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Abstract
To characterise the sorption behaviour of wood or other hygroscopic materials with the use
of water vapour sorption experiments, an accurate understanding of water vapour transport
both to and through the sample material is necessary. Within the last decades, various mod-
elling approaches on the sorption kinetics were developed, but there seems to be no general
agreement on the relevance of water vapour transport. Using small amounts of grained wood,
this study aims to estimate the influence of water vapour transport in sorption experiments on
small sample sizes. A theoretical analysis based on a diffusion equation including a simplified
sink/source term was carried out and compared with corresponding experiments. Nonlinear
isotherm and temperature were shown to have a major impact on the effective diffusion of
water vapour, whereas step size in humidity seems to mainly influence processes within the
cell wall (e.g. relaxation and reorganisation of microstructure). Considering the paths of stag-
nant air above sample surface, the anomalous behaviour for a variation in sample thickness of
grained wood can be explained. In conclusion, water vapour transport appreciably influences
the sorption kinetics of small sample sizes and has to be considered in the modelling and
interpretation of water vapour sorption experiments.

Keywords Sorption kinetics of grained wood · Water vapour sorption experiments ·
Modelling · Double diffusion · Blurred diffusion

1 Introduction

Water vapour sorption (WVS) experiments can be used to characterise the sorption behaviour
of water vapour in wood. Sample material is placed into a climatic chamber where relative
humidity (RH) and temperature are varied. Changes in sample weight are measured at spe-
cific time intervals, which yields information on the amount of bound water in the sample. In
addition to sorption isotherms (i.e. equilibrium values), sorption kinetics (i.e. time-dependent
mass change) can provide further information on the sorption process and on material
behaviour (e.g.Wadsö 1993b; Hill et al. 2011b). As water vapour transport (WVT) to the sur-
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face and through the samplematerial is involved in experimentally obtained sorption kinetics,
it is difficult to separate and identify processes that are taking place within the cell wall of
wood (e.g. transport or relaxation and reorganisation of microstructure). Deviations from
Fickian diffusion (i.e. anomalous or non-Fickian diffusion) like a concentration-dependent
diffusion coefficient (e.g. Crank 1975), a two-stage sorption (e.g. Avramidis and Siau 1987;
Wadsö 1994b) or differences in the diffusion coefficient between steady-state and transient
sorption experiments (e.g. Wadsö 1994a and references therein) were frequently reported for
wood and other polymers. Thus, in identifying the processes that take place within the cell
wall of wood, a proper understanding of WVT is essential. To reduce the influence of WVT
through the macrostructure (i.e. lumen, pits, rays), small microtomed or grained samples
are frequently used (e.g. Hill et al. 2011b; Popescu et al. 2015). In previous experiments,
measurements were taken at different temperatures (e.g. Hill et al. 2010b), step sizes in RH
(e.g. Christensen and Kelsey 1959) and sample thickness (e.g. Wadsö 1993a; Eitelberger and
Svensson 2012), and various modelling approaches were given in the literature (e.g. Skaar
and Babiak 1982; Stanish 1986; Wadsö 1994a; Frandsen et al. 2007; Eitelberger et al. 2011;
Krabbenhoft and Damkilde 2004; Olek et al. 2005; Hill et al. 2010a). However, the relevance
of WVT on the sorption kinetics of such samples appears to still be undetermined (Himmel
and Mai 2016).

To assess the importance of WVT in WVS experiments on small wooden samples, this
study addresses the apparent gap in the literature of a separate investigation on the impact of
a nonlinear sink, step size in relative humidity, temperature, moistening method and the paths
of stagnant air above sample surface on the WVT during a step change in RH. Simulations
were performed across a wide range of relative humidity and compared with corresponding
experiments. This work thus provides a theoretical and experimental analysis onwater vapour
transport to and through wood by using a simplified sink/source in the diffusion equation and
by comparing the results with WVS experiments on grained wood. Non-Fickian effects, the
latent heat of sorption (see, for example, Christensen and Kelsey 1959) or other gradients
in temperature, as well as a transport of bound water will not be treated in this study. The
objective of this work is thus to understand the impact of water vapour transport rather than to
provide a complete model to simulate theWVS kinetics of wood. An analytical discussion on
the effective diffusion of water vapour is provided in Sect. 2. Details on the experimental set-
ups are presented in Sect. 3. A comparison of the experimental results with corresponding
numerical simulations is shown in Sect. 4. The given analysis can assist to estimate the
relevant processes of WVT in WVS experiments on wood or other hygroscopic materials
and to evaluate the applicability of certain modelling approaches.

2 Theory

In analysing the impact of water vapour transport on the sorption kinetics of grained or cut
wood, care has to be taken about the uptake/release of H2O molecules of the sample material
and the water vapour supply properties of the measuring device. The sample material acts as
a variable sink/source in the transport process, and the impact on WVT can be investigated
with constant step sizes in RH along the nonlinear isotherm, variations in �RH step size and
variations in temperature. For the latter, only the case of a constant temperature variation
(i.e. no gradients) will be analysed. The impact of the measuring device on WVT to the
sample surface can be characterised by the moisture exchange method inside the measuring
chamber as well as by considering the paths of stagnant air caused by the use of sample
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bowls. In the following, transport processes will be discussed on the basis of an ordinary
diffusion equation combined with an instantaneous sink. Two further simplifications will be
used: transport through the thickness of the cell wall will be assumed to be very fast (i.e. all
sorption sites are immediately available) and a transport along the cell wall will be neglected
(see Sect. 4 and, for example, Christensen and Kelsey 1959; Hozjan and Svensson 2011).
This simplified treatment on the WVS kinetics of wood should not replace more advanced
modelling approaches but rather provide a better understanding on the relevance of WVT in
WVS experiments.

2.1 Influence of Sample Material

Nonlinear sink Describing the transport of water vapour through a binary mixture of water
vapour and air, the mass flux of water vapour jwv = jwv(x, t) (in kg s−1 m−2) in one
dimension can be described as (Bird et al. 2002)

jwv = j · ρwv

ρ
− ρDa · ∂

∂x

(
ρwv

ρ

)

with ρwv = ρwv(x, t) being the local mass concentration of water vapour (in kg m−3),
ρ = ρ(x, t) the local mass concentration of the water vapour–air mixture, j = j(x, t) the
sum of water vapour and air mass flux and Da = Da(x, t) the diffusion coefficient of water
vapour into air (in m2 s−1). Assuming the total pressure and temperature to be constant
during the interdiffusion of the two gases and treating the two gases as ideal gases, the mass
flux of water vapour can be evaluated as

jwv = −Da

1 + mAir−mH2O

mH2O
· ρwv

ρ

·
(

∂ρwv

∂x
− ρwv

ρ
· ∂ρ

∂x

)
. (1)

mH2O is the molecular weight of water and mAir the mean molecular weight of dry air. As
the water vapour concentration at room temperature is much smaller than the concentration
of the water vapour–air mixture, Eq. 1 can be simplified to

jwv � −Da · ∂ρwv

∂x

with an error of less than 1.2% for T = 25 ◦C. Using the equation of continuity, an ordi-
nary diffusion equation can thus be derived for the diffusion of water vapour through air.
Applying the binary diffusion for wood, care has to be taken about the uptake or release of
H2O molecules during the diffusion of water vapour through wood. Thus, a corresponding
sink/source term has to be introduced to take account of these effects. For a one-dimensional
diffusion process, this leads to (see, for example, Crank 1975)

∂ρwv

∂t
= ∂

∂x

(
Dwv · ∂ρwv

∂x

)
− ∂s

∂t
(2)

with s = s(x, t) being the local mass concentration of bound H2O molecules. The water
vapour diffusion coefficient Dwv = ξ · Da is given by the reduction factor ξ to account for
the porous structure of wood (e.g. Stanish 1986; Krabbenhoft and Damkilde 2004) and the
diffusion coefficient of water vapour in air Da = Da(pwv, T ) (e.g. Schirmer 1938; VDI-
Gesellschaft 2006), which slightly depends on partial water vapour pressure pwv. Using a
nonlinear relationship between the free and bound H2O molecules

s(ρwv) = R(ρwv) · ρwv, (3)
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and assuming a constant volume for the sample material (i.e. no swelling/shrinkage), the
nonlinear function R = R(ρwv) can be evaluated as

R = s(ρwv)

ρwv
= Mb(ρwv)

VS · ρwv
. (4)

Here Mb(ρwv) is the local amount of bound water in wood at a given water vapour concen-
tration and VS is the sample volume. To analyse the effect of a nonlinear isotherm on the
diffusion process, the sink factor �R will be introduced

�R = 1

VS
· M f

b − Mi
b

ρ
f
wv − ρi

wv

(5)

with superscript letters indicating the final and initial value of the given quantities. Using an
averaged value for Dwv(ρwv) over a step change in RH, one can simplify Eq. 2 to an ordinary
diffusion equation

∂ρwv

∂t
= D̄wv

1 + �R
· ∂2ρwv

∂x2
= Deff · ∂2ρwv

∂x2

with a constant effective diffusion coefficient Deff for the given step change. The diffusion
process is thus slowed down approximately by the speed factor (1+�R)−1 as a consequence
of sample material acting as a sink for adsorption (or a source for desorption). Corresponding
to the nonlinear isotherm, the effective diffusion coefficient—and thus the diffusion process
through the sample material—varies with humidity.
Variation in �RH Step Size In order to analyse the impact of a variation in step size of
humidity, care has to be taken about the actual and initial value of both bound and free
concentration of H2O molecules. Assuming the applicability of the general gas equation, a
linear relation between water vapour concentration and relative humidity can be established

ρwv(RH) = RH

100
· psat(T )

T
· mH2O

kB
(6)

with T representing the temperature (in K), RH the relative humidity (in per cent) and kB the
Boltzmann constant. The saturation pressure can be expressed with an empirical relationship
as given, for example, in Alduchov and Eskridge (1996)

psat(T ) = 6.019 · exp
(
17.625 · (T − 273.15)

T − 30.11

)
Pa. (7)

Variation in Temperature To model the impact of temperature on the behaviour of WVT
through wood, the temperature-dependent diffusion coefficient of water vapour in the air
has to be considered. A nonlinear relation is given by the empirical expression (e.g. VDI-
Gesellschaft 2006)

Da(pwv, T ) = 2.252

p0 + pwv
·
(
T

T0

)1.81 Pa · m2

s
(8)

with T0 = 273.15K and p0 the atmospheric pressure (in Pa). For a constant humidity,
Da is increasing with temperature. Additionally, the concentration of water vapour in the
air and partly the concentration of available sorption sites in the sample material depend
on temperature (see, for example, Hill et al. 2010b). Using Eqs. 3, 4 and 6 and assuming
the sample volume to be approximately constant with temperature, the nonlinear function
R(ρwv, T ) for two different temperatures T1 and T2 can be expressed as
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R(T2)

R(T1)
= Mb(T2)

Mb(T1)
· T2
T1

· psat(T1)

psat(T2)

for a given value of RH. Making use of the sink factor over a step change in humidity (cf.
Eq. 5), the effective diffusion coefficient can be approximated as

Deff (T ) = ξ · D̄a(T )

1 + �R(T )
. (9)

Hence, the effective water vapour transport through the wooden sample material depends on
the temperature dependence of both the diffusion coefficient of water vapour in the air and
the sink factor. It should be noted that this work only analyses the case of a constant change
in temperature. Any local variations in temperature (in space or time) would need a separate
treatment to include the resulting transfer of energy (see, for example, Thorvaldsson and
Janestad 1999; Eitelberger et al. 2011).

2.2 Influence of MeasuringMethod

Moistening Method The moistening unit of the measuring apparatus takes a certain time
to change humidity during a step change in RH and thus has an impact on the measured
sorption kinetics of wood. Assuming the applicability of the general gas law, the amount of
H2O molecules for a given volume, relative humidity and temperature can be estimated as

Mwv(V ,RH, T ) = V · RH
100

· psat(T )

T
· mH2O

kB
. (10)

Without any sample material in the measuring chamber, the necessary amount of water to
change humidity during a step change in RH can be calculated with Eq. 10 by replacing
RH with �RH. Humidity inside the measuring chamber can be exchanged with an inflow
of either dry air (or any other carrier fluid), water vapour-saturated air or a mixture of both
(corresponding to the desired RH). In each case, the rates for the inflow and outflow have to
be taken into account. The change in H2O molecules dN (t) in a given volume is given by
the difference between the incoming and leaving molecules,

dN = dNI − dNo

= ρI · rI − ρo · ro
mH2O

dt

with rI,o indicating the rates for the inflow and outflow (in m3 s−1) and ρI,o the correspond-
ing mass concentrations. In order to provide a constant total pressure inside the measuring
chamber, equal rates have to be ensured (rI = ro). With the simplification of an instantaneous
mixing of added and existent moisture, the concentration in the outflow is identical to the
concentration inside the chamber (ρo = ρwv). Making use of N (t) = ρwv(t) · VM· mH2O

−1,
changes in concentration of water vapour in the measuring volume VM can be estimated as

dρwv(t) = rI
VM

· (ρI − ρvw(t)) dt

for a constant total pressure. Integrating dρwv(t) for a step change in humidity and using
Eq. 6, the increase in RH in the measuring chamber can be approximated in the absence of
sample material as

RH(t) = RHI − (RHI − RHi) · exp
(

−rI · t
VM

)
. (11)
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Here, RHi is the starting value of relative humidity for the step change and RHI the relative
humidity of the inflow. Depending on the used water vapour sorption system, RHI and rI have
to be taken either for dry air, water vapour-saturated air or for the desired RH (for systems
where the two streams are mixed to the set RH value before injecting it into the measuring
chamber). The minimal time for a step change in humidity inside the measuring chamber
could thus be roughly estimated, if the moistening unit uses the maximum rates for the inflow
from initial to final RH (i.e. no reduction in the flux to avoid overshooting). With the use of
sample material in the measuring chamber, the change in humidity during a step change in
RH will be slowed down as a consequence of the adsorption/desorption of H2O molecules.
To give a rough estimate, the sample material will be assumed to be in direct contact with
the forced water vapour–air stream and instantaneously change the concentration of water
vapour by the uptake/release of H2O molecules. Following a similar derivation as before,
Eq. (11) will be modified by

RH(t) = RHI − (RHI − RHi) · exp
(

− rI · t
VM + �R · VS

)
(12)

for the case of small sample sizes. Hence, the effect of sample material on the change
in humidity inside the measuring chamber can be approximately treated by increasing the
measuring volume with �R · VS. The time to reach x% of the final RH value during a step
change in RH can thus be approximated for small wooden samples as

tx = −VM + �R · VS
rI

· ln
(
1 − RH f − RHi

RHI − RHi
· x

)
. (13)

Paths of Stagnant Air For WVS experiments on larger pieces of cut wood, sample material
can be directly exposed to the forced water vapour–air stream. Rosen (1978) demonstrated
that flow velocities above a certain value are needed to reduce the influence of an external
resistance. In the case of small microtomed or grained wood, sample material is usually too
light to be placed directly in the forced stream. Thus, sample bowls are used to protect them
from being removed (e.g. Hill et al. 2010b). As the microtomed and grained samples are
not in direct contact with the water vapour–air stream, water vapour has to diffuse a certain
distance to reach the surface of the sample (see Fig. 1). Therefore, an additional diffusive
transport along the path HA has to be taken into account,

∂ρa

∂t
= ∂

∂x

(
Da · ∂ρa

∂x

)
(14)

with ρa = ρa(x, t) being the mass concentration of water vapour in the forced stream. To
match Eq. 2with Eq. 14, an identical flux can be used at the sample surface. For the following,
the joint treatment of water vapour diffusion to and through the grained sample will be termed
as double-diffusion model. The importance of a boundary layer above the sample surface has
also been mentioned for the cup method (e.g. Eitelberger and Svensson 2012 and references
therein), where a film boundary condition for cut samples was used instead.

3 Materials andMethods

3.1 Sample Preparation

Sample material was taken from the lower third of the stem of Norway spruce wood (Picea
abies) grown at an altitude of 1200 m. To determine the annual rings, a plank was cut
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HA

HS

HB

ρWV

Fig. 1 Simplified streamlines for the movement of forced water vapour–air stream over the sample material.
Dashed line indicates themean penetration of water vapour ρwv for the forced stream; HA is the corresponding
diffusion length , HS the sample height and HB the height of the bowl

Fig. 2 Schematic illustration of the water vapour sorption system SPSx-1µ. Source: ProUmid

from the centre of the tree in longitudinal direction. After a drying phase of 3 months at a
relative humidity of approximately 40% and a temperature around 22 ◦C, the density has been
determined to be ρW = 450± 40kgm−3. The plank was ground omitting the inner and outer
annual rings to obtain a more homogeneous sample material. A double-sieving process using
a set of seven analysis sieves was conducted to obtain five grain size distributions between
20µmand1mm.Thiswas done to restrict the grain size variation to a knownparticle diameter
range. To cross-check the particle size, a laser diffraction analysis was performed.

3.2 MeasuringMethod

To measure the sorption kinetics of grained wood, the water vapour sorption system SPSx-
1µ (ProUmid GmbH, Germany) was used. The sample material was placed into aluminium
bowls (cf. Fig. 1) and exposed to a variation in humidity at a pre-defined temperature. Adsorp-
tion/desorption of H2O molecules was measured using a gravimetric weighting process. The
bowls had an inner diameter of dB = 51mm and a height of HB = 13mm to prevent the
grained sample material from being removed by the forced water vapour air stream. Up to
11 sample bowls can be placed on a rotating plate inside the measuring chamber (Fig. 2). A
microscale with a reproducibility of ±10µg successively records the mass change of each
sample. To correct the amount of adsorbed water on the sample bowls as well as a possible
scale drift, an additional reference bowl is weighted before the first and after the last sample.
A linear change in mass and a linear drift between the two measurements were assumed.
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Table 1 Grained wood classified
by sample mass (weighted at
RH = 20%) and minimal to
maximal particle size for the
experimental investigations

Sample mass (mg) Particle size (µm)

20 63–125

200 63–125

400 63–125

600 63–125

40 63–125

40 250–500

200 63–125

200 250–500

Inside the measuring chamber, the humidity sensor is placed on the opposite side of the
humidification inlet and two fans distribute the moistened air with a velocity of 0.3m/s.
Each time a sample is placed on the scale, humidification and fans are turned off. To reg-
ulate humidity, either dry (RHdry = 0.2% RH ; hereinafter referred to as 0%) or water
vapour-saturated air (RHsat ≈ 99% RH) is passed through the inlet until target humidity
is reached. The maximum flow rate for dry air was set to 4.2dm3 min−1 and for saturated
air to 2.4dm3 min−1. It has to be mentioned that this method of regulating RH is not how
the most commonly used water vapour sorption systems operate. With the integrated Peltier
element, temperature can be varied around the ambient temperature with the consequence of
a reduced humidity range. The moistening unit is also controlled by temperature to provide
water vapour-saturated air with an appropriate saturation pressure. Relative humidity can be
changed stepwise with an arbitrary step size between 0% and 95% RH for a temperature of
25 ◦C. Within the given humidity range, a variance below ±0.5% RH can be ensured except
for RH ≤ 1% (± 0.1% RH) and RH ≥ 80% (± 1% RH). Deviations in temperature were
below ±0.1 ◦C, and the measurement cycle time was adjusted to the number and amount of
sample material to provide a stabilised climate.

3.3 Experimental Set-Up

Two different experimental investigations were performed. To analyse the impact of the
nonlinear isotherm and paths of stagnant air, four different filling levels with a grain size of
63–125µm were used. Sample weight was chosen to be 20mg, 200mg, 400mg and 600mg
(see Table 1). Relative humidity was changed in steps of �RH = 10% from 0% to 90%
RH, followed by a step of �RH = 5% to reach the maximum of 95% RH. Subsequently,
a reverse order sequence was used for desorption. Temperature was set to 25 ◦C during the
wholemeasurement. The influence of temperature and step size inRHon the sorption kinetics
of wood was analysed with two grain size distributions of 63–125µm and 250–500µm, and
a weight of 40mg and 200mg, respectively (Table 1). The latter grain size distribution was
used to check the kinetics for larger grains and is not shown in the results. Temperatures
were set to 20 ◦C, 25 ◦C and 30 ◦C to minimise changes in material properties. For each
temperature, relative humidity was changed in steps of �RH = 10% from 0% to 90% RH
followed by a reverse order sequence. The maximum of humidity was set to 90% RH to
compare the results for the various temperatures, as for T = 20 ◦C condensation effects
inside the measuring chamber started to appear at RH = 95%. Additionally, a measurement
with �RH = 30% was performed to analyse the differences in equilibrium values for two
distinct step sizes. For both set-ups, grained wood was poured into the sample bowls and
weighted at RH = 20% and T = 25 ◦C. Sample mass was chosen with an accuracy of

123



The Relevance of Water Vapour Transport for Water Vapour… 393

±0.2mg for a weight below 40 mg and ±1mg above 200 mg. A spatula was used to flatten
the surface and to avoid any compressions among the grains. Measurement cycle time was
set to 8 min based on a pre-experiment. Prior to testing, samples were conditioned inside
the measuring chamber for at least 24h at RH = 0.2% and a temperature corresponding to
the given investigation. To provide a better reproducibility, a complete run from 0% to 95%
RH (followed by the reverse order decreasing sequence) was performed in advance. This
was observed in pre-experiments and has also been suggested in the literature (e.g. Popescu
and Hill 2013). After each step change, RH was kept constant until all samples reached the
equilibrium condition, which was defined as

d

dt

(
m(t)

m0

)
≤ 0.02%

in a120minperiod.Thismass stability criterion for amass change in less than0.0002%min−1

should provide a lower error in the equilibrium moisture content than the most commonly
used criterion of 0.002%min−1 (see Glass et al. 2017). The condition to initiate the next step
change in RH was calculated with a linear regression based on the sample mass m(t) and its
minimum value m0 after preconditioning at 0.2% RH.

3.4 Simulations

The softwareWolfram Mathematica 10.4 was used for all simulations in Sect. 4. Differential
equations were solved using a numerical differential equation solver, which provides the
solutions as interpolating function objects. The measured and interpolated RH values of the
humidity sensorwere used as boundary conditions for the forcedwater vapour air streamat the
height HA above the sample surface. For the diffusion of water vapour through grained wood,
a vanishing flux was used at the bottom of the sample bowls. The measured mass changes
were interpolated with a first-order polynomial function to obtain a continuous function. To
provide the necessary continuous equilibrium values (i.e. sorption isotherms) for the solver,
the Hailwood–Horrobin model (Hailwood and Horrobin 1946) was adjusted to the measured
data. Where not stated separately, a reduction factor of ξ = 0.9 was used for the transport
through the porous structure of wood (see Frandsen et al. 2007). Alternatively, a reduction
factor can be constructed by using the porosity and the effective transport path length through
granular materials (Penman 1940). The height of the grain layers inside the sample bowls
was calculated with the simplification of a hexagonal close packing of identical spherical
particles (Murr and Lackner 2018)

HS = 2γ r
(
1 − √

2/3
)

+ 12
√
2

γ 3MS

d2Bπ2ρW
, (15)

where a correction factor γ = 1.31 is included to account for a larger radius given by the
non-idealised grained wood particles. Here, r denotes the radius of the particles, MS the
sample mass, dB the diameter of the sample bowl and ρW the density of wood. Eq. 15 was
used as it allows to distinguish the differences in sample height more clearly than given by
the roughly measured values.

3.5 Error Estimation

In regard to the measurement error, two different sources must be taken into account. Par-
ticularly in the medium range of humidity (where the least amount of H2O molecules is
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taken up/released by the samples for a given RH step), the scale reproducibility is important
to consider. For the 20mg sample with �RH = 10%, the amount of adsorbed or desorbed
water varies between 0.29mg and 1.1mg each step. Hence, the random error caused by the
scale contributes between ±1% and ±3.5% and decreases with increasing sample mass. The
second type of error arises from local and global variations in humidity inside the measur-
ing chamber. It is influenced by the regulation of humidity, the large amount of water taken
up/being released by the wooden samples, as well as by the relative position between humid-
ity inlet, sample position and humidity sensor (Fig. 2). This systematic error was observed
to increase at temperatures below and above 25 ◦C and is important for the comparison of
various temperatures as well as in the range of high humidity. It varies between 0.5% and 2%
for the 200mg sample and shows an increase of 10% for T = 30 ◦C or 15% for T = 20 ◦C.
Consequently, in the comparison of various sample weights (Sect. 4.5) scale reproducibility
is the dominant source of error, whereas in the comparison of various temperatures (Sect. 4.3)
the error caused by local and global variations in humidity is of greater concern. Using the
propagation of error, the error for a comparison of two incorrectly measured quantities in the
standardised representation can be calculated as

�

(
mM200

mM20

)
= �mM200

mM20

+
(
mM200

mM20

)
· �mM20

mM20

.

The total error in the comparison of the 200mg (mM200 ) and 20mg (mM20 ) sample in the
standardised representation thus depends on the error of the single quantities (�mM200 and
�mM20 ) as well as on the actual value for the sample masses (see Sect. 4.5). Errors caused
by an irregular packing of the grained particles or edge effects (see, for example, Penman
1940) are assumed to be negligible. Concerning the variations in sample material, the effect
of differences in cell wall thickness, annual ring position and inhomogeneities in longitudinal
and transversal direction of the tree stem were minimised by graining a large wooden plank.
Thus, an appropriate average value for the sample material and for the mass increase of the
grains can be assumed. Given the large amount of grains inside the sample bowls, an averaged
value for the measured sorption kinetics was ensured for all samples.

4 Results and Discussion

With a few mentioned exceptions, simulations were done numerically to provide more accu-
rate results than the analytical approximation presented in Sect. 2. Still, the simplifications
of an instantaneous sink, a fast transport across the cell wall and neglecting transport along
the cell wall were used. The latter two simplifications might be justified by calculating the
necessary time of diffusion for H2O molecules through and along the cell wall. Using the
bound water diffusion coefficient in the order of 10−12 m2 s−1 (Siau 1984), a mean cell wall
thickness of 4μm and a cell wall length of 180µm (i.e. the mean radius of the 250–500µm
grain size), the time to reach 90% of the equilibrium value can be evaluated to be <1min
(across the cell wall) and >120min (along the cell wall). Comparing these values with the
experimental measured value of approximately 15min (for the step change 0% →10% RH),
the two simplifications seems to be plausible.
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(a) (b)

Fig. 3 Adsorption and desorption isotherm for grained wood at T = 25 ◦C (a). Markers indicate the measured
equilibrium values and dashed lines the fitted results based on the Hailwood–Horrobin model. Absolute values
for the mass increase or decrease each step change in RH are shown in b. Error bars were omitted for a better
comparability

Fig. 4 Effective diffusion coefficient for adsorption and desorption at T = 25 ◦C. Markers indicate the
calculated average values for a step change in RH shown at the final value of the �RH step and dashed lines
are solely for illustration (linear interpolation). Error bars were omitted for a better comparability

4.1 Nonlinear Sink

To investigate the influence of a nonlinear sink on the diffusion of water vapour through
grained wood, a sample of 200mg with a calculated grain layer height of 0.68mm was used.
The nonlinear adsorption isotherm and the scanning desorption isotherm are shown in Fig. 3a,
and the uptake/release of H2Omolecules in each step is given in Fig. 3b. Both the shape of the
isotherms and the hysteresis indicate a strong interaction between the H2Omolecules and the
cell wall polymers. Hence, a clustering of H2Omolecules within the cell wall of wood (Barrie
and Platt 1963) should not have a significant impact on the following results. Using Eqs. 5, 8
and 9 with the given experimental results, the variation in the effective diffusion coefficient
can be calculated (see Fig. 4 ). Corresponding to the minimum of adsorbed or desorbed water
between 20 and 50%RH, the effective diffusion coefficient shows amaximum in the medium
range of humidity. Similar results were also reported in the literature (Gouanvé et al. 2006),
where the measured initial mass increase of flax fibres was used to evaluate the diffusion
coefficient. A calculation of the effective water vapour diffusion coefficient (Eqs. 5, 6, 7,
8 and 9) for various wooden samples (i.e. cut, grained and cell wall material) is shown in
Table 2. These values were calculated for adsorption and the values for desorption are within
this range. Comparing the approximate value of 2.5 10−5 m2 s−1 for the diffusion coefficient
of water vapour in air (Eq. 8), a decrease of 3 to 4 magnitudes for grained wood and 4 to
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Table 2 Variation in effective diffusion coefficient Deff for a step change of �RH = 10% between 0% and
95% RH for various wooden samples at T = 25 ◦C

Sample material Mean density [kgm−3 ] Effective diffusion coefficient [m2 s−1 ]

Grained wood 145 5×10−9 . . . 3×10−8

Cut wood 450 1.5×10−9 . . . 9×10−9

Cell wall material 1500 4.5×10−10 . . . 3×10−9

5 magnitudes for wood cell wall material was calculated for the effective WVT. A similar
attenuation factor for the water vapour transport through cut wood has been found by Stanish
(1986). Hence, even when using an instantaneous sink and constant boundary conditions
on the sample surface, the diffusion process of water vapour through small wooden samples
(during a step change in RH)will bemarkedly retarded as a consequence of the uptake/release
of H2O molecules. With a typical value of 10−12 to 10−10 m2 s−1 for the longitudinal bound
water diffusion coefficient (e.g. Siau 1984), the effective water vapour diffusion coefficient
lies almost in a comparable range. Itmight be noted that a steady-state diffusion coefficient for
spruce wood in longitudinal direction of 1.5 10−9 m2 s−1 is mentioned by Wadsö (1993b).
Consequently, the water vapour transport has to be considered in WVS experiments on
wood, even in the case of small sample sizes. A neglection of the WVT as, for example,
in the bound water diffusion model (Olek et al. 2005; Olek and Weres 2007) seems thus to
be inappropriate for a description of the WVS behaviour of wood (see also, for example,
Stanish 1986). Further, the similar magnitude for the characteristic time τ1 of the fast process
in the PEK model for adsorption and desorption (Hill et al. 2010a) might be a consequence
of effective water vapour diffusion. The fast process could thus be related to the diffusion
of water vapour to and through the sample material. Regarding the relevance of WVT for
small wooden samples, a pure mechanical interpretation of the measured sorption kinetics
(e.g. Hill et al. 2011a) seems therefore to be inappropriate. Similar results have also been
mentioned in the literature (Murr and Lackner 2018).

4.2 Variation in1RH Step Size

Comparing different step sizes in RH, care has to be taken with relaxation and reorganisation
processes within the cell wall of wood (e.g. Christensen and Kelsey 1959) as well as with
the ratio between the amount of water taken up/being released by the sample and the added
amount of water vapour in the measuring chamber during the step change. Whereas the
influence of the former is not treated in this work as it requires an appropriate model for
the source/sink, the latter can be evaluated within the given framework presented in Sect. 2.
An analysis of the speed factor (1 + �R)−1 with Eq. 5 is shown in Fig. 5. Corresponding
to the different water uptake/release each step change in RH (cf. Fig. 3b), a variation in the
speed factor (and hence a variation in the effective diffusion coefficient) can be obtained for
adsorption (Fig. 5a) and desorption (Fig. 5b). Larger values indicate a faster equilibration
and correspond to less water uptake/release during the step change. The order of magnitude
of both step sizes is comparable as both change in sample mass and change in water vapour
increase for an increasing step size in RH. However, for an accurate comparison of the kinetic
behaviour between two different step sizes (e.g. 0% →10% RH with 0% →30% RH), these
differences in the speed factor have to be taken into account to precisely identify processes
that take placewithin the cell wall ofwood. It should be noted that an initial limitation ofwater
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(a) (b)

Fig. 5 Comparison between the speed factor (1+�R)−1 for the diffusion coefficient for a step change in RH
with �RH = 10% and �RH = 30% at T = 25 ◦C. Adsorption is shown in a and desorption in b. Error bars
were omitted for a better comparability

(a) (b)

Fig. 6 Variations in the adsorption isothermwith temperature for the 200mg sample (a) and calculated relative
changes of the diffusion coefficient for the step change 0% → 10% RH (b). For the latter, solid line shows
the (interpolated) water vapour diffusion coefficient through wood including instantaneous adsorption of H2O
molecules (i.e. effective diffusion) and dashed line thewater vapour diffusion coefficient throughwoodwithout
including adsorption

vapour supply caused by the fixed feed rate of water vapour-saturated or dry air becomes
more relevant for larger step changes in RH, as more water vapour has to be provided by the
moistening unit (see Eq. 13).

4.3 Variation in Temperature

To analyse the influence of temperature on the sorption kinetics of wood, three different
temperatures were used. As shown in Fig. 6a, the adsorption isotherms are only slightly
affected by temperature. An increasing deviation can be seen in the higher range of RH, with
a larger amount of water taken up at lower temperatures. Similar results were obtained for
desorption, where a more pronounced difference between the isotherms was observed. Hill
et al. (2010b) have shown similar results, even though in the high range of RH the isotherms
were closer together. Comparing the influence of temperature on the water vapour diffusion
coefficient without uptake/release of H2O molecules (Dwv = ξ · Da) and on the effective
water vapour diffusion coefficient (Eq. 9), considerable differences are shown in Fig. 6b.
With the former showing a relative variation of approximately 6% between 20 and 30 ◦C,
the latter varies more than 80% in the same range. These differences are a consequence of
the amount of water taken up by the wooden samples at a given RH varying only slightly
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(a) (b)

(c) (d)

Fig. 7 Comparison of relative mass change for three temperatures with �RH = 10% (a, b) and �RH =
30% (c, d). Markers with error bars indicate the measured values and markers with solid/dashed lines the
corresponding simulations of the double-diffusion model and the blurred diffusion model (linear interpolation
is solely for illustration)

with temperature (see Fig. 6a), whereas the amount of H2O molecules in air at the same
RH changes significantly with temperature (see Eqs. 5–9). An analysis of measured sorption
kinetics with simulated results for the water vapour transport to and through grained wood is
given in Fig. 7. Mass increase and decrease were evaluated at tev = 15min and normalised
to the values at T = 25 ◦C. Evaluation time was chosen by a reasonable compromise to
capture the diffusive processes at the beginning of the mass changes and to provide at least
twomeasuring cycles (to perform an interpolation of the measured data). Results were shown
for the 200mg sample with a grain size distribution of 63–125µm, as the kinetics were too
fast for the 40mg sample and the relative errors too large to detect any significant differences.
The split-up with temperature could be roughly captured with the double-diffusion model
for adsorption (Fig. 7a) and desorption (Fig. 7b). For the simulations, Eqs. 2 and 14 were
used with s(ρwv) = Mb(ρwv)

VS
and effective diffusion length HA + HS was chosen to be 60%

of the sample bowl height. Additionally, an evaluation with a simple diffusion process was
performed, where the sorption sites were assumed to be equally distributed within the water
vapour penetration depth and the bottom of the sample bowl. This non-realistic approach will
be termed as blurred diffusion model and might be used for certain engineering purposes. As
it yields to similar results for the given experiments, it can be used as a rough simplification
of the double-diffusion model. Simulations were performed with Eq. 2 (with a corresponding
density of sorption sites), and the reduction factor for the water vapour diffusion coefficient
was lowered to ξ = 0.4 to get comparable results. Length of diffusion inside the sample bowl
was chosen identical to the value for the double-diffusion approach (i.e. HA+HS = 0.6 HB).
With a few exceptions, the measured results show a similar behaviour as predicted by the
simulations. This indicates the relevance of WVT on the temperature dependence of the
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Fig. 8 Characteristic RH equilibration half-times of the sorption analyser for a step change of�RH = 10% at
T = 25 ◦C. Measured half-times without sample material (a) and with a total sample mass of approximately
10g (b) are shown with bars, and arrows indicate the simulated effect of moisture displacement. Errors were
omitted for a better comparability

sorption kinetics. The increasing split-up with temperature in the high (adsorption) and low
(desorption) range of RH might be a consequence of the moistening process. Comparing
the results for a step size of �RH = 30% with �RH = 10%, the former shows a better
conformity between the measured and simulated data (except for the last step change in
adsorption; see Fig. 7c). This seems reasonable if processes within the cell wall of wood
are less dominant for larger step sizes in RH, which has already been found for small cut
samples starting from dry conditions (Christensen and Kelsey 1959). Similar results were
also obtained for the 250–500µm grain size distribution.

4.4 MoisteningMethod

Analysing the water vapour supply during a step change in RH, care has to be taken about the
specificmethod of changing humidity inside themeasuring chamber. This seems less obvious
when treating the sorption kinetics of hygroscopicmaterials, but becomes particular important
for adsorption at high RH and for desorption at low RH. Figure 8a shows the comparison of
timescales to reach half of the target humidity during a step change of �RH = 10% without
using any sample material. Evaluation time was chosen to reach half of the step change in RH
to avoid the automatic regulationmechanismof themoistening unit (to prevent overshooting).
An exponential increase can be seen which becomes dominant in the high range of RH for
adsorption, and a similar behaviour was observed for desorption in the low range of RH.
As no sample material was placed inside the measuring chamber, these differences in the
RH equilibrium times seems to be a consequence of the moistening process of the sorption
analyser. Using Eq. 11 with a supply rate of saturated air rI = 2.4 dm3 min−1, an inflow
with RHI ≈ 99% RH and an estimated effective volume VM= 10.2 dm3 (i.e. approximate
gas volume inside the measuring chamber), the corresponding RH equilibrium half-times
were calculated and are shown as arrows in Figure 8a. The increasing trend can be roughly
captured, and the deviations might result from the simplified assumption of an instantaneous
mixing of the inflow with the humidity inside the chamber. Similar results were obtained
for the desorption process, where the RH equilibration half-times increase towards the low
range of RH. The higher value of the measured RH equilibration time in the first step change
(i.e. 0% →10% RH) seems to be caused by a delayed moisture regulation of the sorption
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analyser. It should be noted that a sorption system where the set RH is directly injected
into the measuring chamber (i.e. pre-mixing of dry and water vapour-saturated air; see, for
example, Hill et al. 2010b) would lead to longer but similar equilibrium times along the
range of humidity, if the same flow rate and measuring volume is used (cf. Eq. 11). An
additional effect, which is more relevant for the local distribution of H2O molecules is given
by the local moisture gradient during a step change in RH. With an influx of water vapour-
saturated air, the gradient between the water vapour concentration in the measuring chamber
and the influx decreases with increasing humidity. Hence, for measuring systems which use
a stream of water vapour-saturated or dry air to regulate humidity, the local equilibration of
moisture during a step change inRH is decreasingwith increasing humidity for adsorption and
vice versa for desorption. This effect is less significant than the before-mentioned moisture
displacement, and a proper treatment would need a detailed knowledge on the geometry
inside the measuring chamber.

Regarding the influence of water vapour supply on wood (or any other highly hygroscopic
sample material) during a step change in RH, the exponential increasing RH equilibration
time will slow down the initial sorption kinetics for both small and large samples. Above a
certain amount of sample material in the measuring chamber, additional care has to be taken
on the amount of H2Omolecules taken up/being released by the sample. Considering Eq. 12,
the large mass uptake/release in the low and high range of RH (Fig. 3b) should slow down the
change of humidity during a step change in the chamber. Analysing a separate experimental
set-up with a total amount of 10g of wood spread over 11 sample bowls, the retardation
on RH equilibration time is clearly shown in Fig. 8b. Using Eq. 13 for the given sorption
analyser and choosing x = 0.5, the RH equilibrium half-times can be calculated and are
shown as arrows in Fig. 8b. The deviation in the high range of humidity might be related to
the relevance of other processes within the cell wall (see, for example, Wadsö 1994a). For
desorption, the deviation between measured and simulated results is noticeable lower (not
shown). A corresponding investigation for the experimental set-ups presented in this work
was not possible as a separatemeasuring procedure has to be used. Consequently, the sorption
kinetics will be influenced by the rate and RH of the inflow, measuring and sample volume,
as well as range and step size in RH. For a reliable study on the sorption kinetics of small
wooden samples (or other highly hygroscopic materials), humidity should be changed as fast
as possible during a step change in RH. If a threshold for the equilibration half-time is set to
1min, a maximum value for the total sample mass of approximately 2g would be acceptable
with the given measuring set-up. Comparing the influence of mass change (Fig. 3b) on the
RH equilibration times (Fig. 8b) and the variation in characteristic time for the fast process in
the PEK model (Hill et al. 2010b, 2011a; Sharratt et al. 2011; Popescu et al. 2014; Himmel
and Mai 2015) suggests the fast process to be influenced by the water vapour supply.

4.5 Paths of Stagnant Air

To analyse the effect of an additional diffusion path between the forced water vapour–air
stream and the sample surface on the sorption kinetics of grained wood (see Sect. 2.2),
various grain layer filling levels were compared and are shown in Fig. 9. A variation in
split-up of the WVS kinetics between the different grain layer fillings over the range of
humidity can be seen for adsorption and desorption. Corresponding to the smaller amount
of H2O uptake/release of wood in the medium range of RH (for a given step size in RH),
a faster mass increase can be observed compared to the low and high range of RH. The
sorption kinetic curves were evaluated at tev = 15min and standardised to the results of
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(a) (b)

(c) (d)

(e) (f)

Fig. 9 Comparison of the split-up of WVS kinetic curves between various grain layer filling levels along
the relative humidity for adsorption (a, c, e) and desorption (b, d, f). Markers indicate the measured values
and dot dashed/solid/dashed lines the corresponding solutions for the single-diffusion (a, b), double-diffusion
(c, d) and blurred diffusion (e, f)

the 20mg sample. When analysing the data with a single-diffusion equation (Eq. 2) without
considering the additional diffusive transport path HA (i.e. sample surface is assumed to be in
direct contact with the forcedwater vapour air stream), the split-up between the kinetic curves
of the various samples cannot be captured correctly (Fig. 9a, b). The calculated kinetics of the
200mg sample (HS = 0.68mm) were found to be faster than the measured results, whereas
those of the 600mg sample (HS = 2.0mm) were found to be slower. In order to compare
the simulations with the measured results, the reduction factor for the water vapour diffusion
coefficient was lowered to ξ = 0.09 as this model would lead to a much faster kinetic. It
might be noted that even though the sorption kinetics would be slowed down with the use of
a non-instantaneous sink, the delayed availability of sorption sites (e.g. caused by relaxation
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and reorganisation processes) should cause a different behaviour. Thinner samples are more
affected by the availability of sorption sites than thicker ones, as a diffusion process scales
to the square of sample thickness (∼ H2

S ) and becomes more dominant for thicker samples.
Hence, the sorption kinetic curves of low grain layer filling levels (i.e. low mass) should
be delayed and positioned closer together, whereas samples with higher filling levels (i.e.
larger mass) should approximately show the characteristic behaviour given by the diffusion
equation. As the experimental results show a converse trend (i.e. a larger split-up for thinner
samples than for the thicker ones; see Fig. 9a, b), a consideration of the diffusive transport path
between the forced water vapour–air stream and the sample surface seems to be important
for modelling the sorption kinetics of small wooden samples. Comparing the experimental
results with the double-diffusion approach, a better conformance was observed (Fig. 9c,
d). Simulations were performed similar to Sect. 4.3. The decreasing trend for the split-up
with sample mass between the WVS kinetic curves could be roughly captured, which points
towards the anomalous behaviour of grained wood being influenced by the additional water
vapour transport path to the sample surface.An increasing deviation betweenmeasured results
and the simulations can be seen for adsorption in the medium to high range of RH (Fig. 9c).
This might indicate that processes within the cell wall of wood are more relevant at medium
to high humidity levels, which has already been mentioned in the literature (e.g. Christensen
andKelsey 1959;Wadsö 1994a). The desorption kinetics show a better conformance between
the experiments and simulations, which seems to be consistent with the notion of creating
new sorption sites during adsorption. Regarding the additional diffusion path, there might be
a connection to the concept of an external resistance, which was frequently used in the earlier
literature (e.g. Avramidis and Siau 1987 and references therein). In addition, the blurred
diffusion approach (see Sect. 4.3) was used to model the WVT in WVS experiments for
various grain layer filling levels. As shown in Fig. 9e, f, a similar conformance between the
measured and simulated results was obtained. Similar to the double-diffusion approach, a
deviation in the medium to high range of RH can be seen for adsorption (Fig. 9e). Conversely,
the desorption kinetics show a better conformance (Fig. 9f). The deviation of experimental
results for the step change 90% → 80% RH might be related to, or caused by, the smaller
prior step change (95% → 90% RH). Given the congruence of the measured and simulated
results, it appears that the diffusion path both to the sample surface and through the sample
influence the sorption kinetics of grained wood.

5 Conclusion

Water vapour transport has a significant effect on the sorption kinetics of wood and has
to be considered even for small sample sizes. This was shown by a simplified analysis on
the diffusion of water vapour through wood and comparing the results with the measured
water vapour sorption kinetics of grained wood. The diffusion of water vapour through the
macrostructure is markedly reduced by the uptake or release of H2O molecules of the sur-
rounding cell walls, which decreases the effective diffusion coefficient to a similar magnitude
as used for bound water diffusion in wood. Because of the nonlinear isotherm, this effective
diffusion coefficient depends on step size and range of relative humidity. The marked impact
of temperature on the measured kinetics (during a step change in relative humidity) seems to
be a consequence of the temperature-dependent concentration of H2O molecules in the air.
A further effect found is placing the sample material into bowls for the measurement causes
a delay in the water vapour transport, which becomes apparent in an anomalous split-up of
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the sorption kinetics for grained wood with different grain layer filling levels. Consequently,
an interpretation of the water vapour sorption kinetics for hygroscopic materials without
including the transport of water vapour leads to incorrect values and dependencies of the
corresponding model parameters. Based on this study, future research should combine the
given water vapour transport with a transport through the cell wall and an appropriate model
for the uptake/release of H2Omolecules, to model and interpret the sorption kinetics of small
wooden samples.
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