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ABSTRACT

Fluidized beds have been extensively used in chemical and process industries because of several
advantages like high rate of heat and mass transfer, low pressure drops and uniform temperature
distribution. Enhanced heat and mass transfer and gas—solid contact can be attained only by good
fluidization quality. However maintaining the fluidization quality is difficult due to the factors such as
particle size distribution and fluid-solid density ratio. In order to overcome these difficulties, mechan-
ical stirring is attempted. The present study is directed to analyse the effects of gas velocity, bed height
and stirring speed, on pressure drop and power in a stirred fluidized bed with air-water—sand system
using response surface methodology. The Box-Behnken method was applied to optimize the effects of
the operating parameters, including gas velocity (0.03-0.07 m/s), bed height (0.08-0.12 m) and stirring
speed (600-1,400 rpm) on responses pressure drop (N/m?) and power (W). It was observed that ini-
tially pressure drop increases with gas velocity but subsequently it starts decreasing because the bub-
ble rise will be high due to upward force. As the gas velocity and bed height was increased, there will
be decrease in porosity, which results in decrease in pressure drop and power. As the stirring speed
increases, the pressure drop and power increases, as power is proportional to third power of impeller
speed. Optimized conditions of bed height, air flow rate and stirrer speed were found to be 0.03 m/s,
0.08 m and 600 rpm, respectively. The minimum fluidization velocity was calculated and the calculated

result was found to be in good agreement with the visually observed value.
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1. Introduction

Fluidization process occurs when a fluid is passed up
through the granular material. Presently fluidized bed is
widely used in variety of applications including fluid cata-
lytic cracking, polymer synthesis, gasification of coal and
biomass, adsorption, chemical conversions, drying and sev-
eral other processes [1-3]. Efficient contact between the solid
and fluid phases, thermal homogeneity and better heat and
mass transfer are some of the advantages of fluidized beds
[4,5]. Excellent fluidization quality is essential for ensuring
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gas—solid contact and mass transfer. However, it is tough to
maintain smooth fluidization because of particle size distribu-
tion which causes channelling and agglomeration of particles,
that is, usually fine particles tend to agglomerate [6]. Another
factor disturbing fluidization is fluid-solid density ratio,
especially gas-solid beds shows large heterogeneities leading
to bubble formation, agglomeration and channelling. The flu-
idization quality can be improved by aeration of the bed, but
excessive aeration leads to bubble formation and slugging. In
this juncture, aeration accompanied with mechanical stirring
was introduced to fluidized beds to improve the performance
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of fluidization. Stirring the bed induces the energy required
to break down interparticle bonds, minimizes agglomerates
and helps in eliminating channelling.

Very few works have been reported in the literature on
stirred fluidized bed. Leva [7] studied the effect of position-
ing of blades, stirrer height and stirrer speed in a stirred flu-
idized bed. He observed that a sharp effect on pressure drop
is noted when the blades are at an angle of 135° and 90°, 4
blade stirrer was essentially active in the base of the column,
with the 8 blade stirrer, the effects became much more pro-
nounced, especially at high speed and with 11 blades, the
effects became even greater. He also reported that the pres-
sure drop increases with the increase in stirrer speed and
power increases with the aeration rate.

Stirred fluidized bed finds wide application in chemical,
biotechnology, pharmaceutical, food and other industries.
Stirred fluidized bed is an attractive device for segregation
[8] of solid particles but the segregation rate may be low.
Stirring decreases the minimum fluidization velocity, poros-
ity and increases the bulk density of the bed [9]. When solid—
solid reactions are carried out in a stirred fluidized bed the
reaction time to get the required conversion is decreased,
there is increase in the rate of heat transfer and rate of reac-
tion [10]. Lysozyme can be directly recovered from chicken
egg white by using stirred fluidized bed. When compared
with the expanded bed absorption technology, the stirred
fluidized bed technique gives high yield of lysozyme with a
high purification factor [11]. Stirred fluidized bed along with
vibration can completely eliminate channelling and agglom-
eration and this is an attracting device for gas—solid reactions
of Geldart C powders such as potato starch [12,13].

The present work is focussed to study the hydrodynam-
ics of stirred fluidized bed using sand-air-water system. In
three-phase fluidized beds, there is sufficient contact between
the phases, hence it has several advantages such as excel-
lent axial dispersion, temperature uniformity, heat transfer
enhancement, mixed flow patterns, etc. [14]. Three-phase
fluidized beds find application in wastewater treatment [15],
electrochemical process, etc. Minimum fluidization velocity
(U_,) was predicted to examine the effect of stirring on the
fluidization characteristics of the particles. This work also
involves the investigation of the effect of air flow rate, bed
height and stirrer speed on pressure drop and power.

2. Materials and methods

Experimental setup is shown in Fig. 1 which is made
up of transparent acrylic with an inner diameter of 50 mm,
outer diameter of 60 mm and height of 1,000 mm. In order to
increase the efficiency of mixing, a stirrer is employed. For
this purpose, four impeller designs are fabricated and tested
against hydrodynamic parameters. These impellers are made
up of stainless steel with a diameter of 7 mm. Impellers used
in the present study are roustion turbine — 1 number, pitched
blade [16] down flow 45° — 4 numbers, pitched blade up flow
— 1 number. A pre-calibrated rotameter is fitted to measure
the flow rate of liquid and air in the range of 0-5 LPM for
liquid and 0-10 LPM for air. A U-tube differential manometer
is used to measure the pressure drop, which is fixed across
the column. The whole setup is mounted on movable trolley.
Compressed air is passed to the system through compressor

(5 HP). For each parameter four to six readings are taken to
maintain the consistency and accuracy.

Water is introduced into the bed at 2 LPM and it flows
continuously. Air was introduced at the bottom of the bed and
the pressure drop was measured using a differential manom-
eter. Impeller speed is measured using digital tachometer.
The physical properties of the particles used in the experi-
ment are shown in Table 1. The particle size distribution of
sand is shown in Table 2. Since the mass of particle retained
in mesh numbers 52, 60 and 85 is more, we have chosen the
particles retained in the sieve for our study and the average
particle diameter in the sieves was 0.36, 0.275 and 0.215 mm
which was rounded as 0.4, 0.3 and 0.2 mm.

3. Results and discussion
3.1. Prediction of minimum fluidization velocity

The main parameter to identify the characteristics of flu-
idized bed is the minimum fluidization velocity. Kozeny—
Carman equation was used by Marring et al. [17] and Ergun
equation was used by Mawatari et al. [18] to predict the min-
imum fluidization velocity in a vibrated fluidized bed. In this
study, the minimum fluidization velocity (u_,) was calculated
by the following correlation developed from Ergun equation,

2
ef’n DP(P,, - Pg)

u,, =0.0055
(1-¢,) u,

g )

where € is the porosity at minimum fluidization, ®_ is
the sphericity of the particle, Dp is the particle diameter in
m, p, is the particle density in kg/m? p_is the gas density in
kg/m?®, u_ is the gas viscosity in kg/ms. éy visual observation,

No. Description
1. AirFlow Meter
2. Water Flow Meter
3. Water Tank
4. U-Tube Manometer
5. Acrylic Column
6. Motor
Airfrom sy
Compressor
3 7
o
Fig. 1. Stirred fluidized bed.
Table 1
Properties of solid (sand) and liquid (water)
Property Value
Density of water, p, in kg/m?® 1,000
Density of sand, p, in kg/m? 1,600
Diameter of sand, DP in mm 0.3
Sphericity of sand 1
Porosity of sand 0.395
Loading (%) 8,10, 12
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Table 2
Particle size distribution of sand

S.No.  Mesh No. Screen opening size, D, (mm) Mass retained (g) Average diameter of particle retained D ; (mm)
1. 18 0.850 110 -

2. 35 0.420 208 0.635

3. 52 0.300 625 0.360

4. 60 0.250 492 0.275

5. 85 0.180 340 0.215

6. 100 0.150 118 0.165

7. 150 0.106 78 0.128

8. 200 0.074 20 0.090

9. Pan - 08 -

the minimum fluidization velocity is found to be 0.08 m/s and
the calculated value is 0.0487 m/s with a deviation of +4%.
The minimum fluidization velocity of stirred fluidized bed is
considerably reduced when compared with conventional flu-
idized bed. The same result was reported by Zhou et al. [19].

The effect of superficial velocity on pressure drop across
the bed is presented in Fig. 2. It is observed that the pressure
drop decreases with increase in superficial gas velocity for
both stirred and unstirred conditions of the bed, the same
effect was observed by Lee et al. [20], Buffiere and Moletta [21]
and Legile [22]. This is because of the increase in fractional gas
holdup, and hence a decrease in the bulk density of the bed,
with increase in superficial gas velocity. It is also noticed that
for a given superficial gas velocity, the pressure drop across
the bed is lower for the stirred bed than that for the unstirred
bed. This effect is due to the fact that the size of the bubble is
reduced due to stirring which, in turn, increases the fractional
gas holdup and decreases the bulk density of the bed.

3.2. Box—Behnken design and analysis

Response surface methodology is an efficient tool for
statistical analysis which has been used to optimize multiple
variables with lesser number of experiments thereby opti-
mal conditions for complex solutions can be arrived [23,24].
Response surface methodology was used to find the effect of
gas velocity, bed height and stirring speed on pressure drop
(AP) and power (P). To optimize the variables and to gener-
ate the response surface plots based on commercial statistical
package [25] (Design of Experiments software: Design-Expert
8.0.7.1), response surface methodology [26] was applied to the
experimental data [27]. The experiments on fluidization char-
acteristics of sand particles were designed in Box-Behnken
Design using three factors with three levels. The levels or range
of factors were selected appropriately based on parametric
studies of previously conducted experiments. The different
levels of factors considered for experimentation is given in
Table 3. The number of experiments (N) required for the devel-
opment [28] of Box-Behnken design is defined as N = 2k (k -1)
+ C, where k is the number of factors and C, is the number of
central points. With different combinations, a total of 17 runs
were conducted for the study. Analysis of variance [29] pro-
vides comparison between variations caused by experimental
runs and variations caused by measurement errors thereby
contribution of each terms in regression and significance of

1000

=o—without stirring
900

== with stirring
800
700

600

Pressure drop, (Pa)

500

400

0 01 02 03 04 05 06 07 08 09 1
Superficial velocity, (m/s)

Fig. 2. Plot of pressure drop vs. superficial velocity with stirring
and without stirring.

Table 3
Different levels of variables used for study
Factors ~ Name of the  Variable Minimum Maximum
variable symbol level (-1)  level (+1)
A Gas velocity V,ms' 0.03 0.07
B Bed height BH,m 0.08 0.12
C Stirring speed S, rpm 600 1,400

the model equations can be identified. By keeping the third
factor constant, response surface plots were arrived as a func-
tion of two parameters. Response surface plots will give accu-
rate geometrical representation thereby enabling to assess the
behavioural system of the experimental design. The results of
different trials with responses are presented in Table 4.

3.3. Effect of gas velocity, bed height and stirring speed on
pressure drop

The result of the analysis of variance test as generated
from the experimental data is shown in Table 4. Fitting of
the data to various models was done to acquire regression
equations. The accuracy of the model is tested by sequential
model sum of squares and model summary statistics tests
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Table 4

Experimental runs (generated by Box-Behnken design) and observed results of response variables

Run Coded variables Uncoded variables Responses
V (A) BH (B) S(0) V (A) BH (B) S(C) AP(Nm?)  P(s?)
1 1 0 0 0.05 0.10 1,000 154.68 0.016
2 1 1 -1 0.05 0.12 600 171.87 0.018
3 1 1 1 0.05 0.12 1,400 194.79 0.02
4 1 0 0 0.05 0.10 1,000 154.68 0.016
5 -1 -1 0 0.03 0.08 1,000 114.58 0.008
6 -1 1 0 0.03 0.12 1,000 183.33 0.013
7 1 0 0 0.05 0.10 1,000 154.68 0.016
8 -1 0 1 0.03 0.10 1,400 166.14 0.011
9 1 0 0 0.05 0.10 1,000 154.68 0.016
10 0 -1 0 0.07 0.08 1,000 126.04 0.017
11 1 0 0 0.05 0.10 1,000 154.68 0.016
12 1 -1 -1 0.05 0.08 600 126.04 0.013
13 -1 0 -1 0.03 0.10 600 131.77 0.009
14 1 -1 1 0.05 0.08 1,400 143.23 0.015
15 0 0 -1 0.07 0.10 600 91.67 0.013
16 0 0 1 0.07 0.10 1,400 120.31 0.016
17 0 1 0 0.07 0.12 1,000 137.5 0.019
and the results are presented in Table 5. The significance  Table 5
of each variable was analyzed using Fisher’s statistical test. =~ ANOVA for pressure drop
From table, it was found that Prob > F value is found to be
less than 0.0001, which means that the model is most signif- Source Sumof df Mean = Fvalue p-value
icant. The bed height has the highest F-value and the lowest squares square Prob>F
Prob > F value. This shows that bed height has the largest
effect on pressure drop, followed by gas velocity and stirring Model 1046889 9 1,163.21 18.73 0.0004
speed. The model F-value was found to be 18.73 from the 4 -8as velocity  1,809.01 1 1,809.01 29.13 0.0010
statistical analysis and the model was significant. The coeffi- ~ B—bed height 394272 1 394272 63.48 <0.0001
cient of determination (R?) of 0.9601 was also found to be sig- C - stirring 1,329.22 1 1,329.22 21.40 0.0024
nificant. Fitting of data was done by using different models speed
and the quadratic model was found to be most significant. ~ Ap 82054 1 82054 13.21 0.0083
The model equation in coded form for the pressure drop is 4 821 1 821 013 0.7269
expressed as follows: BC 821 1 821 013 0.7269
A? 221069 1 2,210.69 35.59 0.0006
Pressure Drop =+154.68-15.04x A +22.20xB B 31114 1 31114 501 0.0602
+ 12.89xC-1432x AxB-143x AxC ?) c 7763 1 77.63 1.25 0.3005
+143xBxC—-2291xA* + 8.60xB? Cor total 10,903.64 16
- 429xC? R*=0.9601

where A is gas velocity in m/s, B is bed height in m and C is
stirring speed in rpm.

Fig. 3 indicates the effects of bed height, gas velocity
and stirrer speed on pressure drop. It was observed that the
pressure drop increases with the increase in bed height and
bed stirring speed. With the increase in bed height of the
column, pressure drop increases due to decrease in poros-
ity. Bed porosity is faster for bed of static condition. The
porosity increases with increase in gas velocity, hence the
porosity starts increases when the bed attains the minimum
fluidization condition. The expected porosity value at mini-
mum fluidization condition will be 0.6 and it decreases with
the increase in fluid velocity. On the other hand, the poros-
ity value reaches maximum when the bed is at maximum

fluidization condition and expected value will be 0.9. With
increase in velocity, the pressure drop was constant till a par-
ticular velocity, 0.04 m/s, and then it starts decreasing. When
the velocity is low the bubble size is low, hence the bubble
rise is low. When the velocity increases, the gas bubbles
become large, the combination of buoyant force and drag
force is high, the resultant force predominates in upward
direction and the bubble rise is high, this leads to decrease in
pressure drop. Pressure drop increases with increase in stir-
ring speed, as from power number, power is proportional
to the third power of impeller speed. The same effects have
been reported by Joshi and Sharma [30] in the studies on gas
inducing type contacting agitators and by Kim and Han [31]
in the studies on fluidization characteristics of fine particles.
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3.4. Effect of gas velocity, bed height and stirring speed on
power

The results of the analysis of variance shown in Table 6
indicated that the regression is significant due to the F-value
of 22.55 and the Prob > F is found to be less than 0.0001 and
the model is found to be most significant. The gas velocity
has the highest F-value and the lowest Prob > F value. The
gas velocity has the largest effect on power, followed by bed
height and stirring speed. The model F-value was found to be
22.55 from the statistical analysis and the model was signifi-
cant. The coefficient of determination (R?) of 0.9667 was also
found to be significant. The model equation for the power is
expressed as follows:

140000

Pressure Drop (Pa)

010
Bed Height (m)

o Stirring Speed (rpm)

012 60000

Pressure Drop (Pa)

007 008

Pressure Drop (Pa)

1400.00

0.05
Gas Velocity (m/s) o

1000.00
B00.0p Stirring Speed (rpm)

0.07  600.00

Fig. 3. (a) Effect of bed height and stirring speed on pressure
drop; (b) effect of gas velocity and bed height on pressure drop;
(c) effect of gas velocity and stirring speed on pressure drop.

+0.016 +3.000E—-003x A +2.125E-003xB
+1.125E-003x C— 7.500E — 004 x A x B
+2.500E-004x AxC (3)
+ 0.000x BxC— 3.000E —003x A*

+ 1.250E - 003 x B* — 7.500E — 004 x C

Power =

where A is gas velocity in m/s, B is bed height in m and C is
stirring speed in rpm.

Fig. 4 indicates the effects of bed height, gas velocity
and stirrer speed on power. It was observed that the power
increases with the increase in bed height and stirring speed, this
is due to decrease in porosity. Power is proportional to the third
power of impeller speed (Joshi and Sharma [30]), hence there
is increase in power with stirring speed. Power increases with
increase in velocity up to the velocity 0.06 m/s, and then it starts
decreasing. Figs. 5(a) and (b) show parity plot which compares
the experimental values with predicted values of pressure drop
and power. The model is found to be significant as there is good
correlation between experimental and predicted values.

4. Conclusions

Fluidization studies were carried out in three-phase flu-
idized bed using sand—water—air system. The performance of
the fluidized bed can be improved with the use of stirrer. The
visually observed and calculated values of minimum fluid-
ization velocity are compared and the deviation was found
to be only #4%. The pressure drop across the bed is lower
for stirred bed than unstirred bed, because the bubble size
gets reduced on stirring, which results in increase in frac-
tional holdup and decrease in bulk density of bed. Pressure
drop and power increases with gas velocity and bed height,
due to decrease in porosity. As the gas velocity increases,
the pressure drop increases till a particular velocity, then it
starts decreasing. This is because, the bubbles becomes large
when the velocity is increased, at this time the combination
of buoyant and drag force is high and it predominates in the
upward direction and the bubble rise will be high, hence

Table 6

ANOVA for power

Source Sum of df Mean Fvalue p-value
squares square Prob > F

Model 1.667E-004 9 1.852E-005 22.55  0.0002

A-gas velocity 7.200E-005 1 7.200E-005 87.65  <0.0001

B-bed height  3.612E-005 1 3.612E-005 43.98  0.0003

C-stirring 1.012E-005 1 1.012E-005 12.33  0.0098

speed

AB 2.250E-006 1 2.250E-006 2.74  0.1419

AC 2.500E-007 1 2.500E-007 0.30  0.5983

BC 0.000 1 0.000 0.000  1.0000

A? 3.789E-005 1 3.789E-005 46.13  0.0003

B 6.579E-006 1 6.579E-006 8.01  0.0254

c 2.368E-006 1 2.368E-006 2.88  0.1333

Total 1.725E-004 16

R?=0.9667
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Fig. 4. (a) Effect of bed height and stirring speed on power; (b) effect of gas velocity and bed height on power; (c) effect of gas velocity

and stirring speed on power.
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Fig. 5. (a) Parity plot for pressure drop and pressure drop. (b) Parity plot for pressure drop and power.

there is decrease in pressure drop. Pressure drop and power
consumption increases with the increase in stirring speed,
as power is proportional to third power of impeller speed.
The parameters such as bed height, gas velocity and stirring
speed were optimized using Box-Behnken design of experi-
ments to obtain low pressure drop and less power. The opti-
mized values of gas velocity, bed height and stirring speed
were found to be 0.03 m/s, 0.08 m and 600 rpm, respectively.
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