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ABSTRACT 
A numerical study was carried out to assess the contribution of the primary heat transfer mechanisms in packed and fluidized beds using 

a CFD-DEM thermal model. This study aims to compare the contribution of conduction, convection, and radiation heat transfer under 

the same operating conditions, and investigate the impact of particle material, size, inlet fluid velocity (0.08-0.16 m/s), and at a constant 

wall temperature over the range (100 -500 oC). Aluminium and chromium oxide particles were used to examine the impact of thermo-

physical properties on the thermal performance of the bed. The originality of this work lies in the quantitative distinction between the 

contributions of conduction, convection, and radiation heat transfer in both packed and fluidized beds, based on a CFD-DEM thermal 

model. The results of the model have been verified using experimental data from the literature, and good agreement has been found. 

The results show ability for direct comparison under the same conditions, allowing the influence of particle motion on heat transfer 

between phases to be distinguished. This fills the gap between empirical correlations and numerical calculations for fluidized bed thermal 

design. The simulations indicate that the heat transfer rate in packed beds is sensitive to the material type of the particles and particle 

size. While the mechanisms of heat transfer in fluidized beds are more complex due to the motion of particles and the interaction with 

the fluid phase. Results show that convection was dominant in fluidized beds, with the heat exchange between fluid and particles, while 

the contribution of the other two mechanisms (conduction and radiation) are decrease and declines from what their contribution to the 

fixed bed. The findings provide mechanistic insights into thermal transport in multiphase systems and validation data for modifying and 

developing the design of the fluidization units. 
https://creativecommons.org/licenses/by-nc/4.0/ 

Keywords: Heat transfer; Conduction; Convection; Radiation; Fluidiation

1 Introduction  

Packed and fluidized beds find extensive applications in areas of 

chemical, petrochemical, energy, and environmental engineering 

because of their large surface area, mixing, and efficient mass and 

heat transport. These range from catalytic reactors and drying to 

combustion and gasification systems. Thermal performance of 

these systems is of crucial importance to their design and 

optimization since it directly affects reaction rates, energy 

efficiency, and operational safety [1-4]. Knowledge of the heat 

transfer mechanisms in these beds continues to be a research 

priority, particularly under dynamic conditions of fluidization 

and particle motion. Despite the importance of packed bed 

operations, surprisingly, there is a lack of research in the area of 

heat transfer process studies in packed beds, compared with 

solid-fluid fluidized bed systems [5]. The first theoretical 

consideration of heat transfer in packed bed systems was 

represented by a monograph in 1930 by Dittus and Boelter. [6]. 

In packed beds, solid particles remain stationary, and heat transfer 

predominantly occurs through conduction within the particle 

matrix, while convection occurs between the interstitial fluid and 

the particles, and radiation takes place among particle surfaces at 

higher temperatures. The effective thermal conductivity of 

packed beds is significantly influenced by factors such as the 

arrangement of particles, contact resistance, and the porosity of 

the bed. Various classical models, including those proposed by 

Zehner-Bauer-Schlünder (ZBS), Yagi and Kunii, have been 

established to estimate the effective thermal conductivity of 

packed beds, taking into account both conduction and radiation 

aspects [7, 8]. In contrast, fluidized beds represent a dynamic, 

multi-phase environment where particles are suspended within a 

fluid flow (either liquid or gas). In fluidized beds, the convective 

heat transfer dominates, driven by vigorous mixing and enhanced 
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surface renewal due to particle movement [9, 10]. The transition 

from a fixed bed to bubbling and turbulent fluidization results in 

a sharp increase in heat transfer coefficients, thus enhancing 

energy transfer. Besides convection, inter-particle conduction 

during collisions and radiative exchange can also play a crucial 

role under specific operating conditions. 

The analytical and semi-empirical models depend on a range of 

simplifying assumptions, including uniform particle sizes, 

homogeneous flow conditions, and idealized interactions 

between particles. These assumptions can significantly diminish 

their accuracy in non-ideal situations. Consequently, this leads to 

a substantial gap in the predictive modeling of thermal transport 

in real-world systems. Investigative studies on heat transfer 

within multiphase systems, such as fluidized beds, frequently 

encounter challenges related to inadequate spatial and temporal 

resolution, difficulties in monitoring individual particles, and the 

use of intrusive measurement techniques that may disrupt the 

flow field. Although empirical correlations, which are based on 

the Nusselt number and Reynolds number, have offered 

engineering approximations for heat transfer coefficients [11, 12], 

they often lack mechanistic understanding and are limited in their 

applicability across various regimes, scales, and combinations of 

particles and fluids. A lot of work has been conducted in this field, 

where experimental researches have essentially tried to establish 

empirical correlation formulae in order to assess values related to 

heat transfer [10, 13, and 14]. The design and control of industrial 

reactors involve some fairly basic principles about heat and mass 

transfer. Several correlations have, therefore, been developed that 

describe heat transfer from single particles in packed or fluidized 

beds and provide estimates of the corresponding coefficients of 

heat transfer [15-21]. These traditional methods of analysis often 

work on the macroscopic level to study the behavior of overall 

heat transfer in the packed and fluidized beds. On the other hand, 

different techniques have been proposed at the particle scale 

(microscopic level), to deal with multiphase flow and mainly 

based on tracing the trajectory of motion and temperature for a 

single particle in packed or fluidized beds [22-26].  

To overcome these challenges, a combination of these two 

techniques, Computational Fluid Dynamics (CFD) and the 

Discrete Element Method (DEM), has become an efficient 

computational method for simulating heat transfer processes on 

the microscopic level for packed and/or fluidized beds. In this 

approach, the computational domain representing the fluid phase 

considers the Navier-Stokes equation and the energy equation, 

whereas the particles, using the DEM, track their individual 

motions, which account for inter-particle contact, collisions, and 

motion [27-31]. This two-way coupling allows detailed resolution 

of the momentum, mass, and heat transfer between fluid and solid 

phases, capturing both macro-scale flow behavior and micro-

scale particle interactions. The coupled CFD-DEM method has 

been recognized as a powerful approach to simulate both the fluid 

flow and various particle-scale heat transfer mechanisms, 

including convective, conductive, and radiative heat transfer. 

Many of the CFD-DEM models simulate conductive heat transfer 

through particle-particle and particle-wall contacts [32, 33], and 

convective heat transfer between particles and fluid [34-37].  

     Several research works have used CFD-DEM simulations to 

study the heat transfer process in granular materials. Zhang et al. 
[38], where the CFD-DEM simulation of the heat transfer process 

in randomly packed spheres with low Reynolds number and 

temperature-dependent fluid properties (hydrogen as the working 

fluid) was performed. The local distributions of the Nusselt 

number and the influence of porosity on the temperature profile 

were analyzed. Quan et al. [39], are studied the packed beds 

through the CFD-DEM approach, cryogenic hydrogen flow has 

been modeled, demonstrating the potential of this method to 

simulate energy storage processes at low temperatures, with a 

focus on the convective heat and mass transfer between fluid and 

particles. Tsory et al. [40], are developed a thermal model to predict 

the effective thermal conductivity for packed beds and various 

loads. Heat and mass transfer during the melting of a packed bed 

using a CFD-DEM coupling approach was studied by Baniasadi 

& Peter [41]. Lu et al. [32] simulated a DEM study of the particle-

level contact area forces of granular materials, which affect the 

thermal conductivity. The effects of thermal radiation on particle-

scale heat transfer have also been studied. Wu et al. [42] coupled 

CFD-DEM with radiation modeling for packed pebble beds, 

demonstrating that radiation has a significant impact on 

temperature fields, especially for high-temperature processes, 

and introduced a set of dimensionless numbers to describe 

radiation effects. 

Compared to packed beds, fluidized beds are characterized by a 

higher degree of complexity because of the irregular motion of 

the particles, the presence of bubbles, and the high degree of 

interaction between the fluid and the particles. CFD-DEM has 

been successfully employed for this purpose to study its impact 

on various heat transfer mechanisms. Wang et al. [43], are 

comprehensively studied fluidized beds for heat transfer analysis, 

employing CFD-DEM to simulate a bubbling fluidized bed, and 

experiments were conducted to validate this approach. The study 

proved that the velocity of the fluid and the size of the particles 

significantly affect convective heat transfer, and that a fluidized 

bed is characterized by a multi-peaked particle temperature 

profile because of collisions. In another study on fluidized beds, 

Jun and Miaomiao [44], are employed CFD-DEM to simulate a 

biomass combustion reaction, along with a heat transfer analysis. 

Although this study was focused on a specific reaction, it proved 

to be a critical analysis of radiation and convective heat transfer, 

which are responsible for temperature in a fluidized bed, with a 

secondary role for particle-to-particle conduction in regions of 

high concentration. Hoorijani et al. [45] work has also employed 

CFD-DEM in spouted pulsed fluidized beds, where the flow 

characteristics and the heat transfer correlation in bi-dispersed 

particles were evaluated. The work has revealed that the 

application of external forces, such as pulsed flow, can increase 

the rates of both convective and radiative heat transfer. Hu et al. 
[46], are proposed an advanced CFD-DEM analysis, which has 

also been conducted to evaluate the heat transfer in directly 

irradiated fluidized beds, demonstrating the influence of the 

heating conditions on the temperature fields and the various 

modes of heat transfer under different operating conditions. Gan 

et al. [47] studied particle-level heat transfer phenomena in packed 
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as well as fluidized beds. Bellan et al. [48] simulated a numerical 

CFD-DEM study of gas-solid reactors during solar thermal 

processes. The convective heat transfer study of bubbling 

fluidized beds using CFD-DEM simulations was conducted by 

Zhou et al. [36]. The study proposed that convection is more 

significant than conduction during a bubbling fluidized bed 

process. The study done by Qiu et al. [49] using CFD-DEM 

simulations of a bubbling fluidized bed process suggested a 

dominant role of convection in heat transfer. Other studies done 

by [50-53] suggested a CFD-DEM coupling model study of the heat 

transfer, pneumatic conveying system, etc. The role of radiative 

heat transfer during high-temperature processes using CFD-DEM 

simulations was studied by Wu et al. [37]. The study concluded 

that radiative transfer increases the total heat flux significantly. 

Nevertheless, few studies have comprehensively addressed all 

three mechanisms of heat transfer (conduction, convection, and 

radiation) simultaneously within both packed and fluidized states 

using a unified CFD-DEM coupling. In this research work, a 

coupled CFD-DEM simulation is conducted to conduct a 

comparative analysis of the heat transfer characteristics of packed 

and fluidized beds under the same conditions. The outcomes 

clearly indicate that the convective heat transfer coefficient is 

higher in fluidized beds, the contribution of conduction is lower, 

and the motion of particles affects the overall heat transfer 

process. A special focus is given to the effect of particles made of 

materials aluminum (Al) and Chromium oxide (Cr₂O₃). 

The novelty of the current study is in offering a comprehensive 

and quantitative assessment of the primary heat transfer modes in 

both packed and fluidized beds through a coupled CFD-DEM 

simulation approach and thermal model. Differing from previous 

work that mostly presented the total heat transfer coefficients or 

concentrated on one heat transfer mode, the current work 

systematically breaks down the heat transfer process into 

conduction, convection, and radiation heat transfer modes under 

the same operating conditions for both packed and fluidized 

systems. This enables the direct effect of particle motion, such as 

collisions, circulation, and mixing, to be identified and 

quantitatively evaluated based on its contribution to interphase 

heat transfer. Furthermore, the objectives of the current work 

examine the effect of the most significant operating and material 

variables, such as particle material properties, particle diameter, 

fluid velocity, and wall temperature from 100 to 500 °C, to 

provide a mechanistic understanding of how these variables 

affect the relative significance of each heat transfer mode. Hence, 

the results provide numerical validation that fills the gap between 

empirical heat transfer correlations and accurate CFD-DEM 

simulations, contributing to enhanced understanding and design 

optimization of thermal multiphase fluidization systems. 

2 Methods and Materials 

2. 1 Governing equations for the solid phase 

The DEM code (software) is developed in our laboratory [54-57], in 

which the code works by a mechanism of prediction and 

correction, where the solver uses the contact method (bi-

potential).  The Solid phase (particles) is modeled according to 

the premises adopted in this work; assume that the particles are 

considered to be rigid throughout the simulation, a hard sphere 

model, and that the contact between two adjacent particles. The 

DEM is developed by Cundall & Strack [27]. The DEM provides 

the opportunity to simulate kinematic and dynamic effects caused 

by a large number of interacting particles using numerical 

modeling. In the current work, the DEM solver uses the Non-

Smooth Contact Dynamics (NSCD) method, which is employed 

for short contact with the particles. The DEM is based on 

Newton's second law of motion, and the particles are assumed to 

be rigid and impenetrable. Thus, each particle has two motions 

(translation and rotational) and a governing equation for the solid 

phase (particle i);  

fiBi

x

j

ijC
i

i FFF
dt

dv
m

c

,,

1

, ++=
=                                                               (1) 

2

1

,,
5

2
)( iii

x

j

ijrijt
i

i RmIandMM
dt

d
I

c

=+=
=



                          (2) 

The Fi,f  represent drag force, which is defined according to Di 

Felice’s drag force model for a particle in a dense system. The Di 

Felice model is less computationally expensive yet still retains 

key physics of particle-fluid interactions in dense systems [58]. 

The drag force is: 
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Where mi, vi, di, εi, Rei, and ωi represent mass, translational 

velocity, diameter, porosity, Reynolds number, and angular 

velocity of the i th particle, respectively, and xc is the number of 

candidate particles to interact with particle i,  and  the  FC,ij  is the 

elastic contact force between particles use Hertz-Mindlin contact 

model [59], Fi, B is the buoyancy force Cd, i is the fluid drag 

coefficient,  µf, ρf  are viscosity and density of the fluid, 

respectively, and 𝜒 is an empirical coefficient. Ii and Ri are the 

moment of inertia and radius of the particle, respectively. Torque 

Mij acting on particle i by particle j, which includes two 

components (Mt,ij and Mr,ij).   
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2. 2 Governing equations for fluid phase 

The computational platform was established with the Salome 

platform coupled with the CFD (Code_Saturne), both developed 

by France‘s electricity (EDF). The Salome platform provides 

general-purpose CAD-based software that facilitates pre-

processing and post-processing of numerical simulations. The 

continuum approach (CFD) based on Navier-Stokes equations for 

incompressible flow, the CFD is used with Code_Saturne, which 

is based on the Finite Volume Method (FVM) for solving fluid 

flow problems by discretizing the governing partial differential 

equations (PDEs) over small parts of the domain known as 

control volumes [28]. The fluid phase is described by Reynolds-

averaged Navier-Stokes equations, and is expressed as;  

Conservation of mass (continuity equation) 

0= fv
                                                                                                     (6) 

Conservation of momentum  
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Where vf is the velocity of fluid, p is the pressure of fluid, t is 

time, and f is the external body force per unit mass.  

The geometric model was built using Salomé, which is an open-

source software platform, where the boundary conditions were 

also set, and then meshed and discretized to unstructured 

tetrahedral elements, providing a generic Pre-Processing and 

Post-Processing environment for numerical simulation. For each 

particle, the interaction force between fluid and solid is 

determined, which is the drag force. Although code-Saturne is 

used as a solver solving the RANS (Reynolds-Averaged Navier-

Stokes) equations for incompressible mean flow by using a finite 

volume discretization method, the CFD code is based on a co-

located finite volume method that allows meshes with any type 

of cell for simulations of the fluid flow [28]. 

3 Mechanics of CFD-DEM Coupling 

The combination of CFD and DEM has been a powerful tool in 

simulating multiphase systems with fluid-particle interactions in 

fluidized beds. The method involves the modeling of the fluid 

phase based on the Navier–Stokes equations and the tracking of 

individual particles using Newton's equations of motion. Two-

way coupling is realized by interphase momentum exchange 

through drag and buoyancy forces. The coupling methodology 

can be explained by the following steps; a) DEM calculation: 

compute particle-particle and particle-wall contact forces, and 

update particle positions and velocities [28], b) Data mapping: 

interpolate particle properties (e.g., position, velocity, volume 

fraction) onto the CFD mesh, c) CFD solver: solve fluid flow 

equations with updated source terms, including momentum 

exchange, d) Interpolate fluid forces (e.g., drag): onto particles 

and incorporate them into the next DEM iteration. This iterative 

process ensures tight coupling and momentum conservation 

between the two phases. 

4 Mechanisms of heat transfer in packed/fluidized beds 

Heat transfer occurs by raising the temperature of an object or by 

energy flow from a higher temperature region to a lower 

temperature one. Heat energy is transferred from bodies at high 

temperatures to those at low temperatures, hence transferring 

energy associated with the motion of molecules, vibration, and 

rotation of the body. Normally, in a system, heat is conserved and 

flows from areas where substances exist at high temperatures to 

those at lower temperatures [60]. In packed beds, heat is transferred 

primarily through conduction between the particles, with 

radiation heat transfer at high temperature [61], and contributions 

from the solid phase. On the other hand, heat transfer in fluidized 

beds is through convection and radiation, besides the complexity 

of the particles‘ interactions and physical processes in the solid 

phase.  
 

4. 1 Governing equations of heat transfer  

The employment of DEM combined with CFD methods improves 

the prediction of the heat transfer of such systems, since it allows 

the investigation of all interactions, determining the behavior of 

the particles, penetration, conduction, and storage in a 

comprehensive manner. The mechanisms of heat transfer have 

been studied through simple approaches and models, and by 

using empirical correlations, which may not be enough to cover 

the complexity of the processes.  When two particles, especially 

in packed beds with different temperatures, they will begin to 

exchange heat energy and momentum. Generally, the energy 

balance for an i particle can be written as, 

RadiConvij

n

j

Condij
i

ipi QQQ
dt

dT
Cm

i

,,

1

,, ++=
=                                      (8)














++


+= 

=

+
RadiConvij

n

j

Condij
ipi

t
ip

tt
ip QQQ

Cm

t
TT

i

,,

1

,
,

,,

                 (9)  

Where 𝐶𝑝,𝑖  is the specific heat of particle i, ni  is the number of 

particles in contact and exchanging heat energy with particle i, 

CondijQ ,  is the total conduction heat exchange between particle i 

and particle j, and particle i with the wall (contact case: the DEM 

code considers the wall as a particle),  ConvijQ ,  is convection heat 

exchange between the particle and the local surrounding fluid,  

RadijQ , is radiation between the particle and the surrounding, and 
tt

ipT +
,

represent the mean particle temperature. Different 

approaches have been developed to describe the contribution of 

each mechanism of heat transfer, whether in packed or fluidized 

beds, as follows; 

4. 1. 1 Conduction heat transfer 
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Heat transfer occurs from high-temperature to low-temperature 

regions because of the interactions among the molecules in the 

material. It is quantified by thermal conductivity, which measures 

the propensity of a material to conduct heat. In packed bed 

applications, this parameter is fundamentally important in the 

explanation of heat transfer among the solid particles. Thermal 

contact conductance can be defined as the ratio of the amount of 

thermal energy transferred through an interface to the extent of 

temperature gradient existing at that interface, and the contact 

conductance is calculated at every time step, and takes into 

account all contacts of a particular particle. It must be recalled 

once again that the particles are assumed to be non-deformable 

and impenetrable. The use of Hertz's theory allows for the 

determination of the contact conductance coefficient ( Condijh , ) 

only, it expresses as, 

3
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Where Condijh ,  is the coefficient of conductance due to contact 

between particles i and j, T is the temperature, λp is the thermal 

conductivity of solid particles, 𝐹𝑖𝑗,𝑛 is a normal component of 

contact force, 𝑎∗ is equivalent radius, and 𝐸∗ is the equivalent 

Young modulus of particles in contact.  

4. 1. 2 Convection heat transfer  

This mechanism occurs through the particle-fluid interface, the 

heat energy exchange when the fluid (liquid or gas) flows through 

the bed. The rate of convection is affected by many parameters, 

like the temperature difference between the solid phase and fluid 

phase, fluid velocity, and thermal capacity of the fluid. 

Oftentimes, convection heat transfer is calculated through an 

equation. 

)(, iifiiifConvij TTShQ −=
                                                                          (12) 

Where ℎ𝑖𝑓 is the convective heat transfer coefficient, Si is the 

surface area of the particle contact with fluid, 𝑇𝑖𝑓 is the fluid 

temperature surrounding the particle i. Many empirical 

correlations and equations have been proposed to estimate the 

convective heat transfer coefficient from the calculation of 

Nusselt number (Nu) [10, 13-15], which is calculated by; 
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Where Pr is the Prandtl number and represents the fluid 

properties, a and b are two parameters that need to be estimated. 

Kunii and Levenspiel [10] suggest b = 0.5, and a is in the range 

(0.6-1.8). According to recent literature data, the value of a is 

estimated around 1.2, so in the present work (a=1.2). 

4. 1. 3 Radiation heat transfer 

Regarding radiation, it is heat transfer by electromagnetic waves 

between bodies at temperatures greater than 273°C. This energy 

transfer at the walls to the bed or vice versa within packed beds 

is so vital and significant that it tends to cause an energy transfer 

even between solid particles by agglomeration. The radiation heat 

transfer can be written as,   

)( 44
, iifiiRadi TTeSQ −= 

                                                                    (14) 

Where σ =5.67*10-8 w/(m2.K4) is Stefan-Boltzman constant, and 

ie
 is the emissivity of a sphere particle.  

4. 2 Selection of particle materials 

In this study, Aluminium (Al) and Chromium oxide (Cr2O3) 

particles were utilized to simulate two highly distinct classes of 

solids with highly disparate thermal and physical characteristics. 

The aluminium particle is a light metal particle with high thermal 

conductivity, enabling very quick heat transfer, high thermal 

responsiveness in the fluidized bed, and low emissivity. On the 

other hand, chromium oxide has low thermal conductivity, high 

density with a more insulating nature, a reduced thermal response 

rate, and high emissivity. This seeming disparity constitutes a 

handy basis for investigating the influence of particle density and 

thermal conductivity on interphase energy transfer, temperature 

distribution of the particle, and overall heat transfer performance. 

Moreover, aluminium and chromium oxide also have widespread 

applications in industrial applications such as metallurgy, thermal 

energy storage, catalysis, and refractory coating, which makes 

their selection of great utility in real operations. 

5 Strategy of CFD-DEM coupling with thermal model   

Until now, there is no standard algorithm for CFD-DEM coupling 

strategies, and the existing approaches have specific limitations 

and challenges that must be solved. Hence, the information 

exchange takes place through the following mechanism;  

• Fluid solver provides local fluid velocity, temperature, 

and pressure to the DEM solver. 

• DEM solver computes void fraction, location, and 

particle velocities. 

• Momentum exchange: fluid drag (Fi,f ) and pressure 

gradient forces on particles, plus the reaction 

momentum to the fluid. 

• Heat exchange: The convection term at the fluid-particle 

interface, plus the contact-based conduction, and 

radiation between the particles. 

6 Results and Discussion 

Modeling of solid-fluid interaction, mass and heat transfer across 

the phases, and wall structures in packed and fluidized beds is 

extremely complicated. The numerical simulation will help to 
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understand complex interactions based on analysis and 

knowledge regarding heat transfer improvement. 

6. 1 Validation of CFD-DEM combined with thermal model 

In this part, to check the validity of the thermal approach, which 

includes the coupling of the CFD-DEM combined with a thermal 

model, the time dependence of the average temperature of the 

mean particles during the cooling, as shown in Fig. 1, the average 

particle temperature decreases over time at all tested air 

velocities, confirming the expected cooling trend. The results 

from the CFD-DEM simulations align closely with experimental 

data for air velocities of 1.2 m/s and 1.54 m/s, validating that the 

numerical model accurately simulates the primary convective 

heat transfer processes. Additionally, as the air velocity increases, 

the cooling rate also rises. This is due to the increase in the 

particle Reynolds number, which enhances the convective heat 

transfer coefficient and, consequently, improves heat transfer 

from the particles. The cooling process was checked against the 

experimental findings obtained by Patil et al. [23]. The simulation 

of the fluidization process was carried out on a pseudo-2D 

fluidized bed containing glass particles with a diameter of 1mm. 

The bed dimensions were 8 cm in width, 20 cm in height, and 1.5 

cm in depth.  The height of the bed at rest (Ho= 42 cm), and the 

top of the container is closed to prevent overflow of the particles. 

The particle and fluid properties are tabulated in Table 1. The air 

properties were assumed constant in all simulations. The particles 

started at a temperature of 80°C, and then a steady airflow of 

20°C was blown from the bottom inlet with different velocities 

(vf = 1.2, 1.54, and 1.71 m/s). Fluidization and convective cooling 

of the particles in the direction of the airflow took place for 22 s.  

For Fig. 1, the average particle temperature decreases with time 

for all air velocities, which verifies the expected cooling trend. 

The CFD-DEM simulation results match well with the 

experimental data for air velocities of 1.2 and 1.54 m/s, which 

validates that the numerical model is able to simulate the major 

convective heat transfer processes correctly. As the air velocity 

increases, the cooling rate also increases due to the rise in the 

particle Reynolds number, which enhances the convective heat 

transfer coefficient and thus the heat transfer from the particles. 

There is a slight deviation between the numerical simulation and 

experimental data at the highest air velocity (vf = 1.71 m/s), 

particularly in the initial stage, where the numerical simulation 

overestimates the cooling rate. This might be because of the 

increased turbulence and air flow fluctuations at higher velocities, 

which are not considered in the simplified heat transfer equations. 

As the temperature difference reduces with time, the cooling rate 

reduces, and the numerical simulation and experimental data 

match well again. 

Numerical results compare reasonably well with experimental 

measurements throughout the cooling period, except for minor 

deviations at later times. In general, this close correspondence 

confirms the applicability of the CFD-DEM thermal model to 

predict transient heat transfer in fluidized beds.

Table 1: Properties of the solid particles (glass) and the fluid (air) used in the simulations. 

Symbol Parameter Value 

dp Particle diameter (mm) 1.0 

Ho Bed height (initial) (mm) 420 

ρp Density (kg/m3) 2500 

E Young’s modulus (Gpa) 70.0 

ν Poisson’s ratio (-) 0.35 

µs Coefficient of friction (-) 0.30 

Cp Heat capacity (J/(kg.K)) 840 

λp Thermal conductivity (W/(m.K)) 1.40 

ρf Fluid density (kg/m3) 1.177 

µf Viscosity (kg/m.s) 1.85 × 10-5 

Cf Heat capacity (J/(kg.K)) 1010 

λf Fluid thermal conductivity (W/(m.K))                   0.262 

∆𝑡 Time step for fluidized bed [s] 5*10-5 
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Figure 1: Comparison between the CFD-DEM simulation results and experimental data, showing the evolution of the mean particle temperature with 

time during the cooling process.

6. 2 Modeling the heat transfer in packed beds 

Modeling for packed beds consists of two cases: case 1, the bed 

material (solid phase) is composed of aluminum (Al), and case 2, 

from chromium oxide (Cr2O3). The properties are shown in Table 

2. The base of the column (inlet) is maintained at constant wall 

temperature for a range of temperatures (100-500 oC). The 

particles are considered hard spheres and non-penetrable. The 

particles are placed in a column with a diameter (D = 0.51 m) and 

height (H = 0.75 m). For packed beds simulation, a bed of 

thickness (Ho=400 mm) with particle diameter (dp= 3 mm), and 

the column walls, bed particles, and inlet fluid were at 20 oC. In 

the modeling, the fluid flow is passed upward by superficial 

velocity (0.08 m/s) through the bed.

Table 2: Physical properties of Aluminum and Chromium oxide particles and relevant CFD-DEM simulation parameters. 

Material property 

Symbol Parameter Aluminum (value) Chromium oxide (value) 

ρp Density   (kg/m3) 2700 5210 

λp Thermal conductivity (W/(m.K)) 237 32.94 

Cp Heat capacity (J/(kg.K)) 900 1676 

ei Emissivity (-) 0.20 0.85 

E Young’s modulus (Gpa)  69.0 255 

ν Poisson’s ratio (-) 0.35 0.25 

t Simulation time for packed bed (s) 70.0 

t Simulation time for fluidized bed (s) 20.0 

∆𝑡 Time step for packed bed (s) 1*10-4 

∆𝑡 Time step for fluidized bed,  ∆𝑡 (s) 5*10-5 

dp Particle diameter (mm)         3 for packed bed, 1.5 for fluidized bed 

 

6. 3 Packed Bed Results 

In the packed-bed cases, at all wall temperatures, an initial 

increase in particle temperature is observed, followed by a 

gradual approach to thermal equilibrium. This transient thermal 

response arises from the temperature difference between the 

heated wall and the cooler particles and fluid phase. The heat 

transfer process is effectively captured by the CFD-DEM, which 

accounts for conduction between the particles and the wall, 

convection between the particles and the fluid, and heat transfer 

through contact conduction among the particles. 

     Fig. 2 illustrates the influence of wall temperature on the mean 

particle temperature in a packed bed. With the increase in wall 

temperature, the temperature difference between the wall and 

particles becomes greater, thus promoting the heat transfer rate 
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and speeding up the heating process of particles, particularly in 

the initial period. When the inlet wall temperature Tw=100°C, the 

particle temperature reaches equilibrium rapidly but remains 

slightly lower than the wall temperature because of the 

convective resistance and poor heat transfer in the interstitial 

fluid. When Tw= 500°C, it takes a longer time for the system to 

attain equilibrium because of the greater thermal energy involved 

and the higher thermal inertia of particles. Moreover, the internal 

temperature difference becomes greater with the increase of wall 

temperature, thus causing the non-uniform heating of the packed 

bed and prolonging the process of thermal homogenization. 

The temperature evaluation in the beds indicates different 

characteristics for aluminum (Al) and chromium oxide (Cr₂O₃) 

particles based on their thermal properties. For the aluminum 

particles (Fig. 2a), the temperatures of the particles attain 

equilibrium in 20 seconds of simulation time, mainly because of 

the high thermal conductivity of aluminum, which favors quick 

conduction of heat from particle to particle and particle to wall. 

For the Cr₂O₃ bed (Fig. 2b), the temperature dynamics indicate 

that at 500°C, the temperatures of the particles increase rapidly in 

the first 30 seconds of simulation time before reaching 

equilibrium, whereas at 100°C, the heating process is slower but 

attains equilibrium faster at a lower temperature. This is because 

of the lower thermal conductivity of Cr₂O₃, which resists 

conduction of heat from particle to particle and from particle to 

wall, with higher temperature differences at 500°C favoring 

higher initial rates of heat flux. This behavior is attributed to 

conduction-driven heat transfer, where contact conductance and 

wall conduction limit heat transfer efficiency. This may be 

attributed to the high thermal conductivity of the aluminum that 

makes up the bed material. 

For aluminum particles (Fig. 3a), the value of conductive heat 

transfer rises sharply with time and wall temperature, reaching 

about 15 W at a wall temperature of 500 °C, thus making 

conduction the principal mode of heat transfer. This sharp rise in 

conductive heat transfer takes place mainly in the first 5-

10 seconds of the simulation process, which corresponds to the 

time when the temperature difference between the wall and the 

neighboring particles is maximum. The high value of thermal 

conductivity and diffusivity of aluminum facilitates easy heat 

transfer from particle to particle and from the wall to the particles, 

thus making it possible for the heat to spread rapidly from the 

heated wall to the neighboring particles. When the particles in the 

vicinity of the wall get heated, and the temperature difference 

reduces, the rate of heat transfer by conduction also gradually 

becomes stable, tending towards a quasi-steady state.

                  

   (a)                                                                                                                           (b)                                   

Figure 2: Temporal evolution of the average particle temperature in a packed bed as predicted by CFD-DEM simulations for various particle materials: 

(a) Aluminum (Al) particles, which respond very quickly to temperature changes due to their high thermal conductivity, and (b) Chromium oxide 

(Cr₂O₃) particles, which respond relatively slowly to temperature changes due to their lower thermal conductivity.

Furthermore, the Fig. (3 b) chromium oxide (Cr₂O₃) packed bed 

has been observed to have a significantly lower conductive heat 

transfer rate, with a maximum of approximately 2 W under the 

same thermal boundary conditions, mainly because of the lower 

thermal conductivity of chromium oxide compared to metals such 

as aluminum. In a packed bed, the heat transfer by conduction is 

primarily between particles, and the reduced contact area between 

Cr₂O₃ particles further reduces the heat transfer. Consequently, 

the process of heat transfer in the bed becomes more diffusive, 

where the heat relies on spreading rather than conduction, which 

slows down the process. This is why there is a timescale involved,  

where temperature changes take up to 60 seconds. 

Fig. 3 (a, b) depicts that, for the same thermal boundary 

conditions, the aluminum-packed bed has a higher conductive 

heat transfer rate because of its high thermal conductivity and 

effective particle contact arrangement, which enables fast heat 

transfer in the bed. This example illustrates the importance of 

particle properties in heat transfer rates in a packed bed, where 

particles with low conductivity need either more time or a higher 

fluid velocity or particle motion to enable effective thermal 

homogenization.
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   (a)                                                                                                                           (b)                                   

Figure 3: Temporal development of conductive heat transfer in a packed bed of various particle materials: (a) aluminum (Al) particles and (b) chromium 

oxide (Cr₂O₃) particles. “The above figure illustrates the development of heat conduction through the points of contact between the particles with time, 

emphasizing the effect of the particle material on the rate of temperature distribution in the bed.”

A comparison of the results of simulations in Fig. 4 indicates that 

particle material has a significant effect on both the value and 

time dependence of convective heat transfer in fluid-solid packed 

beds. Aluminum particles, with high thermal conductivity (237 

W/m.K), demonstrate a sharp initial increase in convective heat 

transfer (Fig. 4 a), reaching approximately 60,000 W in 20 s at a 

boundary temperature of 500°C. This is due to the fact that heat 

transfer occurs rapidly into the particle bulk, causing a sharp 

increase in particle temperature and a subsequent decrease in the 

fluid-particle temperature difference, which makes convective 

heat transfer less favorable in the long run. Chromium oxide 

particles (Fig. 4 b), with lower thermal conductivity (32.94 

W/m.K), demonstrate a slower heating process; with a larger 

fluid-particle temperature difference sustained over a longer 

period of time. Consequently, convective heat transfer increases 

cumulatively, eventually reaching 120,000 W at 70 s. 

This allows for sustained temperature gradients and prolonged 

convective heat flux, making convection the dominant heat 

transfer mode for materials with low conductivity. These findings 

underscore the relationship between particle properties and heat 

exchange conditions, indicating that aluminum is suitable for 

quick temperature adjustments, while chromium oxide is better 

for applications requiring sustained thermal stress.

          

   (a)                                                                                                                           (b)                                   

Figure 4: Temporal evolution of convective heat transfer in packed beds containing different particle materials: (a) aluminum (Al) particles and (b) 

chromium oxide (Cr₂O₃) particles. The figure shows the variation of heat transfer over time, highlighting the influence of particle thermal properties 

on the rate and distribution of convective heat transfer within the packed bed.

The role of radiation heat transfer in a packed bed is highly 

dependent on the temperature and thermal and optical properties 

of the particles. In the case of the aluminum packed bed, as 

depicted in Fig. 5(a), the contribution of radiation heat transfer is 
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minimal at lower wall temperatures (100-200°C), with a 

maximum heat energy of less than 0.5 W, due to the low 

emissivity of aluminum and the fact that reflected radiation from 

surfaces is not a major source of radiation heat transfer at 

moderate temperatures. However, at higher wall temperatures of 

400°C and above, the contribution of radiation heat transfer 

increases dramatically to about 3.5 W at 500°C. This is because 

radiation heat transfer is highly temperature-dependent (T4), 

resulting in a substantial increase in radiative flux at higher 

temperatures, even with low emissivity materials such as 

aluminum. For a packed bed of higher-emissivity materials such 

as chromium oxide, the contribution of radiation heat transfer 

would be more substantial at lower temperatures.

                

   (a)                                                                                                                           (b)                                   

Figure 5: Time variation of radiative heat transfer in packed beds with different particles: (a) aluminum (Al) and (b) chromium oxide (Cr₂O₃). The 

above graphs show the variation of radiative heat flux with time, emphasizing the effect of the material of the particles on the radiative heat transfer in 

the packed bed.

     Conversely, Fig. (5b) illustrates the packed bed of chromium 

oxide particles, where the radiative heat transfer is highly 

dependent on the wall temperature. At higher wall temperatures 

(such as 500 °C), the total radiative heat flux increases 

significantly in the first 10-15 s, exceeding 5 W before reaching a 

steady state. This is mainly attributed to the high emissivity of 

chromium oxide (ei=0.85), which increases the radiative heat 

transfer, and its low thermal conductivity, which reduces the 

conductive heat loss. Additionally, the large absorption 

coefficient leads to the penetration of radiation into the particle 

volume, which increases the volumetric energy transfer. 

Therefore, the combined effects of these properties lead to the 

rapid accumulation of radiative heat in the bed. The findings 

clearly indicate the important role of particle materials in 

determining the efficiency of heat transfer in multiphase systems. 

The results are in good agreement with the experimental results 

in the literature [62-64]. 

6. 4 Modeling the heat transfer in fluidized beds 

As mentioned for packed beds, the modeling for fluidized beds 

consists of two cases: case 1, the bed material (solid phase) is 

composed of aluminum (Al), and case 2, the bed is composed of 

chromium oxide (Cr2O3). The material properties are detailed in 

Table 1. The base temperature of the column (inlet) is maintained 

at constant wall temperature for a range of temperatures (100-500 
oC). The particles are considered hard spheres and non-

penetrable. The particles are placed in a column with a diameter 

(D = 51 mm) and height (H = 0.75 m). The fluidized beds were 

packed with particles (solid phase) with a thickness (Ho= 100 

mm) and particle diameter (dp= 1.5 mm), the inlet fluid 

temperature is 20 oC, and fluid flow is passed upward over a range 

of superficial velocities (0.08, 0.12, and 0.16 m/s) through the 

bed. 

6. 5 Fluidized Beds Results 

In the fluidized bed, the fluid flows from the base of the fluidizing 

column upward through the bed; the velocity of the fluid 

significantly affects heat transfer. In this part of the study, three 

different interfacial velocities (0.08, 0.12, and 0.16 m/s) were 

used; the bed, fluid, and walls are initially having a temperature 

of 20 oC, and the fluidizing fluid will heat the particles. The 

particles experience frequent collisions and heat exchange 

between themselves and with the cooler fluid in the column. Over 

simulation time, the average bed temperature remains close to the 

maintained temperature of the inlet wall (base wall).  

The temperature development of Aluminum particles with a 

superficial fluid velocity of 0.08 m/s is shown in Fig. 6 a. It can 

be seen that the temperature of the particles increases rapidly in 

the first 5 seconds of heating. This is mainly due to the high 

thermal conductivity of aluminum (237 W/m·K), which ensures 

efficient conduction of heat from the heated wall to the particles. 

Fast heat propagation in the particles due to contact conduction 

and the surrounding fluid ensures that the bed heats up rapidly. 

On the other hand, Fig. 6 b shows the temperature development 

of chromium Oxide particles under the same fluidization process. 

Due to the low thermal conductivity of chromium Oxide (32.94 
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W/m·K), the heat transfer from the wall to the particles is slow. 

As a result, the initial heating of the bed is delayed, and the bed  

takes time to attain thermal homogeneity.

               

   (a)                                                                                                                           (b)                                   

Figure 6: Temporal development of mean particle temperatures in fluidized beds with a superficial gas velocity of 0.08 m/s. The comparison is made 

for beds of (a) aluminum (Al) particles and (b) chromium oxide (Cr₂O₃) particles. The figure illustrates the effect of particle material on the heat transfer 

process dynamics, where the temperature drops faster in the Al bed due to its higher thermal conductivity, and the Cr₂O₃ bed cools more slowly. The 

obtained data confirm the combined effect of particle properties and fluidization on the heat transfer process in fluid-solid systems. 

Fig. (6 a) is revealed the Aluminum particles under a superficial 

fluid velocity of 0.08 m/s, which showed a more rapid 

temperature rise compared to Chromium Oxide Fig. (6 b), the 

effect that was particularly noticeable within the first 5 seconds 

of heating. This is due to Aluminum's high thermal conductivity 

(237 W/m.K), which allows effective heat transfer from the 

heated wall to the particles. In contrast, Chromium Oxide 

exhibited a much lower thermal conductivity (32.94 W/m.K), 

showing retarded heat propagation through the bed, while at a 

superficial fluid velocity of 0.12 m/s (Fig. 7), both particle 

systems Fig. 7 (a, b) showed improved fluidization and heat 

transfer compared to the case of 0.08 m/s. However, the relative 

difference in temperature response persisted. 

With the increased inlet fluid velocity of 0.12 m/s (Fig. 7), the 

Aluminum and Chromium Oxide particles both show better 

fluidization and increased heat transfer rates than in the 0.08 m/s 

scenario. The increased fluid velocity leads to stronger 

convective currents, which in turn reduce the local temperature 

gradients in the bed and increase the rate of heat transfer. 

However, the natural thermal properties of the particles again 

dominate the rate of temperature increase, with Aluminum 

particles still increasing in temperature faster than Chromium 

Oxide particles, and the lower-conductivity particles still lagging 

despite the increased fluid motion.  

In summary, the above observations clearly show that: 

• The thermal conductivity of the material dominates the 

initial heat transfer process in the bed, with higher 

conductivity particles (Aluminum) increasing in 

temperature faster. 

• The superficial fluid velocity increases convective 

transport, leading to increased heat transfer rates and 

fluidization, but does not completely suppress the effect 

of material properties. 

• The combined effect of conduction between particle 

contacts and convective transport by the fluid 

determines the transient temperature behavior in 

fluidized beds. 

At the highest inlet fluid velocity of 0.16 m/s (Fig. 7), there is 

highly intensified particle motion for both Aluminum and 

Chromium Oxide, resulting in high mixing and particle 

circulation. The high hydrodynamic activity increases the 

convective heat transfer between the fluid and particles and 

constantly resurfaces the particles in contact with the heated wall 

region, thus reducing temperature gradients in the bed. However, 

Aluminum particles demonstrate better thermal performance 

(Fig. 7a) than Chromium Oxide particles (Fig. 7b) under similar 

mixing conditions, as Aluminum particles reach steady-state 

temperature faster than Chromium Oxide particles. This is 

primarily due to Aluminum’s higher thermal conductivity, which 

enables faster heat diffusion inside the Aluminum particles, 

causing the particle core temperature to quickly approach the wall 

temperature. Conversely, Chromium Oxide particles display a 

slower temperature increase with a lower final temperature level, 

reflecting slower heat diffusion inside Chromium Oxide particles 

because of their lower thermal conductivity.
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   (a)                                                                                                                           (b)                                   

Figure 7: Temporal development of mean particle temperatures in fluidized beds with a superficial gas velocity of 0.12 m/s. The comparison is made 

for beds of (a) aluminum (Al) particles and (b) chromium oxide (Cr₂O₃) particles. The figure illustrates the effect of particle material on the heat transfer 

process dynamics, where the temperature drops faster in the Al bed due to its higher thermal conductivity, and the Cr₂O₃ bed cools more slowly. The 

obtained data confirm the combined effect of particle properties and fluidization on the heat transfer process in fluid-solid systems. 

As a result, although the convective heat transfer coefficient 

increases with velocity, the material-specific internal conduction 

resistance becomes the most important limiting factor for 

Chromium Oxide. In terms of quantitative results, the average 

temperature of Aluminum particles reaches a steady-state value 

close to the 500 °C wall temperature in about 10 seconds, while 

Chromium Oxide particles are still far below that value, 

especially at higher base temperatures, thus verifying that the 

material properties of the particles have a strong influence on the 

heating rate even for the same fluidization and mixing process.

              

   (a)                                                                                                                           (b)                                   

Figure 8: Temporal development of mean particle temperatures in fluidized beds with a superficial gas velocity of 0.16 m/s. The comparison is made 

for beds of (a) aluminum (Al) particles and (b) chromium oxide (Cr₂O₃) particles. The figure illustrates the effect of particle material on the heat transfer 

process dynamics, where the temperature drops faster in the Al bed due to its higher thermal conductivity, and the Cr₂O₃ bed cools more slowly. The 

obtained data confirm the combined effect of particle properties and fluidization on the heat transfer process in fluid-solid systems. 

Figs. (9a, 10a, and 11a) show the conduction heat transfer energy 

distributions of aluminum particles at three inlet velocities (vf = 

0.08, 0.12, and 0.16 m/s). The large conduction heat transfer 

values in these figures are primarily due to the large thermal 

conductivity of aluminum (237 W/m·K). As the wall temperature 

rises, the temperature difference between the hot wall and the 

particle bed becomes more pronounced, leading to a large 

conductive heat flux. Hence, at 500 °C, the conduction heat 

transfer has a maximum peak value of approximately 1.5 W, 

which clearly reveals a strong conduction-dominated transfer 

process in the vicinity of the hot wall. Moreover, the large 

temporal variations, especially in the early fluidization period, are 

due to the large particle motion and frequent changes in the 

contact point network, where continuous collisions cause the 
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frequent formation and disruption of conductive paths. 

Conversely, at lower wall temperatures (100-200 °C), the 

intensity of thermal driving force is lower, resulting in lower 

conduction intensity, and the conduction curves gradually tend 

towards a quasi-steady state after the transient regime as the bed 

hydrodynamics stabilize.  

Similarly, Figs. (9b, 10b, and 11b) present the conduction heat 

transfer distribution for chromium oxide particles under the same 

conditions; however, the contribution of conduction heat transfer 

is substantially lower owing to the lower thermal conductivity of 

chromium oxide (32.94 W/m·K), which hinders the diffusion of 

heat. Consequently, even at 500 °C, the conduction heat transfer 

is lower and peaks at merely 0.35 W, thereby establishing that the 

conduction process is largely dependent on the material 

properties of the particles. In summary, the above findings 

establish that the conduction heat transfer is higher at higher wall 

temperatures owing to higher thermal forces, whereas the extent 

of temporal variation is dependent on the particle dynamics, and 

the principal controlling parameter for conduction heat transfer is 

the inherent thermal conductivity of the solid material. 

Furthermore, these profiles demonstrate more consistent trends 

and reduced time-related fluctuations, suggesting a slower 

thermal response and a less dynamic conduction behavior. The 

negative peaks in Figs. (9, 10, and 11) indicate that the particle 

(i) is losing heat energy to other particles through conduction.

                

   (a)                                                                                                                           (b)                                   

Figure 9: Temporal development of conductive heat transfer in fluidized beds of (a) aluminum (Al) particles and (b) chromium oxide (Cr₂O₃) particles 

at a superficial fluid velocity of 0.08 m/s. The graph above shows the conductive heat transfer with time for the two types of particle materials, indicating 

the effect of the particles' properties on the heat transfer process in the bed. 

               

   (a)                                                                                                                           (b)                                   

Figure 10: Temporal development of conductive heat transfer in fluidized beds of (a) aluminum (Al) particles and (b) chromium oxide (Cr₂O₃) particles 

at a superficial fluid velocity of 0.12 m/s. The graph above shows the conductive heat transfer with time for the two types of particle materials, indicating 

the effect of the particles' properties on the heat transfer process in the bed.
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With a low inlet fluid velocity of 0.08 m/s (Fig. 12), the 

convective heat transfer from chromium oxide particles is 

approximately 4800 W at a wall temperature of 500 °C (Fig. 12 

b), while that from aluminum particles is only about 2700 W (Fig. 

12 a). The main reason for this difference is the different thermal 

characteristics of the two materials. The chromium oxide 

particles are likely to conserve heat and have a larger temperature 

gradient between the particle surface and the fluid, thus 

increasing the driving force for convective heat transfer. 

However, aluminum has a much higher thermal conductivity, 

which enables the heat to propagate quickly through the particle, 

causing the particle temperature to become relatively uniform. 

Consequently, the temperature difference between the particle 

surface and the fluid becomes smaller, thus reducing the 

convective heat transfer even if the flow conditions are improved. 

When the superficial velocity is raised to 0.12 m/s (Fig. 13), the 

convective heat transfer coefficient increases because of the 

increased relative motion between the fluid and particles, which 

is likely to improve convection.  

Nevertheless, the advantage of this velocity increase is more 

pronounced in the case of chromium oxide, whose particles 

maintain greater temperature differences and have the ability to 

continuously transport the stored heat energy from the heated 

wall region to the bulk bed. As such, the convective heat transfer 

coefficient significantly rises to approximately 7400 W (Fig. 13 

a). On the other hand, the aluminum particles continue to 

maintain a value of approximately 2700 W, which suggests that 

the convective heat transfer in this situation is not mainly 

restricted by the heat transfer coefficient but by the diminished 

temperature driving force due to the fast thermal equilibration 

process.

              

   (a)                                                                                                                           (b)                                   

Figure 11: Temporal development of conductive heat transfer in fluidized beds of (a) aluminum (Al) particles and (b) chromium oxide (Cr₂O₃) particles 

at a superficial fluid velocity of 0.16 m/s. The graph above shows the conductive heat transfer with time for the two types of particle materials, indicating 

the effect of the particles' properties on the heat transfer process in the bed. 

              

   (a)                                                                                                                           (b)                                   

Figure 12: Illustration of the temporal development of convective heat transfer in fluidized beds of (a) aluminum (Al) particles and (b) chromium 

oxide (Cr₂O₃) particles. The computations were performed at an inlet fluid velocity of 0.08 m/s. The differences in heat transfer characteristics based 

on the properties of the particles are emphasized in the figure, illustrating the development of the convective process with time. 
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   (a)                                                                                                                           (b)                                   

Figure 13: Illustration of the temporal development of convective heat transfer in fluidized beds of (a) aluminum (Al) particles and (b) chromium 

oxide (Cr₂O₃) particles. The computations were performed at an inlet fluid velocity of 0.12 m/s. The differences in heat transfer characteristics based 

on the properties of the particles are emphasized in the figure, illustrating the development of the convective process with time.

At the highest inlet fluid velocity of 0.16 m/s (Fig. 14), the bed is 

strongly fluidized, and convection is dominant in heat transfer. In 

such a case, the chromium oxide particles experience more than 

9000 W convective heat transfer (Fig. 14b), which is more than 

four times that of aluminum (Fig. 14a). This large enhancement 

is primarily due to the higher density of chromium oxide (5210 

kg/m³), which makes the particles more inertial and thus more 

strongly coupled with fluid drag. As the velocity increases, the 

drag forces increase, leading to stronger particle circulation and 

mixing, which in turn continuously enhances the convective heat 

transfer by renewing the thermal boundary layer. 

Although aluminum has higher thermal conductivity, it is 

observed from the results that, at higher velocities, hydrodynamic 

forces (inertia, slip, and momentum transfer) play a more 

significant role than conductivity. Hence, chromium oxide 

exhibits better convective heat transfer due to the dominant role 

of fluid-solid dynamic interactions in heat transport during 

fluidization.

             

   (a)                                                                                                                           (b)                                   

Figure 14: Illustration of the temporal development of convective heat transfer in fluidized beds of (a) aluminum (Al) particles and (b) chromium 

oxide (Cr₂O₃) particles. The computations were performed at an inlet fluid velocity of 0.16 m/s. The differences in heat transfer characteristics based 

on the properties of the particles are emphasized in the figure, illustrating the development of the convective process with time.

The radiation heat transfer in the fluid-solid packed and fluidized 

beds is normally less than the conduction and convection heat 

transfers due to the relatively small size of the particles. However, 

when the wall temperature is high, the radiation heat transfer 

becomes more significant because the radiation heat transfer is 

strongly dependent on temperature (∝ T4). Thus, even a small rise 

in wall temperature can significantly enhance the radiation heat 

transfer. 
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In Fig. 15, at the lower fluid velocity (vf = 0.08 m/s), the bed is in 

the dense packed-like state, which means that the particles are 

packed in a close manner and their movement is restricted. The 

CFD-DEM results indicate that the radiation heat energy of 

chromium oxide particles is about 0.024 W at 500°C after 14 

seconds (Fig. 15b), whereas the aluminum particles are only 

about 0.0045 W (Fig. 15a). The huge difference between the two 

is primarily due to the difference in the emissivity of the materials 

(Table 2). Chromium oxide has a much higher emissivity, which 

means that it can better absorb and emit thermal radiation, 

resulting in a higher rate of radiative heat transfer. Aluminum, on 

the other hand, has a lower emissivity and acts more like a 

reflective surface, making it less capable of taking part in a 

radiation process. Thus, the above trend clearly verifies that in a 

dense bed with high wall temperature, radiation becomes 

material-dependent, and the emissivity of the particulate phase is 

the primary controlling factor, even if the hydrodynamic 

conditions are kept unchanged.

                      

   (a)                                                                                                                           (b)                                   

Figure 15: Illustration of the temporal variation of radiative heat transfer in fluidized beds of (a) aluminum (Al) particles and (b) chromium oxide 

(Cr₂O₃) particles at a superficial fluid velocity of 0.08 m/s. This graph indicates the change in the value of radiative heat transfer with time, taking into 

account the differences in the radiative properties of the particles.

With increasing inlet fluid velocity (vf = 0.12-0.16 m/s), Figs. (16 

and 17), The contribution of chromium oxide particles to 

radiative heat transfer rises continuously to a maximum of 0.039 

W (Fig. 17 b). This trend is largely linked to the changes in the 

structure of the bed due to the rising hydrodynamic forces. At 

higher fluid velocities, the bed becomes more expanded and 

dynamic, resulting in higher particle separation and lower particle 

clustering. Consequently, a higher proportion of the particle 

surface area is directly exposed to the surrounding surfaces and 

environment, as opposed to being shielded by other particles. 

This shielding or shading effect is a major factor that reduces the 

effective radiating area, thus increasing the amount of thermal 

radiation that can be emitted.

                   

   (a)                                                                                                                           (b)                                   

Figure 16: Illustration of the temporal variation of radiative heat transfer in fluidized beds of (a) aluminum (Al) particles and (b) chromium oxide 

(Cr₂O₃) particles at a superficial fluid velocity of 0.12 m/s. This graph indicates the change in the value of radiative heat transfer with time, taking into 

account the differences in the radiative properties of the particles. 
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   (a)                                                                                                                           (b)                                   

Figure 17: Illustration of the temporal variation of radiative heat transfer in fluidized beds of (a) aluminum (Al) particles and (b) chromium oxide 

(Cr₂O₃) particles at a superficial fluid velocity of 0.16 m/s. This graph indicates the change in the value of radiative heat transfer with time, taking into 

account the differences in the radiative properties of the particles.

These numerical findings validate that radiation is a non-

negligible heat transfer mode at high wall temperatures for beds 

with high emissivity materials. Hence, both material and 

structural design must be taken into account in the thermal design 

of fluidized systems to take advantage of or counteract radiation 

heat transfer influences, particularly at high temperatures. The 

numerical results of heat transfer in fluidized beds showed 

consistency with the experimental data in the literature [65-67]. 

6. 6 Particle-Fluid Heat Transfer Coefficient (Al vs. Cr₂O₃) 

To gain insight into the effect of particle material on the thermal 

characteristics of the bed, the particle-fluid heat transfer 

coefficient was calculated for aluminum (Al) and chromium 

oxide (Cr₂O₃) particles under the same operating conditions to 

understand the effect of particle material on convective heat 

transfer. The heat transfer coefficient was calculated from the 

CFD-DEM thermal coupling model based on convective heat 

transfer between the fluid and solid phases. 

Analysis of the results reveals that there are significant 

differences between Al and Cr₂O₃ because of their different 

thermo-physical properties. The Al particles respond faster to the 

temperature changes due to their higher thermal conductivity, and 

hence, there is a more uniform distribution of temperature in the 

particles. The Cr₂O₃ particles take longer to release heat, and 

hence, there is a higher temperature gradient and a lower rate of 

temperature change. 

The findings show that the heat transfer in the fluidized bed is 

dominated by the convection process because of the constant 

mixing of particles, which leads to the renewal of the surrounding 

fluid and minimizes the thermal boundary layer resistance. With 

the increase in the inlet velocity, the convective heat transfer 

process is intensified, and the conductive heat transfer process is 

reduced because of the expansion of the bed, which leads to a 

decrease in particle interactions and contact time. The smaller 

particles result in higher heat transfer rates because of their higher 

surface area-to-volume ratio and better fluid-solid interaction. 

Moreover, the larger columns minimize the wall effects and lead 

to better circulation, resulting in a uniform temperature 

distribution and higher heat transfer rates. Compared to the 

fluidized bed, the packed bed has a slower heat transfer rate 

because of the stationary particles, which are in contact for a 

shorter duration, leading to the dominance of the conduction 

process. The role of material properties is also significant, in 

which aluminum particles exhibit a faster heating/cooling rate 

than Cr₂O₃ due to their higher thermal conductivity. The effect of 

radiation is negligible under the considered conditions because of 

the moderate temperature range and shielding of particles. 

Finally, the agreement between the CFD-DEM simulation results 

and the experimental trends validates the accuracy of the model 

in predicting the hydrodynamic and thermal phenomena. 

7 Conclusion 

In the present work, a complete CFD–DEM model was 

formulated and used to quantify the role of conduction, 

convection, and radiation heat transfer mechanisms in fluid-solid 

packed and fluidized beds. The numerical results were 

successfully compared with existing experimental results, and the 

agreement was satisfactory, indicating the ability of the CFD-

DEM model to accurately simulate both hydrodynamic and 

thermal phenomena. This comparison is an indication of the 

accuracy of the thermal model used in this study and can be 

employed as a predictive model for multiphase thermal systems. 

A parametric study was performed over a broad range of 

temperatures (100-500 °C) and for three superficial inlet 

velocities (0.08, 0.12, and 0.16 m/s) to cover both packed and 

fluidized beds. The results clearly indicated that the main heat 

transfer mechanism is highly dependent on both flow conditions 

and particle properties. In the packed bed regime, the main heat 

transfer mechanism was conduction, especially at the lowest 
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velocity (0.08 m/s), where the motion of particles was restricted. 

Under such conditions, aluminum particles were found to be the 

best conductors because of their high thermal conductivity. 

Conversely, the augmentation of inlet velocity promoted particle-

fluid interactions and mixing, resulting in a significant increase 

in convective heat transfer, particularly in the fluidized region. At 

0.16 m/s, convection emerged as the principal heat transfer 

process, with aluminum particles registering higher overall heat 

transfer rates owing to enhanced interphase heat transfer. 

Moreover, the results revealed that radiation heat transfer was 

insignificant in low and medium temperature conditions but 

significantly increased in high-temperature conditions (above 

400 °C). The chromium oxide particles exhibited a higher level 

of radiative heat transfer owing to their higher emissivity, with 

radiation effects becoming more significant in the upper bed 

region where higher temperature gradients existed. Overall, the 

results clearly establish that aluminum particles are more 

effective in promoting conduction and convection, while 

chromium oxide particles are more effective in high-temperature 

radiation. 

The findings of the present study offer significant mechanistic 

understanding and practical guidance on heat transfer 

enhancement in packed and fluidized beds and can be used to 

optimize thermal performance in industrial equipment such as 

fluidized bed reactors, dryers, and multiphase heat exchangers. 

Notably, the CFD-DEM approach showed significant potential in 

capturing granular thermal interactions and simulating heat 

transfer in different regimes with high accuracy. 

Future studies should focus on polydisperse and non-spherical 

particles, temperature-dependent properties, and more complex 

thermal boundary conditions. Experimental verification at high 

temperatures and the incorporation of other physical phenomena, 

such as phase change and reactive heat transfer, would help to 

enhance the model's relevance to industrial-scale thermal 

processing systems. 
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