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SUMMARY
Microwave heating converts electromagnetic energy directly into thermal energy within the heated material,
thereby overcoming the limitations of traditional indirect heat transfer methods. However, microwaves are
well-known to have limited penetration depth, which remains a significant challenge that inhibits the use
ofmicrowaves in processes requiring uniform heating. Here, we show that fluidized beds of particles with suf-
ficient electrical conductivity break the limitations imposed by microwave penetration depth, enabling uni-
form heating in large-scale reactors. Results suggest that the alternating magnetic field penetrates the entire
studied reactor to induce eddy currents everywhere, causing each particle to be heated. The power absorp-
tion density for Geldart A and B particles across the bed is uniform, with no evidence of exponential attenu-
ation, introducing unexpected penetration depth under the magnetic field component. Utilizing microwave
energy, sourced by clean electricity, to heat fluidized beds offers a transformative solution to decarbonize
industry, significantly reducing greenhouse gas emissions.
INTRODUCTION

The industrial sector accounts for approximately 25% of the

direct CO2 emissions from global energy-related processes.1

To keep global temperature rise below 1.5�C, it is necessary to

reduce these emissions by 80% by 2050.2 Currently, the indus-

trial sector is the largest energy consumer, using 149 million ter-

ajoules, with only about 20% of this energy sourced from elec-

tricity. Recent estimates indicate that up to 50% of the fuel

consumption for the energy industry needs could potentially be

replaced by electrification using only current technologies.3

Therefore, transitioning industrial units from fossil fuel energy

to clean electricity can drastically accelerate decarbonization

efforts.4

Among the industrial units, fluidized beds, commonly heated

through fossil fuel combustion, have been widely utilized in a

diverse set of applications such as chemical processing, energy

production, material synthesis, mineral processing, pharmaceu-

tical, and food industries.5 Fluidized beds offer key advantages,

including superior heat and mass transfer, uniform mixing, and

continuous operation.6,7 Provided by renewable sources of elec-

tricity, electrically heated fluidized beds (EHFBs) are emerging as

a viable solution to achieve the electrification of the industry

units. This shift can significantly reduce CO2 emissions and

improve overall energy efficiency.8

In this regard, microwave heating plays an integral role in

developing EHFBs. Microwave heating provides unique advan-

tages over conventional methods by directly converting electro-
iScience 28, 111732, Febr
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magnetic (EM) energy into thermal energy within the material

being heated.Moreover, the rapid and targeted heating ofmicro-

waves can significantly enhance traditional processes, resulting

in a marked increase in both productivity and energy efficiency,

as evidenced by recent experimental studies.9–14 However, it is

well established that as microwave penetrates a material, its in-

tensity exponentially decays, limiting the use of microwave en-

ergy primarily to small-scale applications.15

Integrating the primary advantages of fluidized beds and mi-

crowave heating presents an exciting opportunity for the devel-

opment of reactors in chemical processes and energy produc-

tion units.8 Recently, several experimental studies have come

to light by exploiting microwave heating of fluidized bed reac-

tors.16–22 Despite this, the literature still lacks a sufficient under-

standing of microwave-fluidization interaction mechanisms

owing to challenges in temperature, electric current, and EMfield

measurements in a microwave experimental apparatus.23–25

This knowledge gap hinders the broader application of micro-

wave energy in industrial settings.15,26 To date, it is unclear

how microwaves interact with a dense set of fluidized particles.

Detailed modeling investigations are needed to bridge the

gap and expand the utilization of microwave technology for

more commercial and scientific purposes. In this regard, the

interaction of EM waves with metal powders or packed beds

can be found in the literature.27,28 However, particle-scale

modeling of the interaction between microwaves and fluidized

beds is scarce due to the complexities inherent in such inho-

mogeneous media and demanding computational resources.
uary 21, 2025 ª 2025 The Authors. Published by Elsevier Inc. 1
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Figure 1. Key insights from particle-scale analysis of microwave absorption in fluidized particles

(A) Distribution of power absorption density across the 1-inch diameter of the bed using EMT approach and particle-scale study for Geldart D particles.

(B) Comparison of local temperature at the center and surface of the bed between experimental measurements from Dadsetan et al.16 and modeling using the

EMT approach.

(C) Power absorption density as a function of particle size and skin depth, suggesting dp/2d between 1.5 and 5 for an optimal microwave heating. According to

this, maximum microwave heating occurs at dp/2d = 2.5.

(D) Magnitude of the resultant induced current density within the particle for three various particle sizes corresponding to Geldart A, B, and D. The data in (D) are

plotted along a line spanning the diameter of the particle.
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Our previous work16 successfully combined microwave heating

with a fluidized bed of carbon particles to produce CO2-free

hydrogen from methane pyrolysis. In this process, fluidized car-

bon particles absorb microwave energy and create a hot me-

dium for methane to decompose into hydrogen and solid car-

bon. The resulting solid carbon covers the surface of the

existing carbon particles. However, the role of fluidization, mi-

crowave interaction, and the evolution of microwave penetra-

tion depth are not yet fully understood.

Here, we aim to study the underlying heating and coupling

mechanisms between microwave and fluidization of our covered

carbon particles. Our study presents a pioneering numerical

analysis of microwave heating in fluidized beds with 10,000
2 iScience 28, 111732, February 21, 2025
micron-sized particles—a scale and configuration not previously

explored in the literature. For this purpose, a detailed particle-

scale model, capable of solving Maxwell’s equations across

scales from the macroscopic cavity level down to micron-sized

particles, is developed to establish a comprehensive under-

standing of the process. The developed model is then used to

advance the science behindmicrowave energy absorption in flu-

idizedbedscontainingparticlesofGeldart A (100mm),B (350mm),

and D (2mm), investigating different particle sizes commonly uti-

lized in fluidized beds. Afterward, we explore the effect of fluid-

ized versus packedbeds onmicrowave penetration depth,which

delivers new observations regarding the role of fluidization.

Furthermore, the interaction of electric and magnetic fields with



Figure 2. Effect of particle collisions and contacts during fluidization on the microwave interaction with Geldart D particles

(A) Magnetic field.

(B) Induced current density.

(C) Power absorption density.

The plots are the snapshots of the middle layer of the bed.
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the emulsion phase and bubbles during fluidization of each parti-

cle group is examined. We introduce unexpected penetration

depth in fluidized beds heated under the magnetic field compo-

nent, providing promising microwave energy insights for chemi-

cal and energy processes requiring uniform heating.

RESULTS AND DISCUSSION

Key insights from particle-scale analysis of microwave
absorption in a set of fluidized particles
In studying the EM behavior of heterogeneous materials, effec-

tive medium theory (EMT) and particle-scale models are two

prevalent methodologies used. EMT simplifies the complex

microstructure of a composite material by approximating it as

a homogeneous medium with averaged properties, while parti-

cle-scale models can capture detailed interactions and local

variations, providing accurate predictions of EM behavior in

complex materials.29,30

Figure 1A compares the radial distribution of power absorption

density across the 1-inch diameter bed obtained from the EMT

approach, Bruggeman’s model in Equation 13, and the parti-

cle-scale model. For the particle-scale model, the bed is filled

with particles classified as Geldart D. According to Figure 1A,

the EMT approach predicts a very low penetration depth where

only the outer layer of the bed can be heated effectively bymicro-

waves. In contrast, the particle-scale study reveals a greater

penetration of microwaves as each pair of peaks belongs to a

single particle, leading to microwave heating absorption of

each particle within the 1-inch bed.

Furthermore, solving the heat transfer Equation 12 for the

EMT approach suggests only surface heating of the bed

where the surface temperature of the bed reaches around

170�C, while the center remains cold during the 60 s of micro-

wave heating, as can be seen in Figure 1B. The results of the

EMT approach contradict the experimental temperature rise

seen in Figure 1B, where the thermocouple was placed in

the center of the bed 3 cm above the bottom of the reactor.

Therefore, the current EMT model fails to capture the physics
behind the microwave heating of fluidized beds. The particle-

scale study, on the other hand, unveils that the entire carbon

bed is heated by microwave heating, confirming the thermal

behavior observed experimentally. We conclude that the

developed particle-scale model is a powerful tool to capture

intricate details involved in the microwave heating of fluidized

particles.

It is essential to first establish a single-particle heating study.

The single-particle heating study can potentially shed insights

into the microwave heating of fluidized beds. It can unveil the ef-

fect of particle size on heating and demonstrate the interactions

of the particles with themagnetic and electric components of the

EM field. To this end, a single carbon particle is placed in the mi-

crowave cavity. Thus, the particle can be irradiated by micro-

waves from all directions. Figures 1C and 1D depict the heating

performance of a single carbon particle irradiated by micro-

waves under different sizes.

From amicrowave power absorption standpoint, Figure 1C in-

dicates that, if the particle size is much smaller than the skin

depth, the microwave power partially transmits through the par-

ticle and does not dissipate. If the particle size is much larger

than the skin depth, the particle mostly reflects the incident mi-

crowave and does not fully absorb it. On the other hand, if the

particle size is comparable to the skin depth, dp/2d between

1.5 and 5, themicrowave heating absorption is optimum and effi-

cient as highlighted in green in Figure 1A. The power absorption

density curve shown in Figure 1C suggests that the peak micro-

wave heating occurs when dp/2d = 2.5, which is consistent with

the findings for conductivemetal powders reported by Ignatenko

et al.31 Therefore, our semiconductive carbon particles behave

like conductive materials at the particle level. The single-particle

study reveals that the average size of the covered carbon parti-

cles (dp/2d = 1.75) used in our microwave heating process32 falls

within the optimal microwave absorption region, confirming the

efficient absorption of the microwave observed experimentally

by Dadsetan et al.16

When a particle is exposed to microwaves, an electric current

is induced within it. Figure 1D shows the distribution of resultant
iScience 28, 111732, February 21, 2025 3



Figure 3. The effect of fluidization on the distribution of the EM field and penetration depth
(A) Comparison of the magnetic field penetration between a fixed bed and a fluidized bed. The magnetic field plots represent the top view of the middle layer of

the bed.

(B) Distribution of power absorption density between a fixed bed and a fluidized bed using Geldart D particles.

(C) Power absorption density of each particle in a fluidized state, considering particle groups Geldart A, B, and D.

Data variability is represented as the coefficient of variation, COVPMW, calculated as SD/mean 3 100 based on numerical simulation results.
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induced current density within our carbon particle. For Geldart A

and B particles, where the particle size is comparable to the skin

depth, the induced current is linearly spread over the entire vol-

ume of the particle rather than being concentrated near the sur-

face (Geldart D in Figure 1D). The trend seen in Figure 1D sug-

gests that this spreading results in a lower current density. For

instance, the current density at the surface of Geldart D is 6 3

105 A/m2, dropping to 4.5 3 105 and 1.5 3 105 A/m2 for Geldart

B and A, respectively. The induced current density distribution

determines the interparticle mutual interaction when dealing
4 iScience 28, 111732, February 21, 2025
with a bed of particles. These interactions can influence the heat-

ing pattern and efficiency, as the EM fields from one particle can

affect the induced currents in nearby particles. The rigorous

analysis discussed and provided in Tables S3 and S4 reveals

that the induced current, as depicted in Figure 1D, is suppressed

when the particle size is comparable to or smaller than the skin

depth (Geldart A and B in this case). More importantly, solid vol-

ume fraction exhibits a negligible effect on the microwave ab-

sorption of individual Geldart A and B carbon particles, as shown

in Figure S2 and Table S4. This finding suggests that, at the



Figure 4. Power absorption density and interaction of the EM field with the fluidized bed of particle groups Geldart A, B, and D

To have a better visualization for the fluidization of Geldart D particles, the plots present the top view of the middle layer, while the side view of the middle layer is

displayed for Geldart A and B particles.
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studied reactor scale placed within a 2.45 GHz microwave cav-

ity, a fluidized bed of Geldart A and B particles may behave as a

collection of independent absorbing particles when exposed to

microwaves. However, it is critical to explore how microwave

penetration depth affects the power absorption of individual

particles.

Particle collisions with the help of magnetic field
enhance microwave absorption
As shown in Figure S3, the locations of the formed hot and cold

spots align with the magnetic field pattern, suggesting that the

magnetic field component of microwaves is responsible for

heating our covered carbon particles. The heating rates, dis-

played in Figure S5, further support this conclusion. The average

heating rate is 6.2�C/s when the fluidized bed of Geldart B par-
ticles is placed in the maximummagnetic field (H field) of the mi-

crowave, compared to 0.8�C/s when placed in the maximum

electric field (E field). These data indicate that the bed of our car-

bon particles effectively couples with the magnetic field rather

than the electric field, regardless of particle size. This behavior

contrasts with typical microwave heating processes, where

heating primarily occurs due to the electric field.8 Given this,

we particularly study the interaction of the magnetic field with

the fluidized particles.

In any fluidization process, frequent collision of particles

leads to the formation of contact points.33 Figure 2 explores

the effect of contact points between the particles during fluid-

ization on microwave interaction and absorption. To this end,

a random collision is introduced by defining a distance equal

to the particle size dp, resulting in a minimum contact area.
iScience 28, 111732, February 21, 2025 5



Figure 5. Interaction of electric and magnetic fields with the emulsion phase and bubbles/slugs during fluidization of Geldart A, B, and D

particles

(A) Normalized electric field strength in the emulsion phase.

(B) Normalized electric field strength in the bubble phase.

(C) Normalized magnetic field strength in the emulsion phase.

(D) Normalized magnetic field strength in the bubble phase.

The EM fields are normalized by the results of the corresponding empty cavity. All the graphs are plotted along a line spanning the bed’s diameter.
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Figure 2A illustrates that the magnetic field intensity is signifi-

cantly higher at the contact points. The peak magnetic field oc-

curs at the contact points of particles with amaximum of almost

2,600 A/m, which is about 18 times stronger than the maximum

magnetic norm of 142 A/m observed for the fluidization without

any contact points, as shown in Figure S6. As a result of this,

Figure 2B reveals a highly non-uniform current distribution,

with differences spanning several orders of magnitude and

higher current densities of >108 A/m2 at the contact points.

These contact points between particles act as constriction

resistance that concentrates the current flow, which faces a

substantial resistance at the contacts due to the reduced con-

tact area between particles.

This gives rise to an intense power absorption density

exceeding 109 W/m3, which is shown as glowing regions in
6 iScience 28, 111732, February 21, 2025
Figure 2C, causing intense Joule heating and the formation

of localized hotspots. Figure 2C also suggests that the

network of particle contacts creates pathways for current

flow, spreading the formed hotspot across the adjacent parti-

cles in contact as can be seen in Figures 2B and 2C. Several

experimental studies have reported higher fuel conversion

rates with microwave heating compared to conventional

ones due to the formation of small hotspots/micro-plasmas in-

side catalytic beds.9,34–36 Our study also confirms the forma-

tion of local hotspots in our process. Hence, it is plausible

that the frequent presence of these small, localized hotspots,

resulting from particle collisions, facilitates chemical reactions.

This phenomenon likely contributes to the higher methane

conversion rates observed and reported in our previous

experiments.16



Figure 6. Effect of electrical conductivity on microwave heating absorption and EM field interaction with a fluidized bed of particle groups

Geldart A, B, and D

(A) Normalized microwave heating absorption.

(B) Normalized electric field strength.

(C) Normalized magnetic field strength.

(D) Normalized current density.

All parameters are averaged over the bed of particles and normalized with respect to the semiconductive case.
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Fluidization breaks the barrier of limited microwave
penetration depth
In the context of microwave-heated fluidized beds, it is essential

to comprehend the role of fluidization in the penetration and dis-

tribution of the field. To investigate this, the propagation of the

magnetic field within a bed of Geldart D particles is compared

in Figure 3A between a fixed bed, where all particles are touching

each other, and a fluidized bed.

In the case of the fixed bed, the magnetic field attenuates

rapidly to zero after the first layer of particles, suggesting

that the fixed bed behaves like a solid block of a conductive

material, reflecting the magnetic field as shown in Figure 3A.

As previously discussed in Figure 2, when particles come

into contact, they form conductive networks. The simulation,

illustrated in Figure 3A, suggests that the current density is

highly concentrated at the contact points of these networks.

Consequently, this increased electrical conductivity signifi-
cantly increases the resistance to microwave penetration, re-

sulting in rapid attenuation. This modeling observation aligns

well with the experimental findings on the microwave heating

of metal powders of Fe3O4 documented by Amini et al.37 The

attenuation rate for fixed beds is also dependent on the ratio

dp/2d of the particles. Particles with a lower dp/2d ratio will

exhibit lower attenuation rates, allowing more layers of parti-

cles to be heated.

Unlike fixed beds, the dynamic nature of fluidized particles

creates gaps that prevent the formation of conductive networks,

boosting the propagation and penetration of the magnetic field,

as shown in Figure 3A. The presence of these gaps in the fluid-

ization reduces the overall electrical conductivity. This causes

the bed to behave more like a dielectric material at the bulk level.

Furthermore, Figure 3B demonstrates that fluidization signifi-

cantly enhances microwave heating efficiency and uniformity

compared to a fixed bed. The profile of power absorption density
iScience 28, 111732, February 21, 2025 7



Figure 7. Microwave heating of our fluidized bed reactor of carbon particles

(A) Schematic of the bench-scale experiment.

(B) Simulated geometry of the cavity, waveguide, and the 1-inch fluidized bed reactor.
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for the fixed bed in Figure 3B indicates that only the outer layer of

the bed can be heated, which limits the penetration depth. How-

ever, in a fluidized state, the constant movement and dispersion

of particles create pathways for microwaves to propagate

without attenuation, overcoming the limitations of microwave

penetration depth. This results in more uniform heating,

with each particle contributing to the overall microwave

heating of the bed, as illustrated by the peaks in blue in

Figure 3B.

Figure 3C quantitatively and visually shows the uniformity of

the heating pattern for Geldart A, B, and D particles in a fluid-
Figure 8. Round bed size used for the fluidization of Geldart A and B
particles, containing almost 10,000 particles

8 iScience 28, 111732, February 21, 2025
ized state. It should be noted that, for this purpose, a shorter

bed height is modeled for Geldart D particles (<l=4) to mini-

mize the effect of microwave hotspots on heating uniformity.

A coefficient of variation (COV) of 18%, obtained from Equa-

tion 11, for Geldart D particles indicates that there is some de-

gree of interparticle mutual interactions due to a high ratio dp/

2d of 10.

The statistical analysis confirms the independent absorption of

Geldart A and B particles by showing a low COV of 2.1% and

8.5%, respectively. Moreover, this finding supports the idea that

the penetration depth in our microwave heating process of Gel-

dart B particles extends beyond that in the studied 1-inch reactor

in our experiments. Although the microwave heating of Geldart A

particles is very uniform, their heating efficiency is low due to the

small ratio of dp/2d. In other words, microwave heating of Geldart

A particles with a dp/2d of 0.5 is not within the optimal range of the

power absorption density, as depicted in Figure 1A.

Figure 3C highlights that, in a fluidized bed of Geldart A and

B particles, the bulk heating across the bed is uniform. This uni-

formity arises from the independent formation of eddy currents

within each particle, ensuring consistent thermal distribution

throughout the bed. Within the scale of our interest, there is

no evidence of exponential attenuation in the power absorption

density in the studied fluidized beds. This conclusion raises an

interesting point for energy sectors that require uniform and

efficient heating of fluids. With this, we envision significant

academic and industrial opportunities to explore ways of imple-

menting microwave energy in large-scale fluidized bed

reactors.



Figure 9. Grid sensitivity analysis for particle groups of Geldart A, B,

and D as a function of microwave wavelength and particle size
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Interaction of electric and magnetic fields with fluidized
beds of Geldart A, B, and D
Figure 4 shows that, for all particle groups, particle regions

belong to a low electric field intensity region, while the air sur-

rounding the particles possesses several orders of magnitude

higher electric field intensity region. This is because air has

lower permittivity than our solid carbon particles. Moreover,

several resonances of the electric field can be spotted exactly
Figure 10. Flowchart of the implemented computational framework to

beds
A High Performance computing (HPC) solution is implemented on the Narval clu
in the small gaps between closely spaced particles, with the

electric field norm exceeding 105 V/m in these regions. The

electric field plot of Geldart D particles in Figure 4 vividly

shows that the individual resonance modes can interact and

combine to form new resonance modes, spreading over

the bed.

As can be seen in the magnetic field plots of Figure 4, signif-

icant and frequent magnetic resonance occurs only with Gel-

dart D particles, where the magnetic field strength can surpass

100 A/m. In contrast, a few weak magnetic resonances are pre-

sent between the small gaps of closely packed Geldart B par-

ticles, indicated by reddish regions in Figure 4, where the mag-

netic field norm reaches about 35 A/m. For Geldart A particles,

on the other hand, magnetic resonance does not take place.

The magnetic field distribution clearly illustrates that the fluid-

ized bed of Geldart A particles is magnetically transparent, as

the magnetic field inside the bed is almost indistinguishable

from the external magnetic field. This suggests that microwave

penetration for Geldart A particles, where the particle size is

smaller than the skin depth, is remarkably higher than that for

the other groups.

For Geldart A and B particles, the magnetic field infiltrates into

the fluidized bedwith almost no attenuation. Two reasons can be

speculated for observing such a phenomenon. First, these parti-

cles possess a smaller or comparable ratio of dp/2d, which mit-

igates the skin depth effect. Additionally, the non-magnetic na-

ture of both particles and the air gaps between them further

contributes to this minimal attenuation of the magnetic field.
conduct particle-scale simulations of microwave heating of fluidized

ster.56

iScience 28, 111732, February 21, 2025 9



Figure 11. One-way frequency-transient model used in the present study to couple Maxwell’s equation in frequency domain with the
transient heat transfer equation
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This observation also provides a fundamental explanation for the

interaction of microwaves with powdered metals, as reported in

the experimental work by Yoshikawa et al.38 They found that

non-magnetic metal powders experienced efficient microwave

heating, in contrast to bulk metals, when exposed to the mag-

netic component of microwaves in a single-mode cavity.

Magnetic field strength for Geldart D particles decreases

from right to left due to its sinusoidal oscillation nature. It is

obvious that the trend of power absorption density is consistent

with the sinusoidal evolution of the corresponding magnetic

field. Therefore, particles on the right side absorb more power

compared to those on the left. Moreover, the formation of a

skin layer on each Geldart D particle is evident, where the po-

wer absorption density exponentially decays from above 108

W/m3 at the surface to almost zero at the center of each Gel-

dart D particle. The skin depth effect is less pronounced in Gel-

dart A and B particles. Notably, the cross-section view of the

power absorption density for Geldart A particles highlights
10 iScience 28, 111732, February 21, 2025
the fact that each particle is uniformly heated throughout by mi-

crowave energy.

As reported by Dadsetan et al.,16 our fluidization process op-

erates at the bubbling regime. In bubbling fluidization, the bed

consists of two primary phases: the bubble phase and the emul-

sion phase. The former contains mostly gas with very few parti-

cles, while the latter has a high concentration of solid particles.

Under our condition, bubbles can grow to a size comparable

to the bed diameter, potentially forming slugs.39 Hence, bubbles

and slugs can be used interchangeably in the present study.

Given this, a region of bubbles/slugs with no particles is deliber-

ately defined for each particle group by the bed diameter and a

length of twice the corresponding particle size. Figure 5 quanti-

tatively characterizes the interaction of EM waves with the bub-

ble and the emulsion phases containing Geldart A, B, and D par-

ticles. The results are normalized by the strength of the EM fields

obtained from the corresponding empty cavity depicted in

Figure S4.



Figure 12. Comparison of our Finite Element Solution (FEM) simula-

tionwith the experimental work conducted by Tamang and Aravindan

(2019)

The top surface temperature of the SiC block is measured under microwave

irradiation using an infrared pyrometer.
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Figure 5A clearly confirms the formation of several electric

field resonances for all particle groups in the emulsion phase,

resonating the electric field by a factor of 20, 16, and 8 for Geldart

A, B, and D particles, respectively. It is worthmentioning that this

field enhancement is a strong function of spacing between

particles. Smaller gaps generally lead to stronger field enhance-

ments as discussed in detail by McMahon et al.40 For Geldart D

particles, both charge accumulation at the surface and field

confinement (capacitive coupling) contribute to the observation

of electric field resonances in the emulsion phase, while, for Gel-

dart A and B, it is more due to the field confinement as the charge

accumulation at the surface is suppressed for these particles, as
Figure 13. Model assessment of the studied microwave cavity

(A) Comparison of microwave heating absorption of tap water under different co

(B) Validation of skin depth by fitting an exponential decay curve and obtaining t

The experimental data are presented as mean ± 200 W and +/� 110 W for 1,000
can be seen in Figure 1B. The small gap acts as a capacitor-like

structure that confines the electric field within a very small vol-

ume, leading to a significant enhancement of the local electric

field intensity, a phenomenon observed and explained by Liu

et al. and Bagiante et al.41,42 Therefore, according to Figure 5A,

we conclude that the emulsion phase of our fluidized bed acts as

a capacitor, enhancing the electric field by orders of magnitude

and storing the electric energy there.

Conversely, the electric field in the bubble phase of all groups

experiences a moderate attenuation through the propagation in-

side the bed, as depicted in Figure 5B. The electric field norm

drops by a factor of 0.8, 0.65, and 0.4 at the center of the bed,

where r/R = 0, for Geldart A, B, and D particles, respectively.

This conspicuously indicates that the electric field interacts

differently in the bubble phase compared to the emulsion phase.

There is no resonance of the field in the bubble phase to sustain

the field.

Figure 5C illustrates the interaction of the magnetic field

component with the emulsion phase for all particle groups.

Some modes of resonances are observed for Geldart B and

D, but not for Geldart A, particles. For instance, the magnetic

resonance can be as high as a factor of 1.7 for Geldart D par-

ticles, while it is 1.12 and 1.00 for Geldart B and A particles,

respectively. Both emulsion and bubble phases in Figures 5C

and 5D underscore that the fluidized bed of Geldart A particles

has no interaction with the magnetic field. Geldart B particles

show a minimal interaction, while Geldart D particles strongly

interact with the magnetic field. Figure 5D demonstrates that,

similar to the electric field, the magnetic field of Geldart D

moderately attenuates as it propagates through the bubble

phase.

The comparison of electric andmagnetic field behavior seen in

Figure 5 suggests that the electric and magnetic components of

the microwave interact differently with the fluidized beds of par-

ticles. For Geldart A and B particles, according to Figure 5B, the
nditions.

he attenuation coefficient of electric field in the carbon particle.

mL and 500 mL, respectively.
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Figure 14. A thermal analysis on the interaction of microwave power

absorption with natural convective heat loss for all particle groups

under 60 s of microwave irradiation

iScience
Article

ll
OPEN ACCESS
electric field gradually decreases from both sides as it propa-

gates to the center of the bed, while the magnetic field propa-

gates without any attenuation, as displayed in Figure 5D. There-

fore, the present study proposes that the penetration depth may

evolve differently under electric and magnetic fields. A similar

phenomenon has been observed and reported by Horikoshi

et al.,43 working on themicrowave irradiation of aqueous electro-

lyte solutions. They noted that, with increasing electrolyte

concentration, heating rates of aqueous solutions grow nearly

exponentially under magnetic field irradiation. However, under

electric field irradiation, the heating rates plateau at low concen-

trations and remain constant with further increase. Nevertheless,

this unlocks multiple avenues for future research as the precise

understanding of penetration depth under the magnetic compo-

nent of microwave in a fluidized bed requires large-scale exper-

iments to address this complexity.

Dielectric, semiconductive, or conductive?
As expressed in Equations 9 and 10, microwave heating absorp-

tion of any medium depends on the combination of both the EM

field strength and material properties. For non-magnetic mate-

rials, electrical conductivity plays a key role in determining the

mechanism of microwave heating. To explore the effect of elec-

trical conductivity, three distinct types of materials are assigned

to the bed of our covered carbon particles, namely, dielectric

(s = 0 S=m), semiconductive (s = 104 S=m, our case), and

conductive (s = 107 S =mÞ. Figure 6 compares the performance

of microwave heating among thesematerials for the studied par-

ticle groups. It should be noted that the comparison ismade rela-

tive to the semiconductive case.

Figure 6A indicates that, if our covered carbon particles were

dielectric or conductive, the microwave heating would be ineffi-

cient, having only a normalized power absorption of 6.3% and

4.8%, respectively, compared to the semiconductive case

(actual case). For the fluidized bed of Geldart D particles, dielec-

tric heating becomes comparable to the semiconductive case by
12 iScience 28, 111732, February 21, 2025
having normalized power absorption of 80%. Conductive Gel-

dart A particles, on the other hand, are heated better compared

to both dielectric and semiconductive cases. Figures 6B and 6C

reveal that, for these particles, the stored electric and magnetic

fields in the conductive case account for only 21% and 3.5% of

values in the semiconductive case, respectively. However, the

induced current density in the conductive Geldart A particles is

significantly higher, with a normalized value of 3,500% as shown

in Figure 6D. This high current density compensates for the lower

strength of the EM field, resulting in a relatively high microwave

heating absorption rate of 320% for conductive Geldart A parti-

cles, as depicted in Figure 6A.

Overall, Figure 6A demonstrates that Geldart A and B particles

are not suitable for the dielectric heating of our fluidized beds.

The studied particle sizes are much smaller than a skin depth

of 8.2 mm if the particles are dielectric, leading to very small ra-

tios of dp/2d. As a result, the microwave penetration depth ex-

ceeds the particle size, making these particles transparent to

microwaves. Although this results in more uniform heating

throughout the particle volume, it reduces the overall heating

rate as can be seen in Figure 6A. Thus, it can be deduced that

either larger particle sizes are required or a static bed condition

might help if the particles are dielectric.

In the conductive case for all particle groups, the incident mi-

crowave is reflected as the plots of electric and magnetic fields

in Figures 6B and 6C clearly show a negligible accumulation of

the EM fields within the particles. For example, the normalized

electric field intensity is only 3.5%, 0.5%, and 0.2% for the fluid-

ized beds of Geldart A, B, and D, respectively. It is axiomatic that

larger particle sizes result in greater reflection of the EM waves.

Limitations of the study
Figures 7 and 8 show the computational domain and bed config-

uration used in the current study. Grid independency results are

shown in Figure 9. The computational framework is illustrated in

Figures 10 and 11. Model validation is shown in Figures 12, 13,

and 14. Modeling assumptions and limitations are as follows.

(1) The quartz reactor, the insulating layer, and the gas sur-

rounding particles are treated transparent to EM waves,

neither absorbing nor reflecting microwave.

(2) The cavity walls and waveguide are made of copper, with

a negligible dielectric loss.

(3) Particles are assumed to be perfectly spherical. In evalu-

ating hotspot intensity at particle contact points, particle

shape significantly influences the strength and distribu-

tion of EM enhancement. Non-spherical particles, such

as particles with sharp corners, tend to generate more

intense hotspots compared to spherical particles due to

field concentration around edges and corners—a phe-

nomenon well-documented in EM studies.44 Conse-

quently, assuming spherical particles in our study likely

underestimates hotspot intensity. However, even with

this approximation, our results (see Figure 2) show that

contact points contribute significantly to Joule heating.

(4) The current particle-scale model is primarily limited to the

number of particles, capable of modeling 10,000 particles

of any size.



Figure 15. Electrical conductivity measurement of our covered

carbon particles under progressive compression using a four-point
probe method
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(5) It is computationally prohibitive to model the entire bed

with Geldart B and A carbon particles as the bed would

contain approximately 1.5 and 65million particles, respec-

tively.

(6) The initial temperature of the particles is set to 25�C.
(7) For heat transfer simulations, thermal, electrical, and

dielectric properties of our covered carbon particles are

considered constant within the studied temperature range

(see Figure 15).
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

This study didn’t use any experimental model.

METHOD DETAILS

Modeling methodology
Maxwell’s equations are a set of four fundamental laws that describe the propagation of electric and magnetic fields and their inter-

actions with matter. The differential forms are written as follows:

V:D = rv (Equation 1)

V:B = 0 (Equation 2)

V 3 E = � vB

vt
(Equation 3)

V 3 H =
vD

vt
+ J (Equation 4)

where D is the electric flux density (C/m2), rv is the electric charge density (C/m3), B is the magnetic flux density (Wb/m2), E is the

electric field (V/m), H is the magnetic field (A/m), and J is the current density (A/m2).

Resonant cavities like microwave involve time-harmonic fields that oscillate sinusoidally at specific frequencies.45 Frequency

domain analysis is efficient and well-suited for such problems. Therefore, the frequency domain form is utilized in the current model.

To this end, the aboveMaxwell’s equations are transformed using the Fourier analysis into frequency domain, simplifying the problem

by converting time-dependent differential equations into algebraic equations. Consequently, the following form of the Maxwell’s

equation is solved numerically:

V 3
�
m� 1
r V 3 E

� � u2e0m0

�
εr � js

uε0

�
E = 0 (Equation 5)

where mr is the relative permeability, u is the angular frequency (rad/s), εr is the relative permittivity, s is the electrical conductivity

(S/m), ε0 (F/m) and m0 (H/m) are the vacuum permittivity and permeability, respectively. Equation (Equation 5 is explicitly written in

terms of the electric field, subsequently, the magnetic field is computed by the following expression:

juB = V3E (Equation 6)

The current density, J in Equation 4, is related to the magnetic field by:

J = ðs + juε0εrÞE (Equation 7)

Electric currents within materials have twomain components. The first is the conductivity component, which results in the conduc-

tion current that is essentially independent of operating frequency. Conductivity represents the portion of electrical current respon-

sible for themovement of free charges within thematerial, frequently colliding with subatomic particles and causing Joule or resistive

heating.46

The second type of current arises when an electric field is applied to the material, causing polarization due to the rotation or finite

displacement of charges (electrons) within the material. This polarization generates currents associated with the material’s permit-

tivity, leading to dielectric heating.47
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The permittivity is represented in a complex algebraic format as below:

εr = ε
0
r � jε00r (Equation 8)

where ε
0
r is the dielectric constant which determines the ability of a material to store electrical energy and ε

00
r is the dielectric loss fac-

tor, representing the energy dissipation as heat.

The electric current density is then computed as below:

J =
�
s + uε0ε

00
r

�
E + juε0ε

0
rE (Equation 9)

The first term on the right-hand side represents the dissipation of EM energy into heat within the material due to the current, taking

both dielectric and Joule heating into account. The second term is the reactive component of the current, which exhibits a phase lag

with respect to the imposed electric field. This reactive current, often called the displacement current, does not follow the electric field

instantly, lagging by a certain phase angle. Unlike conduction current, it does not contribute to power dissipation in the material.46

It should be noted that since our carbon particles are non-magnetic, the heat generation frommagnetic losses is negligible. There-

fore, the total microwave power absorption density, PMW (W/m3), can be expressed by the real part of the dot product of current den-

sity and complex conjugate of the electric field vector, E�, as follows:

PMW =
1

2
ReðJ:E�Þ (Equation 10)

To quantitatively evaluate the uniformity in microwave heating, the coefficient of variation,COVPMW , for microwave power absorp-

tion density is defined as:

COVPMW =
1

PMW

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

N

XN
i = 1

ðPMWi � PMWÞ2
vuut (Equation 11)

where PMW is the mean of volume average power absorption density of all particles, PMWi is the volume average power absorption

density of a certain particle i, and N is the number of particles in the bed. Statistically, a higher COV means greater non-uniformity in

heating

Based on the conservation of energy, the following unsteady energy equation is solved for each individual particle:

rccp

vT

vt
+ V:ð� kcVTÞ = PMW (Equation 12)

where T is the temperature (K), cp is the specific heat capacity (J/kg.K), rc (kg/m
3) and kc (W/m.K) are the density and thermal con-

ductivity of the carbon particles, respectively.

Figure 7 illustrates the microwave heating of the fluidized bed of our carbon particles. Experiments16 were performed in a 1-inch

reactor with a length of 10 inch in a multimode microwave cavity operating at 2.45 GHz purchased from Microwave Research & Ap-

plications. Inc, as schematically shown in Figure 7A. The microwave oven was positioned vertically, and the quartz reactor was

placed with a coordinate shown in Figure 7B inside the cavity. The power level was set to 65-75 during the experiments, supplying

almost 500 W of microwave power to the cavity. As can be seen in Figure 7A, a k-type thermocouple was inserted from the top,

placed at the center of the bed, and connected to the LabVIEW system, recording the real-time local temperature.

The computational domain consists of a multimode microwave cavity, waveguide, and a fluidized bed, as illustrated in Figure 7B.

As shown, a microwave cavity with 330mm height, 330mmdepth, and 205mmwidth combined with a rectangular waveguide with a

dimension of 78 mm3 18mm and width of 50 mm is modeled to study our multimode cavity. According to the intrinsic density of our

carbon particles (�1900 kg/m3),32 three representative particle sizes are selected based onGeldart’s particle classification in the field

of fluidization: 100 mm (Geldart A), 350 mm (Geldart B – our experiment), and 2000 mm (Geldart D).48 The bed is entirely filled with

Geldart D particles, allowing us to study the microwave interaction with matter at both particle and bulk (bed) levels. It should be

noted that due to computational constraints, a smaller bed size is employed to model Geldart A and B particles, with dimensions

displayed in Figure 8. This chosen bed size falls within the range of many experimental works on microwave heating of micro/

nano powders.27,49–52

For effective and accurate microwave heating simulations, it is recommended to use a mesh element size that is a small frac-

tion of the microwave wavelength, ensuring a reasonable resolution for the electromagnetic (EM) field.53 When the EM waves

interact with non-magnetic matter, the effective wavelength inside a material (leff) is related to the material’s permittivity, ε’, by

the equation leff = l0/Oε’, where l0 is the free space wavelength. This means that as the permittivity of the load increases, the

effective wavelength decreases, which requires smaller mesh elements.54 Given that the particles under study are significantly

smaller than the effective wavelength of �1.5 cm, the maximum element size within each particle is chosen to be a small frac-

tion of the particle size. Consequently, the cavity is meshed based on the wavelength of the microwave, while the particles are

meshed according to their size. It should be noted that 10 boundary layers are applied only to Geldart D particles to resolve the

effect of skin depth, which is around 0.1 mm. A single layer of mesh refinement is used for the bed region to avoid low-quality
iScience 28, 111732, February 21, 2025 e2
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elements due to the presence of thin regions between particles. However, a couple of low-quality elements were inevitable

when dealing with our complex geometry. Nevertheless, maintaining an average element quality greater than 0.66 promotes

the convergence of the solution, The minimum element size below 10 mm ensures that the narrow regions are sufficiently

resolved.
Details of the generated mesh for the particle scale simulations

Particle bed Number of elements Average element quality Minimum element size (mm)

Geldart D (2 mm) 50,195,207 0.662 10

Geldart B (0.35 mm) 51,249,565 0.663 8

Geldart A (0.1 mm) 54,947,285 0.664 4
Given this, three element sizes of 30%, 15%, and 10% of the wavelength/particle size are tested, leading to a total number

of � 10, 50, and 100 million elements, respectively. It is worthy to note that the simulation cases with over 100 million elements

were performed using 3 nodes with a total of 192 cores in parallel configuration. Figure 9 compares the average of power ab-

sorption density across the bed among the selected element sizes for all particle groups. The grid sensitivity analysis discloses

that an element size lower than 15% improves the accuracy only by 3%, 2.5%, and 4.4% with respect to the finest mesh for

Geldart D, B, and A particles, respectively. Therefore, a maximum element size of 15% of the wavelength in the cavity and 15%

of the corresponding particle size within each particle can guarantee a mesh-independent solution and is used for the

simulations.

As shown in Figure 15, although even under a significant pressure like 200 MPa some degree of contact resistance and re-

maining porosity persist, it is reasonable to assume that the measurements could closely represent single particle conductivity.

Therefore, according to the fitted curve shown in Figure 15, the intrinsic electrical conductivity of the covered carbon particles is

set to 104 S/m in the simulations. The effective (bulk) dielectric properties of our covered carbon particles in a loose powder are

taken from the experimental measurements in.55 In the loose powder, the bulk solid volume fraction of our carbon bed roughly

equals to 0.455. The intrinsic dielectric properties of the particles are then calculated based on the Bruggeman’s model as fol-

lows29:

as

εc � εeff

εc+2εeff
+ ð1 � asÞ εgas � εeff

εgas+2εeff
= 0 (Equation 13)

where as is the solid volume fraction, εeff is the effective dielectric of the carbon bed, εc and εgas is the intrinsic permittivity of carbon

particles and the gas (air) surrounding them, respectively.
EM properties of the material used in the present study.

Material
s
�
S=m

�
ε
0
r ε

00
r m0

r m00
r

Carbon particle 10,000 63.7 39.5 1 0

Gas (air) 0 1 0 1 0
The port boundary condition is used at the entrance of the rectangular waveguide, as displayed in Figure 7B. The waveguide op-

erates in the transverse electric TE10 mode and is excited at a frequency of 2.45 GHz. In all simulations involving particles, the port

input power is set to 500 W.

The impedance boundary condition (IBC) is applied to all the walls of cavity and its waveguide, which is useful at boundaries where

the EM field penetrates only a short distance outside the boundary. This provides a simple model to take the heat loss due to skin

depth in the walls into account without needing to solve the Maxwell’s equations at the boundary. The following mathematical

expression is solved at the conductive walls of the cavity and waveguide:

Et =

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
jm0mru

s

r
Ht 3 n (Equation 14)

where n is the unit normal vector to the surface and Et and Ht are the tangential component of the electric and magnetic fields at the

boundary surface, respectively.

Two heat flux thermal boundary conditions are applied to the surface of each particle.
e3 iScience 28, 111732, February 21, 2025



Thermal boundary conditions and parameters employed in the present model

Condition Insulation Natural convective heat loss

Heat flux _q (W/m2) _q = 0 _q = hðTambient � Ts)

Ambient temperature Tambient (
�C) 25

Heat transfer coefficient h (W/m2.K) 15
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The implemented computational procedure is summarized in Figure 10. A fluidized bed of particles is achieved by couplingMATAB

R2023a with the COMSOL Multiphysics v6.2 through the LiveLink interface. A fluidized bed is generated by randomly distributing

particles confined in a cylindrical bed based on the bed dimension, particle size, and bulk solid volume fraction. A collision detection

is defined by calculating the distance between the particle centroids to preclude particles from having contact points, resulting in a

fluidized state for all the particles. Afterwards, the simulation case is completed in the COMSOL environment. The current particle

scale model is memory limited. Therefore, the GMRES iterative solver is used to solve the linear equation systems obtained from

the discretization of Equation 5, which requires significantly less memory than a direct solver for the same sized problem. All of

the fluidized bed simulations were performed by implementing High-Performance Computing (HPC) on the Narval cluster, running

in the distributed mode on the AMD EPYC 64-core processor with an available total memory of 2063.71 GB.56

Furthermore, a one-way frequency-transient model is employed to couple the Maxwell’s equation with the Energy equation, ob-

taining the distribution of the temperature for simulation cases where heat transfer equation is solved. This coupling algorithm initially

solves Maxwell’s equation in the frequency domain, and then passes the power absorption density data to the Heat Transfer module

in the COMSOL. More details are provided in Figure 11.

Model validation
Although experiments play a critical role in investigating our microwave heating process, the distributions of EM and temperature

fields are problematic to physically measure in our process because of the complex microwave interaction, particle dynamics,

and fluid flow occurring simultaneously. Nonetheless, three distinct levels of verification are tested to assure confidence and accu-

racy in the present study.

We first aim to reproduce the experimental results performed by Tamang and Aravindan,57 where they experimentally and numer-

ically studied the microwave heating of SiC susceptor. They measured the temperature at the center of the top surface of the SiC

cylinder in a multimode microwave cavity using an infrared thermometer. As depicted in Figure 12, the simulation showcases an

excellent agreement with their experimental measurements. This gives confidence in using COMSOL simulations to model micro-

wave heating in our multimode cavity.

The performance of our 1 kW microwave cavity with its waveguide is validated using tap water tests with two volumes of 500 mL

and 1000 mL. Due to the uncertainty in the delivered microwave power into the cavity, four different levels of microwave input power

of 700, 800, 900, and 1000W are employed in the simulations. Figure 13A compares the total microwave power absorption between

the experiment and the simulations. As can be seen, the simulation result of 800W of input power shows the best agreement with the

power absorption calculated from the experiments. Figure 13A also suggests that the microwave potentially delivers 800W of power

to the cavity when the power level is set to 100, which is 80%of themicrowave’s rated power, aligning well with the typical microwave

performance in the literature.58,59

Additionally, the particle-scale model is validated against the theoretical electromagnetics. For this purpose, skin depth obtained

froma single particle irradiated bymicrowaves in the studied cavity is compared to the theoretical skin depth. From theory, skin depth

is the distance where the intensity of the EM field is exponentially attenuated by 1=e (36.8%) of its value at the surface. This expo-

nential attenuation in a spherical coordinate can be mathematically described as60:

E = E0e
�ar (Equation 15)

where E is the electric field norm at a distance r into the particle, E0 is the norm of the electric field at the surface, and a is the atten-

uation coefficient. Skin depth is the reciprocal of the attenuation coefficient, and for a highly lossy medium, where s= uε0εr >> 1, the

skin depth, d, equals to26:

d =
1

a
=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

pfm0mrs

s
(Equation 16)

Theoretical skin depth obtained from above is equal to 0.114mm. Figure 13B shows the exponential attenuation of the electric field

as it propagates through the particle. According to Equation 15, an exponential curve is fitted to the simulation results to obtain the

attenuation rate. Consequently, the simulation results in a skin depth of 0.121mm, leading to a relatively small error of 6%. This shows

the predictive capability of the particle scale model implemented in the current study.

Since liquid water strongly couples with microwave, water test is a simple yet efficient solution to estimate the available microwave

power. This approach is also useful in simulations to accurately determine the distribution of electric and magnetic fields within the
iScience 28, 111732, February 21, 2025 e4
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cavity. For this purpose, two volumes of water, 1000 mL and 500 mL, are placed at the center of the vertically-oriented microwave

oven. A setup similar to that shown in Figure 7 is used to conduct the microwave heating of the tap water samples. After heating, the

final temperature is measured after pouring the water into another clean beaker, allowing for more accurate estimation of the average

temperature. The dielectric properties of the tap water sample used for the simulations are obtained from.61

In the experiments, the temperature measurement uncertainty (DT ) is computed as below:

DT =

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðDTthermocoupleÞ2+ðDTstdÞ2

q
(Equation 17)

where DTthermocouple is the thermocouple uncertainty reported to be ±2.5�C by the manufacturer and DTstd is the standard deviation in

the temperature measurements, considered to be 1�C.
It is a well-established fact that when water is placed in a glass or plastic container, the surface forms a curved shape known as a

meniscus. The volume of tap water samples is measured using a beaker and reading the bottom of the meniscus to minimize the

errors associate with readings. Nevertheless, the uncertainty in the markings on the beaker is about ±5% of the volume of the

container. Combing the uncertainties involved in temperature and volume measurements bring about 200 W and 110 W of uncer-

tainty in the calculation of total power absorption for water volumes of 1000mL and 500mL, respectively. The uncertainty associated

with the properties of water is neglected within the operating temperature range. Table S1 summarizes the details of the water test in

our microwave cavity under 60 s of microwave heating.

Lumped capacitance approximation is valid for our particle scale study as the Biot number, with the thermal properties provided in

Table S2 and a natural convective coefficient of 15W/m2.K, is below 0.1 for all particle groups. Thus, applying the energy equation to

a spherical particle exposed to ambient and irradiated by microwave leads to the following first-order ordinary differential equation

(ODE):

rpcp

dTp

dt
= PMW � 6h

dp

ðTp � TextÞ (Equation 18)

where,

Tpð0Þ = Text = 298:15 K

where Tp is the particle temperature (K), Text is the surrounding temperature, h is the natural convective heat transfer coefficient

(W/m2.K), PMW is the power absorption density (W/m3), dp is the particle size (m), t is the time (s), and rp and cp are the density

(kg/m3) and specific heat capacity (J/kg.K) of the particle, respectively. Solving the above ODE equation with its initial boundary con-

dition results in the following expression for the particle temperature:

TpðtÞ = Text +
PMW

phd2
p

 
1 � exp

 
� 6h

rpcpdp

t

!!
(Equation 19)

The evolution of particle temperature over time obtained from the above equation and FEM COMOSOL simulations is plotted in

Figure 14. As can be seen, the simulations agree with the analytical model, with a maximum relative error of only 3.5% observed

for Geldart D particles. This validates the numerically solved heat transfer equation for each particle in the simulations.

QUANTIFICATION AND STATISTICAL ANALYSIS

There are no statistical analysis or quantification to include in this study.
e5 iScience 28, 111732, February 21, 2025
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