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1. INTRODUCTION

In Estonia chamber-type convection dryers are widely used for drying
sawn timber with heated air. Convection is a transfer phenomenon
where the transfer of heat (and also water vapour) occurs upon a
turbulent mixing of gas (in this case drying air). Convection dryers can
be warm air and hot air dryers depending on the applied temperature.
In the case of warm air dryers an operating temperature range of 50—
80°C is used, the regular range being 50—60°C. In the case of hot air
dryers the drying temperature is raised above 100°C. At high
temperatures the speed of moisture release from wood rises and drying
time shortens due to the increased water vapour diffusion coefficient.
A disadvantage of hot air dryers is the resulting relatively low quality of
timber. This thesis focuses on warm air dryers and the related drying
control methods.

In Estonia the main drying control method used in most popular
convection dryer types (e.g. Mithlbock, Secal, Nardi, Hekotek, Vetorex,
etc.) is the control automatics, which is based on the principle of
electrical resistance measurement. For monitoring electrical resistance
of wood 4-10 measuring channels in these dryer types are used. In
general insulated pin sensors that are hit into wood with a hammer or
insulated screw sensors that are screwed into wood are used as
resistance-type sensors.

The electrical resistance method is widely used for monitoring wood
drying because this method is economical and reliable (Tronstad et al.,
2001; Onysko et al., 2008). However, above the fibre saturation point
(FSP), in case of which the moisture content (MC) is 30%, the
measurement is complicated as the measuring accuracy is insufficient
and starts decreasing with increasing wood MC (Edwards, 1974,
Vermaas, 2002). The decrease in measuring accuracy can also be
described quantitatively, by the 2S-value (Rozema, 2010). Insufficient
measuring accuracy above the FSP also reduces the accuracy of
effective diffusion coefficient monitoring in the process of wood
drying (Tamme et al., 2010, 2011). For precise determination of MC it
is recommended that moisture meter measurements should be
combined with the oven dry method for the measuring range above
the FSP (Brookhuis, 2009).
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Besides the method based on the measurement of electrical resistance
other methods have also been used in laboratory research on wood
drying.

(a) Microwave method (James et al, 1985). By its working
principle it is a regular method based on measuring electrical
capacitance, but it uses extraordinarily high frequencies (4.5—
6.0 GHz). The use of ultra-high frequencies allows significant
reduction of the dimensions of the measuring capacitor. The
microwave method allows determining both the average MC
and the MC gradient in wood.

(b) X-ray scanning computing tomographic method. (Danvind,
2005; Cai, 2008). The working principle of this method is the
absorption of X-rays in a medium. This method is mainly used
for monitoring MC gradient of wood.

(c) Nuclear magnetic resonance (MR) and magnetic resonance
imaging (MRI) method. It is used in laboratory research for
monitoring average moisture content as well as the MC
gradient of wood (Lamason et al., 2013). The working principle
of this method is the spin resonance interaction of strong
external high-frequency magnetic field and water molecules in
an environment containing water (wood contains over 30%
water when its MC is above the FSP, but e.g. the human body
contains ca. 70% water, etc.).

(d) Neutron activation method. The working principle of this
method is similar to the X-ray method, but instead of X-rays
that are absorbed in wood it uses neutron beams consisting of
elementary particles without electric charge that are directed to
the wood being researched (Mannes et al., 2009). In order to
create a low intensity neutron beam a radioactive isotope
californium-252 (Cf-252) is used. In case a more powerful
neutron beam is required for researching wood, a nuclear
reactor has to be used as the neutron source. This method has
been used for monitoring the MC gradient in wood (Mannes et
al., 2009).

(e) Near-infrared spectroscopy (NIRS) method. This method
represents a modification of a known infrared thermography
method (in practice also known as thermal camera method).
Spectroanalysis of the absorbed component of the long-wave
(wavelength range 700—2500 nm) infrared light reflected from
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the wood sutrface is carried out and conclusions are drawn
about the properties of the absorbed surface. The NIRS
method is used to determine the moisture content on the
surface of the discs sawn from wood across the grain and used
between the wavelengths of 939.5 and 1796.6 nm (Hans et al.,
2013).

Regarding the quality of drying, it is also important to measure in real
time the triaxial stress that occurs in wood to obtain information on
the risk of possible drying cracks and other defects. The research on
triaxial stress in wood is still in early stages (Zelinka et al., 2007).
Qualitative information on the existence of triaxial stress is provided
by the acoustic emission method (Kawamoto and Williams, 2002).
Unfortunately, this method does not provide three-dimensional tensile
and compressive stresses with quantitative values about the
distribution of stresses in wood at different depths starting from the
surface.

The traditional approach to the problems with stresses in wood is as
follows. First, deformations that occur on the wood surface in the
drying process are measured either optically (Rémond et al., 2007) or
with contact-type deformation sensors (Lazarescu et al., 2010). Then
the deformation measurements are calculated using stresses from
Hooke’s law by means of strain—stress relations.

Compared to the previously described simple methods the most
advanced numerical calculation algorithms for drying stress are used by
wood drying simulation programs (Torksim, Transpore etc.). For this
reason, the wood drying simulation program may be considered as one
of the wood drying stress control methods.

Sometimes (usually upon deployment of a new drying schedule in
production) the control methods in the standard equipment of an
industrial timber dryer are insufficient. The control methods described
and developed in the current thesis are at least temporarily usable in an
industrial timber dryer as well. This would be a potential practical
future benefit gained from this doctoral thesis in addition to new
knowledge on resistance-type control methods.

12



2. REVIEW OF LITERATURE

2.1. Electrical resistance method for determining the MC of
wood

The electrical resistance method is known since 1927 when Stamm
(Stamm, 1927) presented his formula for a simple linear relation
between the common logarithm of electrical conductivity and the
relative MC of wood (regarding dry weight). The electrical resistance
method is temperature sensitive. The respective electrical resistance
temperature compensation formulas were derived from the Arrhenius
law by Norberg (1999). Large-scale comparison of this method as well
as calibratability research was carried out within the IMCOPCO
programme (Forsen and Tarvainen, 2000). It was found that when the
MC is below the FSP (below 30% MC to 4% MC) the electrical
resistance method is calibratable on the basis of the moisture standard
ISO/IEC 98-3:2008, and calibrations of moisture meters from
different manufacturers can be compared to one another. It is
recommended that in the changeover area, where the MC is 20-30%, a
somewhat different formula than Stamm’s formula should be used for
the calibration of the moisture meter (Straube et al., 2002).

2.2. Vermaas’s hypothesis

Vermaas’s hypothesis (Vermaas, 2002) includes a negative assessment
for the possibility of practical use of resistance-type wood moisture
meters when the MC is above the FSP (30-150% MC), since there is
no reliable calibration function for these moisture meters in that area
(Bergman, 2010; Ressel, 2006; Brookhuis, 2009). By using statistical
modelling it was shown in (Tamme et al., 2012, 2014) that Vermaas’s
hypothesis has two specific distinguishable exceptions where the
calibration function clearly exists. Therefore, the resistance method can
also be used in practice under specific limited conditions and only
within these exceptions in an area above the FSP (MC 30-150%).

2.3. Wenner method

In geophysics a measuring method with four electrodes (Wenner,
1916) is used for determining soil resistivity. Differently from the
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measuring method with two regular electrodes the Wenner method
allows eliminating the contact resistance effect between soil and
electrodes, which in some cases may be remarkable (Schuetze, 2003).
The Wenner method has been adjusted to measuring the electrical
contact resistance of semiconductors (Valdes, 1954) and between the
roots of growing trees and topsoil (Urban et al., 2011). In (Tamme et
al., 2012) a Wenner-type measuring system with four electrodes was
used for the separation of the measuring electrode /wood contact
resistance and wood electrical resistance in pine softwood above the
FSP with the MC range 30—-140%.

2.4. Electrode effects at wood MCs above the FSP

Measurement of wood electrical resistance with MCs above the FSP
involves a few phenomena that were first pointed out by Skaar (1964).
Skaar highlighted the polarization effect, which makes the measured
electrical resistance dependent on time and  measurement causes
formation of deposits on electrodes during long-term measurements.
The general polarization theory of dielectrics is described in general
physics and theoretical physics textbooks (e.g. Debye, 1945; Savelyev,
1975).  Rather comprehensive experimental research on electrode
effects can be found in (Tamme et al., 2012, 2013) where the relative
measuring errors caused by them as well as the various effects of
moisture sensitivity are studied. The research also tries to provide
mathematical descriptions of various effects.

2.5. Electrical single impulse response method (ESIR method or
PD method)

The method for studying the polatization/capacitive effects in wood
(Tamme et al., 2013) was developed based on methods of determining
the corrosion current in reinforced concrete (Petersen, 2003) and soil
chargeability (Van Voorhis et al., 1973; Summer, 1976). This method
allows studying processes with long and extremely long relaxation time
in wood during the polarization phase and the following depolarization
phase in the time domain. Considering the order of the measuring
processes, the method can be called, in short, the polarization—
depolarization method (PD method, PDM).
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The permitted limits of voltage and current strength used in this
method have been set according to the optimal values found in
(Romann et al., 2014).

2.6. James’s hypothesis (JH)

In 1975 W.L. James proposed a hypothesis concerning a multitude of
relaxation times in wood (James, 1975). The validity of the hypothesis
in the frequency domain was proved by Zelinka et al. (2007). In the
frequency domain the relaxation time in the experiment is not a
directly measurable variable but it is presented via complex theories by
Cole and Cole (1941), Debye (1945) and Zelinka et al. (2007). In
(Tamme et al., 2013) James’s hypothesis is referenced and its validity is
proven in the time domain, although proving the hypothesis was not
the direct objective of that article.

2.7. Mahematical modelling of wood drying

Mathematical models of wood drying are based on the Luikov-type
differential equations system that describes heat and mass transfer in
wood (Luikov, 1966). Luikov-type equations are usually solved
numerically (Younsi et al., 20006). In wood drying simulation programs
solving a Luikov-type equation is also added to the numerical
calculation of the stress in wood (Salin, 1990; Rémond et al., 2007).
The simulation program TORKSIM ver. 3.1 developed by Salin (2007)
was used in this thesis.

2.8. Monitoring of wood drying

Monitoring options in industrial timber dryers are quite limited. In
addition to monitoring parameters important with regard to the
completion of the drying schedule (such as relative humidity,
temperature and velocity of the drying air), the average MC of wood in
the dryer is also monitored in real time, usually with the electrical
resistance method. Monitoring results in a drying curve shows the time
dependence of the average MC of wood. A significantly more reliable
experimental drying curve can be obtained in an industrial dryer with
special reference specimen and wusing an oven-drying method
(Tronstad et al., 2001). The Master’s (Poljakov, 2013) and Bachelor’s
theses (Mindoja, 2015) supervised by the author of this thesis involved
the use of the oven-drying method described by Tronstad et al. (2001)
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for wvalidating the simulation program TORKSIM in industrial
conditions to achieve an experimental drying curve, but for checking
the time interval of the occurrence of the simulated maximum drying
stresses a case hardening test was used as well. A good match was
found between the simulated and experimentally determined drying
results, which confirmed the reliability of the wood drying stresses
calculation algorithm of the TORKSIM program.

2.9. Research needs

The current study attempts to develop wood drying control methods
mainlyby making use of the new possibilities offered by the traditional
resistance method. To discover new possibilities of the resistance
method at MCs above the FSP requires extensive original,
experimental and theoretical research, first and foremost explaining the
nature of James’s and Vermaas’s hypotheses based on macro- and
microphysical parameters of wood and the dielectric polarization
theory.
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3. AIMS OF THE STUDY

The aim of this thesis is to describe and mathematically analyse the

electrode effects involved in the wood MC measurement when the MC
is above the FSP.

The main hypotheses of the study were:

Vermaas’s hypothesis on the calibratability of resistance-type
wood moisture meters at MCs above the FSP is generally still
valid, but there are a few possible exceptions.

James’s hypothesis on the multitude of relaxation times in
wood is also valid in the time domain (e.g. in the case of
measurements performed with the PD method).

The specific aims of the study were:

To find possibilities of compensating for well-known
weaknesses of the electrical resistance method and for
increasing the measuring accuracy of this method at wood MCs
above the FSP.

To find a satisfactory electrical equivalent circuit for the
developed PD method.

To find ways for determining an experimental local diffusion

coefficient in the wood drying process using the electrical
resistance method based on Fick’s first law.

17



4. MATERIALS AND METHODS

4.1. Methodology for studying electrode effects (III)

In studying electrode effects on a raw data file (set of unprocessed
measurement data with numeric or analogous filters) of electrical
resistance measurement (figure 4 in III), a pine sapwood specimen with
the dimensions of 100 mm x 60 mm x 60 mm (length x width x
thickness) was used. It was dried in the climatic test chamber Feutron
(Feutron, 2013) at room temperature (20°C, relative humidity 96%
RH) in stationary air for 90 hours and thereafter at 32°C and 96% RH
at the air velocity 0.4 m s™ for another 244 hours. During the drying
process of a total of 334 hours the wood MC was reduced from 146%
to 36.4%.

For slow processes like the resistance of electrode-wood contact and
corrosion, the resistance meter Scanntronik Material Moisture
Gigamodule with Scanntronik Thermofox data logger was used
(Scanntronik, 2013). For measuring the voltage of the slow process of
residual polarization, the profi-tester Meterman 38 XR was used (The
Test Equipment Depot, 2013). In measuring slow processes, the
minimum interval between two measurements was 1 hout.

For measuring the fast process of polarization resistance, the resistance
meter Alphal.ab Inc. was used within the measurement range of 0—20
MQ and measuring accuracy of 2% (Trifield, 2013). For saving
measurement data in the data logger Ahlborn (Type ALMEMO 2590-
9) (Ahlborn, 2013), an analogue output (with a range of 0—1 V), which
had a linear connection with the resistance measuring range of 0—20
MQ, was attached to the resistance meter Alphal.ab. Readings of the
analogue output and Alphalab display were related by the following
formula: 10 (analogue output reading in volts (V) = display reading in
megaohms (M€). The voltage of the analogue output could be
measured at a speed of ten measurements per second or one
measurement per second by using the Ahlborn DC voltmeter
ZA9000FS3. For measuring the voltage of another fast process,
depolarization, the Meterman 38 XR profi-tester with an input
resistance of 10 MQ was used, which enabled the measurement speed
of one measurement per second. For the measurement during the
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experiments insulated pin electrodes were used (ram-in electrode M18,
60 mm, manufactured by Gann).

In the measurement of electrical resistance, polarization resistance,
depolarization process and residual polarization, electrodes el and e2
were used at a distance of I = 30 mm (measuring direction was across
the grain) (see figure 2 in (III)). In examining electrode/wood
resistance R_and electrode corrosion, electrodes el and e2 as well as an
extra pair of electrodes e3 and e4 were used at a distance of I./2 = 15
mm. The distance between the main measuring electrodes (el, e2) and
extra electrodes (e3, e4) was D = 40 mm. Distance D was
experimentally selected in order to avoid interaction between
neighbouring electrodes, i.e. transmission of electrical potential by wet
(143% MC) wood. The difference between transmitted potentials
(electrical voltage) was measured in dead neighbouring electrodes, and
was found to be below 1/30 of the measured voltage when D = 40
mm.

The specimen was weighed with a scale manufactured by KERN
(Model KERN EW B 620-M, resolution 0.01 g) (Kern and Sohn
GMBH, 2013) at 24-hour intervals on average; the oven-dry weight of
the specimen was determined with the same scale.

Gann HT 85 T (Gann, 2013), NDT James Moisture Master (NdtJames
Inc., 2013) and Brookhuis FMD-6 (Brookhuis, 2013) resistance-type
wood moisture meters were used in the experiments.

Unfortunately, the electrical resistance measurement raw file volume
and internal data processing algorithm in the resistance meter
Scanntronic Gigamodule and in the resistance type wood moisture
meters used in the experiments remained hidden from the user.

4.2. Methodology for studying James’s hypothesis (H1 in (IV))

James’s hypothesis was referred to in paper 1V: ‘Polarization and
depolarization processes in wood have a complex physical background.
James (1975) has named three classes of mechanisms to explain the
dielectric properties of wood: (a) mechanisms with short relaxation
times including electronic, atomic, and fast molecular polarizations; (b)
mechanisms with intermediate relaxation times including slow
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molecular, fixed dipole, and fast interfacial polarizations; and (c)
mechanisms with long relaxation times including slow dipole and
interfacial polarizations. James’s analysis was based on different
polarization times of molecules.’

Electrical resistance is determined for an equivalent circuit directly with
a resistance meter, as described in (Tamme et al., 2013). If the applied
working voltage is known, the strength of the current flowing through
wood can be calculated using Ohm’s law. Another option is to measure
the voltage applied to measuring electrodes and the strength of the
current flowing through wood, and then calculate wood electrical
resistance using Ohm’s law. The sum of (different) electrical
capacitances in the equivalent circuit is calculated using measurement
results and empirical equations (6) and (7).

To examine wood polarization and depolarization processes on a black
alder specimen (20°C, 96% RH) an experimental setup was used, the
circuit diagram of which is given in Figure 1.

Voltage source 2.6 V
1l

® .

O—
S3

Sy

_/

Wood Resistance

Wood Capacitance &
Capacitance of Double
Layer of Electrodes

Figure 1. An experimental circuit diagram of the polarization—depolarization

method.
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An Ahlborn 2.6 V DC voltmeter (type ZA9000FS3) with an input
resistance of 10 MQ was used in the experimental setup.  As
electrometers E, and E, the Keithley Model 6517B electrometer was
used according to the positions of switches S;, S, and S; (Keithley,
2013).

The experimental assessment of the JH and also the study of electrode
effects in the previous section were based on the optimum values of
current intensities and voltages in the measuring cell, which were used
in (Romann et al., 2014), in order to avoid the unwanted effect of
electrolysis on the measuring results. The maximum allowed measuring
voltage of ionic liquids is 4.1 V at a smooth carbon electrode and 3.5 V
at a porous carbon electrode. The maximum current density used in
the experiment is ~1-20 pA cm™ at a smooth measuring electrode.
The maximum voltage of aqueous solutions is usually 1.2 V. In the
case of low-conductivity materials (such as wood which has the
resistance of approximately 10 k€ up to 100 kQ in the MC range
above the FSP) the Ohmic voltage drop occurs and applied voltages
may be up to three times higher (up to 3.6 V). In the experimental
assessment of the JH the impulse voltage of 2.6 V was applied and in
studying electrode effects the voltage values of 1-3.5 V were applied.

The status of the input relay switches S;, S, and S; disconnected from
the optically isolated circuits was controlled with the Raspberry
microcomputer. The functions of the microcomputer included timing
of the measurements, data storage and file management. Since the
circuit diagram enables studying the processes of wood polarization
and depolarization sequentially as a kind of response to a single voltage
impulse, this type of measurement described in paper IV was called the
electrical single impulse response method (ESIR method), or in short,
the polarization—depolarization method (PD method).

4.3. Methodology for studying Vermaas’s hypothesis (H2 in
IV)). (I and IV)

Vermaas’s hypothesis states that there is no calibration function (for
the purposes of the ISO/IEC 98-3:2008) for resistance-type wood
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moisture meters in wood MCs above the FSP. If there is no calibration
function, there can be no accurate one-to-one correspondence between
the measured electrical resistance and the wood MC; therefore, the
method proves useless in practice in the range above the FSP.

In examining Vermaas’s hypothesis, an attempt was made to answer
two research questions (RQ): First, is it possible to recalibrate
resistance-type wood moisture meters with the manufacturer’s
calibration to function better and more accurately in the range above
the FSP (above 30% MC) (RQ1)? Second, what are the parameters of
the obtained calibration model if an electrical resistance meter is
calibrated into a wood moisture meter (RQ2)?

(RQT1): The research was made using specimens of black alder (A/nus
giutinosa), silver birch (Betula pendula) and European aspen (Populus
tremula), each with the dimensions of 100 mm x 60 mm x 60 mm
(height x width x thickness). The specimens were dried in the Feutron
climatic chamber (feutron, 2013) under equal conditions (32°C, 98%
RH, air velocity 0.4 m s™) until the desired MC was achieved. All wood
MC measurements were carried out at a room temperature of 20°C.
Resistance-type wood moisture meters Gann HT 85 T (gann, 2013),
FMD-6 (brookhuis, 2013) and NDT James Moisture Master
(ndtjames, 2013) by three different manufacturers were used. The
measurement resolution of all moisture meters used in the experiments
was £0.1% MC. The chosen measuring depth of measuring electrodes
was 1/3 of the thickness of the specimen (that is, in the case of a
60 mm specimen, the measuring depth was 20 mm from the surface of
the specimen). The number of specimens per each tree species was
n = 00.

(RQ2): The testing method involves producing a statistical prediction
model for a specific tree species and specimen dimensions, given
drying schedule and range of the average MC of the specimen. The
reliability of the model is assessed with tests on the normality of
regression residuals and visually by using the probability paper. Model
testing may be supported by the individual calibration method for pin
electrodes, as seen in researches by Tamme et al. (2012) and Lazarescu
et al. (2010). Details of model repeatability conditions (i.e. validation)
have been analysed by Tamme et al. (2013) in (I1I).
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In the experiments a black alder specimen with the dimensions of
500 mm x 120 mm x 35 mm (length x width x thickness) conditioned
in the Feutron climatic chamber (Feutron, 2013) at a room temperature
of 20°C and relative humidity of 96% RH for 72 hours and thereafter
at an average temperature of 50°C for another 96 hours according to
the drying schedule (table 1 in (IV)) was used. The ends (120 mm x 35
mm) and sides (500 mm x 35 mm) of the specimen were coated with
nitrocellulose lacquer to avoid water vaporization. By adopting this
measure, one-dimensional (1D) moisture distribution was ensured in
the specimen.

The specimen had been sawn from a black alder log in a way that the
length of the specimen was oriented along the grain, the width across
the grain in the tangential direction and the thickness across the grain
in the radial direction. The sawn specimen was located approximately 8
cm from the pith of the log.

Electrical resistance measurements of wood were conducted with one
specimen in 80 different pin electrode insertion spots and at an equal
measuring depth of 12 mm from the surface of the specimen (that is,
1/3 of the thickness of the specimen). Mathematically, it may be
demonstrated that in the case of a parabolic moisture profile, the local
MC numerically equal to the average MC is evident approximately at a
depth of 1/3 from the shield of the wood specimen (Kretchetov,
1972). Due to the short duration of measurements (not more than one
minute in the spot of the application of the electrodes), the effect of
electrode corrosion was neglected.

The relative MC of the specimen according to dry mass was
determined in compliance with the standard ISO 3130:1975. Based on
dry weight and electrical resistance measurement data, a statistical
regression model was later produced for the specimen dried according
to a specific drying schedule (table 1 in (IV)). Teflon insulated pin
electrodes (ram-in electrodes M18) with a length of 40 mm
manufactured by Gann (Gann, 2013) were used as measuring
clectrodes in the experiments. A resistance meter Scanntronik Material
Moisture Gigamodule (Scanntronik, 2013) was used to measure the
electrical resistance of wood.

23



4.4. Theoretical backround to wood drying and methodology for
determining significant parameters

4.4.1. Coupled, uncoupled and diffusion-based simplified models

The coupled model to calculate the combined heat and moisture
transport through a porous medium was developed by Luikov (1966),
and specific to wood by Siau (1984).

The governing equation for heat transfer through wood board is

or o(.0T) ou
AP N LN 1

where x is distance along the flow direction (m), #is time (s), ¢ is wood
density (kg m™) as a function of the moisture content z, ¢, is specific
heat capacity of wood (] kg”' K') as a function of temperature and
moisture content # (kg kg™), T is temperature (K), 4 is wood thermal
conductivity (W m™ K™) expressed as a function of temperature and
moisture content #, g, is water density (kg m™), G, is wood specific
gravity (kg kg™) and H,, is latent heat of moisture in wood (J kg™).

The specific gravity of wood G,, is the ratio of the density (mass of a
unit volume, i.e. oven-dry mass of wood) of a substance to the density
(mass of the same unit volume, i.e. mass of water) of a reference
substance. The moisture content # in the wood material is expressed as
the weight of the water present in the wood divided by the weight of
the oven-dry wood substance.

The governing equation for the unsteady state isothermal moisture
transfer through a wood board is given as Fick’s second law (Crank,
1950) in one dimension:

ou O ou
—=—(D,(T,u)—), 2
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where D, is the transverse wood moisture diffusion coefficient

(m®s™).
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It is possible to simplify a coupled model and turn it into an uncoupled
model on the assumption that there is no heat generation inside the
wood. This assumption can approximately be implemented on certain
conditions of an experiment, i.e. in case the velocity of heat transfer
process through the wood sample is over ten times higher than the
velocity of mass transfer, i.e. the diffusion process. Another simplifying
assumption would be the use of empirical formula for thermo-physical

properties of wood and other non-linear transfer coefficients (Younsi
et al., 2000).

In exceptional cases the isothermal diffusion equation (i.e. Fick’s
second law) can be used to describe the process of drying wood in a
narrow temperature range 50—-60°C with reasonable accuracy, ref. Eq.
(2). The prerequisite for using the extremely simplified diffusion-based
model is presence of as many reference points for comparison as
possible to observe the dynamics of moisture content and temperature.
Such drying schedule resulting in a parabolic moisture content
distribution in the cross-section of the material perpendicularly to the
surface was named quasi steady-state by Luikov (1966). In this case

Fick’s second law, Eq. (2), can be presented in the following form:
2

ou
D, —— = const , 2a
P (22)

The solution of its differential equation is a square root function.

Upon experimental determination of the diffusion coefficient it is very
important to fulfil the assumptions of isothermal diffusion. Isothermal
properties were checked by constant observation of differences in the
temperature on the surface of the sample and at different distances
from the surface of the sample both inside the sample (Figure 2) and
in the drying air.

The local diffusion coefficient can be experimentally determined
according to Fick’s first law (Fick, 1855; Salin, 1990):

ou
F=-D— | 3
. ©)

where Fis mass flux (kg m™”s™) , D is diffusion coefficient
(m®s™), # is mass concentration (kg m™) and x is coordinate (m).
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The mathematical model that is the basis for the wood drying
simulation program TORKSIM ver. 3.1 has not been disclosed in
detail. However, according to Salin (1990), it can be assumed to be a
perfect isotropic Luikov-type coupled model.
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4.4.2. Stress calculation model

In order to ensure a good quality of wood in the process of drying it is
necessary to calculate on the basis of previously calculated moisture
profile the strain and stress evolved in wood. The mathematical model
in the one-dimensional isotropic case can be presented after Salin

(1990). The primal equation for stress calculation is
12

.[prdx
O':CZE(OI/Z——,Ob) 5 (4)
_[de
0

where o is tensile stress (Pa), g, is the content of bound water (kg m™),
E is modulus of elasticity (Pa), /is board thickness (m) and x is
coordinate from the surface of the board (m).

The governing equation for creep calculation is as follows:

oe 1 0o Oe¢
— = +

= — ®)
o FE ot ot ot

where ¢ is total strain, o is tensile stress (Pa), £ is modulus of elasticity
(Pa), ¢, is viscoelastic strain, « is unrestrained shrinkage coefficient (m’
kg ™), 7 is mechano-sorptive creep coefficient (m’kg™' Pa), g, is content
of bound water (kg m™) and #is time (s).

The modulus of elasticity I is not a constant, but depends on both the
moisture content and temperature.

4.4.3. Material

In this thesis the data of computer simulations of two industrial
experiments and one laboratory experiment of convective drying of
pinewood using the 1D program TORKSIM ver. 3.1 (Tritek, 2000) are
presented. Also, the approximate inverse determination of efficient
diffusion coefficients is demonstrated using the parabola method well
known from simulated moisture profiles (Kretchetov, 1972). The
diffusion coefficient in this context is defined as the effective diffusion
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coefficient of the total diffusion flux of the liquid and vapour phases
and free water and bound water.

4.4.4. Experiment

In the industrial experiments samples of pinewood (length 6 m,
dimensions of the cross-section 150 mm x 22 mm and 150 mm x 50
mm, sawing pattern 4EX-log), located in the middle of the pile, were
dried in an industrial kiln. For the laboratory drying experiment the
samples of pinewood were 600 mm in length and had cross-sections of
200 mm x 56 mm. In all three experiments the average content of
heartwood was 40% £ 10%. In the laboratory experiment the ends and
sides of the wood samples were covered with neutral silicone (a
product of Bostik) to ensure the validity of the assumptions of the
one-dimensional mathematical model in the experiment.

In the laboratory drying test the diffusion coefficients were determined
experimentally by means of the electrical resistance method using
Fick’s first law (Fick, 1855). In addition, differences in the temperature
of the material subjected to drying and the initiation of the first drying
crack as a result of drying stress were examined. For this purpose, a
forced drying schedule three times shorter than the regular schedule
used in industry was used.

In the industrial chamber-type convective dryer a reliable mild drying
schedule that had been successfully tested in practice was used. Such a
schedule ensures a high final quality of wood. The drying time of the
22 mm sample was 90 hours and of the 50 mm samples 336 hours.
The initial moisture contents were 55 £ 10% and 36 £ 10%,
respectively.

The location of the different sensors on the surface and near the

surface of the sample in a single specimen used in the laboratory
experiment is shown in Figure 2.
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Figure 2. Location of sensors in the pine wood specimen in the laboratory
experiment.

(TC — thermocouples: TCO in the air, TC1 under the surface, TC9 9 mm from the
surface, TC28 28 mm from the surface; MS4.5, MS.9 and MS28 — moisture content
of sensors 4.5 mm, 9 mm and 28 mm from the surface, respectively; DS —

displacement sensor; TA — thermo-anemometer; SC — silicone coating).

Differences between the temperatures in the sample, on its surface and
in the ambient air were registered by a thermocouple AHLBORN (type
FTA 3901, resolution 0.1 K) and the data were saved using a nine-
channel data logger AHLBORN ALMEMO 2890-9. The locations of
five thermocouples were 10 mm from the surface of the sample in the
air, on the surface of the sample and at depths of 4.5 mm, 9 mm and
28 mm in the sample. The MC of wood was measured from the same
depths using AHLBORN timber moisture sensors (type FHA 636M)
and the data were saved by the data logger. Also, at least twice in 24
hours the MC of wood was measured manually using a moisture
measuring device GANN HYDROMETTE HT 85T from the depths
of 4.5 mm and 9 mm from sapwood (board thickness 56 mm) and 28
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mm from heartwood. The velocity of air was registered by an
AHLBORN thermo-anemometer of type FVA645 TH2 at 10 mm
from the surface of the sample. The strain in the surface layer of the
sample and the time of the initiation of the first drying crack were
registered by the data logger and a displacement sensor of type FWA
025T with the resolution of 0.001 mm.

The accuracy of the timber moisture sensors used in the experiment
was 12% (the accuracy depends on MC). For GANN
HYDROMETTE HTS85T, used for manual measurement of the MC
of the wood, the accuracy data are not presented in the manual
However, the instrument operates on the principle of electric
resistance of wood and thus, the accuracy could be considered to be
the same as that of AHLBORN sensors, i.e. £2%. In the experiment
the moisture flux and gradient were measured with the same sensor
and because the diffusion coefficient was calculated as the quotient of
these two indications the accuracy of the determination of the
diffusion coefficient is ca F4%. According to Gann (2011), the
accuracy of resistance-type moisture sensors decreases above the ISP
compared to the accuracy below the FSP.

4.5. Statistical analyses

The testing method involves producing a statistical prediction model
for a specific tree species and specimen dimensions, given the drying
schedule and the average moisture content range of the specimen.
Statistical calculations were performed in Excel (Microsoft Corp.,
USA). The regression diagnostics of the models was assessed with tests
on the normality of regression residuals (Kolmogorov—Smirnov and
Shapirio—Wilk tests) and visually by using the probability paper.

The simple regression analyses were done in the statistical software
environment of R (2011).
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5. RESULTS

5.1. Study of electrode effects (III)

Figures 5 and 7 in (III), which depict the time dependence of the total
clectrical resistance (figure 5) and the time dependence of the
resistance of the wood-electrode contact (figure 7) seem to have a
relatively similar shape. Based on this similarity, a hypothesis may be
proposed that the resistance method owes its moisture sensitivity
mainly to the resistance of the electrode/wood contact.

The figures given in tables 1 and 2 of (III) allow estimating the ed
average moisture sensitivity of different measuring processes may be
determined. An about 50% increase in wood MC (from 97.2% up to
146%) brought about a corresponding increase in the depolarization

initial voltage relation, —-100%, a four-fold increase in the relative
0

increment of polarization resistance u100%, Fig. 3) and an

0
eight-fold increase in the measured electrical resistance R, Thus, the
measurement of electrical resistance seems to involve the highest
moisture sensitivity, followed by the measurement of the relative
increment of polarization resistance, and lastly, the measurement of
depolarization initial voltage relation. In the practical use of the
methods for measuring wood MC, the moisture sensitivity of a method
is not the only selection criterion. It is also essential to minimize the
variance of the measurement data recorded. A more detailed research
of moisture sensitivity and variance would require more measurement
data.
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Figure 3. Example of moisture sensitivity of the polarization process: Relative
increment of polarization resistance in pine sapwood at three different moisture
contents: MC1 = 146%; MC2 = 97.2% and MC3 = 36.4%

Figure 11 in (III) shows that residual polarization voltage between
measuring electrodes is relatively stable (average 28.5 mV), but suggests
a downward trend as wood MC decreases. Residual polarization
voltage may lead to a systematic measurement error when measuring
wood resistance; for example, at an input measuring voltage of 3 V of
the resistance meter, it depends on the measuring voltage polarity up to
+1%, and at a measuring voltage of 1 V up to *£3% because the
resistance scale has a linear connection with the input voltage.

5.2. Assessing James’s hypothesis (H1) (IV)

5.2.1. Results of testing pine sapwood

Measurement data from (Tamme et al., 2012) (see figure 4 in (III))
were used to determine the polarization current in the polarization (or
wood charging) process, the time dependence of which is given in
figure 2 in (III). The polarization current of the pine sapwood
specimen was determined at an average moisture content of 146% and
temperature of 20°C.
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The polarization process of the specimen was examined in more detail
for 20 seconds starting from the beginning of the process (that is, the
initial phase of the polarization process). The observation period of 20
seconds was selected because the resistance meter Scanntronik
(Scanntronik, 2013) uses the measuring cycle of the same duration.
Since the theoretical equation (10) in (IV) fails to approach a 20-second
polarization process with sufficient accuracy, the empirical equation

—t
I=1,exp(——), 6
0 Xp(ro+o.171) ©

where 7, = 5.15 s and I, = 65.81 pA were used, was found to be a more
accurate approximation of  the process. Graphs showing the
experimentally determined polarization current, the polarization
current calculated with the theoretical equation (10) in (IV) and the
polarization current calculated with the empirical equation (12) are
given in figure 3 in (IV) in the same scale. The dependence of the time
factor 1 = RC (see equations 10 and 12) of the polarization process on
time is given in figure 4 in (IV). The figure shows that the dependence
of the time factor on the polarization time, from the starting moment,
is practically linear (R-squared 0.99). Taking into account that
polarization resistance had been experimentally determined by direct
measurement, the time factor definition equation enables to determine
also the dependence of the summarized electrical capacitance C of
146% MC pine sapwood and of a double layer of electrodes on time,
which is shown in figure 4 in (IV).

Physical considerations make it obvious that neither polarization
resistance R, polarization capacitance C nor the time factor 7 can
increase limitlessly; these quantities must approach asymptotically a
certain limit value or plateau.

Pine sapwood depolarization process graphs at 20°C are presented in
(Tamme et al., 2012) (see figure 9 in (III)). A more detailed analysis of
the depolarization process at 146% MC (i.e. graph corresponding to
MC1 in figure 9 in (III)) allowed constructing the following empirical
equation:
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where 7, = 4.685 s and U, = 0.411 V for the 20 seconds of the initial
phase of this process, which approaches the time dependence of
depolarization voltage better than the theoretical equation (9a) in (IV).
The experimentally determined depolarization voltage U, voltage
calculated with the theoretical equation (9a) and depolarization voltages
calculated with the empirical equation (7) for 146% MC pine sapwood
are given in the same scale in figure 5 in (IV). Figure 6 in (IV) shows
the dependence of the time factor of the same depolarization process
(the one in figure 5) on time, which proved practically linear in the
initial phase of the depolarization process. Physical considerations
make it obvious that also the increase in the time factor of the
depolarization process needs to slow down, and the time factor has to
asymptotically approach a certain limit value or plateau. As the
depolarization current was not measured in (Tamme et al., 2012),
finding the summarized electrical capacitance C of wood and
clectrodes based on the found time factor unfortunately deemed
impossible in the depolarization process.

5.2.2. Results of testing black alder

To examine wood polarization (electrical charging) and depolarization
(electrical ~ discharging) processes and improve the measuring
methodology a few experiments were carried out involving another
tree species (black alder Alnus glutinosa) at 90% MC and temperature of
20°C. The general shape of the polarization—depolarization measuring
cycle in the voltage graph for black alder is given in figure 7 in (IV).
The transition from the polarization phase to the depolarization phase
shown in figure 7 involves a voltage drop or the Ohmic drop, which
can be described with equation (9) in (IV). Figure 4 shows the
dependence of polarization current on time, which was measured
directly with the electrometer E,. Figure 9 in (IV) shows the

dependence of polarization resistance on time for black alder (90% MC
and 20°C).
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Figure 4. Dependence of the polarization current on time, measured with the

electrometer Ey for black alder (90% moisture content and 20°C).

During the measurement switches S; and S, were closed and S; was in
the off position (see Figure 1). Figure 5 shows the two consecutive
measurements of depolarization current and depolarization voltage,
which are depicted in a single scale. During these measurements,
switch S, was open and switches S,and S, were in the closed position.
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Figure 5. Two consecutive measurements of the depolarization current and

depolarization voltage for black alder (90% moisture content and 20°C), depicted in a

single scale.

Based on the depolarization voltage and depolarization current
measurement data, figure 11 in (IV) shows the dependence of the
electrical resistance of black alder calculated according to Ohm’s law,
on time in the depolarization process. Figure 11 in (IV) shows that the
electrical resistance of the black alder specimen with 90% MC increases
in the initial phase of the depolarization process but later approaches a
certain value. In the final phase of the process, current and voltage
measurement errors also become substantial because since choosing a
more sensitive measuring area for the electrometer is not possible
without interrupting the process.

It may be concluded from the empirical equations 6 and 7 that there
are, specifically, 20 different relaxation times for the polarization and
depolarization process. However, James’s hypothesis only states three
relaxation times. In order to explain this formal contradiction, the
depolarization voltage schedule of black alder was analysed in more
detail in Figure 5, excluding the depolarization current schedule shown
in the same figure for the sake of simplicity.
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If we were to succeed in approximating the depolarization process
shown in Figure 5 in a way that the combined approximation function
included a linear combination of the exponential function with three
different relaxation times, James’s hypothesis would be plausible.
However, if it proves necessary to use the empirical equations 6 and 7
in approximation, there will be more than three different relaxation
times. So, it may be presumed that the question of the number of
relaxation times depends greatly on the approximation method of
experimental data and the quality of the obtained approximation
function. In a mathematical formulation, James’s hypothesis poses the
question of whether three exponent base functions and three constants
are enough in the desired linear combination or should there be more
of them.

5.3. Assessing Vermaas’s hypothesis (H2 in ((IV)) (II, IV)

(RQ1) Calibration models for wood resistance-type moisture meters
pre-calibrated by the manufacturer:

The results of testing different moisture meters along with descriptive
statistics parameters are given in tables 1, 2 and 3 in (II).

Calibration models with the main parameters and model diagnostics

with the results of the Kolmogorov—Smirnov and Shapiro—Wilk tests
are given in Tables 1, 2 and 3.
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Table 1. Modelling of moisture meters on black alder specimens. The independent
variable in the regression model is moisture meter reading (in moisture content %o)

Meter

Parameter Gann HT 85T NDT James FMD-6
No. of 134 133 134
observations

R-squared (R?) 0.963 0.847 0.765
Standard error 0.04836 0.09783 0.1213

of regmodel
p-value of » < 0.001 » < 0.001 » < 0.001
regmodel

K-S test of p=0.5412 p = 0.4156 p=0.1224
residuals, p-value

Shapiro—Wilk p=0.2274 »=0.0177 p = 3.0e-5

test of residuals,

p-value

"KS. test — Kolmogorov—Smirnov test
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Table 2. Modelling of moisture meters on silver birch specimens. The independent
variable in the regression model is moisture meter reading (in moisture content %o)

Meter
Parameter Gann HT 85T NDT James FMD-6
No. of 134 134 134
observations
R-squared (R?) 0.968 0.920 0.942
Standard error of 0. 0385 0.0604 0.0514
regmodel
K-S§* test of »=0.1069 »=0.7638 »=0.1995
residuals,
p-value

*K-S test —-Kolmogorov—Smirnov test

Table 3. Modelling of moisture meters on aspen specimens. The independent
variable in the regression model is moisture meter reading (in moisture content %o)

Meter
Parameter Gann HT 85T NDT James FMD-6
No. of 140 140 140
observations
R-squared (R?) 0.982 0.946 0.936
Standard error of  0.0361 0.0619 0.0676
regmodel
K-S* test of p=0.4579 »=0.1469 »=0.09119
residuals,
p-value

*K-S test - Kolmogorov—Smirnov test
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An example of the calibration model (i.e. linear regression model) for
black alder wood is given in Figure 6.

2.1

LOG(MC actual %)
1.7 1.8 1.9 2.0

1.6

1.5

20 25 30 35

Gann(MC%)

Figure 6. Regression line of testing wood moisture meter Gann HT 85T on black
alder specimens with - their 95% confidence and tolerance bands (LOG(MC actual
%) — actual moisture content in logio; Gann — meter reading (moisture content %o).

(RQ2): Calibration models for calibrating a specific electrical resistance
meter (type: Scanntronik Gigamodule) into a wood moisture meter are
presented in Table 4.
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Table 4. Regression parameters for model 1 (individually calibrated pine sapwood)

and model 2 (in situ calibrated black alder)

Parameter Model
Individually calibrated, Moisture content
model 1) predicting regression
(Figure 8) model 2 (in situ
calibrated)
(Figure 7)
Observations 10 60
R-squared 0.99 0.71
Standard error  0.26 0.84
of regmodel
Kolmogorov— — p-value = 0.6558

Smirnov test
of residuals of

regmodel

Shapiro-Wilk  — p-value = 0.8622
test of
residuals of

regmodel

Excluding the 20 measurements carried out below the FSP (26% MC)
and shown in figure 12 in (IV) resulted in a simpler linear calibration
model for the 60 measurements performed above the FSP in a
logarithmic scale: x-axis 10LOG(R) and y-axis 10LOG(MC) (Figure 7),
the main parameters of which are the following: R* = 0.71, SE of the
calibration model is 0.84, p-value of the calibration model is smaller
than 0.01.
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When comparing the main parameters of the calibration model in the
range above the FSP shown in Figure 7 and the individual calibration
model given in Figure 8, a significantly better quality of the individual
calibration model is apparent than in the case of the parameters of the
in situ or the so-called collective calibration model. In the case of the
individual calibration model, the R-squared value of 0.99 and the value
of the residual standard error SE = 0.26 are achieved with only 10
measurements, whereas in the case of the in situ calibration model, the
R-squared value of 0.71 and the value of the standard error SE = 0.84
are obtained with 60 measurements. It may be concluded from the
comparison that for the purposes of the standard ISO/IEC 98-3:2008
both models have the measuring function, i.e. the calibration function,
but in the first case (the so-called in situ calibration model) we are
dealing with type A evaluation of measurement uncertainty. In the
second case (i.e. individual calibration), type B evaluation of
measurement uncertainty, that is, a classical reference-based calibration
procedure is possible.

A pine sapwood specimen passing various average MC levels during
slow drying was selected as a reference model for moisture content in
paper (III). The average MC of the specimen was determined with a
highly reliable dry-weighing method according to the standard ISO
3130:1975. Both cases can be viewed as exceptions of Vermaas’s
hypothesis due to the existence of calibration functions.

A simple geometric interpretation of the VH circumstances was made
when the calibration model obtained with 60 measurements above the
FSP was presented with the signal-to-noise ratio (Figure 7). Figure 7
clearly shows that the noise signal (N1) constitutes approximately 2/3
of the useful signal (S). The tolerance interval of the model was
interpreted as the noise signal N1 and the absolute increment of the
electrical resistance logarithm within the entire area of applicability of
the model was interpreted as the useful signal S.
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Figure 7. Simplified regression line for the black alder specimen obtained with 60
measurements at 50°C according to the regression curve given in figure 12 of paper
(IV) by excluding 20 measurements below the fibre saturation point.
signal; N1 — noise signal via the tolerance interval; N2 — noise signal via the SE of the
calibration model.

S — useful

For comparison, the individual calibration model of the measuring
electrodes can also be presented as the signal-to-noise ratio (figure 12
in (III) and Figure 8).
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Figure 8. Example of the individual calibration function between the average
moisture content logarithm and wood electrical resistance logarithm (figure 12 in
(I1I)) when the average moisture content of the pine sapwood specimen decreased
from 141% to 36.4%. S — useful signal; N1 — noise signal via the tolerance interval.

The noise signal N1 constitutes approximately 1/10 of the useful signal
S as may be visually determined in Figure 8 for the individual
calibration model of the measuring electrodes. Therefore, the signal-to-
noise ratio is considerably better for a high-quality calibration model
(Figure 8) than for a low-quality calibration model (Figure 7). So, the
final conclusion could be the following: Increasing the number of
measurements does not significantly improve the signal-to-noise ratio
of the low-quality calibration model, but it may considerably improve
(that is, in the case of good convergence of the model) the SE of the
model.

In the case of a large number of measurements, the standard error SE
of the calibration model may be interpreted as the noise signal N2
instead of the noise signal via tolerance interval (N1). Therefore, the
noise signal N2 obtained on the basis of the standard error of the
model compiled for the 60 measurements (Figure 7) constitutes
approximately 1/10 of the useful signal S. So, as the number of
measurements increases, the signal-to-noise ratio can be significantly
improved because the increasing number of measurements does not
influence the useful signal but it does decrease the noise signal N2.
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5.4. Equivalent circuit of the PD method (III, IV)

Electrical substitute circuit diagrams are used for modelling complex
real electrical processes. Based on the information gathered in papers
(III) and (IV), an equivalent circuit (Figure 9) may be proposed for the
PD method for the first 20 seconds (polarization phase):

Cwood

A
o

Rcontact

Rwood

Figure 9. Equivalent circuit of the polarization—depolarization method.

Wood resistance R is constant, but wood electrical capacitance
Cooa(d and electrode/wood contact resistance R ,..(9) ate variable
quantities the first of which (C,.,(#) varies according to the linear
function and the second (R_,..(d) according to the logarithmic
function.

This equivalent circuit is essentially a modified Debye circuit (Debye,
1945) in which all elements are no longer constant compared to the
original circuit.

5.5. Determination of relative chargeability of wood with the PD
method (IV)

It is possible to determine the relative chargeability of black alder wood
(Figures 4 and 5) by comparing the electrical energy that has passed
through the wood and the electrical energy that has been retained in
the wood. The electrical energy W that passed through wood during

the last second of the polarization process W,,; =15, ,, U poit20 and

the electrical energy measured during the first second of the

depolarization  process W,

Considering that the time period for calculating both energies is 1
second, the corresponding electric power ratio was found:

ot =11 apol1apofty  Were  compared.
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P
_V;I’OI = 2L " \which also represents wood relative chargeability. By

pol pol

substituting corresponding numerical values of current intensities and
voltages from Figures 4 and 5, the approximate wood relative
chargeability found was 6%. Thus, only 6% of the energy passing
through wood during the last second of charging is retained in wood.
Since according to paper (III), both the polarization process and the
depolarization process are moisture-sensitive, it may be presumed that
wood relative chargeability depends on wood average moisture
content.

The relative chargeability of wood probably depends also on the
selected measuring interval. The reason behind this is the high rate of
dischatging of the double layer of the wood/measuring electrode in the
initial phase of the depolarization process. In other words, wood loses
significantly more retained electrical charge within 1 second than
within 0.01 seconds.

5.6. Determining the significant parameters of wood drying (I)

The graphs of log files of the results of industrial drying experiments
and relevant simulations with the program TORKSIM ver. 3.1 are
shown in Figure 10.

60 40
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= 5 yﬂ\ Simulated MC ‘é 35 \
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A. Board thickness 22 mm B. Board thickness 50 mm

Figure 10. Graphs of the log file and simulation of the results of the industrial drying

experiment of pine wood (measurements based on electrical resistance, simulated
with TORKSIM ver. 3.1)
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For 50 mm material (Figure 10B) the formula of linear regression was:
MC(m) = 0.886608 + 0.853483MC(s),

Multiple R-squared: R* =0.9919,

Comparison of the MC(m) and MC(s) gave the standard deviation of
2.6%.

Maximum differences in the temperature on the surface of the sample
and inside the sample did not exceed +0.7°C (figure 4 in (I)). Also
TORKSIM ver. 3.1 shows differences in the temperature on the
surface of the sample and in the drying air near the surface of the
sample. There was a good match with the differences in temperature
measured in the course of the experiment (figure 4 in (I)).

The processing of the simulation results of industrial experiments with
the program TORKSIM ver. 3.1 (22 mm pine 91 hours and 50 mm
pine 336 hours) showed a strong correlation with the quasi-stationary
drying regime, the values of R? varied within the range R*= 0.991—
0.9999 for the 22 mm board and R* = 0.9939-0.9998 for the 50 mm
board (see figure 5 in (I)).

The correlation with the quasi-stationary drying regime was weaker in
the case of the forced drying regime in the laboratory experiment of
drying a 56 mm pine board for 121 hours. The processing of the
simulation results demonstrated variation of R”in the range of R* =
0.9821-0.9885. Measured and simulated local MC at depths of 4.5 mm,
9 mm and 28 m from the surface of the board were compared in the
laboratory experiment using the forced drying regime. The results are
shown in figure 6 in (I).

According to the simulation results, the moisture content can also be
determined by the first time derivate. These data enabled the
approximation of the inverse determination of the effective diffusion
coefficient by means of the parabola method (Kretchetov, 1972), well
known from Fick’s second law. Also, it was possible to define the
dependence of inversely determined effective diffusion coefficients on
the average MC of wood shown in figures 7 and 8 in (I).

Figure 11 shows the dependence of the diffusion coefficient of the
approximate inverse determination of TORKSIM simulation and the
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local diffusion coefficient determined directly by the laboratory
experiment from the mean wood MC.
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Figure 11. The dependence of the effective diffusion coefficient on the inverse
determination (I.D.) of TORKSIM simulation (I.D. 50 mm and 1.D. 22 mm) and the
local diffusion coefficient determined directly by the laboratory experiment from the
mean moisture content of the pine wood.

The first crack in the 56 mm thick pinewood sample emerged 82 hours
after the initiation of drying. The computer simulation of the
laboratory experiment indicated maximum relative tensile stresses of
0.33 units at 80—90 hours, indicating the risk of the initiation of drying
cracks. Distributions of tensile and compressive stress at a defined
moment of time (75, 82 and 121 hours from the start of the drying
process) were found in a simulation in the laboratory experiment. The
result is shown in figure 10 in (I).
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6. DISCUSSION

6.1. Electrode effects (111, IV)

There are a number of ways to look at electrode effects. On the one
hand, it may be assumed that all electrode effects are detrimental
because they cause various measuring errors when measuring wood
electrical resistance above the FSP. If the purpose is to measure only
wood electrical resistance, eliminating all electrode effects would
probably be the right solution. On the other hand, however, if
electrode effects are used with the aim of solving a specific research
problem, it would be expedient to describe electrode effects
mathematically as accurately as possible instead of neglecting them. An
example of this might be the application of the ESIR (or PD) method
in the experimental test of James’s hypothesis. Eliminating electrode
effects is actually quite simple. In the time domain, measuring should
be done quicker (within the measuring interval of 0.01-0.3 seconds),
while also limiting the measuring voltage (below 2.6 V) and the general
measuring time (max 1 second). These measures guarantee that
polarization processes do not fully develop in the double layer of the
electrodes, or if they do, at least their development direction can be
monitored. Further extraction of the polarization process should be
done mathematically. When measuring in the frequency domain, the
measuring voltage should be even lower (50 mV and below), and the
DC voltage component should be left out, because it could cause
additional polarization. A certain DC component (ca 210 mV) may be
added in the measuring system with the Ag/AgCl reference electrode
(RE), which may also cause additional polarization.

In order to eliminate the residual polarization effect, the measuring
interval between two consecutive measurements from the same
clectrodes should be long enough (1 hour and longer). To avoid
corrosion of the measuring electrodes, non-corroding electrode
materials, such as graphite, glass-carbon or bismuth, should be used.
For avoiding the occurrence of electrolysis effects (e.g. deposits on
clectrodes and exhaust gases) optimum current densities should be
used in the experiments (Romann et al., 2014).
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The most important electrode effects include wood polarization and
depolarization. Sometimes the wood polarization process is also called
polatization/capacitance effect in the literature (Chaumat et al., 1999).
Concerning the numerical value of electrical capacitance, in the case of
146% MC in pine sapwood, the electrical capacitance measured with
the PD method at the start-up moment was 0.5 mF. This may be
considered a relatively high capacitance, approaching the lower limit of
typical capacitances of supercapacitors and pseudocapacitors (Zuleta,
2005). Therefore, this raises the question of a certain analogy with wet
wood and a supercapacitor or pseudocapacitor. Zelinka et al. (2007)
showed that in the frequency domain, wood can be described well with
the Debye equivalent circuit containing a constant phase element
(CPE). The CPE and pseudocapacitor transfer equations are given as
examples (AUTOLAB, manual; http://www.ecochemie.nl). The
electrical capacitance lower than that of a supercapacitor and
conformity between the CPE model and experimental data support the
hypothesis of the analogy between wet wood and a pseudocapacitor.
Such approximate analogies sometimes help specify the details of an
equivalent circuit.

6.2. Testing James’s hypothesis (JH) and the PD method (IV)

The number of relaxation times probably also depends on the
approximation methodology of experimental curves found with the
PD method. Approximation of the experimental curves found with the
PD method with non-linear approximation functions needs further
research.

In connection with the equivalent circuit obtained with the PD
method, it should be mentioned that knowing the equivalent circuit is
not entirely necessary for calculating the figures from the experimental
curves, since these are found according to approximation functions
and not the equivalent circuit. This might be compared to the electrical
impedance spectroscopy (EIS) method (Zelinka et al., 2007) in which
electrical parameters of interest, such as the real and imaginary part of
wood electrical resistance and the CPE etc., are calculated based on an
equivalent circuit. Thus, knowing the equivalent circuit is obligatory in
the case of the EIS method.
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These papers applied the PD method for experimental testing of a
specific theoretical problem, namely JH. This raises a justified question:
Could the PD method be somehow applied also in practice in the
future? Keeping in mind the further application of the method in
practice, the experimental device for the PD method has been
engineered technically in a way that enables autonomous battery-
powered operation during a reasonable time period (for example when
measuring growing trees) and it would be available at a competitive
cost price.

The main problem concerning the practical application of the PD
method does not lie in the technical details of the method, but in how
the measured electrical parameters can be correlated with the physical
and mechanical wood parameters of practical interest, such as wood
average MC, the static and dynamic modulus of wood elasticity, wood
stress and deformation, wood dry mass and density. There is probably
no other way to find the listed correlations of practical interest than to
apply statistical modelling. Modelling, in turn, requires a large number
of similar repeated measurements. However, a lot of the work is often
lost in such modelling projects if it appears that no reasonable
correlation occurred in the experiments. Therefore, one has to be
prepared for not getting the expected results from all models.

6.3. Testing Vermaas’s hypothesis (VH). (IT) and (IV)

Surprisingly, the two exceptions of Vermaas’s hypothesis have been
long used in practice, although intuitively, without complex statistical
modelling or any other form of scientific reasoning. For instance,
manufacturers of wood dryers have designed control engineering in a
way that it has 10 wood electrical resistance measuring channels. This
has probably been done becasue intuitively it has been understood that
the standard error is smaller in the case of ten average measurements
compared to a single measurement. So, engineers did, in fact, covertly
presume the existence of some sort of calibration model, although the
VH denied it. These statements have clearly described the principles of
producing calibration models related to the first exception of the VH,
so there is no need to covertly presume anything. In wood drying
practice, the calibration model associated with the first exception of the
VH enables the wood dryer operator to plan the desired measuring
accuracy with the number of measurements. Sometimes additional
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measurements are necessary for determining wood average MC with
greater accuracy at the beginning of drying. Paper (II) pointed out the
possibilities of applying the first exception of the VH in non-

destructive ultrasound measurements of wood (see Wang et al., 2004;
Carter et al., 2005).

Another practical example makes use of individual calibration of
resistance-type pin electrodes for monitoring wood MC dynamics
above and below the FSP (Lazarescu et al., 2010) simultaneously in
wood surface and core. Therefore, the researchers intuitively presumed
the existence of the corresponding individual calibration function (or,
in our terms, the existence of the second exception of the VH),
although the VH denied it. Therefore, in the given example, the
researchers must have covertly presumed also an excellent time
stability of the individually calibrated pin electrodes, because otherwise
reliable monitoring of wood MC dynamics would not be possible. The
author of these statements has, in fact, tested the time stability of the
individually ~ calibrated corrosion-free carbon electrodes, but
unfortunately, the results could not be presented in this thesis due to
lack of space. The mentioned stability test lasted for more than 5 days.

In relation to pointing out the two exceptions of the VH in these
statements, the justified question of whether there are more exceptions
is raised. The author of the statements has conducted a few
experiments to determine the existence of a third exception of the VH
and received some interesting results, which, unfortunately, could not
be presented in this thesis due to lack of space.

6.4. Determing the significant parameters of wood drying (I)

The accuracy of experimental determination of the diffusion
coefficient in a given coordinate point was largely dependent on the
resolution capacity and time stability of the measuring device. As the
gradient itself is a function of the coordinate, the accuracy was also
dependent on the size of the measured sample. When comparing the
accuracy of the experimental determination of the diffusion coefficient
with the method of computed tomography (+3.6%) (Danwind, 2005)
and resistance method (*4%), it appeared that the difference in
accuracy was not significant. The achieved accuracy can be considered
satisfactory for diffusion-based control of wood drying.
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Comparison of the measuring data of the laboratory drying experiment
with computer simulation showed a relatively good match between the
measured and the simulated moisture content in the layer near the
surface of the sample. However, the MC in the middle part of the
sample measured at the end of the experiment was considerably higher
(39£10%) than in case of simulation (18%). Probably the MC in the
middle of the sample was measured with lower accuracy, as the
accuracy of resistance-type moisture sensors decreases above the FSP.

The results of the study indicate that there is a good correlation
between the MC of wood measured during the industrial experiment
and the results of computer simulation. It was proved that by the
method of electrical resistance the effective diffusion coefficient
dependent on the average MC can be used as an alternative to the
oven-dry method.

The experience gained in the course of the study showed that the
electric devices for measuring MC can be used for experimental
determination of the local diffusion coefficient according to Fick’s first
law.
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7. CONCLUSIONS

The papers on which the present thesis is based study the practical
application possibilities of the electrical resistance method for
determining wood MC above the FSP. Vermaas’s hypothesis (VH)
clearly gives a negative evaluation of the practical application
possibilities of the electrical resistance method for wood MCs above
the FSP (that is, above 30% MC), stating that the method lacks the
calibration function in the given MC range. Without the calibration
function, however, the measurement method can obviously not be
applied in practice. In order to address the problem, the circumstances
of the VH were statistically modelled in two typical cases. In the first
case research question, RQ1, the resistance meters had been pre-
calibrated as wood moisture meters. In this case, recalibration could
presumably ensure a more reliable calibration function and naturally
also show whether the calibration function even exists. In the second
case (RQ2), the procedure of the calibration of a specific electrical
resistance meter into a wood moisture meter was modelled and the
main parameters of the obtained calibration model were studied.
Modelling results were interpreted according to the principles of the
standard ISO/IEC 98-3:2008.

1) It was found that the standard error of the calibration models
developed for the case of both RQ1 and RQ2 decreases as the number
of measurements increases. This phenomenon of the standard error of
the calibration model decreasing as the total number of measurements
increases was called the first exception of the VH in these papers. The
Discussion chapter presented possibilities of applying the first
exception of the VH in practice, for example in wood drying. Paper
(I) pointed out the possibilities of applying the first exception of the
VH in non-destructive ultrasound measurements of wood MC.

2) It was found that a calibration function with a sufficiently good
quality existed in the individual calibration of the measuring electrodes
in the MC range above the FSP, which enables the calibration function
also with the method of type B evaluation of measurement uncertainty
according to the standard ISO/IEC 98-3:2008, that is, the traditional
calibration procedure based on the reference moisture. This situation
was called the second exception of the VH in these papers. As shown
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in this thesis, the second exception of the VH plays an important role
in monitoring wood drying.

3) In order to study the electrical processes with a long and extra-long
relaxation time in the wood moisture content range above the FSP, the
polarization—depolarization method (PD method) was developed. The
PD method along with the empirical equations found enabled us to
experimentally test James’s hypothesis on the multiplicity of relaxation
times in wood. An electrical equivalent circuit of the PD method was
also found for the wood polarization phase. The method was applied
to determine the relative chargeability of black alder wood in case of
the average MC of 90%.

4) In relation to wood drying the experimental diffusion coefficient
determined according to Fick’s first law at various depths from the
wood specimen shield proved to be an extremely informative
parameter for describing the drying process. The experimental
diffusion coefficient (also called the local diffusion coefficient in some
literature sources) enables quantitative separation of ranges of slower
moisture diffusion and faster moisture diffusion existing in a specific
drying plan. This, in turn, seems to allow preferring ranges of faster
diffusion when optimizing the drying plan and, if possible, ignoring
ranges of slower diffusion.

Fick’s second law was applied to find the effective diffusion coefficient
that describes the drying process in general. This coefficient is rather a
quantity that describes the drying process on average, but still allows
determining whether a specific drying plan is soft or rigid.

A few fairly conceptual issues of wood science pointed out in these
papers, such as Vermaas’s hypothesis (VH) and James’s hypothesis
(JH), need further in-depth research for developing the theoretical
aspects as well as improving the experimental methodology:

e The existence (or non-existence) of the third exception of the
VH would need reliable experimental verification.

e The further theoretical analysis of the JH would presume
derivation of differential equations describing the processes of
wood polarization and depolarization. In relation to the
practical applicability of the JH and the PD methods, it would
be necessary to enhance the methodology of obtaining
approximation functions for the experimental curves.
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Concerning a more detailed experimental study of the JH, the
development of a new method combining the Wenner method
and the PD method should be considered.

The methodology for determining the local diffusion coefficient
according to Fick’s first law described in these papers will be applied in
the future to study the industrial drying of deciduous tree species such
as birch, aspen and alder, which are important deciduous trees in
Estonia. Information regarding the ranges of maximum values of the
experimental local diffusion constant near the wood surface, namely
approximately at a depth of 2.5 mm from the surface, would be of the
greatest interest.

These papers also presented two new hypotheses: first, the hypothesis
about the existence of the third exception of the VH; second, the
hypothesis on the existence of a statistical correlation between the
parameters of raw data approximation functions with the PD method
and a parameter that macroscopically describes wood (such as MC,
density, dry density, deformation, mechanical stress, modulus of
elasticity etc.).
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SUMMARY IN ESTONIAN

ELEKTRILISTE TAKISTUS-TUUPI
KONTROLLIMEETODITE ARENDAMINE
PUIDUKUIVATUSES

Sissejuhatus

Puidukuivatuses on levinud puidu niiskusesisalduse mootmine
elektrilisel takistusmeetodil, sest see meetod on odav ja enamasti
tookindel. Puuduseks on asjaolu, et puidukiu killastuspunktist alates
(niiskusesisaldus = 30%)  hakkab  mootetipsus  kahanema
korrelatsioonis puidu niiskusesisalduse suurenemisega.

Uurimuse  peamine  eesmdrk  oli  tdiustada  puidukuivatuse
kontrollimeetodeid, kasutades selleks traditsioonilise takistusmeetodi
voimalusi.  Takistusmeetodi  arendamine juhul, kui puidukiu
niiskusesisaldus tletab kiillastuspunkti, eeldab eksperimentaalset ja
teoreetilist  uurimistood, mis ldhtub Vermaasi ning Jamesi
hipoteesidest, puidu makro- ja mikrofuitisikalistest parameetritest ning
dielektrikute elektrilise polarisatsiooni teooriast.

Uurimuse peamised hipoteesid olid jargmised.

e Kui puidu niiskusesisaldus tletab puidukiu ktllastuspunkti,
kehtib tldiselt Vermaasi hiipotees puidu takistus-titpi
niiskusmootjate kalibreeritavuse kohta, kuid on véimalikud ka
moned erandid.

e Jamesi hiipotees relaksatsiooniaegade paljususe kohta puidus
kehtib ka ajaskaalal, niiteks elektrilise tiksikimpulsi mé6tmisel
reaktsioonimeetodi ehk polarisatsiooni-depolarisatsiooni (PD)
meetodiga.

Pustitatud hipoteeside eesmirk oli matemaatiliselt kirjeldada ja
analiiisida elektroodefekte, mis kaasnevad puidu niiskusesisalduse
mootmisel elektrilise takistusmeetodiga, kui puidukiu niiskusesisaldus
tletab killastuspunkti.

Viitekirja eesmirgid olid jargmised.
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e Iecida voimalusi elektrilise takistusmeetodi tldtuntud nérkuste
kompenseerimiseks ja meetodi kalibreeritavuse parandamiseks
niiskusesisaldusel tle puidukiu killastuspunkti (I, III ja IV
artikkel).

e leida PD-meetodi jaoks rahuldav elektriline aseskeem (III ja IV
artikkel).

e [Leida puidukuivatusprotsessis voimalusi eksperimentaalse
lokaalse difusioonikoefitsiendi madramiseks elektrilisel
takistusmeetodil Ficki esimese seaduse alusel (I artikkel).

Materjal ja metoodika

Puidukuivatuse oluliste parameetrite mddramisel kasutatud materjal ja
metoodika on esitatud I artiklis. Kaht 6 m pikkust méinnipuidust
katsekeha ristldikepindalaga 150 x 22 mm ja 150 x 50 mm kuivatati
toOstuslikus kuivatis ning ht samast puidust katsekeha moGtmetega
600 x 200 x 56 mm (pikkus x laius x paksus) kuivatati labori
kuivatuskambris.  Koigis  kolmes  katses  oli  katsetitkkide
lalipuidusisaldus 40%. Laborikatses olid katsekeha otsad ja kiljed
kaetud neutraalse silikooniga, et tagada ithemootmelise matemaatilise
mudeli eeldusi.

Vermaasi htpoteesi uurimisel kasutatud materjal ja metoodika on
esitatud II, III ja IV artiklis. Vermaasi hiipoteesi modelleerimiseks
puidu eelkalibreeritud niiskusmoodtjatega kasutati sanglepast, arukasest
ja harilikust haavast katsekehasid mootmetega 100 x 60 x 60 mm
(pikkus x laius x paksus). Katsetes kasutati juhtivate tootjate takistus-
titpi eelkalibreeritud niiskusmootjaid Gann HT 85 T, FMD-6 ja NDT
James. Kokku tehti ligikaudu 1300 tiksitkm&6tmist, mille alusel koostati
Vermaasi htipoteesi modelleerimiseks ttheksa kalibreerimismudelit.
Elektroodefektide uurimisel kasutatud materjal ja metoodika on
esitatud III artiklis. Elektroodide ja puidu vastasmoju uurimisel
kuivatati manni maltspuidust katsekeha mo6tmetega 100 x 60 x 60 mm
(pikkus x laius x paksus) kuivatuskambris temperatuuril 32 °C suhtelise
ohuniiskuse 96% juures 244 tundi. Katsekeha niiskusesisaldus
kuivkaalu suhtes vihenes kuivatamise kiigus vahemikus 146% kuni
36,4%. Polarisatsiooni takistuse m&o6tmiseks kasutati Alphal.ab Inc.
takistusmodtjat mootepiirkonnas 0-20 MQ tldise mootetipsusega +
2%.
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Jamesi hiipoteesi uurimisel kasutatud materjal ja metoodika on esitatud
IV artiklis.  Katsetes kasutati hemootmelise  niiskusprofiiliga
sanglepapuidust katsekeha mootmetega 500 x 120 x 35 mm (pikkus x
latus  x  paksus). Polarisatsiooni- ja  depolarisatsiooniprotsessi
katseandmeid lihendavate empiiriliste valemite koostamisel kasutati 111
artiklis tdiendavalt to6deldud katseandmeid. Pinget moodeti Ahlborni
2,6 V alalispinge voltmeetriga, mille sisendtakistus oli 10 M. Voolu
mootmiseks kasutati Keithley elektromeetrit (mudel 6517B).

Tulemused

Puidu elektritakistuse mootmise kaigus wuuriti  tekkida voivaid
mootmisvigu, arvestades elektroodefekti, kui niiskusesisaldus tletab
puidukiu killastuspunkti. Leiti, et puidu niiskusesisalduse vahemikus
30-120% voib polarisatsioonitakistuse suhteline juurdekasv ulatuda
kuni 120%-ni.

Uuriti ka erinevate elektroodefektide suhtelist niiskustundlikkust.
Niiskustundlikkus on koige suurem elektritakistuse mootmise korral,
sellele jargneb polarisatsioonitakistuse suhtelise juurdekasvu mootmine
ja sellele omakorda depolarisatsiooni algpingete suhte mo6tmine. Puidu
niiskusesisalduse suurenemisel ¢z 50 % vorra (97,2—146%) suurenes
depolarisatsiooniprotsessi algpingete suhe kaks korda,
polarisatsioonitakistuse suhteline juurdekasv neli korda ja méodetud
elektritakistus vihenes kaheksa korda.

Uuriti  ka puidu jadkpolarisatsiooni nidhtust. Leiti, et puidu
jadkpolarisatsiooni pinge on pusiv (ligikaudu 25 mV) ega séltu oluliselt
puidu niiskusesisaldusest.

Nelja elektroodiga Wenner-tiilipi elektroodide siisteemiga leiti puidu ja
elektroodi kokkupuutel voimalus takistuse ja puidu elektritakistuse
eraldamiseks. Leiti, et puidu elektritakistus laias niiskusesisalduse
vahemikus tle puidukiu killastuspunkti on suhteliselt piisiv. Nimetatud
asjaolu kasutati PD-meetodi elektrilise aseskeemi koostamiseks. Nelja
elektroodiga mootestisteemi abil  to6tati  vilja  ka kvalitatiivne
korrosiooniindikaatoti meetod, mis voimaldab hinnata
mittetasakaalulise korrosiooni esinemist méoteelektroodidel.

Jamesi htipoteesi uurimiseks tootati vilja PD-meetod, mille abil
moodeti  koigepealt polarisatsiooni  pinget ja voolu ning seejirel
vahetult pirast modteelektroodide pingeallikast lahtithendamist ka
depolarisatsiooni  pinget.  Polarisatsiooni  ja  depolarisatsiooni
lahendusfunktsioonidele konkreetsema flitisikalise sisu andmiseks
koostati protsesside esimese 20 sekundi jaoks vastavad empiirilised
valemid, mis sisaldasid relaksatsiooniaega. Relaksatsiooniaja parameetti
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abil oli omakorda voimalik arvutada puidu elektrimahtuvuse ajalist
kdiku, kusjuures elektritakistuse vairtus saadi mootmistulemustest.
Nimetatud  empiiriliste ~ valemite  abil  Onnestus  toestada
relaksatsiooniaegade paljusus puidus, mis on Jamesi htpoteesi sisu.
Lahtiseks jdi siiski ktsimus, kas relaksatsiooniaegu on kolm, nagu
viidab hiipotees, voi voib neid olla ka rohkem.

PD-meetodil saadud esialgsetest andmetest mairati energeetilisel
meetodil musta lepa puidu (niiskusesisaldus  90%) suhteline
laadumisvoime. Leiti, et polarisatsiooniprotsessi 16pus on suhteline
laadumisvoime ligikaudu 6%, seega salvestub puidus ainult 6%
elektrienergiast.

Puidu katseliselt leitud elektrimahtuvus ligikaudu 0,5 mF osutus
tllatuslikult suureks, arvestades modteelektroodide viikest pindala.
Sellest jareldati, et puidu mikro- ja nanopoorne struktuur (karkass)
koos puidumahlaga (elektroliitit) oli elektrimahtuvuse moodustumisel
miirav. VOib oletada, et puidul on teatav analoogia pseudo- ja
superkondensaatoriga.

Kasutades kogutud teadmisi elektroodefektide ja Jamesi hipoteesi
kohta, esitati PD-meetodi elektriline aseskeem.

Puidu niiskusm&otjate modelleerimise tulemusi tolgendati standardi
ISO/IEC 98-3:2008 pohimotete kohaselt. Leiti, et
kalibreerimisfunktsioon  sobib  nii  puiduniiskuse = médramiseks
kasutatava  eelkalibreeritud = niiskusmodtja  kui  ka  elektrilise
takistusmootja puhul, kuid tksikmootmisel jaab see tisna ebamairaseks.
Puidu niiskussisalduse tiksikmootmise korral (niiskussisaldus = 30%)
on puidu niiskussisalduse eeldatav absoluutne modtmisviga vahemikus
T (2,5-17,5%). Samas selgus, et mootmiste arvu suurenedes viheneb
mudeli jddkviga, mis omakorda tihendab, et kalibreerimismudeli
koonduvus on hea. Leiti, et 136 mootmise korral on voimalik, et tihe
mudeli standardviga on +1,2% niiskusesisaldust. Kalibreerimismudeli
standardvea vihenemist mootmiste koguarvu kasvades nimetatakse
viitekirjas Vermaasi hiipoteesi esimeseks erandiks. Hiipoteesi teine
erand ilmnes takistus-tiiipi = mooteelektroodide  individuaalse
kalibreerimise protseduuri modelleerimisel. Leiti, et puiduniiskuse
(niiskusesisaldus = 30%)  mooteelektroodide  individuaalsel
kalibreerimisel on olemas piisavalt hea kvaliteediga
kalibreerimisfunktsioon, mis voimaldab standardi ISO/IEC 98-3:2008
jargi ka B-tutipi méotemadramatuste miaramise meetodile vastavat ehk
traditsioonilist niiskuse etaloni pohist kalibreerimist. Seda olukorda
nimetatakse viitekirjas Vermaasi hiipoteesi teiseks erandiks.

Puidu kuivatamisega seoses leiti, et Ficki esimese seaduse alusel
miairatud eksperimentaalne lokaalne difusioonikoefitsient puidust
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katsekehas erinevatel sugavustel on kuivamisprotsessi
iseloomustamiseks vaga informatiivne parameeter. Eksperimentaalne
lokaalne difusioonikoefitsient voimaldab  kvantitatiivselt  eraldada
kuivatusplaanis esinevaid aeglasema ja kiirema difusiooniga piirkondi.
See omakorda voimaldab kuivatusplaani optimeerimisel eelistada
kiirema difusiooniga vahemikke ja ignoreerida voimaluse korral
aeglasema difusiooniga piirkondi.

Ficki teise seaduse alusel leiti ka kuivatusprotsessi iseloomustav
efektiivne difusioonikoefitsient. Efektiivne difusioonikoefitsient on
pigem kuivatusprotsessi keskmiselt iseloomustav  suurus, kuid
voimaldab siiski otsustada, kas kuivatusplaan on puitmaterjali teatud
ristloike suhtes aeglane voi kiire.

Viitekirjas pustitati ka kaks wuut hiipoteesi: hiipotees Vermaasi
htupoteesi kolmanda erandi olemasolu kohta ning htpotees PD-
meetodil saadud katseandmete lihendusfunktsioonide parameetrite ja
vihemalt moéne puitu makroskoopiliselt iseloomustava parameetri
(niiskussisaldus, tihedus, kuiv tihedus, deformatsioon, pinge,
elastsusmoodul jm) omavahelise statistilise seose olemasolu kohta.
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Abstract

The aim of this study was to find significant correlations between these three components: industrial experiments
of drying, drying simulation program and laboratory experiments of drying. The study concentrates on the examination
of the dependence of effective diffusion coefficient on mean moisture content in the process of convective drying of
pine (Pinus sylvestris L.) sawn timber. The methodology of experimental determination of effective diffusion coefficient
and the laboratory equipment is described and the results of the experiment are compared to the results received by
means of one dimensional simulation programme TORKSIM ver. 3.1. For experimental determination of effective diffusion
coefficient necessary measurements of the moisture content of wood were made using the method based on electrical
conductance/resistance. In the course of drying processes 12 effective diffusion coefficients dependent on the moisture
content of pinewood were determined on a trial basis.

Laboratory experiments were carried out to register the time of initiation of the first crack on the surface of the
pinewood from the start of the drying process, and the results were compared to the maximum relative tensile stress on
the surface of the pinewood simulated by the computer programme TORKSIM ver. 3.1. On the basis of the results of the
simulation, the maximum relative compressive stress was determined in the core of the pinewood board subjected to
drying.

One-dimensional (1D) moisture profile from the surface to the core of the board was measured and the results were
compared to the simulated moisture profile of the programme TORKSIM ver. 3.1. Comparison of the moisture contents
measured in the laboratory experiment and simulated by the programme showed that best matching of the moisture
contents was achieved in the near-surface layer of the board sample. It was concluded that the laboratory equipment was
suitable for the assessment of the accuracy of the wood drying simulation programme TORKSIM ver. 3.1 as well as for
repeating the drying schedules used in industrial wood drying.

Key words: heat transport, moisture transport, effective diffusion coefficient, tensile stress, compressive stress

Introduction

The indicators of convective drying of wood (i.e.
final moisture content, mechanical stresses, initiation of
cracks in the wood etc.) are determined by the choice of
the drying schedule. Nowadays drying control pro-
grammes for kilns are developed by mathematical mod-
elling, i.e. computer simulation (Salin 1990, Rémond et
al. 2007) of the drying process. Simulated drying sched-
ules are carefully tested both under laboratory conditions
and in industrial environment (Tronstad et al. 2005).

It can also be done conversely by taking a drying
schedule which has proved to function efficiently in
industrial kilns and test it under laboratory conditions.
At the same time computer simulation for the drying

process is performed. Certain difficulties can be encoun-
tered with the evaluation and interpretation of the re-
sults of using commercial simulation programmes, as the
exact mathematical model which is the basis for the
commercial programme is not known to the user. In most
cases general information about the simulation pro-
gramme is known — i.e. whether the model is one-, two-
or three- dimensional (1D, 2D, 3D Model), isotropic or
orthotropic. Sometimes background information can be
obtained from other sources like a description of the
mathematical model likely used in the simulation pro-
gramme (Salin 1990, Rémond et al. 2007).

Direct experimental determination of the diffusion
coefficient according to Fick’s First Law is a widely
used method. The main reason being that the method
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enables the local diffusion coefficient to be determined
in different locations of the wood sample subjected
to drying, dependence of the diffusion coefficient on
moisture, temperature and coordinate, i.e. the function
D (u,T,x) can be examined by means of experiments.
The diffusion coefficient can be determined by oven-
dry method (Hukka 1999, Tremblay et al. 2000), com-
puted tomography, x-ray scanning (Danvind 2005, Cai
2008) and electrical conductivity method (described in
this paper). However, only the oven-dry method can
be considered as an absolute method, i.e. a method
which does not require any comparison or calibration
with other methods.

The aim of the study has grown out of practical
needs, not laboratory research. The aim was to find
significant correlations between these three compo-
nents: industrial experiments of drying, drying simu-
lation program and laboratory experiments of drying.

Materials and methods

The coupled, uncoupled and diffusion-based sim-
plified models

The coupled model to calculate the combined heat
and moisture transport through a porous medium was
developed by Luikov (1966), and specific to wood by
Siau (1984).

The governing equation for heat transfer through
wood board is as follow:

d d(,0 )

pcpa—}a—x[ia—l}a—‘:memm, )
where x is the distance along the direction flow (m); ¢
is the time (s); p is the wood density (kg m?), as a
function of moisture content u; ¢ is the specific heat
capacity of wood (J kg' K''), as a function of tem-
perature and moisture content u (kg kg'); T is tem-
perature (K); A is wood thermal conductivity (W m™!
K1), expressed as a function of temperature and mois-
ture content u; o, is the water density (kg m?); G is
the wood specific gravity (kg kg”') and H is the la-
tent heat of moisture in wood (J kg™'). The specific
gravity of wood, G is the ratio of the density (mass
of a unit volume i.e. oven-dry mass of wood) of a
substance to the density (mass of the same unit vol-
ume i.e. mass of water) of a reference substance. The
moisture content u in the wood material is expressed
as the weight of water present in the wood divided
by the weight of oven-dry wood substance.

The governing equation for unsteady state iso-
thermal moisture transfer through a wood board is
given as the Fick’s Second Law (Crank 1956) in one
dimension:

ou_9d ou
g—&(Dl(T,U)&), 2)

where D, is the transverse wood moisture diffusion
coefficient (m? s).

It is possible to simplify a coupled model and turn
it into an uncoupled model on the assumption that
there is no heat generation inside the wood. This as-
sumption can be roughly implemented if the experiment
fulfills certain conditions — i.e. in the case that the
velocity of heat transfer process through the wood
sample is over ten times higher than the velocity of
mass transfer i.e. diffusion process. Another simpli-
fying assumption would be the use of empirical for-
mula for thermo-physical properties of wood and oth-
er non-linear transfer coefficients (Younsi et al. 2006).

In exceptional cases, the isothermal diffusion
equation (i.e. Fick’s Second Law) can be used to de-
scribe the process of drying wood in narrow temper-
ature range 50-60°C with reasonable accuracy (ref.
eq. 2). The prerequisite for using the extremely sim-
plified diffusion-based model is presence of as many
reference points of comparison as possible which al-
low us to observe the dynamics of moisture content
and temperature. Such drying schedule resulting in
parabolic moisture content distribution in the cross-
section of the material perpendicularly to the surface
was named quasi steady-state by Luikov (1966). In
such case Fick’s Second Law, eq. (2), can be present-
ed in the following form:

D, 2V const i

ox~

(2a)

The solution of its differential equation is square
root function.

Upon experimental determination of the diffusion
coefficient it is very important to fulfil the assumptions
of isothermal diffusion. Isothermal properties were
checked by constant observation of differences in
temperature on the surface of the sample and at dif-
ferent distances from the surface of the sample both
inside the sample (Figure 1) and in the drying air.

The mathematical model being the basis for the
wood drying simulation programme TORKSIM ver. 3.1
has not been disclosed in detail. However, on the basis
of Salin (1990) it can be assumed that it is perfect iso-
tropic Luikov-type coupled model.

Stress calculation model

In order to ensure quality in the process of wood
drying it is necessary to calculate the strain and stress
evolved in wood on the basis of previously calculat-
ed moisture profile. The mathematical model in the one-
dimensional isotropic case can be presented on the
basis of Salin (1990). The primal equation for stress
calculation:
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where o — tensile stress (Pa); o, ~bound water con-
tent (kg m?); E — modulus of elasticity (Pa); / — board
thickness (m); x — coordinate from the surface of the
board (m).

The governing equation for creep calculation:

%—f:é%—?+a§’+(a+ma)%, 4
where & — total strain; o - tensile stress (Pa); E —
modulus of elasticity (Pa); £, — viscoelastic strain; a
— unrestrained shrinkage coefficient (m*kg'); m —
mechano-sorptive creep coefficient (m* kg' Pa); o, —
bound water content (kg m?); ¢ — time (s).

Modulus of elasticity E is not a constant, but
depends on both moisture content and temperature.

Material

In this paper the data of computer simulations
of two industrial experiments and one laboratory ex-
periment of convective drying of pinewood using the
1D programme TORKSIM ver. 3.1 (Trétek 2006) are
presented. Also, the approximate inverse determina-
tion of efficient diffusion coefficients is presented
using the parabola method well-known from simulat-
ed moisture profiles (Kretchetov 1972). The diffusion
coefficient in this context is defined as the effective
diffusion coefficient of the total diffusion flux of the
liquid phase and vapour phase and water and bound-
ed water.

In an industrial kiln samples of pinewood (the
length the samples 6 m, dimensions of the cross-sec-
tion 150x22 mm and 150x50 mm and the sawing pat-
tern4EX-log), located in the middle of the pile, were
dried. The samples of pinewood for the laboratory
drying experiment had the cross-section of 200x56 mm
and the length of 600 mm. In all three experiments the
average content of heartwood was 40% +10%. In the
laboratory experiment the ends and sides of the wood
sample were covered with neutral silicone (a product
of Bostik) to ensure the validity of the assumptions
of the one-dimensional mathematical model in the ex-
periment.

Experiment

In the laboratory drying test the diffusion coeffi-
cients were determined experimentally by means of
electrical conductivity method Flick’s First Law (Fick
1855) was used . In addition, differences in the tem-

perature of the material subjected to drying and initi-
ation of the first drying crack as a result of drying stress
were examined. For this purpose, a forced drying
schedule three times shorter than the regular sched-
ule commonly used in industry was applied.

In the industrial chamber type convective dryer
a reliable mild drying schedule was used to ensure the
high final quality of wood. This method has also been
successfully tested in practice before. The drying time
of the 22 mm sample was 90 hours and for the 50 mm
sample the corresponding time was 336 hours. The
initial moisture contents were 55 £10% and 36 +10%,
respectively. The drying chamber was controlled by
the relative air humidity and temperature sensor RO-
TRONIC Hygro Clip-S (measuring range 0 — 100% RH,
precision at 23 °C £1.5% RH). The wood moisture con-
tent was measured by means of screw electrodes in
six different points in the location of 1/3 of the thick-
ness of the board from the surface (Figure 1). The
values of moisture content were averaged and regis-
tered in the log file. Information of the average mois-
ture content of wood was not used in the control of
the drying chamber and it was saved as additional
information. The average velocity of air in the drying
chamber was 2 ms™'. Hysteresis of automatic control
in the “on-off” control of the drying chamber was
adjusted to £1.5°C in the temperature channel and to
+2% RH in the relative humidity channel of drying air.
During the drying process a schedule with linearly
rising temperature on average of 0.01°C and 0.1°C per
hour was respectively used for the samples of the
thickness of 22mm and 50mm. In both cases the speed
of temperature rise was smaller than the fluctuation of
temperature per hour caused by the automatic control
system of the chamber (i.e. £1.5°C). The drying sched-
ules for 22 mm and 50 mm material are presented in
Tables 1, 2 and 3.

The laboratory experiment with pinewood was
carried out in the climate chamber FEUTRON. The
forced drying schedule is presented in Tables 1 and
4. The climate chamber was operated according to
relative air humidity and temperature of the same type
of sensor (ROTRONIC Hygro Clip-S) as in the indus-
trial experiment. The climate chamber was controlled

Table 1. Parameters of 22 mm pine drying schedule , 91h
(industrial test), and 50 mm pine drying schedule, 336 h (in-
dustrial test), and 56 mm pine drying schedule, 121 h (lab-
oratory experiment)

Parameters 22 mm, 91h, 50 mm, 336 h, 56 mm, 120 h,
industrial industrial laboratory
Initial MC, % 53 35 60
Dry density, kg/m® 430 430 430
Air velocity, m/s 2 2 2
Heartwood content, % 40 40 40
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Table 2. Schedule ] Dry bulb Relative
of 22 mm pine It:_)ry'nh te?(qp YVEtb":Ig humidity
drying (91 h in- e (M) (cy emp (°C) - (Riy o)
dustrial test) 0 54 54 99.5
10 50.0 49.9 99.5
19 50.0 50.0 94.5
43 60.0 55.9 81.0
67 60.0 50.2 59.0
79 60.0 443 41.0
88 60.0 453 437
91 51.0 38.2 45.0
Table 3. Schedule Dry  Wet .
: ) Relative
of 50 mm pine Drying  bulb  bulb .
drying (336 hin-  time(h) temp temp UMW
ying (h) p p )
dustrial test) (°C) _ (°C) (RH %)
0 8.1 6.9 84.6
15 50.0 487 92.7
72 50.0 481 89.6
192 554 513 80.1
300 55.4 435 50.0
336 300 227 53.6
Table 4. Schedule of 56 Dry Wet )
mm pine drying (121 h  Drying bulb bulb Rela.tl\./e
laboratory experiment) time (h) temp temp hum|od|ty
¢C) () (RH %)
0 20.0 10.9 30
1 50.0 48.5 92
121 60.0 44.0 40

by “on-off” system in which the hysteresis of auto-
matic control was adjusted to £1.5°C in the tempera-
ture channel and to +2% RH in the relative humidity
of air channel — the same as in the case of the indus-
trial experiments. The temperature rise in the labora-
tory experiment was linear, 0.08°C per hour. In the lab-
oratory experiment the temperature range was 50°C -
60°C, i.e. the same as in the industrial experiment. The
difference between the laboratory experiment and the
analogous industrial experiment (50 mm pinewood) was
the duration of the experiment — the laboratory exper-
iment was carried out in a time period of about 1/3 of
that of the industrial experiment (120 hours and 336
hours, respectively).

Location of different sensors in the single spec-
imen, on the surface and near the surface of the sam-
ple in the laboratory experiment is shown in Figure 1.

Differences of temperatures in the sample, on its
surface and in the ambient air were registered by a
thermocouple of AHLBORN (type FTA 3901, resolu-
tion of 0.1K) and the data were saved using a nine-
channel data logger AHLBORN ALMEMO 2890-9. The
locations of five thermocouples were 10 mm from the
surface of the sample in the air, on the surface of the

TCO ‘| TC9 |

Figure 1. Location of sensors in the sample

(TC — thermocouples TCO in air, TC1 under the surface,
TC9 9 mm from the surface; TC28 28 mm from the surface;
MS — moisture content sensors 4,5 mm, 9 mm and 28 mm
distance from surface; DS — displacement sensor; TA — ther-
mo-anemometer; SC - silicon coating)

sample and in the depth of 4.5 mm, 9 mm and 28 mm in
the sample. The moisture content of wood was meas-
ured from the same depths using AHLBORN timber
moisture sensors (type FHA 636M) and the data was
saved by the data logger. Also, the moisture content
of wood was measured manually at least twice in 24
hours using moisture measuring device GANN HY-
DROMETTE HT 85T from the depths of 4.5 mm and 9
mm from sapwood (board thickness 56 mm) and 28 mm
from heartwood. The velocity of air was registered by
AHLBORN thermo-anemometer of type FVA645 TH2 at
10 mm from the surface of the sample. Strain in the
surface layer of the sample and the time of initiation
of the first drying crack were registered by the data
logger and a displacement sensor of type FWA 025T
with the resolution of 0.001 mm.

The accuracy of AHLBORN (type FHA 636MF)
timber moisture sensors used in the experiment was
+2% (the accuracy depends on MC). The accuracy data
is not presented in the manual of GANN HY-
DROMETTE HT85T, which was used for manual meas-
urement of moisture content of the wood. However,
the instrument is operating on the principle of elec-
tric resistance of wood and thus, the accuracy could
be considered to be the same as that of Ahlborn sen-
sors (i.e. £2%). In the experiment the moisture flux and
gradient were measured with the same sensor. As the
diffusion coefficient was calculated as the quotient of
these two indications the accuracy of the determina-
tion of the diffusion coefficient is ca £4%. According
to Gann (2011) the accuracy of conductance type
moisture sensors decreases above fibre saturation
point (FSP) compared to the accuracy below FSP.

Multiple regression analysis was done in the sta-
tistical software environment of R (2011).
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Figure 2. The graphs of log file and simulation of the re-
sults of industrial drying experiment (pine board thickness
22 mm, measurements based on electrical conductance, sim-
ulated with TORKSIM ver. 3.1)
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Figure 3. Results of mean moisture content simulations with
the programme TORKSIM ver. 3.1 compared with industri-
al measurement (pine board thickness 50 mm)

Results

The graphs of log files of the results of industri-
al drying experiments and relevant simulations with the
programme TORKSIM ver. 3.1 are shown in Figures 2
and 3.

For 22 mm material (Figure 2) the formula of line-
ar regression was:

MC(m) = 4.43437 + 0.88278 MC(s),

Multiple R-squared: R?>=0.9775, where

MC(m) — measured mean moisture content MC and

MC(s) — simulated mean moisture content MC.

Comparison of the MC(m) and MC(s) gave the
standard deviation 2.94%.

For 50 mm material (Figure 3) the formula of line-
ar regression was:

MC(m) = 0.886608 +0.853483MC(s),

Multiple R- Squared: R?=0.9919,

Comparison of the MC(m) and MC(s) gave the
standard deviation 2.60%.

I 2011, Vol. 17, No. 1(32)
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Maximum differences in the temperature on the
surface of the sample and inside the sample did not
exceed +0.7°C (Figure 4). Also TORKSIM ver. 3.1
shows differences in the temperature on the surface
of the sample and in the drying air near the surface of
the sample. There was a good match with the differ-
ences in temperature measured in the course of the
experiment (Figure 4).

L
[ ]

X}
]

v

o
w

Temperature difference (°C)

ikt
80 100 120 |
OMeasured Diff 0 - 1

m Measured Diff 1 -3
BSimulated Diff 0 - 1

Time (h)

Figure 4. Results of the measurements of temperatures and
the simulation (laboratory experiment and simulation)

Diff 0 - 1 measured temperature difference between air and
surface of board

Simulated Diff 0 - 1 simulated temperature difference be-
tween air and surface of the board

Diff 1 - 3 measured temperature difference between surface
and core of board

Processing of the simulation results of industrial
experiments with programme TORKSIM ver. 3.1 (22 mm
pine 91 hours and 50 mm pine 336 hours) showed
strong correlation with the quasi-stationary drying
regime, the values of R? varied within the range of R?>=
0.991 - 0.9999, 22 mm board and R?=0.9939 — 0.9998,
50 mm board, respectively (example in Figure 5).

: /’—'

1 —s—Simulated MC

b /
9

Na

| —Palynom

Moisture content(%)

y=-0,0313x" + 0,7474x + 7,7298
R*=0,9991

5 10 15
Distance from board surface (mmj)

Figure 5. Example of approximation of the simulation of
distribution of moisture content with the second level poly-
nomial or parabola equation
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Correlation with the quasi-stationary drying re-
gime was weaker in case of forced drying regime in
the laboratory experiment when drying a 56 mm pine
board for 121 hours. Processing of the simulation re-
sults demonstrated variation of R?in the range of R?=
0.9821 — 0.9885. Measured and simulated local MC in
the depths of 4.5 mm, 9 mm and 28 m from the surface
of the board were compared in the laboratory experi-
ment using the forced drying regime (drying 56 mm
pine board for 121 hours) and the results are shown
in Figure 6.

70
—s—Measured MC 4.5 mm
a —a— Simulated MC 4.5 mm
60 T —a - Measured MC 28 mm
S -~ Simulated MC 28 mm
50 L
——
= - AR AR AR
=40 e — -
£ o
€
3 30
-]
5
W
s 20 T
10
0 b
1] 20 40 60 80 100 120

Time (h)

Figure 6. Comparison of the moisture content measuring data
of the laboratory experiment with computer simulation
(depth levels 4.5 mm and 28 mm)

According to the simulation results the moisture
content can also be determined by the first time deri-
vate. These data enabled the approximate inverse de-
termination of diffusion coefficient by means of the
parabola method (Kretchetov 1972) well-known from
the Fick’s Second Law. Also, it was possible to define
the dependence of inversely determined diffusion
coefficients on the mean moisture content of wood
shown on Figures 7 and 8.

300 /
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a
0 5 10 15 20 25 30 35 40 45 50 55
Moisture content (%)

Figure 7. Dependence of inversely determined diffusion co-
efficients on mean moisture content of wood (pine board
thickness 22 mm)
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Figure 8. Dependence of inversely determined diffusion co-
efficients on mean moisture content of wood (pine board
thickness 50 mm)

Figure 9 shows the dependence of the diffusion
coefficient on approximate inverse determination of
TORKSIM simulation and on the local diffusion coef-
ficient determined directly by the laboratory experi-
ment from the mean wood moisture content (MC).
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=
] 2 500 ‘\‘ —a—|.D. 22 mm
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Figure 9. The dependence of the diffusion coefficient of in-
verse determination (I.D.) of TORKSIM simulation (I.D. 50
mm and I.D. 22 mm) and the diffusion coefficient determined
directly by the laboratory experiment from the mean mois-
ture content (MC)

The first crack in the 56 mm thick pinewood sam-
ple emerged 82 hours after the initiation of the dry-
ing. The computer simulation of the laboratory exper-
iment indicated maximum relative tensile stresses of the
value of 0.33 units at 80 - 90 hours referring to the
risk of initiation of drying cracks. Distributions of
tensile and compressive stress at a defined moment
of time (75, 82 and 121 hours from the start of the
drying process) were found in a simulation in the lab-
oratory experiment. The result is shown in Figure 10.
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Figure 10. Distributions of relative tensile (marked with
plus) and compressive stress (marked with minus) at a de-
fined moment in time 75, 82 and 121 hours from the start of
the drying process, were determined in a simulation in the
laboratory experiment

Discussions and conclusions

The accuracy of experimental determination of the
diffusion coefficient in a given coordinate point was
largely dependent on the resolution capacity and time
stability of the measuring device. As the gradient it-
self is a function of the coordinate, the accuracy was
also dependent on the size of the measured sample.
When comparing the accuracy of experimental deter-
mination of the diffusion coefficient with the method
of computed tomography £3.6% (Danwind 2005) and
conductivity method (+4%) it appeared that the dif-
ference in accuracy was not significant. The achieved
accuracy can be considered satisfactory for diffusion-
based control of wood drying. The problem with the
tests was that the moisture content above FSP was
not verified by the reliable oven-dry method. When
comparing the measuring data of the laboratory dry-
ing experiment with computer simulation, relatively
good match between the measured and simulated
moisture content in the layer near the surface of the
sample was observed. However, the moisture content
in the middle part of the sample measured at the end
of the experiment was considerably higher (39 £10%)
than in case of simulation (18%). Probably the mois-
ture content in the middle of the sample was measured
with lower accuracy, as the accuracy of conductance
type moisture sensors decreases above FSP.

During the study the approximate inverse deter-
mination of effective diffusion coefficient by the pa-
rabola method was applied. To use this approximate
method for analysis, the code of the commercial sim-
ulation programme TORKSIM ver. 3.1 was not essen-
tially needed. The results of the study showed that
the electric devices for measuring moisture content can

be used for experimental determination of the diffu-
sion coefficient according to Fick’s First Law.

The results of the study indicate that there is good
correlation between the moisture content of wood
measured during the industrial experiment and the re-
sults of computer simulation. It was proved that by
the method of electrical conductivity the effective dif-
fusion coefficient dependent on the mean moisture
content can be used as an alternative to the oven-dry
method. The effective diffusion coefficients can be the
basis for comparison of (industrial or laboratory) ex-
periments and corresponding computer simulations.
These outcomes are important for improving the meth-
od in the future.

During the laboratory experiment, forced drying
schedule was used to test the limits of the simulation
model by co-ordinate. It was found, that the simula-
tion programme precisely predicted the appearance of
first cracks during the experiment. The simulation of
the industrial experiments proved, that the high qual-
ity of drying of wood can be predicted by the compu-
ter simulation of the process. This is not surprising
as the simulation programme TORKSIM ver. 3. 1 has
been tuned according to the results of 28 full-scale
industrial experiments of drying of pine wood.

The accuracy of the results of the measurements
above FSP could be influenced by compensation of
systematic errors during measurement of small differ-
ences of moisture contents. Still it should be mentioned,
that the range above FSP is not relevant from the point
of view of quality of the drying process, as the shrink-
age of wood does not take place above FSP. Usually
parts of sawn timber reach FSP at different times, sur-
face earlier than inner parts. This phenomenon was not
observed as mild drying schedule was used for this
experiment.
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KOO0 PUIUEHTA JUODY3UU WU

MEXAHUYECKHWX HATIPSI)KEHAW JTPEBECUHBI COCHBI ITPM KOHBEKTUBHOM

CYHIKE

B. Tamme, II. Myiicte, P. Mutt 1 X. Tamme

Pestome

B nanHO#t pabore uccieyeres 3aBUCHMOCTh 3 GekTHBHOTO Kodd punmenTa 1uddy3uu ApeBeCHHbBI COCHBI OT CPEIHETO
COJepKAHUS BIAXKHOCTH MPH KOHBEKTHBHOMN cyiuke. ONMUCHIBAIOTCS METOX M JaboparopHoe 000OpyHLOBaHUE JUIs
9KCHEPHMEHTAIIBHOTO onpexesenust ¢ dexrusroro koadpuumenra nuddysnn. PesynsraTsl IpOBEJCHHBIX IKCIIEPUMEHTOB
COTIOCTABJICHBI C PE3YyJIbTaTaMH, MOJYYCHHBIMH OJI[HOMCpHOﬁ KOMHB}UTCPHOﬁ HpOFpaMMOﬁ JUIsT MOJICITUPOBAHUSA CYIIKHA
npesecubl TORKSIM Bepcuu 3.1. [lns skcnepuMeHTanbHOro onpezeneHus dpdexruBHoro koddduunenra aupdysuu
NMPOBEAEH PsiJi U3MEPEHUIl BIaXHOCTH APEBECHHBI NIPH IIOMOIIH Biaromepa, paboTaloUero Ha OCHOBE M3MEpEHHs

B3JICKTPOTIPOBOHOCTH.

B mpouecce cymKku JpeBeCHHbI COCHBI, OblIa IKCIIEPHUMEHTANBHO ONpPE/ENICHa 3aBUCUMOCTD 3()(EKTHBHOTO
koddpuumenta auddysun oT cpesHero coaepKaHus BIAKHOCTH. Bo Bpems dkcrnepumenTa ObuIo 3aHKCHPOBAHO BpeMst
HOSBJICHHS [IEPBOI TPEILMHbI HA IOBEPXHOCTH 0OPA3LOB ¢ Hayana cylKy. [TonydeHHOe 3HaYeHHEe BPEMEHH COIOCTABIICHO C
KOMITBIOTEPHOI MOZIENBI0, IJe ACHCTBYIOT MAaKCHMAalbHbIE OTHOCHTEIIbHBIC HANPSKECHUS PACTKCHUA HA MOBEPXHOCTH
JAPEBECUHBI. Ha ocnoge KOMHB[OTCPHOﬁ MOAECIIN ObLTH OIIPECTICHBI MAKCUMAJIBHBIE OTHOCUTEJIbHBIE HANIPSIKEHUS CIKATUA B

cpezHeit 4acTH HCClIelyeMoro oopasua.

Bo BpeMsi CyLIKHM M3MEPEH TAKXe OJHOMEPHBIH MPOGHIb BIAKHOCTH 00PA3LOB OT HOBEPXHOCTU JO CEPEAUHBI U
CPaBHEHO ¢ MPOQpHIIEM, MOIYYESHHBIM P TTOMOIIN KOMIbIOTepHOI mporpammbel TORKSIM.

CormocTaBjieHne PE3YNBTATOB, MOJTYYCHHBIX DKCTIEPUMEHTAJIBHBIM ITYTEM W KOMITBIOTEPHBIM MOJICIIMPOBAHUEM, TTOKA3aJ10,
4TO 3HAYCHHUSA JIOKAJIBHOI'O COAEpIKaHHUA BJIAXKHOCTH B oboux MeTOJax Hauboee COBIIAJAIOT Ha IMOBEPXHOCTHBIX CIIOAX

JAPEBECUHBI COCHBI.

ODKCHepuMEHTHI TIOATBEP/IMIIN, YTO HCIOJB30BAHHOE B KCIIEPHMEHTAX J1ab0paTopHOe 000py10BaHHE TIOAXOAUT KaK JUIs
OLIEHKM TOYHOCTH PE3yJIbTaToOB, MONYYEHHBIX OJHOMEPHOH KOMIBIOTEPHOH NPOTpaMMON AJs MOAENUPOBAHUS CYIIKH
npesecubl TORKSIM, Tak u 1 OBTOpA IJIAHOB CYIIKM CYLIMIIOK, UCIIOJIB3YEMbIX B HPOMBILIIEHHOCTH.

KiodeBble €J10Ba: TEILIONPOBOAHOCTD, BIArONPOBOJHOCTD, 3bGEKTHBHEIN K03 duIneHT uddy3uu, HanpsHKeHUE

PaCTSKCHUSA, HAIPSDKEHUE COKATHUSA

I 2011, Vol. 17, No. 1 (32) N  (SSN 1392-1355

117



81

IT




Tamme, V., Muiste, P., Padari, A., Tamme, H. 2014.

Modelling of Resistance-Type Wood Moisture Meters for Three
Deciduous Tree Species (Black Alder, Birch, Aspen) in Moisture
Contents Above Fibre Saturation Point. Baltic Forestry, 20 (1): 157—166.

82



BALTIC FORESTRY

I MODELLING OF RESISTANCE-TYPE WOOD MOISTURE METERS /.../ I V. TAMME ET AL. I

Modelling of Resistance-Type Wood Moisture Meters for
Three Deciduous Tree Species (Black Alder, Birch, Aspen)
in Moisture Contents Above Fibre Saturation Point

VALDEK TAMME", PEETER MUISTE!, ALLAR PADARI' AND HANNES TAMME?
" Estonian University of Life Sciences, Kreutzwaldi 5, 51014 Tartu, Estonia, Tel.+372 7313108, e-mail:

valdek.tamme@emu.ee

2 University of Tartu, Ulikooli 18, 50090 Tartu, Estonia, e-mail: htamme@ut.ee

Tamme, V., Muiste, P., Padari, A. and Tamme, H. 2014. Modelling of Resistance-Type Wood Moisture Meters
for Three Deciduous Tree Species (Black Alder, Birch, Aspen) in Moisture Contents Above Fibre Saturation Point.
Baltic Forestry 20(1): 157-166.

Abstract

For fast detection of wood moisture content (MC), handheld resistance-type and capacitance-type electrical moisture
meters are widely used. In moisture contents above the fibre saturation point (FSP), the measuring accuracy and precision
of resistance-type moisture meters starts to progressively decrease as the wood MC increases. The aim of this research
was to quantitatively explore this well-known qualitative trend. Three different resistance-type wood moisture meters
from leading manufacturers were compared. The display readings of the moisture meters were compared by using the
absolute MCs determined for relevant specimens with the oven-dry method. The specimens with the dimensions of
100x60x60 mm (length x width x thickness) were made of three different tree species (black alder, birch, aspen); a total
of 60 specimens per each tree species were used. The specimens were dried in a climatic chamber under equal conditions
(32°C and 98% RH) until the desired MC was achieved. All wood MC measurements were conducted at a room temperature
of 20°C.

Modelling of experiment data confirmed the progressive increase in the absolute error in a single measurement of
wood MC with resistance-type moisture meters as the average absolute MC rose. Based on the model, the absolute error on
the same confidence level (95%) and for the average MC of 27% was + 3.9% MC, for the average MC of 60% it was = 10%
MC, and for the average MC of 97% the absolute error was + 17.5% MC. The best prediction error in wood average MC
predicted on the basis of the same model was + 1.12% MC. The same model was used to predict the resolution of resistance-

type moisture meters for the above-mentioned average MCs, which was found to be approximately 1% MC.

Key words: wood drying, wood moisture meter, above FSP

Introduction

Portable electric wood moisture meters can be
categorised into two groups based on their operating
principle: direct current (DC) resistance-type moisture
meters (Stamm 1927, James 1988, 1993) and high fre-
quency alternate current (AC) (2-3 MHz) capacitance-
type moisture meters (Ressel 2006). Capacitance-type
moisture meters are contact-free, whereas a direct
galvanic contact with wood is required for resistance-
type moisture meters that uses two electrodes to do
the measuring. The reliable measuring range of capac-
itance-type moisture meters is considered 2-30% MC
(Ressel 2006, Bergman 2010). Historically, the main and
most accurate measuring range of resistance-type
moisture meters has been 7-18% in absolute MC (Nor-
berg 1999, Forsen and Tarvainen 2000) (of dry weight),
sometimes also 4-22% (Ressel 2006), and the extend-
ed measuring range has been 18-30% (Rozema 2010,

Boardman et al. 2011), sometimes also 22-40% (Straube
et al. 2002). The range above FSP where wood abso-
lute MC reaches 30-100% is considered non-calibrat-
ed mostly due to the high variance in the readings of
moisture meters (Vermaas 2002, ASTM Standards
2008). It has even been suggested that “... an indicat-
ed MC-reading is more or less a rough guess“(Ressel
2006) and that “readings greater than 30% must be
considered only qualitative” (Bergman 2010). A more
detailed qualitative assessment of resistance-type
moisture meters in the range above FSP is given by
manufacturers on their web pages, for example Gann
(Gann 2013): “In the range above the fibre saturation
point (about 30 % MC) readings become progressive-
ly less accurate, depending on the moisture content
of the timber to be measured, its specific weight and
temperature and the species of wood. ... whereas rel-
atively accurate readings can be obtained with oak,
beech, white afara, etc. up to range of 60-80 % mois-
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ture content”. Also Brookhuis (Brookhuis 2009) stat-
ed that “Measurements below 7% and above the wood
fibre saturation point are not accurate. For a precise
determination beyond the measuring range, we recom-
mend using the oven-dry method”. These recommen-
dations were taken into account in the source data
used for statistical modelling in this research.

Above FSP, substantial discrepancies were doc-
umented (Karu 2011) between moisture meter readings
and MCs of specimens, which were determined with
the oven-dry method. It was also found that numeri-
cal differences between meter readings and relative
MCs were noticeably smaller than between meter read-
ings and absolute MCs. For wood air drying practic-
es, the research (Tamme et al. 2012a) presented cor-
rection formulas for compensating for the differences
between absolute MCs and relative MCs and moisture
meter readings.

The resistance method as an affordable and reli-
able method is widely used for monitoring MCs in the
wood drying process (Tronstad et al. 2001, Tamme et
al. 2010, 2011) as well as in building envelopes (Straube
et al. 2002, Onysko et al. 2008). For this reason, it is
especially important to quantitatively evaluate the
measuring accuracy of the resistance method for MCs
above FSP.

It should be mentioned that wood fibre saturation
point (FSP) may somewhat differ between tree species
(Higgins 1957). If wood FSP has not been accurately
determined, the approximate value of 30% MC is used
as FSP (Class and Zelinka 2010).

The primary purpose of this research was to carry
out a statistically reliable assessment of the progres-
sive decrease in the measuring accuracy of resistance-
type wood moisture meters as the wood MC rises above
FSP (30-100% MC). In addition, the research also set
out to determine the resolution of the moisture meter
Gann HT 85T for both resistance (k?) and moisture
content (% MC) units above FSP, and to compare the
wood moisture meters used in the experiments.

The statistical models developed for wood mois-
ture content also enable a wider interpretation (and not
just a quantitative description) of the phenomenon of
progressive decrease in the measuring accuracy of a
single measurement with wood moisture meters. The
greatest benefit of a statistical model describing wood
moisture content is the opportunity to predict the
average moisture content of a batch of wood with
sufficient accuracy for practical needs, by a non-de-
structive method and within a reasonable period of time
without having to use the labour- and resource-inten-
sive oven-drying procedure every time. Sometimes the
wood moisture content prediction is required for de-
termining the mechanical properties of wood, such as

the modulus of elasticity (MOE) and modulus of rup-
ture (MOR) by a non-destructive ultrasound method
(Wang et al. 2004). In fact, both the MOE and MOR
are highly dependent on wood density. In turn, wood
density correlates strongly with wood moisture con-
tent both above FSP and below FSP (Kretschmann
2010, Cai 2008, Carter et al. 2005).

Materials and Methods

The research made use of specimens of black al-
der (Alnus glutinosa), birch (Betula pendula), and
European aspen (Populus tremula), each with the di-
mensions of 100x60x60 mm (height x width x thickness).
The specimens were dried in the Feutron climatic cham-
ber (Feutron 2013) under equal conditions (at 32°C, 98%
RH and air velocity of 0.4 m/s) until the desired MC
was achieved. All wood MC measurements were carried
out at a room temperature of 20°C. Resistance type wood
moisture meters Gann HT 85 T (Gann 2013), FMD-6
(Brookhuis 2013) and NDT James Moisture Master
(Ndtjames 2013) from three different manufacturers were
used. The measurement resolution of all moisture me-
ters used in the experiments was £ 0.1% MC. The cho-
sen measuring depth of measuring electrodes was 1/3
of the thickness of a specimen (that is, in the case of a
60 mm specimen, the measuring depth was 20 mm of the
surface of the specimen). Measuring electrodes (teflon
insulated pins, 60 mm) were tapped with a Gann ham-
mer electrode RAM- IN electrode M18 (Gann 2013) to
a depth of 20 mm. The number of specimens per each
tree species was n = 60.

A Kern weighing scale (Kern-sohn 2013) was
used. The absolute MC of dry weight of the specimens
was determined according to the standard ISO
3130:1975. The following methodological assumption
was the basis for the comparison test of the moisture
meters: only the average MC of the specimens was
determined by the oven-dry method and the respec-
tive reading of the moisture meter was recorded. The
influence of possible moisture gradients in each spec-
imen on measuring results was not taken into account
since a non-destructive method could not be used for
detecting moisture gradients in the specimens.

Experiment data was statistically processed in two
stages. In the first stage, statistical variables were
analysed one by one by methods of descriptive sta-
tistics, and in the second stage, the variables (meas-
urements) were examined by measures of association
by methods of regression analysis.

While processing the experiment data it became
clear that although the purpose was to study MCs
above FSP, in some cases the trend lines that had been
obtained overlapped The best prediction error in wood
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average MC predicted on the basis of the same model
was + 1.12% MC (for example in the case of FMD-6).
Due to this overlap, it can be said that the range of
application of the established trend lines is even
slightly wider than the MCs above FSP that was sug-
gested in the title of this article.

In the second stage of statistical processing the
experiment data, a simple univariate linear regression
was used. Inverse regression was applied (Onysko et
al. 2008) and therefore the moisture meter reading was
chosen as the independent variable. Inverse regres-
sion was used because it is better suited for practical
needs and because the purpose of this research was
not calibration of moisture meters but simply their
comparison under under the same conditions. A total
of nine regression models were developed for three
tree species and three moisture meters. Logarithmic
transformation was applied to the actual MC variable.
The initial variable was again used for making conclu-
sions based on the model. For testing the reliability
of the regression line that was found, the Kolmogorov-
Smirnov test was used in all comparisons to evaluate
the normal distribution of prediction residuals, and
where possible, the Shapiro-Wilk test was also used.
The tests were then doubled with visual control meth-
ods of normal distribution (a histogram with the den-
sity of probability and a Q—Q plot). Statistical mode-
ling was done in the statistical software environment
of R (r-project 2013).

Statistical modelling of wood moisture content
produced the essential parameters of regression mod-
els: R-squared of the model, (b) standard error (SE)
of the model, and (¢) 95% confidence interval (CI) of
the regression line. The confidence interval for indi-
vidual predictors is substantially larger than the one
computed above for the predicted mean (Sachs 1982).
The most important external parameters in relation to
regression models include the optimal number of meas-
urements, repeatability of measurements and the re-
peatability (reproducibility or validation) of regmod-
els. Repeatability of results of measurement is defined
as closeness of the agreement between the results of
successive measurements of the same measuring car-
ried out under the same conditions of measurement
(ISO 3534-1:1993). Validation of regression models is
based on the following property (Sachs 1982): the
variance of a sum or difference of independent ran-
dom variables (e. g. old and new samples) is equal to
the sum of their variables, i.e.

D(X +Y)=DX+ DY. (D

As rough approximation we can assume that the
residual variances DX and DY of two models are equal,
DX = DY, and the standard error of the new regres-
sion model SE/ is:

SEl=.D(X +Y)=+2DX =14SE

(a) R-squared:
Rzzl_Z(y‘—V.)' @

ZYi -9

The expression (2) is a measure of how well the
predicted (¥,) values fit. The less the observed val-
ues depart from the fitted line, the smaller this ratio is
and the closer R? is to 1. Thus R’ can be considered
a measure for how well the regression line explains the
observed values.

(b) Standard error of regression model (SE):

3)

SE is a measure of the inadequacy of fit for the fitted
equation § = a + bx, or of the error which is made in
the estimation or prediction of y from given values of
X (Sachs 1982).

Wood electrical equivalent resistance method was
used for experimental determination of the resolution
of the moisture meter Gann HT 85T in electrical resist-
ance units on two moisture levels selected in the be-
ginning and end of the moisture range above FSP (30-
100% MC). For simulation of equivalent wood electri-
cal resistances in the moisture meter input, a resistance
box type P4002 was used, which had the accuracy class
of 0.05 and a selectable resistance range of 10 kQ2—-100
MQ (Metrosert 2013). Different resistances were used
in the moisture meter input so that the reading would
change + 0.1% MC on a selected moisture level. The
divergence of the resistances in this range is corre-
sponding to the experimentally determined resolution.
For calculating the resolution according to the actual
MC (that is, gravimetric MC determined with the oven-
dry method), the most reliable (confirmed by both the
Kolmogorov-Smirnov test and the Shapiro-Wilk test)
regression line was used based on the presumption of
it being 100% reliable. This way, the regression line
obtained a fixed transfer function, that is, it acted as a
calibration curve (corrected in the comparison test). It
was also noted that resolution is an idealised parame-
ter (a certain limit value) of a measuring device, which
actual measuring accuracy never achieves.

Results

Research results are presented in the following
Tables and Figures. Tables 1, 2 and 3 are presenting
the results of processing of the experimental data by
the method of descriptive statistics for three hardwood
species. Tables 4, 5 and 6 are presenting the results
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Table 1. Testing of moisture meters on black alder speci-

Table 4. Modelling of moisture meters on black alder spec-

mens imens. Independent variable in regression model is moisture
Moisture meter readings meter rcadlng in MC %
Statistical Oven dry
parameter actual MC % Gann NDT James FMD -6 Meter
(MC %) (MC %) (MC %) Parameter Gann HT 85T NDT James FMD-6
Range 1 686-1248 326-39.2 304-333 298-335  No oropservations 134 133 134
Range 1, mean 105.7 35.9 316 318 Intercept (Int.) 0.711 -0.358 0.573
Range 1, st.dev.  12.154 1,299 0819 0.908 Lower 95% ofInt.  0.675 -0.514 0.458
Range 2 527-655 268-309 254-307 264-287  (pooioserofit 0748 0.201 0.688
Range 2, mean 595 286 277 274 p-value of Intercept  p <0.001 p < 0.001 p <0.001
Range 2, st.dev.  3.66 1.104 1.259 0.577 Slope (S1.) 0.03640 0.0743 0.0427
Range 3 273-37 199-23.8 23-29 214 -247 Y
Lower 95% of S. 0.0352 0.0688 0.0387
Ea”ge 3, mean 31.56 218 256 23.1 Upper95%of Sl 0.0376 0,0798 0.0468
ange 3, st. dev. 2.031 0.793 1.52 0.718 p-value of Slope p <0.001 p<0.001 p <0.001
R-squared (R’) 0.963 0.847 0.765
Standard Errorof ~ 0.04836 0.09783 0.1213
Table 2. Testing of moisture meters on birch specimens Regmodel (SE)
p-value of p< 0.001 p < 0.001 p < 0.001
Statistical Oven dry Mosture meter readings R eet ot 05412 >0.05 p=0.4156>0.05 0.1224>0.05
s. testo =0. >0. =0.. >0 =0. >0.
parameter acmf/l MC Ganon NDT Jz:mes FMD 0_ 6 residuals, p-value P P P
° (MC %) (MC %) (MC %) Shapiro-Wik test of p=02274 >0.05 p=0.0177<0.05 p =3.0e-5<0.05
Range 1 69.4-915 383-468 32-366 31.3-36.8  residuals, p-value
Range 1, mean 85.2 42.4 34 338 9 ks.test — Kolmogorov-Smirnov test of residuals
Range 1, st.dev. 3.85 2.129 1.067 1.22
Range 2 445-603 31.9-366 27.3-312 27.2-31
Range 2, mean  49.8 34.1 29.4 28.8 Table 5. Modelling of moisture meters on birch specimens.
Range 2, st.dev. 4.44 1.312 1.167 0.914 Independent variable i . del i it ¢
Range 3 26.4 - 37 225-28.8 23.3-295 23.2-287 pen gn variapble 1n regression model 18 moisture meter
Range 3, mean  30.3 249 26.6 252 reading in MC %
Range 3, st.dev. 2.355 1.423 1.409 1.069

Table 3. Testing of moisture meters on aspen specimens

Moisture meter readings

Statistical Oven dry
parameter actual MC % Gann (MC  NDT James FMD -6
%) (MC %) (MC %)

Range 1 86.5-117.2 437-50.1 348-39.7 31.5-357
Range 1, mean 107 47.4 37.6 32.6
Range 1, st.dev. 7.745 1.327 1.018 0.885
Range 2 39.2-705 336-376 282-334 24.9-301
Range 2, mean 56.5 35.9 30.5 27.2
Range 2, st.dev. 7.866 1.07 1.251 1.25
Range 3 23-40.6 20.5-29 21.8- 29.2 20-293
Range 3, mean 29.9 243 253 23.5
Range 3, st.dev.  3.482 1.911 1.753 1.856

of modelling of moisture metres for three hardwood
species and Figures 1, 2 and 3 display the results
graphically. Figures 4 and 5 present the regression
residuals histogram and Q-Q plot (propability paper)
corresponding to positive Shapiro-Wilk test results.
According to the Kolmogorov-Smirnov test, the dis-
tribution of prediction residuals in the regression model
may be considered close to normal. The regression
models used in all comparisons fit this definition.
According to the Shapiro-Wilk test, the distribution
of residuals in the regression model may be consid-
ered normal. The regression models in two compari-
sons (black alder — Gann HT 85T and birch — NDT
James Moisture Master) fit this definition.

The resolution of the moisture meter Gann HT 85T
according to resistance was experimentally determined
(the wood group switch was in the 3™ position and
the temperature switch in the 20°C position) with the
resistance simulation method for two wood MCs: wood
MC of 85.4% + 0.1% MC produced the resolution of

Meter

Parameter

Gann HT 85T NDT James FMD-6
No. of 134 134 134
observations
Intercept (Int.) 0.8673 0.0437 0.2468
Slope (Sl.) 0.0249 0.05504 0.0495
R-squared (R?) 0.968 0.920 0.942
Standard Error of 0. 0385 0.0604 0.0514

Regmodel (SE)
ks. test of
residuals,
p-value

p=01069>0.05 p=07638>0.05 p=0.1995>0.05

Table 6. Modelling of moisture meters on aspen specimens.
Independent variable in regression model is moisture meter
reading in MC %

N Meter

Gann HT 85T NDT James FMD-6
No. of 140 140 140
observations
Intercept (Int.) 0.894 0.399 0.155
Slope (S.) 0.0239 0.0432 0.0568
R-squared (R?) 0.982 0.946 0.936
Standard Error of  0.0361 0.0619 0.0676

Regmodel (SE)
ks. test of
residuals,
p-value

p=0.4579> 005 p=0.1469>0.05 p=0.09119>0.05

10 kQ £ 0.104 kR, b) wood MC of 30% = 0.1% MC pro-
duced the resolution of 370 kQ + 5 kQ. The resolu-
tion of a wood moisture meter according to resistance
is significant when a resistance meter is added in the
moisture meter comparison test.

According to a statistical model, the resolution of
the moisture meter Gann HT 85T was calculated at
wood actual MC as follows: a) 97% MC produced the
resolution of 0.82% MC, and b) 27% MC produced the
resolution of 0.23% MC. According to the actual MC
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LOG(MC actual %)

Gann(MC%)

LOG(MC actual %)

NDT(MC %)

LOG(MC actual %)

FMD (MC %)

Figure 1. Regression lines of testing wood moisture meters
Gann HT 85T, NDT James Moisture Master and Brookhuis
FMD-6 on black alder specimen with their 95% confidence
and tolerance bands (LOG(MC actual %) — actual MC in
log,; Gann, NDT, FMD - meter reading MC, %)

LOG(MC actual %)

17

LOG(MC actual %)

NDT(MCY%)

17

LOG(MC actual %)

16

FMD (MC%)

Figure 2. Regression lines of testing wood moisture meters
Gann HT 85T, NDT James Moisture Master and Brookhu-
is FMD-6 on birch specimen with their 95% confidence and
tolerance bands (LOG(MC actual %) — actual MC in log,;
Gann, NDT, FMD — meter reading MC, %)
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Figure 3. Regression lines of testing wood moisture meters
Gann HT 85T, NDT James Moisture Master and Brookhuis
FMD-6 on aspen specimen with their 95% confidence and
tolerance bands (LOG(MC actual %) — actual MC in log,;
Gann, NDT, FMD - meter reading MC, %)
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Figure 4. Black alder — Gann HT 85T histogram of residu-
als with curve of density of probability of normal distribu-
tion and Q-Q plot of regression model

above FSP, the total resolution based on a robust
approach, is approximately 1% MC.

From a practical standpoint, it is vital to answer
the question of up to which MC the moisture meters
can reliably be used. In using moisture meters, the upper
MC limit has been determined with an electrical resist-
ance value at which the meter still displays a stable
reading. Depending on the tree species, this value may
be different. For example, the research (Tamme et al.
2012b) found the minimum electrical resistance to be 10
kL, which corresponded to the average oven-dry MC
of 146% of the pine sapwood specimen.

Statistical modelling of experiment data confirmed
the progressive increase in the absolute error in a sin-
gle measurement of wood actual MC as the average
absolute MC rose. The absolute error found by the
moisture meter Gann HT 85T on the basis of the mod-
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Figure 5. Birch — NDT James Moisture Master histogram
of residuals with curve of density of probability of normal
distribution and Q-Q plot of regression model

el on the same confidence level (95%) and for the
average MC of 27% was + 3.9% MC; for the average
MC of 60% it was = 10% MC and for the average MC
of 97% the absolute error was + 17.5% MC. The ab-
solute error with a “+” sign was determined on the basis
of the upper 95% confidence limit of regression pa-
rameters and the absolute error with a “-” sign was
determined on the basis of the lower 95% confidence
limit of regression parameters.

When comparing the moisture meters used in the
experiments, it can be suggested based on tables 4, 5
and 6 that the SEs of the regression models developed
for the moisture meter Gann HT 85T are, in the case
of all three tree species, approximately two times small-
er than those for moisture meters NDT James and
FMD-6. Moreover, R-squared values of the models
produced for Gann HT 85T are the greatest in the case

of all three tree species compared to the other two
moisture meters NDT James and FMD-6 used in the
experiments.

Discussion

The standard deviation (st. dev.) in the empirical
distribution of the MCs determined in the specimens
with the oven-dry method indicates a downward trend
when the specimens are slowly dried under equal con-
ditions (see Tables 1, 2 and 3). This trend emerged in
case of the specimens of all three dried tree species.
The fact that a slow drying mode evens out the dif-
ferences between the average MCs of the specimens
is, most likely, one of the manifestations of Fick’s law.

Modelling of wood MC above FSP improves the
accuracy of determining wood MC. This quality can be
best illustrated by (figuratively) transferring the mod-
elling results obtained in this research to a real produc-
tion situation (in sawmills, treatment plants and so on).

Example (of a figurative construction): 60 boards
(i.e. the sample) have been randomly selected from a
batch of black alder boards (e.g. the population). The
task is to estimate the average moisture content of the
batch of wood based on the sample. First, the oven-
drying method is used. If the moisture content of a sin-
gle board is determined by oven-drying, the average
possible error is 12.2% (see row “St. dev. of range 1”
Table 1 in the case of an average MC of 97% chosen
for the example calculated by the parameters of regres-
sion model described in the Table 4). However, deter-
mining the moisture content of all 60 boards by oven-
drying enables detecting the average moisture content
(97% MC in this specific example) with great accuracy
(see Table 1 data, at least 1.58% MC). In spite of the
high accuracy of the oven-dry method, it also has a few
flaws. Firstly, it will take a few days to get the results.
During this time, the wet wood has continued to dry
on the storage site and thus, the results may no longer
be reliable. Secondly, this method is a destructive one
as sawing the specimens out of the boards reduces the
quality of the remaining board parts. Thirdly, the cost
of electric energy, labour force and equipment (high-
quality drying chambers and precise scales) is high. All
in all, using the oven-dry method in practice is only
justifiable in certain cases and for the purpose of de-
veloping statistical models. In the following segment,
the average moisture content of 60 boards (sample) is
predicted on conditions equal to those of the oven-dry
method. Data in Table 1 is applied separately to varia-
bles and data in Table 3 is used for the regression model
of the moisture meter Gann HT 85T. By measuring the
moisture content of a single randomly selected board
with the moisture meter Gann HT 85T, the average pos-
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sible margin of error is 17.5% MC (the margin of error,
in this case, is somewhat larger than in the case of the
oven-dry method where it is 12.2% MC). If the average
moisture content of the 60 boards (which as in the pre-
vious examples was 97% MC) is predicted on the basis
of the SE of the regression model, the possible aver-
age margin of error is 1.12% MC. Therefore, the pre-
diction of the average moisture content of the wood
batch based on the model has proven to be surprising-
ly accurate. To confirm this prediction, the 60 boards
of the sample must be actually measured. If a wood
moisture meter has a memory for recording readings (as
in FMD-6 or Gann model 2050), the actual measuring
speed is two measurements per minute and the entire
procedure would take half an hour. Let us assume that
instead of 60 measurements we limit ourselves to 30
measurements, thereby halving the number of measure-
ments. In that case, the SE of the model would increase
by four times based on the equation (3), and in pre-
dicting the average moisture content, we would have
on average a margin of error of 1.56% MC. According
to the model repeatability principle, the measuring se-
ries of the next 60 measurements (that is, the new sam-
ple) should result in a 1.4 time increase in the SE. This
would mean that in the next moisture content predic-
tion based on the previous model and new measuring
data, we would on average have a margin of error of
1.17% MC.

In the modelling of wood moisture content, it is
important to keep in mind that there is no real need to
use calibrated measuring instruments such as wood
moisture meters. Therefore, the metrological parameters
that were significant for calibrated wood moisture me-
ters (e.g. accuracy, repeatability, reliable measuring
range, etc.) take on a new meaning in a statistical mod-
el even from the point of view of the model as a whole.
For example, an analogy could be drawn between the
terms accuracy and quality of the model and confidence
interval of estimated regression parameters, and reli-
able measuring range could be similar to reliable model
domain, and repeatability could be compared to mod-
el reproducibility, etc. If this research had made use
of three electrical resistance meters (that is, if their scale
readings would have been given in kQ2) instead of three
calibrated wood moisture meters, there would probably
not have been any noticeable changes in the obtained
regression model parameters. The only prerequisite for
measuring instruments used for modelling is their suf-
ficient moisture sensitivity (that is, upon a single-unit
change in wood moisture content their output signal
should be reliably detected). Linearity of the output
signal of the used measuring instruments as well as time
stability would also improve the essential parameters
of the statistical model. The methodology applied in this

research does not require according to Vermaas (Ver-
maas 2002) “attempts to “calibrate” resistance moisture
meters for use above f. s. p.”.

Conclusions

To acquire the calibration curve, the in situ cali-
bration method is used, which is characteristic of non-
destructive methods. It is presumed that an individu-
al measurement is non-reliable; essentially the pre-
calibration of the moisture meters by the manufactur-
er is also ignored. The statistics procedure automati-
cally adapts to the pre-calibration and produces cor-
rect parameters of the model. With this, the pre-cali-
brated wood moisture meters are recalibrated. The rec-
alibration curve is found for the average values of a
large number of measurements, as is the practice in
non-destructive methods.

Modelling of experiment data confirmed the pro-
gressive increase in the absolute error in a single meas-
urement of wood MC with resistance-type moisture
meters as the average absolute of MC rose. Based on
the model, the absolute error on the same confidence
level (95%) and for the average MC of 27% was + 3.9%
MC, for the average MC of 60% it was + 10% MC and
for the average MC of 97% the absolute error was +
17.5% MC. The predicted error of wood average MC
by the same model was + 1.12% MC. The model was
also used to predict the resolution of resistance-type
moisture meters, which was found to be approximately
1% MC. It was found that in the modelling of wood
moisture content, utilization of measuring instruments
previously calibrated into wood moisture meters is not
necessary. Necessary prerequisites include moisture
sensitivity of measuring instruments, linearity of out-
put signal, and time stability.
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MOJEJHUPOBAHUE INPUBOPOB UBMEPEHUS BJIAKHOCTHU IO CONNPOTUBJIEHUIO
HA IIPUMEPE TPEX JIUCTBEHHBIX JEPEBBEB (OJIbXA YEPHAS, BEPE3A, OCHUHA)
IIPU COAEPKAHUHN BJAKHOCTHU BBIIIE TOYKHN HACBIIMEHNWA OJHOI'O BOJIOKHA

B. Tamme, II. Myiicte, A. Ilagapu u X. Tamme
Pestome

JUns U3MEpeHus COJCPKAHMS BIIaKHOCTH JPCBECUHBI IIMPOKO HCIIONB3YIOTCS ITOPTATHBHEIC 3JICKTPHYECKUE IMPHOOPEI
conpoTHBieHus. [Ipu yBenMYeHHN BIIAKHOCTH APEBECHHBI B IIPEjeNaX BBIIIC TOYKM HACHIIICHHS BOJIOKHA TOYHOCTHh
HU3MEPCHUSA TAKHUX HPHGOPOE HAYMHACT NPOTrPECCUBHO CHUIKATBHCA. B IIaHHOﬁ paGOTe TIpEACTaBJIC€HA KBAaHTUTaBHAA
XapakTEepUCTHUKa JaHHOU XOpOIIO M3BECTHOW KBAJUTATHBHOW TCHACHLUH. Tlokazanus Tpex HpH60pOE OT BEeAyIUX
HPOU3BOJNTEICH JUIS M3MEPEHUS BIAKHOCTH CPABHUBAIIN C aOCONIOTHOI BIaKHOCTBIO OIPEJICIICHHOI METOIOM B3BCIIHBAHUS
BBICYIICHBIX 00pa3uoB. M3 kaxa0ro BHIa ApeBeCHHBI (ONbXa 4YepHas, Oepe3a, OCMHA) ObUIM M3roToBICHBI 60 00pa3IoB ¢
pazmepamu (60x60x100) Mm>. OOpasibl CYLIMIN [0 KeTaeMOI0 COACPKAHMS BIAKHOCTH B KIMMAaTHYECKOW Kamepe Hpu
OJIMHAKOBBIX YC/IOBHsAX (Temmneparypa 32°C u oTHOCUTENbHAs BIAKHOCTB Bo3ayxa RH 98% ). Bee nsmepenus npoBouIM mpu
koMHaTHOH Temmneparype 20 °C.

Ha ocHOBe CTaTHCTHYECKOTO MOJCIMPOBAHUS NPH OAMHOYHOM H3MepeHHn MC (moisture content) JpeBeCHHBI
TIOATBEPANIIOCH MIPOrPECCUBHOC CHUIKEHNE TOYHOCTH U3MEPCHUSA le/l60pOB BJIA)XHOCTH Ha OCHOBE U3MEPEHUS COIIPOTUBIICHUSA
IpM yBEIMYEHHH CPeIHEH aOCOMOTHOM BlakHOCTH apeBecHHbL. [Ipn 95% nosepurensHoMm ypoBHe u npu cpeanem MC=27%
abcouroTHasE OIIMOKA U3MEPEHUsl CTAaTUCTHYEeCKOil Mojenu Obuta £3,9% MC, npu cpenqaem MC=60% abGcooTHas omnbdKa
U3MepeHus craTucTudeckoil Mogenu 6suta £10.0% MC u npu cpexem MC=97% abcontoTHas omrnbKa H3MEpeHHs
cTaTucTHYecKoi mMoaenu Obina +17.5% MC. Hanmensmras ommoOka nmporsosa cpeasero MC amis ApeBeCHHBI O JaHHOH
mozenu Obina +£1.12% MC. Ha ocHOBe HpejacTaBICHHOH MOJenu ObLI COCTABJICH IPOTHO3 Mpejeia pa3peleHus
HCII0JIb30BAHHBIX MPUOOPOB Ul U3YyYCHHOU JpeBecuHbl pu cpenuux MC, COOTBETCTBYIOLIEE 3HAYCHHE MOIYYUIIUd B
npenenax 1% MC.

KuioueBble ¢j10Ba: Cylika JpeBeCHHbI, H3MEPUTENb BIAKHOCTH JIpeBeCHHBI, Bbie FSP.
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Abstract. Due to practical need to improve the accuracy of measurement of wood
electrical resistance via creating multivariate calibration models the study of elec-
trode effects was carried out. The experiments were made in DC mode and five
types of electrode effects were measured: electrical resistance of the galvanic contact
between the measuring electrode and wood, corrosion of measuring electrodes
in wet wood, polarization and depolarization of the double layer forming on the
surface of the measuring electrodes, residual polarization voltage between measur-
ing electrodes and effect of repeated use of measuring electrodes. For multi-chan-
nel measurement mode effect of neighbouring electrodes was measured. Behind
each of these factors is a complex transfer mechanism of free and bounded charge
carriers from wood to measuring electrodes. Among the factors, polarization and
depolarization have an immediate effect (duration of the processes in seconds)
while resistance of electrode/wood contact, corrosion of electrodes and residual
polarization have a slow effect (duration of processes in hours). For pine sapwood,
coefficients of the Stamm formula were found in moisture contents (MC) above the
fibre saturation point. It was determined that wood polarization and depolariza-
tion indicators are dependent on wood moisture content as is the case with wood
electrical resistance. Compared to wood electrical resistance, wood polarization
proved approximately four times and depolarization approximately eight times
less sensitive to moisture content variation.

Key words: wood drying, above FSP, corrosion, polarization.
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Introduction

The electrical resistance method is widely
used for monitoring wood drying since the
method iseconomical and reliable (Tronstad
et al., 2001, Onysko et al., 2008). But above
fiber saturation point FSP (MC 30%) the
measurement is complicated as the meas-
uring accuracy is insufficient and starts
decreasing correspondingly to an increase
in wood moisture content (Edwards, 1974;

42

Vermaas, 2002). The decrease in measur-
ing accuracy can also be described quan-
titatively, by the 2S-value (Rozema, 2010).
Insufficient measuring accuracy above FSP
also reduces the accuracy of effective diffu-
sion coefficient monitoring in the process of
wood drying (Tamme et al., 2010, 2011). For
precise determination of moisture content
it is recommended to combine moisture
meter measurements with the oven dry
method for the measuring range above FSP



Experimental study of electrode effects of resistance type electrodes for monitoring wood drying process above fibre saturation point

(Brookhuis, 2009). This recommendation
has been taken into account in this study.

The main empirical relationships
and definitions of the resistance method
have been given in studies (Stamm, 1927,
Norberg, 1999).

The moisture content MC of wood, M, is
generally defined as the ratio of the mass of
water to the mass of dry wood:

M= mwater/ Mgy (1)
where
m,, ,er — Mass of water
my,, - mass of dry wood.

w = 100M, 2
where
w - moisture content, MC, in [%].

The common relationship, origi-

nally proposed by Stamm (Stamm, 1927)
expresses the effect of the wood MC on
resistivity at a constant temperature:

log p = C+ Dlog M, 3)
where
p - resistivity
M - moisture content, MC
C and D - constants at constant tempera-
ture.

This expression (3) was found to work
satisfactorily within the typical range of
the MC, where electric moisture metes are
used, i.e. 7-30%.

In the case of electrical moisture meters,
the MC s related to the resistance obtained
for the given electrode configuration and
for the given equivalent DC circuit.

For a given electrode configuration in
the first approach:

R=p (L/A)=Kp, “)
where
R - resistance
K - cell constant, or measuring volume
constant
L/A - cell constant for the particular elec-
trode configuration
A - electrode/wood contact area, mm?

L - length between two electrodes.

Taking into account formulas (2), (3) and
(4), ratio (3) may be replaced with an equiv-
alent, yet a more convenient ratio for prac-
tical use:

log R = C;+ Dlog w, ©)
where
D - constant at a constant temperature
and the modified constant at a constant
temperature

C,=C+1logK-2D (6)

MC up to 40% of Douglas Fir can be cal-
culated by the following equation ( Straube
et al., 2002):

log w =299 - 2113(log (log R)),
where
w - moisture content in mass %
R - resistance in Ohms (Q).

(5a)

In the measurement of wood DC resist-
ance, the following factors are important:

a) electrical resistance of the galvanic
contact between the measuring electrode
and wood, b) corrosion of measuring elec-
trodes in wet wood, ¢) polarization and
depolarization of the double layer forming
on the surface of the measuring electrodes
(Metrohm Autolab BV., Eco Chemie, http://
www.ecochemie.nl) and of the polar mol-
ecules of wood itself, d) residual polariza-
tion voltage between measuring electrodes,
and lastly, e) effect of repeated applica-
tion (repeated measurements) of measur-
ing electrodes. Behind each of these factors
is a complex transfer mechanism of free
and bounded charge carriers from wood to
measuring electrodes (James, 1975). Among
the factors, polarization and depolarization
have an immediate effect (duration of proc-
esses can be measured in seconds); whereas
resistance of electrode/wood contact, cor-
rosion of electrodes and residual polariza-
tion have a slow effect (duration of proc-
esses can be measured in hours).

These mechanisms can be examined in
more detail with the help of certain alter-
nate current (AC) equivalent circuits using
electrical impedance spectrometry (EIS)
(Zelinka, 2006, 2007; Metrohm Autolab B.V.,
Eco Chemie, http://www.ecochemie.nl)).
The experience showed that the electrode
effects involved in measuring wood elec-
trical resistance should be observed in DC
mode in order to avoid problems in using
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results obtained in AC mode for DC cir-
cuits.

Several experiments in DC mode were
carried out during this research, the pur-
pose of which was to assess five types of
electrode effects both in terms of quantity
and quality, mostly due to the practical
need to minimise measurement errors in
wood electrical resistance and also for cre-
ating multivariate calibration models.

Material and Methods

In studying electrode effects on a raw data
file (set of unprocessed measurement data
with numeric or analogous filters) of elec-
trical resistance measurement (Fig. 4), a
pine sapwood specimen with the dimen-
sions of 100%x60%60 mm (length x width x
thickness) was used. It was dried in the
climatic test chamber Feutron (Feutron,
http://www.feutron.de) at room tempera-
ture (20 °C, 96% RH) in the stationary air
for 90 hours and thereafter at 32 °C and 96%
RH at the air velocity 0.4 m s™ for another
244 hours. The specimen drying process
lasted a total of 334 hours during which
the wood MC was reduced from 146% to
36.4%.

For slow processes like the resistance
of electrode/wood contact and corro-
sion, the resistance meter Scanntronik
Material Moisture Gigamodule with
Scanntronik Thermofox data logger was
used (Scanntronik Mugrauer Gmb, www.
scanntronik.de). For measuring the volt-
age of the slow process of residual polariza-
tion, the profi-tester Meterman 38 XR was
used (The Test Equipment Depot, http://
www.testequipmentdepot.com/meter-
man/dmm/38xr.htm/). In measuring slow
processes, the minimum interval between
two measurements was 1 hour. For meas-
uring the fast process of polarization resist-
ance, the resistance meter Alphalab Inc.
(http://www.trifield.com) was used within
the measurement range of 0-20 MQ, with
a measuring accuracy of + 2%. For sav-
ing measurement data in the data logger
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Ahlborn (Type ALMEMO 2590-9) (Ahlborn,
http://www.ahlborn.com/), an analogue
output (with a range of 0-1 V), which had a
linear connection with the resistance meas-
uring range of 0-20 MQ, was attached to
the resistance meter Alphalab. Readings of
the analogue output and Alphalab display
were related by the following formula: 10
(analogue output reading in volts (V) = dis-
play reading in megaohms (MQ). The volt-
age of the analogue output could be meas-
ured at a speed of 10 measurements per sec-
ond or 1 measurement per second by using
the Ahlborn DC voltmeter ZA9000FS3. For
measuring the voltage of another fast proc-
ess, depolarization, the Meterman 38 XR
profi-tester with an input resistance of 10
MQ was used, which enabled the measure-
ment speed of 1 measurement per second.
For the measurement during the experi-
ments insulated pin electrodes were used
(ram-in electrode M18, 60 mm, manufac-
tured by Gann).

In the measurement of electrical resist-
ance, polarization resistance, depolariza-
tion process and residual polarization, elec-
trodes el and e2 were used at a distance
of L = 30 mm (measuring direction was
across the grain) (see Fig. 2). In examining
electrode/wood resistance R.and electrode
corrosion, electrodes el and e2 as well as
an extra pair of electrodes €3 and e4 were
used at a distance of L/2 =15 mm. The dis-
tance between the main measuring elec-
trodes (el, e2) and extra electrodes (e3, e4)
was D = 40 mm. Distance D was experi-
mentally selected in order to avoid interac-
tion between neighbouring electrodes, i.e.
transmission of electrical potential by wet
(143% MC) wood. The difference between
transmitted potentials (electrical voltage)
was measured in dead neighbouring elec-
trodes, which was below 1/30 measuring
voltage in the case of D = 40 mm.

The specimen was weighed with a scale
manufactured by KERN (Model KERN EW
B 620-M, resolution 0.01 g) (Kern & Sohn
GmbH, http://www.kern-sohn.com) at 24-
hour intervals on average; the oven dry
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Figure 1. Experimental setup.

1 — Alphalab resistance meter,

2 — Scanntronic 8 channel
resistance meter,

3 — box of reference resistances,

4 — switching box,

5 — climatic chamber Feutron.

Joonis 1. Eksperimendi aparatuur.

1 — Alphalab takistusmootja,

2 — Scanntronic 8 kanaliga takis-
tusmaéétja,

3 — vordlustakistite salv,

4 — lilituspaneel,

5 — kliimakamber Feutron.

Figure 2. Arrangement of meas-

uring electrodes on the exam-

ined specimen. All electrodes were
placed at a depth of 20 mm from
the surface of the specimen.
Joonis 2. Mdoteelektroodide paigu-
tus uuritaval katsekehal. Koik elekt-
roodid olid paigutatud 20 mm siiga-
vusele katsekeha pinnast.

weight of the specimen was determined
with the same scale.

Gann HT 85 T (Gann Mess- u. Regel-
technik GmbH, http://www.gann.de),
NDT James Moisture Master (James
Instruments Inc., http://www.ndtjames.
com) and Brookhuis FMD-6 (Brookhuis,
http://www.brookhuis.com) resistance
type wood moisture meters were used in
the experiments.

Unfortunately, the electrical resistance
measurement raw file volume and inter-
nal data processing algorithm in the resist-
ance meter Scanntronic Gigamodule and in
the resistance type wood moisture meters
used in the experiments remained hidden

from the user. The experimental setup is
depicted in Figure 1.

Interaction registration methodology
The methodological prerequisite for the
registration of interactions in the research
was the measurement of all examined inter-
actions by DC measuring instruments with
the same operating principle. That method-
ological restriction was necessary to work
out a novel precise calibration method of a
DC measuring instrument (but not an AC
measuring instrument such as the EIS) of
wood moisture:

a) resistance of electrode/wood con-
tact on DC and b) electrode corrosion.
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According to studies (Norberg, 1999) and
(James, 1993), R, resistance associated with
the wood/electrode interface, and R, vol-
ume resistance, are series connected. By
varying the distance L between electrodes
(see Fig. 2), a linear system of equation (7)
may be proposed for the four-electrode
measuring system:

R, =2R.+R,

R, =2R. +05R, (7)
the solutions of which are:

R. =R, - 0.5R;, (7a)
and

R, =2(R; - Ry), (7Db)
where

R, - resistance measured between elec-
trodes (el) and (e2) (see Fig. 2)
R, - resistance measured between elec-
trodes (e3) and (e4)
R, - resistance of a single electrode/wood
contact
R, - volume resistance.

The solution (7b) may also be the corro-
sion indicator. Analysis of solution behav-
iour is given in discussion.

Resistance meter
Takistusmootja

()
9,

Switch
Liiliti

Wood resistance

I Puidu takistus I

Wood capacitance & Puidu ja elektroodide
capacitance of double kaksikkihi mahtuvus
layer of electrodes

Figure 3. Simplified equivalent circuit for describing
the processes of polarization and depolari-
zation.

Joonis 3. Lihtsustatud ekvivalentskeem polarisat-
siooni ja depolarisatsiooni protsesside
kirjeldamiseks.
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¢) polarization and depolarization. The
polarization of the double surface layer of
the electrodes and wood polarization are
relaxation processes the simplified equiv-
alent circuit of which is adapted (Onysko,
2008) and given in Figure 3. Polarization is
expressed in the DC circuit by an increase
in polarization resistance over time. As
part of the experiment, the resistance meter
AlphaLab allowed to measure it directly.
Measuring polarization resistance enables
the approximate assessment of the maxi-
mum measurement error in wood electri-
cal resistance depending on wood moisture
content. In depolarization process, voltage
between the electrodes is the easiest to
measure with the help of a DC voltmeter
with high input resistance. This measuring
method is also called a chronopotentiomet-
ric measurement (Metrohm Autolab BV,
Eco Chemie, http://www.ecochemie.nl).
Measuring depolarization voltage allows
a practical assessment of the time interval
that is safe for beginning the next resistance
measurement without risking the occur-
rence of a measurement error. Initial volt-
age relation U;/U, (where U, is the input
voltage of the resistance meter and U; is the
initial voltage of the depolarization proc-
ess) and T,,,,, the duration of the depolari-
zation process, may also hypothetically be
related to wood moisture content.

d) Residual polarization voltage between
the measuring electrodes may hypotheti-
cally be caused by the difference between
the corrosion potentials of the electrodes.
Corrosion potential is usually measured
with regard to a reference electrode used
in electrochemistry (e.g. the Ag.AgCI ref-
erence electrode (Metrohm Autolab BV,
http://www.metrohm-autolab.com/Pro-
ducts/Echem/Accessories/accessories.
html). Thus, residual polarization could be
treated as the combined effect of the cor-
rosion potential, measurement voltage of
electrodes and the varied electrical mobil-
ity of positive and negative charge carriers.
From a practical viewpoint, residual polar-
ization voltage would mean the occurrence
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Figure 4. Example of polarization resistance measurement raw file at pine wood MC 146% and 20 °C.
Joonis 4. Néide polarisatsiooni takistuse méétmise toorfailist ménni maltspuidus 146% NS ja 20 °C.

of a certain systematic error in measuring
wood electrical resistance with a DC meas-
uring device.

e) Effectof repeated application (repeated
measurements) of pin electrodes.

The experiments made use of speci-
mens made of five different tree species
(Scots pine, Norway spruce, Grey alder,
Birch and European aspen) with dimen-
sions (100x60x60 mm) and resistance type
wood moisture meters by three different
manufacturers (Gann HT 85 T, FMD-6, and
NDT James). Measuring electrodes (teflon
insulated pins, 60 mm) were tapped with
a Gann hammer electrode (RAM- IN elec-
trode M18) to a depth of 20 mm (1/3 of the
thickness of the specimen). The number
of specimens per each tree species was n
= 60.

These types of measurements have a
significant practical value in terms of mois-
ture meter calibration, yet at the same time,
while conducting measurements, several
random factors need to be considered (for
example, wood structure inhomogenity,
moisture content gradients, etc.). The effect
of the repeated use of electrodes is revealed
in the moisture meters comparison test. It
was assumed that electrode corrosion may

be neglected when conducting short-term
measurements of wood moisture content.
In distributing moisture meters into accu-
racy classes by the 2S-value (Rozema, 2010),
all other random factors must be kept at an
equal a level as possible. The 25-value indi-
cates the range within which, with a 95%
certainty, the actual moisture content will
fallif determined according to the oven dry
method (Brookhuis, 2009).

In the test of moisture meters the elec-
trical resistance of wood/electrode contact
was measured indirectly via calibration
and algorithm of processing the raw file of
the electrical resistance measurement.

Results and Discussion

By comparing Figures 5 and 7, the figures
seem to have a relatively similar shape.
Based on this similarity, a hypothesis may
be proposed that the resistance method
owes its moisture sensitivity mainly to the
resistance of the electrode/wood contact.
Figure 6 shows that during the drying
process, wood volume resistance R, turns
negative for a certain time period, and then
back to positive, and maintains relatively
stable (in a logarithmic scale). Reasonably
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Figure 5. Monitoring of elec-
trical resistance of pine
sapwood specimen by using
a four-electrode measuring
system and Scanntronik Giga-
module resistance meter.

Joonis 5. Elektritakistuse moni-
tooring mdnni maltspuidus,
kasutades nelja elektroodiga
maatesiisteemi ja Scanntronik
Gigamodule takistusmootjat.

Figure 6. Behaviour of volume
resistance of wood.

Joonis 6. Puidu ruumtakistuse

Figure 7. Behaviour of elec-
trode/wood contact resist-
ance.

Joonis 7. Elektrood/puit kon-
takti takistuse muutumine
ajas.
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(proceeding from general physical consid-
erations), wood volume resistance cannot
be effectively zero. This phenomenon may
be explained by the following qualitative
model of temperature dependent electrode
corrosion affecting electrical resistance.

Step 1. For some random reason, accel-
erating corrosion occurs in one of the elec-
trodes, or a pair of electrodes, and accord-
ing to the measurement data of four-elec-
trode measuring system it seems that wood
volume resistance (in a logarithmic scale)
turns negative.

Step 2. Logically, it may be assumed
that accelerating corrosion in some elec-
trodes cannot last for very long. Indeed, a
more intense corrosion should result in an
increase in the resistance of the electrode/
wood contact, and thus, current intensity
through the more corroded pair of elec-
trodes would decrease.

Step 3. Raising the temperature by 12 °C
in the experiment intensified corrosion also
in the rest of the electrodes and restored the
equal speed of corrosion in all electrodes,
thereby turning wood volume resistance
back to positive.

When conducting measurements in a
four-electrode measuring system (see Fig.
2) in DC mode, experiment results indicate
a problem that volume resistance R, (values
calculated according to formula (7b) may
be somewhat underestimated. Therefore,
volume resistance R, time graph (see Fig.
6) functions better as an indicator of cor-
rosion. For a more accurate determination
of volume resistance R, measurements of
resistances R; and R, should be carried
out in parallel both in DC mode and AC
mode.

Figure 8 suggests that in wood mois-
ture contents above FSP, the relative incre-
ment of polarization resistance may reach
120%. If the initial resistance R, is viewed
as approximately equal to wood resistance,
the maximum wood resistance measure-
ment error, upon not considering polariza-
tion resistance, may also reach 120%. Figure
8 also shows that polarization resistance as
well as the relative increment of polariza-
tion resistance, depending on time, is rather
well-fitted with the logarithmic function.
When measuring resistance in a logarith-
mic scale, polarization resistance can be
quite easily subtracted from wood resist-
ance by using instead of R its calculated
value Ry, (regression curve value at time
0.1 sec (t = 0.1 sec)). Ry, values given in
Table 1 have been calculated on the basis
of regression curves adjusted for 60-sec-
ond intervals. For obtaining Ry,;., more fre-
quent measurements could be carried out
during the first second of the polarization
process as an alternative (e.g. 10-100 meas-
urements per second) and then R,,,. may
be calculated on the basis of a linear func-
tion fitted to measured data.

Table 1 shows intervals of wood resist-
ance plus polarization resistance values in
comparison to data measured at the same
time with Scanntronik Gigamodule, which
have been recalculated from the logarith-
mic scale 10logR into resistance R, given in
megaohms. According to Table 1, coordina-
tion between data on different resistance
meters is satisfactory. Yet, it is unknown
how the polarization resistance raw file
in the Scanntronik Gigamodule resistance
meter has been processed and whether and
in which manner residual polarization volt-

Table 1. Quantities characteristic of the polarization process.
Tabel 1. Polarisatsiooni protsessi iseloomustavad suurused.

Wood moisture RO, (MQ), Rpax (MQ), RO (MQY), Gigamodule, ((R-RO) / RO)
Puidu niiskus (%) t =0 sec t = ~600sec t =60 sec R (MQ) 100%
146 0.017 0.043 0.011 0.054 126
97.2 0.172 0.227 0.147 0.151 32.6
36.4 0.59 0.73 0.52 0.56 23.7
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Figure 8. Relative increment of polarization resistance in pine sapwood at three different moisture con-
tents: MC1 = 146%; MC2 = 97.2% and MC3 = 36.4%
Joonis 8. Polarisatsiooni takistuse suhteline juurdekasv mdnni maltspuidus erinevatel niiskussisaldustel:

NS1 = 146%; NS2 = 97.2% ja NS3 = 36.4%.

age as a possible source of a systematic
error has been considered.

Figures 9 and 10 depicts that depolari-
zation lasts longer in the case of wet wood,
for ca 600 seconds. Measurements should
continue only after the end of the depolari-
zation process. Depolarization initial volt-
age relation U;/U, and T,,,,, the duration
of the depolarization process also depend
on wood moisture content according to
Figure 9 and Table 2. Instead of using ini-
tial voltage U,, more accurate calculations
would be obtained by using its calculated
value Uy, (that is, the extrapolated value
of the regression curve at t = 0.1 sec). Based
on the above, it may be assumed that in
the case of an equivalent circuit highly
descriptive of the depolarization process,
this process could also be used for meas-
uring wood electrical resistance and wood
moisture content.

Figure 11 shows that residual polariza-
tion voltage between measuring electrodes
is relatively stable (average -28.5 mV), but
suggests a downward trend as wood mois-
ture content decreases. For example, resid-
ual polarization voltage may lead to a sys-
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tematic measurement error when measur-
ing wood resistance at input measuring
voltage 3 V of the resistance meter, depend-
ing on measuring voltage polarity up to
* 1%, and at measuring voltage 1 V up to
* 3%, also in resistance measuring units,
because the resistance scale has a linear
connection with the input voltage.

Linear dependence (in a logarithmic
scale) between moisture content and wood
electrical resistance in the pine specimen is
shown in Figure 12. Based on data given in
Figure 12, it may be suggested that Stamm’s
well-known empirical relation (formulas
3 and 5 ) applies also in pine wood mois-
ture contents above FSP (above MC 30%).
According to a common belief, this pattern
is satisfactory only in the MC range of 7-
30% (Norberg 1999). In the future, further
research should determine the role played
by the specific drying regime used in the
experiment and tree species as well as the
general (selected independently from the
drying regime) empirical relation between
wood electrical resistance and moisture
content in the area above FSP in producing
this quite a surprising result.
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Figure 9. Changes in depolarization voltage of pine sapwood at three different moisture contents:
MC1 = 146%; MC2 = 97.2% and MC3 = 42.8%

Joonis 9. Depolarisatsiooni pinge muutused mdnni maltspuidus kolmel erineval niiskusisaldusel:
NS1 = 146%; NS2 = 97.2% ja NS3 = 42.8%.
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Figure 10. Depolarization initial voltage relation U,/U, (initial voltages U, and U, ).
Joonis 10. Depolarisatsiooni algpingete U,/U, suhe (algpinged U, ja U,).

Table 2. Quantities characteristic of the depolarization process.
Tabel 2. Depolarisatsiooni protsessi iseloomustavad suurused.

Wood moisture (U, / Up) 100% Thax(U1=0), (Uy,care / Up) 100%, (Uy /U T ek -
Puidu niiskus, (%) sec t =60 sec sec

146 1.4 600 10.37 44.4
97.2 4.5 488 6.66 21.96
42.8 2.5 335 3.33 8.38
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Figure 11. Changes (variation) in residual polarization voltage measured in the specimen during drying.
The moisture content of the specimen varied respectively from 146% to 36.4%.

Joonis 11. Mdnni maltspuidust katsekeha kuivatamise kdigus méddetud jddkpolarisatsiooni pinged. Katsekeha
niiskussisaldus (NS) muutus alates 146% kuni 36.4%.
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Figure 12. Empirical relation between pine sapwood moisture content and electrical resistance at 32 °C.
The moisture content of the specimen decreased from 141% to 36.4%.

Joonis 12. Empiiriline seos mdnni maltspuidu niiskussisalduse ja elektritakistuse vahel temperatuuril 32 °C.
Katsekeha niiskussisaldus vihenes 141% kuni 36.4%.

For the specific drying regime and type
of pin electrodes used in the experiments,
the average electrode/wood contact area of
both electrodes was A = 94.8 mm? and dis-
tance between electrodes was L = 30 mm.
Based on this data, cell constant K, and
based on Figure 1, also constants in formula
(5) could be calculated: C; =7.7783 and D =
-1.3233. For the Stamm formula (3), respec-
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tive values of the constants are the follow-
ing: C =5.63 and D = -1.3233. Formula (6)
was applied for calculating the value of
constant C. All constants have been deter-
mined for pine sapwood and the constant
temperature of 32 °C.

By comparing the figures given in Tables
1 and 2, the estimated average moisture
sensitivity of different measuring processes
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Table 3. 2S values of MC readings (acc. to Rozema, 2010) of wet and dry wood (above FSP and below FSP)
measured with different moisture meters. Number of specimens n = 60x5.
Tabel 3. 2S vddrtused erinevate niiskusméétjatega saadud NS lugemitele (vastavalt Rozema, 2010 artik-
lile).
Type of Mois- Scots pine heart- Norway spruce Grey alder, av-  Birch, average  European aspen,
ture meter wood, average heartwood, aver- erage actual MC actual MC wet  average actual
Niiskusméétja actual MC wet age actual MC wet wet 105.7%]| 85.2%| dry MC wet 107%|
tiidip 34.2% | dry 27% 31.3%| dry 27.1% dry 31.6% 30.3% dry 29.9%
Mdnni lilipuit Kuuse lilipuit Hall lepp Kask keskmine  Haab keskmine
keskmine tegelik  kesmine tegelik kesmine tegelik tegelik niiskus-  tegelik niiskus-
niiskussisaldus niiskussisaldus niiskussisaldus  sisaldus sisaldus
mdrg | kuiv mdrg | kuiv mdrg | kuiv mdrg | kuiv mdrg | kuiv
GANNHT 85T 3.8 | 2.4 2.4 1.0 2.6] 1.6 42|28 2.6 3.5
2S-value
FMD-6 3.0] 2.2 1.8 1.0 7.4 | 1.4 2.4 2.2 1.8]3.5
2S-value
NDT James, 2.2|2.6 3.2|2.6 2.2 2.8 2.2]2.8 2.0]2.7
2S-value

Bold numbers — Not measurable, if 2S-value > 3.5%.(acc. to Rozema, 2010).

MC — moisture content (%), determined by indirect (electrical resistance) and direct (oven-dry) methods.
Paksud numbrid — Mitte méédetav, kui 25-vddrtus > 3.5% (vastavalt Rozema, 2010 artiklile).

NS — niiskusisalduse (%), mis on mddratud kaudsel (elektritakistuse) ja otsesel (kuivkaalumise) meetodil.

may be determined. A two-fold increase in
wood moisture content (97.2% up to 146%)
brought about a corresponding increase
in depolarization initial voltage relation
((U1/Uy)100% ), a four-fold increase in the
relative increment of polarization resist-
ance ((R-R0)/R0)100%), and an eight-fold
increase in the measured electrical resist-
ance RO. Thus, the measurement of electri-
cal resistance seems to involve the highest
moisture sensitivity, followed by the meas-
urement of the relative increment of polar-
ization resistance, and lastly, the measure-
ment of depolarization initial voltage rela-
tion. In the practical use of the methods
for measuring wood moisture content, the
moisture sensitivity of a method is not the
only selection criterion. It is also essential to
minimize the variance of the measurement
data recorded. A more detailed research of
moisture sensitivity and variance would
require more measurement data.

A comparison of the values of quan-
tity 2S by tree species in Table 3 indicates
a trend in all tree species that 2S5 values
decrease in accordance with a decrease in
wood moisture content. Aspen wood is the
only exception with its increasing 2S val-

ues. It might be that drying results in larger
moisture gradients in aspen wood com-
pared to other tree species. This phenom-
enon with aspen wood requires in-depth
future research.

The analysis by DC measuring mode
enables adding the following variables in
the multivariate statistical model for cali-
bration: 1) gravimetric wood MC, 2) wood/
electrode contact resistance, 3) volumetric
resistance of wood, 4) relative increment
of polarization resistance, 5) time constant
of the polarization process at given wood
moisture levels, 6) depolarization initial
voltage relation, 7) time constant of the
depolarization process at given wood mois-
ture levels, 8) multiplication of the depo-
larization initial voltage relation and total
process time, 9) residual polarization volt-
age (or charge). All variables are defined
on the assumption that the temperature is
constant.

Conclusions

Knowledge of electrode effects enables
improved consideration and prevention of
random factors reducing calibration quality
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of resistance type wood moisture meters in
wood moisture contents above FSP.

To improve the accuracy of measure-
ment of wood electrical resistance the study
presented a novel approach. The additional
variables were generated for the multi-
variate statistical model for calibration.
Application of these variables presuma-
bly improves the R” value of the model and
minimises its standard error compared to
the simple calibration model with one inde-
pendent variable (y ~ x).

The outcomes of the study were approx-
imate error estimates and suggestions for
five different types of electrode effects,
which should be considered when organ-
ising the calibration process of resistance
type wood moisture meters in the range
above FSP.
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Elektroodefektide uurimine puidu kuivatamisel niiskus-
sisaldustel iile kiu kiillastuspunkti

Valdek Tamme, Peeter Muiste, Regino Kask, Allar Padari ja Hannes Tamme

Kokkuvate

Puidu kuivatuse monitooringul on elekt-
riline takistusmeetod laialdaselt kasutu-
sel. Kuid probleeme tekitab puidu niiskus-
sisalduse (NS) méddramine tile kiu kiillastus-
punkti (s.0. NS vahemikus 30% kuni 170%
puidu kuivkaalu suhtes), kus on pohilis-
teks probleemideks ebapiisav mootetdpsus
ja tulemuste vdhene korratavus, mille tottu
pole seni 6nnestunud saada sellele meeto-
dile mainitud piirkonnas rahuldavat kalib-
reerimiskoverat. Selle artikli eesmargiks oli
eksperimentaalselt uurida puidu ja moo-
teelektroodide vastastikust toimet. Elekt-
roodefekte uuriti puidu kuivatamisel {ile
kiu kullastuspunkti, madalatel temperatuu-
ridel (20 °C ja 30 °C) ja leebetel kuivatusre-
ziimidel (98% RH ja 96% RH 6hu suhtelisel
niiskussisaldusel). Katsetes kasutati kahe
erineva tootja elektrilise takistuse mootjat
ja kolme erineva tootja takistus-tiitipi puidu
niiskuse modtjat. Uhesugustes tingimustes
(32°Cja96% RH ja puidu NS piirkonnas tile
kiu kiillastuspunkti), katsekehi kuivatati ja
teatud ajavahemike jarel moodeti niiskus-
sisaldusi viiest erinevast puiduliigist (Pinus
sylvestris, Picea abies, Alnus glutinosa, Betula
pendula, Populus tremula) valmistatud katse-
kehadel mootmetega 100%60x60 mm (pik-
kus, laius, paksus). Kokku oli eksperimendis
500 katsekeha. Statistiliselt analtitisiti elekt-
roodide korduva paigaldamise moju moot-
mistulemuste korratavusele. Manni malts-
puidus (niiskussisalduste piirkonnas tile

kiu kiillastuspunkti) uuriti lisaks ka moote-
elektroodide korrosiooni, polarisatsiooni ja
depolarisatsiooni protsesside maju elektri-
takistuse mootetulemustele. Selle uurimuse
peamiste tulemustena voib esile tdsta jarg-
misi tulemusi: 1) Mddrati eksperimentaal-
selt Stamm’i valemi koefitsiendid uuritava
(ile kiu kiillastuspunkti) puidu niiskuste
vahemiku jaoks. 2) Stamm’i valem annab
funktsionaalse soltuvuse puidu niiskussisal-
duse ja puidu elektritakistuse vahel. Lisaks
sellele soltuvusele (nn. Stamm’i protsess),
leiti veel kaks protsessi (polarisatsiooni ja
depolarisatsiooni protsessid), mis samuti
osutusid puidu niiskusest soltuvaiks. Koigi
kolme protsessi jaoks leiti ligikaudsed niis-
kustundlikkuste suhtarvud. 3) Leiti lihtne
protseduur puit/elektrood kontakti takis-
tuse ja puidu ruumtakistuse eraldamiseks
(e. separeerimiseks). 4) Katsetulemuste alu-
sel valiti vélja olulisemad fiitisikalised para-
meetrid, mis voivad edaspidi leida raken-
dust puidu niiskusmootjate kalibreerimi-
sel mitme muutujaga statistilistes mudeli-
tes. Selles uurimuse tulemuste interpretee-
rimise kdigus piistitati ka kaks hiipoteesi -
tiks jadkpolarisatsiooni nahtuse selgituseks,
ja teine Stamm’i protsessi niiskustundlik-
kuse selgituseks. Selle uurimuse tulemusi
on voimalik kasutada takistus-tiitipi puidu
niiskusmodtjate kalibreerimise protseduuri
organiseerimisel puidu niiskussisaldustel
tile kiu kiillastuspunkti.
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Abstract. In wood moisture contents above fibre saturation point (FSP) the measuring
accuracy of resistance type sensors starts decreasing and several side effects related to
measuring wood moisture begin to occur. These side effects can be taken into account
in the measuring process and can be eliminated. This research examined wood charg-
ing and discharging in the process of measurements, phenomena related to repeated
measurements in both a single electrode insertion spot and different insertion spots
in the specimen made of pine (Pinus sylvestris L.) sapwood and black alder (Alnus
glutinosa (L.) Gaertn.). The research presented approaching equations separately for
the voltage and current of the polarization and depolarization process for the initial
phase of the process. Empirical equations were found for wood electrical resistance
and electrical capacitance in the polarization process. For black alder possibilities for
calibration of a resistance meter and resistance type electrodes were explored. It was
found that to improve the calibration accuracy of resistance type measuring electrodes
an additional individual calibration with regard to the average moisture content of
the specimen may be carried out with the electrodes above FSP. Research results can
be implemented in monitoring the wood drying process using resistance type wood
moisture sensors, but also in determining the electrical parameters of growing trees.

Key words: wood drying, above FSP, corrosion, polarization.
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2012) or by statistical modelling (Tamme et
al., 2013). Insufficient measuring accuracy

The electrical resistance method is widely
used for monitoring wood drying since
the method is economical and reliable
(Tronstad et al., 2001; Onysko et al., 2008).
However, the method is deficient due to
the fact that above fibre saturation point
(FSP) measuring accuracy is insufficient
and starts decreasing correspondingly to
the increasing wood moisture content (Ed-
wards, 1974; James, 1993; Vermaas, 2002).
The decrease in measuring accuracy can
also be described quantitatively, with the
2S-value (Rozema, 2010; Tamme et al.,
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above FSP may also reduce the accuracy of
effective diffusion coefficient monitoring
in the process of wood drying (Tamme et
al., 2010, 2011).

In the measurement of wood direct cur-
rent (DC) resistance, the following factors
are important (Tamme et al., 2012): (a) elec-
trical resistance of the galvanic contact be-
tween the measuring electrode and wood,
(b) corrosion of measuring electrodes in
wet wood, (c) polarization and depolariza-
tion of the double layer forming on the sur-
face of the measuring electrodes and of the
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polar molecules of wood itself, (d) residual
polarization voltage between measuring
electrodes, and lastly, (e) effect of repeated
application (repeated measurements) of
measuring electrodes.

(a) electrical resistance of the galvanic contact
between the measuring electrode and wood.
The main empirical relationships and defi-
nitions of DC have been presented in stud-
ies by Norberg (1999), Stamm (1927) and
Straube et al. (2002) and modified in the
study by Tamme et al. (2012).

(b) Corrosion of measuring electrodes in wet
(MC above FSP) wood.

According to Eco Chemie (2013) “The cor-
rosion of iron [measuring electrodes] to
form rust proceeds according to the over-
all reaction:

2 Fe+H,0+0,->2 Fe(OH), (1)

This reaction includes the dissolution of
iron, the reduction of oxygen and forma-
tion of rust:

Fe->Fe** +2e (anodic) (2)
2H,0+0,+4e ->40H (cathodic) (3)
Fe**+2OH ->Fe(OH),  (chemical) (4)

The corrosion of measuring electrodes in
wet wood may be described by the Butler-
Volmer equation (Ecochemie, 2013):

2303 2303L
b, b,

i = iCOVV (e

—e
wheren=E-E_ 6)”

The Tafel constants b, and b_in the Butler-
Volmer equation and corrosion current i
are usually determined in alternate current
(AC) mode with an electrical impedance
spectrometer (EIS).

Metal corrosion in wood has been ex-
amined by the electrical impedance spec-
trometry (EIS) method in the research by
Zelinka & Rammer (2006). For measuring

wood MC in DC mode and above FSP, the
research by Tamme et al. (2012) gives a
qualitative description of the corrosion of
measuring electrodes for a measurement
system with four electrodes. It was offered
using the measurement system with four
electrodes as an indicator of the corrosion
of measuring electrodes. The intersec-
tion of wood MC monitoring graphs as a
characteristic feature of the corrosion of
measuring electrodes is presented also by
Lazarescu et al. (2010) (see Figure 9) which
also applied the measurement system with
four electrodes.

(c) polarization and depolarization of the double
layer forming on the surface of the measuring
electrodes (Zelinka et al., 2007; Eco Chemie,
2013) and of the polar molecules of wood itself.
In measuring wood electrical resistance,
electrical voltage (difference between po-
tentials) is applied to the measuring elec-
trodes. The applied voltage generates an
electrical field between the electrodes in
wood, causing the polar molecules of wood
and water to orient toward the electrical
field and free charge carriers with different
polarity to migrate. In addition, a double
layer with a thickness of a few nanometers
is formed on the surface of the electrodes
(Eco Chemie, 2013). To put it in simple
terms, wood is electrically charging dur-
ing the measuring cycle of electrical resis-
tance. This is called the wood polarization
phase or polarization process. The voltage
applied to the measuring electrodes at the
end of the electrical resistance measuring
cycle is switched off and this marks the
start of the discharging phase of the elec-
trically charged wood, which is called the
wood depolarization process. Both pro-
cesses, polarization and depolarization,
can be measured using relatively simple
methodology in the experiment (Figure 1).

Using Ohm’s law, the voltage drop
(Tamme et al., 2012; Eco Chemie, 2013) for
black alder Alnus glutinosa (L.) Gaertn. by
Figures 7:
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AE, =iR, 7)

ohmic

actual = Eupplied - 1RQ (8)
When monitoring the potential (Tamme et
al., 2012) the true potential lags the applied
potential according to the following equa-
tion:

Eactual = Eapplied (1 - faa ) 4 (9)

where R, is the Ohmic resistance, C, is the
double layer capacitance, and ¢ is the time,
at which the measurement is taken.

For depolarization process, where
E, ;.. = 0, the potential lags according to
the following equation:

-t
E actual — E()e RC, (93)
where E, - potential at starting moment
(t = 0) of the depolarization process.

The study by Tamme et al. (2012) ob-
tained measurement results with intervals
of 0.1 second and 1 second. Either the mo-
ment of applying voltage to the measuring
electrodes (when measuring the polariza-
tion process) or switching off the voltage
(when measuring the depolarization pro-
cess) was chosen as the starting point (t =
0) of the measurements.

Assuming a pure RC circuit (see Figure
1, test scheme) for the capacitor the In(i)
plot will give a straight line according to:

~t

j - MBS (10)
R
In()=In(35) - (.t (11)

The multiplication RC of resistance and ca-
pacitance, which has a time dimension, is
called the time factor 7 (tau) of the charg-
ing-discharging process. In general, time
factors are different in the charging and
discharging process (Tamme et al., 2012).
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Pingeallikas / Vloltage Source 2.6 V

S,
O—
S,
O—

Puidu takistus
Wood Resistance

Puidu ja elektroodide kaksikkihi mahtuvus /
Wood Capacitance & Capacitance
of Double Layer of Electrodes

Figure 1. Experimental setup circuit diagram. V -
DC Ahlborn voltmeter, type ZA9000-FS3,
+2.6 V. E and E, - electrometer Keithley
Model 65178, Switches S, S,, and S, -
relay contacts.

Joonis 1. Katseseadme péhimétteskeem. V — alalis-
voolu voltmeeter ,Ahlborn”, tiiiip ZA9000-
FS3, + 2.6 V. E, and E, - elektromeeter
~Keithley Model 6517B”, S, S, and S, -

lilitid (relee kontaktid).

Polarization and depolarization processes
in wood have a complex physical back-
ground. James (1975) has named three
classes of mechanisms to explain the di-
electric properties of wood: (a) mechanisms
with short relaxation times including elec-
tronic, atomic, and fast molecular polariza-
tions; (b) mechanisms with intermediate
relaxation times including slow molecular,
fixed dipole, and fast interfacial polariza-
tions; and (c) mechanisms with long re-
laxation times including slow dipole and
interfacial polarizations. James’ analysis
was based on different polarization times
of molecules. The general description of
dielectric polarization has been given in
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a course on theoretical physics (e.g. Save-
lyev, 1975).

(d) residual polarization voltage between mea-
suring electrodes.

Tamme et al. (2012) determined the value
of residual polarization voltage and con-
sidered the different electrical mobility of
positive and negative charge carriers in
wood as well as the difference between
corrosion potentials as the possible root
cause for residual polarization voltage.

(e) effect of repeated application (repeated mea-

surements) of measuring electrodes.

The effect of repeated relocation of insulat-

ed pin electrodes in new measuring areas

when measuring wood electrical resistance
has been quantitatively analysed with
the S-value (Rozema, 2010; Tamme et al.,

2012) and the statistical modelling method

(Tamme et al., 2013). The last study quanti-

tatively evaluated the progressive decrease

in the measuring accuracy of some widely
used wood moisture meters upon an in-
creasing wood average moisture content
from 30% up to 100% (above FSP).

Two hypotheses were proposed for this
research:

1. Hypothesis H1. It is possible to qualita-
tively describe the equivalent circuit of
a resistance-type wood moisture sensor
by making measurements and calcula-
tions (see Figure 1).

2. Hypothesis H2. The statistical model en-
ables predicting wood average mois-
ture content for a specific and accurate-
ly repeated drying schedule between
wood moisture contents of 26% MC
and 90% MC.

Material and Methods

Hypothesis H1 testing methodology

Electrical resistance is determined for an
equivalent circuit directly with a resis-
tance meter, as described in the research by
Tamme et al. (2012). If the applied working

voltage is known, the current strength flow-
ing through wood can be calculated using
Ohm’s law. Another option is to measure
the voltage applied to measuring electrodes
and current strength flowing through
wood, and then calculate wood electrical re-
sistance using Ohm’s law. The sum of (dif-
ferent) electrical capacitances in the equiva-
lent circuit is calculated using measurement
results and empirical equations (12 and 13).

To examine wood polarization and de-
polarization processes on the same black
alder specimen (20 °C, 96% RH) an experi-
mental setup was used, the circuit diagram
of which is given on Figure 1. The Ahlborn
2.6 V DC voltmeter (type ZA9000FS3) with
an input resistance of 10 MegaOhms was
used in the experimental setup. As elec-
trometers E, and E, the Keithley Model
6517B electrometer was used according
to the positions of switches S, S, and S,
(Keithley, 2013). The Keithley Model 6517B
electrometer enables selecting between
four measuring modes: voltage U, current
I, resistance Q, and charge Q.

Hypothesis H2 testing methodology

The testing method involves producing a
statistical prediction model for a specific
tree species and specimen dimensions,
given drying schedule and average mois-
ture content range of the specimen. The re-
liability of the model is assessed with tests
on the normality of regression residuals
and visually by using the probability pa-
per. Model testing may be supported by
the individual calibration method for pin
electrodes, as seen in researches by Tamme
et al. (2012) and Lazarescu et al. (2010). De-
tails on model repeatability conditions (i.e.
validation) have been analysed in the re-
search by Tamme et al. (2013).

The experiments made use of a black
alder specimen with the dimensions of
500 x 120 x 35 mm (length x width x thick-
ness), which was conditioned in the Feu-
tron climatic chamber (Feutron, 2013) at a
room temperature of 20 °C and relative hu-
midity of 96% RH for 72 hours and there-
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Table 1.
Tabel 1.

Drying schedule of 35 mm black alder drying (96 h test).
Kuivatusplaan 35 mm paksusega musta lepa materjali kuivatamiseks (96 tunnine katse).

Kuivatuse aeg /
Drying time, (h)

Kuivatuskambri temperatuur /
Chamber temperature, (°C)

Kuivatuskambris suhteline 6huniiskus /
Relative humidity, (RH %)

0 20
12 47
24 50
48 52
72 52
96 52

60
95
90
80
69
59

after at an average temperature of 50 °C for
another 96 hours according to the drying
schedule (Table 1). The ends (120 x 35 mm)
and sides (500 x 35 mm) of the specimen
were coated with nitrocellulose lacquer to
avoid water vaporisation. By adopting this
measure, one-dimensional (1D) moisture
distribution was ensured in the specimen.

The specimen had been sawn from the
black alder log in a way that the length of
the specimen was oriented along the grain,
the width across the grain in tangential di-
rection and the thickness across the grain
in radial direction. The sawn specimen was
located approximately 8 cm from the pith
of the log.

The average air velocity in the condi-
tioning phase (that is, the first 72 hours and
at 20 °C room temperature) was the natu-
ral convection air velocity in the chamber,
whereas when drying according to the dry-
ing schedule, the average air velocity was
2ms™. Wood electrical resistance measure-
ments were conducted with one specimen
in 80 different pin electrode insertion spots
and at an equal measuring depth of 12 mm
of the surface of the specimen (that is, 1/3
of the thickness of the specimen). Due to
the short duration of measurements (not
more than one minute in the spot of appli-
cation of the electrodes), the effect of elec-
trode corrosion was neglected.

The specimen was weighed on a scale
(Mettler-Toledo, type PB3002-S/Fact,
readability + 0.01 g) (Mettler-Toledo, 2013)
after each electrical resistance measure-

32

ment. The specimen was oven-dried and
weighed using the same Mettler-Toledo
scale. The relative moisture content of the
specimen according to dry mass was de-
termined in compliance with the standard
ISO 3130:1975. Based on dry weighing and
electrical resistance measurement data a
statistical regression model was later pro-
duced for the specimen dried according to
a specific drying schedule. Teflon insulat-
ed pin electrodes (ram-in electrodes M18)
with a length of 40 mm manufactured by
Gann (Gann, 2013) were used as measur-
ing electrodes in the experiments. A resis-
tance meter “Scanntronik Material Mois-
ture Gigamodule” (Scanntronik, 2013)
was used to measure wood electrical re-
sistance. A Rotronic sensor (type Rotronic
Hygro Clip-S, measuring range 0 - 100%,
precision at 23 °C £ 1.5%) (Rotronic, 2013)
was used to check the drying air humidity
and temperature. An Ahlborn air veloc-
ity sensor (type FVA935-TH4, measuring
range 0 - 2 m s) (Ahlborn, 2013) was used
to check the velocity of drying air.

Results and Discussion

Hypothesis H1 testing results and
discussion

(a) Results of testing pine (Pinus sylvestris L.)
sapwood.

Measurement data in the research by
Tamme et al. (2012) (see Figure 4) were
used to determine the polarization current
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in the polarization (or wood charging) pro-
cess, the time dependence of which is given
in Figure 2. The polarization current of the
pine sapwood specimen was determined
at the average moisture content level of
146% and temperature of 20 °C.

The polarization process of the speci-
men was examined in more detail for 20
seconds starting from the beginning of the
process (that is, the initial phase of the po-
larization process). The observation period
of 20 seconds was selected because the re-
sistance meter Scanntronik (Scanntronic,
2013) uses a measuring cycle of the same
duration. Since the theoretical equation
(10) fails to approach a 20-second polariza-
tion process with sufficient accuracy, the
empirical equation

where 7, = 515 s and I, = 65.81 pA, was
found to approach the process more accu-
rately. Graphs showing the experimen-
tally determined polarization current, the
polarization current calculated with the
theoretical equation (10) and the polariza-
tion current calculated with the empirical
equation (12) are given in Figure 3 in the
same scale. The dependence of the time
factor T = RC (see equations 10 and 12) of
the polarization process on time is given
in Figure 4. The figure shows that the de-
pendence of the time factor on the polar-
ization time, from the starting moment, is
practically linear (R-squared 0.99). Taking
into account that polarization resistance
had been experimentally determined by
direct measurement, the time factor defini-
tion equation enables to determine also the
dependence of the summarised electrical

4 . .
=1, eXp(W) , (12)  capacitance C of 146% MC pine sapwood
7, + 0.1t and double layer of electrodes on time,
which is shown in Figure 4.
60
¢ y = -5.0432Ln(x) + 54.197 ——I(uA)
R%=0.9715 — Log. (I(uA
55 0g. (I(uA))
t
50
<
= 45
g 40
o
~
S 35
>
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Aeg / Time, (s)

Figure 2.

Pine sapwood polarization current at 146% MC of the specimen and temperature of 20 °C.

Joonis 2. Mdnni maltspuidu polarisatsiooni vool katsekeha keskmisel niiskussisaldusel 146% ja temperatuuril

20 °C.
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70

——I(pA)
60 K —=—Ipol(tt)
\. .+ Tpol(tau(t))
50

40 iilhﬁ**ﬁ¥t@4ﬁﬁ
N
, e

(O e L o B B B B LA B S S
1 3 5 7 9 11 13 15 17 19 21
Aeg / Time, (s)

Vool / Current, I(uA)

Graphs of 146% MC pine sapwood show-
ing the experimentally determined polar-
jzation current (I(uA)), the polarization
current (Ipol(tt)) calculated with the
theoretical equation (10) and the polar-
ization current (Ipol(tau(t))) calculated
with the empirical equation (12) in a
single scale.

Figure 3.

Joonis 3. Eksperimendist mddratud polarisatsiooni
voolu I (uA), teoreetilise valemi (10) alu-
sel arvutatud polarisatsiooni voolu Ipol(tt)
Jja empiirilise valemi (12) alusel arvutatud
polarisatsiooni voolu Ipol(tau(t)) graafi-

kud samas teljestikus.

Physical considerations make it obvious
that neither polarization resistance R, po-
larization capacitance C nor the time factor
T (tau) can increase limitlessly; these quan-
tities must approach asymptotically to a
certain limit value or plateau.

The research (Tamme et al., 2012) (see
Figure 9) presents also pine sapwood de-
polarization process graphs at 20 °C. A
more detailed analysis of the depolariza-
tion process at 146% MC (i.e. graph corre-
sponding to MC1 in Figure 9) allowed to
determine the empirical equation:

-t
U =U, exp(——)- (13)
OW%+M)

where 1, =4.685sand U, =0.411V for the 20
seconds of the initial phase of this process,
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Figure 4. Time dependence of the summarised
electrical capacitance C of 146% MC pine
sapwood and double layer of electrodes
of the depolarization process.

Joonis 4. 146% niiskussisaldusega manni malts-
puidu ja elektroodide kaksikkihi summaar-

se elektrimahtuvuse C soltuvus ajast.

which approaches the time dependence
of depolarization voltage better than the
theoretical equation (9a). The experimen-
tally determined depolarization voltage
U, voltage calculated with the theoretical
equation (9a) and depolarization voltages
calculated with the empirical equation (13)
for 146% MC pine sapwood are given in
the same scale in Figure 5. Figure 6 shows
the dependence of the time factor of the
same depolarization process (the one in
Figure 5) on time, which proved practically
linear in the initial phase of the depolariza-
tion process. Physical considerations make
it obvious that also the increase in the time
factor of the depolarization process needs
to slow down, and the time factor has to
asymptotically approach a certain limit
value or plateau. As depolarization current
was not measured in the research (Tamme
et al., 2012), the summarised electrical ca-
pacitance C of wood and electrodes based
on the found time factor unfortunately
deemed impossible in the depolarization
process.
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Figure 6. Dependence of the depolarization time factor (shown in Figure 5) of 146% MC pine sapwood on
time.
Joonis 6. 146% niiskussisaldusega mdnni maltspuidu depolarisatsiooni protsessi (vt. joonis 5.) ajateguri

séltuvus ajast.
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(a) Results of testing black alder.

To examine wood polarization (electrical
charging) and depolarization (electrical
discharging) processes and improve the
measuring methodology a few experi-
ments were carried out involving another
tree species (black alder) at 90% MC and
temperature of 20 °C. The general shape of
the polarization-depolarization measuring
cycle in the voltage graph for black alder is
given in Figure 7. The transition from the
polarization phase to the depolarization
phase shown in Figure 7 involves a volt-
age drop or the Ohmic drop which can be
described with the equation (9). Figure 8
shows the dependence of polarization cur-
rent on time, which was measured directly
with the electrometer E,. Figure 9 shows
the dependence of polarization resistance
on time for black alder (90% MC and
20 °C).
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Dependence of polarization current on
time, measured with the electrometer E,
for black alder (90% MC and 20 °C).

Elektromeetriga E, méodetud sanglepa pui-
du polarisatsiooni voolu séltuvus ajast 90%
niiskussisaldusel ja temperatuuril 20 °C.
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During the measurement switches S, and
S, were closed and S, was in the off posi-
tion (see Figure 1). Figure 10 shows the
two consecutive measurements of depo-
larization current and depolarization volt-
age, which are depicted in a single scale.
During these measurements, switch S
was open and switches S, and S, were in
the closed position. Based on the depolar-
ization voltage and depolarization current
measurement data, Figure 11 shows the
dependence of black alder electrical resis-
tance, calculated according to the Ohm'’s
law, on time in the depolarization process.
Figure 11 shows that the electrical resis-
tance of the black alder specimen with 90%
MC increases in the initial phase of the de-
polarization process but later approaches
a certain value. In the final phase of the
process, current and voltage measurement
errors also become major since choosing a
more sensitive measuring area for the elec-
trometer is not possible without interrupt-
ing the process.

Some technical considerations regarding the
methodology for measuring the processes of po-
larization and depolarization:

(a) Depolarization current and depolariza-
tion voltage should be measured simul-
taneously and in a similar magnitude to
that of measuring instruments with input
resistance. The logical solution would be
to measure depolarization current indi-
rectly, that is, use the electrometer E, in the
charge Q measuring mode, and calculate
depolarization current with the following
equation:
1(t),,0 = AQ/AL (14)
Unfortunately the largest measuring range
of the measuring mode of the charge of the
electrometer E, used in the experiments
proved too sensitive for the specific experi-
ment.

170
y = 12.035Ln(x) + 128.16 ¢— Rpol=U/I

165 R% = 0.9963 Log. (Rpol=U/I)
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Figure 9.

Joonis 9.
20 °C.

Time dependence of polarization resistance for black alder (90% MC and 20 °C).
Polarisatsiooni takistuse séltuvus ajast sanglepa puidu jaoks 90% niiskussisaldusel ja temperatuuril
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Figure 10. Two consecutive measurements of depolarization current and depolarization voltage for black
alder (90% MC and 20 °C), depicted in a single scale.

Joonis 10. Depolarisatsiooni voolu ja depolarisatsiooni pinge kaks jérjestikust mé6tmist sanglepa puidu jaoks
(90 % NS ja 20 °C), mis on kujutatud iihises teljestikus.
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Figure 11. Time dependence of black alder (90% MC and 20 °C) electrical resistance in the depolarization
process, calculated according to the Ohm’s law based on the depolarization voltage and depolar-
jzation current measurement data.

Joonis 11. Depolarisatsiooni pinge ja depolarisatsiooni voolu méotmisandmete alusel Ohmi seaduse jérgi arvu-
tatud sanglepa puidu elektritakistuse soltuvus ajast depolarisatsiooni protsessis 90% niiskussisal-
dusel ja temperatuuril 20 °C.
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(b) The residual polarization voltage men-
tioned in the research (Tamme et al., 2012)
occurred in the electrodes also in short-
term measurements where the influence
of electrode corrosion may be disregarded.
The more likely reason for residual polar-
ization seems to be that electrical mobility
is different for charge carriers of different
polarity. The influence of residual polar-
ization helped to significantly reduce the
correctly completed depolarization (wood
discharging) process.

(c) Numerous repetitions of polarization-
depolarization cycles may result in re-
duced concentration of charge carriers
(partial exhaustion of charge carriers) in
the electrode gap. Exhaustion of charge
carriers may result in greater wood electri-
cal resistance values in later measurements
than with the same moisture content and
electrical measurements in the case of elec-
trodes yet undisturbed or inserted in the
given spot for the first time. The above-
mentioned situation did not yet come
about in two consecutive measurements;
however, after six consecutive measure-
ments an apparent rise occurred in black
alder electrical resistance.

Hypothesis H2 testing results and
discussion

Figure 12 shows a graph for individually
calibrated needle electrodes for pine sap-
wood based on the data of the research
(Tamme et al., 2012). The parameters of
this graph (regression line) are given in
Table 2.

Individual calibration of pin electrodes
may give satisfactory measuring accuracy
also in wood MCs above FSP. A significant
deficiency of the individual calibration
method is, however, the need to carry out
calibration (by the dry weighing method
according to the standard ISO 3130:1975)
in a new pin electrode insertion spot in
wood every time and separately for each
pair of electrodes, which, altogether, is a
very labour-intensive procedure.

9 + 10logR
57 i\ Poly. (10logR)
55 * 5
o y = 0.4195x° - 15.696x + 194.85
g'53 R?=0.9483
S
—

3
o 3 i
\;\_‘

.

14 15 16 17 18 19 20

10log(NS%,) / 10log(MC%)

Figure 12. Regression curve received for the black
alder specimen based on 80 measure-
ments at 50 °C, which, according to the
average moisture content (MC%) of the
specimen, enables predicting the average
reading of the resistance meter.

Joonis 12. Musta lepa katsekeha jaoks 80 mdotmise
alusel ja 50 °C temperatuuril saadud reg-
ressioonkover, mille abil on katsekeha
keskmise niiskussisalduse (NS%) jéirgi voi-
malik prognoosida takistusméétja kesk-
mist nditu.

As an alternative to individual calibration
of pin electrodes, the so-called prediction
(or average measurement result prognosis)
method is used. The prediction method in-
volves statistical modelling or regression
analysis of the relationship between two
or more parameters. In the case of regres-
sion analysis, it is recommended to verify
the reliability of the received model with
regression diagnostics methods.

Figure 13 shows the regression curve
received for the black alder specimen at 50
°C. The given regression model describes
95% of the variability (R-squared 0.95) of
black alder wood electrical resistance (in
units 10logR). In comparison, Figure 14 de-
picts the inverse regression curve received
on the same conditions based on the av-
erage of 20 resistance meter readings for
predicting the average moisture content
of the black alder specimen. The reliabil-
ity of the model has been verified by the
conformity of prognosis residuals to nor-
mal distribution: visually, with the Q-Q
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Table 2.
Tabel 2.

Regression parameters (for model 1 and model 2) and descriptive statistics parameters (for model 2).
Regressiooni parameetrid (mudeli 1 ja mudeli 2 jaoks) ja méned kirjeldava statistika parameetrid

mudeli 2 jaoks.

Parameeter / Parameter

Mudel / Model

Individuaalselt kalibreeritud
elektroodid NS mddramiseks /
Individually calibrated, (model 1)
(according to Tamme et al., 2012,
fig. 12)

Niiskussisaldust (NS) prognoosiv
regressioonmudel 2 /
MC predicting regression model 2
(fig. 12)

Mootmiste arv / Observations 10

80

Determinatsioonikordaja /
R Squared

0.99

0.95

Mudeli standardviga / Standard
error of regmodel

0.026

0.816

Mudeli prognoosijddkide --

Kolmogorov-Smirnovi test /
Kolmogorov-Smirnov test of
residuals of regmodel

p-value = 0.6558

Mudeli prognoosi jddkide --

Shapiro-Wilk test / Shapiro-Wilk
test of residuals of regmodel

p-value = 0.8622

Mudel 2 jaoks tehtud mootmiste
arv (4 x 20 méétmist) / Number
of measurements (model 2)
NS / MC% | 10logR

20 20

20 20 20 20 20 20

Mdooteseeriate aritmeetilised
keskmised / Mean of
NS / MC% | 10logR

78.49 % | 47.84

62.37 % | 48.715 39.16 % | 50.995 26.29 % | 56.65

Keskmiste standardvead /
Standard error of
NS / MC% | 10logR

0.0437 % | 0.1836 0.109 % | 0.2094 0.073 % | 0.219

0.026 % | 0.112

Standardhdlbed / Standard 0.2% |0.842 0.489 % | 0.9366 0.327 % | 0.98  0.1162 % | 0.502
deviation of
NS / MC% | 10logR
Vahemikud /Range of 0.9% | 3.6 2.02% | 3.8 1.0 % | 3.4 0.4% | 2.3

NS / MC% |10logR

plot (Figure 15), Kolmogorov-Smirnov test
(Kolmogorov-Smirnov test, short ks. test)
and Shapiro-Wilk test (short shapiro.test)
using the statistics program R (R-project,
2013). Parameters of the regression model
produced for black alder at 50 °C and some
important descriptive statistics parameters
are summarised in Table 2. The compari-
son between the individual calibration
method (model 1) and prediction method
(model 2) based on Table 2 shows that R-
squared of the regression model is consid-
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erably larger in the individual calibration
model and the standard error considerably
smaller than in the statistical model of the
prediction method.

Note: Has been selected as the null hy-
pothesis in the Kolmogorov-Smirnov test
and Shapiro-Wilk test, stating that the ex-
amined distribution is not normal distribu-
tion. If the significance probability of the
null hypothesis (p-value) is p > 0.05, the
contrary hypothesis will apply.
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Figure 13. Inverse regression curve received for the
black alder specimen based on a total of
80 measurements at 50 °C, which, accord-
ing to the average reading of the resis-
tance meter, enables predicting the av-
erage moisture content of the specimen.
Based on the resistance meter (4 x 20)
reading, this curve allows predicting av-
erage moisture contents of the specimen.

Joonis 13. Musta lepa katsekeha jaoks kokku 80
méétmise alusel ja 50 °C temperatuuril
saadud pdéérd-regressioonkover. Selle ko-
vera abil on takistusméétja (4 x 20) luge-
mi alusel véimalik prognoosida katsekeha
keskmist niiskussisaldust.

To compare the details (e.g. for examining
the variability of coefficients of the Stamm
equation (3), etc.) of the individual cali-
bration method and prediction method of
insulated pin electrodes, a comparative
experiment should be carried out with a
specimen with the same dimensions and
of the same tree species (black alder) and
according to the same drying schedule by
the individual calibration method of pin
electrodes.

Combining the prediction method with
the individual calibration method of insu-
lated pin electrodes enables to receive indi-
vidual calibration of electrodes also for the
average moisture content of the specimen
in moisture contents above FSP.

In conclusion it may be suggested that
both hypotheses (H1 and H2) proposed for
this research have been confirmed (validat-
ed) by results and discussion.

Conclusions

In addition to ordinary wood electrical re-
sistance measurements, specific electrical

Valimi kvantiilid / Sample Quantiles

T T T
0 1 2

Teoreetilised kvanitiilid / Theoretical Quantiles

Figure 14. Q-Q plot of residuals for regression model 2 (Figure 12).

Joonis 14. Téendosuspaber regressioonmudeli (mudel 2, tabelis 2 ja joonisel 12) prognoosi jddkide normaal-

Jjaotuse hindamiseks.
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measurements were carried out, as well.
Real-time polarization resistance, polariza-
tion current, depolarization voltage and
depolarization current were measured.
The specific electrical measurements were
performed at a temperature of 20 °C.

This examined several side effects in-
volved in using resistance type wood
moisture sensors in wood moisture con-
tents above FSP, such as wood charging
and discharging (polarization and depo-
larization and residual polarization) in
the process of measurements, phenomena
related to repeated measurements in both
a single electrode insertion spot and dif-
ferent insertion spots in the specimen. The
experiments made use of specimens made
of pine sapwood and black alder wood.
The research presented approaching equa-
tions separately for the voltage and cur-
rent of the polarization and depolariza-
tion process for the first 20 seconds from
the starting moment. Empirical equations
were found for wood electrical resistance
and electrical capacitance in the polariza-
tion process for describing the time de-
pendence of these quantities in the initial
phase of the process (within 20 seconds).
The research also lists a few technical notes
that need to be considered when repeating
the experiments conducted in the research.

For black alder, possibilities for calibra-
tion of a resistance meter and resistance
type electrodes into a wood moisture me-
ter at 50 °C were explored. It was found
that to improve the calibration accuracy
of resistance type measuring electrodes,
an additional individual calibration with
regard to the average moisture content of
the specimen may be carried out with the
electrodes above FSP. Research results can
be implemented in monitoring the wood
drying process using resistance type wood
moisture sensors in moisture contents
above FSP, but also in determining the
electrical resistance and electrical capaci-
tance in growing trees.
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Takistus-tiitipi puidu niiskuse andurite eksperimentaalne
uurimine puidu kuivatamise monitooringul niiskussisaldustel

iile kiu kiillastuspunkti

Valdek Tamme, Peeter Muiste ja Hannes Tamme

Kokkuvote

Kéesolevas toos uuriti takistus-tiitipi pui-
du niiskuse andurite kasutamisega puidu
niiskussisaldustel tile kiu kiillastuspunkti
kaasnevaid mojusid, nagu puidu elektri-
line laadumine (s.o. puidu polarisatsioon)
ja ttihjaks laadumine (s.o. puidu depolari-
satsioon koos jadkpolarisatsiooniga) moot-
miste protsessis. Veel uuriti selles t66s
praktika seisukohalt olulisi korduvate
modtmistega seotud nédhtusi nii elektroo-
dide tihes konkreetses paigalduskohas kui
ka elektroodide erinevates paigalduskoh-
tades katsekehal. Katsetes kasutati manni
(Pinus sylvestris L.) maltspuidust ja musta
lepa (Alnus glutinosa (L.) Gaertn.) puidust
valmistatud katsekehasid. Toos esitati 14-
hendusvalemid polarisatsiooni ja depo-
larisatsiooni protsessi pinge ja voolu jaoks
esimese 20 sekundi jooksul alates stardi-
momendist. Polarisatsiooni protsessi jaoks
leiti puidu elektritakistuse ja puidu elektri-

mahtuvuse empiirilised valemid nende
suuruste ajalise soltuvuse kirjeldamiseks
protsessi algfaasis 20 sekundi jooksul.
T60s on esitatud ka moned tehnilised kaa-
lutlused, mille arvesse votmine on vajalik
selles t60s teostatud katsete kordamisel.
Musta lepa jaoks uuriti temperatuuril 50 °C
takistusmootja ja takistus-ttitipi elektroo-
dide puidu niiskusmootjaks kalibreerimise
vOimalusi. Leiti, et takistus-tiitipi moote-
elektroodide kalibreerimise tdpsuse paran-
damiseks on puidu niiskussisaldustel {ile
kiu kullastuspunkti voimalik teha mdoote-
elektroodidele tdiendav individuaalne ka-
libreerimine katsekeha keskmise niiskus-
sisalduse suhtes. Tods saadud tulemused
on rakendatavad puidu kuivatuse protsessi
monitooringul takistus-tiitipi puidu niisku-
se andurite abil niiskussisaldustel iile kiu
killastuspunkti, samuti kasvavate puude
elektriliste parameetrite maaramisel.
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