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ABSTRACT 

The effect of drying temperature on unsteady-state moisture diffusion was studied by drying small, 
nearly green, 25-mm-thick specimens of yellow-poplar (Liriodendron tulipgem L.) and red oak (Quer- 
cus sp.) at four temperatures (32.2.43.3.54.4. and 65.6-C) and at two successive equilibrium moisture 
contents (10 and 5 6  EMC). That the moisture diffusion through wood is an activated process was 
indicated by the fact that the plots of the logarithm of diffusion coefficient versus the reciprocal of 
absolute temperature were largely linear. However, the calculated activation energies (4195 callmol 
for yellow-poplar, 6166 callmol for red oak when dried to 10% EMC) differed greatly, were of low 
magnitude, and were possibly related to the specific gravity of the wood. 

K y o r d s :  Wood drying, drying temperature, moisture diffusion, activation energy, simulation 

INTRODUCTION 

Fick's laws of diffusion (Crank 1975) have 
been used to describe the movement of mois- 
ture through wood in the hygroscopic range. 
The relationship between diffusion coefficient 
and temperature can be expressed by the Ar- 
rhenius equation (Barrer 1941; Stamm 1964; 
Choong 1965; Skaar and Babiak 1982): 

D = D,exp(-E,/(RT)) 

or 

E, = (A - In D)RT (1) 

where: 

D = diffusion coefficient (cm2/sec) 

R = gas constant (1.9872 cam< mol) 

Wnnd und R h r r  Pirnrr .  29(4l. 1997. pp. 325.332 
0 l B 7  by the Society of Wood Scisnce and Technology 

T = absolute temperature (K) 

Do and A = constants (A = In Do) 

E, = activation energy for moisture 

diffusion (callmol) 

Some researchers have reported the relation- 
ship between moisture diffusion and tempera- 
ture (Skaar 1958; Stamm 1959; Stamm and 
Nelson 1961; Choong 1965). The results have 
been variable, possibly due to differences in 
specimens' size, degree of control in drying 
conditions, and whether the moisture move- 
ment was in steady or unsteady state. 

Most of the studies on the relationship be- 
tween moisture diffusion and temperature 
were conducted before 1970. These results 
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have been widely used in the study of mois- 
ture diffusion in wood (Siau et al. 1986; Nel- 
son 1991; Simpson 1993). 

Rramhall (1979), in his sorption model, 
considered the activation energy for bound 
water diffusion to equal the sum of the heat 
of condensation and the differential heat of 
sorption. With his nonequlihrium thermody- 
namic model, Nelson (1991) reported that the 
heat of transfer for adsorbed water exceeds the 
activation energy for bound water diffusion. 
Hunter (1992) developed a model for the ac- 
tivation energy of diffusion, expressed in 
terms of enthalpy and entropy of sorption. 

Yao (1966) surveyed free vapor, bound wa- 
ter, and their combined diffusion coefficients 
at five temperature levels for several soft- 
woods from the studies of other researchers, 
and calculated their individual activation en- 
ergies with Eq. (I). Comparing these values, 
he concluded that the activation energies for 
the combined diffusion are much closer to the 
values for the bound water diffusion (8200 caV 
mol) than to the value for the free vapor dif- 
fusion (1 1440 cal/mol). He also indicated that 
it was unreasonable that the activation ener- 
gies for the combined diffusion were lower 
than hoth those for the hound water diffusion 
and those for free vapor diffusion, and attrib- 
uted this to the fact that the diffusion coeffi- 
cient data had been collected from different 
species. 

The activation energies for the combined 
diffusion should be between those for the 
bound water diffusion and those for the free 
vapor diffusion. It is possibly wrong that the 
activation energy for the free vapor diffusion 
is 11440 cal/mol. According to the kinetic the- 
ory of gases, the diffusion coefficient of a gas 
is positively proportional to the 1.5 power of 
temperature (refer to pp. 869-884 in Atkins 
1982), which supports the concept that free 
vapor diffusion is not an activated process. 
Tarkow and Stamm (1960) measured the gas 
diffusion coefficient of carbon dioxide with ra- 
dially sliced Sitka spruce heartwood veneers 
and concluded that the gas diffusion is not an 
activated one because the temperature coeffi- 

cient is very small. Thus it is possibly con- 
cluded that the activation energies for the 
combined diffusion are proportional to the ra- 
tios of the bound and vapor diffusion, which 
relate to wood density. 

Two solutions of Fick's unsteady-state dif- 
fusion equation are used herein to compute the 
diffusion coefficients: the infinite slab equa- 
tion (Prager and Long 195 l ; Crank 1975) and 
a form of the interval diffusion equation em- 
ployed by McNamara and Hart (1971). Due to 
their solution assumptions, the former and lat- 
ter equations are valid respectively for the first 
half (hereafter period I) and the second half 
(hereafter period 11) of desorption. Diffusion 
coefficients in hoth equations are assumed to 
be independent of moisture content. These 
equations are, respectively: 

where: 

D = diffusion coefficient (cm2/sec) 

a = half-thickness of board (cm) 

t = time (seconds) 

E = fractional change in average 

moisture content at time t 

= (Mi - Mx)/(ML - Mc) 

Mi = uniform initial moisture 

content (%) 

M, = average moisture content (%) 

at time t 

Me = equilibrium moisture content (%) 

To calculate the diffusion coefficients for 
periods I and 11, we used drying data obtained 
when E50.5 and E>0.5, respectively. From 
Eq. (2). it may be seen that a plot of E2 versus 
t is linear with a slope of 4 D/(IT a2) so D may 
be calculated from the slope of a linear re- 
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gression fitted to the experimental data. Equa- 
tion (3) is simply the first term of an infinite 
series, but for period 11, the error from using 
only one term is negligible. 

It has been previously found that a lag of 
diffusion rates may occur at the start and at 
the end of drying (Comstock 1963; Bigger- 
staff 1965; McNamara and Hart 1971). To 
eliminate the effect of this lag upon the cal- 
culated diffusion coefficient for period 11, Hart 
(1988) suggests that the slope of a regression 
for only the linear portion of the plot be sub- 
stituted for the Fickian slope in Eq. (3). This 
substitution results in Eq. (4), which was used 
to calculate diffusion coefficients for period I1 
in this study. 

where: 

b = slope of drying rate versus average mois- 
ture content 

The objective of this paper was to determine 
temperature effect on moisture diffusion in 
drying wood using the Arrhenius equation. Of 
particular interest was to compare the activa- 
tion energies obtained from the species of dif- 
ferent densities. 

EXPERIMENTAL PROCEDURE 

This research was conducted with 25-mm- 
thick specimens by drying them in an envi- 
ronmental chamber with controlled tempera- 
ture, humidity, and air velocity. The diffusion 
coefficients were calculated from the drying 
rate data using Eqs. (2) and (4), while the ac- 
tivation energy calculations were based upon 
Eq. (1). 

The two hardwood species selected for this 
study were sapwood of yellow-poplar (Lirio- 
dendron tulipifera L.) and heartwood of red 
oak (Quercus sp.). The drying rate data were 
collected primarily at four temperatures (32.2, 
43.3, 54.4, and 65.6"C) and two successive 
equilibrium moisture content levels (10 and 
5%). The air velocity was about 2 m/s. Tem- 
perature settings were based upon the tables 

of Rasmussen (1961). Two deviations were 
necessary in the final study plan. The original 
lower EMC was to be 3% rather than S%, but 
after drying the two yellow-poplar runs at 3% 
at 65.6"C and at 54.4"C. it was found that the 
conditioning chamber could not maintain this 
low value at 43.3"C and 32.2"C. Thus an EMC 
of 5% was adopted for all subsequent runs. 
The second deviation occurred with red oak at 
5% EMC which was run at 37.8"C instead of 
32.2"C because of a cooling equipment failure. 

There was a total of sixteen drying runs, 
consisting of four temperatures times two 
EMC levels times two species. Each drying 
run consisted of 12 specimens end-matched to 
those in other runs of the same species. All 
specimens were flatsawn and planed and sawn 
to nominal dimensions of 140 X 100 X 25 mm 
in length, width, and thickness. Three coats of 
neoprene were applied to all ends and edges 
of the specimens. 

The yellow-poplar specimens were obtained 
from partially air-dried boards with moisture 
contents ranging from 31 to 40%. except that 
one set of four matching specimens was at 
61%. They were kept in sealed polyvinyl bags 
at room temperature for more than 20 days to 
reduce moisture gradients in the specimens, 
but less than a month to limit the fungal 
growths that can occur in wood containing 
free water. 

The red oak specimens were made from 
green boards with initial moisture contents ex- 
ceeding 60%. To avoid drying defects that 
may occur early when drying a refractory spe- 
cies of high moisture content, the specimens 
were predried in the mild condition of 267°C 
dry bulb and 80% relative humidity until the 
average moisture content of the specimens ap- 
proached about 40%. In a preliminary exper- 
iment, such predried specimens did not show 
surface checks or honeycomb at the severest 
drying condition employed in this experiment. 
Until used in the drying runs, these predried 
specimens were kept in polyvinyl bags at 4°C. 
This cold storage was intended to preserve the 
moisture gradients and thus prevent checking 
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in the subsequent drying by keeping the sur- 
faces relatively dry. 

Although the above techniques were em- 
ployed so as to obtain specimens that would 
have initial moisture contents in the vicinity 
of fiber saturation, and thus be amenable to 
drying at elevated temperature without de- 
grade, it was recognized that the initial mois- 
ture contents would not be uniform. Thus Eq. 
(2) may not be strictly applicable in the drying 
run to 10% EMC since its derivation assumes 
a uniform initial moisture content. However, 
analysis with a drying simulation showed that 
the error from this source was only about a 
two percent reduction for the period I diffu- 
sion coefficients, while the period I1 values 
were unaffected. 

The specimens were preheated in plastic 
bags hefore the start of drying. For weighing, 
each specimen was withdrawn from the drying 
chamber through an access port and was pre- 
vented from cooling by keeping it in a poly- 
styrene insulating box having 25-mm-thick 
sides. It was weighed within a minute to an 
accuracy of one hundredth of a gram. After 
drying at 10% EMC, the specimens were 
stored at temperature in polyvinyl bags for 
more than a month and then dried in the 5% 
EMC conditionq. 

RBSlJllEi AND DlSClISSION 

Difuffusion coefficients 

Table 1 shows the diffusion coefficient av- 
erages and standard deviations for each set of 
12 specimens employed in this study. The co- 
efficients were calculated for both periods I 
and 11 from the respective slopes of the linear 
regressions fitted to the data. Des~ite the fact - 
that the initial moisture contents may not have 
been uniform and reached levels indicating the 
presence of some lumen watek the compari- 
sons between periods 1 and I1 for both species 
are about the same in drying to the 10% EMC 
as in drying from 10% to the 5% EMC. Since 
the lower EMC step does not involve the pres- 
ence of lumen water and nonuniform initial 
moisture gradients, the presence of these fac- 

TABLE 1. lnifiul muisrure conrenfs, rliflusion coef/icirnf 
a~nmpes (AV) (euclr f i r  I 2  oh.serwrions), und st<~ndurd 
d~viorions (SD)fi>r hoflt perio<l,s I ond I1 in all I6 dyhzg 
runs. 

P~ti"d I Period I1  
l"iti"1 Rlli0 

RUN MC AV SD AV SD l l i l  

tors in the high EMC run did not appear to 
seriously affect the results. 

Activation energy 

Equation (1) was used to calculate activa- 
tion energies for the diffusion coefticients 
from both period I and 11 for each matched set 
of four specimens. The results are listed in Ta- 
ble 2. For the yellow-poplar in the second dry- 
ing step, the fact that the EMC was 3% for 
the two higher temperatures but 5% for the 
two lower ones was disregarded. The Fig. 1 
Arrhenius plot for the period 11 data from Ta- 
ble 2 does give a slight indication of less lin- 
earity in the YP315 data than in the other plots. 
Also shown in Table 2 are the average specific 
gravities (oven-dry weighdgreen volume ba- 
sis). 

The Arrhenius plots of the same species in 
Fig. 1 do not seem to converge as temperature 
increases infinitely, which is against Eq. ( I ) .  
This discrepancy may be attributed to the dif- 
ferences of initial moisture contents between 
two steps since the activation energy required 
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TARI.E 2. Avrrnjip of M,r/vr rrcfibs,~lion pnrrpirs (Eh)  (roNmol), rhr srundard dn,iorion, rrnd rlrr <n,rrrrpr c,wrrlorion 
co~ff icin~r (R2), olonji wirh rhc sprrific jirnai* (SG) (OD wr./prren eol~imejfor rrrch run of 48 ,s/>orimm.s. 

for water molecules to diffuse varies with 
moisture content. However the variation of Do 
in Eq. ( I )  does not influence the linearity be- 
tween the logarithm of diffusion coefficient 
and the reciprocal of absolute temperature for 
all species. 

Since each activation energy in Table 2 is 
the average of 12 values, the standard error 
for each average is the listed standard devia- 
tion divided by the square root of 12. It is 
worth noting that whether the comparison is 
made in period I or 11, the activation energy 
for the high EMC run is considerably less than 
that for the low EMC run, for both yellow- 
poplar and red oak. And for comparisons with- 
in any given classification (high or low EMC, 
period I or 11). the yellow-poplar is consis- 

I .  I The degree of linearity is shown by these plots 
of the natural logarithm of the diffusion coefficient (LN 
D) versus 1000lahsnlute temperature (1000Tr3 for the pe- 
riod 11 average values in Tahle I .  

Pcnod I1  

R? Eh SD R2 

tently lower in activation energy than the red 
oak. 

Since a higher activation energy indicates 
a greater effect of increasing temperature in 
increasing the diffusion rates, and since the 
yellow-poplar is lower in both specific grav- 
ity and activation energy than the red oak, 
then it may be proposed that increasing tem- 
perature increases diffusion coefficient rates 
more in high density wood than in low den- 
sity wood. 

Tahle 3 presents previously collected hut 
unpublished data for several runs of yellow- 
poplar. These data were collected with the 
same equipment and in the same manner as 
described herein, except that the specimens 
were freshly cut green at the start of drying. 
Thus only the period I1 calculations were 
made. These Table 3 data, along with the pe- 
riod I1 activation energies for the 10%) EMC 
runs from Table 2, are plotted individually 
against their respective specific gravities in 
Fig. 2. Also shown are the 95% confidence 
intervals both for the individual averages and 
for a regression fitted to all of the data. 

Although variable, these collective data in 
Fig. 2 do indicate the possibility that activa- 
tion energy increases with increasing specific 
gravity. However, the specimens are of two 
species and varied in grain as well as in spe- 
cific gravity. The data also indicate that the 
different populations of yellow-poplar may 
give quite different activation energies. With- 
out these older data, it would be easy to un- 
derestimate the high degree of variability that 
exists. 

One of the assumptions in the models of 
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T A B I . ~  3. Dora ,from four pre~ioux drying srudies of yrllow-poplar using freshly cut green specimens, md-matched 
hv pairs within each nm, at two temperatures using the same drying procedures as the' current sludv. 

KllN A 81 82. C 0 

Thickness (inchcs) 1 .50 1.14 1.14 1.13 1.13 
SG 0.536 0.449 0.437 0.45 0.51 1 
Grain Bast Flat Flat Qtr Qtr 
SapIHean Both Sap sap HR Sap 
No. of pairs 7 3 2 4 4 

Dry hulh ("C) 37.8 26.7 26.7 26.7 26.7 
Nominal EMC 11.8 12.3 12.3 10.9 10.9 
Diff. Coeff ( X  InS) 

(crn2/scc) 0.302 0.397 0.441 0.250 0.175 
Std. Dev. (X lo5) 0.017 0.033 0.006 0.01 1 0.020 
Std. Em. (xlOS) 0.007 0.019 0.004 0.005 0.01 

Dry bulb ("C) 0 . 0  48.9 48.9 48.9 48.9 
Nominal EMC 11.9 11.5 11.5 12.1 12.1 
Diff. Cocff ( X  10') 

(cm2/sec) 0.599 0.535 0.625 0.472 0.355 
Std. Dev. (XIOS) 0.048 0.029 0.019 0.054 0.022 
Std. Em (X 1O5) 0.018 0.017 0.013 0.027 0.01 1 

Act. Eng. (cal/mol) 6.3 18 2,578 3,003 5,515 6,168 
Std. Dev. 685 1.183 378 992 764 - ~ ~ 

Std. Err. 259 683 267 496 382 
I ' , K ~  r.lnlp~c in H2 h;d it .rnpcr;nurc pmhe hole which may hnvc affected d~ffusivicy and pssihly the activation mergy. 

Fickian diffusion used herein is that surface 
moisture content is at equilibrium moisture 
content so surface transfer is not a factor. But 
in actual drying, surface transfer is always a 
factor to some extent (Chen et al. 1993, and 
more so with faster drying species and with 
higher temperatures. To examine this effect, 
very wet yellow-poplar specimens were dried 
in the apparatus used in this study, and surface 
transfer rates for the constant drying rate pe- 
riods were obtained. An average transfer co- 
efficient, herein termed QRATE, of 0.003305 
glcm2 hr "C with a standard deviation of only 
0.0001 19, was obtained from eleven different 

- 1 specimens. 
This average QRATE, which is applicable 

1000 to any specimen regardless of species, was 
0.4  0.5 0.8 then used in drying simulations for yellow- 

SPECIFIC GRAVITY 
poplar and red oak with runs at 32.2'C and 

FIG. 2. Activation energy versus specific gravity for at 6 5 . 6 0 ~  and with transfer coefficients 
the period IT YPIO (P) and KO10 (0) averages fromTable either QRATE or The resulting 
2 plus the data from Table 3 luns A, B, C, and D, with 
95% confidence intervals on all values and on the regres- moisture content versus data were an- 
sion fitted to all of the data. alyzed for diffusion coefficient in the same 
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manner as the experimental data, and the re- 
sults were compared to the input coefficient. 
The only appreciable effect was with the yel- 
low-poplar, which exhibited a nearly 10% 
reduction in diffusion coefficient for period 
I and 7% for period I1 for the 65.6"C run. 
But the reduction at 32.2"C was nearly as 
great, so the activation energy was reduced 
by only 2.6% when compared to the 
IOXQRATE value. Thus surface transfer 
limitations did not appreciably affect the ac- 
tivation energies. 

itations imposed by the surface transfer rate 
reduced the estimate of the activation en- 
ergy based upon Fickian diffusion only by 
about 2.6% for the yellow-poplar and 1.1% 
for the red oak. 
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