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Abstract. Moisture movement in eastern white pine wood specimens was evaluated during drying at
specific temperature and RH conditions. The objective of this work was to build an appropriate numeric
analysis model for predicting moisture profile changes in wood and apply this to the kiln-drying of large
cross-section eastern white pine timbers. The internal moisture transport coefficients were dependent on
the temperature and average moisture content, and the surface emission coefficients on the water vapor
pressure in air adjacent to the surface. The internal moisture transport coefficients decreased with de-
creasing temperature and internal moisture content. Surface emission coefficients increased with increas-
ing temperature and decreasing surface moisture content.

Keywords: Eastern white pine, mass transfer, kiln-drying, internal moisture transport coefficient, surface
emission coefficient, water vapor pressure, coefficient conversion.

INTRODUCTION

Eastern white pine (Pinus strobus L.) from the
northeastern United States has good color, few
dead knots, is easy to machine; and large-

dimension white pine timbers have been com-
monly used for log home construction. Using
such green timbers for structural members of log
homes, however, often results in such drying
defects as excessive in-place shrinkage, distor-
tion, and cracks that occur after construction.
This can cause noises, difficulties opening and
closing windows and doors, and structural de-
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formation. Accordingly, with increased demand
for use of dried structural timbers has come a
need for appropriate kiln-drying schedules and
techniques. Development of kiln schedules that
could enable rapid drying with minimal defects
such as excessively deep and numerous checks
requires an understanding of fundamental prop-
erties related to mass transfer in wood, including
internal moisture transport and surface emission
coefficients.

The moisture sorption rate in wood is controlled
by two resistances, external resistance from the
boundary layer and internal resistance of the
wood (Avramidis and Siau 1987). The internal
moisture transport coefficient is dependent on
the internal resistance, whereas the surface emis-
sion coefficient is attributed to the external com-
ponent. The sorption isotherm graphically de-
picts equilibrium moisture content (EMC) as a
function of RH at a constant temperature (Skaar
1972). Stamm (1964), Skaar (1988), and Siau
(1995), in reviews of moisture sorption from a
molecular standpoint, conclude that sorption iso-
therms for all species are characterized by a sig-
moid shape. Understanding the relationships
among RH, temperature, and EMC of wood is
important to most phases of wood processing
and to their end uses to optimize processing
and minimize the problems associated with
shrinking and swelling of wood (Simpson 1980).
Yeo and Smith (2005) reported on studies
that showed the convective mass transfer coef-
ficient conversion method could be developed
by defining appropriately water vapor pressure
adjacent to wood surfaces. This study on the
drying of white pine timbers investigates mois-
ture movement phenomena through drying ex-
periments that consider the cellular arrange-
ment at the surface and internal regions of wood.
Also, a theoretical method able to approxi-
mate the unsteady-state external and surface
moisture movement at any dynamic environ-
mental situation was analyzed and considered
useful in predicting wood moisture content and
gradients.

MATERIALS AND METHODS

To determine both internal moisture transport
and surface emission coefficients for eastern
white pine during drying in the radial or tangen-
tial directions, the following clear, straight-
grained green specimens were prepared: 80-mm
wide (tangential) by 80-mm long (longitudinal)
by 20-mm thick (radial), and 80-mm wide (ra-
dial) by 80-mm long (longitudinal) by 20-mm
thick (tangential). These specimens were ob-
tained from 200-mm-square timbers obtained
during a research project on kiln-drying log-
home timbers. The decision to select 80 mm for
the broad face dimension was specifically to en-
able the preparation of essentially perfect tan-
gential and radial faces. The four adjacent edge
surfaces of each specimen were coated with a
commercial wax end sealer to effectively limit
moisture movement, forcing moisture move-
ment in the radial direction when drying through
tangential faces and in the tangential direction
when drying radially. Specific radial and tangen-
tial internal moisture transport and surface emis-
sion coefficients were determinable from drying
experiments with these specimens. Drying was
performed in several identical environmental
chambers set to four different temperatures—65,
54, 43, and 32°C (nominal values for North
American dry bulb set points of 150, 130, 110,
and 90°F)—with EMC conditions of 17.3, 13.3,
9.9, and 6.9%, respectively (91–38% RH; Table
1). Temperature and RH were controlled in the
chambers to better than ±0.5°C and ±1% RH,
respectively. There were five replicates at each
condition, and the specific gravity of the speci-
mens averaged 0.34 based on oven-dry mass and
green volume. Air velocity was approximately 1
m/s. Average moisture content during drying
was calculated from regular weighing of speci-
mens and subsequent oven-drying.

The saturated and partial vapor pressure values
in the air adjacent to wood surfaces were ob-
tained from the relationship among dry bulb and
wet bulb temperatures, and RH using Kirchoff’s
and Carrier’s equations, respectively (Siau
1995). Target EMC values were determined us-
ing the Hailwood and Horrobin coefficient equa-
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tion obtained from Forest Products Laboratory
data over a range of temperature from 0 to
100°C by Simpson (USDA FPL 1999).

RESULTS AND DISCUSSION

The results of drying eastern white pine speci-
mens in the radial or tangential directions are
presented as average MC with drying time at
each temperature in Fig 1. The points at 209,

327, and 421 h drying time where EMC was
reduced from 17.3 to 13.3, 9.9, and then 6.9%
(from 91–38% RH) are clearly observable. It is
interesting to note that the specimens dried in the
radial direction had initial MC substantially
lower than the specimens dried tangentially. Al-
though this was not noticed until the experi-
ments were complete, it seems reasonable that
the lower MC was from a more rapid initial
radial direction drying occurring during speci-
men preparation.

Figure 2 shows sorption isotherm plots of the
target EMC that specimens were exposed to for
different temperature and RH conditions using
the Hailwood and Horrobin coefficient equation
(Simpson 1980; USDA FPL 1999). Actual EMC
data measured for the white pine specimens in
this study were for the most part within 0.5%
MC of the target values, especially at 32 and
43°C. In the 45–80% RH range at the two
higher temperatures, the actual EMC values
were somewhat lower than the target by approxi-
mately 1–2% MC.

Internal Moisture Transport
Coefficients (D)

Internal moisture transport coefficients were de-
termined for drying at high MC during the initial
high RH drying step at each temperature (Fig 3).

Table 1. Test conditions for determining internal moisture
transport and surface emission coefficients for eastern
white pine.

Drying time (h)
Dry bulb

temperature (°C) RH (%) Target EMC (%)

0–209 65 91 17.3
54 89 17.5
43 86 17.3
32 84 17.1

209–327 65 80 13.0
54 78 13.4
43 75 13.3
32 74 13.6

327–421 65 68 9.9
54 64 10.0
43 60 9.9
32 56 9.8

421–479 65 48 6.7
54 45 6.9
43 41 7.0
32 38 7.0

Figure 1. Average moisture content with drying time of specimens dried at four temperatures and four different decreasing
EMC.
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E is the fractional change in the average mois-
ture concentration at time t and can be deter-
mined as follows (Crank 1956; Yeo 2001):

E =
AMC − EMC

IMC − EMC
(1)

E =
8

�2 exp�−
�2

4L2 D � t� (2)

where D � internal moisture transport coeffi-
cient, m2/s; IMC � initial moisture content, %;
AMC � average moisture content, %; EMC �
equilibrium moisture content, %; t � time, s;
and L � half thickness of specimen, m.

Internal moisture transport coefficients at each
of the four drying temperatures were determined
by solution of the unsteady-state internal mois-
ture transport equation (Eq 3) derived by the
separation of variables method using fractional
change in the average moisture concentration
(Crank 1956; Yeo 2001):

D = −
4L2

�2t
ln�E �

�2

8 � (3)

To determine data values over a broad MC
range, a new initial MC was chosen with each
measured MC within the ranges shown in Tables

1 and 2. An average of approximately 15 data
points were used for each estimation determina-
tion of D. Fractional change in the average mois-
ture concentration (E) was determined using Eq
1. Thereafter, internal moisture transport coeffi-
cients could be calculated and compared over
various MC ranges. The work in this study is
based on the assumption that the external sur-
faces of a specimen immediately come to equi-
librium with the uniform temperature and mois-
ture content of the surroundings (Crank 1956).
Table 2 shows average internal moisture trans-
port coefficients of eastern white pine with high,
above FSP initial MC, determined at the four
drying temperatures with high RH (17.3%
EMC). Figure 4 illustrates the internal moisture
transport coefficients determined through vari-
ous MC ranges. The internal moisture transport
coefficients are higher in the high temperature
condition in which there is much more water
activity (Siau 1995) and greater ability of water
to move out of the wood. These results also
show differences according to cellular orienta-
tion with the internal moisture transport coeffi-
cient in the radial direction being approximately
30% greater than the tangential. Because the rate
of overall initial moisture change depends on the
rate of free water movement, this result is prob-
ably the result of the contribution of the ray
cells.

Siau (1995) presented the transverse internal
moisture transport coefficient using the follow-
ing equation:

DT =
1

�1 − a2�
�

DBT � DV

DBT + DV�1 − a�
at M � Mf

(4)

where DT � transverse bound water internal
moisture transport coefficient of wood, m2/s;
DBT � transverse bound water internal moisture
transport coefficient of the cell wall, m2/s;
DV � water-vapor internal moisture transport
coefficient of air in the lumens based on the
concentration of bound water in the cell wall,
m2/s; Mf � fiber saturation point; and a � di-
ameter of lumens. Values for DT calculated from
this equation are 1.66 × 10−9 to 4.33 × 10−10

Figure 2. Equilibrium moisture content values at different
exposure conditions.
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m2/s at 65°C and 25–11% MC; 1.12 × 10−9 to
3.12 × 10−10 m2/s at 54°C and 25–12% MC;
7.40 × 10−10 to 3.04 × 10−10 m2/s at 43°C and
25–16% MC; and 4.74 × 10−10 to 1.90 × 10−10

m2/s at 32°C and 25–16% MC. The internal
moisture transport coefficients calculated for
white pine, presented in Table 2 and Fig 4, are
comparable to these values. These results vali-
date use of the transverse internal moisture
transport coefficient presented by Siau (1995) to
approximate the unsteady-state internal moisture
movement in wood. Of course, the internal
moisture transport coefficient presented by Siau
(1995) does not separate or explain differences
between radial and tangential rates of internal
moisture movement. For wood species having
large differences in internal moisture movement
rate in each orientation, there exists a need to

develop appropriate new models that separately
take into account internal moisture transport co-
efficients obtained in each direction.

Table 3 presents average radial and tangential
internal moisture transport coefficients deter-
mined for eastern white pine with low initial MC
(below FSP) with three decreasing target EMC
conditions at the four temperatures. These re-
sults show that the internal moisture transport
coefficient increases with temperature and expo-
sure to lower RH. It is particularly interesting to
note that although the internal moisture transport
coefficients are significantly different in the tan-
gential and radial directions when the initial
moisture content is above the fiber saturation
point (Table 2), with dry wood, the differences
between the radial and tangential directions are
small (Table 3). This indicates that water vapor
diffusion (the phenomenon of moisture conden-
sation and evaporation as water moves through
cell walls and lumens) and bound water diffu-
sion in the cell wall are not particularly related to
the presence of permeable ray cells.

Surface Emission Coefficients

From the data in Table 3 it can be seen that
internal moisture transport coefficients deter-

Figure 3. Fractional change in the average moisture concentration (E� � E–bar) during radial and tangential direction only
drying at four different conditions: 65, 54, 43, and 32°C at 17.3% EMC.

Table 2. Average radial and tangential internal moisture
transport coefficients of eastern white pine with high initial
MC determined at four temperatures with high RH (17.3%
EMC).

Drying condition Radial direction Tangential direction

Temperature
(°C)

RH
(%)

MC
(%)

D
(m2/s)

MC
(%)

D
(m2/s)

65 91 51–10.6 6.1E-10 88–10.9 5.6E-10
54 89 66–11.9 5.8E-10 102–12.3 4.3E-10
43 86 54–16.0 4.7E-10 106–16.0 3.0E-10
32 84 59–15.6 3.2E-10 95–17.4 2.5E-10
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mined at severe drying conditions (high tem-
perature and low RH) are larger than at mild
conditions of low temperature and high RH.
When analyzing the moisture to be reduced dur-
ing drying, this study did not distinguish be-
tween the quantity of internal moisture that
moves to the surface and the quantity of mois-
ture that evaporates from the surface to the sur-
rounding air. Although we could analogize the
apparent drying rate to use these results at given
temperature and RH conditions, there is still a
need to evaluate the more correct moisture
movement in wood of various dimensions and
initial moisture contents. A primary goal of this

study, therefore, was to distinguish external
from internal drying resistance.

The surface emission coefficient, which is rep-
resented as a reciprocal of external resistance,
including surface resistance, can be converted
from the convective mass transfer coefficient
(Siau 1995). Convective mass transfer coeffi-
cients based on the potential of water vapor pres-
sure were experimentally determined by the Hart
(1977) method as:

hp =
J

�ps − pe�
(5)

Figure 4. Radial and tangential internal moisture transport coefficients determined for eastern white pine while drying
from high initial MC at four temperatures.

Table 3. Average radial and tangential internal moisture transport coefficients of eastern white pine with low initial MC
determined at 13.3, 9.9, and 6.9% target EMC at four temperatures.

Drying condition Radial direction Tangential direction

Temperature (°C) RH (%) MC (%) D (m2/s) MC (%) D (m2/s)

65 80 11.0–10.2 4.0E-10 11.0–10.5 3.4E-10
68 10.2–8.7 5.0E-10 10.5–8.9 5.9E-10
48 8.7–6.0 1.6E-09 8.9–6.0 1.7E-09

54 78 12.0–11.1 3.8E-10 12.0–11.2 4.2E-10
64 11.1–8.7 5.9E-10 11.2–8.6 6.2E-10
45 8.7–6.8 1.2E-09 8.6–6.6 1.2E-09

43 75 15.0–13.0 3.5E-10 16.8–13.5 3.2E-10
60 13.0–10.0 5.2E-10 13.5–10.1 5.3E-10
41 10.0–7.3 8.1E-10 10.1–7.3 8.4E-09

32 74 16.0–13.8 3.6E-10 17.0–14.0 4.2E-10
56 13.8–10.3 4.7E-10 14.0–10.1 5.0E-10
38 10.3–8.8 6.5E-10 10.1–8.5 6.4E-09
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where hp � convective mass transfer coefficient
based on the potential of water vapor pressure,
kg/m2s Pa; J � moisture flux from the surface
of wet wood to air, kg/m2s; ps � water vapor
pressure in air adjacent to the wood surface, Pa;
and pe � water vapor pressure in ambient air at
the dry bulb temperature, Pa.

When calculating hp, the saturated vapor pres-
sures at wet bulb (po,wet) temperature were used
as water vapor pressure in air adjacent to the
wood surface (ps). At 65, 54, 43, and 32°C, the
average initial moisture fluxes leaving from the
tangential surface of wood (radial internal mois-
ture movement) were 4.49 × 10−5, 3.90 × 10−5,
2.74 × 10−5, and 2.21 × 10−5 kg/m2s; and the
fluxes leaving from the radial surface of wood
(tangential internal moisture movement) were
5.20 × 10−5, 3.71 × 10−5, 2.56 × 10−5, and
2.47 × 10−5 kg/m2s, respectively. As previously
shown, in the initial drying stage, moisture
fluxes leaving from the surfaces of the wet
specimens for each directional surface were
similar to each other.

Using Eq 5 with the initial moisture fluxes (J),
the saturated vapor pressures at the wet bulb
temperature (po,wet), and partial vapor pressure
of water in ambient air (pe) at 65°C/91% RH,
54°C/89% RH, 43°C/86% RH, and 32°C/84%
RH, hp values were calculated.

The hp values for tangential surface (radial in-
ternal moisture movement) at 65°C/91% RH,
54°C/89% RH, 43°C/86% RH, and 32°C/84%
RH were 4.19 × 10−7, 2.97 × 10−7, 1.81 × 10−7,
and 1.42 × 10−7 kg/m2s Pa, respectively. The hp

values for radial surface (tangential internal
moisture movement) at the four different condi-
tions were 4.85 × 10−7, 2.83 × 10−7, 1.69 × 10−7,
and 1.59 × 10−7 kg/m2s Pa, respectively.

Also, the convective mass transfer coefficients
based on the moisture concentration in air were
determined by boundary layer theory as:

hH20,air =
0.66DH2O,air Re0.5 Sc1�3

Ls
for laminar flow,

(6)

where, hH2O,air � convective mass transfer co-
efficient averaged over the length Ls, m/s;
DH2O,air � diffusion coefficient of water vapor
in air, m2/s; DH2O,air � 2.2 � 10−5(1.013 � 105/
P) � (T/273)1.75 (Dushman’s equation, cited by
Siau 1995); Re � Reynolds number �
Ls � v � �a/�; Sc � Schmidt number �
�/�aDH2O,air; Ls � length of surface along
which convection occurs, m; P � total pressure
of air and water vapor, Pa; T � Kelvin tempera-
ture of air, K; v � air velocity, m/s; �a � den-
sity of air, kg/m3; and � � dynamic viscosity of
air, Pa � s.

At 65°C, hH2O,air was 1.435 × 10−2 m/s;

DH2O,air =

2.2 � 10−5�1.013 � 105

1.013 � 105� � �338

273�1.75

= 3.197 � 10−5 m2�s; (6–1)

Reynolds number (Re) =
Ls � � � �a

�
=

0.08 m � 1 m�s � 1.042 kg�m3

0.00002022 Pa � s
= 4123; (6–2)

Schmidt number (Sc) =
�

�aDH2O,air
=

0.00002022 Pa � s

1.042 kg�m3 � 3.197 � 10−5 m2�s
= 0.605; (6–3)

hH2O,air at 65°C =
0.66 � DH2O,air � Re0.5 � Sc1�3

Ls
=

0.66 � 3.197 � 10−5 m2�s � 41231�2 � 0.6051�3

0.08 m
= 1.435 � 10−2 m�s; (6–4)

and hH2O,air at 54°C, 43°C, and 32°C were
1.394 × 10−2, 1.353 × 10−2, and 1.312 × 10−2

m/s, respectively.

Using the conversion method presented by Yeo
and Smith (2005), hp and hH2O,air values were
converted to surface emission coefficients (S or
hH2O,wood). The surface emission coefficients
may be expressed in terms of any other by con-
verting the potential as follows:
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S = hH2O,wood = hp �
�ps − pe�

�Cs,wood − Ce,wood�

= hp �
ps − pe

GSMC � �W �
SMC

100
− GEMC � �W �

EMC

100
(7–1)

S = hH2O,wood = hH2O,air �
�Cs,air − Ce,air�

�Cs,wood − Ce,wood�

= hH2O,air �

MH2O � ps

R � Ts
−

MH2O � pe

R � Tdry

GSMC � �W �
SMC

100
− GEMC � �W �

EMC

100
(7–2)

where S � hH2O,wood � surface emission coef-
ficient, m/s; Cs,wood � moisture concentration in
wood at surface, kg/m3; Ce,wood � moisture
concentration in wood in equilibrium with air,
kg/m3; and ps � water vapor pressure in air
adjacent to surface of wood, Pa;

ps = po,wet −� po,wet − pe

100 − RHe
� � �100 − RHs�

= po,wet −�po,wet − po,dry � �RHe

100 �
100 − RHe

�
� �100 − RHs� (7–3)

po,wet � saturated water vapor pressure at wet

bulb temperature, Pa; po,dry � saturated water
vapor pressure at dry bulb temperature, Pa;
pe � water vapor pressure in ambient air
(� po,dry � RHe/100), Pa; RHs, and RHe � rela-
tive humidity of air adjacent to surface of wood
and ambient air, %; �w � density of water, kg/
m3; SMC and EMC � surface and equilibrium
moisture content, %; GSMC and GEMC � spe-
cific gravities of wood based on oven-dry weight
and volume at SMC and EMC; Cs,air � moisture
concentration in air adjacent to wood surfaces,
kg/m3; Ce,air � moisture concentration in ambi-
ent air, kg/m3; MH2O � water molecular weight,
18 kg/kmol; R � universal gas constant, 8314
m3Pa/kmol K; Ts � surface temperature, K;
and Tdry � dry bulb temperature, K.

Figure 5 illustrates surface emission coefficients
determined at high initial moisture content at
four temperature and RH conditions. Because
the RHe, Po,wet, and Po,dry were known values, Ps

at any RHs conditions could be determined using
Eq 7–3. Using the Ps value and EMC, the sur-
face emission coefficient (S) converted from hp

and that coefficient converted from hH2O,air

could be determined at any SMC conditions by
Eq 7–1 and 7–2.

These results show that the higher the tempera-
ture and the lower the surface moisture content,
the higher the surface emission coefficient. In-

Figure 5. Surface emission coefficients in the radial (a) and tangential (b) directions converted from convective mass
transfer coefficient (hp) determined with measured moisture fluxes and water vapor pressures in air adjacent to surface of
wood and surface emission coefficients in the transverse direction (c) converted from convective mass transfer coefficients
(hH2O,air) calculated by boundary layer theory at various surface moisture contents.
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terestingly, there was no particular difference
between the coefficients in radial and tangential
directions. These results prove surface emission
coefficients to be strongly dependent on the
SMC and air temperature, and not moisture
movement direction.

Also illustrated in Fig 5 is that the surface emis-
sion coefficients converted from convective
mass transfer coefficient (hp) determined with
measured moisture flux and water vapor pres-
sure in air adjacent to the surface of wood were
close to the values converted from convective
mass transfer coefficients (hH2O,air) calculated
by boundary layer theory. This proves that the
surface emission coefficients converted from
convective mass transfer coefficients calculated
by boundary layer theory can be used to approxi-
mate the unsteady-state external and surface
moisture movement in wood at any dynamic
temperature and RH environmental situation.

CONCLUSIONS

Internal moisture transport and surface emission
coefficients in both radial and tangential direc-
tions for eastern white pine were determined and
evaluated during unsteady-state drying condi-
tions. The internal moisture transport coeffi-
cients were found to be dependent on the tem-
perature and average moisture content in wood.
The transverse internal moisture transport coef-
ficients presented by Siau (1995) were quite
comparable to the internal moisture transport co-
efficients determined in the unsteady-state dry-
ing conditions of this study, substantiating that
Siau’s diffusion coefficients can be used to ap-
proximate the unsteady-state internal moisture
movement in wood.

The surface emission coefficients were depen-
dent on the water vapor pressure in air adjacent
to the wood surface. The surface emission coef-

ficients converted from convective mass transfer
coefficients, determined with measured moisture
flux and water vapor pressure in air adjacent to
the surface of wood, were close to the values
converted from convective mass transfer coeffi-
cients theoretically calculated by boundary layer
theory. This proves that the surface emission co-
efficients converted from convective mass trans-
fer coefficients calculated by boundary layer
theory can be used to approximate the unsteady-
state external and surface moisture movement at
any dynamic environmental situation. It is antic-
ipated that through use of both internal moisture
transport and surface emission coefficient val-
ues, actual MC profiles in white pine timbers
could be predicted at any drying condition and
time.
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