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Abstract

In this study, the difference of hydrodynamic and dispersion
behavior between the liquid-solid magneto-fluidized (0.05 m i.d. x 0.075
m height) bed and the liquid-solid traditional fluidized bed was
investigated. The sphere iron particles of 274 um average diameter
were used as the solid phase, water and CMC (carboxymethyl cellulose)
(0.03 wt%, 0.1 wt% and 0.2 wt%) solution were used as the liquid phase.
A magnetic solenoid coiled by the magnet wire was applied to generate
axially magnetic field. The dependency of pressure drop on the velocity
was used to establish transition velocities between various regimes. The
axial dispersion of various regimes was analyzed by the tracer
input-response technique.

By Leva’s method, the minimum fluidization velocity U,«(L) was
not affect by magnetic force. However, by Davidson and Harrison’s
method, the minimum fluidization velocity U,(DH) was increased with
increasing magnetic field intensity. Further more, the transition velocity
Uy(P) determined by the hysteresis phenomenon was increased with
increasing magnetic field intensity.

The experimental results show that there were four flow regimes in a
magneto-fluidized bed: fixed bed, transition, magnetically stabilized and
unstable regime. The boundaries were minimum fluidization velocity
Upnd(L), minimum fluidization velocity U, (DH) and transition velocity

Uy(P). When the concentration of the CMC solution increased, the range

I



of fixed bed, transition and magnetically stabilized regime was narrowed
down, the unstable regime was enlarged.

Both in the magnetic and the traditional fluidized beds, the axial
dispersion coefficient was increased with the enhancing fluid velocity.
The axial dispersion coefficient of the magnetic fluidized bed was lower
than the traditional fluidized bed. The dispersion coefficient of the
water (Newtonian) and the CMC solutions (non-Newtonian) both were
decreased with the enhancing magnetic field intensity. Besides, the
effect of magnetic field on the dispersion coefficient was decreased with

the increasing concentration of CMC solution.

Keywords: magnetic fluidized bed, bio-reactor, magnetic field,

non-Newtonian fluid, axial dispersion
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Fig. 1-1. Liquidlike behavior of gas fluidized beds (Kunii and Levenspiel,
1991).



(magnetofluidization bed, MFB)

Filippov (1960, 1961)

1970

(Lee, 1983)

(Liu et al., 1991)

(Siegell, 1987)

(Liu et al., 1991)

(Liu et al., 1991)

(Siegell, 1982)



(Arnaldos et al., 1985)
(Rosenweig et al., 1987 Chetty et al., 1991)
(Albert and Tien, 1985 Cohen and Tien, 1991) (Zrunchev and
Popova, 1991)
(Burns and
Graves, 1985) (Sada et al., 1980 Chetty et al., 1991)
(Tong and Sun, 2003 Ding and Sun, 2005) Siegell (1987)
Burns and Graves (1988) Nishio et al. (1991) Goto et al. (1995)

Hou and Williams (2002)



2-1.

Rosensweig (1979a) (magnetically stabilized
fluidized bed, MSFB) Fig. 2-1
(bubbles) (turbulent)
MSFB
MSFB
MSFB
MSFB

Fig. 2-2 MSFB



Fig. 2-3

Fiwi Magneiic Forre on
Pariiele im Diverging

Ficll |
t
T

\ /..;__— D ergimg M agnesic Field

(= P —
g 1/ 8
gl &
50 e ], ] §. Unifio rm Magneitic Fiell
e (0 W RSB Tbre
an partele)
| L
g I\

—

/ \\-t—-—-—- D rrgimg M agnetic Finld

I

et Magmetic Foroe om
Pariick in Diverging
Field

Fig. 2-1. Illustration of uniform and divergent magnetic

field induced by a solenoid (Liu et al., 1991).



- % % B A ow m W e A
N L

Fig. 2-2. (a) The bed at minimum fluidization, (b) the MSB and (c) the
bubbling bed (Jaraiz-M et al., 1983).



BED IM MAGHNETIC FIELT

BED OUTSIHE MAGNETH: FIELL

f =

| - fa 5

¥

\ 3_-Fl.nul|z.1l|-:u| Frizsl

DA 4 :

R 3

[ -' j_=—— Boldenmid

! ! Particle 3

$ ¢ _.E::L_,_,- Blamnetne Flay Line
5
&y E ig— Particle
| -
',-..r..- ] ]

Fig. 2-3. The structure of MSB and fluidization bed (Syutkin and Bologa,
1976).

Ma and Kwauk (1983)



(mass)

Siegell (1987)

(roll-cell)

Goto et al. (1995)

Siegell (1987)



Burns and Graves (1985, 1988)

Tong and Sun (2003)

Fe;0, MAS
Triazine dye, CB
CB CB-MAS CB-MAS
Ding and Sun (2005)
MPS

4%

Sada et al. (1980)

10



Sada et al. (1981)

Graham et al. (2006)

2-3.

Filippov (1960)

(2-1)

% = gL =g )(P, —Py) rrrererrr e
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U, Fig 2-4 B

Colberg and Liu (1988) Hamby and Liu (1991)
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Unax Fig. 2-4 C Cohen and Tien (1991)

4 D
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W
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Uy fluid velocity (m/s)

Fig. 2-4. Determination of U, by method (A), (B)
(©), (D) and (F).
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Fig. 2-5. Pressure drop in an ideal fluidized bed system

and bed voidage vs. superficial velocity.
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Fig. 2-5 Ug (full
supporting velocity) Ug
Un(DH)
Fig. 2-4 E
Table 2-1
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Hou and Williams (2002)

Fig. 2-6(a)

Fig. 2-6(b)

Table 2-1. The influence of magnetic field on U,.

symbols the definition of the minimum fluidization velocity | offected by
researchers Upi(L) U | Ume | Ume |UnmDH)| U, |magnetic field*
Arnaldos et al. (1983) ” N
Bologa and Syutkin (1977) ” Y
Cohen and Tien (1991) ” N
Colberg and Liu (1988) v Y
Contal et al. (1992) ” Y
Filippov (1960) ” Y
Hamby and Liu (1991) v Y
Jovanovic et al. (1989) v Y
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Lee (1983, 1991)

Penchev and Hristov
(1990a, b)

Resnick et al. (1988)

Rosensweig (1979a, b)

Rosensweig et al. (1981)

Saxena and Shrivastava
(1990, 1991)

N : have nothing to do with magnetic field
Y : under the influence of magnetic field
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2-4.

Siegell (1987) KCl
Goetz and Graves (1991) 20-45 pum 95 pm
1/4  3/8
395cm 53 cm KCl
0.025N  0.03N
(Peclet) open open Siegell (1987)
. D 1 o=
Pe = a :_( (869+1)_1) .................................... (2_3)
UL 8
(D/dy)
Nishio et al. (1991) 720 pm
KCI

110 mm
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2-5.

Brea et al. (1976)

Machac et al. (1986) power law

(n)
Miura and Kawase (1998)
CMC
Xanthan gun
Miura et al.

(2001)
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(magnetic intensity)H

(magnetization)M
(magnetic susceptibility) X, H
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(saturation
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H M
H
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H
M
Fig.3-2 (b)
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(P) (H) F.=PH  MKSA
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Fig. 3-2. The typical magnetization curves of, (1) diamagnetic

material, (2) paramagnetic material and (3) ferromagnetic

material (Cullity, 1972).
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Fig. 3-3. The various curves of input and output for stimulate-response

(Levenspiel, 1972).
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Tracer output or E curve

L)

Fig. 3-4. Typical downstream signal, called the E curve, in response to
an upstream o-function input signal (Levenspiel, 1972).

27



28

a0 D, P (3-4)
D, (axial dispersion coefficient)
oc_ D, 82? -U, O (3-5)
ot ox ox
closed-closed
x=0: n,o(t)=UAC - D A (Z—SJ
x=L": E -0 b (3-6)
ox
t<0 C=0
ng= (mol)
(3-5) (3-6) C (3-2) (3-3) t
6 » oo G-7)  (3-8)
65 — TTE PN (3-7)
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o)
van der Lann(1957) (3-5)

0 Table 3-1
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4-1-1
Fig. 4-1

0.05m 0.005 m 0.5m

(1) 2) (1)
4)
4-1-2
1. (liquid storage tank)
2. (centrifugal pump) 3/4 1/2
9~35 GPM 58 ft 3480 rpm 1/2
3. (globe valve )
4. (rotameter) Gilmont Instruments
40499  ES8012 0.09~4.3 L/min
5. (distributor) 0.1 m 0.005 m

50 0.001 m 0.05m
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03N L LN

. tracer distributor
. magnetic field
. pressure probe

|]"' ......... ,| To drain
14
12
N 16
——__'i 1
3
8
9 10
1
) )
Z 3
2
. liquid storage tank 9. pressure transducer
. centrifugal pump 10. amplifier
. globe valve 11. AD/DA card
. Totameter 12. conductivity meter
. distributor 13. personal computer

14. Gauss meter
15. screen
16. DC power supply

Fig. 4-1. Experimental setup.
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2.4%

Fig. 4-2(a)
6. (tracer distributor)
1 cm 0.003 0.005 m
1 mm tracer
Fig. 4-2(b)
7. (magnetic field) 0.16m 0.07m
1.5 mm 1,950

Helmholtz coil

Helmholtz coil

0.08 m
8. (pressure probe) 8 cm 3 mm
325
mesh
0. (pressure transducer) Kyowa
PD-200GA +0.3 %
10. (amplifier) Kyowa DPM-612A
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Fig. 4-2. (a) Distributor and (b) tracer distributor.
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5V
11. AD/DA  (AD/DA card) National Instruments
Lab-PC+ AD/DA (14bit +8.5V)
AD/DA AD/DA
Lab-view

Appendix 2 Appendix 3

12. (conductivity meter) WTW
LF539 on-line +0.5 %
Appendix 1 (water, 0.03 wt%, 0.1 wt%, 0.2 wt%)
NaCl 1-15 ms/cm (s:
siemens mho )
13. (personal computer) Windows XP
Lab-view

Appendix 2 Appendix 3  Appendix 4

14. (Gauss meter) F. W. Bell Model 9200
Gauss meter +0.5 %
Fig. 4-3
15. (screen)
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(a) dimensionless axial position H/L (-)

26000

24000

22000

20000 -

18000 —

magnetic field intensity (A/m)

16000 —

14000 T T T
-1.0 -0.5 0.0 0.5 1.0

(b) dimensionless radial position 1/R (-)

Fig. 4-3. Magnetic field intensity as the function of (a) axial and
(b) radial positions.
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16. (DC power supply) Takasago

EX-375L 375 W
4-2.
Table 4-1 400 g
(CMC-carboxymethyl
cellulose) (Wako)
6.5~8.5% Table 4-2 CMC
CMC shear stress  shear rate
Appendix 5 0~13500 A/m
4-3,
4-3-1
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4322

NaCl

400 g

4-5

4-6

400 g

1 cm’

2-3

1-4
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Table 4-1. The property of iron particles.

solid particles

iron particles

particle size d,, (davg)

250-297, (274)

(um)
density, p,
(ke/ ) 7780
minimum fluidization velocity,
-3
Umf (I’Il/S)a 1.57)(].0
minimum fluidization velocity,
4.18x107°

U, (ws)’

a : Calculated by Ergun eq.

175 demfpf

Umfpf

dzpf(pp-pf)

(

3
q)sgmf

)2
l’l“ q)szgfnf

b: By experiment.

L 1500-6,) 4,

:):
i i

Table 4-2. The property of CMC solution at 24

liquid n k(Pa s") pr (kg m®)
tap water 1 0.0008 997
0.03 wt.% CMC 0.98 0.002 998
0.1 wt.% CMC 0.96 0.0049 999
0.2 wt.% CMC 0.93 0.0097 997

t=kxy" (calculated in Appendix 5)
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5-1.
400 g 5.9 cm

Helmbholtz

5-1-1
Fig. 5-1
Fig. 5-2

Fig. 5-1(a)

Fig. 5-2(a)

(5-1) Ergun equation

AP 2150(1'80)2 H'Uo +1 751'80 pf°U§

—e¢, 7520 Pl (5-1)
h g, (d @) g, (d, @)
Fig. 5-2(b1) (
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Fig. 5-3. Comparison of pressure drop at various magnetic field
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Fig. 5-4. Determination of minimum fluidization velocity (a)

Leva’s method at various magnetic field intensities, (b)
Davidson-Harrison’s method, (¢) Davidson-Harrison’s
method at various magnetic field intensities and (d)
Leva’s and Davidson-Harrison’s methods with Casal’s
data.
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Fig. 5-5. Determination of minimum fluidization velocity by various
methods at 0 A/m and 3631 A/m magnetic field intensities,
(a) method by Colberg and Liu (1988) as well as Hamby
and Liu (1991), and (b) method by Cohen and Tien (1991).
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Table 5-1. Summary of U, with different methods at various

magnetic field intensities.

Umf (I’Il/S)
H(A/m)
0 0.00418 0.00418
1837 0.0042 0.0078

3631 0.00418 0.0094

5425 0.00411 0.0111

7219 0.00418 0.0105

9013 0.00413 0.013

10807 0.00418 0.015

13500 0.00412 0.0174

U, (L) =f(H)
U, (DH, m/s)=4.26x10"exp| 7.52x10°H (A/m) |
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Leva Davidson and Harrison Davidsonand

Harrison
Arnaldos (1985)
Jovanovic et al. (1989)
(5-2a) Davidson and
U _(DH)=U_, eXp[3. 10x10™ H] .............................. (5-2a)
U_(DH)=U__, exp[2.33 X 10‘4H] .............................. (5-2b)

Harrison Casal and Arnaldos (1991)
(5-2b) Fig. 5-6(a) Jovanovic et al. (1989) Casal and Arnaldos

(1991) (1993)

U _(DH)=U_, exp[l 73 x 104‘H] .............................. (5-2¢)

Davidson and Harrsion

(5-2d)  Fig. 5-6(b) (1993)

U _(DH)=U_, exp[7.52 X IO’SH] .............................. (5-2d)
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Fig. 5-6. Regression of relation between U, and magnetic field
intensity in (a) gas-solid magneto-fluidized bed and (b)
liquid-solid magneto-fluidized bed.
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Table 5-2
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Fig. 5-7. Determination of transition velocity with pressure drop
method at various magnetic field intensities.
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Fig. 5-8. Determination of transition velocity with voidage method
at various magnetic field intensities.
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Table 5-2. Summary of U, with different methods at various magnetic

field intensities.

Uy(m/s)
Uy(vis) Uy(P) Ui(e)
H(A/m)

0 0.00418 0.00418 0.00418
1837 0.0151 0.0140 0.0073
3631 0.0151 0.0151 0.0121
5425 0.0171 0.016 0.0153
7219 0.0247 0.026 0.0173
9013 0.0300 0.028 0.032
10807 - 0.031 -

- out of range for U;= 0.035 m/s
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Fig. 5-9. Relation between minimum fluidization velocity and
viscosity from Ergun equation.

62



pressure drop (Pa)

pressure drop (Pa)

pressure drop (Pa)

2500

2000 AM
1500 —
1000 —
H=0A/m
500 — . .
—@— increasing
O+ decreasing
0 'C/ T T T T T

0.000 0.005 0.010 0.015 0.020 0.025 0.030

liquid velocity (m/s)

2500

2000

1500 —

1000 —
H=3631A/m

500 —@— increasing
O+ decreasing
0 .C/ T T T T T

0.000 0.005 0.010 0.015 0.020 0.025 0.030

liquid velocity (m/s)

2500

2000 —
1500 —
1000 —

H=7219A/m

500 1 f —@— increasing

O+ decreasing

0 'C/ T T T T T T

0.000 0.005 0.010 0.015 0.020 0.025 0.030 0.035

liquid velocity (m/s)

pressure drop (Pa)

pressure drop (Pa)

pressure drop (Pa)

2500
2000 —
1500 —
1000 —
H=1837 A/m
500 — . .
—@— increasing
O+ decreasing
O 'C/ T T T T T
0.000 0.005 0.010 0.015 0.020 0.025 0.030
liquid velocity (m/s)
2500
2000 —
1500 —
1000 —
H=15425A/m
500 —@— increasing
O+ decreasing
00 T T T T T T
0.000 0.005 0.010 0.015 0.020 0.025 0.030 0.035
liquid velocity (m/s)
2500
2000 —
e}
o0
1500 — 00
00°
(@]
1000 — O
H=9013 A/m
500 9 —@— increasing
O+ decreasing
O 'C/ T T T
0.00 0.01 0.02 0.03
liquid velocity (m/s)

0.04

Fig. 5-10. Pressure drop vs. liquid velocity with various magnetic
field intensities for 0.03 wt% CMC solution.
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Fig. 5-11. Pressure drop vs. liquid velocity with various magnetic
field intensities for 0.1 wt% CMC solution.
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Fig. 5-12. Pressure drop vs. liquid velocity with various magnetic
field intensities for 0.2 wt% CMC solution.



Table 5-3. Summary of U, and of U, with different methods at various

magnetic field intensities and CMC solutions.

CMC
0.03 wt% CMC 0.1 wt% CMC 0.2 wt% CMC
H(A/m)
fluid velocity
(m/S)X 1 03 Umf(L) Umf(DH) Ut(P) Umf(L) Umf(DH) Ut(P) Umf(L) Umf(DH) Ut(P)
0 4.06 4.06 | 4.06 |3.17 317 | 3.17 | 2.6 2.6 2.6
1837 4.06 6.34 8 3.14 5.60 | 8.0 2.6 4.7 5.6
3631 3.94 9.2 11 |3.14 5.80 | 8.0 2.8 4.84 5.6
5425 4.14 103 | 149 |3.10 6.45 | 133 | 2.54 54 9.0
7219 4.06 12 26.3 |3.03 7.40 | 18.6 | 2.67 5.75 15
9013 4.14 13 - 3.30 8.70 21 2.59 7.6 23
10807 4.40 17.1 - 3.20 9.60 34 2.61 8.6 29
ax10’ | bx10* 5.437 1.05 3.56 0.893 2.8 1.33

relation between U,,{ DH) (y) and magnetic field intensity(H) : y=a-e"

- out of range for U;= 0.035 m/s
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(1) (fixed bed regime) U; < Uye(L)

(2) (transition regime) U,s(L)< U, < U, (DH)

Leva Davidson and Harrison

3) (magnetically stabilized bed regime) U,,s(DH) < U; < U(P)

4) (unstable bed regime) U(P) < U,

5-2-2

Fig. 5-13
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Fig. 5-13. The phase diagram of various fluids solution, (a) water,
(b) 0.03 wt% CMC, (c) 0.1 wt% CMC and (d) 0.2 wt%

CMC.
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5-3-1

0.0085 0.0129 0.0191  0.0268 m/s

Table 5-4
Table 5-4
Fig.5-14
Fig. 5-14(a)
Nishio et al. (1991) Sajc et al. (1994) Goto et al.
(1995)  (1995) (2000) Siegell et al. (1987)  Goto et

al. (1995)  (2000)
0.0085

m/s 0.0129 m/s

5425 9013 A/m
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Table 5-4. Comparison of

Tt

ideal > " real

various water velocities.

and D, in magnetic fluidized beds at

H(A/m)
0 5425 9013
Uy(m/s)
Tideal (S) 70'6
0.0085 t_(s) 70.1 71 70.1
D,(m’/s) 5.1x10" | 4.4x10* | 4.4x10™
regime F Tran. Tran.
?ideal (S) 46'5
0.0129 t_.(s) 47 48 47
D,(m?/s) 8.0x10"* | 6.0x10" | 6.1x10™
regime F M Tran.
?ideal (S) 3 1 '4
0.0191 t_(s) 32 30.1 31.5
D,(m*/s) | 1.02x10° | 8.7x10™* | 8.0x10™
regime F U M
T (9) 22.4
0.0268 t_(s) 22 23.3 22
D,(m’/s) | 1.41x10° | 1.11x10° | 1.06x107
regime F U M

F fluidized, M magnetically stabilized , Tran. transition, U : unstable
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D, (m2/s)

—&—— (0.0085 m/s
000144~ O 0.0129 m/s
N —— == 00191 m/s
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\ .
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2000 4000 6000 8000 10000
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Fig. 5-14. (a) The D, vs. magnetic field intensity with various

velocities for water.
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water velocity (m/s)

0.035

e UtP)
B Umf(DH)
0.0s0{ * Umfl)
0.025 1 ynstable bed
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0.020 A
0.015 A [
_—w
0.010 A
transition
—
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magnetic field intensity (A/m)

Fig. 5-14. (b) The phase diagram of water.
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( Fig. 5-8

0.0085 m/s

Fig. 5-14(b)

Nishio et al. (1991) Sajc et al. (1994)
(2000) open-open
closed-closed

Fig. 5-15
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Fig. 5-15. Comparison of axial dispersion coefficient.
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5-3-2

Table 5-5

CMC

CMC

power law

(5-8)

Pe=Re-Sc

=D

LUy

4n

C 8Tk

(

1+3n

LUy
a = 811—1

Table 5-5

0.1 wt% CMC

14+ 3n

|5
D,-p

j I e R R R R I R N R I R R

Fig. 5-16,5-17  5-18

0.0085 m/s

0.03 wt%

Fig. 5-18

77



Table 5-5. Comparison of t.

ideal ?

with various fluid(CMC) velocities and concentrations.

t

real

and D, in magnetic fluidized beds

fluid 0.03 wt% CMC | 0.1 wt% CMC 0.2 wt% CMC
H(A/m)
0 |5425]/9013| 0 |5425|9013| 0 |5425|9013
Ui(m/s)

Yideal (S) 70'5
0.0085 t,(s) 715|702 | 67 |689| 68 | 68.5| 69 | 70 | 67
D,(m*/s)x10" | 6.6 | 456 | 4.5 |7.53|4.76 | 43 |7.15| 5.6 | 4.1
regime F | Tran. | Tran. | F M |Tran.| F M M

Yideal (S) 46'5
0.0129 t_(s) 48 | 475 | 435 | 46 | 44.5| 44 |442| 44 | 443
D,(m%*/s)x10* | 7.78 | 7.0 | 7.1 |8.54|7.88 | 7.31 | 8.16| 6.05 | 5.9
regime F M M F M M F U M

Tigea (8) 31.4
0.0191 t_(s) 30 | 302 | 31 [31.5]31.5]299| 30 |31.5]31.1
D,(m*/s)x10% | 10.1 | 8.73 | 8.23 | 9.85| 8.46 | 7.91 |9.93 | 8.37 | 7.84
regime F|U| M| F|U|M|F|U/|M
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0.0268

e (5) 22.4

T_(s) 22 1 21 | 23 | 23 | 23 | 225 (229|225 | 21
D, (m¥s)x10* | 14.1] 10.1 | 103 | 142 | 144 | 11.2 | 144 | 145 | 12.7

regime F|l U|M|F|lU|lUI|F|lU/|U

F: fluidized, Tran.: transition, M: magnetically stabilized, U: unstable
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Fig. 5-16. (a) The D, vs. magnetic field intensity with various

velocities for 0.03 wt% CMC solution.
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liquid velocity (m/s)
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Fig. 5-16. (b) The phase diagram of 0.03 wt% CMC solution.
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Fig.
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0.0004 -
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magnetic field intensity (A/m)

8000

5-17. (a) The D, vs. magnetic field intensity with various

velocities for 0.1 wt% CMC solution.
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liquid velocity (m/s)
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Fig. 5-17. (b) The phase diagram of 0.1 wt% CMC solution.
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10000

Fig. 5-18. (a) The D, vs. magnetic field intensity with various
velocities for 0.2 wt% CMC solution.
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liquid velocity (m/s)
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Fig. 5-18. (b) The phase diagram of 0.2 wt% CMC solution.
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0.2 wt% CMC

0.2 wt% CMC

Fig. 5-19

Fig. 5-13  Fig. 5-19)
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Fig. 5-19. Comparison of D, and of magnetic field intensity in
various fluids solution.
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0.05 m 0.75 m

274 um 0.03 0.1
0.2 wt% CMC Helmholtz coil
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Co

davg

cross section area

area under E curve

tracer concentration

initial tracer concentration

mean particle diameter

particle diameter

inside column diameter

axial dispersion coefficient

E curve

F curve

magnetic force

acceleration of gravity

Newton’s 2™ law proportionality factor
magnetic field intensity

bed height

consistency index in power-law model

distance between injection point and detection
point
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[m’]
[mol s/m’]
[mol/m’]

[mol/m’]

[m]

[1kg-m/N-s’]
[A/m]

[m]

[Pa s"]

[m]



Pe

Sc

static bed height
magnetization
saturation magnetization
flow index in power-law model
the amount of the pulse
magnetic pole strength
pressure drop
Pelect number
Schmidt number
time
time of the delta function input signal

the mean residence time in real reactor

the mean residence time from E curve for

open-open or closed-closed system

the mean residence time of tracer in ideal reactor
the mean residence time of tracer in real reactor
fluid velocity

fluid velocity at appear of hysteresis loop

fully supporting velocity

fluid velocity at the intersection of fluidization
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[m]
[Weber/m’]
[Weber/m’]
[-]

[mol]

[Weber]



Und DH)

UndL)

Ui

Uy(P)

Uy(vis)

Ui(e)

Wa

curves for fixed bed and bubbling bed
superficial liquid velocity

fluid velocity at maximum pressure drop
fluid velocity at the initial expansion of bed
minimum fluidization velocity

minimum fluidization velocity without magnetic
force

minimum fluidization velocity calculated by

Ergun equation

minimum fluidization velocity determined by
Davidson and Harrison’s method

minimum fluidization velocity determined by
Leva’s method

transition velocity

transition velocity determined by hysteresis of
pressure curve

transition velocity determined by vision

transition velocity determined by hysteresis of
voidage

weight of solid particles per unit area of the
column across cross section

axial distance

magnetic susceptibility
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[m/s]
[m/s]
[m/s]
[m/s]

[m/s]

[m/s]

[m/s]

[m/s]

[Pa]

[m]

[ Weber/ A m]



Greek Symbol

3(t)

d(t-t)

€0

Emf

|

DI
[es]

conductivity

sphericity

shear rate

delta function

delta function occurring at time t,

bed voidage

bed voidage at incipient bed expansion

bed voidage at minimum fluidization velocity

the mean dimensionless time

the mean dimensionless time from E curve for
open-open or closed-closed system

viscosity
fluid density
particle density

total variance

variance for first measured point
variance for second measured point

dimensionless variance
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[mho/m]

[1/5]

[Pa s]
[kg/m’]

[kg/m’]



shear stress
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[Pa]
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Appendix 1. NaCl
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Fig. A-1. Concentration of NaCl vs. conductivity.
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Appendix 2. Labview
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Appendix 3. Labview
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Fig. A-2
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Fig. A-2. (a) Concentration vs. time and (b) the E curve at fluid velocity
equal to 0.0129 m/s.
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Appendix 4.
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Appendix 5. CMC
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Fig. A-3. Shear stress vs. shear rate for (a) the original data and (b) the

common logarithmic plot of the original data.
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