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a b s t r a c t

In the present investigation, the hydrodynamic study on the four-staged fluidized bed reactor with solid
and gas flowing in the counter-current direction has been carried out. The gas phase was air, and the solid
phase was amine impregnated activated carbon. By changing the operating condition like weir height,
solid flow rate, gas velocity and particle size, pressure drops were determined at the steady and stable
operation of the column without loading and flooding. At the low velocity of gas (0.188 m/s) with max-
imum solid flow rate (4.12 kg/h) and maximum weir height (70 mm), the maximum pressure drop
occurred in the column was 220 N/m2. The minimum pressure drop occurred in the column was
92.2 N/m2 at high velocity of gas (0.353 m/s), with minimum flow rate of solids (2.15 kg/h) and low weir
height of 30 mm. The maximum pressure drop occurred for lowest particle size (467 lm) at gas velocity
(0.309 m/s) was 169.1 N/m2 at 50 mm weir height and the minimum pressure drop occurred at the same
condition for highest size particle size (635 lm) was 124.8 N/m2 at the same weir height.
� 2016 The Society of Powder Technology Japan. Published by Elsevier B.V. and The Society of Powder

Technology Japan. All rights reserved.

1. Introduction

Now a day’s lots of greenhouse gases are emitted into the atmo-
sphere. Carbon dioxide (CO2) is the major component of green-
house gases (GHGs) in the atmosphere that causes global
warming. 60% of the global warming is caused by CO2 [1]. The
emissions of the total anthropogenic greenhouse gas are from large
emission sources which are stationary like power plants, refineries,
gas processing industries, iron and steel industries, chemical,
petrochemical industries, and cement industries. There are four
different methods for CO2 capture from flue gas like absorption,
adsorption, cryogenic distillation and membrane separation.
Among these methods, adsorption is one of the most important
methods for CO2 capture [2,3]. Fluidized bed is a useful technique
for gas-solid contact in chemical industries. Fluidized bed reactors
are broadly used in chemical process industries for different oper-
ations like, reforming of hydrocarbons, coal carbonization, coking,
ore roasting, aluminum production, coating preparation cracking

of high molecular weight petroleum fraction, gasification, combus-
tion of coal, drying, gas adsorption, etc. The major advantages of
fluidized beds are uniform temperature throughout the bed; the
surface area of the bed is high and the high level of internal mixing
of particulate phase and the fluid phase. In case of single stage flu-
idized bed there is non uniform residence time distribution of
solid, so low contact efficiency between gas and solid phase. Non
uniform residence time of solid leads to non-uniformity of the pro-
duct and efficiency of conversion is less. So to overcome such
drawback associated with single stage fluidized bed, some modifi-
cations have been made inside the fluidized bed reactor, i.e., sec-
tion the bed vertically [4–6] known as multistage fluidized bed.
The provision of internal baffles and the staging of a fluidization
column with the perforated plate decreases the axial mixing of
the phases and restrict the formation of growth of bubbles. The
flow approaches plug flow [5–7]. There are many advantages in
multistage fluidized bed reactor like operation can be controlled
on a large scale, high heat and mass transfer rate, narrow residence
time distribution, temperature of reaction is low and sufficient
reaction time [6,7]. The solid product is more uniform due to mul-
tiple contacts. Gas requirement is less. Thermal efficiency and con-
version efficiency for both gas and solid phase is high. Effect of gas
bypassing reduces. The addition of perforated plate helps in
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eliminate slug, break bubbles and agglomerate. So separation effi-
ciency is more and the size of the equipment reduces. Therefore
multistage fluidized bed reactor is the good option for flue gas
treatment industry. Development of baffles system helps for the
staging of fluidized bed, with some provision for separate passage
for gas and solid flow [8,9]. Multistage fluidized bed reactor may be
divided into two types (i) those with down comer; and (ii) those
without down comer. In both cases the vessel is divided into a
few stages, solid fed from the above and fluidizing gas is intro-
duced into the reactor from the bottom part of the column. Mate-
rial undergoes fluidization at each stage. The functions of down
comers are the transfer of the solids from an upper bed to lower
fluidized bed [9]. Solid particles are coming from upper stage to
a lower stage through the down comer. The solid hold up is more
in multistage fluidized bed than the single stage system.

In our present analysis, a four staged counter current gas-solid
fluidized bed reactor has been developed, designed, to study the
hydrodynamic characteristic. The adsorbents used for this study
is amine impregnated activated carbon because it is very efficient
adsorbent for CO2 capture [10–12]. For air pollution control, this
type reactor is the most suitable equipment. A properly designed
down-comer guarantees the flow of solids between the stageswith-
out dragging them or clogging the tubes. A good flow of solids has
been observed when the pressure drop of the down comer
approaches the pressure drop of the gas when going through the
upper stage [13,14]. In this way, the gas is homogeneously dis-
tributed in every stage between the surface of the distributor and
the down comer. The hydrodynamic study includes the effect of
the flow rate of the gas phase, solid phase, particle size, shape and
density, perforated plate geometry on pressure drop [14,15]. The
CO2 capture using a fluidized bed reactor is a very recent concept.
Due to recent research efforts, numerous methods and equipment
have been proposed for capturing CO2. The multistage fluidized
bed reactor with a down comer has recently gained importance
for recovery of gaseous pollutants as an air pollution control system
in industry [16,17]. So multistage fluidized bed reactor with down
comer is the most suitable air pollution control equipment for the
removal of gaseous pollutants from the industrial flue gas.

2. Experimental

2.1. Material preparation and its characterization

The material used for this investigation was amine impregnated
activated carbon prepared from green coconut shell purchased
from the nearby local market, Kharagpur (India). It is a most com-
monly naturally occurring which is quite cheaper as compared to
other forms of raw materials and contains high carbon content
and low ash content. The activated carbon prepared from this is
subjected to impregnation with amine solution [11,12]. A repre-
sentative sample of 2 kg was selected for the hydrodynamic study.

Properties of solids and fluids are the twomost important factors
that have to be determined before starting the experiment. Air den-
sity and viscosity are the twomost important fluid properties during
the fluidization of solids and it depends on the temperature and
pressure which can be found from the literature. On the other hand
density of the solid (qp), particle size (dp), porosity (e) and sphericity
(Us) are the main properties of solid that are affecting fluidization.
Particle size can be determined by standard sieve analysis (B.S.
Seive). Particle size ranges were kept as (300–700 lm). The diame-
ter of the particle is determined by the average diameter of the sieve
through which the particle passes through and the diameter of the
sieve through which the particle retained is taken as the diameter
of the particle. Density of the particle was determined by water
displacement method. Porosity is defined as the fraction of total
volume which is void and it can be represented as

e � Volume of the bed
Volume of the entire bed

� Volume of the bed-Volume of the particle
Volume of the entire bed

� pR2h� Weight of all particles
Particle density

pR2h

where R is inside radius of the column and h is the height of the
solid bed.

Sphericity (Us) is determined by pressure drop equation. The
pressure drop was determined by Ergun’s fixed bed equation writ-
ten in the following form.

DP
Hmf

¼ 150ð1� emf Þlgumf

U2
s e2mf d

2
p

ð1Þ

Physical properties of the amine impregnated activated carbons
are shown in Table 1, and the pore structure parameters are shown
in Table 2.

3. Experimental set-up and procedure

Four-staged fluidized bed reactor was developed and used in
this study and the schematic diagram, and the pictorial view is
shown in Figs. 1 and 2. The fluidized bed column is consisted of
four stages (0.21 m height per stage and 0.095 m internal diame-
ter). Stages were assembled with a flanged joint. Four stainless
steel made plate (S1, S2, S3, S4) of 0.002 m thick were present in
between the two stages and used as internal baffles. Each hole of
diameter 0.002 m in a triangular pitch arrangement was there on
the plate. To avoid solids falling through the plate, grid plates were
covered with fine weir mesh (100 mesh size) with openings smal-
ler than particle size. Down comers (D1, D2, D3, D4) were made up
of Perspex cylinder of 0.024 m internal diameter and height of
0.265 m. Each section was provided with down-comers, and it
was further fitted with a cone of diameter 0.007 m and 0.024 m
height at the exit end so that up-flow of the gas through the
down-comer was reduced as a result of which stable operation
was maintained. On the gas distributor, the down-comers were
further fitted by special threading arrangement. There was a provi-
sion for adjustment of weir height as required. The weir height was
considered to be bed height. The material flows from stage to stage
through the down-comer. There were provisions for measuring
pressure drop. For uniform distribution of the gas to the fluidiza-
tion column, the gas distributor was there at the bottom of the col-
umn. Schematic diagram down comer, sieve plate and weir mesh
were shown in Fig. 3. Calibrated rotameter was fitted to measure
the air flow rate. A conical hopper was attached at the bottom of
the column for storage of the solid. A feeding funnel was there at
the top of the column to hold the activated carbon particle, and
it was fitted to the screw feeder. Screw feeder was fitted to a motor
of 0.25 HP and the speed of the motor was guarded by a variable
rheostat. The compressor was used to supply the air as fluidizing
gas having capacity 5HP. The solids were fed to the first stage of
the down-comer from the top of the funnel connected to screw fee-
der and then through Perspex tube (0.011 m internal diameter).
The gas leaving the top stage is passed through 0.14 m diameter

Table 1
Physical characteristics of amine impregnated activated carbon.

Property Value

Particle size (lm) 300–700
Particle density (kg/m3) 2810
Porosity (emf) 0.62
Sphericity (ɸs) 0.75
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