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SUMMARY

The literature published on powder mixing 18 reviewed
and the conclusion drawn that the operation 1s misundersteod
and the si1tuation confused hecanse 1nsufficient attention has
heen paid to the properties of particles being mixed. As an aid
to simplication, powders are c¢lassified as free flowing powders,
where the particle motion 1s i1ndividual and non-free flowing

powders, where the mixing 18 more concerned with the shuffling

and subsequent breaking down of large agglomerates,

This thesis considers the mixing of free flowing powders
only. A 'ditfusion' type equation 1s obtained by stochastic
analogy after two postulates are made. Thses postulates are
concerned with the packing of the particles and the momentum
transfer, The application of this equation to four cases are

discussed i1n relation to these postulates, The four cases are

(1} The mixing of components consisting ot physically
identical particles

(2) The mixang of components of same density and different
particle s1ise

{(3) The mixing of components of same particle size but

diiferent density

(%) The mixing of components of different density and

rarticle size,

The results of a large series of experiments of mxing
1n horizontal drum are presented i1n the discussion of these iour
cases. The effect of mixer dimensions and the speed of rotation
1s turther discussed 1n relation to the mixing of physically
1dentical particles. When particles of different size and/or
density are mixed segregation occurs, It 1s pessible to predict
the type of segrepation that will occur and 1n some cases to

predict the correct operating condition which will enable a

pseudo-randomisation of the mixture obtained.
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CHAPTER ONE

INTRODUCTION




The mixing of powders 1s one of the oldest unit operations.
Powders have heen mixed to a line scale of scrutiny in many fields
of technology over many hundreds of years and one might expect
that the operation would be well understood. Yet 1t 1s an operation
frequently neglected in textbooks on Chemical Engineering because
1n most 1ndustrial applications, the mixing of powders 1s an art

more than a science.

Une ot the reasons why the technology of powder mixing 1is
not as advanced as 1t might have been 13 due to the complexity of
the operation, Powders can consist of materials of widely dafferent
densities and particle sizes, Avallable powder mixers show as much
variation 1n their geometry and method of 1mpelling the material.
To put the wide range of particle properties into a diverse selec-
tion of machinary and expect a simple unified theory 1s perhaps
asking a little too much. Furthermore the question of how one can
assess the progress of the mixture has lead to a multitude of
different methods. All using statistics as a reasonable method of
handling the hulky experimental data. Uniortunately the arguments
over which statistic gives the more reliable assessment has led to

the overlooking of the process which 1s proceeding within the machine,

Attempts have been made to describe the mechanisms of
powder mixing, but here again one can be easily misliead by taking
the obvious analogy that powder mixing 1s like liguid mixing and
mechanisms which apply in liquids should apply i1n powders, This
1s not so, as a powder consists of small particles and by this

essence 13 very different from a liquid.

The aim of this study 1s to study powder mixing as a parti-
culate problem and by so doing put a little order into the confused
state of knownledge. There are many possible approaches to study
this problem, The most direct one 1s to consider the tundamental
property ot the materials and to classify the powders Lo be con-
gi1dered under this heading, Powdered materials can be generally
clagsified 1nto free flowing powders, i1n which the i1nterparticle
iorces are small compared with the inertia forces and the parti-
cles can be considered as separate entities and non-Ifree flowing
or cohesive powders, where interparticle forces can not be 1gnored.

This study 1s concerned with the first class of powders.



Since 1n free flowing powders, lhe particles can move
individnally, the movement of the particles can he considered
by a -iochastic analogy. Assumptions have to be made to make
the analogy applicable but deviation from the degenerate case
enahbel a closer 1nsi1ght 1nto the behaviuor ot the mixtures to
be obtained. It 1s hoped that this approach will provide a better
understanding ot the mechanisms of mixing and segregation of

free flowing powders,

The experimental work consisted entirely of a study of
the simplest powder mixer - the horizontal rotating drum, since
the picture of mixing mechanisms can be confused by using to
complicated a machine, The experiumental results both gualitative
and quantitative are presented 1n full detail since they might
be ol use in ueveloping new and better theories., This 1s telt
to be w1mportant because as 1s seen in the literature survey, too

'

much experimental evidence has been proposed which cdan not be

used to {est new theories of mixing because 1nsuificrent data

has been presented,
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2.1, INTHOLBUGCTION

The measurement of mixing progress 1s generally described
by a degree of mixing or a mixing index ot which many forms have
been proposed, No general form, however, has been proposed which
can cover all hinds of powder mixing, The concept of a degree of
mixing 18 necessary to obtain a degree of comparisen between
mixers i1n a particular system, but has 1t been necessary for each

1nvestigator to propose a new deiinition®

The rate of mixing has been considered as first order
di1fferential equation by a majority of investigators, but others
Lave proposed a second order relation, So the reported experimental
results can not be summarised i1n a universal rate equation re-

presentaing all the mechanisms of powder mixing,.

Attempts to i1nvestigate the mechanisms of powder mixing
are important for many reasons. Firstly, 1f the mixing mechanism
was known and understood, 1t should lead to a method for calculat-
ing the mixing time in various mixers, The amount of tiwe necessary
for testing could be then reduced considerably, and the final
states of mixedness predicted. Secondly, the rate of mixing 1s
dependent on the mechanisms of mixing, therefore, a study of these
mechanisms should point the way in which machine and technique
could be improved. However, the published literature 1is very

deficient on this point,

Although many papers have been published on the mixing of
powders, comparison between the work of different investipgators
1s diificult because the resulis are very dependent on the material
used and the techniques employed. It 1s difficult for one to survey
all the literature i1n a form which would cover all aspects ot
powder mixang, e.¢., degree of mixing, theory of mixing, experi-
mental work, ete. Therefore, for convemience, the survey has
reviewed the literature under three headings, namely, the degree
of mixing and experimental details, the theory ot mixing-rate and
mechanisms, and the equipment and materials used. These are
presenied i1n chronological order. 1t 1s hoped that the survey
will provide an easier form tor the comparison of ditferent

proposals from the available literature, without adding further

confusion. Since most of the worl done by Japanese researcliers




&

had not bLeen reviewed previously (ma1nly becrause 1t was written

in Japanese), a more detailed discussion of this work 1s given,

2.2, THE BFGHRER OF MIXING AND EXI . HIMENTAL DLRTALLS

Oyama publaished a series of papers trom 1933, entitled
'the motion of granular or pulverulent materials 1n a horizontal
rotating drum', These studies contained the i1nvestigations ol tLhe
motion and mixing of granules in the horizontal rotating drum. 1n
here, only those papers regarding to the i1nvestigation of mixing

w1lll he reviewed,

Initially, Oyama (57) studred the mixing with components
of equal sived granules only distinguished by coleour, i1n a hori-
zontal cast iron drum {200mm 1.D., 40Umm 1n length) on which a
glass panel was rixed on one end, The drum was driven by a rari-
able speed electry motor. lilack and white limestone granules (1,J3mm
d1a.) were loaded 1n such a way that gave two parallel layers, one
on top ol the other. Un starting the drum, the progress of mixing
was recorded with a cine camera which was pldced on outside of the
glass panel, The cine film which recorded the motron of the granu-
les, was used for analysing the experimental resulis. A light beam
was projeclied through the 111lm to a photetube which 1n turn was
connected to a fi1bre electrometer. With moving of the {1lm at a
steady speed, the movement of the granules could be projected vn
to the phototube, The movement o1 the f1bre of the electrometer
recorded the changing intensity of the 1i1lm and was recorded con-

tinuously.

A tormula was given for the i1ntensity ol light received

by the film 1rom a group ol granules,

1/¢
1 0

z — —— 2.1
Where, 1 = intensaty of light,

0 = opecity ot the photographic image,

()'= opacity of the fog (bachground),

t = time of exposure, aad

T - a constant depending on the I1lm used and tue

developoug conditions (1or Uyama's (ase was 1.53)
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Thus the intensity of light in terms of progress of mixing

could be measured. This may be seen 1n ¥i1g.(2.1). Before the mixing

c
C
b X M
start 38 Rew
C
M WM
49 Rew 7-1 Rev

eV NNV P VN e Ay i

10 t Red i1 6 Rev
Fig.(2.1) The changes of intensity of light as mixing progress.

started, 1t had two parts, one due to the black granules which was
loaded on the bottom, and one due to the white ones on the tep. A
sharp jump occurred in the gap as the light passed through the
borderline between the two layers, At 4.9 revolutions, the diffe-
rence between band ¢ was less than that for the initial state. Also
the layer number of the amall peaks and valleys as compared to the
1nitial state indicated that alternate layers of differently coloured
granules were be_inning to form. At any speed of rotation,

however, the intensity blecame more uniform . For the purpose
of comparing the degree of mixing at each speed of rotation

the tormula for the degree of mixing was proposed as;-

1
M-y - —ERXE (2.2)
max Cg
Where, M = degree of mixing,
= d to the
Lax o intensity of light 1 corresponding to th

maximum density difference,

1oax e 1ntensity of light i corresponding to the

pre-rotation maximum density difference,
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The degree of mixing covered the raunges  from the initial

state (M = 0) to the complete mixed state (M = 1),

The relationships between i and revolutions of drum at
different states were shown in F1g.(2.2). Fig.(2.3) shows that

the relationships between degree of mixing and mixing time at
different speeds of rotation,

400

2,‘,\_‘

oo}

-

o 2 4 6 8 io
Na, of revolutions

Fig.(2.2) The relationships between 1 and revolutions.

10

16 P

Degree of MiXing

! 1 ] ]
LY fo 20 30 40

Mixing time (seconds)

Fig.(2.3) Degree of mixing va, time of mixing.

Oyama concluded that at higher speed of rotation, up to
80rpm, a higher degree of mixing was obtainable, as could be seen
in F1g.(2.3). The most satisfactory resulis were obtained when the
speed of rotation lay between the equilibrium state and the criti-
cal state which was around 60rpm. The proposed degree of mixing

only applied to the observed end plane,




Later, Oyama (58, 59) investigated mixing of granules
with different sizes, the degree of mixing was developed on the
basis of the packing theory. The degree of mixing for two diffe-
rently sized granules mis3=¥e involved a comparison of the specific
volumes of the 1ndividual materials, with that obtained when the
two materials were packed as closely as ‘'practically attainable'.
The relation between specific volume and weight percent of the two
components was plotted as in Fig.(2.4) in accordance with the data
tletermined by Westman and Hugill (86), who had used a specially
designed machine to determine

the minimum value attainable, 04

i 35 mm
this could be represented by ds aSTem

the straight line AB in Fig.(2.4),

and this line may be written by

an equation as,

. A— (2.3)
Sl(l - 71)

Where, V., = specific volume of

Specific Volume in lﬁij

the mixture,
51 = true specific gravity
of the large particles,

vy = fraction of voids of

large particles,

x = weight fraction of large

particles, Wi+ Wy

It was supposed that a weight Fig.(2.4)
fraction x of large particles 18 i1n~
troduced and distributed at random, through ithe bed of fixed
components without leaving any voids between the adjacent
large particles. Then, for a unit weight of the system, the
specific volume waa represented by a straight line CBD, or
1 - x x

V, = + (2.4)

If two components of different sizes were introduced
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separately into a container without action of mixing, the total
volume would be the sum of each i1mndividuwal apparent volume. So

that the specific volume could be expressed by an equation as,

x 1 -x
Vg = 4 (2.5)
31(1 - vi) 82(1 - vz)

or the line AC in Fig.(2.4).
(Subscript 1 referring to the large particles and 2 to the small

particles)

In order to obtain an equation wiiich represented the
specific volume of packing of a binary mixture, having any dia-
meter ratio, Oyama developed an empirical equation from a general
equation which was based on the theory i1nformed by Westman and

Hug:21ll. That the general equation 1is,

x% 4 26XY + Y - 1 (2.6)
When G = 1, Eq.(2.6) becomes,

X+Y¥=1

G = © Eq.(2.6) becomes,

XY = 0, G 18 a function of diameter ratio,

By making appropriate substitutions for X and Y, from
Fgs.(2.3), (2.4) and (2.5), then Eq.(2.6) could be converted into
an equation which becomes Eq.(2.5) for G = 1, and either equations
of (2.4) or (2.5) for G = o, Consequently X and Y obtained,

X = So(1 - vo)(Vg - gzrz—f—;zy }

N Uil U N S T SO

for Eq.(2.6).

The degree of mixing was determined from Fig.(2.4), 1f (ac)

18 the difference between 'non-mixed' specific volume and closest

packed specific volume, and (ab) the difference between 'non-mixed’

specific volume and mixed specific volume, the the degree of mixing

could be defined as,

M = (ab)/{ac) x 100 (%) (2.7)
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The experimental work was performed 1n the same drum mixer
which was used 1n the previous paper (57), however, the materials
tor this studies 1nvolved three different sizes, 3.5mm, 1.3mm and

0.57mm of limestone granules,

Uyama concluded from the experimental results that the
hi1ghest degree of mixing would occur at 60-80rpm regardless of the
si1ze ratio of particles or the proportion of each component. At thas
speed the state of motion of particle changed from 'cascade' to
‘cateract' and may be called the 'critical' state, A further in-
crease 1n speed of rotation to that corresponding the equilibrium
state at 88rpm lowered the degree of mixing., The degree ol mixing
1s also attfected hy the weipght ratio of two components. 1t was
seen that a higher degree of mixing would be obtained when the
welpght ration approaching the extreme values of zero and infinity,

and the poerest valune when the proportion was unity.

Continuing these experiments 1in the same horizontal rota-
ting drum mixer, Oyama (58, 00) found that separation of the granules
occurred after a certain time of mixing, This separation phenomena
was observed after the drum was stopped, the mixing bed had appeared
sceveral clear strips {(the author did not give clear description of
the strips, whehter they were formed by large or small granules, 1t
1s understood that the 'strip' has the same meaning as the 'band'
discussed by Roseman (69)). The strips were formed perpendicular
to the axis of the drum and appeared to be a change i1n structure
of the granular material. The structure, number and the widths of
these strips was very dependent on the operating conditions, but
they were reproducible under the same conditions., The stirips soon
appeared and became more sharp and stable as the mixing continued.
The strips even appeared when two components well mixed belore the
experiment were rotated in the drum. The pattern of these strips
was atfectid by the weight ratio of the two components, but not

the total weight of the materials being mixed.

Oyama concluded that the mixing mechanisms of two compo-

nents of d1{ferent sizes are largely influenced by the different

physical properties ot the materials. The cause ol the appearance ol
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the strips was principally attributed to the ditterent collapse

of the components 1n the mixed bed at the starting oif rutation (
1t 1s understood ihat the 'diiferent collapse' means the dilferent
anpgles of repose on which Uyama had done a considerable amount ot
experiments to demonstrate the eifects ot the collapse of difer-
ent materials). Although a considerable amount of experimental in-
vestigation of this phenomena was made by Oyama. No reason why the
separation of large and small granules appeared to depend granule

s17ze was given and the 1nvestigation remalned qualitative.

Lacey (48) performed fundamental work on the degree of
mix1ng which i1nvelved the very laborious counting of all the parti-
cles {0.2" dia. of bullet topioca) in a mixture. The experimental
work was carried out in a wooden sphere, the degree of mixiung was

1/2

proposed as :-—

M= (38/n) (2.3)
Where, M = degree of mixing,

d = traction of A particles i1n the mixture of A and B,

% = traction of B particles 1n the mixture of A and B,

n = number of particles i1n a cell (mixture completely

¢1vided 1nto cells).

The plots of M vs, 1//n characterised the mixing. Lacey
thought that there 1s probably a famly of curves of the similar
shape could be obtained for each combination of mixing machine and

materials,

Buslik {13) considered the mxing of multi-sized particu-
late materials, a formula was developed for computing the standarad
deviation (03 ) for a given weight of a random sample which has a

known size distribution of the particles. The formula 1s,

L3 6o - Gw, + 637 - 7y)

e = (2.9)

W

= average particle weight 1n a size fraction being

£l

g
investigated, Yhe si1ze generally coutain a range

of sizes and 1s actually included but this irac-—

tion 1s called w, size (constant density being
=




1%

assumed), the calculation of wg was discussed by
the author,

G = percentage by weight of the mixture of particles
of g1ze wg,

w = average weight of all particles of all sizes 1n the

whole mixture which 18 calculated from,

w = 1/100 (Awa + Bwpy + ... L)
where, A, B, ... are the percentage by weight
of the si1ze wy, w,,... . 1n the mixture,

W = total weirght of sample.

Buslik followed Oyama in considering the mixing of ditler-
ent si1zed materials, but 1t 1s felt that tiis proposed ‘'degree of

mixing' 1s too complicated tor practical purposes,.

Coulson and Maitra (21) studied the mixing of powder expe-
rimentally, The experimental work was performed 1n a simple rota-
ting drum mixer which could be inclined at an angle. Various angles
of i1nclination and materials prop-erties were investigated 1n terms
of rate of mixing and segregation tendencies. A simple me thod for
tinding the degree ot mixing was proposed, 30 spot samples were
withdrawn at each time for analysing the mixedness, 1f n saumples
out ot 30 were tound to have approximately the same compositien
as 1n the whole system then the degree of mixing was detined as,

M o= —— x 100 % (2.10)
30
percent mixed.

In their analysis, an ‘unmixedness' i1ndex X was used lor
the experimental plots which measured the segregation of the

mixture. This 'unmixedness' i1ndex X was defined as,
X = {100 - M) % (2.11)

It was concluded that a inclined angle of 230 of the ro-

tating drum, optimum mixing performance would be achi@ved,

Beaudry (8) preseunted a means for determining how will
a continuous blender was operating, as compared with how well 1t
18 capable of operating. This takes into account the type of

blending cycle used, the ratio of blender volume to batch volume,
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and for certain cycles, the ratio of the inflow rate to the out-

flow rateyg

(Vb/Va) -1

Blending Efficiency (B.E)} = x 100% (2.12)

Where, Vyp = variance among the batches before blending,
Vg = variance among the batches actually obtained
after blending,

the variance was defined as,

2:(01 - caV)2

V =
N
where, C, = the value of component A for the 1-th
1 P
batch,
Cay= the average value of component A,

N = number of batches sampled.
4 = the limiting ratio of Vb/Vp, Vp is the variance at
perfect blending.

Application of this blending efficiency was only considered

1n the blending of liquids.

Visman and Van Krevelen (81) replotted Coulson and Maitra's
results on a probability paper,tsﬂtg&mﬁdﬂdthat this method of plot-
ting would give a better interpretation of the 'unmixedness' index

of Coulson and Mairtra.

Dukes (27) developed a means for testing the randomly mixed
powders, as called the eguivalent agglomerated size (E.A.S) which

was defined as,

Pg  o(x-3)°

E.A.S = { —)( ) (2.13)
X - X n-1
Where, P = number of particles of each sample,
g = number of grammes weight in each sample,
n = number of samples drawn and analysed,
x = proportion of a determinable constituent C 1n

each sample, and

= mean proportion of C 1n the entire powder.

X

The smaller the E.A.S, the better was the degree of wixing.
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In the limit, a mixture which was completely randomised in the
statistical sense with respect te i1ndividual particles sliould

have an equivalent agglomerate size of unity under 1deal condi-
tions. The limitation of experimental technique and analyticsal
accuracy made this limit unattainable in practi e. The experimen-

tal resulis obtained from mixing of coal and magnesium oxide with

an average of 3x10b particles per gramme,gave an E.A.S. of 352,000
after 0,5 minute mixing, however,an 1ﬁE;x decrcased to 1,040 after 16

minutes of mixing,

Theoretical study of the mixing process was discussed by
Danckwerts (23, 24), who defined the 'goodness of mixing' by two
statistically deitinable quantities, the scale and the 1intensity of

segregation .,

Danckwerta considered the scale of segregation as analogous
to the 'ascale of turbulence' used i1n the statistical theory of

turbul€nce. He defined this property as

R(r) (ag - a)(ay, ~ @) (bqy = B)(bg - b)
T a2 T (b-%)?

(2.14)

Where, a;, agp (or by, by) are concentrations measured at
two points in the mixture at a distance r apart,
a or b are the mean concentration of a or b i1n the
mixture as a whele.
R{r) 18 called the coefficient of correlation he-
tween the values of a (or b) at points separated

by a distance r.

Then he stated two measures of this scale of segregation,
the linear scale S and the volume scale V, The linear scale was

defined as, o ¢
S =f[R(r)] dr -f R(r)dr (2.15)
(¢ (o}
where, ¢ 13 the value of r for which R(r) falls to zero., The volume

2
scale is 27 times the area under the curve of r = f{r"R(r)) so that,
€

Va2rn :b[R(r)]dr = 22/:2R(r)dr {2.16)

o

Danckwerts gzave several methods for measuring the scale of segregation.
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s0lids mixing, which involves analysis of a number of samples, a

formula was developed for computing the scale of segregation V,

as follows ;-

Ve (2.17)
= .1

2 Ve’

where,U 18 the variance among the spot sample measurements (the

content of A in each sample of size v is denoted by X), Ofla the

mean concentration a,

The determination of point concentration by special tech-
niques such as electrical, optical methods, following the progress
of a chemical reaction, was discussed by Danckwerts., Although these
1deas are very interesting, their adaptation to a dry powder mixing
process would require considerable investigation of practical

means of powder mixing. The measuring techniques must not so dis-

turb the mixing patterns, that fhepicture obtained 1s not truly re-

presentative of the mixer in normal operation.

The antensity of segregation was defined as ,

2 2 b
Gy oy 02 e
I = — = =

Ab ib  AU-E) T BU-B) (2.18)

where, G (or 0. ), a, b, are denoted as above, I 1s the i1ntensity of

segregation,

Although I had been represented 'in total', however, 1t

wasthe ratio of the variances.

variance of point concentrations of component A from the overall

Blumberg and Maritz (9) discussed the theoretical concepts
of complete and incomplete mixing from a view point of statistical
hypothesis. The experimental data was given from the mixing of two :
materials having the same particle size differing only by colour. }
For the degree of mixing of an i1ncomplete mixed batch, the follow- |

ing equation was proposed,
2 |
¢ =v Z:(r,;1 - &) (2.19) |
Where, v = the average number of particles per sample,
-
Z = 2 sinlil , X1 = 9/n , which equals the fractioen

of real particles in a spot sample of n particles,

{,= 2 sin/o5, as the fraction of real particles in the
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whole mixture,

Since$ is also a chi~square variable, the probability that
a value as large as the computed value would occur by chance, which
could be looked up i1n the chi-square tables, If this was less than
the level that had been set (say one time i1n twenty), then the
mixing was considered to be incomplete, If it turned out, however,
that this large value could occur by chance of more than one in
twenty, it was then considered the mixing was complete, 1.e., a

randomly mixed batch had been obtained.

Lacey (49) further stndied the mixing of particulate solids
theoretically, He set up the theory of mixing mechanisms which
showed the relationship of few systematic practical investigations,

He proposed the degree of mixing from Kramer's original formula to,

2 2
do - ©C
M = - (2-20)
0.} - oq
Where, o’ = true variance of the samples,

0, = variance at the completely unmixed state, and

d:- expected variance of completely randomised state.

Lacey stated that this degree of mixing is more satisfactory
statistically, since ¢*, unlike ¢, has additive properties. Then he

further developed the expression to, .

r? - &

1 =M = - - (2.21)
S A

which was called a fundamental equation for expressing the state

of a mixture,

One of the outstanding papers was published by Stange (70),
who formulated the measurement of the random variance of a binary
and different sized mixing system with the known size distribution,

This random variance could be represented by a general formula, as,
2 P -2 w3
%= T[R4 6@) + 1+ D)) (2.22)

3
Where, Op = theoretical random variance,

R = werght fractions of the mixing components,

P, Q
3p,5¢= average particle weight for P and @,
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Cp, C4 = variation coefficients for P and @, Referring
to the frequency distribution of particles
by weight, the variation coefficients could

be calculated as,

C =0 /Fp and C =%/¥,,
vhere G, and ¢, are the standard deviations of
welght distribution of components P and @,
and ?p,?;are the mean particle weights of
P, Q.
g = weight of sample,

This equation could be simplified 1n some special cases,

(1) 1n the binary system, 1f one of the componentis ¢ ain
the mixture 1s much less than other component P, as P % 1, hence

Eq.(2.22) becomes,

o =(@/g)% (1 + ¢2) (2.23)

(2) when the imitial distributions consist of almost
equal particle size, the squares of the coefficients of variation
CE and C? become very small compare with unity and therefore could
be neglected. Then Eq.(2.22) 13 simplilied to,

0’ = P—;— (P%+ Q%) = %"- (%)) (2.24)

(3) when both components of the mixture have been comminuted
- - - s
to about the same extent,¥p =73 = ¥ and C? = Ci = 02, then Eq.(2.22)
becomes,
o7 = E—Q?u + ¢9) (2.25)

(4) when component P in the mixture 1s over whelmingly

predominant, say P = 90%, and the mean particle we1ghts?;and7i
9

and the coefficient of variation Cg and Cy are for both com-

ponents at least 'of the same order', then Eq.(2.22) becones,
- 9 .
Ty = ?- Pl (1 + C3) (2.26)

(5) when the weight fractions of P and ¢ are of the same
order, P = Q , but component ¢ 1s mueh finely divided than P,
Tp << $a , then Eq.(2.22) becomes,

0o = %9. Q% (1 + ¢2) (2.27)

Later, Stange (77) extended the tormulae developed to
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evaluate three or more components 1n the mixture. To accomplaish this,
the 1nitial approach was to combine two real components into a
fictitious component and to treat the mixture as a binary system.

The mixing quality could be computed for all three components,

Weidenbaum and Bonilla (82) investigated the fundamental of
mixing of powders i1n a horizontal rotating drum mixer. The materials
used were salt and sand having the same particle size (—44/+5h V.8,
mesh). Various theoretical aspects of the subject were discussed
and the degree of mixing was described as the ratio of the random

standard deviation to the measured standard deviation, as

T 3
M= — (2.28)
1/2
Where, Op = [P(l - P)/n] , P 18 the true particle fraction

of one of the components i1n the mixture, or the
mean binormial distribution, n 1s the total

number of particles in a spot sample,

¢ - (x/n)2 - (z/m)* f

, {(x/n) 1s the particle fraction
N

of the sample i1n 1-th spot sample, (x/n) 1s the

arithmelical mean particle fraction of a com-
ponent for N spot samples, N 1s the total number

of spot samples taken from the mixture.

Graphs of G vs., number of revelutions were plotted. Also,
the use of chi-square test was 1llustrated for comparing distri-

butions to determine whether a batch was randomly mixed,

Smith {75) studied the mixing of so1l with chemicals for
the stabilisation of so1l, The strength of stabilised so1l was de-
pendent on the uniformity of the mixture., A mixing coefticirent M
was proposed which was defined as the ratio the standard deviation
of completely unmixed state to the standard deviation of the sawples

taken from the mixture, as

o-o [} i
M= —= (2.29)
Where, o= (x- uu)z/N , x 1s the content of the additives

of any spot sample, u,1s the mean fraction of the

additives, N 18 number of spot samples taken trom

the mixture.




0';:[11,(1 —-u.)] .
M 1s unity at no mixing state, und Lheoretically approach

to 1nfinity as mixed product hecome more and nore unilorm.

Forscher (32) theoretically studied the continuity of one
powder (A) 1n a mixture of two powders (A and 1!}, by means of using
the stochastic process. lt was assumed that the two powders are
well mixed, so that particles of powder A are randomly distributed
in the powder B. The continuity condition for powder A 1s expressed
by the probability that the separation between two particles ol
this phase vanishes. For spherical particles of unequal sizes the
continuity condition can be stated as a probability that the dis-
tance between the centres of any two particles of powder A equals
the sum of the radii. The analysis methods (3 steps) and general
equations were developed, A powder mixture of equal spherical
particles was discussed by generating the random number, an such a
way that they had a random distribution which the auther claimed
that as a special case of the general method, The author first
explored the mixture of powder which relating to packing and
stochastic considerations, however, the proposed method seems

limited to the equal size spherical powder mixture,

A method based on accepted statistical laws was derived to
show how the mixing of particulate ingredients could be measured,
andhow the derree of mixing may be i1ndicated by an i1ndex ot probabi-
laty, vas given by Adams and Baker (1). They studied the mixing
operation 1n four types of mixers, using natural polyethylene
vranules {white) and carbin blacked polyetlhylene granules (black).
Thiree sets ot test were carried out i1n the mixers. The lirst two
sets of test required the graphs ol the blacks vs. the seguence
number of samples ; one test looked for the number of samples out-
side certain control limits or confidence limits, and the other
looked for the number of consecutive samples on one side of the mean,

The thaird test required computing
b = o/% (2.30)

Where, ¢ =5{x - E)z/(N - 1) , x 1s the number oif hlack

pranules i1n a sample, X 1s the mean ot black granules

1n the samples, N 1s total number of samples.




I'rom t'e graphs, the probability of obtaining this large
valjue of b from a porsson distribution was obtained. This probability
was used as a measure of mixing in a manner analogous to that of a

statistical test of si1ignificance,

Oyama and Ayaki {62) studied the powder mixing by consider-
ing mathematically the degree of mixing and some other theoretical
aspects on the progress of mixing. The stochastic process was in-
troduced with particular interests on the Markov chain technique.
The analysis of transition probabilities i1n a matrix of a Markov
chain lead to the equations similar to those of Brownian motion, on
the assumptions that the mechanism of naixing 1s i1ndependent of time
and position in the mixer. The authors stated that these assumptions
seemed to he satistactory for measuring the longitudinal mixang 1n
the horizontal rotating drum mixer, with materials of siwmilar
physical properties. A simple degree of mixing was proposed, as the

measured sample standard deviation, or, 1ts square, the varaance,

6"« - (x,- %)* (2.51)
1f the true particle fraction in the mixture 1s known, then,

o= L (x - a)? (2.31)
Where, a 18 the true fraction of components i1in ilhe whole

mixture, x,is particle fraction in a sample and x
18 the average fraction of samples, N 1s number of

samples,

Anindex ot mixing which 18 the form proposed by Latey {
Eq.(2.20) and Eq.(2.21)) was used for the plotting of the experi-

mental results.

The authors considered that the degree of mixing could be
composed of two parts, 0y and 0y ,It was deseribed that Oxis the c?
due to local composition variations which would be independent of
sample size, and Or 1s the variance due to sample size, which were

referred that Oyama's earlter theory as whole and local mixing.

Experimental work was performed in a horizontal rotating
drum mixer with a conslant speed of rotation, sands of same size
were used, The main emphasis of this paper was on the rate of

mixing and the operating conditions of the mixing process.
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Since 1956, a series of studies were published by Yano et
al., who 1nvestigatedthe mixingz of powders 1n several mixers, such
as V-type (V), double cone (D.C.), rotating cube (k.C.), horizontal
drum {}.D.) and ribbon mixer. The performances of these mixers were
tested caretully, under various mixing conditions, as well as the
pliysical properties of the materials used., Finally, the authors
concluded that the experimental results could cover most of the
mixing process in the tumbling mixers, lowever, 1n the case of ri-

bhon type mixer, 1t should belong to another catagory.

Since these papers are very comprehensive studies ol the

subject, separate reviews are needed,.

{1). The first paper by Yano et al (89) was a detarldstudy
of the mixing of powders 1n V-type mixers. Two sizes of the miXxers
were used (actual mixer sizes were 0.7 and 5.5 litres resp.). PVC
and anhydrous sodium carbonate powders of the same particle size
{(-100/+4200 standard mesh) were used., The sample standard deviation

was proposed as the degree of mixang.

1 2
o [ (c,- co)?] (2.32)
Where, o = between sample standard deviation,vol.%,

Co= concentration of Na2(303 in the mixture 1n a
perfectly mixed state, vol.%,
C, = concentration of Na,CO, in the spot sample,vol.%,

2°73

N = number of spot sample taken at each sampling,

The sample was analysed in such a way that each spot saaple

was welghed, 1ts weight w gm. contained both Na,CO, and PVC powders.

The powder was placed i1nto water, Na2003 dlssolfed? then PVC can be
separated by 1i1ltration. 0.1 N HC1 solution was used to titrate
the Na2CO3 solution. The use of 0,1 N HCl could be comerted to
the quantity of Na2CO3 in the solution by weight. The weight of
Ma_CO_, 1n each spot sample was denoted by W s SO that the weight ot

2773
PVC (wp) could be computed,

The concentration of Na2003 1n each spot sample 1s then,

_ 100 0 =% C=100 (vol.%)

1+ (wp/wa)(Ga/Ps)
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{
¢ =c¢, = 109 , 0£C,£100 (vol.%)

T 1w (wy/w) (R 0)

LN and w, are the weights ot Na2003 and PVC powders,

where,
p. and P» are the densities of Na2003 and PVC powders,

A standard deviation of 13.2% was computed which was based
on 30 spot samples at each sampling taken at the speciticed location
1n the mixer, comparing with the standard deviation of 13.9% which
was based on 7 spot samples taken at the representive places under
the same operading conditivns, Therelore, 1t was decided that the
standard deviation would be based on 7 spot samples tor each sampling

throughout all the experiments,.

The time required to achieve the minimum standard devia-
tion was influenced by the speed of rotation, the proportion of ma-
teri1als loaded to the total volume of the mixer, the ratio of the
two components and the method of loading, The minimum standard devi-
atiun was shown to occur at the extreme ratio of the two componenis,
1.e. 0 or oo, the highest value of standard deviation occurred at
unity. The authors emphasised the importance of the method of load-
1ng, good loading shortened the mixing time. Diiferent optiwum opera-
ting conditions were ohtained for different sized mixers. For small
mixer the best speed of rotation was found to be 60rpm and for large
one the optimum value was at 50rpm. A 13.6% of the volume ratio (equi-
valent to about 30 vol.% of loose packed powder to the total volume

of the mixre), the best mixing results could be obhtained.

(2) The second paper was published a ,ear later (1957} by
the same growp ot authors (90). They 1nvestigated the pertormance
of various powder mixers, such as double cone (D.C.), rotating cube
(R.C.), horizontal drum (Il.D.) and the V-type mixer which was used
in the previous study. Two sises (0.7 and 5.5 l1tres) ot each type
of mixers were used. The naterials and the testing technigues were

the same as discussed previously.

Various opertating conditions such as speed of rotation,
fullness of loading were studied for each mixer regarding to the
degree of mixing and the mixing time required to reach the minimum
standard deviation (not necessary the best degree of mixing) tor

all wixers remained fairly constant, but st speeds greater than 50rpm,
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dijjerent Tosults Weve oblained The optimum speed of rotation for the best
mi1xing conditions {lowest standard deviation and shortest mixing time
required) was found to b (Orpm for D.C.-1, R.%“-I,V—l and 50rpm for
D.C.-2, R.C.-2, V=2, but for H.D.-1 and H.D.-2,higher speed of ra-
tation of 115rpm and YO0rpm were needed (-1, reierring to the small
mixers and -2 for the large mixers), The optimum volume ratio for

all mixers was 13.6 %,

(3). The third paper by Yano et al (91) contained a study
of the eifects of the physical properties of the powders on the
optimum mixing conditions 1n the various mixers which were used

previously.

The experiments were investigated i1nte si1x different powders,

such as Na,CO PVC, glass powder, sand, 1iron powder and alumdun

3’
which were formed five pairs of binary-component, namely, PVC-NaZGOB
(P-N), glass-Na, CO0,.(G-N), sand-Na2003(s-N), 1ron-Na2003(F-N) and
alumdun-Naucos(A-Ng. Nowever, all these powders were 1n the sawme

size range (-100/+4200 standard mesh).

The physical properties of each material was determined
carefully under various conditions. The experimental results in-
dicated that,

1), for powder of a fixed size range, although t'e powder
combination was different,but little differenee was evinced 1n the
optimum mixing conditions on the type and size of mixer.

11), 1n order to exauine the effect of the physical properties
of ti.e powders on the degree of mixing and the rate of mixing, a

kinetic characteristic constant of powder CR should be used,

T
Cp = = = {—— 2.33
R (Qgs1nC¥)q f[2 + (h/hﬂ

Where, 1/(1 +m), m 18 the inte-gral number,

(Q3/Qs) x L' (cm/sec),

flow rate of powder, mass flow (gm/sec),

It

weight of powder 1n the interval of the length,

£ L Lo g1 R
o B e

Ql/b h, h 18 the thickness of layer and the coe-
tficient of iriction, b 1s the width of the pipe
for testing the powder (cm),

L'= 1nterval distance,(cm) and

o = angle of 1nclination of the pipe for testing.
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It was concluded Lhat the degree of mixing was highly

dependent on the difiference of €, of the two powders, asacC

R R
1increased with i1ncreasing the minimum standard deviation., For
geometrical reasons, V-, R.C. mixers are not suitable for the

mixing of materials having large 4C where as I1.D. and D.C.

'
and D.C. mixers may be recommended 20 handle a mixture having
large ACR.
(%) Yano et al (92) published the fourth paper in 1959

which 1nvestigated the i1ntfluence of particle size of powder on

the optimun operating conditions, the degree of mixing and the

rate of mixing i1n the four types of mixers which were described
previously. Six different mono-sized pairs of NaQCO - sand system
were used, the si1ze ranges were, -42/+48, -48/465, -65/+80, -80/+100,

-100/+150, and -150/+200,

Series of experiments were tested on the effects of the
best mixing conditions with particle sizes. 1t was concluded that
1n general, the values ot tlie optimum speed ot rotation increased
with 1ncreasing the mean particle size dav' The relationship he-
tween Lhe optimum speed of rotation NOp and dav 1in a fixed size

range could be expressed by

N = K.d (2.34)
op av
Where, h = a proportional constant dependent on the shape
and the size oi the mixer, for V-, D.,C.- Lh.C.-
mixers are 180, and for Il.D. 1s 380, dqv was

measured 1n millimeters.

The degree of mixing decreased with i1ncreasing particle
s1ze. 1n the case of two diiferent sized-component system, 1t was
tound that as the ratio of the mean particle size decreased, the
mixture tends to be poorer. This effect was very pronounced when

the rati1o dropped below 0,7 - 0.8,

(5) Finally, Yano et al (93) summarised all the experi-
mental results irom 1t was attempted to establish a general ex-

pression for the rate of mixing 1in tumbling mixei1s. 1t was stated

that three stages ot mixing would occur in the whole mixing process,



namely, 1nitial, mixing and equilibrium stages. The original paper
did not name the stages., 1t was only described the mrxing stape as
Lthe region which could be represented by a straight line on plott-
ing the logarithm of depree of mixing vs, time of mixing, The slope
of this straight line was determined by ditferent factors investiga-
ted 1n the previous papers..lt was stated that the general equation
80 developed could be used to describe the mixing of powders in
ditierent conditions by varying ot the coeificients i1n accordance

with the properties 1nvolved.

(6) Meanwhile, Yano et al {94) also studied the mixing of
powders 1n the ribbon type mixer. The experimental procedures and
testing technirues were the same as those used 1n the previous ex-

periments. Four pairs of same sized Na2CU and sand combinations,

3
with the size ranges =35/+48, -h8/+65, -05/+80 aud -8U/+100 were

used. The materials were equally loaded end to end. The mixing
curves obtained 1n this type of mixer were basically similar to
those obtained i1in tumbling mixers with respect to the optimum ope-
rating conditions for different materials properties, speed of ro-
tation of the ribbon, ratio.of loading volume and the degree of
mixing, The best degree of mixing could he obtained at 80rpm (
ribbon speed) and 38% of the velume ratio. The finer the powder
particle si1se, the better the degree of mixing, however, a longer

mixing time was needed,

Inyama and Aoki (43) studied the mixing of powders 1n a
vertical agitator tank, The main attribution was on the ¢nergy
consumption of the paddle type agitator, and Lthe material proper-
ties {Toyaura and Soma sand were used). The torque equations were
developed. These equations could be classified 1nto two ranges, at
low and high speeds for powder mixing. The principal torgue equation
was analegous to the pumping theory including the eifect of centri-

fugal forece.

Otake et al {56) also studied the mixing of powders 1in a
vertical agitator tank mixer. The mechanism of powder mixing in the
vertical tank wiith paddle-type i1mpeller was analogous to the theory

of radial difiusion and solved by Bessel's tunction lst kind. Two

pairs of powders having the same particle size were used, sand -

salt (-32/+42 mesh) «nd Na Cog — PVC (-100/+200). The degree of

2
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mLX1ng was proposed as,

c 2 Pooa (e, - cp)
M = = b4 = 0 2.
a, [?E Nt Co(1 - Cp) (2.35)
Where, G = standard deviation of C;; from the C, 1n the total

samples,

0, = standard deviation of the sample 1n a perfectly

unnixed stated,

k = no. of powder particle layers,

N = no., of spot samples in 1-th layer,

P = width due to size of layer (B—ﬁgaﬂ), Ro 1s Lhe rauius
of tank, r 1s the radial distance of the 1-th powder
particle layer,

C,= concentration of marked powder in j-th sample

taken from tlie 1-th layer {wt.%), and

Co= coucentration of the marked powder 1n the mixture

of perfectly mixed state (wt.%).

The relation between the degree of mixing and the operating
conditlions, such as 1mpeller size, rotational speed, etc., were

determined by dimensional analysis, as,

o o4 NP p oy, 087 .
== . 1 2. 6

= = 0.676 (ve) (22 (Be) () (2.36)
o _ 052 o8

and (T/%) _ .18 x 10702y (—%L) (2.36")
(Nt). . ‘

‘here, t = time of mixing,
g = acceleration dune to gravity,
DT= mixer tank dlameter,‘

R, = radius of the marked powder charged 1n the tank,
N

rotational speeds of aimpeller, and

D= 1mpeller diameter.

By analogy to the diffusional process, the apparent diffu-
si1vities were evaluated from the concentration distribution of the

two kinds of powder. The apparent diffusivities and the operating

conditions were related by the equation,

. o8 o045
Ds /N D? = 5.75 x 10-3(D;N2/g) (Dy/De ) (2.37)
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Where, Dg = apparent diifusivity of the marhed powder in the

tank,

Furthermore, the theoretical degree of mixing was give in

terms of apparent diffusivity,

h

T 4}12§ J?(mm) -2D,m%t .
% [ k' ke (1 - ¢ n20%(mr ) ) (2.38)
° 0 o/ k" o\ k"0
Where, JO = zero order of Bessel function of 1st kind,
J = first order of Bessel function of 1st kind,
myg = arbitrary constant,

introducing the ohtained value of apparent diftusivity into
the above eqnation and comparing the theoretical degree of mixing
with observed value, the authors found that good agreement was

obtained between theory and the experiments,

A very special method for testing the pertormance of some
common commercial mixers was developed by Gray (36) who used a re-
flectivity probe which has a Iight and a photocell behind a glass
window. The probe measured the intensity of light reflected from a
light particles i1mmediately outside the glass window. For mixture
of light and dark particles and light source of constant intensity,
the readiugs of the photocell meter are unirquelly related to ihe
composition ot the mixture. Bight commercial mixers had been tested
with three pairs ol powders selected to provade data tor the com-
parison ot the mixing performance ot the equipment. The mixing
progress was followed by determining the standard deviation of the
microammeter readings obtained directly frow the probe i1nscrted 1in

the mixture. The staundard deviation used was :-

A
SG-1)]?
"=[N_1 ] (2.39)

Where, N = no. of probe meter readings,
1 = probe meter readinpg, (MA),

mean probe readings, (4A), and

=1
[}

o = standard deviation of reflectivity probe meter

reading, (AA).

A low@corresponds to a high uniformity ot the mixiure. The

mixing of ditierent sized materials in several types of mixers were

tested i1n this manner, however, no particular data was given for




the seleclion of mixers,

A three-component mixing system was studied by Gayle et al{33)
The studywas hased on the mathematical treatment of ch1—square.‘[n1s
method for testing mixing progress 1s not only applicavle to bi=
nomial distributions but also to digtributions consisting of any
finite number of compoiients distinguishable as discrete particles,
while the standard devialion 1s generally lamited to a brnary-com-

ponent system,

The chi-square 1s represented by the form, as,

2
K= {0 =F) (2.40)

E
Where, x: = chi-square,
0 = observed number of particles of any given colour

1n a sample, and
F = corresponding expected number, based on the average

distribtuticen of components i1n the mixture.

The value of chi-square decreases with increasing the uni-
formity of the mixture, At the unmixed state , the value of chi-
square 1s equal to the number of degreesot freedom multiplied by

the number of particles counted for each sample.

From the authors®' experiments, the degree§of freedom were
24 (3 components and 12 spot samples withdrawn at each sampling},
and 30 particles contained in each spot sample, so that at the nu-

mixed state, chi-square was 24 x 30 = 720,

The standard deviation of the observed chi-square could be

expressed as,
—a 1/2
Ty = X (2/N) (2.41)

Where, f’

N

average observed value of chi-square, and

degree of freedom,

H

Because the expected value of chi-square from a random
mixture 13 eqgual to the number of degree of freedom, Eq.(2.41)

could be reduced to that given by a random mixture 1n most lests,
1L.e., 05 =y 2N

A formula similar to Lacey's (Eq.(2.20}) was proposed,
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by combining the various chi-square values and the segregation

1ndex S defined as,

2 2
Ko — At \
S = S " (2.42)
Xs - Ky
Where, X:: observed chi-square from any mixture,

] .
¥y= expected chi-square for random mixture, and

x:= expected chi-square for segregated mixture.

This segregation index varies from unity to zero as the
mixture varying from complete segregation to complete randomised

state.

Then, Gayle et al {34) further used this index to test the
performance of horizontal rotating drum mixer by using a four-com-
ponent system, The authors stated that ihe use of this segrega-—
ti1on 1ndex wasvalidandits application for multi—compontnt system

confirmed.

Shinner and Naor {7%) describe a new statistical criterion
for testing the randomness of powders mixture, The proposed testing
method was based on the shortest distance between particles ol the
component present in lower concentration, The properties of the
distribution of this characteristic were derived irom poisson dis-
tribution. The proposed test was particularly sensitive in detecting
clusters of particles and fad more advantages than x}test. Later
Shinner et al (7&) applied this test to a particular powder mixing
system which dealing with coloured and white ceramic powders 1n a
V-type mixer. 1t had been found that the proposed test was applicabhle,
and the mixing time 1n V-type mixer was strongly dependent on the
perticle size, the mixing time may be longer than that comuonly

expected lor complete randomuness to be achieved.

Carley-Macauly and Donald {18) (19) and Carley-Macauly (20)
deiined the degree of mixing as the systematic variance, or the
variance due to the position of a series of samples throughout tuhe
mi1xture. The systematic variance was obtained by measuring the total
variance and subtracting from the final random variance, l.e.,

Vy= V- O (2.43)

Where, V = estimated value of the variance among sampling

2
compositions, the experimental estimate ot Og ,
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of: random variance at complete mixed state, eqaul

to pq/n for a two-component mixture of equal

s1zed particles.

The main experimental work was performed in three ditferent
types of rotating mixers, namely, inclined drum, double cone and
horizontal cylinder. The materials were Bedford sand of two grades,
grade 1, was 8350 — 6004 , and grade 2, 500-420% . The binary-com-—
ponent sysiem with mono-sized ingredients were distinguishable by

colour.

Hosaman and Donald (67) (68) and Rosewan (69) continued tie
theory of mixing trom Carley-Macauly in the horizontal drum mixers,
The experiments were mainly studied the mechanisms of mixing due to
d1fferent si1ze or density of the components. The experimental work
was carried out i1n two different sized [crspex mixefs However, most
part of the experiments were assessed .. by sebseryatilons , no de-

tai1led experimental conditions are given,

Rumpt and Miiller (70) studied the mixing of'powders 1n a
centritugal mixer. The mechanism of this centr11uga1—type Mmixing
could be clarified by a model 1n which the distribution of the
material resettled on the surtace of the mixture aiter having been
thrown out., The particle motion i1n the mixing drum by a rotating
paddle or other elements was studied, and an approximated calcu-
lation for the trajectory of this motion could be made. The mixing
patterns created by different rotating elements (% types such as
rod, paddle, flat-~bhar-with-cross-bar and ploughshare) were studied
photographically, in order to determine the best mixing condition.
The experimental work was also carried out to determine the etfecis
of shape and speed of those rotating elements, the mixing time and
the power consumption., It was concluded that the mixing time 1s not
of decisive 1mportance for the development and design of mixers.
The centrifugal mixer required comparatively short time of mixing.

The rotating element was used mainly to 1ncrease the radial mixing.

Lastov'tser (50) described an alternative method to
the existing restrictive batch methods of powder mixing. He showed
the iethod of large scale mixing of free flowing powders continuous-
ly by means of two types of mixer, namely, flow and circulation

mixers. The degree of 1nhomogeneity of the resulting mixture was
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determined from a number of samples analysed for their content of
the component present by weight whach would be referred to the key

component, as,

100 Z(C, - Co) n
Co N -1

(2.44)

Where, I = degree of mixing,
Co= concentration of one ot the conponents i1n a per-
fectly mixed state,
C,= actual concentration of the correspending component,
n = number of samples of concentration C;, and

N = total number of samples analysed,.

The degree of i1nhomegeneity ! suitable for mixing waith
different proportions of the components, showed that the larger the
value of I the worse the uniforuity of the mixture, at perfect mixing

I should approach to zero.

The variation of 1 1n the course of mixing, as a ftunction
of R, {1n the flow type) or B (1n the circulation type), where X,
and R, are the mixture's recirculation factors, which was delined,
as,

R = Gp/Gy (2.440)

Where, Gyp= rate of materials fed into the hopper, kg/hr.,

G¢= total weight of materials charged into the mixer.

Tale (90% hy wt.) and sugar (10% by wt.) having the same

particle size {300u) were used for this i1nvestipgation.

Kaye and Sparrow (46) investigated the surface dittusion as
a mixing mechanism, It was thoug! that all three mixing mechanisums
which Lacey (%Y) proposed namely convective, diifusive and shaering
are operating simultaneously 1n a running mixing system, however, a
quantitative study of the importance of one particular mechanism 1s
very difficunlt, ke anthors decided to separate one mechanisi
from the other two mechanisms and 1nwest1gatedA1n 1solation with a
specrally designed apparatus. The apparatus consisted ot two Lroughs
on a stationary inclined plate, each trough was divided i1nto 20
compartuents each of one centimeter wide. Glass beads (No.5 graue)
of different colours were used, 200 red glass beads were put into

compartment 10, of the upper trough. Equal number of hlue glass
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heads were put into compartwents 9 and 11 of the same trough. Thea
the beads were released simultaneously, The angle of inclination
was maintained at 370, so that the heads rolled downwairds and
collected in the lower troupgh. The beads from each collecting
compartment were counted. However, only the lateral distribution
of red beads was obtained, A graph of the data obtained from the
distirihution of red beads, drawn on an arithmatical probability
paper gave a straight line, This was due to the symmetry of the
lateral distribution of the red heads irom compartment 10. 1t was
concluded, therefore, that the results showed that after rolling
under gravity down a so-called equilibrium surtace, as the mechanism
of diffusive mixing on the inclined surtace - surface di1ftusion 1n

a mixing machine, the lateral distribution of particles 13 norwmal.

Poole et al (63) studied the wixing of fine metallic powders
in a centrifugal bowl batch mixer, on 3 kg scale., The detinition of
the final random mixture used Stange's relationship which had been
varified with mixtures of copper and nickel powders, and this had
provided a revealing basis of comparison for the results., Alter
1nit1al experiments with splhieroidal metal powders, more complicated
sysiems were studied which i1ncluding ceramic oxide powders ot difte-~
ring shape tactor and agglomeration characteristics, The measure ol

inhomogenelty of a mixture by means of the standard deviation of

the samples O ,

"
-2
2 ‘(x1 - Xx)
O e e (2.45)
n -1
Where, x, = concentration of the minor mixture component 1n

the sample,

mean sample soncentration estimated from a tinite

LA
il

group of samples,
n = number of particles 1n a class found 1n a one

conmponent sample of weight W,

The measured coefficient of variation ot sample comcentration

C was then i1ntroduced, this was equalled to U/E. And the mixing index

was defined as,

M= C/CR = {9 /oy )x(m/x) (2.46)
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Where, Cp = the theoretical value of C for tully randemised
mi1xture or g /m , Op 1s the theoretical standard
deviation of sample concentration (Stange) and

m 18 the theoretical wean sample conceniration.

It was found that the amount of mixing required teo approach
random homogenelty not only increases markedly ain the presence of
agglomerates but also could be increased proportionally with the
incrcase of minor constituent concentration, An approximate corre-
lation had been found between the dependence of homogeneity on
sample size and the degree of randomness attained 1n a naixture,
Such a relationship could provide an indication of ihe nearness to
randow homogeneity 1n the absence of intormation on the particle

S17e.

Later, Poole et al (64) used the same measuring techniques
and materials to study the mixing characteristics ot these spheroaidal
metal and ceramic oxide powders in & continuous ribbon mixer, at a
throughput up to 24 kg/hr scale, using the residence time be-

tween 5 to 50 minutes,

The homogeneity obtained from the powder mixture tree of
segregation were as good as those obtained i1n the batch mixer. The
use of an impact wheel as a combined pre-mixer, and agglomerate
m1ll had also been i1nvestigated, a 30% improvement was found in the
homogeneity of a urania-thoria mixture, compared with that obtained

in the ribbon mixer alone.

Strel'Tsor et al (78) studied the kinetics of mixing of
powdered materials i1n a commercial mixer. The study was concerned
mainly with the rate of mixing in a laboratory scale centritugal

mixer, They proposed for their degree of mixing, us,

a

]
M= = {2.47)
Where, o = standard deviation of spot samples, and
o, = standard deviation of non-nixed state.

The authors stated that when solid mixing occurred 1n a
high speed mixer {300rpm), the rate coefficient k 1n the common
first order rate equation was more ‘constant, but 1t would change

and hecome a function of mixing time 1n a lower speed mixer. The
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experimental materials used were salt and sand.

Rutgers (71)(72) studied the axial dispersion rate for
continuous flow of long grain rice (red rice and ordinary rice had
been used for the experiment) in the laboratory size rotating
eylinder which could be inclined at an angle of 0% to 4°. A piston
flow model with superimposed longitudinal ditfusivity was developed.
The Boderstain number was introduced for the axial 'diffusion' type

process, this Boderstain (Bo) number could be simplified to,
Pl 2 22 2 3
By = 2/0%~ 1 =9/2 - (07)/2 - 5(77) /8 (2.48)

2
Where ¢ 18 the variance,

This equation was used to calculate the axi1al dispersion
coetficients. Variations 1in the properties of the solad particles

had also been studied to correlate the effect of axi1al mixing.

Cahn et al (16) studied the geometric coordinate of the V-
type mixer. The two arms of the V-type mixer could be rotated at
an angle of 0° (standard type) to 180° {(1nclined cyllnder). The
rate of mixing was interpreted 1n terms of the flow hetween the
armg of the mixer, Ca003 and 510, were used for the experiments,
The degree of mixing was used of the type proposed by Lacey and the
sample variance o?was defined as the functions of number of rotation
N, and the variable angle of the mixer arms, which was given 1n an
empirical equation, as,

2
o' = (-11.77 log N - 0.2128+ 74.11) (2.49)

Where 8 18 the variahle angle of the mixer arms.

Alternatively the whole mixing process 1n the V-type mixer
could be separated i1nto two parts, namely, the statistical criterion
of mixing M and the geometrical {flow) criterion of mixing Q. The

relation between these two parts was stated that,

M = Q + constant,

both were arbitrary parameters hy defimition, and that they should

be 1ndependently derived.

11l (41) examined the mixing of natural polyethylene and
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carbon blacked masterbatch i1n the double cone mixers. Adams and
Baker (2) had obtained the poor results in similar experiments,
Hi1l, however, found that when the materials have a small size
dirierence but have a 1.3 densaty ratio, a good mixture was oh-
tained 1n a 250ft3 batch mixer, 1t was suggested that 1i1 was the
s17ze and not the density of the pariicles which was responsaible
for poor mixang. Yoor mixing could be aviading either by provid-
1ng the mixer with a deflector or by making the particle size of

the small component more than than the large component,

A new degree of mixing was proposed by Ashton and Valentin
(4). They pointed out that when the mixing proceeded numerical
values of Lhe type of degree of mixing proposed by Lacey are all
between (0,95 to 0.99, This could be over come by representing a,?
and a:on a logarithm scale and the new degree of mixing A' on a

linear scale, so that,

A =0 for o'= a'.’ , and
A% =1 for o*- Gz’. Then,
: p
v - T
A2 - log O, log . or

log a;’— log I'r'e L

1
A = [(log & )/ (1og oL )] (2.50)

< 7R

This proposal showed good discrimination over the whole
mix1ng range and was largely insensitive to the proportion of the

composition of the mixture.

Experiments were performed in four small scale industrial
mixers, such as air-mixer, double cone, vertical-screw and “-blade,
with three different ranges ot size and specific gravity materials,
The combination of materials were classified 1nto two categories,
easy and non-easy mix. Where an easy mix was used, the extent of
final mixing was found to be the same for all mixers. However, non-
easy mixes were produced whenever a difierence 1n specitic gravity

or particle size occur between the two components,

Later, Ashton et al (3) used a light probe to measure the
local composition of a binary mixture of powders., The ii1ght prole

was tirst developed by Gray (30), however, Ashton et al used the

direct reading irom the light probe to a digital computer, and the
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final results could be computed autonatically.

Campbell and Bauer (17) reported the studies on.the demixing
tendency i1n the horizontal rotating cylinder which was called de-
mixer, for mixing of components of different si1zed materials, Various
physical conditions had been studied from sand and soda ash combina-
tions, hewever, no detialed operating conditions were glven, Il was con-
c¢luded that the random movement of i1ndividual particles 1n a moving
bed of free flowing particles 1s the exception, rather than the rule,
various physical factors and properties of particles create a ten-
dency to overcome the random movement, particles tend to seek out
and remain in segregated concentration with similar partlcles.C)nly
particles differing 1n colour alone will yi1eld a statistically ran-
dom mixture. The most stable and efficient mixture 18 obtained when
all particles are of same size, With the usuval raw materirals, den-
s1ty differences and difference i1n particle shape have 2 measurable
but minor effect on the efficiency of mixing and stability of

mixture, when compared With ttie effect of size difference.

hun and de Chazal (47) proposed a mathematical mddel. of a
random mixture consisting of large, medium and small sized particles.
The proposed equations of variance were based on the assumption that
all the particles are randomly distributed and have the sawe proba-
bility to occupy each unit velume in the mixture, The variances for

three different sized components are expressed as,

2 X! - X}
Oy = 1& N a = Vs/vl
2 v' (1 -y') - __ Vs
Oy = b ' b = E(Vm+5)/vm y Y o= E Vm+s Y

)
[

o2
R ,a;,’=[‘i(%)-l(a.25 + 8o nel) @t (2.51)
1

(the equations were derived on the basis of the volume fraction)

Where, O': ,65", 0-1’ = variance, of large, medium and small

particles reppettivély.

Oex = variance of the excluded volume fraction,

vy = volume of a large particle,

Vg = sample volume,

Vi, V, = volunme, of large and medium particle respecti-

vely.
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Vyes = volume available to medium and small particles
alike,

E(Vp+s) = expected value of Vpys ,

X, Y = volume fraction, ot large and medium particles
in a mixture respectively,

@ = the ratio, diameter of medium particle to diameter

of large particle.

In order to test the mathematical model, experiments were
perforwed i1n a horizontal reotating drum mixer (9" long and g" dra,
of standard steel pipe, with the thin steel flights at the longitu-
dinal direction), two types of particle were used - glass heads of
sieve fraction -24/428, -32/+35 and -42/448, and si1lica gel of -14/+10
-20/+2% and -28/+30. The mixer was kept at a constant speed ot 30
rpm. Samples were drawn after the mixer rotated 900 revolutions, 1t

was claimed that the mixture reached the equilibrium state. Theore-

tical and experimental evaluations of sample variance were computed
and shown good agreement, and sigmificantly better than those re-
sults obtained from Buslik's model. 1t was concluded that the de-
veloped model could be extended to any number of sizes, however,

the complexity ot the equations increases rapidly.

Hogg, Calin et al (42) studied the mixing of powders 1n a
horizotal rotating drum mixer (4" diameter, 16" long made of perspex
tube) with two 1dentical materials - Cataflex '202' and yellow flash
beads (75-1054) with ditfferent refractive index. 1t was proposed
that when two compouents loaded end to end in such a mixer, the
mixing could occur only by diffusion, Therefore, Fick's 2nd law of
diffusion was analogous to such an i1deal mixing system, The degree
of mixing was used of the type proposed by Lacey and the diffusion

equation was solved for olas,

)
2 1 L = L 4{DN) L
gl — erf - % erf( y)
2L 2 Vi (DN) (2n) 2(2DN)"
2 L2
x [1 - (—;—)eXP(—IEBE——)]i (2.52)
Where, N = number of revolutions of the mixing drum,

L = the length of the mixer, and
the diffusion coefficient (Fick's 2nd low).

b=
Il
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The authors concluded that by application of the equation of
diftusion, theoretical expressions for the kinelics of the process
were derived, The progress of mixing was following by a sampling
and assaying technique which allowed quite accurate determinetion ot
concentration with little disturbance of the charge. Excellent agree-
ment was obtained in comparing the experimental data with the theo-

retical prediction,

A model which was completely analogous to the diffusional
mix1ng mechanism was developed, for the simulation of the mixing
process by Cahn {14) and Cahn and Fuerstenau (15). The experimental
work was performed in a 8" long and 4" dia. barrel mixer with 1/4"
black and white Lucite beads., The mixer was divided into 16 equal
sections, The i1ndividual particle movements along the mixer axis
were ohserved into twenty load-speed combinations (the loads and
speeds were ; 30, 40, 50, 60% of the total mixer volume and 20, 30,
50, 50, 60% of the mixer critical speed); each tor at least 500 re-
volutions, The relationships for the diffusion coefficient were de-
rived trom Fick's 2nd law and diffusion coeificrents obtained trom
the simulation and from the actual mixing process were shown good
correction. The authors stated that the probability distribution of
particle movements may be accurately simulated by the use of Monte
Carlo techniques and the digital computer. These techniques are the
valuable tools for study the mixing as the computer allows a rapid
analysing the effects on the variation of mixing parameters, mean-

while, leads to a hetlter understanding of the mechanism of thixing 1tself,

Miiller and Rumpf (55) studied the axial mixing in the hori-
zontal drum mixers. The axial motion of particles could be generally
tepresented by the kKolmogorov's 2nd equation, The experimental work
pertormed in the 190mm dia. with various length mixers (from L/b =1
to 2.5). The materials used were copper and nickel powders of the same
particle size (300—&00#) and the ration of the components was kept at
1:7.7x10ﬁ3 by wt. In conjunction of this the materials having the
differences in size and density alse studied by using 1ron powder,
quartz sand and limestone with sizes of 150-200,300-500,630-7501
combinations. The measured standard deviation was used for their
degree of mixing, This study was an attempt to apply the Kolmogorov's
2nd equation into a mixing system for describing the axial motion ol

A 1
particles. Several cases were discussed, in particular, the Fich's
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9nd law of ¢1ffusion was i1ntroduced and applied i1nto their system,

Harnby (38) compared the performance of some industrial solid
mixers using the 'sepregaling materials'. A'discharge prolile'was
proposed and described that 1t has advantage for dealing with strohg—
ly segregating materials over the traditional statistical methods tor
measuring the uniformity of mixture. The materials used were millet
(2057-16761) and salt (699-1788) 1n four types of mixer, namely, nau-
tamiver, ribhon blender, rotocube and V-mixer with the range of work-
ing capacities of 0.41 to 1.77 ft3. In addition to the theories ol
segrepgation proposed by earlier authors, such as, vibhrational seygre-
pation by Brown (11), pouring segregation by Williams (88) and per-
colation, free flight segregation by Ashton et al (4), llarnby proposed
that the se .regation occurs by the similar mechanisms as mixing, 1.0,
dittusive, shearing and convective segregations. 0f these mechanisms,

that convective was described most likely to minimise segregation

whilst mixing in progress.

Lloyd and Yeung (51) proposed the between sample variance 1s
a simpler and universal detimition of the deyree of mixing, This pro-—
posal has the virtue of samplicity, but the disadvantage that there 1s
no convenient index on a scale between 0 and 1 as other more complica-

ted froms such as Lacey's proposal,

Many other proposals on the degree of mixing had been publi-
shed before 1958, which were surveyed by Weidenbaum (84). 1t seems

little need for one to review those proposals here again.

2.%. THE THLORY OF MIXING - RATE AND MECHANISMS

Although Ovama {57) did not put forward a rate equation for
powder mixing, but he did state the mechanisms of mixing in the hori-
zontal drum.mixer, He considered three stages of mixing ;
(1) by the shearing produced 1n the materials by the motion of the drum,
(2) by the slhearing produced by e1ther the parabolic fall or turbulent
dri1ft of particles which have departed from the cireular motion, and
(3) by the shearing resulting irom spiral motion of the particles.

These proposals by Oyama can only apply to mixing in a radial

direction and are clearly not universal.

A three dimensiconal shuffling mixing operatlon was consirdered
by Brothman et al (10). When a nechanical agitation acted on two se-

parates material layers, the surface of separation between the layers
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would be extented. Let &  be the maximum theoretical possible surface
of separation, and a proportion S/Sp had been developed a time t, Then
any given increment ol t would be proportional to the difference be-
tween the instantaneous magnitude of the suriace of separation S at

{(t + 1) time, The relation could be written as :-

(%p)t+1 = (--g—p)t +<1>[1 - (-%;)t] (2.53)

This equation had been mathematically treated and the final equation

1 - {exp [— kSp(l - e-tci]{7v° (2.54)

= proportion of equal size volume units contain-

15 given,

i

(P g
Where, (Pt)E :
ing mixture after time t at satisfactory mixing
end point,
k, ¢,® = proportional constants in Eq.(2.53) and kq.{(2.54)
v = No. of units ot volume containing at least one

elewent of one of the components, and,

Vo, = volume of sample.

If Eq.(2.54) applied to a real case, the time required for
perfact mixing could be estimated. llowever, the authors did not

verify the validity of the equation.

Coulson and Maitra (21) extended the theory of Brothman et al
for mixing of binary components., The rate equation proposed was ana-
logous to the diffusion process, hence,

dw
dt

The unit weight w could be replaced by unit surface S

= k de = k(c, - ¢) (2.55)

transterred (di1ffusion), so that Eq.(2.55) becomes,

_ds o 5

dt = k(SO = S) ( ')b)

or, . -kt '
S =5,(1-e"") (2.50")

Then let, n, = So/s = vo/v, and n = 8/s = V/v

so that, n=n(1-~ e"kt) (2.50")
Where, s = miniwmum boundary suriace which 1s measurable,
v = volume of a sub-volume.

Hence nv/V would be the fraction of the system which 1s mixed,
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the fraction unmixed 1s : n v/V - nv/V = x/100,

so that =kt

v/V(n, - n) = v/Vny(1 - e ") = x/100
or
’ 1 100
t = K ln ” (2.57)

Where x 18 the percentage of unmixed.

The plot of 100/x vs. t was nonlinear at low values of time
and so the theory still leaves much to be desired before the theory

can be accepted,

Visman and Van Krevelen (81) reploted the data of Coulsen
and Maitra. Using (100 - x) on the probability scale and time t on
the arithmetic scale. Thus, 1f there was a straight line lrom such

a plot, 1ts equation would be,

t
2 ¥
(100 - x) =-\/211r f(e_y /g)dy (2.98)

Where, y 1s a dummy variable.

Differentiating this equation with respect to t gives,

a(100 = x) 1 e—tz/Q
dt =2

(2.59)

Which was the rate equation giving a straight line on such

a graph.

Lacey (49) pointed out that simply finding an exponential
law of miving rate in practice must not be taken by 1tself as
substantiation of a theory without considering 1ts range of
agreement , The theory of mixing based on the mixing mechanisms
were described as,

1). Conective mixing, transfer of groups of mdjacent
particles from one location 1in the mass to another,
11). Diffusive mixing, the distribution of particles
over a freshly developed surface.
111). Shearing mixing, the setting up of slipping planes

within the mass.

In all cases, since mrxing tends towards an equilibrium
state, an exponential approach to 1deal mixing may 1nvolie one or

more of the three mechanisms outlined above, 1t was assumed that
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M=1 - e it (2.60)

Where k 1s the slope which depends on the effectiveness of the

machin and the physical properties of

the materials. 1f the rate of mixing
was due to diffusive mixing mechanism,
1t should be independent of sample
size; and 1f the rate was depended
greatly on sanmple size, convective

mix1ng predominated,

_EQ(P'M)

The diffusive mixing had bheen

considered to occur when particles

were spread over the freshly exposed 1

surface within the mixer. This 1s Fig,(2.5)
clearly similar to molecular or

thermal di1ffusion, The phenomena of the particles random motion
within the mixing plane 1s analogous to the Fick's second law

of diffusion for gases and liguids.

2

acC Sy C
— = D= 2.01
At dx ( )

From this equation, a rate equation can be developed for
the case of a horizontal cylainder rotating on its own axis. The
materials were loaded end to end, with a vertical common surface.
The mi1xi1ng mechanism could be considered as analogous to the
motion of molecules of two different gases, Therefore Eq.(2.01)

can he solved to yield:-

™
(C - Cy) = —~—§:exp(— n'r Dt) s1nénco ) cos(nxx) (2.62)
L
from the first moment of the mean and the second moment of the
variance, Eq.(2.62) can be expressed, with n = 1;
2
o 2= "%— exp{ - 27 Dt) sin C (2.627)
2
It 1s clear that -loge¢” vs. t will give a straight line. The

ini1tial portion of the plot will be curved., Lacey attributed
s having

thi= teo transients due to one ol the component
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te travel to the middle of the mixer. Lacey stated that the
straightness of such a plot implied that either D 1s 1ndependent
of position, or else there 1s a good circulation which evens out
variations in D. Curvature of the graph would 1ndicate regions of
poor mixing which would lengthen the mixing time, This would be
due to poor circulation and such@region could then be looked for

and the defect remedied.

Weidenbaum and Bonilla (82) by comparing solid mixing to
diffusion in gases and liquids, obtained the initial mixing rate

equation: -

d(o/ o
" = k{1 -2 (2.63)

The graph of 1n[1 /(1 - ¢/%)] vs. t 1s plotted from

experimental results;-

f - ”/r.

In

t —

Fig.(2.6)

The intercept on the ordinate was found to depend on the
loading conditions. The graphs in Fi1g.(2.6) were 1n1tially straight
lines after which the curves tend to be i1rregular. The authors
suggested that straight line part of the curve corresponded to
randomisation, since the derivation of the equation assumed a
driving force proportional to the separation from the current to
the equilibraium state. The later irregularities 1n the curves 1n-

dicated that some driving force which caused unmixing was becoming

more 1mportant. This was believed to take place when large
tha

quantities of either components reached,end walls. This was
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observed as axial segregation which opposed mixing. Thereiore a

rate mechanism based on the randomisation could not hold.

Oyama and Ayaka (62) assumed that the mixture could be
divided 1nto N cells of equal volume. These cells were numbered
from 1 to N, and a Markov chain process could be applied. When
the mixer had operated for {t-1) 1ntervals, the particle fraction
of cell 1 for the A particles 1is x;td)and atter one more interval
the fraction 1s x;? Hence 1f the transition probabilaty of the

(t) it tt-1)

particles transferred from cell 3 to cell 1 1s P, T and xJ
1

(J =1,2,.....,N) are related hy the expression

W) it) (t-n (ty t-n (t) (t-)
x, =Py ox 0+ Py o Xg # ceveneninneennt Pl,N XN

to express this for the whole mixer, the transition probability
matrix [D;‘B]could be used. Then the particle fraction in each of
]

the cell after time t could be expressed as

o xll*)- [_ xl_ rxl -
13
*2 X2 X2
. - . - [p® .
. ) = 1,49 . (2.64)
x“)J
L XN L XNJ(t) L XN J (1-1)
Where,
~ (t) 83 (3]
Pyt Pyp eeeeinees Ppont
49 t} t)
PQ, P2,2 e "'P2sN
t
b | |
1’1]' . . L]
) 18 7] (€} 23
..PN,I PN,2 T ""'PN,N _
()
nd P = 1
ants 2; 1,3

The transition probability P1 3 showed the mixing charac-
L}
teristic 1n each oif the cells and this was usually only related to
the particle distribution at a previous time, but not to the pre-

vious state ol mixing.

When the particles have the same physical properties and
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the mixer used a constant speed, then the transition probabilaty

P1 becomes i1ndependent of time. Hence,
¥
W) «® (M
LAk | EANEE
1,] 1,1] 1, 1,1]
B3 P

1,1 1,0 *cece PI,N

N

2P, =t

N
S, -1,
1=1 LR .]=1

Therefore, the particle fraction in each cell becoues,

X %y x, ]
X X X
2= 1tp 2l =1p 2
- 1,J - 1' -

[ *N | *N XN

(t)

“(t-1) - T o

Thus the particle distribution along the mixer at any time
t could be computed 1f the i1nitial mixing condition 1s known. How-

ever, no practical application of this theory was attempted.
Oyama and Ayakl also considered the mixing wechanism as
analogous to one-dimensional Brownian motion,

The rate equation (2.62) proposed by Lacey was considered, 1t

could be expressed simply as :-

o ooV {2.05)

The authors stated that 1t would be better to use the diiference

of G{-Gflnstead of Uz, thus

(6’- Gi) o et (2.65")

The rate of change with time of the variance of the particle
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fraction x could be considered as proportional to the difference

2
between ¢ and the dg , as

2 L (ot

(2.66)
2t
llence,
ot - 6’
In = 1n(1 - M) = - ¢t
g - o
or log(1 - M) = -0.4343 ¢t
ot o (G- o)e Y 4 o
—ce %t . ai? (2.07)

It was assumed that after a certain time of mixing, the
frequency distribution of the particle fraction and each point
1n the mixture tollowed approximately a normal distribution, The
graph of log(1-M) vs. time t was a straight lane for these cases

for which the proposed rate equation applied, as shown 1in F1g.(2.7)

—

~
I ¢
R
00062
t
Fig.(2.7)

However, where two difference materials were mixed, the

rate eqguation did not hold any more, as shown 1n Fig.(2.8)

t
Fig.(2.8)
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The authors pointed out that the radial mixang in such a
drum 1s extremely rapid 1n couparison with axial mixing, so that
the controlling factor in determining of mixing time 1s the coe-

fficient of axial mixing,

Yano et al (93) summarised the results of mixing 1n various
mixers. lt was suggested that the mixing mechanism could be classi-
fi1ed 1nto three stages as shown 1n the Flg.(2.9) {which was also
mentioned under Sectien 2.2). A curved section 1s jound at the
1nitial stage of mixing {region 1), followed hy a section where

with o proportional to e_¢t(reg1on 11), after that there 1s a

[
|

o] Jl—le—11] —
b ﬁ‘dc
#
—

O -

| 15
t —_—

F1g.(2.9)

section where ¢ takes on 1ts minimum valuegwithin a certain fainate
mixing time tg, beyond this point, mixing does not proceed any tur-
ther even 1f the mixing time 1s extended. The value of ¢ rises and

falls (region 11I)

1t was found that the mixing of powders proceeded by unieans
of overall mixing, brought about by the movement of the powder
particles in small clumps (convective mixing), and local mixing
brought about by positional i1nterchange (d1ffusi1on) of the parti-
cles. 1t may be agssumed that overall mixing 1s dominant in region 1

and that i1n region Il localised mixing action 1s dominant,

In region III, 1f there 1s no difference hetween the parti-
cle size ot the components, the mixture 1s in a state oif oscilla-
tory equilibrium controlled hy the mixing action. Any separating
action would be repeated cyclicly. The value of O consequently

showed a rise or fall.

When the components have ditferent particle sizes, region

11 1s very short, the separating action works the more strongly
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1in region 111, a good state of mixing could not be obtained.
In general the rate equation could be experssed with a
new J. , so that,
[ A—
o = a;e 4t (2.68)

Where, ¢~ coefficient of mixing velocity, and

g'= standard deviation at t=0 from Fig.(2.9).

The empirical equation obtained from the experimental

results was given as (-

é (¥/v) = K, exp -—kl(ln—;[;ﬂ (2.09)
$(N) = KQexp —kQ(F/V)x102 (2.70)

Combining Eqs.(2.69) and (2.70)},

(N,¥/V) = K exp [-kl(ln—ﬁ—f-n) - k2(F/V)x102] (2.71)

Where, Ngp= speed of rotation &t maximum ¢, and

K., K,, k., k,

10 Ko» kyy kg o= constants.

(other symbols were cited in Section 2,2.)

Equation (2.71) only considered materials liaving the same
physical properties., 1f materials having different physical pro-
perties are used, the characteristics of powder CR of both com-

ponents should be considered. Therefore Eq.(2.71) was modified to,

n ' N kg 2]
¢ = K'(ACE) exp [-kidav(ln—-m) - (F/V)x10
av

(2.72)
Where, K', ki, ké are modirfied proportional constants.
From the experimental results, the authors ciaimed that

the proposed empirical equations were valid.

Gayle et al (33) proposed the rate equation of mixing as

the rate of change of the degree of segregation, as,

ds__ n o %)

Where, n 1s a constant 1ndicating the order of the process, k 1s

the rate constant,.
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The authoras expl@ined that most ot the workers have stated

or assumed the mixing as following a first order egquation with n=1,
or Eq.{2.73) becomes,

ds 5 -
33 = - ks (2.74)
In8 = -kt + k, (2.747)

However, the plot of 1nS vs. t did not yield a straight

line over the entire range as shown 1in F1g.(2.10),

Fig.(2.10)

It appeared to indicate an 1nitaal period of rapid mixaing,
after which the rate dropped somewhat and the slope became appa-

rently linear.

When n=2, Eq.(2.73) becomes,

dsS 2 ;
arral -kS (2-75)
1/ = ki + k, (2.75")

The plot of 1/8 vs, t failed to yreld a straipht line over
the entire range, giving instead an 1nitial linear portion followed

by a markedly nonlinear portion, as shown 1in Fig.(2.11).

v-lb’) -

Fig.{2.11)
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It was considered that taken together,those plots could be
interpreted to indicate the particular mixing wechanism used. The
mixing process was 1nitially a second-order process, followed by
a first-order process, This, the authors staled, seemed reasonable
in view of the nature of the mixing process. llowever, ithe authors
explained turther that another possible interpretation 18 that the
process 1s actually first order and rapid mixing observed during
the early stage 1s at least partlfT:esult of tahing a small number

of the samples from fixed locations within the mixer,

Gayle et al (34) further studied the mixing of powders 1in
the horizontal rotation drum mixers, An-empirical rate equation
was proposed which involving the geometric relations of the drums,
Thus,

_":11%' - —k'pli+®d 32/L2 (2.76)

Where, D and L are the inside drameter and the length of the drum

mixer 1in inches, k' 18 a constant as before.

Selving for S, Eq.{2.76) becomes,

—é— - 1+ kD M2 (2.76")

The proposed rate equation showed good agreement with the experi-

1.4 2
ments, a straight line plot could be obtained from 1/$ vs.D 5t/L .

Rose (66) considered that mixing and demixing may occur at
the same time, The rate of mixing should combine these two poten-
ti1als - mixing and demixing. As the rate equation was considered

to he the ftirst order, i1t was stated that,

B - a1 -w) - B¢ (2.77)
Where, A = constant which depends on all the geometrical
and physical parameters of the mixer, and the
powders on which the rate of mixing depended.
B = also a constant which dependent on densities,
size distributions and shape of particles of
the two componeuts.

¢ = constant which depends on the distribution of
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the two components 1n the mixture,

M = the degree of mixing.

From Eq.(2.77), A(1 - M) leads the mixing potential and
B leads the demixing potential. The difterence will be the net
mixing rate in a particular system. The demixing potential could
be positive or negative, The sign largely depended on the method of
loading for the two different sized components. Rose showed 1n

the sketches the methods for leading,

I
RN

I
Dense component below Dense component above
$ + Ve (A) $ - ve (1)

Thus, ® 1s positive for one fully segregated condition,
passes through zero for the completely mixed condition. This could

he summaried as,

M =0, d =1
M= 1, d =0
M =0, ® = -1

A simple equation which fulfil these conditions, as

M =1 - q:a (2.78)

Differentiating this equation with respect to t,

dd dM ‘ '
-28 - = 3 (2.78")

Substituting Eq.{(2.77) and Eq.(2.78) to Eq.{2.78') becomes,

2
_243—‘;-?- =AP° -BP
or,

-2 —:ﬁ’i— =Adp-B (2.79)

Solving for¢,
APp-B = Ce-At/z (2.80)

Again from Eq.(2.78)

+ (1 - m)1/2 = c/Ae'“/2 + B/A (2.51)

As demixing potential can be positive or negative, there-
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fore two equations are obtained:-
2
d+ Ve M=1-[(1 - B/A)e-At/Q + B/a)
2
&- Ve M=1-[B/A-(1- B/A)e”“/gl (2.82)
Curves corresponding to these equations are plotted as
F1g.(2.12).

Although these equations explain the behavious of the ma-

teri1al 1n a mixer with fair precision, they are not completely

i
Dense comp't above
z
Dense comp't below
o]

At
Fig. (2.12)

satistactory for application to the whole process, The author
realised that no real machine leads to a perfect mixture as M = 1,
therefore he i1ntroduced an 'intrinsic efficiency' of the mixer, 1n
to the equation, This intrinsic efficiency 7 1s % measure ot the
perfection of the machine as a mixing device and,independent of

the nature of the charge in the mixery. Thus, the equations become,

-At/2 o
M =n{1 _ {1 = B/a)e A2 4 p/al ‘( (.u2)
1 2.82
and M = n{1 - [B/A - (1 + B/A)e'A*'/Q] }
Finally Rose noticed that when the mixing process 15
carried oaut for an infinite time, the degree ot mixaing attained

an equilibrium value Me, giren by,
2 ‘
Me =7 {1 - (B/A) ] (2.83)
Weydanz (87) considered the mixing process 1s a shuffling

operation. The mixing model was given as 1n F1g.(2.13).

The materials are separated by a vertical line and the
volumetric proporiion of one ot the constitents 1s equal to y on

the lift-hand side ot that line and to (1-y) on the right-hand side.




54

VeV Ve = -9 Weydanz then considered mixing effect
- combined with demixing effect. 1n the
E L 2 Yr vertical plane, a small volume Vv 18
Z 3 4 g moved upwards and 1s exchanged with
_& 6 an equal volume from the upper region.
Y Yo At the same time a volume of the pure
Fig (2.13) heavier component from the upper region

exchanged with an equal amount ol the
other component 1n the lower region, 1f these two processes are
combined and the resulting equation 1s sol-ved, then the standard

deviation of the mixture 1s given by the equation,

oy = 0.5(c/B)(1 - e *PY) (2.84)
and q,= 0.

Gy O™ 0.5(c/b)
Where, b = dv/dt, the rate of mixing,

¢ = a measure of the demixing rate.

1n the herizontal plane, the demixing 1s absent and only
mixing takes place. In this case the standard deviation would be,

1/2
c-(y(1-y] o—at/y(1-y) (2.85)

and G=y(1 - y), (2.85")
Go= 0.

Where, the rate of mixing for this particular case,

the distance from the dividing line.

y

Combining Eq.(2.85) and Eq.(2.85'), then a new form 1s

obtained,

. 2, 1/2
M = —3-_;— =fe—2At +a,:,’(1 - DAYy J (2.86)
Where, A = (l/ﬁf)a,
B = 4c(b/a), and
o= (0.5/05)(c/b)

It can thus be seen that mixing here 1s an exponential
proce~s 1in which the standard deviation may pass through a mini-

mum, 1.e., the degree of mixing through a maximum, 1f B = 2, then

the resulting equation can be simplified to,




(2.87)

This was the equation that Weydanz had used to measure the

rate of mixing.

Otake et al (56) studied the mixing of solid i1n the verti-
cal tank with paddle type agitator. The mixing mechanism was con-
si1dered to be analogous to the radial diffusion or radial heat
transfer. This was based on the equation,

¢ e 1 2¢
5t =2 (333 +1 370 (2.88)

(symbols used as hefore)
with certain boundary conditions Eq.(2.88) can be solved, as:-

2R E J.(nglJn(m*r)

C =C + " [
Ro? #1 mgd,°(meRo)

[1]

exp(-Dgmst) (2.89)

The theoretical variance can be expressed as:-—

L . [
U}__-£(C - Cn)JQNrFHp dr I(C - Cn)2r dr

L
J;"'Qﬂr{’HP dr ,[r dr

Substituting Egs.{2.89) into (2.90), with wsing the condition of

(2.90)

Bassel function first kind zero order, the final solution ohtained:-

2 oo 2
o’ = !llli. A J2(l;th) CXP("QDSmkt) (2.91)
R, #=l @ Jo(miRo)

It was described that Eq.(2.91) can be used to measure the
rate of mixing, however, no practical work was applied to this
equation. Further, The authors used dimensional analysis to deline

the relationship between the varaiables,

il 2 o Qe
o =¥(Nt, D N'/g, Dp/D , Hp/Dl, Rl/Dl) (2.92)
Where, N = the number oif revolutions of the apgitator, and
t = the mixing time.

From the experimental results the empirical equation was

given as:-

q

= 0.676(Nt)““8(nlN2/g)"16(D”/Dl)'bg(nl/nl)'57(2.93)

s
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1t Nt 1s greater than 500, the empirical equation becomes,

a 1 _ -0 2 -, 52 .8 ,
(= —Ntc) = 6.18x107 (D N"/g) """ (Dy/D,) (2.94)
In the same manner, another empirical equation for Dg

developed that,

D -
S - 5.75x10 3(1)1%12/;;)'18(1)T/1)1)"*6 (2.95)

ND
1

GGood agreement was obtained between the empirical equation
and the experimental results,

Fisher {31) studied the rate of di1ffusive mixing of powders
1n a horizontal rotating drum mixer. He found that the radial

mixing was very rapid and the mixing rate was controlled by axial

mixing. The diffusion eguation 1n cylindrical coordinate,

2 2
€ L g€ oC 1 oc¢
ot Dy 32 * Dr( 3 r2 T ar ) (2.96)
could then be simplified :-
2
.ﬂ}__ D é_g_ (2.97)

2
X

ot

Eq.(2.97) 1s a standard equation and can be solved 1f the boundary

conditions are known :-

2.2
C d 4 1 T nwn nnd =n br t
_E: = f + ;'E [; (coﬂﬂi;-)S 003—5‘ 81n‘§z GXP( L2 ﬂ

(2.9y8)
Where d 1s the thickness of the tracer at the anitial condithon,

L 1s the total length of the mixer.

»

The variance could be defined as :-

o= p - (2.99)

Where, Ma =fx2(—g—)dx
[¢]
v = L/2

The variance was obtained for L =1,

G = 0.08333 + T%,%—-L,Eexp(—n2x2'[)t) cos—%ﬂ' cos(nm) (2.100)
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This was used to calculate the diffusion coefficient D,
however, Fisher noticed a lack of agreement between the observed
and the calculated results, This was tliought to be due to 1naccu-
rate application of the diffusion equation to a disecontinuous
medium with the presence of convective current at the ends ot the

mlixer.
Carley-Macauly and Deonald (18,19) and Carley-Maeauly (20)

proposed a simple rale equation dominated by diffusive mixing,

log V.= -F + C ) (2.101)

1

Where, T
t
C

the i1nverse mixing rate, |

the number of revolutions, and

n

a constant. (Vp =V -cg )

They propesed that the total mixing rate 1n a given mixing
body could be compounded from the rate measured 1n separate di-
rections, The individual values of V_, each of which obeys a law

of the type of equation (2.101) could be added. The fastest of

these individual rates 1s that in the plane of particle circulation.
The mixing rate also varies with the speed of rotation of the mixer,
materials, type of mixer, and methed of loading. Straight line

plots from the experimental results were obtained 1n most condi-
tions except at the initial stage, even i1n the mixer with a batile

where the mixing action was predominately that of shear.

Roseman and Donald (67, 68) and Roseman (69) stated that de-
mi1xing will accompany the mixing process, when the mixture was com-
posed by two or more materials of different properties. 1f the
ratio of differently sized components exceed 1.2 {(for binary com-
ponents), the small particles might slip 1nto the voids of the
large particles ond cause serious dem:xing. The tendency increases
rapidly with increased size ratio until the 'critical ratio' was
attained, where there was no mixing at all, The similar demixing also

ex1sted when the density difference exceeded 1.2

The two dimensional mixing theory as named radial and axial
mixing, The radial mixing 1s very rapid, and the mixing 1s control-
led mainly by the axial mixing. The demixing tendency caused the
radial bands to be formed along the axis of the mixer, the forma-

tion of bands was thought to be due to the different angle of repose




of the components,.

Strel'tsor et al (78) proposed a first order rate equation
as :-

M= e (2.102)

Where, A = a constant which depends on the physical properties
of materials and mixing conditions, this was called

the rate coefficient,

The experimental results showed that during the starting up
of the mixer, the mixing rate was lower than when 1t was running
at constant speeds. The rate coefficient A was shown not

to be constant, but a function of t, as proposed :-
A = Ag(1 - e¥/ts) (2.102")
= Agtll - € .

Where Agy 1s the value of A under stable mixing conditions, tg

15 a multiple oi the start up period.

As A, decreased, tg increased with 1increases on the degree otl
loading of the mixer. Ag, increased and tg decreased when the rotor
velocity of the mizer (n} increased to 30Urpm, but 1t remained
constant at high-er n. Agy was almost i1ndependent of the particle

s51ze.

Hogg, Cahn et al (42) used Fick's 2nd law of diffusion 1n

the mixing of an 1deal system. This was given as :-

%
]
]
4

BC!x,t! = D
3t - 3

gl

x

or, o

ac(x,N) _ D S C(x,N) (2.103)
ot 3x2

Where N 1s the numher of revelution of the mixer.

Eq.(2.103) with the boundary conditions can be solved as :~

s oa on=1 ﬂ D Onel %
C(x,N) =3+ 5 Z , exp[=20 ) N[l 2noLirx]
2 L L
(2n—1)
(2.104)
With the relation used by Fisher, the variance 02 can be obtained
2
i % -2(2n-1)7"DN o 10
Gi(N) = 2 L exp 2(2n-1) ] (2.109)

Lz

z
™l (2n-1)”
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It may be simplified by taking n = 1 to,

c(N) = —5x exp(- 25 ’Lz‘“)
or, 1n [c,!(N)] - 111(2/312) _ (2’72DN/L2) (2.106)

The was the general theory which describe the diffusional

mixing of 1deal solids.

An experimental system was designed so that 1t approximated
very closely to the 1deal case of solid mixing and would be analogous
to the gases and ligquids mixing system, The validity of the theore-
tical arguments was shown by the excellent agreement with the ex-

perimental results.

Muller and Rumpf (55) stated that the actual mixing process
may be described as a Markov process, as a stochastic process with-
out atter effect. A constant Markov process may be applied by the
Second holmogorov equation. This could represent the general mixing

process, asi-—

2
Ralxt) | _ 2 [(x,t).q(x,t)] + axg[n(x,t)-q(x,t)]

(2.107)
Where, q(x,t) = the probability distribution of particles,
D(x,t) = the diffusion coetficient, and
T{x,t) = the transport coefficient.

However, when the components have the same physical proper-
ties or differ only by colour, the transport coefficrent becomes
insignificent, and diffusion coefficient becomes a constant, 1n-
dependent of time and position. The 2nd Kolmogorov equation was

simplitied to lick's 2nd law of diffusion, giving,

2
Oq{x,t p 2 q(x,t) (2.108)

ot P x2
With certain boundary conditions £q.(2.108) was solved as:-
q(x,t) = 2cosnx[exp(—Dt/L2ﬂ (2.109)

The variance ot the concentration distribution was defined 1n a

sim1lar was to Fisher,and llogg et al 1n the form,
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L
g (t) =[J-(;(x,t)dx]= a2 exp(- 7 °Dt/L?) (2.110)

-]

The total standard deviation was taken the sum of tite theoretical

standard deviation and the random standard deviation, as

1l

[2 exp(-2iT2Dt/L2) + Oi2(t) (2.111)

Gi(t)

Where, %;(t)

(il

the relative total standard deviation,

Og(t) = the relative random standard devaiation,

Eq.(2.111) was used to determine the diffusion coefficient
D. Although the authors had considered the general mixing cases,
however, for simplicity of the investigation, the experiments only
considered the case in which Fick's 2nd law applies, and the di-
ffusion coefficient D were determined in terms of the ratio of the
length and diameter of the mixers. It was found that the diffusion
coetficient D 1s almost constant and independeni of the dimensions

of the mixer,

The 2nd Kolmogorov equation was &lso considered 1n a very

general way, by assuming the transport coefficient as an indepen-
dent variable of x, t, and the probability density q{x,t) as sub-
ject to the nature of the condition applied, However, no conclusion

was drawn on the validity of the equation,

2,4, MIXING EQUIPMENTS AND MATERIALS
{I) Mixing Equipments

In a recent paper by Lloyd and Yeung (51) classitied the
dry powder mixing equipments i1nto three categories by thear nature
of motions, namely, tumbling, tumbling with shear and shearing
mixers. The general recommendation for uses of those mixers 1n

terms of material properties, was given and listed 1n Tahble 2.1,

Adams and Baker, Gray, Yano et al, Ashton and Valentan
and Harnby have all tested various types of mixers. The equipment
that has been i1nvestigated and reported in the literature has been

sunmarised by Lloyd and Yeung and 1s listed 1n Table 2,2,

Most of the research work was concerned with mixers on a very

scale, so far no actual relatronships have been proposed on the
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scale up problem., The relationships of capacity, dimension and

power consumption for different types of mixers which could only

be obtained from the manufacturer's specifications,

Table 2.1, Recommendations for Applications

Mixer

Powder

Tumbling mixer

particle size

Free-flowing-components of similar

Tumbling mixer
with shear

powders

Slaghtly cohesive powder,free~flowing

Shear mixer

gating mixtures

Cohesive powders,free-flowing,segre-

Table?2.2. Classificarion of Mixers

General Type Heference
Tumbling A, Horizontal cylinder 1,14,17,18,19,30,33,34
miXer 35,42,44,54,56,61,62,07
68,79,82,90,91,92,93
B. Inclined cylinder 4,18,19,21
C. Rotating cube 1,36,38,91,92,93
D. Double cone 1,18,19,36,41,90,91,92
93
Tumbling A. Horizontal c¢ylinder with LYy 54
mixer baffles or paddle
with B. Twin shell V-tiype 1,36,38,40,85,89,90,91
shear 92,93
¢, Concrete mixer 36
D. Hammer 36
Shear A. Ribbon 1,3%6,38,64,90
miier B. Finger prog,pugmill type 3,28,53
C. Kneadex 75
D. Miiller 36,75
E. Centrifugal 75
¥. Reducing helix extruder 5
G. Reciprocating conveyor 75
H. Vertical agitator 43,56
1. Propellent 451
J. Lbdaige 63
K. Vertical helical impeller 3,4,37,38
L. Z-blade 3
Others A. Continuous ribbon iype o4
B. Continuous flow type 50
C. Circulation type 50
D. Air mixer 4




(11) Materials

The materials used 10 over 50 published papers were summa-

and 1s tabulated 1n Table 2.3,

rised by Lloyd and Yeung,

shown

[L)

ranges and was limited to [ree-~tlowing materrals., The mixing ol

components waiith difierent s1zes had been the subject ol very lew

t

a stuny of Lhe mixing of two couwponents of gsame narrow si1ze

that

the majority ol the experimental work had consisted

investigations,
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1L a1s

Table 2.3, Materials Used
Size () ! Matenal r Shape
- - - 1 e - ——— —— Mixer Ael
Comoonemt 1+ Component 2 ! Component 1 ‘ Component 2 ' Component ! | Component 2
- | A
7000 2100 7C00 2100 | redrnce Tice | continuous type honzontal cylinder 1
1700 1 700 Ez
. ——— JE—— _ . [ — R
S 000 ‘ 5000 | bulfet taproca l ballet tapioca wooden sphere 48
| carbon black | natural cui)e cube double cone rbben Blender V type,
4 000 3000 i In natural polyethylene rotating cube 1
! polyethylene (
3500 : 1350 ; limestone hmestona square box hornzontal cylinder (€% ]
— [ —_ : —
3500 570 ! Limestone hmestone : square box honzontal cylinder i 58
| carbon black hatural | cube cube » double cone
3000 2000 | 1 natural polyethylene ' 40
! ‘ polyethylene
2380/1 450 | 1000/500 ) sand sand continuous type hornizontal cylinder T3
— 1 —_— [
238041410 , 1000/700 i sand sand continuous type honzontal cylinder 73
2380/1410 500/350 | sand sand continuous type honzontal cylinder 79
2087/1407 | 699/127 | miller seed salt etlipsord cube vertical helical impeller ribbon blender 38
. rotating cube V-1ype
1 500/800 t 500/800 witherite sand deuble cone air mixer verucal helical impeller
Z blade 4
1 500/800 ' 180/110 witherite pyrites double cone air mixer, vertical helical impeller
| Z blade 4
1 500/800 180/110 J calcite sand double cone air mixer, vertical helical impelfar
i [ Z-blade 4
1300 | 1300 hmestone lkmestone horizontal cylinder with or without baffles 5
| black white 1
1168/833 1 1168/833 roofing toofing hornizontal eylinder * _o
“ granules granules 33,34
991/701 | 891/7M sand sand honzontal cylinder 62
I
833/701 ! 833/701 sand sand honzontal cylinder 61
850/600 850/60Q0 ' sand sand honzontal cylinder, double cone nchined 9
I cylinder 3,1
833/175% i 833/175 l sand salt vertical cylindrical tank with paddle aguator 80
833/175 [ 833/175 i sand K.Cr,0; vertical eylindncal tank with paddle agitater 8o
!
600/420 603/420 ' glass boads glass beads sphere sphera hornizontal cylinder doubfe cone inchned g
L I cylinder 2.1
600 f 160 E coal salt inclined eyhinder 21
600/150 600/150 ., coal salt inchned cylinder 21
600 210 coal salt inchined cybinder 21
600 300 + coal salt inchned cyhinder 21

*
3~component system

®4-_component system
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Table 2.3 ——continued

Size (11) Materal Shape
—_— — et ———— Mixer Refl
Compotunt 1 I Component 2 Companait 1 Component 2 Component 1 | Component 2
80417 589417 1 CacO, | sand V-type L 186
800 -420 500 420 | sand sand honzomal cylinder double cone inclined
| cylinder ||'e 19
495 351 495-351 i sand salt vertical tank with paddie agiator £k
417 295 417-295 sand salt honzontal cyhngder V type 82 85
417 295 417-295 i sand sand mnechned cylingde I}
417 295 417 295 | sand Na CO, i nbbon ) 94
—_— | l— o - e e e
417 351 | 417 351 ! sand sand | honzontal cylinder 62
——— —— . — I - — —_
351 295 351-295 | sand Na,CQ, ‘ V type double cone rotating cube and 97
honzontal cylinder
351.295 208 175 soda ash sand henzontal cylinder 1}
295-208 295-208 sand Na_CD, V-type double cone rotating cube and
| honzontal cytinder ribbon 92
208 175 208 175 I sand Na CO, V type double cone rotating cube and o2
‘ henzontal cylinder ribbon 1
400-100 ! 850 600 sand sand vertical tank with paddle aguator 3 :
295 246 295-246 sand sand mehmed cylinder -
{ 250__2_(_)0__| __250 200 quartz sand Na SO, honzental cylinder with paddle agitator 54 |
208 175 208-175 | sand Na CO, ribbon T
208-74 208-74 l Ba S50, fimenite B V type double cone Multer nbbon hammer
1 mill and concréte mixer horrzontal cylinder 36
208 74 ! 74 sand | thmenne A V type double cone Muller nbbon hammer '
‘ mill and concrete mixer horizontal cylinder j6
295-41 295-41 silver sand silver sand honzontal cylinder double cone inchined -
cylinder P 18,19
250-150 250-150 withente pyrites vertical helical impeller B 3
250-150 250-150 whute sand red sand vertical helical impeller ﬁs
175-147 175-147 sand sand honzantal cylinder l 62
175147 175-147 ' sand Na CO, V type double cone rotating cube hornzonal |
cyhnder, nbbon | 91
147-104 147-104 sand Na CO, V type double cone rotating cube henzontal i 22
cylinder nbbon
147-74 174-74 pvc Na CO, V type double cone rotating cube honzontal I Jo
cylinder '
147-7a 147-74 AlLD, Hmenrite ore V-type double cone 36
e —
147-74 147-74 sand Na CQ, verucal tank with paddle agitator 56
177105 177-105 white pottery black pottery V type | !
bisque msque ! T4
180-110 180-110 sand caleite double cone air mixer verncal helical rmpeller L 4
+ Z blades |
105 75 105-75 yellow glass whita glass ! horizontal cyhnder Y 42
beads beads |‘
J— —_— A —
104-74 104-74 sand Na CO, V type, double cone, rotating cube honzontal | 92
cylinder ,
—
85-10 A5-15 copper nickel spheroidal spherotdal Loedige continuous rbbon 163,64
25 45-1% uo, (1 mckel rough spheroidal Loadige, continuous ribbon I 65’ 64
35 10 uo, ThO, rough Sgnera plate Loedige continuous fbbon "63 64
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2.5, CONCLUSION ARD DISCUSS1ON

The many methods for determinming and expressing the degree
ot mixing have been summarised., These vary from a photometiric
technique through to a truly statistical representation oi the
randomisation of mixture. It 1s ielt that there 1s little need
for each paper produced on the subject to propose a new, .and su-
pposedly better definition of the degree of mixing. Over 30 differ-
ent degrees of mixing have been proposed and as Lloyd and Yeung
have pointed out, 'this state ot affairs makes research into the
subject extremely difficult, as comparison between the results of

different aunthors in impossible'.

The majority of experimental work has consisted of a study
of mixing iwo components within narrow size ranges. Free«flowing
materials have provided the bulk of the experimental investigations,
and the number of reported experiments on mixing of particles below

100 » 18 few,

The mixing of components of differing sizes has been the
subject of very few investigations and has no satisfactory theory
on the sesregation had been published. Oyama {1933) and Koseman (
1902) have both worked on the mixing of differing sizes and have
proposed similar theory of segregation, however, there 1s a lack

of evidence to justify the theory.

More attention has been given to the effects of material
properties and the performance of mixers in recent years. The most
comprehensive experimental study on these relationships has heen
given by Yano et al {(1956~1960). These have been discussed in de-
t1al 1n the text. Their attempted to develop a quantitative picture
of mixing by grouping the experimental parameters, 18 inherently
dangerous 1f the mechanisms ol mixing are not fully understiood.

A more recent study by Ashton et al (1966) also compared the per-

formance ot number of mixers but no general theory was attempted.

Most mechanisms of powders mixing are postulated as analo-
gous to other processes. Lacey (1954) first pointed out three po-
ssible mechanisms and Weidenbaum (1955) experimentally proved that
the mixing of same sized-particle materials was tollowed by a first

order rate equation or exponential decay law {di1tfusion type),
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Forscher (1955) showed that a fully randomised mixture could bhe
measured by a stochastic process, and Oyama (1956) stated that

the mechanism of particle mixing could be described by a one-
dinensional Brownian motion and introduced the Markov chain process
into the subject theoretically. The iarst order rate equation on
the mixing of same sized materials has been adopted by many other
research workers, with insufficient explanation as to how and why
the 'law' could be applied. In very recent years, number ol research
workers; Fisher (1963), Hogg, Cahn et al (1966), Miiller and Humpf
(1967) have studied the ditfusive mixing alone by analogous to
Fick's second law of ditfusion by using unitormdy sized materials,
Further, Cahn and Fuerstenau (1967) developed a random walk model
for the simulation of the ditfusion mixing precess, as thought the
mixing of powders could be studied by the nuse of Monte-Carlo method
and computer. 1t 1s obvious when the process 18 assumed as a diffu-
si1on problem, the probability distribution of particle movements
could be ohtained by Monte-Carlo method, This method for solving
diftusion problems was first studied by king (46') i1n 1951, It 1s
felt that analogy alone.cannot be used to propose a greater under-—
standing of the process of mixing, since the results may only be
curve fitting, It 1s apparent that the mixing process may 1ollow

a relationship similar to Fick's law, The concept of 'diifusion'
must he used with care, since the materials which have been studied
have too large size of particles to have a purely diitusive nature
under the conditions of mixing. Since a powder 1s a particulate
system, the particulate nature of the mixing problem should be
considered before any assumption 18 made. Then and only then will

a better understanding nature of the mixing process be obtained.

Even though the mixing of powders has been studied over
a period ol many years, 1t remains a highly empirical unit opera-
tion, and 1t has really received very little systematic investigation,
particular with reference to material properties. If a clearer,
fundamental and universally aceptable theory, based on material
properties, could be developed, the state of mystery and art ol the
operation of the mixing of powders would disappear, and the process

designers could confidently predict all the process variables re-

quired lor the good design.
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F.1. INTRODUCTION

As pointed out 1n the last Chapter, a systematic study
particularly with reference to the material properties 1s needed.
The planning of a reasonable area of investigation 1s difficult with-
out a brief understanding of the gemeral picture of 'mixing' of com-
ponents with differences in physical properties and of the motion of
particles i1n a dynamic system. Thereiore qualitative experiments
were made 1n order to ohtain some informatien quickly, relating to

the mixing 1n a simple system.

The preliminary experiments tell into two parts. The first
part in an ordinary sampling bottle with a horizontal rotating motion.
The 'states of mixedness' were observed with three combinations of
materials, these were, sand - sand, sand - gypsum and sand - glass
powder. The results were obtained purely by observing the suriace
of the mass, during 'mixing' or after the machine was stopped.

This study was initiated with the intention of establishing a general
picture of the behaviour and characteristic ot mixing with materials

of diiferent physical properties,

The second part was to study the radial motion of particles
1n a4 horizontal rotating drum using a photographic technique. The
states of motion and particle packing ot moving bed were 1llustrated
at difterent speeds of rotation. This study might provide some 1in-
formatinn of mixing 1n the radial direction, where segregatlion occur

and the hest operating conditions 1in the horizontal rotating drum
mixer.

These preliminary experiments resulted in the establishment
of when 'mixing' and 'segregation' occurred i1n the mixing of powders
in the horizountal rotating drum mixer and thus made 1t possible
Lo develop the guantitative experimental programme and the theories

described 1n later chapters.

3.2, THE PHELIMINARY EXPLRIMENT I + MIXING IN A SAMPLING BOTTLE

3.2,1. EXPERIMENTAL

Kach material was carefully sieved and the physical proper-

ti1es were determined, and shown in Sections 3.3. and 9.2,
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The procedure of the experiments 1s described as tollows :-
The bottle was an ordinary sampling boltle of 600 ml. capacity. A
standard method of loading was employed to prevent side etffects
arising from ditferent methods ot loading., The samplaing bettle
was held at 450 from the horizontal position and one of the mate-
rial was loaded, The material usually formed an angle of 20-250
with the wall of the hottle when the hbottle was returned to horizon-
tal position, The second material was then charged on the top of the

first. The finer material was usually placed below the coarse one,

The materials were loaded into the hottle to 40% of 1ts

capacity and the binary system was kept at the 50/50 volume ratio,

1k

- 1

{0-25°
Fig. 3.1, The sampling hottle mixer
3.2.2, EXFIHIMENTAL RESULTS

For the easy comparison ot the ohserved results between the
sand — sand and sand - gypsum combinations at ditferent size ratios,

the results are presented i1n a tabulated form

Results
Size latio Sand <~ sand. Gypsum - sand
1 A unitorm mixture was very [ A good mixture was obtain-
easily ohtalned, even at ed, no particular seprega-
(particle very low speed of rotation.| tion was obhserved. lncrea-
size, Increased the speed of ro- [ ging the time of mixing,
passing tation decreased the time | cause li1ttle change 1n the
through 85} of mixing, but the relation| mixture. At higher speeds
and retaind
ed on 120 was not arithmetical. Pro- | of rotation (above 40rpm),
B.8.5., 1.4 longing the time of mixing | the mixture reached the
*85/+120) d1d not alter the results. | gstate o1 equilibrium very
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S1%2e Hatio

Results

Sand - Sand

Gypsum -~ Sand

(cont.)

Various speeds of rotation
were also tested,and simi-

lar results were ohtained,

quickly and no change was
observed with prolonged

mixXing.

(particle
s17e,
~72/+85,
-85/+120)

At low speed of rotation (
7.2rpn), a band (axial se-
gregation) of large parti-
cles formed i1n the middle
of the bottle aiter a short
time of mixing. Initially
this band was quite wide
but gradually narrowing
down unt:l an equilibrium
widih was established. Fur-
ther increases i1n the mix—n
ang taime did not change

the width of the band. Sai-
milar results were obtain-
ed with i1ncreasing speeds
of rotation up to 25rpm,

at speeds above 25rpm, 1t
was found that no band was

formed.

At low speeds of rotation
(7.2 to 1brpm), the mixing
progress was very slow, '
after mixing for halt an
hour, the umiformity of |
the mixture was still very
low, but no band was obsel-
ved. At the higher speed
of rotation of 35rpm, the
mirxture became guite uni-
form at the i1nitial stage.
Other speeds of rotation
were tested, the behaviour
of the mixture was similar
to the lower speeds of ro-

tation.

1.50

{particle
s12e¢,
~60/+72,
-85/+120)

A band was easily tormed

at the low speeds of rota-
ti1on (10-25rpm)., The speed
at which the band dis-
appeared was above 35rpm,
The mixing time required

to obtain a reasonable mix-
ture at this speed was a
bit longer. A higher speed,

ahove 55rpm?was required

to obtain a good mixture,

No band was iormed at low
speed of rotation although:]
radial segregation existed.
After mixing for 45 minutes]
the mixture became more
uniform, but further in-
creases 1n the time of
caused no change in the
unifeormity of the mixture.
The uniformity of mixture

seemed to have reached a
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Results
Si1ze Ratio
Sand - Sand Gypsum - Sand
(cont.) Prolonged mixing did not steady state. At hagher
change the mixture obtain- |speeds of rotation, the ratsg
ed. of mixing was much laster,
and the equilibrium state
was quickly reached. The
other phenomena were the
same as at lower speed of
rotation.

1.80 Similar results were obser{At low speed of ratatien
ved as 1n the case of the |axial segregation (but not
size ratio 1.50. The band [with a clearly defined
was formed quickly. 1t na- band) was forwed 1n some
rrowed with 1ncreasing timeplaces. This segregation
of mixing until a fixed appeared mainly as a gathe-

(pdrtlrlp widht of band was reached. |[ring of the coaser particle
S17€ By increasing the speed 1o (gypsum) covered the 1liner
~52/+60, about 40rpm, the band gra- |particles (sand). At higher
-85/+120) dually disappeared, and speeds of rotation {above
the mixture appeared to be 36rpm), the mixture
more uniform. appeared to be much uniform,
No conspicuous band appear-
ed at various speeds of ro-
tation, although radial se-
gregation still appeared.

2.35 No mixing effect was ob- Observation of mixing pro-
served at low speeds of cess was extremely inter-

(particle rotation, prolonged mixing |esting, atter mixing for
si1ze, caused a band to form. 12 minutes at 7.2rpm, the

-36/+52, | With a speed of 14rpm, the jmaterials separated into’

-55/+120) band appeared rapirdly. two complete parts, occu-

Further 1ncreases 1n speed |pying one side each end to
to about 50rpm, ceused thejend. 1t was found ithat
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Si1ze HRataio

Results

Sand - Sand

Gypsum - Sand

(cont.) band to slowly disappear. while a very few of gypsum

Serious radial segregation { particles were found 1in

of hoth materials existed, | the sand region none of

A speed of 100rpm was re- sand particle could be

quired to obtain a good found 1n the gypsum re-

mixture. The mixture diad gion, This phenomena con-

not become more uniform tinued to exist until the

with increases in the mix- | speed of rotation 1increa-

ing time, sed to Z24rpm. The comple-
tely separated regions
then became the normal
band form (with large par-
ticles 1n the middle).
When the speed of retation
was increased above 45rpu,
the band gradually dis-
appeared but radial segre-
rgation sti1ll existed.

3.00 No mixing effect was ohser-| At low speeds oif rotation,
vable at low speed of ro- the band tormed quickly
tation. With a speed of after a very short time ot
8rpm, a band soon appeared,| mixing, At a speed of 60
1t separated the materials | rpm, the mixture became a

(particle | 1nto two complete parts little better, but the
size, which ¢could not be broken band sti1ll existed, This

_30/+36, down by prolonged mixing state was observed at

—85/+120) time. When the speed was speeds up to the critical

increased to 55rpm, the
band disappeared after for
2 minutes, after which
time the mixture showed
ne 1mprovement, Radial se-

gregation still existed.

speed.
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Si17ze Hatio

Results

Sand - Sand

Gypsum - Sand

(cont.)

At 75rpm, the uniformity
of the mixture seemed to
be better, but no impro-
vement was observable with

increased time of mixing,

4,52

(particle
sS1ze,
-18/430,
~85/+120)

The band formed at a speed
of 16rpm. At this speed,
the band appeared extreme-
ly quickly, After mixing
for 30 seconds, the band
was clearly ftormed. When
the speed was 1ncreased

to 75rpm, the bhand dis-
appeared, but 1t reappear-
ed after a few minutes of
mixing, When the speed of
rotation was 1increased to
130rpm, centritugal force
predominated, The parti-
cles were distributed uni-
lormly throughout the bo-
ttle, but serious radial
segregation existed,es-
pecially at the ends, At
this s1ze ratio, mixing 1n
the simple bottle was ex-
tremely difficult te
obtain and only a very low

uniformity of the mixture

could be obtained,

It was found that mixing
could not he ohtained even
at high speeds of retation,
Axial sepregation-a band
appeared at low speeds of
rotation, and radial segre-
gation appeared at the high
speeds of rotation. At thas
a uniform mix-

si1ze ratio,

ture could not be obtained.
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Additional experiments were made with a sand - glass powder
combination, The size ranges were -120/+200 for sand and -200/ for
glass powder. It was found that no band appeared at any speed of
rotation, though serious radial segregation occurred. ln particular
the glass powder formed layers. These layers could not be dispersed
even at a fairly high speed of rotation, The shape of the glass
powder was spherical, giving 1t a highly free flowing property. At
a higher speed of rotation, the mixture seemed to be much uniform,

eventhough, the materials were very hard to mix,

3.2.%. CONCLUS1ONS

As already stated, the aim of these experiments was to

obtain some qualitative information concerning the behaviour ot the

powder mixing under various conditions. Of particular interest were
the size ratios and demsity diiference of the materials being mixed,
These experiments can be summarised into two parts ; the importance
of the malerials being mixed and the mixing process. As ltar as the
materials are concerned, 1f they have the same physical properties,
s1ze and size distribution, the experiments indicated that they arxe
eas1ly mixed and a uniform mixture could be rapidly obtained. When
the materials are different in size, and a mean size ratio 18 greater
1.3, segregation in form of a axial band and radial core can easily
exist i1n the mixture. Initially the band appeared quite wide but
gradually narrowed until an equilibrium width was established, ln

general this phenomena could he plotted as

KEquilibrium
Width

Width of Band

D aaaama e

Time of Mixing
Fig. 3.2
Extreme di1fficulty 1s found in obtaining a good mixture when the

mean size ratio 1s oiver 3. A reasonably umiform mixture can not then be

obtained in the simple bottle mixer. When the materials diifer
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tn density aleone, goed mixing can be ohtained when the size ratio 1s 1,
When the components dilfer 1n size and density, both radial and axial
segregation can occur, The sand and glass powder combination showed

very similar results to those obtained with sand and gypsum combination.

In the mixing process of prime importance 1s the rate at which
a desired uniformity 1s reached, The speed of rotation of the machiae
1influences not only the time required for the mixing, but also aftecis
the final uniformity of the mixture. At low speeds of rotation, the
experiments indicated that low unmiformity with serious segregation can
he ohtained when mixing with particles of diiferent size, moreover
even mixing with particle of same sive a longer time of mixing will be
required. 1ln general, a speed of under 20rpm 1s unsuitable lor good
mixihg, The speed of rotation should therefore be above 20rpm but bhe-

low the critical speed for reasonahle results to be obtained.

thigher speeds of rotation give more movemenut to the particles.
As the particles have more chance to change their relative positions
and so distribute more umiformly throughout the whole particle assem-

ply, the possibilities of segregation are reduced,

Secondly, these experiments indicated that there 1s a tendency
for an equilibrium to be established after a certain time has elapsed,
regardless of the ease or difiiculty of the mixing. The unitformty
becomes i1ndependent of time, 1n fact mixing beyond this limit only
causes segrregalion to hecome serious again. The rate of mixing might

he i1ndicated generally by the following diagram,

Eguilibrium
state

UNIFERMITY of Mix
e

Time of mixing >

Fig. 3.3.

Thirdly, the end wall effects the axial mixing. A shearing

force 1s creatéd by the friction of the end wall and the rotated
particles, and gives the particle a cowpared velocity 1n the axial

direction,

Although the simple bottle 1s not a pertact drum, the most s1-
gnificant phenomena 1n the powder mixing due to changes 1n the physical

properties of the materials and the patterns of segregation - axial




74

1n densi1ty alone, goad mixing can be obtained when the si1ze ratio is 1.
When the components dilfer 1n size and density, both radial and axial
sezregation can occur. The sand and glass powder combination showed

very similar results to those obtained with sand and gypsum combinatien.

1n the mixing process of prime importance is the rate at which
a desired uniformity 1s reached. The speed of rotation oif the machine
influences not only the time required for the mixing, but also aftects
the final uniformity of the mixture. At low speeds of rotation, the
experiments indicated that low umiformity with serious segregation can
hbe obhtained when mixing wiith particles of diiferent size, moreover
even mix1ng with particle of same size a longer time oi mixing will be
required. ln general, a speed of under 20rpm 1s unsuitable tor good
mixing. The speed of rotation should therefore be above 20rpm but be-

low the critical speed for reasonable results to be obtained.

Higher speeds of rotation give more movement to the particles,
As the particles have more chance to change thear relative positions
and so distribute more uniformly throughout the whole particle assem-

ply, the possibilities of segregation are reduced.

Secondly, these experiments indicated that there 1s a tendency
for an equilibrium to be established after a certain time has elapsed,
regardless of the ease or dafliculty ot the mixaing. The unitformty
becomes 1ndependent of time, i1n fact mixing bheyond this limit only
causes segregation to become serious again. The rate of mixing might

be i1ndicated generally by the following diagram,

Equilibrium

UNIFoRMITY OF Mix
—rp

Time of mixing
Fig. 35.3.
Thirdly, the end wall effects the axial maxing. A shearing
force 1s created by the friction of the end wall and the rotated
particles, and gives the particle a coupared velocity 1n the axial

direction,

Although the simple bottle 1s not a pertact drum, the most si-
gnificant phenomena 1n the powder mixing due to clhianges 1n the physical

properties ol the materials aud the patterns of segregation - axial




75

or radial may be demonstrated_;;mply from these s1mple—ipsts an
extensive quantitative study into the 1mportance of materisl pro-
perties of the powder mixing was launched and the main aim ot these

preliminary experiments ohtained.

3.3. THE PERLIMINARY EXPERIMENT II - THE STUDY OF RADIAL MOT1UN
OF PARTICLES IN A HORIZONTAL ROTATING PERSPEX DRUM

3.3.1. EXPERIMENTAL

Gypsum and sand were used for this study, the physical
properties are listed in Table}l.(PVC granules, 0,125" diam. and
U.125" long were used for taking the still photographs}).

The experimental apparatus used was a perspex drum with
5" outside diameter and 43" 1nside diameter, 63" 1n length, and
directly driven by a variable speed electric motor as shown 1n

Photo (3.1)

TABLE 3.1.

PIIYSICAL PROPERTIES OF GYPSUM AND SAND

Gypsum Sand (Moneystone)
s1ze (BSS) -8/+10 -18/430
dens1ty (gm/ml) 2.14 2.585
porarent depery | aor | 1
shape granular granular
angle of repose 28.5° 29.5°

The motions of particles at various speed of rotation
were recorded by a high speed cine camara (32 fps), through the
transparent end of the drum. Still photograph-s were also taken
at fixed speeds of rotation with various exposure times.
Representative prints from the cine film ohtained under ditferent

experimental conditions are shown in Photos (3.2) to (3.5).
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3.3.2, ANALYS1S OF THE CINE F1LMS

When the drum 1s moving at a certain high speed, a kidney-
shaped moving mass 1s created 1n the drum. Two types of motion
were ohserved in the drum, these may be named 'cascade’ and 'cataract'
(61,68)., At a relative low speed of rotation, the particles travel
upwards on circular arcs, concentric with the wall of the drum,
until a point of i1nstability 1s reached, after which they roll down
a surface which 1s 1nclined at an angle 22 the horizontal, this type
of motion as shown 1n Photo (3.2. o ﬁﬂz gsti1]ll photograph 1s shown in
Photo (3.0). At a higher speed of rotation, the particles no longer
roll down the surtace of the charged mass, instead, aL a certain
point they are projected i1nto space, and fall essentidally as pro-
Jectiles., When the particles meet the charged mass, they resune
the upward path, this type of motion as shown 1n Photos({3.%,3.5),
the st1ll photograph 1s shown in Photo (3.7). In any of those motions
a Louudary such as ABC 1n Photo (3.6) or Phote (3.7), can easily be
seen, this line separates tle charged mass 1n two states of mution,

1.e. upward movement and downward movement,

In general, the motions oi particles 1n a rotating drum can
be classified i1nto three distinct regions, upward movement (region 1j,
downward movement (region §i}) ana the boundary (regiom 111), this 1s

shetched 1n Fi1g.(3.4).

Oyama (61) has said the houndary can be
described by a logarithmic-spiral curve,

the general equation can be represented

as
F - ae—bk& (3.1)

where PIS the distance from the fixed
point to the particle,« 1s angular
displacement irom the horizontal

direction, and a, b, k are constants

Along tli1s boundary, sketched

as region 111, there 1s the minimum
velocity pradient, due to the par-
ticles changing their direction of

motion, therefore shearing takes
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PHOTO 3.1. EXFERIMENTAL APPARATUS

PHOTO 3.2. THE MOTION OF PARTICLES IN THE
m

OTATING DRUM AT 20rpm




50rpm

AT

Fo W 8

ROTATING DRUM

3.4. THE MOTI

0TO

FH

ROTATING DRUM

60 rpm

A M

31




79

PHOTO 3.5. THE MOTION OF PARTICLES IN THE
ROTATING DRUM AT 80rpm

PHOTO 3.6. THE MOTION OF FPARTICLES IN THE ROTATING

DRUM AT 20rpm (STILL PHOTOGRAFH)
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PHOTO 3.7. THE MOTION OF FARTICLES IN THE ROTATING

DRUM AT 60rpm (STILL PHOTOGRAI

PHOTO 3.8. THE MOTION OF PARTICLES IN THE ROTATING

DRUM AT 20rpm (STILL PHOTOGRAFH 1/10 SEC. EXPOSURE TIME)
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place bLetween particles. 1ln the centre of the mass, as B 1n Fhoto
(3.6) or Photo (3.7), at thas fixed point, the particles are sta-
ti1onary (or at best move only slightly).

A bLetter description of the motion, howewver, would be par-
ticulate, contrasting with the bulk behaviour of material 1n region
I. On reaching the bottom of the slope, the particles form a loose
packing, which 18 carried unchanged to the top of the slope. There
the paching dilates before breakhing up and individual particle be-
gin to fall. 1n forming the loose packing, individual particles may
take up different radial positions on each travese, and so give the
rapid radial mixing which has been noted i1n these mixers. The sta-
bility of the loose packing could he seen from individual particle
velocities. The angular velocity of particles at different radial
positions at a given rotational speed of the drum 1s shown 1in ¥ig,
(3.5A). All curves show a tendency for the angular velocity of

particles reach a maximum at 0.7R The results were taken along
the radius 1n the centre of the powder mass.

80 rpm

o
|

— 60 rpm

./‘\ 00rpm \c_ 50 rpm

o Jy - a
/
Wl / ;_P_&Q [

Angular veloaity © Rfsg
[
/ |

Wniq §1 paads 1OUONITIOY

A n
// o
1 i I |
9K 6R 7R LBROOUYR R

3

Distance 1rom the centre of the drum

Fi1g.3.5A Radial Angular velocity distribution
of gypsum particles
The linear velocity of the particles, however, 1s constant
at radial distance from the outside to @.7R even at the highest
angular velocity. This 1s shown 1n F1g.(3.5B). This phenomena

could only occur 1f the packing 1s stable, The extrapolation of

line LC 1n F1g.{3.5B) to v = 0, gives the position oi the particles
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Fip.3.58 Ladial linear velocity disiribution
of Gypsum particles

which change their direction of motion.

The trajectory region (region I1) of the particles can
be observed trom the photographs. ln this region, particles will
have less freedom to exchange their axial position as the depth
increases, The region has heen studied by Kaye and Sparrow, Cahn

et al, and was thought Lo constituie surtace diftusive mixing,

3.3.3. CONCLUSION AND DPISCUSSTON

The boundary separating the mass of particles into two
states of motion can be observed clearly and might be described

by a log-spiral curve. It the local velocity of particles can
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be obtained the highest point ot the path at each layer could be
computed irom Eq.(3.17). The rapid radial motion may be further
demonstrated 1n Photo (3.8), which was tahen at 20rpm with 1/10

second of exposure time.

It has been noticed that the veloecity of individual par-
ticles near the wall 1s lowder than the aciual speed of rotation
of the drum., This 18 caused by the material slipping. A loose
packing 1s formed at high angular rotations whilst at low velo-
cities the packing may be relatively tight. From the loose packing,
the 1nterchange of particles can easily occur, on the other hand,
where the packing 1s tight mixing 1s less probable. Thus one would
expect a higher rate of mixing at high particle velocity 1n regioun
i1,

By considering this two-diwensional (plane) and one-com-
ponent system, a new councept ot the optimum speed of rotation and

fullness of charge tor the drum mixer may be ohtaiuned,

The optimum speed ot rotation 1s the speed at which resul-
tant turces acting on a particle on trajectory path are at a mini-
mum, The particles could very genlly tall down tle charged mass 1in
a 'partially fluidised state' with a maximum time lor the particles
travel from the top to the hottom of the inclined surtace. A parti-
cle could then recelve a maximum chance oi displacement in tlhe
axi1al direction.since 1t would receive an 1ncrease in ihe proba-
bility of collisions with other particles aud the axial rate of

mi1xing would be increased,

The regions could he measured from the photographs. The
proportion of region 1 to region 11 18 a function of speed of ro-
tation, Since regilon I 1s a form ot stable paching, the axial in-
tercliange of particles 1s most unlikely to be taking place so the

mixing must take place mainly in region 11,

By observing the motion at 20rpm (Photo 3.6), 1t can be
seen that the depth of region 11 1s only 2-3 particle diameters
thick and the particle are not projected, but are siaply rolling
down the i1inclined surlace, lUnder ihese conditions 1t might be
expected that 1t would be difticult to change the axial position

of the particles.
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At BUrpm {Photo 3.5), the proportion of 1 ana 11 15 almost
equal, however the paricles are mainly under centrilugal motion, and
the time during which the particles are following trajectory will
be too short to give a wmaximum probabirlity of changing positions,

so the axial mixing rate would be low.

The optimum speed of rotation must theretore bhe obtained
between these two speeds — about 50rpm say. If a method could be deve~
loped which measures the actual velocity ol the trajectory, then
the resultant forces of a particle might be computed and a quanti—
tative picture for different conditions be obtained, frow which

a optimum value could be selected,

Setting aside the question of economics, the optimum fullness
ot charge will depend upon the states of motion, This can be ex-

plained by discussing ilow regions for these different charges.-

B

e
i
]

Fig. 3.8

When the material 1s loaded more than half full as sketched
in Flg.(}.aA), the trajectory path 1s short and the proportion of
region 1 to region 11 1s large, theretore, particles spend the majority

of the mixing 1n the stable packing and have limited axial das-
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placements. In this case the mixing eificiency 1s unlikely to be

a maximunm,

In the second case (F1g.3.8B), the material 1s loaded much
less than half full. Whilst the proportion of region I to region 1l
18 now reasonable, the distance down which the particles roll 1s

clearly not a maximum,

This will occur in the third case (Fig.3.8C) where the charge
1s such that the trajectory path 1s equal to the diameter of the
drum. This occurs when the loading 1s such that the expanded mass
of the particles occupies hali the drum, particles then have more

chhance to displace their axial position.

From these considerations, 1t 1s clear that to obtain the
fastest mixing rate, both the speed ot rotation and the tullness
of charge must be selected to give the longest time for a partacle

to travel down the slope within the mixer., This prediction seems

reasonable when compared with the experimental results obtained

by previocus investigators (18) (57)(v0).
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h.1. INTHODUCT1ON

There are many possible approaches to the investigation of
the theory of powder mixing. It seems reasonable to suppose that
1n the mixing of particulate matter the first step must be the con-
sideration of the particle properties., The mixing machine 1s needed
to periorm the mixing but 1t 1s the behaviour of the particles with-
1n the machine which can or cannot lead a good mixing. It this was
understood, a suitable machine could be designed without much

difficulty.

However, since there are too many kinds ot particulate
materials to be investigated i1ndividually, one must simplafy the
problem by classifying the powders. A logical division 1s into two
main groups, the first 1s concerned with iree flowing powders and
the second with non-free tlowing powders (12), since then 1n each
group a diiferent mechanism to cause mixing 1s required. in the
present thesis, the object of the i1nvestigation has heen restricted

the cousideration of free flowing powders,

The mechanism of mixing process for free flowing powders
can be described by the exchange of individual particles within the
whole mixture., For i1nstance, one wants to mix 100 black particles

with 100 white particles, as sketched 1in Fig.(4.1)

@00 (O OO
.B.OWO
® 0 0 0O

Fipg.h.1.

Suppose one picks a particle from B and replaces 1t with a
particle from W, and the process 1s repeated unt1l 1t 1s possible to
pich a particle from either side with the sane chance of picking a
black or white particle, then this 1s when the nixing process 1s
complete. The problem 1s reduced to one of a simple probability.
When 50 black particles have been exchanged with 50 white particles,
the chance of finding a black particle in any position 1s equal to

that of picking a white particle,

This 1s the approach ot the present investigation, The

application of probabilaty theory to particle movement 1n the mixing
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system with particular reference to ithe behaviour of itree tlowing
powders 1n a horizontal rotating drum mixer with a constantly
applied mechanical force, without which application oi energy

no powder mixing could occur,

4,2, THE THEORY

Since the particles with a free flowing powder are muoving
1ndividually 1in the horizontal rotating drum mixer (reterring to
Chapter 3.%.). The mixing process can be described by a stochastic
movement, liowever 'stochastic'analogy' has mainly been concerned
with microscopic (biological) system, or a system which does not
suffer instability over changes of the parameters (1.e. birth-death,
walting time, telephone call, etc.). The powder mixing system deals
with finite sized particles i1n a dynamic situation, 1t 1s therefore
a further study ot the application of the stochastic process to the
particulate mixing system and one must consider the particulate
behaviour 1nveolved. To do this two poestulates must be proposed
which wi1ll take into account the finite values of particle size and

momentum,
Postulate 1

All particles of the same si1ze and shape have the saune
probability of occupying each unit volume within the mixture (25).

{This postulate covers the packing of the partlclesy
Postulate 2

All particles ot the same mass have the same probabilaity
of undergoing unit movement after collision with other particles
{1.e. a constant mechanised torce 1s applied). (This posiulate 1s

concerned the momontum of the particles),

In general, the mixing of tree flowinpg powders can be

divided 1nto three distinct classes.

(1) The material obeys both postulates. This can only occur
when the process 1s mixing physically identical particles, differing
only by colour. (An example of this 1s the mixing of masterbatch

coloured granules into the full batch).

(2) The materials which obey the first postulate and not the

second, e.g. the particles have the same stize but diifer in density.




93

{3) The materials which do not satisfy ei1ther postuluate, e.g.
where both a size difference and a density difference

OCCUrs.

These three classes wi1ll be discussed separatedly 1n the

following:
(1) Mixing of components with physically 1identical particles,

‘A randomised mixture 18 a mixture in which the provabilaty
of finding a particle of one component at any position within the
mixture 1s a constant which equals to the proportion of that com-
pounent 1n the whole system'(Bh). It 1s clear therefore that only

the present class can fulfill thas requirement,

Consider 1niti1ally the mixing of two iree flowing powders
in a horizontal retating drum mixer, at a constant speed of revolu-
tion. As the mixer rotates, a particle will suffer a displacement
AS which 1s some tunction ofa X, oY, and AZ 1n a small i1nterval of
time At. Many workers have shown that mixang in thie radial direction
18 very fast when compared to the glow drift of the particles along
the axis. Thus 1t 1s the axial motion of particles which controls
the overall rate of mixing., Thus 1t can be assumed that the radial
mixing 1s 1nfinitely fast and attention need only be paid to the
axial movement, The problem 1s resolved therefore to the one dimen-—

s1onal case in whieh the displacement AS = &X.

Since the materials under present consideration sati1sfy each
of the postulates, each particle i1n the system will have an
equal probability of undergoing a displacement. The motion of a
single particle can thus be considered as a series of equal length
steps 1n either direction along the axis. Each step will be 1n a

positive or negative direction with egual probabilaty of 5 -

After N such steps the particle will be at any of the position within
-N, =N+1, -N+2, ....... -2, =1, 0, 1, 2, we-sseesN=2, N-1, N

The probability of particle arrived at the position m alter
N displacewments 18 P(m, N). It 1s clear that P(m, N) will be equal
N Nom) S N-R)
to (1/2) [: (pf la) ,since p = q = 1/2 | times the number
of distinct sequences of steps which would lead to the position m
after N steps. In general, there will be (N + m)/2 steps in the

positive direction and (N - m)/2 steps in the negative direction,
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So that the total number of such distinct sequences will be

N !

[%(N + m):![%(N - m)]!

The probability of arriving at position m after N steps 1s thus

Pl 10 - [%(N + m)rj:\i_—é(r« - m)]! ( é " (et

In terms of the binomial coefticients C? s, so Equation 4.1

can be rewritten as the form of Bernoullian trial,

N 1 4N
P(m, N) = C1/2(N+m) (‘—2_-) (4.1 )
In other words, the probability distribution 1s Bernoullian.

if N 1s large, Stirlings formula (29) can be used

nt o= (2 m) /2 025, (n) (4.2)
and lnn ! =(n+ %) In{n) - n + % In {(27) (4.2')
Let N't = (N +m) ! and N1 %(N -m) !

Therefore Eq.{%.1) becomes,

N !
N':N"!(

1 \N
P{m, N) = 5 ) (4.3)
Take logarithm both sides of Eq.(%&.3),then

1n P(m,N) =laN?!+Nlnz-1la N ! —lInN' !

il

1 1 1
(N+§)1nN-N+§1n(21T)+Nln-2-
- (N+ %) In N' 4 N - 2 in(2m)

- (N" + %) 1n N" + N" - é In(2 7)

-

(N + %) in N = N - % In{27) + N In

1 Nem. _ 1 1

- E(N +m+ 1) In (757) + 3 N+gm
N+m+1 N-m 1 1

- (= ) 1n 5 ) + g N-gm

1
{N + E) ln N - (ﬁ%:.l_) 1n 5[1%)

~m+ 1 N
- (2 S - §) - 2 in(2m) - N 1n 2.
"2
U m )
Take In (1 + ﬁ) = + % g + = Foaeees
5 x
2N TN
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ior large N,

2
In (1 + 5y +2_ &
N N~ 52
So that, In P(m, N) = (N + %) 1n N - % In(27) - N 1n 2
2
~ (N +m+1)(InN-1n2 4 B_E
1 2Ny o
- 5N ~m+ 1)(In N = 1n 2 -~ m/N - m~/2N%)
= Nln N + % In N - %ln(211) - %(N+m+1) In N
2
+ %(N+m+1)1n 2 - %(N+m+1)E + l(N+m+1) Z_-
NT 2
2N°
- %(N*m+1)ln N + %(N—m+1)ln 2 4 %(N-m+1)(m/N)
+ %(N-m+1)(m2/2N2)
( ) 1 1 m2 I]‘l2
In P{m, N) = == In N - < In(27) + In 2 = 55— + —
2 2 2N on2
1/2 2
or 2 m 1
P(m, N) = (¢57)  expl-gg— (1 - %)
Since N >>1 , se¢ 1 - % — 1, then,
1/2
2 2
P(m, N) = () exp(-u°/2N) (4.4)

Now, since N 1s very large, 1t 1s convenient to introduce the net

displacement x instead of m from the starting position as the variable,

X = md (4.5)

Where 51s the length of each step. Thus Eq.(4.4) becomes,
P(x/s , N) = (5 ) exp(oxyon s 2) (4.6)
Let, N=nt and D = %n 52 (4.7)

Where n 1s the number of displacement per unit time, t 18
the time which wi1ll be taken at each interval and D 1s a certain

physical quantity. Then Eq.(4.6) becomes,
.
P(x, t) =(1/J5Dt ) exp(-x“/4Dt) (4.8)

The equation has bLeen obtained by considering the dis-
placement of a single particle, It represents the probability of
finding the particles at a position x atter time t. Clearly 1t a

large number oi particles are considered the probability tunction

wi1ll represent the proportion of one species throughout the volume
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and to understand the dispersion of particles throughout tlhie mixer

volume, one must now consider how this function varies with time.

Suppose that during an interval oif time 4t whach 1s
long encugh for a particle to produce a large number of displace-
ments but still short enough for the net mean square increment E"'x2
in x to be small, under those considerations the probabilaity that
a particle undergoing of a net displacewent 4x 1n the time &t 1s

given by Eq.(4.8), hence,
1 K%<

Q( ax, At) = \I—h__;__;; exp(~ 7pme)

This tunction 1s independent of the starting position of

(4.9)

the particles, The derivation ol the probability distribution of
P{x, t +48t) at (t,+ at) from the distribution P(x, t} at the ear-
lier time t, from Eg.(%4.Y), the probability distribution ot

P(x, t + 4t) could be expressed by a integral equation (5)(26)(&5),

oe

thus,
P(x, t + At) = J P(x -ax, t) @lax, at) d{ &x) (a.10)
.00

Since EicQ 1s assumed to be small enough, the expansion ot

each side ol ihe equation can be taken under the 1ntegral sign by

Taylor's theorem :

oo
JP(X -ax, t) Q(ax, At) d( Ax)

oo

o 1 ___2
=f eXp(" liDAt [P(X - AX, t)] d(Ax)

.m\’h w DAt

1 Ax® x> 2P
= exp(- A —82) P(x,t) - expl- ;a0 * ox
'hTTBKl,['[ AD t. DA
Ax 2 A% 2%y
+( exp(~ 1pat) - 2
?Dx

3 = 3
- L(\)x exp{- z—%{)—?;% + ....]d(Ax)
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[+2]

1 2
—-—{ \' LT DAY P(x, t) - [2DAt exp(- f"‘t)]
\'h"DAt La ~00

2 :
+ (DA% DAt ::‘; } + ’([at]%)

It

X
2 ‘
= P(x, t) + D——?———-% At 4+ n([m]z) (4.11)
? x
Accordingly,
Dp 2 ’bz
P(x, t +4t) = P(x, t) + -~ At + 2 T (at) ‘btz
3
1 3 0P
+ 37 (at) . P
= P(x, t) + 2P Ay R'([At]2) (4.12)

?t

Combine Eq.(4.11) and Eq.(4,12), yield

2

2p ' 2 2 “p 2
P(x, t) + - At 4 R(fAtJ ) = P(x, t) + D —%—;2—'131'. + R([At] 5,

(%.13)

[
Where the functions R((At]2) and R'([Atlz) are functions of t to
power higher than 2, so that i1n the limit where At-- 0 , equation
{4.13) becomes

2p 2 °p
2t = ] —%;;E_ (4.14)

This equation can be used to describe the process of mixing

with components of physically identical materials,

(2) The mixaing with components of the same size but ditfer

1n density.

In this class, the materials obey the ftirst postul.te but
no the -econd. As the particles undergo displacements the probabi-
lity will not be symmetrical 1.e. p and q are no longer equal to i-
1t 1s therefore necessary to modify Eq.(4.1) for this requirement,
hence

1 1
N : 5(N+m) N-u
(p)2 (q)ﬁ'( 1)

P(m, N) = (11-15}

—(N + m} ! 3N - m) !

This equation can be rewritten 1n form
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1 1
N E(N+m) E(N-m)

P(m, N) = C, p) (q) (4.15")

§(N+m)

clearly the present problem has a peisson distribution,
1 .

Suppose p = 5 - “%?‘ and q = % + im (&.10)

Where p and q are the probabilities of a particle moves forward

and backward direction, & 1s a certain physical parameter,

Rewritten Eq.{4.15), becomes,

1 1
N ! 5 (N+m) 5 N-m)
Pl W) = e - 3T G 5
[E(N+m)]![§(N-m)]!
(4.17)
Let N = %(N +m) and N = %(N - m)
Thus Eq.(4.17) becomes,
1 1
N ! 5(N+m) 5(N-m)
Pm, N) = == (3507 E e ST (e

This equation can be simplified with using of Starling's

formula , and similar to Eq.(4.3)

L] 1
In P(m, N) = (N+2) In N - N + 210 (2m) - N'1n N
1 1 L1} n 11} 1
+ N - §1n(2n) ~NInN + N - §1n(2n)
1 1 Em 1 1 Em
+ §(N+m)1n( 5 - 5 )+ 2(N—m)ln(2 + 5
2
1 1 o _ M 1
=-3lnN-5ln 2+ 1n 2 - 2N(1 - N)
2%m*N _ £ 2n2
* ToN oN
Since N>>1 then 1 - % —>» 1, thus
2 2 29
2 N
InP(m, N) == 2 in N -2 1n2ms 102 - Lo EEN 5 2
2
- I
or P(m, N) = TN exp[— I 2N§m1\ ] (4.19)

—

Let, x=5m, N=nt and D = 5 nbd 2 as betore,
so Eg.{4.19) becomes,

1 | x - & t‘2 .
P(x, t) =JL!TT—T exp [— _(_Ttm‘_L] (4.20)




99

Further let &n x =P , so that,

2
P(x, t) T exp[-—izzgggil*] (4.21)

\, Lmw Dt

A differential equation can be derived by a similar con-

sideration as before and the probability of any displacement Ax

at time at will be given by

{Aax - pAtf] (4.22)

1
Q(ax, At) = —=——— exp [—
N 4DAt
Hence analogous to Egqs.(4.10), (4,11), (4.12), the probabilaty

distribution of P(x, t + At) 18,

o
P{x, t + At) J Plx -Ax, t) Q(ax, at) d(ax) (4.23)

o0

P ' 2
so, PS:, t + At) = P(x, t) + —'g—t—m + R (t]°)
f P(x -Ax, t) @(ax, at) d(ax)
- 1 ” (ax_-Bat)? p
X -
= ———— | exp | - P(x,t) + (-4x) o
&ﬂDAtfw [ Lbat ]{ DX
B 2 3
1 2 3P 1 3 2p \
+ -—-—'(—Ax) -_— —T(—Ax) + ... d(Ax)
21 oax2 ‘Z_ : 3)(3 }
2P -3 Y 2
= P(x, t) - > x At+D-—_—_'bx2 at + R{[at) ")
so that
P ! 2
P(x, t) + —p- ot + k ([at]") (&.24)
2
2 P °o°p 2
= P(x, t) - B = x At + D 5 At 4 R([At] )

X
Passing to the limat At —>0 , therefore the solution 1is !

obtained as:-

2
2P, 0P or
ol D . - I}rax (&.25)

Eq.(4.25) may be used to describe the mixing process when

components contains the same size but differ in density.
(3) The mixing with components of differ 1n size and density.

In this class, the materials do not obey both postulates,
thus 1t seems unreasonable and difficult for one Lo make two mod1i-

ficationsat the same time. As 1t involves not only the change of
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moventum but also the particle packing problem. Une may demonstrate
this si1tuation 1n the following example :-

In F1g.(4.2), there are 10 particles all diiferent 1in

si1ze on a one-dimensional plane.

Fig., 4.2.

Each particle occupies 1ts own projected unit area which are
all different, One particle picked from the system can not be re-
placed by any other particle without changing the original torm,.

As the mixing problem 1s a dynamic si1tuation, when all these parti-
cles undergo displacements, 1t 1s clear that they can not move ran-
domly. Thus the stochastic analogy can not be applied to the system.

If all particles are arranged as shown 1n F1g.(4.3),

Fig., 4.3.

although they are not equal gs1zed but the particles wmay change thelr
positions without causing any change to the system. In this condition,
the particles in the mixing system could freely undergoe displacements,

thus the mixing process may he decribed by a 'pseudu—stochastlc' {(con-
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di1tional) process. This class w1ll be considered further alter the
experimental results are obtained, then a defimitive conclusion

may be drawn.

.3, CONCLUSION AND D1SCUSSION

The mixing of free tlowing powders may be descraibed by
Fg.(4.14) and Eq.(4.25) dependent on the nature of the material

properties,

Eq.(h.lh) has the same form of Fich's second law of diffusion
and dewonstrates the validity of the earlier conclusions, 1t further
demonstrates the proposal by Lacey that the obtaining of this type
ot equation does not necessary mean that the process 1s diffusion
(43). The value of obtaining the equation 1m this rigorous way 18
seen 1n the 1ntroduction of the parameter I} = % n52. This parameter
must depend thereiore on both material and mi1xer properties. s
th1s equation has heen developed from Bernouilian distribution, 1t
can only be applied to a homogeneous system and only such a system
can achieve a state of randomisation., Provided that both basic
postulates are satislied an equation of the type Eq.{4.14) (1.e.
similar to Fick's egquation) will be obtained regardless of the type

of mixing equipment used.

Eq.(4.25) has a torm similar te an equation which Mdller
and Rumpf{ proposed, namely the holmologov second equation. This
equation was claimed to represent genera-lly the powder mixing :
process, From the present derivation of this equation, 1t shows
that the equation may be suitable to describe the mixing ol compo—
nents which difier in density hut have the same size and so the
equation 1s not completely general. lmitially, this equation has
shown a feature of the Poisson distribution. So the probability
distributioen will be asymmetric. Thus this mixing system can not
achieve a state of randomsation and gsegregation will occur. It
the density difference 1s very samll, so that the symmetrical
displacement of particles may not be affected, as §—=0, then
p £ q and p——=0. In this circumstavce, Eq.{%.25) becomes Eq.(h.14)

and the mixing process may achieve a state of randomisation.

For mixing with components which di1ffer 1n si1ze and density,

all particles undergo displacements according their surroundings,
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therefore the movement of particles 1s not stochastic (random).
Unlike systems ot gases and liquids 1n which the volume ot the
particles 1s often 1gnored, 1n a particulate solid system the
actual volume oi each particle plays an important part in the

whole process,

It could be concluded trom the above study that the tully
randomised mixture could only be obtained by mixing physically
1dentical components, whenever the components differ i1n si1ze or
density some 1nhomogeneity will occur. The causes of the 1n-
homogeneity, or segregation, are different when mixing two coni-
ponents difiering only in density and when mixing components of
different size, In former case segregation 1s mainly caused by
the momentum difference (or by gravitational force), once segre-—
gation 1s established 1t becomes stable and the application of
further energy will not change the pattern obtained . Segrepation
1s caused in the latter case by the rearrangement of particies.
This involves both the change ot the occupied volume by indi-
vidunal partieles and by the change of momentum. These changes
would probably continue until all similar particles are togetiier
then the system wi1ll become stable. lowever any external force may
altect the stability and the pattern of segregation may change.

This was also note by Brown (11).

This theoretical analysis 1s now tested experipzentally

in the following chapter,
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5.1, INTRODULCTION

The experimental work was designed as a systematic 1inves-
tigation of four series of material combinations. These are :- (a)
the same size distribution and same density, (b) same density,
different size distribution, (c) same size distribution different
density (1n this series the effect of particle shape was also 1nves-
tigated) and (d) different size distribution and density, The experi-

mental programme was envisaged as having three main objects,

The first object was to test the theory developed in Chapter

4 with the actual mixing system.

The second object of the experiments was to study the
mixing and segregation with components of difterent physical pro-
perties and attempt the prediction of the final state ot the

mixture,

The final object of the experimentation was concerned with

the operating conditions and geometric dimensions of the mixers,

It was impossible to plan a comprehensive experimental
programme for all existing mixing problems within the present
period of investigation. However, 1t 1s hoped that the results
presented provide a broad picture and sufficient evidence on which

general theories ot mixing and segregation may be based,

For easy reading ol the experimental results, all diagrams
will appear with the lext and the representative numerical data

w1ll be tabulated i1n the Appendix I,

5.2, EXPERIMENTAL EQUIPHMENT, MATERIALS AND TECHNIQUE

5.2.1, MATERIALS AND METHOD OF PREPARATION

The materials used i1n the experiments should be representa—
tive of the general physical behaviour of granular solids. There-
tore, sand (Photo 5.1A) (Moneystone A1, supplied by B.1.S.) with
diiferent s1ze ranges were used for most of the experiments, and
gypsum (Photo 5.1B) {from B.G.L.), glass beads (Photo 5.1C) (from
E.G.C.) and zicron sand (Photo 5.1D} (from Podmore & Son 1.td.) were
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also used to form a binary mixing system with differences in den-
si1ty, shape and size combinations. The main physical properties and

s1ze ranges of those materials are listed in Table 5.1.

TABLE 5.1. PHYS1CAL PROPEKTIES OF MATER1ALS

Materials Sand Zicron Glass
Physical Parameters 5-1 5-2 Gypsum Z-1 7-2 beads
Type Moneystone Comme r— Industrial Commer-
cial ciral
Size (B.S.S.) -36/+52 | =52/+60] =36/+52 |-36/+52] =52/+60| -36/+52
Density (gm/ml.) 2,58 2.1% 4,66 2.89
Shape Granular Granular Granular Sphroid

The s1ze distribution curves between a limited sieve range are shown
separately in Fig.(5.1) to Flg.(5.3). The si1ze range were selected
80 that the particles were easily visible under a magnitying glass
and could be separated with miniature sieves. The particle size

was also selected so that a reasenable number of particles were

obtained i1n a small sample,

Sand was coloured with a dye to provide particles differing
only by colour. The dyeing process presented no special problem.
Sand was sieved to give the required cut in particle size. [lalf ot
the gquantity produced was washed and dyed with a black household dye,
*Dynol' by trade name. The dye was dissolved 1n boiling water, the
material was slowly added 1into the dye solution and stirred fre-
quently for 15 minutes. It was then placed i1n a laboratory oven to
be dried and sieved again before use. The dved material was always
used as one of the components whenever a binary mixing system was

studied.

5.2.2, DESCRIPTION OF MIXING APPABATUS
5.2.2.1. MIXERS

The mixers were of the horizontal rotating drum type, con-

s1sting of four different geometric dimensions. The bodies ot the
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mixer were constructed of perspex cylinder or sheet with the remo-

vable lads. The dimensions are given 1s Table 5.2,, and the outline

TABIE 5.2, DIMENSIONS O0F MIXERS

Type L/d Length L Diameter d |Capacaity

(cm) (cm) (11tres)

M-1 2 29.5 14.5 .7
M-2 | 15 14.5 2.8
M= 3 4,5 14.5 7.5
M-k 1 18.2 18.2 4,6

drawing 1s given 1n F1g.(5.4). Photo (5.2) shows the various sized

mixers and Photo (5.3) shows thkat the mixer while 1in used.

For thorough sampling across the mixing bed, one of the
end walls of the mixer contained 9 sampleng holes sealed with leak
proof ruhber pluges, The general arrangement of those sampling hole

1s shown 1n Fag.(5.4).

5.2.2.2, DRIVING APPARATIUS

The draving apparatus consists of a variable width ball mill
rollers and an electric motor. The speed of the electiric motor is
controlled by a coupled reducing gear box of Synchromic single phase
type motor (1/3 Hp) (supplied by Allspeed Lid.) which allows a de-

sired speed to be set accurately over a range from 30 to 280 rpm,

Photo (5,4) shows the complete arrangement of the apparatus.

5.2.3. GENERAL METHOD OF LOADING OF THE MATERIALS

The mixer was tirst placed on a special mixer holder, a
special semi-circluar plate was placed at the middle of the mixer,
Materials were loaded 1nto both compartments separately and leveled.
The thin plate was then removed slowly without disturbing the mate-
rial. The 11d of the mixer was closed. The mater:ial arrangement 1is
shown in Photo (5.5). The mixers were always filled to 40% of the

total volume.

5.2.4, THE SAMPLERS AND SAMPLING TECHNIQUE

Modified thief samplers were used which consist of an 1nner

rod of brass red (BS 249 rod) and the outer sleeve of Alrecs tele-
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scopic brass tubing (supplied by RZT Metals). The rod 1s drilied to
give sampling holes at 7/8" intervals. The sleeve has a sharp point
at one end, holes at 7/8" intervals corresponding to the holes 1n

the rod.

Different sized samplers were used (Photo 5.6) for various
s1zed mixers. The outline drawing of the sampler and the principle
dimensions are given in Fig.(5.5). Sampler No.1 was used for talking
small samples (for particle counts), The samplang hole contalns
approximately 200 sand particles {sand $-1). No.2 samplers were
used for large samples, the hole containing approximately 1.0g of
sand.

Sampling positions were selected 1n such a way that they were
given systematic sampling throughout the mixture. In general the sam-
pler was inserted at two horazontal levels marked A & B on Fig.(5.4)

and also alternatively at the levels marked C & D.

For the mixing of same sized components, particles counts
of each components were made on each spot sample with a 1lluminated
magnifier. The particle fraction of dyed and not dyed sand (or other

components) was computed for each sample and the result noted.

For the mixing of different sized components, a miniature
s1eve (3" diameter) was used to separate the components. Each com-—
ponent was weilghed on a Qerters-0-Matics balance which could weigh
to 0.0001g, The weight fraction of each component was calculated and

the corresponding position of the sample noted.

5.2.5. ANALYSIS 0OF THE EXPERIMENTAL RESULTS
5.2.5.1, THE SELECT1UN OF A DFGREE OF MIXING

Herdan (39) stated that "There 1s no such thing as a com-
plete mixture in the sense that all the samples tahen from the mix-
ture, no matter how small, will be exactly alike. Since there will
be random fluctuations in the sample quality even in the most homo-
geneous mixture'! From this statement, 1t 18 clear that the samples
taken from the mixture implied a deviation from the true mean, There-
fore the uniform:ity oif the mixiure will proportional to this deviation,
Thus a degree of mixing can be proposed which 18 based on thrs devi-

ation, the standard deviation, When the mixing 1s 'complete', the

standard deviation becomes a minimum. If the mixing process could be
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described by a Bernoullian distrabution, clearly, the minimum

standard deviation 1s the random standard deviation.

Most propesals for a definition of the degree ot mixing in-
clude the standard deviation of a random binary mixture. The random
standard deviation or 1ts square, the variance, for mixture distin-—

guished only by colour 1s given by

» Pp(1-7p)

%= "1 (5.1)

where p 1s the particle fraction of one of the components and n 1is

the total number of particles per sample,

For mixture of components of ditferent stze distribution

e 2 S
UE: —(%QJ[P\JQU + G) + V(1 + cf)] (5.2)
(for nomencleture see p.-17)

However, from the last Chapter, 1t 1s understood that the mixture
could reach a state of randomisation when components distinguished
only by colour. Therefore Eq.(5.2) may not valid 1n the actual mixing
system. The selection of a degree of mixing for.all cases, theretore
the between sample variance would be most adequate, 1.e,

-2
o= =p - p)° (5.3)

N -1
2

or s f[ _ a] (5.3')

g = N
where p i1s the measured traction, and 5 the mean traction of N

samples, a 1s the true fraction of the component 1n the whole mixture.

This degree of mixing has the virtue of simplicity, bhut
the disadvantage that there 1s ne convenient index on a scale between

0 and 1 (such as obtained 1in the equatron proposed by Lacey).

2
The between sample variance o was based on the particle
fraction (for same sized components) and weight fraction (tor da-
tferent sized components).The relationship bhetween these two values

of variance may be obtained (83)

Let a set of samples A in which the particie fraction 1s p

and the weight fraction 1s w

p-w=§
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Taking the mean value of p and w so
p=w+ E
(- %) = (w-%) « (§-§ )
_2 _2 - - 2
(P= ) = (= %) +2 (w-5)(5-5) 4 (5-5)
Z - 5)° 7wy ) , 0= 9(8-8)  w(4- 1)

N N N N
2Z (w - w)(5-6)
2 2 ; v
or O-P = lj+ % + L N
Let, P, = g
1 Al&/(gﬁl(}‘*’ gBl()B )

o= gy /(g +gy)
1 1 1

Where gA 18 g.of A-component 1n a sample

gy 18 g. of B-component in a sample
fh 1s particles of A-component per g, and
Psls particles of B-component per g.

Let €n= ha;

Then =K ey Py /(Ke, (y+ gy f,) - g, e, +gy)
1 1 1 1 1 1

=Kg /(Kg +a5) -8, /(g +2,)
1 i 1 i 1 1
Thus S would depend on the value of fraction and K, 1t could be
determinated for various combinations of these two parameters.
1) For components of same density

as K = 1, SL= 0, so,

2
G}2= Tu for all cases
11) For components of different density
as K £ 1
ﬂ.) gA/(gA+gB)=0’ 8 =0
s0 Cﬁ}: ao*

1
WY
[~ ]
i
[
n
f=]

-5
[t

b) gA/(gA + gB) =
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c) gA/(gA + gB) = k, then gy = kgB + kgA

or g, = kgB/(l - k)
thus k k
K K + = K K
gAl/( gAl gB) (1 _ k)/[ (1 _ k)gB + gB]
= Kk/{Kk - k + 1)
so that § = Ki/(Kk - k + 1) - k = Kk(1 = k) + k(k ~ 1)
Kk - k + 1
> Y
Hence % £ Ty

3.2.5.2,STATISTICAL TESTS

Statistical tests were olten made. The Student t test was used
for testing a set ol samples withdrawn at a particular mixing time
to test the difference between the measured mean and the ture mean.
The I test was used for testing the duplicated runs. These tests are

recommended by Am. I. Chem. Eng. solid mixing equipmemt test (2).

5.2.6, EXPERIMENTAL PROCEDURE

The mixer was placed on a specially made holder and mate-

rials were loaded as described., The mixer was then replaced on the

roller machine., The electric motor was set a fixed speed of rotation.
The time was recorded by a stop watch., At each interval of mixing the
machine was stopped and mixer turned by hand to the position required
for convenient sampling. It was then replaced on the holder and
samples taken. The interval of each mixing time was varied from

30 seconds to twoe hours, Generally during the imtial stage,very short
intervals were taken. The 1intervals were increased as mixing tended

to near the equilibrium state,

Since only few points could be taken and analysed each day.
Each run of experiment extended over many days., The mixture was left

undisturbed between sampling.
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5.3. SOLUTION OF THF DEVELOPED M1XING EQUATION

The mechanisms of mixing with physically 1dentical compo-
nents and the components differ ain density only, they may be des-—

¢ribed by the equations

op ?)2P
= ) —— (4.14)
2t 3x2
and o
P 2P oP
2P _ _ _ B (4.25)
ot ?x2 Dx

The solutions of these equations can be used to determine the rate

of mixing and the distribution profiles,

Eq.{(4.14) has shown a characteristic of a Bernoulllan dis-
tribution, the end point of the mixture 1n such system may be assumed
to he that of the randomised mixture. Thus the sclution can be easily
obtained. However Eq.{4.25) represents a Poisson distribution and
i1t would be unreasonable to assume an end point of the mixture in
such system, Thorefﬁag, Eq.(%.25) will not be solved 1n the present
section, and 1t will,be considered until the experimental resultis

have been obtained i1n the later section.
Solution of equation (4.14)

When time of mixing 18 approaching to infinity, the con-
centration {probability) distribution 1s expected to be normal, but
for the mathematical reason, this may be assumed that the end point
of the mixture equal to a unique constant, 1.e. the proportion of
overall components. The equation can be solved for the initial con-

ditions described 1n Section 5.1,

For the sake of simplicity, let a new probability function

G be defined such that 1t varies irom an initial value P0 to a final

value %PO where P 1s the proportion of one component at time
t = 0,
P 1
= - ‘4
Hence G = 2( T, 5 ) (5.4)

'OG 32(} (5.5)
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Let G = yz

where y 1s function of x only, and z 1s function of t only, as
y = f(x) and z = £(t)

Hence Eq.(5.5) becomes,
D (yz) 5 32(%@
ot Vx

Differentiating,

1 _ s 1 2%

D =z ot ¥y E)x2

(5.6)

When x varies, left handside of the equation remains constant, as
z 18 function of t only, similarly, when t varies, right handside
of the equation remains constant. Let -a2 be the common constant,

and the equation can be solved 1n two parts, Hence

2 Iy
é?-g—— = —a%y (5.7)
X
and 1 Oy 2
Ty mee—— = -a (5‘8)
D Zz ’at

The general solutions of Eq.(5.7) and Eq.(5.8) are

Y = K;cos .ax + Kysin ax (5.9)
° (5.10)
z = h3 exp{(-Da t) ‘
Thus, G = K ( 2Dt)(K ax + Kosin ax) (5.11)
= yz = Kzexp{-a 1€08 9 .
As the materials were loaded end to end as sketched 1n
Fig.(5.6), the beundary conditions can be fixed.

~a Moz} -l
Fig.(5.6)
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The boundary conditions are}—

(1) t=0, G=1, P=4g
(2)t=m,G=0,P=:,12-P0
3) x =0, G6=0
(4)3G=0:x=£

D x

The particular solution will be,obtained as follews,

¥ Using boundary condition (2) for Eq.{5.11), so that

this also satisfies (3), and the general solution becomes
2
G = K4 exp(-a“Dt)sin ax (5.12)
Where K, = K2K3.
Differentiation of Eq.(5.12) with using boundary condition (4)

jlﬁ_ =0 = Kh exp (—a2Dt) cos aﬂ (5-13)
dx | x =£

But Ky exp(-a2Dt) £ 0, so

cos af = 0,

thus - .
a=(2n-1) 5 (5.1%)
where n 18 any positive integral number (1, 2, 3, ...... )

Put Eq.(5.14) into Eq.(5.12), then becomes,

2
G = Khexp[;(Qn - 1)217%3] sin (2n - 1) Zz (4.15)
4

For n number of results, Eq.(%.15) should be repressed as,

o Dt
g2

Using boundary condition (1) for equation(5.16), so,

G = A, exp[—(2n - 1) ] sin(2n - 1)-%}7- (4.16)

X

) + Ajsin %ﬁ% + ... (4.17)

X i
1= A}sln EE— +A_2 @1n

b2
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Eq.(5.17) compared with
1 = % (san 2% . 1 g, 3mx 1., Om + voovs) (5.18)

so that, Y
4 2n-1,2 2 2n-1
Thus G =Z’ﬁm exp -(—27) T Dt SID('EZ—)TIX

%pt mx 1 oDt n 30X

S PN (5.19,

or G

il
Al
P,
o
sl
=
i

Using the relation of Eq.(5.4), therefore the particular solution

for the mixing system 1s obtained, as

P = gﬂ (6 + 1) or for Py, = 1 then

2
P = -;; + %{exp[-(g ﬁ]sm gﬂi 3 EXP[9( ) fz]s n sz +} (5.20)

Now let F be the fraction of the particles of one component remain-

ing 1n the same half of the mlxer after mixing time t,

1 1
F = 2 2£ J.G dx
4
. __2{

2
exp,: ——]+ -;- exp[—Q(%) i—;—]-b} (5.21)

and F' be the fraction of those particles which have moved to the

other side atter the same time,
1 1
I=.._ ————

F 2+2£Ide

'"ff{ [( )12] 5 exp[ 9 )ﬂz] } (5.22)

The difference between the fractions 1s the rate of particle move-

o
!
[l =

ment from one side to the other. Thus,

R(t) = F - F'

2
R(t) = —T‘?'i' {exP[ (3) £2]+ = exp[ 9(%) %}+ ..... } (5.23)
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The variance of the probability distribution will be

{
2 1 1,2 X
(t) 21£(P —)d

02(t) .—1—2;2_ [exp(«— Ti'2Dt/2f2) + ‘% exp(—91rth/2£2)
o ] (5.24)

Both Eq.(5.23) and Eq.(5.24) contain the parameter D and so can be
used to determine i1ts magnitude, and the rate of mixing may be

obhtained,
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5.4. EXPERIMENTAL RFSULTS, DISCUSSIONS AND CONCLUSIONS

5.5.1, COMPONENTS WI1TH THE SAML S1ZE AND DENSITY DISTINGU1SHED
ONLY BY COLOUR

Series of experiments were carried out to test the theory
of mixing using dyed and not dyed Moneystone sand (S-1) in three

differently dimensioned mixers.

5.4.1.1. COMPARISON 0¥ DIFFERKNTLY DIMENSIONED MIXER AT THE
SAME SPEED OF ROTAT1CN

Concentration distributions obtained at representative inter-
vals of mixing time are plotted 1n Fig.(5.7) to Fig.(5.9) for mixers
M=1, M-2 and M-4 at 52% of the corresponding critical speed of
rotatlog. In general, the shape ot those curves are similar, apart
from the 1ni1tial period, the profiles of the concentration distribu-
tion showed a linear progression., Fig.(5.10) shows the variation
of concentration with the tfixed positions. From the concentration
distribution curves the rate of particle movement R{t) and the
variance UQ(t) can be caleulated and are plotted as function of
mixing time in Fi1g.(5.11) and Fi1g.(5.12). Both oi these sets oi
curves have a similar shape and indicate three distinct regions.

An 1nitial drop i1n the main function which may be thoughti of as a
transient stage occuring betore the regime, discussed earlier, 1s
established, A straight line showing that the derived theory for

such system 1s applicable and the third region represents an equi-

librium value in each function, These regions have also been dis-
cussed previously by Yano et al (93). It 1s also noted that mixer
M-4, the large mixer with length equal to diameter gives the laster

mix1ng.,

*
The critical speed of rotation 18 a speed of rotation at
which, according to the laws of centrifugal force, particles on
the outer circle do not leave the wall of the drum, that 1s the

centrifuge (35). It also can be computed by the force balance, by

equating the force of gravity tending to cause the particles—to
fall to the centrifugal force tending to carry the particles

around 5
N (rpm) = —EE—E- where d 18 the diameter of the arum

g = 980 cm/secz
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5.4.1.2, RATE 0F MIXING AS A FUNCTION OF SPEED OF HOTAT1ON

Since a powder 18 a particulate system, the packing and
the porosity of the mixing bed can aifect the rate of mixing.
The variation of the porosity of sand as a functzon of mixer speed
of rotation 1s shown in F1g.(5.13). The results were obtained from
two different diameter mixers, showed as only a function of the
proportion of eritical speed of rotation and 18 1ndependent to the
mixer diameter when the loading 1s maintained constant, The porosity
was that obtained when the mixer 1s stopped after rotating for 5
minutes and 1s not the porosity obtained when the mixer 1s rotating,
A maximum porosity 1s obtained at 33% of the critical speed. The
concentration distrabution for mixer M-2 at this speed 185 plotted
in F1g.(5.14), from these curves the rate ot particle movement R(t)
and the variance 02(t) can be obtained and are plotted an Fig.(5.11)

and FJg.(5.12). Thus the rate of mixing can be compared.

5.4,1.3. DETERMINATION OF THE RATE DETERMINING PARAMETER D AND
CONCLUSION

By considering only the first term of Eq.(5.23) and Eq.(5.24),

hence
8 112])1} )
R{(t) = exp(~ ——— {(5.23")
n2 412
2 2 H2Dt .
(t) = 25 exp(- T2k (5.24°)
n 2£

Graphs of ln R(t) vs. time t and ln 32(t) vs, time t should
yield atraight lines. From the slope of each 1t 1s possible to
determine the values of the determining parameter D) hereaiter
called the migration coetficient. 1f the length of mixer 1s mea-
sured 1n centimeters and the mixing time 1n seconds, the dimension
D can be expressed as cm2/sec. The values of D obtained trom the

experimental runs are presented in Table 5.3.
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TABLE 5.3, VALUES OF MIGRATION COEFFICiENT D

Run Mixer # of critical b (on/sec’) :
speed of rotation | pr o0 k(t) | from o2(t)

H-SI-11 M-1 52 0.0201 0.0257
H-SI-12 M-1 52 0.02064 0.0260
R-81-13 M-1 52 0.0259 0.0257
R-5111-2 | M-2 52 0.0256 0.0254
R-SV-1 M-t 52 0.0268 0.,0272
R-ASI-1 M-2 33 0.0291 0.0295

1t can be seen from the results in this table, the miyra-
tion coetficient D 18 i1ndependent of si1ze of the mixer provided
the speed of rotation 1s maintained at a constant fraction of the
critical speed. This finding 1s samilar te that obtained by Miller

1n his i1nvestigation inlo drum mixers,

From the results presented in this section, the equation
(Eg.4.1%) can be confidently applied to the mixing of free flowing
particles of the same size and the same dens:ty where the particles
have an equal probability of undergoing displacements., Rate of
mixi1ng 18 found to depend on a migration coefticient which 1s a
| tunction of the speed of rotation, and particle characteristics

but which 1s independent of mixer dimensions,
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FIG. 5.7. AXIAL CONCENTRATION DISTRIBUTION OFJ-1 AT 52% C. S.R.
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CONCENTRATION OF A (FRACTION)

FIG. 5.8. AXTAL CONCENTRATION DISTRIBUTION OF5-1 AT 52% C. S. R.
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CONCENTRATION OF A (FRACTION)

FIG. 5.9. AXIAL CONCENTRATION DISTRIBUTION OF 5-i AT 52% C. S. R.
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2.4.2, COMPONLNTS WITH DIFFERENT SIZE DISTRIBUT10ON BUT SAME
DENS1TY

This series of experiments was carried out to 1nvestigatle
the mixing and segregation nechanism with components of ditferently
s1zed Moneystone sands - S-1 and 5-2 in four differently damensioned

mixers,

5.4.2.1. COMPARISON OF THE STATES OF MIXEDNESS IN FOUR M1XEXS
AT THE SAME SPEED OF LOTATION

The concentration distribution curves of the larger particles
(S-1) are plotted in Fi1g.(5.16) to Fig.(5.19) for mixers M-1, M-2,
M-3 and M-4 at 20% of the corresponding critical speed oi rotation,
The general shape of those curves are similar., Atter a very short
1ni1tial period, the profiles of the distribution curves show a se-
paration of large and small particles and indicate segregation ot
large particles in the middle of the mixers. Flg.(5.20) shows the
variation of concentration with time of large particles at fixed
positions, These curves i1ndicate the separation of large and small
particles at the specified location i1n terms of time. The sample
variance 0'2(t) 15 plotted as a function of mixing time for all
mixers 1n Fig.(5.21). The shape of those curves are gemerally similar
an 1nitial transient period, a very short mixing stage and a region
in whach separation of large and small particles occurs, After thas

stage, an equilibrium state 18 established,

5.4.,2.2, THE STATES OF MIXEDNESS AS A FUNCTION OF SPEED UF
ROTATION

The speed of rotation of mixer can affect the state of mix—
edness. Further experiments were performed 1nto differently dimen-
si1oned mixers at 35% and 52% of the corresponding critical speed of
rotation. The concentration distribution curves for these conditions
are plotted 1n I'1g.(5.22) to Fig.(5.25) and Fig.(5.26) to Fig.(5.28).
The shape of these sets of curves are distinctively difierent. For

the case of a 35% of the corresponding critical speed of rotation,
apart from the i1nitial period the profiles of the concentration

distribution showed a linear progression. But i1n the case of 521
of the corresponding critical speed of rotation, the protiles show

the  appearance of small particles 1n the middie of the mixer. The




138

sample variance U‘Q(t) can be calculated for hoth sets of curves

and plotted as function of mixing time 1n Fig.(5.29) and Fig.{5.30)
for all mixers. From tho<e sets of curves, the curves in Fig.(5.29)
showed the three-stage mixing process, as described in the last
section, The 1ncrease 1n €2(t) after the minimum shows when segre-
gation occurred, The concentiration with time profiles for both cases

are 1llustrated in Fig.(5.31) and F1g.(5.32) for mixer M-2.

5.4.2.3. DISCUSS10N OF THE HESULTS, FURTHER EXPRIRIMENTS ON A
SINGLE WIDER SIZE DISTRIBUTION MATERIAL ROTATING LN
THE MIXER, AND CONCLUSION

1t 13 found from the experimental results thal the separa-
tion of large and small particles 1s a tendency which was controlled
by the speed ot rotation, For a given speed of rotation, the patterns
of the final miature (equilibrium) seem to be definite and indepen-
dent of the size of mixer. The experimental results ean be summarised

and presented 1n Table 5.4,

TABLE 5.4.
EQUILIBRIUM CONCENTRAT1ON OF LARGE PAKTICLES
AT TilE CENTRE OF MIXEN WITH SPEED OF ROTAT1ON

Equilibrium concentration of
large particles at the centre
of the mixer with fraction of s1ze dens1ty
Type L/d critical speed of rotation
of ratio ratio
Mixer 0.20 0.35 0.52
M-1 2 0.70 0,51 0.32 1.27 1
M=-2 1 0.72 0.49 0.32 1.27 1
M=3 3 0.68 0.50 —— 1.27 1
M=4 1 0.73 0.51 0.36 1.27 1
Ave. - 0.71 0.50 0.33 - -

The di1iterent concentration distribution profiles obtained

at three different speed of rotation may he explained as follows,

At the lower speeds of rotation, consider the momentum
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transfer on a collision between a large particle and a small parti-
c¢le, The small particle will tend to obtain a greater velocity

than the large particle. Thus the central region of the mixer will

be characterised by a deficiency 1in small particles, or an increase
1n the concentration of large particles. The concentration distri—
bution will be a result of the dynamic equilibrium., Individual par-
ticles will be moving continually but the net concentration profile
wi1ll remain sensibly constant. As the speed of rotation 1s increased,
the momentum of the particles 1s alse increased and a pseudo homogen-
ei1ty 1s formed because all the particles are changing their axial
position rapidly. At even higher rotational speeds, the large parti-
tles receive more energy than the samll particles at the end walls

of the mixer, This 1s transferred to the small particles by momentum
exchange and the small particles migrate to the centre ot the mixer.

So that now the centre 1s dificient 1n large particles,

The stability of packing as has been shown to occur when
particles have the maximum number of contact points (22). This will
occur when particles of the same size congregate together. Thus the
segregating tendencies described above as a result of momentum trans—
fer are enhanced by the stabilising of the particulate system

when particles ot the same size are tosether.

The segregation of particles into separate bands appears thus
to be an 1ntrinsic property of a bimodal distribution with a size
ratio between the means of each part greater than 1.27. Using drums
with a large length to diameter ratio Roseman (69) was able to

obtain many bands.(See Table 5.5)

Two further points are of interest., Table 5.4, indicates that
the concentration of large to small particles depends solely on the
speed of rotation of the mixer and 1s independent of mixer size 1f
the speed of mixer 1s presented as a proportion of the critical speed.
In anotler experiment all the material in the segregated bands was
removed by a suction device after mixing had proceeded for 680 minutes,
Each band was then size analysed. The results are presented an
Fig.{5.33). It 1s seen that the size distributions of the larpe par-

ticles; as analysed on a microscope, are distincily dafferent in

each region,
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TABLE 5.5. RESULTS OBTAIMED BY ROSFMAN

Mixer length large small No.of large No. of small
inches particles particles |particle band |particle hand
2 -4 glass beads] glass heads 2

5 L1} " 1" n 3 2
7 " " L " 3 2
1 O n 1" n L )i 3
1 "'.f " " L] n 5 l‘
l L1] L] " n
172 6 5
2 " » salt 2 1
!i " " " 3 2
8 n " L] 4 3
i4 " " " 6 5
_1.‘. L1 " n
172 7 6
8 " " sand 4 3
3 sand " 3 2
8 " " }* 3

More results have also been obtained with bimodal distribu-
tions a further experiment with a wide size distribution was ‘"mixed!
The sand covered the range -30/460 and i1ndividual sieve cuts were
dyed red, black and natural. After mixing for 180 minutes, 5 bands
were ohserved., Each band was size analysed and the results shown 1in
Flg.(5.34). This adds to the conclusions above that both the dynamic
(momentum exchange) and the static (packing) of the particles lead
Lo segregation — 1independently of the size distribution of the

powder.

The 1mportance of particle packing in the mixing of free
flowing powders can be further seen from the results obtained at
35% ot the corresponding critical speed of rotation., At this speed,
both components have a maximum porosity as shown in Fig.{5.13).

Since each mixture has a loosest form of particle packing. The
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form 1s unstable and any external force will disturb the system

and segregation is less likely to occur.

The stability of a mixture may be explained by a thermodyna-
mic aspect. A stable system 1n which the entropy 1s a maximum, Par-
ticle movement in the rotating drum mixer might be considered as a
single motion, the mechanical drive 1is providing rotational and
such a process might be considered as a natural process 1n the ther-
modynamics. The powder mixing system deals with finite sized parti-
cles i1n a dynamic situation, Such system could be considered as a
thermodynamically unstable since the entropy of system 1s always

increasting.

The equation of principle of increasing entropy could be

expressed as
f(ds) = 0

The tact that entropy tending to a maximum 1s a trend to-
wards the equilibrium of a natural process can be seen from the mech-

anical analogy in Fig.(5,35)

/ 777 P77
Stable Neutral Unstable

x x x
F12.(5.35) Stability of Equilibrium

An equilibrium state of a system could be characterised as

Stable equilihrium d:S < 0 S = Smax
Neutral equilibrium d'S =0
Unstable equilibrium sz > 0 S = Smln
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To extend the analogy the relationships of Lhe thermodynamic

parameters of the particulate mixing system might be considered as
£(ds) - g(du) -~ n(av) = o

where f(dS), g(dU) and h{dV) are the function ot the changes ot

entropy, 1nternal energy and volume of the system,

For the maximum value of entropy the changes of internal
energy and volume must be minimum. In the case of a particulate
powder mixing system, the change of internal energy in the system

may be less Significant, Thus
g{du) = o

but the volume change (apparent volume) must be 1mportant whenever
4 mixing process 1s concerned as individual particies are actually
occupying units of volume 1n the system. Hence the condition for

stable equilibrium will depend on
£{dS) -~ h(av) >0

For the mixing of the same particle size components, as
described in Chapter 4 (postulate 1), thus changing of places of
particles within the system will not cause any volume change, Thus

1n this case
h(dV) = 0

s$o that the entropy 1s maximum. 1t 1s confirmed that mixing with
components of same particle size 1s always i1n a stable system, so

that the mixing process could be considered by a stochastic process,

However, for the mixing witl components of different parti-
cle size,the position exchange of particles will cause a volume
change, and the entropy of the system will not be a maximum. Lor
achieving a stable equilibrium system, therefore all the saimilar
s1zed particles must congregate together, so that the position ex-
change of particles withan the segregated regions will not aitect

the volume. Then the entropy of the system will become maximunm.

A good mixture may be obtained when the porosity oi the

material 18 a maximum. This mixture may be described as in a pseudo-

equilibrium system. Such a system can be considered by the mechanical
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analogy as shown 1n Fig.(5,36)

— +slight dasturbance

unstable equilibrium
{pseudo-equilibrium)

new state of equilibrium

F1g.(5.36) Change from one equilibrium to another

Thus although a good mixture may be obtained which consists
of different sizes, segregation will reappear during handling and

Lransportation,

The explanations stated here, by considering the theimo-
dynamic aspect, 1s only a brief thought on 'why' segregation must
occur during mixing with components of different s1ze, This rough

1dea might be worthy of further investigation,

Although a considerable amount of work has been done for
mixing with components of different size, 1t 18 ielt that at the
present stage a quantitative rate mechanism 1s still cannot be de—
veloped. It can be concluded, from the experimental results that
the states of mixedness can he predicted under certain circumstance.
Segregation will usually occur but a pseudo~randomised mixture may
be obtained by rotating the mixer at the speed at which the porosity

of each component 1s a maximum.




FIG. 5.16. AXIAL CONCENTRATION DISTRIBUTION OFs-i AT 20% G. S. R,
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CONCENTRATION OF A (FRACTION)

FIG. 5.17. AXIAL COMFOSITION DISTRIBUTION OFs-{AT 20% C. S. R.

o5

W
o .

02""

-1

¥-2

5=t 5-2

o [
R x\ t é
o ~— o SYMBOL  TIME (MIN.)
X A 3o
X e
; A\ ) "

A

X
. \\\\\\\\\\\\()
o

AXTAL POSITIONS ALONG MIXER

CH1




CONCENTRATION OF A { FRACTION)

FIG. 5.18. AXTAL CONCENTRATION DISTRIBUIZON OF 3 AT 20% C.S.R.
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FIG, 5.19., AXIAL CONCENTRATION DISTRIBUTION OFS3-l AT 20% C.S.R.
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CONCENTRATION OF S-1 (FRACTION)

FIG. 5.20. CONCENTRATION VAGLJATION S-1 AT 20% C., S. R,
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FIG. 5.21, SAMPLE VARIANCE 0-2(1:) VS. MIXING TIME
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FIG.5.22, CONCENTRATION DISTRIBUTION OF S-1 AT 35% G. S. R.
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FIG. 5.23. AXIAL CONCENTRATION DISTRIBUTION OF S-1 AT 35% C.S.R,
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CONCENTRATION OF S-1 ( FRACTION)

FIG. 5.24. AXTAL CONCENTRATION DISTRIBUTION OF S-1 AT 35% C.S.R.

¢9 a B -
A\\A ¥%-3
.8 T—a S-1 | s-2
X 61 2
- x
A
b \X
.5 o—0 o—%—0o__3 o—o— 0 o0
A\X
ok
\ x
-3 A \X‘-—-____x_________x
SYMBOL  TIME (MIN.) \A
2 A 6o
% 360 \A\
o o [440 A\A
0 | | | ] | | | | ! i ] |
1 2 3 L 5 6 7 8 9 10 11 12

AXTAL POSITIONS ALONG MIXER

GG1




CONCENTRATION OF S-t { FRACTION)

FIG. 5.25. AXTAL CONCENTRATION DISTRIBUTION OF S-1 AT 35% C.S.R.
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CONCENTRATION OF S-9 (FRACTION)
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CONCENTRATION OF S-1 (WT. FRACTION)

FIG. 5.27. AXIAL CONCENTRATION DISTRIBUTION OF 5-1 AT 524 C,S.R.
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CONCENTRATION OF S-1 (WT, FRACTION)

FIG. 5.28. AXIAL CONCEHNTRATION DISTRTBUTION OF S-1 AT 52% C.S.R.
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SAMPLE VARIANCE o Q(t)

FIG, 5.30. SAMPLE VARIANCE 0'2(t) vs. T.
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CONCENTRATION OF S-1 (WT. FRACTION)

FIG. 5.31.CONCENTHATION VARIATION' S-1 AT 35% C.S.R.
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FIG. 5.32. CONCENTEATION VARIATION S~1 AT 52% G.S.R.
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FIG. 5.33. FARTICLE SIZE DISTRIBUTION OF SAND IN THR MIXER

FREQUENCY

300
PARTICLE SIZE ( am )




FIG. 5.34. PARTICLE SIZE DISTRIBUTION OF SAND IN THE MIXER
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5.4.3, COMPONKNTS WITH DIFFERINT DENSITY BUT SAME SLZE

This series of experiments was carried out into the mixing
ot three combinations of sand-gypsum, sand-glass beads and sand-
zicron sand. These components have the same particle size distri-
butien (-36/+52) but diiferent 1n density and were mixed 1n mixer

M~2., The particle shape of those materials are shown in Photeo (5.1.)
5.4.3.1, SAND AND GYPSUM (DENSITY RAT10 1.21)

The concentration distribution curves are plotted in Fig.
{5.37) at 52% of the critical speed of rotation, The protile of the
curve 1s similar to those shown an Fig.(5.7). From this set of curves
the rate of particle movement Ii{t) and the variance Ug(t) can be
computed and plotted as functions of mixing time 1n Fig.(5.38) and
F1£.{5.39). The shape of these curves are similar to those shown 1n
F1g.(5.11) and F1g.(5.12). These results indicate that even though
thiere 1s a density difference and the materials do not obey one of
the basic postulates, the results obtained are similar to those ex-
pected 1f there were no density difference and a good degree of
randomisation was obtained. The time required to achieve Lhe mini-
mum ag(t) 18 tound longer that the case shown in Fig.(5.12). This
may be thought of as caused by the difference 1n material properties
which may affect the net displacement of individual particles, The
variation of concentration with time at specific location 1s shown
1n Fig.(5.40)., Further experiment was performed in mixer M-1 at the
same operating conditions. The particle movement R(t) and the variance

Cr2(t) are plotted 1n Fi1g.(5.38) and Fig.(5.39).

The variation of the porosity of gypsum s shown 1in Fig.
(5.41) as a function of speed of rotation., This shows that maximum
porosity 1s obtained at about 40% of the critical speed of rotation.
Additional experiments were carried out at 35% of the critical
speed of rotution and the concentration distribution curves are
plotted i1n Fi1g.(5.42) and the rate of particle movement R{t) and
the variance cr2(t) are further drawn in Fig.{5.38) and Fig.(5.39).
The rate of mixing can he compared and 1s shown as a function of

speed of rotation. The varration of concentration with time at fixed

positions 1s plotted in Fig.(5.43).
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5.4.3.2. SAND AND GLASS BEADS (DENSITY RATIO f.11 )

The concentralion distribution curves are plotted 1n Fig.
(5.44) at 52% of the critical speed of rotation. The profile ot the
distribution curvrs shows segregation of sand in a band 1n the
middle of the mixer with glass beads close to both the end walls,
This form of segregation may he described by the momentum i1nter-—
change which appears in Section 5.4.2.3. The variation of concen-—
tration with time at specific positions of glass beads plotted imn
F1g.(5.h5). These curves show Lhe separation of {ihe glass beads and
sand particles at specific locations 1n terms of time. The variance
a?(t) vs. mixing time 18 plotted in Fig.(5.46). The shape of this
curve 18 similar to those shown in Flg,(S,BU). Although there 1s
a smaller density difference than sand and gypsum, but the mixing
was achieved far from random. The segregation of glass beads was
further observed qualitatively from the experiments which pertormed
1n mixer M-2 at 20% of the critical speed of rotation. The concen-
tration distribution curve of glass beads at the equilibrium state
(after mixing for three hours) 1s shown in Fig.(5.47). The protile
of this curve 1s similar to Lhose shown in Fig.(5.44). The form
of seyregation seems definite and independent of the speed of ro-

tation,

5.4.3.3., SAND AND ZICRON SAND {(DENSITY RATIO 1.31 )

450ml.of each component (640 gm.of sand and 1170 gm. of
zicron sand, this gives almost equal number of particles per unit
volume) were used for each experimental run. The concentration dis-
tributien curves at 52% of the critical speed of rotation 1s plotted
in Fig.(5.48). The profile ot the concentration distribution shows
the 1ncrease concentration of zicron sand in the middle of the mixer
and an equilibrium state 3s rapidly established. The radial concen-
tration distribution along the diameter of the drum i1s shown in Fig.
(5.53). This concentration distribution was obtained from the middle
of the mixer after mixing for 180 minutes, The proiile of this
radial concentration distributlon 1s shown to be a function of
position, 1t was found that the lighter particles (sand) were also
concentrated near the end walls, A three dimensional concentration
distribution i1s attributed to such system. The variance U'Q(t) Vs .
mixing time 1s plotted 1in Fig.{(5.46). The shape of this curve 1s

similar to that obtained from mixing of sand and glass beads. The
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variation ot concentration with time 18 shown 1n FJg.(5.5U).

F1g.(5.4?) shows the concentration distribution at 20% of
the critical speed of rotation and after mixing for 200 minutes.
Generally, the profile of this curve is similar to those shown in
F1g.(5.48). The radial distribution at this speed 14 shown 1in Fig,
(5.52). In general, the state of mixedness 1s stable, regardless of

the speed of rotation,

5.4.3.4, DISCUSSION OF THI RESULTS AND CONCLUS1ON

The results obtained from three combinations of materials
have shown a great variety from one combination to the other. The
theory set up in Chapter 4 to describe the mixing process with com-
ponents ot different density but same sized particles 1s clearly

not generally applicable.

Withount considering any mixing process, let us consider thig
equation in general. By assuming the mixing 1s allowed to extend to-

wards infinity so that an equilibrium state may be achieved

lim (:% i ) — 0

-+ 5 OO
2°p > P .
2 - ﬁ X

Dx o]

S0 D

The concentration distribution as the mixing time approaches

infinity could be obtained by solving this equatioen. Viz :-

, D b
P .= C —E— EXP(_E_X) + Cyq

Assuming D amiﬁ are constants, the concentration distribution 1s
an exponential function of axial position. Thus axial segrepation

must be expected 1p such system.

In the case of sand and gypsum, the equilibrium concentra-
tion distribution presented no exponential relationship with the
axial positions, and a good degree of randomisation was obtained,
This may be assumed that the momentum difference between particles
1s very small, so that each particle in the system wi1ll have an
equal probability of undergoing displacement. Thus Eq.(4.14) can

be nsed to interpret this kind of mixXing process.

By using Eq.(5.23'} and Eq.(5.25') the rate determining
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parameter D — migration ceefficient can be calculated trom the
experimental runs and are presented in Table 5,6, Here the migratron

coefficient obtained i1n two mixers appears to be constant.

TABLE 5,6, VALUES OF M1GRAT1ON COEFFICIFNT D
FOR SAND AND GYPSUM SYSTEM

Hun Mixer % of eritical D (cm/secz)
speed of retation from R(t) £ rom 2(t)
R-8V]I1-3 M-1 h2 0,00804 0.00801
R-SVI1-6 M-2 52 0.00797 0.00793
R-SAVI1-1 M-2 35 0.0146 0.0144

However the segregation obtained from mixing sand and
glass beads where density ratio 1s less than the sand —-gypsum ,
mixture 1ndicates that some other influence such as particle

shape may be a contributing factor to segregation.

In the case of large density difference, as sand mix with
zicron sand, the system has shown a three dimensiocnal concentration
distribution profile. In such system the neglection ot the displace-
ment of particles in Y- and Z- directions may be unreasonable, so
that a three dimensional equation should be used. Moreover the end
walls of the drum may play an important part on the concentration
distribution, as the particles arrive the ends could have changed
thewroriginal probability of undergeing displacement. Thus different

distribution near the end walls would be expected.

It can be concluded from these experimental &esults that
Imn
for the particles of similar shape, the effects of, density difierence
on the final state of mixedness would be very minor and a good

degree of mixing car be obtained.
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When the components have large density difference, segrega-
tion occurs hoth axially and radially and a three dimensional sto-

chastic equation might be able to descrabe the mixing process. The

form of such segregation in the mixer can not be predicted and 1s

independent of the speed of rotation,

When particles have large difference in shape. Segregation
must be expected even when the density difference 1s small. The

final state ot the mixture 1s independent of speed of rotation.




CONCENTRATION OF S-1 (FRACTION)

FIG, 5.37. AXTAL CONCENTRATION DISTRIBUTION OF S-1 AT 52% C.S.R.
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THE RATE OF PARTICLE NOVEMENT R(t)

FIG. 5.38. THE RATE OF FARTICLE MOVEMENT R(t) VS. T.
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SAMPLE VARIANCE 0-2(1;)

FIG. 5.39. SAMPLE VARIANCE oo(t) VS. T.
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CONCENTRATION OF S-1 (FRACTION)

Fig. 5.40 CONCENTRATION VAKIATION S-1 AT 52% C.S.R.
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CONCENTRATION OF S-1 (FRACTION)

FIG. 5.42 AXTAL CONCENTRATION DISTRIBUTION OF S-1 AT 35% C.S.R.

1.0
5
.8

ol
.6 o
- R X g-’ o X X
\

-Z!- o——-__—‘_——-———o
3 SYMBOL TIME (MIN.)

o} 10
o2 A 30

4 80
o1
0 1 ] ] f l

L 2 3 L 5 6

AXTAL POSITIONS ALONG MIXER

¢l




CONCENTRATION OF $-1 (FRACTION)

FIG. 5.43 CONCENTEATION VAuIAIT1ON S-1 AT 359 C.S.R.
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CONGENTRATION OF GLASS BEADS (FRACTION)

FIG. 5.44., AXTAL CONCENTRATION DISTRIBUTION OF GLASS BEADS AT 524 C.S.R.
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CONCENTRATION OF GLASS BEADS (FRACTION)
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M-2
\ G8 ] 5-1
Al canwde
o
\\\ ,..-——-“""o‘:_;—;-—cs_.".
N8 oo o & o
L n_‘_‘__ Ly " _______.--: A ‘-_____‘______.---‘.
D e e e S S
_-—--. D
- - o (=] = - =
A7 —g—t—
F Y
L J

| l ] |1 i ] J | L1 | ] |

20

30 40 50 60 70 80 90 100 110 120 130 140 150 160

MIXING TIME T (MIN.)

170

180

9l




SLMPLE VARTANCE o 2(1-,)

FIG. 5.46. SAMPLE VARIANCE a-z(t) vs. T AT 52% C.S.R.
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CONCENTRATION OF GLASS BEADS {FRACTION)

1.0

FIG. 5.47. AXTAL CONCENTRATION DISTRIBUTION OF GLASS BEADS (EQUILIBRIUM) AT 20% C.S.R.
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CONCENTRATION OF S-1 ( FRACTION)
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FIG. 5.48. AXIAL CONCENTRATION DISTRIBUTION OF S-1 AT %2% C. 5. R.
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CONCENTRATION OF S-1 (FRACTION)
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FIG. 5.43. AXTAL CONCENTRATION DISTRIBUTION OF S-1 (EJUILIBRIUM) AT 20% C.S.R.
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CONGENTRATION OF S-1 (FRACTION)
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FIG. 5.50. CONCLNTRATION VARIATION S-1 AT 52% C. 5. R.
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RADIAL POSITIONS ALONG THE MIX BED (CM)

FIG, 5.51. RADIAL CONCENTRATION DISTRIBUTION OF Z-1 AT 52% C. S. R.
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RADIAL POSITIONS ALONG THE MIX BED (CM)

FIG. 5.52. RADIAL CONCENTRATION DISTRIBUTION OF Z-1 AT 20% C. S. R.
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5.4.4. COMPONENTS WITH DIFFERENT DENSITY AND DIFFERENT S17E

In this series of experiments 1nvestipgations were made 1nto
the mixing of combinations of sand(S-1) and zicron sand (%4-2) 1n
mixer M-2, 470ml, of each component was used (700 gm, ot sand and
1310 gm., of zicron sand). Samples were drawn at four horizontal

levels as marked A, B, C, and D on Fig.(5.4).

5.4.4.1, EFFECTS ON THE SPEED OF ROTATION

The concentration distribution curves are plotted in Fig,
(5.53) to Fig.{(5.61) at 20%, 35% and 52% of the corresponding cri-
tical speed of rotation. These concentration distribution curves
show that the segregation occurs axially and radially. The axial
segregation 18 similar to that shown in F1g.(5.17). The concentra—
ti1on with time profile at fixed positions for three different speeds
ol retation are plotted in Fig,(5.62) to Fig.(5.64), The variance
0-2(t) 1s plotted as a function of mixing time 1n F1g.(5.65) for
three different speeds of rotation., The shape of these curves i3
similar and showed that the process 1is dominated by the segregation.
At 20% and 35% of the corresponding critical speed of rotation, the
mix1ing process was operated at two stages and an equilibrium state
rapidly established., At a higher speed of rotation the curve 1s
similar to those shown 1in Fig.(5.21) and the radial mixing was

improved,

5.4,4.2, DISCUSSION OF THE RESULTS AND CONCLUSION

The experimental results shown i1n the diagrams anly
represent the concentration of inner part of the mixture, as the
outer part of the mixture could not be sampled during the mixing
operation. In general, the mixing behaviour was observed gualita-
tively, The large particles (li1ghter in weight) moved rapidly from
one side of the mirer to other side of the mixer, and the small
particles {heavier) were sandwiched., This phenomena may be ex-
plained as that :- as lighter particles can expand the bulk volume
more easily than the heavier particles under the same speed of rota-

tion. Thus the lighter particles move faster on the 1nclined surface

than the heavier particles and are then rolled with the whole mass
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to form a 'sleeve'., This as shown in Fig.(5.66)

~large particles (Yu%)
Ssmall particles (70%)

T A R LA

P + N

P
.
. . Lt L 1.{0‘
- ‘o, N il
L .- . P

P I A A 4

AN

ALY

Fig.(5.66)

Clearly, this type oi segregation 1s not that previously
suggested {66, 67) as that the segregation occurs because the
smaller heavier particles sink through the voids between the larger

particles.

The axial segregation 1s i1ndependent of the speed ot ro-
tation, but radial mixing can be 1mproved by 1ncreasing the speed
ot rotation. As can be seen in Fig.{(5.61) at 52% of the critical
speed of rotation, the profiles of the distributien curves, trom
four horizontal levels,are almost 1dentical. In general, a higher
speed of rotation 1s desired to achieve a better umiformty ot the

mixture, In such system, the mixing process 1s very complicated

and will not generally be described by a stochastic process.
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FIG. 5.53

AXTAL CONCENTRATION DISTRIBUTION OF 2-2 AT 209 C. S.R. FROM FOUR RADIAL POSITIONS T = 10 MIN,
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AXTAL CONCENTRATION DISTRATION OF Z-2 AT 20% C.S.R. FROM FOUR RADIAL FOSITIONS T = 90 MIN.
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AXTAL CONCENTRATION DISTRIBUTION OF Z-2 AT 20% C.S.R. FROM FOUR RADIAL FOSITIONS T = 600 MIN.
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CONCENTRATION OF Z-2 (WT, FRACTION)

FIG’. 5056 .

AXTAL CONCENTRATION DISTRIBUTION OF Z-2 AT 35% C. S. R. FROM FOUR RADIAL POSITIONS T = 10 MIN.
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CONCENTRATION OF Z-2 (WT. FRACTION)

FIG. 5.5 7.

AXTAL CONCENTRATION DISTRIBUTION OF Z-2 AT 35% C. S. R. FROM FOUR RADIAL POSITIONS T = 90 NIN.
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FIG. 5.58.

AXIAL CONCENTRATION DISTRIBUTION OF Z-2 AT 35% C.S.R. FROM FOUR RADIAL POSITIONS T = 600 MIN,
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FIG, 5.59

AXTAL CONCENTRATION DISTRIBUTION OF Z-2 AT 52% C. S. R. FROM FOUR RADIAL POSITIONS T = 10 MIN.
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CONCENTRATION OF Z-2 (WT. FRACTION)

FIG. 5.61.

AXTAL GONCENTRATION DISTRIBUTION OF Z-2 AT 52% C.S.R. FROM FOUR RADIAL POSITIONS T = 600 MIN,
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FIG. 5.63CONCIINIRATIUN VARIATION' 2=2 AT 35% C.S.R. FROM POSITION o
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CONCENTRATION OF Z-2 (WT. FRACTION)

FIG. 5.64, VELOCITY DISTRIBUTION OF Z-2 AT 52% C.S.R. FROM FOISTION o
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FIG. 5.65 SAMFLE VARIANCE g 2(t) VS. T
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0.1, FINAL CONCLUSIONS

Conclusions have heen drawn 1n each oi the chapters and

sections. They are summarised in the following :~

1. A stochastic analogy was used to study first prainciples
of the nature of the mixing of tree flowing particles, Two kinds or

mixing equation have been developed to cover ;

a.) mixing with components of physically 1dentical particles,
b.} mixing wiih components of same size und ditferent

dens1itiy,

2, Sufficient experimental results have been obtained to
show the first mixing equation 1s applicable to the mixing of com-
ponents with physically i1dentical particles, The rate of mixing
1s found to depend on the ratio of migration coefficient D to
the square of the length of the mixer (D/12). Moreover the migration
coefficient D i1s independent of the size of mixer provided tlie
speed of rotation 1t 1s kept at a constant proportion of the

critical speed, but appears to be a function of this rataio.

3., When mixing components of diiferent size but siwilar
densi1ty a stable end condition 1s obtained 1n the form of bhands
of incomplete mixtures, These bands have near mono-size particle
si1ze distribution, The rotation of a wide si1ze distribution showed
that these bands are also formed when a continuous size distri-

bution rather than a bimodal distribution is rotated 1n the drum.

4, A good mixture can be obtained when mixing components
of difterent sizes, 1f the drum 1s rotated at angular speed at

whieh porosity 18 a maximum,

5. When mixing particles of similar size and shape but

small density difterence, a good degree of randomisation can be

obtained aud the mixture tends to behave as 1f there was no density
d1i{ference. However 1f the components have different shape, the

end point of the mixture may be axial segregation.

6. When mixing components of large density diiference,
segregalion occurs not only axially but also radially. A three

dimensional stochastic equation might be able to describe such
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a mixing system, This segregation 1s thought to be due te momentum

difterence discussed earlier,

7. Mixing with components of ditferent size and dilferent
density., The mixing process 1s more complex than the system single
variable change (ditferent size or different density). Lut the
pattern of segregation obtained 1s definite and is almost inde-

pendent of the speed of rotation.

8. It has been found that the final state of mixedness
obhtained for any material combination 1s independent of mixer

217e.

It 18 believed that the present investigation has provided
a better understanding and clearer definition on the mixing of
free flowing powders i1n the horizontal drum mixer. Althouph a
quantitalive equation te cover mixing of all cases has not yet
been developed, 1t 18 telt that sutficient experimental results
have been obtained to provide a clue to justify the final states

of mixedness.
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6.2. SUGGESTIONS FOR FURTHER WORX

The present i1nvestigations have developed a general view
of mixing and segregation of free flowing powders. Owing to the
limited period of the present study, 1t was 1mpossible to 1nves-
tigate the problem extensively and to develop a more general equa-

tion, buggestions for further work 1s given i1n the following.
I, Extension of present investaigation

1. The developed equations for mixing of free flowing
powders have no limitation on what type of machine 1s used. As
long the materials obey the basic postulates the equation may be

applied., It 1s sugpgested, therefore that :-

1.) More experimental work 1s required in other types
(other than rotating drum mixer) mixers for the materials which
obey both postulates, The dependence of migration coeificient D
on material properties. and machine iypes should be further inves-
tigated.

11.) More experimental i1nvestigation 1s required on
materials which obey first postulate but not the sccond, 1t has
been shown that the final state of mixedness obitained depends
largely on the shape of the particlies. More work 1n this area

would fulfil two purposes.

A.) The second equation has not been solved in the present
work. This 1s mainly due to there beang insufficient knowled:e ot
particle movement to permit a tirm boundary condition to be set
up. If sufficient experimental results were available, this equa-
tion could be solved and the theory can he justitied,

B.) Whilst 1t may be possible to control the sizes of
different components to aid gnod mixing, 1t will not be possible
always simultanously control the density of the material. So further
experimental work 1s required to establish a more general approach
which wi1ll enable the end condition to be realised and mixing

time predicted.

2., Segregation mainly occurs 1n a mixture which consists
of ditferent sizes. However, the mechanism ol separation and se-

gregation 1n such a mixture was only postulated from the superficial
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fqots, the actual mechanism 1s still unknown, Theretore more work
15 required to study the particle motion 1n such system, The
motion of particles may be traced by radioactive tracer or use
ultirasonic techniques, The pattern oi motion of large and small
particles may be established. This can lead to greater understand-
ing of the mechanism of the separation and segregation in such
system. The second 1mportant area 1s the study of the stability

of particle pssbssdm packing i1n such systems, This 1s not only
important to particle mixaing but also to many other aspects of
particle technology. The 1nvestigation may be studied theoretically
by two different routes, namely thermodynamies and statistical
mechanics, At the present time, the use of thermodynamics to study
a steady and mon-sized packing system has not yet been developed

but 1t 1s hoped that in time to come this approach will be beneficial,

11, Other fertile fields.

1, There are too few i1investigations on the continuous
mixing process, Since most physical-chemzeal processes have heen
developed 1nto continuous operation with automatic - on - line
contrel, It might be expected to be a providing development area,
more work 1s required on the continuous mixing process to develop
a working model, which will relate the material properties (e.g. size
density) feed rate and other tactors, for an automatic control
system, One further advantage in the use of continuous mwixing process
would be the avoiding of further handling of a 'seudo-randomised'

mixtiure,

2. The literature indicates that the mixing of fine powder
has been the subject of too few 1nvestigations. It 1s suggested
theretore a research programme (similar to the present study) should
be encouraged on the investigation of the mixing non-free flowing
powders,with particular reference to the material properties, to
obtain a general picture of the states of mixedness and to develop
a sultable mixing machine for such powders, It is also amportant
to develop a method which will enable easy analysis fine powder

samples,

5. It would be 1nteresting to know the relationship be-

tween the final state of mixedness and power consumption 1n a
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bateh miver, No reference to such study has been found in the

literature,

4. 1t 1s also highly desirable to study the structure of
mixture. This study may by useful to undersiand particles arrange-
ments i1n a heterogeneous system and to test the detinition of 'ran-—
domised' mixture., Sampling 1s generally employed to carry out such
study. The samples taken from the mixture may not represent the
true structure. Moreover the sampling probe may disturb the mixture.
Methods must be desired which will enable the structure to he

measured without disarranging the particles,
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NOMENCLATURE

In the review ot the previous literature, the original
authors' symbols have been used. Owing to use many mathematical
formulae repeated the same letter may have made different meanings.
Symbols have therefore seen defined as sonn as they were introduced.
It 1s felt that 1n this work such a system makes for a greater

clarity and convenience,
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I. EXPERIMENTAL RESULTS
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Run :

Conditions

Mixing Time (Min,)

3
10
15
20
25
30
35
40
&5
50
55
60
80

100
120

R-8111-2

Fullness

216

APPENDIX

EXPERIMENTAL

1 M-2
Material
: 2,58 gm/ml,

: 40%

Mean Concentration

0.563
0.552
0.504
0.521
0.507
0.501
0.503
0,492
0.498
0.502
0,489
0.497
0.487
0,504

Speed of rotation :
Sand S-1

52%

Si1ze : -36/+52

Loading

end to end

Ratio : 50/50

R(t)

0.502
0.480
0.255
0.178
0.0981
0.0763
0.0543
0.0351
0.0354
0.0306

0.0340
0.0354
0.0352
0.0364

e 2(t)

0,145
0.062
0,034
U.0185
0.00756
0.00384
0.,00232
0.00120
0.00124
0,00125
0,00138
0.00122
0,00143
0.00146




Run : R-ASI-1

Conditions : Mixer :

Mater
Densi
Fulln

Mixing Time (Min.)

5
10
15
20
25
30
35
A
45
50
60
80

100
120
140

217

M-2 Speed of rotation :
1al : Sand S-1  Size : -36/+5
ty : 2.58 gm/m}. Loading : end
ess : 40% Ratio : 50/50
Mean Concerntration R(t)

0.478 0.502

0.489 0.268

0.498 0.178

0.4985 0.138

0,500 0.0703

¢.502 0.0435

0.502 0,0321

0.504 0.0302

- 00,0311

0,511 0.0330

0.520 0.0350

0.504 0.0297

0.497 0,0346

0.506 0.0326

0.504 0.0305

33%
2

to end

02(t)
0.0845
0.0386
0.0210
0.0103
0.00410
0.00240
0.00106
0.00108
0.00135
0.00124
4,00135
0.,001%4
0.00125
0.00130
0.00138
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Run : R-SVIi-1
Conditions Mixer : M-1 Speed of rotation : 20%
Materials : Sand, $-1, $-2 Size : -36/+52, -52/+60
Density : 2.58 gm/ml. Loading : end to end
Fullness : 40% Ratio : 50/50 (wt.)
Mixing Time (Mln.) Mean Concentration cr2(t)
of S5-1 by wt. fr.
30 0.476 00,0612
60 0.493 0.0458
90 0.483 0.0362
120 0.502 0.0302
150 0.507 00,0281
130 0.473 0.,0250
210 0.498 0.0212
240 0.479 0.0229
270 0.452 0.0259
300 0.490 0.0362
330 0.494 0.0303
360 0.483 0.0330
390 0.478 0.0342
420 0.498 0.0343
480 0.509 0.0366
580 0.473 0.0385
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Run : -8Vl -2

Conditions : Mixer : M-1 Speed of rotation : 35%
Materials : Sand, S5-1, 5-2, Size : —36/+52, -52/+00
Density : 2,58 gm/ml. Loading : end to end
Fullness : 40% Ratio : 50/50 (wt.)

M ng T Mi Mean Concentrat:i 2
1X10g me ( 1n) once on a'(t)
of S5-1 by Wt.fr.

15 0.476 0.054
30 0.483 0.0382
60 0.482 0.035
90 0,486 0.0372
120 0.498 0.0280
150 0.488 0.0247
180 0.512 0.0240
210 0,497 0.0226
2540 0.%78 0,0182
300 0.504 0.0160
360 0.511 0.0073
420 0.496 0.0070
480 0,488 0.0068
540 0.504 0.00502

600 0.500 0.00460




Run : R-8VI1-4-2
Conditions : Mixer : M-2 Speed of rotation : 52%
Materaials : Sand, S-1, $-2  Size : -36/452, -52/4+60
Density : 2,58 gm/ml. Loading : end to end
Fullness : 40% Ratie : 50/50 (wt.)
Mixing Time (Min) Mean Concentration a?(t)
of S-1 by Wt, fr.
15 0,475 00,0251
30 0.4906 0.0148
60 0.501 0.0132
90 0.457 0,0136
120 0.498 0.0r72
180 0.4063 0,0203
240 0.501 G.023%0
330 0.476 0.0240
420 (4,483 0,0272
510 0.495 0.0320

600 0.494 0.0330




Run : n-5V11-6

Conditions : Mixer : M-2 Speed of kotation - 524
Materials : Sand, §-1, Gypsum.S1ze : -36/+52
Densaty : 2.58, 2.14 gm/ml, Loading : end to end

Fullness : %40% Ratio : 50/50 (vol,.)
Mixing Time {Min.) Mean Concentration R(t) 52(t)
of 5-1

5 0.517 0.302 U.0402

10 0.512 0.245 0.021%

29 0.502 0,207 0.0195
30 0.492 0.182 0.00905
L 0.498 G.134 0.00760

50 0.504 0.078 0.00360
60 0.50% 0.0565 0.00272

| 70 0.506 0.0335 0.00183
‘ 80 0.500 0.031 0.00160
100 0.498 0.0362 0.00193
120 0.506 0.0345 (¢.00202
140 0.497 0.0302 0.00196

|

\

|

160 0.513% 0.035 0,00198




Run : R-8X-2

Conditions : Mixer :

Materials

Density

Fullness

Mixing Time (Mln)

5
10
20
30
50
50
60
80

100
120
160
220

Mean

of

M-2 Speed of rotation : 52%

Sand S-1, Glass leads. Size : -36/452

2,58, 2.89 gm/ml. Loading : end to end

40%  Ratio : 50/50 (vol.)

Concentration og(t)

Glass Beads

0.469 0.0385

0.492 0.0176

0.4%97 0.0122

0.486 0.0083

0.495 0.0046

0.499 4.00572
0.490 0.00788
0.486 0.00904
0.496 0.0105

0.476 0.00962
0.486 0,0110

U.484 0.0132
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APPENDIX 11

II.1. Derivation of the most probable value of the mean square

2
errors of an individual measurements & (1)

In the derivation of the most probable value of a set
measured quantity, 1t 1s assumed that the quantity & was known,
Therefore the probability of obtaining a certain set of errors (
which 1s equal to the probability of obtaining a certain set of
measures results) depend only on the hypothesis made regarding the
variable a. For the generalised case, it considers that the quan-—
tity o 1s also unknown, therefore to examine the probability of the
set of errors, 1t needs to make hypothesis regarding the value of

both a and . The probability of finding the results

Xis Xy Xzy +ovr Xyg

under the given hypothesis may be expressed by formular

N
P(x =xq, Xo, ... xyla, ¢ ) = (lg_fr ) V_NEXP[%%‘.)‘] (1)

N 2
Where, ${a) = 2 (x, - a) (2)

iz

——

Rewritten the quantity S(a) as follows,
N A 2
s(a) = 2 (x; - a)® = E[(xl—- ) + (% - a)f
_\2 - A - - 9
= f%(xl- x)° + 2(x - a) Za(xl- x) + N(x - a) (3)
=i =

The arithmetic mean of set of measurement,

N
x
N -
So, 2:(x1 -~ x) =0 (1f X 1s exactlt computed) (5)
13
. —\2 -
Therefore, S(a) = Z{(x.- x)° + N(X - a) (6)

The probability of the set of measurements could then be

written in the form of

P(x X1 Xgeeon. N’ a,o)

2
(<A )2 fa _oxe { £ (x,- x)][! [—(a-:) ]
r— f_ o? Jl[‘ 2(_{%_)2

(N




Where, the desired probability 1s a function of the two independent

parameters a and |,

To obtain a rule for finding the wost probable value of
that 1t 1s suitable for all value of a, let ene assumes that all
values of a are equally probable i1n some region say form:« ¢l Lo +ol
that 1s large enough for one to be able to consider 1t as practically
equivalent to the i1nterval from - eoto + 50, For this, 1t 1s sutti-

cient thatd be a magnitude of the order of 3-Lh o,

Let one multiply both sides of Eq.(7) by d(a) and integrates
with respect to a from - O9to + £, From the generalised theorem on
the addition ot probabilities, one obtains on the lett side the pro-
bability of the set of measurements for all values of a with a fixed
@ , on the right side, one needs to integrate only the last factor
as 1t 18 the only one containing a, this factor i1s the normal pro-
bability density of the random variable a, so that, 1ts 1integral
from - 69 to + 29 1s unity and obtained
(28, L2 Sio (s)

—— expl- 53 O

fen N
where, 3 - ﬁ%(xl_ ;)2 (9)

(]

P(x Xy9Xg, .xNIO') =

Accordingly this equation could be rewritten as,

pl(o ‘x

-N+1
1+ Xgre - xN) = Co * exp(-2

5 (10)
=

Where the coefficient C includes the proportionality constant appear-
ing 1n the corallary of Bayer's formula:-and as well as all the factors

which de not depend on .

The most probable value of 1n a set of mneasurements 1s the

value at which the function

N+

P(0) = g " lexp(- ) (11)

o T

has 2 maximum.

Logarithm of both sides of Eq.(11) and differentiate twice with res-

pect tod , one has,

(12)

In P = {1 -« N) In -
(1 - ) =
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1 dp 1~ N s
P de T o YT o3 (13)
2 -
L dp 1 4P _ N-1 35 (14)
P do P2 P ot

Let Eq.{(13) equal to zero, 8o,

o — B (15)

N -1
Substitute Eq.(15) 1into Eq.(1%), thus,

2 2
S I R
8

do

Where confirms that the obtained value of 18 the most probable

one, Hence,
—\ 2
z(x1 - x)
N-1

(16)

o=

11.2, Derivation of the randomised variance gi(Q).

The derivation of a randomised variance of a seti of weasure-
ments from a 1deal mixture, one needs to assume few points., 1f the
overall iraction of a binary component in the whole mixture 1s p ot
A-component particles and q of B-component particles (p + q) =1, N
samples withdrawn from the mixture at a time and each sample con-
tains n particles of p iraction of A-component and q fraction of B-

component in the sample, 1.e., (p + q) = 1.

S50 that the variance of N samples will be Eq.{(16) or,

2
5 =
3= ___EB__‘Bl_ (16")
N ~ 1

for large value of N, Eq.(16') becomes,

( “)2

z -

o Zl o) a7
N

Rewritten Eq.(17) becomes,

_.2 £ —_ _(
0'2N=Z(p-p)=2p2-2p2p+pz (18)
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For n particles containing p and q, the frequencies ot
successes 1n N samples are given by the successive terms in the

binomial expension of {q + p)n, 1.e.,

n n-1 nin~1 -2 2 - - -
N’[q +nq p o+ St g e "(? é)gn 20" 3p3

The possible value of p 1n a sample of n particles are

1 2 3

For obtaining of X p2/N, is mul tiplying the succesive terms in the
series of Eq.{(19) by

1.2 2,2 2
0,(H% 3% D2 ...
and summing up the results, 1.e.,

n-1 2 n-3 3
Zp 15-[n an-ls + 2n(n-1)g p + %(n_l)(n—2)a P +.-...}
e

_n-lk -n-2_ 3 _n—3_2
[ q + 2n(n-1)q p + 5(n—l)(n—2)q P +...] (20)

Q

|1
F
=R

Eq.{20) may be rewritten as,

2
p
N

P
n

_n-1 #n-2_ 1 _n-3 2
[q + {n-1)qg P + E(n-l)(n-Q)q P *eenenn ]

n-2_ _n-3 2
[ 0+ (n-1)g p+ (n-1){n-2)g p +....... ] (23)

+
=1 o

Examining Eq.{(21), one finds that the first series 1s containing a
result of (q + E)n-l and therefore 1ts 1s 1, since (p + q) = 1.
The second series 1s the same one with successive terms multiplied
only by 0,1,2, ... 1.e. by successive values of (n-1)p, and 1ts

sum 1s therefore the mean value of (n-1)p, 1.e., (n-1)p. Thus,

se P P _ b )
% =— (1) + - (a-1)p = =[1+ (n-1)p] (22)
Hence, R . =2 (5/n)[1 + (n-1)7 - oF ]
=p(1 - p)/n
or of - -?—— (23)

(Both of the derivations are based on the assumption of obtaining

normal distribution}.
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APPENDIX 111
DESIGN A MOST ECONOMICAL MIXER (DRUM TYPE)

Let 2R be the diameter of the end wall of the drum, and L
be the length of the mixer

The total surface of area of the mixer A 1s thus

A= 2rr(9.2 + RL) = 27R(R + L) (1)

The volume of the mixer V 1s,

so that v
L = )
TR
Hence, A = 2'F(R2 + V/ﬂ'R) = 2TTR2 + 2V/R (2)

Dit ferentiate A with respect to R, and let 1t equals to zero, thus,

—g%— = 47 R - 2V/R° -0
2R =V
or ﬂR2L=21TR3,
L = 2R (3)

Therefore, when the lenght of the mixer equal to the diameter,

1z thus most ecomomical geometric dimensions.
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APPEND1X IV

USING A GAMBLER'S TECHNIQUE {STOCHAST1C} TO
PREDICT THE EFFECT OF MIXING ON THE RATIO OF THE COMPONENTS

The effect of powder mixing on the ratic of two components
has been a subject of investigation by many workers, e.g., Oyama (3},
Coulson and Maitra {4), Yano et al (5), Poole et al (6) and Ashton
et al (7). However, this subject may be studied by analogous to an-
other aspect of stochastic process, namely, the gambler's ruin tech-
nique. It will be demonstrated in the following the gambler's ruin
towards a prediction of the mixing efficiency with comparison of the

avallable experimental results by previous authors.

The actual gambler's method leads a problem as ; a gambler A
who has an 1mitial capital of n {units) against a banker B, whose
1ni1tial capital 1s m (ubits). The gambling game proceeds by steps,
each step the gambler has a chance of P of winning a unit from the
banker or a chance of Q = 1 - P of losing one unit to the banker, The
actual capital X possessed by the gambler after a finite games 1s

thus 0 =X =n + m.

Thus, the mixing process may be analogous to this gambling
method without taking the actual physical nature of the process into
account, Considering a binary mixing system consisis of A and B two
components, the ratio of A to B varies from 0 to ©°, or the fraction
of A 1n the whole system from 0 to 1. Now one wants to know how the
ratio of the components affects the mixing efficiency. Clearly, when
A/B = 0 or oo g1ves the prefect mixture, 1.e., one component system,

However, 1n general, 1t may be considered of a gambling method.

In the gambler's terminology that the gambler's ultimate
ruin means component-A 1s completely'mixed' by B. Since the game
18 taking steps, thereiore, the gambler can stop the game at any
time 1f he wishes, this 1s also meant that the 'mixing process' could

be stopped when 1t was only'partially mixed’'.

Let q, be the probability of A - component'loses'its n-
particles (gambler's ultimate ruin) and p, the probability o 1ts

‘winning! Therefore, q, could be obtained with 1ts 1nmitial condition




as foltows (8) (9).

After the first trial the A-component contains (gambler's
capital) either n + 1 or n - 1, according te 1ts 'winning' or '

'losing' that'gawe', hence,

9 = Pqn+1 * Qqn—1 1€n<mn-1 (1)
If n =1, then,

q, = Pg, + Q (2)
If n =m + n -1, then,

qn+m-1 = Qqn+m-2 (3)

Thus the boundary conditions for {1) will be,

9% = 1
(4)
Igen = 0
Where, ne=1%, 2, 3%, ...... m+n-1,

Let 9, = w" and put 1nto Eq.(1), so that the auxiliary equation

1s obtained by a standard method (10),
e oW - Q =0 (5)

This equation has the roots of W = 1, Q/p.

First, let one considers the general case, that the parti-
cles of A are not necessary have the equal chance of 'winning' or
"losing'(1in gambler's terminology, the game 1s being considered
'unfair'). Thus, P % Q. With Eq.(5), so that Eq.(1) has two parti-

cular solutions, That :

or o (6)
a, = /P
fenee, 1y = (0" + k(e/p)” ()

Where h, k are the arbitrary constants.




If Eq.(7) 1s held, that 1t must be satisfied the boundary

condition Eq.(4), then,

h+ k=1,
and
h o+ k{Q/P)™™ = ¢
so that, - (Q/P)n+m . 1 (8)
(Q/P)™ - 1 (/P)™™ - 1

The required solution 1s therelore obtained,

- (9/p) mn:m(Q/P) (9)
(/)" -1

For the particular case, as the components A and B are
under equal chance of ‘winning' or 'losing' (the gambler 1s playing
a'fair' game), then P = Q. Therefore, the auxiliary equation (5)

has two roots of W = 1, so,
q, = h(1)” + kn(1)" (10)

In order to satisfy the boundary condition Eq.(4), thus,

h =1
and h + k(n + m) =0

so that the required solution for q, 18,

T (11)
Equations (9) and (11) may be used for finding the probabi-
li1tred of particles to be 'mixed' after n movement of particles,
It can be seen that the probability q, 18 dependent on the magnitudes
of n and m, 1f n>>m, 1n gambler's theory, who would never ruis,
only has the chance of winning, on the other hand, 1f n<¢m, then
the gambler has no chance of winning. When n = m, then the chances
of winning and losing will be equal (1f P = Q). As the mixing 1s

concerned that at n»m or n<<m, both cases have the higher probabi-

lity to be 'mixed', only at n = m, then the materials have the lowest




probability of ‘mixing'.

The second question, one wants to knows 1s that how long
1t takes to mix a batch when the ratio of the components are varified.
1t leads an expected duration of trail 1n gambler's terminology.
Suppose the duration of the 'game' has a finite expectation D {n,
m being fixed), 1f the first trial leads to a win tor the gambler,

the conditional duration from that point onward 1s D The expect-

1 »
ed duration oi the 'whole' game 1f the first trial 1s a wan (occur-
ring with probability P) 1s thus (1 + Dn+1). Similarly, the expected
duration of the'whole' game 11 the first trial 1s a loss (occurring
with probability Q) 1s (1 + Dn-l)' Viz.
D =P(1+ Dn+1) + Q{1 + D._{)
= < < - £
=1#PD_ .+ b, 1 £ n = n+m-1 (12)

The extreme value of n = 1 and n = n+m~-1 are being included

on the assumptions, thus,
D0 = 0
D 0 (13)

n+m

Clearly, Eq.{12) 1s a non-homogeneous diilerence equation
as being appeared of the term 1. Comparing with Eq.(1), 1t may be

written as

+ h o+ k(q/p)" (14)

n
D, = Q - P

with the boundary conditions from Eq.(13), hence,

h + k=0,
(15)

and n+m n +m
h + k(Q/P) = - 0=
Selving for h and k, obtained,
n
Dn“ql_]p'gtm' Iq(Q/Pim (16
1 - (/P)

Similarly, when P = ¢ = 1/2, then one has to replace the term n/(Q-P)
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1n Eq.{1%) by ~n2, so that the equation would he reasonable, thus

Dn = —n2 + h + kn (17) |

with the same boundary conditions of Eq.(13), hence,

h = 0,

and h+ kin + m) = (n + m)2

So that the required solution for P = Q@ 1s,
b = n? . (n +m) = n.m (18)

Egqs.(16) and (18) may be used for determining the duration

of 'mixing' with known ratio of the components,

Now let one applies this gambler's technique into a practi-
cal mixing problem towards a prediction of mixing efficiency. Con-
sidering that n particles of A-component and m pariicles of B-com-
ponent 1n a birary mixing system, as described before. Since the
magnitudes of m and n are very large, for convenience, one may use
the fractions rather than the actual numbers, so that when m varies

from 100 to 0%, n correspondently varies from 0 to 100%, as m+n 1s

constant.

For the sake of simplicity for demonstrating this gambler's
technique 1s workable in the mixing problem, one only considers here,
the probabilities of P and Q are equal, as Class 1 which stated in
Chapter 4, so that 1t may be used to campare those resulis obtained

experimentally by previous workers.

TABLE I

m (%) n (%) m+n (%)
0 100 100

1 99 100

5 Y5 100

10 50 100

20 80 100

30 70 100

40 60 100

50 100
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TABLE I (CONT.)

m (%) n (%) men (%)

60 4 100

70 30 100

80 20 100

90 10 100

95 5 100

99 1 100

100 0 100

TABLE 11
PO m o omm rombbr o Bxpected mixing

0.5 0.5 0 100 0 0
" " 1 100 0.001 99
" " 5 100 0.05 475
" " 10 100 0.1 900
. " 20 100 0.2 1600
" " 30 100 0.3 2100
" " 40 100 0.4 2400
" " 50 100 0.5 2500
" " 60 100 0.6 2400
" " 70 100 0.7 2100
" " 80 100 0.8 1600
" . 90 100 0.9 900
" " 95 100 0.95 475
" " 99 100 0.99 99
" " 100 100 1.0 0

The results of probability of 'to be mixed' and the
'expected mixing time' are plotted 1n Fig.{(1) and Fig.(2).

Referring to the previous work, Uyama had noted that the
degree of mixing may be affected by the welght ratio of the two
components, although he dxd not particularly study this subgect,
towever, he concluded that the better results would be obtained
when the weight ratio approaching both extremes, 1.e., zero or

infinity, the poorest mixing results appeared at unity,
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Yano et al studied the effect of mixing on the ratio of
two components with great details. Their results may be usetul for
the comparison of present method. Using the original figure and
shown 1n Fi1g.(3), from which the relationship of component ratio
and mixing time can be compared, If one replaces the measured stan— |
dard deviation o by o/ogx , where %z 1s the calculated random stan-
dard deviation which based on the known sample size and particle
size, and replotted in Fig.(4), and extrapolation of all curves
to the randomised state, 1.e., 0‘/0@ =1 (1t 18 understood that
noet all mixture could achieve a state of randomisation, as one can
see 1n the text, moreover, the materials which Yane used were too
Tine to be mixed 1n a tumbling mixer, however, in here one only
demonstrates how the gambler's method may be used). ¥From these
curves, the ratio of components and mixing time can be plotted 1n
11¢.(5), or replotted 1n forw as ¥i1g.(6). Both Figs.(1) and (6) have

a similar shape, and i1ndicate good agreement,

Poole et al obtained similar experimental results and
summarised in Figs.(7) and (8). It was concluded that a low con-
centration mix reaches 1ts state of limiting homogeneity much sooner
tlhhan a higher concentration mix, so that, for example, increasing
4 mix ratio from 10:1 to 1000:1 may decrease the time required Lo

approach random homogene1ity by two order of magnitude.

Further experimental results had reported by Ashton et al
who provided a bulky data on the mixing of components at ditterent
ratios. The results obtained in three out of four mixers have shown
that the similar finding as Yano and Poole, These are plotted 1n
Figs.(9), (10) and (11). ltearrangement of the data from ¥i1g.{9) and
replotted 1n F1g.(12), 80 that 1t may be used to compure with the
gambler's method. Ashton et al stated that the degree of mixedness
achieved for 1000:1 ratio of free tlowing materials suggests that,
at this ratio, the industrial technique ot pre—m1x1ng.'master'
batches may not be necessary in certain circumstances preovided that
the only consideration invelved is the dispersal of one part of A

in 1000 parts of B,

From the reported results i1ndicate that the gambler's method

for predicting the effects of mix ratio of two components on the

degree of mixing and mixing time 1s workable, this method wmay be
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used not only gualitatively but also quantitatively, e,g., one tests
an experiment at a very low concentration level, say 1:1000 to obtain
the required mixing time lor achieving the state of randomisation,
then compare with the gambler's method by correlating ot the proba-
bilities of P and @ (thxs may also depend on the material propertles),
from which the time requirement for higher concentration mixtures

may be obtained without deing further experiments. This method may

be particularly useful for mixing of free-flowing powders. This stiudy
1s only an attempt of using some available probability theory into

the purticle mixaing problem. It 1s hoped that the effect of mixing

on the ratio of components will need no further investigation ex-
perimentally, and making use of the available method on the similar
aspects. The gamble's method may also be extended 1nto multi-component
system (as the banker 1s not restricted to face only one gambler),

the solution would lead a matrix (11).

® Remark : Poeple who work 1n the pharmaceutical industry may
appreciate the difficuliy of mixing with a very low concentration
active i1ngredient and other inactive 1ngredients,so that pre-mixing
1s usually employed. However, on the theoretical aspects, 1t has
shown that a very low concentration mixture and a high concentration
mixture for achieving the state of randomisation have no difference,
e.g., & black particles mix with 4000 white particles and 4000 black
particles with 4000 white particles (without taking the actual material
properties 1nto account), now one divides each mixture into four
parts and asks what 1s the probability of finding equal number ot
black particles in each part of the mixture, Clearly, in the iormer
case, the probability 1s 4/&004 or .000999 and later case 1s .5.
Therefore, 1t seems that when mixture at 50/50 level would be easier
to be mixed, however, when one considers further that the original
concentration of the tormer case 18 only .00099Y, and the later case
1s .5, so that, finding a black particle at the randomised state
wi1ll be the same., From the present point of view the pre-mixing 1s

unnecessary.




237
2 500 \-/
.\ /O
— 2000~
<
[ 4
= -
'y . .
+ 1500 |-
T
x L
Z
-
& ]800 =
& ’ .
'E e
Jop —
..\. X
\
Y AN R T N N R 1 9
0 ot 02 03 04 o5 ob& &7 83 09 lo
Composition
Fig. 1
{ .
o3 |- \.\
...Wu.- ﬁ \
X 06 :
3 \
2 o4t .\
3 /
& /

.

0.2 \

P o N TN T TR NN N T
] i 2 3 4 5 6 .7 g .9 10
Composttion

FIg. 2




o fox

238

- MixeR * V-I mbol{% /(g [Symbol| S /ca
N N Goffm X 5,/;0 o 20/80
T Ft . B.6% | v [49/60] & io/f0
20 _‘:;5\ o |3¢/70] o |5/p5
3¢ .
u\.\
or \$
o) B B a \ -+ x
= 6 “\‘,x,?- :
b 8,
4; ~ P gD
[~ A
0 /
L \o A /A
\ .
o A/
[+ ]
1~ \ R o e
og o
06
oé | ] {
0 100 200 300 400
NB ( No of Rev)
Fi1g.3 N vs. (%)
20
N
U
(e \n\
8 N \:
A o\
RN o
v
o \0
boes \ \& a\i\\\\\
3 _ o \ ~ \\\\\
S~ \\\
\ \ NN
fosas. -] & ~ \:\\
\ . \\ \Q\\‘:\\\
~ ~ -
[ s S ] ST N
160 200 30 400
N§ (Mo of Rev)

Fig. 4 Novs Yn




N8 {No of Rev)

450

400

300

200

100

239

480 _
.\\\\Oll.ll.l.ﬂ
400 1— \o
— o
g
+~
x
K
- 3o ™ o
g
(o]
Lo}
N \
2 0
200
100 | 1 ] ]
0 fi o\mo NQWQ uo\wo .%o\mo 4 n»w.o
hh\m.u
Fig 5
g—""90——— ¢
\0\\ ..I.......IIO




250

3
5
L
-
4
3t o

xe
1
I
]
»
]

~~ ’ s
. g e W
f for—— P — -3\-'._:_____...___:_._..-——;-—-'——""_
o 1 1 1 I
! 10 Joo 1000 1000 100000

Mixing TiME (S)

L fe 1
A foo 1
- foop 1

Fig 7 Effect of Mixing time on relative homogeneity

30

s

€ /cep

10~

wi 1 1 i t
1 o foo 1000 fpoov {60000

Q-

Mixing Time (s)

- He R
A foo 1

FIG 8 The ef{fect of mixing +ime on homgeneltj
velahive 4o that for random i Xxed 'partI(.{es




FiG. 9 TRe effect of Mixture composilion Upen
the Z- Blade Mixer

SjmboL Mix Ralio
v 1 -Joe0
Q [ :fob
A TR {
(vl [
3o ""\
v}
Q. A
NN
S o\
O
o | o}
3 v AN a —
\__o < . 74
N
N N .
v N \\ v
1 | S BTN b N L
1 3 10 30 1oo
Mixing Time {min)
Huedness i

fom3 Time. (M)

ln ‘tl‘\ﬂ A”’— Mixer

3
o S',mbol. M Rifio
AIJ
o | % les
A i e
fu i
W A
S A B
O
o
N
AN
AN
N
\ \
N
A i
foo

Fig 10 The fect of Mixture Composifion Upon “mimedness’




242

Symbl.  Mix Rafwe
< ]:1obd
o I+ {00
&H { : 1D
n {1
Job-
S "
= 10
b
[} \{
o a
3T °\A\ ‘ot o4 A 4
AN \\
< v Vg N v v
\ AN v
i | ~ [N ~
1 3 10 30 {00
No of Rotafiens of Mixer arin
Eig 11 The effect of Mixfure Compesifiun u‘Poh‘MJxeq'ness” n
the Nauta Mixer
oo
4.
+/
=
E
~ +
=¥
£
: 10 —
3
x
by
3 -
f
f 1 | i
o o oof 0of of f

Mix ture Comptsifion

Fig 12 The mixig time rcgumed for Yandomiged slate VS
pixtore Composilion n the 2 - blade Mixer




1. Shchigoler, H.M.

2, Lacey, P.M.C.

3. Oyama, Y.

4, Coulson, J.M.,
Maitra, N.K.

243

REFERENCLES

'Mathematical analysis of observation'
111ffe Book Ltd.,, London, 1960,

'"The mixing of solid particles' Trans.instn.

Chem.Engrs. 21, 53, 1943,

"The motion of granular or pulverulent materi-
als 1n a horizontal rotating cylainder, report 2
mechanism of mixing and mixing rate' Bull. lnst,

Phys. Chem. Res.(Tokyo) 14, 7, 570, 1935.

'"The mixing of solid particles' lnd. Chemist

Feb., 1950.

5. Yano, T.,Kanise,I.,'Mixing ol powders by the V-type mixer' hagaku

Tanaka, K.

6. Poole, h.R.,
Taylor, R.F.,
Wall, G.P,

7. Ashton, M.D.,

Valentin, F.H.H.

8. Feller, W,

9. Bailey, N.T.J.

10.Gold-berg, S.

11.Level, M,

Kogaku, 20, 4, 1956,

'Mixing powders to fine-scale homogeneity
studies of batch mixing' Trans.lnstn,.Chem,

Engrs. 42, T305, 1964,

'The mixing ol powders and particles 1n in-
dustrial mixers' Trans.lnstn.Chem.Engrs,

W4, T166, 1966.

'An 1ntroduction to probability theory and 1ts
application' Vol. 1, 2nd Ed., John Wiley & Sons
Inc., N.Y., 1958

'The elements of stochastic processes with
applications to the nature science'

John Wiley & Sons Ltd., 1965.

'"Introduction to difference equations'

John Wiley & Sons Inc., N.Y., 19Y58.

"Probability theory' 3rd Ed., D. Van Nortrend,
Co., Inc. 1963,







