
WOOD AND FIBER 
JOURNAL O F  THE SOCIETY OF WOOD SCIENCE AND TECHNOLOGY 

THE TREATABILITY OF REFRACTORY SOFTWOODS1 

John F .  Siau 
Wood Products Engineering Department, State University College of Forestry 

at  Syrac~lse University, Syrac~~sc~,  N. Y. 13210 

and 

Jeffry S. Shaw 
Swedish Forest Products Research Laboratory, Stockholm, Sweden 

ABSTRACT 

The relationship between the permeability and trc~tabili ty of seven eastern coniferous 
species and five western species was investigated. A linear relationship was found between 
fractional volumetric retention and logarithm of [perineability (pressure/vi~cosity)~ 3" for 
the eastern woods and logarithm of [permeability (pressure/viscosity)".'~ fomr the western 
woods, indicating that pern~eability is the most significant factor affecting retention. The 
difference in the results for the two groups was attributed to variations in gro8ss 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 11o significant change in the sizes of the 
pit openings occ~lrred because of treatnlent with these solvents. 

i 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 
determinc the influence of air permeability, 
trwting pressure, and treating-solution vis- 
cosity upon the retention and penetration 
of oils. An additional objective was to 
dcterrnine if the solvents used in the Cellon 
process are able to dissolvc~ materials from 
the wood that can occlilde the pit openings 
and increase the difficulty of subsequent 
removal of these solver~ts. 

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

LITERATURE REVIEW 

Previous studies (Siau 1970a, b; Stamm 
1970) havc shown that the treatability of 
wootl 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 gcmerally 
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 
cat; ( 1963). 

It  was observed by MacLean (1952) that 
the latewood of most softwoods is morc 
easily penetrated than the earlywood, al- 
though one would expect higher perme- 
ability in earlywood, in the absence of 
aspiration, hecausc. 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 ncarly 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 latcwood pits resisted this effect and 
there was a correlation between the rcsist- 
ancr to aspiration and the degree of wall 
thickening around the pit pair. Tllus the 
reduced aspiration could bc due to a more 
rigid structure and to the smaller size, of the 
latewood pits. 

Bramhall (1967) found the per11leal)ility of 
Douglas-fir [Pseudotsuga menzie.vii (Mirb.) 
Franco] latewood to be essentially inde- 
pendent of drying method while air-dried 
earlywood had permeabilities that were 
from ?/loo 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 
grnntlis Dougl.) wood were open to air 
flow, while in solvent-dried wood 83% of 
all the tracheids were conductive, incll~ding 
t~oth carlywood and latewood. 

Capillary forces, resulting from the sur- 
face tension at liquid-gas interfaccs; play a 
significant role in the introduction of liquids 
into wood. Surface tcnsion may be defined 
as surface energy per unit area. Because 
of surface tension, a quantity of liqi-lid will 
seek thc smallest possible. surface area rep- 
resenting the lowest energy state. Thus a 
drop or a bubble is spherical in tht  :ibsence 
of othcr 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 rcsults when 
a liquid-air intcrface is forccd through a pit 
opcning to fill an adjacent lumen. The work 
is supplied by a pressure differencc: across 

the interface, which may be calculated as '? 

follows: 

P, - PI = 2 y cos O/R (1) 
whcre Po = pressure in air, dynes/cm2 

PI = pressure in liquid phase adjacent 
to meniscus, dynes/cm2 

y = surface tension of liquid relative 
to air, dynes/cm 

11 = radius of circular opening, cm 
19 = contact angle, less than 90' for 

wetting liquids, 90" to 180' for 
nonwetting liquids. 

It is cklclar from equation (1) that ;I cer- 
tain minimum pressure is required to force 
a non\vc:tting liquid into wood. In theory 
no pressure should be required to inject a 
wctting liquid such as water into wood with 
no buhl~les within the liquid. When bub- 
bles are present, however, a pressure must 
be exeried 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 

where AP = prcssure difference required for 
impregnation, psi 

K = radius of opening, micrometer 
(pm)  

From ?quation ( 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 oil, 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 pressurc of 200 psi 
would be required with the same pit-open- 
ing radius. 

Yao and Stamm (1967) and Stamm, Clay, 
and Elhott (1968) have used equation ( 2 )  
to mcasure thc effective sizes of the pit 
openings in softwoods by determining the 
air prcssure required to displace free water 
in wootl specimens. Stamm et al. (1968) 
also observed a decreasc in thc maximum 
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effective pit opening radius as the length thc cffeets of impregnation time and speci- 
of the specimen increased beyond the maxi- men length were also examined, the follow- 
mum fiber length. They found a linear ing proportionality was applicable within 
negative relationship between thc logarithm the limits of the variables investigatcd: 
of the maximum effective pit opening radius F , ,  a log [kg ~ 0 . 4 2  t ~ . ~ ( ~ o . x !  ~ z . 1  a i d  the logarithm of the number of pits 11 ( 3 )  
traversed in a series path for Douglas-fir, where kg = superficial gas permeability 
baldcypress ( Taxodium distichurn L. ) , and E:,.,, = fractional volumetric retention 
loblolly pine ( Pinus taeda L. ) . When there ( F,.r, = 1.0 for complete filling 
is a distribution of pit opening sizes, the of voids) 
number traversed in series increases the P = impregnation pressure 
probability of passage through a small pit t = impregnation time 
opening. The values of pit opening sizes 
ranged from 1 to 15 pm in specimens just 7 = viscosity 

exceeding the maximum fiber length to I, = length of specimen in flow 
11ctween 0.01 and 0.52 pm in sections of ap- direction. 
proximately 100 fiber lengths. The method 
mtxasures the smallest radius of the most PROCEDURE 

effective parallel path through the wood. The investigation included a study of two 
The unsteady-state flow of liquids into groups of woods: seven eastern species 

xvood is an extremely complex process and designated as Group A, and five western 
therefore it would be very difficult to derive species designated as Group B. Included 
a complete theoretical relationship between in Group A were eastern l-lemlock [Tsuga 
thr fractional volumetric retention and the canczdensis ( L . )  Carr.], Norway spruce 
variables such as specimen permeability, (Piceu excelsa Link.), and jack pine (Pinus 
liquid viscosity, impregnation pressure, spec- hanksiatza Lamb. ) all from Pack Forest, 
irnen length, and treatment time. Part of Warrcnsburg, N. Y.; balsam fir [Abies bal- 
this difficulty is due to the wide range of samea (L . )  Mill.], red spruce (Picea rubens 
permcability between latewood and early- Sarg.), and white spruce [Picea glauca 
wood and between sapwood and heart- (Moench.) Voss.], from Whitncy Industries, 
wood. A permeability measurement is an Inc.; and loblolly pine (Pinus tug& L. )  
avcrage value for a wood specimen that is supplic:d by Dr. Peter Koch, Southern Forest 
usually composed of high- and low-perme- Experiment Station, Pineville, La. One kiln- 
ability components. Also, the radii of the dried l,oard was used fo,r each of the eastern 
pit openings are associated with a minimum woods. Group B included Engelmann 
pressure required to force an air-liquid spruce ( Picea engelmunnii Parry ) , western 
interface through the openings. larch ( Larix occidentalis Nutt. ), both from 

Siau ( lWQa), in agreement with Tcsoro, the arcs around Fraser, Colorado; and Sitka 
Choong, and Skaar (19@), has found a spruce [Picea sitchensis (Bong.) Carr.], 
highly significant linear relationship be- noble fir ( procera Rehd.), and silver 
tween the retention of a liquid and the fir [Abies arnabilis (1)ougl.) Forbes] from 
logarithm of the superficial air permeability the area around Tigard, Oregon. Two 
for several softwood and hardwood species. boards were used for each of the western 
I t  was also established (Siau 1970a) that \voods (Group B),  one of which was air 
permcability was a more significant factor dried and the other kiln dried. Spt:cimens 
in dctermining retention than either pres- were obtained from every board except the 
surc or reciprocal viscosity and that the air-dried silver fir, was severely 
ckffects of thc two latter factors were ap- honeycombed. 
proximately equal. A linear relationship Approximately 30 specimens measuring 
betvveen retention and the logarithn~ of 2 cm I-~y 2 cm by 10 cm in the fiber direction 
[permeability ( pressure/viscosity ) "."'] was were cut from each board. Straight-grained 
found. In later work (Siau 1970b), where specimens without defects were conditioned 
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TABLE 1. Permeability st~bgroups of 
Group-A speciinens 

-- 
l'er~nrability Permt,ability range 
wbgroup no. cnr8 (air)/(cm atin scc) 

to an equilibrium moisture content of about 
9%. Both thc permeability measurements 
and pressure treatmcnts were perfoimed at 
this moisture content. 

The longitudinal air permeabi1itic.s were 
measured by applying a vacuum of onc-half 
atmosphere at one end of the specimcns and 
an appropriate Gilmont flowmeter at thc 
other end to determine the rate of flow of 
air at atmospheric pressure through the 
specimens. The lower permeability speci- 
mons were measured, using a l/r-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 
thc specimens. 

The specimcns of Group A were divided 
into six permeability subgroups, irrespective 
of species, as shown in Table 1. The loblolly 

which was always in subgroup 1, was 
included in the investigation for cornparison 
with the other s~ec ies  because of its uni- 
formly high permeability and easy treat- 
ability. Two specimens of the same species 
were chosen from each uermeabilitv sub- 
group to be used in each of the ten fll~icl 
treatments. In Group B two air-dried and 
two kiln-dried specimens of each species 
\vc,re selected for each of nine fluid treat- 
ments. 

Impregnations wcre accomplish~d using 
a full-cell process in which the specimens 
were evacuated for 30 min followed by the 
application of the treating pressnrc for 30 
min. Thc specimens were impregnated at 
absolute. pressures of 15, 75, and 255 psi, 
with the rate of pressure rise limited to 100 
psi per minute. The pressure was applied 
from a nitrogen cylinder. Thc spccimens 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 o111~. 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 usecl for Group B because of difficulties 
resulting from large quantities of nitrogen 
evolution when the pressure was released 
at the end of thc 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 frac~tional volumetric retention or the 
fraction of the voids in the wood filled with 
liquid. The calculations were made by 
means of the following equation: 

where F, ,. = fractional volumetric retention 
7711, = weight of liquid, g 
pr, = density of liquid, g/cnY3 
77 = volume of specimen, cm" 
17,, = porosity of specimen. 

Thc porosities were calculated on the 
basis of the initial weights and volumes of 
the spccimens, using 1.46 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 MacLean 
( 1952). 

Fractional volumetric retention may be 
converted to the more practical units of 
lb/ft\as follows: 

lb/ft" = 62.4 F,., pl, V,, ( 5 )  

where 62.4 1b/ftt' = 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 



FIG. 1. Regression lincs 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 centcr 
portion. The results of this study are sum- 
marizcd in Fig. 9. 

u 

A preliminary test was performed in 
which the permeabilities of 10 specimens 
from ~ r o u d A  were measured in the oven- 
dry condition and then they wcre treated 
with light hydrocarbon oil (Sovasol No. 5, 
Socony Mobil Oil Company) at 255 psi, 
using a full-cell process. The oil was sub- 
sccruentlv removed in a vacuum oven at 
60Ac and the perme a b.1 i ities were remea- 
sured with an average decrease of 26% from 
the original valucs. 

A second similar test was conducted in 
which specimens from Group B were sub- 
jccted to the Ccllon 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 91% moisture content, their 
permeabilities measured, and then they 
were sent to Koppers Company, Ine. for 
impregnation. The permeabilities were then 
remeasured, with an 8.3% average dccreasc, 
which was not statistically significant. 

DISCUSSION OF RESULTS 

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

FIG. 2. Regression lines for fractional volumetric 
retention vs. logarithm of superficial air perme- 
ability for individual treatments using various pres- 
sure,'\;iscosity ratios for wood specimens of Group 
B (western species). 

at thc various pressures and viscosities. The 
regressions of logarithm of permeability on 
retention were all significant at n level 
highcr 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 
stceper and are displaced to the left of those 
for Group B. 

Since a previous study (Siau 1970a) 
indicatcd 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. 
Valncs of k,, and (P/v)  corresponding to 
F ,  r, of 0.2, 0.5, and 0.8 were read from thc 
lines in Figs. 1 and 2 for Groups A and B. 
Significant linear relationships were found 
betwecbn 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 (P1-q) cc -0.32 log k, 
or 

k,, (Plr])".:'" constant 
( 6 )  

In t l ~ e  case of Group R, a lower slope was 
found such that 
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I .  3 Fractional volumetric rctcntiori vs. loga- I .  4. Fractional volumetric retention vs. loga- 
rithm of [k ,  ( P / a ) 0 . 3 2 ]  for woo11 specimens of C h n p  rithm of [kg ( P / v ) " . ~ "  for wood specimens of Group 
A. B. 

log ( P / q )  cc -0.18 log k, 
or 

k, (P /q ) " . lR  = constant. 
( 7 )  

A11 the data for Group A could then 
be normalized by multiplying the perme- 
abilities by (P/q)O :$%and those in Group B 
by ( P / q ) " l X .  The normalized data for 
Group A are presented ill Fig. 3 and those 
of Croup R in Fig. 4. Both regression equa- 
tions representing these normalized data 
m7ere highly significant and are givcn below: 

Group A F ,  r, = 0.56 log [ k ,  (P/q)( '  3 2 ]  

- 0.12 (8 )  

Group B F ,  ,, = 0.37 log [ k ,  (PIT)" 
- 0.03 ( 9 )  

producc.d two lines and equations as shown 
in Fig. 5. 

Grolip A F, ,, = 0.56 log [k!, (P/q)O.zq] 
- 0.06 ( 1 1 )  

Groiip B F , ,  = 0.37 log [ k ,  (P/q)0.2d] 
- 0.05 ( 1 2 )  

An analysis of covariance indicated a 
significant difference between the slopes oi' 
the regressions expressed by equations ( 11 ) 
and ( 1 2 ) .  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 cliffer- 
ences on a basis of anatomical differences 
in the woods. 

There were generally more permeable A similar relationship obtsinecl by Siau among Group B, with most 
( 1970a ) is as follo\vs: permeable of Group B being approximately 

F , ,  = 0.47 log [k,, ( P / q ) 0 4 z ]  ten timcs as permeable as those in Group A. 
- 0.09 ( 1 0 )  It was :~lso observed that thc specimens in 

E~luations ( 8 )  and (10) were recalculated 
from the data using the factor (P/q)" , : '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 clifferenct: between the rc- 
gressions or the slopes of equations ( 8 )  and 
110).  , , 

A similar co~nparison was maclc of cqua- 
tions ( 8 )  and ( 9 )  by recalculating the re- 
gressions using an average exponent of 0.24 
for thc pressure to viscosity ratio. This 

Group '4 were either all heartwood or all 
sapwood but that some of the samples of 
Group El contained 110th sapwood and heart- 
\vood. Generally, the permeability of sap- 
wood is one or more orders of magnitude 
higher than that of heartwood. Therefore, 
spccimens containing 110th kinds of wood 
constitute a two-component system of heart- 
wood and sapwood where there are high- 
and low-rcsistancc paths of flow in parallel. 
There arc, also earlywood and latewood in 
all the specimens and generally latewood is 
much nlore permeable than earlywood after 
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TABLE 2. Values of fractionul oolum&%ric retention for parallel p a t h  of various permeabilities and 
oolumetric ratios for a presstCre to viscority ratio of 1.0 atmosphere per poise 

- - -- - 
F I L  from FI L from 

Mean kg components mean kg 
knl kn:: kei/kg. T71 V2 eq ( 1 3 )  eq (14) ~ C I  ( 1 1 )  

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 
componcnt will fill first with a high reten- 
tion followed by subsequent filling of the 
lower permeability component. When the 
permeability of a wood specinien is mea- 
sured, an average value is obtained and it 
is this avcraee value that has been used in - 
the determination of the regression equa- 
tions ( S ) ,  ( 9 ) ,  and ( 10).  A uniformly per- 
meable model is assumed and, if thc various 
components of a specimen vary ovcr a wide 
range of permeability or in volumetric frac- 
tion, this could cause a considerable devia- 
tion from the expected fractional volumetric 
rctention. 

Some numcrical 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 ner- 
meabilities and volumc fractions of the 
components. 

k,, = k,, V 1 4- k,, V,, (13) 
wherc k,, = average superficial gas perme- 

ability 

k,,,, V1 = permeability and volurne frac- 
tion of component 1 

l;,,.', V L  = permeability and volumc frac- 
tion of component 2. 

Group A consisted of either heartwood or 
sapwood specimens in contrast with Group 
B, inany 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: 

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

Tablc 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- 
wootf. Volumetric fractions of 0.5 and 0.2 
were used as values of V1, the volume frac- 
tion of the high-permeability component. 
Theoretical retentions were then calculated 
from (quation ( 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 

FIG. 5 .  Fractional volumetric retention vs. loga- 
rithrn of [kg (P/7)0.24] for wood specimens of Group 
A and Group 13. 
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I .  6. Photographs of split specimens treated 
with 0.045-poise dyed oil at absolute pressures of 
15, 75 ,  and  255 psi. 

from equation ( 14).  These values are con- 
siderably lower than the former values and 
they correspond approxirnately to what was 
found for the Group R specimens. The 
difference in retentions is augmcr~ted by 
increasing thc permeability ratio or the 
value of V-. Reference to Fig. 5 shows that 
Group R, \vhich contained specimens with 
both sap\vood and heartwood, hat1 reten- 
tions considerably lo\vcr than those of 
Group A, as would be evpected for a two- 
corllponcrit system. Thus the difference in 

FIG. 7 .  Photographs of split specimens treated 
wit11 0.22-poise dyed. oil at absolute pressures of 
15, 75, ancl 255 psi. 

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

Bra~nhall ( 1967) has measured ratios of 
latcwood to earlywood permeability be- 
tween 0.2 and 100 in air-dried Douglas-fir. 
Siau ( 1970b) has observed sapwood to 
heartwc~od permeability ratios between 1 
and 300 in Douglas-fir. Stamm ( 1970) esti- 
mated ratios between 33 and 124,000 from 
calcul:~tions based upon the pressure re- 
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FIG. 8. I'hotographs of split specilllcl~s trentcd 
with 0.44-poisc dyed oil a t  absolute pressures of 
1;5, 75, ant1 255 psi. 

cluircd to displace capillary water from 
~ p ~ c i m e n s  of six species of softwood. Thus 
large permeability differences bctwcen 
carlywood and latewood componciits are 
possible. This can account for widely vary- 
ing retcmtions for a given measured perme- 
ability, which are evident in Figs. 3 and 4. 

PESETHATIOX STUDIES 

The pcnetration of Ciroup R is depictcd 
in Figs. 6, 7, and 8. It is observed, gcn- 

I 9. Ratios of fractional volunletric retention 
of encl pieces to that of center piece of treated 
spccimcris vs. fractional volulnetric retention of the 
entire sl~ecirnens. 

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

The ratios of fractional volumetric reten- 
tion of the end nieces to that of the center 
pieec of the specimens that were sawed 
transvtmely for penetration determination 
are illustrated in Fig. 9. I t  is clear that this " 
ratio increases as the fractional volumetric 
retcntion of the entire specimen decreases, 
in all of thc 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 thc wood resulting frequently in a fairly 
completc penetration of the latewood with 
a much lower penetration of the earlywood. 
Both a high latewood-earlywood volumetric 
ratio and corresponding permeability ratio 
\vould tend to decrease the ratio of the 
retentions of the ends compared with the 
centrr pieces of the specimens. It  is evident 
that the ratios tend to increase for the 
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' I - A H I ~ E  3. A c ~ ~ N ~ c  nir pwii~rabil i t ie.~ cji~d liclrtid 
rc~tcrrtiot~.c of (111 .specimens of Group A nnrl those 

sl1ecii11cn.r. of Grorrp B z~hich  tccrc: ,sl~i'it 
( l i d  phofo j i~~~phed  

E;~steril hcl~ilock (i.10 0.00 
Uttlaanl fir 6.75 0.46 
Norway spruce 2.32 0.32 
\\'bite spruce 1.03 0.3,'3 

Rrd sprllccS (1lc;trtwootl) 1.16 0.13 
Jack pine 0.54 0.07 

E~~gclmanlr spruce 
(kiln-dried) 135 0.89 

Si1vc.r fir (kiln-tlricltl) 155 0.85 
Nol)le fir (kiln-tlricd) 50  0.76 
l<irgclinu~ir~ spruce 
(air-clrietl) 79 0.74 

\\'estcrn larch (air-dried) 6.3 0.53 
Noble fir (air-dried) 10.0 0.47 
Sitka spruce (kiln-dried) 8.7 0.41 
Sitka sprucr (air-dried) 5.9 0.37 

\Yc\tern larcll (kiln-drietl) 3.2 0.08 

treatments made at the lowest pressures and 
with the higher viscosity oils which have, the 
lowest ( P l y )  ratios. This \vould be ex- 
pccted because a reduction in the ( P / y )  
ratio reduces F ,  , , while an increasc in ( P l y )  
would tend to produce a complete penetra- 
tion of latc\vood resulting in a morcx uniform 
distribution along the lcngth of the speci- 
men. 

The average perrneahi1itic.r and corre- 
sponding volumetric retentions of all spcci- 

RF balvlm fsr 
GROUP A /: 1, 

EH eoslern hemlock 

LP loblal,~ pine 

NS Normy spruce 

RSIHI red spruce lheorfwocdl 

RSlSl red spruce lraoumdi 

ws wntte spruce 

JP jock otne 

'BF 

/ 

PI<:. 10. Average volulnetric reterltions of all 
cpeciuierls of Group A vs. log;lrithiii of corl.espol>tl- 
irlg a \  er;lgc superficial air pcrmeal)ilitic\. 

ESA EWmm spruce lolr-&&I 
ESK Engelmm r p r m  lhh-dnedi 
NFA nmle f r  lotrdnedl 

04  
NFK wble 18, l k l h  drledl 
SFK r # l r r  fir Ocbdnedl 
SSA Sslra - Iasr &pal 
SSK Sllko YnrC I b l n  dnedl 

0 2 WLA wstm larch lolraned) 
WLK WLK ZIIPTn l O n h  IhBn dnedl 

FIG. 11. Average volumetric retentions of all 
spc.cimt~ns of Group 13 vs. logarithm of corresponcl- 
ing average superficial air permeabilities. 

mens impregnated by all the treatment 
schedules used are presented in Table 3. 
Figure 1.0 is a plot of the data for Group A 
including the highly significant least-squares 
regression line representing the relationship 
betwecn the variables. The permeabilities 
and retr:ntions of red sprucc formed two 
populatioi~s 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 
permeabilitics of specimens of Group B 
were approximately 2 to 5 times those of 
Group A for thc 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- 
lous behavior of westein larch could have 
b'een due to heartwood-sapwood difference. 

The data presented in Table 3 and Figs. 
10 and .L1 confirm the correlation of treat- 
ability to permeability hut 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 thc same board and therefore they are 
not representative of the species. The high- 
est retention in Group B was observed with 
kiln-dried Engclmann spruce, which is re- 
garded as a refractory species but, in this 
casc, the specimens used had relatively high 
permcal~ility to explain their high reten- 
tions. 

It  has 1)ec.n 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 spccimens of 
Group A showed that the treatment of wood 
sl>tcihens with a light hydrocarbon oil with 
its subseauent removal in a vacuum oven 
at 60 C caused an average decredse in the 
air permeability of the specimens of 26%. 
This was not considered sufficiently largc 
to have any significant effect upon the rate 
of solvent removal from the wood. A chi- 
q u a r e  statistical test indicated, however, 
that thi4 was a significant change in perme- 
ability. 

The \econd test was l~erformcd in which 
45 specimens of the western species were 
st~bjected to the Cellon treatment with the 
cosolvent but without pentachlorophenol. 
The ratios of initial to final permeability 
for tllc snecimens varied between 0.51 and 
1.12, with an average decrease in perme- 
ability of 8.3%. A chi-srluarc test indicated 
that thcrc was no significant change in the 
permcability due to the treatment with 
Ccllon solvents. If the pit openings were 
plugged bccause of solvent action, a very 
significant decrease in permeability \vould 
have resulted since nearly all the flow 
through coniferou9 ~voods is from tracheid 
to tracheid through the pit opening\. There- 
fore the hypothesis that the clifficulty of 
solvent rc~noval is spccific'illy due to clog- 
ging of the pit openings by solvent action 
is rejectc,tl. It  is possible, however, for 
plugging of pit openings to occur because 
of thc precipitation of pentachlorophenol 
(luring the normal Cellon treatnient. 

The effect of capillary forccs upon the 
impregnation ot the specimens may be esti- 
mated from thcir permeabilities. Comstock 
(1967) has calculated thc siw of the pit 
openings in castcl-n hemlock from nitrogen 
lwmc~a1)ility nleasurernent, at different 
pre\sure\ by using the Klinkenbcrg equa- 
tion, \vhich may be written in the form 

where k ,  = superficial gas pcrmcal~ilit~ with 
slip flow 

TABLE 4. Values of k ,  K, and A P  calcttlatecl from 
k, using equations (1 5) and (1  6) 

-- -- 
kg, cmi(air)/ k, cm:'(air)/ 
(cm .itm sec) (crn atrn sec) R,  pm A P ,  psi 

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. 

Co~nstock then found that the gas per- 
meabilities of many specimens of eastern 
hemlock were proportional to the 3.9-power 
of thv 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 

where k = air permcability, cm:'(air)/(cm 
atm sec) 

R = radius of pit openings, pm 

Altl-lough Comstock's findings were 
limitclcl to eastern hemlock, it is assumed 
that equation (16) is applicable to other 
softu7oods 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 
givcn 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 prc- 
sentcd in Table 4. 

It  is apparent then that relatively high 
pressurcsare nceded to force liquid into 
\voocl spt,cimens having low permeabilities. 
In fact, if thc permeal~ility were sufficiently 
low resulting in a value of AP that exceeds 
the :~pplied impregnating pressure, no re- 
tention would be expected. 
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SUMMARY OF RESULTS 

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

REFERENCES 

RR~X~IIALL,  C:. 1967. Longitudinal pcrineability 
within Douglas-fir. M.S. Thesis. Univ. British 
Columbia, Vancouver. 

C o x r s ~ o c ~ ,  G. L. 1967. Longitudinal permeabil- 
ity of wood to gases ant1 nonswelling licll'iids. 
Forest Prod. J., 17(10): 42-46. 

Ci,.rk, kt'. A., 113. 1963. Structural factors affect- 
ing the permeability of wood. J. l'olylller Sci., 
Part C (2) : 231-242. 

MACLEAN, J. D. 1952. Preservative treatment of 
wood by pressure methods. Handbook 40. 
U.S. D.A. 

PETTY, J. A,, ASD Cr.  S. PURITCH. 1970. The 
effects of drying on the structure and perme- 
ability of the wood of Abies grandis. Wood 
Sci. 'Tc,chnol., 4(2 ) : 140-154. 

PHILLIPS, 15. W. 1933. Movement of the pit 
~nnnbrane in coniferous woods with special 
reference to preservative treatment. Forestry, 
7: 109-120. 

SIAU, J. F. 1969. Corrections for gas permeabil- 
ity measuren~ent by the volume-displacement 
method. Forest Prod. J., 1 9 ( 6 ) :  36-37. 

. 1970a. Pressure impregnation of refrac- 
tory woods. Wootl Sci., 3(1) : 1-7. 

. 1970b. The effccts of specimen length 
and impregnation time upon the retention of 
oils in wood. Unpublished report. 

STAMXI, A. J .  1970. Maximum effective pit pore 
radius of the heartwood and sapwood of six 
softwoods as affected by drying and resoaking. 
Wood and Fiber, l(4) : 263-269. 

, S. W. CLAY, AND W. J. ELLIOTT. 1968. 
Effective radii of lumen and pit pores in soft- 
wootl. Wood Sci., l(2): 93-101. 

TESOHO, F. O., E. T. CHOONG, AND C. SKAAH. 
1966. Transverse air permeability of wood 
as an indicator of treatability with creosote. 
Forest Prod. J., 1 6 ( 3 ) :  57-59. 

YAO, J., AND A. J. STAMM. 1967. Validity of 
determining pit pore sizes in softwoods by 
surface tension resistance with rate of flow. 
Forest Prod. J., 17(2): 33-40. 




