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ABSTRACT 

Edge and end-coated sweetgum (Liquidambar styraciflua L.) and redwood (Sequoia 
sen~peruirens ( D .  Don.) Endl.) 6 x 10 cm samples, of thicknesses ranging from 0.5 to 
3.0 cm in either the longitudinal or tangential directions, were dried, from either the 
water-soakcd condition or from slightly below fiber saturation, to equilibrium in circulatcd 
air (300 ft/min) at 100 F ancl 75% relative humidity. 

A constant-rate drying perio1.l was observed during the early stages of drying for the 
initially water-soaked samples but not for those initially below fiber saturation. The 
apparent diffusion coefficient D', calculated for the samples initially below fiber saturation 
on the assumption that surface resistance to drying was negligible, that is D' - 0.2 a2/to 6 

(where a is the half-thickness ;md t0.5 is the half-drying time), increased with increasing 
wood thickness. The true diffiusion coefficient D and the surface emission coefficient S 
(which is inversely proportional to the surface resistants to drying) were calculated from 
the linear relationships obserr,ed between ta .n /a2  (or  0.2/D') and l/a, or between 
to.5/a (or 0.2alD') and a, using Newman's solution to the diffusion equation. 

The diffusion coefficient D was higher for longitudinal than for tangential drying for 
both woods, and higher for sapwood than for healtwood of redwood. The surface 
emission coefficient S for redwood was found to be 60% greater than for sweetbwnl, 
p resu~nabl~  because retlwood i.i less hygroscopic and also less dense than sweetgum. 

In a previous paper (Choong and Skaar thickness a of a drying sample in the 
1969), a method was described for sep- direction of movement, and the coefficient 
arating the internal and external resistanccs H defined as the ratio of S/D.  The approx- 
to moisture removal in wood diying. The imation equation is 
method was based on ~ e w m a i 2 s  ( 1931) to ( D / i 2 )  = 0.2 + ( 0 . 7 , ~ ~ ) .  
solution to the diffusion equa t io~~  with con- 

( 1 )  
The relationship given by eq. 1 is not 

stant diffusion coefficient D, in which the exact, as is clear froln Table in which the 
surface resistance to evaporation is con- values of to .r , (D/a2)  obtained by eq. 1 
sidered in terms of a surface emission coef- are cornpared with those calculatecl from 
ficient S. This coefficient is proportional Newman's exact equation, for several values 
to the rate at which moisture evaporates of l/IZa. However, the error is 2% or less 
from a surface when the surface over the of l / H a  covered in the 
moisture content is higher than the equilib- table and is generally less than other errors 
rium moisture content of the drying air involved in practical drying measurc,ments. 
(eq. 8) .  The nlethod described in the In the previous paper, eq. 1 was used 
previous paper is based on all empirical to calculate D and S (or H )  by measuring 
approximation equation to Newlnan's exact the half-drying times to.o for unidirectional 
equation that relates the half-drying time drying of two matched wood samples of 
tl, 5 ,  thc diffusion coefficirnt D ,  the half- different thicknesses 2a. In the present 
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TABLE 1. Comparison of to.&(D/a2) obtained from 
Newman's Exact Equation and the l'\pproximate 

Equation (Eq. 1)  for various values of 1/Ha 

1/Ha Exact equation Approxlnnate equation 

paper, eq. 1 is used in a morc geiieral form 
to enable D and S to be calculnted from 
simultalleous drying experiments on sam- 
ples of several different thicknesses. Equa- 
tion l can be rearranged into either of 
two forms, as follows: 

Equation 2 predicts a linear rcdationship 
between to.5/a%nd l/a, the intercept and 
slope of which are equal to 0.2/D and 0.7/S. 
Equation 3 predicts a linear rc%lationship 
betwccn to.5/a and a, the intercept and 
slope of which are equal to 0.7/S and 0.2/D. 

In the classical solutions of the. diffusion 
equation that have been applied to wood 
drying, the surface resistance to drying is 
generally taken to be negligible compared 
with the internal resistance. In this case, 
the measured coefficient may be called the 
apparent or superficial diffusion coefficient, 
designated here as Dr. It is equal to the 
value of D obtained for the case where the 
surface emission coefficient S is taken to be 
infinite. Equations 2 and 3 then reduce to 

to,5/~" 00.2/Dr (4 )  
to ;/a = 0.2a/Dr (5 )  

Combining eq. 2 and 4, and eq. 3 and 
5, gives 

l/Dr = 1/D + 3.5/Sa (6)  
a/Dr = a/D + 3.5/S (7)  

FIG. 1. Plot o f  a /D ,  vs. a from Ogura's data. 

or 5 or from any solution of the diffusion 
equation in which surface resistance is ne- 
glected, should increase with increasing sam- 
ple thickness 2a. This appears to be true 
from a curve of D' against sample thickness 
given by Ogura (1950) for samples of 
Fagus sieboldies dried at 45 C from the 
green condition of 70 to 80% to a moisture 
content of 9% for sample thicknesses 2a 
ranging from 0.2 to 1.2 cm. For example, 
from his curve the values of D' are 2.2, 
3.8, 5.0, 6.1, 6.8 and 7.5 x cm2,'hr for 
2a = 0.2, 0.4, 0.6, 0.8, 1.0, and 1.2 cm, 
respectively. Figure 1 shows a plot of a/Dr 
against half-thickness a. The relationship 
appears to be linear as anticipated, with a 
slope of 1/D of 60.6 hr/cm2, and an inter- 
cept 3.5/S of 41.0 hr/cm. Thus, th(: true 
diffusion coefficient D is 0.0165 cm2/hr 
(or 4.61 x 10-Qm2/sec), and the surface 
emission coefficient S is 0.0854 cm/hr (or 
23.7 x 10-6cm/sec), and H = 23.7/4.61 = 
5.15 cm-l. 

PROCEDURE 

Two species were selected for this study, 
namely sweetgum ( Liquidambar styraciflua 
L. ) and redwood ( Sequoia semperuirens 
(D. Don) Endl.). One sweetgum sapwood 
board, and two redwood boards, one sap- 
wood and one heartwood, were obtained in 
the green condition.1 From each board, 

F~~~ eq. 6 and 7, one would that ' T h e  sweetgum board was obtained from a local 
sawmill. The  redwood boards were sent b y  William 

the apparent Or diffusion coef- Pratt, Arcata Redwood Co,, Arcata, Calif., in the 
ficient D', calculated by means of eq. 4 green condition. 



82 E1.VIN T. CHOONC AND CHRISTEN SKAAR 

TlME (MIN.) 

FIG. 2. Relationship of E with d r y i ~ ~ g  time for 
sap\vood samples of sweetgurn approxi~nately 1.0 
CIII thick. 

lo~igitudinal and tangential flow samples, 
~neasurirlg approximately 4.0 cm x 6.0 cm 
in cross section and with nomilla1 thick- 
ne\\es of 0.5, 0.75, 1.0, 1.75, and 3.0 cm 
were prc~parcd. Those sarnples that were 
to be dried from the ileasly water-soaked 
corlditioil were first in~pregnated \vith water 
using the Lowry process (50 psig for 2 hr ) ;  
then they were subsequently sul~jected to 
pc,riodic alternate vacuum and at   no spheric 
pressure for several months. l'hose that 

a loll were to be dricd from near fibcr satur t ' 
point wcrc first partially dricd in a con- 
ditionitig chamber at  high hum~dity, then 
stored in desiccators over calcil~m sulfate 
(nominal 95% RII at room te~~lperaturc) 
for at least six months. 

A few weeks before the drylng experi- 
ii~rnt,  tlic four edges of each sarl~ple werc 
coated with three coats of Dow'.; Saran 
F-120 and two coats of Fisher's Sealit in 
ordcr to provide a unidirectional rnovcment 
of moisture either longitudinally or tan- 
gcntially. An experimental dryin? chamber, 
as described by Choong and Fo<g ( 1968), 
was used. Thc cilvironment of t l ~ e  chamber 
was controlled at 100 t 0.2 F and 75% 
RI-I, wit11 an air speed of about 300 ft/min. 
Thc weight of cach sample wa\ measured 
at periodic intervals during drying until 
ccyuili\)riurn way attained. 
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FIG. 3. Relationship of E with drying time for 
heartwood samples of redwood approximatrly 3.0 
c111 thick. 

RESULTS 

Thc difference in the drying behabior of 
the water-soaked (above fiber saturation 
point) samples compared with thoscl con- 
ditioned to a uniform initial moisture content 
M, slightly below fiber saturation i\ clear 
from Fig. 2 for sweetgum and Fig. 3 for red- 
wood, where the dimensionless variable E is 
plotted against time on a linear scal(b. The 
term E ,  designated as the fraction of cvapo- 
rable water remaining in the wood, is de- 
fined as ( M  - M,)/(M, - M,), whew M, is 
the equilibrium moisture content of the 
wood in the drying air, and M is thc mean 
wood moisture content at any drying time t. 

The initially water-soaked sample i \  char- 
acterized by a constant drying rate ( a  
linear relationship between E and time) 
during the initial stages of drying. As pos- 
tulated by Sherwood ( 1929), this constant 
rate period occurs as long as the surface 
moisture content is above fiber saturation 
sirice the vapor pressure of wood at  constant 
temperature rcmains essentially constant 
during this period. There is no coilstant 
drying rate period for thc samples dried 
entirely in the hygroscopic range since the 
surface vapor pressure decreases contiuually 
with time as the surface moisture content 
decreases. Therefore the solutions to the 
diffusion equations given by Newman, and 
approximated by Eq. 1 to 3, apply only to 
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Fic. 4. Relationship of E with sqnxe root of 
time for sapwood samples of redwood, showing 
family of curves for samples of different thicknesses 
dried in the tangential direction from above and 
I)elo\i, the fiber saturation point. 

the samples dried in tlic hygroscopic range, 
lmder the assumptions of mlifol.ni initial 
moisturc content Mi and constant coef- 
ficicnts D and S over the range of drying. 

Figure 4 shows the drying curves for 
redwood samples of varying tliicknesses 
dried in the hygroscopic range, showing E 
as a function of the square root of time. 
Thcse curves should be linear during the 
cwly stages of drying (Stamm 1964), as 
they appear to be. Also shown in Fig. 4 
is the drying curve for a water-soaked red- 
wood sample, which is clearly nonlinear 
during thc early stages of drying. 

Figure 5 shows the same drying data 
plotted as log B against t /a2 for sample 
thickness of 1.0 cm and 3.0 cm, respectively. 
Theoretically, these curves should be linear 
during the latter part of the drying cycle 
for all values of thc surfacc emission coef- 
ficient S or of thc dinlensionless parameter 
Ha, according to thc Newlllail sc ~lution of 
the diffusion equation shown ill Fig. 6 
(taken from Skaar 1954). Also, jince the 
diffusion coefficient D is presunlcd to be 
cunstant, the thicker samples havinq a larger 
flu should have steepcr slopcs than the 
thinner samples, as shown in the figurc. 

FIG. 5. Plot of Log E vs. t/a2 showing linearity 
of curves during the latter part of drying for sap- 
wood samples of redwood approximately 1.0 and 
3.0 cm thick dried in the longitudinal dircaction 
fro111 above and below the fiber saturation point. 

Using the half-drying times to ;, obtained 
from each sample dried entirely ill the 
hygroscopic range, where M ,  is definitely 
less than thc fiber saturation point Mf, 
curves of t,, r,/a%gainst l la were plotted 
as shown in Fig. 7, also for redwood. By 
use of eq. 2, the true diffusion coefticieilt 
D and thc surface emission coefficient S 
were calculated for longitudinal and tan- 
gential flow in sapwood and heartwood of 
redwood, and also for longitudillal and tan- 
gential flow in sapwood of sweetgum. The 
results are summarized in Table 2. Also 
shown in the table are thc superficial dif- 
fusion coefficients D' for each wood tldck- 
ness obtained by use of eq. 4. It  is clear 
that D' increases with increasing wood 
thickness toward th t  true value D, in agree- 
nient with thc rcsults reported by Ogura 
(1950). A recent sorption study by Mc- 
Namara and Hart (1971) on yellow poplar 
( Liriorlenclron tulipifera L. ) also confirmed 
that the diffusion coefficient is diic,ctly 
rclated to wood thickness. 

As anticipated, the diffusion corxfficicmt D 
is higher for longitudinal than for tangential 
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FIG. 8. Graphical representation of Newman's soliltion to the unsteady-state diffusion equation, 
showing E vs. tD/a2 for various valuer of Ha. 

TABLE 2. Calcrllated coefficients of dzjfusion (D) ant1 surface ernission (S) for sweetgum ant1 rr,tlwood 
ra~nples dried from near fiber satu~.ation to nominal 18% EMC 

-. . -- -- 

Diff~~sion coefficient ( D )  ( X 10" cmz/sec) 

Apparent 1. due at nominal thickness ( cm)  of Emission 
Flow direction "Trne" coefficient S I> mtio 
and \vood type % 1 1% - 3 vnloe ( S )  ( X 104 cm/sec) Il ( cm-' ) 

SWEETC:UJI 

Longit~~dir~al, sapwood - 7.8 9.4 14.9 16.2 23.5 1.2 5.1 
4.2 3.1 - 14.6 15.5 25.5 1.1 1.3 

Tangential, sapwood 2.3 4 .1  5.0 5.4 - 10.4 0.9 8.6 
2.4 1.0 5.2 6.1 - 9.9 0.9 9.1 

REDWOOD 

I,ongitudinal, aap\voocl 10.7 - 22.8 42.6 83.6 133.4 1 .6 1.2 
14.3 - 25.0 36.9 53.0 131.6 1.8 1.2 

Longitudinal, heartwood 15.4 - 16.6 23.6 34.7 78.9 1.3 1.6 
14.9 - 17.4 23.3 31.8 66.6 1.7 2.7 

'rangential, sapwood 5.5 - 13.6 20.2 27.5 47.0 1.5 3.2 
9.3 - 14.9 18.1 21.5 36.5 1.9 5.2 

Tangential, heartwood 1.9 - 1.7 1.9 2.3 2.6 1.8 69.0 
1.9 - 1.8 1.8 2.4 2.2 1.5 68.1 
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FIG. 7. Relationship of t /a3 with I/a for red- 
wood samples. ( t  in this case was . ~ t  E = 0.5 )  

drying in both redwood and swc etgum. I t  
is also highcr for sapwood than for heart- 
wood in redwood, but 110 data arc, available 
tor this difference in sweetgun). 

The mean value for the surface emission 
coefficient S was significantly higher for 
rcdwood, with a range from 1.3 to 1.9 and 
a mean of 1.64 x 10-"an/sec, compared 
with the sweetgum valurls, which ranged 
from 0.9 to 1.2, with a mean of 1.02 x lo-" 
C~I/SCC. The rate of surface eval~oration of 
moisture under given atmosphrric condi- 
tions, including a fixed air circulation rate, 
is proportional to the difference in vapor 
pressure between the wood surface and the 
drying air. The surface emission c.ocfficient, 
however, is defined in terms of the dif- 
ferences in moisture concentrations of the 
wood surface C,, and of thc wood in equi- 
librium with the drying air C,, 11s follows, 

where F is the moisture flux from the wood 
surface in gm/cm2-sec, and C, and C, are 
expressed in terms of grams of water per 
cc of wood, related to the per cent wood 
moisture content M as follows, 

where G ,  is the ratio of the oven-dry 
weight of wood to its volume at  moisture 
content M ,  numerically equal to specific 
gravity if cgs units are used. 

I t  can be shown that the surface emission 
coefficient should be inversely proportional 
to wood density or specific gravity G,, if 
it is assumed that the flux F of moisture at 
the surface is proportional to the vapor 
pressure difference p, - p,, where p, and p, 
are the vapor pressures corresponding to 
moisture concentrations C, and C,, re- 
spectively. Thus, eq. 8 can be written as, 

On the assumption that the variation of 
G,,, with M is negligible, this can bc com- 
bined with eq. 9 to give 

where A is :I constant of proportionality 
relating flux F and vapor pressure differ- 
ence pa - p,. 

The air-dry specific gravity is approx- 
imately 0.40 for redwood and 0.52 for swcet- 
gum; hence the surface emission coefficient 
S for redwood can be expected to bt. 0.52,' 
0.40 = 1.3 times the value for swec-tgum. 
The observed ratio is 1.64/1.02 -1 1.61, 
which compares favorably with theoretical 
considerations, assuming that the slope of 
the sorption isotherm d p / d M  is identical 
for the two species. However, redwood is 
generally less hygroscopic than sweetgum 
and therefore d p / d M  is also expected to 
be greater for redwood than for sweetgum, 
thus tending to increase the ratio of S 
for the two woods. For example, if sweet- 
gum is 1.25 times as hygroscopic as red- 
wood, the ratio of their surface e~nission 
coefficient should be ( 1.3) ( 1.25) = 1.62, 
compared with the observed ratio of 1.61. 
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