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TEOPETUYECKOE NCCJIIEJOBAHUE ITEPUOJUYECKOTI'O HUPKYJISALHIUOHHOI'O

HCEBJAOOXWXEHUSA

Ilenvro uccnedosanusn ovina pazpadbomka npocmoil, HO UHPOPMAMUBHON Modenu, no3-
6onAIOULell OYeHUmb pacnpeoesienue KOHUEeHmpPayuy Yacmuy U UxX nOmoKu 6 nepuoouyeckom
YUDPKYIAYUOHHOM NCEBO00NCUNCCHHOM clioe. [lna 3moil yenu ucnonb3oeanacs A4eeyHas mo-
denw, dasupyowasaca Ha meopuu yeneii Mapkosa. Iloovemnan u onycknaa wacmu annapama c
WYUDKYAAYUOHHBIM HCEEOOONHCUNCEHHBIM C/10eM Obli NPeOCmasieHbl. 00HOMEPHBIMU UEenAMu
AYEEK UOCANbHO20 NEPEMEUUCAHUSA. DBONIOUUA COOEPIHCAHUA YACMUY, 6 AYCUKAX ONUCAHA MAM-
puyamu nepexooHbiX 6epoAmHoOcmell, PA3HLIX 0N NOOLEMHOU u OnycKHou 30H. Cuumanocs,
YUmo Imu nepexooHvle 6ePOAMHOCHU 3A6UCAN O MEKYULEZ0 COOEPHCAHUA YACMUY, 6 AUEHKAX.
Bepxuue aueiiku yeneit ceazanvl uepes cenapamop, omoeaalouwiuil Yacmuybl Om 2a3a, KOMopolil
MO2 Obimb UOEANbHBIM WU HEUOCATbHBIM, A HUIICHUE AYEKU — Yepe3 KNanaH, KOHmpOoaupyo-
WUl ROMOK Yacmuy U3 OnyCKHOU yacmu 6 noovemuyio. OCHOBHOI UebI0 YUCIEHHBIX IKCHEPU-
MEHMO8 ¢ MOOebI0 ObLIO0 OYeHUmMb NePeXOOnble U YCHAHOGUGUIUECA RPOUECCHL C YUEmoM 63a-
UMHOZ20 GIUAHUA NCEEO00NCUNCEHUA YACMUY, 6 NOOBEMHOU YACHMU U UX OBUINCEHUA GHU3 6
onycknou wacmu. Iloxazano, umo 6 HEKOMOPLIX UHMEPBANAX U3MEHEHUA NAPAMEMPOE nPOYec-
Ca YUPKYIAUUOHHDBLI KOHRMYDP OUEHb YYECHIGUMENEeH K HUM, 4 6 HEKOMOPbIX UHMEPEalax — Hem.
Taxowce uccnedosan cyuail U3MEHEHUs CKOPOCHU CeOUMEHMAYUY YACHUY, C meYyenuem epeme-
HU, U NOKA3AHO, YN0 IMO UIMEHEHUE OKA3bIEACM CUTILHOE 6IUAHUE HA I60TIIOUUI0 RAPAMEMPOE
npoyecca.

KiaroueBble cy10Ba: 1CEBJ00KMKEHUE, TUPKYIISIITUOHHBIN TICEBI00XKKEHHBIHN CIIOH, 1Ienb MapkoBa,

CKOpOCTh ra3a B CBOOOJHOM 00BEME CIIOSI, CKOPOCTH CEAUMEHTAIIMH YaCTHII, BEKTOP COCTOSHUSI, MaTPHLA T1e-
PEXOIHBIX BEPOSITHOCTEMN, KPATHOCTh LUPKYJISLIAN

92

W3B. By30B. Xumus u xuM. texHonorus. 2016. T. 59. Beim. 11



W3B. By30B. Xumus u xuM. TexHosorus. 2016. T. 59. Beim. 11

UDC 621.927
A.V. Mitrofanov, V.E. Mizonov, K. Tannous, A. Camelo

Andrey V. Mitrofanov, Vadim E. Mizonov (1), Arnold Camelo (Colombia)

Department of Applied Mathematics, Ivanovo State Power Engineering University,
Rabfakovskaya st., 34, Ivanovo, 153003, Russia
E-mail mizonov46@mail.ru (1)

Katia Tannous

Chemical Engineering School, University of Campinas, Av. Albert Einstein, 500 (Cidade Universitaria)
13083-852 - Campinas-SP, Brazil
E-mail: katia@feq.unicamp.br

THEORETICAL STUDY OF THE BATCH CIRCULATING FLUIDIZATION

The objective of the study is to develop a simple but informative model to estimate the par-
ticle concentration distribution and their flows in a batch circulating fluidized bed. A cell model
based on the theory of Markov chains is used for that. The riser and downer of the circulating
fluidized bed apparatus are presented as 1D arrays of perfectly mixed cells. The evolution of par-
ticle content in the cells is controlled by the matrixes of transition probabilities, which are differ-
ent for the riser and downer. It is supposed that these transition probabilities depend on the parti-
cle content in the cells. The upper cells of the chains are connected through a gas-solid separator,
which can be perfect or not, and the bottom cells are connected through a valve that controls the
particle flow from the downer to the riser. The key objective of the numerical experiments with
the model was to estimate the transient and steady-state processes in such apparatus taking into
account the interference of the processes of particle fluidization in the riser and their downward
motion in the downer. In some intervals of the process parameters variation the circulation loop
was shown to be very sensitive to them, and in some intervals it is not. The case of time-varying
settling velocity of particles was examined too, and it was shown that this variation had the large
influence on the process parameters evolution.

Key words: fluidization, circulating fluidized bed, Markov’s chain, superficial velocity, particle set-
tling velocity, state vector, transition probabilities matrix, circulation ratio

INTRODUCTION transition probabilities, which is the main operator of
this theory, can be compared to a mathematical image
of a real process. This approach was successfully used
in [2,3] and by some other authors to describe the
process of fluidization but the broadest range of its
application in particle technology is presented in
[4,5]. However, the cited works dealt with the single
stage reactors while the circulating fluidized bed reac-
tors are of high industrial importance too. Such reac-
tors allow intensifying the interphase exchange by
means of higher gas velocity that is impossible for
usual fluidized bed reactors because all particles can
be blown out from the bed. A circulating fluidized
bed reactor consists of the following main parts: the
raiser (the fluidized bed reactor itself), the separator
that separates the particulate phase from a fluidizing
gas and directs the phase to the downer, the downer,

Fluidized bed reactors are widely used in the
chemical and other industries. Development of com-
puter technologies gave an impulse to modeling the
process for engineering practice. However, the com-
plexity of the process brought about a broad variety of
approaches to modeling it. The comparative analysis
of different approaches is presented in our paper [1].
This paper gives preference to the approach based on
the theory of Markov chains. It particularly emphasiz-
es the fact that the theory of Markov chains is native
to many processes in particle technology. The theory
of Markov chains investigates the evolution of proba-
bilities distribution in a sample space, and a real pro-
cess with particulate solids investigates the evolution
of particles distribution over operating volume, or
over any other property of the particles. The matrix of
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in which particles move down, and the valve that con-
trols the particle flow from the downer to the bottom
of the riser. Thus, the particles can circulate in the
apparatus and stay inside it as long as necessary no
matter how high the gas velocity in the riser is.

The constantly developing fluidized combus-
tion technology has become competitive with the con-
ventional pulverized coal combustion. Circulating flu-
idized bed boilers can be a good alternative to pulver-
ized coal boilers due to their robustness and lower sen-
sitivity to the fuel quality. However, appropriate engi-
neering tools that can be used to model and optimize
the construction and operating parameters of a circulat-
ing fluidized bed reactor still require development [6].

The paper [7] focuses on developing a new
comprehensive correlation for better prediction of the
solids concentration in the fully developed region of
co-current upward gas—solid flow in circulating fluid-
ized bed risers. It is shown that the correlation works
well for a wide range of operating conditions, particle
properties and riser diameters. However, the intercon-
nection between the riser and downer, the particulate
phase circulates in which, and the efficiency of a gas-
solid separator were not examined.

A relatively novel hybrid Euler—Lagrange ap-
proach to model the dense gas—solid flow combined
with a combustion process in a large-scale industrial
circulating fluidized bed boiler is presented in [6].
Despite of the fact that calculated results are in good
correlation with the industrial experimental data, the
circulation itself and its influence on the hydrodynam-
ic state of the apparatus were not objectives of the
study in this work.

The experimental study of drying solid mate-
rials in the riser of circulating fluidized bed covering
a wide range of operating parameters is described in
[8]. The effects of initial moisture content, tempera-
ture and flow rate of the heating medium, and solid
circulation rate on rate of drying was critically exam-
ined. It has been observed that the solid materials
used in this studt exhibits a falling rate period of dry-
ing, and the rate of drying is influenced by the tem-
perature and flow rate of the heating medium, solids
circulation rate and initial moisture content. The pro-
cess of circulation was really taken into account in
this work but it was a pure experimental study with-
out an attempt to involve any theory.

The interesting experimental work is de-
scribed in [9] where a phase Doppler particle analyzer
was used to measure particle concentration distribu-
tion in the riser of circulating fluidized bed. The re-
sults help to understand better the local structure of
fluidization but, again, only the riser was investigated.

Analysis of the mentioned above and many oth-
er publications allow making the conclusion that the
circulating fluidized bed is the objective of many re-
search works. However, these works are mostly devoted
to experimental (more seldom theoretical) investigation
of the process in separate parts of a fluidized bed reactor,
and practically never to investigation the circulating
loop itself (in particular, to the degree of circulation).
Thus, the interference of the process in the riser and
downer remains not examined. On the other hand, it is
known that in a closed milling circuit this interference
can lead to principal changed in the circuit functioning
[10]. It particular, the stability of circulation can be lost,
and blockage of the mill can happen. Therefore the
study of circulating fluidized bed from this viewpoint is
an actual scientific and technical problem.

THEORY

The circulating fluidized bed reactor is pre-
sented schematically in Fig.1, left. It consists of the
fluidized bed reactor proper 1 with a gas distributor at
the bottom (the riser), the gas-solid separator 2, the
tube, in which particles move downward (the downer)
3, and the valve 4 that controls the particulate flow to
the riser bottom. The gas flow fluidizes the particulate
solids, and if its velocity is high enough, particles reach
the top of the riser. The separator separates them from
the gas and directs them to the top of the downer where
they, after falling down, move through the valve to the
riser bottom forming the circulation loop.

Fig. 1. Schematic presentation of a circulating fluidized bed (left)
and its cell model (right)
Puc. 1. Cxema HUPKYJIUPYIOIIETO MCEBA0OKIKEHHOTO CIIos (cle-
Ba) M €ro sueeyHas MoJienb (Crpana)
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The structure of the cell model of the process
is shown in Fig. 1, right. The riser and downer are
presented as two one-dimensional arrays of m perfect-
ly mixed cells. The particle content distribution over a
chain can be described by the column state vector S =
{S;} of the size mx1. The state of the process is ob-
served at discrete moments of time t, = (k — 1)At
where At is the transition duration, and Kk is the transi-
tion number that can be interpreted as the discrete
analogue of time. In this case, the evolution of the
particle content distribution can be described by the
recurrent matrix equation:

St = psk, (1)
where P is the matrix of transition probabilities that
distributes S; over the cells at each time transition.
The j-th column of it belongs to the j-th cell and con-
tains the transition probabilities to go to the neighbor-
ing cells and to stay within this cell. These probabili-
ties have the symmetrical part d that is related to the
pure quasi-diffusion and the non-symmetrical part v
caused by particle transportation by the gas flow. 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 velocity of particle motion, Ax is the cell height.
Thus, the matrix P is a tri-diagonal matrix. The matrix
for the riser differs from the one for the downer, and
the processes are to be examined separately.

The process in the riser

It transforms the state vector S, of the riser.
The basic form of the matrix for the riser P, belongs
to the closed ergodic chain. Its elements can be calcu-

lated as follows:
k

(1t s g it 1
Vj( —S—)e ,j=1,...,m-

max
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r,j,j+l
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i .,m, 4)
where e = 1 if v;>0 and e = 0 if v;*<0.

Here, v,-k is the rate of particles motion in the
j-th cell. This is the difference between the upward
gas velocity and particle settling velocity vs. Howev-
er, if the gas superficial velocity is equal to w;s (the
gas velocity in the empty riser), the velocity of flow
around particles in higher than w, due to smaller hy-
draulic section because of the presence of particles in
the cell.

Suppose that each cell can contain the maxi-
mum volume Sy« of dense packed particles and their
porosity in this state is equal to . In this case the val-
ue of v;* can be calculates as:
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(®)

However, this velocity coincides with the cor-
responding transition probability only if the particu-
late outflow from the cell j occurs into an empty
neighboring cell. If the neighboring cell is filled with
particles the transition occurs only into the void vol-
ume in the cell. This factor is taken into account by
the multiplier in the parenthesis in Egs. (2, 3). If the
neighboring cell is completely filled with particles,
the transition into it becomes forbidden. Thus, the
evolution of the state vector in the closed chain for the
riser after the k-th time transition is described by the
recurrent matrix equation

S =P(SH)S; (6)
where the transition matrix is state dependent, i.e., the
model is non-linear.

The outflow from the upper cell m of the riser
(i.e., the part of particles that leaves it during one time

transition) is to be calculated separately:

k+1l — ck+1,,k
ql - S|',mvm

After that, the state S, ,“"* becomes
S
where := is the assignment operator.

This flow g;“"* goes to the separator, in which
its part @ leaves the apparatus, and the part (1-¢) goes
to the upper cell of the downer (¢ = 0 for the perfect
separator).

The process in the downer

It transforms the state vector Sy of the down-
er. The basic form of the matrix for the riser P4 be-
longs to the closed ergodic chain. The only difference
between the processes is that there is no upstream gas
flow in the downer, and particles move down with
their settling velocities. The elements of the matrix Py
can be calculated as follows:

(7)

Pyjja =d,j=1...m-1 8)

Sk
Pdk,j+1,j :VE(l'Sl)"‘d,j:l,...,m-l 9)
Pi,;=1- > Pf,.i=l...m (10)

i=li#j
The bottom cell of the downer is connected
with the bottom cell of the riser through the regulated
valve. This valve takes the z-th part of particles in the
cell 1 of the downer and directs it into the cell 1 of the

riser. Thus, we get:
k+1

— ck+l
q4 _Sd,lz

(11)
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SHE (12)
Si =Sy +ag, (13)

where := is the assignment operator.
Egs. (11)-(13) close the circulation loop and

allow calculating the particle content distribution in
the entire system.

RESULTS AND DISCUSSION

The objective of the section is to show in nu-
merical experiments how the model works.

Riser

100

Fig. 2. Particle content distribution at closed (z=0) and partly
open (z=0.4) valve: ws=0.4; vs=0.3; d=0.1
Puc. 2. Pactipesenenune coepanus 4acTHIl pu 3akpsrrom (2=0)
1 4aCTHYHO OTKpBITOM KpaHe (2=0,4): w:=0,4; v,=0,3; d=0,1

Fig. 2 illustrates the evolution of particle con-
tent distribution in the riser and downer at closed and
partly open valve.

The calculations were done for m=6 cells. Ini-
tially, the particles occupy 3 cells at the bottom of the
riser. After beginning of gas supply the bed in the ris-
er expands, reaches the top cell 6, and begins to enter
to the top of the downer, in which the particles move
down to its bottom. If the valve is closed (the upper
graphs) the bed should transit to the bottom of the
riser little by little. It can be seen at the graphs: the
riser is actually empty but the bottom of the downer is
almost fully filled with particles; only small part of
them had no enough time to settle.

If the valve is partly or fully open (the lower
graphs), the circulation begins, and the steady-state
distribution comes asymptotically. The Kinetics of the
process can be seen at the graph. The steady-state dis-
tribution is being reached when the flows g, and g4
become practically equal. The graph of these flows
variation with time is shown in Fig. 3.

ol : : : ; : ;
0.08
0.06
0.04

0.02

. N B N
0 20 40 60 80

100 K 120
Fig. 3. Stabilization of outflows from the riser and downer:
w;=0,4;vs=0,3;d=0,1;z=0,4
Puc. 3. Crabunu3anus BEIXOJAIINX TOTOKOB B KHIISIIEM CJI0€ U
Bo3Bpare: Ws=0,4;v;=0,3;d=0,1;z=04

It can be seen that stabilization of outflows
from the riser and downer goes like damped oscilla-
tions with time delay of one graph with respect to an-
other. The process is practically stabilized after 130
time transitions.

The steady-state hold-up in the riser Q, and
downer Qq can be calculated as follows:

Q =258, and Q=25 (14)
=1 =1
and the ratio
Qq
K. =— 15
Q, (15)

can be called as the degree of circulation.
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Fig. 4 shows how the degree varies with the
gas flow velocity at various position of the valve. The
fluidization begins at w; = 0.122; at lower velocity the
particles remain in the dense packed state. Until
ws = 0.212 the bed expands but still remains within
the riser. At higher velocity the circulation begins,
and at partly or fully open valve the system reaches
the steady state. It is clear physically that the more
valve is closed the higher degree of circulation is. For
instance, at z = 0.1 and w; = 0.45 the degree of circu-
lation K, =1, i.e., the riser and downer contain equal
amount of particles. On the other hand, the degree of
circulation grows with the growing gas flow velocity.
It is also clear because at high gas velocity the parti-
cles pass the riser quickly but they are settling in the
downer with the same settling velocity, i.e., the rate of
their settling does not grow with the growth of w.

K
C
1 T T T T T T
= | (=]
S | =
2| 2
08}-{8 [------ S| O S P — IS :
3 N | T '
= p 512=0,1.02:04.08 ;
‘= 5 ! : :
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0614y [ B i sttt ST SITEY -4
on
& 5
=
04118 F---1 .'bé’n ---------------------- 1
P s :
| a8 . H
0.2f----- R i ittt beooendnaes :
0

01 015 02 025 03 035 04 045
W

S
Fig. 4. Influence of the gas flow velocity on the degree of circula-
tion at various z: v,=0.3; d=0
Puc. 4. Bausiuue CKOPOCTH ra30BOT'0 MOTOKA Ha CTCNIEHb HUPKY-
JISILAY TIPH pas3inabbix Z: Vs=0,3; d=0

If the separator is imperfect, the bed looses
particles. Fig. 5a-c illustrates how the flows g, and g4
vary with time at different value of ¢. Fig. 5a repeats
the graph in Fig. 3 because ¢ = 0 in this case, and the
system reaches the steady-state circulation. However,
if @ # 0, the both flows gradually decrease with time
tending to zero asymptotically (Fig. 5b,c). It means
that asymptotically the bed looses all particles that
were loaded into it, the higher ¢, the faster at that. At
last, Fig. 5d how the hold-up in the riser decreases
with time at different value of ¢.

The particle settling velocity can vary with
time due to thermal or chemical treatment of particles.
For example, wet mineral porous particles can change
their mass during drying practically without changing
their diameter. It means that their effective density

q
01 T T T T

0.08 i ---- S S S R

0.06 Hf-X-x; besesssshezesnes freseanedenneanny

0.04 ff--F

0.02f 4~ Hhhemeeeedeeee e
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0.1
q
0.08

0.06
0.04

0.02 f}-4--3=

0.1

qa : : : .
] o o S S

Y B SURNE il TN e
0.04

0.02 {--

200, 250
k

0 50 100 150

200 k 250

Fig. 5. Variation of outflows from the riser and downer at differ-
ent values of ¢ (a-c) and variation of the hold-up in the riser (d):
w,=0.4; vs=0.3; d=0.1; z=0.4
Puc. 5. 3MeHeHue BBIXOIHBIX TOTOKOB B KUIISIIEM CJIO€ M BO3-
Bparte IpH Pa3inyHbIX 3HAUYCHUSX @ (a-C) U H3MEHEHUH 3a/IePKKH
B BepTuKaibHOM TpyGomposose (d): ws=0,4; vs=0,3; d=0,1; z=0,4
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Fig. 6. Process with variable settling velocity: a) settling velocity versus time; b) outflows from the riser and downer; c) evolution of
particle content distribution in the riser; d) evolution of particle content distribution in the downer: w,=0.1; d=0.1; z=0.01
Puc. 6. Iporecc ¢ mepeMeHHON CKOPOCTHIO OCAXKICHHS: a) CKOPOCTh OCAXKICHUS KaK (QyHKIHs BpeMeHH; D) BRIXOIsIIIHe TOTOKH U3
KUITALIETO CJI0 U BO3BpaTa C) OBOJIIOLUS pacupeCIICHUs COACPKAHUA YaCTUL B KUIIAIIEM CJIOC; d) OBOJIIONIMA paclpeaACICHUs COACP-
»aHus Jactuil B Bo3spare: We=0,1; d=0,1; z=0,01

changes during drying that leads to decreasing of their
settling velocity. Suppose that the settling velocity
varies with time according to the following formula

VE = VsZ + (Vsl - Vsz)e_b(k_l) ’ (16)
where vg; and Vg, is the initial and asymptotical set-
tling velocity, b is the proportional coefficient.

An example of modeling of such process ki-
netics is shown in Fig. 6 where the following parame-
ters of the process were used: vy = 0.3, v, = 0.1,
b=0.01,d=0.1,z=0.01, ¢ = 0 and ws= 0.1 that was
taken small enough to demonstrate all specific feature
of the process. Fig.6a simply illustrates how the set-
tling velocity varies with time. It can be seen from
Fig.6¢ that the bed remains in the dense packed state
during 40 time transitions because the settling veloci-
ty is much higher than the local gas flow velocity.
After 40 time transitions fluidization begins, and the bed
expands gradually without circulation until k = 215. At

this moment of time the bed reaches the upper cell of
the riser and the circulation begins. After that the sys-
tem gradually transits to the steady-state that corre-
sponds to the asymptotical settling velocity equal to
0.1. Stabilization of outflows from the riser and
downer is shown in Fig. 6b.

Thus, the proposed Markov chain model of
circulating fluidized bed allows describing practically
all characteristics of the process that are needed for
industrial application both for the transient and steady-
state conditions.

CONCLUSIONS AND PERSPECTIVES

The Markov chain model proposed earlier for
a direct flow fluidized bed reactor [1] is generalized
to the case of circulating fluidized bed reactor, which
can be found in many industries. This model deals
with the reactor as a system with distributed parame-
ters and allows describing the transient and steady-
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state processes in the bed for particulate solids of con-
stant and variable properties. The apparent advantage
of such cell models is low computational time. It
takes several minutes to calculate a transient process
until it reaches a steady-state (if exists). It opens the
way of fast comparison of various variants of the pro-
cess at different regime and design parameters to find
the most appropriate ones for industrial design. The
prospective of the model development is its generali-
zation to the case of polydispersed particulate solids
and different conditions of particle settling velocity
variation in the riser and downer.
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