction zone. These results also 
show the feasibility of accelerators in liquid phase reac- 
tions carried out in tanks or tubular reactors. 

The use of electron accelerators in radiation processing 
has been so far limited to thin layer reactions such as the 
crosslinking of polyethylene sheet, the modification of tex- 
tiles, and the curing of coil coating because of the low 
penetration of electron beams. In spite of this feature, ac- 
celerators have advantages over cobalt-60, for example, in 
the ease of controlling beams, low cost of radiation shield- 
ing, and high efficiency of energy utilization. It is, there- 
fore, worthwhile to explore the use of accelerators in liq- 
uid phase reactions carried out for instance in tank or tubu- 
lar reactors. 

Depth-dose curves of electron beams in liquids show a 
sharp decrease in dose with increasing depth. This leads 
to a nonuniform distribution of dose rate in the reaction 
system, particularly when the depth of the reactor is larger 
than the maximum range of electrons; thus only a part of 
reactor is irradiated. 

Yemin and Hill (1969) reported that the rate of the 
nonuniformly initiated photopolymerization of methylmeth- 
acrylate in bulk increases with agitation speed. 

Chen and Hill (1971) carried out a theoretical study 
on effects of nonuniform initiation on reaction rate and 
distribution of product in continuous stirred-tank reactors. 
They assumed the dose rate distribution to be exponential 
and showed that the nonuniformity of dose rate distribu- 
tion and the radical life time relative to mixing time have 
large effects. The molecular weight distribution was cal- 
culated to be unimodal, and the position of the peak moves 
to the lower molecular weight with increase of the non- 
uniformity and/or the mixing time relative to the radical 
life time. 

Muller et al. (1971) examined the molecular weight 
distribution of the polymer to observe a bimodal distribu- 
tion. They also found that a low molecular weight species 
was in appreciable relative amount at low stirring speeds, 
and its amount became smaller with increasine; stirring 
speeds. Kawakami and Isbin (1970) reported the effects 
of agitation on radiolysis of chloral hydrate aqueous solu- 
tion under nonuniform dose rate distribution. They pro- 
posed a simplified analysis based mainly on the intermit- 
tent irradiation of fluid elements caused by recirculating 
flow in a stirred-tank reactor. 

The present paper involves the development of a sim- 
plified model to provide for the effects of agitation on 
nonuniformly initiated polymerization. Polymerization rate, 
average molecular weight, and molecular weight distribu- 
tion of a polymer are developed and are illustrated for 
the radiation polymerization of acrylamide in an aqueous 
solution. 

SIMPLIFIED REACTION SCHEME 

Most radiation polymerizations proceed via free radical 
chain reactions and it is accepted that the polymerization 
involves four elementary steps: initiation, propagation, ter- 
mination, and transfer. These steps are schematically 
shown as follows: 

Initiation: 
M, S---\/4 R1. 

Rates 
Kl 

Propagation: 
kp 

Ri. + M + Ri+l* 
Termination: 

first-order 

Ri. + 2- Pi 
recombination 

Ptl 

kc 
Ri. + Rj. .j Pi+j 
disproportionation 

Ri. + Rj. 4 Pi + P3 
kd 

Transfer: 

In the initiation step, the initiating radical R1* is formed 
from solvent S and/or monomer M molecules by absorp- 
tion of radiation energy. In the rate equation, K is the spe- 
cific rate of free radical formation expressed in moles of 
radicals per liter per unit radiation dose and equals TM[M] + Ts[S] where TM and Y S  are functions of the G values 
of the radical formation from the monomer and solvent, 
respectively. When Ts[S] >> TM[M] or [A&] is taken as 
constant, K is a constant independent of time. Successive 
addition of monomer to the radicals resulting in long chain 
radicals is the propagation step. The growing radicals are 
terminated via three different processes, that is, first-order 
termination with respect to the radical, and second-order 
termination via recombination or disproportionation of 
radicals. Another important elementary step is the chain 
transfer reaction in which the growing radicals react with 
monnmer andlor solvent molecules to transfer their activ- 
ity. This step lowers the average molecular weight of the 
polymer but does not affect the overall polymerization rate. 

DOSE RATE DISTRIBUTION AND FLOW PATTERN 
IN A STIRRED-TANK REACTOR 

For electron beam irradiation, the depth profile of dose 
rate, which is referred to as depth dose curve, has been 
investigated for various materials (Trumps et al., 1940). 
It is generally known that there is an initial increase of 
dose rate followed by a rapid decrease to zero at the 
maximum range of the electrons. The curve shown with 
a broken line in Figure 1 is typical for electrons of 1 MeV. 
A maximum dose is observed at a point approximately one- 
third of the maximum range. A dose at the surface of 
material is roughly 60% of the maximum dose. 

As an approximation of the dose rate distribution, a step- 
like distribution shown with a solid line in Figure 1 is as- 
sumed in the calculations. The low dose rate irradiation is 
brought about by X-ray or bremsstrahlung. K is the volume 
fraction of the reactor in the high dose rate region (region 
I) .  1 - K, is the volume fraction irradiated with a very 
low dose rate (region 11). 

Mixing processes in a stirred vessel have been studied 
by Rushton et al. (1946), Nagata et al. (1956), and Marr 
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and Johnson (1963). The studies indicate that there is a 
flow pattern of circulation caused by the pumping action 
of impeller and that the volumetric pumping rate Q may 
be expressed as follows, 

Q = fND3 (1) 

where N is the agitation speed, D is the impeller diameter, 
and f is the coefficient of impeller discharge. The average 
time required for a fluid element to make one circulation 
in the vessel is approximately given by V/Q. 

A simplified schematic diagram of the flow in the reactor 
is assumed, as shown in Figure 2. Perfect mixing is pre- 
sumed in the both regions. 

THEORETICAL ANALYSIS 

monomer are expressed by the following equations: 
In region I, mass balances on the growing radicals and 

dn1 ml - 121 - = Kll + ktmCln + kt,,S,n + - 
dt 71 

dni m l - f k  - = k,Clni-l + - dt 7 1  

and in region 11 

where 

0 20 4.0 6.0 (mm I N  WATER) 
I P! I I 1100 

ELECTRON 
BEAMS 

l r r r r l r  
REGION I - t -  _ _ _ _ _ _ _  _I 

\ 
\ 
\ 
\ 

I 
REACTOR 1 

\ \. I 1  

K 1 ’ 0  
0 

LIQUID DEPTH 
Fig. 1.  Depth-dose curve in water and schematic dose rate distri- 

bution in reactor. 
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REGION II 
Fig. 2. Schematic flow pattern in reactor. 

T~ = KT (9) 
(10) 

n = f w  (11) 
?n=fmi  (12) 

72 = (1 - K ) T  

To solve Equations (2), (3), ( 5 ) ,  and (6), we assume 
the so-called “steady state” approximation with respect to 
radical concentrations for each chain length, leading to 
the following equations: 

m = n + T 1 ( k t l  + ktzn)n - rlml 
n = m + TZ(kt, + ktzm)m - 7zmz 

(13) 
(14) 

The monomer concentrations in region I and I1 at a time t 
are given in Equations (15) and (16) which are obtained 
by solving Equations (4) and (7), respectively, 

C1= glexp(- 7 / t )  + h exp ( -a t )  

y = ( E  + d/Ez - 4F)/2 

(15) 
C z = g z e x p ( - @ )  +hZexp(-at)  (16) 

(17) 
6 = F / y  (18) 

(19) 

+ (kp + ktmIznm (20) 

(21) 
(22) 
(23) 
(24) 

where 

E = 1 / ~ ~  + 1/79 + ( k ,  + ktm) ( n  + m )  
F = m(kp + ktm)/T1 + n(k, + ktm)/r2 

gl = Co { ( k ,  + kt<)n - S > / ( Y  - 6) 

h.1 = co (Y - (kp + k t m ) n ) / ( r  - 6) 

g2 = (1 + (kp + k t m ) V  - y71)gl 

hz = (1 + (kp + ktmh1n - &,> hl 
As a first approximation, the following equations are 

assumed in order to derive the concentration distribution 
of the growing radicals (Zeeman and Amundson, 1963) : 

dnJdi = Q - ~ - 1  (25) 

dmi/di = - (26) 

If we assume steady state concentrations for each chain 
length i as well as for all chains collectively, then we may 
let the index i in Equations (25) and (26) start at 1 pro- 
vided we define no and mo as follows: 
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where 

~1 = b C i / ( k t l  + ktnnCi + kt,S + kpCl + ktzn + 1 / ~ ~ )  
( 3 1 )  

~2 = W 2 / ( k t 1  + ktmG + kt,S + kpCz + kt2m + 1/72) 
( 3 2 )  

vl and vz correspond to the probability of propagation of 
the radicals in region I and 11, respectively. Solving Equa- 
tions ( 2 9 )  and ( 3 0 ) ,  ni and mi are expressed by the fol- 
lowing equations: 

ni = U1 exp ( - iX) + V1 exp ( - iY) ( 3 3 )  

( 3 4 )  mi = U2 exp ( - iX) + V 2  exp ( - iY) 
where 

+ kc {~Uivi + ( 1  - K )  U2V2) 
[exp {- (X + iY)} - exp {- ( Y +  iX)}]/ 

{exp ( -  Y) - exp ( - - X ) >  (42 )  
Polymerization Rote 

expressed by 
The total rate of dead polymer formation at a time t is 

“ d  
dt (43 )  X ( t )  = 2 - (iP,)  

i=l 

This is essentially equal to the rate of monomer consump- 
tion which is given by (kp + ktm) {KCln + ( 1  - K )  Czm}. 
Average Molecular Weight of Polymer 

The number and weight average molecular weight of 
the dead polymer instantaneously formed at a time t is 
given by 

In addition those of all the polymer formed during the 
reaction time t are given by the following equations: 

Mn( t )  

W = d d  ( 3 9 )  

x = ( l /V ,  + l / V z  - 2 + W )  / 2  (40) 
Y = ( W V ,  + 1/v2 - 2 - W )  / 2  (41) At 2 5 (i2Pi)dt + 2 {iZKni f i2 ( 1  - K ) W }  

The production rate of dead polymer composed of i - i = l  dt i=1 
- “ d 

dt 

monomers at a time t is given by f 5 - (iPi)dt + C { i~ni+ i ( 1  -.)mi} 
i=l i=l 

( 4 7 )  ktlni + ktnClni + ktrsSni 

Molecular Weight Distribution 

The weight distribution function of molecular weight 
of the dead polymer instantaneously formed at a reaction 
time t is expressed by 

and the distribution function for all the polymer formed 
during the reaction time is given by 
F d t )  
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Agitation Speed for Perfect Mixing 
The agitation speed required to attain perfect mixing 

is calculated by the following analytical procedure. Let us 
introduce a parameter E, defined by Equation (50), which 
compares the attained polymerization rate with those at 
no mixing and perfect mixing: 

(50) 

where XPM(0) and XNM(O) are the initial rates of poly- 
merization with perfect mixing and without mixing. They 
are given by 

x(0) - XNM(0) 
XPM(0) - XNM(0) - E =  

X P M ( O )  = (kp + ktm)Coz (51) 

XNM(O) = (kp + ktm)Co { ~ f l ,  + (1 - ~ ) m s )  (52) 

(53) 
- where 
= KI1 + (1 - K ) I z  

From Equation (43) is X (0) given by 

X ( 0 )  = (kp + ktm)Co { ~ n  + (1  - ~ ) n t }  (57) 

Rearranging Equations (50), (51), (52), and (57), we 
get 

where 

(59) 
K f l s  + (1 - K ) m s  

f $ = l -  
ii 

From Equation (58), m/ E is expressed by 
1 - ( 1 - € ) +  K 

m/ii = -- (+) (60) 

Dividing the sum of Equation (13) and (14)  by ktzZ2, 
the following equation is obtained: 

1 - K  1 - K  

2 

Using the relations, ktZZ2 + k$i - Gi = 0 and n/Z> 1, 
( n / i i )  and ( m f i )  are solved as follows: 

f l / i i= l -  (1--E)4 

From Equations (9) and (13) the following equation is 
derived: 

T =  (+-:) 

The life time of the radicals It at the perfect mixing is 
given by 

The required agitation speed for an arbitrary value of c is 
calculated from 

lt = V K ?  (65) 

The agitation speed for the perfect mixing (that is, E 

is approximately calculated from 
1 )  

If K << 1 and I1  >> Z2, + is almost equal to unity and Tp 
is expressed by 

PRACTICAL CONSEQUENCES AND DISCUSSION 

In order to inquire into the practical results of these 
calculations, we selected the radiation polymerization of 
acrylamide in aqueous solution as a model reaction system. 
Kinetic studies of this polymerization using cobalt-60 and 
X-rays have been reported by Collinson et al. (1957) and 
Curries et al. (1965). They concluded that there is no 
chain transfer and no first-order termination and that the 
initiating radicals are formed essentially from water under 
the conditions employed. The rate constants and other in- 
formations are listed in Table 1. 

Influence of Agitation on Polymerization Rote 
In Figure 3 e is plotted against the fluid circulation 

period T at various dose rates of irradiation. I t  can be 
seen that the polymerization rate increases approaching 
the rate at perfect mixing with decreasing period and de- 
creases to the rate at no mixing as the period increases. 
The figure also indicates that a higher value of E is ob- 
tained at lowered dose rate at constant T and K. In other 
words, when the higher dose rate is employed, the higher 

TABLE 1. DATA ON THE RADIATION POLYMERIZATION 
OF ACRYLAMIDE IN AQUEOUS SOLUTION 

Parameter 

K, mole/( liter) (rad) 
k,, liter/( mole) ( s )  
k,, liter/( mole) ( s )  
ktl, 11s 
kt,, liter/mole) ( s )  
temp., "C 
P H  

Monomer conc.; 0.1-2.0 molefiter. 

7.75 x 10-9 

1.63 x 107 
1.72 x 104 

0 
0 

25 
1 .o 
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00 0 1  10 100 
PERIOD, T ( s e c )  

Fig. 3. Effect of 7' on E a t  various dose rates of region 1. 

n 

6 oL I I I I I I I l l 1  I I I I l l d $ j  

4 0 ' 1  10 100 - LL 
PERIOD, T (sec) 

Fig. 4. Effect of agitation on polymerization rate for constant 
absorbed energy at  different dose rate. 

speed of agitation is required to get the same value of 6. 

The explanation for this behavior is that the radical con- 
centration in region I is increased at higher dose rate ir- 
radiation and accordingly the radical life time becomes 
shorter. A higher speed of agitation is then required for 
the shorter life radicals to propagate before termination. 

The period for the almost perfect mixing ( E  = 0.99) 
calculated by Equation (68) are shown with arrows in 
Figure 3. 

Polymerization rates with constant absorbed energy per 
unit time were calculated for various values of dose rate 
and K as a function of period T. K and Zl were adjusted to 
maintain constant absorbed energy. The results are shown 
in Figure 4 which indicates that the polymerization rate 
increases with dose rate in the range of high agitation 
speed (that is, low range of T) ,  and that the relation is 
reversed at low agitation speed. Similarly in Figure 5, the 
same results are shown in the plot of X (0) / X P M  (0)  versus 
the values of Z1 and K .  As Z1 increases and hence K de- 
creases, the nonuniformity of dose rate distribution in- 
creases. I t  can. be seen that there is a nonuniformity of 
dose rate distribution which gives a minimum reaction 
rate for a constant agitation speed. The practical signifi- 
cance of this conclusion is that the polymerization is more 
advantageously carried out at high dose rate when the 
nonuniformity of dose rate distributions is high, and at low 
dose rate when the uniformity is high. 

The radical and monomer concentrations in region I 
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and 11 at a constant reaction time ( t  = 600 s) are plotted 
in Figure 6 as a function of the fluid circulation period. 
The nonuniformity of the radical concentration illustrated 
by the difference in radical concentration between two 
regions increases to a great extent with the period. Since 
the radical life time is very short, a high speed of agitation 
is needed to produce a uniform concentration equal to that 
formed by uniform irradiation at the average dose rate. 
In contrast, in the monomer concentration, only a slight 
difference between the two regions is observed at the ex- 
tremely slow rate of agitation. 

Influence o f  Agitation on Molecular Weight  of Polymer 

The number average molecular weight of polymer in- 
stantaneously formed at a time t [ m n ( t ) ]  and that of all 
the polymer produced during the reaction [ M n ( t ) ]  are 
plotted versus t in Figure 7 for two different agitation 
speeds. The average molecular weights of the both poly- 
mers were shown to decrease with the time. This is simply 
due to the decrease of monomer concentration as the reac- 
tion proceeds. 

The number average and weight average molecular 
weight of polymer and their ratio are plotted in Figure 8 
as a function of the period. The number average molecular 
weight decreases with the period while the weight average 
increases. Accordingly the ratio M J M , ,  which is an index 
of broadness of molecular weight distribution, increases 
with the period. 

- -  

0 '  I 1 I 1 I tl 
0 10 1 o2 103 ' - 

DOSE RATE,  11 ( r a d l s e c )  
4 r  1 I I 1 I ,el 
1 0.505 0.1 0.05 0.01 0.005 0 

K 
Fig. 5. Effect of dose rate and K on reaction rate a t  constant 

absorbed energy. 

. aJ - x106 = 101 11.0 'I= I I I I l I I I I /  

11 = 1000 rad lsec 
I2 = 0.1 

v 

_ _  ~ ..Omole/I 
o.5 1 t = 6007 

z 
0 u 

0.5 "- 
1 5  

L. PERIOD , T ( s e c )  
Fig. 6. Effect of agitation on difference in radical and monomer 

concentrations between region I and II. 
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reactions in regions I and 11 take place more indepen- 
dently. Each peak of the bimodal distribution reflects the 
polymerizations in the two regions. 

In Figure 10 the molecular weight distribution curves 
for the polymers formed instantaneously at different reac- 
tion times are shown together with the distribution curve 
found in the total amount of polymer formed in 600 sec- 
onds. It can be seen that the peak of the low molecular 

x 0 100 200 300 400 500 600" 
REACTION TIME, t (sec) 

Fig. 7. Change of number average molecular weight with reaction 
time a t  two agitation speeds. 

DEGREE OF POLYMERIZATION, i 

Fig. 9. Effect of agitation on molecular weight distribution. 

r I?=O.I / I  
CI c 

2 -- 5.0 
c 
v 

i 

1 I I I I l l l l  

I ' I '  18 I I I I I  

10 
OLt 
0 1  

PERIOD, T (sec) - -  - -  
Fig. 8. Mn, Mw and Mw/Mn vs. T. 

n 
c v 

DEGREE OF POLYMERIZATION, i 
Fig. 10. Change of  molecular weight distribution with reaction time. 

Influence of Agitation on Molecular Weight  
Distribution of  Polymer 

The molecular weight distribution curves are calculated 
according to Equations (48) and (49) and are shown in 
Figures 9 to 11. 

An outstanding effect of the agitation is shown in Fig- 
ure 9. At high speeds of agitation a unimodal distribution 
curve is obtained which coincides with the curve for the 
polymer produced by the uniform irradiation at the aver- 
age dose rate 1. As the period of fluid circulation increases, 
another peak with lower molecular weight appears and 
increases in height. This is accompanied by the shift of the 
original peak to higher molecular weights with a corre- 
sponding decrease in its relative height. In the extreme 
case of the static system, the position of the two peaks 
coincides with those of polymer independently formed 
under the uniform irradiation of two dose rates ZI and Z2. 
The unimodal distribution indicates that the radicals are 
completely dispersed within their life time uniformly 
throughout the two reaction zones as in the uniform ir- 
radiation case. As the agitation speed decreases, the non- 
uniformity of the radical concentration increases and the 
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Fig. 11. Effect of dose rate distribution on molecular weight 
distribution a t  constont absorbed energy. 
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weight fraction increases and the bimodal distribution be- 
comes more pronounced as the reaction proceeds. Both 
peaks shift in the lower molecular weight direction with 
increasing reaction time because of the decrease in mono- 
mer concentration. 

At a constant period of the circulation and at constant 
absorbed energy the molecular weight distribution curve is 
affected by dose rate and K .  As shown in Figure 11, the 
distribution curve becomes unimodal when the dose rate 
in region I becomes very large or very small. 

As described above, a bimodal molecular weight distri- 
bution was obtained at lower agitation speed under a 
steplike distribution of dose rate, whereas a unimodal dis- 
tribution was obtained with exponential attenuation even 
in nonmixing state (Chen and Hill, 1971). These results 
show the nonuniformity of dose rate distribution in reactor 
as well as mixing conditions has an important effect on 
product distributions. 
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NOTATION 

Co 
C1, C2 = concentration of monomer in regions I and 11, 

D 
E 
F 
F w ( t )  = weight distribution function as defined by Equa- 

f 
fw(t) = weight distribution function as defined by Equa- 

gl, g2 = defined by Equations (21) and (23), mole/l 
hl, hz = defined by Equations (22) and (24), mole/l 
I = average dose rate in reactor, rad/s 
11, Z2 = dose rate in regions 1 and 11, rad/s 
K = YM[M] + q s [ S ] ,  mole/(l) (rad) 
k,, kd, kp, kltl = rate constants of recombination, dispro- 

portionation, propagation, and first-order termi- 
nation reaction, 1/ (mole) ( s )  

= apparent rate constant of first-order termination, 
l / s  

= kc + kd, 1/ (mole) ( s )  
= life time of radical at perfect mixing, s 

= initial concentration of monomer, mole/l 

mole/l 
= diameter of impeller, cm 
= defined by EqGation (19), l /s  
= defined by Equation (20), l/s2 

tion (49) 
= coefficient of impeller discharge 

tion (48) 

- 

ktl 

kt2 
I ,  
M = monomer 
M ,  ( t )  , M ,  ( t )  = number average and weight average mo- 

lecular weight as defined by Equations (46) and 
(47) 

m = concentration of all radicals in region 11, mole/l 
mo = defined by Equation (28), mole/l 
mi = concentration of active i-mer in region 11, mole/l 
m, = defined by Equation (56), mole/l 
m,( t )  , m, ( t )  = number average and weight average mo- 

lecular weight as defined by Equations (44) and 
(45) 

N = stirring speed, rev./s 
n 
no 
ni 
n, 
n 
Pi 
Q 
R i a  = active i-mer 

= concentration of all radicals in region I, mole/l 
= defined by Equation (27), mole/l 
= concentration of active i-mer in region I, mole/l 
= defined by Equation (55), mole/l 
= defined by Equation (54), mole/l 
= dead i-mer or its Concentration, mole/l 
= circulation flow rate in reactor, ml/s 

- 

S 
T 
Tp,  T ,  = period required for perfect mixing and or to 

U1, U2 = defined by Equations (35) and (37), mole/l 
V = reactor volume, ml 
V1, V2 = defined by Equations (36) and (38), mole/l 
W = defined by Equation (39) 
X ( t )  = rate of polymerization, mole of monomer/(l) (s) 
X ,  Y = defined by Equations (40) and (41) 
2 = substance to which radicals transfer their activities 

Greek Letters 
y, 8 = defined by Equations ( 17) and (18), l /s  

= index measuring average rate of polymerization 
relative to rates at  mixing extremes. See Equa- 
tion (50). At no mixing ( T  + w ) ,  6 = 0. At 
perfect mixing ( T  -+ O), c = 1 

= solvent or its concentration, mole/l 
= period of circulation, s 

achieve index E ,  s 

4 
q ~ ,  q s  = coefficient including G-values of radical forma- 

K = volume fraction of region I 
T ~ ,  T~ = residence times in regions I and 11 

= defined by Equation (59) 

tion from monomer and solvent, l /rad 

LITERATURE CITED 

Chen, H. T., and F. B. Hill, “Radiation-Induced Polymeriza- 
tions in Continuous Stirred-Tank Reactors,” AIChE J . ,  17, 
933 (1971). 

Collinson, E., F. S. Dainton, and G. S. McNaughton, “The 
polymerization of Acrylamide in Aqueous Solution. Part 1. 
The X- and ?-Ray Initiated Reaction,” Trans. Faraduy Soc., 
53,496 ( 1957). 

Collinson, E., F. S. Dainton, and G. S. McNaughton, “The 
polymerization of Acrylamide in Aqueous Solution. Part 2. 
The Effect of Ferric Perchlorate on the X- and ?-Hay 
Initiated Reaction,” ibid., 53,489 ( 1957). 

Currie, D. I., F. S. Dainton, and W. S. Watt, “The Effect of 
pH on thk polymerization of Acrylamide in Water,” Polymer, 
6.451 (1965). 

Fredrickson, A: G., A. H. Brown, R. L. Miller, and H. M. 
Tsuchiya, “Optimum Conditions for Photosynthesis in Op- 
tically Dense Cultures of Algae,” Am. Rocket S. J.,  31, 1429 
(1961). 

Hill, F. B., and N. Reiss, “Nonuniform Initiation of Photoreac- 
tions. 11. Diffusion of Reactive Intermediates,” Can. J .  Chem. 
Eng., 46, 124 (1968). 

Kawakami, W., and H. S. Isbin, “Effect of Agitation on Radia- 
tion Chemical Reaction Involving Chloral Hydrate Aqueous 
Solutions,” AIChE J. ,  16, 502 (1970). 

Marr, G. R., and E. F. Johnson, “The Pumping Capacity of 
Impellers in Stirred Tanks,” ibid., 9, 383 ( 1963). 

Muller, A. C., J. C. Eichacker, and F. B. Hill, “The Effects of 
Partial Illumination and Mixing on the Sensitized Photopoly- 
merization of Methyl Methacrylate,” BNL-16455 ( 1971). 

Nagata, S., K. Yamamoto. and M. Ujihara, “Flow Patterns of 
Liquid in a Cylindrical Mixing Vessel,” Mem. Faculty Eng., 
Kyoto Univ., 21, 260 (1959). 

Noyes, R. M., “Photochemical Space Intermittency, A Proposal 
for Measuring Diffusion Coefficients of Reactive Free Radi- 
cals”, J .  Am. Chem. SOC., 81, 566 (1959). 

Rushton, J. H., D. E. Mack, and H. J. Everett, “Displacement 
Capacities of Mixing Inipellers,” Trans. Am. Inst. Chem. 
Engrs., 42, 441 (1946). 

Trump, J. G., R. J. Van de Graaff, and R. W. Cloud, “Dis- 
tribution of Ionization in Materials Irradiated by Two and 
Three Million-Volt Cathode Rays,” Am. J .  Roentgenology 
Rad. Therapy, 43,728 ( 1940). 

Yemin, L., and F. B. Hill, “Measurement of Mixing of Chain 
Centers in a Nonuniformly Initiated Photopolymerization,” 
Ind. Eng. Chem. Fundamentals, 8,210 ( 1969). 

Zeman, R. J., and N. R. Amundson, “Continuous Models for 
Polymerization,” AlChE J . ,  9, 297 (1963). 

Manuscript received March 14, 1972; revision received August 8, 1972; 
paper accepted August 9, 1972. 

AlChE Journal (Vol. 19, No. 1) January, 1973 Page 101 




