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Abstract. Establishing an accurate moisture transport model in wood is essential to analyze the hy-
groscopic behavior and estimate the stability of wood structures in the ambient environment. In this article,
the effective diffusion coefficients (EDCs) of Chinese fir in radial and tangential directions during adsorption
and desorption processes were measured based on the differential model, and numerical simulations were
performed to verify the rationality of measured results. The results show that 1) for adsorption process, the
surface emission coefficient (SEC) and EDC of Chinese fir are all greater in the radial direction; 2) for
desorption process, the SEC is higher in the radial directions, whereas the EDC in the tangential direction is
higher than that in the radial direction when the MC is greater than 10%; 3) the SEC and EDC in the
adsorption process are larger than those in the desorption process. Because there is a reasonable agreement
between experimental and numerical simulation results, the measured results could be used to predict the
MC distribution of Chinese fir in the ambient environment.

Keywords: Adsorption, Chinese fir, desorption, effective diffusion coefficient (EDC), surface emission
coefficient (SEC), moisture content (MC).

INTRODUCTION

Chinese fir (Cunninghamia lanceolata) is one of
the most important economic wood species in
China which is widely applied in construction

and wood working industry. As a hygroscopic
material likes other wood materials, Chinese fir
lumber can exchange water molecules with the
ambient environment on the surface, then the MC
of it varies gradually and tends to close to
equilibrium with the air humidity (Ma et al 2005;
Niklewski et al 2016). With the variations of RH* Corresponding author

Wood and Fiber Science, 51(4), 2019, pp. 364-374
https://doi.org/10.22382/wfs-2019-035
© 2019 by the Society of Wood Science and Technology

mailto:when0714@bjfu.edu.cn
mailto:yangping1989@163.com
mailto:zhaojian1987@bjfu.edu.cn
mailto:zhaodong68@bjfu.edu.cn
https://doi.org/10.22382/wfs-2019-035


in the environment, the induced moisture gradi-
ents will lead to moisture-induced stresses rise.
When the moisture-induced stress exceeds the
strength of wood, cracks may develop, which
would cause timber structures to fail (Angst and
Malo 2012).

On the other hand, the variation of MC can
also significantly affect the properties of wood
(Kollmann and Cote 1968).When being absorbed
on the surface of microfibers, water molecules in
the cell walls of wood will replace the hydrogen
bonds in the fibers and then cause the stiffness of
wood to decrease because of the effects of
plasticizer (Zhan et al 2015). As a result, me-
chanical and physical property parameters of
wood, such as modulus of elasticity, yield and
ultimate stress values, creep response, creep
compliance, and fluidity in stress relaxation
process, will be varied obviously with the in-
crease in MC, which would cause the moisture-
induced stress to increase more sharply (Roszyk
et al 2012; Zhao et al 2012; Kaboorani et al 2013;
Zhan et al 2015; Jiang et al 2017). Thus, an
accurate moisture transport model to predict the
development and distribution of moisture in
wood is a key for estimating the stability and
service life of timber structures.

Skaar (1988) developed a diffusion model based
on Fick’s second law to simulate the moisture
transfer process in wood. Even some recent
studies indicated there are some deviations on the
diffusion models based on Fick’s second law
because of non-Fickian sorption (Crank 1986;
Wadso 1993; Shi 2007), but this diffusion model
still provided successful predictions for moisture
movements and moisture-induced stresses during
adsorption and desorption process in wood
(Sundström et al 2011; Angst and Malo 2013;
Salinas et al 2015; Niklewski et al 2016). The
diffusion model is expressed as follows:

¶M
¶t

¼ ¶
¶x

�
D $

¶M
¶x

�
; (1)

where M is the MC, t is the time, and D is
the effective diffusion coefficient (EDC, unit:
m2 s�1). When the MC is less than the FSP,

the value of EDC can be illustrated by an
exponential-type function (Hukka 1999); see
Eq 2:

D¼ expðαþ βMÞ: (2)

The initial and boundary conditions are given by
Eq 3:8<
:

M¼M0 for t¼ 0 ðInitialÞ
D $=M¼ S

�
Meq�Msurf

�
for flux boundary

D $=M¼ 0 for boundarty without flux;

(3)

where M0 is the initial MC of wood, Msurf is the
MC at the surface of the wood, S is the surface
emission coefficient (SEC, unit: m$s�1), andMeq

is the EMC. Based on the Wood Handbook
published by USDA (2010), the values of EMC
under different temperature and RH can be cal-
culated by Eq 4:

Meq ¼ 18
W

�
Kh

1�Kh
þ K1Khþ 2K1K2K2h2

1þK1KhþK1K2K2h2

�
;

(4)

where h is the RH and W, K, K1, and K2 are
parameters depending on temperature:

W ¼ 349þ 1:29T þ 0:0135T2

K ¼ 0:805þ 0:000736T � 0:00000273T2

K1 ¼ 6:27� 0:00938T � 0:000303T2

K2 ¼ 1:91þ 0:0407T � 0:000293T2;

where T is temperature (units: °C).

Previous research studies on parameters in the
diffusion model showed that the values of dif-
fusion parameters are correlated with wood
species (Simpson 1974; Chen et al 1996;
Eriksson et al 2006; Gatica et al 2011, 2012;
Salinas et al 2015). For softwoods such as Chi-
nese fir, the elementary fibrils in the microfibrils
are arranged more loosely and disorderly than
hardwood, which leads to a faster diffusion
process in softwood Tsuchikawa and Siesler
(2003a, 2003b). However, few of them sepa-
rated differences between radial and tangential
values of internal moisture diffusion. Yeo et al
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(2008) noted that the internal moisture movement
rate in each orientation is quite different, which
indicated that a more accurate diffusion model
separating moisture transport in different di-
rections is needed. Besides, the existence of pore
diffusion (Nakano 1995; Shi 2007) and non-
equilibrium excess number of sorption sites
(Willems 2014) could also cause moisture-
transporting behaviors to be different during
adsorption and desorption process. Ma et al
(2005) also investigated the sorption behaviors
of Chinese fir at nonequilibrium state and ob-
served that isothermal adsorption curve lies
below the desorption curve, known as the

phenomenon of sorption hysteresis. Therefore,
identifying the diffusion parameters in different
orthogonal directions and different sorption
process is crucial for predicting moisture and
material behavior of Chinese fir.

In this article, based on Fick’s second law and the
finite volume method, the diffusion parameters of
Chinese fir on radial and tangential directions were
determined by adsorption and desorption experi-
ments using the differential model proposed by
Gatica et al (2011, 2012). This model offered
a simple method with low computational cost
to determine the diffusion parameters in the

Figure 1. Test samples. (a) Chinese fir stick cut off from freshly sawn timber, (b) radial and (c) tangential diffusion samples,
and (d) samples sectioned into four normal slices.

Table 1. Samples in determination experiments for effective diffusion coefficient and surface emission coefficient.

Samples Experiments Flux surface
Moisture

flow direction Initial MC (%) Environmental parameters

Radial adsorption Adsorption TL R 0 25°C, RH ¼ 85%
Tangential adsorption Adsorption RL T 0 25°C, RH ¼ 85%
Radial desorption Desorption TL R 17.8 25°C, RH ¼ 50%
Tangential desorption Desorption RL T 17.8 25°C, RH ¼ 50%

TL, tangential-longitudinal; RL, radial-tangential.
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isothermal drying process with a higher accuracy.
Then, numerical simulation experiments were
performed by the finite element method to verify
the rationality of measured results. This study will
provide proofs for developing an accurate moisture
transport model of wood during adsorption and
desorption processes and estimating the stability of
timber structures in the ambient environment.

MATERIALS AND METHODS

Moisture Diffusion Experiments

In this study, a 2-m long freshly sawn timber was
cut at the breast height of a 20-yr-old Chinese fir
(C. lanceolata) from Quanzhou, China. The
timber was first cut off into four 130-mm-long
sticks with a cross-sectional dimension of 30 �
30 mm2 (radial � tangential, R � T). Then the
stick was cut into four parts with dimensions of
30 � 30 � 30 mm3 (longitudinal � radial �
tangential, L � R � T). All these specimens were
free from defects, and edges of them were ori-
ented in the typical orthotropic directions, see Fig
1(a). These specimens were randomly divided
into four groups: radial adsorption (WR), radial
desorption (DR), tangential adsorption (WT),
and tangential desorption (DT), and each group

contained four samples (Samples 1-4), see
Table 1 and Fig 1(b) and (c). Except one of the
diffusion surfaces, all the surfaces of each sam-
ples were covered with silicone glue.

Determination experiments of EDC and SEC
contained moisture adsorption and desorption
experiments. Before the experiments were per-
formed, all the samples were absolutely dried in a
drying box (Haowei WGL101-2A, Hebei, China)
with the temperature of 103 � 2°C and the mass
was measured every 2 h using a precision balance
(accuracy 0.01 g) until reached constant. Spe-
cially, for desorption experiments, the samples
were then placed in a climate chamber
(Zhongxing HWS-150, Beijing, China) with an
RH of 85% and a temperature of 25°C for 2 wk
until reached the initial MC.

The experiments were performed using the
climate-controlled chamber (HWS-150), which
canmaintain the test conditions (plotted in Table 1)
automatically. Mass of each sample was measured
and recorded every 24 h using a precision balance
(accuracy 0.01 g) to determine the MC.

For adsorption experiments, samples in each
group (WR1 to WR4 and WT1 to WT4) were
respectively sectioned into four normal slices

Figure 2. Discretization scheme of variables for the mathematical model.

Table 2. Determination of algebraic symbols in Eq 7.

Algebraic symbol i¼ n 2� i� n� 1 i¼ 1

awi � Dwn

Δxwn
� Dwi

Δxwi
0

aei 0 � Dei

Δxei
� De1

Δxe1
ati

Δxwi þΔxei
2Δt

Δxwi þΔxei
2Δt

Δxwi þΔxei
2Δt

ai � awn þ Sþ atn �ðawi þ aeiÞþ ati � ae1 þ at1
bi atnM0

n þ SMeq atiM0
i at1M0

1
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along the moisture flow direction (see Fig 1(d)) at
anMC of 8%, 10%, 12%, and 14%. For desorption
experiments, samples in each group (DR1 to DR4
and DT1 to DT4) were sectioned into four normal
slices along the moisture flow direction (see Fig
1(d)) when the MC reached 14%, 12%, 10%, and
EMC (approximately 9.1%).

After all the experiments were finished, the MC of
each slice was determined after being absolutely

dried in the drying box. Then, the values of EDC
and SEC on radial and tangential directions in
adsorption and desorption processes can be
computed based on the mathematical model.

Mathematical Model

The EDC and SEC of wood can be determined with
the mathematical model suggested by Gatica et al
(2011). In this differential model, the domain on the
moisture flow direction 0� x� L is subdivided into
n subdomains based on the finite volume method,
see Fig 2.Water is diffused from the section of x¼ L
to x¼ 0; thus, MC of the subdomain i ð1� i� nÞ is
varied fromM0

i (initialMC) toMi (finalMC). Based
on the finite volume model shown in Fig 2, Fick’s
second law can be translated into Euler fully implicit
scheme by the rule of the middle point:

Mi�M0
i

Δt
¼��

Di
Miþ 1 �Mi

Δxei

�
�
�
Di� 1

Mi �Mi� 1

Δxwi

���
Δxi;

(5)

whereΔxi is the width of the subdomain i,Di is the
EDC of the subdomain i in the initial time,Δxwi is
the distance between subdomain i� 1 (west
subdomain) and i, andΔxei is the distance between
subdomain i and iþ 1 (east subdomain). The value
of Δxwi and Δxei can be calculated as follows:

Δxwi¼Δxi� 1 þΔxi
2

; Δxei ¼Δxi þΔxiþ 1

2
: (6)

Specially, for the beginning subdomain i¼ n on
the flux boundary and ending subdomain i¼ 1 on
the boundary without flux, there are8>>><
>>>:

Den
Mðnþ 1Þ �Mn

Δxen
¼ S

�
Meq�Mn

�
; for i¼ n

Dw1
M1 �Mð0Þ

Δxw1
¼ 0; for i¼ 1:

(7)

Then, by grouping Eq 4 to Eq 6, Eq 5 can be re-
written as the generic algebraic equation, see Eq 6:

Figure 3. Flowchart of the tridiagonal matrix algorithm
used to determine the optimum values of parameters.
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awiMi� 1 þ aiMi þ aeiMiþ 1 ¼ bi: (8)

The calculated formula of algebraic symbol in
Eq 7 is given in Table 2.

Thus, by grouping equations described as
aforementioned, the following equations system
is shown in Eq 8:
2
666666666664

a1 ae1
aw::: a… ae:::

awði� 1Þ ai� 1 aeði� 1Þ
awi ai aei

awðiþ 1Þ aiþ 1 aeðiþ 1Þ
aw::: a::: ae:::

awn an

3
777777777775

2
666666666664

M1

M:::

Mi� 1

Mi

Miþ 1

M:::

Mn

3
777777777775

¼

2
666666666664

b1
b:::
bi� 1

bi
biþ 1

b:::
bn

3
777777777775

:

(9)

Based on the tridiagonal matrix algorithm
method, the EDC and SEC can be determined by
solving Eq 8 as shown in Fig 3. In the flowchart,

the relative error between the experimental and
simulated data is used to determine the optimum
values of the aforementioned parameters:

R¼ 1
n
�
n

i¼ 1

				Mical �Mi exp

Mi exp

				; (10)

where n is the number of slices, Mical is the
calculated MC of the ith slice in the algorithm,
and Mi exp is the experimental MC of the slice ith
measured in the diffusion experiment.

Numerical Simulations

To analyze the orthotropic moisture diffusion
behavior in wood, numerical simulations were
conducted by the commercial finite element
software COMSOL Multiphysics. The numerical
experiments were performed on two Chinese fir
2D models with the size of 30� 30 mm2, and the
moisture flux was conducted on the x¼ 30 mm
boundary, see Fig 4.

Two numerical simulations, adsorption and de-
sorption simulations, were performed on each
Chinese fir model. The simulation sets are listed
in Table 3. Material parameters of these models

Figure 4. Geometrical configurations of (a) radial diffusion model and (b) tangential diffusion model used in numerical simulations.

Table 3. Parameters used for numerical experiments.

Parameters Symbol Adsorption simulation Desorption simulation

Initial MC M0 0% 17.8%
Average transversal airflow v 1.6 m/s 1.6 m/s
RH MRH 85 � 5% 50 � 5%
Equilibrium MC Meq 17.8% 9.1%
Temperature T 25 � 1°C 25 � 1°C
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were based on the results of EDC determination
experiments.

RESULTS AND DISCUSSION

EDC and SEC Results

Experimental results of parameters α, β in Eq 2
and SEC on the radial and tangential directions
are listed in Table 4. As shown in Table 4,
regardless of adsorption or desorption pro-
cesses, the values of SEC are still slightly
lower in the radial direction. It can also be
observed that SEC for adsorption process is
significantly larger than SEC for desorption
process.

Based on the test results of α and β, the values
of EDC in the radial direction (DR) and tan-
gential direction (DT) for Chinese fir at ex-
perimental MC from 9 to 18% are calculated
and presented in Fig 5. It can be noted from Fig
5 that there is a remarkable difference of EDC
in each direction. For the adsorption process,
DR is still larger than DT, which is similar to
SEC, and the increase rate ofDR is also slightly
greater than DT, whereas for the desorption
process, the value of DR becomes lower than
tangential direction when MC is higher
than 10%.

Moreover, comparing the experimental results
between adsorption and desorption processes,

Table 4. Measured results of parameters α, β, and S and mean relative errors on radial and tangential directions.

Parameters

Adsorption Desorption

Radial Tangential Radial Tangential

α �21.01 �21.46 �20.87 �21.90
β 1.57 2.34 8.24 18.21
Surface emission

coefficient (m$s–1)
8.83 � 10�8 7.76 � 10�8 3.44 � 10�7 3.22 � 10�7

�R �1.19% �3.74% 3.39% 3.38%
�R, mean relative error between measured and simulated results; P, P-value in significance analysis between radial and tangential diffusion curves.

Figure 5. Effective diffusion coefficient under various MCs on radial (R) and tangential (T) directions in the adsorption and
desorption experiments.
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the values are also different. The desorption
process provides higher values of EDC than
adsorption process at the specific MC in the
experiments.

Numerical Simulations Results

Using experimental results of EDC and SEC,
the one-dimensional diffusion curves of nu-
merical simulations can be plotted, see Fig 6.
The scatters are values of MC of each speci-
men which were recorded every 24 h before the
specimen was sliced. As shown in Fig 6 and
Table 5, there is a reasonable agreement be-
tween the simulated and experimental results
for desorption and tangential adsorption ex-
periments. Comparing the adsorption and

desorption curves between radial and tan-
gential diffusions, the P-value in significance
analysis is far larger than 0.05 which means
that the diffusion curves in the two directions
are quite similar to each other. In the case of
moisture adsorption, the time to steady state in
the radial direction is shorter than that in the

Figure 6. Absorbing and desorbing curves of experimental results and numerical results: (a) radial adsorption, (b) tangential
adsorption, (c) radial desorption, and (d) tangential desorption.

Table 5. Time to steady state and statistical results of
numerical simulations.

Parameters

Adsorption Desorption

Radial Tangential Radial Tangential

�R �1.19% �3.74% 3.39% 3.38%
ts (d) 48 65 22 20
P 0.0878 0.9749
�R, mean relative error between measured and simulated diffusion curves; ts,

time to steady state in numerical simulations; P, P-value in significance analysis
between radial and tangential diffusion curves.
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tangential direction, which behaves similar to
the values of EDC and SEC, whereas for the
moisture desorption process, the radial diffu-
sion provides a slightly larger time to steady
state regardless a higher value of SEC in this
direction. This would indicate that the value of
SEC appears to have little influence than EDC
in the moisture diffusion model.

Figure 7 presents the MC distribution along the
diffusion directions of each slice at different MC
stages in the moisture diffusion experiments,
where the scatters are the MC of each slices. As
plotted in Fig 7, the accordance between simu-
lation and experimental results is fairly good
along the diffusion direction, although the ex-
perimental method for sectioning specimen slices

may cause the MC of each slice to slightly de-
crease. The results suggest that the test results of
the EDC and SEC yield good results for moisture
adsorption and desorption process of wood.

CONCLUSION

In this article, the EDC and SEC of Chinese fir
on radial and tangential directions during
moisture adsorption and desorption process
were studied by the diffusion model based on
Fick’s second law and the finite volume method.
The results show that moisture transporting of
Chinese fir behaves anisotropic on the radial and
tangential directions. For adsorption process,
the SEC and EDC of Chinese fir are all greater in
the radial direction. For desorption process, the

Figure 7. The measured and simulated MC distributions of Chinese fir along the diffusion directions: (a) radial adsorption,
(b) tangential adsorption, (c) radial desorption, and (d) tangential desorption.
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SEC is higher in the radial directions, whereas
the EDC in the tangential direction is higher than
that in the radial direction when the MC is
greater than 10%.

Besides, the moisture diffusion parameters are
also quite different between the adsorption and
desorption processes. The values of EDC and
SEC on the two directions are all larger in the
adsorption process under the experimental MC
(9-18%).

Then, numerical simulations of moisture diffu-
sion on the two directions in Chinese fir were
performed based on the parameters obtained from
the diffusion experiments to determine the ef-
fectiveness of the diffusion parameters. The re-
sults show that the measured values of EDC and
SEC of Chinese fir are capable to predict the
development of MC and its distribution in Chi-
nese fir during moisture diffusion processes.
Although the diffusion curves behave quite
similar in the two directions, the time to steady
state is slightly shorter in the radial direction for
adsorption process and in the tangential direction
for desorption process.
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