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ABSTRACT

The derived model describes equilibrium in wood as it is placed it water. The model expresses
the equality of density of water and coupled term of basic density and moisture content on the
other side. The other part of the model is its extension to water in wood. The maximum moisture
content is derived from the view point of density definition. Then Archimedes’ principle enables
to measure bound water maximum moisture content. The model is applicable to wood of arbitrary
wood species and also for different kind of materials as it is documented in the embedded table.

KEYWORDS: Model, free water, moisture content of wood, basic density.

INTRODUCTION

The demand for water environment of wood is found as good in the field of research
practice as in the field of wood industry. There are many examples wood contains water, air and
substance in the laboratory. Wood in equilibrium with surrounding receives and releases equal
amount of water in surrounding. Water in wood is presented as bound and free water (Stamm
1964, Skaar 1972). Both of them are recognized by observer during their transport through wood.
The procedure of recognizing bound and free water in wood during soaking was developed by
Babiak and Kudela (1988). They applied the procedure of wood double weighing during its non-
equilibrium and they supposed the local thermodynamic equilibrium for wood during soaking.
Similar assumption has been well-known from continuum mechanics as is described by Brdicka
et.al. (2011). Moreover, Babiak and Kudela (1988) documented the experimental prove of equality
of water density in wood and surrounded water during soaking. They concluded that density of
bound water is density of surrounded water and also free water density. The water density value of
1 g-em3 was used by Ugolev et al. (1984). Stamm (1964) published value of bound water density
higher then free water according to pycnometric measurements. Later on, Skaar (1972) corrected
the value to be closely free water density. The idea for higher value of bound water density then
surrounded water density is supported in diagram for wood density dependence on its moisture

content published by Kollmann (1951), Pozgaj et al. (1993). The diagram contains the parallel
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line with moisture content axis at oven dry density of 1200 kg:-m™3. The previous results do not
coincide very well. Common feature of both experiments is wood mass measurement in water
environment. The measurement impossibility of water mass as it is weighed in water is the key
point of the observation. The same is valid for free water. Therefore free water in wood must be
modelled to be recognized.

The aim of the contribution is model of free water in wood, its application to deriving
formula for maximum moisture content, indirect determination of cells’ walls saturation limit and
describing the method for their measurement.

MODEL

Density p of matter is its mass in unit of its volume. Concentration ¢ of a compound in
a mixture is a compound mass in mixture volume. Let the equal numbers of water molecules enter
and exit the wood volume during soaking. Wood and water are in equilibrium.

—_—
‘Wood H:0
Remaining wood ¢ Surronded
and watervolume watervolume

Fig.1: The concept of wood and water equilibrium.

The boundaries between wood and water are distinct. The intensive parameters of wood
and water in equilibrium are equal. The concentration of water molecules in surrounded water
volume is equal to its density (abbreviate as water density pyy,0). The concentration of wood
substance mass in remaining wood and water volume is equal to concentration of water molecules
in surrounded water. The concentration of wood substance mass in remaining wood and water
volume is water density. From the other side the definition of basic density is required. For
example, the definition of basic density can be found in the literature (Grundelius 1990, Pozgaj
1993). Basic density p,. is a concentration of oven dry wood mass in wood green volume. Therefore
basic density of wood, only composed with cell wall and in equilibrium with surrounded water,
is equal to water density. There is only one possibility how to add the other substance to system
without alteration the densities. The densities must be equal. The bound water density is water
density. As far as free water is connected with surrounded water in equilibrium, its density is also
water density. The Fig. 2 depicts the situation of free water in wood.

Concentration
of free water in § Concentration of water
volume of free R in the surrounding is

d water is equal  §equal to water density
and water density to water density

Concentration of cells’
walls in wood volume is|
equal to basic density

Fig.2: The scheme of free water in wood in equilibrium with water.
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The Eq. 1 expresses the model of free water in wood as wood is in equilibrium with water.

pHZO :prc(]+WFmax) (1)

The symbol wg,,,, is moisture content of free water in wood as wood is in equilibrium with
water (abbreviated as maximum free water moisture content). The Eq. 1 represents the sum of two
concentrations in the volume which is equal to the sum of two mentioned volumes, surrounded
water volume and remaining wood and water volume. The value of maximum free water moisture
content is expressed in equation 2.
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The Eq. 2 reflects and summarized the previous statements about free water in wood. Also
Eq. 2 is a base for evaluation of cells’ walls saturation limit as a difference of the maximum
moisture content and maximum free water moisture content.

MAXIMUM MOISTURE CONTENT Wy;ax

The density of wood is valid characterized only at mentioned moisture content. This is
also valid for density at maximum moisture content p,,,,. The basic density connects these two
expressions as is indicated in Eq. 3.

Paas = Prc 1+ W ) ®)

From the other side, density at maximum moisture content is expressed as ratio of wood
maximum mass in a unit of wood green volume. Wood maximum mass is a sum of wood
substance and water in wood masses. Wood green volume is a sum of wood substance and water in
wood volumes. The density of water in wood is water density. The Eq. 4 expresses the maximum
moisture content.

1 1
Winax = {Pm - szpHZo “@

The symbol p; is wood substance density.
The indirect determination of cell wall saturation limit weyyg is subtraction between
maximum moisture content and maximum free water moisture content (Eq. 5).

Pu,0

®)

pS
Cell wall saturation limit characterizes the bound water maximum moisture content.
Primary definition was published by Ugolev (1984) in the form of the equation. The definition

was also mentioned by Babiak and Kudela (1995). Cell wall saturation limit is the soaked wood
cell maximum moisture content (Pozgaj et al. 1993).

Wews =1—

THE MEASUREMENT OF CELL WALL SATURATION LIMIT

The gravitational force, buoyancy force from Archimedes’ principle and force from balances
act on wood, which is immersed in water. Because equilibrium of wood and water is present and
no net force is a result as the sum of these acting forces on the same line, Eq. 6 is written.

lnmax = p HZOVmax + lnzmax (6)
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The symbol mmax denotes maximum mass of wood specimen, V. is specimen’s green
volume, mzmax is specimen’s apparent mass which multiplication with acceleration due to gravity
is equal to the opposite force exerted by the balances on the wood specimen. The division of
Eq. 6 with nonzero oven dry mass mg and performing equivalent procedures result in expression
of the maximum moisture content, Eq. 7.

Wmax:m_]_kh (7)

Pre m,

It follows that apparent mass in equilibrium is maximum mass of bound water and its ratio
with oven dry mass is cell wall saturation limit. Moreover, the subtraction of displaced water mass
and oven dry mass is free water mass at equilibrium.

The using of balances is not only the method of mass measurement. Mass m, as an inertia
property, is involved in transport phenomena. The Eq. 8 of wood motion in water comes from
Newton’s laws of motions, Archimedes’ principle and Darcy’s law. It should be noted, that mass
is constant when specimen moves at velocity v in time t.

dv
ma=mg—Vszog—bv (8)

Volume V is green volume, constant b characterize the friction between specimen surface
and water.

The velocity and later on coordinate x of specimen during motion is the solution of Eq. 8.
The coordinate x is convenient to express in time and velocity, Eq. 9.

x:f[l_%][t_@-g’“ jszt-g ©)

The zero initial conditions are involved in solution 9. The steady state velocity veo is used to
compute the position of specimen X, 4, during linear uniform motion according to asymptote to
solution of Eq. 8. The simulation of Eq. 9 is embedded in Fig. 3. The wood substance density of
1.54 gzem™3 and beech wood density of 1.199 g-cm™3 at maximum moisture content of 1.10 come
from the publication of PoZgaj et al. (1993). Parameter b was set to value of 3.10 s71.
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Fig. 3: The coordinate as a function of time, also during steady state motion.
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The parameters of linear function served as help step for determination of density at
maximum moisture content and parameter b. As velocity at steady state does not change, the
specimen has constant density.

POSSIBLE SITUATIONS FOR DIFFERENT KIND OF MATERIALS
IMMERSED IN WATER

The equilibrium of wood in water is only special case of possible equilibriums of the other
materials in different liquids. The Tab. 1 contains the relative positions of objects in liquids in

uniform gravitational field.

Tab. 1: Arrangement possibility of object and liquid interaction.

1-Pr <o 1-Pr—9 1-Pro
. N Py Py Ps
Possible situation
mzmax <0 mZmﬂX = 0 mzmax > 0
m, m, m,

PL_ico m, ..o Impossible Impossible Real situation if
P m, W, <0 W, <0 W 20
PL_q-g My 120 Object’s substance | Surrounded liquid Object’s
Pre m, surfaces dissolves the object | substance sinks
PL_159 M. 159 Real situation it Always possible Always possible
Pr m, Wi 20 Wi > 0 Wi >0

*where py is density of liquid, m,, is displaced mass of liquid.

The real situation must fulfil a condition of nonnegative maximum liquid content. It is a
sum of the two expressions. One is in a head of row and the other one is in a head of column of
Tab. 1. Both expressions cannot be negative if they are interpreted as masses of liquids in object.

DISCUSSION

The evaluation of wood moisture content measurement has always required at least the
double measurement of mass. For example, the first measurement of oven dry mass, the second
one the saturated wood mass with water. Then the task about mass measurement order is
answered as wood does not solve in water.

The method for distinguishing free and bound water in wood based on Archimedes’
principle was presented by Babiak and Kudela (1988). Their method originates from definition of
oven dry density p as a ratio of oven dry wood mass to its oven dry volume. The proposed method
does not need for recognizing free and bound water mass information about oven dry density. The
method of Babiak and Kudela (1988) was closely related to definition of cell wall saturation limit,
which was proposed by Ugolev (1984), equation 10.

1 1
Wews = (_ _Jpnzo (10)

Pre Py
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The comparison of expressions on right sides of Egs. 5 and 10 shows expression for free
water maximum moisture content, as it was published, for example, in Wood technical handbook

(1970):

1 1 1 1
( - ]pHEU =l P10 =W Emax 11)
Po Py Pre  Puo

The hyperbolic function of w,, on p,. was shown by Ugolev (1984) as is indicated in
Eq. 10. The expression of cell wall saturation limit in Eq. 5 does not explicitly depend on basic
density.

Babiak and Kudela (1988) presented the experimental evidence about equality of free and
bound water density in their publication. The proposed method is based on equality of intensive
parameters in equilibrium.

Babiak et al. (1989) published thermodynamic model of water in wood. They wrote and idea
about lower density of water in wood due to presence of tension stress and several reasons for such
thinking. Finally, their model contained the assumption of practically incompressible water in
wood. The derived model is based on water density.

It seems the determination of bound water density is the key solution of recognizing the
bound and free water in wood and also determination of maximum moisture content as the sum
of previous mentioned quantities. Skaar (1972) corrected bound water density value from Stamm
(1964) publication. Weatherwax and Tarkov (1968) pycnometric measurements of wood specific
gravity in water and hexan environment were the base of correction of Stamm’s measured water
density in wood. Weatherwax and Tarkov (1968) interpreted the results from different liquids
mutually. The proposed method operates only with one liquid.

CONCLUSIONS

The derived model of free water in wood is based on the assumption of equal concentrations
of free water and adjacent substance in equilibrium, if water surrounds wood. The other derived
quantities are maximum moisture content and cells’ walls saturation limit. These quantities
measurement is based on Archimedes’ principle. The apparent mass coincides with the mass of
bound water. The difference of displaced water and oven dry mass is equal to free water mass
in equilibrium of wood and water. There are other possibilities for experimental performance of
other materials and liquids in equilibrium. The dynamic method of density measurement enables
the detection of the equilibrium without using balances. The balance is still good equipment for
recognition of bound and free water in wood.
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