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Llenv nacmoauiezo uccnedoeanusn — 6plA8UMb, KAK 3azpy3Ka NPEOHA3HAUeHHbIX 0/ cMe-
WIUGAHUA 8 NEPUOOUUECKOM CMeCuniele OUCHEPCHBIX MAMEPUAI0E 61UAem HA KAYeCneo cmecu u
npouszeodumenvruocms cmecumens. Hzeecmno, umo neponvuiue Konuuecmea KOMnoHeHmog (mo
ecmb manas 3azpy3Ka) No360J1A10m obecneuums jiyuuiee Kauecmeo cMecil, HO HPUGOOAM K MeHb-
wieil npouszeooumenvHocmu cmecumens. Ocobenno amo npoasnaemca, Ko20a HeodX00UuMo cme-
wiamp KOMROHEHMbl, CKIOHHbIE K 3HAYUMENbHOU cezpezayuu opyz é opyze. B amom cayuae non-
HOCHbI0O 00HOPOOHAA CMECh 8000Ule HEOOCUNCUMA, U CYU{eCHEYem ORMUMAIbHOE 6PEMA CMe-
WIUGAHUA, NPU KOMOPOM KAYECHE0 cMecu 00Cmuzaem MAaKcumymda. Imo onmumaibHoe epems
6o3pacmaem ¢ pocmom 3azpy3ku. Takum oopazom, ¢ mouKu 3peHUs COOCMEEHHO CMEUIUBANHUS,
HPeOnoOUMUmMenbHO CMeWUBams KOMHOHEHMbL He 00UH Pa3 00bUWUMU NOPUUAMU, A HECKOTIbKO
pa3z manvimu nopyuamu. OOHAKO, NOTHOE 8PEMA RPOUECCA CMEWUBANHUA COCMOUM U3 6PEMENU
3azpy3Ku cmecumens, 6pemMeHu coOCMeenHo nepemewiueéanus u epemenu pasepysxku. Takum oopa-
30M, RPOU3BOOUMENLHOCHL CMECUMENA ONPEVeNACHICA He MOIbKO 6PeMEHeM COOCHEEHHO nepe-
Meuwusanusa, Ho maksice, NO MeHvuiell mepe, U 8pemeHnem 3azpy3Ku. /lna mozo, umoosl oyenums
npOU3800UMEIbHOCIb CMeCUmeNsa NPU 3a0AHHOM Kauecmee CMeCU, UCNOJIb308aHa AUeeYHaAd MO-
denv, ocHosannasa Ha meopuu yeneu Mapxoea. Ilokasano, umo cywjecmeyem onmumaibHas 3a-
2py3Ka, Komopasa odecneuusaem MaKCUMAIbHYI0 RPOU3EOOUMENbHOCIb CMecUmens, U Ima on-
MUMAnbHAA 342PY3KA CYULECIMEEHHO 3AGUCUN O 6PEMEHU 3a2PY3KU KOMHOHEHMOG.

KiroueBble ci10Ba: TUCTIICPCHBIA MaTepHal, CMEIIMBAHUE, CErPeralus, 3arpy3Ka CMECHTEIS, TIPOU3BO-
JUTEITBHOCTH CMECHUTEJIS, 1IeTh MapKoBa, KAaueCTBO CMECH, BPEMS CMEIIIMBAHUSI, OTITHMHU3AIHSI
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The objective of the study is to investigate how the hold-up of particulate solids to be mixed
in a batch mixer influences the mixture quality and mixer capacity. It is known that a small amount
of components (i.e., a small hold-up) allows reaching better quality of a mixer but leads to small
capacity of a mixer. It is particularly appreciably when it is necessary to mix the components, which
have a strong tendency to segregate into each other. In this case the perfect mixture cannot be
reached, and there exists the optimum mixing time, at which the mixture homogeneity reaches
maximum. This optimum time increases with the hold-up increase. Thus, from the mixing as such
viewpoint, it is better to mix components not in big portions one time but in small portions several
times. However, the total time of a mixing process consists of the loading time, mixing time and
discharge time. The loading time depends on many factors such as a dosage device design, feeders
design, and others, while the discharge time is usually much smaller. Thus, the mixer capacity is
determined not only by the mixing time but also by the loading time at least. In order to estimate
the mixer capacity at a required mixture quality, a cell model based on the theory of Markov chains
is used. It is shown that the optimum hold-up exists that provides the maximum mixer capacity, and

this optimum hold-up strongly depends on the loading time.

Key words: particulate solids, mixing, segregation, mixer hold-up, mixer capacity, Markov chain, mix-

ing quality, mixing time, optimization
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INTRODUCTION

Mixing of powders and granular materials is of
central importance for the quality and performance of
a wide range of products. It is emphasized in [1,2] that
the design and operation of the mixing process are very
difficult, being largely based on judgments rather than
science. The next stage of development is to build on
the emerging knowledge and methods so that the ba-
sics for such design can be laid down. Then this design
can become predictable with operation giving effective
control of performance. One of the key problems in
mixing of dissimilar granular materials is their segre-
gation into each other. The segregation occurs due to
differences in physical properties of the components,
such as particle size, density, shape, etc. Action of
gravity that is always present in mixing is different on
different sorts of particles and also leads to their segre-
gation. At no segregation the achievement of homoge-
neous mixture is the problem of mixing time alone.
Very often it is virtually impossible to achieve the state
of homogeneous mixture if segregation occurs. First,
the homogeneity of a mixture increases, then passes its
maximum and then decreases again. There are a lot of
studies, mostly experimental, on influence of the seg-
regation effect on mixture quality (for instance, the pa-
pers [3-9] and others). Various attempt of theoretical

study of segregation can be found in [10-15]. A prom-
ising mathematical tool to model the process is DEM-
simulation, in which the position-time history of each
individual particle is calculated [16-18]. However, this
method is very time consuming, and needs precise
identification of parameters of a model. The effect of
segregation on mixing kinetics is studied much less.

One of the ways to reduce the negative influ-
ence of segregation is mixing of thin layers of the com-
ponents to be mixed. However, if one and the same
batch mixer is used, such mixing leads to the decrease
of mixing line capacity because it becomes necessary
to load and discharge the mixer several times that take
time, which is sometimes compatible to the mixing
time as such. Thus, on the one hand, transition from
mixing of thick layers of components (high hold-up in
the mixer) to mixing in thin layers (small hold-up) al-
lows improving the mixture quality but, at the same
time, leads to reducing of the mixer capacity.

In order to estimate how the hold-up of partic-
ulate solids to be mixed in a batch mixer influences the
mixture quality and mixer capacity a mathematical
model of the mixing kinetics can be used. A compre-
hensive review on various approaches to model mixing
kinetics is presented in our previous papers [19,20].
According to the authors’ viewpoint the most appropri-
ate tool for this purpose is the theory of Markov chains,
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which is rather native to the process of mixing because
both are related to the evolution of the state of a sto-
chastic system. It was successfully used by many re-
searches not only for the process description but also
for searching for the ways how to improve it (see, for
instance, our papers [19-21]). However, in all these pa-
pers, the models were built for a fixed total volume of
the components to be mixed, and its influence on the
process parameters was omitted from objectives of
their study. An attempt to investigate this influence is
presented below.

Theory

The model to describe the mixing kinetics of
dissimilar particulate solids is borrowed from [21]. The
brief description of it is presented below. A batch mix-
ing zone is presented as a one-dimensional array of m
perfectly mixed cells. The model deals with a binary
mixture of dissimilar particulate solids. The key segre-
gating component distribution over the cells can be de-
scribed by the column state vector S = {S;} of the size
mX1. The state of the process is observed at discrete
moments of time tx = (k — 1)At where At is the transi-
tion duration, and k is the transition number that can be
interpreted as the discrete analogue of time. In this
case, the evolution of the key component state (i.e.,
mixing kinetics) can be described by the recurrent ma-
trix equation:

Sk+1 = Psk ( 1)

where P is the matrix of transition probabilities
that distributes S; over the cells at each time step, or
transition. This is a tridiagonal matrix, the entries of
which can be calculated as follows:

- downward transition probability during At
Pl =v,(1-S5)+d,j=1,...,m-1; (2)

Jojtl

- upward transition probability during At

ijﬂ’j =d,j=1,...,m-1 3)
- probability to stay within the cell j during At
k _ . k
Pj,j =1- Z Pi,j,izl,...,m. @)

i=1,i#j

These probabilities have the symmetrical part

d that is related to the pure quasi-diffusion mixing,

which always leads to flattening of the component dis-

tribution, and the non-symmetrical part v that is related

to segregation, which leads to non-homogeneity. The

values of d and v can be calculated as: d = DAt/Ax?,

v = VAt/Ax where D is the dispersion coefficient, V is
the rate of segregation, Ax is the cell height.

In order to run the recurrent calculations

given by Eq.1 the initial state vector, i.e., the initial

components distribution S° is to be given. Let the seg-

regating component after loading into a mixer occu-
pies ms upper cells and a cell volume is equal to the
conditional unit. In this case the conditional hold-up
in the mixer is equal to m, the mixture composition is
m;:(m - m;), and the initial state vector has m; upper
entries equal to 1.

This known model allows describing mixing
kinetics but also allows setting up the new question to
it: how the hold-up m influences the process charac-
teristics.

RESULTS AND DISCUSSION

The numerical experiments with the described
above model were carried out for the 50/50% compo-
sition of components with v =0.3 and d = 0.12 for the
segregating component, which was loaded to the upper
part of the mixer. The mixing kinetics for four hold-
ups characterized by the total number of cells was com-
pared: m = 8, 16, 32 and 64. It was supposed that the
increase of the hold-up had no influence on the level of
particles agitation, i.e., the values of v and d could be
kept identical for any hold-up. The non-homogeneity
of a mixture was characterized by the standard devia-
tion o. The mixing kinetics for different value of m is
shown in Fig. 1.

0.5

0.4

0.3

0.2

0.1

0 ¥
50K, 100 150k 200

Fig. 1. Mixing kinetics for different value of hold-up: 1 - m=8;
2-16:3-32;4-64
Puc. 1. Kunernka cMenMBaHus py pa3IuyHOI BennYrHe
3arpysku: 1 - m=8;2-16:3-32;4-64

It is seen from the graphs that the optimum
mixing time (measured in the number of time transi-
tions k) exists that gives the minimum value to the mix-
ture non-homogeneity Omin (White circles on the
graphs). The smaller hold-up, the smaller optimum
mixing time and mixture non-homogeneity is, and the
influence of m is rather considerable. Let the mixture
quality for m = 64 meets the technological requirement.
The same mixture quality can be reached for smaller
mixing time at smaller hold-up m (black circles on the
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graphs). However, in order to reach the same mixer ca-
pacity as at m = 64, it will be necessary to run the mixing
process 64/m times. The total duration of the mixing cy-
cle includes the duration of loading Kijead, duration of
mixing as such Ky, and duration of mixture discharge
that can be neglected in comparison to two other dura-
tions. Thus, the duration of the total mixing cycle with
64/m repetitions of loading can be estimated as

K = Knix + Kioaa(64/m) 5
08 Q
0.7 1
0.6

2
0.5
0.4 &
0.3 4
0.2 >
0.1

0

0 10 20 30 40 50 60
m
Fig. 2. Influence of the hold-up on the mixer capacity at different
value of one-time loading: 1 - Kioads=0;2-2:3-4;4-8;5-16
(circles correspond to maximum mixer capacity)
Puc. 2. BausiHue 3arpy3ku Ha IPOU3BOAUTEIEHOCTE CMECUTEIIS
IIPY Pa3IMYHON IPOAOJKUTEILHOCTH OAHOKPATHOM 3arpy3Ku:
1-Kioaa=0;2-2:3-4;4-8;5— 16 (Kpy>KKH COOTBETCTBYIOT
MaKCHMaJIbHO! IPOU3BOIUTEIBHOCTH CMECHTEIIS)

The duration of one-time loading depends on
many factors such as the design and characteristics of
a dosage device, feeder device, and so on. In order to
compare the capacity of a mixer at different hold-up, let
us introduce the conditional capacity of the mixer Q,
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which is the amount of the mixture treated up to Gmi at
m = 64 divided by the duration of the total treatment K:
Q=m/K. 6)

The graph of Eq.(6) for different value of Kioad
is shown in Fig. 2.

At a very small duration of loading (Kiead tends
to zero) it appears much more profitable to mix the
amount of mixture m = 8 eight times than to mix the
amount m = 64 one time. However, already at Kioaa = 2
the optimum hold-up m = 22 appears: it is more profit-
able to mix the amount of mixture m=22 three times
than to mix the amount m = 64 one time. At last, at
Kioaa = 16 the optimum disappears, and it is better to
mix the amount m = 64 one time.

CONCLUSIONS AND PERSPECTIVES

It is obvious that the proposed model and its
analysis cannot pretend to be a predictive one. It is just
to draw attention of researchers in the field to the fact
that the optimum hold-up in a batch mixer of particu-
late solids exists and its value strongly depends on the
ratio between the mixing time and the loading time.
Mixing of thin layers of components allows reaching
better homogeneity of a mixture and shorter mixing
time but reduces the total capacity of a mixer. In order
to make the model more close to the predictive one, it
is necessary to develop a 2D cell model of the process
and to investigate whether the values of v and d can be
kept constant at any hold-up, or depend on it. This can
be the direction of the process description develop-
ment, which is planned for future.
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