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1. INTRODUCTION

The purpose of wood drying is to obtain material with the desired final
moisture content. During the process, it is necessary to find a balance
between the quality of the wood and the energy and time spent. In
order to find an optimal solution, it is important to know the condition
of the material to be dried at a specific time. The alternative is a costly
trial-and-error method that requires the input of a highly experienced
kiln operator.

In widely used chamber-type convective dryers, wood is dried using
turbulent drying air. In practice, to monitor wood drying, the electrical
resistance method is predominantly used (Tronstad et al., 2001; Onysko
et al., 2008; Bjorngrim et al., 2017; Bes-Bollmann, 2023), less often the
capacitance method (Moschler, 2004; Magill, 2010; Lyons Jr. et al., 2004),
and the impedance method (Tiitta et al., 2010).

To determine the moisture content (MC) of wood, in addition to the
resistance method and capacitance method, methods with a completely
different physical operating principle have been used, for example:
neutron activation (Mannes et al., 2009), X-ray absorption and X-ray
tomography (Danvind, 2005; Cai, 2008; Vikberg et al., 2012), nuclear
magnetic resonance (MR) and nuclear magnetic resonance imaging
(MRI) (Lamason et al., 2013), near-infrared (NIR) and near-infrared
spectroscopy (NIRS) (Hans et al., 2013), microwave (James et al., 1985;
Aicholzer, 2017), time domain reflectometry (TDR), or radio location
method (White et al., 2019).

The aim of this PhD thesis is the development of methods for
controlling and optimizing the drying of wood, based mainly on the
practical or easy-to-add capabilities of the infrastructure that is more
widespread in the industry. The focus is on the methods for determining
wood moisture above the fibre saturation point and optimizing the
drying process to reduce wood stress, energy consumption, and drying
time. In the process, various prototypes of practical measuring devices
and calibration methods have been developed, which can be used in kiln
climate.
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Finding the most suitable drying mode starts with reliable measurement
data. Reliability can be assessed by matching the results of sensors
operating on different physical principles. In order to get a complete
picture, this PhD thesis examines the capacitance method for
determining the average moisture content of wood, the resistance
method for determining the moisture content of wood at different
depths of the material, and the deformation of the wood surface. Based
on the measurements taken from the surface of the board at different
depths, it is possible to create a profile of the moisture content of the
material, i.e. the MC distribution of the wood in the radial direction.
Water vapour diffusion at different depths of wooden material from
the surface describes the process of wood drying, Insufficient accuracy
in determining the effective diffusion coefficient in the radial direction,
especially above the fibre saturation point, has an adverse effect on either
drying time, energy consumption, or material quality.

Often, the standard equipment of an industrial kiln is not enough when
implementing a new drying schedule. In addition, there is a need for
software that simulates wood drying, providing the initial drying regime,
which can then be further optimized using the methodologies and sensors
presented in this study. The wood drying simulation program may also be
considered as one of the methods of controlling wood drying stresses.
The moment and maximum of stress in an actual kiln can be predicted
using a drying simulation program. In the practice of wood drying, a
well-known method for determining the drying stresses of wood is the
so-called case-hardening test (Poljakov, 2013; Mindoja, 2015; E.D.G.,
1992; EDG, 2010). Unfortunately, the classic case-hardening test does
not allow real-time monitoring of drying stresses. Real-time drying stress
monitoring is enabled by a wood drying stress indicator functioning
on the acoustic emission (AE) principle (Kawamoto and Williams,
2002). The problem of the AE indicator, however, is distinguishing AE
impulses from other sources of acoustic noise occurring in an industrial
kiln (fans, motors, etc.) (Tiitta et al., 2010). For this reason, it would
be necessary to develop a resistance-type drying stress indicator that is
relatively insensitive to disturbances.

In the Articles (I-II), the calibration models of the innovative
polarization-type wood moisture meter were studied. Modelling was
used to find out how many repeated measurements should be made in
a series of measurements in order to fulfill the Rozema quality criterion
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(Rozema, 2010). The ability of different calibration models (including
focusing models) to satisfy the Rozema quality criterion was explained
by means of modelling. The self-compensating phenomenon of random
measurement deviations in the focal point of different types of focusing
models and in their immediate surroundings was studied. The Article
(IIT) examined wood moisture meters working with alternating current.
The calibration models of capacitance-type and impedance-type wood
moisture meters were studied. In addition, the reliability of both
mentioned wood moisture meter types in the harsh climatic conditions
of a kiln was examined. The Article (IV) investigated the possibilities
of optimizing the wood drying process using the critical diffusion
coefficient of the wood surface layer, and precisely timed moistening
impulse. The main attention was paid to the changes in moisture content
in the surface layer of wood, and the deformation of the surface layer.
With sensors installed at different depths in the surface layer, the effect
of changes in the surface layer on the inner layers of wood during drying
was monitored in real time.

12



2. REVIEW OF THE LITERATURE

2.1. Determination of wood moisture content using the electrical
resistance method

The idea of determining the moisture content of wood using the
electrical resistance of wood was first presented by Stamm (Stamm,
1927) as a relationship between the decimal logarithm of the electrical
resistivity of wood and the relative moisture content of wood. The
electrical resistance of wood can be determined using direct current
(DC) or alternating current (AC). In the latter case, it is possible to avoid
the arising effects of electrical polarization. Comparative measurements
of DC resistance and AC resistance in wood were carried out in studies
by Gao et al., 2018, and Berga et al., 2019. The measurements use either
a two- or four-electrode system. In the case of a measuring system
consisting of two electrodes, the measured electrical resistance includes,
in addition to the resistance of the wood itself, the resistance of the
contact between the wood and the electrode (Romann et al., 2014). In
geophysics, a four-electrode system is used to determine soil resistivity
(Wenner, 1915; Sumner, 1976; Urban et al., 2011; Schuetze et al., 2004),
in which the contact resistance is separable from the actual resistance
of the soil itself. The four-electrode Wenner method was used to study
the spread of fungal infection in a wood environment by Martin, T.
(2012). Since most of the moisture content (MC) information is still
in the double layer formed around the electrode/wood contact surface
(Tamme et al., 2012), this limits the usability of the four-electrode system
in practice, because the signal-to-noise ratio decreases approximately
eight times (Tamme et al., 2012). Since electrical resistance also depends
on temperature, correction formulas were derived for it based on the
Arrhenius law (Norberg, P, 1999). A comparison of the method and
a comprehensive study of the calibrability based on different handheld
measuring instruments was carried out within the framework of the
IMCOPCO program (Forsen et al., 2000). In this study, it was found
that the electrical resistance method is calibrable at moisture contents
below the fibre saturation point (below FSP) from 30% MC to 4%
MC based on the moisture standard in the sense of ISO 3534-1:1993.
The calibrations of moisture meters from different manufacturers are
relatively well comparable. In the transition region of 20-30% MC, it is
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recommended to use a slightly different formula than Stamm’s formula
to calibrate the moisture meter (Onysko et al., 2008; Tamme et al., 2012).

The approximate and widely varying electrical resistance of wood at room
temperature is approx. 10 giga-Ohms at 8% MC, approx. 10 mega-Ohms
at 18% MC, approx. 100 kilo-Ohms at 47%, and approx. 10 kilo-Ohms
at 150% (Tamme et al., 2020). The large variation in electrical resistance
is caused by the inhomogeneity of wood as a material, for example
density, resin content, water pockets, etc. In general, it can be stated
that as the moisture content increases, the measurement uncertainty
also increases, as a result of which the determination of wood moisture
content below 7% and above 30%, i.e. above the fibre saturation point,
has been considered inaccurate and unreliable (Vermaas, 2002). In the
articles (Tamme et al., 2013, 2014), the general validity of the Vermaas
hypothesis at 95% confidence level was shown by statistical modelling,
but the hypothesis has two clearly visible exceptions with the existing
calibration function. Therefore, the resistance method above FSP, within
the limits of exceptions, is also applicable in practice. To some extent, it
is also possible to increase accuracy by using alternating current instead
of direct current during measurement (Berga et al., 2019).

Measuring instruments based on electrical resistance, which have been
widely used so far, have a high measurement uncertainty in the case of
a single measurement and, in practice, show increasing inaccuracy above
30% MC (Tamme et al., 2014). To some extent, it is possible to improve
the calibration of existing moisture meters by means of the so-called
re-calibration, creating a new calibration function from the actual
moisture content (Y-variable) obtained during dry weighing and from
the electrical resistance of the moisture meter (X-variable) (Tamme et al.,
2014). A comprehensive overview on the use of moisture meters based
on direct current electrical resistance was given in the following research
(Bjorngrim et al., 2017; Brischke et al., 2008; Li et al., 2018; Norberg,
2000; Uwizeyimana et al, 2020). Unfortunately, the fundamental
problem manifested in the large dispersion of single measurements
cannot be solved merely by better calibration of a device. It is necessary
to develop an essentially new type of wood moisture meter, where
the so-called Edwards trend (Edwards, 1974) is reversed at high wood
moisture contents above FSP. Reversing the Edwards trend became
possible thanks to the empirical phenomenon of self-compensation of
random measurement deviations of electrical resistance and electrical
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capacitance found in the electrical charging number of wood (I). The
electrical charging number of wood made it possible to hypothesize the
existence of so-called focusing (or Edwards trend-reversing) calibration
models of types A, B and C (Art. II).

Considering the time-dependent polarization effect of electrodes
above FSP (Tamme et al., 2012; 2013), a polarization-depolarization
(PD) method based on long and ultra-long relaxation time has been
introduced to measure wood moisture content using the charging and
discharging of wood at optimal voltage and current (Romann, T. et al,,
2014). To give a better idea of the research scope related to the PD
method, a series of technical details about the technical implementation
and programming of the patented wood moisture meter (I) were added
to the PhD thesis. As a continuation of this field of research, this thesis
for applying for the PhD research degree has been composed.

2.2. Determination of wood moisture content using the electrical
capacitance method

The measurement technology described in the standard (EN 13183-
3:2005) and COST E53 (2010) is based on the fact that the dielectric
constant (relative permeability) of wood and water contained in wood
is 20 times lower in wood than in water. Accordingly, absolute dry e
wood = 4 and e water = 80. It is a dimensionless, complex, frequency-
dependent quantity, which is compared to the dielectric constant of a
vacuum (¢ vacuum = 1). If you place a wood specimen between two
plates of a measuring capacitor, a dielectric between the plates is formed
from a mixture of wood and water. In theory, capacitance-type meters
are capable of measuring over a wider area than resistance-type devices.
Since the capacitance-type meter measures linearly from the total amount
of water, the result also depends on the specific density of the wood.
The best measurement result is obtained if there is no air gap between
the wood and the plate of the measuring capacitor and there is no excess
water on the surface of the wood. It should be borne in mind that the
lack of an air gap prevents the wood from drying,

Since the capacitance of a plate capacitor depends on the area of the
plate, the distance between the plates and the dielectric used, it is easy to
experience a situation with wood where the actual measured capacitance
is close to or even lower than the capacitance of the pair of wires used.
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Cabling capacitance has been addressed in the capacitance method
based on a US patent (Magill, 2010), which should allow the calibration
of a capacitance-type moisture meter with electronics up to ~300 m
away from the measuring capacitor. The proposed method uses a coaxial
cable as a transmission medium, which allows more flexible selection of
the location of the measuring electronics, while maintaining accurate
measurement results. In other words, the measuring electronics can be
installed in a separate climate-controlled equipment room, and not in a
kiln in an extreme drying air environment. The proposed method should
also eliminate interference and electrical losses due to long cabling. The
use of the long cable has been limited in the past, because the calibration
of a measuring device has proven to be too difficult due to the low signal-
to-noise ratio. In order to measure the moisture content of wood, wood
is used as an insulator for a plate capacitor. The measured capacitance
depends on the moisture content of wood and is calculated either
directly in the electronics block or sent for post-processing either in a
PC (Personal Computer) or a PLC (Programmable Logic Controller).
The hardware and software solution of the proposed meter includes a
signal generator that generates a variable electromagnetic field between
the plates, and an amplifier that raises the signal to a suitable level for the
rest of the electronics (comparators for detection of voltage amplitude
and phase, and a demodulator for back-calculation of capacitance). Since
in the proposed solution it is not necessary to keep all the electronics as
close as possible to the measuring capacitor, it is possible to multiplex
the input of several measuring capacitors into a single electronic block
(up to 40 channels). It is suggested that eight sensors per dryer are
sufficient for reliable moisture content determination. In the selection of
the electronics measurement method, three implementations have been
proposed, which should be functionally identical from the end user’s
point of view: using a voltage divider, a bridge circuit or a modular LCR
(L: inductance, C: capacitance, R: resistance) block. Three measurement
methods have also been proposed for the calibration of electronics: RC
circuit method, impedance-based LCR method and short-circuit/open-
circuit method. From the above, the circuit required for calibration is
selected and switched to the circuit instead of the measuring capacitor.

The problem of insulator leakage is addressed in a US patent (Lyons. Jr.
et al., 2004), in which the measuring device with electronics is installed
in the drying air environment to reduce the cabling length. The plates
of the measuring capacitor are covered with plastic to reduce current
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leakage, which occurs when a conductive bridge forms between the two
plates, i.e. a short circuit.

In this PhD thesis, there was a need to investigate the reliability of the
measuring capacitor due to the fact that the basic design of the measuring
capacitor (Tamme, H. et al., 2019), which consisted of only two plates
and an insulator, did not work properly in the harsh climatic conditions
of the kiln. Similar problems with leakage of electric current between
the plates as in the patent (Lyons. Jr. et al., 2004) were encountered.

2.3. Determination of wood moisture content using the electrical
impedance method

The electrical impedance method is an alternating current method, as
well as the electrical capacitance method described in sub-section 2.2.
The impedance method was used for wood drying monitoring by Tiitta
(Tiitta et al., 2010). The equivalent scheme of the used impedance
method was based on two constant phase elements (CPE), which were
connected in parallel with resistors. As the measured electrical variable
the impedance modulus was used, which was associated in the calibration
model with the average moisture content of wood and the MC gradient
(Tiitta et al., 1999).

2.4. Modelling and optimizing of the wood drying process

To determine the optimal drying process, it is useful to mathematically
simulate the course of the process. For example, an actual drying
process lasting about one week can be simulated on a computer within
one second. The one-dimensional simulation program TORKSIM 5.1
has been used (Vikberg, T. et al., 2012), combined with industry best
practices. The mathematical model of the previous version TORKSIM
ver. 3.1 is not described in detail, but based on Salin’s PhD thesis, it
can be assumed that it is a perfect isotropic Luikov-type coupled model
(Salin 1990; 2007; Tamme, 2016). The coupled model means that a term
containing the enthalpy of water vapour has been added to the heat
transfer equation (Keey et al., 1999; Younsi et al., 2006; Tsotsas and
Mujumdar (eds.), 2014; Tamme, 2016).

In order to keep the cost of experiments for mathematical optimization
of wood dryinglow, drying experiments are performed as little as possible.
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To achieve this, the drying experiment must be designed accordingly
(DOE). An experiment is defined as a systematic procedure carried out
under controlled conditions to discover an unknown effect, to test or
establish a hypothesis, or to illustrate a known effect. When analysing
the process under consideration, experiments are used to assess which
process inputs significantly affect the process output, and what the level
of these inputs should be to achieve the desired result. Experiments
can be designed in many different ways to collect this information. An
experiment is an entire series of tests.

The theoretical foundations of the optimization of technological
processes, which were developed in 1951, later became known as the
response surface method (RSM, eg. Box-Wilson method). Theory
and application examples of multi-reaction process optimization can
be found in the Handbook of Statistics (NIST/SEMATECH, 2018).
To optimize the constant drying mode for thin material, the statistical
software package Design-Expert (DE) developed by the company Stat-
Ease Inc. for planning and analysing experiments has been used (Sova
et al., 2016). DE enables comparative tests, screening, description,
optimization, parameter evaluation, etc. DE allows the use of up to 50
factors and the identification of statistical significance of these factors
using analysis of variance (ANOVA). The area of possible factor values
within which combinations of factor values of potential interest lie is
called the experimental area. It is necessary to be determined before the
experiment. If the final results of the analysis are outside the range of
the experiment, it must be repeated with a new range.

Constant drying modes of thin material (up to 20 mm) simulated by
TORKSIM v. 5.1 were given as an input in DE (Sova et al., 2016). In the
case of thicker material, when using a constant drying mode, excessive
drying stresses occur, which in turn cause drying cracks and warping
of the material, which reduces the final quality of the wood. This fact
does not allow the wood drying process to be mathematically optimized
without reducing the drying quality (Tamme et al., 2021c). The task of
mathematical optimization can also be solved on the basis of the ideology
of artificial neuron networks (NN-Tool, 2023), using the system’s self-
learning algorithm. In this way, the practical goal (i.e. optimization) is
achieved, but there is no possibility to get additional information about
the statistical modelling of the result (model + ANOVA + p-values,
etc.).
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3. AIMS OF THE STUDY

The primary aim is the development and optimization of measurement
systems used in the environment of an industrial kiln.

Basic hypotheses:

e MC measuring errors can be compensated either by increasing the
number of measurements or by choosing a suitable calibration
function (I, II).

e The capacitance method causes operating reliability problems in the
climatic conditions of the kiln (III).

e If the critical diffusion constant is exceeded, the drying process of
the surface layer of the wood will also affect the inner layers of the

wood (IV).
Aims:

* Checking the occurrence of theoretically simulated moistening
impulse response in experiments based on synchronous surface
displacement, temperature and surface moisture sensors (IV).

*  Developing specific sensors for monitoring that can be used in kiln
climate (I, II, I1I).

¢ Developing an electrical indicator of maximum wood drying stresses
(IV).

* Enhancing the moisture meter prototype hardware corresponding
to the patent description (I, II).
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4. MATERIALS AND METHODS

4.1. Theoretical background of wood moisture meters (I), (II)
and (IIT)

4.1.1. Resistance-type wood moisture meter

The classical resistance-type wood moisture meter theory is applicable
below FSP (7-30%). The classical theory can be described by Stamm’s

formula and its various extensions (Tamme et al., 2012; Uwizeyimana et
al., 2020). Stamm (1927) presented the equation:

log(p) = C + Dlog(M) M)

where p — resistivity, M — moisture content MC, C and D — constants
at constant temperatuure.

This expression (1) was found to perform satisfactorily in the MC
measurement range of 7-30%. In practice, instead of wood resistivity, it
is more convenient to use wood electrical resistance R:

L
R= 2= Kp ©

where A(m?) is the conductor cross-section, L is length, K is the cell
constant, or measuring volume constant.

In the calibration model for the non-linear transition range (ca. 23% to

40% MC) and specifically for Douglas Fir wood the double logarithm
empirical formula by Straube et al. (2002) was used:

log(MC) = 2.99 — 2.113(log(log(R)) 3)
where MC is the moisture content (%), R is resistance in ohms ().
The same general formula was presented by several authors (Norberg,

2000; Tamme et al., 2012; Fredriksson et al., 2013) under the constant
temperature assumption:
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log(R) = alog(MC) + b 4

where MC (%) is the moisture content, R (Q) is the corresponding
electrical resistance, a is slope.

Considering the dependence of electrical resistance on moisture content
and temperature (Skaar, 1988; Li et al., 2018; Uwizeyimana et al., 2020),
a linear relationship can be expressed in logarithmic scale:

alog(MC) + b =10g(Reqs) + 0.025(T — 35) (5)

Formula (5) represents a logarithm equation the solution of which
with respect to MC shows a relationship for determining the moisture
content on the basis of electrical resistance R measured at a given
temperature T, that is, the mathematical shape of the calibration curve
of the resistance-type wood moisture meter is:

(10109(Rmeas)+0.025(T-35))1/a ©)

MC(Rmeas: T) = 10b

4.1.2. (Polarization-type) wood moisture meter with electrical
charging effect

The need to accurately determine the moisture content of wood led
to the development of a prototype of a novel moisture meter based
on the charging number of wood. Knowing the appropriate calibration
function, the moisture content of wood can be calculated from the
electrical resistance. The result obtained can be verified using the desired
reference model (ISO/TEC 2008; Laaneots and Mathiesen, 2000).

The patent ‘EE 05822 B1’, “Moisture Meter and the Method for
Measuring the Moisture Content of Wood above the Fibre Saturation
Point with the Wood Electrical Charging Effect” has been issued by the
Estonian Patent Office with regard to the calibration method applied.

Above the fibre saturation point, wood electrical resistance R(t) depends

on time logarithmically and capacitance C(t) linearly (Tamme et al.,
2013):
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R(t) =aln(t) +b )
Ct)=ct+d ©)
where a, b, c and d are spatial positional constants.

The method is based on the fact that the resistance of wood R and the
product of capacitance C are almost constant at each different moisture

content, RC ~ constant.

Figure 1 the circuit diagram of the electrometer underlying the technical
specification of patent ‘EE 05822 B1’ is provided:
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Figure 1. MC block diagram. Where 1 and 2 is measuring electrodes, 3 is reference
voltage, 4 is wood, 5 is analogue electronics, 6 is operational amplifier IC, 7 is ADC, 8
is MCU and 9 is user interface.

Wood resistance R _(9), polarization current L, (10) and capacitance C_
(11) can be found with the following formulas:

Rg

R, = UoutU_ ©)
0

where R _— wood electrical resistance in ohms, U — reference voltage,

R, — feedback resistor.

Uy

Ipol = R_x (10)

where I | —wood charging current in amps, U — reference voltage, R —
pol . ] > 0 X
wood electrical resistance in ohms.
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- (11)
Cy = U0
where C_— wood electrical capacitance in farads, Q — wood charge in

coulombs (result of I numerical integration by MCU).
po

4.1.3. Impedance-type wood moisture meter

The electrical equivalence of geometrically different sensors can be tested
with an impedance spectrometer (EIS). If the measurement results of
the DC resistance method are comparable to the AC impedance method,
it is indicative of the independence of the results from the measurement
method.

The EIS also allows to study the reliability problems of the dielectric
sensor in climate chamber conditions and optimize the frequency range
used to increase the signal-to-noise ratio.

Impedance spectrometry is an informative measuring technique for
analysing multiple electrical processes (Cole-Cole, 1945; Debye, 1945;
Bard et al., 1980; Chaumat et al., 1999; Krause, 2003; Zelinka et al., 2007,
2008).

Impedance (12) has a magnitude (Z, = f—:) and phase angle and is thus
a vector quantity:

Z =Z,(cosO + jsin0) = Z' +jZ" (12)

where j = V=17’ is the real part of impedance, Z is the amplitude
of impedance and Z” the imaginary part of impedance.

Impedance magnitude (or so-called modulus) is expressed through the
real and imaginary part of the impedance as follows:

1Z| = Zy = J(Z)? + (Z2")? (13)
If sinusoidal voltage is applied across a pure capacitor, impedance (14)

can be calculated according to the relationship:

- __J
Z_ja)C_ wC (14)
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where C is the capacitance and the phase angle ¢ = —90°, that is,
impedance depends on frequency and is entirely imaginary (Krause,
2003).

4.1.4. Capacitance-type wood moisture meter

The capacitance method is a non-destructive method used to measure
the average moisture content of wood, where wood is not sliced, and
needle or screw electrodes are not inserted into wood. The capacitance
of the plate capacitor used in the experiments can be found with the
formula (15) (Zuleta, 2005).

C =ceo (15)

where C is the capacity of the parallel plate capacitor, A is single plate
area, d is distance between plates, ¢ is relative dielectric permeability and
g, is dielectric permittivity of vacuum.

The dielectric constant &€ of absolute dry wood is 4 and of water it is
80. Thus, the theoretical change in capacitance in drying wood is up to
20 times.

4.2. Methodology for calibration of wood moisture meters (I),

(IT), (I1I) and (IV)

The measuring instrument is calibrated using the appropriate calibration
methodology in accordance with the standard ISO/IEC 17025:1999.
Calibration is a set of procedures that, under fixed conditions, determines
the relationship between the value reported by the measuring instrument
and the corresponding value of the quantity realized by the reference
used in the calibration (EVS758:2009).

The result of performing calibration procedures is a measurement model
ot calibration model within the scope of EVS758:2009. For example, the
different stages of the procedure (statistical modelling) for calibrating
the moisture content of a resistance-type wood moisture meter above
FSP can be described as follows.

The first stage. A description of the starting position for modelling, i.e. a
qualitative description of the actual situation, for example, qualitative
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assessments of problems with the calibration of resistance-type moisture
meters from various sources (Bergmann, 2010; Class et al., 2010; ASTM
D4444-08:2008).

The second stage. Getting acquainted with known physical models of
resistance-type wood moisture meters (4.1). If possible, examining
a resistance-type wood moisture meter using electrical resistance
references. In developing the calibration model, proceeding from the
corresponding standard on the methods for determining type A and B
uncertainties (ISO/IEC, 2008).

The third stage. Calibration experiment. This is the most laborious and
responsible partof the calibration procedures. The calibration experiment
begins with the preparation of the reference material (Brookhuis, 2009)
for carrying out measurements. The reference material is essentially a
working standard intended to be used for generating a sample for only
one calibration model. A piece of the reference material with specific
dimensions (length longitudinal, width tangential, thickness radial) was
called a specimen. The main issue in the calibration of wood moisture
meters is the establishment of a statistical relationship (or regression
model) between a certain level of the average moisture content of
wood and the measured electrical variables. Consequently, it is necessary
to vary the moisture content of the reference material in a way as to
exclude, as much as possible, the occurrence of systematic errors in the
calibration procedure (Laaneots and Mathiesen, 2006). The occurrence
of random errors during the calibration procedure cannot be avoided.
They can, however, be described at certain confidence levels with an
adequate calibration model and they form a component of so-called
standard uncertainty in general or extended uncertainty (Laaneots and
Mathiesen, 20006). In order to vary the moisture content of the wood
specimen during the calibration experiment, the wood drying method
above FSP (above 30% MC) was applied ((I), (II) and (I1I)). Below
FSP a hygroscopic method (ISO 3130:1975, 1975) was used in article
(III) to vary the moisture content of the specimen. The differences in
moisture content in the specimen are called moisture gradients that can,
to some extent, be adjusted by the dimensions of the specimens and the
drying plan. In the paper (Tamme et al., 2014) specimens of relatively
small dimensions (60x60x100mm, up to 60 pieces) were used, all of
which were simultaneously dried according to a special drying plan.
The result was a three-dimensional moisture gradient in each specimen
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and relatively high variability in the average moisture content of the
specimens. The articles (I, IT and III) used a single massive specimen
(wood board), where vapour barriers prevented moisture diffusion from
wood longitudinally and tangentially, the moisture could leave the wood
only in the radial direction. The result was a one-dimensional moisture
gradient in the reference material which was symmetrical to the centre
of the board. The specimen thickness (36 mm was selected) and a
special drying plan (Tamme et al., 2013) ensured that, in accordance
with the standard (EN13183-2), the average moisture content level was
numerically equal to the actual moisture content of wood determined
at a depth of 1/3 of the surface of the specimen. Electrical quantities
were also measured at a depth of 1/3 thickness (i.e. 12 mm from the
surface). This avoided the potential for systematic errors in the average
wood moisture content to be transferred to the calibration model. The
specimen was weighed just before measuring each electrical quantity
(electrical resistance, electrical capacitance, impedance modulus, etc.).
Repeat experiments for one calibration model were performed from N
= 60 to 70. At one average moisture content level of the specimen, 20
to 25 repeat measurements were done. 25 repeat measurements took
approximately 2 to 2.5 hours to complete. During this time, the massive
specimen only managed to dry by 2% to 2.5% MC. Weighing of the
specimen was performed at random time moments, so all measurement
data on the actual (gravimetric) moisture content of the specimen
obtained by weighing were also independent random quantities, but with
relatively low variability (see (II) Results, Table 3). The measurement data
of electrical quantities also represented independent random quantities
of certain variability (see Results, Table 2).

4.2.1. Methodology for individual calibration of measuring
electrodes

The need for individual calibration of measuring electrodes arises when
it is important to monitor the moisture content of wood in specimen
drying at different depths from the specimen surface as well as at
different time moments at all depths simultaneously. For this purpose,
an eight-channel electrical resistance meter (Scanntronik, 2023) is used to
determine the electrical resistance of wood at a certain time moment and
depth. At the same control depths, the actual moisture content of wood
is also determined in the immediate vicinity of the measuring electrodes
where electrical resistance was measured. The control depths, or degrees
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of depth, were selected as follows: 1 mm, 4 mm, 8 mm, 12 mm and 18
mm from the surface of the wood specimen (Figure 4). Of these, a depth
of 12 mm (1/3 of thickness) should, in accordance with the standard
EN 13183-2:2005, represent the average moisture content of the wood
specimen. Determining the actual MC of wood in different layers is done
by the so-called slicing method (Tremblay et al., 2000; Hukka, A., 1999)
by which the actual MC profile of wood (moisture distribution curve)
is found at a specific point in time (IV). Monitoring of the electrical
resistance of wood during drying takes place at a one-hour interval. It
is understandable that determining the actual MC of wood every hour
would be too laborious and would interfere with the main experiment
(i.e. wood drying) too much because the specimens were located in the
same drying chamber. If it is known before the drying experiment that
the calibration function of wood moisture meters is linear within the MC
range of 150% and 30% (Tamme et al., 2012, 2014), then two values of
the actual wood MC at the selected depth, plus two values of the electrical
resistance of wood at the same depth, are sufficient for individual
calibration of this MC range above ISP, If it is known before the drying
experiment that the calibration function of wood moisture meters is
linear within the MC range of 24% and 7% (Uwizeyimana et al., 2020;
Tamme et al., 2012, 2014), then two values of the actual MC of wood at
the selected depth, plus two values of the electrical resistance of wood at
the same depth, are sufficient for individual calibration of this MC range
below FSP. The question is how to calibrate the measuring electrodes
individually in the MC range of 24% to 30%, where the relationship
between the decimal logarithm of the electrical resistance of wood and
the actual MC of wood is no longer linear. The article (IV) presented a
solution where the nonlinear region was roughly imitated by different
linear sections. Thus, the result of the individual calibration procedure
was a so-called sectionally linear calibration function at a selected depth
from the surface of the wood specimen. That included the surface layer
where the electrical resistance sensors were calibrated according to the
same methodology as needle sensors located at different depths in wood.
The coordinates of the endpoints of the sections were common for the
two intersecting calibration lines, so the projected wood MC was also
of the same value for the two calibration lines at the intersecting point.
In summary, individual calibration of measuring electrodes allows wood
electrical resistance monitoring at different depths in wood to be replaced
by wood MC monitoring at different depths. MC monitoring at different
depths is a key source of information for the experimental determination
of the local diffusion coefficient in wood (see Section 5.3.2).
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The sectional linear method (16) was used for individual calibration of
the resistance sensor at different depths of the specimen (board), which
provided us with one calibration function for each actual MC range of
wood.

Y=y _ X7*1 (16)
V2= Y1 X2—X1

where (x;y,) is the coordinate of endpoint A of the section and (x,;y,)
is the coordinate of endpoint B of the section (Art. IV, figure 2).

4.3. Methodology for testing the reliability of the capacitance-
type wood moisture meter and impedance-type wood moisture
meter in indoor wood kiln conditions (III)

In the case of the capacitance method, measurement errors due to water
vapour condensation and triboelectric charge must be observed.

In a more humid environment, the predominant problem is the resulting
condensation of water vapour, against which additional heating of the
capacitor plates and insulators helps. In a dry environment, however,
triboelectric charges are a problem, which trigger an additional
component, the so-called parasite capacitance, to the useful capacitance
of the measured wood.

The cross-section of the measuring capacitor (MEC) used to examine
the reliability of the capacitance method is given in Figure 2.

(@) (b)

Figure 2. Cross-section of the measuting capacitor (MEC) (a) and specimen placement
in MEC (b). Where 1 is signal connector, 2 is capacitor plate, 3 is wood specimen, 4
is capacitor insulator, FRA is frequency response analyser, 5 is triboelectric charge
collector, 6 is film insulator, 7 is heating cable and 8 is heat insulator.
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A specially developed design was used to study the operational reliability
of the MEC (Figure 2, a). It can be seen from the design of the MEC
that it has the capacity to selectively prevent triboelectric charges
and condensation, while also creating prerequisites for studying the
fundamental aspects that affect reliability. Testing was carried out in the
climate chamber (Feutron GmbH, 2023) at 50°C and 98% RH and 60%
RH to simulate the environmental conditions in the wood kiln.

The methodology for studying the reliability of the MEC can be described
in stages. The first two stages examined the effects of water vapour
condensation on the measurement results and the third stage examined
the effects of triboelectric static charges on the measurement results.
The third stage studies were switched to when, during the re-testing, a
tendency was seen that the confounding effect of condensation on the
research results reached a safe level. In physics terms, this meant that the
dew point situation, which was a prerequisite for condensation of water
vapour on the surface, no longer occurred.

The first stage of MEC reliability investigation. The MEC was empty to
investigate reliability, i.e. without a wooden specimen placed between
the plates. Thus, between the MEC plates, instead of wood, there was
air, the relative dielectric permeability of which is approximately equal
to one (15). The MEC was placed directly from the cold environment
(i.e. refrigerated to +5 degrees Celsius) in the hot and high humidity
(50 degrees and 95% RH) environment of the climate chamber. This
induced intense condensation of water vapour on all the details of the
MEC design (Figure 2) in the climate chamber. The heating (element
7) of the MEC plates (element 2) was turned on, at the same time the
heating of the insulators (element 4) was turned off. With this method
of heating, condensation was allowed on insulators, but excluded on
plates. The first stage was completed by picking up the impedance beam
spectrum in a situation of intense water vapour condensation.

The second stage of MEC reliability investigation. At the second stage, the
heating of the insulators was turned on, but at the same time the heating
of the plates was turned off. With this method of heating, condensation
was allowed on insulators, but excluded on plates. At the second stage with
this type of heating, the effect of condensation only on the plates was
studied. The second stage was completed by picking up the impedance
beam spectrum in a situation of intense water vapour condensation.
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The MEC impedance spectrum caused by parasitic capacitance was
studied using 20 frequencies with a frequency range of 1 MHz to 10
Hz and an amplitude of 50 mV. The direct current component was
not added to the alternating current (i.e. the potential was set to zero
before the measurements). For the quantitative determination of
parasitic capacitance and parallel resistance, the impedance spectrum
was modelled using a simple “circle fit” analysis methodology — a tool
integrated into the composition of the Autolab measurement program
NOVA 1.8 (Eco Chemie, MetrOhm Autolab B. V., 2023).

The third stage of MEC reliability investigation. 1f humidity in the climate
chamber was less than 60%, then the risk of condensation of water
vapour on the MEC plates and insulators was low even without heating,
This humidity corresponded to approximately 12% equilibrium moisture
content of wood (Higgins, 1957). The experiment showed that the drier
the surface of the wood, the more the triboelectric charge generated
by friction between the MEC plates, and the surface of the wood will
interfere with the measurementof electrical capacitance. Friction between
the wooden specimen and the MEC plates inevitably occurs when the
specimen is placed between the MEC plates for measuring electrical
capacitance, as well as when the specimen is removed between the plates.
Despite the presence of triboelectric charge neutralization contour in the
MEC design (Figure 2, element 5), some triboelectric charges remain on
the surface of relatively dry wood (less than 12% equilibrium moisture).
The potential generated by triboelectric charges was measured with a
high (10" ohms) input electrometer (Keithley 6517B) (Keithley, 2023).
Measuring the potential did not allow determining the magnitude of the
triboelectric charge generated in coulombs, but nevertheless proved to
be a sensitive indicator showing the presence of these charges.

The reliability of the wood impedance method was visually examined
using the method of random deviations (point scattering) on the Nyquist
graph. It should be mentioned that both the capacitance method and the
impedance method are characterized by very small operating currents
of 2—10 nano-amperes according to the readings of the Autolab display.
Therefore, the impedance method was also assumed to be relatively
interference-sensitive due to its weak operating current, especially to the
various electromagnetic disturbances propagating in the surrounding
environment, as well as to the interference coming in via Autolab power.
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It cannot be ruled out that interference can also occur through the
grounding circuit of the experiment.

Wood impedance measurements were carried out on stainless steel
insulated electrodes nailed to the specimen at "5 depth at the Bode
phase angle minimum (Tomppo et al., 2011). If the Bode phase angle
is minimal, then the impedance modulus differs minimally from the
resistance of the real part of the impedance. The frequency range of
1 MHz to 10 Hz with 50 mV amplitude was used. The direct current
component was not added to the alternating current (i.e. the potential
was set to zero before the measurements).

4.4. Adding a monitoring function to the wood moisture meters
(I) and (II)

A philosophy widely used in software development of Unix-like
operating systems is: ,,Make each program do one thing well and expect
the output of every program to become the input to another” (Mcllroy
et al., 1978). If the source code of the wood moisture meter software
is available and licencing permits, then necessary functionality can be
added directly to the source code (or hardware). That was the case with
the developed MC meter. The data format was well-defined and human-
readable, and any necessary modification could be done directly in the
source code. Also, the data file or output stream can be easily further
processed with widely used command line tools (sed, awk, grep, etc.) and
transmitted over an SSH tunnel. For the moisture meter prototype, the
data format for log files and output stream was:

“<timestamp> <value> <unit>".

The situation becomes more complicated regarding closed-source code.
In this case, you have to find a way to get the output of the program to
favour further data processing. User interfaces can generally be divided
into graphical and text-based.

Suppose it is a device with a text interface. Then the solution is to filter
the input to some extent and forward it to another program. For the
Ahlborn system, data is transmitted via the rs232 protocol. On the
receiving side in Linux, it is accessible via the device file ‘/dev/USBO’.
The data filtering snippet is shown in Figure 3, c.
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However, if a device has a graphical user interface and it is not capable of
outputting text, then the only usable solution is to manipulate the same
GUI in some automated form. In other words, the functions described
in the program for replacing the keystrokes of the human user. Such
functionality is available in SikuliX software package. It is possible to
identify screen regions, generate keystroke events and input-output text
defined in code in Figure 3, a.

A Linux-based virtual machine coming from Qemu or Virtualbox is well
suited to fulfil the role of a central monitoring component. To connect
the system, you need at least one Ethernet switch and a number of ports
sufficient to connect all devices.

The architecture (Tamme H., 2013) shown in Figure 3 was used to
expand and aggregate the functionality of the closed-source programs.
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Figure 3. Graphical user interface automation (a), system architecture (b) and text-
based interface automation (c).

The measurement data issued by various devices were collected in
the central monitoring system in the form of text in Figure 3, b. This
collection method requires that the used devices are connected to a
computer with its own driver program, which in turn can be accessed
over the Ethernet network with either the RDP or SSH protocol.

The wotkflow for this architecture is as follows. First, a connection is
established to the computer for controlling a particular device from
the central machine. Second, the device driver is manipulated until the
desired output is obtained. Third, the result is returned to the central
machine for post-processing, Post-processing is necessary to uniform
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data formats issued by different devices and to correct the time marker
of data points (Tamme, H., 2013).

4.5. Theoretical background of the wood drying simulation
program TORKSIM

The first part of the heat transfer equation (17) describes thermal
processes and the second part describes the amount of heat flux
transmitted by water vapour in a one-dimensional case (Siau, 1984):

pcpz_z=;_x(/13—£)+ Z_ltlpw Gm H I 17)
where x is distance along the flow direction (m), t is time (s), o is wood
density (kg m?), u is a moisture content (kg kg™, c, is the specific heat
capacity of wood (J kg K) as a function of temperature and moisture
content u (kg kg'), T is temperature (Kelvin), A is wood thermal
conductivity (W m" K) expressed as a function of temperature and
moisture content u, @_ 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 wood density to water
density for the same comparable volume. The moisture content of wood
is expressed as the mass of water divided by the mass of absolute dry
wood.

For a simplified diffusion-based model, it is experimentally possible to
determine the diffusion coefficient of moisture in wood based on Fick’s
first law (Fick, 1855; Salin, 1990; Tamrzne et al., 2011; 2016) which falls
within the range of 10® up to 101" I (Keey et al.,, 1999; Kretchetov,
1972; Tamme et al,, 2011; 2016):  °

ou
F=-D= (18)

. k .. ) ) m? .
where F is mass flux (m—i), D is diffusion coefficient (T), u is mass

. kg . .
concentration (ﬁ) and x is coordinate (m).

The fundamental equation of diffusion for non-stationary isothermal
moisture transfer through the wooden specimen represents Fick’s
second law in the one-dimensional case (Crank, 1950):

33



u ad u
2=2 (Dt(T, w) a) (19)

where D is diffusion coefficient perpendicular to wood (m? - s71).

When wood drying is done in a narrow temperature range of 50-60 °C,
that is, in a special isothermal case, then the simplified Fick’s second law
can be used:

Dt% = const (20)
The solution to such a differential equation is a polynomial of the second
degree. A drying plan, which considers the dynamics of moisture content
and temperature, gives a parabolic distribution of moisture content
perpendicular to the surface of a material and was called by Luikov the
quasi-stationary drying regime (Luikov, 1966; Tamme et al., 2011).

To ensure the quality of wood drying, it is necessary to find tensile stress
in wood caused by the differences in the moisture profile at various
depths of the material. The model for calculating tensile stress in the
one-dimensional isotropic case (Salin, 1990):

12
a=aE<f°l,fﬂ—pb> e1)

o Edx

where o is tensile stress (Pa), @ is unrestricted shrinkage coefficient, p,
is content of bound water (kg m™), E is modulus of elasticity (Pa), | is
board thickness (m), x is coordinate from the surface of the board (m).

Basic equation for wood deformation calculation in the drying process:

de 100 de
— =4 v

90
at E 0t at + (C( + ma) at (22)

where e is total strain, o is tensile stress (Pa), E is modulus of elasticity
(Pa), ¢ is viscoelastic strain, a is unrestricted shrinkage coefficient (m’kg™),
m is mechano-sorptive creep coefficient (m’ kg Pa), p, is content of
bound water (kg m’), t is time (s).

It should be kept in mind that the modulus of elasticity is not constant,

but depends on the wood moisture content and temperature (Salin,
1990).
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In the numerical solution of Luikov’s system of differential equations, E
is set as a constant only in a provided layer of calculation.

4.6. Methodology for determining the local diffusion constant in
drying pine wood at different depths from the board surface (IV)

The placement of the sensors on the specimen in the climate chamber
is shown in Figure 4, a. The measuring electronics are separate from
the drying air via the outlet on the left. The reference specimen and the
specimen for slicing are placed to the right of the specimen measured in
the experiment under the same environmental conditions. The schematic
of the experiment is shown in Figure 4, b.

) 9 ) [0 € 5 [
T

17,5

@) (b)

Figure 4. Climate chamber internal view (a) and sensor placement schematic (b).

The experiments made use of three specimens of pine sapwood cut
from the same material, with a thickness of 35 mm, width of 150
mm and length of 100 mm along the grain. The first specimen was
accordingly equipped with moisture sensors MC, temperature sensors
TC and displacement sensor DS (Figure 4).

The second specimen was there to collect drying curve data using the dry
weight method. The third specimen was used for individual calibration
of electrodes and for determining the diffusion constant at different
depths. As one of the objectives was the development of sensors used
in an actual wood drying chamber, the experiment was carried out at
a constant air velocity of 2 m/s at 50-80°C and 95-100% RH. The
moisture gradient was found using five resistance sensors at different
depths, which were compared to the simulation program based on
the produced maximum voltage, using the industry-developed drying
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program as a basis for optimization. The electrical quantities recorded
in the sensor data logger together with automated simulations were
recorded at 1 h resolution at the same time.

4.7. Methodology for applying the timed moistening impulse in
the drying process (IV)

The moistening impulse is a short-term increase in moisture in the
drying process. Accurate measurement data and simulations based on
these with TORKSIM allow the timing of a suitable moistening impulse
to suppress the drying stress, which does not significantly increase the
drying time. The moistening impulse represented an increase in the RH
of the drying chamber from 65% to 95% over the period of 116 hto 119
h, leaving the other parameters specified in the drying plan unchanged.

4.8. Automation of data processing and statistical analyses (I),

(II), (IIT) and (IV)

The equipment used in the laboratory gives its output mainly in a format
that requires some pre-processing. Since, in most cases, when creating
the user interface, it is assumed that a person is in the role of information
processort, it is incredibly time-consuming to direct the output of a device
in one format to the input of another device waiting for a different
format. To some extent, National Instruments has offered a solution to
the problem, for example, with its software package called LabVIEW]
which supports devices that can communicate with each other using
the appropriate driver. Unfortunately, such an approach is ecosystem
limited. In other words, if the device driver is not available, compatibility
will not succeed. As an alternative, a software package called Sikulix has
been offered, which allows for building a program-controlled modular
automation layer on top of the graphical management interface. Then
it is not necessary to modify the closed-source software. It is also
possible to aggregate devices or programs attached to different physical
computers into a single workflow. Computer network interconnect must
be functional for tasks like this.

When automating the graphical user interface, the appropriate area on
the screen that needs to be manipulated is identified. For example, if
you need to press a button with the left mouse button, the first step is to
determine the coordinates of the button’s location, and the second step
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is to generate the button press event. Or, if it is necessary to read some
part of the screen, after finding a suitable region and reading data into
a buffer, the data can be copied to a machine with appropriate software
for post-processing. In most cases, a Linux-based device is used for post-
processing. It is so mainly because the ideology of UNIX-like system
philosophy encourages that the output of every program can become
the input of another.

The prerequisite for data processing was the temporal overlap of data
points recorded by different data loggers. However, the latter was
difficult because the measuring devices were not synchronized against
the same time server or did not issue a time marker. The initial data of
the experiment were pre-processed with different bash scripts, and the
definition of time markers was based on the handwritten test protocol.
The result was a comma-separated value file, easily importable to Excel,
R or Python language libraries.

Carrying out large-scale simulations of the simulation program
TORKSIM became a different problem due to the graphical user
interface, which wanted to receive a large amount of input data to run
each simulation. The solution to the problem was to provide the initial
parameters as an array (Figure 5, a) and export the results as text (Figure
5, b) using the SikuliX software package and shell scripts. This approach
made it possible to eliminate several hours of error-prone human work
for text entry.

$ ( head -n4 && tail -n 3 ) < sim_aggr | awk '{print $1,$2,%$3,%4}"
Kuiv.aeg[h] Niiskussis.keskmine EDG_MC1/3 Grad.EDG

sch = [["1,0" , "48,00" , "46,74"], T ool
['24,0" , "48,00" , "44,58"], | 17963 119.2 -2.66
["48,0" , "50,00" , "41,77"1, 129.80 120.0 0.11
["72,0" , "51,00" , "38,23"], 202 11.15 12.42 2.44
["98,0" , "52,00" , "33,56"], 203 11.69 12.34 2.42
["120,0", "53,00" , "27,01"]11 204 11.62 12.26 2.41

@ (b)

Figure 5. Input array (a) and post-processing (b).

Statistical analysis and visualization, in addition to Excel, LibreOffice,
mainly python NumPy, Pandas, Imfit and matplotlib libraries, were used
in the Jupyter Notebook environment. The latter allows different code
segments, e.g. cells to be run in a freely chosen sequence. This approach
ensures the repeatability of the procedures used in the analysis and
visualization in a self-documenting way (Figure 06).
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In [46]: M m, b = np.polyfit(df_t_trimmed['telg'], df_t_trimmed['keskosa temperatuur(°C)'], 1)
plt.plot(df t trimmed['keskosa temperatuur(°C)'])
plt.plot(df_t_trimmed['telg'], m*df_t_trimmed['telg'] + b)

Figure 6. Jupyter Notebook cell.

(III) Statistical processing of the test results was based on the principles
of a metrology standard ISO 1993 and carried out with software R
(2010), MS Excel and NOVA 1.8. In the case of Student t-distribution
and linear regression for the single measurement, the upper and lower
tolerance lines (confidence limits) of the regression line are presented in
MS Excel at 95% confidence level as follows (Kiviste, 1999):

Intercept bylower = by, — TINV (a;n — 2)Spo (23)
Intercept boupper = by + TINV (a;n — 2)Spo (24)
Slope bylower = by, — TINV (a;n — 2)S,, (25)
Slope byupper = by + TINV(a;n — 2)Sy, (26)

where §;,; and S are the standard errors of the regression line intercept
and slope (Kiviste, 1999).

The following formulas were used to estimate the standard error (SE)
and the root-mean-square error (RMSE) of the regression model:

1 ~
SE = \/E =1 (i —9)? @7)

1 ~
RMSE = \/;Z?q(}’i - 9)? (28)
where Yi is the estimated values and and ¥ is the actual values.
The non-parametric Kolmogorov-Smirnov test and the Shapiro-Wilk

test (Tamme et al., 2014) were used in the R software environment to
check the normality assumption of residuals of regression models.
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4.9. Materials (I - IV)

Calibration experiments (I-III) used black alder and birch boards with a
thickness of 35 mm, width of 150 mm and length of 470 mm.

The drying experiments made use of three specimens of pine sapwood
cut from the same material, with a thickness of 35 mm, width of 150
mm and length of 100 mm along the grain. The electrodes shown in the
figure were placed on the first specimen.

Inthedryingexperiments, the second specimenwasintended for collecting
drying curve data using the dry weight method. The third specimen was
used for individual calibration of electrodes and for determining the
diffusion constant at different depths. In all the specimens listed, the
moisture distribution was carefully obstructed in the longitudinal and
tangential direction by special vapour barriers. Moisture could only leave
the specimens in the radial direction. In this way, a one-dimensional
moisture gradient in the specimens was guaranteed.
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5. RESULTS

5.1. Calibration results of wood moisture meters according to the
Rozema criterion (I), (II), (III)

Figure 7 represents time-dependent electrical resistance (a) and electrical
capacitance (b) raw files in a polarization-type wood moisture metet.
Time dependencies are described by formulas (7) and (8). Electrical
capacitance C was determined according to the formula (11) with
numerical integration of the polarization current I . By simultaneously
analysing the R and C variances obtained at different electrode insertion
points at a given average wood MC, the comparison of the coefficient
of variation (CoV) showed that electrical resistance has the lowest CoV
in the first second and electrical capacitance also has the lowest CoV in
the first second. CoV is the largest in the 20th second. Consequently, it
would be advisable to select R, and C, as independent variables in the
calibration model. Index n is the index of the insertion location of the
measuring electrodes into wood. Opting for this, the initial variability of
the independent variables was kept as low as possible. From Figure 7 it
may be concluded that even arithmetic averaging of temporal changes
would increase variability. It is therefore not feasible to select the
arithmetic averages of time-dependent R (t) and C (t) as independent
variables. Further exploration of the independent variables R and C in
the reference model types in Table 1 is done without subscripts, since
the meaning of the indices has been defined. Article (II) provides
definitions of the calibration model and the corresponding reference
model. Calibration functions are given in Article (II, Table 2).
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Figure 7. Electrical resistance (a) and electrical capacitance (b).

Rozema (2010) criterion (Rcr) have been developed to assess the
goodness of fit of the calibration model of resistance-type wood
moisture meters. The criterion are for generalizing, comparing, and
delimiting the results of the calibration experiment of the moisture
meters. Essentially, this is a calibration model tolerance interval (TT)
width with a 95% confidence level for a single measurement, presuming
the theoretical Student distribution (Sachs, 1982). The Rozema criterion
states that the tolerance interval for a single measurement should not
be wider than 3.5% MC. The Rozema criterion is suitable not only
for assessing the calibration models of resistance-type wood moisture
meters, but also for comparing the calibration models of wood moisture
meters with various operating principles (capacitance-type, polarization-
type, impedance-type, etc.). The Rozema criterion is rather strict. In
moisture levels above FSP, it is quite difficult to fulfil it for a single
measurement. The exception was the polarization-type wood moisture
meter in which the criterion for a single measurement was managed to
be met in a relatively limited MC range (Table 1. ). Therefore, sample-
based measuring series were used in modelling to meet the Rozema
criterion. The arithmetic averages of a series of measurements drawn
from 16 single measurements were used as measuring series, whereas
for further modelling the averages thus formed were treated as single
measurements. This model was called a multiple model with a period
of k=16. Table 1. shows the most important reference models for the
polarization-type wood moisture meter. These include:
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Type A: R + C; R+£(C)
Type B: R _+R ;fR +R)

20n°

Type C: f(R) + £f(C)

The reference models in Table 1. were obtained for alder wood at a
temperature of 50 degrees Celsius. If the values of electrical capacitance
C were ignored in the sample of measurement data, then the calibration
model (and the corresponding reference model in Table 1. RM2) of
the traditional resistance-type wood moisture meter could be obtained.
The use of RM2 for comparison with a focusing model RM5 is shown
in Figure 9, b. In Table 1. the location of the RM5 focal point is at
151% MC and the wood MC range (142%—160%) corresponding to
the Rozema criterion has been highlighted in bold. Logarithming of
electrical resistance measurement results (Table 1. , RM3 and RM2)
compared to the original measurement results model (RM2) allows some
compression of the so-called Edwards trend (I) (i.e., tolerance interval
progressive expansion as wood MC increases). However, logarithming
does not completely eliminate the said trend, nor does it reverse it, as
can be seen in Table 1., RM5 and Figure 9, a. As Table 1. also indicates
the lower and upper line equations of the tolerance interval for each
model type, substituting the 151% value of the moisture content into
the equations for example to generate numerical examples results in
comparative tolerance intervals for different models. At MC 151%, the
predicted single measurement tolerance interval of RM2 is TI = 178 -
124 = 53% MC; for RM3 it is 26% MC and for RM5 it is 0.8% <3.5%.

A peculiar focusing model (with the focal point at MC=120%) is
RM?7. Namely, this analysed model lacks electrical capacitance C — the
characteristic component of the focusing model. Covertly, the last
element of the electrical resistance time series Rn20 plays the role of
capacitance C. Visually, the result is the same as for the other model
types containing the electrical capacitance C. RM7 can also be called the
model based on the raw data of the electrical resistance time series (Art.
I1, figure 12).

The fundamentals of metrology provide that random measurement
deviations can be smoothed out by arithmetic averaging of measurement
results. The well-known moving average is used to smooth time
series. Table 1. gives the so-called multiple models where new single
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measurements have been generated on the basis of the arithmetic averages
of a series of 16 measurements. The use of measuring series allows for a
significant shrinkage of the tolerance interval of the arithmetic averages
of the measuring series representing a single measurement in the model.
It is interesting to compare the effect of using measuring series and the
focusing model on the tolerance interval. In model RM8, the Rozema
criterion was met after 16 measurements, but in model RM9 the same
result was achieved with only a single measurement. The difference in
the labour intensity of the measurements is impressive, that is, 16-fold.

Table 1. Relevant reference models (RM) with the statistical characteristics for above
FSP wood moisture content. The independent x variable in all RMs is the actual wood
moisture content, the dependent y variable in all RMs is the predicted wood moisture

content.

Mod.  Model Equations for calculating R2  p- *Focal  Calculated

No type single measurement tolerance value  point  MC range

Obs. intervals (T. L) on wherte T. L.

No MC%  <3.5% MC
(acc.
Rozema
(2010)
criterion)

RM2  R-mod. Vopper = 1-2075%-4.888 0.96 <0.01 30 > 3.5%

N=63 Viwo = 0.796x+3.897

RM3  logR Vopper = 1-0071x+7.6164 099 <0.01 30 > 3.5%

N=63 Vi, = 0.8924x-1.14

RM4  (R+C) Vapper — 099 <0.01 117 110 - 120

N=63 (TypeA)  -0.0015x2+1.14x+4.01

7 =
lower

0.0052x2+0.2717x+14.2

RM5  R+f(C) Vi =
N=63 (TypeA)  -0.0009x2+1.12x+1.07

098 <0.01 151 142 - 160

v,
7 lower

0.0033x2+0.407x+13.8

RM6  RintR20n y, =
N=63 (TypeB)  -0.0012x2+1.09x+11.2
v, = 0.0061x2-0.022x+31.5

097 <0.01 129 123 - 133

RM7  f(R1+R20)

Voper = 097 <001 120  116-124
N=63 (IypeB)  -0.0042x2+1.549x-5.47

Vigwer = 0-0072x2-
0.1469x+32.7
RM8  k*R Vopper = 0:998x+1.3446 099 <0.01 30 30- 151
N=18 (Multiple Vi = 0-9852x+0.3413
k=16 model)
RM9  fR)+(C) vy, ., = 1.03767x-2.0483 099 <001 78 30— 105

N=63 (TypeC) vy, =101872x-3.5253
*) the model focal point has been defined as the specific value of actual wood moisture
content, when the calculated tolerance interval reaches the minimal value.
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Comparison results for two alternating current methods namely DECM
and EIS for determining wood moisture content in kiln conditions are
given in Table 2 In regression models, the independent x-variable is
the actual MC (%), and the dependent y-variable is the predicted MC
(%). The predicted single measurement tolerance bands on the 95%
confidence level, y ~ and y__, are calculated using formulas (23),
(24), (25) and (206). The SE is calculated according to formula (27). The
tolerance interval (TT) is calculated using the formula TT = Vapper ~ Viower
In Table 2 N is the number of measurements repeated under the same
test conditions and k is the number of measurements averaged per series
of measurements (i.e., the averaging period). For models with a series of
measurements (k), the identification type shall be ,,multiple”.

Table 2. Modeling results of the dielectric capacitance method (DECM) and electric
impedance spectrometry (EIS) method.

N obs., Method type,  Equations for predicting single R2 p- SE
k-period Fig. no. measurement tolerance bands value
and T1 and
tests*

N =63 DECM Vopper = 1.0131x + 5.9063 0.97  <0.01 4.88

(above FSP), Viower = 0-9406x +0.8399 K-S

Fig. 8 TI = 0.0728x +5.075
N =42 DECM Vapper = 101355 + 0.2792 099 <001 0.6l

(below FSP)  y, =0.9788x — 0.1954 K-S

TT = 0.0348x +0.4746 S-W

N =03 DECM Vopper — 1.006x + 0.44 0.99 <0.01 0.46
k=16 (above FSP) v, = 0.9929x — 04163 K-S

(multiple), TI = 0.0124x + 0.8775 S-W

Fig, 8
N =63 EIS Vopper = 0-9448x + 11.196 087 <001 501

(above FSP), v, = 0.787x + 2.41 K-S

Fig, 8 TI =0.1622x + 8.135
N =063 EIS Vipper — 1.0134x +1.728 0.99 <0.01 0.867
k=16 (above FSP)  y, = 0.968x — 0.84 K-S

(multiple), TI = 0.0365x + 2.836

Fig, 8

* Kolmogorov-Smirnov (K-S) test and Shapiro-Wilk normality (S-W) test

Results for meeting the Rozema criterion in AC-powered capacitance-
type and impedance-type wood moisture meters with reference models
are given in Table 2 and Figure 8. As can be seen in Table 2 and Figure
8, for these two types of moisture meters, the Rozema criterion for
single measurements above FSP cannot be met in any cases. When
using measuring series in models where the period k=10, the situation is
better. According to Figure 8 the Rozema criterion (the red line parallel
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to the x-axis in the figure) can only be met with a capacitance-type wood
moisture meter (DECM). The EIS-multiple model is on the bordetline,
and it would probably require some increase in k — the number of repeat
measurements — in the measuring series to fulfil the Rer. The residual
standard deviation of the EIS model (SE = 0.867) would, in fact, allow
for such an approach.

In Table 2, the second row, the only exception is the model DECM,
below FSP (Article 111, Figure 7), where the Rozema criterion can also
be met for a single measurement without the need to use measuring
series. By substituting in the TT equation of the said model the 30% MC
value of the agreed maximum limit of below FSP, we get TI = 0.0348
* (30% MC) + 0.4746 = 1.58%<3.5% MC. In this context, it should
be noted that the EIS method does not function propetly at below FSP
(<30% MC) moisture levels due to its low sensitivity. This method was
therefore not modelled in Article (III) at moisture levels below FSP.

(III) “In Moschler’s paper (2004) it was found that the actual MC point
of 28.60% of the high frequency capacitance method (4.5 to 6.0 GHz)
is estimated to have a predicted extended uncertainty of +/- 3.62%,
thus, the corresponding tolerance interval for this point is 7.24% MC.
In comparison, a tolerance interval of 7.26% MC calculated for the
same actual MC point of 28.60% was found in this study for the low-
frequency capacitance method (DECM) (Table 2, second row), using
the relevant formulas: TI = 0.0348x +0.4746; TI = 0.0348(28.60%
MC)+0.4746 = 7.26%MC”

35

EIS tolerance
interval

y=0.1622x + 8.135

30 4
------ DECM tolerance

25 interval

20 A = Rozema criterion
y =0.0728x + 5.075

Predicted tolerance interval (MC%)

154 7 et = - =EIS multiple
....... tolerance interval
109 e y=0.03.65—)¢1:2_.§3’_6__ . == —=DECM multiple
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B e o — — o—
o Po====TTTETR v ':'Ungxu +0.8775
30 80 130 180
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Figure 8. TT models above FSP.
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5.1.1. Wood electrical charging number

The electrical charging number for wood was first defined in patent
(D). It represents an empirical constant with very little variability, with
the same numerical value at all levels of the average MC of wood. The
product of wood capacitance and resistance is practically constant (or of
minimal variability) at any moisture content above 30% FSP. We call the
product of the aforementioned the wood charging number. Since the
wood charging number itself does not depend on the moisture content
of the wood, it is not suitable as a variable in the calibration model, the
purpose of which is to predict the moisture content of the wood at a
level of more than 30%. At the same time, the function f(R,C) chosen
by the variables R and C is used in the regression model to compress
measurement deviations, improve the signal-to-noise ratio, and increase
the accuracy of the calibration model at the desired focal points of the
model, at preferred moisture contents.

The following hypothesis was put forward in Article (II): “Random
deviations of electrical resistance R and electrical capacitance C at a
given measuring point are inversely proportional and may cause the
tolerance interval convergence predicted for a single measurement at
high moisture levels of wood, if used with an appropriately selected
calibration function of two variables f (R, C).”

In Article (II) it was established that a sample corresponding to the
definition of the electrical charging number can be used to define certain
two-variable function types A, B, and C (Table 1, second column (II)),
which, however, depend on wood moisture content. These function
types lead to the concentration of random measurement deviations in
a two-variable (the variables are R and C) calibration model at a certain
characteristic point, the so-called focal point. The function types A, B,
and C are given in Table 1. As shown in the previous chapter, these
function types can be used to meet the Rozema criterion for above FSP
moisture levels even in the case of a single measurement. Definition of
the charging number (II):

“We found that R - C proved nearly constant for every actual moisture
content value used in the calibration model, thus showing that the
obtained empirical constant is independent of the wood moisture
content. The consistency of R - C means that in any wood moisture
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content above the FSP, wood electrical resistance and electrical
capacitance are in an inversely proportional and non-linear dependence.
This empirical constant, thus found to be independent of the moisture
content, was called the wood empirical charging number, or for short,
the wood charging number”

RC = 1994.993 (kQ * uF) = 1.995 sec = const = ChN (29)
where ChN is the charging number.

For a better graphical representation of the wood charging number and
its association with Figure 9 (a) and (b), formula (29) can be given in a
logarithmic form:

log(R) + log(C) = log(ChN) (30)

The value of the variation coefficient characterizing the dispersion of the
empirical charging number is 0.597%. When we compare the charging
number variation coefficient and the variation coefficients of electrical
resistance R and electrical capacitance C (vt. (II), Table 3, columns 9
and 13), we can conclude that the variation coefficient of the charging
number is considerably (about 16 times) smaller than for the electrical
variables (0.597% for R x C versus 9.85% for electrical resistance R and
9.47% for electrical capacitance C).

The definition of wood charging number was first presented in a patent
application (Tamme et al., 2020). For this research, the definition of
wood charging number is the basis for our hypothesis:

“Random deviations of electrical resistance R and electrical capacitance
C at a given measuring point are inversely proportional and may cause
the tolerance interval convergence predicted for a single measurement
at high moisture levels of wood, if used with an appropriately selected
calibration function of two variables f (R, C)”.
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Figure 9. Wood charging number (a) and R + £(C), R model T1T (b).

5.1.2. Wood moisture meter prototype based on charging number
ideology

The prototype consists of three modules connected by coaxial cables.
The first module is the so-called switching block for implementing the
PD cycle according to the logic of the MCU program. The second
module is the so-called analogue block which is essentially an electrometer
based on operational amplifiers. The third module, the so-called digital
block, contains the computing technology necessary for controlling the
switching component, digitizing, processing and transmitting the output
of the analogue part.

At the beginning of the polarization cycle, the measuring electrodes of
the electrometer (sense and non—sense) are connected to the input of
the analogue component. The output of the analogue part is connected
to the input of the digital component (ADC). At the beginning of
depolarization, the measuring electrodes are connected directly to the
digital block and the electrometer, i.e. the analogue part, is removed from
the circuit. After recording the measurement results of the depolarization
cycle, the sense and non-sense electrodes are short-circuited for the
final discharge of the wood.

Sense and non-sense switching to the input of the analogue part is made
with the DPST-CO reed relay. Sense and non-sense switching between
the output of the analogue part and the input of the digital part are
made with a DPST-NO reed relay. Sense and non-sense shorting are
made with the SPST-NO reed relay. The maximum switching duration
for different combinations is 3 ms.
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The output of the electrometer is digitized by a two-channel 16—bit 860
SPS sigma-delta differential analogue—to—digital converter (ADC). The
conversion frequency of 128 measurements per second is chosen based
on the optimal signal-to—noise ratio, the switching speed of the reed
relay and the performance of the microcomputer. In this case, less than
one measurement is lost during the PD cycle transition. The results of
the ADC conversion are transmitted over the i2¢ bus to a microcomputer
(Raspberry Pi) for digital processing and need—based data transmission
over the ethernet (wireless) network with the ssh protocol or using the
built-in serial port rs—232. Between the electrometer and the ADC is
a buffering (unity gain and common-mode level shifting) differential
amplifier followed by a pre—amplifier containing integrated RFI
and EMI rejection filters. The fixed gain stages of the pre-amplifiers
(programmable gain amplifier, PGA ) are selected so that one channel
has a maximum allowable differential input voltage of 0—5 V and the
other channel has 0—250 mV. One channel is used at a time, which is
selected depending on whether a narrow or wide humidity range is under
investigation. It is optimal if the precision feedback resistor selected
with the tumbler switch in the feedback circuit is of the same magnitude
as the measured resistance of the wood. The situation where only a
narrow range of the wide measurement range is used means a loss of
resolution that could be avoided by choosing a more sensitive channel.

The current consumption of the system is in the order of 40 mA for
the analogue component and 100 mA (160 mA with Wi-Fi) at a supply
voltage of 5.2V, which means the ability to power the prototype from a
battery bank, i.e. an autonomous device.

Since the prototype is a real device in real space, it is necessary to adjust
the cumulative errors of the components e.g. zero correction.

The correction of the digital part is done with numerical correction in

the program code, and the correction of the analogue part is realized
with a potentiometer in the feedback circuit of the operational amplifier.
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Figure 10. PD moisture meter prototype modules. Switching (a), analogue (b) and
digital module (c).
where al is BNC connector, a2 is reed relay, bl is precision rail-to-rail operational

amplifier, b2 is high precision low noise low dropout voltage reference, b3 is
Conductance or Resistance mode selector, b4 is reference voltage selector, b5 is power
switch, b6 is +5V supply connector, b7 is voltage output 0-5 V, b8 is feedback resostor
selector, b9 is zero voltage corrector, b10 is sense and non-sense input, ¢1/c8 is unity
gain, differential amplifier, ADC driver and rail-to-rail operational pre-amplifier, c2 is
differential ADC, c3 is voltage filters area, c4 is switch (reed relays) block output, c5
is r$232 communication channel, c6 is microcomputer with peripherals and c7 is dual
supply DC-DC converters.

Figure 11. PD moisture meter prototype assembly where 1 is mode selector, 2 is

feedback voltage selector, 3 is power switch, 4 is power input, 5 is rs232 port, 6 is
GPIO output, 7 is voltage input, 8 is zero adjustment, 9 is feedback resistor selector,
10/11 is sense and non-sense input, 12 is ADC input and 13 is MC meter analogue
output.
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Figure 12. Typical wood polarization (a) and depolarization (b) cycles.

During the polarization phase wood is charged up and analogue part
voltage output is sampled by ADC and recorded in the microcomputer
local memory. Depolarization phase voltage is measured directly from
electrodes with a low-impedance electronic circuit.

5.2. Operational reliability test results of a capacitance-type wood
moisture meter and impedance-type wood moisture meter in kiln
climate conditions (IIT)

The purpose of the reliability tests was to identify ranges of reliable
useful capacitance for which wood MC calibration models for both
below FSP and above FSP moisture levels could be generated. As
a capacitance meter (CAM), the Meterman LCR capacitance meter
(Wavetek Meterman, 2023) and the MetrOhm Autolab impedance
spectrometer (Eco Chemie, 2023, 2023a) were used in the tests. The
range of reliable useful capacitance cannot be found until all risks to
the reliability of the MEC design have been mitigated. The main MEC
reliability characteristics found in reliability testing are presented in the
following Table 3.
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Table 3. The main physical reliability characteristics of the dielectric capacitance
method (DECM) in a kiln climate and the corresponding capacitance meter (CAM)

response.

Effect, parameter, figure no.

Effect range

CAM response

Condensation of water vapor

on MEC plates

Cparasite = 340 to 845 pI
Cparasite = 681 pF,
determined using EIS
method

CAM reading recorded ca. 5x
and moderately increasing**

Leakage of MEC insulators

Cparasite = 163 to 681 pF
Rparallel = 61 to 0.778
kOhm

Floating of CAM reading

Triboelectric charges on MEC

plates

Ustatic = - 10.5 to 4.29 V

Floating of CAM reading,
CAM spoilage risk

Useful MEC capacitance,*
below FSP (0.% to 30% )
Useful MEC capacitance,
above FSP (30% to 105%)

Cuseful = 121 to 205 pF
MC = 0.% to 30%
Cuseful = 205 to 231 pF
MC = 30% to 105%

CAM reading stable and
reliable

* Useful MEC capacitance depends on the moisture content of wood and the thickness of the
wood material according to the MEC, formula (15). Wood moisture content is related
to the dielectric constant ¢ in formula (15).

* Moderately increasing” means that it is possible to manually retrieve a CAM
numerical reading, but it slowly increases as the water vapor condensation progresses.

For example, water vapour condensation on plates can cause up to 5
times the measured capacitance, a drop in resistance from 10 giga-Ohms
to 61 kilo-Ohms when insulators leak, and a potential of triboelectric
charges of up to 10 V.

In summary, the various reliability disruptive effects are selectively and
quantitatively outlined in Table 3. The ranges of parasite capacitance and
parallel resistance associated with insulator leakage are given in Table 3
in the first and second row.

On the last row in Table 3 it was found as a result of reliability testing
that the useful capacitance range for below FSP 0-30% MC is 121-205
picofarads, and for above FSP 30-105% MC is 205-231 picofarads. By
dividing the useful capacitance range by the corresponding MC range,
we get DECM sensitivity of 2.8 pF/MC% for below FSP, and 0.35 pF/
MC% for above FSP. Therefore, the difference in sensitivity between
below FSP and above FSP MC ranges is 8-fold, that is, in favour of the
below FSP range.

Triboelectric charges only begin to form at below 60% RH, which
corresponds to the wood surface equilibrium moisture content (EMC)
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of 12%. Triboelectric charges, otherwise known as static charges, cause
an electrostatic field potential on the surface of the wood in volts,
which was recorded in real time with a high input impedance (10" Q)
electrometer. Since the charges affect the electrical capacitance of an
electrostatic system, in principle, as in the case of insulator leakage, we
are dealing with parasitic capacitance, only the formation mechanism is
different.

With the impedance method, the risk to operating reliability does not
lie in the leakage of pin insulators under kiln (dryer) conditions, but
in insufficient grounding and shielding of the measuring device. This
type of disturbance can easily be eliminated and does not require special
examination.

5.3. Pine wood drying optimization results (IV)

5.3.1. New wood drying monitoring sensors added to the
experiment — surface layer displacement sensor and surface layer
electrical resistance sensor

Inaddition to the new sensors and insulated pin electrodes, the monitoring
of the drying process dynamics is also complemented by thermocouple
sensors, which are, according to the layout of the placement of sensors
on the specimen (Figure 4, b), arranged as follows: 10 mm of the surface
is the drying air temperature sensor, 0.5 mm of the surface is the wood
surface layer temperature sensor, and finally, at a depth of 18 mm, there
is the specimen centre temperature Sensor.

A modified Ahlborn (Ahlborn, 2023) displacement sensor (Type FWA
025-T) (Figure 13, b) was used to detect surface layer displacement in
the kiln. Since the sensor does not operate on electronics, it can be
stored in the drying medium without cooling. This sensor measures
displacements only in the surface layer of wood. As the surface layer
electrical resistance sensor, a sensor electrically equivalent to a pin sensor
was used (Figure 13, a)
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Figure 13. Wood surface layer resistance sensor (a) and displacement sensor (b).

According to Figure 17 the distinction between the first and second
drying phases is most easily made on the basis of monitoring temperature
differences.

Thedryingexperimentin Article (IV) allowed monitoring two temperature
differences. First, the difference between drying air temperature and
wood surface temperatures and second, the difference between the
wood surface temperature and the specimen centre temperatures.

The temperature monitoring revealed that the temperature sensors
practically fail to respond to the moistening impulse. However, the
displacement sensor and electrical resistance sensors react vigorously to
the moistening impulse.

5.3.2. Critical diffusion constant of wood surface layer and
critical drying air humidity

The situation preceding a sharp drop in wood layer diffusion is
characterised by the critical diffusion coefficient. This is a borderline
where the drying speed of the wood changes significantly, moving into
a slow drying phase. The timed moistening impulse suppresses the
maximum strain. The goal is to keep the strain below the 0.33 limit
(Salin, J. G. 2007), because exceeding it creates a risk of drying cracks.

From Article (IV): “The maximum value of the diffusion coefficient
immediately before entering into the second drying phase was named
the critical diffusion coefficient. Mass flux, gradient, and critical DC are
values which are difficult to determine under industrial wood drying
conditions. Therefore, based on the separating line of the first and
second drying phase, it makes more sense to determine the critical relative
humidity (RH) of the drying air on the basis of the laboratory test, below
which the drying process enters the second drying phase. Monitoring
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the critical RH value is not a problem in industrial conditions, as wood
kilns are usually standard-equipped with a corresponding sensor and a
logging option. The determination of critical RH is shown schematically
in Figure 4”

—— RH of drying air
—— calibrated MC 1mm
Critical RH —— calibrated MC 4mm
— calibrated MC 8mm
calibrated MC 12mm
—— calibrated MC 18mm

100

80

RH impulse

MC (%)

60

Response of

Separating line of RH impulse
40 drying phases
20 \\__
0 25 50 75 100 125 150 175 200

time (h)

Figure 14. Identification of the critical RH of the drying air according to the separating
line of the first and second drying phase.

Figure 15 shows the schematic for determining the critical diffusion
constant in the surface layer of wood (at a depth of 2.5 mm from the
surface) using the four-point method. This is based on formula (16) in
finite increments.
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Figure 15. A schematic for calculating the diffusion coefficients in the first and second
drying phases, using the four-point method based on experimental data.

In principle, the diffusion coefficient DC can be given according to
Formula (18) as the ratio of the mass flux to the gradient:

D= _Mass).clux (31)
Gradient

Massflux = —A(MC %) 522 (32)

Gradient = A(MC%)2ueotiry (33)

where D is diffusion coefficient (DC) (m2/s); AMC%) is the finite
increment of the wood’s MC% on the time axis for the mass flux and
in the material thickness (x-axis) for the gradient (MC%); m ay 18 the
wood’s dry mass (kg); S is the specimen’s surface area (m?); At is the
time increment (s); @, ,,4,, 18 the wood’s dry density (kg/m’); Ax is the x
coordinate’s increment (m).

The calculation schematic with formulas (31), (32), and (33) allows for
the determination of the local diffusion coefficient at different depths
of the wood surface in a non-equilibrium state (i.e., both the mass flux
and gradient change over time). A prerequisite for this is the presence of
individually calibrated resistance-type measuring electrodes that enable
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monitoring wood MC at different depths from the specimen surface
(Figure 4). Repeating the critical diffusion coefficient determination
in the next drying test is a rather laborious operation. For this reason,
Figure 14 also makes it feasible to determine the relative humidity of
the drying air corresponding to the critical diffusion coefficient. The
relative humidity of the drying air thus determined can be used in the
search for and simulations of optimal drying modes. Tables 4, 5, and 6
show drying schedules designed according to the recommended critical
drying air humidity and to the precisely timed moistening impulse. When
constructing the moistening impulse using the TORKSIM simulation
program, it should be borne in mind that all the moisture used to raise
the surface MC of wood with the moistening impulse must also be dried
out later. This, in turn, increases the drying time. However, the relaxation
of surface strain below the critical breakage limit outweighs the increase
in drying time due to the moistening impulse. The time frames of the
simulated moistening impulse always appear in the second, variable-
speed drying phase.

From Article (IV): “After carrying out these calculations, the values of
the experimental DC were the following: DClph. = 27 * 10* mm?/s
in the first drying phase and DC2ph. = 18 * 10* mm?*/s in the second
drying phase (Tamme et al., 2021). At the end of the first drying phase
and at the beginning of the second drying phase, the simulated DC has
an almost equal value (i.e. 11.8 * 10*mm?/s).”

5.3.3. Simulation of drying process optimization results with
TORKSIM program using critical drying air humidity and
moistening impulse

In the case of a simulation, a mathematical model of the drying process
is created on a computer. During the simulation, information is obtained
about the state of wood when the drying mode is completed. The
simulation provides, in the form of graphs and tables, the moisture
curve generally 100% for sapwood and 100% for heartwood. Based on
the results received, it can be decided whether the drying mode meets
the requirements or whether it needs to be changed. Simulation is an
important tool for companies who want to check what happens to wood
before starting a new drying operation. Table 4 shows the optimizable
mode used in an industrial kiln.
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Table 4. Industrial drying schedule.

Time (h) Air temp. (°C) Air RH (%)
0 20 93
1 47 93
12 47 93
36 50 90
60 52 85
84 52 80
108 52 69
132 52 59
156 52 49
180 52 39
204 52 39

Table 5. Optimized drying schedule.

Time (h) Air temp. (°C) Air RH (%)
0 20 60

1 47 83

113 52 81 (crit. RH)
132 52 59

156 52 49

180 52 39

204 52 39

Table 6. Optimized drying schedule with moistening impulse, RH decrease 16% 24h,
strain below 0.33.

Time (h) Air temp. (°C) Air RH (%)
0 20 93

1 47 93

24 47 77

48 50 61

72 52 45

90) (52) (40)

96 52 29

120 52 13
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Figure 16. Optimized and unoptimized drying schedule (a) and optimized simulation
schedule with and without the moistening impulse (b).

Figure 16, a shows the results of optimizing the drying process using the
critical diffusion coefficient. In Figure 106, a the upper drying curve was
simulated based on a typical industrial drying schedule, and the lower
curve was simulated while considering the critical diffusion coefficient.
The comparison is based on a typical industrial wood drying schedule
(see Table 4 and the upper curve). The result of the comparison is
illustrated with the third curve representing the difference.

With markers, the numerical effect of optimization is indicated in the
figure. The drying of a 36 mm thick pine board was optimized. The
results were compared by drying time and strain. In the preparation
of an optimized drying schedule that considers the critical diffusion
coefficient, the drying time of a typical industrial drying schedule
was reduced from 140 hours to 92 hours, i.e. 48 hours or two days.
The final moisture content was 26% in the optimized mode and 27%
in the industrial mode, i.e. essentially the same. The optimized mode
was characterized by somewhat higher relative strains instead of the
promised 0.33 (Salin, J.G, 2007; Sova et al., 20106), which were relieved
by a timed moistening impulse.

Figure 16, b represents the result of optimization using a timed
moistening impulse. The figure shows that the dangerous maximum
drying strain is levelled by a rather imperceptible moistening impulse
in the drying schedule (Table 6, the row in brackets). A minimum MC
increase is traded for a significant strain decrease. So, to achieve a
positive result, the moistening impulse does not need to be of very large
amplitude or long duration. This fact, in turn, saves drying time, because
the moisture added to the wood by the moistening impulse must still be
dried out later.
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5.3.4. Wood drying stress evolution indicator

Resistance sensors located at five different depths in wood, when taken
together, could also provide additional information on the drying stress
of the wood, in addition to the moistute content. Feedback on the
validity of such possible information can be obtained by using the drying
process simulation program TORKSIM. In the case of a tree species
for which there is no simulation program, one way to get feedback is
by the rate of shrinkage of the displacement sensor base on Figure 17.
According to the feedback received, the mathematical shape (34) of the
electrical indicator of drying stresses can be corrected, where, for clarity,

the log scale has been replaced by the measurement channel name Ul
- Ub:

10logR1mm+10logR4mm U1+U2
ESCR = g g ( )

= (34)

10logR8mm+10logR12mm+10logR18mm (U3 + U4 + U5)

Visualization of the temperature and displacement sensor measurement
results provides an overview of the temporal sequence of processes
occurring in different drying phases.
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Figure 17. A distinction between the first and the second drying phases based on the
log files of three thermocouples and an displacement sensor.

The moistening impulse was used to check the accuracy of the indicator
timeline. The goal was to bring the indicator maximum together with
the simulated stress maximum by drying according to the same drying
schedule. So, the indicator ideology is based on the usual comparison of
the result of the experiment and the result of the simulation. Also helpful
in the development of the drying stress indicator was the influence of
the moistening impulse on the resistance sensors. The result of the use
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of the indicator for the detection of the maximum stress in the drying
process is depicted on Figure 18.
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Figure 18. Dependencies of the ESCR value and the TORKSIM v5.11 simulated
relative drying stresses on drying time. For a better visual comparison, the simulated

relative stresses are multiplied by a factor of 3.12.

With the use of the displacement sensor in the experiment to monitor
deformations in the surface layer, it was found that the drying shrinkage
of wood in the surface layer begins significantly earlier than throughout
the entire cross-section of the wood. The shrinkage of the surface layer
begins already when the average MC of the wood is just 60%, but the
total maximum drying stress occurs only after the average MC of the
wood is below FSP, i.e. less than 27% MC. This result is confirmed in
addition to the displacement sensor (Figure 17) and humidity profile
graph at the 92nd hour (Figure 19) also by the drying stress indicator
graph (Figure 18). Indeed, at the 92nd hour, a rise can be witnessed
also on the indicator graph. Of course, the proportions of the indicator
graph may not exactly correspond to the actual drying stress profile.
That is why this is merely an indication.
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Figure 19. Comparison of experimental and simulated moisture profiles in pine wood:
after 92 hours (a) and after 142 hours (b).
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A comparison of experimental and simulated moisture profiles also
supports the conclusions of the ESCR indicator. Figure 19, a shows
the simulated and experimentally determined humidity profile at the
92nd hour, and Figure 19, b indicates the corresponding simulated
and experimental moisture profile at the 140th hour. It can be seen
that at the 92nd hour, according to the simulation, no drying occurs in
the surface layer yet, but in the experiment, the surface layer has dried
below FSP, i.e. wood MC is less than 27%. Thus, the surface layer begins
to shrink, which is also indicated by the displacement sensor (Figure
17). Compared to the 92nd hour, both the simulated and experimental
moisture profile are below FSP at the 140th hour, suggesting maximum
simulated and experimental stresses.
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6. DISCUSSION

Monitoring methods and calibration of wood moisture meters

Before preparing the calibration model, it is expedient to perform
some simpler pre-processing on the sample of the collected test data.
First of all, a solution to the problem of asymmetry in the number of
measurement data should be found. The problem of asymmetry in
the number of measurement data means that more than one value of
the electrical variable may correspond to a value of the actual wood
moisture content found by weighing. The reason is that electrical
measurements are very fast, and thus a large number of high-quality
(i.e. low-dispersed) electrical quantity measurements are generated for a
single measurement of actual wood moisture content. A few examples
of numerical asymmetry can be given.

E1. Capacitance method for measuring the moisture content of wood (Art. 11I).
One measurement of actual moisture content of the wood corresponds
to one measurement of the electrical capacitance of wood, so there is no
asymmetry in the number of measurements.

E2. Electrical polarization method for measuring the moisture content of wood (Art.
I and II). With this method, 200 measurement points correspond to
one value of the actual moisture content of wood during a 20-second
measurement period and a 0.l1-second measuring interval, and
additionally 200 measurement points of electric capacitance, so a total
of 400 measurement points.

E3. Impedance method for determining the moisture content of wood (Art. 11I).
With this method, 80 high-quality electrical quantities (i.e. 20 x real part
of impedance + imaginary part of impedance + Bode phase angle +
modulus or magnitude of impedance) correspond to one real value of
wood moisture content at 20 selected frequencies in the impedance
spectrum (Tomppo et al., 2011).

To smooth out the asymmetry of the measurement data, the arithmetic
averaging of the measurement data of electrical quantities (Scanntronik,
2023), selection of one variable in the model and ignoring the rest,
defining an auxiliary variable, parametrization by modelling (Art. I and
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IT) may be used, and finally, one of the options is the use of rather clumsy
multivariate statistical methods (Crawley, 2023) to deal with a large
number of independent X variables. The pre-processing stage should
necessarily include a descriptive statistics procedure for obtaining point
estimates in each moisture group before the final calibration model for
interval estimation is created. The pre-processing stage can turn out to
be quite extensive. Therefore, it would be feasible to use data processing
automation (see chapter 4.8).

This is followed by the creation of the final calibration model with the
corresponding reliability bands using the linear or non-linear regression
method. Finally, the reliability of the obtained regression method
itself should be tested with visual methods (QQ-Q plot and histogram)
applied to the regression residuals, and also with non-parametric tests to
quantitatively check the normal distribution hypothesis of the forecasted
residuals (see chapter 4.8).

The calibration model is then validated. The most common is
validation under repeatability conditions. Validation is less often used
under reproduction conditions (Laaneots and Mathiesen, 2006). In
repeatability conditions, the conditions of the calibration experiment
are repeated 100%, but in reproduction conditions only partially. A
common technique is to leave some test points out of the calibration
model in order to later use these points to check the calibration function
(Hans et al., 2013; Johansson et al., 2003). Another common technique
is to recalculate experimental data using the calibration function or
measuring function found using the calibration model. The result is a
scatter plot with the actual wood moisture content values on the x-axis
and the wood moisture content values predicted using the calibration
function on the y-axis. Such a model was called a reference model in
Articles (I) and (II), i.e. an application model of the calibration function.
It should be mentioned that it is not possible to actually calibrate any
measuring device using the reference model, but it is possible to evaluate
the quality of the calibration procedure under repeatability conditions.

Using the individually calibrated pin electrodes, it is possible to monitor
changes in wood moisture content at different depths from the surface,
as well as temporal changes in the average wood moisture content.
Moreover, the signal-to-noise ratio (SNR) achieved in previous studies
is very good in the case of individual calibration, i.e. reaching over 10.

64



Unfortunately, a pin electrode calibrated using the dry weighing method
of the resistance method loses its calibration when it is nailed to a new
location in wood. The pin electrodes can be individually calibrated only
after knowing the dry weighing data. Since in practice it is necessary
to obtain accurate measurement results in real time during drying, the
need for subsequent calibration should be waived in the future. The
symmetrical properties of the wood charging number enable the
creation of focusing calibration models, which significantly reduce the
variability of the measurement results around the selected focus point.
The novel calibration models with two independent variables based on
the electrical wood charging number obtained by the PD method would
require further research due to their great potential. In principle, the
application of the obtained research results to the monitoring of the
moisture content of growing trees is not prevented either (Yang et al,,
2023).

The quality of the calibration model under repeatability conditions was
assessed in this thesis using the Rozema criterion (Rer). Alternatively, the
quality of the calibration model can be evaluated based on the signal-to-
noise ratio (SNR). The following qualitative discussion can be presented
to compare the two assessment methods.

Rer is a constant quantity, merely a numerical limit value beyond
which the TT (tolerance interval) of a single measurement should not
exceed at 95% reliability level. If, for example, it turns out that the total
useful signal range is smaller above FSP (fibre saturation point) than
at moisture contents below FSP, the signal-to-noise ratio will naturally
deteriorate. This, in turn, also affects the predicted MC tolerance interval
at moisture contents above FSP. When it comes to the numetrical values
of SNR, according to the data (Tamme, 2016), SNR = 1.5 means that
the useful signal is 1.5 times greater than the noise. Such a situation may
be statistically modelled, but the Rozema criterion cannot be fulfilled
for a single measurement with such an SNR. However, it may turn out
to be met in the case of measuring series consisting of 16 elements. Of
course, if the standard error limit of the model does not occur. If SNR
= 10, i.e. the useful signal exceeds the noise signal by ten or more times,
then we can consider the Rer fulfilled even by a single measurement
without the need for repetitions. This fact is the reason why DECM
needed a series of repeated measurements at moisture contents above

ESP, but not below FSP (Table 2).
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From Article (IlI): “In another paper (Johansson et al., 2003), an
RMSEE of 12.52% MC was found for the high-frequency (9.375 GHz)
capacitance method for above ISP, and of 0.74% MC for below FSP.
This study found SE values that were very close to the RMSEE, as
is shown in Table 2, formulas (27) and (28). Above FSP, the SE was
4.88% MC and below FSP the SE was 0.61% MC. Thus, below FSP
the numerical data are comparable, but above the ISP range, the low-
frequency capacitance method used in this study provides results that
are twice as good as those achieved with the model residual error.”

The physical reason for the difference could be assumed to be the better
homogeneity of the alternating electrical field in the parallel plate capacitor
compared to the slot capacitor. A parallel plate capacitor was used in this
thesis, but a slot capacitor was used in the study by Johansson et al., 2003.

In Table 1 (II, RM9), an auxiliary variable of the f(R)+£(C) type
was modelled as an example, which enabled a series of 16 repeated
measurements to be replaced by a single measurement to fulfil the Rer,
and thus significantly save on the labour intensity of the measurements.
It may be added as a comment that determining the functions f(R)
and f(C) in turn requires six trial-and-error parameters, which are very
labour-intensive (or even impossible) to determine manually. Solving
such a task requires the presence of a special computer program.

As part of the discussion, firstly, operating reliability, and secondly, the
calibration results should be analysed in connection with the impedance-
type wood moisture meter. In the DECM and impedance measurement
system, the alternating current strengths are of the same order of
magnitude, about 2 nanoamps. One may ask why DECM is very sensitive
to parasitic capacitance, and EIS is not. One possible explanation lies in
the different surface area of the electrodes and its effect on parasitic
capacitance. For EIS and other contact methods studied in this thesis,
the area of one pin electrode was 47 square millimetres. The area of one
plate for DECM was 150 x 500 mm = 75,000 mm?, so the difference was
1,600 times. The parasitic capacitance of DECM determined by circle
fit modelling was 680 pF. Therefore, when adjusting to pin electrodes,
the parasitic capacitance of a pin electrode was about 0.4 pE In the
paper (Tamme et al., 2022), the capacitance of the pin electrode and the
double layer of wood was found to be about 20 microfarads by means of
modelling. This is 20*10°pFE. Itis clear that the parasitic capacitance, which
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is about a million times smaller, cannot affect the electrical capacitance
of the double layer determined by the impedance method. Secondly,
when calibrating the impedance meter as a wood moisture meter, the
wood impedance modulus (13) was used as an electrical variable. In
the comparison of the success of fulfilling the Rozema criterion, the
results were to the detriment of the impedance method. The electrical
variable impedance modulus was chosen according to an authoritative
literature source (Tomppo et al., 2011). The result of the calibration of
the impedance method leads to the thought that, in the future, it would
not be practical to use some other electrical variable as an independent
variable in the calibration model. The impedance spectrum provides a
wide range of options for this.

Optimization of the wood drying process.

Traditionally, the drying process is divided on the basis of the drying
curve into the first or constant-speed drying stage and the second,
variable-speed drying stage (Lazarescu et al., 2010; Remond et al., 2007).

In this thesis, the drying process is also divided into the first and second
stages according to the effective local diffusion coefficient, where the
transition between the stages is clearly identifiable. The difference with
the traditional division into stages is that special attention is paid to the
surface layer of the wood, which makes up about 10% of the thickness
of the material (EDG, 2010).

Paying special attention to the state of the surface layer of wood in
drying experiments may cause some apparent contradiction between the
experimental data and the TORKSIM simulation. In the subsection of
the results, it was found that the surface layer begins to show all the signs
of the transition from the first drying stage to the second drying stage.
Firstly, the length of the base of the displacement sensor (I = 120 mm)
begins to decrease, which indicates the beginning of shrinkage of the
surface layer. Secondly, the difference between the temperature of the
surface layer and the temperature of the middle part begins to increase
(Figure 17). Thirdly, the moisture profile determined in the experiment
at the 92nd hour does not match the simulated moisture profile (Figure
19). The simulated moisture profile shows a constant average MC
(moisture content) of 60%, but the experiment shows the beginning of
drying of the surface layer and the development of a parabolic moisture
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profile in the cross section of the material. However, at the 140th hour,
the simulation and the experiment both show the same average wood
MC of 27%, and maximum drying stress in the wood. The displacement
sensor shows an increase in the rate of base shrinkage at the 140th
hour. In order to eliminate contradictions between the simulation and
experiment, it should be assumed in the discussion that although the
formation of stress in the surface layer starts indeed earlier (i.e. at the
92nd hour), numerically this so-called preliminary stress probably makes
up a negligible part (estimated 5-10%) of the maximum stress at the
140th hour. After exceeding the maximum at the 140th hour, the stress
starts to drop again (Figure 18).

In the course of discussion, it could be asked whether the moistening
impulse applied in the second drying stage could return the surface layer
of the wood to the first, constant-speed drying stage. Probably not. The
physical reason is that the transition from the first stage of drying to
the second stage is an irreversible process, i.e. the microstructure of
the surface layer of the wood being dried has already been irreversibly
changed, and the associated moisture transfer has irreversibly decreased.
(Younsi et al., 2006; Kretschmann, 2010; Bergman, 2010).

“Input data generated by another mathematical model, such as the
simulation program TORKSIM, may be used as an input for the
commercial process optimization program StatEase Expert Composite
Design v. 11. Thus, solving the task of optimizing the wood drying
process would be done purely on the basis of theory, without using
experimental data.” (Tamme et al., 2021c). In this thesis, however, such
a solution to the wood drying optimization task was abandoned for the
following reasons.

Firstly, the StatEase program requires constant drying modes in its input.
Constant drying modes create unnecessarily high stress in the material
to be dried in the initial phase of drying, and later waste drying time
unnecessarily. Reasonable results from the point of view of stress were
obtained only for thin (thickness up to 20 mm) spruce and pine material
(Tamme et al., 2021c¢).

Secondly, if any simulation of the TORKSIM program turns out to
be inconsistent with the drying experiment, StatEase takes it as a true
result, and the result may be a false conclusion about the optimal region
of the factors.
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7. CONCLUSIONS

The hypotheses established in this thesis were confirmed.

The first hypothesis of measuring error compensability was confirmed.
Indeed, it turned out that the random measuring errors in the wood
moisture meter can be reduced either by increasing the number of
measurements in the measurement series or by compensating for them
in the composition of the two-variable function, using a special auxiliary
variable. The result best modelled for the polarization-type moisture
meter was characterized by achieving the same measurement accuracy
in the model compensating for random measuring errors with a single
measurement as with a series of 16 measurements in a traditional
resistance-type moisture metet.

The second, operating reliability hypothesis was also confirmed. Indeed,
the capacitance-type wood moisture meter had reliability problems in
the climatic conditions of the wood kiln. Special experiments were used
to find out the sources of the effects disturbing the reliability. These
turned out to be the parallel electrical conductance channel formed
on the main insulator of the measuring capacitor, and the parasitic
capacitances formed on the plates of the capacitor, the origin of which
could be either condensation of water vapour or triboelectric charges.

The third hypothesis about the critical diffusion coefficient was also
confirmed. Indeed, when the limit of the critical diffusion constant is
exceeded, changes in the moisture content of the surface layer spread
from the surface layer of the wood to the inner layers. It was found that
the advance-paced transition of the surface layer to the second stage
of drying causes a decrease in the speed of the diffusion process in the
inner layers of the wood as well. A peculiar semi-permeable moisture
barrier is formed in the surface layer, which practitioners — kiln operators
— also call ‘crust’. Without the semi-permeable moisture barrier in the
surface layer, the potentially possible diffusion of water vapour in the
inner layers would be many times faster.

The objectives set in the thesis were achieved.
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The first objective of the moistening impulse response check was
accomplished. Initially found only in simulated form, the response of
the moistening impulse to the stress of the surface layer of wood was
confirmed in further tests. The exception was the temperature sensors,
which were practically insensitive to the moistening impulse.

The second objective for the development of specific sensors has been
achieved. New wood surface moisture and wood surface displacement
sensors have been developed and tested in the experiment, which
withstand the climatic conditions of the wood kiln. Valuable work
experience has been acquired in the installation and operation of sensors.

The third objective for the development of the maximum stress
indicator has been achieved. An electrical indicator of wood stress has
been developed in cooperation with five electrical resistance sensors
placed at different depths. On the one hand, the resistance sensors
were individually calibrated to monitor the moisture content of wood at
different depths, and on the other hand, as an added value, the signal from
the resistance sensors was used as an indicator of the maximum drying
stress in the wood. It was found that feedback from the wood drying
simulation program TORKSIM can be used to refine the indicatot’s
mathematical formula (34) when it comes to pine or spruce wood. If itis
a tree species for which there is no simulation program, the contraction
rate of the base of the displacement sensor can be used as feedback. A
sudden increase in this rate indicates maximum drying stress.

The fourth objective for the development of the moisture meter
prototype has been achieved. The hardware capabilities of the moisture
meter prototype corresponding to the patent description for collecting
measurement information were improved. In the patent description,
the moisture meter had only a potentiostatic (i.e. at constant voltage)
charging mode. In addition, a constant current generator was added to
the moisture meter and, in connection with it, also a galvanostatic (i.e. at
constant current) charging mode. In the potentiostatic charging mode,
charging voltages of 1.024 V and 0.124 V were used. In the galvanostatic
charging mode, a constant charging current of 0.1 microamps was used.
Secondly, a multiplexer switching block was added, with which it became
possible to monitor the depolarization voltage as well. The possibility
of depolarization voltage monitoring was not included in the patent
description. With the addition of these two improvements, the collection

70



of high-quality measurement data was expanded by about four hundred
measurement points in one location of the installation of measuring
electrodes on wood.

In the study (Tamme et al., 2022), the theoretical background of the
patented wood moisture meter prototype was expanded using ZView
modelling, In the mentioned study, the focus was on modeling the effect
of electrical charging of wood in the time domain and in the frequency
domain, which occurs when measuring with a moisture meter.

The wood moisture meter developed in this PhD thesis for monitoring
wood drying is basically also usable for monitoring the MC of growing
trees (Yang et al.,, 2023). The moisture meter is small in size, battery-
powered and connected to the Internet, enabling data storage, pre-
processing and downloading via the Internet. In the future, it would be
expedient to study the possibilities of using the polarization-type wood
moisture meter developed in this PhD thesis for monitoring the MC of
growing trees.

Recommendations for practical wood drying.

In this thesis, the relative humidity value of the critical drying air
corresponding to the critical diffusion constant for pine wood was
found. It is easy for a timber company to use this information to modify
its drying schedules on site.

Technology companies producing control automatics for wood kilns
could be recommended for prototyping the sensors monitoring surface
moisture and surface deformation developed as part of this PhD thesis,
as well as the dielectric capacitance-type sensor (DECM) for the average
moisture content of wood.

A significant number of licenses for the wood drying simulation program
TORKSIM have been sold in three Baltic countries. This PhD thesis
allows a timber company using TORKSIM to navigate the complex
mathematical model of the program, as well as to receive practical
feedback on the strengths and weaknesses of the program.

A still unsolved problem in practical wood drying is the quick, non-
destructive and reliable determination of the average moisture content
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of awood batch immediately before starting the kiln for the wood drying
simulation program, as well as for checking the readings of the screw
sensors of the kiln itself when drying is started. A dielectric capacitance-
type sensor for the average moisture content of wood developed during
the project would be suitable for this task. Probably, the DECM reliability
issues discussed in this PhD thesis will not be so acutely apparent before
the drying is started, i.e. when making measurements at normal room
temperature and humidity.

In summary, it can be said that the hypotheses raised in this thesis were
confirmed. All the objectives set out in the thesis were fulfilled.
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SUMMARY IN ESTONIAN

PUIDU KUIVATUSE KONTROLLI JA OPTIMEERIMISE
MEETODITE ARENDAMINE

Sissejuhatus

Puidu kuivatamise eesmargiks on saada soovitud 16ppniiskusega materjali.
Protsessi kiigus on vaja leida tasakaal puidu kvaliteedi, kulutatud energia
ning aja vahel. Optimaalse lahenduse leidmiseks on oluline teada millises
seisus on konkreetsel ajahetkel kuivatatav materjal. Laialdaselt kasutusel
olevates kamber-titipi konvektiivkuivatites toimub puidu kuivatamine
turbulentse kuivatusdhu vahendusel. Puidukuivatuse monitooringuks
kasutatakse praktikas valdavalt elektrilist takistusmeetodit (Tronstad
et al., 2001; Onysko et al., 2008; Bjorngrim et al., 2017; Bes-Bollmann
2023), vihem mahtuvusmeetodit (Moschler 2004; Magill 2010; Lyons Jr.
et al., 2004) ja impedantsi meetodit (Tiitta et al., 2010).

Uurimuse peamised hiipoteesid olid jargmised:

e Puidu niiskussisalduse méotevead on kompenseeritavad mootmiste
arvu suurendamise vOi sobiva kalibreerimise funktsiooni valikuga (I,
II).

* Mahtuvusmeetodil tekivad to6kindluse probleemid puidukuivati
kliima tingimustes (I1I).

e Kiiitilise difusioonikonstandi tletamisel hakkab puidu pinnakihi
kuivamisprotsess mojutama ka puidu sisemisi kihte (IV).

Viitekirja eesmargid olid jargmised:

¢ Kontrollida kas teoreetiliselt simuleeritud niisutusimpulsi reaktsioon
ilmneb ka katses, tuginedes stinkroonselt pinna nihke-, temperatuuri-,
ja pinnaniiskuse andurile (IV).

e Tootada vilja monitooringuks spetsiifilised andureid mis on
kasutatavad puidukuivati kliimas (I, 1T, I1T).

e Tootada vilja puidukuivatuse pingete maksimumi elektriline
indikaator (IV).

* Tiiustada patendikirjeldusele vastava niiskusmooturi prototutibi
riistvara (I, IT).
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Sageli ei piisa toOstusliku  puidukuivati  standardvarustusest uue
kuivatusplaani juurutamisel. Lisaks on vaja puidu kuivatamist
simuleerivat tarkvara, mis annab esialgse kuivatusreziimi, mida saab
edasi optimeerida, kasutades kiesolevas t60s toodud metoodikaid ja
andureid. Puidu kuivatuse simulatsiooni programmi TORKSIM voib
pidada samuti itheks puidu kuivamise pingete kontrolli meetodiks.

Materjal ja metoodika

Nouetekohaselt ette valmistatud puitmaterjalist katsekehad on vajalikud
nii laboratoorsete kuivatuskatsete libiviimiseks (IV) kui ka erineva
t06pohimdttega puidu niiskussisalduse andurite kalibreerimiseks (I-111).

(IV) Laboratoorse kuivatuse katsetes kasutati kolme samast materjalist
16igatud minni maltspuidu katsekeha paksusega 35 mm, laiusega 150
mm ja pikkusega 100 mm puidu kiudude sihis. Esimesele katsekehale
olid paigutatud joonisel kujutatud elektroodid.

(I-11I) Erinevat tuiipi puidu niiskusmootjate kalibreerimise katsetes
kasutati katsekehadena kaselauda ja lepalauda paksusega 35 mm, laiusega
150 ja pikkusega 470 mm.

Puidu niiskusmdotjate kalibreerimise metoodika oli alljirgnew.

Kalibreerimise katsekeha keskmist niiskussisaldust (NS) varieeriti
spetsiaalse kuivamisplaaniga kuivatamise meetodil. Uhemd&dtmelise
niiskusgradiendi saamiseks katsekehas radiaalsuunas oli niiskuslevi
katsekehas pikikiudu hoolikalt tokestatud. Igal katsekeha keskmise
NS tasemel tehti 21-26 kordusméotmist moote-elektroodide erinevas
juhuslikult valitud asukohas katsekehal. Mo6te-elektroodide naelutamise
stigavus valiti vastavalt standardile (EN 13183-2) 1/3 materjali paksusest.

(IV) Puidukuivatuse protsessis puidu NS registreerimiseks kuivatatava
laua pinnast erinevatel stigavustel kasutati individuaalselt kalibreeritud
stusinikkiud noel—elektroode. Stsinikkiud valiti elektroodide materjaliks
korrosioonikindluse tottu.

Kalibreerimismudelite koostamiseks vajalik statistiline analiitis viidi ldbi

vastavalt metroloogia standardile (ISO/IEC GUIDE 98-3:2008(E),
2008).
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StatistilinemodelleerimineviidilibiprogrammideR (R-project), MATLAB
(MathWorks, Natic, MA) ja MS Excel (Kiviste, A., 1999) keskkonnas.
Modelleerimise tulemuste hindamiseks kasutati Studenti teoreetilisel
jaotusel (Sachs, 1982) pohinevat tolerantsi intervalli tksikmootmise
jaoks ja selle pohjal defineeritud Rozema kriteeriumi. Lisaks kasutati
modelleerimise tulemuste hindamiseks determinatsioonikordajat R* ja
olulisustéendosust p<0.01. Regressioonmudelite jidkide normaaljaotuse
hindamiseks kasutati visuaalseid meetodeid, nagu Q-Q plot ja histogram.
Tapsemaks jadkide normaaljaotuse hindamiseks kasutati Kolmogorov-
Smirnovi ja Shapiro Wilki mitteparameetrilisi teste.

Tulemused ja arutelu

Rozema (2010) kriteeriumid (I-III) on vilja to6tatud takistus-titpi puidu
niiskusmootjate kalibreerimise mudeliheaduse hindamiseks. Kriteeriumid
on niiskusmoadtjate kalibreerimise eksperimendi tulemuste tldistamiseks,
vordlemiseks ja piiritlemiseks. Sisuliselt on tegemist kalibreerimismudeli
tolerantsi  intervalli  (TI) laiusega iksikmootmise jaoks 95%
usaldusnivool, teoreetilise Studenti jaotuse eeldusel. Rozema kriteerium
(Rcr) sdtestab, et iiksikmootmise tolerantsi intervall el tohiks olla laiem
kui 3.5% NS. Rozema kriteerium sobib mitte ainult takistus-tiitipi puidu
niiskusmootjate kalibreerimise mudelite hindamiseks, vaid ka erinevatel
tooprintsiipidel (mahtuvus-tiipi, polarisatsioon-tiiipi, impedants-ttiipi
jne) to6tavate puidu niiskusmootjate kalibreerimismudelite vordlemiseks.
Rozema kriteerium on kiillaltki range. Ule kiu kiillastuspunkti (above
FSP) niiskussisaldustel on seda tiksikm&otmise jaoks kallalt keeruline
taita. Erandiks osutus polarisatsioon-tiipi puidu niiskusmodtja, kus
kriteeriumi iiksitkmootmise jaoks onnestus tdita suhteliselt piiratud NS
vahemikus (Table 1. ). Sellepirast voeti Rozema kriteeriumi tditmiseks
modelleerimisel appi valimi baasil modteseeriate moodustamine.
Mooteseeriatena kasutati 16 tiksikmootmisest koostatud modteseeria
aritmeetilisi keskmisi, kusjuures edasisel modelleerimisel kasitleti sel
viisil moodustatud keskmisi tiksikmoGtmistena. Sellist mudelit nimetati
mitmeseks mudeliks (nzultiple model) perioodiga k=16 (Table 1., Table 2).

Rer iksikm6otmise jaoks tdideti DECM alla kiu kullaspuspunkti
niiskussisaldustel ja tle kiu kiillastuspunkti niiskussisaldustel pol-tiitipi
niiskusmootja f(R)+£(C) mudeli korral. Arvutuslik NS vahemik kus
TI <3.5% NS piirkonnas tdideti Rer jairgmiste fokuseerivate mudelite
titipide jaoks:
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A: R+GR+ Q)
B: R_+R,;fR +R)

C: R +f(C)

Mooteseeriate  jaoks perioodiga k=16 tiideti Rer dielektrilise
mahtuvusmeetodi DECM ja elektrilise impedantsi meetodi EIS jaoks.
Rer tdidetuse kontrollimiseks tuletati vastavad valemid séltuvana puidu
niiskussisaldusest.

Vahelduvvooluga to6tavate DECM ja EIS t66kindluse uurimisel selgitati
vilja kasuliku mahtuvuse vahemik alla ning ile kiu killastuspunkti.
Vastavalt saadi DECM kasuliku mahtuvuse piirkonnaks 0-30% NS
jaoks 121-205 pikofaradit, ja 30-105% NS jaoks 205-231 pikofaradit.
Jagades kasuliku mahtuvuse piirkonna vastava NS piirkonnaga saame
DECM tundlikkuseks 2.8 pF/NS% alla FSP piirkonnas, ja 0.35 pF/
NS% iile FSP NS piirkonnas. Niisiis on erinevus tundlikkuses 8-kordne.

Lisaks modifitseeriti patendikirjeldusele vastava polarisatsioon-tiiipi
puidu niiskusmodotja aparatuurseid voimalusi. Lisati galvanostaatilise
laadumise reziim ja depolarisatsiooni pinge monitooringu voimalus (I-
10).

Puidu kuivatuse optimeerimise tulemused (IV).

Uuriti puidu pinnakihi tleminekut kuivatuse esimesest faasist teise
kuivatuse faasi. Leiti, et pinnakihi (ca 2.5 mm stigavusel pinnast) tleminek
teise kuivatuse faasi aeglustab difusiooni kiirust ka puidu sisekihtides,
mis muidu oma NS-i poolest voiksid veel olla kuivatuse esimeses
faasis. Pinnakihi difusiooni konstandi (DK) moju iseloomustamiseks
sisekihtidele defineeriti  kriitilise — difusiooni konstandi modiste.
Simulatsiooni programm TORKSIM kriitilise difusiooni konstandi
olemasolu ei ndidanud. Arvuliselt leiti puidu pinnakihi jaoks jargmised
difusiooni konstandi viirtused.

Pirast arvutuste tegemist olid eksperimentaalse lokaalse difusiooni
konstandi vairtused 2,5 mm stgavusel katsekeha pinnast jirgmised:
DK1.-faas = 27 * 10* mm?*/s esimeses kuivatusfaasis ja DK2.-faas. =
18 * 10* mm?*/s teises kuivatusfaasis (Tamme, H. et al., 2021). Esimese
kuivatusfaasi lopus ja teise kuivatusfaasi alguses on simuleeritud DK (sim)
vaartus peaaegu vordne (s.0. 11.8 * 10* mm? /s).
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Leiti ka kriitilisele difusioonikonstandile (27 * 10* mm?/s ) vastav
kuivatusohu kriitiline suhteline niiskus RH = 81%.

Kriitilise  difusioonikonstandi  arvesse = vOtmisega  optimeeritud
kuivatusplaani koostamisel onnestus tiupilise toOstusliku kuivatamise
plaani kuivatuse aega lihendada 140 tunnilt 92 tunnini, st 48 tunni
ehk kahe 66pieva vorra. Loppniiskus oli optimeeritud reziimil 26% ja
toOstuslikul reziimil 27%, ehk praktiliselt sama. Optimeeritud reziimi
iseloomustasid monevorra suuremad suhtelised pinged lubatud 0,33
asemel (Salin, J.G., 2007; Sova et al., 2016), mis tasandati ajastatud
niisutusimpulsiga.

Kokkuvote

Kiesolevas viitekirjas leiti mannipuidu jaoks kriitilisele difusiooni
konstandile vastav kriitilise kuivatusohu suhtelise niiskuse vdartus. Seda
infot on puiduettevotetel lihtne kuivatusplaanide modifitseerimiseks
kasutada.

Puidukuivatitele kontrollautomaatikat tootvatele tehnoloogiafirmadele
voiks prototiiipimiseks soovitada selle doktorit66 raames vilja
tootatud puidu pinna seisukorda monitoorivaid pinnaniiskuse ja pinna
deformatsiooni andureid, samuti ka puidu keskmise niiskussisalduse
dielektrilist mahtuvus-titpi andurit (DECM).

Kolmes Balti riigis on mitidud mirkimisvairses koguses puidukuivatuse
simulatsiooniprogrammide TORKSIM-i litsentse. See doktorit66
voimaldab  TORKSIM  kasutaval — puiduettevottel — orienteeruda
programmi keerukas matemaatilises mudelis, samuti saada praktilist
tagasisidet programmi tugevustele ja norkustele.

Péhimotteliselt on puidukuivatuse monitooringu ithe meetodina vilja
to6tatud uudne polarisatsioon-tiipi puidu niiskusmodtur rakendatav ka

kasvavate puude niiskussisalduse monitooringuks (Yang et al., 2023).

Kokkuvotvalt voib Gelda, et selles viitekirjas pustitatud hiipoteesid
leidsid kinnitust. Koik viitekirjas pustitatud eesmargid tdideti.
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(54) Niiskusmoddtur ja meetod puidu elektrilise laadumise efektiga puidu kiillastuspunktist suurema
niiskussisalduse méotmiseks

(57) Leiutis kuulub materjalide uurimise ja analiiiisimise valdkonda, tipsemalt
puidu niiskussisalduse médramise elektriliste meetodite hulka, ja on kasutatav
puidu kiu kiillastuspunktist suurema niiskussisalduse korral. Niiskusmdotur
puidu elektrilise laadumise efektiga puidu kiu kiillastuspunktist suurema
niiskussisalduse mootmiseks sisaldab kahte mddteelektroodi, stabiilset
tugipingeallikat, elektromeetrilise sisendiga eelvdimendit, analoog-digitaal-
muundurit, tdppistakistit elektromeetrilise sisendiga eelvdimendi tagasiside-
ahelas, elektrooniliste aktiivfiltrite plokki, mis sisaldab filtreid madalsageduslike
ning korgsageduslike mdotemiirade filtreerimiseks operatsioonivdimendi ja
kondensaatori abil, mikroarvutit modtmisprotsessi juhtimiseks ning LCD-dis-
pleid, kusjuures mikroarvutisse on modtmisprotsessi taieliku automatiseerimise
cesmargil sisestatud matemaatilised algoritmid. Meetod puidu elektrilise
laadumise efektiga puidu kiillastuspunktist suurema niiskussisalduse modtmi-
seks, mille kohaselt modddetakse puidus puidu elektritakistust, moddetud
laadumisvoolu ajalise kdigu alusel leitakse reaalajas puidu elektrimahtuvus eri ajamomentidel ning maératakse puidu laadumisarv
kalibreerimismudeli koostamiseks ja valideerimiseks, kusjuures modtmisprotsessi juhitakse digitaalselt.

(57) The invention belongs to the area of material research and analysis, specifically among electrical methods for determining wood m isture
content, and can be used in moisture contents above the fibre saturation point. Moisture meter with the electric loading effect above the fibre
saturation point of wood enables on-line registration of temporal patterns of wood electrical resistance and electrical capacitance as well as
saving these in the memory of a microcomputer in the course of the wood electrical charging cycle at a previously set measuring speed. After
the measurements have been carried out, the file containing calibration model and a prognosis of wood moisture content is presented along
with the estimated statistical error. The distinctive characteristic of the method of calibration of the moisture meter with the electric loading
effect above the fibre saturation point of wood is the occurrence of a significant decrease in the uncertainty of measurement as wood moisture
content increases when moisture levels above the fibre saturation point are measured. The decrease in the uncertainty of measurement,
especially in high wood moisture contents of 100% and above, is achieved by the original application of the wood charging number and
consideration thereof in the compilation of the calibration model.
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Niiskusmddtur ja meetod puidu elektrilise laadumise efektiga puidu killastuspunktist

suurema niiskussisalduse md&tmiseks
TEHNIKAVALDKOND

Kéesolev leiutis kuulub materjalide omaduste uurimise ja apaliiisimise valdkonda, puidu
niiskuse médramise meetodite ja seadmete, tipsemalt elektriliste juhtivus- ja

impedantsmeetodite ja seadmete hulka.

TEHNIKA TASE

Puidu niiskussisalduse mddramise idee puidu elektrijubtivuse mddtmise alusel esitas
esmakordselt Stamm 1927. aastal. Sellest ajast peale on puidu elektritakistuse voi
elektrijuhtivase  (mis on  elekiritakistuse  pdordvidrtus) pShimbttel toGtavaid
puiduniiskusmo0tureid toostuslikult seeriaviisiliselt toodetud ja neid kasutatakse laialdaselt
praktikas ka tdnapdeval. Praktikas kasutusel olevate tuntud takistus-tiilipi
puiduniiskusmddturite jaoks probleemne mddtepiirkond algab 30% puidu niiskussisaldusest
(kuivkaalu subtes) ja sellest edasi niiskussisalduse suurenedes kuni ca 150%
niiskussisalduseni. Seda niiskussisalduste piirkonda nimetatakse puidu kiu kiillastuspunktist

kérgemaks piirkonnaks, sest siis hakkab puidu kapillaaridesse kogunema vaba vesi.

Puidu elektritakistus varieerub viga laiades piirides, sltuvalt puidu niiskussisaldusest,
temperatuurist, ja mingil méiral ka puidu liigist. Puidu elekiritakistuse laborimddtmised
kinnitasid jgmedat hinnangut, et nditeks toatemperatuuril 20 kraadi Celsiuse jargi on 8%
niiskussisaldusega puidu elektritakistus ca 10 giga-oomi, 18% niiskussisaldusega umbes 10
mega-oomi, 47% niiskussisaldusega umbes 100 kilo-oomi, 150% niiskussisaldusega umbes
10 kilo-oomi. Sellest tulenevalt on usaldusviirse mdédtetulemuse saamiseks vajalik

niiskusmddturit kalibreerida.

Kirjanduse (Tamme, V., Muiste, P., Padari, A., Tamme, H. 2014. Modelling of Resistance-
Type Wood Moisture Meters for Three Deciduos Tree Species (Black Alder, Birch, Aspen)
in Moisture Contents Above Fibre Saturation Point. Baltic Forestry, 20 (1): 137-166)
andmetel 14bi viidud ulatusliku uuringu pShjal kolme praktilises kasutuses ja tootmises

olevate puidu niiskusemdSturite usaldusvéirsuse kiisimuse selgitamiseks puidu kiu
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killlastupunktist suuremal ehk puidu tile 30% varieeritavatel niiskussisaldustel. Uuringu
tulemusena leiti, et 95% usaldusnivool oli tuntud niiskusmd3turi ja kolme puuliigi kotral
vBimalik varustada uued kalibreerimismudelid, mille alusel on v@imalik kdrvaldada algselt

leitud suured silstemaatilised vead (kuni 75% niiskussisaldust (NS)) m&tetulemustes.

Puidu elektritakistus on tuntud leiutistes moddetud kas alalisvoolu vdi vahelduvvoolu

meetodil. Mlemad variandid on kasutusel.

Patendi US4408128 (A) jérgi on tuntud meetod puidu niiskussisalduse médramiseks oma
olemuselt puidu vahelduvvoolu elektritakistuse mésramine. Tuntud tehnilise lahenduse
puhul on puidu niiskussisalduste mb5tepiirkonnaks Jefutiskirjelduses toodud 10% kuni 40%
niiskussisaldust. Selle niiskussisalduste vahemiku jaoks on patendikirjelduses &ra toodud ka
kalibreerimisk&ver, mis seob omavahel puidu tegelikku niiskussisaldust ja vahelduvvoolu

elektritakistust.

Vastavalt patendile ES2566775 B2 (A1) on tuntud meetod puidu niiskussisalduse
médramiseks oma olemuselt puidu vahelduvvoolu elektritakistuse madramine. Tuntod
tehnilises lahenduses on puidu niiskussisalduse moGtepiirkonnaks on toodud 7% kuni 20%
niiskussisaldust. Nimetatud mdGtepiitkorma kohta on patendikirjelduses 4ra toodud ka
kalibreerimisk@ver, mis seob mdddetud puidu vahelduvvoolu elekiritakistuse vastava puidu

tegeliku niiskussisaldusega. Kalibreerimisk&verad on antud kahe punliigi jaoks.

Vastavalt patendile US4259633 (A) on tuntud meetod puidu niiskussisalduse magramiseks
oma olemuselt puidu alalisvoolu elektritakistuse médramine. Elektritakistuse ajaline
muutumine ehk trifv kompenseeritakse toitepinge analoogkorrigeerimisega, et saada piisivat
nditu. Tuntud tehnilise lahenduse Kkirjelduses kalibreerimismudeli kohta avalikult
kiittesaadavad andmed puuduvad. Tuntud tehnilise lahenduse iildiseks md5tepiirkonnaks on

patendikirjelduses deklareeritud 10% kuni 90% niiskussisaldust.

Vastavalt patendile US67008555 (A) on tuntud kalibreerimise meetod, mille iseloomulikuks
tunnuseks on see, et mdBdetavat suurust, puidu elekirimahtuvust C, seostatakse

kalibreerimise meetodis puidu niiskussisaldusega.
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Kdige lahemaks tehniliseks lahenduseks on vastavalt patendile US4621229 (A) tuntud puidu

niiskussisalduse miiramine alalisvoolu elektritakistuse meetodiga. Tuntud niiskusmosturi
lugem on sisuliselt niiskusmd8turi  sisemise andmetdtiuse  algoritmi  ehk
Kalibreerimisfunktsiooni abil arvutatud ehk prognoositud puidu niiskussisaldus. Tuntud
tehnilise lahenduse iseloomuliks tunnuseks on see, et mo8detavat suurust puidu
clektritakistust R seostatakse kalibreerimise meetodid puidu niiskusesisaldusega. Tuntud
meetodi puuduseks on see, et mdddetav suurus, puidu elektritakistus, seostatakse
kalibreerimise meetodis puidu niiskussisaldusega, mis ei vdimalda anda usaldusvéarsuset
madtmistulemust puidu kiu kiillastupunktist suuremal ehk puidu dfe 30% varieeritavatel

niiskussisaldustel.

Tuntud meetodi peamiseks puuduseks on see, et ile kiu kiillastuspunkti puidu
niiskussisaldustel elektritakistuse modtmisandmete dispersioon kasvab progresseeruvalt
puidu niiskuse kasvades, pdhjustades tdsiseid probleeme takistustliipi  puidu
niiskusmadturite kalibreerimisel, mis omakorda on puidu niiskussisalduse madramise

ebapiisava tipsuse pohjuseks puidu tle 30% niiskussisaldustel.

Kbige lihemaks tehniliseks lahenduseks on vastavalt patendife US4621229 (A) on tuntud
niiskusmd&tur puidu  elektrilise laadumise efektiga puidu kiillastuspunktist suurema
niiskussisalduse m@Gtmiseks, mis sisaldab modteelekiroode,  tugipingeallikat,
elektromeetrilise sisendiga eelvimendit ning analoog-digitaalmuunduritniiskusemddturiga

ning mille konstruktsiooni illustreerib patendi US4621229 (A) joonis fig. 1.

Tuntud niiskusmaoturi puududeks on puidu niiskussisalduse masramise ebapiisav tdpsus,

kuna mdddetavat suurust, puidu elekiritakistust, seostatakse selles puidu niiskussisaldusega.

Kirjanduses (V. Tamme. Elektriliste takistus-tilitipi kontrollmeetodite arendamine
puidukuivatites. Vaitekiri filosoofiadoktori kraadi taotlemiseks. Tartu, 2016, 135 Ik) on
analiiisitud puidu niiskussisalduse madramisel mddteelektroodide nn  individuaalse
kalibreerimise vBimalust puidu kiu {ile 30% niiskussisalduse médramisel. On véla
selgitatud, et modteelektroodide individuaalse kalibreerimise abil on praktiliselt voimalik
vilistada juhuslike m&dtmisvigade tekkimine puidu kius dle 30% niiskussisalduse

mairamisel.
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Individuaalse kalibreerimise puuduseks on see, et elektroodide jaoks konkreetses asukohas
1bi viidud individuaaine kalibreerimine kaotab oma kehtivuse, kui méteelektroodid (ndel-
v8i kruvielektroodid) paigaldada puidus jargmisesse juhuslikult valitud asukohta. Seega on
individuaalse kalibreerimise nfol tegemist tegelikult thekordseks kasutamiseks mdeldud

protseduuriga, mis digustab ennast vaid laboritingimustes.

Mébteelektroodide individuaalse kalibreerimise kogemusest v3ib teba iihe olulise jarelduse:
puidu kiu iile 30% niiskussisalduse midramisel tekkivate suurte juhuslike madtmisvigade
tegelikuks pShjuseks on kdige tSendosemalt puidu/mddteelektroodi elektrilise kontakti
takistus, mille védrtus on igas mddteelektroodide puitu sisestamise kohas individuaalne ja
unikaalne puidu heterogeensete ja varieeruvate looduslike omaduste (tihedus,

niiskussisaldus, nn veetaskud, vaigusisaldus jne) tottu.

Tuntud tehnilistes lahendustes on puiduniiskusmadturid tegelikult puidu elektrilise takistuse
mobturid, mis on kalibreeritud kuivkaalu meetodil (ndit standard ISO 3130:1975) puidu
niiskussisalduse mdtjateks. Vastavad kalibreerimismudelid koostatakse tavaliselt lincaarse

regressiooni mudelitena.

Kitjanduse (vt V. Tamme. Elektriliste takistus-titipi kontrolimeetodite arendamine
puidukuivatuses. Viitekiri filosoofiadoktori kraadi taotlemiseks. Tartu 2016, 135 Ik) pBhjal
on teada, et puidu kiu Gle 30% niiskussisaldustel kaasneb mé6teelektrood-puit kontakti
elekiritakistusega ka elektrood-/puitkontakti elektrimahtuvuse teke, kusjuures mélemad —nii

elektritakistus kui ka elektrimahtuvus — on ajast sdltuvad suurused.

Praktika on naidanud, et tuntud leiutist omava firma Gann (www.gann.de) originaalsete
metallist valmistatud msteelektroodide (tiilip M19) korrosioon v3ib olulisel médral hdirida

elektritakistuse ja elektrimahtuvuste ajaliste sOltuvuste tilesvétmist.

Leiutise eesmirgiks oli vilja t56tada uue pdlvkonna puiduniiskusmdtur ja meetod selle
kalibreerimiseks, puidu kiu kiillastuspunktist suurema, tdpsemalt Ule 30% puidu

niiskussisalduse usaldusvadrseks midramiseks,
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LEIUTISE OLEMUS

Kaesoleva leiutise olemus seisneb selles, et luua senituntud tehnilisest lahendusest erinev
niiskusemddtur puidu niiskussisalduse madramiseks puidu kiu kiillastuspunktist suarema,
tipsemalt iile 30% puidu niiskussisalduste korral, ja meetod niiskusem&Gturi

kalibreerimiseks.

Niiskusméstur puidu elektrilise laadumise efektiga puidu kiu kiillastuspunktist suurema
niiskussisalduse madimiseks sisaldab kahte mo8teclekiroodi, stabiilset tugipingeallikat,
elektromeetrilise  sisendiga  eelvdimendit, analoog-digitaalmuundurit, tippistakistit
elektromeetrilise sisendiga eelvdimendi tagasisideahelas, elektrooniliste aktiivfiltrite plokki,
mis sisaldab filtreid madalsageduslike ning krgsageduslike mdGtemiirade filtreerimiseks
operatsioonivdimendi ja kondensaatori abil, mikroarvutit mé&Gtmisprotsessi juhtimiseks ning
LCD-displeid, kusjuures mikroarvutisse on mddtmisprotsessi taieliku automatiseerimise

eesmérgil sisestatud matemaatilised algoritmid.

Niiskusemadturi médteelektroodideks on korrosiconivabad isoleeritud siisinikkiud- ndel-

elektroodid. Need viivad olla valmistatud ka roostevabast terasest v5i alumiiniumisulamist.

Puidu elektrilise laadumise efektiga niiskusm3turi kalibreerimise meetodi kohaselt sisaldab
mostmisprotsess puidu elektritakistuse ja laadumisvoolu md3tmist ajast sGltuvana, eelnevalt
valitud modteintervalliga, konstantse laadumispinge juures ette nihtud pikkusega
méstetsitkli korral, kusjuures m&ddetud laadumisvoolu ajalise kdigu alusel leitakse reaalajas
puidu elektrimahtuvus eri ajamomentidel ning méératakse puidu laadumisarv optimaalse
kalibreerimismudeli koostamiseks ja valideerimiseks, kusjuures moGtmisprotsessi juhitakse

digitaalselt.

Puidu elektrilise laadumise meetodile vastavalt on puidu laadumisarve jirgi puidu
elektritakistus  pSordvordelises  séltuvuses  puidu  elekirimahtuvusega koigil
kalbreerimismudelis erinevatel puidu tegelikel niiskussisaldustel, kusjuures kasutatakse
elektritakistuste hilvete koondamiseks kalibreerimismudelis elektrimahtuvusest sGituva
muutuja integreerimisega kalibreetimismudelisse. Elekirimahtuvusest sdltuvaks muutujaks

on Jaadumisarvu kaudu puidu elektritakistus ning niiskussisaldus.
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Puidu elektrilist laadumist iseloomustavaid muutujaid, elekiritakistust ja elektrimahtuvust
méddetakse parima voimaliku tipsusega konstantsel laadumispingel potentsiostaatilises
laadimisrefiimis. Uhe madtetsikli jooksul kogutakse hulk katseandmeid, saadud
katseandmeid to6deldakse, selleks kasutatakse matemaatilisi seoseid ning selle tulemusena
parandatakse kalibreetimismudeli kvaliteeti. Kogutud andmeid t6deldakse mikroarvuti abil

ning registreeritakse elekiritakistuse ja elektrimahtuvase ajalised kiigud.

JOONISTE LOETELU

Joonisel fig. 1 on kujutatud puidu elekirilise laadumise pOhimdtet realiseetiva

elektroonikaseadme analoogosa.

Joonisel fig. 2 on kujutatud puidu elektrilise laadumise efektiga niiskusemd6turi

pohimdtteskeem.

Joonisel fig. 3 on kujutatud tlitipilised puidu elektritakistuse Rx = Rpur + Riontziz sOltuvused

ajast 20 sekundi pikkuse méotetsiikli jooksul,

Joonisel fig. 4 on kujutatud puidu elektrimahtuvuse C sdltavused ajast 20 sekundi pikkuse

mddtetsiikli jooksul.
Joonisel fig. 5 on kujutatud puidu laadumisarvu logaritmi graafik, mis vastab valemile (6).

Joonisel fig. 6 on kujutatud LogRi,—st sSituv kalibreerimismudel puidu niiskussisalduse

prognoosimiseks puidu elekiritakistuse modtmistulemuste atusel.

Joonisel fig. 7 on kujutatud v8rdlusmudel puidu tegeliku niiskussisalduse ja Riq alusel

prognoositud puidu niiskussisalduste vordlemiseks

Joonisel fig. 8 on kujutatud vordlusmudel' puidu tegeliku niiskussisalduse ja 10
kordusma8tmise alusel keskmistatud Ry, alusel tehtud puidu niiskussisalduse prognoosi

vordlemiseks.
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Joonisel fig. 9 on kujutatud kombineeritud muutujast (Rin + Cin) sBltuy kalibreerimismudel

puidu niiskussisalduse prognoosimiseks.

Joonisel fig. 10 on kujutatud vérdlusmudel puidu tegeliku niiskussisalduse ja muutuja (Rin
+ Ci)e alusel progneositud puidu niiskussisalduste virdlemiseks, jubul kui on &ra
korrigeeritud puidu tegelikul niiskussisaldusel 105% NS juhuslike vigade kokku surumisest

tekkinud arvutuslik stistemaatiline viga.

Joonisel fig. 11 on kujutatud kombineeritud muutujast Log(R1+R20)  sdltuv

kalibreerimismude] puidu iile 30% tegeliku niiskussisalduse prognoosimiseks

Joonisel fig. 12 on kujutatud vdrdlusmudel puidu tegeliku niiskussisalduse ja muutuja

Log(Rin+ Raon) alusel prognoositud puidu niiskussisalduste vordlemiseks.

Joonisel fig. 13 on kujutatud vrdlusmudel puidu tegeliku niiskussisalduse ja muutuja
Log(Rin+ Raon) alusel prognoositud puidu niiskussisalduste vordlemiseks, kui on tehtud 10

kordusmddtmist.

Joonisel fig. 14 on kujutatud kalibreerimismudel kombineeritud s6ltumatu x-muutujaga R +

0.00005-C2, mis on edaspidi nimetatud R+Par5 muutujaks.

Joonisel fig. 15 on kujutatud vérdlusmudel tegeliku niiskussisalduse ja joonisel fig. 14

kujutatud kakibreerimisfunktsiooni abil prognoositud niiskussisalduste vordlemiseks.

Joonisel fig. 16 on kujutatud R+Par5 kalibreerimismudel juhul, kui on tehtud k=10

kordusm&&tmist.

Joonisel fig. 17 on kujutatud vordlusmudel puidu tegeliku niiskussisalduse ja joonisel fig. 19
kujutatud kalibreerimismudeli abil prognoositud puidu niiskussisalduste virdlemiseks, juhul

kui on tehtud k=10 kordusmd&tmist.

Joonisel fig. 18 on kujutatud eri mudelite tolerantsi intervallid.
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TEOSTUSNAIDE

Tirgnevalt kirjeldatakse lejutist taielikumalt, koos viidetega lisatud joonistele, millel on

kujutatud jooniste eelistatud teostus.

Joonisel fig. 1 on kujutatud puidu elektrilise laadumise pdhimdtet realiseeriva
elektroonikaseadme analoogosa. Puidu elekiriline laadimine toimub konstantsel pingel,
niteks, Us=1,024 volti, mis vdetakse tugipingeallikast. Elektromeetri E, ehk tépsemalt
elektromeetrilisc  sisendiga operatsioonvdimendi, tagasisideahelasse on lHilitatud
tdppistakisti Rp. Mdddetav puidu elekiritakistus R, on lilitatud elektromeetri sisendisse.
Libi méddetava puidu elektritakistuse kulgeb laadimisvool Jizas. Elektromeetri véljundpinge

Uy muutub ettendhtud piirides.

Puidu elektrilise laadumise ekvivalentskeem (fig. 2), kus puidu/madteelektroodi elektrilise

kontakti takistus sOltub ajast logaritmiliselt:
R(t)=a In(t) +b, (1)
ja puidw/elektroodi kontakti elektrimahtuvus soltub ajast lineaarselt:
C)=a, t+by, (2)

kus a, b, a1 ja by on konstandid md&teelektroodide antud konkreetse asukoha jaoks puidus.
Kui madteelekiroodide asukohta puidus muuta, siis omandavad konstandid uved vairtused,

kuid funkisioonide iildkuju (logaritmiline (1) —lineaarne (2)) ja4b samaks.

Elektritakistuse ja elektrimahtuvuse ajaliste sdltuvuste arvatamiseks on kasutatud joonisel
fig. 1 kujutatud pdhimdtteskeemi, kus puitu elekiriliselt faadiv (polariseeruv) pinge vBetakse

tippis-tugipingeallikast Up=1,024 V ja puidu ajast sdltuv elektritakistus arvutatakse valemist

Ry
Ry = Uvélju.nd U_J (3)
]
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kus R, on puidu elektritakistus oomides, Roon elektromeetri tagasiside tippistakisti takistus

oomides (100 megaoomi) ja Ussjuma on mdddetud analoog-viljundpinge voltides.

Puidu laadimisvool amprites arvutatakse valenist:

Uy
haaa =7~ (4)
x

ja puidu elektrimahtuvus arvutatakse valemist:
Ce =, (5

kus Cy on puidu elekirimahtuvus faradites, O on puidu elektrilaeng kulonites, mille
konkreetne viirtus médiratakse laadimisvoolu fue numbrilise integreerimise abil, mis

omakorda viiakse libi seadme t66d juhtiva mikroarvuti abil reaalajas.

Puidu elektrilise laadimise tsiikkel konstantsel laadimispingel kestab, niiteks, 20 sekundit,
kusjuures madteintervall on eelnevalt valitav vahemikus 0,1 kuni 1,0 sekundit. Seega, antud
ndite pubul, ithe madtetsiikii jooksul registreeritakse 200 kuni 20 puidu elektritakistuse Ry

ja laadimisvoolu Zie ajast soltuvat mddtetulemust.

Leiutise olemuse esiletdstmiseks on defineeritud katseandmete analiitisi alusel puidu
empiiriline laadumisarv. Kui moodustada mdddetud elektritakistustest ja arvutatud
elekirimahtuvustest korrutised iga jérgneva modteintervalli jooksul, siis selgus, et need
korrutised on praktiliselt konstantsed (viga viikese varieeruvusega, vt joonis fig. 3), ning ei
sdltu ka puidu niiskussisaldusest iile 30% puidu niiskussisalduste piirkonnas. See viga
viikese varieeruvusega empiiriline konstant nimetati puidu laadumisarvuks. Logaritmides
puidu laadumisarvu, saame likisa matemaatilise seose, mida on mugav esitada graafikuna

(joonis fig. 3):
log(LA) = log Ry, +1og Cip, {6}

kus L4 on puidu laadumisarv, Ri, on vastavalt puidu elektritakistused ja Cin puidu

elektrimahtuvused n-da madtmistsiikli esimesel sekundil.
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Kommentaarid puidu empiirilisese tunnuse, laadumisarvu, kohta on jargmised.

1. Kuna puidu laadumisarv ise ei sSitu puidu piiskussisaldusest, siis el sobi see
muutujaks  kalibreerimismudelisse, mille eesmirgiks on prognoosida puidu
niiskussisaldust pwidu kiu kiillastuspunktist suurema, see oOn puidu ile 30%
niiskussisaldusel.

2. Puidu laadumisarv matemaatiliselt esitab empiiriliselt tunnust, et puidu
elektritakistus on pdordvordelises sOltuvuses puidu elektrimahtuvusega koigil
kalibreerimismudelis esinevatel puidu tegelikel niiskussisaldustel. Seda asjaolu on
teorectiliselt v6imalik Ara kasutada elekritakistuse suurte hillvete kokkusurumiseks
kalibreerimismudelis elektrimahtuvusest sdltuva uue muutuja integreerimisega
mudelisse. Seda protseduuri voib nimetada katibreerimismudeli signaal-miira- suhte

parandamiseks, v3i ka kalibreerimismudeli kvaliteedi tdstmiseks.

Joonisel fig. 2 on kujutatud puidu- elekirilise laadumise efektiga niiskusemddturi
pShimdtteskeem, kusjuures niiskusemddturi funktsionaalsed elemendid on ndidatud
plokkskeemina. Niiskusmodtur sisaldab mbdteelekiroode 1 ja 2, stabiliseeritud
tugipingeallikat 3, analoogmddteahela plokki 4, analoog-digitaalmuundurit 5, mikroarvutit
6 ja LCD-displeid 7. Analoogm&bteabela plokk 4 sisaldab elektromeetrilise sisendiga
celvGimendit Al, elektrooniliste aktiivfilirite plokki 8 ja lilitust 9 (R2 ja R3)
analoogvoimendi viljundpinge ja nullimispinge summeerimiseks. Mbbtelekiroodid 1 ja2 on

ette nihtud surumiseks puidu 11 sisse niiskussisalduse (NS) m38tmiscks.

Joonisel fig. 2 on seadme funktsionaalsed elemendid ndidatud skemaatiliselt plokkskeemina.
Analoogm3&teahela plokk 4, mis sisaldab elektromeetrilise sisendiga eelvdimendit Al
signaali eelviimendina, tagasiside tappistakistit 10 (R0), potentsiomeetrilist ltlitust Rl
v&imendi nulli seadistamiseks, litlitust 9 (niiteks takistid R2 ja R3) vdimendi viljundpinge
ja nullimispinge summeerimiseks, elekirooniliste aktiivfiitdte plokki 8 (joonisel fig. 2
tahistatud plokina ,Filter), mis sisaldab filtreid madalsageduslike ja korgsageduslike
méGtemiirade  filtreerimiseks operatsioonviimendi A2 ja kondensaatori ClI abil.
Stabiliseeritud tugipingeallikas 3 viljastab m&dteelektroodile 2 stabiliseeritud alalispinge
vairtusega Us, milline pinge mddteelektroodil 2 langeb m&Stmisprotsessis puidu 11 voi

puitmaterjali ekvivalentakistusel Rx kuni null volti potentsiaalini mésteelektroodil 1, mis on
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tihendatud elekiromeetrilise sisendiga eelvdimendi Al sisendi nullpotentsiaali tihistava
punktiga O analoogm&dteahela plokis 4. Analoogm&dteahela ploki 4 {ildine otstarve on
konvertida eelvdimendi Al sisendis mdddetud elektritakistuse R viirtus vOimalikult
lineaarselt ja miravabalt analoogviljundpingeks Usay, luues sellega  ecldused
analoogviljundi signaali muundamiseks digitaalseks signaaliks analoog-digitaalmuunduri 5
abil. M&btetulemuse edasine digitaalne to5tlus toimub mikroarvuti 8 abil, tddtlemise
tulemus  viljastatakse numbriliselt LCD-displeil 7. Niiskusem@&turi elektrooniliste
elementide 3, 5, 6, 7, 8, 9 toiteahelaid ei ole joonisel fig. 2 kujutatud, samuti ei ole kujutatud

m&dtmistsitklit markeerivat heliallikat (summetit) ega valgusallikat (valgusdicodi).

Joonisel fig. 3 on kujutatud tiifipilised puidu 11 elektritakistuse Ra=Roui + Rioniats sGltuvused
ajast 20 sekundi pikkuse mdtetsitkli jooksul. Madtmised on tehtud 21 puidus jubuslikult
valitud asukohas, iihe puuliigi korral, ja 1/3 puidu paksuse siigavusel. Puuliigiks ol
sanglepp, tegeliku keskmise niiskussisaldusega 105%, mis madrati kuivkaalu meetodil
vastavalt standardile JISO3130:1975 ja temperatuuril 50 kraadi Celsiuse jérgi, elektritakistus
mdddeti puidus 1/3 materjali paksuse siigavusel pinnast. lgale m&dtmistsitklile vastab ks
graafik. Maksimaalseid puidu elektritakistuste mootetulemusi kujutavale graafikule ja
minimaalseid mdStetulemusi kujutavale graafikule parves on lisatud trendijoon. Graafikutelt
on visuaalselt tuvastatav, et k&ige vaiksem hajuvus on puidu elektritakistusel mdGtmise algul
punktis Rin. Vardiev kirjeldav statistika mdtepunktides Rir ja mddtepunktides 20 sekundi
méddudes Ruon kinnitab seda jéreldust. Arvutatud vastavad variatsioonikordajad
(o/average) 100% on vastavalt: (R1n=9,7% ja Rz0i=15,9%), st variatsioonikordaja suureneb

20. sekundil alates moGtmise algusest oluliselt.

Joonisel fig. 4 on kujutatud tittipilised puidu elektrimahtuvuse C sdltuvused ajast 20 sekundi
pikkuse madtetsikli jooksul. Modtmised on tehtud 21 puidus juhustikult valitud asukohas
(joonise selguse huvides on kujutatud ainult min, max ja 4 vahepealset mahtuvuse ajast
soltevuse graafikut 21 tegelikult midratud graafikust), the puuliigi korral, ja 1/3 puidu
paksuse sligavusel. Puuliigiks on toodud ndites sanglepp, tegeliku keskmise
niiskussisaldusega 105%, mis madrati kuivkaalu meetodil vastavalt standardile ISO
3130:1975 ja temperatuuril 50 kraadi Celsiuse jargi, elektrimahtuvus, nagu ka
elektritakistus, md6deti puidus 1/3 materjali paksuse sfigavusel pinnast. [gale

mB3tmistsiiklile vastab tiks graafik. Maksimaalseid puidu elektrimahtuvuse métetulemusi
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kujutavale graafikule ja minimaalseid mé&6tetulemnusi kujutavale graafikule parves on lisatud
trendijoon. Graafikutelt on visuaalselt tuvastatav, et kbige viiksem hajuvus on puidu
elekirimahtuvusel mddtmise algul punktis Cin. Vordlev kirjeldav statistika m35tepunktides
Cinja mbdtepunktides Caon kinnitab seda jéreldust. Arvutatud vastavad variatsioonikordajad
(s.0 standardhilve jagatuna aritmeetilise keskmisega protsentides: {a/average)-100% on
(Crv=10,4% ja  Can=14%), seega 20 sekundit m&6tmise algusest kasvas hajuvust

kvantitatiivselt iseloomustav variatsioonikordaja oluliselt.

Joonisel fig. 5 on kujutatud puidu laadumisarva logaritmi graafik, mis vastab valemile (6).
Laadumisarv ise puidu niiskussisaldusest ei sditu, kuid selle tihtsus seisneb selles, et
laadumisarvust lahtuvalt koostatud statistiliste muutujate abil on teoreetiliselt vBimalik
kokku suruda puidu niiskusmdoturi kalibreerimise regressioonmudeli hajuvust eriti puidu
suurtel niiskussisaldustel, kus traditsioonilised puidu elektritakistust kasutavad mudelid
muutuvad niiskussisalduse suurenedes progresseeruvalt ebatdpsemateks (st annavad

ebatiipsema prognoosi puidu niiskussisaldusele).

Jirgnevad joomised fig. 6, fiz. 7 ja fig 8. holmavad sellist teostusndidet, kus
kalibreerimismudelis sdltumatuks muutujaks on valitud puidu elektritakistus Ri kui kdige

viiksema algse hajuvusega muutuja (vt fig. 3).

Joonisel fig. 6 on kujutatud LogRix-st soltuv kalibreerimismudel puidu niiskussisalduse
prognoosimiseks puidu elektritakistuse meStmistulemuste alusel. Mabtmiste koguarv

mudeli kohta oli n=63.

Joonisel fig. 7 on kujutatud vrdlusmudel puidu tegeliku niiskussisalduse ja Rin alusel
prognoositud puidu niiskussisalduste vérdlemiseks. Selline vordlusmudel voimaldab
hinnata joonisel fig. 6 antud kalibreerimismudeli ennustuspotentsiaali, kuna puidu tegelik
niiskussisaldus on médratud suure tipsusega kuivkaalumise meetodil vastavalt standardile

1SO 3130:1975.

Joonisel fig. & on kujutatud vOrdlusmudel puidu tegeliku niiskussisalduse ja 10
Kkordusmadtmise alusel keskmistatud Rin alusel tehtud puidu niiskussisalduse prognoosi

vordlemiseks. 10 kordusmootmist on praktikas enim aktsepteetitud vdte prognoosi
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usaldusvairsuse tostmiseks, kuna see el ole eriti t56mahukas. Seda votet nimetatakse ka

kalibreerimistudeli valideerimiseks 10 kordusm&dtmise juures.

Varreldes kitjanduses (Tamme, V., Muiste, P., Padari, A., Tamme, H. 2014. Modelling of
Resistance-Type Wood Moisture Meters for Three Deciduos Tree Species (Black Alder,
Birch, Aspen) in Moisture Contents Above Fibre Saturation Point. Baltic Forestry, 20 (1)
157-166) tuntud iksikmodtmisele prognoositud tolerantsi intervalliga 35% NS sangiepa
puidu tegelikul niiskussisaldusel 90% on joonise fig. 6 kalibreerimismudeli abil
prognoositud 105% tegeliku niiskussisalduse (NS) jaoks tiksikm3atmise tolerantsi intervall
20% NS. Seega iiksikm8btmise prognoos parancs 15% NS. Kui aga vérrelda mudeli fig. 7
tiksikmd6tmise prognoosi, ja mudeliga fig. 8, 10 kordusm&8tmise abil tehtud tolerantsi
intervalli prognoosi samal tegelikul niiskussisaldusel 105%, siis oli paranemine 20% NS —
8,5% NS = 11,5% NS. Puidu niiskussisalduse tolerantsi intervalli prognoosi paranemine on
iimselt seotud mitme asjacluga. Esiteks, praktikas 1abi viidud eelnevalt kalibreeritud puidu
niiskusmddtjate {imberkalibreerimine, aga joonisel fig. 6 toimus originaalis elektrilise
takistusmd3tja  otsene  kalibreerimine puiduniiskusmddtjaks. Teiseks, tuntud
puiduniiskusmddtja ofi elektritakistuste skaalas iilimalt laia mdGtepiickonnaga (10 giga-
oomi kuni ménikiimmend kilo-oomi), mis viis imselt alla elektritakistuse mddtmistépsuse

iile 30% puidu niiskussisaldustel, I5ppkokkuvdttes suurendades mddtmistalemuste hajuvust.

Joonistel fig. 9, fig. 10 ja fig. 11 kasutatakse puidu laadumisarvu ideoloogia alusel koostatud
kombineeritud muutujat (Ria+ Cin) Lalibreerimismudeli sdltumatu muutujana, et suruda

kokku kalibreerimismudeli suurt hajuvust eeskitt puidu suurematel niiskussisaldustel.

Joonisel fig. 9 on kujutatud kombineeritud muutujast (Rin+ Cin) sSltuv kalibreerimismudel

puidu niiskussisalduse prognoosimiseks. M33tmiste koguarv mudeli kohta on n=63.

Joonisel fig. 10 on kujutatud vordlusmudel puidu tegeliku niiskussisalduse ja muutuja
(RintCin)e alusel prognoositud puidu niiskussisalduste vordlemiseks, juhul kui on &ra
korrigeeritud puidu tegelikul niiskussisaldusel 105% NS juhuslike vigade kokkusurumisest

tekkinud arvutuslik stistemaatiline viga 11,17% NS.

Vorreldes joonisel fig. 6 (Ru) kujutatud mudelit ja joonisel fig. 9 kujutatud (Rin +Cin)

mudelit, voib teha jirelduse, et niiteks puidu tegelikul niiskussisaldusel 105% vihenes
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iiksikm&dtmise tolerantsi intervall vastavalt 20% NS kuni 7% NS. See tihendab, ot
elektrimahtavuse lisamine kalibreerimismudelisse vihendab oluliselt iiksikmdGtmise
veahinnangut, ehk parandab kalibreerimismudeli kvaliteeti, eriti iile 100% puidu tegelikul
niiskussisaldusel. Kui joonisel fig. 9 kujutatud mudeli korrat kasutada 10 kordusmd&tmise
vBtet hajuvuse vihendamiseks, siis puidu 105% tegeliku niiskussisalduse prognoosimisel
iiksiku (antud jubul 10 kordusmddimise keskmine tulemus on mdistetay iiksikmddtmise
tihenduses) mdstmise alusel v8ib sattuda tolerantsi intervalli 7% NS asemel vaid intervalli
2,2% NS (vt joonis fig. 9). Joonisel fig. 10 vdib téheldada vaga kdrget R*=0,9885 viartust,
mis viitab korrigeeritud siistemaatilise veaga mudeli viiga heale ennustuspotentsiaalile. Kui
joonise fig. 10 pbhjal on parima mudeliga puidu tegelikul niiskussisaldusel 105%
tksikm33tmisele prognoositud tolerantsi intervall 7% NS, siis puidu tegelikul
niiskussisaldusel 77% NS on see 14,5% NS ja tegelikul puidu niiskussisaldusel 34% NS on
iiksikmd&tmise tolerantsi intervall vastavalt 12,1% NS. Niisiis on tiheldatav
iiksikmd6tmisele prognoositud tolerantsi intervalli vahenemine suurematel, eefistatult iile
100% puidu niiskussisaldustel. Tulemus on tdiclikult vastuolus ainult puidu

elektritakistusest sdltuva mudeli (vt joonis fig. 6) kaitumisega.

Virreldes joonisel fig. 9 kujutatud (Rin + C1n) mudelit ja joonisel fig. 12 kujutatud (Rin +
Cn 1A R1x+Cin )) mudelit, voib taheldada, et kemplitseerituma mudeli kasutamine ei anna
erilist efekti lihtsama mudeliga (fig. 9) vorreldes. Néiteks 105% sanglepa puidu korral
paranes prognoositud tiksikmdtmise tolerantsi intervall 7,17% NS kuni 7,15% NS, seega

vaid 0,02%.

Kaudselt on puidu laadumisarvu ideoloogiaga seotud ka (RitRzon) kombineeritud
muutujaga kalibreerimismudel, sest puidu elektritakistuse (Raon) kasv laadumise 20
sekundiks on teatavas siinkroonis puidu elektrimahtuvuse kasvuga laadumise 20. sekundiks
(vt. joonised fig. 3 ja fig. 4). Jargnevatel joonistel fig. 14, fig. 15 ja fig. 16 on kujutatud
(Rin+Raor) tiilipi mudelite kasutusndidised (lihtsuse huvides on graafikute pealkirjades

alaindeksid &ra jaetud).

Joonisel fig. 11 on kujutatud kombineeritnd muutujast Log(RI+R20) sbltuv
kalibreerimismudel puidu iile 30% tegeliku niiskussisalduse prognoosimiseks. Mo&tmiste

koguarv mudeli kohta on n=63.
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Joonisel fig. 12 on kujutatud vordlusmudel puidu tegeliku niiskussisalduse ja muutuja

Log(Rin+ Raoe) alusel prognoositud puidw niiskussisalduste vBrdlemiseks.

Joonise!l fig. 13 on kujutatud vdrdlusmudel puidu tegeliku niiskussisalduse ja muutuja
(Ris+Rony alusel prognoositud puidu niiskussisalduste vordlemiseks, kui on tehtud k=10
kordusmd&tmist, st eelmisel joonisel fig. 15 kujutatud vordlusmudelit on hajuvuse

vihendamiseks valideeritud 10 kordusmdotmise korral.

Joonisel fig. 14 on kujutatud kalibreerimismudel kombineeritud soltumatu xX-muytujaga
R-+0.00005-C3 ehk edaspidi lithendatult nimetatud (R+Par5) kalibreerimismudel, mis ei vaia
enam siistemaatilise vea korrigeerimist nagu R+C mudel (vt joonis fig. 10), sest R-+Par5

muutuja kasutamisel siistemaatilist viga ei teki.

Joonisel fig. 15 on kujutatud vordusmudel tegeliku niiskussisalduse ja joonisel fig. 17
kujutatud kalibreerimisfunktsiooni abil prognoositud niiskussisalduste vordlemiseks ja

mudeli ennustuspotentsiaali hindamiseks.

Joonisel fig. 16 on kujutatud R-+Par5 kalibreerimismudel juhul, kui on tehtud k=10

kordusm0dtmist.

Joonisel fig. 17 on kujutatud vordlusmudel tegeliku puidu niiskussisalduse ja joonisel fig.
19 kujutatud kalibreerimismudeli abil prognoositud puidu niiskussisalduste vdrdlemiseks,

juhul kui on tehtud k=10 kordusmédtmist.

JToonisel fig. 18 on kujutatud eri mudelite tolerantsi intervallid: a) tavalise elektritakistusest
R oleneva kalibreerimismudeli prognoosited fiksikmd3tmise tolerantsi intervall (joonisel
punktiicjoon), b) kombineeritud muutujaga R+C mudeli abil leitud itksikm&dtmise tolerantsi
intervall (joonisel paks pidevjoon) ja c) tegeliku puidu niiskussisalduse tolerantsi intervall

(joonisel kriips-purkijoon) omavaheliseks vordlemiseks.

Jooniselt fig. 18 ndhtub graafiliselt, kuidas kaituvad eri s6ltumatu x-muutujaga mudelite
tolerantsi intervallid puidu tegefiku niiskussisalduse kasvades. Punkt-kriipsjoon tahistab

puidu tegeliku niiskussisalduse tolerantsi intervalli, aga kuna see on nii kitsas (alla 1% NS),
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ei tule siis joonise! vahemik nahtavale, on ainult itks punkt- kriipsjoon. Punktiirjoon tdhistab
tavalise elekiritakistusest R oleneva kalibreerimismudeli poolt prognoositud tolerantsi
intervalli itksikm@&8tmise jaoks. Sellise trendi 31 esmakordselt valja Edwards 1974 aastal.
Paks pidevjoon joonisel tahistab kombineeritud muutujaga R+C mudeli abil leitud tolerantsi
intervalli kiitumist. On niha, et esialgu on kiitumine samane Edwardsi trendiga, kuid alates
puidu tegelikust niiskusissaldusest 78% NS péordub trend Edwardsi trendiga vastupidiseks,
ja algab tolerantsi intervatli kokku surumine puidu suuremate! tegelikel niiskussisaldustel,
mis tihendab, et hakkab toimima laadumisarvu ideoloogia. Selline tolerantsi intervalli

kokkusurumine on uus virreldes tuntud tehnika tasemega.

Virreldes omavahel joonisel fig. 9 kujutatud (Ri+Cin) mudelit ja joonisel fig. 14 kujutatud
(Rus+Raon) mudeleid puidu 105% tegeliku niiskussisalduse juures, v5ib taheldada (Ri+Rao)
mudeli ligikaudu kaks korda suuremat hinnangut fiksikmddtmise tolerantsi intervallile, mis
suurenes 7%NS kuni 13,44%NS ja 10 kordusméadtmise jaoks (vt joonis fig. 16) vastavalt
2.2% NS kuni 8,1% NS. Teiselt poolt aga, vorreldes fig. 16 ja fig. 10 uksikmddtmise
tolerantsi intervalle iilejaanud kahes niiskusrithmas puidu tegeliku niiskussisaldusega 78%
NS (T. L=21% vs. 14,5%) ja 34%NS (T. 1=8,6% vs 12,1), v8ib tiheldada, et tolerantsi
intervall viheneb mudelis fig. 10 niiskusriihmas 78%NS ja véhesel migral suureneb

niiskusrithmas 34%NS.

Kiesolevas tehnilises lahenduses sisaldavad modte-elektroodid kahte slimmeetrilist,
ettendhtud omavahelise distantsiga isoleeritud ndel-elektroodi, mis on sisestatud puitu
teatavale siigavusele puidu pinnast (tavaliselt 1/3 puida paksust), ja mille vahele on

rakendatud konstantne alalispinge ehk puidu Jaadumispinge.

Kalibreerimismudeli ennustuspotentsiaali on voimalik vastavalt kasutaja soovidele
kohandada (ngiteks vib sobiva mudeli valikuga garanteerida parema ennustuspotentsiaali

puidu suuremate] niiskussisaldustel).

Niiskusm&6turi kalibreerimise mudel on oma olemuselt statistiline regressioonmudel.
Kalibreerimismudel koostatakse konkreetse empiiriliste katseandmete hulga ehk valimi
pdhjal. Kalibreerimismudeli kdige olulisemaks elemendiks on kalibreerimisfunktsioon, mis

esitatakse matemaatilise avaldise kujul ja seda teades on voimalik iga mdddetud sdltumatu
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x-muutuja (puidu elektritakistus R, puidu elektrimahtuvus C, v6i moni nende kahe
parameetri summa) jaoks vilja arvatada puidu niiskussisalduse viirtus, mis on

kalibreerimisfunktsiooni seisukohalt s@ltuv y-muutuja.

Kalibreerimismudelid on leitud empiiriliselt, Katse-eksimuse mectodil, mistttu ei ole nende

puhul tegemist teoreetiliselt tuletatud matemaatiliste avaldistega.

Niiskusem8otur toétab jargmiselt. Niiskusemddiuri t63 kirjeldamisel eeldatakse, et seade on
toskorras, st enne modtmiste alustamist on seadet testitud madtepiirkonnale vastavalt valitud
tippistakistitega. Niiskusemooturi todkorras oleku testimine el ole kokkuleppeliselt

madtmisprotsessi osa.

Médtmisprotsessi  voib  tinglikult jagada iiksteisele jirgnevateks sammudeks i

toiminguteks voi etappideks.

Esimene samm on jargmine. Modteelektroodid 1 ja 2 vajutatakse puitmaterjali 11 (tavaliselt
Jaud, plank v8i pruss tile 30% algniiskussisaldusega) sisse, tavaliselt 1/3 materjali paksuse
stigavusele, nii et puidu elektritakistus Ry moodustuks puidu pikikiudu suunaga risti olevas
suunas, tavaliselt 30 mm elektroodide vahekaugusega (juhul kui kalibreerimismudeli
korratavuse tingimused ei nde ette teistsugust suunda v&i teistsugust vahekaugust).
Viltimaks voolu teekonda mooda puidu pinnakihti, peavad madte-elekiroodid olema
osaliselt isoleeritud, nii et voolu jubiks ainult ndelelektroodide 1 ja 2 puitu sisestatud
koonusekujuline osa. Seejérel ihendatakse mbdteelektroodid varjestatud koaksiaatkaabliga,
nii et elektrood 2 thendatakse niiskusmddturi mittetundliku terminaali abil tugipinge
allikaga 3 ja tundliku terminaali abil plokiga 5 punktiga O. Seejuures tuleb jilgida, et seadme
tundlik osa ci saaks juhmete paigaldamise kéigus elektrostaatilist laengut, mis v3ib parimal
juhul moonutada mddtmistulemusi, halvimal juhul aga ka seadme rikkuda.
Modtmisprotsessi esimene samm on vajalik teha kasitsi (kui seda ei tee robot). Kuna
niiskusmasturi mdstmisprotsess on eelprogrammeeritay ja mikroarvuti 6 poolt juhitav, siis

edasine toimub automaatselt.

Teine samm on tegelik mddtmine. Vaimendile Al tehakse nullikontroll ja sellele jargneb
Katseandmete kogumine 20 sekundi jooksul varem seadistatud mbdteintervalliga. Modtmise

toorandmetes filtreeritakse tiiendavalt digitaalselt miirasid, arvutatakse reaalajas puidu
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elekiritakistus ja elektrimahtuvus, salvestatakse katseandmete ja varustatakse failinimega.
Jargneb etteantud pikkusega paus, seejirel algab mddtmise katseandmete kogumine 20
sekundi jooksul otsast peale. Mostmistsitkkel 20 sekundit ja etteantud pikkusega paus on
seadme kasutamise mugavuse huvides markeeritud nii heli- kui ka valgussignaaliga. Pausi
v5ib mikroarvuti vastavalt programmile kasutada eelmise mootmise katseandmete esmaseks
statistiliseks tootlemiseks. Samuti v0ib pausi kasutada mébteelektroodide puidul jrgmisse

asukohta sisestamiseks.

Kolmas samm on andmeanaliiis mikroarvutis 6 ja puidu niiskussisalduse modtetulemuse
viljastamine numbriliselt displeile 7 koos statistiliste usalduspiiridega. Andmeanaliitisil
kasutatakse kiiesoleva seadme jaoks spetsiaalselt vilja todtatud kalibreerimismeetodit, mille
rakendamise tulemusena leitakse teaduslikult pdhjendatud hinnang puidu niiskussisaldusele

iile kiu killastuspunkti niiskussisaldustel.

Puidu elekuilise laadumise efektiga niiskusemddtur puidu kiillastuspunktist suurerma
niiskussisalduse modtmiseks vOimaldab reaalajas registrecrida ja salvestada mikroarvuti
millu puidu elekiritakistuse ja puidu elekirimahtuvuse ajalised kiigud puidu elektrilise

laadimise tsttkli jooksul, eelnevalt valitava mdgtmiskiirusega.

Parast mGtmiste 10ppu téodeldakse modtmisandmete fail seadme mikroarvutis vastavalt
valitud kalibreerimismudelile ja véljastatakse puidu niiskussisalduse prognoos koos
statistilise vea hinnanguga. Puidu elekirilise laadumise meetod puidu niiskussisalduse
mésramiseks puidu kin killastuspunktist korgema niiskussisalduse korral iseloomulikuks
tunmuseks on see, et toimub puidu kiu kiillastuspunktist kGrgema niiskuse mddtmisel
moStemadramatuse  oluline  kahanemine  puidu niiskussisalduse  kasvades.
Mdtemaaramatuse kahanemine, eriti puidn suurtel niiskussisaldustel 100% ja enam, on
saavutatud originaalse puidu laadumisarvu kasutusele vituga ja selle arvestamisega

kalibreerimismudeli koostamisel.

Niiskusm®8turite médtmistapsust on suurendatud kalibreerimismudelite kasutusele vGtuga.
Niiskusmooturite kalibreerimismudelite tekitamisega ehk sisuliselt niiskusmddturite
Gimberkalibreerimisega e onnestunud kdrvaldada suuri juhuslikke vigu iksikmdtmisele

antavas veahinnangus. Naiteks 90% tegeliku niiskussisaldusega (tegelik niiskussisaldus
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miirat kuivkaalu meetodil vastavalt standardile 1S03130:1975) puidu jaoks mudeli abil
prognoositud tiksikm&3tmine vdis sattuda 95% usaldatavusega niiskussisalduste vahemikku
72.5% kuni 105,5% niiskussisaldust. Toodud niites ofi {ksikmddtmisele hinnanguliselt
omistatav niiskussisalduse tolerantsi intervall 35% niiskussisaldust, ja seda 95%
usaldusnivool. Saadud statistiliste regressioonmudelite (st niiskusmOdturite uute
kalibreerimismudelite) usaldusvairsust kontrolliti mitteparameetriliste  Kolmogorov-
Smirnov- ja Shapiro-Wilk-testidega. Leiti, et kdik leitud mudelid olid statistiliselt

usaldusvairsed.

Modelleerimise teiseks oluliseks jarelduseks on fakt, et leitud regressioonmudelite jazk-
standardhilve vihenes iillatavalt kiiresti koos tehtud kordusma5tmiste arvuga—see tahendab
seda, et mudelid olid statistilises mdttes hdsti koonduvad. Seega optimaalselt valitud
kordusmédtmiste arv (10 ja enam) vdimaldas oluliselt parandada kalibreerimismudelite
kvaliteeti ja alla suruda puidu niiskussisalduse juhuslikke mddtmisvigu ile 30%

niiskussisalduse piirkonnas.

Kaesolevas tehnilises lahenduses sisaldavad mddte-elektroodid kahte stimmeetrilist
isoleeritud nel-elektroodi, omavahelise distantsiga 30 mm, mis on sisestatud puitu teatavale
sligavusele puidu pinnast (tavaliselt 1/3 puidu paksust), ja mille vahele on rakendatud

konstantne alalispinge ehk puidu laadumispinge.

Puidu elektrilise laadumise efektiga niiskusemddturi abil on osutunud vaimalikuks vabaneda
tuntud takistustiiipi puidu niiskusmdbturitele iseloomulikust progresseeruvalt laienevast
veakotidorist, ja seda ilma puidu elekiritakistust logaritmimata ning kordusmd§tmisi

sooritamata.

Leiutise olemus ei piirdu kitsalt tlaltoodud teostusnditega, vaid vGimaldab mitmeid
edasiarendusi modelleerimise valdkonnas. Naiteks ei ole iilaltoodud teostusndites esitletud
ajahetke ¢ = 0,1 sekundit jaoks R(0,1)ir, C(0,1)in ja nende kombinatsioonide afusel saadud
kalibreerimismudeleid. Ka kombineeritud muutujate vBimalik valik ei ole selles

teostusniites sugugi ammendav.
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PATENDINOUDLUS

1. Niiskusmo6tur puidu elektrilise laadumise efektiga puidu kiillastuspunktist suurema
niiskussisalduse m@dtmiseks, mis sisaldab kahte mddteclektroodi (1) ja (2), stabiilset
tugipingeallikat (3), elektromeetrilise sisendiga éelvéimendit (Al) ning analoog-
digitaalmuundurit (3), mis erineb selle poolest, et sisaldab tappistakistit (10}
elektromeetrilise sisendiga eelvdimendi (A1) tagasisideahelas, elektrooniliste aktiivfiltrite
plokki (8), mis sisaldab filtreid madalsageduslike ning kdrgsageduslike madtemiirade
filtreerimiseks operatsioonivdimendi A2 ja kondensaatori C1 abil, mikroarvutit (6)
mddtmisprotsessi jubtimiseks ning LCD displeid (7), kusjuures mikroarvutisse (6) on
sisestatud  matemaatilised  avaldised, mistSttu  m3dtmisprotsess  on taielikult

automatiseeritud.

3 NiskusmdStur vastavalt ndudluspunitile 1, mis erineb selle poolest, et
médteelektroodideks (1) ja (2) on korrosioonivabad isoleeritud  stisinikkiud-ndel-

elektroedid.

3. Niiskusmédtur vastavalt ndudluspunktile 1, mis erineb selle poolest, et
méGteclektroodideks (1) ja (2) on korrosioonivabad isoleeritud elektroodid, mis on

valmistatud roostevabast terasest.

4. Niiskusmédtur vastavalt noudluspunktile 1, mis erineb selle poolest, et
modteelektroodideks (1) ja (2) on korrosioonivabad isoleeritud elektroodid, mis on

valmistatud alumiiniumisulamist.

5. Meetod puidu elektrilise laadumise efektiga puidu killlastuspunktist suurema
niiskussisalduse mootmiseks, mille kohaselt mdGdetakse puidus puidu elektritakistust (Rx),
mis erineb selle poolest, et mddetud laadumisvoolu ajalise kaigu alusel leitakse reaalajas
puidu elektrimahtuvus (C) eri ajamomentidel ning médratakse puidu laadumisarv
kalibreerimismudeli koostamiseks ja valideerimiseks, kusjuures modtmisprotsessi juhitakse

digitaalselt.

6. Meetod vastavalt ndudluspunktile 5, mis erineb selle poolest, et puidu laadumisarvu,

mille jargi puidu elekiritakistus on poordvdrdelises sBltuvuses puidu elektrimahtuvusest
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koigil kalbreerimismudelis erinevatel puidu tegelikel niiskussisaldustel, kasutatakse
elektritakistuste hilvete koondamiseks kalibreerimismudelis elekirimahtuvusest sGluva
muutuja  integreerimisega  kalibreerimismudelisse, kusjuures kalibreerimismudelina
kasutatakse statistilist regressioonmudelit, mis koostatakse empitriliste katseandmete hulga

pohjal.

7. Meetod vastavalt ndudluspunktidele 5 ja 6, mis erineb selle poolest, et elektrimahtuvusest

s6ltuvaks muutujaks on laadumisarvu kaudu puidu elektritakistus ning niiskussisaldus.

8. Mectod vastavalt nduduspunktidele 5 kuni 7, mis erineb selle poolest, et puidu elektrilist
laadumist iseloomustavate muutujate, elektritakistuse Ry ja elektrimahtuvuse Comdddetakse
parima  voimaliku  tdpsusega . konstantsel  laadumispingel potentsiostaatilises

laadimisreZiimis.

9. Meetod vastavali ndudluspunktidele 5 kuni 8, mis erineb selle poolest, et ihe mddtetsitkli
jooksul kogutakse hulk katseandmeid, saadud katseandmeid toodeldakse, milleks
kasutatakse matemaatilisi seoseid ning milfe tulemusena parandatakse kalibreerimismudeli

kvaliteeti.

10. Meetod vastavalt ndudluspunktidele 5 kuni 9, mis erineb selle poolest, ot kogutud
katseandmed toodeldakse mikroarvati abil, ning millega registreeritakse elektritakistuse ja

elektrimahtuvuse ajalised kdigud.
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Abstract

Resistance-type wood moisture meters are not reliable at moisture contents above the fibre saturation point. The aim of this
study was to develop an alternative polarization-type wood moisture meter and to analyse the different calibration methods of
this moisture meter in comparison with the traditional resistance-type wood moisture meter calibration method. A significant
decrease (up to 3.5% of moisture content) in the tolerance interval of a single measurement was attained by introducing and
integrating the original electrical wood charging number into the calibration model of the novel wood moisture meter with
electric polarization effect for a high wood moisture content (MC) above 100%. The tolerance interval convergence was
analysed using the traditional method of increasing the number of measurements and averaging the results and was compared
to the novel method of compensating for random deviations, as used in this study. To calibrate the wood moisture meter,
the wood’s electrical resistance and electrical capacitance timelines during the electrical charging cycle were registered in
real time (online) with a preselected measuring speed and saved to the microcomputer memory. When the measurements
were completed, the measurement data was processed by the device’s microcomputer. This novel polarization-type moisture
meter allows for the moisture content of specific tree species to be predicted by selecting a suitable calibration model from
a set of eight. The novel wood moisture meter can be used to monitor wood drying and to determine seasonal variations in
the moisture content of growing trees.

1 Introduction electrical resistance of wood using the DC and AC methods

has also been carried out by Gao et al. (2018) and Berga

Stamm (1927) presented the idea of determining wood
moisture content on the basis of measuring wood electrical
conductance. Since then, wood moisture meters operating
on that principle have been industrially manufactured in
series and are still widely used today. Well-known producers
include Gann (2019), NdtJames (2020), Brookhuis (2009),
BES Bollmann (2020), and others. Both the direct current
(DC) method (Stamm 1927; Vermaas 2002; Tamme 2016)
and alternating current (AC) method (James 1993; Zelinka
et al. 2007; Tiitta et al. 1999) have been used to study
wood electrical resistance. Zelinka et al. (2007) compared
Stamm’s results for wood DC resistance to the alternating
current method. Comprehensive research comparing the

P4 Valdek Tamme
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Estonian University of Life Sciences, Kreutzwaldi 1,
51006 Tartu, Estonia

2 University of Tartu, Ulikooli 18, 50090 Tartu, Estonia
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et al. (2019). For the moisture content range below the wood
fibre saturation point (FSP), the electrical resistance method
may be considered a reliable method of measurement (For-
sén and Tarvainen 2000).

For moisture contents above the FSP, the electrical resist-
ance method is generally deemed to be unreliable (Edwards
1974; ASTM D4444-08 2008; Vermaas 2002; Tamme et al.
2014). For that moisture content range above FSP, wood
electrical resistance becomes dependent on time, and depos-
its may appear on the measuring electrodes during long-
duration measurements (Skaar 1964). However, the appear-
ance of the deposits—or in other words, an absorption layer
and hydrogen bubbles on the measuring electrodes—can be
minimized by selecting optimal values of current density
and voltage (Romann et al. 2014). Tamme et al. (2013) and
Tamme (2016) described the polarization-depolarization
(PD) method for determining wood electrical resistance.
For moisture contents above the FSP this allows the wood
electrical resistance and wood electrical capacitance to be
established in moisture contents above FSP during a 20-s
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polarization cycle followed immediately by a 20-s depolari-
zation cycle. The PD method has been the basis for develop-
ing and patenting a wood moisture meter with wood electric
charging effect (so-called polarization-type wood moisture
meter) (Tamme et al. 2020).

The main objective of this research was to develop the
concept of a polarization-type moisture meter and a pro-
totype thereof using the PD method for determining wood
moisture content above the FSP, and to formulate principles
for calibrating such a moisture meter.

2 Materials and methods
2.1 Theoretical background

2.1.1 Dependence of wood electrical resistance and wood
electrical capacitance on time

Tamme et al. (2013) discovered that wood electrical resist-
ance depends on time (7) logarithmically at wood moisture
contents above the FSP, and wood electrical capacitance
depends on time linearly:

Rt)y=a-In(t)+b (1

City=c-t+d )

where R(1) is resistance, C(t) is wood electrical capacitance,
and the a, b, ¢ and d constants are the location at which the
specific moisture content of wood is measured.

In the doctoral thesis by Tamme (2016), it was demon-
strated that above the wood FSP, the time-dependent elec-
trical resistance R(t) or polarization resistance also depends
significantly on moisture content. He found that the increase
in the moisture content (MC) results in a greater relative
gain of the polarization resistance. He also found that the
electrical resistance of wood below the FSP is no longer
time dependent, but rather depends on the MC according
to the modified Stamm formula. Electrical resistance was
found using the PD method, as a result of measuring the
voltage polarized in wood and the polarization current. It
was established that it is possible to improve the accuracy of
prediction of wood moisture content when using both resist-
ance and capacity measurements (Sect. 3.4: Model types A,
B, and C).

2.1.2 Statistical processing of measurement data on actual
wood moisture content, wood electrical resistance
and wood electrical capacitance

The statistical processing of experimental data is meth-
odologically based on a linear and non-linear regression

@ Springer

analysis, which allows independent properties to be studied
in association (Sachs 1982), and on retrieving measurement
or calibration models (ISO 1993), as well as implementation
models or calibration reference models. By using the cali-
bration function, the calibration model allows the value of
MC to be calculated for any electrical resistance, electrical
capacitance, or combination thereof. The reference model
allows any measured average MC (for example, the dry
mass method or gravimetric method) to be compared to the
respective MC predicted with the calibration model. The ref-
erence model does not require the mathematical presentation
of the calibration function. Essentially, the reference model
is a calibration model validation test, done under repeat-
ability conditions (ISO/EIC 2008; Laaneots and Mathiesen
2006).

In the case of Student t-distribution and linear regression
for the single measurement, the upper and lower tolerance
lines (confidence limits) of the regression line are presented
in MS Excel at the 95% confidence level as follows (Kiviste
1999):

Intercept bylower = b, — TINV(a;n — 2) * 55 3)
Intercept byupper = by + TINV(a;n — 2) * s, 4)
Slope b, lower = b — TINV(a;n —2) * s, )
Slope byupper = by + TINV(a;n — 2) * s, (6)

where s, and s, are the standard errors of the regression
line intercept and slope (Kiviste 1999).

To obtain the convergence of measuring deviations, non-
linear regression analysis was carried out for the focusing
reference models (Sect. 3.4: Model types A, B, and C). The
tolerance intervals, presented as linear functions, were calcu-
lated using formulae (3)-(6). For both methods the formulae
used for calculating the tolerance intervals are presented in
Table 1, column 3: “Equations for calculating single meas-
urement tolerance intervals (T. 1.)”.

Calibration models and reference models can also be con-
structed using single measurements which are not exactly
single measurements, but rather arithmetic average values of
a given number (e.g., k=4, 10, 16, etc.) of single measure-
ments (that is, they are a series of measurements) (Laaneots
and Mathiesen 2006) that are viewed as single measurements
when producing regression models. Such models could also
be called multiple models.

2.2 Materials and calibration procedure of moisture
meter with electrical polarization effect

The compilation of a regression model for the calibration
of the wood moisture meter first requires that the actual
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Table 1 Relevant reference models (RM) with the statistical characteristics for above FSP wood moisture content

Mod. No. Model type Equations for calculating single meas- R? p-value Focal point  Calculated MC range where
Obs. No. urement tolerance intervals (T. I.) on MC%* T. 1.<3.5% MC (acc. Rozema
Fig. No. 2010)
RM2 R-mod Yupper= 1.2075x —4.888 0.96 <0.01 30 >3.5%
N=63 Yiower=0.796x +3.897

Figure 9

RM3 LogR Yupper=1.0071x+7.6164 0.99 <0.01 30 >3.5%
N=63 Yiower=0.8924x —1.14

Figure 9

RM4 (R+C) yuppc,:—0.0015x2+ 1.14x+4.01 0.99 <001 117 110-120
N=63 (Type A) YViower=0.0032x>+0.2717x + 14.2

Figure 10

RMS5 R+f(C) yuppe,:—0.0009x2+ 1.12x+1.07 0.98 <0.01 151 142-151
N=63 (Type A) YViower=0.0033x%+0.407x + 13.8

Figure 11

RM6 R, +Ry, yuppe,=—0.()012xz+ 1.09x+11.2 0.97 <0.01 129 123-133
N=63 (Type B) Yiower=0.0061x>—0.022x +31.5

RM7 f(R;+Ry) yuppﬂ=—0,()042xz+ 1.549x —5.47 0.97 <0.01 120 116-124
N=63 (Type B) YViower=0.0072x% = 0.1469x +32.7

Figure 12

RMS k*R Yupper=0.998x +1.3446 0.99 <0.01 30 30-151
N=18 (Multiple model)  yj,=0.9852x+0.3413

k=16

Figure 13

RM9 f(R)+1£(C) Yupper= 1.03767x —2.0483 0.99 <0.01 78 30-105
N=63 (Type C) Yiower=1.01872x —3.5253

Figure 14

The independent x variable in all RMs is the actual wood moisture content, the dependent y variable in all RMs is the predicted wood moisture

content

“The model focal point has been defined as the specific value of actual wood moisture content, when the calculated tolerance interval reaches the

minimal value

average MC be determined by successively weighing the
specimen while it is drying at randomly selected moments
of time and thereafter establishing the dry weight of the
specimen according to ISO 3130:1975 (1975). The wood
electrical resistance and wood electrical capacitance are
measured almost simultaneously with the weight, at the
same moisture content. The described procedure was
repeated 63 times at a constant temperature of 50 degrees
Celsius, but each time at a different average moisture con-
tent level of Alnus glutinosa wood, whereas the electri-
cal resistance and electrical capacitance were measured
by inserting the electrodes in a new location in the wood
specimen for each measurement. The selected specimen
was a massive board with dimensions of 500 mm in length
(along the fibres), 150 mm in width (perpendicular to the
grain in the tangential direction), and 35 mm thick (in a
radial direction perpendicular to the grain). The tangen-
tial distance between the corrosion-free pin electrodes was
30 mm and remained the same throughout all the measure-
ments (Brookhuis 2009 instruction manual; Tamme et al.
2011). The electrodes were inserted into the specimen at
a depth of one-third of the board’s thickness (EDG 2010)

(about 12 mm deep). The random spots of insertion of the
two measuring electrodes, 30 mm apart on the test speci-
men, were generally called measuring points.

2.3 Technical background

Figure 1 presents the circuit diagram of the moisture meter
with wood electrical polarization effect, whereas the func-
tional elements of the moisture meter are shown as a block
diagram with arrows. The circuit diagram given in Fig. 1
has no analogue power circuits or chains of noise signal ana-
logue filters. The advantage of the principle circuit shown in
Fig. 1 lies in the simple calculation formulae (Keithley 2004)
that apply at any moment of time in the case of a one-second
measurement interval:

R,
=y =0

R out ?U M

X

where R, is wood electrical resistance in ohms, U, is
the output voltage of the electrometer in volts, R, is the
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Fig.1 Block scheme of the wood moisture meter prototype. 1,2—
measuring electrodes; 3—stabilised support voltage source 1.024 V;
4—wood being measured for electrical resistance Rx; 5—analogue

resistance of the electrometer feedback resistor in ohms, U,
is the stabilized support (or reference) voltage, 1.024 V.
The wood polarization current /,,, in amperes is cal-

culated using the following formula (Keithley 2004; Eco
Chemie 2019a):

UO
Lo = ®

X

®)

and wood electrical capacitance is calculated using the fol-
lowing formula (Eco Chemie 2019b):
Q
&= O
=0
where C, is wood electrical capacitance in farads, and Q is
wood electrical charge in coulombs.

The specific value of Q is determined at any given
moment with a one-second interval by numerical integra-
tion of the polarization current ,,, which, in turn, is car-
ried out in real time with a microcomputer controlling
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part of the wood moisture meter; 6—analogue noise filter block; 7—
analogue/digital converter; 8&—microcomputer; 9—LCD display

the operation of the device. The method described above
for determining electrical capacitance C, generally cor-

responds to the current integrator method (Eco Chemie
2019b).

3 Results and discussion
3.1 Linearity and noise study of moisture meter

Figure 2 shows a simple check on the output of the moisture
meter using a reference resistor (not wood) to illustrate the
linearity of response.

Figure 2 indicates the excellent linearity of the useful
signal (solid line). The figure shows a signal-to-noise ratio
(SNR) of about 1000, a positive result.
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g 150

0 —~

£3100
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E3 s

=R
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0 50 100 150

Measured resistance Rx (kOhm)

Fig.2 Input—output connection linearity test of the analogue part of
the moisture meter prototype, with the useful signal (solid line) and
noise signal standard deviation (dashed line). Number of measure-
ments N=123

3.2 Wood electrical resistance and wood electrical
capacitance in moisture contents above the FSP

Typical experimental time dependence of wood electrical
resistance and wood electrical capacitance at 105% MC
(above the FSP) fitted to formulae (1) and (2) are given in
Figs. 3 and 4.

The figures indicate that electrical resistance and electri-
cal capacitance measured at the first second have the small-
est variance. The variation coefficient for R, is 9.7% and
for electrical resistance R,,, measured at the 20th second,
15.9%. The respective variation coefficients for the electri-
cal capacitance measured at the first second and at the 20th

x10 kilo-Ohms

3 : : : : : : : |
1 6 11 16
Time (s)

Fig.3 Typical wood electrical resistance dependence on time for
above FSP moisture content, 20-s monitoring period and 21 different
locations of measuring electrodes. No of measurements N =440

— 600 -
my y = 26.178x + 39.471
2 500 - R = 0.9997
2 400
g
S 300
s
T 200 -
© 100 y = 15.876x + 34.699
1 R = 0.9989
0+
1 3 5 7 9 11 13 15 17 19
Time (s)

Fig.4 Typical wood electrical capacitance C dependence on time for
above FSP moisture content, 20-s measuring cycle. No of measure-
ments N=440

second are C;,=10.4% and C,,, =14%. Consequently, it is
more reasonable to choose experimental data with a smaller
variation coefficient (Table 3, columns 9 and 13: “Var. coef.
%) as the source data for calibration regression models.

Figure 3 depicts typical wood electrical resistance
dependence on time, R(f), with a 20-s measuring cycle,
according to Formula (1). The measurements were carried
out at 21 random locations in the wood, a single tree species,
at one-third the thickness of the wood (EDG 2010). The
species in this case was Alnus glutinosa (common alder),
with an actual average moisture content of 105%, deter-
mined by the dry weighing method according to Standard
1S0O3130:1975 and at 50 °C. Maximum R(t) and minimum
R(t) curves in the figure have been fitted to Formula (1).

Figure 4 depicts typical wood electrical capacitance
dependence on time, C(f), with a 20-s measuring cycle,
according to Formula (2). Measurements were taken at 21
random locations in the wood, a single tree species, at one-
third the thickness of the wood (for the sake of clarity, the
figure depicts only the graphs for the minimum, maximum,
and four intermediate results of the dependence of capaci-
tance on time, not all the actually determined graphs). The
species in this case was Alnus glutinosa (common alder),
with an actual average moisture content of 105%, deter-
mined by the dry weighing method according to Standard
1S03130:1975 and at 50 °C. Maximum C(t) and minimum
C(t) curves in the figure have been fitted to Formula (2).

In relation to the above, it is evident that the arithmetic
averaging of 20 electrical resistances varying in time, which
is common in practice (Scanntronik Mugrauer GmbH 2019),
would not result in the minimum possible variation coef-
ficient being obtained.
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Fig.5 LogR-type independent x-variable calibrating model (Table 2,

CM3). Number of measurements N=63

120 y =110.9x - 85.729
2 =
100 R?=0.975

80
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)
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Actual MC%

1 1.5 2
LogC

Fig.6 LogC-type independent x-variable calibrating model (Table 2,
CM4). Number of measurements N=63

3.3 Wood charging number

Figures 5 and 6 present linearized calibration models for
electrical resistance and electrical capacitance. When com-
paring the figures, a particular mirror symmetry caught the
authors™ attention. This led to the idea of comparing the
respective values of electrical resistance R and electrical
capacitance C measured at each measuring point. It was
found that R*C proved nearly constant for every actual
moisture content value used in the calibration model, thus
showing that the obtained empirical constant is independ-
ent of the wood moisture content. The consistency of R*C
means that in any wood moisture content above the FSP,
wood electrical resistance and electrical capacitance are in
an inversely proportional and non-linear dependence. This
empirical constant, thus found to be independent of the
moisture content, was called the wood empirical charging
number, or for short, the wood charging number:

RC =1994.993 (kQ * uF) =1.995s = const = ChN (10)

where ChN is the charging number.
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Fig.7 Wood charging number graph according to Formula (I1).
Number of measurements N=63

For a better graphical representation of the wood charg-
ing number and its association with Figs. 5, 6 and 7, for-
mula (10) can be given in a logarithmic form:

Log(R) + Log(C) = Log(ChN) (11)

The value of the variation coefficient characterizing the
dispersion of the empirical charging number is 0.597%.
Comparing the charging number variation coefficient and the
variation coefficients of electrical resistance R and electrical
capacitance C (Table 3, columns 9 and 13), it can be con-
cluded that the variation coefficient of the charging number
is considerably (about 16 times) smaller than for the electri-
cal variables (0.597% for R*C versus 9.85% for electrical
resistance R and 9.47% for electrical capacitance C).

The definition of wood charging number was first pre-
sented in a patent application (Tamme et al. 2020). For this
research, the definition of wood charging number is the basis
for the authors™ hypothesis:

Random deviations of electrical resistance R and electri-
cal capacitance C at a given measuring point are inversely
proportional and may cause the tolerance interval conver-
gence predicted for a single measurement at high moisture
levels of wood, if used with an appropriately selected cali-
bration function of two variables f (R, C).

3.4 Moisture meter modelling: calibration,
reference and focusing models

As according to its definition, the wood charging number
(Sect. 3.3) does not depend on wood moisture content, the
multiplication of variables R*C is a prohibited combina-
tion of R and C in the sought calibration function of two
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Fig.8 Calibration model for the independent x variable type R+£(C),
where f(C) is the power function of wood capacitance C. The non-
linear function regression depicted was carried out with the program
MATLAB™ platform with the curve fitting toolbox
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Fig.9 Calculated single measurement tolerance intervals for tradi-
tional LogR independent variable reference model (RM3, dashed line)
versus traditional R independent variable reference model (RM2, dot-
ted line)

variables. Probably the general form of the target calibration
function is f(R + C) or f(R) +(C).

As a result of actual modelling, some evidence was found
to support the present hypothesis with the trial and error
method (Sect. 3.3.):

(A) The sum of electrical variables R and C and the sum of
R+f(C), where f(C) is a power function of C, cause the
tolerance interval convergence phenomenon predicted
for single measurements (Figs. 8, 9, 10, 11).

The sum of electrical variables R, and R,,, and the
power function f(R;,+R,,,) also cause the tolerance
interval convergence phenomenon predicted for single
measurements (Fig. 12).

The functions f{R), f(C), and fAR) +f(C) compensate for
random deviations within the entire validity range of
the calibration model; therefore, the tolerance interval
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Fig. 10 Calculated single measurement tolerance intervals for (R+ C)
reference model (RM4, solid line) versus traditional LogR reference
model (RM3, dotted line)
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Fig.11 Calculated single measurement tolerance intervals for
R+f(C) reference model (RMS5, solid line) versus traditional R ref-
erence model (RM2, dotted line). The dash-dotted line depicts the
actual average moisture content of wood
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Fig.12 Calculated single measurement tolerance intervals for
J(R;+Ry,) reference model (RM6, solid line) versus traditional R ref-
erence model (RM2, dotted line)
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Fig. 14 Calculated single measurement tolerance intervals (RM9,
dashed line) for fR)+AC) with the real focal point (78% MC) refer-
ence model

converges within the entire measurement range with-
out the need to apply the method of averaging repeated
measurements (compare Figs. 13, 14).

Model types A, B, and C above are known as focusing
models. This name derives from the fact that the predicted
tolerance interval for individual measurements is at its mini-
mum at certain actual MCs, called the “focus point of the
model” (see Figs. 11, 12, 14). The wood moisture meter
calibration function of model types A, B, and C is therefore
a function of two variables: R;, and C;, (i.e., MC%=f(R,,,
C;,)). For comparison, the traditional resistance-type mois-
ture meter calibration function is a function of one of the
independent variables, R or LogR, (i.e., MC%=f(R) or
MC%=f(LogR)).

@ Springer

The novel polarization-type wood moisture meter gives us
the option to choose from several types of calibration models
(Table 2): the traditional single-variable resistance model
(MC%=f(R) or MC%=f(LogR)), the single-variable capaci-
tance model (MC%=f{LogC)), and the two-variables polari-
zation model (a total of five focusing models of types A, B,
and C). Eight different calibration models can therefore be
used to predict the moisture content of one specific wood
species. If the electrical capacitance measurement data is
not used, considering only the electrical resistance data and
the calibration function MC% =f{(LogR) or MC% =f(R), the
polarization-type wood moisture meter will act as a conven-
tional resistance-type wood moisture meter. This allows the
characteristics of the polarization-type wood moisture meter
to be compared with those of the conventional resistance-
type wood moisture meter, based on identical test conditions
for data measurement.

Source data for modelling and a few parameters of
descriptive statistics are provided in Table 3.

Statistical parameters of different calibration models are
provided in Table 2.

Statistical parameters of various reference models are
provided in Table 1.

The dash-dotted line in Figs. 9, 10, 11, 12, 13 and 14
depicts the predicted average moisture content of the
specimen.

Figures 11 and 12 have fairly similar tolerance-interval
behaviour, leading to the assumption that electrical capaci-
tance does occur in the independent variable (R;, +R,,),
although in a hidden or, in mathematical terms, an implicit
form. In practice, the use of the model (R;, + R,,) would
save time, as the measuring of electrical capacitance is
unnecessary and only electrical resistance would need to be
recorded during the experiment.

3.5 Traditional measurement deviations averaging
method versus measurement deviations
compensation method

3.5.1 Convergence domain prediction models

Table 1 uses modelling to predict the range of wood mois-
ture convergence domains, where the Rozema quality crite-
rion (Rozema 2010) for the necessary measuring precision
MC <3.5% can be achieved with a minimum of one meas-
urement. The formation of such domains is related to how
the random deviation compensation method works in the
focusing models (see model types A, B, and C and Table 1,
column 7, models RM 4, 5, 6,7, and 9.)
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Table 2 Relevant calibration models (CM) of the moisture meter above FSP Alnus glutinosa wood moisture content with the statistical charac-

teristics

Mod.No. Model type Independent x-variable  Calibration function R? S.E.(RMSE)  p-value  Predicted
Obs. No. T.L,
Fig No. MC%*
cMmI1° Gann(MC%) ~ Gann(MC%) y=0.037 * x+0.702 0.96 0.048 <0.01 35
N=134 Log(MC%)
CcM2 Ry~ Ry, y=1895.4x7078 098  6.04 <001 35
N=63 MC(pred.)
cM3 LogR,,~ LogR,, y=—110.7x+280 097  (47) <001 20
N=63 MC(pred.)
Figure 5
CM4 LogC,,~ LogC,, y=110.9x — 85.73 0.98 (4.68) <0.01 20
N=63 MC(pred.)
Figure 6
CM5 (R, +Cyp)~ Ry, +C, y=74.724 % 71483 099 331 <001 7
N=63 MC(pred.)

(Type A)
CM6 Ry, +aC? Ry, +aC? y=R+aC% a=0.00005 098 (4.7 <001 8
N=63 ~MC(pred.)
Figure 8 (Type A)
cM7 (Ryy+Rygn) Ry +Rygn y=0.00058x> — 0.4607x+143 097  4.51 <001 134
N=63 ~MC(pred.)

(Type B)
CM8 k*R~ k*R y=0.058x> — 1.76x + 166.6 0.99 0.38 <001 13
N=18 k * MC(pred.)
k=16 (Multiple model)
CMY* f(R)+£(C) f(R)+£(C) y=f(R)+f(C) 0.99 1.1 <0.01 34
N=63 ~MC(pred.)

(Type C)

“Predicted tolerance interval at 105% actual MC

YGann HT 85 T wood moisture-meters recalibration model (Tamme et al. 2014)
€CM9 calibrating function y =f(R)+f(C) specific format is y (predicted MC%) = 0.0044R> — 1.458R +0.0014C? — 0.6834C +269.32

Table 3 Results of the measurement of Alnus glutinosa wood for the moisture groups

Measured actual MC, %

Measured electrical resistance, kQ

Measured electrical capacitance, uF

Moisture group  Average Range St.dev Var. coef.% Ave-rage Range St.dev Var coef.% Ave-rage Range St dev Var. coef.%
Obs. No. MC% MC%

1.n=21 105.2 0.38 0.11 0.1 40 176 3.9 9.7 50 215 474 943
2.n=21 7734 1.04 0.28 0.36 64 243 63 9.85 31 113 29 947
3.n=21 34.4 0.8 0.23 0.66 166 436 12 7.39 12 33 092 7.56

3.5.2 Multiple model versus focusing model f(R) + f(C)

Table 2 also shows the calibration model for the traditional
resistance method (so-called multiple model, CM 8), where
the arithmetic mean of a series of 16 electrical resistance
repeat measurements was used as a single measurement.
Comparing Figs. 13 and 14, it can be observed that the tol-
erance interval basically is equal to that of the traditional R
model with multiple averaged series of 16 measurements

(Fig. 13), so the real focal point f{R) + f(C) model can be
achieved with only one measurement (Fig. 14).

A numerical example can be given to illustrate the com-
parison of Figs. 13 and 14. In Fig. 14, the real focal point
of the tolerance interval is near the average moisture con-
tent of 78% MC, where the tolerance interval is minimal
(i.e., less than 2.5%). For the other two points, the average
moisture content was 105% and 34% and the tolerance
interval less than 3.5%. In Fig. 13, the k= 16-fold R model
for an average MC of 105% gives a tolerance interval of
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2.5% MC, which also meets the Rozema quality criteria
(Table 1, RMS).

3.5.3 Predicted differences between two types of moisture
meters for the high MC range of growing trees

The differences between the predicted measurement preci-
sion of the two types of moisture meters (i.e., the resistance-
type and the polarization-type) are most remarkable at high
MCs.

The following numerical example illustrates the differ-
ence. Let’s say that the aim is to measure the actual MC,
151%. According to the formula in Table 1 (see RM2), a
conventional resistance-type wood moisture meter gives
a reading in the range of 125% MC to 175% MC, so the
error could be up to 50% MC for a single measurement. The
polarization-type wood moisture meter gives an estimated
reading of between 149.25 and 152.75% using the non-linear
calibration method (Table 2, CM6; Table 1, RMS5). That is,
the measurement error for a single measurement could be
up to 3.5% MC. Thus, the precision of measurements for
high MCs can differ up to a factor of 14 (depending on the
calibration model used).

4 Conclusion

The novel polarization-type wood moisture meter described
in this article allows for a total of eight different calibra-
tion models to be used to predict the MC of one variety
of wood. For high MCs, such as in the wood of a growing
tree (approximately 151% MC) or in raw wood (approxi-
mately 130-150% MC), the moisture meter with an electric
polarization effect (polarization-type) can give the pre-set
tolerance interval (1.5-3.5% MC), depending on the cali-
bration model used, even from a single measurement. This
advantage is particularly relevant in determining the mois-
ture content of growing trees in situations where the possi-
bility to repeat measurements (on the same tree at different
measuring points) is limited. The Rozema quality criteria
across the whole measurement range above the FSP of the
novel polarization-type moisture meter was achieved by
using focusing model f(R) +AC).
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Abstract. Research into the possibility of applying the electric impedance spectrometry (EIS)
method and the dielectric capacitance method (DECM) simultaneously above fibre satura-
tion point (FSP) and in harsh kiln conditions has been relatively scarce. In the framework of
this research, tests were carried out on the operational reliability of the measuring capacitor
(MEC) prototype used for calibrating the DECM in the harsh internal climate (50°C and 98%
RH) of the kiln. Condensation of water vapor on MEC plates, leakage of MEC insulators and
the emergence of static electric charges on MEC plates were studied. Quantitative ranges were
found for MEC performance-disrupting effects on the parasitic capacities induced by each ef-
fect. The DECM was found to be less reliable than the EIS method for application in harsh kiln
conditions. Secondly, under the same test conditions and for the same wood species (birch),
the possibilities of the DECM method and the EIS method were comparatively modeled with
the predetermined Rozema quality criterion of +1.75% MC for predicting the moisture content
(MC) of birch wood above FSP. It was found that, under the same test conditions, the DECM
method proved more accurate than the EIS method for predicting birch wood MC above
FSP. Based on the tests, it was concluded that DECM can be used in practice by applying a
non-destructive method to reliably determine the average moisture content of a wood batch
immediately prior to commencing the wood-drying process.

Key words: dielectric capacitance method, electric impedance spectroscopy, wood drying.
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Introduction

In drying wood, it is necessary to monitor
the moisture content of the wood in order
to control the drying process. It is partic-
ularly important to reliably determine the
average moisture content (MC) of fresh-

ly sawn wood prior to commencing the
wood-drying process in order to use a
simulation program to assess the drying
time, energy consumption, risk of cracks
developing during the drying process and
other changes in wood quality (Salin, 1990;
Tamme, 2016).
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In practice, the direct current (DC)
electric resistance method (Stamm, 1927;
Tamme et al., 2012; Uwizeyimana et al,,
2020) for determining and monitoring
wood moisture content is widely used, as
itis an inexpensive and reliable method for
use both at room temperature and in harsh
kiln conditions (Gann, 2021; Scanntronik,
2021; Brookhuis, 2021; BES Bollmann, 2021;
etc.). However, the main disadvantage of
the DC resistance method is that the MC
readings obtained by this method are not
reliable above FSP (ca. more than 30% MC)
(ASTM D4444-08, 2008; Tamme, 2016). The
alternating current (AC) resistance method
has proven approximately 14% more accu-
rate than the DC method (Casans Berga et
al., 2019). The EIS method has been used
for determining wood MC gradient (Tiitta
et al., 1999). The EIS method was used to
monitor wood drying in combination with
the acoustic emission (AE) method (Tiitta
et al., 2010). Another widely utilized meth-
od for determining wood MC is the dielec-
tric capacitance method (DECM) (James et
al., 1985). This high-frequency capacitance
method has also been called the microwave
method. Previous research (Moschler,
2004) used the high-frequency (4-6 GHz)
capacitance method to determine the aver-
age MC of wood in a kiln, leading to the
development of a corresponding proto-
type calibrated into a moisture meter. In
the case of the capacitance method, the
prevailing geometry of the measuring ca-
pacitor (MEC) is a design with carefully
electrically insulated flat parallel plates
(Moschler, 2004; Tamme et al., 2019). The
advantage of the various technical appli-
cations of plate capacitor geometry is the
simple calculation formula for electric ca-
pacitance (Zuleta, 2005):

C=¢es,A/d (1)

Where C is the capacitance of a parallel
plate capacitor, A is the area of one plate
in square meters, and d is the distance be-
tween the plates in meters. The constant

g, is the permittivity of vacuum, and e is
the dielectric constant or relative dielectric
permittivity. The dielectric constant & de-
pends on the moisture content of the wood
placed between the MEC plates. According
to formula (1), the electric capacitance C is
proportional to the dielectric constant e,
hence the specific name of the method for
determining the moisture content of wood
- the dielectric capacitance method. For
comparison: absolute dry (oven-dry) wood
e =4, and water £ = 80 (Welling, 2010).

A flat ring capacitor for measuring
wood MC below FSP (e.g., Brookhuis,
(2020), FMW moisture indicator, 3.5 MHz
operating frequency measured with an os-
cilloscope) and a flat slit capacitor (9.375
GHz operating frequency) for measuring
wood MC both below FSP and above FSP
have also been used (Johansson et al., 2003).

The objective of our research was to test
the MEC prototype developed for the pa-
per in harsh conditions similar to those of a
kiln in order to assess risks to the reliability
of the MEC. The second objective was to
use regression analysis to identify the pos-
sibilities of the DECM and EIS methods to
establish the predetermined accuracy and
to make a reliable determination of wood
MC above FSP within the EIS operating
frequency range of 1 Mz-10 Hz.

Material and Methods

The relationship between electric capaci-
tance, the wood impedance modulus and
average moisture content above and below
FSP (FSP is agreed at 30% wood moisture
content) was explored using a clear birch
board with a thickness of 35 mm, width of
150 mm and length of 470 mm.

The moisture content of the birch wood
specimen was varied by means of a spe-
cially developed laboratory drying sched-
ule (Tamme et al., 2013). The drying sched-
ule ensured that during the first drying
phase (at constant speed), the drying curve
decreased linearly and moisture gradients

73

142



H. Tamme et al.

in the specimen were minimal.

The average MC of wood was deter-
mined by weighing the specimen at vari-
ous randomly selected times using a preci-
sion weight with a resolution of 0.1 g. After
weighing the specimen at the same average
MC, other necessary measurements were
also carried out as quickly as possible,
such as measurements of the wood electric
capacitance and wood impedance. In the
final stage of the tests, the dry weight of
the specimen was determined by drying
it at 103°C. The actual moisture content of
the specimen (relative to its dry weight) at
the moment of weighing was identified ac-
cording to ISO 3130:1975 (1975) standard.

An improved version of the parallel
plate MEC was developed to determine
the electric capacitance of wood at differ-
ent moisture levels above FSP, compared
to that used in our previous paper (Tamme
et al., 2019); its circuit diagram is shown
in Figure 1(a) and the MEC with the mea-
sured specimen is shown in the photo-
graph in Figure 1(b).

The cubic measure between the MEC
plates was chosen at about 10% larger than
the cubic measure of the specimen. This
difference between the cubic measures en-
sured the necessary slack (tolerance zone)
for the specimen when it was replaced be-
tween the plates after each weighing. The
MEC allowed for the possibility of separate
and combined heating of the insulators and
plates in the form of a film of water vapor
in the climate chamber to study condensa-
tion on MEC structural elements and to re-
move static electric charges of triboelectric
origin (Tamme et al., 2019) in the system.
Additionally, the developed parallel plate
measuring capacitor prototype was tested
in conditions similar to kiln climate in the
FEUTRON climate chamber (Feutron Kli-
masimulation GmbH, 2021). The tests were
conducted at a temperature of 50°C and at
a maximum relative air humidity (RH) of
98%. The purpose of the tests was to check
the reliability of the measuring capacitor in
the harsh kiln climate and to eliminate the
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Figure 1. (a) Circuit diagram of the measuring
capacitor (MEC) and (b) photograph
of the MEC prototype with the tested
birch wood specimen. 1 - signal con-
nector, 2 - capacitor plate, 3 - wood
specimen, 4 — capacitor insulator, FRA
—frequency response analyser, 5 - tri-
boelectric charge collector, 6 - film
insulator, 7- heating cable, 8 - heat
insulator.

occurrence of water vapor saturation and
condensation of humidity on the measur-
ing capacitor plates and insulators.
According to literature (Moschler,
2004), the microwave measuring capacitor
prototype with parallel plates was tested
at room temperature and at temperatures
of 40°C and 60°C. Moschler (2004) con-
tains no data on the relative humidity in
the chamber during the tests, which is an
important climate parameter. The mea-
surements of electric capacitance present-
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ed in this paper were carried out using the
LCR55 (Wavetek Meterman, 2021) capac-
itance meter (CAM). The LCR55 capaci-
tance meter has an operating frequency of
1,000 Hz as measured with an oscilloscope.

Wood impedance was measured us-
ing stainless steel insulated pin electrodes
made by the company Gann (Gann 2021),
which were nailed into the wood across the
grain at a spacing of 30 mm (Brookhuis Mi-
cro-Electronics, 2009). The nails were driv-
en to a depth of 1/3 of the thickness of the
wooden material (Welling, 2010), which is
about 12 mm from the board surface for
a 35 mm board thickness. After each im-
pedance measurement, the electrodes were
nailed into the next randomly selected lo-
cation on the board and at the same depth
from the surface of the board. The imped-
ance modulus of the measured AC com-
plex electric resistance was calculated on
the basis of impedance spectrometry (EIS)
measurement data using EIS standard for-
mulas (Krause, 2003; Tamme et al., 2019).
Each time, the impedance modulus was
determined when the EIS spectrum phase
angle had a minimum (ca. 4 to 5 degrees)
value. An AUTOLAB PGSTAT 408N im-
pedance analyser with NOVA 1.8 software
was used (Metrohm Autolab, 2021).

Interference with the reliability of the
measuring capacitor in conditions simi-
lar to harsh kiln climate (that is, imitated
in a laboratory climate chamber) was also
recorded using impedance spectra and
processed with the NOVA 1.8 software
using the circle-fit analysis tool. To do so,
frequency scanning between 1 MHz and 10
Hz and the electric sine wave amplitude of
50 mV were applied.

The possible effect of static electricity on
the measurements taken by the measuring
capacitor was first investigated indirectly
using Keithley’s model 6517B with an elec-
trometer (Keithley, 2004) and then directly
for potentials safe for the instrument (up
to 0.9 V) using LCR55 (Tamme et al., 2019).

Statistical processing of the test results
was based on the principles of a metrolo-
gy standard ISO 3534-1:1993 (1993) and
carried out with software R (R Core Team,
2010), MS Excel and NOVA 1.8. In the case
of Student t-distribution and linear regres-
sion for the single measurement, the up-
per and lower tolerance lines (confidence
limits) of the regression line are presented
in MS Excel at 95% confidence level as fol-
lows (Kiviste, 1999):

Intercept by lower = p —TINV (a;n —2) *s,, @
Intercept byupper = p + TINV (a;n—2)*s,, ®3)
Slope b, lower = b, = TINV (a;n—2)*s,, (4
Slope b, upper = b, + TINV (a;n—2)*ss,, @)

Where §,, and S, are the standard er-
rors of the regression line intercept and
slope (Kiviste, 1999).

The following formulas were used to
estimate the standard error (SE) and the
average root-mean-square error (RMSE) of
the regression model:
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G |

RMSE =

(n-2)'3

S (3, - 5)°

©)

)

Where ); = the estimated values and )A/ =
the actual values.

The

non-parametric

Kolmogorov-

Smirnov test and the Shapiro-Wilk test
(Tamme et al., 2014) were used in the R
software environment to estimate the reli-
ability of the regression models.

Results and Discussion

Changes in electric parameters caused by
water vapor condensation were measured
using the LCR55 and the EIS method.

Effect of water vapor condensation on MEC plates

Useful and condensation
capacitance C (pF)
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Figure 2.

The dependence of
MEC useful capaci-
tance and parasitic
capacitance caused
by water vapor con-
densation on MEC
plates on the actual
average  moisture
content of wood in
the same coordi-
nate grid. The upper
curve in the figure
represents parasitic
capacitance, and the
lower, useful capaci-
tance.

Figure 3.

Increment of para-
sitic capacitance due
to condensation of
water vapor on MEC
plates at varying
wood moisture lev-
els.
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The parasitic capacitance of condensation
observed on MEC plates (indicated as
Crasiie in Table 1) and the useful capaci-
tance are shown on the same axis in Fig-
ure 2, depending on the average moisture
content of wood. The EIS method allowed
the development dynamics of the conden-
sation process to be monitored (Figure 4,
a) and b)) and the quantitative parameters
for the electric capacitance C__, to be cal-
culated.

Figure 3 shows the relative time incre-
ments of the parasitic capacitance of con-
densation on the MEC plates at different
wood average moisture levels recorded us-
ing the capacitance meter (CAM) LCR55.
Both the EIS method and the LCR55 show
a similar magnitude for the parasitic capac-
itance on the MEC plates (C . = 660 pF
and C__.. = 800 pF, respectively). Based
on Figure 3, it may be concluded that the
higher the average MC of wood, the great-
er the value of parasitic capacitance due to
water vapor condensation. Parasitic capac-
itance of approximately 5 times the useful
capacitance may completely obscure the
correct useful capacitance measurements
under conditions favourable for water va-
por condensation.

Leakage effect of MEC insulators

The leakage effect of the insulators is char-
acterized by the occurrence of parallel re-
sistance of the condensed water film on the
insulators in addition to parasitic capac-
itance, which shunts the resistance of the
insulators. The MEC insulator resistance in
normal operation is approximately 10 gi-
ga-ohms or greater. The circle-fit analysis
found that in the initial phase of leakage,
the parallel resistance of a leaking insula-
tor is Rp = 61 kOhm and its parasitic ca-
pacitance is Cs = 163 pF, whereas Rp = 0.78
kOhm and Cs = 681 pF in the final phase of
the leakage.

MEC static charge effect
Figure 5 shows the dynamics of electrostat-
ic charge formation when placing the birch
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Figure 4. Impedance spectra of leakage of MEC
insulators: (a) Start phase of the leak-
age and (b) End phase of developed
leakage.

wood specimen between and removing it
from the MEC plates. This procedure was
repeated 15 times. A measurement interval
of 0.1 seconds was used. In Figure 5, one
maximum of impulse voltage generated
by static charge corresponds to each cycle
of placement and removal of the specimen
between the MEC plates. Maximum values
(or peaks) with negative potential were
predominantly recorded. Because the po-
tential was measured from the electrostatic
charge removal system (see Figure 1), the
wood itself was oppositely charged; that
is, predominantly positive. The potential
of electrostatic charges generally decreas-
es when the movement of the specimen in
relation to the MEC ceases. However, this
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Figure 5. Dynamics of the potential for static electric charges of triboelectric origin when the birch
wood specimen is placed between and then removed from the MEC plates.

is not always the case, as Figure 5 shows
an exceptional peak where the potential
remains high (ca. 10 V) for a considerable
time (ca. 30 seconds). The triboelectric po-
tential peak may exceed the CAM LCR55
safe input voltage (up to 0.9V) by about 10
times.

MEC temperature effect

In previous research (Moschler, 2004), the
electric capacitance of the measured wood
was found to increase slightly with the
increase in wood temperature. The same
tendency was confirmed in our previous
paper (Tamme et al., 2019). In this current
study, the measured increase in electric ca-
pacitance of MEC with oven-dry wood was
from room temperature of 23°C to 105°C:
121 pF to 124 pF. Thus, the effect of tem-
perature on the electric capacitance of ov-
en-dry wood is negligible (only 3 pF) and
may be disregarded in a rough approxima-
tion. The minor effect of temperature on
the capacitance method is also highlighted
in industry guidelines (Welling, 2010). On
the basis of the above, it was concluded
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that due to its low temperature sensitivity,
the DECM could be used in practice imme-
diately prior to the start of the wood-dry-
ing process by a non-destructive method
to reliably determine the average moisture
content of the wood batch for the wood
drying simulation program.

In addition, an important trend that
emerged during testing must be pointed
out: namely, condensation effects that ob-
scure the useful capacitance of MEC pre-
dominate when the air RH in the climate
chamber is higher than 60%, but electro-
static charges occur often on the MEC
when the air RH in the climate chamber is
lower than 60%.

To summarize, the various physical
characteristics and effects influencing the
electric capacitance of the MEC are pre-
sented in Table 1. Based on the data in the
bottom row of Table 1 (useful capacitance),
it can be concluded that the DECM in the
range below FSP (0-30% MC) is about 8
times more sensitive per percent of MC
compared to the range above FSP (30%-
105% MC).
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Table 1.

The main physical reliability characteristics of the dielectric capacitance method (DECM)

in kiln climate and the corresponding capacitance meter (CAM) response.

Effect, parameter, figure no. Effect range CAM response
Condensation of water vapor on MEC Cvaras"te: 22(1) F)OFS“ Pk CAM reading recorded ca. 5x
parasite !

plates, Fig. 2, 3

determined using EIS method

and moderately increasing**

. ) C..= 163 t0 681 pF . .
Leakage of MEC insulators, Fig. 4 l;mu;= 6110 0.778 kOhm Floating of CAM reading
Triboelectric charges on MEC plates, _ Floating of CAM reading,
Fig. 5 Usaie= 10510 4.29V CAM spoilage risk
Useful MEC capacitance,* Ceeru= 121 t0 205 pF

below FSP (0.% to 30% ) MC=0 % to 30% CAM reading stable and
Useful MEC capacitance, €= 205 to 231 pF reliable

above FSP (30% to 105%)

MC=30% to 105%

* Useful MEC capacitance depends on the moisture content of wood and the thickness of the wood material according to the
MEC, formula 1. Wood moisture content is related to the dielectric constant € in formula 1.
** “Moderately increasing” means that it is possible to manually retrieve a CAM numerical reading, but it slowly increases as

the water vapor condensation progresses (see Figure 3).

Useful capacitance of MEC and dielectric
capacitance modelling

Useful capacitance is defined as the mea-
sured capacitance of MEC with wood,
which excludes interfering effects, such as
condensation on MEC plates, leakage of
MEC insulators and the presence of static
charges on MEC plates. Our previous pa-
per (Tamme et al., 2019) indicated that use-
ful capacitance also depends significantly
on the selected CAM operating frequency,
while being higher in the low frequency
range. However, low frequencies proved
more sensitive to the effect of water vapor
condensation.

For useful capacitance only, it would be
reasonable to establish a statistically reli-
able correlation (generally a linear regres-
sion model) between the actual (i.e., de-
termined by weighing) average moisture
content of wood and the moisture content
predicted by the capacitance method or, in
other words, to statistically model the ca-
pacitance method. The methodology for
modelling the EIS method does not differ
from modelling the capacitance method.

Comparatively, the results of modelling
the capacitance method and the EIS meth-
od are presented in Table 2 and Figures 6,
7,8,9,10,11.

Formulas in Table 2 and Figure 11,
which connect various methods, are pre-
sented according to the needs of the wood
drying practice. The model RMSE or SE,
the p-value and the coefficient of deter-
mination R? mainly attract theoretical in-
terest. Wood drying practitioners are pri-
marily interested in two issues based on
the modelling results: whether a single
measurement fall on the 95% confidence
level within the desired measurement
precision range, and if not, how many re-
peated measurements are required in the
series of measurements in order to achieve
the desired prescribed precision. A series
of measurements is defined as a certain
number (k) of measurements repeated and
arithmetically averaged at close moments
in time under the same testing conditions
(Brookhuis, 2020; Laaneots & Mathiesen,
2006). The Rozema quality criterion was
used to define the prescribed measurement
accuracy, according to which the standard
uncertainty of the wood moisture meter
reading must be less than or equal to 3.5%
MC (Rozema, 2010). The individual mea-
surement tolerance interval calculated
on the Student t-distribution assumption
based on formulas 2, 3, 4 and 5 should rep-
resent extended uncertainty in metrology
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Table 2. Modelling results of the dielectric capacitance method (DECM) and electric impedance
spectrometry (EIS) method. In regression models, the independent x-variable is the ac-
tual MC (%), and the dependent y-variable is the predicted MC (%). The predicted single
measurement tolerance bands on the 95% confidence level, y,___ and y . are calculated
using formulas 2, 3, 4 and 5. The SE is calculated according to formula 6. The tolerance
interval (TI) is calculated using the formula TI = Yivoper ™ YViower Nis the number of mea-
surements repeated under the same test conditions and k is the number of measurements
averaged per series of measurements (i.e., the averaging period). For models with a series
of measurements (&), the identification type shall be “multiple”.

Nobs.,  Method type, Equations for predicting single R? p-value SE
k-period  Fig. no. measurement tolerance bands and TI and tests*
N=63  DECM Vipper = 1.0131x +5.9063 0.97  <0.01 4.88
(above FSP), Fig. 6 =0.9406x+0.8399 K-S
TI=0.0728x +5.075
N=42  DECM Yipper= 1.0135x +0.2792 0.99  <0.01 0.61
(below FSP), Fig. 7, ' =0.9788x - 0.1954 gvsv
TI=0.0348x +0.4746
N=63  DECM Yopper = 1:006x +0.44 0.99  <0.01 0.46
k=16 E?nbufi\t/ie TSP) . Voo =0.9920x - 0.4163 K-S
ple). Fig. 8 TI=0.0124x+0.8775 sW
N=63  EIS Yipper = 0-9448x +11.196 0.87  <0.01 5.01
(above FSP), Fig. 9 Yigper = 0-787x+2.41 K-S
TI=0.1622x + 8.135
N=63 EIS yupper=1.0134x +1.728 0.99 <0.01 0.867
k=16 (above FSP) Yowar = 0.968x — 0.84 K-S

(multiple), Fig. 10 TI=0.0365x + 2.836

* Kolmogorov-Smirnov (K-S) test and Shapiro-Wilk normality (S-W) test

140 - =
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S R? = 0,9706
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et )
< interval
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Figure 6. DECM modelling at wood moisture levels above FSP.

80

149



Comparative testing of two alternating current methods for determining wood moisture content in kiln conditions

25 4
¢ Data(N=42) y=0,9963x + 0,0418
20 | R?=0,9962
_ Linear (Data (N=42))
X o
O e | mm——- Tolerance interval 2
S 15 - -
”’
- 2
1 2
3 2
S0 z=”
- 2
g z=
a f”
5 - 25>
”””
0 Z7 : : r T 1
0 5 10 15 20 25

Actual MC (%)

Figure 7. DECM modelling at wood moisture levels below FSP.
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Figure 8. DECM modelling at wood moisture levels above FSP, multiple (k= 16) model.

150

81



H. Tamme et al.

100 ¢ Data(N=63) y = 0,8658x + 6,8109
] R?=0,8676
0 Linear (Data ot -
80 - (N=63)) o T
esesseTolerance Yy .-
< 70 interval : -
% = = SEinterval et
S 60 | s
-]
8 50
L
© o®
o 40 - -,
o
30 -.
20 T T T 1
20 40 60 80 100
Actual MC (%)
Figure 9. EIS modelling at wood moisture levels above FSP.
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Figure 10. EIS modelling at wood moisture levels above FSP, multiple (k= 16) model.
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Figure 11. Comparison of the tolerance intervals (TI) predicted for single measurements of differ-
ent models (using formulas in Table 2) and with the Rozema quality criterion at wood
moisture levels above FSP. Corresponding graphs of the predicted TI are given from top to
bottom as follows: EIS, DECM, EIS multiple, Rozema quality criterion (dashed line, parallel

to x-axis), and DECM multiple.

terms (Laaneots & Mathiesen, 2006). Thus,
equating the Rozema 3.5% MC quality cri-
terion with the tolerance interval in this
study actually makes the Rozema criterion
somewhat more stringent. In Figure 11, the
Rozema criterion is marked with a dashed
line parallel to the x-axis.

In Moschler’s paper (2004) it was found
that the actual MC point of 28.60% of the
high frequency capacitance method (4.5 to
6.0 GHz) is estimated to have a predicted
expanded uncertainty of £3.62%; thus, the
corresponding tolerance interval for this
point is 7.24% MC. In comparison, a toler-
ance interval of 7.26% MC calculated for
the same actual MC point of 28.60% was
found in this study for the low-frequency
capacitance method (see Table 2, second
row), using the relevant formulas. There-
fore, the consistency of repeated (repro-
duced) measurements in different labora-
tories and under different test conditions
is surprisingly good. In another paper (Jo-
hansson et al., 2003), an RMSEE of 12.52%
MC was found for the high-frequency
(9.375 GHz) capacitance method for above
FSP, and of 0.74% MC for below FSP. This

study found SE values that were very close
to the RMSEE, as is shown in Table 2 (see
formulas 6 and 7): above FSP SE it was
4.88% MC and below FSP SE it was 0.61%
MC. Thus, below FSP the numerical data
are comparable, but above the FSP range,
the low-frequency capacitance method
used in this study provides results that are
twice as good as those achieved with the
model residual error.

In our research, comparable experi-
ments for the dielectric capacitance and EIS
method were conducted under the same
test conditions and for the same tree spe-
cies (birch). In addition, 16 arithmetic av-
erages in a single series of measurements
were modelled in the MC range above
FSP. The compared results are presented
in Figures 6, 7, 8, 9 and 10 and in Table 2.
Figure 11 shows that there is a tendency
for the tolerance interval (TI) of a single
measurement to increase in proportion
to the increase of the actual MC, though
the increment is different for each model.
The results of the modelling summarized
in Figure 11 also show that in the actual
MC range (30-150%), the Rozema quality
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criterion cannot be met either by a single
measurement performed with the capaci-
tance method or by a single measurement
performed with the EIS method. Using a
series of 16 measurements, only the capaci-
tance method can meet the Rozema quality
criterion in the actual MC range above FSP
(30-150%), whereas the EIS method fails to
do so. However, according to Table 2 (row
5), the SE of the EIS method is lower than
the Rozema quality criterion (SE = 0.867).
Consequently, by increasing the number
of measurements (k) to more than 16, it is
likely that the Rozema quality criterion can
also be met in the case of the EIS method.
The wood moisture meter with the recent-
ly patented electric charging effect (polar-
ization-type) may prove promising for use
in the harsh climatic conditions of a kiln
(Tamme et al., 2020). The patented polariza-
tion-type wood moisture meter has basi-
cally the same reliability as a conventional
resistance-type moisture meter given how
it is calibrated, but could meet the Rozema
quality criterion with just one measure-
ment based on the modelling results (that
is, without the series of 16 repeated mea-
surements) (Tamme et al., 2021).

The reliability of the regression models
in Table 2 was verified by the Kolmogor-
ov-Smirnov and Shapiro-Wilk non-para-
metric test of regression residuals in the
program R environment, in accordance
with the methodology used in a previous
paper (Tamme et al., 2014). All the mod-
els given in Table 2 passed the Kolmogor-
ov-Smirnov test (marked as “K-S” in the
table). The DECM (below FSP) and the
DECM (above FSP, multiple) passed the
more stringent Shapiro-Wilk normality
test (marked as “S-W” in Table 2).

Conclusions

The DECM was found to be less reliable
than the EIS method for use in harsh kiln
climate. The dielectric capacitance method
will require more development in the fu-
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ture so that it can be reliably (i.e., without
the risk of parasitic capacitance and stat-
ic charges) used in harsh kiln conditions.
However, testing of the DECM and the
EIS method under the same test conditions
and comparing the modelled test results
according to the Rozema quality criteri-
on showed that the dielectric capacitance
method exhibits higher accuracy in the MC
range above FSP. The DECM of low sensi-
tivity to temperature may prove promising
in practice, if the purpose is to quickly and
reliably determine prior to the start of the
drying process the average moisture con-
tent of a wood batch for the wood drying
simulation program using a non-destruc-
tive method.
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Comparative testing of two alternating current methods for determining wood moisture content in kiln conditions

Puidu niiskussisalduse miiramise kahe vahelduvvoolu
meetodi katsetamine puidukuivati tingimustes

Hannes Tamme, Regino Kask, Peeter Muiste ja Valdek Tamme

Kokkuwvote

Selles artiklis uuriti kahte erinevat vaheld-
uvvoolu meetodit puidu niiskussisalduse
méadramiseks. Dielektrilise ~mahtuvus-
meetodi (lithidalt mahtuvusmeetod) kor-
ral asetatakse puit, mille niiskussisaldust
madratakse, omavahel, ja thtlasi uuri-
tavast puidust elektriliselt isoleeritud
metallplaatide vahele. Moodustub nn.
mootekondensaator, milles puit tdidab
dielektriku rolli. Plaatide vahelise elek-
trimahtuvuse moo6tmiseks rakendatakse
plaatidele vahelduvpinge. Puidu niiskus-
sisaldus muudab dielektriku (antud juhul
puidu) elektrilisi omadusi, ning seetottu
muutub ka moodtekondensaatori elektri-
mahtuvus, mis moddetakse ja seostatakse
mootemudelis ehk kalibreerimismudelis
puidu niiskussisaldusega. Teise vaheld-
uvvoolu meetodi, elektrilise impedantsi
spektromeetria meetodi korral antakse
vahelduvpinge otseselt puitu sisestatud
roostevabast terasest voi siisinikkiust
noelelektroodidele, ja mooddetakse puidu
elektrilist kogutakistust (impedantsi), see-
jarel koostatakse vastav modtemudel pui-
du niiskussisalduse médramiseks.
Elektrilise impedantsi spektromeetria
ja mahtuvusmeetodi kasutamise vodima-
lusi on tiheaegselt tile kiu kiillastuspunkti

puidu niiskussisaldustel ja puidukuivati
karmides kliimatingimustes suhteliselt
vdhe uuritud. Selle uurimuse raames tehti
mahtuvusmeetodi kalibreerimiseks kasu-
tatud mootekondensaatori prototiitibi t66-
kindluse katsetused puidukuivati karmi
sisekliima (50°C ja 98% RH) tingimustes.
Uuriti veeauru kondenseerumist moodte-
kondensaatori plaatidel, plaatide isolaa-
torite lekkimist ja staatiliste elektrilaengute
tekkimist plaatidel. Mootekondensaatori
tookindlust hairivate efektide jaoks leiti
iga efekti poolt esile kutsutud parasiit-
mahtuvustele kvantitatiivsed vahemikud.
Leiti, et mahtuvusmeetod on puidukuivati
karmides kliimatingimustes kasutamiseks
vihem tookindel kui elektrilise impedan-
tsi meetod. Samuti modelleeriti vordlevalt
samades katsetingimustes ja sama puuliigi
(kask) korral mahtuvusmeetodi ja elektril-
iseimpedantsimeetodi voimalusi etteantud
Rozema kvaliteedikriteeriumiga +1.75%
kasepuidu niiskussisalduse ennustamiseks
iile puidu kiu kiillastuspunkti niiskussisal-
dustel. Samades katsetingimustes osutus
kasepuidu niiskussisalduse ennustamisel
tile kiu kiillastuspunkti puidu niiskussisal-
duste piirkonnas mahtuvusmeetod tdpse-
maks kui elektrilise impedantsi meetod.

Received August 23, 2021, accepted October 04, 2021

87

156






Tamme, H., Muiste, P., Tamme, V. 2021. Optimizing the pine wood
drying process using a critical diffusion coefficient and a timed
moistening impulse. Forestry Studies, 75, 150—165.



Forestry Studies | Metsanduslikud Uurimused, Vol. 75, Pages 151-166

§ sciendo

Research paper
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Abstract. This article demonstrates that it is possible to optimize the drying process for pine
wood in two independent ways. Those ways involve either the use of the critical diffusion
coefficient (DC) which is determined by the experiment shown below, and/or the drying air
moistening impulse in the second drying phase. When processing data which has been gained
from the pine wood drying experiment, both coincidences and differences were found when
compared to the results from a simulation of the drying process which was carried out using
the same drying schedule. There is a relatively good level of agreement between the drying
experiment and the simulation results of TORKSIM v5.11 simulation program in the case of
the simulated and experimentally determined drying curves. The magnitude of numerical
values for the DC agrees with this finding, as do the wood’s moisture profile in the final phase
of the drying experiment at 142 hours, the simulated and measured wood surface tempera-
tures from the beginning of drying to a point at 60 hours into the process, and the simulated
wood stresses when compared with the maximum values for the electrical surface-core ratio
(ESCR) graph, as determined by the experiment. It was found that the DC’s numerical value
decreases sharply by about 1.5 times after transitioning from the first drying phase to the
second drying phase.

Key words: critical diffusion coefficient, moistening impulse, optimization, wood drying.

Authors' addresses: Institute of Forestry and Rural Engineering, Estonian University of Life
Sciences, Kreutzwaldi 5, 51006 Tartu, Estonia; *e-mail: hannes.tamme@student.emu.ee

Introduction

In order to add value to wood as a renew-
able resource, the process of convective dry-
ing for sawn timber is one of the key steps
in the further use of wood in the construc-
tion trade and in the furniture industry, as
well as in the production of thermowood
(Kask et al., 2021). The purpose behind the
wood drying process is to reduce the aver-

age moisture content in the wood (with a
final moisture content level of up to 7-12%
MC). The accompanying goal is to disinfect
the wood material at temperatures between
50-70°C, without causing discoloration
(Tamme et al., 2021). The main measurable
quantity to have been monitored in the in-
dustrial wood drying process is the wood
average moisture content (MC), the chang-
ing over time of which provides what is
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known as the wood drying curve (Tamme
et al., 2011; Tronstad et al., 2001; Tamme,
2016; Méndoja, 2015; Poljakov, 2013). The
validity of the stress readings, which have
been found in the industrial drying simula-
tion, has also been checked by means of a
case-hardening test (Méndoja, 2015; Polja-
kov, 2013). Unfortunately, it is not possible
to decide on the basis of the drying curve
and the case-hardening test alone whether
or not the wood drying process is optimal
in terms of the desired quality and energy
consumption levels. In fact, the standard
equipment being used for wood dryers (in
the form of kilns) does not include specific
surface MC and deformation sensors, both
of which are important when it comes to
solving the optimization task, but which
would also be unlikely to withstand the
extreme climatic conditions which prevail
inside the drying chamber. An attempt has
also been made to resolve the problem of
optimizing the wood drying process with
the help of the wood drying simulation pro-
gram, TORKSIM (Salin, 1990; Salin, 2007).
The TORKSIM program provides an upper
limit when it comes to the allowable tensile
stresses, which should not exceed one third
(0.33) of the maximum stress point which
will produce a rupture in the tangential
direction of the wood fibre. This program
has been selected as the main criterion for
optimizing the drying process (Salin, 2007).
The commercial process optimization pro-
gram, StatEase Design-Expert, includes
what is known as the desirability function
as an optimization criterion. The wood dry-
ing simulation program, TORKSIM v5.11,
and the optimization program, StatEase
Design Expert (DE) v9 and v11, were both
used to resolve the problem of optimizing
wood drying times in Sova et al. (2016), and
in Tamme et al. (2021). DE requires for its
drying tensions the use of time-constant
drying modes as an input for the optimi-
zation process, which unfortunately causes
drying stresses which are higher than 0.33
for material which is thicker than 20 mm,
thereby creating a substantial contradiction
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between the TORKSIM and DE optimiza-
tion criteria (Tamme et al., 2021).

The aim of this paper is to investigate
the possibilities involved in the process of
being able to optimize drying stresses and
drying time during the convective drying
of wood, by experimentally determining
the optimum water vapour diffusion co-
efficients in the drying process and using
a timed moistening impulse. To this end,
novel sensors were developed for wood
surface moisture content and wood surface
deformation, and these were calibrated for
use in the harsh climatic conditions of a
wood kiln.

Material and Methods

Theoretical background

The local diffusion coefficient can be exper-
imentally determined according to Fick’s
first law (Fick, 1855; Crank, 1956; Salin,
1990; Tamme, 2016):

P 1)
Oox

where F - mass flux, (kg/m?s); D - diffu-
sion coefficient, (m?/s); u - mass concen-
tration, (kg/m?®); x - coordinate, (m).

During the convective drying of wood,
heat is transferred from the surrounding
air through the surface to the interior of
the wood and, at the expense of the heat
energy being transferred to it, the moisture
evaporates from the wood, i.e., the wood
is dried. The main equations for describ-
ing the heat flow of dry air which is trans-
ferred to wood and the heat flow of moist
air which leaves the wood are as follows
(Salin, 1990):

0, =aS(T,~T) )

@, =Bc S(T,~ 1) 3)

where @, and @, - heat flow (W); a - heat
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transfer coefficient (W/m? °C); 8 - mass
transfer coefficient (m?/s); ¢, - the specific
heat of humid air in equilibrium with the
wood’s surface (J/°C m?®); S - the surface
area of the specimen (m?; T, - surround-
ing air temperature (°C); T - wood surface
temperature (°C).

Materials and cross-sections of wood
specimens used in the study

As part of the laboratory drying experi-
ment, three pine sapwood specimens were
used which had been cut from the same
board with a cross-section of 35 mm (thick-
ness) x 150 mm (width) and a length of 100
mm along the wood fibres. Sensors were
attached to specimen a) to monitor the
drying process; and with specimen b) be-
ing the reference specimen for determining
the drying curve by weighing; while speci-
men c) was used to determine the moisture
content of the wood at different depths by
the slicing method (Tremblay et al., 2000;
Tamme et al., 2021).

Description of the methodology used in
the investigation

For a wood drying optimization system,
it is first necessary to develop reliable and
accurate sensors to be able to record the av-
erage moisture, local moisture, and surface
moisture levels in the wood, as well as in-
cluding a sensor to record the deformation
of the wood’s surface. These sensors must
simultaneously withstand temperatures of
50-80°C and high relative humidity levels
of 95-100% RH which are characteristic of
a convective kiln (Tamme et al., 2021). In
addition to the laboratory drying experi-
ment, it is necessary to carry out various
simulations using the commercial pro-
gram, TORKSIM v5.11 for the optimization
process. As there are no specified sensors
in the standard equipment of any industri-
al wood dryers as supplied which would
allow any optimization, it makes sense
under laboratory conditions to optimize a
specific drying recipe (i.e., create a drying
plan) which is to be used in an industrial

dryer, and then to incorporate the labora-
tory-optimized method into standard in-
dustry practices once it has been proved to
be the right choice.

The methodology for the experiment
is described in more detail, together with
photos, in the final report for the EIC con-
tract No 16200 (Tamme et al., 2021). The
basic scheme for the experiment is shown
in Figure 1(a) and Figure 1(b) in the pho-
tograph.

N

AR (2nis] ya

— /

150,0

Figure 1. (a) Schematic diagram of the drying
experiment and some insight into the
Feutron working space of the climat-
ic chamber (Feutron Klimasimulation
GmbH, 2021).

I ————

Figure 1. (b) Three specimens were used in the
experiment being shown here. Sen-
sors were attached to specimen a) to
monitor the drying process; specimen
b) was a reference specimen which
was being used to determine the dry-
ing curve by means of weighing; and
specimen c¢) was used to determine
the moisture content of the wood at
different depths by means of slicing.
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For monitoring the drying process, the
9-channel data logger Almemo 2890-
9 manufactured by Ahlborn (Ahlborn,
2021) as well as the 8-channel data loggers
Thermofox and Gigamodule produced
by Scanntronik (Scanntronik, 2021) were
used. Drying simulation was done with
the program TORKSIM vb5.11. For enter-
ing the simulation results and experiment
log files in the data processing aggregate
table, the so-called robot laboratory assis-
tant was used to reduce manual process-
es and avoid human error in data entry
(Tamme, 2013; Romann et al., 2014). For
data processing and figure formatting, the
spreadsheet program Excel and freeware
program MatPlotLib v. 3.4.3. were applied.

Results and Discussion

The calibration of electrical resistance sen-
sors for wood MC detection sensors

When calibrating electrical resistance
sensors for wood MC monitoring sensors,
a cross-section linear calibration function
was used, an example of which is shown
in Figure 2 at depth levels of 1 mm and 4

105 -
95 - A
85 1
75 -
65 1
55 -

MC (%)

45 -
35
25 A

mm below the wood’s surface. The points
A, B, C, and D which are shown in Figure
2 are known as calibration points with cor-
responding coordinates (x = 10LogR; y =
MC%). For sections AB, BC, and CD, the
calibration function was presented in a
generalised form (Tamme et al., 2021):

Y=—n _
Vo= N

From Formula (4), one «calibration
function was derived for each section at a
particular depth level. Corresponding cal-
ibration functions are shown in Table 1. To
calibrate the electrodes being used in the
experiment at depths of 1 mm, 4 mm, 8
mm, 12 mm, and 18 mm into the wood’s
MC sensors, three calibration functions
are required for each depth level, so that
a total of fifteen calibration functions were
derived in order to be able to monitor the
wood’s MC through five depth electrodes.
Six of them are presented in Table 1. The
feasibility of using the cross-section linear
calibration function was proven by means
of modelling for two papers (Tamme ef al.,
2014; Tamme, 2016).

X=X,

“)

Xy =X

== MC%(4 mm)

—==—MC%(1 mm)

15

45 50 55

60
10LogR

65 70 75

Figure 2. A cross-section linear calibration function for the calibration of resistance-type sensors
into the wood’s MC sensors. Points A, B, Cand D are the endpoints of the line segment.
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Table 1. Calibration functions were derived from Formula (4) for electrical resistance sensors at
depths of 1 mm and 4 mm from the surface of the wood in sections AB, BC, and CD.

Depth (mm) AB BC CD

1mm y=-30.277x+1584.9 y=-0.6058x+56.458 =-0.3867x+42.873

4mm y=-32.895x+1691.4 y=-0.7255x+73.292 y=-1.1495+98.947

A determination of the optimal diffusion
coefficient, experimentally and through
simulations

In the laboratory drying experiment
and the drying simulation, an industrial
drying schedule was used for pine wood
specifically, which is presented in Table 2.

Table 2. Industrial 35 mm pine wood drying
schedule used in the experiment and
the simulation section.

Time (h) Air temp. (°C) Air RH (%)

0 20 93
1 47 93
12 47 93
36 50 90
60 52 85
84 52 80
108 52 69
132 52 59
156 52 49
180 52 39
204 52 39

The diffusion coefficient was deter-
mined from Fick’s first law according to
Formula (1) (Tamme et al., 2011). Fick’s
first law, in the form of a partial derivative
differential equation Formula (1), is not
directly suitable for processing experimen-
tal data or the simulation data. Firstly, in
Formula (1) the partial derivatives must be
adjusted for finite increments in order to
process the experimental and simulation
data. Secondly, the experiment and simu-
lation data are dimensionless with relative
units (MC %). In order for the diffusion
coefficient (DC) which is found in finite

increments to acquire the correct dimen-
sions (m?/s), a constant which contains the
dimensions of the units of measurement
must be introduced into the formula for
practical use. Thirdly, both the experimen-
tal data and the simulation data contain
random errors, which must be carefully
filtered out prior to calculating the DC. In
principle, the diffusion coefficient DC can
be given according to Formula (1) as the
ratio of the mass flux to the gradient:

__ Massflux ©)
Gradient
Massflux = —A(MC%) My (6)
At xS
Pwood dry
Gradient = AMMC%)——— (7)

where D - diffusion coefficient (DC)
(m?/s); AMC%) - the finite increment of
the wood’s MC% on the time axis for the
mass flux and in the material thickness
(x-axis) for the gradient (MC%); m, - the
wood’s dry mass (kg); S - the specimen’s
surface area (m?); At - the time increment
(8); Puood, ary — the wood’s dry density (kg/
m®); Ax - the x coordinate’s increment (m).

After filtering out the random errors,
the DC calculation is presented schemati-
cally using the four-point method shown
in Figure 3. The coordinates of the points
which have been marked with the ‘dia-
mond” marker in Figure 3 are presented
in Table 3. The principle of the four-point
method is that, initially, two mass flux val-
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Figure 3. Aschematicfor calculating the diffusion coefficientsin the firstand second drying phases,
using the four-point method based on experimental data.

ues were obtained at depths of 1 mm and 4
mm, from which the arithmetic mean mass
flux was obtained following averaging.
Two gradients were also obtained at two
different time points, which were then ar-
ithmetically averaged. Finally, the average
DC at the average depth, ie., (1+4) /2=
2.5 mm deep from the wood'’s surface, was
calculated according to Formula (5).

After carrying out these calculations,
the values of the experimental DC were
following: DClph. =27* 10* mm?/s in the
first drying phase and DC2ph. = 18* 10*
mm?/s in the second drying phase (Tamme
et al., 2021). At the end of the first drying
phase and at the beginning of the second
drying phase, the simulated DC has an al-
most equal value (i.e., 11.8 * 10* mm? /s).

As the drying process passes from the
first drying phase to the second drying
phase, a sharp decrease in the numerical
value of DC occurs at 94 hours. From Figure
3 it can be concluded that there is a sharp
decrease in mass flux in the second drying

156

phase when compared with the first drying
phase. The gradient is approximately con-
stant in the first drying phase, and there is
a minimal decrease in the average gradient
in the second drying phase. Consequent-
ly, the sharp decrease in DC is due to the
sharp decrease in mass flux in the second
drying phase. Consequently, in order to
optimize the drying process, the first dry-
ing phase should remain within the region
of the maximum mass flux for as long as
possible. This fact should be taken into ac-
count when optimizing the drying sched-
ule. The maximum value of the diffusion
coefficient immediately before entering
into the second drying phase was named
the critical diffusion coefficient. Mass flux,
gradient, and critical DC are values which
are difficult to determine under industrial
wood drying conditions. Therefore, based
on the separating line of the first and sec-
ond drying phase, it makes more sense to
determine the critical relative humidity
(RH) of the drying air on the basis of the
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MC (%)

Separating line of

—— RH of drying air

—— calibrated MC 1 mm

—— calibrated MC 4 mm

—— calibrated MC 8 mm
calibrated MC 12 mm

— calibrated MC 18 mm

Critical RH

RH impulse

Response of

40 drying phases RH impulse
. \\\M
0 25 50 75 100 125 150 175 200
time (h)

Figure 4. Identification of the critical RH of the drying air according to the separating line of the

first and second drying phase.

laboratory test, below which the drying
process enters the second drying phase.
Monitoring the critical RH value is not a
problem in industrial conditions, as wood
dryers are usually standard-equipped with
a corresponding sensor and a logging op-
tion. The determination of critical RH is
shown schematically in Figure 4.

Options involved in terms of
distinguishing between the first and
second drying phases on the basis of
sensor readings and log files

The ability to be able to determine the
critical RH on the basis of sensor readings
alone would be of great practical value un-
der industrial conditions, as the somewhat
complex procedure for calibrating the sen-
sors and the equally complex procedure
for determining the critical DC would both
be eliminated.

The distinction between the first and
second drying phase based on the log file
of an electrical resistance sensor (i.e., be-
fore calibrating into a sensor for the wood’s
MC) is illustrated in Figure 5. Figure 5

shows that, at 1 mm and 4 mm, electrical
resistance starts to increase systematically
from 94 hours (i.e., at the transition point
to the second drying phase), when com-
pared to the linear trend line for the aver-
age electrical resistance in the first drying
phase.

The distinction between the first and the
second drying phases is illustrated in Fig-
ure 6, based on the log files of three sets of
temperature sensors and the displacement
sensor. It can be seen from Figure 6 that, at
the beginning of the second drying phase,
the thermocouple readings from the wood’s
surface and from the centre part begin to di-
verge. At the same time, the readings from
the displacement sensor, which registers
the shrinkage of the wood surface, begin to
decrease. Both changes in the sensor read-
ings start at 94 hours of drying. Therefore,
the first and second drying phase can ex-
perimentally be distinguished in four inde-
pendent ways: according to (a) uncalibrated
and (b) calibrated electrical resistance sen-
sors, (c) a displacement sensor, and (d) log
files of three temperature sensors.
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Figure 5. The response for uncalibrated electrical resistance sensors (at depths of 1 mm and 4 mm)
upon transition from the first drying phase to the second drying phase.
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Sensor responses to a short-term increase
in the RH of the drying air, i.e., the so-
called moistening impulse

A short three-hour moistening impulse
was generated during the experiment, in
the second phase of drying, starting at 116
hours, in order to verify the response of,
and delay inherent in the sensors. From the
initial level of RH = 65.1% at 116 hours, the
relative humidity RH of the climate cham-
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ber air was increased to 95% by opening
the valve with a manually operated hu-
midifier, and was maintained at this level
for three hours. The humidifier valve was
then closed, and the climate chamber’s au-
tomation quickly restored the RH value of
the air in the chamber as prescribed by the
drying program. The effect of the moist-
ening impulse on the electrical resistance
sensors is shown in an enlarged format
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Figure 7. Effect of moistening impulse on the electrical resistance sensors.
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Figure 8. A comparison of drying curves under simulation and during experimentation as deter-
mined on the basis of the industrial drying schedule.

in Figure 7. The real effect of the moisten-
ing impulse on the displacement sensor
is shown in Figure 6. Figure 6 shows that
the moistening impulse essentially has no
effect on the temperature sensors (thermo-
couples).

The expansion of the wood’s surface
layer which was identified in Figure 6
counteracts the tensile stresses in the sur-
face layer which are caused by drying.
Consequently, a precisely timed moisten-
ing impulse based on a simulation could in
practice be used to alleviate the maximum
tensile stresses to a safe limit (0.33) in the

surface layer, thereby reducing the risk
of drying cracks appearing due to tensile
stresses.

The results from optimizing the
industrial pine wood drying schedule
The industrial drying schedule (see
Table 2) shows that the drying schedule
satisfies the main optimization conditions
which were set in the TORKSIM program,
i.e., the maximum relative tensile stresses
in the surface layer are less than the max-
imum allowable value of 0.33 (Salin 2007;
Tamme et al., 2021). Whether the industrial
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drying schedule being used in the experi-
ment is also the optimum one in terms of
drying time is something which still needs
to be confirmed. To this end a new dry-
ing schedule was drawn up, based on the
definitions of critical DC and its associat-
ed critical RH. A corresponding optimized
drying schedule (Tamme et al., 2021) is pre-
sented in Table 3, and the drying results
which were simulated with the optimized
drying schedule are shown in Figure 8.

Table 3. Optimized industrial pine wood dry-
ing schedule based on the definition
of critical DC and critical RH.

Time (h) Air temp. (°C) Air RH (%)
0 20 60
1 47 83
113 52 81
132 52 59
156 52 49
180 52 39
204 52 39

Figure 9 shows that an optimized drying
schedule can provide an MC in the wood
which is up to 30.9 % lower with the same
drying time when compared to an unop-

timized drying schedule at virtually the
same relative stress levels (0.25) (Tamme et
al., 2021).

Another way to shorten the drying time
is to force the drying process (Tamme et al.,
2011). The drying time in the initial drying
schedule was reduced by using as a basis
the consideration that the relative humidi-
ty of the drying air would decrease by 16%
RH per day (Tamme et al., 2011). Forced
drying of this type would reduce the over-
all drying time by about 3.5 days when
compared to the original industrial drying
regime (see Table 5). In principle, the same
thing was done using the StatEase Design
Expert program, when the drying time was
randomly varied within a predetermined
range (Sova et al., 2016, Tamme et al., 2021).
Usually, an arbitrary shortening of the dry-
ing time in the drying schedule, i.e., forc-
ing the drying process, leads to an increase
in the drying stresses above the dangerous
level (0.33). According to the results which
were obtained previously, dangerous
stresses can be neutralised by means of a
precisely timed moistening impulse in the
second drying phase. The forced drying
schedule is presented in Table 4. The corre-
sponding simulation results for the forced
drying schedule are presented in Figure 10.

140
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X 80 92; 55,12
(S]
S 60 4 92; 26,93

40 4

20 - \ﬁ

69;30,9 >
0 T T T T T T T 1
0 20 40 60 80 100 120 140 160
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—0—Ind.S (MC) —@—Opt.S(MC) Difference

Figure 9. The results of simulations regarding optimized and unoptimized drying schedules.
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Table 4. A forced drying schedule for pine wood.
Data regarding the stages of the
moistening impulse are given in pa-
renthesis in the table.

Time (h) Air temp. (°C) Air RH (%)
0 20 93

1 47 93

24 47 77

48 50 61

72 52 45
(90) (52) (40)
96 52 29
120 52 13

Figure 10 and Table 4 indicate that, due to
the forcing of the drying schedule, the to-
tal drying time decreased by 84 hours but,
due to the moistening impulse which was
added to the drying schedule, the drying
time increased by ca 1 h, and the simulat-
ed stress decreased by 0.30. Therefore the
savings in the drying time at safe stresses
(0.30) in order to achieve the same final
moisture content of 12% MC was set at 83
hours.

The statistical processing of
experimental data

The statistical processing phase should
at least broadly reflect the causal rela-

tionships between the physical processes
which take place during the drying of the
wood. From this general point of view, it
would be interesting to be able to study the
compatibility of the “electric fingerprint’ of
wood drying, i.e., the log files regarding
the wood’s electrical resistance levels, and
the relative stresses in simulated wood, in
two cases shown in detail below: a) by ex-
amining on a non-statistical basis the coin-
cidence of the maximum point of the elec-
trical indicator on the drying time scale;
and b) by compiling a linear model of the
relationship between the electrical indica-
tors of the behaviour of the wood’s surface
layer and its central part.

The electrical surface-core ratio (ESCR)
was chosen as an electrical indicator of the
behaviour of the wood’s surface layer and
inner layer, defined as follows:

(ESCR)=(10LogR1m-
m+10LogR4mm)/ (10LogR8m-
m+10LogR12mm+10LogR18mm)

®)

Using the Scanntronik Gigamodule
measurement channel designations in the
electrical resistance log file, the formula
can be shortened:

ESCR = (U1 +U2) / (U3 +U4+U5) (9)
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Figure 10. The forced drying schedules simulation graphs without the moistening impulse, and with

the moistening impulse.
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Figure 11. Dependencies of the ESCR value and the TORKSIM v5.11 simulated relative drying stresses
on drying time. For a better visual comparison, the simulated relative stresses are multi-

plied by a factor of 3.12.

In Figure 11, the drying time scale on the
ESCR graph shows three clearly distin-
guishable elements of the laboratory dry-
ing experiment, with the correct turnout
time: firstly, the transition from the first
drying phase to the second drying phase at
92 hours. (Note: the transition of the dry-
ing phases begins at 94 hours, with a slow
rise, and only becomes noticeable at 100
hours in Figure 11); secondly: the start of
the moistening impulse at 116 hours; third:

220 -
200 -
180 -

160 -

U3+U4+U5

140 -

120 -

100 T T

y=0,9377x + 57,898
R?=0,9838

the full coincidence of the maximum ESCR
and the maximum simulated relative stress
at 143 hours.

In the linear model of electrical indica-
tors for the wood’s surface layer and inner
layer in Figure 12, the determination coef-
ficient is R? = 0.9838, which indicates the
existence of a strong causal relationship
between the wood’s surface layer and in-
ner layer in the drying test. Based on the
model, it can be assumed that the moisture

80 100 120

140 160 180

uU1+U2

Figure 12. A linear model of the relationship between the electrical indicator for the surface layer
and the electrical indicator for the inner layer.
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content of the wood’s surface layer con-
trols the moisture content of its inner layer.

The potential advantages of the wood
tension indicator which is presented in Fig-
ure 11 over an indicator which is based on
acoustic emission (AE) (Tiitta ef al., 2010)
include a simpler technical implementa-
tion, better reliability in the harsh climat-
ic conditions of a wood dryer, and higher
sensitivity levels. However, the advantag-
es and disadvantages of both indicators
would be identified by the use of a bench-
mark.

An analysis of coincidences and
differences in the results of the
experiment and the TORKSIM v5.11
simulation programs

There is relatively good agreement be-
tween the drying experiment and the
simulation results in the simulated and
experimentally determined drying curves
(see Figure 8), the wood’s moisture profile
before the end of the second phase of the
drying experiment at 142 hours (see Figure
13 (b) ), the wood’s surface simulated and
measured in terms of temperature from

a
(a) .
50 -
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a0d e A
o~ A et A
3 y=-0.0781xC + 2.3962x + 24.791
o301 . R*=0.8978
2 A
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~~~~~~ Poly. (expMC (S2h))
0 L] T L] 1
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(b) X
30 - y =-0.0625x2 + 1.8709x + 11.191
R*=0.9769
25 4 eeesereeeeesaaa,,,
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Figure 13. Comparison of experimental and simulated moisture profiles in pine wood: a) after 92
hours b) after 142 hours. Figure 13. Comparison of experimental and simulated moisture
profiles in pine wood: a) after 92 hours b) after 142 hours.
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the start of drying to 60 hours into the pro-
cess (see Figure 6), and at simulated wood
stresses at the maximum level of the ESCR
graph as determined through the experi-
ment (Figure 11).

The critical DC, which is something
that is characteristic of the experiment (see
Figure 3), is very weakly expressed based
on the simulation results. At the end of the
first drying phase and at the beginning of
the second drying phase, the simulated DC
(diffusion coefficient) has an almost equal
value (i.e., 11.8 * 10 mm?/s).

The DC’s numerical values as deter-
mined and simulated through the exper-
iment also differ significantly both ten
hours before and ten hours after the 94-
hour mark, which is when the transition
from the first drying phase to the second
drying phase takes place (accordingly:
DClph. = 27%10* mm?/s, DC2ph. = 18*10-
*mm?/s, and DCsim. = 11.8*10* mm?/s)
There is also no agreement between the
wood MC profiles which have been simu-
lated and determined from the experiment
at 92 hours (Figure 13 (a)), at the measured
and simulated wood surface temperatures
after 60 hours until the end of the drying
experiment (Figure 6). From the significant
difference between the simulated and mea-
sured wood surface temperatures it can be
concluded that the heat transfer coefficient
and mass transfer coefficient in theoretical
background Formulas (2) and (3) are no
longer constant after 60 hours, but instead
depend upon the wood moisture content.

Conclusions

When processing the data from the drying
experiment, both coincidences and signifi-
cant differences were found when compar-
ing this experiment with the results from
the simulation run on the basis of the same
drying schedule. It was shown that it is
possible to optimize the wood drying pro-
cess in two independent ways, i.e., using a
critical DC and/or using a moistening im-
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pulse for the drying air in the second dry-
ing phase. From the point of view of mon-
itoring the drying experiment, it seems
expedient that the minimum number of
resistance-type wood moisture sensors
is five, and the optimum number of tem-
perature sensors (thermocouples) is three.
There should be at least one displacement
sensor placed in the drying experiment.
Based on the raw files of the electrical re-
sistance measuring channels, a rather ex-
pressive drying tensile stress indicator can
be constructed in graphical form.
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Minnipuidu kuivatuse protsessi optimeerimine, kasutades
kriitilist difusiooni konstanti ja ajastatud niisutusimpulssi

Hannes Tamme, Peeter Muiste ja Valdek Tamme

Kokkuvote

Selles artiklis nédidati, et mannipuidu kui-
vatuse protsessi optimeerimine on voi-
malik kahel teineteisest soltumatul viisil,
st kasutades eksperimendist maadratud
kriitilist difusioonikonstanti DK (DC) ja/
voi kuivatusohu niisutusimpulssi teises
kuivatusfaasis. Mannipuidu kuivatamise
eksperimendi andmete tootlemisel leiti nii
kokkulangevusi kui ka erinevusi vorrel-
des sama kuivatusplaani (drying schedule)
alusel simulatsiooniprogrammiga TORK-
SIM v. 5.11 ldbi viidud kuivatusprotsessi
simulatsiooni tulemustega.

Subhteliselt hea kokkulangevus kuivatu-
seksperimendi ja simulatsiooni tulemuste
vahel on simuleeritud ja eksperimendist
madratud kuivamiskoveratel (drying cur-
ve), DK arvuliste védrtuste suurusjirgul,
puidu niiskusprofiilil ~kuivatuseksperi-
mendi 16ppfaasis 142. tunnil, puidu pinna
simuleeritud ja mooddetud temperatuuri-
del kuivatuse algusest kuni 60. tunnini, ja
simuleeritud puidu tombepingetel (stress)
eksperimendist madratud electrical sur-

face-core ratio (ESCR) graafiku maksimumi-
ga.

Leiti, et eksperimendist madratud DK
arvuline védrtus viheneb hiippeliselt ca
1,5 korda pérast tileminekut esimesest
kuivatusfaasist teise kuivatusfaasi. Artik-
lis kirjeldati originaalset elektritakistuse
logifailidel pohinevat puidu pinnakihis
tombepingete elektrilist (ESCR) indikaa-
torit, mis voimaldab kuivatusprotsessis
reaalajas monitoorida kuivamispingete
(drying stress) evolutsiooni. Artiklis saadud
tulemused on ménnipuidu toostusliku
kuivatamise optimeerimisel koheselt prak-
tikasse rakendatavad. Samuti on artiklis
kirjeldatud eksperimendi metoodika ra-
kendatav lehtpuude kuivatuse uurimisel.
Artiklis kirjeldatud eksperimendi metoo-
dika ei eelda ega vilista katsetatava puulii-
gi jaoks kuivatuse simulatsiooni program-
mi kasutamist, st kuivatuse optimeerimise
iilesanne on praktikas edukalt lahendatav
ainutiksi eksperimendi tulemustest 1dhtu-
valt.
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