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Abstract- Packed and fluidized bed reactors are widely used in various industries, which generally involves complicated 
multiphase flow, heat transfer and chemical reactions. The performance of these reactors heavily depends on the 
hydrodynamics and thermal-chemical behavior of particles in interaction with fluid. Understanding and modeling coupled 
flow and heat transfer in fluid bed reactors at a particle scale is a rapidly developing research area, in connection with the 
development of discrete particle simulation techniques and computer technology. The discrete approach based on the 
discrete element method has been developed for this purpose, and increasingly plays a more significant role in this area. The 
key advantage of this approach is that it can produce microscopic and dynamic information of particulate systems, which is 
directly related to the prediction of bed flow and thermal behavior. In this short review, the development of this approach is 
briefly discussed, together with its applications to some cases. It is concluded that this particle scale approach is effective for 
studying the coupled fluid flow and heat transfer in fluid-bed reactors, although further developments are necessary to be 
generally applied to industrial processes. 
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I. INTRODUCTION 
 
Packed and fluidized beds are widely used in 
industries due to its unique advantages in rapid 
mixing and substantial contact area of solids and 
fluid. Typical examples are ironmaking blast furnace 
which involves complicated multiphase flow, heat 
transfer and chemical reactions in a packed bed, and 
fluidized bed combustors whose performance heavily 
depends on the hydrodynamics and thermal-chemical 
behavior of particles in interaction with gas. To 
achieve optimal design and control of such a fluid 
bed reactor, it is important to understand the flow and 
heat transfer characteristics. Mathematical modeling 
has been increasingly accepted as an effective method 
to study the heat transfer phenomena in particle-fluid 
systems, particularly, the discrete approach. Recently, 
this approach, mainly based on the so-called CFD-
DEM, has been widely used in the study of particle-
fluid flow, as reviewed recently by Zhu et al.1 With 
this approach, information such as particle-particle or 
particle-wall contact, local voidage and local gas-
solid flow structure can be produced. Such 
information is essential in determining the heat 
transfer behavior of individual particles. The 
approach has been attempted by some investigators2-4. 
In particular, Zhou et al.5 proposed a comprehensive 
model taking into account most of the known heat 
transfer mechanisms. These authors have successfully 
applied their model to study the heat transfer of 
packed and fluidized beds, including effective 
thermal conductivity of packed beds6,7, heat transfer 
in fluidization of spherical/ellipsoidal particles5,8,9, 
bed-to-surface heat transfer10-12, and softening and 
melting behavior of particles13,14. This paper gives a 
brief review of the selected work done by the 
developed approach5.  

II. MODEL DESCRIPTION 
 
CFD-DEM approach has been well documented 
somewhere1, hence not given here. The governing 
equations for the energy of particle i and fluid phase 
are respectively given as: 
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where Qi,j is the heat transfer rate between particles i 
and j due to conduction, Qi,f the heat transfer rate by 
convection between particle i and fluid, Qi,rad the heat 
transfer rate between particle i and the environment 
by radiation, Qi,wall particle-wall heat transfer rate. ki 
is the number of particles that conduction occurs with 
particle i.  is the fluid thermal diffusivity, defined by 
e/T. The convective heat transfer coefficient 
between fluid and particles is based on 

3/12/1
, PrRe0.2/ ifpiconvii akdhNu   where kf and dpi are the 

fluid thermal conductivity and particle diameter, 
respectively, Rei is the local relative Reynolds 
number, and coefficient a could range from 0.6 to 1.8. 
It should be pointed out that the available correlations 
for convection from literature vary with experimental 
conditions. Conduction between particles considered 
includes (i) particle-fluid-particle conduction heat 
transfer path; and (ii) particle-particle conduction heat 
transfer, as indicated in Fig.1. Note that the 
conduction can be directly through the particle-
particle contacted area. Two contacting modes are 
used: one is that two particles keep in touch, and their 
relative position is fixed with zero relative velocity. 
This contacting mode is common in packed beds. The 
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other is that two particles can collide with each other, 
which occurs in a moving or fluidized bed. Under this 
condition, two particles exchange heat during their 
collision. For radiation, the heat transfer rate is given 
by )( 44

,, iilocalipiradi TTAQ  , where  is the Stefan-

Boltzmann constant, and pi is the emissivity. The 
parameter Tlocal,i is the averaged temperature of 
particles and fluid in an enclosed spherical domain  
with its radius of 1.5dp from the centre of particle i. 

 
Fig. 1: Relative positions of two spheres: (a) non-contact; and 

(b) contact with an overlap. 
 
III. MODEL APPLICATIONS 
 
3.1 Effective thermal conductivity of packed beds 
Effective thermal conductivity (ETC) is an important 
parameter describing the thermal behaviour of packed 
beds with a stagnant or dynamic fluid. Various 
mathematical models have been proposed to help 
solve this problem, but they are often limited by the 
homogeneity assumption in a continuum model. The 
CFD-DEM model has shown a promising advantage 
in predicting the ETC under the different 
conditions5,6. The DEM approach was further 
extended to study the ETC of ellipsoids and effect of 
particle size7. For different aspect ratios, ETC 
gradually increases with particle thermal 
conductivity. For coarse particles, the contribution of 
different heat conduction paths is less sensitive to 
aspect ratio. ETC significantly increases with particle 
size at high particle thermal conductivity, but the 
effect of particle size on ETC can almost be ignored 
at low particle thermal conductivity. The contribution 
of different heat conduction paths varies greatly with 
particle size.  
 
3.2 Particle scale heat transfer in fluidized beds 
To study heat transfer mechanisms, the temperature 
of hot spheres can be measured using thermocouples 
connected to the spheres. The cooling process of such 
hot spheres can be reproduced in the CFD-DEM 
simulation. It is shown that there is a general 
tendency for the HTC of hot spheres increasing first 
with gas superficial velocity U in the fixed bed 
(U<Umf), and then remaining constant, independent of 
U for fluidized beds (U>Umf)5. The HTC-U 
relationship is affected significantly by particle 
thermal conductivity (kp). The higher the kp, the 

higher the HTC of hot spheres. The HTC decreases 
with U in the fixed bed, then may reach a constant 
HTC in the fluidized bed. But when kp is low, the 
HTC always increases with U, independent of bed 
state. The model can then be used to analyse the sub-
heat transfer mechanisms. For example, it has been 
demonstrated that for low kp, particle-fluid-particle 
conduction always contributes more than particle-
particle contact, but both vary with gas superficial 
velocity.  
Heat transfer in a fluidized bed is closely related to 
the gas-solid flow characteristics which depend on 
material properties8, including Hamaker constant Ha 
and particle size. With the increase of Ha, the 
convection increases to a maximum at the point of 
Umb, then decreases to a minimum at the point of Umf, 
finally increases slightly. Conduction increase to a 
maximum at the point of Umb, then decreases a bit 
with small variation. For the effect of particle size dp, 
it illustrates that a fixed bed with larger particles 
needs a significant longer time to reach the 
equilibrium, and the times required are similar for 
fluidized beds. Given a velocity ratio Uf/Umf, the 
contribution of conductive heat transfer decreases and 
that of convective heat transfer increases with the 
increase of particle size. Further, the macroscopic 
heat transfer process can be quantified by ln(1-Ts) = - 
Ct, where C is a lumped parameter. It indicates the 
bed heating rate is mainly related to material 
properties and gas-solid flow structures such as local 
gas flow and gas-solid contact area. Gan et al.9 also 
examined the effect of aspect ratio of ellipsoids on 
heat transfer. It reveals that in the fluidized beds, 
spheres are easier to be heated than ellipsoids. In both 
fixed and fluidized beds, at a certain time, ellipsoids 
have lower convective heat transfer rates but higher 
conductive heat transfer rates compared with spheres. 
When gas velocity increases, the effect of particle 
shape becomes significant, but it almost has no effect 
on the percentage contribution of heat transfer paths. 
When particle thermal conductivity increases, the 
conductive heat transfer rate significantly increases, 
which is mainly contributed by the particle-particle-
static contact path.  
 
3.3 Heat transfer between beds and insert tubes 
In fluid bed reactors, immersed tubes are usually 
adopted to control the flow and heat transfer. The 
CFD-DEM approach is used here to study the heat 
transfer in fluidized beds with tubes10-12. The 
distribution and magnitude of HTC are two factors 
commonly used to describe the heat transfer in such a 
system. The local HTC is higher at sides of the tube 
around 90° and 270° while it is lower at the upstream 
and downstream of the tube around 0° and 180°. The 
local HTC increases firstly with the increases of gas 
velocity and then decreases. The heat transfer 
between an immersed tube and a fluidized bed 
depends on many factors, such as the contacts of 
particles with the tube, porosity and gas flow around 
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the tube. These factors are affected by many variables 
related to operational conditions, e.g., gas velocity, 
particle thermal conductivity, and tube operation 
temperature. The effects of tube bundle settings in 
terms of two geometrical parameters for both in-line 
and staggered settings were also investigated11. The 
link between macroscopic observations and 
microscopic information such as local porosity and 
contact number between fluidized particles and tubes 
was revealed. Further, a fully 3D CFD–DEM was 
developed for the first time for heat transfer between 
the surface and bed of particles in fluidized beds12. It 
is for the first time numerically reproduced important 
experimental phenomenon in packed and fluidized 
bed regimes: the HTC between the tube surface and 
the bed increases with the increase of gas velocity, 
reaches maximum, and then decreases gradually with 
the further increase of gas velocity. 
It is found that the maximum HTC is a result of the 
competition between surface–particle conduction and 
surface–fluid convection. The surface–particle 
conduction is a dominant heat transfer mode at low 
superficial gas velocity. As the gas velocity further 
increases to some extent, the dominance is then 
switched from surface–particle conduction to 
surface–fluid convection. The porosity and surface–
particle contact density play important role in 
determining the degree of this competition. In 
addition, the local HTC at angular position in the 
range of 120–240 have important contribution on the 
variation of the total surface–fluid convection and 
surface–particle conduction as the superficial gas 
velocity increases.  
 
3.4 Softening/melting of particles in moving beds 
Yang et al.13,14 further extended CFD-DEM approach 
to study melting and softening of particles related to 
the cohesive zone region, where ferrous burden 
materials soften and melt plays a critical role in 
determining the performance and stability of a blast 
furnace. Wax balls are often used in physical 
experiments to study the ore softening and melting 
behavior because of their low melting temperature. 
The relationship between Young’s modulus (E) and 
temperature (T) of wax balls is first proposed based 
on the experimental data, and then implemented into 
a DEM model. Yang et al.14 used the relationship and 
studied three cases with one, two, and three layers of 
wax particles in packed bed. Further, they examined 
the porosity, velocity, and pressure drop distribution. 
For example, the porosity and gas flow at each time 
step are traced to depict the connection between the 
particle behavior and the pressure drop. Each sudden 
fall of pressure drop is linked with one or several 
cracks in the fused layer. When the low permeability 
layer breaks at some points, they turn into favorite 
tunnels of gas flow. This can be understood by the 
sharp increase of gas velocity at these points. Due to 

the release of gas through the cracks, the pressure 
drop falls immediately. Conversely, once these cracks 
re-adhere, the gas tunnels are closed, and the pressure 
drop increases sharply again.  
 
CONCLUSIONS 
 
The CFD-DEM approach has been extended to study 
heat transfer in packed and fluidized beds. The 
examples presented in this review paper have 
demonstrated that the CFD-DEM approach is very 
promising in quantifying the role of various heat 
transfer mechanisms in packed/fluidized beds, which 
is useful to the optimal design and control of fluid 
bed reactors.  
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