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SUMMARY 

Emulsion polymerisation, suspension polymerisation and the 
dispersion processes of styrene in water have been carried 
out at_50°C in a stainless steel, stirred batch reactor of 
3.6 dam? capacity. The reactor was fitted with a temperature 
control facility and could be operated with or without 
internal baffles. 

A mathematical model covering stages I,II and III of emulsion 
polymerisation has been proposed and its predictions have 
been compared with experimental data. 

Classical models do not present satisfactory predictions 
for the case of low soap concentrations or for the case 
of high impeller speed at low or intermediate soap con- 
centrations. The model presented here overcomes this 
problem by taking into account the amount of soap adsorbed 
onto the dispersed monomer droplet interface. An existing 
relationship between monomer droplet size, impeller speed 
and impeller diameter for an unbaffled vessel and a new 
relationship for a baffled vessel were incorporated into 
the model. 

During stage III the increase in monomer particle viscosity 
reduces the translational mobility of the radicals with 
the result that the reaction rate increases dramatically 
(the gel-effect). Analogous behaviour in suspension 
polymerisation of styrene has been investigated and a 
relationship between the termination rate constant and the 
level of monomer conversion has been developed. This 
relationship is incorporated into the model for emulsion 
polymerisation. 

The predictions of the current model incorporating the soap 
adsorption and the gel effect amendments are in good 
agreement with experimental data for emilsion polymerisation of 
styrene at 50°C across the whole of the conversion. 

KEY WORDS: Emulsion polymerisation, styrene, dispersion, 
modelling, gel-effect. 
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SECTION 1 

INTRODUCTION 

Emulsion polymerization is one of the most important 

methods for effecting the process of addition polymerization. 

-It is carried out in a system which includes a monomer (or 

monomers) and a dispersion medium, generally water, in 

which the monomer is either virtually insoluble, or else 

sparingly soluble. A micelle-generating substance, 

namely the emulsifier, is usually present and a water 

soluble initiator is generally used. The polymerization 

takes place, in the main, within the monomer swollen 

polymer particles which according to the Harkins model 

for emulsion polymerisation are nucleated within the 

micelles. 

The emulsion polymerization process offers sign- 

ificant advantages over bulk, solution or suspension 

polymerization. Although the internal viscosity of 

the particles is extremely high, the viscosity of the 

emulsion remains low during the process of emulsion 

polymerization. Heat transfer therefore is no real 

problem and good temperature control can often be 

achieved thus avoiding the"runaway reaction" which is 

often observed in bulk polymerisations. The combination 

of highly effective surface active agents, very mild 

agitation and the small size of the polymer particles 

minimizes the tendency of the particle$Sto coalesce 

so that, in contrast to suspension polymerization, 

emulsion polymerization is suitable for the production 

of sticky, rubbery polymers. Furthermore, the 
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polymer is produced in latex form and this is an obvious 

advantage in certain industrial applications. 

Emulsion polymerization polymers are characterised 

by a very high molecular weight. The reason for this 

follows from the fact that free radicals are not formed 

within the particles but enter into the particle from 

the surrounding aqueous phase in which the initiator 

is dissolved. When a free radical enters a non-growing 

particle, polymerization is initiated and continues 

until it is terminated by the entry of another radical 

into the particle. Therefore, the average life time of 

growing polymer radicals in emulsion polymerization is 

much longer than for the other polymerization processes. 

Thus, it is possible for a growing molecule to grow to 

a very high molecular weight before being terminated. 

This growth of the polymer chain can proceed simult- 

aneously in a large number of particles, which are 

isolated from each other by the intervening water phase. 

A growing polymer molecule in one particle cannot 

terminate one in another particle. This means that 

the total number of radicals in unit emulsion volume 

is larger in emulsion polymerization than in other 

polymerization processes, therefore, the overall rate 

of polymerization is high. These two important 

characteristics of emulsion polymerization make it a 

valuable commercial process. High product molecular 

weight for instance is especially necessary when 

producing synthetic rubber with satisfactory elastomer 

properties. High conversion rate of course leads to 
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reduced production costs. 

For the reasons mentioned above, the emulsion poly- 

merization process is of increasing importance to 

_commercial polymer production. In both batch and con- 

tinuous reactor systems it has become a major processing 

step in the manufacture of polymer products such as paints 

inks, coatings, adhesives, flocculants, synthetic rubbers, 

plastics, high impact strength copolymers and so on. 

Current latex production by emulsion polymerization 

throughout the world is of the order of a million tons 

per year. In spite of its great economic importance 

however and although emulsion polymerization has been 

carried out for at least 50 years, the detailed quant- 

itative behaviour of these reactions is still not well 

understood. For this reason, it is considered of 

considerable benefit to develop a reliable, efficient 

predictive mathematical model for emulsion polymerization 

reactors. 

The emulsion polymerization system is heterogeneous 

in that it consists of several phases which change in 

character during the polymerization process. The 

behaviour of an emulsion polymerization reactor also 

differs for the different monomers that may be polymerised 

by this process. In addition, the purities of the 

monomer and of the other ingredients, the gas space 

atmosphere, the geometry of the reactor and its access- 

ories, the impeller speed and the reaction conditions 

all affect the progress of an emulsion polymerization. 
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Consequently, the modelling of emulsion polymerization 

is extremely complex. In spite of this, a number of 

workers have devoted themselves to the study of emulsion 

polymerization science. Since the classical work of 

Smith-Ewart (1) on the modelling of emulsion polymerization, 

a great number of papers have appeared which have either 

modified the classical model or have proposed their own 

new models. 

It is apparent from the literature that none of the 

numerous previous models for emulsion polymerization 

have considered the effect on the reaction of the 

adsorption of emulsifier onto the surface of the monomer 

droplets. In many instances the amount of this adsorbed 

emulsifier may be ignored because it is a relatively 

small proportion of the total emulsifier concentration. 

However, if the emulsifier concentration is low, or if 

the impeller speed is high enough, the proportion of 

the adsorbed emulsifier on the monomer droplet surface 

will be comparable with that of the micellar soap. 

In this case the effect of the adsorbed soap must clearly 

be taken into account. Several workers have studied 

the effects of stirring on the process of emulsion 

polymerization. Shunmukham (2) noted that violent 

agitation would reduce the polymerization rate and 

increase the induction time. Schoot et al (3) suggested 

that the increase in induction time is associated with 

inhibition by trace oxygen in the nitrogen atmosphere 

used and the decrease in polymerization rate is due to 

increasing mass transfer between the gas and liquid 
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phases as agitation hecomes more severe. Evans et al (4) 

Omi et al (5) and Nomura et al (6) pointed out that, 

under a highly purified nitrogen atmosphere, the decrease 

in the rate of polymerization and in the number of polymer 

particles with increased agitation may be due to the fact 

eee the micelle population is a function not only of 

the soap concentration, but also of the amount of soap 

adsorbed onto the surface of the monomer droplets, i.e. 

a function of the degree of dispersion which is directly 

dependent on the agitation. In this work, a mathematical 

model for Stage I and Stage II of emulsion polymerization 

is established which takes into account the soap adsorbed 

on the surface of monomer droplets. The soap adsorption 

model is described in detail in Section VI. 

In modelling Stage III of the reaction difficulties 

are encountered which are associated with the auto- 

acceleration of the conversion rate with increasing 

monomer conversion. This phenomenon is often known 

as the Trommsdoff effect, or gel-effect. Friis et al. 

(7-10) carried out experimental emulsion and bulk poly- 

merizations of polymethylemthacrylate (7, 8) and poly- 

vinyl acetate (7, 9) By using a steady state model 

they were able to model the gel-effect. They also 

compared their model (10) with the experimental data 

obtained by Grancio (11). They also looked at styrene 

polymerization and the relationship which they used to 

relate the termination constant to monomer Convene on 

for polystyrene was based on Hui's work (12) on the 

thermal polymerization of styrene in bulk which was 

=6=



carried out over the temperature range of 100-200°c. 

It was found, at-least at 50°C, that this relationship 

overestimates the termination rate constant if it is 

used for modelling the emulsion polymerization reaction, 

‘particularly at high levels of conversion. Gardon 

(13,14) developed a mathematical model based on a non- 

steady state assumption for Stage II. Unfortunately, 

it does not extend to Stage III because the relationship 

between termination rate constant and monomer concent- 

ration in the particles was not known. In the present 

work, a functional dependence of monomer conversion has 

been generated using experimental suspension polymerization 

data. A non-steady state mathematical model for Stage 

III has been developed, which is combined with the model 

for Stage I and Stage II mentioned above to construct 

a general model over the whole conversion range of the 

emulsion polymerization. A comparison has been made 

between the predicted and the experimental data. Lt 

is described in Section VI. 

The flow pattern of the liquid in a baffled reactor 

is significantly different from that in an unbaffled 

reactor. The velocity distribution in the former is 

more uniform than in the latter (15) and the extent of 

monomer dispersion in the baffled reactor is much 

greater than that in the unbaffled one. Vermeulen et 

al (16) presented a correlation from their work for a 

brffled reactor, in which the Sauter mean diameter of the 

droplets is directly proportional to the impeller speed 

to the power (-1.2). Unfortunately, their formula is 
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only valid for the system in the absence of emulsifier. 

Merry obtained an empirical formula (17) for the dispersion 

of styrene in an emulsifier solution in water, in which 

the mean diameter of droplets was shown to be proportional 

to the impeller speed to the power (-1.08). This 

formula however can only be used for the unbaffled 

reactor. Harada et al (32) presented a correlation 

for the dispersion of styrene in an emulsifier solution 

in water for a baffled reactor, and in this case average 

diameter of the dispersed monomer droplets is proportional 

to impeller speed to the power (-0.75) and to the 

emulsifier concentration to the power (-1.5) for a lower 

limit of the emulsifier concentration of 3.13 qyen water, 

which is above the emulsifier concentration range used 

in the current study. Therefore, in the present work, 

the dependence of the average droplet diameter upon 

emulsifier concentration and impeller poeedete wacn 

investigated and it has been included in the mathematical 

model for emulsion polymerization mentioned above. 

The results predicted from the model are compared with 

the experimental data as described in Section VI. 

Apart from setting up the mathematical model for 

emulsion polymerisation, a technique, with which particle sizes 

as small as 0.09 micron may he measured,has been developed, this 

technique has been based on Mie's theory(19) on the work of 

Bateman(20) and of Merry (17). 
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2.1 The Qualitative Theory of Emulsion Polymerization 

In the 1940's Harkins proposed an important qual- 

itative theory (21-24) which laid a solid foundation 

for the modelling of emulsion polymerization. The main 

_features of this theory are best illustrated diagram- 

matically as in Figure 2.1. 

Figure 2.1 (a) shows the system before initiation 

has occurred. The emulsifier molecules are present 

mainly in the form of micelles, a small amount is 

adsorbed onto the surface of the monomer droplets, and 

a further small amount is dissolved in the water in the 

form of free molecules whose saturated concentration 

is defined as the critical micelle concentration (c.m.c.). 

Micelles are able to concentrate monomer at their centres 

so that monomer can be solubilised by emulsifier. 

Only a very small amount of monomer is dissolved in the 

water as free molecules. Compared with the micelles, 

the monomer droplets are relatively large. Generally 

speaking, the diameter of the droplets is about 10 

micron but the micelles about 0.01 micron. In a typical 

case, the number of monomer droplets would be about en 

1/om*, but for micelles the number would be about ‘ee 

tyem? (25). 

Figure 2.1 (b) shows the system after the initiator 

is charged. Free radicals are generated in the aqueous 

phase and these diffuse into the micelles to initiate 

the polymerization. The micelles in which initiation 

takes place become polymer particles. The monomer 
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droplets act as reservoirs from which the monomer 

migrates constantly into particles through the aqueous 

phase, thus supplying the growing particles. 
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Figure 2.1 A physical picture of emulsion polymerization 

(a) dispersion stage, (b) Stage I (c) Stage II (d) Stage III 
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Particle nucleation and growth of the particles lead 

to an increase in the specific surface area of the 

particles. There is therefore a tendency to adsorb 

more free molecules of the emulsifier from the true 

aqueous phase onto this new surface and this in turn 

iene to lead to the destruction of micelles. Thus, 

as polymerization proceeds, the micellar emulsifier 

tends continuously to change into adsorbed emulsifier 

so that the micellar emulsifier eventually disappears. 

The period of the reaction from the charging of the 

initiator to the disappearance of the micelles is known 

as Stage I. 

Figure 2.1 (c) shows the system after all the 

micelles have disappeared. The emulsifier is found in 

three forms, Namely, adsorbed onto the particle surface, 

adsorbed onto the droplets surface and dissolved in the 

aqueous phase. Monomer is continually diffusing from 

the droplets to the particles through the aqueous phase 

to supply the particles as they increase in size. The 

number of particles, that is the number of reaction loci, 

remains constant once all the micelles have disappeared 

and so, therefore, as the polymerization rate is a 

function solely of the number of particles the rate 

also remains constant. As polymerization proceeds, 

eventually the monomer droplets also disappear. The 

period of the reaction from the disappearance of micelles 

to the disappearance of monomer droplets is known as 

Stage II. 
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Figure 2.1 (d) shows the system after the droplets 

have disappeared. At this stage the emulsifier exists 

in two forms only, namely adsorbed onto the surface of 

the particles and dissolved in the aqueous phase in free 

eormcions The rate of polymerization gradually falls off 

due to the monomer depletion at the reaction loci. In 

normal cases, the final diameter of the particles is 

about 0.1 micron and the number of particles is about 

ot 
10 ° 1/on?, 

2.2 Mathematical Model 

Qe 2k The Smith-Ewart Model 

Smith and Ewart (1, 26, 27) treated Harkins' 

physical model quantitatively for Stage I and Stage II 

of emulsion polymerization. They provided two experi- 

mentally verifiable equations for Stage I and predicted 

that the final particle number should be proportional 

to the 0.4 power of the initiator concentration and to the 

0.6 power of the emulsifier concentration. In addition, 

they also provided recurrence equations based on the 

steady-state assumption for Stage II. Most of the models 

presented after Smith and Ewart modified or extended this 

classical model. The model may be summarized as follows: 

For Stage I, it was assumed that all free radicals 

are generated in the aqueous phase and then migrate 

into micelles and particles. Smith and Ewart assumed the 

two following possible cases: 
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(1) When all radicals enter only into micelles and gen- 

erate new particles there. In this case, the number 

of particles per cc of water at the end of Stage I 

can be described using the following equation 

fi RLO.4 0.6 
Np = 0.53 ey) s (2-1) 

where N5 = number of particles per cc of water, l/cc 

water 

R = rate of radical generation, 1/cc water min. 

u = volume growth rate of particles, uy = (K,/N,) 

(am/ap) {m/(1-~m)}, om?/min. particle 

S = area provided by emulsifier, em?/cc water. 

(2) When radicals enter into both micelles and polymer 

particles, the ratio of entry into one or the other 

depending only on the ratio of the external surface 

area of micelles and particles. In this situation, 

the equation becomes: 

a ByOs4 sa0r6 as 
N= oy s (2-2) 

For Stage II, Smith and Ewart made a population 

balance on N, the number of particles per cc of water 

containing i radicals, and obtained the following non- 

steady state recurrence equation: 

z . ie fle Nt) ee % ee TDN a fe 

{N, ,5 (442) (i+1) - Nji(i-1)} = 0 (2-3) 
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where K_ = radical desorption rate constant, cm/min. 

a = average surface area of one particle at a 

given time, om” /particle 

V = average volume of one particle at a given 

time, om?/particle. 

K = termination rate constant, cm” fnole min 

Ny = Avogadro number 

The first term of equation (2-3) considers the transfer 

of the radicals from the aqueous phase to the particles. 

(R/Ny) represents the rate of this transfer into a single 

particle. 

The second term considers the transfer of radicals 

from particles into the aqueous phase. (K,ai/V) represents 

the rate of this transfer out of a single particle. 

The third term considers the loss of free radicals by 

mutual termination of the radicals. {ki (i-1) /V} 

denotes the rate of this loss of radicals from a single 

particle. 

2.2.2 The Gardon Model 

The definitive exposition of the Gardon theory of 

emulsion polymerization was published in six papers which 

appeared in 1968 (13, 14, 28-31). He recalculated and 

extended the Smith-Ewart model. He used a different 

mathematical method from Smith and Ewart and he derived 

the equations for calculating the surface area of the 

particles, the reaction time, the number of particles, the 
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molecular weight and the monomer conversion for Stage I. 

He considered the case of slow termination of radicals 

instead of Smith and Ewart's fast termination, and he 

obtained an equation relating reaction time to monomer 

conversion. The model is described briefly below: 

For Stage I. Gardon considered that each particle 

absorbs radicals at a rate proportional to its surface 

area 4yri?, oe ny is the number of radicals per cc of 

water whose radius is rj and Ny is the number of particles 

per cc of water, the differential equation of particle 

nucleation is 

2 
Ye Qu

] 
Qu

 a i} R 
gis re 4n(tnjr, } (2-4) 

He derived the equation below based on equation (2-4) 

by using a numerical method. 

  

5 5 

y(x) = 0.318 x? - 0.701 x3 y (2) (2-5) 

u(x) = 0.279 x{1.91 - y(x)- 4y (=) } (2-6) 

Z(x) = 0.265x* - 0,047x2*55 (227) 
where y = dimensionless surface area 

4 2 
Yas es. (2-8) 
x = dimensionless time 

3 2 es 
er ee aS c xiao iG 5 ek (3) (2-9) 

K = the relative rate of volume growth of particle. 

-16-



  

  

peso Xp curs 
4m Ny dp 1-¢m (2-10) 

u = dimensionless particle number 

2 ee 
Do DA y5, uUis =e ee = 4(a57) s () Ne (2-12 

Z = dimensionless conversion 

Lenore 
4 12n,5 ,5,R\5 3 

2S Ae) Sg) (2n,r,) (2-12) 

Kp = propagation rate constant, om? /mole min. 

dm = density of monomer, gram/om 

dp = density of polyer, gram/cm? 

gm = volume fraction of monomer in particles. 

When polymerization has proceeded to the end of Stage I 

equations (2-5), (2-6) and (2-7) become: 

s 0.6,-0.4 
tyr = 0.365 (2) (2=43 

, 0.6 ,R, 0.4 
N, = 0. 208S ) (2-14) 

Serr = 0.3016 

where tyr = reaction time elapsed at the end of Stage I, min. 

2r_tr = the value of parameter Z at the end of Stage I. 

For Stage II , Gardon derived a set of differential 

equations based on a non-steady state assumption which is 

described as follows: 
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Q df 3 SO {= = a 3.81{-£,) + 5 (2£, 

wofi = 3.81(£,-£,) + ties) 
az a "O° dt Z 3 

Ce2 Q3 Tag? = 3.81 (£,- £)) + 2e, - 245) 

wifi = 3.914, ,- £,) + oittas 244, 9 = bG-1),) (2-18) 
az i ine. Z Oot i 

ne, = 1 (2-16) 

tree = 1 (2-17) 

az _ - @ = 0.3721 (2-18) 

where fy = number fraction of the particles each of which 

contains i radicals. 

  

I = average number of radicals in one particle 

Q, = dimensionless termination parameter 

1-9 
wig Sie- 2 Opi m = 

Qo kp). Gn age ae) 

Gardon fitted the numerical solution of the above 

equations to the following quadratic equation which is the 

relationship between conversion and reaction time. 

0.05464 _2 1.14 
Coa On186x 94 000721 (1, = =o, ot) (2-20) 

Q3 23 
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Do2ed Harada Model 

Harada et al (32) developed a model of emulsion 

polymerization with the assumption that there is not 

more than one radical in each polymer particle. In 

_this model they considered the effect of radical transfer 

both to the monomer droplet and to the transfer agent 

and the effect of the ratio of the amount of radicals 

diffusing into micelles to that diffusing into the polyér 

particles. They obtained several differential equations 

as follows: 

dip ct = Sei (2-21) 
dt 1¥ K5Np/KiMms 

  

  

dNa* 
1 = m - RAK et * < 

ae Ky ae Kp{M}N, +K)NR KN, R*+ Ke,{MIN* 

* Ty A. * 2 Kem(MIN,* + KeglT} - Keg {THNy (2-22) 

an, * 2 
= * y Rn *R* = * 

at KL {MINS * 3 Kp{MIN, *-KN. (KepyiM}+K ep (TI) N5 

(2=23) 

AN® _ * Se = KymsR* + KD (Np - 2N*) R* (2-24) 

aPi = *R* K * — 
ae oy R* + Kevim} + Kep{T}) Ne (2-25) 

where Np = number of particles per cc of water, particles/cc 

water Ne = N+ N* 

N. = number of inactive polymer particles per cc 

of water, particles/cc water 
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N* 

R* 

N* 

{mM} 

{T} 

‘£m 

ET 

Pj 

a 

number of growing polyer particles per cc of 

water, particles/cc water 

concentration of radicals in aqueous phase, 

radicals/cc water 

rate of radical generation, radicals/cc water, 

min. 

number of micelles per cc of water, micelles/cc HO 

radical diffusion coefficient from aqueous phase 

to micelles, cc water/molecule min. 

radical diffusion coefficient from aqueous 

phase to particles, cc water/molecule min. 

number of particles containing a polymer radical 

with j monomer units, particles/cc water 

number of active polymer particles, particles/ 

cc water 

monomer concentration in particles, g-mole/cm? 

concentration of transfer agent in particles, 

g.mole/cm? 

transfer rate constant to monomer, om?/g.mole.min. 

transfer rate constant to transfer agent, 

cm?/g.mole.min. 

dead polymer containing j units, molecules/cc water 

Harada et al solved the equations mentioned above for 

two limiting cases. One case is that for which the 

radicals generated in the aqueous phase preferentially enter 

the micelles, the other is that for which almost all the 

radicals generated in the aqueous phase are captured by the 

particles present. For these two cases, they obtained the 
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equation for calculating the number of particles and derived 

the correlation relating monomer conversion to time. Their 

model gives excellent agreement with the experimental 

results. 

2.2.4 The Min and Ray Model 

Recently a more comprehensive detailed mathematical 

model was formulated for emulsion polymerisation reactors by 

Min and Ray(33,34). This model consists of complex multivariate 

population balance equations coupled to material and energy 

balances for the reactor. It includes all previous models as 

special cases. They also demonstrated the computer simulations 

of the model both for batch emulsion polymerisation reactors 

for the polymerisation of methyl methacrylate(35) and for semi- 

batch emulsion polymerisation for the polyvinyl chloride 

system(36). They showed that the model predictions are shown 

to be in good agreement with laboratory experimental data 

and with pilot plant data. To model emulsion polymerisation 

systems they made; 

1) a particle size distribution balance 

2) an individual particle balance 

3) a micelle balance 

4) a monomer droplet balance 

5) an aqueous phase balance 

6) a general material balance 

7) a general energy balance 

In this model they took into consideration the following 

factors: 

(1) water-soluble initiators will decompose 

oh



and form free! radicals in the aqueous phase 

ghie monomer-soluble initiators will form 

free radicals in the monomer droplets, in the 

dissolved monomer in the aqueous phase, and 

in the polymer particles. 

(2) Particles can be formed both from micelles 

and from oligmers in the aqueous phase. 

(3) Shorter chains and radicals can be desorbed 

from particles, micelles and monomer droplets. 

(4) Coalescence between polymer particles will occur. 

(5) Both homogeneous and heterogeneous particles 

morphology can be treated. 

(6) The gel-effect is considered 

(7) The model can describe both continuous well- 

stirred and batch emulsion polymerization 

reactors. 

(8) The particle size distribution will influence 

the behaviour of emulsion polymerization reactors. 

(9) The aqueous phase polymerization will contribute 

to the total polymerization rate. 

(10) The polymer particle may be stabilised by both 

emulsifier and polymer chain ends. 

2.3 Gel-effect 

As mentioned above, the Smith-Ewart model was based 

on the instantaneous termination assumption (1). This 

approximation seems to be reasonable for describing 

Stage I and Stage II but is not valid for Stage III because 

of the Trommsdorff effect (37), i.e. the gel-effect. 
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Harada claimed (18) that their model,which is 

based a the instantaneous termination assumption, is in 

excellent quantitative agreement with the experimental 

results except in the range where autoacceleration occurs. 

As Gardon (28) pointed out, in Stage III, polymer concen- 

tration in the particles increases with increasing monomer 

conversion. Thus as termination is known to be a 

diffusion-controlled process the termination rate constant 

must decrease with increasing conversion during Stage III, 

this is what is normally described as the Trommsdorff or 

gel-effect. It would follow that the Smith-Ewart 

assumption of instantaneous termination becomes very 

questionable for Stage III even for small particle sized 

latexes with low initiation rate. 

Friis et al. published several papers to deal with the 

gel-effect in emulsion polymerization (7-10, 41). They 

suggested that in bulk polymerization the termination 

reaction becomes diffusion controlled and the termination 

rate constant decreases by 3 to 4 orders in the conversion 

interval 0O-100%. This decrease in termination rate constant, 

which will be referred to as the gel-effect, always causes 

a significant increase in the rate of polymerization and 

can also shift the molecular distribution to higher 

molecular weights. They pointed out that in emulsion 

polymerization a single polymer particle can be regarded 

as a locus of bulk polymerization with intermittent 

initiation. A decrease in the termination rate which 

is observed in bulk polymerization should therefore also 

occur in a single polymer particle. Therefore, the increase 
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in rate due toagel-effect in emulsion polymerization of 

various monomers can be accounted for quantitatively by 

means of data from bulk polymerization. 

The relationships between termination rate constant 

and monomer conversion that they suggested for various 

monomers are shown as follows: 

Methylmethacrylate (valid temperature range, 40-90°c) 

  & = ih ExoiExo Ie 0c (2-26) 
to Dp B 

B = 41,54 + 0.1082 T 

C = 23.46 - 0.0785 T 

Styrene (valid temperature range, 50-200°C) 
  

Pe leptin ack ey (2227) to E PP P 

EU aeno STs os on 

GS) 9.568 1-76, closes 

pa exer): EG Gailey > 

Vinyl acetate (valid temperature, 50°C) 

Kt = 2exp(B + CXp + Dx? + EX_3) (2-28) 
Keo P P 

Br ifee20 

Cc = -0.4407 

Dame os7o30 

B= =0.3495 
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u u where K. termination rate constant at =e 

  

ene mone min. 

u K = termination rate constant at x oO, 

ene jmole min. 

xX = fractional monomer conversion 

absolute temperature, oR 8 I 

Friis fitted the values of RK, estimated from 

equation (2-26) (2-27) and (2-28) to a steady state model 

as presented in equation (2-3) to obtain the relationship 

between a and time. They have compared the predicted 

results from the model with the experimental data. 

It seems to be ingood agreement. 

2.4 Dispersion 

In the’ past twenty-five years a number of workers 

have studied liquid/liquid dispersions in both baffled 

vessels and unbaffled vessels. Vermeulen et al. (43) 

presented a correlation for a baffled reactor. 

ee 

=ke( 6) + Pe) 
ae 

0.6 (2-29) 

me
l 

where D impeller diameter 

N = impeller speed 

= surface tension } Ml 

fluid density > ul 

= constant 

S
e
.
 

i] phase ratio 

ds = Sauter diameter 
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ads = rn, 4,” imaZ (2-30) 

Dt = Reactor diameter 

£(6) = a function of 9 whose value is presented by 

various workers as follows: 

Worker £(9) 
  

Calderbank (44) 143.756 (for D/Dt = 2/3) 

1+9¢ (for D/Dt = 1/3) 

Scully (45) 14+3.3¢ 

Brown and Pitt (46) 143.146 

Mylnek and Resnik (47) 1+5.4¢ 

Coulaloglou (48) 144.476 

Merry (17) carried out dispersion tests on the 

system water, styrene in the presence of soap (Nansa) in 

an unbaffled reactor. The tests were carried out 

under different emulsifier concentrations and impeller 

speeds and in reactors of differing diameters. The 

droplet sizes were determined by use of a Coulter Counter. 

The power dissipated by the impeller was measured by 

using a pully-balance system. He obtained the 

following correlations for unbaffled reactors. 

=1.08 D =O54685: 

) eo (2-31) 
i ot 
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2 
For Re< 8 x 10 

nO? 61-0- 

For Re> 8 x 10 

yi 22-0. 

where N 

pe = 

u = 

Nomura et al. 

241nRe , ,0-07-0. 121nRe eteonge (2-32) 

iS 

241nRe, ,1.19-0.12 InRe _ cone (2-33 

impeller speed 

impeller diameter 

reference impeller speed 

reference impeller diameter 

mean droplet diamter 

reference mean droplet diameter 

Reynolds number 

2 
= a B (2-34) 

density of fluid 

  

Dynamic viscosity 

(6) also developed an empirical formula for 

the system water, styrene and sodium lauryl sulphate though 

for a baffled reactor. 

Da 
where § = 

" 

This formula 

1.os(oeisi+ 4s 2/7) (N?p-) 274 (2-35) 

emulsifier concentration 

is only valid however in the range of 

emulsifier concentration S§ > 3.13 gan water which is 

higher than the soap levels to be used in the current study. 
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2.5 Determination of particle size 

The most important fundamental property of a latex 

is the particle size and the particle size distribution. 

In emulsion polymerization, the reaction rate, molecular 

weight and its distribution and the polymer properties 

all relate to the particle size and to the number of 

particles. Five methods have been used in the past for 

finding the value of tiie particle size: (i) electron 

microscopy (ii) soap titration (iii) light scattering 

(iv) centrifugation and (v) turbidity. Methods (i) 

and (v) can yield particle size distribution, from which 

the average values can be deduced. Methods (ii) (iii) 

and (v) give only average values. 

(i) Electron microscopy: 

This method can give a complete picture of the 

particles present in a latex. Size analysis is carried 

out by measuring the diameter of images of the polymer 

particles printed on an electron micrograph (49). 

(ii) Soap titration 

The soap titration method for the determination 

of particle sizes is based upon the concept that the soap 

is adsorbed on the surface of polymer particles until the 

surface is entirely covered by a monomolecular film of 

emulsifier molecules, each of which covers a definite 

a cm /one area (for sodium lauryl sulphate AS = 3.5 x 10% 

molecule (18)). If the latex contains less soap’ than is 

required for saturation of the particles, then virtually 

no free soap is present in the true aqueous phase. When 
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the soap is added beyond the point of saturation then 

the free soap will appear. When this free soap concen- 

tration reaches the critical micelle concentration, 

micelles are formed and at this point sudden changes in 

the properties of the latex, such as surface tension, 

conductance ratio, adsorption of the coloured or fluores- 

cent dye, etc., will occur. If these properties are 

measured the final point of the titration may be found. 

According to the amount of the emulsifier added up to 

this point, the surface area of the particles is easily 

calculated (50-53). 

(iii) Light scattering (54) 

Light scattering is based upon the measurement of 

the angle between a beam of incident light and the angle of 

maximum intensity of scattered light. The angular 

dependenceof intensity depends upon the relative refractive 

indices of the particles, the medium, the wavelength of 

the light and the size of the particles. 

(iv) Centrifugation (55) 

An ordinary centrifuge can be adapted to determine 

the particle size of a latex. Firstly the latex is 

diluted to a solid content of 2% and then centrifuged at 

2700 r.p.m. while the temperature is kept fairly constant 

by use of dry ice. Samples are removed at various times 

by means of a hypodermic syringe with the needle inserted 

to a depth of 2 cm. The concentrations of these samples 

are determined. A roughly quantitative particle size 

contribution curve can be calculated from these data. 
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(v) Turbidity 

Measurement of light transmission is one of the most popular 

methods available for measuring the particle size. Tt 

is based on the dependence of the turbidity of a dilute 

latex upon the particle size and on the other parameters. 

Barns and La Mer (56-58) did much work in this area both 

theoretically and in the development of the technique for 

the determination of the size of colloidal particles 

using Mie's theory (19). Of more direct use to the 

measurement of polystyrene latex is the method developed 

by Bateman et al. (20). They published a table 

(see Table 2-1) of theoretically determined values of 

total Mie scattering coefficient against wavelengths and 

particle radii. It is valid for the case of particle 

diameters more than 0.2 micron. Merry (17) extended 

Bateman's measurement range to smaller diameters using 

an interpolation method. The data he obtained seems to 

be reasonable in the region of particle diameter greater 

than 0.14 micron, but it results in a significant error 

if the particle size is smaller than 0.14 micron. 
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SECTION IIT 

EXPERIMENTAL EQUIPMENT AND TECHNIQUES 
  

3.2 Flow diagram and Equipment specification 

ae2 Emulsion polymerization ~ Experimental technique 

S.3 Suspension polymerisation -Experimental technique 

3.4 Droplet dispersion tests 
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3.1 Flow Diagram and Equipment Specification 

The flow chart for the emulsion polymerization, 

suspension polymerization and monomer dispersion runs 

is shown in Figure 3.1. 
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l.nitrogen cylinder 2.jacketed heat exchanger 

3.reactor vessel 4.axial seal 

5.sample line 6.charge line 

7.safety valve 8.purge pipe 

9.flow indicator 10.Churchill temperature controller 

1l.gear pump 12.lubricant reservoir 

13.overpressure vent line 14.impeller 

15.lubricant circulation line 16.heat exchange fluid line 

Figure: 3.1 Flow Diagram 

The reactor used in this work was designed and equipped 

by Merry(17) of this department. The reactor system is shown 

in’tigure 3.2. 
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As shown in the photograph, the main body of the 

reactor was a cylindrical stainless steel vessel with a 

dished bottom. It was of 152 mm bore and had a wall 

thickness of 6.5 mm. The vessel was secured to its 

lid by means of a flange which was again made of stain- 

less steel. The lid of this reactor was constructed 

from a mild steel flange lined with a sheet of stainless 

steel to ensure that the contents of the vessel 

contacted only with the stainless steel. The lid was 

secured to the vessel with eight 3/4 inch mild steel bolts. 

The lid,also carried the charge line, purge line,sample line 

overpressure vent line, safety valve and bearing. The 

maximum working pressure of the reactor was 10 bar. In 

order to allow temperature control, the reactor was 

fitted with a jacket through which water as the heat 

exchange medium was circulated. The temperature of the 

circulating water was controlled by a Churchill Captain 

unit, which has both a heating and cooling facility. 

The impeller for emulsion polymerisation was a six-bladed 

turbine type of 75mm. diameter as shown in Fig2.3 and a 

combination of impellers of 75 mm diameter for suspension 

polymerization as is shown in Figure 3.3. The combined 

impeller consisted of a 4-bladed inclined turbine and 

a 6-bladed swept-back turbine mounted on the same shaft, 

the inclined turbine being mounted 96 mm above the 

swept-back. They are shown in Figure 3.4. 
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Figure 3.3 Turbine type impeller for emulsion 

polymerization 
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(a) (b) 

Figure 3.4 The impellers for suspension polymerization 

(a) 6-bladed back-swept turbine 

(b) 4-bladed inclined turbine 
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  Figure 3.5. The Baffle 
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Another possible adaption to the reactor were the 

stainless steel baffles which consisted of eight vanes 

running parallel to the axis of the vessel and located 

at 45° intervals along the vessel wall. Each of the 

vanes had a width of 20 mn. The baffle is shown in 

Figure 3.5. 

3.2 Emulsion Polymerization Experiments 

Prior to a polymerization run, the reactor vessel and 

all the accessories in the reactor were thoroughly cleaned. 

The cleaning involved scouring with an abrasive cloth or 

brushing with a wire brush, then washing thoroughly with a 

1% solution of sodium lauryl sulphate and distilled water 

and finally rinsing with redistilled water. 

The required volumes of redistilled water and styrene 

were measured using a graduated cylinder and the required 

masses of sodium lauryl sulphate and potassium persulphate 

were weighed accurately. The emulsifier and the 

initiator were then dissolved in the water and both this 

solution and the styrene were charged into the reactor. 

The vessel was then firmly bolted to its lid.To exclude 

the oxygen from the reactor, the contents of the reactor 

were purged 5 times with nitrogen by successively 

pressuring the reactor to approximately 3 bar and then 

venting to atmosphere. On the fifth venting, the 

pressure was dropped down to about 1.5 bar, the 

operating pressure. 
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After purging, the temperature at which the reaction 

was to be performed was selected on the Churchill Captain 

unit. Then stirring was started and heating began. 

When the reaction temperature was reached, timing was 

started. The samples for analysis were drawn off through 

the dip pipe the end of which was located in the middle 

position of the emulsion depth in the reactor. The 

interval between sampling was arranged to be 15 or 

20 minutes depending on the run. The reaction continued 

until the monomer conversion was greater than 903%. 

3.3 Suspension Polymerization Experiments 

The reactor cleaning operation for suspension polymeri- 

zation was the same as that for emulsion polymerization as 

detailed above. 

After cleaning and bolting the vessel to the lid, the 

required volume of redistilled water and styrene were 

measured using a graduated cylinder and the required amount 

of polyvinyl alcohol as stabilizer and 8,8'-azobisio- 

butyronitrile as initiator were weighed accurately. Then 

the stabilizer was dissolved into the water by heating and 

stirring while the initiator was dissolved into the styrene. 

These two solutions were then charged into the reactor. 

The process of purging with nitrogen was the same as that 

for emulsion polymerization. 
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After purging, stirring and heating were started 

When the reaction temperature was reached timing was 

started. The samples for analysis were drawn off through 

the dip pipe. The intervals between sampling were 

arranged to be 30 minutes. 

3.4 Dispersion Tests 

After cleaning according to an identical procedure 

as above the vessel was secured to its lid. The defined 

volumes of distilled water and styrene were measured 

using a graduated cylinder such that the phase ratio of 

water to monomer was the same as in the emulsion 

polymerizations. The required mass of sodium lauryl 

sulphate was weighed accurately, this was then dissolved 

in water, thereafter both this solution and the styrene 

were charged into the reactor. Each batch used in the 

dispersion tests WA&S subjected to five impeller speeds 

of 450, 550, 650, 750 and 850 r.p.m. The procedure was 

to start at 450 r.p.m. and to stir at this speed for one’ 

hour and then to increase to the next speed. A sample 

for analysis was withdrawn at the end of each hour long 

interval and these were analysed immediately after 

withdrawal. The method of analysis is described in 

Section 4. 
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SECTION IV 

ANALYTICAL TECHNIQUES 

4.1 Droplet size analysis 

4.1.1 Photomicrographic technique 

4.1.2 The Coulter Counter 

4.1.3 Comparison between Photomicrographic Method 

and Coulter Counter Method 

4.2 Determination of degree of monomer conversion 

4.2.1 Precipitation with methanol 

4.2.2 Precipitation with aluminium chloride 

4.2.3 Direct drying 

4.2.4 Comparison of Techniques 

4.3 Development of the technique for the measurement 

of particle size using light transmission 

4.3.1 General description 

4.3.2 Setting up the technique for measuring particle 

size in an emulsion latex 

4.3.3 Determination of particle size using 

extinction method. 
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In this section, the methods of both droplet 

size analysis and the determination of monomer conversions 

are introduced and the technique of the measurement of 

very small particle sizes is developed. 

an Droplet Size Analysis 

Two methods of droplet size analysis, namely a 

photomicrographic technique and the Coulter Counter 

method, were employed in this study. They are described 

briefly below. 

4.1.1 Photomicrographic 

In this technique, photographs of the 

dispersion were taken though a microscope, The numbers 

of droplet images within the different size intervals on 

the photographs were counted. Thus the distribution and 

the Sauter mean droplet diameter could be calcul- 

ated. 

The photographs of monomer droplets using the 

microscope were obtained using the following procedure. 

Firstly, the latex samole was diluted. The bottle 

containing the latex sample was shaken gently, two drops 

of the sample were extracted from the middle position of 

the depth of the contents in the bottle into the syringe 

and then 4cc of redistilled water was also taken into 

the syringe. The syringe was shaken gently to mix the 

contents. A slide for holding the sample was made up 

of two glass plates and two small spacers of perspex 

sheet having a thickness of about O.1mn. These two 
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spacers were put between the two glass plates to make 

a narrow slit, as is shown in Figure 4.1. 

LY .. ;—F 
VES RE 

Figure 4.1 The Slide 

  

The dilute sample in the syringe was injected 

slowly into the slit. It was found that in this way 

the droplets could be evenly distributed across the 

slide between the two glass plates, without observing 

swarming of the drops and without fear of evaporation. 

The slide was placed under the microscope, 

three to five photographs of different parts of the slide 

were taken using a Miranda Sensorex 30 mm still camera, 

The microscope is shown in Figure 4.2 and a typical 

photograph of monomer droplets taken through the 

microscope is shown in Figure 4.3. 

4.1.2 The Coulter Counter 

The Coulter Counter is a widely used piece of 

equipment for the anfysis of particle sizes of solid 

materials in the size range 2 to 300 micron but it is 

also used in the analysis of liquid droplets in 

dispersion. Figures 4.4 and 4.6 show the equipment 

TA



 
 

The Microscope Figure 4.2 
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Figure 4.3 Droplets in the dispersion x 635   
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and Figure 4.5 shows a simplified diagram of the Coulter 

Counter cell. As is seen in these figures, an orifice 

tube (B) which is filled with the electrolyte solution 

in water is immersed into the same electrolyte solution 

in a cup (A) containing the particles or droplets. The 

only contact between the electrolyte solution volumes 

inside and outside of the tube is through an orifice 

of known diameter in the wall of the tube. On the 

horizontal section of the mercury manometers (D), 

two electrodes are installed. The volume of the tube 

between the two electrcdes is fixed and known. Thus 

the volume of the electrolyte solution passing through the 

orifice in a given time may be determined. Z£ the 

electric circuit is connected, then an electric current 

will pass between the two electrodes (C), one inside the 

tube and another outside the tube both placed near to the 

orifice. The electrolyte solution will flow through the 

orifice by virtue of the pressure between the outside 

of the tube and the inside of the tube. When the droplets 

dispersed in the electrolyte solution pass through the 

orifice the area for current to flow is reduced and thus 

the resistance between the electrodes changes. 

The electrical signal resulting from the resistance 

fluctuations is fed into the analysis section of the Coulter 

Counter where it is decoded. A threshold setting is 

manually selected which relates to a certain particle 

size. After successively monitoring the whole range 

of particle sizes, the droplet size distribution and 

average droplet size may be obtained. 
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The Coulter Counter Figure 4.4 

  

To vacuum pump 

  

    
A Electrolyte solution 

B Orifice tube 

is 
D 

  
Electrodes 

Manometer        

Volume control el ectrodes 

Figure 4.5 Test Cell of Coulter Counter 
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STIRRER SPEED 

CONTROL STOPCOCK A CONTRO. 

(TAP T) A 

AUXIUARY STOPCOCK rie 
(TAP S). Le | Ge 

CONTROL PIECE 

STIRRER MOTOR 

GROUND GLASS 
CLAMPING PLATE 

  

JOINT 
PERSPEX ORIFICE 

ORIFICE TUBE 
_ TUBE SUPPORT 

VACUUM REGULATOR 

MICROSCOPE ee =e 
LAMP HOUSING 

   

  

WASTE BOTTLE 

FOCUSING KNOB aS 

SAMPLE BEAKER 

STIRRER PADDLE 

BEAKER 
PLATFORM 

VACUUM PUMP 

Figure 4.6 Glassware and Stand Assembly of Coulter 

Counter 
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The simplified procedure for operation of this equip- 

ment is briefly introduced below. 

Prior to using the Coulter Counter for measuring the 

droplet size, the following preparation work should be 

done. 

(i) Make up 0.9% of sodium chloride solution in water 

and filter it by passing through a 0.8 micron membrane 

twice. 

(ii) Because the droplet sizes in the system treated 

in this work are less than 56 micron and the manometer 

volume of 2 ml is used, the tube with 140 micron orifice 

diameter should be selected. 

After preparation, a control test is needed in order 

to obtain the background counts on the filtered electro- 

iyte. then a calibration is performed using smooth 

particles of known density monosized particles to obtain 

the calibration constant K. Finally the suspension of 

the samples in the filtered electrolyte solution are 

analysed. The whole range of the droplet diameters is 

divided into 16 intervals by changing the lower threshold 

dial setting, t the upper threshold dial setting, t 
L U 

aperture current setting, I, and the reciprocal ampli- 

fication, A. For each interval, the number of droplets 

is counted and displayed on the oscilloscope of the 

Coulter Counter numerically, the average diameter of the 

droplets, Da is calculated using the following equation: 
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1 Da = K(t, ra) us (4-1) 

Therefore the droplet size distribution and the 

average droplet diameters can be obtained. A sample 

table illustrating the treatment of the data is shown 

in Table 4.1. 

4.1.3 Comparison between the Photomicrographic 

Methodand the Coulter Counter Method 

Compared with the photomicrographic method, the 

technique using the Coulter Counter is rapid and con- 

venient, but it was found from experiment that the data 

obtained showed considerable scatter and the reproduc- 

ibility was rather low for determining the droplet sizes 

of styrene. This is suggested to be because the droplets 

suspended in the electrolyte solution are not stable, 

some of the droplets coalesce together and the styrene 

can evaporate during the analysis for greater accuracy, 

although the photomicrographic technique is time- consuming 

and tedious, it was used for most of the dispersion tests 

in this study. 

4.2 Determination of Monomer Conversion 

Monomer conversion is one of the most important 

parameters for emulsion polymerization studies. In 

this work, it was measured using the following procedure. 

At timed intervals from zero time (15 or 20 minute 

intervals) the samples were taken from the reactor and 

each of the samples was put into a bottle of known 
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weight. The bottle containing the sample was weighed. 

According to the weight of the sample in the bottle, a 

definite amount of inhibitor, namely benzoquinone, was 

added to the bottle to give a concentration of 0.5% 

in the sample. The role of benzoquinone is to prevent 

further polymerization of the unreacted monomer. In 

this work, the monomer conversion was determined by 

using three methods which are briefly described below. 

eels Precipitation with Methanol 

For each of the samples, a certain amount (3-5 gram) 

was taken from the bottle containing the stopped sample 

mentioned above. The polymer was precipitated by 

adding it to a bottle containing about 50 ml of methyl 

alcohol. The precipitate was then filtered on a 

weighed sintered glass filter. The precipitate was 

washed in turn with methanol and hot water five times 

then finally with methanol. The precipitate was then 

dried to constant weight. From the weight of the dried 

precipitate the weight of sample and the recipe of the 

run of the polymerisation, the fractional conversion 

based on styrene could be calculated. 

ano e Precipitation with Aluminium Chloride 

For each of the samples a certain amount was taken 

(3-5 gram) from the bottle containing the stopped sample 

mentioned above. The bottle was placed in an ice bath 

to cool it for fifteen minutes. 5 ml of cool hexane 

was added and was shaken gently. The mixture was then 

diluted 60 times with cooled distilled water. 
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Ten drops of 27% w/w aluminium chloride solution in 

water was then added to the dilute sample in order to 

precipitate the polymer. The precipitate was filtered 

on a weighed sintered glass filter. The precipitate 

was washed with hot water five times. The precipitate 

was then dried to constant weight. From the weight 

of the dried precipitate, the weight of the sample and 

the recipe of the run of the polymerization the fractional 

monomer conversion could be calculated. 

45263 Direct Drying 

For each of the samples, a certain amount was taken 

(0.5-1.0 gram) from the bottle containing the sample and 

it was put onto an aluminium plate of known weight which 

was heated for half an hour prior to use. The plate 

was then placed in an oven to dry at 70°C overnight to 

constant weight. From the weight of the remains on 

the plate, the content of the inhibitor, the weight of 

the sample and the recipe of the run of the polymerization 

the fractional monomer conversion could be calculated. 

4.2.4 Comparison of Techniques 

The results from the technique using the precipitation 

with methanol seem to be more accurate than the other 

methods, but it is too time-consuming and wastes a large 

amount of methanol. The technique using the precipitation 

with aluminium chloride solution is economical in regard 

to the use of the solvent and can deliver reasonable 

results, but it is also time-consuming and the precipitate 

tends to agglomerate so that it is hard to dry if the 
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extraction of styrene with hexane is not complete. 

The technique of direct drying gives the most acceptable 

results. A major advantage of this method is that it 

is very convenient and it needs no organic solvent. 

So in this work, the latter technique was used for most 

of the test runs of both emulsion polymerization and 

suspension polymerization. 

4.3 Development of the Technique for the Measurement 

of Particle Size Using Light Transmission 

4.3.1 General Description 

An important characteristic of a latex is its 

particle size. In emulsion polymerization, the reaction 

rate, molecular weight of polymer and its distribution 

and the polymer properties all relate to the particle 

size and the number of particles. The light transmission 

technique is one of the methods available for measuring 

these parameters. This technique is based on the depend- 

ence of the turbidity of a dilute latex upon the particle 

size and upon the other parameters. Many previous 

workers have devoted themselves to the development of 

the light transmission technique to measure the size of 

colloidal particles (56-58). Of more direct use to 

the measurement of polystyrene latex is the light 

transmission method developed by Bateman et al. (20). 

Unfortunately, Bateman's method is only valid for the 

case where the diameter of the particles is greater than 

0.2 micron. The latex produced by emulsion polymerization, 

however, contains very small particles with an average 
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diameter much smaller than 0.2 micron, particularly in 

the early stages of the reaction. Merry (17) extended 

Bateman's measurement range to a smaller diameter 

range using an interpolation method. The data he 

obtained seems to be reasonable in the region of particle 

diameters greater than 0.14 micron, but it results in a 

significant error if the particle size is smaller than 

0.14 micron. 

In the current project, a light transmission tech- 

nique for measuring particle sizes whose diameters are 

even smaller than 0.1 micron has been developed and 

the results obtained are compared with those determined 

by electron microscopy. 

A362 Setting up the Technique for Measuring Particle 

Size in Emulsion Latex. 

According to Mie's theory, the total Mie scattering 

coefficient, K can be evaluated using the following 

equation. 

z a E (4-2) 
mr N 1 

P P 

where E = light extinction, E = inI/I, 

I, = incident light intensity 

I = transmitted light intensity 

tT = average radius of particles, em 

1. = Length of scattering cell, cm 

Np = number of particles per em? 
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If the mass concentration of the particles is denoted by 

iS 

C, g/em', then - Cc = Np foe 3p ¥ So 
3 Pp sw 

_ 3.0707Er_d 
al p_sw 

Ci 
K (4a=3)) 

where ore = the density of particles, g/em? 

On the other hand, a is defined as size parameter. 

gs 20nr. (4-4) 

ro 

where Ag = wavelength of the incident light in the air, cm. 

n = refractive index, which is given by the equation 

as follows: 

2 
n =a + b/Ag (4-5) 

a and b are constants, a = 1.3240, b = 3.040 x ae 

for water (59) and a = 1.5683, b = 10.087 x 19714 

for polystryene (60). 

From equation (4-3) and 4-4) the following formula 

can be obtained. 

E 0.4887 d. EA, 
nel ee 

In this project, several samples were used in which 

the particle sizes and the mass concentration of the 

particles were known. The values of E were measured 

using a Pye Unicon SP1800 ultraviolet spectrophotometer 

see Figure 4.6 within the wavelength range from 3700 R 

to 65008 . The values of n were determined by equation 
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(4-5). 

be found from equation (4-3) (4-4) 

Therefore, the dependence of r, K and iq could 

and 4-6). The results 

computed from the original data are listed in Table 4-2, 

Table 4-3 and Table 4-4 

the relationship between the parameter K/o and r 

: Five formulae which represent 

were 
2 

obtained as follows by using polynomial regression 

method: 

E5500 = 0704387 + 

X 4300 = 0.04294 + 

Feq00 = 0704254 + 

Yggo9 = 0-04211 + 

¥6500 = 0.04218 + 

where X stands for K/a 

0.1751xX 

0.4171x 

0. 7329X 

1.0947x 

1.6546x 
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Table 4-2 The values of the size parameter for various 

particle radii and wavelengths. 

  

r(Q) 0.046 0.055 0.0645 0.0698 0.0771 0.0821 0.0958 

  

Ag (2) t 
  

3700 1.0516 1.2575 1.3463 1.5960 1.6204 1.8781 2.1900 

4300 0.9010 1.0774 1.1843 1.3674 1.3875 1.6091 1.8763 

5000 0.7724 0.9236 1.0152 1.1722 1.1889 1.3794 1.6085 

5600 0.6884 0.8231 0.9048 1.0447 1.0592 1.2293 1.4335 

6500 0.6919 0.7078 0.7780 0.8983 0.9016 1.0571 1.2327 

  

Table 4-3 - Total Mie scattering coefficients of poly- 

styrene sphere in water for smaller particles 

  

x(2) 0.046 0.055 0.0645 0.0698 0.0771 0.0821 0.0958 

  

a (8) K 

  

3700 0.01634 0.05295 0.10380 0.16270 0.20540 0.24280 0.38200 

4300 0.00827 0.02843 0.05820 0.09573 0.12480 0.14890 0.22970 

5000 0.00451 0.01552 0.03244 0.05584 0.07538 0.09505 0.14500 

5600 0.00301 0.00991 0.02103 0.03749 0.05347 0.06743 0.10390 

6500 0.00169 0.00553 0.01185 0.02234 0.03010 0.04292 0.06527 
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Table 4-4 - The values of parameter k/a for various 

particle radii and the wavelengths 

  

r(2) 0.046 0.055 0.0645 0.0698 0.0771 0.0821 0.0958 
  

-r, (8) K/a 
  

3700 0.01553 0.04210 0.07710 0.10190 0.12680 0.12930 0.17440 

4300 0.00918 0.02639 0.04910 0.07000 0.09885 0.09254 0.12240 

5000 0.00584 0.01680 0.03195 0.04764 0.06340 0.06891 0.09015 

5600 0.00437 0.01204 0.02324 0.03589 0.05049 0.05485 0.07248 

6500 0.00286 0.00781 0.01523 0.02486 0.03306 0.04060 0.05295 

  

  
Figure 4.6 Pye Unicon sp1800 ultravoilet spectrophotometer 
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47305 Determination of Particle Size using Extinction 

Technique 

This technique involves measuring the turbidity of a 

diluted latex and estimating the values of mass particle 

concentration, C, and the refractive index, n. Then the 

parameter K/a can be calculated by means of equation (4-6). 

The average radius of the particles in the latex can, there- 

fore, be found according to equation (4-7). The computer 

programme for this calculation is shown in Appendix I. 

The procedure below can be followed. 

4.3.3.1 Collecting Basic Data 

In order to perform this calculation, the recipe 

for the emulsion polymerization needed to be known. Then 

based on the recipe the following parameters may be 

estimated. 

MAXT = le a Wsoap a i (4-8) 

We otal 

W 
MAXP = re (4-9) 

total 

where Boned Weoap! and Wy denote the weight of monomer, 

soap and initiator charged, respectively. Weotai Stands 

for the total weight of the contents in the reactor, and 

MAXT and MAXP are the maximum theoretical solid contents 

and the maximum theoretical polymer content, respectively. 

Another important parameter TSC, the total solid 

content, can be determined gravimetrically. 
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4.3.3.2, Diluting 

Because the original latex contains so many particles, 

the turbidity goes beyond the scope of the spectrophotometer. 

Therefore it had to be diluted twice to reduce the concen- 

_tration of the particles in the latex. 

For the first dilution, an amount of emulsion sample 

in a bottle (say, about 0.5 gram) was accurately weighed. 

The weight of this sample is denoted by 33° Distilled 

water was then added to this bottle (say 100 gram) and it 

was again weighed. The weight of the sample after the 

first dilution is called G,. Thus the following parameters 
Bt 

after the first dilution may be easily calculated: 

3h TSC, = TSC — (4-10) 
1 G 

al 

ay MAXT,= MAXT= (4-11) Zi Gc 

3 
MAXP,= MAXP—— (4-12) 1 Gy 

where TSC), MAXT and MAXP, are the solid content, maximum 
Lf a4 

theoretical solid content and the maximum theoretical polymer 

content after the first dilution, 

In the second dilution, a sample of first dilution 

(say , about 10 gram) was weighed accurately. The weight 

of this sample is denoted by Sp: It was diluted again 

(say, till about l0ugram). The weight of the second 

diluted latex is known as Go. Thus, the following formulae 

can be used for finding the parameters after the second 
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dilution: 

= g a TSC, = TSC, 92 (4-13) 
é 2 

32 MAXT, = MAXT, (4-14) 

32 MAXP, = MAXP, z, (4-15) 

4.3.3.3 Estimating the Mass Concentration of the Particles 

in the Diluted Latex 

Firstly, the monomer conversion, Xr may be found 

using the equation as follows: 

x MAXP - (MAXT-TSC) 
De MAXP aac) 

Therefore, the weight fraction of polymer in the 

diluted latex, FPL, can be found. 

FPL = MS (4-17) 

The weight of polymer in the diluted latex, Woe 

should be 

ae = G) FPL (4-18) 

and the weight of monomer in the diluted latex, Wor 

should be 

We = (MAXT, - TSC,) G (4-19) 
2 2 

The weight of water in the diluted latex, War should be 

Wy = C= MAXT,) G, (4-20) 

It may be imagined that the monomer would exist 

gaa



both in the aqueous phase and in the particle phase 

according to the partition law. Tf Woa denotes the 

weight of monomer in the aqueous phase and M the partition 

coefficient, then: 

Wea 

M = "a 
Weaan 

W. 

MW,W. 4 A‘s " 
or Wn cae (4-21) 

p A 

For a system made up of polystyrene, styrene and water, 

M = 2.2393 x 10". 

Consequently, the weight of monomer in the particle 

phase, Wop? can be obtained. 

Wop = We = Wea (4-22) 

Therefore, the mass particle concentration, C, can 

be written as 

Gus teR Sp (4-23) 

4.3.3.4 Finding the Density of Particles in the Diluted 

Latex, aoy 

Because the particles are swollen by monomer, the 

density of the particles should have a value between 

the density of polymer, d,s and the density of monomer, qe 

Thus, the following equation may be used for finding the 

' 
value of qo, approximately, 
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Ww. W 
= = = a Ceca at) aweenane ec (4-24) 

Pp sp Pp sp 

4.3.3.5 Estimating the Refractive Index, n. 

The value of the refractive index of water, and nar 

the refractive index of polymer, a are first found using 

equation (4-5), under the different wavelength conditions 

(say, 37008, 43008, 50008, 56008, and 6500). ‘Then the 

equation below is used to evaluate the average refractive 

index approximately. 

n = Cn. + (1+C)n (4-25) 
PR A 

4.3.36 Measuring the Extinction Coefficient, E. 

The values of E are measured by the spectrophotometer 

for predetermined wavelengths. To be accurate, the zero 

point should be adjusted each time because zero drift affects 

the results. 

4.3.3.7 Evaluating the Parameter K./a and the Average 

Radius of Particles 

In accordance with the parameters computed or 

measured above, the values of K/a may be determined by 

means of equation (4-6) for the predetermined wave- 

lengths. Then from the value of K./a obtained above, the 

average radius of particles for each wavelength can be 

obtained according to equation (4-7). If we take these 

radii on average, the average radius of the particles in 

the diluted latex is finally determined. 
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4.3.3.8 Correcting the Size of Particles 

As is mentioned above, the monomer in the latex is 

partitioned between the aqueous phase and the polymer 

phase according to the partition law. In this case, 

equilibrium between the two phases is actually achieved. 

“after diluting, the equilibrium is upset and some monomer 

will be transferred from the polymer phase to the aqueous 

phase. A new equilibrium will be achieved. Because the 

samples adopted for measuring the particle size here are 

much more dilute than the latex in the reactor, the content 

of the monomer in the polymer phase in the diluted sample is 

less than that in the reactor, in other words, the size of 

the particle measured in this case is smaller than the actual 

particle size in the reactor. So the particle size 

measured above should be corrected to return the 

particle size to that under the reaction conditions. The 

following equation is used for this correction: 

b= peers ae ees (4-26) 
p p doy Wo = Wop 

where a = the average diameter of particles measured above 

a = the average diameter of particles in the reactor 

daw = the density of the particles in the latex after 

the second dilution 

dow = the density of the particles in the ractor 

For Stage I and Stage II of emulsion polymerization, 

ea ce t-te eee aa.) 

For Stage III 

Gow = ooo ag a htexe) (4-28) 

Kes.



; h . 
where % TI-ETT is the monomer conversion at the end of 

stage II. 

4.3.4 Comparison between the Results from This 

Technique and the Electron Microscopic Method. 

This technique has extended Bateman's data to a 

smaller particle diameter range than Merry achieved 

previously (17). It seems that the technique is valid 

for measuring the particle diameter down to 0.09 micron. 

The data determined with this technique are similar to 

those measured using an electron microphotographic method. 

Some results analysed by these two techniques are compared 

in Table 4-5. Further evidence for the validity of 

this method is that the results under the various wavelengths 

for the same sample are quite close to each other, as 

shown in Table 4-6. 

  

  

  

average particle radius, micron 

Sample 
electron microscope light extinction 

NS 0.043 0.0443 

N7 0.0502 0.0450 

N16 0.070 0.0633 

N1l 0.075 0.0701     
Table 4.5. Comparison of the results from the light 

transmission technique with those from electron microscopy. 

eo



Table 4-6 Change in radius of particles with wavelength 

  

  

  

Sample NS N7 N16 N11 

do (2) xr, micron 

3700 0.0448 0.0453 0.0650 0.0671 

4300 0.0447 0.0452 0.0631 0.0676 

5000 0.0444 0.0451 0.0621 0.0678 

5600 0.0437 0.0450 0. 0638 0.0688 

6500 0.0440 0.0447 0.0629 0.0735   
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SECTION V 

THE MATHEMATICAL MODEL 

Sal Setting up the Model for Stage I. 

General description of the model. 

Setting up the differential equation for particle 
nucleation 

Derivation of the equation for the surface area of 
monomer droplets 

Estimating the parameters of monomer droplets 

Derivation of the equation for estimating the 
surface area of particles 

Derivation of equation for estimating the volume 
of polymer particles 

Derivation of the equation for estimating the 
fractional monomer conversion 

Derivation of the equation for estimating the 
number of particles 

Setting up the model for Stage II 

Setting up the model for Stage III 
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5.1 Setting up the Model for Stage I 

Since the classical work of Smith-Ewart(1) on modelling emulsion 

polymerization , a great number of papers have appeared which either 

modified the classical model or proposed new models. None of these papers 

considered the effect of the adsorption of emulsifier onto the surface of 

monomer droplets. In the normal case, the amount of this adsorbed soap 

may be ignored because it is relatively small compared with the total 

soap concentration. However, if the soap concentration is low or if 

the impeller speed is high enough, then the proportion of the adsorbed 

soap on the monomer droplet surface will be comparable with that of the 

micellar soap. In this case, the effect of the adsorbed soap must be 

taken into account. 

Several workers have studied the effects of stirring on the process 

of emulsion polymerization. Shunmukham(2) noted that violent agitation 

would reduce the polymerization rate and increase the induction time. 

Schoot et al(3) suggested that the increase in induction time is associated 

with inhibition by trace oxygen in the nitrogen atmosphere used and the 

decrease in polymerization rate is due to increasing mass transfer between 

the gas and liquid phases as agitation becomes more severe. Evans et ai (4) 7 

omi et al(5) and Nomura et al (6) pointed out that, under a highly purified 

nitrogen atmosphere, the decrease in the rate of polymerization and in 

the number of polymer particles with increased agitation may be due to 

the fact that the micelle population is a function not only of the soap 

concentration, but also of the amount of soap adsorbed onto the surface 

of the monomer droplets, i.e. a function of the degree of dispersion 

which is directly dependent on the agitation. 
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In this project, a mathematical model for emulsion polymerization is 

established which takes into account the soap adsorbed on the surface of 

monomer droplets. The computed results are compared with experimental data. 

5.1.1 General Description. 

For a batch emulsion polymerization, definite amounts of water, monomer 

and soap are first charged into the reactor before charging the initiator. 

The soap charged will, in the main, dissolve in the water. The limiting 

concentration of soap up to which value the soap is in solution as single 

free molecules at a given reaction temperature is known as the critical 

micelle concentration, [S] qnc and any soap added above this value goes 

into solution but forms into aggregates known as micelles which play a 

significant part in the mechanism of emulsion polymerization. A proportion 

of the initial soap will of course be adsorbed onto the surface of the 

monomer droplets. The proportions of the soap distributed amongst these 

various forms may be easily computed. If S stands for the total area 

provided by soap, [S] the initial soap concentration, ag the initial surface 

area of monomer droplets, ag the initial area of micelles and As the surface 

area occupied by one soap molecule, then 

S = ([S]-[Slome) Naas (5.1) 
ae = Se 2g (5.2) 

As the degree of dispersion increases it is clear that as ag becomes 

larger, then AP becomes proportionately smaller for a definite total 

amount of soap. 

When the initiator is charged and the contents of the reactor reach 

the reaction temperature, the initiator starts to dissociate into radicals 
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and the reaction begins after a short induction period. The rate of 

radical generation, R, may be calculated from the following equation 

R= 2kjf[T]Na (5.3) 

where kj = the decomposition rate constant of initiator. 

£ the efficiency of initiator decomposition. 

[I] = the initial initiator concentration. 

The classical mechanism for emulsion polymerization(21,23) assumes 

that the soap micelles, which have the ability to solubilise monomer by 

concentrating it in solution at their centres, are the loci for the 

initiation and polymerization. A radical is assumed to migrate into the 

centre of a micelle and to initiate polymerization there. As polymerization 

proceeds, the micelle becomes a monomer swollen polymer particle. More 

monomer migrates from the droplets to the particle to sustain the reaction. 

As more and more particles are formed and increase in size, more soap is 

adsorbed onto the particle surface, thus depleting the number of micelles. 

When the micellar soap is completely depleted, generally speaking, particle 

nucleation stops. At this point, the final number of particles is fixed. 

The period from the beginning of the reaction to micelle depletion is 

often referred to as Stage I. In this period, if the surface area of 

particles is denoted by Ap and the area of micelles by Am at a given 

time, then 

Am = S-Ap-Ag (5.4) 

After Stage I, the reaction proceeds into Stage II, during which the 

soap can be found in three loci, namely, free soap in solution, the soap 

on the surface of particles and that on the surface of monomer droplets. 

As polymerization proceeds, the particle size will become larger, whilst 
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that of the monomer droplets becomes smaller and smaller. So some soap 

will be set free from the droplets and move to the polymer particle 

surface. When the monomer droplets disappear, Stage II finishes and 

enters into Stage III. 

In Stage III, because of the disappearance of micelles and 

monomer droplets, the soap is present either in free solution at a 

concentration at or below [S]qm¢ or is adsorbed onto the surface of the 

polymer particles which are thus rendered stable. 

5.1.2 Setting up the Differential Equation for Particle Nucleation. 

Gardon(28) recalculated and extended successfully the Smith-Ewart 

model for emulsion polymerization by using a different mathematical 

approach. Neither Smith and Ewart nor Gardon considered the effect of 

both the critical micellar soap and the soap adsorbed on monomer droplet 

surface on the progress of the reaction. In the present paper, a 

mathematical model is set up using the same mathematical method as 

Gardon with the critical micellar soap and the soap adsorbed on the 

monomer droplet surface being allowed for. 

Suppose during Stage I, the process of emulsion polymerization 

proceeds from time o to time t. To derive the differential equation, 

we may subdivide the time t into m very small intervals, 1, 2,3,..., 

i-l, i, i+l, ... , ml, m. At the beginning of the subinterval i, the 

time is Tand at the end of it, the time is (ttdt). If Np(t) 

denotes the number of particles which have been nucleated during period 

from time o to time t, Ap(t) the surface area of polymer particles at 

timet and Ag(t) the surface area of monomer droplets at timet, 

then the differential equation of particle nucleation can be set up as 
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follows : 

ANp(t) = RF [s-; = (525) Myf) R [s-a,(7)-ag(7)] 

5.1.3 Derivation of the Equation for the Surface Area of Monomer Droplets. 
  

Two simplifying assumptions are adopted for this purpose: 

(1) The Sauter Mean diameter of monomer droplets is taken for 

calculating their surface area at any given moment. 

z nd? 
ds = (5.6) 

a2 
Enyay 

(2) The number of monomer droplets, Nq, remains constant throughout 

Stage I and Stage II. 

Based on these assumptions and defining v8 as the initial volume 

of monomer droplets per cc of water, rg(t) as the radius of monomer 

droplets at timet, Vp(7) as the volume of particles per cc of water 

at time t, dgy as the density of particles swollen by monomer and dy as 

the density of monomer, the mass balance over the monomer at time T Aah 

be expressed as 

4 
Veda 5 (fal) Pha + Vpl dey (5.7) 

sae dey 1 
aCe) cae avs cn ae) /3 

Ag(t) = 4n(rq(t))?Ng = 

d 

[3¢4enyg) V2 vg 3¢4nnig) 72 y, (1912/3 
‘m 

Let By = 3(4"Ng)/? vg 

= ha



fF 1/2 B, = 3(4nNq) (454/4,) 

558 So Ag(t) = (By-BV, (19? (a8) 

Substituting equation(5.8) into equation (5.5), we obtain: 

aN, (7) = 

dr 

5.1.4 Estimating the Parameters of Monomer Droplets. 

Breas a 2/3 
3 {s ay (t) (By Bayot*) } (529) 

  

° ° 
DE Ag and Da 

meter of water and the initial Sauter diameter of monomer 

are the initial surface area per cubic centi- 

droplets, respectively, then 

AG = 6Vg/D5 (5.10) 

Ng = (6/n) (V9/ (D9) 7) (5.11) 
The initial volume of monomer droplets, var can be obtained 

from the initial charge. The initial droplet diameter, Dar can 

be calculated by using Merry's emprical formula (17) for an 

unbaffled reactor: 

de =O. 185 ae E 
De = Pg NN :) (5.12) 

where N and H are the impeller speed and impeller diameter used 

08 
(H/H, ) 

in the experiment, respectively, and N; and Hy are the impeller 

speed and impeller diameter used in the dispersion test, 

respectively. Dy is the Sauter mean diameter of monomer 

droplets which had been measured by use of a Coulter Counter in 

the dispersion test. 

Use of this formula assumes linearity between Sauter mean 

droplet diameter and the term wee ce No for the system under 

study. Preliminary dispersion tests in the presence of 

sodium lauryl sulphate in concentrations in excess of the 

c.m.c. were seen to display such linearity. 

For a baffled reactor, the empirical formula, the deriva- 

tion for which is presented in Section VI, can be used. 

Be eeO,013,.-1. 86 
Daucee On (5.13)



Where S, is the total soap concentration gram Jan of water. 

5.1.5 Derivation of the Equation for Estimating the Surface Area of 
Particles. 

Firstly, it is necessary to find the relationship between the time 

and the radius of the particles. For a single growing particle, the rate 

of volume increase can be described by the following equation: 

3 x 

eh ae 
3 Sdt Na dp 1-% 

where Kp is the rate constant for polymer propagation 

dp is the density of the polymer 

¢m is the monomer volume fraction in the particles. 

3 dy (om 
Let K=—. = Get cam (5.14) 

4n Na dp 1-% 

3 dr, 
so -—2=xk 

dt (5.15) 

If this particle is formed at time t , then rp=o at time t and 

Lp = 2p at time t. Hence, the following integration can be obtained. 

e x, t 
LP a 3=Ks at 
° Pp t 

Xp K(t=T) (5.16) 

u K2/3 (t-1)2/3 (5.17) 

Where (t-t) is the lifetime of the growing particle from its 

generation to time t. 
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The number of polymer particles which are formed during the interval 

from t to (ttdt) is Bencted by ANp(t). Each of these particles at 

time t will be of the radius of Yp and surface area of 

any? = anK2/3 (t-1 )2/3, So at time t, the surface area of all the 

particles which have been formed in the interval from rt to (t+dt) in one 

cc of water can be written as: 

day(t) = 4rx?/3(t-1)?/Fan,(r) (5.18) 

where the dAp(t) is the increment of total surface area of the particles 

per cc of water at time t owing to the nucleation of ANp(t ) particles fron 

time t to (t+d7). 

Based on equation (5.9) and (5.18), we obtain: 

Ay (t) = 41x2/3E (e423 [Sap le )=(Bo BV p(t ))7/3]ar (5.19) 

Let B)=40K2/3 (R/S) and integrate equation (5.19) over the range from time 

T=0 to T=t, we obtain 

< 
A,(t) = Bf (ta)? [S-Ap(t )=(By-ByV p(t ))?/ Jae (5.20) 

According to Simpson's rule 

a a-b atb 
F(a) - F(b) =. £(x)dx = ee [£(a)+ Baa + £(b)] (5.21) 

To use equation 5.21to estimating equation5.20 we set a=t, 

bro, x= G Fla)=Ap(t), Flb)=0, £(x)=£(t =, (tot )7/? [S-a,(t )- 

+b 
(By-B3Vp(« ))7/3],, £(a)=£(t)=0, £(b)=£(0)=B, (S-AQ)e?/, £=)= 

i=



t fc - t 
-)= An (as) = (ea ey e/a £0) B, [Ss ADIs) (By B3Vp(5)) 1G) : 

Substituting these into equations (5.21), the following formula can be 

obtained: 

3 By t t 0/3 jo _ aye or =))2/3 Ap(t) = Got [3.52S-A9 - 2.52A,(5)-2.52(By-ByVp(5)) 77] 

Let By = 3.525 - ag, the above equation becomes 

ce) = 2 15/3pp-2.52n,(4)-2.52 (By-B,¥9(4))2/3) (5.22) Ap 6 4-2 52h, cae Bo-B3Vp' 5 ‘ 

When time t tends to zero, the following equation is used for 

calculating the surface area of polymer particles approximately. 

Ap(t) = 0.5878, (s-ag)t9/3 (5.23) 

5.1.6 Derivation of Equation for Estimating the Volume of Polymer 
Particles. 

For one single particle generated at time t, in terms of equation 

(5.16), the volume at time t should be (41/3)r,> = (47/3)K(t-t). 

For ANp(t) particles generated during the interval from Tt to 

(t+dt), the volume at time t should be 

4t 

Avp(t) = == K(t-t) @p(t) 

From equation (5.9), it becomes 

avj(t) = xB en isa(t)-(B,-Byv,(t))2/3)a" (5.24) P ee AD 273%p . 
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Let Cy = (4 1/3) K(R/s) and Integrate equation (5.24) over the 

range from t=o to T=t, then 

Volt) = Cf (tt) [S-A,(1) - (By-By Vo(t))23}ar (5.25) P a Ap 23D : 

Using the same method as that mentioned above, from equation (5.21) 

and (5.25), the following equation can be obtained 

Cc = ic Bene rsaeaOr =)-(B,- Syyare Vp lt) é t*[3S-A¥ eo. (By B3V,(5)) ] 

Let Cp = 3S-Ag, then the above equation becomes 

22 ie © 2/3 Vplt) = Zt t71C-28(5)-2(By-B3V (5) 19/7] (5.26) 

When the time t tends to zero, the following equation is used for 

calculating the particle volume, Vp(t), approximately 

Cc meal ee ° Vplt) = 5 e°(S-AQ) (5.27) 

5.1.7 Derivation of the Equation for Estimating the Fractional Monomer 
Conversion. 

The relationship between fractional monomer conversion, Xp(t), and 

the volume of particles per cc of water, Vp(t) + at a time t can be written 

as 

Xp(t) = Vp(t) Ca (5.28) 

Where Mo is the amount of monomer charged initially. 
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Substituting equation (5.26) into equation (5.28), we get 

dp(1-m) Cj ORCA eon )-o area e/S Hp(t) = Pre nt? [Cy 280 (5)-2(By- BV (5) )7/9] 

  

Let Dj = Cjdp(1-$m) /6Mo, then above equation becomes 

pre leeene (Soo (ees veto 2e X(t) Dy t* [Cy 2G) 2 (Bo BVp(5)) ] (5.29) 

5.1.8 Derivation of the Equation for Estimating the Number of Particles 

Integrating equation5.9 over the range from time t=o to t=t 

Rt 
s=JS [s= (Boe 2/3 Np(t) zi ale ADT) (By B3Vp(t)) ]dt (5.30) 

According to equation (5.21) and (5.30), we obtain the formula as follows 

= o. ore O/T eae E28 Np(t) = 25 t(6S-AG-AL(t)-(By-BWVp(t) )°/9-4a,(5)-4(By-BaV,(5)) 7/7] 

Let 2, = R/6S and Z, = 6S-Ag, then 

Np(t) 2/3 4nne ©, 42/3 ty EL arAy(t)~(ByB3Vip(t) 1?/3-4A,(5)-4 (By BwV(5) 1/3] (5.31) 

5.2 Setting up the’Model for Stage II. 

The following equation is used for calculating the conversion rate 

in Stage II 

Soe E a oh dn Np om I ra (5.32) 

where I is the average number of radicals in one particle. 

In Stage II, there is good evidence that the ratio of monomer to 

polymer in the particle, ¢,, remain constant. The number of particles 

per cc water, Np, also remains a constant as particle nucleation has 
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stopped by the end of Stage I and the value may be calculated using the 

model proposed above. 

In the Smith-Ewart model, the average number of radicals in one 

particle, I, is considered equal to 1/2. This may be true if the particles 

are infinitely small. In that case, the diffusion path for radicals is 

so short that on entry of a second radical into an active particle 

termination is instantaneous. However, as is well known, the concentration 

of macromolecules is very high in the monomer swollen particles and the 

viscosity inside is relatively large. Consequently, the termination 

process is controlled by diffusion. When a radical enters into an active 

particle if the particle is large as in the latter half of Stage II, then the 

collision between two radicals is not instantaneous. In this case, two or more 

radicals may co-exist in the same particle for some time. As a result, 

the parameter I is greater than 1/2 and the larger the particles, the 

greater the value of I will be. In our case, we are dealing with rather 

low soap concentrations, thus the particle size is much larger than in 

the normal case and therefore we must take this 'volumetric' effect into account. 

Now the question is how to find the parameter I at a given conversion. 

Gardon[11,12] has established a mathematical model for this purpose based 

on the non-steady state assumption. Here we use a similar method for 

solving this problem. 

To simplify, an assumption of all the particles having the same size 

at a given time during Stage II is used. 

If i denotes the number of radicals in a particle, fj the number 

fraction of the particles each of which contains i radicals, V the average 
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volume of a particle, a the average surface area of a particle and Ko the 

radical desorption rate constant, thus the non-steady state population 

balance of particles in one cc of water can be described as follows 

qdfi_oR Koa . mek 
aT a % (f4o 164) ct = [£541 (i+1)-£3i) + a 

[£j4p (i+2) (i41)-£44(4-1)] (5.33) 

Divide equation (5.33) by equation (5.32) and let 

Gy = RMGN,/ Ok, Mp7dy eq) 

Gp = (Ro/K)n 3g (6M /N)7/9 (4,173 4,9) (1-Fq) /3/ ty 

G3 = (Kt/Kp) (dp/Aq) (1- %q)/%m 

the following set of equations can be obtained 

Sf ie Slee Mey eee [£;4, (441)-£,41 Gx. pee irl ot) gies eared 
%p ears 

G3 at fr 
+ gt [E549 (i+2) (i+1)-£;i(i-1)] (5.34) 

tify =1 (5.35) 

I = Siti (5.36) 

Fortunately, the ratio of polymer to monomer in particles is a 

constant during Stage II and thus the diffusional resistance does not 

change with conversion, i.e. both the termination rate constant, Ky, and 

the value of G3 are conversion independent throughout Stage II. The 

value of Kt in Stage II should be equal to that in bulk polymerization at 

the same conversion as at the end of Stage II, XprI-11r in emulsion 
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polymerization. It is to be calculated using the following empirical 

formula which is formulated in Section VI. 

5s 2 3 
Ke = exp(Ay+A2Xorqy-rrr + A3Xp q-rrr + Agkp ri-r11 

+ ASKp! eqr-rrr) (5.37) 

where Xp/TI-III is the functional monomer conversion at the end of Stage II. 

Al, Agr A3, Aq and As are constants. 

Kto = the termination rate constant in pure styrene. 

T = the absolute temperature. 

Thus, a set of the simultaneous equations (5.34), (5.35) and (5.36) 

which consists of (i+2) equations has been set up. As we know, the 

duration of Stage I is rather short. Therefore, the particle size is 

relatively small at the end of Stage I and at this point the termination 

process might be considered as virtually instantaneous. Thus all of fj 

in which i32 would be zero and the value of I tends to }. So we would 

choose the threshold between Stage I and Stage II as a starting point. 

In this case, the initial conditions for solving the above set of equations 

would be %> = Xprt-11r fo = 0.5, f) = 0.5, 1= 0.5, fp = £3 = f4 = ...=0 

The value of I is determined by solving this set of equations at various 

conversions and the relationship between t and Xp can be found using 

equation (5.32). 
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Sa. Setting up the Model for Stage III 

In Stage III, it is found that the autoacceleration 

effect of the conversion rate becomes important. This 

phenomenon is known as the Trommsdoff effect or gel-effect, 

-and is extremely significant in emulsion polymerization 

modelling. If it is not taken into account, a sign- 

ificant deviation of the predicted results from the 

experimental results will be encountered in Stage III of 

the reaction Friis et al carried out experimental 

emulsion and bulk polymerizations of polymethylmethacrylate 

(7, 9) and polyvinyl acetate (7, 10) and by using a steady 

state model they were able to model the gel-effect. They 

also compared their model with experimental data for the 

emulsion polymerization of styrene. The relationship which 

they used to relate the termination constant to monomer 

conversion for polystyrene was based on Hui's work (12) 

on the thermal polymerization of styrene in bulk which was 

carried out over the temperature range of 100 - 200°c. Dt 

was found, at least at 50°C, that this relationship over- 

estimated the termination rate constant when itis used for 

calculating the emulsion polymerization particularly at high 

levels of conversion. 

Gardon (13,14) developed a mathematical model based 

on a non-steady state assumption for Stage II. 

Unfortunately, it was not extended to Stage III because the 

relationship between the termination rate constant and the 

monomer concentration in the particles was not known. 
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In this project, the dependence of the termination 

rate constant upon monomer conversion has been generated 

using experimental suspension polymerization data (see 

Section VI), a non-steady state mathematical model for 

"Stage III has been developed. When it is combined with 

the model developed for Stages I and II above, a math- 

ematical model covering the whole conversion range of 

an emulsion polymerization is the result. 

In Stage III, the ratio of monomer to polymer in the 

particles is no longer a constant. As polymerization 

proceeds, the volume fraction of monomer, $(Xp), will 

increase gradually with the monomer conversion, - 

1-xX 
(Xp) = = (5-38) (1 XS) Fd 74x 

and thus the value of K, will also decrease with ane 

This may be described by the following equation: which is 

developed in section VI. 

2 3 4 
= 39 Ky exp (Ay + A,X, ae AB + AAX, + ace ) (5.39) 

The model for Stage III can be presented as follows: 

df. 
At 5 ; ee 

"aX, = 19, (%)) (£54 £5) +H,9, (x) {£,,, (441) £,it + 

i it1)-f£,i(i- -40 H39, (%)) {£,,2 (442) (+1) fii Ly} (5 

Rees al! (5-41) 
* 

tf,2 = 1 (5-42) 
BS 
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where 

= u 

2 
M RN, Ga so Nec) 

a . 173 2/36 21/3 
Hy Goa Nq) (6M)/N,,) (d,, 7a 

HA = YK, 

x = 1=d:'x d_ (1. = & J, ( o nae fi By p) 

1/3 2/3 
X_) = (d_/d { (1-X_)+d_X /a 1-x J, ( iD ( A D ( Dp) me | D } vs p) 

J,(%_) = enh +A,X_ +A x74+a xo4a x4) 
3p aoe Lee2 pe 3 p <4cp) 5 p 

The initial condition is 

Sy cen ee err onr 

is (ASO 27 .e sess) 
Bre are! 

eeu rn 

In the computation, the values of fy and I can be found by 

solving equations (5-40), (5-41) and (5-42) at various 

conversions and the corresponding dependence of =o upon t 

may be determined by solving the following equation: 

aX, K a 

at a NMG Note) 
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SECTION VI 

RESULTS AND DISCUSSION 

6.1 

6.3.3 

6.3.4 

6.3.5 

Determination of the Dependence of Termination 

Rate Constant on Monomer Conversion 

Formulation of Dispersion Data for the Baffled 

Reactor 

Scope of the Model 

Predictions of the model for Particle 

nucleation 

Conversion-versus-time plots for the unbaffled 

reactor 

The effect of stirring rate 

The gel-effect 

The Baffled reactor 
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6.1 Determination of the Dependence of Termination 

Rate Constant on Monomer Conversion 

There is clear evidence(38) that the termination rate 

constant, K for styrene polymerization is extremely t! 

large, and is about 5 orders larger than the propagation 

- rate constant, Ape The termination rate is therefore 

diffusion controlled even for the smallest radicals even 

in the early stage of reaction. As polymerization proceeds, 

the polymer chains entangle with each other and this causes 

the monomer-polymer solution to increase in viscosity and 

therefore the translational mobility of the radical chains 

will be decreased. Thus, K, decreases dramatically with 

monomer conversion. Furthermore the reduction of KL depends 

only upon the extent of this entanglement of the polymer 

chains and upon the environmental conditions in the 

polymerization loci regardless of whether the reaction is 

occurring in bulk, in the droplets of suspension 

polymerization or in the polymer particles of emulsion 

polymerization. As Friis pointed out (10) | in emulsion 

polymerization a single polymer particle can be ecerdedies 

a tiny locus of bulk polymerisation with intermittent 

initiation. A decrease in the termination rate which is 

observed in bulk(or suspension) polymerisation should therefore 

also be observed in a single polymer particle in emulsion 

polymerisation. Thus it seems reasonable that the relationship 

between K, and monomer conversion obtained from either bulk 

or suspension polymerisation may be used for the emulsion 

polymerisation model. 

-88-



According to Hui's theory, the dependence of K. upon 

monomer conversion may be described by the following 

formula. 

K. K. 2 3 4 = +, - a = me exp (AjX, AX, +A XOtASX, ) (6-1) 

KD Kpo 

In the case of the reaction temperature being above 

the glass transition point, T_, monomer molecules or chain 
cS) 

segments can move so freely that the propagation reaction 

is not controlled by diffusion. Therefore, the value of Kp 

always maintains a fixed value as long as the temperature 

is not less than Ty: For polymerization of styrene if the 

monomer concentration is more than 2.6%, Ts will be lower than 

50°C. In other words, Kp remains a constant at 50°C within 

the range of monomer conversion from zero to 97.4%. 

Consequently for the normal case, equation (6-1) becomes: 

K,= exp (A, +A,X +A,X 
2 3 4 +A,X°+A,X 6-2 Dos p a (6-2) 

5: 

For bulk and suspension polymerization, the propagation 

rate may be described as follows 4 , 

dx =~ 
=e kK (1-x J fers (6-3) 
at Eee Ae 

where Kk, f£{1} is the decomposition rate of the initiator, 

which can be regarded as a constant during the reaction. 

This approach has been made by a number of authors 

previously ‘+9) , 
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Figure 6.1 shows the interdependence between 

conversion and time obtained from the experimental 

suspension polymerization of styrene at 50°C. 

For polymerization of styrene K, is set at 

P27 x 107 ene eles min oy and K,f at 1.782 x 10° 41/min'39), 
From fig 6.1 a series of values of (dXp/dt) may be found 

using numerical differentiation, then the value of Al, Apr 

A3r Ay and As may be estimated by means of multiple 

regression. The computer programmes for this calculating 

are shown in Appendix II. 
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Fig. 6.1 Dependence of conversion upon the time for 

suspension polymerization of styrene at 50°: 

{A1BN} = 0.216 mole /am? monomer, the phase ratio: 

water/monomer = 6 (volume), stabiliser (polyvinyl alcohol) 

concentration: 2.6% (in water 

The values obtained are presented below: 

ALS 29.5873 

AG = —7.4332 

A, = 45.8577 

Ay = -95.9184 

A, = 47.4095 

= 7.073 x 10" ?cm*/mole. min. This 

(42) 
, 

c 

value agrees with that in the literature (Olive 

12 

When x =Oj/76 

6. FeO) em?/mole.min) . 

Figure 6.2 shows the dependence of K, upon conversion 
ie 

for suspension polymerization of styrene at 50°C. It may 

be seen that in the early stages K, changes only slightly, 

but in the later stages, the decrease in RK, with increasing 

conversion is dramatic. 
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6.2 Formulation of Dispersion Data for the Baffled 

Reactor. 

“To prove the validity of the model proposed above, for 

baffled reactors, the interdependence of the average initial 

diameter of monomer droplets, De 
da 

concentration, 8, (gram/Dm* water), and impeller speed 

(micron), total soap 

(r.p.m.) is needed in the computation. In this section 

it is shown how this relationship was derived. 

The flow pattern of the liquid in a baffled reactor is 

far different from that in unbaffled reactors; the 

velocity distribution in the former is more homogeneous than 

an the latter ‘1>) | Differences in the dispersion 

characteristics between baffled and unbaffled reactors would 

be expected and, in fact, experiment has shown that the 

extent of monomer dispersion in the baffled reactor is much 

greater than that in the unbaffled one. Vermeulen et ai ‘6) 

presented a correlation from their experimental data for 

baffled reactors, in which the Sauter mean diameter of the 

droplets is shown to be directly proportional to impeller 

speed raised to a power of -1.2. Unfortunately, their 

formula is only valid for a system in the absence of an 

emulsifier. Merry ‘17? obtained an empirical formula for 

the dispersion of styrene in an emulsifier solution in 

water, in which the mean diameter of monomer droplets is 

shown to be proportional to the impeller speed raised to 

the power of -1.08 This formula, however, was developed 

7 (32) for unbaffled reactors. Harada et a proposed a 
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correlation for baffled reactors in which the average 

diameter of the dispersed monomer droplets was shown to 

be proportional to the impeller speed raised to the power 

of -O0.75 and to the emulsifier concentration raised to 

the power -1.5. In this formula, however the lower limit 

of the emulsifier concentration is 3.13 gram/am? water, 

which is beyond the emulsifier concentration range that 

was dealt with in this project. Therefore, to model 

emulsion polymerization in a baffled reactor for the case 

of low soap concentration a correlation is needed relating 

the average initial monomer droplet diameter to the 

impeller speed and to soap concentration. 

To obtain this relationship three batches of styrene/ 

water/sodium lauryl sulphate were tested. The emulsifier 

concentrations for the three batches were assigned 3.75, 

2.75 and 1.75 gram per cm? of water. Five impeller speeds 

were set for each batch, namely, 450, 550, 650, 750 and 

S50) Yop sim. The average droplet diameter was obtained 

using the microphotographic technique described in Section 

Iv. The results for each sample are listed in Table 6-1. 

The computed results from that data in Table 6-1 are listed 

in Table 6-2. The computer programme for this computation 

is shown in Appendix III (1). 

=94—



Table 6.1 The experimental data of dispersion test. 

  

  

  

  

  

diaineter number of droplets 
of 

S.= 3.75 8.= 2.75 8.= 1.75 
particle 

cm « Impeller Speed 

450 550 650 750 850 450 550 650 750 850 450 550 650 750 850 

2 99 93 51 - 66 29 61 25 42 14 125 20 60 41 56 
9 121 114 37 78 45 23 53 37 52 58 91 36 61 33 °39 
Wy 402-91 “33927 (21 337-21, 822 as 977,24 33 
B 31270) 22 22423) “7 27 23 20 26 9 «5! 29 12-28 
6 64 42°25 10 lo 7 6 11 22 17 17 io 24-23 15 
7 SO 28: 2300o (6: ped) 29) Re) Gee 70 Gol Esir a6 13° 24 
8 a8 26° (97 15) 26) ago) 8) 8) | _ 8) Aa eG 
9 TSAI “Geese Be IS SS 8S ord Bee Se Fie 

10 ZA Wet Vik tee BUT gate Seem GL tyied eee 
1 IST 88-3) eS ae Va 8 aes) ee 
12 eB TT Md otk, 6 209 2) vee eS te. 
13 Sati Sa RSW Sas Se Se a 
4 Cy 2 ate = Se ee es 0 ee 
15 2686-2 as: Dee ae Lees Sa a ee 
16 BB BR ont si eee Res Mah Syd) a 
uy Bo Ss ee = a 
18 352 5 Sos S&S 8 es) 2 oe Se 
19 SS in at wa 2 ie Se Ss eee nt oe 
20 Bnd eg ee eR ae Se Ge 
21 Te oo TE ea es a a Ee 28 
22 f= es aS lo- - - = - oe oe ee 

23 2 me ie ee Ne, Be em 
24 SSR as te: RT be Soe PRT ee Rw 
25 ee ee 
26 Toe wow Se eee oe te UE Ree le 
27 = (eae See ee as PE oe 
28 ST) ees eS ai Soe eat a ee 
30 Bice 3 oe eS eS Se ot Se To 
31 A the ie veer nat me eee) om 
32 eee SE ee ae eee eee ee 
38 ame pS | a eateries ss TE ee ie 
40 ie ee eS) SS ie CS Bie ee = 
41 Dts me oe 8 ee: Se) eb = Se ere 
50 SS ea ee ee ee 
56 a 
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Table 6-2 Average diameter of monomer droplets computed 

from the data in Table 6-1 for the various emulsifier 

concentration and impeller speed. 

  

8,,%/em? water 3.75 2.75 1.75 
  

N, r.p.m. Dg, micron 

  

450 29.63 27.83 34.64 

550 18.35 14.92 21,07 

650 17.94 12.20 11.94 

750 19.59 10.43 11.04 

850 9.34 9.60 8.88 

  

In accordance with the data obtained above, the 

following empirical exponential correlation was fitted 

using a multiple regression method. 

0.013 
pg = 2.42 s, ooo 

N (6-4) 

The computer programme for this formulation is shown 

in Appendix III (2). 

It may be seen from formula (6-4) that in a baffled 

reactor, impeller speed affects the values of the average 

diameter of the dispersed monomer droplets more seriously 

than in an unbaffled reactor. 
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653 Capabilities of the Model 

To illustrate the capabilities of the model proposed 

above, more than 30 test runs were performed under various 

emulsifier concentrations, initiator concentrations and 

impeller speeds both in the baffled reactor and in the 

unbaffled reactor. The experimental results are shown 

in figures) 6.3 to 6.12, in Table 6.3 to. 6.6 and in 

Appendix IV and V. 

In the computation, the following values of the 

constants for emulsion polymerization of styrene are used 

(32) (61) Oma aaL x lo? om?/mole.min Fi K,f = 5.7 x Hor? 1/min 

5 3 3 
d =0.879g/cm , Gp=1.049g/cm, d,,=0-934g/cm - bp =Oe 605, 

=15 (32) 3 
enc one molecule 

mole/Dm> water 2 

A,=3-5 x 1o and {S}o=1- 8382 x 10 

The desorption of radicals from particles to the aqueous 

phase for emulsion polymerization of styrene is ignored 

because the solubility of styrene is relatively low so that 

their escape from the particles is insignificant. Thus Ky 

is set equal to zero and so is the value of Go. 

66361 Predictions of the Model for Particle Nucleation 

The accepted mechanism for emulsion polymerization 

assumes that the particles are initiated in micelles, thus 

the number of particles and the reaction rate at a given 

time are functions of the amount of micellar soap. 

Because some soap is adsorbed onto the surface of the 
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monomer droplets, the micellar soap will be reduced, 

accordingly the number of particles, the conversion rate, 

the size of particles and the duration and final 

conversion of Stage I vary with the degree of dispersion 

which in turn depends on the soap concentration and the 

impeller speed. 

Figures 6.3 and 6.4 show the computed results of the 

conversion and the number of particles versus time in 

Stage I for polystyrene. 

It can be found that the conversion rate, the particle 

nucleation rate, final conversion at the ena of stage I and the 

number of particles decrease with decreasing soap concen- 

tration and increasing impeller speed along the conversion 

history of Stage I. It can also be seen that the duration 

of Stage I increases with soap concentration but is 

affected little by the impeller speed. This is perhaps 

because as the reaction proceeds, the monomer droplets 

would shrink slightly and some soap would be set free from 

the droplets, therefore the duration of particle nucleation 

is slightly postponed especially in the case of a high 

degree of dispersion. 

Table 6.3 shows a comparison of the results obtained 

by experiment and the predictions both from the classical 

model and from the present model. It is found that under 

the various soap concentrations and impeller speeds, the 
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present model is in acceptable agreement with experimental 

data. Most importantly, under low soap conditions, the 

classical model deviates significantly from the experimental 

results owing to the fact that it does not allow for the 

soap adsorbed onto the surface of the monomer droplets and 

the critical micellar soap and the advantage of the 

present model is thus clearly demonstrated. 

The computer programme for Smith-Ewart model is shown 

in Appendix IV. And the program simulating the present 

model for the unbaffled reactor is shown in Appendix V. 
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Figure 6.3 Conversion-vs-time plots computed according 

to the present model: [IK0. 00463mole/dm>. water, 

(1) So=5g/am" water, N=410 r.p.m., 

(2) So=2.5g/dm?.water, N=410 r.p.m., 
(3) $0=2,Ig/dm>. water, N=410 r.p.m., 

(4) S0=1.5g/dm*.water, N=410 r.p.m., 

) So=1.5g/dm? water, N=600 r.p.m., 

(6) So=1.5g/dm? water, N=800 r.p.m. 
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according to the present model: 
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So=l. 5g/am>.water, N=800 r.p.m. 
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Go snk Conversion-versus-time plots for unbaffled 

reactor 

Figures 6.5,6.6,6.7 and 6.8 show a comparison 

between the classical model, the present model and 

the experimental results of conversion against time and 

the effect of emulsifier concentration on the behaviour 

of emulsion polymerization reactors. If the soap level 

is high (Figure 6.5), the present model (Curve 14), the 

classical model (Curve 13) and experimental conversion- 

versus-time data are closer to each other compared with 

the case of low soap concentration. The difference 

between the classical model and the experimental data at 

this high soap level is well within the experimental 

error encountered and consequently, many authors simply 

neglected the effect of the emulsifier adsorbed on the 

surface of the monomer droplets. If the soap concen- 

tration is reduced, however, the fraction of the soap 

adsorbed on the monomer droplets increases and its effect 

is enhanced. As is shown in Figures 6.6, 6.7 and 6.8 

the classical model deviates significantly from the 

experimental results but they are in good agreement with 

the present model which takes into account the soap 

adsorbed on the surface of monomer droplets. 

The computer program for the classical model is shown 

in Appendix IV and the program simulating the present 

model is shown in Appendix V. 
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Figure 6.5 Comparison between theoretical and experimental 

conversion versus time plots : oe 5.0 g/am> water, {I}=0.00463 

mol/dm?.water, N= 410 r.p.m. (13) Smith and Ewart model 

(14) present model, (.) experimental points. 
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Figure 6.6 comparison between theoretical and experimental 

conversion versus time plots : oo= 2e5 g/dm*water,N=410 r.p.m. 

{I}= 0.00463 mol/am*water. 3 (15) Smith and Ewart model, 

(16) present model, (.)experimental points. 
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Figure 6.7 Comparison between theoretical and experimental 

conversion-vs-time plots: N=410 r.p.nm., $0=2.0g/dm*. water, 

{IF0. 00463 mol/din.water, (17) Smith Ewart model, (18) 

present model, experimental points 
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Oase3 The effect of stirring rate 

As has already been pointed out, violent agitation will 

result in a high degree of dispersion with the consequence 

that more soap will be adsorbed onto the monomer droplets and 

more micelles will be destroyed so that the final number of 

particles will be reduced, the size of particles will be 

increased and the conversion rate will be reduced. Figure 6.8 

shows that under low soap concentrations the present model 

reflects dependence on impeller speeds and the predictions are 

in reasonable agreement with experimental results. It can be 

seen from Table 6.3 that under the same emulsifier and 

initiator concentration conditions, if the impeller speed 

increases from 410 r.p.m. to 800 r.p.m., then the number of 

particles will decrease from 1.809 x cone to 1.484 x ton 

while the final particle diameters will increase from 0.1764 

micron to 0.1883 micron. These predictions of the present 

model are in excellent agreement with the experimental results. 

It can be seen in Table 6.3 that the Smith-Ewart theory 

predicts that impeller speed has no effect on the number of 

particles and on the final particle diameter. If this were 

true for the system indicated, the number of particles should 

be 2.756 x Lone and the final particle diameter should be 

0.1532 micron. These values are in fact far from the true 

experimental values which are seen to be dependent on 

impeller speed. This dependence is clearly reflected in the 

computer predictions of the present model. 
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Figure 6.8 Comparison between theoretical and experimental 

conversion-vs-time plots: $0=1.5g/dm*.water, [1k0. 00463 

mol/dm>.water, (19) Smith-Ewart model, (20) present model, 

N=410 r.p.m., (21) present model, N=600 r.p.m., 

(22) present model, N=800 r.p.m. ;°experimental, N=410 r.p.m., 

“¥ experimental, N=600 r.p.m.;“experimental, N=800 r.p.m. 
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6.3.4 The Gel-Effect 

The predicted results from the classical model and the 

present model over the whole range of the monomer conversion 

and the corresponding experimental data are shown in 

Table 6.3, and: Figure 6.9: to 6.11. The computer program for 

this calculation is shown in Appendix IV. 

Table 6.3 shows predicted results from the present model 

for a typical case. It is clear that Ky will maintain a 

constant value when a < 0.43 because up to this point, which 

represents the end of Stage II, the ratio of monomer to 

polymer in the particles maintains a fixed value. During 

Stage II, however, the average number of radicals in one 

particle, I,slightly increases due to the particles increasing 

in size. When the conversion is beyond 0.43 i.e. Stage III, 

the value of KL increases dramatically and the rate of 

increase in the value of I will accelerate owing to the 

gel-effect. 

Figure 6.9 shows the distribution of radicals among 

particles at different monomer conversions for a single case. 

It indicates clearly that the distribution is broadened and 

the average number of radicals is increased along with 

increasing monomer conversion. 

Figures 6.10 to 6.11 show conversion-versus-time plots 

computed by both the present model and the classical model 

and the experimental results. It may be seen that the 
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theoretical simulation is a far better prediction than the 

classical model in Stage I and Stage II. This is particu- 

larly evident at low initial soap concentrations. This 

improvement over the classical model comes from the fact 

that the present model has taken into consideration the 

emulsifier adsorbed onto the surface of monomer droplets. 

In Stage III, it is found that the present model (the solid 

lines) which allow for the gel-effect is in much better 

agreement with the experimental results (symbols) than the 

case which neglects this effect (the dashed lines). The 

validity of the present model is clearly demonstrated. 

From Figure 6.10 and Figure 6.11, it can be seen that 

in Stage I and Stage II, the deviation of the experimental 

data and the present model from the classical model becomes 

more serious if the initial soap concentration is decreased. 

This is because the fraction of the emulsifier that is adsorbed 

onto the surface of monomer droplets increases with the 

reduction of emulsifier concentration at a given impeller 

speed. In other words, in these low initial soap conditions 

the adsorbed emulsifier will play a significant role in 

decreasing the number of particles and consequently in the 

polymerization rate. 

From Figures 6.10 and 6.11 it may also be seen that the 

severity of the gel-effect increases as initial soap 

concentration decreases for a given impeller speed. There 

is no easily tested explanation for this but it might be 

siti



proposed that it may be associated with the observation 

that the radicals in the surface layer of the particles are 

terminated more readily than those in the body of the 

particles because the diffusion paths for radicals in the 

Surface layer are short, When the initial sOap concentra- 

tion is low, fewer particles will be generated and thus the 

surface area of particles per cc of water will be smaller, 

and therefore fewer radicals will be able to take advantage 

of the fast termination zone. 
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Table 6.4 Interdependence between the conversion, the 

termination rate constant and the average number 

of radicals in one particle: 

=) 
Reaction temperature: 50°. 

=2.25 g/am? water, Ro=2-5 g/am? water, N=410 r.p.m. 

  

  

      

xX I K, em? /mol min 

0.10 0.500101 3.4340 x 10! 

0.20 0.500203 2.4340 x lo}? 

0.30 0.500305 3.4340 x 10! 

0.40 0.500407 3.4340 x 10! 

0.43 0.500448 3.4340 x 10/4 

0.50 0.500749 1.9687 x 10! 

0.60 0.502582 5.6610 x 1ott 

0.70 0.514133 1.0089 x 10! 

0.80 0.599936 123135 10) 

0.85 0.758931 4.5729 x 10° 

0.90 1.081800 1.6483 x 10° 

0.95 1.608270 6.4814 x 10° 

0.97 1.871540 4.6323 x 10° 
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Figure 6.9 Distribution of radicals among the particles 

at different monomer conversions: S9=2-25 g/am? water, 

Ro=2-5 g/am? water, N=410 r.p.m., reaction temperature: 50°. 
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Figure 6.10 Comparison between theory and experimental 

data: " " present, " ----" the model without considering 

gel-effect, " . "the Smith-Ewart model, M.=0.5 g/g water, 
O° 

Rg=2-5 g/am? water, "A" SQ=7.5 g/am? water, "C" S9=2.25 g/am> 

water. 
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Comparison between theory and expermental data: 

WS epresent model, "---" the model: without 

considering gel-effect, "__.__—s" ~Smith-Ewart 

model, Mg=0.-5 g/g water, Ro=l- 25 g/am? water, 

vA S975 g/am? water, N=500 r.p.m., "B" SQ72-0 G/ame 

water, N=410 r.p.m. 
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6.3.5 The Baffled Reactor 

To test the validity of the model for the baffled 

reactors, further test runs of emulsion polymerization were 

carried out in the reactor fitted with baffles as described 

im Section) 3... In the computation, the dispersion formula 

derived above (equation 6.4) was used instead of Merry's 

empirical dispersion formula (equation 5.12). The results 

are shown in Figure 6.12 and 6.13. The computer program 

for this calculation is shown in Appendix VII. 

Figure 6.12 and 6.13 show comparisons of conversion- 

versus-time plots computed by both the present model and the 

classical model with the experimental results across the whole 

range of the conversion. It indicates that the present model 

comes far closer to predicting the experimental data than the 

classical model. This is due to the fact that the present 

model has considered both the emulsifier adsorbed onto the 

surface of the monomer droplets and the gel-effect, both of 

which factors are ignored in the classical model. Therefore, 

the validity of the present model for the baffled reactor is 

also clearly demonstrated. 

It is seen again from Figure 6.13 how impeller speed 

affects the behaviour of emulsion polymerization reactors. 

As discussed above, for the baffled reactor the extent of 

monomer dispersion is much more severe than that in the 

unbaffled reactor so that a much greater effect on the number 

of particles and on the polymerization rate by the level of 

agitation can be expected. It is clear from Figure 6.13 
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that the slope of the conversion-versus-time curve for the 

case of high impeller speed (Curve C) is much lower than that 

for the case of low impeller speed (Curve B). If Curve B in 

Figure 6.12 is compared with Curve 21 in Figure 6.8 for the 

unbaffled reactor of the same impeller and soap concentration 

it is clearly seen that the baffled reactor gives rise to a 

much reduced reaction rate and particle number as may be 

expected from the higher specific monomer surface area 

available for soap adsorption in baffled systems. 
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Figure 6.12 Comparison between theory and experimental data 
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"B" present model. Reaction temperature 50°c. 
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Comparison between theory and experimental 

results for baffled reactor Row. 25 g/am? water, 

M)=0-5 g/g water, "A" Smith-Ewart model, 

"B"present model, S.= 2 g/am? water, N=600 r.p.m., 
° 

"C" present model, N=800 r.p.m., Sor 2 g/am? water, 

Reaction temperature 50°C. 
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iL) The classical models for emulsion polymerization as 

presented by Smith and Ewart and by Gardon do not present 

satisfactory predictions for stages I and II of the 

reaction for the case of low soap concentrations and for 

the case of high impeller speeds at intermediate and low 

soap concentrations. This is recognised in this project 

to be due to the fact that these two models fail to take 

into account the adsorption of a proportion of the emulsi- 

fying soap onto the surface of the dispersed monomer droplets. 

This adsorption clearly reduces the number of micelles 

available for polymer particle nucleation. Not surprisingly, 

therefore, the classical models predict more, though 

smaller, polymer particles and higher reaction rates than are 

observed in practice and this deviation becomes increasingly 

severe as the initial soap concentration is reduced. 

2) The increase in viscosity within the polymer particles 

during Stage III of the emulsion polymerization reaction 

gives rise to a reduction in the translational mobility of 

the radicals within the particles. This is suggested to 

progressively reduce the effective termination constant of the 

reaction as the polymer concentration increases through 

Stage III. The classicial models do not take this 'gel-effect' 

into account and thus they predict a declining reaction rate 

during Stage III whereas in practice the reaction rate is 

often observed to increase. 
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(3) The field of study of this project has been the 

effects upon the behaviour of the emulsion polymerization 

reaction of the adsorption of emulsifier onto the surface of 

monomer droplets and of the gel-effect. A mathematical 

model for predicting these effects in both unbaffled and 

baffled stirred batch reactors has been established. It is 

summarized below. 

Stage I 

a(t) = an cB, -2.52A,(5 Syeoe 52 (By-BAV. (5 £) 773) 
6 

ROE? ge eee tt) 2/3 yslt) = gh © (6p 2RyG) 2B Bg¥ fg) 1209 

x(t) = mee ee ~2A, ($)-2(B,-B pS yer 

NEC) = Zetht aeons (t)=(B,oB.We(e)) 2° = 4a, (5 Se 
p al 23 eee 2 

4(By-B3V, (5) 7/93 

where 

B, = 41K*/3(R/s) 

= 4,0 By = 3(40NQ) Vv 

B, = 3(4mN,) 2(a_/d_) 
3 d sw’ “m 

B, = 3.52S-A° 
e d 

cy = (41/3) K(R/S) 

=123—



C, = 3S-A 

DL = Coo tah) 7 OMG 

2, = R/6S 

Zy = 6s-at 

K = (3/4n) (K,/N,) (4,74) 6,7 ( T= 6.) 

R= 2K,f {I}N) 

SeS ONS) aats) ao) NAS 

oO o, 3 
Now (6/") {V4/ (Da) 3 

om O50 
Aa = 6V4/Dq 

N > =-1.08 H -02185 
po = Di {—} = 

d d Ni Hy 

Stage IIL 

Sei a a (Gg oo ae O25 ify, Fa) “£13 
ax, iE La) ods ie: xt 

{£, 5 (442) (i41)-£,4 (4-1) } 

cf, =l 

ce i =I 

where 2 

Gye RMGN,/ (KEN So) 
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37 (RK) (4/4) (1-o,) /ty 

K, = exp (A, tA x 
© 

= Xp Sn.w ot 
dt Na Mo 

Stage III 

at 

where 

2 3 
2%, 11-r11t43¥%_ , rr-111*Aq%, , 11-1115 

- 1/3 2/3 (41/3 4.) (1-4) /¢ 2 = (Ko/K,) (7 NgX6MG/N,) 4" (a0 rm mn 

x4 
Pp? 

Lee = Hy Jy (X,) (£4 _y-£,) Had, (X,) (8; (dt) £54) + 
ax i 

Had3 (%) (£, 40 (4a(it1)-£,0(-1)) 

tf. = 1 
a 

rfii =I. 

H, = RNM./(K.N2a_) 
1 AO Ppm 

by 1/3 2/3 
Hy (Ko/K,) (r N,) (6MG/N,,) (a, 

Ry 2, 

xX =ol-d Si /d_ (l=x J, ( ns! a aA mi ip) 

ds) 
x = (ad /d -X_)+d_X /da T5( p ( in! io) {(1 p) Fe oe me 

= A 2 Z 
J3 (Xp) = He exp (A, +A,X+A,X> +A X) 

P 

eo 

1/3 /4,,) 

Daina 
J(L x) 

4 +ASXS) 

tY=TIT



ax K_d 
2D Pape NI #(%,) 
dt NAMo 

tas 

(= 
Pp 1-X_)+(d_/d_) X (KF 74s, 

4) The model for Stage I of the reaction demands a know- 

ledge of the specific surface area of the monomer dispersion. 

A relationship relating Sauter mean droplet diameter, 

impeller speed and impeller diameter has been presented by 

Merry ( 17) for styrene in an aqueous solution of emulsifying 

soap in an unbaffled reactor. This has been incorporated into 

the model for Stage I of the reaction for emulsion polymeri- 

zation of styrene in an unbaffled reactor. A relationship 

between Sauter mean droplet diameter, soap concentration and 

impeller speed for the dispersion of styrene in an aqueous 

solution of sodium lauryl sulphate in a baffled reactor has 

been determined during the current study. This relationship 

is presented below. It has been incorporated into the 

model for Stage I of emulsion polymerization of styrene in a 

baffled reactor. 

ogk 0.013 .-1.86 De = 2.42 S, N 

Internal dia.of the vessel = 152 mm, impeller combination 

diameter 75 mm. - 

5) The model for Stage III of the reaction demands a 

knowledge of the termination rate constant of the polymeri- 

zation and its dependence on polymer concentration. 
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An empirical formula which relates radical termination 

constant, Kir to monomer conversion, ae been formulated 

from conversion against time data of suspension polymeriza- 

tion of styrene at 50°C. It is shown as follows: 

K =exp (A, +A X_+A,X°+A,X 
ice Saat ot! 

t Sigs RAS 

where Ay = =9.5873 

Ay = -7.4332 

A3 = 45.8577 

Ay = =95.9184 

As = 47.4095 

This relationship is incorporated into the model for emulsion 

polymerization. 

6) Emulsion polymerization of styrene at 50°C has been 

successfully carried out under a range of initial sodium 

lauryl sulphate concentrations from 1.5 + 7.5 gms am > and for 

impeller speeds in the range 410-850 r.p.m. The progress of 

the reaction has been monitored gravimetrically and the final 

particle size has also been determined. 

7) A technique for the measurement of particle size using 

a light transmission method has been developed based on 

Mie's light scattering theory. This technique is valid for 

measuring particle diameters down to 0.09 micron. The 

following set of equations relating particle radius to the Mie 

light scattering coefficient for various wavelengths have been 
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formulated and used in the current work. 

13700 = 0*04387+0. 1751X+0. 9485X7-1, 3463x° 

¥4300 7 0+ 0429440. 4171X-1, 2214x7411, 1013x° 

Y5090 = 00425440. 7329X-5. 6351X7445, 2569x° 

Ys6oo = 0: 0421141. 0947-13, 7433X7+122.572x° 

Vesoo = 0+ 0421841. 6546-29. 9384x4336. 231K" 

where X stands for k/a 

The data determined with this technique have been shown 

to be in good agreement with that obtained measured using an 

electron microphotographic method. 

8) Predictions of the computer model for stages I, II and 

III of emulsion polymerization of styrene at 50°c are in 

excellent agreement with experimental results. The model 

is clearly able to represent the dependence of the reaction 

on impeller speed, a facility that was not available in the 

use of the Smith and Ewart or Gardon models. The model also 

allows the progress of Stage III of the reaction to be 

successfully predicted in that it takes into account the 
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gel-effect. Particle size, particle number, reaction rate 

and the mean number of radicals per particle are predicted 

with good accuracy across the whole of the conversion, or at 

least up to the point at which the glass transition point falls 

above the temperature of the reaction (in this case this was 

97.4% conversion). This excellent agreement is found both 

for unbaffled and baffled reactor operation. 
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Suggestions for Future Work 

i) The validity of the present model is demonstrated only 

for the case of styrene as monomer under rather limited 

conditions, for instance it is a very simple recipe with no 

transfer agent, no electrolytes, no incremental soap and it 

has been tested only at one temperature. Future work should 

focus on testing different kinds and combinations of monomers 

under different phase ratios, initiator concentrations, 

emulsifier concentrations, impeller speeds, temperature and 

different sized reactors with or without baffles to further 

test the capabilities of the model and to expand its applica- 

tions. 

ii) In the present model, it has been assumed that the heat 

transfer in the system is perfect so that the reactor remains 

isothermal. For the real system however especially for large 

reactors, this will not be achieved in practice. To model 

the emulsion polymerization reactor more effectively, heat 

transfer in the reactor must be investigated and incorporated 

into the model. 

iii) Molecular weight and its distribution directly affect 

the properties and application of the polymer. For the 

emulsion polymerization processes, these characteristics in 

turn relate to the number of particles, the initiator 

concentration, the purity of the contents in the reactor, 

environmental conditions and so on. A successful mathe- 

matical model of emulsion polymerization reactors should 
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correctly predict the molecular weight and its distribution 

of polymer. 

(iv) In fact, the molecular weight of products produced by 

emulsion polymerization can be too high for some practical 

applications. For this reason, it is sometimes necessary 

to include within the recipe a chain transfer agent in order 

deliberately to reduce the molecular weight. In a further 

investigation this factor should be taken into account. 

(v) Gel-effect is a very important phenomenon for emulsion 

polymerization. Although in the present work the model has 

given good results, this has only been possible using an 

empirical formula which clearly is only applicable to this 

single case. Future work starting from the study of the 

morphology of the polymer molecules, the structure of the 

polymer itself and the structure of the polymer solution 

could be directed towards determination of the dependence 

of the radical termination rate constant upon the monomer 

conversion which would be applicable to all polymers under 

different conditions. 

(vi) Although the light transmission technique for measuring 

the particle size developed in the present work can determine 

the particle diameter down to 0.09 micron, it is still not 

adequate for the investigation at the whole course of the 

emulsion polymerization. Thus, it is necessary to further 

extend the technique down to an even smaller size range. 
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NOMENCLATURE. 

Average surface area of one particle at a given 
time, cm2 

Constant 

Constant 

Constant 

Constant 

Constant 

Initial surface area of monomer droplets, em2/cc 
water 

Surface area of particles, em2/cc water 

Surface area provided by one soap molecule, em? 

Constant, By=40K2/3(R/s) 

Constant, Bg=3( 4iNg)ivg 

Constant, B3=3(47Ng)!(dgw/dm) 

Constant, By=3.52S-ag 

Constant, Cy=(4/3)k(R/S) 

Constant, C9=38-Ag 

Density of monomer, g/em3 

Density of polymer, g/em? 

Density of monomer swollen particles, g/om> 

Constant, Dy=Cydp(1-¢,,)/6Mo 

Initial Sauter diameter of monomer droplets, cm 

Reference Suater diameter of monomer droplets, cm 

Efficiency of initiator decomposition, fraction 

Number fraction of the particles each of which 
contain i radicals 

Number fraction of the particles each of which 
contains i radicals by the end of Stage Ii, 

+i32=



2 
p’p4m¢m) 

Constant Ga=(Ko/Kp) 1/3y 4) (6Mg/Np pela! EL) 
Cees Oe 4 a 

Constant, G4=RMoN y/(K 

Rone tants Cee yen dk 1a, 

Impeller diameter, cm. 

Constant, Hy=RN pMo/(K,Npd eS) 

Constant, H2=(Ko/Kp) @!/9n,)(6Mg/Np)?/3(ap/3/dq) 

Constant, Hg=1/Kp 

Reference impeller diameter, cm. 

Number of radicals in one particle 

Initial initiator concentration, mole/dm® water 

Average number of radicals in one particle by 
the end of Stage II 

Function of Xp) 

Function of Xp 

Function of X) 

Constant, K=(3/49XKp/Na)(dq/4p) ¢/(1-4m) 

Rate constant of initiator decomposition, 1/min 

Rate constant of polymer propagation cm®/mole.min 

Rate constant of polymer propagation in pure monomer 
cm3/mole.min 

Termination rate constant, emYmole.min 

Termination constant in pure monomer, em? /mole.min 

Radical desorption rate constant, cm/min 

Ratio of monomer to water in initial charge, g¢/¢ 

Impeller speed, rpm 

Avogadro number 

Number of monomer droplets, 1/cee water 

= 33



Reference impeller speed, rpm 

Number of particles, 1/cc water 

Radius of monomer droplets, em 

Radius of polymer particles, cm 

Rate of radical generation, 1/cc water 

Initial initiator charged, g/dm3 water 

Total area provided by soap, em2/ec water 

Initial soap charged, mole/cc water 

Critical micelleiconcentration, mole/cc water 

Initial soap charged, g/dm? water 

Time, min 

Time passed by the end of Stage I. 

Glass transition temperature of the polymer, °c. 

Initial volume of monomer droplets, cm3/ec water 

Volume of particles, em3/ce water 

Average volume of one particle,an® 

Fractional monomer conversion 

Fractional monomer conversion by the end of Stage I. 

Fractional monomer conversion by the end of Stage II 

Constant, Z4=R/6S 

Constant, Zg=6S-AG 

Volume fraction of monomer in particles during the 
Stage I and Stage II. 

Volume fraction of monomer in particles during 
Stage III 
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APPENDIX I 

COMPUTER PROGRAM FOR DETERMINATION OF PARTICLE SIZE USING 
EXTINCTION METHOD. 
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APPENDIX II 

COMPUTER PROGRAMS FOR THE COMPUTATION OF THE DEPENDENCE OF 
TERMINATION RATE CONSTANT ON MONOMER CONVERSION 

1) DEFFI The Computation of ax57dt from eS data using 

- differentiation method. 

2) REG 3 The Formulation of K,. and X_ using multiple 
regression method. P 

3) XKT The Evaluation of Ky against X 
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APPENDIX IIT 

COMPUTER PROGRAM FOR FORMULATION OF THE DISPERSION DATA IN 
BAFFLED REACTOR 
  

J) DISPER The Evaluation of the average diameter of monomer 
droplets for the various sample from the dispersion 
data. 

2) D Formulation of Do. So and N using regression 
method, 
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252 az3el4lonD we 20001] 
26S “126 301416/6)"0 ae BeI01) 
278 Nlevieat1) 
232 Alzalta 
239 ‘Vlavbev 
322 ett t 
3e3 Dl Vi<4/al 
320 PRINT 11, Dlea1 

oT at 
2s Be dy So GoTo 50901 Me Ly L201 34 1 4e 154150174154 194 22421 
22s 23s 24s 25s 26s 27s 235294 34s B14 32s 23s 24s 352 25, 37, 23 
39. 42041 
Sv. 56 
PIAL L,VS3s 112s 6s S24 434194 24s 15416094 6s 304 
34340 3e de 1s 2s 43s 1s de beds 2od 
Bs Be date dete leds de le ced 
P3e 11429 1s 72, 42, 235 260172 72 be Vs 3s 2s 
a Bs Bo Bo Bs lo ads Bs Lo ds Lo Av BoB, 
8s be 2a da bs ds 2s 8s Bs Bs 02 
51-974 32,22. 25,23, 947s 11s 5s 5251s 200 
Ga ds bode ds ds 8s 24. 22ate dre 
1p da bs bs Bs ds 2s bs 2s Bodo d 
25734 27s 22s be 12s 74 So 2s Ie do ba dr ded 
2s 2s 2s de bs Bs Bs Bs 2s ds Qtr ds tod 
Bs Os ba ba Oe to 4s Bs bs Bs ds2 
66s 452 21423 Los 6s Se Bs Bo to ds Os Da toe 
Bs dobre D2 8s ds Es Bs A ds de Be dod 
4.029. As Be Be ds Ds Bs Bs 022 
23223, 11s Ts 7594 6s 2s 2s Ss Se lo ta Loe 
Bs 2s 2s Pode la be bs Qo ds bs de ds eed 
Bs ds Bs So Bo Bo bo Bs Bs I IVF 
61s 332274 27s 1 Ss 13s 5s Se 74 54 2 222s lad 
22 Ot be Be do da Br da de 21802 
2209 bs b9 bs 39 bs d0 ds ds dat 
25437. 21s 22s 1143294 5s 4s 2s 2s eo do lod 
848s 2s Bs bo 24 Do Bs bp 2s Bs bo By 242 
Bs Bs bo 9 Bs 29 hs 2s 2s Bs P43 
424 52.134 284114124154 32 3014 ds dodo dod 
Bes Br leds dads ts Bote ds tee dod 
Bs 09s 3s Ds dees Bs oo te dod 
14s 535224 265175177 94 49 ds ds bode de Soe 
bdo’ 
Weds ds de de da da ds 
1252 71s 25019417 Lats 3234 25> 
Leds dy 2s ce 
Byte Bo boo boots de ds lad 
22036099 5418s Bs As Gs 1s eo 
1p 2p debs do dots bs dots do ds 
40 bode Bobo tbr ede Qe ded 
62s 94241612 
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LET T3=T3*Z011 
Lev Ji=siescileze13 
LET J2sJ2e¥itlecCi) 

J32S3eCLIeZ01) 
FISFI+s0i) << 

For2t1] «« 
F2e7211 «6 

  

    

  

   
    
   

  

w
w
e
 

Fl-sTl <« 2070 
ZeGin<TleT3d/$ 

T3 << 279 

      

   



APPENDIX IV 

COMPUTER PROGRAM FOR SMITH-EWART MODEL 
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co12 
cooo 
coot 
coo2 
003 
0004 
0005 
006 
coo7 
coos 
coa9 
0010 
co1t 
0012 
0013 
0014 
0015 
0016 
C017 
0018 
0019 
cozo 
0021 
coz2 
co23 
coz4 
cozs 
co26 
coz? 
cozs 
coz9 
0030 
co31 
0032 
co33 
0034 
0035 
co36 
0037 
o036 
co39 

a
a
n
 

n
a
n
c
e
 

“TRACE 1 
TRACE O 
MASTER SWMODEL 

THIS PROGRAMFE RECALCULATES TH SMITH-=WART PODEL FOR EMULSION 
POLYMERIZATION OF STYRENE 

DIMENSION T1(3) 
COMMON /A/KP,KD,DM,DP,FI ,NA,AS,SCHC 
REAL KP,KD,NA,K ,¥O,N10,MI 

INPUT DATA . KPC(CC/MOLE.MIN) FICK) ,NACNOLECULES/CCK) ,DECGIAM/CC), 
DP(GRAM/CC),AS (SQCHK/MOLECLES) ,KO(1/S) ,SCMC(GRAM/LW),TCMIN) SO (GRAB 
7LW) ,MOCGRAM/CCW) ,20(GRAB/LE) 

dO 9999 11=1,3 
READ(1,1) SO,MO,RO 

1 FORMAT(3F0.0) 
WRITE(2,391) 

391 FORMATC/////2X,*INITIAL DATA: AMOUNT OF SCAP SO; AMOUKT OF MONOMER 

# MOZAMOUNT OF INITIATER RO*/2X,77 (1H ///IOK, *SOCG/LE)*,6X, 
e*MOCG/CCW)",7X,°ROCG/LW)") 
WRITEC(2,392) SO,MO,RO 

392 FORMATC/,3F15 .2//2X,77 (1H*)//) 
IFCSO-LT.2.5) GOTO 2 
19=0.025 
bo 3 L=1,8 
TIL 0eT9 
T9=TICL) 

CONTINUE 
GOTO & 

2 79=0.01 
DO L=1,8 
TICL) 0aT 
T9STICL) 
CONTINUE 
CALL STAGE1(SO,¥9,RO,R,T1,VIO,N1I0,TS) 
CALL STAGE2 (V10 ,N10,TB 49,0 ,DP,FI,KP,NA,R,T2,VP) 

CALL STAGES (T2,4P,FI,KPNA,NIC,9M DF MO MI,0 05) 
9999 CONTINUE 

STOP 
END 

  

w 

  

    

oo
 

END OF SEGMENT, LENGTH 115, NAME S4MODEL 

6040 
0061 
cOs2 
C043 
C044 
6045 

C046 
cos? 
o04é 
oG49 
coso 
cost 
cos2 
GO53 
cossé 
coss 
cosé 
cos? 
coss 
cos? 
coed 
C064 
c062 
coe3 
coes 
coos 
coeé 
cos? 
Coes 
CO6F 
ca70 

a
e
0
 

BLOCK DATA 

COMMON /A/KP,KD,DM,0P FI ,NA,AS ,5C%C 
REAL KP,KD,NA 

DATA KP,KD,0M,DP,FI,NA,AS,SCMC/1.2727,5 7 E-5 0-906 ,1.057 -0 2805, 
26 .023&23,3.5E-15,0.5/ 
END 

SUBROUTINE STAG :1(S0,MG,8C,R,T1,V10,N19,TS) 
DIMENSION T1(B),A1CE),TCIO) ACID) ,V CIC) ,NC1C),D (10) SH (19) X10) 
COMMON /A/KP,KD,DM,DP FI NA ,AS,SCYC 
REAL KP,KD,NA,K MO ,N,MI,NIO 

FLX CONSTANTS 

S=NA#AS*SO/ (272 -O*1000.0 
R=2 -0#KD*NA#RO/ (270 .C# 10°C 29) 
K=(3.0/ (6 0 #3.1°157))* (KP/NA)* COM/DED*CFIS CT O-FID) 
Bah 083 161S9eK ee (2.0/3.0) 89/5 
C=C4.083.16159/ 5.0) #K4K/S 

  

  

  

FIND THE RELATIONSHIP SETWEEN TIPE T1 “ND THE FREA OF PASTICLES IN CNE 
CC WATER AT 

bo 400 i=1,8 
IFC.NOT.1.E9.1) GOTOZCG 

2587 A54Se T1188 (5.0/3.5) 

  

  BOC ATCLFEWTICI) ee (SCF DIAS 
4G CONTINUE 

S7*S-0.4628A1 (1-19)   

FIND THE TIME TE WHEN FARTICLESUCLISTICN LS JUST COMPLET © 

CALL CHAZHI(A1,71,5,5,T6) 
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co71 
co72 
co73 
co74 
co75 
0076 
co77 
00738 
0079 
co8so 
coe1 
0082 
0083 
0084 
08s 
0086 
0087 
008s 
0089 
0090 
co9t 
cose 
cogs 
0094 
coos 
CO96 
co97 
cove 
O99 
0100 
cie1 
0102 
103 
0104 
6105 
C106 

¢ 
C CALCULATE A SERIES OF VALUES OF PARAMETERS ALANG THE HISTORY GF 

C POLYMERIZATION DURINGTHE STAGE ONE 
WRITE(2,450) 

GSO FORMAT(//2X,"THE RESULTSCALCULATED ALONG THE REACTION HISTORY OF 
STAGE ONES /2X,6201H=9//) 
WRITEC2,500) 

500 FORMATC//8X ,"TIFE (MIN) * ,4X-* CONVERSION (Z)*,3X,"S(MIC) CE/LW)* 2X, 
ZYAP(SQCM/CCH)" 3K, "VPKCC CCH) * OK, *OPCMICRON) *,5X,"NCPERS/CCW)") 
DO 600 I=1,10 
TC1)= (15/10 20) #FLOAT (I) 

600 CONTINUE 
bo 800 J=1,10 
CALL CHAZRI(T1,41,2%,TCJ) ACI)? 
TH=T(J)/2.0 
CALL CHAZHI(T1,41,8,TH,AH) 
NCJ2=CRISIATCI) #058 (J) /6.0-(Z 0/3 .0)#AH) 
VCS)=CT CS) ##2 76 0) * C3 OF CS = 2 .08CHAHD 
DCJ=(VCII/ACI) #60600 0 
XJ )=VCJ)#C1,0-FT)*0P /MO#100 0 
SMCJ)=(S—ACI))/ 4S /NA*2Z72 01000 0 
WRITE(2,700) T(J) ,XC5) ,SRCS) ACI) VOID ,9 CNG) 

700 FORMATC/SX,OPF15-3,2F15-3,1P4E15.3) E 
£00 CONTINUE 

MI=1.64 #KPSFI*DSENCTODIR 
WRITE(2,190) 

190 FORMAT(//2X,"TH: VALUZS OF PARAMETERS AT THe END OF ST* 
3//2X, *TIRECMIN) "6X, "CONVERSION (Z)",3X,"S CHIC) CS/LMD", 
GCCw)* 2X, "VPCCC/CCH)® 4X ,P DP (MICRON) *, SX," MCLEC kT 
Sw'//) 
WRITE(Z,191) TCISD), C10) ,3M(10) ,AC1),VC10) ,00610) MIN (10) 

191 FORMATC//5X ,F10.3,2F 15-3 ,1P2E15.3,CFFIS 0,1PE15~3) 
N10=N (10) 
vi0=v (10) 
RETURN 
END 

    

   
One’, 

A TAP CSGCHS 

X, INCPARS/CC 
  

END OF SEGMENT, LENGTH 395, NAME STAGET 

0107 
ci1ce 
0109 
C110 
0111 
C112 
113 
o114 
C115 
C116 
0117 
0113 
G119 
0120 
0121 
122 
0123 
o126 
0125 
C126 
0127 
o128 
0129 
0130 
0131 
0132 
C133 
134 
C135 
C136 
0137 
C138 
6139 
0140 
ord 
C162 
0143 
C144 
cis 
0146 

SUSROUTINE STAG=:2(VI ,NI,TB,MO,0%,DP,FI,KP/NAPRp-T2,VP) 
REAL NI,NP,NT,NA,MO,KP MI 
VDO=MO/0M 

  

DELTAT=1.0 
WRITE(2,210) 

210 FORMATC//2x ,*THE RESULTS CULCULATED ALONG THE REACTION HISTORY OF 
2STAGE T¥O*/2K,65C1H=)//0X, *TIMECHIN) "4X, "CONVERSION(%)",3X, 
SYAPCSQCM/COW)",2X,"VPCCC/CCH)* 4X," DPCRICRON)" 4X, "VD (CO/CCHI TS) 

  B=0 .S*CKP/NAD*(OM/DP )*FIANT 

CALCULATE A SERIES OF VALUES OF PARAMETERS ALONG THE HISTORY CF POLYMERIZATI 
DURING THE STAGE TO 

a
n
o
n
 

bo 260 1=4,10905 
00 220 J=1,2 
IF(VO1.LE.0.0) coTCZSO 

DELTAV=e4DELTAT/(1.0-FI) 
VP=VP+DELTAV 

DPA=(6.0#VP/(3 .1G1594NT) ## (1.0/3.0 #79000 .0 
AP=(VP/DPA) #60070 0 

DI-DELTAV®(FI+(1.0-FI)4DP/OM) 
2+DELTAT 

eC LO-FI) # oP /#O# 106 .C 
220 CONTIN 

WRITE(2,230) T2,x2,4P,VP,0PA,VDI 
230 FORMATC/5SX,CPF1<.3,F15 «3 -TP4E15 63) 
240 CONTINUE 

250 MI=2.0*E*NR*DP/ 
WRITE(Z ,260) 

265 FORMATC///2X,°THE VALUES OF O8R RS AT THE END OF STAGE THC’, 

5/1, BX, TINE (MIND 4%," CONVERSION CS) "2K, °AP (SECHICCW) "2X, VE (CES 
BCCWI! LX, "DPCMICROND 4X ,AVOCCE/C OA) ,SXpMLECanT ep //) 
WRITECZ 279) T2,X2,AF ,VP DPA VOI,*1 

27D FORMATCISK,FIQ.? FTE 3, 1P4E15 23 OPP IS 
RETURN 

END 
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END OF SEGMENT, LENGTH 219, NAME STAGE2 

0147 
0148 
0149 
0150 
0151 
C152 
C153 
0154 
0155 
C156 
0157 
0158 
0159 
0160 
0161 
0162 
0163 
0164 
0165 
0166 
0167 
C168 
C169 
0170 
c171 
0172 
0173 
0174 
ci7s 
C176 
C177 
ci7s 

END OF 

0179 
C1ed 
0181 
0182 
0183 
6184 
0185 
0186 
0187 
0188 
C189 
C190 
C191 
c192 
0193 
0194 
C195 
6196 
0197 
0198 
c199 
G200 
0201 
c2ce 
c203 
c204 
ozos 
C206 
0207 
C206 
c209 
6210 
0211 
e212 
c213 

310 

340 

350 
360 

380 

390 

SEGMENT, LENGT 

  

SUBROUTINE STAG23(T2,VP,FI,KP,NA,NT ,DM,DP,MO,MI,Q) 
REAL MO,NI,KP,NA,NT,MI 
WRITE(2,310) 
FORMATC//2X,*THE RESULTS CALCULATED ALONG THE REACTION HISTORY OF 

GSTAGE THREE '/2X ,64(1H=)//8X,*TIME CHIN) ' 4X, "CONVERSION (Z) "2X, 
SAP (SQCM/CCW)*, 3K, VPCCC/CCH)* 4X, "DPCMICRON)* 4X," VMP(CC/CCKD */) 

  

DELTAT=1.0 
x3=0.0 
do 360 I=1,100 
pO 340 J 5 
IFCX3.GE.95 0) €OT0370 
RATE=(KP/NA)*(VEP/VP)#(N THO) 
VMP=VMP-RATEXDELTAT 
VP=VP-RATE*DELTAT#(1.0-DM/DP) 
AP=(NT#3.14159) ## (1.0/3.0) (6.08VF) ##(2.0/3.0) 
DP3=(vP /AP) #60000 .0 
X3=(1,0-VNP #DK/¥0)*100.9 
T3=TS+DELTAT 
CONTINUE 
WRITE(2Z,350) T3,X3,AP,VP ,DP3,VMP 
FORMATC/5X,OPF10.3,F 15 3 ,1P 4515.3) 
CONTINUE 
WRITE (2,380) 
FORMATC///2X,*THE FINAL RESULTS OF THE CALCULATION® ,/2x,36(1H=)// 

B7X,'TIMECMIN) § 2X ,"CONVERTIONCZ)® ,2¥ ,"N (PARTICLES) * ,3X,"DP3S(MICRON)", 
99°, 4X ,*MOLECLE.4T.°/) 
wRITE(2,390) T3,X3,NT,0P3,MI 
FORMAT(/5X,F10.2,F15 23 ,1PZE15-3 CPF 15.1) 
RETURN 
END 

  

H 192, NAME STAGES 

SUBROUTINE CHAZHI(A,E,N,X,Y) 

DIMENSION A(N),5(N) 
NCEN 

N=N-1 
00 1 J=1,N 
TFCCX=A(S)) #CX= 205419) 10,10,1 
I=3 
GOTO 22 
CONTINUE 
TF CABS (X-A(1))=28S (X-A (NDI) 20,21,21 
1=1 
GoTo 22 
Tsh-1 
IFCI“N#1) 24,23,26 
IsI-1 
GoTo 27 

  

IFCI-1) 25,27,25 
IF CABS (XACT) )-AES(K-ACL+19)) 26,27 -27 
I=I-1 
v=0 00 
IFCI-N) 29,28,22 
IsI-1 
L=1+2 
dO 2 K=I,L 
W=3(K) 

DO 3 J=I,L 
IFCd-K) 30,3,30 
WECXAACIDI/CACK AACS) 
CONTINUE 
V=v+w 
CONTINUE 
Yev 
N=NC 
PETURN 
END 

END OF SEGMENT, LENGTH 179, NAME CrAZHI 

C214 FINISH 
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APPENDIX V 

COMPUTER PROGRAM FOR STAGE I AND STAGE II IN UNBAFFLED REACTOR 
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co12 
coco 
coo1 
coce 
coc3 
coos 
coos 
coos 
coc7 
coos 
cocg 
co10 
co11 
coi 
co13 
com 
0015 
co16 
coi? 
cow 
cos 
coz0 
co21 
co22 
co23 
co26 
cozs 
c026 
0027 
co28 
co29 
coso 
co31 
ce32 
co33 
cO34 
0035 
C036 
CO37 
0038 
C039 
C040 
co41 
cO42 
co“s 

END OF 

0046 
co4s 
C046 
C047 
048 
coss 

cose 
cost 
co5s2 
cos3 
cos4 
ccs5 
cose 
cos7 
coss 
cos? 
co6c 
C064 
cose 
Clos 
coes 
coes 

TRACE 1 
TRACE O 
MASTER UNSTABLE MODEL 

THIS PROGRAMME SIMULATES THe EMULSION POLYMERIZATION ~ TH: MODEL 
PROPOSED TAKES INTC ACCCUNT TH ONTO THE SUPFACE CF 
MONOMER DROPLETS. THE REACTOR USED IS UNSAFFL AND THE PROGRESSC 
OF STAGE TWO IS CONSIDERED ®S UNSTABLE 

  

   

  

e
a
n
c
o
n
a
 

DIMENSION T1(3) 
COMMON /A/KP,KD,DM,DP,FI NA ,AS,SCHC 
REAL KP,KD,NA,K,MO,NIC,MI 

INPUT DATA . KPCCC/MOLZ MIN) FICK) NACHOLZCULES/CCH) DMC CHAM/CE), 
DP CGRAM/CC),AS (SQC4/MOLECLES) ,KDC1/S) ,SCACCGRAM/LW),TCBIND SO CGRAM 
FLW) /MOCGRAM/CCW) ,RO(GRAM/LUD 

n
a
n
c
e
 

$0=5.0 
Mo=0.5 
RO=1.25 
He7.5 
REV=410 
WRITE(2 ,391) 

391 FORMATC/S////2K,*INITIAL DATA: AMCUKT OF SOAP SO;AMOUNT OF MONOME 
+ MO; AMOUNT OF INITIATOR RO; DIAM=T=P OF IMFELLER Hz I*PELLER SPE 
HED REV" ,/2X 113 VHA) ///ICKX, SOCGILWS "6X, °M9(G/ CCW)", 7%, ROCE/LHD 
+ ,8X,"HCOM)® 8X, *REVCRPM) *) 
WRITE(2,292) SO,MO,RO,H,REV 

392 FORMATC/,SF1S .2///2% 118 (1H #917) 
IF(SO.LE.2.5) GOTO 2 
T9=0.025 
Do 3 78 
TICL)S2 C#TS 
T9=TICL) 

3 CONTINUE 
GOTO & 

2 T9=0.01 
Do 9 L=1,8 
T1CL)=2 0479 
T9=TICL) 
CONTINUE 
CALL STAGE1(SO,40,RO,S,8 KpT1,VIO,N10,T10,TE ,REV AH, KIC) 
CALL UNSTACN10, 110," ,20 ,X10) 
sToP 
END 

    

  

  

ao
 

SEGMENT, LENGTH 101, NAME UNSTABLEMOCEL 

BLOCK DATA 
COMMON /A/KP,KD,0M,DP,FI NA ,AS ,SCYC 
REAL KP ,KD,NA 
DATA KP.KD,DM,DF ,FI ,NA,AS,SCMC/1.27 27,5 oTE-5,0 6906 ,16057 -0 0605, 

36.023E25,3.56-15,0.5/ 
END 

SUBROUTINE STAG=1(50,MO,20,S,R-K,T1,VIG,NI0,TIO,TE, REV HpXIC) 
DIMENSION T1C8) ,A1(2),T C10), KGS pV 10) gN C18) ,0 C109 ,5# 10) ,X 10) 
DIMENSION V1C3) VD(10S ,COC1L) ,ADC10) ,VO1 (8) 001 (8), p12) ART) 
COMMON /A/KP,KD -OM,OP,FI NA AS, SCMC 
REAL KE KD, WA,K 6MOON pNI, ADO ,N10 
XK==1.03 

   

   
Se(SO-SCMCI/ (272 

ADAKDANARO/ 270 .C#1500.0 
20/04 04814159) D4 (KE inks MIDE IE CRI CT O-FID) 

    

DISPERTION BEFORE RCACTION 

 



0066 
coe? 
C066 
069 

tore 
co71 
co72 
co73 
C074 
co7s 
cove 
co77 
co78 
co79 
cosa 
COE1 
core 
C083 
0084 
coss 
cose 
coe7 
cos8 
corso 
co90 
co9t 
cove 
cO93 
cogs 
co9s 
cove 
cos? 
cogs 
cos9 
c1c0 
C101 
cio2 
C103 
c10e 
C105 
c106 
0107 
c108 
c1co 
cid 
144 
012 
0113 
114 
cis 
C116 
C7 
e148 
C119 
C120 
0121 
c122 
C123 
C126 
9125 
C126 
0127 
o128 
c129 
C130 
131 
6132 
0133 
C134 
C135 
cise 
0137 
C136 
C139 
140 
£161 

c 
& 
c 

c 
c 
c 

n
e
o
 

VDO=MO/ DR 
DDO=DDI*(REV/REVI)A#XX*(H/HI)#8Y 
NDO=6.0*VD0/(3.14159*DD0#23)*1.CE 12 
ADO=(VDO/0D0)*6L00C.0 

FIA THE CONSTANTS 

B1=4.0#3.14159*K## (2.0/3.0) #R/S 
B2=3.0*(4 0x3 .161594ND0) 24(1.0/2.0) #09 
DSw=0.966 
B3=3.0# (4 .0#3.16159#ND0) ##(1.0/2 40) #(DSW/DM) 
64=3.52*S-AD0 
C12 (4.043 .14159/3 0) # (KRIS) 
C2=3.G=S-AD0 
Z1=R/ (6.048) 
12=6.0*S-ADO 

FIND THE RELATIONSHIP SETWEEN TIME T1 4ND THE AREA OF PARTICLES IN ONE CC WAT 

bo 420 121,28 
IFC.NOT.I.E9.1) GOTOSIC 

2587 #814 (S-ADO)*T I(T) #* (5.0/3.0) 
C1/2 0)* (S-ADO)*T ICL) #2 

GOTO 481 
G10 A1(1D=(B1/6 0) (84-2 S241 (1-1-2 S2e(E2-B34V1 (1-1) #4 (2 0/20) )* 
*#T1(1) ## (5.0/3.0) 
V1(1)=CC1/6 00) 8 (02-2 .0#A1(T-1)- 
SeTV(1)ee2 

481 ADICT)= (82-83 #V1(1)) ## (2.0/3.0) 
AMA(I)=S-A1 (1) ~*D101) 

420 CONTINUE 

  

   
20* (B2-BI*VICI=1) 9802 .0/3.0)) 

FINO THE TIME TB WHEN PFRTICLE NUCLEATION IS JUST COMPLETE 

H1=10..0 
TB=0.365* (S/R) #40 .6/K4#0.6 
CALL CHAZHI(T1, 441,878,463) 

  

_ 471 TFCAME.GT.H1) GOTO477 

a
a
n
 

IFCAMB.LT.C-H1)) GOTO475 
GOTO436 

476 DO 435 I=1,1000 
CALL CHAZHI(T1,°41,8,T8 Am) 
IFCABSCAM) LE.H1) GOTOG36 
IFCAM.GT.H1) GO70478 
Ta=TB-0.01 

435 CONTINUE 
478 H1=H1416.0 

GOTO471 
477 DO 441 1=1,1060 

CALL CHAZHI(T1,4M1,3,TE AM) 
IFCABSCAM) .LT~H1) GOTOSSE 
IFCAM.LT.(-H1)) GOTO472 
TS=T8+0 01 

441 CONTINUE 

    

CALCULATE A SERIES OF VALUES OF PARAMETERS ALANG THE HISTCRY OF 
POLYMERIZATION DURINGTHE ST#GE ONE 

436 WRITE (2,460) 
4640 FORMATC//2K,*THE RESULTSCALCULATED ALONG THE REACTION HISTORY OF 

ISTAGE CNE'/2X,62(1H=)//) 
WRITE(Z 464) 

GOL FORMATC/SX, *TIMECMIND © 2%, °CONVERSIONC,%)°,2K,*SM(G/LWY*,7X, AP (SS 

ACM/CCH) *,4X ,*VPCCC/CCH)* SK, "DP CMICFON) * 4X ,"N(PARS/CO+)",5K ,°VDCCE/E CH) /) 
aCICCUD TD 
DO 460 1=1,10 
T(1)=(78/10 0) * FLOAT (1) 

460 CONTINUE 
DO 480 J=1,10 
CALL CHAZKI(T1,°1,5,TC1) ACID) 
CALL CHAZHE(T1,41,0,T(9) VCI)) 
THET(I)/2 20 
CALL CHAZHI(T1,<1,5,TH AK) 
CALL CHAZHICT1,01,«,TH,VE) 
NOSDELI OTC # (Zi mA Cs CE Ze8F 

108 (2.0/3.0)) 

  

VOL) #8 (Z.D/3.5) 96 DeAHmd Oe (B2-B3euE 

=150=



C142 
C143 
0144 
o14s 
C146 
0147 
01468 
0149 
C150 
C151 
0152 
0153 
C154 
0155 
0156 
0157 
C158 
0159 
0160 
0161 
0162 
0163 
C164 

END OF SEGMENT, 

0165 
C166 
0167 
0168 
0169 
c170 
o171 
c172 
C173 
0176 
0175 
C176 
0177 
0178 
C179 
0180 
0181 
0182 
0183 
o186 
0185 
0186 
C187 
0188 
0189 
0190 
0194 
or92 
0193 
0194 
0195 
0156 
o197 
0198 
0199 

470 
489 

490 

494 

LENGTH 

20 

21 

23 

24 
2s 
26 
27 

28 
29 

we
 

DCJI=CVCS)/ACS) #6000020 
XCJDEVCS) #4 0-71) 4 0P 14041090 
VDCI)=V00-V CJ) #PSW/DM 
DD CI) =( (6.0/3 214159) *CVD (J) /NDODI #* (1.0/3.0) 
ADCID=CVDCSI/DD (1) #40 
SMCS) =CS-AC J) ADCS) /AS/NASZ72 .0#1000.0 
WRITE(Z,670) TCS) ,XC5) SPC) ACID ,VC),D CI) NCI) VD CL) 
FORMATC/SX,OPF1C.3,2F15-3,1P5E15.3) 
CONTINUE 
MI=1.44 #KPHFINDHENCTOD/R 
WRITECZ 490) 
FORMAT(//2X,*THE VALUES OF PARAMETE*S AT THE END OF STAGE ONE’, 

  

3/18X,*TIMECMIND "4X, "CONVERSION (Z)" ,3X,"S(MIC) CG/LM)* ,2K,° AP (SOC* 
GCCW)* ,EX,"VP(CO/CO¥) *, 5K, "DP (MICRON), SX, "MCLEC WT oe", %, 'NC(PARS/C 
SWT//) 
WRITE(2,494) T610),X€10) SMC10) A C15) ,VC10) -D C10) MI,NCIC) 
FORMAT(//5X ,F10 -3,2F15 «3 ,1P3E15 .3,CPFIS 00,17E15 3) 
vi0=v¥(19) 
x10=x (10) 
T1027 (10) 
N102N (10) 
RETURN 
END 

    

  

770, NAME STA 

SUBROUTINE CHAZFI(A,E,N,X,Y) 
DIMENSION ACN), ECN) 
NC=N 

N2N-1 
DO 1 J=1,N 
TE CCAS) #(X=2 C4479) 10,101 
Ted 
GOTO 22 

CONTINUE 

IF CABSCX=AC1)) FBS (X-A(N)) 20,2121 
I=1 
GoTo 22 
1=N-1 
IFCI“N+1) 24,23 ,24 
11-1 
oT 27 
IF(I-1) 25,27,25 
IF CABSCX-ACI) )-ABS (X-A(141))) 24,27,27 
I=I-1 
v=0.0 
IFCI=N) 29,23,2* 
I=I-1 
L=1+2 
dO 2 K=I,L 

W258 (kK) 
DO 3 JaI,t 
IF(J-K) 30,3,30 
WECK-ACIIIZCACKIMA CI) ) An 
CONTINUE 

VeVeW 

CONTINUE 

  

END OF SEGMENT, LENGTH 179, NAME CFAZHI 

czo0 
0201 
C202 
0203 
C264 
205 
0206 
c207 616 

SUBROUTINE UNST#(NP,TO,MC,RO,X0) 
DIMENSIGN F (25) ,AMCZ5S) ,AK(Z5),CCZ2E) -YVC25), “T(2E) ,¥26 
Comeon 6 
COMMON /A/KP,KD,0%,0P,FI NA 
REAL NP MO,NA,KE MI, KD : 
po 41¢ 725 
F(I)=U. 
CONTINU? 
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0208 
c209 
0210 
0211 
0212 
0213 
0214 
0215 
0216 
0217 

—0218 
C219 
0220 
0221 
C222 
0223 
0224 
0225 
o226 
C227 
c228 
C229 
c230 
c231 
C232 
0233 
0234 
C235 
0236 
0237 
C238 
0239 
240 
C2461 
0242 
0263 
0244 
C245 
0246 
0247 
C248 
0249 
C250 
c251 
C252 
C253 
C254 
0255 
0256 
ces7 
0258 
0259 

888 

999 

657 

  

420 

666 

660 

651 

670 

1000 

so 
705 

FC1)=x0 

  

WRITE(2 ,868) 
FORMATC///2X,°THE RESULTS CALCULATED ALONG THE REACTICN HISTO! 

* OF STAGE TWO'/ZX,02(1H=)/) 
WRITE(2,999) 
FORMATC//6X 411", 3X,°T (MIN 

SEO’, TSK, F 19, 15K °F 29, 13K AF 
0 

    

BX,°2" 10K, "K(X", 10X, 
1) 

  

   
ccs 20 
cC4)=1.0 
EPS=1.0€-4 
CUS1=47691.0 
DO 657 I=3,N-5 
AK CI) =0 «I 
CONTINUE 
AK (1) 217.0 
R=2.04#KD#NA#RO/ (270.0%1000.9) 
BRO .S*CKP/NA) *COK/DP FI ANP 

*M0/ (200 0#NPsE*DP) 
00.0*8*DP/MO 

  

O 

50 11=1,200000 
670 KK=1,100 

e0=G 

XO=F1) 
CALL RUKB(N,H,C,EPS,F AM AK ,G,YY,Y1 ,¥2,13,CUSI) 
SIGMAF=0.0 
DO 666 M=2,N-S 
SIGMAF=SIGMAF+F (M) 
CONTINUE 
DO 660 L=2,N-5 
FCL)=FCL)/SIGMAF 
CONTINUE 
@=0.0 
DO 651 M=3,N-5 
Q=Q+FLOAT(M-2)4F(m) 
CONTINUE 

T=T#+CF(1)-K0)/ (o#G0) 
CONTINUE 
WRITE(2,1000) 11,1,0,F (1), (2),F (3) ,F(4) FCS) 
FORMATC/2X 16 ,3F 12.7 ,1PLETS 06) 
IFCFC1) .GE.43.0) GOTO 705 
CONTINUE 

RETURN 
END 

  

END OF SEGMENT, LENGTH 277, NAME UNSTA 

0260 
C201 
C202 
C263 
C264 
c2e5 
0266 
C267 
0268 
C269 
0270 
c271 
C272 
0273 
C274 
C275, 

500 

SUBROUTINE RUKB(N,H,C,=PS,¥,AM,AK ,G,YY,11,¥2,Y3,CUSI) 

DIMENSION YON) ,-MOND AK CH) ,COM) ,YYCND,YTON) -Y2 ONT, EC 
CORMON G 

CALL RUKUCN,Y,Y1,AM,AK ,4 ,@ ,CUST,C) 
HEH/2 .C 
CALL RUKUCNY,YZ,AM AK ,4 ,2,CUST,C) 
CALL RUKUCN,Y2,¥3,Am,AK,H,2,CUSU,C) 
do 197 N=5 
IFCY3(I).LT.O.0.08.¥2C1) LT.0.9) GOTO 72 
D=AESC(Y3(T) -¥101)) 
IF(D.GT.EPS) GOTO 72 

CONTINUE 
GoTo 72 ie 
vO 194 

Y4C1) 
CONTINUE 
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0276 GOTO 500 
0277 73 IFCD-EPS/32.0) 22,2323 
0278 22 H=4.0%H 
0279 GOTO 292 
0280 _ 23 H=2.0¢H 
0281 292 DO 193 I=1,N-5 
0282 ¥CL)=¥3 1) 
028s "493 CONTINUE 
0284 RETURN 
0285 END 

END OF SEGMENT, LENGTH 187, NAME RUKB 

    

0286 SUBROUTINE RUKU(N,Y,YY,AM,AK,H,@,CUSI,C) 
6287 DIMENSION Y(N),YYCN) ,CCN)-AM(N) AKON) 
0288 CORMON G 
0289 : DO 30 I=1,N-5 
0290 AM CLD =Y 1) 
0294 yycr)=¥ (1) 
0292 ~ 30 CONTINUE 
0293 i DO 22 J=1,6 
C294 a CALL RKFF(N,AM,8K,0,CUST) 
0295 DO 201 I=1,N-5 
0296 WEH#AKCID 
0297 TFCJ.EQ.4) GOTO 31 
0298 AMCID=W#CCLDFY CID 
0299 34 YYCID=WHC (S499 /2 04101) 
0300 201 CONTINUE 
301 22 CONTINUE 
0302 RETURN 
6303 END 

END OF SEGMENT, LENGTH 138, NAME RUKU 

  

0304 SUBROUTINE RKFF(N,AM,AK,@,CUSI) 
e305 DIMENSION AMCN) ,AK(N) 
0306 COMMON G 
0307 A=6/0 
308 B=CUSI/(AMC1)#Q) 
C309 AKC2) SA #(-AM(2) 484 (2.08 MOK) 
C310 DO 650 L=3,N=5 
0311 AKL) =A*CAM(L-T)-AMCL))+E# CFLOAT(L*(L-1)) 
0312 HHAM(L42)-FLOAT((L~2)*(L-2))*AK (LD) 
0313 650 CONTINUE 
0316 RETURN 
0315 END 

END OF SEGMENT, LENGTH 115, NAME RKFF 

0316 FINISH 

END OF COMPILATION - NO ERRORS 
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APPENDIX VI 

COMPUTER PROGRAM FOR GEL-EFFECT 
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610 

057 

703 

429 

666 

660 

GOO FORMAT(/2¥,16, 

TRACE 1 
TRACE O 
MASTER GELEFF1 
DIMENSION F(25) ,AM(ZS) ,AKCZ5),C (25) ,Y¥ (25) ,¥1(25) ,Y2C25),¥3 (25) 
DIMENSION AFOCSCO),AF1(SCO) ,AF2(SCO),AF3 (SOC) ,AF4(500) ,AFS (S00), 

£AG(SOO) ,AZCSOO) ,AT (SCO) 
COMMON /G1/A1,A2,A3,£4,A5,K? 
COMMON /B2/G,DP,0M,6T 

REAL NP,MO,NA,KF,KD 
DO 610 I=4,25 
F(1)=0.0 
CONTINUE 

F(1)20.6857612 
34999665 
24999933 

F(4)=3.36668E-5 
F(S)=6.729512E-2 

5000806" 
12626822 

      

N=1G 
NP=8 08216 

  

H=0 000025 
€(4)20.5 
C(2)=0.5 
C(5)=0.5 
c¢3)=1.0 
c(4d=1.0 
EPS=1.05-4 
DO 657 
AK CID = 

DNS 

    

0 
CONTINUE 
AKC1)=1.0 
R=2 .O*#KD*NA*RO/ (270 .0#1000.0) 

   
25* (KP/MA)* CD" SDP) 4FI* NP 

G=RECNA/NP**2)* (MO/COMBKP)) 
GT=G*(DM/DP-1.0) 
D=2.048*DP/ M0 

  

IFCFCN@5) LT.1.02-4) GOTO 703 
NEN+T 
DO 670 Kk=1,100 
aos 

  

XO=F C1) 
CALL RUKE(N,H,C,EPS,F AM AK ,O,YY,%1 ,¥2/¥3) 
SIGMAF=0.0 
DO 666 M=2,N-5 
SIGMAF=SIGMAF+F <M) 
CONTINUE 
00 660 L=2,N-5 
FCLO=FCL)/SIGMAF 

  

   

CONTINUE 
@=0 0 
bo 651 M=2,N-5 
G=Q+FLOAT(M-Z)#F CH) 
CONTINUE 
DIS=CO/FID¥FIOCE (1)?   

TET +CRCT)=¥O) 2071089) 
CONTINUE 
WRITE(2,1090) I: oF CTD, FCA) FCS), F C6) 

  

TFCF(1) 65.698) 
CONTINUE 
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0075 
co76 

ERD OF SEGMENT, LENGTH 

co77 
0078 
0079 
0080 
0081 
ao82 
0083 
0084 
coss 
086 
0087 

. 0088 
0089 
0090 
0091 
cos2 
0093 
0094 
co9s 
0096 
co97 
coos 
0099 
0100 
0101 
0102 

END OF SEGMENT, LENGTH 

6103 
0104 
o105 
C106 
0107 
0108 
0109 
0110 
0114 
0112 
0113 
0114 
0115 
0116 
117 
Os 
0119 
0120 

END OF SEGMENT, LENGTH 

e121 
0122 
0123 
01z4 
c125 
0126 
C127 
0126 
C129 
9130 
C131 
0132 

ENO OF SESMENT, LENGTH 

705 

500 

197 

72 

194 

73 
22 

23 
292 

193 

31 
201 
22 

655 

STOP 
END 

306, NAME G=LEFFY 

SUBROUTINE RUKB(N,H,C,EPS,Y,AM,PK ,@ ,YY,Y1,¥2,Y3) 

DIMENSION Y(N),2M(N) AKON) CON) pYYCED ,YTCN) ,¥2 ON) pY3Ch 
CALL RUKUCN,Y,Y1,AM,AK,H 2,0) 

  

HeH/2.0 
CALL RUKUCN,Y ,Y2,AM,AK 5H 9,0) 
CALL RUKU(N,Y2,13,AM AK» H,a,C) 
DO 197 I=2,N=5 
IFCY3(L) LT .0-0.0R-¥2C1) .LT.0.0) GOTO 72 
D=ABS (Y3(1)-¥1(1)) 
IF(D.GT EPS) GOTO 72 
CONTINUE 
GOTO 73 
DO 194 1=2,N-5 
yacty=v2C1) 
CONTINUE 
GoTo SOC 
IF CD-EPS/32.0) 22,23,23 
He4 eH 

pO 193 I=1,N-5 
YCL)=Y3(I) 
CONTINUE 
RETURN 
END 

173, NAME RUKE 

SUBROUTINE RUKU(N,Y,YY,AM,AK,H,2,C) 
DIMENSION Y(N),YY CN) CONT, AM CN) AK OND 
DO 30 I=1,N-5 
AMCL a) 

yy (1) =¥ (1) 
CONTINUE 

bo 22 J=1,4 
CALL RKFF (NAM, FK,@) 
DO 201 I=1,k-5 
WEHAAKCID 
IF(S.E0.4) GOTO 31 
AMCT) WHC CL) YC) 
YY CI) swe CHT) /S.044¥ CL) 
CONTINUE 
CONTINUE 
RETURN 
END 

  

131, NAME RUKU 

SUBROUTINE RKFF(N,AM,AK,G) 
DIMENSION AM(N) ,AK(N) 
PI=FUCAM(1))/@ 
P2=TKCAK(1) /@ 
AK (2) =P 18 CHAM (29) HP28 (2 TAB CGD) 
dO 650 L=3,N-5 
AK CL) =P 1* (AM (L=1) “AM CL) 4P2* CFLOAT CL (L=1)) #AM CL #2) 
£-FLOAT((L-2)*(L-3) )# AM CLD) 
CONTINUE 
RETURN 
END 

114, HAME RAFF 
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133 
0134 
6135 
0136 
0137 
0138 
0139 
0140 

END OF SEGMENT, LENGTH 

c144 
0142 
01463 
0146 
Oras 
0146 

END OF SEGMENT, LENGTH 

01467 
0168 
01469 
0150 
c154 

END OF SEGMENT, LENGTH 

01S2 

END OF COMPILATION - 

FUNCTION TK(X) 
COMMON /GT/A1,Ac,8 
REAL KP 
YEATFAZ AXA SAX AZ HAG AK HH TEAS HK AHL 
TKEEXPCY) /(KP#(1.0-X)) 
RETURN 
END 

  

PPG, AS KP 

46, NAME TK 

FUNCTION FUCK) 
COMMON /B2/G,DP ,0M,GT 
FUS(G+6T#X) /(1 20K) 
RETURN 
END 

    

19, NA 

FUNCTION FICCX) 
COMMON /B2/G,DP ,D™ 
FIC=C1.0-X) /CCK#DM/DPD401.0-K)) 
RETURN 
END 

20, NAME F10 
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APPENDIX VII 

COMPUTER PROGRAM FOR BAFFLED REACTOR 
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co1z 
cooo 
coo1 
coo2 
coos 
oo04 
coos 
co06 
coo7 
coos 
coos 
C010 
coi 
coi 
co13 
cO14 
co1s 
co16 
0017 
0016 
core 
coz0 
co2t 
coz2 
co2s 
co24 
co25 
C026 
co27 
coze 
co29 
co3 
co31 
co32 
C033 
cO34 
co35 
cos6 
Co37 
cozs 
C039 
cosa 
0041 
cose 
0043 
C044 
cc45 
cose 
0047 
C048 
cos9 
coso 
cost 
cose 
C053 
cose 
coss 
GOs6 
CO57 
o0sé6 
cos¢ 
co60 
0061 
c0e2 
coe3 
ces 

n
a
e
 

e
n
o
n
e
 

a
n
e
n
n
e
8
A
A
n
 

a
A
a
n
M
 

a
A
A
e
 

A
A
M
A
a
n
A
e
 

a
a
n
 

n
o
n
o
 

TRACE 1 
MASTER BAFFLE 

THIS PROGRAM SIMUL!TES EMULSION POLYMETIAZATICN OF STYRENE .IT PASED ON FAST 
TERMINATION RATE «ITHIN LATEX PATICLES 

DIMENSION T1(8) 
COMMON /A/KP,KD,DM,DE,FI NA, AS, SCPC 
REAL KP ,KD,NA,K,MO,NIC #1 

INPUT DATA . KPCCC/MOLE.MIN)FIC,) ,NACMOLECULES/CCU) ,DM(GRAM/CC), DPCGRAM/CC) ,AS(SQCM/PCLECLFS) ,KD(1/S) ,SCMC CHGRAM/LW) ,TC MIN SCKGRAM 
JLW) ,MOCGRAM/C CH), 20 (GRAN /LE) 

READ(1,100) (T1¢1),1=1,2) 
100 FORMAT(EFO.0) 

READ(1,200) S0,¥0,20,REV,H 
200 FORMATCSFO.0) 

WRITE (2,391) 
391 FORMATC///2X, "INITIAL DATA : AMOUNT OF SAOP SO;AMOUNT OF MONOMER KO; 

*OZAMOUNT OF INITIATOR RO;DIAMRTER OF IMPELLER HZINPELL=R SPEED REV 
PPP2X, 11 8CIH=) 7 2X, "SOCG/LW)" 6X," (G/CCU)" 7X, ROC G/La) "BX, "HOCH 
*) "8X," REVCRMP) *) 
WRITE(2,392) SO ,MO,RO,H, FEV 

392 FORMATC//,5FI5.2) 

  

THE CASE OF FAST T-RMINATION AND NOT CONSIDERING THE SOAP ON MONOMER DROPLET SERRA AR AA TERRE EES EERE RARE EAE EE EHER EEEREEAEEEEA AE AERA EER AA EAS ER EERIE 

  

CALL STIACSO,MO ,R0,R,K,T1,V10,N10,T5) 

STAGE Two 
  

  

CALL STAGE2 (V10 ,NIC,TE,MO,DM,0P,FI,KP,NA,R,T2,VP)   

STAGE THREE 
  

CALL STAGES (T2,.P,FI,KP,NA,N10,2",0P,80 ,MI,6.5) 

THE CASE OF FAST TiRMINATICN AND CONSIVERING THE SGAP ON *ONCMER DROPLETS PRA REESE H RE REET EERE EERE RERE REREAD ESHER EEER ERE HAREEAEA ARES RR REEES BEAR   

STAGE ONGY 

CALL ST1B(SO,4O,R0,R,K,TI,VIG,NIO,TIC,TE REV Hp X10) 

STAGE TWO 

  

CALL STAGEZ(V10 NIC, TB,MO,DM,9°,FI,KP,NA,R,T2,VP) 

STAGE THREE 
  

CALL STAGES CT2,uP,FI,KP,NA,NIC,OM DE "0 ,MI,2.5) 

stor 
end 

END OF SEGMENT, LENGTH 127, NAME B+FFLE 

C065 
006 
cle? 
co6e 
coeo 
cc70 

BLOCK DATA 
COMMON /E/KP,KE,0M,DE,FIWA,AS,I0°° 
RE+L KP,KD,NA 
CATA KP,KD,OM,0F,FI 

3 023,3.58-1:,9. 
nAYE ToSsb55, 7 

CHEAT 27ST use PE     

  

S67 =



co71 
co72 
co73 
co74 
0075 
0076 
0077 
co78 
0079 
oo80 
coat 
cOs2 
Goes 
C084 
coss 
cose 
cos7 
cose 
C089 
co90 
co9t 
co9e 
cogs 
C094 
cogs 
cose 
CO97 
co98 
cose 
0100 
0101 
c1c2 
0103 
C104 
0105 
0106 
0107 
c108 
c109 
c110 
0111 
o1t2 
0113 
0116 
C115 
0316 
0117 
0148 
119 
0120 
0121 
C122 
C123 
C124 
cies 
c126 
C127 
O12 
0129 
0130 
131 
0132 
C133 
C134 

END OF SECMENT, 

SUEROUTINE STIA(SO,MO,ROR,K,T1,VIC,N19,TE) 
DIMENSION T1(8) ,A1(e),TC10) ,AC1U) ,V(10) ,N (10) ,D C10) ,SH (15) ,X(10) 
COMMON /A/KP,KD,DM,DP,FI NA AS ,SCRC 
REAL KP,KD,NA,K,MO,N,MI,N10 

WRITE(2,201) 
201 FORMATC///2X,"THE CASE OF FAST TERMINATION AND NOT CONSIDERING 

*SOAP ON MONOMER DROPLETS */2X,72(1E#)///) 

c 
C FIX CONSTANTS 
¢ 

S=NA®AS*S0/ (270 .0*1000.0) 
R=2 O*KD#NA*RO/ (270 .0# 1000.0) 
K=(3.0/ (4 .0#3 216159) )# (KP/NA) &COM/DED*CFI/ (1 .0-FI)) 
B=4 083 .14159#K 28 (2.0/3.0) 4R/S 
CHC4.083.16159/5.0) #KHRIS 

  

FIND THE RELATIONS+IP BETWELN TIME T¥ AND THE AREA OF PARTICLES IN ONE 
CC WATER Al 

pO 400 i=1,8 
IFC.NOT.12EG.1) GOTO300 
A1(1)=0 587 #5 #S 4T1(1)**(5.0/3.0) 
GoTosac 

BOO AICID=B*TICT)## (5 C/E 20) CG .5E74S=0 42 4A1 (I-19) 
400 CONTINUE 

n
a
e
 

    

  

    

c 
C FIND THE TIME TS WHEN PARTICLENUCLEATIGN 1S JUST COMPLE 
& 

CALL CHAZHI(A1,11,8,5, 
c 
C CALCULATE A SERIES OF VAL OF PARAMETERS ALANG THE HISTORY OF 
C POLYMERIZATION DURINGTHE STAGE CNE 

WRITE(Z,450) 
GSC FORMATC//2X "TH RESULTSCALCULATED ALONG TH= REACTION <ISTORY OF 

ASTAGE ONE'/2X,6201H=)//) 
WRITE(2,509) 

SOO FORMATC//8X ,*TINECMIN) "4X," CONVERSION(Z)", 3K, *SCHIC) (C/LW 
Z*APCSQCM/COW) "7X, *VPCCC/CCK)* 4X, "DPCMICRON)*® SX," NCFERS/C 
dO 600 1=1,10 
7(1)=(73/10 0) #FLOAT (1) 

600 CONTINUE 
po 200 J=1,10 
CALL CHAZHICT1,51,2,T05) ACJ) 
TH2T(J) /2.0 
CALL CHAZHI(T1,41,8,TH AE) 
WCJIECR/S)#T CL) 405A CJ /6.0-(2 0/3 6198 4H) 
VCJIECT CS) 4 42/6 0) (3 .0# CHS =2.08C# AH) 
DCSI=CVCII/ACI) 86000020 

CJ)* C1 0-FI) FOP /MC 4100.0 
SACI)I/ ES /NA*272 -C#1000.0 

WRITE(2,700) TOS) -XC1) SCS) ACL) VOI) ,00) NCSD 
700 FORMATC/SX,CPFIC.2,2F15~3,1P4215.3) 
800 CONTINUE 

MI=1.GGekP# FIT #DM#N CIO) /> 
WRITE(Z,190) 

19G FORMATC//2X,"THc VALUES CF FRRAME 
3//EX,"TIMECRIND *,4X, CONVERSION (7) 
GCOW)* 24, "VPCCOICCH) "4X 
Swotss) 
WRITE (2,191) TO19),X C15) ,SMC10) ACIS ,V610) 9010) MIN C10) 

191 FORMATC//SX ,F1C..3,2F 15 3 ,1PZEITS «3 O° FIS oO, VPETS 03) 
N10=N(10) 
vi0sv(10) 
RETURN 
END 

            

       RS AT THS END OF ST 

23K p"S (MIC) CG/LED, 
DE (MICKOND*,5X,°RULEC WT 4" p44 

GE ONE, 
X, "RO (SGCH/ 
PIN CPARS/CC 

  

  

3 

LINGTH 407, NAME STIA 

~168-



0135 
0136 
C137 
C138 
0139 
0140 
0147 
C142 
C14 
0144 
a14s 
0146 
01467 
C148 
0169 
0150 
C151 
0152 
0153 
0154 
c1ss 
c1sé 
C157 
C158 
cis9 
0160 
C101 
C162 
O163 
0164 
cies 
C166 
C167 
C162 
0169 
ci70 
0171 
o17z 
C173 
01746 
c175 
0176 
C177 
C178 
0179 
0180 
C181 
C182 
0183 
018s 
0185 
C186 
0187 
C183 
0189 
190 
C197 
192 
C193 
C194 
C195 
196 
C197 
c198 
0199 
6206 
C264 
c20z 
c203 
C204 
c2es 
c205 
c2c7 
cace 

c 
©: 
c 

2 
c 
c 
c 

c 
c 
c 

n
a
e
 

250 

251 

cA 

2000 

cco 

Fr 

FI 

410 

484 

420 

FL 

435 
478 

477 

    

  

SUBROUTINE ST1E(SO,"C,RO,R,K,T1,V10,N10,T10,TS,REV,H,X10) 
DIMENSION T1(8) ,A1(8),TC10) -AC19) ,V(10) NCTC) -D C10) ,SM C10) ,xX C10) 
DIMENSION V1(8) ,VD(10) ,06040),AD(10),VD1() ,DD1(8),A01(3) ,AMICE) 
COMMON /A/KP,KD,DM,DP,FI ,NA,AS ,SCMC 
REAL KP,KD,NA,K ,MO,N,MI,NDO N10 
READ(1,250) XX,Y,REVI,HI ,DDI 
FORMAT(6FO.0) 
WRITE(2 ,251) 
FORMATC///2X,*THE CASE OF FAST TERMINATION AND CONSIDERING THE 

#SOAP ON MONOMER DROPLETS */2x,73(1H*)///) 

LCULATE DEGREE OF DISPERTION BEFORE REACTION 

S=NA*AS *(SO-SCMC)/(270-0%1000.0) 
VDO=MO/0m 
DDO=2 -42303*S04#(0.0129) #REVES (-1 
WRITE(2,3000) SO,REV,H,00C 
FORMAT(2X,"SO=* ,F4.2,2X,'REV=" F622 ,2X,"H=",F4A2,2X,"D50=",21545 
WIth) 
DDO=D00*1 CES 
NDO=6 .0*V00/(3.146159*DDO*#3)*1.CE 12 
ADO=(VDO/DDG)#6-000.0 
WRITE(2,2COC) DOO,AD0,REYV 
FORMATC/////,10%,"D00=",E15 5,10, "#005" E1545, 10X, "REY 

    

   

  

oF6 627) 

X THE CONSTANTS 

B1=4.0#3.16159ee4#(Z.0/3 0) R/S 
B2=3.0% (4.043 .14159*ND0) ##(1.0/2.0) #00 
DSW=0..966 
B3=3.0% (4 03 .121594ND0) ** (1.0/2.9) * (DSW DM) 

    

C1=(4 043 214159 /3 0) 8 (KPIS) 
C2=3.0*S-AD0 
ZISR/(6 08S) 
22=6.0*S-AD0 

ND THE RELATIONS+IP BETW 

  

TIME T1 AND THE AREA OF PARTICLES IK ONE CC WA 

Do 420 1=1,8 
T..1.E@.1) GOTO4IO 

2567 *81*(S-AD0)*#T1CT)## (5.0/2.0) 
C1/2 0) * (SADODATACT #82 

GoTo 481 
ACT) =(31/6 0) «184-2 52#A1 (1-1-2 -52* (5 2-B3*V1 CI-1) )** (2.0/3 0) * 
9T1(1) 8 (5.9/3.0) 
V1C1) =(04/6 00) * (C22 .O4AV(1-1) 2.0 * (B2-B34V1 (1-1) # #62 .0/3 09) 

BaT1 (Le 82 
ADI (I) = (B2-B34V1(1)) #4 (2.0/3.0) 
AMT (1)=S=A1 (1) = 40101) 
CONTINUE 

   

  

ND THE TIME TB WHEN PARTICLE NUCLEATION IS JUST COMPLETE 

10-0 
236 5# (S/R) #AO 6/K#E 04 

CALL CHAZHI(T1,7§1,8 ,73, 443) 
IFCAMS.GT.H1) GOTOG77 
IFCAME.LT.C-H1)) GOTCK7E 
GOT 434 
bo 435 t=1,1000 
CALL CHAZHI(T1,261,5,73,0") 
TECABSCAM) @LEWHI) GOTOGSE 
IFCAM.GT.H1) GOTO47S 
TesT8-C 01 
CONTINUE 
H1=H1+10.0 
GoTOs71 
do 441 1=1,10C0 
CALL CHAZHE(T1,/M1,8,T8, 2M) 
IFCABSCAM) LT.HT) GLTOGZC 
TFCAMALT.CHK1)) GOTC47E 
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c2c9 
0210 
0211 
212 
0213 
0214 
c215 
G216 
0217 
0218 
G219 
0220 
0221 
o22z 
0223 
0224 
0225 
0226 
0227 
c22e 
0229 
0230 
C231 
0232 
6233 
C234 
0235 
0236 
c237 
0238 
0239 
0240 
0241 
02462 
C243 
0244 
0245 
C246 
0247 
C2468 
C249 
c2s0 
C251 
c252 
C253 

a
n
c
e
 

CALCULATE A SERIES OF VALUES OF PARAMETERS ALANS THE HISTCRY OF 
POLYMERIZATION DURINGTHE STFGE ONE 

436 WRITE (2,440) 
440 FORMATC//2X,"THE RESULTSCALCULATED +LONG THE REACTION HISTORY OF 

ASTAGE ONE'/2x,62C1H=)//) 
WRITE(2 644) 

444 FORMATC/8X, "TIM = (MIN) ",4X%,*CONVERSION(,%)*,4X,'SH(G/L AIT 3x, "AP (SO 

HCH/CCU) "4% ,*VPCCC/CCW)" 3X," DPCMICRON)* ,6X ,*NCFARS/CCH)*,5X,*VDCCCICCHI/) 
*#c/ccw)*/) 

DO 460 I=1,10 
T(1)= (18/10 00) *FLOAT C1) 

460 CONTINUE 
do 480 J=1,10 
CALL CHAZHI(T1,61,8,T(J) ACS)? 
CALL CHAZHICT1,V1,£,T0S) VCJD) 
TH=T(I)/2.0 
CALL CHAZHI(T1,1,8,TH AH) 
CALL CHAZHI(T1,V1,5,TH,VA) 
NCJ) SUT #T CL) #CLZ=A CI) = CB Z-B3 AV (I) #4 (2.0/3 009-6 OHAH@4 C4 (EZ “ES *VH 

1) #4 (2.0/3 .0)) 
DCJI=(VCII/ACS) #6000020 
XCJ)=VCJ) #1 0-F) #DP /MO #100 20 
Vb(J) =VDO-V (J) *#DSW/DM 
DDCI)=€(6.0/3..14159) # CVO C1) /NDO)) #4 (4.0/3.0) 
ADCS) =(VD (9/00 (529860 
SMCJ) =CS—ACI)“ADCID) /AS/NABZT2 .O*TDCO.9 
WRITEC2 ,470) TCI) ,XCI) ,SMCI) ACI) -V6S) 009) NCI) VOCS) 

47G FORMATC/SX,OPF1C43,2F15-3,1P5E15=2) 
480 CONTINUE 

MIST. G6eKPe FIT eDMANCIO/R 

WRITE(Z 490) 
490 FORMAT(//2X "THE VALUES OF PARAMZTERS AT THE END OF ST&GE ONE", 

3//8X%, *TIMECRIN) ©, 4X, "CONVERSION (Z) "3X ,"S (MIC) CG/LMD* ,2K, "AP (SGCHY 
BCCW)* ,2X,*VPCCCICCH) "px "DP (RICRON) *,5X,"MCLEC shT =", 4X, °N(PARSICC 
Swhss) 
WRITE (2,494) TC10),X C10) ,SMC10) -AC1O) VETO) ,0C10) ,MI,NC1O) 

494 FORMATC//5X ,F10,.3-2F 15 3 ,1P3E15 «3 -0PF15 oO, 1PE15S «3) 
vi0=¥(10) 
x10=% (10) 
T10=T (10) 
N1O=N (10) 
RETURN 
END 

  

    

  

  

END OF SEGMENT, LENGTH 762, NAME S115 

0254 
0255 
0256 
C257 
0258 
0259 
C260 
0261 
oz62 
263 
C264 
C265 
C266 
C207 
C268 
0269 
c270 
e271 
cz72 
0273 
274 
275 
0276 
0277 
o278 
0279 
0260 
0281 
G2e2 
c2e3 
cee 
028s 
c286 
0287 
c2ae 
0289 

e
n
a
 

SUBROUTINE STAG:Z(VI,NI,TB,NO,DM,DP FI, KP ,NA,R TZ ,VP) 
REAL NI,NP,NT,NA,MO,KP AI 
VDO="O/ DM 
VP=VI 
VD1=VDO-VP#(FI+(1O-FI)*0P/0M) 
NT=NI 
T2=T8 

DELTAT=1.0 
WRITE (2,210) 

210 FORMATC//2X,"THE RESULTS CULCULATED ALONG THE REACTION HISTORY OF 
ZSTAGE THO"/2X,6LCTH=)// SY, *TIMECMIN) "4K, "CONVERSION(Z)* ,2X, 
S*AP(SGCH/COW) ©, 2X, "VE CCC/CCN)* 4X," DPCMICRON)” ,GX,*VOCCCICCWI IS) 
B=0 .S#(KP/NA) # (TM /DP )#FI ANT 

CALCULATE A SERIES OF VALUES OF PASAMETERS ALONG THE HISTORY OF POLYMESIZATIO 
DURING THE STAGE TAO 

DO 240 
do 220 ze 
IF(VD1.LE.0.0) “OTOZSC 
DELTAV=5*DELTAT/(1.G-FI) 
VP=VP+DELTAV 
DPA=(6.08VP/(3 .1G1594NT) #* (1.0/2 0) *10000.0 

vP/DPA) #6000020 
VD1=VD1-DELTAV#*(FI+(C1.C~FI) DP / DM) 
T2=T2+DEL TAT 
X2=¥P #(1.G-FI)#0P /#0#100 .0 

220 ¢ 
WRITE(2,230) T2,X2,4P,VP ,DPA,VOT 

220 FORMAT(/5X,OPF1 .3,F 15.3 ,1P4E15.3) 
260 
250 

7100G0 

  

   

   

    

ANB ADRS: 
WRITE(2,260) 

266 FORMATC///2X,°THE VALUES OF PARAM®T.RS AT THE END OF Teo’, 
S11, 8%," TIMECMINY® 4X ,CO STON(E)*,2¢,*AP(SSCH/CCH)* 2K, VECCC/ 

ECCH)™ LX, "DPCMICROND * 4K ,PVICCOICCWI TS %pMCLEC chT op //) 
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0290 
6291 
c292 
C293 

END OF SEGMENT, LeNGTH 

0294 
C295 
C296 
0297 
C298 
C299 
0300 
0301 
c302 
C303 
0304 
0305 
C306 
C307 
0308 
o3c¢9 
0310 
0311 
C312 
0313 
C314 
o315 
C316 
6317 
C318 
0319 
0320 
0321 
0322 
0323 
C324 
0325 

END OF 

0326 
0327 
C328 
C329 
0330 
C331 
C332 
C333 
C334 
C335 
0336 
0337 
0336 
0339 
C340 
C341 
C342 
C343 
O44 
C345 
C346 
0347 
0348 
0349 
350 
C351 
C352 
C353 
C356 
C355 
C356 
C357 
O358 
C389 
C3eu 

END OF SEGMENT, LENGTH 181, NA’ 

0361 

END OF 

WRITE(2,270) T2,X2,AP,VP ,DPA,VO1,"I 
270 FORMATC/SX,FI0.2,F15 3, 1PGE15.2,CPFIS.0 

RETURN 
END 

221, NAME STAGE 

SUBROUTINE STAGES(T2,VP,FI,KP,NA,NT ,DM,DP,MO,MI,Q) 
REAL MO,NI,KP,NE,NT MI 
WRITE(2 310) 

310 FORMATC//2K,*TH: RESULTS CALCULAT®D ALONG THE REACTION HISTORY OF 

GSTAGE THREE /2X ,64(1H=)//BX, "TIME CHIN) © 4X, "CONVERSION (XZ) "2X, 
S*AP(SGCM/CCM)™, 2X, "VP CCC/CCH)* 4X, "SPCMICRON)* 4X," VMP(CC/CCH) 9) 
VEP=VP+ FI 
T3=T2 

DELTAT=1.0 
X3=0.0 
DO 360 I=1,100 
DO 340 J=1,5 

IF (XE .GE.95 0) cOTO370 
(KP/NA) # CYP /YP )* (T#Q) 
MP-RAT E*DELTAT 

P-RATE*DELTAT#(1.0-D"/DP) 
NT#3.16159) ##(1.0/3.0)#(6.08VP)*#(2 6/320 

DP3=(VP/AP) #60070 0 
1.0-VMF *#DM/O)*100.0 
S+DELTAT 

340 CONTINUE 
WRITE(2,350) T3,X3,AP,VP ,DP2 VMP 

350 FORMATC/SX,CPF1C.3,F 15.3 ,1PGE15.3) 
360 CONTINUE 
370 WRITE(2,386) 
380 FORMATC///2X,"THE FINAL KESULTS OF THE CALCULATION' ,/2¥,36(1H=)// 

87x, 'TIMECHIN) © 4K ,"CONVERTION(Z)® ,2X,°N (PARTICLES) " ,3X,"DPSCMICRON)*, 
9)* 4X ,*MOLECLE w«T."/) 
WRITE(2,390) 13,X3,NT,DP2,MI 

390 FORMATC/SX,F10~3,F15.3 ,1P2E15 63 ,CPFIS.1) 
RETURN 

END 

          

   

  

   

  

SEGMENT, LENGTH 194, NAM STAGES 

SUBROUTINE CHAZHI(A,E,N,X,Y) 
DIMENSION A(N),2(N) 

  

D0 1 J=1,N 
IF CCX“A(S)) #(X=ACJ41))) 10,10,1 

10 124 
GoTo 22 
CONTINUE 
IF CABSCX-AC1))=2BS (X-A (NIP) Z0,24,21 

20 121 
GoTo 22 

21 «L=n-1 

22 IFCI“N#1) 24,23 ,24 
23 I=1-1 

GoTo 27 
24 IF(I-1) 25,27,25 
25 LFCABSCX-ACI)) EBS (X-ACE41))) 24,27 ,27 
26 IsI-1 
27 v=0.0 

IFCI-N) 29,28, 
23 Isi-1 

29 L=1+2 
bo 2 KSI,L 
WEE CK) 

dO 3 J=I,L 

IFCI-K) 30,3,30 
30 WECX-ACIDI/ ACK IMACS) Ah 

3 CONTINUE 

    

VeVi 
2 CONTINUE 

Yev 

    

CHAZHI 

FINISH 

COMPILATION - NO ERRORS 
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