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Abstract: To reduce the carbon emissions during heating in the manufacturing process, microwaves 

have attracted significant attention. Microwave has a lot of advantages rather than traditional heat-

ing method such as rapid heating, lower thermal damage and eco-friendly process. In order to apply 

microwaves to manufacturing process, uniform and efficient heating is required. We have analyzed 

the effect of various design parameters such as cavity heights, the application of the reflector, and 

the number and positions of waveguides for uniform and efficient heating by numerical simulation 

and verified that by experiment. The results showed that a slight change in the cavity height altered 

the electromagnetic field distribution and heating parameters, such as the coefficient of variance 

and power absorption efficiency. With reflectors installed, uniform heating was achieved and power 

absorption was improved, with the spherical reflector showing the maximum efficiency. The use of 

double waveguides heated the target material in a uniform manner. An increase in the power sup-

ply also led to uniform heating. This large-scale analysis will be helpful in applying microwaves to 

actual industrial sites. 

Keywords: microwave heating; cavity; reflector; double-waveguide; uniform heating; high heating 

efficiency  

 

1. Introduction 

Fossil fuels represent approximately 80% of the total energy sources as of 2020 [1]. 

Not only energy source but also chemicals produced through fossil fuels are used in our 

daily lives as well as in various fields, such as petroleum, construction, and electricity [2]. 

However, the processes of manufacturing or using such energy and chemical products 

emit a large amount of carbon dioxide (CO2). This leads to an annual emission of 33.5 Gt 

of CO2, which gas acts as a greenhouse gas. CO2 emissions into the atmosphere cause 

global warming by rapidly increasing the temperature of the earth, and there have been 

active discussions among countries around the world to reduce the use of fossil fuels. To 

manage CO2 emissions caused by fossil fuels, clean renewable energy sources, such as 

sunlight and wind power, have been used instead of conventional fossil fuels or low-car-

bon methods that reduce CO2 emissions in the process of converting fossil fuels into dif-

ferent energy sources, such as electricity. Although it is getting better in terms of energy 

production in continuous efforts to reduce carbon emissions, the consumption of plastic 

products produced using fossil fuels is rapidly increasing each year, retrogressing the pro-

cess of low-carbon transitions. Therefore, the need to reduce a large amount of CO2 in the 

process of producing plastics has emerged, and leading countries have announced carbon 

reduction policies that mainly target carbon emission reduction during plastic production 

to address this problem. Researchers have focused on various methods to reduce carbon 
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emissions in various processes, such as sintering, drying, and synthesis. Among them, 

processing materials using microwaves have attracted significant attention [3]. 

The traditional heating method uses heat transfer involves heat radiation, convec-

tion, and conduction. This method requires heating for several hours to reach the target 

temperature due to the heat transfer from the outside heat source to the inside; the high 

energy consumption and long-term exposure to high temperatures lead to surface dam-

age and property deterioration [4]. In contrast, in microwave heating, heating is per-

formed by directly vibrating molecules or through particle charge [5]. Thus, microwave 

heating leads to lower surface damage in materials and has a shorter heating time than 

traditional heating [6]; furthermore, it is eco-friendly because it consumes less energy and 

emits lower amounts of carbon than conventional heating. According to Gupta [7], carbon 

emissions can be reduced by several dozen times compared to the traditional heating pro-

cess if materials are heated using microwaves. Due to this advantage, various studies have 

focused on heating using microwaves. For example, carbon nanotubes and hydrogen with 

higher qualities were extracted by recycling plastics using microwaves, and the process 

was also simpler than the conventional method [8]. Suriapparao [9] produced bio diesel 

through microwave pyrolysis after mixing biomass with plastics and emphasized that the 

pyrolysis process that uses microwaves is an excellent means to obtain fuel in an eco-

friendly manner. In addition, researches have been conducted for various processes, such 

as sintering, synthesis, and drying, using microwaves instead of the traditional heating 

process, and they were also reported that microwaves are eco-friendly and more efficient 

than the conventional heating method [10-12]. 

Despite these advantages, microwaves have the shortcoming of non-uniform heat-

ing. In the traditional heating process, the temperature difference between the surface and 

inside of the material is a problem. In the microwave heating process, however, hot spots 

with high temperature in specific areas may occur as a non-uniform electromagnetic field 

distribution is caused by the intrinsic characteristics of microwaves. Hot spots degrade 

the quality of the target material and may burn or explode the material in severe cases 

[13]. Numerous researchers have attempted to address this problem and have proposed 

two main approaches to improve the uniformity of heating. The first method is changing 

the geometry of the cavity or moving the target material so that the material can be ex-

posed to a uniform electromagnetic field, and the other method is irradiating microwaves 

with a wavelength suitable for the target material [14]. 

Yi [15] installed a mode stirrer and a conveyor belt that influence the heating effect 

inside the cavity to uniformly irradiate microwaves, and He [16] increased the heating 

efficiency and uniformity by applying a rotary radiation structure. Tang [17] reported that 

the microwave frequency had a significant impact on the heating effect. In addition, vari-

ous studies have been conducted on the heating uniformity and heating effect suitable for 

material processing conditions by applying various methods inside the cavity such as in-

stalled muffle and multiple waveguides [18-20]. Despite such studies, the application of 

microwaves in industries is challenging. Most experiments have been performed on a la-

boratory scale, and few studies that are applicable to large-capacity equipment have been 

conducted. Therefore, in this study, we present the pilot-scale applicability of microwaves 

heating by conducting a real-scale experiment and numerical analysis. 

In this study, the hopper model, one of the large-capacity equipment models appli-

cable to actual industrial sites, was designed, and results of numerical analysis were com-

pared with the experimental results. Various cavity heights, the application of the reflec-

tor, and the number and positions of waveguides were considered. The electromagnetic 

field distribution and heating effect according to the design parameters were calculated 

through simulation to analyze the influence of each parameter. 

2 Simulation and Experiments 

2.1 Numerical Model 
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To process a material using microwaves, it is essential to predict the temperature 

profile of the target material [21]. It is difficult, however, to visually examine the temper-

ature profile and electromagnetic field distribution inside a closed metal cavity during an 

actual test. Therefore, the temperature profile and electromagnetic field distribution were 

predicted through computer-based finite element analysis. Commercial finite element 

analysis software (COMSOL Multiphysics® V5.6, COMSOL Inc, Sweden) widely used for 

microwave heating analysis was used for numerical simulation. Simulation was con-

ducted under the frequency-transient condition using the heat transfer, electromagnetic, 

and transport diluted species modules. Figure 1 shows the relationship and interaction 

among the modules. The microwaves generated in the electromagnetic module form an 

electromagnetic field distribution inside the cavity based on Maxwell’s equation. The heat 

transfer module is associated with the electromagnetic module, and the electromagnetic 

field loss is regarded as a heat source in the heat transfer part. Based on the calculated 

heat source, the temperature and moisture distribution of the target material were derived 

in the heat transfer and transport diluted species modules. All these processes are accom-

panied by the energy-mass conservation law. 

 

Figure 1. Simulation relationship between electromagnetic, heat transfer in porous and transport 

diluted species module. 

2.1.1 Geometry 

Figure 2a shows the cavity model with the hopper structure to be used in the exper-

iment and analysis. 2.45 GHz magnetron was attached to the cavity side face, which op-

erated in the transverse electric 10 mode (TE10). Microwaves with a power of 1 kW were 

generated by the magnetron and propagated into the cavity through rectangular wave-

guides. The attached waveguides had dimensions of WR-340 (a width of 86.4 mm and a 

height of 43.2 mm), and simulation was performed while their positions and number were 

varied. The dimensions of the cavity and the design parameters to be applied to simula-

tion are summarized in Figure 2a,b. The cavity was cylindrical and had a diameter and 

height of 430 and 461 mm, respectively. The lower hopper had a height of 272 mm, an 

upper diameter of 430 mm, and a lower diameter of 58 mm. The height of the cavity was 

adjusted based on the wavelength of the 2.45 GHz microwave. The cavity walls and wave-

guides were made of copper, which reflects microwaves. In addition, 25 kg polycarbonate 

was placed inside the hopper. Table 1 summarizes the material properties of the cavity 

and the target material required for analysis. 
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Figure 2. (a) Geometry of microwave hopper structure and (b) design parameter of simulation for microwave heating simulation. 

2.1.2 Assumption 

The following assumptions were applied to the analysis model to efficiently simulate 

complex phenomena during microwave heating [22]. 

1. The cavity walls and waveguides are considered to be perfectly conducting. 

2. The cavity walls and waveguides are completely insulated. 

3. All materials are homogeneous. 

4. Chemical reactions are not considered in the heating process. 

5. The heat transfer model is applied only to polycarbonate. 

6. Shrinkage of pellets is not considered. 

7. The influence of air flow is not considered. 

2.1.3 Governing Equations 

In this simulation, the governing equation of electric field wave is given by following 

Eq. [23]. 

∇ ×  𝜇−1 ∙ ∇𝑬 − 𝑘0 (𝜀0𝜀𝑟 −
𝑗𝜎

𝜔
) 𝑬 =  0 (1) 

Where 𝐸  is Electric field vector, 𝜔  is angular frequency, 𝜎  is the conductivity, 

𝜀0(8.854 ×  10−12𝐹/𝑚) is permittivity of free space and 𝑘0 is the wave number of free 

space, which is defined as: 

𝑘0 =  𝜔/𝑐0 (2) 

Where 𝑐0 is the speed of light in vacuum. 

The relative permeability of 𝜇𝑟 can be define as[24]: 

𝜇𝑟 =  𝜇′ − 𝜇′′ (3) 

Where 𝜇′ is the magnetic constant that is a measure of the ability of the dielectric 

materials to store magnetic energy, 𝜇′′ represents the loss of magnetic field energy. 

The relative permittivity of 𝜀𝑟 can be defines as [25]: 

𝜀𝑟 = 𝜀′ − 𝑗𝜀′′  (4) 

Where 𝜀′ is the dielectric constant that represents ability to store electromagnetic en-

ergy, 𝜀′′ is the loss factor that is known as dissipate the absorbed electromagnetic energy, 

converting electromagnetic energy into heat. 

When electromagnetic waves interact with material, electromagnetic wave energy 

losses that converted into heat based on Fourier’s energy balance equation within the area. 

The heat transfer in hopper model can be expressed by Eq. (5).  
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𝜌𝐶𝑝𝒖 ∙  ∇𝑇 + ∇ ∙  𝒒 =  𝑄𝑒 (5) 

Where 𝜌 is the density, 𝐶𝑝 is the specific heat capacity, 𝒖 is the velocity field, 𝑇 is 

the temperature. Heat flux q can be define as: 

𝒒 =  −𝑘𝛻𝑇 (6) 

Where k is the thermal conductivity. 

The electromagnetic losses, 𝑄𝑒  is regarded as heat source place right side of Eq. (7) 

𝑄𝑒  can be defined as 

𝑄𝑒 = 𝑄𝑟ℎ +  𝑄𝑚𝑙  (7) 

Where the resistive losses are 

𝑄𝑟ℎ =
1

2
𝑅𝑒(𝑱 ∙ 𝑬∗) (8) 

And the magnetic losses are 

𝑄𝑚𝑙 =
1

2
𝑅𝑒(𝑖𝜔𝑩 ∙ 𝑯∗) (9) 

Where 𝑱 is the current density, 𝑩 is the magnetic flux density, and 𝑯 is the mag-

netic field intensity. 

Table 1. Physical properties of polycarbonate 

No. Parameters Value or Expression Reference 

1 Microwave frequency 2.45 GHz - 

2 Microwave power 1 kW - 

3 
Air moisture concentra-

tion 
0.05 𝑚𝑜𝑙/𝑚3 4 

4 
Dielectric constant of 

polycarbonate 
2.35 8 

5 
Loss factor of polycar-

bonate 
2 × 10−4 8 

6 Thermal conductivity 
0.07182401 𝑊 (𝑚 ∙ 𝐾)⁄  + 7.942708 × 10−4 𝑊 (𝑚 ∙ 𝐾2)⁄ ∙ T 

−1.8525 × 10−6 𝑊 (𝑚 ∙ 𝐾3)⁄ ∙ T2 + 2.126779 × 10−9 ∙ 𝑊 (𝑚 ∙ 𝐾4)⁄ ∙ T3 
1 

7 Polycarbonate density 1050 𝑘𝑔/𝑚3 1 

1 is Comsol Built-in [23] 

The existence of moisture important role in heating. Water evaporation and heat con-

vection could affect temperature. When the temperature reached a certain level, the phase 

and distribution of moisture will be changed, which could influence the heating effect. 

Mass transfer process should be considered. The mass transfer solved in polycarbonate 

expressed as 

∇ ∙ 𝐽𝑖 + u ∙ ∇𝑐𝑖 = 𝑅𝑖  (10) 

Where 𝑐𝑖 denotes the concentration of species, u is the fluid velocity, 𝑅𝑖  is the molar 

production constant, 𝐽𝑖 is the diffusive flux vector, given as 

𝐽𝑖 =  −𝐷𝑖 ∙ ∇𝑐𝑖  (11) 

Where 𝐷𝑖  is the diffusion coefficient. 

2.1.4 Boundary Condition 

(1) Electromagnetic Boundary Conditions 

Cavity wall and waveguides are applied impedance boundary condition where the 

electromagnetic field is known to penetrate only a short distance outside the boundary 

[26]: 
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√
𝜇0𝜇𝑟

𝜀0𝜀𝑟 − 𝑗𝜎𝑒/𝜔
𝒏 × 𝑯 + 𝑬 − (𝒏 ∙ 𝑬)

= (𝒏 ∙ 𝑬𝒔)𝒏 − 𝑬𝒔 

(12) 

where 𝑬𝒔 is the source electric field and 𝒏 is the normal vector toward the exterior 

of the target boundary. 

In this study, the rectangular waveguides are excited frequency of 2.45 GHz that op-

erate in TE10 mode. 

The port boundary conditions are expressed as 

𝛽 =
2𝜋

𝑐0

√𝑣2 − 𝑣𝑐
2 (13) 

where 𝛽 is the propagation constant, 𝑣 is the frequency of microwave, 𝑣𝑐  is the 

cutoff frequency. 

(2) Thermal Condition 

The thermal insulation boundary condition means that there is no heat flux, which is 

can be expressed by the following equation: 

−𝒏 ∙ (−𝑘∇𝑇) = 0 (14) 

(3) Mass Condition 

Convection is applied to the target and can be expressed as 

−𝒏 ∙ (−𝐷∇𝑐) = 𝐽0 (15) 

𝐽0 = 𝑘(𝑐𝑏 − 𝑐) (16) 

Where D is the moisture diffusion coefficient in the sample, 𝑐𝑏 is the air moisture 

concentration, 𝑘 refers to the mass transfer coefficient, 𝐽0 is the bottom face of sample 

and defined as no flux boundary condition. 

2.1.5 Mesh 

The mesh size is a very important element in simulation as it affects the convergence 

and accuracy of analysis. For example, when the mesh size decreases by half, the compu-

tation time increases by 16 times and the memory usage increases by 8 times [27]. Accord-

ing to the results of a previous study on numerical simulations, at least five mesh elements 

per wavelength are recommended for the proper mesh size in microwave heating [28]. 

The mesh element quality (MEQ), one of the most commonly used methods in previous 

studies, was evaluated by applying five or more mesh elements per wavelength for accu-

rate simulation. In COMSOL Multiphysics, MEQ can be calculated using Eq. [29]. 

𝑀𝐸𝑄 =  
4√3𝐴

ℎ1
2 + ℎ2

2 + ℎ3
2 (17) 

Where 𝐴  is area and ℎ1 , ℎ2  and ℎ3  are the side length of the triangle. 227146 

meshes were used. As shown in Figure 3, the average mesh quality was 0.9, which ex-

ceeded the criterion (0.65) of previous studies. 
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Figure 3. (a) Mesh element and (b) mesh quality evaluation of model. 

2.2 Experiments 

2.2.1 Experimental Setup 

Figure 4a shows the experimental setup, and its specifications are the same as those 

mentioned in the simulation. As shown in Figure 4b, only one 1 kW magnetron was at-

tached to the 221 mm position on side, or another magnetron was attached to the upper 

part at a position 120 mm away from the center. To measure the temperature, three ther-

mocouples were inserted at depths of 197, 106, and 17 mm at 25° intervals at the hopper 

height of 272 mm. 

 

Figure 4. (a) Schematic illustration of experimental setup for microwave heating and (b) temperature sampling points. 

2.2.2 Experiments Procedure 

Polycarbonate was exposed to a humid environment for several hours to create con-

ditions similar to actual industrial environments. To prevent the difference in heating ef-

fect caused by the moisture content difference, the moisture content was maintained at 

0.11% by monitoring it using a moisture meter (MS-70, AND, Japan). After inserting 25 kg 

of polycarbonate pellets into the experimental setup, the magnetron was operated, and 

microwaves were irradiated for 600 sec. The temperature of the polycarbonate was meas-

ured every 2 sec using a thermocouple. 

2.2.3 Experiments Validate 

To verify the validity of the simulation model, the results of the experiment described 

above were compared with the simulation results. The atmospheric temperature at the 
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time of the experiment, 25 °C, was set as the initial value, and the temperature values at 

the same positions as in the experimental setup were collected while 1 kW and 2 kW mi-

crowaves were irradiated inside the cavity for 600 sec. As shown in Figure 5, the root mean 

square error between the experimental values and simulation results was 1.2 °C when 

heating was performed using 1 kW for 10 min and 1.9 °C when 2 kW was supplied by 

installing two waveguides. The small errors between the simulation and experimental re-

sults confirmed that the numerical analysis model is reliable. 

 

Figure 5. Temperature comparison between numerical simulation and experiment under 1 kW 

and 2 kW heating condition. 

3. Results and Discussion 

Microwaves are generated from a magnetron and are transmitted to the microwave 

cavity through the waveguide. In this instance, various design parameters, such as the 

cavity height, the geometry of the reflector inside the cavity, and the positions and number 

of microwave ports, reflect the microwaves in different directions, creating various elec-

tromagnetic field distributions. The created electromagnetic field converts the energy of 

the microwaves into thermal energy through interaction with objects, thereby causing dif-

ferent heating results. As mentioned in the introduction section, reducing hot spots 

through uniform heating is an important element for microwave-based heating. The fol-

lowing coefficient of variance (COV) has been widely used to quantify the heating uni-

formity after microwave irradiation [30]. 

𝐶𝑂𝑉 =
1

𝐸(𝑇)
√

1

𝑁
∑ (𝑇𝑖 − 𝑇0)2

𝑁

1
 (18) 

𝐸(𝑇) = 𝑇𝑎 − 𝑇0 (19) 

where Ti is the temperature at a specific point, Ta is the average temperature of the 

target material to be heated, and T0 is the initial temperature. A lower COV value implies 

that the target material is heated more uniformly. The power absorption efficiency (PAE, 

𝜂), which is a value indicating the energy absorption efficiency, has also been widely em-

ployed together with COV to understand the heating phenomenon [31]. 

𝜂 =
𝑃𝑎

𝑃𝑖

 (20) 

Pi is the total energy supplied to the model, and Pa is the absorbed power, which was 

calculated through the volumetric integration of the power loss density. A higher PAE 

value indicates that the supplied energy is more efficiently converted into heat. In this 

study, the positions and sizes of hot spots that occurred inside the cavity were confirmed 

through an electromagnetic field distribution, and the heating uniformity and efficiency 

were analyzed for various parameters using the COV and PAE values. 
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3.1 Effect of Cavity Height  

Because the distribution of the electromagnetic field sensitively changes depending 

on the geometry of the cavity, analysis was conducted according to the cavity height first. 

The cavity height was increased by 12.2 mm, which corresponds to a tenth of the wave-

length of the 2.45 GHz microwave, from 461 mm, and the total increase was 122 mm. 

Figure 6 shows the electromagnetic field distribution according to height. Finding pattern 

of the electromagnetic field distribution according to height using the electromagnetic 

field distribution map alone was challenging, and so was predicting the distribution of 

hot spots and cold spots. For example, in the case of the cavity whose height was increased 

by 0.1 times the wavelength, cold spots were formed in the central part, but hot spots were 

formed in parts close to the surface. When the cavity height was increased by 0.5 times 

the wavelength, cold spots were formed toward the surface and wide hot spots were 

formed in the central part. This shows significant changes in the electromagnetic field de-

spite a small change in geometry and confirms that it is almost impossible to intuitively 

predict the electromagnetic field distribution. 

 

Figure 6. Electric field distribution by increasing the height of the cavity from 0 to 1times the 

wavelength. 

To examine the heating effect according to height, the COV and PAE are summarized 

in Figure 7. When the height was increased by 0.2 time the wavelength, the largest COV 

value of 0.852 was observed and the uniformity value became about 2 times higher than 

that when the height was increased by 0.8 wavelength and the lowest COV value was 

observed. The heating efficiency also significantly changed depending on height, similar 

to heating uniformity. When the height was increased by 0.5 times the wavelength, a total 

of 141 W of energy was absorbed when the PAE value was 0.141 (14.1%), and the absorp-

tion rate was about 11 times higher than when the height was increased by 0.6 times the 
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wavelength and the lowest PAE value was observed. A comparison between the PAE 

value and the electromagnetic field distribution summarized in Figure 6 reveals that the 

PAE value was also high when a strong electromagnetic field was generated. The posi-

tions and number of hot spots in the target material changed depending on the microwave 

cavity height due to changes in the electromagnetic field distribution and the amount of 

electromagnetic energy passing through the polycarbonate, resulting in differences in 

temperature uniformity and energy absorption efficiency. This indicates that the cavity 

height is a design parameter, which significantly affects the heating effect and uniformity. 

 

Figure 7. Coefficient of variance (COV) and power absorption efficiency (PAE) along cavity 

height. 

3.2. Effect of Reflector 

When an object is irradiated with microwaves, three reactions occur, that is, some 

waves are reflected, some pass through, and some are absorbed. Transparency and ab-

sorption are intrinsic characteristics of the material and vary depending on the wave-

length of the irradiated microwaves. Reflection is related to the target material, but it 

mainly occurs in the cavity because the reflectivity of the target material is relatively low. 

Thus, the heating pattern can be adjusted by changing the geometry of the cavity because 

it changes the energy distribution of microwaves. In this regard, research has been widely 

conducted to achieve more uniform heating than before internal modification by adjust-

ing the reflection of electromagnetic waves through a change in the cavity geometry or 

installing objects, such as a rotating body or a conveyor belt, inside the cavity [32]. In this 

study, spherical, cylindrical, and conical reflectors that reflect microwaves were installed 

inside the microwave cavity, and changes in the electromagnetic field and the heating 

effect were analyzed. To evaluate the performance of the cavity in various directions, 

Comprehensive evaluation coefficient (CEC), which can consider the heating efficiency 

and heating uniformity, as well as PAE and COV, which were introduced earlier, was 

introduced. CEC is defined as follows: 

𝐶𝐸𝐶 =  𝑃𝐴𝐸/𝐶𝑂𝑉 (21) 

A higher CEC value indicates a higher energy absorption rate and more uniform 

heating. Therefore, CEC can be used as a comprehensive parameter [33]. 

3.2.1 Effect of Reflector Shape 

 

Conical, spherical, and cylindrical reflectors were placed inside the cavity and on the 

opposite side of the magnetron. Their dimensions and geometry are summarized in Fig-

ure 2. To analyze the influence of the installed reflectors on the internal environment and 
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heating effect, simulation was performed by applying three types of reflectors and chang-

ing their cavity heights. As can be seen from the electromagnetic field distribution in Fig-

ure 8, more notable changes in electromagnetic field were observed when the reflectors 

were installed than when only the height of the cavity was changed. The highest intensity 

of the electromagnetic field with no height change was 4.82×104 V/m for the existing 

model; however, it increased by approximately 60% to 7.84×104 V/m when a conical re-

flector was installed. The spherical and cylindrical reflectors also increased the highest 

intensity of the electromagnetic field to 4.88×104 and 5.82×104 V/m, respectively. 

 

Figure 8. Electric field distribution with different reflector shape such as (a) conical (b) spherical 

(c) cylindrical (d) no installation. 

Simulation was performed for 44 cases while the reflector geometry (4 cases) and the 

cavity height (11 cases) were varied; the COV and PAE values are summarized in Table 2. 

Whether more uniform heating occurs in the presence of reflectors was analyzed based 

on the case with no reflector. Among 33 cases with reflectors, lower COV values were 

observed in the presence of reflectors in 19 cases (57%), confirming more uniform heating 

than in the models with no reflector. In addition, the PAE value was higher in the presence 

of reflectors in 21 cases (63%) out of the 33 cases, showing that the installation of reflectors 

can increase the energy absorption. In particular, for the cavity whose height increased by 

0.2 times the wavelength compared to the ordinary model, the energy absorption was 

approximately 3% when no reflector was installed, but it increased by at least twice when 

any reflector was installed. 

Figure 9 shows the CEC values for 44 cases. For the CEC value that reflected both the 

energy efficiency and heating uniformity, 66% (filled marks in Figure 9) exhibited better 

values than the ordinary model with no reflector. When the reflectors were compared, the 

spherical and conical reflectors exhibited more excellent performance than the cylindrical 

reflector. When only the spherical and conical reflectors were considered, 16 cases (72%) 

out of 22 exhibited higher CEC values than the model with no reflectors. In particular, in 

the case of the spherical reflector, 9 cases (81%) out of the 11 cases for the height showed 

better performance. This appears to be because the spherical and conical reflectors re-

flected electromagnetic waves in three dimensions, whereas the cylindrical reflector re-

flected them in two dimensions. The installation of reflectors was found to be an important 

factor for cavity design as it changed the electromagnetic field distribution more notably 

even though it did not always lead to more uniform and higher heating efficiency. 
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Table 2. COV and PAE values with different reflector shape and height of the cavity. 

3.3 Effect of Double Waveguides 

In the preceding chapters, changes in electromagnetic field and heat distribution due 

to changes in cavity geometry were analyzed. Changing the cavity geometry and the 

method of using multiple waveguides has also been proposed as measures to achieve uni-

form and high-efficiency heating [21]. Most studies, however, focused on the application 

of multiple waveguides to the fixed cavity, but studies on the influence of detailed cavity 

design parameters, such as the position, port direction, and power, on the electromagnetic 

field distribution and heating effect, are insufficient and remain on a laboratory scale. 

Therefore, waveguides were additionally installed in the cavity of various geometries, and 

Height (𝒎𝒎) Evaluation Conical Spherical Cylindrical  No installation 

461 
COV 0.638 1.349 0.612 0.917 

PAE 0.033 0.016 0.079  0.047 

473.2 
COV 1.861 2.010 1.138  0.933 

PAE 0.271 0.348 0.058  0.091 

485.4 
COV 0.646 0.856 0.640  0.853 

PAE 0.067 0.384 0.233 0.034 

497.6 
COV 0.690 0.979 1.095 0.945 

PAE 0.087 0.145 0.074 0.089 

509.8 
COV 1.549 1.773 1.240  0.893 

PAE 0.059 0.060 0.021  0.105 

522 
COV 0.982 0.795 0.898  0.973 

PAE 0.098 0.135 0.050  0.142 

534.2 
COV 1.607 0.800 1.183 1.463 

PAE 0.013 0.043 0.113 0.013 

546.4 
COV 1.090 0.582 0.683  1.199 

PAE 0.205 0.168 0.113  0.102 

558.6 
COV 1.575 0.978 0.894 1.764 

PAE 0.042 0.164 0.163 0.135 

570.8 
COV 0.800 0.738 1.218  1.091 

PAE 0.034 0.019 0.015  0.013 

583 
COV 1.244 0.679 1.650 1.497 

PAE 0.0401 0.093 0.033 0.014 

Figure 1. Comprehensive evaluation coefficient (CEC) with different reflector shape and height of 

the cavity. 
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the temperature uniformity and energy efficiency of the target material during heating 

were analyzed.  

3.3.1 Effect of Double Waveguides Position and Direction 

To analyze the influence of the double waveguides, another waveguide was installed 

in the upper part in addition to the existing waveguide position. The waveguides were 

vertically arranged on the side and in the upper part of the cavity to reduce the resonance 

and offset between the electromagnetic waves from them. Figure 10 summarizes the ge-

ometry and installation positions of the waveguides. In the case of the waveguide placed 

in the upper part, eight cases were simulated based on four positions and two directions. 

The two waveguides had dimensions of WR-340, and each waveguide had a power of 0.5 

kW so that a total of 1 kW of energy could be emitted as in the single waveguide model.  

As shown in the surface electromagnetic field distribution in Figure 11, a hot spot 

occurred at the top center of the target material when double waveguides were installed, 

and it was wider compared to the existing single waveguide model. When double wave-

guides were installed, the intensity of the electromagnetic field was found to be higher 

than the maximum intensity of the electromagnetic field in the existing model (2.54×104 

V/m), irrespective of the parameters.  

Figure 2. Schematic illustration presenting the position of additional waveguide. 

Figure 3 Electric field distribution with different reflector position and direction under 0.5 kW irra-

diation each. 
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  Table 3 shows the COV and PAE for the eight positions and directions of the wave-

guides. First, in the case of Direction 1, the most uniform heating was observed when the 

waveguide was located at position D in Figure 11, where the COV value was found to be 

0.659. All four positions were more uniformly heated than when the single waveguide 

was used, and the average COV value was 0.710, exhibiting 22% higher uniformity than 

when one waveguide port was used. The highest energy absorption was also observed at 

position D similar to the COV, with the PAE value being 0.116. The PAE value was also 

higher at all positions than when the single waveguide was used. The average value of 

the four positions was 0.08, which was 22% higher than that of the ordinary model.  

 In the case of Direction 2, when the waveguide was located at position D, the most 

uniform heating was achieved among eight cases as the COV value was 0.566. The average 

COV value for the four positions was 0.701, which was higher than that when the single 

waveguide was installed. The average PAE value for the four positions was also 0.059, 

which was excellent compared to that when the single waveguide was installed. 

 Consequently, when double waveguides were used, more excellent heating uni-

formity and energy absorption were observed in all eight cases. The use of the double 

waveguides made it possible to reach area that were difficult to reach when microwaves 

were irradiated from the side by irradiating microwaves in the vertical direction as well, 

thereby causing more uniform heating. The target material was uniformly heated, and the 

energy absorption increased compared to when the single waveguide was used because 

the cases of generating hot spots due to the concentration of electromagnetic waves caused 

by interference and cold spots due to the offset between the microwaves decreased. 

3.3.2 Effect of Double Waveguides Power 

In the preceding section, the effect of double waveguides was confirmed. For their 

application in industries, the heating effect according to supplied power is also an im-

portant element. Therefore, in this section, the heating effect was compared and analyzed 

while the power per waveguide was increased from 0.5 to 1 kW. The electromagnetic field 

distribution map in Figure 12 shows that when the power of the waveguides was in-

creased, the distribution of the electromagnetic field remained similar, but its intensity 

increased. Thus, the position of the hot spot also remained similar, but its size increased.  

 When the COV and PAE values described in Table 4 were calculated, the COV value 

was found to decrease regardless of the position and direction as the power per port in-

creased from 0.5 to 1 kW. In particular, when the power was 1 kW in direction 1, the av-

erage COV value for the four positions was 0.647, which was 117% lower than when the 

power was 0.5 kW. The energy efficiency remained similar as the input power doubled 

even though the energy absorption almost doubled.  

Because the inside of the cavity was insulated, the average temperature also doubled 

as the energy supply doubled. As the positions of the waveguides remained unchanged, 

the pattern of the temperature profile was maintained and only its intensity increased. 

The increased average temperature led to a relatively uniform temperature distribution 

because the absorbed heat could not be transferred to the outside of the cavity. This indi-

cates that the boundary conditions as well as the cavity geometry are important design 

Direction Evaluation A B C D Average 
Single 

Waveguide 

1 
COV 0.686 0.780 0.717 0.659 0.710 0.917 

PAE 0.081 0.052 0.080 0.116 0.0823 0.046 

2 
COV 0.830 0.831 0.578 0.566 0.701 0.917 

PAE 0.050 0.050 0.087 0.049 0.059 0.046 

Table 3. Coefficient of variance (COV) and power absorption efficiency (PAE)with different reflector position and direction under 0.5 

kW irradiation each. 
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parameters for the cavity. The excellent insulation effect of the cavity can save energy and 

create a uniform temperature distribution by preventing the loss of thermal energy. 

4. Conclusion 

In this study, the microwave heating effect was analyzed on a pilot scale according 

to the design parameters, such as the cavity height, the installation of reflector and type, 

the number and positions of waveguides. The electromagnetic field and temperature were 

calculated using finite element analysis considering electromagnetic and thermal effect, 

and were compared with the experimental results. The following conclusions could be 

drawn: 

(1) Despite a slight change in the cavity height caused by changing the wavelength 

by one-tenth, the electromagnetic field distribution and parameters, such as the COV and 

PAE, were sensitively changed. 

(2) The installation of reflectors significantly changed the electromagnetic field. 

When reflectors were installed, uniform heating was generally achieved, and the power 

absorption also increased. An evaluation of the CEC, a comprehensive coefficient that re-

flects both PAE and COV, confirmed that the spherical reflector has the highest efficiency. 

(3) When double waveguides were used, the target material was uniformly heated, 

and the energy absorption increased at the same time because electromagnetic waves 

reached area that were difficult to reach using the single waveguide and the interference 

phenomenon was reduced by the vertical arrangement of waveguides. 

Direction Evaluation A B C D Average 

1 
COV 0.631 0.666 0.663 0.628 0.647 

PAE 0.081 0.052 0.080 0.116 0.082 

2 
COV 0.827 0.829 0.576 0.565 0.699 

PAE 0.050 0.050 0.087 0.049 0.059 

Table 4. Coefficient of variance (COV) and power absorption efficiency (PAE) with different reflector position and direction under 1 

kW irradiation each. 

Figure 4. Electric field distribution with different reflector position and direction under 1 kW irra-

diation each. 
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 (4) As the applied power increased, the form of the electromagnetic field distribu-

tion did not change but the size of the hot spot increased. The heat inside the cavity in-

creased due to the increased power supply, and the increase in the average temperature 

of the target material led to uniform heating. 

The above observations revealed that the cavity geometry, the application of reflec-

tor, the arrangement of waveguides, and the insulation conditions of the cavity are im-

portant parameters for cavity design. Furthermore, this study will be helpful in applying 

microwaves to actual industrial sites because it deals with the pilot scale instead of the lab 

scale, which has been mainly researched. It is expected that microwaves will be applied 

to product processing industries, such as synthesis, decomposition, and phase changes, 

beyond material heating. 
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