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The frequency dependence of hygro-expansive scaling of oak
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ABSTRACT

Fluctuations in the ambient relative humidity are often cyclic of nature, composed of a wide variety of
frequencies. Variations may be as fast as one minute or as slow as a complete season. A wooden object
exposed to these fluctuations exchanges moisture with the air, resulting in a change in the local
moisture content of the wood. Since moisture penetration is affected by the timescale of the
changes in ambient conditions, so are processes caused by moisture content variations. Moisture
content variations cause dimensional changes of a wooden object, which, if mechanically restrained,
lead to a buildup of stresses and ultimately to damage. It is therefore important to predict the
frequency behavior of moisture content and expansion in wood. In the presented study, experiments
are conducted in which the moisture content and expansion of oak cubes with different sizes is
measured during sinusoidal relative humidity fluctuations with different frequencies. The amplitude
in moisture content and expansion is shown to be simply scalable based on sample size only.
Derived diffusion coefficients are in agreement with literature values, although the experimental
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frequency behavior is shown to deviate qualitatively from diffusive frequency behavior.

Introduction

Examples of wood objects exposed to a fluctuating environ-
ment are abundant, e.g. furniture, parquet floors, structural
elements, or art objects. During these dynamically changing
conditions, the moisture in the material is not in equilibrium
with the moisture in the surrounding air. As a consequence,
moisture transport takes place from or toward the exposed
surface, resulting in a continuously changing local moisture
content. In wood, a change in the moisture content is associ-
ated with dimensional changes; an increase in the moisture
content results in expansion, a decrease causes shrinkage
(Skaar 1988). As a result, stresses develop in the material if
free expansion is obstructed. These stresses can rise as high
as the yield stress or even the strength of the material (Meck-
lenburg and Tumosa 1996), resulting in damage. This is unde-
sirable; knowledge about deformation during dynamically
changing relative humidity conditions is therefore important.

Moisture transport in wood and its implications on defor-
mation have been extensively studied both numerically and
experimentally (Dahlblom et al. 1996, Ormarsson et al. 1998,
Svensson and Toratti 2002, Jakiela et al. 2008, Gamstedt
et al. 2013, Larsen and Ormarsson 2013, Mazzanti et al.
2014, Joffre et al. 2016). Many experimental studies on hygro-
scopic expansion of wood consider only stepwise changes in
the relative humidity (Zhou et al. 1999, Murata and Masuda
2006, Senni et al. 2010, Caré et al. 2012, Derome et al. 2012,
Gauvin et al. 2014). This condition is, however, rare in real-
life applications, except in extreme cases, e.g. during flooding
or air-conditioning failure (van Schijndel et al. 2010). Changes
of environmental conditions are usually continuous, often

manifested in daily or seasonally repeating cycles (Forest Pro-
ducts Laboratory 2010). An example is shown in Figure 1(a),
where the time evolution of the relative humidity over the
course of 3 years is shown outside the St. Bavo Cathedral in
Ghent, Belgium (http://www.monumenten.bwk.tue.nl/CfC).
The frequency spectrum after discrete Fourier transform,
shown in Figure 1(b), clearly demonstrates peaks at dominant
fluctuation frequencies, with periods of one day and one year.

Knowing the hygromorphic response of wood under these
cyclically changing relative humidity conditions has therefore
a practical relevance. Some examples exist of studies where
cyclic relative humidity fluctuations are considered in wood
hygromechanics, e.g. with triangular relative humidity fluctu-
ations (Ma et al. 2005), or sinusoidal fluctuations (Chomcharn
and Skaar 1983, Schellen 2002, Yang and Ma 2014). In these
studies, the response in only a narrow range in fluctuation fre-
quencies is studied, with periods of 5.66 hours up to 27 hours.
Objects may, however, also be exposed to higher frequencies
in relative humidity changes; groups of visitors with wet
clothes passing a wooden art object exhibited in a museum
every several minutes can be considered a high-frequency
relative humidity fluctuation. The size of the object also
plays a role; the relative moisture penetration at a certain
high frequency will be larger in a small or thin object com-
pared to a large or thick object. The expansive response will
therefore be dependent on the object geometry and the fre-
quency of the fluctuations. In other words, there might be
some sort of scaling in the frequency response of wood
objects, based on the size of the object and the frequency
of the fluctuation.
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Figure 1. (a) The time evolution of the relative humidity outside the St. Bavo Cathedral in Ghent, Belgium, over the course of three years. (b) The frequency spectrum
after Fourier transform, clearly showing several peaks at dominant fluctuations frequencies.

In this study, we examine the frequency dependence of
the expansion of differently sized oak cubes exposed to sinu-
soidally varying relative humidity. The goal is to find the size
scaling in the frequency behavior using a simple model. To
this end, experiments and numerical calculations are per-
formed. A theoretical background for the scaling based on
the diffusion equation and the assumption of the sample as
a linear system is presented first, after which the experimental
set-up and numerical simulations are described. Experimental
and numerical results are shown and discussed, and com-
pared to the theory. Finally, conclusions are drawn and an
outlook is presented.

Theory

In this study, we are interested in moisture transport and con-
sequent expansion of cubic oak samples. Moisture transport
in a porous medium is often described by a diffusion
equation. Although it may not always concern a pure diffusion
process, the driving forces can be rewritten to arrive at the
form of Fick’s second law, which will be the starting point of
the theory presented here. Since no analytical solutions
exist describing three-dimensional diffusion in a rectangular
geometry, diffusion in a sphere will be analyzed first. Let us
consider an isotropic sphere with radius R, exposed to a
step change in the moisture content at its surface. This
problem can be formulated mathematically as

r?9:c = Dd,(r*dc),

c(r, 0) = co,
3,.c(0,t) = 0, M
c(R, t) =cs,

where r is the radial coordinate, ¢ the moisture content, D the
constant diffusion coefficient, ¢, the initial moisture content,
and ¢, the moisture content imposed at the boundary. An
analytical solution can be obtained by separation of variables
(see, e.g. Strauss (2008) or Crank (1975)). The result can be for-
mulated in the form of the Fourier series:

CG—Coxn 1 . NTT\ _pime
cr,t) = ¢ — 2R fsm(—)e nm/R%t 2
r,t=c — ;n - 2)

Equation (2) already elucidates two scaling parameters: a

dimensionless position along the radius (r/R), and a typical dif-
fusion time (R%/D). Since the moisture content of a sample asa
whole is measured during experiments, rather than the local
moisture content, Equation (2) can be integrated to obtain
the evolution of the total moisture content (Crank 1975).
The normalized moisture content of the sphere m} can then
be expressed as

We can now substitute the scaled time t; = Dt/R” in Equation
(3) to arrive at

m-—m 6 o1 g2
M) = e~ T @
n=1

0

So far the material was assumed to be isotropic, i.e. with
moisture transport independent of the direction. In wood,
however, moisture transport along the longitudinal direction
occurs much faster, with coefficients at least an order of mag-
nitude larger (Siau 1984). We can therefore approximate the
moisture transport process as one-dimensional along the pre-
dominant longitudinal direction, thereby omitting the contri-
bution of the radial and tangential direction on the overall
moisture transport. The moisture content evolution is then
similar to a slab with thickness d, exposed to moisture on
two opposite sides as (Crank 1975):

8 1 2 2pe
m* (t*) -1 e7(2n+1) 2t , (5)
¢ ™ ; 2n+1)°

with t*=Dt/d”. To relate the approximation of the cube as a
sphere and as a slab, a conversion between the radius R of
a sphere and the thickness d of a cube can be introduced
based on equality in volume. This yields d=aR, with
a:3\/477/3, which will be used in the following to convert
t% to t*.

The sums in Equations (4) and (5) quickly converge (Talbot
and Kitchener 1956), and hence the moisture content can be
approximated by taking into account only the first few modes.
The moisture content evolution in both Equations (4) and (5)



can be approximated by

mi(t) =1—e77"0, (6)

with y = a® or 1 for the approximation of the cube as a sphere
and as a slab respectively. Equations (4)-(6) are plotted in
Figure 2(a) as a function of the square root of t*. Discrepancies
at short times t* are seen; the initial increase in moisture
content of Equations (4) or (5) is linear, whereas this region
is non-linear for Equation (6).

Since natural relative humidity fluctuations are often cyclic,
composed of different frequencies, we are interested in the
frequency behavior of the moisture content. Assuming that
the moisture content evolution of the cube behaves as a
linear system, we can acquire the frequency behavior by
first determining the transfer function of the systems rep-
resented by Equations (4)-(6). The transfer function H(s) in
terms of the complex variable s relates the input function
and the response of a linear system in the Laplace space
(Franklin et al. 1994) as

X(s) = H(s)U(s), 7)

where X and U are the Laplace transforms of the output and
input function respectively. For diffusion in a sphere, X is
the Laplace transform of Equation (3):

e
772 ( ﬂ) +s

Equation (4) is the time response to a step change in the
scaled moisture content at the boundaries from 0 to 1. Note
that this is the step in equilibrium moisture content which
the sample eventually reaches. The transfer function H(s) of
the system is derived with the Laplace transform of the
input function

Xs(s) = L{ms(0} = ;

wwamu} ©)

and with Equations (7) and (8) to arrive at

6 o 1 s
D D
=1 -
n D( ;) +s
To analyze the frequency behavior, we consider Hs (iw),
with w the angular frequency:

2

1-2% :
772,72:1:”2 DZ(%T)4+G)2

At this point, we can relate two timescales: the transport time-
scale (d?/D) to the relative humidity fluctuation timescale
(f~"). The ratio of the two timescales is a measure of the rela-
tive penetration of externally applied fluctuations, and is
introduced as the dimensionless frequency f*:

Hs(s) =1 (10)

Hs(iw) = (11)

(12)

where f is the ordinary frequency in Hertz. We can use this
dimensionless frequency and use f=w/2m to rewrite the

WOOD MATERIAL SCIENCE & ENGINEERING . 3

transfer function corresponding to the approximation of the
cube as a sphere (Equation (11)) to arrive at

(13)

i 2f* +< 2f* )
N e p ma2n?
Hs(if*) =1 — — .
ZZ1+ 2\’
man?
Similarly, we can determine the transfer function correspond-

ing to the one-dimensional approximation of the cube as a
slab (Equation (5)) as

Hel(if*) =1

C2f ( 2f* )2
! 2 + 2
m(2n 4+ 1) m(2n + 1)

+_< 2F* )2
w(2n + 1)?

The amplitude as a function of the frequency  can be
determined as the absolute value of the transfer function,
i.e. its modulus. No concise expression can be found for the
moduli of Equations (13) and (14). For the first-order approxi-
mation, i.e. the single exponential in Equation (6), a simple
expression for the scaled amplitude A? as a function of dimen-
sionless frequency can be formulated as

1
2\
1+ (2)

YT
The moisture content amplitude as a function of frequency of
different sample sizes and diffusion coefficients can thus be
scaled with the dimensionless frequency using Equation
(12). A familiar way to visualize amplitude—frequency relations
in the field of dynamic systems is by means of a Bode ampli-
tude plot (Franklin et al. 1994). Equation (15) and the moduli
of Equations (13)-(14) are shown in Figure 2(b) as a function
of f* Three dimensionless frequency regions can be distin-
guished. For low f* i.e. for fluctuations much slower than
internal moisture transport, the amplitude reaches a constant
value since the sample is in equilibrium at all times. For f*~ 1,
an inflection in the amplitude is observed toward lower
values, due to the same timescale of the imposed changes
and the transport in the material. In the final region, for
high values of f* the changes are faster than transport and
a decline in amplitude is seen with a constant slope on a log-
arithmic scale. The slope of the approximation of the cube as a
sphere and as a cube has a value of —0.5; the modulus of
Equation (15) has a slope of —1 at high dimensionless fre-
quencies. This is a result of the omission of higher modes,
which have an influence at short times t* and hence at
high dimensionless frequencies f*.

In wood, a change in the moisture content is associated
with a change in dimension. The simplest way to relate moist-
ure content changes in the sample to expansion is to assume
a cross-section does not deform. Although the deformation of
wood due to local moisture-induced expansion is more
complex than presented and governed by multiple mechan-
ical properties, here the expansion ¢ is assumed to follow

Zm+w

n=0

(14)

AL(F) = (15)
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Figure 2. (a) Normalized moisture content as a function of the scaled time ¢ in a cube approximated as a sphere (3D transport) or as a cube (1D transport), following
a step change in the moisture content at the boundaries. (b) Amplitude in normalized moisture content as a function of the dimensionless frequency f*.

the simple relation:

d
e = a.[ cdx, (16)

0
where a is the linear hygroscopic expansion coefficient. The
expansion is directly related to the change in integrated
moisture content. In other words, the expansion can be
scaled to arrive at the same time evolution as (e.g. Equations
(4)-(6)):

&

= AT (17)

The expansion has the same time evolution as the moist-
ure content; hence, it is assumed to have the same frequency
behavior. As a consequence, the scaling as derived above is
applicable to the expansive frequency behavior too.

Materials and methods

Oak cubes with different dimensions (sides of 2, 4, 6, 8, and
10 mm) were prepared from a large board. The samples
with sides of 2 mm contained only one annual ring and a
few vessels; hence, their microstructure is poorly representa-
tive. The larger samples contained multiple annual rings and
vessels and are more representative for oak. In each exper-
iment, two equally sized cubes were exposed to the same
condition. One of the samples was used to determine the
moisture content gravimetrically; the other sample was used
to measure the one-dimensional expansion. To this end, an
experimental set-up was constructed which consists of a ther-
mogravimetric analyzer, a thermomechanical analyzer. In the
humidifier, a dry and a wet air stream are mixed to generate
an air flow with adjustable relative humidity (Arends et al.
2017). The air flow leaving the humidifier is then divided
over two parallel circuits. One sample was placed on the
balance of a Mettler Toledo TG50; the mass of the sample
was measured while exposed to the air stream. The other
part of the air flow leaving the humidifier was blown over a
sample placed under a probe of fused silica, which is part of
a Mettler Toledo TMA/SDTA 841e system; local one-dimen-
sional deformation was measured accordingly using a linear
variable differential transformer with an accuracy of
~10 nm. The probe was placed in the middle of the top
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Figure 3. An example of the moisture content and expansion of two equally
sized cubes over time during exposure to sinusoidal variations in relative humid-
ity. (50 +£40%) at different frequencies, with equilibration time between two
consequent frequencies. The periods of the fluctuations are indicated in the
figure.

surface of the sample. In all experiments, the cubes were
oriented such that expansion in the tangential direction was
measured. The oven-dry mass and thickness of each cube
were measured after the experiment to transform mass and
thickness during the experiment to moisture content and
expansion.

Results and discussion
From time-domain to frequency-domain

An example of the evolution of moisture content and one-
dimensional expansion of two different, equally sized
samples with sides of 6 mm during exposure to sinusoidal
fluctuations in relative humidity is shown in Figure 3. As can
be seen, both moisture content and expansion fluctuate sinu-
soidally following the imposed relative humidity changes of
the ambient air. Furthermore, the amplitude of the response,
both in moisture content and expansion, is seen to decrease
with increasing frequency. The moisture content and expan-
sion over time can be fitted with a sine function to acquire
the amplitude of the response. This is done for a wide
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Figure 4. (a) Measured moisture content amplitude and (b) measured expansion amplitude as a function of relative humidity fluctuation frequency of oak cubes with
different sizes. The lowest frequency corresponds to a fluctuation with a period of 134 hours, the highest to a period of 15 seconds.
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Figure 5. (a) The characteristic expansion time as a function of the characteristic moisture content time. (b) The diffusion coefficients as derived from the charac-
teristic times for different sample sizes, for moisture transport occurring along one dominant direction (approximation as a slab) or for isotropic moisture transport

(approximation as a sphere), with average values indicated by horizontal lines.

range of frequencies (periods of 132 hours to 15 seconds) of
the relative humidity variation 50 + 40%, to obtain the ampli-
tude in moisture content and expansion as a function of fre-
quency. The results can be visualized in Bode amplitude
plots for moisture content (Figure 4(a)) and expansion
(Figure 4(b)) for different sample sizes. In both plots, three
regions can be distinguished, as already predicted in Figure
2(b). At low frequencies, the amplitude in moisture content
and expansion reaches an almost constant value. At high fre-
guencies, the amplitude declines with a slope almost equal for
all sample sizes.

A deviation is seen in the moisture content amplitude of
the 2 mm sample, with a lower slope in the high-frequency
regime compared to the other samples. A probable cause
for the discrepancy is the visually observable presence of
two large vessels along the longitudinal direction of the
sample. These more permeable regions enhance moisture
transport in this small sample, reflected in a large amplitude
in moisture content.

Scaling

The amplitude as a function of the frequency of the different
sample sizes in Figure 4 can be fitted with the amplitude of
the single exponential approximation (Equation (15)

multiplied with a constant), to determine the time constant
T=d*/yn*D in Equation (6). This is done for both the moisture
content and expansion amplitudes. The resulting character-
istic times Ty and Teyp,, for the moisture content and expan-
sion respectively, are shown in Figure 5(a). The straight line
indicates equal values for T, and Te,,. As can be seen, a
one-on-one correlation is found, i.e. expansion follows moist-
ure content immediately. Values for the diffusion coefficient
D, calculated from 1, are shown in Figure 5(b). Two values
are shown for each sample; one assuming the sample to be
isotropic in moisture transport (approximation as a sphere)
and one assuming moisture transport is predominant in one
direction (approximation as a slab). Average diffusion coeffi-
cients are indicated by horizontal lines, with values of 4.2 x
107" m?%/s and 1.1 x 107 m?/s for the isotropic and anisotro-
pic case, respectively. The first value is in good agreement
with an average diffusion coefficient over the total moisture
content range and the three directions reported by Saft and
Kaliske (2013) for oak (3.5x 107'°m?%/s). Furthermore, the
average diffusion coefficient over the total moisture content
range for the longitudinal direction (9.5 x 10™'° m?/s) corre-
sponds well to the value found in this study for diffusion
along one dominant direction. Moreover, it is in reasonable
agreement with the diffusion coefficient obtained directly
by NMR (Arends et al. 2018).
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Figure 6. (a) Moisture content amplitude and (b) expansion amplitude as a function of the frequency multiplied by the sample thickness squared.

The results shown in Figure 4 can, according to theory, be
scaled by multiplication of the frequency with d? for the differ-
ent sample sizes (see Equation (12)). The result is shown in
Figure 6(a,b) for the amplitude in moisture content and
expansion, respectively. As can be seen, this results in one
master curve for the different sample sizes for over three
orders of magnitude in amplitude. A size effect, as reported
in previous studies on moisture sorption in wood (Wadsd
1994a, Krabbenhoft and Damkilde 2004), would result in the
amplitudes of the different samples to be distinguishable
even after scaling. Such an effect is absent here; effective
scaling can be obtained based only on the sample size.

The Bode plots in Figure 4 can be scaled with the dimen-
sionless frequency f* introduced in Equation (12), using the
calculated diffusion coefficients for the approximation of the
cube as a slab in Figure 5(b). This results in dimensionless
Bode plots for both the moisture content and expansion,
shown in Figure 7(a,b), respectively. The scaling derived
from the simple theory results in one master curve for all
experimental points of the different sample sizes similar to
Figure 6, both for moisture content and expansion. The diffu-
sion coefficients in Figure 5(b) are similar for the different
sample sizes; hence, Figures 5 and 6 are qualitatively similar.
The insets in Figure 7 show the amplitude for high dimension-
less frequencies, accompanied by a linear fit on the log-log
scale. The slope of the fit is —0.78 for the amplitude in moist-
ure content and —0.79 for the amplitude in expansion. This is
steeper than the theoretical prediction resulting from the
approximation of the cube as a sphere or slab (-0.5). The
amplitude in moisture content and expansion thus declines
faster than predicted from the diffusion equation alone.

Relating moisture content to expansion

The frequency behavior of the moisture content and the
expansion of the cubes were seen to be qualitatively similar
in Figure 7. This is even more apparent if the amplitude in
expansion is plotted as a function of the amplitude in moist-
ure content for the different sample sizes and different fre-
quencies, as shown in Figure 8(a). The hygroscopic
expansion coefficient is determined by a linear fit on the
log-log scale as 0.35. This is in good agreement with values
reported in literature for expansion in tangential direction

(Forest Products Laboratory 2010, Saft and Kaliske 2013).
Figure 8(a) illustrates the one-on-one relation between moist-
ure content and expansion, as was already assumed in
Equation (16). Although expansion is measured locally (in
the middle of the top surface of the cube) and moisture
content globally (averaged over the total sample), the
simple relation between moisture content and expansion
amplitude holds.

The amplitudes in both moisture content and expansion
can be plotted together by dividing the amplitude in expan-
sion by the hygroscopic expansion coefficient, as shown in
Figure 8(b). The amplitudes are additionally scaled by the
amplitude in moisture content at low frequencies (0.09).
Again three regions can be distinguished, depending on the
relation between the frequency of the changes and the capa-
bility of the sample to equilibrate. The frequency behavior
resulting from the approximation of the cube as a slab
(Equation (14)), and the approximation by a single exponen-
tial are also shown in Figure 8(b). In the experiments, a differ-
ent quantitative frequency behavior is found when compared
to diffusive frequency behavior. Only the 2 mm sample, which
deviates qualitatively from the other samples, shows the same
behavior, with similar slope for high f* The deviation of this
sample was already attributed to the presence of vessels
which comprise a relatively large portion of the exposed
radial-tangential surface; hence, this sample is not
representative.

3D numerical simulations

So far, the oak cubes have been approximated as isotropic
spheres or slabs. To determine the effect of a three-dimen-
sional rectangular geometry on the frequency behavior,
numerical simulations in COMSOL® are performed. A cube,
supported on its bottom surface, is exposed to a prescribed
moisture content at the boundaries, varying sinusoidally.
Moisture transport is described with the diffusion equation,
and the material is assumed to be linear elastic. First some
computations are performed assuming the material to be iso-
tropic for both moisture transport and mechanics. Two differ-
ent values for the isotropic diffusion coefficient are tested
(Diow=5x%10"""m?/s, Dhigh =5 x 107'° m?/s). Subsequently,
the diffusion coefficient is presumed dominant in the
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longitudinal direction, but all mechanical parameters are kept
isotropic. Finally, simulations are performed with values for
both the diffusion coefficients and mechanical parameters
dependent on moisture content and the principal direction,
adapted from Saft and Kaliske (2013). In accordance with
the experiments, the simulations are performed with a relative
humidity fluctuation of 50 +40%. A non-linear sorption iso-
therm is assumed, with values from the Wood Handbook
(Forest Products Laboratory 2010). This results in an amplitude
in moisture content of ~0.09 at the boundaries. The expan-
sion coefficients a in the simulations are assumed to be
0.35,0.19, and 0.016 in the tangential, radial, and longitudinal
direction, respectively (Saft and Kaliske 2013). For the stiffness,
an arbitrary value can be chosen if independent of the moist-
ure content; the value for the E-modulus does not affect the
results. For the Poisson-ratio v, a value of 0.3 is assumed.
Results of the three-dimensional numerical simulations in
COMSOL are shown in a dimensionless Bode plot in Figure
9(a,b) for the moisture content and expansion, respectively.
The moisture content amplitude is scaled by the imposed
amplitude in moisture content at the surface (0.09) and the
expansion amplitude by the product of the amplitude in
moisture content and the expansion coefficient in tangential
direction (0.032). For simulations with a diffusion coefficient
dependent on the principal direction (termed “Anisotropic”
in Figure 9), an average diffusion coefficient of the three is

used to calculate f*. For moisture content dependent values
of the diffusion coefficient, an average over the moisture
content range is calculated for f*. The amplitude as a function
of f* for a sphere, i.e. the modulus of Equation (13), is also
shown in Figure 9.

The results of numerical simulations with cubes, with con-
stant transport and mechanical properties or with moisture-
dependent values, can be scaled onto the analytical solution
for diffusion in a sphere, based on sample size and average
diffusion coefficient. Furthermore, the expansive frequency
behavior can be scaled equally; expansion thus follows moist-
ure content immediately. This was also observed in exper-
iments. Wood anisotropy can hence not explain the
difference in frequency behavior as predicted from the diffu-
sion equation and observed in experiments (Figure 8(b)).
Moreover, the starting point of diffusion in a sphere, from
which analytical solutions can be obtained for the frequency
behavior, is seen to be justified.

Alternative moisture transport model

The experimental frequency behavior deviates from the pre-
dicted behavior of the diffusion equation. The slope for high
dimensionless frequencies is larger than predictions from
the diffusion equation; an additional effect attenuates the
amplitude at high frequencies. Failure of the diffusion
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frequency behavior for a sphere resulting from Equation (13) is also shown. The fewer points in the expansion amplitude plot are due to the requirement of a too fine

mesh to accurately describe the expansion.

equation for wood was already postulated by Wadso6 (1994a)
before; several models have been proposed since to account
for non-Fickian effects such as step magnitude and sample
size dependence of experimental results (Wadsé 1994b, Cun-
ningham 1995, Krabbenhoft and Damkilde 2004, Dvinskikh
et al. 2011, Eitelberger et al. 2011). Here numerical exper-
iments are performed with a model proposed by Cunningham
(1995) first and extended by Krabbenhoft and Damkilde
(2004). In this model, the moisture in the wood is assumed
to be present as water vapor in the cell cavities and as cell
wall moisture. Cunningham assumed moisture transport to
occur solely as vapor diffusion; sorption to the cell wall
results in a change in the cell wall moisture content. Krabben-
hoft and Damkilde extended the model by incorporating cell
wall moisture diffusion. Mathematically, this can be formu-
lated as

oW = Dy, dyW + h(lv — kw),
0tV = D, 0yV + h(kw — Iv),

where w is the moisture content in the cell wall, v the vapor
concentration, D,, and D, the diffusion coefficients for moist-
ure transport in the cell wall and cell cavities, respectively, h
the mass transfer coefficient, and k and / coefficients connect-
ing the cell wall moisture content and vapor concentration to
a driving potential for moisture sorption. It is assumed here
that the ratio //k is the slope of the sorption curve relating
cell wall moisture content to vapor content, and that the
water vapor and cell wall moisture are initially and finally in
equilibrium. This yields wo = I’k vy and wp = I/k vfg, with the
subscripts 0 and oo indicating initial and final values, respect-
ively. The equations in (18) can be made dimensionless by
introducing the scaling variables

v*_lv_vo, . _ W—WO'D*_%’
Voo — Vo Weo — Wo D,
lhd? k 19
Dt X
h"=— k' =—,t" =— ,x"=—,
D I a'* =4

resulting in
W™ = DB W™ + kK*h*(v* — W), (20)
O V* = Oy V* + h*(W* — v¥).
Boundary conditions can be introduced as
V¥ g1 = V2,
le=01 = Vs 21

W™ |y = K*h* (v — w™).

The quantity of interest is the moisture content over the
sample as a whole. Since cell wall moisture accounts exclu-
sively for expansion, the dimensionless cell wall moisture
content w* is integrated to obtain m*. The model equations
are discretized and solved in Matlab for different exposure
conditions. In the simulations, first a step change in the
vapor concentration at the exposed surface v¢ from 0 to 1 is
considered. Next, the frequency behavior is examined by
imposing a sinusoidal fluctuation in v¢:

Ve = sin 2mt?
S — fx !

with = fd*/D,. Simulations are performed with a wide range
of frequencies and different values of h* and D*, assuming k*
to be the reciprocal of a linear sorption curve with a slope of
0.3. The results for a step change in the vapor concentration at
the exposed surfaces from 0 to 1 are shown in Figure 10(a).
For the limit of immediate equilibrium between vapor and
cell wall water (h*= o), the time evolution of the moisture
content is equal to Equation (5). For slower sorption, i.e.
with decreasing h* we see that the moisture content in the
cell wall increases more slowly, as can be expected. Further-
more, for faster diffusion in the cell wall (higher value for
D¥), the moisture content rises more quickly due to rapid
redistribution of moisture in the cell wall.

The amplitude in moisture content in the cell wall as a
function of the dimensionless frequency f* is shown in
Figure 10(b). For slow sorption, the amplitude is seen to
decline at lower values of f*. The dimensionless diffusion coef-
ficient D* has a minor influence on the frequency behavior.
For high dimensionless frequencies f*, the amplitude attains
a constant slope of —1.4 on the logarithmic scale. This is

(22)
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Figure 10. (a) Relative moisture content in a slab as a function of the square root of the scaled time t* and (b) amplitude as a function of the dimensionless frequency

* for different values of h* and D*.

considerably steeper than for the limit h* = oo, which yields a
slope of —0.5. The experimental slopes are in between (-0.78
and —0.79); hence, sorption cannot account for the observed
discrepancies in frequency behavior. More importantly, the
value of the dimensionless mass transfer coefficient h* is
dependent on the sample size d (see Equation (19)). This
was already noticed by Krabbenhoft and Damkilde (2004),
who mentioned that the length of the sample influences
the results in case vapor transfer is a faster process than sorp-
tion. It would therefore not be possible to simply scale results
based on the sample size using the dimensionless frequency
f* in Equation (12). As already mentioned before, such a size
effect is not apparent in the results found in this study and
a previous study by the authors (Arends et al. 2017). The
results for the differently sized cubes can be scaled onto a
master curve based on their thickness alone, as shown in
Figure 6. In case the introduced model would hold for our
experiments, it would not be possible to scale all experiments
onto one master curve as a function of ¥, but we would have
different curves based on the parameter h* as shown in
Figure 10(b). Hence, the influence of moisture sorption from
the vapor phase to the cell wall cannot explain our exper-
imental results and the observed discrepancy of our results
with the frequency behavior predicted from the diffusion
equation.

A similar effect is expected in case of a stationary boundary
layer at the surfaces of the cube, which results in a resistance
to moisture exchange. Scaling the equations yields a dimen-
sionless mass transfer coefficient dependent on the sample
size, similar to h*. This contradicts the experimental findings
of simple scaling of the frequency behavior. Mass transfer
resistance, either internal in the porous structure or external
on the macroscopic boundary, can therefore not account for
the larger amplitude attenuation observed in the experiments
compared to the diffusion equation.

Conclusions

The frequency behavior of moisture sorption and consequent
expansion of oak cubes was studied experimentally. The
amplitude in both moisture content and expansion as a

function of frequency is shown to be scalable for the different
sample sizes based on the length of the sides squared. More-
over, the frequency-dependent amplitude can be fitted to
obtain the diffusion coefficients of the different samples,
which are in agreement with values reported in literature.
With these diffusion coefficients, a dimensionless frequency
can be introduced based on the ratio of the transport time-
scale over the fluctuation timescale. By doing so, different
regions can be distinguished in a scaled Bode plot.

Deviations in the frequency behavior are found between
the prediction based on the diffusion equation and exper-
iments. The slope of the amplitude at high frequencies
differs, with a steeper amplitude decay found in the exper-
iments. An additional effect thus attenuates both the moisture
content and expansion amplitude at high frequencies. A par-
ameter study using numerical modeling in COMSOL shows
wood anisotropy for moisture transport and mechanical
behavior cannot account for the observed differences in fre-
quency behavior. Furthermore, an alternative moisture trans-
port model with vapor diffusion in the cell cavities and bound
water diffusion in the cell wall cannot explain the discrepan-
cies either. The slope at high frequencies deviates significantly
from experiments. Moreover, the alternative model contra-
dicts scaling found from experiments based on sample size
only, and can thus be disregarded.

Experiments in this study have been performed with all-
sided exposure of the cubes to moisture. More information
on transport in the different principal directions can be
acquired with experiments sealing several surfaces to
ensure one-dimensional transport. Additionally, expansion in
other directions (radial, longitudinal) can be measured; it is,
however, expected that the qualitative frequency behavior
is similar, differing only in its magnitude. More information
on moisture transport is expected from planned experiments
with nuclear magnetic resonance.
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