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Abstract

A theoretical study of the amount of moisture held in wood
as capillary condensed water in the relative humidity (RH)
range of 90–99.9% is carried out. The study is based on
idealized geometries of the softwood structure related to
micrographs. It is confined to structural elements such as
bordered pits and the pointed ends of tracheids. The theo-
retical amount of water in these elements is found by
employing the Kelvin equation. An equal amount of early-
wood and latewood cells with different geometries and with
different amounts of pits is assumed. The effect of pit aspi-
ration is considered, and different degrees of pit aspiration
are assigned to earlywood and latewood. We suggest based
on the results that capillary condensation makes only a very
small contribution to the equilibrium moisture content. At
99.9% RH the contribution amounts to less than 0.0035 kg
water per kg dry wood. This is in line with the experimental
results presented in Part 1 of this study.

Keywords: capillary condensation; isotherm; Kelvin equa-
tion; sorption; wood-water relations.

Introduction

In Part 1 of this article a variety of techniques were
employed to shed light on wood-water relations with regard
to capillary condensation. In the present Part 2 of this article,
a detailed account is given of the theoretical assessment of
capillary condensation already utilized in Part 1. The study
is confined to structural elements such as bordered pits and
the pointed ends of tracheids for the 90–99.9% range of
relative water vapor pressures. Idealized geometries based on

micrographs of softwood structure are used and the Kelvin
equation is employed. Geometrical dimensions, capillary
radius, and contact angle are the only variables.

Theory

The condensation of vapor in narrow pores can occur below
the saturation pressure. This phenomenon is termed capillary
condensation. The critical pressure at which capillary con-
densation occurs is determined, among other factors, by the
shape and size of the pores; the narrower the pore, the lower
the critical pressure. The relation between critical pressure
and pore size is described by the Kelvin equation shown as
Eq. (1). The critical pressure is often expressed as relative
pressure. For water vapor, the relative pressure is termed
relative humidity (RH).

-2sØMwrs (1)
rØRØTØln RHŽ .

where s is the surface tension of water (72.74 mN m-1 at
208C), Mw is the molecular weight of water (18.01 g mol-1),
r is the density of water (998 kg m-3 at 208C), R is the
universal gas constant, and T is absolute temperature. The
parameter r is the mean curvature of the formed meniscus
of condensed vapor in the pore. For cylindrical pores r is
equivalent to the radius of the pore, whereas for slit-shaped
pores it designates half the distance between the two parallel
pore walls (Evans et al. 1986).

The Kelvin equation is only valid above a certain relative
pressure (Sing 2004). Below this pressure, capillary conden-
sation can occur but it is not described by the Kelvin equa-
tion (Evans 1990). For instance, Branton et al. (1995) have
studied the capillary condensation in the porous silicate
material MCM-41, which has a specific pore size of narrow
distribution. They found that capillary condensation occurs
in a narrow range of RH of approximately 55%. However,
at such low levels of RH, the capillary condensation is con-
trolled by the specific interaction between sorption sites and
the condensed vapor and not by the Kelvin equation (Evans
1990). Computer simulations indicate that the Kelvin equa-
tion is accurate down to pore widths of approximately 7.5 nm
(Lastoskie et al. 1993; Rouquerol et al. 1999) which corre-
sponds to a cylindrical pore radius of 3.75 nm and a relative
water vapor pressure of 75% RH. Thus, for studying mois-
ture adsorption by capillary condensation in wood in the
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range of 90–99.5% RH, the Kelvin equation is fully
applicable.

Occasionally, the Kelvin equation is modified to take into
account adsorbed layers of vapor molecules on the wall sur-
faces (Evans 1990; Lastoskie et al. 1993). However, for 90%
RH the corresponding capillary radius is 10.3 nm (see Part
1). If it is assumed that each sorption site only adsorb 1.35
water molecules on average even at high RH (Berthold et al.
1996), the capillary radius of 10.3 nm is more than 30 times
larger than the layer (0.3 nm for one water molecule) of
adsorbed water molecules on the cell wall surfaces. Thus, it
is reasonable to model the contribution of capillary conden-
sation in the idealized wood structure without taking into
account the water adsorbed to specific sorption sites.

Pointed ends of tracheids

Idealized, the capillary water volume in tracheid ends has
the shape of a cone with a concave bottom (see Figure 1a).
The volume of water can thus be found as the volume of a
cone minus the volume of a spherical cap. The curvature of
the latter is determined by the capillary radius corresponding
to the given ambient relative humidity. The height of the
cone is determined both by tracheid geometry and the cap-
illary radius. The variable which connects the cone height
with the capillary radius is the width D (see Figure 1a). D
is the diameter of the flat circular face of the spherical cap.

The volume of water, Vwater can be calculated from Eq.
(2):

p p2 2V sV -V s Øh ØD - Øh Ø 3r-h (2)Ž .water cone cap cone cap cap12 3

where Vcone and Vcap are the volumes of the cone and spher-
ical cap, respectively. The height of the cone, hcone is related
to D by Eq. (3):

hmaxh s ØD (3)cone Dmax

The angle b gives the relation between D and hcap.

1
D

2
tan bs (4)

hcap

By using Pythagoras equation on the triangle ABC, the
parameter D can be determined.

2B E122 C Fr s r-h q D (5)Ž .cap
D G2

12 20sh -2rØh q D (6)cap cap 4

2B ED D 1 2C F0s -rØ q D (7)
D G2 tan b tan b 4

-1B Er 1 1
C FDs q (8)2D Gtan b 4 tan b 4

By trigonometric considerations, the angles a and b can
be found.

B E1
Dmax2C F

asArc tan (9)
D Ghmax

As the triangle ABC is an isosceles triangle, b can be
found from Eq. (10).

B B EE B E1 1 1 1
C C FF C Fbs p- p-a-u s pqaqu (10)
D D GG D G2 2 2 2

The height of the spherical cap, hcap can then be found
from D from Eq. (11).

D
h s (11)cap 2 tan b

Aspirated pits

The capillary water volume in aspirated pits is assumed to
be shaped like a ring with a sharp rim. The volume can be
calculated by solids of revolution, i.e., rotating a plane object
around an axis. In Figure 1b the gray area marks the water.
To obtain the volume of water, the space between the volume
of the rotated gray area and the rotational axis has to be
extracted.

The volume of water can be found from Eq. (12). In gen-
eral, the volume of a rotational body can be found by the
integral of the squared function multiplied with p.

D D

2 2V sp f x dx-p g x dxŽ . Ž .water | |
0 0

D/2
2B E1 hmaxs2p h qh - x dxopen max| 2 1C FD0 max

D G2

D/2

22 2y-2p h q r -x dx (12)Ž .rot|
0

The first integral is related to the area lines indicating the
pit geometry. The second integral is related to the area
between the water meniscus and the rotational axis (see
Figure 1b).

The height and width of the water volume are related by
Eq. (13).
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Figure 1 (a) Water volume (gray area) in an idealized tracheid end. (b) Water volume (gray area) in an idealized aspirated pit. (c) Water
volume (gray area) in an idealized unaspirated pit. (d) Dimensions of earlywood and latewood tracheid ends and pits based on Côté and
Day (1969).

h 1 hmax maxhs Ø Ds ØD (13)
2 D1 maxDmax2

The offset of the circular center from the rotational axis
can be found from Eq. (14).

1
h s h qh -h-rØcos brot open max2

1 hmaxs h qh - ØD-rØcos b (14)open max2 Dmax

By trigonometric considerations, the angles a and b can
be found.

B E1
Dmax2C F

asArc tan (15)
D Ghmax

B E1 1
C Fbsp- pqaqu s p-a-u (16)
D G2 2

The capillary radius and the parameter D are related by
Eq. (17).

1
DsrØsin b (17)

2
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The following integral is part of the second integral of the
water volume equation. The solution to the integral is given
by Eq. (18).

B E1 12 2 2 C Fyr -x dxs rØcos u dusrØ uq sin 2u (18)Ž .| |
D G2 4

B Ex
C Fwhere usArc sin (19)
D Gr

Unaspirated pits

The idealized capillary water volume in unaspirated pits dif-
fers in shape from the water in aspirated pits only by two
concave curvatures within the ring instead of one. Therefore,
the second part of the volume Eq. (12) differs from the one
for aspirated pits. It is also important to note that the bound-

aries have changed from w0 Dx to w0 Dx, see Figure 1c for
1
2

further information on the parameters. It is assumed that the
margo is located in the center of the pit.

The volume of water can be found from Eq. (20).

D
2B E1 hmaxV s2p h qh - Øx dxwater open max| 2 1C FD0 max

D G2
D

222y-2p h q r - x-D dx (20)Ž .Ž .rot rot|
0

The offset of the center for the capillary curve can be
found from Eqs. (21) to (24).

D srØcos u (21)rot

1
h s h qh -h-rØsin u (22)rot open max2

D
hs (23)

sin a

B E1
Dmax2C Fwhere asArc tan (24)

D Ghmax

The relation between D and r is given by Eqs. (25) to
(27).

B E B E1 1
C F C FhØsin a srØsin b (25)
D G D G2 2

B E B ED 1 1
C F C FØsin a srØsin b (26)
D G D Gsin a 2 2

B E1
C Fsin aØsin b
D G2

Ds Ør (27)
B E1
C Fsin a
D G2

The angle b can be found in triangle ABC and is given
by Eq. (28).

1 1 1
bq aq pqusp (28)

2 2 2

bsp-2u-a (29)

The following integral is part of the second integral of the
water volume equation. The solution to the integral is given
by Eq. (30).

2B Ex22 C Fyr - x-rØcosu dxs rØ 1- -cosu dxŽ .| | y D Gr

2 2s r Øcos u du|
B E1 12 C Fsr Ø uq sin 2u (30)Ž .
D G2 4

B Ex
C Fwhere usArc sin -cosu (31)
D Gr

Idealized softwood structure

The total water volume can be calculated on the basis of the
previous equations and assumptions regarding the dimen-
sions and number of pits and tracheids. Wood is a very var-
iable material and shows a large variation between the cells
in earlywood (EW) and latewood (LW). For instance, the
dimensions of cell lumen and pits of the EW are greater than
those in LW. Furthermore, a larger amount of pits are aspi-
rated in the EW than in the LW. These factors are included
in the calculations by defining two types of cells (EW and
LW tracheids) and four types of pits (aspirated and unaspi-
rated pits in EW and LW, respectively). The dimensions of
the six different geometries are seen in Figure 1d. The
dimensions are based on micrographs from Côté and Day
(1969).

To calculate the amount of moisture held as capillary con-
densed water, the amount of tracheids and pits needs to be
established. The number of tracheids is set to 80 per mm3

based on their dimensions which typically are 50 mm in
width and 5 mm in length (Dinwoodie 2000). This corre-
sponds to 160 tracheid ends per mm3 available for capillary
condensation. An equal amount of thin-walled EW and
thick-walled LW cells is assumed. The number of pits is set
to 300 per EW tracheid and 100 per LW tracheid based on
Dinwoodie (2000). This results in an amount of 8000 pits
per mm3 wood. The percentage of aspirated pits is at first
assumed to be 75% in EW and 10% in LW. The dry density
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Figure 4 The influence of contact angle between water and wood
on the contribution of capillary water to the moisture content for
selected values of relative humidity.

Figure 3 Influence of pit aspiration in earlywood and latewood
on the contribution of capillary water to the moisture content.

Figure 2 The contribution of capillary water to the moisture con-
tent as a function of the ambient relative humidity. Inserted is a
zoom of the 99–100% RH range.

of wood is assumed to be 480 kg m-3, which enables a cal-
culation of the MC content as weight percentage of water in
wood.

Results and discussion

Figure 2 shows the contribution of capillary water to the MC
as a function of the relative humidity in the ambient climate.
For this Figure, the contact angle between cell wall and water
is set to zero. A zoom of the range of 99–100% RH is includ-
ed in Figure 2. It is clear that even at very high relative
pressures, the amount of moisture held as capillary water
does not exceed 0.0035 kg water per kg dry wood. An inter-
esting feature is seen for the LW where the slope of the curve
decreases above 99.8% RH, whereas the EW slope continues
to increase. This is as a result of a complete filling of the
smaller LW pits. This is also clear from Figure 3 that depicts

the sorption curves for EW and LW with either completely
aspirated or unaspirated pits, respectively.

The contact angle between water and wood was initially
set to zero. However, the influence of contact angle on the
contribution of capillary water is shown in Figure 4 for
selected values of relative humidity. The diagram shows that
the largest contribution of capillary water is achieved if the
contact angle equals zero.

Conclusions

The theoretical calculations indicate that capillary conden-
sation in structural elements such as bordered pits and the
pointed ends of tracheids plays an insignificant role in the
adsorption of moisture in wood even at a relative humidity
as high as 99.9% RH. This is in line with the experimental
results shown in Part 1 of this study.
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