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Introduction 

Diffusion processes are of great importance in wood technology. The
seasoning (drying) of wood involves diffusion, as does the treatment of
wood with preservatives, fire retardants, antishrink and seasoning chem-
icals and the penetration of chips with reagents prior to pulping. Until
recently these processes have been studied only empirically. A funda-
mental understanding of the basis of diffusion and flow phenomena in
wood should hence be of great practical value.

3
In an as yet unpublished Department of Agriculture bulletin, Stamm (10)—
has derived theoretical expressions for the rates of passage of liquids,-
vapors, and dissolved materials through softwoods (coniferous or needle-
leaved trees) in the longitudinal and transverse directions under various

1-Thesis submitted by Burr to the University of Wisconsin in partial ful-
fillment of the requirements for the degree of Doctor of Philosophy,
Madison, Wis. , 1941. Presented at the Twentieth Colloid Symposium,
held at Madison, Wis. , May 28-29, 1946, and published in Jour. Phys.
Chem. 51, 240, Jan. 1947.

2
—Maintained at Madison, Wis. , in cooperation with the University of

Wisconsin.
3
—Underlined numbers in parenthesis refer to Literature Cited at end of

this report.
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conditions of temperature, moisture content, and pressure from capillary
structural considerations. These equations involve quantities which have
had to be estimated in an indirect fashion from limited data, part of
which is of doubtful accuracy. The purpose of the present work was two-
fold: (1) to check the diffusion values predicted by Stamm' s equations by-
measurements of diffusion constants in softwoods and in regenerated cel-
lulose; (2) by similar measurements on selected hardwoods (deciduous or
broad-leaved trees) to determine to what extent these same equations
may be used for hardwoods.

Because of the complexity and variability of the structure of the hard-
woods, Stamm (10) found it necessary to confine his analysis to the case
of the simpler softwoods, such as the pines, spruces, hemlocks, and firs.

The softwoods are made up chiefly of wood fibers, or tracheids, which
are hollow cellulosic tubes, tapered and closed at both ends, and some-
thing between rectangular and elliptical in cross section. Their length
averages about 3..5 to 440 millimeters, and their diameter about 0.030 to
0.035 millimeter. These fibers are laid down in fairly regular radial
rows, with their long axes parallel to that of the tree. The tapered ends
of the fibers overlap longitudinally by about one -fourth their length. The
summerwood fibers are smaller than the springwood and are somewhat
flattened in the radial direction, thus forming the visible annual rings.
The fiber walls are made up almost entirely of cellulose and hemicellu-
lose, which comprise about 70 percent of the dry weight of the wood. The
fibers are cemented together by a membrane material consisting of lignin.

A number of the softwoods also contain vertical and horizontal resin
ducts, but these are usually clogged with resin. As their contribution to
diffusion and flow is small, their effect was neglected in the calculations.

About 1 or 2 percent of the void volume of softwoods is in the form of
wood rays. These are bundles of cells somewhat similar to the tracheids,
but oriented radially, and communicating with the fibers by simple pits.
They have also been neglected in Stamm' s theoretical calculations.

Each fiber cavity has between 50 and 300 "bordered pits" communicating
with adjacent fiber cavities and concentrated on the radial faces and
tapered ends of the fibers. The pit chamber is roughly in the form of a
truncated cone, the smaller end opening into the fiber cavity and the
larger end closed by the pit membrane. The pit membrane is three or
four times as large in diameter as the pit opening. The pit membrane, a
continuation of the middle lamella, has a central thickened portion, the
torus, surrounded by a portion perforated by permanent pores and, in the
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presence of swelling agents, transient capillaries as well. The term
"transient" is here used to designate capillaries which exist only when
the membrane or cell wall is swollen.

The fiber walls consist of long fibrils oriented at a slight angle to the
fiber axis and wrapped by a layer of other fibrils practically at right
angles to them. The fibrils consist of smaller "fusiform bodies," which,
in turn, are composed of micelles and single primary-valence chains of
cellulose. X-ray studies have shown that, when water is adsorbed by
cellulose, it is concentrated between the micelles rather than within
them. In the presence of a swelling medium, the cell wall will have a
transient capillary structure in the form of the intermicellar space.
Small molecules can diffuse through this fine cell-wall structure.

The capillaries in softwoods through which most of the passage occurs
are the fiber cavities, the pit chambers, the permanent pores and tran-
sient capillaries in the pit membranes, and the transient capillaries of
the cell wall. By analogy with an electrical resistance network, the
fiber cavities can be considered as connected in series with the pit cham-
bers and the pores and transient capillaries of the pit membranes. In
parallel with the pit structure are the transient cell-wall capillaries,
and in parallel with these combined paths is the continuous path through
the cell walls. This structure is illustrated diagrammatically in figure
1. In other words, passage may occur (1) through a fiber cavity, into a
pit chamber, through a permanent or transient pore in the pit membrane
and into the next pit chamber and fiber cavity; (2) through a fiber cavity
and through the swollen cell wall into the next fiber cavity; or (3) con-
tinuously through the cell -wall capillaries.

In order to calculate the net "conductivity" of this network, three dimen-
sions must be known for each of the structural units (fiber cavities, pit
chambers, pit-membrane pores, and cell-wall capillaries). These are:
(1) average effective capillary length; (2) number of capillary lengths
per unit distance; and (3) effective capillary cross section.

The first case considered by Stamm (10) is that of the diffusion of a
solute through wood completely filled with water. In this case:

1
R1 Ra +     
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where: D i = longitudinal diffusion constant relative to the dimensions of
the swollen wood

R = total resistance of the network in the longitudinal direction
/

per centimeter cube
R = resistance of the fiber cavitiesa 

Rb = resistance of the permanent pit-membrane pores

Rc = resistance of the transient pit-membrane capillaries

R = resistance of the pit chambersd 

R = resistance of the cell-wall capillaries to passage from one
e 

fiber cavity to the next
Rf = resistance of the capillaries of the cell wall to continuous

passage through them.

The resistance terms each include D o in the denominator, where D o is the

diffusion constant for the bulk liquid.

Substitution of typical values for a softwood with a specific gravity of
0.365 gives D I = 0.651 D o , Dt = 0.0466 D o , and D i /Dt = 14.1. Figure 2

shows the variation of these quantities with specific gravity.-
4 In the lon-

gitudinal direction, the contribution of the continuous path through the cell
wall is negligible, and the resistance of the fiber cavities is great com-
pared with that of the pit structures and the cell-wall capillaries. Longi-
tudinal diffusion, then, is limited by the void cross section of the fiber
cavities, and since this is inversely proportional to the specific gravity of
the wood, the plot of D /D against specific gravity is nearly a straighto
line. In the transverse direction, the contribution of the continuous path
through the cell wall is about 3 percent of the total. The pit resistance is
approximately twice that of the cell-wall capillaries, and their combined
resistance is much greater than that of the fiber cavities. D t /Do falls

rather sharply with increasing specific gravity in the low specific gravity
region, but a roughly linear relationship exists between them above a
specific gravity of about 0.3. In consequence, the ratio D i /Dt is fairly

constant in the range of specific gravities normal for softwoods. While
Dt will depend to a certain extent upon factors which are independent of

—Unless otherwise specified, the specific gravity of wood is taken as the
ovendry weight of a sample divided by its volume at or above the fiber-
saturation point.
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the specific gravity, variations in these quantities among the common
softwoods appear to be minor (10).

In deriving the equation for D
I
 it was assumed that the fiber cavities

were long cylindrical tubes. If account is taken of the two- or three-fold
variation in cross section of a cavity along its length, D /

 will be reduced
between 11 and 25 percent.

The data of Cady and Williams (3) for the longitudinal diffusion of glyc -
erol, lactose, and urea into Western redcedar, white fir, and Western
hemlock (which have specific gravities of 0.425, 0.350, and 0.441, re-
spectively) are lower than the theoretical values calculated from equation
(1) by amounts ranging from 6.7 to 19.4 percent. The data of Stamm (9)
for the relative electrical conductivity in the fiber direction of wood
saturated with dilute salt solutions are lower than the theoretical by 11.2
to 20.8 percent. Several softwoods with specific gravities between 0.290
and 0.526 were used. Both these sets of measurements are in excellent
agreement with the theoretical values when the effect of nonuniform bore
is taken into account.

Diffusion measurements in the radial and tangential directions were made
by Cady... and, though subject to considerable experimental error, they
confirm the values calculated from equation (1). No difference within
experimental error was found between the diffusion constants in the
radial and tangential directions. A few data for the relative electrical
conductivity of wood in the tangential direction were also obtained by
Stamm (9). He obtained an experimental value of Dt/Do 0.046 for slash

pine (specific gravity of 0.430), and 0.037 for Douglas-fir (specific grav-
ity of 0.326). The corresponding theoretical values are 0.041 and 0.052.
These limited data indicate that equation (1) will serve to approximate
transverse diffusion constants.

The drying of wood is a much more complicated phenomenon. Tuttle (13),
Sherwood (8), and Kollmann (5, 6) have treated moisture gradients and
drying rates by Fourier analysis as though it were a simple diffusion
problem. But Stillwell (12) and Martley (7) have shown that this assump-
tion is not strictly valid.

!Thesis entitled "Molecular Diffusion Into Wood," submitted by L. C.
Cady to the University of Wisconsin in partial fulfillment of the re-
quirements for the degree of Doctor of Philosophy and filed in the
Library of the University of Wisconsin, August 1934.
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In the first place, the dimensions of the wood vary from lamina to lami-
na, due to the moisture-content gradient. In the second place, there are
three different driving forces operating during the drying of wood. Above
the fiber-saturation point, liquid flows through the coarse capillaries
toward the drying surface due to capillary forces, and vapor moves
through the same structure due to a relative vapor-pressure gradient
caused by the depression of vapor pressure in the smaller capillaries.
Below the fiber-saturation point, the drying process is controlled by dif-
fusion, but while the vapor is moving under the vapor-pressure gradient,
there is also a movement of bound water through the cell wall under a
moisture-content gradient. Cases have been recorded (1) in which these
two gradients act in opposite directions. The resultant movement in
such cases seems to be controlled chiefly by the vapor-pressure gradient.

In spite of these complications it is possible to treat the drying process
by a method similar to that used for the diffusion of a solute through
wood saturated with solvent by considering laminae of 0, 1/4, 1/2, 3/4,
and 1 times the moisture content at the fiber-saturation point on the
basis of volume of water per unit volume of swollen wood substance.

Experimental

Four types of measurements were made. The electrical conductivities
of several species of woods saturated with salt solutions were deter-
mined. The ratios of these values to the conductivities of the solutions
with which the samples were in equilibrium were assumed to be equal to
the corresponding diffusion constants relative to unit dimensions of the
wood. Direct measurements of relative diffusion constants were made
in order to check the validity of this assumption. A series of micro-
scopic measurements was made on a number of different species in
order to determine to what extent certain of the structural dimensions
differed from those taken by Stamm as typical of softwoods. Finally,
measurements of the rate of transfusion of water vapor through wood and
through regenerated cellulose were made, using the method of the steady
state.

Electrical Conductivity 

The capillary structure of wood, which permits the migration of ions in
an electric field, was assumed to be the same as that which permits the
diffusion of similar ions under a concentration gradient,provided that sur-
face conductance effects are negligible and that in both cases the wood is
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completely filled with liquid. If this is true, the relative conductivity,
k/ko , defined as the ratio of the conductivity of the solution-saturated

wood to that of the bulk solution with which it is in equilibrium, may be
taken as identical to the relative diffusion constant, DiD o . Since con-

ductivity measurements are more easily and more accurately made than
direct diffusion measurements, relative conductivities were determined
and tentatively treated as relative diffusion constants.

The cell illustrated in figure 3 was constructed of Pyrex glass. It con-
sists of an upper chamber connected by a tube running through a rubber
stopper with the bottom of a 200-cubic centimeter Erlenmeyer flask. A
horizontal tube makes it possible to blow liquid from the flask into the
upper chamber without opening the cell. The electrodes were of plati-
num foil mounted on glass supports. The disk which holds the lower
electrode rests on a glass ball, permitting it to tilt slightly as necessary.
From time to time the electrodes were coated with platinum black by
electro-deposition. Between runs, they were ordinarily kept covered
with distilled water or with solution.

The cell was mounted in a water-jacketed air bath, the temperature of
which was thermostatically controlled at 30° ±0.1° C. Resistance meas-
urements were made with a bridge consisting of two fixed resistances
and a resistance box having a range of 1 to 11,110 ohms. A 1,000-cycle
microphone hummer served as a source of alternating voltage, and a
telephone headset as a detector. Resistances could be determined to
±0.2 percent or better.

For filling the samples with solution, the cube of wood was first dried in
an oven at 105° C. to constant weight. It was then placed in a bottle and
the pressure was reduced to 1 millimeter of mercury or less for a
period found to be sufficient for nearly complete evacuation of the sam-
ple, usually 2 days. Without permitting air to enter the vessel, freshly
boiled solution was allowed to run in and the vacuum was released, thus
forcing the liquid into the coarse capillary structure by atmospheric
pressure. Precautions were taken to prevent the sample from floating
to the surface of the liquid. Two weeks or more was allowed for equili-
bration, and at the end of that time the samples were again weighed and
their dimensions measured. The void volume of the cubes was calculated
from the following equation:

1 m
Vf = 1 g (--ga + -) (2)
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where g = green-volume specific gravity
g a = apparent specific gravity of pure wood substance as meas-

ured by the displacement of water
m weight of the liquid in the sample divided by the dry weight

of the sample
p = density of the solution

If the void volume was not less than 3 percent, the cubes were returned
to the liquid for another period.

For the conductivity measurements on regenerated cellulose, pieces of
sheet cellulose acetate 0.025 centimeter thick were deacetylated by
treatment for a week with 3 percent sodium hydroxide in methyl alcohol.
The regenerated cellulose was then soaked in frequently changed distilled
water until no more alkali was leached out. Squares of the material ap-
proximately 1 centimeter on a side were cut out and transferred to 0.10
normal potassium chloride solution, and several days were allowed for
equilibration before measurements were made.

To measure the conductivities of wood samples, a cube of wood approx-
imately 1 centimeter on an edge and previously filled with solution to a
void volume of 3 percent or less was placed in the upper chamber of the
cell, and some of the solution with which it was in equilibrium was
placed in the lower flask. The thermostat doors were closed and liquid
was blown into the upper chamber until it completely covered the cube
and electrodes. After 1 hour, the level of the solution was lowered
again, the cell was opened, and the cube centered on the lower electrode
with its longitudinal axis vertical. The cork stopper was replaced and
the upper electrode pressed firmly down upon the cube, where it was
held by friction on the cork. Solution was forced into the upper chamber
again and maintained there for 15 to 20 minutes when it was again with-
drawn. Exactly 5 minutes later, the resistance of the block was deter-
mined. In a similar manner, values for the radial and tangential re-
sistances were obtained, except that the 1-hour temperature equilibrium
period was omitted. Readings could be checked within 3 percent. The
specific conductivity in each of the structural directions of the cube was
calculated from the dimensions of the cube. The bulk conductivity, k

o
,

.111n11.1.1

was determined in a conductivity cell which had been calibrated against
a 0.10 normal solution of potassium chloride.

An error of considerable magnitude was introduced by the film and me-
niscus of solution which remained on the cube and electrodes even after
the drainage period. The film acted as a resistance in parallel with that
of the sample, and the meniscus which formed on each electrode
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effectively shortened the cube in the direction in which the measurement
was being made. Using a technique which eliminated the meniscus effect,
Stamm (9) had found it possible to assign a resistance to the film, but
this method could not be applied to the present problem. In order to cor-
rect for both factors, 5 longitudinal, 5 radial, and 4 tangential conduc-
tivities were measured on cubes of various species between dry or nearly
dry electrodes. Each cube was shaken to remove excess liquid and the
electrodes were dried with a stream of air. The resistance of the cube
was determined and the process repeated until successive readings were
approximately constant. A corrective factor, C, was determined by
which the conductivity measured between wet electrodes was to be mul-
tiplied in order to get the true conductivity. A plot of C against kik()

showed no definite relationship between the two quantities, and although
the factor for the longitudinal direction was higher than for the trans-
verse, the radial and tangential factors were approximately the same.
The longitudinal factor averaged 0.878 with a standard deviation of 0.019;
the transverse factor averaged 0.701 with a standard deviation of 0.065.
All measured longitudinal conductivities were then multiplied by 0.88
and all transverse values by 0.70. The conductivities of a cube as meas-
ured between dry electrodes depended to such an extent upon electrode
pressure and the degree to which the cube and electrodes had been dried
that it was felt advisable to use wet electrodes and a standardized drain-
age time and apply an average corrective factor rather than to measure
dry-electrode conductivities directly.

Resistances measured at 60 cycles were found to be identical to those at
1,000 cycles. Measurements on cubes of Western white pine filled with
distilled water and with solutions containing various concentrations of
potassium chloride showed that 0.10 normal was a concentration suffi-
cient to render surface conductance effects negligible. Accordingly, all
conductivity data reported here are for cubes filled with 0.10 normal po-
tassium chloride.

Table 1 gives the relative conductivities of samples of the heartwood of
western white pine (Pinus monticola), western hemlock (Tsuga 
heterophylla), and Douglas -fir (Pseudotsuga menziesii). These values
are also plotted in figure 4, together with the curves calculated from
Stamm' s equations. It is to be noted that all the longitudinal values fall
within the limits predicted on the assumption that there is a two- to
threefold variation in the fiber-cavity diameter along its length (10). On
the other hand, the transverse values are lower than those predicted by
from 26 to 46 percent. For the pine and hemlock, the radial values are
somewhat higher than the tangential, while in the case of Douglas -fir the
tangential values are the higher.
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Similar measurements were made on samples of the heartwood and sap-
wood of the following hardwood species: black tupelo (Nyssa sylvatica),
also known as blackgum in the lumber trade, sweetgum (Liquidambar 
styraciflua), southern magnolia (Magnolia grandiflora), American syca-
more (Platanus occidentalis), sugar maple (Acer saccharum), and north-
ern red oak (Quercus rubra). These data are tabulated in table 2 and
plotted in figures 5 and 6. The values enclosed in parentheses were ob-
tained on cubes which became distorted upon swelling -- an indication
that some form of collapse had occurred in the drying of the wood.

The longitudinal values fall somewhat below the theoretical curve even
when allowance is made for a threefold variation in the fiber -cavity
diameter, but they do fall roughly along a line parallel to that predicted.
The fact that these deviations from the uncorrected calculated values
are greater than those obtained for softwoods can be justified by the
microscopic measurements which indicate a significantly greater taper
of hardwood as compared to softwood fibers. The transverse values are
widely scattered, but, in general, the highest conductivities are found
in the low specific-gravity range and the lowest values in the high
specific -gravity range. Exactly one -half the points fall above the the-
oretical curve and half below. In every case the radial conductivity ex-
ceeds the tangential, the ratio, kr/kt being 2.3 for one sample of sweet-

gum. The average of the transverse values for all the sapwood samples
is 3.5 percent higher than that for all the heartwood samples excepting
the red oak cubes, while the average specific gravity is 5.7 percent
lower. Correcting for the difference in average specific gravity the dif-
ference between the average transverse relative conductivities of the
sapwood and heartwood samples is less than 1 percent.

The fact that, in all the samples tested except Douglas-fir, the radial
conductivity exceeded the tangential can probably be explained by the
presence of wood rays and, in the case of pine, also by the presence of
radial resin ducts. The contribution of these structures was necessarily
neglected by Stamm because of the mathematical difficulties which they
would introduce. Rays are generally more numerous in the case of hard-
woods than of softwoods, a fact which will account for the higher value of
kr /kt . The tangential conductivities for the hardwoods fall roughly as

far below the theoretical curve as do those for the softwoods. This sug-
gests that, on the assumption that the radial structures can be neglected,
the transverse values calculated by Stamm should be reduced by 30 to
40 percent. This discrepancy is probably due to errors in his estima-
tion of the resistances of the submicroscopic capillaries of the pit mem-
branes and the cell walls.
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A rough value was obtained for the relative conductivity of sheets of re-
generated cellulose in equilibrium with 0.10 normal potassium chloride
solution and having a moisture content of 88 percent. Because of the
nature of the material, it was necessary to measure the resistance of
piles of the sheet cellulose between nearly dry electrodes. With piles
measuring 0.20, 0.352, and 0.80 centimeters in height, values of 0.11,
0.097, and 0.098 were obtained for the relative conductivity. The value
taken as an average was 0.10.

Direct Measurements of Solute Diffusion

In order to test the validity of the assumption that relative conductivities
may be taken as equal to the corresponding relative diffusion constants,
two types of experiments were made. In the first, sodium chloride was
allowed to diffuse from a concentrated solution into wood filled with water
and the resulting salt concentrations at different depths were obtained by
sectioning the wood and analyzing for chloride ion volumetrically. Four
blocks of western white pine approximately 20.6 centimeters, 7 . 9 centi-

meters, and 4.7 centimeters in the longitudinal, radial, and tangential
directions, respectively, were filled with water . by the method used in

the electrical conductivity experiments. After 8 months' soaking, the
void volume remained at 3.1 to 6. 1 percent. The ends were dipped in a

molten mixture of equal parts of beeswax and rosin to minimize longitu-
dinal diffusion and were then placed in a tall glass jar containing approx-
imately 10 liters of 1.5 normal sodium chloride solution. An electric
stirrer was operated constantly. Blocks were removed at the end of 84,
132, and 228 hours. As each block was removed, 8 centimeters of wood
was cut from each end and 3 centimeters from each edge. The resulting
block was then divided in half by a cut parallel to the longitudinal face,
and from the two final blocks tangential sections were split off with a
chisel so mounted as to insure accurate sectioning. Each section was
immediately placed in a flask with about 200 cubic centimeters of dis-
tilled water in order to remove the salt. The leaching process contin-
ued for 2 days or more at an elevated temperature and with occasional
swirling of the flasks. The solution was then decanted and analyzed for
chloride with 0.10 normal nitrate of silver. The wood sections were
dried at 105° C. for 24 hours and weighed.

From the dry weights of the sections, the green-volume specific gravity,
and the known total tangential dimension of the block, it was possible to
calculate the thickness and the volume of each section. A step diagram
was then constructed, the width of each step corresponding to the thick-
ness of the section, and the height to the salt concentration in terms of
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grams per cubic centimeter of solution. Four such diagrams were thus
obtained for each original block, since diffusion had occurred through
both tangential faces of each of the two central blocks. One such set of
diagrams is shown in figure 7.

The mean external salt concentration for each block was determined by
interpolating between the original and final concentration of the brine,
allowance being made both for the varying number of blocks in the solu-
tion and for the fact that the amount of salt absorbed varies as the square
root of the time.

Theoretical distribution curves were calculated from the following
formula:

2

e
2

dp
Co (3)

where: C -= concentration of salt at any point within the wood

C o = external salt concentration

x = distance from the tangential face in centimeters

D = diffusion constant in cm. 2 /sec.

t = time in seconds

The curve corresponding to a diffusion constant of 3. 36 x 10
-7 cm. 2 /sec.

fitted all the step diagrams with fair accuracy. This value is divided by
the fractional volume of liquid in the wood minus the 6 percent by weight
which is regarded as bound in a monomolecular film (10). This trans-
lates the diffusion constant to the basis of the bulk dimensions of the wood
and yields a value for D of 4.75 x 10 -7 . Clack (4) found the integral dif-
fusion constant for 1.5normal sodium chloride at 18° to be 1. 21 x 10-5
at 18° C. Multiplying this value by the ratio of the absolute temperatures
and the inverse ratio of the viscosities of water at 26. 7° and 18° C. gives
an approximate value for Do of 1. 52 x 10 -5 at the higher temperature.

Dt /Do is thus equal to 0.031, in good agreement with the transverse

relative conductivity for western white pine of slightly lower specific

gravity. This value is included in figure 4.
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Because of the unexpectedly large differences between radial and tangen-
tial conductivity found among the hardwoods , the following method was
used to show whether such differences exist under diffusion conditions.
Thin transverse disks of five hardwoods and of Douglas-fir were filled
with water and interleaved with a layer of rosin-beeswax mixture. A
central hole was cut through the entire pile with a No. 3 cork borer.
The disks were then clamped between two brass plates and placed under
water to prevent drying. By means of a hole in each plate, a concen-
trated solution of ferric chloride was passed through the disks at a rate
of about 1/2 cubic centimeter per minute for a period of 4 days. At the
end of that time, the channel was flushed out with water and the wax
peeled from the disks. The ferric ion was then precipitated within the
wood by soaking overnight in concentrated ammonium hydroxide. The
disks were then stained superficially by dipping in slightly acidified po-
tassium ferrocyanide solution. Figure 8 shows these disks. As can be
seen, radial diffusion took place more rapidly than tangential except in
the cases of red oak and Douglas-fir, where the reverse was true. Also
to be noted is the irregular pattern found particularly on the red oak.
By cutting the disks radially and tangentially through the central hole
and measuring the distance to which the ferric salt had diffused in suffi-
cient concentration to produce a visible stain, the following rough values
for D /D were obtained:r t

Species	 Dr/Dt

Black tupelo 	 	 3. 6
Sugar maple • ...... . • .. ... 	 	 2.8
Sweetgum 	 	 1 . 9
Douglas -fir 	 	 . 6
American. sycamore 	 	 1.4
Redoak ..... ....... • ..... •	 . 9

These are the squares of the ratios of the measured depths of penetration,
but they can only be regarded as qualitative. It was very difficult to
measure the limit of the "visible stain," and the irregular stain pattern
shows that the diffusion along a single arbitrary line may be quite differ-
ent from the average in a large sample. Nevertheless, the results, ex-
cept in the case of red oak, are in qualitative agreement with the results
of the conductivity measurements.

Microscopic examination of thin sections cut from the Douglas -fir disks
showed that diffusion had proceeded much more rapidly through the
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springwood than through the summerwood. This fact further illustrates
the highly variable nature of wood as a diffusion medium.

Similar examination of sections from the black tupelo disk did not show
any greater concentration of Prussian blue in the fibers adjacent to wood
rays than in those midway between the rays. This is not surprising,
however, in view of the fact that every fiber is in contact with ray cells
at several points along its length even though these rays may not be in-
cluded in a single thin section. Measurements to be described in the
next section show that, in hardwoods, the average number of fibers per
centimeter is less in the radial direction than in the tangential. This
means that fewer pits and cell walls have to be traversed than when
passage occurs parallel to an annual ring and so helps to explain the fact
that the radial is greater than tangential diffusion constant.

Microscopic Measurements on Hardwoods

The theoretical curves obtained by Stamm were based on average struc-
tural dimensions for the simpler softwoods. It was expected that the
corresponding dimensions for hardwoods might be different. Further-
more, the presence of longitudinally oriented pores or "water vessels"
in hardwoods would tend to modify the diffusion process. It was partic-
ularly desired to determine approximate values for the average number
of fibers traversed per centimeter in the transverse directions; for the
average double cell-wall thickness; and for the fractional volume of the
pores.

Measurements were made from photomicrographs of transverse sections
of red oak, sugar maple, black tupelo, sweetgum, southern magnolia,
and American sycamore filed in the library of the U. S. Forest Products
Laboratory and from slides prepared from swollen cross sections of the
same red oak that was used in the electrical conductivity and moisture
transfusion studies. Although it was not known what method was used in
preparing the slides from which the photomicrographs were made, it was
assumed that the sections were in the fully swollen condition or nearly so.

In each case, values were obtained directly for the average number of
fibers in the radial and tangential directions by counting the fibers over
a known distance. The fractional -pore volume was estimated from the
diameters and number of pores per unit area. Average values were cal-
culated from several measurements made at random throughout various
portions of the annual ring. Values for the average thickness of the
double cell wall were obtained from the average number of fibers per
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square centimeter, the fractional-pore volume, and the total void volume
of the wood at the fiber-saturation point as calculated from equation (2).
Since the actual green specific gravities of the woods from which the
photomicrographs were made were unknown, an average value for each
species was used as follows:

Red oak 	  0.565
Sugar maple 	  .560
Black tupelo 	  .460
Sweetgum 	  .440
Southern magnolia 	  .460
American sycamore 	  .456

The data are recorded in table 3, together with the values used by Stamm
in his calculations for softwoods.

These three important quantities vary appreciably from species to
species, and, to judge from the data for red oak and Douglas -fir, from
sample to sample and even from point to point within a single small sam-
ple. This appreciable variation between samples and species makes
generalizations difficult. There seems to be a greater variation in the
number of fibers per centimeter for these hardwoods than for the soft-
woods tabulated by Stamm (10) and also a greater variation in the relative
number of fibers per centimeter in the radial and tangential directions.

The most striking difference between softwoods and hardwoods is that the
former contain no pores, or large continuous water vessels, whereas the
latter contain an appreciable fractional void volume made up of these
large capillaries which varies appreciably from species to species. Be-
cause of this, the simple relationship between average double cell-wall
thickness and the specific gravity used by Stamm (10) does not apply for
hardwoods. The double cell-wall thickness for hardwoods may be appre-
ciably greater than the value for softwoods of the same specific gravity.

No means has as yet been devised for measuring pit-membrane pore
cross sections of hardwood. Add to this the fact that the effectiveness of
the pores themselves cannot be approximated without further knowledge
of the nature of their walls and of the films, "tyloses," that exist within
them, and it is not surprising that the hardwoods have diffusion values
that vary by as much as 100 percent from the theoretical values for
softwoods.
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Moisture Transfusion Measurements

In order to obtain experimental values for the drying diffusion constant,
the method of the steady state was employed. The apparatus, described
in more detail in another paper (2), is similar to the ordinary cup type
of moisture transfusion cell except that an internal magnetic stirrer was
incorporated to insure gentle agitation of the saturated salt solution and
the air within the cell. Without such stirring, the rate of transfusion
was low by as much as 40 percent, depending on the nature and thickness
of the membrane and the vapor-pressure gradient.

In practice, the apparatus was placed in a room with constant relative
humidity and a constant temperature of 80° F. The cells were rotated
continuously and a fan blew air across the upper surfaces of the mem-
branes. The cells were weighed once a day until the rate of change in
weight was constant. In the case of wood membranes, it was necessary
to repair the wax seal several times until the wood had reached an equi-
librium warp. When a cell had reached a constant rate of weight change,
the membrane was removed, its thickness measured with a dial gauge
or a micrometer, and a sample quickly cut from it for measurement of
the average moisture content and the specific gravity at moisture content
of test. The diffusion constant was calculated from the following equation:

mh D =
A.(d 2 d1 ) gt

where D = the diffusion constant in cm.2 /sec.
m = the change in weight
h = the thickness
d2d

1
 } = the moisture contents of the material in equilibrium with

the relative vapor pressures inside the cell and outside
the cell, respectively

g = the dry weight of the sample divided by the volume at the
moisture content of test

t = the time in seconds

Values of d2 and d 1 for Cellophane were obtained from the data of

Urquhart, Bostock, and Ekersall (14). Values for red oak were meas-
ured, by determining the vapor pressure isotherm at 26.7° C. in a series
of humidity rooms; values for the other woods were obtained from the
data of Stamm and Loughborough (11).

(4)
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In table 4 are recorded the measured diffusion constants for samples of
three different species of wood. The samples marked "(comp. )" had
been compressed to a high density. The three red oak samples marked
"(green)" had not been dried prior to the measurements. All the other
samples had been dried to approximately 6 percent moisture content and
then brought to equilibrium with a relative humidity of 97 percent. Also
included in table 4 are values for Dt for red oak obtained in other Forest

Products Laboratory research and calculated from the rate of drying of
samples cut from the same boards as those used in the moisture trans-
fusion measurements. These diffusion constants, which had to be trans-
lated into cubic-gram-per-second units, are not strictly comparable to
the steady-state values, as they were measured at 46.1° C. and with a
surface equilibrium moisture content of 14 to 16 percent. Furthermore,
the true drying diffusion constant for these samples may be as much as
40 percent higher than his calculated values because an optimum rate of
air circulation could not be obtained.

In table 5 are given the diffusion constants measured for 600 gauge cello-
phane which had been soaked in several changes of distilled water in
order to remove the glycerine used as a plasticizing agent. Included in
the table are the theoretical relative diffusion constants of Stamm for
longitudinal and transverse diffusion through systems of oriented
micelles. The measured values are somewhat higher than the theoreti-
cal, but the agreement is reasonably good when account is taken of the
difference in structure between regenerated cellulose and the oriented
cellulose as it exists in the cell wall of wood.

Summary and Conclusions

Measurements were made of relative electrical conductivities in the
three structural directions on samples of various species of wood in an
effort to test the theoretical calculations of Stamm (10). The longitudinal
relative conductivities of three softwoods are in good agreement with the
values predicted for the diffusion constants relative to the dimensions of
the wood, while the transverse conductivities are low by from 26 to 46
percent but follow the predicted trend with specific gravity. In the case
of hardwoods, the longitudinal values are slightly lower than those pre -
dicted but lie along a curve parallel to the theoretical one. It is shown
that the fiber cavities of hardwoods are less uniform in bore than those
of the softwoods, a fact which may account for this discrepancy. The
transverse relative conductivities are widely scattered but are equally
divided above and below the theoretical curve. In the case of Douglas-fir,
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the tangential conductivity is appreciably greater than the radial, while
in all the other species studied the radial exceeds the tangential, the
ratio exceeding 2:1 for certain hardwood samples. No appreciable dif-
ference was found between the conductivities of sapwood and heartwood
among the hardwoods tested. It is suggested that the high radial con-
ductivity of hardwoods is due to the abundance of wood rays and that the
tangential conductivity of Douglas-fir is augmented by checks localized
at or near the sharp transition in the annual ring.

By a direct measurement of the rate of diffusion of sodium chloride tan-
gentially into Western white pine and by qualitative demonstration of the
ratio of radial to tangential diffusion in several hardwoods and Douglas -
fir, it is shown that the relative electrical conductivity is equal to the
relative diffusion constant.

Microscopical measurements of the number of fibers per centimeter in
the radial and tangential directions, of the double cell-wall thickness,
and of the fractional pore volume of hardwoods show a wide variation in
these quantities and indicate why the equations of Stamm, derived for
the simpler softwoods, apply with less consistency to the hardwoods.

Measurements of the rate of transfusion of water vapor through red oak,
basswood, black tupelo, and compressed basswood and black tupelo are
in fairly good agreement with theoretical values. Similar measurements
on regenerated cellulose confirm the order of magnitude of the value for
the effective fractional cross section of the transient capillaries in the
cell wall estimated by Stamm.
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Table 1. --Electrical conductivities relative to the 
bulk conductivity of the solution for the
longitudinal, radial, and tangential 
directions of softwood cubes saturated
with 0.10 normal potassium chloride 

Species : Specific : k /k	 k /k	 k /k
/o••	 r	 o ••to

: gravity :   
• • •      

Western white pine	 : 0. 352 : 0.54 : 0.032 : 0.031

Douglas -fir	 .478 :	 .43 : .022 : .025

Do . • • .. 	 	 .475 :	 .42	 :	 .020	 :	 .022

• Western hemlock	 .414 :	 .46 : .031 : .024

Do	 • .. 	 	 .420	 .47	 : .029 : .024
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Table 2. --Relative electrical conductivities in the longitudinal, radial,
and tangential directions of hardwoods completely 
filled with an approximately N/ 10 KC 1 solution 

Species : Specific	 k1/k0 : kr/ko	 kt /ko
: gravity
• 

Sugar maple:
Sapwood	 0.588	 0.32	 0.044	 0.024

Do 	 	 .580	 .33	 .039	 •	 .020

Heartwood	 .591	 .30	 .035	 .023

Do 	 	 .568	 .29	 .024	 .017

Black tupelo:
Sapwood	 .495	 .40	 .050	 .029

Do 	 	 .464	 .40	 .052	 .032

Do 	 	 .455	 .42	 .056	 •	 .035

Do 	 	 .450	 .44	 .055	 .024

Heartwood	 . 560	 .30	 .043	 .023

Do 	 	 . 527	 .	 .29	 .055	 .041

Do 	 	 .504	 .37	 .061	 .044

Sweetgum:
Sapwood	 .424	 .46	 .055	 .027

Do 	 	 .413	 .44	 .062
1	 1	

1.026

Heartwood	 .435	 -.20	 -.044	 -.024

Do 	 	 .389	 .48	 .081	 .051

Southern magnolia:
Sapwood	 . 440	 .41	 .081	 .055

Do 	 	 .374	 .47	 .068	 .038

Heartwood	 . 472	 .33	 .079	 .056

Do 	 	 .433	 .40	 .057	 .038

American sycamore:
Sapwood	 •	 . 433	 .38	 .051	 :	 .030'

Do. ......... . • . •.	 .484	 .40	 .053	 :	 .033

	

-1 .13	 1
Heartwood	 .475	 -.023 : 1.016

Red oak:
Heartwood	 .480	 .24	 .015 :	 .013

Do. ..... . 	  :	 .531	 .26	 .025	 :	 .015

Do 	 	 .622	 .19	 .011	 :	 .009

!Values obtained from cubes deformed by collapse during drying.
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Table 3. --Structural dimensions of certain hardwoods and of Douglas-
fir and average values for softwoods used in calculations 

Wood : No. of : No. of :Double:Fractional:Specific
:fibers per:fibers per: cell- : pore	 : gravity

: cm. in : cm. in : wall- : volume
:tangential: radial :thick- :
:direction: direction : ness :

mu

Red oak	 700	 570	 : 5.3 : 0.11	 : 0.565

Red oak 109A	 :	 635	 :	 495	 : 5.1 :	 . 19	 : .480

	

136A	 :	 670	 505	 :	 5.4 :	 .11	 .531

	

57A	 :	 600	 580	 : 6.7 :	 .15	 .622

Sugar maple	 :	 850	 :	 600	 : 5.1 :	 . 12	 . 560

Black tupelo	 :	 310	 240	 11.0 :	 . 36	 : . 460

Sweetgurn	 :	 375	 235	 : 9.0	 .36	 : .440

Southern magnolia	 375	 270	 : 9.0 :	 .29	 .460

American sycamore	 335	 225	 : 11.0 :	 .48	 .456

Douglas -fir	 :	 345	 315	 : 7.1 :	 . 00	 .430

	

(Extreme springwood) : 300	 265	 : 4.5 	

(Extreme summerwood): 385	 500

Softwoods (average)(17) :	 300	 300

: 14.0 • 	
•

.00 • • OOOOO •

•

—Value for a softwood with a specific gravity of 0.365.
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Table 5. --Experimental and theoretical relative
diffusion constants for cellophane

Relative vapor	 Average	 D/Dw	 Theoretical (10) _.
pressure	 moisture	 experimental :
gradient	 content	 : In fiber : Across

	

:direction :	 fibers
	 . 	 . 	 . 	 . 

Percent 

	0.91 to 0.65	 17	 0.006	 : 0.0067 : 0.0034

	

0.65 to 0.33	 11	 .004	 .0027 :	 .0014
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Figure 2.--Calculated diffusion functions relative to bulk diffusion for the
passage of solutes with molecules the size of the water molecule through
water-saturated wood of different specific gravities from the calculations
of Stamm (10).
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Figure 3.--Cell for the measurement of electrical conduc-
tivities of cubes of wood saturated with aqueous solutions.
Cube is shown in position for measurement.
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Figure 4.--Relative electrical conductivities for three softwoods.

Solid lines calculated from Stamm's equation with no correction.
Dotted lines (upper) represent values with minimum taper

correction and (lower) values with maximum taper correction.
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Figure 5.--Longitudinal relative electrical conductivities for

several hardwoods. Solid curve calculated from Starnm's equa-

tion (10) with no correction. Dotted lines represent (upper)

values with minimum taper correction and (lower) values witn

maximum taper correction (10). Values in parentheses

obtained from cubes deformed by collapse during drying.
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Figure 6.--Transverse relative electrical conductivities for

several hardwoods. Curve calculated from Stamm's equation (10).

Upper point of each pair represents radial value. Lower point

represents tangential value. Values in parentheses obtained

from cubes deformed by collapse during drying.
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Figure 7.--Step diagram showing penetration of sodium chloride into
a block of Western white pine after 132.5 hours. T = 26.7° C.
C o = 0.0880 gram per cubic centimeter. The theoretical curve
corresponds to a diffusion constant of 4.70 x 10 -7 cm)2 / sec. with
respect to unit dimensions of the wood, or a relative diffusion
constant of 0.031.
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