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Microwave heating as a new type of heating has been widely used in numerous

fields; however, microwave heating in multi-source cavity still poses several

problems, including non-uniformity, low efficiency, restriction of the heating

object, and “thermal runaway”, thus limiting the application of microwave

energy. This study adopts a method to place a slotted layer in the cavity

such that the energy can be radiated uniformly to improve the heating

uniformity. The distribution of the electric field in the cavity is optimized by

changing the arrangement and size of the slots in the slot layer. The effects of

the slot arrangements are elucidated, and experiments are performed to study

the real-life application of the slot arrangements. The results show that these

metal slots are effective in improving the uniformity and efficiency of

multisource cavity heating.
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1 Introduction

Microwaves are electromagnetic waves with frequencies ranging from 300 MHz to

3,000 GHz. With continuous research, microwaves are widely used in industrial heating,

such as microwave petroleum pyrolysis (Khelfa et al., 2020; Kumar et al., 2020; Taheri-

Shakib and Kantzas, 2021; Zhu et al., 2021), auxiliary pyrolysis, coal desulfurization and

drying (Li et al., 2019; Liao et al., 2019; Si et al., 2019; Cai et al., 2021; Lichao and Xiaoyan,

2022; Yucen et al., 2022; Zhu et al., 2022), and microwave crushing (Hassani et al., 2016;

Hartlieb et al., 2018; Chen et al., 2021). The size of traditional electrically large microwave

heating equipment is similar to the wavelength, which makes the electric field distribution

in the cavity non-uniform. In addition to their size, their cavity wall reflections, port

reflections, and other restrictions result in non-uniform temperature distribution in the

cavity and inefficient heating. Therefore, improving the efficiency and uniformity of

microwave heating has become a key issue in current microwave research (Shan, 2020; Gu

et al., 2022; Shen et al., 2022; Suhail et al., 2022).

To solve the problems of non-uniformity and low efficiency of microwave heating,

several scholars and experts in this field have conducted extensive research. Their

studies show that changing the distributions of the electromagnetic field and heated

material in the cavity can effectively improve the uniformity of microwave heating.
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For example, using a stirring mode, the electromagnetic field

distribution within the cavity can be altered to ensure the

uniformity of heating by designing a stirrer that oscillates

either periodically or non-periodically (Cuccurullo et al.,

2017; Ye et al., 2019; Wang Y et al., 2021). A rotating

lifting turntable can be used to rotate the sample such that

it absorbs microwaves uniformly in all directions (Geedipalli

et al., 2007; Dinani et al., 2020; Ye et al., 2021). In addition,

because heating performance is highly dependent on

microwave frequencies (Tang et al., 2018; Yang et al., 2019;

Wu et al., 2021), certain frequencies can help improve the

heating performance more than others; hence, it is possible to

improve the heating performance by selecting specific

frequencies. When the microwave frequency is fixed, the

position and shape of the ports can be changed. For

example, when two radiation ports rotate around their

axes, the heating efficiency at different angles is analyzed,

and subsequently, the effective angle of the radiation port is

determined (Luan et al., 2016; He et al., 2020; Wang C et al.,

2021). Additionally, the continuous control of the input power

FIGURE 1
Model geometry.

FIGURE 2
Waveguide distribution diagram.

TABLE 1 Material parameters.

Properties Air Heat-absorbing materials

Relative permittivity 1 3.6–0.09 j

Relative magnetic permeability 1 1

Thermal conductivity/W/m•K - 20

Conductivity/S/m 0 0

Density/kg/m3 - 580

Isobaric heat capacity/J/kg•K - 960

FIGURE 3
Schematic of a uniform slot arrangement.
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of multiple microwave sources can change the electromagnetic

field in the cavity, improve the uniformity of microwave

heating, and optimize the utilization of microwave energy

(Bae et al., 2017; Ahn et al., 2019; Ahn et al., 2020). In high-
power microwave heating, a waveguide slot radiator is often
employed to achieve microwave heating. For example, owing
to the phase difference between the horizontal and vertical
slots in an orthogonal slot-loading array waveguide, the
electric field distributed in different directions becomes
uniform, thus improving heating uniformity (Razmhosseini
and Vaughan, 2017). Since our research needs to meet the high
power requirements, we choose to achieve uniform microwave
heating based on waveguide slot radiators. There are other
methods for improving the uniformity of microwave heating
(Li et al., 2020). Although the energy utilization of microwave
heating will improve when multiple microwave sources are
introduced, the phenomena of mutual coupling between the
ports, reflection from the inner wall of the cavity, and
appearance of cold spots during heating, which can result
in non-uniform heating, are problems that are yet to be solved.

Herein, we propose a method to add a slot layer in the cavity

to radiate energy uniformly to improve the heating uniformity

and efficiency. In the absence of slot structure, electromagnetic

energy will be reflected back at the feed port or be quickly

absorbed, and the load in the middle of the cavity will not

absorb the energy. When a metal slot layer is added,

microwaves enter the cavity through the port, and due to the

size of the metal slot, the microwaves resonate near the operating

frequency and are then secondarily radiated to the material to be

heated by the slot, thus achieving high efficiency. At the same

time, the structure of the slot changes the electric field

distribution in the cavity, thus making the electric field more

uniform and achieving high uniformity. The distribution of the

electric field in the cavity was optimized by adjusting the size and

arrangement of the rectangular slots in the slot layer to improve

heating uniformity. Herein, Section 2 describes the model and

analyzes the effects of the size and arrangement of the rectangular

slots in the slot layer on the uniformity; additionally, experiments

are conducted to verify the accuracy of the model. Section 3

provides a summary of the work done in this paper.

2 Materials and methods

2.1 Geometric modeling

The model was built in COMSOLMultiphysics software (5.6,

COMSOL Inc., Stockholm, Sweden) (Figure 1, 2) and divided

into four layers. The metal cavity made up the first layer [length

(w1) = 600 mm, width (w2) = 600 mm, height (hw) = 120 mm,

and thickness (t) = 2 mm). As shown in the figure, there were

eight WR430 microwave ports, which were symmetrically

FIGURE 4
Temperature distribution in the cross section of heat absorbing material for vertical and horizontal slot arrangement.

TABLE 2 Heating results of the vertical and horizontal slot
arrangements.

Slot arrangement Average
body temperature (K)

COV RA (%)

Vertical 302.2 0.371 19.0

Horizontal 307.9 0.305 32.0
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located on both sides of the cavity. The second layer was the slot

layer (length (w1), width (w2), and height (t)]. Layer three was an

air layer (length (w1)), width (w2), and height (h2) = 50 mm).

Finally, layer 4, was a layer of heat-absorbing material. The

specific composition of the heat-absorbing material is 80% SiC

and 20% bentonite by sintering, whose dielectric constants are

referred to Table 1. (length (w1), width (w2), and height (h1) =

50 mm). The number, size, and arrangement of the slots in the

slot layer were designed such that electromagnetic waves could be

radiated through the slots and air layer to the heat-absorbing

material layer to allow the heating of the material. The excitation

mode of the ports (TE10mode) was determined to be at 2.45 GHz,

with an input power of 800 W per port and the heating time was

120 s.

2.2 Control equations

We used the coupling of the electromagnetic field and solid

heat transfer modules as well as a system of Maxwell’s equations

to study the distribution of the electromagnetic field using the

COMSOL Multiphysics software.

∇×H
. � J

.+ ε
zE
.

zt

∇×E
. � −zB

.

zt

∇ · B. � 0

∇ ·D. � ρe

(1)

where E
.

is the electric field strength(V/m), and H
.

is the

magnetic field strength(A/m), and ε is the permittivity(F/m),
and D

.
is the electric displacement vector(C/m2), and J

.
is the

conduction current density(A/m2), and B
.

is the magnetic

induction strength(Wb/m2), and ρe is the charge body

density(C/m3), and t is a time variable(s).
Electromagnetic energy loss is calculated using the following

electromagnetic loss formula:

Qe � 1
2
ωε0ε″

∣∣∣∣∣∣E.∣∣∣∣∣∣2 (2)

where Qe is the electromagnetic energy loss(W); ω is the angular

frequency(rad/s); ε0 is the vacuum permittivity, and ε″ is the

imaginary part of the permittivity.

FIGURE 5
Schematic of a staggered slot arrangement.

FIGURE 6
Temperature distribution of cross sections of heat absorbing materials for staggered and horizontal slot arrangements.
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The temperature distribution of the heat-absorbing material

and heated model can be calculated using the following heat

conduction equation.

ρCp
zT

zt
− k∇2T � Qe (3)

where ρ is the density of the substance(kg/m3). Cp is the

atmospheric heat capacity of the substance(J/(kg ·K)). k is

the thermal conductivity of the substance(W/(m · K)), and T

is temperature(K).

2.3 Initial values and boundary conditions

The metal waveguide and cavity wall were considered perfect

electrical conductors when the electromagnetic field distribution

was calculated in the model such that the normal electric field

components on the metal waveguide and the cavity wall were

zero, which satisfies the following equation.

n
.
×E
. � 0 (4)

where n
.

is the unit normal vector of the corresponding surface.

The electromagnetic waves were transmitted into the cavity

through eight excitation ports. As the electromagnetic wave enters

the cavity from eight ports, it is set as the excitation port, and the

mode is the TE10 mode. During simulation, a solid heat transfer

analysis of the heated object is performed, the heat exchange

around the heated object is considered, and the initial boundary is

set to the heat flux, which satisfies the following equation.

q0 � h · (Text − T) (5)

where q0 is the convective heat flux, Text is the external temperature

(293.15 K), and h is the heat transfer coefficient (300W/(m2 ·K)).
The initial temperature of the heated material was set at 293.15 K.

TABLE 3 Heating results of the staggered and uniform slot
arrangements.

Slot arrangement Average
body temperature (K)

COV RA (%)

Staggered 333.7 0.28 87.6

Uniform 307.9 0.305 32.0

FIGURE 7
Schematic of the optimized slot arrangement.

FIGURE 8
Temperature distribution of cross sections of heat absorbing materials for optimized and non-optimized slot arrangements.
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2.4 Material parameters

The parameters of the heat-absorbing materials involved in this

model using the COMSOLMultiphysics software are listed in Table 1.

3 Results and discussion

3.1 The effects of horizontal and vertical
slots on microwave heating

The coefficient of temperature variation (COV) is used to

measure the non-uniformity of the temperature distribution. The

calculation method is the standard deviation of the temperature rise

at each position of the sample divided by the average value of the

temperature rise at each position. The COV could be expressed as:

COV �
�����������∑n(Ti − Ta)2

n

√ /(Ta − T0) (6)

where Ti is the point temperature of the selected region, Ta is the

average temperature of the selected region, n is the total number

of the point of it, and T0 is the initial average temperature.

Heating efficiency is usually measured by the load’s absorption

rate for microwaves. The absorption rate could be expressed as:

RA � P

Pin

where P and Pin are the power absorption of heat-absorbing

material and port input power, respectively. As absorption rate

increases, the power absorption of load increases. Absorption

rate have a range between 0 and 100%.

The radiation of the electricfieldwas determined by the resonance

of the slot and interference of the current. Slot resonance occurs when

the length of the slot is half the wavelength. When resonance occurs,

an electric field radiates from the slot. Typically, slots can be designed

as vertical or horizontal slots and arranged with adjacent columns or

rows spaced at half the wavelength.

The vertical and horizontal slot arrangements (Figure 3, 4)

resulted in poor and better heating effects Table 2, respectively.

As the average body temperature increased, the COV was

optimized from 0.371 to 0.305 and the absorption rate was

improved by 13%. By comparing the two slot arrangements, it

can be observed that the use of a horizontal slot arrangement can

effectively improve uniformity and heating efficiency.

3.2 The effect of staggered slot
arrangement on microwave heating

The heating effect of the staggered slot arrangement

(Figure 5) is shown in Figure 6, which demonstrates the

heating effects for the horizontal distance of λg/2 between the

centers of the adjacent rows (columns) of the slots.

In Table 3, we found that the staggered slot arrangement had

a higher average body temperature than the uniform slot

arrangement, and the COV was optimized from 0.305 to 0.28,

TABLE 4 Heating results of the optimized and non-optimized slot
arrangements.

Slot arrangement Average
body temperature (K)

COV RA (%)

Optimized 336.3 0.22 95.7

Non-optimized 333.7 0.28 87.6

TABLE 5 Effect of variation of the slot width on the heating effect.

Variation
of slot size

Average
body temperature (K)

COV RA (%)

Increased by 1 mm 336.4 0.2258 95.9

Unchanged 336.3 0.2262 95.8

Reduced by 1 mm 336.1 0.2267 95.7

TABLE 6 Effect of variation of the slot length on the heating effect.

Variation
of slot size

Average
body temperature (K)

COV RA (%)

Increased by 1 mm 336.5 0.2391 96.6

Unchanged 336.2 0.2262 95.8

Reduced by 1 mm 335.9 0.2443 94.5

FIGURE 9
Variation in the energy-absorption rate when changing the
imaginary part of the relative permittivity.
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with a 55.6% increase in energy absorption. Therefore, the use of

a staggered slot arrangement can effectively improve uniformity

and heating efficiency.

3.3 Optimization of slot size

We used a genetic algorithm to optimize the slot size. The

length andwidth of the slots were used as optimization parameters,

the COV was used as an indicator, and a corresponding fitness

function was constructed. First, the structure was parametrically

encoded andmapped into the form of individual codes that can be

processed using a genetic algorithm. An initial population

containing a certain number of individuals was generated,

wherein each individual represents one type of slot

arrangement. COMSOL was used to numerically calculate the

model, and the obtained data were entered into a fitness function

to calculate the fitness function value. After iterative optimization,

the optimal individuals were selected, crossed over, andmutated to

produce the next generation of populations. This process was

repeated until the set targets were achieved.

Based on Figure 7, 8, the average temperature of the

optimized slot arrangement increases, COV is optimized from

0.28 to 0.22, uniformity is significantly improved, and the energy-

absorption rate is increased by 8.1%, compared to the non-

optimized slot arrangement, as can be seen in Table 4. Hence,

FIGURE 10
Experimental setup system.

FIGURE 11
Comparison of the simulation and experimental results. (A) Experimental and (B) simulation results with a slotted layer and (C) experimental and
(D) simulation results without a slotted layer.
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it is proven that the heating uniformity and efficiency of the

optimized slot arrangement are significantly better than those of

the non-optimized slot arrangement. Thus, we used an optimized

slot arrangement in the experiment.

3.4 Robustness analysis

3.4.1 Robustness analysis of the slot size (length
and width)

To study the robustness of the slot, we used the range of variation

in the energy-absorption rate to evaluate the robustness. For the slot

width and length parameters, we performed an overall increase or

decrease of 1 mm and subsequently observed the range of variation in

the energy-absorption rate and determined the robustness.

From the data presented inTables 5 and 6, it can be concluded that

the variation in the energy-absorption rate of the slot was less than 1%

when the overall slot width parameter was increased or decreased by

1mm. The variation in the energy-absorption rate was less than 2%

when the overall length of the slotwas increased or decreased by 1mm.

In summary, the robustness of the system was good.

3.4.2 Robustness analysis of the material
parameters

For the heat-absorbing material, the range of variation in the

energy-absorption rate was determined by increasing or decreasing

the imaginary part of the relative permittivity by 50%. From

Figure 9, it can be concluded that the change in the energy-

absorption rate is less than 0.1% and the robustness is good.

3.5 Simulation and experimental
comparison

3.5.1 Experimental setup
The experimental setup system, which was used to verify

the simulation, is shown in Figure 10. The magnetrons

(Panasonic 2M244-M1) were powered by eight power

supplies (WepeX 1280A-HN), while the fan (AVC

2B12038B24H) is mounted on the side of the magnetron.

Microwave energy was fed into the cavity through eight

ports. The top of the cavity was a metal cover and the heat-

absorbing material was placed below the slot layer; thus, the

surface temperature of the internal heat-absorbing material

could be measured by opening the top cover and pulling out

the slot layer after heating is completed.

3.5.2 Experimental procedures
The actual heating process is driven by eight magnetron power

supplies to supply microwaves. A fan is turned on to dissipate heat

from the magnetrons. Both walls of the chamber are slotted for easy

insertion of the metal slot layer. At 2.45 GHz, 800W of power was

used to heat the heat absorbing material placed at the bottom for

120 s. After heating, the top lid of the cavity was opened within 10 s

and the final temperature distribution on the top surface was

measured by a thermal imager (VarioCAM hr inspect500,

InfraTec., Dresden, Germany) within 30 s.

FIGURE 12
Location for temperature measurement (A) with slotted layer
(B) without slotted layer.

TABLE 7 Temperature comparison between experiment and simulation with slotted layer at different positions.

Position Experimental temperature (°C) Simulation temperature (°C) Temperature difference (°C)

1 70.2 74.8 −4.6

2 78.7 75.7 3.0

3 75.4 77.9 −2.5

TABLE 8 Temperature comparison between experiment and simulation without slotted layer at different positions.

Position Experimental temperature (°C) Simulation temperature (°C) Temperature difference (°C)

1 40.7 44.0 −3.3

2 54.0 53.0 1.0

3 40.3 41.0 −0.7
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3.5.3 Experimental results
The comparison of the simulation and experimental results is

shown in Figure 11. In (a) and (b), we took three specific

positions in the experimental results as shown in Figure 12A,

compared their temperatures at the same positions in the

simulation results, and summarized the temperature differences,

as shown in Table 7. The experimental data were post-processed by

the data obtained from the thermal imager, and the data were

analyzed for errors and the average value of multiple measurements

was obtained. The temperature differences at the three locations

are −4.6, 3, and −2.5 (°C), and their absolute values are all less than 5

(°C). Then compare the experimental and simulation results

without metal layer. As shown in (c) and (d), we took three

specific positions in the experimental results as shown in

Figure 12B, compared their temperatures at the same positions

in the simulation results, and summarized the temperature

differences. As shown in Table 8, the temperature differences at

the three positions are −3.3, 1, −0.7 (°C), the absolute value of which

is less than 5 (°C). Therefore, by comparing the simulation with the

experimental temperature distribution, it is concluded that the

simulation and the experiment have a good agreement.

4 Summary

In this study, a microwave heating multi-generator cavity

was designed, wherein a metal slot layer was placed inside the

cavity to make the energy radiation uniform, to improve the heating

uniformity and efficiency. The effects of the slot arrangement on the

microwave heating uniformity in the multi-generator cavity were

discussed and the size of the slot was optimized. The results

indicated that the optimized metal slot improved the heating

uniformity of the cavity, with the heating efficiency reaching

95%. The optimized size of the slot and the parameters of the

heat-absorbing material were analyzed for robustness, and the

results showed that the variation in the energy-absorption rate

did not exceed 2% when the slot size was varied within 1 mm.

Furthermore, the variation in the energy-absorption rate did not

exceed 0.1% when the permittivity of the material in the imaginary

part was varied in the range of 50%. Finally, experiments were

conducted to verify the accuracy of the simulation results of the

optimized metal slot; the experimental results were found to be in

good agreement with the simulation results.
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