
PREDICTING AVEKAGE MOISTURE CONTENT 
OF WOOD I N  A CHANGING ENVIRONMENT 

Eugene M. TVengertl 
Wood l'ccll~~ologist, Forest Products Lal~oratory,' Forest Scrvicc 

1J.S. I>epartti~mt of Agricr~l t~~rr ,  Madison, WI 5:3705 

ABSTRACT 

In tllc8 past, predicti~rg the l)c.lla\-ior of nrood exposed to a \arial)lc. ten~pc~lxtrrrc~ a11r1 
1l11111idit). cinvironnlcnt \\,as based on c.xperietlccs. FIo\vever, \\rith rccent ad\~a~lces in solving 
co~ill~licated heat and mass transfer prol~lrms with the digital colnp~~ter ,  prediction of t11c 
1)c~llavior of \\,ood exposed to :I \.arial)lc. tenlpc>ratl~re and h ~ ~ n ~ i d i t y  environment has l)econre 
possil)lr. 

This report exan~i~lc,s se\.c.ral of tlit~ factors that inflttence \vood's l~ehavior and gives 
s o ~ ~ r c  simplifications necessary to for~nr~late an adequate modc.1 of moistr~re movc,lncnt in 
\vood. A series of csl~erin~ents \\,as cond~~c ted  to meastue moisture content of wood in a 
cllanging tenlperatnre and huniidity e~lvironment. These meas~~retirents \ iwc  compared with 
tllcs 1.rs111ts predicted fro111 the model using a digital computer. The model was adecplate for 
predicting the i i loist~~re response of thc sa~~ ip le s  nsed ill these experinicnts. 

~itltlitiotrc~l !ie!/t~ortls: Piceu errgelnrarlrlii, Tstiga hc~te~ophylk~, Pol)r~ll~s graiidideiltutu, P. 
tlc~ltoitle.~, Prrrrlcls serotirrc~, Acer- rrrhrnitr, U1inrr.s ume~.icai~c~, (lrlercris ulha, (1. nrhru, 111oist11re 
gradients, diffr~sio~l cocifficients, ecluilil)l.i~~rn nloistnre contcXnt, relative vapor prvssure, vapor 
diff~~sion, \,apor press~~rc.. 

INTHOI)UCTIOS The specific objectives of this work have 

'rile eclrlilillriul~l moistllre contcllt ( ~ ~ 4 c )  been: ( a )  to clevelop a model for easily 

is  tile moisture colltent \"ill iitt2iill at predicting the lnoistrlre content and  noi is- 

c.cluilil,riul,, \Yhen to a given hu. ture gradients of wood in a dynamic en- 

I,,idity and temperature. ~h~~~ valur:s for vironnlent using us input certain wood prop- 

\,ariOus temperatures and humidities, first erties and environmental data, (11) to show 

I,ul,lished at  ~ ~ ) ~ ~ ~ t  products ~ ~ b ~ ) ~ ~ ~ ~ ~ ~  by how \vc>ll the method works for several dif- 

~ ; ~ ~ l , l ~ ~  ( 1919), have l,eell sllccessfully ap- ferent circu~~lstances, and ( c )  to provide a 

plietl to most ~ ~ ) ~ ~ h  ~~~~i~~~ species, ,jut, useful and practical computer program to 

I , ~ , ~ ~ ~ , ~ ~  moisture ll,Oves ill very predict moisture col~tent in wood that in- 

slo\\~ly, tile ~ h f ~  values are useflll for pre- ~"rporates the results of this work. 

dieting tile moisture Only for small Specifically, the reseach and model were 

1 cln Or less thick ill the floh\, di- con f i~~ed  to preclicti~lg the dynamic mois- 

rectiOll. L~~~~~ salllples, when exposed t() ture content of wood in a dry conditioll (0% 

dynalnic ellvirOnIllents, may never reach moisture content to fiber saturation) with n 

t.cluilil)rir~~~l 1)11t will colltillually hLive in- te~nperature rallge fro111 32 to 212 F, 
ternill moisture gradients, reslllt, ill sin~ul;~tiug the response of kiln-dried wood 

Ordt.r to pretlict accluately tile to e~lvironments normally encol~ntered in 

cOlltel,t for many prOtlucts, a tlyl,amic illdustrial or construction uses. I t  considers 

sitlliLtion moisture flow nlllst lie oilly one- and two-dimensional flows; it is 

sitlered. not restricted to u~iifornl initial moisture 
. . . .... c o ~ l t e ~ ~ t .  

Presently an Exte~~sion Specialist in thc Depart- 
111c.nt of Forestry and Forest Products, Virginia  ODELI LING MOISTURE ~ I O V E ~ I E N T  
l'ol>.technic I n s t i t ~ ~ t c  and State IJnivrrsity, Blacks- 
I I I I ~ ~ ,  VA 24061. Fick's Second Law is the governing q u a -  

" \Iaintai~red in cooprratio~r \\it11 the unikersity t ion used in this model. The one-dimen- 
of  iscon cons in. sional expression from Bird et  al. ( 1 x 0 )  is: 
\\ 001) AN11 b'I13Eli 264 \\'INTER 1976, v. 7 ( 4 )  



co~~centratio~l,  
time, 
di\tance ill the tlow tlirec- 
tion, ant1 
di t tusio~~ coetficiel~t ( or co- 
efficient ot moistllrc. ditfu- 
\ivity ) . ' 

7 

READ INPUT DATA. CONVERT DATA TO PRESSURE UNITS.  
I N I T I A L I Z E  VARIOUS PARAMETERS. PRINT I N I T I A L  CONDITIONS. 

111 the ~r~oclcl developed here, moisture 
lnoveme~lt is attributed to a partial water- 

DETERMINE CORRECT VALUE OF STAMM'S DIFFUSION COEFFICIENT 
BASED ON TEMP. + MC. 

vapor pressure gradient rather tl-~ail to 
moisturc content gradient, as previous re- 
lx)rtsllave done. There are several advan- 
tages to this approach: 

( a )  Moistlire ~novement due to a vapor 
pressure gradient is realistic. For exanlple, 
consider \vood exposed to 80 F ancl 80% 
KH j 15.W EMC and a partial pressure of 

- 
+ 

111 \tt.,~cl\-jtatt. flo\\, tlw f l r ~ \ ,  I:. I\ ~ t ~ l a t ~ d  to 17.8 111111 IIg) on one side ,111d tc; 120 F and 

1 )  In 21F KE-I (4.0% EESIC and 17.8 mm Hg) on 
IT = -1) ( ?c  ? \ )  the other \ide. There is a moi~ture content 

SOLVE F I N I T E  DIFFERENCE EQUATION. 

, 
CHANGE I N  AMBIENT CONDITIONS I F  NECESSARY. CHECK I F  TIME TO 
PRINT OUTPUT : 

1 

I F  YES I F  NO 

- 
CONVERT PRESSURE UNITS TO MC (INCLUDING HYSTERESIS). PRINT 
AVERAGE MC AND MC GRADIENT. 

CHECK FOR END OF JOB. 
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gradient (15.9 to 4.0%) 11ut no flow or 
partial pressure gradient. With pressure 
units, Fick's Law can be used directly. 

( b )  The surface resistance, primarily a 
l~o l~ndary  layer phenomenon, is not de- 
pendent on the vapor pressure level for slow 
flo\v rates, but only on temperature and 
other external factors (Bird et al. 1960). 

( c )  When calculating unsteacly-state flow 
using Fick's Law, partial pressure units 
will provide usable results regardless of the 
E l l C  vs. partial pressure relationship (hys- 
teresis) that wood has. That is, the hys- 
teresis effect only affects the conversion 
fro111 partial pressure to moistme content 
and does not illfluence thc calculated value 
of flux. 

A great deal of progress has been made in 
the last decade in solving complicated dy- 
nauiic heat transfer problems with a digital 
coinputer. Because of the mathematical and 
pl~enomenological similarity between heat 
transfer and moisture movement, general- 
ized methods of predicting iiloisture movc- 
melit in \vood based upon heat transfer 
 neth hods can he obtained. 

The solution of the model equation with 
suital~le boundary conditions here is I~asecl 
on a finite difference approach. See, for 
example, Crank ( 1956). (The wood sample 
is  nodel led with nlany slllall pieces and the 
flus within each small piece is analyzed 
repetitively at successive small tilne steps.) 
An outlirlc of the coinputer program is 
given in Fig. 1. 

I t  wo111d be easy to utilize these heat 
transfer methods for moisture flow if mois- 
ture movement adhered to Fick's Law. 
I-Iowever, past attempts by McNamara 
( 1969) and Moschler ancl Martin ( 1968) to 
nse Fick's Law have not beell too successful, 
possibly because other factors besides the 
moisture concentration gradient play a role 
and/or bccause D has not been correctly 
determined. 

I)ETEII1\II;";ING VALUE OF 1) 

\Vhen looking at the various diffusion co- 
efficient versus moisture content curves 

MOISTlIRE CONTENT ( % I  

FIG. 2.  A diverse collection of experimentally 
determined values of the diffusion coefficient 
versiis moisture content, assembled from Kubler 
(1957). 

such as compiled by Kubler (1957) (Fig. 
2 ) ,  the problem arises of which valuc to use 
in analysis. These pnhlished curves can be 
confusing; they are frequently based on 
only a few points through which a smooth 
line was drawn. 

For this analysis, the diffusion coefficient 
of Stamm (1962) was used for all species as 
his values agreed well with the theoretical 
analyses by Wirakusumach (1962). In  order 
to use these values, they were first con- 
verted to (1/D) us. vapor pressure..' The 
data then showed a linear relationship ( Fig. 
3 ) ,  the slope of the line being negative, de- 
creasing with increasing temperature. 

Two conclusions can be drawn from these 
curves: 

( a )  The lower the temperature and the 
lower the vapor concentration, the slower 
moisture moves (i.e., the higher the resis- 
tance); the higher the temperature, the less 
effect different moisture levels have on the 
rate of movement. 

( b )  At very high vapor pressure levels, 
temperature has little effect on the rate; at 
low levels, temperature has a tremendous 
effect. 

The value ( 1/D) can be considered as the re- 
from experimental results of past studies, sistance to moisture flow. 
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PARTIAL VAPOR PRESSURE lmm of H g l  

k c : .  3. Reciprocal of the diffusion coefficient V.Y. vapor prersn1.e fro111 data of Stanin1 (1962). 
Ilashed lines are projections 1)eyond original data. 

1UCOHI'ORA'~IUC. VARIAB1,F.S 

Terr~perature changes 

for high moisture contents or high levels of 
temperature. 

Thr, changes that occur with a change in Surface resistance 
ambient temperature are complex. The pro- The determination of surface resistance is 
cedure in this analysis is a simplified ap- quite complex, depending on many factors. 
proch: When the temperature changes, it Mathematically, the flux of moisture, F, is 
is assumed that the moisture content re- related to surface resistance, R, by 
mains constant throughol~t the sample. This 
is not true because the temperature change F = RAC 
in wood is not instantaneous, but occurs where c = concentration. 
over a period of time. ~ u r t h e r ,  in the 
analysis, it is assumed that an. immediate Order of magnitude estimates are provided 

in the computer program analysis to ac- 
temperature change to the new ambient 

commodate vaiious situations,"ased on 
temperature occurs throughout the sample. 

the similarity between heat and mass trans- 
Ikcanse heat moves 10Vimes faster than 
~noisture-the Lewis number is 10-"r computer program incorporating his 
smaller-and because the sorption isotherm model, written in FORTRAN IV, is available from 
i s  extremely sensitive to temperature, the author. The program requires only minimal 

inpr~t data-sample size, initial moistnre content 
t'le introduced this procedure is gradients, and the tenlperatui-e and hllmidity of the 
s~nal l  for small temperature changes and environment as a function of time. 



REL A T I M  HUMD/TY l%i 

I 4 Avclragc. vorption isothct.lrl for c.ig,r)lt North Amn.ic,an s p c ~ i r s  co11ip;lrc.d wit11 U700t/ Hairtl- 
I ~ o o k  ( 1I.S. Forclst Prod~~c,t.; I,;~l)or;~tory 197 f ) ,  l ' ;~ l ) l t .  :3-4, at 80 F. Short dasli(~c1 1inc.s arc projrc.tions 
I ) I ~ ~ O I I ( I  :I\ ;tilaI)l(, (l:tt:~. 

f(.r. ( Set, for esa~~iplr,, Chapter 21 of Hird 
c,t nl. 1960.) For wood snlnples o\.er 2 
illcl~es lol~g ill the flow direction, tlle sur- 
face resist;u~cc is negligil~le i l l  m;my casts, 

so that it call I)? set cclual to zero. 

OIIC point o f  s0111e ru~certainty i l l  the 
~notlel is the EhIC: values. A review of UII-  
plll)lishcd doclur~ents at the U.S. Forest 
l'rod~lcts L,;~l,oratory in Rladison, \\.'iscon- 
sill. indicated that the pul)lishetl ant1 widely 
r~svd ERIC table, Tal~le  3-4 of the Woocl 
I lu t~ t lbook  from the U.S. Forest Protlucts 
12;tl)oratory (1974), was I)ased on ;I few 
~~~cils l~rements ,  primarily 0 1 1  Sitka sl,rucc, 
s11l)jectetl to oscillating desorption. l'hthrc,- 
fore, :id(Iitio~lal datil were collected for this 
stl~tl?,, usiilg :3 aclsorptioll-tlesorptioll cycles 
\\,it11 X spc.cies of 1voot1 ;~ntl  1 0  s;~mples for 

each specics. ( See Fig. 3 for species used. ) 
Thc results at  80 F are st~mirrarized in Figs. 
4 and 5. Ileviatiolls from "Talde 3 - 4  values 
arc noted. Similar deviatio~ls were noted 
I)y Spnlt ( 1958), lledlin ( 1969), and I l j o -  
la~ri (1970). 

The incorporation of these data and the 
hysteresis effect is not without problems. 
There is the clucstion of ho\v to get fronr 
the desorptioir to atlsorption isotherm. A I ~  
al)rupt j~nmp from o ~ ~ e  to the other in the 
calculation procedure. call result in an im- 
mediate change it]  moisture content of as 
much as 2% on the graph. Thc trat]sition 
from adsorption to desorption has not bee11 
well studied, I I I I ~  the jumrp is not in agree- 
ment with observed behavior. Therefore, in 
the un:\lysis here, transfcr is made from one 
isotherm to the other I)y a horizontal line on  

a plot s ~ ~ c h  ils Fig. 3 ( i t . ,  as rf,lntivc. h11- 
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111itlity chmges, the EMC: is cotlsidered con- 
stant tuitil the new isotller~n is reached). An 
c~xarnpl(> is: 

Assllllie a cu l~e  of wood has reached 
a moisture co~i te~i t  of 12g througliout 
I,y adsorption. Aml)ient co~id i t io~~s  are 
t1ic11 cllaliged to 6V ERIC. As soon as 
tlie vapor presstlre ili the 1,lock l)cgi~is 
to drop, the clesorption isotherln is 
usetl. I Io\vc.ver, to preveiit a sl1tlde11 
illcrease i l l  nioist~~re content, the analy- 
sis llolds the ~noistme coiltent at 12% 
until the ~~ioisture content front the 
desorption isotller~li falls I)olo\v this 
\,:llllc~. 

F l o w  (/irec*tiol~ 

In this analysis, no distinctioli is n~ilde for 
the, radial or tangential tlirection, as most 
diffusion properties arc similar or nearly 
so ( Sta111m 1962; \\:irukuslumach 1962). 
I lowever, the diffusion coefficient is several 

In order to evaluatc with actual data the 
ankilytical procedure and parameters ern- 
ployed, three representative experiincnts ;ire 
described. 

All lumber for these experiments was 
sawn from freshly felled trees ant1 was 
stored at 36 F until used. This storage con- 
dition was chosen to reduce the rate of 
drying and to rccll~ce the risk of staili, 
ftmgus, a~icl mold formation. M'he11 samples 
were i~eeded, they were air-dried at 80 F, 
80F RFI and then 1)and-sawn to the re- 
quired size. In order to restrict flow to 
one or two climensiolls as required, three 
coats of all~nii~ium paint sealer were ap- 
plied. The saniples were then exposed to 
the desired ambient coliditions. R4oisture 
content measurements were made at least 
every 48 11. Temperatures were colltrolled 
to within t- 0.5 F. Following exposilre, 
standard oven-drying was done to obtain 
oven-dry weight for calculation of moist.ure 
contents. 

In the first experinicnt, the objective was 
to evaluate the moisture gradient in 2-inch 
cubes of Engelmann spruce (Picea engel- 
mc~nnii) in a desorption experiment. 'The 
cul~es were conditioned initially at XO F and 
80? 13H. At O h, ambient conditions \+!ere 
changed to 80 F, 582 RH, and then at 296 
13 to S6F RH. This condition was held until 
600 h when the experinlerlt was stoppetl." 
Gradiellts were deteriliined throughout the 
600 11 11y slicing a specimei~ into s~nall 
sections and measuring the moisture content 
of these sections 1,y standard oven-drying. 

A second experiment sttidied the be- 
havior in changing humidity and tem- 
perature co~ldition. The entire 1,lock was 
weighed to obtain the average moisture. 
content of the %inch Engelmann spruce 
cubes. The direction of flow varied: 111 
some blocks flow was restricted to radial 
flow, ill some to tatigetltial, in some to lo~igi- 
tlldinal, atid ill some to radial and tangential 
(i.e., the longitudi~lal ends were painted). 
- - ---- - 

orders of magnitt~cle different in the longi- experilllents ,vrre stopped dllc, to c.itl,c,r 
t r~di~ial  tlircc:tio~~. c~li~ip~lrrnt f a i l ~ ~ r c  or  ~ ~ l a l f ~ ~ i l v t i o i l .  
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7 . , .  I 

9 0  I TEMPERATURE i'FJ 
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I .  7 ITpper: Kelati\rc h r ~ l ~ ~ i d i t y  and teinpera- 
t111.e schrdnlc for Experiment 3. Lo\~t:r: hlinimunl 
( Io\\,er dashed linc ), 11laxi11rmrr ( upper dashed 
l i ~ ~ c . ) ,  and prcdictcd (solid line ) moistr~re contents 
for all nine ~pecics of Expt~imcnt  3. 

The time and temperature schedule is 
sllown in Fig. 6. 

The final esperiinent was rml with sam- 
pl(1s froin nine species7 to study their vari- 
ous behavior in a chaiiging temperature and 
li~~midity environment. Moisture contents 
\vere determined by weighing tht: entire 
sample. Samples varied in cross-scction 
from :X- by %-inch to 'K- by 1.W-inch; all 
were 2 feet long. The schedule is illlistrated 
i l l  Fig. 7. 

' Engelmann sprucr ( Picea el~gelmannii, : l  trees ), 
estern hen~lock ( Tsugn hcteropl~ylla), l~igtootll 

aspen ( Pol)ulrrs grundidentutu ) , cotton\vood ( P. 
tlcltoitlcs), cherry (Pr~rttns .scroti~ia), soft maple 
(:lc.c,r rlrbntnl), American elm ( U l n ~ l ~ s  ai~tcricana, 
2 trcles), \vhite oak ( Qziercris a lha) ,  and red oak 
( ( 1 .  rli~lr(1). 

IIESULTS AND ])ISCUSSION 

EAlC 

The fact that the EMC data collected 
here (Fig. 4)  do not coincide with the 
IVootl Handhook "Table 3-4" (1974) is un- 
dcrstandable; the W o o d  tlanclbook data are 
based only on Sitka spruce in initial de- 
sorption. Sonie\vhat unexpected was the 
wide range of EhlCs encountered at a given 
condition ( F i g  5) for the eight species 
tested. At 80 F and 80% RH, the average 
for the desorbing samples was 16.5 to 19.3% 
hlC depending on the species; for adsorb- 
ing, 14.3 to 17.1% MC. The variation be- 
tween salnples from different trees of the 
same species ( Engelmanii spruce, maple, 
and elm were replicated) was also larger 
than expected, averaging about % MC. A 
illore extensive evaluation of Table 3-4 
Eh4C vs. Rf1 data is in order. 

Experiment 1 

As could be expected, the average mois- 
ture content measured while the cubes were 
drying varied little (Fig. 8 ) .  The gradients 
were all quite uniformly shaped without 
large variations from slice to slice (Figs. 9 
and 10) .  The agreerneiit between the actual 
and the predicted moisture contents is very 
good for this drying experiment. 

The scatter of the data (solid circles in 
Fig. 8)  is attributable to the variation in 
EMC behavior iioted above, to small errors 
in the slicing procedure used to obtain the 
gradients, and to variation in the grain 
angle in the samples. This grain angle ef- 
fect was controlled in later experiments by  
more careful sample selection. 

Experiment 2 

I11 this trial, in which inoisture content 
was determined by weighing the entire 
cube, the nleasured results again agreed 
well with predicted values. The comparison 
for two-dimensional flow is given in Fig. 6. 
Con~parisons for one-dimensional flow in 
the radial or tangcntial direction were as 
good as the two-dimensional comparisons 
given. 
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ELAPSED TIME (HRI 

FIG. 8. Measured nioisture content (solid circles) of %inch Engellnann spruce cubes as determined 
1)). slicing (Experiment 1 ) . Solid line is predicted nioisttue content using Stamm's ( 1962 ) diffusion 
vocfficirnt. Points identifiecl by arrows, left and right, are takcn from the follo~ving Figs. 9 and 10, 
respectivvly. 

I 1 
40 60 80 

I I 
I00 

THICKNESS l%) 

FIG. 9. Moisture content gradient in Engel- 
inann sprrlce 2-inch cube a t  146 h elapsed time 
and 11.9% l i~ean MC. Actual data are solid circles; 
data pl.rdicted from Stain~n's ( 1962) diffusion co- 
c~fficient are sho\vn as sclum-rs. 

8 0 L -  20 40 60 80 
100 

THICKNESS /%/ 

FIG. 10. Moisture content gradient in Engel- 
nlann spruce 2-inch cube a t  240 h elapsed time and 
11.6% mean MC. Actual data are solid circles; 
data predicted f ron~  Stamm's (1902) diffusion 
corfficient arc sho\i~n as sqllxrcs. 
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This experiment compared species. I t  
was expected that these species, having 
different specific gravities and anatomical 
characteristics, would behave quite differ- 
ently when the same diffusion coefficient 
was used for all. Again, the overall agree- 
ment between measured and predicted 
values was good. 

The variation between the various species 
was not as large as expected; the maximum 
variation is illustrated in Fig. 7, in which 
the upper dashed curve is Engelmann 
spruce and the lower dashed curve is red 
oak. The other species were between these 
extremes, but were omitted for clarity. 

I t  is likely that this lnaximunl variation 
l~etween species here is reflecting the dif- 
fercnces in the sorption isothern~s for the 
various species, as discussed earlier and 
illustrated in Fig. 5. This is further sup- 
ported 1)y the fact that the data from white 
oak (the densest species used in this study) 
were almost identical to the data from 
Engelman~l spruce (the lightest species), 
which are the upper dashed line. These 
two species were also two of the uppermost 
data points in Fig. 5. 

CONCLUSIOSS 

1. The slicing method of determining 
moisture content is satisfactory when mois- 
ture content accuracy oi better than ?'1% is 
not required. 

2. Stamm's cliffusion coefficient is satis- 
factory when used with the model de- 
veloped here to predict nloistlire content of 
n7ood in dynamic environments within the 
range evaluated-80 to 147 F, and approxi- 
mately 10 to 90% RH. 

3. The hysteresis effect is a very impor- 
tant factor to consider when predicting 
moisture content. The isotherm v:~lues ob- 
tained here are considerably higher than 

the widely used Wood Hand1)ook values. 
The sorption isotherms varied significantly 
from species to species, although the gen- 
eral shape was similar. 

4, A large practical variation in average 
moisture content for nine different species 
in a changing environmental condition was 
not noted. Variations were attributed to 
variations in the isotherms. 
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