
2  

 
*

 

4 2

3

2

2

t-  

 

Velocity Distributions of Solid Particles in Two-dimensional 

Liquid-Solid Fluidized Bed 
 

Takefumi OMATA, Faculty of Technology, Tokyo University of Agriculture and Technology 

Osamu HIRAYAMA, Faculty of Technology, Tokyo University of Agriculture and Technology 

(Received 29 November, 2004;  in revised form 12 February, 2005) 

 

Velocity distributions of solid particles in l iquid-solid fluidized beds were obtained experimentally by the use of 

the four video pictures with appropriate time interval.  First, each pairs of pictures with an appropriate successive 

time interval were compared in order to identify the trajectories of all particles then the locations of all the particles 

in the fourth picture were compared with those in the first picture in order to determine the velocities of al l the 

particles.  Based on this method the velocity distributions of particles were investigated for three types of flow rate 

and two types of particle numbers.  I t was clarified that in the case of small number of particles the velocity 

distributions for the horizontal direction was approximated as symmetric exponential distribution functions and those 

for vertical direction was asymmetric exponential distribution functions.  I t was found that the larger the flow rate is, 

the smaller the exponent becomes and in the case of vertical directions the exponents for the upward velocities are 

smaller than those for downwards ones.  Furthermore, it was clarified that in the case of large number of particles 

Gaussian distribution function and t-distribution function are also obtained. 
(KEY W ORDS): Fluidized bed, Velocity distribution, Experiment, Exponential distribution function, Video pictures

 
1  

 

1-5) 6-11) 

6-8) 

9) 
* 184-8588 2-24-16 

E-mail :  hrym@ cc.tuat.ac.jp 



10, 11) 

1 1000

 

4, 5) 

9, 11) 

cm/s 10 cm/s

mm/s

2

1

 

2  

 

2  

 

2.1  

1

2

10.5 

mm 4 mm

6.5 mm

1.0 mm

30

30 y

x

x y

 

RP-LV 2.0 

/min

RYUKI 4D 61984

VICTOR GP-33

TV SONY

KV-21SVF1

VTR

1  (a)  (b)  

(b) 

 

 

30

 

6.5 

10.5 

 

 

  

 

 

VTR 

 

TV 

 

200

236 

 

 

(a) 

y 

x

y



W L-551

 

 

2.2  

6 mm

1.06 g/cm3 TOKYO MARUI

0.12 g BB

1

1.0 /min 1.5 /min 2.0 /min

3 154 308

2  

 

2.3  

1 VTR

DITECT DIPP98

t t + t

PC t

Adobe Photoshop 6.0

2 2

DIPP98

mm

mm  

 

2.4  

t t + t

t

Vf d Vf t  

Vf = 10 mm/s 

t  0.6 s  

t = 0.165  0.330 s 

t

1

2

t t + t 2

t + 2 t t + 3 t

100 t

 t + 3 t 

 

 

3  

 

 

 
3.1 154  

154

( ) 2.0 /min ( ) 1.5 /min ( ) 1.0 /min 

3

 

2 2.0 /min 1

2 (a) 4 t t + t t + 2 t

t + 3 t t = 0.198 s

154

2 (b) 

 vx  vy 2 mm/s

2 (c) 

 U0 ( = 588 mm/s ) 

 vx  vy 

 f (vx)  f (vy) 



 f (vx)  

(  = 280 ,  c = 0.001 ,  A = 0.432 ) 

 vy < 0  vy > 0 

 f (vy)  

 vy > 0 

vy < 0

2

 vy > 0 

 vy < 0 

 2.0 /min

2

 c A d B 1

1

 

 1.5 /min  1.0 /min 

1 3 4

 2.0 /min 

1  

c A d B vy > 0 , 

vy < 0  

 

 

3.2 308  

2 308

1  

5  2.0 /min 

154

 f (vy)   

(1)c
U

v
Avf x

x

0

exp)(

(2)d
U

v
Bvf y

y

0

exp)(

2 154 2.0 /min  (a) 4  

(b) vx vy (c)  

 

(a) 

0

50

100

150

200

0 50 100 150 200 250

x [mm]

t:  t+ t:  t+2 t:  t+3 t:  

0.0

0.1

0.2

0.3

0.4

0.5

v y [mm/s]

(b) 

0.0001

0.001

0.01

0.1

1

-0.03 -0.01 0.01 0.03

v x

0.0001

0.001

0.01

0.1

1

-0.03 -0.01 0.01 0.03

v y

(c)



  

0

50

100

150

200

0 50 100 150 200 250

x [mm]

(a) 

t:  t+ t:  t+2 t:  t+3 t:  

(b) 

0.0001

0.001

0.01

0.1

1

-0.03 -0.01 0.01 0.03

v x

0.0001

0.001

0.01

0.1

1

-0.03 -0.01 0.01 0.03

v y

(c) 

3 154 1.5 /min  (a) 4  

(b) vx vy (c)  

 

0

50

100

150

200

0 50 100 150 200 250

x [mm]

 

(a) 

t:  t+ t:  t+2 t:  t+3 t:  

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

v x [mm/s]

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

v y [mm/s]

x

0.0001

0.001

0.01

0.1

1

-0.03 -0.01 0.01 0.03

v y 

 

(b) 

(c) 

4 154 1.0 /min  (a) 4  

(b) vx vy (c)  

 



 

 

 

 

 1.5 /min  1.0 /min 

6 7 1.5 /min

t-

 f (vx) t-  

 

1.0 /min 

t-

t-

 f (vy) t-  

 

 

 

 

 

 

4  

 

 

 

236 mm  6.5 mm = 1.53 103 mm2 

2.0 /min 1.5 /min 1.0 /min 

21.7 mm/s 16.3 mm/s 10.9 mm/s 

 = 103 kg/m3

 = 10-3  d = 6 10-3 m vf = 

10-2 m/s Re 

Re = 60 1

 f ( ) 

3 (vf-v f ( ) 

v [m/s] 

= 1.06 103 kg/m3 

 f ( )  

f (vy)   
f (vx)   

vy > 0  vy < 0     

 c A  d B  d B 

 

 

 

280 

350 

270 

-0.001 

0.001 

0.00005 

0.432 

0.592 

0.389 

180 

180 

190 

0.0015

0.0015

0.0035

0.372 

0.407 

0.387 

300 

340 

300 

0.0015 

0.0025 

0.0035 

0.400 

0.399 

0.400 

2.0 

/min 

 300 0.00002 0.471 183 0.0022 0.389 313 0.0025 0.400 

 

 

 

300 

370 

410 

0 

-0.00050 

-0.00060 

0.502 

0.574 

0.664 

250 

360 

280 

0.0015

0.0020

0.0018

0.535 

0.835 

0.657 

420 

540 

500 

0.0015 

0.0020 

0.0018 

0.511 

0.763 

0.670 

1.5 

/min 

 360 -0.00037 0.580 297 0.0018 0.676 487 0.0018 0.648 

 

 

 

650 

600 

550 

-0.00020 

0 

0.00030 

0.937 

0.741 

0.848 

380 

550 

480 

0 

0 

0.0008

0.684 

0.760 

0.953 

650 

780 

750 

0 

0 

0.0008 

0.723 

0.677 

0.928 

1.0 

/min 

 600 0.00003 0.842 470 0.0003 0.799 727 0.0003 0.776 

(3)

2

0

exp)( p
U

v
Jvf

y

y

(4)

n

x
x

U

v
mKvf

2

0

)(

(5)

w

y

y
U

v
sRvf

2

0

)(

1 154  



 

0

50

100

150

200

0 50 100 150 200 250

 x [mm]

(a) 

t:  t+ t:  t+2 t:  t+3 t:  

5 308 2.0 /min (a) 4 (b) vx vy

(c) 

 f (vx)   = 220 c = 0 A = 0.333  f (vy) vy >0  

 = 110 d = -0.0015 B = 0.214  f (vy) vy <0   = 170

d = -0.0015 B = 0.220  f (vy)   = 10500 p = -0.0015 J = 0.202  

(b) 

(c) 

y

0.0001

0.001

0.01

0.1

1

-0.05 -0.03 -0.01 0.01 0.03 0.05

v x  

0.0001

0.001

0.01

0.1

1

-0.05 -0.03 -0.01 0.01 0.03 0.05

v y 

6 308 1.5 /min (a) 4

(b) vx vy (c) t-

 f (vx) t-  m = 75 104 n = 0.95

 = 0 K = 1.00  f (vy) vy >0   = 110 d = 0 B = 0.507  

f (vy) vy <0 )  = 260 d = 0 B = 0.650  

(a) 

 

t:  t+ t:  t+2 t:  t+3 t:  

0

50

100

150

200

0 50 100 150 200 250

 x [mm]

0.0001

0.001

0.01

0.1

1

-0.05 -0.03 -0.01 0.01 0.03 0.05

vx  

(b) 

 

(c) 

0.0001

0.001

0.01

0.1

1

-0.05 -0.03 -0.01 0.01 0.03 0.05

v y 



v = 1 10-3 

m/s f ( ) ̃  50 

 

 

Carlos &  Richardson 9) 

 1.2 m  12 cm 

8.9 mm 

 Dimethyl phthalate 

 1.19 g/cm3  10 cP

 7.6  15.1 cm/s 

 cm/s 

 80  160 

2.5

Warr et al. 10, 11) 

 5 mm 10  5.05 mm 

 0.5  2.12 mm 

 50 Hz 

1 1000

 1 m/s 

 

2

y  ymax 

 ymax +  

7 308 1.0 /min (a) 4

(b) vx vy (c) t-

 f (vx) t-  m = 30 104 n = 1.50  = 0

K = 1.30  f (vy) vy >0 t- s = 60 104 w = 1.1  = 0

R = 1.25  f (vy) vy <0 s = 5 104 w = 3.5  = 0 R = 1.12  

(a) 

 

t:  t+ t:  t+2 t:  t+3 t:  

0

50

100

150

200

0 50 100 150 200 250

 x [mm]

(c) 

x y

0.0001

0.001

0.01

0.1

1

-0.05 -0.03 -0.01 0.01 0.03 0.05

v x 

0.0001

0.001

0.01

0.1

1

-0.05 -0.03 -0.01 0.01 0.03 0.05

v y 

(b) 

 



 

 

 ymax 

2

154  ymax 3

 

 

 

 

y

1 1

 Ichiki 

and Hayakawa 5) 

Re  1 Pe  1

 Stokes 

10

 

t-

Re = 60 Pe = O(1012) 

Ichiki and Hayakawa 

 

154

 Ichiki and Hayakawa 

2 (a) 3 (a) 4 (a) 

 

308

2.0 

/min 5 (a) 

5 (c) 

 

154 308

1.5 /min 

 
 

[ /min] 

ymax 

[mm] 
 

vy  

 

2.0 151.7 0.0723  

1.5 76.8 0.1376  154 

1.0 51.8 0.1972  

2.0 188.0 0.1175 

 

 

 

1.5 133.2 0.1637  308 

1.0 76.1 0.2776 

 

 

t-  

2 y vy  



 

154

Q 8

 u vy > 0 d vy < 0

Q = 2.0 /min 

Q 1/Q

 u d 

 

2

x y

y

l U

v

Re  / l = O(Re-1/2) v / U = O(Re-1/2)

Re = U l /   = 103 kg/m3

 = 10-3 U = 0.01 m/s l = 0.1 m

Re = 103  ̃  3 10-3 m v ̃  3

10-4 m/s 

v

2 mm/s 

 

 

5  

 

 

( ) 4

2

1

4

 

 3 2

t-  

 

 

 

 

 

1) E. L. Grossman, T. Zhou &  E. Ben-Naim : 

Towards granular hydrodynamics in two 

dimensions, Phys. Rev. E 55 (1997) 4200-4206. 

2) Y. Lan &  A. D. Rosato : M acroscopic behavior 

of vibrating beds of smooth inelastic spheres, 

Phys. Fluids 7 (8) (1995) 1818-1831. 

3) Y. H. Taguchi : k-5/3 Power spectrum in Powder 

Turbulent flow in a vibrated bed : Numerical 

results, Europhys. Lett. 24 (1993) 203-209. 

8 

154  

0.0

0.5

1.0

1.5

2.0

2.5

3.0

0.0 0.5 1.0 1.5

1/Q [ /min]
-1

/ 2.0 

/( d)2.0

/( u)2.0



4) Y. H. Taguchi &  H. Takayasu : Power Law 

Velocity Fluctuations Due to Inelastic Collisions 

in Numerically Simulated Bed of Powder, 

Europhys. Lett. 30 (1995) 499-504. 

5) K . Ichiki &  H. Hayakawa : Dynamical 

simulation of fluidized beds : Hydrodynamically 

interacting granular particles, Phys. Rev. E 52 

(1995) 658-670. 

6) A. Samuelsberg &  B. H. Hjertager : An 

experimental and numerical study of flow 

patterns in a circulating fluidized bed reactor, Int. 

J. Multiphase Flow 22 (1996) 575-591. 

7) D. Gidaspow, Y. P. Tsuo &  K . M . Luo : 

Compound and experimental cluster formation 

and velocity profiles in circulating fluidized beds, 

J. C. Grace, L. W . Schemilt &  M . A. 

Beergougnou eds. Fluidization IV ( New York : 

Engineering foundation, 1989 ) 81-88. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

8) J. S. Lin, M . M . Chen &  B. T. Chao : A novel 

radioactive particle tracking facili ty for 

measurement of solid motion in gas fluidized 

beds, AIChE. J. 31 (1985) 465-473. 

9) C. R. Carlos &  J. F. Richardson : Solid 

movement in liquid fluidi

velocity distribution, Chem. Eng. Sci. 23 (1968) 

813-828. 

10) S. Warr, G. T. H. Jacques &  J. M . Huntley : 

Tracking the translational and rotational motion 

of granular particles : use of high-speed 

photography and image processing, Powder Tech. 

81 (1994) 41-56. 

11) S. Warr, J. M . Huntley &  G. T. H . Jacques : 

Fluidization of a two-dimensional granular 

system : Experimental study and scaling 

behavior, Phys. Rev. E 52 (1995) 5583-5595. 


