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Ilpeonoostcena npocman mMooenv 01 OUEHKU U CPAGHEHUA IPhekmusnocmu peakmopa c
KURAWUM CI0eM RpU OMCYHICMEUN U HAAUYUU YupKyaayuu uacmuy. Mooenv 6azupyemcsa na oe-
MEePMUHUPOBCAHHBIX OUDDEPEHUUATLHBIX YPACHEHUAX OBUMNCEHUA OOUHOYHOI HACMUYbL, 20€ ee
Mmacca meHsemcsa ¢ meueHuem epemenu 01az00apsa momy uiu UHoOMy (u3udecKkomy uiu Xumuue-
cKomy npoueccy 6 peakmope. H3zmenenue maccol 4acmunbl ORUCAHO YPAGHEHUEM KUHEMUKU PeakK-
yuu nepeozo nopaoka. Illocmoannas ckopocmu peakyuu cuumaemcs nPoOnOPUUOHAILHOU NOBEPX-
HOCmU uacmuysl U CKopocmu ee oomexanua 2azom. ducnennvie IKCnEPUMEHNBL C MOOETbIO GbINOJI-
HeHbl 011 Ciyudasn, Ko20a 00veM Yacmuubl 0CMAencsa NOCHOAHHbBIM, HO ee HI0MHOCIb YMEeHbULA-
emcsa. Imo coomeemcmayem, Hanpumep, cyuike uacmuysl 6e3 ee ccamus. Ckopocms npouecca 00-
padomku uacmuybl oyeHeHa epemenem, HeoOX00UMbIM 01 YMEHbUIEHUA CHOCOOHOI 6CHLYRUMDb 6
Ppeakyuro maccol wacmuyst Ha 95%. Ilokazano, umo ckopocme nPeodpPaA306aHUA YACH UYL PACHIEN C
pocmom ckopocmu 2a306020 nomokxa. QOOHaAKo, 8 Mo Hce 8pemsa, 8pems RPeOdbIeAHUs YACMUUbL 6 pe-
aKmope yMeHbUaemcsa, U CMeneHb 3a8ePuieHUs PeaKyuu yMeHbaemcsa 01 NPAMOmMOYHO20 PeakK-
mopa. U3 smozo credyem, umo 8 npamomoYHoM peaKmope npeumyuiecmeeHna oopadomka uacmuy
6 c1oe, O1U3KOM K RIOMHOMY. B peakmope ¢ yupKyaayuoHHbIM KURAWUM C10eM YaACMUUA, O0CmU2-
wiasn e2o 6epullnbl, HANPAGNACHICA 6HU3 PEAKMOPA U MOMHCEM YUACME08aAMb 8 NPoyecce HeCKOIbKO
paz 00 mex nop, noka He dyoem 0OCMUZHYMA 3A0AHHAA CMENneHb 3asepuieHusn peakyuu. B smom
cyuae npeonoumumesnbHa 6blCOKAA CKOPOCHb 2a3d, NOCKOJIbKY RPU Hell UHmeHCcuuyupyemcs npo-
yecc ooOMeHa mexcoy 2a3om u uacmuuyeil, u IPhekmuenocms 6cezo npouecca Mox3cem Oblms 3HAYU-
mebHO noGblULEHA.
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A simple model to estimate and compare efficiency of fluidized bed reactor without and
with circulation is proposed. The model is based on the deterministic differential equations of a
single particle motion in an upstream gas flow where the particle mass varies with time due to this
or that physical or chemical process in the reactor. The particle mass variation is described by the
equation similar to the equation of the first order chemical reaction kinetics. The constant of the
reaction rate is proportional to the particle surface and the local velocity of gas flow around the
particle. Numerical experiments with the model were done for the case when the particle volume
remains constant but the particle density is decreasing. It corresponds, for example, to the process
of particle drying without its shrinking. The rate of the process of particle treatment was estimated
as the time, which is necessary to covert 95% of particle mass, which is capable to enter the reaction.
It is shown that the rate of particle conversion grows with the gas flow velocity. However, at the
same time, the particle residence time is getting smaller, and the degree of the reaction completion
becomes less for direct-current reactor. It follows from that that in a direct-current reactor the bed
close to the dense one is preferable. In a circulating fluidized bed reactor, the particle after reaching
the top of it is directed to the bottom of the reactor and can participate in the process several times
until it reaches the required degree of reaction completion. In this case much higher gas flow ve-
locity is preferable because it intensifies gas-particle exchange, and the efficiency of the process

can be considerably improved.

Key words: fluidized bed, circulation, particle, time-varying properties, particle settling velocity, gas

flow velocity, degree of reaction completion
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INTRODUCTION

Fluidized bed reactors are widely used in
chemical and other industries. Development of computer
technologies gave an impulse to modeling the process
for engineering practice. However, the complexity of
the process brought about a broad variety of approaches to
modeling it. The comparative analysis of different ap-
proaches is presented in [1]. This paper gives prefer-
ence to the approach based on the theory of Markov
chains. The matrix of 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 by Dehling et al. [2, 3] and by
some other authors to describe the process of fluidiza-
tion. The broadest range of its application in particle
technology is presented in [4]. However, the cited
works only dealt with the single-stage reactors while
the circulating fluidized bed reactors are also of high
industrial importance. A circulating fluidized bed reac-
tor consists of the following main parts: the riser (the
fluidized bed reactor itself), the separator which sepa-
rates the particulate phase from a fluidizing gas and
routes the phase to the downer, the downer, in which
particles move down, and the valve that controls the
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particle flow moving from the downer to the bottom of
the riser. Thus, the particles can circulate in the appa-
ratus and stay inside of it as long as necessary no matter
how high the gas velocity in the riser is (assuming the
separator is a perfect one).

A relatively novel hybrid Euler-Lagrange ap-
proach to modeling the dense gas-solid flow combined
with a combustion process in a large-scale industrial
circulating fluidized bed boiler is presented in [5, 6].
Despite the fact that calculated results are in good cor-
relation with the industrial experimental data, the cir-
culation itself and its influence on the hydrodynamic
state of the apparatus were not among the objectives of
the study in this work.

The study by Qi et al. [7] focused on develop-
ing a new comprehensive correlation for better predic-
tion of the solids concentration distribution in the fully
developed region of co-current upward gas-solid flow
occurring in circulating fluidized bed risers. It is shown
that the correlation works well for a wide range of op-
erating conditions, particle properties and riser diame-
ters. However, the interconnection between the riser
and downer, in which the particulate phase circulates,
was not examined.
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The experimental study of drying solid materi-
als in the riser of the circulating fluidized bed covering
a wide range of operating parameters is described in
[8]. The influence of initial moisture content, tempera-
ture, and flow rate of the heating medium, and the solid
circulation rate on the rate of drying was critically ex-
amined. Although the process of circulation was in-
deed taken into account in this work, it was a purely
experimental study that did not imply any attempts to
implement any theories. An interesting experimental
work is described in Van den Moortel et al. [9] where
a phase Doppler particle analyzer was used to measure
the particle concentration distribution in the riser of a
circulating fluidized bed. Its results help to understand
better the local structure of fluidization but, again, only
the riser was investigated.

The analysis of the above-mentioned and
many other publications allows us to make a conclu-
sion that the circulating fluidized bed is the objective
of many research works. However, these works are
mostly devoted to experimental (more seldom theoret-
ical) investigation of the process in separate parts of a
circulating fluidized bed reactor, and practically never
to the entire circulating loop. Thus, the interference be-
tween the processes in the riser, separator and downer
remains unexamined. On the other hand, it is known
that in a closed milling circuit this interference can lead
to circulation stability loss and subsequent blockage of
the mill [10]. In particular, the paper [11] shows that,
other conditions being equal, optimizing the position
of the circulation flow input over the length of a tube
mill can increase the fineness of the end product.

Therefore, the study of the circulating fluid-
ized bed in terms of particulate flows formation is of
actual scientific and technological value. Some ap-
proaches based on the theory of Markov chains to build
such models are described in [12, 13] where some in-
teresting and unexpected result were found. Neverthe-
less, all these models remain too complex and compu-
tational time consuming to use them for preliminary
estimation of the role of particles with variable proper-
ties circulation in a circulating fluidized bed. It can be
done on the basis of a model of a single particle motion
in an upstream gas flow. Being rather approximate
such model allows taking into account the effect of the
first order importance and separating a range of the
process parameters for more detailed modeling. The
single particle models are successfully used in different
fields of research [14-17]. In particular, it was used to
model of single plastic particle conversion in suspen-
sion [18], for numerical simulation of high-tempera-
ture fusion combustion characteristics for a single bio-
mass particle [19], for investigation of effects of size
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and loading rate on the mechanical properties of single
coral particles [20]. Namely this approach inspired de-
veloping the model presented below.

THEORY

Fig. 1 shows schematically a simplified presenta-
tion of the process. It is one-dimensional motion of a
particle with time-varying properties in an upstream
gas flow. At the initial moment of time, the particle is
placed on a gas distributor. It enters into a physical or
chemical interaction with the gas flow that leads to its
properties variation. While the particle settling velocity
is less than the gas flow velocity, the particle remains
of the gas distributor surface. Then it begins to move
up with the gas flow. After reaching the top of a fluid-
ized bed reactor it can leave the process (direct current
fluidized bed reactor), or can be directed in the circu-
lation loop to appear the bottom of the reactor and enter
to the interaction with the gas flow again (circulating
fluidized bed reactor).
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Fig. 1. The computational scheme of the model
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The governing equations of the model and the
initial conditions are listed below:

S gl &

Z=v @)
&2 = —B(m — my) (3)
v(0)=0, x(0)=0, m(0)=m1 ()

where v is the particle velocity, X is its co-ordinate, w
is the gas flow velocity, m is the particle mass, d is the
particle diameter, g is the gravity acceleration, pq iS the
gas density, ct is the drag force coefficient.

The law of the particle mass variation pre-
sented by Eq. (3) is take as the analogy to the first order
chemical reaction where m is the residual mass that do
not enter to the reaction. The reaction rate is supposed
proportional to the particle surface S and to the velocity
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of the particle flow around (w-v):

B = aS(w—v)* ®)
where o and z are constant parameters.
Eqg. (3) can be rewritten as follows:
d(ppVp)
é)t == _B(ppvp - ppzvpz) (6)

where pp and V, are the particle density and its volume.
Two end cases can be examined here. The first
one is related to the case V= const. For instance, it
concerns drying a particle with the rigid skeleton, i.e.,
without particle shrinking during the process. In this case

% = _B(pp - ppz) (7)

The other case corresponds to a reaction, in
which the solid product if the reaction leaves the parti-
cle surface with the gas, and the nuclear of the particle
remains unchangeable. In this case

d
o) = BV, — Vp,) ®)
The drag force coefficient can be de-
scribed by the one term equality
Cr = Rien (9)

where a = 24 and n = 1 for the Stokes law (small Reyn-
olds number), a = 13 and n = 0.5 for the Allen’s law
(average Reynolds number), and a = 0.48 and n = 0 for
the Newton’s law (high Reynolds number). Substitu-
tion of Eq. (9) in Eq. (1) gives the following equation:

Yo —gtlal o (w-v)2" (10)

4 pp di+n
Under these assumptions, the particle settling
velocity can be calculated as follows:

1

_ igp_vﬂ>ﬁ
__(3apg = (12)

The necessary duration of the process can be
estimated by the time tgs when 95% of the reactive
mass completed the reaction:

Mos) M — 4 095

N

(12)

mqi{—m,

The model allows describing the particle mo-
tion and conversion when it moves in the upstream gas
flow belonging to a fluidized bed reactor.

RESULTS AND DISCUSSION

The numerical analysis of the described above
set of equations for the case V, = const is presented
below. The calculations were done with d, = 2mm,
ppr = 1000kg/m?3, pp2 = 500kg/m® a=13,n=0.5,2=0.8,
h=5m.

Fig. 1 shows the graphs of the particle density
variation with time for different gas flow velocity. The
process goes like follows. If the initial particle settling
velocity v is less than the gas flow velocity, the parti-
cle remains on the distributor surface (x = 0). The value
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of vs is decreasing with time due to the particle density
decrease according to Eq. (11). When it becomes equal
to the gas flow velocity the particle begins to move up
with increasing velocity but with decreasing the flow
around velocity (w-v) that leads to the decrease of the
exchange reaction rate. If vs(tgs) is still less than w, the
particle remains on the distributor surface during the
entire process.

p.kg/m?

100

900

800

700

600

500 . : 1
0 5 10 t,s 15
Fig. 2. Particle density versus time for different gas flow velocity w,
m/s:1-5;2-10;3-15;4—-20;5-25
Puc. 2. 3aBHCHMOCTB IIOTHOCTH YaCTHULBI OT BPEMEHH MPH PA3IITIHBIX
ckopocmsax razaw, m/c: 1— 5;2—10; 3 —15; 4 - 20; 5-25

The black circles are related to the 95% reac-
tion completion. It can be seen that the rate of density
variation grows considerably with the increase of w.
However, these circles correspond to unlimited height
of the reactor. The white circles correspond to the mo-
ments of time when the particle reaches the height x =
h = 5m (the particle residence time). If we deal with a
direct-current reactor, the particle leaves it with the de-
gree of reaction completion, which becomes less with
the gas velocity growth. There is no white circle on the
curve 1. It means that the particle remains at the posi-
tion x =0 all time long if w =5 m/s. It can be concluded
from the graphs that in a direct-current reactor treat-
ment of particles is more effective if they are treated in
the state, which is close to the dense bed.

Now suppose that the particle moves in a cir-
culating fluidized bed reactor. It means that after reach-
ing the point x = h it appears in a circulating loop,
which turns it back to the state x = 0, v = 0. It is sup-
posed that no transformation occurs with the particle in
the loop. It is obvious that the particle already has the
settling velocity that is less than gas flow velocity, and
it immediately begins its upward motion. The next ex-
ample was calculated for w = 7m/s. The graphs of v(t)
and x(t) are shown in Fig. 3.
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Fig. 3. Graphs of the particle circulating motion
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It can be seen that during the certain time in-
terval (about 0.3s) the particle has to wait on the gas
distributor surface until its settling velocity becomes
less than the gas flow velocity. The necessary treat-
ment time tgs = 12s is less than one for the unlimited
height reactor, which is 13.3 s. It can be explained by
the fact that the particle periodically appears in the
state x = 0, v = 0 when the velocity of flow around has
maximum.

Fig. 4 shows how the particle density varies
with its position in the circulating reactor. Between the
black square and triangle the particle lays on the dis-
tributor because its v; is still higher than w.
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Fig. 4. Particle density versus its position in the circulating reactor
Puc. 4. 3aBUCUMOCTB IUIOTHOCTH YacTHIBbI OT €€ IIOJIOKCHUA B
IUPKYIALMOHHOM PEaKTOpe

It can be seen that in order to reach 95% com-
pletion of the reactions (black circle) the particle has to
circulate 3 times.

CONCLUSIONS

A simple model to estimate and compare effi-
ciency of fluidized bed reactor without and with circu-
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lation is proposed. The model is based on the differen-
tial equations of a particle motion in an upstream gas
flow where the particle properties vary with time due
to this or that physical or chemical process in the reac-
tor. In particular, the particle settling velocity also var-
ies with time. If it is higher than the gas flow velocity
the particle is located on the gas distributor until the
settling velocity becomes smaller than the gas flow ve-
locity. It is shown that the rate of the particle conver-
sion grows with the gas flow velocity. However, at the
same time, the particle residence time is getting
smaller, and the degree of the reaction completion be-
comes less for direct-current reactor. It follows from
that that in a direct-current reactor the bed close to the
dense one is preferable. On the other hand, if the reac-
tor has a circulation loop, it is preferable to have much
higher gas velocity (developed fluidized bed) because
the particle can participate in the process several times,
and the efficiency of the process can be considerably
improved.
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