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ABSTRACT 

The rate of radial ~noistnre diffusion in desorption was tletcrrnined for both the I-ay 
t i s s ~ ~ e  and the sllrronnding tissue of white oak, northern red oak, and cherrybark oak. I11 
all thrsr species, raclial ~iloist~lrc difflisioll \\.as fo t~nd faster in ray tissue than it \\,as in the 
s ~ ~ r r o ~ m d i ~ i g  tissue. Tilt, rc,latio~lsl~ip of this phenomenon to slirfacr chrckilig during drying 
is discr~ssed. 

Atltlitioi~al kcyruortls: ()trc~rcrrs alha, (1. rtrhra, 0. falcato var. /~agodalfolia, deso~.ption, 
seasoning, check fol-1n;ltion. 

INTRODUCTION I all layers. The sc3cond-order strosscs arc 

Thc objcctivc of this study \vas to com- dcveloped within discrctc. types of tissues 
llare of radial diffusion in bc~causc of uncrlual shrinkage betwc~cti nd- 
lIrO:,d ray tissue aIld in surroundiIlg tissue,. jawnt typesof  tissuc, i.e. between c d y -  
~ 1 ~ ~ .  coml,arati\,c ratc.s arc. int st frolll \vood and latewood or between r:~y tissuc 
the standpoint of nloisturc sorption, par- and proseenchyma. Thv third-order strc,sscs 
ticulnrly drying cluartc.r- and flatsawn lum- arc developed within rcgions of a 1)oard 
1)c.r. It is gcmc3rally know11 that flatsawn l~ecausc of gross moisturc~ gradients. 

1urul)c.r dries fastcr than docls cluartcrsn\17n. Surface chccks arc, usually attributr.cl to 

~h~ axial direction Of ray is oriented tnngrmtial t(:nsile strcsscs on thc surfacr in 

l,(,rpc,n(licul~,r to the, pl;me the, \"ide f;rcc the (,ally stkmc-s of drying when the lllois- 

flatsawn ljoards. Thl,s, if rily tissllc turcl gradient is quite. steep, and would thus 
l,ass(,s faster r;,dii,lly in board be considered c:mscd by  third-order strc~sses. 

than doc,s thc. surrounding tissuc, or "p1.o~- In s~cc ics  with largc, and numcbrolis rays, 
c,llchy -, this b(, pllrt reason likv oak. surfacv checks ~ i s u a l l ~  occur 

flatsawn lunll,cr dries faster than doc,s around a broad ray cnd on the tangc.ntia1 

(lusrtersilwll, T(, sillll,lify tc,rminology, f x c  of n flatsil\vn board and quitr often 
tissue l,roacl ray will owur within the ray tissuc itself ((;nby 

I,(. refc,rrrd to as "l,rosr,nchyma,m 1963; Panshin and dcZeeu\t7 1970). Sllprr- 

it docs eont:,ia longitodinkll ili~poscd on the third-order stresses orla the 

ilnd ul,iseriate rays ( srr Scllnit,miIld 1959 1 .  s~~condordcr  strt~sscs that rrsult fro111 dif- 

Tllr ten,1s ''mdin17. "tallgt,nti;z dirt,c- ferential shrinkage, bct\r.vcn ray tissuc ilnd 
will of whole prosenchy~na. Scvcral investigators (Cl~rrkr 

for 1)oth t y p c ~  of isolatc~cl tissue. 1930; Morschauscr 1954; Schniewind 1959) 

important for illterest in have shown tl- at ray tissue, shrinks less in 

coml,nrativc ratcs is the, rc.latiOnship to thc radial direction than does proscttch~~ma. 

clrying stresses and surface chccks. This is rcadily apparent on thc. tangc.ntia1 

the. basis of struc.turnl level, Schnic%- facc of any oak board that has ~ ( Y W  sur- 
\villd ( 1960) has classifiecl clrying strcsscs faced befor(, drying-the ray ends pro t~udc  
into thrc.c. ordcrs. The first-order strrsscs From the surfacc. after drying. Schnicwind 
:ucl confinrd to singlc cell, ant1 arc. due ( 1966) has notcd this effcxct as a pro\)lcn~ 
to luieclnal shrinkage of thr different cell- in finished products madc from rcd alder. 

\\'OOI) . \ X i )  l:lHI<ll 34 SI'RINC; 197.3. Y. ,5( 1 ) 
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FIG. 1. Circl~lar sa\r ~~sr:d to cut .\pecimens 
tro111 ray and snrrol~nding tis511e (prosenchyn~a). 

Schaic~wintl ant1 Kcrsavagc, ( 1061 ) havc 
shomn that these second-order stresses do 
('xist during drying, and that thcy cause 
radial coinprc~ssion in thr ray tissuc and 
radial tension in the proscnchyma. 

Although the second-order radial stresses 
:ire prol~ably involvrtl in the mechanism 
of check formation, it ~70uld seem that 
tangential strr,sses arc also important. By 
using n~odels, Schnic,mind (1963) found 
cvidcnccx that tangential stressc.~ do cxist 
in 1)otll ray tissue, and prosenchyma during 
drying. At room tcmpc,raturc, thc rav tissue . . 

is in tangential tc,nsioii, tlic, p ro~~nchynia ,  
ill tangential coniprcssion. At 104 C ho 
found that thcsc. strc~ssc.~ n7erc. rc,verscd in 
liis modc.1, which hc :~ttributc~l to diffcr- 
c.1rcc.s in thc~rinal caspansion. 

If tangc~ntial tension ctsists in ray tissue 
(luring drying, it is duel (hither to the third- 
order stresses causcd I)!. gross inoisturc 
gradic.nts in the, piece or to the sccond- 
ort1t.r stresses caused 1)). restrained tan- 
gential slirinkitgc, of thv t\vo types of tissue. 
The rays arc an integral part of' the piece, 
:mtl during drying, thcir shrink;lgc, poten- 
tial becomes rcstraiilc~d shrinkage, which 
is in rffcct strain that can causc, fracture. 
It is possibl(~ that ra!, tissue shrinks 
Inorct tang(mtia1ly than does prosc.nc.hyma. 
Schniewind (1959) nic.asurod th(1 tangential 
slirinkagc, in California I~lack oak of both 
ra). tissue, iultl tissuc frcac> of I)road rays. 

He found shrinkage values, froni green to 
oven-dry, of 6.6% for ray tissue, 5.2% for 
clarlywood free of broad rays; and 7.9% 
for latc.\vood frcc of broad rays. If only 
the total aniount of shrinkage is involved, 
this suggests that in early\vood the ray 
tissucx is restrained froni shrinking tangen- 
tially; therefore, it is stressed in tension, 
whereas in latewood the ray tissue is com- 
pressed tangcntially. 

Ho\vcvcr, morc than just total shrinkage 
should be considered. The rat? of shrink- 
age could bc cxvcxn moreL important than 
that of total shrinkage. Thcre arct t i  num- 
ber of possible conibinations of amount 
and rate of shrinkage of the two types 
of tissuc,. For cxamplc, if thc total tan- 
gential shrinkage of ray tissue between 
two n~oisturc. contents is both lcss and 
occurs more slo\vly than that of the 
proscnchyma, the ray tissue cannot be 
strained in tension by this mechariis~ii dur- 
ing drying. Other combinations of arnount 
and rate of shrinkage could lead to shrink- 
age restraint and to the develol)ment of 
tangcntial tensile stress in thc ray tissue 
at some t i~ne  during drying. 

In this study, the radial moisture diffusion 
ratc of both ray tissue and proscnchyma 
was cletc~rnminod for three oak spcc ' b~('s. ' 

PHOCEDURE 

Radial desoi-ption-time curves were de- 
terinincd for 110th ray tissuc and prosen- 
chyma of the, heartwood of white oak 
( Querc~ls n1l)cl I,. ) , northern rrd oak 
(Quercus rzchra L.) ,  and cherrybark oak 
( Querc11.s fnl'cata var, pugoclulfolic~ Ell. ) . 
All specinien~vcerc~ taken froni a single 
flatsnwn board of vach species. Each l~oard 
was surfaced to approximately %-il~ch thick- 
ness, thcn cut into many pieces '% inch long 
along thr  grain. The individual spccimens 
of ray tissue and proseiichyma wore cut 
from thew pir,cc,s, so that they measured 
approximatel!,7 !i inch radially and longi- 
tudinally. The tangential thickness was 
liiilit(d 11y the tangential dimension of the 
rays, and varicd from about 0.008 inch for 
sonic~ of thcl thinnwt cherrybark oak rays 



1;1(:. 2.  lose-^^^ of specililerl and san 11l:ide sho\ving a l i g n ~ ~ r e n t  of tllr 1)ladr \\it11 thy c.tlgt. ot  t l r t ,  

1-3: i .;ho\\.lr 1))- arrows) tissl~t,.  

to about 0.015 irlch for sonic of thc thickcst 
n ~ l ~ i t c  oak rays. The, prosc~nchyn~a spc'ci- 
nlcws \vcrc cut to fall withill this thickness 
rang(\ Both typruof tisslic~ wcrc c~ut on a 
sn~all circular saw (Fig.  1 ) with 11 2'!2- 
inch-diarnc1tc.r mc,tal-cutting I)ladc, that left 
thv sl~rfacos cfuitc, smooth. The pic%c.os \vc,rcx 
positioned iu a holder rrlountcd oil a car- 
ringr that could l,c n l o \ ~ ~ l  ill two clirections 
in rc~lntionsliip to thc blad(,. The holdcr 
cotild I)(' s\viv(~Ic~(l 011 thc~ ~':lrriag(l SO that 
thv picc.o c~ould I)cl 1inc.d up  \frith the I)lntl(, 
p;w;~llel to t11c c~lgc, of a ra!- ( Fig. 2 ) .  

,41tcxr cutting, t11c. spc~cimc~ns \vc,rc con- 
clitionc,tl at 45% rc)lativc, humidity and 25 (:. 
All but the, tangential facets o f  oath spcci- 
mew wcw. then coatrtl with thrc,c, coats of 
ahn~~inl i~rr  paint so rnoistnro nrovo~nc~nt 

\vould 1 1 ~  confiuc,d to th(, radial tlircction. 
Scparatc tests shon7ed three coats of this 
paint wore an offe~cti\~c~ vapor 1,arric.r \vitlii~i 
the tiinc. limits of th(,sc, dc,sorptio~~ tc,sts. 
The. slwcirncns wc,rcL then clipped mitl~ a 
tc,mplatc, an(l razor ldadc. to 0.17 i11cI1 in 
the radial dirc~tioii  so that the, lt.r~gtli of 
thc tliffusion 1~1th would I)c the, salllc, for 
all spc.ci~ncils. Thv speci~ncns wcsrcx re- 
conditioned in dc~sicc:~tors ovor distilled 
\vn tc~  to cstal)lish a high initial moi~turc. 
c*ontc>nt bc,forc, startirig thc, tlc,sorption tcssts. 

It \voulcl ha\.c> 1)ec.n very diffic.11lt to 
~naintain the slx.cilnc~ns in t l~cir  original 
grcxrll condition throughout all of thv 
processing stc.p:i nr,crssary to arri\.cx at the 
finished spccin~cn. Thus it was clccitled 
that tIi(3 conditioning to 45% rc~lativc~ hu- 
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a a  
R e p l i c a t e  Prosenchyma Ray t i s s u e  

0 . 5  2 -1 0.5 
(min)  (cm set x l o 6 )  (min)  

2  -1 6 
(cm s e c  x 1 0  ) 

WHI.TE OAK 

.4. 9 7 . 7  1 . 5 6  52.iS 2 . 9 1  
15 1 1 3  1 . 3 5  81. 3 1 . 8 7  
C - 11 8 1 . 2 9  4 7 . 9  3 .19 

Average  11 0 1 . 4 0  60 .6  2 .66  

t = 4 .  @5;'~, 4 d e g r e e s  of f r e e d o m  

RED OAK 

11 126 1 . 2 1  
B 166 0 . 9 2  
C 100 - 1 . 5 3  

Average  1 3 1  1 . 2 2  

t = 4.75;?$~,  4 d e g r e e s  cf f r e e d o m  

CHERRY GARK OAK 

tl 102 1 . 4 9  3 2 . 3  4 . 7 2  
13 1 3 8  1 . 1 0  37 .1  4 . 1 2  
C 1 4 4  1 . 0 6  -- 33 .9  4 . 5 0  

Average  1 2 8  1 . 2 2  34 .4  4 .46  

t = 7.09;k;';, 4 d e g r e e s  n f  f r e e d o m  

;k 
D e n o t e s  s i g n i f i c a n t  d i f f  e r e n c e  b e t w e e n  r a y  t i s s u e  a n d  prosenchyma 

a t  9 8  p e r c e n t  c o n f i d e n c e  l e v e l .  
.? -7. , z, 

D e n o t e s  s i g n i f i c a n t  d i f - f e r e n c e  b e t w e e n  r a y  t i s s u e  a n d  prosenchyma 
a t  99 p e r c e n t  c o n f e r e n c e  l e v e l .  

a - 
t , t i m e  f o r  o n e - h a l f  o f  d e s o r p t i o n  t o  o c c u r ;  D, i n t e g r a l  d i f f u s i o n  
0 . 5  - 

c o e f f i c i e n t  . 



I .  3 .  Kylntionship of fractional \ \~eigl~t  change F,~:. 4, Nclationship of fractional \wight change 
to time for Ira!. and s111.1.011nc1ing tissue (proscn- to tilllc fo r  the ya) and surrorlnding tissue (pros- 
c11j.111a) of white oali. enchyn>a) of nol.tl-~ern red oak. 

miclity, \i7hich \vould c,nsurc a more unifornl 
sorption history among the spc,ciinens, 
\\~ould bc advantageous. Thc possibility 
docs csist that the initial dcsorption might 
occur at a different rat(, than subsequent 
closorptions, 11ut it sc~cins unlikely that this 
could sc~riously affrct the comparative rates 
during (losorption in thc hygroscopic range 
when diffcrc.ntia1 shrinkage, bctwecn the) 
two typemf  tissue \rould occur. 

To rcsolvc) tllc small weight char~gcs, thv 
sp(,cinic,ns wcrc tested in groups of 10 on 
an analytical balance sc~nsiti\.c to 0.0001 g. 
The, snlallcst total weight change was 
0.005 g, thereforv; the poorest rclsolution 
was 2% of the total \wight changc. For case 
of handling, each group of 10 specimens 
was ~nountcd on a pircc, of nonhygroscopic 
mc,tal tap<,. Thrcxc, replicates of these, groups 
of 10 spcciniens \ Y C ~ C  testc~l for c;lch typc 
of tissuc of c.ac11 of the thrcxc, species. 

Thc spc,cimcns \vcrc dcsorbed from ecyui- 
lilxium with 25 (: ovcr distilled water to 
c~ltiilibrium with 25 (; ant1 45% relative 
humidity. Llicights wcrc taken at 0.1 in- 
crcmcmts of log],, (min.) for tho first 9 hr, 
ancl at convcmicnt times thcrcaftcr. 

It1 SUL? 5 AND IIISCUSSION 

Thc results of dc~orption tc\ts ,lrc, sum- 
marized in Table 1, in which thc tinw re,- 
quircd for one-half- of the, total weight 
ch,ulgC to occur ( t o  i) i \  given, a5 is the 
intc,gral diffusion coefficient ( ) . Thc 
diffusion coefficicnt i5 the integral value 
over the nloisturc content rangtl ~nvolvcd, 

and \\7iis calculated trom the c,cluation 
(Crank 1956) : 

ii = (0 .049)  ( t2) 

whercl is the cliffusion coefficient in cm' 
sec-I; 1, the lengtl~ of the diffusion path in 
cm; and to,:, t h ~  time, in seconds rc,quired 
for one-half of the total sorption changc to 
occur. 

The c1iffercnc.c.s b(~t\vcc~n thc desorption 
half times (to,r, ) of ray tissues and prosen- 
chyma wcrc testcd as unpaircd observations 
with thc assuruption that thc tmo ~)opiila- 
tions have a common variancc (Stcbel :ind 
Torrie 1960). 'The results of the t tests are 
iiiclutled in Table 1; it seeins reasonable 
to conclude tli:~t radial ~noisture diffi~sion 
is faster in ray tissue than in prosencl~y~na. 

The relationship of fractional wcaight 
change ( E )  to time for each spc.cic.s is 
shown in Figs. 3 through 5. The values 
plottecl are the fraction o f  the total changc 
that has occurred at any tiine. Each curve 
is made up of points that are the average 
values of the three replicates at each time 
increincnt. The points greater than 9 hr 
were reduced to values at 0.1 incren~t:nts 
of log,,, (mi11 ) by the Newton method 
of ntunerical interpolation ( Scar1)orough 
1962). The ray tissue is clearly aheacl at 
all stages of desorption. 

The difference between the ray tissue 
desolption curve and the prosc~nchyina de- 
sorption curve is plotted as a func t i o~~  of 
time for each species in Fig. 6. This is the 
relationship in oaks that could have sig- 
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I 5. Relationship of fractional wcight change 
to t i l i~c for the ray and s~lrroilnding tissue (pros- 
c.nc.llyln;~) of chrrrylmrk oak. 

nifical~cc, in thv ~neohanis~~l  of surface c h ~ c k  
for~iiation. Thc fractional change in weight 
is tlirc~ctly proportional to moisturc content 
change, and shrinkage is approximatcly 
linc>ar with moisture content (Panshin and 
tlc~%ccu\r, 1970). Therefore, thc fractional 
\vcight change, curvrs in Figs. :3 through 
Fi havc the same shapc, as tangcntial 
shrinkage-timc cu r~~cs ,  and if each point 
~vc~r(> nlultiplic,d by t h ~  total tangcmtial 
shrjnkagc. that \vould occur bctn7~en the, 
two c~lui1il)riuln conditio~~s, they \voulcl 
~ (~1 .y  closely rcprc1sc>nt tangcmtial shrinkage- 
time c.urvc,s. Similarly, the cliffrrc,ncc, curvcs 
in Fig. 6 would very closc~ly rc]?rcsent the 
cliffcrcncc in tangential shrinkage betwevn 
thct two types of tissue.. Siiicc, the ray tissuc 
ant1 the prosenchyma are connectccl in 
\vhol(l \vood, thv curvcs of Fig. 6 ~vould 
rcsprc,scmt thv tangential shrinkage that is 
reastrained in th(. ray tissues. 

11s Fig. 6 is now tlra\vn, the assu~ilption 
is thv total tangcntial shrinkage of the two 
ty1x'~of tissue is the same,. Wl1ct:hr.r or not 
this is true is unkno\vn; tllus, the magni- 
tudcs of the maximu111 rc~straincd shrinkage 
iu Fig. 6 arc, not exact, but the approxi- 
~natc,ly 30% of total shrinkagc, valucs for 
ilorthern red and chcrryl~ark oak and the 
15%. for whitcs oak are reasonable first ap- 
proxinlations of the rcstrainetl sElrinkagc in 
thc~ ray tissue. i f  the total tangential shrink- 
ages of the two types of tissue are no 
more differc,nt than Scliniewir~d ( 1939 ) 
found for California black oak. Thc ti~ncls 
of the maxima in Fig. 6 are independent 
of the magnitude of the tot:]] tangential 
slirinkagc~. 

FIG. 6 .  Relationship of difference twtwecn the 
fractional \\eight change curve for ray tissue ( E l l )  
and thc fractional weight change cnrve f ~ ) r  the 
surrounding tissue ( prosenchyma ) ( E l .  ) to time. 

Thr  discussion built around Fig. 6 is 
certainly an ovc~rsinipljfication of thc mech- 
anis111 of check forillation and of thr  con- 
tribution of the faster radial diffusion in 
ray tissue in check formation. Differential 
radial shrinkage between ray tissue, and 
prosenchyma and, perhaps more iiaportant, 
third-order drying stresses are involved in 
check formation. The time-depcndcnt me- 
chanical pro]?c~rtic>s of thc: two types of 
tissucs arc, also involved, as well as stress 
concentrations around the tips of the ray 
cmds on t h ~  tangcntial face. Also, the 
l~oundary contlitioils for diffusion \vcxre dif- 
ferent in this c1xperimc3nt than thvy arc in 
whole wood. The ray tissue is thcn flankcd 
by prosenchyma instcad of a lumin~ln~ paint, 
and tangcntial nioisture transfer is possiblc 
I>et~vven the two typcs of tissuc. 'This docs 
not change the validity of this hypotli(~sizcd 
contribution to the mechanism of check 
formation, ho\vevcr, becausc near the ex- 
posed surface, the driving forcc for diffu- 
sion, the llioisturc gradient, is vcbry likely 
much steeper in thr radial direction than 
tangentially l>c,t\vc,en ray tissue, ant1 pro- 
sc.nchyma. 

SUM1LI;AHY AND CONCLUSIONS 

The results of this study show that radiaI 
moisture diffusion is faster in thc ray tissuc 
of whitc oak, northern rcd oak, and cherry- 
bark oak than it is in the surrounding tissue. 
The radial diffusion coefficient of thc ray 
tissue, \tias 1.9, 3.3, and 3.7 times greater, 
respectively, for the three specics than that 
of the surrounding tissue. 

Rascd on this conclusion, it is hypothe- 



sized that the large, diffcrenco in radial de- 
sorption rates between the two types of 
tissue is :I contributing factor in the mech- 
anism of surface check formation in the ray 
cmls that appear on the tangential face of 
flatsawn oak boards. The ray tissue, dries 
fastcr than does the surrounding tissue, is 
restrained from shrinking tangentially, and 
is therefore strained in tangential tension 
and subject to the possibility of fracturc. 
Other mechanisms undoubtedly contribute 
to surfacc check formation, but i t  is, ap- 
p:wcntly, quite possible that this previously 
unexplored mc~hanism is also in\.olved. 
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