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This article presents the numerical simulation results. The governing equation was developed using

assumption on the moisture driving potentials and the phenomenological coefficients.

The simulation

results by control volume finite element method were compared to experimentally estimated results. The
effect of moisture transfer rate on the heat diffusion was not significant because the heat diffusion was

much faster than the moisture diffusion.

The average temperature and its distribution under external

dynamic conditions calculated using apparent heat diffusion coefficient were similar from the engineering

point of view.

Key words: Nonisothermal transport model, desorption and adsorption, drying, building physics, phenom-

enological transport coefficients, sorption isotherm

Notation
Ah, : latent heat of evaporation (J/kg)
M, : molecular weight of water vapour (kg/mol)
P, : partial vapour pressure (Pa)
P, : saturated vapour pressure (Pa)
P,,..: saturated vapour pressure of surrounding air (Pa)
R : universal gas constant (8.314 J/mol K)
0 : wood density (kg/m*)
0., : density of oven—dried wood (kg/m?)
0, : air density (kg/m*)
0, : water vapour density at the wood surface (kg/m”)
0. : water vapour density of surrounding air (kg/m®)
a, - transfer coefficients (,j=1,2)
C, : specific heat of wood (J/kg K)
C,. : specific heat of air (J/kg K)
C,.: specific heat of water vapour (J/kg K)
G : incident solar radiance (W/m?)
m : fractional moisture content (dimensionless)

INTRODUCTION

Wood exposed to outdoor weather is susceptible to
the environmental degradation such as weathering and
decay. Weathering is due to a complex combination of
chemical, mechanical, and light energy factors while
decay results from decay fungi acting in the presence of
the suitable temperature, moisture and air for an
extended period of time.

Therefore, the degradation is closely related to the
hygrothermal history. Understanding the hygrothermal
behaviours of exposed wood components such as a col-
umn is interesting to predict the performances and life
cycle assessment.
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T : temperature (K)

T. : temperature of surrounding air (K)

T, : temperature at wood surface (K)

Ty, : temperature of sky (K)

a : solar absorptivity (-)

&: solar emissivity (—)

£: wind—driven coefficient (s/m)

h. . external convective mass transfer coefficient (1n/s)

h,, : external convective mass transfer coefficient (kg/m*s)
hy : external convective heat transfer coefficient (W/m* K)
I, : total radiation on a horizontal surface (kJ/m*)

1,,, : beam radiation on a horizontal surface (kJ/m*)

1, : diffuse radiation on a horizontal surface (kJ/m*)

1,,, : extraterrestrial radiation on a horizontal surface (kJ/m?)
k. : clearness index

T, : ambient temperature(C)

h : relative humidity (dimensionless)

Most researches on the moisture content changes in
wood were conducted in timber drying field. There can
be found numerous publications on heat and mass trans-
fer models during drying. However, much less attention
is paid on investigations of moisture content changes in
timber as building components going through the cyclic
process of desorption as well as adsorption or absorp-
tion. This might be mainly due to the uncertainty of
material properties for the simulation. The moisture
content changes of wooden plates placed in an instru-
ment shelter were measured for one week (Sadoh and
Yamazoe, 1993). The seasonal changes in moisture con-
tent of wood were measured for half a year and com-
pared with the simulation results (Yamazoe and Sadoh,
1993). The results of the numerical modelling were
compared to the experimental results of the moisture
content changes of timber stored in an open shed during
one year (Gugenda et al., 2005). However, these three
researches were focused on the moisture change of
wood below fiber saturation point and the specimens
were placed in an open shed during the experiments.
Fick’s equations with a surface emission layer was
applied for the simulation, which resulted in consistency
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with the measured values. There are few researches
available for the behavior of wood that is directly
exposed to the outdoor and did not get caught in rain.

It is generally thought that external convective
transfer coefficients are only functions of external condi-
tions, not of the material properties in the specimen.
This cause an uncertainty in the determination of all
mass transfer coefficients (Wadso, 1993). Moisture
damage is one of the most important factors limiting
building’s service life. In the field of building physics,
therefore, numerous researches on hygrothermal perfor-
mance of building materials and components have been
done actively (Trechsel, 1994). Because building
facades are often exposed to the rain, the rain is the
most important moisture source affecting the hygrother-
mal performance and durability of building facades. The
rain, more precisely wind-driven rain(WDR), among
moisture sources is most dominant and several hundred
times larger than the moisture content in the surround-
ing air for wood or its components. In recent, Blocken
and Carmeliet (2004) reviewed the state—of-the-art of
WDR research in building science. The limited amounts
of data are available for WDR phenomena that are not
fully understood.

The heat and mass transfer models are basically sim-
ilar although there are some different in adapting state
variables as driving forces, cross transport coefficients
(Soret effect and its reciprocal Dufour effect) and
assuming air pressure in wood. However, there are still
difficulties in predicting the hygrothermal performance
and defining the problem well for the following reason.
Boundary conditions are difficult to define, especially in
case of wood exposed to rain. In addition, material prop-
erties are highly variable among species and even within
a tree and not showing a consistency for different speci-
mens. Furthermore, it is difficult to measure diffusion
coefficient, sorption isotherm, water retention curve,
their hysteresis and so on. And the last, the governing
equations are highly nonlinear and it is difficult to han-
dle. Because the efficiency depends on the equations
adapted and nonlinearity, there is no unique numerical
method that is most suitable for solving the equations.

The variation of the ambient air parameters is char-
acterized by daily and yearly periodicities which are ran-
domly disturbed by weather changes. Except the air
parameters the mean moisture content is also influenced
by timber dimensions, primary by thickness. When tim-
ber is stored in an open shed its moisture content
changes due to the natural variation of the air parame-
ters. The wide range of the potential changes of timber
moisture content depending on the climate conditions as
well as on the exposure. The similar relations can be
expected for long-lasting storage of dry timber in open
sheds. However, there is a lack of the relations for dry
timber which could predict moisture content changes for
variable parameters of the ambient air.

Moisture in wood exists in three phases of water
vapor, bound water, and free water above fiber satura-
tion point (FSP). There are two phases of water vapor
in the cell cavities and bound water in the cell walls

below the FSP that is in the hygroscopic range. The
maximum bound water content is called to the F'SP that
is limited by the number of sorption site available. It
may be different among species because their chemical
compositions vary but is usually assumed that the F'SP is
30% water based on dry wood weight at the room tem-
perature.

It is well documented that the driving potential for
the movement of free water and water vapor is a gradi-
ent of capillary pressure and vapor pressure, respec-
tively. Furthermore, the flux of water vapor can be
divided into the convection component of the gas mix-
ture flux and the diffusion component of water vapor
under the effect of a gradient in vapor concentration.
The driving potential for the bound water is different by
researchers and can be expressed in terms of a number
of different system variables. In the literature we can
find the formulations of nonisothermal transport models
that are widely accepted in wood drying and other
research fields. Perre’s model (1993) is based on the
multiphase transfer model by Whitaker (1977) but he
involved an additional potential of bound water to it. He
focused on the heat and mass transfer modelling above
boiling point of water in which the mass transfer by
water vapor convection gas is dominant. The bound
water diffusion coefficient is based on the Stamm’s
results in which it is similar to the Avramidis model
(1992). Kamke and Vanek (1994) compared the capaci-
ties of 12 wood drying models with experimental drying
results of moisture change rate and its distribution.
They stated that there was a high variability between
models’ results that were not in close agreement with
the test runs although none of the models violated any of
the known wood drying phenomena. It might be due to
the uncertainty of coefficients for the models, different
degrees of simplifications, and different ways of solving
the heat and mass transfer equations. In addition, the
equations to boundary conditions and external heat and
mass convection coefficients are usually different among
models, which might cause a great effect on the numeri-
cal results.

The objective of the present study is to investigate
the hygrothermal performances of wood column fully
exposed to outdoor weather conditions including air
temperature, relative humidity, solar radiation, rain, and
wind speed. It is to survey the feasibility of heat and
mass transfer model adapting Darcy’s law, Fick’s law and
Fourier’s law. Using the material properties known pre-
viously, finally, it is to validate the modeling by the com-
parison of the results of the prediction to experimentally
determined temperature and moisture content of wood
column.

MATERIALS AND METHODS
Materials
A sample column of Douglas—fir was used in this
numerical simulation, which were air—dried in the indoor
environment for more than a half—year and to about 12%
moisture content. The wood columns with dimension of
2.4mx0.2mX0.2 min were cut into three in length of
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0.7m. The average density of wood columns was 437 kg/
m’, ranged from 424 kg/m’ to 455 kg/m’.

The top and bottom of wood column were insulated
by aluminum foil and Styrofoam. For measuring thermal
and moisture content changes, the columns were
exposed to outdoor weather conditions for one month,
from 1 May 2007 to 31 May 2007. The column was
placed in four cardinal directions. The field test was
conducted at Chonnam National University, located at
Gwangju in Korea. K type of thermocouples was used
for measuring the temperatures of surface and inside of
the wood column in depth of 30 mm, 50 mm, 80 mm and
100 mm. Temperatures were set to be data—logged auto-
matically at one minute interval.

To estimate the surface or highest moisture content,
the electrical resistance was measured by using the port-
able insulation tester called mega—ohmmeter in the mar-
ket. For doing this, nails were inserted at the same
depth of thermocouples installed. The distance between
two nails was 2.5 cm. Electric resistance was measured
three times per day (5:30, 13:30, 18:30). The electrical
resistance measured was converted to moisture content
by the following empirical equation (Skaar, 1988).

_ 1.009-log [log (R) - 4]
B 0.0322

€9)
where M, is moisture content (%), R electric resistance
(Q), T temperature (°C).

It should be noted that equation (1) based on data
obtained from European Oak at 20°C and holds on
between 3% to 23% wood moisture content. Correction
of moisture content for temperature was approximated
by

AT _ 027 +0.0085M @)
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sky N
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" South 3"'

Fig. 1. Schematic view of wood column in outdoor environment.

Therefore,
_ M.-0.027 (T-20) 3
1+40.0085 (T-20)
(Skaar C. 1988. Wood-water relations. p210.

Springer—Verlag)

Formulation of the heat and mass transfer equations

The coupled heat and mass transfer equations with
two state variables of moisture content () and temper-
ature (7" can be represented (Kang et al, 2008).

Do = aaif = Ve (anVm) + V- (@uVT) @
or
,OC‘,, = a_t = V'(&ZIVW) + V'((IZZVT) (5)

Where, the density and specific heat with moisture
content are represented by Forest Products Laboratory
(1999).

Oou (1 +m)

[ A 6
(1+m0,,/1000) ®
c - 103.1+3.8677T+ 4190m
r 1+m
+m (-6191 +23.67-1330m) @)

If wood is exposed to rain, the surface moisture con-
tent will be increased above F'SP. However, the amount
of water that can be penetrated into wood is limited by
maximum moisture content that depends on the wood
density. It will be in capillary moisture content that is
lower than maximum MC. It depends on the material
geometry, topology around wood, wind speed, wind
direction, rain intensity, and rain droplet distribution
(Blocken and Carmeliet 2004).

The boundary conditions at exposed surfaces are
given by:

_allvm_aIZVT =h, ([Om,z'_101))+Ru;(I;' (8)
—auVm—-axVT = he (T—T.)+ I, A ho(0s—0-0)
—Qr e T R, T. Cp,/ (9)

The vertical rain intensity or wind driven rain,
R, (mm/h), acting on the column surface is assumed to
be related to the wind speed and horizontal rain
intensity(van Mook, 2002).

Ruw= KUR’ = 0.222UR, (10)

Where, R, (mm/h) is the horizontal rain intensity in
the undisturbed wind flow. £ and S are empirical con-
stants. K has close relation with the inverse of the rain
terminal velocity of fall. U (m/s) is the wind speed.
Equation (10) is realistic for spells of light to moderate
intensity.

The net solar radiance can be expressed by the fol-
lowing equation (Duffie and Beckman, 1991).

Q= AG—€0 (T = T,) (1D

The equations (8) and (9) can be rewritten using
the expression of the density of water vapour to mois-
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ture content.

—anVm-a,VT = h,, (m.—m)+ 0.222UR, (12)
—auVm—-a,VT = hy (T.—=T)+ h,, A h,(m.—m)
— a4 0.222UR, T.C,, (13)

Where, h,, and h, are the external convective mass

and heat transfer coefficients, respectively.
Mp... Oh
hy=he ——— — 14
RT Om a4

The two convective transfer coefficients are depend-
ent each other if the Prandtl and Schmidit numbers, or
the thermal and water vapour diffusivities are equal. If
the Nusselt and Sherwood numbers would be equal and
the Lewis number equals to unity, leading to the Lewis
relation.

=~ e

I
0.Cra

(15)

Therefore, a convective mass transfer coefficient can
be evaluated from convective heat transfer coefficients
that are more established from the literature data.
However, it may require a correction factor to reduce
the h,, value because the Lewis analogy can be used if
the surface is moist as an open liquid surface (Tremblay,
2000). The mass (moisture) content in porous material
is usually expressed as moisture concentration (kg/m?),
volumetric content (m?*m?) and fractional moisture con-
tent (kg/kg). The percentage moisture content used in
this study is based on fractional moisture content.

The boundary conditions at symmetric surfaces are
given by:

7auvm—a13VT = O
—aZIVm—CngVT = 0

(162)
(16b)

To predict the radiation on a vertical or column sur-
face, it should be known to be the direct, diffuse and
reflected radiation. However, measurement data usually
give the total radiation only on the horizontal surface.
According to Reindl et al.(1990), The horizontal diffuse
radiation depends on the ambient temperature and the
relative humidity as well as the sky clearness, which can
be estimated from the from the total radiation on the
horizontal surface. Diffuse radiation consists of the radi-
ation reflected from clouds and the scattered radiation.

0=<k,=03
1,,=1,(1.0-0.232%,+ 0.0239 sin

—0.000682T, + 0.0195h) (17a)
0.3<k,=0.78
1.,=1,(1.329-1.716 k,+0.267sin

—0.00357T, + 0.106%) (17b)
0.78 < ky
1,,=1,(0.426 + 0.256 sin &

—0.003497T, + 0.0734h) (17c)

Where, «ais solar altitude angle (see Figure 2).
Once the diffuse fraction is known, the direct radiation is
given by

_ ]h_]d,h
""" cosz

(18)

vertical

horizontal

Fig. 2. Definitions of solar angles to calculate the solar geometry.

Where, 2 is zenith angle (see Figure 2).

The clearness index is defined as the ratio of the
extraterrestrial radiation to the total radiation on a hori-
zontal surface.

The extraterrestrial radiation can be expressed as

3607
LFL{1+0&BCM %ﬁ) (19)

Where, I, is the radiation emitted by the sun (/. =
1353 w/m*) and 7 is the day of the year.

On a tilted surface,

L=1,+1,+1, 20)

The direct radiation is the projection of the direct
radiation on the horizontal surface.

1,,=I,cos @ @2n
where @ is incidence angle (see Figure 2). The diffuse
radiation can be calculated from

QF;LQA1+cme17Egh+EﬁmQ§ﬂ

2
cos@
Ccos 2 Fy (22)
_ 1
Fy= i (23)

Fy= [1- la (24)
[)z

where £ is tilt (or slope) angle (see Figure 2). The fac-
tor Fy, referred to as the anisotropy index, is a weighting
factor between the isotropic model and the assumption
that all energy originates from the sun. The factor F
controls the horizon brightening. The Reindl model
gives the smallest mean bias error on the average yearly
sum of diffuse irradiation on tilted surfaces. The
reflected radiation consists of a ground-reflected part
and reflections from the building environment. The
ground reflected part is calculated as the sum of the
direct and diffuse radiation falling on the ground multi-
plied by the ground reflectance o, and the view factor
from the ground to the surface.

1-cosf
2

]m = (]b +[d,)z) Og (25)

For a vertical surface, the diffuse radiation is 50% of
the horizontal diffuse radiation. Reflection from the sur-
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rounding buildings is not considered in this study.

RESULTS AND DISCUSSION

Numerical analysis

Some numerical simulations by the control volume
finite element method were carried out for the two—
dimensional heat and mass transfer process for a wood
sample. Details of the control volume finite element
method can be found by Lee et al. (2007). It was
assumed that all the surfaces were exposed to the same
external conditions, and the quarter of the domain is
considered in the numerical analysis by making of the
symmetry.

The sample was exposed to the real external condi-
tion from 1 May 2007 to 31* May 2007, in Gwangju, S.
Korea. In this numerical computation, as shown in fig
3-7, we used relative humidity, air temperature, solar
radiation, wind speed and rain fall data as climate
parameter.
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Fig. 3. The air temperature from 1 May 2007 to 31 May 2007, at
Gwangju in S. Korea.
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Fig. 4. The relative humidity from 1 May 2007 to 31 May 2007, at
Gwangju in S. Korea.

Solar Radiation
1100 ' v

1000 +

900 + H

800 H

700 H

600 H

500 H H

400 H

Solar Radiation(W/m?)

300 H

200 H

100

0 A A A A A
MAY/01 06 1 16 21 26 JUN/O1
time(date)

Fig. 5. The solar radiation energy from 1 May 2007 to 31 May 2007,
at Gwangju in S. Korea.
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Fig. 6. The wind speed from 1 May 2007 to 31 May 2007, at
Gwangju in S. Korea.
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Fig. 7. The rainfall from 1 May 2007 to 31 May 2007, at Gwangju
in S. Korea.
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The internal temperature of wood by experimentally
estimated values is shown as figure 8. The figure shows
that the internal temperature changed during from 1*
May 2007 to 31" May 2007. The internal temperature
was changed by external climate condition, mainly influ-
enced by air temperature. The internal temperature
fluctuated between 15-20 and 40-45 degrees, the fluctu-
ation of internal temperature was about 20-25degrees.
In rainy day, the fluctuation of internal temperature was
decreased about 10degrees. As the evaluation layer
became deeper, the internal temperature change was
delayed.

The moisture content of wood experimentally esti-
mated values is shown as figure 10. The figure shows
that the moisture content evaluated at the center of the
wood column changed during from 1* May 2007 to 31
May 2007. The moisture content was changed by exter-
nal climate condition, mainly influenced by rainfall. The
moisture content fluctuated between 10-13% during
11days. The moisture content reached to 20% by rain-
fall, and the fluctuation variance of moisture content was

I
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Fig. 8. The experimentally estimated internal temperature chang-
es of wood column during one month.
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Fig. 9. The predicted internal temperature changes of wood col-
umn during one month.

reached to about 10%. The moisture content of central
part of wood column was relatively low.

Comparison between calculated and evaluated
internal temperature and moisture content of out-
door exposed wood column

The predicted value of the internal temperature of
wood is shown as figure 9. The figures show that the
temperature at the surface of wood column reached
40-50°C while the value of central layer reached
25-30°C. The predicted value of the internal tempera-
ture of wood was in reasonable agreement with the
experimentally estimated values.

The predicted value of the moisture content of wood
is shown as figure 11. The figure shows that the mois-
ture content at the center layer of the wood column
changed during from 1* May 2007 to 31* May 2007. The
moisture content was changed by external climate con-
dition, mainly influenced by rainfall. The moisture con-
tent fluctuated between 10-13% during 4days. The
moisture content was reached to 17% by rainfall, the
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Fig. 10. The experimentally estimated moisture content changes
of wood column during one month.
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Fig. 11. The predicted moisture content changes of wood column
during one month.
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fluctuation of moisture content was reached to about
10%. The computed moisture contents of wood column
showed very close values to those of measured data.

CONCLUSIONS

To evaluate the possibility for prediction of moisture
content and temperature in wood exposed to outdoor,
those values of Douglas—fir wood column estimated by
mathematical simulation, we estimated the internal tem-
perature of wood and moisture content experimentally
and compared with those values estimated by mathemat-
ical simulation. The results are summarized as follows:

It is important to understand what assumptions have
been made and applicability for the coupled heat and
mass transfer models. The accuracy of heat and mass
transport model depends on the governing equation,
phenomenological coefficients, boundary conditions, and
external heat and mass convection coefficients.

The computed internal temperature approximately
agreed with the experimentally estimated one and the
predicted moisture content was closely agreed with the
experimentally estimated one. It is considered that the
mathematical simulation can predict the moisture con-
tent and temperature in wood exposed to outdoor envi-
ronment.
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