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The fluidized bed in this paper was studied in inclined position. The investigation was 

performed using a computational fluid dynamic model using SolidWorks software 

program, and Ansys Fluent software programs. The height of the solid particles was studied 

during the fluidization process with three values of inclination degree angle (20, 40, 60 

degree). The model was validated using another experimental paper by Yakubov et al. 

(2007). The results showed that as velocity of water increased, the upgrading of solid 

particles inside the pipe increased, meanwhile the expansion of solid particles decreased as 

the inclination degree of pipe increased. 
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1. INTRODUCTION

Fluidization is recognized as contacting technique between 

fluids and solid, several applications use this technique such 

as particles coating, solid drying, carbonization, gasification, 

and combustion as well as many others. Fluidization operation 

have many advantages over other method, like reduce coast of 

pumping by lowering the pressure drop, mixing the solid 

particles is good so the temperature maintains uniform, 

handling the particles of solid is easy compared to other 

methods, high rate of heat and mass transfer, etc. Reza et al. 

[1] studied the two-phase fluidized bed using the

computational fluid dynamic (CFD) modeling of binary.

Rupesh et al. [2] study the CFD modeling of solid-liquid beds

of mono and binary particles. Fan et al. [3] study the binary

particles simulation using computational fluid dynamic for

fluidized bed. Basirat et al. [4] experimentally studied the

binary particles separation using gas-solid fluidized bed. Khan

[5] studied the reactors of fluidized bed reactors used for

polyolefin production using computational fluidized bed

simulation. Lu et al. [6] studied the segregation of size for

biomass mixture in fluidized bed solid bubbling. Toan et al. [7]

studied the glass beads hydrodynamic Characteristics using

three-phase computational fluid dynamic simulation. Al-

Turaihi et al. [8] studied the height of solid particles

experimentally and numerically using CFD Investigation in

Water-Solid low in Fluidized Bed Column. Kumar et al. [9]

investigated numerically a two-dimensional fluidized bed for

two-phase mixing. Jena et al. [10] investigated the minimum

Fluidization Velocity and Pressure Drop of Gas-Solid

Fluidization in well-mixed homogenies square bed. Stanly et

al. [11] study the numerical simulation of gas-solid flows in

fluidized bed with TFM model. Wu et al. [12] study model

validation for formation pattern in fluidized bed. Wang et al.

[13] studied gas–solid fluidized bed numerically by simulating

the hydrodynamic characteristics of the bed. Lianga et al. [14]

studied the systems of general HVAC duct by analyzing the

Geometrical parameters of improved circulating inclined

fluidized beds. Nakamura et al. [15] studied the Development

of fluidization quality and particle mixing in rotating fluidized 

bed by injecting the fluidization air in inclined injection. Dea 

et al. [16] studied the effect of fluidized bed inclination. Sarkar 

et al. [17] investigated experimentally the fluidization process 

through an inclined pipe. Hudson et al. [18] study the 

inclination effect on liquid-solid fluidized beds. Cai et al. [19] 

investigated the influence of inclination distributor for 

fluidized bed on the behavior of motion for a large spherical 

object. Qi et al. [20] studied the effect of the critical motion of 

particulate for inclined channels in a liquid-solid fluidized bed. 

Hamed [21] studied experimentally the adsorption processes 

for inclined-fluidized bed using solid desiccant. Yakubov et al. 

[22] investigated the structure and dynamics of a liquid–solid

fluidized bed in inclined pipes. Callen et al. [23] investigated

the control elutriation of gas-fluidized bed by using parallel

inclined plates. Fu et al. [24] studied the separation

performance and the characteristics of fluidization in a dense-

phase gas-solid fluidized bed. The results showed that the

average bed density and standard deviation increases as the

static bed height increases. Wu et al. [25] developed a

multistage fluidized bed to advance dynamic characterizations.

Two fluid model along with three-dimensional geometry was

used for the numerical simulations. The found that for the

multistage fluidized bed, the axial flow regularity reduced.

In this work, we investigated a fluidized bed, inclined in 

three values of inclination degrees. Ansys fluent 15.0 was used 

for the simulation process. The model was validated using 

experimental values from another research.  

2. NUMERICAL STUDY

The experiments for this paper were performed using 

computational fluid dynamics for inclined fluidized bed. Three 

values of inclination angle were used (20°, 40°, 60°) (Figure 

1). The fluidized bed used is a two-phase solid particles and 

water, the solid particles have (2803 kg/m3) density and 3.5 

mm diameter. Different values of water velocity were 

examined (0.01, 0.03, 0.05, 0.1, 0.3 m/s), with different values 
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of solid particles initial height (3.5, 5, 7.5, 10, 15 cm). 

SolidWorks 2018 program was used to model the geometry of 

the duct numerically, using two-dimensional models. The 

mesh was generated with Ansys 15.0, Quadrilateral mesh was 

used. Figure 2 shows the mesh of the duct, with size equal to 

(0.002 m) which gave (7500) elements and (8016) nodes. 

Fluent attached with Ansys 15.0 was used to simulate the 

behavior of the duct. Eulerian multiphase model was used 

along with k-epsilon turbulent model for the two-phase air 

water flow. Pressure based transient simulation was performed. 

Under relaxation factor used for the models is presented in 

Table 1. 

 

 
(a) 20 degree 

 
(b) 40 degree 

 
(c) 60 degree 

 

Figure 1. Geometries created with SolidWorks 

 

 
 

Figure 2. Close look for the mesh 

 

Table 1. Under relaxation factor 

 

Pressure Momentum Other factors 

0.3 0.7 1 

 

2.1 Mesh validation 

 

The mesh element size used in these simulations was 

validated by testing three different sizes, course, medium and 

fine. For course mesh (5 mm) selected as the size of elements, 

(2 mm) was selected as the size of element for medium mesh, 

whereas for fine mesh (0.9 mm) was selected as the size of 

elements. The three meshed models were simulated for the 

same fluidized bed at the same boundary and initial conditions. 

The results showed that the most suitable size of meshing 

element to use is (2mm); Figure 3 shows a comparison among 

the results.  

 

 
 

Figure 3. Mesh validation results comparison 

  

2.2 Boundary conditions 

 

Boundary conditions used for the simulation is the water 

velocity enters at its highest value from the bottom of the duct 

with ambient initial temperature. The outlet was set as outlet 

pressure (Figure 4). 
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Figure 4. Boundary conditions 

 

2.3 Governing equations for the models used 

 

The Eulerian model was used in this work to represent the 

flow of water and solid particles distribution in the ribbed duct. 

The Eulerian model solves the equations of continuity, 

momentum and energy for mixture (Fluent User’s Guide 

2006) [26, 27]. 

 

I- Mass conservation equation  

The following equation represented the Mass conservation 

 
n . .

q q q q q qpq qp
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II- Momentum conservation equation  

The general form for this equation is as Eq. (2). 
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III- Turbulent model equations 

The turbulent model used for this computational study is k-

epsilon with RNG mixture model. The general equations for 

this model are as Eqns. (3) and (4). 
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2.4 Validation of the numerical model 

 

The model was validated using an experimental research by 

Yakubov et al. Figure 5 shows comparison between the 

experimental results of the paper and the results from the 

computational fluid dynamics model that was developed for 

this research. Four values of inclination angle degree were 

investigated (20, 40, 60, and 70). Figure 5 shows the effect of 

fluid flow rate on the fluidization height compared to the initial 

height of the solid particles. A good agreement between the 

experimental and numerical results have found as it shown in 

the figure. 

 
 

Figure 5. Validation of the numerical model 

 

 

3. RESULTS AND DISCUSSIONS 

 

3.1 The Influence of water velocity on the bed expansion 

 

Figures 6a 6b and 6c show the solid particles expansion 

inside the fluidized bed numerically with water velocity for 

five varied values of initial height bed at constant values of 

fluidized bed's angle. As velocity of water increased, the 

upgrading of solid particles inside the pipe increased over the 

value that originally required into the bed as well as the spaces 

between the particles increased. The increase that happened in 

the elevation of solid particles was due to the increase in the 

amount of water pushed into the pipe as the water velocity 

increased which pushed the particles into beyond places within 

the column. 

 

 
 

Figure 6a. Relationship between velocity and fluidized bed 

height at angle = 20° 
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Figure 6b. Relationship between velocity and fluidized bed 

height at angle = 40° 
 

 
 

Figure 6c. Relationship between velocity and fluidized bed 

height at angle = 60° 

 

3.2 The Influence of fluidized bed inclination on the bed 

expansion 

 

Figures (7a, 7b, 7c, 7d) show the effect of fluidized bed's 

inclination angle on the bed expansion at five different initial 

height of particles in the pipe HO (3.5, 5, 7.5, 10, 15 cm) and 

for four different velocity (0.01, 0.03, 0.05, 0.3 m/s) for each 

figures respectively. First, it is observed that for all figures, the 

bed expansion reaches maximum value at inclination of about 

20°. This is because the pushing force of air that represent by 

velocity, when increase the velocity, this leads to increase in 

bed expansion especially at velocity 0.3m/s. At inclination 40°, 

the bed expansion is lower than at angle 20°, because lack the 

influence of angle on the expansion of particles but this 

influence increase when increase initial bed height. 

 

 
 

Figure 7a. Relationship between bed's inclination angle and 

fluidized bed height at velocity 0.01m/s 
 

 
 

Figure 7b. Relationship between bed's inclination angle and 

fluidized bed height at velocity 0.03m/s 
 

 
Figure 7c. Relationship between bed's inclination angle and 

fluidized bed height at velocity 0.05m/s 
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Figure 7d. Relationship between bed's inclination angle and 

fluidized bed height at velocity 0.3m/s 

 

At inclination 60°, the bed expansion is more than at angle 

40°, because the lift force in the inclined tubes increase do to 

force of the lateral gravitation, because of this force the 

particles are directed to the pipe wall where the water velocity 

is low and limited. Therefore, the particles are moved in the 

pipe in a circular motion and to transfer these particles away 

from the bed bottom a large water flow rate is required. Figures 

(7c, 7d) shows that for 3.5 cm initial height of solid particles, 

as the velocity increases its influence on the height of the bed 

decreases as well as the inclination angle due to the small 

initial height of solid particles compared to the other studied 

cases which makes it a packed bed more than a fluidized bed. 

 

3.3 Effect of water superficial velocity on the solid volume 

fraction 

 

Contours of volume fraction of bed of fluidization at 

different water velocities (0.01 0.03 0.05 0.1 0.3) m/s, with 

degree of inclined 200 and initial bed height (5) cm, shown in 

Figures (8a, 8b, 8c, 8d, 8e). At the velocity of 0.01m/s the bed 

began to expand as water began to rush upward, the bed height 

increases with velocity of water increase until reach to 

maximum at velocity 0.3m/s. The reason attributed when 

water velocity increases the spaces between the solid particles 

increase as the expansion of the solid particles increased, so 

the solid particles slide down along the wall of the bed without 

too much resistance from the upward water flow. Also, the 

inclined of bed helps increase water flow in the tube compared 

to the vertical tube. 

Contours of volume fraction of bed of fluidization at 

different water velocities (0.01, 0.03, 0.05, 0.1, 0.3) m/s, with 

degree of inclined 40° and initial bed height (10) cm, shown 

in Figure (9a, 9b, 9c, 9d, 9e). From the figures it can be seen 

that the velocity of water is higher in the part of the bed where 

no particles are transformed, this is because the particles 

obstruct the flow of water. At the velocity of 0.01m/s the bed 

began to expand and the liquid implement through the solids 

so the solids move in circulating way and move away from 

bed's base, at the velocity of 0.03m/s the particles began 

aggregate because the increase in velocity. 

 

In velocity 0.05 and 0.1 m /s, the particles blend  with liquid 

and become the solution. For velocity 0.3m/s and because the 

increase in velocity the solution reach to a maximum point as 

possible as and is inclined toward the wall because the inclined 

of bed. 

Contours of volume fraction of bed of fluidization at 

different water velocities (0.01, 0.03, 0.05, 0.1, 0.3) m/s, with 

degree of inclined 60° and initial bed height (7.5) cm, shown 

in Figures (10a, 10b, 10c, 10d, 10e). Because the increase in 

inclined of bed compare with the previous beds and be near to 

vertical, the particles mixing with water in low velocities 0.01 

and 0.03 m/s. In v = 0.05 and 0.1 m/s the solution wrought 

began rise in bed with agglomeration in particles. However, in 

increase in velocity 0.3 m/s the solution rush to end of particles 

as possible as it can. 

 

 

 
a. v=0.01m/s 

 

 
b. v=0.03m/s 

 

 
c. v=0.05m/s 
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d. v=0.1m/s 

 

 
e. v=0.3m/s 

 

Figures 8(a-e). The images of effect of water superficial 

velocity on the solid volume fraction at degree of inclined 

20° and HO (5) cm 

 

 
a. v=0.01m/s 

 
b. v=0.03m/s 

 
c. v=0.05m/s 

 
d. v=0.1m/s 

 
e. v=0.3m/s 

 

Figures 9(a-e). The images of effect of water superficial 

velocity on the solid volume fraction at degree of inclined 

40° and HO (10) cm 

 

 
a. v=0.01m/s 
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b. v=0.03m/s 

 
c. v=0.05m/s 

 
d. v=0.1m/s   

 
e. v=0.3m/s 

 

Figures 10(a-e). The images of effect of water superficial 

velocity on the solid volume fraction at degree of inclined 

60° and HO (7.5) cm 

4. CONCLUSIONS 

 

In this paper, the fluidized bed was studied in inclined 

position. Different values of inclination degrees were used, as 

well as the water velocity and the height of the solid particles 

initially placed in the bed. The study was performed 

numerically using CFD and the model was validated with 

results from other experimental paper. It was found that: 

1. As velocity of water increased, the upgrading of solid 

particles inside the pipe increased.  

2. The expansion of solid particles decreased as the 

inclination degree of pipe increased. 
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NOMENCLATURE 

 

A Volume fraction 

B dimensionless heat source length 

CP Specific heat, J. kg-1. K-1 

D Diameter (m) 

E Rib height (m) 

F Force (N) 

g 

k 

gravitational acceleration, m.s-2 

Thermal conductivity, W.m-1. K-1 

h Heat transfer coefficient (w/m2.K) 

Nu local Nusselt number along the heat source 

Pr Prandtl number (µ Cp/k) 

Re Reynolds number (ρ u D/µ) 

T Temperature (K) 

v Velocity (m/s) 

w Duct width (m) 

 

Greek symbols 

 

 

 thermal diffusivity, m2. s-1 

 thermal expansion coefficient, K-1 

 solid volume fraction 

Ɵ dimensionless temperature 

µ Dynamic viscosity, kg. m-1. s-1 
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