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INTRODUCTION

Wood is a hygroscopic material of which the dimen-
sions change due to humid environments.  It is also vul-
nerable to mold and other fungi infestations.  Therefore, 
wood is commonly dried using several methods, such as 
air drying, conventional kiln drying and high temperature 
drying.  Conventional air drying consists of the evapora-
tion of water from the surface of the wood, and involves 
air circulation at atmospheric temperatures and humid-
ity conditions. 

The drying of heavy timber to be used as wooden 
building material is very difficult, because of its slow 
moisture transportation rate in the radial and tangential 
directions.  In addition, when heavy timbers containing 
pith or juvenile wood are dried, severe surface checks can 
occur due to the drying stress between the moisture evap-
orating wood surface and the inner layer of wood con-
taining liquid water.  These severe drying defects and 
long drying times cause many problems, such as extend-
ing wooden building construction costs, decreasing exter-
nal appearance, reducing strength, and decreasing insu-

lation and durability.  Therefore, it is very important that 
heavy timber for wooden building construction is dried 
with as little drying stress as possible.  It is necessary to 
estimate an exact moisture gradient of the wood in the 
thickness direction, since this may allow for the adoption 
of a method for the reduction of the drying defects and 
drying time.  In addition, the estimation of the moisture 
content gradient of the timber caused by changes in air 
conditions minimizes drying stress, residual moisture and 
dimensional changes.  However, it is very difficult to esti-
mate the moisture gradient of heavy timber during air 
drying because of its heavy weight and unstable moisture 
content variance.

On the other hand, pretreatment such as longitudinal 
kerfing can improve the drying speed in air drying and 
decrease drying defects, such as internal and surface 
checking. Lee et al., reported that the radio–frequency/
vacuum drying rate increased and the drying defects 
decreased with longitudinal kerfing (1994: Lee and Luo, 
2002: Li and Lee, 2004). 

We investigated the numerical technique used to sim-
ulate the process of wood drying via computer program-
ming.  In other words, we sought to obtain the results of 
wood drying via computer simulation without the drying 
of real wood.  We performed this simulation in order to 
determine the appropriate mathematical model.  A math-
ematical model consists of a governing equation and some 
boundary conditions.  The governing equations in our 
study represented the transfer of the moisture content 
and the heat used in the process of drying in the inner 
part of the wood, and the boundary conditions deter-
mined the amount of evaporation and absorption on the 
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surface of the wood.
Research on mathematical modeling of wood drying 

was conducted by Whitaker (Whitaker, 1977).  He pro-
posed the volume averaging technique in order to derive 
a system of conservation equations for the mass, energy 
and momentum using the three phases (gas, liquid, and 
solid).  Based on Whitaker’s theory, many authors (Stanish 
et al., 1986; Avramidis et al., 1992; Turner and Perre, 
1996; Pang 1997) developed mathematical modeling.  
Among these authors, Turner and Perre suggested a strat-
egy for solving the system of transport equations using 
the control volume finite element method (CVFEM).  The 
CVFEM is very difficult to implement, but it provides an 
advantage in that it ensures the conservation of mass and 
enthalpy through the boundary of each control volume 
as well as the entire domain.

In this study, we estimated the moisture content vari-
ation in the thickness direction of the control and the lon-
gitudinal kerfing treated heavy timber by air drying in 
order to estimate the possibility of the mathematical sim-
ulation of the moisture gradient in the thickness direc-
tion of the square heavy timber and in order to clarify the 
effects of longitudinal kerfing on the air drying of heavy 
timber.  In addition, we mathematically predicted the 
moisture content variation in the thickness direction and 
compared this value to the estimated value.  From these 

results, the predicted and estimated moisture variation 
in the thickness direction of large, square timber was 
compared, and the influence of the longitudinal kerfing 
treatment was discussed.

MATERIALS AND METHODS

Sample specimens
The domestic Japanese red pine (Pinus densiflora 

S. et. Z) sample was cut with a prismatic shape of approx-
imate dimensions of 20 (radial) × 20 (tangential) × 360 
(length) cm.  Ten of these timbers were used for air dry-
ing (AD).  Half of the timbers were used with kerfing 
treatment and the others were used for the control.  The 
kerfing treatment on the surface of the wood specimens 
was applied by cutting the sample with a circular saw par-
allel to the grain.  The kerfing width was 3 mm and the 
depth was 50 mm in each of the specimens. 

Air drying 
Five kerfed specimens and five non–kerfed specimens 

were dried by air drying.  Before air drying, both the 
kerfed and non–kerfed heavy timbers were treated with 
high temperatures and low humidity in a dry kiln for 
72 hours.  The initial moisture content variation among 
the sample specimens may have been equalized by the 

Fig. 1.  Weather data from May to October as measured in Jeonju, Korea.

Fig. 2.   Sawing diagram of the specimens for the final moisture content distribution: 
    (a), longitu.dinal direction and (b), cross section (unit: mm).
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HTLH pre–treatment.  Then, the kerfed and control speci-
mens were air dried.  In this study, the initial moisture 
content of the kerfed and control specimens after the 
HTLH treatment were approximately 16% and 18%, 
respectively.  During the air drying period from March 
17, 2008 to October 7, 2008, the mean temperature was 
19.8°C, the average relative humidity was 66.5%, and the 
mean wind velocity was 2.2 m/sec.  The monthly weather 
conditions for March to October are presented in Fig. 1. 

Drying characteristics 
The moisture content and the drying rate were 

obtained from each of the control and treated speci-
mens, and the weights of these samples were measured 
once a week.  After air drying, the oven–dry weights were 
calculated from the final moisture contents of the speci-
mens.  For all of the samples, the moisture content of 
each sample was obtained in grams. 

The moisture content distribution of the specimens 
was estimated at the point described in Figure 2a after 
the end of the drying period.  The specimens were sawn 
from the sampled specimens and analyzed for final MC 
as shown in Fig. 2b. 

Moisture gradient prediction by numerical simula-
tion 

In order to simulate the process of the wood drying 
numerically, we used coupled moisture–temperature 
model equations with the two state variables of moisture 
content (X) and temperature (T) (Whitaker, Perre and 
Turner, Kang et al., 2008).  The governing equations for 
the process of wood drying are given as follows:
Liquid Mass Conservation:

     (ρo X + εg ρv) = ∇ ∙ Jw  and

Energy Conservation:

     (ρo (X hw + hs) + εg (ρv hv +ρaha)) = ∇ ∙ Je,

where the fluxes Jw and Je of the bounded water and 
energy are:
 

Jw = −ρw v–w − ρvv
–

g  + ρo D
– 

b ∇Xb + ρg D
– 

v ∇ωv

and
Je = −ρwhw v–w − (ρv hv + ρaha) v–g + hbρo D

– 
b  ∇Xb 

   + ρg D
– 

v(hv∇ωv + ha∇ωa) + K
– 

eff ∇T,

respectively. 

The primary variables in the model equations were 
the moisture content X, the moisture content of the 
bounded water Xb, and the temperature T in Kelvin.  In 
addition, the secondary variables and the parameters 
were as follows: ρo denoted the wood density, ρw the liq-
uid water density, ρv the water vapor density, ρa the liq-
uid air density, ρg the gas density, D

– 
b the diffusion coeffi-

cient of the bound water (m2/s) and D
– 

v  the bulk binary 

diffusivity of the water vapor (m2/s).  The notations of the 
enthalpies were hb for the bound water, hw for the water, 
hv for the water vapor, ha for the liquid air, and hs for the 
solid water vapor (J/kg).  The mass fraction of the water 
vapor and liquid air were denoted by ωv and ωa, respec-
tively, and the gaseous volume fraction was denoted by εg.  
The liquid and gaseous phase velocities v–w and v–g, respec-
tively, could be expressed by Darcy’s law.  The effective 
thermal conductivity was denoted by K

– 
eff (W/m K).

In this numerical simulation, we only considered the 
2–dimensional rectangular region R’=[–0.1, 0.1] x [0.0, 
0.2] (m x m), which was a flat board cut from the speci-
men, by neglecting the longitudinal direction effect.  At 
the boundary surface, the moisture was evaporated in the 
air drying conditions, and then the moisture content and 
temperature were affected by the relative humidity, tem-
perature and wind velocity of the air weather.  However, 
as a result of the symmetry, the computational domain 
only used the right–half region, i.e., R=[0.0, 0.1] x [0.0, 
0.2].  For the non–kerfed specimen, the full surface at 
x=0.0 was the symmetrical surface.  On the other hand, 
for the kerfed specimen, only half of the surface at x=0.0, 
i.e., 0.0<y<0.14, was the symmetrical surface. 

The boundary conditions at the symmetrical surfaces 
can be given as follows:

− Jw ∙ n=0 and

− Je ∙ n=0.

In addition, the boundary conditions at the external 
drying surfaces can be given as follows:

 
− Jw ∙ n = hc ( ρv,∞ − ρv,s) and

− Je ∙n= hT (Ts − T∞) + hc ∆hv ρv,s − ( ρv,s − ρv,∞),

∂ 
∂t

∂ 
∂t

Fig. 3.   Computational domain rational unit: on specimens for 
measual surfaces for the non–kerfed specimen.

Fig. 4.   Computational domain rational unit: on specimens for 
measual surfaces for the kerfed specimen.



448 C. W KANG et al.

where hc and hT are the external convective mass and 
the heat transfer coefficients, respectively, ρv,s and ρv,∞ 
are the water vapor density at the wood surface and of 
the surrounding air, respectively, Ts and T∞ are the tem-
perature at the wood surface and of the surrounding air, 
respectively, and ∆hv is the latent heat of evaporation.  In 
this study, T∞, ρv,∞ and ∆hv fluctuated by the tempera-
ture, the relative humidity and the wind velocity of the air 
weather.  Then, in this simulation, these coefficient val-
ues were calculated using the weather data, which was 
measured from March 17, 2008 to October 7, 2008 at 
Jeonju (Fig. 1).

In order to obtain the computational results for the 
moisture content distribution, we applied the control 
volume finite element methods as the discretization 
method.  This numerical scheme is an appropriate method 
for the heat and mass transfer equation.  As for the 
numerical results, we found the distribution of the mois-
ture content and the temperature on the final day of the 
experiment, October 7, 2008. 

RESULTS AND DISCUSSION

Drying rate and final moisture content
The relationship between the drying time and mois-

ture content of the kerfed and control specimens in air 
drying are shown in Figure 5. 

The initial moisture content of the kerfed and control 
specimens were approximately 70% and 57%, respec-
tively.  These kerfed and non–kerfed specimens were 

dried to approximately 16% and 18%, respectively, after 
4 days of the HT–LH treatment.  Therefore, the decrease 
in the moisture by the air drying was less than approxi-
mately 3%.  During the HT–LH treatment, the drying 
rates of the kerfed and non–kerfed specimens were 13%/
day and 9%/day, respectively.  After 154 days of the air 
drying, the moisture contents of the kerfed and non–
kerfed specimens were 14% and 15%, respectively, as 
shown in Figure 5. 

In view of the distribution of the final moisture con-
tent, the distribution of the moisture content in the thick-
ness directions after drying is shown in Fig. 6.  The sur-
face MC was higher than that of the inner layer of the 
wood on each of the control and kerfed specimens, and 
the MC of the intermediate layer was almost the same or 
slightly higher than that of the surface layer.  For easy 
comparison, the measured and estimated final MC distri-
butions in the control and kerfed sample specimens are 
shown in Figure 6.  In Fig. 5, the entire final MC of the 
control sample specimens was 2% higher than that of the 
kerfed sample specimens during air drying.  The minute 
moisture content distribution differences are as shown 
in Fig. 6.  In Fig. 6–a, the water content near the kerfed 
area is lower than that of the control specimen, but the 
moisture content of the kerfed sample is a little higher 
than that of the control specimen in other areas.  This 
result indicated that the kerfing treatment was effective 
for not only lowering the MC distribution difference, but 
also lowering the MC of the entire sample specimen.  On 
the other hand, in Figure 6–b, which shows the simulated 
MC distribution map, the moisture content of each of the 
kerfed specimen was lower than that of the control spec-
imen. 

Comparison between the calculated and evaluated 
final moisture content distribution

A mathematical model was developed in order to sim-
ulate the moisture gradient in the thickness direction of 
heavy timber from Japanese red pine during air drying 
with a moisture content value of below 20%.  Therefore, 
it was assumed that liquid water flow did not occur in 
the wood, because the air drying was started after 3 days 
of HTLT treatment.  The numerical simulation was 
adopted in order to predict the moisture gradient in the 
thickness direction in heavy timber during drying.  The 
model was based on the heat and mass transfer in wood.  
The moisture content profiles from the mathematical 
model were calculated and the results are illustrated in 
Figs. 7 and 8.  Their contour images show the variations 
in the moisture gradient along the thickness.  Figure 7 
shows the normal moisture gradient in the thickness 
direction of the air dried wood.  In addition, Fig. 8 shows 
the normal moisture gradient in the thickness direction 
of the air dried wood.  The calculated map also accu-
rately indicates that the surface of the kerfed area was 
exposed to the air and balanced with ambient air condi-
tions.  From these results, it is possible to estimate the 
drying time and moisture gradient in various drying con-
ditions, such as ambient air conditions, kerfing and sam-
ple thickness. 

Fig. 5.   The change in the MC as a function of the drying time dur-
ing air drying. 

Fig. 6.   The final moisture content distribution of the specimens 
after air drying: (a) experimental data, (b) numerical data 
(Italics for kerfed treatment, common type for non–ker-
fed).
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The predicted moisture content gradients were com-
pared with the experimentally estimated data shown in 
Figs. 9 and 10.  The average and maximum values of the 
moisture content difference between the kerfed and con-
trol specimens were 0.03% and 0.2%, respectively, in the 
case of experimental estimation.  On the other hand, the 
average and maximum values of the moisture content 
difference between the kerfed and control specimens 
were 0.42% and 0.5%, respectively, in the case of the 
simulation.  From these results, it can be concluded that 
the predicted moisture content gradient was in reasona-
ble agreement with the measured values.  The predicted 
moisture content gradients for the 1,800 mm of the sam-
ple specimen showed a very close trend to those of the 
measured data, in both the cases of the control and the 
kerfed specimens.

Figure 11 shows the high regression between the pre-
dicted and estimated moisture content in the thickness 
direction on both the kerfed and control wood specimens.

The simulation model was found to be effective for 
the estimation of final moisture content distribution in the 

Fig. 7.   Moisture gradient map of the control wood in the thick-
ness direction by mathematical simulation. 

Fig. 8.   Moisture gradient map of the kerfed wood in the thickness 
direction by mathematical simulation. 

Fig. 9.   Comparison between the predicted and estimated mois-
ture gradient maps of the control Japanese red pine heavy 
timbers in the thickness direction.

Fig. 10.   Comparison between the predicted and estimated mois-
ture gradient maps of longitudinal kerfing-treated 
Japanese red pine heavy timbers in the thickness direc-
tion.
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thickness direction because the difference between the 
measured and mathematically predicted values was rela-
tively small.

CONCLUSIONS 

Mathematical simulation of the moisture gradient in 
square heavy timbers with air drying was performed in 
the wood of domestic Japanese red pine boxed timbers.  
Air drying was adopted and the effects of longitudinal ker-
fing treatment on the drying characteristics were esti-
mated.  The results are summarized as follows:

The drying rates were influenced by longitudinal kerf-
ing treatment, such that the drying time from green to 
5% moisture content for the treated sample was faster 
than that for the control wood.  Kerfing treatment of lum-
ber was more effective than no treatment in view of the 
prevention of surface checking; and internal checking did 
not occur in the domestic Japanese red pine whether or 
not it was treated. 

The predicted moisture gradient map was in good 

agreement with the estimated one. 
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