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ABSTRACT 
The height of the solid particles has a large effect on the pressure of the fluidized bed, in this work the expansion of the solid 

particles and the pressure of fluidized bed were studied. Four phases fluidized bed was performed experimentally using small 

balls of stainless steel, water, gasoline, and air. The flow behavior of the fluidized bed was photographed using high speed camera 

and the pressure was recorded using pressure sensor. The experimental values of the pressure were compared with the pressure 

values found with Ansys Fluent computational fluid dynamics (CFD) model. The volume fraction images of the solid phase were 

found from the simulated model to obtain the expansion of solid particles. The results showed that the pressure of the fluidized 

bed increase with the height of the solid particles. Results also showed that the CFD model was capable of predicting the behavior 

of the fluidized bed. 
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Nomenclature: 
CFD: Computational fluid dynamics 
D: Bed diameter (m) 
d: Particles diameter (m) 
F: Force (N) 
g: Gravity acceleration (m/s2) 
H: Static bed height (m) 
Lr: Length multiplied by the radius of the bed (m2) 
Q: Flow rate (l/min, m3/s) 
R: Intraction force 
Re: Reynolds number 
S: Source term 
v: Velocity of phase (m/s) 
 
Greek symbols: 
µ: Viscosity 
ɛ: Epsilon 
ṁ: Interphase mass exchange (kg/m3.s) 
α: Volume fraction 
Ῑ: Unity matrix 
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λ: Bulk viscosity 
ρ: Mixture density (kg/m3) 
τ: Shear stress 
 
Subscripts: 
a: Air 
g: Gasoline 
lift: Lift force 
p: Particles 
p: Priemary phase 
q: Secondary phase 
s: Solid 
w: Water 
νm: Virtual mass force 
 

INTRODUCTION 
 

Conventional solid–liquid fluidized beds have been widely investigated since 1950 [1]. Fluidized bed are 
used in a wide range of refining , chemical, petrochemical, biotechnology , pharmaceutical, environmental ,and 
food industries. The ability to correctly calculate hydrodynamics characteristics of the system such as mixing of 
each phase and heat and mass transfer, determine the successful design and operation of a gas-liquid-solid 
fluidized bed system [2]. Many researcher studied the fluidized bed characteristics, Didwania A. and Homsy G. 
[3] identified four discrete flow regimes using two dimensional fluidized bed of  glass particles with water, the 
point of transition between these four regimes are sharp and non-hysteretic. Kim S. and Kim C. [4] studied the 
axial dispersion characteristics of liquid phase in the two and three phase fluidized bed. Rundell D. et al. [5] 
compared the coal liquefaction reactor unit with obtained data from a dimensionally similar fluidization cold 
flow glass pilot plant; they studied the bed expansion and the gas holdup. Han J. et al. [6] performed an 
experiment to study the stability of a uniform liquid fluidized bed with varying particle density and size as well 
as fluid properties. Fan et al. [7] investigated the hydrodynamic properties of three phase fluidized bed system 
with high pressure bubble column, experimentally and theoretically using discrete phase simulations. Habeeb L. 
and Al-Turhee R. [8] studied experimentally the two phase fluidized bed with sand particles as solid phase and 
air as continuous phase; they also performed steady and unsteady simulation for the fluidized bed. Mellin P. et 
al. [9] developed three dimensional CFD model to predict vapor phase dynamics and product distributions in the 
fluidized bed process for biomass fast pyrolysis, along with Euler-Euler model they used an integrated pyrolysis 
model. Boz Z. et al. [10] investigated the mesh refinement and the time step size and their effect on the results 
convergence using Ansys CFX (v12.1.). Al-Turaihi R. et al. [11] experimentally studied the two phase fluidized 
using different types of particles; they used various velocities and heat flux. Al-Turaihi R. and Oleiwi S. [12] 
investigated the two phase fluidized bed using stainless steel balls and water; they compared the experimental 
results with the CFD results found by using Ansys Fluent 15.0. Setia G. et al. [13] developed a two layer based 
model. two types of fly ash, cement and ESP dust were used for the straight-pipe conveying data that was used 
to develop the model. the pressure drops in five larger and longer pipelines was predicted using the developed 
solids friction models and the results compared with the experimental versus predicted pneumatic conveying 
characteristics to validate the models. Wahyudi H. et al. [14] studied the heat transfer in fluidized bed by means 
of immersed tube for gas solid fluidized bed. They developed three dimensional CFD model combined with 
discrete element method which was proved to predict heat transfer characteristics of the fluidized bed with 
immersed tubes. Girimonte R. et al. [15] they investigated the effect of particle size on the fluidization regimes 
using particles of of ceramics, zirconium oxide, steel and bronze of the same diameter. In this work the 
expansion and the pressure of the fluidized bed was investigated using three fluids phases beside solid phase. 
The experimental values of the pressure drop were compared with the pressure values found with CFD model. 
 
2. Experimental work: 

The schematic diagram of experimental rig that was constructed to study the four phases fluidized bed is 
shown in figure (1). Perspex see-through pipe with dimensions of 0.0254 × 1 m was used as the main pipe. 
Pressure sensor with measuring range of (0-1) bar were placed at the side of the main pipe to measure the 
pressure. Square bitch net was placed at the bottom of the main pipe made of aluminum with 25 % open area 
ratio and 0.334 mm side. In order to perform a test, the solid particles are sited in the main pipe with a static 
height as shown in table (1), the particles are small balls made of stainless steel with 1.5 mm diameter. The 
water is pumped from the water tank of 760 l capacity and by using flow meter with measuring range from 5 
l/min to 35 l/min. the gasoline is pumped from the gasoline tank of 530 l capacity and by using flow meter 
measuring range from 10 l/min to 70 l/min, then the air is pumped from the air compressor Recomendamos 
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Aceite/Worthington type of 0.5 m3 capacity with maximum pressure of 16 bar and by using flow meter with 
measuring range from 5.833  l/min to 58.33 l/min. pumping of the fluids was performed respectively during that 
the pressures is measured along the main pipe and the flow pattern is documented with high speed camera. AOS 
high speed camera was used with active resolution of 720x480, and 29.97 Hz image frequency. This test 
procedure was repeated for the three values of water, gasoline, and air as well as the two values of static solid 
height. The pressure of the four phase fluidized bed is drawn with the superficial velocity of air, gasoline, and 
water. The velocity is found from the flow rate by eq. (1) 

=Q U * A                                                                                                                       (1) 

[16] 
 
The values of superficial velocities are show in table (1) 

 
Table 1: The experimental values 

H (cm) Water superficial velocity (m/s) Gasoline superficial velocity (m/s) Air superficial velocity (m/s) 
1.75 0.4 4 5 
2.25 0.5 6 10 
----- 0.6 9 14 

 
3. Mathematical model: 

The fluidized bed was simulated using Ansys Fluent 15.0. Eulerian-Eulerian along with k-epsilon model 
was used. Two dimensional model was generated with 1 × 0.0254 m dimensions. Quadrilateral mesh type has 
been used which gave (6648) cells and (7183) nodes with (16.4135) aspect ratio . Granular secondary phase was 
used for the solid particles with 1.5 mm diameter, Syamlal-O'brien granular viscosity, and lun-et-al granular 
bulk viscosity whereas the water was the primary phase. Dispersed phase was set for the gasoline and air. 
Boundary conditions are set as, the inlet of the pipe is set to be velocity inlet (u=0, v=V), the two side of the 
pipe are set as no slip boundary conditions (u=0, v=0), and the outlet of the pipe is set to be outlet pressure. The 
simulation variables inserted into this model are summarized in table (2). 
 
Table 2: The simulation parameters 

Description Value 
Air density 1.225 kg/ m3 
Bed height 1 m 
Bed width 0.0254 m 
Gasoline density 800 kg/ m3 
Initial solids packing 0.7668 
Maximum iteration 20 
Mean particle diameter 1.5 mm 
Momentum under relaxation 0.2 
Particle density 8000 kg/m3 

Pressure under relaxation 0.3 
Static bed height (H) 0.0175, 0.0225 m 
Time steps 0.001 sec 
Volume fraction under relaxation 0.5 
Water density 998.2 kg/m3 

 
The general governing equations used by Eulerian multiphase model are the conservation of mass and 

momentum. Mass conservation equation can be written in its general form as (2). 
.n .

q q q q q qqppq
p 1

( ) .( v ) ) S
t

(m m
=

∂ α ρ + ∇ α ρ = − +
∂ ∑

uur
                                                        (2) 

[17]  
 
The source term  is zero as default value or else it can be a set constant value or define by user. 

Momentum conservation equation can be written in its general form as (3). 
n . .

pq pq qp q lift,q vm,qq pq qpq q q q q q q q q q
p 1

( v ) .( v v ) p . g (R m v m v ) (F F F ) 
t =

∂ α ρ +∇ α ρ = −α ∇ +∇τ +α ρ + + − + + +
∂ ∑

uur uuruur r ur r r r r r

 (3) 
[17] 

Where  is the stress - strain tensor can be found as (4). 

T
q q q qq q q q q

2
( v v ) ( ) .v I

3
τ = α µ ∇ + ∇ + α λ − µ ∇

r r r
                                                          (4) 

[17] 
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RESULTS AND DISCUSSION 
 
The Effect of static bed height on the pressure distribution along the fluidized bed was investigated in this 

paper as well as the expansion of the bed. Computational fluid dynamics simulation was performed using Ansys 
Fluent 15.0 to simulate the fluidized bed. An equation to predict the pressure drop was presented as well. 
 
4.1. Effect of static bed height on the bed expansion: 

Two static bed height was used to study their effect with different values of water, gasoline, and air 
superficial velocities. Figures (2,3,4,5,6,7) show the effect of static bed height numerically, these figures show 
the solid volume fraction found with Ansys Fluent 15.0. The expansion of the solid phase increased as the static 
bed height increased. Figure (2) show the static height effect as it increased from 1.75 cm to 2.25 cm with 
constants values of water, gasoline, and air superficial velocities equal to 0.5, 9, and 14 m/s, respectively. As the 
initial amount of solid particles placed in the main pipe increased the expansion after the fluidization is 
increased as well. Figures (3,4,5,6,7) gave the same effect as figure (2) for static height increasing, with 
different superficial velocities for gasoline and air with water superficial velocity equal to 0.6 m/s. 
 
4.2. Effect of static bed height on the bed pressure: 

Figure (8 a,b,c,d,e,f) shows the effect of static height on the pressure distribution along the test pipe both 
experimentally and numerically. Two values of static height was tested with different values of water, gasoline, 
and air superficial velocities. The pressure of the bed increased as the static height is increased. The pressure of 
the bed at 0.2 m was 42.6 kPa for static height equal to 1.75 cm when the static height increased to 2.25 cm the 
pressure at the same point increased to 47.2 kPa with the same values of water, gasoline, and air superficial 
velocities equal to 0.4, 6 and 5 m/s, respectively, as shown in figure (8a) experiment values. The Pressure of the 
bed is increased as the static height increased due to the increase in the amount of solid phase which increase the 
resistance over the coming fluids (i.e, water, gasoline, and air) lead to increase in the pressure over the walls of 
the bed. The computational fluid dynamics model simulated with Ansys Fluent 15.0 used to find the pressure 
along the bed, the numerical values compared with the experimental values as shown in these figures. The 
numerical values gave the same effect as the experimental values. Deviation can be seen between the 
experimental and the numerical results due to the assumption made, meaning that any change made for these 
assumption will change the deviation between the experimental and the numerical results. 
 
4.3. Pressure drop equation: 

The experimental values of the pressure drop was used to establish an equation that predict the pressure 
drop depending on the physical and geometrical parameters. The shape of the equation was set as (5). 

( ) ( ) ( ) ( ) ( )( )∆ = ρ
a3 a5a1 a2 a4

a g w p sP C * Lr Re Re Re d * * H / D                                             (5) 

Where C, a1, a2, a3, a4, a5 are constants found by using the least square fit method with a computer 
program (STATISTICA) so the final form of the equation is (6).  

( ) ( ) ( ) ( ) ( )( )−−∆ = ρ
0.1942 0.39802.096 0.0216 0.0063

a g w p sP 1.9747 * Lr Re Re Re d * * H / D                    (6) 

The deviation of this equation is 22% and behavior of the correlation is shown in figure (9). 
 
Conclusions and Future Work: 

For this work two values of static height was used to study their effect on the bed expansion and the 
pressure distribution along the bed. the bed expansion was investigated by means of the solid volume fraction 
found from numerical simulation. The expansion of the bed found to be increased as the static height of the bed 
is increased. The pressure of the bed along the test pipe was investigated experimentally and numerically, the 
numerical results was validated by the experimental one and gave the same influence. The pressure distribution 
of the bed found to be increased as the static height of the bed is increased. The experimental pressure drop of 
the bed was used to perform an equation that predict the pressure drop depending on the bed geometry and the 
properties of the phases. 

For the future work a heat transfer to the tube can be added, also different materials could make difference 
with the pressure results. Different diameters of the solid particles can compered so the better diameter are 
found. 
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Fig. 1: The schematic diagram of the experimental rig 

 

             
         H (cm)           1.75             2.25 

 
Fig. 2: Effect of static heights on the bed expansion at 

(UW= 0.5 m/s), (Ug= 9 m/s), and  (Ua= 14 
m/s) 

             
         H (cm)           1.75             2.25 
 

Fig. 3: Effect of static heights on the bed expansion at 
(UW= 0.6 m/s), (Ug= 4 m/s), and (Ua= 5 m/s) 
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         H (cm)           1.75             2.25 

Fig. 4: Effect of static heights on the bed expansion at 
(UW= 0.6 m/s), (Ug= 4 m/s), and (Ua= 10 m/s) 

             
         H (cm)           1.75             2.25 

Fig. 5: Effect of static heights on the bed expansion at 
(UW= 0.6 m/s), (Ug= 4 m/s), and (Ua= 14 m/s) 

             
         H (cm)           1.75             2.25 

Fig. 6: Effect of static heights on the bed expansion at 
(UW= 0.6 m/s), (Ug= 9 m/s), and (Ua= 10 m/s) 

             
         H (cm)           1.75             2.25 

Fig. 7: Effect of static heights on the bed expansion at 
(UW= 0.6 m/s), (Ug= 9 m/s), and (Ua= 14 m/s) 
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Fig. 8: Effect of static height on the pressure along the test pipe at different values of water superficial velocity, 
gasoline superficial velocity, and air superficial velocity 
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Fig. 9: Comparison between the pressure drop experimental values and equation values 
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