| r I \
Vol.67: €24220594, 2024 BAB

https://doi.org/10.1590/1678-4324-2024220594
ISSN 1678-4324 Online Edition Brazilian Archives of Biology
and Technology

Article - Engineering, Technology and Techniques

Effect of Load Size on Power Absorbed During
Microwave Heating in a Cavity: Electromagnetic
Modeling and Experimental Validation

Jhony Tiago Teleken®
https://orcid.org/0000-0003-3642-8124

Bruno Augusto Mattar Carciofi?
https://orcid.org/0000-0002-9233-0984

tUniversidade Federal do Maranh&o, Departamento de Engenharia Quimica, S0 Luiz, MA, Brasil; 2Universidade
Federal de Santa Catarina, Departamento de Engenharia Quimica e Engenharia de Alimentos, Floriandpolis, SC, Brasil.

Editor-in-Chief: Alexandre Rasi Aoki
Associate Editor: Alexandre Rasi Aoki

Received: 03-Aug-2022; Accepted: 13-May-2024.

*Correspondence: jtteleken@gmail.com (J.T.T.).

HIGHLIGHTS
e A theoretical model has been developed to evaluate the microwave heating in a domestic oven.
e The energy efficiency is function of the sample size.

e Small samples obtain better heating uniformity.

Abstract: The effect of material size on the amount and uniformity of power absorbed during microwave
heating was evaluated by numerical and experimental methods. A three-dimensional (3D) mathematical
model, based on the Maxwell's equations of electromagnetism, was solved using the Finite Element Method
to predict the power dissipated in the sample. Experimental analysis was performed using a domestic oven
and distilled water. Experimental and numerical results showed a good agreement to each other. However,
a complex relationship exists between sample size and absorbed power. The modification of the resonance
modes in the oven when the sample size is changed may explain it. Furthermore, heating uniformity
decreases as the water load size increases because microwave power dissipation occurs mostly near the
sample surface due to a lower intensity of resonances inside large samples.

Keywords: Numerical simulation; microwave heating pattern; load size.

INTRODUCTION

Microwave ovens are common kitchen appliances in many households. They have become popular
mainly for their practical and rapid way of reheating food. Microwave heating also has been used in many
food processing applications, like cooking [1], drying [2,3], thawing [4], pasteurization, and sterilization [5].
Electromagnetic radiation in the microwave frequency (915 MHz or 2450 MHz) heats the food by using two
mechanisms: dipole rotation and ionic conduction, both caused by the oscillatory polarization of the electric
field inside the material. This phenomenon promotes the food's volumetric heating, leading to a higher thermal
efficiency and a shorter processing time than traditional heating methods [6].
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The electromagnetic power converted into thermal energy in a microwave oven is affected by several
factors that present complex interactions, including the design of the oven cavity [7,8], the microwave
frequency [9], and food parameters, such as dielectric properties [10], shape [11,12], and size [13]. Such
factors can modify the amount and uniformity of the energy dissipated in the food. The non-uniformed
volumetric heating is the main concern for the use of microwave in industrial processes due to its impacts on
food safety and quality [6].

The microwave power dissipation inside food is related to the local electric field as established by the
Poynting's theorem. The electric field distribution is described by the Maxwell's equations of
electromagnetism [14]. Mathematical models based on Maxwell's equations are commonly used for
simulation analysis of heating processes in microwave ovens because their solutions characterize the exact
microwave propagation dynamics [4,15-17]. Computer-aided studies based on Maxwell's equations are an
effective tool for examining the causes of changes in microwave power dissipation and finding cause-effect
relationships with process conditions. Such relationships can help developers of microwavable food products
and microwave ovens, reducing costs and time during the design of process, equipment, and products.

With computer-aided engineering, process and product design based on prototypes can shift to a model-
based approach that simulates a virtual representation of the product or process. This reduces the need for
prototypes, minimizes trial-and-error experimentation, and reduces time to market and resource use [18]. For
example, Chen and coauthors [19] used numerical simulation to evaluate the effect of a susceptor (a
metalized film attached to paperboard) on heating frozen food in a package in microwave ovens. Similarly,
Jung and coauthors [20] used numerical simulation to evaluate the effect of container (packaging) design on
the temperature distribution inside the food during microwave heating. Regarding process design, Costa and
coauthors [21] designed a hexagonal microwave dryer using numerical simulations, while Salvador and
coauthors [15] evaluated the effect of the number of magnetrons on the electric field distribution inside the
cavity.

In this context, the objective of this work was to evaluate the effect of material size (cylindrical shaped)
and dimensions (radius vs. height) during heating in a microwave oven. A three-dimensional (3D)
electromagnetic model based on Maxwell's equations was developed to quantify the power dissipated in the
material, and the uniformity of heating was evaluated based on the coefficient of variation (COV) of the
microwave power density. The validation was based on experimental data of power dissipated in water loads
heated in a household microwave oven.

MATERIAL AND METHODS

Experimental procedure

The experimental analyses were performed using a household microwave oven with a cavity volume of
45 dms3, operating at 2450 MHz, and a rated power of 1000 W (Electrolux, MEX55, Brazil). Eight loads of
distilled water (m,, = 2.0, 1.5, 1.0, 0.8, 0.5, 0.4, 0.25, and 0.15 kg) and griffin beakers of borosilicate glass
(2.0, 1.0, 0.6, 0.25, and 0.15 dm3) were used. The geometric parameters of each sample are summarized in
Table 1.

Table 1. Dimensions of beakers and water loads (water density, pw = 1000 kg m=3 =1 kg dm™).

Beaker griffin Water
Beaker volume — Inner Wall Weight | Height Surface
Water volume diameter thickness (kQ) (mm) area (cm?
(mm) (mm)
2.00dm3 - 2.00 dm3 126 2.0 0.444 161.95 867.15
2.00dm3-1.50 dm3 126 2.0 0.444 121.75 707.94
1.00 dm3- 1.00 dm3 101 2.0 0.272 126.05 545.84
1.00 dm3-0.80 dm3 101 2.0 0.272 101.00 465.81
0.60 dm3 - 0.50 dm?3 86 2.0 0.184 86.95 341.41
0.60 dm? - 0.40 dm3 86 2.0 0.184 69.70 294.36
0.25dm3-0.25 dm?3 66 2.0 0.100 73.40 217.50
0.15dm3-0.15 dm?3 56 2.0 0.090 61.20 154.40

The absorbed power was determined thermodynamically based on the water temperature variation,
according to previous works [22,23]. The empty beaker was weighed (m), filled with water at 25+1 °C,
weighed again (m,,), and inserted into the cavity over the polypropylene table fixed at the oven’s bottom.
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Polypropylene was selected because it is a nontoxic material with a very low loss tangent (tan & = 0.0003—
0.0004); in other words, the microwave energy dissipated in the table is negligible [24]. The size details of
the experimental apparatus and the specific position of the water load inside the cavity are illustrated in Figure
1. The heating process was carried out until the water reached 35+2 °C to avoid energy losses by evaporation
and substantial changes in the dielectric properties of water. The final temperature (T;) was measured using
a previously homogenized liquid and a mercury thermometer. The power (P.y,) was then calculated using

Equation 1.

Cp,wmw(Tf - TO) + Cp,brnb (Tf - TO) (1)
Pexp = t

where c,, ,, (4.18 kJ (kg°C)* [25]) and c,,}, (0.75 kJ (kg°C)* [26]) are the specific heat of water and borosilicate
glass, respectively, T, is the initial temperature, and t is the heating time that was specified in the oven control
panel. Before the experiments to obtain P, the t value was estimated experimentally from trial and error for
each water load. The experimental tests for P., were repeated four times for each water load. The

International Electrotechnical Commission's Stander suggests using water load to estimate power dissipation
in microwave ovens (No — 60705: Household microwave ovens - Methods for measuring performance) [23].
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Figure 1. Three-dimensional (3D) computational domain model for a 0.15 kg water load.

Mathematical modeling

Figure 1 illustrates the computational domain of the electromagnetic model, which includes a detailed
description of the cavity, waveguide, polypropylene table, beaker, and water load. The mathematical model
assumed that (i) dielectric properties of materials are constant, (ii) energy loss from water to its surrounding
is negligible, and (iii) the water remains at rest. The study focused on the effect of load size on microwave power
absorption. Therefore, the study did not consider the transient changes caused by natural convection and the
effect of temperature on dielectric properties. Only the electromagnetic phenomena following the approach of
Zhang and Datta [10] were taken into account. The electromagnetic field distribution in the oven cavity was
calculated using waveform of electric field (Equation 2) obtained from Maxwell's equations [14].

V x (V x E) — (2mf)?eqppe E = 0 )
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where E is the electric field vector, f is the microwaves frequency, u, is the permeability of free space, g, is
the permittivity of free space, . is the complex relative permittivity (e, = €' —je’’), with €' as the dielectric
constant and €" as the loss factor), and V is the gradient operator.

The metallic cavity and waveguide walls can be approached as perfect electric conductors, to which
the following boundary condition applies:

AxE=0 3)

where 1 is the unit normal vector.
The tangential component of the electric field is continuous at the interface between two materials air-
glass, air-water, and water-glass:

i x (B, ~E) =0 (@)

where, Ffl and EZ are the electric field in materials 1 and 2, respectively.

The excitation of the microwave oven was modeled through a rectangular waveguide at TE10 mode. In
this transverse electric mode, the electric field is perpendicular to the wave direction propagation and shows
the half-sine wave distribution, as represented by Equation (5).

0
E= Eq sin (K>
a

0

(5)

where E, is the electric field strength at the port; a is the longest side of the rectangular waveguide and x* is
the position relative to dimension a, originating at a/2. The power transmitted at the excitation port (P,,) can
be correlated to the electric field strength (E, calculated with equation 8 from experimental data) by Equation

(6).

. Eozab (6)
dnre

where a and b are the cross-section dimensions of the waveguide, with a > b; and nrg is the intrinsic

impedance of the wave in the electric transverse mode [14].

The interaction of microwaves with the water converts electromagnetic radiation into thermal energy.
The local energy dissipated in the fluid was estimated by the Poynting's theorem (Equation 7), and the total

power dissipated (P.5) was calculated through the volume integration of the Equation 7 [6].

Pin

=12
Quw(x,y,z) = 2mg,e f|E| @)

Input parameters for the model

The dielectric properties and values of wave-length microwaves (1) inside each material are summarized
in Table 2. The attenuation constant («) and the microwave power penetration (d, = 1/2a [27]) in the water
were 23.56 mt and 21.22 mm, respectively.

Table 2. Dielectric properties of air, water, polypropylene, and borosilicate glass.
Dielectric properties

Material = o O Source
Air 1.00 0.0 12.245 Assumed
Water (30 °C) 75.70 8.0 1.405 [20]
Polypropylene 2.40 0.0 7.904 [21]
Borosilicate glass 4.05 0.0 6.085 [22]
calculated.

The electric field strength at the excitation port (E,) was estimated according to the Zhang and Datta [10]
approach. The procedure consists of comparing the power absorbed by a water load (2 kg) in the microwave
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oven, determined experimentally (P.y,, Equation 1), with the power calculated by the electromagnetic model
(P.a1) Using an arbitrary E,’ value. The E, at the excitation port is then estimated using Equation 8.

P,
Bo = B0’ [ ®)
Cca

Numerical solution

The mathematical model was solved using the commercially available finite element software COMSOL
Multiphysics® 6.0. The waveform equation of the electric field was solved by the RF Module using the
interface Frequency Domain and the GMRES iterative solver (Generalized Minimal Residual Method) with
the Geometric Multigrid preconditioner and tolerance of 10-3.

Tetrahedral mesh elements with second-order interpolation function were used for discretization of the
computational domain. A study on mesh independence was carried out to define the most appropriate mesh
size for this model. The normalized power absorption (NPA) was used as a mesh size criterion [8,31].

NPA = Scal 9)
B
Figure 2 (a) shows that the NPA values change as the number of elements is increased until converging
to a value independent from the number of elements. The NPA results were used to define the element sizes
for generating the mesh: 1.5 cm for air domain, and 3 mm for water load. Figure 2 (b) illustrates the
differences in mesh size elements of the numerical mesh for the solution of the model. The simulations were
performed on an Intel i9-9900x @ 3.5 GHz workstation with 128 GB RAM.
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Figure 2. (a) Numerical mesh independence study of mathematical model; (b) Numerical mesh for solution of the model
(0.15 kg water load).

Statistical parameters

The absorbed power distribution uniformity was evaluated by the coefficient of variation (COV), which is
the ratio between microwave power density standard deviation (SDqw) and mean value (Qmw). A lower
coefficient of variation means a better absorbed microwave power uniformity in the water loads [12,15].

cov = oW (10)
MW
QMW = # (11)
(I (_ZMW)Z (12)
SDqw = :

Where i represents the ith mesh element and n is the total number of elements in the mesh.
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RESULTS AND DISCUSSION

Model validation

The actual power delivered by the microwave oven (P,,, Equation 6, was calculated from electric field
strength at the excitation port (E,) obtained experimentally by Equation 8) was 696.2 W, which was around
70% of the rated power of the oven (1000 W). This result is consistent with those of Soltysiak and coauthors
[23], who found values between 90% and 74% of rated power for different household ovens.

Figure 3 shows the power dissipated in water loads obtained experimentally (P.x,) and predicted from

the mathematical model (P.,). The dissipated power is sensitive to water load size, presenting values that
ranged from 700 W (1.5 kg) to 560 W (0.15 kg), but there was no direct correlation between P and m,,. The
model shows a good predictive capacity: the relative error was 7.7% in the worst case (1.5 kg water load),
and the average error was around 5.2%, considering all cases.

Yi and coauthors [32] showed that a computational domain with detailed cavity design features, such as
magnetron, waveguide, and cavity depressions, improves the predictions of electromagnetic models. They
found that dents on cavity walls greatly affect the microwave power dissipated in the sample. The detailed
description of the computational domain used in the present model can explain the accuracy of the
predictions.
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Figure 3. (a) Effect of load size on total microwave power absorption in water. Numerical predictions (P.;) and
experimental values (P.;,); (b) Surface energy flux (P.x,/Ay) as a function of water surface area (A,,).

The surface energy flux is defined as the total power absorbed by the water load divided by the total
surface area of the water load; the surface energy flux based on the experimental data is shown in Figure
3b. The energy flux decreases as the surface area increases. Zhang and Datta [10] found a similar trend of
surface flux for cylindrical water containers. This trend is attributed to small variations in power absorption
when compared to increases in volume and surface area.

Electric field and microwave power density

Figure 4 presents the electric field distribution in the oven cavity with water loads of 1.50, 0.80, and
0.25 kg. Regions of high and low electric fields are obtained into the cavity alternately. Such electric field
patterns are characteristic of microwave cavities and lead to a non-uniform heating profile in the water loads
(Figure 4) [4,33-35]. Changing the load size changes the resonant-modes of the electromagnetic waves
inside the cavity and, consequently, the microwave power dissipated in the sample, as also shown in Figures
4 and 5, respectively.
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Figure 4. Electric field distribution, E (V/m), in oven cavities with 1.50, 0.80, and 0.25 kg water load.

The profiles of dissipated power (Quw, Equation 7) in the water loads showed in Figure 5 are the result
of resonances that occur when electromagnetic waves penetrate through the sample and a part of the wave
reflects from the other end. Transmission and reflection lead to the formation of a series of transmitted and
reflected waves and to subsequent constructive/destructive interferences between the waves, resulting in a
non-uniform power dissipation [11,36—38].

An energy concentration at the center of the water samples (focusing) was observed, especially for load
size below 0.5 kg. When the plane wave is radially incident on the cylinder, the wave transmitted to the water
is refracted to the center of the sample, following the well-known Snell's law [37,38]. This overheating effect
in the center occurs for diameters of approximately one to three times the penetration depth in water (inner
diameter = 1 - 3 d) [39]. The heating was mostly near the surface (not focusing) for large samples, as shown
in Figure 5, for the load size of 2 kg and 1.5 kg. According to Ayappa and coauthors [40], the intensity of
resonances decreases as the sample size increases due to attenuation within the sample, which is consistent
with the results found here. Similar dynamics was also found by Su and coauthors [41] during heating of
cylindric samples of different sizes in a microwave cavity.
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Figure 5. Microwave power density, Quw (W/m3) (Equation 7), in different load size.

Brazilian Archives of Biology and Technology. Vol.67: 24220594, 2024 www.scielo.br/babt


https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&ved=2ahUKEwjY_IyMpJjfAhXBqZAKHdazDawQFjAAegQIAxAC&url=http%3A%2F%2Fwww.scielo.br%2Fbabt&usg=AOvVaw08BojU0LuZNEI4C434jTD4

Teleken, J.T. and Carciofi, B.A.M. 9

The coefficient of variation (COV) is an indicator of the effective distribution of microwave power. Figure
6 shows that the COV values decrease as the load size was increased from 0.15 kg to 0.5 kg. However, the
COV increases when the mass increases beyond 0.5 kg. A low COV value indicates that the relative standard
deviation is small for a certain mean value, which is desirable for heating uniformity [15]. The highest COV
values were observed for the water mass 2 kg and 1.5 kg. In these conditions, the power dissipation occurs
near the surface (Figure 5), i.e., when the effects of microwaves resonance inside the samples are low.

1.2

11 ¢

1.0
09 | m "

COV (-)

0.8

0.7 1 1 1 1
0.00 0.50 1.00 1.50 2.00

Water load volume, mw (kg)

Figure 6. Coefficient of variation (COV) of microwave power density as a function of load size.

Parametric study

A parametric study was performed to quantify the effect of geometrical dimensions of cylindrical samples
on the power absorbed by the water load. Table 3 shows 7 sample groups (m,, =5, 2, 1, 0.5, 0.25, 0.15, and
0.075 kg, assuming water density as constant, pw = 1000 kg m= = 1kg dm-3), with increasing radius (r) and
decreasing height (h). These samples were placed in the middle of the polypropylene table for numerical
analysis and the simulations were performed for a constant input power density (P,,/m,,), defined as the
power delivered by the magnetron (P,,) divided by the water mass (m,,).

Table 3. Characteristic dimensions (r=radius and h=height) of cylindric water loads.

m,, (kg) 5.000 2.000 1.000 0.500 0.250 0.150 0.075
r (mm) h (mm)
12.5 152.8
25.0 127.3 76.3 38.2
50.0 127.3 63.7 31.8 19.1
75.0 113.2 56.6 28.3 14.1
100.0 151.9 63.7 31.8 15.9
125.0 101.8 40.7 20.4
150.0 70.7 28.3 14.1

The normalized power absorption (NPA = P, /P,,) of a water volume is different in different geometrical
dimensions of the cylindric samples (Figure 7a). Considering the range of values used here (Table 3), a
complex relationship between power density (P.;/m,,) and ratio of the dimensions (2r/h) was found, as
shown in Figure 7b. HouSova and Hoke [13] compared the experimental power absorbed in 250 mL of water
heated in four glass beakers of different dimensions and found no simple dependence between geometrical
dimensions and microwave energy. Zhang and coauthors [12] simulated microwave heating of potato
cylinders with constant volume and observed fluctuation in absorbed power as the radius was increased and
the height was decreased, as also observed in the present study. Changes in the relationship between
sample radius and height led to modification of the electromagnetic wave resonant modes inside the oven
cavity, which can explain the complex dynamics observed in Figures 7a, 7b.

The relationship between COV and water load (different dimensions) is shown in Figure 7c. A trend of
increasing COV with mass was revealed (similar dynamics as that shown in Figure 6), which is consistent
with the findings of Zhangand coauthors [12] and Su and coauthors [41]. However, no correlation was found
between COV and ratio of geometrical dimensions of the sample (2r/h) (data not shown).
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Figure 7. Effect of mass (a) and aspect ratio (b) on power absorption in water. Effect of mass (c) on COV of microwave
power density.

CONCLUSION

Maxwell's equations of electromagnetism were solved for a domestic microwave oven to evaluate the
power dissipated in water samples. The model described the experimental data accurately and showed the
complex dynamics of the electric fields inside the cavity and water (cylindrical shape). Based on numerical
results, the distribution of the microwave power density in the water changed with changes in the sample
size. The heating uniformity was lower for greater water masses. Furthermore, the amounts of absorbed
power also differed for equal mass samples with different characteristic dimensions: radius and height. The
modification of the resonance mode of electromagnetic waves inside the oven may explain the dynamics
observed. These results indicate that the heating patterns of the microwave oven are the result of combined
characteristics of shape and size, as well as the oven cavity.
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