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The moisture content of wood is commonly determined by measuring the electrical resistance between two electrodes inserted in
the wood. However, problems using this method close to wood surfaces were reported in a previous study. In the present study, the
effect of the distance to a surface and the specimen size on the measured electrical resistance was studied analytically as follows. The
two electrodes create an electrical potential in the wood specimen. The boundary condition for the electrical potential is that the
electrical current across all specimen surfaces is zero, which is achieved by using a suitable array of mirror sources. The analytical
solution for the electrical potential was used to analyse the influence of the distance from the electrodes to the specimen surface
as well as the size of the specimen. In addition, the error in moisture content was evaluated. The effect of the distance to a surface
and the specimen size depended on the equivalent radius of the electrodes; if large electrodes are used in small specimens or close
to surfaces, there is a risk that a higher resistance is measured which results in slightly lower measured moisture content than the
actual moisture content of the specimen.

1. Introduction the moisture content can be calculated from the measured

electrical resistance if the relationship between the resistance
Wood is a hygroscopic material and the moisture content ;14 the moisture content is known. The design of the
of the wood thus changes with the relative humidity of  ¢lectrodes varies, but usually pin-type electrodes with tapered
the surrounding air. The moisture content affects wood ends are used (see, e.g., [3]), but there are also examples
properties such as strength and dimensional stability and, of other electrode designs (e.g. [4-7]). The electrodes are
in addition, biological degradation is also closely related to e, insulated so that the electrical conductance is measured

the moisture content (see,. €8 [1]). The moisture content is between the tips of the electrodes. Apart from resistance-type
defined as mass of water divided by the mass of the dry wood . . .
moisture content meters, there are also capacitance moisture

and is usually determined by the gravimetric method, that ) .
. o . content meters that measure the dielectric constant and
is, by mass determination of both the wet piece of wood and .

power-loss type moisture contents meters that measure the

after drying at 103°C. Another common method for moisture ) )
o . dielectric loss factor, but these types are much less common
content determination is to use a moisture content meter. . .
than the resistance-type moisture content meters [1].

This method is less accurate than the gravimetric method . . )
but is convenient since it enables in situ measurements in Various factors, both wood properties and experimental
WOOd structures and gives an instant Value Of the mois- Variables, can affect the electl’ica] Conductal‘lce Of WOOd

ture content. The most common moisture content meters and thus moisture content measurements. Examples of such
determine the moisture content by measuring the electrical ~ factors are temperature, wood species, structural orientation,
resistance or electrical conductance between two electrodes density, chemical constituents, and extractives [8]. Among
that are inserted in the wood. Since the electrical resistance ~ these factors, the temperature affects the electrical resis-
decreases when the moisture content increases (see, e.g., [2]), tance the most [9] and temperature correction is therefore
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necessary. The electrical resistance is also affected by wood
species to a large extent since different species contain
different amount of extractives and have different densities
and different lignin content [8]. The relationship between
electrical resistance and moisture content has therefore been
determined for different wood species, see, for example, [3].
Preservative treatment of wood with salts generally decreases
the electrical resistance and the use of a moisture content
meter thus results in a moisture content reading that is higher
than the actual moisture content [3]. Moisture content meters
are therefore generally not used for preservative treated wood
since it is not possible to correct for these errors [3]. Due
to polarization effects, the measured electrical resistance is
affected by the time during which the voltage is applied
[9]. Therefore, the polarity is switched when measuring the
electrical conductivity for moisture content determination;
see, for example, [7]. The measurements in the verification
experiments in the present study were made by applying a
voltage of 2V during 0.5 s after which a first reading was made
during 0.5s. The polarity was then switched and after 0.5s
a second reading was made during 0.5s. This is similar to
how most wood moisture meters work. It is thus a simple
measurement with the only aim of acquiring a resistance
value that can be related to the moisture content of the
wood. These types of devices work with voltage steps which
contain both high and low frequency components, but as each
step is rather long (0.5s) a measurement can be considered
to be quasi-stationary (DC electrical resistance moisture
measurement).

Skaar [8] claimed that the size of the sample is of little
importance since the resistance is concentrated on the vicin-
ity of the electrodes. However, Nore and Thue [10] reported
problems using resistive moisture content measurements
close to a surface. They found that the moisture content
measured by the resistive method was lower 3 mm below
the surface than in the middle of a 23 mm thick board even
though the board should have a uniform moisture content.
Their results thus indicate that the measured moisture con-
tent is affected if measurements are made close to a surface.

This paper presents an analytical study on the influence of
the distance to a surface and specimen size on the measured
electrical resistance between two electrodes inserted in a
specimen. The error in resistance was also translated to error
in moisture content by using a relationship between electrical
resistance and moisture content from the literature.

2. Theory
The electrical current I obeys Ohm’s law:
\%4
I=—, 1
R ©)

where V is the difference in electrical potential and R is the
electrical resistance. The electrical resistance is the inverse of
the electrical conductance G:

R= (2)

1
G
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The electrical potential V from a point source at a distance r
from the source is
I 1
Ve .2, ©)
4o r
where o is the electrical conductivity which is the inverse of
the electrical resistivity p:

o=

. @
o
The distance r is

N e e R )

where (x;, ¥,,z,) are the Cartesian coordinates of the point
source.

In the following sections, we will derive equations for
the electrical potential in limited size specimens with two
electrodes. We will first do this for the one-dimensional case
and then extend this solution to the three-dimensional case.
It should be noted that the potential differences between the
two electrodes are dependent on the size of the electrodes,
which we assume to be spherical with a certain equivalent
radius.

2.1. Two Electrodes on the x-Axis. The electrical potential
from the positive and negative electrodes at (x;, y;,2;) and

(x2) yza Z2) iS

V(x, y,2)
_ 1
MO\ N -2+ (- ) +(z-2) ©)
1

e G- e-z)

The rectangular cuboidal wood sample occupies the region
0 <x<L,0<yc< Ly, 0 < z < L,. The electrical
current in any point is equal to the gradient of the electrical
potential times the electrical conductivity o. The boundary
conditions at the six wood surfaces are that the electrical
current perpendicular to the surfaces is zero. The boundary
condition at the surfaces x = 0 and x = L, is

ov

— =0, x=0, x=L,

0x ?)
0<y<L,, 0<z<L,.

There are corresponding conditions in the y and z directions.
These conditions are achieved by putting suitable arrays of
mirror sources outside the wood sample as described below.
Figure 1(a) shows the electrodes placed at (x;,0,0) and
(x,,0,0). To obtain zero gradient at x = 0, two mirror
sources are placed at (—x;,0,0) and (—x,,0,0) (Figure 1(b)).
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FIGURE I: (a) Two electrodes in a specimen with length L .. (b) The
electrodes and two mirror sources (the unit cell). (c) The unit cell is
repeated along the x-axis.

This element from —L  to L, is symmetric around zero and is
considered a unit cell. The gradient 0V /0x at x = 0 is zero due
to symmetry. To achieve zero gradient at x = L, this unit cell
is repeated to both the left and the right (Figure 1(c)). If more
unit cells are placed next to each other in both directions, the
gradient at x = L, converges towards zero. The gradient at
x = L, from all sources but the last two at the far left is zero
due to symmetry. The gradient from the last two plus and
minus sources tends to zero as N increases. The coordinates
of the positive point source and its mirror sources are

x=(1-2my)x, +n,-2L,
(8)
m, =0,1

» n,=0,%1,...,£N,

and the coordinates for the negative point source and its
mirror sources are

x=(1-2m,)x, +n,-2L,
€
m, =0,1

n n,=0,%1,...,£N,

where N is the number of repetitions of the unit cell to the
left and right, respectively.

Equation (3) gives the electrical potential of a point source
at a distance r from the source. Since this study is limited
to comparing ratios between electrical potentials when the
electrodes are placed in specimens with different size or in
different points in the same specimen, I /470 in (3) is set to 1
henceforth.

The potential for the positive point source and its mirror
source in the unit cell is

1

ATDOED)

2
m=0 \/(x —x; +m2x;)" + y? + 22

1

(10)

and the potential from the negative point source and its
mirror source in the unit cell is

1

V;(x,9,2) = z

2
m,=0 \/(x —x, +m2x,)" + y* + 22

1

(11)

The total potential from both point sources and their mirror
sources in the unit cell is

Via (%, 3,2) =V, (%, 3,2) =V, (x, 3, 2).. (12)

If the unit cell is repeated N times as shown in Figure 1(c),
the total potential from the point sources and all their mirror
sources is

N
V(x’y’Z’N): Z VlZ(x_anLx’sz)‘ (13)
n,=—N

2.2. Two Electrodes in a Rectangular Cuboidal Specimen

2.2.1. Coordinates. The above approach is used also in the
three-dimensional case. The specimen is then in the region
0<x<L,,0<y< Ly, 0 < z < L. The coordinates of the
positive point source and its mirror sources when the unit cell
is repeated N times along the x-, y-, and z-axis are

x=(1-2my)x; +n2L,, m,=0,1, n,=0,%1,..., %N,
y= (I—Zmy)y1+ny2Ly, my:O,l, ny:O,il,...,J_rN,

z=(1-2m,)z +n2L,, m,=0,1, n,=0,%1,...,+N

(14)

and the coordinates of the negative point source and its
Mirror sources are

x=(1-2m.)x,+n2L,, m,=0,1, n,=0,%1,..., %N,

y=(1-2m))y,+n2L, m, =01, n,=0%l,...

z=(1-2m,)z, +n,2L,,

2.2.2. Electric Potential. 'The potential from the positive point
sources (V;) in the unit cell is

1 1 1

vi=Y Y Y (-0-2m)x)

m,=0 m,=0 m,=0

X y z
2 (16)
+(r=(1-2m) )
172
+(z-(1-2m)z)")
and the potential from the negative point source (V,) is
111 )
V=Y Y Y ((x-0-2m)x)
m,=0 m,=0 m,=0
17)

+(y-(1-2m) )

He-(-2m)z)) .

The total potential from both point sources (V},) and their
mirror sources in the unit cell is

Via (%, 3,2) =V, (%, ,2) =V, (x, 3, 2). (18)



As in the one-dimensional case, the unit cell is repeated in the
three directions. The total potential from the point sources
and all their mirror sources when the unit cell is repeated N
times along the x, y, and z-axis is

V(x, y,2z,N)

-3

N
Z Vi (x-n2L,,y-n2L ,z-n2L,).

"' MZ

(19)

2.2.3. Difference in Potential between Two Electrodes. The
difference in potential between two electrodes (AV) for the
3D case is calculated as

AV =V, (%, 9,2) = Vi, (%, 9, 2). (20)
In reality, the electrodes are not point sources and the
potential difference between two electrodes will depend on
the shape and the size of the electrodes. We have chosen
to work with spherical electrodes and numerically evaluated
(18) in six points on these spherical surfaces. The potential
difference was calculated as the mean value of the potential
in six points at the sphere surface:

To V1521) 5 (e z),

T V1521) s P, ¢(

P, oc(x +
P2+:(x1

Py (X101 + 70 21)s

T V20 22)>
(%0 0y 10 2)

Py, : (xl’yl - re>Z1)7

Py, (% 01,2 + 7)) Ps_ (%3 ¥02, + 1

>

>

)
z,)
)
(o yn =10 2),
)
)

Pe,: (x1’)/1)z1 _re)’ (xza)’z’zz Te

(21)

where r, is the equivalent radius of the electrodes. The
equivalent radius is the radius of the sphere if the electrodes
are spherical. However, electrodes are generally not spherical
and there is also generally a surface resistance between the
electrodes and the wood. Which equivalent radius that corre-
sponds to the electrodes used therefore has to be determined
experimentally for different electrode types. This means that
1, is to be evaluated from measured data which are matched
to calculated potential differences.

2.3. Size of N. In order to determine which size of N is
needed, that is, how many times the unit cell needs to
be repeated, the difference in potential was calculated for
different N. The calculations were performed for electrodes
in the middle of a specimen with L, = L, = L, = 100 mm as
well as for a smaller specimen with L, =L, = L, = 11 mm.
The distance between the electrodes was 10 mm, and r, was set
to 0.5 mm. The results are shown in Figure 2 and the different
values of N only gave small differences in AV/AV_ and a
value of N that is equal to or larger than 5 is therefore enough.
The effect of the size of N was larger for the small specimen.

Mathematical Problems in Engineering

3. Influence of Various Parameters on
the Measured Conductance

3.1. Reference Case: Two Electrodes in an Infinite Volume. To
determine how much the measured conductance is affected
by the extent of the specimen, the potential between two
electrodes in an infinite volume was calculated and used as
a reference case. The electric potential for the positive (V)
and negative point source (V,,), respectively, is

1
Ja-x)  +(-n) +(z-2)
1

Va-n)P+(-p)+(z-z)

The total potential from both electrodes is

o (% 7:2) =

(22)

VZoo (x’y> Z) =

Vizeo (% 9,2) = Vi, (%, ,2) = Vs (%, 1, 2) . (23)

The difference in potential of the two electrodes is then
calculated as the mean difference at different points at the
sphere surface:

AVio1 = Vizo (%1 + 7o 1, 21) = Vigeo (X3 + Tes ¥2.22) »
AVior 200 (X1 = T Y1, 21) = Vizeo (%2 = Ter ¥2:22) 5
AVios 200 (X1 1+ T2 21) = Vino (%2, 12 + 10 25) »
oot = Vizoo (X1 Y1 = Ter21) = Vigeo (%20 12 = T 22) 5
AV s = Vs (X1, ¥1521 +70) = Vigeo (%25 ¥2, 25 + 1),
AV e = Viseo (X1, 1521 = 72) = Viaeo (%25 ¥2, 2, — 1),
AV omean
AV o1 TAV s + AV s + AV, + AV s + AV
6
(24)

3.2. The Influence of the Distance to a Surface. The influence
of the distance to a surface on the measured resistance was
investigated by placing the electrodes in a specimen with a
large volume and varying the position of the electrodes along
the z-axis towards one of the surfaces. The specimen size
was set to 100 x 100 x 100m?, thatis, L, = L, = L, =
100 m, since this large specimen size would ensure that the
calculated difference in potential would not be disturbed by
volume effects (see Section 3.3). The difference in potential
(AV) between the two electrodes was then determined for
different r, and N = 5 as described in Section 2.2.3 for the
different positions at the z-axis. The minimum distance to
the surface was set equal to r, and the spacing between the
electrodes was 10 mm. The results in relation to the potential
in an infinite volume (see Section 4.1) are shown in Figure 3.

3.3. The Influence of the Specimen Volume. The influence of
specimen volume was studied by calculating the difference in
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FIGURE 2: The ratio AV/AV_ as a function of N for a cubic specimen with side length 100 mm (a) and smaller cubic specimen with side

length 11 mm (b).

1.6 -

AV/AV,,

Distance to surface (mm)

—o— 7, =0.5mm —— t, =2mm
—o— 7, = 1mm

—v— 7, = 1.5mm

—a— 7, =2.5mm
—0— t, =3mm

FIGURE 3: The difference in potential calculated in a specimen at
different distances to a surface (AV) in relation to the difference
in potential in an infinite volume (AV_)). The calculations were
performed for several equivalent radii (r,).

potential (see Section 2.2.3) between two electrodes inserted
in the middle of a cubic specimen. The distance between the
electrodes was 10 mm. The sides of the cubic specimen (L,
L, and L,) were set to values between 2 - 7, + 10 mm and

80 mm. The difference in potential for the different specimen
volumes was determined for different , and N was set to
5. The calculated difference in potential was divided by the
potential between two electrodes in an infinite volume (see
Section 4.1) and the results are shown in Figure 4. The
results show that cubic specimens with a side exceeding
about 70 mm give a similar potential difference as if the
measurements were made in an infinite volume. The results
for smaller specimens depend on the size and the equivalent
radius.

3.4. Error in Moisture Content. Depending on specimen
size, distance to surface, and equivalent radius, the ratio
AV [AV_ was between 1 and 1.6 for the studied cases (see
Figures 3 and 4). In order to determine how much this
error in resistance affects the moisture content, additional
calculations were performed. The function describing the
relationship between the moisture content and electrical
resistance given by Fredriksson et al. [7] was used. Resistances
corresponding to moisture contents (kg/kg) of 0.15, 0.20, 0.25,
and 0.3 were multiplied by ratios (1) between 1 and 1.6. The
error in moisture content was then determined by

Au=u(R)—u(r-R). (25)

The results are shown in Figure 5.

As an example, calculations for two specimens used by
Fredriksson et al. [7] were performed. Here, two types of
small specimens were used: circular discs with diameter
60 mm and thickness 10 mm and rectangular specimens with
dimensions 30 x 20 x 10mm®. The difference in potential
between the electrodes for both specimen types was calcu-
lated as described in Section 2.2.3 and the circular specimens
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Side length in cubic specimen (mm)

—— 1, =0.5mm —v— 7, =2mm
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FiGURe 4: The difference in potential (AV) calculated in cubic
specimens with different volumes in relation to the difference
in potential in an infinite volume (AV_)). The calculations were
performed for several equivalent radii ().

were modelled as rectangular specimens with side 60 mm
and thickness 10 mm. The distance between the electrodes
was 10 mm. The ratio AV/AV,_ was then calculated. For
r, = 0.8 mm, which was the actual radius of the electrodes,
the ratio AV/AV,, was 1.07 for the 60 x 60 x 10 mm’
specimen and 113 for the 30 x 20 x 10mm’ specimen.
This means that the measured resistance is 7% and 13%
higher than that if the measurement was made in an infinite
volume. According to Figure 5, this gives an absolute error in
moisture content of about 0.002 kg/kg and 0.004 kg/kg at 20%
moisture content for the two specimen sizes, respectively, and
at 30% moisture content the error for the same specimens
increases to about 0.005kg/kg and 0.008 kg/kg. However,
the equivalent radius is most likely higher than the actual
radius of the electrodes since it includes the surface resistance
betweeen the electrodes and the wood. A larger equivalent
radius means that the ratio AV/AV_ increases as well as the
error in moisture content. For example, for r, = 2.5 mm, the
ratio AV/AV,, increases to 1.29 for the 60 x 60 x 10 mm”’
specimen and 1.51 for the 30 x 20 x 10 mm” specimen which
according to Figure 5 give absolute errors in moisture content
of 0.007 kg/kg and 0.012 kg/kg, respectively.

4. Verification

4.1. Experimental Procedure. In order to verify the model
described in the previous sections, an experiment was set
up. Electrodes as described by Fredriksson et al. [7] were
inserted in the middle of a specimen with dimensions 22 x
95 x 270 mm’ (radially x tangentially x longitudinally) at
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0.03
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0.02 y

0.015 | P

Au (kg/kg)

0.01} T

0.005 | RN -
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AV/AV,,

— u=020
---u=0.15

FIGURE 5: The absolute error in moisture content (Awu) for different
ratios AV/AV,, determined for four moisture content levels (u4).

three depths: 3mm below the surface, 11mm below the
surface, and 19 mm below the upper surface, that is, 3 mm
above the lower surface. The specimen with the electrodes
was dried at 30°C (approximately 30% relative humidity) in
order to avoid moisture gradients and ensure that the whole
specimen was later on the absorption isotherm. After drying,
the specimen was placed at 20°C in a box with 75.5% relative
humidity which was generated by a saturated salt solution
(NaCl). The electrical conductance in the different points of
measurements was logged during four months after which
equilibrium was reached.

4.2. Evaluation. The conductance at equilibrium at the dif-
ferent depths is shown in Figure 6. Each value in the figure is
the average of the last 10 logged values. The median electrical
conductance is also shown. The corresponding electrical
resistance to the median values at each depth was calculated
by (2) and the relative difference in resistance at the different
depths was determined. The median resistance in the points
3 mm from the upper and the lower surfaces was about 30%
higher than the median resistance at 11mm depth. From
Figure 5, it is seen that an increase in resistance of 30% gives
an absolute error in moisture content of about 0.005 kg/kg,
that is, 0.5% moisture content. This is similar to the error that
was seen by Nore and Thue [10] which suggests that the small
distance to the surface can be the cause of the lower moisture
contents measured close to the surface in the boards in their
study.

As the influence of the distance to a surface depends on
the electrode radius, the equivalent radius that corresponds
to the results in Figure 6 was calculated. Using the model
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FIGURE 6: The electrical conductance measured at three depths in the points indicated by the illustration to the right. The median value at

each depth is marked by a circle.

described in Section 2.2, the results indicate that the equiva-
lent radius was about 3 mm. However, due to issues related to
the mounting of the electrodes in this particular experiment,
the value is uncertain and does not necessarily correspond
to the equivalent radius for the electrodes mounted in the
specimens described in Section 3.4.

5. Conclusions

The size of the specimen and the distance to a surface do
affect the measured resistance. The absolute error in moisture
content is small but increases with increasing moisture
content. Electrodes with a large equivalent radius used in
small specimens or close to surfaces may give slightly higher
resistance values and thereby lower moisture contents than
that if the measurements are made in a larger volume.
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