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Ilenvto uccnedosanusn asaaemcsa nOCMpoeHue NPOCmMoiil, Ho UHGPOPMAMUBHOT MoOdelu,
no360A10U€ll KAUECHMEEHHO OUECHUMD 6JIUAHUE NAPDAMEMPOB RPOUecca HA KUHEMUKY PDAHYU-
POGAHUA 8 NEPUOOUHECKOM Kunauiem cioe. /[na nocmpoeHus Mooenu ucnoib308an nooxoo, oc-
HoeaHHbLIL HAa meopuu ueneii Maproega. Bvicoma peakmopa Kunauiezo c10s pa3ouma Ha aueluKu
UOeanbH020 NEPeMeutuGanus, U 66e0EeHbl 06e NApaleslbHble Yenu A4eeK. 00HaA 0 UCXOOHBIX
yacmuy, Opy2as 013 ZpaAHyaupoeanHslx uacmuy. Yacmuyvl mozym cmoxacmuyuecku 06Uzamvc
600J1b CGOUX Yenell U nepexoOums U3 00HOU Uenu 6 OPy2zyio U3-3a yeenudeHus ux pamepa 6cjeo-
cmeue zpanuyaupoeanus. Cuumaemcsa, 4mo coOOCMEEHHO ZPAHYIAUUA NPOUCXOOUM MOIbKO 68
moli aueiiKe yenu UCX00HBIX Yacmuy, Kyoa nooaemcs cycnensusn. Q6vem cycnenzuu, Komopbolii
0Ka3vléaemcs 6 AuelKe 3a waz no 6pemMeHu, pAcnpedensaemcsa moibKo mexcoy memu uacmu-
uamu, Komopsle Mo2ym 0blimb NOTHOCHIBIO NOKPBIMbBL CYCHEH3UECH 00 HCeNaemo20 KOHeYHO020
pazmepa. Imu yacmuubl HEPexXo0am 6 COCEOHIOI0 AUEIKY Uenu 0J1s yrce 2PAHYTUPOBAHHBIX Ua-
cmuy. 3amem 06a copma uacmuy nepemeniaomcsa 600J1b C60UX Uenell 6 COOmeencmaeue co c60-
UMU MAMPUUAMU HEPEXOOHBIX BEPOAMHOCHEN. DIMA KX0JI00HAA» MOOETIb MOMHCEm ObIMb 1€2KO0
CKOMOUHUPOBAHA C MAPKOBCKOU M0OOENbI0 CYWKU 8 KUNAWEM Clloe, PA3PAOOMAaAHHON 6 HAWUX
npeovdyugux padomax. Hucnennvle IKCnepumeHmsl ¢ M0O0€lbl0 HO360IUNU OUEHUMb Kaue-
CHEeHHOe G/IUAHUE NAPAMEmPO8 npouecca Ha KuHemuky zpanynupoeanus. Ilokaszano cywie-
CmMEoeanue ONMUMANbHOU PACX0OHOU CKOPOCMU 2a3a, 00ecneuugaloujell MaKkCUMAaabHy0 CKo-
POCHb 2PAHYI000pA306aAHUA.

KuroueBble cji0Ba: MCEBIOOKUKEHHBIN CIIOM, FpaHyIsIus, ienb MapKoBa, BEKTOP COCTOSHUS, CBA3Y-
IOIIIee BEIIECTBO, POCT YaCTHI], KHHETHKA
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The objective of the study is to build a simple Imformative model to estimate qualitatively
the influence of process parameters on granulatigimetics in a batch fluidized bed. A Markov
chain approach is used to build the model. The heigf fluidized bed reactor is separated into a
certain number of perfectly mixed cells, and tworpHel chains of such cells are introduced: one
chain for original particles and another chain foalready granulated particles. The particles can
move stochastically along their chains and trangidm one chain to another due to their size en-
largement during granulation. It is supposed thatd granulation itself occurs only in the cell of
original particles where a binder suspension is flipd to. The volume of suspension, which enters
the cell during the time step, is spread over thiggimal particles that can be covered by the suspen
sion up to their desired size. These particles s#rno the neighboring cell of another chain for
already granulated particles. Then the both sorfsparticles move along their chains according to
corresponding matrices of transition probabilitie¥his “could” model can be easily combined with
the Markov chain model of drying in fluidized bededeloped in our previous works. The numerical
experiments with the developed model allowed gasie estimating the influence of the process
parameters on the granulation kinetics. The existenof the optimum superficial gas velocity that
provides the maximum rate of granulation is shown.

Key words: fluidized bed, granulation, Markov chain, stateteechinder suspension, particles en-
largement, kinetics
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INTRODUCTION of wet-agitated granulators: drum granulators, pan
Enlargement of size of primary particles is alg';ranulators, mixer granulators and _fIU|d|zed beahgr
ulators [1]. The advantages and disadvantageseof th

ordinary procedure for particulate solids produats b ioned I h b ed i
gineering. Different types of equipment are emptbye2P0Ve mentioned granulators have been summarized in

for the process in many industries. There aretipes 1€ Well-known handbooks, such as [1-3].
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The present study is focused on the wet fluidnodel is not supposed to be a predictive one.ift-is
ized bed granulation (FBG). Fluidization is an @per tended for qualitative estimation of influence bet
tion in which particulate solids is transformed dan process parameters on its technological charatitsris
fluid-like suspended state by upward gas flow ). and perhaps for separation more narrow areas fog mo
wet fluidized bed granulation particles grow up doie detailed modeling.
spraying a binder solution onto fluidized partidala
solids [5]. There are three various types of FBG ac
cording to a spray method employed. Those are top ~ The present study is based on the theory of
spray, bottom spray and tangential spray [6]. Tawe p Markov chains that was successfully applied to rhode
ticle diameter growth can occur due to adhesion #fe drying in a fluidized bed [13-14]. Accordingttwe
sticky particles (agglomeration mechanism) andtdue general strategy of the approach the height odiitteid
deposition of films of binder solution onto paréiclur- bed reactor is separated into n perfectly mixets ol
face and its following dehydration (layering mechathe heightAx = H/n where H is the height of the reac-
nism). Thus, the FBG is a complex process that iter. The process is observed in the discrete mavednt
volves multiple sub processes (layering and growttime & = (k-1)At whereAt is the time step, or transition
wetting and drying, breakage and attrition), which  duration and k is the transition number. The paldie
cur simultaneously and affect each other. Undey thinaterial involved in the granulation process is-pre
reason, design of fluidized bed granulators iklsdided sented as two fractions. The fraction A belongth&o
on empirical data, and development of modeling afine particles of a monosized feed material. Tlaefr
proaches are relevant and timely [1-2]. tion B is also monosized fraction of the end praduc

The known computational models are usually¥he fraction A transits into the fraction B duriggan-
based on various combinations of Lagrangian and Eulation. In order to distinguish the fractions imet
lerian approaches [7]. In particular, a discretdigle model, two parallel chains of cells are separated:
model (Lagrangian-Eulerian) to predict particle imot for the fraction A and another one for the fract®n
in a pseudo-2D spout fluidized bed and its experirhe scheme of such cell model is shown in Fig. 1.
mental validation was presented in [8]. The Euleria
Eulerian approach was successfully used in [9]eto d gas cleaning
scribe dynamics of spouted beds with conical-cylind
cal and conical geometry. However, according to the -
authors’ viewpoint, the approach based on the theor AR
of Markov chains has some undoubted advantages.
The comprehensive reviews on its application inpow
der technology can be found in the works by Bettkia
et al [10], Catak et al [6], Dehlirgg al [11].

Dehling et al. [11] have been first to propose
the cell model of particulate flow in fluidized hed
Catak et al. [6] have proposed Markov chains motlel
particle size enlargement in fluidized bed dueggrea-
gation of solids simultaneously with their breakage
process. An essential part of any Markov chain rhode
is the transition matrix, which represents theo§&tan- _
sition probabilities between small but finite cedisr- discharge "N ces ﬁ
ing a small time duration. In the paper by Dehkn@l
[11] the transition matrix was kept constant arden

THEORY

Fig. 1. Schematic presentation of the processwedlel
Puc. 1.CxemaTuunoe MpeaACTaBIICHUC STYCCUHOU MOJEIIH IIpo-

pendent on the current state of fluidized bed.dswa necca
linear model that could not take into account some
portant specific features of the process. A noadm Thus, the particles can travel along their chains

model with state dependent transition matrix was prdue to their interaction with the upstream gas flow

posed by Mizonov et al. [12]. Later on, this apgioa (convection transitions) and surrounding parti¢tis

was applied by Mitrofanov et al [13-14] to describe  fusion transitions) and transit from one chainrtother

drying process in fluidized bed. due to granulation. The particles travel alongdhain
The objective of the present study is to develojg controlled by its matrix of transition probabds,

a simple but informative model of granulation ifite  which is the basic operator of any Markov chain etod

idized bed based on the theory of Markov chaing Tht is necessary to note that the matrices for A Bnd
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depend on the concentration of the both fractionbe to the law of conservation because the volumerud-bi
couple of neighboring cells of the parallel chaires, ing suspension participates in the process. However
the model is considerably non-linear. the number of particles is conserved. Fig. 2 ithitsts
In order to describe the granulation itself, th@ow to transit from the particle number conterthgir
following simplified model is used. The granulatias volume content. The consequential states of théeel
such occurs only in the cell a binder suspensideds longing to the chain for original particles are whon
to. The amount of suspension that appears in the die right, and the same for the cell for granulgdted
during At goes to binding only these particles of thécles — on the left.
fraction A that can reach the final size of gratiala Let the binder suspension is fed to a cell with
and transit to the end product B. All the restipba$ the volume flow rate Glt means that the volume/&
of A remain as they were. After that, the bothfiats of it appears in the cell at a time transitionotder to
are redistributing over their chains accordingdaae- enlarge the particle size from goriginal particle) to
sponding matrices of transition probabilities. ds (granulated particle) the following volume of sus-
Evolution of fractions content distribution overpension is required

the cells of the chains can be described by thermewt AV, = gn(d% “d)- 3)
matrix equalities 3
St = PE(SE -ASY) 1) It means thatANa original particles will be
SO = PE(SE +ASY) @) fully covered by the binder suspension
B B B B/ GSAt
whereS, andSs are the state column vectors of the size AN, = 4 L o (4)
nx1 that describe the particle content distributeer g”(dB “dy)

the cellsPa andPs are the matrices of transition probaand leave the right cell taking with them the peti
bilities for the fractionsASa andASs are the exchange volume

vectors of the A»B transitions during one time step. _ 4 . _  GAat (5)
The detailed description how to build the ma- A9 =AN, g = (da/d,) -1

trix of transition probabilities can be found inrqare- . ° .

vious works [12-14]. It is supposed that transiion It leads to the increase of the fraction B volume

only to the neighboring cells of a chain are alldwe®°Ntent

during At. Thus, the transition matrix becomes a tridi- AS, =AN, i‘ndg :Lt, (6)

agonal one. Each column of it belongs to a cele Th 3 1-(dy /)

element on the main diagonal is the probabilityaof Thus, the both source vect@S, andASs can

particle to stay within the cell, the above elemsithe bedefined.

probability to transit into the upper cell, and tredow In order to start the recurrent computational

element is the probability to transit into the lowell.  procedure given by Egs.(1),(2), the initial statetors
have to be given. It is obvious tl&f is the zero vector

i Sht Ma of the size mx1. The vect@?’ has the non-zero ele-
'.:.:. 0 010500 ments only for the cells, which are filled with tbeg-
o o 0 S0 0% inal particles after their loading into the reactor

&m W _ The kinetics of granulation can be character-

) 000,00 ized by the_current ratio of the volume of alregdyn-

® 0.0p00 ulated patrticles to the volume of all particlest tban
BZOJIO So9 be granulated. The following formula allows calt¢ula
® 5 50 5.0 ing this characteristic

(o i ° ] o 009 o%o ZSE
0@ O o R<=__ 1= ' (7)
Mg+ AMg M- ANy Zsii(ds/okf
i=1

Fig. 2. Evolution of A and B fractions during onmé transition .. . . .
Puc. 2.OBomonus ¢paxuuii A 1 B B TeueHne oJHOro BpeMeH- It |$ |mp“C|t|y Supposed that Fhe size of granl_J-
HOTO TIepexo/a lated particles do not change during accompanying

drying process when a solvent is being removed from
the binding suspension. This assumption is apdkcab
if the solid concentration in the binder suspensfon
high enough.

Under the assumptions taken above the e
change vectoraS, andASg for granulation are to be
defined as follows. It is necessary to remind that
total volume content of solid particles is not sdbgd
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RESULTS AND DISCUSSION the binder suspension, transforms into the tamget f

fjon B, i.e., disappears. The increase of the ivadB

leads to the solid volume growth, and the bed edpan

The evolution of the both distributions looks plitles
}qat confirms the model workability and its predict
ility at least on the qualitative level.

Some results of numerical experiments wit
the above model are presented in this sectionc@he
culations were done for the following process param
ters The diameter and height of the reactor were tak
0.1 m and 0.3 m respectively. The superficial gas v

locity w was varying within the range 1.35-1.8 m/s. Fig. 4 shows the inflqence Of. the superficial
The properties of particles were as follows= mm, gas velocity w on the granulation kinetics calceditby

de = 3 mm, and their densities were assumed ggual Eq (7). The decrease of w first leads to fastengjea

= ps = 900 kg/r. The rate of binder injection was 310N Put then, after w = 1.4 m/s, its rate strondéy

kg/h, the mass share of solid substance in theyepra_creases' At high w, the concentration of feed plasi

binder composition was equal to 0.4. The heiglthef :cn th? top c_eII s raltlher small, and the aILppeara)mhd:Ieae
reactor was separated into n = 20 perfectly mixalig ¢ fraction B is small too. However, at low w, the bed

of the heightAx = 1.5 cm. The binder suspension Wagransits to almost .dense state gnd migration olfrm:e
fed to the upper cell (top spray), the number ofoiwh tion A becomes hindered, parthularly at the fmlge
varied due to the bed expansion. of the process when concentration of the fractidreB

comes high.

" 1 T T T ’ f
Sa/(Sa+Sg) L 1 R 4 : 5

| S S ——

N
0.1 H H H H H H

| /784S S S S . —

L e o

a 0

0 10 20 30 40 50 60 70 . 80
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Fig. 4. Influence of the of the superficial gasogitly on the gran-
ulation kinetics (D=0.1 céfs) : 1 — 1.8 m/s; 2 — 1.65 m/s;

3-15m/s;4-1.4mls;5-1.37m/s

Puc. 4. Bnusnue pacxoaHOH CKOPOCTH raza Ha KHHETHKY IpaHy-

muposanus (D=0,1cm%c): 1 — 1,8m/c; 2 — 1,65u/c; 3 — 1,5m/c;

4 —1,4m/c; 5 —1,3m/c

tos,

80

t, min

Fig. 3. Evolution of the initial fraction A distnikion (a) and the
target fraction B distribution (b) over the bed Heigv=1.65 m/s,
D (dispersion coefficient) = 0 cits)

Puc. 3.3Bomonust pacupeeneHus HCX0aHoi Gpakimu A (a) u
ueseBoit dppakiuu B (b) no Beicore kumsmero cios (W=1,8m/c,
D (mucniepcuonbiii ko3 dumnment) = 0 cm?/c)

1.3 1.4 1.5 1.6

1.7 .8
w, m/s
) F'g-_ 3 S_hOWS the evolution of the_'n't'al frac- Fig. 5. Influence of the of the superficial gasogitly on the gran-
tion A distribution (a) and the target fraction Btd- ulation rate: 1 — D=0 c#fs; 2 — D=0.1 cris
bution (b) over the bed height_ The feed fraction APuc. 5.Bausnue pacxomnoit CKOp(z)CTI/I rasa Ha CKOpZOCTL rpamy-
moves up and, after reaching the top cell, intsnaith maposanms: 1 — D=0 &r’/c; 2 - D=0,1 &r/c
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The influence of the superficial gas velocity on CONCLUSIONS
the rate of granulation can be estimated more oiglyo A cell model based on the theory of Markov

if quantitative parameter of the rate is introdudédr ., ,ins to describe the kinetics of granulation ra&h
example, it can be the timestat which 95% of the g,ijized bed is proposed. The model allows qualita
fraction B is already obtained. Fig. 5 shows hoi8 thy;e estimation of the influence of the processpee-
value varies with the superficial gas velocity @0t o5 o the granulation kinetics. It has low coraput

values of the dispersion coefficient. As it was CONional time and can be easily combined with otref c
cluded above, the optimum superficial gas velogxty ,,qe|s describing processes in fluidized bedsirfor
|st_s_W|th|n_the range 1.4 15 m/s that p_rowdees trbtance, with a model of granules drying. Using the
minimum time of granulation, i.e., the maximum prog,,qe| it was shown that the optimum superficia ga
cess capacity. It can be also seen that the iyeosi oty exists that provides the maximum rateraing
axial mixing in the bed (the dispersion coeffici®)t ,ation. It was also shown that the intensity aftipa-

influences the granulation rate rather stronglye Th,ta solids axial mixing in the bed has the striily-
gain for the two compared lines is about 14% withig o o the granulation kinetics.

the range of optimum w. Acknowledgement. Thiswork is supported by

the Russian Foundation for Basic Research (project

15-08-01684).
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