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A POROUS MATERIAL is permeated by fluids in response to a 
pressure gradient. Wood is such a material. Permeability is the 

property of a porous material which characterizes the ease with which 
a fluid flows through the material by an applied pressure gradient, 
i.e., it is the "fluid conductivity" of the porous material. of the 
variables controlling the permeability of porous materials, such as beds 
of granular substances, should also apply to wood. However, wood is 
different frmn such materials in it has a biological origin. Thus, 
it was only natural that many investigators studied the permea-

of wood from the of the biologist; so wood soon in-· 
herited a classification in this recognized 
as a substance. 

Although this de separation of wood from other porous 
materials had certain merits, the biological association often impeded 
advancement because any anomaly in its reaction to permeation by 
fluids was often attributed to variation inherent in its biological origin. 

More recent investigators approached the subject from the 
physical scientist's viewpoint but have retained many of the biological 

to explain the behavior of wood as a porous material. 

In the present wood is assumed to obey the same funda-
mental laws which are applicable to a wide variety of rigid porous 
materials. 

W. C. Kelso, Jro and R. 0. Gertjejansen were fonnerly research assistants and R. L. Hossfeld is 
professor, School of Foxestry, Institute of Agriculture, University of N1innesota. 
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Review of Literature 
Investigators commonly encountered a 

decreasing rate of flow, at constant pres
sure, of the liquid through the wood 
(Anderson, et al., 1941; Buckman, et al., 
1935; Erickson, et al., 1937; Sutherland, 
et al., 1934). This decrease occurred 
with all liquids reported, including fresh
ly distilled water. It was rapid at the 
start of flow but leveled off after 30 to 
120 minutes and approached zero flow 
asymptotically. Thus, to evaluate the 
effect of different variables, these investi
gators referred to the latter portion of the 
flow curve as an "equilibrium" condition 
and used its value as the basis for com
parison. 

Several theories were proposed to ac
count for this phenomenon: ( 1) gradual 
swelling of wood, ( 2) pit aspiration, 
and ( 3) pivoting of structural units in 
the wood .so as to offer maximum resist
ance to flow. However, these proposals 
have not been completely satisfactory. 
They· are not entirely consistent with 
hydrodynamical principles which were 
the basis for similar studies of other 
porous materials (Muskat, 1946). 

Another phenomenon encountered by 
early investigators of wood was a dis
proportionate increase in rate of flow 
when pressure was increased, provided 
a decrease in flow with time preceded 
increase in pressure (Anderson, et al., 
1941; Buckman, et al., 1935; Sutherland, 
et al., 1934). For softwoods this phe
nomenon was attributed to a bulging of 
pit membranes (Sutherland, et al., 1934), 
thereby 'increasing the size of the capil
laries through which liquid flows. Ander
son et al. ( 1941), however, showed by 
use of Poiseuille's equation that the de
gree of stretching required to account for 
increased flow is a physical improbability. 
They proposed that fibrous units in pit 
membranes move laterally with increased 
pressure so larger capillaries are increased 
in size at the expense of smaller ones. 

King ( 1899) observed the same phe
nomenon in quarried sandstone. Ruth 
( 1935) analyzed King's data and con-
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eluded that the disproportionality re
sulted from failure to completely evacu
ate air from the test material prior to 
flow studies. 

Krier ( 1951) recently obtained a true 
equilibrium rate of flow through red 
maple. He used freshly distilled water 
and filtered it through a fritted glass 
filter immediately prior to use. Although 
this equilibrium rate was maintained for 
several hours, it represented only about 
one-fifth to one-eighth of the sample's 
maximum rate. 

By shaving the inflow surface of other 
samples after the flow rate decreased to 
a low level, Krier obtained a resurgence 
of flow. This indicated that the zone of 
occlusion was largely localized at or near 
the inflow surface. Photomicrographs of 
sections taken from this same area 
showed extraneous materials in cells. 
Thus, he concluded that the basic cause 
of the decrease in rate of flow of liquids 
through wood was a physical occlusion 
of conducting elements by particles of an 
unknown complex associated either with 
the wood or the liquid. 

Constant flow rates (without any pre
vious decrease) of distilled water through 
green and seasoned sapwoods of western 
hemlock and Douglas fir were recently 
reported by Erickson and Crawford 
(1959). This uniformity of flow was ob
tained at a pressure of 5 em. Hg. The 
water was filtered through a fritted glass 
filter of "fine" porosity immediately be
fore passage through wood. 

"Nearly constant rates of flow" were 
reported by Erickson ( 1960) in a later 
study of the same species using similar 
filtration techniques. However, Erickson 
and Estep ( 1962) have been unable to 
establish constant rates of flow at higher 
pressures in either green or seasoned 
Douglas fir heartwood. 

Prior filtration of distilled water, es
pecially if aged before use, has been 
reported to facilitate its flow through 
other porous materials. Krier ( 1951) re
ported that freshly distilled water passed 



through a coarse fritted glass filter ( 40 
microns maximum pore size) at a rela
tively constant rate but that aged dis
tilled water rapidly blocked the same 
filter. Prefiltration of aged water through 
a filter of smaller pore size allowed it 
to pass through the coarse filter at a 
constant rate. 

Further work led Krier to believe that 
prefiltration removed micro-organisms 
and extraneous materials from the aged 
water which would have blocked coarse 
filter pores. 

Preflltration also improved the passage 
of distilled water through granular beds 
consisting of sand and other minerals. 
Prefiltration eliminated the air evolution 
from the water as it underwent an in
creasing pressure drop in passing through 
the bed. The following quote from page 
90 of Muskat ( 1946) exemplifies the im
portance of this type of blockage: 

One very common cause of the plug
ging of a porous medium upon con
tinuous How of a liquid, as water, 

it, is the evolution of air or 
cu,ou>. v cou in the This 

trapped in the pores of 
medium in the form of smail bubbles 
and may decrease the resultant per-· 

for the liquid to a small 
fraction of its original value. An effec·· 
tive means for eliminating this diffi-
culty is that of distilled water 
and, in addition, it before 
its entry into the tested. 

Workers studying wood were also 
aware that air could be a factor in wood's 
resistance to the passage of liquids 
and took precautions to evacu-
ate the test material prior to studies. 
Some exerted special efforts to deaerate 
the liquid either boiling or prolonged 
evacuation prior to its How through the 
wood. However, Dean (1944) demon
strated that neither procedure is com
pletely effective. And Pease and Blinks 
( 1947) showed that deaeration of water 
by evacuation is successful only if the 

is simultaneously subjected to in
tense :mechanical: shock In all such 
experiments a decided decrease in rate of 
flow with time was still observed. Thus, 
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each investigator believed that air evolu
tion from the liquid as it passed through 
the wood did not account for the de
crease-at least under the test conditions. 

Gas blockage in wood was demon
strated by de Montigny and Maass 
( 1935) through use of a saturated aque
ous solution of carbon dioxide. The solu
tion was forced longitudinally through 
unseasoned heartwood of jack pine at 
pressure gradients of from 2 to 6 atm. 
When the gross pressure differential was 
such that the net pressure on the liquid 
fell below the saturation pressure for the 
gas at a point within the specimen, the 
permeability decreased to a low leveL 
This was attributed to evolution of the 
gas from liquid within the wood. 

Similar studies with saturated aqueous 
solutions of carbon dioxide were reported 

and Botset ( 1936) for sands 
a wide range of porosities. In 

co:mrnentJng on their results, they state: 

At these very low gas-liquid ratios, gas 
graduall.y accumulates in the pores 
until the pressure has built up 
sufficiently high to flush some of the 
bubbles out of the a steady 
state condition Hnally obtained 
in which the bubbles are out 
as rapidly as they are formed. Since 
this steady state is fJ definite character
istic of a given sand and fluid system, 
it has been called "equilibrium per
meability", , . , 

theories advanced to account for 
decreasing permeability differ depending 
upon whether the material under investi
gation was wood or some other porous 
substance. No logical reason appears for 
these discrepancies; and assuming that 
the same variables controlling flow of a 
liquid through sand also apply to wood, 
it should he to demonstrate that 
air blockage an effect upon permea-
bility of wood similar to that described 
for sand. 

Harvey et aL (Part I, 1944) showed 
that particulate matter in water contains 
hydrophobic surfaces which function as 
nuclei for the release of dissolved gas. This 
evidence suggests that particulate matter 



in freshly distilled water could alter the 
permeability of wood either by ( 1) 
physically occluding conducting elements, 
as proposed by Krier (1951), or (2) 
functioning as nuclei for evolution of air 
from liquid as it passes through wood. 

Wardrop and Davies (1958) obtained 
experimental evidence that hydrophobic 
surfaces probably exist in wood. Such 
areas also could function as nuclei for 
evolution of air from liquid as it passes 
through wood. 

Theory of Gas Blockage 1n Wood 
When passing through wood a liquid 

traverses a complex series-parallel ar
rangement of fine capillaries. These capil
laries vary in size and contain numerous 
constricti;ns. If such capillaries are filled 
with liquid, and a gas bubble is caused 
to flow through them, the bubble would 
not pass through the constriction unless 
a certain critical force is exerted on it. 
Distortion of the bubble to drive it 
through would involve increased surface 
energy at the interface between the gas 
and liquid at the small end of the bubble. 
Thus the bubble would transmit less 
energy than it received. 

This incomplete transferal of energy 
by a gas bubble in a liquid-filled capil
lary is known as the Jamin effect. The 
surface tension forces of such a bubble 
are not in equilibrium, the resultant stress 
tending to drive the bubble back and 
out of the constriction. Application of a 
slight external pressure would drive the 
bubble partially into the constriction to 
a position where the distortional surface 
tension forces would be in equilibrium 
with the externally applied pressure. 
Such a system evidently behaves as if 
the capillary contains an obstn.;tction with 
little or no :flow possible until the bubble 
is expelled. In a porous material contain
ing capillaries and bubbles of many sizes, 
each increment of increase in driving 
pressure would therefore open additional 
capillaries to liquid flow. The net effect 
would be a disproportionately greater 
increase in flow rate with applied pres
sure. Such behavior is a necessary char
acteristic of the J amin effect and has 
fundamental relationship to the pressure
rate phenomenon of :fluid flow in wood. 

The Jamin effect might be manifested 
in two ways in permeability studies on 
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wood. Residual gas bubbles in the wood 
at the start of flow could move into con
strictions and reduce permeability by 
physically obstructing liquid flow. One 
would expect such a system to exhibit 
elastic qualities in relation to applied 
pressure. So if flow is started through a 
freshly evacuated sample at a low pres~ 
sure, any subsequent pressure increase 
should cause flow to increase dispropor
tionately to applied pressures. However, 
if flow is started at a sufficiently high 
pressure to expel the bubbles, and the 
driving pressure is then reduced to a low 
level and subsequently increased progres
sively, one would expect flow to be di
rectly proportional to the pressure. 

When a liquid is forced through a pipe 
of uniform bore a uniform pressure gradi
ent develops along the pipe because of 
frictional resistance. If, under conditions 
of constant mass flow, a constriction is 
placed in the pipe the linear velocity 
must increase at the point of constric
tion. According to Bernoulli's principle, 
when the linear velocity of a fluid in a 
conductor is thus increased the pressure 
is decreased accordingly. 

Since wood is composed of a complex 
series-parallel arrangement of such con
stricted "pipes," the size and distribution 
of constrictions in the path of flow should 
considerably influence the linear velocity 
and pressure distribution. It is reasonable 
that if a liquid containing a dissolved 
gas is forced through such a system, con
taining nuclei, dissolved gas may evolve 
from the liquid at a constriction where 
the pressure is below the original satura
tion pressure for the gas. The resulting 
bubbles could then be trapped at the 
next downstream constriction and pro
gressively reduce the wood's permeability 



until a state of dynamical equilibrium 
prevailed. The applicability of such a 
mechanism to porous granular beds has 
been amply demonstrated (Muskat, 1946; 
Ruth, 1935; Wyckoff and Botset, 1936). 

Therefore, resolution of the problem 
of understanding the nature of factors 
which control permeability of wood 

would benefit from an experimental dem
onstration of the applicability of this 
blocking mechanism. The objective of 
research presented in this report was to 
evaluate this applicability and, if pos
sible, demonstrate air blockage as a fac
tor controlling permeability of woods to 
water. 

Experimental Equipment and Materials 
To accomplish the stated objective, a 

first requirement was the development of 
an experimental equipment system which 
would permit: (I) versatility of manipu
lation of fluid flow conditions, and ( 2) 
measurement of fluid flow with a high 
level of confidence. 

A schematic diagram of such an ap
paratus is shown in figure L The liquid 
supply tanks were double-tough Pyrex 
glass pipe. The apparatus was designed 
for a maximum working pressure of 50 
psi.. All lines were constructed of lei--inch 
Saran tubing. Valves were brass and 
other fittings were either of brass or of 
Saran. 

Filtered air was used to force freshly 
distilled water from the supply tanks 
through the filter(s) and the wood. The 
liquid passed from the wood into a flow 
measurement cell which automatically 
emptied after accumulation of a 
termined quantity of liquid. The time 
required for the cell to fill was recorded 
on a time-function recorder. Pressures up 
to 20 psi were measured with mercury 
manometers-electrical contacts in the 
manometers allowing control of pressure 
within 1 mm. Hg. 

Pressures above 20 psi. were manuaHy 
controlled and were measured with pre
cision test gauges (Spec. No. 44056, Fig. 
No. American Machine and Metals, 
Inc., Pa.). The gauges were 
dead-weight tested before use and were 
graduated :in if-psi increments. The mano
Ineters and gauges were placed :in the 
system so that pressure could be con
trailed either upstream or downstream of 
the filters. 

One of the two fluid filters was a 
bench-mounted Millipore unit (Cat. No. 
YY22 142 00, Millipore Filter Corpora
tion, Bedford, Mass.) containing type 
WH Microweb filter medium having an 
average pore size of 0.45 microns with 
a maximum variation of 0.02 microns 
from the average. With this filter, effec
tive filtration was possible without de
aeration of the water as a result of 
measurable pressure drop. 

A special cell was designed to hold 
the cotton filter (figure 2) . Except for 
gaskets and fittings, the cell was con
structed entirely of Plexiglas. The cotton 
filter was confined to a constant length 
of Hf inch in a fr~-inch outside diameter 
tube. The pressure drop across this filter 
was regulated by varying the amount of 
densely packed surgical cotton placed in 
the filter holder. A chamber was provided 
downstream of the filter for collection of 
any air bubbles accumulating and passing 
through the filter. The valve in the up· 
stream block of the cell in figure 2 cor
responds to valve No. 1, figure L When 
this valve was closed Hquid passed 
through both subjecting it to the 
pressure gradient across the cotton filter. 
Opening the valve allowed the liquid to 
bypass the cotton filter. 

The method of electronically measur
ing liquid flow is based on the change in 
screen grid current introduced into a 
crystal-controlled oscillator circuit by 
stray capacitance from the liquid. De-
tails of the oscillator are 
in figure 3 and table Tvvo electrodes 
are positioned at different levels in the 
flow measurement cell. They connect 
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Fig. 1. Schematic diagram of permeability apparatus. 

LIQUID FROM FILTER TO 
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Fig. 2. Exploded view showing methods of mounting cotton filter and wood sample. 1: Plexiglas tube 
sample mount, 1h inch 00 x 2 inches long. 2: cast epoxy seal. 3: wood sample. 4, 5, 6: compres· 
sion fitting, 1h inch 00 to % inch NPT. 7, 8, 19: %-inch nut, washer, and bolt. 9: downstream 
block. 10: air collection chamber. 11: filter holder. 12: rubber gasket. 13: 80-mesh screen support. 
14: cotton filter. 15: filter-retaining plunger. 16: %-inch NPT drain plug. 17: cell cylinder. 18:" 
upstream block. 20: adapter, %-inch 00 flare to % inch NPT. 

----------------



respectively to separate oscillators at the 
output points of the plate tank circuits. 

series resistors R3 and R4. This causes 
a reduction in the negative bias voltage 
on section V3b of tube V3. Section V3b 
now conducts and energizes relay K2. 
Contacts K2a and K2b close and the 
authority for the eventual energizing of 
relay K3 is transferred to relay Kl. 

The oscillators operate at different fre
quencies to prevent interaction and are 
tuned to the point of stable oscillation 
with minimum plate current. When liquid 
touches the lower electrode, the plate 
tank circuit becomes nonresonant and 
the plate current of tube VI increases. 
This results in a corresponding decrease 
in screen grid current. The drop in screen 
grid current decreases the voltage across 

As the measurement cell fills with 
liquid, contact is made with the upper 
electrode, and relay Kl is energized in 
exactly the same manner as relay K2. 
Klb completes the circuit to the time-

Table 1, Description of parts used in electronic control circuits 

Symbol* 

Rlt 
R2 
R3 
R4 
R5 
R6 
R7 

Cl, C2, C3* 
C4 
C5 
C6, C7 
C8 

Ll 

L2 

L3 
L4 

Ml 

Kl, K2 
K3 

Pl, P2, P3 

Xl 
X2 

T1 
T2 

Vl, V2 
V3 
V4 

RFC 

B+ reg. 

"As shown in figure 3. 

Parts 
required 

2 
2 
2 
2 
1 
1 
1 

6 
2 
2 
2 
1 

2 
1 

3 

2 
1 
1 

2 

f Value of all resistors is given .in ohms. 

Description 

lOOK lW 
400 lW 
5K lOW 
5K 12'hW Ohmite type E-0123 
10 lW 
lOK 4W CTS-IRC-type WR 
25K 25W 

0.01 paper 
0.0004 mica padder 
0.002 mica 
20 elect. 450 DCWV 
0.05 600 DCWV 

25 turns #28 enameled 
styrene tube 
28 turns #28 enameled 
styrene tube 
8 Hy. Stancor C-1709 

wire 

wire 

close 

close 

llOV solenoid valve ASCO #826231 

Sarkes-Tarzian M150 

Potter & Brumfield KCP-11 
Potter & Brumfield KRP-11 A 

6V 

3700 KC 
3655 KC 

wound 

wound 

Stancor PC8410 360-0-360¥; 6.3V; 5.0V sec. 

on '¥s-in. dia. 

on '¥s-in. dia. 

Stancor P6465 used as isolation "step up" transformer for 
bias supply 
6F6 
6SN7 GT 
6AX5 GT 

5 mh.-150 ma. 

Heathkit regulated power supply, model PS-4 

t Value of all condensers is given in microfarads. 
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fig. 3. Electronic control drcuits. 



300 

_J 

::2: 
' 3: 

240 

g 180 
lJ_ 

0 
w 
!;;: 
_J 

~ 120 
:::l 
() 
u 
<1 

60 

Identify Flow Rates Shown tn Table 2) 

240 480 720 960 l200 

ACCUMULATED Tl ME- SECONDS 

fig. 4. Calibration of flow measuring <md recordi"g equipment agoinst flow from a conslant-flow lank. 

function recorder 

recorder chart 
the to 
and 
the solenoid 

and contacts K3a 
co:miJleUn,g the circuit to 

valve. The liquid is 

removed 
urement 
tion flask. 

suction from the flow meas-
and .in the collec-

Liquid contact with the upper elec
trode is broken as the cell is 
This reestablishes oscillation in 
tum, breaks the circuit to relay K.L How
ever, relay K3 :is still energized a 
complete holding circuit through contacts 

i<!<Me 2. 51.1lmmary illf ~alibr.,tion O!llf eiett~on!~ fi<llw me<ruuril'iiai Gl'!ld re~o~dh~!J! eq~ipme110t 

~g<J~hll§f fl<ll>w from a ~on~tant~fil~""' tlll!l'lk 

Total tlme for Total vo!Mme far 
20 measuremenl 20 measureme~1t Slcmdmd 

flow qrdes cyde• rlevkat~cn 
rate 

Duplkale D~plkale Duplkale Dupiic<~le 
No. 1 No.2 No. 2 No.2 

~·--·---·--· 

seconds milliliters secmu!s 
A 286 2!i!l 264 265 0.41 0.51 
II 409 402 245 245 0.51 0.32 
c 489 .488 243 243 0.51 0.61 
D 516 573· 240 239 0.40 0.51 
E 726 7211 237 237 0.46 0.51 
F 824 829 235 235 0.61 0.61 
G 962 964 232 232 0.32 0.61 
K 1,196 1,195 232 232 0.46 0.46 

Tot«> I• 5,468 5,467 1,928 1,92!1 
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K3a and K2h. When the liquid breaks 
contact with the lower electrode relays 
K2 and K3 are released and removal of 
liquid from the cell is stopped. As liquid 
continues to flow from the sample, the 
lower electrode again contacts the liquid 
and the operational cycle is restaged. 

This equipment can detect constant 
rates of flow over a wide range with a 
high degree of precision (see the calibra
tion chart, figure 4, and associated table 

. 2) . The small variation in time for suc
cessive measurement cycles (as indicated 
by standard deviation) is not related to 
the electronic equipment but to the pre
cision of removing data from the time
function recorder chart. 

The gradual increase in volume of 
liquid removed from the cell per meas
urement cycle with rate increases is re
lated to the quantity of liquid flowing 
into the cell during the time taken to 
empty it. This characteristic has no effect 

upon the equipment's ability to detect a 
constant rate of flow-the purpose for 
which it was designed-and is important 
only when flow rate changes rapidly with 
time. When the latter condition exists 
frequent measurement of the water in 
the collection flask may minimize the 
error. Or, it may be eliminated by apply
ing a correction factor computed from 
observed rate of flow and the time re
quired for the cell to empty. 

Wood selected for this study was air
seasoned Sitka spruce ( Picea sitchensis) 
heartwood, having an average specific 
gravity ( ovendry weightjgreen volume) 
of 0.31. It represented a rather imperme
able softwood in which air blockage 
should be more easily demonstrated be
cause of the extremely small opening in 
its pit membranes. 

The liquid used was distilled water. 
Except where otherwise indicated, it was 
distilled on day of use. 

Experimental Methods 
Preparation of Cotton Filters 

A known weight of surgical cotton was 
packed in the filter holder, the cell was 
assembled, and the entire unit was evacu
ated over distilled water in a desiccator. 
The cell was submerged in the water 
while maintaining the vacuum. The 
vacuum was released and the filled cell 
was fastened in the permeability appara
tus as shown in figure 1. The filter and all 
lines up to it in the system were purged 
with 600 mi. of distilled and Millipore
filtered water before fastening the sample 
to the downstream block of the filter cell. 

Preparation and Evacuation of 
Permeability Specimens 

Wafers approximately 10 mm. in 
length in the fiber direction were cut 
from the test piece and divided into 
individual specimen blanks. These were 
stored so that end-matched specimens 
could be identified. 

II 

In a typical preparation, the specimen 
blank was evacuated over distilled water 
which had been filtered through the 
Millipore filter, submerged in the water, 
and the vacuum released. One surface 
was shaved on a sliding microtome and 
the blank was dried under cover to equi
librium with room conditions. It was then 
placed over water ih a closed desiccator 
jar until its moisture content was approxi
mately 20 percent. 

A %-inch diameter test specimen was 
then cut from its center with a gasket 
cutter and assembled in the Plexiglas 
tubes (No. I, figure 2) with one-third of its 
length exposed between tube ends. The 
assembly was returned to the desiccator 
jar for an additional 12 hours to allow 
the moisture content to approach fiber 
saturation. The consequent additional 
swelling was sufficient to secure the wood 
against the tube walls so the casting resin 
would not contact end surfaces of the 
wood. 



The wood and tubes were sealed to
gether with Scotchcast :Resin No. 5 (Min
nesota Mining and Manufacturing Co., 
St. Paul, Minn.) . An aluminum foil and 
masking tape form was placed over the 
tubes and adjusted so that resin could 
be retained :in the desired area as it cured 
(see figure . During the curing period 
the shaved of the sample was pro-
tected from dust by placing the assembly 
upright with the shaved end in a petri 
dish containing a little water. 

Samples prepared by this technique 
were tested for leakage at 4"1 psi pres
sure. No leakage around the sample was 
detectable at this pressure. 

The mounted sample was evacuated 
for 15 minutes over freshly distilled and 
filtered water and then submerged in it 
while the vacuum. The 
vacuum was released and the sample 
allowed to stand in the water for 30 
minutes before being attached to the 
downstream block (figure of the cot-
ton filter cell. 

Care was taken that air did not contact 
either face. The tube on 
the downstream end was placed over the 
flow measurement celL Since the Plexiglas 
was not wetted by the water, a meniscus 

could be maintained at the outflow end 
to prevent contact of air with this end of 
the sample during a run. This technique 
aliowed reversing the sample with assur
ance that air did not contact either 
surface. 

Operational Techniques 

The assembled cell was mounted in. 
the and the pressure quickly 

to the desired value. The shaved 
end of a sample was always upstream 
unless otherwise indicated. 

When only the Millipore filter was used 
the pressure control point was immedi-
ately upstream of the sample (figure 1) , 
When both filters were used in series the 
pressure control point was either immedi-
ately of the sample or the Milli-
pore as demanded by the 
ment. change in permeability during-
a run was detected observing the 

tl.m.e on the chart. If the 
sample permeability was changing with 
time, the effluent water was measured 
at the end of each lOth rneasurement 

For constant rates of flovv the 
was measured either at the end 

of each lOth or 20th measurement 

Experimented Results 
PAilT I 

results represent only a 
conducted to 

Only ex
demonstTate the funda

mental principles associated. wlth each 
hi~·''t''""' are included. Each 

Results are 
with confidence that 
the basic phenomena 
bility of wood to liquids. 
will not necessarily be in the 
order of execution. They are arranged in 

·which progressively leads to 
.:;uiC:>uauuu of the effect of air blockage 
upon the longitudinal permeability of 
wood to Hquids. 

In many instances the 
in the represent 
of the observations recorded on the time
function recon:Ier chart. 

Constant Flow of 
'¥Vater Wood 
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The first problem was that of obtaining 
a constant rate of liquid flow through 
the wood. Analysis of the literature sug-

and results of exploratory experi
ments that an con
stant rate of flow of distilled water 

wood should be possible lf one 
control: ( 1) ai.r in the wood, ( 2) 

air in the liquid, and particulate 



Table 3. Summary of data for run No. l7A (sample No. 6-3, length= 0.826 
diameter= 0.950 em.; Millipore filter only; pressure= 48 lb./sq. in.) 

Direction of flow 

Original Opposite Original 

Accumulated Accumulated Accumulated Accumulated Accumulated Accumulated 
time flow time flow time flow 

seconds milliliters seconds milliliters seconds milliliters 

21* 15.3'k 21 15.5 21 15.1 
41 30.6 42* 30.9* 42* 30.3* 
62* 45.9* 63 46.4 62 45.4 
82 61.2 84* 61.8* 83* 60.6 

103* 76.4'' 105 77.3 104 75.7 
123 91.8 126* 92.7* 125* 90.8* 
144* 1 07.1" 147 108.2 145 106.0 
164 122.4 169* 123.6''' 166* 121.1* 
185* 137.7* 190 139.1 187 136.3 
206 153.0 21F 154.5'' 207* 151.4* 
227* 168.3'' 233 170.0 228 166.5 
248 183.6 254* 185.4* 248* 181.7* 
268* 198.9'' 275 200.9 269 196.8 
289 214.2 296* 216.3'' 289* 212.0* 
310* 229.5'' 318 231.8 310 227.1 
331 244.8 340* 247.2* 331* 242.2* 
352* .260.1'' 361 262.7 351 257.4 
374 275.4 383* 278.1* 372* 272.5* 
394* 290.7'' 404 293.6 393 287.7 
415 306.0 426 309.0 413 302.8 

Average rate of flow-m1Jsec. 

0.74 
--·-------------·· 
" Points plotted in figure 5" 

matter in liquid which would serve as 
nuclei for bubble formation" 

Removal of particulate nuclei present
ed no great problem. Ali particles down 
to 0.45 microns or less in diameter could 
be removed by passing the liquid through 
the Millipore filter prior to its passage 
through the wood. 

The majority of the air in the wood 
could be removed bv evacuation. But air 
dissolved in the liq~id presented a more 
difficult problem since prolonged boiling 
or evacuation could not be relied upon 
to produce the quality of deaeration ne
cessary" The classic work of Harvey and 
his coworkers (Part I, II, 1944) sug
gested, however, that dissolved air could 
be retained in solution, even to a degree 
of supersaturation, as it passed through 
wood if: (I) all active nuclei for bubble 
formation could be removed from both 
the liquid and the wood, and ( 2) the 
velocity of flow in the smallest wood 

0.73 0.73 
------------------------·-·-

capillary could not reduce local pressure 
on the liquid to the extent that local 
stress would exceed tensile strength. 
Cavities resulting from such localized 
ruptures in liquid would serve as centers 
for diffusion of air out of the liquid and 
result in bubble formation. 

Rough calculations indicated that the 
possibility of the latter occurring was 
remote. Distilled and denucleated water, 
having a minimum of supersaturation, 
should pass through wood which had 
been exposed only to such water without 
a~y deposition of air in the wood-pro
vided no effective nuclei existed in the 
wood. If a constant rate of :How resulted 
from a technique taking these factors 
into account, one could conclude: 

13 

I. No air evolved from the liquid as 
it passed through the wood. 

2. No effective nuclei for bubble for
mation existed in the wood under the
prevailing hydrodynamic conditions. 



RUN NO. 17A 
SAMPLE NO. 6-3 - SHAVED BOTH ENDS 

FILTER- MILLIPORE ONLY 
PRESSURE - 4 8 LB./SO. IN. 
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Fig. 5. longitudinal flow role of distilled and filtered water through Sitka spruce heartwood. 

Such an experiment was performed. 
Results are given in table 3 and plotted 
in figure 5. This experiment demonstrates 
that: 

• An absolutely constant rate of flow 
of distilled water could be obtained at 
high pressure through seasoned wood by 
using handling techniques. 

• The same How would result regard
less of direction of How. 

e Filtration and handling 
employed would remove from the 
nuclei which might serve as centers 
evolution of air from the liquid. 

• The wood contained no effective 
nuclei under the prevailing hydrody
namic conditions. 

Repetition of this experiment through 
1l pressure range from 14.13 to 236.13 

14 

em. Hg. gave the results summarized in 
table 4 and figure 6. These results appear 
to be the first reported data in which 
constant rates of flow of a liquid through 
wood were obtained throughout a wide 
range of pressures. Individual flow rates 
could be maintained for extended periods 
of time. 

Darcy's Law and the Pressure-Rate 
R.elationship in Wood 

An interesting development from data 
in table 4 :is the relationship between rate 
of flow and pressure (see figure . A 
direct proportionality between pressure 
and flow is indicated with the plot of 
the function passing through the origin. 
This relationship suggests that a quanti
tative representation of permeability of 
wood to liquids should be possible 



Table 4. Summary of data for run No. 178 (sample No. 6-3, length= 0.826 em., 
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diameter = 0.950 em.; Milllpore filter only) 

Total time T9tal volume 
Pressure of flow of flow 

em. Hg. seconds milliliters 

14.3 1,323 52.7 
25.5 1,739 123.3 
36.1 1,224 124.2 
46.7 932 125.1 
57.4 759 126.0 

68.0 636 126.0 
77.9 553 128.7 

98.5 757 213.2 
123.1 624 222.2 
147.7 565 242.7 
172.3 517 258.7 
197.0 462 262.5 
221.6 418 266.4 

236.3 439 295.0 

200 400 600 800 1,000 1,200 

ACCUMULATED TIME-SECONDS 

Average rate 
of flow 

mi./min. 

2.4 
4.3 
6.1 
8.1 

10.0 
11.9 
14.0 

16.9 
21.4 
25.8 
30.0 
34.1 
38.2 
40.3 

-2 

---------I 

1;400 1,600 

Fig. 6. longitudinal flow rate of distilled and filtered water through Sitka spruce heartwood at various.. 
pressures. 
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RUN NO. 178 
SAMPLE NO. 6-3 -SHAVED BOTH ENDS 

FILTER - MILLIPORE ONLY 
ASCENDING PRESSURE 

LL 
0 16-
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PRESSURE- Clv1. HG. 

Fig. 7. P•·essure-ro!e relationship for the longiludinal flow of distilled and liltered wo!er through Sitka 
spruce heo,lwood. 

application of 
1946): 

Law 

K- U Q L 
-· -A (l~P) where: 

K = units. 
u = <CU~VJWI.I:' 
Q = rate of flow in 
L = length of in em. 

law 

A = cross sectional area of material in 
sq. em. 

6P = pressure drop across material in 
atm. 

The following conditions must be satis
fied for application of this law: 

1. The liquid must be incompressible. 
2.. flow must be a char-

acteristic the medium, flow must 
he independent of time. 

3. Flow must be not 
turbulent. 

4. Both liquid and porous material 
must be hom.ogeneous. The 
not liberate an appreciable 
gas in the material so as to reduce :its 
permeability for the liquid. The porous 
material must have the same permeability 
{rom end tc, end. 

Most of these conditions are satisfied 
results :just described for the wood 

used in this study. The viscous nature of 
the flow is indicated by the faet that it 
is to the pressure. IIorno
geneity of the wood's permeability is not 
apparent from data given in figures 6 
and 7 but is illustrated by the uniform 
permeability of end-rnatched samples 
noted in other e2>."Periments. 

Although the Darcy expression for per
meability is open to question where an 
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unsteady flow prevails, it has been uni
formly applied in this study to all condi
tions with explicit acknowledgment that 
its use is technically correct only where 
above conditions are fulfilled. This pro
cedure was followed for purpose of uni
formity of expression. 

The J amin Effect and the Pressure
Rate Relationship in Wood 

The proportionality of flow to pressure 
indicated in figure 7 merits further con
sideration. In softwoods the dispropor
tionality reported by others was attrib
uted to a stretching of the pit mem
branes. If this explanation is correct, the 
phenomenon should have occurred in 
the present experiment. A possible rea
son for this difference was observed 
in some exploratory experiments when 
preexposure of a sample to a high 
pressure increased its permeability at 
a subsequent lower pressure. During 
the same experimental series it was also 
noted that if a decrease in permeability 
preceded an increase in pressure, air bub
bles frequently appeared at the down
stream end of the sample shortly after 
the pressure increase. When interpreted 
according to the Jamin effect, these ob-· 
servations suggested that air was being 
expelled from the wood by the increased 
pressure. Thus, if a small amount of air 
remained in wood after evacuation, the 
preexposure of the sample to 48 psi pres
sure as in figure 5 prior to the pressure 
sequence of figure 6 could have expelled 
this air. Therefore, this could have been 
responsible for the proportionality repre
sented in figure 7. 

Two experiments were designed to 
evaluate these observations. Matched 
samples were prepared and evacuated by 
the usual procedure. Permeability of each 
sample was determined at various pres
sures in an ascending sequence. The se
quence on one sample was started .30 
minutes after evacuation (normal pro
cedure) . The other sample was allowed 
to stand in the water in the closed desic
cator jar for 24 hours after evacuation 
before being subjected to the same pres
sure sequence. The purpose of this delay 
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was founded upon the premise that if air 
bubbles remained in the wood after the 
normal evacuation procedure, they would 
enlarge upon standing as air diffused 
back into the water. This would magnify 
any disproportionality traceable to ex
pulsion of air from the wood as the pres
sure was increased. Results are sum
marized in table 5 and plotted in figure 
8. For comparison, fhe effect of pressure 
is related both to rate of flow in ml.jmin. 
and to permeability in millidarcys. · 

A disproportionality of both flow and 
permeability to pressure is evident, but 
only up to a maximum pressure of 120 
em. Hg. for the normal sequence and 
150 em. Hg. for the delayed sequence. 
Above these critical limits the proportion
ality observed earlier is apparent for both 
runs with identical permeabilities indi
cated for each sample. Standing for 24 
hours after evacuation greatly increased 
the degree of disproportionality up to the 
critical pressure but did not affect perme
ability above this limit. 

The writers suggest that this series of 
experiments confirm the applicability of 
the Jamin effect, in relation to existing 
or evolved air bubbles, as a proper ex
planation of the observed flow-pressure 
disproportionality. If stretching of the pit 
membrane was responsible for the dispro
portionality, one would not expect that 
standing for 24 hours in filtered water 
at atmospheric pressure would increase 
the amount of stretching. The occurrence 
of the Jamin effect is further confirmed 
by the ~bservation throughout this study 
that permeability lost during storage· 
could be largely or completely regained; 
by briefly exposing the sample to a higher 
pressure. A typical experiment represent
ing this observation is recorded in table 
6 and in figure 9 and is described as. 
follows: 

The permeability of the sample was 
first determined with both the Millipore 
filter and a 1.1 gm. cotton filter in the 
system, and with pressure controlled at 
90 em. Hg. upstream to the Millipore 
filter. The assembled sample was then 
stored for 3 weeks over filtered water in 
a closed desiccator jar. Then permeability 



Table 5. Summary of data for ruou No. 37A and 39A (run No. 37A: sample No. 12a4,*

length = 0.907 em., diameter= 0.953 em.,; run No. 39A: sample No. 12-1,* 
length = 0.886 em., diameter = 0.950 em,; Millipore filtel' only) 

Run No. 37A Run No. 39A 
----
Wood Wood 

Pressure Rate of flow permeability Pressure Role of flow permeability 

em. Hg. mi./min. millidorcys em. Hg. mi./min. millidarcys 
25.9 ( 9)t 3.8 238 26.5 (l9)t 3.1 187 
59.5 (20) 9.8 268 51.7 9) 7.4 229 
BO.l (14.) 13 .. 5 274 77.6 9) 12.8 262 
98.2 (20) 17.2 284 103.4 9) 18.1 277 

129.3 (20) 23.7 298 129.3 9) 23.4 288 
155.1 (21) 28.4 299 155.1 9) 29.1 297 
181.0 (20) 33.4 300 181.0 9) 33.8 297 
206.8 (20) 37.9 298 206.8 ( 9) 38.8 298 
228.2 (20) 42.1 300 227.5 (20) 42.5 297 

u The pem1eahility of sample No. 12-l was determined 24 hours following evacuation and that of sample 
No. 12-4 immediately following evacuation. 

l Numbers in parentheses indicate the number of measuren1ents of the rate of flow at each pressure. 

was again determined under the same 
conditions. It was found to be about 
60 percent of the originaL The cotton fil .. 

229 em. Hg. The resulting increase i.n 
permeability was to within 2.5 percent 
of the originaL Pressure was then re
turned to the original value with both 
filters in the system. The permeability 

ter was then eliminated and the 
on the increased to 

RUNS NO .. 37A AND 39A 
SAMPLES NO. 12-4 AND 12 -I -SHAVED ONE END 

FILTER- Ml LL!PORE ONLY 
ASCENDING PRESSURE 

v-Run No. 37A 
50 o-~ Run No. 39A 

~40 
.::?: 

" _j 
.::?: 
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_j 
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u_ 
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--Rate of Flow 

/" 12om 

__ _ /_../// NOTE: The permeability of Sample No. ~a: 
_,- 12 -I(Run No. 39A) was determined 24 

~ hours following evacuation and that of 60 ~ 
__ _..-"/_,.. Sample No. 12-4 immediately following 00 
,-- evacuation. 

o~~~~_ ........ __ ~~--~----~~--~~~~~--~~--~~----~~--~,0 ~ 0 60 90 120 150 180 210 240 
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F;g. 8. Efled of standing after evacuation on the pressure-rate relalionship for the longitudinol flow of 
distilled and filtered water through Sitka spruce heao·!wood. 
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RUNS NO. 33A AND 338 
SAMPLE N0.8-3- SHAVED ONE END 

Fl L TERS- 1.1 GM. COTTON{C) AND/OR M I LLI PORE(MP) 
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Fig. 9. Effect of pressure upon recovery of permeability lost in storage. 
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returned to within 1 percent of the origi
nal until the end of the experiment. 

It does not appear logical that growth 
of microbiological agents could be the 
basic cause of this decrease in permeabil
ity upon storage. If such agents were 
responsible one would not expect appli
.cation of a higher pressure to facilitate 
complete recovery of permeability. 

Deposition of Air in Wood under 
Dynamic Conditions 

The outcome of each exemplary experi
ment already presented illustrates an in
fluence on the fluid flow which may be 
explained by the presence of air bubbles 
in the wood. The bubbles may have been 
either initially present or gradually 

Table 6. Summary of data for runs No. 33A and 338 (sample No. 8-3, length = 0.803 em., 
diameter = 0.950 em.) 

Accumulated Wood Pressure drop Pressure drop 
time permeability across wood across filter(s) 

min.-sec. millidarcys em. Hg. em. Hg. 

run No. 33A 

cotton (1.1 gm.) and Millipore filters 

4-7 308 53.3 36.7 
14-4 317 54.0 36.0 
24-2 309 54.0 36.0 
33-56 312 54.0 36.0 
43-53 311 54.0 36.0 
53-49 312 54.0 36.0 
63-51 311 54.0 36.0 
73-52 311 54.0 36.0 
83-55 306 54.0 36.0 
93-59 306 54.0 36.0 
99-0 309 54.0 36.0 

run No. 338* 

cotton (1.1 gm.) and Millipore filters 

6-22 166 65.3 24.7 
20-58 179 65.9 24.1 
35-21 183 65.7 24.3 
49-42 183 65.5 24.5 
64-2 180 65.5 24.5 
78-24 181 65.5 24.5 
92-43 182 65.4 24.6 

107-5 181 65.3 24.7 
121-25 183 65.3 24.7 
135-48 181 65.3 24.7 
142-58 183 65.3 24.7 

Millipore filter only 
144-1 248 229.4 0.0 
146-29 286 
148-52 294 229.4 0.0 
151-11 302 229.4 0.0 
155-47 302 229.4 0.0 

cotton (1.1 gm.) and Millipore filters 

158-57 296 53.8 36.2 
167-13 304 53.8 36.2 
175-28 302 53.6 36.4 
183-39 307 53.5 36.5 
191-53 306 53.5 36.5 
194-58 307 53.5 36.5 

" Run No. 33B was made 3 weeks after run No. 33A. The sample had been stored during this interval in -
a closed desiccator jar containing water in the bottom. 
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evolved from the liquid at hydrophobic 
surfaces within the wood under static 
-conditions. The following experiments, 
however, consider the possibility of air 
bubbles arising and accumulating in 
wood under dynamic conditions. 

As pointed out in the discusion of the 
gas blockage theory, it should be pos
sible to establish conditions for dynamic 
bubble development within the sample 
by: (I) increasing velocity of flow at a 
given gas saturation of the fluid, or (2) 
establishing a critical pressure gradient 

across the sample. In either case the 
objective is to establish a hydrodynamic 
system so that at some point on the 
pressure gradient through the wood the 
gas saturation pressure would permit 
growth of existing nuclei to bubbles of 
plugging proportions. 

The successful establishment of such a 
hydrodynamic ·system is illustrated in 
table 7 and figure 10. In this experiment 
the sample length of 0.805 em. was 
slightly shorter than the maximum length 
of a tracheid. It was selected so that the 

Table 7. Summary of data for run No. 29A (sample 'No. 8-2, ·length= 0.805 em., 
diameter = 0,953 em.) 

Accumulated Wood Pressure drop Pressure drop 
time permeability across wood across filter(s) 

seconds millidarcys em. Hg. em. Hg. 

cotton (1.1 gm.) and Millipore filters 

shaved surface upstream 
42 503 48.4 46.1 

376 495 49.2 45.3 
714 473 49.8 44.7 

1,077 50.3 44.2 
1,260 456 
1,444 50.7 43.8 
1,812 438 51.2 43.3 
2,180 436 51.4 43.1 
2,550 433 51.8 42.7 

unshaved surface upstream 

2,744 531 18.9 75.6 
3,145 529 19.3 75.2 
3,546 512 19.6 74.9 
3,946 523 19.7 74.8 
4,343 517 19.9 74.6 
4,744 520 20.0 74.5 
5,140 516 20.3 74.2 

Millipore filter only 

5,368 385 93.2 1.3 
5,406 294 
5,452 239 
5,555 207 94.4 0.1 
5,671 186 
5,792 94.5 0.0 
5,982 172 
6,177 94.5 0.0 
6,377 164 
6,577 94.5 0.0 
6,780 159 
6,986 94.5 0.0 
7,195 155 
7,405 94.5 0.0 
7,615 155 
7,825 94.5 0.0 
8,035 155 94.5 0.0 
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linear fluid velocity through the sample 
would be at a maximum for the pressure 
used. Yet, the major volume of flow 
would be through at least two pit open
ings in series as the fluid traversed the 
sample. 

Flow was started through both filters 
with the pressure controlled at 94.5 em. 
Hg. upstream from the Millipore filter. 
After 43 minutes the sample was re
versed. Flow was continued in the oppo
site direction for a similar period of time. 
The cotton filter was then eliminated. For 
the next 48 minutes the water was filtered 
only through the Millipore filter. This 
change allowed the pressure on the sam
ple to increase suddenly from 20.3 to 
94.5 em. Hg. 

The gradual decrease in permeability 
at the start of this run contrasts sharply 
with the constant rates of flow obtained 
through slightly longer samples under 
similar conditions (not shown). The in
creased and more stable permeability ob
tained after reversing direction of flow 
suggests that the blocking agent was 
located in cell cavities exposed at end 
surfaces and could be largely flushed 
out by the flowing liquid. 

Here, again, an interpretation could be 
that the initial decrease resulted from 
accumulation of solid particles rather 
than evolved air bubbles in exposed lu
mens. However, if particulate matter was 
responsible, the inflow surface of every 
sample would have to be backflushed 
with the liquid to remove these particles 
from the open lumens before a constant 
rate of flow could be obtained. That such 
action is not necessary where a lower ve
locity of flow prevails has been ade
quately demonstrated in preceding ex
periments (for example, table 5). 

The rapid decrease in permeability 
upon elimination of the cotton filter may 
be partially explained by the sudden in
creased velocity resulting from sudden 
increased pressure on the sample. It may 
also be explained, however, as resulting 
from an increase in gas tension of the 
fluid. The following experiment separates 
the effect of increased velocity of flow 
from the effect of increased gas tension. 

High velocity flow was started through 
both filters with pressure controlled at 
60.0 em. Hg. at the upstream face of 
the sample and maintained for 27 min
utes. The pressure was then released 
and the system held static for 30 minutes. 
Flow was then resumed with pressure 
on the sample increased to 80 em. Hg. 
and maintained for 20 minutes. After this 
the cotton filter ( LP - 26 em. Hg.) 
was eliminated from the system. Flow 
was continued at 80 em. Hg. upstream 
to the sample for 40 minutes with the 
Millipore filter only. Results are shown 
in table 8 and figure 11. 

A gradual decrease in permeability oc
curred during the initial condition of the 
experiment as in the previous experiment. 
Relaxing pressure and maintaining the 
static condition for 30 minutes reduced 
permeability by approximately 20 per
cent. When flow was resumed at a 
higher pressure, permeability remained 
constant at this new level. 

Increasing gas tension within the 
liquid by eliminating the cotton filter, 
and consequent reduction of the pressure 
on the supply tanks from 106 to 80 
ern. Hg., caused the permeability to de
crease 52 percent within 2 minutes. After 
this sudden initial decrease, permeability 
gradually declined for the next 18 min
utes before coming to equilibrium. This 
was also true in the previous experiment. 
Equilibrium permeability was approxi
mately 43 percent of that previously 
maintained using both filters but repre
sented only .30 percent of the initial per
meability of the sample. The equilibrium 
value for the previous sample was equiv
alent to 29 percent of its initial per
meability. 

The large decrease in sample permea
bility upon standing undisturbed for 30 
minutes, and the following constancy of 
flow, again suggest that air nuclei in the 
wood at the start of flow were responsi
ble for the initial decrease in permea
bility in both experiments. If plug
ging by particulate matter originally in 
the wood was the cause of the initial 
decrease, one would not expect undis
turbed standing at atmospheric pressure 
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Table 8. Summary of data for run No. 12 
{sample No. 4-8, length= 0.744 em., diame

ter = 0.935 em.; pressure = 60 

Accumulated 
time 

min ... sec. 

or 80 em. Hg.) 

Accumulated 
flow 

milliliters 

Wood 
permeability 

millidarcys 

cotton (5.1 gm.) and Millipore filters 

2-6* 
4-13 
6-23* 
8-35 

10-47* 
13-1 
15-17* 
17-34 
19-53* 
22-13 
24-33* 
26-58* 

pressure = 60 em. Hg. 

54 
107 
161 
214 
268 
321 
375 
428 
482 
536 
589 
643 

587* 
583 
569* 
561 
561* 
552 
544* 
540 
532* 
529 
529* 
510* 

pressure released for 30 minutes and then 
increased to 80 em. Hg. 

29-11* 
31-23 
33-36* 
35-49 
38-2* 
40-15 
42-28* 
44-41 
46-55* 
48-35* 

49-25* 
50-35* 
51-46 
55-20* 
58-50* 
62-31* 
66-22* 
70-12* 
74-0* 
77-53* 
81-46* 
85-36* 
89-26* 

696 412* 
749 415 
801 412* 
854 412 
907 412* 
960 412 

1,013 412* 
1,066 412 
1,119 409* 
1,159 411* 

Millipore filter only 

1,172 
1,185 
1,198 
1,238 
1,278 
1,317 
1,357 
1,397 
1,437 
1,476 
1,516 
1,556 
1,595 

274* 
196* 
193 
191* 
196* 
186* 
178* 
179* 
180* 
176* 
176* 
179* 
179* 

" Points plotted in figure 11. 

to further decrease permeability. Further, 
if such particles were responsible, the 
blocking action would have continued 
when How was resumed because no ap
proaching equilibrium was evident when 
pressure was relaxed. · 

Results of numerous experiments have 
shown that if How was initiated through 

either of these samples without the cot
ton filter in the system, the initial de
crease would have been very rapid. Mter 
a few minutes the How would have ap
proached the same equilibrium value as 
that indicated for the above experiments. 

The large decrease in permeability ob
tained by eliminating the cotton filter 
illustrates the principle that changing of 
gas tension within the liquid allowed air 
to be deposited in the wood. The ap
pearance of bubbles in the downstream 
end of the sample tube shortly after the 
bypassing of the cotton filter indicated 
that conditions were suitable for air to 
evolve from the liquid. These bubbles 
apparently evolved after the liquid passed 
through the last pit at the downstream 
sample end. 

In contrast to the previous experiment, 
pressure on the sample was maintained 
at a constant value while eliminating the 
cotton filter. Thus, velocity of How was 
held constant while gas tension within 
the liquid was increased. Nuclei were 
already present in the wood, as evidenced 
by the initial decrease in permeability. 
Therefore, an increase in the gas tension 
of the liquid flowing through the wood 
at a constant pressure would have the 
same effect as relaxing the pressure in a 
static system, i.e., it would allow nuclei 
to increase in size. However, rate of 
growth would be faster under dynamic 
conditions because nuclei would be in 
continuous contact with supersaturated 
water. 

The foregoing experiments served to 
demonstrate that air nuclei existed in the 
wood, even after careful evacuation. 
Their effectiveness in altering the per
meability of the wood depended upon 
existing hydrodynamic conditions. 

Effect of Cavitation by 
Mechanical Shock 

The literature suggests that if nuclei 
were present in the wood they could be 
enlarged by subjecting the liquid to a 
mechanical shock wave as it passed 
through the wood. If the shock was of 
sufficient magnitude, the flowing liquid 
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might be ruptured and caused to cavitate 
within the wood. The resulting cavities 
would serve as additional centers for gas 
to diffuse from the liquid and be de
posited in the wood. 

The first indication that permeability 
might be affected by this phenomenon 
occurred during an exploratory run. It 
was then observed that the permeability 
decreased after lightly tapping the Milli
pore filter with a hammer. Further, if 
pressure on the sample was increased fol
lowing these slight shocks, permeability 
increased and many fine air bubbles 
issued from the downstream sample end. 

Two experiments were performed to 
verify these observations. Samples used 
were the same ones used in previous 
pressure sequences (figure 8) and the 
water was filtered through the Millipore 
filter only. Both freshly distilled and aged 
distilled water were used in the first 

experiment. The aged water had been 
stored for 4 months in a sealed, carefully 
cleaned, polyethylene bottle. It was used 
because of the higher degree of air 
saturation and, thus, greater sensitivity 
to pressure gradient. Because of this 
experiment's importance in representing 
a continuous sequence of operations, 
each dependent upon the other, a general 
summary of results (table 9 and figure 
12) are integrated with the description 
of procedures used. 

At the experiment's start, rate of flow 
was determined through 20 measurement 
cycles using the freshly distilled water. 
Pressure was controlled at 229 em. Hg. 
immediately upstream to the sample face. 
A similar number of measurements of the 
rate of flow of the aged water through 
the wood were recorded at the same 
pressure. Constant rates of flow and 
identical permeabilities were obtained in 

RUN NO. 12 
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Fig. 11. Effects of a temporary relaxation in pressure and a sudden increase in the gas tension within 
the liquid upon permeability. 
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RUN NO. 37B 
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Fig. 12. Effect of mechanical shock upon flow of aged distilled and filtered wote•· through Sitka spruce 
heartwood. 



Table 9. Summary of data for run No. 378 
(sample No. 12-4, length= 0.907 em., di-

a meter = 0.953 em.; Millipore filter only) 

Accumulated Accumulated Wood 
time flow permeability 

min.-sec. milliliters millidarcys 
fresh distilled water 
pressure = 229 em. Hg. 

0.47 22.1 201 (A)* 
1-33 44.2t 205 (A) 
2-19 66.3 205 (A) 
3-5 88.4t 205 (A) 
3-51 110.5 205 (A) 
4-37 132.6t 205 (A) 
5-23 154.7 205 (A) 
6-8 176.8t 210 (A) 
6-53 198.9 210 (A) 
7-39 221.0t 205 (A) 

Average 206t 
aged distilled water:j: 
pressure = 229 em. Hg. 

8-25 243.1 205 (A) 
9-11 265~2t 205 (A) 
9-57 287.3 205 (A) 

10-42 309.4t 210 (A) 
11-28 331.5 205 (A) 
12-13 - 353.6t 210 (A) 
12-58 375.7 210 (A) 
13-44 397.8t 205 (A) 
14-30 419.9 205 (A) 
15-16 442.0t 205 (A) 

Average 207t 
pressure = 91.8 em. Hg. 

19-3 484.5t 199t 
22-53 527.0t 197 
26-44 569.6t 190t 
30-41 612.1t 190 
34-40 654.6t 18'?f 
38-40 697.1t 188 
42-42 739.6t 187t 
46-45 782.2t 186 
50-50 _824.7t 185t 
54-56 '867.2t 184 
55-57 877.7t 183t 

liquid column to wood exposed to 
mechanical shock wave§ 

pressure = 91 em. Hg. 

57-0 888.2t 178t 
58-28 898.7t 127t 
63-23 909.2t 38t 
71-36 919.7t 22t 
84-46 930.2t 13t 

118-2 940.7t 5t 
164-59 951.2t 4t 
239-28 961.7t 2t 

.pressure = 229 em .. Hg. 
242-13 ·.'>it: 972.5t 28t 
245-22 . ':" ~" 983.2 24 
249-4 994.0t 20t 
253-28 1,004.7 18 
258-5 1,015.5t 17t 

Accumulated 
time 

263-9 
268-28 
274-4 
280-1 
286-13 
293-19 

Table 9 (cont.) 

Accumulated 
flow 

1,026.2 
1,037.0t 
1,047.7 
1,058.5t 
1,069.2 
1,080.0t 

Wood 
permeability 

15 
14t 
14 
13t 
12• 
11t 

Filtered air at 44 psi pressure blown through 
sample for 5 minutes. Sample evacuated. 

295-4 
296-48 
298-31 
300-15 
301-59 
303-44 
305-30 
307-16 

Average 

fresh distilled water 
pressure = 229 em. Hg. 

1,133.5t 
1,187.0t 
1,240.5t 
1,294.0t 
1,347.5t 
1,401.0t 
1,454.5t 
1,508.0t 

219 (8)~ 
221 (8) 
223 (B) 
221 (B) 
221 (B) 
219 (B) 
217 (B) 
217 (B) 
220t 

" The A in parentheses identifies the points plotted 
in inset A, figure 12. 

t Points plotted in figure 12. 
t This water was aged for 4 months in a sealed 

polyethylene jug. 
§ The shock was applied by hitting the Millipore 

filter three sharp blows with a hammer. 
1f The B in parentheses identifies the points plotted 

in inset B, figure 12. 

both cases (figure 12, inset A). Pressure 
on the supply tank containing the aged 
water was reduced to 91.8 em. Hg. Flow 
was continued at this pressure for 41 
minutes during which the ·permeability 
decreased slowly and fine air bubbles 
appeared in the liquid flowing out of the 
sample. · 

The liquid column leading to the w_ood 
was then exposed to thie~ successive 
mechanical shock waves by striking the 
Millipore filter sharp blows with a ham
mer. Permeability the:q decreased rapidly 
and masses of fine air bubbles collected 
in the downstream end ''of the -sample 
tube (figure 13). Press~Jre on the sample 
was increased to 229. cnl. Hg. and main
tained at this level for ·so minutes with 
little effect upon pen:i:i~a:g~lity, Air' ~ub~ 
bles continued to flow.· from the down-
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stream end. · /{; ~~t ' "•c 
The sample remain~cl! in the equip

ment overnight with no pressure on that 
part of the system downstream of the 



Millipore filter. It was then removed and 
evacuated. The equipment was cleaned, 
freshly distilled water placed in the sup
ply tanks, and flow initiated through the 
Millipore filter and sample at 44 psi. 
Data for this portion of the run are pre
sented as the timed sequence of photo
graphs illustrated in figure 14. Shortly 
after flow was initiated, masses of air 
bubbles accumulated downstream from 
the sample. 

At the conclusion of the sequence the 
sample was removed from the system 
and purged of liquid in the same direc
tion with filtered air at 44 psi pressure. 
It was then evacuated, replaced in the 
system, and its permeability again de
termined using freshly distilled water. 
Figure 12, inset B, illustrates recovery 
by this process of all the permeability 
lost during the previous part of the 
experiment. 

Recovery of the permeability by pass
ing air through the sample should elimi
nate any possibility that the shock wave: 
( 1) dislodged particles from cell walls 
to block flow channels, or ( 2) caused 
aspiration of pits. 

A similar experiment using freshly 
distilled water is illustrated in figure 15. 
The rapid decrease in permeability after 
mechanical shock was identical with that 
observed for aged water except after
wards no air bubbles appeared down-

stream of the sample. However, when 
the direction of flow through the sample 
was reversed, fine air bubbles issued from 
the "now-downstream" original inflow 
surface. Permeability then increased to 
71 percent of that in the original direc
tion. But it again decreased on continued 
flow to 56 percent. 

Direction of flow was again reversed 
so that the original inflow surface would 
be upstream. Failure to- regain original 
permeability by backflushing the initial 
inflow surface suggests that the shock 
treatment caused the liquid to cavitate 
beyond . the first pit with formation of 
air bubbles within whole tracheids. Re
versal of direction of flow would not then 
remove them from the wood. 

Mter standing overnight in the equip
ment at atmospheric pressure; the sample 
was removed and purged in both direc
tions with filtered air at 44 psi pressure. 
It was then evacuated and placed again 
in the system. Flow was continued 
through several more reversals until per-

. meability in both directions approached 
that of the original. The gradual decrease 
in permeability with the shaved surface 
upstream for the first two reversals after 
exposing the sample to the filtered air 
was caused by failure of the reevacuation 
to remove all air from the sample after 
purging. An additional evacuation re
sulted in constant flow in both directions. 

Fig. 13. Air bubbles in downstream end of sample tube after subjecting aged and filtered distilled 
water to mechanical shock as it passed through the wood. 
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Fig. 14. Rate af accumulation of air bub
bles. Sample No. 12-4 had been 
reduced in permeability to aged 
and filtered distilled water by 
exposing the flowing liquid to 
mechanical shock. After stand
ing flow of freshly distilled 
water was initiated with conse
quent downstream bubble forma
tion. 

Data for figure 14 (sample No. 12-4, 
length = 0.907 em., diameter = 
0.953 em.; Millipore filter only; 

pressure = 44 psi 

Fig. Accumulated Accumulated 
No. time flow 

min.-sec. milliliters 
14A 0-0 0 

148 24-36 136 

14C 32-56 181 
140 48-39 271 

14E 97-44 555 

29 



480 

400 

_j 
::2 320 

RUN NO 398 
SAMPLE NO. 12-1-SHAVED ONE END 

F I L TER - M I LLI PORE ONLY 
PRESSURE- 43-44 LB./SO. IN. 

o-Unshaved Surface .Upstream 
v-Shaved Surface Upstream 

8 

@-Liquid Column to Wood Exposed 
to Mechanical Shock Wave 

@-Filtered Air at 44psi Pressure 
Passed Through Wood 

01~--~----~--~----~--~----~--~----~--~----~ 

{/)300 

~ 
<t: 
e24o 
..J 
..J 

.::2 

~ 180 

..J 

~ 
w 120 
::2 
a: 
~ 
0 60 
0 

~ 

j--see Note--j /Sample E~ted ~ 

I""1 ~I \1 
'f'-..,_ I \ I \ I 0--0 
1'\ I\ I~ 
1 I I 0-o--6 
I \ I 
I~ 

~I ® 
o.J~ 

NOTE: r;>uring thi~ part of the run the 
l1qu1d flowmg from the wood 
contained masses of very fine 
air bubbles. 

40 60 80 100 120 140 

ACCUMULATED TIME- MINUTES 

? 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

'[ 
180 200 

Fig. 15. Effect of mechanical shock upon flow of freshly distilled and filtered water through Sitka 
spruce heartwood. 

When the permeability with the shaved 
surface upstream became constant, the 
liquid column to the wood was exposed 
to the same shock treatment as that ap
plied with the unshaved surface up-

30 

stream. Permeability decreased rapidly as 
was true with How in the opposite direc
tion. Purging the sample again with fil
tered air returned the permeability to the 
original value. 



Table 10. Summary of data for run No. 398 
(sample No. 12-1, length= 0.886 em., di-

Table 10 (cont.) 

ameter= 0.950 em.; Millipore filter only; Accumulated Accumulated Wood 

pressure= 43-44 lb./sq. in.) ~-t_im_e ______ fl_o_w _____ pe_r_m_e_a_b_il_ity_ 

Accumulated Accumulated Wood 
time flow permeability 

min.-sec. milliliters !llillidarcys 

unshaved surface upstream 
0-32 22.0 289 
5-22 220.0 289 

liquid column to wood exposed to 
mechanical shock wave* 

5-38 230.2 270 
6-12 240.3 123 
B-54 250.5 27 

13-16 260.7 17 
18-25 270.9 14 
24-45 281.0 11 
33-39 291.2 8 
44-48 301.4 6 

shaved surface upstream 
45-10 312.0 205 
48-38 407.4 188 

unshaved surface upstream 
49-6 418.0 161 
53-22 513.4 161 

filtered air at 4,4 psi pressure passed 
through wood 

shaved surface upstream 
54-52 572.4 278 
60-55 808.4 270 
65-34 985.4 264 

unshaved surface upstream 
67-30 1,043.9 214 
73-21 1,219.4 211 
81-17 1,453.4 211 

shaved surface upstream 

82-45 1,513.9 294 
88-39 1,755.9 288 
93-10 1,937.4 285 

sample evacuated 
unshaved surface upstream 

94-57 1,996.4 234 
100-15 2,173.4 236 
107-22 2,409.4 234 

shaved surface upstream 
108-51 2,468.4 281 
113-15 2,645.4 284 
119-11 2,881.4 281 

unshaved surface upstream 
120-51 2,940.6 255 
125-50 3,118.4 255 
132-36 3,355.4 254 

shaved surface upstream 
134-2 2,315.4 303 
138-20 3,595.4 303 
144-7 3,835.4 296 
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unshaved surface upstream 
145-23 3,882.8 271 
150-27 4,072.4 268 

shaved surface upstream 

151-34 4,120.4 302 
156-20 4,324.4 297 

liquid column to wood exposed to 
mechanical shock wave* 

156-37 
156-56 
157-25 
158-37 
162-7 
171-59 
196-47 

4,335.8 
4,347.1 
4,358.5 
4,369.9 
4,381.3 
4,392.6 
4,404.0 

279 
250 
163 
66 
23 

8 
3 

At this point filtered air at 44 psi pres• 
sure was passed through the wood to re
cover the permeability lost by the mechani
cal shock treatment. 

~ The shock was applied by hitting the Millipore 
:filter three sharp blows with a hamn1er. 

Both foregoing experiments demon
strate that exposure of the liquid to an 
intense shock wave as it passed through 
the wood caused permeability to decrease 
within a few minutes to only a small 
fraction of the original value. The fact 
that air readily passes through a sample 
blocked by this technique supports the 
hypothesis that cavitation of the liquid 
and consequent air entrainment is largely 
responsible for this sudden decrease. 

PART II 

Confirmation of Air Blockage by an 
Independent Technique 

Substantial evidence has alreadv been 
presented that accumulation of air-within 
a wood sample was responsible for the 
observed decrease in rate of flow. How
ever, it would be desirable to confirm the 
presence of air bubbles by an inde
pendent technique. 

Study of the literature suggested that 
the most logical method would be to use 
conductivity measurements; that is, em
ploy the liquid-filled wood as an electrical 
conductor. Accumulation of air bubbles 



fig. 16. Exploded diagram of the conductivity oell. 1: Va inch ID flared to Ys-inch NPT adapter. :2: 
Plexiglas end ::l.: two-way Y,-indt brass ·1olve. 4: 14 kcoml' gold electrodes. !'h Plexiglas 
·Bange plates. washers. 7: woad sample, 1 trl1. in !!: %-inch ID poly-
siy,·ene tube 8 mm. length. 9: '/.t-inch square nut cadmium plated. w-inch steel washer 
cadmium ploi'ed. 11: %-inch threaded rad cadmium plated. 

Flange plates, with electrodes in place, were cemented to the Plexiglas end plates with Plo;~xi
glas solvent. Grooves for the gold eledrode wires were filled wilh !17 Plexiglas ceme11t. 

would reduce the cross sectional area 
available for liquid flow and for electric 
current flow. 

Wyckoff (19:36), in his of per·· 
meability of various sands to carbon 
dioxide-saturated electrolyte, employed 
conductivity measurements to determine 
the amount of carbon dioxide 
from the liquid. He observed that con
ductivity and rate of liquid flow through 
the sand column decreased as carbon 
dioxide evolved from electrolyte solution. 

Briggs ( 1928) measured the conduc-
of cellulose plugs for computa.tion 

of zeta He found that the spe-
cific of liquid in cellulose 
plugs was greater than the specific con-

3,2 

ductivity of the liquid alone. He attribu
ted this effect to surface conductance 
along the electrokinetic double layer. 

Anderson ( 1941) studied the effect of 
electrokinetic phenornena upon flow of 
distilled water and electrolyte solutions 
through wood. He found that conduc
tivity decreased as rate of How decreased. 
He ~ttributed this to a leaching oE elec·· 
trolytes from cell 'Nal1s and to a decrease 
in the cross sectional area of the wood 
sample. Anderson assumed that he vvas 
working in the absence of dissolved air 
and particulate matter. So he theorized 
that the decrease in cross sectional area 
was due to a pivoting of structural units 
in pit membranes to offer the greatest 



resistance to liquid and electrical cur-· 
rent flow. Since the present study gives 
strong evidence that occlusion by air 
was responsible for the decrease in rate 
of flow, the decrease in conductivity ob
served under similar conditions by Ander
son was probably due to formation of 
air bubbles. 

Table 11. Summary of data for run No. 12c 
(sample No. 11-7, dialyxed, length = 1.06 

em., diameter= 0.945 ~m.) 

Experimental Method and Results 

The equipment used in this part of 
the study was basically the same as that 
described in figure 1. There were two 
modifications: (I) a conductivity cell 
(figure 16) was used in place of the 
cotton filter cell, and (2) a Heathkit 
Model 18-2A Impedance Bridge was 
used for resistance measurements. 

The Impedance Bridge was equipped 
with an internal 1,000 cycle a.c. signal 
generator and an internal detector circuit. 
The detector circuit used a meter as a 
null point indicator. In all resistance 
measurements the 1,000 cycle a.c. volt
age was used in the bridge circuit to 
prevent polarization of electrodes. 

Accumulated 
time 

min.-sec. 

7-26 
16-17 

20-00 
23-10 
28-05 
36-38 
45-20 
54-07 
62-57 
67-36 
73-21 
77-22 
83-36 
98-36 

113-36 
130-40 
134-55 
139-10 
147-45 
152-01 
158-20 

Permeability Conductivity 

millidarcys 10-c mho. 

62 4.88 
56 4.76 

102 4.88 
4.44 

96 4.08 
92 3.77 
91 3.60 
88 3.58 
88 3.58 
82 3.38 
78 3.36 
77 3.33 
73 3.29 

3.15 
3.15 

74 3.17 
3.17 

72 3.08 
71 2.96 
72 2.92 
72 2.67 
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Fig. 17. The relationship between conductivity and permeability of a dialyzed wood sample. 
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Table 12. Summary of data for r~n No. 23 
(sample No. 12-8, length = 1.06 em., diame

ter = 0.945 em.; 0.01 N KCI) 

Accumulated 
time Permeability Conductivity 

min~-sec. millidarcys 10-• m.ho. 

1-31 . 136 50.00 
3-48 90 
6-52 67 48.08 

14-38 50 46.51 
23-28 46 45.77 
33-42 39 45.35 
39-42 34 45.25 
42·40 45.66 
45-41 48 45.45 
53-01 48 45.45 
60,23 48 45.45 
62-23 44.74 
65-23 44.15 
69-23 43.76 
73-23 44.94 
75-23 45.45 
80-23 44.25 
84-23 43.86 
86-53 44.84 
89-23 45.45 
99-23 43.76 

For simplicity and accuracy, resistance 
was measured during actual How. How
ever, the possibility that streaming po
tentials of significant magnitude could 
develop and thus interfere with the re
sistance bridge had to be considered. 
Preliminary experiments with fresh dis
tilled water showed that if flow was: 
stopped and- electrodes immediately 
shorted together and grounded to insure 
elimination of any electrical charges, re
sistance was the same as that previously 
measured during How. Thus, if streaming 
potentials were present they were ap
parently not of sufficient magnitude to 
interfere with measurements. 

An initial experiment confirmed Ander
son's ( 1941) observation that a portion 
of the conductivity decrease during How 
was attributable to leaching of electro
lyte from the wood substance. This com
ponent of decrease was eliminated from 
subsequent experiments by predialysis of 
samples before mounting in the appara
tus. Wood sampl~s were prepared for 
dialysis by evacuating them in the ab-
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Fig.18. Relation between conductivity of 0.01 N KCI and the permeability of a wood sample. 
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sence of water and then submerging 
them in distilled and ultra filtered water 
while still under vacuum. The vacuum 
was then released to thoroughly pene
trate submerged samples. They were then 
dialyzed against distilled water for 1 
week using Visking casing ( H~-inch di
ameter cellulose casing, Visking Corpora
tion, Chicago, Ill.) as a semipermeable 
membrane. The membrane was used pri
marily to prevent contamination by par
ticulate matter. Dialyzed samples were 
then air dried and mounted for assembly 
in the conductivity cell. 

Figure 17 and table 11 show results 
of run No. 12c using a dialyzed sample. 
Conductivity remained constant during 
a period of constant rate of flow. Another 
point of interest (figure 17) was the 
decrease in conductivity corresponding 
with the decrease in permeability on sub
jecting the flowing liquid column to a 
slight mechanical shock wave. 

A third point of significance is found 
in the final segments of the curves fol
lowing relaxation of pressure. When pres
sure was again applied and flow was con
tinued, air bubbles accumulated between 
the downstream sample end and the elec
trode. This agrees with the earlier obser
vation illustrated in figures 13 and 14. 

Although dialysis of samples elimi
nated the effect of woodborn electrolytes, 
the preparation process was time con
suming. Another experimental approach 
would be to substitute a dilute solution 
of electrolyte as the flowing liquid so 
the electrolyte concentration effect in 
wood would be negligible. Preliminary 
experiments with O.OlN KC1 showed 
that the resistance of the cell was in the 
appropriate range for accuracy of meas
urement and that the conductivity fol
lowed the permeability in every respect. 

After consideration of these results, it 
was decided that if air bubbles accumu
lated within a sample that had undergone 
a decrease in rate of flow, their presence 
could best be confirmed on the basis of 
their elastic properties. Figure 18 and 
table 12 show results of an experiment 
designed to test this suggestion. After a 
sample had decreased in permeability as 

a result of flow, the outflow end of the 
conductivity cell was capped to prevent 
flow. Pressure was intermittently applied 
and released (a pressure sequence) . The 
recorded increase and decrease in conduc
tivity as pressure was applied and relaxed 
under static conditions confirmed the 
presence of an elastic system such as air 
bubbles. This static experiment also elim
inated the possibility of streaming po
tentials interacting with resistance meas
urements. 

If the observed changes in conductivi
ties during static pressure cycles were due 
to compression and expansion of air bub
bles rather than of the wood substance, 
it should be possible to record a differ
ence in the magnitude of conductivity 
change when a pressure sequence was 
performed on a sample at two different 
permeability values. Figure 19 and table 
13 show results of such an experiment. 

Table 13. Summary of data for run No. 26 
(sample No. 13-3, length= 0.998 em., di

ameter = 0.947 em.; 0.01 N KCI) 

Accumulated 
time 
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min.-sec:. 

1-27 
4-21 
5-49 
7-17 

10-17 
16-17 
21-17 
26-17 
31-17 
36-17 
41-17 
46-17 
52-15 
58-23 
64-45 
71-49 
80-47 
85-47 
90-47 
95-47 

100-47 
105-47 
110-47 
112-53 
119-12 
123-25 

Permeability 

millidarcys 

133 

132 

129 
129 

118 
114 
110 
102 
77 

89 
89 
89 

Conductivity 

10-5 mho. 

49.75 
49.50 

49.50 
49.38 
49.38 
49.26 
49.14 
49.26 
49.38 
49.26 
49.14 
49.32 
49.26 
49.20 
49.08 
49.02 
49.26 
49.38 
49.02 
48.78 
49.14 
49.38 
49.26 
49.26 
49.26 
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Fig. 19. The effect of static pressure cycling on the conductivity of a sample at different permeabilities. 

A constant rate of flow corresponding to 
the original permeability value was first 
achieved. Then the pressure cycle was 
applied under static conditions at 10-
minute intervals and the conductivities 
recorded. Flow was then continued at 5 
psi until the sample lost nearly one-half 
of its original permeability. Static pres
sure cycles were again applied at 10-
minute intervals and the conductivities 
again recorded. 

Data show that a greater change in 
conductivity occurred in the partially 
blocked sample. Although changes in 

conductivity noted' initially and prior to· 
plugging could be partially explained by 
wood compression and relaxation, a more 
reasonable explanation would be the 
presence of residual bubbles from the· 
original sample impregnation. The most 
significant point in this final experiment 
is that the increase in conductivity range 
in the second pressure sequence can best 
be explained by the presence of air 
bubbles. These accumulated or enlarged 
in the wood during the period of decreas
ing rate and were responsible for the de
crease in permeability. 

Summary of Results and Conclusions 
Summary of Results 

Results of this representative selection 
of experiments offer evidence that freshly 
distilled water will not pass through 
wood at a constant rate unless precau
tions are taken ·to prevent any dissolved 
air in the liquid from being deposited as 
bubbles in the wood. Figures 10 and 11 

show that permeability may be changed 
drastically by altering either the velocity 
of flow or the initial gas tension within 
the liquid. An immediate consequence of 
these results is that air blockage must be 
considered as a major factor in account
ing for the decreasing rate of flow of 
liquids through wood, as reported by 
others. Since such rapid decreases in 
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permeability were obtained with ultra
filtered water, the role of any particulate 
matter in freshly distilled water upon the 
permeability of wood must be reassessed. 

Krier ( 1951) suggested that the prin
cipal role of particulate matter is that 
of a physical occlusion of flow channels. 
That particulate matter blocks such chan
nels is not questioned. However, the 
findings of Harvey et al. (Part I, II, 1944) 
suggest that particulate matter, if present, 
in freshly distilled water also serves as 
nuclei for bubble formation. Since de
creases shown in figures 10 and 11 for 
filtered water are as rapid as those ob
tained in experiments with unfiltered 
water (not shown), a large amonnt of 
the blockage previously ath·ibuted to the 
physical action of particulate matter may 
actually result from air blockage by bub
bles forming on nuclei initially present 
in the wood. 

The exact conditions required for air 
to evolve from a liquid as it passes 
through wood cannot be specified. But 
results of this study indicate that the 
following variables are important: 

1. Gas Tension within the Liquid
In presence of a nucleus the possibility 
of air evolving from the liquid varies 
directly with the magnitude of gas ten
sion within the liquid. Gas tension within 
any liquid containing a dissolved gas 
progressively increases as the flowing 
liquid is subjected to a negative pressure 
gradient through a porous material. 

This effect is shown in figure 10 by 
comparing the change in permeability 
with the pressure drop across the filters. 
Increasing the pressure drop across the 
filters by reversing the sample reduced 
the rate at which permeability declined. 
Reversal of the sample increased its per
meability and shifted a portion of the 
total pressure drop to the :filters. Thus, 
gas tension decreased in the liquid effiu
ent from the filters. Elimination of the 
pressure drop by removal of the cotton 
filter caused the permeability to decrease 
rapidly before coming to equilibrium. 
The latter is a tme equilibrium and is 
believed to be directly related to the gas 
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tension within the liquid. For this reason 
it has been termed a "systemic equi
librium." 

Existence of a systemic equilibrium 
was indicated in a number of experi
ments, not recorded here. Permeability 
of the same sample was determined with 
several cotton :filters of progressively in
creasing density and pressure drop. With 
the lower density :filter the permeability 
of the wood decreased before coming to 
equilibrium. Insertion of a more dense 
filter caused the permeability to increase 
before coming to a higher equilibrium 
value. These trends suggest that pre
exposure to an increasing pressure drop 
progressively lowered the gas tension of 
the effluent liquid by deaeration. This, 
in turn, altered the equilibrium condition 
in the wood with respect to gas satura
tion. 

2. Length of Sample- Numerous 
trends in data and observations from ex
ploratory runs suggest that the sample's 
length determines whether the flow of a 
liquid containing a dissolved gas is con
stant under given conditions. Rate of flow 
through samples shorter than approxi
mately 8 mm. almost invariably de
creased with time, regardless which filter 
was used. However, when the cotton fil
ter was used the rate of decrease was 
less and the final equilibrium value was 
higher. The tendency for the flow to be 
unstable below this critical length indi
cates that the velocity of flow and the 
associated pressure gradient might be 
the determining factors. Increasing veloc
ity of flow would reduce pressure in flow 
channels, in accordance with the Ber
noulli equation, and promote evolution 
of air from the liquid. 

These observations suggest that a given 
porous system may have a critical or 
"hydrodynamic" length beyond which 
unstable flow prevails unless all air can 
be removed from the system. Thus, at a 
given pressure, the c{·itical length for 
stable flow through wood should vary 
depending upon its basic permeability. 
Additional data are needed to evaluate 
this concept. 



Krier (1~51) demonstrated that most 
blockage occurs near the inflow surface. 
Resurgence of flow obtained by reversing 
the sample, as shown in figure 10, sup
ports this conclusion. However, as Krier 
noted, reversing direction of flow did not 
produce the expected great response 
when the sample was more completely 
blocked. This effect suggests that some 
blockage must occur downstream of the 
first pit where it cannot be flushed out 
upon reversal of flow direction. Air bub
bles could accumulate in this region 
either by evolving from the liquid as it 
passed through pores in pit membranes 
or by growth of existing nuclei within a 
tracheid. 

The decrease in permeability upon 
standing, as indicated in figures 9 and 11, 
is further evidence that air blockage is 
involved in most studies of flow of 
liquids through wood. Neither of these 
relationships would have occurred as 
indicated unless an elastic system ex
isted. The same type of elastic system is 
illustrated in figure 8. This relates the 
response of flow to pressure for fresh and 
aged water samples. Since all these con
ditions are influenced by pressure, this 
response is a necessary and sufficient 
reason for suggesting that the elasticity 
developed because of changes irf the 
amount of free gas in the wood. The pro
portionality of flow to pressure obtained 
by preexposure of a sample to high pres
sure flow before running the lower pres
sure sequence, as illustrated in figure 7, is 
also evidence that this elastic effect re
sults from presence of air bubbles. 

This elastic effect may also manifest 
itself during a cyclic pressure sequence, 
especially if the liquid contains sufficient 
air to be supersaturated at the lower 
pressure. Air bubbles would evolve from 
the liquid upon relaxing of the pressure. 
They would reduce the permeability at 
the higher pressure unless the intensity of 
the pressure would expel or redissolve the 
bubbles from the wood upon continua
tion of flow. 

The decrease in permeability obtained 
by exposing the liquid · to a mechanical 
§ho<::k wave as it passed through the 

wood also demonstrates the extent that 
air bubbles may block flow channels in 
wood. Permeability can be reduced to 
near zero by this technique, even. at a 
driving pressure of 44 psi. The recovery 
of this loss in permeability by passing air 
through the wood leaves little doubt 
that blockage was caused by an instan
taneous cavitation of the liquid in the 
wood. 

The inte~sity of the negative compon
ent of the shock wave introduced into the 
system by this technique is not known. 
Work of Harvey et al. (Part I, 1944) 
indicates that it must be sufficient to ex
ceed the tensile strength of the liquid. 
In addition, any existing air bubbles in 
the wood would be enlarged since the 
reduction in permeability depended upon 
the intensity and frequency of striking 
the filter unit. A slight blow would re
duce the permeability only a few percent. 
An intense blow would produce a much 
greater reduction. A rapid sequence of 
blows would reduce the permeability al
most to zero. Harvey et al. (Part I, 1944) 
describe the effect of a sequence of shock 
waves on bubble growth as follows: 

Inertial resistance determines rate (of 
bubble growth) where local negative 
pressures occur in pressure pulses, 
sound waves, Bernoulli effects, turbu
lence or from stretching. Even though 
positive components accompany the 
negative, as in sound waves, bubbles 
tend to grow continuously with a suc
cession of pulses, because the surface 
area is always greater in a bubble dur
ing the negative pressure phase when 
gas moves in as compared with the 
positive pressure phase when gas 
moves out. In liquids of low viscosity 
the net effect is gas diffusion into the 
bubble. 

The fact that water becomes super
saturated with air upon standing is also 
of interest. Krier ( 1951) observed that 
aged distilled water reduced the per
meability of wood faster tha:p. freshly dis
tilled water. Figure 13 strongly sug
gests that this action can be attributed 
to the supersaturated condition of the 
aged water. 
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The progressive increase in permeabil
ity indicated in figure 15 is unique. 
Others (Anderson, et al., 1941; Krier, 
1951) reported that the response upon 
reversal decreased after one or two re
versals. This difference probably results 
from the fact that constant rates of flow 
were obtained in the present study. Re
sults reported in the literature were 
obtained in the presence of unsteady 
flow. In part II of the experimental work 
it is also shown that changes in electrical 
conductivity correspond with changes in 
permeability of flow to water and elec
trolyte solutions through wood specimens. 
These confirmatory results give a large 
measure of confidence to the disclosure 
of air bubble blockage as a controlling 
factor in the permeability of wood to 
liquids. 

Conclusions 

l. Air blockage is a common phe
nomenon when distilled water is passed 
through wood in response to an externally 
applied pressure. It is probably a pre
dominant cause of the decreasing rate of 
flow with time which was previously 
reported in the literature. 

2. A constant rate of flow of distilled 
water through seasoned wood can be 
obtained and maintained indefinitely 
over a wide range of pressures if:· 

• The liquid is previously passed 
through an ultrafilter to remove foreign 
particles. These particles not only 
physically occlude the capillaries but 

also function as nuclei for the evolu
tion of air from the liquid; and 

• The gas tension within the liquid 
is sufficiently low so that nuclei present 
in the wood will not grow significantly 
under prevailing hydrodynamic condi
tions. Of the latter, the local reduction 
in pressure in response to the change 
in the velocity of flow appears to be 
the most important consideration. 

3. A proportionality of flow to pres
sure can be obtained through seasoned 
wood if the wood is preexposed to a high 
pressure gradient before running the 
pressure sequence. 

4. The disproportionality of flow to 
pressure frequently observed with wood 
is probably caused by air bubbles re
maining after the usual evacuation pro
cedure. 

5. Darcy's law, which was originally 
developed to describe the flow of fluids 
through inert porous materials, can also 
be used to characterize the permeability 
of wood to liquids. 

6. The decrease in the permeability of 
wood following storage in distilled water 
probably results from the gradual de
velopment of air bubbles from the super
saturated liquid in the wood. These bub
bles arise from nuclei in the wood. 

7. A mechanical shock wave applied 
to a liquid, as water, as it passes through 
wood can cause the liquid to cavitate and 
deposit air in the wood, greatly reducing 
the permeability. 
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