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Abstract: The focus of this study is to regulate the variation
in the input parameters of multiple microwave sources in
a high-frequency multimode resonant heating system to
achieve uniform heating. First, this study deeply expands
the theoretical process of frequency change and proposes a
frequency-shifting strategy with hot spot alternation to
ensure that the temperature difference range of each hot
spot does not continuously expand during the heating pro-
cess. Then, a sequential quadratic programming algorithm
is introduced to reconstruct the input power values to
improve the heating efficiency according to the different
microwave absorption efficiencies of the heated material
at different frequencies. Finally, a numerical calculation
model for multi-source microwave power-frequency coop-
erative heating is established based on the finite-element
method, and the temperature uniformity index is effec-
tively calculated. Numerical calculations show that the
proposed method can improve the uniformity in single-
material heating and multi-material heating cases by
56.8-94.3% and 44.4-76.6%, respectively, over that of
fixed-frequency heating while achieving improved heating
efficiency on the basis of frequency conversion.
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1 Introduction

In the face of global energy shortages and continuous
environmental degradation, microwave heating is a pro-
mising new, clean, and pollution-free energy source [1] that
has become widely used in industry, metallurgy, medicine,
and other fields [2-4]. However, the uncertainty of the
electromagnetic field strength distribution in a heated
cavity during microwave heating leads to different electric
dipole moments for polar molecules within various subre-
gions of the heated material [5], resulting in inconsistent
internal energy conversion for the material and hot and
cold regional distributions. In severe cases, thermal run-
away can occur [6], which directly affects the safety of the
material heating process.

Many efforts have been taken to study the problem of
uneven temperature distribution of heated materials in the
microwave heating process. Such research ideas are often
divided into “external” and “internal” approaches. From
the “external” point of view, the microwave heating equip-
ment is modified to optimize or change the state of motion
of the object, and the mechanical physical changes in the
distribution of electromagnetic field is used to improve the
uniformity of the purpose. Wang et al. proposed a mode
stirrer with a double pendulum structure and performed a
multi-physics field-coupled simulation of the microwave
heating process to study and analyze heating under nine
stirring cases [7]. He et al. designed two microwave sources
that rotated around an axis to heat a material, analyzed the
effects of different rotation angles on the heating efficiency
using the finite element method (FEM), and optimized the
heating time at selected angles using the gradient descent
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method [8]. Zhang et al. combined the rotating spiral flow
pattern with microwave heating under falling film eva-
poration to increase the residence time of the fluid in a
cavity, disperse the superheated region of fluid, and over-
come inhomogeneous heating [9]. Ye et al. designed a
rotating and lifting turntable in a microwave cavity to
allow the heating material to rotate and lift so as to analyze
the effects of different motion patterns on heating [10].
Zhao et al. introduced a gas-lift reactor by injecting bubbles
into a reactor (instead of using a mechanical stirring
device), which cleverly improved the turbulence intensity
of the liquid and thus improved the temperature unifor-
mity and energy utilization rate of the microwave-assisted
reactor [11].

From the “internal” point of view, it is necessary to first
consider the microwave parameters, including the power,
frequency, and other characteristics of the microwave
source, so that the temperature distribution of the heated
material is more uniform and to optimize and expand its
change mode. Lim et al. performed microwave heating on
lunar soil simulants with different input power levels to
study the effects of power on the structural properties and
triggering of thermal runaway, which is important for the
future development of microwave-based heating on the
Moon [12]. Yang et al. studied the group consistency algo-
rithm to coordinate the state information of the output
power of multiple microwave sources and improved the
temperature distribution using the temperature self-organi-
zation property [13]. Hong et al. used FEM to numerically
simulate the effects of microwave power, microwave fre-
quency, and material location on temperature distribution
[14]. Du et al. heated several pieces of chicken at different
frequency shift rates and demonstrated that specific shift
rates could improve microwave heating performance [15].
Dinani et al. compared the effect of fixed and scanning fre-
quencies on homogeneity in a solid-state microwave system,
combining the Maillard reaction and infrared thermography
to more accurately identify the heating pattern and tempera-
ture distribution of the samples [16]. Yang et al. evaluated the
effect of a fixed frequency on heating performance and
developed a complementary frequency-shifting strategy using
a thermal imaging camera to capture the profile tempera-
ture; their method obtained better results than the swept-
frequency strategy [17].

When heating materials with microwaves, the magnitude
of the input power determines the electric field strength, and
the distribution of the electromagnetic field often requires the
microwave frequencies to change. Prior efforts [14-17] have
demonstrated that frequency changes can improve the unifor-
mity of microwave heating, but the research on the theoretical
processes underlying frequency changes needs to be further
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extended. Inspired by these considerations, this work analyzes
and calculates the effects of different frequencies on the elec-
tromagnetic field distribution in a cavity and proposes a hot
spot alternation algorithm to determine the order of frequency
changes. This new frequency shifting method can reverse the
nonuniform temperature distribution of a material, neutra-
lizing the hot and cold spots between material regions and
therefore reducing the temperature difference between such
regions.

Sequential quadratic programming (SQP) offers a strong
boundary search capability [18,19], can effectively handle
nonlinear constrained optimization problems [20,21], and
is widely used in various fields. de Oliveira Alvardes et al.
used a multidimensional SQP algorithm to optimize the bio-
diesel production process and reduce plant energy losses,
using a minimum biodiesel purity of 99 wt% as a constraint
[22]. Xia et al. used the SQP algorithm to optimize the pro-
peller control thrust under an output saturation constraint
to produce a more rational energy distribution [23]. Ren and
Feng combined the SQP algorithm with a congruence algo-
rithm by using the SOP component to optimally solve the
congruence step and evaluate non-smooth integration pro-
blems with frequent switching to save fuel [24].

In order to solve the problem of optimizing the tempera-
ture uniformity of multi-source microwave heating, a coordi-
nated output strategy of multi-source microwave dynamic
parameters is proposed in this study. First, the given material
is divided into regions to measure their temperatures, and the
hot spot alternation algorithm is used to determine the fre-
quency shifting sequence so that the temperature in each
region of the material gradually converges during the micro-
wave heating process. Second, the microwave absorption effi-
ciency of various materials differs across input frequencies, a
heating uniformity index (U) is calculated and used as a con-
straint to allocate the power to the corresponding optimally
arranged frequencies according to the SQP algorithm. A chain
relationship is formed between power and frequency, which
improves the heating efficiency. Finally, by simulating the
multi-source microwave power-frequency synergy heating
process from the perspectives of single-material heating and
multi-material heating, it is demonstrated that the proposed
method can effectively improve the temperature distribution
produced during microwave heating.

2 Microwave heating control
equation

In microwave heating, the time-varying electric and mag-
netic fields are mutually excited to form oscillating
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electromagnetic waves. The Maxwell equation system describes
the relationship between the electromagnetic field of the cavity
inside the microwave applicator and the space-time, which is
expressed in the following form:
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where J,, ], P Py TepPresent the current density, mag-
netic current density, charge density, and magnetic charge
density, respectively. ¢ and oy, denote the loss of material
conductivity and magnetoresistivity corresponding to the
magnetic field, respectively. H denotes the magnetic field
strength, E denotes the electric field strength, B denotes
the magnetic induction strength, and D denotes the poten-
tial shift vector.

The electric field distribution in the microwave heating
reaction cavity can be obtained by solving the system of
Maxwell’s equations [10].
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where u,. is the relative permeability of the medium, kq is
the wavenumber in free space, & is the relative permit-
tivity of the medium, w is the angular frequency of the
incident electromagnetic wave, & is the vacuum permit-
tivity, and g is the vacuum permeability.

In the microwave heating process, heating is realized
by converting the dielectric loss Q, and hysteresis loss Q,, of
the material into heat energy [5,8] as follows:

Q. = nifeoe”|EP
Qn = Tfugu”|H,

where f represents the frequency of the electromagnetic
wave and €” and y” represent the imaginary part of the
dielectric constant and permeability, respectively.

The sum of the two losses is the electromagnetic power
Q dissipated during heating, which is as follows:

Q= Q. + Oy = 1fle”|EP + pou”|HF. @

The temperature field distribution of the material
during the heating process is solved by the heat conduction
equation as follows:

Q)
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where T is the material temperature, p_, is the material
density, C, is the specific heat capacity, and k is the heat
transfer coefficient.

For silicon carbide heating specimens used in the
microwave heating process with no clear magnetization
phenomenon, the hysteresis loss can be ignored; thus,
Q = Q,, and formula (3) can be substituted in formula (5)
to obtain the following [25]:

oT
mepE - VT = nifeqe”|Ef2. (6)

From equation (6), the electromagnetic wave frequency
and electric field strength play key roles in the material tem-
perature distribution. Moreover, the electric field strength is
proportional to the input power, so the material temperature
distribution can be optimized by changing the electromag-
netic wave frequency and input power.

When heating in a cavity with multiple microwave
sources, the electromagnetic wave input among multiple
microwave sources will generate coupling, which is extre-
mely complex and difficult to determine. In order to reduce
the energy coupling among multiple microwave sources
and enhance the energy utilization efficiency, the opposing
microwave sources are to be made perpendicular to each
other so that the electromagnetic wave polarization direc-
tions are orthogonal to each other [26,27]. At the same time,
two microwave sources located on the same side also need
to be perpendicular to each other to reduce the coupling
power [28]. According to the above principles, the heating
model shown in Figure 1 is designed in this study.

In this study, six microwave sources are designed in
the microwave cavity for studying the case of heating
silicon carbide (SiC) blocks. The waveguide uses a WR340
standard model, the medium in the cavity is air, the mate-
rial is located in the center of the cavity, the material is
supported by polycrystalline mullite matting below, the
feed microwave mode is TE10, and the specific dimensions
of the components in the model are shown in Figure 1.

3 Strategy for dynamic changes in
frequency and power

3.1 Frequency shifting strategy with hot
spot alternation

The heating UI is introduced to evaluate the volume uni-
formity of the heated material [29]; the smaller the UI is,
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Figure 1: 3D geometry model of multi-source microwave (unit: mm).

the better the heating uniformity, Ul = 0 is considered
completely uniform. The Ul is defined as follows:

1 _ 2
Ul = Veol Vool (T raw) dVvol (7)
Lw-T ’

where Vo denotes the volume of the material being heated,
T denotes the instantaneous temperature of the material, T,
denotes the average temperature, and Ty denotes the initial
temperature.

SiC

(a)
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The material exists in a completely homogeneous state
before heating. After heating, the material develops cold and
hot spots. With fixed-frequency heating, the hot and cold areas
do not change as the heating time increases. Additionally, if the
frequency is changed, the material develops a different tem-
perature distribution, indicating that each frequency results in
fixed hot and cold regions for a given material. According to
these theories, a regional hot spot alternation method is pro-
posed in this work to study the microwave heating of both
single-material systems and multi-material systems.

Figure 2: Zoning of SiC materials: (a) single-material zoning and (b) multi-material zoning (unit: mm).
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The two studies considered here are as follows. Single-mate-
rial study: A single SiC material was divided into four regions,
and each region was numbered as shown in Figure 2(a). Multi-
material study: The aforementioned SiC block was increased to
four SiC blocks of equal size, and the four materials were num-
bered as shown in Figure 2(b).

The flow chart of the regional hot spot alternation algo-
rithm is shown in Figure 3. The input power is fixed at P =
200 W, and 2.41 GHz, 2.42 GHz, and so on till 2.50 GHz are
used as the input frequency values. These ten frequencies
are used to heat the SiC for 30 s each, and the numbering of
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the temperature regions is recorded in ascending order as
L, (n =241, 2.42...,2.50). The index “n” in L, represents the
frequency; for example, L, 4 represents the temperatures of
the four numbers in ascending order after heating at a fixed
frequency of 2.41GHz. If 1,4 = [3 1 4 2], it means that the
temperature of region 2 is the highest, followed by region 4,
then region 1, and finally region 3, after heating at a fixed
frequency of 2.41 GHz. We start by using the common fre-
quency of 2.45 GHz as the initial frequency f;, with a heating
time step of ¢; = 2s. After heating for 2s at frequency f;, we
record the temperatures of the four zones of the material in

Input: Temperature distribution in the region of
2.41GHz~2.50GHz at fixed frequency

|

fi=2.45GHz, t, = 2s, and the temperature
ascending order of the four regions is L;

|

Lnext = L1

v

A 4

1= LanLa

Ly = descending order of L

L (n=241242..)

v

fm=max J corresponding frequency

A

Jrext = fm With min UI

only one f;,
Yes
fnext :fm
No
Yes

Output: 15 groups to determine the
frequency of the arrangement

End

Figure 3: Hot spot alternation frequency flow chart.
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ascending order and denote the result as L, (index 1 in L,
represents the first frequency). If L; = [4 2 3 1], L, is assigned
t0 Lpexy, and the descending order of Lpey is Lg = [1 3 2 4].
Then, the similarity matching factor J between Lq and the
ten sequences of Ly 41, Ly 42,...,.L2 50 is calculated, and the fre-
quency fy, corresponding to the sequence with the highest
similarity matching rate is determined as the next heating
frequency fiex:. Assuming that Ly 4, = [1 3 2 4], and its simi-
larity matching rate J is 100%, if this is the only sequence with
the highest matching rate, then fiex: = fm = 2.42 GHz (if there
are multiple sequences that share the highest matching rate,
then the frequency with the smallest Ul is selected as the next
heating frequency). Then, 242 GHz is used as the second
heating frequency to heat for 2 s (f, = 2.42 GHz), and the tem-
peratures obtained for the regions in ascending order are
assigned to L.y The above steps are repeated, and the
best frequency change order can be selected.

3.2 SQP algorithm

While the hot spot alternation algorithm determines the
order of frequency shifting, different frequencies corre-
spond to different microwave absorption efficiencies. To
improve the microwave heating efficiency, the power needs
to be accordingly reallocated. Additionally, the power is
proportional to the UL, and to guarantee the uniformity of
heating, the relative Ul loss power is used as a constraint.
The expression of the objective function to be optimized is
as follows:
. < mX) - UL
min FQX) = = (X, = — 2—1(X; = 200)|
i=1 iVl
m(X) = aX? + biX; + ¢,

®

where X; denotes the power; n; denotes the absorption
efficiency; m(X;) denotes the Ul function expression power;
UI; denotes the UI value of each frequency under constant
power; &; denotes the weight; and a;, b;, and ¢; denote the
coefficients.

Furthermore, to ensure that the total power does not
change during frequency shifting, the following constraints
are imposed:

15

X; = 3,000,
2% ©)
50 < X; < 500.

The SQP algorithm is widely used to solve nonlinear
constrained optimization problems because of its super-
linear convergence characteristics. For convenience, the

DE GRUYTER

above power optimization problems are henceforth con-
verted into the following nonlinear constrained problems:

min f(X)
g&X)<0,u=12..p
St h(X)=0,v=1,2..m,

10)

where f(X) is the objective function, g,(X) and h,(X) are
the inequality constraint function and the equation con-
straint function, and u and v are the numbers of inequal-
ities and equations, respectively [30].

1
min Engkdk + Vf(X)Tdk

g,(0) + Vg,(X)d < 0,u =1,2,..p (1)

S.t.
hy(X) + Vh,(X)dy = 0,v =1, 2,....,m,
where dj is the iterative search direction and By is the

Hessian matrix VAL(X, y, A) of the Lagrange function, whose
Lagrange function is as follows:

LX, u, A) = f(X) + ug,(X) + Ahy(X),

where u and A are Lagrange multipliers.
A line search is used to determine the step size, which
satisfies the strong Wolfe condition [31].
fKi + ady) < f(X) + aaVfy dy,
IVf (Xic + axdi)Tdil < |QVf dil,
0<qg<g<l

(12)

(13)

After determining ay, Xi.1 satisfies the following conditions:

Xir1 = Xie + apdy. (14)

The Hessian matrix of the Lagrange function is calcu-
lated using the BGFS update formula (Newton-like method)
as follows:

By SiSk "Bk . ykykT
A AN

By+1 = By - (15

where Sg = Xiv1 — Xio Y = WLXgw1, 1, A) = WL(Xy, 14, A).
The iteration is stopped when Xj.; satisfies the accuracy
requirement.

4 Numerical calculation and
analysis

4.1 Model parameters and boundary
conditions

The initial temperature of the system T, = 20°C, the heated
material is a SiC block, the rest of the interior area of the
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cavity is set up as an air domain, the mat and support
column are made of polycrystalline mullite, the heating
time is 30 s, and the reaction cavity and WR340 waveguide
are copper media. The microwave frequency change order
is the order of the frequencies arranged as determined by
the hot spot alternation algorithm (the time step for fre-
quency changes t; = 2s). The parameters in the model are
set as shown in Table 1, and the expressions for the tem-
perature change parameters in SiC are as follows:

e(T) = =2 x 1074T2 + 0.4503T + 124.26,
tan 8(T) = 5 x 107073 - 9 x 1077T2 + 6 x 10°4T
+0.2801,
k(T) = 8 x 1075T — 0.325T + 326.69,
G,(T) = 4 x 107773 - 17 x 107472
+2.3729T + 115.43.

(16)

The cavity wall and the metallic waveguide wall are con-
sidered ideal electrical conductors with the electromag-
netic boundary conditions shown below [5,10]:

nxE=0

- an
n-B=0,

where 1 denotes the unit normal vector of the corre-
sponding surface.

The SiC heating material exchanges heat with the sur-
rounding air through convection, and its heat conduction
boundary conditions are as follows [8,33,34]:

oT
—k3p = (T = ), (18)
where 9T /on is expressed as the temperature gradient
perpendicular to the temperature field, T;, is the tempera-
ture of air, and h is the heat transfer coefficient of air. Since
the polycrystalline mullite heat mat has a heat transfer

Table 1: Parameter settings

Material properties  SiC* Copper™®  Air*®c  Unit
Relative dielectric (T 1 1 1
constant (real part)

Loss tangent angle tan §(T) — — 1
Relative magnetic 1 1 1 1
permeability

Electrical conductivity =~ — 5.998 x 10" 0 Sm™’
Thermal conductivity — k(T) 400 0 W-(m-K)™"
Density 3,100 8,700 — kg'm™
Constant pressure heat  C,(T) 3,640 — J(kg-K)™
capacity

aRef. [32]; Pref. [7]; ‘ref. COMSOL built-in material library.
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coefficient close to that of air, the bottom of the heating
material and the mat can also be represented by equa-
tion (18).

The grid size has an important impact on the computa-
tional accuracy and computational time of the method.
Meshing too coarsely leads to inaccurate calculation accu-
racy, yet meshing too finely leads to a long calculation time.
The selection of the appropriate number of grid cells is
thus a critical step in the numerical simulation process.
In this study, the normalized absorption rate (NPA) is
used to establish the number of grid cells [5,10,34], which
is expressed as follows:

_ Lem@avde

NPA -
Jpadz

(19)

where Q,(7) is the electromagnetic power loss density at
time 7, P(7) is the total input power, and t is the heating
time. The effects of grid size division on the NPA and com-
putational time are shown in Figure 4. As shown, the NPA
gradually stabilizes as the number of grid elements increases,
but the computational time continues to increase. To balance
the NPA with the computational time, the numerical simula-
tion in this work declares a maximum mesh size of 6 mm for
the heated material.

4.2 Numerical calculation results and
analysis

4.2.1 Model validation
To verify the accuracy of the numerical model, we compared

the actual experimental heating results with the numerical cal-
culation model. Heating material: 50 mm x 50 mm x 20 mm SiC,

—A—NPA
- -@ - Time

Mesh used in this study,

=041
z

Number of elements x10"

Figure 4: Mesh independence study.



8 =—— Biao Yang et al.

DE GRUYTER

Tf ll‘; 20mm 42F 20mm 4"3

(25,45) (45,45)

5 6
(25,25) (45,25)

(a)

Figure 5: Microwave reactor and heated specimen: (a) microwave reactor and (b) SiC specimen.

the experimental equipment is as shown in Figure 5(a), top
view of SiC block and location of sampling points are as shown
in Figure 5(b).

300 T T T T

- - - Experiment
—o— Simulation

S
T

S Temperature/°C ¥

0 -

0 I I L L L L
0 5 10 15 20 25 30
Time/s

(a)
310

T T T T T T
- - - Experiment
—O— Simulation

300 =

Temperature/°C
N
©
1<)

T

N

®

(=]
T

270 -

260 I I L L | L I I I
d 2 3 4 5 6 7 8 9

Sampling point number

Figure 6: Experimental comparison results: (a) central temperature
variation and (b) temperature of each sampling point.

We input a fixed power to heat SiC, and the experi-
ment compared the center temperature variation curve
with time and the temperature of nine sampling points
at 30 s. Five sets of replicate experiments were conducted
with arithmetic means as measurements and using stan-
dard deviation as the error line variable. A comparison of
the experimental results with the numerical calculation
results is shown in Figure 6, and the center point in
Figure 6(a) is the sampling point 5.

As shown in Figure 6, the experimental results deviated
slightly from the numerical calculation, but the overall trend
was the same. The reasons for the deviations are: (1) the
parameters and conditions of the numerical simulation
model are idealized, and there are differences between
the actual experiment (including material purity, character-
istic parameters, insulation conditions, heat transfer condi-
tions, etc.). (2) The temperature measurement using infrared
thermometer requires opening of the cavity, which leads
to heat loss. (3) Measurement and instrumentation errors.
The results show that the numerical model results are
reliable within a certain error tolerance.

4.2.2 Single-material numerical calculation results and
analysis

A single 50 mm x 50 mm x 20 mm SiC block is heated, and
the frequency conversion sequence of the single material is
obtained using the regional hot spot alternation method
presented in Section 3.1, as shown in Figure 7(a). Simulta-
neously, the values of a;, b;, ¢;, and Ul; within the objective
function are brought into equations (8)-(15) with the coef-
ficients shown in Table 2. Redistributed power values are
thus obtained, as shown in Figure 7(b).

Under these conditions, frequency and power form a one-
to-one correspondence, where a specific time corresponds to
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Figure 7: Single material power-frequency synergy curves: (a) frequency variation curve and (b) power variation curve.

Table 2: Single material factor

Factor Frequency (GHz)

242 243 2.44 2.45 247 2.49 2.50
a; -4.02 x 107° -6.31x107° -4.59 x 107° -9.74 x107° -9.27 x107° -7.28 x107° 117 x107°
b; 111 %107 1.63 x 107 122 x107° 3.89 x 107 242 x107° 379 x107° 2.40 x 107
¢ 2.61x107 3.45x 1073 1.92x 1073 5.97 x 1073 3.42 %1073 6.76 x 107> 2.94x 1073
ur; 4,60 x 1073 6.40 x 1073 410 x 1073 139 x 1073 8.00 x 1073 138 x 1073 710 x 1073

specific frequency and power values. Power and frequency
controls together improve the distribution of the temperature
field in the material and the cavity. To qualitatively compare
the effects of the three main heating methods (fixed fre-
quency, hot spot alternating frequency, and power—frequency
synergistic variation), the silicon carbide block is simulated
with COMSOL software using the three heating methods for
a heating duration of 30 s. The resulting temperature distribu-
tions are shown in Figure 8.

As shown in Figure 8, the temperature distributions of
SiC under different heating frequencies are different, and
frequency shift heating based on hot spot alternation can
significantly improve the temperature uniformity of the
material compared with fixed-frequency heating. How-
ever, the hot spot alternation method affects the heating
efficiency when compared with some fixed frequencies.
Yet considering the power conversion efficiency, power—
frequency cooperative heating produces not only a more
uniform temperature but also an improved heating effi-
ciency level. To quantitatively analyze the three heating
modes, the UI is used to measure the uniformity of each

heating strategy, and the average temperature (T,,) is used
to measure the heating efficiency. A data comparison is
shown in Table 3.

As seen from the data in Table 3, hot spot alternating
frequency conversion obtains Ul data that are better than
those of fixed-frequency heating (2.41-2.50 GHz), and the
uniformity improves by 20.5-89.5% compared with that of
fixed-frequency heating, which proves that hot spot alterna-
tion-based frequency conversion helps achieve improved
heating uniformity. However, the heating temperature pro-
duced under the hot spot alternation method is still reduced
compared with that of the fixed-frequency method posses-
sing the best heating efficiency. The proposed multisource
microwave power—frequency cooperative heating approach
based on SQP not only improves the heating uniformity by
58.5% compared with the optimal value of UI at a fixed
frequency but also increases the average heating tempera-
ture by 29.35°C compared with the hot spot alternating
frequency, which proves that the proposed method can
improve the heating uniformity more effectively without
considerably affecting the heating efficiency.



10 — Biao Yang et al.

2411z w

179
178
177
176

=2.50GHz
b _(E)_ _______ =

(b)

£=2.42GHz

£=2.44GHz £=2.45GHz £=2.46GHz
£=2.47GHz £=2.48GHz

DE GRUYTER

198

197

119 196
195

194

118 193
192

£=2.43GHz

306
304 184
302
300 183
298 i
296
294 181
292

180
290

Figure 8: Single material temperature distribution: (a) fixed-frequency heating; (b) hot spot alternating frequency heating; and (c) power-frequency

synergistic heating (unit: °C).

Therefore, cooperatively heating multiple microwave
sources using power-frequency controls based on SQP, as
proposed in this study, can effectively improve heating uni-
formity. In addition, the hot spot alternation frequency con-
version method can neutralize the hot and cold regions
while benefitting from the self-organizing property of
temperature. Power changes accelerate the conduction of
temperature from high-temperature regions to relatively low-

temperature regions, and the temperature distribution within
the material constantly converges under the influence of both
forces. As a result, the temperature differences between the
regions decrease, and the uniformity of the heated material is
enhanced. The SQP algorithm is used to allocate as much power
as possible to the frequencies with high heating efficiency levels
under the conditions of constant total power and no uniformity
compromise, resulting in a heating temperature increase.
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Table 3: Single material heating performance index

Heating strategy Frequency Ta (°C)  UI
(GHz)

Fixed frequency 2.4 104.66  0.0061
242 118.25  0.0050
2.43 193.16  0.0067
244 176.60  0.0044
2.45 291.97  0.0130
2.46 180.80  0.0083
2.47 240.45  0.0079
2.48 289.46  0.0332
2.49 242.66  0.0144
2.50 21142 0.0075

Hot spot alternation — 22557  0.0035

frequency

Power-frequency synergy — 254.92  0.0019

4.2.3 Multi-material numerical calculation results and
analysis

To further investigate the effectiveness of the method of
this study, it is applied to multi-material heating by simul-
taneously heating four 50 mm x 50 mm x 20 mm SiC blocks
with spacing intervals of 10 mm. The multi-material fre-
quency conversion sequence is obtained according to the
hot spot alternation algorithm, as shown in Figure 9(a). The
unknown coefficients in the SQP algorithm are shown in
Table 4, and redistributed power values are obtained, as
shown in Figure 9(b).

COMSOL software is used to simulate the heating of
multi-material using three heating methods: fixed-frequency
heating, hot spot alternating frequency-based heating and

2.5 ’—

i

0 5 10 15 20 25 30
Time/s

(a)
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power—frequency cooperative heating, with a heating time
of 30 s. A comparison among the heating effects of the three
methods is shown in Figure 10. As shown, the temperature
differences between the four materials are very significant
after heating them with a fixed frequency. The use of hot spot
alternation frequency-based heating effectively improves the
temperature distribution of each material and reduces the
temperature difference range across the four materials,
which better serves the integrity demands of multi-material
heating. Power—frequency synergistic heating not only
further improves the uniformity but also increases the
overall heating temperature. In the quantitative multi-
material analysis, the average UI (Ul,,) and the maximum
mean temperature difference (MTD,.x) among the four
materials are used to measure the overall uniformity, and
their average temperature (T,,) is used to measure the
overall heating efficiency. A data comparison is shown
in Table 5.

Table 5 shows that the method proposed in this work
achieves the minimum average Ul and the maximum mean
temperature difference data in comparison with fixed-fre-
quency heating. The average Ul is improved by 44.4-76.6%
over that of fixed-frequency heating, which indicates that
the method in this study can continue to improve heating
uniformity even when applied to multi-material heating.
In particular, considering the maximum mean tempera-
ture difference, hot spot alternating frequency conversion
and power—frequency synergy achieve values of 1.88 and
2.29°C, respectively, which proves that these two methods
can allow the average temperature difference among the
four materials to remain in a low range after the heating
process completes; this enables the heating system to

450

400

350

300 |

250

200

Power/W

150

100 -

50

0 5 10 15 20 25 30
Time/s

(b)

Figure 9: Multi material power-frequency synergy curve: (a) frequency variation curve and (b) power variation curve.
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Table 4: Multi material factor

Factor Frequency (GHz)

2.42 2.43 2.44 2.45 2.47 2.48 2.49 2.50
a; -6.22x10°  -731x10°  -1.04x107°  -6.83x10° -8.82x107° -664x10° -450x10°  -8.42x107°
b; 1.62 x107° 1.42 x107° 1.82x107° 1.44 x 107° 227 %107 1.63x107° 119 x 107 228 x107°
G 518 x 1073 430 %1073 454 x 1073 3.56 x 1073 4.45x 1073 4.65x 1073 228 x 107 6.39 x 107
uy; 8.20 x 1072 6.90 x 1073 7.80 x 1073 6.20 x 1073 8.60 x 1073 7.70 x 1073 450 x 1073 1.07 x 1072

\ =

150
145

140

*

135

175
170
165
160
155
150

145

140

£2.50GHz
(a)

Figure 10: Multi material temperature distribution: (a) fixed-frequency heating; (b) hot spot alternation frequency heating; and (c) power-frequency
synergistic heating (unit: °C).
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Table 5: Multi material heating performance indicators

Heating strategy  Frequency T, (°C) UI,, MTDhax (°C)
(GHz)

Fixed frequency 2.4 107.08  0.0096 17.22
2.42 106.94  0.0082 16.61
2.43 129.91 0.0069 35.72
244 144.01 0.0078 16.11
2.45 144.04  0.0062 50.98
2.46 125,52 0.0058 19.98
2.47 143.11 0.0086 17.51
2.48 12218 0.0077 38.31
2.49 138.99  0.0045 28.79
2.50 150.31 0.0107 32.70

Hot spot — 142.03  0.0043 1.88

alternation

frequency

Power-frequency — 146.68  0.0025 2.29

synergy

satisfy the demand of consistent heating temperature across
multiple materials. Furthermore, the power—frequency
cooperative heating method improves the temperature
uniformity of each material (the average UI of the four
materials improves by 41.9%) and enhances the heating
efficiency (the average temperature of the four materials
is raised by 4.65°C) on the basis of alternate hot spot
frequency conversion, which fully verifies the feasibility
of the method proposed in this work.

5 Conclusion

To optimize the temperature uniformity of multisource micro-
wave heating, this study proposes a coordinated output
strategy with multisource microwave dynamic parameters
and establishes a numerical calculation model with multi-
source microwave power—frequency synergy. The relevant
conclusions are as follows.

(1) According to the effect of microwave frequencies on
the electromagnetic field distribution in a cavity, a
hot spot alternation algorithm is proposed to deter-
mine the order of frequency shifting, which changes
the distribution of hot and cold regions during the
heating process and reduces the temperature differ-
ences between different hot spots of the material.

(2) On this basis, the SQP algorithm is introduced to opti-
mize the power distribution values and combine the
power variation with the frequency variation to enhance
the microwave energy conversion.

(3) From single-material heating to multi-material heating,
the effects of three heating methods on temperature

Research on optimization of SiC temperature uniformity during microwave heating =—— 13

uniformity are analyzed and compared: fixed-fre-
quency, hot spot alternating frequency, and power—
frequency synergy. The results show that the power—
frequency synergistic method can significantly improve
the temperature uniformity of the material.

The method proposed in this study provides new
design ideas and computational schemes for research on
the use of microwave parameters to optimize temperature
uniformity. In the subsequent study, we will build a new
intelligent microwave reaction device and conduct more
experimental studies to further validate the conclusions
and contributions of this study.
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