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Moisture Content Change of Korean Red Pine Logs
During Air Drying: II. Prediction of Moisture Content
Change of Korean Red Pine Logs under Different
Air Drying Conditions'@
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ABSTRACT

Air drying was carried out on 15 Korean red pine logs to provide a prediction model of the moisture content (MC)
change in the wood during drying. The final MC was 17.4% after 880 days since the beginning of air drying in the
summer for 6 Korean red pine logs with 68.7% initial MC. The final MC was 16.0% after 760 days since the beginning
of air drying in the winter for 9 Korean red pine logs with 35.8% initial MC. A regression model with R-squared
of 0.925 was obtained as a result of multiple regression analyses with initial MC, top diameter, temperature, relative
humidity, and wind speed as independent variable and and MC change during air drying as dependent variable. The
initial MC and top diameter, which is the characteristic of Korean red pine, have greater effect on the MC decrease
during air drying compared to meteorological factors such as the temperature, relative humidity, and wind speed.
Two-dimensional mass transfer analysis was performed to predict the MC distribution of Korean red pine logs during
air drying. Two prediction models with different air drying days and different meteorological factors for the determination
of the diffusion coefficient and surface emission coefficient were presented. The error between the different two methods
ranged from 0.1 to 0.8% and the difference from the measured value ranged from 2.2 to 3.6%. By measuring the
internal MC during air drying of Korean pine logs with various initial MC and diameter, and calculating the moisture
transfer coefficient in wood for each meteorological condition, the error of the prediction model can be reduced.
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1. INTRODUCTION a faster drying rate than greater-density species, but

changing weather conditions make the results more

It is not an easy task to estimate the time for air complicated. The variables involving weather con-
drying of wood. It is affected by the geopolitical location ditions, such as temperature and relative humidity that

of the drying facilities, and species and thickness of affect the drying rate, change from year to year. One

the wood. In general, small-density species could have of the best ways to decide on the weather conditions
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in a particular area is to use the averages of weather
factors across several years (Simpson and Hart, 2000).
Wood stacked in spring takes relatively shorter to dry
because the drying period is longer, i.e. in spring and
summer, whereas wood stacked in late summer or early
autumn takes relatively longer to dry because of the
longer period of cold days in winter.

Among the studies on air drying, those related to
the change of moisture content (MC) and drying time
of wood have generally used lumber with a thickness
of 50 mm or less. Studies have been conducted in the
United States to show the time required for air drying
of softwood and hardwood lumbers 25 mm and 50
mm thick up to a target MC of 20% (Rietz and Page,
1971; McMillen and Wengert, 1978). However, the list
of time periods for air drying suggested in those studies
is limited to the wood stacked in a specific area and
at a specific time due to lack of data for calculating
the time periods. And the results for species such as
hardwoods are not exact (Simpson and Hart, 2000).
In these studies, variables such as initial MC,
temperature, and relative humidity were put into a
regression equation to apply the results obtained in a
specific area across the country (Denig and Wengert,
1982). In addition, these studies have developed a
numerical analysis model using moisture diffusion
coefficients obtained through experiments and
suggested a method of changing each coefficient by
using weather data from different regions (Hart, 1982).
While these studies have presented finite difference
methods to analyze heat and mass transfer in arbitrary
materials (Holman, 1989), the method was used to
conduct one-dimensional analysis (Sutherland et al.,
1992) and two-dimensional analysis (Ranta-Maunus,
1994; Perré et al., 1993). There were studies in Korea
to predict the MC change during the high temperature
drying of Korean red pine timber (Kim et al., 2017)
and to predict the temperature distribution during heat
treatment of black pine wood (Han et al., 2016). In

both of these studies, the finite difference method was
used. In those studies, when comparing the predicted
and measured values of the MC distribution during wood
drying, appropriate choice of diffusion coefficients and
surface emission coefficients turned out to be very
important (Kamke and Vaneck, 1994). A study on air
drying in Korea reported that it took 38 and 84 days
for a 25mm thick and 50 mm taun lumber to reach
20% MC, respectively (Jung, 1985) and other studies
have analyzed seasonal changes in the rate of air drying
of softwood and hardwood lumbers (Lee and Jung, 1989;
Jung et al., 1997). One study involving the air drying
of timbers and logs measured the time it took for MC
to reach 18% for air drying of Korean red pine and
Japanese larch (Jung et al., 2003). Another study was
carried out to analyze the effect of air drying as a
preliminary drying for high temperature and low
humidity drying of Korean red pine wood’s large cross
section (Lee et al., 2014).

The purpose of this study is to analyze the change
of MC during air drying of Korean red pine logs and
to suggest air drying time to reach the target. A air
drying facility was set up in Seoul, and the weight
of logs was measured to evaluate the changes in MC.
Then, wood-related data such as initial MC, top
diameter, and dry weight of Korean red pine logs and
weather data such as temperature, relative humidity,
and wind speed were used to conduct two-dimensional
moisture transfer analysis, which led to the prediction
of MC distribution of wood.

2. MATERIALS and METHODS

2.1. Test materials and air drying of
Korean red pine logs

Test species are Korean red pine trees (Pinus
densiflora) collected from Uljin-gun, Gyeongsangbuk-
do and 15 logs with IV-XI age class were cut to
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Table 1. Physical properties of Korean red pine for air drying

Species Age Averége Total Initial moisture Aver.age overhl-dry Afzerage ring
class top-diameter (mm) number  content (%) specific gravity width (mm)
I-1v 339 (46.3 SD) 5 41.7 (4.4 SD) 0.47 (0.03 SD) 4.6 (0.8 SD)

Korean red  VI-VII 455 (21.2 SD) 5 49.7 (18.8 SD) 0.50 (0.01 SD) 3.5 (0.5 SD)

pine IX-IX 412 (72.3 SD) 5 46.7 (19.9 SD) 0.51 (0.04 SD) 2.6 (0.4 SD)
X1 438 1 83.2 0.52 2.1

! Standard deviation

Fig. 1. Measurement of the weight variation of Korean red pine logs in air drying

3.6 m in length. The initial MC of the logs measured
using increment borer (L 300 mm x @ 10 mm; Haglof,
Sweden) ranged from 28% to 83%, and the top diameter
ranged from 310 mm to 510 mm. Oven-dry specific
gravity was 0.484 (0.30 SD). In Table 1, the Korean
red pine logs are classified according the age class and
top diameter, initial MC, oven-dry specific gravity, and
annual ring width were presented. A air drying facility
was temporarily installed in the National Forest
Research Institute of Dongdaemun-gu, Seoul. After the
bark of the logs was removed for air drying, it was
end-coated with urethane-based paint to prevent the
drying of cross section. Of the total 15 pine logs, six
of them were stacked in early summer (June 2016)

and nine were stacked in late autumn (October 2016).

During the air drying, the weight of the logs was
measured using a hanging scale (W 230 mm x D 370
mm *x H 474 mm; 1 ton; CAS, Korea) once every
3 to 6 months (Fig. 1).

2.2. Method of predicting internal
moisture content of the Korean
red pine logs during air drying

2.2.1. Two—dimensional mass transfer
analysis using finite difference method

The governing equation for two-dimensional mass
transfer can be shown as Equations (1).
6. . 6 _BE

D, = +D, P 1)
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where, D, = diffusion coefficient in x-direction (mz/s);
D, = diffusion coefficient in y-direction (m%s); C =
mass concentration (kg/m®); x and y = distance in the

direction of flow (m); ¢ = time (s).

If a two-dimensional object is divided and increased
in the x- and y-axis directions, the intersection is
designed as shown in Fig. 2. In the figure, m is the
increment along the x-axis direction, n is the increment
along the y-axis direction, and the concentration

gradient can be expressed as Equations (2)-(4).

ac C,.—C,.

il R M Tmebw 3)
ax ,,,,l‘,, Ax

2

a_c S Cm,m-l _Cm,rl

oy (. Ay )
a_C - Cm,n _Cm,n—l

Ay .

i Y )

where, m and n = increment in the x- and y- direction.

The second partial derivative of the inner nodal point

(m, n) of the log shown in Fig. 2 (a) can be expressed

ac Cm+],n - Cm,n
i P T Q) by equations (6) and (7).
ox|,.1 Ax y €q
>
m, n+1
(a)
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4
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2
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Fig. 2. Sketch illustrating nomenclature used in 2-dimensional numerical analysis: (a) interior
node, (b) convective boundary node, (c) exterior corner node with convective boundary
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The change in concentration per unit time at nodal
point (m, n) can be expressed as equation (8) using

time increment p.

o _Ccr -Cl, q
6t At ®

where, p = time increment.

Equation (8) can be summarized in the form of finite
difference as equation (9). Similarly, the outer surface
undergoing convection (Fig. 2 (b)) and the corner node
(Fig. 2 (c)) can be expressed as Equations (10) and
(11), respectively.

Cm+1 nt Cm—l n " 2C1n n Cm a1l T Cm n-1" 2Cm n
D,- : 2 —+ Dy T 3 ’
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where, S = surface emission coefficient (m/s); e =

equilibrium state.

Mass transfer in arbitrary materials using the finite
difference method is described in detail in Hollman
(1989).

2.2.2. Determination of diffusion and surface
emission coefficients for Korean red
pine logs

Two variables are needed for the analysis of mass

transfer using finite difference method. One is the
diffusion coefficient, which is the rate of moisture
movement inside the wood, and the other is the surface
emission coefficient, which is the rate of moisture
movement from the surface of the wood to the
atmosphere. Diffusion coefficients were determined
using a moisture transfer model (Siau, 1995) created
with a simplified cell model. Diffusion coefficient Dy
in the transverse direction and diffusion coefficient Dy
in the longitudinal direction can be expressed as
Equations (12) and (13).

1 D,, D,
D. = . BT "V e
" (1-a®) Dy +D,-(1-a) (12)

where, D7 = transverse bound water diffusion coefficient
of wood (m%s); D= transverse bound water diffusion
coefficient of cell wall (m%*s) = 7 x 10 exp[ -(38500
- 290M) / RT ]; M = moisture content (%); R = universal
gas constant (8.314 J/mol K); T =

Dy= water vapor diffusion coefficient of air in the

temperature (K);

lumens based on the concentration of bound water in
the cell wall (m%s) = D, x 6C, / 6C,, = (0.018 D,
po ! Gu" pw RT) x (OH / OM); D, = coefficient of
interdiffusion of water vapor in bulk air (m%s); C, =
concentration of water vapor in the lumen in equilibrium
with the cell wall (kg/m’); C,= concentration of bound
water in the cell wall in equilibrium with the air in
the lumens (kg/m’); pp = saturated vapor pressure (Pa);
Gy = specific gravity of the cell wall at moisture content
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M; 0 ,, = normal density of water (kg/m®); 6H / oM
= slope of the sorption isotherm; a = diameter of lumens

= square root of porosity.

2
| = 2 = DV DBL ..... (13)
1-a®> Dy +0.01-(1-a)-D,
where, D, = longitudinal bound water diffusion

coefficient of wood (m?s); D= diffusion coefficient
of the cell wall in the longitudinal direction (m%s) =
2.5 x Dpr.

The surface emission coefficient was determined by
equation (14) using the method of conversion from the
convective mass transfer coefficient (Yeo and Smith,
2005).

. (p,-p.)
? SMC EMC 14
Gpe * P 00 —Gue* Po 00 (14)

where, § = surface emission coefficient (m/s); 4, =
convective mass transfer coefficient based on the
potential of water vapor pressure (kg/m’sPa) = J / (ps
- po); J = moisture flux from surface to air (kg/m’s);
ps = water vapor pressure in air adjacent to the wood
surface (Pa); p~ water vapor pressure in ambient air
at the dry-bulb temperature (Pa); SMC and EMC =
surface and equilibrium moisture content (%); Gsyc and
Geuce = specific gravities of wood based on oven-dry
weight and volume at SMC and EMC.

In this study, monthly average temperature, relative
humidity, and wind speed in the Seoul area where the
air drying facility was installed were used to determine
diffusion coefficients and surface emission coefficients.
The data from the Korea Meteorological Administration
(http://data.kma.go.kr) surveyed in a previous study
(Han et al., 2019) can be used to obtain average monthly

temperature and relative humidity. Since the average
monthly wind speed is very large compared to the flow
of air through the stacked logs, the former needs to
be adjusted arbitrarily. To calculate wind speed values,
25% of the weather data was applied, as used in the
prediction of drying rates for six species in North
America (Hart, 1982). For the weather data from June
2016 to October 2018, the transversal diffusion
coefficient is ranged from 3.48 x 10" to 1.55 x 107°
m?s, and the longitudinal diffusion coefficient is ranged
from 1.88 x 10" to 1.64 x 10" m?%s and surface
emission coefficients ranged from 3.80 x 107 to 1.60
x 10° mys.

Changes in MC of Korean red pine logs during air
drying were calculated in two ways. One is to apply
the diffusion coefficient and surface emission
coefficient of each month to the actual days from
January to December. The other is to apply the diffusion
coefficient and surface emission coefficient of summer
(June-August) to the effective air drying days calculated

for each month.

3. RESULTS and DISCUSSION

3.1. Changes in moisture content of
Korean red pine logs during air
drying

Figs. 3(a) and 3(b) show changes in MC during air
drying. One is for six Korean red pine logs, which
started drying in the summer (June 2016), and continued
for about 880 days. The other is for nine Korean red
pine logs, which began drying in autumn (October 2016)
and continued for about 760 days. As for the former,
the initial MC was 68.7% (£ 8.9), the final MC was
17.4% (= 4.0), while they were 35.8% (+ 6.3) and 16.0%
(= 3.1), respectively, for the latter. Since air drying

was started in different seasons, the initial MC of the
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Fig. 3. Moisture content change of Korean red pine logs that began to air-drying in summer (a) and autumn (b).

two conditions were different, making it difficult to
make a direct comparison.

In Figs. 3(a), the average drying rates of six logs
are shown after air drying began; 0.267%/day in summer
(June-October 16), 0.054%/day in winter (October
16-March-17), 0.024%/day in spring (March 17-July),
0.063%/day in summer (July-October 17), —0.009%/day
in winter (October 17-Mar March 18), and 0.008%/day
in spring and summer (March-November 18), showing
differences according to seasons. In Fig. 3(b), the
average drying rates of 9 logs are shown after air drying
began; 0.076%/day in winter (October 16-March 17),
-0.005%/day in spring (March 17-July), summer (July
17-October) 0.071%/day, winter season (October
17-March 18) -0.015%/day, spring and summer (March
18-November 18), 0.011%/day. The drying rates of 2
conditions showed the highest value at the beginning
of drying when the MC of logs were higher than the
fiber saturation point, and the drying rates gradually
decreased as time passed. In artificial drying, the drying
speed gradually slows down as the MC decreases,
whereas in air drying, there is a big difference in drying
speed between summer and winter, which seems to be
due to the difference in weather conditions for each
season. In spring and winter, after the MC of the test
specimen decreased below the fiber saturation point,

drying of the test specimen did not continue and there

was almost no MC decrease and in the summer, the

MC tended to decrease.

3.2. Prediction of changes in moisture
content of Korean red pine logs
during air drying

3.2.1. Regression analysis on air dyring test
results

Table 2 shows the MC decreased during air drying
according to top diameter, temperature, relative
humidity, and wind speed. The MC of logs was
measured from October 2016 to October 2017, with
a measurement interval of 117 to 148 days (average
128 days). Temperature, relative humidity, and wind
speed values are the averages over four months in the
Seoul areas. The tendency was, the higher initial MC,
smaller top diameter, and higher temperature, the higher
the decrease in MC during air drying of Korean red
pine logs.

Multiple regression was run on initial MC, top
diameter, temperature, relative humidity, wind speed,
and MC reduction during air drying of Korean red pine
logs and the results are shown in Table 3. The regression
model is Y = 0.350 x X; — 0.030 x X; — 1.38 x Xj
+ 8.84 x Xy + 272 x X5 — 1100, and the coefficient
of determination (R-squared) is 0.925, which indicates

that prediction of the dependent variable by the
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Table 2. MC loss during air-drying for Korean red pine with various initial MC, diameter, temperature, relative
humidity, and wind speed conditions

Initial MC (%) Diameter (mm) Tem(’iér;t“re huﬁf&’;‘;"z% | W“}‘jmssl)’eed MC loss (%)
39.3 309 44 574 22 12.7
39.6 320 44 574 22 18.6
39.3 408 44 574 22 10.5
483 319 44 574 22 20.4
33.6 319 2.8 66.3 2.1 147
60.1 432 252 66.3 2.1 35.5
64.0 432 252 66.3 2.1 29.8
34.1 432 44 57.4 22 42
65.8 475 252 66.3 2.1 26.9
38.9 475 44 574 22 7.9
31.0 475 15.8 523 2.5 42

Above FSP 311 473 44 57.4 22 93
75.6 513 252 66.3 2.1 30.6
45.0 513 44 57.4 22 9.2
35.8 513 15.8 523 25 12
34.6 513 2.8 66.3 2.1 12.3
59.2 385 252 66.3 2.1 30.8
344 395 44 574 22 12.3
30.2 320 44 57.7 22 12.0
338 447 15.8 523 2.5 6.6
83.2 438 252 66.3 2.1 39.1
44.0 438 44 574 22 11.0
33.1 438 15.8 523 25 5.1
26.7 309 15.8 523 25 1.0
25.6 309 2.8 66.3 2.1 72
27.2 320 2.8 66.3 2.1 18.6
28.9 408 2.8 66.3 2.1 5.6
24.6 432 44 574 22 8.0
16.6 432 15.8 523 2.5 02
16.4 432 2.8 66.3 2.1 49
26.9 475 2.8 66.3 2.1 7.1
245 460 28 66.3 2.1 5.6

Below FSP 21.8 473 15.8 523 25 2.9
18.9 473 2.8 66.3 2.1 5.0
28.4 385 44 57.4 22 7.4
21.1 385 15.8 523 25 25
185 385 2.8 66.3 2.1 4.1
2.1 395 15.8 523 25 0.9
212 395 2.8 66.3 2.1 48
19.8 320 2.8 66.3 2.1 7.4
27.2 447 228 66.3 2.1 6.2
28.0 438 2.8 66.3 2.1 8.1
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Table 3. Multiple regression analysis on initial MC, diameter, temperature relative humidity, wind speed, and

MC loss during air-drying

Dependent

Adjusted

variable Independent variable R-squared R-squared Constant  t-statistic P-value
Y-intercept -1100 -3.21 227 x 107
Initial MC (X;) 0.350 5.08 1.17 x 107
MC loss  Diameter (X,) -0.030 -3.95 351 x 10"
during 0.925 0914 5

air-drying Temperature (X3) -1.38 -3.05 4.23 x 10°
Relative humidity (X4) 8.84 3.31 2.16 x 107
Wind speed (Xs) 272 3.15 3.25 x 107

Table 4. Multiple regression analysis on initial MC, diameter, temperature and MC loss during air-drying

Dependent

Adjusted

variable Independent variable R-squared R-squared Constant  t-statistic P-value
Y-intercept 2.54 0.656 0.516
MC loss Initial MC (X)) 0.573 155 472 x 108
during . 0.874 0.863 4
air-drying Diameter (X») -0.036 -3.88 4.05 x 10
Temperature (X3) 0.218 -3.17  3.05 x 107

independent variables can be done with 92.5% accuracy.
Since the P-value ranges from 1.17 x 107 to 3.25 x
10, which is smaller than 0.05, the criterion for 95%
statistical confidence, the regression model can be said
to be adequate. The P-value for each independent
variable increased in the order of initial MC, top
diameter, relative humidity, wind speed, and
temperature. This indicates that the initial MC and top
diameter of logs have a greater effect on the MC
reduction during air drying than the relative humidity,
wind speed, and temperature, which are weather
conditions.

Multiple regression was run with three independent
variables, initial MC, top diameter, and temperature of
Korean red pine logs and one dependent variable, MC
decrease during air drying. The results are shown in
Table 4. There are two reasons for choosing only three
independent variables. First, as shown in the results

of Table 3, the properties of wood have a large effect

on air drying. Second, temperature among the weather
conditions has a larger variation during the measurement
period. Under this condition, the regression model was
Y =0.573 x X; - 0.036 x X, + 0.218 x X; and the
coefficient of determination was 0.874. The results
showed that the coefficient of determination decreased
compared to the case of five independent variables in
Table 3, but the range of P-value was 4.72 x 10™'®

to 3.05 x 107, which was statistically significant.

3.2.2. The prediction of moisture content
change during air drying using the
diffusion coefficient and surface
emission coefficient of wood

Two-dimensional mass transfer analysis was used to
predict changes in MC of Korean red pine logs during
air drying. Two methods were used to determine the
drying duration, diffusion coefficient, and surface
emission coefficient that are associated with prediction

of MC change. The first method is to apply the actual
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Fig. 4. Predicted moisture content change of Korean red pine log with 64% of initial MC (430 mm-diameter
x 3.6 m-length) during air-drying: (a) condition 1; application of diffusion coefficient (D) and surface emission
coefficient (S) calculated from monthly average temperature (T) and relative humidity (RH) during actual air-drying,
(b) condition 2; application of D and S calculated from average T and RH in summer.

days from January to December of the year and the
average weather conditions for each month to the
calculation of diffusion coefficients and surface
emission coefficients. The second method is to apply
the effective air drying days of each month and weather
conditions in the summer (June to August) to the
calculation of diffusion coefficients and surface
emission coefficients. To predict the changes in MC,
the dimension and MC of two logs, whose internal
MC during air drying was measured, were applied to
the moisture transfer analysis model.

Fig. 4 shows the predicted changes in MC of the
Korean red pine logs that were air-dired with an initial
MC of 64%, a top diameter of 430 mm and a length
of 3.6 m for 270 days from June 2016 to March 2017.
Fig. 4(a) shows the results of actual air drying days
and monthly average weather conditions, whereas Fig.
4(b) shows the results of using the effective air drying
days of 190 days and weather conditions in summer.

In Fig. 4(a), the MC of Korean red pine log was
predicted to be 38.7% after 90 days of actual air drying,
34.8% after 180 days, and 33.5% after 270 days. In
Fig. 4(b), the MC of logs was predicted to be 38.9%
after 90 days of effective air drying, 34.8% after 160

days, and 33.6% after 190 days. The two methods of
predicting the internal MC of the wood during air drying
had an error of 0.1%. By applying the same prediction
model during the same drying period to the data with
MC range below the fiber saturation point, Korean red
pine log with 35% initial MC, 300 mm top diameter
and 3.6 m length that were dried for 750 days from
October 2016 to October 2018 were used to predict
changes in MC for air drying. As shown in Fig. 4,
Fig. 5(a) shows the results of the actual air drying days
and monthly average weather conditions, whereas Fig.
5(b) shows the results of effective air drying days of
490 days and weather conditions in summer.

As shown in Fig. 5(a), the MC of Korean red pine
log was predicted to be 29.5% after 150 days of air
drying, 26.7% after 300 days, 23.4% after 450 days,
22.1% after 600 days, and 19.7% after 750 days. As
shown in Fig. 4(b), the MC of log was estimated to
be 26.3% after 150 days of effective air drying, 22.3%
after 300 days, and 18.9% after 490 days. The two
methods of predicting the internal MC of log during
air drying had an error of 0.8%. The reason for the
large error compared to that of the prediction of MC

change above fiber saturation point (Fig. 4) is as follows.
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Fig. 5. Predicted moisture content change of Korean red pine log with 35% of initial MC (300 mm-diameter
x 3.6 m-length) during air-drying: (a) condition 1; application of diffusion coefficient (D) and surface emission
coefficient (S) calculated from monthly average temperature (T) and relative humidity (RH) during actual air-drying,
(b) condition 2; application of D and S calculated from average T and RH in summer.
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Fig. 6. Moisture content distribution of Korean red pine log during air-drying: (a) log with 64% of initial MC
(430 mm-diameter x 3.6 m-length) during 270 days air-drying, (b) log with 35% of initial MC (300 mm-diameter

x 3.6 m-length) during 750 days air-drying.

When the average weather conditions for each month
were applied, the MC of Korean red pine log increased
in March, July, and April 2018, as shown in Fig. 5(a).
However, when summer weather conditions were
applied, as shown in Fig. 5(b), the MC decreases
constantly. To verify the prediction model of MC
changes measured under two conditions during air
drying of Korean red pine logs, the internal MC of
two different condition of logs was presented. One is
the log with 64% initial MC, 430 mm in top diameter

and 3.6 m in length that was dried for 270 days from
June 2016 to March 2017 (Fig. 6(a)), and the other
one is the log with 35% initial MC, 300 mm in top
diameter and 3.6 m in length that was dried for 750
days from October 2016 to October 2018 (Fig. 6(b)).
The average MC of test samples collected in the middle
of 3.6m of pine logs was 30.0% and 16.7%, respectively.
The difference in MC changes between measured and
predicted values ranged from 3.5% to 3.6% above the
fiber saturation point and 2.2 to 3.0% below the fiber
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saturation point. It means that about 3% error between
the measured and predicted MC change takes about
120-140 air-drying days for log with 20% MC.
One of the ways to reduce the error rates in the
prediction model seems to be measuring the internal
MC during air drying of woods with various initial
MCs and top diameters, and calculating the moisture

transfer coefficient in wood for each weather condition.

4. CONCLUSION

In this study, Korean red pine logs were air-dried
to analyze the changes in internal MC of wood during
air drying. Multiple regression was run on air drying
test results for 15 logs with weather variables. In order
to predict the changes in internal MC during air drying
of Korean red pine logs, we used moisture diffusion
coefficients and surface emission coefficients calculated
based on effective air drying days along with weather

data from Seoul. This led to the following conclusions.

1. The test subjects were six Korean red pine logs
for which drying started in summer and continued
for about 880 days and nine logs for which drying
started in autumn and continued for about 760
days. Their average final MC was 17.4% and
16.0%, respectively. The drying rate was the
fastest at MC above the fiber saturation point after
the start of drying, and then gradually decreased.
Due to the difference in the initial MC, it was
not possible to directly compare the drying rates
according to season. However, it was confirmed
that drying did not continue at a MC below the
fiber saturation point in spring and winter.

2. Multiple regression was run and the dependent
variable was the reduced MC during air drying,
while the independent variables included the initial
MC, top diameter, temperature, relative humidity

and wind speed of pine logs. The regression model

was “reduced MC (%) = 0.350 x initial MC (%)
= 0.030 x top diameter (mm) — 1.38 X temperature
(°C) + 8.84 x relative humidity (%) + 272 x wind
speed (m/s) — 1100” with a coefficient of
determination of 0.925. Regression analysis
showed that the initial MC and top diameter of
the Korean red pine logs had a greater effect on
MC reduction during air drying than the weather
conditions such as temperature, relative humidity
and wind speed.

3. Two-dimensional mass transfer analysis was used
to predict the MC distribution and its changes
during air drying. Two different methods of
analysis were used; one was to apply the actual
drying days and the average weather conditions
for each month, and the other to apply the effective
air drying days and summer weather conditions.
The errors in the two methods ranged from 0.1
to 0.8% and the difference in the measured values
ranged from 2.2 to 3.6%.

Two methods are available to possibly reduce the
error rate of the prediction model. One is to measure
the internal MC of Korean red pine logs with variety
of initial MCs and top diameter during air drying, and
the other is to calculate the moisture transfer coefficient

in wood for each weather condition.
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APPENDIX

(Korean Version)

AU 9% FAn=

I, &7 989 Az
25 A0z T 54 Fee HE ASHPE AXSH] fste] 15829 At dxo] tigt AAAEE s
27)3E0] 68.7%¢1 6:29] LLp o] tiste] o5 o] HAd=2E AR 3 of 880 0] et £ HFodra2
17.4%0191t}. Z719k&0] 35.8%9] 929 AU =] fisto] Ao HAURE A&t 5 oF 7600] ke 9
AT 16.0%01300h 2T A5 TFAE, 2k, sy, $42 SUULRE 24sla, Addx § dad g
& THUPE U ARAE Aee A3}, 24AS 09259 SARFE A 5 UNTh AU A5 £ 27|84
TFAF] 7132 =, A E, S5 viste Addz T I daol v g3l o aA vebgth dddz
& Widrae 22 3 dE HokE JS5sh] flstel 24k S di4E sl AxdaE MR HE2A H88ia,
Tl 9 RUPAARE AAste VIdRdS B A8t 270K 9] qFRYE AASH 2714 28 e
L2k 0.1 - 0.8%2] IR om, SYE] Aol 2.2 - 3.6%2] MR, Tt 2713 SFAIFY AU dxo]
iR APz T Uekra& AL 429 71323 tigt 54 W e2olsArE AAEsh dS5ng Y AL A
ZAOR HoE .

2

EA19] A7 X (air drying; natural drying)o]] 22 5= A7 ASsks A2 HA] g} HAAX 2QATRS HAART
AR 9%, AR 9 FA Y FFS Wtk YRHHoR YwTt 2L 5L F %ol st Ax&ET WEr
o4 QAR 71219 BiSkE 2o o|fdt Adle Kok Bich dxgee] Y vAe 228 AdEE 59
7V 1A = sfntt Hakelth EARA A9 RS Ash] 9gk A9 Wl 4 @7k 7RIl tigt BAiks 28t
£ Zo|th(Simpson and Hart, 2000). #3) IAE EA= A%717 5 541} ]34 9] vl&o] 27] fZel Aoz
W] AZEANE R 2o F Ee 27HE0] -EH HAle ALHY ulgo] 27] giio] Az Lax7te] Aot

AANZ F 549 g HaF 2 A2/} BHE Arte kg e T 50 mm o]5ke] Al tiste] e gl
ul=roll A FA 25 mme} 50 mme] H Yt S-S HxEY Fd 20%71HA] AAARA 285= AR AAE] flg
A0 = thRietz and Page, 1971; McMillen and Wengert, 1978). 181} 15 S AA|H AIAR 2 QA7
EE2 LA APst] QI3 dlolee] 2082 ERX oA ERA7| FHE EQZ Y=L, FHS 5 FE
g A= s Zotth(Simpson and Hart, 2000). 54X o)A dojxl g A=xH o2 gjr)7]7] flste] 2784
% 2% AUjGEE Beso] 25 SN AASH: A7} %9590 vi(Denig and Wengert, 1982), 8-S 53] Hol
SRS 55 AET A mdE Akl 242 AE thE AR 71 RRE ot #Et7lE Wie] Al E
ScHHart, 1982). ¢19]9] A= W A9 4GS 24517] flsto] fataEo] AA = ¢l o (Holman, 1989), #-3HAH
HE o] g3lo] BRI kg Haof gt 14+ 34 (Sutherland et al., 1992)7} 22} 34 (Ranta-Maunus, 1994; Perré
et al, 1993)0] £=HE|QIc}. Folli= AR dfdHA Y L2% F g WS AS(Kim et al. 2017)5}1L, T& 59
A F 2EEEE 9 Z(Han et al. 2016)3}7] $I5to] FataEro] AMEE|GITh o] IFolA HAHAR F g #E9
53k ASGES WIme AT} BAAel EREAAS] A Aejo] 0l FRel9itKamke and Vaneck, 1994).

U9 Mgt S AAFRY dAdzed digk Aol d G & FA 25 mmEe}t 50 mme] Ef-(taun) A Aol
g 20%0] Edshet| 22 389} 840 A Qo] HAE Yo m(Jung, 1985), BP9t I PS AAES] HAAx W
b AGHE BAEQIthLee and Jung, 1989; Jung et al., 1997). tiitHA|e} P&o] AAAxe} HeE AFoa aupFe}
YRR HAAR A & 18%0]] ZEdl=t] &85 = Al7to] ZAE S o H(Jung et al., 2003), AHF- T2
LEAGAZRE Y5t duAZEN HAAxY] ang A3 A47F 3= th(Lee et al., 2014).
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T AU 9Ee] At 3 Peg Wk SARHL Bie] Bshs WAARLQAE AN
itk A Aje] AAAEHS AT, AR A

459 2718, S, A0

2 e B An) BREss

I Setof -39
g WIS BB 4T

=
Ve AR 283 24 24

2, M=z 3 i

2.1, FAAR 9 2R 459 Hadz

FAFFL AAEE SN EAE AU (Pinus densiflora)©] 1L, IV - XIOQE,’-?_I 1529 AUE 9E2 7]0] 3.6 mZ
A A3FS E]- AL 300 mm x g 10 mm; Haglof, Sweden)Z 0]3—’6]-04 S Y59 27382 28 - 83%<] W ol

STAIBL 310 - 510 mme] WSolck A71415-8 0484 (030 SD)OISITh Table 19] G 71 E0E AL UEE el
WIAE, 271848, AANF, ASEL ANk

a%z Fo AeEHA BUET 2YadE Yo o]z Axsigon, AAARE el AT 42| 492
AAR F Yo A2 PAe7] ste] S Ao HER AERYE ANSYT F 1520] AR U8 F R
;04§<2016L% 6ol AT T AxE SO, 95 %7h20164 108 AT F A% Adsig Wz
%= 9oF 3-67 o) SHHA njFH A2(W 230 mm x D 370 mm x H 474 mm; 1 ton; CAS, Korea)S &850 Q&9 EAE
= sietchFigur 1)

S A R
2 2
p2%+p L% (1)
ox oy ot

where, D, = diffusion coefficient in x-direction (m%s); D, = diffusion coefficient in y-direction (m%s); C = mass
concentration (kg/m’); x and y = distance in the direction of flow (m); ¢ = time (s).

2249 BAVL x5 pE WP FROR BUHE A9, WYL Fig 29 o] AU 1N m xF YT F2
ne yE YO FES ustnl, BEHAL A () - @)% 2o FHT 4 rk

>

Ciu =C.
Z_C s m+l,n m,n (2)
X et Ax
C... =C.
aac Ml m=1,n (3)
x m,l,, Ax
6_C - Cm.n+l _Cm.n
A
i g “
6_C ~ Cm.n - Cm,n—l
A
oy il y Q)
where, m and n = increment in the x- and y- direction.
Fig. 2()2F 22 A9 WSEH (m, )l A 273 FE=skeE #dshd 4 (63 ()2 2FT 4 Utk
ac| ac
el - % '"*E‘" ax 1’" - Cm+1,n +Cmfl,n -2C,, 6
|, Ax h (Ax)’ (6)
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ac| _ac
¢ - » '"'"J'% 3y N Cor ¥ Cna =2C,, )
O s Ay (&)
The change in concentration per unit time at nodal point (m, n) can be expressed as equation (8) using time increment p.
oc crl-cr,
ot At

where, p = time increment.

4 (8) G Frl2 gelstel 4 )9 Lk olsh BUT PHOR YRS BE JREUFig 2Ab)Tt A2 AY
(Fig. 2(c)= 2174 4 (103 (INE FHY 4= qlrk
Dv\- Cm+l n Cmfl,rzr - 2Cm.n + Dv i Cm.n+l i Cm,nle 72Cm,n _ C‘,{,'f”‘ ,(v’{:.”
(ax) (&) At ©)
C/7+l Cp+] Cp+] Cp+l Cp+1 —CPH 1
DX'(AJ’)'M*'DJ»'(EJ Zmnl T T +D,~[—) Zmatl  Tmn +5-(Ay)- (C Cp+l) Ax-Ay cr-cr,
Ax 2 Ay "2 Ay 2 At 10

p+l p+l P+l _ pHl +1 p
Bl Cm 12~ Conn +D. - Ax)) Gt =Cow +S- [Ax] (C?_C’f:l)_'_s.{ﬂ).(cp_C::l) _ My Ax-Ay Con = Con
2 2 Ax v\ 9 Ay 2 ’ 2 ' 4 At (11)

where, S = surface emission coefficient (m/s); e = equilibrium state.

SEALEE o) gat Qlole] Azuje] BAMT that vt AAEH AL Hollman (1989)0] ola) AAElo} 9.

222, 2L E0] ShbAe 9 EHuAe] A4
FRAEHS o83t =AAE s 4& flsto] HAUF 2ol eE Tt et SAEHAA d7] 29 ol 5ES
A o] Basith FibAlee 9ttt AR S o]t thEolRl 2ol B (Siau, 1995)2 o859
AAsHAn. FEFe| FaitAle Dot AR SitAle D A (12)9F (13)3 2o 28T - gl
1 Dy, -D,

(1-a?) Dy +D,-(1-a)
where, Dy = transverse bound water diffusion coefficient of wood (m%s); D= transverse bound water diffusion coefficient
of cell wall (m%s) = 7 x 10 exp[ (38500 - 290M) / RT ]; M = moisture content (%); R = universal gas constant

D, (12)

(8.314 J/mol K); T = temperature (K); Dy= water vapor diffusion coefficient of air in the lumens based on the concentration
of bound water in the cell wall (mz/s) =D, x 0C, / 0C, = (0.018 D, po / Gs" A, RT) x (0H / 6M); D, = coefficient
of interdiffusion of water vapor in bulk air (m%s); C, = concentration of water vapor in the lumen in equilibrium
with the cell wall (kg/m’); C,= concentration of bound water in the cell wall in equilibrium with the air in the lumens
(kg/m®); po = saturated vapor pressure (Pa); Gy = specific gravity of the cell wall at moisture content M; o ,, =
normal density of water (kg/m’); &H / 0M = slope of the sorption isotherm; ¢ = diameter of lumens = square root

of porosity.

a’ D, D
D BL 13
*T1-& D, +001-(1-a)-D, ()
where, D, = longitudinal bound water diffusion coefficient of wood (m?s); Dg,= diffusion coefficient of the cell
wall in the longitudinal direction (m%s) = 2.5 x Dgr.
FEHEA 4= ) FE A AL A S (convective mass transfer coefficient) 25-E Z2HA]7]+= W (Yeo and Smith, 2005)2

olgstol 4 (14)9} o] AHHALE
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Sep . (p,—p.)
4 - SMC ~ EMC (14)
smc * P 100 mc " P 100

where, S = surface emission coefficient (m/s); 4, = convective mass transfer coefficient based on the potential
of water vapor pressure (kg/m’sPa) = J / (ps - p.); J = moisture flux from surface to air (kg/m’s); p, = water
vapor pressure in air adjacent to the wood surface (Pa); p.= water vapor pressure in ambient air at the dry-bulb
temperature (Pa); SMC and EMC = surface and equilibrium moisture content (%); Gsyc and Geye = specific
gravities of wood based on oven-dry weight and volume at SMC and EMC.

2 Ao e AR zge] HAH MA Y i+t 2%, dhGE, 455 A-8oto] LA HYAMS
AXscy. 99T 2wl AsEs AgPAP(Han et al, 2019)oﬂA1 ZA}H 71478 %7P7l$ﬁl°lﬂ*ﬂﬁ(l<orea
Meteorological Administration; http: //datakmago kr)o] A2 S YR 0] 8T 4= Q)= vbHof|, YHF F4L A H
P52 Avhs 3719 E500 Blste] w9 2 gror ojef 24o] dasith 49 e FrAY 645 gt Axse
ol &l o]- 8% Z(Hart, 1982)7 Zo] 7]%&]0]34 25%2 28319} 2016 69HE 2018 108714]9] 7|4 =S

&l °*°1X1 ek SAA |4 3.48 x 1071-1.55x10"'m¥s, A48k SA|4 1.88 x 107°-1.64x10°m?s, EHHA}
Afe 380 x 107-1.60x10°m/s 2] HelAT.

>~

AddE 3 AU 9 Bg HE 19 - DY QAL 4 O] HAARS BRIAASE 4o
B 7 SR AR §EAAAZA] B - 89 AL TUPAALE A8 19| Yoz
AT,

3.1 2R A5 HaAdzx F I=g W}

o5H(2016W 6Y)of A2E AJASH] oF 880%U0] A5 6 94 AU 53 7016 109)0] A=2E *lﬂﬁ}@l
oF 760 0] AT 92 A Ao thgt HAzdx F F4& WIS Fig. 3()9 (b)oll A o] A%
AZFEE 65.0] AU PEO] 27]FHEE-2 68.7% (£8.9)0] 1 HEF4E-L 17.4%(+4.0), ALHo]| 712E A|&at 95.9) J}T
Y= 2738 35.8%(26.3)0] 3L HFHEL 16.0%(E3.1)0| STk, A wste] whe 65#594 Aol &A8}7] $1sked
Az e Aol HAURE AZSIE oY 2239 27|38 Aoz Al Hlie o gl

Fig. 3()0]l A 6:29] 2HE Y=o By Azxsrl HAARI A%E T of231( 164 694—1091)01] 0267 %/day, A3
(169 109-179 39)0]l 0.054 %/day, BH('179 39-79)0] 0.024 %/day, 1 2H('17d 7€-109)0]| 0.063 %/day, A4
(179 10€-184 39)0] 0.009 %/day, £-01E('18 3Y-"18 11)0] 0.008 %/day= AHo] wfe} M3lsl3ict. Fig. 3(b)ol
A 99 At dRe] Hit s AE AR & ALE(16W 1081749 39)]] 0.076 %/day, =H('17d 3€-7€)0l
-0.005 %/day, ©BH('17d 7€-109)e]l 0.071 %/day, ALH('17d 10€-184 3Y)o]l 0.015 %/day, 21 2('184 3€-18
9 11€)e] 0.011 Y%/dayo]$iet. 22719] Hxdies AP Y] 8ol ARshy oldel Axz7lo AlY 2 ¢ Ueiiisle
o, 727k gl uheh A Ax&wrh gastglet AgdxolA Axdert g ool wet A LA A
g2 dadxe 24 A 71829 Aol 2 A5 HT ALY Ax&roA Ao|7t E Ao R HkEnh AEAY &0
AfEsh] otz att §, 5E8% AZHole AR 27t YA ot kg vt A9 glglon o FHo
ol sl AP UErich

24T %o WU F YrE Ut oF

$21 4845 NI ol AL
Table 20] 21} Y82) BFAS, S, AR, ool 1 WAL 042 B2 AN, $8E 24
71252 20164 1092} 2017 1092 272 11720014 1482U(BE 1280l ek, 12, AUlte, F452 A&7l
oF aheze] HTUOIE. AR AR WAUZ F UE Uk WYL 2580l £, UFAF0| AL, L5}
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Moisture Content Change of Korean Red Pine Logs During Air Drying: II. Prediction of Moisture Content Change of
Korean Red Pine Logs under Different Air Drying Conditions
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