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Introduction
Fluidization refers to the process by which a fluid-like state is imparted to granular solid particles by the application of appropriate forces [1]. In most three-phase fluidized beds, solid particles are supported by cocurrent upward flow of liquid and gas, or by cocurrent upflow of two immiscible liquids [2].  Typical applications of gas-liquid-solid fluidized-beds are gas-liquid reactions in which a catalyst is required in chemical, petrochemical, and biochemical processes [3]. Gas-liquid-solid fluidized bed reactors are very difficult to commercialize due to their complicated flow behavior [4].

Many studies have been published on the minimum fluidization velocity of three-phase fluidized beds [5-9]. Most studies of the minimum fluidization velocity in three-phase fluidized beds have been restricted to air-water-glass bead systems where the particle density exceeds that of the liquid by a factor of 2-3; but biological and biochemical three-phase fluidization processes use immobilized whole cells, subcellular organelles, or enzymes as the solid phase, with the particle density ranging from 1015 to 1600 kg/m3 [3, 8] while the liquid density is about 1000 kg/m3.

The gas-perturbed liquid model was derived for predicting the minimum liquid velocity for three-phase fluidization by Zhang et al. [6].  Briens et al. [10] reported that the gas-perturbed liquid model could also be adapted to predict the minimum fluidization velocity of three-phase inverse fluidized beds. Lee et al. [11] compared the accuracy of mixture-buoyancy versus liquid buoyancy in combination with various frictional pressure gradient equations from the literature. Evaluating Ulmf using any of these variants of the gas-perturbed liquid model requires knowledge of (mf, the gas holdup on a solids-free basis at minimum fluidization. They used the gas holdup equation of Yang et al. [12]. In the present study, the gas holdups on a solids-free basis at minimum fluidization were determined experimentally.

The objectives of this study are to show the influence of the density difference between the solid particles and the liquid on the minimum liquid fluidization velocity in three-phase fluidized beds, and to account for the bed voidage and gas holdup at minimum fluidization.

Experimental

Hydrodynamic transition experiments, involving both visual observations and dynamic pressure measurements determined by differential pressure transducers (Omega, PX750-DI) connected to a large number of axially distributed pressure taps, were performed using a 127-mm diameter Plexiglas column of total height 2.74 m, with a 1.83-m-high test section. A schematic diagram of the experimental set-up appears in Figure 1.  The particles were 3.2-mm porous alumina (1881 kg/m3 in silicone oil), 3.3-mm polymer blend (1280 kg/m3), 5.5-mm polystyrene (1021 kg/m3) and 6.0-mm glass (2230 kg/m3) spheres, all of narrow size distribution.  Water, aqueous glycerol and silicone oil were tested as the liquid, while the gas was air in all cases.  Both the liquid and gas traveled upwards for all experiments covered in this study.  Corresponding results for inverse fluidization (liquid in downflow, gas in upward flow) are covered in a separate paper [13].  The physical properties of liquids are listed in Table 1.  The static bed height, HB0, was always > 0.5 m, with the mass of particles varying from 4.0 kg to 8.54 kg depending on the particle density. The liquid was pumped to the plenum chamber of the fluidization column (packed with 16-mm plastic intalox saddles) at a constant flowrate and then through a perforated plate containing 34 evenly spaced holes of diameter 4 mm serving as the liquid distributor.  The air was introduced separately via six tubes containing 25 upward-facing holes of diameter 0.8 mm welded to the top of the perforated plate.  Transducer signals were sampled by a personal computer at a frequency of 100 Hz for intervals of 100 s.

The three individual phase-holdups in the fluidized state were determined experimentally by solving three equations:
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The overall pressure gradients were measured during the determination of the minimum liquid fluidization velocity of the three-phase fluidized beds. The minimum fluidization voidage, (mf = 1 - (s, was determined from Eq. (3), with the bed height, HB, obtained from the position where there is an abrupt change in the slope of the axial pressure profile [14].
Results and Discussion
Figure 2 shows the variation of minimum liquid fluidization velocity with superficial gas velocity.  Ulmf decreased as Ug increased, as in previous work [5-9].  Increasing the gas velocity displaces some liquid, resulting in a lower liquid holdup and hence a larger interstitial liquid velocity.  The slip velocity between liquid and particles therefore increases, and the larger drag exerted on the particles leads to earlier fluidization.  However, the Ulmf vs. Ug curves in Figure 4, though they always show Ulmf decreasing as Ug increases, most frequently display initial concave-downward behaviour, especially when (s ( 2(l, but for cases where (s approaches (l, it is sometimes concave-upward. Lee et al. [13] recently reported comparable phenomena in three-phase inverse fluidized beds.

Figure 3 shows the bed voidage at minimum fluidization, (mf, in three-phase fluidized beds.  In most cases there is an initial steep decrease of (mf with increasing gas velocity, followed by a gradual rise.  (mf is lower for three-phase systems than for corresponding two-phase (liquid-solid) fluidized beds, apparently because local agitation by the gas bubbles causes bed compaction near the minimum liquid fluidization velocity [15].  Lee et al. [13] again reported similar behaviour in three-phase inverse fluidized beds.

Figure 4 shows the gas holdup at minimum fluidization, (gmf, in three-phase fluidized beds for air-water-glass beads, air-silicone oil-alumina systems and air-glycerol solution-glass bead systems.  In all cases (gmf increased with increasing Ug. The experimental data are in reasonable agreement with predictions of the fixed bed equation of Yang et al. [12] applied to the minimum fluidization condition:
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Conclusions

For three-phase fluidized beds, Ulmf vs. Ug curves, though they always show Ulmf decreasing as Ug increases, usually are initially concave-downward, especially when (s ( 2(l.  However, these curves sometimes initially display concave-upward behaviour for particles of density close to that of the liquid.  The voidage at minimum fluidization, (mf, tends to fall initially to a minimum and then to rise gradually with increasing superficial gas velocity.  (mf is lower for three-phase systems than for corresponding two-phase (liquid-solid) fluidized beds because local agitation by the gas bubbles causes bed compaction near the minimum liquid fluidization velocity. The gas holdup at minimum fluidization is reasonably well correlated by the empirical equation of Yang et al. [12] for fixed beds.
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Table 1. Physical properties of liquids (20 (C).

	Liquid
	Density

(l, [kg/m3]
	Viscosity

(l, [mPa(s]
	Surface tension with air

(, [mN/m]

	Glycerol solution

Silicone oil

Water
	1130

953

1000
	7.0

2.4

1.0
	68.0

17.8

72.0
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Fig. 1. Schematic diagram of experimental equipment.
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Fig. 3.Effect of gas velocity on bed voidage at minimum fluidization for three-phase systems.
Fig. 2. Effect of gas velocity on minimum fluidization velocity for various three-phase systems.
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Fig. 4. Effect of gas velocity on gas holdup at minimum fluidization for three-phase systems.
� EMBED Designer.Drawing.6  ���





� EMBED JandelGraphicObject.2  ���





� LINK Jandel.JNB.Page.2 "A:\\Fig2-note-N.JNB" "Graph Page 1" \a \p ���











[image: image8.wmf]U

g

, [mm/s]

0

20

40

60

80

100

120

140

U

lmf

/U

"

lmf

, [ - ]

0.0

0.2

0.4

0.6

0.8

1.0

1.2

U

g

, [mm/s]

0

10

20

30

40

50

60

U

lmf

/U

"

lmf

, [ - ]

0.0

0.2

0.4

0.6

0.8

1.0

1.2

(a)

(b)

[image: image9.wmf]200 liter Reservoir

drain valve

Pressure taps

Liquid

Air

[image: image10.wmf]U

g

/U

"

lmf

, [ - ]

0.0

1.0

2.0

3.0

4.0

5.0

e

mf

, [ - ]

0.30

0.35

0.40

0.45

0.50

d

p

 = 3.2 mm, 

r

s

 = 1881 kg/m

3

,

 

r

l

 = 953 kg/m

3

, 

m

l

 = 2.4 mPa

.

s

d

p

 = 3.3 mm, 

r

s

 = 1280 kg/m

3

,

 

r

l

 = 1000 kg/m

3

, 

m

l

 = 1.0 mPa

.

s

(b)

e

mf

, [ - ]

0.35

0.40

0.45

0.50

  d

p

 = 6.0 mm, 

r

s

 = 2230 kg/m

3

,

 

r

l

 = 1000 kg/m

3

, 

m

l

 = 1.0 mPa

.

s

d

p

 = 6.0 mm, 

r

s

 = 2230 kg/m

3

,

 

r

l

 = 1130 kg/m

3

, 

m

l

 = 7.0 mPa

.

s

(a)

_1043134518.unknown

_1044961444.unknown

_1044962584.unknown

_1044963202.unknown

_1044950931.unknown

_1019216090.unknown

_1020028536.unknown

_1018249107.unknown

