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ABSTRACT 

It is known that moisture content changes in wood strongly affect the mechano-sorptive effects, 
which in turn contribute significantly to the deformation and strength under long duration loads. 
Earlier studies have shown that the moisture changes due to the daily and annual variation in the 
surrounding air tend to be confined to the edges of practical size members. Therefore, prediction of 
the moisture content near the boundaries of a timber section becomes an important issue. This paper 
studies the mathematical solutions of the diffusion equation for the finite thickness element considering 
the effect of surface resistance. By introducing a surface attenuation factor, a simple approximate 
solution may be obtained. Procedures for evaluating the coefficients K and D are also discussed, 
together with some data on these values for radiata pine (Pinus radiata). The surface emission coefficient 
K is a function of air velocity V. A procedure for assessing this effect of the air velocity is also given. 

A numerical example shows that the proposed approximate solution accurately predicts the cyclic 
range of moisture content for an ambient cyclic boundary condition. The procedures described herein 
can be easily extended to include the analysis of two-dimensional and three-dimensional elements. 

Keywords: Moisture diffusion, cyclic humidity, surface attenuation. 

INTRODUCTION 

The moisture content changes in wood are 
known to have a strong effect on its mechano- 
sorptive behavior, which in turn contributes 
significantly to the deformation and strength 
under long duration loads. Earlier studies 
(Leicester and Lu 1992,1994; Lu and Leicester 
1993, 1994) have shown that for practical size 
members the moisture changes due to the daily 
and annual variations in the surrounding air 
tend to be confined to the edges. Therefore, it 
is important to know how the moisture content 
variation in timber in normal environmental 
conditions can be predicted and how the in- 
fluence of air velocity affects the moisture dif- 
fusion, particularly the moisture content near 
the boundaries of a timber section. Although 
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the diffusion coefficient D increases with in- 
creasing moisture content (Bramhall 1979i1, b; 
Kouali and Vergnaud 199 1 ; Toratti 1992) for 
normal climatic conditions, the range of mois- 
ture change is small, and for practical purlos- 
es, all parameters may be considered to be 
constant. 

The commonly used diffusion equation:; are 
based on the assumption that the surfacc: in- 
stantly comes to equilibrium with the air, i.e., 
they are based on neglecting the effect of sur- 
face resistance (Choong and Skaar 1969). 
However, Hart (1977) has stated that when 
wood is exposed to a change in ambienl hu- 
midity, the effective wood surface relativc: hu- 
midity (RH) does not immediately chan:e to 
the new ambient level; in fact, it does not I each 
this level until sorption ceases. 
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Regarding cyclic moisture changes in wood, 
Chomcharn and Skaar (1 983) studied dynamic 
sorption and hygroexpansion of wood wafers 
exposed to sinusoidally varying humidity and 
investigated the interrelationships between 
moisture sorption, dimensional changes, time, 
and relative humidity. It was found that the 
moisture and dimensional changes were gen- 
erally sinusoidal but lagged behind the im- 
posed humidity and the computed curves as- 
suming a constant diffusion coefficient, and 
sinusoidally varying boundary moisture con- 
ditions were qualitatively similar to those ob- 
tained experimentally. 

This paper presents the mathematical so- 
lutions of the diffusion equation (Fick's Law) 
for cases of both zero and finite surface resis- 
tance. It should be noted that the mathemat- 
ical solutions presented here are steady-state 
solutions applicable only to wood under cyclic 
ambient conditions after a long period of time 
when the initial transient moisture changes 
have become negligible. By introducing a sur- 
face attenuation factor, an approximate solu- 
tion for the case of an ambient cyclic boundary 
condition is proposed. Some numerical ex- 
ample!~ are also presented. The effect of surface 
resistance is covered by introduction of a sur- 
face attenuation factor. 

BASIC EQUATIONS AND 
BOUNDARY CONDITIONS 

Fick's laws (Crank 1956) will be applied to 
estimate moisture concentration in the timber. 
For a one-dimensional problem, these are 

where F is the rate of moisture transfer per 
unit area of section, m the concentration of 
moisture, x the space coordinate measured 
normal to the section (see Fig. I), and D is the 
diffusion constant. 

If the surface resistance is neglected, then 

FIG. 1. Definition of coordinates x and x l  and notation 
for coordinates used in Eqs. (I), (16) and (BI). 

the boundary condition at the air-wood inter- 
face is stated as follows: 

If the surface resistance is taken into ac- 
count, then the boundary condition for the 
wood is 

where rn,,,, is the moisture concentration on 
"ion co- the wood surface, K the surface emis.,' 

efficient, m,, the equilibrium moisture con- 
centration for the temperature and relative hu- 
midity conditions of air around the timber (see 
Appendix A). 

In the following analysis, we will t onsider 
the cyclic ambient conditions of the air sur- 
rounding the wood specimen to be gilren by: 

m,, = ma, + m,sin pt ( 5 )  

where ma,, a constant, denotes the ml:an, m, 
is the cycle amplitude, and p is the cyclic fre- 
quency of the effective equilibrium moisture 
content of the ambient air surrouncling the 
wood. 
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In the following, we will be concerned with 
the one-dimensional solution of an element 
with the finite thickness. 

MATHEMATICAL SOLUTIONS FOR 

DIFFUSION IN A WOOD OF 

FINITE THICKNESS 

Solution neglecting suvface resistance 

From Crank (1956), the solution to Eqs. (2), 
(3), and (5) is given by 

where 

and 

Solution including the surjace resistance 

From Carslaw and Jaeger (1959), the solu- 
tion to Eqs. (2), (4), and (5) is given by 

where 

P(x 1) = (WD)(Mo/M,) ( 1  0) 

sinh(bx,)sin(bx,) 
yo = arc tan 

cosh(bx ,)cos(bx,) 

with 

y, = arc tan [[b sinh(bL)cos(bI,) -f 

t COS y, (14) 

where L is the half-thickness of the wood. 
A surface attenuation factor of the cyclic 

component of the moisture content is defined 
as: 

The surface attenuation factor a is tabulaled 
in Table 1 for several values of KL/D and IIL. 
a for other values of KL/D and bL can be 
determined by linear interpolation. As may be 
expected, a 4 1.0 as either K - m, D + 0, 
p - 0  or L-0. 

APPROXIMATE SOLUTIONS 

It is seen that Eq. (9) is too complex to be 
applied in practice. For simplicity, by intro- 
ducing the surface attenuation factor a in Eq. 
(9), an approximate solution (Eq. (16)) is 3b- 
tained (Lu and Leicester 1994). This solution 
can be used to estimate the moisture content, 
considering the effect of surface resistance for 
the case of an ambient cyclic boundary con- 
dition. For a wood of finite thickness 

m = ma, + ~urn,[e-~"~sin(pt - bx,) + 
+ e-bx~sin(pt - bx,) - 
- e-bx~-bx~sin(pt - bx,). 
.sin(pt - bx,)] 1,16) 

where xA and x, are defmed as shown in Fig. 1. 
Equation (16) can be extended quite siniply 

to two-dimensional and three-dimensional 
forms if required. For example, the twcl-di- 
mensional solution is given in Appendix B. 

EVALUATION OF DRYING 

PARAMETERS K AND D 

The surface emission coefficient K is a f unc- 
tion of air velocity V. For a given air velocity 
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TABLE 1. Surface attenuation factor a. 

KLID 0.1 0.5 I 2 4 10 100 m 

-.L 

- - 

L is the half thickness of wood, D is the diffusion constant, K is the surface emission coefficient. 

V, the effective values of surface emission co- 
efficient K and the diffusion coefficient D can 
be found experimentally by the technique for 
separating the internal and external resistance 
to moisture removal in wood drying (Choong 
and Skaar 1969; Liu 1989; Siau and Avramidis 
1996) from experimentally measured drying 
curves. In this paper, Choong and Skaar's tech- 
nique was adopted to determine D and K. The 
details of the technique and the coefficients D 
and K evaluated from the experimental results 
are given in Appendix C. 

Some typical values obtained for radiata pine 
of D and K (average) are: DR = DT = 0.71 
mm2/h, DL = 5.3 mm2/h, and K = 1.127 mm/ 
h and K = 0.63 mm/h for air velocities of 2.6 
m/sec and 0.3 m/sec, respectively (L = lon- 
gitudinal, T = tangential, R = radial move- 
ment). These coefficients are of the same order 

measured data for 
Radlata pipe I 

of magnitude at the values shown in the lit- 
erature (Choong and Fogg 1968; Choong and 
Skaar 1 969; Toratti 1 992; Siau and Avramidis 
1996). 

In addition, the effects of air velocity on K 
were investigated by modifying Bramhall's 
model (1979a, b). To do this, it will be as- 
sumed that for the practical range of' air ve- 
locity the wood surface heat transfer coefficient 
Uh is related to air velocity V by (private com- 
munication with Dr John Sutherland, CSIRO 
Division of Forest Products, Clayton, Victoria 
3168, Australia, 1992): 

where U, is the boundary layer heat transfer 
coefficient (caVcm2 h "C) and V is the air speed 
(m/sec). 

A comparison of experimental nieasure- 
ments and theoretical prediction for one par- 
ticular case is shown in Fig. 2. It can be seen 
that the simulated curves closely fo!low the 
experimental results; this implies the accuracy 
and feasibility of the modified model. It there- 
fore gives us sufficient confidence to apply the 
model to obtain drying curves for other values 
of air velocity. 

The modified Bramhall's equations were 
used to compute drying curves for various 
thicknesses and air velocities, and then the 
method of Choong and Skaar was arplied to 

Time (hours) these curves to obtain the effective values of 

FIG. 2. Comparison of the experimental drying curves K. These values are plotted against the air ve- 
with those from computer simulation for air velocity of locities in Fig. 3. For comparison, the test data 
2.6 m/sec. obtained for radiata pine are also included in 
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from the modified 
Brarnhall's model 

A test data 

19.5 -- 

'. 
15.5 

15 
0 0.5 I 1.5 2.5 

nme (hours) 

FIG. 4. Comparison of mathematical solutions with/ 
without the effect of surface resistance and approximilte 
solutions (thickness 2.87 mm). 

0 2 4 6 8 lo the approximate equation gives very close s3- 
Air velocity V (mls) lutions to those calculated from the exact Eq. 

FIG. 3. Relationship between surface emission coeffi- (9). 
cient K and air velocity V. 

CONCLUSIONS 

this figure. 
NUMERICAL EXAMPLES 

The following numerical example is given 
to illustrate the effects of surface resistance and 
to compare the mathematical and approxi- 
mate solutions. 

The parameters assumed for the example are 
as follows; L = 1.43 5 mm, K = 1.127 mm/h, 
D = 0.71 mm2/h, p = 27~/T, T = 2 h, ma, = 

17.6%, m, = 3.1%. The parameters chosen 
were intended to match some of the available 
experimental data. These data lead to KL/D 
= 2.31, V'-)].L = 2.15 and the surface 
attenuation factor a being about 0.46. 

Figure 4 shows the results calculated from 
both mathematical solutions and approximate 
solutions for cyclic moisture conditions con- 
sidering the effect of surface resistance. For 
comparison purposes, the results without con- 
sidering the effect of surface resistance are also 
included. Fifty terms were used in evaluating 
Eq. (6). It is seen that, for this example, the 
effect of surface resistance should not be ne- 
glected. The good agreement between the two 
curves computed from Eqs. (9) and (16) sug- 
gests that the proposed approximate solutions 
(Eq. (1 6)) can predict the cycle range of mois- 
ture content with sufficient accuracy. If a time 
phase factor y, (Eq. (1 3)) is added in Eq. (1 6), 

By studying the mathematical solutions of 
the diffusion equation for the finite thickntss 
element considering the effect of surface resis- 
tance for different boundary conditions, it is 
found that for the parameters used herein, the 
effect of surface resistance on moisture contcnt 
predictions should not be neglected for thin 
specimens or high speed cycling. For ease in 
application, particularly for two- and thr:e- 
dimensional problems, a simple approximate 
solution is proposed. The numerical examples 
show that the proposed approximate solut .on 
can accurately predict the cycle range of mois- 
ture content for an ambient cyclic boundary 
condition. 

Practical procedures for evaluating the co- 
efficients K and D, including the effects of llm- 
bient air velocity, are also discussed, togel her 
with some data on these values for radiata pine. 

REFERENCES 

BRAMIULL, G. 1979a. Mathematical model for lunber 
drying. I. Principles involved. Wood Science 12(1): 15- 
21. 

-. 1979b. Mathematical model for lumber dl ying. 
11. The model. Wood Science 12(1):22-3 1 .  

CARSLAW, H. S., AND J. C. JAEGER. 1959. Conduction of 
heat in solids. The Clarendon Press, Oxford, UK. 

CHOMCHARN, A., AND C. SKAAR. 1983. Dynamic sorp- 
tion and hygroexpansion of wood wafers expos:d to 



Lu and Leicester-EFFECT OF CYCLIC HUMIDITY ON MOISTURE DIFFUSION 7 3 

sinusoidally varying humidity. Wood Sci. Technol. 17: 
259-277. 

CHOONG, E. T., AND P. J. FOGG. 1968. Moisture move- 
ment in six wood species. Forest Prod. J. 18(5):66-70. 

, AND C. SKAAR. 1969. Separating internal and 
external resistance to moisture removal in wood drying. 
Wood Science 1(4):200-202. 

CRANK, J. 1956. The mathematics of diffusion. The Clar- 
endon Press, Oxford, UK. 

HART, C. A. 1977. Effective surface moisture content of 
wood during sorption. Wood Science 19(4): 194-20 1. 

KOUALI, M., AND J. M. VERGNAUD. 199 1. Modelling the 
process of absorption and desorption of water above 
and below the fibre saturation point. Wood Sci. Technol. 
25~327-339. 

LEICESTER, R. H., AND J. P. Lu. 1992. Effects of shape 
and size on the mechano-sorptive deformations of beams. 
Proc. IUFRO S.502 Timber Engineering Meeting, 17- 
2 1 August, Bordeaux, France. 

. 1994. Studies of mechano-sorptive effects. Part 
1. Mechano-sorptive effects on strength and stiffness. 
Proc. CIB-W18B Workshop, July, Sydney, Australia. 

LIU, J. Y. 1989. A new method for separating diffision 
coefficient and surface emission coefficient. Wood Fiber 
Sci. 21(2):133-141. 

Lu, J. P., AND R. H. LEICESTER. 1993. Effects of envi- 
ronmental conditions on timber creep. Pages 555-562 
in Proc. 13th ACMSM, July, University of Wollongong, 
NSW. 

-. 1994. Deformation and strength loss due to 
mechano-sorptive effects. Proc. Pacific Timber Engi- 
neering Conference, July, Gold Coast, Australia. 

NEWMAN, A. B. 193 1. The drying or porous solids: Dif- 
fusion calculations. Trans. Am. Inst. Chem. Eng. 27: 
310-333. 

SIAU, J. F., AND S. AVRAMIDIS. 1996. The surface emis- 
sion coefficient of wood. Wood Fiber Sci. 28(2):178- 
185. 

SIMPSON, W. T. 1973. Predicting equilibrium moisture 
content of wood by mathematical models. Wood Fiber 
5(1):4 1-49. 

TORATTI, T. 1992. Creep of timber beans in a variable 
environment. Doctoral dissertation, Helsinki Univer- 
sity of Technology, Finland. 

APPENDIX A 

Formula for equilibrium moisture concentration 
An approximate formula (Simpson 1973) for the equi- 

librium moisture concentration, denoted by 'm,,', within 
a piece of wood is given by 

ma,, = ln{[ln(rh/100) - K,]/K2}/(ln K,) (Al) 

where 

K, = 1.0327 - 0.000674 Te 

where rh denotes the relative humidity of the a r and Te 
denotes the air temperature in OK. 

APPENDIX B 

Approximate solution for two-dimensional problems 
m = m,, + am,(m, + my - mxmy) (Bl) 

where 
m, = e-b""* + e-h"n - e- b.~"~-b."" 032) 
m = e-b~A + e-b~B - e-byAe-b~" (B3) 

where the notation b, = m, by = m- I and the 
distances x,, x,, y,, y, are defined as shown in Fig. 1. 

APPENDIX C 

D and K evaluation 
Approach.-The technique for separating thc internal 

and external resistance to moisture removal in wood dry- 
ing was first described by Choong and Skaar I 1969) to 
evaluate the diffusion coefficient D and the surface emis- 
sion coefficient K from two drying curves. More recently, 
Liu (1989) developed an analytical procedure tc separate 
the diffusion and surface emission coefficients fr'lm a sin- 
gle drying curve. Choong and Skaar's technique is based 
on Newman's graphical solution (I93 1) to obtair both the 
internal and external resistance to drying if the half-drying 

TABLE C 1. Coefiients calculated from test dat~z (radiata 
pine). 

Air 
Direction of D K speed 
movement Specimens (mm2/h) (mnvh) (m/s) 

Side grain A1 and B1 
A2 and B2 

Average 
A3 and B3 
A4 and B4 

Average 
Radial C1 and D l  

C2 and D2 
Average 

C3 and D3 
C4 and D4 
C5 and D5 

Average 
Tangential C8 and D8 

C9 and D9 
Average 

Longitudinal ClO and D 10 
C11 andD11 

Average 
C12 and D l 2  
C13 and D l 3  

Average 
Dimensions for A1 to A4: 5 cm x 5 cm x 0.3 cm; 

Bl to B4; 5 cm x 5 cm x 3 cm; 
CltoC13:3cm x 3cm x 0.3cm; 
D l t o D 1 3 : 3 c m x  3 c m x  3cm. 
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times are known for two samples of different thickness 
dried under identical conditions. Assume that two differ- 
ent one-dimensional drying experiments are camed out 
on matched material of two different thicknesses, 2al and 
2a2, whose half-drying times are respectively, t l  and t2. 
The diffusion coefficient D and the surface emission co- 
efficient K can be determined according to the following 
formulae: 

0.2(a2 - a,) 
D =  (c1) 

t, tl - - - 
a, a, 

where 

Procedure. -Radiata pine (Pinus radiata) samples, are 
shaped like parallelepiped of two different nominal thic1:- 
ness, 0.3 cm and 3 cm, and other dimensions 5 cm x 5 
cm for group I and 3 cm x 3 cm for group 11. 

The samples are cut out so that the transverse diffusicn 
is conducted through their thickness by protecting the 0th- 
er four faces from the moisture with an imvermeable fo 1. 
The samples were equilibrated to a uniform equilibriu n 
moisture content of about 20%. Half of the samples we -e 
placed in an experimental drying chamber where the e:i- 
vironment was controlled at 25OC and 75% humidity (the 
equilibrium moisture content at this environment is 14.599, 
with a low air velocity less than 0.3 m/sec. Another h;df 
of the samples were placed in a duct in a high airflow with 
an air velocity of 2.6 m/sec. The weight of each samy le 
was measured at periodic time intervals during dry i~g  
until equilibrium was attained. 

Results. -Substitution of the half-drying times and half- 
thicknesses from the experimental drying curves into Eqs. 
(Cl) to (C4) results in the diffusion coefficients D and 
surface emission coefficients K, which are given in Table 
C1. 

Substitution of the half-drying times and half-thick- 
nesses from the simulated curves into Eqs. (Cl) to (C 3), 
the diffusion coefficients D and surface emission coe fi- 
cients K for any desired air velocity can be determined. 




