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A decreasing rate of flow was observed (after sufficient air and

particulate matter were removed from the wood and water) under

steady-state conditions for green western hemlock sapwood. The

decrease is theorized to be due to viscoelastic behavior of pit mem-

branes.

An unsteady-state procedure for determining longitudinal liquid

permeability of small wood specimens (about 3/4 inches) was developed.

It predicts that a straight line relationship exists between the inverse

square of pressure in a pressure cell and time over a limited pressure

range when the liquid is allowed to flow through the specimen. Specific

permeability can be calculated from the slope.

The unsteady-state technique was much simpler to use than the

steady-state method.

Permeability coefficients determined by the unsteady-state



method were generally higher than those arrived at by steady-state

means. The reason for this difference is now known.

Sapwood is more permeable than wetwood which is, in turn,

more permeable than heartwood. This order is independent of the

method of measurement.

Saturated, green wetwood posseses a specific permeability

of the same order of magnitude as green sapwood; but has a charac-

teristic behavior under both steady- and unsteady-state conditions

that differentiates it from sapwood. This was considered to be due

to occlusion of pit membranes by extractives.
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STEADY- AND UNSTEADY-STATE LONGITUDINAL
WATER PERMEABILITY OF WESTERN HEMLOCK

I. INTRODUCTION

Permeability of a porous medium has been defined by Muskat

(42) as the volume of a fluid of unit viscosity passing through a unit

cross section of a medium in a unit time under the actions of a unit

pressure gradient. Since wood is a porous medium, industrial

processes involving the preservation, seasoning, pulping, or

dimensional stabilization of this material are controlled to a great

extent by the ease or difficulty with which fluids enter or leave.

Information on the permeability of wood to fluids should result in

better control of such processes.

In the past, steady-state techniques for determining specific

permeability coefficients have been employed, mainly because of their

simplicity in theory and calculations. Yet actual industrial processes

involve unsteady-state conditions. Unsteady-state methods for

determining permeability values have seen little use because of the

difficulty in obtaining exact solutions for the differential equations

and the requirement of employing a numerical method to analyze the

data.

The present investigation was undertaken, first, to develop a

new and simplified unsteady-state technique for determining the



permeability of wood to water and to compare it to an existing steady-

state method and, second, to enlarge the list of known properties of

wetwood in western hemlock (Tsuga heteroohylla (Raf. ) Sarg) by using

both liquid flow measuring techniques.



II. LITERATURE REVIEW

Investigations of longitudinal liquid permeability of western

hemlock (Tsuga heterophylla (Raf. ) Sarg) do not appear in the litera-

ture. Although, many studies of the mechanism of steady-state flow

of liquids in wood have been carried out (1, 3, 10, 11, 22), apparently

no research on unsteady-state flow of liquids through wood has been

published.

Steady- state Permeability
of Wood to Liquids

Steady-state flow exists when the volumetric flow rate of a

liquid through a porous medium is constant. Earlier researchers

commonly encountered a steadily decreasing flow of liquids through

wood (1, 47, 54), but, more recently, Krier (38) was able to obtain

a flow rate which became constant at some equilibrium position.

Since then, numerous researchers have obtained constant flow rates

for liquids through wood (13, 14, 16, 32, 53) most of which employed

some form of Darcy's law to determine permeability coefficients.

In essence, Darcy's law states that the flow rate of fluid through

a porous medium is proportional to cross-sectional area of the

medium, path length of the medium, viscosity of the fluid, and pres-

sure gradient across the path length (49). The findings of Kelso,

Gertjejansen and Hossfeld (32) indicate that Darcy's law is valid for

3
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determining permeability of wood to liquids provided that: (1) flow

rate is constant with constant pressure over extended periods of

time, (2) flow rate is directly proportional to pressure, (3) reversing

the direction of flow has no effect on flow rate, and (4) the liquid can

be considered incompressible. Comstock (13), using eastern hemlock

(Tsuga canadensis (L. ) Carr. ), was able to obtain constant rates of

flow of water with sapwood and both constant or increasing rates with

heartwood. In addition, he noted that permeability was proportional

to pressure in sapwood but increased disproportionately with increas-

ing pressure in heartwood. Constant flow through the sapwood of

northern white cedar (Thuja occidentalis L. ) was obtained by Sucoff,

Chen and Hossfeld (53), but their data did not obey Darcy's law--above

a given level, the flow rate did not increase as much as predicted

with increases in the pressure gradient. They cited turbulence and

non-linear laminar flow as probable causes of the observed behavior.

Unsteady-state Permeability
of Wood to Fluids

Although unsteady-state procedures represent conditions

occurring in various treatment processes, research concerning the

liquid permeability of wood has generally been carried out under

steady-state conditions because of the complexity of unsteady-state

calculations. Unsteady-state conditions are characterized by values

that are not constant for partial time derivatives of physical quantities
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such as density, pressure, temperature, and volume (49); solutions to

the second order differentials involved must be carried out by

numerical methods.

No unsteady-state studies have been carried out on western

hemlock for liquid or gas. However, two investigations concerning

the unsteady-state gas permeability of other woods appear in the

literature. Resch (46) studied the unsteady-state flow of air, nitrogen,

and butane vapor through Douglas-fir (Pseudotsuga menziesii (Mirb. )

Franco. ) bolts approximately eight inches in diameter. His method

involved pressure measurements taken at three different locations.

He concluded that the problem of unsteady-state flow of compressible

fluids through wood leads to a non-linear partial differential equation.

For radial flow of a homogeneous gas, this equation, transformed

into a finite difference equation and solved by a digital computer,

gave good estimates of pressure levels in wood from which air or

nitrogen gas was withdrawn. His technique was based on earlier

research (2, 48) in which numerical methods were used to describe

unsteady flow of gas through porous media. More recently, Prak (45)

studied the unsteady-state gas permeability of a number of woods.

His method is also based on a differential equation for which no

rigorous analytical solution has been derived. With the aid of a

number of simplifying assumptions he was able to obtain numerical

approximations and find the pressure gradient at different time



intervals.

Factors Affecting the Permeability
of Wood to Liquids

Permeability values are influenced by a number of factors.

Characteristics such as sapwood and heartwood, pit structure and

condition, and the amount and distribution of extractives are of great

importance. Various treatments applied to the wood also alter its

permeability to liquids. In addition, properties such as surface

tension, temperature and gas content of the permeating liquid influence

the permeability of wood to that liquid. Therefore, the apparent

permeability of a given wood to a given liquid is a function of wood

properties, liquid properties, and past-history of the wood.

Wood Zones

6

Sapwood is usually more permeable than heartwood (13, 21, 24,

50). Sapwood permeability decreases with distance from the bark,

increases with height in the tree, and is significantly correlated with

green moisture content, and heartwood permeability is significantly

correlated with density and percent summerwood (13). Erickson and

Balatinecz (22) attribute the difference in heartwood-sapwood perme-

ability to the greater number of aspirated pits, and small size and

number of pores in the pit membranes in the heartwood.

Wetwood. Streaks or pockets of wetwood in the heartwood of
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western hemlock and numerous other species are difficult to dry (44),

but until recently, little research has been directed towards this

phenomenon.

Panshin, DeZeeuw and Brown (44) define wetwood as a zone of

wetter wood generally found in the outer layers of the heartwood. It is

usually darker in color, less acid than sapwood and, in a number of

species, distinctly alkaline. Localized zones of wetwood are gener-

ally restricted to the butt log. Wetwood has a significantly higher

specific gravity than the surrounding normal heartwood (43, 58), and

rates of moisture movement for wetwood are much lower than normal

heartwoods (43, 44).

The cause of wetwood in western hemlock and certain other

species is not known. Some believe that it is pathological in nature

(44) while the work of other researchers (8, 36) seems to discredit

this postulation. Panshin, DeZeeuw and Brown (44) conclude that

since bacteria have always been found in cultures made from wetwood,

most of the properties peculiar to wetwood are due to saprophytic or

weakly parasitic bacteria in standing trees. However, Krahmer (36)

found no significant difference in the number of bacteria between wet-

wood and normal wood. Boyce (8) states that incipient stages of

certain rots appear as water-soaked areas in the heartwood of freshly

felled trees. He adds however, that water-soaked heartwood may be

independent of fungus action and that this applies to "water-core" of



certain western conifers. Wilcox (57) found no significant strength

loss in wetwood of white fir (Abies concolor (Gard. and Glenc. )

Undl. ), so if there is any cell wall degradation it must be small.

These findings seem to deny the role of a pathogenic organism in

wetwood formation.

Pit Structure and Condition

8

Although it is believed by some that the position of tori in

bordered pit pairs has a negligible effect on penetrability (52), it is

generally agreed that bordered pits are one of the most important

factors affecting the permeability of wood to liquids, irrespective of

wood zone (51, 54). Bailey (3) was able to prove, by injecting an

aqueous suspension of finely divided particles and by microscopic

observation of very thin sections under high magnification that the pit

membrane is not entire but perforated with extremely minute openings.

He proposed that formation of gas-liquid menisci in these openings

must prevent penetration. Many researchers have verified his

observations.

Marts (41), using phase microscopy to study the nature of

bordered pits, concluded that what appear to be pit membranes, and

distortion of tori blocking the pit openings, may be important to the

impregnation of wood under pressure.

Still more recently Cvcite/ (17), with the aid of electron microscopy,
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observed that penetration in coniferous woods depends upon lateral

movement between tracheids through bordered pit pairs. In addition,

he hypothesized that lower permeability in the heartwood could

probably be accounted for by incrustation of pit membranes.

The nature of bordered pits and their effect on permeability in

eastern and western hemlock was investigated by Krahmer (34) who

observed that the pit membrane was composed of many strands, that

a well-defined torus was present, and that "torus extensions", thick

supporting bands that radiate from the torus to the pit margin, were

characteristic of hemlock pit membranes. A wart-like layer, which

lines tracheid lumens, and extends into pit chambers is also evident in

hemlock. Krahmer concluded that aspiration and incrustation con-

tribute to pit closure. Although the wart-like projections on pit

borders in hemlock could prevent effective sealing, the deposition of

incrusting materials appeared to plug many of the fine openings which

might have existed between the torus and pit wall. Permeability was

improved by extraction with hot water and organic solvents when pits

were occluded with extractives, but incrustations of ligno-complex

substances in bordered pits, which also reduced permeability, were

not removed by extraction.

c8t4 (18) confirmed the role of the bordered pit, especially the

effect of incrustations noted by Krahmer, on movement of liquid

through the bordered pit-pair. In another paper Krahmer and ate (35)
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state that the rate of intertracheid fluid movement in coniferous heart-

wood can be related directly to the conditions of the bordered pit-pairs.

They define three mechanisms which reduce the capillary size of the

bordered pit-pairs, any combination of which may be present in a

wood species. The mechanisms are: (1) pit aspiration, the displace-

ment of the torus to either of the outer pit apertures--an irreversible

condition; (2) pit occlusion with extractives, the deposition of heartwood

extractives in the bordered pit pairs which occludes both the pit

membrane and small openings between the torus and pit border in

aspirated pits--removable by extraction with hot water and organic

solvents; (3) pit incrustation, the deposition of ligno-complex sub-

stances in bordered pit-pairs which affects the permeability in the

same. manner as heartwood extractives--not removable by water or

organic extraction.

Sebastian, cAt4 and Skaar (50) classified the nature of pit

membranes into three categories: Tl, aspirated and unincrusted;

T2, unaspirated and partly incrusted; and T3, completely incrusted.

T1 types were found mainly in heartwood and were common in low

permeability samples. T2 were characteristic of highly permeable

samples. These were found mainly in sapwood and rarely in heart-

wood. Finally, T3 types occurred in heartwood, but in relatively

small numbers.



Effect of Extractives
11

The amount and distribution of extractives present in wood

greatly influences its permeability. Buro and Buro (11) state that

position of the torus is not the only factor responsible for the

penetrability of the tracheids, but substances deposited in the cells are

of great influence also. Wardrop and Davies (57) concluded that fatty

material lining lumens and pit chambers reduced penetrability of wood

in gymnosperms, but that this could be improved by extraction with

alcohol and ether. Koran (33) also considered the presence of

extraneous materials in capillary structure as being an important

factor prohibiting penetration. Krahmer and GOV (35) concluded that

extractives in the heartwood play a part in blocking the fine structure

of wood. Fogg (24) found that an increase in permeability was closely

associated with loss of weight caused by extraction, particularly in

heartwood samples.

Extractives in western hemlock wetwood. Research has been

published on the characterization and location of extractives in wet-

wood but not on the effect of these extractives on its permeability.

Wetwood has an abnormally high extractive content which is soluble in

organic solvents and which forms heavy depositions in the lumen and

bordered pit membranes (43). The extractives are thought to be made

up primarily of either a- conidendrin or hydroxymatairesinol, a

precursor to 'x-conidendrin (Figure 21). Barton (5) has shown that
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floccosoids in hemlock are made primarily of -x-condendrin. Although

Krahmer (36) reports that floccosoids occur in wetwood of western

hemlock, he is not certain that conide-ndrin is the major extractive

present since it appears primarily in floccosoids, which although they

are present in greater numbers in wetwood still make up less than ten

percent of the wood volume. The relative insolubility of :r-con.idendrin

in water tends to discredit it as the major extractive involved. The

more water-soluble precursor, hydroxymatairesinol, was found to be

much more plentiful in extracts taken from wetwood. In a study just

published by Krahmer, Hemingway and Hillis (37), a microscopic

examination of western hemlock wetwood indicated that the amount of

lignans (matairesinol, hydroxymatairesinol and a-condendrin) was not

related to the occurrence of wetwood but that the location of these

lignans may have some effect on the physical properties of wetwood.

They noted that lignans lined the tracheid walls as surface films, often

incrusted the bordered pits and, because of their location, may affect

liquid permeability.

Treatment Effects

The permeability of wood is altered by a number of treatments.

Erickson and Crawford (23) studied the effects of several seasoning

methods on the permeability of wood to liquids and found that seasoning

generally decreased permeability in sapwood of Douglas-fir and
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western hemlock, and that replacement of water in wood by solvents

before drying prevented a decrease in permeability.

Comstock (16) also noted that sapwood undergoes a drastic

sporadic reduction in permeability during drying and may be less

permeable than heartwood after drying. He attributes this behavior to

aspiration of the bordered pits.

Erickson (20), who examined the influence of storage time and

conditions on longitudinal flow of water through plugs of green sap-

wood of Douglas-fir and western hemlock, was able to maintain test

plugs for several months with little or no loss in permeability by: (1)

slow and fast freezing and then storing in frozen condition; or (2) by

heating wood to 85° C in water and storing it aseptically; or (3) by

storing them in 50 percent ethanol. However, storage in a plastic

bag at 50 C produced lower flow rates after one month and markedly

low rates if no water was in the plastic storage bag.

Effect of Permeating Liquid

Permeability of wood can be influenced by properties of the

permeating liquid as well as wood properties and treatment processes.

Comstock (14) states that permeability is independent of the liquid

used to measure it as long as that liquid does not swell the wood.

Surface tension of a liquid can modify the apparent permeability

of wood. Liese and Bauch (40) found that for bordered pits in
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springwood tracheids of Pinaceae, the surface tension of the capillary

liquid must be at least 26 dynes per centimeter in order to effect pit

closure. Comstock (16) also noted the influence of liquid surface

tension when he found that reduction in permeability of sapwood on

drying could be prevented by replacing water with alcohol before

drying.

Although little appears in the literature, a study by Chen and

Hossfeld (12) indicates that liquid viscosity does not affect permeability

of the wood being measured. They found that the Darcy permeability

of Sitka spruce (Picea sitchensis (Bong) Carr. ) specimens was

independent of the viscosity of aqueous glycerin solutions.

The presence of bubble nuclei in water also has a profound

effect on the permeability of wood to water. Kelso, Gertjejansen

and Hossfeld (32) showed that bubble nuclei can cause blocking of the

flow paths in wood which could explain the constantly decreasing flow

rate observed by earlier researchers. This explanation has been

confirmed by a number of researchers (25, 29, 31, 39, 56).

Resch and Ecklund (47) also attribute a decreasing rate of flow

to the so-called "filter effect" where, due to the pressure gradient

across a sample and to very small pore diameter, air is filtered out

and causes blockage. Such an effect would then appear to be pressure

dependent.

The problem of bubbling is also illustrated in the work of
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Gertjejansen and Hossfeld (27) who observed that filtered aged

distilled water or freshly distilled water did not cause a reduction in

the permeability of pulp pads to water whereas unfiltered aged distilled

water did. They also showed that the size of the blocking agent in

aged distilled water fell precisely within the range obtained for bubble

nuclei in tap water (26).



III. UNSTEADY-STATE FLOW OF WATER
THROUGH A SMALL WOOD SPECIMEN

The unsteady-state flow of water through wood can be defined as

a condition wherein the partial time derivative of flow volume, liquid

density, hydrostatic pressure, or temperature is not constant.

Unsteady-state techniques offer a more realistic means of studying the

flow of liquids through wood, but numerical approximations must be

employed (2, 46, 48) since solutions to the differential equations which

accompany the existing techniques cannot be solved by exact methods.

In this investigation a simple technique for determining the

permeability of wood to water under unsteady-state conditions was

developed using the model illustrated in Figure 1. The model consists

of a pressure cell in which a known volume of air, under pressure,

is separated from a volume of water by a flexible membrane whose

resistance to pressure is negligible. Pressure in the air chamber

provides the force necessary to cause water to flow through a porous

wooden specimen; the amount of water which passes through the speci-

men is equivalent to the increase in volume of the air.

The flow rate, Q, of water through wood is defined as:

dv
Q = -dt

where dv is the volume of liquid which flows through the wood in the

time interval, dt. Assuming that flow of water through a small wood

16

(1)



P =
1

Air

dv
1

- C
dP
p2

Water

Flexible m

Por

--W/////,

embrane

o us wooden plug

P2 = 0

kAP dt
11L

The volume of expansion of the air chamber (dv1) is
equivalent to the volume of water that passes the wooden
plug (dv2) in the time increment, dt.

Figure 1. Model for longitudinal water flow through a small
wooden plug under unsteady-state conditions.
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specimen obeys the integral form of Darcy's law, then:

=
kAP

Q
TIL

where k is the specific permeability; A is the cross-sectional area of

liquid flow; P is the pressure inside the cell with respect to that out-

side the cell (Figure I); 1-1 is the viscosity of the flowing liquid; and L

is the path length (i. e. , specimen length) through which the liquid

must flow. Substituting (2) into (1) yields:

kAP
dv -

L
dt

Equation (3) gives the amount of water that flows through a small

wood specimen in a time, dt, in terms of specific permeability of the

specimen, cross-sectional area of the specimen, pressure gradient

along the specimen, length of the specimen, and viscosity of the

flowing liquid.

Another assumption is that air in the upper compartment of the

cell behaves as an ideal gas according to the ideal gas equation (19):

PV n R T (4)

In order to employ this equation it was assumed that the temperature

in the air compartment of the bomb remains constant throughout the

expansion period. The assumption is based on the premise that

expansion takes place slowly and that the heat capacity of the bomb is

great enough to dampen any temperature effect. Dividing both sides

of (4) by P yields:

18



n RTV -

and differentiating with respect to P gives

dv n RT
dP

Equation (6) reduces tc:

dP
dv = -C

since R (universal gas constant) and T are both constants and

C = n RT. Expression (7) represents the change in volume of the air

chamber with respect to the change in pressure. The minus sign

indicates that as the volume increases, the pressure decreases.

It was further assumed that the increase in volume of the air

chamber corresponds to the volume of water that passes through the

wood specimen. Therefore, equation (3) can be equated to (7).

Consequently

dP kAP-C dtL
P2

dP kA-C
3

dt

Integrating (9) gives2

(-1) kAt + D
2 P2 TILE;

and applying the initial conditions that at tO; P=P.; he initial

pressure inside the cell. Therefore,

or

19



and:

1 kAt 1

2132 T1LC 2P.

Equation (11) suggests that the specific permeability, k, can be
1calculated from the slope of the plot of --z against time provided that

A, 1, L and C (constant) are also known.

The constant C can be determined from equation (4). Since

C = nRT:

PV C (12)

and by substituting the initial pressure difference and the initial

volume of the air compartment into equation (12) a value for C can be

determined.

Working on the premise that a plot of versus time is linear,

the permeability coefficient k can be determined from

2kA slope (S)

k
2A

Values for viscosity (T1 ) are in dyne-sec/cm.2, for length (L) in

centimeters; for the constant (C) in dyne-centimeters; for the slope

(S) in centimeters4/dynes2-sec; and for the cross-sectional area (A)

in square centimeters, This gives the specific permeability in

square centimeters.

Therefore, by using the simple relationship developed here, it

20
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11LC

or
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should be possible to determine permeability coefficients by unsteady-

state means without having to employ the more complex and time

consuming numerical methods of analysis.



IV. EXPERIMENTAL

Materials Preparation

Pieces of green, freshly cut western hemlock (Tsuga heterophylla

(Raf. ) Sarg. ) sapwood, heartwood, and heartwood containing wetpockets

were selected from trimsaw tailings at the Burkland Lumber Company

mill in Turner, Oregon. The wood was sealed immediately in poly-

ethylene bags and stored in a cold-room. Ten blocks measuring two

inches square in the radial and tangential directions by 1-3/4 inches

longitudinally were cut from each of the three zones mentioned above.

Wetpockets in heartwood appeared as darker streaks with a wet,

translucent appearance. A round plug, 3/8 inches in diameter by

1-3/4 inches long, was cut from each block so that it was either all

sapwood, normal heartwood, or wetpocket heartwood; its longitudinal

grain direction was parallel to the plug axis. Each plug was placed in

a coded, glass bottle.

Coding consisted of an alpha-numeric combination. The letter,

which preceded the number, identified the specimen as either sap-

wood (S), heartwood (H), or heart wetwood (HS). The number

indicated the replicate from within a given zone.

Lateral surfaces of plugs were sanded on a lathe to maintain the

circular cross-section and to obtain a tight fit when test specimens

were assembled.
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Each plug was washed with freshly distilled water, immersed

in freshly distilled water in its own coded bottle, and saturated under

vacuum. Saturation was achieved by applying a vacuum in cycles of

approximately 8-12 hours for about three days, until no air bubbles

could be detected on the end surfaces when vacuum was applied.

Assembly of Test Specimens

The lateral surface of each saturated plug was flash dried under

a high intensity heat lamp, the ends were then coated with paraffin,

and the sides were coated liberally with epoxy resin. The plug was

Inserted carefully into a short section (about 1-1/4 inches) of lucite

tubing filled with epoxy to ensure a continuous seal between the plug

and the tube. Excess resin was wiped from the assembly, and the

partially completed test specimen was placed in a hot dry room

(90o F) to cure for 12 hours.

After curing, the lucite tube on each specimen was machined to

approximately 3/4 inches in length leaving roughly 1/2 inch of

exposed wood at each end. About 1/8 inch of wood was removed from

each end with a new razor blade exposing fresh, open surfaces on the

ends of the test specimen. The assembled specimen was placed in

freshly distilled water under vacuum-atmospheric pressure cycling

for an additional 24 hours and then stored under distilled water and

vacuum.



Immediately prior to testing, the remaining exposed wood was

shaved (once again with a new razor blade) from each end of the

specimen, to provide a fresh surface for testing (Figure 2).

Preparation of Water

Since blockage due to air bubbles is an important factor causing

a decrease in steady-state flow, care was taken to remove most of the

air and foreign material from the water. While the ultrafilters could

remove most particulate matter, they were not efficient in removing

dissolved air. This was removed by boiling freshly distilled water

for about three hours, and then drawing it into tank
B1

(Figure 3).

Once in the tank, water was cavitated by subjecting it to mechanical

shock while under vacuum, and the air bubbles formed were drawn off.

This process was continued until bubble formation ceased or dwindled

to a low level. Once the upper tank (B1) was filled and the water

cavitated, it was then emptied into the lower tank (B2) by applying a

vacuum and drawing water through the pressure regulator and ultra-

filter. When the lower tank was full, a shut-off valve at the bottom of

the upper tank was closed. Vacuum was continuously applied to water

in the lower tank while the top tank was being refilled or until an

experiment was undertaken. If there were any appreciable delays

between filling the tanks and commencement of a test, the water in

both tanks was kept under vacuum. As a further precaution, any
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cavitated water used in a determination was never more than 24 hours

old.

Apparatus

The apparatus, which was developed for these experiments,

(Figure 3) is comprised of two systems; one for making steady-state

measurements and the other for unsteady-state measurements.

Specifications of the measuring and recording components are listed

in Appendix I.

Steady- state

The steady-state system can be subdivided into three units

according to function. They are: the pressurizing system, the

specimen holder and pressure measuring unit, and the flow

measurement unit.

A pressure of 40 PSIG is applied to tank B1 (Figure 3) and

reduced to the desired range for a given experiment by a pressure

regulator situated beneath. The ultrafilter (D1 of Figure 3) between

the two tanks eliminates particulate matter from the water and acts as

an air trap as does the second ultrafilter (D2) downstream from tank

B2.

The specimen holder, which is part of the second unit in the

steady-state system was designed to allow the flow direction to be
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reversed. However, due to variation in the apparatus it was found

that flow rate depended on direction. Therefore, with the exception

of some of the earlier experiments, the same flow direction was used

for all tests. A closed manometer (Part F, Figure 3), which is

attached to the upstream end of the specimen holder, is used with a

set of calibration curves to measure pressure at the beginning and end

of each flow determination. The downstream end of a test specimen

was open to atmospheric pressure.

The third component in the steady-state system, the flow-rate

measuring unit (J, K, I, Figure 3), provided a precise means of

measuring flow. When the stopcock is positioned correctly, a float,

which displaces a known volume of water, moves up the column until

it passes between a light source and a photoelectric cell activating a

circuit which opens or closes the relay (Figure 4). The relay serves

as a switch to start and stop a universal counter which registers the

number of cycles of the sine-wave from a signal generator. The out-

put of the sine-wave generator was set at 10,000 Hertz. The period

of the wave was 1/10,000 of a second, and in effect, the combination

of the frequency counter and the sine-wave generator served as a clock

which measured time in 10-4 second units. Timing commenced when

the float (Figure 4) rose up the capillary and broke the beam of light,

and ceased when the bottom of the float moved out of the light beam.

The time required for the float to pass through the beam, as indicated
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by the counter, was equivalent to the time required for the volume of

water displaced by the float to pass through the wood specimen.

Specific permeability was calculated from the values for time and

volume plus the average pressure difference during a test. By

turning a stopcock, the float could be brought back down the tube until

it is below the photoelectric cell. Between runs the stopcock is

positioned so that water can flow through the horizontal tubes into a

beaker. Two calibrated floats permitted measurement of a range of

flow rates. Float volumes were determined five times for each float

by placing a syringe, calibrated in hundredths of a cubic centimeter,

upstream from the measuring unit and determining the amount of water

required for the float to pass across the photoelectric light beam.

Results were averaged to get the volume of water displaced by each

float. The larger float, which displaced 0.40 cubic centimeters, was

used with a seven millimeter (I. D. ) capillary for sapwood and wetwood

permeability determinations. A float displacing 0.02 cubic centi-

meters and a two millimeter (I. D. ) capillary were used to measure

the lower flow-rates of heartwood.

Unsteady- state

The unsteady-state system also contained three components; a

stainless steel pressure cell, the specimen holder, and a transducer

and recorder (Figure 5). The pressure cell is a two-piece unit and,
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when bolted together, consists of two compartments separated by a

thin rubber membrane. Its lower compartment is connected to the

upstream end of a test specimen and a pressure transducer via a tee

joint. The transducer is connected to a stripchart recorder by way of

a balance circuit and a D. C. power supply for the transducer. In

operation, the lower compartment of the pressure cell is filled with

water. The upper compartment contains air under pressure which

acts as a driving force causing the water to flow through the test

specimen. As the volume of the air compartment increases, pressure

in both the air and water compartments decreases. This decrease

with time is recorded on the stripchart recorder.

Procedure

Steady- state

Prior to the start of a steady-state experiment, the system was

flushed with clean, freshly distilled water. After purging, the shut-

off valves at each end of the sample holder were closed and the lucite

tube, which had been in the sample holder during flushing, was

replaced with a prepared test specimen. Air was then flushed from

the downstream side of the test specimen. The pocket of air which

was allowed to remain on the upstream side was forced into the

manometer when pressure was applied and served as a cushion between

the water and mercury.
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Once pressure had reached the desired range, a flow determina-

tion was made, and the total elapsed time commencing with the first

flow determination, was recorded. Flow readings were made at five-

minute intervals for total elapsed times of one hour or less. Where

runs were carried out for more than one hour, determinations were

made at five-minute intervals for the first half hour and then at 10-

minute intervals for the remainder of the time. When the flow rate

was so low that the flow time during a determination exceeded 10

minutes, determinations were made as often as possible within an

approximate two-hour period.

Unsteady- state

Upon completion of a steady-state test, the specimen was left

in the holder, the manometer disconnected, and the counting unit shut

off. The three-way shut-off valve just downstream from the pressure

cell in Figure 3 was then turned to connect the lower compartment of

the cell to the upstream face of the specimen. The valve on the up-

stream side of the cell was opened and the pressure cell was flushed

three times before the lower compartment was filled with prepared

water. A fine rubber diaphram was then carefully placed over the

meniscus, taking care to avoid entrapment of air under the mem-

brane. The upper half of the cell was then replaced and bolted in

position. The transducer power supply was then turned on and the
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bridge was balanced. After this adjustment, the top compartment of

the cell was pressurized to the desired level. A shut-off valve on the

downstream end of the specimen was opened allowing water to flow

through the specimen. Change in pressure was recorded on a strip-

chart recorder.

The duration of these experiments varied from 24 minutes (for

some of the more permeable sapwood) up to 25.5 hours for normal

heartwood and wetwood. Upon completion of an experiment a

specimen was removed from the holder and its dimensions measured

with a micrometer. The cross-sectional diameter was taken to be

the average of four measurements (two on each end of the specimen)

with a . 1 mm reduction for compression and impregnation with epoxy.

Upon completion of steady- and unsteady-state determinations

for sapwood, normal heart, and wetwood groups, unsteady-state tests

were made on four additional wetwood specimens to test the effect of

extractives present in wetwood and to examine the influence of past-

history (prior testing or treatment to which the wood had been

subjected). The preparation of specimens and testing procedure were

described previously. The effect of extractives was examined by

testing two specimens which had been extracted for approximately four

days in a soxhlet apparatus using one part alcohol and two parts

benzene. The influence of past-history was studied by subjecting

the two remaining specimens to unsteady-state conditions only. Two
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determinations were carried out on each of these two wetwood test

specimens, which were end-matched with specimens of wetwood tested

previously.



V. RESULTS

Permeability coefficients derived by steady-state and unsteady-

state means are listed in Table 1. Unsteady-state permeability

coefficients for each curve segment and the weighted averages for

each specimen are listed in Table 2.

Treatment of Data

Steady- state

Specific permeabilities were calculated for each pair of

observations made during a steady-state test using equation (2). In

the calculation, viscosity (centipoise) was assumed to be constant

over all of the experiments; and flow volume was fixed at 0.4 cubic

centimeters (sapwood and wetwood) or 0.02 cubic centimeters

(normal heartwood). These values in the units indicated gave a

specific permeability coefficient in square centimeters.

Unsteady- state

Pressure transducer output potential (OP) is linearly related

to applied pressure. An output of one millivolt is equivalent to 13.26

x 104 dynes/cm2. Using the transducer output potential to represent

pressure does not affect the results since specific permeability is
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a function of slope in equation (11). Therefore, data taken from strip



S - Sapwood; H - Heartwood; HS - Wetwood,
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Table 1. A comparison of premeability values determined by steady-
state and unsteady-state methods.

Specimen

Steady- state
permeability

(initial)
cmz

Unsteady-state
permeability

(average)
cm

S- 1 6.5 x 10-10 35.9 x 10-10
S- 2 12.1 x 10-1° 22.3 x 10-1°
S- 3 11.1 x 38.4 x 10-1°
S- 4 5,6 x 10-1° 23.2 x 10-10
S- 5 3.8 x 2.9 x 10-10
S- 6 13.3 x 10-10 55.2 x 10-10
S- 7 16.1 x 10-1° 73.1 x 10-10
S- 8 14.1 x 10-10 8.7 x 10-1°
S- 9 4.6 x 10-1° 8.1 x 10-10
S-10 9.3 x 10-1° 17,2 x
Average 9. 6 x 10-10 28,5 x 10-1°

H- 8 1.2 x l0-- 5.7 x 10-12
H- 9 0.8 x 10-12 5.2 x 10-12
H-14 7.0 x 10-12 13.8 x 10-12
H-'16 0.5 x 10-12 3, 9 x 10-12
H-19 2.0 x 10-12 6.0 x 10-12
H-22 17.6 x 10-12 25.1 x 10-12
H-24 2.0 x 10-12 24.2 x 10-12
Average 4.4 x 10-12 12.0 x 10-12

HS- 1 6.2 x 10-10 0.8 x 10-10
HS- 2 1.4 x 10-1° 0.4 x 10-1°
HS- 3 2,6x 10-1° 0.4 x 10-1°
HS- 4 13.6 x 10-1° 204 x 10-10
HS- 5 3.5 x 10-10 0.7 x 10-10
HS- 6 8.0 x 10-1° 108 x
HS- 7 6.0 x 10-10 2.6 x
HS- 8 4.4 x 10-1° 100 x
HS- 9 16.5 x 10-1° 27.6 x 10-10
HS-10 2. 9 x 10-1° 1.3 x 10-1°
Average 6.5 x 10-1° 3.8 x 10-1°



(Continued on next page)

Specimen Curve
segment

Permeability
of segment

(crn2)

Average
permeability
of specimen

(cm2)

Sapwood
S- 1 1. 2.01 x

2. 34.77 x 10-1° 35.92 x 10-1°
3. 66. 14 x 10-1°

S- 2 1. 4.81 x
2. 19.05 x 10-10 22.34 x 10-1°
3. 29.42 x 10-1°

S- 3 1. 12.43 x 10-1°
2. 47.98 x 10-1° 38.38 x
3. 23.70 x 10-10

S- 4 1. 13.86 x 10-10
2. 24.60 x 10-1° 23.17 x 10-1°
3. 33.02 x 10-10

S- 5 1. 0.24 x 10-10
2. 3.28 x 10-1° 2.88 x 10-1°
3. 3,46x 10-1°

5- 6 1. 27.05 x 10-1°
2. 59.26 x 10-1° 55.17 x 10-1°
3. 60.80 x 10-1°

S- 7 1. 26.43 x 10-1° 73.11x 10-10
2. 84.09x 10-1°

S- 8 1,
2.

0

9.95 x 10-1°
8.74 x 10-10

S- 9 1. 4.10 x 10-10
2. 7.75 x 10-1° 8.06 x 10-1°
3. 9.08 x 10-10

S-10 1. 14.97x 10-10
2. 29.25 x 10-10 17,20 x 10-1°
3. 3,34x 10-1°

Heartwood
H- 8 1. 10.86 x 10-12

2. 4.94x 10-12 5.70 x 10-12
3. 3.39 x 10-12

H- 9 1. 22.84 x 10-12
2. 3.33 x 10-12 5.23 x 10-12
3. 2.40 x 10-12
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Table 2. Unsteady-state permeability coefficients for each curve
segment and averaged permeability coefficients for each
specimen.



Table 2. (Continued)
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Specimen Curve
segment

Permeability
of segment

(cm2)

Average
permeability
of specimen

(crn2

H-14 1. 37.64 x 10-12
2. 10.85 x 10-12 13.77 x 10-12

H-16
3.
1.

9.03 x 10-12

9.36 x 10-12
2. 3.34 x 10-12 3.92 x 10-1Z
3. 1.82 x 10-12

H-19 1. 6.09 x 10-12 6.01 x 10-12
2. 5.91 x 10-12

H-22 1. 35.44 x 10-12
2. 23.35 x 10-12 25.11 x 10-12
3. 23.70 x 10-12

H-24 1. 48.67 x 10-12 24.25 x 10-12
2. 4.73 x 10-12

Wetwood
HS- 1 1. 1.44 x 10-10

2. 0.75 x 10-1° 0.83 x 10-1°
3. 0,74x

HS-2 1. 0.69x
2. 0.32 x 10-1° 0.35 x 10-1°
3. 0.28 x 10-1°

HS- 3 1. 0.42 x 10-10
2. 0.37 x 10-1° 0.37 x 10-10
3. 0.33 x 10-10

HS- 4 1. 2.37 x 10°10
2. 2.23 x 10-10 2.38 x 10-1°
3. 2.78 x 10-10

HS- 5 1. 1.10 x 10-1°
2. 0.63 x 10-10 0.68 x
3. 0.53 x 10-1°

HS- 6 1. 0.34 x 10-1°
2. 2.03 x 10-1° 1.80 x 10-1°
3. 2.06 x 10-10

HS- 7 1. 3.19 x
2. 2.37 x 10-1° 2.59 x 10-10
3. 2.43 x 10-1°

HS- 8 1. 1.10 x 10-1°
2. 1.00 x 10-10 1.02 x 10-1°
3. 1.12 x
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Table 2. (Continued)

Specimen Curve
S egment

Permeability
of segment

(cm2 )

Average
permeability
of specimen

(crn

HS- 9 1. 33.29 x
2. 32.03 x 10-10 27.62 x
3. 10055 x 10-1°

HS-10 1,

2,
0.99 x 10-10
1.30 v 10-1° 1.34 x 10-10

3, 2.18 x
Additional

tests on
wetwood

HS-2E 1. 2.41 x 10-1°
2. 1.02 x 10-10 1.16 x 10-10

HS-9E
3,
1.

0.81 x 10-1°
112.18 x 10-1°

2. 170,88 x 10-1° 169.84 x 10-1°
3. 249.69 x 10-1°

HS-7R
First run 1. 22.07 x

2. 15.07 x 10-1° 16.35 x 10-1°

Second run
3,
1.

13.74x 10-1°
3.16 x 1.51 x 10-1°

2. 1.25 x
HS- 10R

First run 1. 52.34 x 10-1°
2. 55.14 x 10-1° 59.14 x 10-10
3. 61.56 x
4. 70.68 x 10-10

Second run 1 0.15 x
2. 3,04x 10-10 2.77 x 10-10
3, 7.11x



charts was kept in millivolts and multiplied by a conversion factor

incorporated into the working form of equation (11), to convert it to

pressure in dynes /cm2 .

A linear regression analysis of 1/(0P)2 versus time was

performed, and it was found that the relationship (1/(0P)2 vs t)

consisted of two to three segments (Figures 11, 14 and 17)0 There-

fore, based on the sign of deviation, data were regrouped into a num-

ber of subgroups.

A second linear regression analysis on these subgroups indicated

that curves for each set of data were composed of a number of

virtually linear segments. Almost all of the coefficients of determina-

tion (R2) were greater than 0.90, and the majority of these were 0.98

or better.

From the slope of each linear segment a value for the specific

permeability coefficient was calculated using equation (13) in the

following form

LRS
x (0.528 x 10-6) cm2 (14)
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where d is the specimen diameter in centimeters, and T is a factor

to adjust for the time scale. If the scale is in hours, T ----- 360; and

in minutes, T 6. The other symbols were defined previously (page

20). The numerical constant shown accounted for the conversions

necessary to give specific permeability in square centimeters,

k
d2 T
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Values for pressure (transducer output potential), slope, diameter,

and length were inserted without previous transformations. Deriva-

tion of the units and numerical constant of equation (14) is shown in

Appendix II. Specific permeability coefficients determined in this

manner were weighted by the number of observations in each test

and then averaged to give the weighted mean permeability (k ),avg

which is recorded in Table 1 along with the steady-state results.

Sources of Error

Possible sources of error for steady-state and unsteady-state

experiments can be found in the test specimen, the pressurizing

system, the pressure measuring system, and the timing system.

Some error may have resulted from the allowance for compres-

sion and absorption or epoxy, made on specimen diameter measure-

ments. The measured diameter of all specimens was reduced by

0.01 cm. Although this probably introduced error into the permea-

bility values, it would not affect comparisons of steady-state and

unsteady-state determinations on the same specimen. The value of

0.01 cm was arrived at by measuring a number of zones of compres-

sion around the outer edges of some of the earlier test specimens.

It is estimated that error caused by the reduction factor does not

exceed ± 1 percent. This error is common to both steady-state and

unsteady-state determinations.
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Instability of the pressurizing system for steady-state

determinations may have introduced error because of changes in

pressure during testing. As Comstock (15) points out disproportion-

ately large increases in flow rate with increasing pressure have been

observed. These have been attributed to air bubbles remaining in

the wood. However, since care was taken to remove air from both

the water and wood, the error due to this source was probably small.

A constant error can be attributed to the closed manometer,

which because of its design and the requirement that it be used with a

calibration curve, gave only an estimate of the steady-state pressure.

The manometer was calibrated at a given atmospheric pressure, and

changes over the test period are estimated to have introduced ±

percent error based on barograph readings for that period.

Changes in atmospheric pressure during testing under unsteady-

state conditions was assumed to have no effect because the pressure

difference, rather than absolute pressure, was the quantity being

measured.

A fourth source of error was the timing system. Within this

system error may be attributed to the volume displaced by the wood

float, the signal amplifier-relay circuit, the frequency counter and the

oscillator. The error due to the volume displaced by the float was

constant within each group of specimens tested. However, the error

due to this factor, in normal heartwood measurements was probably
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different from that in sapwood and wetwood readings because a

different float was used. The minimum response time of the signal

amplifier-relay system was 0.0142 seconds. This was thought to

constitute a small source of error. However, the resultant deadband

which accompanied commencement and cessation of timing was self-

compensating provided flow rate remained constant during a timing

run. This was assumed to be true for all but the lowest permeability

specimens, where the small error introduced was considered to be

negligible compared to the relatively long flow time. Another

component of the timing system, the frequency counter, had an

accuracy of ± 1 count and error introduced by this source was also

considered to be negligible. The sine-wave generator had a listed

accuracy of 5 percent, but because the frequency was adjusted to

the desired level on the frequency counter, rather than the frequency

setting on the oscillator, the indicator accuracy had no effect.

Frequency was adjusted to 10, 000 IF 10 cycles. Therefore, an error

of ± 0.1 percent was introduced. Hence, assuming atmospheric

pressure variation is the largest known source of error, steady-state

permeability values probably are in error by approximately ± 2

percent.

The two most probable sources of error in unsteady-state tests

were non-linearity in the recorder (rated accuracy IF 0.3 percent

F.S. ) and non-linearity and hysteresis in the pressure transducer



Sapwood

Results of the two techniques for measuring permeability (Table

1) indicated that sapwood was generally most permeable (avg. 9.65 x

10-10 cm2 steady-state; 28.50 x 10-10 cm2 unsteady-state), followed
-

by wetwood (6.51 x 10-10 cm2 steady-state; 3.79 x 10 10 cm unsteady-

state), which was of the same order of magnitude but usually

appreciably lower. Normal heartwood values were consistently found

to be two orders of magnitude less than those for sapwood or wetwood
-12(4.44x 10-12 cm2 steady-state; 11.98 x 10 cm2 unsteady-state).

In eight out of the ten specimens tested, permeabilities for
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(rated accuracy ± 0.50 percent F. R. ). This implies that errors due

to these sources did not exceed ± 0.3 percent since the transducer

error when reduced to the pressure range used was approximately

± 0.1 percent. Another probable source of error was the restraining

force of the membrane in the pressure cell. This was virtually

impossible to measure, but was probably very small over the

pressure ranges used. Therefore, assuming that the recorder

caused the limiting error and making a small allowance for the

membrane, the error in specific permeability coefficients from

unsteady-state tests is estimated to be less than ± 1 percent.

Observations
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sapwood under steady-state conditions showed a decreasing trend with

time (Figure 6). Test periods for this group ranged from 25 to 120

minutes at pressures of approximately 68.95 x 104 dynes 1cm2 (10

-
PSIG). Initial permeability values varied from 3.8 x 10 10 cm2 to

-10
216.1 x 10 cm.

Results from unsteady-state determinations indicate that

permeability can be considered constant over limited pressure ranges

(Figure 7). In addition, the slope of line segments indicate an

increase in permeability with a decrease in pressure outside of the

limiting pressure ranges. Average permeability values for unsteady-

state determinations are generally higher than the permeabilities

derived by steady-state means (Table 1, Figure 8). Values for the

- -specimens tested were between 2.88 x 10 10 and 55.17 x 10 10 cm2

Initial pressures ranged from 73.087 x 104 dynes /cm2 (10.6 PSIG) to

131.005 x 104 dynes /ccm2 (19.0 PSIG), and testing periods varied

from 24 minutes to 61.2 minutes depending upon the rate of pressure

decrease.

Normal Heartwood

Of ten normal heartwood specimens prepared, only seven were

found to be suitable for testing. The epoxy seal on the other three

appeared inadequate. Five of the seven specimens exhibited constant

or nearly constant flow rates with time, while the other two showed a
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western hemlock sapwood versus time.
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slight decrease under steady-state conditions. It is of interest to

note that those exhibiting constant flow had initial permeabilities
-12 -12 2the range of 0.5 x 10 to 2. 0 x 10 cm (Figure 9) while initial

permeabilities of the ones showing decreasing flow were considerably
-12 2higher (H-14, 7.0 x 10-12 cm2, H-22, 17.6 x 10 cm ). Test

times for normal heartwood ranged from 60 minutes to 124 minutes

and pressure varied from 124. 110 x 104 dynes /cm to 172. 375 x 104

dyn.es /cm2 (10 to 25 PSIG), but generally remained constant during

a single test.

Under unsteady-state conditions with normal heartwood,

I I(OP)2 versus time generally behaved in a more linear manner than

it did with sapwood. However, linearity was also restricted to limited

pressure ranges. The slope of the first segment was greater than

those of succeeding portions, and in general each successive slope

was less than the preceding one (Figure 10). Decrease in slope

outside the low end of the pressure range indicates that permeability

varies directly with pressure outside the limits of linearity. It was

also noted that the difference between slopes of each segment was

usually less than that indicated by the sapwood tests. The weighted

-12mean permeability for the specimens tested, varied from 3. 92 x 10

cm2 to 25.11x 10-12 cm2, and was consistently higher than the initial

permeability under steady-state conditions. Values are tabulated in

Table 1 and shown graphically in Figure li.
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Figure 9. Steady-state, longitudinal, water permeability of western hemlock
normal heartwood versus time.
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Figure 10. Representative curves, for normal heartwood, of the inverse square of transducer
output potential versus time under unsteady-state conditions.



25
fqSteady-

state initial
permeability

H-8 1-1-9

Unsteady-state representative
permeability

/ I/ // P/
H-14 H-16 H-18

Specimen number

Normal Heartwood

H-22 H-24
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state methods for western hemlock heartwood (normal)



Wetwood

Under steady-state conditions, permeability of wetwood speci-

mens decreased with time and exhibited a unique curve shape (Figure

12).

Initial permeabilities were approximately the same as those for

sapwood, but the manner of decrease with time was markedly different
-10ranging from 1.4 x 10 to 16.5 x 10-10 cm2 with those at the lower

end of the range showing a lesser decrease with time.

Times for steady-state tests varied from 120 to 325 minutes at

pressures which ranged from (68.950 to 103.425) x 104 dynes/cm2

(10-15 PSIG). When subjected to unsteady-state conditions, wetwood

gave results which were similar to both heartwood and sapwood

(Figure 13). Generally, the behavior of pressure-time carves was

similar to those for heartwood, but the magnitude of k avg. was the

same as that found for sapwood. With the exception of one specimen

(HS-9), kavg ranged from 0.35 x 10- " to 2.59 x 10-10 cm2, and was

approximately equivalent to the levels of permeability found after 180

minutes of steady-state testing (Figure 14). Initial pressures varied

from (95.496 to 132. 384) x 104 dynes /cm2 (13. 85-19. 20 PSIG) and

test times ran from 14 to 25 hours.
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Figure 12. Steady-state, longitudinal, water permeability of western hemlock wetwood
versus time
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Figure 13. Representative curves, for wetwood, of the inverse square of transducer output
potential versus time under unsteady-state conditions.
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Effect of Extraction

Specimens HS-2E and HS-9E end-matched with specimens HS-2

and HS-9 which had been tested previously, were extracted and

tested under unsteady-state conditions as described under "Proce-

dure. " Specimen HS-2E (Figure 15) exhibited a three-fold increase

in average permeability, but the curve shape was similar to its

=extracted counterpart (HS-2). Specimen HS-9E (Figure 16) had a

seven-fold increase in k avg and exhibited a change in curve shape.

Unextracted specimen HS-9 behaved in a typical wetwood manner with

each successive curve segment showing a lower slope, but extracted

specimen HS-9E performed just the opposite.

Effect of Past-history

Another two wetwood sections (HS-7R, HS-10R) also end-

matched with two previously tested specimens (HS-7, HS-10) were

subjected to unsteady-state conditions only. Results are listed in

Table 3. In both cases the k ls were much higher than those
avg

determined for their end-matched counterparts. A second determina-

tion on each specimen gave results which were approximately

equivalent to those derived from the specimens subjected to both

steady-state and unsteady-state conditions.

Additional Tests on Wetwood
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Figure 15. A comparison of the inverse square of the output potential versus time for
matched specimens (HS-2, HS-2.E) of extracted and unextracted wetwood.
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Figure 16. A comparison of the inverse square of the output
potential versus time for matched specimens (HS-9,
HS-9E) of extracted and unextracted wetwood.



Table 3. Permeability (k) values of two wetwood specimens subjected to unsteady-state conditions
only.

HS-7R HS-10R
First Run Second RunSpecimen Pressure k** Pressure, krange'' range

Segment

The weighted mean was determined by
multiplying the permeability for a given line
segment by the number of observations in that

:1=*2 10-10 segment, adding the products for each segment,cm x and then dividing by the total number of
observations.

0,

1 25-20 22.07 36-20 3016

Segment
2 20-13 15.07 20-13 1.25

Segment
3 13-11 13074 13-11 1.25

Weighted
mean 16035 1.51

*x104
dynes Note:
cm

First Run Second Run
Pressure

range k Pressure
range k

36-14 53.66 36-20 O. 15

14-10 61.56 20-13 3004

10- 8 70.68 13- 2 7.11

59.14 2.77



VI. DISCUSSION OF RESULTS

During the course of this investigation a new technique for

determining the longitudinal permeability of wood to water was

developed and tested. The merits and short-comings of this method

shall be discussed with respect to a steady-state method employed in

this study, as well as unsteady-state techniques which appear in the

literature. In addition, observations were made concerning the

influence of wood zone and past-history on the longitudinal water

permeability of wood; and these will also be dealt with in the course of

this discussion.

Steady-state Versus Unsteady-state

Until recently, most research on permeability of wood to fluids

has employed steady-state methods. To date any unsteady-state

procedures that appear in the literature involve solution of non-linear

differential equations, which because of their complexity, must be

analyzed by numerical methods. An example which emphasizes the

complexity of the published unsteady-state methods is taken from a

study by Resch (45). He derives the following differential equation

for unsteady-state radial flow of a gas through wood:

2 2 2 2

+
a p

1 813 , .4)1 ap
23r r 3r kp at
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where the assumptions have been made that the effective porosity (A),

the viscosity (1), specific permeability (k) and the temperature are

constants, and that Darcy's law is valid. Since direct analytical solu-

tion of this equation was not possible, it had to be transformed into

the following finite difference equation and solved by numerical

methods:

Ar 22 Atkp [ (1 )p
Zr (r(r, t + At) (Ar)2T14)

(ncp (Ar)2 2)
kpt P(r, t)

Ar 2+ (1 + 2r) p (r + Ar, t) ]

Because of the number of calculations involved a computer program

was employed. As can be seen from equation (16) pressure measure-

ments must be made at three different locations. This is impossible

with a small specimen under laboratory conditions. On the other hand

for a practical application, the permeability (k) must be known before

this method can be used.

The unsteady-state method developed during the course of this

investigation is simpler than previous methods. Pressure is mea-

sured at one location only and when used in equation (11) as a function

of time, a value for specific permeability can be determined.

Alternatively, permeability can be arrived at graphically because

it is a function of the slope of curves such as those shown in Figures

7, 10 and 13.

(16)



The unsteady-state method developed here assumes that the

amount of fluid entering the wood at any time is equal to the amount

leaving it at the same instant. It assumes that the pressure

gradient over the length of a small specimen is linear, that is

or

0

aP = constant;ax

and neglects the possible existence of capillary pressure. In reality,

the pressure gradient in wood is not constant (46). In the case of

small specimens such as those used in this study, it is assumed that

the pressure gradient remains constant, and based on this assumption

equation (11) was derived. The experimental results indicate that

over a limited time scale, the relation predicted by equation (11)

appears to be correct. It implies that a partially integrated form of

Darcy's law holds if the specimen length is small enough and the

pressure difference is not too great.

Figures 8 and 11, and Table 1 show that the weighted mean

permeabilities determined by the unsteady-state technique for sap-

wood and normal heartwood specimens were generally two to three

times greater than the initial permeability values arrived at by steady-

state means. However, as can be seen in Figure 14 and Table 1,

unsteady-state values for wetwood are lower than the initial steady-

state values and approximately equal to the steady-state values after
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180 minutes of testing. Since the method of preparation and testing

of the three groups of wood specimens was the same, the cause c,,f the

observed deviation in two of the three groups is probably not due tc,

differences between the steady-state and unsteady-state techniques.

It may result from differences between sapwood, heartwood and wet-

wood; and the manner in which each of these groups reacts to steady-

state and unsteady-state conditions. An explanation of this

phenomenon is not available at present.

Equipment requirements are much simpler for the unsteady-

state method, and it is easier to apply. A short-coming of the

unsteady-state method in the set up used for this study is the length

a time required to complete a single test.

The steady-state technique required 30-180 minutes for a single

test, whereas determinations by unsteady-state means took up to 25

hours to complete for very impermeable specimens. This drawback

may be overcome by restricting the pressure range during a test and

by designing a smaller air chamber for the pressure cell so that

percent change in the volume of air in the chamber will be significant

in a short time

Factors Affecting Flow of
Water Through Wood

Several factors generally considered to influence the flow of

water through wood are blockage due to air bubbles, pit aspiration,



and extractives. The influence of wood zone is superimposed upon

these factors.

Air Blockage

Work by Kelso et al. (32) indicates that air blockage is the

predominant cause of a decreasing flow rate of water through wood

under pressure. They obtained and maintained a constant rate of

flow through seasoned wood under steady-state conditions by taking

appropriate precautions. These precautions, which also were taken

in the present investigation, included removal of air from both the

wood and water (page 24). The influence of air blockage on flow rate

is considered to be negligible, because of the precautions taken and

the observation that bubbles appeared downstream from the first

ultrafilter (D1 of Figure 3) but not below the second ultrafilter (D2 of

Figure 3) or the test specimen. Other factors must be responsible

for the observed changes in permeability.

Pit Aspiration

Bordered pits frequently aspirate during drying. However,

Bailey and Preston (4) show that pit aspiration may be brought about

by applying pressure to a pit membrane, indicating that a hydrostatic

pressure difference across a bordered pit can cause the torus to

deflect toward the downstream border. The amount of deflection
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depends upon both the magnitude of the pressure drop and the number

and thickness of supporting strands in the margo. They calculated

that pressures from just above zero to over 100 psi can cause

aspiration--the more delicate membranes in the springwood pits

being displaced by relatively low pressures, and the thicker mem-

branes of summerwood pits being displaced by higher pressures.

Bailey and Preston neglect completely the time dependent behavior of

the membranes under a constant applied stress.

The decrease in permeability with time, observed in this

investigation, under conditions of constant applied pressure may be

due partially to the time dependent deflection of the tori of bordered

pit membranes and the resulting constriction of the downstream

channel between tori and pit borders.

By analogy, the strands in the membrane suspended across the

pit chamber may be compared to a wood beam fixed at both ends.

Loading of such a beam would result in a deflection which is time

dependent and proportional to a constant load. In essence, wood in the

beam exhibits viscoelastic behavior and creep strain occurs. A

similar situation may exist with unaspirated green pit membranes

under steady-state conditions. The concept of viscoelasticity will be

explained before proceeding with a discussion of the viscoelastic

behavior of green unaspirated membranes and their influence on flow

of water.



Linear ViscoeLasti_y.cit

All materials in nature creep (flow continuously or deflect) in

response to a constant applied force. This is a time dependent

phenomenon and varies with the material. Although some materials

creep very little over long periods, polymeric materials such as wood

exhibit an appreciable deflection in relatively short periods of time

at low levels of loading. Since creep varies directly as moisture

content (50), green or saturated wood should be subject to a relatively

high level of creep.

The concept of a time dependent strain (creep strain) in response

to a constant applied stress, is termed viscoelastic behavior (6) and

can best be described with a model, consisting of two elements, a

spring and a dashpot (Figure 17). The spring represents a Hookean or

perfectly elastic component while the dashpot typifies Newtonian or

viscous flow. The spring tends to deflect instantaneously when a force

is applied but the dashpot, which cannot respond as rapidly, tends to

elongate slowly and steadily in response to the applied force. The

dashpot retards the action of the spring, resulting in a time

dependent elongation that is representative of creep strain., Once

force is removed the process is reversed. The spring, which attempts

to react by contracting immediately, is again retarded by the dashpot.

The contracting force of the spring causes the dashpot to compress,

but because of the nature of the dashpot the process is time dependent.
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This segment of the model represents the concept of creep and

recovery upon removal of an applied stress and is shown graphically

in the lower portion of Figure 17. The upper curve illustrates an

instantaneously applied stress.

An application of the concept of viscoelasticity to the behavior

of green, saturated, unaspirated pit membranes under steady-state

conditions appears to provide a logical explanation for observations of

decreasing flow rate with time.

Viscoelastic Behavior of Unas pirated
Pit Membranes

In an unaspirated bordered pit the membrane will occupy a

median position in the pit chamber prior to the application of force.

Once the strands of the membrane are loaded, they respond to

applied pressure by beginning to deflect or creep in the same manner

as uniformly loaded beams fixed at both ends. As this occurs, flow

paths through the pit become more restrictive to the passage of

water, and a decrease in flow rate accompanies the corresponding

deflection. Thus, a decreasing flow rate which is time dependent

should be observed under steady-state conditions with unaspirated

bordered pits when the pressure drop is great enough to cause

appreciable deflection during the period of testing. Since deflection

of the membrane influences the nature of the flow paths through the

pit, another factor, turbulence amplification, which is itself dependent
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Figure 17. Model for viscoelastic behavior.
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upon the viscoelastic nature of the membrane, may cause further

depression of the flow rate.

Turbulence Amplification

Liquids flow in conductors, in one of two modes, laminar flow

or turbulent flow. In laminar flow, the liquid moves in parallel

layers, or lamina, and flow streams are parallel as the liquid moves

through the conductor. In turbulent flow, on the other hand, fluids

flow irregularly and velocity fluctuations are superimposed on the

main or average flow. This swirling action decreases flow rate

because energy is dissipated by interactions within the liquid.

The term critical velocity is applied to the velocity at which the

transition from laminar to turbulent flow occurs. However, turbulent

flow can be induced at velocities below the critical level by the

introduction of a second stream which is perpendicular to the first.

The turbulence or flow mode amplifier, which is based upon this

principle, is illustrated by the model in Figure 18.

The turbulence amplifier is equivalent to an electronic amplifier

such as a vacuum tube triode (Figure 18). A triode consists of an

anode (plate), a cathode, and a control grid. During normal opera-

tion the anode is positive with respect to the cathode, and electrons

flow from the cathode to the anode. By varying the potential of the

grid, the flow of electrons can be altered. Making the grid less
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negative will make it more positive with respect to the cathode, and

more electrons will flow. Making the grid more negative will have the

opposite effect. The turbulence amplifier operates in a similar

manner except that a liquid is flowing rather than electrons. When

the velocity of the jet issuing from the nozzle is below the threshold

value required for laminar flow, a uniform stream exists between the

nozzle and the receiver (Figure 18). If a disturbance is introduced,

the flow will switch to turbulent.

Under laminar flow conditions the pressure recovery is a

maximum (30). As turbulence increases, recovery lessens until full

turbulent flow results in minimum values of pressure at the receiver.

As will be explained in the following section, turbulence amplification

could conceivably influence the flow rate of water through bordered

pits.

Pit Aspiration and Turbulence
Amplification

Based on the models for turbulence amplification, viscoelastic

pit aspiration, and structure of pit membranes, the following concept

is proposed. A model for turbulence amplification in a bordered pit

is shown in Figure 19. Pores near the outer edge of the membrane

are generally larger than those nearer the torus due to the radiating

nature of the fiber-like strands making up the pit membrane. Initially

the membrane will be considered to occupy a median position in the pit



Figure 19. Proposed model for turbulence amplification in a
bordered pit.
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chamber. Flow paths for liquid would be provided by both the larger

pores near the edge of the membrane (since they would offer less

resistance to the passage of water), and the channel between the down-

stream side of the membrane and the pit wall. Relatively little water

would pass through the smaller pores near the torus at this time.

These pores can be compared to the control jet of the turbulence

amplifier model since water issuing from them would enter perpen-

dicular to the main stream from the large pores. The large pores

are analogous to the nozzle while the pit opening is the equivalent of

the receiver in the model.

Once pressure is applied to the pit membrane creep strain

commences and the membrane begins to deflect towards the down-

stream pit opening. As this occurs the amount of liquid passing through

the larger pores with respect to the volume moving through the smaller

central pores decreases. Due to the shape of the pit chamber a

deflection in the membrane results in a restriction of the flow paths

near its edges. This causes more water to flow through the central

pores and the result is similar to "turning on the control jet shown

in Figure 18. Turbulence is introduced on the downstream side of

the pit membrane, which would tend to further depress flow rate.

As the membrane continues to deflect turbulence would conceivably

become greater until some maximum level is reached. Therefore, in

addition to the viscoelastic effect on flow rate, a secondary factor,



The following discussion attempts to explain experimental

results for each of the three types of wood used, on the basis of the

concepts described above, as well as the role of extractives in

modifying the flow of liquids through wood.

Sapwood

Unseasoned sapwood contains relatively few aspirated pits

whereas unseasoned heartwood has many (36), which is one of the

reasons why sapwood is about 100 times more permeable than heart-

wood. Another important factor may be the extractives in wood.

Sapwood generally exhibited decreasing flow rates with time

under steady-state conditions in this study even though elaborate

precautions were taken to remove air and foreign solids from both the

water and wood specimens. Since blockage was shown to be

negligible the observed decrease in flow under steady-state conditions

is very likely due to a combination of the viscoelastic behavior of

membranes and turbulence amplification effects. This explanation

does not contradict the findings of Kelso, Gertjejansen and Hossfeld

(32), whose work was done on seasoned material. The present study
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was carried out on green saturated material in which pits would be

unaspirated and membranes in a pliable condition, and amenable to

deflection as a result of applied stress.

Evidence of viscoelastic behavior in bordered pit membranes of

sapwood can be seen in the unsteady-state results of this group also,

assuming that bordered pits are generally not aspirated in green

sapwood. As was brought out under RESULTS, one of the features of

unsteady-state pressure-time curves for sapwood is an increase in the

slope of successive linear segments. This implies that specific

permeability, which is directly proportional to the slope of the line

segment, is higher in each successive segment. Specific permeability

appears to remain constant within a limited pressure range but is

higher at lower pressure ranges. If creep strain occurs in bordered

pit membranes when a constant force is applied then some recovery

should occur when the force is removed. As recovery occurs in a

membrane, the flow paths through the bordered pit will become less

restrictive, and the apparent permeability should increase. An

example of this behavior can be seen by examining the results for

specimen S-6 (Figure 7). For the first curve segment (t 0 mins to

t = 3.6 mins. ) the pressure range was (99 to 85) x 104 dynes /cm , and

-the specific permeability was 27.05 x 10 10cm2. However, for the

last curve segment (t = 38.4 mins, to tr-- 45.6 mins. ) the pressure

range was (33 to 29) x 104 dynes/cm2, and the specific permeability



78

was 60.80 x 10-10 cm. Specific permeability for each segment and

kavg values for each specimen are shown in Table 2. Comstock's (15)

findings suggest that the water permeability of sapwood is independent

of pressure provided that sufficient air and foreign matter are re-

moved from the wood and water. However, the maximum pressure he

used was approximately 105 dynes /cm2. Pressures used on sapwood

in this investigation range from 8 to 13 times higher. Therefore, at

the pressure level employed by Comstock creep strain may not have

been observable within the testing time.

If creep strain has occurred, then recovery, or movement of the

membrane back towards a median position in the pit, would follow

when the force due to hydrostatic pressure is removed. Viscoelastic

recovery is also shown in Figure 17. Recovery in a pit membrane

could be represented in a similar manner although the curve would have

to be modified somewhat because the loading force is not being

removed instantaneously but instead, the pressure decreases in a

number of infinitely small steps. This concept is represented

graphically in Figure 20. The upper curve shows the decrease in

pressure with time while the lower represents the corresponding

decrease in strain (deflection). Based on this concept deformation

would become negligible. Therefore, time dependent behavior would

diminish.
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Figure 20. Graphical representation of the time dependent
response of a bordered pit membrane to
decreasing hydrostatic pressure.
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Normal Heartwood

The constant permeabilities observed for the majority of the

heartwood specimens (Figure 9) under steady-state conditions may be

attributed to a number of factors. One of these is the relatively high

degree of pit aspiration which is known to occur in green heartwood

(22). This is generally considered to be irreversible under normal

conditions. Therefore, complete saturation of this material should

not change the situation. Because the majority of pits are aspirated

prior to the application of pressure, the influence of pit aspiration due

to creep strain, on decreasing the flow rate should be greatly reduced.

The nature of normal heartwood pits is another factor which

reduces the amount of creep strain occurring during tests on this

material. Because of deposition of extractives and incrustation,

heartwood pit membranes tend to be thicker and therefore stronger

than sapwood membranes. Depositions also add strength by decreas-

ing the unsupported span of the membrane provided that the modulus of

elasticity of the deposit is substantial. This can best be illustrated

by referring to the simple, uniformly loaded beam analogy. The

maximum deflection of such a beam is given by the following formula

Amax. (at center) - 384E1
5w14

(17)

where w is the load per unit length, 1 is the free span length, E is the

modulus of elasticity, and I is the moment of inertia. As a further
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simplification, the moment of inertia will be taken as that of a

rectangular cross-section. It is given by:

I ---

bh3 (18)

where b is the breadth of the beam, and h is the depth. It can be seen

from equation (17) that any decrease in the free span length (1) will

result in a decrease to the fourth power of the deflection at the center

of the span. Consequently, a small decrease in the unsupported span

of a pit membrane due to the deposition of extractives or incrustations

will result in a very large decrease in the amount of deflection that

would occur in a given time under a given hydrostatic pressure.

Similarly, any increase in the thickness of the strands in the membrane

would be analogous to an increase in the depth of the beam. This

would cause an increase in the moment of inertia (I) to the third power

(equation (18) ) and a corresponding decrease in the maximum deflec-

tion to the third power. Therefore, the influence of extractives in

thickening the membrane and reducing its unsupported span plays a

major role in inhibiting the viscoelastic behavior of normal heartwood

membranes under steady-state conditions.

It was observed that the two heartwood specimens which

exhibited decreasing flow rates (H-14 and H-22 in Figure 9) were

more permeable than the other specimens. Possibly, these two

possessed fewer aspirated pits and had lower extractive concentrations
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in the bordered pits.

Results of unsteady-state determinations on normal heartwood

appear to be in general agreement with those obtained by steady-state

means. Unlike results for sapwood, each successive curve segment

possesses a slope lower than the preceding one. This implies that

flow rate and consequently, permeability varies directly with pressure

outside the limits of linear behavior. These observations do not

contradict the model for viscoelastic behavior if it is assumed that

the majority of pits are aspirated in green heartwood and that

extractives play a major role in reducing deflection of the pit mem-

brane under an applied stress. Therefore, since very little deflection

occurs there can be little or no recovery as pressure decreases.

There will be no increase in flow rate and no apparent increase in

permeability. The cause of the decrease in permeability observed at

lower pressures is not known. It may be due to minor air blockage,

to negative pressure exerted by the expanded rubber membrane, or

to properties of the wood itself.

Wetwood

Wetwood exhibited permeability values, under both steady- and

unsteady-state conditions, that were approximately 100 times higher

than permeability coefficients for normal heartwood. This is a

seeming contradiction in view of the low rates observed in drying
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wetwood or sinker stock above the fiber saturation point (36, 44).

This need not be the case, as will be explained in the section concern-

ing the model for wetpocket formation.

Comstock (15) concludes that the permeability of sapwood is sig-

nificantly correlated with green moisture content. Permeability in-

creases with green moisture content (13), and green sapwood is known to

possess a high degree of anaspirated pits (22). Since wetwood has a

high moisture content, most of the pits in these regions probably are

not aspirated. This may account for the high permeabilities

observed for this material under both steady-state and unsteady-state

conditions.

Under steady-state conditions the characteristic decrease in

permeability with time (Figure 12) is very likely due to two factors.

One is the influence of creep and turbulence amplification on flow rate

as the membrane reacts to constant applied stress. The second

characteristic which may explain the difference between this group and

sapwood is migration of extractives to the surface of pit membranes

during the course of the experiments.

The first factor has been discussed previously. The second

should be examined in a little more detail; but before proceeding with

how extractives affect the permeability of wetwood, the types of

extractives present and their properties will be discussed.

Water which had passed through wetwood specimens was not as
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clear as it had been prior to entering the test specimen, and tended

to foam. This indicated the removal of some of the cold-water soluble

extractives during testing. These extractives may have affected the

permeability determinations since they could change the surface

tension and viscosity of the water as it passed through the specimen.

However, changes in the surface tension and viscosity of water were

not measured.

The three most important extractives in western hemlock belong

in one family, the lignans. They are a-conidendrin, hydroxymatai-

resinol and rnatairesinol (6). Their structures are shown in Figure 21.

The first of these, a-conidendrin is found mainly in the heartwood. It

is relatively insoluble in water, but appears in the tracheids and not in

the ray cells (5, 37). Hence there are two possibilities. Either it is

laid down during the growth of the cell, or it is transported to its

final location by a much more water soluble precursor. Floccosoids,

the whitish flecks that appear in dried hemlock, are composed almost

entirely of ol-conidendrin (5, 37).

The second lignan, hydroxymatairesinol, is found in both heart-

wood and sapwood; but it is in much higher concentration in the heart-

wood. It is present in both zones at five times the concentration of

a-conidendrin. Hergert and Goldschmid (28) found hydroxymataires-

inol to be much more water soluble than a-conidendrin and suggest

that it is the precursor of a-conidendrin.
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Figure 21. Structures of the lignans found in western hemlock (6).
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Matairesinol, the third member of the lignan family found in

western hemlock, is a colorless, solid which appears mainly in heart-

wood, and seems to be concentrated in checks which occur in this

zone. There are negligible amounts present in sapwood. However,

nothing appears in the literature concerning the solubility of this

material, and it is not known how important it is in influencing the

permeability of western hemlock to water.

It was thought earlier (43) that an excess of extractives present

in wetwood was responsible for some of the properties of this

material. However, a more recent study by Krahmer, Hemmingway

and Hillis (37) concludes that there appears to be no observable

difference between the amounts of extractives present in wetwood and

normal heartwood, but the extent to which lignan coatings cover the

pits could well be greater in the wetwood-drywood transition zone.

Since the concentration of lignans appears to be approximately

equal in wetwood and normal heartwood, it is proposed that some of

the properties of these extractives may differ in each of the two zones.

In green wetwood lignans may exist in a gel state, because of the very

high moisture content in this region. If this is the case they would be

more mobile than the lignans in normal heartwood. A second pos-

sibility is that if wetwood is caused by a pathogenic agent (44), the

lignans may be modified in some manner, and rendered more mobile.

In any case greater mobility of the extractives in wetwood (37) would
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account for the observed behavior of this material under steady-state

(Figure 12) and unsteady-state conditions (Figure 13).

Deposition of lignans on the pit membrane would have a great

effect on the flow rate and consequently, the permeability. Poiseuille's

equation states
Trr4P
8r 1L

(19)Q

where Q is the rate of flow, r is the pore radius, P is the applied

pressure, Ti is viscosity and L is path length through pore. Equation

(19) illustrates that any decrease in pore radius would cause a decrease

to the fourth power in the flow rate. This may account for the sharp

decreases in permeability observed for wetwood material under

steady-state conditions (Figure 12).

The results of unsteady-state determinations on wetwood are in

general agreement with those arrived at by steady-state means after

180 minutes of testing. It is of interest to note that although it is

suspected that wetwood pits are unaspirated (as in sapwood), there is

no apparent increase in flow rate with a decrease in pressure. How-

ever, the deposition of extractives may be playing a role. If it is

assumed that extractives are being deposited on the membranes then

there is no reason to expect an increase in flow rate as the pressure

decreases. Even though the membrane may move back toward a

median position in the pit chamber, incrustation by extractives

prevents an increase in flow.
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Results of determinations on two extracted wetwood specimens

lend some support to the argument concerning the influence of

extractives. One of the specimens (HS-9 E) exhibited a high k asavg

did its matched counterpart (HS-9). In addition, the extracted speci-

men gave an unsteady-state pressure-time curve which was similar

to those found for sapwood in that an increase in slope was noted for a

decrease in pressure (Figure 16). It would seem to indicate that the

membrane may be returning to a median position in the pit chamber

and that extractives do influence the apparent flow rate of water in

wetwood. Specimen HS -2E and its unextracted counterpart HS-2 were

much less permeable than the other two; and after extraction, although

an increase in kavg was observed, there was no change in the shape

of the unsteady-state pressure-time curve (Figure 15). However, two

specimens do not provide a large enough sample to either prove or

disprove the role of extractives in wetwood. In addition neither of the

extracted wetwood specimens had been subjected to steady-state test-

ing prior to undergoing unsteady-state determinations and this may

have had some compounding effect on the results.

Of the two additional wetwood specimens (HS-7R, HS-10R)

subjected to unsteady-state testing only (Table 3) higher permeability

values (16.35 x 10-10 cm2 and 59. 14 x 10-10 cm2) on the first runs as
1- 0compared to their end-matched counterparts (HS-7, 2.6 x 10 cm2

-10 2and HS-10, 1.3 x 10 cm ), which had been subjected to both steady-
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and unsteady-state determinations, appears to indicate the influence

of past-history on the permeability of a specimen. This is supported

by the results of a second unsteady-state run on each of these speci-

mens which gave results approximately equivalent to those of their
1-0counterparts in the main experiments (HS-7R, 1.5 x 10 crn2 and

-10HS-10R, 2.7 x 10 cm2 ). In addition, results appear to support

the concept of irreversibility of flow loss when extractives are laid

down. Further tests should be carried out on this group and on heart-

wood where there is a known incidence of pit aspiration.

Model for Wetpocket Formation

Wetpockets are known to cause difficulties in drying and pressure

treating of western hemlock. Research on this problem (43) has

indicated that this material exhibits very low drying rates. Extraction

prior to drying alleviates this difficulty to some degree. A more

recent study (37) concludes that location of lignans (as surface films

on cell walls and pit membranes) not the concentration, may be an

important factor influencing the properties of wetwood and wetpocket

formation. Results of the present investigation indicate that wet-

wood is much more permeable than normal heartwood in the green

condition. Based on the current study and the work of earlier

researchers the following model for wetpocket formation is proposed.

Initially, wetwood would be very much like sapwood except for
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a higher extractives content. The pits would be unaspirated. As

drying starts, either due to heartwood formation in a living tree or to

any other factor which would initiate drying, moisture in the outer

edges of the wet zone would begin to move through the membranes and

cell walls laying down a fine layer of incrustations in these regions.

This would tend to seal the membranes and cell lumens retarding

further moisture loss and in effect sealing in a wet pocket by

encapsulating it within a boundary layer of very impermeable material.

A concept such as this serves as a possible explanation to the

apparent anomaly mentioned earlier. As long as the wood is kept in

green saturated condition it should show a permeability coefficient in

the same order of magnitude as that for sapwood, but once drying gets

under way very low drying rates should result.

This model is offered merely as a means of explanation and

justification of the results with known information concerning wetwood,

and a great deal more research should be carried out on the problem

of wetwood before anything definite can be stated.

Future Research

Results obtained indicate that the unsteady-state method

developed during the course of this work may be considered to provide

an easy means of examining the behavior of wood to liquid under

unsteady-state conditions. This unsteady-state method is simpler and
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easier to employ than the steady-state technique used. Therefore, the

method could probably be adapted to field testing or to a quality control

application in a wood treating plant where materials could be segre-

gated according to their permeability.

Research on the concept of viscoelastic behavior in

unaspirated pit membranes would also be worthwhile, especially if it

were of a quantitative nature.

Information concerning the problem of wetwood in western

hemlock is very sparse, and although results of the present research

added little concrete information, they perhaps shed a little light on

the problem and may point the direction for future research. If a

technique could be developed in order to make electron micrographs

of wetpocket material in western hemlock heartwood in green con-

dition, it should prove very useful in determining the condition of the

bordered pits in this material. In addition, more tests should be

carried out on extracted wetwood so that the role of extractives in

influencing the permeability of this material would be better under

stood, and knowledge of the correlation between permeability,

extractives, and pit aspiration would also be valuable.



VII. CONCLUSIONS

Permeability coefficients derived by the unsteady state method

are higher than those derived by the steady-state technique.

Generally, sapwood of green western hemlock is more per-

meable than wetwood which is, in turn, more permeable than heart--

wood. The same order exists for permeability values determined by

either technique.

Green sapwood and wetwood exhibit decreasing flow rates under

steady-state conditions, whereas the flow rate of green heartwood is

virtually constant.

Longitudinal liquid permeability of wood appears to be influenced

by the past-history of the wood.

Unsteady-state flow of liquid through small wood specimens

(about 3/4 inches) can be described by an equation based upon Darcy's

law.
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APPENDIX I

Specifications of the Measuring and Recording
Components of the Permeability Apparatus

Recorder
Type: Speedomax W
Rated Accuracy: 0.3 percent of scale span

Transducer
Type: Bell and Howell (GEC) -- 4.-312
Pressure Range: 0-50 PSIG
Linearity and Hysteresis: ± 0.5 percent F. R.
Resolution: Infinite

Counter

Type: General Radio -- T1191
Frequency Range: Dc to 20 MHz
Accuracy: ± 1 count ± time base accuracy
Error in Time Measurements: ± 0.3 percent or period divided

by no. of periods averaged for a 40-dB input signal
to noise ratio

Sine-Square Wave Generator

Type: Heathkit
Frequency Range: 20Hz to 1MHz
Response: 1.5 dB
Distortion: <0.25 percent
Accuracy: ± 5 percent
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