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Abstract: The present research investigated the effect of solid properties on the gas holdup of the
fluidization bed bubble columns (FBCS). All experiments were performed in the constant clear tap
water of 80 cm height. The range of solid particle diameters was 0.7 — 2 mm with two different densities
of 1075 and 1200 kg/m?, superficial air velocities 4 — 7 cm/s. It was observed that there are proportional
relationships between superficial gas velocity and particle diameter with the gas holdup. While an
inverse relationship between solid concentration and particle density with the gas holdup. Mathematical
and statistical analysis was also used as a powerful way to represent the gas hold up as a function of
different operating conditions.
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1. Introduction

Fluidization innovation is presently connected worldwide for many generally differing
applications, going from substance changes to polymer combination, adsorption, drying, and
numerous other forms [1]. One fluidized bed pattern is a gas-liquid-solid fluidized system,
which is a batch of solid particles that fluidized by a co-current up the flow of liquid as the
continuous phase and gas as the dispersed bubble phase. This system has developed as one of
the most promising technology in chemical and petrochemical applications in the latest years.
While late accentuation has been given on the ideal plan and the operation of the gas-liquid-
solid fluidized bed, it is similarly critical to look at the attributes of the three-stage operation
with liquid as the continuous stage. Accordingly, the hydrodynamic properties, for example,
the bed pressure drop, minimum fluidization velocity, bed porosity, phase holdups, bubble
properties, and the mixing characteristics have to be studied keeping in mind the end goal to
give the essential data required to the plan of such fluidized-bed frameworks [1]. Bubble
column reactors (BCRs) fit the common multiphase reactors, which are made of three main
kinds: the trickle bed reactor (fixed or packed bed), fluidized bed reactor, and the bubble
column reactor. BCRs are essentially cylindrical vessels with a gas distributor at the lowest
base. The gas is sparged in the form of bubbles into either a liquid phase or a liquid-solid
suspension. BCRs are usually mentioned as slurry bubble column reactors when a solid phase
exists. Bubble columns are intensively used as multiphase contactors and reactors in chemical,
petrochemical, biochemical, and metallurgical industries [2, 3]. The solids could also be inert
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and only present to increase mass transfer between phases, as is often the case, e.g., in a trickle
flow reactor. Three-phase fluidized describes a gas-liquid-solid (GLS) flow system in which
particles are in motion induced by gas and or liquid phases [4]. In GLS fluidized bed, the solid
particles are fluidized by an upward co-current flow of the two-fluid phase. One of the fluids
can be a liquid and aids as the continuous phase, while the other gas serves as the dispersed
phase [5]. The gas holdup is a dimensionless key parameter for the phenomena purposes of
bubble column systems [6]. The process of causing solids to behave like fluids by forcing gas
or liquid upwards through a solid-filled reactor is known as fluidization [7]. The gas holdup in
the GLS fluidized bed varies strongly with bubble flow properties, depending on the particles’
gas flow rate, liquid flow rate, and physical properties. Bubble flow in a GLS fluidized bed can
be classified into three distinct regimes: dispersed bubble flow regime coalesced bubble flow
regime and slug flow regime [8]. Gas holdup can be defined as the ratio of the volume of gas
to the total volume of gas and liquid mixture in a finite column length. In order to predict gas
holdup values, it is necessary to know the relationship between gas-liquid slip velocity and gas
holdup. All studies examine gas holdup because it plays an important role in designing and
analyzing bubble columns. The presence of solids led to a larger bubble size [9]. This was
attributed to an increase in the apparent slurry concentration; for particles less than 1 mm in
size, the gas holdup was significantly reduced by the presence of elements or particles. This
was because small particles enhance coalescence, resulting in higher increasing velocities,
whereas larger particles were found to have a less significant influence. [10]. Since these
particles instead tend to cause the breakup of the bubbles [11]. Many academics and researchers
have tried to forecast the size of the bubbles, including not just variations in mean size but also
distributions of volumes and diameters [12].

2. Materials and Methods

Experiments were performed in a glass column with 15 cm inner diameter and 100 cm
height. The experimental study was carried out to investigate the effect of solid (particles)
properties, solid loading, and superficial gas velocity on the gas holdup. Air was used as the
gas phase that compressed and passed through a stabilizer then was fed to the column. Plastic
particles were used as a solid phase with a density of 1075 kg/m3(0.7, 1.25, and 2 mm diameter)
and 1200 kg/m?® (0.7, 1, and 2 mm diameter). Three concentrations of these particles (0, 7, 15
%) Kg solid /KQ (water+ solid)y Were used in the experimental work. In all experiments, the level of
clear liquid water was kept at 80 cm and filled with solid particles at desired conditions. A
needle valve was used to adjust the flow rate of the air at the desired range of gas velocity (Ug).
The schematic representation of the three-phase fluidized bed is shown in Figure 1. Gas hold

up (eg) was calculated using the following equation:
Hf—Hf
€g = fH—}) 1)

where Hi° and Hs are the height of liquid level in the column after and before the addition of
solid particles, respectively.
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Figure 1. Schematic diagram of the three-phase fluidized bed.
3. Results and Discussion

3.1. Experimental studies: effect of operating conditions.

Figures 2 and 3 show the effect of superficial gas velocity on the gas holdup, which
indicates that gas holdup increases approximately linearly with an increase in the superficial
gas velocity. This behavior is in agreement with the findings of Thorat and Joshi [13]. Figures
2 and 3; also show the measured gas holdup for various particle diameters. A proportional
relationship between particle diameter and measured gas holdup was seen, which can be
attributed to the rate of bubble coalescence increasing as the particle diameter decreases. As a
result of bubble coalescence, gas holdup reduces. This tendency is consistent with the
observations of Kantarci et al. [14]. Figure 4 shows the relationship between gas holdup and
particles density. There is an inverse relationship between particle density and gas holdup. This
is acceptable with many literature results [15, 16]. Figures 5 and 6 show the relationship
between gas holdup and particles concentrations. There is an inverse relationship between
particle concentrations and gas holdup because of the rate of bubble coalescence.

3.2. Mathematical studied: modeling and statistical analysis.

Table 1 shows the effect of particle size, dp (X1, mm), solid density, ps (X2, kg/m®), gas
velocity, Ug (X3, cm/s), and solid concentration, Cs (Xa, %) on gas holdup, &g (). Figures 2 —
6 show that gas holdup varies in different ways. The variation may be linear, polynomial, or
exponential. Therefore, a mathematical model was suggested to represent the gas holdup data.
Polynomial Interaction Model (PIM) takes into account all the probabilities of variables (i.e.,
individual and interaction effects) [17 — 19]. This model was shown in equation 2.
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Figure 2 Gas holdup against different operating conditions: (a) superficial gas velocity for different d, and ps=
1075 kg/m?3; (b) Gas holdup against superficial gas velocity for different d, and ps= 1200 kg/m3; (c) Gas holdup
against superficial gas velocity for different densities at the same diameter; (d) Gas holdup against solid
concentration for different Uy at ps=1200 kg/m? and dp=2.0mm; () Gas holdup against solid concentration for
different Ug at ps=1200 kg/m?®and d,=0.7 mm.

Y =a, + a1 X; + a,X? + az X1 Xy + ay X1 X3 + asX X, + agX, + a, X2 + agX, X3 +
A9X2 Xy + a10Xs + 11 X5 + a12X3Xy + 13X, + a14X7 2)

where; ao, a1, az, ... ais are constants of the model. STATISTICA 7 software was used to
evaluate the coefficients of PIM. This software was based on the Levenberg-Marquardt non-
linear estimation least-squares method, confidence level 95%, a maximum number of iteration
1000, convergence criterion 1x10°. The second-order polynomial model takes into account the
individual effect of each variable and the interaction between them. The numerical values of
these coefficients are shown in equation 3.

Y = 46616.2 — 13474 X, + 499 X2 + 3 x 107X, X, + 3 x 1073 X, X3 + 1 x
1073 X,X, — 81X, —4Xx1072X2 —1x105X,X; —7x 107X, X, + 7 x 1072 X5 +
23x107*X2 —1.2x 1073 X3X, + 3.5 x 1073 X, + 3.3 x 107* X? (3)
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Equation 3 represents the gas holdup data with high correlation coefficients R2 (0.9959).
As shown in Figure 7, the best fitting was obtained via PIM. In general, a correlation coefficient
up to 0.30 indicates a poor relationship; between 0.50 and 0.70 indicates a significant
relationship and is of practical importance; while above 0.90 means a strong relationship [20,
21]. Table 2 collects the results of the analysis of variance (ANOVA). Probability (p-value) is
the smallest level of significance that would lead to the rejection of the null hypothesis. The
probability for ANOVA is smaller than 5% confirmed the validity of the suggested model.
Furthermore, F-values from F distribution tables (F — table) were also shown in Table 2. These
values were lower than the F-values calculated, which means that at 95% confidence levels,
the regression coefficients are statically greater than zero, and they should be kept in the
models. The predicted gas holdup values by IPM against the experimental one are shown in
Figure 7. The intercept of the fitting line is closed to zero (0.001), and the slope approach unity
(0.99) indicates high accuracy of IPM.

Table 1. Experimental operating conditions and gas holdup.

Run dp (mm) ps (kg/m®) Ug (cm/s) Cs (%) £
X1 X2 X3 Xa Y
1 2 1200 4 0 0.1862
2 2 1075 4 0 0.1862
3 2 1200 4 7 0.156
4 2 1075 4 7 0.164
5 2 1200 4 15 0.121
6 2 1075 4 15 0.148
7 2 1200 5 0 0.249
8 2 1075 5 0 0.249
9 2 1200 5 7 0.201
10 2 1075 5 7 0.208
11 2 1200 5 15 0.184
12 2 1075 5 15 0.189
13 2 1200 6 0 0.31
14 2 1075 6 0 0.31
15 2 1200 6 7 0.251
16 2 1075 6 7 0.257
17 2 1200 6 15 0.225
18 2 1075 6 15 0.235
19 2 1200 7 0 0.375
20 2 1075 7 0 0.375
21 2 1200 7 7 0.309
22 2 1075 7 7 0.317
23 2 1200 7 15 0.274
24 2 1075 7 15 0.281
25 0.7 1200 4 0 0.186
26 0.7 1075 4 0 0.186
27 0.7 1200 4 7 0.139
28 0.7 1075 4 7 0.147
29 0.7 1200 4 15 0.117
30 0.7 1075 4 15 0.129
31 0.7 1200 5 0 0.249
32 0.7 1075 5 0 0.249
33 0.7 1200 5 7 0.183
34 0.7 1075 5 7 0.188
35 0.7 1200 5 15 0.161
36 0.7 1075 5 15 0.165
37 0.7 1200 6 0 0.31
38 0.7 1075 6 0 0.31
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Run dp (mm) ps (kg/m?®) Ug (cm/s) Cs (%) £
X1 X2 X3 Xa Y
39 0.7 1200 6 7 0.228
40 0.7 1075 6 7 0.254
41 0.7 1200 6 15 0.198
42 0.7 1075 6 15 0.216
43 0.7 1200 7 0 0.375
44 0.7 1075 7 0.375
45 0.7 1200 7 7 0.263
46 0.7 1075 7 7 0.29
47 0.7 1200 7 15 0.227
48 0.7 1075 7 15 0.264

Table 2. Analysis of variance.
Sum of squares Freedom degree Mean squares F test F table P value

Regression 2.8300 15 0.188505 3314 2.23 1x107

Residual 0.0018 33 0.000057

Total 2.8318 48
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Figure 7. Predicted gas holdup against experimental gas holdup obtained by PIM.
4. Conclusions

Experiments have been achieved for three-phase bubble columns in a batch solid and
liquid phase and co-current mode of gas-phase operation. The gas holdup is decreasing with an
increase in solid concentration. The gas holdup is proportional to superficial gas velocity. It
increases greatly with increasing the gas velocity. There is a proportional relationship between
gas holdup and particle diameter for the specified operating conditions, increasing particle
density decreasing gas holdup.
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