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Abstract
Multi-stage chemical process or operation gained the credit over single stage in many case. For getting advantage of multi-stage
over single stage semi-fluidization on hydrodynamic characteristics investigation has been carried out in a Perspex column of
25.4 mm internal diameter. Glass beads are used as solid phase with water as the fluidizing medium. Stainless steel screens have
been used as top and bottom grids as well as the intermediate restraints. Experimental parameter studied includes superficial
liquid flow rate, no. of stages with constant bed expansion ratio. Mathematical study and graphical analysis have been done by
introducing a new parameter “D-power factor” for multi-stage semi-fluidization. Total power analysis shows that the power
consumption is less as compared to the single stage for identical bed conditions for multi-stage semi-fluidization.
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1. Introduction
A distinctive procedure of fluid solid contact is semifluidization, which is a combination of fluidization (bottom
part) and packed bed operation (top part) simultaneously
occurring in a single vessel, initiated by L T Fan in 1959 [1],
which gained maximum attention of the researchers [2-27]. The
hydrodynamic parameters viz. the total bed pressure drop, the
top packed bed height and minimum and maximum semifluidization velocities for single stage semi-fluidization has
been developed for different types of system like based on
phase: two phase (gas-solid, liquid-solid) and three phase,
based on particle size: mono-size (irregular/regular), binary
mixtures (homogenous/heterogeneous) and ternary mixtures
(homogenous) for catalytic activity purposes. Semifluidization has its own pathway to be in the process or
operation in the field of chemical, biochemical, metallurgy
engineering, etc. Multi-stage semi-fluidization can also find
its position in the queue as the single stage semi-fluidized
beds are used starting from filtration unit to bio-reactor.
Multi-stage semi-fluidization is achieved by connecting
individual single stages in series (homogenous /
heterogeneous) or splitting a single stage into several (equal
or different) stages (homogenous) in terms of solid
distribution and volume of individual test section.
The objectives of the present work is to study the
hydrodynamics
of
multi-stage
semi-fluidization
(homogenous) viz. the bed pressure drop and the top packed
bed height formation in liquid-solid system with spherical
particles and total power consumption. The system
parameters studied includes superficial liquid flow rate, no. of
stages with constant bed expansion ratio and initial static bed
height. The experimental data of different multi-stage semifluidization have been compared with that of a single stage
operation.
2. Multi-stage semi-fluidization
Mathematical analysis
The power requirement for the system is taken as the basis for
analysis and understanding the multi-stage phenomena.

Considering the total solid height (Hs) of a single stage, which
has to totally semi-fluidized by using liquid for a definite bed
expansion ratio (R) to a total top packed bed height ‘Hpa’, the
power (Po) required for total lift of the solid below the top
restraint is the integral value with the onset semi-fluidization
superficial liquid flow rate (Qosf) as lower limit and the
maximum semi-fluidization superficial liquid flow rate (Qmsf)
as upper limit. Graphically it is the area under the curve,
which is plotted between a new parameter superficial liquid
flow rate and “D-power factor”. “D-power factor” is defined
as the product of semi-fluidized bed pressure drop (ΔPsf) and
dimensionless top packed bed height (Hpa/Hs), which is taking
care of all bed responses. The top packed bed height and
semi-fluidized bed pressure drop are only the function of
superficial liquid flow rate, as other parameters like particle
properties and bed properties are constant. When the stages
are created by distributing ‘Hs’ height solid and total volume
in equal proportion, the total formation of top packed bed
height (summation of individual top packed bed heights) in
multistage is greater than that of single stage for a particular
superficial liquid flow rate, because of the solid weight is less
than the buoyancy force provided in each stage by the liquid.
Mathematically,
For differential power requirement d(Po):
“D-power factor” required is: D= ΔPsf×(Hpa/Hs)= f (Qsf)
For total height Hpa/Hs =1,
Total power required for single stage (n=1),
,
Total power required for two stages (n=2),
, and so on…
Total power required for ‘n’ stages,
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Again, Po1 >Po2 >Po3 >Po4 >Po5 >……..>Pon
,
For n = finite but large or infinity, the upper and lower limits
are nearly equal (Qosf ≈ Qmsf) which yield ‘a constant power
requirement’ for lifting of definite height of solid for semifluidization which is the power requirement at onset semifluidization (≈ minimum fluidization).
When maximum no. of stages created the condition of semifluidized bed cumulatively leads to onset semi-fluidization at
which power required is: Pon = Poosf =Pomf

In semi-fluidized region, the bed pressure drop is
approximately a linear function of superficial liquid flow rate.
The slope of total bed pressure drop increases as no. of stages
are increases but the limits of semi-fluidization decreases
(Qosf1>Qosf2>Qosf3>….Qosf(n-1)>Qosfn,
and
Qmsf1>Qmsf2>
Qmsf3…..>Qmsf(n-1)>Qmsf(n-1)), which decrease the total power
requirement (area under the curve).
The same can be applicable to fractional top packed bed
formation (Hpa/Hs<1), whether in single or multi-stage.

3. Material and methods
Schematic view of the experimental setup is shown in Fig. 1.
Investigations have been carried out in 25.4 mm internal
diameter Perspex column. The experimental semi-fluidized
beds consist of test sections, restraints (stainless screen of 40

BSS) to create stages, liquid distributor and disengagement
section. Recirculation is achieved with pump (0.5 HP) and
liquid storage tank (30 lit.) and the flow measured with
calibrated liquid rotameter (max. 600 LPH).

The scope of the experiment is presented in Table 1. Accurate
weight of solid material is feeding in the test sections. After
feeding the solid material into the test sections, the liquid is
pumped into the column at a desired flow rate using a liquid
rotameter. To ensure steady state operation, at least 2 minutes

are allowed before each reading. The reading of the total and
individual bed pressure drop are taken from U-tube
monometer reading and the top packed bed height for each
liquid flow rate are by normal graph sheet. The procedure has
been repeated for the single and multi-stage beds.
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Fig 2: shows pictorial views of different multi-stage (2, 3, 6 and 10) semi-fluidized beds.

4. Results and Discussions
Based on the theoretical formulation and experimental
investigation of the hydrodynamic parameters for the semifluidized bed viz. the semi-fluidized bed pressure drop and
height of the top packed bed formed have been studied for
multistage semi-fluidization. As no. of stages increases the
dependant variables (responses) of the systems i.e. bed

pressure drop and top packed bed height are approaching
toward linear form from higher order polynomial function.
More precisely if only semi-fluidization is taken into
consideration i.e. from onset semi-fluidization to maximum
semi-fluidization, the total bed pressure drop is nearly a linear
function of superficial liquid flow rate.

4.1 Hydrodynamics of Multi-stage Semi-fluidization
4.1.1 Semi-fluidized bed pressure drop
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The total bed pressure drop with superficial liquid flow rate of
water in a single stage is compared with multi-stage units in
Fig. 3a for an initial static bed height of 0.15 m. The total bed
pressure drop for multi-stages is higher than that of a single
stage irrespective of the no. of stages for a particular
superficial liquid flow rate due to maximum top packed bed
formation as evidence from Fig. 3a. As the total weight of
solids are distributed by the intermediate restraint(s) in
multistage the accumulation of solid at the individual top
restraint(s) are more for a particular superficial liquid flow
rate compared to single stage. Fig. 3b shows the individual
stage bed pressure drop with superficial liquid flow rate for
different multi-stage units. Single stage shows maximum bed
pressure drop compared to multistage due to maximum
formation of top packed bed for a particular superficial liquid
flow rate as the maximum solids are available as compared to
multistage.

4.1.2 Height of top packed bed formation
Comparison of the formation of total top packed bed height
with superficial liquid flow rate in single and multi-stage
units has been shown in Fig. 4a. The total top packed
formation increases for a particular superficial liquid flow rate
due to distribution of solid weight decreases as no. of stages
increases.
Cumulative formation of top packed bed height is more in
multistage as compared to single stage for a particular
superficial liquid flow rate. Fig. 4b shows the individual stage
top packed bed formation with superficial liquid flow rate for
different multi-stage units. In multistage semi-fluidization the
minimum and maximum limits of operation are less as
compared to single stage. This is due to lesser requirement of
buoyancy force to lift up the solids in multistage as compared
to single stage.
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4.2 Analysis
Fig. 5 shows the ‘D-power factor’ for n=1 to n=10 with
superficial liquid flow rate. For the total top packed bed
formation, the multi-stage is favorable than that of single
stage as the area bounded by the curves are goes on
decreasing with increase in no. of stages for a fixed amount of
solid particles. Fig. 6 shows the cumulative total power
requirement of multistage with respect to formation of top
packed bed height (for Hpa/Hs=1). By knowing individual Dpower factor of a system, no. of stages can be obtained
graphically for a particular total power (for Hpa/Hs<1). For a
particular top packed bed height the multistage is always
better than single stage as evidence from Fig 6. The total
power requirement of single and multi-stage can be computed
from this plot. For infinite no. of stages in ‘D-power factor’ is
a constant value i. e. Dosf (=Dmf) at Qosf (=Qmf). The slope of
the bed pressure drop and the individual top packed bed
height lines are approaching zero as the no. of stages increase
in the multi-stage semi-fluidization, as evidenced by Fig. 3b
and 4b respectively.
5. Conclusion
As a large amount of investigations have been carried out by
many researchers for different types of system for single stage
semi-fluidization, the D-power factor can be easily obtained
from the developed correlations. No. of stages can be
obtained by knowing maximum power of the multistage
system. Total power analysis shows that the power
consumption is less as compared to the single stage for
identical bed conditions for multi-stage semi-fluidization.
Hence the developed mathematical and graphical approaches
can be used for interpretation of single and that of multi-stage
semi-fluidization bed design for liquid solid system.
The present study may useful to develop multi-stage semifluidized bed processing units depending on the requirements
in the processes.
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