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Abstract: In this work, the coefficient of fluid-wall mass transfer in an inverse
fluidized bed was determined using the adsorption method. The experiments
were carried out in a column with a diameter of 45 mm with spherical and non-
-spherical particles of polypropylene and polyethylene with a diameter of 3.3—
—4.9 mm and a density of about 930 kg m. A diluted solution of methylene
blue was used as a fluidization medium, which was adsorbed on part of the sur-
face of the column on silica gel. The obtained results showed that the presence
of particles during inverse fluidization does not contribute significantly to mass
transfer compared to the influence of particles on transfer in conventional fluid-
ized beds. Therefore, the pseudo-fluid concept was introduced into the analysis
and an empirical correlation was performed to determine the mass transfer
coefficient. The obtained results were compared with literature correlations for
inverse and conventional fluidized beds.

Keywords: inverse fluidization; fluid-wall mass transfer; pseudo-fluid.

INTRODUCTION

Fluidized bed contactors, because of their efficiency and transfer intensity,
are often used in systems where contact between liquids and solid particles is
required. When the solid phase has a lower density than the liquid phase, fluid-
ization can be achieved by the liquid flowing into the column from the top and
forming the bed in the opposite way compared to a conventional bed. Such beds
are inverse fluidized beds.

Inverse fluidization is most commonly used in wastewater treatment in bio-
reactors or in some adsorption processes. The beds formed this way have been
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906 JACIMOVSKI et al.

shown to be effective for formation and maintenance of biofilm. For the practical
application of inverse fluidized beds in various contactors, it is necessary to
know the fluid dynamics of these systems and the mass transfer achieved.

Wang et al.! studied the removal of oil from an emulsion in water by inverse
fluidization with a hydrophobic air gel. The authors used nanogel sizes: 0.5-0.85
mm; 0.7-1.2 mm; 1.7-2.35 mm, the density was 64 kg m—. The experiments
were performed in columns with a diameter of 7.6 cm and lengths of 1.47 m and
0.77 m. The oil concentration is monitored using the COD (chemical oxygen
demand). The authors have proposed a model that is consistent with the experi-
mental data. It has been shown that the most important parameters affecting oil
removal and thus mass transfer are granule size, bed height and fluid velocity.

Inverse fluidization is applied in bioreactors where the necessary oxygen is
supplied to the microorganisms in a three-phase fluidized bed. The application of
inverse fluidization in fluidized bed biofilm reactors (FBBR) is shown in the
work of Begum and Radha? in which the aerobic biodegradation of phenol was
studied using the microorganism Pseudomonas fluorescens. The authors per-
formed the experimental tests in a column with a height of 105 cm and a dia-
meter of 10 cm. Polystyrene particles with a diameter of 3.5 mm and a density of
863 kg m—3 were used as biofilm carriers. Mass transfer is monitored by the para-
meter COD. It was shown that the value of COD removal increases with the gas
velocity and the ratio of the volume of settled bed to the working volume
(Vo/VR). In the best case, COD reduction is 98.5 %. Similarly, the biological
treatment of wastewater in an inverse fluidized bed system was performed by
Sokol et al.3 These authors performed the removal of phenol, cresol, isopropyl-
phenol, dimethylphenol, benzene and toluene from wastewater in a column with
an internal diameter of 20 cm and a height of 6 m with polypropylene particles of
density 910 kg m3 as biofilm carriers in an inverse fluidized bed. Mass transfer
was monitored using the COD parameter. It is shown that the operating condit-
ions that give the best results are Vy/VR = 0.55 and a gas velocity of 0.024 m s1.

The inverse fluidized bed was used for the treatment of wastewater contain-
ing starch. The experiments were performed in a column with a diameter of 9.2
mm and a height of 1.6 m. Irregularly shaped polypropylene particles with a den-
sity of 870 kg m=3 were used as carrier particles. Mass transfer was monitored
using the COD parameter. The reduction of the COD parameter increased with
the air flow rate and with the duration of the experiment. Wastewater treatment in
an inverse fluidized system was investigated by Karmanev and Nikolov.> Spher-
ical polystyrene particles with an average diameter of 2.5 mm and density of 200
kg m— were used as carriers. It can be seen that biochemical oxygen demand
(BOD) decreases with time. It has been confirmed that inverse fluidization sys-
tems are an effective system for treating wastewater with low pollutant concen-
trations.
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The knowledge of mass transfer is necessary for the application of inverse
fluidized beds. One of the few papers dealing with the study of mass transfer in
an inverse fluidized bed is the work of Nikov and Karamanev® who showed that
better mass transfer is achieved by increasing the density difference between
fluid and particles. The experimental data were compared with the literature cor-
relations for mass transfer and the following correlation was proposed:

Sh = 0.28(GaMvSc)** (1)

The experiments were carried out with polystyrene and polyethylene par-
ticles with a diameter of 2.2-7.1 mm and a density of 80-930 kg m=3. The fluid-
ization medium was water and an aqueous solution of polyethylene glycol with a
concentration of 1.9 % by mass. In their work, Kumar et al.7 monitored mass
transfer in an inverse fluidized system using electrochemical methods. Mass
transfer of lead ions was monitored by an electrochemical method in an inverse
fluidized bed, where the fluidization medium was an aqueous solution of ferrous
salts and ferricyanide in the presence of sodium hydroxide. Cylindrical particles
with a diameter of 2.151 mm and a height of 5 mm and a density of 877.6 kg m™3
were used. The inverse fluidization was performed in a column with a diameter
of 25.4 mm. As a result of these investigations, a correlation was established for
the determination of the mass transfer factor:

Re —0.30

The aim of this work is to investigate wall-fluid mass transfer in the presence
of inverse fluidized particles using the adsorption method. The experimental
results are presented as a function of particle and bed parameters and compared
with mass transfers in conventional fluidized beds.

EXPERIMENTAL

The scheme of the experimental apparatus is shown in Fig. 1. A cylindrical column with
an inner diameter of 45 mm was used. At the top of the column there is a ring, on the inside of
which there is a thin aluminium foil coated with silica gel. The column’s inner diameter was
not affected by the presence of the foil. The fluidization medium was a dilute aqueous solution
of methylene blue with a concentration of 2x10-3 g L. The experiments were performed at a
temperature of 20 °C. Spherical and non-spherical polypropylene and polyethylene particles
were used for the experiments, and their properties are given in Table I.

During the fluid flow from the top of the column, an inverse fluidized bed was formed in
which methylene blue adsorbed on silica gel during the experiment, i.e., fluid—wall mass
transfer occurred in the presence of inert particles. One of the conditions for the application of
the method is a short adsorption time to avoid saturation of the adsorption surface, therefore
the experiments lasted about 5 min.8-10

At the end of each experiment, the coloration of the surface of the silica gel foil, which is
equivalent to the adsorbed amount of methylene blue, was analysed using SigmaScan Pro
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software.!9-12 Based on the surface concentration, the mass transfer coefficient was deter-

mined according to the following equation:

k=2 3)
Col

Detail ‘A’

1008004
XIXLXX 4

A

oL > C !13

Fig. 1. Scheme of the experimental apparatus (1 — cylindrical column for inverse fluidization;
2 — distributor; 3 — grid; 4 — fluidized bed particles; 5 — inlet of the solution into the column;
6 — vent; 7 — piezometers; 8 — exit of the solution from the column; 9, 11 — valves; 10 — flow

meter; 12 — reservoir; 13 — pump,’A’ — ring, a — silica gel foil, b — particles and methylene
blue solution).

TABLE I. Properties of particles

Material Diameter, mm Sphericity Density, kg m™>

Polypropylene 33 1 935

Polypropylene 3.7 0.86 935

Polypropylene 4.4 0.85 937

Polyethylene 3.9 0.87 926
RESULTS AND DISCUSION

Fig. 2 shows the dependence of the mass transfer coefficient (Eq. (3)) on the
fluid velocity in the packed and in the inverse fluidized bed. The dependence
shows a significant increase in the mass transfer coefficient at lower velocities,
i.e., in a packed bed of particles.

After reaching the fluidized state, the mass transfer coefficient increases
slightly or is approximately constant. There are no significant differences in mass
transfer in the bed with different particles because the differences in diameters

Available on line at www.shd.org.rs/JSCS/

(CC) 2023 SCS.



MASS TRANSFER IN INVERSE FLUIDIZED BEDS 909

and sphericity are relatively small. For comparison, the mass transfer coefficient
is also shown in the same diagram for a single-phase flow, i.e., when only liquid
(without particles) flows through the column. It can be seen that the presence of
inert fluidized particles has no significant effect on mass transfer, probably due to
the fact that the particle density is close to the liquid density.
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@ 3.3 mm(PP) -
3.5 A 3.7 mm(PP)
e O 3.9 mm(PE) “
¢ 4.4mm(PP)
2e-5 @ single-phase flow &
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¢ °o® O
A 7] L 4
Se-6 g & |
&,
0o +@ : : : ; ;
0.00 0.01 0.02 0.03 0.04 0.05 0.06
U/ms”

Fig. 2. Mass transfer coefficient in inverse fluidized bed and single-phase flow depending on
fluid velocity.

A somewhat clearer dependence of the mass transfer coefficient on the bed
parameters can be observed from the dependence of the Sherwood number (Sh)
on the Reynolds number (Re), Fig. 3. From Fig. 3, it can be seen that the Sh in
the fixed bed increases sharply with Re (i.e., with the increase of the velocity U).
In the fluidized bed, Sh also increases with the increase in Re, but somewhat less
than in the packed bed. It is also evident that there is no effect of particle size and
shape on the mass transfer coefficient in the inverse fluidized bed, since all the
particles studied show a very similar dependence.

Fig. 4 shows the dependence of the mass transfer coefficient on the bed por-
osity ¢. Since the bed porosity is a function of U, the dependence of k = f{(¢) prac-
tically follows the dependence of k = f{U), Fig. 2. In a packed bed, where the
porosity is constant, the mass transfer coefficient increases. During the transition
to the fluidized bed state up to a bed porosity of about 0.7, the mass transfer coef-
ficient continues to increase, while for higher values of bed porosity it becomes
almost constant. Fig. 4 shows the appearance of a slight maximum on the curve,
which also occurs with conventional fluidization.10 It is also evident that there is
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no visible difference in the intensity of mass transfer in the inverse fluidized bed
with different particle types and sizes.
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Fig. 3. Dependence of Sherwood on Reynolds number.
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Fig. 4. Dependence of mass transfer coefficient on bed porosity for inverse fluidized bed
(packed and fluidized bed).

The adsorption method used in this study to determine the mass transfer
coefficient is also useful for flow visualization. Fig. 5 shows flow visualization
images for different conditions (flows) of 4.4 mm diameter polypropylene par-
ticles in the bed. The chromatograms are shown for the same experimental con-
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ditions (time duration, temperature, methylene blue concentration, etc.) but for
different liquid flow rates. Fig. 5a—c are characteristic of the liquid flow where
the particles are stable, i.e., the packed bed. The flow patterns of the individual
particles in the bed can be clearly seen. As the flow increases, it can be seen that
the average colour intensity of the silica gel foil surfaces becomes higher. At the
minimum fluidization velocity Upf (Fig. 5d), the coloration of the silica gel foil
surface is approximately uniform as the particles begin to oscillate slightly and
mix the fluid. Fig. 5e and f are chromatograms taken in the fluidized bed and are
characterized by the uniform coloration of the silica gel foil surface due to the
intense mixing of the fluid by the particle fluidization. It can also be seen that the
coloration of the surface is approximately the same at a higher flow rate in the
fluidized bed.

a) b) V]

0.20 L min! 0.38 L min! 0.62 L min!

d) e) i)

1.01 L min! 1.96 L min! 2.62 L min!

Fig. 5. Flow chromatogram in packed bed (a—c), at minimum fluidization (d) and in fluidized
bed (e and f).

A comparison of the data obtained in inverse fluidized beds with those of a
conventional fluidized bed as a function of bed porosity is shown in Fig. 6. The
results presented for the conventional fluidized bed were carried out in a bed of
spherical glass particles with a diameter of 3 mm and a density of 2,500 kg m—3
with water as the fluidizing medium. These experiments were carried out under
the same experimental conditions and in the same column. From the dependen-
cies shown in Fig. 6, it can be seen that the influence of the particles on mass
transfer in conventional fluidization is significantly greater than the influence of
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the particles in inverse fluidization. This can be explained by the fact that sig-
nificantly higher fluid velocities were used in conventional fluidization compared
to inverse fluidization. Fig. 6 shows the occurrence of a maximum at a porosity
of about 0.7, which is consistent with our previous studies.%!3
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Fig. 6. Comparison of the mass transfer coefficient in inverse and conventional fluidized beds
as a function of porosity.

Based on the experimentally determined results for the mass transfer coef-
ficient, the mass transfer factor jp was calculated. Fig. 7 shows the dependence
of the mass transfer factor jp on Re (Fig. 7a) and the porosity of the bed (Fig.
7b). Both dependences show a decrease in the mass transfer factor jp with an
increase in Re and the porosity of the bed which is consistent with our previous
study.10

The diagram of the dependence of the mass transfer factor on Re also shows
the data obtained for a single-phase fluid flow (Fig. 7a). It can be observed that
the influence of the inverse fluidized particles on the mass transfer intensification
is very small. This can be explained by the fact that in inverse fluidization the
fluid velocity is low and therefore the collisions between the particles in the sys-
tem are lower, so the influence on mass transfer is smaller.

The drag force in conventional fluidized beds is defined as:
3

d-r
Fszb_ng_l; (pp—pf)g Q)]
In inverse fluidized bed is defined as:
dSIZ'
Fajiny = Fg =1y = 6 (,Of—pp)g (5)
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The ratio of the drag force in these two systems is:

3
Fd _ dp pp —Pr (6)
Fd,inv dg,inv Pt _pp
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Fig. 7. Dependence of the mass transfer factor on Reynolds number (a) and bed porosity (b).

Comparing conventional fluidization, in which particles with a diameter of 3
mm and a density of 2,500 kg m— were used, with inverse fluidization, in which
particles with a diameter of 3.7 mm and a density of 935 kg m~3 were used (the
fluid density in both cases is 1000 kg m=3), the following relationship is
obtained:

Iy

=3.63 (7)

d,inv
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It is found that the friction in the inverse fluidized bed is 3.6 times lower
than in the conventional fluidized bed. Due to the small effect of particle—fluid
friction in the inverse fluidized bed, the entire bed can be treated as a pseudo-
-fluid. All this indicates that although the conventional and inverse fluidized beds
are described by the same equations, the frictional force is lower in the case of
the inverse fluidized bed, so it is mainly used in biofilm reactors where the fric-
tional forces do not disturb the formed biofilm, which is important for mass
transfer in such reactors. The system behaves like a pseudo-fluid, and the fric-
tional forces do not damage the biofilm. On the other hand, the particles are still
present and provide gentle mixing, which is ideal for biosystems where micro-
organisms are involved in the reaction:14.15

dpPptUpt
Re,p =P ®)
;upf
where pseudo-fluid density is defined as:
Pot =&ps +(1-€) p, 9)
and pseudo-fluid dynamic viscosity as:
5(1-¢
g :ﬂfeXP( ( )j (10)
3¢
Superficial fluid velocity can be calculated:
G
Upt L B (11)
Pr A ppA

Since in a particulate fluidized bed the total particle motion in the column is
zero (Gp = 0), the velocity of the pseudo-fluid is equal to the superficial fluid
velocity:

_Gr
prd

Based on the experimental results, the equation for the mass transfer factor
was established:

Upt

. =U (12)

Jjp=Rept ™, 13<Re,r <980 (13)

Fig. 8 shows the dependence of the mass transfer factor jp on the Reynolds
number of a pseudo-fluid, Reps. The obtained equation agrees well with the exp-
erimental data. The mean absolute deviation of the experimental data from the
data calculated by the established equation is 14.1 %, while the relative deviation
is —4 %.

Table II shows some selected correlations for the determination of mass
transfer factors in conventional and inverse fluidized beds and compares them
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with our experimentally obtained data. The comparison of the experimental data
with the data calculated according to the above correlations is shown in Fig. 9.

0.35
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Fig. 8. Dependence of the mass transfer factor on the Reynolds number of a pseudo-fluid.

It is interesting to note that the correlation of Yutani ef al. 16 (Eq. (14)), was
originally derived for conventional fluidized beds, and the correlation of Nikov
and Karamanev6 (Eq. (17)) for inverse fluidized beds shows significant deviation
from the experimental data. Very good agreement with the experimental data is
shown by the correlations for conventional fluidization of Marooka et al.17 (Eq.
(15)) and Kunii and Levenspiell8 (Eq. (16)), as can be seen in Table II.

TABLE II. Comparison of literature correlations with experimental data and the obtained model

Authors Fluidization Model OR, Yoop, %
Yutani et al.16 (Eq. (14)) Conventional 04 71.5 73.5
jD — _RebOA
£
Marooka et al.!7 (Eq. (15)) Conventional  06(Re, 0.5 -6.93 14.9
Jo=—| 77—
e\l-¢
Kunii and Levenspil!8 (Eq. (16)) Conventional 2 051 05 —0.89 14.6
Jp==—+——[(1-&)Re, |
Re, Re,
Nikov and Karamanev® (Eq. (17))  Inverse 0.28 0.33 -82.4 81.5
jD = —(Gan)
Re
Our corellation (Eq. (13)) Inverse Jp= Re;g‘AS —4.0 14.1
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Fig. 9. Comparison of the experimental data with the obtained model and the correlations in
the literature.

CONCLUSION

In the paper, the fluid—wall mass transfer coefficient was experimentally
determined in an inverse fluidized bed. The results show a significant increase in
the mass transfer coefficient with flow velocity in the packed bed, while a slight
increase is observed in the fluidized bed. Compared to the mass transfers in a
fluid flow without particles, it was found that the presence of particles does not
contribute significantly to the intensification of the transfer, which is due to the
low frictional force between particles and fluid. Based on the obtained results, the
inverse fluidized bed was classified as a pseudofluid and a new correlation was
presented, which represents the dependence of the mass transfer factor on the
Reynolds number of a pseudo-fluid:

Jp=Rept™, 13 <Repr<980

The obtained experimental results deviate from the proposed correlation by
less than 14.1 %, with the mean relative deviation being —4 %.

When comparing the experimentally obtained data with the correlations from
the literature, it was found that the correlations of Marooka et al.17 (Eq. (15)) and
Kunii and Levenspiel!® (Eq. (16)) for conventional fluidization show very good
agreement with the experimental data.

NOMENCLATURE

BOD  biochemical oxygen demand

COD  chemical oxygen demand

A cross section area, m?

p surface concentration of methylene blue on adsorbent layer, kg m
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Co bulk concentration of methylene blue, kg m™2
dyinv  particle diameter in inverse fluidized bed, m

d, particle diameter, m

D, column diametar, m

Fp drag force, N

Fy buoyancy force, N

Fy gravity force, N

g gravitational acceleration, m s2

Gy mass flow fluids, kg s°!

G, mass flow particle, kg s!

JD mass transfer factor

k coefficient mass transfer, m s-!

t time, s

U superficial fluid velocity, m 57!

Upr superficial pseudofluid velocity, m s7!
Vy/Vr  ratio of the volume of the settled bed to the working volume
e bed porosity

Us viscosity fluid, Pa-s

Upf viscosity pseudofluids, Pa‘s

Pr fluid density, kg m=

Pp particle density, kg m™3

Ppf pseudofluid density, kg m
Ga (dip?g /U2), Galileo number

Mv ((p, —P;)/p; ), relative density

Re (U;D_p; /1;), Reynolds number

Re, (Ugd p; /1), Reynolds number for particle

Repe Reynolds number for pseudo-fluid

Sh (kD, / Dg), Sherwood number
Sc (¢ / prDag ), Schmidt number
N X -X
GA lz =L cal , absolute deviations
N 1 X exp
N X -X
ORrR LZM , relative devations
N 1 X exp
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U3BOJ
I[TPEHOC MACE Y UHBEP3HO-®JIYUJIU30BAHOM CJIOJY

IAPKO JARMMOBCKU', KATAPUHA LIYRYPOBUR', MUXAJI BYPHUIL', 30PAHA APCEHUJEBUR', CAFbA
KPCTHUR’ u HEBEHKA BOIIIKOBUR-BPATOJIOBUR®

1Hch7uu7ym 3a Xemujy, TexHoIoTujy u memanypiujy-Hncliuilly 0g HAUUOHATHOT 3Haudja 3a Peliybnuky

Cpoujy, Ynueep3uiiein y beoipagy, Beoipag, *Bunua Hucmiuiuyw 3a HyKkiedpre Hayxe-HHCIUiny i og

HauuoxanHoi 3nauaja 3a Peiiydnuxy Cpoujy, Ynueep3utiieid y Beoipagy, Beoipag u *Texnonowko-meiiia-

Typuiku paxynieid, Ynusepsutieii y beoipagy, beoipag

Y oBoM pany je ompehuBan koedunujeHT npeHoca mace GIAYUI—3ul y HHBEP3HO-PIyH-

OU30BAaHOM CJI0jy IIDUMEHOM afCOPNUUOHE MeToje. EXCIepuMEeHTH Cy BPLIEHH Y KOJIOHH
npeyHuka 45 mm ca cepUYHUM U HecepUYHHM YecTHllama MOJUIPONUIEHA U TONHUETH-
neHa npeyHuka 3,3-4,9 mm u ryctuHe oko 930 kg m?>. Kao (rrynoM3alMoOHd MeSujym
KopuirheH je pasbnakeHH pacTBOP METHJIEHCKOT IJIaBOT KOjU je amcopboBaH Ha [eny HOBp-
IIMHE KOJIOHE Ha cuiauKareny. JJobujeHH pesysiTaTd Mokasald Cy Jja MPUCYCTBO YECTHIa IpU
WHBEP3HO] GIyuau3anuju He NONMPUHOCH 3HAYajHO MPEHOCY Mace y mnopehemy ca yrumajem
YecTHlla Ha IPEHOC Mace y KOHBEHLIMOHAIHO (Iyuau30BaHUM Ci10jeBUMa. 300r Tora je y aHa-
JU3y yBENEH KOHILENT nceynoduiynna U U3BefieHa je eMIUpHjcKa kopeanyja 3a ogpehusame
KoeduuMjeHTa npeHoca mace. M3spueHo je nopehewe mobUjeHMX pesynaTaTa ca JUTepaTyp-
HHUM KOpeJaliijamMa 3a HHBEpP3HY U KOHBEHIIMOHAIHY Giyrgusanyje.

10.

11.
12.

13.

(ITpumibeHo 16. janyapa, pesunupano 27. dedpyapa, npuxsaheno 22. mapta 2023)
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