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Summary. Round wood wafers, 4 mm thick along the grain and 2 cm in cross-sectional 
diameter, of green basswood (Tilia americana L.), yellow birch (Betula alleghaniensis Britton), 
and black cherry (Prunus serotina Ehrh.), and initially dried to equilibrium in air of 77% 
relative humidity and 25 ~ were exposed to sinusoidally varying relative humidity between 
77 and 47% at 25 ~ for many cycles at each of four different cycling periods, 5.33, 10.67, 16.0 
and 25.33 hours. Moisture changes and radial and tangential dimensional changes in 
response to the imposed humidities, measured during initial drying and subsequent cycling, 
gave the following results: 

1. The moisture and dimensional changes were generally sinusoidal but lagged behind 
the imposed humidity. The phase lag decreased and the amplitude increased with increasing 
cycling period. Both responses and phase lags approached repetitive or "steady-state" values 
as cycling was prolonged. 

2. A numerical solution for moisture diffusion, assuming a constant diffusion coefficient 
and sinusoidally varying boundary moisture conditions, was used to simulate the average 
moisture content in the wafer at any time. The resulting curves were qualitatively similar to 
those obtained experimentally, the differences attributed primarily to the effects of hysteresis 
and stress relaxation. 

3. The mean moisture diffusion coefficients, calculated from steady-state phase lag data 
combined with an analytical solution of the diffusion equation, decreased with increasing 
cycling period. The values obtained increased with decreasing wood specific gravity as 
anticipated, but their magnitudes were somewhat lower than theoretical values. 

4. The dynamic moisture expansion coefficient was relatively constant during successive 
cycles, with no consistent effect of cycling period. The dynamic values were generally higher 
than the static values. 

5. The dynamic humidity expansion coefficient increased with increasing cycling period. It 
was only about half that obtained from static experiments, presumably because of hysteresis. 

6. The dynamic moisture sorption coefficient, which is the effective slope of the 
dynamic sorption isotherm, decreased with increasing number of cycles and decreasing 
cycling period. It was less than half the calculated static sorption isotherm in the same 
humidity range, presumably due to hysteresis. 

This paper is based on a PhD. dissertation of the senior author in the Wood Products 
Engineering Department of the SUNY College of Environmental Science and Forestry, 
Syracuse, NY 13210, USA. The authors are indebted to Dr. C. H. de Zeeuw for his 
contribution to the dissertation as co-advisor 
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Introduction 

Wood products in service are normally exposed to continuous cyclical changes of 
the environment. Daily and seasonal variations of temperature and humidity cause 
the moisture content of wood in service to change. This, in turn, results in 
dimensional changes whose magnitude depends on many factors, such as the 
inherent characteristics of species, history, dimensions, and duration of exposure, as 
well as on protective treatments applied to the products. 

Numerous studies on shrinking and swelling of wood have been conducted. 
Information obtained from those studies alone, however, is not sufficient to predict 
the dimensional stability of wood in service. For example, basswood, as pointed out 
by Panshin and de Zeeuw (1980), exhibits very high initial shrinkage from the 
green to ovendry conditions. Nevertheless, it undergoes relatively small changes in 
dimensions with moisture changes after its initial drying, and is quite suitable for 
general use. Sorption studies, which express the functional relationship between 
equilibrium moisture content and relative humidity, have emphasized theories, 
mechanisms, and controlling factors. 

The purpose of this study, therefore, is to investigate the interrelationships 
among moisture sorption, dimensional changes, time, and relative humidity. Since 
relative humidity is the single most important external factor governing the 
physical properties of wood, the emphasis was placed on measuring the moisture 
and dimensional responses of wood to cyclically varying relative humidity. 

Review of Literature 

A general review of moisture sorption and the accompanying dimensional changes 
has been given in the first paper in this series (Chomcharn et al. 1983). The present 
review will be confined to sorption and hygroexpansion under cyclic environmental 
conditions. 

The term "movement" has been applied to dimensional changes that take place 
when wood which has already been dried is subjected to changes in atmospheric 
humidity conditions (Handbook of Hardwoods 1956, 1972; Harris 1961; Stevens 
1963; Panshin, de Zeeuw 1980). The Handbook of Hardwoods (1956, 1972) suggests 
the following procedure for evaluating the comparative movement of different 
wood species which have already been kiln dried. They are successively conditioned 
in air at 90% RH and then at 60% RH, both at 77 ~ The EMC at these two RH 
conditions, together with the corresponding tangential and radial dimensional 
changes, are determined as percentages of the dimensions at 90% humidity. The 
sums of the radial and tangential movements thus calculated are used to classify 
each wood as having small (less than 3.0%), medium (3.0 to 4.5%), or large (greater 
than 4.5%) movements. 

Harris (1961) exposed New Zealand hardwoods and softwoods as well as some 
exotic softwoods to equilibrium with three consecutive humidity cycles between 
65% and 95% relative humidity, all at 26 ~ At the beginning and end of each 
24 hour cycle, moisture contents and tangential dimensions were determined. At 
the end Of the last cycle, total swelling was determined by soaking the samples in 
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water. Moisture content increases and tangential swellings after 24 hours at 95% 
RH were compared among species to indicate the short term relative dimensional 
stability. Total swelling and shrinkage intersection points, obtained from another 
set of samples were used as a basis for judging the long term dimensional stability 
of those species. He pointed out that the practical applications of results depend on 
the type of exposure to which timber was subjected. Where periodical wetting or 
prolonged exposure to alternatively high and low humidities is probable, standard 
shrinkage or swelling figures are applicable. For exposure to short term fluctuations 
in atmospheric humidity, the rate of movement is more important. 

Studies of the swelling and shrinkage of wood subjected to cyclic moisture 
changes under external mechanical restraint have received special attention in 
recent years in connection with the rheological behavior of wood, particularly 
creep. Although creep and deformation of wood under restraint are beyond the 
scope of this study, some of the methods used and results obtained from those 
studies carry implications for the present investigation and therefore will be 
mentioned briefly. 

Perkitny (1960) studied the deformation behavior of pine sapwood samples 
restrained by clamps and subjected to cyclic soaking and drying for 18 cycles. A 
similar study was conducted by Bolton et al. (1974) in which initially ovendry 
samples, clamped under radial restraint, were subjected to 10 cycles of water 
soaking and oven-drying. Armstrong and Kingston (1962) studied the effect of 
cyclic moisture content changes on creep in wood under bending, compressive, and 
tensile stresses. Bryan and Schniewind (1965) noted that the moduli of rupture and 
of elasticity of particleboard, cycled between 20% and 6% EMC for 7 days at each 
condition, decreased with increase in number of cycles, and creep progressively 
increased. Wilkinson (1966) observed that end-connected Douglas-fir beams de- 
formed one to 6.5 times more under load when subjected to three 14-day cycles 
between 95% RH (90 ~ and 45% RH (160 ~ than when maintained at 50% RH 
(74 ~ 

Schniewind (1967), and Schniewind and Lyon (1973) studied the creep-rupture 
life of Douglas-fir beams, as functions of varying environmental conditions. It was 
found that square wave humidity cycling had a more severe effect than sinusoidal 
cycling on the creep-rupture life of beams. Cycled beams failed at much shorter 
times than those maintained at uniform conditions. Temperature cycling was of 
only minor importance except for its indirect effect on moisture content changes. 
The integral moisture change appeared to be the most important factor in deter- 
mining creep-rupture life under cyclic conditions. This factor in turn depended on 
the size of beam and length of the cycling period. 

Narayanamurti and Verma (1972), Tokumoto (1973), and Takahashi and 
Schniewind (1974) have reported on studies of swelling and deformation of wood 
under conditions of mechanical restraint and cyclic moisture changes. 

Experimental Procedures 

The same chamber and measurement instruments used for the initial drying experi- 
ment described previously (Chomcharn et al. 1983) was employed in this part of 
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the study. The dewpoint temperature control used a thermistor as the sensing 
element in one active arm of a bridge (Fig. 1). The adjacent active arm consisted of 
a step-variable resistance such that the water temperature was programmed to vary 
in discrete steps according to a predetermined schedule. There were a total of 48 
discrete steps for each complete humidity cycle, each step corresponding to 360/48 
or 7.5 degrees. Thus, the relative humidity inside the test chamber varied sinusoi- 
dally with time between 47 and 77% (_+ 1.5%). The dry bulb temperature controller 
was replaced by a thermistor controller for convenience in regulation and was kept 
constant at 25 _+ 0.25 ~ The relative humidity was controlled between the limits of 
47 to 77+ 1.5%. Dimensional changes could be sensed to _+ 125 microinches 
(+_ 3 ~tm) and weight changes to _+ 0.5 mg. 

The same samples used for the initial drying were also used in this portion of 
the study. After each sample attained equilibrium at 25 ~ and 77% relative 
humidity, the cyclic tests began. This involved recording of the dimensional and 
moisture responses of the wood to sinusoidally varying relative humidity. Since 
cycling was started at the peak value, the relative humidity generated was in fact a 
cosine function. Four different cycling frequencies were arbitrarily chosen as 
dictated by the timing generator available. These gave cycling periods To of 5.33, 
10.67, 16.00, and 26.67 hours, corresponding to the time ratios 1 : 2 : 3 : 5, respectively. 
Each set of test samples within a species was exposed to only one cycling period. 
Basswood samples were subjected only to the longest and shortest cycling periods. 
The same parameters recorded during the initial drying (sample weight, radial and 
tangential dimensions, dry bulb temperature, wet-bulb depression and water bath 
or dewpoint temperature) were also recorded during the cycling experiments. 

Repeated cycling of relative humidity was carried out until the response 
amplitudes of the dimensional and weight changes became stable, as indicated by 
peak values of successive cycles attaining constant values (Fig. 2). Cycling was 
always stopped at the lowest humidity (47%), and samples were allowed to 
equilibrate at this condition for approximately 12 hours before the experiment was 
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Fig. 1. Schematic diagram of circuit used to program and control the dewpoint water bath 
temperature 
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shrinkages against cycling time, in radians, for birch cycled at To of 26.67 hours 
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terminated. Samples were then weighed and dimensions measured, after which 
they were oven dried at 103 _+ 2 ~ for final determination of moisture content. 

The same procedures reported in the first part of this series (Chomcharn et al. 
1983) were used to reduce the data plotted on the multipoint recorder into digital 
form for computer analysis of the results, that is, each parameter was digitized at 
fifteen minute real time intervals. 

Diffusion Equations Used 

The process involved in unsteady state moisture diffusion in wood is usually 
described in terms of Fick's second law which relates the change in concentration 
C (g/cm 3) at any location (cm) in a sample per unit of time t (seconds) to the 
diffusion coefficient D (cm2/s). It can be written in approximate form in terms of 
moisture content M, for the case of  a constant coefficient D, and for one- 
dimensional movement, as 

0M/~t = D (02 M/~x2). (1) 

For the present case, the solution of Eq. (1) for a sinusoidally varying boundary 
condition is desired. 
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Equation (1) can be written in terms of dimensionless variables E, T and X in 
place of the variables M, t and x, giving (Crank 1956), 

OE/3 f = 02 E/3X 2 . (2) 

Here E = [M-  1Vfe]/[(Me)max- IVle] , (Me)max being the equilibrium moisture content of 
the cycling air corresponding to the highest humidity Hmax used in the cycle (77% 
in this case), 1VI e the mean of (Me)ma x and (Me)mi n , the minimum value for Me of" the 
air (Hmin=47% in this case); T = t D / a  2 and X = x / a ,  the fractional distance from 
x = 0  at the center of the sample to x=_+a at the two surfaces, the total sample 
thickness being 2 a. The maximum and minimum possible values for E therefore 
are _+ 1. 

Two general methods for solving Eqs. (1) or (2) were used in this study. Both of 
these assume that D and a are constant, and neither account for factors such as 
moisture sorption hysteresis, stresses associated with moisture gradients, or time- 
dependent stress relaxation effects. 

The first solution discussed here is by a numerical method, the Schmidt method 
in particular. This is followed by consideration of two analytical solutions. 

Schmidt Numerical Solution 

The principle involved in the Schmidt numerical method is described by Crank 
(1956). A variation of it has been used by Simpson (1974) for analyzing the 
dependence of D for wood on its moisture content. In the present case, D is taken 
to be constant. 

In the numerical method used here, the sample of half-thickness a, drying from 
both surfaces (x =___ a) is divided into small finite increments, each of thickness fx, 
or of fractional thickness fX. Likewise, time t or T is divided into small finite 
increments f t  or dT. In the Schmidt method, the numerical form of Eqs. (1) or (2) 
are simplified by maintaining the relationship 

d~'= (1/2) (6X) 2 (3) 

which reduces Eq. (2) for example to 

E + = (1/2) (Era+ 1 + Em-1) (4) 

where the subscript m refers to the m th increment of fiX, and the superscript+ 
refers to an additional increment in fT. In other words, E m is the value of E at the 
location m f X  in the sample at time T, and E + is the value of Era at T +  fT. Similarly, 
the values Era+ 1 and Era_ 1 are the values of E at time T and locations (m+  1) fiX 
and (m-1 )  dX, respectively. Equation (4) states that E+m, that is E at location m f X  
and at time T+  fT  is equal to the mean value of E at locations on both sides of 
location m at time T. 

The results obtained by Eq. (4) approach those of Eq. (2) as fT  and fX become 
vanishingly small. In this study, fiX was taken as 0.1; and, therefore, fiT, by Eq. (3) 
was 0.005. For the present work, the mean value E of E m throughout the sample 
was desired. This was obtained by numerical integration using the trapezoidal rule 
for each increment, fX, for each value of T. 
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The variation of E with time depends on the initial conditions in the sample and 
also on how the surface conditions vary with time. To simulate the present experi- 
ments, the initial value of E in the sample is uniform and equal to + 1. The surface 
condition Es is assumed to vary with time t as a cosine function between + 1 and 
- 1. Thus, 

Es= cos (2er t/T0) = cos (2zg T/To) =cos (2~ N) (5) 

where To = ToD/a 2 and T/To = N the number of cycles. The variation of Es with T is 
in discrete steps when 7' is replaced by n67' and Eq. (5) becomes 

Es = cos (2 Jr n 67"/To) = cos (2 gn /n0)=  cos (2 Jr N) (6) 

where n is the number of increments of 6T and no (=  To~a7") is the number of in- 
crements in one Complete cycle. Thus n/n0 = 7"/7"0. The ratio 67"/To (or 6T/To) should 
be sufficiently small (less than 0.01) so that the cosine function is simulated within 
reasonable limits. One of the constraints in the Schmidt method is that 67'= 
(1/2) (6x) 2 (Eq. 3). 

Analytical Solutions 

The numerical solution of the diffusion equation is useful for predicting the general 
moisture response characteristics of wood samples subjected to sinusoidally varying 
humidity. However, analytical solutions are also available for the "steady-state" 
case that is when the response is repetitive in succeeding cycles. Two of these are 
discussed here. 

Carslaw and Jaeger (1959) give a solution for the diffusion of heat through a 
slab of thickness 2 a subjected to sinusoidally varying temperatures at both surfaces. 
In terms of moisture diffusion, their solution for the steady-state condition can be 
written 

E (X, T) = A  cos [(2 sr T/To) + q0] (7) 

where A and q~ are functions of X but independent of 7'. The functions A and cp 
given by Carslaw and Jaeger can be written in the form, 

A = [(cos (2 KX) + cosh (2 KX))/(cos (2 K) + cosh (2 K))] 1/2 (8 a) 

c/)= arc tan [tan (KX)" tanh (KX)]-arc  tan [tan (K)" tanh (K)] (8 b) 

where K = (~/To) ~/2. 
In order to obtain the mean value E(T) in the sample at any time ]9, Eq. (7) 

must be integrated over the limits of  X = 0  to 1 ( o r -  1 to + 1). Such an analytical 
integration was not available for this function so it was integrated numerically 
using the trapezoidal rule, with 6X = 0.1. 

A second analytical solution arises from the solution to an important problem in 
heat diffusion. This is the equation which describes the variations in temperature at 
various depths in the earth when the surface is subjected to harinonically varying 
temperature such as the daily and annual variations in surface temperatures 
(Carslaw, Jaeger 1959). An anaIogous equation applies when a wood sample of 
very long length is subjected at one end surface to a sinusoidally varying humidity. 
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The solution to the one-dimensional  diffusion equation in this case can be written 

E (Z, T )=  exp ( - K Z )  [cos (2 s~ ~P/To)- KZ] (9) 

where Z is the distance from the surface. 
For the case of  a wood sample of  finite thickness 2 a with both surfaces exposed 

to cyclically varying moisture content, using the principle of  reflection and super- 
position, Eq. (9) can be modified to 

E(Z, 7')= ~ ( -  1)n �9 cos [(2sz T/To)-2n K - K Z ]  (10) 
n = 0  

+ ( -  1) n" exp [- (2 n + 2) K - KZ] .  cos [(2 Jr T/To) - (2 n + 2) K - KZ] 

where Z = 1 - X. 
Equation (10) can be integrated with respect to Z from Z =  1 to 0 (or for X = 0  

to 1) to yield E (T). Thus 

E(T) = ( l / K )  {1/2 [cos(2~ T/To)+sin(2~ T/To)] (11) 

+ ~ ( -  1) n [exp ( -  2 n K)] [cos ((2 ~ T/To) - 2 n K) + sin ((2 Jr T/To) - 2 n K)]} 
n = l  

Equation (11) is particularly useful for evaluating the theoretical response of  the 
mean  value E as a function of 7' for any given value of  K ( = x/To) 1/2 since it is not 
necessary to integrate numerically as is the case for Eq. (7). However, it is necessary 
to sum the various terms for successive values of  n, although the series converges 
rapidly, particularly for large values of  K. 

General Phenomenological Behavior 

The general responses of  all samples to sinusoidally varying humidity over several 
cycles were similar to those shown for yellow birch in Fig. 2. After a transient 
period of several cycles, the moisture and dimensional responses approach a 
steady-state or repetitive pattern. In order to analyze the responses of  the moisture 
and dimensional changes to the cyclic humidity changes, a curve-fitting procedure 
was used, as described below. 

Curve-fitting Procedure 

The curve-fitting procedure was designed to fit sinusoidal curves to the observed 
curves of  H, M, St and Sr for each set of  samples. The dimensional changes St and Sr 
were based on the green dimensions in each case. The parameters  of  the curves 
giving the best fit were then used to compare  the moisture and dimensional change 
responses of  each sample with the relative humidity variations. 

In order to compare  the sample responses to the applied humidity cycles, the 
following equation, based on Fourier analysis, was used for fitting all of  the ob- 
served curves, including the humidity curves. 

2 G = Gma x + Gmi n + [Gmax- Groin] [A0 sin cot + Bo cos co t] (12) 
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Fig. 3. Plots of tangential shrinkage (St) and of (St)max and (St)min against cycling time, in 
radians, for birch cycled at To of 26.67 hours 

where G is the observed value of the function (H, M, St or St). The terms G m a  x and 
G m i  n a r e  the peak values of G, obtained by fitting a polynomial to the observed 
maximum and minimum peaks. The terms Ao and Bo are the Fourier coefficients 
for the fundamental angular frequency co (=  2 z/T0, where To is the period). 

Figure 3 shows the calculated curves for the maximum and minimum tangential 
s h r i n k a g e s  ( S t ) m s  x and (S t )mi  n for birch cycled at To =26.67 hours. These form an 
envelope for the observed cyclic tangential shrinkage curve also shown. 

Equation (12) can be rearranged into the following form. 

2 O - Gmax - Groin 
Ao sin co t+Bo cos co t=  Q (13) 

amax - Gmin 

where Q is used to represent the complex expression involving the G terms. By 
Fourier analysis, the terms A0 and B0 were evaluated by the use of the 
approximation equations, 

J 
A0~(1 / j )  ~'~ (Qi sin (2 zc T/To)" 6T) (14) 

i=l 

i 
B0 ~ ( 1 / j ) ~  (Qi cos(2 7r T/To) 0~) (15) 

i=l 

thus reducing the digitized data to obtain the constant A0 and Bo in each case. The 
term j corresponds to the number of discrete equally spaced time steps at which 
readings of the observed values of G were digitized for each complete cycle. 

The phase angle ~ (radians) was calculated for H, M, St and Sr for each cycle by 
use of the equation, 

y= arc tan (Ao/Bo). (16) 
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Ideally, the phase angle Y for the humidity H should have been zero in each case. 
However, this was not realized because of various uncontrollable experimental 
factors, particularly the thermal lag involved in heating or cooling the water bath 
for dewpoint control. The average calculated humidity phase angle for each run 
ranged from 0.0035 to 0.038 radian (0.2 to 2.2 degrees). Those for the response 
curves of M, St and Sr were much larger, ranging from 0.26 to 0.94 radian (15 to 54 
degrees). 

The phase lag eF of each response curve (M, S t and Sr) was calculated by sub- 
tracting the phase angle y of each response cycle from that of the corresponding 
humidity cycle. The results of these calculations are discussed later. 

Having calculated values of A0 and Bo for a given test, and the empirical 
polynomials for Gma x and Gmin, it was possible to compute and plot curves of G, 
obtained by use of Eq. (12), and compare these with the observed curves of G. 
Excluding the first cycle, the agreement was quite good in most cases with a 
maximum residual difference of less than one percent. The relatively large 
deviation (ca. 5%) in the first cycle is probably due to the difficulty in fitting 
equations for Gmax and Groin. to adequately describe the first cycle. 

Observed Phase Lag Response 

In all cases, there was a phase lag eF in the response of the wood samples to the 
sinusoidally varying humidity. The phase lag decreased with increasing number of 
cycles, approaching constant values as the number of cycles increased. 

The moisture phase lag eFm for a given cycle was generally greater than those 
for the dimensional changes eFr and eFt. This may be related to the fact that stresses 
associated with moisture gradients generally have a greater effect on dimensional 
than on moisture changes. There were also differences in the tangential eFt and 
radial eft phase lags. 

Figure 4 shows a plot of the average phase lag g# (mean of cr m, eFt and eft ) 
against number of cycles n for each of the four cycling periods for birch. It is clear 
that as the cycling period To increases, the phase lag decreases. This is as 
anticipated because with longer cycling periods the sample response more nearly 
follows the humidity changes. For very long cycling periods, the internal moisture 
contents of the sample should be essentially uniform, and equal to the equilibrium 
conditions at the surface. 

Omitting the first cycle, the data for phase lag against cycle number N for each 
test was fitted to an empirical equation of the form 

~=  1/(A+ BC N) (17) 

where A, B and C are empirical constants. From the fitted curves such as those 
shown in Fig. 4, as well as from Eq. (17), it is clear that ~ decreases as N increases. 
becoming asymptotic to the value 1/A, since C is less than unity in all cases. 

Observed Amplitude Response 

Figure 5 shows how the moisture contents of birch samples responded to the cyclic 
humidity changes of two different periods, one (curve B) five times the other 
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(curve A). These curves were plotted in terms of f~, the normalized mean sample 
moisture content as defined in Eq. (2). 

It is apparent that the amplitude decreases rapidly to a steady-state condition 
where the response is repetitive in subsequent cycles. The number of cycles 
required to attain the steady-state response is greater for the sample subjected to 
the shorter cycle (curve A) although the total time required is about the same in 
both cases. Furthermore, the response amplitude is less for the sample subjected to 
the shorter cycle. 

It should be noted that the surface moisture content Ms fluctuations and the 
corresponding value of E s were not strictly sinusoidal even though the humidity 
variation was sinusoidal. This is because of both hysteresis and the non-linearity of 
the sorption isotherm. 

Comparison of Observed and Theoretical Responses 

Figure 6 shows the Schmidt numerical solution given by Eq. (4) for the expected 
variation of E with time, of a sample subject to sinusoidally varying surface 
moisture content as given by Eq. (6). Two curves are shown, one of which (curve B) 
is the simulated solution for a cyclic period To, five times that of the other 
(curve A). 

Comparing Fig. 6 with the experimental curves shown in Fig. 5, it is apparent 
that the same general behavior was observed as was predicted by the Schmidt 
solution to the diffusion equation. The response amplitude is lower in each case for 
the sample (curve A) subjected to the shorter period of surface humidity oscillation. 
Furthermore, the approach to the steady-state condition is similar in both cases. 
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It has already been indicated (Fig. 4) that the phase lag ~p of the samples as 
determined experimentally increased with decrease in the length of the period To of 
the humidity cycle. This is also true for the theoretical steady-state response as is 
shown in Figs. 7 and 8. These also show that response amplitude decreases with 
increasing K (ka) or decreasing period To. 
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The curve shown in Fig. 8, which gives the theoretical relationship between the 
phase lag response ~ and the coefficient K was fitted to an empirical equation to 
give 

K =  0.2762 + 1.4015 cp - 0.1173 ~o 2 - 0.00369 go s (18) 

over the range for K of  0.5 to 1.0, well within the range of  experimental data. The 
value of  K for a given sample was calculated from Eq. (18) using the mean phase 
lag ~ observed during the steady-state response portion of  each experiment. The 
phase lag cp was equivalent in each case to I / A  obtained by fitting Eq. (17) to the 
experimental data (Fig. 4). 

Knowing K for a given sample, the apparent diffusion coefficient D was 
calculated by use of  the relationship K =  (3:~To) 1/2 defined in equations (8) and (9), 
and To =To D /a  2. Thus 

D = x  a2/(To K 2) (19) 

where a is the sample half-thickness and To is the cycling period. Table 1 shows the 
values of  l /A,  a, To, K 2 and D (cm2/s) obtained for a number  of  samples of  birch, 
basswood and cherry. 

The values for D shown in Table 1 are lower than those predicted by Siau 
(1971) for softwoods of  the same densities based on a theoretical model for 
longitudinal flow. His model predicts a value for D near 15 to 20x  10-26 cm2/s at 
25 ~ and 12 percent moisture content for wood of  0.6 specific gravity. The means 
for the three woods studied here (Table 1) were about 1/3 to 1/2 of  these values, 
ranging fi'om 5 to 10• 10 -6 cm2/s, increasing with decreasing specific gravity as 
anticipated. 

Table 1 shows that, for a given species, the calculated diffusion coefficient D in- 
creases as To decreases. This may be related to the phenomenon of  stress-relaxation 
(Christensen, Kelsey 1959) which limits the rate of  moisture change in samples 
subjected to slowly changing humidities. Under  these conditions, the rate of  
moisture change in wood may be governed more by stress-relaxation processes 
than by the classical diffusion processes. This would tend to be the case when To is 

Table 1. Mean moisture diffusion coefficients and associated parameters calculated from 
steady-state phase lag data 

Species To 2a ~b= 1/A K=ka  D x  106 Specific* 
gravity 
(M= 12%) 

h cm rad. cm/cm cm2/s g/cm 3 

Yellow birch 26.67 0.400 0.327 0.722 2.525 0.61 
Yellow birch 16.00 0.403 0.387 0.789 3.659 0.61 
Yellow birch 10.67 0.400 0.390 0.805 5.199 0.61 
Yellow birch 5.33 0.404 0.484 0.748 8.183 0.61 
Black cherry 16.00 0.409 0.347 0.748 4.132 0.50 
Black cherry 10.67 0.411 0.314 0.705 6.987 0.50 
Basswood 5.33 0.407 0.417 0.840 9.963 0.39 

* Based on even-dry mass, and volume at M= 12% 
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Table 2. Summary of basic data on each wood, including regression equations of shrinkage 
against wood moisture content 

Parameter Yellow birch Basswood Black cherry 

Specific gravity, * 0.562_+_ 0.005 0.357 _+ 0.002 0.463 _+ 0.006 
green volume, g/cm 3 
Specific gravity, 0.664_+ 0.005 0.423 _+ 0.003 0.544_+ 0.005 
o.-d. volume, g/cm 3 
Before cycling, H % 77.8 _+ 1.2 77.8 _+ 1.2 77.8 _+ 1.2 
Before cycling, Me % 18.63 -+0.53 15.71 • 1.38 19.05 _+ 1.10 
Before cycling, Sts % 4.31 _+0.41 5.30 _+0.16 7.24 _+0.25 
Before cycling, Srs% 2.43 _+0.19 3.35 _+0.09 2.42 _+0.24 
After cycling, H % 47.7 _+ 0.7 47.7 _+ 0.7 47.7 _+ 0.7 
After cycling, Me % 8.31 _+0.51 6.75 _+0.41 9.09 _+0.30 
After cycling, Sts% 6.92 _+0.22 7.50 _+0.13 8.79 _+0.38 
After cycling, Srs% 4.88 _+0.21 5.42 _+0.18 3.51 _+0.17 
Oven-dry, Sts% 9.10 _+0.20 9.26 _+0.13 11.20 _+0.42 
Oven-dry, Srs% 6.91 _+0.16 6.94 __0.14 4.66 _+0.24 
Tangent. regression, Sts % 9.02 - 0.253M 9.16 - 0.246M 10.20 - 0.156M 
Tangent. SIM % 35.7 37.2 65.4 
Radial regression, Srs % 6.85 - 0.237M 6.98 - 0.231M 4.50 _+ 0.109M 
Radial SIM % 28.9 30.2 41.3 

* Based on even-dry mass, and volume green 

large, yielding lower apparent diffusion coefficients than for short cycling periods, 
as was found here. It also would account for lower overall values for D found here 
compared with anticipated values. 

Transverse Hygroexpansion 

Transverse hygroexpansion is discussed in terms of  shrinkage S, based on green 
dimensions, in relation to moisture content M and relative humidity H. Further- 
more, the hygroexpansion values obtained at various equilibrium moisture con- 
tents, designated here as static values, were different from the corresponding 
dynamic values obtained during sample exposures to cyclically varying humidities. 
The static shrinkage and hygroexpansion values are treated first in each case, 
followed by discussion of  the dynamic values and their relation to the static values. 

Table 2 lists the mean static shrinkage values Sts and Srs for each species at each 
of  two equilibrium moisture contents, prior to the start of  moisture cycling 
(Me ~ 18%), and after completion of  moisture cycling (Me ~ 8%). Also listed are the 
intercepts and slopes of  the linear regression equations relating Sts and Srs to Me, 
calculated from the two equilibrium points for each species. 

The intercepts o f  the regression equations are estimates of  total expected 
shrinkage from the green to oven-dry condition. The measured values obtained by 
oven-drying the samples are also shown in Table 2. Agreement between cor- 
responding pairs of  values are generally written _+ 0.1% except for tangential 
shrinkage of  cherry, for which the shrinkage obtained by oven-drying is 1.0% 
greater than is predicted by the regression equation. 
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Table 3. Calculated values of moisture (X) and humidity (Y) expansion coefficients, and the 
slope (Z) of the effective sorption isotherm, calculated as Y/X for each wood 

Yellow birch Basswood Black cherry 

Xts %/% 0.253 0.246 0.156 
Xrs %/% 0.237 0.231 0.109 
Xtd %/% 0.294 0.339 0.261 
Xrd %/% 0.244 0.182 0.195 
Yts %/% 0.0867 0.0731 0.0515 
Yrs % / % 0.0814 0.0688 0.0362 
Ytd %/% 0.0386 0.0346 0.0464 
Yrd %/% 0.0298 0.0255 0.0237 
Zs %/% 0.343 0.298 0.331 
Za%/% 0.127 0.121 0.150 
Zd/Zs (ratio) 0.37 0.41 0.45 

The slopes of the regression equations give estimates of Xts and Xrs, the static 
values of the tangential and radial moisture expansion coefficients, defined as 
dSts/dM and dSrs/dM, respectively. The magnitudes of Xts and Xrs are given in 
Table 3 for comparison with the corresponding dynamic values. 

The relationships between the dynamic shrinkages Std and Srd and M during the 
cyclic tests were essentially linear for each test run. The dynamic values Xtd and Xrd 
were calculated from the slopes of Std and Srd VS. M in each case. There were no 
consistent trends in Xtd or Xrd with cycling period To,, so only the mean values are 
cited in Table 3. 

The data in Table 3 indicate that the dynamic values Xtd and Xrd are generally 
larger than the static values, particularly in the case of cherry where the difference 
is more than 50 percent. No satisfactory explanation is given for this difference. 
Possibly it is related to the periodic development and relaxation of stresses during 
the cycling process and the associated moisture gradients. In the case of cherry, it 
may be related to the fact that the shrinkage intersection point, SIM, that is the 
extrapolated value of the moisture content below which shrinkage begins, is much 
higher for cherry than for the other two woods. These intersection points were 
calculated in each case by dividing the zero intercept value of Sts or Sr~ by Xt~ or 
Xrs, respectively, the absolute values of the slope for each regression equation. The 
values of SIM are included in Table 2. The reason for the extremely high SIM in the 
case of cherry is not known, although it may indicate development of some collapse 
during the initial drying. It is evident from Table 2 that the SIM is always several 
percent higher for tangential than for radial shrinkage in all cases. This agrees with 
the findings of Kelsey (1956) and others as reported in Skaar (1972). 

The static values Yts and Yrs of the humidity expansion coefficients were 
calculated in each case by dividing the differences in the respective shrinkages, Sts 
and Srs, before and after cycling (Table 2), by the difference in the mean 
equilibrium humidities, 77.8% and 47.7% (Table 2). The resulting values of Yts and 
Yrs are listed in Table 3. 

The dynamic values Ytd and Yrd were calculated from the slopes of dStd/dH 
and dSrd/dH obtained from the cyclic humidity experiments. These coefficients 
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Fig. 9. Plots of dynamic humidity expansion coefficients Ytd and Yrd against the ratio of 
T26/To for all three woods, including the regression curves in each case 

increased with increase in the cyclic period To, as is shown in Fig. 9 where Ytd and 
Yrd are plotted against the cycling period ratio T26/To for the three species. Table 3 
lists the zero intercepts in each case. These are estimates of Ytd and Yrd under long- 
term cycling conditions such as might occur during annual seasonal changes where 
an entire wood member cycles slowly but at nearly uniform moisture content 
throughout. 

Comparison of the static and dynamic values of Yt and Yr show that the latter 
are generally less than half those of the static values. It is believed that this results 
primarily from the strong sorption hysteresis effect which greatly reduces the 
effective slope dM/dH of the sorption isotherm during cyclic sorption. Figure I0, 
which shows a plot of M against H during cyclic sorption for basswood cycled at 
5.33 hours and also a portion of the static desorption and adsorption isotherms for 
basswood taken from Spalt (1957), illustrates this point. The slope of the long axis 
of the ellipse represents a mean value of dM/dH for the cyclic sorption. This is 
considerably lower than the slope of either the adsorption or desorption isotherms 
over the humidity range shown. It is recognized that this dynamic slope would be 
greater for a longer period To but is still considerably lower than that of the static 
equilibrium isotherm. 

The effective slope Z = dM/dH, of the sorption isotherm over a given humidity 
range, is equivalent to the ratio Y/X. The mean static value dM/dH, designated 
here as Zs, over the experimental humidity range covered in this study (H ~ 47.7 
to 77.8%), is given in Table 3 for each species. The same value is obtained for Z s 
using Yts/Xts or Yrs/Xrs for a given species, because the shrinkage terms S used in 
calculating the corresponding X and Y terms for tangential or radial shrinkages 
cancel out, leaving only the M and H terms which are identical for the tangential 
and radial orientations. 
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Fig. 10. Plot of moisture content (M) against relative humidity (H) for basswood cycled at 
5.33 hours, together with portions of the static adsorption and desorption isotherms of bass- 
wood as given by Spalt (1957) 

In contrast, the dynamic values of  dM/dH,  designated as Z d, are somewhat 
different for Ytd/Xtd and Yrd/Xrd because the individual terms were calculated 
from independent measurements. However, the values obtained, while not identical, 
were nearly the same for a given species and only the mean values are given in 
Table 3. 

The ratio Zd/Zs is also listed in Table 3 for each species. It is evident from these 
values that the effective slope of  the dynamic sorption isotherm is only about 0.4 as 
great as that o f  the static isotherm. As mentioned previously, this is probably 
related to the dominance of  sorption hysteresis as is indicated in the curves shown 
in Fig. 10. The significance of  this is that calculations of  moisture changes in wood 
due to cyclically varying humidities in service are considerably less than are 
predicted from the static sorption isotherms, particularly if hysteresis is neglected. 
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