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MATHEMATICAL MODEL OF PARTICLE
ENTRAINMENT FROM A FLUIDIZED BED

The paper proposes a one-dimensional mathematical model for
describing the movement of liquefying air and the movement of particles
in the gas-solids fluidized bed apparatus. The modeling is based on the
mathematical approach of the theory of counting Markov chains. The factor
determining the material entrainment from the apparatus was introduced
into the model by using a macro diffusion coefficient, which made it possible
to supplement the matrix of transition probabilities with probabilities of
random throwing of particles into neighboring cells of the chain. Numerical
experiments performed with the developed model allowed us to obtain
qualitatively consistent results with respect to the distribution of the solid
phase and the gradual removal of particles from the apparatus. The results
obtained allow to consider the proposed model as a reliable basis for the
development of a computer method for calculating the expansion of the bed
and the entrainment of particles from technological equipment.

Keywords: fluidized bed, Markov chain theory, macrodiffusion,
entrainment, mathematical modeling.

Introduction

The principle of fluidization of a particulate medium by a gasifying agent and
the technique using this principle penetrated into the energy industry when some
experience had already been accumulated in the chemical and related industries.
In part, this experience was associated with the accumulation of some claims
to classical fluidization schemes. With this in mind, the vector of development
of fluidization technology in the energy sector was initially directed towards
forcing hydrodynamic regimes [1-3]. However, the search for more intensive
hydrodynamic fluidization regimes is inextricably linked with an increase in the
entrainment of material from the equipment, which to a certain extent is limited
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by the organization of the looping of the phases of the bed [3-4]. Nevertheless,
devices with a traditional fluidized bed have occupied their niche in the energy
sector and are used in fuel treatment and combustion systems [3—5]. In this regard,
the task of constructing and investigating models of particle entrainment from the
apparatus remains urgent.

Various mathematical approaches are used to simulate the operation of
fluidized bed apparatuses [4—8], among which cell models occupy an increasingly
expanding niche [9-10]. However, these models were developed either for the
study of conditionally periodic fluidization (without entrainment of particles) [9]
or a circulating fluidized bed [10]. Thus, the possibility of modeling the operation
of the periodic principle of operation apparatus (in which undesirable entrainment
of particles is almost always observed) has not been investigated.

Materials and methods

The mathematical apparatus of the Markov chain theory is used here as
a computational basis for constructing the model. The main provisions of the
model were proposed earlier [9-10], so here they will be set out only in the main
provisions. The space of the apparatus is represented by a set of a countable number
of n cells organized into a chain, which is characterized by a vector of states of
the system S. The evolution of state vectors is calculated for discrete time points
t,=(k-1)At, where At is the time step, k is the time step number.

k+l—p k Q k
Sp Pp Sp ? M
where Pp is the matrix of transition probabilities.

The matrix P_is a tri-diagonal matrix, elements of which are calculated as:
probability of downward transitions for the particles in i-th cell

i dtvi(l-e),  i=ln-1, )
probability of upward transmons for the particles in i-th cell
P mdviee, i=1ned, 3)
probability to stay for the particles in i-th cell
Pt o=1-PC <P L i=ln, 4)

where d is the probab111ty of pure stochastic (dlffuswn) transitions, v is the
probability of convection transition caused by the gas upstream flow, if Vlk>0 e=1
and if v*<0 e=0.
The probability of stochastic transitions can be defined as:
d=DAt/AX?, %)
where D is the dispersion coefficient.
The asymmetrical transition probability can be defined as:
vi=(Wr - Vsjk) At/AX?, (6)
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The state of the gas phase is also described as distributed over a chain of cells.
The state vector for the gas Sg changes according to a similar recurrent procedure

S, =P S} S, @)
where P, is the matrix of transition probabilities for gas, S, is the vector of gas
source.

Assuming that the gas flow moves only upwards, it is possible to write down
the probabilities of transitions along the chain, organizing them into a transition
matrix Pg, in the following form
probability of upward transitions

P Vs for Isisn-1, ®)

probability to stay
Pkg,ifl' vk, for 1<i<n, 9)

where v =W At/Ax is the asymmetrical part of probability transition along the
chain for gas, W.is local gas velocity in the i-th cell.

The principles of identification of model parameters used further are described
in detail in [9-10].

Results and discussion

Figure 1 shows a computational scheme for modeling the motion of phases
in a fluidized bed.

Figure 1 — Calculation scheme of a the mathematical model

In the simulation, the device was represented by chains of 10 cells with a
height of Ax=0,1 m. The amount of material in the last cell of the chain was stored
in a separate array (this is the entrainment vector). As the particles are removed
from the apparatus (at the initial moment of time there was 3 kg in it), the state of
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the fluidized bed changes, while asymptotically the weight of the particulate solid
in the apparatus tends to zero. In this regard, the study of the transition process
is of greater interest.

Figure 2 shows the distribution of particles along the bed height for a time of
15 minutes, as well as the change in the intensity of particle entrainment during
30 minutes of fluidization.

Figure 2 — distribution of the solid phase along the height of the fluidized bed
(a); intensity of particle entrainment from the apparatus (b)

As can be seen, the distribution of particles along the height of the bed, due
to the presence of stochastic probabilities of particle motion, has a completely
trivial appearance (Fig. 2a), while the particle entrainment rate has a maximum
with complete liquefaction of the initial loading mass, and then decreases, tending
to zero (Fig. 2b).

Conclusions

The study proposes a cellular mathematical model of the fluidized bed state,
in which the introduction of a random probability of transfer between cells makes
it possible to obtain a qualitatively consistent distribution of the phases of the bed
over the height of the layer and at the calculated level to explain the mechanism
of entrainment of solid phase particles from the apparatus.
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KAMHAFAH KABATHI BAP ATIMAPATTAH BOJIIIEKTEP/II
TACBIMAJITAYABIH MATEMATUKAJIBIK MOJEJII

JKymvicma cytivimoinear ayanvly KO3eanblColi JHCoHe KaliHazan Kabam
annapamvinoazbl Oeuexmepoin Ko32aiblCblH CURAMMAMbIH OIp omuemol
MAMeMAMuKaslk Mooesivb YebiHblizan. Moodenvoeyoiy nezizi Maprosmbiy
canay mizbezi meopusiCblHblY, MAMeEMAMUKALbIK annapamol 60Jbin
mabwinadvl. Kypviiabloan mamepuaiobiy macbiMai0aHyblH AHbIKMAUMbIH
@axmop mooenvee Makpo OuP@y3usnvlk Ko3P@uyueHmmi Koa0any
apKbLIbL eH2I31101, Oyl emneii bIKMUMAaioblK MAMPUYACHIH ipeesiec mizoex
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YAWBIKMAPbIHA OOnUeKmepoiy Ke30eucoK Kyubliy blKmumManiobleblMeH
MONBIKMbIPY2A MYMKIHOIK OepOi. O3ipiieHeen MOOeNIbMeH JHCypPei3iieeH
CAHObIK dKCHepUMeHmmep KAmmol Qazanvly mapanyblHd JHCOHe
bonwexmepoiy annapamman Oipminoen Wbl2apbliyblHA KAMbLCIbL CANAlbL
Oovtlekmi Homudicenepae KOJl HcemKiz0i. AnviHean HOMudiCenep YCblHbLI2AH
MOOenbOi Kabammuvly KeHElIH JcoHe 6ouexmepoiy mexHoI02UsIbIK
annapamypaoat wibl2ybiH ecenmey iy, KOMRbIOMePiK 90ICIH 0amMblmyOblH
CeHIMOI He2l3i peminoe Kapacmoipyea MyMKIHOIK bepeoi.

Kinmmi ce30ep: katinazan kabam, Maprkos miz6exmepiniy meopusicel,
MAxKpooughysus, anein Kemy, MamemMamukaiblK MOO0eIboey.

*4. B. Mumpoganos', I'. I'. A6oynnuna’, P. M. [liocoed’,
I'. K. Axmeowsanosa’, JI. I'. Avicoocuna®
1.2345TopallrpIpOB YHHBEPCHTET,

Pecry6unka Kaszaxcraw, r. [TaBnogap.

Martepuan noctynui B pepakuuto 20.06.23.

MATEMATHYECKASA MOJEJIb YHOCA YACTHI]
N3 AIIITAPATA C KHITAIIIUM CJIOEM

B pabome npeonoscena oonomepnas mamemamuyeckas mMooeb
0151 ONUCAHUSL OBUICEHUST 0JICUICAIOUIe20 8030YXA U NepeMeuyeHus
yacmuy 6 annapame Kunsiye2o ciosi. OCHO80U MOOETUPOBAHUS CLYIHCUM
Mamemamuyeckull annapam meopuu ciemuulx yeneti Mapkosa.
Daxmop, onpedensiowull YHOC Mamepuaia u3 annapamd, 66e0eH 8
MOOeb 3a CUem UCHOTIb308AHUS MAKPOOUPPY3UoHHO20 KO Puyuenma,
KOMOpbltl NO360AUL OONOTHUMb MAMPUYY NEPEXOOHLIX 8ePOSMHOCTEN
BEPOSIMHOCHIAMU. CIYHATIHO20 3A0pOCca Yacmuy 8 COCeOHUe AYEUKU Yenu.
Boinoanennvle uuciennvle 3KcnepumMenmsl ¢ pazpabomantol Mooeibio
NO360JUNU NOAYYUMb KAYECMBEHHO HeNnPOMUBOpeUUBble Pe3yibmanmbl
6 OmMHOWeHUuU pacnpeodeieHus meepoou hazvl U NOCMENEHHO20
ebiHoca wacmuy u3 annapama. Ilonyuennvle pesynrbmamol n0O3804510M
paccmampusams NPpeodsioNCEHHYI0 MOOeNb 8 Kayecmee 00CHOGEePHOU
OCHOBYL 0711 pA36UMUsL KOMNBIOMEPHO20 Memooa pacyema pacuupenus
CILOsL U YHOCA 4ACMUY U3 MEXHON02UYECKOU ANnapamypbl.

Kniouesvie cnoea: xunsawuii cioi, meopus yeneii Mapxosa,
MAKpoough@ysus, YHOC, MAMeMamu4ecKoe MOOeIUpPosaHue.
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