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INTRODUCT ION

1.1 GENERAL

Solids mixing may be described as any operation in which energy is
applied to a particulate solid system such that the inhomogeneity and concen-
tration gradients tend to diminish. It is a critical operation in many pro-
cess Industries, such as agricultural, pharmaceutical, and ceramic industries.
However, it has been much less developed both theoretically and practically
compared to other unit operations. Recently there has been a spurt of acti-~
vity to further develop solids mixing.

Unlike liquid mixing, research on solids mixing has been relatively
limited. Probably the statistical nature and discontinuity property of the
solid particles hinder the development of this field. For example, the cate-
gories of the sampling technique used in a particulate process are far more
complex than those used in a liquid process.

The degree of mixedness is a fundamental state of a system and is always
evaluated from the sampling results. Fan, et al., (1970) reviewed over thirty
different definitions of the degree of mixedness. The difference in the
definitions for the criterion reveals the complexity of the mixing process and
the uncertainty of various concepts and notions in the field of solids mixing.

Since the mixing action is very complex, it is extremely difficult to
formulate an adequate mathematical model describing the action. The practi-

cality and experience still predominate in the design and operation of the
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mixing equipment and in the assessment of the quality of a mixture.

1.2 PREVIOUS WORK

The literature on solids mixing has been thoroughly reviewed by Weiden-
baum (1953), Gren (1967), Klothen (1969), Fan, et al. (1970), and Fan, et al.
(i972a). A brief review of the recent pertinent literature s given below.

Several researchers (Valentin, 1965; Rose, et al., 1965; and Fan, et al.,
1970) stressed the following needs in this field.

a. Unification of the mixing index

b. Clarification of the different mixing mechanisms

c. Measurement and control of segregation

d. Systematic study of mixers

e. Modelling and simulation of the mixing process

f. Rules for scale-up and design

g. Synthesis of the mixing process

1.2.1 Statistical Approach to Solids Mixing

Statistical analysis has become the approach most frequently used among
investigators because of the random nature of the mixing process. Probably
the point at which most analyses begin is that of defining a suitable measure
of the degree of mixing. This measure indicates how the composition of the
bed being mixed varies from point to point. Most authors (for exampie, Lacey,
1943; Bourne, 1965; Weidenbaum, 1969) have agreed that the best way to express
this degree of mixing is through statistical methods, namely some form of
variance which is based upon samples taken from various points in the bed.

Lacey (1943) has shown that for a completely random mixture, the vari-

ance In composition among a group of samples drawn from it is given by



i=3

2 _P(1 -P)
et TR (1)

where P = overall fraction of a particular type of trace particle
n = number of particles in the sample.
Also, for a completely unmixed system, he has shown that
s = P(1 - P) (2)

This leads to his definition of the degree of mixing any mixture
— (3)

where

" =\ 2
S --l-_|-:]— i (Xi X)

Fan, et al. (1970) reviewed over thirty different definitions of the
degree of mixedness, which differ with the systems used and the experimental
procedures followed, especially the sample size. Nevertheless, the relation-
ship between the variance and the sample size is unknown so that mixing
indices based upon the variance are dependent upon the sample size, and com-
parisons among mixing studies in which different sample sizes have been used
are therefore of limited value (Williams, 1969). To overcome these difficul-
ties a theoretical description of the relationship between variance and sample
size for non-random mixtures must be deduced. Bourne (1965, 1967) gave an
Interpretation of the results obtained by Poole, et al. (1964), using a
statistical theory developed by Landry (1944). Danckwerts (1963) proposed a

{
description of the correlation by correlograms, i.e., the relatlonship between
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the coefficient of correlation of point samples and the distance between the
samples. Schofield (1968) showed that the description mentioned can be used
to elucidate the mechanism involved in the mixing process. Williams (1969)
made a theoretical approach assuming mixing components of uniform particle
size. Furthermore, Harnby (1971) has discussed the application of social
survey statistical techniques to mixing problems. He mentioned the possibil-
ity of describing variance-sample size relationships by correlation theories.
Recently, Kristensen (1973) derived a general expressfcn for the variance of
the composition of samples drawn from random or non-random mixtures.

Buslik (1973) proposed the negative log of the sample weight required
to obtain a standard deviation of 1% as a simple numerical homogeneity index
for expressing varying degrees of homogeneity quantitatively. The proposed
method is of universal applicability, and a spectrum of index values for
homogeneity has been computed for certain mixtures over a very wide range.
With a different viewpoint, Akao, et al. (1971} proposed a degree of mixedness
for binary mixtures of uniform size particles in regular and random arrange-
ments based on the coordination number. An imaginary or hypothetical particle
model was proposed by Akao (1969) in evaluating the distribution of coordina-
tion numbers for fine-coarse mixtures.

For convenience of converting each of the degree of mixedness to other
forms, conversion formulae are tabulated in TABLE 1. Several converted
numerical values for different sizes of samples are presented in Appendix 1.5,
It can be seen that MI, Hh’ and HS are more dependent upon the size of the
sample than others. The form H3 = US - 02/03 - ci approaches unity more
rapidly than does the expression M8 = 0q " c/oo B while the latter form is

more convenient in practical application. The comparison of various forms of

expression may be the first step In unifying the definltion of the degree of
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mi xedness.

The principle of uncertainty is Introduced in a probabilistic or sto-
chastic model. A stochastic process is a random phenomenon that is controlled
by statistical laws. This approach seems to be more fundamental and helpful
than the deterministic approach in analyzing and understanding the complex
mechanisms of solids mixing processes. With this type of model, mathematical
intractability can be avoided.

Oyama and Ayaki (1956) proposed a Markov chain model to describe the
mixing of particles in a drum mixer but did not conduct experiments to verify
the model. Oleniczak (1962) postulated a Poisson process to interchange par-
ticles between a volume element and the rest of the mixture. He obtained a
stochastic model for the V-type mixer. The distribution of tracer particles
was found to be bimodel at a low number of revolutions.

Makarov and Gorbushin (1970) used the Markov process technique to des-
cribe the mechanisms of transition of particles in a circular cell model.
They proposed this model for the preliminary design of a batch mixer for free
flowing materials with closed loop internal circulation. It is assumed that
the termination of convective mixing is the determining factor in obtaining
the optimum time of mixing because at some time Lo ™ topt’ and the mixing
process achieves an equilibrium with the segregation process. The main idea
is to divide the internal operating volume of the mixer into a number of zones,
each of which has a characteristic particle flow pattern. Assuming that the
laws governing the movement of particles through each zone are known, Makarov
and Gorbushin (1970) determined the average residence time of particles in
each zone and the standard deviation of the residence time distribution in
any zone. |If the system as a whole is linear, the total average residence

time of a particle and the standard devliation for the entire mixer can be
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calcutated. Experimental verification of the method was presented.

Fan, et al. (1972b) employed a Harkov chain model to model the axial
mixing of solld particles in a motionless mixer. One-step transition proba-
bilities were determined experimentally for the model. A fairly good agree-
ment with the experimental data was obtained for up to seven steps of the
Markov chain, or what was equivalent to seven consecutive passes of the mix-

ture through the mixer.

1.2.2 Scale-up and Design of Solids Mixers

While solids mixing is widely employed and considerable progress has
been made in understanding its mechanisms, sufficiently reliable 'design'
formulae are not available that permit an engineer to design industrial scale
mixers or scale-up small mixers based on the results of laboratory experi-
ments. Comparatively little has been reported on the design and scale-up of
solids mixers.

Muller (1967) and Rumpf and Muller (1562) evaluated different mixing
elements for a paddle mixer. Huller compared the amount of material 1ifted
by the differently shaped elements across the mixer diameter. He demonstrated
that the mixing rate is directly dependent on mixer speed and on the effective
surface area of the mixing element. The effective surface is a function of
the angle between the shaft and the mixing blade. No generalizations were
offered.

Luterek and Cachia (1971) used the Froude number as a criterion for
scale-up of V-type mixers. Their method was verified by experiments where two
different dry powders were mixed in V-type batch mixers of four different
sizes. The scale-up procedure is based on the principle that Froude numbers

for the laboratory scale mixer and the full scale mixer must be equal, l.e.:



N2 kD N kD

(——1 2 2y
g ‘lab. scale g ‘full scale (4)

Lynch and Ho (1973) presented a standard design procedure for determining the
power requirements for double cone and ribbon blenders.

Sawahata (1969) employed the relationship between the circulation and
mixing times to estimate the mixing time of a large-scale mixer. The c¢ircu-
lation time of the particulate solids in a drum mixer was related to the

operating variables as (Sawahata, 1967):

2 Z
Tye = (rmso)ﬂhgévz L (B‘&&)Hc <25 x 107 )
where '
THC = average circulation time of solid particles
R = the radius of the mixer
F/V = filling ratio of particles
h = thickness of the transportation zone

The thickness of the transportation zone, h, in equation (5) can be related to

the filling ratio and Froude number as (Sawahata, 1968, and Sawahata, 1969):

2
NTR F
= (o - 8 '—g'") (v) (6)

==

where constants, a and B, were determined by experiments (Sawahata, 1969).

For the V-type mixer the following equations hold.

VR

2 -
v = oy @2 18 EBy <76 x 107 (7)

where n is the correction factor.

The lengths of time needed to attaln a satisfactory mixed state for the
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drum mixer and V-type mixer, respectively (Sawahata, 1968), are

B, = 20 THC (8)

BV = 10 TV (9}

If the dynamic similarity exists between two geometrically similar drum mixers,

i.e., by holding the Froude number as constant,

2
Eaﬁ-= constant (10)
Let
F
¥ = constant (11)

Then, from equation (6), we have

= constant (12)

|

Relating equations (12) and (5), we have

N THC = constant | (13)

i.e., for two geometrically similar drum mixers,

NITl = N“TlI (]h)
Substituting equation (13) into equation (10)
T|/‘/_§| = Tn/ﬁ‘-n (15)

If (GHC)l represents the mixing time of a small-scale mixer, then the mixing

t ime (eHC)II of a large-scale mixer loaded with mixtures of the same concen-



tration as the small scale is

T MR‘I

v
Oucd = 7 Cuedy = = @) (16)

A similar result can be obtained by correlating equations (7), (9), and (10)
for the V-type mixer as follows:

(6,) —RV( ) T
6 = B =
A RI TR | "IIJET

(8,), (17)

where

(6,), . = the mixing time for a large-scale V-type mixer.
VoL
(BV)I = the mixing time for a small-scale V-type mixer.

Sawahata (1968) presented experimental verification of this method.

1.3 OBJECTIVES

The purposes of the present study are threefold, The first series of
studies sought to obtain further information on the statistical nature of the
samples in solids mixing by a nonparametric statistical approach. Most of
the previous works on the evaluation of the sampling results are parametri-
cally oriented (Harby, 1971; Shinnar and Moar, 1961; and Miles, et al., 1960).
They have to assume that the population is distributed with some parameters.
The application of nonparametric statistics has its merit in testing hypo-
theses when we do not assume, or even care about, the normality. Many of the
nonparametric tests and other nonparametric procedures are simpler than the
usual parametric procedures, and have high power to detect true differences.

The second phase of investigation studied a microscopic and geometric

mixing index-contact number. Most of the definitions of the degree of mixed-
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ness concern primarily the measurement of the standard deviation or the vari-
ance of the spot samples taken from a mixture. Such a viewpoint always neg-
lects the structure inside the spot samples, i.e., It assumes that a comp-
letely mixed state exists in any spot sample. This mixing index, first used
by Akao, et al. (1973), has the merit of not depending on this assumption.
The first part of this second phase was a computer simulation of the distri-
bution of the contact number for a binary system at the completely mixed
state. Results were obtained for the two dimensional cubic and hexagonal
packings at different concentrations of key components. |In the second part
of this phase, mixing index was employed to the radial mixing of particles of
the same size in a motionless mixer. The results were compared with those
made by spot sampling.

The third phase of work investigated the scale-up and design procedures
for tumbling mixers. The principle of similarity (Johnstone and Thring, 1957)
was exploited to study this category of mixers. If the physical properties of
the particles are not far different, it can be reasonably stated that the

criteria derived are applicable to the scale-up procedures.
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1.5 APPENDIX

Computer Program and Numerical Comparison of Some Degrees of Mixedness 1-18
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