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  Abstract 
 

 

A numerical investigation of hydrodynamic and heat transfer 
characteristics in liquid-solid fluidized beds was conducted using a 
coupled CFD-DEM approach combined with a thermal model. 
Simulations were carried out for a range of particle and column 
diameters with varying inlet fluid velocities under isothermal wall 
boundary conditions. The model was capable of simulating the 
simultaneous effects of conductive particle-particle heat transfer and 
convective particle-fluid heat transfer. The accuracy of the coupled 
model was established by validating the results against experimental 
data in the literature on hydrodynamic characteristics and thermal 
behavior. It has been observed that the results obtained from the CFD-
DEM simulation have a good agreement with the experimental data, 
and the average deviation is within the range of 6-8%. From the results, 
it was evident that the smaller particles improved the heat transfer 
performance. Enhancements of convective heat transfer and a decrease 
of temperature gradients in the bed with increasing inlet fluid velocity 
were found, especially in the column with the wider diameter. Results 
from the simulations elucidated the conductive heat transfer through 
contacts between particles as well as the convective heat transfer 
between fluid and particles, and showed that the interplay between 
particle size, column diameter, and fluid velocity determines the 
performance of heat transfer. The novelty in this research is the 
quantification of conduction and convection heat transfer interactions 
using a fully resolved CFD-DEM model for heat transfer. This research 
also gives practical guidelines on how to improve heat transfer in liquid-
solid fluidized bed reactors by optimizing particle sizes and column 
diameters. The findings provide guidance for optimizing column 
geometry and particle size in fluidized bed reactors for enhanced 
thermal efficiency in chemical processing and thermal processing 
equipment.     

  
1. Introduction  

Liquid-solid fluidized beds have found wide use in 
chemical processing, biochemical engineering, and 
thermal energy storage systems because of their 
improved heat and mass transfer characteristics and 
good mixing behavior [1-5]. Heat transfer efficiency 
in these systems is highly controlled by the 
hydrodynamics and thermal interactions of the liquid 
and solid phases, which are further controlled by a 
number of operational and geometric parameters, 
most importantly particle size, column diameter, fluid 
velocity, and thermal boundary conditions [6,7].  
Among these parameters, the diameter of the particle 
has a determining influence on the interfacial area for 
heat exchange, particle inertia, and bed height 

behavior. Smaller particles provide a larger surface 
area to volume ratio, a greater tendency for particle 
entrainment and elutriation, which promotes 
enhanced fluid-solid heat transfer and improved 
temperature uniformity throughout the bed [8]. These 
advantages are generally obtained at the cost of higher 
pressure drops and channeling effects [9, 10]. Larger 
particles lead to better bed stability and less 
entrainment but generally cause lower heat transfer 
rates because of worse contact between fluid and 
particle phases [11, 12]. Likewise, the inner diameter 
of the column has a strong impact on wall effects, 
radial heat distribution, and flow patterns. Narrow 
columns can facilitate radial conduction via enhanced 

mailto:sherko.flamarz@gpu.edu.iq
https://doi.org/10.17656/sjes.10210


 

 
260 

Sulaimani Journal for Engineering Sciences / Volume 12 – Number 2 – April  2026 
 

particle-wall contact but possibly inhibit bulk 
circulation, while wider columns provide improved 
fluidization quality and homogeneity at the expense 
of larger thermal gradients and weaker wall influence 
[13-15]. 
On the other hand, column diameter has a direct 
influence on wall effects, bed expansion, particle 
distribution, and flow uniformity. Small column 
diameters are frequently characterized by pronounced 
wall effects, which change local fluid velocities and 
particle residence times and, therefore, radial heat 
transfer distribution and axial dispersion [16, 17]. 
While larger diameters are likely to have more 
uniform fluidization behavior but can be prone to 
channeling or poor contact between phases if not duly 
optimized [18]. Experimental studies by David and 
Liang-Shih [19] and Chen et al. [20] have shown a 
strong dependence of local heat transfer coefficients 
on the fluidization column geometry. While 
experimental studies have yielded fundamental 
knowledge of such effects, they are constrained in 
resolving micro-scale heat transfer mechanisms and 
transient particle-scale interactions.  
Over the past decade, the coupled computational fluid 
dynamics and discrete element method (CFD-DEM) 
strategy has developed into an effective means of 
studying fluidized systems. The approach resolves the 
fluid flow using continuum equations while 
concurrently tracking the movement and interaction 
of discrete particles, facilitating particle-scale 
resolution of momentum and energy transfer 
prediction [21-24]. The CFD-DEM paradigm has 
been used successfully to replicate intricate 
multiphase flow behavior and examine conduction, 
convection, and radiation heat transfer in fluidized 
settings [25, 26]. The CFD-DEM presents a 
sophisticated platform to investigate the granular 
dynamics and thermal transport behavior at the 
particle scale [27]. CFD-DEM enables the explicit 
resolution of single particle motion and fluid-particle 
interactions, which facilitates more precise prediction 
of local and global heat transfer characteristics. In 
comparison to conventional empirical or averaged 
Eulerian models, CFD-DEM resolves particle-scale 
interactions, allowing for in-depth examination of 
micro-scale phenomena like near-wall effects, 
particle clustering, and heat conduction paths [28-32].  
The recent studies have shown the capability of the 
CFD-DEM technique for simulating the 
hydrodynamics and heat transfer in fluidized beds, 
including the particle temperature distribution, local 
heat transfer coefficient, etc. [33].  
De Munck et al. [34] established a high-fidelity CFD-
DEM model in order to capture near-wall thermal 
gradients in fluidized and packed beds. They 
highlighted the necessity of resolving the thermal 
boundary layer in the vicinity of the wall, whose 

thickness is of the order of a single particle diameter. 
In addition, coarse-grained CFD-DEM formulations 
have been proposed to save computational expense 
while maintaining accurate macroscopic thermal 
behavior, especially for larger-scale systems [35]. 
CFD-DEM research has demonstrated that reducing 
particle size enhances thermal exchange owing to 
higher contact area and improved particle mixing. 
This advantage is, however, offset by operational 
issues like heightened cohesion, particle 
agglomeration, and fluidization instability upon 
utilization of very fine particles. Additionally, particle 
size influences tend to be interdependent on system 
parameters such as superficial velocity, bed geometry, 
and particle material properties, making it difficult to 
interpret isolated trends [36].  Particle size has been 
widely recognized as a key factor in controlling the 
balance between conduction and convection in 
fluidized beds. In more recent studies, the influence of 
particle shape and structural properties on heat 
transfer performance has been investigated. For 
example, in CFD-DEM simulations carried out on 
fluidized beds in dryers, where ellipsoidal particles 
were used, it was found that the shape of the particles 
influenced the hydrodynamic and heat transfer 
performance because of changes in the drag forces 
and Reynolds number [33]. Moreover, numerical 
simulations carried out on spout fluid beds showed 
that different flow regimes have a significant impact 
on temperature profiles and heat transfer mechanisms 
[37]. Alipoor et al. [38] carried out a parametric CFD-
DEM analysis of the influence of particle size and 
fluidization regime on thermal transport. Their 
findings illustrated that in the bubbling regime, larger 
particles improved convective heat transfer as a result 
of higher porosity (voidage) and fluid mixing. 
Particle-fluid-particle conduction was, however, 
reduced because of the larger interstitial spaces. 
Smaller particles were shown to facilitate more 
uniform temperature distribution and improved 
conductive pathways in dense beds, in agreement with 
previous results in packed beds [39]. Mu et al. [40] 
simulated a pseudo-2D CFD-DEM heat transfer in 
beds of different particle sizes subjected to constant 
wall heating. The addition of internal particle heat 
generation enabled the authors to more realistically 
analyze thermal response. They concluded that 
smaller particles resulted in quicker thermal response 
and improved heat penetration within the bed. In 
addition to the particle properties, geometrical 
parameters of the fluidized bed reactor have been 
recognized as important factors that affect the 
hydrodynamics and heat transfer in the fluidized beds. 
The geometrical parameters of the fluidized bed 
reactor include the design features, such as the 
diameter and height of the column, and the presence 
of internal structures and walls in the reactor, which 
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may affect the hydrodynamics and heat transfer in the 
fluidized beds. For instance, it has been found that 
changes in the geometrical parameters, such as ribbed 
walls in the reactor, can enhance heat transfer by 
improving the mixing and turbulence in the particles 
in the fluidized beds [41]. Column geometry, 
particularly the internal diameter, has a strong impact 
on hydrodynamics and heat transfer in fluidized beds. 
Wall effects dominate in small-diameter columns, 
resulting in non-uniform flow, high pressure drops, 
and changed minimum fluidization velocities. Studies 
on the fluidization of particles in a liquid in a narrow 
tube, known as a solid-liquid fluidized bed, have 
revealed that geometrical confinement can cause the 
particles to cluster or jam, thereby affecting the 
hydrodynamic structures and, in turn, the heat transfer 
process itself [42]. Xu et al. [43] used CFD-DEM to 
study the effect of column diameter and bed height on 
fluidization behavior for Geldart B particles. They 
noted that wall effects inhibited bubble formation and 
raised the minimum fluidization velocity in narrow 
columns. The geometric constraints involved have a 
profound impact on the nature of heat transfer. In 
smaller columns, a higher surface area to volume ratio 
enhances heat conduction via the walls, but this can 
lead to flow channeling and local overheating. Larger 
columns allow a more developed flow, reducing the 
wall effect and thus promoting radial temperature 
uniformity [1]. 
Fluid velocity and inlet temperature also play a vital 
role in controlling the thermal and hydrodynamic 
behavior. High flow velocity generally augments 
convective transport owing to increased particle-fluid 
interaction and mixing, whereas higher fluid 
temperatures affect viscosity and thermal diffusivity, 
modifying the local and global heat transfer rates [21]. 
Furthermore, the heat-transfer coefficient was very 
sensitive to inlet velocity, especially in the vicinity of 
the fluidization threshold. 
Although past research has concentrated on either 
general hydrodynamics or overall heat transfer 
performance, a detailed numerical investigation 
accounting for particle-scale behavior and thermal 
transport mechanisms as a function of column 
diameter and particle size on the heat transfer 
performance is still lacking. The previous studies have 
neglected the combined influence of column diameter 
and particle size. Therefore, the current research seeks 
to fill this research gap by utilizing a CFD-DEM 
coupled methodology, combined with a thermal 
model, to explore the influence of column inner 
diameter on heat transfer in a liquid-solid fluidized 
bed for different operational and geometrical 
conditions.  
The present work uses the CFD-DEM approach 
combined with a thermal model, which will help to 
empower researchers with a complete framework to 

analyze such systems, aiding in the optimization of 
these processes and improving the performance of 
heat transfer in fluidization processes across a range 
of industrial applications. The novelty of this study 
investigates the influences of combining the 
parameters of particle size, column size, and inlet 
liquid velocity on heat transfer performance under 
well-controlled thermal and hydrodynamic conditions 
within liquid-solid fluidized beds. Therefore, the 
general objectives are; 1) investigate the effect of 
particle size by using three different diameters (2, 3, 5 
mm), on local and average heat transfer via a CFD-
DEM coupled in liquid-solid fluidized beds, 2) assess 
the role of column inner diameter for two column 
diameters (51 and 96 mm) on the development of flow 
regimes and heat transfer efficiency under the same 
fluidization conditions, 3) explore the influences of 
combining the effect of particle size and column 
diameter on hydrodynamics and thermal transport 
processes for a range of inlet fluid velocities (0.08-
0.20 m/s), 4) offer detailed visualization and analysis 
of the heat energies (conduction and convection), and 
particle motion that lead to the heat transfer variations 
to develop the liquid-solid fluidized beds.  
2. Methods and Materials 
To examine the effect of particle size and column 
diameter on heat transfer in liquid-solid fluidized 
beds, a coupled (CFD-DEM) methodology is used. 
The fluid phase was represented in the Eulerian (CFD) 
framework by the solution of the Navier-Stokes 
equations, and the solid phase was represented by 
Lagrangian (DEM) particle tracking based on 
Newton's laws of motion. Heat transfer among the 
fluid, particles, and wall boundaries was included by 
suitable thermal coupling models, and simulations 
were implemented using CFD-DEM coupling [44, 
45].  
2.1Eulerian fluid phase (CFD approach) 
The Eulerian computational platform has been 
established by using the Salome platform and the CFD 
(Code_Saturne), which is developed by France's 
electricity (EDF). The fluid phase is modeled by 
Reynolds-averaged Navier-Stokes equations with the 
standard   (k-ε) turbulence model. The (k-ε) is one of 
the most common two-equation models for simulating 
turbulent flows in computational fluid dynamics 
(CFD). Introduced by Launder and Spalding [46], it 
uses two distinct transport equations: one for turbulent 
kinetic energy (k) and another for its dissipation rate 
(ε). The (k-ε) is based on the Boussinesq hypothesis 
for Reynolds stresses. The mass, momentum, and 
turbulence transport equations [46] are: 
- Continuity equation:
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-Turbulent Dissipation Rate equation: 
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-Turbulent viscosity: 

ε
ρµ µ

2kCft =
                                                      (6) 

Where ρf is fluid density, vf is fluid velocity, and p is 
fluid pressure, fτ is viscous stress, fsF refer to 
external forces, µf is fluid viscosity, µeff  is effective 
viscosity, µt is turbulent viscosity, and Pk is 
production of turbulent kinetic energy. The value of 
each constant in the above equations is;     µC =0.09, 

kσ =1.0, εσ =1.3, ε1C =1.44, ε2C =1.92.  
The geometric model was created in Salomé, which is 
an open source software platform, where the boundary 
conditions were also defined, and then meshing was 
discretized to unstructured tetrahedral elements, 
providing a generic Pre- Processing and Post-
Processing environment for numerical simulation. 
The meshes independent are tested in previous work 
[44]. For each particle, the interaction force between 
fluid and solid is determined, which is the drag force. 
While Code_Saturne is utilized as a solver addressing 

the RANS (Reynolds-Averaged Navier-Stokes) 
equations for incompressible mean flow by 
employing a finite volume discretization method, the 
CFD code is based on a co-located finite volume 
approach that accepts meshes with any type of cell for 
calculations of the fluid flow [47].

 2.2 Lagrangian particle phase (DEM approach) 
The DEM code (software) was developed in our lab 
[44]. The Solid phase (particles) was modeled based 
on the premises considered in the present work. 
Assume that the particles are considered as rigid 
during the entire simulation time, a hard sphere 
model, and the contact between two adjacent 
particles. The DEM is initiated and developed by 
Cundall and Strack [48]. The DEM offers the 
possibility of numerically modeling kinematic and 
dynamic effects induced by a large number of 
interacting particles. In this work, the DEM solver 
uses the Non-Smooth Contact Dynamics (NSCD) 
algorithm, which is used for short contact to treat the 
particles. The NSCD was initiated and developed by 
Jean and Moreau [49]. The method for solving the 
frictional unilateral conditions is based on the bi-
potential theory [50], which uses partitioning coupled 
with a table of connectivity [51], which makes it 
possible to considerably reduce the calculation time. 
The method of bi-potential works on the principle of 
prediction and correction. 
In DEM, the particles are assumed to be discrete, 
interacting particles that obey Newton's second laws 
of motion. The technique simulates the path of every 
particle separately by calculating the forces and 
torques exerted on it by particle-particle and particle-
wall interactions. Each solid particle’s motion has two 
types of motion: translation and rotation, which are 
expressed as: 
-Translational motion: 

fpppB
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-Rotational motion: 
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Where mp is the mass of the particle, nc is the number 
of particles j candidate to contact with particle i, Fc, 
Tc are the contact force and torque of particle, contact 
forces use the Hertz-Mindlin contact model, the 
particle-particle and particle-wall interactions were 
controlled using the Hertz-Mindlin [52] contact 
model with rolling friction, FB,p is buoyant force, g is 
gravity acceleration, and Ffp, Tfp are fluid-particle 
interaction force (drag force) and torque.   
In this study, focus will not be on exploring the 
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multitude of theories in depth; rather, it will center 
attention on Hertz's widely acknowledged theory. 
Consider the situation involving two rigid objects 
being pressed together by a perpendicular contact 
force. Initially, these solids make contact at a single 
point, which then evolves into a contact surface as a 
result of deformation. In this research, the particle 
postulates will be founded on Hertz's theory; 
therefore, (i) the contact surface is both continuous 
and conformal, (ii) the deformations are minor and 
elastic, (iii) the contact force is static, and (iv) the 
materials of the objects are isotropic and 
homogeneous. 
2.3Coupling CFD-DEM 
The coupling CFD-DEM applied in this work is based 
on a simple standard one-way coupling approach, 
which uses a CFD calculation for the fluid phase, 
while applying the DEM code for the solid phase. The 
interphase momentum exchange between the fluid 
and the solid (drag force) is ascertained for each 
particle. 
2.4 Interphase momentum exchange 
Interphase momentum transfer in liquid-solid 
fluidized beds refers to the interaction of momentum 
between the liquid and solid particles, which is crucial 
for regulating the dynamics of fluidization [53]. This 
interaction is quantified by interphase drag forces, 
which act as source terms in the momentum equations 
of the two-phase system. Essentially, it describes the 
way in which the fluid influences the acceleration or 
deceleration of the particles, and vice versa. In this 
work, the Syamlal and O'Brien drag force model [54] 
is utilized. The Syamlal and O'Brien drag law is: 
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Where CD is the drag coefficient for a single particle, 
Rets is the Reynolds number for terminal velocity for 
a single particle, and Ar is the Archimedes number. 
The model is a popular empirical correlation for 
estimating the interphase momentum transfer between 
particles and fluid in gas-solid and liquid-solid 
multiphase flows. The interphase drag force is 
modeled using the Syamlal and O’Brien model: 
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However, Syamlal and O’Brien model adjusted this 
with a correction factor that accounts for the porosity 
of fluid (εf); 
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Where dp, up, and Rep represent diameter, translational 
velocity, and Reynolds number for the particle, and 
CD is the fluid drag coefficient. 
 
3. Heat Transfer Modeling 
The heat transfer processes in liquid-solid fluidized 
beds are affected by complex interactions between the 
ongoing liquid phase, the individual solid particles, 
and the column's walls. In the current CFD-DEM 
approach, heat transport is represented by solving the 
heat transfer equations applicable to the fluid and 
particle phases, encompassing conduction, 
convection, and interactions between particles and the 
wall [55]. The radiation heat transfer gains 
significance as temperature rises and can completely 
dominate conduction and convection at extremely 
high temperatures. It is commonly accepted that 
radiation flux becomes the primary mode of heat 
transfer when temperatures exceed 400 °C [56], 
which is not applicable in the current study. When a 
temperature difference is present within a solid 
material, the process of heat transfer is referred to as 
conduction. This transfer mechanism arises from 
interactions at the atomic or molecular scale. 
Although this phenomenon is also observable in 
fluids, it is typically overshadowed by convection. In 
the case of a granular medium, this is described as a 
system featuring several points of interaction [57]. In 
the thermal conductance modeling, it is presumed that 
particles do not exhibit any temperature gradient, 
assigning a single temperature to each particle. This 
simplification can be deemed valid when the (𝐵𝐵𝐵𝐵 ≪
0.1) where Bi is the Biot number, which is a 
dimensionless parameter that compares internal 
conductive resistance in a solid particle to external 
convective resistance with the surrounding fluid. It is 
defined by a specific relationship [58-60]. The Biot 
number for spherical particles: 

p

pfp dh
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Where hp,f  is the convective heat transfer coefficient 
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between the particle and the fluid, and λp is the thermal 
conductivity of the solid material (particle). The 
formulations of conduction involving particle-
particle, and particle-fluid-particle are detailed as; 
conduction particle-particle [56]: 
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Where Tp, i and Tp,j represent the temperatures at the 
centers of the particles, while HC denotes the 
conductance coefficient, and a is the radius of contact. 
The contact point of particle-particle mark circular 
contact area, according to Hertz theory, the radius of 
contact for the same material and particle size.  
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Where nCF ,  is the normal force, *r  is equivalent 

radius, νp Poisson’s ratio, and *E  is an equivalent 
Young's modulus. 
 
Conduction particle-fluid-particle is the second part 
of the thermal conduction, which details the 
interaction of heat between particles and the fluid. It 
introduces a framework utilizing finite volume 
elements. The system is segmented into rectangular 
elements, where each element may include varying 
quantities of particles or segments of an article [57]: 
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where mf, Cp,f, and λf  represent the fluid mass, the heat 
capacity, the thermal conductivity of fluid, and the Ti,j 
temperature of the fluid, it is assumed to remain 
uniform within each element, while fxv and fyv  are 
the fluid velocity components in x- and y- directions 
in each element, and Sp represents the surface of the 
particle that is in contact with the fluid within the 
element. 
 
Convection heat transfer serves as the primary 
mechanism in liquid-solid fluidized beds, where an 

upward-flowing continuous liquid phase moves 
through a suspended solid particle bed. This process 
significantly influences the thermal exchange 
between the heating surfaces or walls and both the 
fluid and solid particles, which is crucial for the 
overall thermal efficiency of the system [58, 59]. In 
such a system, heat transfer primarily results from 
forced convection, which arises from the movement 
of the fluid and solid particles. The disruption of the 
thermal boundary layer is enhanced as the liquid flows 
through the gaps between the fluidized particles, 
leading to improved local and average heat transfer 
coefficients. The degree of turbulence among the 
particles and their interaction with the fluid is highly 
sensitive to various operational parameters, such as 
superficial fluid velocity, particle size and density, 
and the geometry of the column.    The convective heat 
transfer can be expressed mathematically according to 
Newton's law:   
     
    )( ,,. fippfpConv TTShQ −=                           (18) 
 
For a single particle, the heat transfer coefficient is 
obtained from a Nusselt number correlation. 
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The particle Nusselt number Nup is obtained from the 
empirical correlation by Gunn [60] for packed and 
fluidized beds for gas and liquid of particles within the 
Reynolds number (1-105) and porosity range (0.35-1); 
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µ ,Pr = , Pr is the Prandtl number, and μf 

is fluid viscosity.  
Integrating equations 15, 17, and 18 in the DEM code 
(energy balance equation (21)), where the thermal 
transfer behavior for particle i, considering its 
interactions with γ neighboring particles, 
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Then, the particle temperature Tp, i, for instance (t+∆t) 
becomes: 
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The active interplay between the fluid and particles in 
CFD-DEM simulations allows for precise forecasting 
of localized temperature distributions and heat 
transfer coefficients within the system.

 4. Combined CFD-DEM with thermal model 
The research utilized a systematic CFD-DEM 
simulation methodology to examine how particle and 
column sizes affect local heat transfer within liquid-
solid fluidized beds. The study analyzed two column 
diameters (51 mm and 96 mm) alongside three 
particle diameters (2, 3, and 5 mm) while maintaining 
a constant inlet wall temperature of 90°C and four 
different fluid entrance velocities (ranging from 0.08 
to 0.20 m/s). Figure 1 illustrates the numerical 
methodology used for the CFD-DEM analysis of the 
heat transfer process within the liquid-solid packed 
and fluidized beds. The numerical methodology starts 
with the pre-processing steps, which include 
geometry definition, mesh generation, and thermo-
physical property definition for the fluid and the solid 
particles. Next, the CFD-DEM numerical model for 
the fluid and the solid particles is used to obtain the 
temperature distribution within the fluidized bed, 
which is solved with the thermal model for the fluid-
particle convection and the contact conduction among 
the solid particles. The temperature distribution 
within the fluidized bed is used to obtain the rate of 
heat transfer and the corresponding performance 
parameters. In this research, the equations that 
regulate fluid dynamics and thermal transfer were 
examined through the CFD framework, whereas the 
movement and interactions of discrete particles were 
represented using the DEM component. This 
combination of solvers enabled a thorough 
representation of momentum transfer and heat transfer 
between the fluid and the particles. This methodology 
yielded dependable data that could be employed to 
enhance heat transfer in fluidized systems. 
5. Results and Discussion 
The present work explored the influence of particle 
size and column inner diameter on heat transfer 
performance in liquid-solid fluidized beds through a 
CFD-DEM coupled method. The findings reveal 
complex interactions between hydrodynamics and 
thermal transport with strong dependence on 
geometrical and particle-scale parameters. 

 
 
5.1 Hydrodynamics validation of the coupling 
CFD-DEM 
Simulations performed on spherical particles (dp= 2.0 
mm) have been simulated. The numerical results 
come from the column with a diameter of 96 mm and 
a height of 1 m, in which an ascending fluid (water) 
passes through spherical particles made up of glass 
beads, resting bed height initially at (Ho=100 mm), 
over a range of inlet water velocities in the range 
(0.02- 0.14 m/s) through the bed. Values of the 
parameters are shown in Table 1. The numerical 
results have been plotted in Figure 2 against 
experimental findings from literature [62]. 
The Comparison between the numerical and 
experimental findings is done in terms of maximum 
expansion ratio (H/Ho) with the velocity ratio (vf /Vmf), 
where Vmf is the minimum fluidization velocity 
calculated from Wen & Yu correlation [66]. The bed 
is relatively compact for lower velocities, while the 
particles are suspended for higher velocities, pointing 
toward the formation of complete fluidization. The 
numerical results based on Syamlal and O'Brien's drag 
law exhibit a robust correlation with the experimental 
results in the region of (0-0.14 m/s). Figure 2 shows 
the numerical results in terms of the maximum bed 
expansion ratio (H/Ho) versus the velocity ratio (vf / 
Vmf) in comparison with the experimental results. As 
shown in the results, the numerical results by the 
CFD-DEM model agree well with the experimental 
results, with an average deviation of about 5-7% and 
an error of less than 10%. The difference between the 
numerical results and the experimental results can be 
explained by the fact that in numerical simulation, the 
properties are ideal, like the sphericity of the particles, 
and complicated effects such as particle shape 
irregularity and wall roughness were all excluded, 
which may affect the hydrodynamics of real systems. 
5.2 Application of a coupled CFD-DEM with a 
thermal model in the fluidization process 
To model heat transfer effects in liquid-solid fluidized 
beds, a column that contains a bed of spherical 
aluminum balls with various particle diameters (2, 3, 
and 5 mm) and have initial temperature of 20 oC (i.e, 
293.15 K).  The initial bed height is 100 mm, the 
column inner diameters (D = 51 mm, and D = 96 mm), 
column height is 720 mm, and crossed by a rising 
liquid (water) for a range of fluid velocities (vf = 0.08-
0.20 m/s). The parameter values for aluminum and 
water are given in Table 2. 
The number of particles (Np) according to particle size 
and column diameter was as following; for D= 51 mm 
(Np,2 mm =1840, Np,3 mm =578, and Np,5 mm =242), and 
for D= 96 mm (Np,2 mm =2400, Np,3 mm =1088, and Np,5 

mm =440). 
Uniform velocity inlet for liquid (water) at ambient 
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temperature 20 oC (i.e, 293.15 K). The inlet wall was 
maintained at a constant temperature (isothermal), Tw 
= 90 oC (i.e, 363.15 K), and adiabatic for sidewalls, 
all other walls, and the outlet is open, as well; it is 
presumed that the temperature is evenly distributed 
throughout each particle. The meshing are 
unstructured tetrahedral elements with fine resolution 
and a time step of 10-4 seconds; the mesh properties 
are depicted in Table 2, and the mesh independence 
and convergence criteria have been checked in 
previous research [62]. 
5.3 Effect of geometrical parameters on bed height 
(expansion) 
In this section, it will examine how particle size and 
the inner diameter of the column influence 
hydrodynamic, particle-fluid interaction, including 
bed height (expansion), which directly affects heat 
transfer within the fluidized bed. The bed expansion 
in liquid-solid fluidized beds is governed by the 
balance between the drag force due to the upward 
flow of liquid and the total weight of the particles, 
including the effect of buoyancy. The bed expansion 
affects heat transfer coefficients by changing solid 
holdup, contact area, and mixing of particles. Higher 
bed expansion is associated with: i) augmented 
convective heat transfer through heightened particle 
motion, ii) Reduction of conductive pathways due to 
higher voidage, particularly in narrow columns with 
small particles. Geometrical influences on bed height 
have a direct effect on heat transfer processes 
presented later. Figure 3 plots illustrate bed height as 
a function of time for different particle sizes (dp = 2, 
3, 5 mm) and column diameters (51 mm, 96 mm). 
Liquid-solid fluidized bed expansion is due to the 
equilibrium of the upward drag force and the weight 
of the particles. For vf > Vmf, the suspension of 
particles becomes higher, which causes higher bed 
height and voidage. For the narrow column, where the 
diameter, D= 51 mm, the behavior of the particles 
with a diameter, dp= 2 mm, is depicted in Figure 3(a). 
It is evident that the bed height expands quickly as the 
flow of the liquid is initiated and that the height of the 
bed is higher at steady expansion with the increase in 
the fluid velocity (vf), from 0.08 to 0.20 m/s. The 
distinct variation of the curves at different velocities 
proves that the expansion of the bed is very sensitive 
to the variation of the velocity of the fluid. The 
behavior of the particles with a diameter of 2 mm 
could be explained by the fact that the particles have 
a large surface area to volume ratio and low inertia, 
and therefore, the drag force acting on the particles is 
enhanced with the increase in the velocity of the fluid. 
Moreover, Figure 3 (c) presents (dp = 3 mm), 
monotonic ordering with fluid velocity is the same, 
but absolute expansion at a specified fluid velocity (vf 
) is less than for 2 mm (larger particles give a bigger 
Vmf, smaller vf / Vmf at the same vf ). Small oscillations 

around the plateau are more evident, in accordance 
with the increased particle inertia. While Figure 3 (e) 
presents (dp = 5 mm), where the bed height 
(expansion) is lowest at a given fluid velocity and the 
velocity curve separation is decreased, i.e., you 
require a greater increment of vf to achieve the same 
∆H. For a D = 51 mm column, the (D/dp) ratio is near 
~10, so wall effects dampen expansion and can foster 
macro-voids or non-uniform solid holdup. 
In evaluating the performance of a wide column 
measuring 96 mm in diameter, as depicted in   Figure 
3, it observes various trends related to particle 
diameter (dp) and voidage fraction are observed. 
Figure 3 (b) presents (dp = 2 mm), the expanded bed 
height in this configuration is notably higher 
compared to that observed in a 51 mm column. 
Whereas Figure 3 (d) presents (dp = 3 mm), the 
expansion noted here falls within the range 
established by the previous two configurations, Figure 
3 (a) and (e). Despite this, it remains larger than the 
expansion recorded for the 51 mm column across all 
vf levels. The temporal oscillations around the plateau 
are relatively moderate, indicating reduced wall 
friction and a more consistent hydrodynamic flow in 
the larger diameter column. Figure 3 (f) depicts (dp = 
5 mm), the bed height is less than the two other sizes 
due to the weight of the particles. Although this 
configuration utilizes the largest particles, the 96 mm 
column still demonstrates a significantly greater 
degree of expansion compared to the 51 mm column 
at equivalent fluid velocity values. Furthermore, the 
separation among the four fluid velocity curves is 
more pronounced, showcasing the influence of each 
of the inlet flow rate, particle buoyancy, and the 
increase in the sensitivity of voidage to fluid velocity 
as wall effects are effectively minimized.  
Consequently, in the small-diameter column (51 mm), 
particle size expansion differences are more extreme 
at low velocities, which reflects intense geometry-
particle coupling. While in the wide diameter column 
(96 mm), expansion curves converge rapidly, with 
decreased wall effects. Overall, the results emphasize 
the benefits of using a wide column, especially 
regarding better solids redistribution and diminished 
confinement effects, which contribute to enhanced 
performance metrics across different particle sizes. 
While narrower columns heighten hydrodynamic 
interactions between the walls and particles, 
potentially stabilizing the suspension and promoting 
increased voidage near the walls. 
 
5.4 Validation of the coupling CFD-DEM 
combined with thermal model 
The combined CFD-DEM with the thermal model has 
been validated by comparing numerical predictions 
with the well-established experimental results of 
Gunn [60], using particle Nusselt number (Nup) and 
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particle Reynolds number (Rep) as the main indicators 
of performance. The physical properties of the system 
are listed in Table 4. The simulation setup also 
replicated the thermal conditions: the bed of particles 
was initially at 293.15 K, with hot fluid (Therminol 
66) at 473.15 K introduced from the bottom at a 
superficial velocity of 0.005 m/s to make sure the 
thermal gradients represented what was measured 
originally. 
Figure 4 shows a comparison of numerical predictions 
with experimental data in terms of particle Nusselt 
number, Nup, as a function of particle Reynolds 
number, Rep. It can be observed that numerical results 
follow the increasing trend of experimental results. 
Therefore, it can be concluded that the CFD-DEM 
model captures the dominant particle-fluid heat 
transfer mechanisms in the system. With increasing 
values of Rep, Nup also increases, showing that 
convective heat transfer between particles and fluid 
becomes more dominant. At lower values of Rep, 
conduction plays a dominant role in heat transfer 
between particles and fluid, as the boundary layer 
between particles and fluid becomes thick. With 
increasing values of Rep, the relative velocity between 
particles and fluid increases, resulting in a thinner 
boundary layer between them, thus increasing the rate 
of heat transfer. The reliability of the model has been 
quantified in terms of the percentage deviation 
between the predicted and experimental values of the 
particle Nusselt number presented in Figure 4. It has 
been observed that the results obtained from the CFD-
DEM simulation have a good agreement with the 
experimental data, and the average deviation is within 
the range of 6-8%, while the maximum error is less 
than 10%. The minor discrepancies with the results 
obtained by Gunn are due to local differences in the 
parking structure and contact conductive heating, 
each of which can affect convective behavior. The 
overall validation indicates that the CFD-DEM model 
provides a valid simulation of particle heating. 
5.5 Influence of geometric parameters on Re-Nu 
relationship  
Having a mathematical correlation between 
hydrodynamic conditions and convective heat transfer 
enhances the estimation of the convective heat 
transfer coefficient, reducing reliance on complex 
experimental data. In the CFD-DEM framework, 
these correlations improve the predictive accuracy of 
thermal modeling at the particle level and offer 
reliable validation against empirical data. This 
method also allows adaptation across different 
particle sizes, column diameters, and superficial 
velocities. Throughout the six datasets in Figure 5 (a-
f), particle Nusselt number (Nup) rises with particle 
Reynolds number (Rep), showing a gradual curvature 
at lower Rep values and tending towards an almost 
linear trend for higher Rep values. The symbol sets for 

the four superficial liquid velocities (vf = 0.08-0.20 
m/s) collapse onto a single master curve when plotted 
against Rep, thus verifying that Rep is the leading 
governing similarity parameter for particle-scale 
convective heat transfer in the experiments 
performed.  
The investigation of how particle size influences the 
Re-Nu relationship while maintaining a constant 
column diameter is outlined as follows; For column 
diameter D = 51 mm: As the particle diameter (dp) 
increases from 2 mm to 3 mm and then to 5 mm Figure 
5 (a, c, e), the spectrum of the open particle Reynolds 
number (Rep) interval shifts toward the right, 
(approximately from 0-380 to 0-750, and then to 0-
1150). Meanwhile, the particle Nusselt number (Nup) 
remains consistent within the same range (around 0-
20). This observation indicates that the predominant 
effect of larger particles is to elevate Rep, rather than 
altering the functional relationship between Nu-Re. 
At a constant Reynolds number, particle Nusselt 
number does not show a significant systematic 
variation with changes in particle diameter. While, for 
the column diameter of D = 96 mm, the observed 
trend persists, where particle diameter (dp = 2 and 3 
mm) spans (approximately 0-400 and roughly 0-800) 
in Rep (Figure 5 (b, d)), whereas dp = 5 mm achieves 
values up to about 1280 (Figure 5 (f)), with Nup 
consistently limited to around 20. A merging of multi-
velocity data into singular curves is also noted, 
suggesting that heat transfer is regulated at the particle 
level through Rep. 
On the other hand, the influence of column diameter 
on the consistency of particle size (dp = 2, 3, 5 mm) is 
examined. For particle diameter (dp = 2 mm), Figure 
5 (a), (b), the columns of D = 51 mm and D = 96 mm 
feature very similar Nup-Rep envelopes (Nup to ≲20 
over Rep ≲500). Whatever diameter-wise offset, if 
any, is present is minor relative to the overall trend 
and within the visual scatter of the collapsed data sets. 
Figure 5 (c, d) depicts the particle diameter (dp = 3 
mm), both diameters reveal similar Nu-Re profiles for 
Rep values around or below 800, indicating little to no 
systematic difference between D = 51 mm and D = 96 
mm at the same Rep levels The Figure 5 (e), (f) 
illustrates the particle diameter (dp = 5 mm): The 
larger column attains a higher Reynolds number 
ceiling (∼1300 compared to ∼1200), indicating a 
wider operating range at elevated flow rates; however, 
the Nu-Re scaling in the overlapping range remains 
unchanged. Finally, Figure 5 revealed the phenomena 
of curve agglomeration with the increase of particle 
diameter (dp = 3 and 5 mm) and for both column 
diameters. This can be justified based on the fact that 
particles take time to reach a state of complete 
fluidization, and then the particles move up and down 
within a certain range inside the column. 
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5.6 Thermal simulation of liquid-solid fluidized 
beds 
The transfer of heat in liquid-solid fluidized beds 
involves conduction and convection. Conduction 
occurs through direct thermal energy transfer in solids 
and fluids, particularly in densely packed areas where 
inter-particle collisions happen. In CFD-DEM, 
conductive heat transfer is represented by thermal 
resistance at contacts. The lumped-capacitance 
assumption (Biot number ≪ 0.1), for the three particle 
sizes (dp = 2, 3, 5 mm), is justified for hp,f=100-1000 
[W/(m2.K)] (Bi2mm=0.0021, Bi3mm=0.0031, and 
Bi5mm=0.0052). Figure 5 illustrates the comparative 
analysis of heat conduction at constant inlet 
temperature (Tw= 90 °C) for two column diameters (D 
= 51 mm, 96 mm) and three particle sizes (dp = 2, 3, 5 
mm). Heat conduction is observed to increase with 
both particle size and low inlet fluid velocity (0.08 
m/s) in both column types. The wider column (96 
mm) exhibits more uniform time traces; however, the 
overall magnitudes at a constant particle diameter are 
comparable between the two columns. This indicates 
that conduction is primarily influenced by the physics 
of local contact, with geometry playing a secondary 
role through hydrodynamic structuring and spatial 
averaging. 
Figure 6 is specified range is sufficient to convey the 
extent of conduction for every case, the effects of 
geometrical parameters (particle diameter, and 
column diameter) on conduction energy transmit are 
detailed as; For column diameter fixed, particle size 
effect; for narrow column D = 51 mm, systematic 
expansion of the plotted ranges with particle diameter 
(dp = 2 mm) about 0.22 W (Figure 6 (a)), the 3 mm 
panel about 1.5 W (Figure 6 (c)), and the 5 mm about 
1.9 W (Figure 6 (e)) which is more evidence that 
larger particles yield a greater instantaneous 
conductive burst in this column.  While for wide 
column D = 96 mm: as particle diameter increases, it 
can see the same monotonic rise in all envelopes from 
about 0.31 W (2 mm) to 0.6 W (3 mm) and 1.4 W (5 
mm)  as depicted in Figure 6 (b), (d), (f).  The 
interpretation for conduction energy magnitude 
increases with particle diameter (dp) is that in a 
contact-based solid-solid conduction model (such as 
CFD-DEM), bigger particles make contacts with 
bigger Hertzian contact areas and greater per-contact 
thermal conductance.  
The results show that particle size determines the 
main effect of conduction in liquid-solid fluidized 
beds (larger particles present higher instantaneous 
conduction), where the conduction heat transfer for 
small column (D= 51 mm and vf=0.08 m/s), increased 
by approximately 88% when particle diameter 

increased from 2 mm to 5 mm and increased by 
approximately 79% for large column (D= 96 mm).  
This difference in percentage between the two 
columns is caused by the particles' expansion for dp= 
5 mm in the small column being less than in the large 
column, as depicted in Figure3 (e and f), which gives 
the particles more time to heat transfer by conduction. 
Then, fixed particle size, effect of column diameter; 
at the same particle diameter, as with distance 
reduction, amplitude envelopes between D=51 mm 
and D=96 mm (with matching y-axis limits case-by-
case) are comparable yet again, suggesting no major 
alteration to peak conductive exchange exclusively 
through column widening as shown in Figure 6 (a, b); 
(c, d); (e, f). The indicator of conductive exchange is 
traces that exhibit both positive and negative values, 
illustrating bidirectional heat transfer at specific 
interfaces, such as from a cooling particle to a hotter 
neighbor or wall, and conversely from a heated 
particle to a cooler environment (see Figure 6 (c, e)). 
At the same time, while trends are nearing zero, there 
is still volatility as heated particles continue to 
combine before they ultimately separate. 
The results indicate that the temporal characteristics 
of the signal exhibit variations, as evidenced by the 
shape of the multiple curve traces (Figure 6); 
however, visual comparison shows that wider 
columns typically have higher core-dominated solids 
circulation and a smaller wall-area to bed-volume 
ratio as illustrated in Figure 5, which tends to transfer 
conduction from particle to particle contacts toward 
less frequent, shorter events rather than extended 
periods of stable contact. Consequently, the particles 
are in closer contact, leading to a higher level of 
conduction energy in the (51 mm) column when 
compared to the 96 mm column, where in the large 
particle sizes (dp = 3 and 5 mm), the contact area 
between the particles is larger according to eq. 16 will 
lead to an increase in the heat transfer by conduction 
(see Figure 6 (c), (e)).  
The predominant heat transfer mechanism in liquid-
solid fluidized beds, in which solid particles are 
supported and dragged by liquid flow, is convection. 
In such systems, convective transport occurs as a 
result of the relative motion between the fluid and the 
particles. Figure 7 (a-f) shows the instantaneous 
convective heat energy transfer for six cases by CFD-
DEM, which was obtained by intersecting two inner 
column diameters (D = 51 and 96 mm) with three 
different particle diameters (dp = 2, 3, and 5 mm). The 
inlet wall temperature was set at 90 °C, while the inlet 
liquid velocity (vf) was set at (0.08-0.20 m/s). The 
effects of geometrical parameters (particle diameter, 
and column diameter) on convection energy transmit 
are detailed as; for fixed column diameter, particle 
size effect; the convection heat transfer in narrow 
column (51 mm), for the smaller particle size (2 mm) 
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is depicted in (Figure 7 (a)), where the convection heat 
transfer rates reached relatively low values (up to 
~500 W).  
At low velocity (0.08 m/s), the system shows slow 
growth of heat transfer because of the limited fluid-
particle mixing. With a further increase in velocity to 
0.20 m/s, the enhanced fluid circulation in stronger 
circulation flow results in an increased disruption of 
the boundary layer, which causes an additional strong 
increase in convective flux. The increase in particle 
size to 3 mm (Figure 7 (c)) almost doubles the 
maximum heat transfer compared to a particle 
diameter of 2 mm, reaching 1000 W, due to better bed 
porosity as well as more effective fluid turbulence 
around larger particles, resulting in higher mixing and 
a higher interfacial area for convective exchange. 
However, the cycle becomes more evident as time 
progresses, which means that more violent, unsteady 
flow patterns are produced.  
At 5 mm (Figure 7 (e)), convection cooling is 
enhanced, reaching 1300 W. Further increased 
agglomerates lead to increased wakes and enhance the 
global macro-scale mixing (even with higher 
velocities (0.16-0.20 m/s)). The longer time axis (to 
20 s) also shows sustained convective transfer, with 
large amplitude oscillations arising from cycles of 
periodic bed expansion and collapse. The convection 
heat transfer for a wide column (96 mm), for 2 mm 
diameter particles (Figure 7 (b)), convective heat 
transfer is close to 2000 W in wide-bore columns 
compared to ~500 W in a narrow column. The larger 
cross-section reduces the wall effect; expansion and 
particle circulation are smoother, which can improve 
the effective heat transfer coefficient. The scaling was 
especially pronounced at velocities above 0.16 m/s. 
The convective heat transfer is further increased to 
almost 1650 W by using 3 mm particles (Figure 7 (d)). 
In comparison to the 51 mm column, the wider 
column, 96 mm, brings about more intense particle-
liquid convection loops as well as a more even 
distribution of eddies. 
The transient data present a sharp peak at the 
beginning and almost steady oscillations after a short 
time, indicating that a dynamic balance is established 
very quickly between the suspensions and settling of 
the particles. While maximum convection values are 
achieved with 5 mm particles in the 96 mm column 
(Figure 7 (f)), up to 2000 W at maximum liquid 
velocity (vf = 0.20 m/s). The findings in Figure 7 show 
that particle size determines the main effect of 
convection in liquid-solid fluidized beds, where the 
convection heat transfer for a small column (D= 51 
mm and vf=0.08 m/s) decreased by approximately 
14% when particle diameter increased from 2 mm to 
5 mm, and decreased by approximately 45% for a 
large column. At the same particle size and flow 
conditions, the 96 mm column always reaches greater 

peak convective heat energy than the 51 mm column. 
This is due to the greater cross-sectional area and 
greater bed voidage at similar superficial velocities, 
which allows for enhanced liquid-solid contact and 
greater interfacial surface area for heat transfer. This 
is the result of weaker wall confinement and increased 
bulk flow in the larger geometry. While the effect of 
inlet fluid velocity in all cases, increasing the 
superficial velocity from 0.08 to 0.20 m/s 
significantly enhances convective heat transfer in the 
column. This higher velocity reduces both 
hydrodynamic and thermal boundary-layer thickness 
around the particles and the wall, thereby reducing the 
interfacial thermal resistance and enhancing the local 
heat-transfer coefficient. Also, with an increase in the 
particle Reynolds number, this intensifies particle-
fluid convective heat transfer, often modeled as: 
  ( 33.06.0

, PrRe pfph ∝  ).  
 Stronger turbulence and thermal mixing enhance the 
effective thermal diffusivity of the fluid and 
accelerate the transport of hot and cold fluid parcels. 
The intensified flow strengthens the relative motion 
between the fluid and the particles, enhancing 
particle-fluid heat exchange. Accordingly, the 
combined effects of boundary-layer thinning, 
enhanced turbulence, and increased solid-fluid 
interaction result in substantial growth of convective 
heat transfer with increasing superficial velocity. The 
convection findings are enhancing the Nusselt 
number of the particles (Nup), which was obtained 
from the local and averaged convective heat transfer 
coefficients, which were determined from the CFD-
DEM simulations. These values are related to the 
increment of superficial liquid velocity. When this 
increases from 0.08 up to 0.20 m/s, the Nusselt 
number goes up regularly due to a stronger mixing of 
the particles with the fluid and good renewal of the 
heat-transfer surface area. 
In addition, relate this behavior explicitly to the 
transition between flow regimes. For low velocities, 
close to 0.08 m/s, the bed is in a state of a packed or 
weakly expanded system, where the heat transfer 
mechanism is dominated by conduction through fixed 
or slowly moving particles. When the velocity 
approaches and exceeds the minimum fluidization 
point, the system enters the fully fluidized regime, 
characterized by large particle agitation and liquid–
solid slip. This leads to a marked increase in the 
convection-driven Nusselt number.  
These findings are further correlated, for the first time, 
with the change in hydrodynamic regime. Below the 
velocities corresponding to incipient fluidization, the 
bed stays either fully packed or weakly expanded, 
with the dominant contribution of heat transfer via 
conduction through nearly stationary particles. When 
the velocity reaches and exceeds that corresponding 
to the minimum fluidization point, the bed is fully 



 

 
270 

Sulaimani Journal for Engineering Sciences / Volume 12 – Number 2 – April  2026 
 

fluidized, resulting in higher mobility of the particles, 
higher slip velocities, and hence stronger convective 
transport. These regime-dependent phenomena are 
now incorporated into the interpretation of Figure 7. 
The results confirm that convection is predominant at 
high fluidization intensities and conduction is more 
prevalent at low velocities. 
Snapshots of the heating process in a liquid-solid 
fluidized bed are depicted in Figs 8 and 9, through a 
series of images for two column diameters (D = 51 
mm and 96 mm) and three particle sizes (dp = 2, 3, and 
5 mm). Figs 8 and 9 phase diagrams and temperature 
distribution diagrams, in which the fluid (water) 
temperature is within a range between 293.15 K and 
363.15 K. The color regions demonstrate the 
distribution of temperature in the column (blue for the 
cold fluid region and red for the hot fluid region). The 
transient temperature distribution serves to 
demonstrate how particle size, column diameter, and 
liquid mixing influence the thermal dynamics of the 
bed. 
For the narrower column (D = 51 mm) with dp = 2 mm 
(Figs 8 (a)), at the outset (t = 0.0-0.5 s), initially, the 
bed remains still, with all particles at a uniform cool 
temperature (initial bed temperature 293.15 K) as 
indicated by the blue region. Fluidization begins 
immediately due to the relatively high inlet velocity, 
resulting in a uniformly fluidized bed. The rapid heat 
penetration from the heated wall is attributed to the 
smaller particle size and the larger surface area-to-
volume ratio. In the transitional phase    (t = 1.0 - 3.0 
s), the bed expands rapidly, creating a uniform region 
characterized by extensive solid mixing. The 
homogeneous mixing facilitates a more even 
distribution of heat throughout the bed height. The 
final stage (t = 5.0 - 10.0 s), where the bed approaches 
an isothermal state, is evidenced by the dominant red 
hue along its height.  
The Figs 8 (b) presents the heating with dp = 3 mm (t 
= 0.0-0.5 s), in which the bed starts at rest, with blue 
regions indicating lower temperatures. Fluidization is 
slightly delayed compared to the 2 mm case due to the 
increased inertia of the larger particles. Then the 
intermediate stage (t = 1.0-3.0 s), the bed expands. 
The heating zone progresses more slowly than with 2 
mm particles due to the smaller surface area and 
reduced mixing efficiency. Final Stage (t = 5.0-10.0 
s), the red region covers a significant portion of the 
bed, although it is less consistent compared to the 2 
mm situation.  
In Figs 8 (c), the largest particles (dp = 5 mm) exhibit 
significantly slower heating behavior. Initially (t ≤ 0.5 
s), a very thin thermal boundary layer develops near 
the side wall, while the main fluid region retains its 
low initial temperature. Between (t = 1.0-3.0 s), 
heating primarily ascends from the bottom to the top; 
however, due to the smaller surface area of the 

particles and their greater inertia, mixing intensity 
diminishes. By t = 5.0-10.0 s, noticeable 
inhomogeneities remain in the core, indicating that 
conduction is the primary mode of thermal transport 
in this arrangement. The Figs 8at the outset (t = 0.0-
0.5 s) illustrates the situation of particle vertical 
alignment affected by the inner surfaces of a narrow 
column and the dimensions of the particles, 
particularly focusing on sizes (dp = 3 and 5 mm) as 
depicted in Figs 8 (b), (c). 
For the larger column (D = 96 mm; dp = 2 mm), the 
initial heating phase resembles that of the smaller 
column. As illustrated in Figure 9 (a) (for t = 0.0 s), 
the color scheme indicates temperature distribution, 
where blue corresponds to low-temperature regions 
(initial conditions), and red signifies higher-
temperature areas, reflecting the evolution of heating 
and thermal penetration throughout the bed.  

Utilizing information from Figures, t = 0.25 
s: localized heating initiates at the base and near the 
walls, leading to the development of the thermal 
boundary layer due to direct conductive and 
convective heat transfer from the wall to adjacent 
particles and liquid. The bed begins to expand as the 
superficial velocity exceeds the fluidization threshold 
(vf > Vmf). Then, for t = 0.5 s, the heated area (red 
zone) rises, and enhanced convection distributes heat 
from the bed's bottom to the upper sections. At (t = 
1.0 s), fluidization strengthens, with the thermal front 
penetrating further into the bed. The mixed region 
displays robust convective mixing and particle 
movement, resulting in a more uniform radial 
temperature profile than observed in initial snapshots. 
By t = 3.0 s, both axial and radial mixing are 
enhanced, reducing the thermal gradient; however, the 
restoration of thermal uniformity is slowed, with 
vestiges of cooler fluid persisting within the bulk. 
Quasi-steady state conditions result from the 
combined effects of rapid charge exchange reactions. 
At (t = 5.0 s), the bed approaches a steady fluidization 
state, displaying a red-blue pattern throughout the 
bed's height, indicating improved uniformity. Heating 
fully developed at (t = 10 s), where the process 
reaches a state of near-thermal equilibrium, with 
temperature uniformity across the fluidizing bed. 
Effective mixing of particles and fluid ensures that 
both conduction (particle-particle and particle-wall) 
and convection (fluid-particle) contribute to rapid 
heating homogenization. 
Figure 9  (b) presents particle diameter (dp = 3 mm) 
for the preliminary stage (t = 0.0-0.5 s): the initiation 
of fluidization is slightly slower compared to the 2 
mm bed case, attributed to the increased influence of 
particle inertia. The heated wall transitions to the red 
front in a more gradual manner. Then, intermediate 
stage (t = 1.0-3.0 s): thermal layers with stratified 
profiles dominate the flow, and although circulation 
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zones promote homogenization, their turnover times 
are insufficient for rapid heat distribution. By t = 3.0 
s, significant but uneven heating is noted, with cooler 
regions (depicted in blue) present in the upper layers, 
where circulation is less vigorous than in the 2 mm 
bed situation.  
At last, for quasi-steady state (5.0 ≤ t ≤ 10.0 s): at t = 
5.0 s, the bed is nearing a quasi-steady thermal 
condition, where enhanced turbulence and particle 
movement facilitate a uniform temperature 
distribution throughout the depth of the bed. The 
combined effects of intensified liquid-solid 
interactions, increased turbulence, and stabilized 
fluidization contribute to the swift homogenization of 
the thermal field. By t = 10.0 s, the bed is approaching 
a thermal steady state, indicated by a red color field 
that signifies nearly complete heating of both the 
liquid and the particles. Minor gradients remain near 
the free surface, primarily due to the lower 
concentration of particles and reduced mixing 
intensity in this upper layer. 
The largest particles (dp = 5 mm) within the D = 96 
mm column demonstrate the most significant lag in 
heating, as illustrated in Figure 9 (c). At t = 0.0 s, the 
system is in a packed bed configuration, with particles 
settled at the bottom of the column and the liquid 
phase uniformly cold. The column shows no evidence 
of heating penetration, resulting in a flat temperature 
profile (indicated by the blue zone). During the initial 
phase of fluidization (from t = 0.25-0.5 s), the 
movement of particles begins as the fluid overcomes 
inertia, lifting and rearranging the particles, which 
decreases bed porosity. At this stage, heat transfer is 
predominantly governed by wall-to-particle 
conduction, as evidenced by the development of a red 
boundary layer along the column's heated wall. For 
larger particles, heat penetration radially is 
constrained due to their lower surface area-to-volume 
ratio compared to that of finer particles. The 
intermediate fluidization at (t = 1.0 s), the bed is 
fluidized, with particles circulating more extensively 
and bubble formation within the bed. The temperature 
field reveals significant penetration of heated liquid 
towards the center of the bed; however, the bulk zone 
shows cooler areas compared to the core, indicating 
an inhomogeneous thermal distribution during the 
initial mixing phase. By (t = 3.0 s), transitional 
heating, enhanced interactions between fluid and 
particles, as well as among the particles themselves, 
lead to increased convective mixing.   
Quasi-steady heating at (t = 5.0 s), the system reaches 
a quasi-steady heating state, and the combined effects 
of convective circulation and conduction between 

particles and walls facilitate a quicker approach to 
thermal equilibrium. Nonetheless, small temperature 
gradients persist, influenced by the size effect on the 
rate of heat penetration. The heating is reached fully 
developed (t = 10.0 s), and the process reaches a state 
of near-thermal equilibrium, with temperature 
uniformity across the fluidizing bed. Effective mixing 
of particles and fluid ensures that both conduction 
(particle-particle and particle-wall) and convection 
(fluid-particle) contribute to rapid heating 
homogenization.  

In comparison, the particle size (dp = 5 mm) case 
shows slower thermal uniformity relative to smaller 
particle sizes (2 and 3 mm), consistent with their 
lower surface areas and smaller Nusselt numbers. 
Figures. 8 and 9 illustrate time-averaged bed 
temperature as a function of time, computed from the 
CFD-DEM temperature fields. This provides a 
straightforward measure of the overall heating rate 
within the column and enables easier comparison 
between cases. Results are presented showing that 
wider columns have a slightly slower average 
temperature rise because of their larger cross-
sectional area and reduced local mixing, while beds of 
smaller particles (dp= 2 mm) heat faster due to their 
higher surface area to volume ratio and more intense 
particle/fluid contact.   
The spatial temperature variance, included herein and 
serving as an index of thermal uniformity, provides a 
quantitative measure of the amount of temperature 
stratification present across the bed. The results 
indicate that the temperature variance drops more 
quickly in the narrow column, therefore 
homogenizing faster, while in the wide column, the 
bed takes longer to become uniform. In the same vein, 
beds containing (dp= 2 mm) particles reach a lower 
variance sooner than those with (dp= 5 mm) particles 
because of the higher efficiency in convective heat 
transfer. 
6. Conclusions   
The current study systematically explored the 
influence of particle size and column diameter on 
hydrodynamics and heat transfer in liquid-solid 
fluidized beds across a series of inlet liquid velocities 
(0.08-0.20 m/s). The CFD-DEM simulations reveal 
that liquid-solid fluidized bed heat transfer is strongly 
coupled by particle size, column diameter, and liquid 
velocity. Convection was found to be the dominating 
mechanism when the bed had already passed from a 
packed condition to a fully fluidized state. Thermal 
transport is controlled by conduction at low velocities 
≤0.10 m/s due to poor mobility of the particles. Higher 
velocities increase the particle-fluid interactions, 
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leading to higher convective heat transfer. According 
to the numerical simulation results, the following 
conclusions are presented: 
1. Quantitatively, smaller particles (2 mm) create the 
best thermal performance and result in a big increase 
in the effective heat transfer coefficient compared to 
5 mm particles owing to increased surface area and, 
therefore, improved temperature uniformity. Larger 
columns (96 mm) also assist with better thermal 
behavior by providing notably greater bed expansion, 
enhanced solids mixing, and more uniform radial 
temperature fields compared to the 51 mm column. 
2. The optimum range of operation was found to be 
within a velocity range of 0.12 to 0.16 m/s, where 
particle circulation, bubble activity, and convective 
transport are at a balanced regime. This range gives 
not only the most efficient heat transfer performance 
with the combination of a 96 mm column with 
particles diameter 2 and 3 mm, but also the most 
stable hydrodynamics. Large particle diameter (5 
mm) and small diameter column (51 mm) systems 
present poor fluidization quality and reduced heat 
transfer, mainly in the low-velocity range. 
3. Overall, the current research has revealed that 
column diameter and particle size are the significant 
design factors that can directly influence the 
hydrodynamic and thermal transfer mechanisms in 
liquid-solid fluidized beds. The application of the 
CFD-DEM method has given a clear view of the 
relationship between the movement of the particles 
and the thermal transfer mechanisms, and the results 
are considered useful for the design of fluidized bed 
systems for use in slurry reactors, catalytic cracking 
units, and thermal treatment units.  
Despite the detailed CFD-DEM analysis undertaken 
within the present study, a few limitations should be 
pointed out. These simulations are for ideally 
spherical particles with uniform thermal properties, 
and complicated effects such as particle shape 
irregularity and wall roughness were all excluded, 
which may affect the hydrodynamics and heat transfer 
of real systems.  
It is necessary to carry out further research to study 
the effect of geometrical parameters on heat transfer 
in fluid-solid fluidized beds to improve design and 
optimize thermal performance in fluidized beds. It has 
been found that numerical analysis would be useful to 
understand the effect of changes in column diameter 
and other geometrical properties using CFD-DEM 
analysis. Such knowledge would be useful to scale up 
fluidized beds to improve efficiency in fluidized beds. 
For further research, the current model needs to be 

developed for use with non-spherical particles, 
temperature-dependent properties, and realistic 
boundary conditions so that the application of the 
CFD-DEM method can be more realistic for the 
design of thermal fluidized bed systems. 
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دور المعاییر الهندسیة في انتقال الحرارة في طبقات التمییع  
 السائلة الصلبة 

 المستخلص 
صلب    –ان فهم كیفیة انتقال الحرارة في الأسرّة الممی�عة سائل

الكیمیائیة   المعالجة  أنظمة  تصمیم  لتحسین  الأهمیة  بالغ  أمر 
الخصائص   لدراسة  عددي  تحقیق  إجراء  تم  والحراریة. 

سائل الممی�عة  الأسرّة  في  الحرارة  وانتقال  – الهیدرودینامیكیة 
بین   مقترن  نهج  باستخدام  مع  )CFD-DEM(صلب  مدمج 

نموذج حراري. استُخدم هذا الاقتران لتقییم كیفیة أنتقال الحرارة  
عبر ثلاثة أقطار مختلفة للجسیمات وقطرین مختلفین للعمود، 
تأثیر  دراسة  بهدف  المائع،  سرعات  من  مدى  ضمن  وذلك 
انتقال  على  الهیدرودینامیكیة  والظروف  الهندسیة  المعاملات 

على درجة حرارة جدار الدخول عند قیمة الحرارة. تم الحفاظ 
التساوي  من  حالة  في  الأخرى  الجدران  إبقاء  تم  بینما  ثابتة، 
الحراري، من أجل محاكاة شروط الحدود الحراریة الموجودة  
في التطبیقات الصناعیة. وقد وجد أن الجسیمات الصغیرة توفر  
كما  الحرارة.  انتقال  معدل  من  وتزید  للاتصال  أكبر  مساحة 

حظ تحسن في أنتقال الحرارة بالحمل وتقلّل من تدرّج درجات  لو
الحرارة داخل السریر مع زیادة سرعة المائع الداخل، خاصة  
انتقال   أن  النتائج  أظهرت  الكبیرة.  الأقطار  ذات  الأعمدة  في 
الحرارة یحدث بالتوصیل في نقاط التماس بین الجسیمات، وعبر 

أن التفاعل بین حجم الحمل بین المائع والجسیمات، وأظهرت  
الجسیم وقطر العمود وسرعة المائع تؤثرعلى أداء عملیة نقل  
الحرارة. أُجریت مقارنات بین النتائج العددیة الحالیة والبیانات 
التجریبیة المتاحة في الأدبیات لكل من السلوك الهیدرودینامیكي  
التجریبیة   النتائج  مع  جیدًا  توافقًا  وأظهرت  والحراري، 

. وتوفّر هذه النتائج إرشادات لتحسین هندسة الأعمدة  المنشورة
وحجم الجسیمات في مفاعلات الأسرّة الممی�عة من أجل تعزیز 

 .الكفاءة الحراریة في معدات المعالجة الكیمیائیة والحراریة
 

 الكلمات المفتاحیة: 
 قطر العمود  ، طبقات معبأة ،  التمییع ، انتقال الحرارة
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Table 1. Physical properties of the material in bed.  

Particle property (Glass beads) Value 
Particle diameter, dp [mm] 2.0 

Column diameters investigated [mm] 96.0 
Bed height (initial) [mm] 100 
Density, ρp   [kg/m3] 2450 
Coefficient of friction, µs  [-] 0.30 
Young’s modulus, E [GPa] 70.0 
Poisson’s ratio, ν [-] 0.35 
Time step for fluidized bed,  ∆𝑡𝑡 [s] 5*10-5 
Simulation time [s] 10.0 

 
Table 2. Physical properties for the Particle and the Fluid 

Particle and Fluid properties  Value 
Particle diameter, dp [mm] 2, 3, 5 
Density, ρp   [kg/m3] 2700 
Thermal conductivity λp [W/(m.K)] 237 
Heat capacity,  Cp  [J/(kg.K)] 900 
Coefficient of friction, µs  [-] 0.30 
Poisson’s ratio, ν [-] 0.35 
Young’s modulus, E [GPa] 69.0 
Column diameters investigated [mm] 51, 96 
Bed height (initial) [mm] 100  
Time step for fluidized bed,  ∆𝑡𝑡 [s] 5*10-5 
Initial temperature, Tf [K] 293.15 
Density, ρf  [kg/m3] 1000 
  Viscosity µf [kg/m.s] 0.001 
Heat capacity,  Cf  [J/(kg.K)] 4200 
Thermal conductivity, λf [W/(m.K)] 0.60 

 
Table 3. Properties of meshes for two column diameters 

Column diameter Tetrahedrons Nodes Edges Triangles Mesh size 
51 mm 3710 1122 92 1712 (0.0312-0.07237) 
96 mm 2464 766 69 1210 (0.0301-0.07329) 
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Figure1. Flow chart of the CFD-DEM approach to the simulation of heat transfer in a liquid-solid fluidized bed. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2. Comparison between the numerical and experimental findings in terms of maximum expansion ratio (H/Ho) 
with the velocity ratio (vf /Vmf). 
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a)                                                       

 
b)  

 
c)   

 
d)  

 
e)   

 
f)  

 
Figure 3. Comparison of bed height evolution with time for column inner diameter; for D = 51 mm with a) dp = 2 

mm, c) dp =3 mm, e) dp = 5 mm, and D = 96 mm with b) dp = 2 mm, d) dp =3 mm, and f) dp = 5 mm. 

 
Figure 4. Comparison between the numerical and experimental findings in terms of particle Nusselt number (Nup) 

and particle Reynolds number (Rep).  
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       a) 

 
       b) 

 
       c) 

 
      d) 

 
       e)  

 
       f) 
 

 
Figure 5. Correlation between particle Nusselt number (Nup) and particle Reynolds number (Rep) for all tested particle 

sizes and column diameter, where, for D = 51 mm, with a) dp = 2 mm, c) dp =3 mm, e) dp = 5 mm, and          D 
= 96 mm with b) dp = 2 mm, d) dp =3 mm, and f) dp = 5 mm. 
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         f) 

 
Figure 6. Variation of heat transfer by conduction with time. For D = 51 mm with a) dp = 2 mm, c) dp =3 mm, e) dp = 

5 mm, and D = 96 mm with b) dp = 2 mm, d) dp =3 mm, and f) dp = 5 mm. 
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Figure 7. Variation of heat transfer by convection with time. For D = 51 mm with a) dp = 2 mm, c) dp =3 mm, e) dp = 5 
mm, and D = 96 mm with b) dp = 2 mm, d) dp =3 mm, and f) dp = 5 mm. 
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t = 0.0 s t = 0.25 s t = 0.5 s t = 1.0 s t = 3.0 s t = 5.0 s t = 10.0 s 

a)  Column inner diameter (D = 51 mm) and particle diameter (dp = 2 mm). 

       
t = 0.0 s t = 0.25 s t = 0.5 s t = 1.0 s t = 3.0 s t = 5.0 s t = 10.0 s 

b) Column inner diameter (D = 51 mm) and particle diameter (dp = 3 mm). 

       
t = 0.0 s t = 0.25 s t = 0.5 s t = 1.0 s t = 3.0 s t = 5.0 s t = 10.0 s 

c) Column inner diameter (D = 51 mm) and particle diameter (dp = 5 mm). 
Figure 8. Temporal snapshots of the heating process in a liquid-solid fluidized bed (D = 51 mm) operating with an inlet 

fluid velocity of 0.20 m /s and an inlet wall temperature of 90 °C. The evolution of temperature and particle 
mixing is demonstrated for particle diameters of: a) 2 mm, b) 3 mm and c) 5 mm. 
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t = 0.0 s t = 0.25 s t = 0.5 s t = 1.0 s t = 3.0 s t = 5.0 s t = 10.0 s 

a)  Column inner diameter (D = 96 mm) and particle diameter (dp = 2 mm). 

       
t = 0.0 s t = 0.25 s t = 0.5 s t = 1.0 s t = 3.0 s t = 5.0 s t = 10.0 s 

b)  Column inner diameter (D = 96 mm) and particle diameter (dp = 3 mm). 

       
t = 0.0 s t = 0.25 s t = 0.5 

s 
t = 1.0 s t = 3.0 s t = 5.0 s t = 10.0 s 

c)  Column inner diameter (D = 96 mm) and particle diameter (dp = 5 mm). 
 

Figure 9. Temporal snapshots of the heating process in a liquid-solid fluidized bed (D = 96 mm) operating with an inlet 
fluid velocity of 0.20 m /s and an inlet wall temperature of 90 °C. The evolution of temperature and particle 
mixing is demonstrated for particle diameters of: a) 2 mm, b) 3 mm and c) 5 mm. 
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