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Modifying wood by high intensive microwave pretreatment method is widely researched for the fabrication of wood-based
nanocomposites, but the temperature uniformity and energy efficiency of microwave pretreatment have not reached the ideal state.
In this study, the pretreated wood in rectangular cavity by high intensive microwave is theoretically studied by the finite element
method based on the Maxwell electromagnetic field equations and the heat and mass transfer theory. The results show that the
temperature uniformity and energy efficiency are related to the microwave feeding modes. Compared with the single-port and the
two-port feedingmode, the four-port feedingmode is the best case on temperature uniformity and energy efficiency.The optimized
parameters of cavity to pretreatment wood are achieved, which are that the height of cavities is between 0.08m and 0.11m in the
four-port feeding mode when the thickness of wood is 0.06m.

1. Introduction

Microwave pretreatment is a technique to improve process
efficiency and product performance of wood in the forest
product industry. High-intensitymicrowave pretreatment for
woodmodification originated fromAustralia [1, 2] at the end
of last century, in which water in wood absorbed enough
energy from the transient electromagnetic wave and turned
into steam. High internal steam pressure destructed the
weaker elements of wood and the microvoids in the radial-
longitudinal planes of wood were created [3, 4], which puffed
wood into loose structure, increased wood permeability, and
improved the drying process. Some studies reported that sev-
eral properties of wood were improved after microwave pre-
treatment. In Australia, Torgovnikov andVinden’s studies [5–
7] showed that, after high-intensity microwave pretreatment,
the permeability of the wood increased up to 14-fold, the
preservative penetration increased 10–14 times, the density
of the wood reduced, and the elasticity modulus decreased

12–17%. As a result, a kind of wood with high permeability,
low density, and good sound insulation was made, which was
called puffing wood. And this treated wood could be used
for new composites, such as the fabrication of wood-based
nanocomposites and new functional materials [5–12]. To
make the timber inorganic nanocomposites, direct infusion
method is usually used, in which the composite compounds
impregnate in wood cells cavity or walls through direct phys-
ical infusion method to make inorganic nanocomposites,
such as various water-borne inorganic complex salt preserva-
tives (boron preservative, boron-clay composite preservative,
boron-silicon composite preservatives, basic zinc carbonate,
copper oxide, sodium silicate, etc.) [13, 14], a variety of
water-borne flame retardants (phosphorus-nitrogen boron-
based flame retardants, amine-modified silicone-based flame
retardants, phyllosilicates, etc.) [15–19]. This method of mak-
ing the timber inorganic nanocomposites requires wood
dried uniformly with large gap. Microwave pretreatment
of wood can meet these requirements. As we know, the
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more even temperature profiles are, the better modifica-
tion effect of wood will be. However, the most serious
problem of the existing research is the nonuniformity of
wood microwave modification. To solve this problem, we
focused on related microwave pretreatment devices and
the development of the microwave cavity with uniform
distribution of microwave energy. The electromagnetic field
distribution model and heat-mass transfer model are built
for optimizing high-intensity microwave wood pretreatment
process.

2. Material and Methods

In order to simulate the wood microwave heating process,
some related models are created.There are two causes for the
heat within wood during microwave heating. One part is the
microwave absorbed by wood, which is described by absorp-
tion power of microwave, and the other is the heat transfer
between each part of wood. Once the heat absorbed, heat
transfer model, and its initial and boundary conditions are
established, the temperature distributionwithin wood during
microwave heating can be figured out. In the process of the
simulation of high-intensity microwave heating, two parts
are studied which are the distribution of electromagnetic
wave and wood temperature in rectangle waveguide resonant
cavity with different feeding modes. In order to simplify the
calculation, some reasonable assumptions of the model are
made as follows: the temperature and moisture are evenly
distributed in the wood before heating. The air and wood
in the cavity remain stationary during the heating process.
Thirdly, wood is regarded as a homogeneousmaterial. Finally,
the moisture content and volume of wood remain unchanged
while heating.

Finite element analysis is used to solve electromagnetic
field and temperature distribution within wood. The
microwave frequency is 0.915GHz, and the length, width,
and height of rectangular resonator cavity are 0.4953m,
0.24765m, and 0.08m, respectively. The total input power
of microwave excitation sources is set at 40 kW, which is
averagely allocated to each excitation source. The waveguide
of feeding port is a standard waveguide (Chinese national
standard BJ9 model, length 0.24765m, width 0.12382m).
Initial moisture content of wood is set at 60%, the length,
width, and height of the wood are set at 0.74295m, 0.2m
and 0.06m, respectively, and the relative dielectric constant
and dielectric loss factor are 7.40 and 1.42, respectively. The
initial temperature and the density are 25∘C and 570 kg/m3,
respectively. The thermal conductivity 𝜆 (W/m ∘C) and
specific heat 𝐶 (J/kg ∘C) depended on the following
equations:

𝜆 = 0.23 [1 −
0.72 × (25 − 𝑇)

100
] ,

𝐶 = 2650 × (1 +
𝑇

100
)

0.2

.

(1)

3. Theory

While building the electromagnetic field and temperature
distributionmodels, thermodynamics andMaxwell’s electro-
magnetic theory are the foundation of the simulation.

3.1. The Distribution of the Electromagnetic Wave and Micro-
wave Energy. According to Maxwell’s equations, the elec-
tromagnetic field satisfies the following equations during
microwave heating progress in the rectangular cavity:

∇ × �⃗� = −
𝜕�⃗�

𝜕𝑡
,

∇ × �⃗� = ⃗𝐽 +
𝜕�⃗�

𝜕𝑡
,

∇ ⋅ �⃗� = 0,

∇ ⋅ �⃗� = 𝜌
𝑐
,

(2)

where �⃗� is the electric field intensity, �⃗� is the magnetic
field intensity, �⃗� is the magnetic induction intensity, �⃗� is the
electric displacement, ⃗𝐽 is the current density, and 𝜌

𝑐
is the

free charge density, wherein ⃗𝐽 = 𝜎�⃗�, �⃗� = 𝜀�⃗�, �⃗� = 𝜇�⃗�, 𝜎

is the conductivity, 𝜀 is the dielectric constant, and 𝜇 is the
magnetic permeability. According to (2), the distribution of
the electromagnetic field inside the wood can be calculated
[20].

In this study, the microwave excitation source is time-
harmonic electromagnetic fields �⃗�

10
, where �⃗� = �⃗�(𝑥 ⃗𝑖 + 𝑦 ⃗𝑗 +

𝑧�⃗�)𝑒
−𝑖𝜔𝑡

, �⃗� = �⃗�(𝑥 ⃗𝑖 + 𝑦 ⃗𝑗 + 𝑧�⃗�)𝑒
−𝑖𝜔𝑡, �⃗� and �⃗� can be

expressed as functions �⃗� and �⃗�:

∇ × �⃗� (𝑥 ⃗𝑖 + 𝑦 ⃗𝑗 + 𝑧�⃗�) = 𝑖𝜔𝜇�⃗� (𝑥 ⃗𝑖 + 𝑦 ⃗𝑗 + 𝑧�⃗�) ,

∇ × �⃗� (𝑥 ⃗𝑖 + 𝑦 ⃗𝑗 + 𝑧�⃗�) = (𝜎 − 𝑖𝜔𝜀) �⃗� (𝑥 ⃗𝑖 + 𝑦 ⃗𝑗 + 𝑧�⃗�)

= −𝑖𝜔𝜀
∗

�⃗� (𝑥 ⃗𝑖 + 𝑦 ⃗𝑗 + 𝑧�⃗�) ,

(3)

where 𝜀∗ is the complex permittivity, which can be expressed
as 𝜀
∗

= 𝜀


+ 𝑖𝜀
. Equation (4) can be obtained from (3) [20]:

∇(�⃗� ⋅
∇𝜀
∗

𝜀∗
) + ∇

2

�⃗� + 𝑘
2

�⃗� = 0. (4)

By solving (4), the electric field distribution in wood can be
obtained. In this study, we assumed that the wood dielectric
is constant value along the direction of the electric field and
the first term of (4) is zero, so (4) can be simplified as follows:

∇
2

�⃗� + 𝑘
2

�⃗� = 0, (5)
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where 𝑘 depends on the dielectric properties of wood and its
expression is as follows:

𝑘 = 𝛼 + 𝑖𝛽,

𝛼 =
2𝜋𝑓

𝑐

√
𝜀


(√1 + tan2𝛿 + 1)
2

,

𝛽 =
2𝜋𝑓

𝑐

√
𝜀


(√1 + tan2𝛿 − 1)
2

,

(6)

where 𝑓 is the frequency of the microwave radiation and
tan 𝛿 is the wood loss factor; its value can be calculated from
the following (7):

tan 𝛿 = 𝜀


𝜀
. (7)

In order to calculate the electric field distribution in wood,
the solutions of (5) are obtained by the following boundary
conditions:

𝑛 × [�⃗�
1
(𝑥 ⃗𝑖 + 𝑦 ⃗𝑗 + 𝑧�⃗�) − �⃗�

2
(𝑥 ⃗𝑖 + 𝑦 ⃗𝑗 + 𝑧�⃗�)] = 0, (8)

𝑛 × [�⃗�
1
(𝑥 ⃗𝑖 + 𝑦 ⃗𝑗 + 𝑧�⃗�) − �⃗�

2
(𝑥 ⃗𝑖 + 𝑦 ⃗𝑗 + 𝑧�⃗�)] = 0, (9)

where the subscript 1 indicates air and the subscript 2
indicates wood. Equation (9) can also be expressed as a
function of electric field intensity through the following
expression:

𝜕�⃗� (𝑥)

𝜕𝑥

⃗𝑖 +
𝜕�⃗� (𝑦)

𝜕𝑦

⃗𝑗 +
𝜕�⃗� (𝑧)

𝜕𝑧
�⃗� = 𝑖𝜇

0
𝜔�⃗� (𝑥 ⃗𝑖 + 𝑦 ⃗𝑗 + 𝑧�⃗�) .

(10)

The analytical solution of (5) is as follows:

𝐸 = 𝐴
1
𝑒
𝑖𝑘√𝑥
2
+𝑦
2
+𝑧
2

+ 𝐵
1
𝑒
−𝑖𝑘√𝑥

2
+𝑦
2
+𝑧
2

, (11)

where𝐴
1
and 𝐵

1
depend on the boundary conditions (8) and

(9). The electric field in wood can be used to calculate the
electromagnetic field energy density by Poynting theorem:

𝑄 =
1

2
𝜔𝜀
0
𝜀


�⃗� ⋅ �⃗�
∗

, (12)

where 𝜀
0
is the permittivity of vacuumand �⃗�∗ is the complex

conjugate of the electric field.

3.2. Heat Transfer Model. In microwave pretreatment pro-
cess, the microheat balance of wood is described by the
following equation [20]:

𝜌𝐶
𝑃

𝜕𝑇

𝜕𝑡
= ∇ ⋅ (𝑘

𝑇
∇𝑇) + 𝑄, (13)

where 𝜌, 𝐶
𝑃
, and 𝑘

𝑇
are density, specific heat, and thermal

conductivity of wood, respectively, and 𝑄 is electromagnetic
energy density in the wood.

Boundary conditions of (13) are as follows [21]:

𝑡 = 0, 𝑇 = 𝑇ini, 0 ≤ 𝑥 ≤ 𝐿,

𝑡 > 0, −𝑘
𝑇

𝜕𝑇

𝜕𝑥
= ℎ (𝑇 − 𝑇

𝑎
) + 𝐿vap𝑘



𝑚

(𝐶
𝑤,𝑠
− 𝐶equi) ,

𝑥 = 𝐿,

(14)

where 𝑥 = 0 indicates the wood surface, 𝐿 is the width of
the wood; ℎ is the heat transfer coefficient of the inner wood;
𝑇
𝑎
and 𝑇ini are air and wood initial temperature; 𝐿vap is the

heat of vaporization of the water; 𝑘
𝑚

is the mass transfer
coefficient; 𝐶

𝑤,𝑠
is the moisture content of the wood surface;

𝐶equi is the equilibrium moisture content of the air.

3.3. Mass Transfer Model. To calculate the water concentra-
tion profile, the microscopic mass balance can be described
by the following equation [22]:

𝜕𝐶
𝑤

𝜕𝑡
= ∇ (𝐷

𝑤
∇𝐶
𝑤
) , (15)

where𝐷
𝑤
is the effective diffusivity coefficient of the wood.

The boundary conditions of (15) are as follows:

𝑡 = 0, 𝐶
𝑤
= 𝐶
𝑤,ini, 0 ≤ 𝑙 ≤ 𝐿,

𝑡 > 0, −𝐷
𝑤

𝜕𝐶

𝜕𝑥
= 𝑘


𝑚

(𝐶
𝑤,𝑠
− 𝐶egui) , 𝑙 = 0, 𝑙 = 𝐿,

(16)

where 𝐶
𝑤,ini is the wood initial moisture content.

4. Results and Discussion

4.1. Effect of Feeding Mode on Temperature Distribution and
Energy Efficiency. The temperature distribution and energy
efficiency of each feeding mode are obtained by computa-
tional simulation. The spatial distribution of temperature in
feeding modes is studied (Figure 1). After being pretreated
by microwave with the same power and time, the wood
temperature of the single-port, the two-port, and the four-
port feeding mode gradually increases. And this is due to
the microwave distribution in the wood. High-temperature
region distribution of the four-port feeding mode is dis-
persed; the temperature uniformity is better than the single-
port and the two-port, feeding mode. But the temperature
uniformity of the single-port and the two-port feeding mode
could not be derived directly from the figure. As it can be
seen from the three kinds of feeding modes, the highest-
temperature region is not on the surface but inside the wood.
And this is caused by the penetration of microwave, which
means the microwave passes through the surface of the
wood and occurs in strong interaction with the inner wood.
The temperature distribution of single-port feeding mode
appeared to be a “U,” which is because the microwave feeding
direction is oblique; the microwave energy distribution is
uneven in the 𝑦-axis of wood. Figure 1 shows that tempera-
ture distribution inmidsection is similar to themultisections.
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Figure 1: The multisections temperature (∘C) distribution within
wood heated by microwave with different radiation methods. (a),
(b), and (c) describe the single-port feeding mode, the two-port
feeding mode, and the four-port feeding mode, respectively.

And most of the microwave energy is absorbed by the
midsection of the wood. Thus, the midsection temperature
distribution is studied specially.

Figure 2 shows that temperature in the bottom part of
wood is the highest in the single-port feeding mode. This
is due to the deeper penetration of microwave in the wood
when there is only one feeding port. In the two-port feeding
mode, temperature distribution is symmetric along 𝑥𝑦 and
𝑥𝑧 plane; the highest temperature region is in the center.
And this is due to the fact that the microwave interference
is formed when microwaves in both directions with the same
phase position come cross each other. In the four-port feeding
mode, temperature distribution is disperse; high temperature
region is distributed uniformly. And this is because there is
microwave energy from all directions in the four-port feeding
mode. Figure 2 shows the temperature distribution unifor-
mity roughly; in order to analyze the temperature uniformity

(a)

(b)

(c)
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Figure 2: The midsection temperature (∘C) distribution within
wood heated by microwave with different radiation methods. (a),
(b), and (c) describe the single-port feeding mode, the two-port
feeding mode, and the four-port feeding mode, respectively.
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Figure 3: The effect of microwave radiation methods on tempera-
ture coefficient of variation and energy efficiency.

quantificationally, temperature coefficient of variation of the
midsection temperature distribution within wood is studied.
While energy efficiency is the ratio of energy absorbed in
wood and whole input energy, which can reflect energy
utilization and dissipation of resonator, the energy efficiency
is very important on the performance evaluation of the cavity,
which is taken into consideration too.

Each point of the midsection temperature is evenly
selected, which is used to figure out temperature coefficient
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Figure 4: The midsection temperature (∘C) distribution within wood heated by microwave with the four-port feeding mode.

of variation. Figure 3 shows the relation between temperature
coefficient of variation, energy efficiency, and feeding mode.
Figure 3 shows that energy efficiency of the single-port feed-
ingmode is the highest, which is because themicrowave feed-
ing direction is oblique; microwave reflected several times
in the microwave cavity; microwave can be fully absorbed
by wood. But the microwave energy is relatively divergent,
causing the uneven temperature distribution.Therefore, tem-
perature coefficient of variation is larger. In the two-port
feeding mode, temperature coefficient of variation is the
largest, while energy efficiency dropped below 50%, which
is not conducive to wood microwave pretreatment. In the
four-port feeding mode, temperature coefficient of variation
improved on the basis of the single-port feeding mode,
reduced to nearly 20 percent.The temperature uniformity has
been greatly improved, while energy efficiency is also high.
Considering Figures 3 and 4 synthetically, high temperature
region is distributed dispersedly and uniformly in the four-
port feeding mode. And temperature coefficient of variation
is small, which is in favor of rapid and uniform drying of
wood. Thus, four-port feeding mode is the best choice in
the three feeding modes. It also shows that the temperature
uniformity do not improved as the feeding ports increasing,

and the energy efficiency is not related to the feeding ports.
The reason of temperature uniformity and energy efficiency
is complicated, which is not only decided by the number of
feeding ports.

4.2. Effect of theHeight of Cavities onTemperatureDistribution
and Energy Efficiency. Electromagnetic field distribution is
influenced by the height of cavity (“ℎ” for short), which has
some influence on the heating effect. In order to determine
the best height of cavity when thickness of thewood is 0.06m,
the respective temperature distribution of thewood is studied
when the height of cavity is 0.07, 0.08, 0.09, 0.10, 0.11, 0.12, 0.13,
and 0.14m. Because the thickness of the actual wood always
changes in the size, only the roughly height range of cavity
needs to be determined.

Figure 4 shows the effect of the height of cavities on
the midsection temperature distribution. High temperature
region is gradually diverging from the center to the edge as
the height of the cavity increases. When ℎ ≥ 0.11m, the
temperature of the edge area is gradually higher than in the
central region, which is not conducive to wood microwave
pretreatment. So the height of microwave cavity should be
ℎ < 0.11m. Figure 4 shows that when ℎ ≤ 0.08m, high
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Figure 5: The effect of the height of cavities on temperature
coefficient of variation and energy efficiency.

temperature region is too concentrated in the center, which
might cause damage to the center of the wood. And the
temperature distribution is uneven, so the height of cavity
should be ℎ > 0.08m.

Figure 5 shows the relation between temperature coef-
ficient of variation, energy efficiency, and feeding mode
as height of the cavity changes. Figure 5 shows that when
ℎ ≤ 0.08m, temperature coefficient of variation is very
large; thus the temperature distribution is uneven. At the
same time, energy efficiency is very low. As height of the
cavity increases, energy efficiency which is determined by
the shape of the cavity and the wavelength is also increasing.
While considering the temperature distribution within the
wood, ℎ should not be too large. Using comprehensive
analysis of temperature uniformity, drying efficiency, and
energy efficiency, the ranges of the cavity height should be
0.08m < ℎ < 0.11m. It also shows that the energy efficiency
improves with the cavity heightening, while the temperature
uniformity remains almost unchanged. This is because when
the volume of the cavity became larger, the distance of each
feeding port became longer and electromagnetic leakage is
less through feeding ports.

5. Conclusion

Effect of different feeding modes on wood microwave pre-
treatment is simulated and optimized parameters of cavity
are achieved. Considering the wood temperature coefficient
of variation and energy efficiency on different heating cavi-
ties, the following conclusions were made. Firstly, four-port
feeding mode is the best among the three feeding modes
on temperature uniformity and energy efficiency, and the
height of cavities between 0.08m and 0.11m is the optimized
parameter for wood whose thinness is 0.06m. Temperature
uniformity do not improve as the feeding ports increase,
and energy efficiency is not related to the feeding ports.
Lastly, energy efficiency improved with the heating cavity

heightening, while temperature uniformity remains almost
unchanged.
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[21] L. A. Campañone, C. A. Paola, and R. H. Mascheroni, “Mod-
eling and simulation of microwave heating of foods under
different process schedules,” Food and Bioprocess Technology,
vol. 5, no. 2, pp. 738–749, 2012.

[22] F. Marra, M. V. De Bonis, and G. Ruocco, “Combined
microwaves and convection heating: a conjugate approach,”
Journal of Food Engineering, vol. 97, no. 1, pp. 31–39, 2010.



Submit your manuscripts at
http://www.hindawi.com

Scientifica
Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Corrosion
International Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Polymer Science
International Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Ceramics
Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Composites
Journal of

Nanoparticles
Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

International Journal of

Biomaterials

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Nanoscience
Journal of

Textiles
Hindawi Publishing Corporation 
http://www.hindawi.com Volume 2014

Journal of

Nanotechnology
Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Journal of

Crystallography
Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

The Scientific 
World Journal
Hindawi Publishing Corporation 
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Coatings
Journal of

Advances in 

Materials Science and Engineering
Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

 Smart Materials 
Research

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Metallurgy
Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

BioMed 
Research International

Materials
Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

N
a
no

m
a
te
ri
a
ls

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Journal ofNanomaterials


