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Abstract
For wood, water diffusivity is an important factor that influences its mechanical and 
physical properties. In this experimental study, the water absorption and desorption 
were investigated in linear directions for woods of two Eucalyptus clones; Euca-
lyptus grandis and Eucalyptus camaldulensis. The diffusion model based on Fick’s 
second law was applied to assess both water absorption and desorption processes 
on cubic wood samples of (20 × 20 × 20) mm3. The diffusion coefficient, absorption 
coefficient, surface emission and diffusivity resistance were estimated. The study of 
sorption kinetics was carried out at ambient temperature about 25 °C and desorption 
kinetics at 30 °C for 12 h. The obtained results indicate that the sorption and des-
orption kinetics as well as the diffused quantities of water in the wood of these two 
clones were greater in the longitudinal direction than in the radial direction and that 
they were the lowest in the tangential direction. Wood samples of E. grandis exhibit 
higher average values of diffusion coefficient, absorption coefficient, and surface 
emission coefficient in both absorption and desorption processes in the linear direc-
tions than those of E. camaldulensis. However, they display lower average values of 
resistance diffusivity in all directions than those E. camaldulensis in both absorption 
and desorption processes.

Keywords Clonal eucalyptus · Diffusion coefficient · Resistance diffusivity · Surface 
emission coefficient · Water diffusivity · Wood

1 Introduction

Wood is a porous, hygroscopic, anisotropic and complex natural polymer; it has a lay-
ered structure. The wood moisture varies constantly with the environmental condi-
tions due to absorption and/or desorption of humidity from the surrounding air [1–4]. 

 * Mahyoub Amer 
 mahyoub51973@gmail.com

Extended author information available on the last page of the article

http://orcid.org/0000-0003-0547-8970
http://crossmark.crossref.org/dialog/?doi=10.1007/s10765-020-02723-7&domain=pdf


 International Journal of Thermophysics (2020) 41:142

1 3

142 Page 2 of 17

Moisture content in wood has an important influence on its physical and mechanical 
properties, dimensional stability and durability, which limit its uses in construction and 
numerous applications of engineering [5–9].

Water can be present in two states in wood. The first state called bound water exists 
in cell walls. The second state or free water is located in the cell lumen and void spaces 
[10–12]. The water transfer in wood is a very complex process. The mechanism of 
water diffusion depends on wood density, type of wood, moisture content, relative 
humidity, temperature, anatomical direction (longitudinal, radial or tangential) and the 
duration of the exposure [13–17].

The water diffusion coefficient describes the rate of water transfer from the surface 
of the wood to the interior or vice versa. Thus, study and knowledge of the water dif-
fusivity phenomenon in the wood is critical to control the drying rate and estimate 
the time required for lumber drying especially below the fiber saturation point (FSP) 
[18–20]. It also provides information concerning the effects of temperature, equilib-
rium moisture content, board thickness, air velocity, drying time and moisture gradients 
on the quality of the final product [21]. In addition, it contributes to the knowledge of 
storage conditions, life cycle of timber structures and the end-use of wood products.

Two types of resistances regulate the transfer of water between wood and air. The 
internal one, due to the boundary layer adjacent to the wood surface, is described by the 
diffusion coefficient (D). The external one, due to wood structure, is described by the 
surface emission coefficient (S) [22, 23].

The objectives of this research are (i) to study kinetics of water sorption and desorp-
tion in longitudinal, radial and tangential directions for two wood of clonal eucalyp-
tus; (ii) to estimate the water diffusion, absorption and the emission surface coefficients 
in these woods; and (iii) to estimate diffusion resistance of water in the considered 
directions.

2  Materials and Methods

2.1  Materials

Four 9-year-old trees of clonal Eucalyptus wood were used in this study from the plan-
tation established in the Maamora forest (North-West of Morocco): two trees of the E. 
camaldulensis clone (No 579) and two others of the E. grandis clone (No 3758). Their 
average circumferences and heights are respectively 76 cm and 19.4 m for E. camaldu-
lensis and 84.5 cm and 18 m for E. grandis. They had good straightness; they were free 
from defects and carried minimum branches.

2.2  Experimental

2.2.1  Wood Samples’ Preparation

To investigate water diffusion in the clonal Eucalyptus wood, after wood drying to 
humidity about 11.5 %, three series of samples from each tree of each clone were 
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prepared. These series consist of 18 samples taken from the heartwood along the 
same longitudinal bars of the first log from each tree. The wood specimens are cubes 
of the following dimensions L × R × T (20 × 20 × 20) mm3 (Fig. 1a) [24]. For both 
water sorption and desorption studies, six samples were used from each tree for the 
longitudinal, radial and tangential directions. For the sake of studying the linear 
diffusion of water; in the first, the sample’s faces were polished by abrasive paper 
before coated with varnish. Four sides of the test specimens were covered by five 
layers of wood protection varnish (Fig. 1b, c), to ensure the water diffusion in one 
direction (the two sides that remained open). To verify the effectiveness of the pro-
tective varnish, some samples of both clones were weighed and completely covered 
by five layers of wood varnish. They were afterward immerged in water for 24  h 
and then weighed again. It appeared that the weight of the samples only changes by 
0.001 mg.

2.2.2  Experimental Equipments

The water diffusion study in clonal Eucalyptus wood was carried out using a cli-
matic chamber to preserve the moisture of the samples at 11.5 % (Fig. 2a). Water 
bath at ambient temperature (25 °C) for the sorption study (at constant temperature) 
(Fig. 2b) and oven-dried at temperature 30 °C for the desorption process (Fig. 2c). 
To follow the gain or loss in the mass of the samples, an electronic balance was used 
(Fig. 2d). To maintain the moisture of the samples at the reached saturation level 

Fig. 1  (a) Test specimens’ preparation for diffusion studies; (b) the samples before coverage; (c) the sam-
ples after coverage
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in the absorption process, the samples were kept in the desiccator until their use in 
the desorption process (Fig. 2e). To measure the samples dimensions, an electronic 
comparator was used (Fig. 2f).

2.2.3  Measurement Method

To track water sorption in the wood samples, the initial moisture content was about 
11.5 %. The samples were completely immerged in the water basin at ambient tem-
perature (about 25 °C). To measure the quantity of absorbed water, the changes in 
the weight of the specimens were recorded at regular time intervals (each 5 min) 
until equilibrium in 12 h.

For desorption study in the linear directions, the moisture content in the wood 
samples was at the level it had reached in the sorption process in each direction. The 
wood samples were placed in the oven at 30 °C, and their weights were measured at 
regular time intervals during 12 h until equilibrium state.

Water diffusion in the wood is the process of its transferring through the capillar-
ies, vessels and cell walls. According to Fick’s second law, the water diffusion equa-
tion in the wood samples is given by the following formula [8]:

where c is water concentration, t time and Di diffusion coefficient in i direction 
(i = x,y,z).

For the one-dimensional transfer (i = x), the previous equation becomes:
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Fig. 2  Experimental equipment used: (a) climatic chamber; (b) water bath; (c) forced convection oven; 
(d) electronic balance; (e) desiccators; (f) electronic comparator
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Using the initial and final conditions as the following:

– C(x,0)= Ci initial water concentration in the wood samples,
– C(0,t)= C(e, t)= Cf final water concentration in the samples.

The dimensionless water concentration is defined by

where c is water concentration at time t.
The Eq. 2 becomes

The initial and the boundary conditions become

– C*(0,0) = 0;
– C*(0,t) = C* (e,t) = 1.

The partial differential Eq. 4 can be solved by the variables separation method; 
it expressed by the product of two functions: one depends on the position (x), 
while the other depends on the time (t), such as [25, 26]:

The general solution of the previous equation is

The analytical solution of Eq. 6 gives by the relation:

Integration of Eq. 7 over the thickness e gives the water concentration at the 
time t, and expressed by the equation [27–29]:
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The quantity C∗(t) varies between 0 and 1 (the initial and the final state), and the 
first term of the previous series is [29]

At the half time t0.5 which corresponds to C*(t) = 0.5, Eq. 10 becomes [29, 30]

Thus, the diffusion coefficient is determined as

For the values C*(t) are greater than 0.50, the diffusion coefficient is given by the 
relation [30]:

Thus, the water concentration is given by the equation [31]

The gain or loss of the dimensionless mass is indicated by equation:

where m(t) is the samples mass at time t (g), mi the initial samples mass (g), and meq 
the samples mass at equilibrium (g).

The experimentally measured magnitude m*(t) and the calculated analytically 
C*(t) being dimensionless. Thus, C*(t) can be written C*(t) ≡ m*(t); Eq. 12 becomes

where Δm(t) is the sample mass variation at time t (g), and Δmmax the sample mass at 
equilibrium (g).

The curve in Fig. 3 represents the variation of m*(t) depending on 
√

t . From this 
curve, it is possible to derive D. The diffusion coefficient is also calculated from results 
of the diffusion experiments from Eq. 5 which is given by the following equation:

where e is sample thickness (m).
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The diffusion resistance of water (R) in the wood sample is given by the fol-
lowing relation [30]:

where S is the absorbent and/or desorbent surface of the sample.
The water absorption coefficient Aw is calculated from the equation [32, 33]:

where Δm is variation of the sample mass (mass at the time t − initial mass), S con-
tact surface of the specimen and t time.

The surface emission coefficient (E) describes the rate at which moisture is 
emitted from the surface of drying wood; it is given by the equation [34]:

where a is half of the specimen thickness, t0.5 half-drying time (the time when the 
fraction of average moisture in wood  H* = 0.5), and D diffusion coefficient.

The porosity of wood (Φ) can be calculated from the relation follows [35, 36]:

where ρ is the density of the material and ρS the density of the wood cell wall (con-
stant for all wood species and almost constant for all plant fibers) which equals to 
1530 kg·m−3.
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Fig. 3  Variation of m *(t) as a function of 
√

t for a test sample
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The wood density is defined as the ratio of the mass and the sample volume, and 
it is given by the equation:

where m is sample mass and V sample volume.
The wood moisture content denoted (MC) is equal to the quantity of water con-

tained in the wood, expressed as a percentage of dry weight:

where mh is wet wood mass (g), and mo dry wood mass (g).

2.2.4  Statistical Analysis

The mean values of the diffusion, absorption and surface emission coefficients and 
water diffusion resistance for the two clones Eucalyptus wood were compared using 
T test for independent samples.

3  Results and Discussion

3.1  Absorbed and Desorbed Moisture Profile

In general, the profiles of water absorption and desorption behavior in the linear 
direction of both clones are similar (Fig. 4a–d). These figures give a clear vision of 
water transfer in clonal eucalyptus wood, the sorption and desorption behavior to be 
represented as of Fickian behavior.

The pattern of water diffusivity indicates two possible stages. In the first, the 
wood samples for both clones exhibited a high ratio of water diffusivity in each 
direction, followed by a period of very slow and continuous diffusivity until it 
reaches an equilibrium state. The axial direction exhibited the highest water dif-
fusivity; followed by the radial direction then the tangential direction. The pattern 
(style) of the water sorption process indicates that more than half of the absorbed 
water occurred in the first 3 h after immersion of the wood samples in water. In the 
end of the sorption process, the moisture of samples in longitudinal, radial and tan-
gential directions respectively reached 45.3; 29.2 and 23.7 % for E. grandis. While it 
reached 39.9; 24.4 and 19.7 % for E. camaldulensis samples.

In the desorption process, the moisture of the samples for both clones in each 
direction decreased from the maximum values which it reached in the sorption 
process to lower than 11.5 % within 3 h. After that, it gradually decreased until 
the equilibrium state. The E. grandis samples exhibited the greatest decrease. By 
comparing the curves of sorption and desorption kinetics in the three directions, 
we can deduce that the E. grandis and E. camaldulensis wood are more diffusive 

(21)� =
m

V

(22)MC (%) =
mh − mo

mo

× 100
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in the longitudinal direction [37]. In this direction, the capillary transfer and the 
vascular rays are the main sources of water diffusion. Indeed, in the longitudinal 
direction, the capillary flow is important; while in the radial and tangential direc-
tions the water diffusion is lower, but in the radial direction it is slightly more dif-
fusive than in the tangential direction. In the radial direction, the vascular rays are 
the primary source of the water diffusion; especially their structure, arrangement 
and status, which supports the phenomenon of diffusivity. In the tangential direc-
tion, the early-wood and late-wood layers are arranged in parallel, which more 
supports the diffusion in the radial direction.

3.2  Water Quantity Absorbed and Desorbed

The variation of water quantity absorbed by the surface unit of the wood sample 
increased progressively and reached an equilibrium state (Fig. 5a, b). The absorbed 
water quantity is higher in the longitudinal direction, followed by the radial direc-
tion then the tangential direction for both clones. Four hours after the wood samples 
were placed in the water basin, the amounts of absorbed water in the longitudinal, 
radial and tangential directions were, respectively, 0.124; 0.055 and 0.034 g·cm−2 

a b

c d
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Fig. 4  Evolution of water sorption and desorption behaviors for samples of E. grandis and E. camaldu-
lensis woods in the linear directions
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for E. grandis compared to those of E. camaldulensis which are 0.101; 0.041 and 
0.024 g·cm−2.

In the desorption process (Fig. 5c, d), the quantity of desorbed water decreased 
progressively and achieved equilibrium for both woods. After 4 h, the quantity of 
water desorbed in the longitudinal, radial and tangential directions was 0.040; 0.049 
and 0.055 g·cm−2 respectively for E. grandis. While for E. camaldulensis it reached 
0.049; 0.056 and 0.064 g·cm−2.

The values of water absorption and surface emission coefficients calculated from 
Eqs. 18 and 19 for the two eucalyptus clones woods are reported in Table 1. This 
table shows that the longitudinal direction has the largest average values of the 
parameters calculated. While the radial and tangential directions have the smallest 
values in both the absorption and desorption processes. On the other hand, the radial 
direction has slightly more average values than those obtained for the tangential 
direction. Also, the E. grandis wood has greater average values of water absorption 
and surface emission coefficients in each direction for both absorption and desorp-
tion processes than those of E. camaldulensis wood.
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According to the T tests (Table 2), there are statistically significant differences 
between the mean values of absorption and surface emission coefficients in the three 
directions for the two Eucalyptus clones in the sorption and desorption processes 
with 95 % confidence based on T test analysis.

3.3  Water Diffusivity

The diffusion is one factor that determines fast water movement through the wood. 
It describes the movement of water between the interior and the wood surface. The 
water diffusion coefficients of wood samples for two clones in both sorption and 
desorption processes were calculated from Eq. 12.

Experimental results obtained for water diffusion in the linear directions are 
reported in Table  3. This table shows that the water diffusion coefficients in two 
clones of Eucalyptus wood depend on the wood anatomical directions; it is an 
important factor that affects the diffusion coefficient. The longitudinal direction has 
the largest average values of water diffusion coefficient, followed by the radial direc-
tion. While the tangential direction has the lowest average values. Also, the water 
diffusion coefficient in the Eucalyptus wood depends on the wood density. The wood 
samples with high density have a small diffusion coefficient for the two clones in 
each direction for both sorption and desorption processes.

Table 1  Experimental values of absorption and surface emission coefficients of the two eucalyptus 
clones’ woods

Absorption coefficients in: longitudinal  (AL); radial  (AR) and tangential  (AT) directions; Surface emission 
coefficients in: longitudinal  (EL); radial  (ER) and tangential  (ET) directions; standard deviation (sd)

Clone No Tree Absorption coefficient × 10−3 
(g·cm−2·s−0.5)

Emission coefficient × 10−6 (m·s−1)

AL ± sd AR ± sd AT ± sd EL ± sd ER ± sd ET ± sd

E. grandis 1 9.42 ± 0.57 3.46 ± 0.26 2.42 ± 0.17 1.98 ± 0.13 1.41 ± 0.09 1.18 ± 0.08
2 8.76 ± 0. 53 3.32 ± 0.23 2.14 ± 0.14 1.94 ± 0.11 1.34 ± 0.08 1.10 ± 0.06
Aver 9.09 ± 0.55 3.39 ± 0.25 2.28 ± 0.16 1.96 ± 0.12 1.38 ± 0.09 1.14 ± 0.07

E. camaldu-
lensis

1 8.48 ± 0.58 2.87 ± 0.20 1.78 ± 0.12 1.32 ± 0.09 1.11 ± 0.08 1.03 ± 0.07
2 8.13 ± 0.54 2.71 ± 0.17 1.63 ± 0.10 1.16 ± 0.08 1.06 ± 0.06 0.92 ± 0.05
Aver 8.31 ± 0.56 2.79 ± 0.19 1.71 ± 0.11 1.24 ± 0.08 1.09 ± 0.07 0.98 ± 0.06

Table 2  T test of the mean 
values of absorption and surface 
emission coefficients for two 
Eucalyptus clones

Process Coefficient t-value df Sig

Sorption AL
AR
AT

3.869
8.181
5.492

22 0.001
0.000
0.000

Desorption EL
ER
ET

6.504
4.375
2.404

22 0.000
0.000
0.025
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In the absorption and desorption processes, the wood samples of E. grandis have 
the greatest average values of the diffusion coefficient in all directions, due to their 
higher porosity and lower density compared to E. camaldulensis (Table 3).

In Table 4, we observe that there are statistically significant differences between 
the mean values of the diffusion coefficient for the two Eucalyptus clones in the 
longitudinal and tangential directions in both sorption and desorption processes at 
a confidence level P < 0.05. While there are no statistically significant differences 
between the averages of the diffusion coefficient values for the radial direction in 
both the absorption and desorption processes for both clones of Eucalyptus.

3.4  Resistance of Water Diffusion

The water transfer resistance in wood depends on anatomical direction and wood 
density. The obtained results in Table 5 show that the water diffusivity resistance 
increases with the rise of wood density, which implies that the wood density is the 
main parameter that influences the water diffusivity resistance. The tangential direc-
tion has a greatest average value of water transfer resistance, followed by radial 
directions. However, the longitudinal direction has the lowest average value of trans-
fer resistance in the absorption and desorption processes for both woods, where the 
water moves toward the fiber easier than other directions. The E. grandis wood has a 

Table 4  T test of the mean 
values of diffusion coefficient 
for two Eucalyptus clones

Process Diffusivity t-value df Sig

Sorption DL
DR
DT

3.166
1.668
0.517

22 0.004
0.109
0.010

Desorption DL
DR
DT

4.303
2.078
3.547

22 0.000
0.052
0.002

Table 5  Resistance of water diffusion in the two eucalyptus clones’ woods

Diffusion resistance in longitudinal  (RL); radial  (RR) and tangential  (RT) directions; Standard deviation 
(sd)

Clone No Tree Resistance of water diffusivity ×10−8  (m−3·s)

Adsorption Desorption

RL ± sd RR ± sd RT ± sd RL ± sd RR ± sd RT ± sd

E. grandis 1 0.64 ± 0.03 0.96 ± 0.05 1.14 ± 0.07 0.59 ± 0.04 0.69 ± 0.05 0.74 ± 0.05
2 0.65 ± 0.04 1.04 ± 0.06 1.21 ± 0.08 0.64 ± 0.05 0.75 ± 0.06 0.79 ± 0.07
Aver 0.65 ± 0.04 1.00 ± 0.06 1.18 ± 0.08 0.62 ± 0.05 0.72 ± 0.06 0.77 ± 0.06

E. camaldu-
lensis

1 0.75 ± 0.05 1.04 ± 0.06 1.27 ± 0.09 0.72 ± 0.05 0.73 ± 0.06 0.92 ± 0.07
2 0.83 ± 0.05 1.10 ± 0.07 1.39 ± 0.10 0.76 ± 0.06 0.82 ± 0.07 1.01 ± 0.08
Aver 0.79 ± 0.05 1.07 ± 0.07 1.33 ± 0.10 0.74 ± 0.06 0.78 ± 0.07 0.97 ± 0.08
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lower average value of diffusion resistance in both processes compared to E. cama-
ldulensis wood.

Table 6 shows that there are statistically significant differences between the mean 
values of the water diffusion resistance for the two Eucalyptus clones in the longitu-
dinal and tangential directions for both sorption and desorption processes (P < 0.05). 
But there are no statistically significant differences between the average of the diffu-
sion coefficient values for the radial direction in both the absorption and desorption 
processes for both clones of eucalyptus.

The water diffusivity resistance in wood varies in a significant way as a func-
tion of the absorbent or desorbent surface of wood specimens (Figs. 6 and 7). The 
obtained results indicate a strong negative linear correlation between water diffusiv-
ity resistance and the absorbent and/or desorbent surface.

In the absorption process, according to the values of  R2 the correlations between 
water transfer resistance and the absorbent surface of the wood samples in longitu-
dinal and radial directions of E. camaldulensis are greater than those of E. grandis. 
While in the tangential direction it was higher for E. grandis than that of E. cama-
ldulensis. Also, in the desorption process, this correlation is higher for E. grandis 
than that E. camaldulensis in radial and tangential directions, while it is the opposite 
in the longitudinal direction.

Table 6  T test of the mean 
values of resistance water 
diffusion for two eucalyptus 
clones

Process Resistance t value df Sig

Sorption RL
RR
RT

2.919
0.975
2.246

22 0.008
0.340
0.035

Desorption RL
RR
RT

2.399
1.288
3.095

22 0.025
0.211
0.005
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Fig. 6  Relationship between water diffusivity resistance and absorbent surface of samples for E. grandis 
and E. camaldulensis 
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4  Conclusion

The study of the diffusivity of water in the linear directions was carried out for two 
clones of eucalyptus wood from the Maamora forest (North-West of Morocco). 
Based on the results of this study, the following conclusions can be drawn:

• the quantity of water absorbed and/or desorbed is higher in the longitudinal 
direction. While its lowest in the tangential direction for two clones in both 
sorption and desorption processes;

• the clone of E. grandis has the greater average values of water diffusion, 
absorption and surface emission coefficients in the longitudinal, radial and 
tangential directions for both sorption and desorption processes compared to 
those of E. camaldulensis clones;

• the wood of E. camaldulensis clones has higher water diffusivity resistance in 
the linear directions studied compared to those of E. grandis clones;

• the permeability of clonal Eucalyptus wood in the transverse direction is very 
low compared to the longitudinal direction. In longitudinal direction, the ves-
sels, fibers and woody rays are the main source of the water diffusion.

This study provides a useful guideline for the treatment of the sorption and 
desorption isotherm and/or control of processes drying for this woods’ type.
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