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Aiming at improving the food quality during microwave process, this article mainly focused on the numerical simulation of
shape effect, which was evaluated by microwave power absorption capability and temperature distribution uniformity in a single
sample heated in a domestic microwave oven. This article only took the electromagnetic field and heat conduction in solid into
consideration. The Maxwell equations were used to calculate the distribution of microwave electromagnetic field distribution in
the microwave cavity and samples; then the electromagnetic energy was coupled as the heat source in the heat conduction process
in samples. Quantitatively, the power absorption capability and temperature distribution uniformity were, respectively, described
by power absorption efficiency (PAE) and the statistical variation of coefficient (COV). In addition, we defined the comprehensive
evaluation coefficient (CEC) to describe the usability of a specific sample. In accordance with volume or the wave numbers and
penetration numbers in the radial and axial directions of samples, they can be classified into different groups. And according to the
PAE, COV, and CEC value and the specific need of microwave process, an optimal sample shape and orientation could be decided.

1. Introduction

Microwave is a common process treatment of food products
as an approach to accelerate the processes or improve the
food quality. It can be used as a heat source in processes like
heating [1–5], drying [6, 7], thawing, puffing [8, 9], and so on;
besides microwave can be also used as an assisting method
in other processes like sterilization [10], moist measurement
[11], and so on [12]. Compared with the conventional heating
process microwave heating has many advantages, such as
high heating efficiency, good uniformity, being controllable,
easy maintenance, and being environment friendly [13, 14];
thus microwave heating process has been applied in plenty of
processes in food, nonmetal, and advanced materials indus-
try since the 1950s. Although using microwave heating can
achieve better uniformity compared with the conventional
methods, hot spots and cold spots still occur in the sample,
which seriously affect the quality of material during the
process [15]. Improving temperature uniformity is still an
urgent problem in microwave heating processes.

Microwave is an electromagnetic wave with a fre-
quency range of 0.3 GHZ to 300GHZ, corresponding to

the wavelength range of 0.001m to 1m. The commonly
used microwave frequencies are 0.915GHZ, 2.45GHz, and
5.8GHz, and most equipment designed for microwave pro-
cessing is operated at 2.45GHz [16]. Electromagnetic field
distribution of the microwave treatment process can be
described by Maxwell’s equations or Lambert’s law [13]. The
propagation and absorption of microwave electromagnetic
field can be described by Maxwell’s equations and the accu-
racy of Lambert’s law which is based on an assumption of
semi-infinite critical sample length [17], which is verified
when the thickness of the sample is more than three times
the microwave penetration depth of the sample [18]. Taking
the scope of application and accuracy into account,Maxwell’s
equations are the best choice to describe the electromagnetic
field distribution.

Materials placed in the microwave environment are
classified as insulators, conductors, semiconductors, and
superconductors [19]. Most of foodstuff are in the category
of insulators and have low internal wavelength decided by
dielectric properties and electromagnetic frequency [20].
Chemical component and physical structure of foodstuff
determine the dielectric properties [13]. Food materials
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interact with microwave electromagnetic field to generate
heat, and the dielectric constant and dielectric loss coefficient
of the material are used to characterize the electromagnetic
energy storage capability and the ability to convert electro-
magnetic energy into heat of the materials. So electromag-
netic distribution can directly influence the temperature gen-
eration and distribution in the foodstuff heated bymicrowave
[19]. Therefore, studying the rules from foodstuff heating
phenomena in microwave oven has significant meaning for
improving the quality of various foodstuff.

After the foodstuff treatment processes, the compositions
of food product are main indicators to measure the quality.
Enzymes, trace elements, proteins, and other substances in
food are sensitive to temperature, and the high temperature
during processing will destroy the food structure and even
produce harmful substances, which seriously influences the
food quality. Temperature nonuniformity in foodstuff leads to
hot spots and cold spots. At the location of hot spots the tem-
perature may be too high to damage the nutrient substance,
and at the cold spots the low temperature may fail to reach
the damage temperature of microorganisms, which raises the
risk of food deterioration. Therefore, both hot spots and cold
spots are drawbacks of the overall quality of the product
[13]. In addition, compared with a single homogeneous
material or synthetic material, foodstuff is more complex
and anisotropic, so the interaction between microwave elec-
tromagnetic wave and food material becomes less uniform
during the whole processing, which results in uneven distri-
bution of temperature.Therefore, it is very important to study
the temperature uniformity of food microwave processing.

Researches on foodstuff microwave treatment processes
are mostly concentrated on two aspects: one aspect is the
dielectric properties of the object itself, including factors
affecting dielectric properties [18, 21], shape effect [22–24],
and deformation effect [25]. Researches on aspects other than
the target object likemicrowave equipment structure [26, 27],
microwave properties [28], microwave processing strategies
[20, 29], and experimental verifications [30, 31] are also being
performed at the same time. Even though all factors affect
the results in the microwave treatment process, it is too
complex to take overall consideration of them. Therefore,
researchers tend to select the dominant elements which
may convert to each other to conduct studies. Foodstuff
can be divided into four groups by the microwave heating
characteristics, and potato can present the most commonly
used vegetable materials [20] with a relatively complete
system of characteristic parameters as well as representative
properties [15, 16, 20, 21, 23, 32].

In this article, we studied the temperature field distri-
bution of potato samples with different shapes, sizes, and
position orientations using a domestic microwave oven with
one 2.45GHz microwave source in TE10 mode rectangular
waveguide in three dimensions. The basically physical model
of the microwave oven is consistent with the Microwave
Oven in COMSOL Multiphysics software, but the shape,
size, and position orientations of potato samples change in
a wide range. This article described and summed up the
general rules of the sample microwave heating processing
from the perspective of the interaction between microwave

electromagnetic field and sample’s dielectric properties. The
temperature distribution of various samples at different
times was intuitively drawn from the qualitative point of
view. Quantitatively, the ratio of absorbed power and input
power named power absorption efficiency (PAE) was used
to describe the microwave energy absorption capability of
samples, and the ratio of internal temperature standard
deviation and average value, namely, coefficient of variation
(COV) [15, 29, 33], measured the temperature distribution
uniformity of a sample at a givenmoment. A lower coefficient
of variation (COV) means a better internal temperature
uniformity, and, in addition, defining the comprehensive
evaluation coefficient (CEC) which was the ratio of power
absorption efficiency to temperature COV value. The CEC
value can measure the samples’ usability at a certain condi-
tion, and a higher CEC value presents a sample with a high
PAE and/or low COV, which could be chosen according to
specific needs of microwave process.

2. Materials and Methods

2.1. Basic Assumption. In order to simplify the calculation
process and save calculation time, the following assumptions
were made for the simulation process within the allowable
error range:

(i) The samples are isotropic homogeneous.The samples
of different sizes or shapes can be considered as
isotropic homogeneous.

(ii) The influence of mass transfer and phase transforma-
tion of the process is ignored. The aim of this study is
to obtain the temperature field distribution during the
initial stage sample, so the temperature is below the
phase transition temperature at atmospheric pressure.

(iii) The dielectric constant and conductivity are constant.
The dielectric properties of foodstuff are mainly
affected by the moisture [25]. In this paper, the
temperature is below the phase transition point, so the
moisture content of the sample changed a little; thus
the dielectric constant can be regarded as constant.
Similarly, thermal conductivity of the sample is also
regarded as a constant.

(iv) The heat transfer occurs only in the sample. Because
of the shorter research time, and the thermal conduc-
tivity of the stationary air being smaller than the solid
thermal conductivity, the heat transfer of the air in the
microwave oven can be neglected in this study.

2.2. Physical Model. As shown in Figure 1, the physical model
consisted of a microwave oven cavity, a waveguide, a glass
tray, and a potato sample (with different shapes other than
the one shown in Figure 1), and the cavity and rectangular
waveguide were made of copper and the size of cavity was
length 𝑤𝑂 = 0.267m, width 𝑑𝑂 = 0.27m, and height ℎ𝑂 =0.188m and the rectangular waveguide was length 𝑤𝑔 =0.05m, width 𝑑𝑔 = 0.078m, and height ℎ𝑔 = 0.018m. Glass
tray in the microwave electromagnetic field was regarded
as transparent medium, and no heat was generated. In
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Figure 1: Schematic diagram of physical model.

order to reduce the amount of calculation and improve the
computational efficiency, a symmetricmodel was established.
The potato samples were in different shapes (sphere, ellipsoid,
cylinder, cuboid, etc.), different sizes, and different position
orientations.

2.3. Mathematical Model

2.3.1. Electromagnetic FieldModel Establishment. Theelectro-
magnetic field distribution in the sample, microwave cavity,
and waveguide was described by the Maxwell equations as
follows:

∇ ⋅ →𝐷 = 𝜌ele
∇ × →𝐸 = −𝜕→𝐵𝜕𝑡
∇ ⋅ →𝐵 = 0

∇ × →𝐻 = →𝑗 + 𝜕→𝐷𝜕𝑡 ,

(1)

where →𝐷 is the electric flux density, →𝐸 is the electric field
intensity, →𝐵 is the magnetic flux density, →𝐻 is the magnetic
field intensity, 𝜌ele is the source of the electric field, and →𝑗 is
the current density.

The constitutive equations describing the interaction
between material and electromagnetic wave in electromag-
netic field were presented as follows:

→𝐷 = 𝜀0𝜀𝑟 ⋅ →𝐸
→𝐵 = 𝜇0𝜇𝑟 ⋅ →𝐻
→𝑗 = 𝜎 ⋅ →𝐸,

(2)

where 𝜀𝑟 is the relative permittivity, 𝜇𝑟 is the relative perme-
ability, 𝜎 is the conductivity, 𝜀0 is the permittivity of free space
(𝜀0 = 8.854 × 10−12 F/m), and 𝜇0 is the permeability of free
space (𝜇0 = 4𝜋 × 10−7H/m).

In the physical model, no conduction current existed in
the microwave cavity and sample, and both of the electric
and magnetic field were passive field; thus in this case the
following can be concluded: 𝜌ele = 0, →𝑗 = 0. The wave
equation in microwave cavity was as follows:

∇ × 𝜇−1𝑟 (∇ × 𝐸) − 𝑘20𝜀𝑟𝐸 = 0, (3)

where 𝑘0 is electromagnetic wave in free space, described as

𝑘0 = 𝜔√𝜀0𝜇0. (4)

2.3.2. Heat Transfer Model Establishment. The samples were
treated as solid, interacted with electric field, and generated
heat in the food interior. The electromagnetic heat then
transferred to the low temperature part in the way of
conduction. The heat transferred ability of the sample and its
surrounding environment was low because of still air around
the sample. Therefore, only heat conduction in the sample
was considered, and that in the surrounding environmentwas
neglected. Besides, water evaporation of the sample was also
neglected due to the low water evaporation rate in the period
before the phase transition temperature of the hot spot. The
microwave electromagnetic energy was used as heat source to
couple the electromagnetic energy with the energy equation.
The heat transfer process was described as follows [29, 34]:

𝜌𝐶𝑝 𝜕𝑇𝜕𝑡 = ∇ ⋅ (𝑘∇𝑇) + 𝑄mic

𝑄mic = 12𝜔𝜀𝑜𝜀 |𝐸|2 ,
(5)

where 𝜌 is the density of the sample, 𝐶𝑝 is the specific heat
capacity, 𝑘 is the thermal conductivity of the sample, 𝑇 is the
temperature, 𝑄mic is the microwave heat source, and 𝜔 is the
angular frequency of microwave.

2.3.3. Initial Condition. Initial values of electromagnetic field
components were all zero except the initial value of z
directional electric field component, which was described as
follows:

𝐸𝑧0 = cos
𝜋𝑦𝑑𝑔 . (6)

Besides, initial ambient temperature was 𝑇atm0 = 20∘C,
and the initial temperature of sample was 𝑇0 = 8∘C.
2.3.4. Boundary Condition. The cavity and waveguide
were considered as the copper wall resistance loss, using
impedance boundary conditions to define the wall, described
as follows:

√ 𝜇0𝜇𝑟𝜀0𝜀𝑟 − 𝑗 (𝜎/𝜔)𝑛 × 𝐻 + 𝐸 − (𝑛 ⋅ 𝐸) 𝑛
= (𝑛 ⋅ 𝐸𝑠) 𝑛 − 𝐸𝑠.

(7)
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Table 1: Physical parameters of potato samples.

Symbol Value Unit Description
𝜀 58 1 Dielectric constant𝜀 13 1 Dielectric loss coefficient𝜇𝑟 1 1 Magnetic permeability𝜎 0 S/m Conductivity𝑘 0.648 W/(m⋅K) Thermal conductivity𝜌 1067 kg/m3 Density𝐶𝑝 3630 𝐽/(kg⋅K) Specific heat capacity

The plane of symmetry used electrical conductor bound-
ary conditions to eliminate the influence on the imaginary
plane of the simulation process, by the following formula:

𝑛 × 𝐻 = 0. (8)

The propagation constant of electromagnetic field was
expressed by

𝛽 = 2𝜋𝑐 √𝑓2 − 𝑐24𝑑𝑔2 . (9)

The whole simulation process was carried out under
atmospheric pressure, and the pressure boundary conditions
were set to 1 atm.

2.3.5. Sample Parameters. The sample was potato, and the
related parameters of the sample were shown in Table 1 [35].

3. Results and Discussion

In order to verify the accuracy of the mathematical model
of this article, this model was used to calculate the physical
model in [27]; the specific calculation process was not
expressed in this article.The calculated resultswere compared
with the results in [27], as shown in Figure 2. It can be
seen from the diagram that the results obtained by the
mathematical model in this paper are close to the results in
the literature, but the temperature rise rate is slightly larger
than that in literature. Therefore, the mathematical model
selected in this paper could basically meet the needs of the
research.

In Figure 3, there were several typical temperature dis-
tribution results of potato examples with same calculation
conditions except for shape or orientation. It can be clearly
seen in the figures that examples with different shapes or
orientations formed some hot spots in different position in
different time. Obviously, the hot spots must be the first
positions to reach the phase transition temperature, and at
the same time temperature at other positions of the food
sample would be lower than that of hot spots. In Figure 3,
the deeper red color indicated the lower temperature, and on
the contrary the brighter yellow color indicated the higher
temperature. Meanwhile, the images in the same row showed
the whole heating process from the beginning to the time
that the maximum temperature of the hot spots reached the
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Figure 2: Model validation.

phase transition temperature. It is not difficult to conclude
from Figure 3 that when the hot spots reach the phase
transition temperature, the internal temperature distribution
of the potato samples changes with shape or orientation of
the sample. For the microwave treatment process of different
samples, a process with good uniformity, high absorption
power efficiency, small temperature difference, and short time
is expected. Therefore, it is of great practical significance to
study the influence of sample shape on the initial temperature
field establishment of microwave process.

3.1. Microwave Power Input Effect. Heating power is the
energy applied to the samples, partially producing dielectric
heating effect [36]. The increasing or decreasing of input
power directly affects the heat generated in the sample per
unit time, then the heating rate of the sample is affected as
well.Thehot spots formed in the sample, as shown in Figure 3,
would firstly reach the boiling point at each input power.
There were some microwave power distribution grayscale
color map images of the elliptical sample in reference [22],
which was corresponding to the hot spots in the ellipsoid
shaped samples in 2D. Studies focused on the period before
the phase transition temperaturewas conducted andobtained
the temperature field establishment process.

From Figure 4 it can be seen that the maximum tem-
perature within a cylinder sample with radius 0.016m and
height 0.05m reached the phase transition temperature after
being heated by different input power within 200 s (except
for 10W). The greater the input power, the shorter the time
it takes to reach the phase transition temperature.The PAE of
microwave power is about 0.63 and remains constant during
the process due to the constant dielectric loss coefficient of
the sample and constant input power under the specific study
condition. Therefore, before the hot spots reach the phase
transition temperature, input power of the microwave has
little effect on PAE of the potato samples. The direct effect
of the input power is the time it spent on reaching the phase
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Figure 3: Hot spot in different samples.

transition temperature as shown in Figure 4; this is consistent
with [30].

As we all know, energy consumption is an important
measurement to a productive process, so the total energy of
different input power consumed before the phase transition
temperature should be considered to choose an optimal input
power. As the curve has shown in Figure 5, it indicates
that when the internal hot spots reach the phase transition
temperature, the total energy consumption decreases from
4116 J to 630 J corresponding to the input power increasing
from 10W to 200W. Besides, when the input power is
larger than 80W, the total energy consumption tends to be
stable from the curve in Figure 5. Taking the previous work
into consideration, it suggests that properly increasing input
power will reduce energy consumption.

Figures 6 and 7 show the potato samples’ temperature
uniformity. In Figure 6, curves indicate the COV time
variation of different input power before the internal hot
spots reach the phase transition temperature (except 10W).
It can be grasped that COV history of the sample internal
temperature distribution tends to be level-off for the relatively
lower input power but increases linearly for the higher ones;

both of the phenomena can be seen in [29]. For the lower
input power, it takes a relatively long time to reach the
phase transition temperature, and during this period heat
generated in the penetration depth is conducted to the lower
temperature locations, which makes a positive effect of the
temperature uniformity. As for the higher input power, hot
spots reach the phase transition temperature in a short time,
during which the heat generated in the penetration depth
cannot be adequately conducted to the lower temperature
locations; as a consequence the temperature uniformity is
worse under these circumstances.

The final COV-input power curve at the hot spots phase
transition moment can be seen in Figure 7. It demonstrates
that when input power is larger than 80W, the final COV
remains about 0.5 as the input power rises, while when the
input power is less than 80W, the final COV increases from
about 0.3 to 0.5 as the input power rises. The reason why
the final COV tends to be stable can be attributed to same
penetration depth [24] and short time before the hot spots
phase transition moment. From the equations in [24], the
penetration depth of a microwave process depends on the
microwave frequency and the sample’s dielectric properties
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which in our study remain constant, so it can be concluded
that during the microwave process in this case the heat
generated in the penetration depth of the potato sample
remains constant, too. Besides, when input power is larger
than 80W, the time for rising temperature is shorter than
that used to heat conduction, so the heat generated almost
stays within the area of penetration depth. Thus, the COV
values of internal temperature distribution stay constant.
From Figure 7, it can be also concluded that lower input
power can make a better temperature uniformity, and with
the increasing of input power, the uniformity of temperature
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becomes worse, the same conclusion was drawn in reference
[30].

To sum up, relatively low input power leads to a more
uniform temperature distribution in potato samples, but
excessive pursuit of uniform temperature reduces heating
efficiency and increases energy consumption. Relatively high
input power can dramatically shorten heating time and
decrease energy consumption, but the uniformity in potato
samples at the phase transition time becomes worse. There-
fore, in order to consume less energy and get more uniform
temperature distribution, it is necessary to choose a proper
input power for specific samples.
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Table 2: Geometric characteristics dimension of different shape potato samples.

Number Shape Characteristics dimension (10−3m)
V1 (m3) = 1.64 × 10−5 V2 (m3) = 6.25 × 10−5 V3 (m3) = 13.11 × 10−5

(1) Sph. 𝑅19.851 𝑅31.018 𝑅39.702(2) Cub. L32 L50 L64(3) Cyl.1 𝑅16 − 𝐻40.7 𝑅16 − 𝐻155.4(4) Cyl.2 𝑅25 − 𝐻16.7 𝑅25 − 𝐻63.7 𝑅25 − 𝐻133.5(5) Cyl.3 𝑅32 − 𝐻10.2 𝑅32 − 𝐻38.9 𝑅32 − 𝐻81.5(6) Cyl.4 𝑅50 − 𝐻4.2 𝑅50 − 𝐻15.9 𝑅50 − 𝐻33.4(7) Cyl.5 𝑅64 − 𝐻2.5 𝑅64 − 𝐻9.7 𝑅64 − 𝐻20.4(8) Ell.1 𝑥32 − 𝑦𝑧15.6 𝑥32 − 𝑦𝑧30.5 𝑥32 − 𝑦𝑧44.2(9) Ell.2 𝑦32 − 𝑥𝑧15.6 𝑦32 − 𝑥𝑧30.5 𝑦32 − 𝑥𝑧44.2(10) Ell.3 𝑧32 − 𝑥𝑦15.6 𝑧32 − 𝑥𝑦30.5 𝑧32 − 𝑥𝑦44.2(11) Ell.4 𝑥50 − 𝑦𝑧12.5 𝑥50 − 𝑦𝑧24.4 𝑥50 − 𝑦𝑧35.4(12) Ell.5 𝑦50 − 𝑥𝑧12.5 𝑦50 − 𝑥𝑧24.4 𝑦50 − 𝑥𝑧35.4(13) Ell.6 𝑧50 − 𝑥𝑦12.5 𝑧50 − 𝑥𝑦24.4 𝑧50 − 𝑥𝑦35.4(14) Ell.7 𝑥64 − 𝑦𝑧11.1 𝑥64 − 𝑦𝑧21.6 𝑥64 − 𝑦𝑧31.3(15) Ell.8 𝑦64 − 𝑥𝑧11.1 𝑦64 − 𝑥𝑧21.6 𝑦64 − 𝑥𝑧31.3(16) Ell.9 𝑧64 − 𝑥𝑦11.1 𝑧64 − 𝑥𝑦21.6 𝑧64 − 𝑥𝑦31.3

3.2. Sample Shapes Effect. In microwave processing various
shapes of samples may be dealt with. This part mainly
focused on the samples’ shape effect on microwave power
absorption capability and temperature distribution unifor-
mity of potato samples before the internal hot spots reach
the phase transition temperature. The sample shape can be
simplified as sphere, cube, cylinder, ellipsoid, and cuboid.
In the course of this section, except for the sample shape,
all properties including physical and geometric properties of
the sample were set to be the same. Input power was 90W.
There were three groups of samples classified by volume, as
shown in Table 2 (the blank indicates the characteristics size
of the sample is beyond the computational domain). These
samples were placed in the middle of the glass tray. Samples
number 1 and number 2 are sphere and cube, which have
only one characteristics dimension. The samples who have
more than one characteristics dimension, namely, number 3
to number 7, are cylindrical samples with increasing radius
and decreasing height, and number 8 to number 16 are
three groups of ellipsoidal samples placed in different axis
directions. When the internal hot spots reached the phase
transition temperature, samples’ power absorption efficiency
(PAE) and temperature distribution uniformity (COV) were
shown in Figures 8 and 9, respectively.

In Figures 8 and 9, it can be clearly seen that the PAE
and COV values of spherical samples are less than those of
isometric volume cubic samples. In detail, the sphere samples’
PAE of V1, V2, and V3 are 0.78, 0.65, and 0.67, respectively,
which are less than those of corresponding cubic samples 0.81,
0.77, and 0.81. Similarly, the sphere samples’ COV values of
V1, V2, andV3 are 0.45, 0.42, and 0.47, respectively, which are
less than those of cubic samples 0.50, 0.56, and 0.56. There-
fore, there is an enhancement of power absorption capability
and a detriment of temperature distribution uniformity for
cubic samples in contrast to spherical ones. The differences
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between spherical and cubic samples on power absorption
capability and temperature distribution uniformity mainly
originate from the focusing tendency of microwave at the
samples’ corners and were concluded in the two-dimension
simulation of reference [37] and can be also seen in the result
diagram of cubic sample in Figure 3. Further comparison
between spherical and cubic samples will be discussed in
Section 3.2.1.

Contrasting the PAE and COV values of number 3 to
number 7 isometric volume cylindrical samples in Figures
8 and 9, an obvious fluctuation with the increasing radius
and decreasing height can be seen, but the position of
extreme values is unfixed for different volume sample groups.
Similar phenomena can be seen by contrasting the samples of
number 8, number 11, and number 14 (similar comparisons
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are number 9, number 12, and number 15, or number 10,
number 13, and number 16). It will be discussed further in
Section 3.2.2.

By contrasting the PAE and COV values of number 8 to
number 10 samples (similar comparisons are number 11 to
number 13, or number 14 to number 16), there are obvious
changes of different placement directions, and the variation
tendency may increase, wave, or decrease. Therefore, being
treated in a single port microwave oven, placement direction
of a sample has also a significant effect on samples’ power
absorption capability and temperature distribution unifor-
mity, which will be discussed in Section 3.3.

3.2.1. Spherical and Cubic Sample. In this section, a compar-
ative study of spherical and cubic samples was conducted.
Spherical samples’ radii were from 0.005m to 0.04m, and the
corresponding isometric volume cubic samples’ side length
were from 0.008m to 0.064m at an interval of 0.001m, and
the isometric volume samples were numbered from number
1 to number 57. The input power was 90W, and the two
groups of samples were heated to the moment when the
temperature of the internal hot spots reached phase transition
temperature. Figures 10 and 11 presented the PAE and COV
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values of the two series of samples, separately. PAE and COV
values comparisons between cubic and spherical samples are
shown in Figures 12 and 13. Figures 14 and 15 indicate some
typical intuitive calculation results of electromagnetic field
and temperature distribution.

The black curve in Figure 10 indicates the PAE values
of spherical samples with increasing radii. It can be clearly
seen that small radii spherical samples’ capacity of absorbing
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energy is low in contrast to the larger ones, and the PAE
values of spherical samples increase as the radii rise. These
phenomena were also shown in [38]. The lower PAE values
of small spherical samples are resulting from the low tem-
perature rising rate of these samples and lead to a better
temperature distribution uniformity in the smaller samples.
Likewise, higher PAEvalues of larger spherical sampleswould
lead to worse temperature uniformity. Therefore, the red
curve in Figure 10 represents the COV values being lower in
the small samples and rises to higher values when the radii
increase.

Interestingly, by contrasting the two curves in Figure 10,
when spherical samples’ radii increase, the COV curve firstly
reaches an extreme value when the corresponding PAE value

is still at a lower position. This maxima of COV values
resulted from the focusing effect at internal local positions
of samples [38]. Then when the samples’ volume becomes
large, the PAE curve stays stable, while the COV curve tends
to increase. This phenomenon is due to the samples’ large
size which leads to heating only near the surface [38]. For
the cubic samples’ power absorption efficiency and COV
curves in Figure 11, we can also find similar phenomena to
the previous study of spherical samples. So phenomena in
Figure 11 can be explained by the previous theory as well.

By contrasting the corresponding curve values of these
two kinds of samples shown in Figures 12 and 13, there exist
enormous differences caused by shape. Figure 12 shows the
PAE values of equal volume cubic and spherical samples; it



10 Journal of Food Quality

can be directly seen that most of the red curve is below the
black one which means that in most cases cubic samples’
capacity of absorbing microwave power is better than that of
spherical ones. Similarly in Figure 13 the red curve is below
the black one at most locations, which indicates that in most
cases the temperature distribution uniformity of spherical
samples is better than cubic samples.

Quantitatively, the PAE values of spherical samples range
from 0.004 to 0.782, while those of cubic samples range
from 0.005 to 0.828. Only for number 4, number 5, number
24, and number 36 to number 38 studies, cubic samples’
values are lower than the spherical ones. Meanwhile, the
COV values of spherical samples range from 0.064 to 0.565,
and those of cubic samples range from 0.159 to 0.626. Only
for number 10 and number 21 to number 23 studies, cubic
samples’ COV values are lower than the spherical ones.
Combining with the above two phenomena, for number
4, number 5, number 24, and number 36 to number 38
studies, spherical samples are better than cubic ones due to
the high PAE and low temperature COV, and for number
10, and number 21 to number 23 studies, cubic samples are
better than spherical ones because of the same reason. Except
for the above samples the cubic samples all have higher
PAE and higher temperature COV values, which means a
better power absorption capability and worse temperature
distribution uniformity. Therefore, in most cases when a
microwave process needs a high PAE, cubic sample is better,
while if temperature uniformity is more important, it is
recommended to choose spherical samples.

For example, choosing four sizes that represent the small,
intermediate, and large samples (number 7, number 23,
number 40, and number 57 samples) from the spherical
samples and the corresponding cubic samples, Figures 14 and
15 show the spatial distribution of electromagnetic field and
temperature of the four kinds of samples. Results shown in
Figures 14(a)–14(d) and 15(a)–15(d) are quite similar with
that of reference [38, 39], which verify the correctness of this
model. Contrasting Figures 14(a) and 14(e), 15(a) and 15(e),
it can be concluded that when the samples are small, the
internal electromagnetic field and temperature distribution
are similar between cubic and spherical samples. Contrasting
Figures 14(b) and 14(f), or Figures 14(c) and 14(g), the elec-
tromagnetic field distribution of intermediate size samples
is quite different between cubic and spherical samples. In
spherical samples the focusing appears in the center, while in
the cubic samples the focusing appears in the center as well
as near the corners, which tend to be cyclical generation as
the side length increases.Therefore in Figures 15(b) and 15(f),
or Figures 15(c) and 15(g), hot spots in spherical and cubic
samples are different in the aspect of position and number.
Contrasting Figures 14(d) and 14(h), the electromagnetic
field of spherical samples moves towards the outer surface
direction and that of cubic samples is mostly focused on
the corners, the corresponding temperature distribution in
Figures 15(d) and 15(h) shows similar phenomena.

According to Figures 10–15, the samples can be divided
into four groups. (1) Small volume samples, whose PAE and
COV value are both low; besides, internal electromagnetic
field focusing and hot spots are not obvious, as shown

in Figures 14(a) and 14(e) and Figures 15(a) and 15(e),
respectively. (2) Low intermediate volume samples, whose
PAE values are low, while the COV values are high due to
the concentrated internal hot spots, which are caused by the
intense focusing effect of electromagnetic field, as shown in
Figures 14(b) and 14(f) and Figures 15(b) and 15(f). (3) High
intermediate volume samples, whose PAE values are high,
while the COV values are low. The reasons that caused these
phenomena are less concentrated hot spots and less intense
electromagnetic focusing effect, as shown in Figures 14(c) and
14(g) and Figures 15(c) and 15(g). (4) Big volume samples,
whose PAE values tend to be low or stable, and the COV
values increase. The electromagnetic focusing and hot spots
move to the outer surfaces and sharp corners, as shown in
Figures 14(d) and 14(h) and Figures 15(d) and 15(h). In this
section, samples in Study 1∼Study 7 can be classified into
the first group, those in Study 8∼Study 25 can be classified
into the second group, those in Study 26∼Study 40 can be
classified into the third group, and those in Study 41∼Study
57 can be classified into the last group.

In summary, when the isometric volume spherical and
cubic samples’ sizes are small, the microwave power absorp-
tion capability of both shapes is similar, but the temperature
distribution uniformity of cubic samples is worse than that
of spherical samples. So on this condition, it is recommended
tomake samples sphere inmicrowave heating progress. In the
case of intermediate size, the spherical samples’ electromag-
netic field focusing is in the center, while that of cubic ones
locates both in center and on corners that result in multiple
hot spots, so the PAE values of cubic samples are higher, and
COV values of spherical samples are lower or comparable to
the cubic ones. Thus, for the intermediate size samples, it is
recommended to select the shape of the sample according to
the demand for power absorbing capability or temperature
uniformity. As for the big size samples, electromagnetic field
distribution of spherical samplesmoves towards outer surface
and that of cubic samples focuses on corners. The PAE
values of cubic samples are higher than spherical ones, but
the internal temperature uniformity gets worse and worse.
Therefore, for the big size cubic samples are unpractical due to
theworse temperature uniformity resulting from the focusing
on corners.

3.2.2. Cylindrical, Cuboidal, and Ellipsoidal Sample. For
cylindrical, cuboidal, and ellipsoidal samples, the same vol-
ume may have a variety of size combinations; namely, same
volume samples may have different combinations of axial size
and radial cross-sectional area. Therefore, in this section, the
cylindrical, cuboidal, and ellipsoidal samples are of the same
volume of 1.64 × 10−5m3; the samples’ axial size is from
0.004m to 0.163m. The radial cross sections of cylindrical
and ellipsoidal samples are circular, whose diameters are
from 0.016m to 0.100m and from 0.0196m to 0.1225m,
respectively, while the cross section of cuboidal sample is
square, whose side length is from 0.0143m to 0.0886m.

As shown in Figure 16, cylindrical, cuboidal, and ellip-
soidal samples of the same volumewere placed in three direc-
tions. The correlation results can be obtained by contrasting
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Figure 16: Sample diagram.

the different samples in samedirections (horizontal) aswell as
the same sample in different directions (vertical), as discussed
in this section and Section 3.3, respectively.

The thickness of samples can be described by wave
number 𝑁𝑤 and penetration number 𝑁𝑝 defined as (10) in
2D problems [37]:

𝑁𝑤 = 𝐿𝜆𝑚
𝑁𝑝 = 𝐿𝐷𝑝 ,

(10)

where 𝐿 is the characteristic dimension, and for circular cross
section samples 𝐿 is the diameter, and for square cross section
samples 𝐿 is the side length. In addition, 𝜆𝑚 and 𝐷𝑝 are
the wavelength and penetration depth of microwave within
the food material, which can be obtained from the following
equations [37]:

𝜆𝑚 = 𝑐√2
𝑓 [√(𝜀)2 + (𝜀)2 + 𝜀]1/2

𝐷𝑝 = 𝑐
√2𝜋𝑓 [√(𝜀)2 + (𝜀)2 − 𝜀]1/2

.
(11)

Thus, The wavelength and penetration depth within the
potato samples of this section are 0.016m and 0.023m,
respectively.

In the 2D study in [37], different shape food samples could
be classified as thin (𝑁𝑤 ≤ 0.1), intermediate (𝑁𝑤 > 0.1,𝑁𝑝 < 3), and thick (𝑁𝑝 ≥ 3) size according to samples’ wave
number and penetration number on the cross-section plane.
Similarly, in the 3D study of this section, potato samples can
be classified on the XY-plane, YZ-plane, and ZX-plane in the

sameway.Thewave numbers of three shapes samples on axial
direction section are from 0.261 to 10.186, and the penetration
numbers are from 0.181 to 7.086. The wave numbers on
cylindrical, cuboidal, and ellipsoidal samples’ radial middle
cross section are, respectively, from 1 to 6.250, from 0.886
to 5.539, and from 1.225 to 7.655. The penetration numbers
of them are, respectively, from 0.696 to 4.348, from 0.617 to
3.853, and from 0.852 to 5.352.

For the thin size samples the temperature distribution
uniformity is invariant of the shape [37]. Therefore, in this
section, all the samples locate in the regions of intermediate
and thick size. Besides, according to the radial and axial
wave number and penetration number, the samples can be
further divided into three categories, namely, (1) Group 1:
radial thick-axial medium samples, whose radial penetration
number is 𝑁𝑟𝑝 > 3 and the axial wave numbers and
penetration numbers are 𝑁𝑎𝑤 > 0.1 and 𝑁𝑎𝑝 < 3; (2) Group 2:
radial medium-axial medium samples, whose wave numbers
and penetration numbers in radial and axial directions are
all 𝑁𝑤 > 0.1 and 𝑁𝑝 < 3; (3) Group 3: radial medium-
axial thick samples, whose radial penetration numbers are𝑁𝑟𝑤 > 0.1 and 𝑁𝑟𝑝 < 3, and axial penetration numbers are𝑁𝑎𝑝 > 3. Intuitively, samples of Group 1 tend to be more flat,
while those belonging to the Group 3 are more slender.

When the samples are placed in Orientation 1, the elec-
tromagnetic field distribution on radial middle cross section
(YZ section) demonstrates unique characteristics of different
samples; some typical results are shown in Figure 17. Images
in Figure 17(a) belong to Group 1; the electromagnetic field
focusing almost locates near the circular’s surface and square’s
surface and corners. Images in Figures 17(b) and 17(c) show
the inward focusing trend of samples in Group 2. Images
in Figure 17(d) exhibit the electromagnetic focusing in the
center of samples in Group 3.The above results are consistent
with 2D results of thick turnip samples in [37].



12 Journal of Food Quality

y

z

x

×103 V/m
7654321

(a) 𝐻 = 0.004m

y

z

x

×103 V/m
7654321

(b) 𝐻 = 0.010m

y

z

x

×103 V/m
7654321

(c) 𝐻 = 0.032m

y

z

x

×103 V/m
7654321

(d) 𝐻 = 0.163m

Figure 17: Electromagnetic field distribution on YZ radial middle cross section in Orientation 1.

Besides, the corresponding axial cross sections (XY sec-
tion and ZX section) of these samples are shown in Figures
18 and 19. Considering the geometric optical properties of
microwave, electromagnetic field in the cavity consists of
the superposition of the original electromagnetic wave with
that reflected by walls and samples’ surfaces. Besides, the
electromagnetic field in the foodstuff originates from the
electromagnetic wave refracted from its surfaces [36]. In this
section, the refraction surfaces of samples include two end
surfaces and a cambered surface (as for cuboidal samples the
cambered surfaces are those except for the two end surfaces).

Therefore, it is clear that when the size of axis is less than
penetration depth and wavelength, the focusing is mainly
caused by themicrowave refracted from the cambered surface
as shown in Figures 18(a) and 19(a).

As shown in Figures 18(b) and 19(b), sample’s radial
size is bigger than penetration depth and the axial size is
comparable to wavelength, so the focusing appears separately
near cambered surface as well as in the internal space due
to the microwave refracted from cambered surface and end
surfaces, respectively. For samples whose radial size and axial
size are both close to the penetration depth, the microwave
refracted from the cambered surface and the two end surfaces
all play important roles in the internal electromagnetic wave
propagation, and the results of intensive superposition are
shown in Figures 18(c) and 19(c).

In Figures 18(d) and 19(d), sample’s radial sizes are
comparable to the wavelength, while the axial sizes are bigger
than penetration depth. Thus, the electromagnetic focusing
along the axis is mainly caused by the microwave refracted
from the cambered surface, and only within the penetration
depth region near end surfaces may microwave refraction
from two end surfaces have an effect on the microwave
superposition.

In Figures 17–19, we can find that the electromagnetic
field distribution of same axial size samples presents similar
tendency and local differences, and from the electromagnetic
field distribution images it is not hard to obtain the distri-
bution of temperature. However, from the intuitional visual
images it is difficult to determine the optimal samples of high
power absorption and uniform temperature distribution.
Therefore, parameter of power absorption efficiency (PAE)
is used to measure the samples’ microwave power absorbing
capability, and a higher PAE value is desired. Besides, coeffi-
cient of variation (COV) of samples’ temperature is used for
evaluating the internal temperature of samples, and the low
COV value demonstrates a better temperature uniformity.
Moreover, optimal sample should ownhigh power absorption
efficiency and low temperature COV value; thus the ratio
of power absorption efficiency to temperature COV value
(named comprehensive evaluation coefficient, CEC) can
measure the samples’ usability at a certain condition, and a
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Figure 18: Electromagnetic field distribution on XY axial middle cross section in Orientation 1.
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Figure 20: Different samples in the same orientations, Group 1.

higher CEC value presents a sample with a high PAE and/or
low COV, which could be chosen according to specific needs
of microwave process.

Curves in Figures 20(a)–20(c) (similarly in Figures
21(a)–21(c) and Figures 22(a)–22(c)) give the PAE values of
these three shape samples in different orientations. Besides,
when the internal hot spots reach the phase transition
temperature, curves in Figures 20(d)–20(f) (similarly in
Figures 21(d)–21(f) and Figures 22(d)–22(f)) demonstrate

the temperature COV values of three shape samples in
different orientations. Figures 20(g)–20(i) (similarly Figures
21(g)–21(i) and Figures 22(g)–22(i)) give the corresponding
CEC curves of the three shape samples in different orienta-
tions.

In Figures 20(a), 20(d), and 20(g), the figures suggest that,
in Orientation 1, cylindrical, cuboidal, and ellipsoidal sam-
ples’ PAE values have maximal values which are 0.74, 0.89,
and 0.88, and the corresponding COV values are also located
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Figure 21: Different samples in the same orientations, Group 2.

near the maximal values except ellipsoidal sample. Thus
from Figure 20(g) it can be concluded that when samples
of Group 1 are placed in Orientation 1, sample of ellipsoidal
shape is better than cylindrical and cuboidal ones due to
relatively high PAE and low temperature COV. Similarly, in
Figures 20(b), 20(e), and 20(h), when samples are placed
in Orientation 2, ellipsoidal shape is also the best choice.
However when samples are placed in Orientation 3 as shown
in Figures 20(c), 20(f), and 20(i), cylindrical shape samples
are better than the other two shapes for the same reason.

PAE, COV, and CEC value curves of different samples
in Group 2 are shown in Figure 21. From the curves in
Figures 21(g)–21(i), it can be concluded that when samples’
axial sizes are lower than 0.040m, samples’ CEC values are
all comparable. The reason causing this phenomenon is that
the radial and axial sizes of samples are all comparable to
the penetration depth or wavelength, and thus intensively
electromagnetic field focusing would happen to enhance the
heating effect. Among this range, samples’ shape effect can be
ignored, and all these three shape samples can obtain good
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Figure 22: Different samples in the same orientations, Group 3.

heating results. Beyond this range ellipsoidal shape would be
better because of the higher PAE and/or lower COV.

PAE, COV, and CEC of samples in Group 3 are shown in
Figure 22. When placed in Orientation 1, cylindrical samples
are the first choice due to the higher PEA and relatively lower
COV as shown in Figures 22(a), 22(d), and 22(g). Cylindrical
and cuboidal shapes are better than ellipsoidal shape when
placed in Orientation 2. Besides, if temperature uniformity is
more decisive, cylindrical shape is the best. When placed in
Orientation 3, cuboidal shape should be firstly selected.

Taking all samples in the three groups into consideration,
in Figures 23–25, every curve is divided into three parts: the
left unmarked part separately indicates the PAE, COV, and
CEC values of the samples belonging to Group 1 and the
middle part and right part represent Group 2 and Group 3
as marked in figures.

In Figure 23(a), it can be seen that, for all samples whose
axial sizes are in the range of 0.004m to 0.163m, cylindrical
and cuboidal samples’ PAE values are almost equal to each
other in Orientation 1. The PAE value curve of ellipsoidal
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Figure 23: PAE of different shapes.

samples is interlaced with those of the other two shapes.
This phenomenon is caused by the equal radial cross section
areas of cylindrical and cuboidal samples whose axial sizes
are equal and of cylindrical and ellipsoidal samples whose
axial sizes are not equal. Similar phenomena are also shown
in Figures 23(b) and 23(c).

In Figures 24(a)–24(c), when samples’ axial sizes are
lower than 0.020m, the temperature COV curves show
intense volatility. As the axial sizes of samples are bigger
than 0.020m, COV curves in Figure 24(a) are relatively flat,
those in Figure 24(b) show downward tendency, and those in
Figure 24(c) show upward tendency. Therefore, when sam-
ples’ axial sizes increase from Group 1 to Group 3, samples’
temperature uniformity becomes stable in Orientation 1, gets
better in Orientation 2, and gets worse in Orientation 3. It
suggests that different shape samples in the same orientation
have the same temperature uniformity variation tendency.

In Figures 25(a)–25(c), it can be concluded that in every
sample group there exist extreme values, which means there
are optimal sample shape in a certain range as discussed
previously. In Figures 25(a) and 25(b), someof theCECvalues
in Group 3 are bigger than those in Group 2, but the causes
of the maximal values of these two groups are different. So
when selecting sample shapes, only considering CEC value is
not enough; PAE and COV values should be considered as
well. As discussed previously, the optimal shape in Group 2
is selected due to the two optimal values of PAE and COV,
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Figure 24: COV of different shapes.

namely, higher PAE and lower COV. However, in Group 3,
due to the fact that the optimal values of PAE and COV
cannot be obtained synchronously, optimal shape should be
selected according to specific need of temperature uniformity
or microwave power absorption capability.

To sum up, in this section microwave heating properties
of samples of different shapes placed in the same orientation
were elaborated by means of intuitive figures and quan-
tificational curves. Different shape samples were classified
into three categories according to the radial and axial wave
number and penetration number. Samples belonging to
different groups demonstrate different electromagnetic field
and temperature distribution. PAE, COV, andCEC curves are
used to comprehensively evaluate the usability of a sample.
PAE, COV, and CEC curves of different shape samples
in same orientation have similar variation tendency. For
samples belonging to Group 1, ellipsoidal shape sample is the
optimal shape when placed in Orientation 1 and Orientation
2, and when the sample is placed in Orientation 3, cylinder
is the best shape. For samples belonging to Group 2, when
samples’ axial sizes are lower than 0.040m, the effect of
sample shape is small enough to be negligible, and beyond
this range ellipsoidal shape would be a better choice. For
samples in Group 3, cylindrical samples are better when
placed in Orientation 1 and Orientation 2, and when in
Orientation 3, cuboid would be a better shape.
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Figure 25: CEC of different shapes.

3.3. Position Orientation Effect. In Section 3.2.2, microwave
heating properties of samples of different shapes placed in the
same orientation have been discussed.During the studies, it is
clear that when samples’ shapes changed, the quantificational
curve differed significantly. Meanwhile, differences between
samples of the same shape in different orientations were also
obvious. Therefore, in this section the microwave heating
properties of the same samples placed in three orientations
(shown in Figure 16) are discussed as follows.

PAE, COV, and CEC values of samples in Group 1
placed in different orientations are shown in Figure 26.
From Figures 26(a), 26(d), and 26(g), it can be seen that
PAE values of cylindrical samples placed in Orientation 1
are bigger than other orientations, but the corresponding
temperature COV values of cylindrical samples placed in
Orientation 3 are better than the others. Besides, the CEC
values of cylindrical samples placed in Orientation 3 are
better than those placed in Orientation 1. Therefore, if the
microwave heating process prefers a high power absorption
capability, cylindrical samples in Group 1 should be placed in
Orientation 1. If temperature uniformity is a more decisive
factor, cylindrical samples in Group 1 should be placed in
Orientation 3. The same conclusion can be drawn for the
cuboidal samples in Group 1. For ellipsoidal samples, when
sample axial size is small enough, Orientation 2 would be a
good choice due to a higher PAE and lower COV. Otherwise,
Orientation 1 is better for the same reasons.

PAE, COV, and CEC values of samples in Group 2
placed in different orientations are shown in Figure 27. From
Figures 27(a)–27(f), it can be seen that when samples’ axial
sizes are lower than 0.040m, the PAE and COV values of
samples placed in Orientation 3 are lower than the other two
orientations. When the axial sizes are bigger than 0.040m,
those values of Orientation 3 are larger than the others.
Thus, in Figures 27(g)–27(i), the CEC values of different
orientations are close to each other.Therefore, when selecting
the orientations of samples in Group 2, users should firstly
confirm whether the microwave absorption efficiency or the
temperature uniformity is the decisive factor. If high PAE is
more important, samples should be placed in Orientation 1
and Orientation 2 for those whose axial sizes are lower than
0.040m and in Orientation 3 for those whose axial sizes are
bigger than 0.040m.Otherwise, the lower COV values would
be the dominant factor. As the conclusion drawn in former
section, the effect of sample shape inGroup 2 is less important
than that of orientation.

PAE, COV, and CEC values of samples in Group 3 placed
in different orientations are shown in Figure 28. It is clear
that samples’ PAE values of Orientation 1 are the highest and
those of Orientation 3 are the lowest as shown in Figures
28(a)–28(c). Besides, the COV values of Orientation 2 are
the best and those of Orientation 3 are the worst as shown
in Figures 28(d)–28(f). Thus, from the CEC value shown in
Figures 28(g)–28(i), the first conclusion that can be drawn is
for the samples in Group 3: Orientation 3 is the worst choice
to place the samples. Secondly, taking the PAE and COV
values into consideration, if the microwave process needs
higher PAE, Orientation 1 is the best choice. If temperature
COV value is the dominant factor, it is better to place the
samples in Orientation 2 though the PAE values are only
around 0.45 on this condition.

PAE, COV, and CEC values of samples in three groups
are shown in Figures 29–31, respectively. In these images,
positions of Group 2 and Group 3 have been marked and the
unmarked part is belonging to the Group 1.

In Figure 29, it can be seen that when samples’ axial sizes
are lower than 0.040m, the PAE values of samples placed
in Orientation 3 are lower than those of samples placed in
the other two orientations. When the axial sizes are bigger
than 0.040m, the PAE curves of Orientation 1 tend to a
fixed value of about 0.9, curves of Orientation 2 fluctuate
around 0.52, 0.55, and 0.56 for cylindrical, cuboidal, and
ellipsoidal samples, respectively, and curves of Orientation 3
fluctuate around 0.67, 0.70, and 0.64 for cylindrical, cuboidal,
and ellipsoidal samples, respectively. Obviously, from the
perspective of microwave power absorption capability of
samples, Orientation 1 is the best choice for all the three
groups of samples.

In Figure 30, when samples’ axial sizes are lower than
0.040m, the temperature COV values of samples placed
in Orientation 3 are the lowest among three orientations;
namely, samples could obtain the best temperature uni-
formity on this condition. However, when the axial sizes
of samples are bigger than 0.040m, the temperature COV
values of Orientation 3 get worse which are of average
values of about 0.61, 0.60, and 0.65 separately of cylindrical,
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Figure 26: Same samples in different orientations, Group 1.

cuboidal, and ellipsoidal samples. Those of Orientation 2 get
better which are of average values about 0.34, 0.37, and 0.40
separately of cylindrical, cuboidal, and ellipsoidal samples.
And values of Orientation 1 keep stable average values of
0.50, 0.53, and 0.48, respectively. Therefore, if a microwave
process has a higher requirement for temperature uniformity,
Orientation 2 is the best choice for samples whose axial sizes
are bigger than 0.040m, and Orientation 3 is better when the
axial sizes are lower than 0.040m.

In Figure 31, when samples’ axial sizes are lower than
0.040m, the CEC values of three orientations are close to
each other; thus the PAE and COV values should be taken
into consideration. Under this situation, if a higher PAE value
is needed, samples should be placed in Orientation 1 and
Orientation 2, and if a lower COV value is needed, samples
should be placed in Orientation 3. When samples’ axial sizes
are bigger than 0.040m, Orientation 3 is not recommended
due to the lower PAE and higher COV. If there is a specific
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Figure 27: Same samples in different orientations, Group 2.

need for temperature uniformity, Orientation 2 is better;
otherwise, Orientation 1 is better on this condition.

To sum up, in this section samples of the same shape are
placed in different orientations, and the corresponding PAE,
COV, and CEC curves indicate that orientation influences
the microwave process significantly. PAE, COV, and CEC
values should be taken into consideration, when selecting
orientations. From the study in this section, it can be con-
cluded that when samples’ axial sizes are bigger than 0.040m,
Orientation 3 is the worst choice, Orientation 2 could be
chosen only for the special needs of temperature uniformity,

and Orientation 1 is the best choice due to the higher
PAE and relatively lower temperature COV value. When
samples’ axial sizes are lower than 0.040m, Orientation 3 is
recommended if temperature uniformity is important, and if
microwave power absorption is more decisive, Orientation 1
and Orientation 2 are better.

4. Conclusion

Based on the above calculation results, it can be seen that, in
themicrowave heating cavity, samples with equal volume and
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Figure 28: Same samples in different orientations, Group 3.

different shapes form hot spots at different positions in the
center or near the surface of samples. Choosing proper input
power can achieve the goal of high temperature distribution
uniformity and low energy consumption. When the input
power is larger than a certain value (which may change with
sample’s material), the final internal temperature uniformity
tends to be constant.

The samples of spherical and cubic shapes can be classi-
fied into four groups according to the PAE and COV values
as well as the locations of electromagnetic focusing and hot

spots. For the small and big volume groups samples, spherical
samples are better than the cubic ones. For the intermediate
size samples, if temperature uniformity of samples is more
important, spherical samples is the best choice, while if
the decisive factor is the high microwave power absorption
capability, cubic samples are recommended.

As for the isometric volume cylindrical, cuboidal, and
ellipsoidal samples, they can be classified into three groups
by the wave numbers and penetration numbers in the radial
and axial directions. Intuitively, samples of Group 1 tend to be



22 Journal of Food Quality

Group 2 Group 3

Orientation 1
Orientation 2
Orientation 3

0.2
0.4
0.6PA

E 0.8
1.0

20 40 60 80 100 120 140 1600

(a) Cylindrical sample: axial height (mm)

Group 2 Group 3

Orientation 1
Orientation 2
Orientation 3

0.2
0.4
0.6PA

E 0.8
1.0

20 40 60 80 100 120 140 1600

(b) Cuboidal sample: axial height (mm)

Group 2 Group 3

Orientation 1
Orientation 2
Orientation 3

0.2
0.4PA

E

0.6
0.8
1.0

20 40 60 80 100 120 140 1600

(c) Ellipsoidal sample: axial height (mm)

Figure 29: PAE of the same samples in different orientations.

more flat, while those belonging to Group 3 are more slender.
Quantitatively, in Group 1, samples’ radial and axial wave
numbers and penetration numbers are𝑁𝑟𝑝 > 3,𝑁𝑎𝑤 > 0.1, and𝑁𝑎𝑝 < 3. In Group 2, samples’ radial and axial wave numbers
and penetration numbers are𝑁𝑤 > 0.1 and𝑁𝑝 < 3. In Group
3, samples’ radial and axial wave numbers and penetration
numbers are 𝑁𝑟𝑤 > 0.1, 𝑁𝑟𝑝 < 3, and 𝑁𝑎𝑝 > 3.

Microwave heating properties of samples of different
shapes placed in the same orientation were elaborated by
the means of intuitive figures and quantificational curves.
PAE, COV, and CEC curves are used to comprehensively
evaluate the usability of a sample. PAE, COV, and CEC
curves of different shape samples in the same orientation have
similar variation tendency. For samples belonging to Group
1, ellipsoidal shape sample is the optimal shape when placed
in Orientation 1 and Orientation 2, and when the sample
is placed in Orientation 3, cylinder is the best shape. For
samples belonging to Group 2, when samples’ axial sizes are
lower than 0.040m, the effect of sample shape is small enough
to be negligible; namely, every shape of samples could be
chosen, and beyond this range ellipsoidal shape would be a
better choice. For samples in Group 3, cylindrical samples are
better when placed in Orientation 1 and Orientation 2, and
when in Orientation 3, cuboid would be a better shape.

The PAE, COV, and CEC curves of samples of same
shape placed in different orientations indicate that orienta-
tions affect the microwave process significantly. PAE, COV,
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Figure 30: COV of the same samples in different orientations.
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Figure 31: CEC of the same samples in different orientations.
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and CEC values should be taken into consideration when
selecting orientations. When samples’ axial sizes are bigger
than 0.040m, Orientation 3 is the worst choice, Orientation 2
could be chosen only for the special needs of temperature uni-
formity, and Orientation 1 is the best choice due to the higher
PAE and relatively lower temperature COV value. When
samples’ axial sizes are lower than 0.040m, Orientation 3 is
recommended if temperature uniformity is important, and if
microwave power absorption is more decisive, Orientation 1
and Orientation 2 are better.
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