FUNDAMENTAL ASPECTS OF TIMBER SEASONING

’

by

RICHARD DENIS SCHAFFNER

B.E. (hons.)

Submitted in fulfilment of the requirements

for the degree of
MASTER OF ENGINEERING SCIENCE
in-the

Faculty of Engineering

UNIVERSITY OF TASMANIA

AUSTRALITA

November 1981



ABSTRACT

The aim of this investigation was to develop an
economically viable method of seasoning back-sawn native
Tasmanian eucalypts and to reduce the seasoning time required

for these fimbers.

The theory of unsteady state mass transfer based
upon Fick's law of diffusion was used to study the drying process.
The diffusion coefficients were measured directly by the diffusion
cell method or deduced from a comparison of measured and calcul-
ated drying curves. - The reléfionship between shrinkage of wood
fibre and moisture concentration was obtained by slowly drying
thin strips of wood and regularly measuring deformations. The
effects of falling diffusivity and shrinkage with reducing moistur
concentration were found to effectively cancel one-another in

the case of the timbers tested during this investigation.

Drying stresses in wood were studied using the
theory of elasticity in anisotropic bodies. Airy stress functions
were used when solving for stresses..For simplicity, sawn boards
were approximated to orthotropic bodies and only boards cut with
face-planes parallel/perpendicular to the prihciple material
.property directions were studied. Some elastic properties of
native Tasmanian eucalypt timbers were measured on small sample
populations and found to be similar to those of various North
American hardwoods (with similar densities) reported by other
authors. The approximate elastic properties of Tasmanian

eucalypts were deduced from This comparison.

, The theories of mass transfer and stress analysis
were combined to form a model describing the development of
drying stresses. The wood was assumed to be linearly elastic
and to be free of the effects of hysteresis and creep. The

governing differential equations were solved by numerical methods..

The model was uéed to assess the effectiveness of
semi-permeable surface coatings in reducing drying stresses in
timber. Tests on timber coated with animal glue (cologen) showed
that checking (cracking) in Tasmanian eucalypts brought about by
high drying éfresses was reduced in severity or completely

eliminated, depending upon the thickness of the coating.



The seasoning (drying) of timber has been
the subject of research for many years, most of it based
on éxperimenfafion. Furthermore, the theories of maés
transfer and stress analysis have been studied and
criticised at great length. Therefore, many of the
mathematical and experimental techniques described in
this thesis have been published elsewhere. However, the
work repprfed in this document is, to the best of my
knowledge and belief, original in that it brings together
philosophies»and techniques which have not previously

been directly associated.

I hereby declare that this thesis does not
contain any material which has been accepted for the award
of any other degree or diploma at any University, and that
to the best of my knowledge and belief, this thesis
does not contain a copy or paraphrase of material
previously written or published by any other person,
except when due reference is made in the text of this

thesis.

R. D. Schaffner.
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PREFACE

A mathematical model describing the drying
of sawn boardé was constructed. This model was based on
Fick's Law of diffusion using either constant or variable
mass diffusion co-efficients which included the lumped
effects of the various moisture ftransfer regimes present
in timber, changing permeability with moisture concentration
and shrinkage. The diffusion co-efficients of "Tasmanian
Oak" were estimated by fitting catculated drying curves
and moisture distributions to those measured on small samples.
This was affected by adjusfiné the values of the diffusion
co-efficients used in'The theoretical model until suitable
agreement between theory and measurement was achieved over
the extent of the test. Drying curves and moisture
distributions were calculated by approximafiﬁg the partial

differential equations describing Fickian diffusion in
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orthotropic materials with finite difference schemes and
solving the resulting system of equations with the aid of

a high-speed digital computer. The diffusion co-efficients
of "Tasmanian Oak" in the radial direction (based on a

~constant diffusion co-efficient model) ranged from 110~ m?/hr

to 210”7 m?/hr over the sample population tested. The most
common vélue of the radial diffusion co-efficient or
"diffusivjfy" encountered was 1.710”7 m%?/hr. . The agreement
between measured and calculated drying curves and moisture
distributions is remarkable considering the variability

of the properties of wood.

The principles behind the use of "pre-surfacing”
(coating) treatments bn timber u;ed'as a means of controlling
surface checking during dryfng were thoroughly invesfiéafed.
The basic requirement of Thig process is that high surface-
fibre moisture concentrations greater than fibre saturation
be maintained for a sufficiently long period of time early
in drying to Limit differential shrinkage in the timber,
and hence the drying stresses to levels at which checking
is not promoted. This method of controlling checking has
been invesfigéfed'by a number of researchers (for example,
Rietz and Jenson (1966) and Harrison (1968) and unsuccessfully
applied to the seasoning of back-sawn "Tasmanian Oak" by

MacKay (1972) and Campbell (1975) ).

An approximate method of estimating the neceésary
combination of coating thickness and pérmeabilify

(diffusivity) was developed. In this method,
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it was assumed that no discontinuity in moisture
concentration existed at the wood/coating interface and that
the drying-of sawn boards, partficularly in the early stages,
could be apbroximaféd to the drying of a semi-infinite slab.
According to this simple model, the }hickness of coating,

d, required to hold the surface fibres of a board above

the fibre saturation point for a time, £, 'is

a D 2t
d = c/Dwa

constant, dependant upon the initial moisture

where a =
concenffafion of the timber and the drying
conditions (typically, a = 8 for "Tasmanian
Oak").
Dc = coating diffusi?ify
and> Dw = diffusivity of wood (in the appropriate .direction).

It was estimated that surface tensile stresses generated
during drying would be Limited to a sufficienfly low maximum
by maintaining the surface fibres of back-sawn boards at a

moisture concentration for a period of 5 days.
A mixture of animal glue (collogen), talcum
powder and water in the proportions

3.5 water : 1 dry animal glue crystals : 1.9 talcum powder

(by weight) was found to have a mass diffusivify of approximately



0.710"7 m%*/hr. According to the approximate method of
determination of coating requirements, the necessary

thickness of this mixture was between 0.60mm (radiat

diffusivity of wood 210 'm?/hr) and 0.85 mm (radial

1107’m?/hr). The most commonly

diffusivity of wood
encountered value for the radial diffusivity of wood was

1.710 ’m?/hr, required a coating thickness of 0.65mm.

Tests on stacks of timber built up of approximately
80 25mm (nominal thickness) back-sawn "Tasmanian Oak" boards,
each 2. 1m long (40 coated and 40 uncoated) showed that the
animal glue - talcum powder coafihg'apptied to a thickness
of 0.7mm (£10%) was effecfi?e in feducing face-checking to
an acceptable level (or completely efiminafing it) from
about 80% of coated material. The relationship between surface
fibre moisture concentration and time was measured on a typical
back-sawn "Tasmanian Oak'" board (radial diffusivity =
2.119—7 mé/hr) coated with the animal glue - talcum powder
mix to a fhfckness of 0.7mm. The surface fibres were found
to remain above the fibre saturation point for about

10 days.

The measured (and predicted) drying rates
for back-sawn boards were less than those of the uncoated
back-sawn material although a direct cémparison,of the
rates is not strictly valid due to checkfng of the uncoated
material. Checks expose a greater surface area of timber

to the atmosphere and hence accelerate drying.



A mathematical mddel describing the state of
stress in anisotropic elastic bodies under conditions
of plane strain and subjected to differential thermal or
shrinkage strains was established. When this model was
simpliffed fpr the isotropic case, the governing eﬁuaflon
reduced to that derived for such materials by Timoshenko
and Goodier -(1970). The general relationship describing
the state of stress in timber (an anisotropic material)
was simplified by firstly app;oximafing sawn boards fo
orthotropic bodies (principle maferféi proberfy a*es
ér?hogonal). The hqn-linear "elastic" behaviour of
"Tasmanian Oak" was approximated by a lLinear model and the
effects of creep, hysteresis and the development of checks

were ignored.

To simplify the mathematics, the analysis of
drying stresses was restricted to either purely back-sawn
or purely quarter-sawn ma*eriaf. Furthermore, the boards
were assumed to be very wide compared to. their thickness.
Undee this assuﬁpfion, the sfresses.acting in the direction
perpendicular to the board faces are small at every point
on the crbss-secfion (éway from the edges) aﬁd may be
neglected; thus, drying sfresges may be analysed using a

one-dimensional model.

The relationship between moisture concentration
and shrinkage, the permeability and the elastic constants

of wood as well as the drying (boundry) conditions aré the



major factors affecfing-drying stress levels in wood.

A typical measured value of diffusivity and fhe.measured

mean shrinkage-moisture concentration relationships of
"Tasmanian Oak" were used in the calculation of drying
stresses in the simple-linear model. The approximate elastic
parameters of “Tasmanian Oak" used were deduced from a
comparison of some (measured) properties of "Tasmaniah Oak"
wifh those published .for various North American hardwoods.
The simplified stress and moisfure transfer equations

‘were approximated by finite difference schemes and solved

by digital computer.

From>fhe calculated drying stress distributions
in 25mm (nominal thickness) . back-sawn "Tasmanian Oak"
boards it was found that the maximum tensile stress in
the surface fibres of boards coated to a. thickness of
0.7mm with Tﬁe animal glue - talcum powder mix were only
one 1hird of the maximum surface stress in méfched uncoated

boards dried under the same atmospheric conditions.
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CHAPTER 1

INTRODUCT I ON

Seasoning techniques have long been the
subject of timber research, much of it inconclusive.
Nevertheless, seasoning remains the major problem
confronting millers of Tasmanian hardwood as more than
50% of their product is used in a dried and dressed
condition. |In other Australian states, hardwoods are
used mainly in the unseasoned state for sfruqfurat

purposes (domestic, agriculfural).

The hardwoods milled in Australia are
bredominanfly of the genus Eucalyptus and range in
dénsify (at a moisture content of 12%, dry basis) from
630 kg/m® to 1140 kg/m®. The species milled on a large

scale in Tasmania are of low density,being



Eucalyptus regnans - average density = 630 kg/m?,
Eucalytpus delegatensis - average density = 650 kg/ms,

Eucalyptus obliqua - average density = 710 kg/m?.

These species together form what is commonly known as the
"Tasmanian QOak" group of species; most of the sawn hardwood

produced in Tasmania is marketed under this name.

In general, boards may be sawn from logs
in two distinctly different ways. Quarter-sawn boards are
cut with their wide faces essentially perpendicular to the
seasonal or growth rings; that is( the wide faces are

cut radially with respect to a log cross-section (see

figure 1.1).

Quarter- sawn
board

Back - sawn

board

" Figure 1.7V

Cross-section of a log showing

quarter-sawn and back-sawn boards.

On the other hand, back-sawn boards are cut with their

wide faces tangential to the growth rings. The growth



rings appear as linear markings on the faces of quarter-

sawn boards which run in the longitudinal direction and

are between 1.5 & 3 mm apart in close-grained timbers
such as those making uijhe "Tasmanian Oak" group. However,
the faces of back-sawn boards are heavily figured. The

difference in appearance is demonstrated in figqure (1.2).

_———— =
= — >} —

Back-sawn board : Quarter-sawn board

Figure 1.2

Figuring on the faces of back-sawn and quarter-sawn boards.

The faces of back-sawn boards are more visually appealing
than those of quarter-sawn boards. and consequently back-
sawn material is in great demand for decorative applications
including furniture, feature panelling and flooring.
Unfortunately, severe cracks or '"checks" *
are formed on the faces of a large percentage (70 to 80%)
of back-sawn "Tasmanian Oak" boards as they are drieq from
the "green" condition to equilibrium with the atmosphere.
Badly-checked material is uﬁsuifable for decorative
applications and it is therefore uneconomic to produce

back-sawn "Tasmanian Oak" using the methods currently

"Checks" are defined as cracks or fissures in wood fibre
running in the longitudinal direction bu} not exfendihg through

- the piece from one surface to another.



employed in the Tasmanian timber industry. Checking

during drying is uncommon on the faces of quarter-sawn
boards; however, edge-checking in quarter-sawn material

is a problem with degrade ranging from 3 to 5% in 25 mm
boards to up to 50% in 50 mm boards. "Tasmanian Oak"

is therefore quarter-sawn in order to minimise degradation
of sawn material during drying. As previously indicated,

a major disadvantage of quarter-sawing is the lack of
visual appeal of the end product. Consequently, "Tasmanian
Oak" cannot compete on equal terms with other hardwoqu

in the decorative timber market.

The quarter-sawing process is Slow and
costly. Logs are generally quartered (figure 1.3) and
each board is sawn individually from the large billetts . .or

"flitches" resulting.

Sap - wood | " Waste
and bark
Quarter-sawn

boards .

Prth

Figure 1.3

Quarter-sawing

The amaximum width of board that may be cut from a given

log is less than 50% of the diameter and the wastage of



timber, in terms of both saw-dust and unmillable remainders,
is high. In fact, the fypfcal.volumefric recovery of dry,
rough-sawn boards from a given log intake ranges from 30

to 40% depending on log diameter and the amount of shrinkage

during drying.

"Bark .to bark" sawing (figure 1.4) produces
a large percentage of wide back-sawn boards and recovery

of dry, sawn material ranges from 50 to 65%.

Figure 1.4

"Bark to bark" sawing.

This process involves less handling and is muéh faster

1hén the quarfer¥sawing process. ‘Gaﬁgs of parallel saw-
blades are often used. Millers of "Tasmanian 0Oak" (and
other Australian-grown eucalypf.species) are at present
unable to use the "bark to bark" gawing technique, primarily
because of the excessive rate of degradation of back-sawn
mafefiat during drying. To further complicafé matters,
hardwood millers in Tasmania face a reduction in the size

and quantity of available sawlogs.

The future of the Tasmanian hardwood milling



-indusfry therefore rests heavily upon the development of

a method of reducing the level of degradation due to face-
checking during the seaéoning of back-sawn "Tasmanian Oak".
In Australia, research on this particular problem has been
pursued at various Levéls since the mid 1940's without an
economic solu*ion being reached. The research project
described in this document was initiated by the Tasmanian
Timber Promotion Board (T.T.P.B.) on behalf of the Tasmanian
timber ‘industry and backed financially by the T.T.P.B. and
‘the Government of the State of Tasmania. The T.T.P.B.
determined that a fresh attack should be made upon the
probleﬁ at an institution with no previous connection with
timber seasoning research, thus avoiding any préconceptions
or prejudices. Howevef, great value was attached to the
work of other researchers (both published and privately
communicated) without reference fo thch»fhis project would

surely not have progressed at a satisfactory pace.
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CHAPTER 2

THE STRUCTURE OF HARDWOODS AND SITES OF CHECK FORMATION.

Chécking in sawn boards of "Tasmanian Oak"‘fakes
~place primarily on back-sawn faces (or edges) and checks

bropogafe into the boards in the radial direction with respect

to the (seasonal) growth rings. Checks in small specimens of
"Tasmanian Oak" were examined using optical and scanning electron
microscopes and the celtular structure of the wood fibre

related fo.fhe formation of checks. The reasons for concentration
of stress at or near the surfaces of sawn boards are discussed

and observations are compared with those of MacKay (1972).

The discussion of the structure of wood tissue
given in this chapter briefly summarises information given

in various texts (for example, U.S. F.P.L. (1974)).



2.1 The Formation of Mature Wood.

When first formed, wood cells consist of thin-
walled tubes 6f cellutose. They contain living matter and
.grow rapidly. The walls become .thicker and stronger as
material containing lignin is'deposiied on the inner surfaces.
After a time, the Living matter in the cells dies and tannins
and other substances are deposited in’The cell cavities and
on the cell walls. Occasionally, the cells become blocked
- by outgrowths from the walls or by resinous matter. The
length, diameter and wall-thickness of wood-cells increase
with age, reaching.a maximum in eucalypts in 10 to 30 years

(Hillis and Brown, 1978).

Hence, the dead:cells in the inner layers of
the sapwood are gradually converted into dénser, darker-
coloured frue-wood. The materials deposited in the wood-
cells increase the resistance of the fibre to attack by
inseéfs and fungi. ALl the cells in the heart-wood are
dead and although they contain water, they do not play an
active role inthe growth process. The growth of the tree
continues on the outside of the sapwood and the dead cells

of the heart-wood merely provide support.

The growth-rate of a tree depends largely on
seasonal (climatic) factors. During spring, growth is rapid
and wood-cells produced in this period are generally of a

larger diameter and are more numerous than those produced
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during the autumn and winter. The cells making up Tﬁe
spring-wood ("early-wood") usually have thinner, lighter-
colouréd walls than those of the winter-wood ("late-wood").
This gives rise to the banded or ringed appearance of sections

cut through the trunk of a tree, perpendicular to its length.

2.2 The cellular structure of hardwoods (specifically eucalypts).

The outstanding feature of hardwoods is the
presence of ‘large, tubular vessels (running longitudinally
in the free) distributed throughout a matrix of smaller cells,

commonly called fibres or tracheids. (see figures 2.1 and 2.2).

The elements of a tree providing the bulk of
the mechanical strength are the narrow, spindle-shaped fibres
which contain a cavity or Llumen. The fibres vary from about
0.5 mm to 3 mm in length and.0.015 mm to 0.025 mm in breadth
(CSIRO, 1975) and are laid down longitudinally in the tree.-
The fibres overlap longitudinatly and the lumina of adjacent
fibres are often connected (in The radial direction with
respect to the tree) by bores (pits, openings) in the cell
walls. The fibres are cemented together by a material rich

in Lignin called the middle lamella.

The vessels are distributed amongst the fibres
and,-in their early Life, conduct water (also minerals etc.)

from the roots to the leaves. The vessels initially form as
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cltosed cells, 0.04 mm to 0.25 mm in breadth and 0.5 mm fto

2 mm in length, joined end to end. Eventually, the end-walls
sptit forming long, continuous tubes. Vessels are.ﬁof
necessarily disfribufed eveniy throughout the early-wood and
late-wood. Those in the heart-wood do not conduct water

and often become blocked by membranes (tyloses) and resinous

deposits.

Medullary rays are groups of thin-walled cells
running radially into the tree (at right-angles to its
length) and exist for the purpose of distribution and storage

of nutrients.

during the preceeding discﬁssion, it has been
stated that wood cells are laid down in preferred directions.
It is evident, therefore, that fhe thsicaL and mechanical
properties of wood will be directionally dependent and that
the principal directions are radial, tangential and
longitudinal with respect to a tree. There are many =
excellent texts describing the anisoffopic nature of wood,
most of which quote the results of material property tests
on selected species (for example, the United States Forest

Products Laboratory '"Wood Handbook").

2.3 The fine structure of the wood-cell wall,

The walls of wood-cells are composed of several

layers which differ chemically or in The arrangement of



cellulose sfr;nas. The strands or "fibrils" are generally
arranged in an ordered fashion. The fibrils consist of
micro-fibrils which are built up from chains of cellulose
molecules. The micro—-fibrils are surrounded by hemi-cellulose
molecules. The bulk of the cellulose is crystalline but
amorphous regions exist along the length of each micro-
fibrit. Hydrogen bonds link the cellulose chains and there-
fore the mechanical properties are affected greafly by the
uptake or lLoss of water in the amorphous regions of the.
structure (CSIRO, 1975). Hillis and Brown (1978) state that
the micro-fibrils do nof-péck down completely, leaving

spaces to which water has access. The size of these free
spéces is not definite but it is known that various compounds

of low molecular weight infiltrate these regions.

The primary (outer) wall of the wood-cell is
lafd down during extension growth and the fibrils making
up the wall are randomly arranged. The secondary wall
forms inside the primary wall after extension growth is
compléfe and is much thicker than the primary wall. The
seébndary wall consis?é of several cqncenfric lamel lae in
which the fibrils are arranged in a helfcal fofm at a small

angle to the axis of the cell.

Lignin accounts for only 20% of the chemical
constituents of the secondary wall bu1~fhe‘major proportion
of Llignin found in wood occurs in the secondary wall due to

its Large volume. The concentration of Lignin in the middle
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lamella (bonding zone between cells) is greater than 50%

(Hillis and Brown, 1978).

2.4 Chemical Composition (of eucalypts; approximately).

Wood, jn general, is made up of five differenf_
groups of materials, fhose being cellulose, Llignin, hemi-
cellulose, extractives and ash-forming compounds. The
following is a summary of information presented by Hillis
and Brown (1978) and that contained in the U.S. F.P.L.

"Wood Handbook" (1974).

a) Cellulose - accounts for between 40 and 62% of the
dry weight of eucalypt fib}e. Cellulose
is a high md[ecutar weighT, linear polymer
that yields the simple sugar, glucose, as
the sole product of chemical action of
mineral acids. The cellulose molecules
in wood are arranged in an ordered fashion

"to form strands or fibrils.

b) Lignin - between 15 and 22% of the weight of dry
| eucalypt fibre.‘ Lignin makes up a large
proportion of the inter-cellular bonding
material andAis an intractable, insoluble
material, probably bonded loosely to |

cellulose.

c) Hemicelluloses - between 12 and 22% by weight. Hemi-
cellulose is a polymeric substance built

up of simple sugars but yielding more than



one type of sugar on acid cleavage.

d) Extractives - 7.4 to 8.4% by weight. These are non-
structural constituents contributing to
colour, odour, taste, durability,
workability, strength, density, hygroscopicity
and flammability. The extractives include
such materials as tannins, poly-phenolic
>subsfances, colouring matter, essential
oils, fats, resins, waxes, kino (gum),
starch and so on. The amount of phenolic
extractives (those contributing largely
to the durability of timbers) in eucalypts
fhcrease from the pith to the outer heartf

wood with a Lower~amoun1 in the sap-wood.

e) Ash-forming materials - 0.1 to 0.9% by weight, consisting
primarily of Calcium, Potassium, Phosphate

and Silica.

2.5 The formation of drying checks in eucalypt timbers.

A scanning electron microscope was used to
examine drying chécks existing in small samples of
E. déLegafensis. Samples (cubés with edges of approximately
10 mm) were cut from near the surfaces and back-sawn boards
dried in the experiments described in Chapter 5. Checks

present in the samples were carefully examined and the sites.



of checking noted., The results of the examination of checks
in E.:delegatensis agree well with observations made by MacKay

(1972) on E. obliqua.

ln both E. delegatensis and E. obliqué, checks
appear to start at vessels (figure .2.3) and tfo propogate
in the radial direcfjon, parallel to rays but not necessarily
along rays.. The results of investigations on checking in
non-eucalypt timbers (briefly summarised by'MacKay, 1972)
shows that checks start fn ray groups rather than in vessels
and run along the rays. MacKay hypothesised that this
difference in behaviour resulted from factors such as the
relative sizes of vessels, rays andvordinary wood cells, the
frequency and distribution of vessels and rays within the
matrix tissue and 1hebshrinkage.behaviour of the timber as a
whole (for example, propensity to collapse etc.). FEucalypts
are cha}aCTerised by large vessels and‘retafively small ray

groups (see figure 2.2).

A vessel or group of vessels constitutes a large
notch in the wood around which drying stresses concentrate.
After forming at vessel sites, checks propogate radially (with
respect to a log). The medullary ray groups reinforce the
structure of wood against check propogation in the tangential
direcfioh; hence, the radial-longitudinal plane is the

weakest plane.

MacKay reported that:

"After breaking through a vessel wall, checks
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£.delegatensis - cross-section hagm’//ed /130 X . Check , initiated
at vessel and ruming radially through the wood fibre . (Tjp of

check shown below)

Tip of check - magnifred /240 X . Check runs through middle
lamella ( bonding zone) rather than throwh individyal cells.

FIGURE 2-3
CHECKING N £ .delegatensis
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‘ FIGURE 2-4
Longitudinal cross- section through a vessel (magnification =/20X)
showing check runnin g a/on_q vessel and into the wood Fibre .

FIGURE 2-5

Longitudinal section (magnification =/150X) showing two vessels
with a check running between them.
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appeared to spread between fibres causing a
separation of- adjacent cells rather than a
fracture of cell walls. That is, the zone of

failure was ‘in the middle lamella."

Observations made during this investigation support these
statements. (Figures (2.3), (2.4) and (2.5) show various

aspects of checks in E. delegatensis).

Further weakening or "notching" of the wood
tissue at the surfaces of boards occurs as a result of
sawing green wood. 'MécKay (1972) summarises the results

obtained by various research workers by stating that:

"....sawing, whether circular or band, resulted

in crushing and tearing of up to 8 layers of wood

cells."

Further work has shown that the infensify of surface checking

can be correlated with saw-damage.
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CHAPTER 3

THE THEORY .OF MASS TRANSFER IN WOOD

3.1.1 Factors -affecting moisture transfer through wood fibre

The rate of moisture transfer through fthe
cellular matrix of wood varies markedly with direction.
The longitudinal fransfer faie is apprqxihafe[y a factor
of 10 faster than the rates in the transverse directions.
The radial transfer rate is approximately one third greater
than the tangential. However, sawn boards are typically
200 times as long as they are thick and, for the purpose
of analysis, longitudinal moisture transfer may be ignored.
The directions of major interest are therefore radial and

tangential with respect to a log.

The difference between the radial and

tangential transfer rates is attributable to the presence



of medullary rays, those groups of cells which transport
materials to and from the bark radially info the tree.
Rays provide paths of low resistance to radial moisture

movement during drying.

The second characteristic contributing to the
resistance to moisture méQemenT is the variation in
seasonal growth rate, observable as "growth rings".
Spring-wood cells are relatively large and thin-walled.
Winter-wood cells are formed when the growth rate of the
tree is comparatively slow. They are small and fend to
be thick-walled and therefore appear as dark bands or rings
on the cross-section 6f a Llog. The relative proportions
of winter-wood and spring?wood have a large bearing on the
overall moisture transfer rate through the fibre during

drying.

It should be noted that faster-grown trees
have relatively open or coarse cellular structure with a
high volume ratio of lumen to cell fibre. Timber grown on
low-lying, gently sloping, fertile land grows quickly and
will be less dense and more permeable overall than that
grown on rocky, thin-soiled mountain slopes. Slow-grown
trees have dense cell structure with low- lumen to cell
fibre volume ratio, are less permeable and therefore dry
slowly with steep moisfufe gradients. Thus, they are more

prone to seasoning faults such as checking.

The age of a tree also affects the drying rate.

As a tree grows older, wood in the centre of the trunk
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changes in character and no longer serves to conduct
materials. Young wood (sapwood) takes an active part in
the growth of a tree whereas old wood (heartwood) performs
only the function of mechanical support. Sapwood is
gradually transformed into heartwood as various

subsfancés are deposited in the cell.cavifies or infiltrate
into the cell -walls. These substances include both

organic and inorganic compounds and are listed in

Chapter 2; These deposifs.resulf in an increase in weight,
hardness and durability of fhe heartwood and also a

decrease in its permeability.

3.1.2 Transport Mechanisms.

Wood fibre  belongs to a.class of highly
hydrophytlic subsfances; that is, those materials that
exhibit energefic retention of water. The moisture
present in wood does not exist only as free water. Much
is bound in various ways to fhé fibrous matrix. The bonds
must be b(oken before moisture movement cén take place.
Particutarly at lower moisture concentrations, water exists
within the cell lumen in layers of a few hundred molecules.
Physical models for the behaviour of bulk fluids cahan,
therefore, be used. Salts present within the matrix promote
ionic bonding of water. Both hydrogen bonds and Van der
Waal's forces exist. Therefore, the retention of'wafer

by wood fibre is a highly complex phenomenon.

Jason (1965) lists some of the transport

mechanisms Llikely to operate on cellular materials.
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These are:

1. Capiltary flow of liquid water

2. Viscous flow of water vapour

3. Thermal diffusion

4. Surface diffusion in a porous medium

5. Gaseous diffusion

6. Molecular diffusion on a solid medium
An additon to this List is the flow of liquid water under
~the action of direct stresses generated in the material
during drying. As water exists within timber in fthe
gaseoug, liquid and absorbed states, élt transfer

mechanisms probably exist.

Keey (1972) describés genérally the drying
of vegetable matter. In summary, he says that moisture
in the larger capillaries evaporates, allowing moisture
held within the finer capillaries to be removed. The cell
QaLLé acf as semi-permeabté membraﬁes for the effusion
of moisture which is mainly held osmoffcally. Some
moisture is adsorbed on the skeletal frame in multi-
molecular lLayers and water may be chemically ;ombined either
in the form of hydroxyl ions or more loosely in

crystalline hydrates.

Keey shows that as drying progresses, the
removal of moisture becomes progressivety more difficult,
requiring increasing amounts of energy fto remove a given

quantity of water.
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From this discussion, it is clear that the
movement of moisture through wood cannot be described

fully by a simple modet.

3.1.3 Recent discussion regarding classical mass transfer

theory.

In 1855, Fick proposed that Transfér of water
by méans other than convection was analogous 1o the conduction
of heat as mathematically described by Fourier in 1822.
Thus, the Fickian theory of diffusion in isotropic - .
substances is bééed on fhe‘hypofhesis'fhaf the rate of
transfer of diffusing substance through a unit area of
a section is pfoporTional to the concentration gradient
measured normal to the seéfion.

ac

i.e. F = -D Fr | c.. (3.1)
where F = flux of diffusing subsfan;e,
¢ = concentration of_diffusing substance,
D = diffusion coefficient,
and X = space co-ordinate perpenicular to section.

Diffusion as described by Crank (1956) is "the process by
which matter is>+ranspor?ed from one part of a system fo
'anbfher as a resQLT of random molecular motion". |
Bramhall (1979,a) defines two principalyfypes of diffusion
as:
1. Molecular (Fickian) diffusion: "the transport of
a material by the continous random free movement
of the total population of its molecules".

2. Sorption diffusion: "the random movement of only a
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very small part of the population of the "diffusant"
at any time."
Both Babbit (1977) and Bramhall (1979,a) point out that,
ag-diffusion is the movement of mass, the driving force
for diffusion must be a force (or pressure) to be consistent
with Newtonian principles. Moisture concentration is not
a force and Thereforé Ficks equation cannot rigorously
apply in fthe general case. Bramhall (1979,a) shows that
Ficks law is Limited strictly to the description of mass
transfer in "ideal" systems under isothermal conditions.
He quofes.é number of observations made by scientists
in recent years which demonstrate that anomalies exist
between measurement and theory when Ficks law is applied
uncritically. He goes on to show that, where the parfia(
pressure of a gas is used as the driving force, the actual
physical behaviour of a gaseous system may be adequately

explained.

Accepting that Ficks equation describes the
case of isothermal gaseous diffusion, one finds that the
equation has been assumed to adequately describe sorption
or bound-water diffusion. In sorption diffusion, the
movehenf of molécules occurs only when enough energy is
received to break the bonds holding them to a sorption
site. These molecules then move (due to the action of
some driving force) until they are captured by another
sorption site at which time they emif their activation

energy. The migrating molecules are, in effect, in a separate
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phase. Therefore, the use of total moisture concentration
(being the sum of moving and bound water), as or directly

related to the driving force, is not correct.

At first, Bramhall stated that the primary
driving force for moisture diffusion through wood was the
partial pressure of water vapdur; Babbitt, while recognising
thaf_wa*er vapour diffusion does exist in wood, proposed
that fhis statement was not strictly true; rather, the
"appropriéfe pressure is the two-dimensional pressure
generated by the adsorbed molecules as they move from site
to site on the internal surfaces of cellulose molecules™.
Bramhall (1977) later agreed. Babbitt éxplained that adsorbed
.molecules can move befween adsorption sites on a surface

without having sufficiénf energy to evaporate.

From the arguments put forward by Babbitt and
Bramhall, one may deduce that the flow mechanisms‘lisfed
by Jason (1965) probably all exist in the case of moisture

diffusion through wood.

-One very important omission from the above
discussion has been fHe state of sfress in the wood fibre.
In tater éhabfers, it will be shown that high stfresses
(of the order of 106Pa), both ‘compressive and tensile,
exist iﬁ sawn timbers due to differential shrinkage during
drying. These stresses most certainly confribute to moisTQre
movement, particularly in the early stages of drying when

the stress gradients are steep and are changing rapidly
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with time.

On the topic of the derivation of a simple
equation describing moisture diffusion through wood,Babbitt
(1977) identifies two major areas of difficulty. Firstly....

",.the thermodynamical representation of the isotherm
for fhe adsofpfion of wafer is far from exact, and
the mechanism.of the bonding of water molecules to
cellulose appears to change as the moisture content
increases..."
Secondly....
"..because the moisture can exist simulfaneously
within the wood in various states (gas, liquid or
adsorbed) and since the movement of the moisture
obeys a different diffusion mechanism in each
sfafe and there will be a continous exchange of
molecules between states, it is not possible to set
up equations to study the flow without assuming a
definite structural model for the system."
Babbitt goes on to say that experience has shown that the
" . .movement of moisture as adsorbed molecules dominates the
system to a much greater extent than might be expected from
superficial considefafions." He states that by basing a
physical model upon sorption diffusion &and ignoring ofher

modes of transfer, a good representation of results can be

obtained.

On the same topic, Bramhall (1977) says:
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"Data presently available to me fit consistently
into this concept, which was expounded by Dr.

Babbitt (1950)".

There is, therefore, strong evidence to support
the argument that a force or pressure is the primary driving
force for moisture diffusion, particularly in hygroscopic

media.

A mathematical model which satisfactorily
describes the transfer of moisture through wood fibre-
based upon the sorption or "bound—wa+er" transfer model
- has been formulated. This model, as put forward by
Bramhall'(1977) is based,uponvfhe assumption that either
"spreading" pressure or vapour‘pressure at any temperature

are given by the Clausius-Clapeyron equation

P = k&R ceeeeveaes (3.2)
where K = constant,
£'=.ac?i9a1ion energy,
AR = gas constant,
and 7 = absolute temperature.
Bramhall states that Thespreadingpreséure is..
"... found by multiplying the appropriate maximum
value by the relative humidity of—wood at that temperature
and MC (moisture content), found in the RH - EMC tables".
That is, spreading pressure is dependent upon the sorption
isotherm (the relationship between equilibrium moisture
content and relative humidity at constant temperature)

of wood which, according to Babbitt, is "far from exact".
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Further, the activation energy associated with the
determination of spreading préssure appears to be a
variable quantity. |Indeed, Bramhall hints at this and
Babbitt (1977) states that:
" the mechanism of the bonding of the water
molecules to cellulose appears to change as moisfﬁre
content inéreases from Low to high values",.
The indication here is that the activation energy is
dependent upon the amount of'wafer present. Therefore,

when the spreading pressure from equation (3.2) is subs-

tituted into the general rate equation .

r . aP
F"'D’a'z ' 000000000(3.3)
where F = rate of transport,
D = Diffusion coefficient,
and %% = gradient of driving force,

one finds that the right-hand side includes terms dependent

upon moisture content.

Thus, we are pointed to the fact that, no
ma%fer’which model we choose to accept, the Limiting factor
when stepping from the micro to the macro scale is the
sorption isotherm which is itself a variable and imprecise

‘relationship.

Whatever mode of transport is proposed as
dominant, the diffusion model based on this mode must -
allow for the effects of the other transport regimes

which are, no doubt, present. The total effect of these



regimes changes aé The ahounf of wafer'presenf in the
maferiél changes. The diffusion coefficient (which covers
the effects of these "minor" transport phenomena) must, -
therefore, be a function of moisture concentration. Hence,
it may be argued that a mathematical model based upon the
assumpTion that moisture concentration is the driving force
of mass diffusion ih‘wood, while not being physically

rigorous, may not be devoid of merit.

3.1.4 Fickian Diffusion

Bramhall (1979,a) found that the Fickian
diffusion coefficients of wood (determined by the
diffusion cell method) were dependent onn both moisture
content and temperature. He states that the diffusion
coefficient, D, is related to 1empérafure (at constant

moisture content) by the relationship

D - DOE%’-
where Do = constant,
£ = activation energy of diffusion,
R = universal gas constant,
and 7 = absolute temperature.

The effepfs of many dffferenf phenomena may be lumped
together and handled very simply by determining the
Fickian diffusion coefficients experimentally. |In fact,
many investigators have obtained satisfactory results from
models based upon Fick's equation using variable

diffusion coefficients.
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Bﬁi, Choong and Rudd (1980) studied the

variation of the diffusion coefficients of certain woods

with average moisture content in a series of drying

experiments.

They assumed that the diffusion coefficient

was constant over the sample cross-section but that it

varied with average moisture content. They conclude

that:

and

proféi

"MC and RH were both valid driving forces for the

Fickian equation in-isothermal drying."

"... the diffusion coefficient was found to be
dynamically relafed’fo the moisture gradient, and

was highest during the middle of a drying process."

_Doe (1973) analyses moisture transfer through
n slabs. He suggests that:
"Diffusivity must be inferred from measureménfs of.
a steady or unsteady diffusion process; thus values
6f diffusivity are dependent on the physical and
mathematical models used to describe the diffusion
proéess. A simplé approach is to set the diffusivity
constant throughout the drying process and to lump
all factors which vary during drying into the

description of shrinkage".

From this, it may be concluded that providing

a given model is used consistently throughout an investigation.
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and that the factors which vary during drying are included
in that model, satisfactory agreement between measurements

and theory will result,

The aim of constructing a mathematical model
for the drying of timber is to extend +his model to
inQestigéTions of the drying process itsetf. Thus a model
which produces results to the degree of aqcufacy required-

in a particular investigation is all that is required.

The model used iﬁ this investigation is based
upon Fick's equation with the diffusion>coefficienf, D,
varying with both Tempera?ure'and moisture content.
Calculated results based oh this model agree well with

measurements,

3.2 Fickian. diffusion in orthotropic media.

3.2.1 Diffusion equations

The mathematical theory of diffusion in
'isofropic substances as proposed by Fick is based upon the
hypothesis that the rate of transfer of diffusing substance
through a unit érea of a section is proportional to the

concentration gradient measured normal to the section.

That is,
_ ac
F = -D IX 0 e (3.1)
where F = rate of transfer per unit areas,
¢ = concentration of diffusing substance,
X = space co-ord measured perpendicular to

the section,

and D = diffusion coefficient.
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It should be noted that equation (3.1) is appliéable only
for an isotropic medium., Because of the symmetry in such
media, the flow of diffusing substance at any point is
normal to the surface of constant concentration passing

through the point. This need not be true in an anisoffopic

medium,

For the general orthotropic medium, the above

equation is replaced by fhe following assumptions (Crank,

1975):
_ de JJ Jc
-Fz = Dxx -é—JZ + ng W + Dx; '5"5
- aC X1 ac
= ac oC %‘,_
B B thy oy t Uy

in three dimensions or, for the two-dimensional case,

_ de de

'Fz = szﬁ‘kvzg'a"g'
ceeeneaal3.4)

_ ac ac

Fy = D gy Dy 5y

In these relations, terms such as ngi define the
contribution to the transfer rate in the x-direction due

to the concentration gradient in the y-directiion, and so on.

Rohsenow and Choi (1961) dfscuss heat and mass
transfer in an orthotropic plane and deduce equations (3.4)
by considering an arbitrary plane cut in an orthotropic
solid through which a substance is diffusing. Lines of

constant concentration take the shape of ellipses, the
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major and minor axis of which coincide with the principal
directions of diffusion. The plane is assumed to be infinifte
(no boundéry effects) and a source of diffusing substance

is assumed to exist at the centre of the ellipses

previously mentioned.

lV

Line of constant
mass concentration

Figure 3.1

Semi-infinite anisotropic medium with source of

diffusing substance at 0

Let u and v be the principal directions of diffusion with
corresponding diffusion coefficients D, and 0, .
The axes x/y are paralle[/perpehdicular to the elliptical
mass concentration ‘contour" at a. The x-axis is rotated
through the angle o« with respect to the ﬁ—axis.
At a,

Fx = R ocosex+ F osine .

From Fick's eqguation, Fo = —Q‘%ﬁ and so on.
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Thus, F, = -Q‘QOAx-%E -0 Ain«‘%% )
. . . ac ac
Similarly, F, = Q.A‘”“-EE - D, cosx Iy e (3.5)
dc _ 9¢ 3x ac 3y SC _ 44 3c
Also, % - 3x 34 + 3y U - CosX = A&no(ay
dc _ d¢ 3x . 3¢ 3y _ . dc ac _
and 3v ° 3% 3v +—3—§3u = /.M.Vlo(-a—x--" c0/.>0<ay...(3.»6)

Substitution of equafions (3.6) intfo (3.5) yields

= - 2 in?x) 38 - - ' 3¢
Fo = -(Dicos®x + D sdins) 5y (9, -0, Muuxco»s:xay
and F, = -(D -0, )sinxcosec 2& - (0, sin%x+ 9 coz.;zx)ig (3.7)
Yy y «u . ax (73 vV ay . s . o 1

A similar analysis may be performed for the three-
dimensional case. Note that equations (3.7) and (3.4)

require

- 2 £ 2
Dix = Ducos’exX + D, s4n°0K

=
[+
!

= Dyx = (D, -0, Jsdncose

O
)

D, 4in% + D, cos’x

From equations (3.4)‘and (3.7),it is concluded that the mass
fluxes F. and Q are coupled and that the coefficients

responsible for the coupling, D and Dv:,‘are equal,

xy
The mass flux per unit area through any control

surface in an orfhdfrobic medium may therefore be

calculated providing the principal diffusion coefficients

and their directions are known.

Consider now an element of volume in an
orthotropic material with sides dx, dy and dz paralle( to

the x, y and 3 axes respectively. Let the average
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concentration of diffusant in the control volume be c.

JF,
Fy+ 3y
; |
]
! L
Fe |, AT o 95
35,{3 : 1T A&t Jx
s dy M
' ]
& | I
x V5
¥ W
Figure 3.2

Mass diffusion through an element of orthotropic

material.

‘Conservation of mass requires that

The rate of change of The change in mass flux

concentration in the through the element.

element. J
In the x-direction, the change in mass flux through the

element ' Fx dydg- “_;+ gzx d)() dydj

) 3 Fs
= - % dxdydz ...

Similar deductions can be made in the y and 3 directions.
The rate of change of mass concentration in the elemenf\is

given by
. ac
T dx dy d3. .

Note that the units of mass flux, being kg/s/m? require that

the mass concentration be given in units of kg/m?®.
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Therefore, in three-dimensions,

oc [ 3, 3K, 2
37 dxdydz = [ % 5y + Py ] dx dy dy
“8c _ _| 3k, 3k , 3K
Or at - [ax*'ay.l’a% u---(3.8)-
For the two-dimensional case, we have \
ac  _ JF ok
IE [W’* ayJ e...(3.9).

Substituting for F, and F, from equations (3.4), we find

3¢ _ 3 ac dc d de dc
de . 2 [Q,@; . ng,;g] r ooy [py,‘,gz»,’; By « -e(3.10)

Equation (3.10) is the geﬁerat form of fhe unsteady state
mass transfer equation in two dimensions based upon Fick's
Law. This differential equation may be used to calculate
the mass concentration disfribu+fon over a cross-section
of orthotropic material.subject to the condition that

Fo = constant at all times,at all values ofgy .

Note that if the x and y axes coincide with
the principle direction of diffusion,fﬂwv= Dyx = 0 and
equation (3.10) reduces to

aec _ 0 ac | - 9. ac
el a8 Ayl

Furfhermofé,*lf,a; 'Ts independent of x .and D,y is independent

of y, we 1Hen find

For the iéofropic-case Q;'=.Q; and the common form of the

equation results.
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Providing that the diffusion coefficients in
equation (3.10) are independent of concentration, ¢, a
transformation to co-ordinates §,y may be found which

reduces (3.10) ftfo

Crank (1956) states that this transformation
may be made in a similar way to the transformation of the

general ellipsoid

2 2 y
a,x? + a,y?® + a3 + lagta,lyy + lay,+ay)yx + la,+a, )xy =const.

into the particular case where

a1§2 + a272 + ag&z = constant.

A further transformation putting

_ D A
g" g Df and 2 =0 Dy
(where D may be chosen arbitrarily) yields
d3c _ ,[d%c 3%c
3T D[-a—g-’f + W] ..... (3.12)

Thus, depending on boundary condifions and providing that
the principle diffusion éoefficienfs of a material are
fndependenf of concentration, ¢, problems in unsteady-state
mass transfer in orthotropic materials may be reduced to

problems in isofropic media.

3.2.2 Simultaneous heat and mass transfer

As stated earlier in this chapter, water is
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energetically bound to the structural matrix of
hydrophyllic méferials. To remove moisture, we must supply
enough energy to break the bonds holding the water
:molecules in place and thereby promote the process of
diffusion. Bramhall (1979,a) shows that spreading pressure
(when spreéding pressure is used as .the driving force of
diffusion) and diffﬁsion coefficient (when concentration is
used as the driving force) both vary significantly with
temperature. Therefore, mass and thermal diffusion must

be studied simultaneously in the case of wood fibre.

Consider a smaltl control volume of wood fibre

through which moisture is diffusing;

I

i

| :

|
Mass flux |  Fx — i —t—— A+ 9';'-2‘- dx
Heat f/ux, Qax “"'”’ i S a‘*‘ Jda’: d

dy /’)L”_—_—_m——f-_
-7 dy
dx
Figure 3.3

Simultaneous heat and mass transfer.

The rate eduafion for thermal diffusion as defined by
Fourier states -

i Qx = -k 2x
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where Q. = thermal (heat) flu#/unif area,

~
n

thermal conducTivify,.

and T

temperature.

As heat and mass transfer are analogous
(according to Fick) and as the derivation of the mass
transfer rate equafibns (3.7) and (3.2) are based on

Fick's Law, we havé, for heat transfer through orthotropic

media:
AT aT
-Qx = h""'a"x' + kxg -5?/- ,
i aT 3T
and -Qy = ky{!ﬁ' + kng L e (3.13)

Conservation of energy requires that the energy used in
the element to activate water molecules and promote mass
diffusion must be equal to the change ‘in heat flux across

the element. That is,

( Change in mass ] Activation Change_in
flux across the| x energy for| + heat flux across
element : diffusion : the element
In the x —'dirécfion,

oF : Qe y. . |
[ gz—dx dy d3 x E] + [ Eg-dx dy dy } = 0

Therefore, E'é%[ -Qa%% —Qggg'} + é% [-E”%% _k”%E ] = 0
where E = activation energy of diffusion.

A similar expression may be derived for simultaneous heat

and mass transfer in the y - direction. Thus, in two
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dimensions, we find

= 3 dc 3 [, ac dc
'E{'a‘x'[”xx—f o) e ek )

ceeeeeea{3.14)

For the isotropic case, (3.14) reduces to

2 2 (2 2
9°T , 3T _ DEja’e 3 °} ... (3.15)

ax?  3y? R Lax2 dy?
and, providing D, E and k are independent of temperature
and assuming the moisture concentration distribution is

known (from (3.10) ), the temperature disfribufion may be

calculated directly.

For wood, D =D (e, T, ....)
R =k (¢, T, ....)
and therefore equations (3.10) and (3.14) should be

solved simultaneously.

3.2.3. The independence of mass and thermal diffusion'in

"Tasmanian Oak" during drYing.

Bramhall (1979,a) sfafés that The relationship
between the mass diffusion coefficient in timber and

temperature (at constant moisture content) takes the

form
- £
D =D ¢ A
0
where T = absolute temperature,
Do = constant,
£ = activation energy of diffusion,

and R = universal gas constant. (= 8.317 J/moleK)
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Diffusion cell tests (see Chapter 5) were
conducted on a number of samples of dry (moisture content
=12%, dry basis) "Tasmanian Oak" cut in such a way that
diffusion took ptace in the radial direction only. The
apparatus described in section 5.2.6.2 was used and the
relationship between mass qiffusivify (diffusion
coefficient) and moisture concentration determined at
temperatures of 18, 28, 34 and.40°C (see Chapter 5).
The results were rather inconsistent (primarily due to
the effects described in section 3.6 and the occasional
failure of the magnetic air-stirrers) but the general
trend could be represented approximately by the

relationship

(see section 5.3.2)
According to Bramhall's model, the activation energy of
diffusion indicated by equation (3.16) is approximately
1800 kJ/kg of water (compared with the "latent heat"
of vapourisafioh of water at 20°C which is approximately
2500 kJ/kg). This agrees with the "spreading pressure"
concept proposed by Babbitt (1977) and supported by

Bramhall (1977) (see section 3.1.3).

The distribution of moisfuée and
temperature within a drying material are Llinked by equation
(3.15) which may be expressed in one dimension as
follows:

2 ED 2
r . . Fae (3.17)
3 %2 ax?

(o5
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activation energy of diffusion = 1800kJ/kg,

where E
D = mass diffusivity = 0.301;10 m?/s for
"Tasmanian Oak" in the tangential direction,
and k = thermal conductivity = 0.6 W/m°C at high

moisture concentrations.

Hence,
32T : 3%c
axz 10 axz

for "Tasmanian Oak“.

Assume that distributions of moisture of the form shown
in figure (3.4) exist in "Tasmanian Oak" during drying and

can be expressed as

[2)
¢ = ey - le, - ¢ )l a
¢
A
<
G
- X
<13 X=a
axis of boundary
symmetry
Figure 3.4
Parabolic moisture distribution in "Tasmanian
Oak".
Hence, 320 __ 2lee - cal
ax? a?
and therefore _,
= 9 2 ( co - ca- ,
2 10 2

3Xx
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Intergration gives

x2 ]
T =T, +9 —slco-ca)[—-lj
_ 1o 2

a

where Tﬁ = the Temperéfure on the wood surface.

At the centre of the cross-section, x = 0 and
T =T =T - 910-5(0-0 - Cga).

Typically, T, = 20°C, ¢, = 500 kg/m®, e, = 100 kg/m®

which gives the temperature in the centre of the maferial,'.‘
T, = 19.96°C
From data published by Barned (1970) and

Young (1964), the following are typical properties of dry

wood (M=12%):

R

Thermal conductivity, k 0.16 W/m°C (across grain)

Specific heat, | C, = 1.9 kd/kg K. .
Density, /A = 750 kg/m3.
Thus, the thermal diffusivity,
k 2
X, = ———— = . -

According to the "Wood Handbook" published by the QSJ
Forest Products Laboratory (1974), a 1ypicai value for the
thermal diffusivity of dry wood (at a moisture .content of
12%, dry basis) is 1.6 - m?2/s . 1t may be shown (U.S.
~F.P.L., 1974) that the thermal diffusivity of wood changes

only marginally with moisture content.

The approximate mass diffusion coefficient of

"Tasmanian Oak" in the tangential direction at moisture
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concentrations above the fibre saturation point is

0.3010-10 m?/s at 30°C (section 5.3.5). Therefore, the
rate of thermal diffusion is very much greater than the
rate of mass diffusion and hence heat ‘and mass transfer

may be studied independently in "Tasmanian Oak".

3.2.4 Initial and éoundary conditions
Duringfhisfnvesffgafion, it has been as$umed
that the whole cross—secfion of the sample under
consideration has initially uniform distributions of moisture
concentration and temperature. Measurements in later

chapters show fhesé to be reasonable approximations.

At fifsf, the boundary conditions during drying
were handled by fﬁe.assumpfion that fﬁe'surface fibres Qf
wood attain equilibrium mdisfure éon?enf with fhe afmosphere‘
as soon as drying starts and remain at this value for all
time thereafter. This is the usual approximafion‘made wﬁen
‘the mass/heat transfer through a material to its surface
is very much slower than the transfer away from the sur face
into fhe‘surrounding medium. This does not strictly apply
(Doe, 1981), par%iéularly during the early stages of drying.
Later in the investigation, surface fibre moisture cbncen—'
fration was measured'as a function of fime and typical
relafiohships were used in the theoretical model. Such
relationships were particularly important when analysing

boards coated with semi-permeable materials.
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3.3 Principal axes in sawn.timber

Timber is an anisotropic material with the

principal property directions shown in figure (3.5)

L ong( tudinal .
[

Tanqential .

Radcal .

Figure 3.5

The principal axes of timber

Boards are sawn from a Log so that their length coincides
-Wifh‘fhe longitudinal direction and their cross-section
is orientated somehow in the R-T plane. The two

orienfafiohs of major interest arevgiven in figuré (3.6)

R T

— T
—— Lt

Back-sawn board - Quarter-sawn board.

Figure 3.6

Cross-sections fhrough back-sawn and quarter-sawn

boards.
"T" and "R" correspond to the principal axes of diffusion
during drying. |f the radius from the centre of the tree

is large with respect to the board dimensions, then the
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gfoWTh—rings are essentially linear over the cross-section.
That is, the directions of the principal axes of diffusion
are invariant over the cross-section and are at right-
angles to one-another. The equations (3.10) and (3.14)

may therefore be used to describe simultaneous mass and
heat transfer through wood. For perfectly backsawn and
quartersawn boards, a further simplificafion may be made.
In these cases, the x and y axes coincide with the
principal directions of diffusion and therefore the angle

&= 0. Equations (3.10) and (3.14) become

de 3¢ 3%¢c
37 - % il Dy og? e (3.18)
t 2 2 2 2.
and kx-a—!: * ky ° L. £ 8 - + L (3.19)
ax? dy 2 dx? dy? ’

3.4.1 Mass transfer through composite stabs
A method of controlling the drying siresses
in Timber by éoa*ing each board with a semi-permeable substance
is described in detail in Chapfér 4. An understanding of
mass transfer through composite slabs is therefore

necessary.

Mass transfer through composite slabs where the
interfaces between materials are sharply defined is not welf
documented. Such problems on heat transfer befwéen isotropic
substances with constant or quasf—consfaﬁf material properties
arevdiscussed by Carslaw and Jéeger. They propose that
the units of lengfh in one material be scaled in such a way

that either specific heat, C}, or thermal conductivity, k
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is constant throughout the modified slab. Note also that,

at an interface, there can be no discontinuity in temperature
although there may be a discontinuity in ftemperature
gradient. In mass transfer, however, it is probable that a
discontinuity at an interface exists in both the mass
concentration distribution and the gradient of mass

concentration.

If a pressure‘were used as the driving force
for mass diffusion, a discontinuity at the interface seems
most unlikely, providing that the flow mechanisms in the

two materials are similar.

The discontinuity in mass concenjrafion would
depend on such factors as: |
i) The densities, physical properties and chemical
structures of the two materials.
ij)  The ways in which diffusant is held in the
materials.
MO' The transport regimes present on each side of the

interface.

It is proposed that such phenomena be handled
in a similar manner to the fempefafure ¢hanges which occur
at a solid/gaseous interface in heat transfer: that is,
by defining an "interface mass transfer coefficient" in much
the same way as a surface heat transfer coefficient.

This may be done in the following way:
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MateriaL 1 MaTeriaL 2

N

Mass concentration .

The mass flux through material 2 at A, 6+, is given by

> X

‘ ac
§ = -0 35e

. cei..(3.20)

(A,2)

Assuming fhere is no's*orége or accumulation of mass at
the interface, the mass ftux through the interface,

§ = $*. For continuity, the mass flux throughmaterial 1

at B, ¢ ,is such that

67 = 6 = "
The interface is consfdered to have no thickness, therefore
the interface zone cannot possess physical properties,
and the rate equation (see equations (3.1) and (3.20))
cannot be applied. However, the mass flux fﬁrough the inter-
face wiLL depend upon the size of the concentration

discontinuity. We therefore write

$ =d (e, - ¢

A s/
where d is the interface mass transfer coefficient and is

dependent upon the two maférials under consideration.
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Providing the mass éoncenfra?ion distribution
is known in one material, equation (3.21) enables us to
establish boundary conditions for the purpose of calculating

the concentration distribution in the other.

3.4,2 Estimation of required coating properties

-approximate method

To effectively control the drying stresses
in timber, a semf—permeaBle_coa}ing must hold the surface
fibres of a board at or above the fibre saturation moisture
concentration ( = 170 kg/ma, see section 4.1.5) for a-
period of time sufficient to allow the moisture éradienfs

within the board to reduce to a suitably low level.

Consider a semi-infinite slab of wood drying
through a water-permeable céafing (figure 3.7). The
coating has a mass diffusivity (diffusion coefficient)
D., and a fhickﬁess, d. Assume that the surface of the
coating is in equilibrium with the atmosphere and that
the temperature and humidity of the atmosphere are held
constant. Assume also that there is no disconfiﬁuify
in moisture chcenTraTioh at the wood-coating interface.
From results presented in section 5.3.3, it is reasonable
to appfoximafe fhe diffusivity of wood to a constant at

moisture concentrations above the fibre saturation point.
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c

[

.................. —————— e = = Co

c/’—_—_f Tnidial ( um'for'm) modsture
: v concentration in wood = Co

CoariNGg ————1— Woo»

[,

x
d

xX=0

Fiqure 3.7

Moisture concentration distribution in wood ahd

coating.

The mass flux per unit area through the coating, éc, is
given approximately by

- S Dc ! '

e = 7;-(cw - ¢ ) e (3.22)

In the wood, the mass flux per unit area in the x-direction

at any poinf,

6, = - D, -"1% I (3.23)

The one-dimensional unsfeady-siafe diffusion equation in

the wood is

de d%c
~E - Do TR (3.24)
At: :the wood-coating interface (x = 0), & =c¢,
That is,
ac Dc . 1] \ _
" 3F + 7, d (e, ~¢) =0 ..... (3.25)
x=0

By putting v = ¢ - ¢ , the governing equafioh (equation

3.24) becomes
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2
%%sza_: . (3.26)
X

with the boundary (interface) condition

v De _
- = + ﬁ:a v =0 ... (3.27)

at x = 0.

The required solution is that which describes the moisture
concentration in the wood at the coating-wood interface

as a function of time.

Carslaw and Jaeger (1959)-give the required
solution to equation (3.26) subject to the boundary

condition (3.27) as

V) At
-‘j—:e erfe / At »

where ergc is the error function,
t = time,
A 2
n,d" ,
v = the value of v at the wood-coating interface,
and V = the initial value of v, (¢, - ¢/).
If x> 2, x & erfe x = 0.5.

Therefore,
i _ .
fr/A;==O.5 }f /At>2.

Typically, ¢, = 500 kg/m for "Tasmanian Oak".
Assume that the moisture concentration in the
coating at the coating/air interface, Q; = 100 kg/m?®. "~

Further, assume that the moisture concentration ih the
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wood at the wood[cdafing interface at time =.t,

c, = 200 kg/m .

w

SV . ey - ¢ _ 100
Therefore Y = s — <o " 700

and hence VAL = 2

. b [z
d = > o, e (3.28)
where d = fhicknees of coating with mass diffusivi*y,
., required to hold the surface fibres of a board

(with a mass diffusivity B,) above the fibre
saturation moisture concentration for a time,

1, after the commencement of drying.
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3.5 Methods of solution of partial differential equations

3.5.1 Analytical methods

Analytical solutions to the Fourier heat
transfer equation which, by Fick's assumption js analogous
fo the equation describing mass transfer, are available
from many publications. One of the most thorough
Trea*ménfs of this topic is that given by Carslaw and

Jaeger (1959). They show that the solufiohlfo the equation

2 2 2
9T , 3T ,23T . T e (3.29)

1
axZ  ax?  axf k ot ,

when applied to a rectangular parallelepiped subject to
certain inifialiand boundary conditions (Carslaw and .

Jaeger, 1959, p.33) is given by

T = Tl (xlv; 't).TZ (X-Z’ 't)TS (X-Sy 't) ’

where Ti(x1, 1) is the solution to the simple equation
Ty . 1 3T,
ax* £ ot .

Cons?anf temperature on the boundary and
uniform initial femperafure is a simple and important
case in which the above simplification can be made. This
is analogous to the simplest circumstances under which

drying may take place.

Rephrasing Carslaw and Jaeger, the solution

to the equation
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in the semi infinite slab - £ <x < £ (with uniform
initial moisture concentration, ¢,, and concentration on the

boundaries kept at zero) is

4 & 1) DensbEE (2n+1) ‘
e lx, ) = §.-12n—+ g POV ol (5 50,
n=o0 B
o0
s e - e (-1j"{er6c(2n+])£-x . erﬁc(2”+])£+x
° ° 2 /0% 2/ D%
Nso
.. (3.32)

providing the diffusion coefficient is a constant. The
moisture concentration distribution as a function of time
for a solid with uniforh iniffal moisture concentration
and moisture concentration held at zero on the boundaries

and with the cross-section shown below .

y
b
A £ -
- X
b
is given by
¢ = Cy (x,-l).cg (y, b)
where ¢, (¢, £) is given in equations (3.31)and (3.32).

For orthotropic materials where the directions of the
principal axes of diffusion coincide with the x and y axes,

the solution is obtained in a similar way.

Unfortunately, the orfhofropic.diffusion
coefficients in wood are functions of moisture concentration
and temperature and therefore the solutions ‘given above
cannot be used with a great degree of accuracy under most

circumstances.
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3.5.2 Numerical solutions to the governing equations

The finite difference approximation used in
conjunction with digital computers is the simplest and most
common method éf solving partial differential equations
with variable eoefficients, variable boundary conditions
or‘non—uhiform initial conditions or any combination of
these cbndi?ions;‘ The method involves superimposing a
grid with a finite number of intersections or points over
the cross-section of a body.A The unknowns'are evaluaTed

at each grid poiﬁf. In the case of simultaneous moisture

and heat transfer through wood the unknowns at each internal

grid point are moisture concentration and temperature.

The initial condifions are given and the
boundary conditions are assumed to be known for all time
after drying starts.

vFigure (3.8) shows a 9 x 7 . 63 point grid

over a timber board of rectangular cress-section,

Figure 3.8

Finite difference grid over a body of rectangular
cross-section
The number of unknowns at any time = (7 x 5) = 35.

Therefore, 35 equations must be solved at each point in time.
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Finite difference approximations to derivatives are made

in the following way -
-1 J j+l

i+

i-/

dx

In forward differences, %%I’= clé,f + 1) - eld,f)
f dx

Similarly, backward differences give

i_c.'. ~ C(L,J) - Q('{—)j s ])
ax A Jx - I. - 14 v
and central differences %E ~ eld,f + 1) - eld,§ - 1)
X { .
c . 20x
: et S _?_c_ - E_ . . ” - . . " :
Therefore 3%¢ - BXL 9xX 1p Z eld,j+1) . 2eld,g) * eld,f-1)
Ix o dx?

dx?
Higher order derivatives may be built up in a'similar

manner. The equation

de _ 3% e (3.33)
R TS

may therefore be approximated to

eld,t) - eli,t - d¢) - celd+1,t) - 2celd,t) + cl4-1,2)
dt d'x?

where £ = time and d% time increment, dJdx = space

increment. The LHS bas been evaluated by a backward difference.

That is
(1 + 25{)c<i,t> - Jﬁi’c(i+1,t) + c(i—1,t)] = .c(4,t-d2)
Sx 2 dx? ' ' '
eo. . (3.34)

The left-hand side of this equation in unknown and the

rfghf—hand side known., This is called an implicit
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approximation and requires that a set of simultaneous
equations be solved in order to evaluate the unknowns.

On the other hand, if the conditions at time = £ are known
and the left-hand side of equation (3.33) is approximated
by forward differences, the finite difference approximation

yields -

eli,t +382) = cli,t) + Jt [c(i+l,t} - 2¢cl4i,t) + c(i-l,t)]

x2

e 13.35)
where the left-hand side is annown and the right-hand
side is known. This is called the explicit method of
solution. Although explicit mefhods'require a minimum
of computation, they reqﬁire that the time increments,
JI, be very small. This requirement arises from
consideration of the convergehce of the numerical solution
to the exact solution of ?he’parfial differential equations.
Implicit methods of solution are stable for far wider
ranges of dt and 8x and Therefore.are more often used.
(The governing diffusion equation was approximated by the
implicit method and used throughout this investigation

- see Appendix B).

3.5.3 Convergence, stability and consistancy of finite

difference systems

There are two different but related problems
associéfed with the solution of partial differnetial
equations by finite difference approximations. The first
concerns the convergence of the exact solution of the

~approximating difference equations and the second concerns
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the unbounded growfh or controlled decay of any errors
associated with the solution of the finite difference
equations. G.D. Smith (1978) includes both qualitative
and quantitative descriptions of convergence, stability
and compatibility in his book on numerical solutions Té
partial differential equations. Discussion in this
chapter is limited to qualitative definitions of the three

topics mentioned.

3.5.3.1 Convergence

A finffe difference equation is said to be
convergent if the exact solution to the difference equation
tends to the exact solution to the partial differential
equation at a parTicOLar time as both the space and time
intervals used in the approximation tend to zero. The
difference between the two solutions is often called +He
discretization error, the size of which depends upon the
finite sizes 6f the grid lengths (in space and time) and
the difference approximation to the derivative. The
discretization error can usually be reduced by decreasing
the grid lengths but this leads to an increase in the number
of equations to be solved. This method of improvement
is limited by such factors as the cost and size of

storage on available computing facilities and so on.

3.5.3.2 Stability

The exact solution to the difference equations

would only be possible if all calculations were carried
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ou+ to an infinite number of decimal places. |In practice,
each calculafion is carried out to a finite number of
places which introduces a rounding error every time a given
number is operated upon. The difference between the

exact solution to the difference equations and the numerical
solution is termed the global rounding error. The total
error in the finite difference solution at any given mesh
poinTAis the sum of the discretization and gtqbal rounding-
errors. The global rounding error depends not only upon
the finite difference equations but also upon the way in
which the computer rounds off numbers. This error also
differs from the discretization error in that it cannot

be made to converge to zero as %he mesh size tends to zero.
In fact, the opposite would happen as smaller mesh sizes
imply increased numbers of arithmetic operations.
Fortunately, the rounding errors in modern computing
machines are very small and the global rounding error is

usually smaller than the discretization.error.

3.5.3.3 Consistency (compatibility)

It is possible to approximate a parfiél
differential equation by a finite difference scheme that is
stable but which has a solution that converges to the
solution of a different parf}al differential equation as the
mesh size tends to zero. Such finite difference schemes
are said to be incpnsisfenf or incompatible with the
parfia( differential equéfion. Smith quotes a theorem of

Lax which states that:
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"...if a linear finite difference equation is

consistent with a properly posed linear initial-
vatue problem then stability guarantees convergence."
“He goes on to summarize by saying
"In general, a problem is properly posed if:
i) The solution is unique when it exists.
ii) The solﬁfion depends coqfinuously on the
initial data.
iili) A solution always exists for }he iﬁifial data

that is arbitrarily close to the initial data

for which no solution exists.""

3.6 Considerations regarding the determination of mass

diffusion coefficients.

There are three major factors which must be
coﬁsidered when testing for the diffusion coefficients
of wood, viz:

1) Sorption hysteresis

2) Sofpfion history

3) Moisture boundary layers in the air

surrounding samples.
Chrisfenseﬁ and Hergt (1969) reported:
"It has Long been known that wbod, wool and other
swelling polymers do not behave'réversibly during
adsorption -and desorpfipn of vapours. One example
of this is sorption hysteresis. l% has also been
shown that, even if sorption equilibrium at a given

vapour pressure is approached in one direction only
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and from a reproducable starting point, the equi-
Librium moisture content may differ according to the
number and size of the intermediate equilibrium steps

by which it is reached".

Tests referred to by Bramhall (1979,a) indicate
that at 75% retafive.humidify, the equilibrium moisture
contents of various North American hardwoods differed in
magnitude by 20% depending upon the direction (adsorbing,

desorbing) from which equilibrium was approached.

Chrisfénsen and Hergt demonsfraféd that moisture
transfer rates decrease.as the time for which the sample
is held in "equilibrium" increases. In summary, they state
that:
"....the rate of sorption of water vapour by wood and
perhaps ofher'swelling polymers depends ;frongly on

the length of time for which they have been held at

the preceeding "equilibrium" condition".

During this investigation, the aim of tests
was to determine the diffusion coefficients applicable to
the drying of "Tasmanian Oak" from the freshly sawn (green)
condition to equilibrium with the afmosﬁhere. The obser-:
vations quoted point to the necessity of using samples
that have no previous drying history. Only then will the
diffusion coefficients determined be applicable to the

initial drying process.

The third factor affecting the results of
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diffusion tests was studied by McKay (1971). He noted
that fhé results of diffusion cell experiments were greatly

affected by the speed of "stirring" of the air inside

diffusion cells. |f the atmosphere at the surface of a

piece of timber through which moisture transfer is taking

place is stationary, significant moisture gradients are

established in the air. Figure (3.9) demonstrates the effects

of such boundafy layers on the concentration gradients

. across samples in diffusion cells. The concentration

difference across the sample in figure (3.9,a),llcu is
very much lower than the maximum available concentration
difference,[&cm“, between the two constant humidify

atmospheres due to well-established boundary Llayers.

x » ‘¥

N

IPASNP AL

—

)
'
]
]
i
: - R .
[ 1 T > ,
Y ! ] c 5y 5 b
N I IR i
A ! ! T ml2 1,
L) T A 1
PR g : : ')
A T L Ac” 1y
— i gk
T I T
] 1 AC i
ACpax n max |
1 L
I !
! !
v i
(a) ' (6)
Mo AR  MoNVEMENT : AIR  MOVING PARALLEL

7O SAMPLE FACES

Figure 3.9

Varying conditions across wood samples in duffusion

cells
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The effecfs of boundary layers are reduced
significénfly by ensuring that there is sufficient air
movement over the faces of the sample (figure 3.9,b).

The usual assumption made when analysing moisture transfer
through timber is that the surface fibres are in
equilibrium with the atmosphere in which adsorpfioﬁ or
~desorption is taking place (based on fﬁe fact that diffusion
of moisture through wood to its surface is much slower than
the removal qf moisture from the surface). This leads to
the assumption that the concentration gradient acrosshfhe
sample of figure (3.9) is Ac,, which is reésonabte in fhe
case of figure (3.9,b). Care must fherefare be taken

to ensure that moisture boundary layers of significant
magni fude do not exist at fHe surfaces of samples during

diffusion tests.

McKay's tests on the sfirring of air inside
diffusion cells indicate that the flux 6f moisture ?hroﬁgh
the sample changed by 50% over the range of stirring speeds
available to him. He concluded that |

.. oﬁe should be satisfied that while the pattern
of results obtained is valid, the actual values

themselves may be of Little significance and meaning.'

The boundary layer discussion is pertinent
to the determination of diffusion coefficients by the method
described in section 5.2.6.3 (method of inferring
coefficients) although the effects may not be quite as

marked.
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Regardless of the procedure used to determine
diffusion coefficients, great care must be taken to ensure
that the assumptions made during analysis are consisfenf
with the conditions of the experiment. Furthermore, if
the diffusion coefficients determined are to be used in
~a mathematical modeL for the drying of boards from fthe
freshly-sawn (green) condition to equilibrium with the
afmésphere, the samples tested must themselves be freshly
sawn. Only then will fesfs.be free of historical effects

" (hysteresis, etc.).
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CHAPTER 4

THE SEASONING OF HARDWOODS.

4,1 Common Terms used in Timber Drying

Over the many years in which the seasoning of
timber has been studied, names have been given to various
phenomena commonly observed. Some of these terms are

defined in this section.

4.1.1 "Set" is the term usually applied to semi-permanent

or non-elastic deformation of wood fibre (in either tftension
or compression) as a result of the fibre being restrained
in some way during drying (and hence while shrinking).

It can be thought of as similar to creep.

4.1.2 "Case-hardening" is the term used to describe the

state of timber which has been seasoned under severe
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conditions (e.g. low humidity), resulting in extremely

dry and tough surface zones. These zones form a "case"

of material with low permeability around the central '"core"
of a board. Drying of the "core" becomes very difficult

and is extremely slow.

As'McMilLen ( ) reports, this condition is
brought about primarily as a result of high stresses early
in drying causing a permanent deformation (set) of the wood
cells at and near the surface. This causes disruption to
the diffusion pafhwéys and inhibits drying. The phenomenon
6f "collapse" (4.1.4) may also be a contributing factor.

The apbarenf hardening of the.case is prébably brought about

by stiffening of wood fibre as its moisfurerconfenf decreases.
’ :

4.1.3 "Checking" is the formation of cracks or fissures in
the wood fibre runniﬁg along the grain but not extending
through the piece from one surface to another. .Checks
,genefally result from stresses generated dUring seasoning
and may Be initiated at the surface (hence surface checking)
or inside wood (internal checking or "honeycombing").

The term "checking" is generally used in connection with

sawn or processed material.

4,1.4 "Collapse", as defined by Hillis and Brown (1978)

is the
"Flattening or buckling of the wood
cells during drying, sometimes manifested
in excessive and/or unéven (irregular)

shrinkage."
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The generally accepted theory regarding the cause of
collapse is stated by Pankevicius (1960) in the following
way:

" if the very small fibres of the

wood are completely filled with water
initially, and the free water in those
fibfes can dry out without air entering

to take its place, then the resulting
Liquid tension forces become very large.
When the magnitude of these forces.exceeds
the crushing strength of the fibre walls,
these cave-in to cause collapse”.

In the above context, "Liquid tension" is understood to
‘mean "vapour pressure significantly below atmospheric
preséure".t Kauman (1966 ) summariseé his experimental
work on collapse by saying:

"The accumulated experimental evidence
"is shown to support Tiemann's theory of
N hydrostatic tension as the main cause of
collapse, with important additional
contributions by drying stresses".

The term "hydrostatic tension" used by Kauman refers to

tiquid surface tension effects apparent in confined spaces.

Collapse can only occur in wood fibre in which free water

is present.

The large proportion of collapse may be removed

by the process of "reconditioning”. This requires that the

timber be. subjected to an atmosphere of saturated steam at
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100°C for periods ranging from four to twelve hours and

has the effect of returning most of the wood cells to their

original unbuckled shape.

4.1.5 The "fibre saturation point" of wood fibre is the

'

moisture content below which "free" water ceases to exist
within the cell cavities. At this point, the wood-cell
walls are still saturated. Many of the properfies of wood
change dramatically as the moisture content changes from

above to below the fibre saturation point.

4.1.6 "Reaction Wood": From the glossary of terms in

Hillis and Brown (1978), reaction wood is:
"Wood with more or less distinctive
anatomical characters formed typically
in parts of leaning or crooked stems
and in branches".'
In eucalypts, this consists of "tension wood" or wood
fibre Laid down on the tension side of a leaning stem.
Tension wood exhibits higher shrinkage than ordinary wood

fibre and is characteristically difficult to season.

4.2 Geometric Considerations Related to Shrinkage.

Most timbers, including the "Tasmanian Oak"
group, have the characteristic that the circumferential
shrinkage is approximafelf twice fhe radial shrinkage.
(These directions are defined with respect to a log).

This difference in shrinkage leads to a geometric anomaly
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during drying, brought about by the fact that the
circumference of a circle is a linear function of the
radius,. If the radius varies by 10%, then the circumference
must also vary by 10% for the sake of geometric consistency.
Therefore, as logs dry; high circumfereniial stresses are
generafedland henée the tendancy for logs fo develop radial
splits. Such splits are initiated at the ends where drying
is most rapid and may eventually run the full length of the

ltog.

.Sihilar behaviour is often observed in boards
cut from near the heart of a tree, particularly where the -
radius of curvature of the seasonal . or growth rings'fs
small in relation to the dimensions of the board. [|f such
material can be dried without excessive degradation, the

residual stresses are usually high.

-Approaching the drying of back-sawn material
from a purely geometric viewpoint, it may be deduced that
such material will inevitably distort in cross-section.

This distortion takes the form of cupping (Fig. 4.1)

Figure 4.1

Distortion of a board cross-section by "cupping".
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Campbell (1975,a) suggests that restraint of this cupping
due to the weight of material stacked on top of a given board

may contribute to checking.

4.3 Qualitative Description of the Drying of Hardwoods.

4,3.1 General

The drying of the "Tasmanian Oak" group of
species when sawn into boards follows closely the pattern
of drying of most hardwoods (McMillen, ) with the
additional complication that 1he.charac?eri§+ically lLarge
shrinkages obsefved in mosf eucalypf‘species increase the

probability of seasoning degrade.

.The surfaces of sawn boards tend to approach
the equilibrium moisture content of wood fibre under the
prevailing conditions very soon after the commencement of

drying (see the sorption isotherm, Figure 4.2).

Fibre saturation roisture content

S 5 8 B8
| W I R S |

Uy

(g water per /00 q dry A’éﬁe)

o
1
q

o 20 40 60 g0 /00
RELATIVE HumpiTy (%)

Figure 4.2

Approximate sorption isotherm for wood (Temp. approx. 20°C).
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Figure 4.3

Typical moisture content-shrinkage relationship for eucalypt

fibre.

The outer zones of the wood Therefo}e dry below the fibre
saturation point and tend to shrink (Figure 4.3) but afe
restrained by the innér zones which have not begun to shrink
significantly. As a resulf; the outer zones aré subjected

to a feﬁsile stress, and, as a.reaction, the interior zones
are subjected to a compressive..stress. Because of tensile
stresses increasing beyond the proportional Limit and the
action of prolonged stress (resulting in creep), tension

set begins to take plaée in the outer zones almost immediately
after drying starts. The‘fensile stresses increase 1o a
maximum within 24 hours in the case of "Tasmanian Oak".

It is éf this stage that surface checking is most lLikely

to develop due to the timber being stressed beyond jfs ultimate

Limit, Surface checking is simply a stress relief mechanism.
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As drying proceeds, succeeding inner zones change
from compression to tension and the tensile stress at the
surface gradually reduces. Meanwhile, the compressive stress
in 1he inner zones gradually builds to a maximum. As +hese
compressive stresses increase beyond the proportional Llimit,
creep.fakes place due to the prolonged action of stress and
compression set devélops. At this stage, the inner zones

are still well above fibre saturation point.

Because tension set .in the outer zones gives
these zones a dimension lérger than they would normally have
at a given moisture content, the stress in the outer zones
changes from tension to compression as the inner zones dry
and shrink. To balance the compressive force in the outer
zones, the inner zones go into tension and hence a complete
stress reversal takes place. A* such a time, surface checks
close. However, if the surfaée checking’has been severe
and checks are Qeep, they may be prdpaga+ed right through
the central zones‘as tensile stresses there build up. At
this stage, cupping due to drying stresses, particularly in

back-sawn material, may become apparent.

Af?er_complefe stress reversal, the outside
layers rapidly proceed to a maximum compressive stress and a
corresponding maximum tensile sftress is generated in the
central areas. The magnitude of this tensile stress depends
upon the amount of set that has previously oécurred and,
if severe enough, will initiate internal checking or

hdneycombjng. At this time, the center zones of the wood



82

are still near the fibre saturation point and therefore

collapse may still be taking place.

When the inner zones fall below fibre saturation
point, The average moisture content of the timber is typically
17 to 23% (dry basis) and the process of recondi?ioniné may
be used to remove col}apse. Reconditioning results in
collapsed sawn boards returning to approximately rectangular
cross-sections. Residual dryfng.sfresses are also reduced
during the process, and the moisture distribution becomes
more uniform due to the uptake of moisture by the surface
fibres. Sufface checks may be re-opened during reconditioning,
but internal checks»usually close. Typically, Thé average
moisture content of newly reconditioned boards is 20 to 25%

(dry basis).

Drying from 20% to fibre equilibrium moisture
content (12 to 14% in Tasmania) is very slow if affected in
air. Kilns are usually employed at this stage. Dufing kiln
drying, drying stresses are usually not high and further
degradation of the timber is uncommon providing suitable

kiln schedules are observed.

4.3.2 Drying Eucalypt Timbers.

Eucalypt wood is relatively impermeable and
difficult to season (Hillis and Brown, 1978). Therefore it
dries slowly and with steep moisture gradients producing
pronounced drying stresses and sets. Shrinkage is high and

surface checking on back-sawn faces is Typicél. Nevertheless,
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seasoned timber of high quality can be produced from a wide

range of eucalypt species.

Campbell and Hartley (Hillis and Brown (1978),

chapter 163 sum up the checking problem as follows:

"Most of the eucaltypts tend to check on
-back—sawn faces during seasoning, sometimes
severely, but quarter-sawn faces usually
remain comparatively free of checks. For
this reason, and because of the greater
dimensfonal stability of quarter-sawn
maferial;vi? has been traditional practice:
in Victoria and Tasmania to quaffer—saw Ash
eucalypt timber for use as flooring, mouldings,
Joinery etc. Where checks do occur, they
frequently close towards the énd of drying

and may be hard to detect on sawn faces".

Back-sawn timber exhibits more atfractive grain
patterns Than»quarfer—sawn material. Premium quality back-
sawn boards are in great demand in furniture manufacturing
industries the world over with top prices being paid for such
material. Furthermore, a miller can increase recovery of sawn
timber from logs, reduce handling cosfs'and increase drying
rates sLingly by back-sawing. However,'excessive degradation
of Eucalypt material, primarily due to face-checking, prevents

him from taking advantage of these benefits.
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Early drying tests conducted as part of this
investigation demonstrated the difference in the drying rates
of quarter-sawn and back-sawn material and also served to
emphasise the variability of drying rates from ftree to tree.
Material being tested was predominantly mafuré growth from
the south of Tasmania.. Precise species identification‘was
dif%iculi at the sawmill, but it was thought that most samples
were of Eucalyp1u§ delegatensis. Typical drying curves are

shown in Figuré 4.4,

|
1-000- : }
. ,| Prying curves, for. /36 x28 7 boards
dried at 39°C (d.b) and 34°C (w.b).
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Figure 4.4

4
Typical Drying Curves for ‘Tasmanian Oak (25mm nom. thickness)
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The results of some drying tests on back-sawn material are not
inctuded in figure 4.4 as excessive checking causes drying

rates to be ‘accelerated significantly. Therefore, the drying
curves associated with such material are not strictly comparable
to those for unchecked quarfer—sawn boards. In early tests,

no back-sawn samples were dried check-free although a significant
percenfége (approximately 15%) were dried in later tests.

Checks usually became apparent within four hours of the
commencement of drying and were quite well developed within

24 hours.

4.4 Summary - The problem of.face—checkfng in back-sawn

"Tasmanian Oak".

Checking on the faces of back-sawn "Tasmanian
Oak" is usually initiated within the first four hours of drying
and is well developed within 24 hours. During this time, the
surface fibres of the board rapidly approach-the fibre
equilibrium moisture confeﬁf under the ambient conditions as
defined in the sorption isotherm, figure 4.2. Thé surface fibres
therefore attain moisture contents significantly below the
fibre saturation moisture content. Figure 4.3 (unresfréined
shrinkage - moisture confenf-relafionship) demonstrates
that the tendancy for the surface fibreg +o shrink is far
greater than that for the bulk of the material. ThaT_is,
a state of differential shrinkage strain exists resulting
in Large tensile stresses in the surface layers. Permanent
deformation or set occurs in the outer fibres as stresses

pass the elastic Limit. If these stresses exceed the
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ultimate capacity of the wood fibre in tension across

the grain, checks develop as a form of stress relief.

Drying of the newly-exposed wood fibre inside
a check causes further localised shrinkage. Sfreéses
developed by this shrinkage compound the already severe
stress condifiqns aésociafed with check§ and help prépogafe

‘them further into the material.

4.5 Summary of previous research into the seasoning of

back-sawn "Tasmanian Oak".

During 1978, research into the seasoning of
back-sawn "Tasmanian Oak" at C.S.!1.R.0., D.B.R.* was being
.drawn to conclusion with no satisfactory solution to the
checking pfoblem having been found. The effecfs of numerous
treatments had been evaluated experimenfélly over many
years., 'While éome ideas had shown promise during initial
testing, none could be extended to commercial processes.
Researchers were not prepared to state categorically that
the seasoning of back-sawn ash-type eucalypts was impractical
(Campbell, 1975,b) but on the other hand, they could recommend

no method of consistently preQenTing surface checking.

¥ Commonwealth Scientific and Industrial Research
Organisafidn, Division of Building Research, Melbourne,

Australia.
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The methods of controlling surface checking
that have been extensively investigated at C.S5,1.R.0.

may be briefly summarised as follows (Campbell, 1975,a):

1) Control of drying conditions.
2) Physical treatments intended to modify the:
behaviour df_fhe timber . during drying
a) Pré—sfeaming
»b) ‘Ultrasonic or radio frequency heating.
c) Pre-freezing/

d) Transverse compression.

3) Chemicaltreafﬁenfondesigned to ﬁenefrafe the
wood in order to-
a) Control mqis+Ure gradients, or
b) Produce "bulking" (anti-shrinkage) effects

or a combination of both.

4) Surface treatment of the wood with the
intention of either
a) providing sQrface fibre reinforcement, or
b) providing vapour barriefs

or combinations of these effects.

Many other methods of drying have been
investigated, few of which have shown any promise in
relation to back-sawn "Tasmanian Oak". For example,
Cuevas (1974) produced faéf‘drying times and good quality
material when drying partly-dried quarter-sawn "Ash"ffype

eucalypts at temperatures greater than 100°C. However,
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checks usually develop during the .first day of drying.
Drying green material at high temperatures was not at

all successful.

Weeden (1980) and Neylon (1978) list a number
of other dfying methods whichvhave not been successful.
“These include freeze-drying (sublimation), solvent soaking,
"brusizing", Boultfonising and impregnation with waxes |

and resins.

In summarising his invesfigaTions, Campbell
(1975,b) suggests that cutting material from logs in such
a way that the growth rings make an angle of more than
30° with the faces of the boards will, in general, avoid
the need to use check-control methods. However, cutting
the material in this way produces none of the advantages

mentioned in section 4.3.2.

4,5.1 .Control of drying conditfions.

The basic principle of investigations in this
field was to provide drying under carefully controlled
conditions of +empérafure and humidify._ Good results
were obtained with a minor proportion of back-sawn samples

when dried at low temperature and high humidity.

Campbell (1975,a) sums up this work as follows:
".,... it appears that there are no drying
conditions available to a kiln operator

within the scope of conventional kiln or
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air-drying practice that would enable him
to dry all fully back-sawn stock without
the checking problems inherent in sawn material

of this type".

4.5.2 Physical treatments.

Among 1im5er researchers, it is commonly
accepted that the pronounced moisture gradienfs present
in "Ash"-type eucalypts during seasoning are a major
. coﬁfribufing factor to the déveLopmenT of drying stresses
and therefore checking. The: primary obJecTive of all
‘physica[ treatments investigated was'fo'reduce the steepness

" of moisture gradients.

. 4,5.2.1 Pre-steaming.

In-1957, it was. recognised (Campbell, 1960)
"fhaf the drying rate of quarter-sawn Eucalyptus Regnans
could bé increased by treating newly sawn material with
steam at 100°C. No adverse effects were apparent following
short treatments. Simpson (1975) Eepor+ed an increase

in the permeability of Red Oak after pre-steaming. When
fully back-sawn "Tasmanian Oak" was pre-steamed, an increase

in the tendency to check was observed (Campbell, 1975,a).

4.5.2.2 Ultrasonic and Radio frequehcy heating.

Methods of heating timber by ultrasonic and

radio frequency waves were aimed primarily at confrolling
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collapse. As excessive collapse contributes to a tendency
to check, it was thought that some improvement in the
overall quality of back-sawn material might be apparent
using these methods. Accepting the surface tension theory
of collapse, the hypothesis put forward (Neylon, 1978)

was that the formation of a high-pressure water vapour
bubble in the cell lumen might offset the forces ‘tending

to collapse the cell. However, Neylon found that the high
temperatures generated within. the wood caused a sfgnificanf
weakening of the fibre structure and therefore helped

promote checking.

4.5.2.3 Pre-freezing.

As early as 1959, researchers recognised thaf
by freezing "difficult" timber before drying, a degree of
control could be exercised oVef collapse. Wright (1967)
noted that the pre-freezing Treéfmenf applied to quarter-
sawn "Ash"-type eucalypts reduced the amount of collapse
early.in drying and proposed that checking associated with
early collapse might be averted by such a freatment.
Subsequent work reported by Campbell (1975,a) showed +hé+,
particularly in the case of back-sawn material, no reduction
in checking was affected. Later, Christensen and Neylon
(1979) proposed that freezing the wafer.confained in cells
might cause puncturing of the cell walls, thereby increasing
the perméabiliiy of the wood and feducing'moisfure gradients.
Neylon's tests (Neylon, 1978) clearly demonstrated that pre-
freezing iﬁcreased permeability but he, also, found no

reduction in checking.
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4.5.2.4 Transverse Compressidn.

In North America, much wqu'has been done on
the drying of hardwoods under applied tateral loads.
Loads were applied using heated flat plates in direct contact
with the board surfaces. Wang and Beall (1974) summarised
this wérk. Campbell (1975,b) reported that extensive
tests on back-sawn "Ash"-type eucalypts produced highly
variable results. He indicated that further work was

warranted, particularly on more refactory material.

4,.5.3. Chemical Treatments.

There are two main areas of interest with.
regard to the chemical treatment of wood,. particularly
related to compounds (or .solutions) fhaf'diffuse into

the wood.

Firstly, a common method of changing the sorption
behaviour of a material during drying is to soak it in a

"salt" solution,

Secondly, some treatments reduce the amount of
shrinkage of organic matter while dryiné. These are often
referréd to as "bulking" agents and produce their effect
by replacing the bound or adsorbed water in the cell-wall
structure. Sodium Chloride and Calcium Chloride were found

to produce both sorption and bulking effects on wood following
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soak treatmenis. Polyethyleneglycol (P.E.G.) and silicone

hydrochloric acid primarily produce the "bulking" effect.

Campbell (1975,b) found that bulking usﬁally
produced by P.E.G. was ineffective on difficult back-sawn
material. The cost of this chemical also proved prohibifive.
Campbell did, however, report great success in eliminating
checking in back-sawn material following soaking in saturated
solutions of sodium chloride. Unfortunately, the salt
penetrated qUiTe deeply into the wood and not all of the
affected material could be ecqnomfcally machined away.
Residual salt was found to cause corrosion problems with
regard to fasteners and to promote "sweating" of the timber
at relative humidities greater than 75%. The use of such

material would therefore be severely Llimited.

Calcium chloride produced similar results fto
sodium chloride in some instances but results were rather
inconsistent and, on occasions, surface checking was

observed during the soaking treatment.

The effects of many other chemicals have been
studied but, as yet, none haVe produced a satisfactory
solution fo the problem of seasoning back-sawn "Tasmanian

Oak".

4.5.4 Surface Treatments.

The two major principles evaluated in this field

were:
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Firstly - reinforcement or strengthening of

the surface fibres, and

Secondly - provision of a vapour barrier to
slow drying from the wood surface
and hence relieve the moisture

gradient conditions within the timber.

Harrison (1968) reported that a dip treatment in sodium
alginate produced a film oVer the Timber surface that helped
reduce checkiﬁg in quarter-sawn eucalypt stock. Campbell
(1975, a) found that aLginafes failed to reduce checking in

back-sawn "Tasmanian Oak".

A wide selection of surface coatings were
tested by Campbell (1975,a and b). He summarised this work

by saying:

"

'... in general, they failed to prevent checking
from occurring, particutarly in difficult

material, and their use is not recommended".

4.6 Effective Control of Drying Stress.

In the past, researchers (Campbell (1959),
Campbell (1975,a), Berni and Christensen (1979), Christensen
and Neylon (1979) ) have stated that the development of
stress due to differential shrinkage is a direct effecf of
the moisture gradients in the timber. The %heory of

elasticity in orthotropic materials (developed in Chapter 7)
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shows that it is the curvature of the shrinkage strain
distribution that is directly responsible. It is therefore
evident that careful control of shrinkage strain distribution,

if it is possible, will result in control of drying stresses.

From figure 4.3, it may be deduced that
maintainance of board surface fibre moisture Eonfenfs above
fibre saturation point will minimise the shrinkage strain
at the surface while still allowing significant moisture
gradients and therefore favourable drying conditions. |In

this way, stresses can be minimised early in drying.

In the lLong term, the mofsfure content of a.
board as a whole must be brought to equilibrium with the
atmosphere. This requires that it be brought to well below
the fibre saturation moisture content (seé figure 4.2). .

If the surface fibres are lowered very slowly past the fibre
saturation point at such a time when the moisture gradients
within -the timberaare.suitabLyelow% if:woutd:beﬁpossibLe'To
dry any piece of wood without cheéking due to drying stresses.
To accomplish this with the most "difficult" material, it
would be necessary to maintain an almost uniform moisture

" distribution and therefore drying would be extremely slow.

The three major requirements of this "ideal"

drying schedule are:

(a) Surface moisture confeﬁ1 control must be
established early (within four hours of sawing)
to minimise the effects of surface shrinkage.
The surface fibres must initially be held aBove

fibre saturation point.



95

(b) The moisture distribution within the wood-mus+
be allowed to approach uniformity before the
surface fibres are allowed to fall below the
fibre saturation point, thereby lLimiting shrinkage
strain differentials at this stage of drying.
The degree of uniformity would depend upon the

properties of individual boards.

(c). Drying must be carefully controlled, particularly
during the period when the wood fibres fall
below the fibre saturation point. Drying times
would be, of necessity, slower than for:uncoaféd

material.

Difficult méferial would neéd'fo be dried more
slowly (and therefore with more uniform moisture distributions)
than mild material. It is therefore necessary to establish
the optimum balance befween the drying time and the percentage
of material being dried check-free. 11 may not be economically

feasible to dry all material,.

4,7 Qualitative Performance of Water-permeable Coatings.

Early in the inQesfigafion; it became apparent
to the author that the application of a water-permeable
coating to the surface of ftimber eQuLd provide the ideal
drying conditions described in section 4.6. The variable
drying characteristics of-the wood could be accommodated

by adjusting the properties of the coaffng. The principle
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of drying through permeable doafings may be demonstrated

in the following way.

Consider moisture diffusion through a composite
slab of two different materials, as shown in figure 4.5.
Assume that the moisture content is inffially-uniform
throughout the slab‘and that the fwo materials have the
same permeability. Assume also that there is no discontinuity
in the moisture distribution at the interface.

Initial (um'/orm) : ' ' A
moisture distribuvtiorn -

Time = 25 hours — )
Time = 80 bours /I

T
0N
(o}

Time = /00 pours =

Time =/6UA&WUF—;

N
[o] 0 (@)
MOISTURE CONTENT (7, dry  basis).

~
[+

. : o
Axis of .symmez‘ﬁ_y — MaTeRriat 1 - ~
| “(woos) S~ Marewsar 2
. : (coaTivg
Figure 4.5

Typical moisture distributions in coated 25mm "Tasmanian

Oak" boards.

The curves drawn in figure 4.5 represent typical
moisture distributions that might exist within the sLab'as
it dries from 70% moisture content to 13%. Figure 4.6

compares the moisture content at the interface between
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‘the wood and the coating with the moisture content at the
free surface of the coatingas a function of time.

]
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o . . — — - — -—
o s0 100 /50
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Figure 4.6

The variation of moisture content at the wood-coating Interface.

Suppose material 1 of figure 4.5 to be wood
with a fibre saturation moisture content of 28% (dry basis).
Figures 4.5 and 4.6 then demonstrate that the surface fibres
of the wood would remain. above the fibre saturation point
for a period of 100 hours. After 100 hours, the interface
moisture content falls slowly fowérds the Limiting value.
The moisture content gradients at the wood surface after
100 hours are low. The conditions specified in section

4.6 are Therefqre satisfied.

Note that assuming the materials 1 and 2 of
figure 4.5 have the same permeability, the interface moisture

content - time relationship can be changed simply by changing
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the thickness of material 2.

Thus, the only requirement of a coating (other
than practical and economic requirements) is that it have
the correct combination of thickness and permeability.
These physical requirements are primarily dependent upénx
the relationship between the shrinkage strain and the
moisture con#enf.of the wood fibre, and the relationship
between stress and strain (and moisture content) in the
wood. One objective of this inVesfiga?ion has therefore
been to develdp the mathematical tools and procedures
necessafy to enable effective "design" of suitable coatings

and dfying schedules based on physical requirements.

Drying tests on back—séwn "Tasmanian Oak"
using suitable coatings(having the correct combination
of thickness and permeability, Chapter 5) show that it is
possible to achieve the required degree of control over :
drying stresses while drying coated material over an only

slightly longer period than uncoated material.
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CHAPTER 5

DRYING TESTS

5.1 Introduction

Early drying tests conducted on the "Tasmanian
Oak" grodp of species confirmed that their behaviour
while seasoning is similar to that of hardwood§ in general
(see sections 4.3 and 4.4). During these tests, sufficient
data were collected to enable an accurate mathematical
model of +he'drying process to be developed, the basis
for which appears in Chapfér 3. This model predicted the
distribution of moisture within a piece of sawn timber
as a function of time and was used later (Chapter 8)
in conjunction with the theory of elasticity of orfho?fopic
materials (developed in'ChapTer 6) to demonstrate the.
reduction in drying stress levels in timber coated with

water-permeable materials.
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The effectiveness of using water-permeable
coafingsvfo control face-checking in back-sawn "Tasmaniaﬁ
Oak" was demonstrated in large scale tests, the
timber being dried according to procedures similar to
those currenfly>used in the Tasmanian timber industry.

The drying times required for the coated back-sawn material
were qomparabfe to those neceséary for quarter-sawn

boards of a similar thickness.

5.1.1+Test Objectives.

The samples of sawn "Tasmanian Oak" used in
drying tests were selected randomly frdm mature logs
available in sawmill yards. Accurate identification
of species was nofialways possible, but it is believed
that the majorify'of samﬁles came from logs of E.
de(egafensis or E. regnans. It is also hfghly Likeyy
that material from hybrid trees was Tesfed. ALl test

samples were taken from mature trees (older than 100 years).

The pattern of behaviour of all samples
was similar, but the variation in dryjng'rafes (and also
the amounts of gross shrinkage, coLlapse‘and_checking)
was quite remarkable.' A proper understanding of the drying
process in the total population depends heavily upon the
.accurafe modelling of the dryfng of individual samples.
A large -amount of information can therefore be gained

from a relatively small number of tests.

The data collected during early tests were
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used to refine a mathematical model of drying that could
be used to predict the moisture distribution in any single
piece of wood as a function of time, using the particular
diffusion properties of that piece. The determination

of the mass diffusion coefficients (and their variabilffy)

was therefore of primary importance.

In Chapter 4, it was proposed that permiable
coatings be used to hold the surface fibres of boards above
the fibre saturation point during the first few days
of drying, thus limiting the amount of differehfial.shrihkage
between the surface fibres and the remaindér of the board.
The mean moisture transfer rates through "Tasmanian Oak"
were used in the calculation of the neéessaryiphysical
~properties of 1hese coatings. Further drying tests were
conducted in order to investigate the performance of
coafings-wifh various combinations of thickness and perm-:
eability. tn these tests, the behaviour of relatively

ltarge sample populations were studied.

5.1.2. Test samples.

Tasmahian hardwood mills cut boards with
various nominal>1hicknesses depending upon log quality
and size, end use, markef‘condifions, ana so on. 38 and
50mm material is sawn mainly during the Tasmanian winter
when afmospherfc relative humidity is high and therefore
‘air-drying conditions are mildest. Boards with these
thicknesses are produced mainly for structural purposes.

25mm boards-are produced largely for decorative applications
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and are sawn all year round at most millsThey are generally
converted from the green condition to dry, marketable
material in 5 to 12 months. On the ofher hand, 38mm boards
generally take between 12 and 15 months to dry and 50mm

material takes between 18 and 24 months.

FLuc?uafing market conditions, increasing
interest charges and large amounts of degradation of thick
material during seasoning have contributed to cut backs
in the production of 38 and 50mm material and concentration

on the production of 19 and 25mm stock.

25mm (nom. thickness) boards were used
exclusively throughout this invesfigafidn. However, the
imodels,formulafedrfor the analysis of fhis mafefiaL and
the §fress-confrol methods developed may be applied to any

timber of any thickness.

5.1.3 Experimental drying conditions.

Drying curves for hydrophyllic materials are
usually obtained by weighing test samples pefiodicatly
as they dry and recording their weight as a function of -
time. The total weight of the sample is related to its
average moisture concentration. In many-maferials, the
drying rate (in air) is governed by the diffusion of
moisture through the body to its surface rather than by
the rate of mass transfer. from the surfacé to the :
atmosphere, providing the air is moving. Under Theée

conditions, moisture gradients through the surface boundary
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layers in the air are very small and the surface zones
of the body rapidly approach equilibrium with the

atmosphere.

The rate of moisture transfer through timber
reduces as moisture concentration decreases (secfion:5.3),
hence the conditions-at the surface have an important
influence on drying rates. Test results can only be directly
compared if the drying‘condifions under .which measurements
are taken are accurately monitored and controlled. ?or
the saké‘of simplifying the theoretical anélysis of test
results, it fs usual to dry samples under constant conditions.
Experimental drying chambers (kilns) must therefore have
facilities for.confrollfng air 1emp¢rafure and humidity
as well as the air speed over the surfaces of the samples.
Details of the kilns used during this investigation .are given

in section 5.2.

5.1.4 Measuremeﬁf of the amount of moisture present in
| samglés.
The most common term used in the timber
indusfry to express the amount of moisture present in a piece

of wood is "moisture content", defined by

mass of water

- Tmass—of-dry_fibre (non-dimensional)

moisture content, M =

Moisture content is usually quoted as a percentage.

.In classical mass transfer theory (Chapter3),

the amount of moisture present in a material is described
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in terms of a concentration such that

mass of water

. . . _ '3
moisture concentration, ¢ = — = o maTterial (kg/m?)
"Moisture concentration” is independent of the density of
the material through which diffusion is taking place;
"moisture content" is not. Therefore, variations in density

‘Wiihin a given piece of timber (fqr example, between spring
wood and winter wood) can lead to apparent irregularities

in the moisture content distribution even though the material
may be.in a condition of .equilibrium (no moisture

movement). The approximate relationship between moisture
content and moisture concentration for "Tasmanian Oak"

with a dry density of 700kg/m® is given in figure 5.1.

5.2 Materials and Methods

5.2.1 Introduction

Drying tests were conducféd in three kilns
of different capacity. During all tests, average moisture
confeﬁ+ was monitored either by‘recording the total weight
of a sample or by conducting oven-drying tests (CSIRO, 1974).
Average moisture concentration followed from volume measure-
ments. The moisfﬁre concentration distribution over the
cross-section of samples was measured using a microtoming

(slicing) technique in conjuncfibn with_ oven-drying tests.

The determination of the diffusion coefficients
required for theoretical modelling was effected using a
combination of the diffusion cell method (Fish, 1957; McKéy,
1971; Rohsenow and Choi,.196l; Bramhall, I979,a) and the-metbod

of fitting coefficients to measured drying behaviour (Fish,
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1957; Doe, 1973,a; Bui, Choong and Rudd, 1980).

5.2.2 Kiln A: Small modified recirculating wind tunnel.

Capacity = 0.0068m3® (3 superficial feet).

This kiln and ifs controls are described in detail by Doe
(1973,b) . During.The course of tests, the temperature
controller was changéd from the Rototherm (which was foqnd
to be insensitive at low femperafures) to a Honeywell type

R 7308 temperature controller. This gave control
of dry-bulb temperature to within 0.590 at temperatures
between 30 and 60°C. The working section of the Kiln is

shown in figure 5.2 (a).

‘AIR IN

170
262

) AIR OUT

screen

(a) 1 #

. . nat or
Worvé/n_q section Sam,o/e rack (c) support
Typical sarmple_

Figure'5.2 .
Working section of 0.007m?® (3 sup. ft.) kiln




The typical dimensions of samples.dried in
the kiln are given in figure (5.2,c). The ends of each
sample were coated with a bituminous water-proof sealant
to prevent drying from the ends. Six samples could be placed
in the removable sample rack (figureB.é,b). S&mples were
suspended from the rack on 50mm nails partly driyen into

the ends.

The air flow across the board faces was in the
longitudinal direction (figure 5.2,a), the available range
of air speeds beihg_from 0 to 20(+) m/s with the working

section empty.

The maximum temperature/humidity condition

available was 85%C at 90 * 5% relative humidity.

5.2.3. Kiln B: Modified experimental hop kiln.

Capacity = 0.084m°> (38 superficial feet).
This kiln was also of the re-circulating type. ‘The general
detail is given by Doe (1979). However, a number of
modificafions were necessary before condifions suitable for

timber drying could be sustained.

The size.of the inlet and 5uflef ventilation

. ports was reduced to 100mm square to increase the percentage
of air recirculated. Humidity was controlled by injection

of steam from a low pressure boiler via a 6mm (4%") ASCO steam

solenoid valve. The open time of the soLenoid.valve was
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controlled by an automatic decimal counter * linked to the
existing system via micro-switches operated by the

ventilation dampers. |If the vents were fully open (conditions
too humid), the amount of steam introduced every minute was
reduced and vice versa. This gave control of wet-bulb
temperatures to within 0.5°C at dry-bulb temperatures

ranging from 20 to 50°C. ,

The working section of the kiln is shown in

‘figure (5.3,a)."

AR OUT

/000

125
&S 7 5bo
‘H-\ (b)
(a) AIR IN 25 ;@plba/ sample.

Workin g section

Figqure 5.3

Working section of 0.08m® (38 sup. ft.) kiln

* Automatic electrénic decimal counter - designed and built
at the University of Tasmania, Dpt. of Mechanical Engineering.
Injects between 1 and 16 seconds of steam every minute,

depending upon requirements.



A total of 54 samples (figure 5.3,b) could be blaced»in the
kiln at any one time. Again, the ends of the samples were
sealed with a waterproof coating and the samples were

suspended from racks on 50mm nails partly driven into their

ends.

The airvflow across the board faces was in the
transverse direction (figure 5.3,a). The maximum velocity

of air through the unloaded working section was 2 m/s.

The maximum dry-bulb femperafure available was
1400C. At IOOOC, fhe'maximum relative humidity attainable

was less than 70%.

5.2.4. Kiln C: Experimental timber kiln,

_Capacity = 0.50m® (220 superficiaL feet).
Early tests on small timber samples coated with
water-permeable materials proved that drying éTresses (and
therefore checking) in backsawn "Tasmanian Oak" could be
controlled. Testing on a large scale became necessary and
an experimental timber kiln (figure 5.4) was designed and

constructed.

- Care was taken during the design¥* to ensure .

¥ The experimental timber kiln was designed in 1980 by
C. Purdon, mechanical design engineer, Tasmanian Timber -
Promotion Board in conjunction with the Dpt. of Mechanical

Engineering, University of Tasmania.
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uniformity of conditions in the working section. Air was
circulated by a reversible,-500mm diameter axial flow fan
driven by a 750 watt variable speed D.C. motor. The maximum
air flow rate through the working section (fully loaded)

was 1.70m*/s, The kiln was constructed solely of aluminium
and was covered wifh 50mm rock wool insulation backed with

reflective foil.

Dry-bulb temperature was sensed and controlled
by electronic equipment designed and built in the
‘Department of Meéhanical Engineering at fhe University of
Tasmania and gave control to & 0.5°C over the temperature
range 10 to 60°C. _Hea}ing was provided by two 1500 watt finned-

tube electric heating elements.

‘Humidity was sensed by a SAUTER HBCC
humidistat mounted in the working area énd effective over
the range 0 to 95%.relafive humidity (sensivity 2% r.h.).
Control of humidity was effected by venting and steam
injecfjon in a similar way to that used in kiltn-B. The
ventilation dampers wefe operated automatically by a

Modutrol. motor regulafed by the humidistat.

Conditions necessary for the reconditioning
of timber (dry-bulb temperatures of 95 to IOOOC, saturated
humidity, sections 4.1.4 and 4.3). were provided by
introducing "wet" steam (IOOOC, afmospheric-pressure)'

to the working section from a 15 kW boiler.
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Stacks of timber, built up of 125 x 25mm
(nominal size) boards, having a cross—-section of approximately
0.6m square and a length of 2.2m were constructed (figure

5.5 and 5.19) and wheeled into the kiln on a modified

ﬁydraulic pallet track.

Figure 5.5

Test stack being lLoaded into experimental timber kiln.

5.2.5 Microtome (for measurement of moisfuré distributions)

During drying, the lines joining points of equal
moisture concentration in a wide board take the form shown

in figure (5.6).



A A
((C )
\‘
A A' \\\\ Lines of constant

moisture concentration .

Fiqure 5.6

‘Cross section of a sawn timber board showing Lines of

constant moisture concentration during drying.

Slices from the region AA—A?A' cuf.parallet to the faces

of the board will élso'bé cut parallel to the moisture
"contours" in that fegioﬁ. If the slices are cut thinly

and their moisture concentrations determined (by oven drying),
the distribution of moisture through the boérd may be plotted.
‘Disfribufions measured in this way provide a means of
assessing the moisfure.conéenfrafion at the wood/coating

interface of a piece of coated timber.

The microtome shown in figure (5.7) was used
to slice timber samples. The minimum practical slice
1hickne§s was found to be 0.2mm. Thinner slices could be
cut but these became brittle and difficu}f to handle when

oven dry.
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Figure 5.7

Microtome

- 5.2.6 Measurement of diffusion coefficients.

5.2.6.1 Introduction

The principal directions of diffusion in timber
are longitudinal, radial and 1éngenfial with respect to a
log (chapter 2). The drying of long boards takes place
primarily fhrough the board faces and therefore it is diffusion

in the transverse plane that is of greatest interest.

The diffusion coefficients of timber vary with
moisture concentration (Bramhall, 1979,a: Bui, Choong and Rudd,
1980). Therefore, to enable accurate modelling of the
diffusion process, it is necessary to determine the

relationship between moisture concentration and the diffusion
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coefficien}s in the two principle fransverse directions.

5.2.6.2 Direct measurement of mass diffusion coefficients

- Diffusion cell method.

The mass diffusion coefficients of wood can
be directly determined from heasuremenfs of s1éady—sfa¥e
- moisture transfer rates through 1hin,sampies. During this
investigation, timber samples with a fhicknesé of approximately

imm were mounted on perspex vials, as shown in figure'(5.8).

Timber ‘samp/é - 40 mm dia.
and approx. 1 mm thick .

'Magneéic stirrer - 30 mm lon

driven by a ﬁot’a//hy magnelic” freld

v
Q.—__ Satvrated salt solvtion

50 dla.

90

Figure 5.8

.Thin wood sampte'mounfedion diffusion cell

The ‘humidity inside the vial was held at a
constant value due to the presence of a saturated salt
solution. The vial was placed inside a chamber which was held
at a different but constant relative humidity and Thevsysfem
was held at a sfeady temperature. Moisture diffused through

the timber sample due to the difference in relative humidities
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on either side. Thus, moisture passed either into or out
of the vial, the transfer reaching a sfeady state when the
weight of the vial changed at a constant rate. The
diffusion coefficienf,-D, is calculated from the steady

state mass. flow rate using Fick's Law, viz:

. o.3c
. e = ~DA=s~

where ¢ = mass flow rate (kg/s),
A = area through which diffusion takes place,
and %% = mass concentration gradient.

The mass concentration gradient may'be obtained
by conditioning sméll pieces of timber (from the same
.sample as.fhaf mounted on the vial) ih atmospheres having
the same relative Humidify as those inside and outside the
vial. The equilibrium moisture concentrations of these
pieces give an‘esfihafe of the surface moisture concentrations
of the diffusion sample. The difference:-between the two
concentrations, Ac, divided by the sample thickness, Ax,
is a reasonable estimate of the average concentration
gradient through the sample providing the moisture
boundary layers are insignificant (section 3.6). Thus,

the diffusion coefficient,

If the concentration difference'across the
sample, Ac, is small, a moisture diffusion coefficient -

determined by the above method may be quoted as that
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corresponding to the aVerage moisture concentration of
the sample. Thus, a graph of the retationship between
diffusion coefficienTAand moisture concentration may be
built up by running a number of tests under different

conditions of humidity.

With this in mind, the equipment illustrated

in figure (5.9) was constructed.

Hood - air femper'afur'e

controlled by be-metallic
thermostat and 150 W

heating elements.

Constant ‘ /rum/e/:'/y
chambers.

240

-1 Fan drive motor .

V. 44Wa1‘eﬁ bath —fem,aeﬂa/ur-e
controlled éy bi-metallic

thermostats and 2 x250 W

Grmension Jfeaters .

o
-~

Figure 5.9a

Constant humidity chambers - general arrangemenf'A
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Removoble lid with
a[r'—f[_y/l{ seal .

50mm bar magnet
mounted on 100 nm dia.
cincu/af[n_q fan.

<~ Fan dove belt
/L— Saturated salt solvtion,

Samp[e under test )
Perforated

P[az‘form

Fiqure 5.9b

Constant humidity chamber

The air inside each of the constant humidity
chambers was circulated by a 100mm diamefef belt driven
fan. A powerful,bar magnet attached to the hub of each
fan provided the rotating ﬁagneTIC'field necessary to drive
the stirrers inside the vials (figure.5.8). The vials
holding the test specimené were placed on a perforated
platform inside each chamber and the mass flow rate through
the samples determined by periodically weighing each vial.
The saturated salt solution required to give a particular
constant humidity was placed in fhé bottom of the chamber.
A different humidity was maintained in each chamber. The
chambers were partly immersed in a constant temperature
water bath and covered by a hood under which the air

temperature could be regulated.
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Five diffusion cell tests could be conducted
simultaneously. If the samples being tested were cut from
"the same small piece of wood, five points on a graph of
diffusion coefficient against moisture concentration could

be obtained from one test run. A

Examination of the sorpfién isotherm for wood
(figure 4.2) reveals .that the measurement of diffusion
coefficients at moisture concentrations greater than the
fibre saturation point is impractical by the diffusion cell
method. A suitable method is that of fitting a mathematical
quel of the diffuéion process to measured drying behaviour

by adjusting the diffusion coefficients (section 5.2.6.3).

5.2.6.3 Mass diffusion coefficients inferred from drying tests

The method of inferring diffusion coefficients
from drying tests is well established (Fish,‘1957; Doe,
1973,a; Choong and Rudd, 1980). A mathematical model of
the drying process is constructed and the diffusion coefficients
are adjusted until the solufions to the model fit the measured

behaviour.

The diffusion equation (equation 3.18) was
approximated by an implicit finite difference scheme and
the resulting equation system solved by digital computer
(see Aﬁpendix B). Care was taken to énsureAfhaf the

‘solutions were stable and convergent (Chapter 3).
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The approximate relationship between 1he»
diffusion coefficients and moisture concentration may be
determined by fitting the mathematical model to the results
of drying tests conducted between equilibrium conditions
associated with small changes in moisture concentration,
This was achieved by taking small samples of timber
(figure 5.10), seafihg their edges and allowing them to
come fto equilibrium under conditions of cons?an+

temperature and humidity.

Ec/_qes and ends sealed .
_T_y/u'ca[ dimenscons : €= &mm
_ b =25 mm
! =50

radial { faﬂ_q.)

Z(anjen tial (rad)

/0/7_71'[ vdinal
' : Figure 5.10

Wood samples used for the determination of diffusion

’goefficieqfs by .the method oiﬁigference
The samplés were 1hen fransferred to an

atmosphere of different (low¢r5 hUmjdi%y and their weights
(and thicknesses) recorded as a function of time. When

the samples approached equilibrium under the new conditions,
they were oven-dried to enable célchlafion of mqisfdre
concentrations. |If all edges of a sample have’been sealed,
moisfure transfer takes place ih one difecfion only, |

simplifying the theoretical analysis. Theoretical
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desorption/adsorption curves were calculated assuming that
the diffusion coefficient (in the relevant direction, eg:
radial, tangential) was roughly constant through the

range of mois1ﬁre concentrations over which the test was
being conducted. The diffusion coefficient resulting in
the closest agfeemenf between Theory-and measurement wa%
approximately that corresponding to the average equilibrium
moisture concentration for wood fibre over the test range.
Care must be taken to avéid_fhe problems described in

section 3.6.

The equilibrium moisture concenf?afion of
"Tasmanian Oak" at 95% felafive huﬁidify is approxihafety
150kg/m?. _Thé determination of diffusion coefficients
at higher moisture concentrations isvpossible by a similar
‘method. Samples of green timber (figure 5;10) may .be placed
in an atmosphere having a high relative humidity (say 90%),
the diffusion coefficienfs being inferred by the method

previously described.

THe relationships between the mass diffusion
~coefficients and moisture concentration determined by the.
methods .outlined in section 5.2.6 are approximate. ‘The model
may be refined by fitting theoretical drying curves to |

those. measured for sawn boards.
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5.3 The diffusion coefficients of "Tasmanian 0Oak"

5.3.1 Introduction

It was demonstrated in section 3.2.3 that mass
and thermal diffusion in "Tasmanian Oak" may be considered
independently during drying .at low temperatures (of the
order of 4OOC). The relative magnitudes of the radial and
tangential mass diffusion coefficients were determined from
diffusion cell tests over a range of moisture concentrations.
A relationship similar to that used by Bramhall (1979,b)
to describe the dependence of mass diffusion coefficients
upon moisture content (concehfrafion).was addpfed."The
maximum value of the mass diffusion coefficient was adjusted
(keeping the shape .of the retafionsﬁip unchanged) until
méasured and caLculafed drying.curves matched well. The
variabiyify of the coefficients was studied by analysing

the results of a number of tests.

During the course of analysis, good agreement
was oﬁservéd between measured drying-curves and Thoée
calculated using constant diffusion coefficients
(indepen&enT of moisture concentration). The mathematical
model used made ﬁo allowance for shrinkage during drying.
It may therefore be deduced that the effects of faltling
diffusivity and fibre shrinkage associated with the drying
of "Tasmanian Oak" below the fibre saturation moisture

concentration effectively cancel each other.

From the inferred values of the mass diffusion
coefficients, the approximate properties of water-permeable

coatings required to maintain moisture concentrations
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grea?ef than the fibre saturation point on the faces of
back-sawn boards during the early stages of drying were
estimated and a number of suitable materials }denfified.
Tests using a mixture of animal glue (gelatine) and

talcum powder (filler) proved experimentally that checking

(and therefore drying stresses) in back-sawn "Tasmanian

‘0ak" could be controlled.

5.3.2 Diffusion cell test results

Veneers approximately 2Z2mm thick werevcuf from
a 300mm long, clear, dry-(M=12%)'piece of quarter-sawn
"Tasmanian Oak" with 100 x -50mm cross-section. Exact species
identification was not possible, but the sample was thought
to be eifhef E. delegatensis-.-or E. regnans. The veneers were
sliced both parallel and perpendicular to the growth rings

in order that both the radial and tangential moisture

w£+diffusion coefficients could be measured.

Five specimens from one.piece of veneer cut
parrallel to the gronh rings were fitted to vials and
placed in the constant humidity chambers of the diffusion
cell apparatus (section 5.2.6.2). The test is described

diagramatically in figure (5.11).

84 rh 757, b - 57k 52 rh. 33/ rh.
wood - :
ople 5/ 84/ 77/ 57 52

FIGURE S-//

7est for diffvsion co-etficients by
diffusion cell method.
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°Cc. The

The temperature of the system was held af-30 t 2
air inside the vials was not stirred but that outside was.
-The vials were weighed every second or third day for
approximately 28 days. Steady state prevailed in all cases
after the 14th day. Samples cut from the original'piece of
veneer were placed in each of the constant humfdify chambers
.in‘ordef to determine fhe-equilibrihm.moisfure

concentrations of the wood under various conditions of
humidity (i.e. to défermine the appropriate sorption
isotherm). The diffusion coefficients were determined from
equation (5.1) using the measured steady-state mass transfer
rafés. At the end of the test, the samples were removed from
the vials and oven-dried to determine their average mqisfure
concentrations. .The~fes1 was repeated usinb veneers cut
perpendicular to the growth rings in order to meésure the

- tangential diffusion coefficients. The results are shown in:

figure (5.12).

x ' 6 radial .
x i—anyenﬁ'a/ .

Ditfusion  co- efficient m‘//u')
0
[4))
s,
X

o L L] ¥
o 50 100 /50
Moisture concentration (kg/m').

Figure 5.12

Diffusion cell test results
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Diffusion cell tests were conducted on
numerous ‘samples .of "Tasmanian dak" wifh original moisture
concentrations of between 70 and 90 kg/m3®. Regardless of
-whether the airvfnside»fhe vials was or Was not stirred,
the results consistently took the form described in figure
(5.12). Stirring did, however, increase the moisture
transfer rates Throuéh the wood. The inconclusive nature of
“the diffusivify - moisture concentration retationship is
probably due to the historical sorp?ioh effects described fn
section 3.6. Although the required relationship could not
be deduced from these tests, two useful results were

forthcoming.

Firstly, fhe‘raiio_of the fangeﬁfial to the
radial mass diffusivities measured at the same temperature
was épproximafely»consfanf over the range of moisfuré
concentrations covered by the ftest. .From.figure (5.12), it
may be deduced that | |

D(tangential) ~ 0 i
D(radial) :

for "Tasmanian Oak".

Secondly, the radial diffusivity (measured as
a function of temperature at approXimafély constant moisture

concentration) displayed the trend shown in figure (5.13).
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© moisture concentration, ¢~ 50 by fr®
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Figure 5.13

The variation of diffusion coefficients with temperature

(for "Tasmanian 0Oak")

A relationship between diffusivity and absolute
temperature similar to that proposed by BramhalL>(l979,a)
was fitted to the méasuremenfs in . order to obtain an estimate
of the activation energy of diffusion (section 3.2.3). The
slope of fhe fitted curve is similar -to those measured over
the range 18 to 34°C.A However., at -temperatures gfeafer-fhan
34°C, the measured diffusion rates at moisture concentrations
of 75 and 150 kg/m® increased rap.idly. These.observa?ions are
due in part to difficulties experienced in humidity control in
1hé diffusion cell apparatus. |In some cells, the solutions
used for humidity control became unsafuréfed due to the increase
in the solubili+y of the sa(fs at elevated temperatures

resulting in loss of control over humidity. Further testing

is necessary before results can be quoted with confidence.
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Never the less, the relationship

380
'('T*_)
D.=Doe

where T = absolute temperature
does compare favourably with the results of other research

workers as summarised by Bramhall (1977).

5.3.3 Diffusion coefficients inferred from drying tests.

Drying curves were obtained for 760mm Llong
quarter-sawn "Tasmanian Oak" boards with original (green)
cross-sections measuring 136 x 28mm. The drying tests were
conducted in kiln A (section 5;2.2) ﬁnder-ccnsfan+ conditions
of temperature and relative hpmidify. TheAfesT;bOafds were
periodically removed from the kiln and>smaLL sections cut
from them for moisture concentration determination. Some
test results are contained in Appendix C. The relationships
between average moisfure.concenfréfion and time were plotted

(for example, figure 5.14).

The original moisture concentrations in the boards
tested ranged from 400 to 700 .kg/m® (moisture contents of 65%
to 120%). Tests were generally conducted at 30°C and 60 to 70%
relative. humidity. The dryihg rates, even over the relatively
small sample population fés?ed, varied markedly. The
duration of early tests vériedAbefween 160 and 460 hours (that
is, samples were not dried to equilibrium). A typical

drying curve is shown in figure (5.14).
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Measvred drying curve for a /36x 28 mm
guam‘e’rv-sawn board of E. a/e/egm.‘ensis -

500 - N\dried ot 34°C d.b.) and 30°C (w.b)
- see AppendixC , RUN 1 | sample 3.

4oo0

300

L]
L) o 100 200

(DRYING TIME (,lfouﬁs)
' Figure 5.14

When describing moisture transfer through
wood (using a pressure as the driving force for diffusion),
Bramhall (1979,b) found that the maés diffusion coefficient
(which, in his case, was indepehdenf of temperature) was

best described by a function of the form

D = exp [K¥§H - E]_
where A, B, E are constants
and M- moisture content.
This function became zero at about 7% (moisture content,
dfy basis). A parabola passing through the origin was used
at moisture contents below 9%. During this investigarion,

a similar function (equation 5.2) was used in conjunction
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with an implicit finite difference approximation to the
governing diffusion equation (equation 3.18) to calculate
drying curves. The computer program described and listed

in Appendix B was used for this purpose.

I " Radial direction, D, .

_ Tanjen&'a[ direction | 1) .

MASS DIFFUSIVITY /,n 7/,,.)

A . 7[5,0 . -
> MoisTURE  concenTRATION ([ A9 /m?),

:Figure 5.15

The ‘approximate form of the Diffusivity-Moisture

concentration relationship for "Tasmanian Oak".

The value of the diffusion coefficient in the

radial direction, D,, is given by

_ . A-ci|
D, ',Dmax[ 1 exp[ B ]] (5.2)
. - . . - 2
where | Dmax upper timit of diffusivity (m“/hr)
A, B = constants,

and

(e]
n

moisture concentration (kg/m?).

The values of the constants D A and B were adjuéfed

max’

until the calculated dry:ing curves agreed closely with those
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measured.

For simplicity, the ratio of
| %F = 0.7 . (secfion 5.3.2)

was assumed to hold forvaLl samples. Figure 5.16 shows the
agreement befﬁeen the measured and calculated drying curves

for the example given in figure 5.14. A drying curve based on
the assumption that fhe diffusion coefficdéents of

"Tasmanian Oak" are independent of moisture concentration is
alsé plotted in figure 5.16. The agreement Sefween this curve
and the measurements is better than that obtained from the

falling diffusion coefficient model (equation 5.2). This

was attributed to the combination of two effects.

ijs*ly, the mafhemaficaL model used (Appendix B)
made no allowance for the shrinkage of the wood fibre during
drying. The effect of shrinkage in the real situation is to
shorten the diffusion pafhways and therefore to accelerate

drying.

Secondly, the diffusion coefficienfs of wood
~(using moisture concentration gradients as the driving
"force" for diffusion) arecknown to decrease with decreasing
moisture cpncenfrafion (BEamhalL, 1979, a; Chrisfensen and
Hergt, 1969; ...Also section 5.3.2). -Debreasing diffusion

coefficients tend to slow the drying procéss.

The fact that good agfeemenf exists between
measured drying curves and those calculated using constant

diffusion coefficients leads to the deduction that the
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effects of shrinkage and decreasing diffusion coefficient

cancel one another,.

I
R / - ;6—_0';9) 2
E Curve @ : D, = 525,57 (/— e ) .”’/A"-
~ ’ Corve @ : D, = 3~90,;7/nz//§r and s
g independent of maisture concentration.
N X : measurements.
gl $oo ‘
]
N
3
)
3
J
g 400
N
2
N
‘\"). 300 {
<
N
<
200 v - S e
o 100 ) 200
Drymg 7ime (hours).
. Figure 5.16
A comparison of measure and calculated drying curves
for 136 x 28mm "Tasmanian Oak",.
The diffusion coefficient of "Tasmanian Oak" in the radial

direction (based on the simple constant coefficient model)
was found to vary from 1.0i0+7m2/hr to 2.010-7 m2/hr over the

sample population tested. (See Appendix .C for further details).

The most commonly occuring value was found to be 1.710¢7 m?/hr.
5.4 Initial trials on coated back-sawn "Tasmanian Oak"
5.4.1 Introduction

Freshly-sawn "Tasmanian Oak" boards have average

moisture concentrations in the range of 400 to 700 kg/m?
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and must be dried to an average moisture concentration éf
approximately 80 kg/m?® (equilibrium with the atmosphere).

As timber dries in air; its surface fibres rapidly approach
the equilibrium moisture concentration of wood under the ambient
conditions. In the early stages of drying, a large proportion
of the cross-section of a board remains at a moisture
concentration greater than the fibre saturation point
ffypically, fibre saturation point =170 kg/m3). The
shrinkage rate of wood below the fibre saturation point

is high compared with the rate above the f.s.p. (figure .4.3).
Therefore, if the surface layers of a board could deform
freely, they would shrfnk by a much greater amount than:

the inner zones of the board. However, the }nner zones

act as a restraint to the shrinkage of the gurface fibres;
thus, fensile stresses are generated at the surface. |If
these stresses become high enough, checks develop. By
apﬁlying aAsemi—permeabLe coating to the surface of a

board, the surfacé fibres can be held at moisture
.concentrations at or above the fibre saturation point for

a period of time early in drying. In this way, differential
shrinkage (and therefore drying stresses) can be controlled.

. (The principle is described in detail in section 4.6).

To be effective in controll-ing checking, a
coating must have the correct combination of permeability
and thickness. From known moisture diffusion rates through
green wood, the approximate physical requiremenfé of the
coating were deduced and various potential coating

materials selected on the basis of published or measured .
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moisture transfer properties. Qualitative tests were
conducted on a small sample population to determine the
relative performance of various coatings. A coat.ing

based on animal glue and talcum powder with a thickness

of 0.7mm was found to consistently eliminate face-checks
froh approximately 80% of back-sawn 25mm (nominal thickness)

"Tasmanian Oak" boards.

5.4.2 Estimation of required coating properties.
In section 3.4.2, an approximate method of
determining the combination of coating thickness,d ; and

diffusivity (diffusion coefficient), D required to hold

c’
the surface fibres of a back-sawn "Tasmanian Oak" board
(having a radial diffusivity, Dw) above the fibre

saturation moisture concentration for a time, £, is

described. The relationship deduced (see equation -3.28)

was )
' 'd=D° f_

2 Dw

where Dw lLies between 110-7 m?/hr and 210-7 m2/hr fdf

| "Tasmanian Oak™. Commonly, D, = 1.7 = m?/hr.

It was esfiméted'fhaf if the surface fibres

of back-sawn "Tasmanian Oak" boards were held above the
fibre saturation moisture conceﬁfrafion for 120 hours
(5 days), sufficient flattening of moisture gradients
would occur. (At the time this estimation was made,
detailed quantitative information on the deVeLopmenT df'

drying stresses in timber was not available).
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Subject to the various assumptions made in
section 3.4.2, the required diffusivity of a coating,

Dc’ having a thickness, d = 1mm, -follows:

- ) 2 . _ 2
Dc 0’5810 72 m“/hr if Dw 110 sm“/hr,

or D= 0.82 -7 m?/hr if D 2 -7 m?/hr.
c 10 10

w

Using fhe most commonly encountered value of
the radial diffusivity of "Tasmanian Oak" (Dw21.710—7 m2/hr)
the required coaffng (with thickness,d=1mm) has a
diffusivity, D, = 0.75 - m?/hr.

c

5.4.3 Early tests on coated material-

A coating based on animal .glue (collagen) and

mixed in the proportions
1 water : 0.4 dryianimaL glue crystals : 0.75 talcum powder

(by weight) was found to produce a tough material with a mass
diffusivity of approximately 0.710_7 m2/hf at a moisture
content of approximately 5% (dry basis). The constituents

.of this coating were mixed at a femperafdre of about 50°C.

The mix was sprayed onto the surfaces of green
boards at a temperature of abouf 40°%C. At tempefatures
less than BOOC, the newly applied coating changed from a
liquid to a jelly and adhered sfromﬂy to the wood. The
coating was found to shrink by approximately 50% from its
initial state to 5% moisture content (dry basis) and
therefore the necessary "wet" thickness was about twice the

required "dry" thickness. (The development of the coating
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is detailed in Appendix D).

In order to examine the effectiveness of the
animal glue/talcum powder coating, qualitative drying tests
were conducted in kiln B on samples of back-sawn "Tasmanian
Oak". Freshly back-sawn boards were obtained from lLogs
selecfed-af_random. -125 x 25mm (nominal cross-section)
boards, 4.2m long, were cut into 8 pieced (each 0.5m long),
four of which were coated and four. used aé controls. The
test samples were coated as soon after milling as possible
(usualiy within 3 hours) to ensure fhaf.cheqking had not
‘been initiated on the board faces prior to the application
of the "moisture barrier”. The test boards and their
controls were dried in kiln B at approxima}ety 300C and
70% relative humidity. In-total, material from 15

different trees was tested.

Face checking was observed in the control boards
from all but 2 trees. The effectiveness of animal glue/:
talcum powder coatings with various thicknesses was
studied on material ranging in initial. moisture conceniréfion
from 400 to 700 kg/m®. When checking occured in coated
boards, it did so after a number (3 or 4) of days of drying
and the checking was less extensive Than'+haf observed in
the controls. Local variations in coating thickness
contributed to the difficulty of éssessing observations
but coatings with a "dry" thickness of between 0.65 and
0.75mm were found to consistently eliminate checking in a

large proportion (roughly 70%5 of the material tested.
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5.4.4 .Measured moisture distributions.

Two samples,

a board with 100 x.:25mm (nominal) cross-section.

each 0.5m long,
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were cut from

One sample

was coated with the animal glue/talcum powder mix to a

thickness (at a moisture content of 10%, dry basis) of

about 0.7mm and the other used as a control.

Both

samples were dried in kiln B at a temperature of 300C

and a relative humidity of 70%.

sections were cut from each

Periodically, 50mm long

board and the microtome

(section 5.2.5) was used to determine the distribution

of moisfure in the wood.

\
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The .results appear in figure (5.17).

MEASUREMENTS :

X 1~ afler 120 hours drying

© - after 360 hours drying

CALCULATIONS:
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Figure 5.17
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Measured and computed moisture distributions

within coated and uncoated 25mm "Tasmanian Oak" boards.

The results presented in figure 5.17 clearly demonstrate
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that the surface fibres of the coated board remain at
moisture concentrations above the fibre saturation
point for a considerable period of time following the

commencement of drying.

5.5 Large-scale tests on coated timber.

5.5.1 Introduction

"The resul?é of drying tests conducted in kiln
B (section 5.2.3) on a relatively small sample population
(5.4.3) showed that a coating based on animal gtue'and
talcum powder successfully eliminated face cheéking in a
-large proporfién of back-sawn "Tasmanian Oak". The
requifed "dry" jhicknegs oficbaffng was abﬁroximafely
- 0.7mm (at a moisture confenf, M = 10%). The coating was
mixed in the proborfions

' 3.5kg .water : 1kg dry arimal glue crystals .: 1.88kg talcum
. . : ' powder

(by weight) at a Temperé¥ﬁfe of 5006 éﬁd was sprayed onfa
the faces of fresh@y—éﬁf (less Thaﬁ-4 Hours old) back-sawn
boards to a "wet" thickness of about 2mm. By spraying

the coating onto the boards in thin layers,gradually
building up to fhe'required thickness, i.t was possible ftfo
obtain a reaéonable uniform coverage (* 10% of the required

thickness).

The effectiveness of the coating as a check-
control method was examined using Llarge sample populations

of relatively long (2.2m) back-sawn boards. The timber
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was dried under conditions similar to those found in

industry.

5.5.2 Selection of material.

Four stacks (each of 0.5m%) of 25mh (nominal
thickness) back-sawn E. delegajensis were dried from green
to equilibrium with +he atmosphere (M = 13%, ¢ = 90 kg/m?),
Three stacks were obtained from mills in soufhern Tasmania
and one from noffhern Tasmania. 4.5m long boards were
cut from randomty selected logs and, where possible,
face-matched sampLe§ were obfained,‘ ALleaTeriaL tested
was close to fully back-sawn. Each.board_was halved (to
a length of 2.2m), tagged and stacked ready for
transportation to the Uﬁivefsify of Tasmania (Hobart,
southern Tasmania). Stacks were wrapped in damp hessian
and covered with polyfhene during transportation and
storage. ApprokimafeLy half of the material in each stack
was coated, the coating beingvapplied a maximum of 24

hours affér cutting.

The first stack was made up of material from
fwelvebdifferenf logs, all grbwn in the central Tasmanian
hightands.- This maferfal was reputedly amongst the most
difficult ("refractory", prone to checkfng and collapse)
milled in southern Tasmania. _The material making-up the
second stack came from seven logs, all grown in south-
western Tasmania. The third stack was cut from very poor
quality logs, again from the cenfra( highlands. Nine logs

were sampled. Only two logs were sampled in the fourth
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stack, the material coming from the central north of

Tasmania.

Prior to coating, the timber in all stacks was
closely examinéd and the qual.iity of the "raw maferial"'nofed.
The boards making up the first, second and fourth stacks
were considered to bé a "run of the mill", aVerage
quality, there being no major or persistent natural defects.
However, the méjorify of boards making up the third stack
exhibited faults of some kind. There were-many large deviations
in grainidirecfion (particularly around kno+§ or other
irregularities), and there was a higher than average
amount of rotten pifh and large numbers of éﬁm veiné and

borer holes.

5.5.3 Method of applying the coating.

The animal glue/talcum powder mixture was : .
sprayed onto the surfaces of gfeen timber in a lLiquid form.
at a temperature of approximafély 50°C. Upon contact with
‘the relatively cold board surfaces (usually 150C), the coating
set to a rubbery jelly which adhered strongly to the boards.
With a Little care, freshly-sprayed boards could be

handled without damaging the coating.

Hot coating mix was sprayed onto the faces of
boards using the apparatus shown schematically in figure

5.18.
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Key: :
[a] - compressed air lines .
' w ~ hot water lines (heating),
‘Air compressor ¢ - coating feed lines
(5004R: | Bcfm).
!
T »{a} — { a} ={a}

WATER : . coatin v
(50°c) g N
3 s - - spray

AN A ;
MIXING POT PRESSURE
. HEAT - -
VESSEL (300 44)

Figure 5.18

‘Schematic arrangement of animal glue spréyfng apparatus

Water at 60°C was circulated through the system
in order to maintain temperatures at which the animaL'gLue/
talcum powder mixture remained liquid. I f 1hé water was
allowed to fall below 40°C, the viscosity of the mix |
increased markedly causing congestion in the feed lines
to the spray nozzle. The mix "set" (Jeliified)_ at a
temperature of approximafely'SOOC. The spray nozzle used
was of the hand-held, compressed air operafed.fype commonly
found in the automotive repair industry and was fed by twin
émm (%") flexible jacketed hoses. The liquid coating mix

was forced through the feed lines under an applied pressure
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of 300kPa. The system was capable of coating both faces

of a 3.5m long, 125 x 25mm (nominal) board in one minute.

Generally, the test boards were stacked in such
a way that every alternate layer contained coated boards only.
Matched pairs of qoafed and.confrol boards were always
placed vertically above one-another in adjacent layers.

Figure (5.19) shows the apparatus.-.in more detail.

5.5.4 Drying Schedules

The stacks were air-dried under shelter from
the weather fér approximately 8 weeks, followed by a period
of approximately 2 weeks kiln-drying at 30°C and 50%
relative humidity. They were then reconditioned (post-steamed)

and allowed to air-dry for a further period of 7 to 10 days.

The drying schedules currently uéed in-the
Tasmanian hard-wood milling industry for quarter-sawn maferiél
vary greafty according to the geogfaphical location of the
seasoning vyard and the properties of the species milled.
An average drying schedule for 25mm (nominal) thick
material might involve air-drying for 6 months (to an
average moisture content of about 20%) followed by
recondifioning for between 4 and 6 hours’and.kiln drying
for a further 4 to 5 days, giving a total drying time of
approximately 26 weeks. The use of pre-dryers (low
Temperafﬁre kilns) fdwards the end of air-drying shortens

the total drying time to about 16 weeks.
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Coated back-sawn material (with a nominal thickness
of 25mm) was dried from green to a moisture content of 143

(dry basis) in 12 weeks.

5.5.5 Results

The qﬁalify of the timber dried after coating
Qifh a semi—permeablé material was much higher than that
dried without. About 10% of the control boards did not check,
nor did fhe-corresponding coated boards. Checks appeared in
about 20% of the coated bbards.for'which the -controls |
checked. Coated boards did not, as a rule, exhibit as much‘
collapse as the controls. However, the gross shrinkage of

the coated material was marginally greater than the controls.

"Cupping" of the crosé—secfion of coated boards
was often more emphatic than that found in confrols} The
cupping of boards making up Larger stacks would'probably
be reduced as greafer.resfrainf would be provided for mbsf
‘material due to increased depd-weighf. However, the
restraint of overall deformation would add to stresses over
the cross-section and might increase the probability of
formation of checks (see section 4.2).

Stack No. 1: The animal glue/talcum powder'

mix was sprayed onto the faces of the boards in a wet
‘thickness of about 1.8mm, giving a dry thickness of

0.4 £ 0.05mm. This amount of shrinkage was not expected.

After drying in air for one day, face checking
became apparent in the controls and after 6 days, checking

was observed ih about 30% of coated material. The test was
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discontinued after 8 days when roughly 70% of the

coated material had checked.

Stack No. 2: In this case, care was taken to

ensure a "dry" coating thickness of 0.8 * O.1mm. Drying
according to the schedule described in section 5.5.4 produced
face checking in about 85% of control boards. Checking

was eliminated in-approximately 90% of coated material with

matched control boards'exhibifing checks.

Stack No 3: The coating had.a "dry" thickness

of between 0.7 and 0.8mm. All control boafds checked and
checking was eliminated in about 2/3 of coated material.
This result was regarded as most satisfactory in view of the

quality of the green material.

Stack No 4: Again, the coating had a dry

1hicknéss of between 0.7 and 0.8mm. 2/3 of the boards from each
of the two logs were coated. The stack was made up of a total
of 40 coated boards, each 2.2m long, and 20 controls .of

the same Lengfh.- The total volume of timber in the stack was
0.39m3 (175 superficial feet). Only two of the control

boards did not check, both of these coming from the same log.
Checking was eliminated completely from 34 of the coated boards

and the checking present in the remaining 6 was not seQere}

Where present, checks in the coated boards
were often associated with areas of damage to the coating or

with an area in the coating where the required thickness



149

had not been attained. This re-emphasised the need for

uniformity of coating thickness.

Drying curves for the three stacks dried to
equilibrium with the atmosphere are given in figure . (5.20).
The moisture content of a number of boards in each stack was

monitered. Oven drying tests were used exclusively.

/00 .
\ . ——— Stack number 2
‘ ——————— Stack npumber 3
W\ ——  Stack number 4

Moisture content (g water per /0O g c/r'y' fibre)

n
o
|

T T T T = T T T

o /0 20 30 <0 so €0 . 70
Drying time ( a’ays) .

Figure 5.20

Typical drying curves for coated and uncoated

25mm "Tasmanian Oak'" boards.
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Note the pronounced period of constant rate
drying of the coated boards brought about by the fact that
the coating governs the moisture transfer rate from the
wood surface.

The major economic advantages of back-sawing
are to increase the rervery of dry sawn timber froh each
‘log,to reduce handling and to shorten drying fimes, thus lowering
interest costs. Unfortunately, {he cupping observed in
a percentage of dry, coated back-sawn boards meang‘?haf
a larger percentage of wood than usual is lost during
final machining (dressing). In a commercial sifuafion;
this would +end.fo of f-set the increased recoVery on

initial sawing to some extent.

Although commercially uneconomic, large-
scale fesfs using the animal glﬁe/falcum pbwder coating
proved the principle of drying through a semi-permeable
material to be soundly based. The éffecf of coatings
on the drying stresses in timber is more thoroughly

examined in Chapter 8.
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CHAPTER 6

THE THEORY OF ELASTICITY OF ORTHOTROPIC MATERIALS

6.1 Introduction

The drying of.fimbef gives rise to a state of
differential shrinkage strain and therefore stress. These
stresses are analogous to those resulting from thermal
gradients. In order to fully déscribe the behaviour of
timber while drying, it is necessary to develop a 7
theoretical model which enables prediction of stresses .and
deformations. From such a model, rapid evaluation of the
effectiveness of proposed stress control methods can be

made and its use can be further extended to optimise the

economic benefits of such processes. Before a sfudy'of the
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state of stress in a material can be commenced, a number
of assumptions must be made regarding its behaviour under

load (stress).

In timber, as in most engineering materials,
deformations result from the application of external forces.
Provided these forces do not exceed certain Limits, the
deformation will disappear upon removal of the forces.

Such behévidur is said to be perfectly elastic. Throughout
the derivé?ions in this chapter, it fs assumed that the
material under consideration is perfectly elastic and that
a linear relaTionshjp exists between load and deformafién.
Further, it is aséumed\fhaf.fhe smallest element cut from .
" the elastic body posesses the same properties as the body
as a whole; that is, the material is assumed to be
homogeneous. Although timber does nof satisfy these
conditions completely, solutions to theoretical models
based on. these éssumpfions give good approxfmafions to the

actual behaviour.

6.2 The Behaviour of Elastic Materials - the Basic Concepts.

6.2.1 Strain, displacement and deformation.

The deformations that commonly occur within
elastic Llimits in engineering materials are small and vary

continuously over the volume of the body under consideration.
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Consider the element of an elastic body shown
in figure 6.1. Let u, v and w represent the components of
displacement in the x, y and g directions respectively.
Assume that there are enough constraints on the elastic
body to prevent it moving as a rigid body. Therefore,
no part of the body may be displaced without the body being

deformed.

Figure 6.1

For small displacements, the elongation of 0A is %%dx

The unit elongation or "strain" at 0in the x-direction is

- 7 v
defined as Ex = 3% similarly, Ey iy

Consider now the angle change at 0 produced by the deformation
of the body. The total angle change is known as the shearing
strain at 0 in the x-y plane and is made up of the two

components ©&, and &, of figure 6.1,



That is, the shea
Buy = O+ s

The above discussion extended

vV

_au _ 9
E " 3x 0 & ° 3y £,
_ du v ) _
Sy "5 ¢ w2y

Equations (6.1) fully define ¥

point within a material.

6.2.2 Equation of compatibili

158

ring strain,
v, du
X 9y °

to three dimensions yields

_ Jw
7Y
LY aw _ ol aw
% * dy ’ Jx% - 9y T

.

he state of strain at any

ty.

e (6.1)

The six strain components defined by eqdafions

(6.1) are completely dependent upon the three displacement

components u, v and w. Therefore, the strain components

are not independent.
From equations (6.1), we find that
32Ex Bau’ ézﬁy . 33y ; % 8xy 9%, 3%
dy? TOxdy? dx? ax23dy 3xdy dxay?  aIx’ay
2¢, 2 2
and therefore 3%Ex + é—él = E‘gil (6.2)
dy? ax? dxdy TP el
2 3 2 2
Also, 32Ex - a u ; BXxy - o’u , _9°v ;
' dy 3y dXxdydy 3y dydy  dx3y
38yy _ 3w, 3%w . A¥xy _  _d%u 32w
; =
X ax 93 Ix oy 3y 0y 33 9xdy
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326x  _ 3 | a¥xy _ alyy . alxs

dydy  ox | 33 ax 3y

Therefore, 2
J ... (6.3)

A total of four more equations (similar to 6.2
and 6.3) exist. Therefore, for the six strain components
to be compatible, the following six relationships (known as

the equations of compatibility) must hold.

a26x | 3%ty 82y xy ; g 22Ex  _ g_[ 2dxy 3y ; BZXQJ
3y ? ax? 3xdy 3y 9y x| 99 3x dy

&y, %8 | 328yy | 2 228y _ §_[ a8xy , 38y _ 35x9]

3y dy? dydy - 3x3%y dyl 9y ax dy

226, , %&x _ 3Mxy ., 326 _ 3 [ 3y 3dys . 38x3
ax? 392 9x937%. 3xdy 9% 0y 3x 3y
e (6.4)

6.2.3 Load - deformation relationships.

Consider a rectangular paréllelepiped sub jected to

a uniform stress in the x- direction, @ as shown in figure

x}
(6.2).

¥
i
6""—‘—_"‘ : "——"6x
l .
'

-
-
-
-
-

Figure 6.2
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The unit elongation or strain in the x- direction associated

with the applied stress is given by Ex = %— Ox where E, és

X

Young's modulus (constant) for linearly elastic materials.

The deformation in the x- direction is accompanied

by unit lateral contractions,

Ey = Mxy Ex and &, = -Axg Ex

where 4§ = Poisson's ratio for determination of strains
in the j- direction resulting from those in

.the 4{- direction.

Hencey; strains resulting from a three-dimensional

direct stress state may be expressed as

Ex = Sx _ Oy . _ ,x,—c—}

Ey - y.%% % - gy, S

g S 3 /% P
Ox o] Gy

Ea»= '7“"9"5__ - /f«af*; ) ...(6.5)
. B E,

Consider now the action of shear stresses
- only.  Figure (6.3) shows an element of material in the
x-y plane deformed due to the action of the shear stresses

T&y and Tyx.
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Figure 6.3

From static equjlibrium requiremehfs, it may
be deduced that T&y = Tbx. Shear strains are related to

shear stresses by the simple relationships

Sxy - Ty 5 8yy = z—Typ and G - g~ -Tnx

1
ees(6.6)

where sz is the modulus of rigidity associated with shear
deformation in the {-4§ plane and is a constant for a linearly

elastic material.

Equafions (6.5) and (6.6) together are known

as the "generalised Hooke's Law equations”.

6.2.4 Differential Equations of Static Equilibrium,

For a body, or any part of it, to be in static

equilibrium, certain relationships between the six stress
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components must exist. These relationships may be
investigated by studying the conditions of equilibrium of

a small element of an elastic body in the form of a
rectangular parallelepiped, as shown in figure (6.4). The
effects of small changes in the components of stress are of
major importance and are due to the fact that, under most
condifions; the éfrésses within a body vary continuously

over its volume. The action of body forces (due, for example,

to gravitational effects) must also be included.

Let the body forces.per'unij volume acting in

the x, y and % directions be X, ¥ and Z respectively.

Figure 6.4
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When célculéfing the forces acting on the faces
of the element, it is assumed that the sides are>very small
and therefore that the force is giVen by muttiplying the
stress acfiﬁg at the centroid of a side by the area of the

side.

"From figure (6.4), the equation of equilibrium
in the x- direction is: |

(Okzvdklléyag + (Tiyq-’rigs) Sx 83 +(Z}76-T¥95)6x6y+X3x6y69= 0

or (6)(..'2:" 6)(1 )__‘_.+"(Ix;y,:4.‘.-_;7 Txya ) +(Txle -TXQS ) + X'= 0

Sx o Sy : Ny

In the Limit, as 8x, 8y and 83 all tend to zero, the above

~equation. becomes

3%, 8 Txy ., dlxg X.

ax - Tay . 3y =0
Simitarly, a0y , aley , 3%y , y _
oy ax 9% )
and 3% , 3% 3Tyy , ;.
33 9x Y . (6.7)

Equation (6.7) must be satisfied at all points throughout

the volume of the body. The stresses may Qary throughout the
body and, at the surface, they must be such that they are in
equilibrium with the external forces acting on the sufface of

the body.



164

6.2.5 The Plane Strain Approximation.

When the dimension of a body in the >
direction is large compared to the cross-sectional
dimensions and the body is loaded by forces perpendicular
to the longitudinal direction which a}e independent of 2,
it may be assumed that all cross-sections are in the same
condition (Timoshenko and Goodier, 1970). Southwell (1941)
deduced this from strain“energy considerations and mentions
a possible ex;epfion to the uniformity in the immediate
neighbourhood of the ends. Such uniformify'can be
approximated by assuming that the ends.of the body are
restrained befweenlfwo rigid, flat planes sb that axial
displacement, w, is prevented. By symmetry, w = 0 -
everywhere, plane cross-sections remain plane and condifiéns
are therefore the same at every cross-section. The
resultant axial forces and bending couples required at
the ends can be remo?ed by superposition of simplg tension

(or-compression) and/or bending.

Under the above assumption, the components
of displacement u and v are functions of x and y only.
Also, the longitudinal displacement, w, is zero for all

x, y and % , and therefore equations (6.1) give

- dw o, . v, dw o, _ du , 3w |
55— 35 0 ; 5@9 3y y 0 ; Xxg S I Tl 0
000(608)

Five of the six compatibility equations (equation 6.4) are

identically satisfied, leaving only one compatibility requirement

"o
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32€x , 3%ty _ 328xy
dy? dx? dxdy ce. (6.9)

"From the load-deformation relations (equations 6.5 and 6.6),

E - t

- 2 0 .

Gy = sy £ X + /a iﬁg' Gy

and Zyg = Txa =0 | ... (6.10)

The equations of equilibrium (equations 6.7) therefore become

and- 3y 3x 0 | e (6.11)

Thus, the plane strain problem reduces to the determination

of Ox,; Oy and zag.as functions of x and y only.

6.2.6 Rotation of Axes.

During the analysis of strain and stress in a
body, it is often necessary fobobfain the strain or stress
components relaffve to a set of axes rotated through some
angle with respect to the co-ordinéfe system in which strains
or stresses are known. |f the plane strain approximation
of section 6.2.5 is adopféd, analysis of stress and s1raiﬁ
need be concerned only with the conditions over a cross-
section perpendicular to the 3- direcfibn. Hence, rotation

of axes within a single plane will be considered.



166

6.2.6.1 Strain at a point.

Providing the strain components relative to the
x-y rectangular co-ordinate system (Ex,gy and 5xy ) are known,
the strains relative to any other reference system in fhe-same’
plane may be determined. Considef an element, TPQ , of an

elastic body, .as shown in figure (6.5).

Figure 6.5

Sides PQ and PT of the element have lengths ds,

and d& respectively. PQ is paralled to the p-axis.

As fn section 6.2.1, it is assumed that there
are enough restraints on the elastic body to prevent it moving
as a rigid body, and therefore.no part of the body may be
displaced without- it being deformed. The deformed shape of

the element under consideration is T'P!Q! where P! is
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displaced from P by the amounts u and v- in the x and y
directions respectively. Q! is displaced from Q by the
amounts

ou dx, + u v

oou ) v
5y dyl_ ’ v o+ v dx, + T dy.

Similarly, the displacements of T! from T are

u ' dv v
T T L

When working with strains, it is sufficient. to consider

retative diéplacémenfs onLy; as described in figure (6.6).

Figure 6.6

From figure (6.6), the components of relative disp[acemenf

are:
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u 3 P 3
QR = = dxa 5% dy, ; UT' = - == dx, + 35 dya ;
v v 3
RQI X dx, + -87 dyl ; TU - % dx, + 7 dy
.(6.12)

Providing &, and ¢ are small, the direct strain
in the p- direction'is gi?en by SQi/PQ and that in the q-
direction is T'V/TP. The components of relative displacement

in the p and q directions at Q are

SQ = Q'R cos & - QR sin ©
and

S9! = Q'R 4in 6 + QR cos ©

eee(6.13)

Similarly, the components at T are

TV = TU 44in 6 + T'U cos 0
and

TV = TU cos 6 - T'U 4s4in ©
| ... (6.14)

The strains in the p and ¢ directions are

_ Sgt _Tvo _ S TV
Ep - H%T ; Eq = s, '’ 5?4 s H%T i ryY
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From equations (6.12) and (6.13),

o v dxy . 3v dy, [au dxy , du dy; |
5p = Adin B lax dar + 5y H%T ] + coale 3% HZTn+ 39 H%T ]
= s4n O [%% cos 6 + Ey Adn 6] + cos © [Ex cos 6 + %% Adn GJ

That is,

Ep = €x cos?e + Ey sin?e + ny 4410 €040
Similarly,

Eq = Ex sin?e + &y cos?o - ny 44in0 o046,
and

5pql= -1€Ex -»Eyl s4n 26 + Xxy(coaze - 44n%0 )
' — c..(6.14)

Conversely, if the strains in the p-q reference frame are

© -known, the strains in The'xFy co-ordinate system are given by

Y

Y6

Ex = Ep cos?6 + Eq sin?e - qu 44n0 co040,
Ey = Ep sin26 + Eq cos?e + OBpq s5ind cosd
and 5xy = (Ep - Eq) sdin 20 + qu (cos?® - s4in?6).

... (6.15)
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6.2.6.2 Stress at a point.

If the stress comppnenfs 6&, Gy and T;y-are
known at any point in a body in-a condition of plane strain
(or plane stress), then the stresses acting in any direction

in the plane perpendicular to the %-direction (i.e., the

x-y plane) can be calculated from the equations of statics.

Consider a very sﬁall element of material
sﬁrrounding a point within a body.af which 5&, Gy and Zky
are known (figure-6.7,a). |If the element is small enough,
the forces acting on fhe side of the element may be calculated
by assuming that the stresses are uniformly distributed
over the sides (Timoshenko and Goodier, 1970). Body forces

may be neglected as being small.

65! .
Txy B
B C
| R\
- dy \\ % (.
4 ' r* Oy
xy . —
A dx D A A Y6 dx D
Gy Gy Oy
Figure 6.7,a Figure 6.7,b Figuré 6.7,c
Assume the element  to be of unit thickness.
ALl stress components of figure (6.7,a) are known. We

require the stress components db, Gq and qu relative to

the p-q reference frame which is rotated through an angle 6



with respect to the x-y co-ordinate system,

state of equilibrium of the part of the element shown in

figure (6.7,b).
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Consider the

The equation of horizontal equilibrium is

dxdy + T&y dy tan 6 + Tﬁq tan 6 dy

or 0, = O, * T;U ;an 0 +'Tﬁq tan ©

~P

Similarly, the equation of vertical

T +6ptan6=Txy

Pq

Horizontal and vertical equilibrium of the

of the element shown in figure (6.7,c) require that

6& tan:6 + T

q

Xy

o

p cosb

+ Oy tan Gi

and: . * 'qu tan 6 + ’[xy tan ©

respectively.

-Solving equations (6.16) to (6.19) for Gb,

gnd qu yields:

CO0A

= 6, tan 6 +'qu

(o]

0

y

dy

equilibrium givés

(6.16)

(6.17)

part

. (6.18)

(6.19)

Sq
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._ 2 e 2 ’
Gp- 6x cos? o + Gy Adn® 9 + Txy A4n (2 ),

y . xy

- [gxﬁ-_cl’L_} . Adn 20+ 'Txy:_coZ.(Z 6)

...(6.20)

Gy = Oy #in® 0+ o, cos® 8 - T, sin(z 6,

and qu

6.3 Analysis of two-dimensional .stress and strain.conditions.

For a body in a condition of plane strain, it
has been shown that the solution for siresses reduces to
the determination of Oy Oy and 7;y»only (section 6.2.5).
There are a number of methods which may be used to solve
for stress distributions, the more cOmmon‘ones-being use
of stress functions, solution for displacements and use
of energy methods. The first two mefhod§ were used during

this investigation.

iIn Qeneral, the solution to a plane strain
problem must satisfy the equations of static equilibrium
(equation 6.11) and geometric cémpa1ibilify (equation 6.9)
at every point wifhin the body and the solution at the boundary

must be compatible with the external forces.

6.3.1 Solving for.stresses using "Airy" siress functions.

For simplicity, consider a material in which
no body forces are present. The equations of equilibrium

are therefore



173

ifi . ifiz = 0
ax 3y
90 0T
and Y4 . X4 . _ , ... (6.21)
oy - ox

Under the plane strain approximation, the load-deformation

equations:- (6.5 and 6.6) become

r 3

. & _ . % | .
E& l'- E, L I -/%xk/‘%} Ey {Abx * /uéx'yl(%%J
se | S P G | |
== 2X: ; R - gy
&y TTE, My Sy M) TR T T MM
Y. = == T
Xy G : XYy . co. (6.22)

In order to solve for the three stress components, a third

equation in ¢g,, O and is required. This is obtained
X xy

Y
directly from the compatibility equation

azgx 32 ) 3%y

dy axdy ... (6.9)

by substituting for the strain components from equations
(6.22).

If the material is isotropic .with

_ . _ _ E
Ex = Ey = £, A= constant and G = 7TT;77)

the substitution into equation (6.9) yields
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N2 2 2 2
2%,  3°0, 2T, | %0,

1- dy ax? Ixdy - dy?
2 (6.23)

The three equations in dx’ 0., -and T;y are therefore

y
equations (6.21) and (6.23). In 1862, G.B. Airy proposed

the use of-a.sfress'funcfion; ¢, defined by

2 2 2
6X_ = u R fe} = M and TX, 'z - _BQ.
3y? ¥ ax? 4 axdy .. (6.24)

A quick inspection shows that the function ¢ (as defined)
satisfies equations (6.21). Substitution of the stresses

in equation (6.23) gives, after re-arrangement,

4 4 4
3% ¢, , 3" , 2%
ax* 3x23y? dy* ... (6.25)

Therefore, the solution for stresses in an isotropic body
in a condition of plane strain reduces to the solution of
equa?ion'(6.25)-subjecf to the stresses on the boundary.
Where differential thermal strains produce stresses in

an iso?répic Sody, the Load—defqrma?ionAretafipns for pléne

strain take the form

h

Ex %? (1 -/ué) - %? T )+ 1 p )T

.gy = -%’5/1(1 ru) o+ %1(1 -2 f )T
¥, = - T
Xy xy
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co-efficient of thermal expansion

where (68

and - T temperature change.

Following the same steps as previously, equation

(6.25) becomes

Bt L, 2%, 2% . _[ =E ) (2i , 2%T)
ax" ~ax2ay? Ay 1 - | |ox? ay?2

. (6.26)

If the heated body is not acted upon by external forces;

the boundary conditions are as shown in figure (6.8).

'
69';0
Ty =0
B €] zy-0
6)<=O . 0-1=0.
7,,=0
A D s
G, = ©
Figure 6.8

Along the y axis between A and B , dx = 0 and T¥y= 0, or,

from eqqafions-(6.24),

3y ? (@)

and 32%¢ . 0
3xdy ... (b)
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Integrating along the boundary we find that equation (a) gives
. A, ¢ = Ay + B and equafion‘(b) gives 3¢ . C.

oy ' ax

Since the stress components are represented by the second
der{VafiVes of ¢, the linear functions containing the
constants A, B and C will not affect the stress disfri&ufion
and can fherefore'ﬁé-chosen arbitrarily. If A =B =C = 0,
then ¢ is zero along all unloéded sections of the boundary.
Equation (6.26) need  then be used only to calculate ¢ at

points inside the boundary.

7.3.2 Solving for displacements.

Another method of solution of prdblems.of
elasficify is to elimina#é the stress components from the
equations of:equilibrium (equations 6.7) using the generalised
Hooké's Law equations (equations 6.5 and 6.6) and to express
the strain components in fermé'of displacements using
equafibns (6.1). For simplicity, consider an isotropic

-body in a condition of plane strain.

Under ~these circumstances,

_ - _ _ t
EX. = EU = E , /M-.cons’ranf, G = m

and equations (6.22) may be re-arranged to give the stress

components in terms of strains, as in equations (6.27),
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N 1 -« Pan
ox_ = [11+/1H1-2/u)'£x ' (1+/x7(1-2/al'6yJ

( : .
i A 1=
y E[U*’/{HI-Z/:() Ex * ~ﬁ+/7)(1-2/41'8y]
7;y = 6 ny : _ KRR (6.27)

Substitution of equations (6.27) and (6.1) into the equations

of equilibrium, (6.21), yields, after re-arrangement,

%, 1-24  3%u 1 3%v .,

ax 2 2(1-p4)  3y? 2(1-u) ~ 3xdy

3%v 1-2.4 3%v 1 3fu .
and >t ' =0 (6.28)

ay? 2(1-p)  03x? 2(1-p)  3xdy

Equations (6.28) are the equations of equilibrium expressed

in terms of the displacemenfé u and v only.*

Differentiating the first of equations (7.28) by x and the

second by y and adding gives

t
=1

g+ £ )+ 2 g )
+ + —a +
ax2 X Y 3y? x " &y
That is, the volume expansion.of a body in a condition of plane

(a)

strain satisfies the differential equation (a). Timoshenko and

Goodier (1970,p.241) show that

2 2 2
e e . e 0

where e = Ex + Ey + E?

holds in isotropic materials in states of three-dimensional .

strain.
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These equations, along with the boundary
conditions (expressed in terms of displacements) completely
define the functions u and v-. The components of sitrain
are obtained from equations (6.1) and the componenfs.of

stress from equations (6.27).

In fhe'case where stresses arise from differential

thermal strains only, equations (6.28) become

%u , l1-24) 3w -, 1 S - § £7) T

ax? 2{1-u). 3y? 2l71-m) 3x3y- (1-4)  3x

and 3%v , M1-24) 3%v 1 9%u Mj]ﬁﬂ) aT.
dy? 2(1-u) ox? 2(1-u) 3%3y (1-x) dx

co. (6.29)

The boundary conditions are the same as those

described in figure (6.8). However, in. this case,

= . TP {14 du (4] v _
Ox = 0 implies that tLngJ X + {rtﬁﬁ 3? = xT...(a)
. . [ du 1-4  3v
o'y = 0 implies that [T;/Z(] Bx + [-1—4_/4&2 *a—y- = XT,..(b)
_ . . v ou
and T;y = 0 implies that > 3 0 : ...(c)

Therefore, at the relevant points on the
boundaries, equations (a), (b) .and (c),MUsf bé satisfied
as well as equations (6129). Furthermore, fhrougﬁouf this
chapter, it has been assumed that (sections 6.2.1 and
6.2.6.1) the body under consideration is subject to enough

restraint.to ensure that it cannot be displaced as a rigid
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body. Hence, it is necessary fo-apply certain restrictions
on the displacements at various points in order to prevehf
translation and rotation of the body as a whole. This may

be éffec?ed by ihtroducing body forces which are proportional

to the displacement of relevant points, that .s
Body force = K x (displacement)

where K . may be thought of as similar to a stiffness.

The movement of the body may be controlled as

shown in figure (6.9).

S L : 2 - Restraint of ‘vertical
— displacement at D

. ‘ .

Fiqure 6.9

At pdinf A, we replace the first of equations (6.29) by

3%u , 1-24 3%u 1 92v_ gy - X4 3T
ax? 2(1-u) dy? 2(1-u) 3x3y : (1-4)  3x

and at points A and D , we replace the second of equations

(6.29) by
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v, 1-2u  3d3iv 1 %u . ok, - XATrm) 3T
3y ? 2(1-4) 3x? 2(1-4) 3x3y (1-4  8x °

K" will have units of [l/unif lengfh]'and may be made

suitably large.*

The unknowns at every point in the material (including the
boundary points) are u and v and therefore, if numerical
sotution methods are used, twice the number of equations

as there are grid points must be handled. ‘The boundary
Condifigns are,dif¥iculi_1d introduce and?singupari}ieé difficult
 1oavo1g, For this reason, and the fact that the boundéf*
conditions can be handled more easily, the stress funcfioﬁ

method is more often employed during elastic analysis.

6.4 - . Shrinkage and Thermal Stresses in Orthotropic. Materials.

6.4.1 Introduction-- The aniéofropy of timber.,

Timber is an énisofropic'maierial; .that is,
its elastic properties vary with direction. The principal
material property directions coincide with the lLongitudinal,
radial and tangential directions with respect to a lLog. To
hee? the best length and longifudinal sffengfh specifications
possible, boards are sawn from logs so that their length

lLies in the longitudinal direction. Cross-sections cut

-

I1f 'K .= 0 we have no restraint

| f 00 redundancies are introduced

~
W
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perpendicular to the length of a board therefore fall in
1heAR-T (radial-tangential) plane. Drying takes place mainly
through the faces of .boards (drying from the ends is
insigniffcanf in a long board - Chapter 3). |If the drying

is uniform, the shrinkage conditions at all cross-sections
are the same. Thus, it is appropriate to analyse the

-dryiné stress condiffons under the plane-strain simplification.
The variation of elastic parameters over the cross-section

is therefore of primary importance.

When analysing»fhe condifions of sfress,and
strain in‘a'recfangular prismatic body, it is usual to orient
the body “in an orfhbgonal reference frame in such a way that
the edges of the body run parallél to the axes of the frame.
In'fhis way, the boundary conditions are'sfmplified. 'quever,
in .- _.anisotropic maferials,.fhe face planes of a body ‘may
not bé~cuf parallel to the planes of -elastic symmetry (for
éxample, figures (6.10: and .6.11). To cope with fhis
eVenfuéLify, the equations of elasticity must include terms
relating the directions of .the principal‘maferfal property

axes to the x, y,g.reference frame.

A typical sawn timber board is shown in cross-

section in figure (6.10)

¥ 7; R
(fangenﬂal)
M/R (radial )
— X

Figure 6.10




182

The orientation of the R-T axes with respect to the x-y.

axes Qaries markedly from point A to point B. The coddifions

of anisotropy in a .board may be simplified if the radius from
fﬁe center of the tree at which it is cut is large in comparison
to its cross-sectional dimensions. Under these conditions,

- the "seasonal™” rings are essentially linear over the cross-
-section. To a firsf approxima1ion, 1hen,'1here are three
orthogonal planes of elastic symmetry; +that is, the material

can be considered.aS'orThofropic;

g AN
N

0)

‘Figure 6.11

This simplification is illustrated in figure (6.11). Here,
the R and T axes. have a constant orientation with respect to
the x-y co-ordinate system. The R-axis is rotated by the

angle 8 relative to.the x-=axis.

In the case of perfectly quarter-sawn or back-
sawn timber (see figure 3.6),6 = 0°or 90° and the R-T
co-ordinate system coincides with the x-y system, providing

further simplifications.
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Theory of Elasticity in Orthotropic Materials.

The derivation of the equations describing the

state of stress and strain in orthotropic materials is based

on the stress function approach outlined in section 6.3.1.

The method
but is not
Particular
Throughouf
be.apblied

plane stra

of solving for displacements is equally applicable
as efficient in terms of computation time.
reference is made to the properties of wood

this section, but the resulting equéiions may

to any orthotropic maferial in a condition of

in.

The primary effect to be studied during this

analysis is the developménf of stress due to differential

shrinkage

it was sta

in wood during drying. In chapter 4 (section 4.2

ted that the tangential shrinkage in "Tasmanian

- 0ak" is approximéfely twice that in the radial direction.

Coﬁsider two small blocks of wood, as shown in figure (6.12)

The seasonal rings

e K rLoTTTT 3 '
: R ! ' ' may be considered as
Tl ! :
: ”"“j; i K E linear over the cross-
B e ; |
b | : sections of small
| Sy ——— —_ U |
@) (5) blocks.

Block (a) is cut with its faces parallel to

the principal axes of shrinkage and block (b) is cut obliquely.

Block (a)

does not.

remains rectangular during shrinkage but block (b)

Theréfore, in the case where the face planes of
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an element of orthotropic material are not parallel to
the axes of principal shrinkage, a shearing component of

shrinkége strain must be included.

Thus, it is easiest to introduce shrinkage
terms in a system of axes coincident with the principal
directions of shrinkége. On the other hand, if the faces
of an orthotropic body are rotated with respect to the
co-ordinate system in which the stress function has been
_defined, the introduction of boundary - -conditions becomes
tedious. Hence, it is easiest to analyse the stress and
strain conditions in a body in ?erms of components either

parallel or perpendicular to its faces.

Consider the cross-section of a typical piece

of sawn timber (figure 6.13).

b4

{
NN\l
NSl

Figure 6.13

The r and £ axes represent the principal material property
directions at A. At A, the r-axis makes an angle, 6, with

the x-axis.
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As indicated, the boundary conditions are
“introduced in terms of 0;, Oy and'Txy for simplicity.

Therefore, it is convenient to define the stress function,

b such that

2 2 24
G; - 9°¢ , O = I ’fx - .90
3y 2 Yy ax2 Yy axdy ee. (6.30)

In terms of stress and strain components in the x-y system,
the three equations that must be satisfied at each point

over the cross-section are

g 3T

— X4 . :
5 t sy ¢ 0 | ... (6.31,2)
36 3T
__i + ._X'l = 0,
9y 90X _ ... (6.31,b)
3%¢ 3¢ 32 g
and X+ 4 . X4 .
dy? ax? ©oaxdy ' ... (6.31,c)

Equations (6.31,a and b) are-satisfied by the sfréss function,
¢ (equations 6.30). By converting the strain components in
equation (6.31,c) to stresses and introducing swelling and
thermal effects, a Qifferenfial equation in terms 6f ¢ is
obfainéd. The solution to this equation defines the sfafe-

of swelling or thermal stress in a body, subjecf to boundary

conditions.

Thermal and swelling stresses are most easily
introduced in terms of components in the principal material
property directions. Thus, at A, the stress-strain relations

for plane strain (equations 6.22) are:
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E= Ao - Ag v xT v A+ 4T v gel,

2

& - AG + AG + (T o+ Be o+ Ao logT + gel,

C R |
and - By = G, ¢ [~ oo (6.32)
where OQT = the thermal strain in the "4" direction
( o& = .co-efficient of thermal expansion

in the "4" direction),

: ﬁ%c = the swelling strain in the "4{" direction, -
/f& = +the swelling co-efficients,
¢ = <change of moisture (mass) concentration,

P P Al
r - T E. ’ . £ ’
r Z
A £t oty A = J;KZZZfQ— -
3 E,-: ’ 4 El‘ L

Equations (6.20) giQe

= 2 .2 .
G, = 6& cos“0 + 6y 44in°0 + /T;y Adn 260 -
—_ . ) . . ' ) :_ “ ~
Cp = 6& s4in%e  + dy cos°6 Y;y s4in 20 ,
H 6 -6 .
= - _x_i ¢ .
and Ts , [ ~ ] sin 206+ T;y cos 20 PR

Substitution of equations (6.33) and (6.30) into equations

(6.32) gives, after re-arrangement,
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2 ’ 2
8;-”"'8—‘9'[44100426 - Aztb»('.VLZGJ + M[Aléinze - Ayc04%0

dy? ox?
3X3y 241 + 2A, ] A44n6c0406

* T ;/3~° +/9%[‘X%T +'ﬁ%cJ ’

2 . 2
8{: M[Auéinze - A360429J + %[A,’QO)&ZG = A3A»('.n26]
dy? ~ X
. 2
+ %f%U[ZA“ + 2A3] A4n6cosb

+ OQT +ﬁ%c +/%£lC%T +/%}J ’

and

T G G 3x39 | G

¥ __ 3% AinBCOAGI , 320 AinGQOAS] , 320 [44n%8 - cos20
9y rt ¥ ax? it ri

.o..(6.34)

Equations (6.34) represent the stress-strain felafions in
the principal material property directions at A (figure

6.13) in terms of the stress function, ¢.

Converting the strain components éi, é; and d¥info
~components in the X and ¢ direcfions (using equations 6.15),

it is found that
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2 2 2
Ex = B e, %.Q_Q + B 3% + [OgT + ﬁichoéze +[&%T +/gtc]4inze
3y ? ax? - 3x3y

+

/Q% {03T + ﬁ%c] 0428 +/aét-[0%T + A%CJ s4n?e ,

£ =B A @uiig‘f B, %9, [ogT + ﬁ;c]éinze +[0%73,£%c]00426
Yy ax? 3xdy _

, //%r[G%T %‘%%CJ A%nze +/a3t [ o%T + ﬁ%c} cogze',

)
axady

and 5x = B,

Y 2 * %'

H 244n6c040 T(°9'°&)*°QﬁL731)*/ﬂ&(°%Tﬁé%CJjﬁ%t(°%T+ﬁ%¢)

...(6.35)

The co-efficients B;........ By of equations (6.35) are defined

in the addendum to this chapter.

Swelling and thermal components of shear strain
appear in the last of equations (6.35). Note that these
componehfs disappear when 6 = 0° or 90° in orthotropic
materials-and when x,B and/a are Thg same»in all directions

(isotropic materials).

Equations (6.35) are substituted directly into

equation (6.31,c) to gi?e the differential equation defining
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the stress function, ¢. Figure (6.13) indicates that in wood
8 is a function of x and y; that is,0 varies over the cross-
section of a piece of sawn timber. The derivatives of the

strain components will therefore include terms such as

39/6x and so on.

However; these terms may be neglected if the
board being analysed'is cut from a log at a sufficient
distance from the center (Section 6.4.1, figure 6.lf).
Thus, for orthotropic materials, subsfifufion of equations

(6.35) into equation (6.31,c) gives

y y A 4 4
Bs3® 4+ (Bo-Ba) —58 4 (B+Bu-Bs)i L — +(By-B,)-20 5,22
ax™-- ax’ dy ax? ay _ - 3xdy? oy "

- 24in8c0s6=2 [((X D<1)T+(/9 /Bt)c /uy(o<T+ﬂ3c) /t%(CXTJr/@?c)]

Ixdy

" ' 52 . -
2c0428 2[0&T+ tct/%t(o%fté%c)] +3y2[oth£;C+/%f(“5rnégc)]

-44in%0 ai[os.ﬂﬁ c+/uy,(0(T /B}c)] [o(tT'rﬂ C+/(3I(O<T+ g'c)J

(6.36)

where 6 = angle between the x and r axes
and By ...... B are defined in the addendum to chapter 6.
Equation (6.36) replaces equation (6.26) in orthotfropic

material in a condition of plane strain.
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6.4.3 Particular Cases in the Theory of Orthotropic Elasticity

(Applications of equations 6.36)

6.4.3.1 Quarter-sawn Timber.

- The principal material property directions in wood

are radial (r) and tangential (Z). In quarter-sawn timber,

angle between the x and r axes (see figure 6.13) is zero.

That is: _ Yyt

s
%_ ’ . - x (1)

centze/"' O)[ 'I.l/"EE

When 6 =0, #44n 6 = 0 and cos & = 1. Therefore, the

co-efficients of equation (6.36) are

Bl = A], ' BZ = -AZ » BS =.0 »

By = -As °, Bs = Ay ’ Bg = 0 .

B, = 0 Bg = 0 and By = - G’
A rt

Where Ai1ceeescAy gFQ_Qefined in equations (6.32).

Thus, the fourth-order differential equation defining the

stresses function, ¢, (equation 6.36) reduces to

4 4 y
A2 4 [ L Az-A3]—3—$—— s A0
ax* G .t dx?3y? dy*

9

32 2 . .
= - ;-2- mtT+/Btc71%t(a?T+/£}c) - E;l%ﬂﬁ,u/aylo%ﬂ,@?c)

t he

/t'neafz'sec{ 9r’ow1.l/7 r[n_g.s

(6.37)
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6.4.3.2 Back-sawn Timber.

In back-sawn timber, the angle between the x and

r axes (figure 6.13) is 90.. That is,

ytr)

x (2) _

N

Y

N

linearised gro wtl/z r'l'ﬂys

_center of tree

When 6 = 90°, . 44in © = 1,c04 6 = 0 and the co-efficients of

edua?ion (6.36) become

B, = .Au » B2 = - Aj » ,BB =0 »
By = -Ag » ‘ Bs = Al ’ Be = 0 »
B; = 0 ’ Bg = 0 and 55 s -

' Grt

where Ayj.......Ay are-defined in equations (6.32)/

Thus, equation (6.36) reduces to

4, 4 W
Alﬁ_ﬁ P B As-As 20 Ay a9
ax* Gy ax23y? 3y

32
dy?

32
ox?

= - x.T+Ac+ /ay(m?ﬂﬂ}c) - og:t+/81c+/a%t(~o<?ﬂﬂ}cl

(6.38)
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6.4.3.3 Isotropic Materials.

In isotropic materials, &, , &4, E and G are
constants with G ='?T%;ZT . “Therefore, from the definition

of co-efficients Aj..e...Ay (equations 6.32),

) :
Al = A,’ = J_E-ﬁ_ an.d A2 = A3z = /.(i.l_é_"’&)- .

Because the material properties are the same in all directions,
the angle 6 (figure 6.13) may be chosen arbitrarily. Taking

& = 0%as in section 6.4.3.1), equation (6.36) becomes

AN 4 _ 2 L »
J.Aa_ 9_.‘1’. + -’-.- Z/a(l"'/a) 3a'¢ %1 P 3°9 = -(IW)VZ(O(T‘*’,BC)
E ax* G E dx2ay? E  dy*
2 2
where V% = A 3
ax? dy?

Further manipulation of the above equation gives

4 4 y
3_(1)_ + 2._.3_._¢__ + _BJ_ = - _.E___ Syl (O(T*)BC, .
ax" ax23y? dy" (-4 ~

(6.39)

Omitting the swelling strain fefm_ygc) from equation (6.39),
we find that equation (6.39) is identical to the relationship
derived by Timoshenko and Goodier (1970, p.469) for thermal
stress in isotropic materials in a condition of plane strain.

(See also equation 6.26).
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6.5 Methods of Solving for Drying Stresses in Timber.

6.5.1.

The state of éfress in isofrobic materials
has been studied extensively by many aufhors-[Timoshenko
and Goodier(1970), Soufhwetl'(1941);.Love (1944)]?. The
most common form of.solufion to proﬁlems of elasticity
in Two'dimensions are those based on Airy'sjress functions.
The authors mentioned give the solutions to man* simple
problems and show that in most cages, the stress function
can be-expfessed in fheAfdrm of ‘a polyﬁomial or another

basic function.

Thermal stresses developed in isotropic
bodies during unsteady state heat conduction are analysed
in ferms of displacements by Timoshenko and Goodier. In .
order to obtain a par*icﬁ}ar»solufion to the differential
equations (6.29), they introduce a potential thermo-
elastic displacement function, ¥, and show that for various
types of bar in conditions of plane-strain, ¥ may be
described analytically by a Logarifhmic function which
includes time as a variablé. The boundary conditions
are satisfied by superimposing other Lloading condffion;

on the body.

‘Lekhnitskii (1963) makes use of the theory
of analytic functions of several complex variables when

solving for stress functions in anisotropic bodies
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subjected to various externally-applied loadings. In
the preface to his book, "Theory of Elasticity of an

Anisotropic Elastic Body",* Lekhnitskii says:

"The theory of elasticity of an isotropic -
body has been thoroughly investigated.
This-fs'nof the case, however, for the
theory of elasticity of anisotropic bodies;

many problems of anisotropic bodies

o e e 00 0 0

still have not been systematically examined.'

Analytical solutions to the thermal (or
swelling) stress problem in.anisotropic bodies are not

given by Lekhnitskii.

The elastic and diffusion parameters of

timber are non-lLinear functions of moisture concentration.
Théfefore, even if analytical solutions to thermal sfreﬁs
bprobLems in anisotropic bodies were readily available,

they would have only Limited application in the study of
drying stresses in wood. However, numerical solutions

can easily be adaﬁfed to. handle variations in governing
parameters and therefore offer a method of solution. The
systems used in this invesfigafion were-the finite difference

method ahd the method of collocation. Solutions by the

¥ This book summarises the sfafe of the development of the

theory of elasticity in anisotropic bodies up to 1950.
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method of collocation give the stress function, ¢, in
terms of a.continuous function in x and y over the
cross-section of a body. On the other hand, solutions

by the finite difference technique g}ve the values of the
-sfress function at a number of discrete points over a
cross-section. This method was found to be the easiest
and most reliable way of determining the state of stress

in timber during drying.

6.5.2 The method of collocation applied to problems of

elasticity in two dimensions.

The two-dimensional Airy stressifuncfion, ¢,
may be defined as the product of fwo:funcfions, continuous

ovér~fhe,cross—secfion.of a body. That  is,
¢ = 6lx,y), glx,y) eew (6.40)

where {lx,y}) is a function of x and y containing the
boundary conditions and glx,y) is a»confinuoﬁs function of
x and y containing n variable co-efficients. The equation
(6.40) is fitted to the requirements of .a particular

problem in the following way.

The appropriate derivatives of equation (6.40)
may be substituted directly into the differential equation
describing the state of stress over the cross-section of
a body (for example, equation 6.36). The differential

equation is thus converted to an equation in x andy including
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n unknown co-efficients. This equation is then evaluated

at n arbiirarify—chosen points over the cross-section,
giving n equations in n unknowns. The resulting group

of equations may'be solved directly to give the required
Qalues of the co-efficients of the function, g, subject

to the conditions of the particular problem. The stresses .
at any point (x,y)_.in the cross-section of the body are
‘1hen givén by_+he second derivafivesAof The.funcfioh, ¢,

evaluated at (x,y])..

The uniqueness theorem assoéiaféd.wffh the
theory of elasticity (Tihoshenko and Goodier, 1970;
Southwell, 1941)_sfa+es that 1here can be only one exact
solution to the state of stress o} strain in a body under
a parficulaf set of loadfng conditions. As stated
- previously, the equation resulting from the substitution
of the relevant derivatives of‘¢.fdefined by equation 6.40)
into the governing foqrfh—order‘d}ffereniial equation may
be evaluated at arbitrarily-chosen points within the
material. Therefore, a sufficient number, n, of well-
chosen points ("characteristic points") must be used fto
ensuré that any parficular solution is truely representative
éf the state of stress in/fhe body. Uniqueness may be
checked by comparing two solutions to a'parficular problem

based on different sets of "characteristic points".

Consider the state of stress in a piece of

back-sawn timber during drying. Assuming for the moment
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that the thermal and longitudinal shrinkage strains are
small compared to the transverse shrinkage terms, the

governing equation (equation 6.38) becomes

4 : 4 L) 2 2
A P Y LU e = V- R VR
ax* G, 3x23y? ay* ax? dy?

... (6.41)

As there are no externally-applied Loads, the state of stress

in the wood depends completely .upon the férms on the right-

hand side of equation (6.41);. that is, upon the curvature

of the shfinkage—sfraﬁn distribution. From Thevdiscussion
in~chap1ef 4, section 4.3, fheAzones.of highest curvature

of shrinkage strain are very close to the surfaées of a
board,vparficularly at the start of drying. The "characteristic

points" should be concentrated in these areas.

When analysing the particular case of stress
in a body of rectangular .cross-section, subject to no
externally-applied loads, it is convenient to introduce

the boundary conditions (section.6.3.1) by putting

§lx,y) = (x2-a2)* (y%- b2)? | 7

b
Equation (7.40) therefore becomes

-a| - o

¢ = (x2-a%)? (y%-b%)%.g

-
where g = glx,y).
Note that ¢ = 0 when x = %a AlLL stresses on the

: boundaries are zero.
and when y = %b
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Assuming the function g to be differentiable over the range

-ags<x<+ a and -b<yx<+ b

and denoting the derivates of g by

3g g 3%g
— = g , —_— = g R = g
ax X dy y ax? XX etc.,

it is found that

g = = (xz_a2)2-' 4g (3y2-b2)+8yg “!Ab2)+(y2_b2,zg
X dy 2 . Y | yy
=0 when X = fa

32¢ A | |
Oy = »r = ‘yz_bz)zﬂ 4g(3x2-a2)+8xgx(x2-a2)+(x2-a2)zgxx

s 0 when y"—' + b ’
324
and ?; = - = - Iéxy(xz-az)(yz-szg+4y(x2—a2)2(yz-bzlgx
Y axady
2 2 2 2412 2 212 2 242
+4x(x“-a®)(y“-b°) gy+(x -a®)*(y“-b7%) 3y ]
= 0 wWhen X = ta and when y ==xb.

Hence, the boundary conditions are satisfied.
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Consider the case where the function g is

chosen to be the polynomial
glx,y) = ao+ arx + azy + asx® + awxy + ........

where the co-efficients ao, a1, @2,¢00c0cecee. are
initially unknown. The number of characteristic points
available for the fi*fing procedure is increased by simply
frﬁncafing the polynomial after a larger number of-ferms.
Unfortunately, fhfs also has the effect of increasing the
likelyhood of producing overshooting or oscillafioﬁ in fhe
soluiién-due,fo the inclusion of Xx and y terms raised to
higher powers. This problem is illustrated diagramaffcally
in figure (6.14). "Oscillating” solutions are eésiiy

identified by checking the uniqueness requirement.

stress Fumction 9{

exact (vrigee) solvtior

‘oscillat ¢ng " solvtion

Figure 6.14

The author found that unique solutions to
drying stress problems in timber were difficult to obtain

by the method of collocation using polynomials. Other
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functions such as Fourier series present problems of a

similar nature.

6.5.3 Finite difference methods applied to problems of

elasticity in two dimensions.

The analysis of 1hé ;ondifions of siréss in
a body uéing finite difference methods is based on the
approximation of derivatives appearing in the governing
equations by appropriate finite difference formulations.
This is done by dividing the cross-section of a body into
a discrete number of'poinfs, usually uniformfy spaced for
convenience. The derivatives of a fuﬁcfion'af ény one
point can then be expressed in terms of the value of the
function at that and neighbouring points. In chapter 3,
secfion 35,2 it was shown that the secoﬁd derivatives of
a function, § at the point "0" of figure (6.15) could be

approximated.by:

8 |
0 , 826 f1+6s-240
dy dx? §x?
4 _3 2 .
2.- . -
1l 5 o ! 9 and 0 6 ~ 63‘*67 260
ay? Sy 2
6 7 g
324 p2+fc-fu-6s
/2 _Further, o -
axdy 48x 8y ‘
... (6.42)

Figure 6.15
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The derivatives of the stress function, ¢,
that appear in the governing equations for the cases of
fully back-sawn or quarter-sawn timber are [refer to

sections 6.4.3.1 and 6.4.3.2, equations (6.37) and (6.38)]:
Y 4 4

M , _aL and M

ax" dx%3y? dy*

These may be approximated in the following manner:

3% az[ 32¢) 293%¢ 3%¢ 320 ¢11-40s5+6d0-491+09
= . Y - + - - 2 = - -
ax* ax?| ox? ax2|, 3x?%*|s 9x?|, Sx "
§x2

3% ¢ 010-403+600-497+¢12
oy Sx*

Similarly,

é“¢ 1
and = {d2+0u+06+Pe~2(d1+d3+ds+d7)+4¢0}
x%3y?  6x2%6y?

(6.43)
The subscripts appearing in equations (6.43) refer to

the numbered points of figure (6.15).

Hence, the differeﬁfial terms appearing on
the left-hand side of equations (6.37), (6.38) and (6.39)
can be expressed in terms of the value of the function ¢
at point "0" of figure (6.15) and the fwelve-poinfs

surrounding it. The right-hand sides of the equations
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include second-order derivatives which may be approximated

by equations (6.42).

When no external loads are present on a boundary,
the stress function there may be given an arbitrary value
(refer to section 6.3.1). It is convenient to put ¢= 0 on
all boundaries. Thqé, it is necessary to calculate the value

of the stress funéfion_only at points inside the boundary.
Conéider-fhe application of the fourth-order
finite difference equations at poihfs'on a grid over a

rectangular cross-section.

The stress function, ¢, is

zero at all grid points

on the boundaries and is

A : unknown at all grid points

inside the boundaries.

Figure 6.16

When the finite difference equations (6.43)
are applied at point A of figure (6.16), it is found that
one point used by the difference scheme falls outside the
boundary (point "X" of figure 6.16). The function ¢ is a
potential function and can.exisf outside the cross-se;fion

although its derivatives outside the boundaries are
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meaningless. The conditions that must be satisfied at point

B on -the boundary are

Oy = 0 -and ’Txy =0

Zero shear stress on the boundary implies that

8%¢
. = o
axoy. .
Integration along.the boundary gives — = constant.
: ay

This constant may be chosen arbitrarily (as in section

6.3.1) and it is -convenient to put it equal to zero.

Approximafion.of the dérfva*ive by a central

difference gives

3¢ b, -4
D I :* - 0
dX |p 248y

and therefore by = ¢a

A more detailed derivation of this result
appears in Timoshenko and Goodier (1970). A generalised
statement of the result is that the stress function, ¢, is

symmetrical about a plane of zero shear stress.

Thus, the problem of determining stresses at

the nodal points of a 25-point finite difference grid may
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be formulated in the following way:

¢’ ¢1 ¢5
¢' ¢c ¢L ¢3 : ¢3
¢4 A ¢4 ¢f ¢6 ¢6 |
¢, é, $s |9 &,
¢7 ¢8 ¢7 .
¢ = 0 on all boundafiés. The unknown values of the stress

function are ¢1.:4wsi.09 The values of ¢ at the "imaginary"

points outside the cross-section are the same as those

opposite them across the boundéry.

The governing eduation must be satisfied at
points T.......9. At each of fhese‘poinfé, it can be
expressed in terms of the unknowns ¢1......... ¢9 by using
equations (6.43) and (6.42). Note that different elastic
parameters méy be used at each of points T.......9; 1hu§,
the dependence of Youngs modulus of wood upon moisture
concentration may be accommodated. The overall problem
is therefore reduced to the solution of 9 equations in 9
unknowns. Once ¢1...... ceeobo have been defermined, the
sfresées in fhe material may be calculated using the =

equations



205

9%¢ 9%¢ 3%¢
X = - and 7; s -
dy? . Y ax? XY 3xdy

and the finite difference approximations, equations (6.42).

6.6 Solving for Stresses in Non-linearly Elastic Material.

In the introduction to this chapter, it was
assumed that the ma?eriéls to be analysed were linearly
elastic and homogeneous. However, timber is not linearly
elastic and the relationship between stress and strain is
dependent also on moisture concentration, c¢.. Figure (6.17)
demonstrates the %Orm of this relationship, the measurement

of which is discussed- in chapter 7.

stress ¢

> stramn, €

Figure 6.17
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The equation to the surface takes the form

] o1
6= A [ 7 8€+1 ) - co. (6.44)

A and B depend upon moisture concentration, ¢ , such that

A = AT 4+ b
and - B - Boe 9¢ 4 f
where | a, b, Ao, Bo, d and f_are directionally

dependent constants.

The slope of the surFace in the stress-strain plane is

.90 AB

3 (BE+1)?2 ... (6.45)

In wood, equation (7.44) replaces the simple relationship

0="EE for linearly elastic materials.

During drying, the moisture concentration
and,fherefore,fhe shrinkage strain at a point vary. Thus,
the state of Sfress err the chss—secfion of a board
changes with time. Stress waves within solids travel
at the speed of sound. Therefore, dryi&g stresses at
a particular time are dependent only upon the states of
differential shrinkage strain at that time and initial

stress within the material and not the rate of change of

stress (if the effects of creep ére‘neglecfed), It is
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therefore possible to approximafe the drying of timber by
a model which is piece-wise lihear in time. The following
discussion outlines a numerical method of determining the
state of stress at a point in a body with elastic properties
similar to those described in figure (6.17)'while using the
equations of orthotropic elasticity (equation 6.36) derived

fér linearly elastic materials.

Assume that at a point in a wooden body,’fhe
values of sfress-(ﬁ), sfrain7(6),'moisfure'concén+rafion (¢)
and shrinkage strains (S). at time = £ are known. FurThérmore,
assume that the valu¢s~of<s+ress and sfraiﬁ at the same
point at the earlier 1ime, t-8%, are known. _ThéT_is, at

time = £, the knowns are

Opr Ex» C4» Sp and - €4 oy

where The_subscrip*s indicate the time at which the variable

has been determined.

e}
_ moisture conccnf/'aﬁ'onf c,, St
- . ¢,
' ~ Cyost
Oy //// ’ ,
Q-st

&5t &

Figure 6.18
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After the passage of time 8%, the moisture
concentration at the point is Crest (mass transfer theory,
chapter 3) and the shrinkage strain St+6£ may be obtained
directly froh known material properties. The new stress
condition in the wood must be described by a point on the
graph of sffess against strain (figure 6.18) corresponding
to the moisture concentration Crist: A predicfor—correcfor
type method méy be used to determine the change in stress,
AG, due to the change in‘shrinkage strain, St+6t - St._The
change in stress may be added to the known total stress at
The.pnevious Time.(OE), to give‘fhe'new total stress Oi+ét‘
The new elastic strain £t+6t is then determined directly .

from the - & relationship at moisture concentration = Ctest®

~The change in stress, AC, is calculated from
the equations of élasficify usihg the approximate mean
slope of the stress-strain relationship (that is, the
equivalent to Young's Modulus) over the associated change
in-total strain. An approximate mean slope can be obtained
from the known rate of change of strain over the previous

time interval.

BY pu‘Hing 8*1"'61 = E't +-1/2 ‘E't '61_61):
the predicted value of the mean slope,

gx = 30

(c £* )
SE t+8t * T t+8t

is obtained from equation (6.45).
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0]
* . 4ime = 4xdt.
0P S O e ——
* |
3 3
§ E time=t - AO"
i
1 [}
Op tmmmmmfoms | dmememee S S
A |
! : !
! ! !
| ' '
! i '
g " s - &
t Et+J£ g

Figure 6.19

The predicfed stress change Ac6* based on E* and the change'
in shrinkage strain (St+Gt - St’ is calculated using the

theory of elasticity (hence the piece-wise Llinear model).

‘That is,

Ad* =’ 6CVL [E*., (S't"’st - S't, .

Thus, ‘the predicted new total stress,
c*test T Op * LAt
and the associated total strain is 5*2+az (see figure 6.19).

* % * .
(EE46I' 6t+ét ) is the first approximation to the conditions

in the wood at time = £ + 8% and is based on the predicted
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* * %
mean slope, E , over the interval E} to €t+6t’ The

corrected value of the mean slope,

* % _ \Ye) / Pt X
E = -3? [c.t'l'(st ./2(Et+5/t+5t)] ’
*% _ *%

and the corrected new total stress at time(f + d1),

¥

G't"'JI = Gt + AG .

The associated new total strain at the point, £i+6t’

follows directly from the stress-strain relationship for

Ctrot’

In this manner, it is possible to calculate
‘the drying stresses in a piece of timber as a function of
Time. Note that this method may be exfendéd to include
hysferésis effects associafed with the stress=-strain

relationship and other non-ideal characteristics of timber.



Addendum - Chapter 6

The coefficients By.......... By of equations (§.35) are

Bi = (A1c0420-A24in26)c0426 -+ (Aysén20-Asc0420)s4n20 + [Aigitecuze}

B2 = (A144n?0-A2c04%8)c04%0 + (A4cos?0-A344n?6)4s4in?0 [“”;?;‘MZGJ

By = -(A,+A2)244nbcos?0 + (As+Ay)244n°0c040 - [Ainec'o»sgi;sinze-cuze)],
By - (A1c0826-A240n%0)44n20 + (Assin?8-Asc0s28)c0s20 - [Mn;?{co/sze]f
Bs = (A144n%6-A2004820)44in%0 + (A,c0420-A344in%0)c0s20 + [Mn;?z‘COAze]

Bg = -(A1+A2)24£n5ecoae + (As+A,)244in0c04%0 + [Mlneco/sgr(;énze-coﬁe)
By = (Awo»sze-A24£n29+A3c0429-A44in26)Zzsineco»se_- [QMZZ'M:"ZG]AULGQMG
Bs = lAmin’ze-A‘,c.oysze»»AMinze-A..co/sze)zuneco»se + [cuzgf’finzeJunecow
By = -(A1+A2+A3+Ay)484n206c0420 + [QAanecoasjf-Ain“e—cozs“e]

- "WNAaN3daay

9 Y31dYHI

11Z
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CHAPTER 7

THE ELASTIC PROPERTIES AND SHRINKAGE BEHAVIOUR OF "TASMANIAN OAK"

- 7.1 Introduction

Wood is an anisotropic material; +that is,
its proper#ies vary with direcfipn. Twelve parameters
are-requifed to describe its elastic behaviour in terms

of a Linear model; three moduli of elasticity (E), three
modul i Qf rigidity (G), and six Poisson's ratios 9&). A
further six parameters, three thermal expansion and three
rheological swelling.co—efficienfs, are needed to descriBe
the effects of temperature or moisture content changes on

the material.

Various simplifications to the linear model
are justified when studying the development of dryingu

stresses in long boards. |If drying is uniform, the plane-
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strain condition prevails and one modulus of elasticity

and two moduli of rigidity are no longer requiréd. When
drying takes place at low (afmospheric) temperatures,

thermal strains are approximately 1/20 of shrinkage strains

and may therefore be ignored. Furthermore, fhe-shrinkage

of most timbers in the longitudinal direction is about

1/20 of that in the transverse plane and can also be Aeglecfed.
Therefore, the ;alculation of drying stresses using a
simplified Linear model requires definition of two elastic
moduli, one modulus of rigidity, six Poisson's ratios and

two swelling co-efficients.

However, timber is not linearly elastic and the
properties required for the simplified drying stress model
all depend upon moisture content and femperafure. Numerical
methods of analysis enable the caLculanon of drying stresses
in timber using a piece-wise linear model -based on actual
wood pfoperfies (section 6.6). It is therefore necessary
to fully define +he governing parameters over the range of

conditions occuring in the timber as it dries.

Wood behaves in a similar way to many high
polymers. When loaded, ifvexhibifs both immediate and delayed
deformation (creep) and, upon removal of the load, partial
strain recovery occurs. Further-more, studies have shown
that load coupled with a change in moisture content may
produce deforma%ions far jn excess of any produced by . time-

dependent creep under conditions of constant moisture content.

J
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In his summary of research on wood rheology, Grossman (1969)

concludes that:

" the rheological behaviour of wood in practice
is almost always accompanied and sometimes swamped by

the interaction of load with moisture content change."

‘The assumption that responses are additive
(Bolemann's superposition principle) has been shown to be
justified for wood over é wide range of loading conditions
(Grossman,']969)f Thus, deformations may be expressed as the
product of two factors; one being an elastic modulus whose.
variaffon and dependence upon external factors (such as
moisture content, temperature, densify, J...) is known from
tests and the other describing the Tfme-dependence (not
strongly affected by moisfure_coﬁfenf, density or species,

nor variable within species).

For the sake of simplicity, the effects of creep
and visco-elastic deformation were not incltuded in the model
descrfbing drying stresses although it was recognised that
these factors have a major'bearing on The behaviour of timber
while seasoning. Few data are aQailable éoncerning,fhe_,"
magnitude of delayed and visco-elastic deformations in wood

across the grain. Further work is necessary in this field.

An approximate description of the elastic
properties of "Tasmanian Oak" and their dependence upon

moisture content was built up- from published data and a
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small number of tests. The relafibnship between shrinkage
in the principle transverse directions and moisture

content was measured and found to agree well with published
data. The variability of the elastic and shrinkage
properfies'was not of major importance to this study.

The primary aim was to establish the pattern of behaviour
6f "Tasmanian Oak" and to demonstrate the effect on stress

tevels of drying through a semi-permeable coating.

7.2 The Elastic Properties of "Tasmanian Oakh.

7.2.1 Iintroduction

The strength and stiffness of wood are

functions of both moisture content and temperature (U.S.
F.P.L., 1974). Examination of published data leads to the
conclusion that the variation of éfiffneSs within a wooden
board due to moisture content changes is much larger than
that due to thermal effects when drying takes place under
congfanf conditions. Hence, it is reasonable to ignore
thermal effects when studying the aevelopmenf éf drying

stresses in "Tasmanian Oak".

Grossman (1969) summarises the difficulty
of measuring the elastic behaviour of wood in the following

way:

"To find all the mechanical responses of wood from a
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comprehensive testing programme would be an
ﬁnmanagable task. Even for simpler materials, the
number of tests would be prohibitive ..... For
wood, the programme would become many times larger
again, Various gréin direcfions must be explored;.
the effects of moisture content must. be taken into
accounf and numerous replications -are necessary
because wood as a natural product is highly variable
and requires the use of sfafisiical mefhods for

sampling and calculation."

Extensive research of literature failed 1o
uncover a complete record of the élasfic properties of
"Tasmanian Oak". Data published for a number of North
American timbers was examined. Tests showed that the
‘elasfic behaviour of "Tasmanian Oak" followed a similar
pattern to those of~fhé<more dense North American.hardwoods.
The préperfies of these timbers were averagéd for use in

the drying stress model.

Preliminary work on the determination of the
unpublished elastic parameters of "Tasmanian Oak" was
conducted as part of this investigation. Techniques for
measuring the relationships between direct stress and strain
and for measuring moduli of rigidity were developed and

1ésfs conducted to determine:

1) The adequacy and performance of the equipmehf

constructed.
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2) External factors affecting tests (variation
in atmospheric humidity, timber density, ...)
3) Variability of results and approximate trends.
The mathematical function producing the "closest" and mos t

consistent fit to measured stress-strain curves was deduced

by frial and error.

7.2.2 Published Data.

According to the U.S. F.P.L. * (1974), the
longifudinat modulus of elasticity of wood with an average
moisture.content of 12% reduces .by about Q.33% of its valtue
at 20°C for every I°C-rise in temperature., During .the
drying of timber under conditions of constant ftemperature
and humidity, the a?erage wood 1emperafufe varys from the
wéf—bulb temperature of the.atmosphere (ear(y in drying).
to the dry-bulb temperature (when the wood reaches equilibrium
with the atmosphere),. TypicaLly,.fhe change in average
temperature would be 6°C giving .a 2% reduction in stiffness.
The temperature gradients within "Tasmanian Oak" during
drying are small (of the order of 0.2°, Chapter 5) and

therefore differential effects are insignificant.

U.S. F.P.L. - United States Forest Products Laboratory, .

Madison, Wisconsin,.
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On. the other hand, the elastic modulus of wood
in the longitudinal direction ‘increases by about 2% for
every 1% decrease in moisture content at moisture contents
between 5% and 20%. The longitudinal modulus of elasticity
at a moisture content of 12% is 16% greater than the value
’af moisture contents above the fibre saturation point
(green). During drying-in air, board surfaces reach a
moisture content of appréximafely.ﬁZ% while the bulk of +the
inner fibres have moisture contents gfea?er than the fibre
saturation point. Therefore, the variation of stiffness
within sawn timbers due to moisture content changes is much
Larger.?han that due to fhermal effects when drying takes

place under constant, mild conditions (25°C, 508 r.h.).

Little information is available éoncerning the
effects of thermal and moisture content changes on the elastic
properties of wood in the transverse plane but it is reasonable
to éssume that they follow a similar pattern to those in the

longitudinal direction (U.S. F.P.L. "Wood Handbook", 1974).

In Australia, over 80 species of timber are
mitled in large quantities. Because of Limited budgets,
research into elastic properties has been limited to those
parameters required for structural design. Therefore, Little
information has been published regarding Poisson's ratios
and the moduli of elasficify and rigidity in the transverse

plane.

The U.S. F.P.L. "Wood Handbook".(1974) gives
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a complete List of the elastic properties of 7 North American
timbers at moisture contents of about 12%. The properties

of the three most dense hardwoods cerred, expfeésed as

ratios wi*h the elastic modulus in the longitudinal direction,

are quoted in table 7.1.

WD £ E G Gy Gt |
33| =t 2 I T M . :
SPECIES Hil2 £ B B8 Ml /o o fy
| ¥ "3 "y “» Te
Bireh ( yellow) 64 | 050 078 -074 -068 -o17 426 -033 -447 -697 451 -oz3 |
Swee/-juﬂ? §3 |-0o50 s 089 06/ -021 -325 -037 297 -682 -403 .020
Wa/nat‘(é/ack) 59 |-056 ‘106 -085 062 -0U 495 -052 379 -7/8 -632 035
AVERAGES . ’ ‘o552 /00 -083 -064 -020 04/ -700 ‘026

Subscripts r, t and 2 pefer fo the radial | tangential
and lon g dodinal qlt'rrecz‘z'ons respectivel .

TABLE 7.1

The elastic properties of 3 North American hardwoods.

The‘Poisson's_ra+ios and elastic moduli are

related by the expression

/Ll‘:j = El.l

derived from strain energy considerations (U.S. F.P.L. 1974:

(where 4,§ =7r, %, %.)

CSIRO, 1975). 'The elastic moduli, E;, ?f"" and the ratios

Ei
& |
also vary with moisture content but the Poisson's ratios

vary with moisture content. The moduli of rigidity

change only slightly between the oven-dry and green

conditions.
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The elastic modulus in the longitudinal
direction, E% , varies according to the relationship

shown in figure (7.1).

14 1

£y 137
£, (green)

' /27

//

-0+
o

Y

20 30 45
content (7, ,dry basis)

10
Moisture

Figure 7.1

The variation of E? with moisture content.

Tests on 23 trees. of E. regnans reported by

C.S.1.R.0. (1975) showed that

R

E} (M = 12%) 20,000 MPa (mean)

R

and E} (green) 17,400 MPa (mean).

These results are for compression tests on samples measuring
60 x 20 x 20 mm with an average density of 675 kg/m?® at

a moisture content of 12%.

7.2.3 Materials and Methods.

A small number of tests were conducted to
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determine the approximate pattern of elastic behaviour of
"Tasmanian Oak". The relationships between stiress and
strain were measured using small, clear samples having
densities of about 706 kg/m3 at a moisture content of 14%.
A straining rate of approximately 250.0-6 per minute was
used in most tests. -The ultimate strength of sahples tested
in-tension was recorded and used as an indicafion of the
stress-strain condition at which checks might develop
during drying. Tests were also conducted to determine
63 and th (%he shear moduli in the rédial—longifudinal

and tangential-longitudinal planes).

7.2.3.1 Measurement of Strain

Tenéile'and compressive strains of up to ZOlo;g
were measured on samples with moiﬁfure contents of T4%nand
120%. Mosf.adheéives will not bond to wood fibre with a
moisture content greater than the fibre saturation point,
thus reducing the range of suitable strain measuring

techniques. )

The strain géuges shown in figure 7.2(a)
were used to measure strains in timber -at all moisture
contents. .The gauges were used in pairs, as indicated

by figure 7.2(b).
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[ ERS gauges (electrical
resistance strain gauges)

top and bottom of 0.60 mm

8 thick spring steel plate.

ERS gauges : MICRO-MEASUREMENTS

EA - 06 - 125 BT - 120

Figure 7.2(a)

De-mountable strain gauge for use on timber.

Gavge N°1

L
N
iy

J
. 3 [

AV

——gn

Measure

Excitation

-

M[rv'ny c/ldgr'aﬂ?

|
|\‘

Figure 7.2(b)

The use of de-mountable sfrain'gauges in pairs.
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A force of apbroximafely 7N acting between the
knife edges was required at a strain of 201¢0-3. Théfefore,
it was essential Thaf:fhe knife-edges were embedded in the
surface fibres of the wood samples to avoid slip or creep
due to crushing of the fibre in the zones of contact.
Excessively deep embedment caused nofchiﬁé of the samples

and subsequent failure ' at the knife-edges.

The gauges were wired in a Wheatstone bridge
configuration and connected To-é Bruelijéer strain indicator.
The sensitivity of the measurement sysfem was 13810—5 strain.
The cable conﬁec*ing the gaugeé to the strain indicator was
shielded fto minimisé the effects of elecfro—magnefic

interference.

7.2.3.2 Measurement of (direct) stress-strain relationships.

Tension tests in the radial and tangential
directions were conducted in the apparatus shown in figure
(7.3,a). The jaws hoLding the test specimens (figure
7.3,b) were designed to minimise bending and twisting =
effects and to make the alignment of the samples with the
1ésf bed a§ easy as possible. ‘Thevsamples were.deformed

via a manually-operated screw-thread system.
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Figure 7.3(a)

Measurement of the relationship between tensile stress

and strain.

23
1 .
; 32 N
axis of symme’/ry
. Thickness = 9mm
(R/l dimensions in mm)
75

Figure 7.3(b)

Typica[ sample for tension tests across the grain.
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The magnitude of the force transmitted through
the sample was measured using an Ormond Load Cell
(-10 RN to +10 kN) connected to a Dorric type D5-300-T2

indicator. The sensitivity of force measurement was #*IN.

The strain gauges (section 7.2;3.1) were mounted
on opposite faces of the test sample (figufe 7.3,a) prior to
the commencement of tests. Care Was taken to ensure that the
gauges were aligned with the axis of symmetry of the test
saﬁple and that the knife—edges were properly embedded in the

surface fibres of the wood.

Compression tests were conducted in a Shimadzu
testing machine operating on the 5 RN . Load range (sensitivity

+5N). A typical test sample is shown in figure (7.4).

12

T

Figure 7.4

Typical sample for compression tests across the grain.

Tension and compression tests were conducted at
a straining rate of approximately 25010 %/ minute, the strain

being increased in increments of roughly 75010°° every three
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minutes. The standard fconfinuous) straining rates proposed
for the testing of wood in compression perpendicular to the
grain are 6000;0;5 /minute (A.S.T.M) and 12000,0 ¢ /minute
(British Standard). Mack (1979) reports that tests on the
Australian species have been conducted accordingly to the
A.S.T.M, standards in the main. Thérefore, direct comparison
of measured and.pub(ished data is not justified due fo the

effects of creep.

Samples which were to be tested at moisture
contents significantly different from the equilibrium moisture
content of -wood fibre under normal.éfmospheric conditions were
first conditioned to the required moisture content. and then
completely covered with a thin.coat of paraffin wax in order
to prevent adsorption or desorption. of moisfuré while testing.
In jhis way, the effects of swelling (shrinkage) due to changes

in: moisture content were eliminated.

7.2.3.3 Measurement of Moduli of Rigidity.

The approximate moduli of rigidity of "Tasmanian
Oak" in the radial-longitudinal and Tangeﬁiial-longffudfnat
planes were determined from measufemenfs of torsional sTiffness.
Long, thin strips of wood were twisted in apparafusAsimiLar fo

that shown in figure 7.5.
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7 Ue,-
aﬂ;/ge of twist

b= 40 mm

[ 1 E=5mm

7_;/0;(‘0/ sam/o/e cross- section

Figure 7.5

Measurement.of torsional stiffness.

The relationship. between applied torque and angle

of twist was recorded.

Torque, ,
T = 633
where G =. modulus of rigidity,
GJ] = torsional stiffness (J = 3 b2?),
@ = angle of twist of one end relative to
fhé other,

and L = length of sample.,
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Tests were conducted at a twisting rate of 0.25 radians per
minute. The moduli of rigidity were determined from the slopes

of graphs of J%. plotted against applied torque, T.

7.2.4 Measured Material Properties.

7.2.4.1 The rélatjonships between stress and strain in the

principle transverse .directions.

Samples of "Tasmanian Oak" (predominan*ly E.
delegatensis and E. regnans) ha?ing densities between 690 and
750 kg/m3 .at 14% moisture content (dry basis) were selected
randomly. Speciméné for testing in tension were machined from
blanks (figure 7.6) in such a way that their axes of symmetry
coincided with either the radial or tangential directions.

The blanks were conditioned to fhe required moisture content
prior to final maéhining. Immedia?ely after machining, the
test samples weré coated with paraffin wax to prevent moisture
content changes. Sealed samples were usually left for 24
hours before testing to ensure uniformity of moisture content.
Tension tests were conducted in both the radial and tangential
directions according to Table‘(7.2). The»resulfs of tests

are given in detail in Appendix £



231

. B .
UNNﬁL : 42&%» ~
L
Figure 7.6

Samplte blanks.

DIRECTION

RADAL

TANGENTIAL

TABLE 7.2

Summary of tension tests conductéd.

Tests were conducted to failure by increasing

the strain in increments of about 75010-°% and allowing a
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"settling" period of 3 minutes before recording load and

strain. Curves of the type

. 1
o= A [l - EETT}
where 0 = stress,
- = strain,
A,B = cdhsfanfs,

¢

were found to fit the measured stress-strain relationships

'well. Two typical results are shown in figure (7.7).

fMPa)

STRE S8

RaDiAaL : - 27 /
o 278106(/"' 7026_,_/)

TANGENTIAL

(@] 1000 2000 Jooo 4000 S000 6000

STRAIN (x /06 )

Figure 7.7

Mathematical functions fitted to measured stress-strain
fela%ionships - tension across the grain.

(moisture content = 14%)
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STRESS

Tension tests on sampl

piece of wood produced variable results.

graphed

moisture contents of 120 % 4%, all
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es cut from the same

The measurements

in figure 7.8 resulted from tests on samples with

cut from a piece of

greén "Tasmanian Oak" measuring 125 x 125 x 250 mm,

All samples cut from ome piece of

“Tasmanian Oak ? . Matched samples

(marked x,o or @) ftested

amsec:/l/fve/_t/ .-
54

RADIAL a o
471 0o o
]
a X ©
(o]
a X o}
3 o x0®
o ox® )
. .
[c] 0]
27 O x on X ® Ep
o o X g *a TANGENTIAL
[0} o]

/ _} o8 X xm a .

X x
0 - : —

o S000 10,000

STRAIN (x 10¢)

Figure 7.8

Variability of tension tests across the grain for one

sample (moisture content

120%)

From figuré (7.8), the approximate mean moduli

of elasticity over the range 0 - 5000,, ° strain are
E, = 500 MPa * 10% (at M = 120%)
and E, = 250 MPa * 10% (at M = 120%)

on dry sam

Tension tests in the radial direction conducted

~

ples (moisture content 14%) cut from five
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different pieces of wood (see Appendix & . ) gave the modulus

of elasticity in the rédial direction as

E ~ 1300 MPa % 20% (at M = 14%)

r

The strain at failure was 5000, ° t 159%.

A similar number of tension tests on tangentially-

loaded samples produced highly Qariable results. Here, the

elastic moduli over the range 0 to 500010 ° strain ranged

from 320 MPa to 1250-MPa} the strain at failure ranged from

2500;0"% +to more than 20,000:0-°% .

Compression tests on six samples at a moisture
content of 14% gaVe

14%)

1100 MPa %= 30% (at M

R

Er

14%)

]

800 MPa - 25% (at M

R

and _ Et

(results are summarised in Appendix & .)

It is impossible fto draw quanfiiafivé conclusions
from the results presented although it appears that, for

green timber,

.Ei.. ~ 2
t

1

eng that  E,. (M = 14% ) _ ,

E, ( M > f.s.p.)

where f.s.p. = fibre saturation point.
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Extensive testing based on suitable sampling techniques
(C.S.1.R.0., 1969) is necessary to fully define the
relationships beftween stress, strain, moisfurg content and
temperature in the princieie fransVerse directions for
each species making up the "Tasmanian Oak" group. Further
work is necessary to determine the effects of creep and
moisture content chénges on deforméfions in timber during

drying.

7.2.4.2 Measured moduli of rigidity.

The approximate values of the modul i of rigidity,
G, in the radial-longitudinal (r-3) and'}angenfial~
longitudinal (Z-3) planes were determined from measuremeﬁfs
made in the apparatus described in secfidn 7.2.3.3. Strips
of wood, cut as shown in figure 7.9, were placed in the

test rig and twisted at a rate of approximately 0.25 radians

per minute.

Measvrement of (7,,} .  Measurement of 6; 3

Figure 7.9

Tests for torsional stiffness.
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Tests were restricted to samp(es at 14%
moisture content with é density (at M = 14%) of between
690 and 760 kg/m3®. The relationship between applied torque
and angle of twist was recorded. Both Q%_~and Gta were
determined for each of 14 different dry boards. (Individual
test results are given in Appendix E ). The

distribution of results is shown in figure (7.10).

4
Grs_ Gy

6-1— ‘ 6 +

5+ : 54
% 4 . ‘4~
S| 3+ : 3+
W 24+ : 24
g /4 ] -

o] - O -

g ¢ 3§ 8§ § & § ¢ & §& § ¢

Modulus of /"z;qu[{q ( MPa )

Figure 7.10

Distributions of moduli of rigidity measured in 28 tests.
Very much larger sample populations are required before a
meaningfull statistical analysis of the results can be made.

The average moduli of rigidity were found to be

930 MPa

Gr} (average)

Gt}

(average) 820 MPa

Indiviaual results varied by up to 25% of the averages quoted.
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The effects of prolonged loading on twist were not studied.

7.2.4.3 The approximate étastic properties of "Tasmanian Oak".

The primary objective of the analysis of drying
stresses in timber was to demonstrate the effects of drying
through semi-permeable surface coatings rather than to
accurately determine the magnitudes of>1he drying sTrésses.
'Therefore, it was necessary to establish whether or not the
elastic properties of"Tasmanian Oak" were‘Similar to those
of other timbers and, if so, .to define'fhe "average" pattern
of elastic behaviour of hardwoods. It was also hecessary
to describe approximately the effect of moisture éoncénfrafion

upon the elastic parameters.

The approximate relationships between the four
elastic parameters of "Tasmanian Oak" measured on small
sample popﬁlaifons (at a moisture content of 14%) were

found to be

E G Gt?

£ . 'y . -
+— =0.7 (0.5,green), ~0.8 and =—=0.7 o (701D
t, E, E,.

The same (average) ratios for the 3 North American hardwoods

quoted in table (7.1) are

=~ = 0.52, E” =0.83 and 2= 0.64 ..(7.2)
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The ratios (7.2) are derived from tests
conducted according to the ASTM standards which are
characterised by very much faster sfrainfng rates than
those used during tests resulting in ratios (7.1) (see
section 7.2.3.2). . Nevertheless, the similarity in material
property ratios is encouraging and preliminary indications
are that the "Tasmanian Oak" group of species behave

(elastically) in a similar manner to other hardwoods.

The average material property ratios given in
table (7.1) were used in the mathematical model describing
the development of drying stresses in "Tasmanian Oak".

A summary of.fhese values appears in table (7.3)..

e | 6] 6l Ge N
-t — LY ¢ qrz

E,\E |G |G | & | | | | At M| o
052 | 100 083 | -064 020 -4/0 04/ '364 oo | 500 A'026

"TABLE 7.3
Adopted elastic parameters df "Tasmanian Oak"

(moisture content = 12%)

The longitudinal modulus of elasticity of
E. regnans at 12% moisture content (C.S.1.R.0.,1975),

(3 20,000 MPa. The value of E, varies with moisture content

3 ¥
according to the nelationship.described in figure 7.1.

Tests showed that E,, (m.c. = 14%)
' E, lgreen)

r
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The parameters required for a linear, plane-

strain model of drying stresses are Er, Et’ er and the
six Poisson's ratios. It was assumed that the values of
Et;and Grt (Like E,.) doubled as the moisture content fell
from above the fiBre saturation point to 14%. The variation
of Er, Et and Grt with moisture content was assumed to ﬁave
a form similar- to that describiﬁg the variation of E%vand
was expressed as

P (at m. concentration = ¢ = P(§¢22n1(1+2.72.e—9%_}

where P = E , E, 01 G, | ceeol7.3)

|
2 frm-mmmm - ;
Pc) E
P@r’een) E
' )
VN ST e R T
' I
? l
E :
! :
o ! !

0
(S

170 :
Mocstvre concentration / /(_9'//77‘:)

Figure 7.11

The variation of elastic moduli wifh moisture concentration.

. _cC )
Thus, E, = 100010° (1 + 2.72 ¢~ %)
- C
E, = 500.0% (1 +2.72 ¢ %o )
and G, = 200,06 (1 + 2.72 e’g% )

The Poisson's ratios were assumed to be independent of

moisture content. (U.S. F.P.L.,1974).
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7.3 The Shrinkage of "Tasmanian Oak"

7.3.1 Introduction

Wood exhibits anisotropic shrinkage
characteristics. |t shrinks most in the direction of ithe
annual growth rings (tangentially), about half this amount
across the rings (radially) and very little along the grain
(longitudinally). The combined effects of radial and
tangential shrinkage can distort the cross-section of boards
because of the difference in shrinkage and the curvature of.

the seasonal rings.

Wood-fibre is dimensionally stable when its
moisture content is above the ffbre saturation poinf but
i+§ dimensions change as it gains or loses moisture below
this point. Shrinkage pccurs when water is lost from the

wood cell walls.

The moisture content-shrinkage relationships
in the radial and tangential directions are required for the
calculéfion of drying stresses as differential shrinkage
strains are the major contributing factor. The shrinkage of
most timbers ﬁilled on a large scale is-well researched and
a large amount of data has been published (Kingston and von

Steigler, 1966: U.S. F.P.L., 1974).

Tests were conducted to verify published data and

to determine the exact shape of the moisture content-shrinkage
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relationships. The measured relationships were used in a
mathematical model (based on linear elastic properties) to
demonsffafe the effectiveness of proposed stress-control

methods (see chapter 8).

7.3.2 Published Data

The shrinkagé characteristics of many Australian
timbers are summarised by Kingston and von Steigler (1966).
In this summary, shrinkage is expressed.as a.percénfage of
Qreen dimensions. - Values of shrinkage from green to a
moisfqre content of 12% both before and after recondifioning
are given. The difference between these values gives an
estimate of the incidence of collapse. iThe values given
"after recohdifioning" correspond to the "normal" (unrestrained)

shrinkage of the fibre.

The unit shrinkage is also tabulated by Kingston
and von Steigler. »This'is the shrinkage (%) for a 1% change
in moisture content and applies only between about 5% and 25%

moisture content.

For E. delegatensis, the "normal" shrinkage
from green to 12% moisture content is 3.5% in the radial
direction and 6.3% in the tangential direcfion. The unit
shrinkages in the radial and tangential directions are
0.22% and 0.35% respectively. From this informafion; the

- relationships shown in figure (7.12) may be deduced.
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Figure 7.12

- Published shrinkage data for E. delegatensis.

‘The published shrinkage data for the three
species making up the "Tasmanian Oak" group are summarised

in table (7.4).

Green to M=12](dy basis) | it s‘ryb/oye
SPECIES
Rapiat TANGENTIAL RADIAL TANGENTIAL
E. a'e/egafens{s 3 3-5 6-3 0-22 0-35
£ . regnans 3.7 7-/ 0-23 0-36
E. dbligua 3-3 63 023 036
TABLE 7.4

Shrinkage properties of "Tasmanian Oak"
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7.3.3 Materials and Methods.

Slabs of green "Tasmanian Oak" were selected at
random from off-cuts available at sawmills. The wood was
placed in oxygen-proof polythene bags and taken directly to
the ‘Laboratory for testing. Test samples (figure 7.13) were
cut from green slabs using alband—saw. Care was fakenufo
avoid any reaction wood, sapwood and that close to fhe'eenfer

of the Tree; Thin slices of "Tasmanian Oak" were cut from-

slabs of green timber, as shown in figure (7.13).

r t - _ .
Radial sam,p/e _ n ' , Tangentil Saﬂ,w/e .

Figure 7.13

Typical samples used in shrihkage tests.

The upper Limit to the thickness of samples
used in shrinkage tests was 1.5 mm in order fo minimise
the effects of drying'sfresses on deformations. The samples
" were res?fained from deforming out of the plane but were ~
néT restrained against shrinkage within the plane (see

figure 7.14). Two small markers (brass filings) were
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embedded in the faces of each green sample, one near each
end, and the distance between them measured using a

travelling microscope.

._',.,‘.i.-z S SR TR S

Figure 7.14

Shrinkage test in progress.

The samples were allowed to dry in.air.  The distance between

the markers was measured every 15 minutes and the sample
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(plus restraining frame) weighed on a Projecta balance
(sensitivity + 0.0001 g). It was essential that the weighing
was conducted within about 30 seconds of the length measurement
as the sample dried at a rate of approximately 0.008 grams of
water per minute in the early stages (initial sample weight

~ 3 g.). The drying rate reduced as the éamples approached
equilibrium under the atmospheric conditions in the laboratory.
The samples were condifionéd to moisture contents below the

equilibrium value in the laboratory and finally oven dried.

7.3.4 Measured shrinkage-moisture. content relationships.

In all, nine radial and eight tangential shrinkage
tests were conducted according to the procedure described
in section 7.3.3. A detailed summary of the results appears

in Appendix £

AMHN==&MZ - l AMﬁy==51$£Z
1 ' 4
. K’ 3__
g
] 3 2
&
p LL /_..
/2 3 4 5 6 3 4 5 6 7 .8
Radial sﬁr/m(*age (L to M=12]) Tangential shrinkage (7, o M=/27)

Figure 7.15

Distributions of shrinkage to 12% moisture content from 17 tests.
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The measured mean shrinkage to 12% moisture content compare
favourably with those given in table (7.4). The mean shrinkage
in the radialiand fangenfial7direcfionshaf moisture contents
‘of 0, 5, 10, 15.....(%) were determined from measurements
(Appendix E. ) and the é?erage shrinkage-moisture cénfenf

relationships plotted (figure 7.16).

!
Raprat » TANGENTIAL
60— ) 60 R .
§0- 50 -
40 4 40 4 measured (avenaje)
measured [average)
304 30 4 -
207 TR 20 1 /oué/l's/)ez/
published* S
10 - : 10 -
o : , : : —— 0 : : . : — : : .
fe) / 2 3 4 s o / 2 3 4 5 6 7 8 9
SHRINKAGE [ #om green) SHRINKAGE (% From _green)
) * published by Kingstor and von Sz‘ezg/eﬁ )

Figure 7.16

Average relationships between shrinkage-and moisture content.

The measured relationships of figure'(7.16)
were approximated mathematically and used in the calculation:

of drying stresses (chapfer 8).
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In terms of moisture concentration, the
measured relationships may be approximated by the following

relationships;

Radial shrinkage strain,

_ 0.06 . 82-¢
é;;-0.0B — aiclan [ 4]]
Tangential shrinkage strain,
i . 0.110 90-¢
éi%— 0.055 + ™ arctan [ 53 ]
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DRYING STRESSES

8.1 Introduction

A number of factors contribute to the magnitude

of drying stresses in sawn timbers, the more important ones

being:

1)

'2)
3)
4)
5)

6)

The particular permeability, shrinkage and elastic

properties of any givén biece of timber.
Whether the boérd is quarter-sawn or back-sawn.
Board thickness.

The initial moisture content.

The drying condffions.

Surface coating thickness and permeabilify.v
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The method of determining the state of stress in
a piece of wood in a condition of plane strain (chapter 6),
together with the "short-term", linear elasfic behaviour and
shrinkage properties of "Tasmanian Oak" (chapter 7), were used
to calculate drying stresses in boards dried:under conditions
similar to those used in the Tasmanian ftimber industry. |In
the model, no allowance was made for the time-dependence of
elastic deformations, the effects of hysferesis or the
development of checks. The purpose of the analysis reported
in this chapter is to demonstrate the relative stress levels
in back-sawn "Tasmanian Oak" dried with and without permeable
surface coatings. The mafhemafical model may be.made more
realistic by including the effects of non—tfnear-elasficify,
creep énd hYsTeresis via the introduction of piece-wise linear
approximations to the measured behaviour of timber (for example,

section 6.6).

A one-dimensional model of drying and stress-
development based on a finite difference approximation to the
governingwdifferenfial equations was formulated. Typical
~p}op¢rfies of "Tasmanian Oak" (from chapters 5 and 7) were
used in the calculation of drying stresses in coated and uncoated
boards with various thicknesses dried under the same conditions, .
Tﬁe approximate conditions under which checking becomes a problem
were deduced from a comparison of calculated and observed |
behaviour . The results of calculations clearly demonstrate
that the maximum drying stresses in coated Timbér are lower

than those in uncoated timber dried under the same conditions.
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The use of combined moisture transfer and stress analysis
in the design and optimisation of drying schedules is

discussed.

8.2 A mathematical model for the determination of drying

rates .and stresses.

When timber is stacked for drying under industrial
'condifions; individual boards are stacked edge to edge in
layers approximately 1.8 m wide. . Therefore, drying takes
place almost entirely through the faces of a board and
hoisfure transfer through the wood fibre can be analysed
using a one-dimensional model. . In one dimension, the mass

diffusion equation (equation 3.18) becomes:

¢ . 3%e
3t ax? I N D |
where ¢ = mass concentration (kg/m?),
t - time(s),
D = diffusion co-efficient or "diffusivity" (m%/s)
apnd X = space increment (m).

Uni-directional drying gives rise to a condition in which
the Lines of constant moiSfure concentration are parallel
to the board faces and therefore shrinkage strains vary only
in the direction perpendicular to the board faces (i.e. the

direction of moisture fransfer).
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The diffusion co-efficients in both the radial
and tangential directions were assumed to be constant

(independent of moisture concentration, see chapter 5).

The boundary conditions used in the calculation
of moisture distributions in coated timber were based onn
curves fitted to measured surface'fibre moisfure concentration -
time relationships. Surface fibre moisture concentrations
were inferred from moisture distributions measured using the
microtoming technique described in chapter 5. Three typical

curves are illustrated. in figure (8.1).

700 1

ON
8
4

-286
C=C4+ (c,—cb)exp(— 314- ) -26¢
C= G+ (comcy) exp (- Tz~ ) 2
c=crle-a)exp- Tg ).

g

400 4

g

g

loo -

MorsTURE Co;VCEA/T'RﬂTIONI kg /r77%)

o v L] Ll L L] L4
o 100 200 300

7wm9(bmmd

Figqure 8.1

Surface fibre moisture concentration variation with time.

The points marked © correspond to surface fibre moistfure

concentrations measured on a 27.4 mm thick back-sawn board
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with an initial moisture concentration of approximately

640 kg/m® dried at 25°C and 50% relative humidity with a

0.7 mm thick animal glue-talcum powder coating (chapter 5).

The board has a radial diffusivity of approximately 2.110"’
m?/hr based on a model using a constant diffusion co-efficient.
The lLowest of the curves in figure (8.1) corresponds to .the **
boundéry condifion_of an uncoated board and the middle curve
‘approximafes the surface fibre moisture concentration variation
of a thinly coated board (fﬁickness of between 0.3 and 0.5

mm animél glue-talcum powder).

To simplify the mathematics, the analysis of
drying sfrésses in "Tasmanian Oak" was restricted to either
purely back-sawn or purely quarter-sawn boards (sections
6.4.3.2 and 6.4.3.1 respectively). Furthermore, the boards
were'aSSUmed to be véry wide comparea to their fhicknéss.
Under this condition, the stresses acting in the direction
perpendicular to the board faces are small at every point
on .the cross-section (away from the edges) and may be
neglected. This leads to the deducfion that the Airy stress
function, ¢ (section 6.3.1), has a constant vélue along lines
parallel to the facés of a wide board (at a sufficient distance

from the edges).

Hence,
9
; )
X X X
T X and,
3%¢ 3% 3%¢
S 9axZ%3y? axdy 3xdy



255

For back-sawn timber, the differential equation

describing the state of stress takes the form

K13“¢ + Ky L) + Ks %¢__ 9% %adial ' _ 3% (tangential
ax" ax2%ay? dy*  3ax2?|shainkage d3y? |shadinkage

(see equation 6.38) where K1, K2 and K3 are (elastic) constants.

linearised 5rowt‘/7 rings

Radial direction

7angential dir eT:t‘_tbn

Back-sawn board (in cross-section)

Under the simplifications outlined, equation (8.2) reduces fto

3% - . af , S
K3 = - (tangential shrinkage)
8yt 3y* |
" 4 2
or [1-,/€w/%? 3'¢ - - il 8, c)
: Et ay" ayz .

Similarly, for quarter-sawn boards, it is found that

[""/“’"/“ﬁ] 2%~ 2% g e

i - . .
E Y 8yt L (8.3,b)
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(The variables used in equations (8.3,a and b) are defined in

chapter 6).

The calculations were simplified further by
ignoring the effects of creep and hysteresis and the develop-
ment of checks. The material was assumed to be'linearly
elastic and the reSQ(fs of material property tests of sﬁorf
duration. (approximately 1 minufe,.see,chapfer 7) were used
in all calculations. Assumpfions,régarding the variation
of the elastic properties of iimbér with moisture concentration

are detailted in section 752.4.3.

The approximate mean shrinkage‘sfrain—moisfure
content (concentration) relationships of equation (7.4) were
uséd in conjunction with calculated moisture distributions

fo'de+ermine the right-hand sides of equations (8.3, a & b).

Stresses were calculated subject to the boundary
conditions of zero shear stress and zero direct stress
(acting perpendicular to the board face) aTAfhe free surfaces

(see section 6.3.1).

A computer program uéing,finife difference
approximations to equations (8.1) and (8.3) was used to
calculate moisture and stress distributions (the "PASCAL"

program is detailed in Appendix F ).
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8.3 Assessment of the one-dimensional moisture transfer model.

In the large-scale dryiné tests conducted on
stacks made up of 2.3 m long coated and-uncoated back-sawn
boards reported in Chapter.5, drying was essentially ope-
dimensional (section 8.2). The stacks were dried undeg
normal atmospheric éondifioné (17°C and 60% relative humidity).
Most of fhg uncoated material checked. The coated boards
dried without checking. A 0.7 mmvcoafing of the animal glue-

talcum powder mix described in chapter 5 was used. )

The onefdimensional.moisfure transfer model
described in section 8.2 was .used to analyse fhe mean drying
curves for the uncoated and coated material in each stack
(see fiéﬁre 5.20 ). The results for stack number 3 are .

given in figure (8.2).
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COATED BOARDS : Measurements D]
500+ Theory — radial diffusivity | D, = -6 57 mjhr
CONTROL Bomrds: Measurements ©
o~ Theory - radial a/i%siw'/_y » D= 1657 hr
\E » =
I 4001
X
)
N
<
(-4
§
g 300- ‘
3
© v Coa.!lea/, bOGf‘c/S
4 .
N
1S .
g 200 1 ’ )
X cantrol boards
/oo — — v . v -
<) /00 200 300 400 so0

TIME (/;our-s)

Figure 8.2

Typical drying curves for coated and uncoated boards.

The calculated curves are based on 1hé actual
board thickness of . 27.0 mm (green) and a diffusion co-
efficient in the wood (in the radial direction),

D. = 1.610%7 m?/hx.

Comparison of the measured and calculated drying
cﬁrves for the control (uncoated) boards is not valid as the

theoretical model makes no allowance for the acceleration of

drying due to checking. 'The surface fibre moisture concentration-

time relationship used in the calculations was
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286
c = ¢yt le, - ¢l exp (- )
where A = 0.8 (for uncoated boards)
or A = 3.4 (for coated boards),
-cb = original moisture concentration,
Cb = equilibrium moisture concentration of

wood fibre in the atmosphere,

and T = +time (hours).

This function fits the measurements quoted in figure (8.1).
The calculated drying curve (figure 8.2) for the coated material

agrees well with the measured drying curve.

In order to determine the validity of the one-
dimensional model as a means for calculating drying curves
for uncoated boafds, a 150 x 25 mm (nomfnal cross-section)
green, quarter-sawn "Tasmanian Oak" board, 2.4 m long, was
~obtained and cut into 3 lengths, each of 0.7 m. These boards
were sealed on the ends and edges with paraffin wax and
‘dried under constant conditions of 37°C and 50% relative
humidity. The boardé did not check. The measurements are

compared to the calculated drying curves in figure (8.3).
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Measurements : ©
Theory + Di = 078,57 mifhr

ConvcenTRATION (kg /r°)
ES
$

Mo1STURE

Joo T v
o /700 200

Time_(hours)

Fiqure 8.3

One-dimensional-drying of a quarter-sawn board.

The calculated drying curQes are based on the
original (green) thickness of 25.0 mm and a constant diffusion
co-efficient in the wood (tangential direction) of
Q, = 0.7510- 7 m2/hr. The éurface fibre moisture concentration—

time relationship used was

: f-zes
c = Cp * (co - Cb) exp ( - “.£ )

(see figure 8.1)

The agreement between measurements and
calculations based upon the one-dimensional moisture transfer

model using a constant diffusion co-efficient is remarkably

good.
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8.4 Calculated Drying Stresses.

8.4.1 Introduction

vThe drying of boards with differenf thicknesses
but with the same material properties was analysed in order
to study the changes in éfress levels in timber brought about
by drying through permeable coatings. A DIGITAL PDP 11/10
comquer and a PASCAL program (listed in Appendix.F') based
on the theory and assumptions Listed in section (8.2) we;e
used for this purpose. The effects of fhickness, sawing
pattern (whether quarter-sawn or back-sawn). and coating
properties (perfofmance) on the méximum.fensile stresses
generated at the board surfaces. were inVesfigafed. The
theoretical drying conditions used in all calcdlafions were
idenffcal.' The following data were used and the results .

graphed in figures (8.4, a, b, c, d & e).

Material Propeeties:

Tangential diffusivity, Do = 1.2:07  n?/hr.
Radial diffusivity, D, = 1.710¢"7 - n%/hr.
(values assumed constant: temperature = 20°C).

Tangential shrinkage strain, E;t = 0.055 + Oﬁj]arcfan[?ggc'];

]
o
=
W

+

Radial shrinkage strain, g%
r
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Tangential modulus of elasticity,

- 6 - &
Eg = 50010°(1+2.72 exp(~ +=) ) Pa.

Radial modulus of elasticity,

c
E, = 10001¢° (1 + 2.72 exp (- 55) ) Pa.

Modulus of rigidity in the radial-tangential plane,

G 20010% (1 + 2.72 exp (- %;) ) Pa.

rt

Poisson's ratios (assumed independent of moisture concentration),

= 0.50 4. = 0.026 ;
S - | ey
A =041 Sy = 0.041.
Initial moisture concentration, ~ ¢ = 500 kg/m®

Constant drying conditions of 20°C and 60% relative humidity
giving a wood fibre equilibrium moisture concentration =
70 kg/m?®* (roughly equivalent to a moisture content of 11%

on a dry basis).

Boundary .moisture concentration conditions:

©«286
T )
A

¢ + (g - ¢ ) exp (-

General expression Cc

(see figure 8.1)

The following values of the constant A are strictly applicable

to 28 mm boards dried under conditions of 25°C and 50%'relafive.
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humidity only, although, when used on boards of a different
thickness, they give an indication of the performance of

the various coatings.

Uncoated boards, A = 0.8

Coated boards: - (animal glue-talcum powder mix, Chapter 5)

4

- thickness .= 0.7 mm, A =

3.
0.3 - 0.5mm, A = 2,

- thickness

From calculated stress distributions, the maximum tensile
stresses in sawn boards (during the early stages of drying)

were found to act at the free surfaces.

Figures (8.4) give the calculated drying curves
and the variation of the surface stresses with time for boards
wifh’origihal (green) Thicknesses‘of 12, 19, 23, 28 and 45 mm.
Eaﬁh figure compares the drying - of uncoated quarter-sawn and
back~-sawn boards with coafed.back—saWn boards of the same

thickness.
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8.4.2 General Trends.'

A number of deductions can be made from a

comparison of the results presented in figures (8.4),.

Firsty, and most importantly, the drying stresses
in coated boards éré considerably less than those in
uncoated boards of the same 1ﬁickness, dried under the
same conditions. However, coated material dries 51

a slower rate than uncoated material.

The maximum tensile drying stresses afifhé
surface of uncoafed quarter-sawn boards are approximately
154 larger than those in uncoated back-sawn boards over
the range of fhicknessés analysed. The incidence of
face-cheéking in quarter-sawn "Tasmanian Oak" is very
low (untike back-sawn "Tasmanian Oak"), indicating that
the ultimate tensile strength in the fangénfjal difecfion
is significantly less than that in the radial direction.

Tests reported in chapter 7 and Appendix £ indicate that

Ultimate radial tensile strength

1
(o)}

Ultimate tangential tensile strength

The calculated maximum stress levels in
uncoated back-sawn boards véry by only 10% between
12 and 45 mm thick material. Awaever, the thicker the

board, the longer the duration of "high stress levels"
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("high stress levels" : stresses less than, say, 20%
below the maximum) and the thicker the coating required

to Limit the surface stresses to a given level.

In practice, it has been observed that the
percentage of 12 mm back-sawn (uncoated) "Tasmanian
Oak™ boards drying without face checks is very much greater
than that for 25 mm back-sawn siock (approximately
50% compared to 15%). vThe indication (from figures
8.4, a and c) is that the duration of the period of

'"high stress" is extremely important.

8.4.3 Drying stresses in 25 mm (nominal thickness)

"Tasmanian Oak" Boards. Refer to figure (8.4,d).

After 500 hours (3 weeks) of drying from
itheir original moisture éoncenfraffons of 500 kg/ma, the
isaverége moisture concentration in the back-sawn board with
ithe 0.7 mm coating (figufe 8.4,d:, curve"3") is 260 kg/m?
~compared with 235 kg/m® for the uncoated quarfer—sawﬁ
board -and 190 kg/m?® for the uncoated back-sawn board
.(according to the mathematical model). The maximum
tensile s}ress in the surface fibres of the uncoated
back-sawn board is 3 times that in the back-sawn board
with the 0.7 mm coating. The ﬁaximum stress in the
uncoated back-sawn board is reached only af%er_l70 houré
(7 days) drying but the stresses in the coated board

reach a maximum some time after 500 hours drying.
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The. large-scale drying tests described in
chapter 5 indicated that drying 25 mm (nominal'fhickness)
back-sawn "Tasmanian Oak" boards using the 0.7 mm animal
glue-talcum powder coating resulted in the elimination
of face checks from a large proportion of material.
Furthermore, the 0.4 mm coating applied to stack 1
(section 5.5,5 ) was found only to delay the onset of
faée-checking by three to four .days. From these observations
and an examination of the calculated surface stress-time
relationship of figure (8.4,d), it was deduced that
prolonged action 6f tensile stresses greater than approximately
15 MPa~a+ the board surface (according to the merL4used)
is lLikely to result .in facefchécking in 25 mm back-sawn

"Tasmanian Oak" boards.
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CHAPTER 9

CONCLUSION

INTRODUCT I ON

The primary aim of this investigation was to
develop a means of consistently and economically seasoning
back-sawn "Tasmanian Oak" without degradation due to face-
checking. The method of controlling checking by coating
back-sawn boards with permeable materials, '"green off saw",
was thoroughly investigated. Emphasis was placed on developing
the theory and mafheméfics relafed to the behaviour of coated
timber and to demonstrate the effectiveness of'l ‘oneparticular
coating material in controlling face-checking in 25 mm
(nominal thickness) back-sawn "Tasmanian Oak" boards. In
proving the coafing'fechnique suitable for controlling checking
in back-sawn "Tasmanian Oak",'fhe economic and some of the

practical (production) requirements of induéfry were not of



primary importance. However, as a result of the establishment
of a reliable method of>conTrolling»checking, the way has been

cleared for the development of an economic industrial process.

During this investigation, theory and measurements
have been developed in parallelﬁ Accurate modelling of the
processes occuring in jndividuai'boaras enables prediction of
the behaviour of large populations to be made. Mathematical
models were used to analyse data collected from tests on
small sample populations. Any refinements to the models
indicated by the results of such.an analysis were checked
by subsequent testing. Following The‘developmenf df the
modestfo the required degree, the effects of various surface
coatings on the seasoning of back-sawn "Tasmanian Oak" were

examined quantitatively.

It is intended that the simple mathematical models
developéd during this investigation be refined further and
used extensively durihg the devélqpmenf and optimisation of
an economic process for seasoning back-sawn "Tasmanian Oak"
on an industrial scale, thus Limiting -the need for Largé—scale,

time-consuming and expensive testing programs.

FURTHER WORK

The ultimate conclusion to research into the
seasoning of back-sawn "Tasmanian Oak" is the introduction

of an economic process to industry. It is the intention
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.of>fhe Tasmanian Timber Promotion Board to actively pursue

this end.

There are a number of related fields in which
further work is required if the coating (or pre—surfacfng)
1echnique of seasoning ié to be developed for use in the
Tasménian hardwood ﬁilling industry. These areas may be
summarised under four general headings, none of which sh&uld

be considered independently of the others:

1) Coating materials - physical properties, practical

requirements. Economics.

2) Refinement of the mass transfer model - effects
at wood/coating interface (eg. moisture
concentration discontinuities, chemical

effects etc.).

3) Refinement of the drying stress model - inclusion
of the effects of curvature of growth rings,

non-linear material properties, creep, etc.

4) Wood property determination and correlation.

Work is proceeding in the area of item 1) and an extensive study
under the heading of item 4) is scheduled for commencement

in the near future. |t is the author's intention to investigate
topics reLafed to ifems 2) and 3) as fHe needs arise during the

development of the coating/seasoning process in industry.

The requirments of the coatings are many fold:
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1) They must have the correct combination of thickness

and diffusivity.

2) . They must adhere to the surfaces of "green" timber and

air must be excluded from the interface.

3) They must remain pliable for long periods - +that
is, they must shrink as the board shrinks (or

deforms) without affecting the wood/coating bond.

4) They must be economic in terms of material cost,

capital investment and drying time.

5) They must be relatively tough - suitable for
handling within a short time after application (of

the order of 1 minute).
6) They must be applied quickly and uniformly.

7) They must be easily (economically) removable,

The animal glue/talcum powder coating mix used
during this investigation was found to satisfy requirements
1, 2, 3, 5 and 6. However, it was difficult to remove on
completion of drying, due mainly to its abrasive nature.
Furthermore, at current (1981) bulk prices, the material

3

cost of coating a total Qolume.of 1 m* of 25 mm (nominal

thickness) boards with the animal glue/talcum powder mix is
roughly $A180. The current market value of 1 m® of premium
grade 25 mm quarter-sawn timber is between $A350 and $A400.
It is estimated that if the material cost of the coating

were reduced to $A40/m? or less, a large percentage of the

‘total volume of hardwood produced annually in Tasmania for
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decorative end uses could be economically back-sawn.

The work presently being conducted on coatings
is centred on a number of readily available materials.

Particular attention is being paid to economics.

It is proposed that the mathematical mode[.be
refined by making a number of modifications. The effects of
creep (semi-permanent deformation), hysteresis (pefmanenf
deférmafibn) and the time-dependence of fracture stresses
should be introduced. This wéutd ensure that the behaviour
of "Tasmanian Oak" during drying predicted by the model

would more closely match that observed.

#uriher refinement is possible by catering
for the non-linear elastic proberfies of timber and the
addition of the full expfession describing the state of
stress 'in orthotropic bodies, including allowance for the
curvature of.growfh rings. Upon reaching this stage, it
might be worth while including the effects of changing méss
diffusivity and shrinkage separately and to work with the

changing dimensions of the board.

According to foresters and-timber-millers, the
propérfieslof timber Qary markedly within species as a
result of growing conditions (soil Type, rainfall,.alfifude,
slope.....). Héncé, the average properties and the variability

of the raw material (logs)AaVailable at each mill is different.
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The simple model used during this investigation
would provide an adequate heans of predicting the bahaviour
of back-sawn boards for an initial feasibility study,
préviding that the mean (linearised) properties of the
avaflable material were known. A more refined model would
have to be used to maximise profitability at any particular
mill and, in keeping-wifh this, a more detailed picture of

the properties of the available resource would be needed.

Thé profitability of production of back=-sawn
"Tasmanian Oak" using the.coating method depends upon the
balance befwéen the rate ofvdegrédafion, drying time and

coating cost per unit thickness.

Associated with the determination of the mean
wood properties and their variation is the possibility of
correlating particular properties such as density, permeabiiify,
shrinkage and strength. If relatively simple tests could be .
deviged to identify material, the behaviour of which deviated
greatly from the mean, profitability could be increased further

by grouping the logs (before sawing) into:

1) Those requiring thick coatings and long drying
times if back-sawn. For economic reasons, these

would most probably be quarter-sawn;

2) Those that would dry at an economic rate if back-

sawn and coated: and

3) Those that would dry with minimal degrade if back-

sawn and not coated.
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Experimental work in the immediate future will
be conducted in the related fields of coating property
measurement (and economic analysis etc.) and statistical wood

property determination.. - and correlation. ' +

Wt
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APPENDIX A

NOMENCLATURE

Except where otherwise specified, the symbols used in
the text of this thesis have the meanings specified in
the following tables. Where the "occurence" is not

given the meaning quoted applies fhroughouf the text.

UPPER-CASE LETTERS

Symbol Occurence Description ' Units

A Ch. 5 Area ‘m?

A Ch. 7 Constant

Ai,...Ay. Ch. 6 Elastic coefficients (see —m?/N
equation 6.32, page 186)

Bi,...Bs. Ch. 6 Elastic coefficients (see —m?/N
Addendum, Ch. 6, page 211)

C Specific heat kJ/kgK

D Mass diffusion coefficient m2/s or
(6r diffusivity) m2/hr

D Eq. 3.3 Mass diffusion coefficient m?s

E Ch. 3 Activation energy of , kJ/kg
diffusion '

E Young's modulus . - Pa

F Ch. 3 Mass flux per unit area kg/m?s

G Modulus of rigidity (sheer) Pa

J Ch. 7 - Polar moment of inertia m*

K Ch, 3 Constant

K Ch. 6 "Stiffness" of a.restraint 1/m
on a body
Moisture content kg/kg

Ch. 3 Vapour pressure (of water) Pa
Ch. 3 Heat flux per unit area W/m?

PR T A

Universal gas constant kJ/moleK
(R=8.317) '
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Symbol Occurence Description Units

T Temperature °c

T Ch. 7 Torque (applied) Nm

T Ch. 8 Time s

X Ch. 6 Body force per unit volume
acting in the x-direction N/m?

y Ch. 6 : Body force per unit volume
acting in the y-direction N/m?

Z Ch. 6 Body force per unit volume

acting in the 3-direction. N/m?

LOWER-CASE LETTERS

a Ch. 3 consfan+

c Moisture concentration kg/m?
d Eq. 3.21 Interface mass transfer m/s

coefficient

d Eq. 3.22 Coating thickness m

d Ch. 5 - Coating thickness

e Mass flux per unit area kg/m?s
4 Ch. 3 ‘Mass flux per unit area kg/m?s
) : Ch. 6 A function of x and y.

g Ch. 6 A function of x and y.

£ Finite difference mesh

coordinate

{ Finite difference mesh

coordinate

k Ch. 3 Thermal conductivity W/m°c
P, q Ch. 6 Direction coordinates
Ch. 6, 7 Radial direction (w.r.t.
a Llog of wood)
z Ch. 3, 5 Time. s
-z Ch. 6, 7 Tangential direction (w.r.t

a Log of wood)
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Symbol Occurence Descr[gfion _ Units
Ch. 3 Direction coordinate -m
Ch. 6 Displacement in the
x-direction m
v Ch. 3 Direction coordinate m
v Ch. 6 Displacement in the '
y-direction ’ m
w Ch. 6 : Displacement in the
%¥-direction m
X, Y Direction coordinates m
Direction coordinate m
% Ch. 6, 7 Longitudinal direction

(w.r.t. a Log of wood)

GREEK LETTERS

X Ch. 3 Angle - rad.

< - Ch. 6 Coefficient of thermal 1/°¢
| expansion

‘X/»y Ch. 3 - Thermal diffusion m?/s

coefficient (diffusivity)

/3 | Material swelling coefficient m3/kg
K Shear strain . ‘ m/m
£ Direct strain m/m
Es Shrinkage strain m/m
'3 Ch. 3 Direction coordinate
? Ch. 3 Direction coordinate
6 Ch. 6 Angle or rotation of one frame
of reference relative rad.

to another.
Ch. 7 Angle of twist rad.

©

/x Poissdn's ratios (material

"constants)

€ Ch., 3 Direction coordinate



Symbol

Occurence

Description

S N O >

Density
Direct stress
Shear stress

Airy stress function

A4

Units

kg/m?
Pa

Pa
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APPENDIX B

2-DIMENSIONAL MOISTURE TRANSFER PROGRAM - "TIMBER"
COMPUTER LANGUAGE - BASIC

MACHINE - DIGITAL PDP 11/10

GENERAL DESCRIPTION::

This program was originally written to enable
‘the analysis of drying tests on small samples of

""Tasmanian Oak". 11 solves the equation (3.18),
3, 3) , 2 [y 2
3L Ix [D"" ax] t 3y [D” ay]

using the implicit finite difference method described in
section 3.5.2. The above equaffon is applicable only fto
perfectly quarter-sawn or perfectly back-sawn timber under
the assumpfidn that the principal directions of diffusion
are invariant over the.cross-section of a board (section
3.3). Furthermore, as drying tests were conducted at low
temperatures (dry bulb temperature < 40°C), and
‘reasonably high humidities (typically 60% reltative humidity),
the fhermal effects on diffusion coefficients have been
ignored (section 5.3.2). The program Listing included in
this appendix contains some of the modifications necessary
to solve the more general two-dimensional diffusion

equation, equation (3.10).

DETAILS:

Grid points have been concentrated near The.
boundaries of the cross-section where the highest curvafure.
of the moisture distribution occurs. The spacing of grid
lines takes the form of a geometric progression with the
geometric ratio ("distortion ratio"), R2. The grid covers
only one quarter of the cross-section as the simplifications

made in section 3.3 guarantee the symmetry of the
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solution. Y

Porfkm of board

P B B NN\ e e

= X

width | W
Consider the spacing of grid-lines in the y - direction.
| Y
free surface
- \ . . - .
w2 Provision has been made in
amm/éwm%ce///' , the program for coatings on
the wide face of the boards.
— Assume the first grid interval
t, . . .
2. Lies outside the timber.
axrs drgymwéﬁy
W2 = the base y - increment size
M = the number of intervals in the y - direction
(M 7)

"R2 = the distortion ratio of the gria.

Thus, -
t (R2" -1
7 - W2 [ RZ -1 |
For given %X, R2, M,
t
L 1V 3 A R
R2 - 1

Similarly, in the x - direction,
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axis of symmelry

| | - , X

| | ' free surface

W3l
. Y
W3 = base X - increment size
N = number of intervals in the x - direction
(N € 12)

R2
For given W, R2, N,

grid distortion ratio (same in x & y direction).

W(R2 - 1)

2[(-R2)” - 1]

W3 =

As previously mentioned, this program is
suitable for analysis of moisture transfer through either
perfectly quarter-sawn or back-sawn timber. The angle, A,'
between the Llinearised growth rings and the edge-planes

... of a board specify the type of board, viz:
| Unearssed growth
/// rings f\\,

7 N
) v K

194

,9 = 900_.

Back-sawn board , A= 90° - Quarter- sawn board, R-0°

The diffusion coefficients have been assumed
to be constatnt (no variation with moisture concentration).

Experiments show that

Tangential diffusion coefficient

= 0.7
Radial diffusion coefficient ’

at all concentrations.

For the purpose of easily handling the

variation of diffusion coefficients found in Tas. Oak,
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value of the radial diffusion coefficient, G1, has been

left as a variable. Typically, Gl = 1.7 -7 m?/hr.

The required time sfep for the differencing system, T1,

is quoted in hours.

The initial (uniform) average moisture concentration of a
board, C7, is quoted in the units of mass concentration
(kg/m®), as is the equilibrium moisture concentration of the

timber, C6, under the conditions of drying.

The distortion ratio of the grid, R2, should be less than
1.5 to ensure a stable solution. A typical value of R2 used

was 1.4.

The number of intervals within a coating, Ii, and the
diffusivity of the coating, D5, have been included in the
" program for. future analysis of coated timber. These '
parameters are not applicable to the drying of uncoated

" timber and for convenience may.be given the following

values: ' 11 = 1
D5 = 1
INPUT/OUTPUT
Consider the analysis of the board shown below
J
282 | -
/36 rmn

Quarter-sawn board

The initial moisture concentration in the board
is 600 kg/m® and its dry density is approximately 700 kg/ma.‘
Drying takes place at 34°C and 72% relative humidity which

gives .an equilibrium moisture concenfration in wood fibre



B5

of approximately 85 kg/m3 (from sorption isotherm and/or

equilibrium tests),

Choose the number of grid intervals in both the
X and Yy directions to be 7 and adopt a distortion ratio of

1.4. Therefore, the base y - increment size,

W2 = 0'928 = 613 - m.
(1.4)y -1 . 10
2 — - v

1.4

Similarly, the base. . x - increment size,

w3 - 0.136 (1.4 - 1) _ 5 a0 o

,2.{(1.4)’ - 1] 10
0

The board is quarter-sawn; thus, A = 0
An initial estimate of the radial diffusion coefficient is

1.7 -7 m%/hr.
10

The data is entered into.the program in the following way:

TNO. OF INTERVALS WITHIN COATING =7 1

BAGE X-INC. SIZE =7 2,85E-03

NO. OF INTERVALS IN X-DIRN.=7 7

RASE Y-INC, SIZE=7T 6.13E-04

NO. OF INTERVALS IN Y-UIRN.=7 7

TIME STEF (HRS.)=7 2

ANGLE OF G.R. TO EDNGE FLANES =7 0

MAX . RADIAL DIFF,COEFF.=% 1.7E-07

INITIAL M0 OF TIMBER =% 600 ;

EeM.Co OF TIMRER IN AMBIENT AIR =7 83
- DISTORTION RATIO OF GRID=? 1.4

DIFFUSIVITY OF COATING =7 0,01




Data output takes the following form:

516,905
496,538
480, 683
467 315
455, 589
445, 0%6
435,439

TIME(HRS )= 10 AV.M.C.
TTIME(HRS )= 20 AV.M.C.
TIME(HRES )= 30 AV.M.C.
CTIME(HRS )= 40 AV.M.C.
CTIME(HRS )= S0 aV.M.C,
TIME(HRS )= 60 AV M.C.
CTTIME(HRS )= 70 aV.M.C.
CTIME(HRS )= 80 AV .M.C.
TIME(HRS )= 20 AV.M.Ce= 418,271
TTIME(HRS )= 100 AV M. Coe= 410,497
TIMEHRS )= 110 AV M.Cv= 403,158 -
S TIMEC(HRS. )= 120 AVMCe= 398,198
TIMEC(HRS )= 130 AV.M.C.= 389,57
CTEME(HRS )= 140 AVZM.Co= 383,239
TIME(HRES )= 150 AV M. Co= 377,173
CTIME(HRS )= 160 AVZM.Co= 371,346

io# o6 ¢ o6 i
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1_REN:NANE “TIMBER" _  DISTORTED GRID PARTIALLY NODIFIED FOR COATINGS
2 DIN C(9,8),B(72,20),D(72,10),E(72,10),K(81),H(72) ,R(9)

4 PRINT "ND. OF INTERVALS WITHIN COATING ="; \ INPUT It

5 PRINT "BASE X-INC. SIZE ="; \ INPUT W3

& PRINT "NO. OF INTERVALS IN X-DIRN.="; \ INPUT N

7 PRINT "BASE Y-INC. SIZE="; \ INPUT M2

8 PRINT "NO. OF INTERVALS IN Y-DIRN.="; \ INPUT M

9 PRINT "TIME STEP (HRS.)="; \ INPUT Ti ' DATA
10 PRINT "ANGLE OF 6.R. TO EDGE PLANES ="; \ INPUT A \ A=(A/180)%3.14159 i1
11 PRINT "MAX. RADIAL DIFF.COEFF.="; \ INPUT 61

12 PRINT "INITIAL M/C OF TIMBER ="; \ INPUT C?7

13 PRINT "E.M.C. OF TINBER IN AMBIENT AIR ="; \ INPUT Cé

14 PRINT "DISTORTION RATIO OF GRID="; \ INPUT R2

- 15 PRINT “DIFFUSIVITY OF COATING ="; \ INPUT D5 \ PRINT \ PRINT

16 FOR I=1 TO H \ FOR J=1 TO N \ C(I J¥=C7 \ NEXT J \ NEXT 1
23 6=1 \ FOR Z=1 T0O 80 \ T=Z#T1 \ C9=Cé

24 FOR I=0 TO M \ C(I,0)=C%® \ NEXT I

25 FOR J=0 7O N \ C(0,J)=C? \ NEXT J \ GOSUB 100

INITIALISING

26 IF 6=5 60 70 27 \ GO TO 43
27 PRINT "TIME(HRS.)="; \ PRINT T; \ PRINT "AU M.C.="; \ PRINT C8 DA74 ourpuT
28 6=0

43 6=6+1 \ NEXT Z

44 61=61-2.50000E-08

43 PRINT \ PRINT CONTROL STRTEMENTS
46 GO TO 16

50 STOP

100 REN:SET UP AND SOLUE

102 J=1 \ FOR I=1 TO K \ K=I \ 6OSUB 200

106 B(K,N+1)=1 \ B(K,2#M+1)=-X4 \ IF K=1 GO TO 110 \ IF K=M 6O TO 112
108 B(K,H)=*Y4 \ B(K,H+2)=-Y3 \ B(K,2+K+2)=U14X3+C(I,J-1) \ GO TO 114
110 B(K,M+2)=-Y3 \ B(K,2¢M+2)=01+4X3+C(I,J-1)+Y4+C(I-1,J) \ GO TO 114
112 B(K,M)=-2%Y4 \ B(K,2#K§+2)=W1+X3*+C(I,J-1)

114 NEXT 1

116 FOR J=2 TO N-1 \ FOR I=1 TO N \ K=N#(J-1)+I \ GOSUB 200

120 B(K,H+1)=1 \ B(K,2#N+1)=-X4 \ B(K,1)=-X3 \ IF I=1 GO TO 124 \ IF I=M GO TO 126

122 B(K,M)=-Y4 \ B(K,H+2)=-Y3 \ B(K, 2*H+2) Wt \ GO TO0 128

124 B(K,N+2)=-Y3 \ B(K 2xf+2)= U!+Y4#C(I-1,J) \ GO TO 128 SETTING UP

- 126 B(K,H)=-2#Y4 \ B(K,2%M+2)= U1 MATRIX .
128 NEXT I \ NEXT J :

130 J=N \ FOR I=1 TO M \ K=M#(J-1)+1 \ GOSUB 200

134 B(K,H+1)=1 \ B(K,1)=-2#X3 \ IF I=1 GO TO 138 \ IF I=N GO TO 140

136 B(K,H)=-Y4 \ B(K,H+2)=-Y3 \ B(K,2+M+2)=U1 \ GO TO 142

138 B(K,N+2)=-Y3 \ B(K 23M+2)= UI+Y4*C(I 1,J) \ GO T0O 142

140 B(K,¥)=-2%Y4 \ B(K,2+H+2)=U1 :

142 NEXT I e e -
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. 290

144 FOR L=M+1 TO 2¢N+2 \ D(1,L-N-1)=B(1,L) \ NEXT L .
150 FOR @=1 TO M#N-1 \ FOR L=N+1 TO 2+N+2 \ E(Q@,L-M-1)=R(Q,L) \ NEXT L

152 FOR K=0 T0 Q+K \ IF K>N#N GO TO 164 \ M(K)=-B(K,N-K+Q+1)/E(@,0)

153 IF ABS(M(K))>1.00000E-10 GO TO 154 \ M(K)=0

154 FOR L=1 TO 2#N+1 \ IF L+K-0-N-1<0 GO TO 158 \ IF L+K-G-N-1>N 60 T0 140

156 B(K,L)=M(K)*E(Q,L+K-0-N-1)+B(K,L)

158 NEXT L ORUSS/ﬁ/V ELIMINAT |ON

140 B(K,2¢M+2)=M(K)$E(Q,N+1)+B(K,2¢N+2)

162 NEXT K

164 FOR L=N+1 TO 2#K+2 \ D(O+1,L-H-1)=B(0+1,L) \ NEXT L \ NEXT @

170 FOR K=N#N TD 1 STEP -1 \ R=0 o
172 FOR P=1 TO M \ R(P)=K(K+P)*D(K,P) \ R=R+R(P) \ NEXT P '
174 K(K)=(1/D(K,0))#(D(K,N+1)-R) \ NEXT K BACK- SUBSTITUTION '
176 FOR I=1 TO M \ FOR J=1 TO N \ K=Nx(J=1)+I i
178 C(I,1)=K(K) \ NEXT J \ NEXT I '
180 UB=0 \ FOR I=I1+1 TO N \ FOR J=1 TO N X
181 UB=UB+((1/4)#(C(T, J)+C(I-1, 10401, J=1)+C(I-1,J-1))#W2sU3¢(R2"(14J-2))) '
182 NEXT J \ NEXT 1 AVERAGE MOISTURE CO/-/CIEA/TRAT/W
184 U7=N2+U3+(1-R2*N)*(1-R2°K)/( (1~ R2)*(1 -R2)) \ CB8=U8/U7

186 RETURN

200 REN: WATRIX CO-EFFICIENTS

202 X5=(2%T1)/(U3sU3+(R2+1)&(R2"(2¢J-1)))

204 Y5=(24T1)/(N2#02%(R2+1)*(R2"~(24I-1))) . MATRIX CO-EFFICIENTS FOR DISTORTED (RID
206 IF IKI1 GO TO 252 '

208 Mi=I \ N1=J-1 \ GOSUR 220 \ X3=D3#R2:#XS5

210 N1=I \ N1=J+1 \ IF NI>N 60 TO 211 \ GOSUB 220 \ X4=D3#X5 \ GO T0 214

211 X4=X3

214 IF 1=I1 GO TO 215 \ 60 TO 215

215 Y4=D5#R2#YS \ 60 TO 217

216 H1=I-1 \ Ni=J \ GOSUB 220 \ Y4=D4+R24Y5

217 H1=I+1 \ N1=J \ IF H1>H 60 TO 218 \ GOSUB 220 \ Y3=D4#Y5 \ GO T0 219

218 Y3=Y4

219 GOSUE 260 \ RETURN

220 IF C(H1,N1)>71.26 GO TD 222 \ GO TO 224 -

222 B1=61 \ D2=.7#61 \ 60 TO 230 DIFFUSION

224 D1=,35G1+(COH1,N1)*C(MI,N1)/(71.28471.26)) \ D2=.724Di CO-EFFICIENTS

230 D3=2¢SOR(1/((2+COS(A)/D1)*2+(2+4SIN(A)/D2)"2))

232 A1=(3.14159/2)-4 ‘ -

234 D4=2450R(1/((2#COS(AT)/D1)“2+(24SIN(A1)/D2)*2))

235 RETURN

252 X3=D5+#R2¢X5 \ X4=D5+X5 \ VI=D5+Y5 \ V4=D5+R2+Y5
- 255 60 TO 219

260 R1=X34X4+Y3+Y4+1 ‘ MATRIX co-Erficients (etd)
262 X3=X3/R1 \ Y3=Y3/R1 \ X4=X4/R1 \ Y4=Y4/R1

264 W1=C(1,J)/R1

266 RETURN

270 IF 1<20 60 70 273 \ 60 10 277

273 C9=80+.8+T \ GO TO 290

277 IF T<40 GO TO 280 \ GO TO 283 : BouNbARY  coNdITIONS  £OR

280 £9=96 \ 60 TO 290 PARTICULAR TEST

283 IF T<61 GO TO 285 \ GO TO 287

285 C9=134.8-.882+T \ GO TO 290

287 €£9=85.23-.0693+T

RETURN . . . L R



APPENDIX C

RESULTS OF DRYING. TESTS

RUN 1

Samples 1
Samples
Samples
Sample

Samples from Geeveston area (S. Tas)

&
3 &
&
7

probably E. delegatensis

4 fully quarter-sawn boards were used.

2 (136
4 (136
6 ( 81

(136

ALl samples cut to

- ends coated with

X

X

X

X

Drying was conducted

28mm) -
28mm) -
28mm) -
28mm) -

from same board:
from same board:
from same board:
Light

Light
dark
dark

in colour.

length of 360mm (apprdx)v

silicone-based sealant.

in kiln A (section 5.2.2).
Approximate conditions 34°C (D.B.) and 30°C (W.B.)

corresponding to a relative humidity of about 75%.

C1

in colour
in colour

in colour

The air-speed over the board faces was approx. 7.2 m/s.

The actual measured drying conditions are éummarized

samples 3,

below:

TIHE (hours) o /6 | zo 24 | 40 44 | 136 | /675
DB. (°C) | 344 | 338 | 338 | 359 | 340 340 | 342 | 339
wa. (c) | 286 | 294 | 298| 299 | 300 | 30-0 | 28-2 | 279

Notes:

1) After 16 hours drying, marked'edge—checking on

4, 5 and 6; face-checking on sample 7.

2) After 40 hours, Llitftle change in appearance of

samples.

3) The moisture concentrations quoted

results table are approximate only

in the

(see figure 5.1),.
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AVERAGE MOISTURE CONCENTRATION (kg/m’)

600 -

4oo 4

ComPARI sSON

or Megasuredb awp Carcuratep  Drywg Lurves
Measuremenf’sv t Run N2/ :

s F?ppchdl'x c .

Caleulations: = Recording to FAppendix 8 .

Measvremenrs :
© : Rl , Sample [
* .+ Run [ |, Sample 4
® : Ruow ! , Sample 7

/ .D‘ < 4'-7{,57 (/- ex/; (" C—-;‘-z-?)) m%r.
D= 525,57 (/- exp(- ‘;g"))m%,

Da= 515 57(1- exp - SEZ2) mithr,
Da=39,57 mhe.

€3

4o

g0 _
TINE (hours )

20 /60
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RUN 2 Samples from Geeveston area (S. Tas.)

- probably E. delegatensis.

- 2 quarter-sawn boards were used.

Samples 1, 2, 3 and 4 were cut from one board (136 x 28mm)

and samples 5, 6, 7 and 8 were from the other (136 x 28mm).

Atl samples cut to a lLength of 360mm (approx.)

- ends coated with a silicone-based sealant.

Drying was conducted in kiln A (section 5.2.2).
Approximate conditions 37°C (D.B.) and 32°C (W.B.) for
the first 145 hours, then 41°C (D.B.) and 33°C (W.B.).

The air-speed over the board faces was approx. 3.6 m/s,.

Notes:

1) After 4.7 hours drying, minor face checking was
first noted.

2) 21 hours:- edge-checking apparent in 7 & 8

3) 45 hours:- slight face-checking 3, 5 & 6; edge-
checking 7 & 8. _

4) 285 hours:- collapse and/or dimensional distortion
apparent in all samples. ’

5) 309 hours:- samples 3 & 4 in best condition.

6) The moisture concentrations quoted in the table

of results are approximate only (figure 2.1).
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RUN 3

Sample
Sample
Sample
Sample
Sample

UV S W N =

S

amples from Geeveston area (S,
probably E. delegatensis

5 different boards were used.

(110 x 56mm) - quarter-sawn
(136 x 28mm)
(136 x 28mm) - back-sawn
( 136 x 28mm) - back-sawn
(136 x 28mm) - back-sawn.

quarter-sawn

Tas.)

All samples were cut to a length of approx. 366mm

- ends coated with a silicone-based sealant.

Drying was conducted in kiln A (secfion‘5.2.2)

Cé

Approximate conditions 41°C (D.B.) and 37°C (W.B.). -

Air-speed over the board faces was approx. 2.5 m/s.

The actual measured drying conditions are summarised

of results are only approximate

below:
Time (hovrs) (@) 5 2] 25 4s | sz2 {175
DB.(°C) | 405 | 425 | 405 | 405 | 405 | 40 | 405
WB.(C) | 355 | a7s | 3¢5 | 363 | 355 | 360 | 355
Notes:
1) 3 hours: face-checking. apparent in 2, 3 & 4
edge—checking.in 3
2) 21 hours: severe face-checking in 2, 3 & 4
minor face-checks in 7.
3) Moisture concentrations quoted in the table

(figure 5.1).
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Run 3
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RUN 4 Samples from Geeveston area (S. Tas.)
- probable E. delegatensis

- =1 fulLy back-sawn board used (109 x 60mm).

ALl samples were cut to a length of approximately 360mm.
Ends of samples 1, 2 & 3 coated with silicone-based

sealant - ends of sample 4 not sealed.

Samples 1 & 2 were dried in kiln A (section 5.2.2).
‘Approximate conditions 34.5°C (D.B.) and 33.7°C (W.B.).

Air-speed over the board faces was approx. 2.3 m/s.

Samples 3 & 4 were dried outside, under cover in
ordinary atmospheric air.
Day 1: Mild, sunny day. 9°C, 55%r.h., Light wind.
Day 2: Overcast and drizzling. 9% & light wind.
Day 3: Clear, mild and still;changing to very windy
and cold.
Day 4: Windy, overcast, cool.

Day 5: Overcast, cool, still.

Notes:
1) 22.6>hours:' Bad face-checking on all samples
- appears 1o be worse on one face than the other
2) 100-hours: Checks closing on 1 & 27
Checks on 3 & 4 more severe than those on 1 & 2.
3) Moisture concentrations only approximate
(figure 5.1).
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AVERIGE MOISTURE _CoNcaNTRATION _[%q /%),

] ComparisoN or Measured swd Carcurared Daywg Curves (one— DiMENSIONAL DRYING)
Soo 1 MEeASUREMENTS :
250 mm 7’/)1'c,(" back- sawn board , sealed on edges
and encds ; dried in an atmosphere at 37 °C
and 50 7., relative humidity. No c/reclinj occurec{ .
LarcuLarions:
Computer program of Appendix F with radial
diffusivity of wood | Do = 075,57 m/hr, _
400 1+
300 JL
(@]
' o
250 : t . - ¥ : - ' SR
o /o0 200 300

DRYING TIME (hours).
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APPENDIX D

Setection of coating materials
Doe (1973,a) found that the mass diffusivity

of gelatine was approximately 0.7810—10 m?/s. The thickness
of gelatine required to hold the surface fibres of
"Tasmanian Oak" above the fibre saturation point for 5
days (from equation 3.28) is in the range of 3.45 to 4.85
mm (see secffon 5.4.2). |t was proposed that gelatine be
used as a bonding agent for a coating based on wood-pulp
- as both materials were readily available. With proper
compaction, it was estimated that the wood-pulp coating
would have a diffusivity similar to that of wood fibre in
sawn timber. Based on this assumption, the thickness of
coating required was calculated to be between 1.73 and

2.45 mm.

Coatings made from dry saw-dust, gelatine and
‘water mixed in the proportions
| water : 0.10 to 0.18 saw-dust : O to 0.08 gelatine
by weight) were-prepared in a high-speed mixer and applied
to ‘the faces of back-sawn ‘"Tasmanian Oak" boards. The
large amount of water present in the mix was found necessary
to produce a workable paste. After applicaffon,fo the
surfaces of boards, the coating was rolled in an attempt
to eliminate air bubbles. However, the rolling process
resulted in the Loss of a large amount of the liquid and,
hence the dissolved bonding agent. The thickness of the wet
coating was roughly 2.5mm. Drying was conducted at 25°C
and 50% relative humidity.

The uncoated control boards all checked dur.ing
the first 5 hours of the test. Checks also appeared in all

of the coated boards but in these, checking was delayed
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for approximately 1 day. The delay in the onset of
checking indicated that the surface fibre moisture
concentrations had been held above the fibre saturation

point for about 20 hours.

- Close examination of the coating revealed that
the gelafinods.maferial had shrunk by an excessive amount
and had created voids amongst the randomly-orientated
wood fibres of the coating. Therefore, moisture transfer
pathways of Llow fesisfance were numerous. It was proposed
that the observed delay in checking was primarily due to
the long drying time required by the coating rather than

the desired moisture transfer effect.

Further tests were conducted on ﬁixfures of
wood flour, gelatine and water. These were more successful;
however, the shrinkage of the coating upon drying was
excessive and its cohesion and adhesion remained generally

poor. A better bonding agent was required.

Animal glue (coLogén) was mixed with water and

wood flour in the proportions

! water : 0 to 0.30 wood flour : 0.04 to 0.60 animal glue

' (dry crystals)

by weight. The mixture was prepared.af a temperature. of
approximately 5090 (cologen undergoes an irreversible
chemical .change when heated above 60°C) and was found to
"set" (form a jelly) at a definite, reproducable Tempérafure,
depending upon the ratio of animal glue to water (by

weight) in the mix.
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CONCENTRATION OF  ANIMAL - GLUE kg animal glue
kg water

Following the set, the coating adhered strongly
to the surfaces of green timber. Early tests on'slabs of
animal glue indicated that its diffusivity -at moisture
concentrations of approximately 10% (dry basis) was about
0.7 -7 m®/hr (determined by the method of inference,
section 5.2.6.3. From equation 3.28, the required
thickness of animal glue (at M = 10%) was 1.04 £ 0.18 mm.
The inclusion of wood flour in the coating (even in small
proportions was found to increase its diffusivity markedly;

this pfacfice was therefore discontinued.

Shrinkage of the gel was related directly to
the ratio of water to animal glue in the mix (by weight);
the larger the ratio, the greater the shrinkage. |t was-
found necessary to use a minimum of-2~kg of water to 1kg
. animal glue to maintain workabilify; Impermeable fillers
were added to an animal glue/water base.in an attempt to
reduce firstly, the shrinkage of the coating, and secondly,
the amount of animal glue required to cover a unit area.
This had the added advantage of slightly reducing the
diffusivity of the coating.

A mixture of 1 kg water, 0.4 kg animal glue

and 0.75 kg talcum powder was found to produce a tough
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coating with a diffusivity of approximately 0.7 -7 m*/hr
(at M = 5%). The shrinkage of this coating was
approximately 60% of its original thickness meaning that the
required wet thickness was 2.1% 0.35 mm. Initially, the
coating mix (at 50°¢) was brushed onto test ‘samples.

I+ was therefore difficult to control the thickness and
uniformity of coverage and test results were rather
inconsistent., A technique for spraying the hot mixture

was developed (figufe 5.18) but it was found necessary

to increase the water content by 40% in order to

maintain a reasonable rate of application.
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APPENDIX E

THE ELASTIC PROPERTIES AND SHRINKAGE BEHAV I0UR

"TASMANIAN OAK".
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E3

. RADIAL COMPRESSION TESTS

7

All samples From different
boards — all af 14}, moisture

content ( dry basis).
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7£ES7TS FOR SHEAR MODUL/(
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BT L Lr A 9:4_1_ 142 /6.1 /68 | 17:8 761
GraMaY> 1110 786! | jog0 | r050 | 9es | g4z | 520 |
Gry_= 930 MP *257, .
Torsien fests  for 6‘2— | (
Tor gue WY T 205 ) o e (1) T2biom®) TE 38 e T2
o o o o) o o o o
1% | zos 39 | 4.06 | 467 s | 442 s25
588 | 623 | 78 | 9.07 | 953 /26 883 17
9§/ 9-86 118 | 4.4 14.9 19-0 /3-5 17:)
Moo 257 L o0 | 0506 247 | 74| 2276
Gey — 1070 Gy — T 796 783 i 631 87/ 686
Torgue(W)| T2 61°A)| T2 38 52 32 g x2
o ) (o] o (o] o &4 o
3% 478 4-83 5-36 675 4-89 s+9/ 3%
78 975~ | 104/ /0-7 /3-0 /o5 /s 8-9/
/18 /4-0 /49 /5§ 17-4 /5§ /66 /3-3
|57 | e | 193 | 92 | zos | sg7 | /9% | /73|
Giy —= 908 | 940 | 958 | %67 | 726 | 724 | %7/
—?fg = 8I5 MR: : 1'2{—%__
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