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Abstract

In the wood industry, determination of the moisture content (mc) with a high
accuracy is of great importance. The green mc is important for optimisation of the
wood drying process at sawmills, whereas the mc of dried boards is of interest for the
further processing and final use of the boards. In the first publication in this thesis,
which is a technical report written in Swedish, different measuring techniques with
their own pros and cons are discussed. A total of 13 different measurement principles
are discussed, focusing on the ability to measure mc in the range of 7-18%. The result
suggests that mc-meters that use electromagnetic waves in the radio- and microwave
ranges have the greatest potential to become the next generation mc-meters for dried
boards.

The second publication, which is presented in this thesis, investigates the possibility
of measuring the green sapwood mc in pine logs by combining industrial X-ray
scanners and 3D-scanners. The method is shown to be suitable for identifying batches
of logs in which the sapwood has begun to dry prior to sawing, rather than predicting
the sapwood mc with high accuracy at the level of individual logs.

In a single board, one would ideally like to measure the mc profile over the entire
cross section to determine the mc gradient. However, the measured result is affected
in the vicinity of the board edges. In the third publication, the existence of this
problem is identified, and it is shown that it can be decreased by using correlation
functions generated by finite element simulations of the measurement system.

The fourth publication considers the potential to increase the measurement accuracy
of the mc of single boards by combining different measurement techniques.
Microwaves, X-rays and visual sorting into different wood quality classes are used. It
is shown that the measurement accuracy is increased by the addition of both the X-
ray measurements and the visual sorting. This result is interesting because visual
sorting is usually already present in the final sorting of large sawmills. This is also
where the mc measurement preferably is to be performed.

Keywords: edge effects, final sorting, green sorting, mc, microwaves, sawmill, wood
quality, X-rays.






Preface

The work presented in the following pages was performed at the wood technology
department of SP Technical Research Institute of Sweden, SP Tra Skellefted, in close
collaboration with the Division of Wood Physics at Lulea University of Technology.
I would like to express my warmest gratitude to my present and past co-workers for
all the joy and profession we have shared. | honestly appreciate the work of my
former supervisors, Jonas Danvind, Lena Antti and Johan Oja (who became so fed up
with me that they quit their work?). | would also like to express my sincere gratitude
to my present supervisors, Lars Hansson and Tom Morén, who stayed to the bitter
end of my licentiate work. All collaboration with industrial partners; Holmen Timber
AB, Martinsons Sag AB, MiIiCROTEC GmbH/srl, SCA Timber AB, Stora Enso
Timber AB and Valutec AB throughout the work has also been greatly appreciated —
you represent the greatest allurement for me to ever finish my PhD.

This work was also generously supported by the Swedish Governmental Agency for
Innovation Systems (Vinnova), WoodCenter North (TCN) and SP Technical

Research Institute of Sweden.

Last, but not least, | would like to send a big hug to everyone who is supporting me
as a person.

Skellefted, March 2012

Tommy Vikberg






List of publications

Vikberg, T. (2010) Fuktkvotsmatare for trdindustrin — En kartldggning av
metoder for matning av fuktkvoter i intervallet 7-18 fuktkvotsprocent.
Technical report, Lulea University of Technology, ISBN: 978-91-7439-198-5.
(In Swedish).

Skog, J. Vikberg, T. & Oja, J. (2010). Sapwood moisture-content
measurements in Pinus sylvestris sawlogs combining X-ray and three-
dimensional scanning. Wood Material Science and Engineering, 5(2): 91-96.
Vikberg T, Hansson L, Schajer GS, Oja J (2012). Effects on microwave
measurements and simulations when collecting data close to edges of wooden
boards. Measurement 45(3): 525-528.

Vikberg, T. Oja, J. & Antti, L. (2011). Moisture content measurement in
Scots pine by microwave and X-rays. Submitted to Journal of Wood and
Fiber Science.






Contents

ADSIFACE ...ttt nes i
PIETACE ...ttt nre s i
LiSt OF PUBTICATIONS......cvieiieieiee s ii
QLo o o1 o] TSRS 1
AN ] 1 USSP 3
LI L=T0] ST P PSP 4
(o] o] o= 11 o o I ST PSTPRORN 9
PUBIICALION 1.ttt et 12
PUBIICALION T . 14
PUBLICAEION TV .o et 15
(000 1 0] 111 [0 o OSSR 20
FULUIE WOTK ...ttt e et a et e s n e ne e anas 21
RETEIBNCES ... ettt e 22
N o] o 1=] 1o 3 OSSPSR 25

- - TP URUPOPROPRN 25






Introduction

Wood is a natural material with properties that vary greatly, even within a single
board (Dinwoodie 2000). Parameters such as knots, grain angles, resin content, lignin
content, and cell wall thickness all affect the parameters of interest for end users,
such as durability, strength, and dimension stability.

This work focus on one important parameter to know throughout the whole process
from the forest to the finalised wood product, as well as in the final application of the
wood, namely the moisture content (mc).

In the processes at a sawmill, knowledge of the mc of the green wood is valuable
because it affects the required drying time in the capillary phase and consequently,
the logistics and the optimal usage of the boiler (Esping 1988). One way to obtain an
mc signal when the fibre saturation point (fsp) is approached in the ongoing kiln
drying process is to examine the required heat and ventilation to maintain the
designated climate in the kiln. This method is called adaptive control, and it is
already implemented in some kiln control systems (Larsson et al. 2002). An
increasingly common approach to predicting the outcome of the wood drying process
is the use of simulation programs. It is well known that simulations cannot perform
well if the model itself is bad or if the ingoing model parameters are not well known.
Therefore, measuring parameters such as the total wood volume in a kiln, the wood
density and the mc prior to drying are important, both to achieve good predictions of
the outcome and to develop the model itself.

Determination of the wood density and the mc of the sawn green boards is difficult
with the high production speeds in a modern sawmill. These difficulties originate in
problems with the distinction between water and wood.

To determine the mc with high accuracy at the final sorting, prior to the shipping of
the sawn and dried wood to the final customers, is important to enable the ensurance
of the end products quality. A well-defined mc is a valuable tool for prediction of the
performance of the wood in a final application, and the status of wood as an
engineering material would improve if sawmills were able to ensure a certain
distribution of the boards mc in a batch. By combining an mc measurement with high
accuracy in the final sorting and a system for tracking the wood throughout the
process (Flodin 2008; Uusijarvi et al. 2010), it would also be possible to gain a lot of
knowledge of the production steps prior to the final sorting. Almost all boards
produced at Swedish sawmills are dried in kilns. If one tries to reach an average mc
as fast as possible with only the absence of cracks and colour changes as quality
factors, a large mc variation is produced between the boards in a single batch, and
1



large mc gradients are present within each individual board. If, for example, the
board is to be split into two boards and used as a panel, the mc gradient is an
important quality factor because the later mc equalisation throughout the board, along
with the release of internal stresses, will cause warping.

There have been (and still are) many different methods to predict the mc of dried
boards. The majority of these devices use electromagnetic (EM) waves of some
certain wavelength to estimate the mc. The most common of such devices in Swedish
sawmills is the capacitive mc meter. Capacitive meters are fast and non-contacting,
but they are not very accurate (Esping 2003). In more recent years, mc meters that
use higher measuring frequencies have become more commonly used in the sawmill
industry, and their potential to measure the mc with higher accuracy than that of
capacitive meters has been shown (Nilsson 2010). Higher frequencies introduce new
problems that must be taken into account when developing, calibrating and
evaluating measuring devices. One problem that is commonly addressed is the
occurrence of phase shifts that exceed multiples of 2 (Hansson et al. 2006). This
problem can be solved by tracking the phase when the board enters the EM field,
using two or more measurement frequencies or examining the ratio between the
parallel- and cross-fibre phase angles with two polarisations of the EM field (Schajer
and Orhan 2005). Another problem is caused by the scattering of the EM field when
measurements take place in the vicinity of edges of the material under testing
(Meixner 1972). Because the boards are usually cross-fed through the final sorting
station (i.e., the timeslot for one board to pass a measuring head is short) and there is
a wish of measuring the moisture gradients, there is a demand for measurements that
can be taken close to the board edges.

Understanding the behaviour of EM waves is difficult because they are not visible.
Simulation by the finite element method (FEM) has been shown to be a valuable tool
for understanding the interaction between the tested material, its surroundings and the
measuring device itself (Lundgren et al. 2006; Sjoden 2008).



Aim

The accuracy of the mc measurements considered in this work was defined in two
ways, according intended use of the result in the later production steps. For the green
sapwood mc measured by combining industrial X-ray log scanners and 3D-scanners,
which are already present at some of the larger sawmills, the aim was to investigate
the potential to identify populations of logs in which the sapwood had begun to dry
before entering the sawmill.

For the mc measurement of dried single boards, the aim was to develop or refine a
method or device to obtain the average mc in the measured volume of wood within
+1% mc for 90% of the measurements in the designated range of 7-18% mc.



Theory
The mc of wood is defined as the ratio between the water mass and the oven-dry
wood mass in a certain volume of wood, see equation (1).

My =My
u=—t = (1)

where u is the mc, m is the mass and the subscript indicates the mc. The oven-dry
method is used to provide a reference mc value. In this method, a wood sample is
weighed before and immediately after its placement in a well-ventilated oven at
103+2°C until the change in mass is less than 0.1% between two measurements
separated by an interval of two hours. A full description of the oven-dry method can
be found in the standard SS-EN 13183-1. Water in the wood can either be found as
free water in the lumen or water bound within the cell walls (Esping 1992; Morén
2007). Because the water in the lumen requires less energy to leave the wood
compared to the water in the cell walls, one can assume that the lumen is emptied
before the bound water in the cell walls begins to leave the wood. The point at which
there is no water in the lumen but the cell walls remain fully saturated is called the
fsp, and it is usually reported to occur within the mc range of 27-30% at room
temperature (Dinwoodie 2000; Esping 1992; Kollman and Coté 1968; Morén 2007).
A principal sketch of water in wood can be seen in Figure 1.

Figure 1. Schematic picture of water in a wood cell. To the left is a fully saturated cell, in which the
entire lumen is filled with water. In the centre is a cell at the fibre saturation point, at
which the lumen is empty but the cell wall remains fully saturated. To the right is a cell at
a moisture content value below the fibre saturation point, at which the cell wall also
contains less water and has started to shrink.

When a tree grows, the actual growth takes place in the cambium, which is located
between the xylem and phloem, see Figure 2.
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Figure 2. Cross section of stem. Reprinted with permission from Margot Sehlstedt-Persson.

Through cell division, the bark grows outwards from the cambium, and the xylem
grows inwards. In the first part of the growing season, the tracheids (wood cells) have
a large lumen and thin cell walls compared to the late-season tracheids. The
difference in the structure of the tracheids is known as annual rings, which are shown
in Figure 3.
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Because a tree grows both in height and dimension each year, one can think of the
growth as stacking cones on top of each other. When the tree grows older, there is no
longer a need for the tree to use the entire stem for water and nutrient transportation,
and heartwood begins to develop. Because heartwood in a growing tree is not active
in water transportation, the mc in green heartwood is much lower and less variable
than the green sapwood mc. If a log contains a fraction of heartwood and the raw
density profile is measured through the log, one can assume a relation between the
heartwood and sapwood density (Tamminen 1962) and fix the mc in the heartwood
(Esping 1992), allowing estimation of the mc in the green sapwood.



One way to determine the density profile of a log is by use of an X-ray log scanner
(Grundberg 1999). The attenuation of a monochromatic EM wave passing through a
material is described by the following expression:

[ =I,e "X )

where I, is the incident intensity, u is the attenuation constant and X is the thickness
of the material. The attenuation constant u can be considered to be a function of the
attenuation of both the dry wood and water (i.e., u = u(wood, water)). When a
density profile is determined, the relation between the density at a certain mc and the
dry density can be used, as shown in equation (3).

A+wm, (A+uw

= = = ©
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where p is the density, m is the mass, V' is the volume, « is the volumetric swelling
coefficient and the subscript indicates the mc. If the swelling of the wood is assumed
to be linear between an mc of 0% and the fsp, the volumetric swelling coefficient can
be calculated as follows:

amaxu

yu< ufsp
ay = ufSP (4)
Unaxr U = Uggp-

If the dry density is known and the mc is assumed to be above the fsp (i.e., a, =
Amax), the mc can be extracted from equation (3), as follows:

U= (1 + amax)pu,u
Po,0

-1 (5)

In a growing tree, one usually considers three main directions: radial, tangential and
longitudinal (see Figure 4).
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Figure 4. Main directions in wood. Reprinted with permission from Margot Sehlstedt-Persson.

In clear wood, the wood fibres are mainly directed in the longitudinal direction,
although some deviation in the grain direction is always present (especially in the
vicinity of knots and top ruptures). The grain angle on a wood surface can be found
by using the tracheid effect (Oja et al. 2006), or more as an average in a board by
using microwaves (Schajer and Orhan 2006). When using microwaves to detect the
grain angle, the difference in the size of the dielectric constant as a function of the
wood direction is used. From a mathematical perspective, it is practical to represent
the dielectric constant as a complex tensor, as follows:

e =g —ig" (6)

where &' is the relative dielectric constant tensor (real part) and & is the dielectric
loss factor tensor (imaginary part). Torgovnikov (1993) stated that the dielectric
properties of wood are not generally believed to change if an applied EM field is
rotated 180°. The difference in the dielectric properties between the tangential and
radial directions is also negligible; therefore, a common simplification is to use the
dielectric constants of the parallel and cross grain directions, as shown in equation (7)

! ! ! !
€RR  ERT ERL e 0 0
I ! li ! ~ A
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! ! ! !
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The directional dependence of the dielectric constant affects the polarisation of an

incoming EM wave with a polarisation other than one of the principal directions of

the wood (i.e., the parallel or cross grain direction). For small deviations between the
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incoming polarisation and the principal direction in the wood the polarisation is,
however negligible (Schajer and Orhan 2005). In addition to the direction in the
wood, the dielectric constant is also dependent on the frequency, mc, dry density and
temperature (Torgovnikov 1993).

When an EM wave travels in a dielectric medium other than vacuum, it always
experiences some losses (i.e., €acuum = 1 # €nmeqium)- 1Ne strength of the EM field
follows equation (2), and a phase shift ¢ occurs because the propagation speed of the
EM wave is lower in the material than in vacuum, as shown in Figure 5.

Figure 5. Attenuation and phase shift of an electromagnetic wave as it travels through wood.
Reprinted with permission from Lars Hansson.

The many factors that affect the attenuation and phase shift, which are the two

quantities that can be measured, must be considered when one is working with

microwave devices to correctly determine the accuracy of the device.



Publication |

Material and Methods

A literature survey served as the basis of the “state of the art” investigation, which
resulted in the first publication. To avoid overlooking any technique with the
potential to measure the mc with high accuracy, all possible techniques mentioned by
people in the topic area, as well as all techniques found in the literature, were
considered, producing a total of 13 different techniques that were examined. The
work focused on finding either a commercial product or a measurement technique
that could be developed further. The main goal was prediction of the mc in the range
of 7-18% mc.

Results and discussion

Resistive meters measure the resistance between two electrodes that are hammered
into the wood. This method is cheap, easily applicable and not sensitive to the
surrounding environment, which also makes the method useful inside drying Kilns.
The disadvantage of the method is that the resistance in the wood is affected by the
wood temperature, its content of salts and extractives and the design of the electrodes.
In an extensive test of hand held resistive mc meters, the variability of the resistance
itself caused 90% of the measurements to fall within the interval of +1% mc for
Nordic pine and +0.8% mc for Nordic spruce. However, when resistive mc meters
were used in an industrial test, it was concluded that only 60% of the readings could
be expected to be within +1% mc from the oven-dry reference in practice (Forsén
and Tarvainen 2000).

Capacitive mc meters measure the capacitance of the wood, which is related to the
dielectric constant, and it is thereby dependent on the temperature, density and mc of
the wood (Torgovnikov 1993). Capacitive meters are fast and non-contacting, but
they are not very accurate. In an industrial test of capacitive inline mc meters, the mc
of 90% of the individual boards was measured within +2.4% mc from the oven-dry
reference (Esping 2003). Capacitive mc meters also exist as hand held devices, for
which it has been shown that a planed surface provides an mc prediction that is 1%
mc higher than that of a sawn wood surface (Garrahan and Lavoie 2005). Two
industrial tests in which capacitive mc meters were used inside a drying Kiln to
predict the mc showed high levels of noise. In these tests, the widths of the intervals
containing 90% of the individual measurements were +2.4 and +1.3% mc (Flgtaker
and Trondstad 2000).



High frequency EM waves, such as y- and X-rays, easily penetrate both green and
dry wood. However, it is not possible to distinguish between wood and water with a
single measurement (Tiitta et al. 1993).

By using Near Infra-Red, NIR, a spectrum with the vibrational energies of the
molecules inside a material can be determined. Calibrations can be performed with
respect to the water content, temperature, fibre angle, surface roughness, amount of
extractives, etc. (Tsuchikawa 2007). In addition to the complexity of correctly
interpreting the spectra, NIR measurements on solid wood are always shallow;
consequently, the result is not representative of the whole board.

The frequency of microwaves allows dipolar molecules like water to align (at least
partly) with the EM field when it changes direction. The alignment of the molecules
inside the material requires energy, which can be measured as an attenuation of the
EM field. The attenuation and phase shift depend on the frequency, the dry wood
density, the mc, the temperature, and the wood fibre direction (Torgovnikov 1993).
The absolute difference in the signal strength per percent mc decreases as the mc
decreases (Schajer and Orhan 2006) and depending on the setup, there can be a lower
limit of the mc that can be measured. Additionally, when the amount of water per unit
area is large, problems caused by the great attenuation can impede measurement of
the mc. Therefore, microwave mc meters are most useful at the final sorting at
sawmills, where most boards are found within the mc range of 7-20%. An
investigation of a system’s ability to predict the mc values of hemlock and Douglas
fir in the mc range of 7-28% determined that the intervals containing 90% of the
errors had widths of +2.0 and 2.6% mc, respectively (Schajer and Orhan 2006). In a
recent test of an industrial device, conditioned pieces of wood, divided into groups of
approximately 20 pieces in each group according to their quality and mc range were
measured. The test provided intervals containing 90% of the errors that were +0.5-
1.0% mc wide (Nilsson 2010).

Radio waves have longer wavelengths than microwaves. As a result, their spatial
resolution is lower, and the signal can be considered to be filtered. When an industrial
device using radio waves was subjected to the same test as described above, the
resulting intervals containing 90% of the errors had widths of +0.7-1.8% mc (Nilsson
2010).

Nuclear Magnetic Resonance (NMR) tilts the atomic spin axis in a material by
applying an external magnetic field. After the external magnetic field is switched off,
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the atomic spin returns to its original direction, and a measureable signal is created.
The mc can be predicted with very high accuracy (Bucur 2003; Merela 2009; Prado
2001), but the time required to tilt the spin is too high to allow online implementation
of this solution.

Ultrasound can be measured either as reflected or transmitted wave, but tests have
shown that the accuracy of such mc measurements is low (Vun et al. 2008).

Measuring the mass of the wood is simple, and robust systems are available. Four
industrial tests were conducted, in which load cells were installed inside a kiln to
measure the total mass of a stack. This value was used to measure the final mc,
producing absolute errors of 0.3, 4.9, 10.0 and 11.2% mc (Flgtaker and Trondstad
2000). To achieve an mc measurement, either the dry wood mass or the mass of water
must be known at some point. Measuring the mass may provide a good complement
to another measuring technique.

Because wood shrinks when it is dried below the fsp, the mc can be determined by
measuring the shrinkage of the boards. Because the shrinkage varies between
individual boards (Hajek and Esping 1996), the method is not applicable to single
boards. Industrial tests have been performed in which the shrinkage of an entire stack
has been measured during drying. In these tests, problems caused by the shrinkage of
stickers, board cupping and twisting have been noticed (Flgtaker and Trondstad
2000). Optical systems for measuring only board shrinkage are discussed, but they
suffer drawbacks as a result of the representativeness of the outer board edges in the
stack and the harsh environment for the measuring device.

By using a neutron source, the hydrogen concentration of a material can be
estimated. Because the mass concentration of hydrogen differs between dry wood and
water, the measurement can be used to estimate the mc if the mass is known at some
point. A test to measure the mc inside a drying kiln by lowering a neutron source and
detector into the floor, as described by Flgtaker and Trondstad (2000), seems
promising, but it is stated that the geometry of the stack is of high importance. With
the described setup, the neutrons are spread in a half sphere, which increases in radius
as the wood dries. Consequently, the volume of wood that is actually measured and
the representativeness of the measurement for the whole batch are debatable.
Individual measurements also show great variation; therefore, the method is most
likely not applicable for inline measurement of single boards when the measurement
speed is important.
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A time domain reflectometer sends an EM pulse and measures the reflected
amplitude as a function of time. The working principle can be compared to that of
ultrasound. Applied to wood, the only references that have been found measure the
moisture density of living trees rather than the mc of dried lumber (Constantz and
Murphy 1990; Wullschleger et al. 1996).

Despite the number of methods that have been applied to mc measurements
throughout the years, none of them has proven to be completely successful.
Consequently, combining different measuring devices and their results with
traceability throughout the production chain would most likely be a fast and easy way
to improve the overall quality of the mc prediction, if not of the mc measurement
itself.

Publication Il

Material and Methods

The measurement of green sapwood mc and sorting of logs into groups with high and
low green sapwood mc by means the combination of an industrial X-ray log scanner
and a 3D- scanner was investigated. The Swedish stem bank for pine logs (Grundberg
et al. 1995) served as a source of material for the work. In short, the stem bank
consists of computer tomography (CT) images of full-size green logs. These images
were taken at distances of 4 cm where the wood was free of knots and distances of 1
cm in knot whirls. There are a total of 560 logs in the pine stem bank, of which 165
logs are butt logs. As a complement to the green logs, the stem bank also consists of
CT images of discs taken from the butt end of each log and conditioned to 9% mc.

Calculation of reference values

The dry sapwood density was calculated by extracting p,, from equation (3) and
using density measurements of the conditioned wood discs. To determine the green
mc that was used as a reference, measurements of the green sapwood density of each
log were also performed on clean wood at an approximate distance of 400 mm from
the butt end. The reference mc was then calculated according to equation (5). To
make the calculations, the following assumptions were applied: the conditioned disks
were assumed to have exactly 9% mc, the maximum volumetric swelling coefficient
was taken to be 14.2% (Esping 1992), the fsp was assumed to be 28% (Kollman and
Coté 1968) and a linear relation was assumed between the dry density of the sapwood
in the butt end and the dry density 400 mm from the butt end.

12



Calculation of prediction values

The sapwood mc was predicted by simulating industrial X-ray and 3D data from the
stem bank. The simulation method is described by Skog and Oja (2010). From the
simulations, both the green sapwood and the green heartwood density were calculated
at a distance of 400 mm from the butt end of each log. With the assumption that the
mc was fixed in the heartwood (Esping 1992) and that a relationship existed between
the dry heartwood and dry sapwood density, models for prediction of the sapwood
mc were developed. Because of the greater amount of extractives in the butt logs
compared to those of the upper logs (Tamminen 1962), two separate models were
developed.

Results and discussion

Because the stem bank does not contain any logs that exhibit significant drying of the
sapwood, the ability to identify those types of logs could not be investigated.
However, the result appears promising because it was possible to correctly sort 70%
of the logs in either a high- or low-mc group. With the described method, some
assumptions about the relationship between the green heartwood density and the dry
sapwood density must always be made. As described in the publication, there are
sources of error in both the reference and predicted values. In the reference, the
uncertainties are attributed to the mc of the conditioned disks, the volumetric swelling
coefficient and the difference in the dry sapwood density between the butt ends of the
logs and the density at a distance of 400 mm from the butt end. If the propagation of
errors is calculated with one percent error in each one of these quantities according to
equation (8), the typical error becomes approximately +5%.

n

. ou\>
Au(x, pO,green) ~ Z (a_> (Ax;)? + ApO,green (8)

i=1 t

In the prediction, a small error is introduced when simulating the industrial X-ray log
scanner and 3D data from the stem bank. However, the largest error occurs when
trying to predict the dry sapwood density from the green heartwood density. By
examining the variation in the average heartwood mc between different sites
(published by Tamminen (1962)), an error of 5% is introduced to the prediction. By
also examining the variation of the ratio between the heart- and sapwood density
(Po,green) between different individuals, another error with an approximate size of
10% is added, giving the predicted values a total uncertainty of approximately +15%.
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Because the green heartwood mc is individual, and the relationship between the dry
heart- and sapwood density also exhibits great variation between individuals, the
described method can never be very accurate for single logs. However, it should be
possible to find batches of logs from the same cutting site that started to dry in the
forest before hauling to the sawmill. By working with larger batches, the possibility
of adjusting the rest of the production chain in the sawmill to the incoming raw
material can also be improved.

Publication Il

Material and Methods

A common problem for many different measuring devices was addressed; namely,
the difficulty of achieving accurate measurement results close to the board edges. A
measuring device using microwaves at a frequency of 10 GHz was used. The
transmitting antenna had two polarisation directions and a scattering dipole, was
placed directly under the wood. This configuration produced a total of four
combinations of phase shifts and attenuations that could be measured (Schajer and
Orhan 2005). By using all four measured polarisation combinations, the attenuation
and phase shift in the principal direction of the wood was calculated. Measurements
were taken at different distances from the board edges, the behaviour of the system
was compared to the behaviour of a FEM of the measurement system. To decrease
the influence of the vicinity of the board edges, a correlation function for the
behaviour of the simulation was introduced.

Results and discussion

The measurements and the simulations of the measurement system showed that the
distance from the edge of the board to the point at which the microwaves behaved as
if the board was of infinite width was approximately 35 mm. By slightly changing the
present setup of the system, it was concluded that the distance was not strictly 35
mm. Instead, it was affected by a sum of different parameters. Simulations of the
system proved to be a valuable tool for further understanding and development of the
system. By using a function to compensate for the distance from the measurement
origin to the vicinity of the board edge, the non-useful range could be decreased from
35 to 19 mm. Despite the apparently small improvement, the useful measurement
range of a 75 mm wide board is increased from 5 to 37 mm.
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Publication IV

Material and Methods

At a modern sawmill, there are many different devices for measuring wood
properties. The goal of publication 1V was to investigate the possibility of increasing
the accuracy of mc measurements by combining different measuring devices. A set of
195 Scots pine boards were planed to dimensions of 44 x 120 x 920 mm® and divided
into five different groups, according to wood quality, by visual inspection. All of the
boards were sawn with a 2ex sawing pattern. Of each group, half of the boards were
conditioned to an mc of approximately 13%, and half were conditioned to
approximately 16%. The different groups were defined by their characteristics. The
“Defect” group contained large wood defects, such as top ruptures and spike knots,
the “Knot” group contained considerably large sound knots, and the “Check” group
contained checks of a size that was easily discovered with the naked eye. The wood
classified as “Fine” had very few and small knots. Most of the “Fine” boards also
contained a large amount of heartwood and had an average dry density higher than
the other groups. Finally, the “Normal” wood group was chosen to represent the most
common wood at a normal production site (i.e., neither of very high or low quality).
From the perspective of an end user, the “Fine” group would be suitable for window
frames, “Defect” would be suitable for packaging, and the other three groups would
normally be used for construction. The typical magnitudes of some characteristic
properties of the different wood groups were measured, and they are presented in
Table 1.

Table 1. Typical magnitudes of some characteristics of the wood in the different groups. The
abbreviations are defined as follows: Cl=Check length, Cw=Check width, Kw=Knot
whirls, Kd =Knot diameter, Fd=Fibre disturbance, p,,,=density of dry wood at moisture

content u.
Group |CI(mm) | Cw (mm) | # Kw | Max Kd (mm) | Fd (mm) | po., (kg/m°)
Normal 0 0 1.7 23 0 400
Fine 0 0 1.3 7.5 0 450
Knot 0 0 2.2 34 0 400
Check 430 0.5 15 11 0 430
Defect 0 0 15 21 160 400

To get an idea of the visual appearance of the boards characteristics, three
representative boards from each group are shown in Figure 6 to Figure 10. In the
figures, only the parts of the boards from which data were collected (i.e., the centre
600 mm of the boards) are shown.
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Figure 6. Three characteristic boards from the group “Normal”.

Figure 7. Three characteristic boards from the group “Fine”.

Figure 8. Three characteristic boards from the group “Knot”.
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Figure 9. Three characteristic boards from the group “Check”. Because the checks are difficult to
identify in the picture, they have been encircled with red lines.

Figure 10. Three characteristic boards from the group “Defect”. Notice the grain deviation over
large areas.

As a calibration set, a total of 45 pieces that were conditioned to three different
moisture content classes of approximately 8, 13 and 16% were used. The wood used
for the calibration had the same characteristics as those of the “Normal” group, and
they were not used in other measurements. The calibration set was kept relatively
small to correspond to an industrial calibration procedure. The mc of each board was
achieved by use of the oven-dry method. The attenuation and phase shift in two
polarisation directions were measured with Satimo microwave equipment at a
frequency of 9.375 GHz (Johansson 2001), as shown in Figure 11. When the boards
where fed through the microwave equipment, their ends were supported by metal
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racks, disturbing the EM field. In the analysis, only the mean values of the measured
quantities from the centre 600 mm of each board were considered.

Transmitting antenna

Figure 11. Satimo microwave equipment. The two antennas and one of the supporting metal racks
are marked in the figure.

The wood density (p,,) was measured with a medical CT-scanner (Siemens
Somatom Emotion Duo).
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Results and discussion

The average error, standard deviation, width of the 90% interval of confidence and
percentage of pieces measured with a smaller error than 1% mc (including and
excluding the average error) are shown in Table 2.

Table 2. Mean errors (€), standard deviation (s), width of the 90% interval of confidence (c) and
percentage of pieces for which the error in the measured mc was smaller than 1% mc.
Number 1 refers to the model, in which only microwave measurements were considered,
while 2 refers to the model in which microwave and computer tomography measurements
were considered. The subscript with a single star refers to the percentage of pieces for
which the deviation between the measured mc was within 1% mc of the oven-dry reference,
while the subscript with two stars refers to the same quantity but with the average group
error (&) subtracted from each single prediction. The unit of all numbers is percent (%).

Group €l | €2 | s1 | s2 | clgg | €29 |17 |27 |17 2"
Normal |-0.65|-0.55[0.85|0.65|+0.23|+0.17|65|83| 73 | 90
Fine 0.18 |-0.21/0.63|0.59|+0.17|£0.1685|93| 90 | 93
Knot -0.36(-0.37| 1.0 |0.89|+0.28|+0.24|70|73| 86 | 86
Check |0.17|-0.33| 1.0 {0.79|+0.27|+0.21|78 78| 78 | 83
Defect |-0.31|-0.59| 1.1 |0.98|+0.30|+0.27|63|68| 66 | 74
All wood [-0.20|-0.41]0.98|0.79|+0.12|+0.10|72|79| 78 | 85

It is interesting to notice how the range of mean errors (in columns 2 and 3) decreases
from 0.83% to 0.38% when the density measurements performed with the CT-
scanner are added to the microwave measurements. The presence of an average error
for the group “Normal”, which had the same characteristics as the calibration boards,
indicates some discrepancy between the two groups. From the table, the increased
difficulty of predicting the mc with good accuracy when more visual inhomogeneities
are present in the wood can be seen. For application in the wood industry, the low
accuracy of the mc measurements for the “Defect” group might not represent a
significant problem because the boards of this group are of low grade anyway.

From the last column, one can see that the aim of the work is exactly fulfilled for
the “Normal” group if the microwave and CT-measurements are combined with a
visual sorting system. However, it should be kept in mind that this represents the
“best possible scenario” in this work because the average group error is subtracted
from each single measurement (as if the calibration was better than it actually turned
out to be).
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Conclusion

Throughout this work, it was concluded that measurement of the mc is a difficult
task. One of the associated problems is caused by the natural inhomogeneity of wood
because knots, grain angles, compression wood, etc. all influence the measurements.
Another problem is caused by the definition of mc itself because both the amount of
water and the dry wood density must be measured. This requirement causes methods
for which only one of the entities can be determined to fail as standalone solutions.
One example of this difficulty is provided by the publication in which a prediction of
the green sapwood mc was performed with a system that could only measure the total
density. Despite the large errors in the method, it was possible to sort the majority of
the logs into either a high or low mc group.

To understand the behaviour of a measuring system and its interaction with the wood,
simulations have again proved to be a valuable tool. It was also shown that the
combination of different measurement devices could be a relatively cheap way to
improve the accuracy of the mc measurement. In publication 1V, it was shown that
the goal of measuring the mc of 90% of the boards within +1% mc was fulfilled for
“normal” wood under ideal circumstances by combining measuring systems using
microwaves, X-rays and visual sorting. However, this aim was not fulfilled with the
original calibration.
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Future work

To gain the full benefit of the different measuring devices that are usually installed at
large sawmills, it would be preferable to combine the measured quantities from
different devices to increase the overall prediction accuracy of single quantities. To
fully analyse the potential of combining methods, it would be of great interest to
collect traceable data from the different devices in a sawmill over a longer period of
time. Because of the great variation in wood parameters, good calibration of a
measuring device is also difficult and time-consuming. When the dielectric properties
of wood serve as the basis of the mc measurement, it is possible to save substantial
time, effort and money by extensive investigation of the dielectric parameters of
wood and the use of a calibration dummy with adjustable dielectric properties in the
calibration procedure.

Another area of interest is the investigation of different measuring system
configurations by simulation. In this work, it would be interesting to consider
different measuring frequencies, antenna designs, shielding of the surroundings and
the effects of different wood properties. The theoretical accuracy of different devices
could also be investigated by using the apparatus signal-to-noise ratio of the
measured phase shift and attenuation as the input data for simulations.
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Appendix

Errata
Publication I:

e On page 6 it is stated that; “En hyvlad yta ger en uppvisad fuktkvot som ligger
en fuktkvotsprocent ldgre..”. The correct text should be; “En hyvlad yta ger en
uppvisad fuktkvot som ligger en fuktkvotsprocent hogre..”.

e On page 14: The sentences “Potentialen hos metoden berdknades till 0.7
fuktkvotsprocent vid ett 95 % konfidensintervall. Vid de aktuella matningarna
uppnaddes dock bara en méatnoggrannhet om 1,1 fuktkvotsprocent med ett 90
% konfidensintervall” should be deleted.
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1 Introduktion

Tra som material har en konkurrensnackdel i att dess egenskaper varierar mycket, bade mellan och
inom en och samma individ. Att battre &n idag kunna sortera virke utifran dess egenskaper skulle
mojliggdra en dkad anvandning av tra som ett ingenjérsmassigt material och i férlangningen 6ka
vardet pa skogsravaran. Inneboende faktorer som paverkar egenskaperna hos tra &r bland annat
kérnvedsandel, kvistandel, kvisttyp, fiberriktning, frodvuxenhet med mera. En av de viktigaste
parametrarna att fastsla i traforadlingskedjan ar fuktkvoten. Den behdver bestammas for att kunna
gora en korrekt héllfasthetssortering, sikerstalla dimensionsstabilitet hos slutprodukten, forhindra
mogeltillvaxt etc.

Kunskapen om vad fuktkvoten hos virke &r, pa vilka satt den paverkar produkten och att vatten
finns dels bundet i virkets cellvaggar och dels fritt i halrum vid olika fuktkvoter &r i manga fall
bristfallig. Detta kan ses bland manga artiklar eftersom flertalet undersékningar att forsoka
bestamma fuktkvoten skett Gver stora fuktkvotsspann (ofta med fuktkvoter upp till atminstone 70
%) och att definitionen som anvénts for fuktkvoten inte ndmnts.

Malet med projektet i vilket foljande studie gjorts &r att hitta eller utveckla matmetoder for
fuktkvoter inom 7-18 fuktkvotsprocent pa torr bas dar 90 % av métningarna ska ha ett matfel
understigande en fuktkvotsprocent oavsett méngden ved matningen avser, eg. enbitsmatning eller
batchmatning. Denna rapport innehaller korta beskrivningar av olika matmetoder och deras
noggrannhet.

1.1 Allmént om fuktkvotsmatning pa tra
Fuktkvoten hos trd brukar métas som kvoten mellan massan vatten i en viss volym och den torra
vedsubstansens massa inom samma volym. Formeln for fuktkvoten, u, blir da:

yoMa=me _m

— @
mO mO
dar:
u = fuktkvot
m, = massan hos fuktigt tré [kg]

m, = massan hos torrt tra [kg]

m, = massan hos vattnet i tréet [kg].

Splintveden hos furu (pinus sylvestris) och gran (picea abies) har en fuktkvot i storleksordningen
~120-150 % i ratt tillstdnd medan karnveden pa desamma &r i storleksordningen 30-40 % (Morén
2007).

1.2 Kénslighetsanalys

En kort dversikt dver matfelens paverkan pa fuktkvotsbestamningen i en torksats redovisas. Fel
som diskuteras ar felaktig bestamning av massan och volymen virke. Resultatet visar pa att
effekten av en enskild felkélla kan skattas med felets storlek i procent av den verkliga fuktkvoten.
En storlek av felkallan pa 5 % ger saledes vid 8 % fuktkvot ett fel pa 0,4 fuktkvotsprocent medan
motsvarande fel vid 16 % fuktkvot blir 0,8 fuktkvotsprocent. Kénslighetsanalysen &r giltig for alla
méatmetoder men koncentrerar sig kring batchmdtning i virkestork.

1.2.1 Véagning

Noggrannheten hos metoder som bygger pa att mata eller uppskatta vikt eller densiteten hos virke
kommer att paverka den skattade massan hos veden. Felen hos lastceller ligger i storleksordningen
+0,1 % medan felen hos truckvagar ligger inom +0,5 % av végens kapacitet vilket ger ett fel pa en
20-tons truck inom 100 kg. En noggrant bestdmd vattenmassa i ett virkespaket ger att felet hos
végen ger ett fel i den skattade vedmassan. P& ett 4m® virkespaket av gran motsvarar en felvagning

pd 100 kg ett densitetsfel pa cirka 6,5 % (raknat p& p,,,s om 385kg/m?). Ur praktisk synvinkel kan
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man anvanda kurvorna i Figur 1 &ven vid felskattning av vattenmassan (procentuellt). Samtliga
berakningar, dar ej annat anges, har gjorts pa furu med en densitet, py, s, av 430 kg/m®,

1.8

o  Vagdfel tra 1%
1.6 3
4 Vagfel ., 5%

& Vvagfel . 10%

1.4

1.2

0.8 e —

0.6 1 e

Absolut felskattning fuktkvotsprocent

0.4

*

0.2 - -
b 7‘@7,<>/<3777<;/4%774>/11774; )

0
7 8 9 10 11 12 13 14 15 16 17 18

Fuktkvot %

Figur 1. Paverkan av felaktigt skattad virkesdensitet pa skattad fuktkvot hos en virkesbatch.

Ur Figur 1 kan man se att en felskattning av virkesmassan om 10 % redan vid 11 procents fuktkvot
ger en felaktig skattning av fuktkvoten pa en procentenhet. Eftersom standardavvikelsen pa
veddensiteten ligger runt 10 procent ar det darfor viktigt att nyttja en metod som istéllet méter den
verkliga densiteten pd mindre partier virke. Punkternas avvikelse fran den réta linjen i Figur 1 -
Figur 4 beror pé att en fordelning av virke med viss spridning simulerats.

1.2.2 Volymskattning

Den ingéende volymen i ett virkespaket kan till exempel felskattas genom felaktiga ramatt pa virket
eller ej noggranna langdmatningar pd virket. Ifall langden méts i fallande 3 dm moduler kan felen
teoretiskt uppga till 7,5 volymprocent for 4 meters virke under forutsattning att allt virke har en
langd som ligger just under modulgréansen. | Figur 2 redovisas felen i fuktkvotsskattningen nar
virkeslangden avrundats till modulbotten. Virkets l&ngd har antagits vara jamt fordelat i langder
mellan 35 och 54 dm. En I&ngdavrundning till fallande 3 dm moduler innebér darfor att
medelplankan har avrundats 15 cm. Langdfordelningen av virket ger en medellangd av 445 cm och
saledes en underskattning av volymen om 3,4 %. Felaktiga ramatt bor ge ett mindre volymfel dn
langdmatning med 3dm moduler. Till exempel ger ett 0,5 mm fel i rAmattet ett volymfel pd 2,5 %
for en 20 mm tjock brada. Ett billigt sétt att minska felskattningen av volymen in i torken &r att
utfora langdméatning med atminstone centimeter-precision ifall detta inte redan gors idag.

En simulering hur avrundningar i langdmatten av virket pa verkar fuktkvotsskattningen gjordes dar
virkesldngden avrundades till fallande 1cm, 1dm samt 3dm moduler respektive.
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Figur 2. Langdavrundnings, (i.e. volymfel), paverkan pé den skattade fuktkvoten hos en virkesbatch.

Vid bestamning av fuktkvoten behdver man titta pa felkallornas sammanlagda inverkan. I Figur 3
redovisas en simulering dar fel finns i vedvolymen, vattenmassan och tradensiteten. Felen har valts
sd att de samverkar och ger sa stort totalfel som majligt.
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Figur 3. Kombination av matfel for volym, vattenmassa och tradensitet.

Ur figuren ovan kan man se att totala felet nar flera felkallor samverkar blir stort. For att fa en
noggrann bestamning av fuktkvoten &r det darfor viktigt att forsoka bestimma samtliga ingaende
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faktorer med sa stor noggrannhet som méjligt. Eftersom langdmatning inom centimeter-precision
ar enkel att astadkomma upprepades simulering enligt Figur 3 men med langdavrundning till
fallande 1cm Kklasser i samtliga fall. Resultatet redovisas i Figur 4.

4.5
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Figur 4. Kombination av olika matfel med en noggrann volymskattning.

Genom att jamfdra Figur 3 och Figur 4 kan man se att en stor forbattring av matnoggrannheten kan
astadkommas endast genom att forbattra volymskattningen.

2 Méatmetoder

2.1 Resistiva matare

Resistiva fuktkvotsmatare utnyttjar forhallandet mellan resistansen i veden, eller impedans i fall dar
mataren anvander vaxelspanning, och dess vatteninnehall. Vid fuktkvoter under
fiberméattnadsfuktkvoten ar motstandet kraftigt beroende av vedens fuktinnehéll medan beroendet
avtar da fuktkvoten overstiger fiberméattnadsfuktkvoten. Vid de hoga fuktkvoterna ar det istallet
andra amnen i veden som framst paverkar motstandet som till exempel saltinnehallet (Esping
1992).

Tidigare undersokningar av handhallna resistiva fuktkvotsmétare (Forsén and Tarvainen 2000)
fastslar vikten av en noga kalibrerad méatare. Stora skillnader i kalibreringskurvorna pavisas for
virkestemperatur, kdrnved/splintved och elektrodernas utformning. Ingen signifikant skillnad
beroende pa matriktning i forhallande till fiberriktning, vedens densitet eller elektrodavstandet
pavisas.

Industriella forsok att bestdmma slutfuktkvoten hos en virkesbatch under torkning, (Flgtaker and
Tronstad 2000), visar att medelfuktkvoten bor métas fore en eventuell konditioneringsfas.
Medelfuktkvoten kunde, for alla fyra testomgangar, bestammas inom 1,4 fuktkvotsprocent med ett
90 % konfidensintervall, detta efter att en ny resistanskurva utarbetats. Resultatet ska darfor ses
som ett matt pa metodens potential.
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Figur 5. Exempel pd handhallen resistiv fuktkvotsmatare(1).

2.2 Kapacitiv matare

Kapacitiva matare ar idag den vanliga typen av inlinemétare i sdgverksindustrin. Matvardet for
kapacitansen hos traet beror pa den dielektriska konstanten (Skaar 1988). Den dielektriska
konstanten ar ett matt pa polariseringen hos atomerna och molekylerna i ett material nar detta
placeras i ett elektriskt falt. Enligt (Torgovnikov 1993; Forsén and Tarvainen 2000) kan atminstone
fyra olika typer av polarisering ske i tra beroende pa vilken matfrekvens som anvénds. Dessa fyra
ar elektron-, atom-, dipol- och interfacial polarisering. De tva forsta ar av primart intresse vid
anvandandet av optisk och infrardd spektroskopi medan de tvé senare &r vad som framst méats nar
man anvander elektriska metoder med frekvenser av storleksordningen mikrovagor och lagre.

Vid en undersékning som utférdes av Tratek visade den bésta av de fyra undersokta inline-métarna,
Brookhuis, Exotek, Quasar och Wagner, en matnoggrannhet pa individniva med 90 % av
individerna inom 2,4 fuktkvotsprocent och en repeterbarhet inom 1,8 fuktkvotsprocent (Esping
2003). En &ldre undersokning av inline-matare fastslar att densitetskompensation séanker
medelkvadratfelet fran 2,9 till 2,1 (Eliasson 1989).

Undersokning av en handhallen kapacitiv fuktkvotsmatare (Garrahan and Lavoie 2005) visar
foljande:
e En hyvlad yta ger en uppvisad fuktkvot som ligger en fuktkvotsprocent lagre jamfort med
motsvarande virke med ségad yta.
o Virkets temperatur paverkar matningen med 0,0477 fuktkvotsprocent per grad Celsius.
e Virkets dimension paverkar den uppmatta fuktkvoten.
e Tjurved och kvist paverkar inte den uppmatta fuktkvoten ifall hansyn tas till den faktiska
densiteten.
e Ingen skillnad mellan méatresultat kunde pavisas mellan virke torkat vid tva olika

torktemperaturer, 82 respektive 110 C.

torr*
Enligt uppgifter fran en séljare av kapacitiva inline-fuktkvotsmatare finns den storsta

forbattringspotentialen i att anvénda sig av densitetskompensering, kompensering for plankans
position relativt sensorn samt temperaturkompensering (Rasimus 2010).
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Ifall mataren endast bestar av ett mathuvud, som oftast ar fallet med handhallna métare, paverkas
matresultatet i stor utstrackning av fuktkvoten i ytan dér faltet ar starkast. Tvd mathuvuden som kan
mata den dielektriska konstanten bade mellan mathuvudena och runt respektive mathuvud ger
darfor en majlighet, &tminstone i teorin, att mata fuktkvotsgradienten.

En métuppstallning som kombinerar den kapacitiva och resistiva matningen &r den elektriska
impedansspektroskopin vilken genom att anvanda olika frekvenser och darigenom erhalla olika
intrangningsdjup kan skatta bade medelfuktkvoten och fuktkvotsgradienten. En portabel utrustning
som utvecklats i Finland (Tiitta and Olkkonen 2002) gav samre skattning av medelfuktkvoten &n
kommersiella kapacitiva givare men en 6kad méjlighet att upptdcka fuktkvotsgradienter.

Figur 6. En modell av kapacitiv inlinefuktkvotstmatare (2).

2.3 Gammastralning

Gammastralar ar de elektromagnetiska vagorna med hagst energi och frekvens. Ifall man ska prata
om vaglangder, vilket kan vara forvirrande eftersom dessa r s& korta att man lampligast istéllet bor
prata om energier, &r dessa i storleksordningen mindre &n en picometer. Genom att méta
dampningen av gammastralar nar dessa passerar ett medium kan du fa en uppfattning om
materialets tathet. Med bara en matning kan dock inte veden och vattnet sarskiljas (Tiitta,
Olkkonen et al. 1993).

Figur 7. Laborationsuppstallning av matsystem for gammastralning (3).
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2.4 Rontgen
Rontgenstralning har relativt kort vaglangd, (0,06-125nm), och hég energi. Detta gor att den far en
hog intrangningsformaga i olika material. Metoder med flera olika energinivéaer kan dka
informationen fran méatningen eftersom molekylerna reagerar olika vid olika vaglidngder. Genom att
anvanda minst tva distinkta energinivaer kan darfor en viss sarskiljning av vatten respektive
vedmiangd goras. Ett forsok att bestamma fuktkvoten hos granflis, (rd bas), genom att anvanda tva
energinivéer (Hultnas, Kullenberg et al.) gav en standaravvikelse runt 0,5 fuktkvotsprocent i en
repeterbarhetstest av tio matningar per varje objekt. Vid undersokningen anvandes &ven
véldefinierade prover samt méttider pé runt en minut for att forbattra signal-brus forhéallandet.
Matningar av bland annat fuktkvoten hos virke har utforts i forskningssyfte under pagaende
torkning och man har da visat pad en maximal teoretisk standardavvikelse pé 0,6 fuktkvotsprocent
for virke under fiberméttnadspunkten (Baettig 2006). Det ska noteras att vid forsdket torkades och
undersoktes endast en planka per gang i en liten labb-tork vilket underléttar matningen avsevart.

En rontgendetektor kan byggas som en lang endimensionell detektor och man kan darfor fa till
stand ett stort matomrade for varje stralkélla vid en tvarmatning. Kombinerad med en metod som
med stor noggrannhet méter antingen veddensiteten eller vattenméngden &r det darfor troligt att en
god fuktkvotsméatning skulle erhéllas.

Figur 8. Tomograf for forskningsandamal (4).

25NIR

NIR (Near Infra Red) ligger i det elektromagnetiska spektrumet nara synligt ljus med vaglangder
pé 780-3000nm (Hecht 2002). Vid undersdkningar med hjélp av NIR erhalls ett spektra med
vibrationsenergierna hos det undersokta materialet. Alla molekyler har sina speciella energinivaer
for vibrationerna. Spektrumet som i slutédndan ska analyseras innehéller ménga Gverlappningar och
kombinationer av vibrationer vilket gor det svaranalyserat. Med NIR kan mycket information
tolkas ur en enda métning vilket kan ses som en fordel samtidigt som det forutsatter att man har bra
koll pa en rad ingdende parametrar for att undvika feltolkning. Nagra parametrar som péaverkar
spektrumet &r: vatteninnehéll (kan delas in efter hur detta &r bundet), temperatur, fibervinkel, ytans
beskaffenhet, extraktivdmnen, mikrofibrillvinkel mm. (Tsuchikawa 2007). Med hjélp av NIR &r det
mojligt att direkt mata fuktkvoten i tra. NIR har, pa grund av sin vaglangd, ett daligt
intrdngningsdjup vilket gor att médtningen endast sker i ytskiktet. Medelfuktkvoten hos en planka
kan darfor inte matas med bara NIR, daremot kan metoden tillsammans med en annan matmetod ge
en uppskattning av fuktkvotsgradienten.
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Figur 9. Exempel pa utrustning for NIR-analyser (5)

2.6 Mikrovagor

Mikrovagor ar i det elektromagnetiska spektrumet placerat mellan radiovagor och infraréda vagor,
det vill saga vaglangder mellan 1mm till 30 cm. Den relativt langa vaglangden, d.v.s. ett langsamt
varierande elektromagnetiskt falt mojliggor for dipolara molekyler, till exempel vattenmolekyler,
att stalla sig parallellt med féltet nér detta byter riktning. Molekylerna behdver energi for att stélla
sig parallellt med det palagda elektromagnetiska faltet, energi som tas ifran detta. Mangden
vattenmolekyler i ett material kan darfér métas genom att méta energiforlusten av ett
elektromagnetiskt falt, med vaglangder i mikrovagsomradet, nar detta passerar genom ett material.

Eftersom elektromagnetiska vagor fardas langsammare i ett material &n i vakuum uppstar alltid en
forskjutning av fasen nar en vag passerar genom ett material vilket kan forstas som att vagen
behdver langre tid pa sig nar denna ska passera genom ett material jamfort med vakuum. Forenklat
sett beror energiforlusten pa vattenmangden, fasskiftet pa en kombination av fukt och veddensitet
och forandringen av polariseringen pa fiberriktningen (James, Yen et al. 1985). Mikrovagorna
paverkas aven olika beroende pa vaglangd, fiberriktning, temperatur, veddensitet, dimension och
pé vilket satt vattenmolekylen ar bunden till materialet (Okamura 2000). | artikeln listas aven fem
olika matuppstéllningar for fuktkvotsmétningar, dessa ér: ”fri-rymdsmetoden” (stralkélla och
mottagare pé olika sidor om métobjektet), transmissionsmetoden, reflektionsmetoden,
resonansmetoden och TDR (se separat kapitel).

Mikrovagor kommer alltid, eftersom de sétter vattenmolekylerna i rérelse, att avge energi till
matobjektet. For att mata fuktinnehallet racker det dock med sma energinivéaer och darfor blir
varmningseffekten forsumbar. Vid Iaga fuktkvoter kommer alltid signal-brus forhallandet att vara
lagre eftersom dampningen ar mindre vilket innebér att matresultaten vid laga fuktkvoter inte ar
lika palitliga. Frusen ved kommer dven att indikera for lag fuktkvot eftersom vattenmolekylerna
inte har samma modjlighet att vrida sig med faltets riktning (Hansson, Lundgren et al. 2005).

I en undersokning dar en slitsad vagledare anvandes som ett stro kunde medelfuktkvoten under
torkning berdknas inom tva fuktkvotsprocent med ett 90 % konfidensintervall vid fuktkvoter under
15 % (Holmes and Riley). Metoden verkar lovande men har féljande nackdelar: extraarbete for
sdgverkspersonalen, kanslig utrustning maste placeras i virkestorken, mataren behgver
stromforsorjning vilket gér den svar att anvanda i en vandringstork.
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Figur 10. Inlinefuktkvotsméatare som anvander mikrovagor (6).

2.7 Radiovagor

Radiovagor ar de vagor med den langsta vaglangden i det elektromagnetiska spektrumet (fran
30cm till flera kilometer). Det finns idag kommersiella fuktkvotsméatare som anvander sig av
radiovagor for att mata fuktkvoten pa enbitsniva, se Figur 11. Radiovagor har dven anvants for att
forsoka bestamma medelfuktkvoten av en virkeslast under pagaende torkning. Inga publicerade
resultat pa detta har dock hittats. Vid fuktkvotsbestdamning av varmeflis har provmaterialets
temperatur visats vara forsumbar inom intervallet 2-60°C (Paz, Nystrom et al. 2006). En
utvardering av radiovagor for att bestimma vattenhalten i varmeflis gav ett medelkvadratfel pa
modellen av 4.9 vattenhaltsprocent (Paz, Nystom et al. 2008). Vid den aktuella undersékningen
innehdll flisen ungefér 25-65 vattenhaltsprocent.

Figur 11. Exempel pé en fuktkvotsmatare som anvéander sig av radiovagor (7).

2.8 NMR

NMR, Nuclear Magnetic Resonance, anvander spinnet hos atomer, i fallet dar vattenméngden ska
matas protonen H*, for att skapa en métbar signal. Kérnspinnet kan sagas ha en viss riktning och
kan lampligt liknas vid en vektor. Utsatter man métkroppen for ett externt magnetfallt kommer
dessa vektorer att orientera sig parallellt med det externa féltet. Ifall man sedan utsédtter matkroppen
for en elektromagnetisk vag kommer denna att fa alla spin att oscillera, oscillationer som gar att
mata genom den spanning de inducerar i en spole. Hur snabbt den inducerade signalen avtar &r
olika for olika material och genom att mata detta kan man till exempel bestdmma hur mycket vatten
som finns i veden. Metoden fungerar &nnu béttre ifall hdnsyn tas till vedens kemiska
sammansattning. Ett kalibrerat system, dar provbitarna dven vags ger resultat pa fuktkvoten som &r
jamforbart med torrviktsmetoden (Merela 2009)
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Enkelt uttryckt kan man mata mangden molekyler/atomer av olika slag i métobjektet. Metoden kan
aven utnyttjas med hjalp av mindre permanentmagneter med den nackdelen att signalens harkomst
endast gar att bestamma i en dimension, det vill sdga avstandet fran métaren. Fordelarna ligger i
priset for bade inkop och anvandande av utrustningen.

En undersokning av en handhallen NMR-sensor visar pa ett tydligt samband mellan fuktkvoten och
den métta signalen (Prado 2001). Undersokningen utférdes som ett led i att bestdmma potentialen
hos metoden for att bestdmma fuktkvoten. Namnas ska att undersokta fuktkvotsintervallet 1ag
ungefar mellan 20 och 75 % fuktkvot och bestod av endast 9 métpunkter. | en annan undersokning
som gjorts kunde en regressionsanpassning for matning av fuktkvoten hos ”Western red cedar”, dar
denna jamférdes med torrviktsmetoden, erhallas med ett R%-vérde pa 0,9916 (Bucur 2003).

Figur 12. Exempel p& en handhallen NMR-magnet (8).

2.9 Ultraljud

Ultraljud bygger pa att en ljudvag gar in i materialet som ska matas. Matning kan ske antingen pa
den transmitterade eller reflekterade vagen som &r fallet vid vanliga mammografiundersékningar.
En metod dar den reflekterade vagen méts skulle ge mojlighet att mata en fuktprofil under
forutsittning att vagen reflekteras pé olika djup. Vid en mammografiundersokning ses egentligen
overgangarna mellan olika medium t.ex. muskel, ben, vatten medan ett virkesstycke saknar dessa
tydliga skillnader annat &n pa mikroskopisk niva. Ett forsok att kalibrera en beréringsfri
ultraljudsutrustning for att méta fuktkvot pa “red pine” (Pinus resinosa) visar pa att det finns ett
samband mellan fuktkvoten och ljudhastigheten respektive transmittansen (Vun, Hoover et al.
2008). Resultaten pavisar dock stort brus i matningarna och att anvanda metoden for att bestamma
fuktkvoten skulle ge stora felaktigheter i fuktkvotsskattningen.

Figur 13. Figuren visar en variant av en ultraljudsmatare (9).
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2.10 Gravimetriska metoder

Metoden &r att bestamma massan pa veden vid den aktuella fuktkvoten. For att bestamma
fuktkvoten i virket behdver antingen vedens torra massa eller vattnets massa vid en viss métning
vara kand.

Metoden skulle fungera i en virkestork om man vid nagon speciell tidpunkt kunde fa en signal pa
vattnets massa och sedan anvédnda denna punkt som referens och mata massférandringar nér
torkningen fortskrider. Forsok har gjorts dar massan hos enskilda virkesstycken saval som hela
virkesstaplar bestamts under pagaende torkning. Métningen blir béttre pa en hel virkesstapel &4n pé
enbitsniva eftersom medeldensiteten pa en virkesstapel varierar mindre an densiteten hos en enskild
individ. Industriella forsok, utforda av NTI, dar en virkesstapel vagdes under pagaende torkning
visar pa vikten av en noggrant bestamd virkesdensitet. Nar tabellvarden anvandes blev
feluppskattningarna av fuktkvoten upp till 15,1 % -enheter. Nér istéllet den uppmaétta
medeldensiteten for furu (Pinus sylvestris) respektive gran (Picea abies) anvandes blev
feluppskattningarna mellan 2,2 och 8,2 fuktkvotsprocent (Flgtaker and Tronstad 2000).

Torrviktsmetoden som anvéands for att mata fuktkvoten enligt standarden, ISO 4470, &r en variant
av en gravimetrisk metod dar massan hos en provbit bestdms innan denna torkas vidare i ugn tills
forandringen av massan hos provbiten inte dr storre &n 0,1 % per timme. Genom att médta massan
hos det torra provet kan sedan fuktkvoten vid den férsta métningen bestdmmas genom att anvanda
ekvation 1. Eftersom metoden &r tidsédande och forstérande dr den endast aktuell fér noggrann
matning av fuktkvoten hos ett begrénsat antal individer i produktionen. En gemensam felkélla som
finns hos alla metoder dar totala massan ska bestammas genom véagning &r vagens precision. Det &ar
darfor viktigt att anvanda en kalibrerad vag med tillrackligt hog upplosning for andamélet. Speciellt
for torrviktsmetoden finns en rad andra felkéllor som uttorkning vid provtagning eller mellan
provtagning och forsta végning, délig ventilerad ugn, felaktig varme i ugnen, uttorkning av
lattflyktiga &amnen som tolkas som vatten, vattenabsorption efter torkning samt att span och sma
tréflisor faller av provbiten under torkningen (Esping 1992).

Att anvanda lastceller i virkestorken och méta en hel virkesstapels massa kan vara ett ndgorlunda
robust system. Mojligheten att spara individer genom systemet tillsammans med en
fuktkvotsmatare for ratt respektive torkat virke skulle ge en vardefull databas med bra méjligheter
for att ytterligare utveckla torksimuleringarna. Lastceller skulle i sa fall kunna monteras i de
virkestorkar dar speciellt vardefulla produkter torkas for att pa sa sétt fa en indikation om
slutfuktkvoten samtidigt som databasen, som gar att anvanda i samtliga torkar, fylls pa.

Figur 14. Exempel pi en lastcell av ”S-typ” (10).
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2.11 Krympningsmatning

Virke ségs vid fibermattnadsfuktkvoten, som ligger runt 28-30 % fuktkvot (Esping 1992), vara
tomt pa fritt vatten i lumen och endast innehalla vatten i cellvaggarna. Vid ytterligare torkning, det
vill sdga nér vatten forsvinner ur cellvdggarna krymper dessa. Genom att mata krympningen av en
planka kan man darigenom uppskatta fuktkvoten under fiberméttnadsfuktkvoten. Variationen i
krympning mellan individer ar, aven nar dessa 4r sagade till samma dimension och harror fran
samma position i stocken, stor (Hajek and Esping 1996). Skattning av fuktkvoten hos en enskild
individ genom att méta krympning ger darfor ett osakert resultat. Metoden &r darfor framst [amplig
for att mata medelfuktkvoten i en torksats genom att utféra krympningsmétningen pa ett stort antal
individer.

Tidigare undersokningar dér den totala hojden pa en virkesstapel uppmatts visar pa problem med
strolagrens krympning, virkets kupning och skevning samt intryckningen av ston i virket pa grund
av den hdga belastningen (Flataker and Tronstad 2000). | samma undersokning patalas fordelarna
med att endast méata virkets krympning. Denna matning bor i sa fall, av praktiska skal, ske optiskt
och beréringsfritt pa en kantsida av en virkesstapel. Skillnaden &r da att méatningen inte gors pa ren
radiell krympning utan snarare pa en kombination av radiell och tangentiell krympning samt att en
fri kant under torkning kommer att torka nagot snabbare &n medelplankan i hela torksatsen och
darfor indikera en for 1dg medelfuktkvot. Margplaceringen i plankorna, att dessa har skarpa sidor
som dr enkla att mata samt kantplankornas representativitet for medelplankan (vilket ar av speciellt
intresse nar plankor fran flera positioner i en stock torkas tillsammans) behéver darfor hallas i
atanke.

Miljon i en virkestork med hog varme och fuktighet samt l&ttflyktiga &mnen i torkluften som
avgetts fran virket och cirkulerar med torkluften ger ett ogynnsamt klimat for all utrustning. Ifall en
kamera placeras inuti virkestorken for att fotografera kantsidan pa en virkesstapel behéver linsen
hallas fri fran fukt och smuts. Klimatet kan dessutom direkt paverka uppmatta resultat ifall
métutrustningen har ett temperaturberoende eller fuktkvotsberoende.
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Figur 15. Strolagt virkespaket.
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2.12 Neutronkallor

Méjligheten finns att méta vatteninnehallet i ett &mne med hjélp av att beskjuta detta med neutroner
och jamfora antalet neutroner som tar sig igenom materialet med antalet som tar sig till detektorn
nér ingen provbit ligger i matomradet. Experimentella data som jamférts med teoretiska vérden
genom Monte-Carlo simulering visar pa svarigheter att exakt bestimma fuktkvoten trots att varje
prov hade en méttid om 5-10 minuter (Naqvi 2003). Neutronkallor har &ven anvénts for att skatta
fuktkvoten av en virkesbatch under pagéende torkning (Flgtaker and Tronstad 2000). En
neutronkalla och en sensor som monterats bredvid varandra placerades under en virkesstapel.
Sensorn matte pa s satt indirekt diametern pa matloben eftersom denna 6kar nér
vatekoncentrationen sjunker, det vill saga nar vatteninnehallet i virket minskar. Potentialen hos
metoden beréknades till 0.7 fuktkvotsprocent vid ett 95 % konfidensintervall. Vid de aktuella
matningarna uppnéaddes dock bara en matnoggrannhet om 1,1 fuktkvotsprocent med ett 90 %
konfidensintervall. Den aktuella matuppstéliningen skulle &ven fungera bra i en vandringstork
eftersom hela matutrustningen var infalld i golvet och matte fuktkvoten berdringsfritt. Viktigt att
notera &r att i rapporten understryks flera ganger att placeringen av paketet och individerna
paverkar matresultatet. Matmetoden kan inte heller séarskilja vatten eller vedmangd vilket gor att
det kravs en kand kalibreringspunkt.

Figur 16. Exempel pé utrustning for att mata dampningen av neutroner (11).

2.13 TDR-Time Domain Reflectometry

Arbetsprincipen for TDR &r liknande den for ultraljud. Genom att skicka in en elektromagnetisk
vdg i ett material och méta reflekterad amplitud som funktion av tiden kan en skattning goras av
fuktinnehallet i ett material (Cerny 2009). Metoden bygger pa att stift slas in i materialet och vagen
skickas mellan dessa (Okamura 2000). Matningar av hur fuktkvoten i levande trad forandras under
aren har gjorts, det vill saga métningar pa fuktkvoter Gver fibermattnadsfuktkvoten och utan sakra
referenser (Wullschleger, Hanson et al. 1996).
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Figur 17. TDR-utrustning (12).

2.14 Multisensorsystem

Ett problem som aterkommer for alla matmetoder i storre eller mindre utstrackning ar att
fuktkvotsmatningar forutsitter att bade massan vatten och massan ved i en viss volym &r kénd.
Medan vissa metoder &r bra pa att mata totala massan, till exempel metoder som anvander sig av
rontgen eller gammastralar; andra metoder snarare vatteninnehallet, t.ex. kapacitiva matare. Fatalet
matare kan, atminstone delvis, sarskilja vatten och vedmangd, till exempel NMR, neutronkallor.
For att fa till stand en noggrann fuktkvotsmatning ar det darfor troligt att flera olika matmetoder
bor kombineras. Kombinationen av matmetoder skulle dven oka precisionen da kalibreringen kan
ske for kombinationen av flera matares resultat pa samma individ istallet for pa en enskild matare
at gangen.

3 Sammanfattning

Matning av fuktkvot i virke &r en svar uppgift vilket kan forstas av hur mycket arbete som tidigare
lagts ner for att hitta den perfekta matmetoden. Det &r knappast troligt att mycket béttre resultat &n
vad som erhalls idag kommer att kunna uppnas utan att kombinera flera olika matprinciper. For att
mata medelfuktkvoten i en virkeslast under torkningen vore det dven dnskvért att undvika placering
av avancerad och dyr matutrustning inne i det tuffa klimat som rader i en virkestork. Ett intressant
alternativ vore billiga resistans och temperaturmatare som kunde placeras pa virket redan i
rasorteringen. Med grund i vad som hittats i artiklar och rapporter och som sammanstallts i denna
text presenteras en dverskadlig sammanstallning av matmetodernas prestanda for enbits- respektive
batchmétning i Tabell 1 och Tabell 2. Det &r viktigt att notera att betygssattningen &r godtycklig.

Tabell 1. Méatmetoder, dess teknikmognad och potential for fuktkvotsmétning vid enbitsmétningar.

Metod Teknikmognad Potential (Fuktkvot)
Resistiva matare +++ ++
Kapacitiva matare +++ ++
Gammastralning + ++
Rontgen + T+t
NIR ¥ n
Mikrovagor ++ St
Radiovagor ++ e+
NMR + +++
Ultraljud + +
Neutronkallor 0 ++
TDR + +

+++ ~

indugﬁghgal +++ Hog

++ Finns i industrin ++ Medel

+ Teknik valkand +Lag

0 Oséker 0 Oséker
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Tabell 2. M&tmetoder, dess teknikmognad och potential for fuktkvotsmatning vid batchméatningar.

Metod "Teknikmognad" Potential (Fuktkvot) | Anvandarvanlighet
Resistiva matare ++ +++ +
Kapacitiva méatare + ++ ++
Mikrovagor 0 ++ ++
Radiovagor + + ++
Neutronkallor + + ++
Véagning ++ + +++
Krympning ++ ++ ++

+++ Vanliga i

industrin +++ Hog +++ Lite extraarbete

++ Finns i industrin ++ Medel ++ Visst extraarbete

+ Mycket
+ Teknik valkand +Lag extraarbete
0 Oséaker 0 Oséker
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Abstract

Because today’s sawmill processes are not fully adapted to the variability of the raw material, it is crucial to sort sawlogs
according to material properties in order to process the wood efficiently and to obtain high-quality end-products. One
material property that could be used for sorting is the moisture content (MC) of the sapwood, an important parameter for
both the processing and the end-products. Most sawmills use three-dimensional (3D) scanners to sort logs and some have
also invested in X-ray scanners. Previous studies have shown that, by combining raw data from 3D and X-ray log scanners,
green sapwood density and dry heartwood density in Scots pine sawlogs can be estimated. In this study, the method was
used to estimate sapwood MC in green logs. It was found that the MC estimate could be used to separate the logs into
groups with high and low MC, correctly classifying all logs with MC below 100% as low MC logs. Out of all logs, 70% were
correctly classified. The MC estimate could also be compared to the dry density-dependent maximum MC and used to
identify logs that have actually started to dry.

Keywords: 3D scanning, green density, log sorting, MC, Scots pine, X-ray scanning.

Introduction efficiently and the highest possible quality of the
end-products can be obtained. Heartwood content,
wood density and sapwood moisture content (MC)
are examples of properties important to the drying
process. Boards with similar density and moisture-
content distribution show similar behaviour during
drying, and by sorting the boards according to these
parameters before drying, well-adapted drying sche-
dules can be constructed with respect to time, energy

Wood is a biological material with great variations in
material properties between individual logs and
within the same log. The wood industry of today
deals with large volumes in an almost automatic
process, which is not fully adapted to the variability
of the raw material. Thus, the sawn wood also shows
a great variability in material properties, and a large
share of the production carries combinations of

dimension and grade that do not meet customer
requirements (Gronlund, 1992). To reduce the
production of off-grade products, the sawlogs may
be sorted according to specific material properties or
predicted grade of the sawn goods before sawing.
This enables the sawmill to saw each log into
dimensions where the grade of the log is best
utilized, thus improving the value of the sawn wood.

Sorting of logs or sawn goods according to certain
material properties also helps the sawmill to adjust
the process so that the wood can be processed

consumption and quality of the final products. If the
initial MC in the batch is known, over-drying can be
reduced when using fixed schedules, and the finish-
ing time can be predicted more accurately when
using adaptive schedules (Larsson & Morén, 2003).

In the green sorting, heartwood content can be
measured using, for example, laser systems (Oja
et al., 2006), and wood density and average MC can
be measured using microwave scanning (Johansson
et al., 2003). Using these techniques, it is possible
to sort the sawn goods with respect to drying
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properties. By this approach, however, the volumes
sorted into each class is not known in advance, and
consequently the production cannot be planned to
achieve optimum filling in the kilns. To avoid this
problem, it would be desirable to perform sorting
based on drying properties earlier in the process at
the log-sorting station.

In the log sorting, inner properties of logs such as
heartwood content (Skatter, 1998; Oja et al., 2001)
and density (Oja ez al., 2001) can be measured using
an X-ray log scanner. Most sawmills installing an
X-ray log scanner already have an optical three-
dimensional (3D) scanner present, and it has been
shown that the combination of both scanners can be
used to sort logs with improved precision (Skog &
Oja, 2009). The combined 3D X-ray method has
been used to measure heartwood diameter (Skog &
Oja, 2009), green sapwood density and dry heart-
wood density in Scots pine sawlogs (Skog & Oja,
2010). However, so far no method for measuring
MC in the log sorting has been presented. The
hypothesis of this study is that it should be possible
to use dry heartwood density to estimate the dry
sapwood density, and that the dry and green sapwood
densities can be combined to obtain the sapwood
MC in the log. Sorting the logs based on this
information would result in batches with more
homogeneous material properties, which would be
helpful when optimizing the processing of the logs.

The aim of this study was to develop a sapwood
MC calculation model and to evaluate the feasibility
of this method for the sorting of sawlogs.

Materials and methods
Calculation of reference values

The development of MC calculation algorithms
requires a set of sawlogs with well-defined green
and dry densities. In this study, the computed
tomographic (CT) scanned logs of the Swedish
pine stem bank (Grundberg ez al., 1995) were used.
The stem bank contains a total of 560 Scots pine
sawlogs (165 butt logs and 395 upper logs), for which
cross-sectional CT images are available every 10 mm
within knot whorls and every 40 mm between whorls,
giving a good knowledge of the green density in the
logs. For each log, a reference value for the green
sapwood density, p, ,, was calculated by taking the
average over the sapwood of a knot-free cross-section
approximately 400 mm from the log end.

In the stem bank, CT images of discs cut from the
butt end of every log and conditioned to 9% MC are
also available. In these pictures, the average sapwood
density at 9%, pg,o, was calculated and used to find a
reference value for the dry sapwood density, po,o.

This value was calculated using the relation between
the density, p,,,, at MC u and the dry density, po,o:

_m,_(A+w-m (14w )
b=y T U vy Vy (1t )"

u

where m,, is the mass, V, is the volume, and «, is the
volumetric swelling coefficient at MC u. The swel-
ling coefficient was calculated using:

O = Ol U/ Upgp TOT U < Upgp (2a)

u

Oy = Ol fOT U > Upgp (2b)

u

where o, and ugsp are the swelling coefficient and
the MC at the fibre saturation point, respectively.
The average values for Scots pine were used, oyax
=14.2% (Esping, 1992) and ugsp =28% (Kollman
& Coté, 1968).

By inserting the reference values of the green
sapwood density and the dry sapwood density in
eq. (1) and using the swelling from eq. (2b), the
reference value for the green sapwood MC u was
found:

u:(l +dmax)'pu.u/p0,07 1 (3)

Prediction of sapwood moisture content using the 3D
X-ray method

Industrial 3D and X-ray data for the logs were
simulated from the CT images (Skog & Oja, 2010).
The simulated data files were then combined using
the 3D X-ray technique, and the average green
sapwood density of each log was calculated as
described by Skog and Oja (2010).

The dry heartwood density 400 mm from the butt
end of each log was also calculated from the
combined data (Skog & Oja, 2010), and two linear
models predicting the dry sapwood density from the
dry heartwood density were developed, one model
for butt logs and one model for upper logs.

Finally, a prediction of the green sapwood MC
was calculated by inserting the average green sap-
wood density and the predicted dry sapwood density
obtained using the 3D X-ray method into eq. (3).

Evaluation of results

A linear correlation between the predicted and the
reference sapwood MCs was developed and predict-
ability (R?) and root mean square error (RMSE)
were calculated. A threshold value at 145% pre-
dicted MC was used to separate the logs into two
groups with lower and higher MC, respectively.
Calculated MCs were also compared to the theore-
tical maximum MC for saturated wood (Esping,
1992):



_ 1560kgm > — p, .,

(4)
1.56- p,,

where po, is the dry mass divided by the green
volume. Using eqs (1) and (2b), po,, was expressed
in terms of the dry density, pg o:

Pou = Poo/ (1 + tpyg) (5)

valid for MCs above the FSP. The average value of
the swelling coefficient at fibre saturation was used,
i = 14.2%.

Results

For all 560 logs, the green density of the sapwood
was predicted with a precision of R*=0.65 and
RMSE =25kgm > (Figure 1). The dry density
of the sapwood was predicted with a precision of
R?>=0.47 and RMSE =43 kg m > for 553 (98.8%)
of the logs (Figure 2). The seven logs that failed
prediction were all large butt logs. When combining
the predicted green and dry sapwood densities, the
sapwood MC could be calculated with a precision of
R?>=0.29 and RMSE =21% (Figure 3).

The result when using the predicted MC to
separate the logs into two groups is shown in
Figure 4. The separation between the two groups
is not very clear, but all logs with MC below 100%
were correctly classified as dry logs. Out of all logs,
70% were correctly classified.

If the MC is plotted against the dry density
(Figure 5), it can be seen that most of the observed
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Figure 1. Sapwood green density in 560 Scots pine sawlogs:
measurements in computed tomographic (CT) images versus
predictions from simulated X-ray and three-dimensional (3D) log
scanner data.
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Figure 2. Sapwood dry density in 553 Scots pine sawlogs:
measurements in computed tomographic (CT) images versus
predictions from simulated X-ray and three-dimensional (3D) log
scanner data.

variation in MC is caused by the varying dry density
of the logs. The MC follows a curve of the same
shape as the theoretical maximum value (eq. 4), as
shown by the solid line in Figure 5.

By comparing the calculated MC to the theore-
tical maximum, it should be possible to identify logs
that have low MC due to drying of the sapwood.
Figure 6 shows the ratio between calculated MC and
maximum MC. The reference ratio measured in the
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Figure 3. Sapwood moisture content in 553 Scots pine sawlogs:
measurements in computed tomographic (CT) images versus
predictions from simulated X-ray and three-dimensional (3D) log
scanner data.
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Figure 4. Observed sapwood moisture content (MC) (value from computed tomographic images) for 553 Scots pine sawlogs, separated
into two classes depending on the sapwood MC predicted from simulated X-ray and three-dimensional log scanner data.

CT images could be predicted with a precision of
R?=0.39 and RMSE =0.036.

Discussion

For Swedish sawmills, measurement of the sapwood
MC would be most useful during periods when the
logs may have been stored for extended periods in
the forest, e.g. in spring. When the frost goes out of
the ground, the roads become very soft and logs may
have to be stored in situ for several weeks after felling
until transport to the sawmills is possible. Because
the logs start to dry immediately after felling, sap-
wood MC may vary significantly between individual
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Figure 5. Predicted moisture content as a function of estimated
dry density in the sapwood of 553 Scots pine sawlogs. The solid
line represents the theoretical maximum moisture content of
saturated wood.

logs upon arrival at the sawmill gates, depending on
storage time and conditions. This predrying of the
logs affects the drying properties of the sawn goods,
and many Swedish sawmills need to alter their drying
schedules during springtime to avoid problems with
cracks and large standard deviations in the final MC.
When performing this adjustment of the drying
schedules, it would be of great advantage if the raw
material could be sorted into batches according to
the amount of predrying.

The method developed in this study offers a way of
estimating the sapwood MC in sawlogs as they arrive
at the log-sorting station. The RMSE of the sapwood
MC estimate in the logs, 21.4% (Figure 3), is

1
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Figure 6. Sapwood moisture content (MC) relative to the
theoretical maximum MC of saturated wood: measurements in
CT images versus predictions from simulated X-ray and three-
dimensional log scanner data for 553 Scots pine sawlogs.



significantly larger than the RMSE obtained when
using the alternative method, measurement of the
MC in green boards using a microwave scanner
(15.9%) (Johansson et al., 2003). However, sorting
of logs rather than boards is desirable because it
facilitates planning of the production towards
batches of optimum size for the kilns. In addition,
for sawmills that decide not to sort the logs accord-
ing to MC, a continuous measurement of the sap-
wood MC in the arriving logs would be of value, as it
provides an important indication about when it is
time to start adjusting the drying schedules.

In most of the logs, the predicted and reference
values of the green sapwood density follow a linear
correlation (Figure 1). For two of the logs, however,
the green sapwood density in the reference cross-
section is much lower than the predicted log average.
This is probably caused by a local drying of the log
around the reference cross-section. These two logs
are also seen as outliers in Figure 6, with reference
values below 0.6.

When predicting the dry sapwood density
(Figure 2), seven (1.2%) of the logs failed predic-
tion. These were all large butt logs, which was
expected, because for very large diameters, the
X-ray signal becomes too weak to be detected. In
this study, the dry sapwood density was predicted
from the dry heartwood density using linear correla-
tion. Because this relation varies between butt logs
and upper logs, two separate correlations were used.
For the reference data used in this study, the
predictability between dry heartwood and dry sap-
wood densities was found to be R =0.57. The dry
heartwood density, in turn, can be predicted with
R?>=0.83 using the 3D X-ray technique (Skog &
Oja, 2010). This means that most of the observed
uncertainty in predicting the dry sapwood density
(R?=0.47) is due to the poor predictability between
the dry heartwood and the dry sapwood densities.

When combining the predicted green and dry
sapwood densities to find the sapwood MC, the
predictability of the reference values was found to be
quite low (R?=0.29, RMSE =21%) (Figure 3).
Here, it should be noted that the reference values
themselves contain some uncertainty. This is primar-
ily because the reference MC was calculated by
comparison of the dry density at the butt end and
the green density 400 mm from the butt end. Dry CT
images were only available at the butt end, but owing
to local drying at the log ends, the green density
reference could not be taken at the same position.
Instead, a position 400 mm from the butt end was
chosen for the green CT images to avoid the log end
drying, but still to be as close to the end as possible. By
choosing this position, the impact of local dry-density
variations was minimized. However, especially for
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butt logs, there may still be a considerable dry density
variation over the distance of 400 mm, causing some
uncertainty in the reference values used.

The predicted MC was calculated by comparison
of a dry sapwood density prediction evaluated
400 mm from the butt end of the log and the average
green sapwood density of the whole log. The average
sapwood density of the log was used because it was
found to be the best available estimate of the green
sapwood density 400 mm from the log end. This
means that the prediction model tries to predict the
average MC in the region around 400 mm from the
log end, whereas the reference value is a mixture of
two local values taken 400 mm apart. Thus, local
variations at the log ends in both dry density and
MUC contribute to the uncertainty in the prediction
of the sapwood MC presented in Figure 3.

Because the correlation between predictions and
CT reference values is rather low, the method needs
to be verified experimentally. If the green and dry
reference densities were calculated for the same
piece of wood, the MC references would be more
precise, and so the actual amount of uncertainty in
the predictions could be determined. Furthermore,
testing the method on industrially scanned logs
would show that the method is also applicable under
industrial conditions.

Because the logs used in this study were all
scanned directly after felling, the logs had not dried
out, and most logs had an MC around the threshold
value of 145% that was used for separation of the
logs into groups in Figure 4. Thus, the separation
between the two groups was not very clear. Figure 5
shows that most of the observed variation in MC was
caused by varying dry density of the wood and not by
drying of the logs. This means that sorting of the logs
by MC, as illustrated in Figure 4, is not a good way
to find logs that have low MC due to drying of
the sapwood. Instead, the calculated MC could be
compared to the theoretical maximum given by
eq. (4), as shown in Figure 6. Comparing calculated
and maximum MCs could prove to be a very useful
way of identifying logs that have been stored for a
long time before arrival at the sawmill. A proper
evaluation of this method would require testing on a
more diverse population of logs, containing both logs
with full sapwood MC and logs with reduced
sapwood MC.

In conclusion, by combining 3D and X-ray scan-
ning in the log-sorting station, it is possible to
measure the green sapwood density and to estimate
the dry sapwood density and, accordingly, the MC in
Scots pine sawlogs. Because the correlation with CT
reference values is quite low and the reference itself
contains some uncertainty, experimental verification
of the simulation results is needed.
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The MC estimate could be used to separate the
logs into two groups with high and low MC,
correctly identifying all logs with low MC as dry
logs. Out of all logs, 70% were correctly classified.

The estimate can also be compared to the dry
density-dependent maximum MC and used to
identify logs that have actually started to dry.
However, this approach needs to be evaluated for a
population of dry logs, because most logs in this
study were of full MC.
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Parameters like strength, moisture content, density and grain direction are important
when sorting wood according to their individual properties. All those parameters can be
correlated to microwave measurements of phase shift and attenuation. Measurements of
phase shift and attenuation are, however, affected by the vicinity of a board edge. In this
article a simulation of the measurement system is used to create a compensation function
for the measurements taken close to edges as if those were taken where no effects of the
board edge could be noticed. It is shown, by comparison with real measurements, that by
doing this the deviation between the values measured close to the board edges and those

measured in the middle of the board is decreased, meaning a higher accuracy can be
achieved by using the compensating function.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

Wood is a renewable material that can be used in a
wide variation of products and applications. To get the
highest possible value out of the wooden products it is
important, prior to the use, to be able to characterise and
sort the wood according to its specific properties. The ear-
lier a correct classification can be done the better the
remaining production chain can be adapted to the speci-
fied end product [1].

Of high importance in the wood production chain is the
moisture content of the individual board. As wood is a
hygroscopic material, its moisture content changes accord-
ing to the surrounding climate. If the moisture content is
not correctly determined after the drying process at the
sawmill, there is a risk that problems will arise later when
the board is in service [2]. An incorrect moisture content
can result in mould growth [3], checks, twisting, shrinkage

* Corresponding author at: Division of Wood Physics, Lulea University
of Technology, SE-931 87 Skelleftea, Sweden. Tel.: +46 10 5166264.
E-mail address: tommy.vikberg@sp.se (T. Vikberg).
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or swelling [4]. As a last step in the production chain at a
sawmill, prior to the distribution to the customers, the
boards are sent through a final sorting where the moisture
content of each board can be measured. High energy prices
and the fact that the drying capacity often is the limiting
factor for the production at a mill, causes the drying pro-
cess to be done in as short time as possible. If the condi-
tioning phase in the drying is absent, or to short, the
dried boards will retain a moisture gradient. This gradient
will cause subsequent dimensional changes of the boards,
especially those that are to be split to panels [5]. To be able
to measure this moisture gradient as well as other wood
parameters one would like to perform measurements close
to the edges of the boards. As the boards usually are cross
fed through the final sorting there is also a demand to col-
lect data from the whole width of the board, giving a high-
er number of measurements to process and therefore a
statistically more significant measurement result.
FEM-simulations have previously shown to be a good
tool for simulating the interaction between wood and
microwaves [6,7]. Simulations are also a powerful tool to
use when one wants to develop a measuring device or
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understand the behaviour of an existing system. The ease
of making changes in an accurate model is greater than
when working with a physical system.

It is well known that diffraction of the electromagnetic
field occurs close to edges of a material having a different
dielectric constant than the surrounding medium [8]. Sim-
ulations are also a good way to acquire the basic under-
standing of fundamental principles that can be applied to
complex materials such as wood, where the deviation
between individuals is large. Hence, the hypothesis is that
simulations of a system can be used to improve under-
standing of material behaviour when performing measure-
ments close to an edge of a material. This allows the
possibility to compensate the measurements to correspond
better with the expected values as if those were gained
from measurements of an infinite sample.

2. Materials and methods

The measurements were performed using a microwave
system consisting of two horn antennas with a wooden
sample placed in between. A principal sketch of the whole
microwave system can be seen in Fig. 1, for a detailed
description of the system used see Schajer and Orhan [9].

To localise the point of measurement, the system used a
scattering dipole on which the sample under test was
placed, see Fig. 2.

Verification of the linear behaviour of the system was
done using four pieces of medium density fibreboards

T. Vikberg et al./ Measurement 45 (2012) 525-528

Fig. 2. Scattering dipole with two crossed directions used to localise the
point of measurement.

(MDF). Measurements were performed when stacking
them on top of each other in different sequences and with
different rotations of the fibreboards. This was done to
make sure there was no anisotropy within any fibreboard
as well as no difference between the different fibreboards.
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Fig. 1. Principal sketch of the microwave measuring device, [10].
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In a similar way the linear behaviour of the model was ver-
ified by simulation of different thicknesses of a big slab
with similar dielectric constant as the fibreboards. MDF
was chosen since the dielectric constant is not dependent
of the direction within the board, i.e. there should not be
any anisotropy since the fibres are in random directions
throughout the board.

Nine pieces of well-conditioned wood representing
three different density classes with three different thick-
nesses in each class was used to check the edge effects.
Each piece was measured in steps of 2 mm as it was moved
over the sensor head. Transmission factors and the phase
shifts were calculated in the principal direction of the
wood. The principal direction used in the comparisons
with the simulated data was from whom the higher trans-
mission factor was achieved, i.e. perpendicular to the wood
grain direction. The dielectric constants used in the simu-
lations was taken by linear integration of tabulated values
for the same principal direction, i.e. cross grain [11]. To be
able to compare the simulated attenuation to the mea-
sured transmission factor, a linear regression was done to
the measured and simulated values origin from the middle
of the board. In this area no effects from the vicinity of the
edges could be noticed.

Since the chosen wooden pieces were well conditioned
and consisted of clear wood, the assumption was made
that the measured transmission factor and phase shift
would be uniform within the whole piece. The deviation
between the measured result close to the board edge and
the stable measurements in the centre parts of the board
is therefore presented as an error in the measurements.
Measured values are also compensated with the assump-
tion that the measurement shows the same behaviour as
the simulations, meaning a compensation of the measured
values close to the board edges. All the simulations were
performed in COMSOL 4.0a [12].

3. Result
Fig. 3 shows the measured and simulated transmission
and phase shift near the edge of an example board.
1 -
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Fig. 3. Example of transmission factor and phase shift in the simulations
and measurements for one piece of wood.
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Fig. 4. Mean error for the nine measured pieces in percentage of
transmission factor and in degrees for the phase shift.

Fig. 4 shows the deviation between the results mea-
sured directly and by using a compensation function. The
results are compared to the average measured result from
the “edge — centre of dipole” distances of 35-55 mm as
the measurements where reasonably stable in this area,
see Fig. 3. The compensated transmission values were
determined by assuming that the simulations and mea-
surements showed the same behaviour, i.e. if the simula-
tions showed a difference between the stable centre
values and the value at position 23 mm of 10%, the mea-
sured value at this position was changed according to this.
The error was in this case calculated as the difference
between the compensated value and the average measured
value in the stable region.

Compensated phase shift was achieved by comparing
the simulated phase shift at a particular position to the
average simulated phase shift in the stable centre region
and compensate the measured phase shift according to
this, i.e. if the simulated phase shift at certain position
was 10° higher than the simulated phase shift in the centre
region the measured phase shift at this particular position
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Fig. 5. Standard deviation for the nine different wood pieces in the
measurements and simulations.
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was subtracted with 10° and this, correlated, phase shift
was compared to the phase shift measured in the centre
region of the board.

In Fig. 4 it can be seen that calibration through simu-
lated values increases the accuracy for the transmission
measurements close to the board edges, i.e. for position
19, 23 and 27 mm. The corresponding standard deviation
is shown in Fig. 5.

It can be seen in Figs. 4 and 5 that effective compensa-
tion can be done to reduce the effects of diffraction on
wood parameter measurements made in the vicinity of a
board edge by using a correlation function determined by
simulating the measurement system.

4. Discussion

Performing simulations of a measurement system can
become a computationally demanding task. In order to
get a reliable result the grid used for the calculations has
to be sufficiently small. It is therefore important to
consider whether the required solutions can be found by
only simulating a small part of the system, as in this case
only the edge of the wood. It is also important to point
out that it is not straight forward to take the results of
the measurement and simulations shown here and use in
another measuring system since each system interacts
differently with its surroundings. The process of simulating
and investigating the effects on the electromagnetic field
when performing measurements close to an edge can how-
ever be used to increase the practical measuring range of
any device.

From a practical point of view, a volume is always being
measured rather than a point. This makes comparisons
between simulations and real data somewhat difficult
and a source of error that is not taken into account in this
work. With a setup as described here, the measured area
approximately equals the dipole size [13]. A useful method
to compare simulated and measured data and not have to
struggle with this problem would be to match the achieved
curves according to their shapes.

Measurements has shown significant variations in
dielectric constants even within the same species, density,
moisture content and temperature [11]. Instead of using
measured transmission in wood to make it possible to com-
pare simulated attenuation with measured transmission
factor it would be sufficient to use different materials, not
necessarily wood, with well-defined dielectric constants.
It would also be sufficient if those materials spanned a lar-
ger space of dielectric constants. Due to the small number
of pieces used in this investigation, the difference in the
magnitude of the dielectric constant between the individual
pieces is a significant source of uncertainty.

It is interesting to notice, that even if the number of
tested samples are small and the actual dielectric constant
is a matter of concern, the simulated results and the mea-
surements show similar behaviour. Especially the shape of
the phase shift values for different distances to the board
edge shows a good agreement for the whole range of sam-
ple positions. Except for the uncertainly in the magnitude
of the dielectric constant, the fact that the wooden samples
were not completely isotropic could partly explain the
deviation between the simulations and measurements.

Throughout the measurements it was difficult to prevent
unwanted reflections from entering the receiving antenna.
This problem could be reduced by having the antennas
placed closer to each other. Shorter distance between the
antennas will however imply that one is working in the near
field of the antennas where the electromagnetic field is less
well described [14].

5. Conclusion

It is shown that effective compensation can be done to
reduce the effects of diffraction on wood parameter mea-
surements made in the vicinity of a board edge. This is
done by using a correlation function determined by simu-
lating the measurement system. The major advantage is
the opportunity to make a higher number of reliable mea-
surements as well as a better chance to measure moisture
gradients in the boards, i.e. wet cores.
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ABSTRACT

There is a demand in the Swedish sawmill industry to improve the accuracy of
moisture content (mc) measurements, both to obtain a better tool to run
production and to ensure that the products meet customers’ expectations. In this
study, 240 well-conditioned pieces of Scots pine (Pinus sylvestris), sorted into
five different groups by visual inspection, were measured using microwaves and
X-rays. Models to predict the mc of the wood were made by measurements of an
additional 45 pieces of wood.

Using only the measured quantities from the microwave system, i.e.,
attenuation and phase shift, the root mean square error (RMSE) of the estimated
mc was 1.00%. By adding the total density from the X-ray measurements, the
RMSE of the estimated mc was lowered to 0.89%. The mean errors of the
different wood groups varied from -0.65 to 0.18%.

Keywords: Wood, Inline, Attenuation, Phase shift, Knots.



INTRODUCTION

Higher production speeds and a
reduced time from the felling of
trees in the forest to the final
product, driven by both economic
and qualitative factors, have led to
an increased demand during the last
few decades for accurate and
automated  measuring  devices.
Because wood shows  great
variations in properties between
individuals and even within the same
individual (Dinwoodie 2000), this
task has proven to be a challenge.
Nevertheless, it is important to
obtain as high a value as possible out
of the wood to sort the wood to the
best-designated end products and to
ensure that the quality demands of
the end product are fulfilled.
Moisture content (mc) is one quality
factor that is important in the
production chain and in the final use
of the wood (Esping et al. 2005).
Industrial tests of commercial inline
mc meters have shown a low
accuracy from individual readings
(Esping 2003; Nilsson 2010). All of
the different methods for measuring
mc have their pros and cons, and
most of today’s mc meters only use
one measuring technique (Vikberg
2010). Nilsson (2010) demonstrated
that the accuracy of mc
measurements can be improved by
taking the visual properties of wood
into account. Because sawn wood is
often sorted according to different
qualities by visual methods, for
example, using parameters such as
the number of knots, knot size and
wood  defects, it would be

straightforward  to  use  this
information together with the mc
measurements.

Microwaves have been widely used
to predict different wood parameters
(Schajer and Orhan 2006; Schlemm
2004). A high microwave frequency
gives high-resolution measurements,
but one needs to be aware of the risk
of the phase shift exceeding 2=
(Hansson et al. 2005). However, if
the density of the wood is known, it
is likely that a model will be able to
predict the number of multiples of
2n that the phase shift has expired.
One way to achieve high-resolution
density measurements of wood is by
the use of computer tomography
(CT) (Lindgren 1992).

This work considers mc
measurements using only
microwaves and combining these
measurements with density

measurements performed with a
medical CT-scanner. The tested
material was manually sorted into
five different groups based on its
visual properties, and the potential
for increased accuracy in mc
measurements is discussed according
to the results.

MATERIAL AND METHODS

The tested material consisted of 195
pieces of Scots pine (Pinus
sylvestris) planed on four sides to
dimensions of 44 x 120 x 920 mm®
(R, T, z). The pieces were chosen to
represent different kinds of wood,
and they were divided into the
groups “Normal”, “Fine”, “Knot”,



“Check” and “Defect” by visual
inspection. Each group was found in
two different mc classes, conditioned
to mc of approximately 13% and
16%. The characteristics of the
different groups are as follows: the
“Defect” group contained large
wood defects, such as top rupture
and spike knots; the “Knot” group
contained considerably large sound
knots; the “Check” group contained
checks that were easily discovered
with the naked eye; the wood
classified as “Fine” had very few
and small knots, and most of the
samples had a high amount of

heartwood and an average dry
density higher than the other groups;
finally, the “Normal” wood was
chosen to represent the most
common wood at a normal
production site. From an end users
viewpoint, the group “Fine” would
be suitable for window frames,
“Defect” would be suitable for
packaging and the other three groups
would normally be wused as
construction lumber. The typical
magnitudes of some of the
characteristic  properties of the
different groups were measured and
are presented in Table 1.

Table 1. Typical magnitudes of some of the characteristics of the wood in the different
groups. The abbreviations are as follows: Cl=Check length, Cw=Check width, Kw=Knot
whirls, Kd=Knot diameter, Fd=Fibre disturbance, po,=density of dry wood at moisture
content u. Only the central 0.6 m of each board is considered in the table because this
was the part of the board where the actual measurement took place.

Group | CI(mm) | Cw (mm) | # Kw | Max Kd (mm) | Fd (mm) | po. (kg/m®)
Normal 0 0 1.7 23 0 400
Fine 0 0 1.3 7.5 0 450
Knot 0 0 2.2 34 0 400
Check 430 0.5 15 11 0 430
Defect 0 0 15 21 160 400

All of the pieces were measured with
a Satimo microwave equipment using
a frequency of 9.375 GHz (Johansson
2001). The measured quantities were
attenuation and phase shift in two
directions of polarisation,
corresponding to parallel and cross-
grain. The influence of the dielectric
properties of the wood on the
attenuation and phase shift of
microwaves is described by Hansson
et al. (2005), while Schajer and
Orhan (2005) describe a method to
measure these quantities. The wood
density, pyu, Where u is the mc of the

pieces, was measured with a medical
CT-scanner  (Siemens  Somatom
Emotion Duo), as described by
Lindgren (1992).

During the measurements with the
microwave equipment, the short ends
of the boards were placed on metal
supports, giving rise to some
disturbance of the measured values
within the vicinity of the supports.
Therefore, only data from the central
0.6 m of each board were used for
further analysis. To gain an idea of
the visual appearance of the boards’



characteristics, three representative
boards out of each group are shown
in Figure 1 to Figure 5. In the figures,
only the parts of the boards where
data were collected, i.e., the central
0.6 m, are shown.

Figure 1. Three characteristic boards
from the group “Normal”.

Figure 2. Three characteristic boards
from the group “Fine”.

Figure 3. Three characteristic boards
from the group “Knot”.

Figure 4. Three characteristic boards
from the group “Check”. Because the
checks are difficult to see in the picture,
they are surrounded by black lines.

Figure 5. Three characteristic boards
from the group “Defect”. Note the grain
deviations in large areas.

Before the wood pieces were
removed from the conditioning
chambers, each piece was sealed with
glue at the ends to prevent drying in
the longitudinal direction.
Additionally, all of the boards were
wrapped in plastic together with
other boards from the same mc class
to prevent large changes in the mc.

As a calibration set, 45 pieces
conditioned to three different mc
classes of approximately 8, 13 and
16% were used. The characteristics
of the wood used for the calibration
were the same as for the group
“Normal”. The calibration set was
kept relatively small to correspond to
an industrial calibration procedure.
The mc, used as the reference, of
each individual piece was achieved
using the oven dry method as stated
in the European standard: EN 13183-
1 (CEN 2002).

The measured data were analysed by
constructing a partial least square
(PLS) regression model using
SIMCA (Eriksson et al. 2006).
Multivariate data analysis has already
shown great potential and has been

widely used in wood research
(Danvind 2002; Lundgren and
Hansson 2007). Two principal



components were used in the model
to span the space to describe the
significant relationships in the data.
The 45 calibration boards were used
for constructing the model, and the
prediction of the mc for the
remaining 195 pieces was analysed.
In the first model, the measured
phase shift and attenuation in the two
directions of polarisation by means of
microwaves was used; the second
model also included the mean density
from the CT measurements.

RESULTS

The results from the model predicting
the mc from the measured attenuation
and phase shift in the two directions
of polarisation by means of
microwaves are shown in Figure 6.
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Figure 6. Predicted moisture content
with a model based on the measured
microwave attenuation and phase shift.
The stars represent the calibration
boards, and the circles represent the
boards for which the moisture content is
predicted. The equation in the plot is a
linear least square fit to the prediction
set.

The calibration set in Figure 6 had a
coefficient of determination
(Montgomery et al. 2004), R?, of 0.92
and a root mean square error (RMSE)
of 0.90%. The prediction set had an
RMSE of 1.00% and, as can be seen
in Figure 6, an R® of 0.68.

To obtain more accurate mc
measurements, the measured wood
density, pyy, from the CT was used
together  with  the  microwave
measurements. The result is shown in
Figure 7.

18 4

17 A
y=0,9102x+1,6753

16 1 R2=0,7993

15
14
13 4
12 4

Reference MC (%)

6 7 8 9 10 11 12 13 14 15 16 17 18
Predicted MC (%)

Figure 7. Predicted moisture content
with a model based on the measured
microwave attenuation and phase shift
with the density from the computer
tomography measurements included.
The stars represent the calibration
boards, and the circles represent the
boards for which the moisture content is
predicted. The equation in the plot is a
linear least square fit to the prediction
set.

The linear regression of the
calibration boards in Figure 7 had an
R? value of 0.94 and an RMSE of
0.77%. The different slopes of the
regression lines of the calibration and



prediction set show that the
calibration was not suitable for all
pieces of wood. The RMSE of the
estimated mc was 0.89%.

To gain an idea of the possible
improvements in the mc

measurements by also using an
optical device, the mean error and the
RMSE are presented for the five
different groups of wood. The result
is shown in Table 2.

Table 2. Mean error and root mean square error of the moisture content measurements
for the five different groups of wood. The table shows the values when only microwave
measurements were used and when they were combined with computer tomography
measurements. The two last columns show the root mean square error after subtracting
the mean error for each group, i.e., the best possible result if combining the

measurements with a visual system.

Group Euw | Emwcr | RMSEyy, | RMSEyy v | RMSES,, | RMSEy., —
Normal |[-0.65|-0.55| 1.06 0.85 0.84 0.64
Fine 0.18|-0.21| 0.64 0.61 0.62 0.58
Knot -0.36|-0.37 | 1.06 0.95 1.00 0.87
Check 0.17 | -0.33 | 1.03 0.84 1.02 0.78
Defect |[-0.31|-059| 1.12 1.13 1.08 0.97
All wood |-0.20| -0.41 | 1.00 0.89 0.92 0.78

As seen in Table 2, the RMSE is the
smallest for the most valuable wood,
i.e., group “fine”.

DISCUSSION

It is shown that the RMSE is
decreased by adding  density
measurements determined by CT-
scanning to  the  microwave
measurements. Adding a third
measurement  technique  would
presumably improve the results even
further. Because the mean errors
differ between the wood type groups,
a visual system would also improve
the overall accuracy. If the
measurements of a board are taken
along the whole length of the board,
one can filter out regions where the
signal is stable, which implies that no
disturbances such as grain deviation
or knots are present. In most cases,
however, the boards are cross-fed

through the final sorting stations
where the mc should be measured. In
this case, connecting a visual system
to the mc meter would be beneficial
for detecting objects that are within
the meter’s measuring range, thus
affecting the measured quantity.

In the prediction set, there are two
points  with  considerably  low
reference mc. This result is strange
because these boards were placed in
the same climate chamber as the rest
of the pieces in the 13% mc class.
There may be some errors in the
reference values for those two
individuals; excluding them from the
prediction set would, however, not
produce a remarkable change in the
accuracy of the prediction model.

In this work, the board thickness was
not taken as a parameter in the model



because the boards were planed to the
same dimensions. This step should
normally be done because the
measured microwave values are
related to the wood and water surface
density (kg/m?), i.e., the thicker the
board, the greater the attenuation and
phase shift. A large attenuation
caused by either high-density wood,
high mc or thick boards limits the use
of the described system. As a rule of
thumb, the Ilimit is an mc of
approximately 20% for a 50-mm-
thick board with a dry density of 500
kg/m®. The vicinity of the board’s
edges will also cause diffraction of
the field, and  measurements
originating from those areas will be
difficult to interpret correctly.

An industrial calibration procedure
could be simplified if only one board
dimension could be used together
with pre-programmed correlations for
other dimensions. This conclusion is
made because there were problems
with the calibration in this work,
though only a single dimension with
well-defined wood was used.
Calibration procedures could also be
simplified by using calibration
dummies with well-defined dielectric
properties.

In summary, this study shows that the
accuracy of mc prediction was
increased by combining microwave
measurements with CT
measurements. The mean error also
differed between the wood type
groups, showing the potential to
further increase the measurement
accuracy by adding a visual system.
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