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Influence of humidity fluctuations in the chamber
on the calculated values

of the moisture diffusion coefficient in wood

Anna Wicher1, Jadwiga Świrska-Perkowska2, Sławomir Pochwała3

Abstract: In civil engineering applications, alongside inherent resistance, the moisture content in wood
is one of the most important factors affecting the durability of wood. The moisture content of wood is
significantly influenced by the moisture diffusion coefficient. In this study, the impact of considering
humidity fluctuations in a climatic chamber during the sorption process on the computational values of
functional coefficients in various models of diffusion coefficient variability with material moisture content
was analyzed. The dependence of the moisture diffusion coefficient on moisture concentration in wood
was assumed in the form of constant, linear, quadratic, and exponential functions. The coefficients in the
sought-after functions were found using the error function minimization method based on the kinetics of
moisture sorption measurements in samples of Scots pine in the radial and tangential directions at an average
air humidity in the chamber of 32%. As a result of the calculations, it was found that taking into account
humidity fluctuations in the climatic chamber improved the fitting of computational curves to experimental
curves in the case of constant and exponential models. The values of the diffusion coefficient assumed as
constant calculated assuming variable humidity conditions in the chamber, differed on average by about 4%
compared to the values of these coefficients obtained without considering air humidity fluctuations. In the
case of each analyzed sample, the linear descriptions of the variability of the diffusion coefficient had a less
steep course when considering air humidity fluctuations in the climatic chamber during the calculation
process.
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1. Introduction

Wooden structures have a very low global warming potential (GWP) compared to masonry
and reinforced concrete structures [1], which has a significant impact on the growing interest
in wood construction today. Wood has a complex, heterogeneous structure, which results in
its mechanical, physical, and chemical properties being orthotropic. The properties of wood
also depend to a large extent on the moisture content, which is influenced by factors such as
the value of the moisture diffusion coefficient and the relative humidity of the surrounding
air. It is widely believed that in addition to natural resistance, the moisture content in wood
is one of the most important factors determining the durability of wood in civil engineering
applications [2]. A similar dependence is also observed for other building materials, such as
sandstone, where subsequent wetting and drying cycles noticeably modify its fatigue life [3].

In construction practice, knowledge of the moisture sorption properties of wood is important
for properly designed building structures. In hygroscopic conditions, wood tends to reach an
equilibrium state with the moisture content in the environment, i.e., to achieve equilibrium
moisture content [4].

Methods for measuring the moisture diffusion coefficient can be generally divided into
stationary and non-stationary methods. In stationary methods, the parameters of the process do
not change. The most popular stationary method is the cup method [5–8]. The measurement
setup consists of a glass vessel that is closed with a sample. Inside the container, there is
a saturated salt solution, which is used to maintain a constant humidity of the air under the
sample. As a result of the difference in humidity above and below the sample, moisture
flow occurs, which causes changes in the mass of the measuring set. When these changes
stabilize over time, it can be assumed that a stationary state has been reached inside the sample.
In [5], a modified cup method was proposed, allowing for a more precise analysis of moisture
transport and sorption processes in wood. In this method, the use of a hygrostatic salt solution
is abandoned. Instead, a small data logger is placed inside the vessel to monitor changes in
relative humidity and temperature inside the dish during the test. At low moisture content
in wood, stationary measurements can yield moisture diffusion coefficient values similar to
those obtained from non-stationary measurements, but at higher moisture content, the results
obtained from stationary methods are nearly twice as large as those from non-stationary
measurements [9, 10].

In non-stationary methods, the flow of water vapour is induced by changing of humid-
ity conditions in the sample environment. Two main types of non-stationary methods are
distinguished: methods based on measuring the kinetics of moisture sorption and methods
based on measuring moisture distribution. Examples of known methods based on the analysis
of sorption kinetics include the Crank method and the Liu method. The basis for the analysis
of sorption kinetics is measurements of the change in sample mass over time. The Crank
method is based on solving the diffusion equation with a first kind boundary condition. Only
measurement points from the initial range of the sorption kinetics curve, which align in
a straight line, are considered in the calculations. The Liu method is based on solving the
diffusion equation with a third kind boundary condition, which also allows for the consideration
of phenomenon of moisture surface emission at sample boundaries [11] if the conditions under
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which the experiment is conducted permit it. The authors of the papers [12, 13] have found
that calculations using the Liu method are less time-consuming but also less accurate than
calculations using the Crank method.

Besides methods based on analytical solutions, there is a group of methods based on
minimizing the error function between measured and calculated calculated increments of mass
samples over time. The application of the error functionminimizationmethod requires assuming
a functional dependence of the moisture diffusion coefficient on the moisture concentration
in the material [14]. In the literature, this dependence is usually expressed as exponential
functions with different types of moisture functions in the exponent, such as linear [15, 16],
quadratic [15,17,18], cubic polynomials [17], or hyperbolic [16]. Whereas, authors of other
studies assume that the moisture diffusion coefficient is constant within a certain range of
material moisture content [15, 16, 18–21] or takes the form of a linear function of moisture
content [16]. Some researchers analyze different forms of the above-mentioned functions and
choose the one that yields the lowest value of the error function [15, 16].

Another type of non-stationary method is those based on moisture distribution measure-
ments. The essence of these methods is to solve the coefficient inverse problem, which is why
they are also called inverse methods. Moisture distribution measurements in a sample can be
classified into destructive and non-destructive techniques. An example of a destructive method
is the gravimetric method. Non-destructive methods include nuclear magnetic resonance
(NMR) [22–24], magnetic resonance imaging (MRI) [22], computed tomography (CT) [22,25],
and neutron imaging (NI) [26].

In this study, a method based on minimizing the error function was used to determine the
moisture diffusion coefficient, which relies on measuring the kinetics of moisture sorption.
Since there was intensive air movement in the climatic chamber, the moisture diffusion
coefficient for each sample was sought assuming first kind boundary conditions (external
mass transfer resistances were negligibly small). Four types of variability of the diffusion
coefficient with material moisture content were analyzed namely constant, linear, quadratic,
and exponential functions. The error function described the difference between the calculated
and measured mass increases of sample at different moments during the sorption process.
As it is known, a significant problem during studies of kinetics of the sorption process and
drying is the fluctuations of parameters in the climatic chamber, especially during weighing
samples when the chamber needs to be turned off [27–29]. The authors of this study performed
calculations for each sample twice: once assuming constant air humidity in the chamber, and
the other taking into account fluctuations in humidity recorded using a sensor placed near
the samples. This allowed for the estimation of the impact of air humidity fluctuations in the
chamber on the values of the determined of moisture diffusion coefficients in wood.

Since timber obtained from coniferous species is commonly used as a building material in
Poland, samples of pine ordinary were selected for the study. Measurements of samples mass
increases over time were conducted at a step change in relative air humidity from 0% to 32%.
This is the first of three stages of the study planned by the authors.
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2. Materials and methods

2.1. Experimental studies

The samples were obtained from pine ordinary wood (Pinus sylvestris) harvested from
the lowland region of Poland. Seven samples were prepared in tangential (T) and radial (R)
directions with approximate dimensions of 30 × 30 × 20 mm each. The samples were then
transferred to a heating chamber and dried to a constant mass (the conditioning process lasted
approximately three months). To induce mass flow in only one selected direction in the samples,
the dried samples were sealed on four sides with aluminum vapour-tight foil. After sealing, the
samples were put back to the drying chamber to eliminate any moisture absorbed from the
surroundings during insulation.

The dried and insulated samples were then transferred from the drying chamber to a climatic
chamber with a predetermined relative humidity of 30% (±2%) and temperature of 23◦C
(±1◦C), initiating the moisture sorption process in the samples. A temperature and humidity
probe connected to a data logger was placed near the samples right after removal them from
the drying chamber, recording the ambient air parameters at a frequency of every 5 minutes.
Changes in sample mass over time were measured using a balance (with an accuracy of
±0.002 grams) placed inside the chamber. The measurement set-up is presented in Fig. 1. The
measurement frequency ranged from every 2 hours to once every 10 days, gradually extending
the time between weighings as the rate of mass gain in the samples decreased. During the
measurements, the climatic chamber had to be turned off, and one weighing cycle lasted from
20 to 30 minutes. The entire experiment took approximately 7 months to complete. A graph
showing air humidity fluctuations in the chamber during the study period is presented in Fig. 2.

Fig. 1. Samples and measurement setup inside the climatic chamber

As a result of the experiment, sorption curves of individual samples were obtained, which
are presented in Fig. 3 and Fig. 4.
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Fig. 2. Fluctuations of air humidity in the chamber during the experiment

Fig. 3. Sorption kinetics curves for pine samples in the radial direction

Fig. 4. Sorption kinetics curves for pine samples in the tangential direction
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2.2. Mathematical model

In the analyzed case, the moisture flow through the samples occurred in the tangential (T)
or radial (R) direction and was one-dimensional. The equation describing the mass diffusion
process within the samples is given by the relation

(2.1)
∂Cw

∂t
=
∂Dw

I

∂x
∂Cw

∂x
+ Dw

I

∂2Cw

∂x2 , I = R,T

where: I – direction of moisture flow in wood (R or T), Cw – moisture concentration in
the sample (water mass in the sample relative to the mass of the dry sample) [kg/kg], Dw

I –
moisture diffusion coefficient in the sample in the direction I [m2/s], x – space coordinate
coinciding with the axis of the sample [m], t – time [s].

Discretizing equation (2.1) according to the explicit scheme of finite difference method
yields the following relation

(2.2)
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where: ∆ means the increment, and subscripts i and j correspond to the spatial node and time
point in the discretized space (x, t). The time step ∆t changed during the calculations and
each time it was selected in such a way that, on the one hand, the convergence condition of
the explicit finite difference method was met, and on the other, that the change in moisture
concentration from step to step at any spatial point was not greater than 0, 02 ·

(
Cw
∞ − Cw

0

)
.

In the considered case, the moisture distribution in the samples at the beginning of the
process was homogeneous, hence the initial condition is given by

(2.3) Cw
i,0 = Cw

0

where: Cw
0 is the initial moisture concentration in the sample.

Since the air in the climatic chamber where the sorption process was conducted is intensively
mixed (air velocity is 3 m/s) and the samples were placed on a table under the fan, the external
mass transfer resistances on the sorbing surfaces of the samples can be assumed to be negligibly
small, and first kind boundary conditions were assumed on these surfaces

(2.4) Cw
1, j = Cw

n, j = Cw
∞

where: n is the number of nodes in the sample, a Cw
∞ – equilibrium moisture content in the

sample corresponding to the humidity in the climatic chamber.
In the study, two cases were analyzed regarding the concentration values Cw

∞ : one case
assumed that the concentration is constant and equal to the moisture content in the sample,
corresponding to the average air humidity in the chamber near the samples (32%). The other
case assumed that the concentration fluctuates with the humidity fluctuations in the chamber,
and its instantaneous values were determined based on the linearized by segments of the
sorption isotherms of the respective sample. The linearization was performed based on the
known equilibriummoisture content values of the samples at 32% and 60% relative air humidity.
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2.3. The computational procedure involved in the study

Four types of the variability of the diffusion coefficient with moisture content were analyzed:
constant, linear, quadratic, and exponential functions

Dw
I (C

w) = DIo(2.5)
Dw

I (C
w) = aIl + bIlCw(2.6)

Dw
I (C

w) = aIs + bIsCw + cIs (Cw)
2(2.7)

Dw
I (C

w) = aIe exp (bIeCw)(2.8)

The values of the coefficients in the above functions were sought using the error function
minimization method, utilizing the finite difference method. Software for calculating the
moisture diffusion coefficient was written in MATLAB environment. Initially, an approximate
value of the constant moisture diffusion coefficient was found using the method of numerical
search throughout the domain and utilizing the analytical solution of equation (2.1). The
search range was selected based on the diffusion coefficient values determined for individual
wood samples using the

√
t-type Crank method (initial sorption). Next, the exact value of the

constant moisture diffusion coefficient DIo was determined, by minimizing the error function,
using a numerical solution of the diffusion equation, and employing the Levenberg-Marquardt
optimization algorithm. Subsequently, the coefficients in the linear (2.6) and exponential
(2.8) functions were determined, with the starting point in the optimization procedure was in
these cases a point [DIo, 0] (coefficient obtained in the previous step). On the other hand, the
coefficients in the quadratic function (2.7) were determined by starting from the previously
obtained linear function, i.e. from the starting point [aIl, bIl, 0]. During the calculations, error
function was minimized which is the sum of absolute square deviations between the measured
and calculated values

(2.9) F =
∑
k

(
∆me,k − ∆mo,k

)2

where ∆me,k denotes the measured mass increment of the sample at a given time k, and ∆mo,k

– calculated (for a given set of coefficients of the function Dw
I (C

w)), mass increment of the
sample at the corresponding moment.

3. Results and discussion

The obtained sets of coefficients are presented in Tables 1 and 2, corresponding to the radial
and tangential directions, respectively. For each model, two sets of coefficients are provided in
the rows related to individual samples: the upper set (black colour) corresponds to calculations
assuming constant humidity in the chamber during the experiment, while the lower set (grey
colour) refers to results obtained taking into account humidity fluctuations in the surroundings
of the samples. This way of presenting the results facilitates their comparison. Unfortunately, in
the case of three samples in which the diffusion process was carried out in the radial direction
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(SR5, SR6, and SR7), it was not possible to determine unambiguous values of the coefficients
in quadratic functions Dw

I (C
w) taking into account the variability of humidity conditions in the

surroundings of the samples. In these cases, question marks were entered in the respective rows.
Tables 1 and 2 also include the values of the mean relative error of fitting the calculated

curve to the experimental curve for a given set of coefficients, calculated according to the
formula

(3.1) e =
∑ ��∆me,k − ∆mo,k

��
∆me,k

·
100
ne

where ne is the number of time points at which measurements were taken.

Table 1. Values of coefficients in searched functions – radial direction

Model Sample
Determined functional coefficients F [kg2] e [%]

DTo/aT [m2/s] bT [m2/s]/[–] cT [m2/s]

Constant

SR1
2.421 · 10−11 – – 2.977 · 10−9 9.08
2.544 · 10−11 – – 1.973 · 10−9 7.41

SR2
1.809 · 10−11 – – 3.418 · 10−9 9.43
1.900 · 10−11 – – 2.405 · 10−9 7.92

SR3
2.221 · 10−11 – – 1.670 · 10−9 6.80
2.336 · 10−11 – – 0.953 · 10−9 5.11

SR4
3.156 · 10−11 – – 4.046 · 10−9 8.62
3.292 · 10−11 – – 2.693 · 10−9 7.87

SR5
4.579 · 10−11 – – 5.182 · 10−9 9.46
4.746 · 10−11 – – 3.965 · 10−9 8.27

SR6
4.800 · 10−11 – – 4.763 · 10−9 9.05
4.965 · 10−11 – – 3.040 · 10−9 8.07

SR7
4.015 · 10−11 – – 5.489 · 10−9 9.76
4.164 · 10−11 – – 3.763 · 10−9 8.70

Linear

SR1
9.095 · 10−11 −2.416 · 10−9 – 4.847 · 10−11 2.63
8.030 · 10−11 −2.034 · 10−9 – 1.032 · 10−10 2.98

SR2
6.247 · 10−11 −1.870 · 10−9 – 8.382 · 10−11 3.20
5.767 · 10−11 −1.663 · 10−9 – 1.107 · 10−10 3.52

SR3
7.353 · 10−11 −1.506 · 10−9 – 9.428 · 10−11 2.86
6.910 · 10−11 −1.362 · 10−9 – 9.081 · 10−11 2.92

SR4
1.176 · 10−10 −3.225 · 10−9 – 2.885 · 10−10 5.76
9.834 · 10−11 −2.529 · 10−9 – 4.333 · 10−10 5.39

SR5
1.706 · 10−10 −3.969 · 10−9 – 4.472 · 10−10 4.45
1.199 · 10−10 −2.951 · 10−9 – 9.359 · 10−10 5.61

Continued on next page
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Table 1 – Continued from previous page

Model Sample
Determined functional coefficients F [kg2] e [%]

DTo/aT [m2/s] bT [m2/s]/[–] cT [m2/s]

SR6
1.796 · 10−10 −3.983 · 10−9 – 5.164 · 10−10 5.05
1.441 · 10−10 −3.143 · 10−9 – 8.334 · 10−10 5.25

SR7
1.435 · 10−10 −3.787 · 10−9 – 4.498 · 10−10 4.77
1.521 · 10−10 −3.163 · 10−9 – 8.242 · 10−10 5.52

Square

SR1
7.578 · 10−11 −1.164 · 10−9 −2.369 · 10−10 4.228 · 10−11 2.45
8.030 · 10−11 −2.034 · 10−9 1.725 · 10−11 1.029 · 10−10 2.98

SR2
7.964 · 10−11 −3.575 · 10−9 3.827 · 10−8 6.485 · 10−11 3.31
5.781 · 10−11 −1.672 · 10−9 −1.063 · 10−10 1.093 · 10−10 3.51

SR3
1.975 · 10−11 −2.148 · 10−9 −5.643 · 10−8 2.359 · 10−11 1.77
5.782 · 10−11 −5.388 · 10−10 −1.344 · 10−8 6.285 · 10−11 2.61

SR4
7.593 · 10−11 −1.528 · 10−9 −5.39 · 10−8 2.734 · 10−11 4.62
9.876 · 10−11 −2.531 · 10−9 −5.501 · 10−10 4.197 · 10−10 5.37

SR5
1.715 · 10−10 −3.972 · 10−9 −6.379 · 10−10 4.212 · 10−10 4.40

? ? ? ? ?

SR6
1.806 · 10−10 −3.986 · 10−9 −6.333 · 10−10 4.923 · 10−10 5.02

? ? ? ? ?

SR7
1.442 · 10−10 −3.790 · 10−9 −6.899 · 10−10 4.249 · 10−10 4.72

? ? ? ? ?

Exponential

SR1
2.151 · 10−10 –88.681 – 2.303 · 10−10 4.14
1.794 · 10−10 –79.555 – 1.853 · 10−10 4.01

SR2
1.305 · 10−10 –93.238 – 1.069 · 10−10 3.88
1.147 · 10−10 –85.385 – 1.066 · 10−10 4.02

SR3
1.369 · 10−10 –58.457 – 2.333 · 10−10 3.56
1.057 · 10−10 –48.595 – 1.801 · 10−10 3.43

SR4
2.502 · 10−10 –88.253 – 8.574 · 10−10 7.31
2.047 · 10−10 –77.845 – 6.921 · 10−10 6.92

SR5
6.376 · 10−10 –94.001 – 1.238 · 10−9 7.20
4.885 · 10−10 –82.801 – 9.278 · 10−10 6.55

SR6
6.299 · 10−10 –87.374 – 1.388 · 10−9 7.83
4.687 · 10−10 –75.684 – 1.032 · 10−9 7.14

SR7
4.464 · 10−10 –100.115 – 1.227 · 10−9 7.63
3.642 · 10−10 –89.865 – 9.805 · 10−10 7.14
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Table 2. Values of coefficients in searched functions – tangential direction

Model Sample
Determined functional coefficients F [kg2] e [%]

DTo/aT [m2/s] bT [m2/s]/[–] cT [m2/s]

Constant

ST1
1.562 · 10−11 – – 3.573 · 10−9 10.18
1.603 · 10−11 – – 2.760 · 10−9 9.82

ST2
2.059 · 10−11 – – 2.827 · 10−9 8.32
2.147 · 10−11 – – 1.958 · 10−9 7.60

ST3
3.169 · 10−11 – – 9.179 · 10−9 8.83
3.308 · 10−11 – – 3.306 · 10−9 7.96

ST4
3.426 · 10−11 – – 5.572 · 10−9 9.30
3.562 · 10−11 – – 3.802 · 10−9 8.49

ST5
2.449 · 10−11 – – 3.826 · 10−9 8.27
2.559 · 10−11 – – 2.632 · 10−9 8.57

ST6
2.700 · 10−11 – – 4.336 · 10−9 8.35
2.820 · 10−11 – – 2.992 · 10−9 7.52

ST7
2.403 · 10−11 – – 1.930 · 10−9 7.00
2.515 · 10−11 – – 1.309 · 10−9 7.49

Linear

ST1
5.665 · 10−11 −1.860 · 10−9 – 2.182 · 10−10 5.81
4.124 · 10−11 −1.177 · 10−9 – 6.861 · 10−10 7.05

ST2
7.220 · 10−11 −1.927 · 10−9 – 8.699 · 10−11 4.31
5.500 · 10−11 −1.294 · 10−9 – 3.467 · 10−10 4.94

ST3
1.241 · 10−10 −3.326 · 10−9 – 2.724 · 10−10 5.20
8.657 · 10−11 −2.015 · 10−9 – 9.266 · 10−10 5.51

ST4
1.332 · 10−10 −3.657 · 10−9 – 2.747 · 10−10 5.04
9.100 · 10−11 −2.151 · 10−9 – 1.206 · 10−9 6.06

ST5
9.110 · 10−11 −2.528 · 10−9 – 2.183 · 10−10 6.01
6.647 · 10−11 −1.615 · 10−9 – 6.360 · 10−10 6.07

ST6
1.021 · 10−10 −2.835 · 10−9 – 1.876 · 10−10 4.50
7.266 · 10−11 −1.753 · 10−9 – 7.476 · 10−10 4.92

ST7
8.145 · 10−11 −1.800 · 10−9 – 3.710 · 10−10 7.30
6.827 · 10−11 −1.383 · 10−9 – 4.084 · 10−10 7.06

Square

ST1
9.319 · 10−11 −5.758 · 10−9 9.442 · 10−8 1.335 · 10−10 5.93
4.124 · 10−11 −1.177 · 10−9 −1.371 · 10−11 6.854 · 10−10 7.05

ST2
5.006 · 10−11 −1.702 · 10−11 −3.764 · 10−8 6.700 · 10−11 3.81
5.500 · 10−11 −1.294 · 10−9 −1.242 · 10−11 3.462 · 10−10 4.94

ST3
1.114 · 10−10 −2.276 · 10−9 −1.988 · 10−8 2.254 · 10−10 4.94
8.657 · 10−11 −2.015 · 10−9 −1.847 · 10−11 9.258 · 10−10 5.51

Continued on next page
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Table 2 – Continued from previous page

Model Sample
Determined functional coefficients F [kg2] e [%]

DTo/aT [m2/s] bT [m2/s]/[–] cT [m2/s]

Square

ST4
1.340 · 10−10 −3.652 · 10−9 −9.796 · 10−10 2.687 · 10−10 5.10
9.101 · 10−11 −2.151 · 10−9 −2.055 · 10−11 1.205 · 10−9 6.06

ST5
6.928 · 10−11 −6.263 · 10−10 −3.786 · 10−8 1.437 · 10−10 5.31
6.647 · 10−11 −1.615 · 10−9 −1.570 · 10−11 6.354 · 10−10 6.07

ST6
8.551 · 10−11 −1.394 · 10−9 −2.854 · 10−8 1.346 · 10−10 4.02
7.266 · 10−11 −1.753 · 10−9 −1.698 · 10−11 7.469 · 10−10 4.92

ST7
2.616 · 10−11 −2.203 · 10−9 −6.625 · 10−8 1.893 · 10−10 5.80
6.828 · 10−11 −1.383 · 10−9 −1.147 · 10−11 4.082 · 10−10 7.06

Exponential

ST1
1.329 · 10−10 –108.933 – 1.392 · 10−10 6.02
1.218 · 10−10 –103.077 – 1.30710−10 6.41

ST2
1.495 · 10−10 –82.036 – 2.565 · 10−10 5.55
1.284 · 10−10 –74.293 – 2.388 · 10−10 5.77

ST3
3.023 · 10−10 –91.549 – 9.148 · 10−10 6.83
2.474 · 10−10 –81.739 – 7.319 · 10−10 6.61

ST4
3.448 · 10−10 –96.937 – 1.052 · 10−9 7.09
2.845 · 10−10 –87.191 – 8.404 · 10−10 6.81

ST5
1.979 · 10−10 –88.883 – 6.407 · 10−10 7.42
1.664 · 10−10 –79.837 – 5.403 · 10−10 7.39

ST6
2.307 · 10−10 –91.197 – 6.644 · 10−10 6.04
1.950 · 10−10 –82.409 – 5.510 · 10−10 5.92

SR7
1.444 · 10−10 –61.501 – 6.044 · 10−10 7.88
1.152 · 10−10 –52.271 – 5.320 · 10−10 7.98

As in each of the analyzed cases of humidity conditions, the linear and quadratic models
showed the best fit to the experimental curves, a comparison of linear and quadratic functions
obtained for individual samples is presented in Fig. 5–12, respectively for the assumption of
constant and variable air humidity in the climatic chamber.

Additionally, for two selected samples, in which the diffusion of water vapour in the
radial (SR4) and tangential (ST5) directions were considered, the course of all determined
functions describing the relation Dw

I (C
w) for the mentioned samples were illustrated in Fig. 13

and 14. The principle of selecting samples was based on the criterion that the determined
constant diffusion coefficient for them was located in the middle of the range of variability
of this coefficient within the set of all analyzed samples. For the same samples, the fitting of
experimental curves to calculated curves was presented in Fig. 15, 16 (SR4) and 17, 18 (ST5),
first assuming constant conditions in the chamber and then taking into account their variability.
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Fig. 5. Comparison of linear functions Dw
I
(Cw) – pine, radial direction, constant humidity

Fig. 6. Comparison of linear functions Dw
I
(Cw) – pine, radial direction, variable humidity

Fig. 7. Comparison of quadratic functions Dw
I
(Cw) – pine, radial direction, constant humidity
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Fig. 8. Comparison of quadratic functions Dw
I
(Cw) – pine, radial direction, variable humidity

Fig. 9. Comparison of linear functions Dw
I
(Cw) – pine, tangential direction, constant humidity

Fig. 10. Comparison of linear functions Dw
I
(Cw) – pine, tangential direction, variable humidity
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Fig. 11. Comparison of quadratic functions Dw
I
(Cw) – pine, tangential direction, constant humidity

Fig. 12. Comparison of quadratic functions Dw
I
(Cw) – pine, tangential direction, variable humidity

Fig. 13. Comparison of the course of individual functions Dw
I
(Cw) in the case of SR4 sample
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Fig. 14. Comparison of the course of individual functions Dw
I
(Cw) in the case of ST5 sample

Fig. 15. Fitting of calculated curves corresponding to individual models to the experimental curve – SR4
sample, constant humidity

Fig. 16. Fitting of calculated curves corresponding to individual models to the experimental curve – SR4
sample, variable humidity
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Fig. 17. Fitting of calculated curves corresponding to individual models to the experimental curve – ST5
sample, constant humidity

Fig. 18. Fitting of calculated curves corresponding to individual models to the experimental curve – ST5
sample, variable humidity

Comparing the values of the error functions presented in Table 1, it can be observed that
in all considered cases, a decrease in the value of the error function F by over one order of
magnitude was achieved when changing the dependence of Dw

I (C
w) from constant to linear.

The transition from linear to quadratic model is accompanied by a further decrease in the value
of the error function, but the improvement of fitting of calculated curves to experimental curves
is slight in this case. The exponential variability model of Dw

I (C
w) [15, 16] often proposed

in the literature results in a reduction of the error function value compared to the constant
diffusion coefficient model, but the fitting of calculated curves to experimental curves is worse
than in the case of the linear model.

As shown in Figures 5, 6, 9, and 10, for both analyzed diffusion directions and both
considered humidity conditions in the chamber, the obtained diffusion coefficient is a decreasing
function of material humidity. This result contradicts the common belief that in the case of
transverse diffusion, this process is mainly realized through the diffusion of bound water in cell
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walls, and its intensity increases with the increase of material humidity [30]. Other researchers
have also obtained decreasing diffusion coefficients with increasing material humidity in
transverse directions: for pine ordinary in the radial direction – Olek and Weres [15], for
common beech in the tangential direction – Olek, Perré, and Weres [18], for common beech
in transverse directions – Sánchez-Ferrer, Engelhardt i Richter [31]. The tendency for the
moisture diffusion coefficient to decrease with the moisture content of the material in the
transverse directions can also be observed (at ambient temperature of 25◦C) for the wood of
radiata pine, tasmanian oak, slash pine, pacific teak and eucalyptus pilularis in work [32].

According to the data presented in Table 1, it can be observed that taking into account
humidity fluctuations in the climatic chamber resulted in an increase in the constant diffusion
coefficient values for each of the tested samples. This increase averaged 4.33% in the radial
direction and 4.40% in the tangential direction. The change in the value of the coefficient
Dw

I was accompanied by an average decrease in the error function F by 34.67% and 34,81%
respectively, compared to the values of this function obtained assuming a constant value of
Cw
∞ during the process. Similarly, for the exponential model, an improvement in the fit of

computational curves to experimental curves was observed for all tested samples after taking
into account the fluctuations of equilibrium humidity Cw

∞ with air humidity in the chamber.
However, the reduction in the error function was smaller in this case, averaging 18.97% –
in the radial direction and 13,98% – in the tangential direction. A decrease in the exponent
coefficient was also observed for all analyzed samples, which results in a less steep course of
Dw

I (C
w) curves.

In the case of linear and quadratic models, a slight reduction in the improvement of fitting
computational curves to experimental curves is usually observed after taking into account
humidity fluctuations in the chamber. This is because in this case, during the optimization
process, a wider range of humidity in which the sample can be found is taken into account,
hence additional constraints on the set of coefficients in the function Dw

I (C
w), are imposed to

prevent the diffusion coefficient Dw
I from taking negative values throughout the entire range of

humidity. For these reasons, the linear functions obtained as a result of optimization taking
into account humidity fluctuations in the chamber have a less steep course compared to the
functions obtained for individual samples assuming constant humidity.

4. Conclusions

In the study, the influence of taking into account humidity fluctuations in a climatic chamber
during the sorption process on the computed values of functional coefficients appearing in
various variability models, was analyzed Dw

I (C
w). The relation between the moisture diffusion

coefficient and material humidity was modelled as a constant, linear, quadratic, and exponential
function. Tests of sorption kinetics were conducted on samples of pine ordinary in the radial
and tangential directions, with an average air humidity in the chamber set at 32%.

The conducted analyses lead to the following conclusions:
1. Within the analyzed range of humidity, the moisture diffusion coefficient is a decreasing

function of material humidity;
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2. In the case of diffusion in transverse directions, the best fit of computational curves to
experimental curves is achieved with a quadratic model of the variability of the moisture
diffusion coefficient Dw

I with material humidity;
3. Taking into account humidity fluctuations in the climatic chamber improved the fit of

computational curves to experimental curves in the case of constant and exponential
dependency of the moisture diffusion coefficient Dw

I (C
w);

4. The diffusion coefficients in the form of a constant calculated assuming variable humidity
conditions in the chamber, differed on average by about 4% compared to the values of
these coefficients obtained by neglecting air humidity fluctuations;

5. The determined lines describing the variability of Dw
I (C

w) for each of the analyzed
samples had a less steep slope when air humidity fluctuations in the climatic chamber
were taken into account in the calculation process.
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[4] H. Neuhaus, Budownictwo drewniane, Podręcznik inżyniera. Rzeszów, Polska: PWT, 2008.
[5] J. Eitelberger and S. Svensson, “The sorption behaviour of wood studies by means of an improved cup method”,

Transport in Porous Media, vol. 92, pp. 321–335, 2012, doi: 10.1007/s11242-011-9905-8.
[6] B. Time, “Hygroscopic Moisture Transport in Wood”, PhD thesis, Norwegian University of Science and

Technology, Norway, 1998.
[7] L. Wadsö, “Studies of water vapor transport and sorption in wood”, PhD thesis, Lund University, Sweden, 1993.
[8] Y. Liu, Z. Cao, Y. Wang, D. Wang, and J. Liu, “Experimental study of hygro-thermal characteristics of

novel cement-cork mortars”, Construction and Building Materials, vol. 271, art. no. 121901, 2021, doi:
10.1016/j.conbuildmat.2020.121901.

[9] P. Pérre, Ed. Fundamentals of wood drying. Nancy, France: A.R.BO.LOR., 2007.
[10] W. Sonderreger, M. Vecellio, P. Zwicker, and P. Niemz, “Combined bound water and water vapour diffusion of

Norway spruce and European beech in and between the principal anatomical directions”, Holzforschung, vol. 65,
no. 6, pp. 819–828, 2011, doi: 10.1515/HF.2011.091.

[11] J. Świrska-Perkowska, Adsorpcja i ruch wilgoci w porowatych materiałach budowlanych w warunkach
izotermicznych. Warszawa, Polska: Komitet Inżynierii Lądowej i Wodnej, Polska Akademia Nauk, 2012.
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Wpływ fluktuacji wilgotności w komorze na obliczeniowe wartości
współczynnika dyfuzji wilgoci w drewnie

Słowa kluczowe: drewno, dyfuzja wilgoci, kinetyka sorpcji, minimalizacja funkcji błędu

Streszczenie:

W zastosowaniach inżynierii lądowej, obok naturalnej odporności, zawartość wilgoci w drewnie
jest jednym z najważniejszych czynników decydujących o trwałości drewna. Na poziom wilgotności
drewna znaczący wpływ ma wartość współczynnika dyfuzji wilgoci. W pracy przeanalizowano wpływ
uwzględnienia wahań wilgotności w komorze klimatycznej podczas procesu sorpcji na obliczeniowe
wartości współ czynników funkcyjnych, występujących w różnych modelach zmienności współczynnika
dyfuzji wraz z wilgotnością materiału. Zależność współczynnika dyfuzji wilgoci od koncentracji wilgoci
w drewnie przyjmowano w postaci funkcji: stałej, liniowej, kwadratowej i eksponencjalnej. Współczynniki
w poszukiwanych funkcjach znajdowano metodą minimalizacji funkcji błędu, w oparciu o pomiary
kinetyki sorpcji wilgoci w próbkach sosny zwyczajnej w kierunku radialnym i stycznym, przy średniej
wilgotności powietrza w komorze równej 32%. W wyniku przeprowadzonych obliczeń stwierdzono, że
uwzględnienie wahań wilgotności powietrza w komorze klimatycznej poprawiło dopasowanie krzywych
obliczeniowych do krzywych eksperymentalnych w przypadku modelu stałego i eksponencjalnego.
Wartości współczynnika dyfuzji w postaci stałej, obliczone przy założeniu zmiennych warunków
wilgotnościowych panujących w komorze, różniły się średnio o około 4% w stosunku do wartości tych
współczynników uzyskanych przy pominięciu fluktuacji wilgotności powietrza. W przypadku każdej
z analizowanych próbek proste, opisujące zmienność współczynnika dyfuzji, miały mniej stromy przebieg,
jeżeli w procesie obliczeń uwzględniano wahania wilgotności powietrza w komorze klimatycznej.
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