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Abstract: Polyethylene Terephthalate (PET), renowned for its exceptional physical and chemical
properties, finds widespread use in our daily lives. However, conventional PET drying methods are
time consuming and energy intensive. Leveraging microwave heating effects, we investigated drying
characteristics concerning both microwave parameters and PET permittivity. The PET permittivity
variation during heating is related to the microwave reflection at the incident port. Our innovative
approach involves frequency and power tuning based on reflection. This method not only significantly
improved heating uniformity and reduced temperature covariance (COVT) but also led to a more
uniformly distributed temperature profile and a drastic reduction in energy consumption. Integrating
precise and rapid frequency tuning, we compared our method’s efficiency with traditional approaches,
revealing an impressive time savings of 2 h and an energy consumption limited to approximately
less than 3 kWh/kg. Notably, our laboratory system’s logistic models of the Moisture Ratio (MR)
related to rotary rates, masses, and powers whose averages of R-square are 0.9972, 0.9982, and 0.9977,
respectively, which provide intriguing insights for industrial production forecasts during variable
frequency PET drying.

Keywords: PET; microwave heating effect; permittivity; frequency and power tuning; heating
uniformity; COVT; MR; logistic model; R-square

1. Introduction

Drying plays a vital role in various industries, such as food processes, pharmaceuticals,
and materials. In the packaging industry, especially with the growth in bottle markets,
ensuring large-scale and high-quality production has become significant [1]. Microwave
drying offers more advantages than traditional methods, i.e., less energy consumption,
higher efficiency, and higher flexibility, because it transfers directly to the interior of
materials, which has less path loss than drying processes using coal, electricity, or other fuels.
However, microwaves need a balance between energy efficiency and thermal runaway.
Due to the permittivity related to the moisture content (MC) and temperature, there is
a sudden and intense rise, known as thermal runaway, which leads to melting, damage, or
carbonization at a very low moisture content [2].

The solid-state generator (SSG) is an alternative source for microwave drying and has
many advantages. The SSG precisely controls parameters such as frequency, power, and
phase shift over time to improve uniformity and efficiency. In intelligent control systems, the
SSG paves the way for a shift towards real-time control [3]. The superiority of magnetrons
in industrial applications is inexpensive. However, non-uniform energy distribution will
cause a higher consumption [4]. Studies by Robinson et al. have explored the system of
solid-state power to enhance uniformity and efficiency, demonstrating that a frequency
swept linearly from 2.25 to 2.65 GHz can improve the uniformity for paper loading in waste
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materials heating [5]. Additionally, complementary frequency heating strategies have been
investigated, which use a frequency adjustment method to enhance heating uniformity.
Comparisons between the sweeping frequency and the complementary frequency have
shown that the latter allowed for efficiency and uniformity [6]. The frequency adjustment
method has also been studied to improve the uniformity of temperature compared with
the fixed-frequency cases [7,8]. Compared to magnetrons, SSGs are essential devices
in microwave industry applications. Studies by C. Liu et al. have highlighted that the
magnetron output characteristics were improved by a novel active distortion eliminator,
which may be applied to drying [9]. Furthermore, for medical cannabis inflorescence
drying, the multiple frequency-phase combination states of SSGs have enabled the control
and prediction of moisture levels, which significantly reduced drying time from several
days to a few hours when secondary metabolite compositions were preserved more than the
traditional drying methods [10]. Those studies underscore that the real-time and selective
control by the SSG can facilitate the development of microwave applications, which also
showcased potential effects on enhancing efficiency and stability.

In 2019, PETs were the most widely utilized material for packaging, and it commanded
a market value of USD 43.81 billion. It will arrive at a robust compound annual growth
rate of 11%, about USD 68.33 billion, by 2023. PETs accounted for 8% of the yearly polymer
production in 2021 [11]. PETs offer numerous advantages, including high transparency,
reflectiveness, easy processing, and relatively lower cost, making it an especially appealing
polymer and one of the most utilized materials in packaging applications [12]. Efficient dry-
ing of PETs is crucial as it directly impacts quality and yield before PETs can be molded into
bottles or films. Hence, integrating microwave technology into the PET drying processes
can meet manufacturing requirements for bottles, food packages, medical productions,
and more.

To the best of our knowledge, no research has yet delved into elucidating the temper-
ature and the MC variations of PETs based on microwave frequency and power tuning.
Unlike traditional drying methods, temperature monitoring aims to forestall the occurrence
of thermal runaway to ensure rapid and stable drying. It is particularly crucial to study the
permittivity of PETs when the permittivity varies from a state of poor absorption capacity to
a stronger one, which is attributed to the removal of water and the attainment of a threshold
temperature. PET’s permittivity and the SSG’s microwave parameters played a significant
role in the drying processes within the chamber. When numerous studies have addressed
drying kinetics for fruits, foods, and vegetables [13–16], there has been a notable absence of
research on polymer drying utilizing the SSGs. Therefore, the investigations on technology
and characteristics of PETs based on microwave drying represent a significant gap between
experiments and applications, which urgently needs to be settled in industry applications.

This study presents the tuning technology that involves the variations of microwave
parameters over time to establish a relationship between the drying characteristics and
microwave parameters for PET microwave drying. Filling in the gaps of PET microwave
drying, we developed a laboratory-scale system to characterize the variations in the temper-
ature and the MC based on microwave frequency and power tuning methods. Additionally,
we gathered electricity consumption statistics to assess energy-saving levels. The mi-
crowave power was delivered through four coaxial waveguides fed by probes, introducing
the spatial combination power inside the metal shield cavity. Subsequently, through nu-
merous experiments, we investigated the comparisons of variable spatial distributions
for different channels, which focused on evaluating the uniformity improvement and
regularity prediction of PET microwave drying.

2. Microwave System Design
2.1. Characteristics of PET Materials

PET has excellent physical and mechanical properties, including robust mechanical
strength, impact resistance, rigidity, toughness, friction resistance, and transparency [17]. Its
outstanding chemical resistances, mechanical properties, thermal stabilities, transparencies,
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and gas insulations allow it to be a highly desirable material for packaging. Moreover,
ethylene glycol, as raw material for PET production, is nearly half as inexpensive as
products made with polybutylene terephthalate (PBT). Consequently, PETs are one of the
lowest-cost materials among various engineering plastics with high performance.

Due to the presence of PET macromolecule groups, such as ester groups with strong
hydrophilicity, the capacity to absorb water from the air during storage and transportation
will influence the transparency of the product. The water may be attached to the surface of
the PET materials. Before injection molding, raw PET materials must undergo drying [18].
PET microwave drying faces two main challenges: PETs are materials with low dielectric
loss. Secondly, its initial MC is very low. The skin depth δ must be considered for low
dielectric loss materials to ensure adequate energy absorption, as shown in Equation (1).
The energy distributions can be controlled through frequency tuning for materials with
a low MC.

δ =
1√

π f µσ
(1)

Here, f is an operating frequency, µ is the value of a magnetic conductivity, and σ is the
value of a specific conductivity.

2.2. Microwave Drying Cavity Design

According to [19], PETs with a loss tangent of less than 0.02 exhibit low microwave
power absorption capacity. Additionally, ensuring stability becomes more difficult as the
temperature of PETs increases. The cavity dimensions were determined based on PET
materials’ operating frequency and permittivity. The calculation method for various cavity
dimensions with a resonant frequency between f 1 and f 2 is as follows [20]:

f1 ≤ c0

2

√(m
a

)2
+

(n
b

)2
+

( p
l

)2
≤ f2 (2)

where a, b, and l are the rectangular cavity’s length, width, and height, respectively, m, n,
and p are the standing wave numbers in corresponding directions and c0 is the speed of
light in a vacuum. f 1 = 2400 MHz and f 2 = 2500 MHz were used for the ISM (Industry,
Science, and Medicine) frequency regulation.

Combined with Equation (2) via the ergodic method in Python, the dimensions of the
cavity were calculated at 0.605 m × 0.445 m × 0.440 m, which allows for the mode number
of 81 during the frequency range from 2401.037 MHz to 2095.968 MHz.

As shown in Figure 1, we introduced four feeding ports to improve the heating
uniformity. Two ports on the opposite side were perpendicular to each other to increase
the isolation, which is similar to the adjacent situation. Port 1 was designed to be parallel
to the horizon. Meanwhile, port 2 was perpendicular to port 1 with a gap of 140 mm. By
simulation, the isolation between port 1 and port 2 is around 20 dB in the operating band.
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Figure 1. A schematic view of the cavity.

Similarly, we designed port 3 and port 4 on the opposite side, perpendicular to each
other. Considering other couplings, port 3 was perpendicular to port 1 with a height of
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85 mm, whose gap distance from port 4 is 120 mm. The simulation results of isolation
between two ports are greater than 10 dB. Its 3D model is shown in Figure 2. Meanwhile,
power is put into a cylindrical quartz glass container for microwave heating. Thus, we
make an equivalent heating model of the PET, as shown in Figure 3.
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The uniformity of temperature is calculated by

COVT =

√
n

∑
i=1

(Ti − T)2/n/(T − T0) (3)

where T is the average temperature, T0 is the initial temperature, and Ti is the temperature
of the specific point i, which is divided into n by gridding.

According to [21], we can establish the relationship between permittivity and power
consumption, as shown in the Equations (4) and (5).

εr = εr
′ − jεr

′′ (4)

Here, εr is the relative permittivity of PET, and εr
′ and εr ′′ are the real and imaginary

parts, respectively. For the PET, εr = 2.6722 − 0.02739j at a normal temperature [19]. The
microwave power absorbed by the PET per unit volume is denoted by P as

P = π f ε0ε′′
∣∣∣∣→E ∣∣∣∣2 (5)

where f is the operating frequency, |E| is the module value of the electric field intensity,
and ε0 is the permittivity value of the vacuum.

Based on reference [19], Figure 4 shows the relationship between permittivity and
temperature. As temperature increases, both components of the permittivity non-linearly
rise, potentially leading to a thermal runaway due to the positive feedback, i.e., a higher
temperature leading to a higher loss and then absorbing more microwave power to an even
higher temperature.
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Figure 4. The imaginary and real parts of the PET permittivity with respect to temperature [19].

PET’s permittivity depends on temperature and frequency, and there is a nonlinear
relationship between frequency, temperature, and permittivity.

Figure 5a shows that the 200 W input microwave power results at each port were
simulated when the permittivity value was kept at 21 ◦C. The permittivity value of 180 ◦C
was simulated, as shown in Figure 5b. During the frequency ranges from 2.46 GHz to
2.50 GHz, each port’s reflection decreased with the temperature increase. In the terminal
drying phase, we can tune the frequency from 2.46 GHz to 2.50 GHz to reduce the reflection.
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Figure 5. S-parameter between 2400 MHz and 2500 MHz. (a) Temperature is at 21 ◦C. (b) Temperature
is at 180 ◦C.

This shows that the reflections at feeding ports varied with the PET temperature,
i.e., a frequency tunning strategy is appreciated to keep a lower port reflection. We can
sense the PET permittivity from the S-parameter to guide the microwave drying. Between
2.46 GHz and 2.48 GHz, the S-parameter at each port is less than −10 dB.

During simulation, when one port is fed at 2.48 GHz, the permittivity varies with
temperature, implying that the equivalent dissipation changes over time. Figure 6 displays
the curves illustrating the variation of the imaginary and real parts’ influence |S11| on
a one-to-one basis. Considering the smaller variation range of the permittivity real part,
the effects of dissipation on the reflection coefficient are much stronger than those from
impedance matching, which depends on the low dielectric loss characteristics of PETs. We



Processes 2024, 12, 1488 6 of 19

compared the negative correlation of the imaginary part to |S11| at various real parts of
2.6722, 3.3523, and 3.9100.

Processes 2024, 12, x FOR PEER REVIEW 6 of 21 
 

 

  
(a) (b) 

Figure 5. S-parameter between 2400 MHz and 2500 MHz. (a) Temperature is at 21 °C. (b) Tempera-
ture is at 180 °C. 

This shows that the reflections at feeding ports varied with the PET temperature, i.e., 
a frequency tunning strategy is appreciated to keep a lower port reflection. We can sense 
the PET permittivity from the S-parameter to guide the microwave drying. Between 2.46 
GHz and 2.48 GHz, the S-parameter at each port is less than −10 dB. 

During simulation, when one port is fed at 2.48 GHz, the permittivity varies with 
temperature, implying that the equivalent dissipation changes over time. Figure 6 dis-
plays the curves illustrating the variation of the imaginary and real parts’ influence |S11| 
on a one-to-one basis. Considering the smaller variation range of the permittivity real part, 
the effects of dissipation on the reflection coefficient are much stronger than those from 
impedance matching, which depends on the low dielectric loss characteristics of PETs. We 
compared the negative correlation of the imaginary part to |S11| at various real parts of 
2.6722, 3.3523, and 3.9100. 

 
Figure 6. |S11| related to the PET permittivity at 2.48 GHz. 

Throughout the drying process, we can observe |S11| at different temperatures to 
reflect the variation of the imaginary and real parts of the permittivity. Furthermore, by 
reconstructing the permittivity using |S11|, we can establish the relationship between the 
cavity load and the input microwave power and frequency. 

2.40 2.42 2.44 2.46 2.48 2.50
−25

−20

−15

−10

−5

0

5

S
-p

ar
am

et
er

 (
dB

)

Frequency (GHz)

 |S11|

 |S22|

 |S33|

 |S44|

2.40 2.42 2.44 2.46 2.48 2.50
−30
−27

−24
−21
−18
−15
−12

−9
−6
−3

0
3

S
-p

ar
am

et
er

 (
dB

)

Frequency (GHz)

|S11|

|S22|

|S33|

|S44|

0 25 50 75 100 125 150 175 200
0.00

0.05

0.10

0.15

0.20

Im
ag

in
ar

y 
P

ar
t o

f 
P

er
m

itt
iv

ity

Temperature (℃)

 r = 3.5364

−14

−12

−10

−8

−6

−4

−2

0

2
 r = 2.6722

 r = 3.3523

 r = 3.9100

|S
11

| (
dB

)

Figure 6. |S11| related to the PET permittivity at 2.48 GHz.

Throughout the drying process, we can observe |S11| at different temperatures to
reflect the variation of the imaginary and real parts of the permittivity. Furthermore, by
reconstructing the permittivity using |S11|, we can establish the relationship between the
cavity load and the input microwave power and frequency.

When the temperature is 180 ◦C, the absorbed microwave powers of PETs are aug-
mented at the high-frequency range from 2.45 GHz to 2.5 GHz. This means we can adjust
the frequency between 2.4 and 2.5 GHz to reduce reflection over drying time. Meanwhile,
the S-parameter at 180 ◦C reflected that the reduced reflection power and the permittivity
variations lead to thermal runaway. We can adjust frequency to improve efficiency since
combining power control can reach a balance between time and quality.

We acquired the PET temperature distribution through multi-physical simulation,
incorporating the variation of permittivity based on temperature. Figures 7 and 8 illustrate
the temperature distribution for fixed frequency and frequency adjustment, respectively.
For fixed frequency, we simulated the temperature distribution at 2.414 GHz. Compared
to variable frequencies changed from 2.4 GHz to 2.5 GHz with an interval of 10 MHz, the
maximum temperature difference is more than 100 ◦C, which means uniformity is enhanced
when inputting power is at 800 W and drying time is less than 60 min. After calculations,
the COVT decreased from 55.63% to 34.65%, proving the uniformity improvement.
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Simulating the scenario of frequency adjustment, it is evident that hot spots are evenly
dispersed. Based on temperature analysis, the maximum temperature decreases from
400 ◦C to 280 ◦C, indicating that the temperature distribution with frequency adjustment is
more uniform.

2.3. Experimental System Design

The experimental setup, as Figure 8 shows, comprised a vacuum pump for air exhaust,
an SSG capable of generating frequencies ranging from 2400 MHz to 2500 MHz within the
ISM band, a rectangular shielded metal cavity, and a computer for real-time control.

Those monitor data can reflect the drying process. Using a vacuum pump, the cavity
was exhausted to −92 kPa, which is relative to standard atmospheric pressure (101.325 kPa).
Two SSGs were placed on both sides to input four channels from 0 W to 250 W, controlled
by the computer’s series ports (Figure 9).
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The central frequency was designed to be 2450 MHz in both simulations and exper-
iments. As per reference [22], the frequency adjustment interval (∆f ) of approximately
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3 MHz affects variations in electromagnetic field modes, although the frequency modula-
tion step for the SSG is 0.01 MHz. The estimation is as follows:

∆ f = c3
0/8πV f 2 (6)

where c0 is the speed of light in a vacuum, f is the operating frequency, and V is the metal
cavity volume of 0.118 m3.

As depicted in Figure 10, observing windows were designed with a cut-off waveguide
structure. Considering the coupling effects, four waveguide ports were arranged in pairs
perpendicularly. The spatial combination of feeds influenced the variation in power distri-
bution, which was subdivided into three situations: on the same side, directly opposite,
and obliquely opposite. All BJ-26 waveguide ports were connected to waveguide–coaxial
adapters connected to the SSG.
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Figure 10. Microwave drying cavity with feeding ports.

Compared to traditional microwave drying technology, magnetrons are commonly
utilized in microwave energy industrial applications due to their numerous advantages,
such as low cost and simplicity. However, the problem of microwave drying for PETs can be
solved when the SSG emerges as a potential alternative generator. The SSG integrated into
intelligent control systems can operate at various microwave parameter settings when each
coaxial interface is capable of receiving the maximum input power of 250 W. Considering
the requirement of industrial continuous production, a data transmission interface with
a USB-type connector is set in the lower-left corner of the front panel to realize two-way
data interactions.

2.4. Experimental Method

In the microwave drying process, PET materials of identical volume and mass were
subjected to drying over time when temperature and microwave reflection were observed
via sensors with the tuning method.

Approximately 2 kg of PETs were initially loaded into a quartz glass disk when the
load was laid flat on insulated cotton wool. The chamber door was then closed and locked
with a switch to create a shielded environment and prevent microwave leakage. Microwave
power was delivered into the chamber over time.

Subsequently, experiments were conducted at different frequencies to investigate the
improvement effect on PET drying, as Figure 11 depicted. Based on frequency tuning
technology, our experimental considerations involved isolating one, two, and four ports,
revealing that frequency adjustment can affect uniformity and efficiency.

After confirming the interval, we conducted experimental research on frequency
modulation, which is crucial for establishing drying kinetics for PET with low absorption
capacity and water content. Mass and volume were held constant to minimize impedance
variation. Due to the system’s symmetry, we initially tested the case of port 1 to establish
connections among the MC, the temperature, and the frequency tuning groups.
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Figure 11. The scheme of drying for PET.

As shown in Figure 12, the frequency tendency was illustrated by a curve in other
coordinates. It is important to note that the equivalent permittivity of PET that is not
realistically measured is mainly related to frequency and temperature. Therefore, reflection
power can be considered as a change in dissipation when the input frequency remains
constant for the last 5 min to suppress the frequency interface. The reflection power was
averaged to highlight the relationship between reflection power and frequency.
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Figure 12. Reflected power (left) and frequency variations (right) during microwave drying conducted
twice.

We conducted the microwave experiment at 150 W power twice under the same
conditions. The frequency tuning technology was selected as a frequency with reflected
power less than 25 W. Considering the frequency range of the SSG, it increased from
2400 MHz to 2500 MHz every time.

When mass and volume remain identical overall, the equivalent load for the same fre-
quency can be considered constant. This implies that we can identify the optimal frequency
group to achieve the goal of continuous production in the drying industrial process.

In contrast, although materials are kept at the same level, we still can adjust frequency
to obtain a more suitable reflection. As the temperature increases, the reflected powers
decrease. We can lower the reflection in a broader frequency range in the late drying period.
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However, we selected different frequencies in the two experiments because the ad-
justment principle depends on reflection. When the time is 35 min, the first frequency is
2485.5 MHz, but the second is 2432.9 MHz. At this moment, the reflection power difference
is about 20 W.

The reflection power fluctuates around 15 W with increasing frequency, which indicates
that the beneficial effect of dissipation has been enhanced through frequency adjustment.

3. Results

Based on permittivity variations, we performed many experiments to determine
the frequency regulation strategy at each port. Measuring the variation of temperature
and reflection power over time also reflects permittivity variations. Numerous exper-
iments demonstrated the feasibility through various frequencies, powers, and feeding
method combinations.

3.1. Multi-Port Feeding Method

PET was constrained to the same volume and mass of 2 kg for each microwave drying
process. We compared the two-port and four-port feeding methods under the same input
power. All experiments were conducted at a power of 500 W over 50 min when the
operating frequency was 2.48 GHz.

We recorded temperature distributions every 5 min using an infrared thermometer
(UTi-260B). The recorded temperatures are shown in Figure 13.
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Figure 13. Comparison between temperature variations of 2-port and 4-port microwave feeding.

For the four-port feeding type, every port was fed by 125 W to ensure uniformity. As
for the two-port feeding type, port 1 and port 2 were fed by 250 W.

With the port number increasing, the rising trend of the two-port type is steeper
than that of the four-port one, which indicates that the port number increasing improved
uniformity and stabilized when the temperature raised during the drying process. It is
worth mentioning that the final temperature in both cases is essentially the same, which is
caused by the capacity of absorption microwave energy increasing.

3.2. Frequency Tuning Method

Both fixed-frequency and variable-frequency drying were conducted with a four-port
type when each port was fed by 200 W to dry 2 kg PETs. As depicted in Figure 14,
the standard deviation of Figure 14a is 13.85 larger than 12.92 in Figure 14b, which is
consistent with fixed-frequency drying exhibiting a clear boundary between hot and cold
spots. However, the standard deviation may be influenced by the measurement error.
Conversely, the microwave drying process observed a more even color distribution and
lower temperature differences, 30.9 ◦C less than 49.6 ◦C at 2.48 GHz.
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Figure 14. Comparison of temperature distribution at 30 min. (a) At 2.48 GHz. (b) Variable frequency.

We obtained the average temperature data, shown in Figure 15, through the quantifi-
cation indices program. In both cases, temperatures are directly proportional to drying
time. The temperature curve of the variable-frequency method is smoother than the fixed-
frequency method; thereby, the advantages of frequency adjustment have been proved.
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Figure 15. Temperature variations under variations and a fixed frequency microwave drying.

3.3. Frequency Interval Tuning

By employing an intermittent on–off approach, the temperature can be controlled
below the threshold of thermal runaway. However, the total energy is much more limited,
making balancing efficiency and energy saving challenging. In practice, simple switch
control only affects the global temperature in the cavity, which is the least effective method
to improve uniformity. We require a method to alter the location and energy of hot spots,
ensuring that the maximum temperature remains below a certain threshold.

Based on the SSG, we conducted experiments investigating the drying performance
correlation to port number. A relationship exists between interval time, drying time, and
drying effectiveness in a single-port system. To determine the appropriate interval time
∆t and drying time t, we established ∆t/t2 to represent the drying effect. Numerous
experiments were conducted and are presented in Table 1.

When the inputting power is the same, the MC will decrease with the decrease in
the ∆t/t2 value. However, drying time significantly influences the likelihood of thermal
runaway occurring over time, especially at 100 W and 250 W. It indicates that decreasing
the interval time allows for a gentler temperature trend. Particularly, when the temperature
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exceeds approximately 160 ◦C–170 ◦C, the likelihood of thermal runaway occurring in
melting increases with the increase in the ∆t/t2 value, as depicted in Figure 16.

Table 1. Drying effect for different interval times on final moisture content.

Type Power
(W)

Mass
(g)

∆t/t2

(1/min)
t

(min)
Moisture

(%)

#1 100 1696 0.0400 50 0.32
#2 * 100 1676 0.0310 75 0.20
#3 100 1735 0.0014 55 0.04
#4 150 1735 0.0391 60 0.13
#5 150 1674 0.0014 60 0.04
#6 250 1806 0.0139 12 0.21
#7 250 1756 0.0050 20 0.21
#8 250 1780 0.0022 30 0.07

#9 * 250 1783 0.0015 36 0.02
Note: * means “melting”.
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Figure 16. PET melting regions are marked by red circles. (a) # 9 * in Table 1 when the maximum
temperature is 196 ◦C. (b) # 2 * in Table 1 when the maximum temperature is 220 ◦C.

Based on the MC results, two optimum combinations for achieving uniformity and
drying efficiency can be identified: (1) When the power is set at 150 W for 60 min with an
interval of 5 min and (2) when the power is set at 250 W for 36 min with an interval of 3 min.
These combinations corresponded to the MC values of 0.04% and 0.02%, respectively.

To verify the optimum interval time, we conducted tests at 150 W with an interval of
5 min. Table 2 shows that, as the value of ∆t/t2 increased, the temperature range varied
from around 111.2 ◦C to 71.2 ◦C when the MC rose from 0.22% to 0.24%. Utilizing frequency
tuning technology improved temperature uniformity. On the other hand, the results of the
duration of 10 min in processes showed insensitivity in improving drying performance.

Table 2. Drying effects on the final moisture content when power was at 150 W.

∆t/t2

(1/min)
Power

(W)
Mass

(g)
Temperature

(◦C)
Moisture

(%)

0.0056 150 1969 71.2 0.24
0.0014 150 1969 111.2 0.22
0.0010 150 1969 107.2 0.22

3.4. Optimal Microwave Power

Adopting the four-port feeding method, we conducted numerous experiments at
each port with power levels of 50 W, 100 W, 150 W, 200 W, and 250 W, respectively. The
recorded temperatures are shown in Figure 17. When the total power is set to 1000 W, the
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temperature reaches 193.4 ◦C in 40 min. However, the higher the input power, the higher
the reflection power consumed.
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Figure 17. Variations of the average temperature at various microwave powers.

Hence, compared to variable powers, the temperature rises more steeply with
an increased input power level. Achieving a balance between extending drying time
and avoiding thermal runaway can be accomplished through frequency adjustment with
a smaller ∆t/t2 that is 0.00125 when the frequency range is from 2400 MHz to 2500 MHz
with an adjustment interval of 10 MHz.

We conducted numerous experiments at the same ∆t/t2 value and mass of 2 kg to
fit the trend of temperature rise at various power levels. We observed that the higher the
input power, the steeper the equivalent slope when the temperature was constant at 200 ◦C
for 40 min. The final slope reached a steady state at 200 W, indicating that thermal runaway
is less likely to occur at low power levels.

When the drying temperature reaches 160 ◦C, PET’s permittivity surges, accompanied
by a rapid increase in temperature. Consequently, monitoring permittivity by reflection
and temperature becomes imperative to maintain drying stability.

4. Discussion
4.1. Electricity Consumption

To further assess the advantages of the adjustment method for PET drying, we mea-
sured the electricity quantity using an electricity meter. As depicted in Figure 18, electricity
quantities were recorded when each port of the SSG was set at 150 W, and microwave
drying time was restricted to approximately one hour. When power was at 150 W, the
MC values were negatively correlated to the drying times and the electricity quantities.
However, for an MC of 0.13%, reflection augmentation will consume more energy due to the
higher reflection in the whole band, which may be caused by awkward frequency tuning.

It is worth noting that the vacuum pump’s variation tendency is consistent with the
SSG one. When power is at 150 W, the vacuum pump’s contribution to energy consumption
exceeds that of the SSG.

For different masses, energy consumption can be evaluated by reasonably selecting
microwave power and heating time. When all four ports are operated, the electricity
quantity will be around 2.726 kWh for approximately 2 kg of PETs, whose vacuum pump
part is about 0.638 kWh, and the value of the single SSG part is around 0.522 kWh.

Figure 19 illustrates that the consumption increased as the MC values decreased at
250 W. At this stage, microwave power has been fully utilized through adjustment of
frequency and time. The energy consumption for one kilogram of PET is approximately
0.61 kWh when reaching a drying limit of 0.02%.
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Compared to [23], we reduced drying time to less than 2 h. Furthermore, there is
a balance between input power and electricity consumption, indicating that poor absorp-
tion resulting from missing the optimal frequency or the occurrence of thermal runaway
can deteriorate drying efficiency. When four ports were fed by 250 W separately, less
reflection could reduce the electricity quantity from 2.726 kWh/kg to 1.561 kWh/kg due to
less drying time, which was caused by lower reflection. It was related to permittivity.

Due to energy consumption being a vital index to embody economic and environmen-
tal benefits, we defined Q as

Q =
P · t
M

(7)

where P is power in kW, t is working hours, and M is the mass of PETs. Considering
other accessories, including a computer, sensor, and electromechanical device, our energy
consumption is less than 3 kWh/kg.

Table 3 shows that, compared with those other works, this method for PET drying has
a prominent energy conservation.

Table 3. Comparing energy consumption with the conventional method.

Work Q
(kWh/kg)

Time
(min)

[24] 40 60
[25] 18 60

This work 2.726 60



Processes 2024, 12, 1488 15 of 19

4.2. Normalized Value of MC

Further, we established a relationship between the normalized MC and drying time
under different rotation speeds and power circumstances to predict drying effects.

We defined the MR as
MR =

Mt − Me

M0 − Me
(8)

where Me is the MC value at equilibrium when the drying process is nearing its end, which
is close to 0 theoretically. Mt is the MC value when time is at t, and M0 is the initial value.

Combined with rotation, the uniformity of the temperature and the MC distribution
will be evener. To reduce system error and sampling error, we measured the MR at
variable rotation rates with frequency adjustment, which proved the directly proportional
relationship between the rate of descent and rotation rate. Moreover, we tested the MR
at different microwave powers when the rotation rate was fixed to determine the optimal
drying power.

According to the logistic model, we obtained the relationship between the MR and
time in variable rotation rate and power. The logistic model is

MR = A2 +
A1 − A2

1 + (x/x0)
p (9)

where coefficients A1, A2, x0, and p are shown in Table 4, Table 5, and Table 6, respectively.
A1 presented that the initial value of the MR when x = 0, which should be close to 1. A2
presented that the final value of the MR should be close to 0. x0 is the drying time when
MR = (A1 + A2)/2.

Table 4. Logistic model of variable rotation rates.

A1 A2 x0 p

0.97706 −0.0085 34.65127 3.27773
0.98816 −0.0091 44.74852 2.28254
0.99751 −0.0134 56.11667 1.61805

Table 5. Logistic model of variable masses.

A1 A2 x0 p

0.99811 −0.53082 78.67522 1.73389
0.97717 0.04830 36.30210 3.49797
0.98715 −0.20788 49.19567 2.42808

Table 6. Logistic model of variable powers.

A1 A2 x0 p

0.98871 −0.0076 34.6528 3.2772
0.99043 −0.0182 51.4057 2.0707
1.0101 0.0012 150.4737 1.3933

As for p, it is a constant derived by the logistic equation:

MR′ =
dMR

dx
= − (A1 − A2)pxp−1

x0
p
[
1 +

(
x
x0

)p]2 (10)

MR′(x = x0) =
dMR

dx
= − (A1 − A2)p

4x0
(11)

p =
4x0MR′(x0)

A2 − A1
(12)
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When A2 < A1, the MC will decline gradually over time.
Furthermore, combining with the application, we studied the variations of the MC

over time when the rotation speed was 37 r/min, 18 r/min, and 12 r/min in the late drying
period to avoid thermal runaway, which was for a lower probability of melting. The poker
bar was designed as shown in Figure 20. Teflon fabricated the rod section, and the fan parts
are made of PPS materials.
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The data obtained from many experiments were fitted in Figure 21, Figure 22, and
Figure 23, respectively, through the logistic model.
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Figure 21. The curve is fitted by the logistic model when variations of the MR are at different
rotated speeds.
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Figure 22. Curves are fitted by the logistic model when variations of the MR occur at different masses.



Processes 2024, 12, 1488 17 of 19

Processes 2024, 12, x FOR PEER REVIEW 18 of 21 
 

 

The data obtained from many experiments were fitted in Figure 21, Figure 22, and 
Figure 23, respectively, through the logistic model. 

0 10 20 30 40 50 60
0.0

0.2

0.4

0.6

0.8

1.0

M
R

 

Time (min)

 37 r/min
 18 r/min
 12 r/min

 
Figure 21. The curve is fitted by the logistic model when variations of the MR are at different rotated 
speeds. 

0 10 20 30 40 50 60 70 80
0.0

0.2

0.4

0.6

0.8

1.0

M
R

Time (min)

 1 kg
 2 kg
 3 kg

 
Figure 22. Curves are fitted by the logistic model when variations of the MR occur at different 
masses. 

 
Figure 23. The curve is fitted by the logistic model when the variations of the MR are at different 
input powers. 

We studied the effect of rotation rate at 800 W when drying time was limited to 60 
min for 2 kg of PETs. By calculating the error of different rotation rates, the R-square of 37 

0 20 40 60 80 100 120

0.2

0.4

0.6

0.8

1.0

 800 W
 600 W
 400 W

M
R

Time (min)
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We studied the effect of rotation rate at 800 W when drying time was limited to 60 min
for 2 kg of PETs. By calculating the error of different rotation rates, the R-square of 37 r/min,
18 r/min, and 12 r/min are 0.99739, 0.9970, and 0.99721, respectively. When drying time
reaches around 30 min, the decreasing rate of the MR becomes faster.

When the mass is less than 3 kg, the downtrend of the MC variations will be smoother
as mass increases. The R-square of 1 kg, 2 kg, and 3 kg is 0.99911, 0.99739, and 0.99822,
respectively, when each port is fed by 200 W.

Similarly, the R-square of 800 W, 600 W, and 400 W is 0.99739, 0.99855, and 0.99717
at 2 kg, respectively. The rate of descent increases with the increase in input power. In
summary, efficiency promotion can be implemented by increasing the rotation rate and
input power controlled within one hour through the frequency adjustment method. Due to
the fitted metrics of the logistic model close to 1, we can explain the values of A1, A2, x0,
and p to predict the tendencies.

5. Conclusions

Establishing fitted equations for the MR signifies that we can predict microwave
drying time with a tuning method. It is significant for industrial applications to improve
efficiency and reduce drying time during microwave drying.

In this study, we discovered that the parameters, including the number of ports,
frequency variations, the ratios of interval period to time ∆t/t2, and microwave powers,
can affect the temperature, the electricity consumption, and the MC variations. Regarding
the number of ports, a positive correlation exists between port number and uniformity,
which indicates that large-scale rapid drying devices can be achieved by increasing the
number of ports. Conversely, the new index of ∆t/t2 shows that the ratios of interval period
to time are inversely proportional to drying efficiency. We can improve the efficiency by
increasing the value of ∆t/t2.

Finally, based on the reflection monitoring and frequency tuning method, we con-
ducted numerous experiments to summarize the MR variation curves and evaluate the
drying effect on different rotation rates, masses, and powers. Using this system, the data
can be applied to predict the drying time requirement, the final MC value, and the electricity
quantity for future industrial applications, which is fitted by the logistic model with the
R-square value of nearly 0.99. Further, we can adjust the tuning strategy for industrial
manufacture using a real-time closed-loop system.

Additionally, electricity quantity is reduced to less than 3 kW/kg when we consider
the skin depths of large-scale systems and consumption of another device within 1 h, which
is meaningful for energy conservation and emission reduction efforts in PET processing.
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