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A B S T R A C T

This paper proposed an inner boundary condition of moisture diffusion model for simulating transient nonlinear
moisture transport of Chinese fir (Cunninghamia lanceolata). The inner boundary condition is serviced for simulate
the moisture diffusion of multi-layer boards and is mainly used for the boundary conditions inside component,
which presents the diffusion of moisture between wood and its adjacent wood. Furthermore, the established
simulation model contains fiber orientation information and is used to simulate the moisture diffusion under
different boundary conditions, which considers the constrained boundary. Simulation of simple boundary con-
dition models and the proposed inner boundary condition model under different boundary conditions for
multilayer board specimen exposed to constant temperature and constant humidity with a known initial moisture
content, and the model was then validated in a laboratory climate chamber. Different from the simple boundary
condition model the direct error of the proposed inner boundary model was less than 2% (moisture content),
which indicates the proposed inner boundary condition could improve the accuracy of moisture diffusion model.
The results show that the inner boundary condition model can comprehensively analyze the transient nonlinear
moisture transfer process in different fiber directions with high accuracy.
1. Introduction

With the increasing awareness of low carbon [1], wood is considered
as a vital material of sustainable development strategy, because of its
renewable and low-carbon [2]. It is well known that wood plays an
hao).
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important role in the field of biomass fuel [3], and it has also been
applied in the field of civil engineering (construction). Due to its light
weight, easy construction, and environmentally friendly, the wood-frame
constructions are regarded as one of the main building types in the world.
And wood is used to construct different forms of constructions, such as
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the residential buildings in North America [4], Han-Ok in Korea [5],
ships in ancient China [6], various bridges [7], etc. However, the per-
formance of wood-frame is affected by many factors during construction
and in service. The wood-frame will experience moisture absorption and
desorption spontaneously with long-term exposure to an unstable hu-
midity environment. The moisture absorption and desorption phenom-
enon of wood not only affects its mechanical properties [8], such as
structural failure caused by cracks [9] and deformation [10], but also
causes pathological phenomena such as fungal erosion [7], which leads
to the decay of wood. The monitoring of the moisture content of
wood-frame can be used not only to judge the mold grade [11], but also
to evaluate the material degradation and predict the service life [12, 13].
Hence, the monitoring and prediction of the moisture content of
wood-frames is very important.

With the development of numerical simulation technology, the
method for studying hygrothermal model of wood-frame construction
have also been developed [14, 15]. And the hygrothermal model has
been widely used in the field of moisture absorption and desorption of
wood. For example, one-dimensional moisture diffusion phenomenon of
wood can be described by the one-dimensional evaporation interface
mathematical model [16]. Although the moisture diffusion of wood can
quantitatively analyze the moisture transfer law at the end of the wood
beam [17], the one-dimensional moisture diffusion model is different
from the actual diffusion process, which led to the development of a
two-dimensional and three-dimensional diffusion model for studying the
ends of wood beams [18]. Since humidity not only affects the durability
of a single wood-frame but also affects the overall performance of the
building [19, 20], the more complex the wood-frame-construction, the
more difficult it is to establish a moisture diffusion model. Whether it is a
wood frame beam [18] or a wood fiber thermal insulation frame [21], the
study of humidity is research of simple shapes and specific environments.
In the study of the balance equation of moisture diffusion model based on
Fick's second law [22, 23, 24, 25, 26], the use of nonlinear single-Fickian
models combined with nonlinear Neumann boundary conditions can
describe not only slow MC changes [27, 28] but also fast MC changes
[29], but both of which are only direct the single wooden specimen. The
actual wood frame construction is not the moisture absorption or
desorption of a single wood frame in a stable state, but the moisture
absorption and desorption of multiple wood frame specimens under
different conditions. Hence, the impacts of moisture diffusion on balance
equation at wood-frame construction is one of the most difficult
challenges.

For the purpose of solve the above problems, the aim of this paper is
to provides a inner boundary condition serviced for wood-frame con-
struction moisture diffusion controlled by the boundary conditions,
which is used for the moisture analysis of wood-frame construction in
complex situations. Serving the above aim, a multi-boundary condition
adaptive diffusion equation for multi-layer boards based on Fick's second
law is established. By entering the corresponding parameters and
selecting the specified boundary conditions, the moisture content dis-
tribution of the multi-layer board can be predicted. Section 2 details the
moisture diffusion model with inner boundary condition for numerical
solution of three-layer board with difference boundary conditions. Sec-
tion 3 presents actual experiment and simulation experiment, and a
simple boundary model was used for complementary comparisons. Sec-
tion 4 shows the result and the effectiveness of the proposed inner
boundary condition, which is verified by comparing the actual experi-
ment and simple boundary model with the proposed inner boundary
simulation. Section 5 is the conclusion and the shortcomings of this
method.

2. Principle

The transient moisture diffusion process in the solid drying process is
close to the heat conduction process of the solid. The form of the gov-
erning equation is the same as the Fourier equation for heat transfer, in
2

which concentration is used instead of temperature, and moisture
diffusion coefficient is used instead of thermal diffusivity [30].

Assuming that the thermophysical properties of wood and drying
medium are fixed values, and the influence of heat transfer on moisture
diffusion is negligible under constant temperature conditions [31].
Suppose the size of each board is 2Lx � 2Ly � 2Lz, and the internal
moisture content of each board is uniform in the initial state. And the
moisture diffusion coefficient and themass diffusivity coefficient of every
layer board are not influenced by the space of the wood board.

2.1. Moisture diffusion model of board

2.1.1. The governing equation of moisture diffusion
In one-dimensional diffusion, assuming that moisture diffusion occurs

in only one direction of the board, the governing equation for transient
moisture diffusion is as shown in Eq. (1).

∂M
∂t ¼D

∂2M
∂x2 (1)

where, M represents the wood moisture content, t represents the diffu-
sion time, D represents the moisture diffusion coefficient, and x repre-
sents the coordinate position along the diffusion direction. It should be
noted that the origin of the coordinates is in the center of the board.

In the two-dimensional moisture diffusion model, assuming that
moisture diffusion occurs in two different directions of the board, the
governing equation of transient moisture diffusion is as shown in Eq. (2).

∂M
∂t ðx; y; tÞ¼D1

∂2M
∂x2 ðx; y; tÞ þ D2

∂2M
∂y2 ðx; y; tÞ (2)

where, x and y represent the coordinate position along the respective
diffusion direction.

In the three-dimensional moisture diffusion model, assuming that
moisture diffusion occurs in all direction of the board, the governing
equation of transient moisture diffusion is as shown in Eq. (3).

∂M
∂t ðx; y; z; tÞ¼D1

∂2M
∂x2 ðx; y; z; tÞ þ D2

∂2M
∂y2 ðx; y; z; tÞ þ D3

∂2M
∂z2 ðx; y; z; tÞ

(3)

where, x, y and z represent the coordinate position along the respective
diffusion direction.

2.1.2. The initial and boundary conditions
The initial condition is as shown in Eq. (4).

Mjt¼0 ¼Mi (4)

There are three boundary conditions in the actual moisture diffusion
process: insulating surface; surface in contact with air; surface in contact
with other substances.

The mass transfer at this location is constant with 0 during this pro-
cess, which is a Neumann boundary condition. Assuming that the mois-
ture of the board diffuses outward along the neutral layer, the boundary
condition at the neutral layer of the board is the Neumann boundary
condition [32] as shown in Eq. (5).

∂M
∂½*�

j½*�¼X ¼0 (5)

where, ½ *� indicates the diffusion direction; X indicates the coordinate of
surface, which is insulating surface.

The latter two types of boundary types can be classified into one type.
When the surface exchanges moisture with the other objects, the rela-
tionship between the two can be inferred from Newton's test law in heat
conduction problem, knows as the third type of boundary conditions [33]
as shown in Eq. (6).
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�Dið∂M∂½ �j½*�¼XÞ ¼ kiMj½*�¼X (6)

*

where, X indicates the coordinate of surface, which is surface in contact
with other object; Di indicates the moisture diffusion coefficient in ½ *�
direction; and ki represent the surface emission coefficient of the
boundary.

2.2. Moisture diffusion mathematical model of different condition

2.2.1. Three-layer board with constrained boundary
When there is no diffusion around the three-layer board (Figure 2(c)),

which is called the constrained boundary. The moisture diffuses outward
along the neutral layer, thus the mathematical model with constrained
boundary was established as 1/8 of the neutral layer outwards as shown
in Eq. (7) and the coordinate system is as shown in Figure 7(b).

8>>><
>>>:

∂M1

∂t ðz; tÞ ¼ D1;z
∂2M1

∂z2
ðz; tÞ ðx 2 ½0; Lx�; y 2 ½0; Ly�; z 2 ½0; Lz�Þ

∂M2

∂t ðz; tÞ ¼ D2;z
∂2M2

∂z2
ðz; tÞ ðx 2 ½0; Lx�; y 2 ½0; Ly�; z 2 ½Lz;3Lz�Þ

(7)

where, the first number of the subscript indicates the middle or outer
board (1 indicates the middle board; and 2 indicates the outer board); the
letter of the subscript indicates the diffusion direction.

Assuming that the initial moisture content in each layer of wood is
uniform. The initial condition can be expressed as follows:

�
M1jt¼0 ¼ Mi1

M2jt¼0 ¼ Mi2
(8)

where,Mi1 indicates the initial moisture content of middle board andMi2

indicates the initial moisture content of outer board; the number of the
subscript indicates the middle or outer board (1 indicates the middle
board; and 2 indicates the outer board).

Since the sides of the three-layer board were sealed, the moisture
diffusion is only in the thickness direction (z-direction). The boundary
condition is as follows:

8>>>>>>>>>>>>>>>>>>>>><
>>>>>>>>>>>>>>>>>>>>>:

∂M
∂x jx¼0 ¼ 0

∂M
∂y jy¼0 ¼ 0

∂M
∂z jz¼0 ¼0

∂M
∂x jx¼Lx ¼ 0

∂M
∂y jy¼Ly ¼ 0

�D1;z

�
∂M1

∂z jz¼Lz

�
¼ k1;zM1jz¼Lz

�D2;z

�
∂M2

∂z jz¼3Lz

�
¼ k2;zM2jz¼3Lz

(9)

where, the number of the subscript indicates the middle or outer board (1
indicates the middle board; and 2 indicates the outer board); k1;z repre-
sents the surface emission coefficient between the middle and external
board and k2;z represents the surface emission coefficient between the
external board and air. And the 6th equation in Eq. (9) indicates the
boundary condition inside the wood frame under constrained boundary
condition. The 6th equation in Eq. (9) presents the inner boundary
condition.

The numerical solution by using the finite difference method is Eq.
(10), and Supplementary Material (Appendix A) details the solution
process.
3

>>>>>>> M
!nþ1

1 ¼ M
!n

1 þ D1;z
1

2M
!n

1;xzAΔt
8
>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>><
>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>:

ΔZ

M
!nþ1

2 ¼ M
!n

2 þ D2;z
1

ΔZ2M
!n

2;xzAΔt

M
!nþ1

yz jx¼0 ¼ M
!n

yzjx¼0

M
!nþ1

yz jx¼Lx ¼ M
!n

yzjx¼Lx

M
!nþ1

xz jy¼0 ¼ M
!n

xzjy¼0

M
!nþ1

xz jy¼Ly ¼ M
!n

xzjy¼Ly

M
!nþ1

xy jz¼0 ¼ M
!n

xy jz¼0

M
!n

1;xy jz¼ðNzþ1Þ ¼
D1;z

D1;z þ k1;zΔz
M
!n

1;xy jz¼ðNzþ1ÞðNz ¼ Lz=ΔzÞ

M
!n

2;xy jz¼3ðNzþ1Þ ¼
D2;z

D2;z þ k2;zΔz
M
!n

2;xy jz¼3ðNzþ1ÞðNz ¼ Lz=ΔzÞ

M
!0 ¼ M0 ðx ¼ 0 or y ¼ 0 or z ¼ 0 or x ¼ Lx or y ¼ LyÞ

(10)

where, M
!

represents the matrix form of M; the xy, xz and yz of the
subscript indicates the moisture content matrix in the xy-plane, xz-plane
and yz-plane. And A is as shown in Eq. (11).

A¼

2
66664

�2 1 0 0 ⋯ 0 0
1 �2 1 0 ⋯ 0 0
0 1 �2 1 ⋯ 0 0
⋮ ⋮ ⋮ ⋮ ⋱ ⋮ ⋮
1 0 0 0 0 1 �2

3
77775 (11)

2.2.2. Three-layer board with free boundary
When the diffusion in all directions of the three-layer board is uncon-

strained,which is called freeboundary. The governingequationofmoisture
diffusion in three-layer board with free boundary is as shown in Eq. (12).8>>>>>>>>>>><
>>>>>>>>>>>:

∂M1

∂t ðx;y;z;tÞ¼D1;x
∂2M1

∂x2 ðx;y;z;tÞþD1;x
∂2M1

∂y2
ðx;y;z;tÞþD1;z

∂2M1

∂z2
ðx;y;z;tÞ

ðx2½0;Lx�;y2½0;Ly�;z2½0;Lz�Þ
∂M2

∂t ðx;y;z;tÞ¼D2;x
∂2M2

∂x2 ðx;y;z;tÞþD2;x
∂2M2

∂y2
ðx;y;z;tÞþD2;z

∂2M2

∂z2
ðx;y;z;tÞ

ðx2½0;Lx�;y2½0;Ly�;z2½Lz;3Lz�Þ
(12)

And the initial condition is also same as Eq. (8). Since the sides of the three-
layer boardwere free, themoisturediffusion is in all directions (x-direction,
y-direction and z-direction). The boundary condition is as follows:8>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>><
>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>:

∂M
∂x jx¼0 ¼ 0

∂M
∂y jy¼0 ¼ 0

∂M
∂z jz¼0 ¼0

�D1;x

�∂M1

∂x jx¼Lx

�
¼ k1;xM1jx¼Lx

�D2;x

�∂M2

∂x jx¼Lx

�
¼ k2;xM2jx¼Lx

�D1;y

�∂M1

∂y jy¼Ly

�
¼ k1;yM1jy¼Ly

�D2;y

�∂M1

∂y jy¼Ly

�
¼ k2;yM2jy¼Ly

�D1;z

�∂M1

∂z jz¼Lz

�
¼ k1;zM1jz¼Lz

�D2;z

�∂M2

∂z jz¼3Lz

�
¼ k2;zM2jz¼3Lz

(13)
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And the 8th equation in Eq. (13) indicates the boundary condition inside
the wood frame under free boundary condition, which was called the
inner boundary conditions.
Figure 1. Schematic diagram of tex

Figure 2. (a) Schematic diagram of the flux direction as T; (b) Schematic diagram o
layer board.

4

The numerical solution obtained by using the finite differencemethod
is Eq. (14), and Supplementary Material (Appendix A) details the so-
lution process.
ture and position relationship.

f flux direction as L; (c) Schematic diagram of the flux direction as R with three-
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3. Experiments

The material used in this manuscript was Chinese fir (Cunninghamia
lanceolata) from Ningde, Fujian, China. Due to the excellent mechanical
properties of quarter-sawed lumber, quarter-sawed lumber is widely used
[34]. Therefore, the plate selected for the test is also a chord-cut plate. As
shown in Figure 1 and 10 pieces of 366 mm � 90 mm � 15 mm boards
were first cut out, which are free of defects. In order to reduce the in-
fluence of wood texture and properties between different groups as much
as possible, the wood in similar positions was taken as the specimen: the
left position and the right position in the log in Figure 1. The 10 wooden
boards were divided into two groups, GI and GII, six groups with similar
texture were selected as GI (marked as A-F groups), and four groups with
similar texture were also selected as GII (marked as G-J groups). Each
board was then cut into 4 equal parts in order (marked as No. 1, No. 2,
No. 3, and No. 4). In order to reduce the influence of texture, some
specimens were reused during the experiment.
Figure 3. Schematic diagram of probe insertion for calibration. (a) The included an
surement line perpendicular to the longitudinal direction; (c) The measurement line

Figure 4. (a) Experiment configuration; (b) Schematic diagram of the test wit

5

3.1. Preparation before experiments

3.1.1. Determine the coefficient of three -layer board
The moisture diffusion coefficient and surface emission coefficient of

wood need to be determined before the formal experiment.
In this manuscript, Dincer's method [31, 35] was used to determine

coefficients in all directions of the specimen. First, the 90mm� 90mm�
15 mm specimen was dried to a constant weight at (103� 2) �C to obtain
the drying weight.

All the specimens were divided into 3 groups, the first group of 5
specimens, the surfaces texture of RT (radial-tangential) cut were the flux
surface, and the other four surfaces were coated with silica gel
(Figure 2(a)); the second group of 5 specimens, the longitudinal was the
flux direction (Figure 2(b)), the remaining four surfaces were coated with
silica gel; in the third group of 15 specimens, four sides (90 mm � 15
mm): the surfaces texture of RT (radial-tangential) cut, the surface
texture of LR (longitudinal -radial) cut and the surfaces texture of LT
(longitudinal -tangential) cut were coated with silica gel and fixed as
shown in Figure 2(c). The specimens were then conditioned in a climate
gle with the longitudinal direction and measurement line is 45�; (b) The mea-
parallel to the longitudinal direction.

h parallel texture; (c) Schematic diagram of the test with vertical texture.



Figure 5. (a) Schematic diagram of distances of the measuring points to the edges; (b) Schematic diagram of measurement location.
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Figure 6. (a) Schematic diagram of probe insertion from the center of the board to the half of the boundary (b) Schematic diagram of probe insertion at center of the
board; (c) Schematic diagram of distances of the measuring points near a corner; (d) Schematic diagram of probe insertion near a corner of the middle board; (e)
Schematic diagram of probe insertion near a corner of the board.

Table 1. The initial moisture content of each layer board with parallel texture.

The first layer
board (%)

The middle layer
board (%)

The third layer
board (%)

Location A1 24.0 24.8 23.5

Location B1 15.0 15.0 12.0

Location C1 15.0 12.9 14.5

Location D1 20.1 20.0 18.9

Location A2 15.6 20.2 16

Location B2 22.3 23.1 15.8

Location C2 15.5 17.8 15.4

Location D2 16.4 21.7 16.3

Location E2 16.6 17.4 24.8

Location F2 14.4 26.4 20.3

X. Ma et al. Heliyon 8 (2022) e10626
chamber with an air humidity of 90% and a temperature of 25 �C until
the moisture in the specimen reached equilibrium, and the moisture
content was below wood FSP. After the third group of specimens was
Table 2. The initial moisture content of each layer board with vertical texture.

The first layer
board (%)

The middle layer
board (%)

The third layer
board (%)

Location A1 12.0 12.8 12.3

Location B1 20.1 20.0 15.8

Location C1 20.0 15.0 15.4

Location D1 17.8 18.0 15.5

Location A2 19.0 19.0 18.5

Location B2 21.4 21.4 20.3

Location C2 15.0 20.2 15.9

Location D2 18.0 21.0 17.8

Location E2 12.0 19.4 15.5

Location F2 14.8 24.2 15.6

7

fixed as shown in Figure 2(c), all specimens were placed in a climate
chamber with an air humidity of 40% and a temperature of 25 �C, a
precision balance (accuracy of 0.01 g) was used to measure the mass
every 10 min for 48 h. Finally, the obtained desorption curves were
processed according to Dincer's method to determine the moisture
diffusion coefficient and surface emission coefficient in three directions.

Differ from the first and second group, the third group of middle-layer
plates was treated as a single individual, and the first and third layers
were treated as 90 mm � 90 mm � 30 mm specimens, which could
determine the inner boundary inside the wood frame.

3.1.2. Calibration of moisture content detector
Since the wood species contained in the moisture content detector are

different from those selected in this manuscript, the calibration of the
moisture content detector is essential.

Take the No.4 specimen from groups A-E and G-J, and the specimens
was cut into a smaller piece of 40 mm � 40 mm � 15 mm. Then the
specimens were placed in a drying oven (Haowei WGL101-2A, Hebei,
China) for absolute drying at a temperature of 103 � 2 �C. And use a
precision balance (accuracy of 0.01 g) to measure themass every 2 h until
the mass remains unchanged, which is the absolute dry weight of the
specimen. Next, a group of 3 samples was inserted into the probe directly.
Three types of probe-insertion were used for calibration of moisture
content, Figure 3(a) shows the included angle with the longitudinal di-
rection and measurement line is 45�, Figure 3(b) shows the measurement
line perpendicular to the longitudinal direction and Figure 3(c) shows the
measurement line parallel to the longitudinal direction. The specimens
were then placed in a climate chamber with an air humidity of 90% and a
temperature of 25 �C for 48 h. After 48 h of humidity conditioning,
switch the Material Moisture Gigamodule to the "Ohmic resistance [10 �
Log(R)]" mode, connect it with the probe using alligator clips, and collect
its resistance value and weight. Subsequently, the relative humidity of
the air was increased by 5%, when the specimens weight change was less
than 0.01 g, the weight and the resistance value were measured, and this
step was repeated until the relative humidity of the air was adjusted to
90%.
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The moisture content obtained by the weighing method is calculated
according to Eq. (15).

M¼m�m0 �mn

m0
(15)

where, M represents the moisture content; m0 represents the dry weight
of wood; mn represents the probe weight.

The calibration file is automatically generated by the software Soft-
FOX 3.00 in a table containing the "resistance value" and the gravimet-
rically determined "wood moisture content value".
3.2. Experiment configuration

The moisture content of the wood was collected by a data logger
(Thermofox Universal) and a universal sensor extension module (Mate-
rial Moisture Gigamodule) (Figure 4(a)). Software SoftFOX 3.00
(Scanntronik Mugrauer GmbH) was used to calculate moisture content
from resistance recordings. The software provides pre-programmed
conversion formulas for untreated wood [36].

The center of the middle layer board was measured at Locations A1
and A2, the center of the outer layer board at Locations B1 and B2
measure, the middle layer board at 22.5 mm from the central at Locations
Figure 7. (a) Schematic diagram of the neutral layer; (b) Schemat

Table 3. The coefficient of simulation test.

Location The texture of flux surface

The moisture diffusion coefficient (m2=s) Th

RT LR LT RT

Location A1 Outer 1.6e � 10 1.4e � 10 5.4e � 10 1.3

Middle 1.6e � 10 1.4e � 10 7.0e � 11

Location B1 Outer 2.1e � 10 1.8e � 10 7.0e � 10 1.3

Middle 2.1e � 10 1.8e � 10 9.1e � 11

Location C1 Outer 2.1e � 10 1.8e � 10 7.0e � 10 1.3

Middle 2.1e � 10 1.8e � 10 9.1e � 11

Location D1 Outer 1.3e � 10 1.1e � 10 4.3e � 10 1.3

Middle 1.3e � 10 1.1e � 10 5.6e � 11

Location A2 Outer 3.2e � 10 2.5e � 10 1.58e � 9 1.3

Middle 3.2e � 10 2.5e � 10 1.7e � 10

Location B2 Outer 3.2e � 10 2.5e � 10 1.58e � 9 1.3

Middle 3.2e � 10 2.5e � 10 1.7e � 10

Location C2 Outer 1.6e � 10 1.4e � 10 1.58e � 9 1.3

Middle 1.6e � 10 1.4e � 10 1.7e � 10

Location D2 Outer 3.2e � 10 2.5e � 10 1.58e � 9 1.3

Middle 3.2e � 10 2.5e � 10 1.7e � 10

Location E2 Outer 3.2e � 10 2.5e � 10 1.58e � 9 1.3

Middle 3.2e � 10 2.5e � 10 1.7e � 10

Location F2 Outer 2.1e � 10 1.8e � 10 7.0e � 10 1.3

Middle 2.1e � 10 1.8e � 10 9.2e � 11
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C1 and C2, the middle layer board at 22.5 mm from the central at Lo-
cations D1 and D2 and Locations E2 and F2 are measured at the edges, as
shown in Figure 5(a). And the texture direction of the three layers is
shown in Figure 5(b).
3.3. Experiments with different texture

To verify the validity of the method, we conducted two types of ex-
periments: constrained boundary and free boundary. The constrained
boundary is to verify the validity of the inner boundary conditions, and
the proposed model with inner boundary conditions is not disturbed by
the texture in the case of single-direction diffusion. The free boundary is
to demonstrate that the fiber orientation is considered in this model. Due
to the limitation of the number of measuring points of the moisture
content detector, the test is carried out in two times: the test of parallel
texture and the test of vertical texture.

3.3.1. The test of parallel texture
Each group of No. 1–3 specimen was placed in a climate chamber

with an air humidity of 90% and a temperature of 25 �C for adjustment.
After 9 days, the four sides (90mm� 15mm) of the specimens in group B
were coated with silica gel for insulation treatment, and then put back in
ic diagram of finite element; (c) The result of the simulation.

The initial MC (%)

e surface emission coefficient (m/s) Parallel
texture

Vertical
texture

LR LT

e � 5 5.9e6 3.24e � 6 24.0 12.0

1.86e � 7 24.8 12.8

e � 5 5.9e6 3.24e � 6 15.0 20.1

1.86e � 7 15.0 20.0

e � 5 5.9e6 3.24e � 6 15.0 20.0

1.86e � 7 12.9 15.0

e � 5 5.9e6 3.24e � 6 20.1 17.8

1.86e � 7 20.0 18.0

e � 5 5.9e6 3.24e � 6 15.6 19.0

1.86e � 7 20.2 19.0

e � 5 5.9e6 3.24e � 6 22.3 21.4

1.86e � 7 23.1 21.4

e � 5 5.9e6 3.24e � 6 15.5 15.0

1.86e � 7 17.8 20.2

e � 5 5.9e6 3.24e � 6 16.4 18.0

1.86e � 7 21.7 21.0

e � 5 5.9e6 3.24e � 6 16.6 12.0

1.86e � 7 17.4 19.4

e � 5 5.9e6 3.24e � 6 14.4 14.8

1.86e � 7 26.4 24.2
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the climate chamber to wait for the silica gel to dry and continue to
adjustment. In order to reduce the impact of installing probes, only one
set of probes was installed on each three-layer board. After a total of 13
days of conditioning, the specimens A-No. 3, C-No. 2, G-No. 3 and I-No. 2
were punched holes and inserted probe as shown in Figure 6(a), the
Figure 8. The experimental results for the parallel texture with constrained bound
location D1.

Figure 9. The experimental results for the vertical texture with constrained bound
location D1.

9

specimens B-No. 3, D-No. 2, H-No. 3 and J-No. 2 were punched holes and
inserted probe as shown in Figure 6(b), the specimen F-No. 2 was
punched holes as shown in Figure 6(c), and inserted probe as the outer
layer board as Figure 6(d), and the specimens E-No. 2 was insert the
probe with 7.5 mm as shown in Figure 6(e). The diameter of the hole is 3
ary condition (a) at location A1; (b) at location B1; (c) at location C1; (d) at

ary condition (a) at location A1; (b) at location B1; (c) at location C1; (d) at
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mm, the diameter of the probe is 2 mm, and the gap between the probe
and the hole is sealed with insulating glue. Then put it back in the climate
chamber for adjustment for a day.

After the adjustment is completed, the specimens A-No. 3, B-No. 3, F-
No. 3, G-No. 3, H-No. 3 was placed in the middle layer as shown in
Figure 4(b), the specimens C-No. 2, D-No. 2, E-No. 2, F-No. 2, I-No. 2, J-
No. 2 were placed on the first layer as shown in Figure 4(b), and then all
No. 1 specimens of A-J groups were placed on the third layer as shown in
Figure 4(b), the other samples were filled with three layers, and the grain
direction is shown in Figure 4(b). The fixing three-layer specimen was
placed on the wooden track (Figure 4(a)), then connect the moisture
content detector and the probe with alligator clips, and adjust the climate
chamber to adjust the air humidity to 40% and the temperature to 25 �C
for a 3 days experiment. And the initial moisture content of each layer
board is as shown in Table 1.

3.3.2. The test of vertical texture
All the test specimens were disconnected from the moisture content

detector, then still placed then the climate chamber with an air humidity
of 90% and a temperature of 25 �C for adjustment and replace the F-No. 4
with F-No. specimen as the middle layer. After 10 days of conditioning, it
Figure 10. The experimental results for the parallel texture with free boundary cond
(e) at location E2; (f) at location F2.
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was fixed according to the first text. The difference from the first
experiment was that the middle layer boards were all rotated 90�, as
shown in Figure 4(c), the surface texture of the middle board was
perpendicular to the first and third boards. The fixing the three-layer
specimens was then placed on the wooden track, and alligator clips
were as the connect equipment between the moisture content detector
and the probes. Finally adjust the climate chamber with air humidity
40% and the temperature 25 �C for a 3 day experiment. And the initial
moisture content of each layer board is as shown in Table 2.

3.4. Finite element model test of three-layer board

As shown in Figure 7(a), the three-layer board can be divided into
eight sections. As the moisture diffuses outwards from the neutral layer
before the equilibriummoisture content is reached. And the neutral layer
in each of the three directions is the red, yellow and green faces in
Figure 7(a). Ideally the diffusion is the same for all eight parts, so the
mathematical model was established as 1/8 of the neutral layer out-
wards. And the finite element model with the same initial conditions and
boundary conditions as the above mathematical model was also estab-
lished in Figure 7(b) and 7(c) shows a result of parallel texture with free
ition (a) at location A2; (b) at location B2; (c) at location C2; (d) at location D2;
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boundary condition. Different from the proposed boundary model, the
interface between the middle layer board and outer layer board only
exists in a geometric with no practical significance in physical changes.
Hence, the above model is hereinafter named as simple boundary model.
The diffusion videos of the two moisture diffusion boundary models with
four types (constrained boundary with parallel texture, constrained
boundary with vertical texture, free boundary with parallel texture, free
boundary with vertical texture) are as shown in the Supplementary
Materialwhere the initial moisture content of the middle board is 17.8%
and the initial moisture content of the outer board is 15.5%. In the
proposed boundary model, air relative humidity is used as a necessary
input, and the moisture content corresponding to air relative humidity is
calculated using a modified version of the equation suggested by Glass
et al. [37], and the modified result of Lie et al. is used as the conversion
formula in this manuscript [36].

MRH ¼ð�Inð1� RHÞ
26:665

Þ1

=

1:523 (16)
Figure 11. The experimental results for the vertical texture with free boundary cond
(e) at location E2; (f) at location F2.
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where, MRH represents the wood moisture content corresponding to the
air relative humidity, which indicates the equilibrium moisture content
of the wood board at 25 �C; RH represents the air relative humidity.

The other coefficient in the proposed boundary model were deter-
mined according to the Dincer's method. Except the surface emission
coefficient of the middle layer board was not set specifically, the co-
efficients of the simple boundary model are exactly the same as those of
the proposed boundary model. The parameters measured by the simu-
lation are shown in Table 3, in which the moisture diffusion coefficient
and surface emission coefficient were carried out by the method of Sec-
tion 3.1.1.

4. Results and discussion

4.1. Experimental and simulation result

The experimental results show the moisture content at different
monitoring points under different boundary conditions. Figures 8 and 9
show the actual and simulated changes of moisture content at the four
measuring points of the three-layer board with constrained boundary. As
ition (a) at location A2; (b) at location B2; (c) at location C2; (d) at location D2;
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shown in the figures, the simulation date was extracted by the proposed
boundary model, and the comparative date extracted by the simple
boundary model. The texture directions of the boards are as shown in
Figure 3(b) and 3(c), respectively. Figures 8(a) and 9(a) represent the
change in moisture content at the center of the middle board,
Figures 8(b) and 9(b) represent the change in moisture content at the
center of the outer layer board, Figures 8(c) and 9(c) represent the
change of moisture content from the center of the middle board to the
half of the boundary, and Figures 8(d) and 9(d) represent the change of
moisture content from the center of the middle board to the half of the
boundary.

In Figures 8(b) and 9(a), the actual measurement curves are
abnormal, but the overall trend of the actual curves and the simulated
result curves are consistent, which may be caused by the poor contact of
the probe. Consistent with the conjecture, due to the simple boundary
model reflects the total change, the difference between the actual
experiment and simple boundary model is larger than the difference
between the proposed boundary model. And as shown in Figures 8 and 9,
the comparison results between the simple boundary model and the
actual experiment is consistent. As shown in Table 3, regardless of the
moisture diffusion coefficient or the surface emission coefficient, the
coefficient of the middle layer board was smaller than that of the outer
layer board with the flux surface of LR. Hence, the diffusion speed of the
middle layer board is slower than that of the outer layer board in the
actual diffusion, which was not take into account in the simple boundary
model. Therefore, the moisture content of the middle layer board mea-
surement points is lower than the actual, and the outer layer board is
higher than the actual.

Figures 10 and 11 show the actual and simulated changes of moisture
content at the six locations of the board with free boundary conditions.
The texture direction of three-layer board is as shown in Figure 3(b) and
3(c), respectively. Figures 10(a) and 11(a) represent the change in
Figure 12. Moisture content error with constrained boundary condition (a)
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moisture content at the center of the middle board, Figures 10(b) and
11(b) represent the change in moisture content at the center of the outer
layer board, Figures 10(c) and 11(c) represent the change of moisture
content from the center of the middle board to the half of the boundary,
Figures 10(d) and 11(d) represent the change of moisture content from
the center of the middle board to the half of the boundary, and
Figures 10(e) and 11(e) represent the middle board changes in moisture
content near a corner (Figure 6(e)), Figures 10(f) and 11(f) show the
change of moisture content near a corner of the middle board
(Figure 6(d)).

The variation of the actual measured moisture content at Figure 10(c)
is quite different from the simulated one, because the moisture diffusion
coefficient and the surface emission coefficient coefficients selected for
the simulation are smaller than those of the actual wood. Resulting in an
upwardly convex form of the simulated curve, while the actual measured
curve is approximately a downward concave curve. Figure 10(e) shows
an increase at first and then a decrease in the actual measurement. This is
because one of the outer layer board has a moisture content of 24.8%,
and the moisture content of the outer board is higher than that of the
middle board, so that the moisture content first increases and then de-
creases. But the moisture content of the outer board was selected in the
simulation is only 16.6%, which is similar to the middle board (17.4%),
so the simulation curve is stable. Figure 11(f) show the same trend at the
beginning of the actual measurement, which may be caused by the same
probes and the same sensor. As shown in Figures 10 and 11, the changed
boundary conditions did not affect the accuracy of the simple boundary
model and the proposed boundary model. And the difference between
the actual experiment and the simple boundary model is still larger than
the difference between the proposed boundary model. The same as the
constrained boundary, the moisture content of the middle layer board
measurement points is lower than the actual, and the outer layer board is
higher than the actual.
at location A1; (b) at location B1; (c) at location C1; (d) at location D1.
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4.2. Error analysis between experimental and simulation

The errors of the parallel texture test and its corresponding two
simulations in free diffusion, and the errors of the vertical texture test and
its corresponding two simulations are both shown in Figure 12.
Figure 12(a) represents the four types of errors at the center of the middle
layer board, Figure 12(b) represents the four types of errors at the center
of the outer layer board, Figure 12(c) represent the four types of errors
from the center of the middle layer board to the half of the boundary, and
Figure 12(d) represent the four types of errors from the center of the
middle layer board to the half of the boundary.

The errors of the parallel texture test and its corresponding two
simulations in the constrained diffusion, and the errors of the vertical
texture test and its corresponding two simulations are both shown in
Figure 13. Figure 13(a) represents the four types of errors at the center of
the middle layer board, Figure 13(b) represents the four types of errors at
the center of the outer layer board, Figure 13(c) represents the four types
of errors from the center of the middle layer board to the half of the
boundary, Figure 13(d) a represents the four types of errors from the
center of the middle layer board to the half of the boundary, and
Figure 13(e) represents the four types of errors near a corner
Figure 13. Moisture content error with free boundary condition (a) at location A2; (
location F2.
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(Figure 6(e)), Figure 13(f) represents the four types of errors near a
corner of the middle layer board (Figure 6(d)).

All errors with the proposed boundary model are less than 2%
(moisture content), and 3.4% (Eq. (16)) in the simple boundary model in
Figures 12 and 13. And the error with simple boundary model is larger
than the proposed boundary model in every point, which indicates the
accuracy of the proposed boundary model.

e¼Mt �Ms (17)

where, e represents the moisture content error between the test moisture
content and the simulation moisture content, Mt represents the test
moisture content and Ms represents the test moisture content.

The apparent regularity is shown by the error bar of the simple
boundary model in Figure 14. As described above, the simple boundary
conditions do not take into account the difference of the moisture
diffusion coefficient and surface emission coefficient between the middle
and outer layer board, so the error of the middle layer board is greater
than 0, and the error of the outer layer board is less than 0. Due to the
boundary were considered, the proposed boundary model didn't exhibit
obvious regularity.
b) at location B2; (c) at location C2; (d) at location D2; (e) at location E2; (f) at



Figure 14. The error bar of different boundary conditions with two models.

Figure 15. Correlation of actual and experimental values.

X. Ma et al. Heliyon 8 (2022) e10626
Figure 15 represents the Euclidean distance of simulation and
experimental with different boundary conditions, respectively. On the
whole, the Euclidean distance of the proposed boundary condition
simulation data with the actual experiment data is smaller than that of
the simple boundary condition simulation data, which shows that the
simulation data of the proposed boundary condition are more in line with
the actual experimental data. From the perspective of fiber orientation,
the Euclidean distance of the proposed boundary condition simulation
data with the actual experiment data is smaller than the simulation data
of the simple boundary condition, whether it is a parallel texture or a
vertical texture, which indicates that the fiber orientation does not have a
great impact on the model.
14
5. Conclusion

The mathematical model for three-layer board with complex bound-
ary conditions that establish by this manuscript was ability to predict
moisture content within wood in complex situations. The validity of the
inner boundary conditions was verified by tests with constrained
boundary conditions, and the role of fiber orientation was demonstrated
by tests with free diffusion. The experimental and simulation results
show that the proposed boundary condition committed to build a high-
accuracy moisture diffusion model. Different from the simple boundary
model, the proposed boundary model considers more comprehensively,
which results in high accuracy of moisture content in both middle and



X. Ma et al. Heliyon 8 (2022) e10626
outer layer board. This present model is not only suitable for the moisture
content analysis of wood but also for other sparse porous materials.

However, the accuracy of the moisture diffusion coefficient and sur-
face emission coefficient, which has influenced by temperature and
moisture content, has a decisive impact on the model. To overcome its
limitations, experimental study can be carried out to determine the
relationship between temperature and moisture content and improve the
model accuracy.
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