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ABSTRACT
The aim of this study is to evaluate the free and adsorbed water flow in short logs of
Eucalyptus urophylla and Corymbia citriodora clones. 40 cm long, short logs were extracted
from the base of the trees. Three trees each of C. citriodora and E. urophylla (A and B clones)
were used. 27 logs were debarked and dried to achieve stabilization of mass. Free water (FWFR),
adsorbed water (AWFR) and total water (TWFR) flow rates, and basic density were calculated.
FWFR was greater than TWFR, which was superior to AWFR. The B clone wood showed a
higher FWFR value and a lower AWFR value when compared to the other materials. On the
other hand, the A clone wood showed a higher TWFR than the other materials. The TWFR was
inversely proportional to density.
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1. INTRODUCTION
The relation between water and wood has been
scientifically studied for over a century, focusing on
softwoods (Engelund et al., 2013). The greater importance
of hardwoods in recent years, such as those from the
Eucalyptus genus, has led to increased studies on the
water–wood relationship in these species (Barbosa et al.,
2005; Klitzke & Batista, 2010).
Water in hardwood stems mainly flows through
vessels and pit pairs (Siau, 1971). Its movement in wood
is complex, given that this occurs during liquid and
gas phases (Kollmann & Côté, 1968), depending on
moisture levels. Based on the Hagen-Poiseuille’s Law,
free water flow is caused by the capillary 63.23 forces.
In turn, the movement of the water in gaseous form
(vapor) and adsorbed occurs via the cell wall by
diffusion, due to the moisture gradient (Kollmann &
Côté, 1968; Siau, 1971).
Several studies have evaluated the water outlet
of the Eucapyptus, mainly in lumber (Barbosa et al.,
2005; Jankowsky & Santos, 2005; Klitzke & Batista,
2010; Sepulveda-Villarroel et al., 2015; Latorraca et al.,
2015). Publications on the drying of Eucalyptus logs
began in the 1980s, with studies of the effect of time
on wood drying (Vital et al., 1985). Other studies
were conducted to evaluate the influence of diameter
and bark on wood drying (Rezende et al., 2010;
Pertuzzatti et al., 2013), the relationship between
drying and wood density (Zanuncio et al., 2015), the
effect of moisture on energy and density (Brand et al.,
2011; Zanuncio et al., 2013), and the effect of anatomy
on water flow (Monteiro et al., 2017). Most studies on
drying focused on the production of energy, mainly
for charcoal production.
Log drying is crucial for a more efficient use of
wood energy. Freshly cut logs present a high moisture
content, which prevents their use for energy, such
as in charcoal production, where wood should have
a moisture content below 30% (Brand et al., 2011).
Swithenbank et al. (2011), reported that the net calorific
value of wood dropped by 2 MJ.Kg-1, with every 10%
moisture increase. Additionally, high moisture in wood
reduced the gravimetric yield of carbonization, given
that part of the wood is burned for water removal
(Rousset et al., 2011).
Understanding the movement of free water and
adsorbed water on logs may help to select more
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permeable genetic material, resulting in less storage
time in the field and higher energy density in wood.
Rezende et al. (2010), report on Eucalyptus drying rates,
which are higher in the first three weeks. Zanuncio et al.
(2015), found a moisture content greater than 30% in
Eucalyptus and Corymbia logs after 90 days of drying.
The water evaporated depends on factors such as
anatomy, density, and piece dimensions (Rezende et al.,
2010; Monteiro et al., 2017; Hoang et al., 2015), as
well as environmental factors such as temperature,
relative humidity and wind speed (Rémond et al.,
2013). Few studies have assessed water flow, above
and below the fiber saturation point, or the behavior
of the drying curve in Round wood. Therefore, the
aim of this study is to evaluate free and adsorbed water
flow rates in C. citriodora and E. urophylla short logs.

2. MATERIAL AND METHODS
The seven-year old clonal E. urophylla trees and
seminal C. citriodora trees used in this study came from
plantations located in the city of Paraopeba, MG, Brazil,
and Belo Oriente, MG, Brazil, respectively (Table 1).
After tree felling, three logs approximately
40 cm long were taken from the base of each tree.
Additionally, approximately 5 cm thick disks were
extracted from between the logs, to determine basic
density. The first drying measurement of the logs was
taken immediately after the felling, debarking, and
cross-section waterproofing using asphalt emulsion to
decrease the water evaporation from this section. Soon
after, the logs were stored in plastic bags, sealed, and
taken to Lavras, MG, Brazil. The logs were properly
stored under cover for outdoor drying control, adapting
the Rezende et al. (2010), methodology.
Basic density was determined according to NBR 11941
(ABNT, 2003) using the disks. After achieving moisture
content equilibrium using outdoor drying, the logs
were dried in a kiln, with forced air circulation and a
temperature of 105°C ± 2°C until constant weight was
achieved. Later, the dry masses (moisture = 0%) were
determined using an electronic scale. Log moisture
was determined according to NBR 7190 (ABNT, 1997).
The moisture content of the logs used to evaluate
the water flow rate in wood was calculated for each
drying period. The samples were weighed on a 30kg
capacity scale over 180 days. The first mass measurement
was considered for initial moisture content (IM).
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Table 1. Species, commercial name, number of trees, age, diameter 1.3 meters from the ground and medium
commercial height of Eucalyptus and Corymbia.
Species

Symbol

Eucalyptus urophylla
E. urophylla
Corymbia citriodora

A
B
C. citriodora

#

trees

*DBH (cm)

Tree height (m)

3
3
3

20.34
19.45
17.88

30.45
29.45
22.65

#- number; *DBH - diameter 1.3 meters from the ground, without bark.

The fiber saturation point (FSP) was considered to
be 30% moisture, an average value reported by Skaar
(1972). The mass considered as equilibrium moisture
content (EMC) was the one at the end of drying, when
it became constant.
The average time taken for free water outlet (FWT),
between initial moisture content and FSP and the
average time taken for adsorbed water outlet (AWT),
between FSP and EMC were evaluated. The sum of
FWT and AWT was used as the total drying time or
the total water flow time (TWT). The fact that the
drying was partial (until equilibrium moisture content)
and not total (until 0% moisture) was an important
point to note.
A graph that shows the log moisture loss as a
function of time was generated. Different regression
models were tested for free water flow, adsorbed water
flow and total water flow (between initial moisture
content and EMC), while a linear model, and the
determination coefficient (R2), were used because of
the slight difference between the water flows.
The free water, adsorbed water and total water
flow rates were determined for the logs, according to
Equations 1, 2 and 3, by adapting the methodology of
Barbosa et al. (2005).
a) Free water flow rate:
FWFR =

MI − MFPS
T2x A

(1)

Where, FWFR is the free water flow rate (g.cm-2.h-1);
MI: wood initial mass (g); MFPS: wood mass at fiber
saturation point (g); T2: free water flow (hours);
A: exposed area for wood water outlet (cm2).
b) Adsorbed water flow rate:
AWFR =

MFPS − Meq
T3x A

(2)

Where, AWFR is the adsorbed water flow rate (g.cm-2.h-1);
MFPS: wood mass at fiber saturation point (g);

Meq: wood mass at equilibrium moisture content (g);
T3: adsorbed water flow rate (hours); A: exposed area
for water outlet in wood (cm2).
c) Total water flow rate (free and adsorbed water):
TWFR =

MI − Meq
T1 x A

(3)

Where, TWFR is the total water flow rate (g.cm-2.h-1);
MI: wood initial mass (g); Meq: wood mass at equilibrium
moisture content (g); T1: total water flow rate (hours);
A: exposed area for water outlet in wood (cm2).
The average values for basic density, moisture, free
water, adsorbed water and total water were calculated
for each genetic material. Statistical analysis was
performed for the parameters using the Analysis of
Variance (ANOVA). When the analysis of variance
value was significant, the Scott-Knott test was applied
at 5% significance, to verify the significant differences
between the mean values.
Using a digital electronic spreadsheet, Table curve 2D,
the correlations were performed for basic density with
FWFR, AWFR and TWFR. At first, the Pearson correlation
coefficients (r) and significance were calculated, using
the Student’s t test for 95% probability. For significant
correlations, different regression models were tested.
Due to the small difference between them, the linear
model and the determination coefficients (R2) were
used. A graph with a significant adjustment was
shown, to illustrate the trend of the effect of density
on water flow rates.

3. RESULTS AND DISCUSSION
The C. citriodora wood results showed a higher density
and lower initial moisture content when compared to
the E. urophylla (A and B) clones (Table 2). The lower
basic density wood showed a higher volume of empty
spaces, which could be filled with free water, increasing
the initial moisture content in the logs. The same
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behavior was found by Zanuncio et al. (2015), who
worked with the same genetic material logs of the
same age. Values found for the basic density of the
wood were consistent with the literature that studied
C. citriodora (Lemos et al., 2012) and E. urophylla
(Zanuncio et al., 2013) wood.
Initial moisture content (IM) and free water flow
time (FWT) were higher in clone A than clone B,
even though they showed close values for basic wood
density (Table 2). Comparing the wood of clone A with
C. citriodora wood, different densities were observed,
with the initial moisture content (IM) of clone A being
45.4%, which was higher, and a free water flow time
33.5% higher.
The fact that the Corymbia logs had a smaller
diameter is an important point to note. This may be
an indication that to accelerate drying, the proportion
and lower wood density, combined with the anatomical
structures that facilitate water flow, may be more effective
than lower diameters. Comparison of the results shown
in Table 2, with other studies about drying, should take
into account diameter and log length. Most of these
studies which used 1-meter long logs found that the
maximum drying time of 3,679 hours (153.3 days)
was not enough to dry wood to achieve equilibrium
moisture content. By way of comparison, a study
performed by Zanuncio et al. (2013), evaluated the
drying of different genetic material logs of Eucalyptus
and Corymbia for 90 days, with 1-meter length logs.
They found moisture values between 20.49 and 33.14%
for logs with diameters between 12.56 and 14.23 cm
and moisture between 31.13 and 61.28% for logs wth
diameters between 17.88 and 20.34 cm. Rezende et al.

(2010), evaluated drying of 3.6 meter E. urophylla logs
over 80 days (1920 hours) and found 54% of moisture
for logs with bark and 50% for logs without bark, which
was the time spent for clone A to reach a moisture
content close to fiber saturation point (Table 2).
Clone B wood presented a higher free water flow
rate (FWFR), as shown in Figure 1. This result is
important for the forestry biomass energy industry,
given that it performs natural drying of logs. Generally,
the time taken, close to 50 days for drying, is not
adequate to achieve stabilization of mass (equilibrium
moisture content) or in some cases a moisture close
to FPS, which is the one expected for wood entering
the carbonization kiln. The longest time spent for free
water flow in clone A is partially due to its higher initial
moisture content (Table 2). Clone A adsorbed water
flow rate and C. citriodora adsorbed water flow rate
were 1.5 times higher than the one observed in clone

Figure 1. Water flow rates in short logs of clones A and B
of E. urophylla and C. citriodora. Where, FWFR is the
free water flow rate; AWFR is the adsorbed water flow
rate; and TWFR is the total water flow rate. Means
followed by the same letter do not differ significantly at
5% probability for the Scott-Knott test.

Table 2. Basic density, moisture, and water flow time in logs of A and B clones of E. urophylla and C. citriodora.
Genetic material

Basic density
(g.cm-3)

C. citriodora

0.610 A

A Clone
(E. urophylla)

0.498 B

B Clone
(E. urophylla)

0.523 B

Moisture Content
(%)
IM
FPS
EMC
IM
FPS
EMC
IM
FSP
EMC

70.3 C
30.7 A
14.8 A
102.2 A
30.7 A
14.6 A
88 B
32.4 A
14.9 A

Time
(hours)
FWT
AWT
TWT
FWT
AWT
TWT
FWT
AWT
TWT

1327 B
2239 B
3566 A
1771 A
1908 C
3679 A
1123 B
2537 A
3660 A

IM: initial moisture content; FPS: estimated moisture content for fiber saturation point; EMC: equilibrium moisture content;
FWT: free water flow time; AWT: adsorbed water flow time; TWT: total water flow time. Parameters with means followed by the
same letter do not differ significantly at 5% probability for the Scott-Knott test.
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B (Figure 1). The fact that the clone A and C. citriodora
woods showed no statistical differance for free water
flow rate and adsorbed water flow rate even though
they showed different wood densities is an important
fact to note (Table 2).
The B clone showed a higher FWFR and the lowest
AWFR, which resulted in a FWFR relation 8.2 times higher
than that for AWFR. In the clone A and C. citriodora
woods, the FWFR was 4.2 and 4.3 times greater than
the AWFR, respectively (Figure 1). The fact that the
AWFR outlet is lower when compared to FWFR has
been widely reported in the literature, mainly for
coniferous wood (Kollmann & Côté, 1968; Siau, 1971;
Engelund et al., 2013). Free water moves mainly in a
liquid state, because of the capillary forces, based on
Hagen-Poiseuille’s law. In this phase, water removal
uses little energy (Kollmann & Côté, 1968). Water
desorption occurs because of the cell wall’s moisture
gradient, based on the diffusion phenomenon. In liquid
and gaseous states, it spends more energy, given that
the timber-water connection is maintained by stronger
hydrogen bonds and the attraction between them needs
to be overcome for the output of the water molecule.
The E. urophylla clones showed higher flow rates
of the water (TWFR), as in Figure 1. This result may
reinforce the choice of these clones by the bioenergy
industry, given that the clone A, even though it shows
higher initial moisture content, will not necessarily
result in more time spent by the log in the drying yard.
The superior drying rates in E. urphylla wood compared
to C. citriodora was also reported by Zanuncio et al.
(2013) and Zanuncio et al. (2015).
The drying of the three materials was constant
over time, where two distinct phases could be noticed:
below and above fiber saturation point (Figure 2).

The same behavior was found by Jankowsky & Santos
(2005), for the drying rate, as a function of moisture
curve behavior. Free water loss occurred rapidly and
constantly until the fiber saturation point. Thereafter,
the adsorbed water loss remained constant, yet at a
slower rate. During log drying, the clone A wood lost
3.7kg of water, the C. citriodora wood lost 2.6kg and
the clone B wood lost 2.5 kg.
The water as a function of time estimation can be
calculated by linear regression, for total drying, free water
outlet, and adsorbed water outlet (Table 3). The highest
determination coefficient values (R2) occurred for
free water loss, adsorbed water loss and total water
loss showing values greater than 0.95; 0.87, and 0.87,
respectively. Using a regression model that considers
free water loss to estimate moisture, can improve the
process of the forest biomass energy in industry. These
industries generally use logs with a moisture content
above the FPS and estimate moisture as a function of
total drying.
Overall, clone B showed the lowest R2 values for
water loss for all the kinds of water studied. The values
found were close to those reported in the literature for

Figure 2. Average weight loss curves of short logs from
E. urophylla and C. citriodora clones.

Table 3. Regression model for moisture as a function of time for free water flow rate, adsorbed water flow rate, and
total water flow rate of Eucalyptus and Corymbia short logs.
Species
A clone

Corymbia citriodora

B clone

Water flow

Estimated model

R2

Total
Free
Adsorbed
Total
Free
Adsorbed
Total
Free
Adsorbed

M = -2.0661T + 92.059
M = -2.6829T + 99.609
M = -0.0077T + 28.461
M = -1.2756T + 63.464
M = -1.6984T + 68.385
M = -0.0062T + 28.524
M = -1.5612T + 70.256
M = -2.7181T + 83.038
M = -0.0048T + 25.525

0.96
0.99
0.95
0.96
0.97
0.95
0.87
0.95
0.87
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rates (AWFR). The clone B wood showed a higher
FWFR and a lower AWFR. On the other hand, the
clone A wood showed a higher TWFR value;
The log moisture content can be estimated by linear
regression for all genetic materials, for total drying,
free water flow rate, and adsorbed water loss;

Figure 3. Relation between total drying and basic
wood density of clones A and B of E. urophylla and
C. citriodora.

Eucalyptus log drying. As an example, Rezende et al.
(2010) found an R2 value equal to 0.98 for logarithmic
regression of log drying for 80 days and final moisture
content above FSP. Jankowsky & Santos (2005), found
a linear regression R2 greater than 0.96 for the drying
rate as a function of free water flow moisture and
adsorbed water flow moisture.
Correlation between the basic density of wood and
the water flow rate (FWFR, AWFR, and TWFR), in
all genetic materials, showed a significant correlation
only for the total water flow rate (TWFR), with a
Pearson linear correlation value of -0.63 (Figure 3).
The negative correlation coefficient value (r) was due to
the inverse relationship between basic wood density and
its porosity and the flow rate (Siau, 1971). The r value
was lower than that found by Zanuncio et al. (2015),
who observed r values between -0.765 and -0.870 for
different diameter drying logs and calculated only the
total drying rate (%/day). Faster total drying tends to
occur in less dense wood materials. Therefore, clones
A and B of E. urophylla showed the lowest basic density
values (Table 2) when compared with C. citriodora
wood. Therefore, those clones tended to show the
highest total drying rate values.

4. CONCLUSION

The TWFR was inversely proportional to basic
density. Some of these results showed direct industrial
application, mainly as indicators for genetic materials
as a function of water flow below and above FPS, for
faster drying in the field or in a carbonization kiln,
for example, as well as being easier for chemical
preservation and reagent wood treatment.
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