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PREFACE

The interaction of wood and moisture is fundamental to wood processing,
wood properties, and the performance of wood products. If wood did not
contain moisture, it would be a totally different material in terms of
how it is processed and used. For the most part, the presence of
moisture in wood creates problems and undesirable characteristics.

Large amounts of time, energy, and degraded wood are consumed in removing
water from wood before it can be used for most products. Subsequent
shrinkage and swelling of wood create performance problems in wood
products.

The purpose of the Symposium is to, first, examine our basic under-
standing of how woisture is held in wood and the factors that determine
the quantity held. The second objective is to examine the practical
effects of moisture in wood and how they influence processing, properties
and performance. In all of the papers presented, the authors have been

asked to identify gaps in knowledge and fruitful research areas wherever
possible.
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When 1 first heard the title of this
Svmposium, two long-time friends immediately
came to mind. These old f{riends are a couple
of figures that have beeun around a long time
and are probably familiar to most of you too-
but I daresay for not so long a time. [ refer
first to the plotting of a series of isother-
mal curves for equilibrium moisture content
of wood versus relative humidity (or relative
vapor ~ressure of water) as shown in figure 1.
We all know this figure, from Al Stamm's book
on Wood and Cellulose Science, I'm sure. It
tells us that EMC, at a given level of relative
humidity, is inversely related to temperature.
Need T explain that moisture content in wood
is expressed on the basis of mass of removable
water per unit mass of oven-drv wood?
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Figure 1.-~ EMC of wood versus relative
vapor pressure at different isothermal
levels.

Stamm:

ot o2

Wood and Cellulose Science

The second figure that came to mind is
more complicated and not so well known or
understood. [t introduces into the first
relationship another term -- absolute vapor
pressure.  We see how these parameters
interact in figure 2.

I/ Presented at Svmposium on Wood Moisture
Content -- Temperature and Humidity Relation-
ships, Virginia Polyteclhinic Institute and
State Universitv, Blacksburg, Virginia,
October 29, 1979,

Emeritus Professor
Colorado State University

THE HYGROSCOPIC NATURE OF NOODl/

Wangaard

Colorado

I was particularly careful in selecting
the caption for this figure for this Symposium.
Many vears ago 1 included the same graph in
Section 29 on Wood for Mantell's Engincering
Materials Handbook (McGraw-Hill, 1958) and
went off to the Philippines on sabbatical
leave. To my chagrin, much later, when 1
received my copy of the handbook T discovered :
that this figure, which T regarded as so i
important, bore the capt,on "'Recommended :
moisture-content averages for interior-fin-
ishing woodwork for use in various parts of
the United States." Where that came from, or
how this figure could possiblv be interpreted
as recommending anvthing, 1'11 never know.

But 1 am certain that its usefulness to
readers of that handbook was seriously damagec.

Let's look now at figure 2 more care-
fully than a McGraw-Hill editor did back in
1958. 1In this figure, individual levels of
EMC are plotted on a rectangular grid of
relative humidity (ordinate) and temperature
(abscissa). From the slight positive slope
of the EMC lines we see that, to maintain
any given level of EMC, it is necessarv to
increase relative humidity as temperature
increases. We can visualize the same thing
from figure 1 by projecting a horizontal line
(representing a given level of EMC) to the
right so that it crosses successive isotherms
of higher temperature.
isotherm relative vapor pressure is higher.

At each successive

The new insight to be derived from
figure 2 comes from recognizing the cffect on
EMC of increasing temperature while holding
absolute vapor pressure constant. For example,
at 30° F and 60% relative humidityv, EMC is
about 11%. Absolute vapor pressure is about
0.100 in. of mercuryv. ©Now, if temperature
alone is increased, let's sav to 75° F, EMC
drops to less than 37, How does this come
about? The slope of those constant EMC lines
is really not all that great. Were 605
relative humidity to be maintained, EMC would
drop only about 1/2 percent. The key, of
course, is that as temperature increases to
75° at constant abselute vapor pressure,
relative humidity drops from 607 to about 1.27.
The latter kind of change with temperature is
by far more common than the former. T find
figure 2 a lot more useful than figure 1 for
this reason. It is relevant to what happens
in our homes, ottfices, and factories, in
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Figure 2. -- EMC of wood in relationship to relative humidityv, absolute
vapor pressure of water, and temperature.

northern winters at least, when heating is

not accompanied by humidification. 1§ next
winter we heat our buildings to a maximum of
65° F, as mandated under President Carter's
energy conservation guidelines, moisture
content would not drop quite so low -- a bonus
that I doubt the administration has given much
thought to. Rut no more of this -- vou will
be hearing more from other interpreters of
these relationships more competent than [ am.

We have been lookine at some evidence of
the hvgroscopic nature of wood -- its affinitv
for moisture -- and now mav be the time to
look more closely at the actual interactions
that take place between wood substance and
water.DThe cell walls of wood are organized
as a structural svstem invelving filamentous
microfibrils, mostly celluleosic and crvstalline
in-eompasition, andToriented cussentially in
the direction of the longitudinal axis embedded
in an amorphous matrix of noncrvstalline
cellulose, hemicelluloses, and lignin. The
molecules in the amorphous regions, primarily
because of the prominence of -0H groups in
their structure, are all capable of forming
hydrogen “onds. UnTike the close-pathed
cetlulowe~chains/in the crvstal lattice within
the-mtcrofibriley fhev are accessible to water
molecules through diffusion from the surround-
ing atmosphere. Water molecules are themselves
highly susceptible to hvdrogen bonding. The
intermolecular hydrogen bhond that develops
between them when a water molecule approaches
within 0.3 nm (we used to sav 3% Y of the
attractive site on the polvmer is the basis
for the hygroscopicity of wood. The adsorbed
water is "bound" to molecular surfaces within
the polymer matrix which expands in proportion

USDA Forest Products Laboratory

~~to the quantity of water adsorbed. The micro-
fibrillar ietwork is distended, mostly later-
allv, and we observe that the wood swells.™

The forming of a hvdrogen bond releases
energyv in the form of heat and conversely its
disruption requires an input of energy --
mechanical, thermal, chemical, etc. The
energy of the bond is expressed bv differ-
ential heat of adsorption -- the total enerev
released when one mel of liquid water is added
to an infinite amount of wood substance.
Initially, when the wood substance is hone
dryv, the released energy amounts to approxi-
mately 5 kcal per mol. As moisture content
increases, the amount of energv relceased per
mol of added water Jdecreases, indicative of
the operation of lesser attractive forces

such as van Jder Waals foerces. At 127 moisture
content, differential heat of adsorption has
decreased to about 1 keal per mol. on reach-

ing {iber saturation at about 307 moisture
content, no energv is released upon further
addition of liquid water.

The EMC balance between vapor and hound
witer -- when holding relative humidity con-
stant but increasing remperature -- shitts
toward a reduction in bound water (EMC) due
to the increased thermal anitation of the
interacting molecules.  To maintain EMC
constant, it is necessary that absolute vapor
pressure be increased substantialle

tempor-
ature rises.  As vou look back at fipures
and 2, now, vou will see the comseguences of

these moleenlar interactions,
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The range of hysroscopic activity is should we overlook misuse by the nltimate !
limited to the range of cquilibria between user of wood, largely Jduce to his lack of !
bound water and water vapor below the Uiber- awiareness of the problems of wood and mois ‘
saturation point., Above riber saturation,
the fully swollen cell wall can take up no The specialists who will speak to won
more water.  Consedquent Iy, all moisture this morning and this afternoon will be
content change ovccurs thvough the addition addressing some of these problems.  But to
or subtraction of free water held in the cover all of them would take more than one
cell cavities, dav,

Creen wood contains considerable free
water, hardwoods, for example, tvpicallv
averaging about 300 in total moisture content,
but this s {ar below the fullv-saturated
condition when all cell cavities are completelsy
Filled with water. All wood cells arce "born”
under conditions of rull saturation -- with
moisture content ranging in the hundreds o
percent ~- hence nature has empticd many of
those cells through capillarv-imposed forces
of liquid tension as they are neatly removed
from the active conducting svsten in the tree.
dur processes of drving wood merelv complement
the job already done by nature. However, |
must admit she left us the hardest part to
renove !

What are the problems of moisture in
wood?  You are going to hear much about them
in this Svmposium,  Thev cover the spectrum
Trom drving wood through all phases of pro-
cessing and distribut{on to the installation
and protection of the finished product. It
is hardly necessary to stress their import-

ance.

A long time ave [ presented a paper
titled "How wWood Absorbs and Swelis" at a
seminar on Dimensional Stabilization of Lood
held at the Forest Products Laboratorv in
Madison. Tt was a strafght-forwvard technical
discussion of the phenomena of swelling and
shrinking. After the svmposium, the editor
of a Canadian trade journal asked for a copv
of my paper so that he could consider it for
publication. He did publish it (Canadian
Woodworker, May 1959) and it appeared under
the semewhat ambiguous title "What You should
Know About Wood" -~ a title rather lacking
in Kevwords as bibliographers might point
out. Spread prominentlv across the top of
the title page was the threatening admonition:
"This could affect vour job!" 1 do not Jdoubt
the truth of that one bit.  Jobs and markets
too, have undoubtedly been affected -- |
mean literally Tost ~- by neglect on the part
of manufacturers, distributors, suppliers,
desicners, archiitects and builders to con-
sider the consequences of improper control
of moisture content, of inadequate measures
to accommodate wnavoidable moisture variation
in their processing, storing, handling, and

use ol wood and wood-based materials.  Nor I !

———
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In the United States, the most widely
dsed enpression ot the rodationship botween
fsture content and relative humidity is

P lishod by othe UL 8. Forest Service 's
Forest froduct= Taberatere (Us Fit 1974) .
This data, called Us P data Bereinatter,
was obtained in the carly 1900"s and is based

onoq tew data coints primarily from spruce
in initial ifirst time dried),

oscillating (the
the test varted o1 0 or moere, about the mean

shavi

olative humidity during

during the test) deseorption. This spuoace
data was wapplerented by data trom other spo-

cles.

Paper preseonted at the "Svmposium on
wood Moisture Uentent, lemperature, and
Humidity Relaticnships,” Blacksburg, VA,
October 9, Ta7u,
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In the UL S, psvehrometric data o
obtained with a wet and dryv balb thor=eere s
exposed to air velocities o cscess cro oo
per minute (3 wm/s). 0 The wet and drs bols
tomperatures are convertad te relative humidit
sivical Jdata tror iy
UL S, Weather Bureau's Bulletin No. i
Clivvin 1941),0 Frreors in this croccdare ar
uswally Tess than the errors of obhsorvation,

by the established o
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Cles, T PR
(TOTF (2170 probabiy acco Yor o the difteronie T
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CANADIAN : v, H Y.n
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There is quite a wide variction in tie

Seuree:  US FPLO(FPL 1974), Canadian values for various species and cven witid
tooch and Prady et Ty, German (Hildebrand [970), species.  For example, Skaar (109720 pL vl 1e-
Bricish (Prate tulid), ports that at 40°C and at 7h° 27 RE, thoo™

of tropical hardwoods from Vencouels varie i--
sapwood samples had a desorbing M
vothermodvonamic anatvsis of the wet and 16,2467 -0.76767; heartwood sampl wWe Ty
dry bulb thermometer is provided by Bird et. al. 15,9607 - 1,0827.

L1900, b, ha9) wheredin

wengert (1976) reperted a range ! o
[ . Y rium MC values for 8 North American hardwoeods
e s - wB) (R (35?3 at 80°F and 80% RH of 16.5° to 19.37.
SH Pr
Spalt (1958) examined the sorptien
where acteristics of various tropical species, w
the MO at 1007 RE ranging fres 33,07 e 27 0=

= saturated vapor pressure of water at

DB/atmespheric pressure (or mole Althoush the propertion of hemiveiial, =o,
fraction of water in saturated air) holocellulose, and lignin may slightly intlo
v, - omele fraction of water in air (the ¢nce the sorption behavicur botween specics,
desired number) much of the variation is caused by extractives,
DB = dry bulb temperature, °F fxtractives reduce the hvarescopicita. A tur-
WB = wet bulb temperature, °F ther discussion ot extractives will b .
Cp = Specific heat of air, Btu/lb-mole °F ed In a subsequent paper by Spalt ot thie ave-
SHo= heat of vaporization, 18,900 btu/lb- posium,

mole at 70°F
S¢ = Schmide number
Pr = Prandtl number




Specimen History

rherv are six major influences or treat-
ments that can be grouped under the heading of
specimen histerv: a) hvsteresis, b) stress,
¢) temperature, d) mechanical, ) chemical, and
1) radiation,  lhe first of these will be Jdis-
cussed in detrail by Skaar in a subsequent paper
in this syvmpoesium
herein.

the remainder are discussed

b. Stress

The fact that internal or external stressers
affe 't the moisture content of wood at equilib-
rium is not as well known as the fact that other
external factors affect wood molsture contenr.,
The equation prescnted by Barkas (1949) relates
vapor pressure, moisture content, and the applied
directional stress, and was derived using thermo-
dvnamic considerations. The theory states that
wood in compression will decrease in meisture
whercas wood subjected to a tensile stress will
increase in moisture content.

Studies have been done using swelling
restraints as a means of inducing compressive
stress on wood blocks. Using stecl rings as
swelling restraints, Bello (1968) found an
average moisture content reduction of 0.51 and
1.44 percent for restrained samples of rive
North American hardwoods when exposed to rela-
tive humidities of 538 and 87 percent, respective-
lv. He also observed a greater reduction in
moisture content for the denser species. The
greater reduction in moisture observed with
increasing humidity and density was attributed
to the higher compressive stresses associated
with these conditions. Belle noted that the
results were in good agreement with Barkas'
theorv.

Simpson and Skaar (1968a) used unidirec-
tional swelling restraint on red oak. Unre-
strained samples attained a higher moisture
content than samples restrained from swelling,
the largest reductions occuring when the ovak
blocks were exposed to high relative humidi-
ties (80%), the moisture content reduction being
about 0.25 to 0.50 percent. Other work by these
authors (1968b) confirmed an increased reduc-
tion in moisture content due to compressive
stress as initial moisture content increased,
and also gave the appearance that there mav be
a greater reduction in moisture content at
higher stress levels (Figure 1). It can also
be seen from this figure that a tangentially
directed stress is more effective in reducing
the moisture content than a radial stress.

Simpson (1971) induced either compression
or tension stresses in red oak samples. The
results indicated conclusively that moisture

o
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CHANGE IN PERCENT MQISTURE CONTENT

0.2 F
i
0.1 r_
0.0 1 1 U
60 75 9C
PERCENT RELATIVE HUMIDITY
Figure l.-—-Change in oeisture content as a8 fon -

tion of relative humidity,  Solid circle,

tangential stress at 207 fiher stress ot pro-
portional limit (FSPL); open vircle, tangen
tial stress at 607 FSPL; solid square, rad
stress at 907 FSPL; and open square, rac
stress at 60 FSPL (Simpson and Skaar 1968,

i

content decreases when wood
and increased when wood is subjected to teasion.
The rate of moisture change per unit stres
greater for gpecimens leoaded in tensjon than
those loaded in compression, and the offect of
stress induced moisture change was more pro-
nounced in the tangeatial direction than the
radial direction, as had been indicated in the
previouslv mentioned work. The moisture change
per unit stress showed no significant differences
at different levels of stress. Although pre-
dicted changes in moisture contents trom the
Barkas theoryv were higher than the oxperimental
values, application of the theorv appeared to
be valid.

Wais

Studies (Libby and Havercen 1961 and Lvoen
1963) on meisture changes induced by transverse
tensile stresses showed that the mapnitude of
mositure content increasce for Douglas-fir de-
creased with increasing initial moisture content,
and that this was a greater factor in stress
induced moisture changes than the stress level,
The moisture content increase due to the tangen-
tially directed tensile stress ranged from




0.02 to U200 percent, depending on test condi-
tions. From these results, it was concluded

that few new sorption sites are exposed at higher
moisture contents when tension is applied, and
that most new sorption sites are exposc! at the
Tow stress tevel Results ot oy Hied
parallel to the arain gave an initial
then an increase in moisture content with time,
ihe initial
due tooan incerease in crvstallinity.

tension

Toss and

loss, the authors sugpest, mayv be

The discussion of stress oftfects has, up

to this poilnt, been contined to external stro
from internal tactors
rradients, which 1t severe

en. o Stresses can result

such as moisture

enough during dry

lumber. Microscopic tissue anisotropy, due to
t t

ravs and dirrerences between carlvwood and tate-
T

ing will result in caschardened

wood, and micvroscopic anisotropy eshibited by
1Y fibril erientation differences in the ST and
S3ocompared to the 52, and by 2) intertibril
bonds which 1 swelling between fibrils,

also result in causing internal stresses (Skaar
970, Four difterent conditions of stress have
been applicd by Barkas (1949)
S Lor spruce shown in Figure 2.

in calculating

the ixothers
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Figure 2.--Sorption isotherms calculated by
Barkas (1949) for spruce. A, constant volume
ot cell wally By constant volume of pross
wood; €, natural sorption: and D, stress-trec
sorption,

ITsotherm A represents a restraining condition
which keeps the cell wall at constant volume,
Gross wood volume remains constant in isotherm
B, so that swelling occurs in the cell cavities,
The natural sorption isotherm €, depicts wood
unrestrained externally, but still subject to
the microscopic restraints previously mentioned.

rted

Isothere D includes only those stresses e
by the microfibrils (microscopic stresses).

In summary, stress does affect the sorp-
tion isotherm.  As depicted
torce decreases the EMC while g tensile

in Figure 3, a (om=

e
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Finure 3.--Sorpticn isotherms for sitka spruce
showing shift due to tension (upper curve) and
compression (lower curve) (Skaar 1972).

at which the stress is applied is a significant
factor.  High moisture contents result in a
preater reduction in moisture when stressed in
compression, and a smaller increase in moisture
when tension stresses are applied, compared to
lTower moisture contents. The effect that level
of stress has is probably small. Compressive
stresses applied {n the tangential dircction
reduce the moisture conteat more than those
applied radiallv. The rate of moisture change
per unit stress is greater for specimens exposed
to tension stresses than for those loaded in
compression.

The effect of stress on moisture content
would be present in plywood as it shrinks and
swells, and large wood members as well as drv-
ing wood die to the stresses caused by moisture
gradients.

¢. Temperature

Many researchers have
ing cffect exposure to high
lengthy periods of time has

reported the suppross-
temperatures for
on the subsequent

wood moisture content when equilibrium is reach-
ed. Several studies on the phyvsical and mechani-
cal properties of high temperature dried wood
have been done and all indicate the reduction
in the cquilibrium moisture content (EMC) in
high temperature drving is of the same magnitude.




The reduction is usually from V.5 to 3.0 percent
compared with conventional temperature kiln dryv-
ing and from 1.0 to 5.0 percent when compared to
air deving.  The magnitude of the reduction is
affected primarily by species and high tempera-
ture drving schedule, with some effect of other
factors such as the conventional drving schedule
used for comparison, cquilibrium moisture condi-
tion, initial moisture content at start of cqual-
izing, and extractives content.  (Huftman 1977,
Koch and Welltford 1977, Loslick 1976, Richards
1958, Salamon 963, salamen et al. 1975, and
Troxell and Luna 19720

Salamon et al. (1963} compared sorption for
cleven different western sottwoods using high
temperature, conventional, and air drving meth-
ods.  The reduction in hvprogcopicity due to high
temperature drving for amabilis fir and vellow
cedar, showed a difference of 1 percent moisture
content after 2 ovears storage. Gredater moisture
petween conventional and
high temperature drving schedules was exhibited
with mountain Douglas-tir, loduepole pine, and
wWestern red cedar. From the isotherns generated
by closely controlled sorption conditions in this
same study the wreatest difterences occured at
hivher relative humidities ot 70 to 90 percvent.
This agrees with resules obtained by Richards
(1958), who noted that the magnitude of the re-
duction in the hvgroscopicity of sceven high
temperature Jdried hardwoods was more pronounced
at the higher EMC conditions,

differcences of up to 37

Using small samples and heating several
species at oven drv conditions, Millett and
Cerhards (1972) recorded reductions in hyvpro-
scopicity for different temperatures and times.
As can be seven in Figure 4, the offect of in-
vreasing time and increasing temperature re-
sulted in decreasing EMC. Although not shown
here, their results also indicated that the
reduction rate for the FMC was greater for
hardwoods than for softwoods,  Although heating
wood in oven-dry conditions produced a notice-
able reduction in EMC, the changes in hvero-
scopicity when wood is steamed or heated in
water are less understood (McLean 1945 and Stamm
1964) .

The reduction in hygroscopicity due to
heating the wood results in some degree of di-
mensional stabilization, Stamm et al. (1955
expressed the reduction in hvgroscopicity as
the antishrink efficiency, as determined by
weight changes in relative c¢veles form 30 to
90 percent. Figure 5 shows the antishrink
efficiency plotted apainst heating temperiature.
This graph indicates the linear increase in
antishrink efficiency (reduction in hvgro-
scopicity) with increasing temperature for a
given time, as well as the effect of increasing
time on reducing hygroscopicity.
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Figure 5.--Antishrink efficiencies obtained by
heating western white pine cress-sections
's inch thick under molten metal at different
temperatures for Jifferent soriods of time
(Stamm ct. al. 1946),

Currentlv, the widely supposed reason tfor
the thermal induced reduction in hvueroscopicity
is the hydrotvsis reaction in the degradation
of the hemicellulose which results in the
Other ex-
planations have been offered such as a moisture
content reduction due to large drying stresses
created during high temperature drying, or a '
hysteresis effect created in the high tempera-
ture kiln.

destruction of sorption sites,




When wood is heated (as opposed to dried),
it can be seen that the reduction in hvgro-
scopicvity when wood is boiled in water or
steamed has been less explored and is thus less
well known,  There is an effect due to species,
perhaps due to extractives content, and it ap-
pears that the rate of reduction in hvgro-
scopivity is larger for hardwoods than for
softweods.  Work conducted by Stamm ot al. (1955)
indicates that the reduction in hygroscopicity
due to thermal treatment will last indefinitely,

The shift in the sorption isotherm would
be expected to oceur for other heated products
such as heated vencer logs, plyvwood, particle-
board, and charcoal.

d. Mechanical

Mechanical treatments refer to the mech-
anical breakdown of solid wood.,  As the wood
is broken down, it becomes slightly more ab-
sorptive.  Stamm (19630 speculates that mechan-
ical breakdown mav cause a breakdown of the
crvstallinity at the surtace of the fibers,
However, at 757RH, the increase in absorbrivity
is only 1/2°MC ror loblolly pine that is thor-
oughly beaten.

e, Chemical

Chemical treatments can attect wood and
its sorption properties in many wavs by modi-
fving the extratives and/or cellulose constit-
uents.,

As extratives are removed, increased hygro-
scopivity will be noted, unless the extratives
are more hvgroscopic than the wood.

One of the most influencial treatments in-
credasing hvgroscopleity (Stamm 1964) is the
treatment of pulp with a strong alkali. In-
crease of 1.3 to 1.5 times greater hveroscopicity
at high humidities were noted.

t. Radiation

The ¢ffect of gamma radiation on Sitka
spruce wood shows a distinet decrease in hvgro-
scopivity (on the order of 1 to 2"MC with a
radiation of 108 r.dds) (Paton and Hearmon 1957).

IMPLICATTON OF SORPTION TSOTHERM VARIATION

Initiallv, we stated that the relationship
between moisture content and relative humidity
is extremely important. Yet, as shown by manv
rescarchers, the relationship is affected by
manv variables, In manv in-use situations, the
standard U'S FPL data mav be sufficient. However,
it is clear that this data is sufficiently pen-
eralized that it does not apply to several

current situations--high temperature dried
sottwood dimension lumber, many panel products,
and some imported, tropical species.

High temperature dried dimension lumber,
as mentioned earlier, has been shown tu have
decreased hvgroscopicity when compared to
normal kiln-dried or air-dried lumber. This
in turn raises a question of determining strength
related properties. Should strength be deter-~
mined at a standard moisture content or should
strength be determined after reaching moisture
cquilibrium at a specified relative humidity
(without respect to the moisture content
level)? Another question is the application
of the 197 and 157 moisture content limits of
the volumtary lumber standard used in marketing
softwoods, as to reach these limits means that
high temperature dried lumber is in equilibrium
with higher relative humidities.

A second area of practical significance
is with panel products. In addition to the
strength question raised above, it is also
important to realize that when panels are fab-
ricated inte items such as furniture, having
all pieces--veneer, solid wood, and the panel--
at the same moisture content mav not assure
stabilitv as the three components mayv be
initially at equilibrium with three different
humidities.

The third area of practical significance
is with those species that have high extractives
and depressed isotherms. In purchase of this
lumber with a moisture content specification
it is necessarv to specifv lower meistures
than with domestic hardwoods. Further, hard-
wood kiln schedules (which arc based on
"normal’ isotherms) will result in unsuspected
acceleration of the temperature schedule and
possible degrade.

FUTURE TSOTHERM DATA

There are probably many wavs to handle
the sorption isotherm variation, ranging from
developing an isotherm for every piece of wood
to ignoring the problem. We hope that this
svmposium will discuss rational approaches.

We would suggest that a series of perhaps
five standard isotherms (perhaps the isotherm
should be the average of ad- and desorbing)
be developed to represent the range from the
most hvgroscopic to the least hvgroscopic
cases.  Then wood and wood products could be
indivated as behaving according to one of these
standard isotherms. As processing evolves
further and as specificity for wood and wood
products increases, the question of how to
handle the variable isotherm must he addressed.
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PSYCHROMETRIC RELATIONSHIPS AND EQUILIBRIUM MOISTURE CONTENT]

OF WOOD AT TEMPERATURES ABOVE 212 °F

By Howard N. Rosen
Research Chemical Engineer
USDA forest Service
North Central Forest Experiment Station
Carbondale, I1linois

T URBSTRACT T

' Equations are derived to evaluate psychrometric relation-
ships over a range of dry bulb temperatures from 200 to 500 °f
and wet bulb temperatures from 100 to 210 °F, Wet bulb
temperature, adiabatic saturation temperature, dew point, h

relative humidity, steam content, and enthalpy of humid air
streams are discussed. Graphs and a chart are presented that
relate relative humidities and dry and wet bulb temperatures
to equilibrium moisture content of wood. The practical prob- 1
lems relevant to evaluation and usage of psychrometric- |
equilibrium moisture content interactions are discussed and i
several areas of future research are suggested. <
NOTATION Q heat transfer rate, Btu/hr
A area of wetted surface, ft- RH  relative humidity, percent
c heat capacity, Btu/1b °F SC  steam content, percent
Dy diffusion coefficient, ft-/hr T temperature, f
h heat transfer coefficient, Btu/hr ft~ °F W mass rate of evaporation, 1b/hr
H enthalpy, Btu/lb dry air Y humidity based on T3¢, 1b water vapor/lb
dry air
AHy  latent heat of vaporization, Btu/lb
Y' humidity based on T,h. 1b water vapor/lb
k thermal conductivity, Btu/ft "F hr dry air
M molecular weight, 1b/1b mole K mass transfer coefficient, 1b/hr ft' atmos
NLe Llewis number, k/cpDy k  mass transfer coefficient, 1b/hr ft* unit
humidity difference
p partial pressure of water vapor, psi
o density
p* saturated pressure of water vapor, or
above 212 °F, vapor pressure of water, Subscripts
psi |
a air !
p average partial pressure of air, psi o
av  average [
pt total pressure of drying atmosphere, psi
db  dry bulb
Q heat transfer, Btu/1b dry air
R dp  dewpoint !

lpaper presented at the Symposium on Wood
Moisture Content--Temperature and Humidity
Relationships. Virginia Polytechnic Institute
?gggstate University, Blacksbura, VA, Oct. 29
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f air film

m dir-water vapor mixture

N at adiabatic saturation temperature
t total

T at dry bulb temperature

W water

wb at wet bulb temperature

wy water vapor

Psychrometry is a simple and inexpensive
method to measure the relative anounts of air
and water vapor in a humid air stream. The
method requires measuring the actual air tem-
perature {dry bulb temperature, Tgh} as well
as the temperature of a wetted "sock™ from
which water is vaporized into a gas (wet bulb
temperature, Twb). Worrall (1965) states that
the psychrometer is well suited for measuring
humidities up to temperatures of 500 f.

Until recently the forest products indus-
try had 1ittle interest in psychrometric re-
lationships and the influence of humidity on
equilibrium moisture content of wood at tem-
peratures above the boiling point of water.
This interest has been encouraqged recently for
two reasons: first, the increased use ¢f high
temperature kilns to dry lumber and, second,
the need for energy conservation in wood
processing. Moisture content control, espe-
cially important when drying Tumber for furni-
ture stock, depends on maintaining a prescribed
humidity in the kiln. Also, humidity determi-
nations are required for evaluating eneray use
and for energy recovery potentials from lumber
kilns and veneer dryers (Corder 1976, Rosen
1979a).

Considerable experimertal data have been
presented to justify the theory for developing
psychrometric charts below 210 °F (Wengert
1979). But psychrometric charts for tempera-
tures above 210 "F have been based on an exten-
sion of the low temperature theory with very
little experimental justification (Anon. 1976,
Evans and Vaughan 1977, Zimmerman and lLavine
1964},

In this paper | derive the mathematical
equations for calculating psychrometric charts,
show the limitations of the equations, present
high temperature psychrometric charts best
suited for the conditinns encountered in
processing wood products (200-500 [ T4p and
100-210 °F Tyup), and present high temperature

e : L N

equilibrium moisture content (EM() data from
the literature. 1 also discuss the major gaps
in psychrometric-EMC technology above 212 °F
and where the emphasis on research should be
placed to fill these gaps.

DEVELOPMENT (OF PSYCHROMETRIC CHARTS
Adiabatic Saturation Temperature

When unsaturated air 15 brought in contact
with water, the air is humidified and cooled.
If the system is operated so that no heat is
nained or lost to the surroundings, the process
is adiabatic. Thus, it the water remains at a
constant temperature, the latent heat of evapo-
ration must ceyual the sensible heat released by
the air in coolinag. If the temperature reached
by the air when 1t becores saturated is the same
as the water, this temperature is called the
adiabatic saturation temperature, T,

When air at temperature, "d4h, and humidity,
Y, is unoled to T¢ (symbals are defined in the
Notation section), the air will aive up a quan-
tity of heat, 0.:

O, = (Hy), + Y (va>: - (Hd)S -y (va)s. ()
s the air cools, its humidity increases

from ¥ to Y. at saturation, and the heat ab-
sorbed by the vaporization. (AP

Qo g =Y D) - (Ko ) (2)
Cecause the process is adiabatic, O, = Q,, and
ifter rearrangement:

Vo D) - ()T (M) - (Hy)g

Y o= . I
(HWV)T = (Hw)s

Enthalpies are based on zero for liquid
water at 32 F[(ZHV)32 = 1075.1 Btu/1b]; thus

1
s
(va)s = (CHy)gp # ,/;2 Cwy dT (4}
Tab
(HWV)T = (HV)32 + f}? va qu (5)
Ts
(Ha)S - (Ha), = /;dh ¢, dT . and (6)
T
<
(Hw)g = _/;2 cw d7 . (7)

Saturation humidity is related tu the par-

tial pressure of the water vapor at the adiabatic
saturation temperature, p?f, for one atmosphere




total pressure (Zimmerman and Lavine 1964) by:
0.6244 p*
Vg = et PE (8)
(14.70 - p%)
For the range of conditions from 100 to
212 °F, partial pressure (fig. 1) can be accu-
rately related to Tg by:

9160
Ty v 459.6) - o)
Values for cyy, Ca., and cy as a series

function of temperature are obtained from the
literature (Appendix}.

pr = 1.236 x 107 exp(-

The integrated forms of Equations (4) to
(7), as well as Equation (8), were substituted
into Equation (3) to obtain Y as a function of
Tdb and Ts.
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Figure 1.--Vapor pressure of water as a function
of temperature (to convert psi to kPa, multi-
ply by 6.895).

Wet Buib Temperature

Unsaturated air is passed over a wetted
thermometer bulb such that water evaporates from
the wetted surface causing the thermometer bulb
to cool (fig. 2). An equilibrium temperature,

Wick

Liguid
Reservair

Figure 2.--31agram of a wet bulb thermometer.

called the wet bulb temperature, Typ, 15 reached
when the rate of heat transfer from the wetted
surface by convection and conduction is equal to
the rate at which the wetted surface loses heat
in the form of latent heat of evaporation. The
heat transferred as sensible heat from the air
to the wetted thermometer bulb, Q:, is

Q, = hg A (Tab -~ Twp) - (10)
Heat lost by evaporation, which myst dif-

fuse through the air film_that covers the wetted
surface, is expressed as Q::

Q. = (H ) W ()
where
W= Mgy A (phy - p) ()

When the partial pressure of water vipor
is small compared to that of air, the following
expression can be used (Treybal 1955}

'Vla 4
{pop - P) = (Y = Y7 . (13)
My
Redefining » in termc of a humidity difference,
« = My p k, and combining Eyuations (1) to (123
yields;

0, - (,\Hv)wb A (Y - Y (14)
at Tups 0y, - 0, . Thus,
hf
L (Hy) Tah = Twp) - (s
<V b

The following relationship was tound to be
true for dilute concentrations (Bennett and
Myers 19862):




he A k
f - (N .
UM

) (16)

Combining Equations (15) and (16):

/
_(NLg) Cm

YU Yep - -~ (Tdb - Twb) (7)

(AHV)wb

Values of NLe and ¢ are functions of
temperature and humidity (see Appendix) and
{aHy ), can be represented by (Zimmerman and
Lavine 1964):

(3Hy) o = 1094 - 0.576 Typ . (18)
We cannot obtain an explicit relationship be-
tween Y', Tdp, and Tyh. Thus, Equation (17)
must be solved by trial and error.

Figures 3 and 4 show plots of Equations
{3) and (37) for the range of conditions from
100 to 212 °F T,p and 200 to 500 °F Tgp.
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Fiqure 3.--Psychrometric chart for low humidity--
solid horizontal lines are constant wet bulb
temperature (°F/°C), dotted lines are con-
stant adiabatic saturation temperature.
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Figure 4.--Psychrometric chart for high
humidity--solid horizontal lines are constant
wet bulb temperature {7F/°C), dotted lines
are constant adiabatic saturation temperature.

Comparing Y and Y'

Equations (3) and (17) can be compared
after some terms are regefined and certain
assumptions are made.

Because,
(ﬁHV)S = (va)s - (Hw)s (19)
or
(HW)S = (HWV)S - (‘A*HV)S ’ (20)
equation (3) can be rearranged to yield

Ys ( HV)S * (Ha)s - (Ha)T (21)

Averaqe values of heat capacities in Btu/1b °f
(0.28 for air and 0.46 for water) are sub-
stituted into Equations (4) to (6), which after
integration yield:




(HWV)S = (-‘Hv)sp +0.46 (Tg - 32), (da)
(HWV)T = (.'\Hv)32 + .36 (Tdh - 32), and (56)
(Hadg - (Ha)p = 0.23 (Tg - Tgb) (6a)

Equations (4a) to (6a) can be substituted into
Equation (21) to yield:

(0.24 + 0.36 ¥) (g
(Hy)

Y= ¥

~
&%}
—

db- Ts) - (
S

Equation (27) is in the same form as Fquation
(17) and the two are identical far Nie = 1.0
and Cm = 0.24 + 0.46 Y.

Because Tyh 1s usually measured in prac-
tical application, further concepts will be
based on Y' rather than Y.

Dew Point Temperature, po

The dew point is the temperature at which
a given sample of moist air becomes saturated
as it is cooled at constant pressure. Dew
point temperatures can be evaluated by construct-
ing a horizontal line on a psychromatic chart
from a point corresponding to the original tem-
perature and humidity to a point with the same
humidity an the 100 percent saturation curve
(figq. 4). The dew point also can be calculated
directly by knowing the humidity:

9160
. 160 1596 23)
T " 9633 - gy 0 (73}
where
WL 170y
Pwb ~ 0 g2aa + v

A large difference exists hetween Tdn and
Twbs especially at Ty below 160 F (fig. 5).

Relative Humidity, RH/Steam Content, SC

Relative humidity expressed on a percent-
aye basis is defined by:

RH = g* x 100 . (73)

Above 212 'f at atmospheric conditions,
RH must be less than 100 percent because at the
most p can be 1 atmosphere and p* must be
greater than 1 atmosphere. At 500 'F, the maxi-
mum relative humidity is only 2.2 percent.

A useful concept called the steam content,
SC, is helpful when describing high temperature
environments (Sturney 1952):
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Figure 5.--Dew point temperature as related
to wet and dry bulb temperature.

booxo10n.
Pt
Constant SC lines are thus lines of constant
partial water vapor pressure and are coinci-
dent with dew point lines.

SC = (25}

Combining Equations {24) and (25), at
atmospheric pressure,

147

p*

RH SC (2e)
Thus, the 100 percent SU line ygives the areat-
est RH that can exist at each temperature.

tnthalphy, H
Enthalpy, ar heat content of a sabstance,

is generally the ditference between the enthalpy
at some temperature and an arbitrarv temperature

(32 °F dn this paper). The enthaley ot a humid

dir stream, H, is thus

Ho- (“‘A)T + v (HWV)T (20
T T
- db ~'db

H o ./V) C,‘dT + \"[('Hv)m‘./p ‘wv'ﬂj (28
i S S




Substituting the values of cy and cyy from the
Appendix, and Y' from Equation (17), H can be
evaluated for the range of T4y and Typ. For a
constant wet bulb temperature, the change in
enthalpy from 200 to 500 °F dry bulb tempera-
ture ts small. As dry bulb temperature rises,
the increase in sensible heat of the humid air
15 approximately equal to the decrease in
latent heat due to a decrease in humidity.

The average values of H for each wet bulb
temperature are within 1 percent of H values
for the range of dry bulb temperatures (fig. 6).
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Figure 6.--Enthalpy of humid air streams as a
function of wet bulb temperature (to convert
Btu/1b to kJ/kg, multiply by 2.325).

THE RELATIONSHIP OF EMC TO WET
AND ORY BULB TEMPERATURE

Much of the basic data and mathematical
techniques evaluating EMC at temperatures above
212 °F were developed in the late 1940's and
early 1950's in Germany and Australia (Kauman
1956, Kolimann 1961). Until recently, the only
EMC data available above 212 °fF was for pure
superheated steam at atmospheric conditions
(Hann 1965) (fig. 7). The pure superheated
steam curve (Typ = 212 "F) represents the

ll.
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212 220 240 260 280 300
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Figure 7.--Equilibrium moisture content values
for wood in pure superheated steam at
atmospheric pressure.

maximum EMC attainable at each dry bulb tem-
perature. Above 212 °F, EMC drops rapidly
with increasing temperature to less than 3
percent at 275 °F. Rosen (1978, 1979b) has
presented EMC values for wood in air-steam
mixtures (fig. 8).
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Fiqure 8.--Equilibrium moisture content of wood
in air-water vapor mixtures {points ar:> based
on the average of 7 to 12 values).




The charts and tables in the literature
(Kauman 1956, Ladell 1957) relating EMC to
conditions in humid air streams above 212° F at
atmospheric pressure are based on an extrapo-
lation technique (table 1). Stamm and Lough-
borough (1935) observed from desorption iso-
therm data (fig. 9) that a plot of the logarithm
of water vapor pressure against the reciprocal
of absglute temperature (isosteres) for a num-
ber of different moisture contents yielded a
straight line (fig. 10). Extension of the
isosteres tu temperatures above 212 'F agree.
within 1 percent moisture content of experi-
mental data in pure superheated steam (fig. 7).
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RELATIVE HUMIDITY (%¢)

Figure 9.--Desorption isotherms at several
temperatures for Sitka spruce (Stamm 1964).

To illustrate the method, find the EMC at
Tdab of 225 °F and Typ of 200 °F.

RH = 60 percent (fig. 4)

p* = 18.9 psi (fig. 1)

188 = 11.2, Equation (24)
Thus, EMC = 5.8 (fig. 10).

p = 18.9 x

Several investigations also showed the
extrapolation technique could be used to evalu-
ate EMC for pressures other than atmospheric
above 212 °F (Czepek 1952, Kauman 1956,
Keylwerth and Noack 1964, Kr511 1951) (fig.
11). Equilibrium moisture content data for a
range of pressures and temperatures above 212
°F are given in several adsorption isotherm
studies (Engelhardt 1979, Noack 1959, Strickler
1968). Interpretation of EMC data at the high-
er temperatures is complicated by partial
thermal degradation and loss of wood mass, but
investigators have shown methods to correct
for this Toss. Separate investigators found
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Figure 10.~--Fxtrapolation of vapor uressure

versus temperature for several EMC's.

big differences in EMC values, especially above
80 percent relative humidity, as typified by
the 338 °F isotherms (fin. 12). Differences in
experimental technique and wood species might
account for the disparity.

PROBLEMS IN PRACTICAL USAGE CF
PHYCHROMETRIC-EMC INFORMATION

Accurate measurement of wet bulb tempera-
tures is more difficult at dry bulb temperatures
above 212 “fF than below 212 “f. The design of
the wet bulb thermometer and wick must be such
that the surface of the bulb remains wet and
adequate humid air is circulated across the
wick to ensure that all the heat of evaporation
of water from the wick is transferred as sensible
heat to the humid air. Wet bulb sensing devices
that are adequate for low temperature operations
are not necessarily adequate for hiah tempera-
ture operations.

Many of the psychrometric charts and tables
in the literature assume that the adiabatic
saturation and wet bulb temperatures are equal
and neglect the change in properties of the
physical parameters with temperature and
humidity. Thus, humidities are calculated from
relationships similar to Equation (22).

Figures 3 and 4 clearly show a differer
between humidities evaluated at the same Tg and




Table 1.--High-temperature relative humidity and equilibrium spisture contert table
(%auman 1956, Ladell 1957).

#
3
va bulb . :77 i "’;"-'"‘" -W‘eutubym”Ae_npera‘t‘ale, ?/ \, . -
rerperature, “F/ C18U/66:160/71:170/77 18082 10098195791 200/93: 205 /96121779977 150
2007 33 330 42 53 6.9 108 147 20.3
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|
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1 : L . . .
Relative humidity--gir-water vapor mixtures at atmespheric pressure.
2Equilibrium moisture content for Sitka spruce.
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—— STRICKLER (1968)

- Twh at Tdp above 2G50 "F.  Even tncuun tre
analysis of this paper takes inte accourt tre
changes in physical parameters witn char i

a0y
1

HHH  ENGELHARDT (1979 conditions, several relationships [sucr &S
40 - ——— EXTRAPOLATED fquations (13) and (16)] need to be exavined

EQUILIBRIUM MOISTURE CONTENT (%)

Figure 12.

more carefully for high humidities. Because
there is minimal experimental verificatinn of
psvchrametvic relationship above 212 ., tne
best ratheratical approach for describing tne
interactinon of Y'| Tqn. and Tyup will re
arbitrary.

The Tack of EMC data and differences in
existing EMC data above 212 "F is a major prob
lem. Although the isostere extrapolations fit
well for pure superheated steam at atmospheric
pressure, they predict high for air-steam
mixturec (compare values from table 1 with
thase of figure §).

RECOMMENDATIONS FOR FUTURL RESEARCH

RELATIVE HUMIDITY (- )

--Comparison of experimental and
extrapolated 1sotherms at 338 °F.

1. A simple, economical, and accurate method
to measure humidity in air-water vapor
mixtures at temperatures above 212 °F
should be developed.

2. Experimental verification of psychrometric
charts above 212 'F dry bulb temperature
should be undertaken.




3. Experimental values of MU as a function
of temperature above 212 F, humidity, and
total pressure (especially at one atmos-
pnere) need to be obtained.

APPENDTX

Heat capacities of components as a func-
tion of temperature.

¢, 7 0.2317 ¢ 901 x 107 T+ 122 x 1077 T -
oA ot
Sy = 0:427 #1916 x 1077 T + 4.318 x

10777 - 871 x 1071 17

where C¢g and cwy are in Btu/lb °F and T is in
3 (Hougan et al. 1959)

G = 0.991 + 3.0 x 1070 T

is a linear fit of the data from 100
Fand T is in °F (Perry 1963).

where C

0 212 %

IT. Evaluation of the Lewis Number (Nie!} and

and humid heat (cpy)

(-K— } numbers for the air-water
oD,

vapor mixtures were evaluated at the average

condition of wet and dry bulb temperature,

The Lewis

CTwb * Tdb
av 2

Density g (Tb/ft?)

Tror the ideal gas law,
o v+ w0
M (Tay *+ 459.6)(0.0252 + 0.0407 W)

heat capacity or humid heat, ¢y (Btu/lb 'F)
based on average values of heat capacities of

air and water vapor over Tay from 150 to 355
°F

c, = 0.243 + 0.455 v’

m

from a linear fit of the data presented by
Evans and Vaughan (1977)

D, ~ 1.663 + 4.03 x 107" Tpy

The thermal conductivity of the components
kwy = 0.0083 + 2.5 x 107" T4y [Weast 1966

ka = 0.0132 + 2.39 x 107" Tay {(Bennett and
Myers 1962)

were used to estimate the thermal conductivity
of the moisture as described by Bird et al.
{19607},
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Crom Merton and Hearte (Y600 Shows the ol oot

DES.
/

.~ = — — g T - -

| _ EQUILIBRWM,

\
ADS.

TIME —

Fivare 4 evovthericoal carves ~howing the
approach to adsorption and desorption
cquilibrinm with increasing time (adapted
trom Morton and Hearle, 1962,

ot time on the attainment of cquilibrium tfrom
ot desorption and adsorption assuming that

the process of attaining equilibrium is an
ontial tunction of time. It may require
woeeks or even months to attain true equilibrium,
his mav he due to the fact that slow molecular
redarrancenents mav bhe occuarring in the wood as
wlates itself to swelling
mmanda and Davidson, 1970).

the structure acoor
forces (Skaar, Pris

The ettect of fmmediate past histery, as
retlected in the number of adsorption steps to

which a sample is exposed, on the magnitude of

the adsorption isotherm (and therefore on the
A/D ratio) was first reported for wooed by
Christensen and Delsew (1959).  Table 2, taken
from data of Prichananda (1966) shows the

table 2. Desorption and Adserption EMC's and
AMD ratios at several relative humidities on
vellow birch {(Betula alleghaniensis).
Adsorption EMC's were obtained in single steps
or in several steps (multistep).  From
Prichananda (1Y6h),

Desorption () Adsorption (A}

multistep multistern single-~step

H( ) MO M) AN M) AD
40 5.47 5.16 4,734 S.e7 0,77
31 747 TL0An UL.R817 7,47 ULRAA
A0 9.11 B.A0 n.81Y 9,11 O.86AR
70 10.54 10.19 0.821 FOUSL 0, R8ay
30 14,19 13.649 G.R4E 1L 19 0 877

Mean A/D ratio 0,807 + 0,045 - multistep
0,848 + 0,00 - sinvie-step

direct effect of this factor on the A/D ratio.
Here are shown the desorption EMC's, calculated
at several values of B, topether with the
single-step and multistep adsorption EMC's at
the same humidities. The data for the sinple-
step adsorption was obtained by cquilibrating
a =ample to ecach humidity  atter first drving
it in an oven at 103 4+ 2 ¢, Tho aata for the
multistep adsorption were ohtained by exposing
cach sample to increasingly higher humidities
wter equilibratine at the previous humidity
condition,

As Table 2 indicates, the FMC was alwave
higher for the single-step than for the nmulti-
step adsorption. Therefore, the A/D ratio
where, 1 is the desorption value obtained only
by multistep desorption, wis alwavs higher for
the one-step (mean = 0,848) than for the melti-
step adsorption (mean = 0,807),

sorption hvsteresis in wood decreases with
indreasing temperature according to Weichert




(1963), and disappears at temperatures between

75 and 100" C tor European spruce.  Dhata ot

Kelsev (1957) show ayvreement with this tendeney
in that hvsteresis in Araucaria klinkii ot

Australia decreased in macnitude in going trom
- o

25 to 55 €.

The complete adsorption and Jdesorption
isotherms, that is those obtained trom corplete
drvness and near saturation, respectively, oive
the wreatest AN ratio. Urqubart (1980 e jves
a thorough treatment of serption hysteresis
in textile materials, and points out that cvelic
isatherms varried over smaller homidity ranges
tend to fall between the complete iaotherms,

In other words, quoting trom Urqubhart (19603,
"the two (adsorption and desorption) curves do
not torm oan equilibrium Tocus but define an
equilibrium area.”  Stamm (1964) cenerally
concurs with this ~ime viewpoint.,  Fipnre 5

25 T T Y T

Figure 5. [llustration of intermediate
hysteresis loop tadapted from Urquhart,1960) .

illustrates an intermediate hvsteresis loop
of the type wiven by Urquhart (1960).

Differences ir the phesical-chemical
constitution of the wood, including extr-
actives, probablyv account tor the variation
in the A/D ratio among different woods.,  For
example, the data as reported above for Spalt
(1958), Okoh (1976), ete., probably reflect
these differences., According to Stamm (1964),
the mean A/D ratio is higher for wood pulp and
holocellulose (0.8A) than for gross wood (0.82),
The ratio for lignin is lower, averaping ahout
0.78 (Table 1). Regenerated cellulose also
pives lower values, 0.78 and 0,77 for viscose
and cuprammonium ravon, respectively,

Hvsteresis has also been demonstrated in
the heat of wetting wood., Arpue and Maass
(1935) reported that the heat of wetting was

hiygher tor cotton which gttained o piven BM

by desorption than by aldsorntion.  More recently,
RKajita (1976 fouand o -imitiar relationship tor
the wood ot Hineki cvipres c0hamaeoyparis
obtusad).  Fignre b chows the carves, caloulated
by Kadita, of the heats o wetting in adsorption
and in desorption tor both cotton and Hinok!

capresas The verves e haced anequat fons ot

~ ]
\\\\ d
10 es. ;. g
g N\ nds_(HlNOKl) |
W 6 | N
(cal/g) N 1
des. a7 ~
4 ads{COTTON: H
N
\\\\
2 1 ) 1 ~N

M(%])

Fioure o, Heat o wetting w oourves (Lo scaled
for Hinokl cvpress and Yor cotton acainst
initial moisture content M tor both adsern-
tion and desorption equilibration (fron
Kajita, 1476).

the form, leog W o= 4 - Bm, where W Qs the heat
of wetting (calories/s drv woedd, A and B are
constants, and mois the initial wood noisture

content (g/u).

The heat of wetting hystercsis results
described above can be accounted for by the
preater number of available sorption sites
(or surface area as viewed by Argue and Maass)
in the wood during desorption.  This is becanse
the b at of wetting is penerated primarily by
the strong interaction of water with the avail-
able primaryv sorption sites.  There are more o
these unoccupied at a given meisture content
during desorption, based on cither the Hailwood-
Horrobin (1946) or the Dent (1977) model.  This
is because the total number of available
sorption sites, indicated by the mavnitude ot
m ., is appreciahly hivher Yor desorption,
ngcvvr, the number of sites actually ovceupied,
proportional to m,, is not greatly difterent
tor adsorption JnA desorption, particulariv at
lower moisture contents,  Therefore, the ditter-
ence (m - m) at anv yiven total meistare
content'm is predater tor deserption than tor
adsorption. Conscequently, the heat penerated

during wetting is greater for desorption since
this should be primarily o tunction of

( -
(m m]).




FHEQRIES OF SORPTION WYSTERESTS

Capiltary theories

Severd) theories have been proposed for
explaining sorption hvsteresise The carlier
theorivs were hased on the assumption that
moisture sorption was primarilv by captllary
torces within the tiny interstices in the wood
cell wall, one of these theories, attvibuted
e Kollman and Cote (1968) o Usipmendy (18l
postalated thot hvsteresis was coused primarily
by the Yower vestact angle of water within
these vell wall capillaries during adsorption
than durine desoepcion.

Chen and Wanpaard (14968} cave cvidence
which appears to suppert the theory of
rsipmondy.  Using the Inclined plate method
they measured the water wettability hvsteresis
of 28 tropical woods,  This was defipned as the
ratio of the cosines of the advancing and
receding contact angles during the wetting of
wood samples with water. For 13 of the woods
for which they had complete adsorption and
desorption data, thev calculated the curves of
dissolved (which thev called polvmolecular)
water as a function of relative humidity H,
using the Hailwood-Horrobin equations. They
then tovk the value of dissolved water at
equilibrium with b = 907 for adsorption and
calculated the desorption equilibrium humidity
H, for the same amount of dissolved water
(%igurc 7). The racio 1n(100/90/1n(100/1 )

. ) d
was designared as the relative humidity
hvsteresis,

16

2».

bDiagram 1llustrating the method for
calculating the relative humidity hvsteresis
(adapted from Chen and Wengaard, 1968),

I~

M
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1

Figgure 7.
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A plot of the relative humidity hvitere-is
dpainst wettahility bvsteresis (bigure &) showed
a poaitive correlation.  Chen and Wanpaard
interpreted this to support the vontact anple
theorv of Zsigmendy for explaining serption
hvstervsis, based on the Kelvin equation, at
least at high humidities. Theilr reasoning was
based on the relationship ziven by the Kelvin
relative vapor pressure,

vquation between
X Thev alsae

capillary radius and cont it andle,
cited other analvses of their data which tended
to support the capillary contact angle theory
of sorption hvsteresis.

0.9 T T T P
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Figure 8, Plot of relative humidity hvsteresis
(B~-hvsteresis) and wettability hvsteresis
{W~hysteresis) {adapted from Chen and
Wangaard, 1968).

The capillary contact angle theory mayv be
useful in explaining sorption hvsteresis at
tigh humidities but not at low humidities, as
Barkas (1949) points out. Capillaries of the
tvpe considered by the Kelvin equation cannot
gecur at low humidities, since calculated
capillary radii approach the order of magnitude
of molecular dimenstons. In this case, class-
jcal surface film properties such as surface
tension no longer apply.

McBain, according to Barkas (1945), proposed
the "ink bottle'" theorv, alse based on the
concept of capillary condensation within the
cell walls. According to this theorv, capil-
laries are not of even taper, but contain
constrictions. Buring adsorption the capil-
laries will gradually fill from the smaller
to the larger spaces. However, during desorp-
tion some of the water in the lavger spaces
between the narrower "hottlenecks” will tend
to be trapped at lowee vapor pressures, in
cquilibrium with these lower vapor pressures.
This wonld tend to be a state of unstable
equilibrium becanse of the high tension in the
water. Both the Zsipmondv and McBain theories
mav explain some of the hesteresis at high

humidities hut certainly not at lower values.




sorption site availability theory

The mechanism ot sorption hyvsteresis most
venerally held (Urquharct, 19695 Stamm, 1964)
we will designate as the sorption site avail-
ability  theorv, It is hased on the reduction
in the availability of hvdroxvl sorption ites
on wood which is absorbinge noisture atter
having been dried.  These hvdroxsel croups are
belicved to be the primary, thouph not
necessarily the onlv, sorption sites for the
dttachment of water molecules in the aveessible
recions of the cell wall,

In green or water swollen wood, aceordine
to this concept (Stamm, 1964), the hvdroxel
groups are attached to water molecules,  When
the wood dries some of the hvdroxv] groups arce
freed from the attached water moltecules and
mutually bond with vach other as thev draw
closer due to shrinkage. When water is
regained or adsorbed, some or the hvdroxvl
proups are no longer easily available te bond
with water molecules. This results in less
adsorption of water at a given humidity com-
pared with the initial desorption.

As humidity increases still further, and
additional water is taken up, the swelling
pressures tend to break some of the hvdroxvl-
hvdroxvl bonds, freeinyg some but not all of
the originally water-bonded hvdroxvl wroups
or sorption sites. These are then available
to be rehvdrated or to adsorb water molecules.
During subsequent or secondarv desorption the
EMC is therefore higher than for adsorption.
However, it is zenerally lewer than during
initial desorption from the green condition,
particularily at higher humidities, presumably
because some of the bonds which formed between
bvdroxyl groups during initial desorption are
not broken. The process repeats itself during
subsequent cvcling of the relative humiditv,
forming a more or less repetitive hysteresis
loop (Figure 1),

There is evidence to support the access-
ible sorption site theorv for hvsteresis, in
that the value for the maximum amount of water
m held in hydrated form (Hailwood and
Horrobin (1946) solution model) or in the
monolayer (Dent (1977) modified BET model),
is considerably less for adsorption than for
desorption. For example, data given in
Table | of Spalt (1958) on 16 different woods
to which he applied the Hailwood-Horrobin
model shows that the mean ratio of the maximum
water of hydration m (g/g) in adsorption
compared to desorption is 0.726 + 0.071,

In other words, on the average, Gnly 72.6
percent as manv sorption sites are hvdrated
during adsorption as during desorption. The
maximum water of hvdration m”(g/g) wAas

'8

alvualated by dividim the eoleonlar weient o i
water (1% g/mole) Byothe solecunlar weivht ot
waod per mole ot hvdration tsorption) sftes. \
The more recent  orption theory ot Dent (1477
which s o moditication of the BFT theorv ields

the same value tor n, as Jdoes the Hadlwood-
Horrobin model.  thawever, in the Dent rodel,
oo ds Interpreted to be the medsture content
carresponding to complete monelaver coverage

ot all the sorpticon sites, rather than conplete
hvdration,

Chen and Wanvaard (19681 also caloulated
the ratio of the average water of ndration in
adsorption te that in desorption over the
hamidity range from 60 to 9070 using the
Hatlwood-Horrobin model, for 13 weod species
for which thev had data.  They then pleteed
this ratio against the wettability hvstoresis
ratio, and calculated the
curve.  There was a signi

lincar revression
cant relationshiyp,
but it was nepative, indicating the unexpected
result that wettability appears to be inverscels
related to the extent of hvdration of the wood,
Ihe authors gave no explanation for this
apparent anomalv except to point out that the
hvsteresis in water of hvdration or mone-
molecular water was only a small portion of

the total hvsteresis. Nevertheless, one

would expect that even small increases in
accessible internal surface arca would open

up microcapillaries for sorption of additional
wiater in succeeding lavers in approximate
proportion to the increased accessibility.,

Thermodvnamic hysteresis theory
The explaniations for hvsteresis oiven

above are mechanistic, that is, theyv postulate

s, Rarko

one or more specific mechanis
(1949, 1945) has propesed a4 wore ceneral thoory
based on thermodyvnamic considerations onlv,

It does not propose a specific mechanism tor
hvsteresis and theretore mav bhe compatible wit
those mentioned previously,

Barkas points out that wood and other
hvgroscopic gels exhibit plastic or inclastic
behavior when subjected to mechanical stresses.
This behavior results in the familiar
hvsteresis loop in the stress-strain diacrarm
of wood and other incompletely clastiy
miaterials.

Barkas' cexplanation of sorption hvetoresis
is based on an extension of bis theery o
explaining the cffect of stress on the soretion
isotherms of hvproscopic pels such as wood,
which he used as a model materials Vipare o
shows a hvpothetical pres—are-volume diavoam
for wood for the reversible clastic case, aw
proposed by Barkas,
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noerder to illustrate the principles
involved, Barkas used the exanple of g wood
specimen partially restrained from swelling
lincar clastic spring
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Figure 10. Schematic diagram showing wood

sample swelling and shrinking apgainst a
linear spring.
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Following Barkas, we will consider two
cases,  In the first the wood is
to be perfectly elastic with no lastic flow

case assumed

when a ~tress is applied, [}
Figure . In the second
exhibit rheological
resualtine in
P¥ivgre 1,

Tustratod by

the wood will !
it in fact

irreversible  plastic

case
properties, as
\IUC_“\, some

flone

»U
-

sUs0

1.

Diagram showing unidirectional
stress P oapainst displacement x for woed
during moisture sorption for the inelastic

Figure

case (adapted from Barkas, 1949).

in
It

In the {irst, reversible case, shown
Figure 9, the wood is perfectly elastic,
is initially at a moisture content M,, at
cquilibrium with a  relative humidity H, under
the iniftial stress P, oexerted by the elastic
soring,  If the humidity increases from HO to
Hy, the wood will adsorb moisture and swell
against the spring until some new equilibruin
peint is reached at stress Py oand moisture
content My, Thus, it will move from point
) to point B on the diagram., The actual
mavnitude of M] is inverselv related to the
increase in stress 7 - Py, 1f the humidity
H is now decreased back to the initial value
Hos M will decrease to My and P} to P,, thus
returning exactly to the starting point 0.

ft should be noted that the actual location
of point B, and therefore the values of Py
and M. depend on the stiftfoness of the restrain-
ing spring shown in Figure 10, If this spring
hecomes more stiff, the equilibrium ppoint B
moves toward the point ¥ with a greater
compressive stress Ppoand reduced  moisture
content My, The converse is true if the spring
is weaker or less stiff. However, for the
reversible, perfectly celast{c case the
cquilibrium point 0 when H is
to H | regardless of the location
the ?inv Hy.

returns to
of

reduced
B oalong




In the reversible pertect!y elastiv oo
cited above sorption hvsteresis would not
to this in ract i
weuld to tind in

SEresses de net

Harkas,

Accarding
situation

ooour.,
the
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the second such wood whiore
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that
the point BY
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Stroess is

moisture is hicher

the humidity to
value of Hooresults in a reduction in moisture
content and The tinal

Lowering the oriyvinal

Stress, eguilibrium

value P\" will be lover than Poand that ot .‘1«',
will be hivher than the origzinal valae M.

The area with in the loop represents the
difference in the work done by the wood on the

s cing Jduring adsorption and the work recovered

by the wood during desorption.  There is
therefore a net energy in the
Barkas points out the humidity must be
below Ho for the wood to attain tts orininal
moisture content M | since it {8 now in
tension, ¢

As

lowered

loss cvele.

Barkas,
the wood subjected to swelling against

(1949 has used the example ot
an

external spring (Figure 10) to illustrate a
principle,  Actually there are vestrvaining
torves within the cotlb wall ftselt which act

the

is

similarly to external in resisting
swelling. It Jitficult
reproduce the pressurc-volume diagram of

Il for the cell wall, Rark.as
susstests using the corresponding pressure-
volume diagram for the water vapor ftselt to
calculate the in enerygy or work during
a sorption cyvele. This is possible in an
isothermal system if it that the

spring

or fmpossihle to

Fipure However,

loss

is assumed

same amount of cnerey s required to evaporate
wiater at a yiven moisture content Juring
desorption as is recovered during condensation
at the same moisture content

The vapor pressure-volume diayram
corresponding to the wood pressure-volume

diagram  of Figure 11 is shown in Figure 120,
It can be calculated from the adsorption
and desorption isotherms at anv given temp-

erature, The area between the adsorption and

desorption curves in Figure 12 pives the work-
loss Juring serption hvsteresis, Tt ocan be
caleulated evasily and should correspond to
the area bLetween the curves in Plouare 1.

Sleure DL Dioeram showine Bvetoresis in ot
relative vapor proseaoire e oy
voluame phase cadanted oo Barkae, 1ol

Bavkas (1959Y Saa catonlated cnat vl e

represents approxisately 7 oceroont crothe

total work of desorption for sprace weed,

we assume that this area is proportienasl o

moedn Jdifference between the adserpticn and

desorption isotheras, the AD ratico can by
approximated as - 0,17 = 8y, [RERES

ApPrYeximates the AYD ratios cdven in Yabl

and elsewhere.

PMPLTCATTONS OF SoRPUTON

[SARS

Moisture serption hvateresis b

important etftect in rodon fnge the moistot
and dimensional chanees in woed whon it
eaposed In use to ovelic hamidity chanee
For ex vowoaod used indoors in tesperate
clhimates may be expescd Lo wide annaal
tuations in averave heidity, Tie FMC T

tuations however, and thc consequent ditensiong)
chanpyes, dre sieniticastly Tess than wes 3
anticipated based on the an oserption dsether
Botore amplitving this =tatement, woe Jdetim
certain important dimensional stability
paraneters or coctticients, redtlowing the neta-
tion and treatment of Choscharn cid7hY
The tivst impovtant coctr i font de the
Umotsture expansion coed Ui deerT N e i P,
X:(l\‘\(‘\. oroN T i [
tract bl chanee L % ) dn
(radial, taneentiat, SYey N '
dimension x ooand o the 1o
content (v :\.ulx'r v weedn,
applive tor vither swelline oo o
chames in s oand are in the o
Ry analoesy with the ottt fent or thersa) ;
expansion detioed cisidarly wo will use the ter i ‘
moisture expans=ien coeiti denty ad thoenet iy i

10




otten used tor wood to Jdescribe shrinkage
based on vreen dimensions,

[he moisture expansion coctticient X,
{on initial vreen dimensions, is lincar
over most oot the hvgroscopic ranee of moistuare
contents (Reviwerth, [964) tor transverse
Jdimensional changes.

hased

The Wood Handbook (1973) Tists "dimen-
~tonal chance coetficients" over the moisture

rr to 14 pervent tor o number of

orted woods.,  Thev are

as well as

hased on the dimension x gt the mean moisture
L . N
content ot Ldopercent and, since moisture

Choances gre expresscedoin perceat of dry oweight,

[ 1ire approximately cqual to X/100.0 0 The
sean value of X o between 6 oand 14 percent

Mods was valealated trom data based on initial
shrinkave trom the »reen condition.

Another foportant ceetticient, detined

By Choemeharn (1975 is desivnated as the
"humidity expansion coefficient,” Y. It is
detined as Y = (I/x D e/ W) or, Y = os/h
where B is the relative vapor pressare
th = 11000, The coetticients ¥ and Y are
theretore related as tollows:

Y= X(m/ by o= X(-MJGH) = XZ where

2= myoh o= oM HL the effective rate of
chanee of moisture content M (or @) with
respect to relative humidity H (or h).

If the sorption isotherm was perfectly
reversible, that is, it sorption hyvsteresis
did not oceur, the value ot 7 would be the
~lope ot the sorption i=sotherm. This varies
with both moisture content and humidity as
Sioure Y inmdicates,  The mean value 7 avoer
ANy range of moisture content or hamidity s
then wiven he

m, h,

5 _ 1
2= i, | 2mldm = 5 | Zbldn

m h,

Boetween anv two fimits of moisture content
m,oand m,, or between the corresponding
Timits of relative vapor pressure h1 and b,

Duoting from Chomeharn (1975, "in
practice the humidity expansion coetficient
Yois o a more important property of wood than
the moisture expansion coetticient X <ince
one fs usoally more interested {n the dimen-
sional chanves assoc fated with humiditye
changes fn the atmosphere rather than with

1

moisture chanves in the wood.  However more

intormation is available in the literature om

the moisture ecapansion coerticient X, or sofe
variation of it, than ot Y. I[his bas heen

partlyv because ot tradition and custom.  The
relationship between them [+ not as strajcsht-
torward as it appedars, since the tern 7 is o

function not only of species, temperature, and
moisture content, but also of sample history,

particularly as related to hivsteresis.,

wenpert (1975, 1477) has pelnted out that
sorption hvsteresis can have an appreciable
cifect in studies of moisture micration in
wood, particularly in relating moisture era-
dients  to flow rates of moisture.  He shows
(Figure 13) three hvpothetical steadv-state
sht exist in g wood

moisture wradients which mi
sample with two fixed humidities, sav Hy and
H, on opposite sides of the sample, all at the
same temperature. Case A would appley 16 e
entire sample came to equilibrium hyv adsorbine
moisture from a lower equilibrium hunidive,
Case B applies it the sa

Teowas previogsle
wetter than the existineg condition.  Uase d

SURF. SURF

Fioure 13, Hypothetical moisture O distribo-
tion curves for g wood sample exposed te tw
constant bat Jifferent hamiditics at each
face, with ditferent sorption histories
(after Weneert, 1979,

i< for the condition when the lert ~ide has
desorbed and the richt <ide has adsorbed
moisture to attain cquilibriur, 1o i< evident
that the relationships hetween vapor Dresonr
and moisture gradients ave ditterent toy th
three cases.  Theretore, the relationshipe
between transport coetfficieat= hased on meistare
content and vaper  pressare cradients will

alsoe be ditforent Yoy the three cases,
Copecially tor case O cempared with cases

Yoand B
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alsoa ramie o te

peratures.  Since both of
these factors aftect the marnitude of hvsteresis,
the bvsteresis corvection ot Bramhally while it
e in the richt Jirection, van probahls he
verrined T these taorors are better kioown.

Phe dizcnssion heretorore has been contined
to hvsteresis onder conditions o true eguilti-
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SURVTLON THEURLES 0K hoop*/

By william Simpsen, Forest Products Technuelogist
Forest Products Laboratorv, Yorest Service
U.S. Department of Apriculture
Hadison, Wwis.,

“Presonts g oweneral Jdisc

: St osorptien theories.,
Several well-known theories are discussed in detail and
tested with experimental data,

AD-P003 438

INTRODUCTLON

"RAL NATURE OF SORPTION

Dozens of rheories have been derived tor Hedarle and Peters (1960) and Skaar (1977)
sorption ot gases on selids, many of which can have reviewed sorpeion from the molecular
be applied to the sorption of water vapor by standpoint so it will not be presented hoer
wood, Why has such eftort heen expended, and Water i< believed toe be hvdrogen-bonded o

what success has been achieved!  What can hvdroxe D groups of the cellulusic and :
sorptien theorivs tell us, and is what thev lultvsic portions of wood.  Not all hvdrosvs
tell reaiisric’ Can thev fell us anviliing Kroups are aceessible to water molecules

usetfu] abour L wood=waler svsten! Thiis paper hevause cellulose molecules form crvstal

attemnpts to answer some of these questions. revions where the hvdroxvl grouns of adia
s in a paralle:

Ledd the molecule

The paper reviews the nature of sorprion Arvange
and how water is held in wood, sorptien ise-
therms, and thermodvnanics of sorption, and

how it all relates to sorption theorv. A sorpticn asother

description of fome of the theories is presented,

and finally sone tests of the theories devel- Five general types of serpiion isor

oped.  This should lcad us to the point where ve been Bdent it led tor viarions was-so iy

we can answer soime gquestions on the usefulness sestems (ia, 1), he Tvpe Disorherm s

of sorption theories, characteristic ot sorption where a laver ot

Vaper enlv o one mojecule thick is tormed on the

Our present theoretical understanding does solid.,  Tvpe 2 sorption is characteristic of

not allow us to estimate the variations of sorption where more than one laver of vapor

cquilibrium moisture content with relative is tormed on the solid and where the forees

humidity and temperature from first principles. of attraction berween the vapor and solid are

At this point mathematical models, or sorption arpe.  (Wood exhibits this tvpe of sorpiien,)

theories, have been developed. From the nost Tyvpe 3 sorption is similar to Ivpe 2 oxoeps

optimistic standpoint they describe the mecha- that the forees between the vaper and solid

nism of how water is held in wood. From the are relativelv small,  Tvpes 4 and 5 charac-

most pessimistic srandpoint they merelv provide terize the case where the ultimate amount of

an equation that, through curve fitting of

data, furnishes a means of correlating and

interpolating data. Probably the truth lies T

somewhere between, and the theories really do . ) TUREX eipga tvope

give us a glimpse of the mechanism of sorption, ’ ; / )
3 -~ P ’
— - g ~ / .
- -

lPl‘escnt’ed at sSvmposium on Wood Moisture e e
Content-Temperature and Humidity Relationships
held at Virginia Polvtechnic Institute,
Blacksburg, Oct. 29, 1979, Fivure Jo==Tvpes of sorption iscotherms.
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Floure 2.- ool af remperdiure on o ae

sorption isotherm of wood.

adsorpeion is Iimited by capiilarv condensa-
tion in rigid capillaries,

Sorption isotherms are generally
tempurature dependent.  As temperature
increases, the amount of vapor adsorbed at any
given vapor pressure decreases (fiw. 2).
Diffvrences of up tu 5 percent Weisture
content exist at equal relative humidicies
between different temperatures.

hermodvnamics of Sorption

The adsorption of water by wood is an
exothermic process. Most sorption theories
are derived in such a way thdat cnergies ot
adsorption are an integral part ot the theorv,
[he principal thermodynamic quantity of inter-
est for this purpose is the difrerential heat
of adsorption, which is disvussed in detaiil in
Hearle and Peters (1960), Stamm (1964), and
Skaar (1972).

The energies of adsorption (val/g water)
of water on wood involve (fig. 3): The energy
released when water is adsorbed by the cell
wall of wood (or the cnergy required to evap-
orate water from the cell wall of wood) is
termed QV; the encryv released when water
vapor condenses to water (or the energy
required to evaporate water from the liquid
state) is termed Qu‘ which is the heat of

vaporization of water. The difference botwe-
en these two quantities

i- the Jitterential heat of adsorption,  lhe o

is the additiong! eneray released, above the
fieds ot vaporization o! water, when witer s
adsorbed by wood, 10 is alse the additis j
cilergy, above the heat of vaporizativn,
required 1o evaporate wWater froemowood,

Fhere are two methods ot determining o

1.
(Skaar, 1972). One method invelves the use o
the Clausius-Clapevrop equativon and the
temperature dependence ol the sorption fso-
therm of wood,  The other method Involves the
measurement of rhe heat given uft during the
adsorption of water bv woud. This readily
measured quantity is termed the intewrdl heat
of wetting W (cal, 0 wond) and is rejated to
g by B

o= dw
L Az

where o ois Teisture content Uy water: w woeody .

Anothet relationship relevans o the
thermedynamies of adsorption and how ft relazes
to serprion theories is the Gibbs-He mhcolitz
cquation. This equation relates the tempera-

ture dependenve of the equilibrium o asrtan:
of a chemical reactien to the enthal o or
900~

Ek__

o
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Figure 3.--Fnergies of adsorption of water

by woad.
Q= Encrpy of evaporate water from cell

v
wall,

Q, = Heat of vaporization of water.

Y, = Differential heat of adsorption.



the reaction. A number of the sorption
theories contain parameters that are cither
considered equilibrium constants in the model
or are analogous to ovne. The equation can

be written:

dlnK _ -
Ta/m - R S

where K is the equilibrium constant, T is
temperdture in °K, H is the heat of reaction,
and R is the gas constant. The equilibrium
constant can be plotted against the reciprocal
of temperature and the heat of reaction
calculated from the slope of the curve., In

an exothermic reaction, such as the adsorp-
tion of water by wood, K should decrease with
an increase in temperature.

SORPTIUN MODELS

Many theoretical sorption models have been
offered as explanations for the adsorption
phenomena observed in many polymers. The
approach here will be to describe only a few,
and to do so in more detail than would be pos-
sible if many models were covered. The two
main criteria for choosing models for descrip-
tion were the extent to which the medel can be
tested, and how well it is known and how
widely it is used. Venkateswaran (1970) has
listed the equations otf a number of these
sorption models., Hearle and Peters (1960),
Skaar (1972), and Simpson (1973) have also
discussed several models.

There are several general categories of
sorption theories. In one categoryv, a few
theories or modifications to theories attrib-
ute some portion of sorption to condensation
of bulk liquid in capillaries as a result of
the lowering of equilibrium vapor pressure
over these small capillaries. Another group
of theories considers sorption to vccur as a
result of the buildup of water molecules in
layers on the adsorbent. A monolaver is
laid down first, and then in some systems
multiple lavers are built on it. A third
category of sorption theories considers the
polymer-water svstem to be a solution.

Brunauer, Emmett, and Teller (BET) Theory

The BET theory (1938) is one of the best
known and most widely used sorption theories.
Its greatest use is probably in estimating
surface area from the adsorption of gases on
solids where the gas does not swell the solid.
Since the wood-water svstem does swell, this

application of the theory Is of limited value.
In the BET theorv, pas molecules are built up
on the solid surface in lavers on sorption
sites. The derivation can consider anv numier

of lavers, and tor the peneral case the final
equation is:
WO h .n n + 1 !
m I -(n + 1} + nh |
m oo R ST T (2)
. . .n
\I-Zx 1 + (¢ - 1)h - i
and tor the case of a menolaver oY water vapor
(n=1):
W Ch
m
m= - - {3)
1+ Ct
where
m = fractional moisture content
h = relative vapor pressure
W = monisture content when nonolaver is

Tull

n = number of lavers of molecules on a
sorption site

¢ = constant related teo the energyv of

adsorption

Equations (2) and (3) allow us to calcu-
late and examine the complete isotherm once
the parameters Nm, ¢, and n are known, and to

visualize how the model predicts the wav that

water is held in wood. Figure 4 shows how
o)
20¢ © WOOD HANDBGOK DATA
[s)

TOTAL WATER
N BET
MODEL — — —BET MULTILAYER

(7 LAYERS)

MOISTURE CONTENT (PCT)
®
T

BET MONOLAYER

RELATIVE HUMIDITY (PCT)
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’

Figure 4.--Brunauer, Fmmett, and Teller sorption
theory fitted with sorption data at 407 ¢
from Wood Handhook (1974).




water is partitioned in wood according to the
BET model. Equation (3) predicts the moisture
content from the first layer of molecules
adsorbed on the sorption sites. This sorp-
tion rises rapidly with relative vapor pres-
sure at tirst, but soon levels off at 4 to

5 (Nm) percent moisture content. Before

monomolecular sorption is complete, the second,
third, ere., lavers begin to form, and at

high relative vapor pressures most of the

total sorption is in the multilaver form. The
number of layers of molecules on the sorption
sites of wood turns out to be in the range of

5 to 10, according to the model.

BET Model with Capillary Condensation

A number of modifications have been made
to the BET theory. One possibility is to
add a term to account for capillary condensa-
tion. Water vapor will condense in small
capillaries according to the Kelvin equation:

2 8 M

= ORT 1n(1/W) (&)

where
r = radius of capillary
S = gurface tension of liquid
M = molecular weight of the liquid
= density of the liquid
7
R = gas constant (8.31 x 10  erg.
-1 ~1
mole = - °K )
1 = temperature (°K)
i = relative vapor pressure
op o ceswofM
" 06—
————— T 151078
08 05x10°°
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-

Figure 5.--Dependence of temperature and
capillary radius on the relative vapor
pressure at which capillary condensa-
tion occurs,

39

20~
O WOOD HANOBOOX DATA

16
~
fu
L
a
[ ‘ZL
z
us N
[ [
z |
3 .
.&; 8+
B — BEY MULTILAYER
w
o -BET MONOL AYER
2 g+

CAPILLARY
‘ WATER -—-—,
T I s
0 25 50 75 100
RELAT:VE HUMIDITY (PCT)

M 148 157

Figure 6.--Sorption model consisting of BET
model and capillary condensation. Fitted
with <»rption data at 40° C from Wood
Handboox (1974),

Equation (4) predicts that the relative vapor
pressure at which capillary condensation occurs
decreases with decreasing capillary radius--
small capillaries fill more readilv than large
capillaries (fig. 5). Using equation (4) as

a basis, a model for capillary condensed water
can be derived (Simpson, 1973)., If all capil-
laries that contain water are assumed cvlindrical
with volume v and length d, then

/~7j- _ 2 S M

T In(i/b) (3)

The water in these capillaries is thus the
portion of total moisture content, MC, attrib-

utable to capillary condensation. Thus,

-

. v, _mdYl 2S5M
Mo = W= W RT In1/m) (6)

where W is the dry weight of wood.

If the assumption is made that capillary
condensation is a separate sorption mechanism
that operates in addition to mono- and multi-
laver sorption, then total sorption can be
modeled as an additive combination of the BET
model (eq. (2)) and the capillarv condensation
model (eq. (6)). The components of this model
are shown in figure 6. The monolaver compon-
ent Is much the same as the BET model alone




(fig. 4), but the multilayer component is
reduced at high relative vapor pressures
because the model now allows for capillary
water, which becomes significant at relative
vapor pressure above about 0.7.

The inclusion of capillary condensation
adds another parameter, d/W, to the model that
has some physical significance. It is the
total length of capillaries (equivalent to
cylindrical capillaries) per unit weight of
wood. The value of d/W for wood is in the

10 .
order of 10 centimeters per gram (cm/g),
indicating a considerable network of fine
capillaries where water can conderse,

A further indication of the intimacy with
which water permeates the fine structure of
wood comes from the term wm in the BET equation.

The wm is the moisture content that corresponds

to complete filling of the monolayer, and has
been used to estimate surface area., Stamm
(1964) has described this analysis for swelling
systems ., The effective contact area A can be
calculated from: B

A= anm/M (7)
where
a = area of a water molecule
.
N = Avogadro's number (6.02 x l()"j)
M = molecular weight of water

The value of A for wood is in the order of
200 square meters per gram, again indicating
that there must be an enormous contact area
between water and wood.

Hailwood and Horrobin (HH) Theory

Hailwood and Horrobin (1946) developed
a sorption theory that cons iders a polymer-
water system to be a solution, Water adsorbed
by a polymer is assumed to exist in two states:
Water in solution with the pulymer (dissolved
water) and water combined with units of the
polymer to form hydrates. 'The theorv is based
on the equillbria between polvmer, hvdrated
polymer, and the dissolved water. There are
two tvpes of equilibria: One between the
dissolved water and the water vapor of the
surroundings , and any number of equilibria
between the hvdrated water and dissolved
water., The general torm of the model can be
written:

n i

. i (K K]K,) o Kj

m = 185 Kno =] B ‘w(g)
M 'l - K n i e
+ K o0 0 K
1 (Kh) l\lkz hi

| i =1 !

vhere
m = fractional mois ture content

relative vapor pressure

M = molecular weight of polvmer unit
that forms a hvdrate
K = equilibrium constant between dis-olved

water and surrounding water vapor
K K, . .. Ki = equilibria constant

—
o

between dissolved water and
hvdrates.

For the case of one hvdrate, the model is:

UV N Tl )
M {Ir=® " 1T+% &n! ’
P 1
For two hvdrates:
i N
+ 2K, K, K
m = IVH <_}Q.177, Aj\l thi_}\li h‘ - \\ (1\)
M1 - Kb - , RO
p I + K, kh + K, K, 7
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Figure 7.--Hailwoed and Horrobin sorption
model (one hvdrate) fitted with corption
data at 407 ¢ trom Wood Handbeok (1174).




the sorption isotherms from the one- and
two-iivdrate models are shown in figures 7 and
8. The model iy verv similar to the BET model
in the partitioning of water., The hydrated
water ot the HH model is comparable to the
monolaver of the BET theory (Nm of BET compar-

able to hvdrated water component at h = [),
and the dissolved water of the HH model is
comparable to the multilayer water of the BET
model (compare figs, 4 and 7). The values of
Wm of the BET models and the amount of hydrated
water at h = [ in the HH models are shown in
figure 9 as a function of temperature for
wood sorption data of the Wood Handbook (USDA,
1974).  All of the models predict similar
amounts of this water that is intimately
associated with wood in hydrate or monolayer
form,

King Theory

King (1960) derived a sorption model whose
final equation is of a form similar to the HH
one~hvdrate model, but is derived from con-
sidering sorption similar to the BET model,
that is, monuvlayer adsorption and multilayer
adsorption. The final equation of the model
can be written as (Simpson, 1973):

0090

HH
TWO HYDRATE

FRACTIONAL MOISTURE CONTENT OR Wy

0.050 ~
040 - HH
0.040 ONE HYDRATE
BET
0.030 - PLUS CAPILLARY
i
0020 ——— -l 1 4 .
0 20 40 60 80 100
TEMPERATURE (+C}
M 148 180

Figure 9.--Monolayer or hvdrated water in
wood at relative vapor pressure of 1.

Y "B Ky p, () N DK, p, (1) (i
M AL+ K p () 1 - K, p_ (h)
AN 1o 270
where
m = fractional moisture content
b, = vapor pressure
29 © WOOD HANDBOOK DATA h = relative vapor pressure
| Mp = molecular weight of polvmer unit
,sk B = constant proportional to the number
fog of sorption sites in a monolaver
g | D = constant proportional to the number
P Al of sorption sites in a multilaver
E ! Kl = equilibrium constant between mono-
9 E layer water and external vapor
¥ sh DISSOLVED pressure
2 WATER - K, = cquilibrium constant multilaver water
§  HYDRATED and external vapor pressure
WATER
a4, . L . .
‘ The model partitions water into two major
portions similar to the BET and HH theories:
] ) | Water that is d:rectlv assocliated with wood
o} 25 50 75 100 and water that is suomewhat removed from direct
RELATIVE HUMIDITY (PCT) association (fig. 10). The amount of mono-
M 148 159 laver water at saturation is-s)ightlv higher
than the BET and HH models (fig. 9).
Figure 8.--Hailwood and Horrobin sorption
model (two hydrates) fitted vith
sorption data at 40° € from Wood
Handbook (1974).
! Wl




Peirce Theory

Peirce (1929) developed a sorption theory
based on two types of water--"a" phuase and
"b" phase-~held in a polymer. The "a" phase
is water bound intimately to the polymer,
and the "b" phase is water less tightly held
by forces similar to those in a liquid state.

- = - 4 3 - g il
1 h (1 E\Wma) exp ( mab) (1
where
h = relative vapor pressure
m, o= fractional moisture content ot
"a" water

mb = fractional moisture content of
“b" water

W and B = constants

K = constant that can be considered an
equilibrium constant between "a"
water and polymer

|
The moisture contents m and mb can be written:
1 - ex - Wm .
m = Lo exp (o Wm) (13)
a W
!
1 Wm + ex - Wm) - 1 ,
| mb = p_{ ) VA
W
i where m is total fractional moisture content.
' When equations (13) and (14) are substitured
. into equation (12), the total isctherm can be
I calculated.
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Figure 10.--Sorption model ot King fitted
with serption data at 40° € from Wood
Handbook (1974).

Peirce's model can be written as (Skaar, 1972):
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Figure 11.-=Sorption model or Pelree visecd
with sorption data ar (07C from Woed
Handbook (1974) .

Peirce's model is shown tor weod in
fipgure 1. Agpain, the madel deplots the same
peneril sorption as the BT, HE L, and King

i , wadter intim

mode s, i t
and o less tightiv held component.

el bound 0 wood
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TESTS OF SORPY Lo THEORTS

Une ot the Tirst demands of o sorption
theory is that it gives an experimentally
correct sorprtion isotherm,  From a strictly
mathematical standpoint, it s relativety casy
to develop a sorption isotherm that, with the
use of several adjusrtable coefticients, can he
made to it experimental data quite well. As
a matter of face, a polvnomial with enough
terms (six adjustable parameters, Simpson,
1973) can be made to tirn data verv well.
However, the test of goodness-of-tit of expori=-
mental isotherms is not a sufficient test o1
a theorv, and a more sensitive test requires
a consideration of the enerev 0! adsorption,

Fit of Experimental Dara

Although titting sorption models with
experimental data is an dnsatticient test, it
is worth examining as a tirst requirement | s
well as a possibiv uwsetal wav to correlate and
interpolate experimental data.
7

Fivures S,
o8, 10, and 11 and table 1 oindicare the deyred
of it of the experimental models to sorption

data tor weod (Wood Handbook, 17974000 These




datg involve a series of isotherms from 0° to
1097 €, and have been titted by nonlinear
regression to a number ot sorprion models
(simpson, 1973). With the exception of the
BET, all models reviewed in this paper give an
excellent representation of the isotherm,
Deviations between actual data and the fitted
isotherms are 1 percent moisture content or
The BET model (fig. 4, eq. (2)) fits
poorly ur high welative vapor pressures, where
deviations are as high as 3.2 percent moisture

vontent,

less.,

Heat of Adsorption Tests

A rar more ceritical test of the sorption
mode is Is their ability to predict observed
vialues or the heat of adsorption of water by
wood.  The parameter C of the BET model is

detined as:

C = Kexp (- (0~ Q )/RD (15)
v 8]
where
K = constant (assumed to have a value
ot 1)
Q. and Q= as defined previovusly
W al

= pgas censtant
T = temperature

Thus, the differential heat of adsorption,
(R Q‘ - 1, ¢can be calculated trom values of
; [e]

fable 1.--Moisture content deviation between
" {itted iscotherms and actual
sorption data for wood (Wood
Handbook, 1974%)

Worst Average
Equation deviation deviation
Sorption model number (Pct mois- (Pct mois-
ture ture
content) content)
BET ! 3.2 0.5
BET +
capillarv 1 and 5 0.9 0.2
HH-~
one hydrate 8 0.8 0.1
HH-~
two hyvdrates 9 0.5 0.1
King 10 0.8 0.1
Peitce 11 1.0 0.3

C determined by titting data to the BET model.
In the BET model only adsorption of the first
layer results in a heat of adsorption. The
values of QL calculated from equation (15) ar,

for example, 50° C are 67 and 82 calories per '
gram (cal/g), respectively, for the data from
the Wood Handbook fitted to the BET model ot
equation (2) and the BET plus capillary model
of equations (2) and (6). Heats of adsorption
determined either calorimetrically or by the
Clausius-Clapeyron equarion are in the range
of 260 to 280 cal/g (Volbehr, 1896; Kelsev and
Clarke, 1956; Skaar, 1972).

The remainder of the models reviewed in
this paper can be tested for agreement of heats
of adsorption by considering the temperature
dependence of the equilibrium constants of the
models, as reviewed previously (eq. (1)). When
reviewing the temperature dependence of these
equilibrium constants, keep in mind that
adsorption of water vapor by wood is an exi~
thermic reaction, and as such, an equilibrium
constant should decrease with an increase in
temperature (or the constant should increase
with the reciprocal of temperature). In a
plot of the logarithm of the equilibrium
constant versus the reciprocal of absolute
temperature, the heat of adscerption is
proportional to the slope, i.e.:

JH o= - (slope) R

The equilibrium constants of the sorption
models reviewed here have all been determined
as a function of temperature (Simpson, 1973).
The K values of the one- and two-hvdrate HH
models are plotted (as fitted by linear
regression) as In K versus 1/T in figures 12
and 13. In the one-hydrate model (fig. 12),
the values of the heats of adsorption assoeciated
with the hvdrated and dissolved water are 4.3
and 17 cal/g, respectively. The positive sign
indicates an endothermic reaction, which is
contrary to observed behavior. The two-hvdrate
model (fig. 13) does predict an exothermic
reaction with the two constants associated
with hydrated water, K1 and K, where the

values of /H are -75.3 and -10.8 cal/g,
respectively., The sum of these two heats is
Qv, and the 'H assoclated with the dissolved

water-water vapor equilibrium (K) fis Q)‘ the
T C

lTatent heat of vaporization of water (550 to
600 cal/g in this temperature range). The
value of Q_  is, however, +6.4 cal/g. Thus, the
two-hvdrate model predicts a heat of adsorption

of




& H=43cal/g

A H=17cal/q
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Figure 12.--Temperature dependence of
equilibrium constants of the one-
hydrate Hailwood and Horrobin sorption
model.
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Figure 1).--Temperature dependence of the
equilibrium constants of the two-
hvdrate Haflwood and Horrobin sorptica
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Are Sorpticn Theories Usergl

dniv o a few of the many theorics “hae
could be applicd to the sorption of water by
wood have been discussed, and thus no vl

is made tor a comprehensive review,  Uh

models discussed represent so
widelv known theord

app licd to weood in the past, and ones that

—ones
can be evaluated with acrual sorpticn Jdata,

The eritical test ot the theorices is
how well thev can predict the heat of
adsorption.  The models presented here do
not dooat aly well dn this rest, which means
the rtheories are weak or the experimental
Jdata are faultv. Vialues predivied by the
models are in error by A0 percent or tere,
and in some cases the models predice ende-
thermie reactions that are known to be
cxothermic. Al models incorporate simpli-
tving assumptions that are necessary in order
to derive a mathematicai model.  Perhaps it
is too much to expect these simplified models
to accurarely predicr the energy associated
with adsorption,  For example, one of the

simpiifving assumptions in the BET model, that

all ot the enerpy o adsorption (s din monolaver
adserprion, srobablyv prechudes 1t trem aceu-

tatelw prediviing the heat ot adsorption.

v e will o cept the premise that the

simplitied mode s tait crucial tests because
fhew are simptiticd, they it mavy be possible

to aerept the pra that thev are uet totally

invalid, and that at least thev create a nenceral
concept b hew water fs hetd i weods ATD o
the theories disenssed here paint the same
ceneral ploture of adsorpticn: part oot the

1
!

warer (s fntimately associated with celiutose

et e S ————cr o arecee e ;



molecules (monalaver, hvdrated, bound warer) Simpson, W, |

and part is distinctly less intimately associ- moisture content
ated (multilaver, dissolved, liquid). This move s, Wood and
peneral view has become the accepted concept

ot how water is held in wood (and manv other Skadr, C. Y70, Water |
polvmers). Univ. Press,

Lt has long been well known that most Stamm, A. 7. 196, & d
mechanical properties of wood (and most Ronald Fress.
hvgruscopic polyvmers) dedrease with moisture
content.  Peirce has made the attempt to link U.S. Forest Producrs Db oy
sorption theory to changes in mechanical Handboeowr o USDA Haodb oo
properties. Mechanical propertics are vitatily
important to the use and pertormance of wood Vinkateswaran, A, T
products, so perhaps this would be a fruitrul and nonagquevns tiedioa b
area of research. Chiem, Rewv, TRtk la—e i,

The models reviewed here can be Litted with Voibet B.oo INun Thew

nonlinedr-regression technigques to experimental Gornany.,
data, and most of them with excellent resulres,
{f there is one practical use of these models
at present, it is their excellent abilitv to
correlate, interpolate, and compactly store a
large amount o! sorption data tor wood. The
analvsis of Simpson (1973) shows that molsture
content can be calculated with deviations o f
no more than 1/2 percent moisture content over
the entire moisture content and temperature
range. This accurate and compact storage of
sorption data can be veryv usctful in many kinds
of mathematical or computer modeling.
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Sensors from extranenus radiant
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5. Correction of readings for
atmonpheric pressure.

when  ased  with care, well-designed
sling psychrometers are among the most
accarate portahble sensors for deter-

mining the relative himidity of
conditioning rooms. The princinle ot
tin slinag poychrometer has hoon
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poychrometers, which cool the wet hulb
v drawlng alr nver the wick.,

14
3

(Al 19 not o pashed Gy e Al
Decause  ob the poscitaloty oor e
hlower nOtor Beatin: v et i
A1l
N [P [RS8 r e
el e ro, v -
coun e, PR Crer
[EEEVR WA QR AT Tooivd=t il
S & (39 '
s et i1 , :
Gt hero are v Tl arr -
cathrorn and ! Ltanitar
auoratory ¢ St DLl d-

tilled albe
ot othe samplicity in aes
matic controllers 1nasca
arce ad in amreer ory [
However, thesoe o ares :
time constants (mipuce
tion ot the entire
range is  ditticait.
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Dew-point sensors

Teters, T
indivecely
cars tahle :
point tempoerat ire Lo
hamidity. The dew-point i
can  he remotely  located
measuring onvironment, Jzing  he
and or insuiated lines to 1nsuy
tae air sample. In this way, a si
instrument can monitor mult
chambers through manual o1 automatic
swicching. The simplest torm cf dew-
point sensor consiste of a polished
surtace which is cooled until dew or
frost first appears. At that point,
which can be directly observed by
microscope or indirectly using light
sensors, the temperature ot the
surface 15 measured. By c¢ycling thte
temperaturc, the dew-point can b
measured as a tfunction of time. These
meters can he made to accuracies ot
+ 0.5 C or less and can be manually
operated or highly automated. The
major problems relating to  their
conetruction and use are:

3 o= W

it
(S
]

T

1. Temperature sensor. The heat
quality instruments usc resistance-
type sensors which are 1n intimate
contact with the cooling =sutface,
Temperature accuracy and responae




Tes contgminat ion L
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manually, oL Ly a1y ana

1Ce Ol cnntaminaant

. practies and
Sooavolded Lecause 0L
STCORLICITY and vapur tranamiosi

most sartable wide range materials

Grass and Ztainle Steel. Bote,

sampling Iine and instruament shouald
heated it the dew-noint s above
ambiont temperature,

Another ftorm of dew-point measurement
uses the vapor equilibrium temperature
of a heated saturated =salt such as
lithium chloride (Considine and Ross
1964). A wick containing the salt
solution is heated to the evaporation
point, which increases the resistance
anl therefore reduces the heating,
leading to thermal equilibrium. This
technigue s inherentlv less accurate
than that asing a poliched surtace
necause  of hysteresis and  chemical
contamination. However, it lends
itself to simplier design (no retfrig-
~ration) and may be advantageous for
readings near ambient temperatare.

Calibration ot RH senscrs
Calibration ot relative humidity

instruments  is  ditticult and otten
beyond the capability ot well-equipped
laboratorics. The most accurate
calibration eguipment uses a two-pres-
s5ure generator in which saturated air
is isothermally expanded into a lower
pressure calibration chamber. Alter-
natively, constant relative humidities
may be produced by accurately mixing
dry and saturated air at constant
pressure  and temperature. wWhen ased
with high quality dew-point instru-
menta, the mixed air dew-point may be
controlled within + 0.1 C between =30

and 40 C, Howover, these types of
~quipment are normally available only
in laboratories having primary

standard measurement capability.

In the typical laboratory, constant
rolative humidity 1s often obtained
through the B ot saturated-salt

eddtrono, Althoaygl tney are wiaely
vpeed, large errors may Le caused Ly o
nomber ot tactors ancluding:

. solaition preparation Cpeuree
chemicals, distilled water, proper
mixing, complote caturation, Sempera-
tare eqgullibrium).,

4. Solutiorn:
dtion cartace
maninan volume ot

riala, continucas

3. Solution/chamber 3
tem, constant temperat . ra!d

Undryr thne hest

in preparation, - 2=
tions can be  within + 1+ RKH O of
publicshed values. For sroeater
accuracy, a reterenco-gualiay RH

sensor must be used. Tarle 1 gives a
list of typical saturatea =alts and
their RH values ac¢ a tuncticon of
temperature.

Moisture content instrumentation

Surface moisture content

The measurement of osurface MO
normally been either directly through
thin slices from the cartace of
sample or indirectly trom ntere
of the EMC coenditions. Jont
electrodes can be used to o ot
direct readings of "curtace" r«
tivity which can be converted to
although the depth ot rradina
the sample 1is uncontrollarle,
intermediate method nvolves  moni-
toring the mass of end-grain sliced
of a sample expoced to the same drying
conditions. None of these approaches
provide an instantaneous measure of
the true surface MC or permit dynamic
measurement over a wide MC range. An
alternative to these methods 1s the
direct reading of surface moisture
content using intrared (IR) tech-
niques. Commercial IR moisturce
meters permit non-contacting measure-
ments over the complete range of MC
with a minimum of necessary correc-
tions. The eftective depth ot
measurement is about 4,1 um for wood
at  typical wavelenaths  of 1.4 or
1.8 um. The mest “erious limitation
is the ditticulty in calibrating to
obtain =suttircient accuracy, however,
the precision 1o probably better than




any  other  direct ot indirect  tech-
DN, The TR molsture meter has the
added advintage o beang able to o view

the  wood  surtace  through  a window,
permitting monitoring ot samples in
hostile  environment:s, [t 1s alno
posatible to measure surtace temperas

IR wave lengths

ture RSB TS Ot her
(independent ot MO) and anter saudrtace
MO o provide supplement sl o intormation
onosurtace conditions,

MO probes

A DU roastare meter  can o bheo oused to
mearure MO ot small o sections ot wood,
tndrrectly obtaining the STV T OnR-
mental EMC. wood provtees are avually
made trom Douglas-tir (meter calibra-
tion svecies) with conductive coatings
and  lead wires attached  (Dut! 19667 .
Chas type ot probe can also be inserted

Into predrilled holes in wooden
members to andirectly obtarn EMCO ot
wood 1 service. The response time 15
Loy Shors) and  conductivity  will

Incredse with the time ot DC voltage
application it a metallic coating 1s

toed. In order to avoild the i1onic
TGt ioen trom metallic coatings,
cArbon o alse been aved.,

Condactance ot '\712 re meLe rs

Jommercral D TOITSture meters are
normally caliorated tor a direct
reading of moisture content from the

vatliahed resistance-MC curve ot
Douglan~-tir. The moeter operatns
simply a5 wide-range ohmmeter trom
Aot 10 ta 10 ohms,  as measured
hetween  ping usually  apaced 25 mm
apart., Older models of DO moisture
metors uned nigh-1nput impedance
cirouits havinag  eolectrometer  tubes;
newer solld-state desians incorperate
FET DC amplitiers, Meters must  be
calibrated tor the temperature their
clrcults are exposed to. The

practical lower limit ot measnrement
At room tenperatuare using potrtadde Do
S
[

fﬂ!‘E‘!‘? 1 th to TMC (1o to
! ohma) . The uppeT Tt on
portaile meters Var tes, bt man,
indrcate  readings 2y TOE MO, Any
readings made above 0P are gpaalita-
Fave, oxcent when the temperatur e
correction boangs the reading below
FuP. Poroanent Iyoanstalled painc can
provide mi-paant ptatve  valaeo o
Ancregsing MO o thove P, bt
pornt -to-poeint  comror oon 1o Fob

are creaally aneeliar e

Most meter s e caibped o withoenther
S d-pan (L parallel parrn) oprobes
tot M. MmO ement 23 Tamber,
Stercrrl veneer trobes are gvan lbalbolb
with 4 pins {34 parallel jarred, The
Jepan nrobe s may have bare o

lated fexXcept toe tipl pin.

goteristics ot bare Z-prnoprobes b
Doy reported by Skaar o (19640 IS
rat e ot N ceparatton too draneter
ot HES (tor N Poomn [BIERNES B RIS
Tengt ey e regurred to provade egary-
alent resiatance and o renintivaty,
For o the  typroal U5 oom ocpacing,  the
pain odrameter chould be Sommoto
Taintarn this equivalency.,  Beoalde o
nonunitorm electrae trela .
developed  around and Letween the

Dines, resistivity s higher adijacornt
to the ping (about 0.5 ot the total
resistance 18 developed in the reglon
ot 0.25 the distance trom cach pin
toward the other; aleo, doublina the
pin spacing increases the resictance
only about 25%). The influence ot pin
depth on readings is laracly ignored,
but bare pins driven into wood havina
a uniform MC will give readings wihioh
increcase with depth because of  the

greater pin contact area. However,
the same eoftect occurs 1t the wood has
a normal drving gradient (l1ower MC on
the surtace). For thic reacon, the

use ot insulated pins provides wmore
accurate and  consistent readings,
Electrodes having ditterent numbers
ot pins with the same spacing do not
give equivalent readings. since the
Douglas-tir resistance-MC curve was
based on a 4-pin eloectrode, the 2-pin

olectrode reads about twicye the
resiatance ot that of the 4-pin 5t any
MC . Meter readings (MC) tor J-pan
eclectrodes tend to be too low (about
0.9% at 10% MC, 1% at 20« MO). A

refative 1ncrease of 5% at  any MO
appears sutticient to correct meters
which have been calibrated tor d4-pin
resistivity. Eight-pin (veneer)
cloctrodes read lTower in resistance
(hetweon 33 and S0%) than that ot the
4-pin, deprnding  on relative pin
Jepth and vencor thickneoa,

when pine are imolanted to provide

long-term and.or remaot e readings,

ceveral problems may arice, wood  at
constant M Fves readinags (made
intermittent Iyy which decrease with
time,  apparently becauase ot "ty
relaxation,” the rheclovical detorma-
t1on ot wOod ticeae vtyden the
mechanieal torce ot the pans,  which




reduces surtace contact pressure.,
This contact can be restored by
lightly tapping the pins. It MC io
changing substantially, as in  kiln
drying, shrinkage ot the wood loosens
the mechanical fit  of the pins,
increasing contact resistance. Also,
1f the MC is high (above about 20%) pin
corrosion may increase this Inter-
tacial resistance. The integrity of
mechanical contact can be improved by
using predrilled holes with special
pin shapes, such as modified screws.

Since DC resistance meters provide MC
readings at specific points, it is not
possible to directly obtain average MC
in wood with moisture gradients. The
most widely-used technigue is to drive
bare or insulated pinsg to about 0.2 the
total depth of a board which has a
normal ("parabolic") drying gradient.

The majJor two correctlions necessary
tor accurate MC readings are tempera-
ture and species, applied in that

order. Temperature corrections
pulished by James (1963) are
generally reduced to a simplier
tabular torm by manufacturers.

However, there are problems in the
interpretation and use ot this data --
no intormation is provided to explain
variability, species, significance of
the curve-titting, c¢tc. Skaar (1972)
has proposed an  appbroximation tor
James' data, based on a reference
temperature ot 21 C and from U = 6 to
28% MC:

Qg = 0.027 + 0.008% U
dT

However, data provided by Skaar (1974)
based on heartwood and sapwood ot tive
specles at 12, 18, and 24% MC, appear
to tit a relationship closer to:

do .
dT

0.06 + 0.02 v®°

This relationship suggests a reason-
ably constant slope above about
18+ MC, which is supported by the tact
that the 18 and 24% slopes were not
significantly ditterent. From the
variability 1n  Skaar's data (about
+ 10% range at 12% MC, and + 20% ranqe
at 18 and 243% MC), 1t appears that the
nominal coarrection carves proposed by
James (14963) are not generally appli-
cable, Apparently, the mode ot DC
condactivity 19 not o anitorm for many

specles, particularly at borgtier
moisture content and  probably  at
higher temperatures.

some newer meters have built-in dials
to compensate temperature directly by
shifting the meter calibration.

Species corrections are perhaps the
greatest uncertainty in MC recadings.
Such corrections are usually supplied
by meter manufacturers, but little
ctfort has been made to  provide
unhiased, statistical data. For most
species helow about 15% MC, the
correction is small (less than
1% MC), but above this level, the
needed corrections may be substan-
tially yreater than recommended (Cech
and pPfaff 1973). An added problem at
this MC level is the apparent
decrease in MC with time of voltage
application. This occurs trom
polarization effects, probably near
the pins, which increase rapidly with
moisture content, particularly above
about 20% MC, and are aftected by
wood extractives. MC readings in
this range can be stabilized by using
low frequency AC or switched DC
voltages.

Data has been published 1r the Wwood
Handbook (195%) tor the DC resistance
ot 29 speclies trom 7 to 2% MC. James
(1963) has extended this data  to
cover an additional seven specles.
Untortunately, the resistance wias not
transtormed to resistivity {the
clectrode contiguration has also not
been tully reported) and no statis-
tical data is presented In either
source. In addition, species intor-
mation such as density, growth rate,
EW/LW percentage, and heartwood or
sapwood has not been included.

According to Stamm (1964), resio-
tivity perpendicular to the grain is
approximately two to three times that
measured  parallel to the arain.
Since moisture meters are calibrated
tor parallel-to-gratn resistance,
readings made transverse to the grain
may be about 1 to 2% MC lower than the

true values, Radiral rrolistaivity s
asually lower than tangential because
ot the intluence of the rays, 1t

would be anticipated that as dencaty
increases, the DC resistance ot wood
should decrease since the amount ot
cell wall material per unit volume 1w
Jreater., An apparent increase an MO




——r

would be caused by this decrease 1in
resistance. For individual wood
specles, the density variation is too
small to cause detectible errors in MC
readings. However, the range ot rela-
tive density of commercial species
(nominally 0.3 to (0.8) could cause an
error of 0.5 to 1% MC in readings, it
density were the sole factor influ-
encing DC resistance. To some extent,
this appears to be the case ftor the
species corrections recommended by
meter manufacturers. The higher
density hardwoods, in general, muct
have their MC readings reduced, but
ion concentration and mobility among
speclies 1is apparently the controlling
variable and obscures the density
influence. Venkateswaran (1972) tound
that the DC conductivity of 14 species
of wood at about 12% EMC and in the
ovendry state was highly correlated
with lignin percentage (Klason
method). Conductivity increased about
10-told over the range ot 18 to 31%
lignin content. This may be inter-
preted in several ways: lignin could
have 1lions associated with it in &
reasonably uniform concentration
regardless of species and/or the
continuity and structure ot lignin
controls ion mobility. FEitects ot ash
content, extractives, roaction wood,

fibril angle, ctc. have not  been
studied suttirciently to b 831
practical ane in DT conductivity

measuremento,
Dinlectric moisture moters

Two "typec" of dieloectric moisture
meters are commercially  available.,
"Power loss” meters react primarily to
resistive reactance and "capacitance"
(or "admittance") meters  are more
sensitive to dielectric constant,
Frequency 1s the major determining
tactor for +<he mode and MC range of
operation., For example, a meter oper-
ating at 100 kHz (25 C) has a high loss
tangent (resistance mode ot operation)
and is apparently sensitive ta MO
changes above FSP., At 1 MHz, the meter
1s about egqually sensitive to tesio-
tance and dielectric constant bPelow
FSP. For 10 MHz, the resistance
effect 15 relatively small (tan
0.3) and correlates poorly with
MC, therefore, the mrter recponds
largely to the dielectric conotant.,

In the commercially avatrlable
dielectric meters, the powoer [RRIREE

meter 1 osensitive to MO between PUP
and ovendry, whereas the capac:tance
meter 1S potentially sensitive over

the entire MC range (green te,
ovendry) . Both types ot meters Save
arbltrary readout scales. The meten
value 1s converted ta morotare
content by a3 calibratinn table toy
the  specitic specles being measured.,
Power losy  meters are int luencad
primarily by the nature ane conooen-
tration of extractive:s in the
Speclies, Capacitance meters  are

influenced more by molstarese conoon-
tration than MC, particularly abowe
FSP. Dielectric meters usze surface
contact c¢lectrodes, generally ot 4
concentric coplanar conf igquration
which produces an "edgn-cttect”
clectric field. The typical
clectrodes always have & component ot
the electric field along all threo
major axes of wood, theretfore, e

intluence of grain angle on
electrical propertiles must be con-
sidered. These effects are qguitc
different tor the loss tangent and
dielectric constant. For all

practical purposes, radial and tan-
gential aspects may be combined into
"transverse" tor dielectric constant.,
However, above about  20% MC, loge
tangent 1o considerably greater tor
the radial than the tangential olane,
possibly because of the intluence ot
the rays on conductivity. The linca:
dependence ot dielectric constant on
MC above FSP has been established by
skaar  (1948) . Since the electric
tield intensity will decrease witd
distance trom the olectrode, it 13
cxpectad that dielectric metors may
Do more  sensitive Yo moisture closet
to the electrode., Thic iv parti-
cularly true ot power lous metors
which may be nearly insensitive to MO
levels  at 2.5 mm  below the  wood
surtace (Mackay 197aA) . In cantrast,
capacitance meter:s provide 3 reason-
able integrating eottect tor widely-
varyina moisture  content  distribu-
tions (Dennis and Beall 1977).  Since

contact presoore of the olectrode o
craitical n DOW 2 o readinas,
spring-loaded  clectrodes are noed,
Abnormal sirr bt ace condrtiong t"ah

mor1atare  content from  condensat pon,
chemical  contaminagt tony  may  cause  a

substantial crron n oW loes
readings, bt ogve negligrhle et tect
on Caprac it readings, Loso
tan-gent  and  cdrelectric constant o o

wood  are temperatiare dependent (Jame:




1975), but limited data is availlable
for corrections of specific power loss
and capacitance meters (ASTM 1978).

Table 1. Equilibrium Relative Humidity Over Saturated Salt Solutions?

Temperature (C)

Nominal e e e e Solubility (20 C)
RH_ (%) salt 15 20 25 __(9/100 ml)

10 LiCl 11.94 11.14 11.15, 11.05 78.5

20 CaBr2 17.9 143.0 (8 i,0)

30 CaCl2 35.65 32.75 28.98 74.5 (6 ”20)

4" Nal 40.54 39.17 37.75, 38.4 178.7 (2 Hzo)

50 Ca(NO3)2 49.97 56.39

60 NaBr 57.7 47.5

70 KI 70.96 69.84 68.76 144.0

80 KBr 82.76 81.74 80.77, 80.71 65.2

90 BaC12 91.03 90.66 90.26, 90.19 35.7

Compiled from Wexler (1965). For additional salts and temperature

dependence see Wink and Sears (1950).
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tance of
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the further strengtd

' surement techniques are strengly affec
it sheuld be gener- density variations. TIn additicn, the

: rate of lumber is alsc correlated with
nf the plece. Ore might concliude from

facts that when speakin,; of —oisture -

INITINNAL ASED

ment problems o lumber dryving one <hiculd con-

. oth varfables, or at least bear {u orind
Perhaps the irnitial provler en ountered the certanve of density and {te variationes,
whew consldering molsture measurerent in lum- Having teuched uroen the diffeorences hetween
Per dnvelves clarifving exactly what s meat abeclute water  ontent andé percent cmoisture
R e content, the latter convept will be used inothe
I remainder o0 this text,
—Paper presented at the rvmposiur .o Wood
! Mafsture (entent-- Temperature and Huriditw Tf Turber were o more horope material
' Felationsbips, Blacksbure, Virginia, Ootober many of the problenms In tumbter drving roisture
9. 1979, measurerent would Fe o elirinated, R
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Per exbidtits consdiderable varfab{lity in 1ts The assessment of both hetwe plece and
tevent phvsival aud wechanical properties, within-plece molsture reontent varlabiiity ir
Includice wide varfabiliey in nol-ture content, beeh green and dry lunbher needs tc e gquanti-
fivd usivg « sound statistical bas Cur
rv is thereiore tacved with es- principal commercial species. Such o studv crn
tiratinge not cnly between-plese ot wit! fo- kiin-iried lurber has been fnftfated by the
plece meisture content variaticns, both o .S, Forest Products lTaberatery noocorperatior
sreen and dried lumber. Within-piece varia- with the Universicy of California Forest Prod-
o1 Ne Jengtls of w, nots Laberatory and Louisiana ste Tnilversity,
with respect to
Tare the form of von- The guestion of desfred qeoura v e o cer-
of Hifering noisture ond aspect connected with derining exartly what

mixes o sapwoed and is meant by lumher molsture content. A- hope-
seentinuous Streaks or fully will be shown shortly, the molsture con-

tent aoourdacy needs of the industry
considerablv depending un the

av ovary
meisture centent

or owel o of tevel cne iy dealing with, It SEer
v olsture Con- unrevasonable thit desired as molstire

cntent estirations would be diffc¢rent for:

value 4) preen luther.
N mur value h) partially drv lumber,
5. overall value ) comple 4ir- or kiln-
. measure ¢! the dried vr

variability presen:

ritude ¢f in-

Tarine dnte account the
his represents avain a definitic: Berent variability and the cbiectives Jor mea-
which 1s, what exactlyv &0 we Tean suring meisture .ontent, mablv acceprable
peak of a teard's meisture content? desired accuracies need te be establicted,

present time the industry has gen-
uned the vonvept of estinating average

>t be VACTORE

wn thougth this may

Varicus cother facters that

estimation of
been summarised in Ta . o additicn te the

Y aItint the

£ lurber have

Fable lo-=Fossible tacters that may affect estimation of meisture content measurement {n lumber.

1t
(adapted from Olsen, J. R. 19

Variaticn o Material “ariation In Meisture Production

Proverties in Wood Factors
Specitic graviey Between species Feed speed
sfckness, width and length Within spe.ies Speed of measurement

Heart-sapwood content Stand t» stand (dwell time)

Grain orfentation Tree to tree Total area sampled

Ring curvature Within tree Pof{nt sampling

frowth rate Height Continuous sampling

Structural direction Padtal Roard temperature

Presence of defects Within plece liot after drying
Knots Mofuture pradients Cold or frozen before
Checks Moisture distributions and after drying
Splits Beard corientation when
Wane passing through measure-
Resin pockets ment svstem

Necay, ete.
Uniformity of growth
Surtace roughness

S | .




inherent between- and within-plece varfatiocns a4 large dat’ ocutput of Jumber and heroeoo Torae
already discussed, an effort has been made to nunber of fodividual pleces, ranv ot the taotors
1 identify the most significant tacters with re- Tisted applv cqually well to situatione T
F: spect to varfations in other material properties only g osmall number of ples ire L vt
: and to possible mill production influences. sured,
This arrav of variables, althouph probably fn-
complete, vlearly shows the complexity of the Attention is Jrawn te the suapoeested roie-
problenm. ture measurement dccuracies, which are o 100
lows:
+
AN IDFEALTIZED MOTSTURE CONTENT treen lunmber - Aa-b
1 MEASURING SYSTEM Partially dried .
lumber - -
Based upon the previcus discussion and Completely sir- or .
consideration of the pessible factors that ooy Rilp-dried torber - 1=l
affect moisture content estimation the require-
ments of an idealized lumber moisture reasure- Although obviously arbitrariiy selested,
ment svstem have been postulated and are listed these values should serve s o starting peint
in Table 2. While these requirements are based and hopefullyv will ctimulate establishrent o
upon the anticipated needs of a mill producing gunurA} Classes o appropriste aocuracies.

Table 2.~--Requirements of an tdealized lumbor mofsture measurement svster, (Adapted frem Oleern,

J. R, 19790)

Svstem Requirement: vomments
Accuracy Should be capatle of the follewinyg accuracies: +5-107 MC tor
green lumber, +.-5% MC for partiallv dryv lumber and #1-27 tor
dry material
Speed Speed of measurement - potentially very rapid (shert dwell time

to allow for high fecd speeds {n seme mills

Continuous Maximize total area sampled - computerived output pe
essential

Nondestructive Both contact and noncontact should be feasible
Capital investment Minimize {nvestment - svstem should pav for ftsedf in short

period of time

Satetv Protection of mfll personnel with vecessare shielding, eto.,
essential

Ease of use Mill personnel with proper training should be able te ro:
perform necessary measurements and evaluations

The system should allow for
variations in:

Mill and board temperature Temperature {ndependency necessary
Specific gravity Must be accounted for, perhaps using another techkrnique
Thickness Must be accounted for, using lasers or other electrical)

mechanical methods

Prescvnce of defects Should have capabtlity tfor identifving and de leting these troem
determination of meisture (ontent estiration of board

Motsture content It a large enouph velume of the beard is campled, it mav be
desirable to identifyv and take these Intc acccunt
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MEASUREMENT NFEDS PRIOR TC DRYTING

There appear te be two general areas where
better molsture content measurement prict to
dryving would lead to significantly improved
drving practicves. These are in the segregation
ol wreen lumber and the selection of kiln sam-

[N

hoards; these twe aspects will be discussed

Separately,
vreen Lumber Segrepation

he desirability of separating lumber into
spoeclal sorts or segregations prior te drving
Las been discussed in sere detail by Arganbright
(1974).  Drving sorts can be classified inte
twe main tvpes. Sorts established on the basis
of expucted ditferences in rate of drving
(drying~rate sorts) (Smith and Dittman, 1960),
or sorts carried out on the basis of tendency
to develop seasaning degrade (degrade-potential
serts) (Nichalson, 19713).

The objective, regardless of which sort
is made, is te Jdevelop units of lumber in which
a))! beards exhibit as uniform drving character-
istics as possible. Such sorts can frequently
be made on the basis of differences in moilsture
content as a result of sapwood and heartwood
or the presence of wetwood (Ward et al, 1973).
fhe former effect can be c¢learly seen in the
data of Figure 1, which gives a frequency dis~
tribution of green weight per £t~ for 5/4-inch
thick ponderosa pine, mill classified sapwgod
and heartwood beards.  Since welght per fr”
is dlrectly related te initial moisture con-
tent, one can see the two distincet moisture
centent populations of heartwood and sapwoed
material. The overlapping areas most likely
represent boards containing both sapwood and
heartwood,  This points out one of the major
vroblems encountered {n drving rate segregation

1
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GREEN WEIGHT PER FOOTV?

)
Fiyvare 1.-=Ditterences in Initial wviﬂht/ft‘
tor mill seyregated 5/4" ponderosa pine

and that {s how to «lassify boards fav
Terent zones of molsture centent, as the heart-
wood might normally be dried in &8
the sapweood in B0-9f hours, aithoueh this -
alsc related to grade differences in the a-
terial.

urs #n.g

Exarples of degrade potential sorte based
upen molsture content Jfffervnoes wonld e the
segregation of ligh-melsture-content sinker
stock In redwoed, hemliock, incense cedar, dspen
and cottonwood to reduce ccllapse developnent.
The work of Ward et al previousiy cited indi-
cates that material susceptible to henevoorh
and ring shake {s asscociated with zones
higher-than-normal nelsture content.

When drving a charge of lumber that
tains significant quantities cof raterial
either different drving rates or petentisal [ r
degrade several differeat consequences may re-
sult, depending upon the nature ¢f the drying
schedule. The schedule being used may he based
upen the response of the faster or easier to
dry material or, as 1is rmore commen, cn the tasls
of the slower or more difficult to dry perticn.
This is equallv true for time and/or meisture
content tvpe schedules.

on~

N

I1f drving 1s controlled by the helavior of
the easler te éry pertion of the charge, the re-
maining portion of the charge mav bhe subjeo
to kiln conditions which are too severe, thus
causing excessive degprade. In additien, the
slower drving pertion mav still be at too hiph
a final meisture (ontent at the end of the run.

ted

1f, on the other hand, drving is controlled
by the response »f the slower or more ditficult
to drv part of the charce, other problems can
arise. TIn this case, the schedule being used i«
teo mild for the easv teo dry material and the
end result is cthat the total through-put of the
kiln is less than it could and should he.  Be-
cause the charpe is kept in the kiln leneer than
necessary, the dircct drving costs are also
greater than need be. This aspect is i]lus-
trated in Table 3, where potential savings In
direct drving costs have been calculated for
the exarmple where lumber of twe discrete drying
rates might he segregated. These data show
that wreater pessible saving can ccour as total
drving time hecomes lonver and as the ratie of
the Jrving times for the twe tvpes of material
{nereases. It sheuld be neted that these

culations were based upon the assumptien t
he rade at ne ocest, which

4 segregation o,
ebvicusliy net true.  Keliable data op the o=
tual vosts of unstacking, retering and re-
stacking need te be orFtained before the bene-
t{ts of cevrepating yreen or partially drw
material can be acouratelv ascessod,




One of the most important consequences of
drying material of mixed drying rates on the PONDEROSA PINE

>
0

basis of the slower drying material is that the
faster drying material is often brought to too
low a final moisture content or it is overdried.
This is particularly true for softwood lumber
where the equalizing period is frequently not
used. Some data on the high dollar losses re-
sulting from increasing degrade as final mois-
ture content decreases have been obtained, as
shown by Figure 2 and Williston (1971). Al-
though difficult to assess, the relationship
between degrade and final moisture content
needs to be much more fully evaluated.

COMMON L UMBER

( $/MBM)
Fy

o2t

3 1"x 8°

OEGRADE L OSSES

8 ; 10 1l 12 13 14 15
The various benefits which might be ex- MOISTURE CONTENT (PERCENT)

pected from establishing or improving existing

drying scrts or segregations are therefore: Figure 2.--Relationship between churpe averasye

final moisture vontent and degrade loss in

1. Reduced overall drying times-- 1960 dollars. (From Knight and Cook, 1960)

greater kiln through-put;

Table 3.--Calculated potential reductions in direct drving costs for different drving-rate scrts.
(From Arganbright, 1973.)

1
Total drving time for Fraction of material Ratio of drving Reduction in total
slower drying scrt in faster drying sort times of faster drying costs if
to slower sort material is dried
as separate scrts
(days) L _oSvBM
2 .95 0.008"
0.10 .75 0.041
.50 G.081
.95 G.021
0.25 75 0.102
50 0.2
.95 0.040
0.50 .75 0..202
.50 0,404
8 .95 0.032
0.10 .73 0,162
.50 0.324
.95 0.082
0.25 .75 0.505
.50 0.809
.95 0.162
0.50 .75 0.809
.50 1.618

1Reducrion in drying cost = (Total drying time for slower sort) x (kiin operating cost/hr) -
((fraction of materfal x (drying time for x (kiln cost/hr) + (fraction of matcerial x
in slowest sort) slower sort) in faster sort)
(drying time of
faster sort) x (kiln cost/hr))

2A fixed value of $ 0.0337/MBM/hr was used for the kiln operating costs,
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Reduced overall total dryving
times-- lower direct dryving
custs per Mfbm;

3. Improved uniformity in final
content—-

grade loss;,

4. Better schedule suftability--
less defect development.

moisture less de-

Kiln Sample Selection

When a kiln charge using kiln samples is
run a number of different factors are considered
in selecting the sample boards (Rasmussen, 1961),
The estimated oven-drv weight of the kiln sam~
ple board is normally obtained by cutting
reughlyv l-inch long moisture content walers
from each end of the 2 - 4 ft. kiln samples
estimation of the sample's initial moisture
content. Error in accurarely assessing the
initial moisture content can lead to signifi-
cant errors 1o the calculated oven-dry weight
and moisture contents of the sample boards
during the vun. This is shown by the data of
Table 4 where estimated and actually determined
even-dryv welghts were determined for 10 Cali-
fornfa black cak kiln samples. Attention {s
drawn to the ditfferences in actual and esti-
mated moisture contents at the end of the kiln
run. Moisture content errors of 3 percent or
a result of initially in-
correctly estimating sample board oven-dry
welght.

greater occurred as

Improved roisture measuring techniques
would not only help reduce this tvpe of error
but would improve selection of sample boards

when the criterfa of Jifference on green or
inftial moisture content are used topether with
‘ther fa tors.

MEASCUKFMENT NEEDS

SQURING URY NG

Accurate Foowledye of the rolsture  ontent
of 4 charge ¢t lumber as {t dries renains rean
need In drving. While the use of kiln canples
is <selll 4 useful means of estinmating molsture
content change, it 1s far from a perfect scliu-
tion. In addition to the problems just dis-
cussed, this technique permits sampling only o

small portion of the tetal charge, Is relatively
labor intensive, and gives data on the stute of
the charge at rather widelv spaced time Inter-
vals.

With kilns using time schedules ne sucl In-
formation is available and contrel of the ¥iln
is adjusted on the basis of practice that has
been found to vield acceptable results in the
past. Time schedules do not permit our oper-
ator to adjust for between-charge variaticn in
drving rate, regardless of whether the Cause is
a result of partial drving in the vard, varia-
tions in moisture content or whatever.

If the data on the changing meisture con-
tent of a charge were avallable this could be
used as a reactive control mechanism and the
kiln conditicens could then be adjusted on a con-
tinuous basis. The use of load re¢lls to measure
weight changes of all or part of 4 charge is a
step in this direction and some information on
this approach is available for beth hardwoods
(Wengert and Fvans, 1971) and softwocds (lielmes
and Arganbright, 1976), In Wengert and Fvans'
wvork, adjustments were made using wolsture
content from charge welpht and
estimations of the (harge's initial moisture
content. The use of charge weight rather than
meoisture content as done by Holmes and Argan-
bright also necessitates the same a priori
estimation of how meoisture centent correlates

as caleulated

'

Table 4.~-A cumparison of actual and estimated oven-dry weights for 3-foot long random width 474

Catifornta black oak kiln sample boards.

Oven~dry wefpht

Viln sample estimated trem

No. sutsture water (1bhs)

] 5.10 5.13
Z 19K 4.10
3 ALl 4.2
4 3.03 3.17
B .19 3.21
f 4,4k 3054
7 3.87 3.86
K 1.0 31.63
9 6,33 AR

19 3.u0 ER I

Actual oven-dry
weipht (1bs)

at end of kiln run
using

Moisture

Actual oven-drv
welpght (%)

Fstimated oven-dry
weight (7)

R.43 779
9,54 6,34
8.01 .7
h.61 9.4t
T T, 74
9.86 L0 ad
7.49 T.T7
10.00 9. 09
14,137 15,55
11.56 [



to charge weight, at least for determining when
to terminate the run.

Ideally, knowledge of not only average
charge moisture content but the variation In
moisture content between different boards
within the charge 1is desired. Thils would per-
mit kilns to be adjusted by either the fastest
or slowest drying material or on the response
of the average material. Development of the
methodology to do this represents a very severe
challenge.

The use of in-kiln meters such as the
"kil-mo~trol" and "kiln-scan" techniques might

be considered as early attempts at this problem.

Such techniques, however, are generally con-
sidered to be primarily useful when the mois-
ture content of the portion of the kiln they
are sampling is below the fiber saturation
point. Their existence does indicate a second
real need for molsture content measurement
during actual drying, which is becoming more
and more important. This is the need to ac-
curately determine when the charge has reached
the desired average final moisture content or
end point. Benefits from improved end-point
determination would be reductions in degrade,
as was noted under the discussion of degrade
and final moisture content, teotal drying tirme
and direct drying costs.

The much greater use of high-temperaturc
kilns in the last several decades for softwood
dimension lumber and its possible use with pre-
viously air- or kiln-dried hardwood lumber
fWenuert, 1972) add to this need, This results
from the fact that the use of high tempera-
tures, with their faster drying rates, can
lead to greater and more severe overdrving in
much shorter times than in the case of con-
ventional kiln temperatures.

MEASUREMENT NFEDS AFTER DRYING

As with the initial moilsture content of
lumber, a charge of dried lumher frequentlv
exhibits considerable variation in final
moisture content as a result of varfabilitv
in drying rate or lack of uniformity within
the kiln. Because of lumber standard require-
ments or potential problems {n subsequent
processing as with finger jolnting, lamin-
ating, etc., lumber frequently must be measured
for final moisture content after removal froem
the kiln.

There are at present various commercially
available molsture meters for dry lumber in use
throughout the United States. Major needs ap-
pear to lie in the areas of definitional as-
pects as previously noted, reducing the {n-

tluence ot density en meter readings, and ir-

proving the data recording and production ran-
agement aspects {Carlson, 1977). freater or-

phasis also needs to bhe placed en sensing ‘o

overdry stock In addition to redry.

Drv moisture metering also has wreat po-

tential for use in lumber redrvine. Redrv lur-
ber i1s that portion of & ‘harge that i« -1l
at too high a final moisture content and nust

be dried further. TIncreasing the level of
redrv lumber rather than decrcasing ft, as Is
generally thought best in mest rmills, hias been
shown to have great potential for actually re-
ducing overall drving costs bv increasing kiln

through-put and reducing degrade f(Basscett, 19774,

Although most studies have involved kiln-
dried lumber, the use of the redry (oncept irn

conjunction with air yvards will undeubtedly have
more and more potential as energv costs increasec

(Arganbright et al, 1974). The influence of
wide variability in lumber moisture ceontent
(as shown in Figure 3) and perhaps steeper
moisture gradients in partially afr-dried
stock are problems that need to be evaluated.
This problem is verv similar to that of making
green Jumber mcisture content segregations.

In addition to the obvious sensing equipment
problems, greater emphasis needs to be placed
on the lumber handling that must be used, as
the cost of rehandling may ultimately dictate
whether such techniques are econcmically feasi-
ble.
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CONCLUSTONS

There is a definite need for better mois-
ture measurement during the lumber drving proe-

cess. The needs are diverse and frequently com-

plex and include:

1. Clarification as to what 1is meant by
lumber moisture cor tent in light of normal
within- and between-board variation;

2. Establishment of measurement accura-
cles for green, partiallv dry and completely
air- and kiln-dried lumher;

3. Elimination of the Influence of other
material properties and production facters that
now interfere with moisture measurement-- for
example, density variations in lumber;

4. The development and technical and
economic feasibility of the instrumentation,
data recording and processing accessories and
lumber handling equipment necessary for:

a. green lumber segregation

b. molsture measurement for
kiln control systems

¢. end point determination in
kiln dryving

d. moisture measurement after
kiln dryving or partial afir
seasoning for use in redry
Prograns.
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Lo moisture content and cht e ‘ Lo . e
mndmize the defects ard o e e e '
research dre enpnasired.
INTRODUCTTON o . .
The mechanical properties and the dimen- . . Co
sions of wood vary as moisture content varivee,, v .
SO moisture content arfocts wood “eninin i .
processes and products, particularl, solid
wood products.  Wood machining problens anae BRI
ated with moisture content generdlly remult oo ot ' '
machining defects of the wood surtace o to 3 o LT
viedar. Because most of the problier. arve e fra t ‘
nent or related to planing, the problems will L o o
be discussed as related to planing but ool LTI o . :
he reluated to wood machining processes whers teat , [ to :
a wedqge-shaped tool removes @ chip ras o wore - o o
piece by mechanical failure. R e :
’ Al v + Vo " ' . AR
NEFECTS ot o o v
A e o .
The surfacing defects are described o LR RS IR I R R RO I S by
detail in several references (lavis 19607, toac [ ETETETE BT VI B ENRRENEN e et
1964, Panshin and De/eeuw 19647, e Tt T T e v
and Letow tae oty ' o e
Kaised qrain 15 a roudhened condition of PR IR RTINS S NIRRT RIS B Dot
the surface of wood Tn which part of the anngel Foaeer griglen o Taeae e e e e oo
ring is raised above the surface. More din- ST R N ST CRUTEL S
tortion takes place 1n stock machined at 4 1ow
moisture content and later exposed to air at o N ek s are el e oy
higher equilibrium maisture content (M), T the apetace caused Dy Jhdpe te et e
The corrugation of the surface may alsa be e pressed dinto the Lyt hi I
to the transverse {across the qrain) dimencinnagl swielloas they abisort wate, " 1rh .
Lhanges in the summerwoond in comparison to trnse reault Cror an Teadequats et =
B dues ot remoye chine trar e
Chap marks tond to occur o e w'
]Pdper presented at Yhe Sympastar an Wood Tow FME capditinns ox ot o0 g ol
Moisture tantent--Terperature and Hamidity
Relationships. Viraginia Polytechnic [nst it te crashTog ot e aghi gt g e
and State lniversity, Blacksbara, Virainig, taoocegr attey et and oy IR KR
Netober 29, 13779, Tlhpor 4 and Sttt 1UTE g s M s s
PATEY D The oy e et Lo gt e




Peaintn o ratsed geain between dense Tatewond
st e lywood, Bt s a o aniforn Tayer of crusned
ol e low the Lurtace and 1S g permanent
ferarration of tee weod. Machining factors <uch
soodal D catting realn and low rabe anales cause
Crashing.

Tne aturerent loned wood cachining defects
are affected ro ditferent deqgrees by moisture
content in ditterent species,  Tor example,
chipped grain and fuzzy grain increase as
maistyre content increases.  Purther, chipped
arain occurs cwore frequently at moisture con-
tents below b percent.  Raised agrain may occur
from machining wood at a high or low moisture
content and tnen changing mgisture content;
due to the uneven shrinkage and swelling of the
earlywood and latewood. The defects often do
not appear until after the product is finished

and can affect the serviceability of the product.

The machining defects can qenerally be minimized
by reducing moisture content variation

Machining at an optimum wood moisture content
(=12 percent) and then raintaining the roisture
content in service helps to minimize machining
detects.

CHIP FORMATION

Surface quality and machining defects are
wlated to chip formation.  When machining
iy the grain, three distinct cnip types have
sen observed {(Franz 1952, Koch 1964, Kivimaa
457, and Voskresenkii 1955). The tnree cnip
tyoes as described by Franz 11952) are:

Type Iois formed when the wood <0 1its
ahiead of the tool by cleavage until
failure in bending occurs as a canti-
lever beam,

Type 11 15 formed when wood failure
nothe cnin s along g line extend-
g Yrom o the cutting edae to the

workpiece surface.

Tooe 1ol s formed when compressinn
ind Shear fatlures ocour in the work
teat of the cptting edqe.

Teocnty types arve frogquently associated with g
vt b wood machiming defect. Similarities
St taod aeometry, wood properties, and moistyure
content for o wond machining trocesses, especially
' cprcgae i lar defects whethey

Fotbte gttty

ST e aetegnonal ot tang or peviphery)l mill-

Wippeed aradn acl onip tepe [ogre asso0i-
et ot tho wend e perties ot low cleavane
o e be tyenath perpendioglar o the grang,

vy TN o trenate oy d11el ta the

ardain, and hign static bending strength,  Lery
nigh or very low rake angles may Inorease Lh
severity of chipped grain, especially when
machining against slopes of arain up to 7%
{Stewart, 1971a,b) (figs. )1, 7). lLarge deptns
of cut or machining conditions tnat increase
the cut per knife alse increase the severity
of chipped grain,

fhin type T11 and defects such «< raises
qrain, fuzzy arain, and a crushed subsurfane
are often associated with 1ow or negative rake
anigles and dull tools, which cause excessively
high cutting forces that incredse crushing and
do not cleanly sever the wood fibers. The
situation is compounded when machining low
density spectes or reaction wood.

A type T1 chip is qgenerally associated
with gqood surface quality. Selection of thne
tool geometry and cutting conditions for
machining a particular species at a qiven
moisture content can be balanced to ;roduce a
type IT chip when machining alonq the arain.
A type 11 cnip is agenerally formed with moder-
ate machining conditions.

RAVE ANaLE

Rake arale, the angle measured fron the
tonl face to a perpendicular to the dirvection
of tool travel, i2 the minst 1mportant elerient
of tool gepmetry controlling wond failure wnen
machining. The wood fallire determines forma-
tion of chip type, which is yelated to sartace
Guality.  Thas, selection of 4 rake annle tr
produce 3 satisfaltory surface 1o raravount to
efficient wood machining.

fotecnnique was devised to approsimate
the optimur rake ancle from tne initial rake
angle {Franz 1953, The technigque demonstrated
that an optimum rake anale for orthogonal weod-
cutting parallel to the arain could be
indivectly epproximiated trom statistically
determined mechanical properties (f wood
various molsture contents and the cutting
caefficient of friction.<

Aosimplified novel technizue relates
selected strenath praperties dirvectly to tre
rake anale by means of an expresaion foy the
coefficient of friction and nows qood covre-
Tation between strergth panperties of weod ot

Vo ious e s tgre ntente e pake anes
N )
loettioaent ot oty o
Nornal el o

tan ( arctan
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Stewart 19773, The cutting coefficient of

friction was statistically related to the ratin

af the tensile strength perpendicular to the
grain (T}

hending [RY. The relations were:

My E\E.Jdt]()n r
1.9 percent o - 0,25 I

oA wercent o= 0,249
Sataratea Lo .95

By assuming the normal tool force to be
o e optimum rake angle could he squate

froctiy Lo the strength properties at various
ntents.  The two methods for deter-

Tl Tl |

sindeg rake ancle for erthogonal cutting
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tent as revealoed in Pioure T owhich indica
Tinear relationyhi between Tocaritne o resic-
tivity log r) and tup to € percent. Teyond
this value there is ;progressively 1ess chdange in
rowith M and beyond tne FSP the change is
relavively small. re 2 indicates a linear
rolat tonehiy vetwo o bag o and T I Tvae s § e
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Faper presented ac Syroosiar or Wood Modsture
Content - e perature and suridrty <elations,
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From Froures 1 oana 2 it 18 poesitie t0 037 -

culate the approxiradte incredse in rtuistiure on-
tent required to double the electrical vongu.-
tivity for to reduce the resistivitv o uvne-hais’.
These results are cresented in Table 1.

Table T .o--Increacse in roisidre - antent re o, oven
gaulle electricat  ordo syt

Poicture Content  n
Ranng

ACoenraing tooian TG the a3 i
duction of wood T i e Tondo L Ao st ine
for the ancreaw cath e tare condent oo, T




Crerature-ac Divated proce L which acoounts
Tneredse moconductivity s ta tererature,
Stocs o Lo, ragainst reciprocdi tespecature are
Y1, osteadocht dines, which can be anglyzed
oot te tne Arvhenias enudtion for the cal-

cala oo sivation ereraies, as revedled in
oo 50 Activation eneray s oderined as:
PTos Yoo o L1
ST
. g

wlee 4 Qetivation eneray

Miver a1 0ds Lo tant
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Flooawe ao--voaarithe of pedsitvity as a TuncUin
T oreciarocal temperatire s UK au several
Carsture contonts fov oyelcw noniar wood.
Sbaored teso bin T3S Fram shaar (19720,
Cietess ol Suracane iindvercit s Proge

DU Cabear fron gy Zotnat a1ty yatnn

creraies decredse of M o reses indiacine o
Jreater ease Of atspddeerer U o, aneter L
influcnce of an edectrre Foelo ot niger v e
contents. Ficure & oreveals trat ot

ererTes cay te s nldfe gy Soovi s L
cole under coveride s it G . S vaate,
S vanse Crono boal roie au s
Sl ardinary teoveratares Lo 14 vealo o de o Ll
AR indi Lt che ueoreasineg cenility

Tone gy tne terneracure 19 reduiec. Ty

autevation eneroyes (f1s Lossible o
Lhe torperature vise réguired 10 doub e

Tricel conductivity. These are J1<ted

erature Tnoreases reduiced to dousle
elecirical conduciivity Tor various
activation eneroies and terperatures

ion Teruorature  Terperature Rise Lo
R1e Double Conductivity
o

[N aa UEN I =N
1 O

— " . . N
5 0 15 20 25 30 35 40
MOISTURE CONTENT (%)

Fitre d.--4pparent activation energy versus
moTsture content at various terserataves for
Jopgias-fiv, v ddn TR Caurteay o
Forest Mraducts Journal.

The resistance in the Toraitinal fibey
direction 1s lower than tnat o tne transyverse
direction. Hart {i26d) <hows ‘hat tne ratio of
transverse to jone tudinal resistaivities can be
as hyah as L% assusing an asotropic cell-wall
substance with the satio decregsing with inoreased
denstty and decreased sisalionrent of the cells
in the tangentiai direction.  Starw (1427)

.

Dedasurea the resistivities of four softwoods and

PP




found longitudina: to transverse ratios frum 1.5
to 2.5 with an average ol 2.0, and with slightiy
nigher tangentiai than radial resistivities.

OIELECTRIC CURSTANT

Dielectric constant 15 a reasure ot the
electrical polaricability of 3 substance per unit
voiume. Water is nignly polar and has a die-
Tectric constant of &1 corpared with a vacuuni.
Ory cell-wail substance, on tne other hand, ads
a vaiue 0f approxinately < at a fregquency of 2
Mi,. The effect oi the addition of moisiure on
the dieiectric constant of wood 15 iilustrated
in figure H.  The relationship is curvilinear up
to the FSP indicatinm a jower etfective dieluoc-
tric constant for bound water due tu the forces
of bondina to the cell wall. Hhevond FSP the
relationship 15 linear with the resultant rep-
resentirg the approximate su of Lhe components.
This hiuah sensitivity of dieieclric constant Lo
moisture content chanae 1s the basis 7Tor capaci-
tance-type moisture rieters., electric-type
meters, on the other nand, are Lased on the cow-
tined effect of dielectric constant and dissi-
nacion factor, both of wnich increase with wood
moisture contont,

28

24>

20- - - -

COMSTANY

DIELECTRIC
-

~

e E

] 20 40 0 a0 100 120
PERCENT OFf moIsTURE

Figure 5.--The relationship between the dielec-
tric constant at 2 MHz and woisture content of
huckeye wood. From Skaar (1948). Courteay of
SUNY Colieqe of Dnvironeental Soience and
forestry.

Grain anqgle affects dieieclric constant
such that the dielectric constant of wood in the
Tonagitudinal - vecting 15 appeoximacely double
that n the transverse dirvection,  Appligation
of a celiular mudel to the analysis of dielec-
tric constant indicates that the same ratio aiso
applies to ceil-wall substance sigqnifying o

greater ease of dipole disnlacerent qlanag the
axis of the celtulose nolecuin.

AU resTstivity ey e L cdcalated fror
dielectric constant and discipation facto
clven frequency by ouse ob the toilowing re
ship based anon the reactive and resiclive

sunents S carrent an the dielectoie ateris .
12
Leoa 10 fe:
r - .
[
whiere f Lreduen e
L s : s ant
X dinst, «210n fa o
Meduy IR TS A St IS U R I NI S S Y B
Stau 467 under ovendry cunds TTon -

e, of v Vit

Lo Are L eared w1t -l

6.3 and caloulaten
Lhiree rodiv fregu
resistivitios i

Tah by AT EUEROES I To B B R R
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do P Ju]" I 1
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1.0 x i0° 5001 5]
- 7 P ~ L . Lo
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Table reveals a sianifican® AN
resistivity with increases in freaquer oy aned 070
ture content, providine more favorabl~ oo

for the dielectric heating of woud.

Heasurements by biau |
decrease in diclectric cunstant o
frequency was 1ncreased irai 1UY iyt DLt

Hz. The dissijation factor, on the othnes rand,

qces through o maaimun at the rewcnar?
quency of the dipoles. These resona

FAET, revesied g

[LieIali

Tee-

cies vary frovi 0.6 Mdz at - 30YC to

25 C for avendry wood. These frequencies inores o
as moisture content increasrs.  Thus 14 wes ol
that increasing either temperature or c¢i-tare
content increased the resonant fresucroy Tndt-
caiing an increase in ease of poiarisabctot, .

It was possible to observe the eifect ol tervera-
ture on resonant freaguency only undor ovendry
conditions where a linear plot of the louarith
of freyuency aqainst reciprocal terperature was
obtained n accordance with the frrheniusg o0 -
tion indicating that the process is Lo porature
activated. A calculation of the activat or
eneray vields a value of 903 keal
This indicates that the resonant “regency ot
279C can be doubioed by 2 teroerature
74,390,

ner ol

Trol Yedse

Diclectric constant was ohusorved (o
with terperature.  For esarpie,
- 701 percent at 1 MHY had g e lect -

stant ot 170 gt - 6070 and atoh
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THERMAL CunDuUCTIVITY

The thermal cunductivit, of wood 10 ot
affected stanificantly by tercerature.  Tne
influence of moisture content and specitic rdav-
ity are accounted for e nrricaliy by equatiog
of Molean and others [Siau (157000 W ion
woud 15 a paraliel-siab coded with the cel sty
Taen, and seisture as paralle
Cooroved resalts over a wider denn it oranie o
Do obtained by Use of a4 ocellalar cooted o
desdored in Figure © und ds previoasd, oo

1964 The application of tnio cade!
rical data indicates thit ore toee oal
conductivities of Dound water and coli-wal.
substaree do not difrer appreciabily o and e

Treest

el cnmd s tannoes

Fovn tne conduc tivity of the satst celd war s
ted areatly by
To iy assured tnat the moist
tivity is ingerendent of
increased conductivity at niaher noisrare Lon-
tonts 14 2 result of the swelling orf the celld

wall anc | tnerefore, Iower oorosit, of the wood.
Tnogeriving the egaation, thne cross watls. Turens,
and side walls are concsidered as sepacate con-
ductances dare renresented in ¢ inure The
equation for transverse therral conductivity
derived feon the model has the furr:

S LuTre

[N

sLare Lontent o the

+ ¥ (- \
¢ Ra T D33
K - - -
+oa {1-a) Ha+ 2
gnere Fo- 7o trarsverse thermal conductivity of
v
: theymadl conductivity of atv in lureas

Fo- - transverse thermal conductivity of
celi-wail substance

a - square root of wood purosity
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SinLre os-Dutvalont confiny
Livit. oodel showin s conductivities
ard the equivalent electrical civcud

Stau 13705, ooy uf wunn and

1y o
ned tu count fer
onductive efviciency 4ae 1

on as advocated by onar

Couation T3
1tonas been Fyrther
decraased cresy-wall
uneven fFlux distribut

119643, Lquaticn {3, oroduces qood aureerent
with bhe empiricel equations when vaiues 1.5 »

167 calsver 0 osec) and 1005 » 13-4 a
OC soc) are aned S Keoand Vv, The o
tion predicts that the thcrraﬁ condactivil,
nearly inversely linearly tronortiongd
saudre root uf o tne porosit, (Finure

values of between 2.7 and 1.0 {covrespondi
snecific aravities from zero tu 150 whicn we
inciude ali known woods. In fact the vodel
equation may be closely aprrocinated by the
lTinear ecoudtion:
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where f therval
1
cals{c

The essential difference between the o oael
equation and the other ermpirical equatiors is
that tn the former the conductivit, is invercel,
proportional ta "a while in the latter 15 35
inversely proportional fo the poresity o ar

The model equation has Tiratations related
to the assunmptions used in 1ts derivation,
erarple the offect of pit openin s, ravs
fibrol angle are neglected.  Lancaara (ol
ingicated that faber) ancle can have a sagnifi-
cant o effoct an theraal condactivity, AT o tre
assuent an has been pade tnat the conduct fvy

f

of tae cell wall s indenenaent b vaogstare

content.




Figure 8.--Transverse thermal conductivicy of
I

wood versus "a" according to equation based on

geometrical model comparea with a linear reqres-
a“., From Siau (1971).

sion equation of Kg 1 on
Courtesy of Syracude University Fress.

MOISTURE MOVEMENT

The movement of water vapor throuyh wood 1s
far more complex than that of heat due to its
strong dependence on both tenrperature and mois-
ture content. A family of curves relating tne
water-vapor diffusion coefficients of air in
the luiens (0,) and the cell-wail in the trans-
veese direction {Dpy) to both T and M are de-
prcted in Fiqure 9. The values of Dy are
derived from the water-vapor diffusion coeffi-
cient throuagh LUlk air by conversion to a
basic of a gradient in cell-wall substance
throush the sorpticn isotherm of wood. The
values of Dny are taken from values for celi-
wall substance weasured by Stamm (1953) 1n the
Tongitudinal direction at 26.7°C at various
noisture contents. They were converted to
other temperatures by tne assumption of o direct
relationsnip with the saturated vapor pressure
of water as suggested by Stamm {1959) and then
converted to the transverse direction by divid-
ing the values by 2.5. It 15 interesting to
note that values af Dyt increase with wood
noisture con‘ent due to decreased bonding of
water rolecu es to sorption site,, white O,
decreases with increased M due to the Inereasing
slope of the sorption isother at hioher valurs
of relative nuridity, Therefore, Tumen cnnduc-
tivit, hecames more {oporcant at higher sioisture
contents.

1x107
Oy
307
1x10°®
3x107°6
cm¥sec
1x10°®
3x107
Dgr
1x1077
3x10°®
-8
%10
5 10 15 20 25
[

Figure 9.--Vaiues of U - and Uy at various
tenperatures and worshure contents.  Fron Siau
(i971). Courtesy of Svracuse iniversity Presc

The cellular wodel may be aplied to rois-
ture moverment as well as to that o' heat. en
this 15 done for transverse flow, the conduc-
tivity of the lumerc is nuch hicher than that

of the side walle in paraliel with it raking

the Tatter neniicible. when (he lurens and

cross walls are considered in secies. the high

conductibility of the Tunen becomes negliaibic

Teaving the ¢ross walls as the nnly part of the

structure having significant resistance.  Thie

greatly simplifies the wodel ouation which then
nas the fori:
Day 05)
Dyy < -
’ {(l-a¢) -
where Doy 7 transverse Wobtor-wepo

A7 LG n s et dont

oo

In Lquation (5). the (i-20 1 tors an the

denowinatar corrects the ~rafient to a basi oo

wnod rather than cell-wall «abotance and the

terei (1-a) represents the tongth of the ath

throuoh the cross walls . THIG gt o ve e

the of foct of the pit openianrs ot owater vapo

soverent which has not been neaien tod by St

(1967, This efiec v dindeed not he neglybide

At iow colsture contents g hieb e s 0y

arayities,

by
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Caudtion (8) ray alse be dervived by il
vapor pressure or voluse concenteation as ot
of potential with an identical value o
an identical solution.  The reasan for
the fact that the diffusion differentyal o . u3-
tion applies to a soint within a specivon
wood whicih 15 at one terperature and, under
these conditions, a Jdiffervential change o woie-
ture content, partial vapor pressure, and Lon-
centration are directly proportional to esch
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s oither. The effects of changing coiature Co
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F=-D, dMdx (10)
F=-0p dp/dx (1)
to= _UQT d € /dx (e

where F = flux
Dy = conductivity, g/ iw e )

[kq in Siau (1971
Dy, = conductivity, ams{cn sec v i)
€ = concentration, am/ e (wund)
The conductivities in Lquations (10}, (11).

and (12) can be converted to one another. The
conductivity for a concentration gradient i

the same as the DqT in tquation (6} with the
units of cmé/sec.” ALl three of these fore,

will give equivalent results in an Ssotheral
situation. Bramhali (1976) discusses toe difti-
culty in the use of moisture content aradient.
under nonisothermal conditions. Wenagert {1476}
favors the use of vapor pressure aradicits sn
unsteady-state problems.

Two anomolous situations can arise 1a
steady-state problems ander nonisutiernal con-
d.tions as iliustrated in Fiqure 11 (a; and
(bj. In 11 (a) there is zern vapor pressure
ditferentiai, but a woisture cuntent differ-
ential of 12 percent. In 11 (b} the moisture
difterential 1s zero put there is a partial
pressure differential of 110 w0 of mercury. In
11 {¢), whicn could be typical of a house with
s0iid wood walls, there is & nigher vapor pres-
sure inside the house bul a higher relative
humidity and wood moisture content on the aut-
side curface. The questians are raised as to
what are the corvect ways of calcuiating the
vapor flux 1n these three cases.
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the presence of liquid water in th
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is the case with green wood of rin
content.  Air 3s alwavs preseni an

i
L
T

v

P

PRRAR

€t

)

o

and the resulting capillary pressure

he overcerne to displace an air-1i:
may be calculated from tne followi

o a 3\ LOY
;
where T pressare difte
o= radias o7 ppen

contact arinle

Caprilary pressure, as e’ ine
{13) can reach hundreds of sounds
inch for srall openings. Stame
vulated the maxinue etfective ™

a1

pen

i

o
: v

e

e

o

v

o

19675 ha.

raniy

woad speciaens frar the pressure regal o e

overcome capiliary foroe

Cneon the areate st it e
Teasurerent
io the edivoination of
Saturation o the oty potare wth
the oliminatton of bt a and (ar
Thiood IS toner et ol

i i
cusnedd b Teneti Beobelen et sl

canillae, fo

ot

foratack NG s et ok
geen ab e to o fhat Dhe per e
NETEEINS LR A Sopentern bty
Wl e L I B SRV RN VTR
conat o ey rol e

o wood pereabitl ity e

[N

h

\l

to

[IREN

Tout s

ficalae
d

RIE

of




AR

T

AT RERMI AR

Fiqure i2.--fwerage gas permeability tor nitrogen
and helium ot Infinite pressure versus averade
Tiguid permeabiiity for iso-octane and avyl
alcohoi. From Comstock (1967). Courtesy of
Forest Products Journai.
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ABSTRACT
~>
Ne : :
* " Dimensional changes in response to normal climatic and
seasonal variation in relative humiditv in heated buildings

is a predominant problem during both manufacture and

protection. - -
\

consumer use of solid wood products. Fnvironmental control
should be considered in production, but for items in service,
proper design and moisture retarding finishes offer best

TNTRODUCTION

There is little need to underscore the
existence and importance of humidity-moisture
content effects on wood products; countless
examples are all too familiar to each of us
even in our daily lives. These effects--
usually detrimental--include the direct
influence on dimensional behavior, strength
and thermal properties as well as such indirect
effects as biological deterioration and the
failure of adhesion of glues and finishes.
These effects prevail at every phase of end
use from the storage and processing of stock
in the plant through the cventual service life
of the finished product in the consumer's
possession. Tnr reviewing this topic, the list
of individual moisture related problems seems
endless. In manufacturine,the all too common
ones are misfitting parts, sunken or open gplue
joints, surface and end checks, and machining
problems. The consumer experier-es sticking
of swollen drawers and doors, loosened tool
handles and furufture joints, uneven joints and
surfaces, cracked house walle, split panels, and
so on. Rather than engage in a compilation,
this paper will focus on a discussion of a few
examples which typify the more common catepories
of problems and a discussion of the more urgent-
ly needed approaches for dealinp with them.

In contemplating gaps in our technology
which might be indicated by these moisture

lPaper presented at the Svmposium on VWood
Moisture Content--Temperature and Humidity
Relationships, VPI and SU', Rlackshurg, Virginia,
October 29, 1979,

related effects, it is tempting to re-echo the
desirability for discovering cconomical wavs
to make wood dimensionally stable, fireproof
and immune to biologpical deterioration. Yow-
ever, considerinpg that the search for such
alchemv has been with us almost as lone as the
problems, the prognesis for findini a panacea
is not promising.

In censidering this topic T have tried to
view the resultant effocts as they confront
those directlw invelved with end use and
products: e.g., the manufacturers, woodworvers
and homeowners.  From their viewpoints, the
effects of moisture often seem myvsterious,
intangible, and inscluble. On the other hand,
careful analvsis of most problems sugpest that
a reasonable solution based on existing tech-
nolopyv is possible which hasn't been taken
advantage of or even recoenized. Mv final con-
clusion then will be that even though some waps
in our technologv can be identified, the great-
est progress can he made bv implementing exist-
ing technology rather than trvine to fill the
gaps. To be most effective this transfer of
existing technologv--or {n simple terms
"education"--must he expressed in languace the
worker or consumer can understand and must have
relevance to specific problems,

RE=FNAMIVING FINDAMFYNTALS

Of all the moisture related efferts on end
use, the moat infamous are those invelvine the
dimensional change {n response to bound water
variation, While ever cone knows that wood
shrinks and swells, few can understand the
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interrelationships bhetween the heating of the
shop in the fall and the open glue joints which
result. These interrelationships have been
thoroughly reviewed during this conference and
need not be repeated here in detail, But I
always find it worthwhile to visualize the
following progression:

T — RH
RH —s EMC
MC —= AD/g
€ — 0

as a reminder that temperature (T) can influence
relative humidity (RH), relative humidity
controls equilibrium moisture content (FMC),
moisture content produces dimensional change
(AD) or strain (e), the restraint of which can
cause stress (o), sometimes sufficient (opay)

to cause failure--that is, checks. In some
cases only a portion of this chain of effects
need be considered to resolve a particular
problem.

TYPICAL PROBLEMS

A commonly encountered situation is the
straightforward case of dimensional change
which takes place when wood is used at a mois-
ture content other than that which it will
eventually assume in service. A routine example
is the differential between the moisture content
of the framing lumber installed in a building
and the average equilibrium it will eventually
reach after a period of occupancy and heating.
In a study conducted in Amherst, Massachusetts,
moisture meter readings of softwood structural
lumber being delivered to job sites averaged
18-19” with a range of from 12 to 297, Readings
taken on equivalent interior framing members in
houses occupied for a number of vears averaged
8 to 97 moisture content. 1In a typical dwelling
built with conventional light frame platform
construction, the sills, joists, subhfloors,
base shoes, and rafters are vertically stacked;
the perpendicular-to~grain dimensional changes
are vertically cumulative. In a 2-story struc-
ture the cumulative dimensional change in the
framing can exceed an inch from the time of
construction to the attainment of eventual
equilibrium. The consequences of tying part of
the house to vertical masonryv columns or plumb-
ing can obviously cause uneven distortion, with
cracked drywall, separated joints, and uneven
floors. Builders always call this "settling';

T have never heard {t called shrinkage. Many
builders see the problem as inescapable. Since
it seems unlikely that framing can economically
be dried as low as 87 moisture content, the
obvious way of dealing with the problem is to
design the house framing so it can move verti-
cally independent of the masonry. Wise builders
do.

A more specific example is in framing of
built-in kitchen counters, where the base is
framed by nailing 2 x 4's on edge along the sub-
floor. The countertop is constructed of plywood
or particleboard. Since the rear edge of the
countertop is anchored with a furring strip to
the wall studs, its height 1s fixed above the
floor. The front edge of the countertop responds
to shrinkage of the base frame below it. In
touring a house under construction, I noticed
an obviously wet 2 x 4 being used for counter
base framing. Sensing my concern, the builder
assured me there was no problem in its high
moisture content, since it would be nailed down
and "can't go anywhere." But a quick mental
calculation indicated that when the high mois-
ture content (at or near the fiber saturation
point) eventually reached equilibrium moisture
content of about 87, it would shrink an eighth
inch or more; the front edge of the counter
would drop an equal amount. That builder would
never build a counter that was out of level by
that much. Yet that's what the homeowner
eventually got. (It's enough to make an egg
roll off a Formica surface!)

In manufacturing plants where products such
as millwork, flooring, cabinets, furniture or
sporting goods are being produced, it should
be routine that stock be kiln dried to an average
moisture content the finished items will have
in service. In most cases plants now do a
reasonablv good job in this regard. But still
problems develop because moisture content is
allowed to change during manufacture. A
tvpical example is trouble with edge-glued
furniture panels and chair seat blanks, where
the end grain region of the stock is allowed to
change moisture content. 1In dryv weather, during
the time interval between the edging and gluing
operations, the end grain mav loose enough
moisture and result in enough shrinkage acrcss
the ends so that clamping pressure cannot fully
close the joint. In damp weather, the ends of
gluing stock may gain moisture and swell prior
to machining. Edge jointing straightens the
flared-end boards, which are then edge glued.
When the panel ends eventually equalize back
to their original lower moisture content, and
attempt to shrink back to orginal condition,
stresses are developed which mayv split the panels
ot open the ends of the glue joints.

FOCUS ON HUMIDITY

The above examples indicate typical problems
associated with moisture content change. But
more importantly, they reveal shortcomings in
our traditional approach. Foremost is our
preoccupation with the concept of moisture
content, both in our thinking as well as in
practice. 1In theory we know that moisture
content responds to relative humidity. RH {is
the cause; EMC the effect. Yet in practice we
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try to work mainly with moisture content, as if
in doing so RH will in turn take care of itself.
The result is that relative humidity has been
almost universally ignored. 1 repeatedly meet
manufacturers, woodworkers, and even hobbyists
and homeowners who are very knowledgeable about
the moisture content that wood should have for
this purpose or that. Yet, they do not have an
inkling of the relative humidity for establish-
ing and maintaining such moisture levels, nor
do they have even the simplest instruments for
measuring relative humidity, nor the provision
to regulate it in any way. It is quite apparent
that there must be much more awareness of rela-
tive humidity and its relationship to moisture
effects.

In a brief article entitled Some Thoughts

on the Term "EMC"2, Bruce Heebink suggested an
9,

alternate term such as ERH or RHE (standing for
"equilibrium relative humidity" or "relative
humidity equilibrium”) be adopted as a basis

for specifying moisture condition. His sugges-
tion was made primarily because so many modified
wood products have different equilibrium mois-
ture contents, By this reasoning, rather than
specifying lumber to be dried to 8.0% MC, it

g'SX-IST LOG. November, 19266. ‘‘imeo 3pp.
Snciety of %ood Science and Technology, Mad{ison
|

would be specified as being dried at an ERH of

42 percent. This same specification wouid he
appropriate for various species whose EMC might
range from 7 to 9 percent at this same 42 percent
humidity level. Adapting an ERH philosophv would
also focus needed attention on atmospheric con-
ditions, namely relative humidity, Tt is ohvions
that greater humidity awareness and control would
be especially important in manufacturing, for
here the wood is as vet unprotected by finish

and at this stage maintaining proper EMC is most
critical. At the same time it is at this stapge
of end use that control would be most feasible,

IMPORTAMCE OF VARTATTON

Tt is common knowledge that wood shrinks
and swells because of variation in atmospheric
humidity. Tut in any actval situation, bow much
does the armosphere change? Bow muck does the
moisture content vary? How much does wood
really shrink and swell? What are the
tolerable 1imits? Can we realisticaliv stav
within them? These questions deserve much more
attention than thev have been given.

Ve can get a general cense of the potent inl
situation from figure 1, where examples of
familiar RE-FEMC and EMC-shrinkage relat ionships
are plotted together; we can now read dimenwion
change directly as a response o relative
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Figure l.~-Typical relationship between relative humidity (RH)
and equilibrium moisture content (EMC) and between equilibrium
moigture content and shrinkage (S). (T=tangential, R=radial).
Average data for red oak are shown. Dashed lines show appro-
ximate winter-summer extremes for solid wood in winter-heated

buildings in the Northeast.
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humidity, wore or less ignoring the EMC interme-
diate. For the user of wood or wood products,
the notion of moisture content is a nebulous
intermedlate which is difficult to comprehend
and seems academically remote., Correlating
humidity directly with dimensional change--

two tangible indicators of environment and wood
behavior--would probably have far more relevance.
But convention has traditionally ignored this
approach.

For a typical situation in the Northeast,
the humidity within heated buildings commonly
drops to below 20 percent RH during periods of
winter weather when the outdoor temperature is
dipping below zero. In summer, indoor humidities
commonly remain above rhe 80 percent mark for
weeks at a time. Figure 1 suggests that unpro~
tected wood of average species responding to
these extremes will vary in tangential dimension
by some three percent or more. Fven greater
extremes are not uncommon. (Tn my basement,
spruce wafers have reached over 20 percent
moisture content i{n summer, as low as three
percent in winter.)

Bow tolerable is three percent variation
in dimension? In some cases it may be insigni-
ficant, as in a plece of free-standing sculpture,
a bread board, or the like. TIn drawers that
stick or doors that won't close, it may be an
aggrevating problem, but seems to disappear
harmlessly once the weather again becomes
favorably dry,

Tn countless products, however, this three
percent response to normal variation in humidity
can he quite destructive. An example is any
wood restrained from swelling, as the handle of
a hammer in the head. 1If fitted tightly at a
winter extreme, sayv 20-257 RE, and allowed to
follow equilibrium to a summer high of 80-85/ RH,
the attempted swelling of three or more percent
is restrained. Since the elastic strain limit
in compression is commonly below one percent,
most of the restrained swelling is sustained
as permanent set. Upon redrying to the original
relative humiditv equilibrium, the socket of the
handle shrinks to less than its original size
and of course loosens in the head.

Similarly, longitudinal grain direction in
a mortise restrains the tenon; and normal humid-
itv variation can cause enough self induced com-
pression set in a mortise and tenon joint to
result in loosening and failure. The familiar
loosening of chair joints, so commonly blamed
on poor pluing or ahuse of the chair, is proba-
bly most often the result of dimensional response
to humidity variation.

Another result of the same mechanism is
the splitting of wide members (such as table
tops or side panels of case goods) which are
fixed at their edges as seen in figure 2(A).
After sustaining compression set in the swelling
phase, splitting ocrurs during attempts to
shrink back because the strain limit in tension
perpendicular-to~grain {s usually only 1-2 percent,

This mechanism can also develop checks in
the ends of originally dry wood. For example,
if the end grain surface of a dry board is wetted,
its attempted swelling is restrained by the rest
of the board and it takes on compression set of
several percent. When redried, its attempted
shrinkage exceeds the tensile strain limit and
checking develops.

This destructive effect of moisture content
cycling is also the source of a major misconcep-
tion about wood which is common among woodworkers
and consumers. Because the high end of the
cycle is apparently without consequence, and
because the visible problems emerge only when
low humidity is reached, the deduction is that
the problem occurred "because it was allowed to
dry out." A corollary reaction is that "oh, we
don't have any trouble with high humidity, it's
low humidity that casues all our problems.”
lsually there is no recognition of the fact that
the low humidity level was of consequence only
because it was preceded by the high. People
seem far more prone to humidifying during dry
weather than dehumidifying during damp weather.

0

f:j

T —
T

e T
I N
.

O

+

et

e S
o -
) [
e T
e -
e
L,—«:‘-’/: o N
b

R B

Lo —» — — HIGH - — -— 1LOW

Figure 2.--Behavior of a wide board or panel
under an extreme moisture cycle when (A)
fastened at both edges and restrained from
swelling, (B) restrained but not fastened, or
(C) unrestrained and unfastened. During
moisture gain, A and B may show no symptoms,
although they accumulate compression set;
the dimensional change in C may be quite
apparent, During moisture loss, C returns to
its original dimensions; B shrinks to a smaller
dimension; A, restrained in its attempt to
shrink (by an amount exceeding its strain limit
in tension perpendicular to grain), may fail,
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More awareness of the importance of variation
is therefore necessary. Once understood, much
more could be done to avoid the dangerous
extremes.

There is also a notion that dryness 1is
categorically detrimental to wocd. Some museum
conservators, for example, believe that wood
should be stored at no lower than 507 RH and
that 60-65% RH is optimum.

While controlling humidity might he a
reasonable approach to controlling dimensional
variation in the plant, it offers little promise
for the consumer whose environment is inherently
variable. The consumer must rely more upon
finishes to provide a barrier which will retard
moisture exchange and keep the total variation
within harmless or tolerable limits., But I
have found little useful information about the
moisture excluding characteristics of current
finishes. Likewise little has been reported
about the relationship between actual atmospheric
humidity and the actual moisture content of
specific products finished with identified
finishing materials. 1 feel quite strongly
that this is an area where some practical applied
research results would be most useful and wel-
comed by both manufacturers and consumers.

No small part of the problem of education
is the many misconceptions about wood which
prevail. We have all heard the notions that
"wood has to breathe," or that wood is really
living tissue and needs to be kept from drying
out. In some cases misinterpretation is the
obvious culprit. For example, in discussing
the seasoning of wood, the author of one book
on woodcarving boldly states, "If a log is kept
in the dark, in for instance the cellar, and
then suddenly exposed to the light, splitting
will often take place.”

CONDENSATION IN BUILDINCS

On a quite different topic, the problem of
condensation in the walls of structures deserves
mention. Although condensation has always been
a concern in heated buildings, the onset of our
national energy crisis has multipled the fre-
quency and consequences of this problem.

Here the role of temperature as it affects
relative humidity is a key factor. TIn a heated
building in cold weather, a drastic temperature
gradient is established through the building wall
from the inside to the outside. Since very cold
air can hold virtually no moisture, even when
the inside atmosphere seems quite dry it has
more moisture than can be held ty the outdoor
air. Consequently the dewpoint line (that is,
the temperature at which moisture vapor will
condense to liquid) lies within the wall. Any
vapor passing through the wall will eventually
condense within the wall, usually within the
insulation layer if the wall is insulated. This
has the detrimental effects of increasing thermal

96

conductivity of the insulation and reducing its
insulation efficiency as well as increasing the
moisture content of any adjacent wood to a level
that will support fungal activity or causc
breakdown of paint adhesion.

Most buildings constructed in recent vears
have been well insulated with suitahle vapor
barriers installed to minimize condensation
problems., However, a particularly <erious
problem has arisen since the enerev crisis
has prompted the insulating of manv old buildings.
Insulation is often blown or pumped into the
empty walls of buildings without installation
of a vaper barrier. The insulation not onlv
establishes a dewpoint well within the wall, it
also helps block escape of the condensation
moisture when temperatures again rise. The
result is rapid progress of fungal action in
walls that have stood for centuries. Manv
historic houses are being badly damaged by this
thoughtless use of insulation, and the problem,
once created, is difficult to undo.

CONCLUSTION

In most regions of the nited States,
especially in colder climates, the normal
seasonal variation in indoor humidity can
produce dimensional changes in wood which
exceed tolerable limits. Tn manufacturing
wood products, environmental control within
the plant should be a primary consideration
in controlling the effects of moisture variarion
in stock or in unfinished products. The in-
service environment of most wood products is
characterized by variation and beyond relishle
control; therefore application of a moisture
barrier finish must be relied upon to buffer
the extremes of humiditv variation.

In all cases, education must give greater
emphasis to "Equilibrium Relative Humiditv"”
in order to bring a greater understanding to
both the producers and consumers of wood
products.
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. ABSTRACT

“** The amount of water adsorption (WA) determines the
dimensional stability of particleboard and flakeboard,
Statistical regression models showed that WA is a function of
exposure condition, resin type, and board specif{ic gravity, as
well as the thickness and slenderness ratio of the wood furnish,
Those factors explained 95 percent of all variation in WA, m

INTRODUCTION

Particleboard is the gencric term for a
panel manufactured from lignocellulosic mate-
rials, Wood-based particleboard is made from
dry wood particles that have been coated with
resin, formed into a mat, and pressed under
heat; flakeboard is a particleboard composed
of flakes. Processing parameters--wood species,
reduction of solid wood teo particles or flakes,
drying temperature, amount and kind of resin
and wax, moisture content of the mat, compres-
sion ratio, and pressing conditions--markedly
affect the properties of the finished panels.

For example, because wood particleboard
is hyproscopic, changes in relative humidity
trigger complex responses by particleboard and
flakeboard. The environmental moisture affects
the moisture content of the board, measurably
changing linear expansion (LE) in the plane of
the panel and thickness swelling (TS) perpen-
dicular to the plane. The amount of LE and
TS depends on the processing parameters which
also affect the amount of water adsorption
(WA) and the equilibrium moisture content at

l-Paper presented at the Symposium on Wood
Moisture Content--Temperature and Humidity Rela-
tionships, Virginia Polytechnic Institute and
State University, Blacksbury, Virginia, October
29, 1979, FRL 1399, Forest Research Laboratory,
Oregon State University, Corvallis,

97

different relative humidities, In turn, WA and
exposure conditions directly affect the amount
of LE and TS.

Again due to the processing parameters,
the amount of water particleboard adsorbs and,
consequently, its equilibrium moisture content
are not the same as those for solid wood
(Halligan and Schniewind 1972, Suchsland 1972).
Similarly, the "random'" orientation assumed
by the particles and flakes in the plane of
the board during manufacture causes LE to be
sreater than normally would be expected for
solid wood in the longitudinal direction.

TS has two components that affect dimen-
sional change: the actual swelling of the wood
and the release of compression stresses that
develop during mat compaction. Because the
amount of dimension change in a board can be
critical for most uses, standards for commer-
cial products of particleboard and flakeboard
specify allowable dimensional properties (U,S.
Department of Commerce 1966).

Vital (1980) established relatiounships be-
tween LE, TS, and WA (terms in the functions
follow decreasing order of importance). For
particleboard:

IE = WA x {(RT x FC, SG, SR, TKN, SR x EC,
RT, and RT x TKN)
TS = f(EC, RT x EC, SG x EC, RT x WA, and RT)




And for flakeboard:

LE = WA x f(EC, SAWT x TKN, RT x TKXN, SU?

TRN, TRN x FC, SC x EC, RU, and TENT)

TS = (WA, WA x S¢, RV, WA, RI x VEN, bEC,
and SAWT)

where FU = exposure condition (30-n5" or nhH-

807, TRX =
5G = board specitic
= resin type (urea-
SAWT = surface arva
and SR = slenderness ratio

furnish thickness (0, 15-0,91
aravity (D.53=0,73), R
or poenol-tormaldeiivdo),
by weight (20-300 RS
(10 o

50,

ity relation to LI and 8 makes WA
particlvboard
Althouuh processing variablos
are to affect the amount o WA, this
lationship has not been thoroushin establisd
(Kelly 1977), Therefore wanted to
how furnish geometry, resin type, and board
specific gravity (SC) atfect WA when the rela-
tive humidity chamzes from 30 Lo bd and
65 to 830 percent.

Thus,
an important characteristic of
and f lakeboard.

Kknown o=

woe determine
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MATERTALS AND METHODS

The raw material was sreen Douslas-tiv
[Pseudotsuga menziesii (Mirb.) Francol, quarter-
sawn into lumber with a nominal thickness of
25.4 mm and a density or 0,41 ;.:/cm‘ (ovendry
weight/green volume),  The lumber was ripped
across the grain into strips 12,7, 25,4, aud
50.8 mm lone.  To penerate the particlos, we
hammermilled flakes
through a 12.7-mm screen, yielding thicknusses
of .15, 0,41, 0,66, and 0.9] mm,
the desired thickness=--0.15, 0,41, 0,006, or
0.91 mm~=were guenerated with a labovatory
disc=flaker. Flake width was determined by
the thickness of the e fur-
nish, both particles and flakes, wis dried at
857C to a moisturce ceontent of approximately
3 percent, then scaled in plastic bags.

Somm wide and 25,5 mnmo long

Flakes of

lumber. areen

We manutactured a total of 90 homogseneous
boards under constant conditions (table 1)
according to a completely randomized single-
replication factorial design. A laboratory-
type, rotary drum blender wis used to apply
ecither phenol tormaldehyde (P or urea tormai-
dehyde (UF) resin to the furnish, resin,
and water were applicd scgnentially
air spray-gun. The mats were hand-teltoed
loaded in a sinmgle~opening hot

Wax,
with an
amd
press oand
pressed to specitic sravitics of 0053, U.hng
or 0,78, corresponding to vompression ratios
of 1,30:1, 1.60:1, Looitsl, pr=honded
were stacked hot overnight, aind “P=bonded
immediately,  ali
LTC and do-pereent

or boards

boards were cooled board..
condit toned at
humidity,

were rela-

tive

s

——
P ———

table 1o Processingg condition. 1or parti o=

board and tlakeboard

Board sicv

Resin nolids
content Y, ovendry hani:
el 0.5 Borden's EW--susi wan,
avendry basis
Lt molsture
content 7.0 + O,

Pros ; 170 ¢
I min tor PV oand o
Uity closing ti
deconpression
Potore testing, all boards were Lande -
til about 14 omo thil Throe sub i boesn B
Tong and 7o o wide were taren trors cach o,
then sequentialls caposed Lo cacl o thre
relative anldities==3a, 6o, 4t - i
torperatures ot <0, 21, and ) L=
ant il the boards were equilibrated cabonr
ot At cach humidits ), WA W d
Shedstring the increrental oo dn owedst
to the nearest 01 Tor et Clan v owl roia-
tive humidity.
We tsed aultiple regression TS
correlate the WA increnent with tnrnish ooca-
ctry, board Sy and resin type. Uedng o sl

wise procedure Cletoer and Wasserman 18760 w

selected the best set op variables tor cac
couat ione The rearession cquat o wote wead
to predict the increment in WA tor too Ui= oand

Pr=-bonded boards at the low and hich

humidities,

AND SHRCUSETON

Water adsorption is an important tactor
related to LE and TS orf particleboard and ilake-

board. However, as shown by Vital (1980), the
relations between WA and 1D and between WA and
i's are aonlinear——in ract, scveral intoer-

et bons ovenr hetween WA and other variables

Dot ween

I,

nensionagl

attecting LD or he relationsdiips
WA and the Ji

board are

charactoristics ot th
hecatne varbables

LoWA,

turther complicated
attocbting PV oor U8 also artted
we o derived these altiple vegression

ciat fons rolating tornish board sey
amd roesin type with the WA increment Jdue to
relative to

terns in

eomet vy,

from A0 [P}

All

nidd i increasing

to 80 puerveat,

i pot-
tram B9

ot




the equation were significant at the l=percent
levels  For particleboard:

In(WA) = 1.3146 + 0.3499 x EC + 0.552 x
S 0.1TH XSG - 2.5 x 1070

with Syex = 0.015% and R™ = 0,957, And
tor tlakeboard:

In(Wa) = 1.385%% + 0,2621 x KO + 0.0648 = RT
- 0.5032 x SC + o toT 3
> o . BN
+ 00,0483 « TRN= 4 J.365% = SO i
2
with Syex = 0,019 and R = 0.92% vhere
In(WA) = natural logarithm of the incremont In
water adsorption (Wi = )
FC o= exposure condition (0 tor a relative

humidity change from 3o to 050 and 1
for a change from HS to 307)

Bl o= resin type (assumes (P = 1 oand PYos )
sRo= slenderness ratio (curnish leneth/

thickness)

TN = turanish thickness

lained about 95

sression amalyses o
pueroent ot all variation we observed in WAL As
cupocted, exposure condition (EC in the model)
wis the most important wariable aftecting WA

increment.  Hxposure condition alone cxplained

93 and 9 percent of a3l WA variation Yor

A2

ticleboard and flakehoard, respectively, e

increase in WA per l-percent increase in rela-
tive humidity was larcer at higher relative-
humidity intervals,

Uther experimental variables caueed a
relatively smaller variation in the WA inere-
aent. However, these small variations have an
important ¢tffect on the amount o LE and T8
(Vital 19x0).

Because cach exposure condition was the
sane tor all boards, the variation in WA with-
in each exposure condition was due to other
variables. once we considered exposure condi-
tion in the model, the most important variable
affectineg WA in flakeboard was board SG. How-
ever, board SCG and exposure condition inter-
acted to aftect WAL An increase in SC openerally
decrcased WA, but S¢ had Tess ertect at high
relative humidity.  Apparentiy 56 had little
effect on WA once the board had adsorbed enough
water to release the larger stresses from the
compression set in the denser boards,  Lehmann
(1974) and Vital et al. (197%) also tound that
the amount of water adsorhed decreased if
board st increased.

tlakeboard made with phenolic resin
venerally adsorbed more water at both exposurc
conditions., Schneider (1973) found that the
difference in WA due to resin type increased as
the relative hmnidity increased.  llowever, we

tound no signif lcant interaction between resin
tpe and ceposure condition.  his tendencs o
phicnulic=bonded bourds to adsorb more water i-
associdted with their high caustic contoent
(Wittpann 14714),

WA DDt lakeboard was also aricoted by

tlake ceometry, as indicated 0 the rejression

i
,
model by thickness squared (7FI7) and olender-

Hess ratio {(SK). The offect of Diake or par-

ticle seometry on probably related o
chalt, in the surtace arca oov :
and bulking ctfcot, as weil oo

'
in the amount ot end=grain surtace

amd thickness chancaed. Ceonetrs also

Lanical

Tect WA indirectls by cansing u
restraint in the board duce to induced stresses
from crushiing and density variations.  Increases
in 56 would also cause mechanical restraint in
the board. adsorption curves were similar tor
Turnish, board, and selid wood, thus the belier

that the offect vl guometry was duce to ti

aechanical restraint or resin distribution or
bothi,
shows Lthe surface responses f{or
flakeboard (S¢ = 0.70) as predicted by the
cquations we derived in the multiple regression
analy 3

vitect of changes in {lake length
and thickness or boards of otler specific
sravities can be estimated using these cquatious,
the SU Tor cach resin type and exposure condi-
tion should remain constant while tlake leneth
and thickness are increased slightly,  Because
board SC and flake peometry do not interact,
response surtaces (or other specific gravitices
rilar tu those in ticure L.
Ploure 2 oshows the predicted effect on WA when
board St is changed tor a flakeboard made witl
O, 30- % S0=ma flakes.,

will have shapes si

The smallest dncrement in WA Tor each
expasture condition and resin type (fig. 1)
should occur with short 10-mm flakes between
0030 and 0,50 mm thick. At this thicknuess,
lengthening the tlake slightly increased Wa.
Variable thickness of the short flakes also
increased WA slightlv.  as tlake length in-
creasad, WA became more sensitive to changes
in tlake thickness,

As observed with tlakeboard, the WA incre-
ment in particleboard was also higher with
boards made with phenolic resin.  For particle-
board, however, WA was more sensitive to changes
in particle peometry than in hoard S6.  Boards
mrde with porticles having a larger slenderness
ratio (thinner particles) adsorbed less water,

Figure 3 predicts how changing particle
thickness will affect WA for a UF- or Pr-bonded
particleboard with SG = 0,70, WA is more sen~
sitive to champues in particle thickness between
0.1% and 0030 mm.  The smallest increment in
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Fivure 1. Predicted effect of flake length and

board (SC = 0,70) when relative humidity changes
(B) from 30 to 65 percent in a UF-bonded board,

and (D) from 63 to 80 pervent in 1 UF-honded

A FLAKEBQARD / uF

A PARTICLEBOARD / UF

O FLAXEBQARD / PF

@ PARTICLEBOARD 7 PF —-———=65-80%

& L

R 1
050 070
BOARD SG

Figure 2, Predicted cffect of board spuecific
gravity (S8G) on the witer adsorption (WA) ot
f lakeboard made with 50~ x 0,30-mm flakes and
particleboard made with particles 0,40 nn
thick.
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roelative hamldivy s larger ot bicd
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b o particleboard, WA is nore seasitive Lo

wnages in oparticle thiveness tian to

hanses in board sC. o Jlaschoar

vipostire condition is considered, board

Sobs the most dmportant variable alfoect-

ine WA, Adecreases as 36 increases,

Dut the focrement of Jdecrease in WA diae
to inereased SO is smaller at the
idity interval,

. e to Che bich caustic content o the

Sher

phenolic resin, boards made with P97 resin
adsorh more water than
e

virds made with
3. For particleboard orf both resin tapes and

rolat bve-fmnidicy Intervals, thoe Ilest

neresent inowh shoald oceur with

density boards
(0,15 mm) .

", For lakeboard of both resin types and

!
with

pothin partivles

both retative-hunidity intervals, the
smallest increment in WA should oceur with
Hich density btoards made with short [lakes
(10,0 an) between 0,30 and 0030 am thick

Al VL, oand S Pl osehintewind,

1972,

fect o moilsture on physical and creep
cTopertivs of particichoard,  tor. Prod.

B R S A It
Hell:y o we 19770 tritical literatnre review

orelationships betwoen processing par-
metersoand phvsical propertics of part s

Boacd.  USDA Tor. Scerv. cene Tecl,

TPE-i0, tor. Prod.s Tab,, Madison,

Tohmann, W Fo L9740 Dropertics of straetaral
particleboar: i '

J
LoooYor, Prody 1o 00t =0

Neter, oy oand W, Wasserman., 197600 \pp e

Finear statistical models,  Richardt b,

lrwin, Ine., Homewood, (1.,

I

\

Pov ool

{FPN .

e fon

Dpartant

1

Tar i

Sus

[N

e

Laoar

Lk
[ o1
ool

I
sl
P

coo L
U

PSS
T e
8 IR

S







