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Abstract

This study presents the dielectric properties as a function of moisture content,
temperature, and microwave frequency variation, for four hardwood species. These
properties were measured using the cavity perturbation technique at frequencies
between 0.4 and 2.47 GHz. We varied the wood temperature from -20 to 58 °C and
moisture content from 40 to 136% depending on species. Dielectric constant, loss
factor, loss tangent and penetration depth varied with species, moisture content, and
microwave frequency. The patterns of variation were established for the studied
species and any discrepancies are discussed, namely concerning their implication

when used in wood industry (non-destructive testing, heating and drying).
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Background

Microwave energy is used commercially for a number of applications such as cereal and
granola baking, drying of coatings, snack food processing, foundry core drying,
pharmaceutical processing, ceramic filter drying, ceramic sintering, rubber vulcanization,
chemical vapour deposition, mold drying, and chemical waste processing. However, use
of microwave energy is not so common in the wood products industry [1]. TrusJoist, a
Weyerhaeuser company, consolidates veneer cut strands into processed composite
lumber applying microwave energy [1]. Another application where the microwave
processing of wood might be commercialized is the sanitization of wood to eradicate
exotic pest infestations in lumber. It may provide a useful tool to exclude these invasive
pests from crossing the borders in wood pallets and crates or other forms of solid wood
packing material. Currently, heat treatment and methyl bromide fumigation are the only
two sanitization treatments internationally approved for solid wood packing materials [2].
However, the U.N. phytosanitary commission and the USDA are seeking alternative
technologies, such as microwave energy, which can be used for this application [3].
Fleming et al. [4, 5] showed that microwave treatment of wood (2.45 GHz) eradicated
cerambycid larvae and the cottonwood borer beetle (CWB), Plectrodera scalator

(Fabricius) (Coleoptera: Cerambycidae) in laboratory-size wood samples.

Microwave processing of wood involves several complicated physical phenomena. It
includes absorption of the electromagnetic energy, transport of the generated heat,
transport of water through the wood and changes in wood dimensions through shrinkage.

For efficient wood processing through microwave energy, one needs to understand these



various phenomena. The values and variation of wood dielectric properties contribute to

the understanding of molecular structure of wood and wood-water interaction.

The dielectric properties of wood have been studied in the past using different techniques
and a wide range of frequencies [6-16]. Methods of measuring wood dielectric properties
include slotted wave guide and standing wave ratio meter, resistance-capacitance bridge
with a tuned null detector, test capacitor assembly, transmission/reflection method and

open-ended coaxial probe.

For proper equipment design and efficient processing of materials such as wood, their
dielectric properties must be known (Equations 1 to 7). The frequency-dependent relative
dielectric constant, (f)*, determines the interaction between wood and the microwave
electromagnetic field. This parameter determines the behaviour of a material in an
electric field and is constituted of two components (Equation 1), usually written as a
complex number. The “real” component, ¢’, the relative permittivity, often called the
dielectric constant, represents the ability of a material to be electrically polarized by an
applied electric field. The second component, the “imaginary” component, ", is referred
to as the loss factor, and is used to calculate the amount of electromagnetic energy
converted into heat. The loss tangent is defined as the ratio of the loss factor to the
dielectric constant (Equation 2), and is a useful measure of how well microwave energy

is absorbed.
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The average power absorbed per unit volume in a material (Pays) at a location “z” can be

calculated if one knows the peak electric field, Ey(z), in the material, using equation 3.

Po.=tw-g,-& -Ep’ [3]
where;
® = angular frequency (w=2xf);
€0 = free space dielectric constant (8,854x10" Farads/m);
Ep(z) = peak temporal value of the electric field (\V/m) at position z.

When an electromagnetic wave is vertically incident ( “z” direction) on a surface of a
material, part of the wave is reflected and part penetrates into the material and propagates
through the material. The energy in this transmitted wave is gradually absorbed by the
material (converted to heat) as the wave penetrates deeper, and the wave energy content
is thus reduced with depth into the material. The power carried by this transmitted wave

decreases exponentially and can be calculated according to the following equation (4) :

P

trans

(2) = P (2 =0)*e 27 [4]
Where

Puans(Z) -  Power in the travelling transmitted (W/m?);

Pyans(z = 0) - Power just inside the material surface in the “normal” direction z (W/m?);
z - Distance from the surface of the material (m).

o - Attenuation constant, (1/metres);

The attenuation constant is a measure of the rate of absorption of the wave power into the

material. This constant is determined according to equation 5.



o= _2xaxt \/%[«/(1+ (tan 5)2) —1} (metres)™* [5]

= X
2,998x108

The Penetration Depth (d,) is the distance into the material at which the power in the
transmitted wave is reduced to 1/e the incident power — meaning ~ 63% of the initial
power has been deposited as heat by the time the wave gets to this depth. The

penetration depth is given by equation 6.

1
e

It is well known that the complex dielectric properties are frequency and temperature
dependent. They were reported for a wide range of inorganic and organic materials in the
frequency and temperature ranging from 100 to 10*° Hz and —12°C to 200°C, respectively
[17], for agricultural products [18] and wood and its products [6-16, 19-21]. Torgovnikov
[21] brought together a large amount of information on the dielectric properties of wood

and wood-based products.

The dielectric properties of wood varied with different factors related to the wood itself
and to the frequency of the microwave application. Available studies reported consistent
trends in the variation of dielectric properties with microwave frequency. The common
trend is that the dielectric constant decreases with frequency, while the loss tangent

increases with frequency [6, 10-11, 13-14, 22-23].

The dielectric properties of wood are also moisture content dependent. The presence of
water produces strong dipole moments and increases the effective loss factor, making it a
good candidate for processing with high frequency energy [24, 25]. Because application

of heat causes changes in moisture content, the variation of €’” with moisture content is



important. Bound water is tightly held and less rotationally free than the free water
present in various cavities. Thus, the latter makes higher dielectric losses possible [24]. A
few other studies reached the same conclusion regarding the variation of the dielectric
properties with moisture content [6-16, 19-24, 27-28]. Note however that the non-zero
loss factor for dry wood, together with a complex system of standing waves (the sample
size and the wave length are usually of the same order of magnitude) eventually turn into

thermal runaway when the power continue to be applied to dry parts of wood [25].

Each material has different curve forms for different frequency ranges. Further, the
slopes of & and &’ versus moisture content curve are critical to industrial applications
where moisture leveling of a material, especially in sheet form, is the main objective [24].
It is commonly said that wetter parts of a material absorb more power and tend to level
off at an initially uneven moisture distribution. However, equation [3] tells us that two
main factors are involved in the volumetric power : &’ and Ep. At high moisture
contents, & is high, but Ep may be small, due to a high value of &. Both effects are
opposing, which might result in a low power density at high moisture content. Figure 1
depicts this effect in the case of a Radio Frequency heating. At low moisture content, the
power density is low due to an opposite situation: although the electrical field is
important because of the small value of &, the loss factor, which dramatically reduces at
low moisture contents, explains why the power is low. In this case of Radio Frequency
heating, the maximum power density is obtained at an average moisture content, close to
30%, which represents the best compromise between the electrical field and the loss

factor [26]:



- above this critical value, the power is supplied preferentially to the less wet

boards, which tends to increase the moisture content differences,

- below this critical value, moisture leveling by dielectric heating becomes
effective. This leveling effect is however less effective if &’ becomes almost

independent of moisture content [24].

Variations in wood density always exist between and within species. This variation might
have significant impact on the dielectric properties of the wood. To consider such
complex interactions, look up tables, exemplified by those of Torgovnikov [21], may be
constructed and used for specific calculations [24]. Available reports on the impact of
wood density on the dielectric properties of wood are contradictory. Some reported that
the dielectric properties of the wood varied with density [21, 27-28] while others reported
no significant variation of the dielectric properties with wood density [6]. In the latter
case, these results could be explained by the narrow range of studied densities and by the

similarity in the wood structure of the tested species [6].

The anisotropy of wood influences also the dielectric properties of wood [11, 21, 24 -
2527]. The optimum field orientation in a microwave applicator may be deduced from the
£’ versus moisture content curves as losses are higher for the field orientation parallel to
the grain [24]. The dielectric constant and the loss factor of the wood for a given moisture
content were higher in the longitudinal direction [27]. However, for three eastern species

the structural direction did not show any significant effect on the dielectric properties [6].

This introduction pointed out the importance of the complex dieletric properties (the

dielectric constant and the loss factor) to understand and model dielectric heating: The



objectives of this study were to study the variation of complex dielectric properties of

four eastern Canadian hardwoods with moisture content, temperature and frequency.

Experimental

We measured the dielectric properties on increment core samples taken in winter from
fresh logs of four different species: aspen (Populus tremuloides Michx.), white birch
(Betula papyrifera), yellow birch (Betula alleghaniensis) and sugar maple (Acer
saccharum). All were long, slim cylindrical samples taken from sapwood in the
longitudinal direction of the wood. Samples were immediately wrapped after they were
extracted and kept frozen until measurement. All measurements of the dielectric
properties were done with the microwave electric field parallel to the longitudinal axis of
the sample.

The system and method we used for measuring the dielectric properties of wood is based
on the cavity perturbation technique, and can measure the complex scalar permittivity at
frequencies between 50 MHz and 3 GHz, and up to a temperature of 1400 °C [29]. The
system is suitable for measurements on most classes of materials, including biological
materials, such as wood and measures the complex dielectric constant of materials during
conventional heating, curing or sintering. The principles and detailed methods for
measurements, calibration and data analysis with this system are detailed in previous
reports [29-31]. For the present study, sample preparation, calibration techniques, and
data analysis methods were tailored to the properties of the specific wood samples, and
the actual sequence of temperature versus time for the measurements is governed by the

wood properties and its ultimate application.



In the present case, both the relative moisture content and the density of each sample had
to be known, both at the beginning and end of each measurement run. This required
careful mass and sample dimension measurements at all stages, and also required a final
baking of each sample to determine the oven-dry weight (obtained after drying at 103°C
for 24 hours). Samples tested were 5.5 mm in diameter and 20 mm long. In order to avoid
contamination of the wood samples, handling and inserting the samples into the sample
holder was always done with tweezers. The initial dimensions and the initial mass of
each sample were determined immediately before each run. Each run consisted of
starting at room temperature, and increasing the sample temperature by steps of 10°C,
and holding after each step for 6 minutes to allow the temperature in the sample to
stabilize and become uniform. Table 1 summarizes the range of moisture content and
density per species measured in this study. The dielectric properties at 0% moisture

content were measured for aspen only.

For measurements of wood samples in the frozen state, two samples from each species
were frozen in a freezer (-22 +2°C) before measurements. When the apparatus was ready
for measurements, each sample was retrieved from the freezer, unwrapped, quickly
weighed, and immediately measured. The measurements were then continued every 5 to
10 minutes until the material reached room temperature. The sample was then weighed
again, and the measurement sequence to 58 °C done. At the end of each run, the sample
was dumped out of the holder and the empty holder was re-measured, and the final
sample mass and dimensions determined and the moisture content values were attributed

to all previous measurements.



This method determines the real and imaginary parts of the complex dielectric constant,
denoted by ¢’ and €. Three quantities are derived using these numbers — the loss tangent

(tand), the electric field attenuation constant (o) and the penetration depth (dy).
Results and discussion

The dielectric properties of the four studied species as a function of moisture content and
microwave frequency at a constant temperature of 24 °C are presented in Table 1. The
variation of the dielectric properties with wood temperature at constant moisture content
per species is shown in Table 2. The results are also graphically presented to describe the
effects of frequency, wood species, wood moisture content, and wood initial temperature

on the dielectric properties of aspen, white birch, yellow birch and sugar maple.
Variation of the dielectric properties with wood moisture content

The variation of the dielectric constant with moisture at a frequency of 2.47 GHz is
depicted in Figure 2. In agreement with previous studies [6; 10-11; 19-23], the dielectric
constant increases with increasing moisture content. The dielectric constant for all
species follows the same relationship, indicating that the variation in wood structure and
density for the studied species did not have significant impact on the dielectric constant at
higher moisture contents. This conclusion is similar to that reached for three eastern
softwoods [6]. The variation pattern of the dielectric constant with moisture content was
the same for the 5 microwave frequencies (Figure 2). Despite the slight dispersion among
the five studied frequencies, all experimental points fall almost on the same curve as

shown in Figure 3.
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Data from Figure 4 shows the variation of the loss factor with wood moisture content at a
frequency of 2.47 GHz. In agreement with previous studies [6, 20-21, 24], the loss factor
increased with increasing moisture content. Similar to the dielectric constant, the
variation of the loss factor with moisture content for the four studied species fall almost
on the same relation (Figure 4). However, compared to the dielectric constant, a slight

dispersion is observed at high moisture content values.

The pattern of variation of the loss factor with moisture content (Figure 5) was the same
for the five studied frequencies and is characterized by a steady increase followed by
leveling off beyond 100% moisture content. At any given moisture content, the loss

factor increases with increasing microwave frequency.

The pattern of variation in the loss tangent with moisture content at a frequency of 2.47
GHz is shown in Figure 6. For the four species studied, the loss tangent showed an initial
increase form 0% moisture content to reach a maximum around 40-60% followed by a
constant decrease with increasing moisture content after this point. The pattern of
variation was typical for the four studied species. This pattern of variation is in
agreement with previous studies [10, 28], which reported that the loss tangent increased
initially with moisture content to reach a maximum around 60% moisture content and

then decreased linearly.

The variation of loss tangent among wood species can be explained by the variation in
wood density [23]. At any given moisture content, the higher the wood density, the
higher is the loss tangent. From the data in Figure 6, the same conclusion could be

reached except that for aspen the measured loss tangent was higher than that of the other
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three species, despite its lower density. One plausible explanation for this result is non-

uniformity of moisture content within the wood sample.

The general pattern of variation of the loss tangent with microwave frequency is shown

in Figure 7. Generally, the higher the frequency, the lower is the loss tangent.

No specific pattern of variation in penetration with moisture content was found, as shown
in Figure 8 for the 2.47 MHz frequency. However, the depth of penetration depended on
microwave frequency as shown for aspen (Figure 9). Although there was no general
pattern of variation in penetration depth with moisture constant, clear differences are
found between the different frequencies — the higher the frequency, the lower the
penetration depth at any moisture constant. This result is consistent for the four studied

species (Table 1).
Variation of the dielectric properties with initial wood temperature

The variations of the dielectric constant with temperature at a constant microwave
frequency and for a single species at various microwave frequencies are shown in Figures
10 and 11, respectively. The dielectric constant increases from the frozen state to reach a
maximum around 25 °C, followed by a decrease at higher temperatures. This pattern of
variation is found for the four studied species (Figure 10) and all microwave frequencies
(Figure 11). Data from Figure 10 and Table 2 show significant variations between the
studied species. These variations could be explained by the differences between wood
densities of the studied species and also between the initial moisture contents of the

samples. In agreement with previous reports [9-10, 27], it is important to note that the
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variation of the dielectric constant with temperature is much less important than its

variation with moisture content.

The variations of the loss factor with wood temperature at a constant microwave
frequency and for a single species at different frequencies are depicted in Figures 12 and
13, respectively. The general pattern of variation is characterized by a constant decrease
of the loss factor with increasing wood temperature. In a previous report [20], the loss
factor increased with increasing temperature. The trend of variation is contradictory to
our results and could be explained by the high initial moisture contents of the wood

samples we studied.

The loss factor varied with wood species (Figure 12) and this variation could be
explained by variation in wood density and wood moisture content. This property also
varied with microwave frequency. Higher frequency led to a higher loss factor at any

given temperature (Figure 13).

The variation of the loss tangent with temperature is similar to the variation of the loss
factor. For a constant frequency, the loss tangent decreased with increasing wood
temperature for the four studied species (Figure 14). Similarly, the loss tangent decreased

with increasing temperature for all studied frequencies (Figure 15) and species (Table 2).

No specific pattern of variation is found in penetration depth with increasing temperature
at constant microwave frequencies and moisture contents (Figure 16), except in yellow
birch, where it decreased with increasing temperature. The penetration depth decreased

substantially with increasing microwave frequencies as shown in Figure 17. .

Practical implications of the results

13



The data presented here should be useful in designing microwave applicators for wood
heat treatment such as the phytosanitary treatment of wooden packaging materials. In
general the influence of moisture content and the microwave frequencies overshadowed
the influence of species and the initial wood temperature. Thus, the present data could be
used for approximate design calculations for the heat treatments of green wood for most
common hardwoods used for the manufacture of pallets and packaging material. Because
such a treatment has to be efficient for a wide range of moisture content levels, the
knowledge of both the effect of temperature and moisture content on dielectric properties

is of utmost important.

The non-significant variation of the dielectric constant and loss factor among wood
species suggest that all species could be treated in the same applicator at the same time.
This is of particular interest for several wood processes such as heat treatments to comply

with the regulations of phytosanitary regulations and wood drying operations.

The apparently frozen material at —20 °C had a dielectric response that was larger than
that of the room temperature wood. This is not the case in the comparison of ice and
water, where the immobilization of the water molecule in the ice crystal structure
dramatically reduces the molecule’s ability to move in response to the microwave electric
field, thus reducing both the real part of the dielectric constant and the absorption of
microwaves by the ice. The fact that the “frozen” material has roughly the same
properties as the thawed material suggests that heating of the wood from a “frozen” state

to 60°C can be done in the same applicator all in one pass !

The close relationship between wood moisture content and the dielectric constant (Figure

2), especially beyond the saturation point, could be used for the development of
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innovative non-destructive tools for the measurement of wood moisture content.
Statistical linear models describing this relationship for single species or all species are
presented in Table 4 and show high coefficients of determination between the dielectric

properties measured and modeled values.
Conclusions

The following conclusions may be drawn relative to the dielectric properties of aspen,
white birch, yellow birch and sugar maple when measured over a frequency range of 400
MHz to 2.47 GHz at moisture contents above the saturation point ranging from 40% to
136% and temperatures ranging from -20 °C to 58 °C. Results from the study led to the

following conclusions:

1. At a constant temperature and microwave frequency, both the dielectric
constant and the loss factor increased with increasing moisture content while
the loss tangent decreased. The penetration depth did not show any significant

variation with moisture content.

2. The dielectric constant did not show any significant variation with increasing
microwave frequency while the loss factor showed an important increase with
increasing frequency especially at high moisture contents. The loss tangent

and the penetration depth were higher at lower microwave frequencies.

3. At constant microwave frequency and wood temperature, only the loss tangent

showed significant variation with wood species.

4. Results from this study suggest that the dielectric properties of the wood could

be used for precise determination of its moisture content.
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Figure 1: Mean Power Density of each single board as a function of Moisture Content
computed for a stack of 8-boards : Radio-Frequency heating, 40 independent runs with
stochastic variation of MC of each board. (adapted from [26]). The general trend of this

plot has to be explained by the cumulative effect of & and &".
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Figure 2: Variation of the dielectric constant of aspen, white birch, yellow birch and
sugar maple as a function of moisture content, measured at constant temperature (25 °C)

and frequency 2.47 (GHz).
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Figure 2: Variation of the dielectric constant measured at constant temperature (24 °C)

for aspen as a function of moisture content and microwave frequency.
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Figure 3: Variation of the loss factor (¢”) of aspen, white birch, yellow birch and sugar
maple as a function of moisture content measured at constant temperature (25 °C) and

frequency (2.47 GHz).
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Figure 4: Variation of the loss factor (¢”) of aspen measured at constant temperature as a

function of moisture content and microwave frequency.
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Figure 5: Variation of the loss tangent (tand) of aspen, white birch, yellow birch and
sugar maple as a function of moisture content measured at constant temperature (25 °C)

and frequency (2.47 GHz).
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Figure 6: Variation of the loss tangent (tand) of aspen as a function of moisture content

and microwave frequency at a constant temperature (24 °C)
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Figure 7: Variation of the penetration depth (d,) of aspen, white birch, yellow birch and
sugar maple as a function of moisture content measured at constant temperature (24 °C)

and frequency (2.47 GHz).
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Figure 8: Variation of the half power depth of aspen measured at constant temperature

(24 °C) as a function of moisture content and microwave frequency.
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Figure 10: Variation of the dielectric constant (g”) with species and temperature at

constant moisture contents and constant microwave frequency of 2.47 MHz.
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Figure 11: Variation of the loss factor (¢”) with species and temperature at constant

moisture content and microwave frequency (2.47 MHz).
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Figure 12: Variation of the loss factor (¢”) of aspen with temperature and microwave

frequency at constant moisture content (115%).
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Figure 13: Variation of the loss factor (¢””) with species and temperature at constant

moisture content and microwave frequency (2.47 MHz).
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Figure 14: Variation of the loss tangent (tand) of aspen with temperature and microwave

frequency at constant moisture content (115%).
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Figure 15: Variation of the penetration depth (d,) with species and temperature at

constant moisture content and microwave frequency (2.47 MHz).
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Figure 16: Variation of the loss tangent (tand) of aspen with temperature and microwave

frequency at constant moisture content (115%).
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Legend for Figures:

Figure 1: Mean Power Density of each single board as a function of Moisture Content
computed for a stack of 8-boards : Radio-Frequency heating, 40 independent runs with
stochastic variation of MC of each board. (adapted from [26]). The general trend of this

plot has to be explained by the cumulative effect of & and &".

Figure 2: Variation of the dielectric constant of aspen, white birch, yellow birch and
sugar maple as a function of moisture content, measured at constant temperature (25 °C)

and frequency 2.47 (GHz).

Figure 3: Variation of the dielectric constant measured at constant temperature (24 °C)

for aspen as a function of moisture content and microwave frequency.

Figure 4: Variation of the loss factor (¢”) of aspen, white birch, yellow birch and sugar
maple as a function of moisture content measured at constant temperature (25 °C) and

frequency (2.47 GHz).

Figure 5: Variation of the loss factor (&) of aspen measured at constant temperature as a

function of moisture content and microwave frequency.

Figure 6: Variation of the loss tangent (tand) of aspen, white birch, yellow birch and
sugar maple as a function of moisture content measured at constant temperature (25 °C)

and frequency (2.47 GHz).

Figure 7: Variation of the loss tangent (tand) of aspen as a function of moisture content

and microwave frequency.

Figure 8: Variation of the penetration depth (dp) of aspen, white birch, yellow birch and
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sugar maple as a function of moisture content measured at constant temperature (24 °C)

and frequency (2.47 GHz).

Figure 9: Variation of the half power depth of aspen measured at constant temperature

(24 °C) as a function of moisture content and microwave frequency.

Figure 10: Variation of the dielectric constant (¢”) with species and temperature at

constant moisture content and constant microwave frequency of 2.47 MHz.

Figure 11: Variation of the dielectric constant €’ of aspen with temperature and

microwave frequency at a constant moisture content of 115%.

Figure 12: Variation of the loss factor (¢”) with species and temperature at constant

moisture content and microwave frequency (2.47 MHz).

Figure 13: Variation of the loss factor (¢”) of aspen with temperature and microwave

frequency at constant moisture content (115%).

Figure 14: Variation of the loss factor (¢”) with species and temperature at constant

moisture content and microwave frequency (2.47 MHz).

Figure 15: Variation of the loss tangent (tand) of aspen with temperature and microwave

frequency at constant moisture content (115%).

Figure 16: Variation of the penetration depth (dp) with species and temperature at

constant moisture content and microwave frequency (2.47 MHz).

Figure 17: Variation of the loss tangent (tand) of aspen with temperature and microwave

frequency at constant moisture content (115%).
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Legend for Tables
Table 1:  Wood temperature, moisture content and density during testing sequences

Table 2:  Dielectric properties as a function of wood species, and moisture content and

microwave frequency

Table 3:  Dielectric properties as function of wood species, temperature and microwave

frequency.

Table 4:  Simple Linear models for the relationship between dielectric constant and

moisture content
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Table 1: Wood temperature, moisture content and density during testing sequences
Test Moisture content

Species sequence | Temperature range range Density (Dy)* range

Aspen 1 -20°Ct0 85 °C 115 %10 95% | 0.76 g/cm® to 0.68 g/cm®
2 20 °C t0 85 °C 90 % to 69% | 0.67 g/cm® to 0.59 g/cm®
3 -20 °C t0 85 °C 57 % to 40% | 0.55 g/cm® to 0.49 g/cm®

White birch 1 -20 °C t0 85 °C 133% -59% | 0.83 g/cm’ to 0.57 g/cm’
2 24 °Cto 85 °C 93%-73 % 0.69 g/cm® to 0.62 g/cm’®
3 24 °C t0 85 °C 68%-49 % 0.61 g/cm® to 0.54 g/cm®

Yellow

birch 1 -20°Ct085°C | 136%to111% |0.86 g/cm’to 0.77 g/cm?
2 24 °Cto 85 °C 102 % to 79% | 0.67 g/cm’ to 0.59 g/cm®
3 24 °C t0 85 °C 74%1046% | 0.58 g/cm® to 0.49 g/cm®

Sugar

maple 1 -20°Ct085°C | 123%t0102% |0.74 g/cm?® to 0.68 g/cm®
2 20 °Cto 85 °C 90 % to 70% | 0.65 g/cm’ to 0.55 g/cm®
3 20 °C t0 85 °C 62 % to 43% | 0.56 g/cm® to 0.49 g/cm®
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Table 2:

Dielectric properties as a function of wood species, and moisture content and microwave frequency

MC 397MHz 912MHz 1499 MHz 1977MHz 2466 MHz
(%) € &' Tangd dp e ¢ Tangd dp g €' Tangd dp g ¢ Tangd dp e €' Tangd dp
Tembling aspen (Populus tremuloides)
0 205 015 0.07 1.95 0.13 0.06 1.90 0.12 0.06 1.90 0.12 0.06 1.83 0.11 0.06
40 108 1.77 0.24 10.78 10.2 1.79 0.18 6.38 9.8 200 018 394 95 217 0.2 276 937 237 0.25 203
69 17 209 017 593 162 223 011 380 158 256 0.1 250 154 292 01 184 154 328 021 141
90 223 234 012 965 214 271 009 868 209 321 009 526 205375 01 362 205 437 021 263
95 26.6 276 0.09 2432 258 3.02 0.09 10.28 252 356 0.11 556 248 4.18 0.12 385 247 486 020 281
115 255 236 0.09 1791 26.9 286 0.10 6.70 26,5 349 013 331 261 419 016 2.08 26.2 493 0.19 142
White birch (Betula paperyfera)
59 15 244 0.16 1476 144 23 0.16 6.53 14 25 0.18 356 13.8 2.77 0.2 234 133 252 0.19 252
68 132 1.99 0.15 981 127 192 015 681 124 21 017 476 122 232 019 3.71 169 282 0.17 294
73 184 239 0.13 1023 184 235 0.13 6.86 179 263 0.15 451 177 3.03 0.17 331 17.7 3.45 0.19 255
93 215 215 0.1 923 21.1 247 0.1 549 209 292 014 340 209 344 0.16 240 211 4.02 0.19 247
133 312 341 0.1 1368 31.1 356 0.11 569 306 411 0.13 298 30.1 484 0.16 1.92 313 455 0.15 2.98
Yellow birch (Betula alleghaniensis)
46 12.2 234 019 1238 116 21 0.18 560 11.2 2.23 0.2 3.08 109 242 0.22 2.02 11 268 0.24 1.36
74 146 2.13 0.15 13.47 14 218 0.16 6.91 13.6 242 0.18 403 133 273 0.21 280 134 311 0.23 2.01
95 199 3.01 015 722 194 286 0.15 540 19.1 314 0.16 4.04 18 3.63 0.2 327 185 4.4 0.24 247
111 28.2 3.67 0.13 7.64 223 349 0.16 554 222 39 0.18 406 276 464 0.17 323 27.6 541 0.2 2.57
136 31.7 3.24 0.1 704 269 356 013 496 264 42 016 351 313515 0.16 267 316 6.18 0.2 2.00
Sugar maple (Acer saccharum)
43 105 178 0.17 833 994 173 0.17 6.27 962 187 0.19 468 937 202 022 3.72 9.26 218 0.24 3.07
62 137 1.96 0.14 12.06 13 21 016 7.47 126 234 019 485 124 26 021 349 122 287 0.23 2.66
80 182 27 015 1395 178 252 014 772 174 275 0.16 464 174 3.09 0.18 3.26 17 3.41 0.2 2.44
100 19.9 222 0.11 16.79 194 238 0.12 6.72 19 2.74 0.14 352 187 3.17 0.17 230 185 354 0.19 1.64
102 222 342 0.5 1153 218 3.02 0.14 562 214 328 0.15 3.13 213 369 0.17 210 212 4.14 0.2 1.50




Table 3: Dielectric properties as function of wood species, temperature and microwave frequency.

T(°C) 397MHz 912MHz 1499 MHz 1977MHz 2466 MHz

g &' Tangd dp ¢ &' Tangd dp g &' Tangd dp € g" Tangd dp g ¢ Tangd dp

Tembling aspen (Populus tremuloides)

-20  28.0 2.77 0.10 15.9 271 393 015 482 264 487 0.18 234 259 58 022 149 26.2 69 0.26 1.00
15 275 234 0.09 16.0 268 289 0.11 517 26.3 354 013 256 260 43 0.16 1.65 26.0 50 019 112
24 275 236 0.09 179 269 286 011 6.70 265 349 013 331 261 42 0.16 2.08 262 49 019 142
39 26.2 229 0.09 163 258 226 009 639 255 262 010 330 254 31 0.12 215 254 35 014 149
48 255 236 0.09 17.8 251 208 0.08 636 249 231 0.09 316 248 27 0.11 2.00 247 3.1 012 1.37
58 247 245 0.10 15.8 243 198 0.08 6.26 241 208 0.09 325 241 23 010 212 240 26 0.11 1.48

White birch (Betula paperyfera)

-18 218 292 0.13 292 213 3.73 017 373 211 45 021 45 212 54 025 536 221 6.6 030 1.00
1 32.1 339 0.11 3.39 316 409 0.13 409 310 48 0.16 438 30.7 56 0.18 5.62 313 48 015 112
24 312 341 0.11 341 311 356 0.11 356 306 41 013 41 305 48 0.16 4.84 313 46 015 142
38 289 384 013 3.84 289 311 011 311 287 32 011 32 28.7 3.7 0.13 3.65 31.3 25 0.08 1.49
48 28.2 421 0.15 421 28.1 304 011 304 280 30 011 30 28.1 32 011 3.20 31.3 25 0.08 1.37
57 275 452 0.16 4.52 274 307 011 307 273 28 0.10 238 274 3.0 011 295 31.3 25 0.08 1.48

Yellow birch (Betula alleghaniensis)

-18 205 286 0.14 13.38 20 3.64 018 451 199 440 022 226 200 53 0.26 143 21.1 6.6 031 0.96
11 376 360 0.10 1395 376 506 013 500 373 629 0.17 255 375 78 021 262 384 80 021 194
24 317 324 0.10 1368 269 356 0.13 569 264 420 0.16 298 313 52 0.16 267 316 6.2 020 299
38 304 369 012 1839 269 3.08 0.11 849 265 324 012 474 305 38 012 1.32 305 43 014 298
47 296 406 0.14 2061 269 3.04 011 7.81 265 299 011 400 298 34 011 2.63 298 3.8 0.13 1.87
57 288 449 0.16 1829 258 3.04 012 809 255 283 011 439 290 31 011 182 289 33 012 218

Sugar maple (Acer saccharum)

-18 179 245 0.14 144 175 3.09 0.18 493 173 3.69 0.21 250 174 44 025 161 18.1 53 029 1.09
18 25.1 3.10 0.12 135 248 314 013 575 244 358 0.15 3.05 242 42 017 198 241 48 020 1.38
24 203 3.42 0.17 9.3 20.0 3.02 015 6.14 199 328 0.16 409 200 3.7 0.18 3.02 198 41 021 232
39 19.2 235 0.12 13.2 18.8 205 0.11 6.09 186 220 0.12 3.35 184 24 0.13 227 18.2 2.7 0.15 1.63
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48 18.8 260 0.14 158 184 202 0.11 6.26 183 204 011 337 182 22 0.2 228 180 23 013 1.65
57 184 297 0.16 153 18.0 2.06 011 6.64 179 193 0.1 3.69 178 2.0 041 255 176 21 012 1.89
Table 3: Dielectric properties as function of wood species, temperature and microwave frequency.
T(°C) 397MHz 912MHz 1499 MHz 1977MHz 2466 MHz
e €' Tangd dp e €' Tangdo dp e €' Tangd dp g &' Tangd dp g &' Tangd dp
Tembling aspen (Populus tremuloides)
20 280 277 010 159 27.1 393 015 482 26.4 487 018 234 259 58 022 149 262 6.9 0.26 1.00
15 275 234 009 160 268 2.89 0.11 517 263 354 013 256 26.0 43 016 165 260 50 019 1.12
24 275236 009 179 269 286 0.11 6.70 265 349 013 331 261 42 016 208 262 49 019 142
39 262 229 0.09 163 258 226 009 6.39 255 262 0.10 330 254 3.1 012 215 254 35 0.14 1.49
48 255 236 0.09 17.8 251 208 0.08 6.36 249 231 009 316 248 27 011 200 247 31 012 1.37
58 247 245 0.0 158 243 1.98 0.08 6.26 241 2.08 0.09 325 241 23 040 212 240 26 011 1.48
White birch (Betula paperyfera)
-18 21.8 292 013 292 213 373 017 373 211 45 021 45 212 54 025 536 221 6.6 0.30 1.00
1 321339 011 339 316 409 013 4.09 31.0 48 016 48 307 56 018 562 313 48 015 112
24 312 341 011 341 311 356 011 356 306 41 013 41 305 48 0.16 484 313 46 015 1.42
38 289 384 013 384 289 311 011 311 287 32 011 32 287 3.7 013 365 313 25 008 1.49
48 282 421 0.15 421 281 304 011 3.04 280 3.0 011 30 281 32 011 320 313 25 008 1.37
57 275 452 016 452 274 3.07 011 3.07 273 28 010 28 274 3.0 041 295 313 25 0.08 1.48
Yellow birch (Betula alleghaniensis)
-18 205 2.86 0.14 1338 20 364 018 451 199 440 022 226 200 53 026 143 211 66 031 0.96
11 376 360 0.10 1395 37.6 506 0.13 500 373 629 017 255 375 78 021 262 384 80 021 194
24 317 324 010 1368 26.9 3.56 0.13 569 264 420 0.16 298 313 52 016 267 316 62 020 2099
38 304 369 0.12 1839 26.9 3.08 0.11 849 265 324 012 474 305 3.8 012 132 305 43 014 2098
47 296 406 0.14 2061 269 3.04 011 7.81 265 299 011 400 298 34 011 263 298 38 0.13 1.87
57 28.8 449 0.6 1829 258 3.04 0.12 8.09 255 283 0.11 439 29.0 31 011 182 289 33 012 218
Sugar maple (Acer saccharum)

-18 179 245 0.14 144 175 309 018 493 173 3.69 021 250 174 44 025 161 181 53 029 1.09
18 251 3.10 012 135 248 314 0.13 575 244 358 015 305 242 42 017 198 241 48 020 1.38
24 20.3 342 017 93 20.0 3.02 0.15 6.14 199 328 0.16 409 200 3.7 0.18 3.02 198 41 021 232
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39 19.2 235 0.12 13.2 18.8 205 0.11 6.09 186 2.20 0.12 3.35 184 24 013 2.27 182 2.7 0.15 1.63
48 18.8 260 0.14 158 18.4 202 0.11 6.26 183 2.04 0.11 3.37 182 22 0.12 2.28 18.0 23 0.13 1.65
57 184 297 0.16 153 18.0 2.06 0.11 6.64 179 193 0.11 3.69 178 2.0 011 255 176 21 012 1.89
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Table 4: Simple Linear models for the relationship between dielectric constant and

moisture content

Specific
Species gravity Linear Model R?
Tembling aspen (Populus
tremuloides) 0.37 MC =0.24¢'- 0.25 0.96
White birch (Betula paperyfera) 0.38 MC =0.22¢"' + 1.38 0.99
Yellow birch (Betula alleghaniensis) 0.39 MC =0.22¢' + 0.35 0.95
Sugar maple (Acer saccharum) 0.42 MC =0.18¢' +1.63 0.96

All species MC =0.22¢' + 0.61 0.96




