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ABSTRACT 

Drying wood using microwave energy is not very common, but could be a 

complement to conventional air-circulation drying due to the possibility to dry 

wood faster than the conventional drying methods with preserved quality. 

Furthermore, this technique could be used to condition boards with too high 

moisture content gradient. In this study, an industrial-scale, online microwave 

drier for wood components has been used and adapted to wood treatment. The aim 

of the present work was to investigate if the microwave drying method itself 

affects such wood properties as bending strength, hardness and colour change. 

Another aim was to explain, with finite element model simulations, the interaction 

between microwaves and wood during heating and drying and to a lesser extent 

also during microwave scanning of wood. Tests of the mechanical properties of 

wood showed no difference in bending strength in comparison with the 

conventional air circulation method. Nor was there any significant difference in 

wood hardness (Janka) perpendicular to the grain between the drying methods or 

between different temperature levels during the microwave drying. However, the 

results showed that there is a significant difference in wood hardness parallel to 

the grain between the methods when drying progressed to relatively lower levels 

of moisture content; i.e. wood hardness becomes higher during microwave drying. 

The developed multiphysics finite element model is a powerful evaluation tool for 

understanding the interaction between wood and microwaves during heating and 

drying as well as scanning. The model can be used for simulation of different 

microwave treatments of wood.   

Keywords: Wood; FEM; Bending strength; Hardness; Matched samples;  
                   CT scanning; Microwave; Heating; Phase transition; Drying.     
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uplifting discussions, conversations or just a good laugh. A special thanks to Brian 
Reedy for the language reviewing of this thesis. 
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1 INTRODUCTION 

Freshly sawn wood needs to be dried before making furniture, buildings, etc., 
since a living tree has a dry-weight moisture content (mc) often exceeding 0.8, 
which means that the cell walls in this complex material are fully saturated and 
the voids contain considerable amounts of free liquid water. Besides water, wood 
is composed of cellulose, lignin, hemicelluloses and a minor amount of 
extractives. As long as human beings have used wood, man has attempted to dry 
it. In the beginning wood was probably only dried with the help of air and sun; 
during the last century there has been a constant development in artificial drying. 
The most common drying method nowadays is air-circulation drying. This drying 
is based on heat conduction from the surface of the wood towards the interior for 
evaporation of moisture. Furthermore, the moisture moves to the surface by mass 
flow in liquid and vapour phases. This mass flow is divided into three different 
phases: capillary, transition and diffusion phase [1]. If the wood has an mc higher 
than the fibre saturation point (fsp), the internal moisture reduction is a form of 
free water loss. The fsp is an imaginary point where all the free water is removed 
from the voids or vessels in the wood. Generally, the fsp is about 0.3. However, it 
varies a little within each piece and with the wood temperature. During the drying 
process, there are no significant dimensional changes as long as the mc exceeds 
the fsp, but when bound water releases from the cell walls, dimensional changes 
start to take place. These dimensional changes are not the same in all directions.  

Less common drying methods for industrial processing based on high-frequency 
(HF) electromagnetic fields are microwaves (MW), a combination of vacuum and 
MW [2] or radio frequency (RF) and vacuum [3, 4]. An RF drying system creates 
an alternating electric field between two electrodes. In order to avoid interfering 
with radio communications, the Federal Communications Commission has 
reserved radio frequencies at 13.56, 27.12 and 40.68 MHz for industrial use, with 
corresponding wavelengths of about 22.1, 11.1 and 7.4 metres. With shorter 
wavelengths, the power penetration depth will decrease.
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Combining RF and vacuum for heating enables a lower boiling point with 
decreasing pressure, which in turn means that the required drying temperature in 
order to vaporize the water from the wood will decrease. Microwave and RF 
drying techniques, in contrast to conventional drying, are based on the principle 
that heat is instantly absorbed throughout the wet load. The microwave frequency 
spectrum is approximately 0.3 GHz to 30 GHz with corresponding wavelengths 
from one metre to one millimetre. The microwave spectrum is mainly used for 
transmission and reception of information for communication purposes. However, 
certain regions called Industrial, Scientific and Medical (ISM) bands have been 
allocated for microwave heating processes. The most commonly used frequencies 
for heating are 915 MHz and 2.45 GHz with wavelengths of approximately 33 and 
12 centimetres. A typical microwave heating system has two main components, 
the microwave source and the cavity. The most commonly used microwave 
generators are magnetrons. These microwave generators began to be used in 
industrial microwave heating and drying equipment in the 1940s, and they were 
very expensive. Nowadays magnetrons at 915 MHz and 2.45 GHz are relatively 
cheap, because they are used in domestic microwave ovens and are therefore 
mass-produced. The cavity is a metal box into which the microwaves are guided 
and effectively reflected by the metallic walls. Furthermore, the waves resonate 
and will form standing waves. The position of the nodes and antinodes of the 
standing waves in the cavity depends on the design of the cavity, i.e., its 
dimensions. Also, the dielectric properties and the position of the load have some 
influence on the field distribution. The nodes and antinodes make the heating 
uneven; i.e., hotter and colder spots will be developed in the material. If 
microwave heating technology is used for drying, then a consequence of this 
uneven heating will be uneven drying, which in turn could cause drying stresses.  

The technology of microwave heating and drying in the field of forest products 
started to be used in the early 1960s. At a frequency of 2.4 GHz, a drying rate of 
0.4 fractional mc per hour could be reached for boards of spruce and beech [5].
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With a frequency of 915 MHz and a manipulated microwave input power and hot 
air, a 25-mm-thick pine plank could be dried in less than three hours [6] without 
drying defects. A prototype continuous microwave dryer for softwood structural 
lumber could dry 50-mm-thick hemlock and Douglas fir in 5–10 hours with small 
drying defects [7]. Antti [8] has shown that it is possible to dry pine and spruce 
20–30 times faster than with conventional methods. For hardwoods such as beech, 
birch and ash, the drying time is approximately half the time required for 
softwood.

The main problem in using this technique in wood drying is the uniform field. In 
order to reduce the problems of uneven field distribution and power intensity, an 
industrial-scale online microwave drier for wood components has been adapted 
for wood at Luleå University of Technology, Division of Wood Physics [9, 10], to 
achieve a fairly uniform heating of the load in order to prevent stress 
development. Too high energy absorption may cause steam expansion checks. 
Oloyede and Groombridge [11] state that microwave heating could reduce the 
strength of dried wood by as much as 60%. Furthermore, Machado [12] has 
obtained a clear loss of compression strength parallel to the grain in microwave-
exposed clear oak pieces. Torgovnikov and Vinden [13] use the steam expansion 
caused by microwaves of high intensity to modify selected hardwoods by 
increasing their permeability. After the modification, environmentally friendly 
resin is infused throughout the wood, whereupon the wood is compressed, 
resulting in a wood-resin composite material.        

Microwave technology can also be applied to the scanning of wood, making it 
possible to detect such wood properties as density and mc [14, 15]. The frequency 
used in this microwave scanning project is 9.375 GHz. 

One way to understand and explain the physical processes in the interaction 
between wood and microwaves, which could be the basis for controlling and 
scheduling the heating, with or without drying, or for microwave scanning, is to 
make simulation models [8, 16, 17, 18].       
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1.1 The objectives of this thesis 

There is a necessity to demonstrate the fact that microwave drying is a 
complement and an adequate alternative to conventional drying methods as well 
as to demonstrate its advantage in quality gains with the rapid heating and drying. 
The objectives of this thesis are to study whether the drying method itself affects 
such mechanical properties as bending strength and hardness. Raised temperature 
in conventional drying gives rise to some changes in the wood characteristics, 
such as changes in colour. A brief study of colour response in microwave-dried 
wood is included in the thesis. Some of the results have been taken from studies 
made on a specially designed microwave drier for wood components. Hence, a 
description of the specially designed microwave drier for wood components is 
included in this thesis. The objective of the thesis is also to develop an FEM 
model capable of explaining the interaction between microwaves and wood during 
heating and drying and, to a lesser extent, also scanning.

1.2 Outline of the thesis  

This thesis contains, apart from a summary of the papers, a chapter describing 
relevant features of wood as well as some theoretical explanations of microwaves 
and the interaction between microwaves and wood. Some further clarifications 
and new information about the models and some of the studies that are not 
included in the papers are also included in this thesis. Almost all results are based 
on the papers outlined in the schematic diagram, figure 1. In addition, figure 1 
depicts the relationships between the papers included in the thesis.      
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Paper IV 
Microwave penetration in wood using imaging sensor.

Paper V 
FEM simulation of interactions between wood and 

microwaves.

Paper VI 
FEM simulation of interactions between microwaves and 

wood during thawing.

Paper VII 
FEM  Simulation of Heating Wood in an Industrial 

Microwave Applicator.

Paper III 
The effect of drying method and temperature level on the 

hardness of wood.

Paper I 
The effect of microwave drying on Norway spruce woods 

strength: a comparison with conventional drying.

Paper II 
Design and performance of an industrial microwave drier 

for on-line drying of wood components.

Paper VIII 
Modelling Heating and Drying of Wood.

Figure 1. Disposition of the papers included in the thesis.
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2 THEORY

2.1 Wood 

Wood is a complex material composed of cellulose, lignin, hemicellulose and 
minor amounts of extractives. The wood structure consists of a tissue of cells of 
various shapes and sizes (figures 2 and 3) in which the elements are more or less 
linked together. These cells are arranged in radial files, and their longitudinal 
extension is oriented in the vertical direction or in the direction of the stem axis.

Figure 2. Scanning Electron Microscope
(SEM) photography of the cell structure of
birch. Reprinted by permission of Margot
Sehlstedt-Persson. 

Figure 3. SEM photography of the cell
structure of Scots pine. Reprinted by
permission of Margot Sehlstedt-Persson.  

Most cells are aligned in the vertical axis, in softwood about 90% of the cells and 
in hardwood 80%-95%. These cells are known as tracheids in softwood, in 
hardwoods as tracheids, fibres and vessels [19]. A taper tube with close ends is the 
approximate form of a tracheid, and the connections between them in the wood 
structure are small holes or pits. The vessels, on the other hand, have the form of 
continuous pipelines in an end-to-end arrangement. During the growing season, 
the wood structure develops differently at different times.  

 6
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In the early period the tracheid walls become thin, and in the late period the walls 
grow thicker (figure 3). The remaining cells in the wood structure are rays, which 
consist of parenchyma cells. They are aligned perpendicular to the vertical axis. 
The functions of these various cell types are support and conduction for the 
vertically aligned cells and storage function for the cells situated perpendicularly 
to the vertical axis.

Figure 4. A cross-section of a stem. Reprinted by permission of Margot Sehlstedt-Persson. 

The layer (cambium) between the bark and pith can be divided into two different 
kinds of functions for the wood (figure 4). The sapwood is located adjacent to the 
cambium and handles the transport of sap and water. Furthermore, heartwood 
consists, in contrast to sapwood, of inactive cells without functions in either water 
conduction or sustenance storage. Many wood species form heartwood. In the 
region where the sapwood makes the transition to heartwood, the extractive 
content is increased. Increased extractive content reduces permeability and makes 
this part of wood more difficult to dry. However, the permeability of the wood, 
i.e., how large the wood voids are and how they are connected, has the main 
influence and sets a limit to the drying rate when microwave drying technology is 
used.

 7
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2.2 Electromagnetic waves  

An electromagnetic wave has two components: an electric (E) and a magnetic (H)
field. They oscillate perpendicular to each other (figure 5), and they are 
perpendicular to the direction of propagation.

Figure 5. A monochromatic electromagnetic wave polarized in the y-z plane. 

A monochromatic electromagnetic wave is a sinusoidal wave of one single 
frequency and thus one single wave length ( ). The direction of the electric field 
is described by the polarization. When the wave is horizontally polarized, the 
electric field is horizontal, for example. The wave, which is moving in the y 
direction, can be described mathematically [20] as a harmonic wave: 

yjetzyx 0,,, EE (1)

yjetzyx 0,,, HH (2)  

where E0 and H0 are the amplitudes, or strengths, of the electric and magnetic 
fields and oriented transverse to the y direction.

 8
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Furthermore,  is the angular frequency and the complex distribution factor 
defined as: 

jj , (3)

where  is the complex permeability. For wood, which is not a magnetic material, 
the complex permeability  is equal to the permeability of free space, 0.
Furthermore,  is the attenuation factor, and  is the phase factor of the wave. is 
the relative complex permittivity defined as:  

j0 , (4) 

where 0 is the absolute permittivity for vacuum, ´ is the relative permittivity and 
˝ is the relative dielectric loss factor. Relative permittivity indicates how much 

slower the electromagnetic wave propagates in the material compared to 
propagation in vacuum. The relative dielectric loss factor includes all loss 
mechanisms that can arise in a dielectric material when an electromagnetic wave 
penetrates or propagates through it. The loss is caused by frictional, inertial and 
elastic forces when the internal field in the material induces translational motion 
of bound or free charges, such as ions or electrons, and rotation of charge 
complexes, such as dipoles, e.g., water molecules. The relative dielectric loss 
factor and the relative permittivity in wood have been thoroughly investigated 
[21]. These investigations have shown that the dielectric properties of wood 
depend on mc, density, material temperature, frequency and the direction of the 
electric field relative to the fibre direction.

 9
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Figures 6 and 7 depict these dependencies in wood at a stated dry density. If the 
density increases or decreases, the value of relative permittivity and the dielectric 
loss factor will also increase or decrease. Figure 7 shows that at high mc the 
dielectric loss factor decreases as the temperature increases. This means that the 
energy absorption decreases as the temperature increases.  

 10

he relative permittivity and dielectric loss factor values used to form the 

ombining equations 3 and 4 enables separation of the real and imaginary parts, 

Figure 6. Relative permittivity as a function
of mc and temperature for a dry density of
490 kg/m3.

Figure 7. Dielectric loss factor as a function 
of mc and temperature for a dry density of
490 kg/m3.

T
diagrams in figures 6 and 7 are interpolated and collected from Torgovnikov’s 
measurements [21], assumed to have a step transition as the water changes phase 
around zero degrees Celsius.

C
and the expressions for the attenuation factor and phase factor will be: 

2
1

2

00 11
2

, (5)

and
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2
1

2

00 11
2

. (6)  

Combining equation 3 with wave equation 1 shows that the wave amplitude 
attenuates exponentially with the factor e- y and shifts phase with a factor  = y,
as the wave penetrates the wood material.  
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Figure 8 shows two electromagnetic waves, one in the form of a dashed line that 
perceives wood as a transparent material and the other in the form of a solid line 
that is influenced by the wood material properties. The disturbed wave is 
attenuated and makes a phase change relative to the undisturbed wave as it is 
transmitted through the wood material. A phase change is the displacement 
between reference points on each wave and is usually expressed in an angular 
displacement  (figure 8). The size of the phase shift and the attenuation depend 
on the mc and the dry density.  

y

e- y

Figure 8. An electromagnetic wave transmitted into wood (solid line) compared to a wave 
transported in vacuum (dashed line). 
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These parameters, attenuation and phase shift, are experimentally determined in 
the wood scanning equipment in Papers IV, V and VI. These works give a better 
understanding of how the microwaves are scattered and reflected by variations in 
the wood. In addition, the wood scanning FEMs provide a good foundation for the 
microwave heating models in Papers VII and VIII.       

When the electromagnetic field oscillates, the polarity will change according to 
the frequency. Furthermore, the polar molecules in the wood try to oscillate in 
phase with these changes. However, as described earlier, these induced motions 
will be slowed down by frictional, inertial and elastic forces, causing the 
production of heat in the material. The heating, which occurs by microwaves, is a 
conversion of the electromagnetic energy into heat. The law of conservation of 
energy states that the total amount of energy in an isolated system remains 
constant. However, it may change form. For example, friction turns kinetic energy 
into thermal energy. Conservation of the electromagnetic field’s energy is stated 
by the Poynting theorem [22]. From this theorem, the average total absorbed 
power can be expressed as:

, (7) VEP rmsav
2

0

where E2
rms is the root mean square of the effective electric field and V is the 

volume. 

When the transmitted power decays to 1/e of its original value from the surface of 
the material, the power penetration depth [22] is defined as: 

2
1

pD . (8) 
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The penetration depth is affected by the dielectric properties of wood. Higher 
densities and moisture contents result in decreased power penetration depth, as 
shown in figure 9. The temperature has a minor effect on the power penetration 
depth, apart from the step transition at zero degrees (figure 10). Microwave 
energy penetrates far deeper into frozen wood than into wood at room 
temperature.      

Figure 9. Power penetration depth as a function of mc for different dry wood densities at room 
temperature at a frequency of 2.45 GHz. 

Figure 10. Power penetration depth as a function of mc in wood at different temperatures, dry    
                  density 490 kg/m3 and frequency 2.45 GHz. 

 13
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2.3 Electromagnetic heating of wood 

There are various methods that can be applied for heating a material. In 
convective heating, heat is transferred to the material surface by a circulating 
fluid. In radiation, heat is transferred to the material surface by radiation. In 
conductive heating, heat is transferred to the material surface through connection 
to another material surface with higher temperature. In internal heating, only the 
material will be heated, compared to conventional heating where the surrounding 
area takes part in the transfer of energy or heat. The material heats instantly in the 
interior regions, making heating faster than with convectional heating.

Wood with a high mc, above the fibre saturation point, is capable of absorbing a 
great amount of electromagnetic energy. The amount of energy required to raise 
the temperature is determined by the specific heat capacity value of the material. 
Low values require less electromagnetic energy to increase the temperature. The 
specific heat capacity for wood is influenced by the mc, dry density and the 
temperature [23, 24, 25, 26]. The higher the mc, dry density and temperature, the 
higher becomes the specific heat. Furthermore, the specific heat for wood has a 
phase transition at zero degrees C, since it contains water. The higher the mc is, 
the higher is this change, which is obvious, since water has this quality at zero 
degrees Celsius. When the water changes phase, from solid (ice) to liquid or from 
liquid to gas (vapour), the energy alters the water structure and a certain amount 
of heat is transmitted to the water instead of increasing the temperature. This 
required amount of energy to change phase from solid to liquid is called heat of 
fusion; from liquid to vapour it is called heat of vaporization.

To implement this quality of behaviour in a physical model, a normalized pulse 
around the temperature transitions can be used (figure 11). This will avoid the 
convergence problem in the simulation caused by the sharp change in the thermal 
properties when the temperature varies.  
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A normalized pulse is equal to unity in a specified interval, in this case at the 
temperature intervals where the phase transitions from ice to water and from water 
to vapour occur.

Figure 11. Normalized pulses around the temperature transitions. 

The narrower this pulse is, the more it resembles a phase shift. However, it
requires considerable computational power to integrate this phase transition into 
physical models. 

When wood absorbs microwave energy, the total volume will be instantly heated 
if the wood volume and the MW frequency are adjusted to each other. However, 
the heating will not be uniform throughout the volume due to the nature of MW 
and the varying material properties. Heat conduction will serve to level out the 
uneven temperature distribution. The thermal conductivity of wood is dependent 
on mc, dry density, temperature and fibre direction [23, 25, 26]. The higher the 
mc, dry-weight density and temperature, the higher the thermal conductivity. 
Furthermore, the conductivity in the direction of the grain is higher than across the 
grain. The temperature variation in a given region in the wood over time can be 
described physically in a transient energy-balance equation. This heat equation 
describes the heat transfer by conduction and convection.

 15
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In the 2-D models that were developed, internal heat transfer by convection is 
omitted because of the small influence on the solution and because the omission 
makes the model less complex to solve. The energy-balance heating equation has 
the form: 

0QTk
t
TC , (9) 

where T is the temperature,  is wet wood density, t is time, C is the specific heat 
capacity, k is the thermal conductivity of wood and Q is the external heat source. 
The specific heat capacity is a function of the specific heat capacity of water and 
wood.  In Paper VI, in which microwave scanning is described, the heat term, i.e., 
the microwave energy, is zero, since the electric field is very low during 
microwave scanning. However, in Paper VII and VIII, in which wood heating is 
modelled, the external heat source is the resistive heat generated by the 
electromagnetic field and is defined as: 

EDjEQ 2Re
2
1 , (10)  

where  is the conductivity, E is the electric field and D* is the conjugate of the 
electric displacement.

 16
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2.4 Physical parameters used in the models    

To determine physical parameters as dielectric properties, heat conduction, heat 
capacity, void volume, mc and wet and dry wood densities need to be known. By 
using a computed tomography (CT) scanner (Siemens Somatom AR.T.), wet and 
dry wood densities can be experimentally measured. A CT scanner works, in 
simple terms, such that several beams of X rays are sent from different angles 
through the scanning object, and after transmission, they are detected and their 
strength measured. Beams that have passed through less dense parts, such as for 
example dry sapwood, will be stronger, whereas beams that have passed through 
denser parts, such as for example wet sapwood, will be weaker. This information 
will be computer processed, resulting in a cross-section image of 512 x 512 pixels 
in which the densities of the object are shown in the form of grey-scales. If the 
shape of the area profile is the same for the wet and dry density images, it would 
be possible to calculate the mc from the CT images directly by subtracting the 
images. Since wood starts to shrink as it dries below the fibre saturation point 
towards zero mc, it changes its geometrical shape. This means that more thorough 
transforming calculations are needed in order to determine the mc. Hence a 
transformation must be done on the CT image of the dry wood to the shape of the 
wet wood prior to the calculation of the dry-weight moisture content (figure 12). 
This transformation is done by an elastic registration [27] in which a source image 
is unwarped, in this case the dry-density CT image, to resemble a target image, 
the wet-density CT image. 
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Unwarping

Figure 12. CT images of a completely dried Scots pine (Pinus sylvestris) wood piece (mc=0) (left), 
                   a wet wood piece (top) and the completely dried wood piece after elastic registration   
                  (right). 

Dimensional changes in wood during drying make the heat and mass transfer 
model complex. Moisture-related definitions will be explained for that reason. 
When the mc exceeds the fibre saturation point, the green volume is determined 
by:

 18

max

0

1
VVgreen ,                      (11)

where V0 is the dry volume of wood and max is the maximum shrinkage 
coefficient [28]. The maximum shrinkage coefficient for different species has 
been determined previously [28]. It is necessary to distinguish between wet and 
dry volume, mass and density expressions. Combining the definitions of mc, 
density for wet wood ( u,u) and dry wood ( 0,0) and equation (11) gives an 
expression for mc based on wet and dry density values: 

max0,0

max0,0,

1
1uuu , .                 (12)fspuu
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However, if the mc is below the fibre saturation point, the total wet volume will 
be written as: 

uugreenu
VVV 1

1
1

max

0 ,             (13) 

where u is the shrinkage coefficient at mc below the fibre saturation point and Vu

is the total volume at mc below the fibre saturation point.  

The shrinkage coefficient has an approximately linear behaviour below the fibre 
saturation point: 

uu
u fsp

fsp
u

max                                       (14) 

where ufsp is the mc at the fibre saturation point, which is dependent on species 
and temperature. However, it has an approximately maximal value of 0.3 at of 
20˚C. If the temperature increases, the fibre saturation point will decrease [28]. 

The corresponding expression for mc below fibre saturation, combining the 
definitions of mc, density for wet wood and dry wood and equations (13) and (14) 
is:

max,max0,0

0,0,max

1
1

uufsp

uufsp

u
u

u fspuu .     (15)  

The algorithm for the mc calculation in the model works as follows. If the result 
of equation (15) is higher than the mc at the fibre saturation point, the moisture 
content is recalculated by equation (12).
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This recalculation is possible since the wood volume doesn’t change when the mc 
is higher than the fibre saturation point. Figure 13 shows the error that appears if 
the shrinkage below the fibre saturation point is not considered. The density 
values for Scots pine below the fibre saturation point, which are used to make the 
estimation in figure 13, are given by Esping [29]. 

Figure 13. Calculated moisture content as a function of wood density: the effect on mc if   
                   considering volume shrinkage (compensated) or not (uncompensated) in the  

calculations,

The calculation of mc in the model sometimes gives unrealistic values, such as 
negative mc, for which reason the calculation results need to be filtered. These 
unrealistic values arise in the transformation process of the CT-scanned images. 
The images deviate in position relative to each other, in most cases at the wood 
area border. The filtering is done when an unreal value is found, replacing it with 
an average of surrounding values. Figure 14 shows the mc distribution calculated 
by the algorithm described. The figure also shows the large difference in mc level 
between heartwood and sapwood. 
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Figure 14. Calculated dry weight mc. 

From the dry density and mc it is possible to estimate physical parameters, such as 
the dielectric properties, heat conduction, heat capacity and void volume. A 
schematic description of the procedure for generating an FEM model is shown in 
figure 15. 

CT image of 
an undried 

wood sample 
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Figure 15. Description of working procedure for generating the FEM models. The physical wood   
                   properties, such as the dielectric properties ( , ), heat conduction ( ), heat     
                  capacity (C) and void volume ( ), are calculated as functions of temperature, dry   
                  density and moisture content in the model. 
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2.5 Finite Element Method (FEM) 

To describe the physical system involving the microwaves’ interaction with the 
wood during scanning or heating and drying, integral equations or partial 
differential equations (PDE) are used. Usually it is very difficult to obtain 
solutions to these mathematical equations that explain the behaviour of the given 
physical system. FEM divides a physical system into numbers of discrete 
elements or cells, since the complete system may be complex and irregularly 
shaped. However, the individual elements or cells could be easy to analyse. The 
multiphysics software that is used for generating the FEM models in Papers V, 
VI, VII and VIII is a modelling package for the simulation of any physical process 
that could be described with PDEs [30]. As there were limitations in the available 
computational power, a third dimension was ignored. However, the two 
dimensions were chosen along and across the fibres to keep the information of the 
internal structure as high as possible in order to solve the present multiphysics 
challenge.

2.6 Heat energy transfer between wood and the surrounding environment 

When there is a significant fluid motion around wood, the convection heat transfer 
cannot be ignored. In general, the geometry and the ambient flow condition are 
used to determine the value of the heat transfer coefficient. In Papers VI and VII, 
simplified equations [31] are used for estimation of the free and forced convection 
heat transfer and the radiation heat transfer with the surrounding environment. 
The heat flux due to the evaporation from the wood surface is ignored in the 
models presented in Papers VI and VII, which show that it has a significant 
influence on the modelled surface temperature. The model in Paper VIII is further 
complemented with the heat flux due to evaporation.  
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Wood is a hygroscopic and porous dielectric medium, which means that fresh, 
undried wood has both free and bound water within the solid matrix. Free water 
can appear as vapour or liquid in the pores. Wood with mc below the fibre 
saturation point contains mainly bound water captured in the cell matrix structure. 
If the mc is above the fibre saturation point during the absorption of 
electromagnetic energy, the temperature of the wet wood piece will reach the 
boiling point of water. As the temperature increases, the internal pressure will also 
increase, causing moisture evaporation that will be forced from the interior 
towards the surfaces of the wood piece. How fast the vapour will be transported 
from the wood piece depends on the wood structure, i.e., how large the wood 
voids are, how they are connected and how much energy is needed to release the 
bound water in the wood cell structure.

2.7 The media flow in wood during heating and drying  

In porous media such as wood, the mass transport is caused by several 
mechanisms. These mechanisms are molecular diffusion, capillary movement and 
convection or Darcy flow.  The molecular diffusion is movement of molecules 
from a region where their concentration is high to a region that has low 
concentration. Capillary movement occurs when the adhesive intermolecular 
forces between the water and wood substance are stronger than the cohesive 
intermolecular forces inside the water. The Darcy flow is stated as a proportional 
relationship between movement of fluids through permeable or porous media, 
such as wood, and the pressure gradient. Permeability is defined as the ability of a 
material to transmit fluids.  

If the initial mc is greater than the fibre saturation point, the Darcy flow could 
undergo a complex multiphase flow during microwave drying. Since the water in 
the wood could change form in a phase shift from liquid to gas, the Darcy flow for 
each phase can be approximated [32].  
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Apart from the different permeabilities for liquid and gas flow, wood permeability 
varies depending on species. Softwoods are often less permeable than hardwoods. 
Furthermore, the age of the wood affects permeability, the heartwood thus being 
less permeable than sapwood. Permeability depends as well on the direction of 
flow. The flow along the fibres is greater than the flow transverse to the fibres 
[28]. In short, wood permeability is very complex.     

The results in Paper VII show that the finite element modelling gives a good 
estimation of heat distribution when microwave heating is applied to a well-
described porous material such as wood. In this paper, no mass flow in the wood 
piece during the heating process was included. The mobile media in wood, apart 
from air, can be water in liquid phase, in vapour phase or a combination of both. 
Furthermore, extractives in soft wood can also be included as one of the mobile 
media.  

During the thawing and heating process (Paper VII), the weight of the specimens 
decreases about 0.1 kilogram, which approximately corresponds to a reduction in 
mc from 0.84 to 0.76. Figure 16 shows the difference between the mc before and 
after thawing and heating. The mc estimations are based on the previously 
mentioned algorithm using CT images (chapter 2.4). 

Figure 16. A subtraction image from CT-scanning that shows the difference in mc before and after
                  the heating process. 
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The brown and yellow areas in figure 16 show a negative difference between 
before and after the heating process. The blue area is where the difference is 
positive or zero. The interpretation of this is that the water has been forced out 
through the butt ends and also down towards the lower surface. A comparison of 
this pattern with the simulated internal temperature profile, figure 17, shows that 
mc decreases where the hotter spots appear. This is physically correct, since the 
water and water vapour pressure in the wood increase as the temperature 
increases.

Figure 17. Simulated internal wood temperature after about 30 minutes of 1 kW microwave  
                  heating. The mean mc value was 0.84.

The uneven internal wood temperature is caused by the electromagnetic field 
distribution and the power penetration depth; i.e., the higher the mc is, the less is 
the power penetration.
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The results from process simulation using the developed 2-D FEM heat and mass 
transfer model, Paper VIII, give a convincing correspondence between the 
theoretical approaches used in the model and the experiment. The simulated core 
temperature values as well as the mc values agree well with the measured ones. In 
the experiments, the maximum input power was chosen to keep the wood 
temperature below 110 C. This temperature limit is based on earlier experiences 
in which fast heating above this limit often causes too high internal vapour 
pressure, which gives rise to internal cracks. These cracks seem to arise where the 
ray cells are situated in the wood structure. Figure 18 shows an exaggerated result 
of uncontrolled microwave drying. 

Figure 18. A CT image showing internal checks within a Scots pine wood cross-section caused by 
                  uncontrolled drying. 
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2.8 The microwave heating and drying equipment  

As a prelude to the design work of the online microwave wood drier, simulations 
were performed by Risman [33] using the QW3D software in order to optimize 
the field distribution in the cavity, i.e., to determine the cavity dimensions to 
achieve as even heat distribution as possible. The field distribution, and 
consequently the heat distribution, depends on the design of the cavity [34]. The 
electromagnetic waves interfere with each other in the cavities and thereby give 
rise to a specified electric field within the space. The cavity or applicator that was 
developed for wood drying is not quite a single-mode cavity. Actually, there is a 
supplemental mode that allows the heat distribution to extend further in the 
longitudinal direction (figure 3 in Paper II). This will decrease the crosstalk 
between the cavities. Crosstalk means that the fields in the different cavities affect 
each other disadvantageously and out of control. It is for that reason of great 
importance to minimize this effect. The heat distribution in the cavities gives rise 
to longitudinally directed hotter spots in the wood load (figure 19). The balance 
between these spots is affected or caused by two vertical and two horizontal strip 
plates (figure 3 in paper II) that also reduce the crosstalk. The heat distribution 
shown in figure 19 was captured by an IR camera (AGEMA 550). 

Figure 19. IR image showing the heat distribution at the wood surface beneath one applicator. 
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The microwave online drier is constructed as a tunnel containing modules 
consisting of 5 applicators (cavity, waveguide and magnetron) placed side by side. 
Each such cavity has a length of approximately 0.44 metres and a width of 0.31 
metres. The number of cavities determines the possible length of the wood 
components, in this case 2.2 metres. The magnetrons, or microwave generators, 
have a nominal maximum output power of 1 kW, and the power for each 
magnetron can be regulated continuously [35]. The possible wood load thickness 
can be chosen from 15 to 55 mm. Since the tunnel is open at both ends, chokes are 
placed in the end openings to eliminate microwave radiation leakage. The 
modules in this design are manufactured to have a parallel displacement of 35 mm 
between each other (figure 20) to prevent the hotter regions formed in the material 
(figure 19) from appearing at the same positions in the wood load as they are 
conveyed through the tunnel during the drying process. The size of the 
displacement depends on the wavelength. The hotter regions are formed with a 
distance of a half wavelength, and for that reason the displacement is a quarter 
wavelength.

35 mm 

Figure 20. The microwave drier consists of modules that have a parallel displacement of 35 mm   
                  between each other. 
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2.9 Change in wood material properties  

When the drying process begins, the temperature increases, and then the internal 
vapour pressure and volume change arise. If the mc exceeds the fibre saturation 
point, the water in the cells will be forced out from the wood because of the 
increasing interior water and vapour pressure during the heating process. 
Furthermore, as the temperature rises, the water in the cells, bounded or free, 
starts to vaporize, and the mixture of water and gas will be forced out from the 
wood. Hence, when the mc decreases below the fibre saturation point, the 
remaining water consists of bound water in the wood cell walls and will be forced 
out of the wood in the form of vapour. If the internal pressure exceeds the strength 
value in the wood tissue, it causes internal checks in the wood structure, which in 
turn affect the wood properties. Another phenomenon that might appear if the 
process is uncontrolled is thermal runway.  

Figure 21. An internal char spot in birch wood caused by thermal runaway. 

Localized thermal runaway can occur if the thermal conductivity is low and if the 
dielectric properties, such as the loss factor, increase, resulting in uncontrolled 
rate of temperature rise. This thermal effect may occur towards the end of the 
drying process, as the mc in some positions becomes almost zero. Then a rapid 
pyrolysis in the wood interior appears (figure 21) and results in changed material 
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properties. A pyrolysis is a process wherein the material is heated without the 
presence of oxygen, but where char production occurs. This destructive result that 
affects the properties of wood needs to be avoided during microwave drying. 

Oloyede and Groombridge [11] stated that the strength reduction in wood was 
60% compared to air-circulation drying when microwave energy was used for 
drying. In a later article [36] they have also mentioned that if the microwave 
drying of wood is controlled, the process can be much more reliably performed in 
terms of quality of the final products. Machado [12] also obtained a clear loss in 
compression strength parallel to the grain in clear oak wood when it was exposed 
to microwaves. However, it needs to be pointed out that the microwave exposure 
was not controlled and this lack of control surely affected the result [37]. 

The drying method, regardless of whether it is microwave drying or air-circulation 
drying, has shown to have no impact on wood strength, at least in Norway spruce, 
during controlled drying conditions (Paper I). Further, in Paper III the effect of 
temperature level on wood hardness during microwave drying is investigated, as 
well as whether the response is different from that of conventionally dried wood. 
The results show that drying wood to an mc of 0.12 at drying temperatures of 
60°C and 100°C does not affect wood hardness parallel or perpendicular to the 
grain differently, regardless of drying method. The same can be concluded for 
wood hardness perpendicular to the grain when drying proceeds to mc 0.08 at 
drying temperatures of 60°C and 100°C. Nor is wood hardness parallel and 
perpendicular to the grain differently affected by the drying temperature, at least 
at 60°C, 100°C and 110°C, when the wood is dried by microwave heating to an 
mc of 0.08 or 0.12. However, the results show that the there is a significant 
difference in wood hardness parallel to the grain between the two drying methods 
when the samples are dried at temperature levels of 60°C and 100°C to mc 0.08. 
One possible explanation of these results is the drying technique, since the 
microwave drying method moves the moisture and the extractive substance by an 
internal pressure to the surface. This substance, which accumulates at the ends, 
could cause the differences in the measured values. Why this difference does not 
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appear when the wood pieces are dried to mc 0.12 could depend on the drying 
time. The wood pieces dried to mc 0.08 are microwave treated much longer, and 
therefore more extractives could accumulate in the ends. 

2.10 Colour response 

There are advantages with this online microwave drier due to the possibility of 
heating and drying wood faster than conventional methods and with preserved 
quality. Colour changes are normally unavoidable in conventional drying, and the 
reason is believed to be a combination of drying time and temperature levels 
during the different drying phases. In fact, drying wood with microwave energy 
causes almost no colour change, which is positive, as there is a demand for pale 
products in some countries. In the furniture and flooring industries, where 
products made of hardwoods are common, the colour of wood is important. 
Higher temperatures during drying make the colour of the products darker [38]. 
Therefore, conventional air circulation drying of hardwoods needs to be 
maintained at relatively low drying temperatures in order to produce pale-
coloured products.

An investigation in which conventional drying was compared to microwave 
drying with respect to the colour changes of birch wood before and after drying 
[8] shows that microwave-dried wood undergoes less change in colour than does 
conventionally dried wood. Colours can be classified in terms of their hue angle 
(h), lightness (L*), and saturation (C*). These coordinates make a three-
dimensional colour space (figure 22). The hue angle is expressed in degrees. The 
colour red defines the start at 0 degrees. Yellow is found at 90 degrees, green at 
180 degrees and blue at 270 degrees. The lightness of an area is judged relative to 
the brightness of a similarly illuminated area that appears to be white or highly 
transmitted [39]. Chroma is the colourfulness of an area judged in proportion to 
the brightness of a similarly illuminated area that appears to be white or highly 
transmitting  [39]. 
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Figure 22. Colour space in terms of h, L* and C* coordinates ([40] modified). 

Table 1 shows results from an earlier test with conventional drying [41] and 
results from the microwave online drier. Colour measurement was done with a 
portable photoelectric colorimeter, Minolta chromameter CR 310. In the 
conventional drying test, the maximum dry-bulb drying temperature during the 
drying process was 69°C [41], and the interior temperature maximum was 105°C 
in the microwave drying test. In both cases, the colour measurement was done at 
the pith side of a board newly planed 1 mm. Both of the results in table 1 are 
average values at a 95% confidence interval, and the values are based on 
measurements of 20–30 boards for the conventionally dried pieces and 10 boards 
for the microwave-dried pieces.       

Table 1. Colour measurement values for conventional and microwave-dried birch. 

Drying method L* C* h

Microwave 78.0 ± 0.6 20.6 ± 0.6 73.0 ± 0.2 

Conventional 74.5 ± 0.4 21.0 ± 0.2 73.2 ± 0.2 

As the tests were not done on the same occasion, the investigation does not 
include matched samples. The results show that there is a tendency towards 
greater lightness when using microwave heating compared to the conventional 
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method. The C* and h results show no or small differences between the drying 
methods. The value indicates the degree of colour difference and is defined 
as [39]: 

abE

222 baLEab ,                  (16) 

where the a* and b* coordinates can be calculated by these relations 

22 baC ,                                       (17) 

a
bh 1tan .                                             (18) 

If the colour difference value exceeds 2–3 units, it is possible for the human eye to 
see the colour difference [42]. For this test, the value exceeded approximately 3.5 
units, and this result verifies the previously mentioned result [8] that showed that 
the microwave process produces lighter-coloured wood products than does the 
conventionally drying process. 
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3 CONCLUSIONS  

The drying method has no impact on wood’s bending strength under   
controlled drying conditions. 

There is no significant difference in hardness perpendicular to the 
grain between wood dried by microwaves or air circulation under 
controlled drying conditions. 

The investigation of wood colour response from different drying 
methods verifies that microwave drying causes less colour change than 
does the air-circulation drying method.  

The developed simulation model is a very good tool to use to 
demonstrate and explain the interaction between wood and microwaves 
during scanning.

The simulations using the developed microwave heating model 
correspond very well to experimental temperature measurements.   

The correspondence between the 2-D FEM heat and gas mass transfer 
model and the experiment is convincing. 
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4 FUTURE WORK 

Since modelling is a good tool to use for explaining and understanding the 
microwave heating and drying process, it would be a challenge to make a 
microwave drying model that involves a multiphase flow, i.e., water flow in liquid 
and gas form. Another possibility would be to develop the model by including 
thermal runaway. Such a complete model should also be basis for future 
scheduling of the microwave drying process.  

Furthermore, it would be interesting to investigate the effects of microwave 
heating and drying on foreign wood species, apart from the Nordic kinds of wood, 
i.e., how the properties such as mechanical and colour properties would be 
affected. The development of a heating and drying model for foreign species with 
varying liquid permeability would also be a useful step. 

Lastly, an important step would be to develop a sensor system for measuring mc 
without interrupting the drying process, i.e., a system for controlling the drying 
process adaptively. 
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APPENDIX 

Errata

Paper VI: On page 3 in the result chapter, there is an error in the average moisture 
content. The correct value is 0.84, rather than 0.43.  

Paper VII: On page 266 in the results and discussion chapter, the measured and 
the simulated surface temperatures, figure 8 and figure 9, were inadvertently 
switched.
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Abstract

The purpose of the present work was to investigate whether the drying method itself affects strength of wood apart from fibre direction,

density, temperature in the wood, moisture content and with which angle the microfibril is placed in the middle layer at the secondary cell wall

S2. The drying methods compared were microwave drying and conventional air-circulation drying, and the species tested was Norway spruce.

The result shows that it is not possible to demonstrate any difference between the two drying methods with respect to the strength of the wood.

What affects wood strength are such variables as moisture content, number of annual rings and the density properties weight, width and

thickness.

# 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

There are different methods of drying wood, and the most

common is conventional air-drying. One of the methods that

have been investigated in recent years is drying wood by

microwave heating [1]. If wood is exposed to an electro-

magnetic field with such high frequency as is characteristic

for microwaves, the water molecules, which are dipoles,

begin to turn at the same frequency as the electromagnetic

field. However, wood consists not only of water but also of

polymers as cellulose, hemicellulose and lignin. These

polymers are also polar molecules, and therefore even they

are likely to be affected by the electromagnetic field.

According to Oloyede and Groombridge [2] the strength

reduction in wood was 60% when microwave energy

was used for drying as opposed to air-circulation drying.

However, that result may be dependent on the method used

to carry out the drying process, which according to Antti

et al. [3] was entirely out of control and only a way to remove

moisture from wood.

The strength in wood varies a lot between specimens of

the same species, but alsowithin one and the same specimen.

That is because wood is a biological material that consists

of different structures for different purposes for its life.

In conifers the dominant wood types are sapwood and

heartwood. Juvenile wood is a structure of wood that is

not as dominant; it usually includes the first 10–20 annual

rings closest to the pith, and it can affect wood strength to a

relatively large extent [4]. The strength can also vary within

one and same wood construction as a result of reaction

wood. That can depend on interference in the wood reces-

sion, for instance as a consequence of the tree having grown

on a sloping ground surface, which causes the tree to

produce compression wood to counteract the tendency to

lean and to maintain upright growth.

In order to examine the strength of wood, the three-point

bending test was used. That gives a bending stress that is a

combination of tensile strains, compressive strains and shear

strains. In investigations of the mechanical properties of

wood, the modulus of elasticity (MOE) and the modulus of

rupture (MOR) are determined. As the wood material prop-

erties vary, it is necessary to perform a quantity of tests and

analyse them statistically to obtain values for the wood’s

MOE and MOR. The MOR expresses the ultimate bending

strength, and this modulus is actually the equivalent stress in

the extreme fibre of the specimen at the point of failure. For

the wood type Norway spruce (Picea abies) with 12%

moisture content, MOE lies between 8.3 and 13 GPa and

for MOR 66–84 N/mm2 [5,6].

With Oloyede and Groombridge [2] as a point of depar-

ture, the aim of the present work was to investigate whether
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the drying method additionally affects the strength of the

wood, apart from fibre direction, density, temperature at the

sample, moisture content and with which fibre angle the

microfibril is placed in the middle layer at the secondary cell

wall S2. The fibre angle in particular has an important effect

on strength [5,7]. The parameters that were investigated

were variables that affect density, such as moisture content,

number of annual rings, weight, width and thickness, drying

temperature and drying method. The drying methods that

were compared were conventional air-circulation drying and

microwave drying.

2. Materials and methods

The wood species that was investigated in this study was

Norway spruce (P. abies) and it was received in green sawn

condition with a dimension of 50mm� 100 mm (in dried

condition), from a sawmill in the north of Sweden in the

period of December 2001. The selected specimens were pith

sawn and as clear of knots as possible and if possible not

taken from the same tree of origin. From these, 500 mm

pieces were then cut into 40 samples in total, which there-

after were divided into four equal main groups containing

specimens from different places of origin. Then the pieces in

the main groups were divided longitudinally into two equal

groups (Fig. 1) from which one part went to conventional

drying. The second group was additionally divided up long-

itudinally into four pieces for microwave drying. From each

sample, small pieces were picked out for determination of

the moisture content, for which the oven-dried weight basis

was used. This was in order to estimate weight for the

sample when it had reached the correct end moisture con-

tent. The design that was selected by the sample division

enabled a good statistical analysis of the difference between

the drying methods. This is because the samples for the two

drying methods were picked out from specimens from the

same tree of origin. Therefore, the samples are very nearly

mirror images of each other; i.e. matched samples were

obtained.

2.1. Drying methods

Of the four main groups, two groups were dried at a

temperature of 60 8C to an end moisture content of 8 and

12%, respectively. The drying temperature for the two other

groups was 100 8C and the end moisture content was 8 and

12%, respectively. The lower drying temperature is typical

for low-temperature drying, and the higher is at the limit for

high-temperature drying. That the level for the higher drying

temperature was set to 100 8C was due to limitations of the

air-circulation laboratory kiln that was used. The following

Fig. 1. Sample dividing.

Fig. 2. Schematic schedule of the conventional drying kiln.
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sections describe how the two different drying methods were

performed.

2.1.1. Conventional drying

The conventional drying was performed in a laboratory

kiln built of aluminium with a height of about 0.3 m and a

length of about 0.8 m (Fig. 2) in which the air circulates

around the load with a speed of approximately 2 m/s. DOS

laboratory software controls the air climate conditions with

the help of thermocouples which measures the dry and wet

temperature in the kiln. Climate control is done using an air

heater and a steam boiler that have a maximum effect of

6 kW each.

The two groups which were dried to a final moisture

content of 12% at drying temperatures of 60 and 100 8C
were dried in a constant climate with a wet bulb temperature

of approximately 49 and 91 8C, respectively until the equi-

librium moisture content in the wood was reached at 8%.

During the drying course, a moisture content gradient was

formed between the wood surface and its interior since the

surface dries faster. The difference in moisture content

between these two areas causes strains in the material. In

order to equalise the moisture content, and thereby do stress

compensation, the samples were conditioned for approxi-

mately 8 h in a climate with a wet temperature of about 57

and 98 8C, respectively, which gave final moisture content of

approximately 15%. During the drying and conditioning

processes, theweight of each specimen was also measured in

order to determine when the correct end moisture content

was reached. The groups with a final moisture content of 8%

were dried in the same way as the above mentioned groups,

but now in a climate with a wet temperature of approxi-

mately 41 and 82 8C, respectively, so that the wood achieved
an equilibrium moisture content of 5%. Also these groups

were conditioned for approximately 8 h, but in a climate

with a wet temperature of approximately 55 and 96 8C,
respectively, which gave an end moisture content of the

wood of approximately 12%.

Fig. 3 shows the wet- and dry-bulb temperature, as well as

the reduction of moisture content, for the samples during the

process. Thereafter, the test samples were conditioned for a

further 8 h. The total drying time for this experiment is

displayed in Table 1. Since the other drying cycles were

performed in the same way as has been described, drying

times for these cycles are also displayed in Table 1. Each

load had a volume of approximately 12.5 dm3.

2.1.2. Microwave drying

Microwave drying was performed in a domestic micro-

wave oven (Fig. 4). In order to measure the temperature in

the middle of a sample, a drill hole was made into which a

fibre-optic sensor (ASEA 1110) was placed. The approxi-

mately 6.25 dm3 wood load was exposed to the oven’s

maximum power emission (1.4 kW) during the time when

the temperature in the middle of the sample was lower than

the current drying temperature. The control of this process

was done with laboratory software. During the drying

process, the weight of the pieces was continuously measured

in order to pick them out from the microwave oven when

they had reached the correct end moisture content. Fig. 5

Fig. 3. Conventional drying: 60 8C to a moisture content at 8%.

Table 1

Drying times: conventional drying

Drying

temperature (8C)
End moisture

content (%)

Drying times

(min)

60 8 4420

100 8 1835

60 12 4035

100 12 1715

L. Hansson, A.L. Antti / Journal of Materials Processing Technology 141 (2003) 41–50 43



shows the temperature measured in the middle of a sample,

and also the reduction of moisture content for the samples

during drying. Where the temperature decreases in the

figure, the test samples have been taken out of the microwave

oven to be weighed. The total drying time for this experi-

ment is shown in Table 2. Since the other drying cycles

were performed in the same way as has been described,

drying times are displayed for these drying cycles in Table 2,

also.

2.1.3. Test samples and bending test

Awidth and thickness of 10 mm and a length of 250 mm

were the dimensions selected for the samples for the bending

test. Before the samples were cut into lengths after the

drying, they were kept for about a week in a climate that

retained the equilibrium moisture content that was deter-

mined for the samples. This was in order to ensure the

equilibrium moisture content. Also after the crosscut, before

the bending test, the pieces were kept in an air-conditioned

chamber. At crosscutting, the specimens that contained

knots, compression wood or other properties that could

affect the bending test were rejected. The important thing

with this sorting was that if, for instance, a microwave-dried

sample had any property that could affect the bending test,

then both that sample and its air-dried mate were rejec-

ted, since the experiment was based upon using matched

specimens.

The bending testwas performed in aHounsfields (H2SK-S)

test apparatus with a three-point bending test tool. The

software of the test equipment produced the rates for the

test pieces’ MOE and MOR. The test was performed with a

bending rate of 2 mm/min until the pieces were broken.

In total, 132 pieces were tested, which means 66 matched

samples divided among the four main groups.

2.2. Data processing

In order to interpret the large quantity of information that

was received from the trial, two different methods of ana-

lysis were used: multivariate principal component analysis

(PCA) and a classical statistical test. The following sections

describe how these analyses were performed.

2.2.1. Multivariate PCA

SIMCA-P 8.0 software, developed by UMETRICS AB

[8], was used for the multivariate PCA. Multivariate PCA is

based on the transformation of a smaller number of variables

or components of variables that have been received from, for

instance, a measurement. These components are a linear

combination of the original variables, which in present work

Fig. 4. Domestic microwave oven (Philips 8100).

Fig. 5. Microwave drying: 60 8C to a moisture content at 8%.

Table 2

Drying times: microwave drying

Drying

temperature (8C)
End moisture

content (%)

Drying time

(min)

Total microwave

time (min)

60 8 1128 52

100 8 299 58

60 12 497 35

100 12 154 36
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are MOE, MOR, drying temperature, drying method and

variables that effect density, and perpendicular to each other.

They are also transformed so that the fluctuation in the

observations is explained as simple as possible. The trans-

formation is based on the first principal component being

adjusted so as to explain most of the variation in the

observations. Furthermore, the next principal component

is adjusted to explain the second greatest part of the variation

in observations, and so on. It is then possible that only two or

three principal components offer a satisfactory description

of all original variables. That makes it simpler to interpret

the observations. PCA can be described in brief as a method

of simplifying the interpretation of the observations by

reducing the number of variables. The observation coordi-

nates in the new system, i.e. their coordinates related to the

principal components, are called scores, and the correspond-

ing relations between the original variables and the new

principal components are called loadings. In the score figure

it is possible to find statistical outliers and groups of

observations.

The SIMCA software describes the explained variation in

the PC model, with the parameter R2, which was received

from the observations. A value close to 1 for parameter R2

explains most of the variation in the observations, whereas if

the value is close to 0 almost none of the variation is

explained. The predicted variation in the model is stated

with the parameter Q2 in the software and is calculated by

cross-validation [9]. Values close to 1 for Q2 mean that a

reliable model with a good level of prediction has been

obtained, and a value close to 0 means an unreliable model.

2.2.2. Classical statistical test

In the classical statistical test, the difference between the

samples’ average values for each coefficient of elasticity

and the maximum bending strength at maximum load was

calculated.

The zero hypothesis was written as

H0: m1 � m2 ¼ D0; (1)

where m1 and m2 are the mean values for the different groups,

and D0 the difference between the average values of the

groups. In the analysis, it was assumed that there was no

difference under present conditions between the average

values, which means thatD0 ¼ 0. The opposite hypothesis is

H1: m1 � m2 6¼ D0: (2)

Since the number of observations was small, fewer than 30

pieces, the test function was written as

t ¼
�d � D0

S:D:
ffiffiffi

n
p ; (3)

where the t-distribution is based on n� 1 degrees of free-

dom, �d represents the difference between the average values

of the samples and S.D. the standard deviation for these.

When the zero hypothesis is valid, the test functions’ values

should not deviate significantly from zero. For large values

of the test function it is, therefore, a matter of course to reject

the zero hypothesis.

3. Results

3.1. Principal component analysis

In the following section, score and loading figures

obtained from the analysis software SIMCA are illustrated,

as well as how the most important main features can be

interpreted from these figures. Table 3 shows an explanation

of the observation points in the score figures. Furthermore,

Table 4 shows an explanation of variable shortening in the

loading figures.

3.1.1. Modulus of elasticity

A result with four principal components with R2 ¼ 0:857
and Q2 ¼ 0:743 was obtained from the PCA. The score

figure in Fig. 6 shows the down-projected observations in the

plane defined by the axes that represent the components t[1]

and t[2]. The distribution of the observations in relation to

each other is portrayed. The matched samples from both

drying methods lie relatively neatly collected in the plane.

Observations on samples that were dried at a temperature of

100 8C to a moisture content of 12% are situated in the upper

Table 3

Marking explanation

Marking Drying method Drying temperature Moisture content

MW K High Low High Low

* � � �
* � � �
& � � �
& � � �
þ � � �
� � � �
^ � � �
| � � �

Table 4

Variable shortening

Shortening Explanation

MW Microwave drying

K Conventional drying

T_LOW Drying temperature, 60 8C
T_HIGH Drying temperature, 100 8C
MC_LOW Moisture content, 8%

MC_HIGH Moisture content, 12%

WEIGHT Weight of the sample

M_TH Mean thickness

M_BR Mean breadth

N_O_A_R Number of annual rings

MOE Modulus of elasticity

MOR Modulus of rupture
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right quadrant. In the upper left quadrant are the observa-

tions on samples dried at 100 8C to a moisture content of 8%.

In the lower left quadrant are the observations on samples

dried at 60 8C to a moisture content of 8%. Finally, the lower

right quadrant contains the observations on samples that

were dried at 60 8C to a moisture content of 12%. The fact

that the observations are situated together so well indicates

that they have similar properties.

The loadings figure in Fig. 7 shows the projected variables

in the plane defined by the axes that represent the principal

components p[1] and p[2] and shows information about the

relations between the original variables and the principal

components. That means how much each variable contri-

butes to each principal component. The figure shows that the

variables WEIGHT, MC_LOW, MC_HIGH, N_O_A_R,

M_TH and M_BR contribute most to principal component

Fig. 6. Score figure MOE: t[1] against t[2].

Fig. 7. Loading figure MOE: p[1] against p[2].
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p[1] and almost nothing to p[2], while T_HIGH and T_LOW

have the greatest influence on principal component p[2]. The

distance of the variables to origin also provides a satisfactory

image ofwhat influence they have in themodel. The variables

situated near origin, such as K and MW, have insignificant

influence on the principal components p[1] and p[2] and thus

little influence in the PCAmodel. The variables that correlate

most positively to the variable MOE according to Fig. 7 are

WEIGHT, MC_LOW, N_O_A_R, M_TH and M_BR. This

means that if they increase or decrease their value, thevariable

Fig. 8. Score figure MOR: t[1] against t[2].

Fig. 9. Loading figure MOR: p[1] against p[2].

L. Hansson, A.L. Antti / Journal of Materials Processing Technology 141 (2003) 41–50 47



MOE has a tendency to be influenced in the same direction.

On the other hand, according to the loadingfigure,MC_HIGH

is negatively correlated to the variable MOE, which means

that if MC_HIGH increases its value, the variableMOE tends

to decrease.

3.1.2. Modulus of rupture

A result with four principal components with R2 ¼ 0:903
and Q2 ¼ 0:674 was obtained by PCA. Also here, as for

the variable MOE, the variables that correlate most

positively to the variable MOR are WEIGHT, MC_LOW,

N_O_A_R, M_TH and M_BR, whereas the variable

MC_HIGH is most negatively correlated to the variable

MOR (Fig. 8). The score plot also shows that the matched

samples from both drying methods are collected in the

plane.

3.2. Statistical test

The following section discusses the classical statistical

test. Dots aligned vertically to each other are matched

samples in Figs. 11–18. Other explanations of the figures

are shown in Fig. 9.

3.2.1. Modulus of elasticity

From the difference between the average values and their

standard deviations, the test function, Eq. (3), was calculated

to 0.062 for the samples that were dried to a moisture content

of 8% at a temperature of 60 8C. For the samples that were

dried at 100 8C, the result for the test function was 0.009.

The result of the calculations for the samples that were dried

to a moisture content of 12% at 60 8C was 0.032. For the

samples that were dried at 100 8C, the result was 0.038. The
low test-statistic values mean that the zero hypothesis is

valid with a high probability.

3.2.2. Modulus of rupture

From the difference between the average values and their

S.D.’s, the test function, Eq. (3), was calculated to 0.062 for

the samples that were dried to a moisture content of 8% at a

temperature of 60 8C. For the samples that were dried at

100 8C the test function result was 0.009. For the samples

that were dried to a moisture content of 12% at 60 8C, the
calculations gave a result of 0.009. Finally, for samples that

were dried at 100 8C, the result was 0.034. The low test-

statistic values mean that the zero hypothesis is valid with a

high probability.

4. Discussion

Spruce with a moisture content of 12% has MOE values

between 8.3 and 13 GPa and MOR values of 66–84 N/mm2

[5,6]. Compared with the values obtained from the bending

tests in this investigation, the results harmonise well with

each other.

The results from the PCA model, with the variable MOE

for the matched and samples, indicate that the variables that

affect MOE most are moisture content, number of annual

rings, weight and the dimension parameters width and

thickness (Fig. 7). This means that if the moisture content

decreases, the MOE value increases, and if the number of

annual rings, the weight, or any of the dimension parameters

increases, the value of MOE also increases. That indicates

that the density of the samples has a very important effect on

the result. The variables that have least influence on the

MOE are the drying methods and the drying temperature.

Antti et al. [3] have also shown with multivariate data

analysis that material parameters such as fraction of heart-

wood and distance between annual rings have greater influ-

ence on mechanical properties than to the drying method and

drying temperature for Scots pine. That a drying temperature

up to 110 8C has no effect on the result has also been shown

Fig. 10. Explanation of the symbols used in the figures.

Fig. 11. Drying temperature 60 8C, moisture content 8%.

Fig. 12. Drying temperature 100 8C, moisture content 8%.
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by Teischinger [10]. All results mentioned for MOE are also

valid for the variable MOR (Fig. 10). The fact that the drying

method has no important impact on the result either for the

variable MOE or for MOR is also shown by the classical

statistical test for the matched samples. Figs. 11–18 show

that no significant difference exists between the results for

both the drying methods. Antti et al. [3] have also shown that

there is no difference in MOE, MOR and tensile stress at 5%

significance level between the two drying methods for Scots

pine.

The present work shows that, contrary to Oloyede and

Groombridge [2], the drying method, regardless of whether

it is microwave drying or air-circulation drying, has no

impact on the strength of the wood under the conditions

presented here. The fact that wood can vary in strength in

part between different items, but also within the one and

Fig. 13. Drying temperature 60 8C, moisture content 12%.

Fig. 14. Drying temperature 100 8C, moisture content 12%.

Fig. 15. Drying temperature 60 8C, moisture content 8%.

Fig. 16. Drying temperature 100 8C, moisture content 8%.

Fig. 17. Drying temperature 60 8C, moisture content 12%.

Fig. 18. Drying temperature 100 8C, moisture content 12%.
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same individual, makes it important, not to say necessary,

that comparative investigations such as the present one use

matched samples in order to decrease the risk that large

differences will be found in the results. In point of fact, the

differences arise from variations in the wood and not from

the parameters that were tested.
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ABSTRACT

The most common industrial method for drying wood is by air circulation. However, an alternative method—
microwave drying—has been investigated at the Division of Wood Physics, Luleå University of Technology in 
Skellefteå, Sweden. The use of microwave energy to dry wood is not very common, but it could be advantageous due 
to the possibility of heating and drying wood much faster than conventional methods and with preserved quality. The 
objective of the investigation is to install an on-line microwave drier for wood components and, furthermore, to 
integrate this drying process into the total production. The purpose of this paper is to briefly describe the design and 
performance of this on-line microwave drier, its advantages and its limitations. 

INTRODUCTION
Microwave energy can be used to heat dielectric 

materials. Wood is a dielectric material in which all 
charges are bound rather strongly to constituent 
molecules. If the wood is exposed to an electric field, 
which the microwave creates, the electrostatic charges 
in the wood begin to oscillate. These oscillations give 
rise to heating due to friction heat from the oscillating 
charges. This method is used in many processes within 
industry in order to heat and dry different products. 
Drying wood by microwave energy is not so common, 
but has been investigated in recent years by several 
scientists: Antti (1999) has investigated the heating and 
drying of wood using microwave power; Perré and 
Turner (1997) have investigated microwave drying of 
softwoods in an oversized waveguide; Torgovnikov
(1993) has investigated dielectric properties of wood 
and wood-based materials. Furthermore, comparisons 
with conventional air circulation drying have shown that 
it is possible to dry wood much faster with microwave 
energy without deteriorating the quality of the dried 
products. Using microwave power, it takes less than five 
hours to dry green wood to a moisture content (MC) of 

about 7%. However, this depends on the kind of wood 
and the thickness and length of the products. Another 
result of microwave drying of wood is that colour 
change is almost nonexistent.  

      At Luleå University of Technology (LTU), research 
into microwave drying of wood continues with focus on 
an on-line dryer. An industrial-scale, on-line microwave 
construction for wood components is under 
development. The drier will be mainly used for 
demonstration, product testing and for students’ 
laboratory work. The purpose of this report is to briefly 
describe the design, advantages and limitations of this 
on-line construction. 
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MICROWAVES IN WOOD 
      Dielectric materials are nonconductive or are poor 
conductors of electric current. When dielectric materials 
are placed in an electromagnetic field, there is 
practically no electric current, and compared with metal 
they have no loosely sitting or free electrons that can 
drift through the material. Instead, an electrical 
polarization occurs, which means that the positive 
charges move into the same directional orientation as 
the electric field and the negative charges in the 
opposite direction. This small separation of the charges, 
or polarization, reduces the electric field inside the 
dielectric material. When a material is exposed to an 
electrical field, three possibilities can arise: the energy 
can be reflected, transmitted or absorbed, which entirely 
depends on the material properties. Because of this, the 
material will not be heated at all, or it will be heated up 
slowly or just certain parts of material will be heated up. 
A dielectric material is characterised by a complex, 
frequency-dependent dielectric constant: 

))()(()( 0 j ,                           (1)                                                                                                                           

where the real part  measures how many times 
greater the electrostatic charge arising in the material is 
than that in a vacuum. The complex part is the 
relative loss factor, which measures how well the 
material absorbs energy from the electrical field and 
how much energy will be converted to heat. 

       Wood is a biological dielectric material with a 
complex structure. If wood is placed in an electric field, 
both the field and the wood influence each other, which 
creates electric current in the material. Interaction 
between electromagnetic fields and wood has been 
thoroughly investigated by Torgovnikov (1993). These 
investigations have shown that the dielectric properties 
of wood depend on the MC, density, material 
temperature and direction of electric field relatively to 
fibre direction. As a result, the dielectric property of 
wood will change during heating and drying.  

GENERATIONS OF MICROWAVES 
       A magnetron is usually used to generate 
microwaves. The magnetron is a vacuum tube 
containing a cylindrical cathode and a coaxial anode. 
Between these, the electrons move in curved paths 
influenced by an electric field and a magnetic field. 
When the electrons move toward the anode, energy is 
emitted into the microwave field, which is transported 
out to a wave-guide. In this on-line drier, several 
standard magnetrons working with a frequency of 2.45 
GHz generate the energy. The power of the magnetrons 

is 1 kW, and the wave-guides that are used are simple 
rectangular pipes, which are dimensioned for the current 
frequency.    

THE APPLICATOR 
In many industrial microwave installations, as well 

as in domestic microwave ovens, multimode applicators 
are used. A multimode applicator is a metal box (cavity, 
see figure 1) into which the microwaves are guided. 
Inside the cavity, the waves reflect against the walls. 
Furthermore, the waves interfere with each other and 
thereby distribute the electric field intensity in the 
cavity space. The field distribution depends on the 
design of the cavity, i.e., its dimensions, the dielectric 
property of the load, its position in the cavity and its 
size.

       The modes that will develop in a cavity with a 
certain dimension can be determined by calculations. 
Also, simulations of developed field distribution with a 
specific load in the cavity can be performed. As a 
prelude to the design work, modelling was been done by 
Microtrans AB in order to optimize field distribution, 
i.e., to achieve as even heat distribution as possible. 
Figure 2 shows an infrared (IR) image of the heat 
distribution across the load surface for the first-
generation multimode applicator that was used in this 
development process. Now, the third-generation 
multimode applicator is in use (see figure 3). Figure 4 
shows a simulated field distribution for this third-
generation multimode applicator. A comparison of 
figures 2 and 4 shows that a distribution with distinct 
strips is achieved with the new applicator. This 
indicates more uniform heating in these areas. 

FIGURE 1. First generation applicator. 

2



8th International IUFRO Wood Drying Conference - 2003   

FIGURE 2. IR-image, first generation applicator.  

FIGURE 3. Third generation applicator. 

FIGURE 4. Simulated field distribution, third
generation applicator.

THE DESIGN OF THE MICROWAVE 
CONSTRUCTION

The microwave tunnel construction contains 
modules with applicators. Such a module consists of 
five applicators in series, as shown in figure 5. 
Furthermore, two such modules are placed together with 

a parallel displacement of 35 mm. This means that heat 
distribution will be more uniform when the wood 
components pass under the cavities. Rates of speed vary 
between 5 and 500 mm per min., and the wood 
components pass edge by edge crosswise through the 
tunnel space, which includes a number of the modules 
described above. The purpose is to dry wood 
components with thickness varying from 15-55 mm 
from green condition to a MC of 8%. In order to avoid 
deformation during drying, the internal height of the 
tunnel is regulated to adjust eventual twist. The applied 
compressing force is in the range of 0-5 MPa. 

FIGURE 5. Microwave module. 

THE CONTROL SYSTEM 
The control system is PC-based and has feedback; 

i.e., control is based on signals from the drying process. 
These signals display both the wood’s position in the 
tunnel and its dielectric property. On the basis of these 
signals, the system controls each separate magnetron, or 
microwave module; i.e., the entire drying process is 
adaptively controlled so that the microwave power is 
adjusted to the load properties. The power for each 
magnetron can be regulated continuously from about 
30% to 100% of its nominal maximum output power.

OTHER ASPECTS 
      Wood can contain much water, and when the drying 
process starts the water will resign as water or water 
steam. The water that is in liquid form drain out from 
the tunnel and the water, which is in vapour form, 
convey away by circulating air. This is a very important 
part in the process, because if condense has been 
formed in the cavity it doesn’t work optimally and that 
brings on a poor drying process. 

FURTHER WORK  
      In order to achieve an optimum drying process, 
further investigation is needed. Below are some of these 
investigations, which have been done or are planned:

3
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      During drying above fibre saturation point (FSP), 
the temperature rises to evaporation and remains at that 
level. However, when MC drops below FSP, the 
temperature increases further. If the drying temperature 
becomes too high, quality can be affected. Measuring 
surface temperature by IR pyrometer may make it 
possible to detect when the wood reaches fibre 
saturation point. Ceramic sensors indicate energy 
absorption and may be useable for MC detection; i.e., 
they could give a signal when fibre FSP is reached 
during the drying process. 

      When wood dries, it shrinks, and for some species 
twist easily occurs. Keeping the components constricted 
can prevent this. This fixing point could be adjusted 
during the drying process to account for shrinkage. 
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Abstract

The purpose of the present work was to investigate whether wood hardness is affected by temperature level during microwave (MW) drying and
whether the response is different from that of conventionally dried wood. Matched samples of Norway spruce (Picea abies) were therefore dried
from green state to different moisture content (mc) at different temperature levels, both conventionally by air circulation and by MW. The results
show that specimens dried by any of the two methods at a temperature level of 100 or 60 ◦C there is a significant difference in wood hardness
parallel to the grain between the methods when drying progresses to relatively lower level of moisture content, i.e. wood hardness becomes higher
during MW drying. Temperature level in the range 60–110 ◦C during MW drying has no significant influence on wood hardness. Variables such
as density and mc have a greater influence on wood hardness than does the drying method or the drying temperature. Since wood is a biological
material, its strength varies within the specimens as well as between different samples. For this reason it is important to use matched samples when
performing this type of comparative investigation.
© 2005 Elsevier B.V. All rights reserved.

Keywords: Microwave drying; Air circulation drying; Janka; Matched sample

1. Introduction

Wood hardness is an important property, especially in the
flooring and furniture industries. In order to determine the hard-
ness of wood material, usually methods such as Brinell and Janka
are used. These tests are performed in such a way that a steel
hemisphere is forced into the surface under test. The difference
between these methods is found in what is measured: the Brinell
method measures the diameter of the mark caused by the steel
ball in the specimen, while the Janka method measures the power
needed to force a steel hemisphere of diameter 11.28 mm into
the wood to a depth of half of its diameter. A problem that might
occur using the Brinell method is connected to the relaxation
of the dent mark—the accuracy of the measurement becomes
doubtful [1].

Investigations have shown that wood hardness is influenced
by its density and moisture content (mc) [2]. Selhlstedt-Persson
[3] has investigated the effect different drying temperatures

∗ Corresponding author. Tel.: +46 910 585396; fax: +46 910 585399.
E-mail address: lars.hansson@tt.luth.se (L. Hansson).
URL: http://www.tt.luth.se.

during air-circulation drying have on wood hardness. The
maximum drying temperature in those studies was 115 ◦C.
The result indicates no significant influence of temperature on
hardness; still, the specimens dried at higher temperatures gave
a hard and brittle impression.

When measuring wood hardness, the direction of indentation
vis-à-vis the orientation of the wood grain affects the result. The
reason is, according to [4], that the amount of and stiffness of
fibres carrying the load are lower when the load direction is
angled to the grain direction than if it is parallel with the grain.
For the wood species Norway spruce (Picea abies) with mc 0.12
and a density between 390 and 480 kg/m3, the Janka hardness
is in the range of 2650–2840 N when applied longitudinally and
1570–2260 N when applied tangentially [5].

Wood is most commonly dried by air circulation at differ-
ent temperatures and humidity levels. A less customary method
that has been investigated in recent years is the use of microwave
power to heat and dry wood [6]. If wood is exposed to an elec-
tromagnetic field with the high frequency that is characteristic
of microwaves, the water molecules, which are dipoles, begin
to oscillate at almost the same frequency as the electromagnetic
field. This causes an increase of temperature and pressure in
the test samples. However, wood consists not only of water but

0924-0136/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
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also of polymers such as cellulose, hemicelluloses and lignin.
These polymers are also polar molecules, and therefore even
they might be affected by the electromagnetic field. This could
possibly cause degradation in terms wood hardness.

Do temperature levels and drying method affect wood hard-
ness? The aim of the present work was to investigate this
hypothesis by comparing wood hardness in specimens dried by
microwaves and by conventional air circulation at different tem-
perature levels. Parameters to control during the tests were wood
density and mc.

2. Materials and methods

The wood species investigated in this study originated from fresh sawn Nor-
way spruce (Picea abies) grown in the north of Sweden. The dimensions of the
specimens were approximately 55 mm thick and 105 mm wide. The selected
specimens were taken from planks from different logs that were pith sawn at
a sawmill. Some logs were sawn in December, the rest in September. Samples
including knots were avoided.

The specimens cut in December were used to investigate the effect of dry-
ing method on the hardness of wood. A total of 40 pieces 300 mm long were
selected from different planks. These were distributed into four main groups
that included pieces from the different original planks. Further, the pieces in the
main groups were cut in two lengthwise, with one of the resulting pieces reserved
for conventional drying and the other for microwave drying. Of the four main
groups, two were dried at a temperature of 60 ◦C to an end moisture content
(mc) of 0.08 and 0.12, respectively. The two other groups reached the same mc
levels but were dried at 100 ◦C. The lower drying temperature is a typical level
for low-temperature drying, while the higher is at the limit for high-temperature
drying and in fact was limited by the efficiency of the air-circulation laboratory
kiln.

The specimens cut in September were used for further study of the effect
of drying temperature on the hardness of wood. A total of 60 pieces 150 mm
long were selected from different planks and distributed into two main groups
that included pieces from the different original planks. In other respects, the
procedure was the same as in the previous test, except that three levels of drying
temperature were selected: 60, 100 and 110 ◦C. One combination group was
dried at a temperature of 60 ◦C, and its mirror at 100 ◦C. The next combination
was dried at 60 ◦C, and its mirror at 110 ◦C. The last combination was dried at
100 ◦C, and its mirror at 110 ◦C.

From each sample taken from the two sawing periods, small pieces were
cut out to determine the initial mc. Here, the oven-dried method, based on dry
weight, was used. In this way the final weight of the sample after drying could
be determined and translated to desired mc.

The sample design used enables a good statistical analysis to determine
whether the drying methods or drying temperatures affect the hardness of the
wood. This method of matching samples from the same tree of origin makes it
possible to perform a reliable comparison of responses arising from different
drying methods and temperature levels.

2.1. Drying methods

2.1.1. Conventional drying
Conventional drying was performed in a laboratory kiln built of aluminium

with a height of 0.3 m and a length of 0.8 m, in which the air circulates around
the load with a speed of about 2 m/s. Climate conditions were controlled by
computer software. Sensors, Pt 100 type, were used to measure the dry- and
wet-bulb temperature in the kiln. For climate control, an air heater and a steam
boiler were used, each with a maximum effect of 6 kW.

The two groups which were dried to a final mc of 0.12 at the drying tem-
peratures 60 and 100 ◦C were exposed to a constant climate with a wet-bulb
temperature of 49 and 91 ◦C, respectively. Drying proceeded until the equilib-
rium mc of 0.08 was reached. An mc gradient developed between the wood
surface and its interior as the surface dried faster. The difference in mc between
these two areas causes strains in the material. In order to equalise the mc and

Fig. 1. Matched samples.

thereby compensate for stresses, the samples were conditioned for about 8 h in a
climate with a wet-bulb temperature of 57 and 98 ◦C, respectively. The final mc
then reached about 0.15. During the drying process and conditioning, the weight
of each specimen was measured in order to control when the desired final mc
was reached.

The same line of action was followed with the specimens dried to the final mc
0.08. The wet-bulb temperatures, however, were 41 and 82 ◦C, which correspond
to the equilibrium mc 0.05. These groups were also conditioned for about 8 h to
reach a higher final mc of 0.12. In this case, the wet-bulb temperatures were 55
and 96 ◦C, respectively.

2.1.2. Microwave drying
Microwave drying was performed in a domestic microwave oven. In order to

measure the temperature in the centre of a sample, a hole was drilled into which
a fibre-optic sensor (ASEA 1110) was placed. The wood load was exposed to the
maximum power emitted by the oven (1.4 kW) as long as the temperature in the
sample was below the current drying temperature. The process was computer
controlled.

2.1.3. Test samples and the hardness test
The dimensions selected for the specimens subjected to hardness tests were

40 mm × 40 mm × 120 mm. After drying, and before cutting the samples for
hardness tests, they were kept for a week in a climate chamber that retained
the equilibrium mc. Prepared specimens were also stored there until it was
time for the test. The hardness test was performed in a Hounsfields (H2SK-S)
test apparatus. The software of the test equipment produced the Janka rating
in Newtons; i.e., a steel hemisphere 11.28 mm in diameter was pushed into the
material to a depth equal to half of its diameter at a speed of 6.35 mm/min. These
impacts were made perpendicular to the grain (PD) and parallel to the grain (P)
(see Fig. 1).

3. Results and discussion

The results obtained from the surface hardness measurements
are presented in Figs. 2–5. Table 1 explains the nomenclature
used in the figures.

The results show no significant difference in hardness perpen-
dicular and parallel to the grain between the two drying methods
when the samples were dried at temperature levels of 100 and
60 ◦C to mc of 0.12. The hardness perpendicular to the grain was
the same for samples dried at temperature level of 100 and 60 ◦C
to mc of 0.08. On the other hand, a significant difference in hard-
ness parallel to the grain is shown between the drying methods
for samples dried at temperature level of 100 and 60 ◦C to mc
0.08.

The results show that specimens dried by any of the two
methods to mc 0.12 at a temperature level of 100 or 60 ◦C do
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Fig. 2. The average values in hardness for the matched pairs measured perpen-
dicular to the grain and the 95% confidence interval at different temperature
levels and moisture contents.

Fig. 3. The average values in hardness for the matched pairs measured parallel
to the grain and the 95% confidence interval at different temperature levels and
moisture contents.

Fig. 4. The average values in hardness for microwave dried samples of the
matched pairs that were measured perpendicular to the grain and the 95% con-
fidence interval at different moisture contents and temperature levels.

Fig. 5. The average values in hardness for microwave dried samples of the
matched pairs that were measured parallel to the grain and the 95% confidence
interval at different moisture contents and temperature levels.

Table 1
Variable shortening

Shortening Explanation

MW Microwave drying
K Conventional drying
60 Drying temperature, 60 ◦C
100 Drying temperature, 100 ◦C
110 Drying temperature, 110 ◦C
MH Moisture content, 12%
ML Moisture content, 8%
P Parallel to the grain
PD Perpendicular to the grain

not indicate any significant difference in wood hardness either
parallel or perpendicular to fibre direction. However, there is
a significant difference in wood hardness parallel to the grain
between the methods when drying progresses to mc 0.08 at a
temperature level of 100 or 60 ◦C; i.e., wood hardness becomes
higher during MW drying.

One factor that affects the hardness is the mc. The samples
that were dried to mc 0.08 tend to be harder. However, this result
is obvious as the mc influences the wood’s strength [7]. Norway
Spruce with densities from 390 to 480 kg/m3 and with mc 0.12
has hardness values between 1570 and 2260 N perpendicular
to the grain [5]. These results harmonise well with the values
obtained in this investigation.

Hardness values parallel to the grain for Norway spruce with
densities from 390 to 480 kg/m3 and with mc 0.12 are in the
interval 2650–2840 N [5]. These values are somewhat higher

Table 2
Density average values (kg m−3) and the 95% confidence interval for microwave
and conventional dried test samples

Microwave dried Conventional dried

MC 8% MC 12% MC 8% MC 12%

60 ◦C 497 ± 19 466 ± 23 483 ± 17 461 ± 26
100 ◦C 473 ± 16 474 ± 26 473 ± 19 457 ± 23
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Table 3
Density average values (kg m−3) and the 95% confidence interval for microwave dried test samples at different temperature levels

Moisture content 8% Moisture content 12%

60 ◦C 100 ◦C 110 ◦C 60 ◦C 100 ◦C 110 ◦C

60 ◦C – 466 ± 24 426 ± 23 – 435 ± 12 530 ± 18
100 ◦C 464 ± 23 – 516 ± 31 488 ± 10 – 443 ± 35
110 ◦C 392 ± 36 500 ± 28 – 448 ± 31 522 ± 22 –

than those obtained in the present investigation. This variance
cannot be due to low density (Table 2), which is an important
factor that influences hardness [2,7]. One factor that can affect
the values measured is the direction of grain in relation to the
direction of load. When the load is applied at an angle to the
grain, the amount of and stiffness of fibres carrying the load are
lower than when the load is applied in the direction of the grain
[4].

The results show no significant difference in hardness
between the different drying temperatures for the matched sam-
ples. The results for the matched samples from this investigation,
60 ◦C with 100 ◦C and 60 ◦C with 110 ◦C, harmonise well with
table values [5]. For the matched samples 100 ◦C with 110 ◦C,
the measured values are higher than the values reported by
Boutelje and [5]. This difference is explained by the high den-
sity value (Table 3). Higher density values increase the hardness
value, and as the mc increases, hardness decreases.

4. Conclusion

Drying by microwaves or by air circulation to mc 0.12 at dry-
ing temperatures 60 and 100 ◦C does not affect wood hardness
parallel or perpendicular to the grain. The same can be concluded
for the wood hardness perpendicular to the grain when drying
to mc 0.08 at a drying temperatures 60 and 100 ◦C.

The results show that there is a significant difference in wood
hardness parallel to the grain between the two drying methods
when the samples are dried at temperature levels of 100 and
60 ◦C to mc 0.08.

Wood hardness parallel and perpendicular to the grain is not
affected by the drying temperature, at least at the levels 60, 100
and 110 ◦C, when the wood is dried by microwave heating to
mc 0.08 or 0.12.
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Skellefteå, 1999, p. 35.

[7] J.M. Dinwoodie, Timber: Its Nature and Behaviour, 2nd ed., E & FN
Spon, London, 2000, pp. 159–177.



IV





Microwave penetration in wood using imaging sensor

L. Hansson a,*, N. Lundgren b, A.L. Antti a, O. Hagman b
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Abstract

It is possible to determine properties of wood using microwave scanning techniques. The purpose of this study was
to verify the measured values from a microwave imaging sensor. Attenuation and phase shift of an electromagnetic
wave transmitted through birch wood were measured and compared with theoretical calculated values. A test piece with
varying thickness was measured with a scanner based on a microwave sensor (Satimo 9.375 GHz) at different temper-
atures and moisture contents. The density distribution of the test piece was determined by computer tomography scan-
ning. The result showed good correspondence between measured and theoretical values. The proportion of noise was
higher at low moisture content due to lower attenuation. There is more noise in attenuation measurement than in mea-
surement of phase shift. A reason for this could be that wood is an inhomogeneous material in which reflections and
scattering affect attenuation more than phase shift. The microwave scanner has to be calibrated to a known dielectric to
quantify the error in the measurement.
� 2005 Elsevier Ltd. All rights reserved.

Keywords: Microwave scanning; Wood; Dielectric properties; Modulated scattering technique

1. Introduction

It is known that the dielectric properties of wood
are affected by density, moisture content (mc), tem-
perature and frequency [1]. For many applications,
such as drying, sorting and strength grading, it is
necessary to detect mc or density distribution in

wood. These parameters can be detected by nonde-
structive testing using microwaves. This technique
has been investigated by Portala [2] among others.
The scanner used in the present work is based on
the same microwave sensor (Satimo 9.375 GHz)
as in Portala�s study [2] where several types of sen-
sors for measurements on wood were investigated.
The sensor uses modulated scattering technique
[3] with 128 fixed probes. The frequency corre-
sponds to a wavelength of 32 mm in vacuum and
gives an acceptable ratio between resolution and
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penetration. A similar technique has been used by
James et al. [4]. The main difference in his method
is frequency and probe construction. Johansson
[5] has shown that simultaneous prediction of
moisture content and density is possible using a
scanner system based on the sensor from Satimo
where scanner data was used as input for calibra-
tion of a multivariate model. These models have
to be compensated for variations in temperature
and thickness of the wood. Johanssons [5] study
does not compare the multivariate model with a
physical model.

The present study was carried out in order to
examine how measurements from the microwave
sensor vary at different mc, thickness and tem-
peratures for birch wood. This provides a more
detailed study of the sensor in comparison to Port-
ala�s [2]. The experimental scanner data was com-
pared to theoretical values of phase shift and
attenuation of the signal.

2. Theory

Electromagnetic waves have an electric field
strength (E) and a magnetic field strength (H) that
oscillate perpendicular to each other. When the
wave is moving in the z-direction it can be de-
scribed mathematically with the harmonic wave
equation as:

Eðx; y; z; tÞ ¼ E0 � e�j�x�t�c�z; ð1Þ

Hðx; y; z; tÞ ¼ H0 � e�j�x�t�c�z; ð2Þ
where E0 and H0 are the amplitudes of the electric
field and the magnetic field strength. They are
transverse to the z-direction and move through
space with a complex distribution factor:

c ¼ j � x � ffiffiffiffiffiffiffiffi

e � lp ¼ aþ j � b; ð3Þ
where x is angular frequency and l is the complex
permeability, which is equal to the permeability l0
of the free space, since wood is not a magnetic
material. Furthermore, a is the attenuation factor
and b is the phase factor of the wave. e is the rel-
ative complex permittivity defined as:

e ¼ e0 � ðe0 � j � e00Þ; ð4Þ

where e0 is the absolute permittivity for vacuum, e 0 is
the relative permittivity and e00 is the relative loss fac-
tor. The absolute permittivity and the relative loss
factor have been thoroughly investigated by Tor-
govnikov [1]. These investigations have shown that
the absolute permittivity and the relative loss factor
of wood depend on moisture content (mc), density,
material temperature, direction of electric field rela-
tive to the fibre direction and wave frequency.

If the real and imaginary parts of Eq. (3) are
equated, the expression for the attenuation factor
and phase factor will be:

a ¼ x � ffiffiffiffiffiffiffiffiffiffiffiffi

e0 � l0

p � e0
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Insertion of Eq. (3) into wave Eq. (1) shows that

the wave amplitude is attenuated exponentially
with the factor e�aÆz as the wave penetrates the
dielectric wood material (Fig. 1).

If the electric field strength decreases from E(0)
to E(z), over the length Dz of wood (Fig. 1), the
attenuation expressed in decibel is defined as:

log
Eð0Þ
EðzÞ

� �

¼ logðeÞ � a � Dz ½dB�; ð7Þ

Fig. 1. An electromagnetic wave transmitted into wood.
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and the phase shift / over a length Dz as it pene-
trates wood instead of empty space is defined as:

/ ¼ b � Dz ½rad�. ð8Þ

3. Material and methods

The study was based on one piece of birch
wood with dimensions as shown in Fig. 2. The
thickness increases linearly from 0 to 31 mm over
a length of 248 mm. This will give a theoretical
maximum attenuation of about 12 dB at 25%
mc, which is within the dynamic range for the
scanner system, which is stated to be about 40 dB.
Measurements were excluded within 24 mm from
the wood edges to reduce boundary effects on
the field. The region of interest is inside the dotted
line in Fig. 2.

The values of measured attenuation and phase
shift over a width of 64 mm were compared with
theoretical values calculated from Eqs. (7) and
(8). For each moisture level the object was held
at equilibrium mc in a climate chamber until the
calculated target weight was reached. Initially the
object was dried to 5% mc. By placing the piece
in the climate chamber, the mc could be raised
to a maximum of 21%. An intermediate measure-
ment was taken at 13% mc. At each of these three
levels, the object was scanned at room tempera-
ture using both the microwave and Computer
Tomograph (CT) scanner. Then the object was
dried to zero mc and scanned. Finally, the mc
was raised once more to 21% and then the object
was kept in a refrigerator for 48 h. Then a micro-
wave scan was done with the object frozen to
�20 �C.

4. CT scanner

A CT scanner (Siemens Somatom AR.T.) was
used to measure the density distribution in the test
object. A scan was taken at every 8 mm with a
5 mm-wide X-ray beam. The 3D images from the
CT scanner were transformed to 2D images with
a pixel size of 8 mm · 8 mm.

5. Microwave scanner

Fig. 3 shows a schematic drawing on the main
part of the microwave scanning system. The sensor
(Satimo 9.375 GHz) is based on modulated scat-
tering technique, MST, which makes it possible
to measure the field at many points without a mov-
ing probe or microwave multiplexer [3]. The wood
is illuminated by a quasi plane wave generated by a
slotted waveguide that acts as a transmitting an-
tenna. The transmitted wave is locally perturbed
in the retina by a low frequency signal applied
sequentially to 128 dual-polarised nonlinear di-
poles loaded by PIN diodes. This will cause a mod-
ulation of the radio frequency (RF) signal that is
proportional to the electromagnetic field. The
modulated signal is collected by another slotted
waveguide. The signal that reaches the RF receiver
consists of a carrier wave modulated at the diode
switching frequency. Down-conversion of the RF
signal is done in a homodyne receiver that pro-
duces the real and imaginary parts of the electro-
magnetic field at the position of the dipoles. The

Fig. 2. Test object with birch pieces glued to the edges.

Fig. 3. Sensor system for the microwave scanner. The micro-
wave signal is modulated by a low frequency signal at 128
probes in the retina. The electromagnetic field at each probe is
then extracted from the signal.
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antennas are mounted on opposite sides of a con-
veyer shown in Fig. 4.

The conveyer position is controlled by pro-
grammable logic connected to the PC [5]. The dis-
tance between dipoles in the retina is 8 mm, which
corresponds to one quarter of a wavelength. Since
there are 128 dipoles, the resulting image covers a
width of one meter. By setting the conveyer to stop
for scanning every 8 mm, the same resolution is at-
tained in both directions. From the collected data
two images are extracted. One image describes the
phase shift of the electromagnetic wave, and the
other image describes the attenuation of the signal
in dB after passing through the wood. There is a
difference in level between sensors and also a small
variation between measurements. These errors
were minimized by setting the level in air to zero
at every measurement.

6. Results and discussion

Fig. 5 shows the distribution of experimental
and theoretical values for attenuation over the test
object at 0% mc. The theoretical values are calcu-
lated with Eq. (7) using empirical values from Tor-
govnikov [1] and the density distribution obtained
from CT scanning. Here the noise is about half of
the maximum attenuation.

The measured surface has the same shape at
21% mc in Fig. 6, and the noise level is the same.
The maximum attenuation has increased, which
gives a better signal to noise ratio.

Figs. 7 and 8 show the corresponding distribu-
tion of phase shift at 0 and 21% mc where theoret-
ical values have been calculated with Eq. (8) using
empirical values from Torgovnikov [1] and the
density distribution obtained from CT scanning.

Variations from the plane in Figs. 5–8 corre-
spond to density variations as shown in Fig. 9.
Different annual ring patterns or small regions
with high density may cause reflections at bound-

Fig. 4. Conveyer for the microwave scanner with antennas.

Fig. 5. Distribution of attenuation over a width of 64 mm in
birch at 0% mc as thickness increases from 0 to 31 mm.

Fig. 6. Distribution of attenuation over a width of 64 mm in
birch at 21% mc as thickness increases from 0 to 31 mm.
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aries because of different dielectric properties. This
will give deviations in attenuation from theoretical
values, since theoretical values do not include ef-
fects from reflections. Attenuation is more affected
by multiple reflections and mismatch losses than is
the phase shift [6], and hence the deviations from
theoretical values are smaller in phase shift than
for attenuation. Another factor which may influ-
ence attenuation and phase shift is the variation
of grain angle.

Fig. 10 shows the average over the area inside
the dotted line in Fig. 2 of theoretical and measured
values of attenuation versus thickness at mc 13% at
room temperature and frozen at mc 21%. The
water molecules in the frozen wood will not oscil-
late with the field, and the influence of water is
decreased. This means that the attenuation in

Fig. 10. Average values of attenuation versus thickness for
microwaves at 9.375 GHz in birch wood. Measured and
theoretical values.

Fig. 9. Density distribution over the measured region. Two small regions have about 10% higher density.

Fig. 8. Distribution of phase shift over a width of 64 mm in
birch at 21% mc as thickness increases from 0 to 31 mm.

Fig. 7. Distribution of phase shift over a width of 64 mm in
birch at 0% mc as thickness increases from 0 to 31 mm.
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frozen birch with mc 21% is almost the same as in
room temperature with mc 13%. The same goes
for phase shift in Fig. 11.

The influence of thickness on measured values is
lower than on theoretical values, which may be
caused by systematic errors in the microwave scan-
ner. There could be gradients in the moisture dis-
tribution that cause deviations from theoretical
values at some moisture levels. Another possible
error is that theoretical values do not involve ef-
fects from reflections and scattering. These errors
increase in dry wood.

7. Conclusions

• Good correspondence in measured and theoret-
ical values of phase shift.

• The microwave scanner has to be calibrated
with a known dielectric to quantify the error
in the measurement.

• Reflections and scattering create more noise in
attenuation measurement than in measurement
of phase shift.

• The proportion of noise is higher at lower mois-
ture content due to lower attenuation.
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Abstract The aim of this study was to use finite element
modeling (FEM) as a tool to analyze microwave scattering
in wood and to verify the model by measurements with a
microwave scanner. A medical computed tomography scan-
ner was used to measure distribution of density and mois-
ture content in a piece of Scots pine (Pinus sylvestris).
Dielectric properties were calculated from measured values
for cross sections from the piece and used in the model.
Images describing the distribution of the electric field and
phase shift were obtained from the FEM simulation. The
model was verified by measurements with a scanner based
on a microwave sensor. The results show that simulated
values correspond well to measured values. Furthermore,
discontinuities in the material caused scattering in both the
measured and the simulated values. The greater the discon-
tinuity in the material, the greater was the need for compu-
tational power in the simulation.

Key words Microwave scanning · Wood · Dielectric pro-
perties · Modulated scattering technique · Finite element
modeling

Introduction

Microwave scanning is a fast and nondestructive method of
measuring internal properties, such as density and moisture
content (MC) of wood. This method has previously been
studied, for example, by Johansson et al.1 The aim of the
present study was to use finite element modeling (FEM) as
a tool to analyze microwave scattering in wood and to verify

the model by measurements with a microwave scanner.
Values of phase shift and attenuation from the measure-
ments were compared with the FEM model.

By transforming the Maxwell equations into second-
order partial differential equations (PDEs) it is possible to
solve electromagnetic wave propagation problems. Because
wood is an inhomogeneous and anisotropic dielectric mate-
rial, the wave scatters in different directions as it propa-
gates. Moisture and heat flow during microwave drying of
wood have been modeled by Antti,2 Perre and Turner,3 and
Zhao and Turner.4 No previous models have been made of
electromagnetic wave propagation inside wood because of
difficulties in ascertaining the internal structure and be-
cause of the need of computational power. In the present
analysis, the internal structure of density and moisture con-
tent in wood was determined by computed tomography
(CT) scanning, as described by Lindgren.5 From these den-
sity and moisture content values, the distribution of dielec-
tric properties was determined. The finite element modeling
electromagnetic module in FEMLAB6 version 3.1 software
was used to solve PDEs that describe the wave propagation.

Theory

The dielectric properties of wood depend on moisture con-
tent, density, frequency, grain angle, and temperature. The
real and imaginary part of the dielectric permittivity, e′ and
e″, perpendicular to the grain versus moisture content and
density are shown in Figs. 1 and 2. The free water in the cell
cavities, when above the fiber saturation point (FSP), seems
to affect permittivity values somewhat differently from
water that is bound in the cell walls. Parallel to the grain, the
values are 1.1–2 times higher.7

Simulation models were constructed with the finite ele-
ment method as described by, among others, Jin8 using
FEMLAB6 3.1. The models describe how a transverse
electric (TE) wave propagates through a piece of wood
surrounded by air. The variations in the material require a
three-dimensional model to obtain a correct solution. How-

mailto:lundgren@ltu.se
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ever, insufficient computational power made it necessary to
restrict the simulation to a two-dimensional model. Varia-
tions of dielectric properties in the z direction were ne-
glected, which may increase the errors in the final solution.
In the model domain, the z component of the E field is
solved by the following equation:

  
∇ × ∇ ×

⎛
⎝⎜

⎞
⎠⎟

− − ⋅ ⋅⎛
⎝⎜

⎞
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2
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e s

w
e

r

E Ez zj k* , (1)

where mr is the relative permeability, which is equal to the
permeability m0 of the free space in the total model domain,
because wood is not a magnetic material. Furthermore, w is
the angular frequency, s is the conductivity, and k0 is the
wave number in free space. In this case s is close to zero. e*
is the dielectric permittivity defined as:

  e e e* ,= ′ − ⋅ ′′( )j (2)

where e′ is the relative permittivity and e″ is the relative loss
factor. Tables from Torgovnikov7 that describe e* at varying
moisture content, density, and temperature are included in

the model and values for e′ and e″ are interpolated for each
grid point and time step by the solver. The model uses a
low-reflectance boundary condition on the transmitting and
receiving antennas, with electric field Ez = 1 on the transmit-
ting antenna and with a source field of zero on the receiving
antenna. The low-reflectance boundary to free space is
defined as:

e n H E Ez z z⋅ ×( ) + = ⋅2 0 , (3)

where H is the magnetic field and E0z = Ez is the electric
field.

Because the incoming wave to the domain is propagated
parallel to the vertical boundaries and the magnetic field is
perpendicular to these boundaries, a perfect magnetic con-
ductor (PMC) boundary condition is used. PMC is defined
as:

n H×( ) = 0, (4)

where n is a unit vector normal to the boundary.

Material and methods

The material chosen for the study was one piece of Scots
pine (Pinus sylvestris) shown in Fig. 3 with dimensions 40 ×
150 × 320mm. Close to the center of the piece was a cone-
shaped knot with a diameter varying from 18 to 25mm.

A CT scanner (Siemens Somatom) was used to measure
the density in the cross sections. The geometric shape, di-
electric properties, and moisture distribution in the green
condition for each cross section were calculated from the
measured density.

Density data from CT scanning was used to calculate
variations in the dielectric properties of the wood and of the
moisture distribution in the green condition. The difference
between CT images in green and dry conditions was calcu-
lated and the resulting image was assumed to describe the
moisture distribution in the cross section. Cross sections of
the piece, as shown in Fig. 4, were scanned with microwaves
and CT both parallel and perpendicular to the grain in
green and dry conditions.

Fig. 1. The relative permittivity e′ at 10 GHz and room temperature,
perpendicular to the grain versus moisture content and density7

Fig. 2. The relative loss factor e″ at 10GHz and room temperature,
perpendicular to the grain versus moisture content and density7

Fig. 3. The piece of Scots pine that was used in the study
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Before the moisture content was calculated from the
CT images, it was necessary to compensate the image of
dry wood for shrinkage and deformation. Transformation
of the CT image of dry wood to the shape of green wood
was done by using elastic registration as described by
Sorzano et al.9 Figure 5 shows how the FEM model was
generated using density images in green and dry conditions
when the electric field (E-field) was oriented perpendicular
to the grain (Fig. 4). The same procedure was used when the
E-field was parallel to the grain, but the values for e* were
multiplied with a moisture-dependent factor.7 Within the
knot, the E-field was perpendicular to the grain in both
models.

A microwave scanning system described by Johansson10

that measures attenuation and phase shift of the transmitted
electromagnetic field every 8mm was used for the measure-
ments. Figure 6 shows a schematic drawing on the main part
of the system. The wood is illuminated by a quasiplane wave
generated by a slotted waveguide that acts as a transmitting
antenna where the electrical field is perpendicular to the
sensor (9.375GHz).11 The wave is locally perturbed at di-
poles in the retina by a low frequency signal. This will cause
a modulation of the radio frequency (RF) signal that is
proportional to the electromagnetic field at the dipoles.
This technique, known as modulated scattering technique
(MST), has been described by Bolomey and Gardiol12

among others. The measured values of attenuation and
phase shift in the microwave signal after passing through
the wood were compared with finite element simulations
performed in two dimensions.

Results

The results show that simulated values correspond well to
measured values. Figures 7–10 show attenuation and phase
angle in the simulated and measured field after transmit-
tance through dry wood. The measured values were ob-
tained by repeated measurements with increasing antenna
distance. Figures 11 and 12 show the attenuation when the
E-field is oriented perpendicular and parallel to the grain. A
clear pattern from the knot in the phase shift for dry wood
is shown in Figs. 13 and 14. The phase shift perpendicular to
the grain for green wood in Fig. 15 also shows a pattern
caused by the knot. The knot is not visible in simulated
or measured data for green wood parallel to the grain
(Fig. 16).

Discussion

The phase shift is periodic and can only be measured and
simulated in the interval (−p, p). The vectors were un-
wrapped by changing absolute jumps greater than p to their
2p complement. This only works when the phase shift be-
tween adjacent points is less than 2p. The measurements
that deviated from the model were attenuation in green
wood with the E-field perpendicular to the grain and phase
shift in dry wood with the E-field parallel to the grain. The
first case can be explained by variations in the z direction.
The moisture content was higher on both sides of the
scanned cross section. In the second case, the result is very
sensitive to changes in the correction factor for permittivity
when the E-field is parallel to the grain.

Fig. 4. Two cross sections from the object were scanned. One section
was parallel to the grain and the other section was perpendicular to the
grain. Regions with low density are darker in the computed tomogra-
phy (CT) images
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Fig. 5. Brief description of the working procedure in the generation of
finite element models
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Fig. 6. Sensor system for the microwave scanner. The microwave
signal is modulated by a low-frequency signal at 128 probes in the
retina. The electromagnetic field at each probe is then extracted from
the signal. RF, radio frequency; PC, personal computer
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Fig. 7. Simulated attenuation of the electric field (E-field) in dB

Fig. 8. Measured attenuation of the transmitted E-field

Fig. 9. Simulated phase angle of the E-field in radians

Fig. 10. Measured phase angle of the transmitted E-field

Fig. 11. Simulated and measured attenuation of electromagnetic (EM)
wave with the E-field oriented perpendicular to the grain after trans-
mittance through green and dry wood

Fig. 12. Simulated and measured attenuation of EM wave with the E-
field oriented parallel to the grain after transmittance through green
and dry wood

Fig. 13. Simulated and measured phase shift of EM wave with the E-
field oriented perpendicular to the grain after transmittance through
dry wood

Conclusions

The model corresponds well to the measured values, which
show that the FEM simulation could be a useful tool for
analyzing microwave scattering in wood. Because wood is
an inhomogeneous material, there are discontinuities in
density and moisture content in the wood pieces that result

in a huge scattering in the measured and simulated values.
The greater the discontinuities, the greater is the need for
computational power in the simulation. Variations in the z
direction give errors if the models are restricted to the xy
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Fig. 14. Simulated and measured phase shift of EM wave with the E-
field oriented parallel to the grain after transmittance through dry
wood

Fig. 15. Simulated and measured phase shift of EM wave with the E-
field oriented perpendicular to the grain after transmittance through
green wood

Fig. 16. Simulated and measured phase shift of EM wave with the E-
field oriented parallel to the grain after transmittance through green
wood

plane. The model for dry wood is sensitive to changes in the
correction factor for permittivity.
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FEM Simulation Of Interactions Between 
Microwaves And Wood During Thawing 
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Abstract. Dipole polarization of water molecules is an important factor when microwaves 
interact with moist wood. Hence there will be a considerable change in dielectric properties 
when the wood changes from frozen to nonfrozen condition. The aim of this study was to 
develop a model that simulates measurements with a microwave scanner based on a sensor 
working at 9.4 GHz. Two-dimensional finite element modelling (FEM) was implemented to 
analyze interactions between microwaves and green wood during thawing of frozen wood at 
room temperature. A medical computed tomography scanner was used to measure the internal 
structure of density in a piece of wood in green and dry condition. From these density images the 
distribution of dry weight moisture content was calculated for a cross section of the piece and 
used in the model. Images describing the distribution of the electric field and phase shift at 
different temperatures where obtained from the FEM simulation. The results show that simulated 
values correspond well to measured values. This confirms that the model presented in this study 
is a useful tool to describe the interaction between microwaves and wood during microwave 
scanning at varying conditions.  

Keywords: microwave scanning, wood, dielectric properties, finite element modelling, thawing, 
phase transition. 

PACS: 41.20.Jb 

INTRODUCTION

The dielectric properties of dry wood and water can be used to determine the 
distribution of moisture or density in sawn lumber, as has been described by Hansson 
et al. [1], among others. It has also been proposed that microwaves should be used to 
measure grain angle in wood [2]. Depending on geographical location and the 
properties being measured, it might be necessary to consider temperature dependence. 
Especially at temperatures around 0°C, there is a steep change in the way water 
molecules will interact with the electromagnetic field, and the influence of moisture 
content is small for measurements on frozen wood. Hansson et al. [3] have simulated 
the interaction between wood and microwaves at a constant temperature by finite 
element modelling (FEM). The heating of wood in an industrial microwave applicator 
has also been modelled [4]. A microwave system for scanning of sawn lumber has 
been developed at Luleå University of Technology. The aim with the present study 
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was to simulate the response from the microwave sensor when measurements are 
made on a piece of wood during thawing at room temperature. The model includes 
heat conduction in wood and the temperature dependence of dielectric properties. 

MATERIALS AND METHODS 

The study was based on one piece of frozen green birch wood, with dimensions 21 x 
17.5 x 30.5 cm. The object was frozen to a temperature of about –15°C. After that, the 
frozen test piece was allowed to thaw out at room temperature. The test piece was 
microwave scanned every half hour in the centre in axial direction during thawing 
until almost the whole object had reached room temperature. The microwave scanning 
system described by Johansson [5], measures attenuation and phase shift of the 
transmitted electromagnetic field every eight millimetres. The wood is illuminated by 
a quasiplane wave generated by a slotted waveguide that acts as a transmitting 
antenna. The sensor [6] (9.375 GHz) is based on modulated scattering technique 
(MST) as described by Bolomey and Gardiol [7]. The internal temperature during 
thawing was measured continuously using a fibre-optic sensor (ASEA 1110) placed in 
centre of the object. After each microwave measurement, the sample was removed 
from the microwave scanner, and the heat distribution at the surface was captured 
using an infrared (IR) camera (AGEMA 550). A CT scanner (Siemens Somatom 
AR.T.) was used to measure green and dry density of the wood specimen.  

CT Image 
Green Geometry 

FEM-model 
´, ´´, C,  k 

Elastic 
Registration

Moisture 
Distribution

FIGURE 1.  Description of the working procedure for generating the FEM model. Dielectric properties 
( ´, ´´), thermal heat conductivity (k) and specific heat capacity (C) were calculated as functions of 
temperature, dry density and dry weight moisture distribution in the model. 

A schematic description of how the model was generated is shown in figure 1. 
Transformation of the CT image of dry wood to the shape of green wood was done 
using elastic registration as described by Sorzano et al [8]. Dry weight moisture 
distribution was calculated as the difference between these images. The thawing 
process was then simulated in a two-dimensional section by FEM using the software 
FEMLAB [9] version 3.1, where the dry weight moisture distribution and the 
transformed dry wood density images were used as input to estimate values for 
thermal heat conductivity, specific heat capacity and the dielectric properties for the 
object. The dielectric properties were calculated from empirical data given by 
Torgovnikov [10]. 

CT Image 
Dry Dry Density 
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ELECTROMAGNETIC WAVE PROPAGATION IN WOOD 

When a plane electromagnetic wave is exposed in y-direction through a dielectric 
material such as wood, the wave can be described as: 

 , (1)ytjetzyx 0),,,( EE

, (2) ytjetzyx 0),,,( HH

where E0 and H0 are the amplitudes of the electric and the magnetic field and  is the 
complex distribution factor: 

jj , (3) 

where  is angular frequency and  is the complex permeability. Since wood is not a 
magnetic material, the complex permeability is equal to the permeability 0 of the free 
space. Furthermore,  is the relative complex permittivity defined as: 

 )(0 j , (4) 

where 0 is the absolute permittivity for vacuum, ´ is the relative permittivity and  is 
the relative loss factor. These factors for wood are dependent on the dry weight 
moisture content, density, frequency, temperature and grain angle. They have been 
thoroughly investigated by Torgovnikov [10]. If the electric field is parallel to the 
grain, the dielectric values are about 1.1–2 times higher. If the real and imaginary parts 
of equation 3 are equated, the expression for the attenuation factor  and the phase 
factor  of the wave will be:
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Insertion of equation 3 into equation 1 shows that the amplitude is attenuated 
exponentially with a factor e- ·y as the wave propagates. If the magnitude of the 
electric field decreases from E(0) to E(y), the attenuation per metre is defined as:
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e
y

yE
E

   [dB/m], (7)
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The phase shift per metre is defined as: 

y
  [rad/m]. (8)

The attenuation and phase shift per metre versus dry weight moisture content and 
density when the electric field is perpendicular to the grain are shown in figures 2 and 
3. The free water in the cell cavities above the fibre saturation point affects attenuation 
and phase shift values somewhat differently than water that is bound in the cell walls.

FIGURE 2.  Attenuation per metre as a 
function of dry wood density and dry weight 
moisture content at room temperature.      

FIGURE 3.  Phase shift per metre as a 
function of dry wood density and dry weight 
moisture content at room temperature.      

FIGURE 4.  Attenuation per metre as a 
function of temperature and dry weight 
moisture content at a dry density of 600 kg/m3.

FIGURE 5.  Phase shift per metre as a 
function of temperature and dry weight 
moisture content at a dry density of 600 kg/m3.

The attenuation and phase shift per metre versus dry weight moisture content and 
temperature, when the electric field is perpendicular to the grain, are shown in figures 
4 and 5. There is a step transition for the attenuation and for the phase shift when the 
temperature is zero. To emulate these steps, a smoothed Heaviside function with 
continuous first derivative [9] is used in the model in order to improve numerical 
reliability and convergence. The model uses a low-reflectance boundary condition on 
the transmitting and receiving antennas, with an electric field Ez = 1 on the 
transmitting antenna and with a source field of zero on the receiving antenna. The low-
reflectance boundary [11] to free space used in Femlab’s electromagnetic module is 
defined as: 
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zzz EE 02Hne , (9) 

where ez is a unit vector, H is the magnetic field, n is the normal to the boundary and 
E0z = Ez is the electric field at the boundary. Since the incoming wave to the domain is 
propagated parallel to the vertical boundaries, and the magnetic field is perpendicular 
to these boundaries, a perfect magnetic conductor (PMC) boundary condition is used. 
PMC is defined as: 

0Hn , (10) 

where n is a unit vector perpendicular to the boundary. 

HEAT TRANSFER IN WOOD 

The temperature variation in a given region over time can be described mathematically 
with a partial differential equation. This heat equation describes the heat transfer by 
conduction and convection. In this model, heat transfer by convection is ignored and 
the heat equation has the form:  

0QTk
t
TC , (11) 

where T is the temperature,  is the density, t is time, C is the specific heat capacity for 
constant volume or constant pressure, k is the thermal conductivity and Q is heat-
source or sink. In this case, the heat term is zero, because the microwave energy is 
ignored. In the region of the model, the density of wood,  

us
u

1
1

0 , (12) 

is a function of given dry weight moisture content u, the dry density 0 and also the 
volumetric swelling or shrinking coefficient, su [12]. This coefficient has 
approximately linear behaviour below the fibre saturation point: 

u
u
ss

fsp
u

max  (13) 

whereas above the fibre saturation point it is constant: 

maxssu , (14) 

where ufsp is the dry weight moisture content at the fibre saturation point at room 
temperature, and smax is the maximum volumetric swelling or shrinking coefficient for 
birch [13]. The specific heat capacity for wood [12] is temperature and dry weight 
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moisture content dependent, as shown in figure 6. The thermal conductivity of wood 
[14] is temperature and dry weight moisture content dependent, but also density 
dependent (figure 7). Furthermore, thermal conductivity in the longitudinal direction 
is, in the dry weight moisture content range from about 0.06 to 0.15, approximately 
2.25 to 2.75 times the conductivity across the grain [12]. 

FIGURE 6.  Specific heat as a function of 
temperature and dry weight moisture content.  

FIGURE 7.  Thermal conductivity as a function 
of temperature and dry weight moisture content 
at dry density 600 kg/m3.

Figures 6 and 7 show step transition for specific heat and thermal conductivity 
respectively when the temperature is zero and the dry weight moisture content has 
reached the fibre saturation point. These steps were emulated with a smoothed 
Heaviside function in the same way as the dielectric properties. The model uses a 
prescribed temperature boundary condition on the transmitting, receiving antennas and 
on the free space boundary, with a room temperature of T = 20°C. The generalized 
boundary heat flux condition between the air and the wood surface is defined as:  

, (15) )()()( 44
inf0 TTCTThqTk ambconstn

where q0 represent the heat flux due to evaporation from the surface and is ignored. 
The second term on the right hand side in equation (15) is the convective heat flux 
with the surrounding environment, where h is the heat transfer coefficient and Tinf is 
the ambient bulk temperature calculated as the mean value of the prescribed 
temperature and surface temperature. In general, the geometry and the ambient flow 
condition are used to determine the value of the heat transfer coefficient. Here, 
simplified equations are used for the free convection on the wood. The last term in 
equation (15) is the radiation heat flux with the surrounding environment, where Tamb
is the surrounding environment temperature; i.e., the prescribed temperature. Cconst is a 
product of the surface emissivity and the Stefan-Boltzmann constant.  

RESULTS AND DISCUSSION 

Figures 8 and 9 show the measured and simulated surface temperature. Energy loss 
due to evaporation is not included in the simulated model. The mass loss during 
thawing was 21.3 g. Hence there are some differences in the values. 
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At low temperatures, the surface temperature is higher on the right hand side in both 
figures. This is due to lower moisture content in the right side of the wood, as can be 
seen in figure 10. 

Figure 10. Moisture content distribution in the 
cross section.

FIGURE 11. Measured and simulated core 
temperature. 

Figure 11 shows measured and simulated core temperature. There is a small deviation 
in the end of the thawing process that also originates from evaporation that is not 
included in the model. Figures 12–15 show that the simulated values correspond well 
to measured values during thawing, both for attenuation and phase shift. 

FIGURES 12 - 13. Simulated (left) and measured (right) attenuation. 

FIGURE 8. Measured surface temperature 
every 30 min during thawing.   

FIGURE 9. Simulated surface temperature 
every 30 min during thawing.   
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FIGURES 14 - 15. Simulated (left) and measured (right) phase shift. 

The agreement in simulated and measured values implies that the FEM model 
provides a reliable description of the scanner system and that the tabulated values for 
dielectric and thermal properties on which the model is based are correct.

CONCLUSIONS

The simulated attenuation and phase shift corresponds well to measured values. The 
model can be used to develop and verify algorithms for scanning of frozen or non-
frozen lumber. No reliable predictions of wood properties can be made at temperatures 
around the freezing point. The response from different types of wood or from knots 
can easily be simulated by changing the dielectric properties in the model. 
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ABSTRACT 
The aim with this study was to use two-dimensional finite element modelling to investigate 
microwave heating of a heterogeneous material such as wood. Dielectric properties of wood 
depend on moisture content, density, frequency, grain angle and temperature. A CT scanner 
(medical computer tomography) was used to detect density and, with that, moisture content in 
birch wood. Dielectric properties were calculated within a wood cross section and used in the 
model. Heat distribution in wood was simulated and verified by measuring temperatures at 
specific locations in the wood during the process. A specially designed industrial microwave 
drier equipped with 1 kW magnetrons, 2.45 GHz, was used in the tests. The results show that 
finite element modelling is a powerful tool in estimation of heat distribution when microwave 
heating is applied to a well-described porous material such as wood. 
KEYWORDS:  Wood, FEM, Phase transition, Heating, CT-scanning 

INTRODUCTION
Wood is a complex material composed of cellulose, lignin hemicelluloses and minor amounts 
of extractives. The variation in characteristics and volume of these components as well as 
differences in cellular structure makes the wood heavy or light, stiff or flexible and hard or 
soft. These properties are relatively constant in the same kind of wood. A living tree generally 
has a moisture content exceeding 30%, which means that the cell walls are fully saturated. 
The higher the moisture content is, the more water will be filled in the cell cavities. The use of 
microwave heating for drying of wood has been investigated and developed, among others, by 
Perré and Turner [1] and by Antti [2]. Uneven distribution of the field and material properties 
will lead to uneven distribution of the heat energy, which also has been studied by Zielonka 
and Dolowy [3]. When wood is placed in an electric field, the field will be influenced by 
wood properties such as temperature, density, moisture content, and fibre direction. Finite 
element modelling (FEM) has been used by Hansson et al. [4] to visualize the interior field 
when wood is exposed to microwaves. For simulation models of microwave heating it is also 
necessary to take into account temperature dependence. Especially for frozen wood there is a 
large change in dielectric properties during the phase transition from ice to water (Hagman et 
al. [5]). The dielectric and thermal properties of moisture within wood depend on whether the 
water is bound in the cell walls or free in the cavities. The relative dielectric constant and the 
loss factor values for the model are based on the literature such as, for instance, Torgovnikov 
[6]. The heat conductivity of wood depends on density, moisture content and direction of the 
heat flow with respect to the grain (MacLean [7]). The specific heat of wood is low as 
compared to other materials. It depends on moisture content and temperature of the wood 
(Kollman & Côté [8]). The purpose of the present study was to generate an FEM model for 
microwave heating of wood based on the internal structure and the external field distribution. 
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MATERIAL AND METHODS 
Three pieces of birch wood with the dimensions 55 x 100 x 440 mm where heated in a 
microwave drier (Hansson and Antti [9]) as shown in Fig. 1. The drier is equipped with a 1 
kW magnetron working at 2.45 GHz. 

Fig. 1: Microwave drier used for heating of green birch wood from frozen to 100 C. 

The internal temperature during the heating process was measured continuously using a fibre-
optic sensor (ASEA 1110) placed at the maximum of the electric field. Every five minutes the 
samples were removed from the applicator for about 30 seconds, and the heat distribution at 
the surface was captured using an IR camera (AGEMA 550).  

A CT scanner (Siemens Somatom AR.T.) was used to measure green and dry density of the 
wood specimen. Transformation of the CT image of dry wood to the shape of green wood was 
done using elastic registration as described by Sorzano et al. [10] Moisture distribution was 
calculated as the difference between these images. From density and moisture content it was 
possible to estimate values for heat conduction, heat capacity and the dielectric properties. 
The heating process was then simulated in a two-dimensional section by the use of finite 
element modelling (FEM) using the software FEMLAB [11] version 3.1. A schematic 
description of the procedure is shown in Fig. 2. 

Fig. 2: Description of the working procedure for generation of the FEM models. Dielectric 
properties ( ´, ´´), heat conduction ( ) and heat capacity (Cp) were calculated as functions of 
temperature, dry density and moisture distribution in the model. 

At the phase transition from ice to water there is a step function both in dielectric (Fig. 3 and 
4) and in thermal properties. Convergence problems due to this step are avoided by using a 
smoothed Heaviside function. The latent heat that is consumed when ice transforms into 
liquid water also has to be taken into account. The specific heat around the transition 
temperature is calculated by multiplying the latent heat with a normalized Gaussian pulse. A 
fine spatial grid is required for the whole cross section since the phase transition will move 
during thawing. 
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Fig. 4: Relative loss factor for wood as a 
function of temperature with different 
moisture contents at a density of 600 kg/m3.

Fig. 3: Relative dielectric constant for wood 
as a function of temperature with different 
moisture contents at a density of 600 kg/m3.

RESULTS
The simulated core temperature describes the heating process of wood from frozen to 100°C, 
but also the phase transition at 0°C and 100°C. At the end of the heating process there is a 
difference between the simulated and the measured core temperature. This difference is 
probably caused by the water movement in the wood piece, which is not included in the 
model. The weight of the pieces decreases about 0.1 kilogram during the heating process. 
Measured and simulated core temperatures are shown in Fig. 5.

Fig.  5: The measured and the simulated core temperature. 

The measured surface temperature at different moments is displayed in Fig. 6. Furthermore, 
the simulated surface temperature at the same point in time is displayed in Fig. 7. A 
comparison of the figures shows a difference between the simulated and the measured surface 
temperature. This difference is due to the fact that the model only approximately handles 
evaporation, which has a large influence on the surface temperature. The wood pieces used in 
this model had an average moisture content of about 0.43. Also the fact that the model is only 
made in 2D causes differences between the measured results and the simulated results. As 
wood is an inhomogeneous material, there can be discontinuities in density and moisture 
content in the wood pieces. This causes microwave scattering in all directions, which in turn 
affects the heating process. 
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Fig.  6: Measured surface temperature every 5 
min during the heating. 

Fig. 7: Simulated surface temperature every 5 
min during the heating. 

CONCLUSIONS
The model accuracy and adequacy have been verified by a comparison using experimental 
measurement. The results show that FEM is a powerful tool in estimation of heat distribution 
when microwave heating is applied to wood. The model predicts the core temperature well. 
There is a difference between the model and the measurement regarding the surface 
temperature since the model does not handle all physical processes adequately, e.g., 
evaporation.
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ABSTRACT

A finite element model was developed to describe and explain microwave drying of wood. 

Dielectric and thermal properties are of great importance, since they are continuously affected 

during the process by moisture content, density, grain direction, temperature and more. 

Computer tomography was used to detect wood density and moisture content. Heat 

distribution was verified by fibre-optic temperature sensors. The tests were performed in a 

designed microwave drier based on 1 kW generators, 2.45 GHz. The results show that finite 

element modelling is a powerful tool to simulate heat and mass transfer in wood, providing 

the material is well described. 

KEYWORDS:  Scots Pine, FEM, Phase transition, CT scanning, Heat and Mass transfer 
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INTRODUCTION

Wood is a complex porous material composed of cellulose, lignin hemicelluloses and, in soft 

wood, minor amounts of extractives. A living tree generally has a dry-weight moisture content 

(mc) considerably exceeding 0.3, which is approximately the fibre saturation point and means 

that the cell walls are fully saturated. The higher the mc, the more water will be filled in the 

cell lumina. Before using wood for construction, carpentry, etc., the material needs to be 

dried. The most common drying method nowadays is conventional air-circulation drying, 

which is based on heat conduction, from the surface of the wood towards the interior. 

Furthermore, the moisture moves towards the surface by mass flow in liquid and vapour 

phases. This mass flow is divided into three different phases: capillary, transition and 

diffusion phase [1]. Microwave drying, in contrast to conventional drying, is based on the 

principle that heat is absorbed throughout the moist load. The use of microwave heating 

technology for wood drying has been investigated and developed, among others, by Antti [2] 

and Perré and Turner [3]. When wood is placed in an electromagnetic field, the field will 

interact with wood properties, since the dielectric properties of wood are dependent on 

temperature, dry density, mc, and fibre direction. Uneven distribution of the field and the 

interaction with material properties will lead to uneven distribution of the heat energy, which 

phenomenon also has been studied by Antti [4] as well as by Zielonka and Dolowy [5]. The 

dielectric loss, i.e., microwave absorption, provides a volumetrically distributed heat source. 

The heat conductivity of wood depends on oven dry density, mc and direction of heat flow 

with respect to the grain direction [6]. The specific heat of wood is low compared to other 

materials and depends on mc and temperature [7]. A one-dimensional multiphase porous 

media model has been developed by Ni et al. [8] in which the model predicts the moisture 

movement in biomaterial during intensive microwave heating.  Constant et al. [9] have 

presented a model of simultaneous heat and mass transfer during drying of porous isotropic 

light concrete in which the numerical results agree with the experimental observations in 

terms of the drying kinetics and transfer mechanisms. Furthermore, a 3-D version of a 

comprehensive heat and mass transfer computational model for simulating the high-

temperature convective drying of anisotropic softwood, wherein the high temperature induces 

an overpressure in the longitudinal direction of the board, has been presented by Perré et al. 

[10]. The building up of internal pressure gradients is a distinguishing characteristic for 

microwave applications.  Furthermore, this pressure build up causes internal moisture 
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movement. None of the previous models for heating and drying wood take the internal 

structure into consideration. Finite element modelling (FEM) has been used by Hansson et al. 

[11] in order to simulate in 2D the heating of birch wood from frozen state up to the boiling 

point for water at atmospheric pressure. As the distributions of the dry density and the mc are 

not uniform in a wood board, Hansson et al., as well as Lundgren et al. [11, 12, 13], used CT 

scanning (medical computer tomography) to detect these distributions.

The purpose of the present study was to generate a 2-D FEM model for microwave heating 

and drying of wood in a specially designed microwave applicator for industrial use. The 

internal structure, i.e., density, was determined by CT scanning before and after drying and in 

addition when the wood piece was totally dried to zero mc in an oven. This information 

provides the opportunity to determine the initial and the final mc. The received initial mc 

values as well as the oven dry density values were used in the model to simulate the final mc 

and were verified by the measured final mc.  
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MATERIAL AND METHODS 

The study was based on one specimen of Scots pine wood, with a dimension of 440 x 175 x 

50 mm and with an initial average mc of 0.17. In order to avoid predried butt ends on the 

board, the test piece was cut from the middle of a longer board, and a specimen was also 

taken for determination of initial average mc using the oven-dry-weight method. Internal 

temperatures during the drying process were measured continuously using four-channel fibre-

optic equipment (NEOPTIX, ReFlex). The sensors were placed 10, 21, 28 and 40.5 cm from 

one butt end (figure 2). The selection of these positions is based on the electromagnetic field 

distribution within the microwave applicator—positions where hot spots appear were chosen.. 

A CT scanner (Siemens Somatom AR.T.) was used to measure the density before and after 

microwave drying. After microwave drying, the specimen was cooled for one hour in room 

temperature before CT scanning, since high temperature affects the density values. In order to 

be able to distinguish between wood and water, the CT images before and after microwave 

drying needed to be compared to images of the totally dried wood. To reach zero mc, the 

sample was for that reason further dried at 103˚C in an ordinary oven until the weight loss 

ended and then CT-scanned. 

Since wood shrinks, it was necessary to transform the dried wood CT images to the shape of 

the initial wood sample images.  Elastic registration according to Sorzano et al. [14] was used. 

From these transformed images, with correction for shrinkage, determination of the mc 

distribution was made for the initial and for the microwave-treated state. 
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THE MICROWAVE EQUIPMENT 

A microwave applicator designed and patented by Microtrans AB [15], was used in this work. 

The applicator according to its inventor makes use of an evanescent main power-transferring 

mode, which is complemented by a second mode. The effect of the cooperation of the two 

modes is that the field pattern extends over a significant distance below the applicator 

opening, such that a load placed below the applicator opening is heated according to the field 

pattern arising from the combined modes [15].    

The waveguides guiding the microwaves into the microwave applicator (cavity, see figure 1) 

are simple rectangular tubes dimensioned for the current frequency 2.45 GHz.  The standard 

magnetron generating the microwaves has an output power of 1 kW. The power to the 

magnetron is supplied by an efficient power source that has been developed by Dipolar AB 

[16]. With this power supply, the output power can be continuously varied. 

Figure 1. Microwave applicator used for heating and drying Scots pine. 

Inside the cavity, the waves reflect against the walls. Furthermore, the waves interfere with 

each other and thereby distribute the electric field in determined patterns in the cavity space. 

The field distribution depends on the design of the cavity, i.e., its dimensions, and to some 

extent on the dielectric property of the load, its position in the cavity and its size. However, 

the influence from the load is small and here assumed to be negligible. 
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Since a model in three dimensions needs very powerful and time consuming computations, 

the model is made in only two dimensions (figure 2).   

1

3

4

5

7

8

92 6

Figure 2. The schedule shows the modelled 2-D cross-section part of the microwave applicator and the wood  
                   modelled in 2-D.   

Furthermore, the heating and drying process was simulated in a two-dimensional section by 

FEM using the software COMSOL version 3.3a [17], wherein the mc distribution and the 

transformed dry wood density images were used as inputs when estimating variables of the 

thermal heat conductivity, specific heat capacity, dielectric properties and the porosity of the 

object.
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MICROWAVES IN WOOD 

If wood is placed in an electromagnetic field such as a microwave field, the electric part of the 

field and the wood will affect each other, since wood is a biological dielectric material with a 

complex structure. A dielectric material is a substance that is a poor conductor or 

nonconductor of electric current; instead, an electrical polarization occurs. This means that the 

positive charges move into the same directional orientation as the electric field and the 

negative charges in the opposite direction. When wood is exposed to a microwave field, parts 

of the field are transmitted, parts are absorbed and parts are reflected. The absorbed 

electromagnetic field generates resistive heat or energy loss to the wood and is defined as: 

*Re
2
1 EEjQ , (1) 

where  is the conductivity, E is the electric field intensity,  is the conjugate of the electric 

field intensity,  denotes the angular frequency and  is the relative complex permittivity 

defined as: 

*E

j0 , (2)

where 0 is the absolute permittivity for vacuum, ´ is the relative permittivity and is the 

relative dielectric loss factor. Relative permittivity indicates how much slower the 

electromagnetic wave propagates within the wood, compared to propagation in vacuum. 

Investigations by Torgovnikov [18] have shown that the dielectric properties, as the relative 

permittivity and the relative dielectric loss factor of wood, depend on the mc, the dry density, 

the wood temperature and the direction of electric field relative to the fibre direction. This 

means that the dielectric properties of wood will change during heating and drying.

In the model, the electric field was modelled only in the rectangular domain where the wood 

piece was placed (figure 2). An electric field was transmitted into this domain from boundary 

9 (figure 2). All boundaries, apart from the open edge boundaries 1 and 7, in this rectangular 

domain are stainless steel boundaries. These boundaries are interfaces between air and a 

perfect conductor. The boundary condition is defined as:  
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0zE . (3)

At the open edges, the boundary condition is a perfect magnetic conductor, defined as:  

0Hn , (4)

where H is the magnetic field and n is the normal vector to the surface. 

HEAT TRANSFER WITHIN WOOD 

When wood absorbs microwave energy over time, the temperature difference causes the heat  

to be conducted throughout the volume of the wood. This heat transfer is dependent on the 

thermal conductivity of the material. Thermal conductivity in wood is mc-, dry density-, 

temperature- and fibre direction-dependent [6, 7, 19]. Furthermore, the conductivity in 

longitudinal or grain direction is significantly higher than across the grain [7]. In a given 

region within the wood, the temperature variation over time can be physically described by 

the transient energy-balance equation: 

QTk
t
TC wtotuu , , (5) 

where the heat transfer by convection inside the wood is ignored and T  is the temperature, 

u,u is the wood density at mc u, t is time, Ctot is the specific heat capacity for wood including 

water, kw is the thermal conductivity of wood and Q is the external heat source, i.e., the 

microwave energy.  

The specific heat capacity of wood is influenced by the mc, the dry density and the 

temperature [6, 20] and is defined as: 

1
22

u
cLcccu

C wvOHvapOH
tot , (6) 
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where u is the mc,  is the specific heat capacity of water in liquid form, cOHc
2

vap is the specific 

heat of water in vapour form, cw is the specific heat capacity of wood and Lv is the latent 

heat of evaporation. Both the specific heat capacity of water and of wood are temperature 

dependent, and the latent heat of evaporation is assumed to not being temperature dependent. 

Furthermore,  is a smoothed Heaviside function which switches from 0 to 1 when the 

temperature exceeds 100˚C, which means that the specific heat for water changes from liquid 

to vapour. To take into account the latent heat of evaporation during the phase shift from 

liquid to vapour form, a normalized pulse around this temperature transition was used, where 

the integral of (T) must be equal unity to satisfy the following: 

, (7) vv LdTLT

such that the pulse width denotes the range between the liquidus and solidus temperatures 

[17].

HEAT TRANSFER IN THE AIR SURROUNDING THE WOOD 

When the wood has a different temperature from that of the surrounding fluid, i.e., the air, a 

transfer of thermal energy occurs. This transfer occurs by conduction, convection, radiation or 

a combination of these. A combination of conduction and the transfer of thermal energy by 

movement of hot air to cooler areas in the air medium give convection. In this model, cooler 

air is flowing around the wood piece. This flow can be forced, natural, or a combination of 

these. The natural convection is caused by the change in air density. Hence, the density of air 

is temperature dependent; the higher the temperature, the lower the air density. The forced 

convection occurs when a fan creates unnaturally induced convection air flow. In the model, 

nonisothermal flow was used to describe the air flow around the wood piece, since there are 

small density variations in the air caused by temperature differences. The nonisothermal flow 

is defined as:

IuuuI

uu
u

air
T

airairair

airairair
air

air

p
t

32
 , (8)
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0airair
air

t
u , (9)

where air is the dynamic viscosity, is the dilatational viscosity, air is the air density and pair

is the pressure of the air [17].  The pressure and density variables are temperature dependent. 

uair is the surrounding air fluid velocity around the wood piece.

The initial air fluid velocity and its pressure are set to zero and atmospheric pressure, 

respectively. The open ended sides 1 and 2 (figure 2) have normal flow or pressure conditions 

in which the pressure has a constant value equal to atmospheric pressure. All surfaces, apart 

from the wood surface, have a no-slip condition, which means that that condition is fullfilled 

when the fluid velocity is zero at the surfaces in all directions.   

The transient energy-balance equation for the air around the wood piece is defined as: 

0airairairairairair TCTk
t
TC u , (10) 

where air is the density of air and Cair is the heat capacity for air.  

The initial temperatures of wood and air are 13˚C and 17˚C respectively in the model (figure 

2). These temperatures were chosen to agree with the measured ones. The stainless steel 

borders 2–6 and 8 in figure 2 have a constant temperature of 17˚C for the same reason. The 

convective border condition at the open ended sides 1 and 7 is defined as:

0Tkairn . (11)

HEAT TRANSFER BETWEEN WOOD AND THE SURROUNDINGS  

When evaporation takes place at the surface of the wood piece, this physical process will 

make the surface temperature lower than the interior temperature. To determine this 

evaporation, or mass transport, the transient mass-balance equation can be used for the 

surrounding vapour around the wood piece:

11



0
2 airextextOH

ext ccD
t

c
u , (12) 

where cext is the external water concentration and is the diffusion coefficient for water 

vapour. In order to describe the temperature dependency on saturated water vapour pressure, 

the Clausius-Clapeyron equation was used and is defined as: 

OHD
2

2

ln
RT

L
dT

pd v , (13)

where R is the molar gas constant. This equation allows calculation of the vapour pressure at 

another temperature than the reference temperature if the vapour pressure is known at certain 

temperatures, i.e., a reference temperature and pressure, and the heat of vaporization is 

assumed not being temperature dependent. With this equation, the water concentration in the 

gas phase at the interface between the wood and air could be estimated as:  

ref

OHv

TTR
ML

refOH
surf e

TR
pM

c
112

2  , (14)

where  is the molar mass of water, pOHM
2

ref reference saturation pressure, Tref is the reference 

temperature. Obtaining equation 13, the heat of vaporization is assumed to be constant, i.e., 

not temperature dependent, and the reference point is zero degrees Celsius. The boundary heat 

source, due to the latent heat of evaporation at the interface between the wood and air, is 

defined as: 

airextextOHvvap ccDLq u
2

. (15)

The heat transfer due to the thermal radiation is defined as: 

44 TTq ambwrad  , (16)

where w is the wood emissivity and has a value of 0.9 [21],   is the Stefan-Boltzmann 

constant and Tamb is the ambient temperature, here 290 K. The amount of heat radiation into 
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or out from the wood piece is a function of several components, such as surface reflectivity, 

emissivity, surface area, temperature and the geometric orientation of the thermally 

surrounding objects in relation to the wood piece. The surface reflectivity and emissivity of 

the wood piece and the surrounding objects are here a function of their condition and 

composition. However, in this simulation model, the wood is approximated to be a small 

object in a large enclosure, allowing the simple relation of equation 16 to be used [21].

The expressions for the heat transfer due to the thermal radiation and latent heat of 

evaporation together with the amount of heat transfer through the wood boundary give: 

radvapairairairairairairww qqTCTkTk un (17)

where n is the normal vector to the wood surface. In the model (figure 2), the open-ended 

sides 1 and 7 have a convective flux border condition, which is defined as: 

0
2 extOH cDn . (18)

Furthermore, all stainless steel borders have an insulation or symmetry border condition, 

which is defined as: 

0
2 airextextOH ccD un . (19)

FLOW WITHIN THE WOOD 

Wood is a hygroscopic and porous material, and this means that it contains both free water 

and bound water. The porosity or the void volume, [7], of such a porous material as wood 

describes the fraction of void space in the wood, and at a mc above fsp is defined as: 

OH

f

b

b

w

uu

2

111 max00 , (20)
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where 00 is the dry density, max is the maximum shrinkage coefficient [7], ub and uf is the 

amount of bound respectively free water in the wood matrix, OH 2
 is the density of the free 

water, w is the compact density of wood and b is the bound water density. The compact 

density is the density of wood substance of a completely solid wood specimen, i.e., the 

compact density without pores, and it has a value of approximately 1500 kg/m3. The density 

of bound water in the wood matrix is the density of compressed absorbed water, and is 

dependent on the amount of hygroscopic water, [7]. The porosity at mc below fsp is defined 

as:

,1

1

1
1

max

max00

b

b

w
usp

usp

u

uu
u

(21)

where uusp is the mc at the fsp and depends on the temperature. Furthermore, it has a maximal 

value of approximately 0.3 at a temperature of 20 ˚C. If the temperature increases, the fsp will 

decrease [22].

The time rate of change of the vapour gas density in the porous media at a fixed point in space 

can be described with a combination of the continuity equation and Darcy’s law as: 

F
t g

g
intu , (22)    

where  is the porosity of the material, F is the vapour source and uint is Darcy’s equation 

defined as: 

gu gg
g

g pint , (23)  

where g is the permeability, g is the dynamic viscosity and g is the acceleration of gravity at 

sea level. However, in the present model, the last part in Darcy’s equation is negligible, since 

it has no significant influence on the model. The velocity uint, which is defined as the volume 
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rate of flow through a unit cross-sectional area of the solid plus fluid, is averaged over a small 

region of space. 

Permeability is the ability of wood to transmit fluid, as gas in this model, under the influence 

of a pressure gradient. The permeability value depends on the size of cell lumina and the 

interconnected pit openings. Hence a wood piece with closed cell structure would have zero 

permeability. Siau, [22], has presented a theory of the transport processes in wood. However, 

the permeability in this model is assumed to be constant, and the value is estimated by 

iteration. So the modelled final mc is equal to the measured one. Furthermore, the 

permeability is assumed to be a thousand times greater in the axial direction, i.e., in the x-

direction of the model, than in the transverse direction (figure 2).

The vapour source is bound water in the wood cell walls, which starts to evaporate when the 

internal temperature increases during heating. The largest internal evaporation from the wood 

structure occurs when the water shifts phase from liquid to vapour form, i.e., when the 

temperature exceeds 100˚C. As the evaporation below 100˚C is ignored, the vapour source 

term is defined as: 

u
u

L
QF

v 1
. (24)

The interface between wood and air has a pressure condition that has a constant value of 

atmospheric pressure.     

The transport of water within the wood was described by a nonconservative convection-

diffusion equation as:

intintint
int ccD

t
c

w u , (25) 

where cint is the internal water concentration and Dw is the wood moisture diffusion 

coefficient. In this model, the wood moisture diffusion coefficient was negligible, since it is 

assumed to have minor influence on the drying rate during microwave drying. This 

assumption was made based on the fact that drying using microwave energy enables drying  

15



of pine and spruce 20–30 times faster than conventional drying, [23], and the conventional 

drying rate is controlled by the diffusion coefficient. 

The boundary condition between the wood and the air has a flux condition that is defined as:

extextextOHw ccDccD unun
2intintint . (26)

THE SIMULATION SCHEDULE

In order to get as fine finite element resolution in the wood domain as possible, and in order to 

save computational power, the simulation started with the heating part.  Furthermore, the 

moisture flow was based on the temperatures and the vapour flux at the wood surfaces from 

the heating simulation. The finite element resolution on the wood domain is about four times 

larger than the CT image. The CT image pixel size is about 0.88 mm2.
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RESULTS AND DISCUSSION

Figure 3 shows the measured core temperatures and the share of maximum input power 

during the heating and drying, and figure 4 shows the simulated results. According to the 

results, the simulated values agree very well with the measured ones. The control schedule for 

the maximum input power is chosen to keep the temperature below 110 C. This temperature 

limit is based on earlier experiences where fast heating above this limit causes too high 

internal vapour pressure, which causes internal cracks. The same control schedule from the 

tests was used in the simulation model.  

Figure 3. Measured core temperatures and share of 
                maximum input power. 

Figure 4. Simulated core temperatures and share of 
                maximum input power. 

The largest deviation between measured and simulated temperatures is found at the phase-

shift point of water when the temperatures increase above 100 C. The reason is found in a 

rather coarse physical assumption in the model: no vaporization occurs during the heating 

phase up to 100 C; i.e., the mc is constant at its initial value. 

Figure 5. Initial mc distribution in Scots pine along the fibre direction, x, and across the  thickness, y. The mean 
                mc value  is 0.17. 
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In figure 5, the internal initial mc distribution is shown. Small accumulations with higher mc 

appear on the butt ends. There is also an accumulation spot at the left hand side from the 

centre. This spot is a region where a knot is situated, which is visible also in the dry density 

distribution in figure 6. Furthermore, the drier spot at the right hand side from the centre is a 

knot as well (figures 5 and 6). However, this knot was not possible to observe on the surface 

of the wood piece.

Figure 6. Dry density distribution, with a mean value of 451 kg/m3 for the same intersection  as in figure5. 

Figure 7. Internal temperature distribution within the wood at 5, 30, 80 and 110 minutes of heating. 

Figure 7 shows the internal temperature distribution within the wood at 5, 30, 80 and 110 

minutes of heating.      

This figure also shows how the thermal energy has been transferred from the hotter spots 

throughout the wood during the heating. The boundary is cooler because of the heat transfer 

between air and wood that is caused by the water evaporation, the convection, the conduction 

and the radiation.
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When comparing the measured mc distribution, which originates from CT images, with the 

simulated mc distribution (figure 8 and 9) similarities are apparent. The positions of the drier 

spots are very much the same in both figures. There is also an accumulation of vapour in the 

ends in the simulated mc distrubution, as as there is in the measured sample. 

Figure 8. Measured mc distribution, with a mean   
                 value of 0.15 for the intersection.    

Figure 9. Simulated mc distribution, with a mean      
                value of 0.16 for the  intersection.    

However, the drier spots are not lighter in the simulated result. It may depend on the difficulty 

of determining the proper permeability value. In the model, the permeability value was 

estimated to 0.5 10-18

Compared to the measured mc distrubution, the positions of the two middle spots in the 

simulated mc distrubution are located lower down. Again, this result could be an effect of the 

assumption of no vapourization during the heating phase. 

CONCLUSION

The conclusions of this modelling and verifying work can be summarized as follows: 

 A 2-D FEM heat and mass transfer model where the material is well described can be used 

for simulation of the process—the correspondence between the model and the experiment is 

convincing.

 Simulated core temperature values agree with measured ones. 

 Simulated moisture content distribution agrees with the measured mc distribution. 

 The phase change from liquid to vapour needs refined modelling. 
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