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Abstract

In order to improve the uniformity of microwave heating, moving components are often
added to the cavity. For higher uniformity or greater industrial processing capacity, samples
often perform large-scale movements such as rotating and lifting motion or translational
motion on a conveyor belt. The microwave heating algorithm based on the ray-casting
method (RCM), as proposed in previous studies, can calculate moving complex-shaped
samples, but the calculation efficiency is low when the sample moves on a large scale due
to the large refined mesh area. To solve this problem, this study introduced a moving mesh
combined with the RCM for calculation purposes. A microwave oven model with a rotating
and lifting turntable was selected for the analysis. First, the calculation area was divided
into a sliding mesh and a telescopic mesh area. The telescopic mesh area was stretched
or compressed at different times, which was equivalent to the translational motion of
the sample. Then, the electromagnetic parameters were assigned to each mesh point in
combination with the boundary recognition algorithm based on the ray-casting method,
and the horizontal motion was calculated while calculating the large-scale translation.
The proposed method only needs to refine the mesh in the horizontal motion area, which
reduces the number of overall meshes. The electromagnetic field distribution obtained by
the model during the heating process was verified by the discrete position method. The
surface temperature distribution and the real-time curve of the center point temperature
were further compared with the RCM. The results show that the average error of the sample
center temperature is 2.5% and the calculation time was reduced to 9.8%, which verified the
accuracy and efficiency of the proposed method. Finally, the influence of different lifting
and rotating speeds on the heating effect was further explored.

Keywords: moving mesh; large-scale motion; microwave heating; Drude mode

1. Introduction
Microwave heating technology has been widely used in chemical [1,2], medical [3],

food [4,5], and other industrial fields [6,7]. However, microwave heating presents the
problem of uneven heating due to the uneven electric field distribution in the microwave
cavity or the uneven microwave energy absorption of the material. Usually, the uniformity
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of material heating is improved by adding moving components such as mode stirrers [8,9],
rotating turntables [10,11], and conveyor belts [12,13]. Multi-physics field coupling calcula-
tions with moving components can reveal the electric field distribution and temperature
distribution at different locations, which is of great significance for analyzing microwave
heating performance [14]. However, the microwave heating model with moving elements
is complex, which makes it challenging to simulate microwave heating in traditional ways.

Researchers have proposed a large number of methods to calculate microwave heat-
ing with moving elements. Geedipalli et al. and Pitchai et al. both used discrete algo-
rithms [15,16] to update the position and electromagnetic loss of the material at each time
step for microwave heating calculations. The discrete algorithm will redivide the mesh
at each time step, and the mesh structure may not match, thus affecting the calculation
accuracy. Zhu et al. [17] proposed a microwave heating algorithm based on transforma-
tion optics, which distorts the electric field by adding anisotropic media. Lian et al. [18]
proposed an inheritance algorithm that inherits the material mesh and temperature dis-
tribution to calculate the microwave heating process. Ye et al. [19] proposed the implicit
function and level set method (IFLSM) to represent the material implicitly in the calculation,
and used the movement of electromagnetic parameters to equate the movement of the
material, thus avoiding the influence of moving meshes. Zhang et al. [20] proposed that the
material position is prescribed, and the material movement can be equivalent to moving
the cavity. These calculation methods make it difficult to calculate moving complex-shaped
materials due to mesh inconsistency, mesh division restrictions, and the inability to describe
complex-shaped boundaries.

In microwave heating systems, the shapes of materials or mode agitators are mostly
complex, meaning that accurate microwave heating calculations of complex-shaped mov-
ing materials are required. Therefore, Ye et al. [21] proposed the application of a hybrid
arbitrary Lagrangian Euler (ALE)/implicit function method to track the sample boundary
and calculate complex-shaped samples. The more complex the sample shape, the more
complex the mesh will be, and the source of electromagnetic loss cannot be found during
electrothermal coupling calculations. Li et al. [22] proposed a ray-casting method (RCM) for
microwave heating calculation. The boundary recognition algorithm based on ray-casting
was used to determine each mesh point in the motion domain and assign electromagnetic
parameters, thus realizing microwave heating calculation of a complex-shaped sample.
However, these implicit methods require the mesh of the entire motion area to be refined.
Therefore, when the sample moves on a large scale, the mesh in a larger spatial volume
needs to be refined, resulting in low computational efficiency. In actual industrial applica-
tions, in order to improve processing efficiency or heating uniformity [23,24], the scale of
the cavity is relatively large, and the movement scale of the material is generally several
times its own volume.

In order to solve the problem of the refined volume of the implicit method being
too large, it is necessary to reduce unnecessary refined volume. Moving mesh is a good
numerical calculation method involving moving interfaces [25], which can be divided
into free deformation and prescribed deformation. The free deformation method is often
used in applications involving fluid-solid coupling, such as vibrations caused by wind
action on inflatable membranes or the dynamics of heart valves (hemodynamics) [26,27].
Prescribed deformation is the stretching or compression of regular meshes, which is more
suitable for solving translational motion. Prescribed deformation involves stretching or
compressing the regular mesh, which is more suitable for solving translational motion,
such as studying the moving process of electromagnetic field distribution and temperature
distribution during the launch of an electromagnetic railgun [28].
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In this study, moving mesh is introduced for calculation purposes, and a hybrid
method of moving mesh and RCM is proposed, which can quickly calculate the microwave
heating process of complex-shaped and large-scale moving samples. Taking the rotating
and lifting motion as an example, the moving mesh stretches or compresses different mesh
areas at different times to eliminate the refined mesh area caused by the lifting motion. In
Section 2, the moving mesh theory for microwave heating calculation is proposed, and the
multi-physics field model of microwave heating is described. In Section 3, the electric field
distribution of complex-shaped samples is compared with the discrete position method;
the temperature distribution and calculation time are compared with the RCM; and the
accuracy of the method is verified by designing an experimental system. Finally, the effects
of different rotation and lifting speeds on microwave heating performance are discussed.

2. Methodology and Methods
2.1. Simulation Model Geometry

In this paper, a three-dimensional microwave oven model was established using
COMSOL Multiphysics software (COMSOL 6.3, Stockholm, Sweden). The geomet-
ric structure of the model is shown in Figure 1. The size of the microwave cavity is
300 mm × 300 mm × 150 mm, and there is a BJ26 waveguide on the top for microwave
feeding. A quartz turntable with a diameter of 50 mm and a thickness of 6.5 mm is located
at the center of the bottom of the rectangular cavity and is driven by a polyethylene rod
with a diameter of 8 mm. It can rotate clockwise or counterclockwise and can also rise or
fall. The heated sample is placed at the center of the turntable.

Figure 1. Model schematic.

2.2. Design of Moving Mesh in Microwave Heating Calculation

In the implicit method, the mesh division of the sample in the rotating motion and the
rotating with lifting motion are shown in Figures 2a and 2b, respectively. It can be seen
that, since the mesh of the lifting motion area needs to be refined in the rotating and lifting
motion, the number of meshes increases rapidly with the increase in the sample movement
distance. In order to improve the computational efficiency of the rotating and lifting motion,
this study adopts the method of prescribed deformation of the moving mesh, which divides
the mesh into two parts: the sliding mesh and the telescopic mesh. The sliding mesh
generally divides the moving sample and its surrounding area into tetrahedral meshes.
During the calculation process, the sliding mesh area moves as a whole, and the mesh
structure remains relatively unchanged. In order to facilitate stretching and compression,
the telescopic mesh generally divides the upper and lower parts of the sliding mesh into a
swept mesh form.
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Figure 2. Meshing of the rotating motion and the rotating and lifting motion based on the ray-casting
method. (a) Meshing of rotating motion; (b) Meshing of the rotating with lifting motion.

The mesh division of the overall simulation model in this chapter is shown in Figure 3.
It can be seen that the mesh area is divided into four layers, namely the lower telescopic
deformation area (area 1), the sliding deformation area (area 2), the upper telescopic
deformation area (area 3), and the transition area (area 4). Area 1 includes the lower cavity
and the support rod. Since there is no interface change, the easily stretched swept mesh
can be directly adopted. Area 2 includes both the tray and the sample to be heated, which
needs to refine the mesh of the moving region of the sample to be heated, so as to perform
the calculation of rotating motion in conjunction with the ray-casting method, and free
tetrahedrons are used for mesh area 2. Area 3 is same as area 1, and can be directly divided
in the form of a swept mesh. However, in the daily use of microwave ovens, the top surface
may not be flat. As shown in Figure 3, there may be a feed on the top surface of the cavity,
meaning that area 4 needs to be added to provide a consistent interface between areas 4
and area 3. Area 4 is meshed with free tetrahedrons, and the mesh in this area remains
unchanged during the calculation. Therefore, the internal refined mesh only needs to
include the rotating motion area in area 2, which greatly reduces the number of meshes
and calculation time.

Figure 3. Mesh division and deformation.

The meshes of the telescopic deformation area and the sliding deformation area
change over time. The meshes in areas 1 and 3 will deform accordingly with different
z-axis coordinates, and the mesh in area 2 will translate with the moving equation. For the
rotating and lifting motion, the overall mesh deformation method is shown in Figure 3,
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where H1, H2, and H3 represent the height of area 1, area 2, and area 3 in the lifting direction
at the initial time.

In this study, the sample undergoes a uniform rotating and lifting motion with a lifting
speed v0. The deformation distance of area 1 at different z coordinates and time t during
the lifting motion is shown as

D1(z, t) = v0 · t · z
H1

(1)

where D1(z, t) is the function of the z coordinate and time. It can be seen that the mesh
deformation distance is different for different z coordinates. The deformation distance of
area 2 is:

D2(t) = v0 · t (2)

The mesh in area 2 is uniformly displaced with no relative deformation. The deforma-
tion distance of area 3 is given by:

D3(z, t) = v0 · t · (H1 + H2 + H3 − z)
L3

(3)

In area 1, when the z coordinate is 0, D1(0) is 0, indicating that the bottom of the
cavity is fixed and will not deform. The z coordinate of the upper surface of region 1 is H1,
D1(H1) is v0 · t, and the deformation distance of the top surface of area 1 is the same as the
translation distance of area 2, such that the mesh of areas 2 and 1 will not be layered.

At the bottom of area 3, when z coordinate is H1 + H2, the D3(H1 + H2) is v0 · t, and
the deformation distance of the bottom of area 3 of the cavity can be consistent with the
translation distance of area 2, meaning that the meshes of areas 2 and 3 will not be layered.
At the top of area 3, when z coordinate is H1 + H2 + H3, the D3(H1 + H2 + H3) is 0, and no
deformation will occur.

Figure 4a and 4b show, respectively, the mesh distribution at the initial time and the
final time. It can be seen that the meshes of areas 1 and 3 are stretched or compressed
according to the position of the sample, and the mesh of area 2 where the sample is located
has only changed position. At this time, the meshes are consistent at different time steps,
and the area where the sample is located will also shift with the deformation of the mesh,
thereby ensuring the accuracy of the calculation.

Figure 4. (a) Mesh distribution at the initial time; (b) Mesh distribution at the final time.

2.3. Representation of Sample in the Model

The moving mesh introduced in the model can only describe the lifting motion of the
sample. When the sample rotates at the same time, the sample in the refined mesh moving
region needs to be implicitly represented in area 2. The boundary recognition method
based on the ray-casting method is to emit a ray at point p in order to determine whether
point p is within the sample boundary by calculating the parity of the ray passing through
the sample boundary [21].
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N
(
rp
)
=

2n − 1, n = 1, 2, . . . p ∈ Boundaryin

2n, n = 0, 1, . . . p ∈ Boundaryout

(4)

where N
(
rp
)

is the number of rays crossing the sample boundary. As shown in Figure 5,
when N

(
rpb

)
is an even number, point pb is outside the boundary, and when N

(
rpa

)
is an

odd number, point pa is inside the boundary. After the inside and outside identification,
the Heaviside function is used to indicate whether the point is within the sample boundary.

H
(
rp
)
=


1, i f

(
rp
)
∈ Boundaryin

1, if
(
rp
)
∈ Boundary

0, otherwise
(5)

Figure 5. Schematic diagram of ray-casting.

The value is 1 when the point is inside or on the boundary; otherwise, it is outside
the boundary.

2.4. Microwave Heating Multi-Physics Simulation Process

In electromagnetic calculations, complex-shaped samples are implicitly represented
by refined mesh. According to the Heaviside function results obtained by identifying inside
and outside the boundary [28], we assign electromagnetic parameters to each mesh point
in the moving region, as follows:

ε(r, T) = ε2(T) · (1 − H(r)) + ε1(T) · H(r) (6)

where ε1 and ε2 represent the relative permittivity of the sample and the material outside
the sample, respectively, and T represents the temperature value. The relative permittivity
value varies greatly with temperature and is set as a function of temperature and space.

In electromagnetic field simulation, the electromagnetic wave distribution in the cavity
can be calculated by Maxwell’s wave equation. The distribution of relative permittivity and
relative permeability in the equation determines the distribution of the field. We express
the dielectric parameters of the wave equation as a function of space and temperature
based on the identification results inside and outside the boundary and the temperature
distribution in space, as shown below:

∇× µ−1(∇× E)− k0
2(ε(r, T)′ − jε(r, T)′′

)
E = 0 (7)

where µ represents the relative permeability of the material, E represents the electric
field vector in space, k0 represents the propagation constant in vacuum, ε′ represents the
real part of the relative permittivity, and ε′′ represents the imaginary part of the relative
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permittivity. In the microwave heating calculation, the waveguide port corresponds to a
BJ-26 rectangular waveguide that injects 100 W of 2.45 GHz microwave power into the
cavity in the TE10 mode. The cavity wall is set as a perfect electrical conductor, and the
tangential component of the electric field is zero, as follows:

n × E = 0 (8)

where n is the unit normal vector of the surface. The electromagnetic power loss generated
when an electromagnetic wave passes through a lossy dielectric medium is used as a heat
source in the temperature calculation process and is given by

Qe(r, t) =
1
2

ωε0ε′′ (r, T)|E|2 (9)

where w represents the frequency of the electromagnetic wave. It can be seen that the
electromagnetic dissipated power is a function of space and temperature.

Before calculating the temperature field at each time step, the heat source position
needs to be transformed to the initial position in order to ensure the consistency of temper-
ature inheritance. In the microwave heating multi-physics field calculation of the proposed
method, the moving mesh is introduced. The z-axis position of the sample changes at
different time steps. When calculating the temperature field during the rotating and lifting
motion, only the rotating angle needs to be transformed to the initial position [29].

Q(r)0
θ = Q(r)n

θ −
n

∑
m=1

w0 · (m − 1)∆t (10)

where Q(r)0
θ represents the horizontal rotating angle of the sample at the initial time, and

Q(r)n
θ represents the rotating angle of the sample at the nth time step. The temperature

distribution in the sample can be obtained by the heat conduction equation:

ρCp∇T −∇k · ∇T = Qe (11)

where ρ represents the density of the sample to be heated, Cp is the specific heat capacity, k
is the thermal conductivity, and Qe is the heat source generated by the electric field loss. In
addition to the heat transfer inside the heated sample, the surface also exchanges heat with
the surrounding air through thermal convection:

−n · q = h · (T − Tair) (12)

where n is the unit normal vector, q is the heat flux, h is the heat transfer coefficient, and Tair

is the temperature of the air. In this study, h is set to 10 W/(m2·K), the initial temperature of
the heated sample and the air is set to 20 ◦C. Considering the relatively short heating time,
the thermal insulation boundary condition is set between the heated material and the tray.

The dielectric property of the sample to be heated changes greatly with temperature,
and the relative permittivity of the sample needs to be updated according to the temperature
distribution at each time step. Therefore, before performing electromagnetic calculations in
the next time step, the temperature distribution of the sample needs to be converted to the
actual position to update the relative permittivity

T(r0, tn) → T(rn+1, tn) (13)

where T(tn+1) changes by ∆t time relative to T(tn). The overall calculation flow chart is
shown in Figure 6.
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Figure 6. Overall calculation flow chart.

2.5. Experimental Settings

In order to verify the proposed method, an experimental system was built, as shown in
Figure 7. Microwaves were fed into the cavity by a solid-state power generator (WSPS-2450-
200M, Wattsine, Chengdu, China) through a waveguide coaxial connector, with an input
power of 100 W at 2.45 GHz. A directional coupler and a microwave power meter (AV2433,
the 41st Institute of China Electronic Technology Group Corporation, Anhui Province,
China) were used to measure the effective feeding microwave power at 2.45 GHz. The
circulator and water load were used to protect the solid-state power generator by absorbing
the microwave energy reflected by the cavity. A motor was positioned under the cavity to
drive the rotation of the turntable and the lifting of the support rod. After heating, a thermal
imager (UTi160H) was used to record the surface temperature of the heated sample. The
sample to be heated was placed in the center of the turntable, which was agar with a water
content of 99.5%. The total time of the microwave heating process was 24 s, the lifting speed
during the heating process was 1 mm/s, and the rotating velocity was π/12 rad/s. The
relative permittivity of agar changes with temperature. The electromagnetic parameters
and thermal parameters of the materials in the cavity are shown in Table 1.
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Figure 7. Experimental system.

Table 1. Material Parameters.

Property Physical
Domains Value Source

Relative permittivity

Agar ε = ε′(T)− j · ε′′ (T) [20]
Air 1

Turntable 4.2 [30]
Support rod 2.3 [31]

Density
(
kg/m3 ) Agar 1000

[28]
Thermal conductivity(

W/m3 · K ) Agar 0.609

Specific heat Capacity
(J/kg · K ) Agar 4190

3. Results and Discussion
3.1. Validation of Electromagnetic Field Model

In order to verify the correctness of the proposed method in electromagnetic field
calculations, a complex-shaped sample was selected to perform a rotating and lifting
motion for calculation. Before the calculation, the mesh independence was studied by
normalized power absorption (NPA). NPA is defined as the ratio of the average dissipated
power absorbed by the lossy medium to the effective input power. If the change in the
NPA value is less than 1%, it can be considered that the calculation result is independent of
the mesh density. Figure 8 shows the relationship between NPA and the maximum mesh
size in the refined mesh. Considering the calculation time and calculation accuracy, the
maximum mesh size is 1.7 mm and the number of meshes is 490907 (386101 elements in the
refined mesh). All the simulations were performed on the same workstation with 128 gb
RAM running memory and an Intel® Xeon® Gold 5218 processor with a working frequency
of 2.3 GHz.

First, the electromagnetic field calculation results obtained by the proposed method
at different times were compared with the results obtained by the proposed method. As
shown in Figure 9, it can be seen that the electric field distributions obtained by the two
methods are consistent. The discrete method is intended to establish the geometric shape of
the corresponding position of the sample movement before calculation. At the same time,
the port reflection coefficient S11 calculated by the two methods at different times is shown
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in Figure 10. The results show that the S11 calculated by the proposed method is consistent
with the S11 calculated by the discrete method, with a maximum error of only 0.05, which
verifies the accuracy of the proposed method.

Figure 8. Variation of normalized power absorption (NPA) with maximum grid size.

Figure 9. Electric field comparison. (a) Discrete position method; (b) Proposed method.

Figure 10. S11 at different times calculated by two methods.
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3.2. Temperature Distribution

Under the same mesh size of the moving region, the total number of meshes used in
the simulation of the proposed method and the ray-casting method is 490,907 and 2,114,187,
respectively. It can be seen that the number of meshes of the proposed method under
large-scale motion is greatly reduced compared to the ray-casting method. The moving
region mesh divided by the ray-casting method is a cylinder, which includes the motion
area of the sample, while the moving region mesh divided by the proposed method in this
paper only includes the area where the sample moves horizontally. The number of meshes
and the calculation time of the two methods are shown in Table 2. It can be seen that the
number of meshes of the method proposed in this paper has dropped to 23% of the original,
and the time has dropped to 9.8%, which improves the calculation efficiency. The total
computation time includes both frequency-domain and transient simulation phases. The
total simulation time includes both frequency-domain and transient phases. The proposed
method achieves a significant speed-up in the frequency-domain simulation (1.3 min vs.
17.9 min) thanks to its reduced mesh scale. In contrast, the transient-phase runtimes are
nearly identical (~0.5 min) because both methods compute the same sample domain with
the same mesh and solver settings.

Table 2. Mesh numbers and computation time of the two methods.

RCM Proposed Method

Total number of meshes 2,114,187 490,907

Calculation time 221 min 21.6 min

During the experiment, a thermal imager was used to capture the temperature distri-
bution on the sample surface. We compared the temperature distribution results calculated
by the proposed method and the RCM with the experimental results, as shown in Figure 11.
The initial temperature of the sample during the microwave heating simulation was 20 ◦C.

Figure 11. Temperature distribution obtained by two methods and experiments. (a) The RCM;
(b) Proposed method; (c) Experimental results. (Unit: ◦C).

It can be seen that the temperature distribution results calculated by the proposed
method are consistent with those calculated by the ray-casting method. The experimental
surface temperature is slightly lower than the simulation temperature, but the overall
temperature distribution is consistent with the simulated surface temperature distribution.
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The overall low temperature in the experiment is due to the fact that it takes a certain
amount of time for the microwave source to reach the set power after it is turned on. There
is a time interval of about 10 s between the end of sample heating and the capture of the
thermal image of the sample surface, during which the heat of the sample will dissipate into
the air. Another reason is that the sample thermal parameters used in the simulation are
water, which is not set as a function of temperature, so there will be some errors compared
with the actual heating situation.

In order to make a more accurate comparison, we used a fiber optic thermometer to
measure the real-time temperature at the center of the sample and compare the measured
temperature with the simulation results, as shown in Figure 12. The average error between
the experimental instantaneous temperature at the center of the sample and the simulated
instantaneous temperature is 2.5%, and the experimental results are consistent, which
verifies the accuracy of the proposed method.

Figure 12. Temperature curve of the center point of the simulation experiment.

3.3. Effects of Rotating Speed and Lifting Speed on Heating Efficiency and Uniformity

In addition, the influence of different movement speeds of rotating and lifting on mi-
crowave heating performance was explored using this sample as an example. Temperature
covariance (COV) is used to quantitatively analyze heating uniformity

COV =

√√√√ 1
N

N

∑
i=1

(
Ti − T

)2/
(
T − T0

)
(14)

where Ti represents the temperature at different mesh points of the sample, N is the total
number of the mesh points of the sample, and T represents the average temperature of
the sample.

It can be observed from Table 3 and Figure 13 that different movement conditions have
a relatively large influence on heating performance. When the lifting speed is the same,
different rotating speeds w0 have little effect on the temperature distribution and heating
efficiency (i.e., volume average temperature rise) of the sample. The heating efficiency at
the lifting speed v0 = 1 mm/s is higher than that at the lifting speed v0 = 2 mm/s. This
is because the energy reflection from the cavity increases as the sample rises, as shown
in Figure 14. The COV value is relatively small when the lifting speed v0 = 2 mm/s. The
change in the power dissipation distribution of the sample during heating increases with
the increase in the vertical lifting distance, making the overall temperature distribution
more uniform.
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Table 3. Average temperature rise ∆T and COV values after 24 s of heating under different mo-
tion conditions.

v0 = 1 mm/s,
w0 = π/6 rad/s

v0 = 1 mm/s,
w0 = π/12 rad/s

v0 = 2 mm/s,
w0 = π/6 rad/s

v0 = 2 mm/s,
w0 = π/12 rad/s

COV 0.423 0.424 0.4 0.36

∆T (◦C) 17.11 16.74 13.15 11.95

Figure 13. Temperature distribution after heating for 24 s under different motion conditions
(a) v0 = 1 mm/s, w0 = π/6 rad/s, (b) v0 = 1 mm/s, w0 = π/12 rad/s, (c) v0 = 2 mm/s, w0 = π/6 rad/s,
(d) v0 = 2 mm/s, w0 = π/12 rad/s.

Figure 14. |S11| for 24 s under different motion conditions.

4. Conclusions
This study proposes a microwave heating calculation method for large-scale motion

of complex-shaped samples, which can improve the calculation efficiency compared to
previous methods. The method introduces the moving mesh for calculation, selects the
appropriate moving mesh area, and divides the model into the stretching mesh deformation
area and the sliding mesh deformation area. For the rotating and lifting motion, the
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telescopic deformation mesh is stretched or compressed at different times to eliminate the
refined grid area caused by the lifting motion. Then, combined with a boundary recognition
algorithm based on the ray-casting method, the electromagnetic parameters are assigned
to each grid point, and the horizontal rotating motion is calculated while calculating the
large-scale translation. By analyzing the microwave oven model with a rotating and lifting
turntable, the maximum error of the reflection coefficient calculated by this method and
the traditional discrete position method is 0.05, and the calculation time is reduced to
9.8% of the RCM, which verifies the efficiency and accuracy of the algorithm. At the
same time, a microwave heating experiment of complex-shaped samples with rotating and
lifting motion was designed. The experimental results show that the proposed method can
accurately calculate the microwave heating process, and the average error of the sample
center temperature is 2.5%. Finally, the effects of different lifting speeds and rotating
speeds on sample heating uniformity and efficiency were discussed. This method can be
used for microwave heating calculation of large-scale motion of complex-shaped samples,
improving the calculation efficiency.
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