


Mixing of Rubbers

Dr. John M. Funt
of the Department of Chemical Engineering & Chemical Technology
Imperial College London

©1977 ,
Rubber and Plastics Research Association of Great Britain

Shawbury Shrewsbury Salop SY4 4NR England
Telephone: Shawbury (09394)383 Telex 35134




A G

ACKNOWLEDGEMENTS

First and foremost I wish to thank Dr. John Jepson and his
colleagues in the Research & Development Division of Acushnet Company
whose generous support and faith in the application of analysis to
industrial processes has made this work feasible. As with all books
such as this, the success of the project hinges on the tireless
support of a good, competent secretary and typist. Susan Hartman
has performed a yeoman task with rare skill and good humour.

Finally, Professcr J.R.A. Pearson has served me well as a scunding
board for the development of arguments. As a colleague he has been

a delight and as a teacher he has been an inspiration.



LT,

TEE:

IV

TABLE OF CONTENTS

Introduction

Blending of Particles

Ut £ G s EER e R 0 R -

The Statistical Description of Mixing

. Definition of Mixedness

The Kinetics of Simple Mixing
Multicomponent Mixtures & Markov Chains
Mixing Equipment

Summary

Literature Cited

Laminar & Dispersive Mixing

Laminar Shear Mixing
Dispergive Mixing
Masterbatches

Incorporation of Carbon Black

Summary

Literature Cited

The Milling of Rubbers

The Analysis of a Calendar
Processing Instabilities
He=2* Transfer

P
Scaie-up Alternatives
Commercial Mills

Summary

Literature Cited

Page Numbar

2L

2/2

24317
2/21
2/30
2/37
2/583
2/54

3/1

3/2

3/15
3/31
3/35
3/39
3/40

4/1

Y /4
4/29
4/39
4/43
4/51
4/53
L4/54




Vi,

VII.

Internal Mixers

.
.
.
.
.
.

A
B
&
D
E
i3
G
H

Flow in an Internal Mixer
Analysis of an Internal Mixer
Alternative Mixer Models
Heat Transfer in Internal Mixers
The Effect of Ram Pressure
‘Commercial Internal Mixers
Scaling Laws and Dump Criteria

Summary

Literature Cited

Continuous Mixers

A.
B.
L

Mixing in Single-Screw Extruders
Mixing in Two-Screw Extruders

Summary

Literature Cited

Powdered Rubbers

s [E  T v o i -

Preparation

Mixing Powdered Rubbers

The Influence of Particle Morphology
Evaluation of Powdered Rubber

Literature Cited

4

571

5/2

5/10
5/20
5/30
5/36
5/42
5/49
S5
5478

6/1

6/2

6/22
6/24
6/25

741

7/2
7/4
7/6
7/8
1/X2



3/

Chapter I

INTRODUCTION

Since the discovery of vulcanization in the nineteenth
century, rubber has been a major industrial product. From its
inception, the use of vulcanizing agents, reinforcing fillers
and othér additives has been a major feature of the rubber
industry. Innumerable articles and texts attest to the chemist's
skill in balancing the chemical and physical properties of the

manufactured products.

In most cases, experimenters have been concerned with how
recipe changes affect the product properties while the physical
processes which formed the test specimen are not considered.

For the rubber processor, however, it is these mechanical operations
which form the heart of his business. The equipment needed for
plant-scale production requires millions of dollars of capital
investment. In the highly competitive rubber industry, the ability
to save two or three cents per pound of product through better
design or more efficient operation 6f mixing equipment can make a
tremendous difference in the profitability of a company. Despite
the commercial importance of the process, no comprehensive analysis
of rubber mixing, considered as a unit operation, is currently
available. This monograph is designed to fill that gap in the
arsenal available for problem solving by the production engineer

or the machine designer.
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Mixing as a general operation may be considered as three
basic processes occurring simultaneously. Simple mixing ensures
that the mixture has a uniform composition throughout its bulk,
at least when viewed on a scale large compared to the size of
the individual particles. In the case of solids blending
(Chapter II), the particle size need not change, but the distri-
bution of particles throughout the mixture approaches a random

distribution.

If the shear forces are sufficiently large, particles may
fracture, as in dispersive mixing, and the polymer may flow, as
in laminar mixing (Chapter III). In both of these processes,
the size of the original particles or fluid elements changes
because of the mixing process. Then the properties of the mixture
depend upon the size of the basic structures reached during mixing.
In the case of laminar mixing, the size may be the striation thick-
ness of a hypothetical fluid element, which is inversely related
to the total shear strain. If relatively strong particles, or
aggregates of particles, are present, these must be reduced in size
by the action of forces generated by flow in the mixer. Then

the size is the actual additive particle size.

The relative balance between the importance of these three
processes in determining the efficiency of mixing and the product
quality depends upon the attraction between additive particles,
the rubber flow properties, the geometry of the mixer and the
operating conditions such as temperature, mixing time and rotor

speed.

The interaction of operating conditions, raw material
properties and the quality of mixing can be a formidable phenomenon
to analyze. However, in many cases a number of simplifying assump-
tions about the operation can be made. The first of these is that
in any piece of mixing equipment, there is one vital section where

the flow conditions in that region determine the rate and quality
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of mixing; the essential physical processes can be described if
flow in that regidbn can be analyzed. For two roll-mills (Chapter IV)
this is the nip region; it is the region between the rotor tip and
chamber wall for internal mixers (Chapter V) and the channel and
flight gap in an extruder (Chapter VI). TIn every case, the geometry
of the mixer is treated locally as if itLWere flow between parallel
planes and!the actual mixer geometry is incorporated by allowing

the space between these hypothetical planes) to vary with position

in the mixer; this is the basis of the lubrication approximation.

For most mixing operations, the primary driving force for fluid
motion is drag flow caused by the relative motions of metal boundaries
in the equipment. Pressure flow is relatively unimportant for mixing.
In many cases, the rubber can be treated as Newtonian or a power-law
fluid, which greatly simplifies the analysis. However, the visco-
elastic nature of rubber compounds imposes a severe limitation on

the stability of the mixing operation (Chapter IV).

One major limitation to the speed of operation of a mixing
process, besides the mechanical ruggedness of the equipment, is
the température rise in the rubber stock because of viscous dissipa-
tion. The heat transfer in mixing equipment may be a problem,
especially in larger mixers. The efficiency of heat transfer depends
upon the geometry of the mixer and the operation conditions, as

treated in the analyses.

Following a basic description of the three fundamental processes
it is necessary to see how these occur in actual mixers. The primary
difference between types of mixers is the geometry of the metal
boundaries. In two-roll mills (Chapter IV) the geometry is the
simple symmetry of parallel cylinders. With internal mixers
(Chapter V) and continuous mixers (Chapter VI) the geometry is more
complex. Yet the same kind of fluid mechanical analysis can be used

for all types of mixers.
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One of the most common problems facing a process engineer
is how to transfer a product from a small laboratory mixer to a
plant scale machine. Simple rules for scale-up can be extracted
from the analyses of each mixer type based upon an understanding
of the fundamental processes. These are treated in some detail
for each mixer because of their importance in handling processing
problems. Although the terminology used is that for scale-up,
the same rules can easily be used for process control to reduce
batch-to-batch variability. Essentially the rules tell how to
set the operating variables for a mixer when the required condi-
tions for good mixing of a material on the same or a different

mixer are known.

The basic flow equations can also be used in their complete
form for the model calculations on a computer to study basic mixer

performance.

In the chapterslthat follow, a description of the basic flow
processes is first deveioped. Then these are applied to commercially
important mixers to obtain a quantitative description of their
operation. These analyses form the basis of a rational, coherent
description of rubber mixing which can be used for maching design,

process control and process scale-up.
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CHAPTER II

BLENDING OF PARTICLES

The blending of particulate solids without a phasevchaﬂge
involves the spatial rearréhgement of the particles without a
change in particle size. A rangom distribution of the particles
is usually sought and expected so that the concepts of probability
and statistics can be used to describe the ﬁrocess. In this
chapter quantitative methods for calculating the state of the
mixture will be described followed by a discussion of the kinetics

of mixing and the efficiency of mixer designs.

s LR
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A. The Statistical Description of Mixing

The quantitative evaluation of the state of a mixture, its
degree of mixing and the kinetics of mixing is given by the statis-
tical theory of mixing. Simple mixing, the process achieved by
blending, can be understood by considering Figure 2.1. Initially
the entire contents of the mixer or blender is partitioned into
two sections, one of which contains only white particles and the
other contains only black particles. Each particle is very small
compared to the size of the apparatus and there is a large but
finite number of each kind of particle. Consider then that a
number of small samples are extracted from the apparatus from
randomly selected positions in the mixture. Each sample thus
selected will be large enough to contain a sufficient number of
particles to treat using statistical methods but will be small
enough to leave the mixture essentially unchanged. These require-
ments on sample selection can pose experimental problems for a
practical application, but for the idealized mixture considered
here, the conditions can be considered to be met. Several repre-
sentative samples taken from the mixture, as suggested in Figure 2.1A,
are shown enlarged in Figure 2.1B. Thescale of mixing is the average
distance separating one type of particle from a different type of
particle {l}. Before the process commences, the scale of mixing in
this example is larger than a sample size, Figure 2.1B, and is of the
same order as the dimensions of the equipment. Except for a few
samples which might be selected from the interface separating'the
two mixer regions, a sample from the starting material will contain

either all white particles or all black particles.

At a later time after the mixing process has begun, some black
particles have moved into the region initially occupied by white
particles and some white particles have moved into the black zone,
as in Figure 2.1C. The average distance between white and black

particles, the scale of mixing, has been reduced. Again a random
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selection of samples is extracted from the mixture as shown in
Figure 2.1D. Now mostsamples will contain both white and black
particles, although the proportion of each will vary from one
sample to another. The average composition over all samples will
equal the overall composition known from the material charged to
the mixture. It is how the distribution of compositions of samples
around the average value changes which is important for the descrip-

tion of mixing.

With further mixing, the black and white particles intermingle
to a greater extent. In a good blender (as described later) a state
of random mixing is ultimately reached. Now the probability of
finding a particle of a given type at any particular point in the
mixer is a constant which equals the proportion of that type of
particle in the mix. If the composition of a number of random
samples extracted from the mixture were measured, the mean value
over all samples would equal the average value for the mixture as
a whole, and the distribution of values of the composition of
individual samples around the mean would be a binomial or equivalent
distribution. Mixing is a random process and does not yield an

(2}

orderly mixture, an important point first stated by Lacey

Although a number of workers were introducing the concepts of
statistical analysis for the description of simple mixing at the

{3}_

same time, Beaudry was the first to quantify these ideas

Consider a sample selected randomly from the entire mixture.
This sample will be small compared to the total mixer volume but
will contain n particles, where n 1is a sufficiently large number
to treat statistically. The problem of sample size and sampling
errors is a standard problem in experimental design i and need not
be discussed here. If the mixture contains two components, say
black and white particles, then let p egual the fraction of white
particles in the entire mixture. If the quantities of materials

charged to the blender are known, then p is known. Then the
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probability P that a randomly selected sample has exactly
*x white particles out of a total of n particles is given by

the binomial distribution {4-7}:

PE) = [oi/xit-xt) Pt (L-p)" % Y e

The average value of the concentration for a sufficiently large
number of samples of sufficient and equal size is the mean of the
population and equals P . If there are r samples, where r is

a very large number, then the variance of the mixture is given by:
62 = p(1l-p)/r ek el

which is a measure of how the concentration can be expected to

differ from the mean value.

Because only whole particles are in the sample, the measured
values of concentration can only assume discrete values. The
binomial distribution is a discrete-valued function and can there-
fore properly describe the sample composition. However, with the
large number of sample particles, calculations using a discrete

function can become tedious. If the conditions:

p ‘< 0.5 csnkBot)
and P >, 5 . ik 2k}

are met, which define what is meant by a sufficiently large number
of samples, then the distribution can be treated as continuous to a

good approximation and the Gaussian distribution results:

Hh
—~
1E]
N’
|

I
—— exp (3G - P)?/0?) a2 8)
o(2m)?
where f is the probability that a sample has composition x/n .
If the fraction of the component of interest p is small, then a
better approximation to the binomial distribution is given by the

Poisson distribution {4’5}:
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feg = e Mn®/x! i i£2:8)
where m = np .
In practice, a limited number of samples, each with a different

number of particles, is counted. Then if r is the number of

samples measured, the mean value of the sample concentration can be

calculated:
v - X
(H) = Z (-E)./r ven G2 T)
i= g

where (x/n)i is the measured particle fraction of the component of

interest in sample 1 . The variance of the sample can be calculated:

. et .El [(%‘-)i & [-n’i)]2 /(r-1) i)

1=

or equivalently:

r
S = r Z

The calculated values of the sample mean and variance can be used
in two ways. As will be discussed in §B, the variance can be used to
characterize the state of mixing for kinetic calculations. But first,
this information can be used to answer the important question &f how
closely do the samples represent the mixture as a whole. The concen-
trations in individual samples would be expected to vary because of
the random nature of the mixture, because of random sampling errors
and because of random errors in measurement. The actual mean and
variance of the population as a whole, that is the entire mixture,
are unknown so some estimate must be made as to whether or not the
measured values are those expected from samples taken from a random

mixture. Statistical tests using confidence limits are used for this
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purpose. A related problem is to decide whether or not two mixtures
with different measured values of the mean and variance can be
considered to the the same or different, for which purpose significance

tests may be used.

I Confiden¢e limits

Confidence limits express quantitatively the percentage of times
the true but unknown values of the population mean or variance, that
is the values of the complete mixture, will lie within a range of
values based upon estimates made from a limited number of sample
measurements. For example, using the Student's t-Test described below,
the measured value of the average sample composition can be used to
make @ statement such as '"nineteen times out of twenty, the true mean
composition of the batch will be between 26% and 32% carbon black".
Information of this type is used for calculations in processes down-
stream from the blending operation where there may be a limit on the
maximum, minimum or range of compositions which will yield a satisfac-

tory product.

a. Confidence limits for the mean. From the mean and variance

calculated for r samples from equations (2.7), (2.8) and (2.9),
the confidence limits of the population mean are calculated:

p = (B = £ 5 fuk ---(2.10)

where p is the population mean. Values of t are tabulated in
standard references {4’8}. For the desired confidence limits, usually
95% certainty, the value of t for the r-1 degrees of freedom are
found in the appropriate table and substituted into equation (2.10),

as shown in Example 1.
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B Confidence limits for the variance. Chi-squared (xz) tables{u’S}

are used to calculate the confidence limits for the population variance
in a similar manner. For r-1 degrees of freedom, two values are
found in the table. First the value x% is found which is so small
that anything less than that would occur less than 2.5% of the time.
Secondly, the value x% is found which is so large that any value
greater than that will occur less than 2.5% of the time. These
correspond to probabilities P = 0.025 and 0.975 respectively.

Then the chi-squared values will be within these limits 95% of the

time and the population variance can be estimated:

2 2

ns rs

— 2 = O 2 i 5
x% R PR %%

as shown in Example 2. In addition to placing limits on the values
of the mean and variance of the mixture as a whole, confidence limits
test can be used to describe blender efficiency as presented in a

later section.

2, Significance tests

Significance tests expreés quantitatively whether or not the
set of samples has the same characteristics as some reference material.
This reference material may be the composition required for processing
downstream for quality control purposes in preparing new batches. The
reference material may be a hypothetical perfectly random mixture
having the same overall composition as the sample, or the reference
material may be a laboratory-mixed sample when scaling large-size

equipment.

Each of the significance tests is a "null hypothesis" test. First
it is postulated that the reference and the sample material have
exactly the same composition. Then a parameter is calculated based
on the values of the mean and variance of the sample and on the known

values of the reference. The calculated parameter is compared to



