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Cylindrical loads are commonly found in microwave heating. However, cylindrical loads tend to have a thermal focus, leading to
uneven microwave heating. In this paper, a novel microwave heating method was proposed by employing resonant rings to
mitigate the thermal focus of cylindrical loads. Firstly, a multiphysics simulation model for microwave heating of a cylindrical
tube is established, and the influence of the resonant ring around the cylindrical tube on the temperature distribution of load
was analyzed. Subsequently, microwave heating experiments of agar gels with and without resonant rings were carried out. In
agreement with the simulation results, the use of resonant rings reduces the coefficient of temperature variation (COV) from
1.064 to 0.793. In addition, the parameters affecting the heating uniformity of the cylindrical tube were discussed through
simulations.

1. Introduction

Microwave as green energy was used in various industries
due to its numerous advantages, including selective heating,
volumetric heating, and low thermal inertia [1–3]. Cylindri-
cal loads are commonly found in microwave heating appli-
cations, such as continuous flow tubes in industrial
production and cylindrical containers in domestic micro-
wave ovens [4, 5]. Especially in industrial production, the
materials to be heated are often subjected to continuous flow
heating in cylindrical tubes, thereby ensuring enhanced pro-
duction efficiency [6]. However, the shape of the load can
affect the uniformity of microwave heating. Fia and Amorim
conducted numerical simulations to evaluate the heating
efficiency and uniformity of wood, bagasse, orange peel,
and palm oil in a microwave oven [7]. They investigated
how the shape and size of the samples, whether cylindrical
or spherical, affect microwave heating. This work is both
meaningful and valuable as it provides quantitative evidence
for the influence of sample dimensions on microwave heat-
ing performance. Zhang and Datta conducted numerical

computations and observed that food in a cylindrical con-
tainer tends to heat up primarily at the center [8]. Soto‐
Reyes et al. also supported this finding by demonstrating
the thermal focusing phenomenon in cylindrical loads when
heating various shapes of loads [9]. Such uneven heating
presents serious problems in production. For example, in
food production, there is a microbial risk when food is
incompletely heated, and excessive heating may cause seri-
ous nutrient loss [10–12]. Therefore, it is of great signifi-
cance to improve the uniformity of continuous flow
microwave heating for food production.

The microwave heating characteristics of cylindrical
loads were studied. It is found that microwave frequency,
cylinder radius, heat transfer, permittivity, and heat transfer
coefficient all affect the uniformity of microwave heating [13,
14]. Therefore, there are various ways to improve the unifor-
mity of microwave heating. The most common method is
mode stirring, which uses a metal or dielectric stirrer in
the cavity to continuously change the mode of the electro-
magnetic field during heating. It is also possible to move
the feed source or loads during the heating, which is also
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the same principle [15–18]. However, mode stirring will
affect the microwave heating efficiency, and the effect is
not obvious for large-volume loads, because the influence
of the shape of the load on the electromagnetic field distribu-
tion is often dominant. At present, some methods have been
proposed to improve the uniformity of microwave heating
and prevent excessive temperature differences in the heated
samples. Li et al. designed a single-mode traveling-wave
reactor for microwave heating, and this reactor tries to
maintain single-mode microwave propagation to improve
microwave uniformity [19]. Bhattacharya and Basak investi-
gated how container material affects microwave heating of
cylindrical loads. They proposed using a lossy container to
improve heating uniformity by altering the electric field
distribution [20]. Their latest research also found that the
thickness of the container affects the pattern of the electro-
magnetic field in the load, which affects the efficiency and
uniformity of heating [21]. Tuta et al. found that the use of
a helical tube in microwave heating systems can achieve
more uniform heating [22]. Coskun et al. proposed a cylin-
drical tube microwave heating system for industrial produc-
tion, employing different insulation tubes to overcome the
unevenness of heating [23]. Zhu et al. presented a micro-
wave heating system that was carried out with a screw pro-
peller for continuous flow processing to realize uniform
temperature distribution [24]. Xu et al. applied a leaky wave-
guide in a continuous flow microwave reactor to obtain a
uniform distribution of microwave energy [25]. However,
the above studies concentrated on replacing the components
of the microwave heating system, such as improving wave-
guides or using spiral tubes. In fact, cylindrical tubes are
ideal and convenient containers for continuous production,
and they have the advantages of simple structure, large
capacity, and easy processing, but the problem of inhomoge-
neity and thermal focusing caused by cylindrical loads has
not yet been solved.

To solve the heating inhomogeneity mentioned above, a
microwave heating system with resonant rings surrounding
the surface of a cylindrical tube is presented. The use of
the resonant ring changes the propagation path of the elec-
tromagnetic wave incident on the cylindrical load, which
can alleviate the thermal focus during heating. Additional
electromagnetic field modes are generated in the cylindrical
load by resonance, thereby improving the uniformity of
heating. In Section 2, a multiphysics simulation model is
established, and a resonant ring that can improve uniformity
is designed. In Section 3, the model is verified by experi-
ments, and the influence of loading parameters on the heat-
ing uniformity is discussed.

2. Methodology

2.1. Method of Resisting Thermal Focusing.When the micro-
wave propagates through the curved surface of the cylinder,
it will generate a central focus inside the cylinder. In the
focusing process, the transmitted wave will converge to a
smaller volume within the material. Microwave focusing is
related to the penetration depth as well as the wavelength,
and the penetration depth and wavelength are intermediate

parameters that affect the electromagnetic field mode. The
relationship between wavelength λ, penetration depth L,
and dielectric properties is shown below [26]:

λ = 2π
β
,

L = 1
2α ,

1

where [26]

α = 2πf
c

ε′2 + ε″2 − ε′,

β = 2πf
c

ε′2 + ε″2 + ε′

2

The ε′ is the real part of relative permittivity, f is the fre-
quency, and c is the speed of light. ε′ and ε″ are related to
the heating concentration and play an important role.

Thermal focusing inside a cylinder can be explained
by the plane wave propagation in the cross-section of
the cylinder, as shown in Figure 1. The plane wave prop-
agates in the positive direction along the z axis and is
incident from the boundary of a circle with the angle of
incidence θi. The transmission angle θt is obtained from
Snell’s law [27]:

sin θi
sin θt

= εrem
εrin

, 3

where εrem is the relative permittivity outside the circle
and εrin is the relative permittivity inside the circle. The
intersection position of the refracted wave and the central
axis along the z direction is [27]

z = a
η

1 − η2
1 − η2 sin2θi + η cos θi , 4

where a is the radius of a cylindrical tube and η =
εrin/εrem 0 5. The energy concentration location is related
to εrin/εrem and the radius of the cylindrical tube.

If other objects are placed outside the tube, it is equiva-
lent to changing the εrin/εrem, so it will change the position
of the hot spot and avoid the central heat focus. By placing
metal resonant rings around the tube, the microwave is inci-
dent on the resonant ring, and it will be reflected, which can
weaken the focus of the microwave energy. Moreover, the
resonance of the resonant ring produces more electromag-
netic field modes, which can effectively improve the unifor-
mity of heating.

2.2. Modeling

2.2.1. Geometry. In this paper, a microwave heating model is
built using COMSOL Multiphysics software (6.0 COMSOL
Inc., Stockholm, Sweden), as shown in Figure 2. This system
included a rectangular heating cavity, WR340 waveguide,

2 International Journal of RF and Microwave Computer-Aided Engineering



cylindrical tube made of quartz, and resonant rings made of
aluminum. The cylindrical tube and rectangular microwave
cavity are combined into a continuous flow microwave heat-
ing system. The cylindrical tube is placed on the central axis
of the rectangular cavity, and the length of the tube is exactly
equal to the length of the cavity. The WR340 waveguide is
connected to the rectangular heating cavity as a power feed
port, and the input microwave power at the port is 500W
with a frequency of 2.45GHz. To observe the temperature
distribution of the cylindrical load, a nonflowing agar gel
was used as the heated load.

2.2.2. Governing Equation. In this model, the electromag-
netic field and solid heat transfer are coupled within the cav-
ity, and Maxwell’s equations are used to calculate the
internal electromagnetic field [16].

∇ ×H = J + ε
H
∂t

,

∇ × E = −μ
H
∂t

,

∇·B = 0,

∇·D = ρc,

5

where H is the magnetic field intensity (A/m), J is the cur-

rent density (A/m2), ε is the relative permittivity, E is the
electric field intensity (V/m), t denotes the time (s), μ is

the magnetic field permeability (H/m), B is the magnetic

induction strength (T), D is the electric displacement vector
(C/m), and ρc is the charge density (C/m2).

Electromagnetic energy loss in the microwave heating
process is the heat source, which is expressed by the follow-
ing equation [16]:

Qe =
1
2ωε0ε

″ E
2
, 6

where Qe is the electromagnetic energy loss, ω is the micro-
wave angular frequency, and ε0 is the vacuum permittivity.
The temperature distribution of the heated samples is calcu-

lated by the following heat transfer equation [16]:

ρCρ

∂T
∂t

− K t∇
2T =Qe, 7

where ρ is the density of the substance, Cρ is the atmo-
spheric heat capacity of the substance (J/kg·K), K t is the
thermal conductivity of the substance (W/m·K), and T indi-
cates the temperature. Based on the above equation, the tem-
perature distribution of the heating model can be calculated.

2.2.3. Input Parameter. Table 1 presents the relevant
parameters of the materials used in the simulation [28].
The agar gel serves as the heated sample for measuring
temperature variations at different points. The material
parameters of air and aluminum use the built-in parame-
ters of COMSOL software, and the relative permeability
of all materials is 1.

2.2.4. Boundary Conditions. The surface of the whole wave-
guide and the whole rectangular heating cavity is assumed
to be perfect electrical conductors (PEC). At the wave-
guide port, it is set to waveport excitation, and the electro-
magnetic wave mode is TE10. The material of the resonant
rings is aluminum. Electromagnetic waves will undergo
total reflection on metal surfaces, and the conditions are
as follows:

e n × E1 = 0,

e n ×H1 = J s

8

Quartz and agar gel are media, and electromagnetic
waves will be reflected and incident on their surfaces,
and the conditions are as follows:

e n × E1 − E2 = 0,

en × H1 −H2 = 0,
9

where e n is the normal unit vector of the interface, E1
and E2 are the electric field strengths on both sides of

the interface, H1 and H2 are the magnetic field strengths

on both sides of the interface, and J s is the surface cur-
rent distribution.

For the thermal boundary, the external surface tempera-
ture is well below the internal temperature of the cylindrical
sample during heating, and the heating concentration inside
the cylindrical sample is the main concern, so the heat trans-
fer between the air and tube can be ignored, and their
boundary conditions are set as thermal insulation.

2.2.5. Mesh Setting. When constructing the mesh, an appro-
priate mesh size should be selected. A mesh size that is too
precise and used with insufficient computation memory will
lead to a long computation time for model simulation, while
a mesh size that is too coarse will lead to inaccurate model
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Figure 1: Schematic diagram of plane wave incident on the
cylinder [27].
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simulation results. Studying the independence of the grid
can effectively avoid the above problems. Normalized power
absorbed (NPA) is used in carrying out mesh independence
studies. It is expressed as follows [29]:

NPA = power absorbed bymaterial
power fed into system 10

If the NPA gradually becomes a stable value even the
number of grids increases, it means that the simulation
results are accurate and no longer affected by the number
of mesh elements. According to the simulation model, a
mesh composed of 93811 tetrahedral elements in total (hav-
ing 24608 elements in continuous flow heating) is selected
for calculation, as shown in Figure 3.

The computational facility employed for our simulations
was a DELL XPS 8950 computer equipped with an Intel
Core i9-12900K Processor (3.9GHz, 16 Cores), 64GB of
DDR5 memory running at 4400MHz, a 1TB PCIe SSD for
storage, and an 8GB NVIDIA GeForce RTX 3060 Ti

graphics card. The operating system used was Windows 11
(21H2). These hardware specifications ensured that our sim-
ulations were conducted efficiently and effectively, providing
the computational power required for our research.

Quartz
(wall thickness is 4 mm)

Loads (r = 36 mm)

Cavity

Port
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Resonant ring

35
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Figure 2: Geometry of the 3D simulation model (the number of resonant rings is 9).

Table 1: Input parameter.

Property Physical Value Source

Real part of relative permittivity
Quartz 4.2 COMSOL built-in

Agar gel 78 84 − 6 45 × 10−2T − 2 38 × 10−3T2 Ref. [28]

Imaginary part of relative permittivity
Quartz 0 COMSOL built-in

Agar gel 19 34 − 0 406T + 2 68 × 10−3T2 Ref. [28]

Density (kg/m3)
Quartz 730 COMSOL built-in

Agar gel 1000 Ref. [28]

Thermal conductivity (W/m·K) Quartz 1.4 COMSOL built-in

Agar gel 0.558 Ref. [28]

Specific heat capacity (J/kg·K) Quartz 730 COMSOL built-in

Agar gel 4206 Ref. [28]

Mesh used in model

Number of elements (×104)

0

0.990

0.988

0.986

0.984

0.982

0.980N
PA

0.978

0.976

0.974

0.972
5 10 15 20

Figure 3: Mesh independence study.
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2.3. Experimental Setup

2.3.1. Measurement System. An experiment of microwave
heating agar gel was carried out to verify the simulation
model. The top surface of the microwave cavity is provided
with a rectangular cover for material placement and
removal, the rectangular lid contains a circular lid with five
small holes used for measuring the temperature of the mate-
rial, and the groove structure on the bottom of the cavity
ensures that the material can be placed in the same position
during each experiment. Figure 4 shows the entire experi-
mental system. In addition to the heating cavity, it also
includes a solid-state source, circulators, power meter, fiber
optic thermometer (FISO FOT-NS-967A, FISO Technolo-
gies, Quebec, Canada), and water load.

The solid-state generator was used to provide 500W input
power at a frequency of 2.45GHz, and circulators and the
water load were employed to protect the solid-state generator.
The temperature increase shown in Figure 5 at points A, B,
and C was measured by a fiber optic thermometer. Consider-
ing that an excessively long heating time will cause the solid-
state agar gel to melt, the heating time here is 90 s.

2.3.2. Sample Preparation. The dielectric properties of agar
gel with high moisture content are very close to those of
water, and agar gel is convenient for temperature measure-

ment, so agar gel was used for the experiments. 20 g of agar
powder was stirred with a small amount of cold water to
form a paste, and 2000ml of cold water was heated to
100°C in an oil bath. Then, the paste was poured into the
oil bath under constant stirring until the agar powder was
completely dissolved. Next, the agar solution was poured
into a quartz tube customized according to the simulation
model, cooled to room temperature, and formed into a solid
cylindrical sample, as shown in Figure 6.

3. Results and Discussion

3.1. Experimental Validation. To verify the accuracy of the
simulation, the experimental temperature increase at the
three points measured by the fiber optic thermometer is
compared with the simulated temperature increase after
90 s of microwave heating, and the temperature increase of
the same point in the tube with and without resonant rings
is compared, as shown in Figure 7. Point B is the center
point of the cylindrical sample, and the temperature increase
at point B is the highest because the cylindrical sample has a
thermal focus, which is observed in both the experimental
and simulation results. However, it can be seen that the tem-
perature increase of the cylindrical tube with resonant rings

Fiber optic
thermometer

Solid state
generator

Circulator

Water load

Microwave cavity

Figure 4: Microwave heating experimental system.
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Figure 5: Measurement points for the temperature increase.
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Figure 6: Prepared agar gel sample.
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at point B is much lower than that without resonant rings.
The temperature increase at point A and point C is not
much different when the tube has resonant rings and when
the tube does not have resonant rings. The experimental
and simulation results show a similar temperature rise trend
with slight temperature errors. It shows that the simulation
model is correct. There are some errors in experiments and
simulations, which are more obvious at points A and C. Sev-
eral potential sources of error exist in both simulations and
experiments. These include differences in the relative per-
mittivity of the agar gel in the real-world compared to our

simulation settings, simplifications in the simulation model
regarding natural convection and cavity wall roughness,
deviations in the measurement position of the fiber optic
thermometer, and the impact of processing errors in the cav-
ity, quartz tube, and metal ring on our experimental results.

3.2. Hot Spot Analysis. The thermal focusing of the load
under the microwave field can be analyzed by the above sim-
ulation model. It is known from the analysis of plane waves
that the thermal focus of the cylindrical loads depends on
the permittivity and the diameter of the tube. To determine
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the location of the focusing of the electric field in a cylindri-
cal load, the electric field distribution was simulated for the
central cross-section of the agar gel at 20°C along the x, y,
and z axes.

Figure 8 shows the electric field distribution in the cen-
tral cross-section of the cylindrical load with and without
resonant rings. It can be seen that the maximum electric field
intensity appears at the center point; that is, cylindrical loads
exhibit strong central focusing of the electric field. The use of
the resonant ring cannot completely avoid the focusing of
energy, but it can weaken the focusing of the electric field
and make the electric field distribution more uniform. The
electric field distribution in the cavity is shown in Figure 9.
It can be seen that the resonant ring does not change the dis-
tribution of the main electric field modes but generates high-
order electromagnetic field modes around the resonant ring,
making the electric field distribution in the cavity more
uniform.

The relative permittivity of the agar gel changes with
temperature, and the variation of S11 over time during the
heating is depicted in Figure 10. S11 is the reflection coeffi-
cient of the signal at port 1. S11 refers to a parameter com-
monly used to describe the reflection characteristics of a
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Figure 8: Comparison of the electric field distribution in the central cross-section of the cylindrical load.
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Figure 9: Comparison of the electric field distribution in the cavity.
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Figure 10: The S11 curves at different times with and without
resonant rings.
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circuit or antenna. In microwave heating, S11 is used to
assess the matching between the microwave source and the
heated sample. When the absolute value of S11 is high, it
indicates higher energy efficiency, whereas S11 approaching
zero suggests greater reflection. In the whole microwave
heating system, only the cylindrical load has an electromag-
netic loss, so the value of S11 can be used to evaluate the
microwave heating efficiency. In the experiment, the power
absorption efficiency during heating was measured using a
power meter and directional coupler. The directional cou-
pler was connected between the cavity and the circulator.
During the heating, the input power was maintained at
500W. The reflected power gradually decreased, with the
reflected power being roughly the same for both cases with
and without the resonator ring, ranging from approximately
10W to 50W. Indeed, it can be observed that throughout
the entire heating process, both microwave systems maintain
an energy efficiency of 95% or higher.

The temperature distribution of the agar gel heated for
90 s was simulated, and the comparison of the heating results
with and without rings is shown in Figure 11. From the sim-
ulation results, it can be seen that the use of the resonant
ring makes the temperature distribution inside the cylindri-
cal load more uniform so that the hot and cold spots are not
sharp. The central region of the cylinder has the most pro-
nounced hot spot, which was reduced by 21°C using the res-
onant ring. Moreover, the range of hot spots has been
significantly reduced.

In this paper, the coefficient of variation (COV) is
employed to measure the uniformity of the temperature dis-
tribution. It is the standard deviation to mean ratio and can
be expressed as [29]

COV = ∑n
i=1 Ti − Ta

2/n
Ta − T0 , 11

where Ti is the point temperature, Ta is the average temper-
ature, n is the total number of points in the selected area, and

T0 is the initial average temperature. The smaller the value
of COV is, the better the temperature uniformity. The curves
depicting the change in COV over time with and without the
resonator rings are shown in Figure 12. The average body
temperature and COV of the cylindrical load were calculated
for the two heating methods, as shown in Table 2. There was
little difference in average body temperature between the
two methods, but the COV was reduced by 25% using the
resonant rings.

3.3. Effect of the Parameter of Resonant Rings on the Heating
Performance. Various numbers (N) of resonant rings are
analyzed, and their positions vary with the number of reso-
nant rings. The other parameters of the resonant rings are
not changed, as shown in Figure 13. During the simulation,
five different values of N are studied in the same simulation
process, which are 2, 4, 5, 6, and 9. Therefore, the distance
(D) between resonant rings in five different setting processes
is 87.5mm, 70mm, 58.33mm, 50mm, and 35mm. In the
simulation, the distance between the resonant rings is equal
to the distance between the resonant rings and the cavity.

The simulation results showing the temperature distri-
bution of the cylindrical load with different ring distances
are shown in Figure 14. The use of the resonant ring reduces
the temperature in the central area of the load. When the
number of resonant rings is 3, 4, and 5, there is still an obvi-
ous hot spot in the central area of the cylindrical load. When
the number of resonant rings reaches 6, the hot spot in the
central area of the cylindrical load is no longer obvious.
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51 °C

37 °C

38 °C

65 °C
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Figure 11: Temperature distribution of cylindrical load with and
without resonant ring.
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Figure 12: Comparison of COV curves with and without the
resonator rings.

Table 2: Comparison of simulation results.

Methods Average body temperature COV

With rings 27.39°C 1.064

Without rings 27.32°C 0.793
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When using 9 resonant rings, not only does the hot spot in
the center disappear, but the temperature distribution in
other areas also becomes more uniform.

Table 3 gives the S11 and COV values with different ring
distances. It can be seen that the use of the resonant ring has
little effect on the average volume temperature of the load
but can significantly affect the COV. When the number of
resonant rings reaches 6, the COV decreases from 1.064 to
0.828. When the number of resonant rings reaches 9, the
COV reaches 0.793, and there is no obvious hot spot in the
cylindrical load. Therefore, the best heating uniformity was
obtained when the number of resonant rings was 9 and the
distance was 3.50mm.

3.4. Effect of the Parameter of Loads on the Heating
Performance. The thermal focus of cylindrical loads has a
strong dependence on the radius of the cylindrical load.
The S11 and the COV of cylindrical loads (agar gel) with dif-
ferent radii were analyzed, both with and without resonant

rings. The radii of the cylindrical loads varied from 20mm
to 50mm in 5mm increments, and the simulation results
are depicted in Figure 15. In the simulation, we changed
the radius of the load, the wall thickness of the quartz tube
always remained 4mm, the number of resonant rings was
9, and the axial and radial dimensions of the resonant ring
were both 8mm. The inner wall size of the quartz tube and

N = 0 N = 3

N = 5 N = 6 N = 9

D = 87.5 mm

D = 58.33 mm D = 50 mm D = 35 mm

D = 70 mm

N = 4

Figure 13: Number of resonant rings and the distance between resonant rings.

N = 0 N = 3 N = 4 N = 5 N = 6 N = 9
20

40

60

80

100
°C

Figure 14: Temperature distribution for different numbers of resonant rings.

Table 3: S11 and COV of cylindrical tubes with different distances.

Number Distance Temperature (°C) COV

0 0mm 27.323 1.064

3 87.5mm 27.359 0.879

4 70mm 27.285 0.935

5 58.33mm 27.313 0.932

6 50mm 27.348 0.828

9 35mm 27.394 0.793
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the inner wall size of the resonant ring change with the
radius of the load.

It can be seen from Figure 15 that the radius of the cylin-
drical load has a strong influence on S11 and COV. The heat-
ing efficiency of the cylindrical load first increases and then
decreases with the radius. When the radius is 40mm, the
energy efficiency of the microwave is the highest. Using res-
onant rings can slightly increase the heating efficiency and
reduce S11 by about 2 dB. In addition, the use of the resonant
rings can reduce the COV when the load radius is less than
40mm. When the radius of the load is greater than 40mm,
the resonance rings cannot be used to improve the unifor-
mity of heating. The reason for this phenomenon is related
to whether there is a thermal focusing phenomenon in the
cylindrical load. When the size of the load is too large, the
microwave can only act on the surface of the load, and hot
spots will appear on the surface. Since the hot spots brought
by the resonant rings are also on the surface, the uniformity
of heating may deteriorate. Then, the temperature distribu-
tion of the cylindrical load is analyzed when the radius is
20mm and 40mm, as shown in Figure 16. When the load
radius is 20mm, thermal focus occurs inside the load, and

the resonant ring makes the thermal focus no longer signif-
icant. While the load radius is 40mm, the hot spots are dis-
tributed on the surface, so the effect of the rings to improve
the uniformity is not obvious. Therefore, it can be concluded
that the use of resonant rings can improve heating efficiency,
although not very obvious. At the same time, the use of res-
onant rings is limited, and it is suitable for load sizes that are
prone to thermal focus.

Based on this model, the heating uniformity and effi-
ciency of loads with different relative permittivities are ana-
lyzed. The real part of the relative permittivities of the load
ranges from 20 to 80 with an increment of 10, and the
dielectric loss tangents are 0.1 and 0.2, respectively. The sim-
ulation results of S11 and COV are shown in Figure 17. It is
indicated that the use of resonant rings always has the effect
of increasing the heating efficiency for loads with different
permittivities. The relative permittivity of the load has a
great influence on the heating uniformity because it deter-
mines the focus position of the microwave inside the load.
The simulation results in Figure 17 can help explain the dis-
crepancies between the experimental and simulation results
in Figure 7. Using the resonant ring, the change of COV
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with the relative permittivity is not obvious, and the curve
remains relatively stable. Using the resonant rings makes it
possible to reduce the COV value by a maximum of 0.3. It
can also be seen from the simulation results that the larger
the dielectric loss tangent, the higher the energy efficiency
of the microwave, and the fluctuation of the COV curve is
also weakened. The proposed method improves the effi-
ciency and uniformity of microwave heating, and it is suit-
able for a wide range of relative permittivity loads.

4. Conclusions

In this paper, the method of employing resonant rings sur-
rounding the cylindrical tube to reduce the thermal focus
in the center of the cylindrical loads is proposed. The model
of microwave heating with a cylindrical tube is established in
COMSOL to compare the heating performance with and
without resonant rings. A microwave heating system was
built to heat the agar gel. The experimental results are basi-
cally in agreement with the simulation results; both showed
that the resonant rings can mitigate the thermal focus in the
cylindrical load and improve the uniformity of heating.

Analysis of the results of the electric field and temperature
distribution revealed that the resonant ring generated high-
order modes of the electromagnetic field in the cavity, thus
making microwave heating more uniform. Meanwhile, the
influence of the number of resonant rings on the heating
uniformity is discussed. The temperature uniformity of
the load is improved with the increase in the number of
resonant rings. When employing 9 resonant rings, the
COV decreased from 1.064 to 0.793. Moreover, the effect
of load parameters on heating was analyzed. The radius of
the load will affect the focus of the microwave. When the
radius of the cylindrical load is greater than 40mm, the
hot spots of the microwave are distributed on the surface
of the cylinder. At this time, the improvement of the uni-
formity of the resonant ring is not obvious. When the cyl-
inder radius is less than 40mm, the use of resonant rings
can significantly improve the uniformity of heating. The
proposed method is suitable for cylindrical loads with dif-
ferent permittivities to improve heating uniformity. This
work helps to promote the development of microwave
energy in industrial applications, especially in the continu-
ous production of materials.
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