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To Kerstin

Since then there has been a lot more mathematical analysis,
but hardly any careful drying experimentation has been car­
ried out to verify it. In general one wonders what the use
is of solving all these equations, in particular if there is no
indication as to which types of real systems the equations are
applicable.

J. van Brakel (1980)





Summary

This thesis deals with the evaluation of measurements of water vapor transport
and sorption in wood. It mainly concerns measurements of the weight response
of a sample after a step change in relative humidity (here called a "sorption
measurement"). The thesis consists of an introduction and eight papers. The
eight papers have the following contents:

A description of the instrumentation used and its performance character­
istics.

II Some first results on sorption in spruce wood. Non-Fickian behavior is
observed above 75% relative humidity.

III In this part the main experimental results are presented. At lower relative
humidity (absorption from 54 to 75%) the conventionai Fickian approach
can describe the major part of the sorption process. At higher relative
humidity (from 75 to 84%), however, the major part of the sorption is
very slow and governed by non-Fickian effects, which are not dependent on
direction of How, sample size or wood species. The slow sorption of water
vapor in the cell wall is believed to cause this phenomenon.

IV A test of the effect of different disturbances (e.g. the surface resistance) on
the conventionai methods of evaluating sorption measurements is presented.
It is shown that resulting errors in the calculated diffusivities may become
large, and that different disturbances affect the tested methods in different
ways.

V In this paper problems concerning measurements of surface mass transfer
coefficients are discussed. It is concluded that most measurements of such
coefficients on wood surfaces are disturbed by the sorption being governed
not only by a diffusivity and a mass transfer coefficient. The results from
such measurements on wood surfaces are therefore uncertain. However, the
size of surface mass transfer coefficients are known from theory and from
measurements on other materials.

VI The slow sorption of water vapor in the cell walls is a serious complication
to sorption measurements, as the Fickian approach becomes invalid. This
paper discusses how non-Fickian behavior in wood could be measured and
modelled.

VII An error analysis of a transient sorption measurement IS developed. A
number of error sources are treated one by one.

VIII The error analysis is applied on two measurements from paper III.

These papers demonstrate that sorption measurements must be evaluated with
great care. It is probable that many published measurements of diffusivities by the
sorption method are disturbed, not only by the limited surface mass transfer, but
also by non- Fickian effects and other disturbances like the temperature changes
caused by the heat of sorption.





Contents

Paper I

Studies of water vapor transport and sorption in wood: an
introductory paper

Measurements of water vapor sorption in wood. Part 1.
Instrumentation, Wood Sci. Techno!' (in press)

27Paper II Measurements of water vapor sorption in wood. Part 2.
Results, Wood Sci. Technol. (in press)

Paper III Water vapor absorption in wood: an experimental study 33
(submitted for publication)

Paper Iva A test of different methods to evaluate the diffusivity from 49
sorption measurements, Proc. [[JFRO conf., Vienna Aug.
1992, Ed. Vanek, M

Paper V Surface mass transfer coefficients for wood (subn1itted for 57
publication)

Paper VI Describing non-Fickian water vapor sorption in wood (sub- 7:3
mitted for publication)

Paper VII An error analysis of the sorption method for wood. Part 1. 8.5
Theory (submitted for publication)

Paper VIII An error analysis of the sorption method for wood. Part 1. 95
Application (sublnitted for publication)

a. Minor changes have been made in this paper since its publication.





l

Studies of Water Vapor Transport and Sorption

in Wood: An Introductory Paper

Lars Wadsö
Building Materials, Lund University

Box 118, 8-221 00 Lund, 8weden

The thesis

The original aim of this study was to show
that steady-state ("cup") and unsteady-state
("sorption") measurements were equivalent,
i.e. that diffusivities may be evaluated from
either one of them. This subject was chosen
because the possibility of calculating moisture
transfer in wood is of great importance for the
design of wooden structures and building com­
ponents. Therefore there is a need of good
moisture transport data for both steady and
unsteady conditions.

There were examples in the literature of ex­
periments in which deviations between diffu­
sivities evaluated from cup and sorption mea­
surements had been found. I initially thought
that these differences could be eliminated by
careful experiments and evaluation of the re­
sults. This, however, was not completely pos­
sible.

For this study both cup and sorption mea­
surements have been made (although the em­
phasis is on evaluation of sorption measure­
ments). In the sorption method the diffusivity
is evaluated from measurements of the weight
change of a sample after an initial step change
in relative humidity. In the cup method the
diffusivity is evaluated from the measured How

through the sample at steady-state. I believe
that cup measurements give true diffusivities
in the sense that they may be used in Fick's
law of diffusivity to calculate mass transport
through wood, at least during steady-state
conditions.

The diffusivity evaluated from a sorption

measurement usually differs from that of a cup
measurement, even if the measurements were
made on duplicate samples and under simi­
lar conditions. There are two reasons for this.
Firstly, there are many sources of error which
disturb sorption measurements, especial1y on
fast sorbing samples. 8econdly, the cup and
the sorption methods work by different prin­
ciples which are not always comparable.

The main sources of error in the present
sorption measurements were the surface mass
transfer coefficient, the heat of sorption and
the imperfect relative humidity step. These
are discussed in the thesis , and I believe their
effects are known and may in some cases be
compensated for.

The differences between the principles of
cup and sorption measurements will also lead
to differences in the evaluated diffusivities. If
the diffusivity is concentration-dependent the
two methods will average the diffusivity dif­
ferently. This is, however, a small problem if
the measurements are made in small relative
humidity intervals.

A greater problem is the non-Fickian be­
havior, i.e. that Fick·s law of diffusivity can­
not always describe a process of transport and
sorption in wood. When Fick's law is used for
wood it is assumed that the cell wall sorption
is fast, so that it does not disturb the Fick­
ian behavior of the sample of whole wood.
This assumption is not always true, as the
sorption in the cell wall is a rather slow pro­
cess, especial1y at higher relative humidities.
In line with earlier investigations I show that
at higher relative humidities the sorption is
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largely governed by the cell wall, and not by
the diffusion in the whole sample.

Below, I make a short description of wood,
and moisture sorption and transport. The
eight papers I-VIII, which form the main part
of the thesis, and proposals for future work are
also discussed.

Wood

The properties of wood are governed by its
structure and chemical composition, which
will therefore be briefiy discussed. Where
no references are given, the account is based
on standard textbooks, such as Kollman and
C6te (1968), Siau (1984) and Skaar (1988).

The living tree

The thousands of tree species on earth are
divided into two main groups: conifers or
softwoods, and dicotyledonous angiosperms or
hardwoods. The softwoods have needles and
the hardwoods have leaves (Fig. 1). Usually,
but not always, the wood of a hardwood is
harder than the wood of a softwood. Soft­
woods found in Sweden are pine, spruce and
larch. Common hardwoods are birch, aspen,
alder, oak and beech.

Most of the measurements presented in this
study have been made on the two most com­
mon Swedish softwoods:

spruce (Picea abies)
pine (Pinus silvestris)

Some measurements have also been made on
four hardwoods:

ash (Fraxinus excelsior)
aspen (Populus tremula)
cherry (Prunus avium)
willow (Salix sp.)

A tree consists of several parts with differ­
ent functions. The root holds the tree to the
ground and absorbs water and nutrient salts.
The trunk, which is protected by the bark,
transports the water to the branches and the
leaves or the needles, where the energy of the

sunlight is captured through photosynthesis.
The compounds formed are then transported
down the inner bark and into the ray cells in
the stem for storage. The center of the stenl,
which contains the first formed cells at each
level of the trunk, is called the pith. Figure 2
shows a cross-section of astern.

All parts of a tree are composed of cells of
different types and sizes, which are formed by
cell divisions in the cambium. This is a layer
of living cells between the wood and the bark,
i.e. the tree grows by adding new cells to the
outside of the wood.

The major part (90-95%) of a softwood is
made up of a type of cells called fibers, which
are aligned more or less vertical1y. They give
strength to the tree and serve as ducts for
the transport of water from the ground to the
crown.

The cell nucleus of a wood fiber dies a short
time after the cell has stopped growing. The
fiber can, however, still function as a pathway
for water transport, and as long as it does this
it is part of the sapwood of the tree. In most
trees (e.g. spruce, pine and oak) the fibers are
cut off from the water transport after sonle
decades of service. In pine and spruce this
happens about 40 years after the fiber was
formed. They then become part of the heart­
wood. In some species like pine and oak this
has a darker color than the outer sapwood
(Fig. 3). The heartwood may also become
water repellent or more resistant to fungal at­
tack. In som species, like spruce, there are,
however, no visible differences between sap­
wood and heartwood.

The heartwood in a tree is cut off from
the water transport, and has a lower moisture
content than the sapwood (Table 1). This is
clearly seen in newly felled trees, where the
sap wets the sapwood while the heartwood re­
mains dry.

The water transport from the root to the
leaves is by means of suction. As water evap­
orates from the leaves a negative pressure is
developed in the leaves which sucks water
through the fibers of the sapwood. This is
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Figure 1. Four tree species photographed in wintertirne in the southern part of Sweden. Spruce
(a) and pine (h) are softwoods which retain their needles in wintertirne. Gak (c) and birch (d) are
hardwoods which shed their leaves for the winter.

bark

cambium

pith inner bark

~wood >1

Figure 2. Schernatic cross-section of a softwood stern.
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Figure 3. The sapwood and the darker heart­
wood are clearly seen in these logs of oak.

L
T

R

Figure 4. The directions in wood in the point
where the three lines intersect (L is longitudinal,
R is radial and T is tangential).

made possible by the structure of the very
small tubes for water transport in wood (Zim­
mermann 1983).

Directions in a piece of wood are terrned
longitudinal (L), radial (R) and tangential (T)
(Fig. 4). Note that the R- and T-directions
are different for different locations in the tree.
As the R- and T-directions in many respects
show similar properties, they are often called
the transversal directions.

Macro-structure

The wood samples from the six tree species
used in the present measurements have quite
different properties. Pine and spruce are the
two most common tree species in Sweden.
They are mainly used as construction materi-

Figure 5. A piece of pine wood.

als (and as pulp for paper making). Ash and
cherry are strong, heavy woods, used in furni­
ture making and in other carpentry. Ash was
formerly much used for mechanical parts, e.g.
wheel spokes, and is still common in tool han­
dIes. Aspen is a low density wood which is
weIl known for its use in matches. Willow is
a weak, light wood which has not found much
use except in basketry.

A defect free piece of a softwood is shown in
Fig. 5. Conspicuous features are the alternat­
ing light and dark annual growth rings and the
different surfaces, which show different growth
ring patterns.

The growth rings contain fibers of two
kinds: earlywood and latewood fibers. The
earlywood fibers are formed in spring when
the tree starts to grow after the winter. rrheir
main task is to transport water and nutrient
salts from the root to the leaves. They are
therefore thin-walled, with large cell cavities
(lumens).

The latewood fibers are formed during the
summer when the tree has time to consolidate
itself. They are thick-walled, with small lu­
mens, and their main task seems to be to give
strength to the tree. As the latewood cells
contain a higher fraction of cell wall substance,
they show up as dark bands in the wood, the
lighter bands being the earlywood fibers.

The earlywood and the latewood have dif­
ferent properties, e.g. the density of the late­
wood is often twice that of the earlywood.
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Microstructure

The structure of wood is very complex when
viewed through a microscope. Figures 7 to 10

Table 1. Typical values of properties and dimen­
sions of Swedish pine and spruce. When a figure
is given for a specific direction, this is marked by
L, R, T or TR (transversal).

450 kgjm3

1,5b

0,55b

0,3
0,15-0,25
0,05-0,1
2mm
40x40 J-lm2

20x40 J-lm2

5J-lm
BJ-lm
0,25 W j(mK)
0,1 W/(mK)
1,5.10-9 m2/s
0,3.10-9 m2/s
0,3.10-9 m2/s
50 MPa
8 MPa
100 MPa
11 000 MPa
500 MPa
0,4
4
8

dry density
sapwood moisture contenta
heartwood moisture contenta
fiber saturation pointa

moisture contentaunder roof c

moisture contentaindoorsc

fiber length
earlywood fiber diameters
latewood fiber diameters
earlywood cell wall thickness
latewood cell wall thickness
heat conductivity (L)
heat conductivity (TR)
diffusivityd(L)
diffusivityd(R)
diffusivityd(T)
compression strengthe(L)
compression strengthe(R)
tensile strengthe(L)
elastic moduluse(L)
elastic moduluse(TR)
shrinkagef (%) (L)
shrinkagef (%) (R)
shrinkagef (%) (T)
a. kg water per kg dry wood.
b. At felling.
c. Scandinavian climate.
d. Dc at 75% RH and steady-state (cf. Eq. 1).
e. Small defect-free samples at 75% RH.
f. From saturated to conditions.

other side tension wood. These have different
microstructure and properties (e.g. swelling
and strength) than normal wood and may
therefore cause problems when the wood is
used. The samples used in this study do not
contain reaction wood.

Table 1 gives examples of typical properties
and dimensions of spruce and pine wood.

Figure 6. Samples of pine showing different cur­
vatures of the growth rings.

In some hardwoods the vessel cells are much
larger in the earlywood (cf. Figs. 9a and 9b).

Engineering materials are normally treated
as isotropic, Le. they are thought to have the
same properties in all directions. Examples of
such materials are metals and eonerete.

Wood is always anisotropic, i.e. it has dif­
ferent properties in different directions (some
properties in different directions of pine-wood
are listed in Table 1). One must take this
anisotropy into account when measuring ma­
terial properties or simulating the behavior of
wood.

Knots and other deviations from the regu­
lar growth ring structure are also part of the
structure of wood. In mechanical calculations
these are important, as a fracture often starts
at a stress concentration caused by an irreg­
ularity of a structure. For moisture behav­
ior such deviations are not as important, but
in most experiments on wood one uses small
specimens showing no knots or other devia­
tions from the ideal structure.

As the curvature of the growth rings is lower
near the bark than near the pith, samples in
which one wants to measure a property in the
radial or tangential direction are preferably
made from wood near the bark (Fig. 6).

A common defect of wood is reaction wood.
When a tree grows under stress (from the wind
or because it is growing on a slope) the stem
is not developed symmetrically. On one side
compression wood is developed, and on the
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a.

0,5 mm

b.

0,5 mm

Figure 7. Pine wood (Pinus silvestris) used in this studyas viewed with a scanning electron lnicroscope
(SEM). a. A corner with the three surfaces facing in approximately the three principal directions (top:
longitudinal; left: radial; right: tangential) b. The abrupt transition from latewood (left) to earlywood
(right) and the difference in dimensions in these two types of fibers are clearly seen, together with a
resin duct.
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a.

0,1 mm

b.

50 pm

Figure 8. Pine wood (Pinus silvestris) used in this studyas viewed with a SEM. a. This close-up
shows ray cells running perpendicular (horizontally in the picture) to the fibers. b. Pit pores on
the tangential faces of the fibers. Note that some pores are closed by pore membranes (the missing
membranes may have been removed in the preparation of the sample for the SEM).
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a.

0,5 mm

b.

0,5 mm

Figure 9. SEM pictures of anatomical details of two of the hardwoods used in this study. The
hardwood structure is more complex than the softwood structure (cf. Fig. 7a). The top surfac.es on
the samples are facing in the longitudinal direction. The other surfaces are facing in the transversal
directions. Note the large anatomical differences between these two tree species (e.g. in cell size and
in cell distribution). a. Ash (Fmxcinus excelsior). b. Cherry (Prunus avium)
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a.

0,5 mm

b.

Figure 10. SEM pictures of anatomical details of the willow wood (Salix caprea) used in this study.
a. The top surface is facing in the longitudinal direction. Note the high porosity in this light wood
and that the cells of different sizes are distributed evenly. b. A closeup of a willow surface facing in
the longitudinal direction. The insides of the cells are lined with rolls.
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give examples of this. The earlywood fibers
with thin walls and large lumens, and the late­
wood fibers with thick walls and smaller lu­
mens, are clearly seen in Fig. 7b. As men­
tioned before, these cells make up the major
part of a softwood. Resin ducts (Fig. 7b) and
ray cells (Fig. 8a) are also prominent features
of most softwoods.

The lumens are connected by pores of dif­
ferent kinds. These are seen on the walls of
the fibers facing in the tangential direction in
Fig. 8b. Most pores have membranes which
close when the wood is dried. If wood is water­
stored for a long time, bacteria may destroy
these membranes, leading to an increased ca­
pacity for the absorption of liquid water.

Figures 9 and 10 show anatomical details of
ash, cherry and willow. These three species
contain the same kinds of cells, but they are
arranged in different ways. Hardwoods con­
tain vessels, a kind of cells not present in soft­
woods which are used for the transport of wa­
ter. I~ some species, like ash and oak, these
are large enough to be easily visible to the
naked eye (Fig. 9a). In cherry (Fig. 9b) the
vessels are found in both earlywood and late­
wood, although they are larger in the early­
wood. In willow (Fig. 10a), which does not
show much difference between its earlywood
and latewood, similar vessels are found in all
parts of the wood.

All wood cells have very complicated micro
structures. A scanning electron microscope
(SEM) reveals more of this as the magnifica­
tion is increased, see e.g. Fig. lOb. With spe­
cial preparation techniques, it is also possible
to show that the cell wall consists of a number
of layers (Fig. 11) which have different com­
positions and orientation of the cellulose mi­
crofibrils (described below).

The cell wall constituents

Wood is mainly composed of three polymers:
cellulose, hemicellulose and lignin. These are
all very large molecules, hut with different
properties. The amounts of them in pine and

w
S3

S2
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~.- - _. _._.- ._._._. _.- - _.- _. _. _. _._._.- ._. _._._.- - -._. - _._. -._._. _. _. _._._. _._. - _.- _. _. -- ~

Figure 11. Aschematic drawing of the main
structural details of a wood fiber. It consists of
a primary layer (P) and three secondary layers
(S1, S2 and S3). The inside of the S3 layer is
coated with a warty layer (W) which is very thin.
The fibers are held together by the middle lamella
(ML). The S2-1ayer makes up the major part of
the cell (approximately 85% of the cell wall thick­
ness in Picea abies). The microfibrillar angles are
indicated by the lines in the different layers of the
fiber wall.

spruce wood are approximately 42% cellulose,
26% hemicellulose and 30% lignin.

Different models have been proposed as to
how the constituents are organized in the cell
wall. Figure 12 shows one such model, which
is not very detailed, but gives a general idea
of the structure. Note that the polymers are
not mixed, but arranged in separate entities.

Cellulose is a non-branched polymer con­
sisting of some 5000-10000 glucose units. It
is a major part of all plant materials and the
most occurrent polymer on earth. In wood,
several cellulose molecules are arranged paral­
Iei to each other, like the strands of a sewing
thread. These are called microfibrils. In
some parts of a microfibril the cellulose chains
are ordered with respect to each other (crys­
talline); in other parts they are not ordered
(amorphous). The crystallinity of wood cellu­
lose is approximately 50%.

Amorphous cellulose absorbs water vapor,
i.e. it is hygroscopic. The water molecules
attach themselves to the OH-groups on each



cellulose

Figure 12. Schematic drawing of the organiza­
tion of the components in the S2-layer of the fiber
wall (adapted from Salmen 1991).

glucose unit. In the crystalline parts the ab­
sorption is very limited, as most OH-groups
are bonded to OH-groups in neighboring cel­
lulose chains. Cellulose in wood may therefore
be regarded as two different substances with
different moisture properties.

Hemicellulose is a branched polymer built
from different kinds of sugar units. The pro­
portions of these units are different for differ­
ent kinds of tree species. Hemicellulose has
about the same hygroscopicity as amorphous
cellulose.

The third major component of wood is
lignin. This is also a branched polymer, but
it is composed of phenyl-propane units. Its
structure is very complex and its hygroscop­
icity is lower than that of hemicellulose and
amorphous cellulose.

Wood also consists of minor fractions of ex­
tractive substances. These are sugars, salts,
fats, pectin, resin and others. Such substances
may infiuence properties like durability, wet­
tability and color, but do not affect mechani­
cal properties and water vapor transport and
sorption as much.

A cellulose microfibril is strong in tension,
but weak in compression; just like a thread.
The structure of the cell wall is, however, such
that wood also can take some compression
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stresses, but in contrast to many other mate­
rials wood is stronger in tension than in com­
pression.

Moisture sorption in wood

Wood is a hygroscopic material. Figure 13
shows how much water vapor wood absorbs at
different relative humidities (--). This dia­
gram is called a sorption isotherm or a mois­
ture equilibrium curve. It is similar for all
wood, as all tree species have similar cell wall
composition.

The isotherms in Fig. 13 are for absorption.
Corresponding curves for desorption lie above
the curves for absorption, as there is a hys­
teresis in the sorption behavior.

The sorption isotherm gives the moisture
content of wood up to relative humidities near
100%. At this point the cell walls of wood
are saturated with moisture. The moisture
content, the weight of water divided by the
weight of the dry wood, is then around 30%.
This is called the fiber saturation point. The
lumens, however, may also be filled with wa­
ter. This can be done by imrnersing the wood
in liquid water. The moisture content may
then increase up to a maximum of more than
200%.

This thesis deals with relative humidities up
to 84%, i.e. there is no liquid water present.
At such relative humidities all moisture is ab­
sorbed by the cell wall substance. The sorp­
tion is a sorption in the cell wall material.

By chemical processes it is possible to sep­
arate the cell wall components and measure
their sorption isotherms. Figure 13 shows
the result of such measurements, from which
it is possible to construct the sorption iso­
therm of whole wood by adding the curves for
the different components multiplied by their
weight fractions in wood (Christensen and
Kelsey 1959b, Takamura 1968). Note, how­
ever, that the chemical processes used to iso­
late the cell wall components will probably
change the original structure of these poly­
mers.



Moisture transport In wood

Theory

;
;

Relative Humidity , %
Figure 13. Absorption isothernls of wood and
the wood constituents at 2,5°C: wood
henucellulose (- . -), wood cellulose (- -) and
lignin (... ). Two curves are shown for lignin
prepared in two different ways. .A.dapted fronl
Christensen and Kelsey 1959b. Moisture content
is here expressed as weight of water per weight of
dry wood (%).

(1 )

(2)

ae
F == -D­eax

Here F (kg/ll12S) is the flux, De (lll2 /s) is the
diffusivity, ae (kg/n13

) is the difference in con­
centration over the distance ax (nl). The ratio
ae/ax is the gradient in ll10isture. The lllinus
sign indicates that the transport is in the di­
rection of negative gradient, i.e. frolll high to
low concentration.

.A.ctually, Fick did not state Eq. 1 (vvhich is
often called Fick's first law), hut the follo\ving
forIll:

Water vapor transport in wood is by diffusion,
i.e. the randolll Inotion of nl0lecules tends to
leveiout differences in concentration. This
is a very common process which is found in
all solids, liquids and vapors, e.g. hydrogen
molecules in metais, sodiulll chioride ions in
water, and odorants in still air.

Diffusion was first clearly understood hy
Adolf Fick (1855, see also Tyrell 1964). He
studied diffusion of ions in water and found
that the following law, which has since been
called Fick's law, described the process:

10050

...
.- -.- --: .

Equation 2 is often called Fick 's second la\v.
It is found frolll Eq. 1 and the continuity equa­
tion (lllass conservation):

Fick's law is analogous to Inany other trans­
port laws, like Ohnl's law of electricity and
Fourier's law of heat conduction. All these
laws silllply state that the transported anlount
of X is proportional to the gradient in a po­
tential of X, the constant of proportionality
being a conductivity.

For diffusion of ions in water the above
equations are sufficient, hut for Eq. 2 to bp
of any use in descrihing the sorptioll of vapor

~1any other hygroscopic nlaterials sorh wa­
ter by surface and capillary condensation.
\Tery small pores can hold liquid water at low
relative hUInidities, e.g. at 90% relative hu­
nlidity a pore with a radius of O,Olpm will be
filled with water. An example of such a mate­
rial is concrete. The pore system in concrete
consists of minute pores which are thought to
absorb large alll0unts of water. This is not the
process hy which water is ahsorhed in wood.
The cell wall has only ahout 2% pore volume
(Stalllil1 1964) and the IUlnens are too large
for this kind of condensation to occur. Va­
por sorption in wood is hy sorption on hinding
sites in the wood constituents.

aF ae
a:r at (:3 )
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into a material, the sorption isotherm must
also be known:

Here </> is the relative humidity and f is a
function describing the relationship between
c and </> (cf. Fig. 13). The sorption isotherm
is needed as a relation between the moisture
states of a specimen and its surroundings.

Fick's law is used with many different po­
tentials, e.g. concentration (as in Eq. 1) or va­
por pressure. This may cause confusion if it is
not clearly stated which potential is used. The
diffusivity has different numerical values and
units for different potentials. In other trans­
port laws, only one potential is normally used
and no confusion is then possible. In the laws
of Ohm and Fourier, voltage and temperature
are the potentials. The index c in Dc is used
to emphasize that the diffusivity is expressed
with concentration of moisture in wood (c) as
potential.

Another complication connected with Fick's
law is that the diffusivity is not a constant,
but a function of the potential. Because of
this, problems involving moisture diffusion are
often harder to solve than problems involving
heat conduction.

The transport of water molecules in wood
is mainly by bound water flow and by water
vapor diffusion. However, only the total flows
may be measured. The flow of moisture in
wood may be modelled by coupling the flows
in the different components of the wood cell.
Figure 14 shows such a model. It is illustra­
tive, but it is difficult to determine the flows
in the different components. Stamm (1959,
1960a) and Yokota (1959), for example, have
made measurements of the diffusivity of the
cell wall, which in my opinion are very uncer­
tain.

If a sorption process is governed by Eqs. 1,
:3 and 4 it is called "Fickian" in this thesis. A
"non-Fickian" process is one which cannot be
described only by these equations, as there are
also other processes governing the transport
and sorption within the wood. The most prob-

Measurements of vapor transport

I>cell wall

{

cell wall

lumen { pit membrane }

pit chamber

pit pore

able cause of the non-Fickian behavior seen in
wood is the slow or delayed sorption of mois­
ture in the cell walls (Christensen 1965). The
term "non-Fickian" has been used since the
discovery of these phenomena in polymers (see
e.g. Kishimoto et al. 1960, Petropoulos and
Roussis 1974, Berens and Hopfenberg 1978,
Crank 1975). It should, however, be noted
that such non-Fickian behavior as is found in
wood cannot occur in the simple system stud­
ied by Adolf Fick. The term "non-Fickian" is
therefore not completely appropriate.

Figure 14. A model of the diffusion of water va­
por and bound water in a softwood fiber (adapted
from Stamm and Nelson 1961).

There are basically two methods for measur­
ing diffusivities in wood: the steady-state cup
method and the transient (or unsteady-state)
sorption method. Both these methods have
been used in the present study, but the sorp­
tion method has been investigated in greater
detail.

In cup measurements (Fig. 15) a sample of
wood is fastened as a lid on a cup. Inside the
cup is a saturated salt solution or a drying
agent which regulates the relative humidity
(RH l in Fig. 15a). The cup is placed in an
atmosphere with a relative humidity RH2 • If
the relative humidity is higher inside the cup
than outside, moisture will flow through the
sample out of the cup. The weight of the cup
will then decrease. The method may also be
used with the highest RH outside the cup. In

(4)c=f(</»
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RH2
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RH l
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++
+
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time
Figure 15. Aschematic description of a cup
measurement. a. The cup with an arrowindicat­
ing the moisture How when RH l >RH2 . b. From
the weight change of the cup as a function of time
one may calculate the diffusivity.

that case, a weight gain is recorded. When the
cup is weighed at regular intervals at steady­
state the weight change is a linear function of
time (Fig. 15b). From the slope of the weight
change versus time, it is possible to calculate
the diffusivity.

Cup measurements on wood were first per­
formed by Martley (1926a), who also mea­
sured the moisture content profile of the
sample at steady-state. Some examples of
nlore recent measurements on wood with this
method are Comstock (1963), Choong (1965),
Tveit (1966), Hart (1970), Skaar et al. (1970),
Kurjatko (1974), Schneider (1980), BerteIsen
(1983), Liu Tong (1988, 1989), Vanek and
Teischinger (1989), McLean et al. (1990),
Thomas and Burch (1990) and Lee et al.
(1991ab).

The cup measurements on pine used in this
thesis were made by Kurt Kielsgaard Hansen
(1991) at the Technical University of Denmark
by lise of an apparatus described in West and

b.

RH21J
RH l :

--~----

c.

time
Figure 16. Aschematic description of a sorp­
tion measurement. a. A cross-section of a saln-:
ple with concentration profiles during a sorption
measurement. b. The step change of RH. c. The
resulting weight change from which the true dif­
fusivity can be calculated if Fick's law describes
the sorption process.

Hansen (1988).
In sorption measurements (Fig. 16), the

sample is first equilibrated in an initial rel­
ative humidity RH l until it is at equilibrium
with this and shows no weight change. The
relative humidity outside the sample is then
rapidly changed to a new value RH2 . As wood
is hygroscopic the sample will absorb or des­
orb water vapor depending on whether RH2 is
higher or lower than RH l . This is measured by
weighing the sample at regular intervals. The
result, normally plotted as a function of the
square root of time, is here called a sorption
curve (cf. Crank 1975). Fronl the initial slope
of such a curve it is possible to calculate the
diffusivity (which may not be a true diffusiv­
ity if the sorption process cannot be described
with Fick's law only).

TuttIe (1925) was probably the first to de­
scribe the use of a sorption method to measure



moisture transport properties in wood. The
measurements were made from above fiber
saturation down to the hygroscopic region, Le.
there was initially liquid water present in the
wood. Similar measurements were also made
by Sherwood (1929), Bateman et al. (1939),
Egner (1934), Voigt et al. (1940) and Ogura
(1950ab). As moisture flow above the fiber
saturation point is governed not only by dif­
fusion, but also by capillar transport, the use­
fulness of the sorption method in such a case is
rather doubtful. Maku (1951) may have been
the first to make a sorption measurement in
the hygroscopic range. Some more recent pa­
pers which describe sorption measurements on
wood are: Stamm (1960b), Stamm and Nelson
(1961), Comstock (1963), Biggerstaff (1965),
Simpson (1974), Skaar et al. (1970), Droin
et al. (1988), Droin-Josserand et al. (1988),
Liu Tong (1988) and El Kouali and Vergnaud
(1991).

There are also some less commonly used
methods of measuring diffusivities, e.g. by
studying the weight changes of two samples
of different initial relative humidity which
are put in contact with each other (Martley
1926b).

Evaporation and condensation

This study also deals with the flow of moisture
from a sample to the air, and flow from the
air to a sample. This phenomenon was first
fully understood by John Dalton (1802). He
found that the evaporation from a liquid was
proportional to the difference in vapor pres­
sure at the surface of the liquid and in the air.
This can be stated in a more general form as:

(5)

Here F (kg/m2s) is flux (as in Eq. 1), kp

(kg/ (m2 s p a)) is the mass transfer coefficient,
and Ps and Pa are the vapor pressures (Pa)
at the surface and in the ambient air, respec­
tively. The surface may be liquid or solid.

The mass transfer coefficient is dependent
on external factors like air velocity, surface
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roughness and the shape of the surface. It
is not, however, dependent on the properties
of the material in the sample.

When moisture transport, e.g. the drying
of wood, is described one has to take both
Eqs. 1 to 4, and 5, into account, the first ones
for the internal diffusion and the last one for
the external transport.

Limitations of this study

This study has been made under the fol1owing
conditions:

1. This thesis is a study of the sorption
method as a method for measuring diffusiv­
ities.

2. The experiments were made at a tempera­
ture of 23°C and an air velocity of 3 m/s.

3. The measurements described were per­
formed below 84% relative humidity, i.e. no
liquid water was present.

Short summaries of the papers

This thesis consists of eight papers which are
summarized below.

Paper I. Instrumentation. The apparatus
is essential1y a wind tunnel in which 117 spec­
imens may be placed. The relative humidity
is controlled by saturated salt solutions. Fig­
ure 17 shows different parts of the instrumen­
tation. The paper contains a description of
the instrument and its performance character­
istics.

Paper II. First results. Results from a first
run with the instrumentation are reported. It
is shown that sorptiön at higher RH cannot
be described with Fick 's law. Only results
from measurements on 4 and 8 mm tangen­
tial spruce samples are presented.

Paper III. Main results. Results from
sorption measurements on 78 wood specimens
are presented. The measurements were made
in the intervals 54 to 75% and 75 to 84% RH
on wood from pine, spruce, ash, aspen, cherry
and willow. For each species, measurements
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a. b.

c.

e.

d.

f.

Figure 17. Photographs of the instrumentation used in the present study (ef. Figs. 1 and 2 in paper
I). a. The left part of the apparatus with the fan in the lower left and the balanee to the right. The salt
pans are in the lower part and the samples are in the upper part. b. The right part of the apparatus.
c. The balanee and the weighing eompartment. d. The eleetromagnet used for moving the samples.
e. Samples in the apparatus. f. Two samples with frames.



were made on samles with different thick­
nesses and with the flow in different directions.

In the lower RH-range, the major part of
the sorption was Fickian, although there was
also a minor non-Fickian component.

In the higher RH-range, the major part of
the sorption was governed by non- Fickian be­
havior. It was found that samples of differ­
ent species, thicknesses and flow directions
had approximately the same behavior after
the first Fickian part. It is concluded that
this second stage sorption is not governed by
Fick's law, but by the slow sorption in the cell
wall material.

Paper IV. Evaluation. In this paper sim­
ple methods to evaluate the diffusivity from
a sorption measurement are tested when the
sorption is disturbed by different disturbances
(surface resistance, non-perfect step in RH,
and non-Fickian effects). Differences are
found among the different methods.

Paper V. Surface mass transfer. The
orders of magnitude of surface mass transfer
coefficients are relatively weIl known, even if
they are dependent on many external factors
(e.g. the shape of asurface). Measurements
of surface mass transfer coefficients on wood
surfaces have, however, given very low coeffi­
cients. In this paper it is shown that this may,
at least partly, be explained by the fact that
the methods used are sensitive to other dis­
turbances than the surface mass transfer co­
efficient. In my opinion one may use the same
mass transfer coefficients for wood as are used
for other surfaces. One should also refrain
from using moisture concentration of wood as
the potential for the mass transfer coefficient,
as this introduces unnecessary complications.

Paper VI. Non-Fickian behavior. Mois­
t ure transport and sorption in wood are not
accurately described by Fick's law of diffu­
sion. This paper discusses how a model of
non-Fickian behavior (NFB) in wood should
be constructed. Some measurements in which
NFB in wood is clearly seen are also reviewed.
A review of models of NFB in synthetic poly-
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mers indicates that there is presently no such
model which can be used for wood. The paper
ends with a discussion of how such a model for
wood could be constructed, and which mea­
surements would have to be made to test such
a model.

Paper VII. Error analysis: theory. All
quantitative measurements should be accom­
panied by an error analysis. There are many
factors which influence the result of a sorp­
tion measurement. In the error analysis de­
veloped in this paper the influences of several
error sources are studied one by one. This is,
in my opinion, superior to statistical methods
applied to a large number of measurements.
This physical approach is also useful in the
design of experiments.

Paper VIII. Error analysis: applica­
tion. The results in paper VII are applied
on two sorption processes. The errors found
are rather small. The largest problems come
from the surface resistance and heat of sorp­
tion on fast sorbing samples, and non-Fickian
behavior and other disturbances which are at
least partly outside the control of the experi­
menter. Measurements made under less well­
defined conditions can, however, have much
larger errors than the present measurements.

Proposals for future studies

Based on an analysis of the results given in
the eight papers in this thesis I would propose
two experiments to be made as a continuation
of this project. Firstly one should redo the
sorption measurements in the absence of air
on single cell walls niade by Christensen and
Kelsey (1959ab) to establish a relation for the
sorption of water vapor in the cell walls.

Secondly, one should make measurements
of flow through a wood sample in a modified
cup where the RH on one side of the specimen
could be controlled accurately, and the RH
on the other side accurately measured. With
this experiment one would check if Fick's law
and the modified cell wall sorption from the
first experiment could describe the water va-
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por How through wood.
Both these experiments would have to run

for long periods of time at different temper­
atures and relative humidities. They would
serve as a base for new models of drying and
absorption of moisture in wood. Below is a
more detailed description of how instruments
for these experiments may be constructed and
which performance characteristics they would
need to have.

Sorption in the cell wall

Christensen and Kelsey (1959a) made mea­
surements of transient sorption in wood cell
walls ·following a step change in RH. Their
measurements were made in the absence of
air. The very small weight changes were found
by measuring the length changes of a quartz
spring at which end the sample was fastened.
This was a common method in polymer sci­
ence.

This experiment may be automated if the
weight is measured with an electronic mi­
crobalance for vacuum systems. Such a bal­
ance may, however, have problems working in
a very humid environment. This can be solved
by having the balance outside the vacuum sys­
tem and using a magnetic connection through
the wall of the container. Such systems can
work without loss of accuracy in the weigh­
ings. If the balance is outside the system, a
less expensive balance may also be used, and
it is easier to weigh many samples with one
balance.

Sorption measurements seem to always be
made with step changes in vapor pressure. In
my opinion, one has to also study other vari­
ations in RH to find a practicable relation for
the sorption of the cell wall. Other possible
RH changes are ramps between different levels
or periodic variations. The exact forms these
variations should have are not known, but it
is very probable that the apparatus must be
able to controi the RH in the absence of air in
a very general way.

The result from such an investigation is a

~~f9~

RH sensor

Figure 18. Aschematic description of a modi­
fied cup instrument. The arrows indicate fiow of
moist air.

model for sorption in the cell wall. Such a
relation has to be history dependent, i.e. it
has to take earlier states of the sample into
account. Such relations are discussed in con­
nection with the modelling of non-Fickian be­
havior in polymers; see e.g. Kalospiros et al
(1991 ).

The knowledge of the coupling of the differ­
ent components may also help in designing a
model for the sorption in the cell wall. A lot is
known about the mechanical properties of the
wood constituents, e.g. at which temperature
and relative humidities they soften.

The result of this experiment would lead to
an expression with which one can predict the
water vapor concentration in a wood cell wall
as a function of the present and past moisture
states.

A modified cup method

A second study could be designed to check the
validity of Eqs. 1 to 4 coupled to a model of
the non-Fickian behavior of the cell wall. This
could be designed as a modified unsteady­
state cup method as shown in Fig. 18. The RH
on one side of the sample may be controlled
and the RH in the chamber on the other side of
the sample is measured. The How through the
sample is found as a function of the changes in
RH. It is not known which forms these changes
should have.

The RH in the incoming air can be accu­
rately controlled by means of a valve that pro­
portions dry and saturated air into a mixing
chamber. The sorption on other parts of the



apparatus than the wood sample will probably
also have to be taken into account. The lim­
ited surface mass transfer is also a problem.
Either it must be very weIl known, or so small
that it does not disturb the measurements.
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