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Introduction
A recent paper (Lee et al., 2001a) uses variants of the gas-perturbed liquid model (GPLM) of Zhang et al. (1995) to compare predictions of minimum liquid fluidization velocity, Ulmf , of a bed of solid particles in the presence of a low or moderate flow of gas. One set of variants tested eight different multi-particle drag relationships from the literature on the assumption that the buoyancy of the solids is provided by the liquid alone, while the other set tested the same relationships assuming that the buoyancy is provided by the gas-liquid mixture. The minimum fluidization voidage, (mf, to which the results are very sensitive, was assumed to be independent of the gas velocity and therefore of Ulmf. Typically (mf was taken as the static bed voidage where available, or otherwise as an approximation of the average voidage observable over the gas velocity range involved.

216 experimental data points were thus examined, encompassing the following range of independent variables; dp = 0.78 – 6.2 mm, ( = 0.68 –1.00, (s – (l  = 560 – 6515 kg/m3, (l = 995 – 1160 kg/m3, (l = 0.9 – 11.4 mPa.s, Dc = 76 – 152 mm, and Ug = 2.5 – 203 mm/s. The average deviations from experimental data are compared in Table 1 (which differs from Table 2 of Lee at al., 2001a only in the inclusion of results based on the drag approximation of Richardson, 1971). Although six out of eight predictions unambiguously  (i.e. for both 
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) favored liquid buoyancy (LB) over gas-liquid mixture buoyancy (MB) and only one unambiguously favored MB over LB, this one based on Foscolo et al.(1983) with MB-GPLM showed only marginally larger deviations from the experimental data than the LB-GPLM relationship that gave the smallest deviations, namely the Carman (1937) viscous flow equation combined with the Burke-Plummer (1928) equation for turbulent flow (henceforth denoted as the Carman equation). Furthermore, the superiority of an equation based on liquid buoyancy over one based on gas-liquid buoyancy is at odds with hydrometer measurements taken in a bubble column in our laboratory, which show the hydrometer responding to the density of the gas-liquid mixture rather than to that of the liquid alone, as well as with three-phase fluidized bed pressure drop measurements, which show a static pressure drop decline when gas is introduced into a liquid-fluidized bed. The present communication addresses this anomaly.

Gas Velocity Effect on Voidage at Minimum Fluidization
Two recent papers on three-phase fluidization, one with a conventional upflow of gas and liquid (Lee et al., 2001b) and the other for inverse fluidization involving upflow of gas and downflow of liquid (Lee et al., 2000), have reported that the minimum fluidization voidage, (mf, decreases sharply when a limited flow of gas is introduced into a liquid-fluidized bed, and subsequently starts to increase again at higher gas velocities, though never to the original gas-free value. Table 2 shows how (mf varies with Ug  (and hence with Ulmf, which decreases as Ug increases) for three systems from the former study for conditions within or close to the range of independent variables encompassed by the modeling study of Lee et al. (2001a) summarized above. The 17 data points in Table 2 were correlated by quadratic equations of the form, or equivalent to the form, 
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by assuming four alternate dimensionless ratios for X, namely Ug/
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.  The results are shown in Table 3, where it is seen that the equation 
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yields the best correlation. Extending this correlation to a cubic equation resulted in negligible reduction of the average absolute % deviation, 
[image: image12.wmf].

1

d

 Equation (2) is plotted in Fig. 1 together with the data of Table 2.

Accounting for Variation of (mf in the GPLM
The gas-perturbed liquid model in its diverse variants can be reduced to the generalized equation,
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where the numerical values or expressions for C1 and C2 are given for each of the eight drag relationships in Table 1 of Lee et al. (2001a). Ar = Arl for LB, while Ar = 
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 for MB.  The gas holdup on a solids-free basis at minimum fluidization, (mf, is estimated by the correlation of Yang et al. (1993),
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Determination of Ulmf, which in the case of invariant (mf required simultaneous solution of equations (3) and (4) for the two unknowns (mf and Ulmf, now requires simultaneous solution of equations (2), (3) and (4) for the three unknowns (mf, (mf and Ulmf.

This procedure was applied to the same 216 experimental data points as included in the earlier study (Lee et al., 2001a), The equation recommended by Limas-Ballesteros (1980) was used to estimate (mf for liquid fluidization without any gas namely
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 was obtained from the well corroborated (Zhang et al., 1995) Eq. of Wen andYu(1966) equation, i.e. Eq. (3) with Ulmf  =
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, (mf  = 0, C1 = 33.7, C2 = 0.0408 and  Ar = Arl. The results of the model appear in Table 4.

Discussion of Results
Comparing the present results in Table 4 with allowance for variation in (mf with the earlier results of Lee et al. (2001a) in Table 1 where (mf was assumed to be invariant, we find that 5 out of 8 predictions based on LB, and 7 out of 8 based on MB, are better with the new approach than in the earlier paper (both in terms of the average absolute % deviation, 
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 and in terms of the root-mean-square % deviation, 
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). Thus, assuming a variable, rather than a constant, (mf for a given gas-liquid-solid system leads to a definite improvement, irrespective of whether we base our model on liquid buoyancy or mixture buoyancy. Whereas 6 out of 8 predictions in Table 1 favour LB over MB, 5 out of 8 predictions in Table 4 favour MB over LB for both 
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, while only one (Lucas et al., 1986) favours LB over MB for both 
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. The remaining two (Richardson, 1971 and Grace, 1982) show LB and MB as virtually equal for both 
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. Thus we now have a clear bias toward MB rather than LB, which is exactly what we would expect both from bubble-column hydrometer measurements and from three-phase fluidized-bed pressure-drop measurements. The salient difference between the results reported in Table 1 and those in Table 4, however, is that in the former the best prediction was based on LB (with 
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 = 23.4%, 
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 = 30.2%), but only by a marginal edge over MB (with 
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 = 23.5%, 
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 = 31.2%), while in the latter the ambiguous leaders are either Carman (
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 = 17.6%, 
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 = 23.0%) or Ergun (with 
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 = 17.8%, 
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 = 22.0%) both based on MB, the closest LB result in either table being Ergun in Table 4 with a distant 
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 = 22.5%, 
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 = 30.2%. Buoyancy of the solids by the gas-liquid mixture rather than by the liquid alone is thus favoured decisively. Since the Carman equation is equivalent to the Ergun equation with the viscous constant 150 simply replaced by 180, and since both with, combined MB, give the best predictions, it appears probable that still better agreement with the experimental data could be obtained by some value of the viscous constant between 150 and 180. This interval was computationally scanned and a slightly better fit was indeed found with the Carman-Ergun equation based on MB at an optimum value of the viscous constant equal to 165 (
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 = 17.5%, 
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 = 22.2%). The parity plot for this case is given in Fig. 2. The average deviations from the experimental data are smaller than those obtained (
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 = 25%, 
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 = 34%) by Wen and Yu (1966) for the 284 data points that they compared with their now widely accepted empirical equation for two-phase gas-solid and liquid-solid minimum fluidization.

Conclusion

If one accounts for the variation of voidage with gas velocity at minimum three-phase fluidization, then the best prediction of Ulmf for the experimental data tested by Lee et al. (2001a) is based on gas-liquid mixture buoyancy and is given by the Carman-Ergun equation with a viscous coefficient of 165. This equation at minimum fluidization is equivalent to Eq. (3) with C1 = 165(1–(mf)/(2)(1.75)
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 and C2 = 
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(mf3/ 1.75 = 0.571((mf3. The minimum fluidization voidage for gas-free liquid fluidization, ((mf)Ug=0, is estimated from Eq. (5). For a gas-liquid-solid system of known phase densities, liquid viscosity, mean particle diameter and sphericity, Eq. (3) with Ar = Arl’ must be solved simultaneously with Equations (2) and (4) to determine the three dependent variables (mf, (mf and Ulmf . This approach leads to excellent predictions of the minimum liquid fluidization velocity for three-phase fluidized beds covering a broad range of phase properties and gas velocities.
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Table 1. Mean % deviations between predicted and experimental Ulmf values assuming

 (mf invariance with Ug and hence with Ulmf  for each gas-liquid-solid system 
	Source of drag relationship
	LB-GPLM 
	MB-GPLM 
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	Ergun (1952)

Carman (1937), Burke & Plummer (1928)

Wen and Yu (1966)
Richardson (1971)

Grace (1982)

Lucas et al. (1986)

Foscolo et al. (1983)

Gibilaro et al. (1986)
	24.1
23.1
30.4
29.2

34.5

28.9

29.8

30.8
	30.7
30.2
36.4
36.3

42.3

38.9

35.9

40.6
	31.1

27.7
39.3
38.8

46.0

38.1

23.5

29. 8
	38.9

33.8
47.0
48.3

56.6

49.8

31.2

41.9


Table 2. Experimental data showing variation of Ulmf and (mf with Ug

	
	Air-water-6.0 mm glass beads

	Ug, mm/s

Ulmf, mm/s

(mf, [-]
	0

52.6(=
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0.420

18.2

31.2

0.379

36.4

25.0

0.375

54.6

20.7

0.369

90.2

17.1

0.375

126

13.8

0.385



	
	Air-aqueous glycerol solution-6.0 mm glass beads

	Ug, mm/s

Ulmf, mm/s

(mf, [-]
	0

31.4(=
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0.428

18.4

13.3

0.379

36.6

10.8

0.369

54.9

9.4

0.365

91.2

8.0

0.365

127

6.8

0.365



	
	Air-silicone oil-3.2 mm alumina particles

	Ug, mm/s

Ulmf, mm/s

(mf, [-]
	0

23.4(=
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0.430

18.2

11.3

0.376

27.7

9.9

0.370

43.5

8.7

0.369

72.5

7.1

0.374




Table 3. Quadratic correlations of (mf/((mf)Ug=0 with different non-dimensional parameters
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Table 4. Mean % deviations between predicted and experimental Ulmf values assuming 

(mf variation with Ug and hence with Ulmf  for each gas-liquid-solid system 

	Source of drag relationship
	LB-GPLM 
	MB-GPLM 
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	Ergun (1952)

Carman (1937), Burke & Plummer (1928)

Wen and Yu (1966)
Richardson (1971)

Grace (1982)

Lucas et al. (1986)

Foscolo et al. (1983)

Gibilaro et al. (1986)
	22.5
25.4

29.4
28.0

33.2

28.0

42.6

46.1
	30.2
33.7

35.4
34.8

40.4
38.2

50.6

60.2
	17.8

17.6

29.0

28.4

33.3

29.6

26.7

27.1
	22.0

23.0

34.1

34.6

40.4

41.3

32.2

32.9


[image: image1.wmf]1

d


[image: image63.wmf] 

X = U

lmf

/U

"

lmf

, [ - ]

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

e

mf

/(

e

mf

)

Ug=0

, [ - ]

0.70

0.75

0.80

0.85

0.90

0.95

1.00

  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

  d

p

 = 3.2 mm, 

r

s

 = 1880 kg/m

3

,

 

r

l

 = 953 kg/m

3

, 

m

l

 = 2.4 mPa

.

s

Least squares: 

e

/(

e

mf

)

Ug=0

 = 1-0.340(1-X)+0.219(1-X)

2


Fig. 1. Data of Table 2 correlated by Eq. (2).           Fig. 2. Comparison of 216 data points of MB-GPLM based 

on Carman-Ergun drag equation with viscous constant=165.  Symbols and legend are identical to those in Figure 7 of Lee et al. (2001a), in which the corresponding references are recorded.
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