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Abstract
The successful and economical design, scale up and operation of a fluidized bed reactor depends upon the 

true prediction of its bed hydrodynamics. The present research has been carried out to study the hydrodynamics 
behavior of bed of semolina particles in liquid solid fluidization. The prime objective of this research work is to study 
the effect of liquid superficial velocity and variation in static bed height on the minimum fluidization velocity and 
pressure drop. Liquid-solid fluidization is characterized by the uniform expansion of bed particles; therefore, it is 
known as particulate fluidization. In liquid, solid fluidization, there is no bubbling phase, that is the main cause of 
uniform bed expansion. Liquid-solid fluidization has extensive field of applications, i.e., in hydrometallurgy, waste 
water treatment, biochemical processing and food technology. Minimum fluidization velocity and pressure drop are 
important hydrodynamic parameters in the design and scale up of fluidized bed reactors. The experimental work was 
carried out in a column made up of acrylic having 60 mm outer diameter and 2 mm wall thickness and was 1000 
mm long. Manometers were used to observe the pressure drop variations across the bed. The minimum fluidization 
velocity was found to be 0.404 mm/sec. It has been found that the minimum fluidization velocity is not affected by the 
variations in the initial static bed height. Semolina particles being sticky solids offer slightly greater pressure drop. 
Pressure drop becomes constant when fluidization is achieved.

Keywords: Pressure drop; Liquid-solid fluidization; Minimum
fluidization velocity; Bed of semolina particles

Introduction
Liquid-solid fluidization is such a technique in which solids 

are suspended by the upward flowing liquid. The term fluidization 
is generally related to two or three phase systems, in which bed of 
solid particles are fluidized by a gas or liquid flowing in the opposite 
direction to the gravitational force. The fluidized bed can be explained 
as it is a packed bed through which fluid (liquid or gas) flows at a high 
velocity such that the bed is loosened and the particle fluid mixture 
acts as a fluid [1]. Liquid solid fluidization is extensively used in the 
fields of hydrometallurgy, biochemical processing, food technology, 
water treatment, etc. The unit operations involved are ion exchange, 
crystallization, adsorption, cell culturing and enzyme catalysis, etc. If 
the density of the particles is smaller than the flowing fluid, then the 
fluidization is achieved by downward flow of liquid. Hydrodynamics 
characteristics are very important in designing and optimizing a 
fluidized bed reactor because hydrodynamics describe the behavior of 
the bed when fluid is passed through it [2]. Liquid solid fluidization is 
also known as particulate fluidization because of uniform expansion 
of bed. Fluidization is preferred on the other contacting techniques 
due to high heat and mass transfer rates. Winkler was the first who 
successfully developed the first fluidized bed in 1921. In 1942, the first 
large scale industrial implementation of fluidization technique was 
made in fluidized catalytic cracking of crude oil. In the 1970’s, the first 
circulating fluidized bed (CFB) for coarse particles was commercialized 
by Lurgi [3]. In 1980s circulating fluidized bed combustion was 
commercialized and polypropylene production in fluidized beds. As 
the fluidized bed is getting developed, its utilization in coal combustion 
and the current interest in the use of fluidized bed reactors for waste 
utilization and the applications of multi components fluidized beds 
are on the rise. There are many well known operations that utilize 
this technology, like coal carbonization, ore roasting, cracking, Fisher 

Tropsch synthesis, reforming of hydrocarbons, gasification, coking, 
aluminum production and coating preparations [4,5]. The main reason 
for the success of fluidization technique is due to its ability to perform 
a number of unit operations like coating, drying, mixing, granulating, 
heat transfer, leaching and mass transfer. When fluid (liquid) is passed 
through the fixed bed of solid particles at lower flow rates, the fluid pass 
through the bed voidages without changing the fixed bed state [6-8]. 
When velocity is further increased, the bed particles starts to expand, 
and on further increase in fluid velocity, a stage will come at which 
upward acting drag force becomes equal to downward acting forced, 
i.e., weight of particles, at this stage particles are incipiently fluidized
[9-15]. Fluid velocity at this stage is called as Minimum fluidization
velocity. Further increase in the velocity causes the bed particles to
expand and move vigorously (fluidized condition). In past years, bed
hydrodynamics with sticky particles was not studied. Therefore, the
main objective of this research is to study the bed hydrodynamics by
using sticky particles like semolina particles [6]. We have employed
the bed of semolina particles in liquid solid fluidization. Solid particles
used in fluidization are classified by the Geldart for the convenience
of researchers [7]. In this classification, the various solids particles
(powder) are divided into four groups according to their properties,
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size and density [16,17]. In group A, the particles with small size 
(dp=30-150 µm) and having densities in range of <1500 kg/m3 are 
classified. In group B, the particles with large size (dp=150-500 µm) and 
having densities in range of <1500 kg/m3 are classified. In group C, the 
particles with very small size (dp<30 µm) and having low sphericity e.g., 
talc are classified. These particles are not easy to fluidize and they give 
rise to channeling more often. In group D, these particles are either of 
very large size or more denser e.g., lead shot [9]. Semolina Particles 
belongs to the B group particles because semolina particles size ranges 
from 200-450 µm [16]. We used the semolina particles of size 300 µm 
for this work.

Regimes of fluidization

In hydrodynamics studies of two phase liquid solid fluidized bed, 
the most significant factor is the contacting regime. In the perspective 
of Fluidization, hydrodynamics is the study of behavior of bed when 
fluid is passed through it at varying flow rates. In liquid, fluidized beds, 
the flow regimes are limited as compared to gas fluidized beds. Flow 
regimes in the two phase (liquid-solid) fluidized system mainly depends 
upon the liquid velocity. By increasing the fluid (liquid) velocity which 
is defined as liquid superficial velocity, the two phase (liquid-solid) 
system will undergo different flow regimes [10]. Bed remain intact 
when liquid velocity (Ul) is lower than that of the minimum fluidizing 
velocity (Umf). When liquid superficial velocity is increased further 
than the min. fluidization velocity, then the two-phase liquid solid 
system enters into the regime of conventional fluidization, where exist 
clear and obvious boundary between the dense region (at bottom) 
and freeboard region (at top). In that regime, the increasing liquid 
velocity causes the denser phase to expand further and consequently 
the denser-dilute phase boundary is raised. As the velocity if liquid 
is further increased, the denser-dilute phase boundary becomes hazy 
(unclear) and as a result the height of the denser phase is increased. 
And few particles start to get entrained out of the solid particles bed. At 
this stage, the two-phase fluidized bed is shifted from conventional to 
the circulating fluidized bed [11]. By increasing the liquid solid density 
ratio, this transitions becomes more clear. When velocity of liquid 
becomes sufficiently high, huge quantity of particles are entrained out 
of the solid particles bed and solids circulation rate become increased 
sharply. Figure 1 shows the map of solid bed transition into different 
flow regimes. And the transition of these flow regimes can be find out 
by flow regime map in the form of dimensionless particle size and 
liquid superficial velocity. The regime of conventional fluidization and 
fixed bed is determined by the min. fluidizing velocity (Umf).

The prime objective of the current study is to predict the 
hydrodynamics of two phase liquid-solid fluidized bed using semolina 
particles as a bed material. The research was conducted by studying 
the variation of a key hydrodynamics factor "pressure drop" with 
liquid superficial velocity and effect of static bed height on "minimum 
fluidization velocity". Pressure drop and min. fluidizing velocity are 
the significant hydrodynamics factors that are used mainly for the 
determination of hydrodynamics behavior of the bed. Many researchers 
have determined the hydrodynamics behavior of a fluidized bed 
using different particles but there is no sufficient research data on the 
hydrodynamics behavior of fluidized bed using sticky particles, so this 
topic has been selected for the this research. We used semolina particles 
which are sticky particles and then we studied the hydrodynamics 
behavior for bed of semolina particles in liquid-solid fluidization. Now 
a days, fluidization is also employed for the waste water treatment. 
This technique uses the catalyst (in some cases activated carbon) which 
shows stickiness when they come in contact with water and therefore 

it is necessary to determine the hydrodynamics of bed of such type of 
particles for development and scale up of the fluidization operation [18].

Experimental Setup and Method
The experimental set up consist of a transparent column which is 

made-up of acrylic with dimensions of 60 mm internal diameter with 
a maximum height of 1000 mm and a wall thickness of 2 mm. Liquid 
(water) enters into the column from bottom through distributor, 
distributor ensure the uniform flow of water into the column. 
Distributor has perforates in a pattern of triangular pitch. A pump of 
0.5 hp is used to pump the water through the column. Rota meter is 
used to control the flow of liquid and three manometers are used to 
measure the pressure drop at different points across the bed. A reservoir 
tank is used to store the fluid. A known quantity of semolina particles 
was loaded through the provision in the column. The pump was started 
to fill the column with the liquid and then initial static bed height was 
noted. Then liquid (water) was allowed to pass through the column and 
the velocity of fluid was increased till the onset of fluidization. During 
this operation, the pressure drop was observed in manometers with the 
varying fluid flow rates. In the next experimental run, the static bed 
height was changed and same above stated procedure was repeated. 
Schematic diagram of the experimental set up is shown in Figure 2.

Three manometers are used for measuring the pressure drop at 
different points across the column, first manometer is inserted below 
the distributor plate to find the pressure of liquid (water in our case) 
before entering the bed of particles while the second manometer is 
inserted just above the distributor plate to find the pressure drop across 
distributor plate. Third manometer is inserted at the top the column to 
find the pressure drop across bed. We observed the values of second 
and third manometer for our work to find the pressure drop which is 
presented in Table 1.

Results and Discussion
Minimum fluidization velocity

Minimum fluidization velocity is the liquid superficial velocity at 
which bed of solid particles becomes incipiently fluidized and at this 
velocity the upward force (drag force) becomes equal to the downward 
force (weight of solids). Minimum fluidization velocity is a important 
parameter in the design of a fluidized bed reactor. The equation used 
for the determination of Umf is the Ergun equation which is based on a 

Figure 1: Flow Regime Map for liquid solid Fluidization.
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minimum fluidizing velocity (Umf) is used to evaluate the range of 
operating conditions and the energy requirement for a fluidized bed 
reactor.

Pressure drop profile

Pressure drop is the most important parameter used for the 
determination of hydrodynamics of a two-phase fluidized bed. Pressure 
drop is the key parameter which has a decisive role in the economical 
and efficient operation of a fluidized bed reactor. The Pressure drop 
is observed through manometers across the bed. These manometers 
provide the pressure drop in term of pressure head and then we 
converted it into Pascal. The observation data collected at different 
static bed heights is given in Table 1.

Pressure drop increases with the increase in liquid superficial 
velocity till the onset of fluidization, once fluidization is achieved, 
the pressure drop becomes constant. The same trend is shown in 
Figure 3a Semolina particles are the sticky particles and they offer 
more pressure drop than any other type of particles (sand etc.) due to 
their cohesiveness. Because when fluid is passed through the bed of 
semolina particles, they remain intact as a fixed bed, and hence more 
pressure is lost in making the sticky bed particles to fluidize. When 
bed is fluidized, the pressure drop becomes constant because the 
resistance the resistance for the fluid (liquid) decreases significantly. 
With the increase in the liquid superficial velocity, the bed voidage also 
increases due to the expansion of bed particles, this causes the pressure 
drop to increase till fluidization state reached. Figure 3b demonstrate 
the pressure drop variations for fluidization and de-fluidization i.e., 
pressure drop profile when liquid flow rate is increased from zero to 
Umf and then pressure drop profile when liquid flow rate is decreased 
from Umf to zero.

Conclusions
The minimum fluidization velocity (Umf) was found independent of 

initial static bed height (solid loadings) and it depends on the particle 
density and particle diameter. Umf is the key factor in the design and 
scale up of a fluidized bed reactor. Bed of particles remain fixed till the 
minimum fluidizing velocity is achieved. Pressure drop in case of bed 
of semolina particles is high due to the cohesiveness of the semolina 
particles. Pressure drop values are higher for the bed of semolina 
particles as presented in Figure 3a due the sticky nature of particles. 

assumption that the drag force of the liquid flowing with a superficial 
velocity (Umf) is equivalent to the weight of solid particles in the bed.
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The minimum fluidization velocity in our case comes out to be 
0.404 mm/sec. When initial static bed height was changed in the next 
experimental run, the Umf was the same. Therefore we can say that 
minimum fluidization velocity does not depends on the initial static 
bed height, it depends on the size and density of the particles [15]. If 
the density of the particles are higher, then it requires greater upward 
forced to suspend/fluidize, this could be justifiable in a way that when 
particles are heavier (having density greater than the fluid) than the 
fluidizing fluid, then it is quite obvious that we have to provide greater 
upward force to overcome the gravitational forced to fluidize the 
particle. In our case (bed of semolina particles), the bed particles are 
heavier than the flowing liquid, i.e., water (density of semolina>density 
of water), therefore they are fluidized by the upward flow of fluid and 
due to their cohesiveness (since semolina particles are sticky particles) 
a greater upward drag force is required for fluidization. That is why 
value of Umf comes out relatively higher in our case. Knowledge of 

Figure 2: Schematic diagram of experimental set up.

Liquid Superficial Velocity ∆P2 (H=5.0cm) ∆P4 (H=6.0cm) ∆P6 (H=7.0cm)
m/sec Pa Pa Pa

1.75 × 10-4 1264.2 1940.4 2234.4
2.109 × 10-4 2058 2067.8 2479.4
2.46 × 10-4 2940 2508.8 2665.6
2.81 × 10-4 3773 3165.4 3057.6
3.16 × 10-4 4419.8 3792.6 3459.4
3.52 × 10-4 4949 4312 3841.6
3.86 × 10-4 5831 5272.4 4625.6
4.21 × 10-4 6183.8 5654.6 5301.8
4.57 × 10-4 6242.6 5664.4 5497.8
4.92 × 10-4 6272 5684 5517.4
5.27 × 10-4 6272 5684 5521.2

Table 1: Pressure Drop at different static bed Heights.
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Figure 3a: Pressure Drop variations.
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Figure 3b: Pressure Drop variations for the fluidization and de- fluidization.

Pressure drop increases till the minimum fluidization velocity is reached 
and then on further increase in liquid velocity above Umf, pressure drop 
remains constant. Further increase in the liquid superficial velocity 
above the Umf leads to particles vigorous motion, that is the main cause 
of turbulence and better mixing in the fluidization technique. Pressure 
drop is the important parameter in determination of hydrodynamics 
because it enables us to determine the energy losses and friction factor 
which are helpful in predicting the stable flow conditions necessary 
to efficiently operate the fluidized bed reactor for a given operation. 
Liquid-solid fluidized bed reactor are now widely used technique which 
is extensively used in the hydro metallurgy, waste water treatment and 
especially in bio-processing.

Acknowledgements

All praises to Almighty Allah, who provided me with the strength to accomplish 
this research work. All respects are for His Holy Prophet (PBUH), whose teachings 
are true source of knowledge and guidance for whole mankind. Before anybody 
else I would like to thank my parents, who have always been a source of moral 
support and driving force behind whatever I do. I want to express my sincere 
thanks and deep gratitude to my supervisor Dr. Waqar Ali Khan for providing me 
their invaluable help, encouragement, guidance, motivation, and constructive 
criticism during the project. I am also grateful to Prof. Dr. SR Malik, Head of the 
Department, Chemical Engineering for providing me the necessary opportunities 
for the completion of my research work. Finally, I would like to thank all the faculty 
members for their help.

References
1. Tisa F, Raman AA, Daud WM (2014) Basic Design of a Fluidized Bed Reactor 

for Wastewater Treatment Using Fenton Oxidation. International Journal of 
Innovation, Management and Technology 5: 93. 

2. Corre C, Estivalezes JL, Vincent S, Simonin O (2010) Direct Numerical Simulation 
of a Liquid-Solid Fluidized Bed. In Proc 7th Int Conf on Multiphase Flow, ICMF. 

3. Comte MP, Bastoul D, Hebrard G, Roustan M, Lazarova V (1997) 
Hydrodynamics of Three PhaseFluidized Bed-the Inverse Turbulent Bed. 
Chem Eng Sci 52: 3971-3977. 

4. Liang W, Zhang S, Zhu JX, Jin Y, Yu Z, et al. (2008) Flow characteristics of the 
liquid-solid circulating fluidized bed. Powder Tech 90: 95-102.

5. Fan LS (1989) Gas-Liquid-Solid Fluidization Engineering, Butterworths, 
Boston, USA. 

6. Bendict RF, Kumaresan G, Velan M (1998) Bed Expansion and Pressure Drop 
Studies in a Liquid-solid Inverse Fluidized Bed Reactor. Bioprocess Eng 19: 
137-142.

7. Liang WG, Zhu JX, Jin Y, Yu ZQ, Wang ZW, et al. (1996) Radial Non-uniformity 
of flow structure in a liquid solid circulating fluidized bed. Chemical Engineering 
Science 51: 2001-2010. 

8. Zhu JX, Karamanev DG, Bassi AS, Zheng Y (2000) (Gas-)liquid-solid circulating 
fluidized beds and their potential applications to bioreactor engineering. The 
Canadian Journal of Chemical Engineering 78: 82-94. 

9. Lakshmi AV, Balamurugan M, Sivakumar M, Samuel TN, Velan M (2000) 
Minimum Fluidization Velocity and Friction Factor in a Liquid-Solid Inverse 
Fluidized Bed Reactor. Bioprocess Eng 22: 461-466. 

10. Aguilar-Corona A, Zenit R, Masbernat O (2011) Collisions in a liquid fluidized 
bed. International Journal of Multiphase Flow 37: 695-705. 

11. Yates JG, Simons SJ (1994) Experimental methods in fluidization research. 
International Journal of Multiphase Flow 20: 297-330. 

12. Lucas A, Arnaldos J, Casal J, Puigjaner L (1986) Improved Equation for 
the Calculation of Minimum Fluidization Velocity. Industrial and Engineering 
Chemistry Research 25: 426-429.

13. Asif M, Kalogerakis N, Behie LA (1992) Hydrodynamics of Liquid Fluidized Beds 
Including the Distributor Region. Chemical Engineering science 47: 4155-4166.

14. Limtrakul S, Chen J, Ramachandran PA, Duduković MP (2005) Solids motion 
and holdup profiles in liquid fluidized beds. Chemical Engineering Science 60: 
1889-1900.

15. Escudero DR (2010) Bed height and material density effects on fluidized bed 
hydrodynamics. Graduate Theses and Dissertations. 

16. Kent NL (1994) Kent’s Technology of Cereals: An Introduction for Students of 
Food Science and Agriculture. 4th edn. Elsevier. 

17. Yates JG (2013) Fundamentals of Fluidized bed Chemical Processes. 1st edn. 
Butterworth. 

18. Tisa F, Raman AA, Daud WM (2014) Basic Design of a Fluidized Bed Reactor 
for Wastewater Treatment Using Fenton Oxidation. International Journal of 
Innovation, Management and Technology 5: 93.

http://search.proquest.com/openview/5af74fe660ae83a8f9ebaf7cfb6f0216/1?pq-origsite=gscholar
http://search.proquest.com/openview/5af74fe660ae83a8f9ebaf7cfb6f0216/1?pq-origsite=gscholar
http://search.proquest.com/openview/5af74fe660ae83a8f9ebaf7cfb6f0216/1?pq-origsite=gscholar
http://www.sciencedirect.com/science/article/pii/S0009250997002406
http://www.sciencedirect.com/science/article/pii/S0009250997002406
http://www.sciencedirect.com/science/article/pii/S0009250997002406
http://www.sciencedirect.com/science/article/pii/S0032591096031981
http://www.sciencedirect.com/science/article/pii/S0032591096031981
http://www.osti.gov/scitech/biblio/6975781
http://www.osti.gov/scitech/biblio/6975781
http://link.springer.com/article/10.1007/s004490050494
http://link.springer.com/article/10.1007/s004490050494
http://link.springer.com/article/10.1007/s004490050494
http://www.sciencedirect.com/science/article/pii/0009250996000577
http://www.sciencedirect.com/science/article/pii/0009250996000577
http://www.sciencedirect.com/science/article/pii/0009250996000577
http://onlinelibrary.wiley.com/doi/10.1002/cjce.5450780113/full
http://onlinelibrary.wiley.com/doi/10.1002/cjce.5450780113/full
http://onlinelibrary.wiley.com/doi/10.1002/cjce.5450780113/full
http://link.springer.com/article/10.1007/s004490050759
http://link.springer.com/article/10.1007/s004490050759
http://link.springer.com/article/10.1007/s004490050759
http://www.sciencedirect.com/science/article/pii/S0301932211000498
http://www.sciencedirect.com/science/article/pii/S0301932211000498
http://www.sciencedirect.com/science/article/pii/0301932294900760
http://www.sciencedirect.com/science/article/pii/0301932294900760
http://pubs.acs.org/doi/abs/10.1021/i200033a013
http://pubs.acs.org/doi/abs/10.1021/i200033a013
http://pubs.acs.org/doi/abs/10.1021/i200033a013
http://www.sciencedirect.com/science/article/pii/0009250992851658
http://www.sciencedirect.com/science/article/pii/0009250992851658
http://www.sciencedirect.com/science/article/pii/S0009250904009261
http://www.sciencedirect.com/science/article/pii/S0009250904009261
http://www.sciencedirect.com/science/article/pii/S0009250904009261
http://gradworks.umi.com/14/87/1487969.html
http://gradworks.umi.com/14/87/1487969.html
https://books.google.co.in/books?hl=en&lr=&id=JvaiAgAAQBAJ&oi=fnd&pg=PP1&dq=Norman+Leslie+Kent,+A.+D.+Evers%3B+Technology+of+Cereals:+An+Introduction+for+Students+of+Food+Science+and+Agriculture,+4th+edition,+Elsevier.+&ots=FjBu1oGolh&sig=rijjETMWbk0IQns_lkd21TN-u8g
https://books.google.co.in/books?hl=en&lr=&id=JvaiAgAAQBAJ&oi=fnd&pg=PP1&dq=Norman+Leslie+Kent,+A.+D.+Evers%3B+Technology+of+Cereals:+An+Introduction+for+Students+of+Food+Science+and+Agriculture,+4th+edition,+Elsevier.+&ots=FjBu1oGolh&sig=rijjETMWbk0IQns_lkd21TN-u8g
https://books.google.co.in/books?hl=en&lr=&id=NOQgBQAAQBAJ&oi=fnd&pg=PP1&dq=.+G.+Yates,+PhD%3B+Fundamentals+of+Fluidized+bed+Chemical+Processes,+1st+edition,+Butterworth.+&ots=RQYE_YvILp&sig=XJP7HkBGpx89tj1_k7NEKhdXMVo
https://books.google.co.in/books?hl=en&lr=&id=NOQgBQAAQBAJ&oi=fnd&pg=PP1&dq=.+G.+Yates,+PhD%3B+Fundamentals+of+Fluidized+bed+Chemical+Processes,+1st+edition,+Butterworth.+&ots=RQYE_YvILp&sig=XJP7HkBGpx89tj1_k7NEKhdXMVo
http://search.proquest.com/openview/5af74fe660ae83a8f9ebaf7cfb6f0216/1?pq-origsite=gscholar
http://search.proquest.com/openview/5af74fe660ae83a8f9ebaf7cfb6f0216/1?pq-origsite=gscholar
http://search.proquest.com/openview/5af74fe660ae83a8f9ebaf7cfb6f0216/1?pq-origsite=gscholar

	Title
	Corresponding Author
	Abstract
	Keywords
	Introduction
	Regimes of fluidization 

	Experimental Setup and Method 
	Results and Discussion 
	Minimum fluidization velocity 
	Pressure drop profile 

	Conclusions
	Acknowledgements
	Figure 1
	Figure 2
	Figure 3a
	Figure 3b
	Table 1
	References



