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ABSTRACT

The relationship between the permeability and treatability of seven eastern coniferous
species and five western species was investigated. A linear relationship was found between
fractional volumetric retention and logarithm of [permeability (pressure/viscosity )%?] for
the eastern woods and logarithm of [permeability (pressure/viscosity)?1?] for the western
woods, indicating that permeability is the most significant factor affecting retention. The
difference in the results for the two groups was attributed to variations in gross anatomical
structure. The pressure impregnation of specimens with a light hydrocarbon oil and Cellon
solvents followed by their subsequent removal resulted in a slight decrease in air perme-
ability. This was interpreted as an indication that no significant change in the sizes of the
pit openings occurred because of treatment with these solvents.

OBJECTIVES

The purpose of this investigation was to
compare the treatability of specimens of
refractory softwoods cut from boards sup-
plied by Koppers Company, Inc. and to
determine the influence of air permeability,
treating pressure, and treating-solution vis-
cosity upon the retention and penetration
of oils. An additional objective was to
determine if the solvents used in the Cellon
process are able to dissolve materials from
the wood that can occlude the pit openings
and increase the difficulty of subsequent
removal of these solvents.

!t This research was conducted under a fellowship
agreement between Koppers Company, Inc., and
The Research Foundation of State University of
New York on behalf of the State University College
of Forestry at Syracuse University.

WOOD AND FIBER

LITERATURE REVIEW

Previous studies (Siau 1970a, b; Stamm
1970) have shown that the treatability of
wood is strongly influenced by its perme-
ability, which, in softwoods, is a function
of the structure of the pit pairs between
adjacent cell cavities. It has been generally
accepted that heartwood is more resistant
to flow than sapwood. Heartwood forma-
tion involves changes in the pit structures
of coniferous woods such as pit aspiration,
occlusion with extractives, and incrustation
with ligninlike substances, according to
Coté (1963).

It was observed by MacLean (1952) that
the latewood of most softwoods is more
easily penetrated than the earlywood, al-
though one would expect higher perme-
ability in earlywood, in the absence of
aspiration, becausc of the larger number
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and diameters of the pits. Phillips (1933)
investigated pit aspiration during drying
and found that the number of aspirated
earlywood pits increased gradually as the
fiber saturation point was reached, at which
time nearly all the pits were aspirated. This
strongly suggests that aspiration is due to
the displacement of the pit membrane by
the capillary force exerted as the air-water
interface recedes through the pit openings.
The latewood pits resisted this effect and
there was a correlation between the resist-
ance to aspiration and the degree of wall
thickening around the pit pair. Thus the
reduced aspiration could be due to a more
rigid structure and to the smaller size of the
latewood pits.

Brambhall (1967) found the permeability of
Douglas-fir [Pseudotsuga menziesii (Mirb.)
Franco] latewood to be essentially inde-
pendent of drying method while air-dried
earlywood had permeabilities that were
from %o to 5 times that of latewood with
the permeability of earlywood usually less
than that of latewood. Earlywood that was
dried by low-surface-tension methods was
enhanced in permeability by 8§ to 30 times
that of air-dried specimens. In agreement
with this, Petty and Puritch (1970) found
that only the latewood tracheids (32% of
the total) of air-dried grand fir (Abies
grandis Dougl.) wood were open to air
flow, while in solvent-dried wood 83% of
all the tracheids were conductive, including
both carlywood and latewood.

Capillary forces, resulting from the sur-
face tension at liquid-gas interfaces, play a
significant role in the introduction of liquids
into wood. Surface tension may be defined
as surface energy per unit area. Because
of surface tension, a quantity of liquid will
seck the smallest possible surface area rep-
resenting the lowest energy state. Thus a
drop or a bubble is spherical in the absence
of other forces. Work is therefore required
to increase the area of air-liquid interfaces.
During the impregnation of wood with a
liquid, such an increase in area results when
a liquid-air intcrface is forced through a pit
opening to fill an adjacent lumen. The work
is supplied by a pressure difference across
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the interface, which may be calculated as
follows:

P,—P,=2ycos8/R
where P, = pressure in air, dynes/cm?®
P, = pressure in liquid phase adjacent
to meniscus, dynes/cm?
v = surface tension of liquid relative
to air, dynes/cm
R = radius of circular opening, cm
f = contact angle, less than 90° for
wetting liquids, 90° to 180° for
nonwetting liquids.

(1)

It is clear from equation (1) that a cer-
tain minimum pressure is required to force
a nonwetting liquid into wood. In theory
no pressure should be required to inject a
wetting liquid such as water into wood with
no bubbles within the liquid. When bub-
bles are present, however, a pressure must
be exerted on the water to force bubbles
through pit openings. Thus if equation (1)
were applied to the impregnation of wood
with watcr, assuming a surface tension of
73 dynes/cm and a contact angle of 0°, it
may be rewritten as

AP = 21.4/(R) (2)

where AP = pressure difference required for
impregnation, psi
R = radius of opening, micrometer
(pm)

From equation (2) it is evident that a
pressure of 430 psi would be required to
force water into wood having pit-opening
radii of 0.05 pm, assuming that bubbles
must be forced through these openings.
When o0il, with a surface tension of 34
dynes/cm and an assumed contact angle of
180°, is used, equation (2) may be modified
to read AP = 10/R and a pressure of 200 psi
would be required with the same pit-open-
ing radius.

Yao and Stamm (1967) and Stamm, Clay,
and Elliott (1968) have used equation (2)
to measure the effective sizes of the pit
openings in softwoods by determining the
air pressure required to displace free water
in wood specimens. Stamm et al. (1968)
also observed a decrease in the maximum
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cffective pit opening radius as the length
of the specimen increased beyond the maxi-
mum fiber length. They found a linear
negative relationship between the logarithm
of the maximum effective pit opening radius
and the logarithm of the number of pits
traversed in a series path for Douglas-fir,
baldcypress ( Taxodium distichum L.), and
loblolly pine (Pinus taeda 1..). When there
is a distribution of pit opening sizes, the
number traversed in series increascs the
probability of passage through a small pit
opening. The values of pit opening sizes
ranged from 1 to 15 um in specimens just
exceeding the maximum fiber length to
between 0.01 and 0.52 pm in sections of ap-
proximately 100 fiber lengths. The method
measures the smallest radius of the most
cffective parallel path through the wood.

The unsteady-state flow of liquids into
wood is an extremely complex process and
therefore it would be very difficult to derive
a complete theoretical relationship between
the fractional volumetric retention and the
variables such as specimen permeability,
liquid viscosity, impregnation pressure, spec-
imen length, and treatment time. Part of
this difficulty is due to the wide range of
permeability between latewood and early-
wood and between sapwood and heart-
wood. A permeability measurement is an
avcrage value for a wood specimen that is
usually composed of high- and low-perme-
ability components. Also, the radii of the
pit openings are associated with a minimum
pressure required to force an air-liquid
interface through the openings.

Siau (1970a), in agreement with Tesoro,
Choong, and Skaar (1966), has found a
highly significant linear relationship be-
tween the retention of a liquid and the
logarithm of the superficial air permeability
for several softwood and hardwood species.
It was also established (Siau 1970a) that
permeability was a more significant factor
in determining retention than cither pres-
sure or reciprocal viscosity and that the
cffects of the two latter factors were ap-
proximately cqual. A linear relationship
between retention and the logarithm of
[permeability (pressure/viscosity )*#2] was
found. In later work (Siau 1970b), where

the effects of impregnation time and speci-
men length were also examined, the follow-
ing proportionality was applicable within
the limits of the variables investigated:

14’1]4 o log [kg Pl)flz tl.3/<n0.42 LQ'I)] (3)
where kg = superficial gas permeability
F,;, = fractional volumetric retention
(F.;, = 1.0 for complete filling
of voids)
P = impregnation pressure
t = impregnation time
M = viscosity
L =length of specimen in flow
direction.

PROCEDURE

The investigation included a study of two
groups of woods: seven ecastern species
designated as Group A, and five western
species designated as Group B. Included
in Group A were eastern hemlock [Tsuga
canadensis (L.) Carr.], Norway spruce
( Picea excelsa Link.), and jack pine (Pinus
banksiana Lamb.) all from Pack Forest,
Warrensburg, N.Y.; balsam fir [Abies bal-
samea (L.) Mill.], red spruce (Picea rubens
Sarg.), and white spruce [Picea glauca
(Moench.) Voss.], from Whitney Industries,
Inc.; and loblolly pine (Pinus taeda L.)
supplied by Dr. Peter Koch, Southern Forest
Experiment Station, Pineville, La. One kiln-
dried board was used for each of the eastern
woods. Group B included Engelmann
spruce ( Picea engelmannii Parry), western
larch ( Larix occidentalis Nutt.), both from
the area around Fraser, Colorado; and Sitka
spruce [Picea sitchensis (Bong.) Carr.],
noble fir (Abies procera Rehd.), and silver
fir [Abies amabilis (Dougl.) Forbes] from
the area around Tigard, Oregon. Two
boards were used for each of the western
woods (Group B), one of which was air
dried and the other kiln dried. Specimens
were obtained from every board except the
air-dried silver fir, which was severely
honeycombed.

Approximately 30 specimens measuring
2 cm by 2 cm by 10 em in the fiber direction
were cut from each board. Straight-grained
specimens without defects were conditioned
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TasLe 1. Permeability subgroups of

Group-A specimens

Permeability

Permeability range
subgroup no.

¢m? (air)/{cm atm scc)

1 30 to 70
2 7 to 11
3 4 to 7
4 2 to 4
5 1 to 2
6 0.3 to 1.0

to an equilibrium moisture content of about
9%. Both the permeability measurements
and pressure treatments were performed at
this moisture content.

The longitudinal air permeabilities were
measured by applying a vacuum of onc-half
atmosphere at one end of the specimens and
an appropriate Gilmont flowmeter at the
other cnd to determine the rate of flow of
air at atmospheric pressure through the
specimens. The lower permeabilitv speci-
mens were measured, using a %-inch bore
capillary tube to measure water displace-
ment according to the method described by
Siau (1969). No attempt was made to
cvaluate the molecular slip flow through
the specimens.

The specimens of Group A were divided
into six permeability subgroups, irrespective
of species, as shown in Table 1. The loblolly
pine, which was always in subgroup 1, was
included in the investigation for comparison
with the other species because of its uni-
formly high permeability and easy treat-
ability. Two specimens of the same species
were chosen from each permeability sub-
group to be used in each of the ten fluid
treatments. In Group B two air-dried and
two kiln-dried specimens of each species
were selected for each of nine fluid treat-
ments.

Impregnations were accomplished using
a full-cell process in which the specimens
were cvacuated for 30 min followed by the
application of the treating pressurc for 30
min. The specimens were impregnated at
absolute pressures of 15, 75, and 2535 psi,
with the rate of pressure rise limited to 100
psi per minute. The pressurc was applied
from a nitrogen cylinder. The specimens of

Group A were treated with oils having
viscosities of 0.009, 0.045, and 0.22 poise at
all three pressures and with a 0.44-poise
liquid at 15 psi only. The specimens of
Group B were treated with oils having vis-
cosities of 0.045, 0.22, and 0.44 poise at all
three pressures. The 0.009-poise oil was
not used for Group B because of difficulties
resulting from large quantities of nitrogen
cvolution when the pressure was released
at the end of the impregnation period.
Dupont Oil Blue A dye was added to all
of the oils.

All specimens werc weighed immediately
before and after impregnation to determine
the fractional volumetric retention or the
fraction of the voids in the wood filled with
liquid. The calculations were made by
means of the following equation:

F.. = mL/(PLVVa), (4)
where F,; = fractional volumetric retention
my, = weight of liquid, g
pr. = density of liquid, g/cm?
V = volume of specimen, cm®
V., = porosity of specimen.

The porosities were calculated on the
basis of the initial weights and volumes of
the specimens, using 146 as the specific
gravity of dry cell-wall substance and 1.205
as the specific gravity of sorbed water at
9% moisture content, according to MaclL.ean
(1952).

Fractional volumetric retention may be

converted to the more practical units of
Ib/ft? as follows:

1b/ft{ = 624 F'UL pPr. VH,

where 62.4 1b/ft? = 1 g/cm?®.

One-half of the specimens in Group B
were split and photographed immediately
after treatment and reweighing to indicate
the penetration. The photographs appear
in Figs. 6, 7, and 8.

A gravimetric indication of penetration
was obtained by cutting the remaining one-
half of the Group-B specimens into three
lengths. Two 2.5-cm pieces were removed
from the ends, leaving a 5-cm piece from
the middle. The combined weight of the

(5)
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Fic. 1. Regression lines for fractional volumetric
retention vs. logarithm of superficial air perme-
ability for individual treatments using various pres-
sure/viscosity ratios for wood specimens of Group
A (eastern species ).

two end pieces was used to calculate the
fractional volumetric retention of the ends,
which was compared with that of the center
portion. The results of this study are sum-
marized in Fig. 9.

A preliminary test was performed in
which the permeabilities of 10 specimens
from Group A were measured in the oven-
dry condition and then they were treated
with light hydrocarbon oil (Sovasol No. 3,
Socony Mobil Oil Company) at 255 psi,
using a full-cell process. The oil was sub-
scquently removed in a vacuum oven at
60 C and the permeabilities were remea-
sured with an average decrease of 26% from
the original values.

A second similar test was conducted in
which specimens from Group B were sub-
jected to the Cellon treatment including
the cosolvent but without the pentachloro-
phenol. Ten specimens of each species of
Group B (5 air-dried and 5 kiln-dried ) were
conditioned to 9% moisture content, their
permeabilities measured, and then they
were sent to Koppers Company, Inc. for
impregnation. The permeabilities were then
remeasured, with an 8.3% average decrease,
which was not statistically significant.

DISCUSSION OF RESULTS

Regression analysis was applied to all
the data from the individual impregnations

VL
0 | L
00, ) 106 1000
kg, cm3(air) /{cm otm sec)
F1c. 2. Regression lines for fractional volumetric

retention vs. logarithm of superficial air perme-
ability for individual treatments using various pres-
sure,/viscosity ratios for wood specimens of Group
B (western species).

at the various pressures and viscosities. The
regressions of logarithm of permeability on
retention were all significant at a level
higher than that corresponding to the 1%
level. The regression lines for treatments
of Group A are given in Fig. 1. Those for
Group B are given in Fig. 2. The lines
within each group have similar slopes, but
it is apparent that the lines for Group A are
steeper and are displaced to the left of those
for Group B.

Since a previous study (Siau 1970a)
indicated that the effects of pressure and
reciprocal viscosity upon retention were
approximately equal, regression analysis
was then used to find a relationship be-
tween permeability and the ratio of pres-
sure to viscosity for a given retention.
Values of k, and (P/n) corresponding to
F.r of 0.2, 0.5, and 0.8 were read from the
lines in Figs. 1 and 2 for Groups A and B.
Significant linear relationships were found
between the logarithm of the permeability
and the logarithm of the pressure to vis-
cosity ratio. In the case of Group A, the
average slope was —0.32 such that

log (P/n) « —0.32log k,
or (6)
k, (P/7m)"32 = constant

In the case of Group B, a lower slope was
found such that
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Fii. 3. Fractional volumetric retention vs. loga-
rithm of [k, (P/7)%32] for wood specimens of Group
A.

log (P/n) = -0.18 log k,
or (7)

k, (P/%)"'8 = constant.

All the data for Group A could then
be normalized by multiplying the perme-
abilities by (P/1)"%? and those in Group B
by (P/n)"'8. The normalized data for
Group A are presented in Fig. 3 and those
of Group B in Fig. 4. Both regression equa-
tions representing these normalized data
were highly significant and are given below:

Group A F.;, = 0.56 ]Og [k,, (P/”f))‘““]
- 0.12

Group B Fry, = 037 log [k, (B/7)"*]

- 0.03 (9)

A similar relationship obtained by Siau
(1970a) is as follows:

F., = 047 log [k, (P/m)"**]
- 0.09 (10)

Equations (8) and (10) were recalculated
from the data using the factor (P/7)%7%7,
which uses an average value for the ex-
ponent. This recalculation made it possible
to compare the equations by analysis of
covariance, which indicated that there was
no significant difference between the re-
gressions or the slopes of equations (8) and
(10).

A similar comparison was made of cqua-
tions (8) and (9) by recalculating the re-
gressions using an average exponent of (.24
for the pressure to viscosity ratio. This

SHAW
10 T r <
S .
osr o \.‘J e ™ 7
08, =037k [(kg)(P/n)m}-o,oa -t T
0.7+ . * . -1
L XD 4
06 R .o Y % L)
F cu™ i
w OS5k e ' * 7]
04} -, .Q.. - —
03l oo &
o2k .
0.1 ) o0 ~.‘. °?®
| 1
00 ) 100 1000
kg (P/)O%®
Frc. 4. Fractional volumetric retention vs. loga-

rithm of [k, (P/1)*8] for wood specimens of Group
B.

produced two lines and equations as shown
in Fig. 5.

Group A F,., =056 log [k, (P/n)"*']

-0.06 (11)
Group B Foy, = 0.37 log [k, (P/n)"*!]
-0.05 (12)

An analysis of covariance indicated a
significant difference between the slopes of
the regressions expressed by equations (11)
and (12). Thus the two groups of wood
have behaved differently in their responses
to the same impregnation process. An at-
tempt will be made to explain these differ-
ences on a basis of anatomical differences
in the woods.

There were generally more permeable
specimens among Group B, with the most
permeable of Group B being approximately
ten times as permeable as those in Group A.
It was also observed that the specimens in
Group A were either all heartwood or all
sapwood but that some of the samples of
Group B contained both sapwood and heart-
wood. Generally, the permeability of sap-
wood is one or more orders of magnitude
higher than that of heartwood. Therefore,
specimens containing both kinds of wood
constitute a two-component system of heart-
wood and sapwood where there are high-
and low-resistance paths of flow in parallel.
There are also earlywood and latewood in
all the specimens and generally latewood is
much more permeable than earlywood after
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TasLe 2. Values of fractional volumetric retention for parallel paths of various permeabilities and
volumetric ratios for a pressure to viscosity ratio of 1.0 atmosphere per poise

For from Fo1 from

Mean kg components mean kg

ko1 kgo ko1/kgo Vi Ve eq (13) eq (14) eq (11)
10 1 10 0.5 0.5 5.5 0.22 0.35
10 1 10 0.2 0.8 2.8 0.05 0.19
100 1 100 0.5 0.5 50.5 0.50 0.89
100 1 100 0.2 0.8 20.8 0.16 0.68

drying. Thus there are two or four volu-
metric components that would be expected
to behave differently in response to an im-
pregnation process. The most permeable
component will fill first with a high reten-
tion followed by subsequent filling of the
lower permeability component. When the
permeability of a wood specimen is mea-
sured, an average value is obtained and it
is this average value that has been used in
the determination of the regression equa-
tions (8), (9), and (10). A uniformly per-
meable model is assumed and, if the various
components of a specimen vary over a wide
range of permeability or in volumetric frac-
tion, this could cause a considerable devia-
tion from the expected fractional volumetric
rctention.

Some numerical calculations can indicate
the magnitude of possible differences in
fractional volumetric retention because of
permeability differences of components.
The average permeability of a specimen in
the fiber direction is a function of the per-
meabilities and volume fractions of the
components.

k!, = kyl V1 + kyg ‘72, (13)

where k, = average superficial gas perme-
ability

k,1, Vi = permeability and volume frac-
tion of component 1

k,s, V, = permeability and volume frac-
tion of component 2.

Group A consisted of either heartwood or
sapwood specimens in contrast with Group
B, many of whose specimens contained both
heartwood and sapwood, thus constituting
a two-component system in most cases. If
it is assumed that equation (11) is valid

for a one-component system, then, by the
rule of mixtures, the retention for a two-
component specimen with parallel flow
paths may be calculated as:

F.., =056 V; log [k, (P/n)"24] + 0.56
V., log [k, (P/m)*24] - 0.06,  (14)

where F ., = fractional volumetric retention
for a two-component specimen.

Table 2 gives the results of calculations
of retentions of wood specimens having
component permeabilities of 10 and 1 and
100 and 1. These are not extreme ratios of
permeability between sapwood and heart-
wood. Volumetric fractions of 0.5 and 0.2
were used as values of V, the volume frac-
tion of the high-permeability component.
Theoretical retentions were then calculated
from equation (11) using the average per-
meability as determined from equation (13).
These values can be found close to the
regression line for the Group A specimens
in Fig. 5. Then the retention based upon
the two components separately is calculated

[Re]

094 A .‘ —
(o]
OB1F, 056i0q [ig)errf> 0o —
o7 o .
[e¢]
o6} . ~
Foo OS54 =037iog [(kg)(wnf’”]oos.

04|~ —
0.3~ -
o2 =
Ol —
0.0

1000
kg (P/RY024

Fic. 5. Fractional volumetric retention vs. loga-
rithm of [k, (P/%)%24] for wood specimens of Group
A and Group B.
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FF1c. 6. Photographs of split specimens treated
with 0.045-poise dyed oil at absolute pressures of
15, 75, and 255 psi.

from equation (14). Thesc values are con-
siderably lower than the former values and
they correspond approximately to what was
found for the Group B specimens. The
difference in rctentions is augmented by
increasing the permeability ratio or the
value of V,. Reference to Fig. 5 shows that
Group B, which contained specimens with
both sapwood and heartwood, had reten-
tions considerably lower than those of
Group A, as would be expected for a two-
component system. Thus the difference in

Fic. 7. Photographs of split specimens treated
with 0.22-poise dyed oil at absolute pressures of
15, 75, and 255 psi.

behavior of the groups can be explained on
a basis of the observed structural difference.

Bramhall (1967) has measured ratios of
latewood to earlywood permeability be-
tween 0.2 and 100 in air-dried Douglas-fir.
Siau (1970b) has observed sapwood to
heartwood permeability ratios between 1
and 300 in Douglas-fir. Stamm (1970) esti-
mated ratios between 33 and 124,000 from
calculations based upon the pressure re-
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Fr:. 8. Photographs of split specimens treated
with 0.44-poisc dyed oil at absolute pressures of
15, 75, and 255 psi.

quired to displace capillary water from
specimens of six species of softwood. Thus
large permeability differences between
carlywood and latewood components are
possible. This can account for widely vary-
ing retentions for a given measured perme-
ability, which are evident in Figs. 3 and 4.

PENETRATION STUDIES

The penetration of Group B is depicted
in Figs. 6, 7, and 8. It is observed, gen-
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32 € : 42 1
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2 ]
218k -] o
g
E N °
woek ° & e -
14 [ \B"’i ° ¢ e
12F ° e e:n f N -
{o]
ioF @M o “ga W =]
05 . . . . . s s . .
o] c2 03 04 05 06 0.7 08 09 [
F\IL
Fic. 9. Ratios of fractional volumetric retention

of end pieces to that of center piece of treated
specimens vs. fractional volumetric retention of the
cntire specimens.

erally, that there is more penetration of
latewood than of earlywood. This is partic-
ularly true of the specimens of lower perme-
ability. There was more uniform penetra-
tion throughout both the earlywood and
latewood portions of the more permeable
specimens. The western larch kiln-dried
specimens exhibited very low penetration
undcr all the conditions of treatment. Pene-
trations tend to increase with increasing
pressurc and with decreasing viscosity as
expected.

The ratios of fractional volumetric reten-
tion of the end pieces to that of the center
piecc of the specimens that were sawed
transversely for penetration determination
are illustrated in Fig. 9. It is clear that this
ratio increases as the fractional volumetric
retention of the entire specimen decreases,
in all of the treatments. The ratios are gen-
erally low, with most of them being less
than 2.0. This is attributed to the two-
component (earlywood-latewood) structure
of the wood resulting frequently in a fairly
complete penetration of the latewood with
a much lower penetration of the earlywood.
Both a high latewood-earlywood volumetric
ratio and corresponding permeability ratio
would tend to decrease the ratio of the
retentions of the ends compared with the
center pieces of the specimens. It is evident
that the ratios tend to increase for the
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TasLe 3. Average air permeabilities and liquid
retentions of all specimens of Group A and those
specimens of Group B which were split
and photographed

Average ky Average
Wood type cm*(air)/(cm atm sec) Frr
Group A
Loblolly pine 51.3 0.96
Red spruce (sapwood) 8.25 0.75
Eastern hemlock 6.10 0.60
Balsam fir 6.75 0.46
Norway spruce 2.32 0.32
White spruce 1.03 0.33
Red spruce (heartwood) 1.16 0.13
Jack pine (.54 0.07
Group B

Engelmann spruce
(kiln-dried) 135 0.89
Silver fir (kiln-dried) 155 0.85
Noble fir (kiln-dried) 50 0.76

Engelmann spruce
(air-dried) 79 0.74
Western larch (air-dried) 6.3 0.53
Noble fir (air-dried) 10.9 0.47
Sitka spruce (kiln-dried) 8.7 0.41
Sitka spruce (air-dried) 5.9 0.37
Western larch (kiln-dried) 3.2 0.08

treatments made at the lowest pressures and
with the higher viscosity oils which have the
lowest (P/m) ratios. This would be ex-
pected because a reduction in the (P/m)
ratio reduces F,;, while an increase in (P/7)
would tend to produce a complete penetra-
tion of latewood resulting in a more uniform
distribution along the length of the speci-
men.

The average permeabilities and corre-
sponding volumetric retentions of all speci-

GROUP A
BF  balsom fir

EH  eostern hemiock

LP loblally pine

NS Norway spruce

06~ RS{H) red spruce (heortwood)

3
2
§ RS(S) red spruce {sopwood)
s .
< gai. WS white spruce 8F
JP jock pne WS
° NS

m3 (or)
&gk

Fic. 10. Average volumetric retentions of all
specimens of Group A vs, logarithm of correspond-
g average superficial air permeabilities.

Averoge kg,
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GROUP 8

Engeimann spruce (air-dred)
ESK  Engeimann spruce [kiln-dned)
NFA  noble fir {oir dried)

NFK  noble fir (kiln dried)

SFK  siver fir {kin dned)

SSA  Sitka spruce (air dried}
SSK  Sitko spruce (kiln dried}
WLA  western larch (oir dred)
WLK WLK  western larch (kin-dried)

.

Average F,
o
5
T

02

1 1
1 [ 100 1000
em? (gir).

Em atm sec

Average kg

Fic. 11. Average volumetric retentions of all
specimens of Group B vs. logarithm of correspond-
ing average superficial air permeabilities.

mens irapregnated by all the treatment
schedules used are presented in Table 3.
Figure 10 is a plot of the data for Group A
including the highly significant least-squares
regression line representing the relationship
between the variables. The permeabilities
and retentions of red spruce formed two
populations and these were attributed to
heartwood-sapwood difference. Figure 11
is a similar plot for Group B. A comparison
of Figs. 10 and 11 indicates that the average
permeabilities of specimens of Group B
were approximately 2 to 5 times those of
Group A for the same average retention,
the difference being attributed to gross
structure as previously described. Gener-
ally the kiln-dried specimens were easier to
treat than air-dried, with the exception of
the kiln-dried western larch. This anoma-
fous behavior of western larch could have
been due to heartwood-sapwood difference.

The data presented in Table 3 and Figs.
10 and 11 confirm the correlation of treat-
ability to permeability but are not intended
as a mcasure of the relative treatability of
the various species tested. In most cases all
the specimens of a given species were cut
from the same board and therefore they are
not representative of the species. The high-
est retention in Group B was observed with
kiln-dried Engelmann spruce, which is re-
garded as a refractory species but, in this
case, the specimens used had relatively high
permeability to explain their high reten-
tions.

It has been postulated that the difficulty
in removing solvents from wood after treat-
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ment by the Cellon process is due to a
plugging of the pit openings because of the
removal of extractives by the solvents and
their subsequent deposition in the openings.
The preliminary test with 10 specimens of
Group A showed that the treatment of wood
specimens with a light hydrocarbon oil with
its subsequent removal in a vacuum oven
at 60 C caused an average decreasc in the
air permeability of the specimens of 26%.
This was not considered sufficiently large
to have any significant effect upon the rate
of solvent removal from the wood. A chi-
square statistical test indicated, however,
that this was a significant change in perme-
ability.

The second test was performed in which
45 specimens of the western species were
subjected to the Cellon treatment with the
cosolvent but without pentachlorophenol.
The ratios of initial to final permeability
for the specimens varied between 0.51 and
1.12, with an average decrease in perme-
ability of 8.3%. A chi-square test indicated
that there was no significant change in the
permeability due to the treatment with
Cellon solvents. If the pit openings were
plugged because of solvent action, a very
significant decrease in permeability would
have resulted since nearly all the flow
through coniferous woods is from tracheid
to tracheid through the pit openings. There-
fore the hypothesis that the difficulty of
solvent removal is specifically due to clog-
ging of the pit openings by solvent action
is rejected. It is possible, however, for
plugging of pit openings to occur because
of the precipitation of pentachlorophenol
during the normal Cellon treatment.

The effect of capillary forces upon the
impregnation of the specimens may be esti-
mated from their permeabilities. Comstock
(1967) has calculated the size of the pit
openings in castern hemlock from nitrogen
permeability measurements at different
pressures by using the Klinkenberg equa-
tion, which may be written in the form

k,=k[1+4x/(R)], (15)

where k, = superficial gas permeability with
slip flow

TasrLe 4. Values of k, R, and AP calculated from

k. using equations (15) and (16)

kg, em¥air)/ k, ecm®(air)/

(em atm sec) (cm atm sec) R, um AP, psi
0.2 0.034 0.115 87.0
4.00 14 0.29 34.5

25.00 11.4 0.49 20.4
200.00 120.0 0.88 114

k = gas permeability without slip
flow

A = mean free path of measuring gas
at pressure at which k, is mea-
sured

R = radius of pit openings.

Comstock then found that the gas per-
meabilities of many specimens of eastern
hemlock were proportional to the 3.9-power
of the calculated radii, which is close to the
valuc of 4.0 predicted by the Poiseuille
equation. Assuming an exponent of 4.0 and
air as the measuring gas, Comstock’s equa-
tion may be written as

k = 200 R* (16)
where k = air permeability, cm?(air)/(cm
atm sec)

R = radius of pit openings, um

Although Comstock’s findings were
limited to eastern hemlock, it is assumed
that equation (16) is applicable to other
softwoods because of the basic similarity in
their structure. Then by combining equa-
tions (15) and (16), it is possible to esti-
mate values of k and R corresponding to
given values of superficial air permeability
(k,). The pressure required to overcome
capillarity may be calculated from the rela-
tionship AP = 10/R which is applicable to
oil with a surface tension of 34 dynes/cm.
The results of these calculations are pre-
sented in Table 4.

It is apparent then that relatively high
pressures are needed to force liquid into
wood specimens having low permeabilities.
In fact, if the permeability were sufficiently
low resulting in a value of AP that exceeds
the applied impregnating pressure, no re-
tention would be expected.
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SUMMARY OF RESULTS

This investigation confirms previous find-
ings that the air permeability of wood,
irrespective of species, is the predominant
factor influencing treatability with liquids,
and that the effects of pressure and recip-
rocal viscosity are approximately equal.
Thus it should be possible to predict rela-
tive treatability from air permeability
measurements and to estimate the effects
of changes in impregnation pressure and
solution viscosity. Kiln-dried specimens
were generally easier to treat than air-dried
specimens.  The difficulty of removal of
Ccllon solvents from impregnated wood is
apparently not due to the clogging of pit
openings by material extracted from the
wood by the solvents.
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