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ILlenvro pabomul ansemca nocmpoenue npocmoii, Ho UHPOPMaAmMueH ol mooenu 011 onu-
CAHUA KUHEMUKU ZPAHYIUPOCAHUS 8 NEPUOOUUECKOM PeaKmope Kunauezo cioa. /na onucanus
IMOI KUHEMUKU NPeOI0ICeHa aueeunan mooenn, dazupyowiasca na meopuu yeneii Mapkoea. B
COOMGEMCMEUU C YUCTAOM HAONI00AeMbIX (PpaKuuil no pazmepy yacmuly 66¢0eH0 HECKOJIbKO na-
PAannenvibix yeneil, cOCMAaeieHHbIX U3 AYeeK Uudeanvnozo nepemewusanun. Cocmoanue npo-
yecca OnUCyLLBaAemc 6eKMOPaAMU 00bEeMHO20 COOEPIHCAHUA YACMUY, 6 AYEHKAX. ICOIOUUA COCMO-
AHUA 00YCTI0671EHA NEPEXOOOM YACMUY, U3 AUECEK OOHOU Yenu é OpyzyI0 U3-3a YeeaUUeHUsA Ux pas-
Mepa npu ZPAnYIAYUY U MUSPAYUENl YACMUY, 60016 Ueneil U3-3a 63aumMOo0eiiCIMEUs C 860CX00AUUM
nomoxom odxcuxncarouie2o 2aza. Cocmoanue npouecca HadaIOOAemca 6 OUCKPEMHbIe MOMEHMbL
epemenu. Cuumaemces, umo 00vem pacmeopa, NOCHMYRAIOWLIL 6 AYEHUKY 6 meueHue 00H020 6pe-
MEHHO020 nepexooa, 3auMoOeliCIEyenm moiabKo ¢ memu Yacmuyamiu, pazmep KOmopuvix Moxcem
Obimy ygeauueHn 00 3HA4eHUs, NEPEBOOAULE20 UX 8 COCEOHION Doiee Kpynuyio ¢ppaxyuto. Muzpa-
Yusa yacmuy 6001b yeneil 01 ceoll (paKyuu KOHMPOIUPyemcsa Mampuyeil nepexoonblx 6eposim-
HOCmell, Komopas pa3nuyna 01a Ka)cooil (Gpakyuu u 3a6ucum om NOAHOU KOHUEHMPayuu 4a-
cmuy 6 aueiikax. Moodenv no3eonsem npou3eo0UmMs KOJUYECIMEEHHYI0 OUEHKY 6IUAHUA Napa-
Mempoe npoyecca Ha KUHEMUKy 2panyiupoganus. /Ina npogepku adekeamunocmu mooenu oviiu
6bINONHEHbl IKCREPUMEHMATbHbBLE UCC/IE008AHUA ZPAHYIUPOCAHUA CYbPAMA AMMOHUA 6 1aD0-
pamopHom peaxmope Kunauie2o cnos. Cpasnenue pacuemusvix u ONbIMHBIX OAHHBIX 6bINOIHEHO
Ha npumepe 6IUAHUA PACX00a PACMEopa Ha KUHemuKy panyauposanus. Iloayueno xopowee co-
omeemcmeue pacuemHuviX U ONbIMHBLIX OAHHBIX KAK RO POCHY CPEOHE20 pazmepa 4acmuy, max u
N0 U3MeHeHUI0 60 6PEMEHU UX PPAKYUOHHO20 COCMAsa.

KaroueBble cji0Ba: NICEBIO0KIKEHHBIN CII0M, TpaHy sy, 1enb MapkoBa, BEKTOp COCTOSIHUS, CBSZY-
IOIIUI pacTBOP, POCT YACTUIL], KHHETHKA
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The objective of the study is to build a simple but informative model to describe the kinetics
of layering granulation in a batch fluidized bed reactor. A cell model based on the theory of Markov
chains to describe this kinetics is proposed. Several parallel chains of perfectly mixed cell according
to the number of size fractions, which are under observation, were introduced. The vectors of par-
ticles volume content in the cells describe the state of the process. Evolution of the state is condi-
tioned by particles transition from the cells of one chain to another due to their size enlargement
during granulation and by particles migration along the chains due to their interaction with fluid-
izing gas upstream flow. The process is observed in a discrete moments of time. It is supposed that
the volume of binding solution coming into a cell of a chain during one time step interacts only
with the particles that can enlarge their size to transit to the cell of the next larger size fraction. The
migration of the particles of a size fraction along its chain is controlled by the matrix of transition
probabilities, which is different for each size fraction and depends on the total particles concentra-
tion. The model allows qualitative estimating of influence of the process parameters on the granu-
lation kinetics. In order to validate the model, the experimental study of ammonium sulphate gran-
ulation in the lab scale fluidized bed reactor was carried out. The comparison of theoretical and
experimental results was done for the example of particle size enlargement at different flow rate of
the binding solution feed. A good correlation between theoretical and experimental data was found
for both the mean particle size growth and the fraction size distribution at different moments of time.

Key words: fluidized bed, granulation, Markov chain, state vector, binder solution, particles enlargement,
Kinetics
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INTRODUCTION

The processes of particle size enlargement are
widely used in many industries. Such processes can be
realized in different types of equipment. One of them
is the wet-agitated granulation. Drum granulators, pan
granulators, mixer granulators and fluidized bed gran-
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ulators are commonly used for its realization [1]. Com-
parison of advantages and disadvantages of these gran-
ulators can be found in the well-known handbooks,
such as [1-3].

The present study is devoted to the wet fluid-
ized bed granulation (FBG). Fluidization is an opera-
tion in which particulate solids is transformed in a
fluid-like suspended state by upward gas flow [4].

U3B. By30B. Xumus u xuM. TexHonorud. 2019. T. 62. Beimn. 5



B.E. Mu3onos, A.B. Murpodanos, K. Tannous, JI.H. OB4nHHNKOB

Spraying a binder solution onto fluidized particulate
solids leads to the growth of particle size [5]. The top
spray, bottom spray and tangential spray can be used
to cover these particles by a binding solution [6]. The
particle size growth can occur due to adhesion of sticky
particles (agglomeration mechanism) and due to depo-
sition of films of binder solution onto particle surface
and its following dehydration (layering mechanism).
Thus, we deal with a fluidized bed with particles of
time-varying properties that must be taken into account
in modeling of fluidized bed hydrodynamics. FBG is a
complex process that involves multiple sub-processes
(layering and growth, wetting and drying, breakage
and attrition), which occur simultaneously and affect
each other. The papers [10-13] are devoted namely to
the particle growth kinetics during coating and layering
granulation, i.e., to their properties variation. However,
this kinetics is not connected with the particulate flow
hydrodynamics in a fluidized bed, which is strongly
stochastic.

Usually various combinations of Lagrangian
and Eulerian approaches [7] are used to model the flu-
idized bed hydrodynamics. For example, a discrete
particle model (Lagrangian-Eulerian) is used in [8] to
predict particle motion in a pseudo-2D spout fluidized
bed. The Eulerian-Eulerian approach was successfully
used in [9] to describe dynamics of spouted beds with
conical-cylindrical and conical geometry. However,
according to the authors’ viewpoint, the approach
based on the theory of Markov chains has some un-
doubted advantages. The comprehensive reviews on its
application in powder technology can be found in the
works [6,14-16].

Dehling et al. [16] have been first to propose
the cell model of particulate flow in fluidized bed.
Catak et al. [6] have proposed Markov chain model of
particle size enlargement in fluidized bed due to aggre-
gation of solids simultaneously with their breakage
process. An essential part of any Markov chain model
is the transition matrix, which represents the set of tran-
sition probabilities between small but finite cells dur-
ing a small time duration. In the paper [16], the transi-
tion matrix was kept and independent on the current
state of fluidized bed. It was a linear model that could
not take into account some important specific features
of the process, in particular influence of particles
growth on hydrodynamics. A non-linear model with
state dependent transition matrix was proposed in [17].
Later on, this approach was developed to the case of
particles with time-varying properties [18]. Its applica-
tion to the layering granulation is described in [19].
However, only a binary mixture of particles was exam-
ined in this work: the primary particles and completely

granulated particles. The gradual growth of them was
not taken into account. Besides that, no experimental
validation of the model was demonstrated.

The objective of the present study is to gener-
alize the approach described in [19] to the case of grad-
ual growth of particles and to perform experiments to
compare the computational and experimental results.

THEORY

Fig. 1 shows the scheme of a granulator the
proposed model is based on. The operating volume is
separated into n perfectly mixed cell of the height Ax =H/n
where H is the height of the reactor. In turn, these cells
are separated into z vertical chains of cells according
to the number z of size fractions which are under ob-
servation. The process is observed in the discrete mo-
ments of time tx = (k-1)At where At is the time step, or
transition duration, and k is the transition number (a
discrete analogue of time).

gas cleaning suspension feed
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Fig. 1. Schematic presentation of granulator and its cell model
Puc. 1. Cxema rpanysTopa U €ro sSi9eeqYHON MOJIeIH

discharge

It is supposed that granulation goes only by the
layering mechanism, i.e., the total number of particles
is conserved. As the particle size grows due to binding
solution deposition it can transit from a cell of one ver-
tical chain to the neighboring cell of another vertical chain.

Let us assume that two virtual stages occur
separately during one time step At. The first stage is the
transition of particles from one vertical chain to an-
other due to their size growth. The second stage is the
spatial transitions of the particles along the vertical
chains due to their stochastic motion in the fluidized
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bed. It is necessary to emphasis that, in fact, the both
stages go simultaneously.

The state of the entire process at the moment
of time tx can be presented as the sequence of z state
vectors Si (j = 1, 2, ...z) of the size nx1 where Si¥ is
the volume content of the j-th fraction in the i-th cell of
the vertical chain. The evolution of the state can be de-
scribed by the set of z recurrent matrix equalities

S =P(S] + A8y, - A],.) (1)

where Sj¥is the current state vector, Sj*** is the

state vector after the k-th transition, AS;.1 ;¥ is the part

of particles that comes into the fraction j from a smaller

fraction due to granulation during At, AS; ;.1 is the part

of particles that leaves the fraction j to the larger frac-

tion due to granulation during At, P;¥ is the matrix of

transition probabilities that describes the migration of
particles over the cells of the j-th chain.

The imitation model to describe the flows AS;.
1 and AS;jj«* is presented in Fig. 2. In order to sim-
plify the description, only 3 size fractions are under ob-
servation. They are numbered as A, B and C where A
is assigned to the finest fraction (original particles).
The granulation as such occurs only in the cells a
binder solution is fed to. The consequential states of
the cell belonging to the chains for different size frac-
tions (the first virtual stage) are shown in the figure.

Ne +AN¢

Ng + ANp,- AN,
Fig. 2. To the model on granulation mechanism
Puc. 2. K Mozenu MexaHu3Ma rpaHyIupOBaHUS

Let the binder suspension is fed to a cell with
the volume flow rate Gs. It means that the volume G;At
of it appears in the cells at each time transition. It is
supposed that this volume is distributed over the size
fractions proportionally to their surface. It is necessary
to remind that the total volume content of solid parti-
cles is not subjected to the law of conservation because
the volume of binding suspension participates in the
process. However, the number of particles is conserved.

100

Thus, the fraction A gets the volume of binder solution
GsaAt. It is enough to enlarge a certain number of A
particles up to the size that allows their transition to the
neighboring fraction B of the larger size. These parti-
cles are separated in the figure by the dashed line. They
will transit to the corresponding cell of the neighboring
fraction B. Now it is necessary to calculate what volume of
particles will appear in B and will be lost in A [19].

In order to enlarge the particle size from da
(original particle) to ds (the neighboring fraction size)
the following volume of binding solution is required

AV, = 2(d5 - d3) ()

It means that ANa of original particles will be

fully covered by the binder solution
G At

5 -d)

and will leave the fraction A taking with them
the particle volume

AN, =

©)

AS, = AN, Tgs = Gl (4)
67 (dg/d,) -1
It leads to the increase of the fraction B volume
content

AS,, = AN, g3 = — Gt (5)
6 " 1-(da/dy)

Egs. (2)-(5) describe the exchange with the
volume fractions content between the fractions A and
B. The exchange between other fractions can be de-
scribed by completely analogous formulae.

The next virtual stage is the longitudinal mi-
gration of the fractions. The particles can travel along
their chains due to their interaction with the upstream
gas flow (convection transitions) and surrounding par-
ticles (diffusion transitions) and transit from one chain
to another due to granulation. The particles travel along
the chain is controlled by its matrix of transition prob-
abilities, which is the basic operator of any Markov
chain model. It is necessary to note that each matrix P;j*
depends on the total volume concentration of all frac-
tions in the neighboring cells of the parallel chains, i.e.,
the model is considerably non-linear.

The detailed description how to build the ma-
trix of transition probabilities can be found in our pre-
vious works [15, 17, 18]. It is supposed that transitions
only to the neighboring cells of a chain are allowed
during At. Thus, the transition matrix becomes a tridi-
agonal one. Each column of it belongs to a cell. The
element on the main diagonal is the probability of a
particle to stay within the cell, the above element is the
probability to transit into the upper cell, and the below
element is the probability to transit into the lower cell.
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The described above theoretical model allows
predicting the evolution of particulate solids during
layering granulation in a batch fluidized bed reactor.

MATERIALS AND METHODS

The lab-scale granulator used for experiments
is shown schematically in Fig. 3.

s,

Q
"l-..—l.\\\\\~.1|‘_:|

Fig. 3. Scheme of laboratory experimental set-up for granulation
of ammonium sulphate particles: 1 — granulator body; 2 — gas dis-
tributor; 3 —air blower; 4 — electrical heater; 5 — rotameter; 6 — cyclone;
7 —8-channel temperature detector; 8 — discharge branch pipe; 9—in-
spection window; 10 — pressure tank; 11 — precision feeder; 12 — pneu-
matic sprayer; 13 — compressor; 14 — electrical heater; 15 — rotame-
ter; 16 — thermometer
Puc. 3. Cxema nabopaTtopHO# SKCIIEPIMEHTAIBHON YCTAHOBKH
IUTSL TPaHyJIUPOBAHUS YaCTHII CyNb(haTa aM-MOHHUS: 1— KOPIIyC
IpaHyJIATOpa; 2 — ra3opacnpeieNuTeIbHas peleTka; 3 — BO3AyXo-
ITyBKa; 4 — anieKTpo-Kanopudep; 5 — poramerp; 6 — MUKIOH; 7 — BOCh-
MHKaHAJIBHBIH TEPMOMETD; 8 — BBIrPY304HBIN MAaTPyOOK; 9 — UH-
CIEKIIMOHHOE OKOIIKO; 10 — HanmopHbIi 6ak; 11 — Mukpoo3aTop;
12 — nueBmMaTHueckas ¢popcynka; 13— kommpeccop; 14 — anekrpo-
kanopudep; 15 — poramerp; 16 — Tepmomerp

The fluidized bed reactor circuit consists of the
cylinder-conic granulator body 1 with the gas distribu-
tor 2, the air blower 3, electric air heater 4, the rotame-
ter 5, and the cyclone 6. The granulator body is
equipped with the 8-channel thermometer 7, the dis-
charge branch pipe 8, and the inspection window 9.

The line of binding solution supply contains
the pressure tank 10, the precision feeder 11, and the
pneumatic sprayer 12. The air for the pneumatic
sprayer is supplied by the compressor 13 through the
electric heater 14 and the rotameter 15. The air temper-
ature is measured by the thermometer 16.

The feed material was the fraction 1.6...2 mm
of ammonium sulphate particles. The mean fraction
size was defined as the arithmetical mean of the frac-
tion border sizes, i.e., it was 1.8 mm. Five fractions of
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particles in the discharged material were under control:
<1.6 mm, 1.6...2.0 mm, 2.0...2.5 mm, 2.5...3.0 mm
and >3 mm. The fraction size distribution was defined
by sieving.

At certain moments of time the samples of
about 100g were taken from the granulator to define
the fraction mass content and the mean particle size.
The total mass of the feed material loaded into the
granulator was 2 kg.

The fluidizing air was heated up to 200 °C. Its
flow rate was selected to guarantee the stable fluidiza-
tion during the entire process.

The pneumatic sprayer was placed at 3.5cm
above the gas distributor, i.e., it was inside the material.
The 40% water solution of ammonium sulphate was
used as the binding suspension. The air supplying the
pneumatic sprayer was heated up to 90 °C.

Thus, the obtained experimental data allowed
determining the fraction size distribution and mean
fraction size at different moments of time, i.e., defining
the granulation kinetics.

RESULTS AND DISCUSSION

The theoretical and experimental results are
compared in this section. Fig.4 shows the growth of the
mean particle size with time at three different flow
rates of the suspension injection. It is obvious that the
rate of the particle size growth is higher at higher this
flow rate. Besides that, the reasonable correlation of
calculated and experimental data can be seen.

3 <d>, mm
..
2.5 e
--" .u-"""‘“..-'
‘. " . .v..-n'-'
.'6.‘6 . . 1
R Sl
ﬁ.‘.'
1.5 . . !
0 20 40 t min 60

Fig. 4. Evolution of particles average size at different flow rate of
binding suspension: 1 — 2,5 kg/h; 2 3,5 kg/h; 3 -5,5 kg/h (lines —
theory, markers — experiment)

Puc. 4. I3MeHeHue BO BpeMEHH CPEIHEro pa3Mepa 4acTHLl IIpU
pa3dIHOM pacxoze cycrensuu: 1 —2,5 kr/a; 2 3,5 kr/4; 3 -5,5 kr/4
(mHME — TeopHs, MAPKEPHI — SKCTIEPUMEHT)

However, the fraction size distribution at dif-
ferent moments of time is more informative character-
istics of the process than the mean fraction size. These
distributions are shown in Fig. 5.
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Fig. 5. Fraction size distribution at different time of granulation: a — 12 min; b — 24 min; ¢ — 48 min; d — 60 min (light bars — theory, dark
bars — experiment)
Puc. 5. @paKIMOHHBII COCTAB YaCTHUIL IPU PA3ITMYHON MPOIOIDKUTEIBHOCTH rpaHyssiimn: a — 12 muH; b — 24 mus; ¢ — 48 mun; d — 60 MuH
(cBeTBIe CTOJIOMKH — TEOPHS], TEMHBIE CTOJIOMKU — SKCIIEPUMEHT)

It can be seen from the graphs that the original
fraction 1 transits to the larger fraction very fast be-
cause practically all binding solution lays on its parti-
cles. However, when a considerable part of its particles
leaves the fraction it gets less and less of binding solu-
tion, and growth of its particles becomes very slow. It
practically disappears only after 60 min of granulation.
The same can be said about the largest fraction 5 (>3
mm). Until 24 min of granulation it is present as traces,
and only after 48 min its more, or less visible growth
can be seen. As far as the fraction 4 is supposed to be the
objective fraction, it follows from the graphs that the
process of granulation is not completed yet during 60 min.

CONCLUSIONS

A cell model based on the theory of Markov
chains to describe the kinetics of granulation in a batch
fluidized bed reactor is proposed. The model allows
qualitative estimation of influence of the process pa-
rameters on the granulation kinetics. In order to vali-
date the model, the experimental study of ammonium
sulphate granulation in the lab scale fluidized bed re-
actor was carried out. The comparison of theoretical
and experimental results was done for the example of
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particle size enlargement at different flow rate of the
binding solution feed. A good correlation between the-
oretical and experimental data was found for both the
mean particle size growth and the fraction size distri-
bution at different moments of time.
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