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Abstract: Continuous-flow microwave heating stands out for its ability to rapidly and uniformly heat
substances, making it widely applicable in chemical production. However, in practical applications, the
permittivity of the heated liquid changes dramatically as the reaction progresses, affecting the efficiency and
uniformity of continuous-flow heating. Herein, this work presents a novel microwave heating device based on
coaxial structure for high-performance heating. Our approach commenced with the development of a multi-
physical field model, incorporating a spiral polytetrafluoroethylene (PTFE) as a water channel and the coaxial
waveguide as a container was established. The analysis shows that the uniform distribution of the sectional
electric field of electromagnetic waves in the TEM mode within the coaxial structure can enhance heating
uniformity. Then, a continuous-flow microwave heating system for different liquid loads was established, and
experimental measurements were conducted. The heating efficiency for all loads exceeded 90%, which basely
matched the simulation results, validating the accuracy of the model. Finally, the heating efficiency and
uniformity under different permittivity loads were analyzed, as well as the impact of channel radius on heating
efficiency. The device demonstrated high heating efficiency and stable heating uniformity across different
loads. This continuous-flow microwave device is suitable for chemical research and production, contributing
to the promotion of microwave energy applications in the chemical industry.

Keywords: microwave heating; coaxial waveguide; continuous-flow; heating efficiency; heating
uniformity

1. Introduction

Microwave heating has increasingly garnered attention from both industry and academia due
to its unique advantages in thermal processing, such as selective and volumetric heat generation [1-
5]. Its applications are vast, encompassing food processing [6-8], biological treatment [9], chemical
reactions [10-13] and more. Compared to traditional heating methods, microwave continuous-flow
heating offers higher heating efficiency [1,14-17] and better environmental benefits [1,18], which are
crucial for enhancing the efficiency and sustainability of chemical production. Microwave
continuous-flow heating harnesses microwave energy to rapidly and uniformly heat liquid loads,
effectively achieving various processing goals such as rapid extraction [19] and increased reaction
rates [11,20-22]. The range of liquids applicable for microwave continuous-flow heating is extensive.
Except for substances with very low tangent loss angles [23], microwave heating can be directly
applied to liquids like wastewater [24], glycerol [25], etc. However, the geometric characteristics of
microwave heating containers significantly impact the distribution of the electromagnetic field [27].
Additionally, the dynamic changes in the permittivity of loads during heating [12,17] can lead to an
uneven electromagnetic field distribution within non-tuned heating containers, reducing the
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efficiency and uniformity of microwave heating [28,29] and adversely affecting practical chemical
production processes. Therefore, improving the adaptability of microwave heating systems to a large
range of dynamic permittivity and ensuring uniform heating of permittivity liquids are key to
enhancing heating performance.

To address these issues, scholars have conducted numerous researches. Li et al. designed an
efficient single-mode traveling wave reactor for continuous flow processing. This reactor features a
large reaction chamber and utilizes a highly efficient single-mode traveling wave based on a
rectangular waveguide. It can achieve efficient and uniform heating of loads with different dielectric
constants, with heating efficiency exceeding 99% and a COV of less than 0.4 [30]. Xu et al. proposed
a continuous-flow microwave heating system based on a coaxial inner conductor structure, utilizing
the uniform sectional electric field distribution in the TEM mode to improve heating uniformity.
Additionally, their research explored the effects of different permittivity and loss tangent angles on
the heating efficiency of liquid loads in the system [31]. Through modeling analysis, Kapranov and
Kouzaev verified that the coaxial structure of the microwave heating chamber can obtain uniform
electric field distribution, resulting in uniform temperature distribution [32]. Also, Zafar et al.
demonstrated that employing a helical tube can effectively enhance the uniformity of microwave
heating [33]. Ye et al. designed a helical screw microwave heating system for biodiesel synthesis,
calculating the heating process under different pitch and inlet speed parameters, and determined that
adjusting these parameters could optimize the heating performance of the reactor [34]. Zhu et al.
designed an electromagnetic black hole heating system based on metamaterials, achieving high
efficiency and stability under large dynamic range variations of permittivity [35].

Nevertheless, the aforementioned work has some limitations. On one hand, while using a
rectangular waveguide can increase power capacity, it also leads to uneven heating of the liquid in
the width direction [30]. Besides, rectangular and circular waveguides are less scalable in engineering
applications compared to coaxial waveguides [32]. On the other hand, most of the heating devices
based on coaxial structures proposed before have disadvantages, such as the small volume of heated
liquid [31], the need for additional support structures for the helical tube [33], and the high costs
associated with using metamaterials [35]. Hence, we develops a novel microwave heating device
based on coaxial structure to supply the demands of microwave continuous-flow heating with a large
dynamic range of permittivity, high efficiency, great uniformity, and ease of handling.

In this study, we first established a model of the proposed device for microwave continuous
heating and performed a simulation. Subsequently, we conducted experiments on liquid loads with
different permittivity to validate the accuracy of the model. Simulation analysis shows that the
uniform distribution of the sectional electric field in the TEM mode of the coaxial structure can
enhance heating uniformity. Furthermore, the efficiency and uniformity of the heating device were
analyzed under various permittivity loads, as well as the impact of channel radius on heating
efficiency, confirming the stability of the heating device's efficiency.

2. Materials and Methods
2.1. Geometric Model

The coaxial microwave heating device was modeled using COMSOL Multiphysics (6.1,
COMSOL Inc., Stockholm, Sweden). As can be seen from Figure 1, the heating device comprises three
structures: an L29 connector for microwave input, a stepped impedance transition section, and a
coaxial structure, which is the main part of the device.

The L29 connector features an inner conductor radius of 3.5 mm and an outer conductor radius
of 8 mm, with a length of 10 mm. The space between the inner and outer conductors is set as air.

For the stepped impedance transition section, the inner conductor begins with a cylinder of a
radius of 5mm and a length of 81.5 mm; it then transitions to a radius of 6.2 mm and a length of 50
mm; and finally, to a radius of 7.5 mm and length 20 mm to match the coaxial body’s inner conductor
radius. The outer conductor is formed by a frustum of a cone with a radius increasing gradually
from 8 mm to 12 mm over a length of 10 mm, followed by a cylinder of radius 12 mm and length 31.5
mm. Then, it becomes a frustum of a cone with a radius increasing gradually from 12 mm to 16.5
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mm over a length of 30 mm, followed by a cylinder of radius 16.5 mm and length 30 mm, and another
frustum of a cone growing from 16.5 mm to 25 mm over a length of 50 mm, aligning with the coaxial
body’s outer conductor radius.

The coaxial main part itself has an inner conductor of radius 7.5 mm, an outer conductor radius
of 25 mm, and a length of 500 mm. There are holes drilled at both ends of the outer conductor wall,
allowing liquid to flow in through one hole and out through the other.

The liquid channel is crafted from a PTFE rod with an inner radius of 10.5 mm, an outer radius
of 25 mm, and a length of 500 mm, featuring a helical groove. The helix has a pitch of 25 mm, with 18.5
turns, and the cutting shape is semicircular with a radius of 10 mm. The initial cut of the semicircle
is 20 mm away from the boundary.

Microwaves are fed into the coaxial body through the L29 connector, passing through the
stepped impedance transition section to heat the liquid substances. The microwave frequency is 2.45
GHz, with an input power of 200 W, operating in the TEM mode.

Aluminum

Liquid channel

Liquid inlet

L29 connector

Liquid outlet \‘\ PTFE channel
* and heated liquid

Side elevation without inner conductor

Inner conductor
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Figure 1. The geometry of the simulation model (unit: mm). (a) Overall diagram of the model and
side elevation without inner conductor. (b) Side elevation of the model and inner conductor.

2.2. Modeling Assumption

Several assumptions were made in the model of this coaxial microwave liquid heating
equipment:

(1) The air was transparent to the microwave; therefore, it was not heated by the microwave,
meaning that the temperature of the air between the coaxial line inner conductor remains constant in
the heating process.

(2) The fluid was assumed to be incompressible, and the initial velocity of the fluid entering the
channel was considered constant.

(3) The surface roughness of channel and cavities was disregarded.

All surfaces of the wave guide were assumed to be perfect electric conductors except for the feed
port.
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2.3. Governing Equations

The model has integrated the following aspects: electromagnetic waves, heat transfer, and
hydrodynamics. Hence, governing equations were derived from these physical fields.

In the uniform dielectric, the Helmholtz equation, which is the wave equation of the
electromagnetic filed, can be written as:

1 o .,
Vx(—VxE)——(&'-ie")E =0 )
r CO
where u, is the relative permeability; E signifies the electric filed intensities; ¢ and &" represent
the real part and the imaginary part of the permittivity of the processing material, respectively; @
denotes the angular wave frequency; and ¢, is the propagation speed of light in vacuum

(3x10°m/s ). The equation above can show how the microwave works in the coaxial struture,
including all the dielectric, liquid, PTFE, and air.
Accordingly, the electromagnetic power loss Q,, can be calculated by employing electric-field

strength and dielectric properties from Equation (1), as follow:
1 2
QeO :56‘)‘5‘05"|E| (2)

0,, shows the dissipated power of electromagnetic wave in unit volume medium and the
density of energy that the water absorbs Q,, is in direct proportion to &”, meaning that the greater

isthe &", the greater is the energy that the water absorbs in.

Besides the equations in the electromagnetic filed above, the equations in the fluid filed are also
significant. Fourier's law of heat conduction states that the heat flux in a continuous medium is
proportional to the temperature gradient:

q=—kVT ©)

where ¢ is the conductive heat flux; and k denotes the material thermal conductivity.

The Fourier equation is used to express how the heat transfer in the fluid:
T _
pOCp(g—i_u.VT)J’_v.q_QEO (4)

where p, is the liquid density; C, is the material specific heat capacity; T represents the

»
temperature of the liquid; and u denotes the velocity of the liquid. So by solving the Fourier
equation, the distribution temperature of the heated flowing liquid can be obtained.

To figure out the velocity distribution of the fluid, the continuity equation in hydrodynamics
can be expressed as follow:

Py (pu)=0 )
ot

Equation (5) shows the conservation of mass in the fluid. Since the fluid is supposed to be
incompressible, the equation can be simplified as:

V-u=0 (6)

Furthermore, the conservation of momentum in the incompressible fluid, which is the Navier-
Stokes equation, can be expressed as follow:

p(%l +u-Vu)=-VP+ NVu+ V- (Vu)’ @)
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where VP isthe pressure intensity per unit volume; u signifies the constant viscosity of the liquid;

and uV’u equates to VT, which denotes the divergence of the stress deviator tensor.

2.4. Boundary Conditions and Initial Values

In this study, because all surfaces of the wave guide were assumed to be perfect electric
conductors except for the wave port, their boundary condition satisfies:

nxE=0 (8)

where n is the unit normal vector of the corresponding surface.

The scattering boundary conditions were utilized in the inlet and outlet regions of the fluid,
respectively.

In the wall of the trough, a no-slip condition was employed on the liquid velocity, while a wall
function boundary condition was applied using the laminar flow model. Free slip conditions were
prescribed at the liquid surface, and the pressure was set equal to atmospheric pressure. Constraints
on the outlet of the laminar flow model included pressure and backflow suppression.

The initial temperature of the system was set to be uniform, with a value of 293.15 K. The
adiabatic condition was applied at the boundaries of the domain consisting of the heated liquid and
PTFE, which can be expressed as:

n-VT=0 9)

2.5. Input Parameters

Owing to the variation of material properties with temperature during heating, and the
sensitivity of the heating efficiency and uniformity of the continuous-flow microwave heating system
to the properties of materials inside the system (such as permittivity, thermal conductivity, dynamic
viscosity, specific heat capacity, and density), it is necessary to determine the properties of the
materials in the system. The table below provides the properties of various materials within the
model. Properties with relatively small changes can be considered constant, whereas those with
enormous variations are described by functions [6,31,36].

Table 1. Input parameter of the model.

Property Domains Value Unit
Air 1 -
Real part of PTFE 2.1 --
relative permittivity Water &(T) --
Ethanol &(T) -
Air 0 --
Imaginary part of PTFE 0 --
relative permittivity Water &(T) --
Ethanol £,(T) -
Relative permeability All 1 --
PTFE 0.24 W/m- K
Thermal Water C,(T) W/m-K
conductivity Ethanol 0.16 W/m-K
Aluminum 238 W/m- K
PTFE 2200 kg/m?
Density Water p1(T) kg/m?
Ethanol 783.68 kg/m?
Aluminum 2700 kg/m?
Specific PTFE 1050 J/ kg-K

heat capacity Water C,(T) J/kg-K
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Ethanol 3266.08 J/ kg K
Aluminum 900 J/ kg-K

2.6. Experimental Setup

To confirm the accuracy of the simulation model, experiments were conducted. The
experimental setup, as shown in Figure 2, used a solid-state generator (WSPS-2450-1 K-ccwb,
Wattsine, Chengdu, China) to provide microwave input, delivering energy to the coaxial heating
device through a waveguide coaxial converter and a circulator (CIWG22-2450-2KWA101010, Euler
Microwave, Sichuan Province, China). The microwave input power was set to 200 W with a frequency
of 2.45 GHz. The opposite terminal of the circulator is linked to a water load for absorbing the
reflected microwaves and safeguarding the solid-state generator. A directional coupler (Loop-
E22DC40A10N, Euler Microwave, Sichuan Province, Chengdu, China), microwave power meter
(AV2433, 41st Institute of China Electronics Technology Group Corporation, Anhui Province, China),
and the liquid sample (Wahaha Co., Ltd., Zhejiang, China) in the microwave heating device
constituted the microwave power measurement system. The flow rate of the incoming liquid was
controlled by a peristaltic pump (V-3 L, Baoding Shenchen Pump Industry Co., Ltd., Hebei Province,
China), and the temperature at the center of the liquid outlet was measured using a thermocouple
thermometer (TP678, MITIR, Zhejiang Province, Wenzhou, China).

Microwave power meter ]’C"i\‘ﬂ/“‘i pump

Solid-state generator

Directional coupler

l_lqm‘xi inlet

Thermocouple

Circulator .
Water load thermometer

Figure 2. Experimental setup of the proposed microwave heating system.

To begin with the experiment, we calibrated the microwave power meter, and measured the
microwave network parameters. The liquid was then filled into the tube. Subsequently, the flow rate
of the incoming liquid was adjusted utilizing the peristaltic pump. Next, the microwave source with
an input power of 200 W was turned on. During the experiment, we observed and recorded the
changes in the readings of the power meter and thermocouple. Finally, after heating for 60 s, the
microwave generator was turned off.

To validate the accuracy of the simulation, the experiment requires configuring liquids with
different permittivity. By mixing ethanol and deionized water (Chengdu Changlian Chemical
Reagent Co. Ltd., Chengdu, China) in varying volume ratios, solutions with different permittivity
can be obtained. This characteristic can be utilized to prepare the various solutions needed for the
experiment. Zhu et al. measured the volume ratios of ethanol to water and their corresponding
relative permittivity, as shown in the table [35].

Table 2. Relative permittivity at different ethanol volume ratios at 293.15 K.

Volume ratio of ethanol (%) Real part of relative permittivity Imaginary part of relative permittivity
0 83.77 10.05
10 75.99 11.51
20 65.52 12.59
30 60.72 14.09
40 55.16 15.74
50 45.75 15.52

60 38.45 15.45
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7
70 31.49 15.24
80 18.74 12.87
90 14.41 11.55
100 8.48 7.64

* Deionized water means that the water is obtained by removing ion impurities from tap water.

3. Results
3.1. Experimental Validation

S parameter is used to describe the transmission and reflection of electromagnetic waves at the
system ports. For the evaluation of the efficiency of a single-port microwave heating system, the S11
parameter is commonly used, representing the ratio of reflected energy to input energy at the port.
S11 is typically expressed in dB. The relationship between efficiency and S11 parameter is as follows:

Efficiency =1- 10" (10)

It can be calculated that when S11 is less than 10dB, the heating efficiency of the system can
exceed 90%.

The S11 parameter of the continuous flow system was measured using the microwave power
meter during the experiment. As shown in Figure 3, the experimental results indicate that the heating
efficiency of the solution with different ethanol volume ratio exceed 90%, which is basically consistent
with the simulation results, proving the accuracy of the simulation model. Both results of the
experiment and simulation also verify that the proposed device has a stable heating efficiency.

The discrepancies between the experimental results and simulation results may be attributed to
differences between the actual properties of the liquids and theoretical values. Additionally, some
insertion losses were neglected. These include the losses introduced during the coupling of L29
connectors with the coaxial structure during processing.

Figure 4 shows the temperature variation at the center point of the outlet cross-section during
simulation and experimentation. It can be seen that the experimental and simulation results are in
good agreement, further validating the effectiveness of the simulation model.

100 L [ Simulation
V7] Experiment
4 7 7
2 72 2
- | ||| 1y
2 T 7 2 ) 2 f
£ / 11 /
/ 11 /
/ 11 /
/ A1 /
/ 11 /
/ 11 /
W A ’

0 10 20 30 40 S50 60 70 80 90 100
Volume ratio of ethanol (%)

Figure 3. Simulation and experimental results of heating efficiency of the proposed device.
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Figure 4. Simulation and experimental results of average temperature at liquid outlet.

It can be observed that the measured outlet temperature is slightly higher than the initial
simulation temperature. This discrepancy may be due to voltage instability during the experiment,
causing the peristaltic pump flow rate to differ from the simulation, leading to the heated water
flowing out earlier. Another possibility is the lag in the thermometer's response, preventing real-time
data recording [27]. After reaching a stable temperature, a difference between the simulated and
experimental temperatures is observed. This could be due to the small diameter of the pipe, resulting
in a mismatch between the ideal and actual measurement points. Moreover, the difference in water
temperature between the experiment and room temperature might lead to extra heat exchange.
Overall, the experimental results generally align with the simulations, validating the model's
accuracy.

3.2. Electric Field Distribution during Water Heating

Using a coaxial structure can achieve a more uniform electric field distribution, resulting in
better heating uniformity. Figure 5(a) illustrates the electric field distribution of water heating
calculated by COMSOL. It can be seen that the electric field distribution is relatively uniform for
electromagnetic waves operating in the TEM mode within the coaxial structure. Figure 5(b) shows
the temperature distribution at the outlet cross-section after heating for 60 seconds, with a water flow
rate of 0.06 m/s. The temperature distribution at the outlet cross-section is very uniform. This verifies
that the microwave heating device based on coaxial structure, which is designed in this study,
provides good heating uniformity.


https://doi.org/10.20944/preprints202408.1482.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 21 August 2024 doi:10.20944/preprints202408.1482.v1

A 9.56x10*
x10*

9
8
7
6
5
4
3
2
X

V¥ 0.148

(a) (b)

Figure 5. Simulated field distribution. (a) Electric field distribution in the heating device. (b)
Temperature field distribution at the liquid outlet surface.

3.3. Heating Efficiency under Different Permittivity

For the coaxial microwave heating device constructed above, we performed simulations using
COMSOL software to examine its efficiency variation under a large dynamic range of permittivity.
In COMSOL, the range of permittivity for the heated liquid was set from 10 to 80, with a step size of
2.5 for parametric scan, while the loss tangent remained constant at 0.1.

The simulation results are shown in Figure 6. It can be seen that the coaxial microwave heating
device proposed in this paper achieves a heating efficiency of over 90% for most permittivity, with
the minimum efficiency being 87%. This indicates that the designed tuning structure can make the
device robust to large dynamic changes in permittivity, preserving a high and stable thermal
efficiency.

100
98—-
96
94—-

92

Efficiency (%)

90
88

86

T T T T T T T T
0 10 20 30 40 S0 60 70 80 90
Permittivity

Figure 6. Simulated S11 parameters of the proposed device under a wide range of permittivity with
0.1 tangent loss angle.

In actual heating processes, the dielectric properties of materials may change. Therefore, it is
necessary to discuss the impact of different loss tangent angles on heating efficiency.

Figure 7 shows the corresponding changes in the S11 parameter as the loss tangent of the heating
liquid varies from 0.1 to 0.5. It can be seen that the heating efficiency of the device remains relatively
stable with changes in permittivity and loss tangent. When the loss tangent is between 0.2 and 0.5,
the S11 parameter is below -10 for all permittivity, indicating an efficiency of over 90%. Only when
the loss tangent is 0.1 does the S11 parameter exceed -10 for some permittivity. This indicates that the
proposed microwave heating device has very good efficiency stability.
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Figure 7. Simulated S11 parameters of the proposed device under a wide range of permittivity with
variable tangent loss angle.

3.4. Uniformity under Different Permittivity

The variation in permittivity also impacts the heating uniformity of heated liquids. To
investigate heating uniformity, the concept of the coefficient of variation (COV) is introduced. COV
is typically used to quantify the uniformity of temperature distribution. A lower COV indicates a
smaller temperature difference, implying better temperature distribution uniformity. The COV can
be expressed by the following equation:

COV =

n _ 2
2@ fop ay
n

where n is the total number of sampling points, 7; is the temperature of the heated substance at

point i, T, denotes the average temperature of the heated substance, and 7 signifies the initial
temperature of the heated substance.

Figure 8 illustrates the variation of COV at the outlet cross-section of the liquid under conditions
where the permittivity changes from 10 to 80 in increments of 10. It can be seen that the COV at the
outlet of the heated liquid is consistently below 10.5 x 1073. This result indicates that the proposed
device provides great heating uniformity for liquids with different permittivity.
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Figure 8. Simulated COV values of the proposed device under a wide range of permittivity with 0.1
tangent loss angle.

3.4. Influence of Channel Radius

The radius of the helical liquid channel significantly affects the efficiency of this heating device.
Simulations were conducted using COMSOL software to model different radius of the helical liquid
channel. The channel radius varied from 8 to 11 mm in 1 mm increments, while maintaining a
constant number of turns in the helical pipe, resulting in a fixed pitch of 25 mm. The operating
frequency was set at 2.45 GHz with an input microwave power of 200 W. In the simulation analysis
of the microwave device's S11 parameter, the initial temperature of the heated liquid was 293.15 K.
The permittivity varied from 10 to 80 in steps of 2.5, with a loss tangent of 0.1. The simulation results
for S11 under different size parameters are shown in Figure 9.

-15 -

S,,(dB)

=20 -

=25

=30 -

T T T T T T T v T T T T T T T
10 20 30 40 50 60 70 80
Permittivity

Figure 9. Simulated S11 parameters under different channel radius.
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The simulation results reveal that when the channel radius varies from 8 to 11 mm, the S11 of all
models is less than -10 dB for most permittivity, indicating that the heating efficiency exceeds 90%.
When the channel radius is 8, 9, or 11 mm, the S11 parameter is particularly high at some specific
permittivity, resulting in very low heating efficiency. Conversely, when the channel radius is 10 mm,
although the efficiency may fall below 90% at certain permittivity, it remains relatively high
compared to other channel radius and shows good overall stability in efficiency. Therefore, the
continuous microwave flow heating device with a channel radius of 10 mm is the preferred
configuration and is the focus of further investigation in this study.

4. Conclusions

In this study, we developed a high-performance microwave heating device based on a coaxial
structure to address the need for continuous-flow heating in chemical production. A multi-physics
field model coupling electromagnetic fields, heat transfer, and laminar flow was established. An
experimental system was set up to validate this physical field model. The experimental results
generally aligned with the simulations, confirming the model's accuracy and validity. By studying
the electric field distribution during water heating and the temperature field distribution at the liquid
outlet after 60 seconds of heating, we demonstrated that the uniform sectional distribution of electric
field in TEM mode achieved by the coaxial structure significantly improves heating uniformity. A
robustness analysis of the proposed model was conducted. When the relative permittivity of the
heated liquid ranged from 10 to 80, the device's heating efficiency exceeded 90% in most cases. The
COV of the liquid outlet surface remained below 10.5x 1073, indicating excellent heating
uniformity. Furthermore, the impact of channel radius on heating efficiency was investigated. The
results showed that a channel radius of 10 mm provided the best stability in heating efficiency, which
was the parameter adopted in this study. The proposed microwave continuous-flow device can
efficiently and uniformly process continuous-flow liquids, exhibiting high heating performance.
However, the proposed device remains at a laboratory scale, and the heating efficiency and
uniformity require further investigation when scaling up.
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