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Abstract 
 
Heat transfer in fluid-solid fluidized beds is investigated using 
a combined of computational fluid dynamics (CFD) and 
discrete element method (DEM) approach, incorporated with a 
thermal model. The approach has taken into account almost 
all the mechanisms in heat transfer in fluidized beds. A 
comparison and validation of hydrodynamic and thermal data 
of fluidized bed obtained using CFD-DEM thermal approach 
with experimental and numerical results data in the literature 
is carried out. The simulations results reveal a good thermal 
steady state during the simulation time for calculating the 
thermal behaviors of fluidized beds like; the mean particle 
temperature, bed porosity, heat transfer coefficient and mean 
particle Reynolds number. The simulations results are showed 
a good agreement and consistency with the experimental and 
numerical data in the literatures. Thus, the integration of 
combined CFD-DEM with the thermal model is a step toward 
for the prediction, development the heat transfer efficiency in 
fluid-solid system, and the decrease of energy consumption of 
the industrial applications .  

 

 

1. Introduction 
 
Many industrial processes and production units 
include fluidized beds reactors, so it has become 
necessary to develop the performance of the 
fluidization units in terms of combustion 
processes and the heat transfer process in them. 
Heat transfer in fluidized (fluid-solid) beds 
systems is a space rich of practical applications in 
industrial processes. Typical examples of fluid-
solid systems include most food manufacturing 
processes, safe handling and processing of 

radioactive waste materials, combustion, drying, 
freezing etc., where knowledge of temperature 
fields is very important. To realize the best 
control and design of such processes, it is 
necessary to understand the methods and 
behavior of the heat transfer in fluidized bed 
reactors. Since the development of computers in 
early 1980s, the emergence of computer hardware 
and software programs gave the solutions of 
complexes problems in industrials sectors. 
However, many methods (approaches) are 
proposed to model the heat transfer in granular 
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media by using kinetic theory, continuum 
approaches (CFD), Lagrangian approaches (DEM), 
and combine the Eulerian approach with 
Lagrangian approaches (CFD-DEM). Modeling the 
heat transfer in systems that contain large 
numbers of particles remains a challenge, 
especially when fluid-particle interactions are 
taken into account. It is difficult to investigate 
experimentally fluid-particle systems, a cause of 
complexity of the system, and limitations of 
measurement techniques. This difficulty can be 
overcome by numerical simulation a technique 
using the combined CFD-DEM this was developed 
by Tsuji et al. (Tsuji, Kawaguchi and Tanaka, 
1993), this combined is used for the simulation of 
gas-solid flow. In the CFD-DEM coupling method, 
the Computational Fluid Dynamics (CFD) is solved 
by locally-averaged Navier-Stokes equations. The 
motion of discrete particles is treated by the DEM 
approach, where the particle-particle and particle-
wall collision are solved by Newton’s second law 
of motion. It is noted that the number of 
researches of heat transfer process in the 
fluidized beds which are based on combined (CFD-
DEM) are still very limited. Previously, the CFD-
DEM method is used for modeling the gas-solid 
fluidized beds coupling for heat transfer. 
Researchers have been proposed to study the heat 
transfer in gas-fluidized beds can be found in the 
literature (Patil, Peters and Kuipers, 2015) 
(Wang, Zhong, Wang and Alting, 2015) (Zhou, Z., 
Yu, A. and Zulli, P. 2010). However, the coupling 
of CFD-DEM has implemented in various areas of 
research fields and industrial applications. Gan et 
al. (Gan, Zhou, and Yu, 2016) extended a 
combined approach of CFD-DEM, to study the heat 
transfer in packed and fluidized beds. Tal et al.  
(Tsory, Ben-Jacob, Brosh and Levy, 2013) studied 
the heat transfer simulations for predicting the 
effective thermal conductivity (ETC) of particulate 
beds under compression. Malone, and Xu (Malone, 
and Xu, 2008) examined the particle-scale flow 
and heat transfer behavior, Li et al. (Li, Mason, 
and Mujumdar, 2003) were developed A two-
dimensional numerical model to simulate heat 
transfer in gas-solids flows through pipes, and 

Kaneko et al. (Kaneko, Shiojima, and Horio, 
1999) studied polymerization reactions in gas-
fluidized beds and convective heat transfer 
between particles and the gas. Other authors 
(Brosh and Levy, 2010) (Brosh, Kalman and Levy, 
2010) (Shimizu, 2006) (Al-Arkawazi, Marie and 
Coorevits, 2018) had proposed models of coupling  
DEM-CFD, which was used to simulate heat 
transfer in a pneumatic conveying system, 
fluidized beds, etc.  
 
2. Aims of the study 

The aims of the current paper are developing and 
implementing particle-wall and fluid-wall 
convective heat transfer in a combined CFD-DEM 
thermal approach.  Then the thermal approach is 
used to study and describe the behavior of heat 
transfer in fluid-solid fluidized beds, predicting 
the heat transfer coefficient between the solid 
phase and the fluid phase, and optimize the heat 
transfer efficiency in fluid-solid (particle) systems 
for improving and decrease energy consumption 
of the industrial applications. 
 
3. Numerical model 

A combined thermal CFD-DEM model was 
developed for modeling and simulating heat 
transfer in fluidized beds. The approach has taken 
into account almost all the mechanisms in heat 
transfer, including particle-particle conduction 
and particle-fluid convection.  
In this paper, the following assumptions were 
made; the particles are spherical and 
incompressible; physical properties of particle and 
fluid such a heat capacity, thermal conductivity, 
density, and young modulus are considered to be 
constant; there are no chemical interactions; and 
radiation heating can be neglected at low 
temperature (less than 400 oC) (Zabrodsky, 1966).  
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3.1. Governing equations for fluid phase 
(continuum approach CFD) 

The fluid dynamics is a branch of fluid 
mechanics, which deals with the fluid in motion. 
The basic governing equations of fluid motion are 
called the Navier-Stokes equations, which govern 
the motion of a viscous, non-viscous, compressible 
and incompressible fluid flows. In the present 
study, numerical software Code Saturne (version 
4) is used (Archambeau, Méchitoua and Sakiz, 
2004). Code Saturne is generalist Computational 
Fluid Dynamics (CFD) produced by Electricity De 
France (EDF). The fluid flow fields are calculated 
from the conservation equations; mass 
(continuity) and momentum (Navier–Stokes 
equations) for an incompressible fluid (Launder, 
B. E. and Spalding, 1974), which can be 

expressed by; 
Continuity equation (mass balance):  
 
   

  
  ⃗⃗  (  ⃗  )                                      (1)                                                                                     

 

Momentum equation of the quantity of motion: 
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Shear stress constitutive equation: 
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Where t is time,     , fu


and p are density, 

velocity, and pressure of the fluid respectively,  ̿ 

is the viscous stress tensor and f


 refers to other 

body forces. In general most CFD codes are 
required software for geometry design, meshing 
and visualization, so the platform as Salome 
(version 8) has been used in this work, which 
provides a generic platform for Pre-Processing 
and Post-Processing for numerical simulation. 
The assumptions were no-slip boundaries and 
unstructured meshes are used for the column 
walls in the CFD model. The k-ε model is used in 

this work, which largely applied for its simplicity 
(Launder, B. E. and Spalding, 1974).  

3.2. Governing equations for solid phase 
(discrete approach DEM) 

The Lagrangian approach or Discrete Element 
Method (DEM) are developed by Cundall and 
Strack (Cundall and Strack, 1979), which they 
used the discrete model for study the soil 
mechanic. The DEM model, the trajectories and 
rotations of individual particles are evaluated 
based on Newton's second law of motion, using a 
numerical time stepping scheme where contact 
forces are calculated at each time step using 
appropriate contact laws. So, the motion of the i 
th particle is governed by the laws of linear 
momentum conservation and angular momentum 
(Cundall and Strack, 1979), expressed by: 
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where mp,i  , rp,i  up,i and i.p


 represent the mass, 

radius, the translational and angular velocities of 

the i th particle, respectively.  i,p,DF


 is the fluid-

particle interaction force (drag force), mp,i g the 
gravitational force, nc is the number of contacts 
between the particles and the particle i,  and 

ij,CF


 is the inter-particle forces between particles 

which include contact force ( i,nF


 normal and i,tF


 

tangential) (see Figure 1). Ip,i is the moment of 
inertia of the particle. The torque acting on 

particle i by particle j includes ij.tT


 generated by 

tangential force and ij.fT


 is the rolling friction 

torque. The DEM model has been used to simulate 
the heat transfer between particle-particle, fluid-
particle, and particles-wall.  The DEM model has 
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been used to simulate the heat transfer between 
particle-particle, fluid-particle, and particles-wall.  
  
3.3. Hydrodynamic interaction fluid-solid 
systems  
 
Fluid-solid interaction force (exchange the 
momentum between the fluid and the solid phase), 
or drag force is determined for each particle. The 
drag force is modeled and expressed by 
considering these factors as follows (Helland, 
Occelli and Tadrist, 2002): 

       
      

 
       

 ‖       ‖(   

    )  
  (  )

 
      (  )

 
              (7) 

 

where i,p,DC  is the drag coefficient, dp,i is the 

particle diameter, fff ,u,   are the density, 

velocity, local porosity of the fluid respectively, 
and m.n is a parameter, in this study (m.n=4,75) 
(Al-Arkawazi, Marie and Coorevits, 2018).  The 

drag coefficient i,p,DC  on a single sphere is a 

function of Reynolds number of the particle (

i,pRe ), and i,p,DC  is given by correlation of 

Brown and Lawler (Brown and Lawler, 2003): 
 
       
  

     
(           
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      ‖       ‖
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Where f  is the kinematic viscosity of the fluid, 

and the local porosity f  is calculated by 
Representative Elementary Volume (REV) method 
is centered on the particle  (Al-Arkawazi, Marie, 
Benhabib and Coorevits, 2017). 

4. Thermal model 

When two solid particles of different temperatures 
approach each other, they begin to exchange heat 
(thermal energy) due to conduction, convection, 

and radiation. There are a number of extra 
parameters associated with the heat transfer 
process, which depends on the thermal properties 
of the particles (specific heat and thermal 
conductivity), particle characteristics (density and 
particle size). The thermal properties of the fluid 
must be sufficiently low that the heat transfer 
coefficient will be significant in thermal 
processing, the flow rate of the fluid, and the 
temperature difference between the particles and 
the fluid (Vargas-Escobar, 2002). In the current 
work, the mechanisms of heat transfers are 
introduced in the thermal model (CFD-DEM 
thermal approach). 
Thus the energy balance is:  
 

   
  

  
                                       (9) 

 
Where; 

- .Cond  is the thermal contact 

conductance  between two particles (Oi 

and Oj ),  (see Figure 1): 
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CH   contact conductance between particles 

Oi and Oj , p is the thermal conductivity of 

the particle, a is Hertzian contact radius, and 

a* is the equivalent radius 
jrira
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, E* 

expresses an equivalent Young's modulus 
between the particles in contact 
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, and  is Poisson’s 

ratio.                                                                                                                                                 

- .Conv is the heat flux transition by 

convection, express by Newton’s law: 
         (     )              (11)   
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where h  is the convective heat transfer coefficient 
between the fluid and particles/walls, S surface 

area of a contact solid/fluid, sT  temperature of 

the solid surface, and T temperature of fluid far 

away from the solid surface. Many of authors 
proposed empirical correlations to estimate the 
value of convective heat transfer coefficient from 
the calculation of the Nusselt number (Nu) of 
particles (Ranz and Marshall, 1952) (Li and 
Mason, 1998) (Kemp, Bahu and Pasley, 1994), 
and walls (Laguerre, Amara and Flick, 2006). One 
of the most frequently quoted expressions is that 
of Ranz and Marshall, to apply the Ranz-Marshall 
equation to a system of several particles, one 
needs to know the porosity function connecting 
the Nusselt number for a particle in a fluidized 
system, with that of a particle isolated at the 
same superficial fluid velocity (Li and Mason, 
2000).  In this paper the value of heat transfer 
coefficient between the fluid and the particles is 
calculated from the correlation of Gunn; 

      (          
 )(          

         )  

(                
 )     

                      (12) 

 
where the Nusselt number of the particle (

f

i,pi
i,p

d.h
Nu


 ), Prandtl number (

f

ffC
Pr




 ),                                                               

and for heat transfer coefficient between the fluid 
and the wall ( Laguerre, Amara and Flick, 2006); 

( 330530561 ..
Dw PrRe.Nu  ), (

f

ff
D

Du
Re




 ) and (

f

w
w

Dh
Nu


 ), where Cf  is the thermal capacity of 

the fluid, D is the diameter of the column (pipe) 
and hw is the wall heat transfer coefficient. Thus, 
the energy balances of a particle Oi which in 

contact with () particles Oj is given by the 
following expression: 
 

    
   

  
 ∑ [ (     )    
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                                                   (13) 

Equation 13 was integrated into the DEM model 
for calculating the temperature of the particle Oi 
at time (t+△t) as follows: 
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   ]  (14)               

The other part of the thermal model for the heat 
transfer between the particle and the fluid is done 
by using a model of conduction-convection based 
on the finite volume method. The system is 
divided into rectangular elements which may 
contain a plurality of particles or parts of 
particles. 
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where 
f

j,im , 
f

PiC and  
f are respectively the 

fluid mass contained in the element, the heat 
capacity and the thermal conductivity of the fluid, 

f

pS  represent the particle surface in contact with 

the fluid in the element, Tk is the temperature of 

the particles,  
f

j,iT the temperature of fluid is 

considered constant in each element. Note that 
t,f

,iT 0  is the fluid temperature at the inlet of the 

model. At the exit, we consider  
t,f

n,iT  is equal to

t,f

n,iT 1 .  Thus, the computational tasks at each 

time step ( t ) can be summarized as: (i) detect 
the contact between particles, thus updating 
neighbor lists, (ii) compute contact forces, (iii) 
compute drag force on the particle, (iv) compute 
the heat fluxes using thermal properties, (v) sum 
all forces and heat fluxes on particles and update 
particle position and temperatures, and (vi) 
determine the trajectory of the particle using 
Newton’s laws of motion. 
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5. Results and discussions  
 
The numerical simulations are becoming a strong 
tool that helps to illustrate the precision of 
coupling implementation efficiency for heat 
transfer problems.  
 
5.1. Validation with experimental results 
 
In this part, validation has been done with a 
thermal (heating and cooling) problem granular 
material (fluidized beds), studied experimentally 
and numerically (heating and cooling) by Ehsani 
et al. (Ehsani,  Movahedirad and Shahhosseini, 
2016). A fluidized bed column with diameter (D = 
8 cm) and height (H= 60 cm) is used. The bed is 
composed of steel spheres (height of the bed at 
rest h = 27 cm), and the thickness of the bed is 
equal to one particle diameter (dp =3 mm), in 
order to reduce the number of particles in the 
simulation. The fluid (water) properties are 
assumed to be constant all throughout the 
simulations, and the material parameters are 
detailed in Table 1. The initial temperature of the 
particles were 25oC, which heated by hot water 
flows upwardly through the granular with inlet 
temperature 100oC through the bed. The particles 
are fluidized and heated along the direction of 
flow for 15 seconds (simulation time). Then 
subsequently, after switching off the hot water, 
the cold water enters the column with inlet 
temperature 25oC for 15 seconds. For the two 
periods of heating and cooling the water has a 
constant inlet velocity (uf  = 0.187 m/s). The outlet 
temperature of the water (To) is normalized, as 
expressed; 

        
         

             
                      (16)                      

where To,Norm. normalized outlet water 
temperature, To,min. and To,max.  are the minimum 
and maximum water outlet temperatures in 
heating or cooling period, respectively.  Figure 2, 
a and b for heating and cooling periods, 
respectively shows the development of the fluid 
outlet temperature along the bed for heating and 

cooling periods as a function of flow time. Figure 
2 reveals that the results of the proposed thermal 
approach in this work are nearest to the 
experimental results than the simulations results 
of Ehsani et al. (Ehsani, Movahedirad and 
Shahhosseini, 2016). This can explain due to our 
thermal model is based on the finite volume 
method integrated into CFD-DEM (E-L) model, 
whilst the Ehsani model is based on (E-E) model. 
It is known that the multiphase (fluid-solid) flow 
modeled by E-L model has an advantage on the E-
E model. The Eulerian models (E-E) take into 
account all phases (fluid phase and solid phase) to 
be continuous and interpenetrating, and the 
equations employed are a generalization of the 
Navier-Stocks equations. On the another hand, 
DEM models solve the Newtonian equations of 
motion for each individual particle, the effect of 
collisions forces between particle-particle, and 
forces acting on the particle by the fluid like the 
drag force. Thus, the interactions between the 
fluid and particles are treated more efficient in 
terms of heat exchange between the particles, and 
fluid-particles in the fluidized beds. To present the 
heating/cooling heat transfer (exchange) between 
the fluid and the particles or vice versa, Figures 3 
and 4 show the particle’s positions and 
temperature profile of the fluid (water) in the 
column over time. The snapshots of  Figures 3 
and 4, state of the system during the simulation 
of heat transfer for two cases (heating and 
cooling) in the  fluidization process. Initially, the 
bed is static (Figures 3 and 4 at t = 0), where 
velocities of particles are zero, and the changing 
in the water temperature (heating or cooling) is 
presented in the second plot. The water inter the 
column uniformly in an upward direction, 
passing through the interstitial distance between 
the particles, producing the interaction fluid-
particles force (drag force) excite the particles to 
fluidize. The snapshots in Figures 3 and 4 (0-2.0 
s) are depicted that the bed trends to stability 
when the forces, such as the fluid-particle 
interaction force, the contact forces and the 
buoyancy forces acting on individual particles are 
balanced. The rate of heat transfer from the fluid 
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to the particles and vice versa is accelerating with 
the progress of the fluidization process (2.0-10s). 
(Note: the temperature profile in Figures 3 and 4 
is in Kelvin)  
 
5.2. Heat transfer coefficient   
    
The calculated values of the convective heat 
transfer coefficient are plotted as a function of bed 
voidage (porosity) in Figure 5, which depicted 
that; the value of the heat transfer coefficient is 
directly proportional to the value of porosity 
obtained by using Equation 12. The results were 
averaged over the steady-state simulation for 
fluidized velocities (0.08, 0.12 and 0.16 m/s) 
revealed that, the maximum values of heat 

transfer coefficient at a bed porosity of ( =0.75, 

hi =2300 W/m2.K), ( =0.85, hi =4200 W/m2.K), and 

( =0.92, hi =6092 W/m2.K) respectively (see 
Figure 5). Hence, the increase of inlet fluid 
velocity makes the particles to dispersed in the 
fluid, this process increase the bed voidage 
(porosity) of the fluidized bed and develop the 
convective heat transfer coefficient, this leads to 
the enhancement of heat exchange between 
particles and fluid by convection.  Figure 6 shows 
an increase in the convective heat transfer 
coefficient value with the value of the mean 
particle Reynolds number. Thus the high velocity 
of fluidization is forced the particles to good 
mixing, moving and heat energy to exchange 
between the particles, and with fluid in the 
fluidized space. It should be aware to the nature 
of the industrial application, to identify and 
diagnose the fluid velocity and temperature to be 
applied. 
 
6.Conclusions 
 
In this study, a thermal approach has been 
developed to take into account the convective heat 
transfer between the fluid and the particles, and 
the wall of the column. Comparison and validation 
of thermal data for the thermal approach with 
experimental and numerical results data in the 

literature are carried out. The results showed that 
thermal approach was well integrated with the 
combined CFD- DEM model and has proven its 
effectiveness for fluid-solid fluidized bed. The 
simulations results show that the reveals a good 
thermal steady state during the simulation time 
for calculating the thermal behaviors for fluidized 
beds like the mean particle temperature, bed 
voidage (porosity), convective heat transfer 
coefficient and mean particle Reynolds number. 
The simulations results showed that; the increase 
of the heat transfer coefficient value with the 
value of bed porosity or mean particle Reynolds 
number is not necessarily enhance the heat 
transfer to or from the particle. This returns to 
the physical properties of the particles and the 
fluid, because it needs to provide sufficient time 
for the exchange of the heat transfer process.  
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 دراست حسابيت لسلوك انتقال الحرارة بين 
 الصلب في الطبقت المميعت -المائع

 

  د. شـيركو احمـذ فـلامرزأ.م.
 لسى انركييف وانرثشيذ  ،خايعح انسهيًاَيح انرمُيح
  

 المستخلص
انصهة عٍ -يرى دساسح اَرمال انحشاسج في انطثمح انًًيعح راخ انًائع
( وطشيمح CFDطشيك اندًع تيٍ طشيمح ديُايياخ انًىائع انحساتيح  )

( ، يذيدح يع ًَىرج حشاسي. نمذ أخزخ DEMانعُاصش انًُفصهح )
انًماستح في انحسثاٌ يعظى آنياخ اَرمال انحشاسج في انطثمح انًًيعح. 
ذى إخشاء انًماسَح وانرحمك يٍ صحح انثياَاخ انهيذسوديُاييكيح 
وانحشاسيح نهطثمح انًًيعح انري ذى انحصىل عهيها تاسرخذاو يماستح 

CFD-DEM ح انردشيثيح وانعذديح في انحشاسي يع تياَاخ انُرائ
انثحىز انًُشىسج ساتما. اظهشخ َرائح انًحاكاج عٍ حانح اسرمشاس 
وثثىخ حشاسي خيذ خلال ولد انًحاكاج نحساب انسهىكياخ 
انحشاسيح نهطثمح انًًيعح يثم ؛ يرىسط دسخح حشاسج اندسيًاخ ، 
يساييح انطثمح انًًيعح ، يعايم اَرمال انحشاسج و يرىسط عذد 

نهدسيًاخ. وأظهشخ َرائح انًحاكاج اذفاق واذساق خيذ يع  سيُىنذص
انثياَاخ انردشيثيح وانعذديح يع انثحىز انًُشىسج ساتما. ارا فئٌ 

انًذيح يع انًُىرج انحشاسي هى خطىج َحى انرُثؤ  CFD-DEMخًع 
انصهة وذمهيم اسرهلان -وذطىيش كفاءج اَرمال انحشاسج في َظاو انًائع

 ُاعيح.انطالح نهرطثيماخ انص
-CFDانرًيع ، انرذفك يرعذد انًشاحم ، ديح  الكلماث المفتاحيت:

DEM اَرمال انحشاسج ،. 
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Nomenclatures 

m 
r, a 
d 
D 
S 
g 
t 
u, v 
p 
T 
C 
f 
FD 
FC 
nc 
Ft 
Fn 
CD 
n 
I 
Tt 
Tf 
h 
E* 

mass of particle [kg] 
radius of particle [m] 
diameter of particle [m] 
diameter of column (pipe)[m] 
surface area of the particle [m2] 
acceleration due to gravity [m/s2] 
time [s] 
velocity [m/s] 
pressure of fluid [N/m2], [Pa] 
Temperature [ oC], [K] 
thermal capacity  [J/oC], [J/K] 
other body force [N] 
drag force [N] 
contact force [N] 
number of contacts [-] 
tangential (frictional) force [N] 
normal force [N] 
drag force coefficient [-] 
normal unit vector [-] 
moment of inertia [(kg·m²)/rad2] 
tangential torque [N.m] 
rolling torque [N.m] 
heat transfer coefficient [W/(m2.K)] 
equivalent  young’s modulus, [GPa] 

Greek letters 

 
µ 

 
v 
 
 
 
 
 

density [kg/m3 ] 
viscosity [Pa.s] 
kinematic viscosity [m2/s ] 
Poisson’s ratio [-] 
viscous stress tensor [N/m2, Pa] 
angular velocity [rad/s] 
porosity (void fraction) [-] 
thermal conductivity [W/(m.oC)], [W/(m.K)] 
heat transfer energy [(N.m)/s], [J/s], [W] 

Dimensionless numbers 

Re 
Nu 
Pr 

Reynolds number 
Nusselt number 
Prandtl number 

Subscripts 

f 
p 
i 
i,j 

fluid phase 
particle (solid) phase 
for i-th particles (solid phase) 
between particle i and particle j 

 

  

 

Table 1: Physical properties and dimensions of simulated system. 

Particle properties (Aluminum) Fluid properties (Water) 

Particle diameter, pd  1.5 mm Viscosity, f  0.001 kg/m.s 

Density, p  2700 kg/m3 Density, f  1000 kg/m3 

Heat capacity, pC  900 J/kg.K Heat capacity, fC  4200 J/kg.K 

Thermal conductivity, p  237 W/m.K Thermal conductivity, f  0.6 W/m.K 

Number of particles 2244 Bed height 75 cm 

Young modulus 69 GPa Bed width 5.1 cm 

Poisson ratio 0.35 Bed thickness 0.15 cm 

Friction coefficient,   0.4 Time step, t  5x10-6 sec 
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Fig.1: Discrete medium.               (a) 

  

                 (b) 

  Fig. 2: Normalized outlet fluid temperature as a function of flow 
time for, 
(a) heating  
(b) cooling periods with uf = 0.187 (m/s). 
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a) t = 0.0 s b)t=0.4s c) t= 0.8s d) t=1.2 s e) t=1.6 s f) t=2.0s g) t= 6.0s h) t=8.0s i) t= 10 s 

Fig. 3: Snapshots of the heating period for fluidized bed with fluid velocity uf = 0.187 m/s. 
 
 
 

         

a) t = 0.0 s b) t= 0.25s c) t=0.8 s d) t=0.75s e) t=1.6 s f) t =2.0s g) t =6.0s i) t=8.0s j) t =10s 

Fig. 4: Snapshots of the cooling period for fluidized bed with fluid velocity uf = 0.187 m/s. 

 

  

Fig. 5: Heat transfer coefficient as a function of  
bed voidage (porosity) for Timpose = 100 °C.                          

Fig. 6: Heat transfer coefficient as a function of Mean 
particle Reynolds number for Timpose = 100 °C. 


