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ABSTRACT

Longitudinal ethane diffusion and nitrogen permeability were measured in oven-dry
eastern hemlock sapwood. Samples were selected from 2 trees, 3 heights, and 4 quadrants,
and either air- or solvent-dried for aspirated or unaspirated conditions. An IR method was
used to detect ethane concentration in nitrogen at 25 C from which diffusion coefficients
were calculated. The mean diffusion coefficient of the solvent-dried samples was 40%
of free diffusion; the air-dried coefficient was about 16% of the free diffusion coefficient.
No significant differences were found between position in the tree or oven-dry density and
the diffusion coefficients. Diffusion coefficients were used to determine tortuosity dif-
ferences in air- and solvent-dried wood. Effective pore openings obtained from permeability
measurements, the Klinkenberg equation, and the temperature coefficient of diffusion con-
firmed that diffusion was occurring in the Kundsen end of the slip-flow region. A linear
relationship was found between the permeability constant and diffusion coefficient. Dif-
fusion and permeability measurements produce separate and complementary data that can

be used to determine the mode of conductivity of gases in wood.

Additional keywords:
tortuosity, infrared detection, pore openings.

An understanding of the factors govern-
ing the movement of fluids in and through
wood is of extreme importance to the wood
industry. Increased knowledge in this area
would undoubtedly lead to improved
methods for the drying of lumber, and treat-
ment with preservatives, fire retardants,
and other chemical modifiers. In addition,
such studies could help to produce a better
understanding of the intricate structure of
wood tissue and be useful in the develop-
ment of improved pulping methods.

One of the main advantages in employing
gases rather than liquids in wood treatment
lies in the fact that the gas molecules can
move through the pits without a surface
tension problem. An externally applied
pressure to force the gas into and through
wood is then much more efficient than a
procedure using a liquid. The passage of
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Tsuga canadensis, diffusion coefficient, temperature coefficient,

water vapor through wood has been shown
by Stamm (1964) to be attributable to at
least two different diffusion processes:
(1) bound water—water vapor may be-
come physically absorbed and move by dif-
fusion through the cell-wall material, and
(2) water vapor—true vapor diffusion
through the coarser capillary voids. The
same pathways are assumed to be available
for other gases that swell wood. Nonpolar
gases, such as CO, and the hydrocarbons, do
not swell wood and it is assumed that they
diffuse through wood along the same path-
ways as does water vapor.

Investigations into the influence of mole-
cular weight, size, and shape, and the mean
free path of the diffusing gas molecules
upon the diffusion coefficient in wood have
not vet been reported in the literature. A
better knowledge of the influence of tem-
perature on the rate of diffusion would also
be of fundamental importance. The in-
fluence of these parameters must be known
before the bchavior of a gas diffusing
through wood can be predicted.

WINTER 1974, V. 5(4)
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“Diffusion” and “permeability” have
specialized meanings when used by wood
physicists. Generally, they reserve “diffu-
sion” for movement of fluids under a con-
centration gradient, with the system under
constant pressure. Most diffusion studies
are conducted with binary gases or liquids
at atmospheric pressure. “Permeability”
(flow) refers to a net mass flux that occurs
from a pressure differential. It must be
emphasized that in many scientific areas,
diffusion is more generally defined and
often encompasses the realm of perme-
ability. In addition, where concentration
and pressure differences occur simulta-
neously, both diffusion and flow contribute
to the net flux. This interrelationship can be
expressed mathematically if the pressure
dependence of the diffusion coefficient is
known (Youngquist 1970). In both dif-
fusion and flow (permeability), the size of
the pore openings determines the flux
mode and the applicable solutions. The
pore size, as defined for porous media, is
the effective opening with regard to the
process, and not necessarily of anatomical
significance when applied to wood.

There are four major diffusion and flow
regimes of interest in the movement of
fluids, and, in particular, gases (Young-
quist 1970):

1. Activated diffusion. When the gas mo-
lecular diameter approaches the pore size,
no gas-gas interaction takes place and the
gas molecule can be thought of as vibrating
through the opening. The flow of the gas
is independent of pressure and binary gas
interactions. For most simple gases under
ambient conditions, the effective pore size
would be about 0.001 pm (10 A). The
temperature effect on activated diffusion
follows an Arrhenius relationship. Move-
ment of gases through hardwood pit mem-
branes, which have no discernible openings
using transmission electron microscope
techniques, is almost certainly activated.

2. Knudsen diffusion. As the pore size
increases, a transition to Knudsen diffusion
occurs that dominates when 1'<<0.1A,
where r = pore radius and A = mean free

path. Under STP conditions, the pore
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radius would be about 0.01 pm (100 A).
This corresponds to the smaller openings
in the margo of softwood bordered pit pairs.
Although these openings are still much
smaller than the mean free path, the move-
ment is no longer activated. Instead, the
temperature (T) effect on the diffusion
coefficient (ID) can be expressed by
D o T0.5‘

3. Slip (Adzumi) flow. In the region of
pore size defined by the approximate limits
of 0.1A<r<10x, a transition occurs between
Knudsen and viscous flow. This unnamed
transition is sometimes referred to as
Adzumi (1937) flow since the author first
combined the equations for Knudsen and
viscous flow to explain the behavior in the
slip flow region. For wood, the region of
slip flow is about r =0.01 to 1 pm (100 to
16,000 A), which includes all but the larger
pore sizes in the softwood margo (r.=0.01
to 3 pm, Sebastian et al. 1965). The tem-
perature effect on diffusion for the pore
size range in this region is not defined, but
probably varies with pore size, being inter-
mediate between T and T4,

4. Molecular diffusion and viscous flow.
When r > 10A, free diffusion occurs, in-
dependent of the pore size. This is also
the region of viscous (Poiseuille) flow
when a pressure difference exists. In this
region the theoretical temperature depend-
ence of diffusion is D o« T'5 Most of the
diffusion that occurs in wood is free dif-
fusion (in the lumens), but unless the pit
openings are large (r>10A), the con-
trolling mode will be in the transition
region between Knudsen and free diffusion.

The parallels between diffusion and
permeability (flow) suggest that comple-
mentary information might be obtained for
both on the same samples. In this study,
independent measurements were made of
nitrogen permeability and ethane/nitrogen
diffusion to clarify the independent and
interdependent nature of the results.

LITERATURE

Little research has been reported on the
diffusion of nonpolar gases in wood. The
ultrastructure of wood differs appreciably
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TasLe 1. Diffusion and temperature coefficients for carbon dioxide in Sitka spruce ( Tarkow and Stamm
1960a).
Sample COZ Diffusion
Spructgral thickness concentration Temperature coefficient Temperature
direction {mm) in air (%) (C) (cm?/sec) coefficient?
Longitudinal 10 3.0, 4.3 30 4.7, 5.6 x 10'2 m——-
Tangential 8, 2.5 3.7-28.5 25, 30, 35 6.3-8.4 x 10-5 2.01

8Calculated from the data given on 2 samples at 25 and 35 C.

from most other porous media and does not
appear to be easily resolvable in terms of
mathematical models. Stamm (1964) has
proposed a model based on an electrical
analogy of openings in wood. However,
the use of average values required by the
model rather than distributional functions
appears to be self-defeating in predicting
diffusion coefficients. Where diffusion is
controlled by the openings in pit mem-
branes, it is necessary to assume values for
effective pore diameter and thickness, each
of which is nebulous in concept.

The effect of system temperature and
pressure on bulk diffusion is defined
(Barrer 1941) by:

Ti \ Po
o) () v

where D, = bulk diffusion coefficient at
reference temperature T, and

pressure p,, {cm*/sec)
D, = bulk diffusion coefficient at
temperature T; and pressure p;

(cm*/sec)
T = temperature (K)
p = pressure
n = temperature coefficient.

Values for n have been determined theoreti-
cally (n==15) and empirically (n= 175)
for nonpolar gases (Barrer 1941).

Tarkow and Stamm (1960a) determined
the longitudinal and tangential diffusion
coefficients of CO. in Sitka spruce heart-
wood under the conditions shown in Table
1. There was no appreciable difference
attributable to either sample thickness or
gas concentration, in agreement with Fick’s

first law for steady-state diffusion. Using
an electrical analogy for diffusion, the
theoretical free diffusion coefficient ob-
tained was twice that of the experimental
value for longitudinal diffusion and 30
times greater for tangential. The very low
observed value for tangential diffusion was
attributed to Knudsen diffusion through
the pit membranes, assuming the average
pore radius of 0.03 ym and the mean free
path of CO; as 006 ym. The temperature
coefficient for tangential diffusion in Table
1 is a mean value for two samples at 25 and
35 C, for which the values calculated from
their data were 1.65 and 2.37 (with a pos-
sible error of =20%). The mean value is
quite reasonable when compared with the
normally observed temperature coefficient
of 1.75.

In a subsequent study, Tarkow and
Stamm (1960b) found the diffusion co-
efficients for water vapor (RH=15 to
50%) through the same samples that CO.
diffusion had been measured. Using
Graham’s Law, D,/D; « (Mg/M,)"%
water vapor was assumed to diffuse 1.56
times as fast as CO,. This provided a cal-
culated value for water vapor diffusion at
0% RH, which appeared reasonably close
to the anticipated value.

In neither study (Tarkow and Stamm
1960a, 1960b) was the effect or influence
of surface migration or surface diffusion
considered, which in the case of polar mole-
cules, could be considerable.

Elers (1965) measured the diffusion co-
efficient of ethylene in nitrogen through
the heartwood of oven-dry eastern hemlock
in the three structural directions as a func-
tion of ethylene concentration, sample
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Tavre 2. Diffusion and temperature coefficients for ethylene in eastern hemlock (Elers 1965).
Sample Ethylene Diffusion

Structural thickness concentration Temperature coefficient? Temperature
direction (mm) in Ny (%) (c) (cme¢/sec) coefficient
Longitudinal 18-40 10-20 5-70 1.7-2.7 x 10_2 1.68
Tangential 1-4 10-40 5-70 9.1-24 x 10-5 1.68
Radial 1-3.5 10-40 5-70 8.9-27 x 10_5 1.31
3calculated for O C.
bTemperature range 5-50 C.
thickness, and temperature. The range of form growth, orientation, and similar

variables and resulting diffusion and tem-
perature coefficients are given in Table 2.
Ethylene concentration and sample thick-
ness had no appreciable effect on the dif-
fusion coefficient. The temperature co-
efficients for longitudinal and tangential
diffusion were very close to the empirical
value of 1.75 for free diffusion. Above 50 C,
the temperature coefficient aparently de-
creased, but could not be quantitatively
analyzed. The decrease was attributed to
hindered diffusion.

Comstock (1967) measured flow through
eastern hemlock heartwood and sapwood
to relate liquid and gas permeability. Gas
permeability values were obtained from
Darcy’s equation for compressible fluids.
He found that when gas slip flow was cor-
rected using Klinkenberg’s equation, it was
possible to equate liquid and gas flow. The
slope of the Klinkenberg equation, Kb, can
be used to determine the effective pore
radius in a wood sample. The pore radius
and true permeability for heatwood were
0380 to 0.540 pm and 0.044 to 0.176 X
101 em?, and for sapwood were 0.382 to
1.01 pm and 0.207 to 4.31 X 10-'® em? A
plot of In r vs. In K had a slope equal to
about 4, in agreement with the theoretical
models for laminar flow in capillaries.

EXPERIMENTAL PROCEDURE

Sample selection and preparation

1. Specimen selection: Two eastern
hemlock (Tsuga canadensis (L.) Carr.)
trees (A & B), selected on the basis of uni-

diameter (0.5 m DBH), were cut from the
University Experimental Forest, Stone Val-
ley, Pennsylvania. Increment cores were
used both to survey and select the trees
before cutting, and to identify the heart-
wood-sapwood areas within the cross-
section. The heartwood-sapwood separa-
tion was indicated by the reaction of 45%
perchloric acid to provide a color distine-
tion. Each tree was identified, marked for
the northern exposure, and cut into ten
2-m bolts. A 150-mm-thick disc was re-
moved from the butt end of each bolt and
quartered into the respective exposure
quadrants (N, E, S, & W). Sapwood was
removed from each quadrant and circum-
ferentially divided for replications. Sam-
ples were stored in a freezer at -20 C. The
density range for all samples was 0.4 to 0.5
(oven-dry volume basis).

2. Sample preparation: Each portion of
sapwood was split into 28- by 28-mm cross-
sections, 150 mm long. Splitting, rather than
sawing, was used to provide the best pos-
sible grain orientation in samples.

a. Drying: The 150-mm sapwood
pieces were randomly divided into two dif-
ferent drying method groups: air and sol-
vent. The air-dried samples were sequenti-
ally conditioned at 90, 65, and 30% RH
(ambient temperature) before vacuum
drying at 70 C. Solvent exchange consisted
of three changes of acetone in one-week
intervals, followed by a similar exchange of
acetone with benzene. The benzene was
removed by vaporizing it from the samples
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over an increasing range of temperatures to
above the boiling point of benzene. Mois-
ture was excluded from the samples during
vaporization. Later tests showed no effects
on IR (infrared) readings from residual
traces of acetone or benzene. The final
vacuum-drying step for all samples was
identical. The samples were stored over
CaSO, (Drierite) until needed.

b. Machining: The oven-dry samples
were oriented on a lathe for the best longi-
tudinal grain alignment and cut to a 20-mm
diameter. Each sample was coated with
epoxy to seal the surface, and then end-
trimmed to 50 mm after curing was com-
pleted. They were then redried under
vacuum at 70 C and returned to storage
over the desiccant.

Experimental design

1. Diffusion: A nominal 6 samples were
selected from (a) 3 height levels (butt,
middle, top) in the north quadrant of each
tree (A, B) and (b) 4 quadrants of the
intermediate level in each tree. The above
design was used for both air-dried and
solvent-dried samples.

2. Permeability: Twenty air-dried sam-
ples were randomly selected from those of
which the diffusion coefficient had been
measured. In addition, 20 samples were
also randomly selected from solvent-dried
diffusion samples.

Diffusion measurements

1. Equipment: Figure 1 shows the
equipment flow patterns for the diffu-
sion system. In normal operation, sym-
metrical flow (3 cm?®/sec) occurs in the
mixture (N, + 1) and sweeping (N.)
channels. The pressure in one channel is
adjusted to maintain a differential pressure
of less than 10 torr across the sample.
Bubblers exposed to the bath temperature
are located on each side of the diffusion
cell halves to minimize back diffusion. A
manometer attached to one side of the dif-
fusion cell is used to determine the absolute
system pressure. The aluminum diffusion
cell is contained in a water bath capable
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EXHAUST BUBBLERS
INFRARED ANALYZER:
RECORDER

FLOWMETERS

BATH

CONSTANT TEMPERATURE
(30 ¢) BUBBLERS

MANOMETER
CELL OUTLET BUBBLERS

BATH
{20-65 ¢} DIFFUSION CELL; SAMPLE

DIFFERENTIAL MANOMETER
CELL INLET BUBBLERS

LOW PRESSURE REGULATORS

2-STAGE REGULATORS

GASES

Fic. 1. Infrared detection system for longi-
tudinal diffusion of ethane through eastern hem-
lock.

of temperature control from 20 to 65 C
(=0.05 C). Each gas exits from the bath
into another set of bubblers held at a con-
stant 30 C (= 0.05 C) in a water bath, and
through flowmeters. The sweeping gas
proceeds to the IR unit (Beckman IR 215,
2-4.5 pm) and through an exhaust bubbler,
while the mixture goes directly to an ex-
haust bubbler. In the “zerc” or “calibration”
mode of operation, the appropriate gas by-
passes the diffusion cell in being fed to the
IR unit. All gas flow rates are determined
at 30 C.

2. Procedure: The conditioned sample
was placed in a sample holder and sealed
in place by O-ring compression. The holder
was inserted into the diffusion cell and
locked. Then, with the diffusion cell access-
port closed, the gases passed through each
side of the cell. All runs were started at
a bath temperature of 25 C. After a steady-
state reading was obtained from the IR unit
recorder, the next temperature steps, where
required, (45 and 65 C) were sequentially
established. Following the 65 C reading,
the IR unit zero reading was rechecked
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using prepurified nitrogen in the bypass.
The sample was removed, weighed, and
stored for later tests. About 18 hr were
required for three steady-state readings
plus calibration.

Permeability measurements

1. Equipment: The equipment used to
determine gas permeability of both air-
and solvent-dried samples included a
cylinder of compressed nitrogen, adjust-
able pressure regulator, sample holder,
flowmeters, and pressure gages for atmos-
pheric and differential pressure. The sam-
ple holder was similar to the one used for
diffusion measurements. Appropriate high
and low flow-rate rotameters were used
for solvent- and air-dried samples. At-
mospheric and regulator pressure and flow
rate were recorded.

2. Procedure: The sample was sealed
in the holder and super-atmospheric pres-
sure was applied to one end, with the other
at atmospheric pressure. The steady-state
tlow rate was found from the rotameter,
which was at atmospheric pressure. In each
test, the pressure difference (Ap) was
about 1 atm for a mean pressure (p) of 1.5
atm along the sample. Additional tests
were also run at several Ap for air-dried
samples to correct for slip flow.

DATA ANALYSIS AND RESULTS
Diffusion

L. Diffusion coefficient: The steady-
state solution to Fick’s First Law was used
to determine the diffusion coefficient at a
particular temperature:

e (2)

=

D =

where D = diffusion coefficient {cm?/sec)
1h = rate of ethane mass flow (g/sec)
[ = sample length (cm)
A = sample area (cm?)
Ac = concentration difference of eth-
ane (g/cm?).

The output side of the diffusion cell was
at 0% concentration of ethane, giving
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Ac = ¢, the mixture concentration on the
input side.

The samples were directly measured for
A and . The mass flow rate was deter-
mined from the volumetric flow, gas
density, and gas concentration. The input
mixture was certified to = 2% component
accuracy by the gas supplier. Output mix-
ture concentration reading by the IR unit
was considered to be as accurate as the cali-
bration gas, also of = 2% component ac-
curacy. The absolute concentration ac-
curacy was under =+ 0.5% for all conditions.
Probable system error, based on RMS error
analysis, was = 3%, excluding sample di-
mension €errors.

The diffusion coefficient values obtained
at 25 C are given in Table 3. Mean values
for air-dried and solvent-dried samples
were significantly different at the 0.01 level.

2. Temperature coefficient: The tem-
perature coefficient, n, may be determined
from the bulk diffusion equation (Eq. 1)
by plotting In (Di/D,) vs. In (T;/T,) and
obtaining the slope (n). Any convenient
reference temperature may be used as T,.
The mean temperature coefficient, n, of the
air-dried samples was obtained by covari-
ance analysis using the following model:

y1j=u+§i+axij+cij (3)
where i = sample number
j = temperature level
8 = effect of sample i for all tem-
perature levels
€i; = error term for x;;
x; =In (T;/273)
yiy=1In D;-In (P;/760)

a = 1.

In the model, a represents the temperature
effect on diffusion after adjustment for
sample variation. A unique least-squares

solution exists for a, whereas the value of
3; is not unique. The effect of the tempera-
ture range on diffusion was measured with-
out interruption to minimize the variation
that could occur in system, especially from
pressure differences. A statistical analysis
of the data collected on four samples over
the range of 20 to 65 C showed that a com-
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TasLr. 3. Permeability and diffusion values for

air-dried and solvent-dried eastern hemlock.

Sample No. Permeability Diffusion Effective
condition samples constant coefficient radius
(10'10 cm2) ('IO"2 cmz/sec) (um)
Air-dried 17 1.242 (0.31)b 2.24 (0.31) 0.740 (0.037)
Solvent-dried 20 353 (130) 6.26 (1.02) -——-
3Mean.

bStandard deviation.

bined data analysis was much more mean-
ingful than individual regression analyses.
Using this method of analysis, the estimated
value of n was 0.607 (standard deviation =
0.0518, r* = 0.993).

3. Sample variables: Simple linear re-
gression techniques were used to determine
if significant differences existed between
diffusion coefficients from tree (2), height
level (3), quadrant (4), drying method
(2), and oven-dry density (0.42 to 0.50).
Only the drying method produced a signifi-
cant difference at the 0.05 level.

Permeability

1. Permeability constant: The solution
of Darcy’s law for compressible fluids was
used to obtain the “superficial gas perme-
ability constant,” K,:

. Vanp (4)
9 Aapp

where V =flow rate (cm®/sec)
[ = sample length (cm)
A = sample area (cm?)
7 = viscosity of gas (poise)
p = pressure at V (dyne/cm?)
Ap = pressure drop over [ (dyne/
cm?)
P = mean pressure over | (dyne/
cm?).

The units of K, are cm? when cgs units are
used. In SI units, K, is in m? Such con-
sistent units are preferable to “darcys,”
which are derived from mixed units. Some
authors have used “darcys” because of the
convenience of using integer or unity values
for some of the variables under certain ex-

perimental conditions. However, there are
at least three different unit combinations
in the literature either designated or inter-
pretable as “darcys.” It is also possible to
find research reports with undefined
“darcys.” The most commonly used “darcy”
for wood (cm?~cp/atm-sec) is related to
consistent cgs units by:

1 darcy = 9.87 X 10" em? = 10-% cm?

The permeability constant in Eq. 4 has, in
some earlier literature, been referred to as
“specific permeability,” but this term is
rarely used in current literature.

The true gas permeability may be de-
termined from the Klinkenberg equation:
b

Kg =K (1+ ﬁ) (5)
by plotting K, vs 1/p and obtaining the
intercept, K.

The mean values of permeability con-
stant for each group of samples are given
in Table 3. For the solvent-dried samples,
K = K, (constant slope); however, it was
necessary to determine K of the air-dried
samples by the extrapolated intercept of
the linear regression equation that related
K; to 1/p. A mean pressure range of 1.7
to 3.0 atm was obtained by maintaining the
outlet pressure at 1 atm and increasing the
inlet pressure by adjusting the nitrogen gas
regulator.

2. Effective pore size. After the true gas
permeability, K, is found, the slope of the
Klinkenberg equation, Kb, may be defined
for a:

b = 420 (6)
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where ¢ = dimensionless constant normally
set to unity
mean free path of gas (m)

p = mean pressure (dyne/cm?)

r — effective pore radius (m).

=Y

Since the measurements were made at 25 C
(T=298) and with Na (M = 28),

oo o
the units of a are dynes/ecm® to obtain the
effective pore radius, r, in m.

The calculated pore radii for air-dried
samples (Table 3) had a range of about
0.1 to 0.2 pm. There was no significant re-
lationship between diffusion or perme-
ability and the pore size. This was probably
a consequence of the very limited perme-
ability range of the air-dried samples. Ef-
fective radii could not be calculated for
solvent-dried samples using the Klinken-
berg equation because the flow was viscous
and not within the slip flow region.

3. Sample variables: The sample vari-
ables for which the true permeability con-
stant was regressed were oven-dry density
(04 to 0.5) tree (2), height level (3),
quadrant (4), and drying method (2).
Density was tested to determine if the area
term in the Darcy equation was related to
porosity as defined by density. There was
no significant relationship between the
permeability constant and oven-dry density
for either air-dried or solvent-dried samples.
No significant relationship was found with
respect to tree, height, or quadrant. Drying
method produced a highly significant dif-
ference (0.01 level).

DISCUSSION

Diffusion

1. Diffusion coefficient: The concepts
applied to porous media (Carman 1956)
appear to be useful in analyzing diffusion
in wood. In porous media, the conductivity
ratio, J, is defined as:

J =

|

(8)

where ¢ is the porosity of the wood which
is related to oven-dry density, d,, by:

% (9)
e=1--2 9
dWS

where dy, is the wood substance density
(dys = 1.46). Tortuosity, =, is an indicator
of the effective diffusion path length.

It is interesting to analyze the longi-
tudinal CO. diffusion data of Tarkow and
Stamm (1960a) in this context. The poros-
ity, ¢, of Sitka spruce can be calculated as
0.71. If we assume the tortuosity to be
unity (no lateral diffusion), then the rela-
tive conductivity ratio, J, is 0.71. The pre-
dicted diffusion coefficient would then be
0.71 times the bulk diffusion coefficient of
0.17, or 0.12. Since the observed value was
0.11, this porous media approach appears
justifiable.

We can also calculate the effective
tortuosity from porosity and the observed
(D’co,) and free (Deo,) diffusion coefficients
using the equation:

(10)

CO2

In this case r=11, indicating that the
effective diffusion path was only about
10% greater than the physical length of
the sample. It would appear that the uni-
form anatomy of such a species lends itself
well to porous media analyses.

From Elers’ (1965) data for longitudinal
diffusion in eastern hemlock, the tortuosity
is 4.37. The same species in this study in
the air-dried condition had a calculated
tortuosity of 4.16, within about 5% of the
value determined from Elers’ data.

Solvent-dried samples in this study had
an average tortuosity of 1.75, indicating
substantial deviation from ideal bchavior,
or unity tortuosity. Hindered paths could
have possibly been caused by partial aspira-
tion in the solvent exchange process. Cal-
culations of tortuosity of different species
could provide useful information relatable
to the type of wood cells involved in dif-
fusion and the presence of blind cavities.

2. Temperature coefficient: The aver-
age value of the temperature coefficient for
air-dried eastern hemlock was about 0.6.
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Slip flow is bounded by temperature co-
efficients of 0.5 for Knudsen diffusion and
1.5 tor molecular diffusion, also correspond-
ing to effective openings with radii of 0.01
to 1 um. The effective radii calculated from
permeability data for the four samples used
in determination of the temperature coef-
ficient ranged from 0.14 to 0.18 um. As-
suming that the temperature coefficient in
the slip flow region varies linearly with the
size of openings, a calculated coefficient
tor these samples would be about 0.66, only
10% greater than the observed value in
this study. In freshly aspirated castern
hemlock, Knudsen flow predominates.

The temperature coefficient in Elers’
(1965) data for tangential diffusion de-
creased between 50 and 70 C. A point-to-
point calculation from Elers’ data gave an
average value of about 0.9 for n in compari-
son with the given value of 1.68 over 5 to
50 C. However, the longitudinal and radial
temperature coefficients increased in the
range of 50 to 70 C. Calculated longitudinal
values ranged from 1.8 to 4.2, and radial
values from 1.1 to 2.0. It could be antici-
pated that an increase in temperature
would cause a decrease in diffusion flux
since the mean free path of the gas in-
creases. However, a decrease in diffusion
coefficient, if caused by a shift toward
Knudsen flow, should also show a decrease
in temperature coefficient toward the limit-
ing value of 0.5. The temperature coefficient
of 1.68 for longitudinal and tangential dif-
fusion indicates that the smaller diffusion
coefficient value (0.01 of longitudinal value)
is a result of the number rather than nature
of pit membranes crossed. The lower tem-
perature coefficient of radial diffusion indi-
cated that the diffusion was more hindered
even though the radial and tangential diffu-
sion coefficients were similar. Perhaps the
series earlywood-latewood arrangement is
responsible for more hindered diffusion in
the radial direction.

It we consider the tangential temperature
coetficient (11 =~ 2) calculated from the pub-
lished data (Tarkow and Stamm 1960a) to
indicate essentially bulk diffusion, then the
proposition that Knudsen diffusion (n=
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Fic. 2. Relationship between longitudinal perme-
ability constant (K) and diffusion coefficient (D)
for 20 solvent-dried (SD) and 17 air-dried (AD)
eastern hemlock samples. Permeability range of
AD samples (y-axis) is 0.9 to 1.9.

0.5) was occurring through pit membranes
and reducing the diffusion coefficient ap-
pears unreasonable. Also, the assumed ef-
fective pore radius of the Sitka spruce
margo of 0.03 um (compared with the 0.06
wm mean free path of CO;) scems about an
order of magnitude too small.

Relationships of permeability
and diffusion

The agreement between effective pore
radii from permeability data and the tem-
perature coefficient from diffusion data
implies that other possible interrelation-
ships may exist. Prediction of diffusion be-
havior from permeability information
would be a distinct advantage, since dif-
fusion equipment and data acquisition are
much more complex. Plots of permeability
vs. diffusion were made for air-dried, sol-
vent-dried, and combined samples types.
No significant relationship existed between
K and D for the air-dried samples, probably
because of the very limited variation of
each (Fig. 2). However, solvent-dried
samples had a linear relationship:

K =-248 + 96.1 D (1)

2

(r” = 0.55, s = 89.4)

where the units of D are 102 ¢cm?/sec and
for K, 101 cm2. When the air-dried and
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solvent-dried data were combined in a plot
of K vs. D, the following linear regression
line was obtained (Fig. 2):

K=-195+87.8D (12)

(v = 0.893, 5 = 67.1)

The relatively small difference (about
10%) in slope between Egs. 11 and 12
supports at least a heuristic linear relation-
ship between diffusion and permeability
over a wide experimental range. A plot of
residuals for this equation, however, shows
a poor relationship between predicted and
observed air-dried values since the perme-
ability values are essentially constant.

CONCILUSIONS AND RECOMMENDATIONS

The IR technique used for detection of
diffused cthane worked satisfactorily for
air-dried samples in all respects. However,
it was not possible to obtain temperature
coefficients for solvent-dried samples be-
cause of large variations caused by a very
small differential pressure across the dif-
fusion cell. Any detection method that is
integrative rather than instantaneous could
give even more erroneous results unless the
differential cell pressure is continually
nulled.

The temperature coefficient of diffusion
between 20 and 65 C was 0.6, indicating
Knudsen diffusion as the controlling mecha-
nism. Effective pore openings obtained
from permeability measurements and the
Klinkenberg equation confirmed that dif-
tusion was occuwrring in the Knudsen end
of the slip-flow region. Since the bordered
pits were assumed to be aspirated, openings
of about 0.1 to 0.2 um existed between the
torus and pit border. The particular tem-
perature coefficient of diffusion can be
used to separate effects of size and number
of pore openings, which cannot be resolved
from diffusion measurements at a single
temperature.

Ditfusion through solvent-exchanged sam-
ples was about 40% of the free diffusion
coefficient; the air-dried diffusion coef-
ticient was reduced to 16% of the free
value. On the basis of hindered diffusion,
the tortuosity of solvent-dried eastern hem-

297

lock was 1.75, indicating substantial trans-
verse diffusion. Air-dried tortuosity, 44,
was within 5% of the calculated value from
a previous study using eastern hemlock.
Determinations of tortuosity for different
wood species could help clarify the inef-
fective pore volume and/or transverse dif-
fusion. Tortuosity values may indicate the
degree of aspiration from solvent-exchanged
samples. In this regard, the 1.75 value ob-
tained from the acetone-benzene sequence
may not be the tortuosity limit for eastern
hemlock.

The linear relationship found between
diffusion and permeability needs confirma-
tion for other species and conditions.
Permeability data are much simpler to ac-
quire, permitting better estimates of the
diffusion of vapors through wood. It ap-
pears that the IR detection principle for
diffusion could be extended to longitudinal
or transverse permeability measurements
by using a simple permeability cell. It
would be especially advantageous for
species having very low transverse perme-
ability. In the case of hardwoods, it should
be possible to confirm that activated dif-
fusion occurs through pit membrane pores
that have not been detected microscopi-
cally.

Author’s note: After acceptance of this
paper, a closely related paper was pub-
lished: Petty, J. A. 1973. Diffusion of non-
swelling gases through dry conifer wood.
Wood Sci. Technol. 7:297-307.
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