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Abstract

Semi-fluidized bed hydrodynamics, including minimum and maximum semi-
fluidization velocities, packed bed formation and pressure drop across the bed, have been
studied in a 0.1 m ID liquid-solid semi-fluidized bed. The top grid is a specially designed
perforated plate to have negligible pressure drop across it and to retain all the particles
used in the experiment. Experimental parameters studied included velocity, density and
viscosity of the liquid, particle size, static bed height and expansion ratio. Empirical and

semi-empirical models have been derived. The results have been compared with those

available in the literature.
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1. Introduction

A semi-fluidized bed can be viewed as the combination of a batch fluidized bed at
the bottom and a fixed bed at the top within a single vessel. Such a bed can be formed by
providing sufficient space for the free expansion of a fluidized bed and then arresting the
escape of particles by means of a top restraint. The degree of semi-fluidization occurring
in the bed can range from minimum semi-fluidization (the expanded fluidized bed first
touches the top restraint of the semi-fluidizer) to maximum semi-fluidization (where all

the solid particles attach to the top restraint) by varying the liquid velocity or by altering



the position of the upper constraining plate. A semi-fluidized bed has the advantages of
both the packed and the fluidized beds. The disadvantages of fluidized beds, namely
back-mixing of solids, attrition of particles and erosion of surfaces, and those of packed
beds, such as non-uniform bed temperatures, segregation of solids and channeling, are
taken care of, at least partially in a semi-fluidized bed [1, 2].

The development and advantages of the semi-fluidized bed relating to studies on
hydrodynamics, mass transfer, reaction Kinetics and filtration have been highlighted by
Murthy and Roy [1] and Ho et al. [2]. Subsequently a good number of research articles
relating to various applications of the semi-fluidized bed system have been reported in
literature [3-14]. Additionally, fairly a good number of patents claimed since the year
1958, relating to the best possible applications of the semi-fluidized bed in many
industrial processes are listed in SciFinder Scholar database like the recent one by Liu et
al. [15]. In these investigations, either in gas-solid or liquid-solid systems, particle sizes
varying from very small size to very large size (0.04 m) have been employed as the bed
material. Kurian and Raja Rao [16] have studied hydrodynamic behaviour of particles in
the size range of 0.000548 to 0.00467 m, but except the 0.00467 m particle all others are
highly irregular in shape (sphericity in the range 0.68 to 0.76). However they have not
studied the viscosity effect. Fan and Hsu [17] have discussed the suitability of the semi-
fluidized bed as a bioreactor for aerobic and anaerobic applications. Later Dias [3] has
mentioned the significant performance of the semi-fluidized bed system in the extractive
fermentation of ethanol. In the immobilized cell bioreactors the preferred size of the solid
matrix is nearly 2 - 4 mm. The information available on the hydrodynamics of

moderately large size particles in a semi-fluidized bed is also limited.



In the present study the experimental system used ultimately aims at the use of a
semi-fluidized bed as an aerobic as well as an anaerobic bioreactor. The objective of this
work is to investigate the hydrodynamics of semi-fluidization in liquid-solid systems,
including the minimum and the maximum semi-fluidization velocities, the packed bed
formation and the pressure drop across the bed. Experiments have been carried out in a
0.1 m ID column. Glass beads of four different sizes were used as the solid phase.
Agueous solutions of glycerol have been used as the liquid phase. The effect of the
system parameters studied is superficial liquid velocity, liquid density, liquid viscosity,
particle size, static bed height and bed expansion ratio. The observed results have been
correlated with the system variables and compared with the data available in the

literature.

2. Experimental Set-up and Technique

A schematic representation of the experimental setup is shown in Fig. 1. The
experimental semi-fluidized bed consists of a fluidized bed assembly, a top restraining
plate with fixture, and a pressure measuring arrangement. The fluidized bed assembly
consists of a fluidizer, liquid distributor, liquid disengagement and recirculation facility,
liquid pump, liquid storage tank, a set of calibrated liquid rotameters.

The fluidizer is a vertical cylindrical Plexiglas column of 0.1 m internal diameter
and 1.25 m height. The liquid distributor is located at the bottom of the fluidized bed
column and is designed in such a manner that uniformly distributed liquid enters the
fluidized bed column. The distributor section made of Perspex is fructo-conical of 0.31 m

in height, and has a divergence angle of 4.5° with the bottom end of 0.0508 m and the top



end of 0.1 m in internal diameter respectively. The liquid inlet of 0.0254 m in internal
diameter is located centrally at the lower cross-sectional end. The higher cross-section
end is fitted to the fluidized bed column, with a perforated distributor plate made of G.I.
sheet of 0.001 m thick, 0.12 m diameter having open area equal to 20 % of the column
cross-sectional area with a 16 mesh (BSS) stainless steel screen in between. Totally 288
number of 0.002 m, 0.0025 m and 0.003 m holes have been drilled in triangular pitch
made in 10 concentric circles of nearly 0.005 m radial gap. The size of the holes has been
increased from inner to outer circle. This has been done with a view to have less pressure
drop at the distributor plate and a uniform flow of the liquid into the test section. The
liquid disengagement section at the top of the column is a cylindrical section of 0.026 m
internal diameter and 0.034 m height, assembled to the fluidized bed column with 0.08 m
of the fluidized bed column inside it, which allows little hold up of the liquid and liquid
to be circulated through the outlet of 0.0254 m internal diameter at the bottom of this
section.

The top restraining plate is made from Perspex sheet of 0.099m diameter and 3
mm thick containing 3, 4 and 5 mm holes with approximate total open area of 40%.
There is a minor clearance between the plate and the inner wall of the column, which
facilitated the free movement of the plate in the column, restricting the particle
entrainment. A BSS 16 mesh screen is attached to the bottom of the plate and the plate is
supported by a Perspex slotted support from the top. The whole assembly is fitted to an
iron rod of 8 mm diameter with nut bolt arrangement. The photographic view of the top

restraint is presented in Fig. 1.



For pressure drop measurement in the bed, the pressure taps of 6 mm diameter
have been connected to the manometers filled with carbon tetrachloride and mercury.
Pressure taps have been installed vertically along the bed at a distance of 0.1 m between
each pressure tap. The inside opening of each tap is screened to prevent penetration of the
bed particles.

Glass beads of four different sizes and aqueous solutions of glycerol have been
used as the solid and the liquid phases respectively. The scope of the experiment is
presented in Table 1. Accurately weighed amount of material is fed into the column,
fluidized and de-fluidized slowly and adjusted for a specified reproducible initial static
bed height. Liquid is pumped to the fluidizer at a desired flow rate using liquid rotameter.
Three calibrated rotameters with different ranges have been used for the accurate record
of the flow rates. Approximately five minutes are allowed to make sure that the steady
state has been reached. The readings of the manometers and the expanded bed heights or
the top packed bed height (as the case may be) are then noted. The procedure has been
repeated varying the particle size, viscosity and density of the liquid, bed expansion ratio

(R) and initial static bed height.
3. Results and Discussion

Experiments have been conducted with the superficial liquid velocity varying
from 0 to 0.3057 m/s. The temperature is maintained at 30 + 2°C. To ensure steady state
in operation at least five minutes have been allowed before each reading. Readings for
expanded bed height, pressure drop and top packed height have been noted down. The
experimental results have been presented graphically in this section. Empirical and semi-

empirical equations have been developed.



3.1 Minimum semi-fluidization velocity

The minimum semi-fluidization velocity also called the onset velocity of semi-
fluidization (U,s) is the superficial liquid velocity at which a bed particle of the expanded
fluidized bed first touches the top restraint of the semi-fluidizer. Experimentally the
minimum semi-fluidization velocity can be determined by the following methods. (1)
From the plot of the ratio of the height of the top restraint to the height of the expanded
fluidized bed (H+/Hs) versus the superficial liquid velocity (U)) as illustrated in Fig. 2. (2)
From the plot of pressure drop across the bed versus the superficial liquid velocity as
illustrated in Fig. 3. (3) For comparatively large particles from the visual observation. As
the top portion of the fluidized bed is dilute in particles it is practically difficult to
mention the exact height of the expanded bed. In such a case if the height of the expanded
bed is taken as the height of the moderately dense bed then it predicts higher value of
Uost. Otherwise if the top surface of the dilute bed is taken the method predicts lower
value of Uy The pressure drop method seems to be the best one. Ho et al. [2], Fan and
Wen [18], Roy and Sarma [19], and Roy and Sharat Chandra [20] have recommended the
pressure drop method for the prediction of Uy

In the present work the values of the minimum semi-fluidization velocities have
been experimentally obtained by both the methods (1) and (2) and reported in Table 2,
but the values from method-2 have been used for the development of the model
equations. In the present investigation the minimum semi-fluidization velocity obtained
from method-1 have been found to be higher than those obtained from method-2. Fig. 4
shows the almost negligible effect of initial static bed height on the minimum semi-

fluidization velocity. The independency of Uy on static bed height for the liquid-solid



system has been reported by Roy and Sarma [19] and Roy and Sharat Chandra [20]. But
Ho et al. [2] have reported that the static bed height slightly affects the minimum semi-
fluidization velocity in a gas-solid semi-fluidized bed. They have reported a decrease in
the minimum semi-fluidization velocity with the increase in initial static bed height. This
may be true as the reasoning given by them is that an increase in static bed height
corresponds to an increase in bubble size, which in turn promotes the bed expansion and
accelerates the semi-fluidization process. But the phenomenon is not observed in case of
a liquid-solid system, thus the minimum semi-fluidization velocity being practically un-
affected by the initial static bed height.

The effect of particle size on U is presented in Fig. 5. This shows that larger the
particle size higher is the minimum semi-fluidization velocity. This is true as higher drag
force and ultimately the higher fluid velocity is required to lift the bigger size particle
which bears a higher mass. The bed expansion ratio has a strong effect on the minimum
semi-fluidization velocity as indicated in Fig. 6. The reason is the requirement of higher
fluid velocity to lift the particle to a relatively higher position of the top restraint in the
bed. U, increases with the increase in bed expansion ratio. The same behaviour has been
observed by other investigators also.

To study the effect of liquid viscosity, aqueous solutions of glycerol (0 — 24 % by
mass) have been used as the liquid phase. The properties of the solutions are given in
Table 1. For the glycerol solutions there is an increase both in the density and viscosity
with increase in percentage of glycerol in the solution. The increase in viscosity is
predominant over density as increase in viscosity is 96.7% for 24% glycerol solution over

the water; where as the increase in density is only 5.85% for the same solution. Thus the



study on viscosity effect using these solutions is not far away from the assumption of the
constant density. The effect of liquid viscosity on the minimum semi-fluidization velocity
is shown in Fig. 7. The figure indicates the decrease in the minimum semi-fluidization
velocity with increase in the liquid viscosity. This is due to the fact that the particles
achieve higher drag at lower velocity of the liquid possessing higher viscosity.

Kurian and Raja Rao [16] have suggested two theoretical methods for the
estimation of Uy The first method is based on the correlation for the expanded bed
voidage.. Use of this method is not convenient as one has to use the proposed expanded
bed voidage correlation along with the correlation graph given in their published article
[16]. The second method is based on the correlation for the height of the top packed
section (hpa), which is discussed in detail in the following section 3.4. At the onset of

semi-fluidization, h,,=0, the correlation is given by

U _ U -1.2
osf mf — 061[ R j [1]
U, -U R-1

mf

In the present work, the observed minimum semi-fluidization velocity has been
correlated with the static bed height, bed expansion ratio, particle size and liquid
viscosity. The following equation with a correlation coefficient of 0.977 has been

obtained.
Uog = 0-14R0'9dg'5u|_0'25 2]

It is indicated that the minimum semi-fluidization velocity is independent of static bed
height. A few more experimental runs have been carried out with glass bead of size
0.00155 m, bed expansion ratios of 1.5, 1.75, 2.25, 2.75, 3.25, 3.75 and 4.0 and liquid

viscosity of 0.001752 Pa.s (30% by mass of glycerol solution) to test the validity of the



correlation in the near by range. Values of Uy predicted from Egs. (1) and (2) and the
experimental ones have been reported in Table 2 and compared in Fig. 8. The Eq. (2)
adequately describes the observed data with a standard deviation value of 0.0235 as
indicated in Fig. 8. Values of U, predicted from Eg. (1) also shows good agreement
except four points deviating more than 10%. In the figure the legend indicating the other
data points means those are not used for the development of the empirical model.
3.2 Maximum semi-fluidization velocity

The maximum semi-fluidization velocity (Uns) is the fluid velocity at which the
entire bed of solid particles is transferred to the top packed bed. Theoretically this
velocity corresponds to the terminal (free fall) velocity (U; of the particles. The
intermediate law for gravity settling (intermediate flow) or the Newton’s law (turbulent
flow) as given by Gupta and Sathiyamoorthy [21] is valid for most experimental
conditions and has been used for the calculation of terminal velocity.

For intermediate flow:

Re; = 0.153Ar%7 [3]
Turbulent flow:
Re, =1.74Ar° [4]

Fan and Wen [18] and Kurian and Raja Rao [16] have shown some sort of
suitability of these laws for their experimental conditions. But many other investigators
have suggested the use of experimental determination of the maximum semi-fluidization
velocity. The reason may be the following. The terminal velocity predicted from the
intermediate law or Newton’s law is actually valid for a single particle. These laws some-

times mislead if used as the value of the maximum semi-fluidization velocity due to



definite influence of the presence of the other particles, as well as the effect of column
wall and supports. There is a definite effect of the position of the top restraining plate
relative to the static bed height on Uns, but the terminal velocity for a specific particle
system is independent of the grid position. The terminal velocity may be used to
represent Unst When the position of the top grid is at a much higher level (say at infinite
position). Thus it is meaningful to find the maximum semi-fluidization velocity from the

experiment if possible.

In actual experiment very often it is not possible to transfer the entire particles to
the top packed bed. There are two methods used for the prediction of the maximum semi-
fluidization velocity from extrapolation of the experimental data. (i) By extrapolation of
the porosity of the fluidized section (er) vs. superficial liquid velocity curve to & =1 or
(i) by extrapolation hpa/hs vs. superficial liquid velocity curve to hpa/hs =1. The
extrapolation of & produce quite higher values of maximum semi-fluidization velocity for
the liquid-solid system. Fan and Wen [18], Kurian and Raja Rao [16] and Roy [22] have
suggested the use of the second method i.e. the extrapolation hpa/hs vs. superficial liquid
velocity curve to hpa/hs =1 over the former. In the present study, the second method has

been used to determine the maximum semi-fluidization velocity.

The maximum semi-fluidization velocity has been found to increase with the
static bed height, the particle size and the bed expansion ratio, but to decrease with the
increase in the liquid viscosity as indicated in Figs. (9) - (12). Roy [22] has shown the
independency of Ung on static bed height and bed expansion ratio, but in the present

work a significant effect of these variables has been observed. The discrepancy may be



due to the difference in geometry and design of the components of the semi-fluidized

bed, particle size and shape of the particles.

The experimental values of Uns have been reported in Table 2. This table also
gives the values of Ung calculated from the equation proposed by Roy [22] and the
terminal velocity calculated from Eq. (3) or (4) for the given experimental conditions. As
seen from Fig. 13, the values of the experimentally found U are to some extent in close
agreement with those predicted from Eq. (3) or (4), but deviates a lot from the prediction
using the correlation of Roy [22]. Like Eq. (2), a correlation for Uns has been developed

as given by Eq. (5) below with a correlation coefficient of 0.972.
Unmst = 0.5hg'35R0-67d g.GZuI—O,47 .

The equation adequately describes the observed data with a standard deviation of 0.0274
as indicated in Fig. 13.
3.3 Dimensionless minimum semi-fluidization velocity

The onset of fluidization and semi-fluidization are two consecutive events in the
sequence of the operation of the semi-fluidization phenomenon. Thus many investigators
have found it convenient to represent the correlation for minimum semi-fluidization
velocity in the dimensionless form as ratio of the minimum semi-fluidization velocity to
the minimum fluidization velocity i.e. Uosi/Uni. A few of them have represented the
dimensionless minimum semi-fluidization velocity as the function of system and
operating variables directly viz. Ho et al. [2], but some other researchers (Roy and Sarma
[19], Roy and Sharat Chandra [20]) have used the system and operating variables in

dimensionless form. In the present work empirical equations for U.s/Uns have been



represented in both the forms for the convenient use of the designers. There are many
correlations available for the prediction of the minimum fluidization velocity from the
knowledge of the fluid and solid properties. In the present communication, the minimum
fluidization velocity has been predicted from the correlation of Wen and Yu [23], used

widely.

Re,, =+33.7% +0.0408Ar —33.7 [6]

The experimental values of the dimensionless minimum semi-fluidization velocity
have been reported in Table 3. The dimensionless minimum semi-fluidization velocity is
independent of the static bed height. For all other variables at constant value, the smaller
the particle size the higher is the dimensionless minimum semi-fluidization velocity. The
dimensionless minimum semi-fluidization velocity increases with the increase in bed
expansion ratio. There is a slight increase in the dimensionless minimum semi-
fluidization velocity (Uos/Um) With the increase in liquid viscosity. In terms of system
and operating variables and the variables in their dimensionless term, the dimensionless

minimum semi-fluidization velocity (Uys/Unms) can be represented as;

Uos

f = f(hs’Dc’dp’ps’pL’:uI’R) [7]
Umf
U d

ot _ f{h_s_P&ﬂR} 8]
Umf Dc Dc pL :uw

Since the column diameter and the density of solid are constant, the variation in the liquid
density is negligible and the effect of static bed height is not relevant, with the help of the

remaining experimental parameters, the equations developed are;

U osf

— 0.388d 50'37/4'0‘1R0'92 [9]
mf



-0.37 1.14
Yost =o.45(d—pJ (ﬂJ (R)%:92 [10]

mf c Hw

Both the equations possess a correlation coefficient of 0.9804 and predict the same value
of the dimensionless minimum semi-fluidization velocity, but appear in different forms.
The values of the dimensionless minimum semi-fluidization velocity predicted from Egs.
(9) and (10) are in very close agreement with the experimental values with a standard
deviation of 2.59%.

The values of the dimensionless minimum semi-fluidization velocity also
calculated from the correlation available in the literature pertaining to the liquid-solid
system (Roy and Sarma [19]) have been indicated in Table 3. The values predicted are
much higher than the present findings. This may be due to delayed semi-fluidization in
their system with difference in particle size, bed geometry of the bed and the design of
the top grid which one is a fructo-conical perforated one attached to a wire mesh. But a
similar dependency on the system variables has been observed in both the cases. The
main contribution might be that of the particle size and the pressure gradient at the top
grid. As the particle size becomes smaller the dimensionless minimum semi-fluidization
velocity increases. The correlation by Roy and Sarma [19] has been developed for very
small particles, thus predicting higher values of the dimensionless minimum semi-
fluidization velocity.

Roy and Sharat Chandra [20] and Roy [22] have proposed a different correlation
for predicting the minimum semi-fluidization velocity in the dimensionless form. The
different dimensionless minimum semi-fluidization velocity (Uest/Umst) is the ratio of the

minimum semi-fluidization velocity to the maximum semi-fluidization velocity. For the



prediction of the maximum semi-fluidization velocity they have proposed an empirical
equation from their experimental findings. In this communication the dimensionless
minimum semi-fluidization velocities (Uqs/Umst) calculated from the experimental
findings of minimum and maximum semi-fluidization velocities and predicted from the
proposed correlation by Roy [22] has been reported in Table 3. The equation proposed by
Roy [22] predicts a higher value of Uqs/Umst. This is due to the higher values of the
minimum semi-fluidization velocity as pointed earlier and lower value of maximum
semi-fluidization velocity. A new correlation (Eqg. (11)) has been proposed here for the

pl’edICtlon Of Uosf/Umsf.

osf

-0.3 -0.05 0.16
U d
- 0,254(h_5J (_F’J (ﬂ} (R)>3 [11]
U mst D¢ D¢ Hw

Like the dimensionless minimum semi-fluidization velocity, the maximum semi-

fluidization velocity can also be represented in dimensionless form as dimensionless
maximum semi-fluidization velocity (Ums/Umi Or Unms/Uost). Umsi/Uost IS the inverse of
Uos/Umst and can be predicted from Eq. (11) just by inversion. Earlier Roy and Sarma
[24] have proposed one correlation for Uns/Ups for the liquid-solid system with irregular
particles, where only the effect of two variables i.e. the particle size and the particle
density is shown. In the present work a new correlation (Eqg. (12)) has been developed
from experimental values of Uns/Umt With a correlation factor of 0.973. The values of
Ums/Ums predicted from the correlation of Roy and Sarma [24] have been indicated in
Table 3 along with the experimental values. Most of the values are within +20 % except

those corresponding to the bed expansion ratio, R = 2 and for values withviscosity



variation. The difference may be due to the absence of variable like: liquid viscosity,

expansion ratio and static bed height in the correlation of Roy and Sarma [24].

0.36 -0.33 -0.08
Umst =1.565U;—SJ (d—pJ (ﬂJ (R)*-69 [12]

mf c D, Hw

3.4 Packed bed formation

Between the two limiting conditions of semi-fluidization i.e. the minimum and the
maximum, a part of the total solid form a packed bed beneath the top restraint plate,
while the balance of the solid remain in the fluidized state. By adjusting the position of
the top grid and / or by varying the velocity of the fluid, the extent of packed bed
formation can be controlled to suit to a particular requirement. The extent of packed bed
formation is also closely related to the pressure drop across the semi-fluidized bed. The
prediction of packed bed formation is therefore important in the study of semi-
fluidization.

In the present study the packed bed formation has been represented as
dimensionless quantity such as hya/hs and (h- hpa)/(h- hs). The voidage of the top packed
bed has been assumed to be equal to the voidage of the reproducible initial static bed. The
dependency of hya/hs on superficial liquid velocity, bed expansion ratio, static bed height,
particle size and liquid viscosity are shown in Fig. (9) through (12). The results indicate
that the packed bed section starts to form at a velocity right above the minimum semi-
fluidization velocity, and the section increases in height as the velocity is increased. The
packed bed height increases with the liquid velocity, but decreases with bed expansion
ratio, particle size and to a lesser extent on the initial static bed height. As mentioned by

Ho et al. [2], in the present study the formation of packed bed for the liquid-solid system



has not been uniform. The mean packed bed height from the repeat of the experiments
has been taken as the packed bed height under each operating condition.

Fan and Wen [18], using dimensional analysis and the momentum and continuity
equations, obtained the following relationship.
[(h- pa)/(h- hs), (Us~ Umi)/(Unmst -Umr)] = 0. [13]
Using this relation Kurian and Rao [16], proposed the following correlation from their

experimental finding.

U

U — y h_hpa -1.2
ZsTm _06 [14]
U -u, h—h,

Singh et al. [25], have proposed a different correlation in the logarithmic form from their

experimental finding as indicated below.

h—h,
h—h

pa

U s U mf
=0974+0324In| Z*—="" [15]

t mf
Mydlarz [26], from his experimental finding has shown the validity of Eq. (14) for the
range of the dimensionless packed bed height as; 1.3 < (h- hpa)/(h- hs) < R. He has

proposed a different relation for the range 1.0 < (h- hpa)/(h- hs) < 1.3 as;

U,-U, (h=h, 7" 116]
U -U, |h-h

mf
In the present study an attempt has been made to correlate the experimental data for the
larger regular particles in the form of the Eqgs. (14) — (16). The following relationships
have been obtained valid for the entire range of experimentation.

0.48
h—h Ug-U
s 1104 > M [17]
h—Npa Uy —Upy




and

h—h
h—h

Us _Umf
s =1.04+0.3514In TRV [18]

pa t Y mf

The values of (h- hs)/(h- hpa) predicted from the Egs. (17) and (18) have been compared
with the experimental values and a fairly good agreement has been found with standard
deviation values of 7.62 % and 7.46 % respectively. Fig. 14 shows the comparison of the
values of (h- hs)/(h- hpa) predicted from Eqgs. (14) — (17) with the experimental ones.
Almost all values are within 15 % of the experimental ones in case of these equations.
The recommendation for the use of two different power law correlation for the two
different range of the values of (h- hya)/(h- hs) by Mydlarz [26] is found to be true as it is
seen from Fig. 14.

An attempt has been made to develop dimensionless correlation for hya/hs in terms
of dimensionless parameters Us/Uqst, hs/De, dp/De, R and wi/uw to realize the direct effect
of these variables on the packed bed height. It has been observed that upto 42% of the
particles in the top packed bed i.e. hpa/hs = 0.42, the dependency of hpa/hs on Us/U,ss IS
different from that of hpa/hs > 0.42. Thus two different correlations have been proposed to
predict the packed bed formation for the different range of the values of hya/hsas Egs. (19)
and (20). Over the specified range the predicted values of hpa/hs from Eq. (19) agrees with
the experimental ones with a standard deviation value of 16.7%, where as the values
predicted from Eq. (20) agrees with a standard deviation value of 9.45% as indicated in
Fig. 15. This indicates the instability in the packed bed formation upto nearly 42% of the

particles forming the top packed bed.



6.6 -0.08 -0.21 0.09
h d
Mpa _ o Ys [h_SJ [_pj [ﬁJ (R)~042 [19]

for hpa/hs < 0.42.

0.97 -0.05 -0.13 0.05
h d
pa _ 0.325 U S [h_SJ [_pj [ﬂ} (R)_O‘ZG [20]

for hpa/hs > 0.42.

Fig. 16 shows the formation of and breakage behaviour of the top packed bed
with increase and decrease in the liquid velocity respectively of 0.00218 m particles with
R=2.0. A hysteresis loop results with significant gap between the formation and breakage
of the packed bed. As seen from the plot the liquid velocity increased from 0 to 0.1911
m/s and then decreased to 0 m/s. At 0.1911 m/s liquid velocity hya/hs = 0.885. With
decrease in liquid velocity from this value, the amount of particles in the top packed bed
remain intact, the expanded fluidized bed height decreases and the clear zone (portion of
the bed without solid, i.e. between fluidized bed and top packed bed or top grid) in the
bed increases as seen in Fig. 17. At the liquid velocity of 0.0573 m/s, particle from top
packed bed starts to fall, the clear zone in the bed decreases and in a very narrow range of
liquid velocity (0.0573-0.04 m/s) all the particles from the top packed bed falls to the
fluidized bed at the bottom. With further decrease in the liquid velocity, the clear zone
increases up to the liquid velocity reaching the minimum fluidization velocity, where the
expanded bed height becomes equal to the reproducible static bed height. Thus a valley
for clear zone is created between the liquid velocities corresponding to the starting of
packed bed breakage and the minimum fluidization velocity as seen in Fig. 17.

3.5 Pressure drop across the bed



The pressure drop across a semi-fluidized bed can be viewed as the combination
of the pressure drop across the fluidized section, the packed section and the constraint
(top restraining) plate.

APy = AP; +AP,, + AP, [21]

Ho et al. [2], Fan and Wen [18], and Kurian and Raja Rao [16] have proposed
models for the prediction of bed pressure based on the above assumption. Fan and Wen
[17] have neglected the pressure drop across the top restraint plate where as, Ho et al. [2]
in their work with gas-solid system and Kurian and Raja Rao [16] for liquid-solid system
have shown significant contribution of the pressure drop across the top restraint plate
towards the total pressure drop across the semi-fluidized bed. In these models for the
fluidized bed pressure drop, they have considered the amount of solids in the fluidized
section of the semi-fluidized bed, but actually when the operation starts from the initial
static bed, first all the solids come to the fluidization regime and then form the packed
bed beneath the top grid with increase in the liquid velocity. Thus the pressure drop for
the total solids of the bed for fluidization should be taken into account. This pressure drop
actually gets added to the packed bed pressure drop and the pressure drop for the top
restraining plate.

In the present study we have taken the pressure equivalent to the buoyant weight
of whole of the solids as the fluidized bed pressure drop. The mass of the solids used in
each experiment have accurately been measured and have been used for the calculation of

buoyant mass.
AP =(—¢&;)(ps —p)hy =M, g/ A [22]

For the prediction of the packed bed pressure drop Ergun’s equation has been used.
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The pressure drop across the top grid depends on its design. With the column

AP,, =150 [23]

being empty the pressure drop across the top grid has been measured by increasing the
liquid velocity. For the maximum liquid velocity of 0.3057 ms™ used in the study the
pressure drop across the bed has been found to be 400 Pa where as at the same liquid
velocity the pressure drop in case of a semi-fluidized bed has been measured to be 52032
Pa for 0.00405 m particles with bed expansion ratio of 2.5. Thus the pressure drop across
the top grid can be neglected in comparison to the semi-fluidized bed pressure drop. The

semi-fluidized bed pressure drops have been calculated from the following equation.

Mbg 150 (1_gpa)2 ;uIUIhpa 1.751_8[3& plUlzhpa
AT 6 af UGS e,

In predicting the semi-fluidized bed pressure drop from Eq. (24), the packed bed

APy = [24]

voidage (&,,) has been assumed to be equal to the voidage of the reproducible initial

static bed (&,). Fig. 18 shows the comparison of the experimentally measured semi-

fluidized bed pressure drop with the values calculated from Eq. (24). Fairly good
agreement between the values is obtained as most of the values are within 10%, but
almost all the values predicted from Eq. (24) have been found to be lower than the
experimental ones. The higher experimental pressure drop is expected for the packed bed
as its actual voidage is little lower than the voidage of the static bed which has been used
in the model Eq. (24). The top packed bed may be more compact than the initial static
bed. The same phenomenon is prominent for small and irregular particles as reported by

many earlier investigators. The compaction is not prominent in the present investigation



as the particles are regular in shape and larger in size and hence the deviations have been
within -10%.

4. Conclusions
The present study of the liquid-solid semi-fluidized bed hydrodynamics has

resulted in the following conclusions. Both the minimum and the maximum semi-
fluidization velocities increase with the increase in particle size and bed expansion ratio,
but decrease with the increase in liquid viscosity. The minimum semi-fluidization
velocity is independent of the variation of initial static bed height, but the maximum
semi-fluidization velocity increases with increase in the static bed height. Proposed Eqgs.
(2) and (5) in dimensional form and Egs. (9) to (12) in dimensionless form can be
suitably used for the prediction of the minimum and the maximum semi-fluidization
velocities by selecting the proper one. Proposed Eqgs. (17) through (20) can be used for
the prediction of packed bed height in the semi-fluidized system with a caution that the
Eg. (19) introduces a bit of uncertainty. Eq. (24) can suitably be used for the prediction of
semi-fluidized bed pressure drop. The above correlations will be useful in the design of
liquid-solid semi-fluidized bed systems for various process applications.

Nomenclature

Ac cross-sectional area of bed, m?

Ar Archimedes number ([d,® pi(ps- p)g]/ i), dimensionless
D. column (bed) diameter, m

dp mean particle diameter, m

g acceleration of the gravity, m/s

h height of the semi-fluidized bed, m

hy height of the expanded fluidized bed, m



Npa height of the top packed bed, m

hs height of the initial static bed, m

hy height of the top restraining plate, m

Mo buoyant mass of the solid in the bed, kg

AP pressure drop across the fluidized section, Pa
APy pressure drop across the top restraining plate, Pa
APpa pressure drop across the packed section of the semi-fluidized bed, Pa
APg pressure drop across the semi-fluidized bed, Pa
R bed expansion ratio, dimensionless

Re; Reynolds number at terminal condition.

U superficial liquid velocity, m/s

Uni minimum fluidization velocity, m/s

Unmst maximum semi-fluidization velocity, m/s

Uost minimum semi-fluidization velocity, m/s

Us semi-fluidization velocity, m/s

Ui particle terminal velocity, m/s

Greek symbols

& porosity of fluidized bed, dimensionless
Epa porosity of packed section, dimensionless
&s porosity of reproducible static bed

U liquid viscosity, Pa s

Hw viscosity of water, Pa s

¥s sphericity of solid particle, dimensionless



P density of liquid, kg/m®

Ds density of solid, kg/m®
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Fig. 1. Experimental setup.
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Table 1

Characteristics of particle-liquid system used in the study.

Solid-liquid system  d,, mm  pp, kg/m® &, -  p,kgm®  ux10° Pas hsm R,-

Glass beads-water 2.18 2470 0.425 995.7 0.789 0.171 2.5

do 2.18 2470 0.425 995.7 0.789 0.213 2.5

do 2.18 2470 0.425 995.7 0.789 0.256 2.5

do 2.18 2470 0.425 995.7 0.789 0.301 2.5

do 2.58 2470 0.423 995.7 0.789 0.171 2.5

do 3.07 2470 0.420 995.7 0.789 0.171 2.5

do 4.05 2470 0.415 995.7 0.789 0.171 2.5

do 2.18 2470 0.425 995.7 0.789 0.171 2.0

do 2.18 2470 0.425 995.7 0.789 0.171 3.0

do 2.18 2470 0.425 995.7 0.789 0.171 3.5

do 3.07 2470 0.420 995.7 0.789 0.171 2.0
Glass beads- agueous

solution of glycerol.

% by mass of glycerol

6.0 3.07 2470 0.420 1009.7 0.948 0.171 2.0

12.0 3.07 2470 0.420 1024.0 1.082 0.171 2.0

18.0 3.07 2470 0.420 1039.0 1.268 0.171 2.0

24.0 3.07 2470 0.420 1054.0 1.567 0.171 2.0




Table 2
Minimum and maximum semi-fluidization velocities.

ES3

hs dp R ﬂ|X103 u mf* Uosfw1 Uosfw2 Uosf*** Unnst Ut$ u msf#
(m) (mm) (Pa.s) (m/s) (m/s) (m/s) (m/s) (m/s) (m/s) (m/s)

0.171 2.18 25 0798 0.0256 0.1214 0.1095 0.1195 0.3310 0.3098 0.2163
0.213 2.18 25 0798 0.0256 0.1214 0.1095 0.1195 0.3516 0.3098 0.2163
0.256 2.18 25 0798 0.0256 0.1214 0.1095 0.1195 0.3677 0.3098 0.2163
0.301 2.18 25 0798 0.0256 0.1214 0.1095 0.1195 0.3956  0.3098 0.2163
0.171 2.58 25 0798 0.0302 0.1326 0.1204 0.1315 0.3683 0.3370 0.2413
0.171 3.07 25 0.798 0.0348 0.1444 0.1311 0.1449 0.4045 0.3679 0.2705
0.171 4.05 25 0798 0.0428 0.1639 0.1492 0.1682 0.4642 0.4222 0.3235
0.171 2.18 20 0.798 0.0256 09892 0.0855 0.1011 0.2733 0.3098 0.2163
0.171 2.18 3.0 0.798 0.0256 0.1385 0.1280 0.1322 0.3602 0.3098 0.2163
0.171 2.18 35 0798 0.0256 0.1520 0.1397 0.1414 0.3801 0.3098 0.2163
0.171 3.07 20 0.798 0.0348 0.1180 0.1043 0.1232 0.3278 0.3679 0.2705
0.171 3.07 20 0948 0.0331 0.1113 0.0998 0.1068 0.3074 0.3104 0.2628
0.171 3.07 20 1082 0.0316 0.1065 0.0958 0.0943 0.2846  0.2680 0.2559
0.171 3.07 20 1268 0.0297 0.1085 0.0918 0.0822 0.2687 0.2273  0.2486
0.171 3.07 20 1567 0.0275 0.0983 0.0881 0.0784 0.2492 0.2193 0.2410

“ Calculated from the correlation of Wen and Yu [23].
 Experimental values. ! method-1, 2 method-2.

““Calculated from the correlation of Kurian and Raja Rao [16].
¥ Calculated from Intermediate law or Newton’s law [21].

# Calculated from the correlation of Roy [22].



Table 3

Dimensionless minimum and maximum semi-fluidization velocities.

h_s d_p H Ust » Yost o Ugs . Ugg & Unst « Unst #
D. De My, U s U U s U s U s U s
1.71 0.0218 25 1000 4.272 7.208 0.3308 0.3638 12.91 15.49
213 0.0218 25 1000 4.272 7.208 0.3114 0.3638 13.72 15.49
256  0.0218 25 1000 4.272 7.208 0.2978 0.3638 14.35 15.49
3.01 0.0218 25 1.000 4.272 7.208 0.2768 0.3638 15.44 15.49
1.71  0.0258 25 1.000 4.013 6.892 0.3269 0.3763 12.28 14.43
1.71  0.0307 25 1000 3.767 6.578 0.3241  0.3897 11.62 13.41
1.71  0.0405 25 1.000 3.486 6.113 0.3214 0.4118 10.85 11.94
1.71 0.0218 20 1000 3.336 6.326 0.3128 0.3342 10.66 15.49
1.71 0.0218 3.0 1000 4.994 8.019 0.3556  0.3899 11.62 13.41
1.71 0.0218 3.5 1000 5451 8.776 0.3676  0.4134 10.85 11.94
1.71  0.0307 20 1000 2.997 5.773 0.3182  0.3580 9.419 13.41
1.71  0.0307 20 1188 3.011 5.791 0.3247 0.3572 9.276 13.53
1.71  0.0307 20 1378 3.036 5.809 0.3366  0.3563 9.091 13.66
1.71  0.0307 20 1629 3.092 5.829 0.3416  0.3554 9.050 13.79
1.71  0.0307 20 1967 3.204 5.848 0.3538 0.3546 9.024 13.93

" Experimental values.
™ Calculated from the correlation of Roy and Sarma [19].
& Calculated from the correlation of Roy and Sharat Chandra [20].
# Calculated from the correlation of Roy and Sarma [24].



