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1

Nomenclature

In this paper the directions in wood are named as fo11ows:

Longitudinal: the direction along the length of the trunk of the tree (fiber
direction) .

Radial: The direction from the pith (the center of the trunk) to the bark.
Tangential : the direction along the growth-rings (perpendicular to the
radial direction)

Transversal : either tangential or radial.
A surface is named after the direction it is facing (the direction of a
normal vector of a surface) , e.g. the bark faces in the radial direction. Note
that this is not the common terminology in wood science.
Most symbols used are given on the next page.
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Introduction

This introduction is rat her lengthy and includes various items that are of
interest to put the capillary phenomena in wood in correct settings.
Capiliarity in wood is not a trivial subject. Van Brakel (1975) remarks
that "the situation is not as bad for other transport phenomena as it is for
capillary rise ... " . Probably because of this capillarity has recieived very lit te
attention compared to the much less complicated diffusion.
The purpose of this review is to present what is known about capillary
phenomena in wood and discuss how it should be measured and modelled.
I particularily stress that wood cannot be modelled as any (general) porous
media as its geometry in quite unique among porous materials.
The mechanisms of free water movement in wood can be divided into the
following four part processes (Cudinov 1985):
• The flow paths.
• The physical processes governing the movement.
• The states of the moving water.
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• The conditions for movement.
This review addresses questions that are raised in connection with these
four processes.

2.1' Limitations etc.
This study is mainly limited to capillarity in softwood timber such as all
different species of the genera Pinus (pines), Picea (spruces), Larix (larches),
Abies (firs) and Psev,dotsuga (Douglas firs). Hardwoods have a, quite different
morphology. The emphasis is not, as it usually is, on timber treatment
(impregnation), but on the use of wood in contact with liquid water as rain,
condensation etc.

2.2

Definitions

As the present text is an introduction to different aspects of capillarity in
wood it is proper to introduce a subject by defining the basic concepts.
Here I have used The Random House College Dictionary (1988) to find these
definitions: capillarity is "a manifestation of surface tension by which the
portion of the surface of a liquid coming in contact with a solid is elevated or
depressed, depending on the adhesive or cohesive properties of the liquid··.
The word capillary is derived from the Latin word "capill( us)", hai r.
By adhesive is meant "the molecular force of attraction in the area of
contact between unlike bodies that acts to hold them together" . Coli ( sioll
is "the molecular force between particles wi thin a body that ads (o u II ile
thern".
Water wets glass because water molecules are more attracted by the
molecules at the hydrophilic ("having a strong affinity for water") glass sm·
face than by other water molecules. Water in contad with silicOJI or allY
other hydrophobic ("having little or no affinity for water") material will silo\\"
the opposite behavior: the water molecules are not attracted by tlw silicolI
surface and tries to avoid all contact with it (affinity is defined as ,. t Ile force
by which atoms are held together. .. ").

2.3

Materials classification

Materials can be divided into three groups depending on their drying beha\"ior (after van Brakel 1980). This classification is valuable in understanding
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the differences between different types of materials used in capillary experiments.
Capillary-porous media have a clearly recognizable pore space but only
negligeable amounts of bound water. Such materials (packings of sand,
glas beads, crushed minerals, nonhygroscopic crystals, polymer partides, some ceramics) do not shrink during drying.
Hygroscopic-porous media has both a clearly recognizeable pore space
and a large amount of physically bound water. This type of materials
often shrink during drying. Typical examples are wood, textiles, day
and molecular sieves. A further subdivision can be made into materials
with both macro- and macropores (e.g. wood) and materials with only
micropores (e.g. silica gel).
ColIoidai (nonporous) media has no pore space so all sorb ed water is
physically bound. Soap, some polymers (e.g. nylon and many adhesives) and various food products (e.g. raisins) are examples of this typ e
of material.

2.4

Wood capiliarity in practice

Why is it of interest to study capillary phenomena in wood? This question
is best answered by a number of examples where capillarity plays a role in
wood technology:
l. During drying of green wood the interplay between capillary pressure
- permeability and diffusion will determine where the evaporation in
wood takes place. If all open pores on the surface are emptied before
pores inside the material have begun to empty, then the drying will be
slower than if capilla.ry pressures can suck the water from inside the
wood to the surface, replacing it with air.
2. In dried wood it is found that the concentration of soluble compounds is
increased at the surface (Boutelje 1990, Theander et al. 1993). These
molecules may serve as nutrients for microbial growth on the wood
surface. The deposition of molecules presumably takes place at the
interface between the liquid and the gas phases during drying. The

6

solub1e mo1ecu1es may a1so be able to diffuse in response to concentration gradients and osmotic pressures caused by differences in concentration may also induce viscous flow. Where the soluble compounds
are found in the dried wood depends on where the evaporation (or cell
wall sorption) takes place.
3. In telegraph poles, harbor constructions and other wood structures in
contact with both water and air there will be a transport of water from
the water source to the air. This process may transport significant
amounts of substances that will be deposited in the transition zone
between the liquid phase and the vapor phase (Baines and Levy 1979).
These substances could either increase the susceptibility to microbial
attack, e.g. nitrogenous compounds, or reduce the risk of attack, e.g.
natural or artificiai fungicides.
4. The success of a treatment (impregnation) of wood with fungicides
depends to a large extent on that the pressures are high or low enough
to overcome the capillary forces resisting absorption. In some methods
the impregnation liquid is actually supposed to be transported into the
wood by capillary forces only.
.), The properties of water borne coatings in contact with a wood surface
will be partly controlled by the ability of the wood to absorb water and
ut her components from the coating. A too high absorption on parts of
a \\'ood surface, such as can be found in ponded wood, will make the
coating (esp. stains) uneven.
(j.

The ability of a coating on an externai panel or window frame to keep
t Iw wood dry depends on an interplay between capillary forces - permeabiiity, which tries to get the water through the paint film and spread
it in the wood, and diffusion, which is the process responsible for the
drying out of moistened panels. Paints that allow a high degree of capillary absorption are not suitable as exterior paints. The same probably
applies to paints which cracks easily, exposing the wood to capillary
water. Cracks in the wood material (drying cracks, micro cracks) are
also possible pathways for liquid water into wood.

I.

Capillary forces als o playaroie when other liquids than water come
into contact owith wood surfaces. Wood adhesives should preferrably
wet the wood surface and penetrate a short distance into the wood to
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give the adhesive bond maximum strength. Such a process is at least
partly controlled by capillary forces. Other examples are oil and solvent
based impregnations and solvent based coatings.

3

The classical relationships

I like to start from the beginning by giving the classical capillary relationships. These are based on the concept of adhesion and cohesion between
different phases (solid, liquid, gas). It should be noted that this static theory can correctly describe capillary phenomena, but it was developed nearly
200 years ago, and later work has supplemented this theory by t.hermodynamic and dynamic molecular theory (Rowlinson and Widom 1982). The
static theory makes no use of the fact that pressure is caused by molecular
movement and collisions as such ideas were not proved untillater in the 19t h
century. The classical static theory can not say anything about what goes on
at the molecular level, but is a corred way of dealing with capillary systems
on a higher levelon which solids, liquids and gases can be considered as
continuums.
Water tends to form spherical drops in the absence of other forces. This is
a manifestation of that the molecules within the water show strong attractivc
forces, whereas (almost) no such forces act between the water molecules
and the air. Within the l1quid the forces ading on the water molf'culps
are balanced (the same from all directions), but at the surface therc are 110
attractive forces from the air. There must therefore be a positive pressure ill
the liquid phase that balances these unbalanced attraction forces (othcr\\'isc
the surface molecules would be accelerated in to the water drop).
If there is an over-pressure in the drop there must be a force acting \\'ithin
the surface that is responsible for it. This surface tension a [N/m] is this
force which is acting in the liquid surface to balance the pressure ca tlscd hy
the difference in attraction between liquid-liquid and liquid-gas. lt should ])('
noted that the surface tension can also be seen as asurface energy. C.g. all
energy per uni t surface [J/m 2 =N/m).
In the absence of any other forces (e.g. gravity) a spherical drop of a liquid
having the radius r [m] will have the surface area 471T 2 [m 2 ]. An infinitesimal
amount of liquid added to such a drop will cause an increase of dA = ;-\;;-rdr
in surface area for an increase in the radius of dr. An increase in surface
area will require energy to ove r come the forces which acts against such an
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mcrease. The following equation will then apply:

a . dA = !:::.p. Adr

(1)

Here, !:::.P = PI - Pv' This leads to a relation for the over-pressure in the
drop (for the cases with one or two principal radia):
2a
l
l
!:::.P = - = a( - + r
rl'2

)

(2)

Equation 2 will also apply to the opposite case with an aIr bubble in
water if !:::.P = Pv - PI·
The strength of the cohesive forces within a liquid in relation to the
strength of the adhesive forces between liquid and solid will determine the
contact angle (B) at the liquid-solid interface. This is defined as zero for a
liquid that completely wets asurface.
U sing a and B the following balance of forees applies to the equilibrium
capillary rise h in a tube of radius r:
eos B . 27rra = pgh7rr 2

(3)

h = 2a cos B

(4)

The height is then:

pgr

The differenee in pressure !:::.P = Pv - Pi over t hl' Il1clliseus at equili brium
is pgh
"
2a eos ()
L.:l.p=
(5)
.,.
The above three equations will also apply for t\\'o plaIlcs the distance r' apart.
At equilibrium conditions the Kelvin equatioIl giH's (van Brakel 1975):
, e-t:.pllf I pUT
P, ,-P
- sai

(6)

Hence, when transport takes place in a partly saturated porous medium,
the presence of a capillary potential gradient is accompagnied with a vapor
pressure gradient. The difference between 1\. and Ps can, in general, be
neglected when I!:::.pj al > lO' m-l (van Brakel 1975).
For capillary rise in a tuhe under action of capillary forces only the
Washburn-Rideal eguation gives (Hergt and Christensen 1972):

h2 = rat eos ()
2rl

g

(7)

Here, t is the time [t] from the start of the experiment.
The velocity of the capillary rise in a capillary of radius r when the
gravitational acceleration is taken into account is given by Yata (1989) as:
cos (}
r 2 pg
--4h1]
81]

dh
dt

ra

(8)

If the capillary leans away from the vertical by an angle of a this velocity
will be increased and the rate of absorption (e.g. in gj m 2 s) will be increased
(h is measured along the capillary, Yata 1989):
dh
ra cos (}
dt 4h1]

r 2 pg cos

a

81]

(9)

A capillary constant (length) a [m] can be defined as
a =

v'Iih

(10)

For water a is 3,93 at O°C and falls steadily to zero at the critical point. This
length determines the scale of many capillary phenomena, such as the shape
of Itanging drops (Rowlinson and Widom 1982).
Tlw surfaee tension allsed above is the surface tension between liquid
alld gas. If we caU this alg' we may also define two other surface tensions:
a~g hd Wt'ClI solid and gas, and asl between solid and liquid. These three a:s
arc !wtter ea.\led surfaee energies, as they give the energy in Jjm 2 needed
tu (Tt'att' these three interfaees. According to Adamson (1967) the following
rclat iOIl relates these three a:s to each other:
O"lg eos O = asg - a sI

(11 )

The cq\lation is limited to ideal homogeneous surfaces which are in equiIdniulIl with each other.
It is thought (Scherer 1990) that the state of a liquid capillary surface
(e.g. ~Ji. r, a and O) does not influence the rate of mass transport from the
liquid surfaec to the gas phase.
,. There is a tendeney in the literature to consider all mass transfer as
diffusion" (van Brakel 1980). However, two principally different types of
Tllass t.ransfer should be considered. Diffusion is "restrict.ed to transport.
I1wchanisms bascd on the distribution of moleetdes within a single phase"
(van Brakcl 1980). Fi ck's la\v of diffusion is wri t ten as:
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d1>
F = -Dq,-

dx

(12)

Here 1> is any applicable potential (vapor content, vapor pressure, concentration etc.). Diffusion can take place both in the vapor and the liquid phase.
The second type of mass transfer is by viscous fi01U where orre phase is
moved as a response to gradients in total pressure. Darcy's law for viscous
fiow is written as:

F = -k dp

dx

(13)

For the vapor phase Eq. 13 covers convection. For liquid fiow, dp may be
due to capillarity, gravity, osmotic forces and others.
For N circular tubes of radius r Poiseuille's law, a special case of Darcy's
law, is:
N7fT4~p

F=---81]L

(14 )

The last two equation applies to laminar fiow, i.e. when the Reynolds'
number Re<Recr. For capillary processes the fiow will always be laminaT.
Capillary absorption is often modelled by the so-called extended Darcy
equation (Hall 1994):

F = -K(u) dw

(15)
d:r
whieh for a system tilted an angle a with respeet to the vertical will be:
F = - K ( u) d~' (W

+ x eos a)

( 16)

Here, W [m] is the capillary potential per uni t weight of liquid, i.e. the height
to whieh the liquid will rise at equilibrium:

W = ~p

P9

(17)

Van Brakel (197,5) does not write k as a simple function of the moisture
content u, but states that "both k and W are dependent in a. non-unique way
on thc liquid content, u, of the porous medium". This probably means that
k is infiueneed by the moisture eontent, but that this is not the only factor
on which it is dependent.
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For a real porous material like wood, !:lp is a complicated function of
the pore space geometry. Hence, for capillary liquid transport, one need not
only a model for the transport coefficient J{, but als o for (part of) the driving
force, i .e. the capillary pressure (van Brakel 1975, Hall 1994).
In the above equations for capillary transport, \fl are often replaced with
the pressure potential or the gravitational potential, or any sum of these as
long as they are similarily defined. The equations can then be used for mixed
problems (Hall 1994).

4

The wood-water system

In this part is reviewed what is known about the part-processes and parameters needed to understand and model capillary flow in wood.

4.1

Surface tension (surface energy)

The surface tension (O') of pure water in air is weIl known (Table 1). Bramhall
(1979) gives the following relation for O'(T) [mN/mJ:

O'

= 75,6 -

0, 1625T

(18)

In this equation T should be entered as cC.
The surface tension of water is higher than t hat of all other liquids except
mercury. Table 2 shows the surface tension of SOJlle other common pure
liquids.
The surface tension of water can change appreciably with the addition
of surface active substances (surfactants). The inftuence of the impureties
norma.lly found in water in wood, such as water-soluble \Vood extractives, is
not well known. Bolton and Pet ty (1980) argue that the value could be as
low as 40 mN/m.
Yata (1989) measured longitudinal capillary absorption on 42 woods as a
function of the surface tension (water and watpr with adclecl wetting agents
with O' of 71,47,42,37 and 31 mN/m). For the sapwood of softwoods the
surface tension did not influence the rate of ahsorption much, but for the
heartwood of softwoods the penetration ,vas increased several times when
water was replaced with a liquid with 0'=42 mN I m. Also for the hardwoods
an increased rate of absorption was observed when (T was lowered (maximum
rate with 0'=31 mN Im). It was a.lso obserw'cl that the heartwood of 13
12

Table l: The surface tension of water as a function of temperature (CRC
1993).
temperature (OC)

surface tension,

(J"

(10- N/m)
3

o

75,64

10
20
30
40
50
60
70
80
90
100

74~3

72,75
71~0

69,60
67,94
66,24
64~7

62,67
60,82
58,91

woods had no open capi11aries for penetration. For the pines in this study the
result were as fo11ows: the heartwood of Pinus desifiom and Pinus komiensis
absorbed less than 0,15 g/cm 2 h, but Pinus pentaphylla, Picea jezoensis and
Picea sitehensis had higher heartwood absorption than this value. Tt was also
observed that the rate and amount of absorption was increased by leaning
the specimen away from vertical towards the horizontal direction. This effect
was higher in woods with Iarge capillaries (i.e. ring-porous hardwoods) as
would be expected from theoretical considerations (Eq. 9). Figure l shows
the effect of decreased (J" and of leaning the sample.

4.2

Contact angle

A number of measurements of wood-water contact (O) angles have been made
on wood surfaces. There are, however, several problems associated with these
measurements:
• The contact angle shows hysteresis (Gray 1962) .
• It is infiuenced by the roughness of the wood surface (Gray 1962).

1:3

Table 2: The surface tension of some common liquids at 25°C (CRC 1993).
liquid
Hg
CCl4
CH 3 0H

C2 Hs OH
C3 H6 0

Mercury
Tetrachloromethane
Methanol
Ethanol
Acetone

surface tension
(10- 3 N/m)
485,48
26,43
22,07
21,97
23,46

Table 3: Contad angles at different conditions. Values shown with standard
deviations from 60 measurements.
symbol
eo

Ou

ew

conditions
air-filled wood
water-filled wood
wood substance

value
55±9
19±6
21±6

cose
0,57
0,95
0,94

• \Vetting of a wood surface is always accompagnied by penetration of
liquid into the wood.
• A fresh wood surface is rapid ly aged and contaminated (Gray 1962).
Herczeg (196.5) found that glycerol-wood contact angles increased from
43 to 65 after 45 hours exposure to "laboratory atmospherc".
• The contact angle of a liquid drop on wood is not constant with time
(Lipta,kova and Kudela 1994).
• The surface of the wood substance is not homogeneous (Cra,y 1962).
• A wood surface consists of wood substance and lumens, the latter of
which may be filled with air or water (Lipuikova and l\.iidela 1994).

lt is dear that the contact angle measured on a \Vood surface is not
directly applicable to a wood substance surface, e.g. in a wood lumen. Lipta,kova and Kudela (1994) tried to solve this problem by a mcthod which
separated the efred. of permeation and the non-wood substance part of a
\Vood surfaec. Thcy dcfillcd thrcc different eOlltact anglcs ",hieh are showII
in Table 3.
As seen in t.hc table t.hcrc is a big differellee between air-filled wood and
the other two mat.erials. H may be concluded that the wetting of wood
substance by water is so good t.hat it is a very good approximation to give
the (ontaet angle as O.
\Vat.er-wood contad allgles reported in literaturc, e.g. Nguyell and Johns
(1978). are oftell for air-fiUed \Vood (short time measurements).
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Figure l: Two figures from Yata (1989). a. The absorption (retension) into
Hinoki (Chamaecyparis obtusa) heartwood as a function of surface tension.
b. Difference in absorption between vertical and inclined samples of Sugi
(Oryptomeria japonica). The inclined samples were almost horizontal.
Gray (1962) found all different types of behavior when he measured COI1tact angles on 19 species of wood at different conditions. Green (lIndricd)
wood showed less wettability (higher contact angle) than dried ",ood. Sanc!cd
wood gave higher contact angle than unsanded \Vood. Different species aJso
gave quite different results.
Bailey and Preston (1969) found that when comparing the permeahiJity of
softwood heartwood to petroleum destillate and \Vater t.he importallt factor
was the angle of contact with the wood surfaccs (and not thc viscosi tics).

4.3

Wettability

Wettability is the ability of a liquid to wet and to be absorbed by a material.
It is often assessed by measuring the work needed to nrst sJowJy iIlllllcrs('
a sample and then slowly bring it out from a liquid. A wettability il1dex is
then defined as the area under the force-time curve measured by a prcscrilwd
procedure. This index is used in the study of gluability and other tccllllicaJ
processes.
In a study by Casilla et al. (1984) it was found that the wettabiJity of four
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Asian meranti species (Shorea sp. and Pamshorea Sp.) in a large number
of liquids was very influenced by the pH of the liquids. There was also
a linear corre]ation between wettability index and liquid surface tension. A
wood with incrustations (deposited extractives in the wood) gave much lower
wettability than a wood without such hindrances to permeability.
Pecina and Paprzycki (1988) found that the wetteability decreased for
heat treated wood up to 190°C. At higher temperatures it increased due to
breakdown of the cell wall components.
Gray (1962) and Herczeg (1965) discussed wettability in the more scientific terms of free energy of wetting and contact angles.

4.4

The porous system of softwoods

This section contains information on the porous system of softwoods relevant to capillary phenomena and permeability. Figure 2 shows the classical
illustration of il., typical softwood structure. The following structures are seen
(symbols in brackets refer to the figure):
'Iracheids (cells, fibers) are the mai n components and make up more than
90% of the mass of a softwood. There are two types: large thinwalled
early-wood fibers [3, 3a] and smaller thickwalled late-wood fibers [4,
4a]. These two types of tracheids are formed during the early and late
part, respectivclly, of the growing-season.
Bordered pits [SJ connect tracheids with each other. Most bordered pits
are found on the tangential surfaces (facing in the tangential direction)
of the early-wood fibers. The early-wood bordered pits are also larger
than the late-wood bordered pits. When wood dries most bordered pits
are closed by aspiration.
Figure :3 shows the tangential surfaces of earlywood and latewood fibers.
The lengtll of the fibers are approx. 100 times their thickness (2-3 mm
cornpared with 20-40 lon).
Figure 4 shows the complex structure of a bordered pit. The margo
(margo strands) and the torus constitute a va.lve-like stucture. The
composition of thE' margo and the torus are smilar for the genera
Picea (spruces), Pinus (pines), Larix (larches) and Pseudotsuga (Douglas firs), but there are differences seen on the inner side of the pit
chamber (Liese and Bauch 19(6)
16

I' 19nr(' 2: Aschematic drawing of the porous system of softwood timber
froll1 Howard and Manwiller (1969) and shows a Loblolly pine (P.
/I/u!o) sill11»l(' with the approximate size of O..sxO,.sxO.5 rnm 3 ,

!i1k('lI
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Figure 3: Tangential surfaces of earlywood and latewood tracheids. a are
bordered pits between tracheids, b are bordered pits to ray tracheids. alld c
are pits to ray parenchyma (Howard and Manwiller 1969).
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Rays [9, 10, 11] are pathways in the radial direction which are built by a
large number of cells of two types: parenchyma cells [K] and tracheid
cells [J].
The main reason for refractory behavior (the very low permeability
found in some woods, e.g. spruce) is due to the strUcture of the ray
cells. In refractory woods the ray parenchyma cells communicate with
each other and the longitudinal tracheids only through very small pits.
Investigations by Liese and Bauch (1966) show a very good correlation
between ray tracheid area (not ray area) and radial water uptake in
species from the four genera given above.
Resin canals [2] are intercellular spaces lined with epithelial calls [E] in
which liquid resins How in the living tree. When the tree dies and
thc wood is dried the resin will dry, but the canals may still serve as
pathways for liquid transport. In Pinus, Picea, Larix and Pseudotsuga
there are both longitudinal and horizontal resin canals.
Scveral studies have been made in which liquids have been either sucked
intu wood by capillary tension or vacuum, or pressed into wood by overpres~1I/,(,. lklow a summary is made of the findings in some of these studies:
Buro and Buro (1959) studied the penetration of colored water and hot
parafin wax into small samples of Scots pine (Pinus sylvestris). They
rcmarkcd that a flow of a liquid through wood may have to zig-zag,
llsillg flow-paths in all directions even if the net How is only in one
dircctioll. Therefore all How paths are of interest to the How in all
dircct iOlls. In the longitudinal direction the tracheids, the bordered
pits and the resin canals are the main penetration paths. No difference
was found between the permeability of earlywood and the latewood of
t II(' sap wood. In the heartwood the latewood was not permeable at all
fur water or parafin wax. Both these liquids did, however, enter slightly
illto the heartwood earlywood. The longitudinal and radial resin canals
ilt the sapwood were accessible for water, but not for parafin; neither
of t hese liquids entered into the resin can als of the heartwood. In the
radial direction the liquids could also penetrate through the rays, but
this had mainly a local effect (to distribute the How). The position
of t 1)(-' t.orus in the bordered pits (aspiration) was not the only fador
influcncing the permeability of these, as also substances deposited in
the pits limits the How.
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Wardrop and Davies (1961) passed solution with copper salts through
small specimens of radiata pine (Pinus radiata). "The penetration
proceeded from tracheid to tracheid via the bordered pits and spread
'laterally' through the rays. The ray paranchyma appeared to be more
readily penetrated than the ray tracheids. The resin canals were also
effective in facillitating longitudinal penetration. The path 'of penetration was similar in both sapwood and heartwood" .
Erickson and Balatinecz (1964) forced liquid monomeric styrene into
Douglas-fir (Pseudotsuga menziesii) where it was polymerized into a
solid. Injection was made in the three principal directions. "In the longitudinal direction, the bulk fiow was through the tracheids. Some penetration of resin canals occurred. Liquid also moved into many of the
ray tracheids and spread laterally be this means. In radial impregnation
the liquid moved mainly in the ray tracheids. Ray parenchyma cells
were mostly impermeable. The liquid moved from the ray tracheids
occasionally into longitudinal tracheids. Radial intercellular spaces between ray parenchyma cells and longitudinal tracheids sometimes contained liquid. In tangential impregnation, the penetration was comparatively slow. Movement was through tracheid bordered pits and into
and across ray tracheids to some extent". It was also concluded that
"sapwood showed alarger number of penetrated cells than the heartwood" . It was observed that the treatment was uneven as all cells do
not contribute equaly to fiow (some cells appear impermeable). Liquids may thus form a discontinous system between the surface and the
interior of the ,vood and pockets of liquid and air may exist. A similar study was made by Moore et al. (1983) who, however, was mainly
interested in the technique itself.
Bailey and Preston (1969) pressure impregnated sections of Douglas fir
(Pseudofsuga menziesii) with silver nitrate and hydrazine hydrochloride solutions. It was shown that for the longitudinal flow the open
bordered pits fored ready paths from tracheid to tracheid. The closed
(aspirated) bordered pits "can be impenatrable". N o movement occurs across the pit membranes between tracheid and ray cells. In the
radial dircction thc ray cells are of little signifiance in penetration. During impregnation Bailey and Preston found that aqueous liquids move
through bordered pit membranes and "transient capillaries" in the cell
wall. T'hey could, however, not say if this was by diffusion or mass flow.
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Hergt and Christensen (1972) exposed veneers to liquid water for very
short periods of time (max. 8 s) and measured the water uptake. They
found that the absorption took place in two steps: first a rapid wetting of the surface and then a slower capillary penetration. Solvent
extraction of the wood increased the absorption in some species.
Trenard and Gueneau (1984) pressure impregnated Scots pine (Pinus
sylvestris) and Silver fir (Abies alba) with liquid gallium at 50°C. The
liquid metal penetrated into the longitudinal tracheids and subsequently
into the rays through the cross-field pitting. The reverse did not occur
as radial flow through rays was negligeable.
Cote (1990) states that the tracheids are the principal conductors. For an
impregnation to reach all parts of a wood movement between these and
from these to surrounding elements is essential. Two possiblities exist
for this: the bordered pit pairs and the "transient capillaries" of the
swollen cell wall. The transient capillaries are only found when the
wood cell wall s are swollen by polar liquids. Another less significant
pathway in softwoods is the interconnected system of resin canals. Although the resin might be hardened in manu instances these cana.cls
appeal' to be effective pathways.
Richter and Sell (1992) vacuum impregnated white fil' (Abies alba) with
an epoxy resin and a.lso studied capillary rist' with {'olored water. The
primary pathways were the longitudinal tradH'ids, and thc bordered
pit pajrs dominantly influenced the impregnation. \Vood rays were not
primarily involved in the transport of impregnation fluid, and normal
heartwood was most ly impermeable. In sapwood the liquids preferably
extended into the latewood zones, whereas in earlywood on ly isolated
groups of tracheids proved to be permeable. Pit aspiration is thus not
ahomogeneous phenomenon, even within a growth ring.

4.5

The cell walls

The cell wall may playan important role for the capillary behavior of wood.
Most experiments on capillary behavior are made on capillary-porous media
(eL the introduction) in which the solid material on ly acts as a limitation of
the pore space. In wood, however, the cell wall can a.lso transport water as
bound water or capillary water in microscopic pores in the cell wall. Nothing,
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however, seems to be known how this should influence the capillary behavior
of a material.
Bailey and Preston (1969) found silver grains in the cell wa.lls after their
impregnation with silver nitrate, indicating "the presence of channels
in the wall in both sapwood and heartwood though much less marked
in heartwood than in sapwood. Removal of extractives from heartwood
increases the abundance of Ag grains in wood subsequently treated" .
These extractives were found to make the heartwood hydrophobic and
only slowly absorbing.
Kellogg and Wangaard (1970) measured the cell-wall density of 18 species.
Wood-substance density values ranged from 1497 to 1517 kg/m3 for
hardwoods and from 1517 to 1529 kg/m3 for softwoods. Earlier Christensen and Hergt (1968) had measured cell wall densities of Klinkipine
(Araucaria hunsteinii) and Radiata pine (Pinus radiata) as 1434 and
1437 kg/m3 , respectively. The accuracy of these measurements is difficult to assess as different organic liquids or mercury were used under
different pressures after different extraction procedures etc.
Kellogg and Wanga.ard calculated that voids in the dry cell walls of
these 18 species occupied from 1,64 to 4,76% of the cell-wall volume.
Cote (1981) also discuss the "theoretica.l and still poorly defined 'transient
capillary' which enlarges or contrads dming swel1ing or shrinkage of
wood" .

4.6

Pit aspiration

The lumens in a softwood are connected by pit pores with a special structure
(Fig. 4). The torus of the pore is supported by margo strands. In the living
tree with liquid-filled lumens this construction may not have any function.
If, howcvcr, a lumen looses its liquid contcnt through drying or by accidcnt,
the pit will be closed by the torus. This phenomenon is called aspiration.
A large number of studies have been made on different aspects of the
aspiration process. We are here interested in studies concerned with the
effects of aspirat.ion on permeability. Several of these studies have been made
by comparing the effects of different drying methods. Solvent drying is made
by gradually exchanging the water in green wood with other liquids which
do not cause pit aspiration when they evaporate.

air

Figure 5: Proposed medlanism of pit aspiration according to Hart and
Thomas (1967) (taken from Siau 1984).

Bailey (1913) was the first to recognise that pit aspiration is an important
factor in determining wood permeability.

Hart and Thomas (1967) proposed the model for pit aspiration seen in
Fig. 5. When the liquid front recedes through the pit the openings
between the margo strands are so small that very high capillary tensions
will develop in the liquid phase. As drying proceds the torns will be
pulled along by the surface tension of the water until it touches thc
wall s of the pit border. There it will be bonded to the pit border and
the pit will be effectively closed.

Comstock and Cote (1968) found that the permeability of red pine (Pinus resinosa) and eastern hemlock (Tsll.ga canadensis) was reduced hy
normal drying procedures to onl)' a small fradion of the green permeability. The redudion was more severe at higher drying temperatures,
but still very large even after drying at -18°c. When the sap was re-
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placed with surfactant solutions with low surface tensions and organic
liquids with high surface tensions it was found that the former, but not
the latter, did cause pit aspiration. It was concluded that high surface
tension alone does not cause aspiration. A critical factor is also the
ability of a liquid to promote adhesion between the torus and the pit
border.
Petty and Puritch (1970) measured permeabilities of Abies gmndis wood
dried by solvent exchange and normal air drying. In the paper is als o
described a method to calculate the number of lumens and pits which
are conducting from gas permeability measurements at different pressures and mean pressures. In solvent-dried wood 83% of the tracheids
were conducting. In air-dried wood only 32% of the latewood tracheids
were conducting. The earlywood tracheids were not conducting at all.
The authors also calulated the number of conducting pit membrane
pores per conducting tracheid to be 27000 for solvent-dried wood and
on ly 600 for air-dried wood. From these results it was concluded that
most pit pores are aspirated in air-dried wood.
Thomas and Kringstad (1971) studied Loblolly pine (Pinus ta eda) and
concluded that pit aspiration will only occur when the evaporating
liquids has the following properties:
• a molecule able to form hydrogen bonds and possessing both hydrogen donor and accept or properties.
• the ability to swell wood nearly as great or greater than wa t er.
• a surface tension and contact angle relationship such that the illitial capillary tension forde is sufficiently high to begin pit !11eOlbrade displacement.
Meyer found that percentage pit aspiration, tracheid length and llU IlII)('r
of pits per tracheid determines gas permeability in two sampks of
Douglas-fix (Pseudotsuga menziesii). By light-microscope studies it \vas
found that the percentage of aspirated pits in sapwood was 1:2J(', . .1,)7<.
88%, 93% and 98% for green, solvent-dried, freeze-dried, air-dried and
oven-dried samples, respectively. Longitudinal gas permcability was
found to be a function of percent pit aspiration.
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Table 4: Pressures needed to aspirate pit pores and corresponding dimensions
of the smallest components of the bordered pits (Bolton and Fett y 1978).

eaTlywood
latewood

p / atm
5,4
680

r / pm

0,3
0,002

Petty (1972) measured the dimensions of the bordered pit components of
Scots pin e (Pinu8 8ylve8fri8). The res u lts are sumarized in Fig. 4.
Bolton and Petty (1978) calculated the force needed to deflect the torus
of early- and late-wood memhranes. The very large capillary tensions
neededto detlect the thicker latewood torii explains why the degree of
aspiration in dried spruce and pine is almost complete in the earlywood,
hut often much less in the latewood. Their result is given in Table 4

Cote (1981) emphazises wood ultrastructure as an important domain for
wood-water phenomena. Aspirated pit membranes does not allow free
passage of particles, but liquids may mo ve through the structure by
diffusion.
Johansson and Nordman (1987) used a microscopic technique to count
the number of aspirat.ed bordered pit in Norway spruce (Picea abies)
and concluded that the pits aspirate quickly when they are drained of
liquid and that the aspiration is irreversible. It was also found that
hydrophobic extractives contributed to the irreversibility of the aspiration.
The foIlowing two equations have been proposed in connection with pit
aspiration. Stamm, Clary and Elliot (1968) gave the following equation for
the mImber (iV) of pits t.raversed in series through a given length (L) of wood,
where the maximum (fmax) and average (Jav) fiber lengths are known:

s

= l

+ 4(L - Jmax)
3· Jav

(19)

Meyer gave an equation for the proportion of tluid-filled tracheids at various levels within a permeability sample. If n is the number of pits per
tracheid and q the probability that a pit is aspirated, then the probability
that a liquid arrives at level i + l in a certain tracheid is

(20)
It should be noted that pit aspiration causing lower permeability is a phenomena seen mostly in softwoods. In a study by Tesoro and Choong (1976)
the water permeability was measured on the heartwood and the sapwood
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of 12 different wood species. In all hardwood samples the permeability increased after drying, whereas in the softwood samples the permeability was
very much decreased due to pit aspiration.
An increase in penetration can be obtained due to the action of microorganisms (fungi, bacteria) which mianly perforate the thin structures of the
pits. Ponding and wet st.orage for long periods of t.ime may result in such
degradation.

4.7

Wood components soluble in water

The sap of a living t.ree contains water-soluble substances which could influence the capillary properties of wat.er. An extreme example is t.he sap of the
sugar maple (Acer saccharum) which contains up to 5% n sucrose in spring
time.
\Ve are here interest.ed in t.he amount.s of subst.ances t.hat exist in t.he sap
of t he living tree or that will dissolve when wood is moistened by capillary actioll. A large number of different substances are of interest. (Browning 1967):
~Ilgars and oligosaccharides, polysaccharides (pectic substances, st.arch, arahi Ilogalactans), glycosides, cyclitols, organic acids, proteins, and alkaloids.
TJw pectic substallCes and the proteins are water soluble, but are not dis~oh'l'd to a significant extent by water in wood as they are hidden in the
\\'()od cell wall.
Thc surface tension of water can ch ange appreciably with the addition
uf surface active substances (surfactants). The inftuence of the impureties
lIurlllillly fOllnd in water in wood, such as water-soluble wood extractives, is
1I0! \\"(,11 known.
Bolt.on a.nd Petty (1980) gave a value as low as 40 10-3
\/111.

4.8

Theoretical models

\Iudcls and theories of capillary phenomena should always be used with
~r('at caution as it is extremely difficult to make reliable models of such a
mrnplex phenomena as capillarity. It should be noted that there is still an
act in' discussion as t.o the explanations of results of even some of the simplest
possiblc capillary experiments.
One and t.wo-dimensional models are often unreliable (van Brake11980) as
capillary phenomena usually take place in three dimensional networks which
('annot be modclled with less degrces of freedom.
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There exist a large number of non-pore and pore space models. Van
Brakel (1975) gives an overview of these, from which much of the following
is taken.
Non-pore space models includes empirical correlations, continuum models, statistical dynamie models, irreversible thermodynamic models etc. In
these transport coefficients are derived from very general parameters, e.g.
porosity. All these models have in common that they are not based on a full
description of the actual porous system under investigation. The main problem with these types of approaches is that different types of porous materials
behave very different ly and none of the proposed models have been shown to
be realistic (van Brakel1975).
It is quite obvious that porosity cannot be the main factor determining the
premeability of wood as it is weIl known that the main resistances to fiow are
the pit pores which only contributes to aminute fraction of the total porosity.
For random sphere packings and similar systems this approach may, however,
be of more use, but it seems that even here there exists large discrepencies
between predictions and experimental results (van Brakel 1975).
The moisture (or liquid) content (u) is often used as the driving force
for ca.pillary liquid transport (for wood, see e.g. Nadler et al. 1985). This,
however, cannot be correct. "In no sense of the term can the liquid content
be regarded as the driving force" (van Brakel 1975). The capillary pressUI'C
or any other similar potential (cL Eq. 15) is the only sensible driving forn'.
but it is of course not as easy to determine as thc moisture content.
The main reason that capillary transport is treated as diffusion is probably the great impact the heat transport theory had on mass transport theory.
In the early papers by Sherwood (1929ab, 1930, 1932) and Newman (l Y:31 ab )
the equations for heat fiow was used on diffusion problems. This made it possible to make calculations of drying rates and other mass flow probkms. As
this theory is so convenient it has been used even when it clearly is physically
incorrect.
As earlyas 1937 Ceaglske and Hougen in a paper on the drying of grallular
solids (e.g. sand) stated this very clearly as: "The drying rate of a gra nular substance is determined not by diffusion but by capillary forces. The
moisture distribution cannot be calculated correctly from diffusion cquations
but depend on the complex suction-water concentration relation of tlw su bstance. This relation is dependent upon particle size, degrees of packing. and
distribution of pore spaces and hence must be determined by experimental
methods. In the drying of a granular solid the rate of water tlow is deter-
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mined by capillary forces and not by moisture concentration gradients; the
fiow may be in the direction of increasing concentration" .
Even if u cannot be the correct driving force for capillary transport it
may in some special cases, e.g. wetting of one material under quite constant
conditions, be of practical use. It seems that van Brakel (1975) is elose to the
truth when he states that different capillary phenomena (at present) require
different approaches. One problem often encountcred in capillary processes
is the way in which the liquid replaces the air. There are fundamental differences between drying, where the evaporating water and the replacing air
is transported in different directions, and drainage where both phases are
transported in the same direction.
Anomalous behavior is sometimes described as being caused by one of a
number of other factors which, in general, are very difficult to study:

1. The existence of liquid water with other properties than normal water.
2. The oceurence of film (surface) fiow.
3. Disjoint pressures.

lt is normally, e.g. for renderings on faeadcs. t ha I small eapillaries can
suck water from larger capillaries. Similar phenomena in drying were seen by
Ceaglske and Hougen (1937). In wood there are lar.e;er pores (the lumen) and
smaller pores (the bordered pits). Both thes(' slmctures are so small that
thcy thcoretically can suck water from cach 01 her. Il o\\,cycr , it is not trivial
to explain how the larger lumen can start lo suck water from a bordered
pit situated in the cell wall; there is no obviolls way for the meniscus to
move from the small opening of the pit to the Tl1\lch larger lumen. Some
other mechanism, e.g. film fiow or bound walcr Ho\\'. is probably active to
overcome this obstacle as we know that capillary risc in wood is far greater
than just a single celllength of a few millimeters.
Pore space models can be divided into one-. I \\'0- and three-dimensional
models. In the following the division of van Hrakel (191.5) is used, but only
those models useful for modelling capillary phenomena in wood are mentioned. Figure 6 shows these models.
One-dimensional models for softwood transport in the longitudinal direction should be composed of a tube with rcstrictions. One such mode! which,
however, is not very realistic for wood is 1515 (eL Fig. 6). LWl denotes
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1515
2JJ

LW1

~
~
LW2
Fignre 6: Pore space models applicable to wood (the figures are taken from
vall Brakel (1975, with his numbering) or drawn by myself (LW#).
which would be more useful for wood. lt is doubtful which value a onedillwllsional model has. It cannot capture the total blockings of part of the
flow path and the roundabouts taken by the fiow path to pass such obstacIes.
'1 rlle t wo-dimensional models are often used as they are attractingly complI'\: at thc same time as they may be drawn on a paper. In some cases, such
ii,'"' ,\ elose packing of spheres, a two dimensional model is cIearly useless for
fll.\\ iII t lIe plane of the paper as there will be no flow paths through the sys1('111. '"an Brakel (1975) gives examples of two-dimensional models with the
flo\\ iII f!Je t hird dimension. These models are restricted three-dimensional
Illodck For wood 2:33 could be uscd (with the flow in the normal direction
lu t Il<' plal1c of tbc paper), but this mode! caIlIlOL model the constrictions in
l Il(' maiIl flow directions, only those at right angle to the ma.in flow direction.
Ihwc-dimcnsional pore space models are very complex, especially as a
r('"h"t je model for wood cannot have a repeated cell structure (i.e. the nu mI H'r (Jf aspi ra t ed pores have to be varied etc.). Model 343 shows one simple
II1"del aI\d 3.51 one which is morc general.
!-'rOlll the review of van Brakel (1975) it seems thai no pore space models
hem' becll applied on wood. Some of the drying models below (e.g. Comstock
I <J70 and Plumh et al. 198.5) are, however, some type of pore space models.
Pseudo-pore> space models (the term given by van Brakel 1975) are simple
tube arrangements "used in ad lwc explanations, for didactic purposes or as
a conceptual model of a formal model of some transport phenomena" . These
Olle
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cannot be multiplied in any simple way to obtain an extended pore space. A
typical example is the ink bottie pores (LW2) and other pore arrangements
used to explain hysteresis. The so caHed independent domain theory (see e.g.
Morrow 1970) uses such pseudo-pore models when it divides the pore space
into a number of regions that behave independent ly and assigns two radiuses
to each domain: one for capillary condensation and one for capillary evaporation. The theory has been used to explain hysteresis (cf. ink bottle pores) l
but this is probably not mainly a function of pore geometry (most surfaces
in simple pores show capillary hysteresis and all hygroscopic materials show
sorption hysteresis ). Van Brakel (1975) writes: "The general problem that
the independent domain theory and its successors intend to solve is that of
giving an account of the accessibility of an arbitrary region in the pore space.
This is not a propert y of the pore space alone."
According to van Brakel (1975) the concept of "pore size distribution" is
misleading as there does not exist any pores with well defined lenghts a.nd
recognizablc wa.lls. This is certainly true for normal porous media, but \Vood
is different. As wood consists of a quite ordered array of large pores of weIl
defined lengths and wall s l coupled together with small openings , pore sizes
do actually have a meaning for wood. It is however doubtful if pore size
distribu tions (as measured by mercury porosimetry) are of any use.
Plumb et al. (1985) writes: "In contrast to the random packing of many
porous media, such as sand , wood cells are organized in a very regular pattern. This fact makes it very attractive to utilize a mechanistic model of
\Vood structure to identify capillary porous properties - permeability and
capillary pressure". It seems that wood is quite unique in being a weIl organized porous material. Figure 7 gives one picture of the softwood structure
as would be used in such modelling.

4.9

Experimental model systems

lt is in many cases advantageous to study different phenomena separetely
by using model systems in which one or a few processes may be isolatecl .
.For other porous media many such studies have been made with glass beads
or micro-porous glass, but for wood only one such study, which is discussed
below , has been found. It is probably not of very much interest to use systems
with very different geometries from that of wood to try to underst and wood
behavior. Heizmann (1970) presents one such study in which experiments
with glass beads are comparecl with similar experiments with a nllmber of
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CELL (TRACHEID)

Figure 7: Typical softwood structure (Rosen 1987).

different woods. The results (e.g. "moisture distributions ... eould be ealulated
by an e[Cponential function") do, however, not give mueh information of what
is going on in the wood.
Ceaglske and Rougen (1937) dried moist sand. By plaeing eoarse and
fine sand in different arrangement they showed that small pores are able to
pull the water out of larger pores and a material with small pores on its
surface will show relatively quiek drying. "To retard rate of drying, sprinkle
eoarse sand on top; to hasten drying, sprinkle a layer of fine wet sand on top"
(Ceaglske and Rougen 1937). Sueh simple experiments are often of greater
value than experiments with all eomplieating faetors included at the same
time.
Eng0yet al. (1991) made drying experiments with a wood model system
eonsisting of 100 ILm P MMA optieal fibers plaeed in one layer between glass
mieroseope slides. This system shows resemblenee to the porous system of a
softwood in that there are large pores with an aspect ratio of 100 and that
the ratio between the largest and the narrowest pore diameters are approx.
5. As there is some surface roughness in the glass slides there are also many
possibilities for the water to go from one pore to another. The experiment
was eonducted by drying the model system whieh was initially filled with
water.
The observations in this study can be summarised as follows:
• Evaporation takes place from all menisei and is independent of the
pressure state of the water in the menisei.
• Larger pores empty first as they cannot support as small radius of
eurvatures as can srnaller pores.

• In drying horisontal pores the largest pores drain eompletely before the
second largest pore si art to drain. In experiments with vertieal pores
the gravity force will make the pores drain more or less simultaneusly.
• At the end of an experiment, when all pores have been drained of a
contigous liquid phase. there is still a discontinous system of droplets.

5
5.1

Drying of wood
General drying theory

Drying of porous materials is generally agreed to follow the stages described
by Sherwood (1929ab, 1930, 1932): constant rate period (CRP), first falling
rate period (FRPl), and second falling rate period (FRP2). In all these
periods capillary phenomena playaroie even if Sherwood and many later
researchers have treated all phenomena as diffusion. Theory and most measurements have been made on materials that have geometries very unlike
wood. Most porous materials (clays, gels, glass beads, powders etc.) have
random pore sizes within certain distributions. Many such materials are
submicroporous, e.g. they have pore-radiuses on the nm-scale. \Vood (softwoods ) is very different in many respects: 1. It mainly consists of two types
of larger elongated pores (early- and late-wood lumens) connected by smaller
pores (pit-pores). 2. The cell-wall material itself is very hygroscopic.
In spite of these differences I here summarises the conventional drying
theory and the three drying periods (following Scherer 1990). During the
CRP the rate of evaporation from the surface of the drying body is constant
because the surface is wet. This period can continue for a long time because
1. The drying body may shrink from the tension in the liquid caused by the
meniscii formed at the surface (e.g. gels may shrink to a tenth of their original
size (Scherer 1990). 2. Small dry spots on the surface does not decrease the
rate of drying bccause there is an effective diffusive transport with in the
boundary layer. Suzuki and Maeda (1968) found that in some cases the
decrease in fractional area of wetted surface had little effect on the mass
transfer coefficient. :3. Liquid films may form on the outer exposed surfaces.
To which extent this can contribute to the effective area of evaporation in
unclear (van Brakel 1980).
The FRP1 starts when the shrinkage stops a.nd the meniscii a.re forced
into the drying body. Most of the evaporation of the liquid is still at the
surface, but it has to be transported there from below the surface. Part of
the transport to the surface will be by diffusion. The rate of drying will then
decrease.
The difference between FRP1 and FRP2 is that during the latter allliquid
has to evaporate below the surface of the solid, e.g. there are no continous
liquid paths to the surface. When there are continous liquid paths in a region,
the state is said to be Junicular. The opposite, when on ly isolated pockets of
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liquid remains is called pendular. It is only in the funicular state that liquid
can be transported to the surface of a body by the low capillary pressures
at the surface. When the paths are broken, i.e. in the pendular state, all the
transport is by diffusion.
During the falling rate periods FRP l and FRP2 a sharp drying front is
often observed. Shaw (1986) has shown that this sharpness is caused by
the pressure gradient in the unsaturated region. One pore cannot dry mueh
ahead of the other pores before such a large capillary pressure is needed that
other neighbouring pores are emptied first. However, this line of reasoning
can probably not be applied to soft-woods. Shaw performed his experiments
on silica spheres.
In a connected porous system in equilibrium the capillary tension has
to be the same in all pores, and all meniscii then have the same radius of
curvature in the absence of gravity. When the surface begins to get dry the
meniscii have to retreat into the material. As a smaller pore can support a
meniscus with a smaller radius of curvature (i.e. a higher capillary tension)
the largest pore will empty first (Scherer 1990), the second largest will bt'
emptied next etc.
Ceaglske and Hougen (1937) measured capillary pressure as a function of
water content in sand and used this to model capillary transport in drying
sand. Their paper is interesting as it contains a physically correct model of
capillary transport in a porous material.
Many materials show substantial shrinkage during drying as a conce'quence of the great capillary tensions. This is not seen for wood but wood
collapse during drying is caused by the same phenomenon.

5.2
5.2.1

Drying models for wood
General overview

A large number of drying models for wood have been proposed. In most of
these capillary forces are not taken into consideration (e.g. Bateman et al.
19:39, Nadler et al. 1985, Ha.loui et al 1992).
Rosen (1987) gives an overview of different models of wood drying thaI
does not take capillary phenomea into account. He cites Stamm: "l\1oisture
movement above the fsp [fiber saturation point], though not in itst'lf a diffusion phenomenon, will be controlled by the diffusion below fsr. and will
a.ppea.r as if it were a diffusion phenomenon" . This rcasoning is not w'ry
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dear, but it is probable that it is possible to fit the solution to the diffusion equation to the drying curves. However, as these can more or less be
described by one parameter (e.g. a time to half desorption) this is no good
proof.
It is interesting to note that several workers using the diffusion equation to
solve problems involving capillary phenomena are avare of that this equation
is not the correct one. They find that it can be used to model the weight loss
or weight increase of a wood sample, but that the moisture profiles calculated
can not be correct.

5.2.2

Wood drying models with capillary pressure

Spolek and Plumb (1981) obtained a mechanistic relation between moisture
content and ca.pillary pressure with the help of the Comstock (1970) model
as:
6.p = 124005- 0 ,61
(21 )
Here, 5 is the liquid saturation, i.e. the fraction of the pore volume that is
filled with water. This relation was fitted to experimental results of suction
measurements on Southern pine (Pinus sp.).
Dorri et al. (1985) modelled the drying of small wood particles. They
found that at least for the larger partides the capillary How had to be taken
into account as the surface otherwise would dry out too quickly, "leading to a
reduction in predicted drying rate". They assumed that the capillary radius
in wood (probably: softwoods ) could be described as:
r

= R5-o,333

(22)

Here, R is the radius of the lumen. Figure 8 compares the capillary pressures
given by the above two equations. It is seen that there are large differences
between the two equations.
Moyne and Perre (1991) and Perre and Moyne (1991) include a capillary
pressure assumed to he dependent on temperature and moisture content.
The function used for the capillary pressure is (5 is degree of saturation, t is
the porosity, and ksat is the permeability at saturation):

!:J.p

= J(5)a- Jk~ t

(23)

sat

This equation was proposed by Leverett (1941). The function J was correlated ' with Leverett's experimental data. Note that it is not a function of
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Figure 8: A comparison between two equations for the capillary pressure as
a function of moisture content in wood. Equation 3 with 0=0 and (5=72
rn\ Im was used together with R=20 mum to convert r to bp. Solid line:
Spolek and Plumb (1981), dashed line: Dorri et al. (1985).
t II('

pore geometry (radiuses etc), but it has to be measured for each material.
\0 va luf's of J for wood are given in the papf'rs.
B ra III hall (1979ab) included "capi liar)' flow in response to net surface ten~iull forces determined by the free water differential". Ile notes that Eq. 3 (of
t III~ report ) "is of questionable value beeause the radius varies unpredictably
()\'/'r a widf' range as drying progresses [... J there is as yet no known correlat j(J11 1)('1 wcen the tensions at these point s and their M C or other measurable
I'ropnty [... J since free water concentrates at the tapered ends of tracheids
dlJ(' to the tendency for the radius of the meniscus to become a minimum
\,1111<'. t Il(' tension must be a function of MC". Bramhall uses the following
r/·lat jon:

dW
ch

Net retention force = (5--

(24)

11('[('. lF is the free water content. This was obtained as a "linear relationship" from "the first two experiments". No data is given in the papers.
Plumb et al. (1985) in their model of heat and mass transfer in wood
during drying included liquid transport via eapillary action. The authors
are veryelear in distinguishing wood from random packed porous media. In
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tangential direction the model of Comstock (1970) was used. In the radial
direction a new model was proposed which, however, is not described in any
detail, but seems to in du de both ray cells, tapered tracheid cells, and pits
connecting these.
Stanish et al. (1986) used Darcy's law for liquid phase transport. The
pressure in the liquid phase is the loca.l gas pressure less the capillary pressure
associated with the gas-liquid interface. The capillary pressure was taken
from Spolek and Plumb (1981), d. Eq.21.
5.2.3

Skaar's model

The drying front in a porous material is irregular on a microscopic scale
even if it often looks quite sharp by naked eye (Shaw 1986). Skaar (Siau
1984) have described how, in principle, the drying of a Ullmber of wood cells
proceeds. Figure 9 shows the stages of drying of a wood surface:
• Figs. 9b-d shows how the capillary tension reaches a maximum when
the air-liquid interface has the same radius of curvature as the radius
a the opening the meiscus has to pass through.
• In Fig. ge the drying has just started from the wet surface.
• In Fig. 9f the surface is dry and the meniscii are at the entrances to
the smaller pores connecting the lumens.
• In Figs. 9g-h the air bubbles in one of the lumen in the wood expaIlds
as there is a negative capillary pressure in the whole system. Tlw
evaporation continues from the meniscii, but they do not move iI1\'ilrds.
• In Figs. 9i-j: the same process for another lumen.
• In Figs. 9k-1 there are no more air bubbles to expand, but as the dryillg
from the meniscii continues the capillary pressure is decreased a nd the
largest meniscus will retreat into the pore. At this stage there will 1)('
very high tension in the liquid phase which will be decreased each t iI11C
a meniscus has travelled through a pore and starts to empty il IUIl\ell.
• In the last figures, Figs. 9m-u, is shown that the high capillary tensiolls
can cause coHapse in wood.
This model of drying raises a uumber of questious:
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Figure 9: Skaar's model of transversal dryillg of wood (Siau 1984)
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• Are there air bubbles in all/most/many/any lumens that will make
these cells empty before the capillary front advances invards?
• How deep in the wood can an air bubble expand'? A limiting faetor
must be the high resistance to liquid fiow to the surface from deep
inside the wood.
• Does the drying proceed step-wise? Could this be measured by measuring the capillary pressure?
• What role does the transport of liquid water and water vapor through
the cell wall play?
5.2.4

Comstock model

COlllstock (1970) described a model for permeability of softwoods based on
Illn1f'ns connected with pits on their tangential surfaces on their tapered ends
(Fig. 10). The realistic simplicity of this model have encouraged others to
u:-,,' il. Spolck and Plumb (1981) modelled how capillary forces can cause
fn'c water movement in the tangential direetion with this model. The cells
Ilciw'sl the surface contains less water than the cells inside the wood. As the
n·II "lids aTe tapered, a small amount of water in a cell end will give a small
r ad 111:-' of curvat ure and a lower pressure. Furuyama and Kanagawa (1994)
lIlud!·ls woocl drying with continous liquid phase in a similar fashion .
.\s thc lumens are taperad only at their ends this cannot be the only
Cit I J:-". of liquid transport in wood. Vlhen the lumen are anything between
half·fillcd and filled the capilary radiuses does not decrease with moisture
cOllIeII! .

5.2.5

I lit'

Cudinov model

1110is! mc

content profiles of drying wood may look very different derWllcllllg Oll if the wood was initially water saturated or not. If the wood is
illitiillly saturated and contains no air a sharp drying front will be observed.
If t Ii(' initial conditions are a lower moisture content the drying profile will
be morc like that of a diffusion controlled process. Figure 11 shows this.
(~udiTloV (1985) has put forward a theory which explains this phenomena.
In his model the pathways betwccn the lumen (the bordered pits) are filled
with \\'aLer ill those parts of the wood which are near the fiber saturation.

40

TANGENTIAL DIRECTION I Z

I.... ,,, ...... ~Q ~ I
GAS

Figure 10: Comstock (1970) model of capillary transport

2

D

Figure Il: Drying profiles during two types of drying of a wood slab with
thickness D: l. The wood is initially unsaturated, e.g. the lumen contain
bot h free water and air. 2. The wood was initially saturated at Umax.
The fiber saturation point and the moisture content in equilibrium with the
drying conditions are denoted by uF and ugl' respectively (Cudinov 1985).
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Figure 12: Schematic model of the capillary system of wood (Cudinov 1985).
Because of this the air in a lumen will be trapped t here. Water is removed
from a lumen by liquid transport in water filled lumens to a place where
the water can evaporate. As water is removed the pressure of the air will
decrease. This under-pressure in the lumens which are above fiber saturation
causes a flow of liquid water from the inner parts of UH' wood to these lumens.
Note that in this model the gas phases of the lumens are not connected until
the moisture content goes below the fiber saturatioll point. The liquid phases
are, however, in contact, so the water may movc from olle lumen to another.
According to Cudinov (1985) there should be a pressure minima in drying
wood near the position of the fiber saturation point. Figure 12 shows how
the water is transported. The leftmost cell is emptied of liquid water and is
thus at fiber saturation.
If wood is initially saturated it contains 110 air and the whole drying
process will be by diffusion from a drying front. but if wood is initially unsaturated the above model may explain why there is not any drying front.
The model may partlyaIso explain why \Vood does not dry homogenouesly
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as preferential liquid fiow paths will be established, causing other parts of
the wood to be emptied of their liquid.

6

Capillary absorption of wood

There are unfortunately not many experiments with capillary absorption in
wood reported except those in which only a capillary coefficient is given.
Below is described one interesting experiment which has not been described
elsewhere in this report.
Yata (1987) studied the effect of initial moisture content on the rate of
penetration into seven woods. The wood was probably dried to 7% moisture content and then conditionsed to various moisture contents between 7
and 190% before the experiments. The rate of absorption was higer for dry
wood. Figure 13 shows results for Sugi (Oryptomeria japonica) and Hinoki
(Chemaecyparis obtusa).

7

Conclusions
1. Capillary phenomena playaroie in nearly all processes in which liquid
water is present in wood.
2. Capillarity may be very different in different softwoods, e.g. is the permeability of the sapwood of pine and spruce very different.
3. Longitudinal flow in softwoods is mainly through lumens and bordered
pi ts in series.
4. Tangential flow is also mainly through lumens and bordered bits, but
many more pits have to be traversed per length compared to in the
longitudinal direction.
5. Radial flow is though different types of flow paths. The influence of
the ray cells is not clear.
6. The flow will utilise all structural elements possible and will zig-zag
when neccecary.
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Figure 13: Effect of changes of the initial moisture content on the penetration
of water for 60 minutes into sapwood of Hinoki (Yata 1987). The ratio of
water uptake was caluculated with respect to the absorption at Il % moisture
content in a separate experiments (as there are no data point s at ratio=l,O).
From another figure in Yata (1987) the water uptake of Hinoki sapwood af ter
60 minutes was 0,68 and 0,19 gfcm2 for wood aith initial moisture contents
of 7 and 171%.
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7. Aspiration of bordered pits and incrustrations in pits will drastically
decrease the permeability. Normally most bordered pits in dried softwood are aspirated. In the heartwood deposited substances block pits.
8. Penetration and capillary suction is often uneven processes: two cells
elose to each other may have very different ability to ab sorb water.
Larger parts of a piece of wood may also show decreased or increased
permeability.
9. The importance of the cell wall to capillary phenomena is largely unknown. It is, however, known that there are micro-capillaries in the
wet cell wall ("transient capillaries").
10. The driving force for capillary transport is capillary pressure or any
other related " force" . Moisture content cannot be the correct driving
force.
11. Modelling capillary suction in wood is very complicated and it is dou btful whether any such models actually will be able to prediet the beha\'ior of wood in use. One of the main problems are the very variable
material properties seen,
12. A model for capillarity in the longitudinal direction should be made up
of lumens (in the fiber direction) and bordered pits of which a ('('rt ain
fradion is aspirat.ed,
13. A model for capiliarity in the tangential direction should be mad(' up
of lumens cross-sections and bordered pits of which a ccrtain [ract ion
is aspirated.
14. A model for capillarity in the radial direction probably has to be tailo red to a cert.ain wood as there are large differences betwecn el iffcrcll t
authors (=different woods) on the influence of the rays.
15. There are very few published experiments with capiliarity in \\'ood.
except those in which the placement a water soluble trace subst allcc i~
investigated microscopically after drying. New methods, includillg t Il('
use of model systems, should be investigated.
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8

Recornmended reading

After reading a large number of papers it is not a difficult task to recommend
a small number of papers which are among the best of these:

Ceaglske and Rougen (1937) contains a physically correct description of
capillary transport in drying sand.
van Brakel (1975) is a brilliant, but very critical, review.
Petty and Puritch (1979) is an interesting account of how the flow resistances and number of open pits can be determined from permeability
experiments.
Yata (1987) describes an interesting experiment.
Siau (1984) contains a good chapter on the softwood micro structure.
Eng~y

et al. (1991) describes a simple, but interesting experiment.

Richter and Sell (1992) conta.ins lots of information on impregnation pathways in softwoods.
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