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Abstract: This study explores using iron oxide coatings on glass beads to improve heat transfer
efficiency in fluidized bed reactors. Techniques such as BET surface area analysis, SEM imaging, and
X-ray diffraction were used to characterize the coated beads. Results showed the successful creation
of a crystalline iron layer on the beads’ surface and increased thermal conductivity, especially at
elevated temperatures. The study also quantified the impact of air surface velocity and heating power
on the heat transfer coefficient, revealing substantial improvements, especially at higher velocities.
It was found that the heat transfer coefficient for 600 µm glass beads increases significantly from
336.4 W/m2·K to 390.3 W/m2·K when the velocity is 0.27 m/s and the heating flux is 125 W. This
demonstrates the effectiveness of the iron oxide coating in improving heat transfer. The results of this
study emphasize the efficacy of iron oxide coatings in augmenting heat transmission characteristics,
particularly in fluidized bed reactor.

Keywords: nano-iron oxide coating; heat transfer enhancement; fluidized bed reactors; coating
characterization; computational fluid dynamics

1. Introduction

Fluidized bed reactors have become widely recognized and essential in various in-
dustrial applications. The reactors under consideration, distinguished by solid particles
suspended in a gaseous medium, have garnered significant attention due to their distinct
benefits in various applications, from petrochemical processing to producing renewable
energy [1–3]. Fluidized beds are widely recognized for their exceptional mixing properties,
remarkable heat transfer capabilities, and improved mass transfer rates [4,5]. These charac-
teristics render fluidized beds indispensable in various industrial processes, contributing
significantly to their efficiency and sustainability.

The performance and overall efficiency of these reactors are influenced by the efficient
heat transfer between a gas phase and solid particles, which is an essential process [6–8].
Improving heat transfer within these systems has been a persistent and significant obstacle,
directly influencing energy consumption, product quality, and environmental sustainability.

Numerous scholars have investigated the diverse facets of heat transfer in fluidized
beds, enhancing our comprehension of the intricate phenomena inherent in this mechanism
and devising more effective and environmentally friendly technologies for applications
encompassing combustion, chemical reactions, and particle drying [9–15]. The most recent
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experimental research has shown robust findings regarding the augmentation of heat
transport in fluidized bed reactors [16–18]. Earlier investigations have primarily focused on
modifying reactor configurations, improving gas distribution, and implementing surface
treatments to enhance heat transfer rates.

In recent years, nanotechnology has emerged as an up-and-coming option for aug-
menting heat transfer capabilities inside fluidized bed systems. Using nano-iron oxide
coatings offers a novel method to enhance thermal conductivity and optimize heat ex-
change efficiency. Nanostructured materials have distinct characteristics that distinguish
them from ordinary materials [19,20]. These include a high surface area-to-volume ratio
and improved thermal conductivity. These distinctive features make them highly promis-
ing for overcoming the longstanding limits associated with conventional fluidized bed
heat transfer processes [21–24]. A growing body of work emphasizes the significance of
coatings in improving heat transfer. The use of thin-film coatings, for instance, can lead
to more efficient heat transfer and better control over process conditions. Additionally,
coatings can change the surface morphology, offering a larger surface area for convective
heat transfer [25–27]. Although previous research has investigated multiple parameters
influencing heat transmission in fluidized beds, more particular studies need to examine
the impact of particle coatings, such as iron oxide, on enhancing heat transfer capabilities.
Most previous research has focused on naturally occurring materials, such as sand particles
or conventional metals, with little investigation into coated or manufactured materials.
Moreover, numerous studies have imposed restrictions on their operational parameters,
restricting the extent to which their conclusions can be generalized. The complicated and
multifaceted characteristics of heat transmission in fluidized bed systems necessitate a more
comprehensive understanding, encompassing the potential impact of various coatings and
a broader spectrum of operational parameters on the resulting outcomes.

The objective of this study was first to explore the impact of applying iron oxide
coatings to glass beads on the heat transfer process within a fluidized bed reactor. The
primary premise posits that applying these coatings can substantially boost the heat transfer
rates inside the given system. Extensive tests were conducted to provide empirical support
for this concept, wherein operational parameters such as air velocities, particle size, and
heating capacities were systematically varied.

The study makes multiple additions that address the existing literature body’s cur-
rent shortage. This study presents iron oxide as a new coating material for particles in
a fluidized bed, broadening the range of materials to enhance heat transfer processes.
Furthermore, the research employs a complete experimental design encompassing various
operational factors, such as different air velocities and heating capabilities. This approach
allows for a more nuanced comprehension of the subject matter, surpassing the constraints
of previous studies. These findings have significant implications for improving energy
efficiency, decreasing operational expenses, and strengthening process control within
industrial settings.

2. Experimental Work

The experimental work in this study aimed to investigate and enhance heat transfer
within fluidized bed reactors. This section provides an overview of the materials employed,
the procedure for coating glass beads with iron oxides, and an in-depth description of the
experimental configuration.

2.1. Materials

The present experimental investigation employed glass beads obtained from
Zhengzhou Xinli Wear Resistant Material Co., Ltd. (Zhengzhou, China), demonstrat-
ing distinct compositional and physical characteristics. The glass beads are composed of
multiple components specified in Table 1. Furthermore, Table 2 displays the overall physi-
cal characteristics obtained from analyzing the glass beads. The selection of spherical glass
beads is consistent with known methodologies in fluidized bed research, hence, improving
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the dependability and comparability of our results with the pre-existing body of knowledge
in this domain.

Table 1. Chemical composition of glass beads.

Component Value

SiO2 72.00–73.00%
Na2O 13.30–14.30%
CaO 7.20–9.20%

MgTiO 3.50–4.00%
Al2O3 0.80–2.00%
K2O 0.20–0.60%
SO3 0.20–0.30%

Table 2. Typical physical properties of glass beads.

Typical Physical Properties Value

Grain shape Round
Melting point 1200 ◦C

Specific gravity 2.50
Bulk density 2.5 g/cm3

Voidage 0.45

In this investigation, the purposeful selection of two distinct sizes of glass beads,
namely 200 and 600 µm, is to quantify the influence of bead size on the heat transfer
coefficient. By conducting a comparative analysis of the outcomes derived from these two
different sizes, one can gain insights into the impact of glass bead size on the efficiency of
the heat transfer inside the fluidized bed system. Nevertheless, it is crucial to acknowledge
that utilizing only two distinct sizes of glass beads may not comprehensively capture the
intricacies inherent in real-life scenarios. Therefore, in real-world scenarios, a distribution
of particle sizes is expected to be encountered, which might have varying effects on heat
transmission properties. The rationale behind selecting two distinct sizes of glass beads
was likely driven by improving the dependability and comparability of the findings to
the current body of knowledge within the respective discipline. In order to conduct a
more comprehensive investigation of the impact of bead size distribution on heat transfer
performance, it is recommended that future studies incorporate a broader spectrum of
bead sizes. This would facilitate a more comprehensive understanding of the influence of
various size distributions on heat transfer rates in fluidized bed systems.

2.2. Experimental Methodology: Application of Iron Oxide Coating onto Glass Beads

Iron oxide thin-film coatings are crucial in augmenting thermal conductivity and
enabling heat transfer in various applications [28]. These coatings exhibit a high level of
thermal conductivity, thereby facilitating the dissipation of heat and, thus, improving the
operational efficiency of diverse devices and heat exchangers. Moreover, they exhibit high
thermoelectric efficiency, successfully transforming surplus thermal energy into electrical
power, thereby making them indispensable in various industrial sectors and technological
applications. The experimental methodology consists of the following steps.

2.2.1. Preparation of Glass Beads

The first stage in the experimental protocol entailed careful and thorough preparation
of the glass beads. In order to establish an optimal surface for the subsequent coating
procedure, the glass beads underwent a complete cleaning process with a suitable solvent,
specifically ethanol. The primary objective of this cleaning procedure was to remove any
superficial impurities that could hinder the subsequent coating process. Following this, the
glass beads underwent a thorough drying process to guarantee the total elimination of any
remaining solvent residues.
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2.2.2. Synthesis of Iron Oxide Precursor Solution

In order to commence the process of iron oxide coating, a solution of iron (II) sulfate,
an iron salt, was dissolved in deionized water. The dissolution process utilized a ratio
of 18 g of iron salt per 1 kg of glass beads, forming a transparent solution. The iron salt
concentration in the solution was adjusted to correspond with the intended thickness and
characteristics of the resulting iron oxide layer [29].

2.2.3. Iron Oxide Precipitation

The process of iron oxide coating production was achieved using the precipitation
method. The addition of sodium hydroxide to the iron salt solution was performed carefully
and gradually, with each drop added sparingly. Throughout the process, continuous stirring
was maintained. The pH of the solution was carefully monitored and controlled within the
critical range of 8–10 to facilitate the successful synthesis of iron oxide nanoparticles [30].

2.2.4. Glass Bead Coating

Following this, the glass beads that had been cleaned were submerged in a suspension
of precipitated iron oxide, ensuring that the stirring process was continuous to achieve a
coating on the glass beads that was both uniform and consistent.

2.2.5. Drying of Coated Beads

After the practical application of the coating, the glass beads were meticulously
extracted from the suspension and introduced to the drying procedure. The drying process
consisted of placing the glass beads coated with the substance in an oven set at 70 ◦C
for 48 h.

The experimental approach employed in this study was undertaken with great atten-
tion to detail, ensuring the successful coating of glass beads with iron oxide. This coating
process has been found to significantly improve the thermal conductivity of the beads,
opening up several possibilities for use in heat transfer processes.

2.3. Description of the Experimental Setup

The experimental equipment selected for the research of heat transfer processes was
a gas–solid fluidized bed column. The experimental arrangement included glass beads
of two sizes, specifically 200 µm and 600 µm, to create a fixed bed measuring 30 cm in
height before the fluidization process. The fluidizing column was fabricated using Perspex
material, including an inner diameter of 10 cm and a height of 2 m. A perforated plate
was employed in the column to serve as an air distributor. During experiments, various
superficial air velocities were utilized, ranging from 0.1 to 0.5 m/s for both glass bead sizes.

The study addressed numerous crucial areas, namely the positioning of the heating
element, the exploration of the local heat transfer coefficient, and an analysis of gas flow
dynamics. The main aim of this study was to experimentally determine the overall heat
transfer coefficient in a gas–solid fluidized bed system, with a systematic variation of
important parameters, including heat fluxes and gas flow rates.

In order to enable regulated heating, a vertically positioned electrical heater was
built within the fluidizing column. The heater had a diameter of 20 mm and a length of
300 mm. Various power supplies, ranging from 50 to 125 watts, were utilized to attain
the appropriate experimental conditions. Figure 1 includes a schematic diagram of the
experimental setup for reference.

The gas distributor was designed with a perforated plate and a triangular arrange-
ment, considering the principles of orifice theory. The distributor consisted of 52 orifices,
each measuring 2 mm in diameter. The researchers determined that the proportion of
unobstructed space within the distributor plate was 1.7% [31].

In order to provide precise and reliable temperature measurements, a total of
seven Type K thermocouples were carefully calibrated and afterward incorporated into
the experimental configuration. The thermocouple was initially placed in the inlet part of
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the fluidized bed column, precisely positioned 10 cm below the distributor, to monitor the
temperature of the incoming gas. The second thermocouple was placed 10 cm above the
distributor to measure the temperature of the bed accurately. The five remaining sensors
were uniformly distributed in the vertical plane above the second thermocouple.

1 
 

 

Figure 1. Schematic diagram of the experimental apparatus.

A manometer manufactured by Shenzhen Yowexa Measurement Technology Co., Ltd.
(Guangdong, China) was employed to evaluate fluctuations in pressure within the fluidized
bed. This manometer featured two pressure positions and a 5/16-inch-diameter pressure
port, allowing precise pressure drop measurements along the fluidized bed. Moreover,
the Werie Rietschle SKG 270-2.02 (PAGUS company, Leipzig, Germany), an air blower,
served as a regenerative vacuum blower, exhibiting the ability to produce negative pressure
or vacuum for many industrial purposes. The air blower exhibited a power rating of
2.6 kilowatts, a pressure range of 22 pounds per square inch, and a maximum flow rate of
150 cubic meters per hour (equivalent to 88.28 cubic feet per minute).

It Is important to mention that the glass beads were in thermal equilibrium with the
air. This was guaranteed by allowing sufficient time for the glass beads to reach the same
temperature as the surrounding air before conducting the experiments.

The local heat transfer coefficient along the probe was estimated from the equation:

hi =
q

AS ∆T
=

VI
AS(TSi − Tbi)

(1)



ChemEngineering 2024, 8, 9 6 of 15

where the equation relates the heat transfer coefficient (hi) at a specific interface or surface
to the heat transfer rate (q) through that interface. It takes into account the applied voltage
(V) and current (I) passing through the interface, as well as the cross-sectional area (AS)
and the temperature difference (Tsi − Tbi) between the surface temperature (Tsi) and the
bulk temperature (Tbi) of the material. The average heat transfer coefficient was estimated
from the local heat transfer coefficients:

havg. =
h1 + h2 + h3 + . . . + hi

i
(2)

However, before the results were presented, the uncertainty analysis was investigated
for its potential to influence the accuracy of the data. The superficial gas velocity was found
to have an uncertainty of about 1.5%, mainly due to an error in instrumental precision
(manometer) provided by the manufacturing company.

3. Results and Discussion
3.1. Nano Coating Characterization

The coated glass beads were characterized with different tests, as listed below.

3.1.1. Bet Surface Area Analysis

The BET (Brunauer–Emmett–Teller) method was utilized to ascertain the surface area
of the glass beads both before and after applying a coating. The glass beads demonstrated
a surface area of 1.3801 m2/g before applying a coating. Once the coating procedure
was performed, there was a substantial increase in the surface area, reaching a value
of 3.0511 m2/g. The observed rise in the measured quantity can be ascribed to the ex-
istence of a crystalline iron layer on the surface of the glass bead. Additional findings
can be validated by conducting X-ray diffraction (XRD) research and scanning electron
microscope (SEM) imaging.

3.1.2. Scanning Electron Microscopy (SEM) Analysis

Scanning electron microscopy (SEM) analysis is of the utmost importance in
material characterization, as it enables the acquisition of high-resolution surface images.
The bead characterization procedure is significantly influenced by its role. Scanning electron
microscopy provides valuable insights into multiple facets of the glass beads, encompassing
their dimensions, shape, size, and surface morphology. We employed SEM to evaluate
both uncoated and coated glass beads. Before applying a coating, uncoated glass beads
generally display a very level surface with minor flaws, including little protrusions and
abrasions caused by the inherent irregularity of the glass material.

Following the completion of the coating procedure, SEM pictures exhibit the apparent
changes. The formation of iron oxide coatings on the surface of the beads can result in the
development of either a continuous or granular layer, which is contingent upon factors
such as thickness and uniformity. Pictures taken with an SEM are used as diagnostic tools
to check the uniformity of the coating and identify any problems, such as areas that are not
appropriately covered.

Additionally, it is essential to acknowledge that the diameter of the iron oxide crystals,
as depicted in Figure 2, was acquired through image analysis software during the SEM
study. After the magnification was increased to 200 nm, the iron oxide crystals were seen
to have an average diameter of 27 nm. Nevertheless, it is crucial to recognize that the
glass beads themselves display discrepancies in their sizes, a matter that will be further
discussed in later examinations.

SEM pictures before and after coating are depicted in Figure 2. The images were
captured at a magnification of 500 nm to observe the nanoscale surface morphological
alterations. The SEM image before coating exhibits a predominantly clean surface, with
slight imperfections, bumps, and scratches attributable to the natural unevenness of the
original glass bead surface.



ChemEngineering 2024, 8, 9 7 of 15

ChemEngineering 2024, 8, 9 7 of 16 
 

alterations. The SEM image before coating exhibits a predominantly clean surface, with 
slight imperfections, bumps, and scratches attributable to the natural unevenness of the 
original glass bead surface. 

Following the completion of the coating procedure, the SEM pictures, depicted in 
Figure 2, exhibit the discernible existence of iron oxide crystalline formations on the sur-
face of the glass beads. Upon further magnification at 200 nm, it is observed that the iron 
oxide crystals possess a diameter of 27 nm. The enlarged surface area of the coated glass 
beads is attributed to the small size, high density, and extensive distribution of the iron 
crystals. The morphology of the coating, or physical structure, is a crucial factor that sig-
nificantly impacts thermal conductivity in a fluidized bed system. The potential for sig-
nificantly enhancing heat transfer efficiency lies in using a thinner coating with a higher 
thermal conductivity than the substrate. The homogeneity of the coating is equally essen-
tial. Non-uniform coverage may lead to regions characterized by different thermal con-
ductivities, resulting in an uneven heat distribution and a reduction in the overall effi-
ciency of the system. 

Moreover, it is important to acknowledge that smooth and rough surfaces can affect 
heat conductivity. A smooth surface can increase the contact area between the fluid and 
the surface, enhancing heat transmission. Conversely, a rough or porous surface can retain 
small amounts of fluid, which could further enhance heat transfer. Moreover, materials 
that possess higher levels of crystallinity inherently demonstrate enhanced thermal con-
ductivities due to the efficient transmission of heat through their well-organized lattice 
structures. Therefore, it can be determined that the iron oxide coating on the glass beads 
has a crystalline structure, as confirmed through X-ray diffraction (XRD) research. 

 
Figure 2. SEM images of samples (A) before and (B) after coating. 

3.1.3. X-ray Diffraction (XRD) 
X-ray diffraction (XRD) is a very effective analytical technique commonly utilized for 

detecting and characterizing crystalline materials, such as iron oxide, as investigated in 
this study. 

Identifying a successful iron oxide coating is commonly achieved by observing dis-
tinct peak positions indicative of various kinds of iron oxide. Each of the three main types 
of iron oxide, namely, hematite (Fe2O3), magnetite (Fe3O4), and wüstite (FeO), display a 
unique XRD pattern. As an illustration, it is observed that hematite has a distinct 

Figure 2. SEM images of samples (A) before and (B) after coating.

Following the completion of the coating procedure, the SEM pictures, depicted in
Figure 2, exhibit the discernible existence of iron oxide crystalline formations on the surface
of the glass beads. Upon further magnification at 200 nm, it is observed that the iron oxide
crystals possess a diameter of 27 nm. The enlarged surface area of the coated glass beads is
attributed to the small size, high density, and extensive distribution of the iron crystals. The
morphology of the coating, or physical structure, is a crucial factor that significantly impacts
thermal conductivity in a fluidized bed system. The potential for significantly enhancing
heat transfer efficiency lies in using a thinner coating with a higher thermal conductivity
than the substrate. The homogeneity of the coating is equally essential. Non-uniform
coverage may lead to regions characterized by different thermal conductivities, resulting in
an uneven heat distribution and a reduction in the overall efficiency of the system.

Moreover, it is important to acknowledge that smooth and rough surfaces can affect
heat conductivity. A smooth surface can increase the contact area between the fluid and
the surface, enhancing heat transmission. Conversely, a rough or porous surface can retain
small amounts of fluid, which could further enhance heat transfer. Moreover, materials
that possess higher levels of crystallinity inherently demonstrate enhanced thermal con-
ductivities due to the efficient transmission of heat through their well-organized lattice
structures. Therefore, it can be determined that the iron oxide coating on the glass beads
has a crystalline structure, as confirmed through X-ray diffraction (XRD) research.

3.1.3. X-ray Diffraction (XRD)

X-ray diffraction (XRD) is a very effective analytical technique commonly utilized for
detecting and characterizing crystalline materials, such as iron oxide, as investigated in
this study.

Identifying a successful iron oxide coating is commonly achieved by observing distinct
peak positions indicative of various kinds of iron oxide. Each of the three main types of iron
oxide, namely, hematite (Fe2O3), magnetite (Fe3O4), and wüstite (FeO), display a unique
XRD pattern. As an illustration, it is observed that hematite has a distinct diffraction peak
at a 2θ value of roughly 33.2◦, magnetite demonstrates a peak at approximately 35.5◦, and
wüstite is noted at around 33◦. Interestingly, what implications might exist if the XRD
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pattern of the glass beads exhibits peaks that align with particular 2θ values? This indicates
the presence of certain specific forms of iron oxide. Moreover, the comparative magnitudes
of these peaks might provide valuable information regarding the abundance or density of
each component present in the specimen.

On the other hand, the XRD pattern obtained from uncoated glass beads predomi-
nantly exhibits the crystal structure inherent to the glass beads. Due to their amorphous
or non-crystalline nature, glasses lack the distinct diffraction peaks commonly associated
with crystalline substances. In contrast, the XRD patterns of these individuals generally
exhibit a significant peak.

Nevertheless, the XRD pattern of the glass beads experiences a modification when an
iron oxide coating is applied. Additional peaks are observed in the XRD pattern, which can
be attributed to the iron oxide phases.

Therefore, the main difference observed in the XRD patterns of the glass beads with
and without a coating is the existence of specific peaks, which can be attributed to the
presence of iron oxide in the coated samples. The finding above provides irrefutable
evidence of the efficacy of the coating process.

In addition, an in-depth examination of the XRD pattern was performed to determine
the precise nature of the iron oxide species found in the glass beads with a coating. The
observed peaks in our XRD pattern strongly correlate with the distinctive peaks associated
with alpha Fe2O3, commonly known as hematite.

Figure 3 illustrates the X-ray diffraction analysis of the glass bead surfaces before
and after applying the nano-iron coating. Significantly, the diffraction pattern observed
from the coated glass beads at an angle of 25 thetas demonstrates a phase change at 0.12.
The validation of the iron oxide deposited on the surface as alpha Fe2O3 is supported by
comparing these findings with a reference source [32]. Furthermore, the level of intensity
observed on the glass surface undergoes an augmentation after applying the coating. This
can be due to the enhanced crystalline structure of the surface, which results from the
deposition of the nano-iron layers.
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Figure 3. XRD patterns of coated glass beads before and after nano-iron coating.

3.2. The Influence of Coating on the Heat Transfer Characteristics of Glass Beads

Thermal diffusivity is an essential material characteristic that quantifies the speed
at which thermal energy propagates inside a given material. Applying a thin layer
over a material has the potential to modify the thermal diffusivity of the system, hence,
exerting an influence on the overall thermal conductivity of the material. The equa-
tion keff = A + BT3 explains the phenomenon under consideration. In this equation,
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keff represents the effective thermal conductivity, which depends on the temperature (T).
Coefficients A and B are included in the equation to account for the specific
event characteristics [33].

The thermal conductivity of the glass bead surfaces before and after coating is pre-
sented in Table 3.

Table 3. Thermal conductivity of the glass bead surfaces pre- and post-coating.

T Heater Surface, ◦C Thermal Conductivity before Coating,
W/m. K T Heater Surface, ◦C Thermal Conductivity after Coating,

W/m. K

98.7 0.00209615 101.5 0.002104568
85.6 0.002062722 90.3 0.002073631
75.9 0.002043725 78.5 0.002048374
66.7 0.002029674 68.4 0.002032001
61.8 0.002023603 62.4 0.002024297
57.9 0.00201941 59.6 0.002021171

The provided table presents data regarding the thermal conductivity of a gas–fluidized
system, including glass beads, both before and after the iron oxide coating was applied.
Thermal conductivity is a fundamental characteristic that indicates the capacity of a material
to conduct heat, hence, playing a crucial part in determining heat transfer efficiency.

Although minimal, the observed increase in thermal conductivity after applying a
coating significantly impacts heat transfer efficiency. The observed enhancement can be
ascribed to the distinctive qualities of the iron oxide coating, which may have aided heat
transfer by creating supplementary pathways for heat conduction or modifying the thermal
properties of the bead surfaces.

It is important to mention that the heat transfer coefficients were measured under
different operating conditions, and the fluidized bed operated under conditions of complete
fluidization. It carefully monitored the system during experiments and observed that the
glass beads were in continuous motion and fully fluidized.

After a more detailed analysis of the data was conducted, it became apparent that
the impact of the coating on thermal conductivity becomes more noticeable at higher
temperatures. The thermal conductivity of the coated glass beads demonstrates a more
pronounced augmentation at elevated temperatures compared to the uncoated beads. This
observation underscores the potential advantages of utilizing an iron oxide coating, mainly
when elevated temperatures are widespread.

In summary, the data in the table provides more support for the efficacy of surface
modification techniques, specifically coating, in enhancing heat transfer processes. The
observed augmentation in thermal conductivity, particularly at elevated temperatures,
indicates that an iron oxide coating benefits the heat transfer properties of glass beads
in a fluidized system. The implications of these discoveries are significant for a range of
applications, particularly in the context of fluidized bed systems, where the optimization of
heat transmission is of paramount importance.

3.3. Influence of Air Superficial Velocity and Heating Power on Heat Transfer Coefficient before and
after Coating

The effectiveness of heating power on the heat transfer coefficient was investigated in
an air–glass bead fluidized bed. The study aimed to evaluate the impact of different heat
inputs and velocities on the heat transfer coefficient before and after coating, as presented in
Figures 4 and 5. The gas velocity and the power of the heater directly affect the heat transfer
coefficient in a fluidized bed. An increase in gas velocity enhances the kinetic energy of
particles, leading to better mixing and improved heat transfer. Similarly, a higher heater
power provides more thermal energy, increasing the temperature gradient and driving
heat transfer. However, it is crucial to maintain a balance to prevent hot spots and non-
uniform heat distribution. In the industry, controlling these parameters is vital for processes
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such as petroleum refining, waste treatment, chemical synthesis, and heat treatment of
metals, as it allows for better process optimization, leading to improved efficiency and cost-
effectiveness. The results show the heat transfer coefficient values before and after coating
and operating a fluidized bed with heating using different heating fluxes and velocities.
The values indicate an increased heat transfer coefficient after fluidized bed heating, which
is more significant at higher velocities, as depicted in Figure 4. For instance, at a velocity
of 0.106 m/s and a heating flux of 50 W, the heat transfer coefficient increased from
38.12 to 39.2 W/m2·◦C after coating. At the same velocity but with a heating flux of 125 W,
the heat transfer coefficient increased from 148.5 to 162.8 W/m2·◦C after coating the glass
beads, which represented a more significant increase.
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Similarly, at a higher velocity of 0.27 m/s, the heat transfer coefficient increased from
281.6 to 334.9 W/m2·◦C at a heating flux of 50 W and increased from 433.6 to 457.6 W/m2·◦C
at 125 W.

These results indicate that fluidized bed heating after coating can significantly enhance
the heat transfer coefficient, and this enhancement is more significant at higher velocities.
The findings suggest that fluidized bed heating with coated glass beads can be an effective
process for heat transfer in industrial settings, particularly when higher velocities are used.

Figure 5 shows the results of a recent research study that investigated the effect of
a heating flux in an air–glass beads fluidized bed on the heat transfer coefficient with
different velocities. The study found that fluidized bed heating enhances the heat transfer
coefficient, which is more significant at higher velocities and heating flux. For instance, at a
velocity of 0.107 m/s and a heating flux of 50 W, the heat transfer coefficient increased from
40.7 to 42.1 W/m2·◦C. At the same velocity but with a heating flux of 125, the heat transfer
coefficient increased from 57.2 to 66.2 W/m2·◦C, which represented a more significant
increase. Moreover, at a higher velocity of 0.27 m/s, the heat transfer coefficient increased
from 121.5 to 180.2 W/m2·◦C at a heating flux of 50 W and from 336.4 to 390.3 W/m2·◦C
at 125 W. These results show that higher velocities and a higher heating flux can further
enhance the heat transfer coefficient, indicating that fluidized bed heating can effectively
transfer heat in industrial settings.

The observed increase in the heat transfer coefficient in a fluidized bed heating process,
both before and after coating application, can be primarily attributed to two intercon-
nected phenomena—conduction and convection. The operating parameters of velocity
and heating power drive these phenomena. The high gas velocities give better fluidization
and particle mixing, enhancing the convective heat transfer in the system. Increased gas
velocity enhances the suspension and agitation of the glass beads within the fluidized bed,
which promotes an overall higher heat transfer rate. This mechanism explains why an
increased velocity resulted in a more significant enhancement of the heat transfer coeffi-
cient. Simultaneously, higher heating power provides more thermal energy to the system,
driving the conduction process. The supplied heat spreads across the fluidized bed via the
motion of particles and direct contact, creating a more significant temperature gradient
and, thus, leading to a higher heat transfer coefficient. The more significant increase in the
heat transfer coefficient at a heating flux of 125 W compared to 50 W can be attributed to
this mechanism.

For example, at a superficial gas velocity of 0.106 m/s and a heating flux of 50 W,
the heat transfer coefficient increased from 38.12 to 39.2 W/m2·◦C after coating. This
amounts to an increase of around 2.82%. Similarly, when subjected to an identical
velocity but with a heating flux of 125 W, the heat transfer coefficient increased from
148.5 to 162.8 W/m2·◦C after applying a coating, which signifies a 9.63% increase. These
results indicate that the coating on the glass beads significantly enhanced the heat transfer
coefficient, with percentage enhancements ranging from approximately 2.82% to 9.63%,
depending on the specific operating conditions.

Applying a coating on the glass beads introduces another layer of complexity. The
coating alters the surface properties of the bead, such as its thermal conductivity, emissivity,
and surface area, which could lead to improved heat transfer. The coated beads showed a
more significant increase in the heat transfer coefficient, emphasizing the role of the coating
process in enhancing the heat transfer capabilities of the bed. The findings in their study
showed that using certain materials could significantly enhance the heat transfer coefficient.

3.4. The Formulation of a Heat Transfer Correlation for Fluidized Beds

Several aspects of fluid dynamics within the bed influence the heat transfer coefficient
correlation, including form, gas distributor design, and particle size distribution. Histori-
cally, researchers have commonly utilized the outcomes of prior experiments to develop
correlations for heat transport in fluidized beds [34].
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The present study has effectively formulated a heat transfer correlation specifically
designed for fluidized beds. The correlation was established using specialist software, such
as LABFIT, to analyze experimental data and obtain the aforementioned correlations.

The correlation mentioned above, derived from empirical data and established model
parameters, can be expressed as follows:

Nu = 23 Re0.467Pr3.242 (3)

the equation above serves as a representation of the interdependence among the Nusselt
number (Nu), Reynolds number (Re), and Prandtl number (Pr) in the context of heat
transfer occurring within the fluidized beds. The findings of our research endeavor to yield
significant insights into the heat transfer characteristics shown by fluidized systems.

According to the data presented in Figure 6, there is a notable 5% disparity between
the experimental and correlation models. In the existing body of literature on heat trans-
mission in fluidized beds, many correlations have been established and characterized by
the functional relationship Nu = (Re,r).
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Table 4 presents a comprehensive compilation of chosen correlations developed to
predict the heat transfer coefficient in the fluidized bed column. Figure 7 illustrates a
comparative analysis between the correlation that has been developed and a range of
selected correlations. Figure 7 provides evidence that Ranz’s correlation demonstrates a
more robust correspondence with the data obtained from this particular investigation.

Table 4. Selected correlations for predicting heat transfer coefficient for fluidized bed.

Researcher Conditions Correlations

Ranz-Marshall [35] 100 < Re < 1000 Nu = 2 + 1.8Re0.5Pr0.33

Shrshab [36] Nup = 0.0268(Rep)1.26 (Pr)0.48 (ks/kg)−0.0375(1 − e/e)−0.173

Das [37] 0 < Re < 500 Nu = (8.357.4e)(1 − 0.11Re0.2Pr0.33) + (3.92 − 7.67e + 3.96e2) Re0.7 Pr0.33

Correlation with current study 250 < Re < 700 Nu = 23 Re0.46743 Pr3.242
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In general, the model yields reasonably accurate estimations for the heat transfer
coefficients, considering the underlying assumptions and the straightforwardness of the
model equation. The model provides estimations of the heat transfer coefficients with
the computed values, encompassing all three particle sizes. Nevertheless, the observed
percentage variations are conservative, from 1% to 10%. This implies that the current
correlation reasonably accurately estimates the heat transfer coefficients under specific
experimental conditions.

4. Conclusions

This work thoroughly investigates the impact of iron oxide coatings on glass beads
in fluidized bed systems, explicitly examining their potential to promote heat transfer.
The study involved the characterization of the coated glass beads, examining the impact
of air superficial velocity and heating power on heat transfer coefficients, and utilizing
computational fluid dynamics (CFD) to understand the intricate temperature distributions
within fluidized beds. Based on the findings of this study, it is possible to derive the
following conclusions:

1. Iron oxide coatings led to a notable augmentation in the surface area of glass beads,
as demonstrated by examining BET surface area. There was an observed increase in
surface area from 1.3801 m2/g to 3.0511 m2/g following the coating process.

2. Scanning electron microscopy facilitated the observation of iron oxide crystalline
structures on the surfaces of the coated glass beads. These iron oxide crystals exhibited
an average diameter of 27 nm.

3. The presence of alpha Fe2O3 on the surfaces of the glass beads after coating was
verified through the analysis of X-ray diffraction patterns.

4. Applying a coating to the glass beads resulted in discernible enhancements in heat
transfer coefficients. As an example, when the velocity was 0.27 m/s, and the heat-
ing flux was 125 W, the heat transfer coefficient for 600 µm glass beads rose from
336.4 W/m2·K to 390.3 W/m2·K.

5. The heat transfer coefficients of the coated glass beads showed more pronounced
improvements at elevated velocities and heating fluxes, suggesting efficacy in the
coating, particularly in challenging industrial environments.
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In conclusion, our thorough examination elucidates the notable advantages of iron
oxide coatings in augmenting the heat transfer characteristics inside fluidized bed systems.
The results provided in this study highlight the significant potential for achieving improved
efficiency in industrial applications, particularly in scenarios characterized by higher
velocities and heating fluxes. The quantitative insights provided offer a robust basis for
industrial optimization and implementing sustainable practices.
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