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ABSTRACT: Understanding and knowledge on the hydrodynamics of fluidization 

is vital in obtaining an efficient fluidized bed system. The minimum fluidization of 

mixtures of palm oil residues with inert material (silica sand) in a cold gas fluidized 

bed has been studied. Oil palm residues consist of palm pressed fibre and palm 

kernel shell were used as the feed material in a 150mm internal diameter fluidized 

bed test rig with 1000mm in height. The percentage of palm oil residues in the 

mixture were: 5, 10, 15, 20, 25 and 30% by weight. It is proven that the appropriate 

design value of the superficial gas velocity to be used in the operation of biomass 

gasifier is to take Ucf twice the Umf for mixture of palm kernel shell with silica sand 

and thrice the Umf for mixture of palm pressed fibre with silica sand. The 

experimental Umf values were compared to several correlations established by 

previous researches and it was found that Bilbao et al., 1987 was suitable to be 

used to predict Umf for binary mixture of palm pressed fibre with silica sand.  

 

Keywords: Binary mixture, minimum fluidization velocity, hydrodynamic, palm 

kernel shell, palm pressed fibre 

 

 

NOMENCLATURE 
 
M  Mixture density 

dM  Mean particle diameter of mixture 
F

pρ  Particle density of fluid component 

P

pρ  Particle density of packed component 

x
F  Weight fraction of fluid component 

x
P
  Weight fraction of packed component 
P

pd  Mean particle diameter of packed 

  component 
F

pd  Mean particle diameter of fluid component 

P

pρ  Particle density of packed component 

F

pρ  Particle density of fluid component 

Umf Minimum fluidization velocity 

Ucf Complete fluidization velocity 

FI  Fluidization index 

P  Pressure drop 

U  Superficial gas velocity 
 

1. INTRODUCTION  
 

Conversion of biomass to intermediate 

energy carriers like gases or oils is much 

more attractive than direct combustion. This 

is when gasification technology comes in. 

Fluidized bed gasification has been 

preferred to gasify biomass for its good heat 

and material transfer between the gas and 

solid phase with the best temperature 

distribution, high specific capacity and fast 

heat-up. They tolerate wide variations in 

fuel quality and a broad particle size 

distribution which were the main 

characteristics of most biomass particles.  

However, the fundamental knowledge of 

biomass fluidization which is the governing 

process inside the gasifier is not well 

understood. Fluidization of biomass is 

complicated due to their unusual 

Sand
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morphology, wide particle distribution and 

high moisture content besides the main 

characteristics of its peculiarity in shapes, 

sizes and densities. A common practice to 

ease the fluidization is to add a second, inert 

material forming binary particle system.  

Fluidization of palm oil residues consists 

of palm kernel shell and palm pressed fibre 

with inert material (silica sand) was 

conducted in this work. The aim of the 

research is to imitate gasification process 

inside a fluidized bed biomass gasifier using 

a fluidized bed cold rig. Understanding and 

knowledge on the hydrodynamics of 

fluidization is vital in obtaining an efficient 

fluidized bed system since reported values 

of fluidization hydrodynamics for biomass 

are scarce [1].  
 
 
2. THEORY 

 

Binary mixture involves two components 

with the same or different properties. For 

fluidization of particles with different sizes 

and densities, it is useful to define two other 

velocities which is velocity for beginning 

fluidization for fine particles or Umf and 

velocity for total or complete fluidization for 

coarser particles, Ucf.  

 Yang and Keairns, 1982 as cited in [2] 

have proposed a method for estimating the 

minimum fluidization velocity as the 

intersection of the horizontal line 

representing the bed pressure drop, 

calculated by dividing the total bed weight 

by the bed cross-sectional area, with the 

pressure drop curve after the maximum 

pressure drop is attained. The common 

graphical representation for minimum 

fluidization velocity, Umf in P versus U 

curve is defined as corresponding to the 

intersection of the fully fixed and fully 

fluidized straight lines. Noda et al., 1986 [2] 

obtained the representation of P-U by 

increasing and decreasing U and observed 

that the values for Umf so obtained are 

somewhat higher in the second case. The 

higher of the values is recommended for 

Umf. 

 Formisani, 1991 [3] suggests taking the 

minimum fluidization velocity value at 

increasing velocities for a perfect mixed 

initial state rather than during defluidization 

when segregation may occur. Work from 

Aznar et al., 1992 [4, 5] observed Umf as 

common graphical presentation and Ucf by 

observation at which the entire bed (biomass 

and second solid) is in motion, 

independently of where this velocity starts 

or whether or not all the biomass is 

segregated in the upper or lower part of the 

bed, or the movement of the biomass is 

different (small plugs, for example) from the 

movement of the second fluidizing solid. 

Rao and Bheemarasetti, 2001 [6] obtained 

the minimum fluidization velocity from the 

intersecting point of the defluidization curve 

with the constant pressure line. Patil et al., 

2005 [7] determined Umf at the point when 

the pressure drop across the fluidizing bed 

became constant. In this study, definition by 

Yang and Keirns, 1985 [2] have been used 

in determining the Umf while definition set 

by Aznar [4, 5] is applied in determining 

Ucf. 

Another important part of fluidization 

hydrodynamics is to model the Umf 

correlations. The methods used to develop 

correlations in the case of minimum 

fluidization velocity of gaseous systems can 

involved either fixed bed pressure drop, a 

void fraction velocity or a completely 

empirical procedure [8]. A large amount of 

analysis has been devoted to the study of the 

behaviour of beds constituted of particles of 

mixed sizes or densities. The objective is 

generally being to determine the mechanism 

of solids motion and the degree of mixing. 

A bed of mixed solids can be considered 

as a bed of particles of uniform size only by 

defining a convenient mixture diameter and 

densities. Goossens et al., 1971 [9] assumed 

the mixture density to be: 
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and found that the smallest deviation 

between experimental and calculated values 

was obtained by adopting a mixture 

diameter definition such as to give the same 

total surface area per unit weight of the 

binary system: 
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Meanwhile, Kumar and Sen Gupta, 1974 

which was cited in [8] define it as: 
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These definitions of mixture sizes and 

densities have been widely used as can be 

seen in the compilation of various 

correlations for calculating the minimum 

fluidization velocity of binary mixture as 

listed in table 1 in appendix. In this study, 

list of equations in the table were applied to 

find the most suitable model for the present 

study. 

 

 

3. METHODOLOGY 
 

Biomass used was taken on weight basis 

and the mixture studied basically contains 5, 

10, 15, 20, 25 and 30 weight percent of 

biomass. However, there were mixtures 

which cannot fluidize before reaching 30 

weight percent of biomass and some of the 

mixtures can fluidize even though it reached 

more than 30 weight percent of biomass. 

Two distinct types of bed arrangement i.e. 

layer and random mixture methods were 

applied in this work. In layer mixture 

method, sand was placed at the bottom of 

the Perspex tube and oil palm residues were 

put on top of the sand. In random mixture 

method, oil palm residues and sand were 

weight according to their respective 

percentage. A Z-blade mixer was used to 

randomly mix the pre-weighted oil palm 

residues and silica sand for a period of 10 

minutes prior feeding into the Perspex tube. 

The total weight of the biomass material and 

silica sand in the bed was kept constant at 3 

kg in all experiments. Air was passed to the 

bed increasingly from zero to fluidization 

stage. Then, the gas flowrate was gradually 

decreased (defluidization stage). At each gas 

flowrate, either in fluidization or 

defluidization stage, the pressure loss across 

the bed was recorded. Bed expansion and 

fluidization behaviour were also observed 

and recorded. 

 

 

4. RESULTS AND DISCUSSION 
 

4.1 Design value of superficial gas 

velocity 
 
Ratio of Ucf/Umf is derived from Ucf and Umf 

values for both types of bed arrangement. 

The ratio of Ucf/Umf decreases as the weight 

percentage of palm kernel shell increases in 

layer mixture method and the ratio vary 

between 1.5-1.9 as exhibited on Figure 1. In 

the meantime, Ucf/Umf values for mixture of 

palm kernel shell and silica sand in random 

mixture method lies between 1.94-1.99, 

which show little dependency upon biomass 

content in the mixture in random mixture 

method. The findings give a good practical 

guide as given by [1], where they suggested 

selecting the appropriate design value of the 

superficial gas velocity to be used in the 

operation is to take it as twice the minimum 

fluidization velocity.  

 Meanwhile, Ucf/Umf ratio for mixture of 

palm pressed fibre and silica sand is higher 

in random mixture method compared to 

mixture of palm kernel shell with silica sand 

using the same bed arrangement. It can be 

clearly seen on Figure 2 where the ratio falls 

between 2.2 – 2.8. A different pattern is 
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observed for the mixture of palm pressed 

fibre and silica sand. As the weight 

percentage of the palm pressed fibre in the 

mixture increases, the ratio of Ucf/Umf is also 

increases sharply due to large difference in 

superficial gas velocity between Umf and Ucf 

in every weight fraction. The trend 

dissimilarity in Ucf/Umf ratio for both 

mixtures is probably due to the physical 

characteristic of this residue material where 

palm pressed fibre is physically light 

weighted, sustained rod shape after grinding 

and have a very high voidage. The 

interparticle forces are known to be very 

high. Therefore, higher velocity is needed to 

fluidize all the particles in the bed 

vigorously.  

From figure 1 and 2, it is concluded that 

Ucf/Umf ratio of palm kernel shell and silica 

sand is much lower than mixtures of palm 

pressed fibre. This is due to the physical 

characteristics of palm kernel shell which 

has a lower voidage and retains a more free-

flowing nature in comparison to fibrous 

palm pressed fibre. Mixture of palm kernel 

shell and silica sand is also observed to start 

fluidizing at a lower gas velocity. 
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Figure 1: Ucf/Umf ratio for mixture of silica 

sand and palm kernel shell 
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Figure 2: Ucf/Umf ratio for mixture of silica 

sand and palm pressed fibre 
 
 
4.2 Comparison of theoretical Umf 

Values 
 

A number of equations have been 

established to predict Umf of binary mixture 

as summarized on table 1 on appendix. 

Courdec et al., 1985 [8] stated that 

correlation for Umf is sensitive to the particle 

shape, size and density. Most of the authors 

did not include sphericity factor and bed 

porosity associated with minimum 

fluidization velocity due to the difficulty in 

determining it. They have proposed 

generalized equations by correlating 

experimental data in the form of Remf = 

f(Ar). However, empirically derived 

correlations are useful only to describe the 

behaviour of analogous particle system 

under constrained operating conditions. 

Hence, the minimum fluidization concept 

has a precise sense only for a bed of 

particles that are all of the same nature, 

shape and size.  

Figure 3 shows comparison of 

experimental and theoretical Umf values for 

mixture of palm pressed fibre with silica 

sand. The experimental hydrodynamics 

determination carried out in this study has 

proven that the empirical correlation 

proposed by [10] is the most suitable 

equation to be used to predict the Umf values 

for mixture of palm pressed fibre with silica 

sand. However, the application of the 

equation to the mixtures used in this work 
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gives a significant deviation. This is due to 

the following reasons which are similar with 

work done by [10]. They fluidized sand with 

wheat straw which is fibrous in nature as 

palm pressed fibre.  

i) The maximum amount of palm pressed 

fibre that can be added to a fluidizing 

mixture was found to be of 15%
w/w

 in 

layer mixture method and 20%
w/w

 in 

random mixture method. Beyond this 

point, slugging and vertical rat holes 

formations were observed respectively. 

ii) Since palm pressed fibre does not 

fluidize on its own, its minimum 

fluidization velocity cannot be 

determined. Therefore, correlations 

established by [11-13] cannot be used 

since the correlations need the value of 

Umf for palm pressed fibre. 

 

The difference between experimental and 

calculated values can be attributed to the 

high content of fine particles and to the 

materialization of agglomerates of particles 

due to interlacing promoted by fluid forces 

[14]. Umf predictions were much lower than 

experimentally determined. This is due to 

the value of constant k which is not suitable 

to be used in this work since it is the value 

for rice husk, sawdust and groundnut shell 

[6]. These materials are differing from palm 

fibre in terms of density, material’s structure 

and shape. Prediction by [9, 15] were also 

not in the 20% range.  
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Figure 3: Comparison of experimental and 

theoretical Umf values for mixture of palm 

pressed fibre with silica sand 

 

Figure 4 shows comparison of experimental 

and theoretical Umf values for mixture of 

palm kernel shell with silica sand. In this 

case, Umf predictions by [11, 13-15] falls 

within 20% range set. Correlations [14] 

include sphericity factor and bed porosity 

which strongly influences hydrodynamic 

behaviour of the bed. The use of the 

correlations is believed to be the best way to 

correlate the characteristic parameters of the 

fluidized bed which involves Archimedes 

and Reynolds numbers, because it considers 

the type of particle as well as the 

hydrodynamics of the fluidizing agent. 

Different correlations have been specified 

for particle’s Remf less than 20 and more 

than 20 [13]. Galileo number and density 

ratio has been included in the correlation. 

Correlations by [15] has been observed to 

include the fluidizing gas characteristics; the 

density of the gas as well as the viscosity. 

Meanwhile, correlation by [11], have set 

different forms for completely segregating 

system and perfectly mixed system. In this 

case, correlation for completely segregating 

system has been applied. 
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Figure 4: Comparison of experimental and 

theoretical Umf values for mixture of palm 

kernel shell with silica sand 

 

 

5. CONCLUSION 
 

Ratio of Ucf/Umf of binary fluidization of oil 

palm residues with silica sand showed a 

different pattern for different type of 

residues used. Increment pattern is observed 
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in the mixture of palm pressed fibre and 

silica sand while decrement pattern is 

obtained in the fluidization of palm kernel 

shell and silica sand, which is contributed by 

the physical characteristics of the materials 

used. The inequality of patterns is 

determined by the amount of superficial gas 

velocity necessary for the particle to reach 

complete fluidization from minimum 

fluidization velocity at the initial stage. In 

general, it can be concluded that the 

appropriate design value of the superficial 

gas velocity to be used in the operation is to 

take it as twice the Umf for mixture of palm 

kernel shell with silica sand and thrice the 

Umf for mixture of palm pressed fibre with 

silica sand. 

 The suitability of empirical correlations 

to predict Umf that have been established by 

previous researchers depends on many 

critical factors such as sphericity factor, bed 

porosity, type of particle and characteristic 

of fluidizing agent. Predicted results 

indicated that the values are either too high 

or low. It is suggested that modification has 

to be made to previous correlations to suit 

the experimental data in this study.  

 

 

 ACKNOWLEGEMENT 

 
The authors gratefully acknowledge Institute 

of Research, Development and 

Commercialization (IRDC) of Universiti 

Teknologi MARA for the financial support 

of this work   

 

 

REFERENCES 
 

[1] E. O. Gomez and E. S. Lora, 

"Constructive features, operation and 

sizing of fluidized-bed gasifiers for 

biomass," Energy For Sustainable 

Development, vol. 2, pp. 52-57, 1995. 

[2] K. Noda, S. Uchida, T. Makino, and H. 

Kamo, "Minimum fluidization velocity 

of binary mixture of particles with large 

size ratio," Powder Technology, vol. 46, 

pp. 149-154, 1986. 

[3] B. Formisani, "Packing and fluidization 

properties of binary mixtures of 

spherical particles," Powder Technology, 

vol. 66, pp. 259-264, 1991. 

[4] M. P. Aznar, F. A. Gracia-Gorria, and J. 

Corella, "Minimum and maximum 

velocities for fluidization for mixtures of 

agricultural and forest residues with 

second fluidized solid. I. Preliminary 

data and results with sand-sawdust 

mixtures," International Chemical 

Engineering, vol. 32, pp. 95-102, 1992. 

[5] M. P. Aznar, F. A. Gracia-Gorria, and J. 

Corella, "Minimum and maximum 

velocities for fluidization for mixtures of 

agricultural and forest residues with 

second fluidized solid. II. Experimental 

results for different mixtures," 

International Chemical Engineering, vol. 

32, pp. 103-113, 1992. 

[6] T. R. Rao and J. V. R. Bheemarasetti, 

"Minimum fluidization velocities of 

mixtures of biomass and sands," Energy, 

vol. 26, pp. 633-644, 2001. 

[7] K. N. Patil, T. J. Bowser, D. D. Bellmer, 

and R. L. Huhnke, "Fluidization 

characteristics of sand and chopped 

switchgrass-sand mixtures," Agricultural 

Engineering International: The CIGR 

Ejournal, vol. VII, pp. 1-9, 2005. 

[8] J. P. Courdec, "Incipient fluidization and 

particulate system," in Fluidization, J. F. 

Davidson, R. Clift, and D. Harrison, 

Eds., Second ed. London: Academic 

Press, Inc, 1985. 

[9] W. R. A. Goossens, G. L. Dumont, and 

G. J. Spaepen, "Fluidization of binary 

mixtures in the laminar flow region," 

Chemical Engineering Progress 

Symposium Series vol. 67, pp. 38-45, 

1971. 

[10] R. Bilbao, J. Lezaun, and J. C. 

Abanades, "Fluidization velocities of 

sand/straw binary mixtures," Powder 

Technology, vol. 52, pp. 1-6, 1987. 

[11] S. Chiba, T. Chiba, A. W. Nienow, 

and H. Kobayashi, "The minimum 



465

SET2008 - 7th International Conference on Sustainable Energy Technologies; Seoul, Korea. 24-27 August 2008SET2008 - 7
th

 International Conference on Sustainable Energy Technologies; Seoul, Korea. 

24-27 August, 2008 

Page 7 of 9 
  

fluidisation velocity, bed expansion and 

pressure-drop profile of binary particle 

mixtures " Powder Technology, vol. 22, 

pp. 255-269 1979. 

[12] A. R. Otero and J. Corella, An. Soc. 

Esp. Fis. Quim., vol. 67, pp. 1207–1219, 

1971. 

[13] V. Thonglimp, vol. Docteur-ingeneur 

thesis. Toulouse: Institut National 

Polytechnique, 1981. 

[14] J. Reina, E. Velo, and L. Puigjaner, 

"Predicting the minimum fluidization 

velocity of polydisperse mixtures of 

scrap-wood particles," Powder 

Technology, vol. 111, pp. 245-251, 2000. 

[15] A. Kumar and P. Sen Gupta, Indian 

Journal of Technology, vol. 12, pp. 225, 

1974. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



SET2008 - 7th International Conference on Sustainable Energy Technologies; Seoul, Korea. 24-27 August 2008

466

SET2008 - 7
th

 International Conference on Sustainable Energy Technologies; Seoul, Korea. 

24-27 August, 2008 

Page 8 of 9 
  

APPENDIX  

 

Table 1: Various correlations for calculating the minimum fluidization velocity of binary 

mixture 

Author Correlations Definitions and comments 
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Not restricted to binary 

mixtures 
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1979 

 

For a completely mixed bed: 
2











=

F

p

M

F

p

MF

mfmf d

d
uu

ρ

ρ
 

 

For a completely segregated bed: 

u

u

u

u

u
u

P

mf

F

mfF

P

mf

F

mf

F

mf

mf

x +













−

=

1

 

 

( ) P

p

FF

p

F

M VV ρρρ −+= 1  

( )[ ] 3
1

33
1 P

p

FF

p

F

M dNdNd −+=

 

 

































−







+

=
3

1
1

1

1

P

p

F

p

F

F

d

d

V

N

 

- similar with definition 

by Kumar and Sen 

Gupta, 1974 
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Thonglimp, 

1981 
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