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Abstract: Microwave heating has excellent potential for applications in wastewater treatment. This
study proposes a highly efficient continuous liquid-phase microwave heating system to overcome the
problems of low treatment capacity, low dynamic range of loads, and insufficient heating uniformity
of the existing equipment. First, a quarter-wavelength impedance-matching layer improves heating
efficiency, and the heating uniformity has been enhanced by horn antennas. Second, an experimental
system is developed. The simulation and experimental results are consistent, with the microwave
system achieving over 90% energy utilization for different thicknesses and concentrations of salt
water. Finally, simulations are performed to analyze microwave efficiency and heating uniformity
at different flow rates, salinities, dielectric properties, and sawtooth structures. The system can
efficiently heat loads with a wide range of dielectric properties, including saline water. Generally,
when the permittivity varies from 10 to 80, and the loss tangent varies dynamically from 0.15 to 0.6,
more than 90% of microwave efficiency and excellent temperature distribution (The coefficient of
temperature variation COV < 0.5) can be achieved. The system’s modular design enables scaling up to
further boost processing capacity. Overall, the system provides high-throughput, high-efficiency, high-
uniformity, and large-dynamic-range microwave water treatment, which has promising applications
in industrial water treatment.

Keywords: microwave heating; wastewater treatment; energy efficiency; temperature uniformity;
saline wastewater; multiphysics simulation

1. Introduction

With the advantages of green, clean, fast, efficient, and timely heating [1–3], microwave
heating technology has exhibited great potential in wastewater treatment. Examples include
the treatment of strongly alkaline and acidic wastewater [4,5], waste permeate [6], sewage
sludge [7,8], high-salt wastewater [9], and others. Compared to conventional biochemical
treatment methods, microwave water treatment is free from secondary and membrane
contamination [10], has lower investment and operating costs [11], and results in gentler
operating conditions [12]. Microwave water treatment can generate additional energy by-
products [13,14]. Existing microwave-based improvements in water treatment equipment
and methods have enhanced performance. Bi et al. utilized a microwave-catalyzed ClO2
process to treat phenol wastewater, and the COD (chemical oxygen demand) and phenol
removal rates increased by 15.6 and 18.7%, respectively, compared to the conventional
scheme. The microwave-induced ClO2 catalytic oxidation system could significantly improve
the degradation efficiency [15]. However, the method incurs high operating costs and has
unstable catalytic activity. The first simultaneous removal of Cr(VI) and PNP using a non-
electric microwave atmospheric pressure plasma jet by Zhao et al. showed that the removal of
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Cr(VI) and PNP from a mixed solution was 96.1% and 94.0%, respectively, which provided a
rapid and efficient single-step treatment of wastewater contaminated with organic pollutants
and heavy metals [16]. Liu et al. used an oven intermittently irradiated dye-contaminated
wastewater and showed that methylene blue (MB) conversion was as high as 93% after just
one minute, which is equivalent to the conventional Fenton method achieved in 65 min [17].
Moreover, Li et al. constructed an MW-enhanced Fenton system using a microwave oven,
and compared it to the Fenton process, the Bisphenol A (BPA) removal efficiency increased
from 93% to 99.7% and the rate constant increased from 0.87 to 4.67, with microwave
intervention facilitating much higher reagent utilization [18]. Based on the existing literature,
it can be concluded that most related studies have focused on static water treatment, and there
is a lack of devices that can efficiently treat continuous streams. In fact, most of the devices are
based on household microwave/oven modifications or are limited to a laboratory setting [19]
and may not be adaptable to large-scale treatment volume scenarios in the industry. More
importantly, heating uniformity and energy efficiency are two major issues that limit the
development and application of microwave heating technology [20].

In liquid-phase microwave heating, uneven heating can result in unstable product qual-
ity, thermal runaway, and hot spots [21,22]. Many scholars have attempted to overcome the
problem of non-uniformity. Zhao et al. modified glass using the concept of cut-off waveg-
uides, which improves the electric field distribution in the upper and lower layers and
promotes natural convection to enhance the transfer of heat. On using this approach of
heating in the oven, the temperature difference between the top and bottom of the water
reduced from 7.8 ◦C to 0.5 ◦C [23]. Rakesh et al. successfully improved the temperature
distribution by combining microwave, convection, and radiation heating [24]. Zhao et al.
added bubbles to microwave reactors to enhance the flow and improve temperature unifor-
mity [25]. However, the above methods have the problems of static stream processing and
low throughput. The throughput can be increased using large-size, high-grade continuous-
mode reactors. The establishment of continuous flow piping systems has become a widely
accepted measure, as it not only improves the temperature distribution but also facilitates the
concentration of microwave energy. Cuccurullo et al. constructed a straight tube structure to
provide a high uniformity of heating for low-viscosity Newtonian liquids [26]. Spiral tubes
have better heat transfer characteristics than straight tubes because it promotes secondary
flow. Zhang et al. obtained an excellent heating performance by adjusting the geometrical
parameters of the spiral tube (PCD, diameter, and pitch of the spiral tube) [27]. However,
the heating characteristics are sensitive to the load characteristics. Ye et al. developed a
microwave heating system for biodiesel synthesis based on a pipe and propeller structure
and demonstrated that the heating performance could be improved by adjusting the blade
width and propeller pitch [21]. Large-sized machines are also often used; for example,
multimode applicators with stirrers and rotating turntables are suitable for pasteurizing
large quantities of milk [28], Lin et al. treated sludge with horizontal microwave contin-
uous pyrolysis equipment with a horizontal feed function, effectively increasing biogas
production (50.15 wt%) [29], and Shi et al. proposed a coaxial probe microwave reactor
beyond the laboratory scale, with an increased number of microwave probes effectively
improving heating efficiency, but prone to uncontrolled hot spots [30]. Generally, these
methods have a small dynamic range of loads, that is the performance of the reactor is
sensitive to the load properties.

There have also been many studies on microwave efficiency. Microwave energy utiliza-
tion and industrial operating costs are closely related. Triple tuners are the most widely
employed method for improving microwave efficiency and exhibits suitable promise for
industrial impedance-matching applications [31]. However, the matching algorithm is cum-
bersome and requires further optimization. Recently, the application of metamaterials has
also achieved suitable results in improving microwave efficiency. Wang et al. optimized
microwave heating efficiency by configuring the content of wave-absorbing materials [32].
The synthesis of Ag-coated Fe (Fe@Ag) core-shell nanowires, which significantly improved
impedance matching, demonstrated excellent microwave absorption performance over a



Processes 2023, 11, 826 3 of 18

wide range of frequency bands [33]. Metamaterials designed based on the black hole theory
can achieve efficient microwave absorption in scenarios where the loading parameters vary
within a certain range [3]. However, the limitations of the manufacturing process result
in non-ideal materials being processed, causing interference with the performance of the
methods described above. Lee et al. developed a new model for liquid heating under
simultaneous microwave (MW) and ultrasound (US) irradiation, which increased the liquid
flow and heat transfer, thereby improving the efficiency and uniformity of microwave
heating [34]. However, the mechanism by which ultrasound improves heating efficiency
is unknown and there are additional uncertainties in applying it to industrial wastewater
treatment. Gentry et al. improved the efficiency of microwave heating in a continuous flow
pasteurization system by designing process parameters, such as input power, volume, load
size, and volume flow rate [35];however their method is only valid for specific loads. Most
of these studies have focused on improving the heating efficiency at specific loads and are
highly dependent on the dielectric load properties. The permittivity of wastewater changes
dynamically during heating owing to impurities, salinity, purity, bubbles, temperature,
etc. [36]. Therefore, it is urgent to propose a microwave heating system that is not sensitive
to loads and can efficiently heat various loads.

The aim of this study is to propose a novel continuous flow microwave water treatment
system, which offers the advantages of high efficiency, high-temperature uniformity, large
throughput, and a wide dynamic range of loads. The structure of the microwave system
is designed in the simulation software, which consists of quarter-wavelength matching
layer and horn antennas. A physical model was processed to verify the simulation results.
In addition, sensitivity analysis was performed in the simulation software. Microwave
efficiency and heating uniformity were tested for different cases (salinity, height, flow rate,
dielectric properties, sawtooth structure and comparison with multiple cavities). Overall,
the system can efficiently heat different loads with large-dynamic-range dielectric constants.

2. Materials and Methods
2.1. Geometry Model

Figure 1 illustrates the geometric model created using COMSOL Multiphysics (COMSOL
Inc., Stockholm, Sweden). The simulation model consists of four parts, four BJ-22 waveguides
(height h = 100 mm) for microwave power input, four horn cavities, a quarter-wavelength
impedance-matching layer (length(w1) = 16.38 cm, width (b1) = 8.19 cm, thickness (t) =
1 cm), and a double-ended open cavity (length (w2) = 33.76 cm, width (b2) = 17.38 cm, and
height (wh) = 3 cm) for passing continuous flow.
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Figure 1. Integral geometry model.

With a horn cavity height (hw) of 120 mm and a 5◦ tilt at the top and bottom ports, the
electric field is evenly distributed in the direction of the center of the wide side of the horn
antenna parallel to the narrow side, which uniformly heats the liquid flowing overhead.
The impedance-matching layer is designed for the water load so that electromagnetic
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waves can be radiated to the upper medium with little reflection. To further improve the
uniformity and efficiency of heating, a sawtooth structure can be added to the water layer,
which is discussed in a later section.

2.2. Simulation Settings and Governing Equations

In this study, the electromagnetic wave frequency was set at 2.45 GHz, which is a freely
licensed ISM frequency defined by the International Telecommunication Union (ITU) and is
widely utilized in the industry. One side of the waveguide was a rectangular excitation port,
from which 1 kW of the electromagnetic wave was fed. The waveguide and cavity walls
were set up as perfect electrical conductors (PEC), and electromagnetic waves propagated
along the cavity with a single mode of TM10. Following transmission to the water-loading
layer, electromagnetic energy is absorbed and converted to heat.

The electromagnetic module follows Maxwell’s equations:

∇×H = J + ε
∂E
∂t

(1)

∇× E = −∂B
∂t

(2)

∇·B = 0 (3)

∇·D = ρe (4)

where E denotes the electric field strength (V/m), H indicates the magnetic field strength
(A/m), B denotes the magnetic induction strength (Wb/m2), D signifies the potential shift
vector (C/m2), J corresponds to the current density (A/m2), ε symbolizes the relative
permittivity (F/m), and ρe denotes the charge density (C/m3).

The electromagnetic energy loss in the system is expressed as

Qe =
1
2

ωε0ε′′ |E|2 (5)

where Qe denotes the electromagnetic power loss (W) and ε′′ symbolizes the imaginary part
of the complex dielectric constant. From the law of conservation of energy, this energy is
used as the heat source for heating the liquid load according to the following relationship:

Qe = ρCp
∂T
∂t
− k∇2T (6)

where T denotes the temperature (K), Qe represents the heat source, ρ symbolizes the
density of the material (kg/m3), Cp refers to the constant pressure heat capacity (J/(kg·K)),
and k represents the thermal conductivity (W/(m·K)). The initial temperature T0 was set to
293.15 K.

Furthermore, the flow of the liquid-phase layer in this system should satisfy the Navier–
Stokes equations, and the laminar flow module must satisfy the following continuity
conditions:

ρ · ∂u/∂t + ρ(u · ∇)u = ∇[−pI + µ
(
∇u +

(
∇u)T

)
− 2/3 · µ(∇u)I

]
(7)

ρ∇ · u = 0 (8)

Here, u denotes the fluid velocity (m/s), ρ symbolizes the fluid density ((kg/m3), µ
denotes the hydrodynamic viscosity (Pa · s), and I represents the unit matrix.

In COMSOL simulations, the electromagnetic field was calculated using the RF module
with the PARDISO Direct Solver. Continuous flow and heat transfer were solved using the
laminar flow module. Unidirectional coupled electromagnetic heat and non-isothermal
flows were selected for the multiphysics field. The study steps are as follows: steady-state
laminar flow, frequency-domain electromagnetic waves, transient fluid heat transfer, and
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electromagnetic heat. A fully coupled solution method using the MUMPS direct solver
was utilized. The heating time is 20 s. Because the heating time is short, the change in the
dielectric constant and other parameters can be neglected.

2.3. Horn Antenna

Horn antennas are surface antennas with the advantages of high gain, wide band-
width, and high power capacity. The circular or rectangular cross-section of its waveguide
terminals gradually expands, which improves the matching between the waveguide and
free space, allowing most of the electromagnetic energy transmitted in the waveguide to
be radiated. The figures below show the radiation direction diagram and the electric field
distribution in the cross-section of the horn antenna designed in this study.

From the directional diagram (Figure 2), it can be seen that the horn antenna has
suitable directionality, and the energy is concentrated in the main flap part with a gain of
approximately 26.9 dB. Figure 3 shows that the horn antenna improved the microwave
energy distribution. At the center of the wide edge of the horn, the electric field energy is
high and evenly distributed in the direction parallel to the narrow edge, thus heating the
flowing liquid load more evenly and improving the temperature uniformity of heating.
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2.4. Quarter-Wavelength Matching Layers

Generally, adding an impedance-matching network between two media can increase
microwave energy absorption at the load side and reduce unwanted reflections, which
improves the microwave efficiency. The quarter-wavelength has a suitable matching
performance near the center frequency. In Figure 4, η0 represents the wave impedance of
the lower medium, ηL represents the wave impedance of the load, and η1 represents the
wave impedance of the medium introduced for the length of the quarter-wavelength. The
matching equation is as follows:

η1 =
√

η0ηL (9)
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The equipment used in this study, ηL and η0, represent the wave impedances of water
load and air, respectively. The wave impedance expression is given in Equation (9), and it
is known as εwater = 78 and ε0 = 1. Combined with the matching equation, we can obtain
the dielectric constant of the matching layer as ε1 =

√
εwaterε0 = 9.

Matching layer thickness l = λ/4, where λ indicates the phase wavelength, which is
calculated as

λ =
λ0√
εrµr

(10)

It is known that µr = 1, εr = 9. Moreover, λ0 denotes the operating wavelength of an
electromagnetic wave with a frequency of 2.45 GHz. The calculation yields l ≈ 1.02 cm.
Quarter impedance matching was achieved in actual machined experimental equipment
using a 1 cm thick ceramic plate. The efficiency of the microwaves radiated from the horn
antenna can be improved by introducing an impedance-matching layer, allowing the upper
water load to absorb more microwave energy, thus improving energy utilization.

2.5. Boundary Conditions

Corresponding physics boundary conditions are required to solve the computed
model. In the EMF module, all surfaces of the model, except for the ports, are defined as
perfect electrical conductors to simulate the actual machined metal surfaces. The governing
equations for perfect electrical conductors can be expressed as

n × E = 0 (11)

where
→
n denotes the unit normal vector of the corresponding surface.

Electromagnetic waves enter the cavity from the four ports in mode TE10 and are
absorbed and converted into heat energy after radiation to the topmost layer. During the
simulation, the heat was transferred only within the heated material. The thermal boundary
between the water layer and the inner wall was set as an insulating boundary condition:

−n · q = 0 (12)

Here, q denotes the heat flux and n represents the unit vector.
For laminar flow boundaries, set the no-slip boundary conditions as u = 0. The relative

velocity of fluid and boundary is zero. The pressure at the outlet of the unit was set to zero,
which means that there is no resistance at the outlet [37].

2.6. Experimental System

The experimental system and corresponding equipment were machined, as shown in
Figure 5. The horn and housing of the device were composed of aluminum oxide (Chengdu
Maipin Power Technology Company Ltd., Chengdu, China). The uppermost layer was
used to contain the liquid load, and the top two ends of the layer include the inlet and outlet
ports for passing a continuous flow of liquid. The quarter-wavelength matching layer is
composed of an alumina ceramic plate with a dielectric constant equal to approximately
nine, which is appropriate for the impedance-matching requirement. Other equipment used
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to complete the experiments include four magnetrons with corresponding cooling fans, a
standard BJ22 size waveguide coaxial adapter and corresponding cables (Chengdu Maiping
Power Technology Company Ltd., Chengdu, China), and a microwave network analyzer
(E83363c, Agilent Technologies, Inc., Wood Dale, IL, USA). The fan (AVC 2B12038B24H)
was mounted on one side of the magnetron (Panasonic 2M244-M1, Panasonic, Kadoma,
Japan) and driven by four motors for heat dissipation. The microwave power supply was
an industrial digital inverter microwave power supply (WepeX1280A) (Shenzhen Magmeet
Electric Co., Shenzhen, China), which produced microwaves at a frequency of 2.45 GHz.
By injecting the uppermost load cavity with different thicknesses of the liquid layer, the
microwave reflection coefficient can be measured directly using a vector network analyzer;
thus, the microwave energy utilization can be calculated.
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Due to the limitation that the experimental device is not convenient for temperature
measurement, the experiment was carried out only in the low-signal mode, with no appre-
ciable heating of water. The maximum output power of the vector network analyzer test
port is +24 dBm.

3. Results
3.1. Experimental Validation

This section combines simulation and experiments to verify the microwave utilization
of the device under various conditions. Specifically, the microwave absorption rate of highly
saline wastewater was investigated at different flow rates and concentrations. The energy
efficiency (EE) is equivalent to the microwave absorption rate, which can be calculated
from the reflection coefficient S11:

S11 = 10lg(1− EE) (13)

Numerical simulations were performed using the finite element method in COMSOL
(COMSOL Inc., Stockholm, Sweden). The boundary conditions and calculation settings are
presented in Section 2, and the material parameters used are listed in Table 1. The reflectance
coefficients S11 were obtained for different concentrations of saline at different water layer
thicknesses. In the physical experiments, deionized water and analytically pure sodium
chloride crystals (Chengdu Changlian Chemical Reagent Co. Ltd., Chengdu, China) were
mixed in different proportions to simulate different concentrations of high-salt wastewater.
Room temperature conditions were configured with 0% saline, 1% saline, 2% saline, and 3%
saline (0% means the test material is deionized water). S11 at different water heights were
measured using a microwave network analyzer and compared with the simulation results.
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Table 1. Summary of material properties applied in the model.

Property Applied Domains Value Source

Relative permittivity

Air 1

[38,39]

Water 78
1% saline 75
2% saline 72
3% saline 68

Matching layer 9

Dielectric loss factor

Water 12

[38,39]
1% saline 21
2% saline 31
3% saline 42

Relative permeability
Air 1

[39]Water 1
Matching layer 1

Conductivity (S/m)
Air 0

[39]Water 0
Matching layer 0

Thermal conductivity (W/(m3·K)) Water 0.5944 [21]
Density (kg/m3) Water 996.6 [21]

Heat capacity at constant pressure
(J/(kg·K))

Water 4190
[21]Air 1005

As shown in Figure 6, the simulation and physical experimental results were generally
consistent. The liquid thickness affects the reflection coefficient; the thicker the water layer,
the smaller the reflection coefficient and the higher the energy utilization. The addition
of salt significantly improved microwave efficiency, with saline outperforming deionized
water in all cases. The microwave efficiency of saltwater in the simulation exceeded 99%
(S11 <−20 dB). In the experiments, the S11 of various concentrations of salt water is less
than −10 dB, which is higher than 90% of the energy absorption. When the concentration
of saline reaches 2% and 3%, the average energy utilization is over 95%. Furthermore, once
the liquid thickness reaches 2 cm or more, the microwave absorption is very high (>99%)
and no longer seems to be influenced by the properties of the load, at which point the
simulation and experimental results are in suitable agreement.
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include simulation results).
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Based on the above experimental verification, we conclude that the device proposed
in this study can achieve efficient microwave water treatment for different liquid heights
and brine concentrations, with energy efficiencies greater than 90%. In particular, a higher
microwave efficiency (99%) can be achieved with large treatment volumes (increasing the
liquid height). Furthermore, the device is more efficient than normal water loading in the
treatment of saline water and may exhibit excellent performance in high-salt wastewa-
ter treatment.

3.2. Sensitivity Analysis

The coefficient of temperature variation (COV) is used as a measure of the uniformity
of the temperature distribution; the higher the value, the less uniform the temperature
distribution. It was calculated by dividing the standard deviation of the temperature rises
at each position of the sample by the average temperature rise at each position. The COV
expression is as follows [40]:

COV =

√
∑(Ti − Ta)

2

n

/
(Ta − T0) (14)

where Ti and Ta are the point and average temperatures of the selected area, and Ta denotes
the average temperature of the selected area. n indicates the total number of selected points,
and T0 is the initial average temperature.

Because the device proposed in this study is for a continuous fluid, the temperature
of the outflow surface is used to calculate the uniformity of heating. Several factors were
considered that could affect the heating uniformity of the device, such as the flow rate and
height of the fluid, dielectric properties of the fluid, and sawtooth structure. The sensitivity
of the device was tested by varying these variables.

3.2.1. Effect of Fluid Velocity and Height on Heating Uniformity

Figure 7 illustrates the temperature distribution and uniformity at different flow rates
and heights. In the practical application of wastewater treatment equipment, velocities of
10 cm/s and 1 cm/s can represent fast and slow flow rates [41,42]. When the height is fixed,
the smoother the velocity, the better the temperature uniformity of the outflow section.
Similarly, with a fixed velocity, the lower the height, the better the heating uniformity. This
indicated that the temperature uniformity of the outflow surface improved as the flow rate
decreased. Here, the state with the optimum temperature distribution (COV = 0.1124) did
not exactly correspond to the moment of minimum water flow (wh = 1 cm, v = 1 cm/s).
This is probably because the microwave energy is fixed, and the water height is so small
that the reflection coefficient increases; thus, the thermal energy converted is reduced.
Another point that can be observed from Figure 7 is that the average COV value is 0.2647,
and the overall heating performance was stable and did not deteriorate sharply as the flow
rate increased. The worst case in the results also performed well with COV = 0.4265.

3.2.2. Effects of Saline Water on Heating Uniformity and Electric Field Distribution

In Section 3.1, owing to the inconvenience of measuring the temperature uniformity,
only the reflection coefficient (S11) was measured in the experimental section. In this
subsection, we use simulations to discuss the heating uniformity of different concentrations of
salt water and its electric field distribution. The boundary conditions and control equations
were the same as before, and the continuous flow inlet velocity was fixed at 1.5 cm/s. In
Figure 8, the reflection coefficient decreases as the water layer thickness increase for a fixed
constant brine concentration (consistent with the results shown in Figure 6). The energy
efficiency was maintained at over 90% for all statuses. This illustrates that although the
matching layer in the device is impedance-matched for pure water, it is also valid for
different brines, even if their dielectric properties have changed relative to pure water. In
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addition, as noted later in the discussion, the microwave efficiency of the device can reach
up to 90%, even when the load dielectric constant varies over a certain dynamic range.
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For heating uniformity, the smaller the height of the brine, the easier it was to obtain
an excellent temperature distribution state (COV < 0.1). From Figure 8, it can be observed
that the heating uniformity decreases with increasing salinity when the thickness of the
water layer is fixed. This indicates that high salinity affects the heating homogeneity of the
equipment and weakens water treatment performance. For example, 3% brine at the height
of 3 cm has a COV of 0.7134, at which point the temperature distribution was significantly
worse than that of 1% brine at 0.2346. The most effective way to combat this degradation is
to reduce the liquid flow rate slightly. As can be seen in the last column of Figure 8, the COV
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changes from 0.7134 to 0.4012 when the brine concentration was fixed at 3% (at this point,
it is considered high salinity and reaches seawater levels [43]) and the height is reduced
from 3 to 2 cm, improving the temperature distribution uniformity by 43.76%. Although
the optimum temperature distribution (COV = 0.0388) was not achieved at wh = 1 cm, it
ensured that the treatment volume was not too small. In practical production applications
for low-salinity wastewater (concentrations of approximately 0.5–2%), our equipment
easily achieves high energy efficiency and high-temperature uniformity in microwave
water treatment. Even in the case of highly saline wastewater treatment, the appropriate
flow rate (height and speed) can be adjusted based on the required outlet temperature and
uniformity. This demonstrates the robustness of the device proposed in this study, which
can ensure both high uniformity of microwave heating and the maintenance of a large
treatment capacity.

3.2.3. Effects of Load’s Dielectric Properties on Heating Performance

It is necessary to investigate the performances of our system under different dielectric
loads. The simulation was set up as before (v = 1.5 cm/s, wh = 1 cm), and two cases were
simulated and calculated. In the first case, the loss angle tangent value of 0.15 is kept
constant, and the real part of the dielectric constant varies in the range of 10–80; in the
second case, the real part of the dielectric constant was fixed at 80, and the loss tangent
value varies in the range 0.15–0.6.

Figure 9 illustrates the S11 and COV curves for different liquid thicknesses as the
real part of the dielectric constant was varied. As the real part gradually increases, the
reflection coefficients corresponding to different heights exhibit a trend of decreasing and
then increasing. When the real part of the complex dielectric constant is greater than 20, the
reflection coefficient S11 is less than −10 dB, which is greater than 90% of the microwave
efficiency, except in the case of 1 cm and 1.5 cm water height. When the real part ranges
from about 20–50, the microwave efficiency corresponding to 1 cm height is also higher
than 90%. When the real part of the dielectric is greater than 30, the microwave efficiency of
1.5 cm liquid height is stable above 90%. However, increasing the real part of the dielectric
constant can increase the heating uniformity and improve the temperature distribution of
the outflow cross-section. The right panel of Figure 9 illustrates that the COV is generally
less than 0.5, with the COV value gradually decreasing as the dielectric real part increases.
When the liquid height is less than 2 cm, COV < 0.3. Figure 10 illustrates the S11 and COV
curves corresponding to different liquid thicknesses as the loss tangent varies. The average
reflection coefficient S11 <−20 dB at each height, except for the case of wh = 1 cm; that is, the
microwave efficiency was high at different loss angles, exceeding 99%. As the loss tangent
increases, the COV increases; that is, the temperature distribution uniformity is affected;
however, overall COV < 0.55 is satisfied, and the heating uniformity of the microwave
system is suitable. It is worth mentioning that the case of increasing loss tangent covers the
previous discussion on the relationship with different concentrations of salt water (Figure 6,
Figure 8), as the salinity of the water primarily affects the imaginary part of the complex
dielectric constant [44]. In conclusion, excluding extreme cases (extremely low load height,
reduce the dielectric real part, or loss tangent too large), the proposed device can ensure
stable heating efficiency (COV < 0.5) and high microwave absorption (S11 < −10 dB). The
performance of the heating system is insensitive to loads and has a large dynamic range of
dielectric properties.
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3.2.4. Effect of Sawtooth Structure on the Heating Uniformity

The design of the sawtooth structure or undulating structure in the uppermost layer
of the device could help increase the radiation area of microwaves and promote more
uniform and effective absorption of microwaves, thus improving the heating uniformity.
The following numerical simulations were performed to verify this conclusion: Several
different sawtooth structures were designed (Figure 11) with the following structural
parameters: (a) bar sawtooth, 3 × 5, length-width-height 1 cm × 8 cm × 3 cm; (b) conical
sawtooth, 4 × 6, bottom radius 1.5 cm, height 2 cm; and (c) block sawtooth, 5 × 10, length-
width-high 1 cm × 1 cm × 3 cm. (d) spherical sawtooth (hemispherical), 4 × 6, radius 1 cm.
Keeping the flow rate 0.1 m/s and the height of the liquid layer at 2 cm, other settings,
and boundary conditions were kept the same as before, and the microwave heating and
microwave efficiency were analyzed using COMSOL (Figure 12).
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From Figure 13, it is evident that all the schemes except the strip serration (Scheme a)
help improve the temperature uniformity; schemes c and d are particularly obvious, and
the COV values are reduced from the original 0.1124 to 0.0952/0.0718, respectively, while
the S11 parameters are reduced from the original −12.4 dB to −13.69 dB and −18.10 dB,
respectively, and the microwave efficiency is higher than 95%. Based on these findings,
it is concluded that the design of the sawtooth structure/undulating structure improves
energy utilization and uniformity, which is helpful for increasing the performance of the
device. In particular, the hemispherical structure (Scheme d) is the best, as it allows a
36.12% reduction in COV, a 31.4% increase in microwave efficiency, and the highest average
temperature, as shown in Figure 11.

3.2.5. Compared to Conventional Multimode Cavity

The proposed heating system is compared with a conventional multimode heating
cavity under different loading conditions (multimode heating cavity model from COMSOL
case library, application ID: 1424). The multimode heating cavity is a conventional mi-
crowave oven with the geometry shown in Figure 14. The dimensions of the heated object
in both systems were set identically at 327.6 mm × 163.8 mm × 2 mm. a continuous flow
load was applied through the microwave oven at a distance of 21 mm from the bottom, and
the speed was set at 1 cm/s. The microwave power was 1000 W, the initial temperature
was 293.15 K, the microwave frequency was 2.45 GHz, and the heating time was 20 s.
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First, the real part of the dielectric constant of the heated object was modeled as 80,
with a loss tangent between 0.15 and 0.6. The reflection coefficients were calculated for
different cases (Figure 15a). Next, the loss angle of the object being heated was kept at
0.15, and the relative permittivity was varied in the range of 10–80 to calculate the reflection
coefficient (Figure 15b). The effect of the mean temperature on relative permittivity is ignored
in the simulation. The reflection coefficient is indicative of the microwave energy utilization
and is used to describe the heating efficiency. As shown in Figure 15, when the load loss
angle is in the range of 0.15–0.6, the reflection coefficient of our proposed system is reduced
by an average of 12.6 dB compared to a multimode cavity, which is an improvement in
the energy efficiency of 94.5% approximately. When the real part of the relative dielectric
constant is varied from 10 to 80, the energy efficiency is improved by 71.2% on average. In
addition, in Figure 16, we can also find that the heating uniformity of our proposed system
is better than that of the multimode cavity at different treatment volumes. In particular,
the heating uniformity improves significantly when the water layer height wh = 2 cm, by
about 254.62%. Overall, our system has a more stable heating efficiency for different loads.
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3.2.6. Scale-Up

To enable larger-scale microwave water treatment, the suggested system can be ex-
panded by connecting in a variety of ways. The increase in treatment capacity was achieved
by expanding the number of horn antennas without compromising efficiency and tem-
perature uniformity (Figure 17). In the simulation, the load was still water, the water
velocity was set to 1 cm/s, the height was 1 cm, and the other boundary conditions were
set as before. The microwave power at each horn antenna port was 1 kW, and the initial
temperature of the inflow surface was 293.15 K.
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As shown in Figure 17, enlarging the horn array has not affected the heating efficiency
and has greatly increased the real-time throughput. The 2 × 2, 3 × 3, 4 × 4 array of horn
antennas processes 1.073 L/s, 2.414 L/s, and 4.293 L/s of water per second, respectively.
Another advantage of the system can be seen here: the modular design allows for flexible
configuration, splicing, and expansion according to the needs of any water flow, with a
high degree of reconfigurability. High-throughput, high-efficiency, high-uniformity, and
high-dynamic-range microwave water treatment have become possible.

When multiple microwave sources are present, there may be a coherence problem,
which requires additional discussion. We calculated the data for S21, S31, and S41 at different
water layer heights in our simulation (Figure 18). As can be seen from the graph: S21, S31,
and S41 are below −20 dB, or even less, which means that the energy transmitted from one
port input to other ports is only less than 1%. It is concluded that the mutual coupling
between multiple microwave sources is so small that it can be neglected; therefore, we
consider the sources to be incoherent.
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4. Conclusions

In this study, a new microwave water treatment system that enables continuous flow
heating with high efficiency and high-temperature uniformity was developed. The pro-
posed system uses a quarter-wavelength matched layer to enhance microwave absorption
and a uniform electric field distribution at the center of the broadside of the horn antenna to
improve heating uniformity. Experiments have proved that the system has the advantage
of high throughput and a large dynamic range of dielectric properties. First, the energy
utilization of the proposed system is higher than 90% when the water height is 1–3 cm, and
the brine concentration is 1–3%. At the same time, excellent heating uniformity (COV < 0.1)
can be obtained. Second, by varying the flow rate and height of the liquid, the COV value
will not exceed 0.5. Energy utilization is above 90% with a height of more than 1 cm. Third,
the heating performance is insensitive to the load properties. Simulations show that the
average energy utilization is above 90%, and the temperature uniformity is excellent when
both the real and imaginary parts of the relative dielectric constant are varied. Fourth, a
comparison is made with conventional multimode heating cavities. The results show that
when the loss tangent of the relative dielectric constant ranges from 0.15 to 0.6, the average
microwave heating efficiency of the proposed system is approximately 94.5% higher than
the conventional microwave heating system. Fifth, the introduction of a sawtooth structure
can enhance the heating uniformity, such that the COV increases by approximately 30%
while ensuring high energy utilization. Additionally, the system adopts a modular design,
allowing for flexible expansion of the processing capacity.

This study further demonstrates that the designed microwave water treatment system
has promising applications in the treatment of saline wastewater. This occurs because, as
demonstrated by studies and simulators, an increase in salt concentration leads to a rise
in dielectric loss, which significantly improves microwave absorption. Depending on the
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actual requirements, the liquid flow can be modified to provide the optimum temperature
distribution. This study has significance for both the science of wastewater treatment and
the building of large-scale, highly effective industrial water treatment plants.
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