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ABSTRACT

Fluid movement through wood is iImportant in several techno-
logical processes. For example, it is necessary to dry felled
‘timber before it is sﬁitable for use as a constructional
material. Drying involves fluid movement by both diffusion
and mass flow processes. FPor use in certain situations it is
desirable to impregnate timber with liquids (eg wood preserva-
tives and fire retardants) in order to improve the technical
properties of the material. Such impregnation processes are

almost entirely controlled by mass flow mechanisms.

This study was undertaken to .iInvestigate the physical factors

affecting fluid transport through conifer wood (softﬁood).

Flow longitudinally is strongly influenced by the structure
of the cell to cell connections (bordered pits). Species
selected for the study were chosen:-

1 to be commercially important

2 to exhibit several types of bordered pit structure.

Gas flow at the rates investigated was found to be within the
'viscous with slip' régime. Because of the complexity of the
capillary structure of softwood it was found to be difficult
to separate total flow into the 'viscous' and 'slip'

components.

Liquid flow appeared to be mainly laminar, but with an
indication of some turbulence at higher flow rates. Analysis
suggested that the turbulent component is associated with
flow across the membrane of the bordered pit. Some
irreversible permeability decrease was observed as the magni-
tude of the applied pressure gradient was increased. This
must result from either pore blocking by the shifting of cell
debris or to pore structural deformation in response to

applied forces.
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Swelling of the cell wall by the sorption of variocus polar
molecules (water and the lower aliphatic alcohols) caused
marked decrease in permeability. In the case of air dried
wood this decrease amounted to about 70%, for swelling from

the shrunken to the fully water swollen state.

During impregnation, surface, as well as viscous and inertial
forces, affect rate of penetration. Under some conditions
these forces may dominate. Thelr effect may be minimised by

~the use of low surface tension liquids.

Hence, optimum penetration should be attained by adoption of
the-following‘criteria:—
1 Wood should be in the unswollen state prior to
impregnation. ‘
2 The impregnant should not cause cell wall swelling.
3 The impregnant should be of low viscosity and surface

tension.
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Part 1 INTRODUCTION
1.1 PROCESSES INVOLVING FLUID FLOW IN WOOD

For most purposes it is necessary to dry timber from the high
moisture content associated with the living tree and with
freshly felled logs (sometimes in excess of 100 per cent
expressed on a dry wood basis) to levels suitable for various
end uses (generally less than 20 per cent). Drying from

. higher moisture contents involves some mass flow of water
along the capillary network, although molecular diffusion also
plays an important part in the process. Thus, fluid movement
is important in the processing of practically all timber for
use as an industrial material. For many applications, wood is
subjected to further processing involving liquid flow. This
may include impregnation of wood chips with pulping chemicals
as part of the paper-making process, impregnation of wood and
wood products with fungicidal and insectiecildal liquids and

~ treatment with fire-retardant salts.

Thus it may be éppreciated that an understanding of the
mechanisms of fluid flow in wood is important technically as
well as interesting academically. In the past when timber
supplies were abundant, preferred species could be obtained
suited to the process to be applied to them. For example,
permeable species were readily avallable for use where a
liquid impregnation treatment was required. Currently, how-
ever, timber is in relatively short supply and it is often
necessary to use speciles less suited to impregnation with
fluids. In this situation there is perhaps a greater need to
gain a deeper understanding of flow mechanisms, so that
process variables may be optimised and possibly novel proces-

ses developed.



1.2 SOFTWOOD STRUCTURE AND FLUID TRANSPORT

Softwoods or gymnosperms are structurally relatively simple,
about 92 to 95 per cent of their bulk volume being comprised

of a single type of cell - the longitudinal tracheid.

Of the remaining volume, up to about one per cent may be
comprised of longitudinal resin canals (these cells are absent
as a regular feature in some species) and 5 to 8 per cent of
ray tissue. Individual rays may be homocellular, containing
either ray parenchyma or ray tracheid cells exclusively, or
heterocellular, containing both these types of cell, together
with radial resin canals. Longitudinal tracheids are
relatively long, tubular cells with closed ends. In the
tangential plane the ends of the cells taper sharply, whilst,

seen in radial view, they are blunt ended (Figure 1.1).
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Fig 1,1 LONGITUDINAL TRACHEID:

'al tangential plane;
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Cell length varies with species and, to a smaller extent,
within a species. In general, however, longitudinal tracheids
vary in length from about 2 to about 5 mm. Tracheid cross-
section varies from rectangular to hexagonal. Tangential
breadth of tracheids covers the range about 20 to 60 micron
for most species whilst, radially, breadth is much more
variable and dependent, to a large extent, on the period of
formation of the cell. The radial breadth of cells formed .
early in a growing season (early wood) is similar in magnitude
to the tangential dimension whilst, in late wood, radial
breadth may be only 10 to 20 per cent of the tangential dimen-
sion (Figure 1.2). Apart from differences in overall cell

dimensicns, it is clear from Figure 1.2 that late wood cell

=
"4 ¥ ;
r
= g h--
v L 4 B
- — *
et MF
1
L3 4 g =1
AE,»« ! - 3
% e === =
= . -
-ﬂ—«/; —
-~ == e
7 = g = = - =
> P> = Ev

Fig 1.2 SOFTWOOD (Abres grandis) transverse section showing

late wood (narrow) and early wood (wide) cells




walls are considerably thicker than those in early wocod. Thus
early wood cell spaces (or lumina) apparently offer much

easler passage for fluid conduction than do those of late woced.

Adjacent longitudinal tracheids overlap one another over about
a third of their length on the average, and interconnection
between them is by way of bordered pits. These, valve-like
structures occur abundantly in early wood (up to about 90 pits
per early wood tracheid are reported by Phillips (1933) who
examined a number of softwoods}, and less abundantly in late

wood tracheids.,

Bordered pit structure is shown diagrammatically in Figure 1.3
below. It can be seen that communication from tracheid to
tracheilid is provided by the pit apertures and the porous part
of the pit membrane, called the margo. Structure of bordered

pits is discussed in more detail in Part 2.

Pig 1.3 DIAGRAM OF 'b' PIT SECTION (APTER LIESE, 1952)




As stated above, rays may contain three types of cell:-
i ray parenchyma
ii ray tracheid

iii resin canal

Ray parenchyma cells are 'building-brick' shaped, their long
axes running parallel to the radius of the tree stem. The
length of ray parenchyma cells varies from about 0.2 to 0.5 mm,
cross-section dimensions being of the order of 10 by 50 microns.
~ Communication between adjacent parenchyma cells radially,
tangentially and longitudinally is by way of so called simple
pits. These are discrete zones in adjacent cell walls free of
secondary thickening, so that in these zones cells are
separated only by a membrane consisting of the primary wall.
Similar interconnection occurs between parenchyma and
longitudinal tracheids, in this case, however, a border is
formed on the tracheid side of the pit, so that it appears and
is termed 'half-bordéred‘. The area of the membrane of
 individual pits varies with species. At the smaller end of
the range pit membrane area in Abies and Picea spp is about

10 pm2, whilst the area of half bordered pit membranes in

certain Pinus species may be as large as 500 umz.

Ray tracheids are aligned similarly and are dimensionally
similar to parenchyma cells. They are connected to one
another and to longitudinal tracheids by bordered pits,
similar in‘structure to but considerably smaller than those
interconnecting longitudinal tracheids. Pits between ray

tracheids and ray parenchyma are of the half-bordered type.

Resin canals, either longitudinal or radial, are not true

wood elements, but cell spaces between rows of resin secreting
parenchyma cells. The canals which are usually quite heavily

laden with resin are of diameter in the region of 50 to

200 um, and they may attain length up to several millimetres.

They are usually quite effectively blocked with resin and

are therefore unlikely to conduct fluid over large distances.



AIt"is seen, therefore, that the cellular spaces of wood celis
form a continuous and complex system of interconnected pores.
Several workers have investigated which parts of the pore
system are important for longitudinal fluid conduction. It
was originally believed that tracheids were totally sealed
against mass liquid flow and that transport of water (in the
living tree) from cell to cell occurred by diffusion (Tiemann,
1910). In felled timber, Tiemann believed conduction was by
way of cell wall cracks developing during seasoning. It was
shown, however, by Bailey (1913) that such cracks developed
infrequently and that the major flow path from tracheid to
tracheid was by way of naturally occurring perforations in the
_ pit membrane. Using techniques‘involving microscopic examina-
‘tion of blocks impregnated with molten wax and with aqueous

- dye solutions, Buro and Buro (1959) demonstrated that the
tracheid/bordered pit system forms the principal longitudinal
flow paths in both early wood and late wood of Scots pine
(Pinus sylvestris). It was suggested by Buroc and Buro, how-
ever, that ray cells may also contribute to longitudinal
trénspcrt, where principal flow paths are blocked. In an
‘ihvestigaticn of Australian species using electron micro-
scopic techniques, Wardrop and Davies (1961) report similar
findings for the penetration of Pinus radiata by copper
sulphate solution. Also using electron-microscopic tech-
>niques, C6té and Krahmer (1962) found that bordered pits of
dry, white pine (Pinus strobus) were permeable to Indian ink

- particles. Membranes of ray parenchyma half bordered pits,
however, were found to resist penetration by the particles,
although the evidence suggested that these membranes allowed
slow penetration of the clear solvent, possibly by a diffusion

mechanism.

To avoid redistribution effects occurring during drying,
Erickson and Balatinecz (1964) impregnated Douglas fir
specimens with styrene monomer, which was subsequently poly-
merised in situ. Using this technique these workers, in
general agreement with the foregoing, found bordered pits to
be the principal longitudinal flow path from tracheid to

tracheid. Similar results can be inferred from the data of
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Behr, Sachs, Kukachka and Blew (1969) who examined specimens
from six American softwood species after pressure impregnation
with a solution of pentachlorophenol in an aromatic oil and

with creosote.

The evidence produced by all these wofkers suggests strongly
that longitudinal flow in softwoods is principally by way

of the tracheid/bordered pit systeﬁ. It is likely, however,
- that other routes (eg ray cells and pits) may contribute to

A some extent.
1.3 PHYSICS OF FLUID FLOW

Fluid transport through capillaries or porous media may occur
in several régimes. For both liquids and gases, flow may be
laminar or turbulent whilst, for gases, a proportion of trans-
port may occur by molecular diffusion processes (slip and
 Knudsen flow).

1.3.1 LAMINAR FLOW

Laminar flow is the term used to describe flow through a
c¢apillary or around an immersed body where the resistance to
flow is essentially due to shearing forces. Under these
conditions it has been shown that liquid flow through a

~ capillary is governed by the following equation:=-

y
_ Tmr AP .
Q= ant Equation 1.1
where Q = Volume rate of flow
r = Capillary radius

AP = Pressure drop across capillary

1]

capillary length

= fluid viscosity

f=)
[}

This well known equation was derived in the mid-19th century
independently by Hagen, a German engineer interested in water
conduction through brass pipes, and Poiseuille, a French

scientist studying the laws governing blood flow through veins.




Its derivation is discussed in basic texts of fluid

mechanics (eg Daugherty and Franzini, 1965).

An essentially similar equation applies to the flow of gases,
but in this case it is necessary to take account of the
expansion of gas which takes placé along the pressure
gradient., For gas flow, therefore, the following equation
applies:-

- nrHAP P

Equation 1.2
8nk P°

where P = mean gas pressure within capillary

o
f

= pressure of gas at 'volume flow rate' measuring

point.

From equations 1.l and 1;2 it is clear that rate of flow 'Q'
is directly proportional to pressure gradieﬁt‘causing flow

(AP/%). This relationship, which is a useful characteristic
of laminar flow, has been extensively investigated and veri-

fied experihentally.

Whilst pipe flow theory is useful in many fluid transport
‘situations, it is often more convenient to use a treatment
based on the movement of fluid past an immersed body.

Laminar flow in this régime is described by Stokes' law and is
dealt with in detail in standard texts of fluid mechanics

(see, for example, Daugherty and Franzini, 1965).

Stokes' law is expressed in the following equation:

FD énnuD Equation 1.3

where Fj = viscous drag imposed by sphere immersed in

fluid stream

u = linear velocity of fluid stream relative to
immersed body
D = diameter of sphere

From equation 1.3 it is clear that whilst flow is laminar the

resistance to flow or ‘drag! offered by a sphere of diameter




'D' is directly proportional to velocity 'u'.
1.3.2 TURBULENT FLOW

It has been shown (Reynolds, 1883) that as rate of fluid flow
in a pipe is increased, a point is reached where flow ceases
to be laminar. At this point, the streamlines become dis-
turbed and eddies form. This type of flow is called
"turbulent'. In turbulent flow, the principal forces resis-
ting transport are inertial rather than shearing. The

~ complexity of turbulent flow has so far proved beyond any
mathematical treatment analogous to the Hagen-Poiseuille
treatment for laminar flow. Experimental‘work has shown,

. however, that turbulent flow through tubes is characterised

by the relationship:=

; ,
Q = (4aP)% Equation 1.4

where Q = volume rate of flow

AP

]

pressure drop across tube

Furthermore, the work of Reynclds demonstrated that for
straight tubes of circular cross-section, the shift from
laminar to turbulent flow depends upon the ratio of inertial
to viscous flow resisting forces. This dimensionlegs
quantity is called the Reynolds number (Nr) and is calculated
according to the following equation:-

ple'u

Nr = —_ Equation 1.5

where u = fluid linear velocity
p = fluid density
n = fluid viscosity

The linear dimension "ge'" in equation 1.5 may be any length
that has significance in determining flow resistance., For
flow in pipes it is conventional to take "%e'" as the pipe
diameter. The Reynolds number at which change from laminar
to turbulent flow occurs is called the 'Critical Reynolds



number' and is symbolised'Nrc% TFor straight pipes of
circular section, Nrc n 2000. Small deviations from the
simple 'straight pipe of circular section' geometry cause
considerable reduction in the value of Nrc. It has been
shown, indeed, that even small degrees of curvature in the
pipe greatly reduces this value (Comolet 1949, Topakoglu
1951).

For fluid transport past immersed bodies deviation from the
linear relationship between drag (FD) and liquid velocity

(u) occurs at very low values of Reynolds number. For flow
around a sphere, deviation from Stokes' law (equation 1.3)

- occurs at Reynolds number equal to about 0.5. In this type
of system as with tube flow the critical Reynolds number is

- sensitive to shape. For example, flow around a long cylinder
remains laminar to Reynolds number equal to one. Classical
experiments in this field were conducted by Prandtl (1923)
but the subject is dealt with in most fluid mechanic texts -
- for example that of Daugherty and Franzini (1965), suggested‘

earlier.

From the foregoing it will be appreciated that, except for
very simple geometries, it is impossible to predict mode of
flow without experiment. However, systems involving the flow
of various fluids through a common porous specimen are
dynamically similar for constant Wrt That is, if the mode of
flow of liquid 'a' at a given value of WNrtis known, then

flow of another liquid 'h' will be in the same mode at the

same Nrtvalue.
1.3.3 MOLECULAR FLOW

It has been shown by Kundt and Warburg (1875) that the Hagen=-
Poiseyille law does not completely describe the flow of
gases through capillaries. These workers showed that as

~ gas pressure is reduced, so that the mean free path 'A'
becomes an appreciable fraction of the capillary diameter,
flow rate under the influence of a pressure gradient exceeds
that predicted by the Hagen-Poiseuille law. It is believed

10



that this extra component of flow is due to a significant
proportion of specular collisions occurring between molecules
and tube wall, in addition to the intermolecular collisions
responsible for viscous forces in gases according to kinetic
theory. This process, giving the effect of a sliding or
slipping layer of molecules adjacent to the tube wall is
called 'slip flow'. Taken to the limit, as pressure is
further reduced a situation eventually arises where inter-
molecular collisions significantly cease to occur. In this
situation, gases progress by specular reflexion from tube
walls, a process known as Knudsen flow. These two modes of
molecular flow are diffusion processes being controlled by

- the concentration gradient of the molecular species concerned.

Slip flow along a circular section capillary is defined by
the following equation (see Carman 1856):-
3 it

2mp al'if'
Q= o Equation 1.6
where » = capillary radius

% = capillary length

Gl = factor depending on the faction of molecules
undergoing diffuse reflection upon collision
with capillary wall

V = molecular mean thermal velocity

so that the equation describing viscous flow with slip is

ohtained by adding equations 1.2 and 1.6:-

| .
QP b 2mpS8.V \
0 e P 1 .
- B atl l|7
- T quation

In the Knudsen region, viscous forces are virtually absent,
since intermolecular collisions occur rarely. Flow in this
régime is defined by the equation devised as a result of
work by Knudsen (1909) and Smoluchowski (1911):=
3. =
QP 20" 8§ V
o )

T ° 5 ‘ : Equation 1.8

11



&o = factor depending upon fraction of molecules

undergoing diffuse reflection at tube wall.
1.3.4 FLOW IN SHORT TUBES

The Hagen/Poiseuille equation (equations 1.1 and 1.2) and
the equation for viscous/slip flow (equation 1.7) developed
from it, strictly apply only to long tubes (where &>>r). In
flow through short tubes a significant proportion of the total
viscous dissipation of energy occurs beyond the tube end.
This effect, which is discussed by Barr (1931), results in
pressure drops across short tubes, during flow, in excess of
those predicted by the Hagen/Poiseuiile equation. To-
correct for this effect, the length term in' viscous flow
equations is inereased by an aﬁount dependent upon the

- ratio £:r, Perhaps the best known of these so called 'end
corrections' is that due to Couette (1891). The 'Couette!
correction is used extensively in the calculation of
viscosity from measurement of flow rate through capillary

" tubes.

A semi-empirical, mathematical treatment to describe flow
through short tubes, taking slip flow into account, has been
developed by Hanks and Weissberg (1964). The equation
developed by them closely describes flow of gases in the

" viscous/slip régime, through tubes of length-to-radius ratio
extending over the range 0.3 to 1100. For compactness and
ease of manipulation, Hanks and Weissberg express their

equation in terms of dimensionless parameters:=

W=W + = Equation 1.9

The dimensionless terms may be expressed in terms of

physical parameters:=-

12
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nrzAPV

o 2 3
g = §¢ Q;) + Gg-

2 2
- (8 1284 27T
W= &) R (E5

-where Q = volume rate of flow
P = mean gas pressure within capillary
v = capillary radius
AP = pressure drop across capillary
V = molecular mean thermal velocity
% = capilllary length
1.4 FLOW THROUGH POROUS MEDIA

Based on those derived to describe fluid transport through
simple capillaries, equations have been developed to describe
flow through porous media. In general these treatments are
dependent upon approximating various pore shapes as equivalent
. simple capillaries. The subject is thoroughly discussed in
various texts (see, for exémple, Carman, 1956 and Scheidegger,
1957, revised 1960). The pore sizes in many porous sub-
strates are distributed fairly randomly within a broadly de-
fined band. For example, in sedimentary rocks and
consolidated sand beds the distribution of pore sizes

depends, to a large extent, upon the geometry of the

particles forming them and on the way in which these
particles pack together. To deal with the forces resisting
flow through each of the pores in such a system, individually,
is clearly outside the bounds of practical possibility.

Hence much more empirical treatments are generally applied to

porous media than those used in simple capillary flow.

The basic law governing laminar flow of liquids through
porous media is that of Darcy (1856). This law, with a
development due to Carman (1938) to take account of fluid

viscosity is expressed by the following equation:-

13



_ BAAP
Q— an

Equation 1,10

where Q = volume rate of flow

A = specimen area normal to flow
AP = pressure drop across specimen
n = liquid viscosity
£ = specimen length
"B = permeability constant

- It will be noted that equation 1.10 (Darcy's law) is generic-
ally similar to equation 1.1 (Hagen-Poiseuille law). If 'B',
- the Darcy permeability constant, is set equal to r2/8, the

" equations become identical for flow through a pipe of
circular cross-section (ie 'A' = 'ITI'Q)- To separate the pore
radius from the permeability constant and hence to give more
physical meaning to the constant, Kozeny (1927) derived an
equation for laminar flow, including an average value, the
mean hydraulic radius (Schiller, 1923), to describe pore
size. This equation, known as the Kozeny equation, for

porous media where tortuosity is small may be written:-

m2AP
u = konﬂe : Equation 1.11

where u = liquid linear velocity
' m = mean hydraulic radius (see below)
ko = shape factor for flow in non-circular capillaries
ke = effective length of porous specimen (ie distance
travelled by fluld from inlet to outlet face of

specimen)

Whence volume rate of flow 'Q', is given by:-

_ A€m2AP

= E;;ZE— Equation 1.12

where A =-specimen area normal to flow

specimen porosity (ie fraction of total volume

€

occupied by pore space)

14



'NB Mean hydraulic radius 'm!' is defined:-

pore volume
pore surface area

Equation 1.13-

If hydraulic radius 'm' were a perfect parameter to represent
pore size,'ko' would be a true constant. In practice it is
found that 'ko' varies between about 1 and 3 depending upon

pore cross-sectional shape (see Carman 1956).

Modelling pore space simply as parallel uniform capillaries,
Adzumi (1937) produced an equation to describe gas flow
through porous media, based on the law of viscous/slip flow

through capillaries of circular section (see equation 1.7

~above):-
@ = 4 216 Voro
0 _ mPnr 1l ‘ . ,
AT ° e t — Equation 1l.1l4

where Q = volume rate of flow

Po = pressure of gas at flow rate measuring point
AP = pressure drop across specimen
T = mean gas pressure within specimen
r = capillary radius
% = capillary length
. Gl = fraction of molecules undergoing diffuse reflec-

tion at the capillary .wall
= fluid viscosity )

molecular thermal velocity

09 <] o
i

= number of capillaries in parallel array

constituting the specimens

The pore geometry of most real porous media deviates markedly
from that of capillaries of circular and uniform cross-

section. Hence a more empirical treatment based on the Kozeny
equation for viscous flow of liqulds is more useful in most
systems. This treatment involving the introduction of shape
and tortuosity factors into an equation for viscous/slip flow
based on the hydraulic radius and porosity concepts and

containing empirical permeability coefficients was originated
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by Rigden (1947). The treatment was further developed by
severalzworkers, eg Lea and Nurse (1947), Carman and Arnell
(1948). This work resulted in the following equation for

viscous/slip flow through porous media:-

uP 2

o . m ) L&AsﬁlmV

AP - ke T 3K te
° 1

Equation 1.15

Whence (see Carman, 1956):

QPo A€m2§ 4As§lmV

+
AP konze 3kl£e

Equation 1.16

where u = gas linear velocity
Q = gas volume flow rate
,P = gas pressure, at flow rate measuring point-
= gas mean pressure within specimen
e = porosity of specimen
m = mean hydraulic radius of pores
A = specimen area normal to flow
e = effective pore length (average distance travelled

by~gas from inlet to outlet face of specimen)

~ . wmoleeules A

Gl = factor dependent on fraction of undergoing
- diffuse reflection at pore wall

V = molecular thermal velocity

n = gas viscosity
ko = shape factor for laminar flow

= shape factor for 'slip' flow -

It is recognised that the geometric parameters, 'm' and 'fe!
introduced in the Kozeny equation and its development are not
precise physical dimensional constants for pores differing
markedly from the simple geometry of long uniform capillaries.
They are the hydraulic radii and lengths of hypothetical
pores which would give rise to the same flow characteristics

as those measured experimentally for a porous medium.
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1.5 FLOW IN WOOD

1.5.1 LIQUID FLOW THROUGH SOFTWOOD

Because of its obvious importance in several technological
processes (section 1.1) and also because of its relevance to
the physiology of the living tree, interest has been shown in
the permeability of wood to liquids for a long time. |
Investigating the rate of flow of water through woody stems,
Ewart (1905) found flow rate to decrease with time of flow.
He attributed this effect simply to blockage of fine pores by'

solid particles.

Observations by Sutherland, Johnston and Maass (1934)
suggested that water flow rate through air-dried softwood
decreases rapidly with time of flow but that flow through
freshly felled sapwood stems remains almost constant or
decreases only slowly with duration of flow. Rate of flow of
a series of liquids through a number of softwood species was
measured by Buckman, Schmitz and Gortner (1935). Therfound a
consistent reduction in flow rate with time of flow, and they
observed the effect to be more pronounced with polar than
with non-polar liquids. These workers suggested surface
electrical effects causing resistance to flow, and sorption
of polar molecules leading to reduction of pore cross-
section, as possible explanations of the effect. Similar
findings to those of Buckman et al (1935) are reported by
Erickson, Schmitz and Gortner (1937) who obtained decreasing
flow rates of water, zinc chloride solution and benzene
through several air-dried softwoods. With water, a 90 per
cent reduction in rate of flow was observed, whilst for

zinc chloride solution and for benzene the decrease was
usually not more than about 50 per cent. Whilst drawing no
firm conclusions, Erickson et al believed that their data
pointed to an electro-kinetic rather than a physical occlusion
mechanism as the reason for decreasing permeability. The
phenomenon was the subject of a thorough investigation by
Anderson, Gortner and Schmitz (194l), who convinecingly
demonstrated thgt,decfeasing flow rate with time of flow
could not be satisfactorily explained in terms of surface
electrO*kine%ic effects. (electro-osmosis and streaming

potential). As an alternative, they proposed a mechanism
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involving pivoting of pit membrane fibrils under the
influence of flow, into a position of maximum hydrodynamic
resistance. By the use of a physical model, these workers
showed experimentally that their proposed mechanism was
tenable. However, the hypothesis so far as wood is concerned
‘remains purely speculative, because no’evidence has been
produced to suggest that the fibrils afe free to pivot in the
manner suggested. Using a system involving water flow through
freshly félled conifer sapwood, Huber and Mertz (1958)
investigated the effect of pressure gradient on flow rate.
They found that the decrease in flow rate with time reduced
as pressure gradient was decreased ana, for applied pressure,
- gradients of less than 0.5 bar/m, flow rate remained
constant for prolonged periods. Microscopic evidence
produced by Huber and Mertz suggests that the decrease in
flow rate (or permeability) is due to a shift in the
position of the bordered pit membrane from a central
position within the pit chamber towards the downstream pit

orifice (Figure 1.4).
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Fig 1.4 Downstream displacement of pit membrane
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This displacement reduces the size of the gap between torus
and pit border thus iIncreasing its resistance to flow (for
flow though a slit, rate of flow is proportional to the cube
of slit width). '

Working with air dry Douglas fir wood, Bailey and Preston
(1970), whilst not attaining steady flow rates, observed
‘large and irreversible decrease in permeability as applied
pressure gradient was increased beyond about 100 bar/m.
These workers showed the shape of their curves, relating flow
rate to applied pressure differential, to be consistent with a
mechanism involving membrane displacement towards the down=-

- stream pit orifice. The findings of Balley and Preston are

. thus similar in principle to those of Huber and'Mertz but,
whereas the former observed permeability to decrease markedly
only when pressure gradients reached about 100 bar/m, the
latter workers observed the decrease at gradients as

small as 0.5 bar/m. The reason for this difference may be
found in the type of material used in the experiments. Huber
and Mertz used freshly~felled sapwood where most flow is
through thin walled early wood (see section 2), whose pit
membranes are relatively fragile and where only‘small dis-
placement is needed to seal the pit. Bailey and Preston, on-
the other hand, worked with air-dried wood. 1In this material,
flow is largely through late wood (Petty, 1969) where
membranes appear much more robust and need to be displaced

further to bring about pit closure (see section 2).

The first steady flow liquid system involving flow through air-
dry‘wood is reported by Krier (1951). He achieved steady flow
rate under constant pressure gradient for prolonged periods by
removing as much air as possible from specimens and by the use
of water carefully filtered through fine porosity sintered
glass filters, as the permeating fluid. Using the technique of
Krier, constant flow rates of water and organic liquids
through both 'green! and air dry conifer wood were obtained by
Erickson and Crawford (1958).

‘.
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In an elegant investigation it was convincingly demonstrated
by Kelso, Gertjejansen and Hossfeld (1963) that a major
‘reason for decreasing flow rate with duration of flow is due
to pore blocking by dissolved gases released from the flowing
liquid. Such gas release may occur as a result of a combina-

tion of:-

|l

- local pressure reduction due to increased flow velocity
through narrow pores (Bernoulli effect)
11 the presence of particulate nuclei in the flowing liquid

or in the wood.

It can easily be shown that to overcome opposing surface

+ forces and hence force a gas bubble through a pore of sub-
micron diameter, such'as may occur in bordered pit membranes,
requires an applied pressure differential of several bar.

The above workers established constant rate of flow through
the heartwood of air dried Sitka spruce (Picea sitchensis) by
pre-filtration of the permeating water through a membrane
filter of 0.45 micron pore size, and by reduction of dissolved
gas concentration so that the water remained generally un-—

saturated with gas, throughout the specimen.

Since publication of the results of Kelso et al (1963),
several workers using their techniques have attained steady
flow rates of various liquids through a range of species
(Sucoff, Chen and Hossfeld, 1965; Comstock, 1965, 1967;
Banks, 1968; Smith and Banks, 1971). From the various data
discussed it seems that steady flow through softwoods may be
attained if care is taken to avoid gas or particulate
embolism, and if applied force is regulated, to avoid dis-

ruption of structural elements.

The effect of magnitude of pressure differential at levels
below that which causes tissue disruption, has been investi~
gated by a number of workers. It was found by Sutherland,
Johnston and Maas (1934) that rate of water flow through the
dried heartwood of a number of species increases more

rapidly than linearly with applied pressure differential. For
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rigid porous medla, Darcy's law predictz a linear relationship

(section 1.4), To explain this departure from the Darcy
relationship, the above workers suggested that pit membranes
were stretched, under the Influence of higher pressure
differentials, so that membrane perforations were enlarged.
For flow through twe of the species investigated (white
spruce and black spruce), Sutherland et al found the linear
relationship to be obeyed. In these species they suggest, the
pit membranes are sufficiently rigid to resist stretching. A
greater than linear increase in rate of flow, with applied
pressure differential, is also reported by Buckman, Schmitz
and Gortner (1936) for flow through softwood species where
' longitudinal resin canals are absent. For species with
resin canals, these workers observed a linear relationship
over a fairly wide range of pressure differentials (1 to
8 bar). They believed that, where present, resin canals form
the major fluid conduction channels and, having a simple
capillary structure, closely obey Darcy's law. In species
without canals, longitudinal flow routes must include pit
membranes and, for these species, Buckman et al support the
hypothesis proposed by Sutherland, Johnston and Maas (1934)
that the greater than linear rate of flow increase with
| applied pressure differential is due to stretching of the pit
membrane. It has been shown mathematically, however (Ander-
son, Gortner and Schmitz, 1841), that the magnitude of the :
permeability increase caused by increase in pressure differen-
tial is too great to be accounted for, by the membrane
stretching theory. As an alternative mechanism, they propose
that local reduction in pressure in small membrane pores due
to the Bernoulli effect causes fibrils bounding such pores to
be drawn closer together. Consequently, large pores become
larger whilst small pores decrease in size. Volume rate of
flow is proportional to the fourth power of pore diameter,
hence the above process would account for the observed
increase in permeability. The above investigations of the
effect of pressure differential on rate of flow were carried

out before the work of Kelso, Gertjejansen and Hossfeld (1963).
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Hence the decreasing flow effect caused by gas embolism
confuses them, Only after attainment of constant flow rate
conditions can the effect of applied pressure differential be

meaningfully investigated.

For water flow through Douglas fir heartwood, Erickson and
Estep (1962) established almost constant rate of flow. They
found that flow rate increased linearly over a range of
applied preésure differentials from 1,5 to 5.5 bar. In the
lower pressure differential range, from O to 1.5 bar, flow
rate was observed to increase more rapidly than linearly.
Erickson and Estep suggest that this greater than linear

" increase is due to an increasing number of small pores
becoming available for flow, as gas bubbles are forced
through them under the influence of increasing pressure dif-
~ ferentials. Using the gas-removal and micro-~filtration

'~ technique described earlier, Kelso, Gertjejansen and Hoss-
feld (1963), showed a close linear relationship between
pressure differential and rate of flow of water through
Sitka spruce heartwood'over a range of applied pressures from

0 to 3 bar.

Thus, whilst early workers found the effect of increase in
pressure differential to deviate markedly from the Darcy
relationship, more recent work, where care is taken to avoid

embolism, suggests quite close obedience to the law.

A further requirement of Darcy's law is for rate of flow to
vary inversely with fluid viscosity. Inveétigating this
relationship, Sutherland, Johnston and Maass (1934) found that
the rate of flow through white spruce of sucrose solutions
varying in concentration, decreased significantly more
rapidly than predicted by the viscosity increase. These

- authors offer no explanation for the effect. Using a series
of liquids of widely differing properties, Buckman, Schmitz
and Gortner (1935) found no simple relationship between flow
rate and viscosity. This is not surprising since they used

both non-swelling (eg benzene) and swelling (eg water)
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liquids in their series. Hence as well as viscosity effects,
changes in pore geometry caused by swelling seems likely to
influence flow through their specimens. In further experiments
ﬁith both swelling and non-swelling liquids, Erickson,

Schmitz and Gortner (1841) were unable to find a simple
relationship between flow rate and viscosity. In explanation
of this departure from Darcy behaviour, these workers suggest
that the degree of sorption by the cell wall and the dis-
rupting effect of the flowing liquid on the pit membrane
(peptisation), may cause significant alteration to the

geometry of flow determining pores.

In the conduction of these various experiments, steady flow
rate conditions were not established and this factor added
considerably to the difficulty of establishing the nature of

any relationship.

Under steady flow rate conditions, Chen and Hossfeld (1964)
were able to demonstrate an inverse relationship between
viscosity and rate of flow of a series of aqueous glycerine
solutions. Working with air dried eastern hemlock (Tsuga
canadensis), Comstock (1967) showed flow rate of two non-
swelling liquids (iso-octane and n-amyl-alcohol) to vary
inversely with viscosity. These data suggest that individual
wood specimens behave in accord -with Darcy's law with respect
to changes in viscosity, provided that care is taken to:-

i establish steady flow rate conditions, and

ii eliminate specimen dimensional change within an

experimental series.

The scope of the work reported is limited however. Very few
wood specles have been investigated and the range of varia-
tion of physical parameters, eg viscosity and density of
liquid, has been quite small. ,

1.5.2 GAS FLOW THROUGH SOFTWOOD.

As stated in section 1.1, the permeability of wood to liquids

is of importance in several branches of wood science and
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technology. Some importance is also attached to the process
of gas transport through wood. Recent work is reported,
suggesting the use of vapour phase impregnation with
formaldehyde as a dimensional stabilisation treatment
(Burmester, 1871), whilst impregnation with ammonia has been
shown to lead to plasticisation of wood (Schuerch, 1963).
Nevertheless, at present it is liquid flow processes that are

of most concern to the wood technologist.

Considerable difficulties were experienced by earlier workers
in measuring the permeability of wood to liquids (see section
1.5.1), and considerable technique refinement has been
" necessary to overcome these difficulties. In view of this,
-several workers have been attracted to the use of gas flow
techniqﬁes to measure the basic permeability of weood to
flulds. The advantages of gas flow techniques are as
follows:~ .
i After drying, gas/liquid interfacial effects, which
can lead to pores being unavailable for flow, are
avoided. ‘
ii The viscosity of gases is several orders of
magnitude less than that of liquids. Hence, more
rapid and easily monitored rates of flow through
specimens of low permeability may be attained.
iii The lower viscous forces together with the low
inertial forces associated with gas flow, are likely
to have a less disruptive effect on delicate parts of

the structure.

A considerable amount of work has been conducted to measure
wood permeability using gas flow techniques and to establish

a common mechanism of gas and liquid flow through wood.

~ In contrast to experience with liquid flow systems, steady
flow rates under constant pressure gradients have been
readily attained In gas flow systems. From the data of

Stamm (1935), although not categorically stated, it can be
inferred that steady flow rates of air through white pine and
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. western hemlock were attained for indefinite periods.
Similar inference can be made from the data of Pfalzner
{1950) who measured the rate of flow of oxygen and air
through spruce wood. Smith and Lee (1958) made repeated
permeability measurements on a number of specimens over a
period of time. They found that the permeability of each of
their specimens did not vary with time by more than about

two per cent.

Obedience of gas flow to Darcy's law has been investigated by
a number of workers. A linear relationship between air flow
rate and applied pressure for a ﬁumber of timbers is reported
. by Smith and Lee (1958). As the pressure gradient is
increased further, it has been shown (Smith e¢irea 1960) that a
point is reached where flow rate increases at a rate less than
directly proportional to pressure gradient. The apparent
linear flow velocity at which this departure occurs varies
with species in the range 0.4 to 4 cm/sec. It is suggeéted by
Smith that the departure is due to a change from laminar to
turbulent flow. A linear relationship between air flow rate
and pressure differential for flow through Scots pine speci-
mens is reported by Buro and Buro (1959). Almost linear
behaviour between flow rate through three conifer species and
applied pressure differential over the range 0-400 mm water
head was obtained by Osnach (1961).

In experiments carried out with.white.spruce (Picea glauca),
Sebastian, C8té and Skaar (1965), found flow rate under
constant pressure differential to decrease with specimen

~ length, faster than the inverse linear relationship pre-
dicted by Darcy's law, over the specimen length range

3-20 mm. They suggested that this is due to decrease in the
number of conducting paths as specimen length is increased
over this range. Similar observations have been made by
Banks (1970) and Bramhall (1971). Beyond about 30 mm, these
workers show flow rate to decrease with length in the manner
predicted by Darcy's law. Both Banks and Bramhall,
independently of one another, suggest that the effect may he

explained by the following mechanism:~
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Longitudinal flow through softwoods is by way of cell spaces
(lumina) and cell wall interconnections (pits). It is known
‘that in air-dried wood a high proportion of the pits are
blocked (Phillips, 1833). Thus as specimen length is
increased, the probability of encountering a cell in any
individual flow path, in which all large pit openings are
blocked, is also increased. Therefore, permeability will
decrease with length. Eventually a length is reached where
all potentially easy pit flow paths are blocked, and flow is
controlled by 'residual'! flow paths whose probability of
blockage tends to zero. It has been suggested by several
workers (Phillips, 1933; Osnach, 1961; Banks, 1968; Petty and
. Puritch, 1970; Bramhall and Wilsom, 1971) that the 'residual!
flow péfhs are the bordered pits of late wood. However, it
should be recognised that in certain species, notably Scots
pine, routes involving flow through ray cellé and pits may

make a significant contribution.

At specimen lengths where flow is controlled by these so-
called 'residual' flow paths, permeability is constant with
- respect to length. That is, rate of flow varies inversely

with specimen length.

It is clear from the above data that significant departure
from Darcy's law, with respect to length variation, is-
observed with short softwood specimens. It has also been
established in a number of investigations (Buro and Buro,
1959; Krahmer and C6té, 1963; Comstock, 1965) that
permeahility of both sapwood and heartwood varies unpredict-
ably around the cross-section of a single stem. Hence, rate
of flow is not necessarily related to length and cross-

sectional area, in the manner predicted by Darcy's law.

In work to establish the mechanism of water vapour transport
through wood, Pfalzner (1950) demonstrated the occurrence of
'slip' flow (see section 1.3.3) and showed the flow of air and
nitrogen through spruce wood to be in accord with the Adzumi
equation (equation 1l.14). It was found by Smith and Lee
(1958) that the gas flow permeability of softwoods is
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significantly greater than that measured with liquids. They
suggest that the discrepancy arises as a vesult of the
occurrence in wood of fluid-conducting pores of very small
diameter (< lum). In such pores, gas molecular mean free
path is of similar magnitude to pore diameter, even at
relatively high pressure (& 1 bar), and hence significant
slip flow may be expected at such pressures (Adzumi, 1937).
Further support for the viscous/slip mechanism of gas flow
through softwood is provided by the evidence of Resch and
Ecklund (1964) and of Sebastian, C&té and Skaar (1965).
The most general equation deseribing viscous/slip flew through
porous media is the modified Kozeny equation (equation 1.15).
- From this equation it is seen that total flow is made up of
two components:-
" 1 a component dependent upon mean gas pressure, which
varies inversely with viscosity, and
ii a pressure independent term directly proportional to
gas thermal velocity V (which is inversely related to

the square root of molecular weight).

- The permeability of eastern hemlock (Tsuga canadensis) was
investigated by Comstock (1967). He showed the pressure
independent or 'slip' component of flow to be inversely
‘related to molecular weight, in accord with the modified
Kozeny equation. In his work the viscosity range covered
extended from about 170 only to about 190 micropoise. This
range 1s insufficient to unequivocally demonstrate a strong
relationship between the pressure dependent or 'laminar'
component of flow and gas viscosity. The data of Comstock
were certainly not inconsistent with the inverse relatlonship
between laminar flow and viscosity predicted by the

modified Kozeny treatment, however.

Thus, it has been shown that the Darcy relationship is only
partially applicable to flow through softwood. Rate of flow
in the laminar régime is proportional to applled pressure
differential, but is not always inversely related to

specimen length. Furthermore, it is established that flow is,
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in the viscous/slip régime, at pressures around atmospheric.
Thus the true relationship between rate of flo& and viscosity
can only be established by the use of more sophisticated
equations {(eg the modified Kozeny equation) where the laminar

and diffusive components of flow are separated.
1.5.3 SOFTWOOD STRUCTURAL FEATURES AFFECTING GAS FLOW

Based on estimates of size and abundance, Stamm (1946)
calculated the relative contribution tec the total fliow
resistance of pits and tracheild lumina. He found that for
‘longitudinal flow through sapwood, the pit system was
responsible for about 90 per cent of the total fiow resis-
tance, whilst for heartwood this percentage may be greater

than 99 per cent.

Total flow resistance of white spruce wood (Picea glauca)
was measured experimentally by Sebastian, C6té and Skaar
(1965). They compared their data with estimates of the flow
resistance of cell spaces (tracheid luminae) calculated from
microscopically determined geometric parameters. The
results of Sebastian et al, showing pits in sapwood to
contribute between 76 and 898 per cent of the total flow
resistance and in heartwocod more than 99 per cent, are in

agreement with those of Stamm (1946).

Referring to equation 1.15 it is seen that a linear relation-
ship exists between specific mass flow rate (%E?) and gas
mean pressure P, for simple porous media. Significant depar—
ture from this linear relationship for gas flow through
softwood was first observed by Smith and noted in the report
of the Director, Forest Products Research (1964). The
departure is in the sense that the relationship curves

negatively at low mean gas pressures (Figure 1.5).
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Fig 1.5 Typical curve of specific mass flow against mean

pressure for flow through softwood

In a more complete report of the work (Smith and Banks, 1971)
the observed deviation is attributed to the behaviour of
softwood flow paths, as serially interconnected pairs of
capillaries of differing diameter Cdl and d2) and length

(ll and 12) (Figure 1.6).
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Fig 1.6 Softwood flow path model

Flow through this type of structure can be shown algebraic-
ally, to lead to curves of the type shown in Figure 1.5.
Similar results were obtained by Petty (1970), who also
ascribed the effect to flow through alternately wide and
narrow capillaries. Both Petty (1970) and Smith and Banks
(1971) related the flow path model illustrated in Figure 1.6
to softwood anatomic features. These workers agree that the
long, wide capillary (Figure 1.6, capillary 'a') represents
the tracheid lumen. However, whilst Smith and Banks regard

., capillary 'b' as some hypothetical capillary representative of:
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the bordered pit generally, Petty suggests that it represents
the interfibrillar spaces of the bordered pit margo

(Figure 1.3, page 4).

Using numerical approximation procedures the linear mass flow/
mean pressure relationships were evaluated by Petty (1970) and
by Smith and Banks (1871) for each of the two capillaries

'a' and 'b' forming the flow path 'repeating' pairs. It was
then shown by these workers that the requirements of the
modified Kozeny equation (equation 1.15) with respect to wide
variation in gas viscosity and molecular weight, were met by

the obtained relationships.

Thus, together with the work regarding pressure variation
discussed in the previous section (section 1.5.2), the above
evidence shows that gas flow through softwoods is well

described by viscous/slip flow equations.
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1.6 EFFECT OF SWELLING ON PERMEABILITY

It is mentioned iﬁ section 1.5.1 that no simple relationship
could be established between liquid viscosity and rate of flow
of various liquids differing in their ability to swell wood
(Buckman, Schmitz and Gortner, 1935; Erickson, Schmitz and
Gortner, 1941). The most practically importént swelling
molecule is water and a lot of work has been carried out in
the study of the wood/water relationship. This topic is
outside the scope of the present work but it may be of inter-
est to note that 1t is dealt with thoroughly in standard

texts by Stamm (1964) and by Kollmann and Cété (1968).

During sorption of water over the range O to about 30 per cent,
softwood swells in volume by about 10-15 per cent. This gross
swelling is accompanied by some change in pore geometry
(Kelsey, 1963). As early as 1935, Stamm noted a decrease in
gas flow permeability associated with iIncrease in moistufe‘
content, which he attributed to reduction in size of pit
membrane pores. Similar observations are reported by

Comstock (1968). It is known that molecules other than water -
are able to swell wood, the principal criterion governing
ability to swell seeming to be an ability to form hydrogen
bonds with the methanol group (Gordy, 1939). Several workers
have measured experimentally the magnitude of swelling

caused by various liquids (see Stamm, 1964; Browning, 1963;
Morgan and Orsler, 1969). The effect of swelling induced by
various liquids on permeability was investigated by Hossfeld
(1972). In contrast to Stamm (1935) and Comstock (1968) who
found swelling to decrease permeability, Hossfeld observed an
increase in permeability with increased swelling. This

" conflict, which is difficult to resolve, is discussed more

fully in later sections (Part 5).
1.7 SCOPE OF THE PRESENT WORK
The simplicity of the gas flow technique makes it attractive

as a method to measure the permeability of wood. However,

permeability to liquids is practically of much more importance
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(see sections 1.5.1 and 1.5.2). Thus it is desirable to be
able to relate gas flow data to liquid flow properties. Gas
flow permeability is measured for'specimens covering a range
of species showing considerable variation in bordered pit
'anatomic structure (see Part 2). These gas flow data are then

related to liquid flow data measured with the same specimens.

Gas flow permeability techniques are commonly used to
estimate flow controlling pore sizes. The validity of these

techniques for application to softwood are investigated.

"The mechanism of inert liquid flow through softwood under the
- influence of small pressure differentials is investigated and
deviations from laminar flow laws are discussed in relation to

anatomic features.

It has been shown (see section 1.6) that liquids and vapours
which react with wood to cause swelling of the cell wall,
markedly influence softwood permeability. The evidence cited
in the literature is in conflict, to some extent. Several
workers, using gas flow techniques, have found that swelling
leads to decreased permeability, whereas recent liquid flow
work shows increased permeability associated with swelling

(see section 1.6).

For one species (4bres grandis) a systematic and thorough
investigation is conducted in this work, of the effect of
- swelling induced by cell wall sorption of water vapour and of

organic liquids upon permeability to liquids.
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Part 2 BORDERED PIT STRUCTURE

2.1 STRUCTURAL VARIATION IN BORDERED PIT MEMBRANES -
SELECTION OF TEST SPECIES

It is now generallyAaccepted that longitudinal flow through
softwood is mainly by way of the tracheid/bordered pit system,
with some facility for blockages in the system to be overcome by
the use of radial flow paths (section 1.2). ‘In all specles,.

" tracheid lumina are of relatively similar and simple

geometry, approximating reasonably to long capillaries,
allowing flow to occur in accord with the Higen-Poiseuille law
(section 1.3). It seems likely, therefore, that any major
'between species' differences in flow mechanism will be
associated with variation in the structure of bordered pits,

-and especlally of their membranes.

From examinations carried out by light microscopy, Bailey
(1913) drew a remarkably accurate general description of the
bordered pit membrane of the Plnaceae. With the introduction
of electron microscopy, however, major advances have been made
in the elucidation of membrane fine structure. Early workers
carrying out electron microscopic investigations (Liese, 1951,
Eicke, 1954; and Frey-Wyssling, Mihlethaler and Bosshard, 1955)
observed the pit membrane to consist of an impervious central
disc (the torus) surrounded by a porous fibrillar annulus

(the margo) - Figure 2.1. This structure is very close to

that predicted by Bailey from his light microscopy examination.
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Fig 2.1 Pinus spp bordered pit membrane mag x3500

The above iInvestigations were carried out with air-dried wood.
In a comparative examination, however, Jayme and Fengel (1859)
observed marked differences between the structure of pit
membranes from 'green' and 'air-dried' specimens. In dry
specimens of spruce wood they found membranes as described by
Liese (1951}, Eicke (1954) and Frey-Wyssling et al (1956).

The membranes of 'green' (never dried) wood, however, were
seen to have a uniform fibrillar appearance, without distinct
torus and margo. They suggested, therefore, that the struc-
ture seen in air-dried specimens arocse as a result of drying
and pit aspiration (see 2.2 below). More recent work

(Thomas, 1968) shows quite clearly that margo and torus are
formed during cell development, and it seems that the struc-
ture observed by Jayme and Fengel was an artefact of their

preparative technique.
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Three species (Picea qbtes, Araycaria angustifolia and
Agathvs labilliardiery?) were examined by Jutte and Spit
(1963), who noted several between-species differences in the
structure and geometry of the pits. Specimens from several
genera were examined by Krahmer and C6té (1963). They
observed typical 'Pinus’ type pit membranes in Douglas fir
(Pseudotsuga menziesii), with thickened central torus and
radially orientated supporting strands. In eastern and
western hemlock (T'suga canadensis and T. heterophylla),
however, these workers observed irregular extensions of the
torus extending into the margo zone. TFengel (1968) reports
structural differences in pit membranes specifically related
-to genus and species. Considerable difference between early
wood and late wood pit membrane structure of a single species
is also reported by him. Late wood pits are observed to be
generally more heavily incrusted than those of early wood,
some pits in the last formed late wood having membranes
totally covered by incrustant. In a detailed examination of
the southern pines, Thomas (1968) found no major and
consistent between-species differences in this closely-
related group but, in agreement with Fengel (1968), observed
' considerable structural difference between early wood and

late wood pits.

From the results of his own work and those of other workers,
Liese (1965) classified early wood pit membranes into five
types. The first of these classes, the 'P{nus’ type contains

most of the timber producing temperate zone softwoods, eg

pines, spruces, firs, hemlocks. The second of Liese's classes,

the ‘draycaria’ type contains the commercially important
South American softwood Parana pine (Araucaria angustifolia).
Descriptions of the pit membrane structure observed in these

classes are given below:-

1 Pinus type: fibrils in moderately dense radial pattern,

with larger spaces; distinct torus by apposition.

2 Araucarta type: microfibrils in a radial pattern, more

densely packed with narrower spaces; torus not due to
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apposition, but only as matrix substance at the central

region.

The remaining three classes, 'Thujopsis' type, 'Gnetum' type
and 'Cyecas' type are made up of species with little importance
‘as timber-producing trees. Hence for the permeability study
described in this work, species are selected from the 'Pinus’
and 'Araucarta' types described above. Within the basic
Pinus type, Liese reports the following variations in membrane

fine structure:-

Tsuga spp = erratic apparently impervious extensions of the

torus extending into the margo.

Cedrus spp - more regular torus extensions giving the torus a

scalloped appearance.

Several species for test are selected from the 'Pinus’ type
class, to include examples with the basic type of structure
~described by Liese (1965) and with the structural variations
described above. A list of test species with a brief

description of their pit membranes is given in Table 2.1

below.
Table 2.1 TEST SPECIES
Species Type of Membrane
Abtes grandis Pinus type
Picea abies Pznus type
Tsuga heterophylla Pinus type with extended torus
Cedrus deodara Pinus type with scalloped torus
Arauecaria angustifolia | Araucaria type

2.2 PIT ASPIRATION

In the sapwood of living trees, pit membranes are suspended

centrally in the pit cavity. During air drying, however, in

a high proportion of pits, the membrane is displaced and

37




pressed against one of the pit openings, forming a more or less

efficient seal, a process known as pit aspiration.

It was demonstrated by Phillips (1933) that drying from green
to below 30 per cent moisture content brought about the
aspiration of some 98 per cent of pits in early wood. In
late wood, however, drying led to the aspiration of only
about 35 per cent of pits.' Phillips suggested that the mem-—
brane displacement is caused by surface forces. By the use of
physical model techniques, Hart and Thomas (1967) were able.to
demonstrate that membrane displacement by surface tension
forces was a feasible and likely process. Subsequently a

- number of workers have shown experimentally that the membrane
is displaced by surface tension, and fixed against the pit
border by hydrogen bonds (Liese and Bauch, 1967; Comstock and
Coété, 1968; Thomas and Kringstad, 1971). Several workers
have demonstrated that 'green' never dried sapwood is much
more permeable than air-dried wood (Banks, 1968; Comstock,
1968; Bramhall and Wilson, 1871), suggesting that fluid flow
is very markedly affected by pit closure. Using a dye
impregnation technique Petty and Puritch (1970) showed thaf
whilst virtually all tracheids of 'green' grand fir (4bies
grandis) specimens conducted fluid, conduction was restricted
mainly to late wood, after air drying. This observation also
strongly suggests a relationship between permeability and pit

aspiration.

Hence, apart from differences in membrane structure, the
condition of pits (aspirated or non-aspirated) clearly has a
marked effect on permeability. Most of this work is
concerned with fluid conduction through dry wood (where most
pits are aspirated), because of its relevance to various wood
processes. However, a limited study is included of the
permeability of green wood (where virtually all pits in sap-

wood are non-aspirated) to liquids.
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Part 3  SCANNING REFLECTION ELECTRON MICROSCOPIC STUDY
OF TEST SPECIES

3.1 OBJECTIVES OF THE STUDY

The investigation of pit membrane structure described below
is not intended to provide an exhaustive study of pit membrane
structure. It is included to provide a record of typical
membrane structures observed in the test species listed in
Table 2.1. From the quite large number of membranes

" observed with the microscope, a smaller number were photo-
graphed and examined in greater detail to gain an idea of the
" range of pore sizes occurring in the various species. Many
workers have shown that the technique of scanning electron
microscopy is well suited to the study of wood and other plant
tissue (see, for example, Wellwood, Ifju and Wilson, 1965;
Echlin, 1968; Findlay and Levy, 1969 and 1970). Preparative
procedures are simple and quick - allowing examination of a
relatively large sample of material. The magnification range
(x 30 to x 20 000) and the resolution (better than 1 000 K)

make the technique ideal for the study of pit structure.
3.2 SPECIMEN PREPARATION AND EXAMINATION TECHNIQUE

Most bordered pits lie on the radial walls of longitudinal
tracheids, membranes forming part of the middle lamella/
primary wall of the composite cell wall. It is convenient
that softwoods cleave naturally along radial planes, these
cleavage planes being along the middle lamella zone. To
expose membranes, therefore, it is necessary only to split

along these natural planes.
Surfaces for examination were prepared from cubes of about

5 mm side sawn from the same wood blocks used in the prepara-:

tion of permeability specimens. From each test species,
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specimens were prepared in air-dry condition to correspond
to the condition of specimens used in permeability experi-
ments. As mentioned in section 2.2, however, a limited
study was made of the permeability of green grand fir (4Adies
grandis) wood. It has been shown by Thomas (1968) that
drying in the absence of interfacial forces retains pit
structure in the 'green' state. Hence to observe green pit
membrane structure in grand fir, specimens were also
prepared from this species, dried from green by a solvent
exchange/vacuum freeze drying technique using the following

system:-

1 Sap replaced by acetone.
Acetone replaced by benzene.
3 Benzene vacuum evaporated from the solid phase at
o
-57C.

After drying, radial slivers, about half to one millimetre
thick, were split from the 5 mm cubes, with a sharp razor
blade, and mounted on metal stubs with a solvent-based glue
(see Findlay and Levy, 1969). To prevent the build-up of
static charge during electron bombardment in the microscope
(Oatley, Nixon and Pease, 1965) the specimen surfaces were
coated with a conducting film of gold/palladium about

o
400 A thick, in a vacuum evaporation unit.

Specimens prepared in this way were examined with the
Cambridge Instrument Company 'Stereoscan' scanning electron
microscope. The instrument was operated in the emissive mode

with an accelerating potential between 10 and 20 kV.
3.3 PIT MEMBRANE STRUCTURE OF TEST SPECIES

Examples of the membrane structure of the various speciles
studied in this work are illustrated in Figures 3.1 to 3.18.
The structural features observed are similar to those
described in the classification of Liese (1965) - see
section 2.1. In air-dried specimens early wood pits were

mainly observed to be aspirated, although occasional
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memhranes were found in the unaspirated condition. Most

late wood membranes appeared unaspirated.
3.3.1 Abtes grandis SAPWOOD

Examples of aspirated and non-aspirated early wood pit
membranes of air-dried wood are shown in Figures 3.1 and
3.2, respectively. In the aspirated membrane (Figure 3.1),
a distinct impression of the pit aperture can be seen
' through the torus, suggesting that membrane and pit border
are quite firmly pressed together. The fibrillar strands in
Figure 3.1 are seen to be orientated principally radially,
although some more randomly orientated fibrils can be
observed between the radial strands. Structure is revealed
more clearly in the non-aspirated membrane (Figure 3.2).
Here the random 'between radial strand' fibrils can be very
clearly distinguished. The outer anulus of the membrane
appears imperforate in some areas, having a primary cell wall
appearance. Both aspirated and non-aspirated membranes
appear free from incrustant. In the late wood of sapwood,
membranes appear to be Incrusted with some amorphous
substance so that fibrillar detail is obscured over large
areas (Figure 3.3). In the membrane illustrated relatively
few perforations remain between the incrusted fibrils.
Amongst other late wood pit membranes observed, some were
perforated to a greater extent whilst a few appeared

“virtually imperforate.

Pits of specimenszprepafed by the solvent exchange/freeze
| drying technique described above were virtually all observed
to be non-aspirated. In early wood the membranes appeared
free from incrusting maferial and the margo fibrils were
seen to be aligned principally radially (Figure 3.4). In a
number of pits, torus extensions similar to the Tsuga spp

type (Liese 1965) were observed (Figure 3.5).

As in air-dried material, late wood pit membranes were seen
to be heavily coated with incrustant. Where incrusting sub-
stances were absent, a fine fibrillar structure was revealed
(Figures 3.6 and 3.7).

s
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mag x 5300 Fig 3.4 mag x 3800

Abtes grandis sapwood early wood, air dried - aspirated pit
membrane

A. grandis sapwood early wood, air dried - unaspirated pit
membrane

A. grandis sapwood late wood, air dried - unaspirated pit
membrane

4. orandis sapwood early wood, solvent exchange/freeze dried -
unaspirated pit membrane
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Fig 3.5

Fig 3.6

Fig 3.7

Fig 3.8

=1\
mag x 7000 Fig 3.8 mag x 4900

Abties grandis sapwood early wood, solvent exchange/freeze
dried - pit membrane with torus extensions

A. grandis sapwood late wood, solvent exchange/freeze dried -
pit membrane

4. grandis sapwood late wood, solvent exchange/freeze dried -
pit membrane

Picea abies sapwood early wood, air dried - aspirated pit
membrane
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3.3.2 Picea abies SAPWOOD

Membrane structure in this species was observed to be
similar in many respects to that seen in Abies grandis

above. A typical early wood membrane is shown in Figure 3.8.
It can be seen that the margo fibrils are orientated
principally radially with some random interconnection.

‘Incrustants are absent or sparse.

Late wood pit membranes appear heavily incrusted (Figure 3.9),

often with only few apparently porous zones.

+ 3.3.3 Tsuga heterophylla SAPWOOD

In the early wood of Tsuga heterophylla extensions of the
torus running into the margo are seen in most early wood pit
membranes (Figure 3.10). Apart from these torus extensions,

the membranes appear essentially free from Incrustant.

Late wood pits exhibit membrane structure similar to that
seen in the late wood of Abtes and Picea spp, a high propor-
- tion of the membrane surface appearing to be incrustant
coated (Figure 3.11).

3.3.4 Cedrus deodara SAPWOOD

The radially orientated margo fibrils in early wood appeared
more widely separated in this species (Figure 3.12) than in
the other Pinaceae examined. Torus extensions giving the
scalloped appearance described by Liese (1965) were not seen
to be developed to any marked extent. Small, regular, torus
extensions were seen to extend over about one-tenth the
length of the radial margo fibrils. These together with the
widely separated radial fibrils running from them may give a

more scalloped appearance under lower resolution.
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Fig 3.9 mag x 4900

mag x 3600 mag x 3500

Fig 3.9 Picea abies sapwood late wood, air dried - unaspirated pit
membrane

Fig 3.10  Tsuga heterophylla sapwood early wood, air dried - aspirated
Fig 3.11 7. heterophylla sapwood late wnod, air dried - unaspirated
pit membrane

Fig 3.1¢  Cedrus deodara sapwood air dried - aspirated pit membrane
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Fig 3.14 mag x 3900

IR |
mag x 3700

Fig 3.13  Araucaria angustifolia air dried - group of bordered pit
membranes

Fig 3.14 A. angustifolia air dried - pit membrane
Fig 3.15 Abies grandis heartwood early wood - incrusted pit membrane

Fig 3.16  Tsuga heterophylla heartwood early wood - incrusted pit
membrane
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3.3.5 Araucaria angustifolia SAPWOOD

The most striking features about pits in this species are
their abundance and their distinct hexagonal shape, giving a
. honeycomb appearance to their arrangement on cell walls
(Figure 3.13). As noted in the Liese classification, the
‘tori of membranes appear unthickened. Margo fibrils are seen
to be radially orientated and very widely separated

(Figure 8.14). It was noticeable in the specimens examined
that, in almost all pits, tori were split (Figures 3.13 and
3.14). It is possible that these splits are the result of
electron beam damage in the microscope. However, the ‘

© frequency of their occurrence even under low magnification
(Figure 1.13) - where local heating is less severe -
suggests other reasons for this damage. It seems possible
that the splits may arise as a result of drying stresses,
and the possibility of their occurrence throughout dried,
permeability specimens is considered in the general :

discussion (section 7.1).
3.3.6 HEARTWOOD OF -TEST SPECIES

In all the species examined, the membranes of heartwood
appeared structurally similar to those of corresponding sap-
wood. However, it was seen that whilst in sapwood, incrusta-
tion was restricted to late wood pit membranes, in heartwood,
early wood pits were frequently incrusted also (see, for

example, Figures 3.15 and 3.16).
3.3.7 PIT MEMBRANE PORE SIZES

The scanning electron micrographs resulting from the above
study were used to gain an idea of the range of membrane pore
sizes in the test species. An immense degree of detailed
geometric variation in membrane structure within each species,
even between neighbouring pits in the same tracheid, was
observed. Thus the limited study of pore sizes carried out
(based on about ten pits per species) must not be regarded as
 a precise guide to pore sizes occurring throughdut each

Lo
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species. The measurements are intended as an ‘order of
magnitude' guide to membrane pore sizes in the permeability
specimens used in this work. Membrane pores are approximately
triangular to rectangular slit shaped (Figures 3.1 to 3.16).
In Table 3.1 below, the approximate range of slit dimensions
observed are cited for each species examined. Additionally,
the dimensions are converted to mean hydraulic radii using
equation 1.13 (section 1.4). In Araucaria angustifolia, all
membranes appeared to be very firmly sealedragainst pit
borders. It seems likely, therefore, in this species that

flow is controlled by the observed torus splits.

In addition to membrane interfibrillar dimensions, therefore,
the sizes of these splits wWere estimated. These lay in the
range 0.25 x 1.0 micron to about 0.4 x 0.6 micron, giving an

equivalent hydraﬁlic radius about 0.1 micron.
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Table 3.1

MARGO PORE DIMENSIONS FROM SCANNING ELECTRON MICROSCOPY

Margo pore dimensions (micron)

Species Equivalent
pe . R . hydraulic
S1lit size (micron) radigs
(micron)
Abies grandis sapwood 0.08 x 0.08 4
early wood to 0.6 x 1.5 0.02. to 0.2
Ables grandis sapwood 0.08 x 0.08
late wood to 0.24 x 1.6 0.02 to 0.1
Ables grandis heart- 0.08 x 0.08
wood early wood to 0.9 x 1.3 0.02 to 0.25
Abies grandis heart- 0.08 x 0.3
wood late wood to 0.4 x.1.7 0.03 to 0.15
0.1 x 0.2 '
Cedrus deodara sapwood to0 0.6 % 3.0 0.03 to 0.25
Picea ables sapwood 0.1 x 3.0
early wood to 0.3 x 3.0 0.05 to 0.15
Piceaq abies sapwood 0.04 x 0.04
late wood to 0.25 x 0.8 .01 to 0.1
Tsuga heterophylla sap- 0.2 x 0.2
wood early wood .to 0.8 x 2.4 0.05 to 0.3
Tsuga heterophylla sap- 0.2 x 0.2
wood late wood to 0.8 x 2.0 0.05 to 0.3
Tsuga heterophylla 0.2 x 0.2
heartwood early wood to 0.4 x 1.0 0.1 %o 0.15
Tsuga heterophylla 0.2 x 0.2
heartwood late wood to 0.2 x 1.0 0.05 to 0.1
Tsuga canadensts: <0.1 x<0.1
sapwood to 0.6 x 2.0 <0.025 to 0.25
Tsuga canadensts 0,15 x 0.15 "0.08
heartwood :
Araucaria angusttfolia 0.2 x 0.9
(sapwood and heart- to 1.1 x 3.0 0.08 to O.4

wood )
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Part 4  GAS FLOW PERMEABILITY
4.1 OBJECTIVES

The flow of gases through certain softwoods is described by
viscous/slip flow equations (see section 1.5.2). In this
section the measurement of gas flow permeability is described.
Permeability data are analysed by a numerical technique based
on a simple physical flow path model. The analysis allows
viscous and slip permeability constants to be separately

estimated.

Viscous permeability constants estimated in this way are
compared in a later section with liquid flow constants

measured for the same specimens.

From the viscous and slip permeability constants, flow control-

ling pore sizes are estimated.

The validity of the simple flowpath model is eritically
examined, and the effect that oversimplification may have on
the estimated values of viscous permeability constant and
pore size 1s investigated theoretically.

4.2 APPARATUS AND EXPERIMENTAL TECHNIQUE

The apparatus used to measure gas flow rate consists of:-

e

Compressed gas supply controlled by 'inlet' valve.

e
| ndd

Capillary flowmeter.

He
Hr
| ol

Specimen cell with differential manometer connected
across 1it.

iv Gas outlet manometer.

v Outlet control valve.

vl Rotary vacuum pump.

It Is shown dlagrammatically In Figure 4.1l.
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Fig 4.1 GAS FLOW PERMEABILITY APPARATUS
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Gas enters the apparatus from the supply cylinder, through the
inlet control valve. It flows serially through the flowmeter
capillary, the wood specimen and the outlet control valve,
elither to exhaust at atmospheric pressure (for operating
pressures greater than 1 bar absolute) or to the vacuum pump

(when operating at pressures of 1 bar or less).

The capillary flowmeter consists of about 5 m of precision bore
glass capillary of internal diameter 1 mm. This fairly wide
bore tube was used to ensure that flow within the meter
capilllary is significantly free from 'slip' throughout the
range of gas pressures used., This ensures that within the
“laminar régime of flow, the flowmeter 'constant' is
independent of gas mean pressure. As a rough gulde, slip
flow effects assume significance when gas mean free path is
of similar magnitude to capillary diameter. At the lowest
pressure used in the experiments (&O.l torr) the mean free
path for the hydrogen molecule at 25°¢ is about 0.1 mm, ie an
order of magnitude less than the diameter of the flowmeter

capillary.

Calibration of the flowmeter was accomplished by comparison

of pressure drop across the capillary with volume rate of flow
of hydrogen measured with a soap film meter connected in
series with it. Over the range tested, rate of flow was found

" to obey the following linear relationship:-

0.0079184P Equation 4.1

b

Q

where Q = volume rate of flow (ml sec-l)

B

pressure drop across flowmeter capillary

(mm butyl phthalate)

The specimen cell (with a specimen in place) is illustrated
diagrammatically in Figure %.2. It 1s made up of two half
celis constructed from brass. The half cells are threaded
so'that they may be tightened on to the speciﬁen,flange,

sealing being effected with neoprene gaskets.
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Fig 4.2 GAS FLOW PERMEABILITY, SPECIMEN CELL

Specimens were prepared by sawing cubes of about 15-20 mm
side from blocks of the various species, using a small hack-
saw. From selected zones of these cubes (eg early wood or
late wood), test pleces, of transverse cross-section about

5 mm square, were split with a sharp razor blade. Tor late
wood specimens it was usually necessary to cut the radial
dimension rather smaller than this, to avoid the inclusion of
early wood cells. Finally the transverse faces were trimmed
with a razor blade to expose cleanly, transvérsely*cut
tracheids; allowing uninterrupted fluid entry and exit.
Specimens prepared in this way were then dried by evacuation

over phosphorus pentoxide.

To enable easy transfer from the gas flow to the liquid flow
apparatus the specimens were mounted in washers which were
used as flanges enabling compressive fitting into the flow
cells (see Figure 4.2). Before mounting into the washers,
specimen lateral surfaces were sealed with epoxy resin, to

restrict flow to the longitudinal direction. Mounting into
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washers was accomplished as follows:-
1 The hole in the washer was covered on one side with
adhesive tape - thus forming a shallow 'dish'.
2 A specimen transverse face was pressed on to the
 exposed tape in the washer centre.
3 Epoxy resin was poured into the annulus between the

specimen and the washer.

This system is illustrated in Figure 4.3,

adhesive taPe ’/

Fig 4.3 SYSTEM OF MOUNTING WOOD SPECIMENS INTO FLANGES

Y

After allowing the resin to cure at room temperature, the
adhesive tape was stripped from the specimens. Transverse
surfaces were checked by low power microscopy and found to be
significantly free from resin, tape adhesive and other
debris. At this stage they were dried in vacuum desiccators
over phosphorus pentoxide for a minimum of two days prior to

gas flow experiments.
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The outlet manometer contained mercury as the manometric

2y

fluid, allowlng pressure to bhe sensed to 1 torr (’QlO3 dyn cm
over the range O to 2 bar (2 x lO6 dyn cm-2) absolute. To
measure differential pressure across the flowmeter capillary
and specimen, dibutyl phthalate was used as the manometric
liquid. With a vapour pressure at 25°C of 0.00016 torr and
density of only about 1.05 gm ml‘l, this liquid is ideal for
sensitive manometry at working pressures down to 1 torr.
Scalar measurement to about 1 mm of fluid head enables dif-

ferential pressure to be detected with a sensitivity of about

100 dyn cm--2 (<0.1 torr).

. Specimen cell and flowmeter were fitted with by-pass valves,
allowing rapid changes in gas pressure within the apparatus to
be made. Connections between valves, specimen cell and flow-
meter were made with glass tubing of about 10 mm bore, butt
jointed and sealed with rubber pressure hose. Hence
significant pressure drop occurs only across valves, flowmeter

and specimen.

Before permeability experiments the apparatus was checked for
leaks. This check was carried out with a specimen mounted in
the cell and the equipment assembled into its operatiocnal
state, as shown in Figure 4.1. With specimen and flowmeter
by-pass valves open and the inlet valve closed, the apparatus
was eva;uated to an absolute pressure of 1 torr. The outlet
valve was closed, vacuum pump removed and the apparatus
allowed to stand at constant temperature (25 = O.SOC) for

~18 hours. Any pressure increase due to air leak was noted.

If the observed Increase in pressure exceeded 10 torr, the
joints were re-made and the leak test repeated. This procedure
was continued until satisfactory tightness was achieved. A
similar procedure was followed to ensure freedom from outward
gas leak with the equipment pressurised. In this case, the
apparatus was pumped to 1 bar gauge pressure with hydrogen

~ gas, and sealed, Decrease in pressure of not more than 5 torr
over a two-hour period was considered a satisfactory limit

for outward leak. These limits are equivalent to inward and
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outward leak rates of about 0.003 ml sec-l ard at absolute
gas pressures of 5 torr and 2 bar (absolute pressure)

respectively.

Oﬁce a satisfactory seal was established, the apparatus was
purged of air with the permeating gas (hydrogen). This was
accompliéhed by alternately reducing the gaé pressure in the
apparatus to 1 torr or less, and raising it to 2 bar absolute
with hydrogen. This procedure was repeated for at least five

cycles to ensure virtually complete removal of air.

Flow measurements were made with the apparatus maintained

. at 25 * 0.5°C as follows:-

1l By-pass valves were opened, and hydrogen pressure within
the apparatus was raised to about 2 bar absolute.

2 Inlet and outlet valves closed.

Specimen by-pass valve closed.

4 Inlet and outlet valves slowly opened together to give a
steady pressure across the specimen (ideally this
pressure should be equivalent to a head of about half
to two-thirds the height of the manometer tube).

5 TFlowmeter by-pass valve closed (ensuring pressure across

flowmeter within manometer range).

In this condition the apparatus was allowed to stabilise until
two successive sets of readings of each manometer, taken at
time intervals of 15 minutes, differed by not more than 1 mm,
Under these conditions, the outlet pressure (taking account of
barometric pressure) and the pressure differentials across
specimen and flowmeter were recorded. This procedure was
repeated at about fifteen hydrogen pressures over the range

1 to 1500 torr (lO3 to 2 x lO6 dyn cm—z) absolute. For
hydrogen pressures less than 106 dyn cm"2 absolute ('0' gauge
pressure), the outlet valve exiaust was connected to a

rotaby vacuum pump, allowing gas flow to be measured over the

range 1 to 760 torr ('\le3 to 10° dyn cm-2) absolute pressure.
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4.3 GAS FLOW RESULTS

An example of a complete set of experimental data for a

specimen is given below (Table 4.1).

Tabley,] EXPERIMENTAL DATA FOR HYDROGEN FLOW THROUGH
Tsuga heterophylla SAPWOOD EARLY WOOD

Pressure drop Pressure drop

gﬁzzzg pgzziz;e across specimen | across flowmeter

pressure | (mm Hg mm dibutyl mm dibutyl

(nm Hg ) gauge) phthalate mm Hg phthalate mm Hg
7486 679 242 19.3 21 1.67
746 549 235 18.7 21.5 1.71
746 4ul 235 18.7 22 1.75
T4y 321 234 18.6 22.5 1.78
Tl 216 255 20.3 25.5 2.03
Thy 78 200 15.9 21.5 1.71
755 ~74 240 18.1 27 2.15
754 -235 218 17.3 28 2.23
753 -348 174 . 13.8 26 2.07
753 -378 214 17.0 33 2.63
753 =514 158 12.6 31 2.47
753 -614 185 14,7 49 3.90
7449 -682 178 4.2 72 5.73
753 -694 202 16.1 86 6.84
749 -732 172 13.7 126 10.03
750 -748 71 5.6 124 9.87

From the data of Table 4.1, values for the average permeating
_ gas pressure within the sbecimen and the flowmeter capillary
can be estimated.

approximate mean gas pressure within the specimen is given by:-

P

where P
Px
APs

Similarly, the mean pressure within the flowmeter capillary is

1

I

H

APs
PX'!'T

Equation 4.2

mean absolute gas pressure within specimen

outlet gas pressure (absolute)

pressure drop across specimen,

~given by:i-~
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APF

Po = Px + APs #
X S F e

Equation 4.3

where Po = mean absolute gas pressure within flowmeter

capillary
LPp

i

pressure drop across flowmeter capillary.

Volume rate of flow (Q), through the flowmeter, is calculated

. according to the relationship obtalned during calibration:-
Q = 0.0079184P Equation 4,1

Hence, specimen mean gas pressure (F) and specific mass flow
\C%g;) may be calculated for each set of experimental conditions.,
These variables, obtained from the data of Table 4.1 are

summarised in Table 4.2,

Table 4.2 SPECIFIC FLOW AND MEAN GAS PRESSURE DATA FOR
Tsuga heterophylla SAPWOOD EARLY WOOD

Specific mass flow Specimen
Po, 3 -1 mean gas pressure
K§§(cm sec ") = or
mm Hg | (dyn em ) x 10
12.4 1434,7 1.81
12.0 1304.4 1.73
11.2 1186.4 1.58
10.4 1074.3 1.43
9.66 970.2 1.29
8.86 830.0 1.10
7.85 . 630.6 0.82
6.89 ' 527.7 0.70
6.27 411,89 0.55
6.03 383.5 0.51
4,92 245,3 0,33
4,12 146.4 0.19
3.37 74,1 0.10
3.34 67.1 0.08
2.62 23.8 0.03
2.17 4.8 0.006

Mathematical analysis of the ex arimental data was carried out
by numerical technigues using a computer programme (see

- section 4.4 helow). For convenience, therefore the calculation
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of specific mass flow (%%%) and mean gas pressure P from the
experimental manometric déta was included in this programme.
A listing of the program instructions iis centained in the end
flap, and tables of specific mass flow and mean gas pressure

' for each specimen, are given in Appendix 1.

.4 MATHEMATICAL ANALYSIS OF DATA
Gas flow through simple capillaries of porous media in the
viscous/slip régime is described by the modified Kozeny

equation: =~

QP 2 —

o _ Aem P  HAedimV . .
Wrvtiatent 8 ss————— . . 6
TP 7 ionte + —%i (see section 1l.4) Equation 1.1

That is, the relationship between specific mass flow(%é?) and

mean gas pressure (P) is linear, so that

Aem2
1 Slope = m
2 Intercept with the 'y' axis = LAeSimV
. 3kyte

All the terms of these mathematical constants with the excep-
tion of n and V (gas viscosity and molecular thermal
velocity respectively) are geometric constants of the capil-

laries. Therefore, equation 1.16 may be rewritten:=-

—_— e— 4+ KV Equation 4.4

&
[V]
]
(]
<?<
i

viscous permeahility constant

~
1

= slip permeability constant

(&, and §3 are true physical constants, depending only upon

the geometry of the specimen.)
It is noted in section 1.5.3 that several workers have

observed gas flow through softwood to deviate from the linear

relationship described by equation 4.4
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>Simiiar departure from linearity was observed in all the gas
flow experiments carried out in this work (see, for example,
Figure 4.4 which is a graph of the data of Table 4.2). It was
shown by Barrer and Nicholson (1965) that this type of curve
occurs as a result of flow taking place through serially
interconnected caplllarles or pores of alternately large and
small diameter (Figure 4.5). In softwood it is believed that
these pores correspond to tracheid lumina and bordered pits,

respectively.

arge diameker ar S W diameter
(Z troi)'\e.t dam Lut: e ng‘a? ’ car;?uar 9 Cbo’:lei j)Lk)

‘////J///%// /////// /7 //'/é

/|

: 7 )// Y
\ss arrsiilosrisibd

Fig 4.5 CAPILLARY SYSTEM LEADING TO NEGATIVELY DEVIATING,
FLOW/PRESSURE RELATIONSHIP

By combining the equations describing flow through each type
of pore or capillary, the relationship between mass flow and

mean pressure, for the system, can be derived.

Let specific mass flow for capillary~l be given by:=

QP _ K#P —
(=) =Q -JLL- + K 1V ~ Equation 4.5
AP 7y Y .

and for capillary 2:~
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where Q; and 5&

Kv; and Kvp

Ks; and Ks,

<} = i
u

" Specific mass flow

K P

— v2 — .
=Q, = ot Kg,¥ ~Equation 4.6

specific mass flow for capillaries (1) and
(2) respectively

viscous permeability constants for
capillaries (1) and (2) respectively

slip permeability constants for capillaries
(1) and (2) respectively

mean gas pressure

gas viscosity

gas molecular thermal velocity

is a measure of gas conductance and it is a

universal concept that for a serial array of conductors, the

reciprocal of conductance is additive. That is:i-

L
QR

!

where QR =

1.2
Qy 2

specific mass flow of the capillary pair.

For manipulative convenience let:-

sy
'n

\

N2
n

~
<<
f

Then:=

or ﬁk =

(a

1
a2
by
by

_1 P
alP + bl a2P + b2

(a,P + bl)Ca2P + b,)

1P b+ (aP b))

Equation 4.7
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Equation 4,7 may be expressed as three functions of a
b2 and P.

1320

al’a2’bl’b2)]
5 ]

Equation 4.8

QR = fl(al’aQ’bl’bQ)P + f2(a

12390PysBy) = f

The first two terms on the right-hand side of equatlon 4.8 are
linear in P, the third term causes a non-linear effect which is
markedly negative at low values of P. It is assumed that
longitudinal flow through softwood is mainly through

"~ alternately wide (tracheid lumina) and narrow (bordered pit)
~capillaries or pores (see section 1.5.3). The experimental
flow data given in Appendix 1 (Tables | to i3 ), therefore,
may be fitted to equation 4.8 by the use of a numerical
approximation method (Newton-Raphson). From equation 4.8

12 P30 3
'al' and 'bl' represent viscous and slip permeability constant

estimates of a and b2 may be obtained. The values of

respectively of the tracheid lumina; 'a,.' and 'b2' being the

2
corresponding constants for the bordered pit.

Equation 4.8 is solved using a computer program for each set of
experimental data. The Newton-Raphson method used is given in
Appendix 2, and a 'listing' of the instructions forming the
computer program as well as a worked set of data is contained

in the end flap. The constants a;» 3,5 b and b, and the

2 Y1

corresponding more general viscous and slip permeability
constants (corrected for viscosity and molecular thermal
velocity - see page above) KVl’ KVQ’ KSl and KSQ’ are given

below in Tables 4.3 and 4.4.
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Table 4.3

GAS FLOW VISCOUS PERMEABILITY CONSTANTS

3 4 51 52
Speciment (cm4 sec (cm4 sec cm3 x 108 cm3 x 108
gn~1)10% | gn~1)105
AGS.e 9.5 2.0 0.84 0.17
AGS. % 13.0 4.5 1.11 0.39
AGH.e 5.1 1.1 0.45 0.10
AGH. % 2.7 0.53 0.24 0.047
CDS 32.8 3.3 2.92 0.29 -
CDH N O DETECTABLE FLOW
PAS.1 5.4 2.3 0.48 0.20
PAS.2 6.9 3.3 0.61 0.29
THS.e 6.U 0.49 0.57 0.044
THS.2 4.0 1.2 0.36 0.11
THH.e 29.8 4,3 2.65 0.38
THH. % 7.3 1.4 0.65 0.12
AAS 61.0 27.0 5.43 2.40
AAH 57.7 15.6 5.14 1.39

*Specimen labelling code is given below:-

First two letters define species:-
AG -~ Abies grandis

CD
PA
TH
AA

Cedrus deodara

Picea abies

Tsuga heterophylla

Araucaria angustifolia

Third letter identifies sapwood or heartwood specimen:-

S - sapwood

H = heartwood

Fourth letter (where present) identifies early wood or

late wood specimen:-

e =~ early wood

£ = late wood

Where the fourth letter is omitted, the specimen is

comprised of hoth sapwood and heartwood.

The numbers '1' and '2! appended to the Picea abies, 'PAS!

specimens, simply Identify each of two duplicate specimens

of this species.f
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Table 4.4 SLIP FLOW PERMEABILITY CONSTANTS

Specimen bl b2 KSl KSZ
(cm3 sec-l) (cm3 Sec_l) (cm2)108 (cm2)108
AGS.e 6.86 20.94 3.86 11.80
AGS. % 8,20 37.32 4,62 21.02
AGH.e 4,56 39,96 2.57 5.61
AGH.2 3.03 6.52 1.71. 3.67
CDSs 16.65 Ly,76 9.38 25.22
ChH N O DETECTABLE FLOW
PAS.1 2.05 . 27,34 1.15 15.40
PAS.2 3.53 8.61 1.99 L.85
THS.e 3.71 4,64 2.09 2.61
THS.% 3.35 12.00 1.89 6.76
THH.e 15.25. 24,57 8.59 13.67
THH.2 L.59 10.81 2.59 6.09
AAS 27.32 358.0 15.39 201.7
AAH 34,47 292.5 19.57 164.8

4.5 CALCULATION OF SPECIMEN VISCOUS PERMEABILITY CONSTANT
FROM GAS FLOW DATA '

As noted in section 4.4, the reciprocals of conductances in

serial array, are additive. Viscous permeability constants w.if adrafatt é‘f ‘&5«@%@“

measured by the gas flow technique in this work are. equal toamss

rate of flow of a gas of unit viscosity under the influence of

unit pressure differential.

They are, therefore, conductance

Equation 4,8

viscous permeability constant for wood specimen

viscous permeability constant of tracheid lumena

viscous permeability constant of bordered pits

values. Hence:-
1
k—:—*—
v N1 Ko
oer:K\llKV2
51t K2
where Kw =
K1 ®
K2 ©
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Values of viscous permeability constant CKW) for each specimen
tested, calculated from the data of Table 4.3 according to

equation 4,9, are listed in Table 4.5.

Table 4.5 VISCQUS PERMEABILITY CONSTANTS ESTIMATED FROM
GAS FLOW DATA

) Viscous Permeability Constant

Specimen Kw(cm3) . 108
AGS.,e 0.4

AGS. % 0.29-
AGH.e 0.08

AGH. & 0.0

CDS 0.26

CDH NIL

PAS.1 0.1
PAS.2 . 0.20
THS.e 0.04

THS. 2% 0.08

THH. e 0.33

THH. 2 0.10

AAS 1.66

AAH 1.09

As stated in section 1.7, it is the objective in this work to
relate gas and liquid flow data, and to Investigate the effect
of various imposed forces upon the permeability of specimens.
Specimens were of longitudinal length about: 10 mm- (within the
range where permeability decreases as length'is increased -
see section 1.5.2). Specimens varied from one another
considerably in cross-séctional area (from about 5 to 50 mm2).
Because of these ﬁwo factors, the permeability constants cited
in Table 4.5 ade no guide to the relative permeabilities
‘representative of the species tested. They are listed for
comparison with liquid flow data measured for the same
specimens, as described in a later section (section 5,2),

»
-
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4.6 PORE SIZE ESTIMATION FROM GAS PERMEABILITY DATA

In Tables 4.3 and 4.4, 'viscous' (KV) and 'slip' (Kg)
permeabllity constants are listed for each specimen tested.
It is shown (section 4.4) that 'K,' and 'KS' depend only upon

the pore geometry of the specimens, and are defined as

follows:~
2
_ Aem .
KV = kole Equation 4,10
uAedlm
KS = *é-]-'(?i'e—' ‘ Equation 4.11

- Wwhere A = specimen cross-sectional area normal to flow
¢ = gpecimen porosity
m = mean hydraulic radius of flow controlling pore
fe = effective pore length
ko = shape factor for viscous flow
= factor dependent upon fraction of molecules
undergoing diffuse reflection at pore wall

k, = shape factor for slip flow.

Dividing equation 4.10 by equation 4.1l gives an expression
for 'm' the mean hydraulic radius of the flow controlling

pore:-

Equation 4,12

Values of the shape factor 'ko', for pores of various shape,
are given by Carman (1956). The factor 61, dependent upon
the proportion of molecules undergoing diffuse reflection at
the pore wall varies with gas and with wall roughness, from
about 0.59 to 1 (Carman, 1956). TFor the flow of all gases
through pores with high surface roughness (eg machined brass;
silver oxide) '61' has a value of 0.59. Electron microscopy
has shown the cell wall of wood to be extremely rough at a
'micro' level, and throughout this work a value of 0.59 is

assumed for.'sl'.
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Tracheid lumen cross-section is approximately rectangular,
the ratio of side lengths varying from about 1l:1 to about 3:1.
Tracheid length is about 100 - 200 x lumen diameter. Values .
of 'ko' appropriate to this tracheid lumen geometry (from
Carman, 1956), are listed in Table 4.6.

Table 4.6 SHAPE FACTORS FOR VISCOUS/SLIP FLOW EQUATIONS -

(Pore cross—-section = rectangular of sides

'a' and 'b')
. a
Ratio T ko
1 1.78
l.94
10 2.65

From Table 4.6 it seems that the best value for ko lies
between 1.78 and about 2. A single average value (ko = 1.89)
is assumed in pore size estimation, leading to maximum error
from this source of £ 6 per cent. In the 'slip' flow region
ki = 1 for all shapes (Millikan, 1923).

Fitting these values to equation 4.12:-

m = 1.49§Z£ Equation 4,13
KSl . )

where KVl = viscous permeability constant for tracheid lumen
KSl = slip permeability constant for tracheid lumen
Geometric parameters for the flow controlling pore associated

with the bordered pit are less easy to define.

A diagrammatic representation of a bordered bit is shown in
Figure 1.3 (section 1.2). Reference to the Figure suggests
that flow control may be due to one of three structural
features (or to combinations of them):=~

1 the margo pores
2 the complex annulus formed by the pit cavity and the

torus
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3 the 'slit' between torus and border in a partially

aspirated pit.

Values of 'ko' (from Carman, 1956) appropriate to these

geometries are listed below in Table 4.7,

Table 4.7 SHAPE FACTOR 'ko' FOR GAS FLOW
THROUGH BORDERED PITS

kO
Margo pore &2.5
Pit chamber 2.0-3.0
Torus-border 'slit! | 3.0

From the Table it is seen that a value of 2,5 for ko is a
reasonable approximation for the range of shapes encountered
in pit structure. As for 'tracheid lumen' flow (above),

kl = 1 for all shapes.

Fitting these values to eqﬁation 4,12 an expression for
hydraulic radius 'm' is obtained:-

52

= 1,97 Equation 4.14
KSQ

=]
'

i

viscous permeability constant of bordered pit

52

KS2 = glip permeability constant of bordered pit

Estimated values of mean hydraulic radius for tracheid

lumina are calculated from the data of Tables 4.3 and U.4,
using equation 4.13. Corresponding estimates of bordered
pit:poré, mean hydraulic radius are calculated using equation
u;iu. These values, together with length of side of
equivalent 'square cross-section! pores (calculated according

to equation 1.13:-

DOre volume
pore surface area

are listed in Table 4.8.
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Table 4.8 PORE DIMENSIONS ESTIMATED FROM GAS FLOW DATA

Tracheid lumen Bordered pit
Specimen
m(micron) | x(micron)* | m(micron) | x(micron)#*
AGS.1 | 3.2 12.8 0.28 1.12-
AGS.2 3.6 14,4 0.36 loby
AGH.1 2.6 10.4 0.35 1.40
AGH,2 2,1 8.4 0.25 1.00 -
CDS.1 4.6 20.4 0.23 0.92
CDH.1 -
PAS.1 642 24.3 0.25 1.00
PAS.2 4,6 18.4 1.18 L,72
THS.1 b1 . l16.4 0.33 1.32
THS.2 2.8 11.2 0.32 1.28
THH. 1 4.6 18.4 0.55 2.20
THH,2 3.7 14.8 0.39 1.56
AAS.1 5.3 21.2 0.23 0.92
AAH.1 3.9 15.6 0.17 0.68
* * oy oz side'length of square cross-section 'equivalent
pore

The Poiseuille equation and equations derived from it (eg

the modified Kozeny equation) apply strictly only to long
capillaries or pores (see section 1.3.3), ie where pore
length >> pore radius. Flow through short tubes is described
more precisely by the Hanks and Weissberg equation (section

1.3.3 equation 1.9):-

W=W_o+ %5 _ Equation 1.9
If the major flow resistance of the bordered pit is centred in
the pit membrane pores, pore length is small relative to pore
radius (electron microscopic evidence suggests that membrane
pore radius is of the order of 0.01 to about 0.2 micron = '
section 3.3.6, Table 3.1), whilst margo strand thickness is
about 0.1 micron (see Figures 3.1 to 3.16 - section 3.3).

Thus length-to-radius ratio may be less than unity.
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The Hanks and Weissberg eéuation is semi-empirical, and was
derived from work carried out with capillaries of circular
cross-section. The equation cannot be applied in an absolute
sense to complex-shaped pores. It seems reasonable, however,
to use the equation to measure the relative effect of length-
to-radius ratio. This effect is investigéted by fitting a
number of sets of experimental flow data to equation 1.9 and
assuming a few values for pore length/pore radius in the range
0.3 (the smallest value investigated by Hanks and Weissberg)
to 100. The relationship between hydraulic radius (m) and the
values 'sz' and iKS2' (Tables 4.3 and 4.4) derived from
equation 1.9, for various length-to-radius ratios are listed
'below (Table 4.9).

Table 4.9 EFFECT OF PORE LENGTH/RADIUS RATIO ON
ESTIMATED HYDRAULIC RADIUS 'm'

Length/radius | Estimated hydraulic radius (m)

100 2.11 K,p/Kg,
10 ’ 1.98 K o/Kg,
1 1.43 K, /Kg,

23 1422 Kyplkgy

As pointed out above, the data of Table 4.9 apply strictly to
pores of circular cross-section. However, they provide a
guide to the magnitude of the effect of length/radius ratio
upon the size estimate of more complex shaped pores. Thus
data of the Table suggest that the values of bordered pit

pore hydraulic radii cited in Table 4.8 (based upon a 'long
capillary' model) may be significantly overestimated (by about
70 per cent) if the main resistance to flow is centred in

pores of length/radius is equal to 0.3,
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4,7 LIMITATIONS OF THE GAS FLOW TECHNIQUE
4.7.1 UNCERTAINTY ASSOCIATED WITH THE NUMERICAL ANALYSIS

The precision of the estimates of softwood viscous and slip
permeability constants and of pore size, depends upon how
accurately the comstants K, K;,» Kq, and K¢, (see section
4.4) can be determined. It has been shown by Smith and Banks
(1971) that slight (undetectable) experimental error in the
specific mass flow/mean pressure relationship can lead to very
significant error in two of the four constants, determined by
numerical analysis. These workers showed that the experimen-
tal curve is dependent mainly upon the viscous permeability
constant of the smaller pore (KV2) and the slip constant of
the large pore (KSl). In the example cited by them, it is
shown that up to about 30 per cent reduction in the viscous
permeability constant of the large pore (KVl) and increase of
similar magnitude in the slip constant (KS2) of the small pore,
. leads to no detectable change in the shape of the specific
mass flow/mean pressure relationship, over the pressure range
investigated (0 to 2 bar absolute). Specimen viscous
»permeability constant is calculated according to equation 4.9

(see section 4.5):-

_ 5515
fu ® 51t 2

From Table 4.3 it can be seen that KVl is usually at least

Equation 4.9

three times greater than KV2' Assuming that-KV2 is known
precisely, it can easily be shown by example (using equation
4.9) that error of about 30 per cent in K, will usually

lead to not more than about 6 per cent error in KW‘ Even when
KVl is about twice KV2’ 30 per cent error in KVl leads to only
about 10 per cent error in KW' It seems likely, therefore,

“ that quite a large error in the estimate of KVl leads to
relatively small error (not more than about + 5 per cent) in

the estiimate of specimen viscous permeability comstant KW.
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Pore size estimation from gas flow data (section 4.6) is
dependent upon the ratio of viscous to slip permeability
constants (see equations 4.13 and 4.14),

* Tracheid lumen:-

=

|

m = l.y % Equation 4,13
' S

'_l

s

Bordered pit pore:- .

52

m=s 1,97——= Equation 4.l4
K
S2
* Possible error of 30 per cent (+ 15 per cent) in both Kyq
and Ko, may, therefore, lead to error in the estimate of
tracheid lumen hydraulic radius of £ 15 per cent, and in the

estimate of bordered pit pore size of =13 to +18 per cent.

It must be stressed that errors of the magnitude discussed
may arise as a result of undetectable experimental error, in
the absence of any systematic error in parameter control and

instrument calibration.
4,7.2 OVERSIMPLIFICATION OF THE FLOW PATH MODEL

Early workers measuring gas flow permeability of softwood,
assumed that the material behaved as a simple capillary
porous material (ie specific mass flow rate linearly related
to mean pressure - see section 1.5.2). However, it was
shown first by Smith (1964) that this relationship is not
linear for all values of P, but is visibly curved at
pressures below about 1 bar. As a result of this work, the
simple caplllary model, assumed by the early workers, was
improved by Petty (1970) and Smith and Banks (1971). These
workers assumed that the curved relationship arose as the
result of flow through alternately wide and narrow capillaries.
(The algebra showing the logic leading to this assumption is

given in section 4.4.) Consideration of softwood anatomy,
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however, suggests that the above refinement is inadequate. A

possible single flow path through a short length (v 5 mm) of

softwood is shown diagrammatically in Pigure 4.6 below.

Tracheid 1 Trached L Tracheid 3
BT Pibafs

Fig 4.6  POSSIBLE FLOW PATH THROUGH A SERIES OF TRACHEIDS

In the flow path shown, let the following assumptions be

madei=
1l The cross-sections of tracheids 1, 2 and 3 are identical
2 Pit 1/2 is unaspirated
3 Pit 2/3 is partially aspirated
4 All other pits (not shown) are totally sealed.

A bordered pit is shown in cross-section in Figure 4.7
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Fig 4.7 CROSS-SECTION OF BORDERED PIT. ELECTRON MICROGRAPH,
MAG %9000

It is reasonable to suppose that the unaspirated pit is
comprised of two pore types:-
1 the complex annulus (seen as a slit in cross-section;
Figure 4.7) between torus and border

2 the parallel array of margo interfibrillar spaces.

The pore 'diameter' of the first pore type may be taken as the
width of the torus-border gap (1-5p). That of the second type
of pore (margo interfibrillar space) 1s of the order of 0.0l
to 0.1u (see Table 3.1; section 3.3.7). During aspiration,
small gaps between torus and border may remain open in a
proportion of pits (see, for example, Comstock 1968a). The
width of these gaps may be continuously variable between very

small values (<0.1 micron) and values approaching the gap size

In unaspirated pits (say about 1 micron). 3

Thus, the flow path illustrated in Figure 4.6 may be made up of

four distinct serially interconnected pore types:-
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tracheid lumina
the torus~border annulus in the unaspirated pit (1/2)

margo pores in the unaspirated pit (1/2)

oW N

'residual’ torus-border pores in the partially aspirated
pit (2/3).

It is impossible to predict the number of pore types in any
real softwood flow path. This will depend upon the variation
in pit geometry; variability in efficiency 6f.pit aspiration,
and with flow path length (and hence, number of cell wall

crossings).

Tracheid length is about 2-5 mm (section 1.2) and adjacent
tracheids overlap over about one-third of their length.
Hence, flow paths in the specimens used in this work (length
~ 10 mm) are made up of about 3 to 6 serially interconnected
tracheids. Longitudinal flow, therefore, involves passage
through 2 to 5 bordered pits.

As shown above, a single flow path in such a system is likely
to be made up of at least 3 or 4, and possibly more, pore
types. h

Consider the general case, where a single flow path contains

'n' types of pore:~

Let the specific mass flow/mean pressure relationship for
pore type 1 be given by:-
Q = oF * 8
for pore type 2, by:i~
Q2 = u2P + 32,
and for pore type 'n', by:i-
Q = o P + 8

po! n n

where Ql’ Q2 oo Qn_= specific mass flow values for pores
'l', '2' LI I IR 2 'n'

U1y Gy eees @ S corresponding viscous permeability

constants
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B, 62 ens Sn = corresponding slip permeability

constants.

- Then, since the reciprocal of conductance in series is

~additive:=~

b-l-:—Q—l-a-al-—....-J-al-; Equation 4.15 .
R 1 2 n
where QR = specific mass flow of the
system of 'n' serially inter-
connected pores.
SR I S L pa—

R P * B Pt B, ot B,

 which upon expansion gives an expression of the type:-

lan "2, "% .+ 7]
lf?“'l+§ﬂ“2....+§)"

Where Z is a numerical constant,

‘Qszf§)+Zv% Equation 4.16

It will be noted that equation 4.16 is similar in form to
equation 4.8, reiating specific mass flow to mean pressure for
gas flow through serially connected capillary pairs. Both
equations tend to become linear in P at high pressures, with
significant negative deviation from linearity at lower
pressures. Thus, it is clear that the curvi-linear relation-
ships between specific mass flow and mean gas pressure, cbtainéd
experimentally (Tables 1 to 13 Appendix 1) may arise as a
result of gas transport along flow paths comprised of 'n!
' pore types, rather than of the assumed two pore system.
N
4,7.3 EFFECT OF FLOW PATH MODEL OVERSIMPLIFICATION ON
ESTIMATION OF VISCOUS PERMEABILITY CONSTANT

Calculation of viscous permeability constants for each of
the specimens tested (sections 4.4 and 4.5) is based upon
the assumption that individual flow paths are comprised of

two, and only two, types of pore. It is shown above,
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however (section 4.7.2), that this assumption may be invalid.
In this section the type and magnitude of any error resulting

from the assumed simplification, is iInvestigated.

The investigation is purely theoretical, being based on a

physical model system of 3 serially connected pore types.

The geometry of the pores is selected to give a reasonable
épproximation to pore dimensions of tracheid lumen, pit

chamber and pit margo pores (Table 4.10).

Table 4,10 ASSUMED PORE GEOMETRY FOR MODEL SYSTEM

Pore radius | Pore length
(micron) (micron)
Tracheid lumen 5 3000
Pit chamher 0.5 5.0
Pit margo pore® 0.05 0.1

*It is assumed that each pit margo contains
100 pores

Y
Let the specific mass flow QYE?) for the tracheid lumen be

~ given by:i- QP
0 - — - —
RV SR L

For the pit chamber by:i-=
Q. =oP +
G =t t by

and for the margo pores by:-

Q

Z

azP + Bz

where Q@ = volume rate of flow measured at pressure
'P'
o
AP = pressure difference causing flow
o, = viscous permeability constant of tracheld

lumen

w0
1]

slip permeability constant of tracheid
lumen

P = mean pressure of gas within specimen
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o, = viscous permeahllity censtant for bordered

Y pit chamber
By = slip permeability constant for bordered pit
chamber
o, = viscous permeability constant for margo pore
BZ = slip permeability constant for margo pore
Qx, Qy & Qz = specific mass flow for lumen, pit chamber

and margo spores respectively.

The values of G s Bx’ ay, By’ o, and Bz may be evaluated for
each of the pores described by fitting the data of Table 4.10
to the Hanks and Weissberg equation (equation 1.9, section

. 1.3). These values are listed below:-

o = 9.2 x 10710 (cm2 sec gm“l)
X -10 , 2 -1
o = 0,49 x 10 (em® sec gm ™)
v, -10 , 2 -1
o ¥z 0,17 x 10 (em® sec gm )
B = 1.21 x 10™F (cn® sec™d)
X -4, 3 =1
By = 0,61 x 10 ' (em” sec )
B¥= 1.8 x 10" (,c:m3 sec-l)

#(NB it is assumed that the margo is comprised of
'100' pores)

It is believed that the geometric constants for the tracheid
lumen (Table 4,10) are a reasonable approximation to the true
values for tracheids in the specimens examined experimentally.
However, the geometric constants of the pit chamber and margo
pores can be approximated with much less certainty. The
relationship between specific mass flow and mean pressure is
calculated, therefore, for several numerical examples. In
each of these examples 'ax' and 'ay' are held constant, ay,
and BZ being varied over a five- to ten~fold range. The

z
various values of viscous and slip permeability constants used

By’ a

in the worked examples are listed in Table 4.11.
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Table 4.11 VISCOUS AND SLIP PERMEABILITY CONSTANTS FOR MODEL FLOW PATH SYSTEM

o B a 8 o 8

X x N y z z
Example 2 -1,..10 3. -1, 4 “1,..10), 3 -1y 2 -1,..10 -

(em” sec gm )10 (em” sec 7)10 | (em” sec gm ~)10 (em™ sec )10 | (em” sec gm 7)10 (em™ sec )10

1 9.0 1.20 0.50 0.60 0.17 1.8

2 9.2 1.21 1.0 1.0 0.17 1.8

3 9.2 1.21 3.0 2.0 0.17 1.8

L 9,2 1.21 0.49 0.61 0.05 1.0

5 9.2 1.21 1.0 1.0 0.40 3.0

6 9.2 1.21 3.0 2.0 1.00 5.0
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For each example the relationship between specific mass flow

and mean pressure is evaluated according to equation 4,15:-

5L.=.é; +.é; R % Equation 4,15
R U QT Q

(see above)

i

where QR specific mass flow of serially
connected system of pores, Q
Q2 ) Qn

specific mass flow values of each

l’

Qs Q vvee Q)

individual pore.

- For the model 'tracheid lumen/pit chamber/margo pore'! system

described, equation 4.15 becomes:=

R S N
R Qx Qy QZ
1 1 1 i .
Op = = == + + Equation 4.17
QR o P+ B, ay? + By QQF + Bz

By fitting the data of Table 4.1l to equation 4.17 specific
mass flow/mean pressure relationships are evaluated over a
mean pressure range from 0 to 2 bap absolute, for each
example listed in the Table. Tﬁese relationships are given
below in Table 4.12. '
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Table 4,12 RELATIONSHIP BETWEEN SPECIFIC MASS FLOW AND

MEAN PRESSURE, FOR 3 PORE TYPE MODEL FLOW

PATH SYSTEM.
P Specific mass flow (cm® sec™ x 10°)
(dyn cm? x 1078) | Example 1| 2 3 4 5 6

0.0 3.27 4,20 5.31 2.89 '4.83 6.55
0.2 4,33 5,86 7.95 3.66 8.27 | 11.05
O.4 5.02 6.88 8.51 4,12 S.46 | 14,24
0.6 5.59 7.70 | 10,867 4.49 } 10.51 | 16.94
0.8 6.11- 8.41 ] 11.62 4,82 ]111.49 ] 19.37
1.0 6.60 9.06 | 12.44 5,11 | 12.42 21,61
1.2 7.06 . 9,65 | 13,17 5.38 | 13.32 } 23.73
1.4 7.50 10.22 | 13.83 5.63 | 14.18 | 25,74
1.6 7.93 10,75 | 14.44 5.86 } 15.11 | 27.67
1.8 8.34 11.26 | 15.00 6.08 | 15.82 | 29,54
2.0 8.74 11.74 ) 15,55 6.29 {16.61 { 31.36
2.2 9.13 12,21 ] 16.05 6.49 | 17,39 | 33.14

The curvilinear relationships

described by the data of Table

- 4,12 are analysed into the two linear relationships which,

upon serial combination, best fit the data, using the

technique described in section 4.4 and Appendix 2.

apparent viscous flow constants ta

1

The

' and 'a2' and slip flow

constants 'bl' and 'b2' of the two lines extracted from the

curved relationships described by the data of Table 4.12 are
listed below in Table 4.13.

Table 4.13 APPARENT PERMEABILITY CONSTANTS FOR
3 PORE MODEL FLOW PATH SYSTEM

Viscous permeability | Slip permeability
Example constant 10 constant 4
(em” sec gn™l) x 10 (em® sec™!) x 10
t
lal' 1a2l lbll lb2
1 2.85 0.20 0.71 0.61
2 3.39 0.23 0.77 | 0.93
3 4,39 0.22 0.86 l.41
4 2.38 0.088 0.66 0,52
5 19.57 0.4 0.95 0.90
6 4,81 0.9 0.89 2,50
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To check the quality of the fit between the data of Table 4.13
‘and the curved relatlonship represented by the data of Table

4,12, the following procedure is adopted.

[

) ( em>, /;.cc“')
X

TheorebtcuL,S oom?onznb curve.

x X Pointa rea -cq.l.chal'e.& ' From
A com?onenh q;\d.[j»,n/, data.

SPec i.fi,c_ maAiA FLo
»

A4 ol-q. 4;.3 VA
M.z‘;n 3@); P"-ﬂ-/b/&u-f’% ( cLsn. c.m";) X l()‘6

16 AQ

Fig 4.8 EXAMPLE 4, "GOODNESS OF FIT" BETWEEN THEORETICAL 3 COMPONENT
CURVE AND 2 COMPONENT ANALYSIS

Table 4.11.
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Values of viscous permeabilixy\censtant estimated from the

numerical analysis, based on the assumption that flow paths

contalin only two pore types, are calculated from the data of

Table 4.13, using an equation analogous to equation 4.9.

A

i

al.a2
al + a2

estimated viscous permeability constant for the

medel

viscous permeability constant of hypothetical

pore 'type 1!

viscous permeability constant of hypothetical

pore 'type 2

The true and estimated viscous permeability constants a and

-—

A respectively are ¢ompared below (Table 4.14).

Table 4.14 COMPARISON OF TRUE () AND ESTIMATED (A)
VISCOUS PERMEABILITY CONSTANTS FOR 'THREE
PORE TYPE' MODEL
o A Error®
Example (cm2 sec gm'l) X lolo (cm2 sec gm-l) X lolo %
1 0.125 0.187 + 49.6
2 0.143 0.215 + 50.3
3 0.158 0.209 + 32,3
4 0.045 0.094 +108.4
5 0.277 0.406 + 46.6
6 0.633 0.820 + 18.3

(#*The '+!' sign indicates that the estimated value is greater
than theoretical)

For the examples worked it can be seen that use of the over-

simplified flow path model always leads to a significantly

high estimate of viscous permeability constant.

made -to derive a general analytical proof fop this,
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but without success. . Nevertheless, from the
numerical examples worked, it seems likely that the procedure
is strongly biased to give positive error. For certain
geometries the magnitude of this error can be very large

(over 100 per cent in worked example number 4).

- From equation 4.16, it can be seen that as mean pressure P is
increased, the term causing negative deviation becomes less
significant, and the mass flow/mean pressure relationship
becomes more truly linear. When deviation from the linear
relationship becomes insignificant the slope of the line,
'ﬁf?j', is proportional to the true viscous permeability
constant of the system. It seems likely, therefore, that as
the mean pressure range is increased the estimated permeability
constant (A) will fall closer to the true value (a). This
effect was investigated numerically for examples 3 and 4
(Table 4.11).

;Using the data of Table 4.11, specific mass flow was calcula-
ted using equation 4.18, for a number of mean pressure values
over the range O to 32 x 106 dyn cm“2 (about 0 to 32 bar).
Over several increments of the full mean pressure range inves-
tigated, viscous permeability constant was estimated using the
technique described above. These data, together with the true
viscous permeability constants (a), calculated for the system,

are summarised in Tables 4.15 and 4.16.

Table 4,15 COMPARISON OF TRUE (o) AND ESTIMATED (A)
VISCOUS PERMEABILITY CONSTANTS FOR

EXAMPLE '3!

Mean - Viscous permeability constant
Pressure (cm? sec em 1) x 1010 Error
Range_2 — %

(dyn em “) | True value a Estimated value A
0-2 0.158 0.209 +32.3
O-4 0.158 0.18 +13.9
0-8 0.158 0.16 < 2
0-16 0.158 0.16 < 2
0-32 0.158 0.16 <2
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Tahle 4.16 . COMPARISON OF TRUE (=) AND ESTIMATED (A)
YISCOUS PERMEARILITY CONSTANTS FOR

EXAMPLE 4!
Mean Viscous permeability constant
Pressure 2 -1 10 Error
Range_, (em” sec gm ~) x 10 3
(dyn em =) True value o | Estimated value A
0-2 0.045 0.094 +108
O=4 0.045 0.070 + 55.6
0-8 0.045 0.053 + 17.8
0-1l6 0.045 0.047 + 4,4
0~32 0.045 0,046 + 2,2

rom the Tables, it is clear that the magnitude of error
becomes progressively less as the mean pressure range is
extended. In the examples tested there is inherent error of
more than 5 per cent at mean pressures up to about 5 bar for
example '3%, and to pressures approaching 16 bar for example
tyr,

It is recognised that the pore structure of softwood is
further complicated due to variability in the size of pores
connected parallel, in any specimen. For example, early
wood cells are significantly wider than those of late wood,
whilst within early wood or late wood separately, there is
smaller but still significant variation in tracheid width
(FPigure 4,9),

Numerical examples, taking into account variability in width
of lumen and pits iIn parallel array have been worked. Over
the range tested (about 5 to 10 fold variation in both
viscous and slip permeability constants), the simplified
model (ie ignoring variation in size of pores connected in
parallel) was found to lead to less than 2 per cent error in

estimatlion of permeability constant.
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Fig 4.9  TRANSVERSE SECTION OF SOFTWOOD SHOWING VARIATION IN
LINEAR CROSS=SECTION OF EARLY WOOD AND LATE WOOD CELLS

4.7.4 EFFECT OF FLOW PATH MODEL OVERSIMPLIFICATION ON
PORE SIZE ESTIMATION

In section 4.6, it is shown how gas flow data are used to
estimate flow controlling pore size. It is shown that the
method is based on comparison of viscous and slip permeability
constants. Equations are derived (equations 4.13 and 4.14)

to provide an estimate of tracheid lumen and bordered pit pore

sizes respectively:-

Tracheid lumen -

m = -—£.1.49~ Equation 4,13
KSl

where m = lumen, mean hydraulic radius

V1

Kqy = lumen, slip permeability constant

lumen, viscous permeability constant



Bordered pit -

Vo

-—.1.97 Equation H4.1l4
X52 |

H

where m

V2
K

52 bordered pit pore, slip permeability constant.

tbordered pit pore! mean hydraulic radius

bordered pit pore, viscous permeability constant

u

These equations are used to estimate pore sizes for the model

systems from the data of Table 4.13.

Pore sizes estimated from these data are compared with those
calculated from t}geoglg'&e Qpermeability constants for each pore
in the moédel system (Table 4.11). These data, based on a
range of mean pressure extending from O to 2 bar, are
tabulated below (Table 4,17). "

Table 4.17 PORE SIZES CALCULATED FROM THEORETICAL AND
ESTIMATED PERMEABILITY CONSTANTS

Hydraulic radius . (micron)
Trachéid lumen Bordered pit
Example
. Theoretical
Theoretical | Estimated Estimated
1 2

1 2,03 0.94 0,251 0.030 0.10
2 2.03 1.04 0.311] 0.030 0.076
3 2,03 1.21 0.47 § 0.030 0.050
4 2.03 0.86 0.25 10,016 0.059
5 2,03 .81 0.31]0.042 O.14
(5} 2.03 1.28 0.47 10,063 0.12

From the data of Table 4.17 it can be clearly_ seen that the
. . eoveticd|
pore sizes estimated do not closely match the #wwe pore
dimensions. In the system examined, the error in estimate
of lumen radius varies from about =50 per cent to more than
+200 per cent. These estimates must be regarded, therefore,

as of 'order of magnitude' accuracy only. In the case of the



bordered pit pore, it appears that the single value estimated
generally lies between the radii of the two serially connec-—

ted pores constituting the model.

From an examination of data for a wider range of mean pressure
(up to 32‘bar), it is observed that the estimated ratio of
viscous to slip permeability constant tends to decrease as the
mean pressure range is extended. Pore size estimate entirely
depends upon this ratio, and hence Is strongly affected by the
range of mean pressure examined, The effect for a specific
example (numerical example 4) is illustrated in Table 4.18

below.

Table 4,18 EFFECT OF MEAN PRESSURE RANGE ON PORE SIZE
ESTIMATE

(data from numerical example 4)

Estimated hydraulic radius

Mean Pressure Range (micron)

(dyn cm 2y x 10° Tracheid lumen | Bordered pit
0-2 0.86 0.059
Ot 0.5 " 0.036
0-8 0.38 0.022
0-16 0.34 0.018
0-32 0.29 0.017

For pores of varying size connected in parallel (in the
absence of the error described above), pore radius estimated
from gas flow data, is generally higher than the arithmetic
mean value. It is explained in section l.4 that the equations
used to describe flow through porous media, assume a single
pore radius (the mean hydraulic radius) to represent the size
of fluid conducting pores. Thus, fitting of experimental flow
data to these equations, allows the estimation of mean |
hydraulic radius 'm' (see section 4.6). The value of 'm!
obtained is equal to the hydraulic radius of .uniform capil-

laries of circular cross-section constituting a hypothetical
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ideal porous specimen, which would have identical permeébility
characteristics to those of the experimental specimen. Since
flow rate is largely controlled by the wider pores in parallel
array (viscous permeability = radiusug slip permeability

o radiuss, for circular capillaries), it is these pores which
largely determine the pore size estimate. This effect is
examined for an. assumed 'normal'’ distributioniof pit pore

sizes, hy Petty and Preston (196%9al.

8

4,8 GAS FLOW PERMEABILITY - SUMMARY

The relationship between specific mass flow and mean gas
pressure (within the specimen) has been investigated, over a
range of pressure from O to 2 bar (absolute), for hydrogen
flow through a number of softwoods. Where practicable, flow
through early wood and late wood was separately investigated.
Species for examination were selected to cover a wide range of
pit membrane structural features, from timbers with commercial
importance. The mass flow/mean pressure relationship for all
specimens was found to deviate negatively, at low pressures,
from the linear relationship predicted by the modified Kozeny
equation describing flow through porous media. It is believed
that this deviation is due to flow taking place through
serially iInterconnected wide (tracheid lumina) and narrow

(bordered pit) pores.

By assuming a simple flow path model of alternately wide pores
(of uniform and constant diameter 'd ') and narrow pores (of
uniform constant diameter ’d '), the gas flow data were
analysed numerically to provmde an estimate of 'viscous' and

tslip' permeabhility constants.

The limitations of the above flow path model were critically
examined and it is concluded that the model is probably a
gross AVersimplification of softwood pore structure. A more
 general flow path model of 'n' pore types, gerially intercon=-
nected, was constructed. It is shown that flow through this

type of system can give rise to mass flow/mean pressure
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relationships, indistinguishable from these for the simple

'2 pore' system described above. By-tﬁe use of a numerical
method it is demonstrated that the assunption of a '2 pore!
model to describe a more complex, 3 pore type, system, can
lead to significantly high estimates of viscous permeabllity
constant. The magnitude of likely error decreases with
increase in mean pressure and is dependeﬁt upon pore geometry.
For pore geometry likely to occur In softwood the error may
be as much as 100 per cent, for mass flow/mean pressure

relationships extending to about 2 bar.

Gas flow data are commonly used to estimate flow controlling
- effective pore diameter. Such estimates depend upon the
relative value of viscous CKV) and slip (KS), permeability
constants. It is cbserved that the estimate of the ratio

' KV:KS decreases with increase in mean pressure.

Hence pore diameter estimated from gas flow data decreases
markedly as mean pressure is Increased. In the numerical
example worked, the estimate approached constancy only when
the mean pressure range extended beyond 8 bar. For these
reasons, therefore, pore sizes estimated from gas flow data
need to be interpreted with caution. They cannot provide a
better than 'order of magnitude' gulde to the size of real

pores.,

Furthermore, it is shown that certain possible flow control-
ling pores are too short to be approximated as long
capillaries. This effect can lead to significant high error
(up to 70 per cent in examples iInvestigated) in pore size-

estimation, in addition to the errors noted above.
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5 FLOW OF INERT (NON-SWELLING) LIQUIDS THROUGH DRY SOFTWOOD
5.1 OBJECTIVES

The flow of inert liquids (ie liquids which do not react with
and alter the structure of softwood pores)may be described by
equations of laminar or turbulent flow (see sections 1.3 and
1.4). In this section viscous permeability to liquids under
creeping flow conditions, is measured. These data are com-
pared (section 7) with corresponding gas flow data. The
effect of increasing the magnitude of viscous and inertial
force is investigated and discussed with respect to possible

changes in flow mechanism and pore structure.
5.2 APPARATUS AND EXPERIMENTAL TECHNIQUE

The apparatus to measure liquid flow permeability consists
essentially of:~- _

~a Liquid reservoir with some means of applying pressure.
- Liquid filter. ‘

Specimen cell,

Pressure gauge

T A 0 Y

Flowmeter.

This equipment is shown diagrammatically in Figure 5.1. It is
seen from the diagram that driving pressure is supplied by
compressed nitrogen. This system is chosen so that completely
steady pressﬁre (free from pump oscillation) can be applied

to the specimen. To avoid saturation of the permeating

liquid with nitrogen (with the accompanying problems of pore
blocking by gas embolism), a synthetic rubber membrane was
used to separate gas and liquid in the liquid reservoir.
Liquid from the reservoir was passed through a membrane filter
(0.1 micron pore size) immediately prior to entry into the
specimen cell. For low pressures (up to about 5 x lO4 dyn
cmﬂz) a simple manometric tube was used to monitor inlet

pressure, whilst for higher pressures (up to about

Wi [
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106 dyn cm“zl a pressure transducer was employed. Throughout
the work it was assumed that the permeating liépid‘at the
flowmeter was at atmospheric pressure. The manometfic tube
required no calibration beyond the provision;of an accurate
linear scale. Calibration of the pressure transducer was
carrled out Wlth a 'dead weight' tester (accurate to 0.7 x

lO dyn cm ) before any set of flow measurements. Pressure
regulatlon wasAaccompllshed by a two-stage process. A gasf:

. regulator (see Figure 5.1) was used primarily, but because of
the changing back pressure imbosed on the system by the

rubber separator and the membrane filter, it was not possible
accurately~t§ control specimen inlet pressdre with this

device alone. In operétion, therefore, this regulator was

set to give'slighfly~higher pressure than required. Final
adgustment was made by\‘bleedlng excess 11qu1d through,a flne
control valve in parallel with the speCLmen. The spec1men
cell consisted of a modified membrane filter holder into which
specimens (as used for gas flow work, section 4.2) were

sealed by compression between 'PTFE' gaskets. Small flow
rates were measured with a 'burette! flowmeter (Figure 5.2)and
stop watch (the burette was held near horizontal to minimise

back pressure increase during flow). Higher rates of flow were

k///Thnz way tap

/////////;(

) 1 H 1 1 |

Micro = burette

L 'Lctui.d, [-‘ ront

AR

Fig 5.2 'BURETTE"FLOWMETER
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monitored by collection of liquid discharge in a measuring

cylinder for a measured time perdod.

The liquid reservoir was constructed from mild steel and the .
membrane filter holder and specimen holder from stainless

steel. Interconnecting tubing was of glass, butt joints being
' sealed with appropriate synthetic rubber tubing, selected to

be resistant to the particular permeating liquid iIn use.

Before filling the liquid reservoir, the permeating liquid was
boiled for a few minutes to remove air. After filling with
 liquid, the reservoir was evacuated to further remove air
(during this period the reservoir was hammered to induce shock '

wvaves leading to cavitatlion and release of residual air).

The reservoir was then returned to atmospheric pressure and
sealed, To minimise re-contamination with air, pressure on
the 'gas side' of the gas/liquid separator was raised
slightly, to cause slow continuous flow of liquid through the
membrane filter. The side-arms holding the pressure gauge

and bleed valve were filled and liquid was allowed to flow
slowly to waste until the reservoir attained working tempera-
“ture (25%). Temperature of the apparatusvand liquid was
maintained during experiments by working in a thermostatically

controlled room at 25 % O.SOC.

Prior to mounting in the apparatus described abéve, specimens'
were dried to constant weight by evacuation over phosphorus
pentoxide and impregnate¢ with permeating liquid, by the
vacuum impregnation technique described below using the
apparatus shown diagrammatically in Figure 5.3. '
a Specimens were placed In the impregnation jar contained
in the vacuum desiccator, isolated from liquid reservoir
- and membrane filter, and evacuated by rotary vacuum
pump to a pressure of <1 torr, for 30 minutes.
b - Pressure in the jar was raised to permeating liquid
- vapour pressure by admitting a few drops of liquid
from the reservoir, via the membrane filter (see

Figure 5.3). '
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Pumping was continued to remove vapour until pressure in

the jar was re-established at less than 1 torv, ‘

d Upon removal of vapour, residual air in the system was
further diluted by admittance of a further few drops of
permeating liquid,

e This dilution procedure was repeated through at least
five cycles.

£ Liquid was admitted to the impregnation jar to completely
immerse the specimens.

g Pressure was reduced to liquid vapour pressure and the
vacuum desiccator was sealed. Specimens were maintained
in this condition overnight (16-24 hours).

h Pressure was raised to atmospheric by admitting air to

the desiccator. Specimens were kept immersed at atmos=

pheric pressure for at least one hour.

It is believed that this procedure led to virtual complete
filling of the flowpath network of the specimens. It ‘is
possible that some pores, isolated from the main flow path
system, could remain unfilled (see Petty and Preston, 1969);
such pores, however, can play little or no part in gas or

1iquid conduction and may be disregarded.

With a slow flow to waste maintained through the inlet half of
the specimen cell, specimens were quickly transferred from the
impregnation jar to the permeability apparatus. Care was
taken to ensure that no air became trapped at the specimen

inlet face.

The apparatus was finally assembled and the pressure differen~
tial adjusted to the value required. Rate of liquid flow
through the specimen was monitored for periods of at least 10
minutes, and up to 2 hours in some cases. This procedure was
followed for all the test specimens, using various perﬁeating

liquids and a range of applied pressure differentials.

After completion of this series of experiments, the specimens

were open stored in the laboratory to allow evaporation of
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hexane, They were then re-dried to constant welght by
evacuation over phosphorus pentoxide. A second series of
~ gas flow permeability measurements were then conducted,
precisely as described in Part 4. Data from these experi-
ments are discussed in section 7. Upon completion of the
second gas flow measurements, the specimens were re-
impregnated with hexane as described above, for investiga-
tion of the effect of viscous force on permeabiiity

(section 5.3.3).
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5.3 NON-SWELLING LIQUIR FLOW RESVYLTS AND DISCUSSION
5.3,1 VISCOUS PERMEABILITY TO NON~SWELLING LIQUID

For each of the specimens previously used in the gaé flow work
(part 4), viscous permeability was measured using n.hexane

as the permeating liquid. In this work, small pressure
gradients were used, so that flow occurred as nearly as
possible in the purely viscous régime, le free from turbulence

(see section 1.3.2}.

Flow rate under measured pressure gradient was measurfﬁ%,
using the technique described above (section 5.2).

Flow and pressure differential data are given below (Table
5.1). -

Table 5.1 HEXANE FLOW DATA FOR DRY SPECIMENS

Specimen Pressure Difggrentia;4 Flow Rate 'Q!
P YAP' (dyn em ) x 10 | | (ml sec™l)
AGS.e 3.63 0,015
AGS. % 3.56 0,030
AGH. e 3.56 0.0092
AGH. % ) 3.56 0.00u43
CDS 3.56 4 0,030
CDH 3.56 NO FLOW
PAS.1 3.56 0.016
PAS.2 3.56 0.022
THS.e 3.56 00,0028
THS. 2 3.56 0.0047
THH. e . 3.56 0.035
THH. % 3.56 ) 0.011
AAS 1.20 0.053
AAH 0.65 0.022

(NB Specimen labelling code is given in
section 4.4)
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From the data of Tahle 5.1, viscous permeability constants may

be measured according to equatien 1.10i=

BAAP s ’
Q= —E%~ ‘ Equation 1.10

volume rate of flow

where Q ,
A = specimen area normal to flow
= pressure differential across specimen

AP

n = liguid viscosity

%2 = specimen length :
B

= permeability constant

For any individual specimen 'A' and ‘2! are obviously constant =
hence, as for gas flow, specimen permeability constant *KV‘
was calculated rather than the more general constant 'B' which

takes account of specimen gross geometry:i~

BA

S =7

where KV = specimen viscous permeahility constant.

Hence, from equation 1,10:

BA _Qn . :
— = 55 T KV Equation 5.1

Values of 'Kv' calculated thus are given below in Table 5.2. .
(NB: The viscosity 'n' of hexane at 25°%C is taken from
_standard tables of constants (Weart, 1973) as 0.29 x 10-2‘

Poise).
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FROM HEXANE FLOW DATA

Table 5.2 VISCOUS PERMEABILITY CONSTANTS OF DRY SPECIMENS

Specimen Viscouicggimiaiééity constant 'va
AGS.e 0.12
AGS. 2 .24
AGH.e 0.074
AGH. 0.035
CDS 0.2y
CDH NO FLOW
PAS.1 0.13
PAS.2 0.18
THS.e 0.022
THS. % 0.038
THH.e 0.29
THH.2 0.089
AAS 1.28
AAH 6.98 -

For each of the specimens tested, hexane flow was malntained
under constant pressure differential for about 40 minutes
(for one specimen, 'THH.&' this period was extended to about
2 hours). During the flow period, flow rate was monitored at
regular intervals. These flOW‘fate data are given in

Table 5.3 helow. '




Table 5.3 EFFECT OF TIME OF FLOW ON FLOW RATE

Rate of flow (ml sec—l) at listed times
Specimen
5 min {10 min | 20 min | 40 min | 120 min
AGS.e 0.015 0.015 0.014 0.015
AGS. 4% 0.030 0.032 0.030 0.030
AGH.e 0.0083 |{0.0092 | 0.0082 | 0.0082
AGH. % 0.0042 1 0.0042 }0.0043 | 0.00u43
CDs 0.030 0.031 0.030 0.030
CDH NO FLOW | NO FLOW | NO FLOW | NO FLOW
PAS.1 0.015 0.016 0.016 0.016
PAS.2 0.020 0.021 0.022 0,022
THS.e 0.0028 10.0028 | 0.0028 | 0.0025
THS. % 0.0047 |0.0047 | 0.0050 | 0.0048
THH.e 0.033 0.03% 0.035 0.033
THH. % 0.011 0.011 0.011 0.011 0.011
AAS 0.053 0.053 0.053
AAH 0.023 0.023 0.023

For similar reasons given in the gas flow section (section 4.5),
the permeability constants measured with n.hexane are not a
true guide to the general permeability of the species tested.
The data cited in Table 5.2 are used later (Part 7) for

comparison with gas flow, viscous permeability data.

Earlier workers (see section 1.5.1) found difficulty in
establishing steady flow through softwood under constant pres-
sure differential. It has been shown (Kelso, Gertjejansen

and Hossfeld, 19863) that the decreasing flow rate with time of
flow is largely due to pore blocking by fine particles and by
~ gas bubbles (see section 1.5.1). The techniques recommended
by Kelso et al to overcome this problem were adopted in this
work (section 5.2). Use of these techniques enabled steady
flow under small pressure differenfials (about 3.5 x 10 dyn
cm“Ql, equivalent to gradients of about 3.5 bar per metre, to
be maintained for prolonged periods, up to 2 hours (see

Tahle 5.3 above). In no case was the final flow rate lower
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by more than about 10 per cent than the maximum attained flow

rate. Usually, any reduction was much less than this amount.

FPor one of the specimens, AGH.e (4bles grandis, heartwood,
early wood) an increase in rate of flow was observed over the
initial flow period (Table 5.3). It is believed that this
increase was probably due to removal of resinous extractive
material from the pore structure, by the flowing liquid (this
effect is discussed more fully later, in the section dealing
with flow of various liguids through wood - section 6.3.4.1).
The data reported are thus in agreement with those of Kelso,
Gertjejansen and Hossfeld (1963), and of Comstock (1967),
showing that steady flow longitudinally through softwood, can

be achieved in the absence of gas or particle embolism.

5.3.2 EFFECT OF MAGNITUDE OF PRESSURE DIFFERENTIAL
ON RATE OF FLOW

After measurement of permeability constant under small applied
pressure differential conditions (section 5.3.1) {and the
second series of gas flow experiments (see section 5.2)}, the
effect of increase in pressure differential on flow rate was:
investigated. Generally, the same specimens used in the work
described in section 5.3.1l, were used for this investigation.
However, two of the specimens THS.2 and AAS were accidentally

contaminated and omitted from the series.

The range of pressure differential investigated was from
about 0.04 x 10° to about 0.7 x 10° dyn cm-g(N0.0u to 0.7 bar)

for most specimens.

For very permeable specimens where rapid depletion of the

liquid reservoir made monitoring difficult at the higher pres-
sure differentials, the investigation was conducted over a

more restricted range of pressure. To assess the magnitude of
any irreversible changes in permeability, flow rates were
measured for a series of increasing and decreasing pressure
differentials. Flow and applied pressure data for these experi-

ments are given in full in Appendix 1, Table 1li4. Specimen

[N
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permeability ‘constants', calculated from these data, according

to equation 5.1:-

C =
5 = wp

where KV = specimen permeability constant

- Q = volume rate of flow
n = liquid viscosity
AP = applied pressure differential

are given below in Table 5...
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Table 5.4 EFFECT OF PRESSURE DIFFERENTIAL ON ESTIMATED PERMEABILITY CONSTANT

Permeability constant (cm3 e 108) at listed pressure differential
(Chronological order of measurement)
?
Approximate pressure
differential (dyn cm™2 x 1075) »
: 0.069 {0.13}0.20} 0.36 1.68 3.39 6.85 1.68 0.36 0.069
Specimen
AGS.e 0.12 0.10 0.099] 0.092] 0.10 0.11
AGS. 2 0.23 0.19 0.19 0.19 0.19 0.21
1 AGH.e 0.080 1 0.057 | 0.055}§ 0.052] 0.051 ] 0.059
AGH. 2 0.033 } 0.034 | 0.032} 0.029 0.030
CDS 0.2y 0.22 0.22 0.24
CDH NO FLOW
PAS.1 0.16 [0.12 |0.12 }0.10 | 0.11 | 0.15
PAS.2 ‘
THS.e 0.02110.020 10.020 7 0.018"' 0.020 "' 0.021
THS. % SPECIMEN SPOILED
THH.e 0.27 0.24 0.22 0.19 0.21 0.24
THH. % 0.089 } 0.078 | 0.074 | 0.060] 0.063 | 0.079
AAS 0.98 1.06 10.99 10,85 0.71 0.84 0.88
AAH SPECIMEN SPOILED




ﬁate of flow 1s observed to ifncrease less than linearly with
increase in applied pressure'differential (see

Table 14 Appendix l).‘ This éffect is reflected in the
decrease In viscous permeability constant with pressure
differential increase (Table 5.4). For purely laminar (or
viseous) flow in a rigid porous medium, rate of flow is
directly proportional to applied pressure gradient (or
permeability constant 1s independent of pressure gradient).
This is a fundamental requirement of Darcy's law of flow

through porous medifa (see section 1.4, equation 1.10).

Thus, the data of Table 5.4 suggest that either liquid flow
through softwood is not entirely‘laminar, or the pore
structure 1s deformed by the forces of the flowing liquid,

leading to decrease In pore slze or number.

It may be seen from Table S.H‘that a proportion of the
permeability decrease is lrreversible (ie the final measure-
ment at low pressure differential is generally somewhat
lower than the initial one at the same differential). Such
irreversible change must be due to alteration of the pore
structure. This alteration may result from downstream dis-—
placement of the pit membrane to make a more effective seal
against the pit border as described by Huber and Mertz
(1958) and by Bailey and Preston (1970), see section 1.5.1.
It is also possible that the reduction may be brought about
by displacement of loose extractive debris from regions where
it has little effect on flow (eg the wide part of the pit
chamber) to a position where it may strongly affect flow

(eg the membrane margo or small gaps remaining between torus

and pit border of part aspirated pits).

Much of the observed permeability reduction, however, is
reversible (Table 5.4), and it is possible that this is the
result of elastic distortion of the structure under the
higher pressure differentials imposed. However, the depar-
ture from linearity, is consistent with the occurrence of a

component of turbulent flow (sSee section 1.3.2)

[ {
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Flow changes frem a laminar to a turbulent régime, as
Reynolds number increases beyond a critical value (section
1.3.2). Values of Reynolds number for various parts of the
structure of one of the SPeciméns tested are calculated

below, using equation 1.5:-

1 .
Np = B&%QE Equation 1.5
where Nr = Reynolds number

1]

p = liquid density

fe' = flow controlling linear dimension

u = liquid linear velocity
n = liquid viscosity
SPECIMEN - Tsuga heterophylla heartwood early wood (THH.e)

Cross-sectional area normal to flow Vv 60 mmg.

Tracheid cross-sectional area v 0.002 mm2.
Therefore number of tracheids exposed in a cross-section
~ 30,000,

In early wood, a high proportion of tracheids are completely
blocked and hence take no part in liquid conduction (Petty,
1970). For this relatively short specimen (about 5 tracheid
lengths), let it be assumed that the conducting area amounts‘
to about 25 per cent of the total tracheid lumen area

exposed In the specimen cross-section. (ie liquid leaves the

specimen through about 7500 tracheids).

Maximum rate of flow through specimen THH.e = 0.45 ml sec-l
(Table 14 Appendix 1). Therefore average liquid velocity (at
maximum flow rate) in tracheid lumen (taking lumen cross=

2, . .
sectional area = 0.000012 em )} is given by:-

_ 0.45 om Sec-—l
T 7500 x 0.000012

-1
5 ¢m sec
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Assume 2e' = lymen diametexr y 40 mi;dron
0.65 gn m "t
0.28 P

i

p (hexanel

i

1 (hexane)

Then, from equation 1.5 above:

- 0.66 x 0.04 x 5
Np =

0.0029 = 225

Flow through straight capillaries of uniform cross-section
remains laminar until Reynolds number (Nr) approaches values
about 2000 (section 1.3.2). Tracheid lumen shape is a
reasonable approximation to that of a uniform capillary. It
seems most likely, therefore, that flow through the tracheid

lumen is laminar.

From microscopic work carried out on a range of softwoods
(Phillips, 1933), it seems likely that, on the average,

about one pit per cell wall is unaspirated in air dried early
wood. Pit membrane dimensions may be estimated from scanning
electron micrographs (for Tsuga heterophylla see, for example,

Figure 3.10). From such micrographs:=-

Membrane diameter ~ 16 micron

Torus diameter N 8 micron

Therefore margo area v 150 micrOn2

or 1.5 x 10_6 cm2”

Electron microscopic evidence suggests that about 30 per cent

of the margo is pore space, therefore area of margo for

liquid conduction is about Q.45 x 1078 cm2.

Now, liquid velocity in lumen is about 5 cm sec_l (see above).

Therefore liquid velocity through margo pores, is given by:
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lumen cross-sectional area
margo pore cross-sectional area

0.000012

-1
X 5.00000045 M sec

133 cm sec_l

Selection of a value for 2e' in the case of margo flow, for
fitting to equation 1.5, is difficult. Using pipe flow
theory, the average margo pore width Is the most appropriate
value (section 1.8.2). If the membrane is regarded as an
immersed body and treated according to Stokes law theory,
then the appropriate value for Le'! is the 'diameter! of the
immersed body normal to the direction of flow (see, for

example, Daugherty and Franzini, 1965).
For pipe flow theory:-

67 2e' ~ 0.3 micron (see Table 3.1, section 3.3.7)

u 1133 cm sec_:L

0.66 x 0.00003 x 133 _
0.0029 -

0.9

Thus, Nr

As for lumen flow above, this result suggests that flow

through margo pores is laminar.

- For flow past an Immersed body the linear dimension fe! may
" be taken as:-
a average fibril width, or

torus diameter.

a Re' = fibril width & 0.2 micron

0.66 x 0.00002 x 133 _

Therefore Nr = 5. 0029 0.6
b fe' = torus diameter Vv 8 micron
- _ 0.66 x 0.0008 x 133 _
Therefore Nr = 50025 = 24
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Fluid flowing past an immersed body develops a turbulent wake
at very low Reynolds ﬁﬁmber (between 0.5 and 1), see section
1.3.2. It seems likely, therefore, that flow through the
various pores in wood 1Is laminar at the flow rates encountered
in this work. The presence of bodies effectively immersed in
a fluid stream, however (eg margo fibrils and membrane tori),
may be expected to lead to some turbulent wake development.
Developmént of wake turbulence is characterised by a less fhan
linear increase in flow rate with increase in applied pres-

sure differential.

The decrease In permeabllity encountered as pressure dif-
ferential, and hence flow rate, is Increased is partly
reversible (upon return to lower pressure differential) and
partly irreversible. The irreversible component must be due
to permanent change in pore structure as a result of applied
forces. It is possible that the reversible change is due to
elastic structural deformation as applied force is increased.
However, analysis suggests that the reversible decrease may be
due to the presence of an increasing amount of wake turbu-

lence as flow rate is increased.

The above set of calculations is based on data for one
specimen only (THH.e). Approximate calculation shows, how-
ever, that similar or higher Reynolds number criteria may

apply to all the specimens tested.

5.3.3 EFFECT OF VISCOUS FORCE ON PERMEABILITY

To investigate this effect the rate of flow of a series of
liquids was measured, through three wood specimens. The
liquids were selected to cover a wide range of viscosity,
whilst being mutually miscible, of roughly similar density
and causing negligible cell wall swelling. They are listed,
together with relevant physical data, in Table 5.5 below.
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Tahle 5.5 PERMEATING LIQUIDS AND THEIR PHYSICAL (-ZOI\IS'I'AI\I‘I‘S"=

. n Viscosity Density

hiquid (centipoise) | (gm m1-1)
n.hexane 0.29 0.66
carbon tetrachloride 0.90 1.60
dibenzyl ether 4.0 1.04

“*Physical constants cited are values measured
at 259 obtained from published tables
(Weart, 18973)

The wood specimens were selected from three different speciles
and were chosen to include an 'all sapwood' and an 'all heart-

wood'! specimen (see Table 5.6 below).

Table 5.6 WOOD SPECIMEN DETAILS AND DESCRIPTION

Specimen Description
AGS.2 Ables grandis, sapwood, late wood
CDS Cedrus deodara, sapwood (combined

early wood and late wood)

THH.e Tsuga heterophylla, heartwood,
, early wood

Using the techniques described fully in section 5.2, the
permeability of each of the above specimens was measured with
each of the liquids listed in Table 5.5. Transfer of specimens
from one liquid to another was carried out by storage for
several hours, of specimens (already saturated with a test
liquid) in a large volume of the new test liquid. Each of the
test liquids was carefully membrane filtered and de-aerated
prior to use. To avoid re-contamination of liquid with air
during the storage period, the liquid containers were held in
vacuum deslccators evacuated t$ the vapour pressure of the
liquid. ‘

During flow rate measurement, the differential pressure was
adjusted so that‘fqr eg?h'specimeq,’approximately similar flow
rates were obtaine&Qfor the three test liquids. These flow

data are given below in Tables 5.7, 5.8 and 5.9.
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Table 5.7 SPECIMEN AGS.% - FLOW RATE DATA

Test liquid Pressure differential | Flow rate

4 (dyn em=2) x 10-6 (ml sec™1)
n.hexane 0.13 0.103
carbon tetrachloride 0.41 0.092
dibenzyl ether 1.33 0.065

Table 5.8 SPECIMEN CDS - FLOW RATE DATA

Test 1iquid Pressure differential | Flow rate

Al (dyn em™2) x 1078 (ml sec™1)
n.hexane 0.13 0.092
carbon tetrachloride 0.41 0.083
‘dibenzyl ether 1.33 0.068

Table 5.9 SPECIMEN THH.e - FLOW RATE DATA

Test liquid Pressure differential | Plow rate

4 (dyn em=2) x 1076 (ml sec™1)
7. hexane 0.069 0.057
carbon tetrachloride 0.21 0.055
dibenzyl ether 0.69 0.043

According to Darcy s law, under laminar flow conditlons, rate

of flow per unit pressure differential is iInversely propor-—

tional to the reciprocal of viscosity:-

Q - BA
AP n
where Q = volume rate of flow
A =
AP =

pressure drop across specimen

n = liquid viscosity

specimen length

permeabllity constant
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From the data of Tables 5.7 to 5.2 (above), graphs of rate of
flow per unit pressure drop agalnst reciprocal viscosity, are
prepared for the three specimens investigated (Figure 5.4
below). It is seen from Figure 5.4 that the relationship
between Q/AP and 1/n appears approximately linear for each of

the specimens, éuggesting that for each of these liquids flow

is laminar at the rates measured.

(7,

T HH.2
R&S.L
¢ DS

e

) p 3

]/Q, ( Poine™")

Fig 5.4 RELATIONSHIP BETWEEN LIQUID FLOW RATE AND VISCOSITY
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In the laminar régime, fe;ig;ance to flow is proportﬁonal-to
velocity and to liquid viscosity. When flow hecomes turbulent,
inertlal forces become Increasingly important and flow resis-
tance becomes appreximately*proporfional to the_sqﬁare of
Velocity\and tb liquid density (see fluild dynamic texts, eg
Daugherty and Franzini (1965), and section 1.3 above). For
the three 3pecimené examined, viscous resistance pafameters

are calculated according to the above theory:=-

e
i

£ = Qn Equation 5.1

where Q. = viscous flow resistance

O Hh
!

= volume rate of flow

liquid viscosity

=
fl

These values are tabulated below (Table 5.10).

Table 5.10 VISCOUS FORCE PARAMETERS IMPOSED BY
PLOW OF TEST LIQUIDS

Viscous force parameter Qe

Specimen (gm em? sec_2) x 10"

n.hexane | carbon tetrachloride | dibenzyl ether

AGS. % 3.0 8.3 26.0
CDs 2.7 7.5 27.2
THH.e 1.7 5.0 17.2

From the Table it can be seen that for each specimen, viscous
force increases about tenfold through the series - n.hexane -

carbon tetrachloride - dibenzyl ether.

These viscous force data may be compared with the viscous
force imposed by hexane at flow rates showing departure from
a linear relationship with applied pressure differential
(from the data of Tablg 5.4).' These data are given below
‘(Table 5.11). |
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Table 5.11 YISCOUS FORCE 'R.' DUE 7O HEXANE FLO
IN REGION OF DEPARTURE.FROM LINEAR
RELATIONSHIP WITH APPLIED PRESSURE -

DIFFERENTIAL
. F1 t 2 -2 4
Specimen (miwézz‘i) Qf.Cgm cm” sec ) x 10
AGS. % v 0.10 2.9
CDS ~ 0,13 3.8
THH.e ~ 0,12 3.5

Comparison of the data of Tablés 5.10 and 5.11 shows that
higher viscous force is applied to specimens during flow of
carbon tetrachloride and dibenzyl ether, than during ﬁexane
flow at the start of the departure from the linear, 'flow/
applied pressure differential' relationship. It is estab-
lished (Figure 5.4) that within the range investigated, flow
of carbon tetrachloride and dibenzyl ether iIs in obedience to

Darcy's law, with respect to viscosity, ie:-

Q X 1
N (see equation 1.10)

where Q = volume rate of flow
AP

applied pressure differential

= liquid viscoéity

3
1

Thus it seems unlikely that the observed permeability
decrease at higher hexane flow rates, is due to structural

alteration caused by increased frictional force.

Increase in hexane flow rate leads to increase in inertial
force applied to the pore structure. Inertial force
increases with density and with the square of liquid velocity
(see above). Hence ‘inertial force parameters may be

calculated: -
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Inertial force parameter

Q = volume rate of flow
p = liquid density
Yalues of Q. are calculated for hexane flow rate at the start

I

of departure from the linear relationship between flow rate
and applied pressure differential (Table 5.11). These data
are compared with the inertial force parameters imposed by

flow of carbon tetrachloride and dibenzyl ether in Table 5.12.

Table 5.12 INERTIAL FORCES 'QI' IMPOSED BY THE FLOW
OF VARIOUS LIQUIDS

2 (gm en® sec-2) % 10°
Specimen
n.hexane | carbon tetrachloride | dibenzyl ether
AGS. % 6.6 13.5 L.y
CDS 11.2 11.0 4.8
THH.e 9.5 4.8 1.9

It appears from the data of Table 5.12 that the inertial
force imposed during flow of carbon tetrachloride is of
similar magnitude to or slightly greater than that imposed by
n- hexane. It is shown that flow of carbon tetrachloride
under the conditions defined is in obedience to Darcy's law
(see above); suggesting that inertial forces of the magnitude
encountered are insufficient to cause permeability decrease

due to pore structural alteration.

During flow of the test liquids, Reynolds number is varied
because of the change in the density to viscosity ratio, and
in flow rate. Reynolds number .Is given by the following

equation:~ T



Np = ple'y

n Equation 1.5

<
jod
1]
s
@
=
s
|

= Reynolds number

flow controlling linear dimension

>
(0]
h

ot
1]

liquid linear velocity

=1
I

= liguid viscosity

liquid density

For any individual specimen Re' and specimen cross-sectional

darea are constant. Hence:-

Nr 9 e
n
where Q = volume rate of flow.

The values of the expression '%%4 are calculated for hexane
flow from the data of Tables 5.5 and 5.11, and for carbon
tetrachloride and dibenzyl ether flow from the data of tables
5.5, 5.8 and 5.28. These values are tabulated below (Table
5.13).

Table 5.13 REYNOLDS NUMBER DATA FOR FLOW OF TEST LIQUIDS

pQ/n (em)

Specimen
n. hexane | carbon tetrachloride | dibenzyl ether

AGS. 2 ~v 23 ' 16 2
CDS ~ 30 15 2
THH.e ~o 27 10 1

It can be seen from the Table that the expression '%?‘ and
hence Reynolds number, is greates for flow of n.hexane. Thus
it seems that departure from the Darcy relationship is
assoclated with increase in Reynolds number. Increase in
inertial force and especially viscous force do not appear to
directly lead to any departure. This lends support to the
hypothesis that the reversible decrease in permeability occur-
ring at higher hexane flow rates is-due to turbulent flow

(see. section 5.3.2 above).
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The experiments discussed were designed principally to
Investigate the effect of viscous force on pore structure. It
must be recognised that the magnitude of the variation in
\ne?tial force (Table 5.12) and Reynolds number (Table 5.13)
is fnsufficlent to unequivocally separate effects due to these
variables. It remains a possibility, therefore, that Inertlal
force may cause structural deformation and reduction in
permeability. To positively resolve this issue it is
necessary to conduct an experiment where inertial force and
Reynolds number are varied over a suhstantial range,
iIndependently of one another. Such an experiment should be
possible by the use of gas and liquid flow systems, provided
there is confidence that gas and liquid flow are directly

related.

5.4 NON SWELLING LIQUID FLOW ~ SUMMARY

It Is shown that constant flow rate under small pressure
differential longitudinally, through the range of softwoods
examined, can be maintained for long periods. To attain
such steady flow conditions, it is necessary to remove fine
particulate matter from the flowiné l2quid and to reduce the
concentratlon of dissolved gas, to prevent particle or gas

embolism of fine pores.

Increase in applied pressure differential is shown to lead to
decrease iIn permeability. It is shown that part of this
decrease is irreversible and part reversible. The irrever-
sible component must be due to change In size or number of
conducting pores, probably due to displacement of pit mem=
branes, or to shifting of cell debris by the force of the
flowing liquid. '

Evidence 1s produced, suggesting that the reversihle component
of the decrease iIs due to an Increased amount of ‘'wake-
turbulence' as pressure” differentlal, and hence flow rate, is
increased. " Increase in''the magnitude of the frictional
(viscous) force by an order of magnitude 1s shown to have no
significant effect on permeability, and hence upon pore
structure. e

toste C
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Part 6  LIQUID FLOW THROUGH SWOLLEN SOPTWOOD
6.1 SWELLING OF WOOD

A considerable degree of cell wall swelling accompanies the
sorption of water and certain other liquids, by dry wood and
other cellulosic materials. Thermodynamic studies suggest-that
the sorbed water is fixed to cellulose by hydrogen bonds
(Morrison and Dzieciuch, 1959) X-ray studies show that sorp-
tion of water and other mild swelling liquids is restricted to
the non-crystalline regions of cellulose (Hermans 1946
Browning 1963). Some liquids, eg pyridene, are able to pene-
trate the crystallites, reducing the amount of crystalline
cellulose, and causing an increased amount of swelling
(Browning, 1963). . It is believed that sorbed molecules form
first a monolayer upon and subsequently a bonded multilayer

between cellulose micro fibrils (see Figure 6.1).

OA"‘OH

OH CHaOH

O
t

Fig 6.1 CELLULOSE/WATER, HYDROGEN BONDED MULTILAYER SYSTEM

In the water/cellulose system it is believed that the multi-

layer may attain a thickness of about & molecules.
In a totally unrestrained material, eg cellophane sheet,

increase in gross dimension is accompanied by proportional

increase in the size of any macro holes present. If wood
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behaved in this fashion, it is clear that swelling would lead
to increase in pore diameter and hence to permeability increase.
The complex fibrillar nature of its cell wall prevents wood
from behavihg in this simple fashion, however. Wood cell
walls are comprised of at least four layers of fibrils wound
helically around the cell. These layers are labelled:-
- a Primary wall
b Secondary wali 'Sl‘
¢ Secondary wall 'Szl
d Secondary wall ‘Sa'

In the primary wall and the S, and 83 layers of the secondary

‘ 1
wall the helical angle (ie the angle made by the fibrils with
the cell axis) is quite large (60°-90°). The helical angle in
the S2'layer, however, is relatively small (10°-30°) -

Panshin and de Zeeuw, 1970 - (see Figure 6.2 below).

*—.giL/\; .
o 83 Helix
=Y
—« —=53
.ll---'
——S2 Hilix
«—S2
S
«—=51

.ng; Helix

Fig 6.2 HELICAL ANGLE IN CELL WALL LAYERS'

118



' The bulk of the cell wall is contained in fhe 82 layer, hence,
it 1s this layer that mainly influences the magnitude and
direction of cell wall swelling. Sorption of molecules between
microfibrils in the non-crystalline zones causes this layer to
. swell normally to the fibril axis, and hence approximately
normally to the axis of the cell. This swelling is restrained,
however, by the primary wall/Sl and by the S, layers which,
with large helical angles, are free to swell only in the cell
axial direction. The system is thus highly restrained and the
relationship between macro swelling and change in pore

diameter is complex (Kelsey 1963).

It is not within the scope of this work to consider in depth
the mechanism of wood cell wall swelling. The foregoing is

included to give a general background to the changes likely to

 ocecur during sorption. For many areas of wood technology,

sorption, especially of water, is of great importance. The
subject has been studied extensively by many workers over a
~long period of time (eg Koehler 1931, Kollmann 1935, Vintilla
1939, Frey-Wyssling 1940, Preston 1942), More recent work on
this topic up to about 1860 is reviewed thoroughly by Kelsey
1963 and by Stamm 13964, Siﬁce that time Interesting work on
the subject has been published by Kollmann (1967); Banber
(1968); Stamm and Smith (1969); Cave (1972); Boutelje (1973).

6.2 OBJECTIVES

The effect of swelling on permeability is studied 1In this work
for one species only (Abfes grandis). The pit membrane of

this species is of the Pinus type (see section 2.1). Longi-
tudinal resin canals are absent in the species (Phillips, 1948).
It is believed, therefore, that results obtained with this
species may be taken as representative of tracheid lumen/
bordered pit flow, for the important Pinaceae family, without

any complicating factor due to flow through resin canals.,
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- Swelling 1s induced by exposure to moist air at various
relative humidities and by impregnation with a series of pure
liquids (water and aliphatic alcchols) causing various degrees

of swelling.

Permeability data for specimens swollen by these two means are

compared,

By comparison of the effect of swelling on the permeability

- of air dried and solvent exchange dried specimens, and by micro-
scopic means, it is attempted to identify the structural
elements responsible for the observed effects of swelling on

permeability.

Finally, the effect of alcchols on flow through 'green! (never

- dried) wood is investigated.

6.3 HEXANE FLOW THROUGH WATER SWOLLEN WOOD
6.3.1 SPECIMEN PREPARATION

Specimens were prepared from two freshly felled logs of grand
fir (Abies grandis) as described below:-

a From the central zone of each of the (1 m) logs, several
discs of thickness about 30 mm were cut.

b One disc from each iog was used to estimate heartwood and
sapwood moisture content by the oven drying method. Of
the remaining discs, three were kept in the green state
by immersed storage in 50:50 ethanol/water mixture
(see Erickson 1960).

6.3.1.1 CUTTING AND DRYING OF AIR DRIED SPECIMENS
a From the final three discs, four radially orientated

sticks of width about 25 mm were cut from around the

circumference as shown in Figure 6.3 below,
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Fig 6.3 CUTTING OF RADIAL 'STICKS'

These radial sticks were air dried gradually in
controlled humidity chambers, to a final moisture

content of about 6 per cent.

At this moisture content, cylindrical air dried specimens
of diameter 1 cm, were cut with a hollow drill from the
sapwood and heartwood of each stick (Figure 6.4).

Ends of these specimens were trimmed with 'a sharp razor

to a length of about 1.5-2.0 cm.
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Fig 6.4 PREPARATION OF CYLINDRICAL SPECIMENS
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6.3,1.2 CUTTING AND DRYING OF SOLVENT DRIED SPECIMENS

a Radial sticks as shown in Figure 6.3 were quickly sawn
from one of the 'green' discs from each log.

b Cylindrical specimens were cut with the hollow drill
from each of these sticks (as described in section 6.3.1.1
above). During cutting of these specimens, the sticks
were kept immersed in water, to prevent frictional heating
and drying.

¢ The 'sap' from these specimens was exchanged for
ethanol by storage in pure ethanol for 5 days. (Each
day the resulting ethancl/sap mixture was replaced by
fresh alcohol). \

d After 5 days the alcohol was replaced by acetone‘using a
similar technique.

e Tinally, after 5 days' acetone storage, the acetone was
replaced by hexane.

f Hexane was allowed to evaporafe by open storage in the

laboratory.

This technique has been shown to retain sapwood bordered pit
membranes in the green (unaspirated) condition (Thomas 1969).
The method retains wood, after drying, in a part swollen

. condition (Stamm 1964). To bring such solvent dried specimens
to the shrunken condition, they were cycled a few times
between O and ~ 25 per cent moisture content, by exposure
alternately to a relative humidity of 0% and 90% (measurement
of tangential dimension with a micrometer showed this

technique to cause normal shrinkage, about 5%, upon drying).

6.3.1.3 ADJUSTMENT OF SPECIMEN MOISTURE CONTENT

Specimens prepared as described in sections 6.3.1.1 and

' 6.3.1.2 were swollen by conditioning to various moisture
contents within the hygroscopic range of wood. This
conditioning was achieved by vacuum storage of specimens at
25°C over phosphorus pentoxide (for the nominally dry
condition) and over various saturated salt solutibns for

other moisture contents (see Table 6.1 below).

123



Table 6.1 MOISTURE CONTENT CONDITIONING DATA

Effective .
e 'relative Approximate
Conditioning agent A moisture
humidity'
%) content (%)
Phosphorus pentoxide
0 <2
(anhydrous)
Magnesium chloride 33 ) 7
(saturated solution)
Sodium nitrite R B
(saturated solution) ol 1l
Potassium sulphate 97 o5 -
(saturated solution) B

The saturated solutions used to condition the atmosphebeé”
are those recommended in a review of humidity control tech-

nique by Young (1967).

6.3.1.4 IMPREGNATION OF SPECIMENS WITH HEXANE

Specimens conditioned to various moisture contents, as
described in section 6.3.1,3 above were impregnated with dry
hexane. The vacuum impregnétion technique used was almost
identical to that described for the impregnation of dry
specimens (section 5.2). To minimise the risk of moisture
content change during impregnation, a quantity of the
appropriate saturated salt solution (in place of phosphorus
pentoxide) was contained in the vacuum desiccator (Figure

5.3) during impregnation of moist specimens.

6.3.,2 FLOW MEASUREMENT

After impregnation with hexane the specimens were mounted

in a modified form of the apparatus described in section 5.2.
To accommodate the dimensional change associated with change
in moisture content a different specimen mounting system
from that shown in Figure 5.1 (section 5.2) was adopted.

The eylindrical specimens described in sections 6.3.1.1 and

6.3.1.2 were held In neoprene tubing, tightened by
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compression with nylon straps (see Figure 6.5).

Ourlet (ko FLowma.t.er-)

Neo?rznc tubi.n3

“rN ylon  straps.

i\

-——-L_'ului.cl, inlet -

Fig 6.5 SPECIMEN MOUNTING IN NEOPRENE TUBING

'Flow rate was measured under small pressure differentials
(v 3-4 x 104 dyn cm~2), with the burette flowmeter, using

the technique described previously (section 5.2).

6.3.3 SWELLING MEASUREMENT

From the radially orientated sticks described in section
6.3.1.1 obloid specimens suited to the measurement of radial

and tangential swelling, were cut (Figure 6.6).
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Fig 6.6 PREPARATION OF SPECIMENS FOR SWELLING MEASUREMENT

‘These 'obloid' specimens were air dried slowly in controlled
humidity rooms, and finally vacuum dried over phosphorus
pentoxide. Swelling in atmospheres over the various
conditioning agents (Table 6.1) was measured with linear
displacement transducers mounted in specially designed glass

vacuum jars (see Figure 6.7).
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Fig 6.7 VACUUM APPARATUS TO MEASURE SWELLING IN VAPOUR

The vacuum jar 1s made in two parts, connected by a ground
glass conical joint. At one end a salt reservoir is located
which may be isolated from the specimen with ‘a vacuum tap.
A jig to hold the transducer and specimen (shown in Figure

' 6.8) is contained within the jar, electrical contact
between the transducer and its associated energising and
output recording equipment being by way of leads sealed

into the glass with a rubber plug.
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Fig 6.8 SPECIMEN AND TRANSDUCER JIG FOR MEASUREMENT
OF SWELLING IN VAPOUR

Dry specimens were measured carefully with a micrometer and
then mounted in the specimen jig. The conditioning salt
solution was transferred to the salt reservoir and the
reservoir isolated from the specimen. Whilét maintained in

a thermostat at 25 * 0.5°C the jar was evacuated and the
transducer output monitored. The salt reservoir was then
connected to the specimen jar and the épparatus maintained in
the thermostat until attainment of equilibrium dimension.
This procedure was repeated for each of the conditioning

salts in turn.

The whole procedure was conducted using specimens from

both the logs described in section 6.3.1.
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6.3.4 RESULTS AND DISCUSSION

For clarity and convenience the specimens used throughout

this part are labelled according to the code shown below:-

where 'a'
H
S
b

It

'a H/S b!

log number (1 or 2)

heartwood .

sapwood

specimen reference number

" 6.3.4,1 HEXANE FLOW THROUGH MOIST 'AIR DRIED' WOOD

From the flow data obtained using the techniques described

in sections 6.3,1-

specimen permeability constants

were calculated according to equation 5.1:-

- Qn
K =2

where Q =

n
AP

volume rate of flow

liquid viscosity

pressure differential across specimen

Equation 5.1

These data for the various specimens examined are given

below (Table 6.2).

Table 6.2 PERMEABILITY CONSTANTS FOR Abtes grandis
SAPWOOD AND HEARTWOOD AT VARIOUS MOISTURE

CONTENTS
. eq. . 3 8
Specimen permeability constant 'K,' (ecm” x 107)
. at listed moisture contents
Specimen
<2% 7% 11% 25%
1s1 0.0u48 0.041 0.036 0,030
182 0.016 0.017 0.015 0.0186
281 0.045 0.036 0,031 - 0,022
1H1 0.059 0.053 0.040 0.023
1H2 0.145 0.124 0,103 0.078
2H1 0.053 0.048 0.037 0.025
2H2 0.035 0.032 0.025 0.018
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It can be seen from Table 6.2 that the between-specimen
variation in permeability constant, at any moisture content
is quite large. To make 'between specimen' comparison of
the moisture content effect easier, therefore, the data are
re-expressed as dimensionless relative values (setting the
value obtained at <2% moisture content for each specimen,
equal to 1). These relative values are given below in
Table 6.3.

Table 6.3 RELATIVE PERMEABILITY OF AbZes grandis SAPWOOD
AND HEARTWOOD SPECIMENS AT VARIOUS MOISTURE

CONTENTS
Relative permeability
at listed
Specimen moisture contents

<2% 7% 11% 25%
181 1.0010.85|0C.75] 0.63
182 1.00} 1.06 ]| 0.94] 1.00
281 1.00]10.80| 0.69]} 0.49
1H1 1.0010.90} 0.68 | 0.39
1H2 1.0010.8610.711{ 0.54
2H1 1.00} 0.91 | 0.70} 0.47
2H2 1.00] 0,81} 0,71} 0.51
Mean 1.00 | 0.80}10.74] 0.58

From Table 6.3 it is clear that on the average, permeability
decreases markedly with increase in moisture content. For
individual specimens, the effect is consistent except for
the sapwood specimen 1S2. The permeability of this specimen
remained almost constant at all moisture contents. Later
evidence (see below) suggests that this may have been due

to two conflicting effects: (1) permeability reduction
associated with moisture content increase, and (2)
permeability increase due to dissolu?ion of cell debris
during the impregnation process (see sections 6.3.1.3 and
6.3.1.4). Reversi%éi&Fy of the trgnd suggested in Table 6.3
was investigated bX;the specimen moisture content alternately
between <2 and 25 per cent molsture content. At each of
these moisture contents in turn, permeability was measured

using the technique described. Results, expressed as
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'relative permeability' are given below in Table 6.4.

Table 6.4 RELATIVE PERMEABILITY - EFFECT OF MOISTURE CYCLING

Relative permeability
at listed moisture contents

Specimen l1st cycle® | 2nd cycle | 3rd cycle

<2% 25% <2% 25% <2% 25%

1S1 1.0010.63}1.30}§0.681 1.341} 0,70
182 1.00}1.,00]2,1331.06]2.1911.19
2S1 1.0010.49 | 1.36 {10,551 1.36 | 0,61
1H1 1.00)0.39}1.34|0.45]1.67}0.50
1H2 1.00}10.5411.30}0.65}11.46]0.68
2HL 1.00 0,471 1.35}1 0,50} 1.60 1} 0.56
2H2 1.00}10.51}1.44}10.561{1.68}0.53
Mean 1.000.5811.46 |0.64]1.61140,68

#The 'lst cycle' data are obtained from
Table 6.3 above

The data of Table 6.4 indicate that after the first cycle,
permeability decreases mainly reversibly with increase in
moisture content. .This is particularly true for sapwood
specimens. In heartwood, it seems that a small irreversible
increase occurs at each moisture content during the second
and third cycles. All specimens (sap and heart) show some
irreversible permeability increase between cycles 'l' and
'2'. This is particularly marked for specimen '1S2',
where the effect 'masks' any decrease in permeability
associated with moisture increase. It seems most likely
that this irreversible effect is due to gradual removal of
petrol soluble debris (extractives) from cells and pits,
during repeated impregnation at the various moisture
contents. This view 1s supported by the.appearance of pit
membranes in AbiZes grandis, before and after extraction

with n.hexane (see Figure 6.9).
The scanning electron micrographs of Figure 6.9 are of

heartwood early woéd 'bordered pits'. In the pit of the

unwashedispecimen, fibrillar detail is obscured by an
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Fig &.9a Abtes grandis HEARTWQOD (NON WASHED) (x 500D

Fig 6.9b Abtes grandis HEARTWOOD (HEXANE WASHED) (x $ooo)
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apparently amorphous deposit. Pit structure in the closely
matched hexane washed specimen is much more clearly defined
(NB solvent washing was carried out by heating prepared
specimens in hexane, under reflux). This suggests that
hexane is able to remove some extractive material from pit
membranes. Such removal may be expected to'bring about

significant increase in permeability.

6.3.4.2 HEXANE FLOW THROUGH SOLVENT DRIED WOOD

As for air dried specimens (section 6.3.2.1), results are
expressed as 'specimen permeability constants', calculated
according to equation 5.1 (see section 6.3.2.1 above).
Permeability was measured at each of the moisture contents
listed in section 6.3.1.3 (Table 6,1). To check rever-
sibility, after flow rate measurement at 25 per cent moisture
content, the specimens were re-dried to <2 per cént, and '
permeability was re-measured. Results obtained are given

below, Table 6.5.

Table 6.5 PERMEABILITY OF SOLVENT DRIED SPECIMENS
AT VARIOUS MOISTURE CONTENTS

Specimen permeability
constant 'K,'

. at listed moisture contents
Spec:l.men (cma % 108)

<2% 1 7% 111% | 25% | <2%

1S3 2.4411.9941.83}11.5814 1,99
1S4 2,75 2,341,991 1.73| 2.14
283 2,1411.,5811.38( 1.381] 1.53
284 1.33 ) 1.17{1.14 1 0.94] 1.12

" For ease in comparison, the above data are re-expressed as
dimensionless 'relative permeability' values (see section

6.3.2.1) and listed in Table 6.6 below.



Table 6,6 'RELATIVE PERMEABILITY' OF SOLVENT DRIED WOOD

'Relative permeability’
at listed moisture contents
S LY

pecimen 1st cycle 2nd cycle

<2% 7% 11% 25% <2%

1S3 1.00} 0.82} 0,75} 0.65 0.82

184 1.004 0,85} 0,721 0.63 0.78

283 1.00}1 0.74 1 0,84 | 0.64 0.72

284 1.00{0.88]0.8 | 0.71 0.84

Mean 1.0010.82]10.74{ 0.66 0.79

It is seen from Table 6.6 that permeability decreases with
increase in molsture content. Re-drying leads to significant
recovery of permeabillty, but to a considerably lower level
than attained on the first measurement in the dry state

(cf 1st and 2nd cycle measurements at <2% moisture content).

It has been shown by Huber and Merz (1958), that in the
‘unaspirated condition, pit membranes are sensitive to very
small applied pressure gradients (of the order of 0.5 bar/m).
In this work pressure gradients of this magnitude were
applied during flow measurements, whilst during vacuum
impregnation, the initial pressure gradients appliéd to
specimens upon vacuum release, far exceeded this value. It
seems possible, therefore, that the irreversible part of

the observed decrease in permeability is due to displacement,
particularly of early wood pit membranes, from a central
position within the ﬁit chamber to form a more or less %
effective seal against one of the pit openings (see section
1.5.1, Figure 1.4).

Between <2 and 25 per cent?moistgre content it appears that
solvent dried wood is subject to%a reversible decrease in

permeability of some 16 to 17 per cent (cf average relative

¥

i
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permeability obtained at 25 per cent moisture content and
at <2 per cent moisture content '2nd cycle'). It can be
seen that the results obtained from the four individual
specimens’ are fairly consistent, the range of the reversible
permeability decrease extending from 11 per cent (specimen

283) to 21 per cent (specimen 1S53).

6.3.4.3 SWELLING DUE TO MOISTURE SORPTION

Swelling associated with conditioning to the various test
moisture contents was measured by the technique described in
section 6.3.1.6. Data from these measurements expressed as
percentage linear increase in dimension (based on specimen

dry dimension) are tabulated below (Table 6.7).

Table 6.7 SWELLING OF DRY dbies grandis
DUE TO MOISTURE SORPTION

Swell (per cent dry dimension)
Moisture
content Tangential Radial
(per
cent) | Speci- | Speci- Mean Speci- | Speci- Mean
men 1 |men 2 men 1 |men 2
<2 0.0 0.0 0.0 0.0 0.0 0.0
7 0.6 1.1 0.9 0.7 0.7 0.7
11 2.0 1.9 2.0 1.2 1.4 1.3
25 4,2 b4 4.3 2.5 2.6 2.6

From the linear swell data of Table 6.5, volumetric swell was
calculated (assuming that longitudinal swelling is

negligible). These data are given below (Table 6.8).

Table 6.8 VOLUMETRIC SWELL DUE TO MOISTURE SORPTION

Moisture content | Mean volumetric swell
(per cent) (per cent of dry volume)
<2 0.0
7 1.6
11 3.3
25 7.0
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The data of Table 6.8 show a similar 'moisture content/swell'
relationship to other recorded data for softwoods of similar

density (see Stamm 1964).

NB The above swelling data were obtained with specimens, air and
vacuum dried from green (see section 6.3.1.6). Measurement of
solvent dried specimens (section 6.3.1.2) with calipers, at the
test moisture contents, showed that these specimens underwent a

similar degree of swelling during moisture sorption.

6.4 SWELLiNG LIQUID FLOW THROUGH DRY WOOD

In this section the measurement of specimen permeability using a
range of liquids causing swelling of the non-crystalline zones of
cellulose, is described. The liquids used in ascending order of
swelling power are listed below:=-

a n hexane

b n butanol

¢ n propanol
d ethanol

e methanol

f water

6.4.1 SPECIMEN PREPARATION
6.4.1.1 CUTTING AND CONDITIONING OF SPECIMENS

From the air dried radial sticks taken from the freshly felled logs
(section 6.3.1.1), cylindrical specimens of diameter about 1 cm and
length 1.5-2.0 cm were cut, precisely as described for hexane flow
specimens (section 6.3.1.1). Two sets of heartwood and two of sap-
wood specimens were prepared, and labelled according to the code

given in section 6.3.4.
One set of heartwood and one of sapwood were vacuum dried over

phosphorus pentoxide. The remaining two sets were solvent

extracted prior to vacuum drying.
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Solvent extraction was carried out to remove hexane and

+~methanol soluble material prior to flow measurement with these

liquids. The extraction procedure adopted was as follows:-

a Specimens were vacuum impregnated with a miscible
mixture of n.hexane, methanol and acetone.

b Specimens so impregnated were boiled under reflux
8 hours per day for 10 days. Each day the solvent
mixture was replaced by fresh liquid to avoid concentra-
tion and possible saturation with extractive material.
During the 16 hours per day not under reflux, the
specimens were allowed to soak in the cold solvent
mixture.

¢ After this period, solvent was allowed to evaporate. To
ensure normal shrinkage, specimens were brought to fibre
saturation moisture content by exposure to water
saturated air for a day, prior to drying.

d Specimens were dried gradually in controlled humidity
chambers and finally vacuum dried over phosphorus

pentoxide to a moisture content less than 2 per cent.

6.4.2 IMPREGNATION AND FLOW MEASUREMENT

After cutting and drying as described in 6.4.1.1 above, dry
specimens were Impregnated with n.hexane as described iIn
section 5.2. Rate of flow under small pressure differential
was measured using the technique prescribed in section 6.3.2.
Upon completion of flow measurement with hexane, specimens
were transferred to n.butanol and maintained at n.butanol
vapour pressure in a vacuum desiccator for about 24 hours.
This allowed some diffusive replacement of n.hexane by
n.butanol. Butanol flow rate was then measured using the
method described for hexane flow. To ensure virtual complete
removal of hexane, care was taken to ensure the flow of about
ten times the specimen pore volume, of n.butanol, prior to

flow rate measurement.

This procedure was followed for each of the test liquids in

turn.
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Water was found to cause little further swelling beyond that
attained in methanol (see section 6.4.4.2 below). Therefore,
because of the experimental difficulty encountered in
measuring water flow rate (because of its high viscosity and
surface tension), it was omitted from the series of experiments

with solvent extracted specimens.

After permeability measurement of solvent extracted specimens
with methanol, reversibility of the effect of swelling liquid
was checked, by flow measurement alternately with hexane and-
methanol. During this procedure, care was taken to ensure

- that specimens were dry and shrunken:prior-to any measurement

with hexane.

6.4.3 MEASUREMENT OF SWELLING CAUSED BY SORPTION OF
TEST LIQUIDS

Obloid specimens identical to those described for measurement -
of swelling by water sorption (section 6.3.3, Figure 6.6)

were prepared. These were cut from the same radially
orientated sticks used in preparation of permeability speci-
mens (section 6.4.1.1 above). The specimens were dried to
about 6 per cent, by exposure at 30% relative humidity and then
by evacuation over phosphorus pentoxide. After drying, the
specimens were measured accurately with a micrometer and

mounted in jigs as shown in Figure 6.10 below.

Specimens in the swelling jigs were immersed in n hexane and
swelling observed until the dimension remained constant for a
period of 4 hours. Any dimensional change was noted, and then
the n hexane was replaced by n butanol. Again dimension
change was noted until no further change occurred for 4 hours.
This procedure was repeated in turn for the liquid series
listed in section 6.4 - radial and tangential swelling being

measured with each of the liquids.
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6.4.4 RESULTS AND DISCUSSION

6.4.4.1 PERMEABILITY MEASUREMENT

Throughout this series, rates of flow were measured under

pressure differentials of about 5 x 10" dyn em ™2 (~ 0.05 bar).

Liquid temperature was maintained at about 25°C, and the

viscosities of the various liquids were taken from published

tables {(Weart, 1973).

The first series of measurements was made using non-solvent

washed specimens, specimen permeability constants being

calculated

where

These data are given below (Table 6.9).

=n
Ky = AP

Ky
Q

n

according to equation 5.1:-

volume rate of flow

liquid viscosity

specimen permeability constant

AP = applied pressure differential

SOLVENT EXTRACTION

Equation 5.1

Table 6.9 PERMEABILITY TO SWELLING LIQUIDS BEFORE

Specimen permeability constant 'K,' (cm3 X 108)
Speci- to listed liquids
men
n hexane | n butanol | n propanol | ethanol | methanol | water
1S5 0.072 0.068 0.058 0.043 0.039 0.043
285 0,197 0.179 0.169 0.130 0.112 0.119
256 0.221 0.204 0.196 0.150 0.162 0.138
1H3 0.074 0.069 0.054 0.052 0.077 0.089
1H4 0.052 0.047 0.041 0.037 0.063 0.081
2H3 0.069 0.062 0.054 0.058 0.100 0.150
2Hu 0.055 0.058 0.0u6 0.039 0.057 0.081

From the above Table it can be seen that permeability decreases

through the liquid series n.hexane to ethanol.

However,

measurement with the final two liquids in the series (methanol
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and water) leads to some increase in permeability. This
effect is particularly marked with the heartwood specimens
(1H3, 1H4, 2H3, 2H4). In any porous medium, viscous flow
permeability can be increased only by increase in number or
effective diameter of flow controlling pores. Swelling due

to water sorption causes permeability decrease (see

section 6.3.4). In the present series, swelling caused by
sorption of n.butanol, n.propanel and ethanol, also seems to
be accompanied by permeability decrease. It seems inconsis-
tent, therefore, that the further swelling due to sorption of
methanol and of water (see section 6.4.4.2 below) should

cause some increase in permeability. The observed increase
seems likely, therefore, to be due to changes in pore

geometry other than those due to cell wall swéliing. ‘Such
changes are most likely due to removal of incrustant material
or to de-aspiration of pit membranes (ie breaking of the. seal
between torus and border - see section 2.2). Consequentlj, |
permeability to n hexane and the seriés of alecohols was - -
measured for a further set of specimens, pre-treated by
solvent extraction with a mixture of hexane, methanol"aﬁd:'  B

acetone (section 6.4.4.1).

Results obtained for these specimens are given below
(Table 6.10).

Table 6.10 PERMEABILITY OF SOLVENT EXTRACTED SPECIMENS TO
SWELLING LIQUIDS

/

Specimen permeabllity constant 'KV' (cm3 X 108)
Specimen
n hexane | n butanol | n propanol | ethanol | methanol

1S6 0.069 0.050 0.036 0.023 0.016
287 0.037 0.022 0.014 0.009 0.008
1HS 0.062 0.05% 0.035 0.020 0.017
1H6 0.149 0.127 0.088 0.059 0.053
2H5 0.065 0.053 0.031 0.018 0.014
2H6 0.117 0.090 0.060 0.044 0.040

The data of Table 6.10 show a much more consistent decrease in
permeability through the liquid series, after solvent

extraction. Reversibility of this observed effect was checked

14],



by measurement of permeability alternately with n hexane and
_methanol, as described in section 6.4.2. Data from this experi-
ment expressed as 'relative permeability', taking the first

'n. hexane' value for each specimen equal to 'l' (see section

6.3.4.1 above) are given below (Table 6.11).

Table 6.11 RELATIVE PERMEABILITY TO n HEXANE AND METHANOL

Relative permeability to stated liquid

Specimen 1st cycle 2nd cycle 3rd cycle
Hexane | Methanol | Hexane | Methanol | Hexane
186 1.00 .24 0.94 0.26 0.93
©187 1.00 0.21 1.03 0.20 1.03
1HS 1.00 0.27 1.32 0.29 1.56
1H6 1.00 0.36 1.14 0.32. 1.27
2H5 : 1.00 0.22 1.13 0.20 1.39
2H6 1.00 0.34 1.07 0.29 1.23
Mean 1.00 0.27 1.11 0.26 1.24

From the data of Table 6.11 it can be seen that the decrease
in permeability measured with methanol compared with the value
obtained for hexane flow, is largely reversible. For sapwood
specimens (1S6 and 1S7) the reversibility is almost complete.
In the case of heartwood (1H5, 1H6, 2H5, 2H6) a small irrever=
sible increase in permeability is observed as flow proceeds.
Heartwood is known to contain more extractive material than
sapwood (see section 3.3.6). It is likely that the solvent
extraction procedure carried out prior to flow experiments,
may not have completely removed this material. During the
flow experiments, such extractive substances are likely to be

removed by the action of the flowing liquids.

It is believed, therefore, that the more consistent behaviour
to swelling liquid flow after solvent washing (compare

Tables 6.9 and 6.10) is due to removal of extractive material.
After such treatment permeability is affected mainly by
decrease in size and/or number of pores associated with sorp-
tion of test liquid by~thé cell wall. In specimens not pre-
extracted with solvent two conflicting processes seem likely E

to occur:~
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a Pore size and/or number is decreased by sorption of
swelling liquids.
b Pore size and/or number 1is increased by removal of

extractives.

This 1s supported by scanning electron microscopic evidence.
In specimens taken from heartwood prior to solvent extraction,
pit membrane detail was ill defined due to the presence of
apparently amorphous substance, coating the margoe. Solvent
extraction with hexane appeared to remove some of this
substance, making margo structure somewhat more clearly
defined (see Figure 6.9, section 6.3.4). Further washing

. with methanol brought about great clarity of membrane struc-
tural detail (Figure 6.11), suggesting the further removal
of extractive substances. Additionally the membranes of
many pits after methanol extraction seem to have been partly
de-aspirated and degraded (Figures 6.11 and 6.12). In the pit
shown in Figure 6.11, there is a distinct impression of the
border Impressed on to the torus, suggesting that it has
been tightly aspirated. However, the margo appears to be
partially detached from the border, suggesting that It is
only partially and lightly aspirated. The membranes of the
two pits shown in Figure 6.12 seem to have been weakened by
methanol treatment and to have fractured. These two effects
were observed In a high proportion of pits in methénol
extracted wood and are in contrast to the generally intact
and tightly aspirated appearance of pits in non-washed and

hexane washed wood (Figure 6.9).

It has been shown by Bauch, Liese and Schulz (1968) that
phenolic, lignin or lignin-like compounds are present in the
heartwood pit membranes of Abies alba (a closely related
species to Abies grandis). In a later study (Bauch and
Berndt, 1973) spectral and histochemical techniques were used
to show the presence of‘phenolic substances in both sapwood
and heartwood pit membranes of four AbZes species including
those of A. grandis. These workers showed that a proportion
of this material is removed by extraction with ethanol/

benzene mixture. Thus, it seems likely that the observed pit

143



b
\6" - -: “putnas

b =

e

s

Fig 6.12 Abies grandis HEARTWOOD (METHANOL WASHED) (x3o00)

143a




membrane structural changes described above (Figures 6.9,
6.11 and 6.12) caused by extraction with methanol, may be due

to removal of such polyphenolic substances.

6.4.4.2 SWELLING MEASUREMENT

Linear swelling radially and tangentially due to sorption
of the test liquids, was measured by the technique described in
section 6.4.3. These data, expressed as peércentage lineay ‘swell,

based on dry dimension are recorded below (Table 6.12).

Table 6.12 . SWELLING OF DRY Abies grandis DUE TO
- SORPTION OF VARIOUS LIQUIDS

Linear swell (per cent of dry dimension)

Replacement Tangential Radial
liquid
Speci- | Speci- Mean Speci- | Speci- Mean
men 1 {men 2 men 1 | men 2
n.hexane 0.0 0.0 0.0 0.0 0.0 0.0
n.butanol 3.0 3.2 3.1 0.8 0.6 0.7
n.propanol 3.6 4.0 3.8 1 1.8 1.5 1.7
ethanol 4.4 4.8 4,6 2.0 1.7 1.9
methanol 4.9 5.4 5.2 2.3 1.9 2.1
water 5.4 5.8 5.6 2.5 2.0 2.3

As in the case of swelling due to water vapour sorption
(section 6.3.4.3), volumetric swell was calculated from the
above data, assuming that longitudinal swelling is insig-
nificant (see Table 6.13 below).

Table 6.13 VOLUMETRIC SWELL OF DRY Abies grandis DUE TO
SORPTION OF VARIOUS LIQUIDS

Liquid Volumetric swell
(per cent of dry volume)
n hexane - 0.0
n.butanol 3.8
n,propanol 5.6
ethanol 6.6
methanol 7.4
water 8.0
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The data of Tables 6.12 and 6.13 are in general agreement
with published results for swelling of softwoods by aliphatic
alcohols and water (see, for example, Browning, 1963

Stamm, 1964). Immersion in a non-polar liquid (n-hexane)
caused no swelling, the degree of swelling in alcohols,
increasing with decrease in chain length (and hence

polarity).

6.5 LIQUID FLOW THROUGH GREEN WOQOD

It is known that the pore structure of softwood, particularly
of sapwood is significantly altered by initial drying from
the green state. In freshly felled, 'green' wood almost all
bordered pits are in the conducting 'non-aspirated' condition.
During drying, however, most pits, especially in early wood,
are aspirated (see section 2.2). In this section the measure-
ment of permeability of 'green' Abies grandis to a range of

swelling liquids, is described.

6.5.1 SPECIMEN PREPARATION

Cylindrical specimens of sapwood and heartwood were cut from
discs taken from each of the two freshly felled logs and
stored in ethanol/water mixture (see section 6.3.1). These
specimens were cut with the hollow drill as described for air
dry specimens (section 6.3.1.1), and labelled in accord with
the code described in section 6.3.4. During cutting of green
specimens, the discs were kept immersed in water to prevent
drying due to frictional heating (as in the preparation of
specimens for solvent exchange drying (section 6.3.1.2).
Prior to flow measurement, specimens were end trimmed with a
sharp razor blade to a length of 1.5 to 2.0 cm. Trapped air
in these specimens was replaced by immersion in de-ionised
water, cleaned by filtration through a membrane filter of

0.2 micron, pore size. Whilst maintaining the specimens
immersed in water, the specimens were subjected alternately
to reduced pressure (water vapour pressure) and atmospheric

pressure. This procedure was carried on until few air
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bubbles could be observed leaving the specimens during the
reduced pressure periods. Thus as much air as possible was

replaced by water.

6.5.2 FLOW MEASUREMENT

Flow rate of water through specimens Impregnated with water,
as described in section 6.5.1 above was measured by the
technique described for hexane flow (section 6.3.2). After
completion of water flow measurement, the water saturated
specimens were transferred to membrane filtered methanol and
stored In vacua overnight to allow solvent exchange by
diffusion. Flow rate of methanol was monitored using the
same technique as for water flow, and the process was
repeated in turn for each of the liquids:-

Water

Methanol

Ethanol

n.propanol

n.butanol

6.5.3 MEASUREMENT OF DIMENSIONAL CHANGE DUE TO LIQUfD
EXCHANGE

Shrinkage during exchange of water for the various alcohols
listed in section 6.5.2 was measured using wafer specimens cut
from the same discs as the cylindrical permeability specimens
(see section 6.5.1). These specimens were prepared precisely
as those used in the determination of swelling of dry wood
(section 6.3.3). Linear tangential and radial dimensions were
measured by micrometer and the specimené were piaced in the
jigs described in section 6.4.3 (Figure 6.10). These wet

specimens in the jigs were immersed in methanol for 24 hours.

During this period the methanol in the jar was replaced-twice. . |

with fresh pure liquid, to maintain low water content con-
ditions. Shrinkage tangentially and radially (using separate -

specimens) during soaking in methanol was measured and the
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procedure was repeated in turn for each of the liquids listed in

section 6.5.2.
6.5.4 RESULTS AND DISCUSSION
6.5.4.1 PERMEABILITY MEASUREMENT

As for swelling liquid flow through dry wood (section 6.4.4.1),
flow rates were measured under small pressure differential

(v 5 x 10-4 dyn cm-z) conditions. Liquid temperature was
maintained at about 250C, and the liquid viscosities at the
precise temperature during flow, were obtained from tables

(see section 6.4.4.1). Results are expressed as specimen

permeability constants (KV):-

- Qn ‘ .
KV =P Equation 5.1

where Q = volume rate of flow

n = liquid viscosity

AP

pressure differential causing flow.

These data, calculated from the flow measurements described

in section 6.5.2, are given below (Tables 6.14% and 6.15).

Table 6.14 . PERMEABILITY OF 'GREEN' SAPWOOD TO VARIOUS LIQUIDS

Specimen permeability 'K, ' (em® x 10%)
. measured with stated liquids
Specimen
Water | Methanol | Ethanol | n.propanol | n.butanol
1s8 0.021 0.075 .| 0.070 0.070 0.060
1589 0.278 | 0.321 0.327 0.339 0.350
288 0.433 | 0.487 0.481 0.499 0.519
289 0.627 | 0.641 0.669 0.683 0.676
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Table 6.15 PERMEABILITY OF 'GREEN' HEARTWOOD TO
VARIOUS LIQUIDS

Specimen permeability 'K,' (cm3 % 108)
Specimen measured with stated liquids
Water | Methanol | Ethanol | n.propanol |n.butanol
1H8 0.087 | 0.2238 0.243 0.257 0.266
1HS 0.023 0.088 0.089 0.099 . 0.099
2H8 0.142 0.284 0.287 0.309 0.319
2H3 0.004 0.015 0.022 0.024 0.027

Inspection of the Tables suggests some increase in permeability
associated with decrease in the polar character of the test
liquids. The effect is confused to some extent by the large

- 'between specimen' variability in permeability. To help over=
come this confusion, as in the case of dried specimens

(section 6.4.4.1), the data of Tables 6.14 and 6.15 are re-
expressed as relative permeability values - setting the water
flow value for each specimen equal to 1. These relative data

are given in Tables 6.16 and 6.17 below.

Table 6.16 RELATIVE PERMEABILITY OF 'GREEN' SAPWOOD
TO VARIOQUS LIQUIDS

Relative perméability to stated liquid
Specimen
Water | Methanol | Ethanol | n.propanol | n.butanol
1s8 1.00 3.57 3.33 3.33 2.86
1S9 1.00 1.15 1.18 1.22 1.26
288 1.00 1.12 1.11 1.15 1.20
259 1.00 1.02 1.07 1.09 1.08
Mean 1.00 1.72 1.67 1.70 1.60

Table 6.17 RELATIVE PERMEABILITY OF 'GREEN' HEARTWOOD
TO VARIOUS LIQUIDS

Relative permeability to stated liquid
Specimen
Water | Methanol | Ethanol | n,propanol | n,butanol
1H8 1.00 2,56 2.79 2.95 3.06
1HS 1.00 3.83 3.87 4.30 4.30
2H8 1.00 2.00 2,02 2.18 2.25
2H9 1.00 3.75 5.50 6.00 6.75
Mean 1.00 3,04 3.55 3.86 4,09
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From these re-expressed data it becomes clear that the largesF
permeability increase occurs with the first solvent exchange
(ie from water to methanol). It can also be seen that the
increase is much more marked for heartwood than for sapwood
specimens. Although not checked microscopically, it seems
most likely that this effect is similar to that observed
during flow of the same liquid series through air dried wood
(section 6.4.4.1). There it was observed that methanol was
most effective in the removal of extractive material from pit
membranes especially from heartwood, and also appeared to

" cause some de-aspiration of pits (see Figures 6.1l and 6.12 -

section 6.4.4.1).

After this initial increase in permeability associated with
change from water to methanol flow, permeability of sapwood
remains almost constant, irrespective of the liquid used for
flow measurement. In heartwood (Table 6.17), permeability
continues to increase through the series, ethanol-n.propanpl-
n-butanol, although to a much smaller extent than in the

initial water-methanol step.

Reversibility of these observed effects of the various
liquids on permeability was checked, by re-measurement of
flow rate with each liquid in reverse order. These data,
expressed as relative permeability values (with the n.butanol
values from Tables 6.16 and 6.17, for comparison) are given
below (Tables 6.18 and 6.19).

Table 6.18 RELATIVE PERMEABILITY OF fGREEN' SAPWOOD
TO VARIOUS LIQUIDS

Relative permeability to stated liquid

Specimen
n.butanol | n.propanol | ethanol | methanol | water
188 2.86 3.00 2.76 3.57 3.19-
- 189 1.26 1.14 1.07 1.19 1.05.
258 1.20 1.11 1.09 1.10 1.03
2589 1.08 1.08 1.02 - 1.08 0.99
Mean 1.60 1.59 1.u49 1.74 | 1.57
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Table 6.19 RELATIVE PERMEABILITY OF 'GREEN' HEARTWOOD
TO VARIOUS LIQUIDS

Relative permeability to stated liquid
Specimen

n,butanol | n,propancl | ethanol | methanol | water
1H8 3.06 2.85 2,81 2.92 2.56 -
1H9 4,30 3.96 3.87 3.74 2,30
2H8 2,25 2.06 2.00 1.99 1,42
2H9 6.75 6.00 6.00 6.25 4,00
Mean 4.09 3.72 3.67 3.73 2.57

Comparison of the data of Tables 6.16 and 6.17 with those of
Tables 6.18 and 6.19 indicates that the longer carbon chain
length {(and less polar} alcohols (butanol, propanol and
ethanol) have a reversible effect on permeability -
permeability increasing slightly, with increased chain
length. Re-introduction of methanol, however, causes an
increase in permeability beyond that obtained during the
first methanol flow experiment, especially in heartwood
specimens. Subsequent water flow leads to significant per-
meability reduction, but to a level considerably higher than
fhe first water flow value, however (see Tables 6.16 to
6.19). It appears, therefore, that the first exposure to
methanol causes a large, irreversible permeability increase,
particularly in heartwood. As discussed above, this effect
is probably due to dissolution of extractive material, and
possibly to some de-aspiration of pits. Additionly a rever-
sible increase in permeability is observed during flow with
the series of alcohols and water associated with increase in

carbon chain length (or decrease in polarity).

The largest part of this reversible effect is associated with
the change from water to methanol. This effect has been
further investigated for heartwood. TFlow rate through the
heartwood specimens was measured‘alternately with water and
methanol, using the technique described in section 6.5.2.
Relative permeability data from these experiments are given

below (Table 6.20).
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Table 6.20 RELATIVE PERMEABILITY TO WATER AND METHANOL

Relative permeability to
stated liquid

Specimen

1st cycle 2nd cycle
Methanol | Water | Methanol | Water
1H8 2.92 | 2.56 2.98 |2.79
1H9 3.74 2.30 2.92 2.63
2H8 1.99 1.42 1.91 1.60
2H9 6.25 4,00 6.25 - 4,00
Mean 3.73 2.57 3.52 2.76

The data of the Table suggest a significant reversible
decrease in permeability to water, compared with that for
methanol flow. The difference between the methanol and
water flow values is less for the second cycle than for the
first. The possible reason for this effect is discussed

in the section dealing with the relationship between

permeability and swelling of green wood - section 6.6.3.

6.5.4.2 DIMENSIONAL CHANGE

Tangential and radial shrinkage due to replacement of water
by alcohols was measured as described in section 6.5.3.
Results, expressed as linear shrinkage, based on original,

water-swollen dimensions, are tabulated below (Table 6.21).

Table 6.21 LINEAR SHRINKAGE DUE TO REPLACEMENT OF
WATER BY ALCOHOLS - S

Linear shrinkage
(per cent of water-swollen dimension)

Rep%ac§ment Tangential Radial
liquid
Speci- { Speci- Mean Speci- | Speci~- Mean
men 1 §jmen 2 men 1 | men 2
Water 0.00 0.00 10.00} 0.00 0.00 | 0.00
Methanol O.%S 0.15 |0.17 0.04 0.04 | 0.04
Ethanol 0.21 0.18 |0.20 0.08 0.08 0.08
n.propanol 0.21 0.18 }0.20 0.08 0.08 {0.08
n.butanol 0.34 0.28 }0.31}| 0.08 0.08 0.08
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As for swelling of dried specimens (section 6.4.4.2), mean
volumetric dimensional change was calculated from the above
data, making the assumption that longitudinal shrinkage is

“ insignificant. These calculated data are given below '
(Table 6.22).

Table 6.22 VOLUMETRIC SHRINKAGE DUE TO REFPLACEMENT OF
WATER BY ALCOHOLS

Replacement Mean volumetric shrinkage
1iquid (per cent of water-swollen volume)

Water 0.00

Methanol ' 0.21

Ethanol 0.28

n.propanol 0.28

n.butanol 0.39

The data of Tables 6.21 and 6.22 show that measureable and
significant shrinkage occurs during replacement of water by
the series of aliphatic alcohols. This dimensional change,
however, is less than 10 per cent of the change due to
swelling of dry wood in a similar alcohol series. This
observation is consistent with data reporfed by Stamm and
Hansen (1935). These workers replaced water by alcohol, and
alcohol by benzene, and observed an accompanying shrinkage
equivalent to about 18-20 per cent of the total shrinkage

occurring during drying from water.

It is seen from the data of Table 6.22, that more than half
the shrinkage occurring during the solvent exchange process
takes place in the replacement of water by methanol. The
possible significance of this is discussed in section 6.6.2,
dealing with the relationship between permeability and

swelling.

6.6 THE RELATIONSHIP BETWEEN PERMEABILITY AND SWELLING

In sections 6.3, 6.4 and 6.5, permeability measurements made

with wood specimens swollen by various methods, are described
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and discussed. The method of swelling and degree of swelling

attained is also commented upon.

In this section, the effect of swelling on permeability is
collated and discussed and a mechanism is proposed to explain

the observed permeability reduction associated with swelling.

6.6.1 THE EFFECT OF SWELLING ON THE PERMEABILITY
OF AIR DRIED WOOD

Air dried wood specimens were swollen by two methods:-

a LExposure to water vapour.

b Exposure to a series of swelling‘liquidér(éliphatic .

alcohols).

Flow rate through water swollen specimens was measuredrwith
n.hexane, and through alcohol swollen wood, with the approp-
riate alcohol (see sections 6.3.4 and 6.4.4). Swelling
induced by exposure to water vapour and to the series oftt;“

alcohols is recorded in sections 6.3.4.3 and 6.4.4.2.

From the data of Tables 6.3, 6.4 and 6.8 a relationship
between 'relative' permeability and degree of swelling may be
obtained. This relationship is shown in graphical form in

Figure 6.13 below.

In section 6.3.4, it is described how permeability is

measured for 3 cycles of moisture content change from <2 to
V25 per. cent. Results for the 3 cycles are given in

Figure 6.13. It is shown (section 6.3.4.1) that during the
first cycle, hexane flow may bring about a significant removal
of extractive material tending to increase permeability and -
to reduce the magnitude §f permeability decrease, associated
with moisture sorption. Thus, the true permeability reduction,
resulting from moisture content increase from <2 to 25 per
cent, is better indicated by the data of the second and third
~cycles. From Figure 6.13 it can be seen that this reduction,
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associated with about 7 per cent volumetric swell, amounts

to some 60 per cent of the non-swollen value.

Similarly, a relationship betwéeﬂ'pefmeability and swelling in . .

alcohols may be drawn from the data of Tables 6.10, 6.11 and
6.13 (sections 6.u4.4.1 and 6.4.4.2). As for hexane flow

through moisture swollen wood (Figure 6.13), data are shqu_
for cycling between the shrunken and swollen state. The |

relationship is illustrated graphically (Figure 6.14).

" Comparison of Figures 6.13 and 6.14 shows a marked similarity
in the relationship between permeability and swelling, for
specimens swollen by the two methods described. Specimens
swollen by sorption of alcohols show a smaller tendency to
increase in permeability irreversibly during cycling. This
is probably because most of the alcohol and hexane soluble
extractives are removed by the solvent extraction process
carried out before flow measurement on these specimens (see

section 6.4.4.1).

Although similar, reversible, decrease in permeability is
observed for both methods of swelling, the magnitude of the
decreasé is somewhat greater for alcohol swollen material.
For moisture swollen wood, gross volumetric swelling from

O to 7 per cent leads to about 60 per cent permeability
reduction (see above). From Figure 6.14 it can be calculated
that a similar level of swelling due to alcohol sorption
causes about 70 per cent reduction in permeability. This
difference, which appears to be consistent for almost all
specimens tested, may be explained on the basis of the known
reacfivity to methanol of phenolic extractive and cell wall
structural (lignin) material. Specimens used in the aleochol
flow series of experiments were subjected to solvent
extractions with hot hexane/methanol/acetone mixture
(sections 6.4.1.1 and 6.4.4.1). Additionally, these specimens
were, of course, in contact with alcohols during flow

experiments.
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Bordered pit membranes, which exert a strong influence on

fluid flow rate, are known to be rich in polyphenolic

materials. Removal of these materials (see section 6.4.4.1)

may reduce the restraint of membranes to dimensional change
caused by sorption. Hence, for the same degree of gross
swelling, certain critical structures may show a greater ,,
dimensional change due to sorption, after exposure to alcohols -

"especially methanol.

Permeability is an extremely sensitive guide to change in
pore dimension (volume rate of flow 'Q' « pore radius 'r' to
the fourth power - section 1.3.1, equation 1.1). Addition-
ally, account should be taken of the probable weakening of
restraint due to removal of phenolic substances by methanol.
With these two effects in mind it seems likely that the
relationships Between permeability and gross swelling
obtained for the two methods of swelling, are due to a
common mechanism. This suggests that cell wall swelling is
directly responsihle for the observed, reversible, permeability

decrease.

6.6.2 THE EFFECT OF SWELLING ON THE PERMEABILITY OF
"SOLVENT EXCHANGE' DRIED WOOD

From the data of Tables 6.6 and 6.8, the relationship between
'relative' permeability of solvent exchange dried wood and
gross swelling is obtained. This relationship is shown

graphically in Figure 6.15, below.

From the Figure it is clear that permeability is decreased by
swelling. The decrease is considerably less, however, than
for dry wood (Figures 6.13 and 6.14). Permeability of
specimens of solvent exchange dried wood is reduced by 16 to
34 per cent for a gross volumetric swell of 7 per cent.

In air-dried wood, swollen by the same amount, permeability -
is reduced by 60 to 70 per cent (section 6.6.1 above). This
reduced sensitivity to sorption and dimensional change is

believed to be associated with the lower degree of pit
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aspiration in solvent exchange dried wood (section 6.3.1.2),

and is discussed more fully in section 6.6.4 below.

6.6.3 THE EFFECT OF DIMENSION CHANGE ON THE
¢ PERMEABILITY OF GREEN WOOD

The shrinkage of green wood, '‘associated with the replacement

of water by aliphatic alcohols is recorded in section 6.5.4.2
(Tables 6.21 and 6.22). Compared with the total dimensional
change occurring during aif drying and re-scaking with alcohols,
this‘;mount is very small (section 6.3.4.2). Nevertheless,
significant dimeﬁsional change is observed (Table 6.22) and the
relationship between this change and permeability (from section
6.5.4.1, Tables 6.18, 6.19 and 6.20) is illustrated in Figure
6.16, below. The irreversible change associated mainly with

the first exposure to methanol, discussed in section 6.5.4.1, is
clearly illustrated in Figure 6.16 (first cycle data, shrinkage
step O to 0.21 per cent). Thereafter, sapwood permeability
remains almost constant. This is consistent with the data
obtained for 'solvent exchange' dried specimens (Figure 6.15).
In wood dried by this technique, as in 'green' sapwood, most
bordered pits are unaspirated. Such material shows a scarcely
detectable permeability reduction associated with shrinkage

by <1 per cent from the fully swollen state.

Heartwood behaves similarly to sapwood, after the first cycle,
except for the shrinkage step from O to 0.21 per cent

{the water-methanol step). Over this range significant
permeability reduction (~30 pér cent) accompanies swelling.

. Further experimental data suggest that the magnitude of this
reduction becomes less, as cycling proceeds (see section
6.5.4, Table 6.19). This gradually 'reducing' effect seems
likely to be due to the gradual removal of material slowly
dissolved by methanol (eg polyphenolic extractive and cell
wall structural substances) from pit membranes and the walls

of pit chambers, as described in section 6.4.4.1.
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It must be recognised, however, that in dealing with 'green'
wood it was impossible to be ceftain that all air was
removed from specimens. Hence, gas embolism effects
(section 1.5.1) may lead to considerable experimental ervor.
The differences observed may be due to the more effective
‘blocking of pores by gas, during the flow of a high surface
tension liquid (water), than during low surface tension

~ liquid (alcohol) flow.

6.6.4 MECHANISM OF PERMEABILITY DECREASE
CAUSED BY SWELLING

Many workers have shown that the principal longitudinal fluid
pathways in softwood are comprised of the tracheid- )
bordered pit system (see section 1.2). Therefore, the
reduction in permeability observed as wood swells must be
due to either:- '
a reduction in 'diameter' or number of tracheid lumina,
or

b reduction in diameter or number of border pit pores,

or to a combination of both these effects.

The effectiof swelling on the cross-sectional dimensions of
tracheids hasfbeen studied by several workers (Clarke 1930;
Beiser 1933; Nakato 1958). This work is reviewed and
summarised by Kelsey (1963). The data of these workers show
no consistency of behaviour for all species tested. In some
species, tracheid lumina expand and, in others, contract
during gross shrinkage. Boutelje (1962) measured the cross-
section of tracheid lumina on wet and dried thin sections of
Swedish pine (PZnus sylvestris). He found the lumina of
early wood tracheids to shrink by about 4 per cent during
drying, whilst in late wood, drying caused some 4 per cent
expansion of lumen cross-—section. Some workers have disputed
that measurements made with thin. sections provide a true guide
to the behaviour of 'bulk' wood (Lindsay and Chalk, 1954;

Barclay, 1955). For softwoods, however, it is shown by
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Boutelje (1973) that such measurements do provide a reasonable

gulde to the behaviour of larger specimens of wood.

In this vork, an optical microscopic technique was used to
estimate change in lumen cross-section during drying from the
water saturated to the vacuum dry condition. Transverse
sections, about 15 micron thick, were cut from blocks taken
from the test‘logs (section 6.3.1). These were 'wet' mounted
between glass slides. Selected fields were photographed
through the micrdscope, and prints of known magnification
(x640) were prepared. The sections were then dried in air and
finally in vacua over phosphorus pentoxide, whilst 'lightly'
supported between nylon gauzes. They were then dry mounted,
and the same fields were re-photographed and examined at
precisely the same magnification as used for the sections
when wet. An example of one of the 'fields' examined is shown

in Figure 6.17 below.

Cell cross-sections were estimated from the photographs by
measurement of the tangential and radial dimensions with a
caliper micrometer. From these data shrinkage caused by
drying was calculated. The complete data for about 70 cells
measured are recorded in Appendix 1, Tables 15 and 16 and are

summarised below (Tables 6.23 and 6.24).

Table 6.23 EARLY WOOD - DIMENSIONAL CHANGE OF TRACHEID LUMENA
CAUSED BY DRYING

Average lumen width (micron)
Number
of cells Radial Tangential
measured
Wet | Dry |[Shrinkage(%)% | Wet | Dry {Shrinkage(%)*
L2 32.65132.80 ~-0.5 26.09]24.53 +6.0

%#'+! gign indicates dimensional decrease (shrinkage);

'-' sign indicates dimensional increase (expansion).
v
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Fig 6.17a (x 450) Fig 6.17b (x 450)

Abies grandis EARLY WOOD, TRANSVERSE SECTION, 'a' WET (SWOLLEN)
'b' DRY (SHRUNKEN)
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Table 6.24 LATE WOOD - DIMENSIONAL CHANGE OF TRACHEID LUMENA
CAUSED BY DRYING

Average lumen width (micron)
Number
of cells Radial Tangential
measured
Wet | Dry | Shrinkage(%)*| Wet Dry |Shrinkage(%)#
27 18.28 18.75 -5.7 16.56 | 16.56 +0.0

#'+! gign indicates dimensional decrease (shrinkage);
'-! sign indicates dimensional increase (expansion).

" It is seen from Tables 6.23 and 6.24 that the cross-sectional
area of tracheid lumina of early wood is reduced during
drying (and gross shrinkage) by some 5% per cent. In late
wood, on the other hand, gross shrinkage leads to some 6 per
cent increase in lumen cross-sectional area. These data are
in reasonable agreement with those reported for Swedish pine

by Boutelje (1862).

It has been found by a number of workers that the main resis-
tance to laminar flow (~75 to 90 per cent), through air dried
softwood, is centred in the bordered pits (see section 1.5.3).
Gas flow measurement reported in this work (section &4.4) is

" in reasonable agreement with these findings. The data of
Table 4.3 (section 4.4) suggest that in Abies grandis sapwood
specimens, about 60 per cent of resistance to flow is due to .
the pit system whilst, in heartwood, the pits account for
about 85 per cent of flow resistance. It is shown in

section 4.7.3 that viscous permeability is subject to some
overestimation by the technique used. Better viscous flow
data are obtained if a permeability is measured at higher mean
gas pressure. It is shown in section 4.7.4 that at the gas

, pressure used in this work, pit pore size relative té lumen
diameter is overestimated. Hence, the contribution to total

' flow resistance of the pit system isdéﬁégéstimated. It is
likely, therefore, that the resistance to flow due to'pitSyf;¢~ ]
:in the specimens used in this work, accounts for 70 per cent

or more of the total flow resistance.
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Let the hexagonal, cross-sectional shape of the early wood
tracheids (Figure 6.17) be approximated as circular. Then,
from tlie Hagen-Poiseuille law (equation 1.1, section 1.3):-

Qer’

where Q = volume rate of flow

= tube radius

B
'

It is shown above that early wood lumina expand in cross-
sectional area by some 53 per cent, during wetting from
vacuum dry to fibre saturation. Therefore, effective radius

~'r' is increased by about 2.7 per cent.

Thus, from the relationship given above (Q « ru) it may be
calculated that the permeability of early wood lumina is
increased by wetting, by about 1l per cent. Late wood
tracheid lumen cross-section is approximately rectangular
slit shaped. For capillaries of this shape, it has been
shown (Bird, Stewart and Lightfoot, 1960), that rate of flow,
and hence permeability, is proportional to the cube of slit
width. Increase in moisture content of late wood from
vacuum dry, to fibre saturation, causes about 5.7 per cent
reduction in width (Table 6.24). This shrinkage, therefore,
must lead to about 16 per cent decrease In the permeability

of latewood tracheid lumina.

It is shown above that the tracheid lumina are probably
responsible for not more than 30 per cent of the total
resistance to longitudinal fluid flow, through softwood.
Thus, some 70 per cent (at least) of the total resistance to
flow is centred in the pit system. This resistance may be
caused by two or more types of capillary (see section 4.7.2),
rather than a single one. Nevertheless, to a reasonable
approximation, about 70 per cent of flow resistance may be
associated with the bordered pit system, represented as a
single 'effective' capillary. For capillaries connected in
series, the reciprocal of conductance is additive (section

L.4), ie resistance is additive. The permeability of late
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wood tracheid lumina is decreased, during gross swelling
from the shrunken to the fully water swollen state, by about

16 per cent (see ahove).

Let the resistance of dry late wood be equal to 1 unit.

Then (from the above argument), in dry wood:-

Lumen resistance 0.3 units

Pit system resistance = 0.7 units

In water swollen wood:-

Permeability (the reciprocal of resistance) is reduced by
16 per cent. Therefore, resistance 1Is increased by about
19 per cent. Thus, in fully water swollen wood:=-
Lumen resistance = 0.8 x 113 _ 0.357 unilts
10Q ——
Therefore, in the absence of any effect on 'pit' permeability,
gross swelling, to the fully water swollen state, increases

resistance to flow from

1.000 units to 1.057 units

Hence, in late wood permeability being the reciprocal of
resistance is decreased by about 5 per cent, due to the observed
decrease in late wood lumen cross-section.

In early wood, it is shown above that gross swelling leads

to an increase in the permeability of tracheid lumina. Thus,
the observed large permeability decrease observed during
volumetric swelling of vacuum dried wood, to the water or
methanol swollen condition (sections 6.3.4 and 6.4.4) cannot
occur as a result of the observed dimensicnal change of
tracheld lumina. It is reasonable to suppose, therefore;
that these large decreases (about 60-80 per cent) of
permeability values measured in the shrunken condition
(Tables 6.4 and 6.11), occur as a result of changes in pit

geometry.
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6.6.4.1 EFFECT OF CELL WALL SWELLING ON PIT STRUCTURE

From the electron microscopic evidence cited in sections 1.2
and 3.3 a physical model of the bordered pit structure of
Abies grandis may be constructed. This model is illustrated
below (Figure 6.18).

To a reasonable first approximation it can be taken that
volume rate of flow through pores. is.proportional to the

- fourth power of pore radius (section-1.4). Hence, flow rate
may be strongly influenced by margo pores and by 'torus-
border' slits (Figure 6.18) which are of relatively small
'diameter', and probably to only a small degree by the pit

aperture, which is relatively large in diameter.

In an investigation of the chemical nature of pit membranes

in PiZnus taeda, it has been shown by Nicholas (1966) that

the margo is comprised of mainly cellulose. Abies belongs to -
the same family of gymnosperms (the Pinaceae) as Pinus, and

it is assumed that the pit margo in Abies grandis is also
mainly cellulosic. It is reported by Stamm (1964) that

cotton cellulose fibrils swell volumetrically-by about 35 per . .
cent for a moisture content change from dry to fibre .
saturation. It is explained in section 6.1, that swe;liﬁg of
cellulose fibrils caused by sorption, occurs normélly to the

fibril axis (ie longitudinal swelling is virtually zero).. .

For most softwoods, moisture’ content at fibre saturation is" - -
about-28 per cent {(on a dry weight basis).. Within this range,
external (gross) swelling is approximately proportionél té' »
moisture content (Stamm 1964). From Table 6.13 (section
6.4.4.1), it is seen that saturation of dry wood with water
causes about 8 per cent Yolumetric swelling. Hence,

assuming that fibrils are of circular cross-section, 8 per
cent gross external swell is equivalent to some 16 per cent

increase in margo fibril thickness.
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Pie bow&er

~

Fig 6.18 'MODEL' BORDERED PIT STRUCTURE
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Consider a single pore formed by the intersection of two

parallel pairs of fibrils (Figure 6.19).

Fig 6.19 SINGLE MARGO PORE

In the dry (unswollen) state let the ratio of Ffibril thick-

ness to pore width (%J be equal to ‘'a’.

Since margo fibrils are probably mainly cellulosic, it is
reasonable to assume that they swell in direct proportion to
the external swelling of wood specimens. This being so, pore

width is related to external swelling by the following

relationship:-
. _ 0.16xq .
Wx = Wo(l ——-5———) Equation 6.1
where W _ = margo pore width in wood swollen externally
by 'x' per cent
W_ = margo pore width in dry (unswollen) wood

x = external swelling (per cent) .
o = ratio of fibril thickness to pore width,

in the unswollen state
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For a pore of square cross-section, hydraulic radius 'm'

(section 1.4, equation 1.13) is given by:~

where W = pore width

From equation 1.16 (section 1.4) it can be seen that

rate of flow 'Q' is controlled by:-

Q = Aem2

where A = specimen cross-sectional area

¢ = specimen porosity

m = pore hydraulic radius

For a single pore of square cross-section:-
2
W

e = 1.0

Therefore:-

QW'

But, pore width 'W' varies with change in external dimension
(see equation 6.1 above). Therefore, rate of flow (which5§§"
directly proportional to permeability) varies with gross
external swelling:-

4

94%-6-3<-(-)L-)} Equation 6.2

@ = gy (03

where Qx = volume rate of flow through a specimen swollen
externally by x per cent.
KVx = specimen viscous permeability at 'x' per cent
external swelling
W_ = pore width in dry wood
x = external swelling (per cent

,a = dry fibril thickness to pore width ratio
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l when 'x' = 0

Let KVx

it
—

then W
o

Thus the variation in 'relative' permeability (see section
6.3.4,1) with external swelling, may be calculated for any
value of 'a'. Such relationships for a number of ‘'a!

values are shown graphically in Figure 6.20. Data from
sections 6.3.4 and 6.u4.4, relating permeability to water
swollen and alcohol swollen, air/vacuum dried wood respec-
tively, are plotted on Figure 6.20. These data show that
the relationship between permeability and swellingAcaused by
moisture sorption, is of the type predicted. Where swelling
is indgoed by sorption of alcohols, however,»the experimental
relationship seems to depart somewhat from the shape of the
theoretical curves. For small amounts of swelling (sorption
of n butanol and n propanol) the experimentally obtained
permeability seems to be somewhat higher than predicted.
The experimental evidence supporting this observation is
sparse, and more data are needed to confirm the shape of the
curve. However, it does suggest that the less polar liquids
affect pit pore structure somewhat less than is predicted by
the magnitude of their effect on gross dimension. This
effect may be related to a difference in distribution of
cell wall constituents in the pit comparedeith that in the
cell wall as a whole (see, for example, Nicholas 1966;

Bauch and Berndt 1973).

In general the experimental data shown on Figure 6.20,
suggest that for the wood examined 'a' lies between 1 and
2. That is, on the average, dry wall thickness is equal to

or up to twice, dry pore width.
In late wood, margo pores are bounded by relatively wide

fibrillar bundles (Figures 3.6 and 3.7), and a value of

'a! between 1 and 2 seems reasonable for this material.
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Pit memb&H8 in early wood have many pores where pore width is
greater than the thickness of the bounding fibrils by a
factor of 5 to 10 times. For such pore geometry (o = 0.1 to
0.2), gross swelling of 8 per cent leads to some 5 to 15 per
cent permeability reduction (see Figure 6.20). The
experimental relationships between permeability and swelling
suggest, therefore, that in specimens comprised of both early
wood and late wood, flow occurs mainly through late wood cells
and pits. Similar data relating permeabllity to swelling
caused by moisture sorption, were obtained in gas flow
experiments conducted by Comstock (1968). From these data,
he concluded that the major flow controlling pores in air
dried wood, were formed by gaps left between torus and pit

border in partially aspirated pits (Figure 6.20). As far as
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Fig 6.20 RELATIONSHIP BETWEEN RELATIVE PERMEABILITY AND

EXTERNAL SWELL.
NB LINES ARE THEORETICAL CURVES FOR VARIOUS VALUES

OF 'o'; EXPERIMENTAL DATA ARE REPRESENTED BY '.'
FOR MOISTURE SORPTION AND 'Q' FOR ALCOHOL SORPTION
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can be judged from microscopic evidence the value of 'a' for
such pores is likely to be equal to or greater than unity.
Hence, Comstock's interpretation is reasonable and could be
applied to the data obtained in this work. However, it has
long been established that almost all pits in air dried early
wood are aspirated, whereas a high proportion of late wood
pits remain unaspirated, and able to conduct fluid freely
'(Phillips, 1933; Liese and Bauch, 1967). Several workers have
produced experimental evidence showing most primary longitu-~
dinal conduction in air dried softwood, to be through late
wood cells and pits (Osnach, 19613 Petty and Puritch, 1970;
Bramhall and Wilson, 1971). The work of Petty and Puritch is
particularly interesting. These workers, using Abies grandis
wood, showed by a dye technique, that liquid flow through
water swollen specimens of length about 12 mm, was restricted
to the early wood/late wood boundary. This evidence supports
the hypothesis proposed above that the observed permeability/
swell relationship is due to flow control by late wood pit
membranes. With the present data, it is impossible to
unequivocally decide which of the two explanations of the
effect is the correct one. The question could be resolved by
the separate determination of the relationship between
permeability and swelling for specimens comprised of

exclusively early wood and exclusively late wood cells.

In solvent exchange dried wood almost all pits in both early
wood and late wood remain ‘unaspirated (see section 6.3.1.2).
Early wood cells were more abundant than late wood cells in
the specimens examined in this work. Tracheid lumina in
early wood are of greater diameter (Figure 6.17) and

bordered pits occur more abundantly in early wood than in
late wood (Stamm, 1964). Where pits are unaspirated (as in
solvent exghange dried specimens), therefore, most conduction
is through early wood. External swelling of about 7 per cent
caused by water sorption in solvent exchange dried specimens
in this work, led to some 17 per cent, reversible permeability
decrease (section 6.3.4.2). These data suggest that for this
material, ‘o' lies between 0.1 and 0.5. Such a value is in
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the range to be expected where flow is controlled
substantially by the membrane of unaspirated early wood

pits (see ahove).

The results discussed above are in agreement with those of a
number of earlier workers (see section 1.6). In particular
the data agree closely with the gas flow data of Comstock
(1968) - see this section, above. A completely different
relationship between liquid flow permeability and swelling
has been reported by Hossfeld (1972). He measured the rate
of flow of a series of binary liquid mixtures (dioxane/water;
' tertiary butanol/water and iso propanol/water), through
northern white cedar wood (Thuja occidentalis). Hossfeld
found a permeability maximum corresponding to the maximum
observed tangential swell. At the 'high swell' end of his
relationships, however, permeability appears to decrease
markedly with increased water fraction. This latter effect
suggests that sorption of water by pit elements may cause
swelling with accompanying pore size decrease, as observed in

this work.

The differences between the behaviour of Abies grandis wood
and Thuja oceidentalils specimens may be due to differences in
pit structure between the two species. Pit membranes in
Thuja have no thickened torus (Bauch, Liese and Schultze,
1972), and it may be that they are able to conduct swelling
liquids by a diffusion mechanism. The evidence produced in the
present work, suggests that most liquid flow through AbZes - -
is in the laminar régime. It should be recognised, however,
that the use of binary liquids leads to the establishhent of

a complex, 'three component' system (component 'a'/

component 'b'/cell wall). In such a system some structural
elements may preferentially sorb one or other of the liquid
components. Hence, it is difficult to relate with confidence,
gross dimensional changes in such systems, to effects on
discrete cell elements (eg pit membranes). It is difficult,
therefore, to draw firm conclusions from the experimental flow

data of Hossfeld (1972).
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6.6.5 LIQUID FLOW THROUGH SWOLLEN SOFTWOOD -
SUMMARY

For the species investigated (4bles grandis), it is shown that
cell wall swelling of air dried wood, induced by sorption of
moisture, causes a marked, reversible decrease in longitudinal
permeability. The magnitude of this decrease amounts to

about 60 per cent, for some 7 per cent volumetric swelling

‘(equivalent to a moisture content change from vacuum dryness

to about 25 per cent).

~ In the system where swelling of air dried wood was induced by

the low molecular weight aliphatic alcohols (methanol to

n.butanol), opposing effects were observed. Initially,

~permeability was seen to decrease with increased swelling,

caused by sorption of butanol and propanol. Upon the intro-
duction of ethanol and especially of methanol, however, the
further swelling caused by these liquids was accompanied by
an increase in permeability. Evidence is cited, suggesting
that this increase was due to Increase in size and/or
number of pores, due to extractive removal and to some
de~-aspiration of bordered pits. Specimens pre-extracted .
with methanol/hexane/acetone, and then caused to swell by
sorption of the alcohol series, were found to show a
consistent, reversible decrease in permeability with
increased swelling, throughout the swelling range. The
magnitude of the permeability decrease appeared to be some-
what greater for these solvent extragted, alcohol swollen
specimens, than for those swollen by moisfﬁré.sorption -
(about 70 per cent reduction for 7 per cent volumetric
swell). It is believed that this enhanced effect may be due
to the removal of some matrix material from pit membranes .- _
leading to reduction of restraint against swelling forces.
Specimens dried by a solvent exchange process, to retain
all bordered pits in the unaspirated state, were found to be
considerably less affected by cell wall swelling. In this

material, as for air dried wood, swelling caused a reversible
)
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permeability decrease. However, the magnitude of this
decrease, corresponding to 7 per cent volumetric swelling,

was only about 17 per cent, compared with 60 to 70 per cent

for air dried wood.

A model pore system is constructed and, from this, tﬁe'-
theoretical relationship between the ratio of pore wall -
thickness to pore diaﬁeter 'a', and change in permeability
with swelling, is derived. It is shown that the magnitude of
this change in air dried wood is-consistent with control of
flow by late wood pit membranes. The much smaller
permeability decrease associated with swelling of solvent
exchange dried specimens, suggests that most conduction by

this material is through early wood.

In 'green' (never dried) wood, replacement of water by
successively less polar alcohols caused only a small degree of‘
shrinkage (about 0.4 per cent total‘volumetric shrinkage
during the exchange of water through the series, methanol +
ethanol + n propanol -+ n.butanol). This small degree of
dimensional change had no measureable effect on the
permeability of sapwood. In heartwood, however, a marked
'part reversible' Increase (about 30 per cent) in permeability
was observed during exchange from water to methanol. About
half the total shrinkage (about 0.2 per cent) occurred over
this step. It is unlikely that the small observed dimen-
sional change can, alone, account for this increase., Two
possible reasons are suggested to explain the effect:-
a Gradual removal of extractive and/or matrix substance
from pit membranes.
h Less interference with flow, by any small air bubbles
remaining in the pore structure, during the flow of low
surface tension liquids (the alcohols) than during the

flow of water, a liquid of much higher surface tension.
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Part 7 GENERAL DISCUSSION

This thesis is divided into several major parts, each of which
is discussed in some detail. Nevertheless, conclusions
reached in oﬁe part have relevance to other parts. The pur-
pose of this !'General Discussion', therefore is to bring
these separate conclusions together and briefly to consider

their interrelationships and significance.

7.1 THE RELATIONSHIP BETWEEN PERMEABILITY TO GASES AND
INERT LIQUIDS

It has been shown in section 1.4 that for rigid porous media,
laminar flow of gases and liquids are directly relatable
(equations 1.12 and 1.14). In section 4.5 (Table 4.5),
viscous permeability constants calculated from gas flow data,
are listed. For the same series of specimens, inert liquid
flow, viscous permeabllity constants are given in Table 5.2
(section 5.3.1). It is noted also in section 5.3.1 that
hydrogen flow permeability was re-measured after measurement
of hexane flow rate under low pressure differential '
conditions. Permeability constants from this series of
experiments were calculated precisely as described for the
first series of gas flow measurements (section 4.5). The
whole of these permeability data are summarised below

(Table 7.1).
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Table 7.1

VISCOUS PERMEABILITY CONSTANTS MEASURED WITH
GAS AND NON-SWELLING LIQUID

Viscous permeability constant (cms) X 108
Specimeh Gas flow before Liquid flow Gas flow after

hexane flow 4 hexane flow
AGS.e ' 0.1l4 0.12 . 0.13
AGS.2 0.29 0.24 0.27
AGH.e 0.08 0.074 - 0.09
AGH. 2 s 0.04 0.035 0.036
CDS 0.26 0.24 - - 0.26
PAS.1 0.14 0.13 0.15
PAS.2 0.20 0.18 - 0.20
THS.e 0.04 0.022 0.040
THS.% 0.08 0.038 0.055
THH.e 0.33 0.29. 0.31
THH. % 0.10 0.089 0.10
AAS 1.66 1.28 1.75
AAH 1.09 0.98 1.18 -

From the above Table it is seen that gas flow permeability
after liquid flow is sometimes higher and sometimes lower than
that measured before liquid flow. It has been shown in an
earlier section (4.7.1) that gas flow measurement is unlikely
to be subject to experimental error greater than about 5 per
cent. The differences in permeability measured before and
after liquid flow, although small in absolute terms, often
fall outside this limit. Hence, it is believed that they are
real, and not artefacts of experimental error. They must,
therefore, be due, to pore structural changes, probably induced
by the flowing liquid, or by surface forces generated during
evaporation of hexane prior to the second series of gas flow
experiments. Steady liquid flow rate was achieved for each of
the specimens, so that any structural change caused by liquid
flow experiments, must have occurred before monitoring com-
menced, eg during impregnation. Such changes may result from
particulate filtration by fine pores, leading to pore
blocking and hence permeability decrease, and to removal of
extraneous deposits by solvent extraction, leading to
increased permeability. It is likely that these two processes

occur simultaneously, sometimes one dominating and sometimes
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the other. Particulate matter to cause blocking, may be
intfoduced adventitiously in spite of the precautions taken
(section 5.2). Since steady flow conditions were achieved
'for all specimens, however (section 5.3.1), it seems more
likely that blocking is due to the shifting of finé cell
debris from iarge pores (where its presence has little
effect), into fine pores (eg pit membrane openlngs), where

it may cause 51gn1f1cant pore size reductlon.

-During evaporatiorr of hexane, prior to the second series of
gas flow measurements, the specimen pores are subject to
surface tension forces. These, although unable to cause total
aspiration of pits (see section 6.3.1.2) may be sufficient to
displace unaspirated membranes, sufficiently to cause a small

permeability change.

The differences between the first and second gas flow
measurements do not exceed 10 per cent (with one exception),
generally the difference is much less than this. Assuming a
circular pore cross-section, flow rate and hence permeability
is proportional to the fourth power of pore diameter (section'-
1.3.1, equations 1.1 and 1.2). The observed differences may
be caused, therefore, by changes in pore diameter of less

than 3 per cent.

The various mechanisms suggeéted are not offered as
definitive reasons for the measured differences in
permeability. They are cited to illustrate the high poten-'
tial for alteration, that exists in a micro-porous medium
such as softwood, subjected to the forces necessary to

conduct liquid flow experiments. -

With the information available, it is impossible to say with
certainty, which of the two sets of 'gas flow data are the’
more directly related to liquid flow results. If the changes
leading to the observed reduction in gas flow were caused
during liquid impregnation and flow, then the second gas flow

series are the best to use. = If, on the other hand, the
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changes occurred after liquid flow rate measuremeht (eg
during hexane evéporation), then the more relevant gas flow
data for comparison, are those carried out before liquid
flow. Because of this uncertainty the relationship is
investigated between liquid flow and both sets of gas flow
permeabilify data. Regression lines fitted by the least
squares method, relating liquid and- gas flow results avre

illustrated in Figure 7.1, below.
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Fig 7.1 RELATIONSHIP BETWEEN PERMEABILITY MEASURED BY GAS AND
LIQUID FLOW TECHNIQUES

For exact equivalence hetween gas and liquid flow data, the
slope of the regression lines should be unity. Slopes
calculated from the lines of Figure 7.1 turn out to be the

following: =

1.23
1.32

First gas flow compared with liquid flow, slope
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That is, on the average, gas flow permeability is estimated
between 23 and 32 per cent higher than corresponding liquid
flow data. Correlation coefficient for each pair of data sets
is found to be 0.99, suggesting a functional relationship

between gas and liquid flow viscous permeability.

It is indicated in this section (above), that the pore
structure of softwood may be sensitive to the forces applied
during liquid flow. Such forces may be responsible for part’
of the observed difference between gas and liquid flow

- permeability. However, it is believed that there is a more
likely, systematic reason for the difference. It is argued
(section 4.7.2) that the flow path model used in the analysis
"of gas flow data is oversimplified. Such oversimplification
is shown (section 4.7.3) to cause significant overestimation
of gas flow permeability. In the numerical examples inves-
tigated (0-2 bar), the magnitude of this overestimation was
found to be in the range 18-108 per cent. Hence, the

average difference bétween gas and liquid flow data observed
experimentally (23-32 per cent) may be easily accounted for
by this effect. It is shown in section 4.7.3 that the
magnitude of the error associated with the oversimplifica-
tion of the flow path model, decreases as working gas
pressure is increased. Hence by working at higher pressure
(probably up to about 5 bar), closer agreement between gas
and liquid flow permeability should be attained. Experimen=-
tal apparatus to test this hypothesis was not developed.
However, in work carried out by Comstock (1967) closer
agreement was obtained between gas (nitrogen and helium).
and liquid (amyl alcohol and iso octane) permeability data
for flow through a single species (Tsuga canadensis). The
gas flow measurements donducted by Comstock, were carried out
over a higher pressure range (1 to 3 bar, absolute) than
those described in this work (O to 2 bar, absolute). It is
likely that the closer agreement between gas and liquid data
reported by Comstock, resulted from this small technique

variation,
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Gas flow techniques are much simpler to apply to dry soft-
woods than are liquid flow methods. Hence it is attractive

to use gas flow methods to measure wood permeability. The
work reported.in this thesis, however, shows that considerable
error may be introduced by the use of these methods. Where
very large differences in permeability are sought, gas flow
procedures may be confidently used. If only small differences
are under investigation, on the other hand, these methods may
give misleading results. It is shown (section 4.7.3) that

the error potential is markedly reduced as working pressure

is increased. Above some critical pressure, the differences
between gas and liquid permeability data become insignificanf.
Provided gas flow measurements are conducted at pressures in
excess of this critical value, which may need experimental
determination for each species of interest, gas.flow methods
may be confidently employed to predict liquid flow proper-

ties.
7.2 PORE SIZE MEASUREMENT

Several workers in the past have used gas flow permeability
data to estimate flow controlling pore sizes (eg Sebastian,
Coté an& Skaar, 1965; Comstock, 1967; Petty, 1970; Smith and
Banks,‘197l). It has been shown that, in softwoods,
longitudinal flow rate may be significantly influenced both
by the tracheid lumen and by the interconnecting pits
between adjacent tracheids (see section 1.5.3). Tracheid
lumen diameter is well documented and typical values for
similar species to those tested have been abstracted from
the literature (Panshin and De Zeeuw, 1970). Pit membrane
pore sizes estimated by scanning electron microscopy are
tabulated in section 3.3.7, Table 3.1. These data are
compared with flow controlling pore sizes, obtained from gas
flow data (section 4.6) in Tables 7.2 and 7.3 below.
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Table 7.2
TRACHEID LUMEN PORE SIZE

Pore hydraulic radius

(Micron)
Species
Microscopy
(literature) Gas flow

Abies grandis

sapwood early wood ~10 3.2
Abies grandis

sapwood late wood ~v 5 3.6
Abies grandis

heartwood early wood ~10 2.6
Abiles grandis ,

heartwood late wood v 5o 2.1
Cedrus deodara sapwood 5-10 4.6
Cedrus deodara

heartwood 5-10 No flow
Picea abies sapwood 1 5-10 6.2
Picea abies sapwood 2 5-10 4.6
Tsuga heterophylla

sapwood early wood 10 4.1
Tsuga heterophylla

sapwood late wood ~ 5 2.8
Tsuga heterophylla .

heartwood early wood ~10 4.6
Tsuga heterophylla

heartwood late wood N5 3.7
Araucaria angustifolia -

sapwood 5-10 3.9
Araucaria angustifolia

heartwood 5-10 - 3.9
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Table 7.3 ‘ .
BORDERED PIT PORE SIZE

Species

Pore hydraulic radius

Abies grandis
sapwood early wood

Abies grandis
sapwood late wood

Abtes grandis
heartwood early wood

Abtes grandis
heartwood late wood

Cedrus deodara sapwood

Cedrus deodara
heartwood

Picea abies sapwood 1
Picea abies sapwood 2

Tsuga heterophylla
- sapwood early wood

Tsuga heterophylla
sapwood late wood

Tsuga heterophylla
heartwood early wood

Tsuga heterophylla
heartwood late wood

Araucaria angustifolia
sapwood

Araucaria angustifolia
heartwood

(micron)
Microscopy Gas flow
(nargo pores)
 0.02-0.2 0.28
0002"0.1 0036
0.02-0.25 | 0.85.
0.03-0.15 0.25
0003'0025 0023
0.05-0.15 - 0.25-
0.01-0.1 1.18
0.05-0.3 0.33
0.,05-0.3 0.32
0.,1-0.15 0.55
0.05-0.1 0.39
)
g 0.08-0.4 0.17-0.23
)
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Comparison of the microscopic and gas flow data of Table 7.2
suggests that there is only approximate agreement between the
two methods. It is clear that direct microscopic observa-
tion must give a reasonable estimate of tracheid lumen
diameter. It follows, therefore, that the gas flow method is
subject to marked error. This is in accord with the
conclusions drawn from the theoretical examination of the
effect of flow path model  oversimplification on pore size
estimation (section 4.74)., In that section it is shown by
numerical example that estimation of lumen diameter by gas
flow technique may be subject to error in excess of 100 per

cent.

It is shown in section 4.7.2 that the softwood bordered pit
may be better represented as a serially connected pair of
capillaries, than as a single capillary. Furthermore, in
the same section, it is argued that the flow controlling
pores of pits in serially interconnected tracheids may
differ from one another, depending on their state of aspira-
tion. It is quite unrealistic, therefore, to represent
bordered pit pore size by a single value which has any
. physical reality. A more sophisticated (3-capillary type)
model is investigated by nﬁmerical example in section 4.7.2.
It is shown that for this model, pit pore sizes estimated
using the gas flow method lie between the true sizes of the
two capillary types forming the pit system (section 4.6).
-In the numerical examples worked, the estimate lay consis-
tently closer to the size of the smaller of these capil-
laries. This is reasonable, since rate of laminar flow is
dependent upon the fourth power of pore radius (for a pore
of circular cross-section). Hence, flow rate is most
strongly influenced by the smallest pores in a serially

interconnected system.

From the foregoing, it is seen that it is unlikely that

pit pore size estimated by the gas flow method, can be
associated with specific softwood pores, having physical
reality. It is likely that these estimated pore sizes have

an order of magnitude similarity to those 'real' pores
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constituting the centres of greatest flow resistance. Which
pores constitute these centres is difficult to define with
confidence, It Is shown for example, in section 6.6.4.1,
that in ailr dried late wood,margo interfibrillar spaces may
largely control flow. In early wood, on the other hand, the
main resistance to flow may be located in small gaps
remaining between torus and border in partially aspirated

pits.

The great attraction of pore size estimates based on flow
measurement, 1s that the sizes estimated must relate to those
pores directly involved in fluid conduction. Hence, any
differences in the size of flow controlling pores caused by
applied processes may be qualitatively assessed, without

a priort knowledge of the pores involved.

Pore sizes estimated by gas flow methods depend on a
reliable estimate of viscous and 'slip' permeability
constants. It is shown in section 4.7.4 that below some
critical working pressure, these constants and hence pore
sizes calculated from them, are unreliable. Hence it is
essential to work at gas pressures greater than this
critical value to obtain meaningful pore size data.
Provided that care is taken to meet this requirement,
estimation of pore sizes from gas flow data may be a useful

technique, for the limited application described above.
7.3 PERMEABILITY OF NON-SWOLLEN AND SWOLLEN WOOD

The relationship between the permeabilities of swollen and
non-swollen wood is comprehensively discussed in Part 6.
However, because of thé potential technical importance of
the effect of swelling, some aspects of more practical

interest are further discussed below.
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7.3.1 EFFECT OF ATMOSPHERIC CONDITIONS

Wood responds quite quickly to changes in the relative
humidity of the atmosphere surrounding it (see for example,
Banks 1973). It is seen from the data of section 6.3.4,

that quite small changes in moisture content, induced by
changes in atmospheric relative humidity, produce significant
permeability changes. Hence, in conducting permeability
experiments, it is essential to control experimental condi-
tions so that any changes in specimen moisture content during

flow measurement, are avoided.

On a more practical level, it must be remembered that rate of
impregnation with non-swelling fluids may be decreased
significantly by increase in wood moisture content within the

hygroscopic range (ie up to about 30 per cent).
7.3.2 IMPREGNATION WITH VARIOUS LIQUIDS

Commercial impregnation of wood (eg wood preservation,
dimensional stabilisation, etc) involves the use of various
liquids. These include non-swelllng systems, based on hydro-
carbon solvents, and rapidly swelling ones such as those
utilising water as the solvent. As indicated above (section
7.3.1), where non-swelling systems are involved, wood
moisture content prior to impregnation is likely to markedly
influence rate of penetration. Hence, where rate of penetra-
tion is the prime consideration it may be profitable to
specify drying to the lowest practicable moisture content,

prior to impregnation with this type of liquid.

During impregnation with swelling liquids (eg water-based
ones), however, the wood immediately ahead of the moving.
liquid front will absorb water as a result of diffusional
movement. Hence, in such systems, water transport is always
through wood which is significantly fully swollen - irrespec-
tive of its state prior to impregnation. In this type of

system, therefore, provided free water is absent from cell
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spaces (ie moisture content at or below Ffibre saturation),
further drying s likely to have little effect on penetration

rate.
7.4 RELATIONSHIP BETWEEN PERMEABILITY AND RATE OF PENETRATION

In this work, the permeability of wood is studied under steady
state conditions, le constant rate of flow through specimens
is maintained under the influence of constant pressure
gradient. This mode of flow is described by the simple Darcy

Law relationship (see section 1l.4):-

BAAP

2 Equation 1.10

where Q = volume rate of flow
A = specimen area normal to flow direction
AP = pressure drop across specimen
n = liquid viscosity
% = specimen length

B = specimen permeability constant.

Most practical liquid flow situations, however, involve the
penetration of wood by a moving liquid front. This type of
penetration for uniform porous media is described by a

differential form of Darcy's law:-

dQ _ BAAP .
= = 2 7.
it ) Equation 7.1

I

where t = time of flow;
all other symbols are as defined for

equation 1.10 above.
Hence, for simple, uniform porous substrates, rate of penetra-

tion is predictable from a knowledge only of the steady state

permeability constant.
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7.4.1 EFFECT OF PORE BLOCKAGE

Evidence is cited in section 1.5.2 that wood may not behave
as a simple, uniform porous medium. For example, in dry
‘softwood, it has been shown (see section 1.5.2) that
longitudinal permeability decreases markedly with increase

in specimen length over the range O to about 30 mm. This
decrease is due to a proportion of softwood pores bging
totally blocked, after air drying. Hence relationships
derived to predict rate of penetration must take into account
the change of permeability with flow path length. Rate of
penetration, therefore, will depart significantly from that

predicted by the Darcy relationship (equation 7.1).
7.4.2 EFFECT OF SURFACE FORCES

A liquid front advancing into a capillary is subject to
surface forces. The magnitude and direction of these forces
is related to:- '

a 1liquid surface tension

b solid/liquid/vapour, contact angle

¢ capillary radius,

by the following equation:-

P = gl_ﬁﬁiJg ' Equation 7.2

(see basic texts on surface physics)

surface force, expressed as effective

where P ,
pressure aiding or resisting pore penetration
Y = liquid surface tension
© = contact angle

r = pore radius

For values of '0' less than 900, cos O and hence 'P!' is
positive and liquid is attracted into the capillary. For

o]
values of '@' greater than 90 , 'P!' 1s negative, resisting
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liquid entry into the capillary. The magnitude of 'P!
increases rapidly with decrease in capillary radius 'r!

(Figure 7.2).
@
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Fig 7.2 RELATIONSHIP BETWEEN EFFECTIVE CAPILLARY PRESSURE, AND
CAPILLARY RADIUS

In an idealised porous medium (Figure 7.3) as for capillaries
(above) it is clear from equation 7.2 that penetration is
assisted by surface forces for '0' less than 90° and hindered
where '0' is greater than 90°. softwood departs significantly
from such an idealised system. The larger pores (tracheid
lumina) are not uniform, but cover a range of pore radii from
about 3 to 30 micron (see section 1.2). Furthermore, these
larger pores are interconnected by smaller ones (cell wall

pits) -~ see Figure 7.4 below.
In such a system, the rate of penetration of the larger

tracheids is greater than the smaller ones (since linear

flow rate Is proportional to r2 ~ see section 1.4), Hence,

190



‘O’'< 902 | N\
Z
2
Z

N

f$<7;/5;;¢<7’

a

N

P

AN

le‘b> 900 |
N /
\ \’\\‘Ef\acs“ |

Fig 7.3 CAPILLARY PENETRATION IN POROUS MEDIA, - °
~ 'a' CONTACT ANGLE '@' < 90°
*h' CONTACT ANGLE 'o©'!' > 90°

Wide Lumen

[

L\.cl‘ul,cl.

pre—

AL

7

__léz_-——————-Ga.A

e

7

NNERY

— Pz .
,7_,I\//-Ce.u. ufa.U. 'P."tb

L/ Narrew Lumen

Fig 7.4 LIQUID PENETRATION INTO SOFTWOOD STRUCTURE

- 191



periodically the situation illustrated in Figure 7.4 is .
likely to arise, where a gas or vapour bubble is entrapped
in the liquid stream. In such a system as for simple
capillaries, if the contact angle '0' is less than 900,
initially, the advancing liquid front will spontaneously
penetrate small pores encountered, whilst in systems where
'0' is greater than 90° such penetration may be prevented by
capillary pressure (see this section, above). Where gas
bubbles are present, low contact angle or 'wetting' liquids
may present a high resistance to penetration in some
situations (Figure 7.5).

—  a— ) g

[ 4 ?
Pore ‘Lo

Pore W1

Direction o Pore S

pressure Sruc},';,a.nt duz |
Lo c.u.?'b War j‘Si pressure

OY Fo ~Le

\
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L

S -

Direction oY Q??Lmt‘l ?rwur.e.

Fig 7.5 LIQUID PENETRATION, SHOWING HIGH RESISTANCE TO FLOW
IN LOW CONTACT ANGLE SYSTEM

In the system shown in Figure 7.5, a high capillary pressure

‘is generated in the small pore S ' This high pressure

l.
operates in the direction shown by the arrow. Hence, further

flow utilising the potential flow path L, ~» Sl - L2,
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cannot occur unless the dpplied pressure differential across
Sl exceeds the capillary pressure of the pore. Thus it may
be seen that for both 'wetting' (contact angle <90°) and
non-wetting (contact angle >90°) systems, surface forces can
occur in wood pores, resisting penetration by impregnant

liquids.

From the foregoing it will be appreciated that whilst wood
permeability is a major property effecting penetration of
wood, 1t 1s not the only one. Flow routes into and through
softwood, involves very small pores interconnected in a
complex manner. Because of this, surface forces are likely
to arise, grossly influencing rate and possibly depth of

penetration.

From equation 7.2 above it 1s seen that the magnitude of
the surface force (capillary pressure) resisting pore
penetration, is proportional to liquid surface tension 'y'.
Therefore to minimise the risk of adversely effecting
impregnation by surface effects, impregnant liquids should

be selected with as low surface tension as possible.
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Part 8 CONCLUSIONS AND SUGGESTIONS FOR FURTHER WORK
8.1 GAS FLOW PERMEABILITY MEASUREMENT

Gas flow measurement techniques are relatively simple and
steady flow conditions can be easily achieved. Flowpaths in
softwood are comprised of serially interconnected pores of
widely varying diameter., Because of this feature it has been
shown that estimation of viscous flow permeability, of all
species tested, is subject to considerable error. This error
is systematic and is always positive (ie estimates tend to be
higher than true values). The magnitude of the error
decreases with increase in working gas pressure, Numerical
worked examples suggest that at gas pressures above about

5 bar the systematic error becomes insignificant. . Facilities
were not avallable to check the above finding experimentally.
It would be useful to conduct such a check by the conduction
of gas flow permeability measurements over a range of

working pressures,
8.2 PORE SIZE ESTIMATION

Gas flow methods have often been used to estimate flow
controlling pore size. As for estimation of permeability
constant (section 8.1, above) it is shown that the method is
extremely sensitive to the pressure of the flowing gas.
Numerical examples demonstrated a marked decrease in
estimated pore size as pressure increased in the range O to
about 8 bar. Only above this pressure range did it approach
a constant value. Thus it is essential to work at a
sufficiently high pressure to eliminate this systemétic
error in order to obtain meaningful pore size data. The true
magnitude of this 'eritical' pressure, needs to be determined

experimentally for wood specles of interest.
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It is further shown that even in the absence of the above
systematic error, the pore sizes estimated relate to
'effective! pores. Because of softwood structural complexity
they cannot be readily related to physically real wood

capillaries.

.The method is likely to be useful to make a comparative
assessment of the effect of various experimental processes on

pore structure.
8.3 NON SWELLING LIQUID FLOW

By careful filtration and de-aeration techniques, steady

flow of liquid under small pressure differential, for
prolonged time periods, was attained through non-swollen wood
of all the species tested. Within the flow range investi-
gated, increase in frictional drag was found to have no
effect on permeability. Increase in pressure differential
and hence of flow rate of a single liquid (n hexane) caused
up to 30 per cent decrease in permeability. Some of this
decrease was irreversible and has been ascribed to pore
blocking by debris. The larger part of the permeability
decrease, - however, waé reversible. Calculation of approximate
Reynolds Number suggests that this reversible decrease was
due to an increase in 'wake turbulence! (see section 5.3.2)
at increased flow rate. Nevertheless, it remains possible
that it resulted from elastic deformation of pore structure
due to increased inertial force. To resolve this uncertainty
it is necessary to measure permeability in systems where

Reynolds Number and inertial force are independently varied.
8.4 EFFECT OF SWELLING ON PERMEABILITY

For the species examined (Abres grandis), swelling caused a
marked permeability decrease. In air dried specimens this

decrease amounted to some 60 to 70 per cent for cell wall

'swelling from the shrunken to the fully water swollen state.
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In solvent dried wood the magnitude of the effect of swelling
on permeability was found to be much less (only about 17 per

cent for swelling from the shrunken to water swollen state).

It is believed that this difference in behaviour of air dried
and solvent dried wood results from differences in major flow
paths through these two types of material. In air dried

wood, most early wood pits are aspirated, and it is likely
that flow is mainly through late wood pits, where the ratio of
membrane pore 'diameter' to pore wall thickness is small.

Most pits in solvent dried wood, on the other hand, are un-
aspirated. In this material, therefore, flow is largely by
way of early wood pits where the pore diameter to pore wall

thickness ratio is large.

Measurements 6f the effect of swelling on early wood and late
wood of solvent-dried wood separately, would be useful to
test this hypothesis. It is pointed out above (section 7.2)
that the gas flow method is useful to measure the effect of
applied processes on effective pore size. This method could
usefully be applied in further investigations of the effect
of swelling. Effe?tive pore sizes could be estimated for
.specimens swollen to various degrees by carrying out flow
measurement with gases conditioned to various levels of

relative humidity.
8.4,1 DE-ASPIRATION OF PIT MEMBRANES

Certain swelling liquids, notably methanol, appeared to

cause some de-aspiration of bordered pits. This effect could
have considerable commercial significance. A statistically
designed experiment to investigate, microscopically, the
possibility of systematically causing de-aspiration would be

worth while.

Membranes in aspirated pits are believed to be fixed against
pit borders initially by hydrogen bonding. It is likely
that deposition of extractive material also contributes

(sections 3.3 and 6.4.4). Hence to bring about de-aspiration
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a combination of hydrogen bond donor/acceptor and extractive
solvent properties may be required., It is indicated in
section 6.4.4.1 that methanol is likely to combine these

properties effectively.-
8.5 THE RELATIONSHIP BETWEEN GAS AND LIQUID FLOW

For all species tested, it seems likely that longitudinal
viscous permeability to gases and non—swe;ling-liquids is
identical. However, it was found that estimation of viscous
permeabilify with gases at about atmospheric pressure led to
significant positive error (ie estimated values were higher
than true ones - see section 8.1). Results from numerical
examples suggest that better estimates of viscous per- )
meability from gas flow data may be achieved by working at

increased pressure (about § bar).

As noted in section 8.1, facilities were not available to

investigate experimentally the relationship between liquid
flow and gas flow at the suggested increased pressure.

An experimental study of this relationship would be worth

while.
8.6 PENETRATION OF WOOD BY LIQUIDS

In addition to permeability, penetration, ie liquid front
advance, into wood may be strongly effected by surface A
forces. Theoretical considerations suggest that such forces
of sufficient magnitude to retard or resist liquid penetra-

tion may be generated.

To attain most rapid and deepest penetration with impregnant,
it is desirable to treat wood in the non-swollen state with a
low viscosity liquid. Additionally, to minimise the effect of
the surface forces mentioned above, impregnants of low surface
fension should be selected. Where impregnation is with a
swelling liquid (eg an aqueous solution), the penetrated

region and a zone a little way ahead of it is likely to be
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fully swollen, irrespective of starting moisture content,
due to the proximity of liquid water and water vapour.
Hence, in this situation, further drying below fibre
saturation point is unlikely significantly to increase

penetration rate.
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Appendix 1
DATA TABLES

Tables 1 to 13: MASS FLOW/MEAN PRESSURE DATA FOR HYDROGEN
" FLOW THROUGH TEST SPECIMENS

Table 1
Specimen AGSe
E-}z-(z-(cm?) sec_l) p (dyn cm_z)
8p
46.4 2.06 x 106
) 44,0 1.87
40.8 1.68
. 39.2 1.57
35.9 1.39
33.6 1.27
30.4 1.08
25.9 0.85
’ 23.4 0.71
21.1 0.56
17.8 0.42
14.5 0.27
13.3 0.22
10.5 0.13
6.8 0.03
S.4 0.007
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Table 2

Specimen AGS.%

sec ~) | p (dyn cm_2)

.93 x 106

.75
.66
.48
.36
.20
.03
.88
17
.61
.51
.35
.16
.14

QOO OO OOQOKKHFMFMH

o
. »
Q0
o F
w

0. 006
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Table 3

.Specimen AGH,e

) | p (dyn cm—2)

e e o s s e - .
NNOGOUWUFEOWDWOo WwWw

.82 x 106
.64
‘48
.35
.17
.02
.96
.83

OO0 OCORKHKFHMHMF




Table U4

Specimen AGH.2

sec 7) | p (dyn cmﬁz)

.

N EFOWRFENOOOS

.

NN WWOo NN W
. e e & « e e

.3 2.06 x 10°
E 1.86
.2 1.68
.0 . 1.51
1 1.37

1.18
1.02
0.88
0.74
0.58
0.40
0.18
0.12
0.03
0.009
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Table 5

Specimen CDS

Qp
j{g (cm3 sec—l) p (dyn em™?)
D :
6

89.55 1.82 x 10
84.35 1.66
80.89 1.55
76.24 1.40
71.92 1.25
66.11 1.08
63.41 0.99
56.86 0.83
54.69 0.73
49.20 0.58
45.56 0.49
42.69 0.43
38.12 0.33
32.04 0.21
27.43 0.14
22.43 0.079
19.68 0.048
12.33 0.003




Table &

Specimen PAS.1

sec'l) p (dyn cm 2)
.8 1.91 x 10°
.9 . 1.74
.1 1.58
.7 1.39
U 1.19
.8 1.10
.3 0.78
U 0.60
.2 0.53
7 0.38

2 0.29
3 0.18
.2 0.07
0] 0.008
8 0.04
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Table 7

Specimen PAS.2

Qp
TE; (cm3 sec'l) E (dyn Cmnz)
6
45,2 1.86 x 10
40.6 1.64
37.2 1.49
34.6 1.38
30.6 1.20
27.3 1.05
24.2 0.91
21.7 0.80
16.8 0.59
14.3 0.47
12.8 0.40
10.8 Q.32
7.9 0.19
6.1 0.12
L.y 0.061
2.7 0.006 -




Table 8

Specimen THS.e

Qp - - -
TEQ'(CmS sec p (dyn cm 2)
p
6

2.4 1.91 x 10
12.0 1.73
11.3 1.59
10.4 1.43

9.65 1.28

8.85 1.09

7.85 0.92

6.89 0.70

6.27 0.55

6.03 0.51

4,92 0.33

4,12 0.19

3.34 0.09

3.37 0.10

2.62 0.03

2.17 0.007
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Table 9

Specimen THS.Z%

@, -1, | = -2
y (cm™ sec p (dyn em )
6
22.9 1.83 x 10

21.4 1.65

20.1 1.55

18.5 1.32

16.9 1.17

16.2 1.06

lu.4 0.93

13.8 0.84

12.3 0.73

10.1 0.50

8.7 0.39

7.0 0.25

5.6 0.15

3.7 0.04

2.7 0.007




Table 10 Table 11

Specimen THH.e . : Specimen THH.Z
Qp R - Qp -1 | — -
- (cm3 sec 1) p (dyn cm 2) — (cm3 sec l) p (dyn ecm 2)
Ap Ap
6 6

87.1 1.83 x 10 29,5 1.89 x 10

85.1 - 1.78 27.9 ) 1.76

80.3 1.65 ' ' 25.7 1.60

73.2 1.48 23.5 1.42

68.6 1.36 ' 20.9 1.23

62.4 1.19 19.7 1.05

57.3 1.05 17.3 0.90

45,6 0.74 14,7 0.74

41.5 0.63 1u.0 0.61

33.9 0.47 13.2 0.58

27.8 0.31 10.9 0.4l

24,9 0.24 : 9.7 0.31

17.3 0.09 &8 0.19

10.8 0.01 4,6 0.04

4.7 0.06 3.3 0.003
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Table 12

Speéimen AAS

Qp -
—-———9-(cm3 sec—l) p (dyn cm 2)
Ap
546.1 1
507.9 1
479.2 1
Lyil.9 1
388.2 1
383.6 1
3u4.0 0
318.5 0
299.9 0
258.5 0
228.4 0
206.2 0.
162.0 0.
118.1 0.
80.8 0
59.5 0.
29.4 0

.85 x 106
.65
.51
.34
.17
.07
.92
.82
.73
.58
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Table 13

Specimen AAH

dyn cm_2)

Qp
75? (cm3 sec_l) p (
383.0 1.
366.2 1.
3Ly y 1
308.2 1
287.0 1
264.3 1
246.1 0
220.5 0
191.9 0]
168.5 0
u5.0 0.
124.0 0.
104.9 0.
76.6 0.
43.4 0.
33.0 0.

88 x 106

74

.58
.36
.18
.03
.92
.75
.62
.48

28
21
12
03
003




RATE OF FLOW OF n.HEXANE UNDER VARIOUS PRESSURE DIFFERENTIALS

Table 1u

Pressure differential
(dyn cm™2 x 10-5)

Flow rate (ml sec_l) at listed pressure differential

(Chronological order of measurement -)

Specimen 0.069]0.13 | 0.20 [0.36 | 1.68 [3.39 |6.85 |1.68 |0.36 | 0.069
AGS.e 0.015|0.06 |0.12 | 0.22 | 0.058]0.014

AGS. 2 0.028 | 0.11 {o0.23 o.u5 |0.11 | 0.027

AGH.e 0.010} 0.033 }0.065}0.12 | 0.03 | 0.007

AGH. 2 0.004 } 0.020 | 0.038 | 0.070 0.004

CDS 0.030 ! 0.128 1 0.26 0.030

CDH NO FLOW |

PAS.1 0.020]0.070 | 0.14 [0.24 [ 0.062]0.018

THS.e 0.003 10,0121 0.023 1 0.0u43 } 0.0121 0.003

THS. % SPECIMEN CONTAMINATED

THH.e 0.033 10.053 [0.26 | 0.45 |0.12 ]0.03

THH. 2 0.011 {0.045 [ 0.087 | 0.14 | 0.037 | 0.010

AAH 0.023 |0.087}0.06710.11 |o0.u1 0.11 |0.022
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Table 15 TRACHEID DIMENSIONS, Abies grandis EARLY WOOD

Radial width (micron)

Tangential width (micron)

Specimen| Cell
swollen shrunken swollen shrunken
1 a 33 32 21 20
b 34 33 18 15
I 31 31 12 11
d Lo 4o 24 25
e 47 48 34 29
£ 28 28 16 15
g 32 33 25 25
h 40 40 28 26
i 40 41 38 35
2 a 29 31 22 21
b 28 28 29 27
c 18 18 23 21
d 27 24 25 25
e 40 4l 24 23
3 a 38 38 31 30
b 35 35 30 26
c 32 32 26 25
d 29 29 19 15
e 32 31 21 19
£ 33 33 12 12
g 30 31 20 20
h 33 33 20 20
i 34 36 30 28
3 30 31 18 16
k 29 29 24 23
1 34 33 23 21
m Ly 45 28 26
n 33 33 24 22
o 31 31 23 22
D 27 27 30 30
q 29 29 30 28
4 a 30 30 28 27
b 34 34 31 30
c 31 30 3l 29
d 38 39 36 34
e 35 35 27 25
£ 31 31 35 33
g 29 29 35 33
h 29 30 31 30
i 34 34 32 30
3 29 30 34 33
k 33 33 31 29
Mean® 32.7 32.8 26.2 24,6

*NB Small differences in averages are apparent, between values
cited in these tables and those given in table 6.23.
This is because, to aveid 'rounding' errors, the averages
used for permeability calculation (section 6.6.4)
are calculated from the direct measurements made on the

calibrated micrographs
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Table 16 TRACHEID DIMENSIONS, Abies grandis LATE WOOD

- Specimen| Cell

Radial width (micron)

Tangential width (micron)

swollen shrunken swollen shrunken

1 a 6.5 7.0 14,5 14.8
b 5.3 5.8 11.8 12.5

c 4,7 5.6 12.8 11.9

d 10.0 11.1 24.5 25.3

e 7.8 8.6 22.3 22.2

£ 5.8 4.8 23.0 22.0

g 6.6 7.2 19.5 18.4

h 6.4 7.5 23.0 23.3

i 3.6 3.6 20.2 18.7

3 8.0 8.4 16.4 17.5
k- 7.5 8.6 19.7 19.1

1 4.2 L,y 15.8 15.8

2 a 8.8 9.1 15.86 15.5
b 7.5 7.8 17.0 18.4

c 9.5 9.8 15.8 16.7

d 12.5 11.9 15.3 14.8

e 17.2 17.2 13.1 12.5

£ 5.5 6.3 12.0 12.2

g 5.2 6.4 14.5 13.8

h 5.8 8.8 4.1 13.3

i 6.6 6.6 4.4 13.3

N 8.9 9.4 21.6 19.5

k 9.1 8.9 20.5 20.3
1l 12.3 13.9 15.6 18.4

m 11.9 11.9 10.8 9.4
n 13.3 13.1 11.4 11.3
o) 12.8 12.8 13.9 13.9
Mean® 8.3 8.8 16.6 16.4

*NB Small differences in averages are apparent, between values

cited in these tables and those given in table

This is because, to avoid 'rounding' errors, the averages
used for permeability calculation (section
are calculated from the direct measurements made on the

calibrated micrographs
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Appendix 2
ANALYSIS OF SPECIFIC MASS FLOW/MEAN GAS PRESSURE RELATIONSHIP

The relationship between specific flow and mean pressure is
significantly non-linear for low values of mean gas pressure
(section 4.4). It is shown that this non-linearity is
probably due to flow in the viscous/slip régime, through
serial networks of capillaries of different diameters. In
section 4.4 softwood structure is treated, to a first
approximation, as parallel 'bundles' of flow paths, each
flow path consisting of alternately large diameter (tracheid
lumina) and small diameter (bordered pit) capillaries. Flow
through such a system of capillary 'pairs' 1s described by

the following equation:-

i (alP + bl>(a2P + b2)
(alP + bl) + (aé? + b2)

L
o)
i

Equation 4.7

where aﬁ = specific mass flow of the capillary pair
a, =a viscous permeability constant for capillary 1
a, = a vsicous permeability constant for capillary 2
bl = a slip permeability constant for capillary 1
b2 = a slip permeability constant for capillary 2
P = mean gas pressure

(see section 4.4)

The experimental data of section 4.3 and Appendix 1 defines
the relationship between 5& and P for each specimen. The
problem is then, to evaluate the constants ajs a2, bl and b2.
NEWTON-RAPHSON METHOD

The problem cannot be solved by a direct method because there

is only one relationship involved, namely that between
L, _ :
7&? and P, and there areé four unknowns, the constants ajs bl’

a, and b2 to be evaluated. The problem can be treated
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iteratively hy using an approximation technique usually known
as the Newton-Raphson method (Stack, 1870)%.

This problem can be formulated as:-

,-X:i(i’e)
Where @ can be any number of constants, in this case 4, ie
ais bl, a, and bz. So the problem reduces to choosing 9 to
minimise [{y - £(x , @)ﬂz, called the norm and in fact the
square of the error between y and the approximation to

~

Eﬂz}, 9), least squares).
Let the norm be denoted by 2V and f(x , 0) by £

Then:- V

My - £ . ot =3¢y - £,y - £)

~~

- 1 - a1
'§<Zaz> <Zs£>+2<£s£>

The scalar product of a matrix (also called the inner product)

can be written,
n
<y,f>Enyz E Ve o £
~ ~ Landiia i L

Where yT is the transpose of the 'n' dimensional vector y, and
ey
yi is the ith term in the vector y.

Hence:- V = iy'y + 2

From the definition of differentiation the differential
coefficient of V with respect to © may be written as,

V(ojrs,@)z% -fse,l-f-fe@)

25 X
L LD+ AL, 00>
- {£g%0 sy - £>.

#Stack P A, 1970, Introduction to Numerical Methods. London,
MacMillan.
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Hence to first order,

o - - - -
V(o 60 s i(y - £a7 £ - <5 Ly - £
v =8V _ Lim (v(e+ae)—v(e))
8 - 80 - 86+0 50
=1 - - -
aev6-2<~ f.y £> <£86®,y i>
-] - £ -
s<y-£.3-5>
Therefore
—<f66®,y-—f>
V= 50
= ~‘<f6 » Y- £y
= - fTe(y - £)
~ VYV Ao ~
% = 82v _ £ Tf + terms which - O near the true value
66 ~ 07 ~ 18 B N ' -
a1l T, =1 _ T
60 = Voo Ve’(iefe) fe%'f}

The iteration can thus be formulated as,

0. +1 =0, + 80,
1 i i

Where @i + 1 is the (i + l)th iteration.

The iteration can be speeded up by factoring GOi by a, such
that ‘
0. +1 =0, + 0,80,
1 1 1

Where O < o £ 1.

a can in fact be greater than unity, and in the computer
program 1s allowed to vary between zero and two. However as
the iteration converges, o approaches unity. o is chosen

such that V(@i + aﬁei) < v(ei) in fact ultimately so that
V(Oi + aéei) is a minimum

In this case, V=<y.-f , 5y~ £>
~ ~ ~

~

Where (y - £) it the error.
. (o [
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A program listing written in FORTRAN IV language, based on
the algebraic process described is presented in the end flap.
This incorporates examples of experimental data input and
output from the program, in the evaluation of the constants
as b

1 a, and b2.
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PROGRAM BARTTWO(DATAINyOUTPUT.TAPES=DATAINy TAPES=0UTPUT) DEKGDQ 2
C DEK0OOO 3
c DEK0OO 4
S A R R R R AR SRR B R AR RSR R R R RO RR SRR RO R GG R BRERE DEKOOO 5
CHtBiEERnER ‘ R RRRERt DEKGOO &
cueuwgeness  FLUID MECHANICS IN TIMBER WeBe BANKS 4/2/70 wuduistiaisd DEKQOQOO 7
s 2T 212 T sudantres DEKOQO 8
Coépiditiain cDC 6400 DOUBLE PRECISION VERSION widaissand DEKOOO Q
2 ad T I #aitppadsns DEKOOO 10
CHestdaaiis UPDATED TO 01 JUNE 1973 wawneaasie DEKOOO 11
(O 4448 40 48 34 20 31 4038 1 witddRdnad DEKQOO 12
GRS A A R R R R R SRR RS R BB BARE R LS LE R R LB BDUR R R BB SRS R BB R R ER e DEKOOO 13
(o DEK0O0O 14
c FLOW OF GAS THROUGH A CAPILLARY VARIES AS PRESSURE ACCORDING TO DEKGOO 15
C THE LINEAR RELATIONSHIP, @ = A#P + By WHERE @ IS THE MASS FLOW DEKOOO 16
C A IS THE VISCOUS FLOW COEFFICIENT( P IS THE PRESSURE AND B IS THE DEK0O0Q 17
c SLIP FLOW COEFFICIENT, SOFTWOOD CAN BE IDEALISED AS A SYSTEM OF DEKOOO 18
c ALTERNATE LLARGE AND SMALL RADIUS CAPILLARIES, DEK0OOO 19
c FLOW THROUGH THESE CAPILLARIES IN SERIES OBEYS THE FOLLOWING DEKOOO 20
C EQUATION 1/G = 1/Q1 + 1/Q2 ’ DEKOOD 21
c DR Q = (AL#P+B1l) (A2#P+B2)/( (Al+AZ2)#X + (B1l+8B2) ) DEKOODO 22
c CURVES OF THESF EXPRESSIONS ARE OBTAINED EXPERIMENTIALLY DEKOOO 23
c THIS PROGRAM IS USED TO OBTAIN THE L INEAR RELATIONSHIPS Ql DEKOOQO 24
c AND @2 FROM THE FXPERIMENTAL CURVES DEKGOO 25
C DEKOOO 26
C FI.OW THROUGH THE LARGE TYPE OF CAPILLARY IS GIVEN BY DEKOQO 27
c Yi= Al#X + Bly WHERE Al AND Bl ARE CONSTANTS, DEKGOO 28
C FLOW THROUGH THE SMALL TYPE OF CAPILLARY IS GIVEN BY DEKOOO 29
c Y2= A2#X + B2y WHERE A2 AND B2 ARE CONSTANTS, DEKOOO 30
c HENCE FLOW THROUGH BOTH CAPILLARIES IN SERIES IS GIVEN BY DEKOOO 31
C 17Y = 1/Y1 ¢ 1/Y2y OR Y= (AL#XeBl)# (ARHX+B2)/((AL+A2) 64X+ (B1+B2)) DEKGOO 32
c DEKOOO a3
c PROGRAM GENERATES A SUMMARY OF ITERATIONS WHICH CAN BE LISTED DEKOOO 34
¢ BY CALLING SUBROUTINE SUMARY (ITCAN) DEKOOO 35
C DEKOOO 36
C METHOD DEKOOO a7
o} NEWTON=RAPHSON ITERATION DEKOGOO 38
o DEKOOO a9
c NDEKOOO 40
c DICTIONARY OF SYMBOLIC ADDRESSES DEKOOO “l
c DEKOOQO 42
C IDATA IS DATA SET NUMBER DEKOQO 43
c NDATA IS NUMRER OF DATA POINTS DEKOOO 44
c ITCNT IS ITERATION COUNTER DEKQO0O 45
¢ ITMAX IS MAXTMUM NUMBER OF ITERATIONS TO BE COMPLETED DEKOQOO 46
C CVALUE "1S VALUE OF CONVERSION TEST DEKOOOQ 47
c ALPHA IS FACTOR OF DELTA!S USED IN NEXT ITERATION DEKOOO 48
c IWRITE IS USED TO CONTROL QUTPUT DEKOOO 49
C RDSG 1S RECIPROCAL OF DENOMINATOR SQUARED DEKOO0O 80
C DEKOOD 51
c , DEKOO0O 5e
c X{(1 IS INTFRNAL NAME FOR PBAR(I) DEKOOD 53
C Y(I) IS INTERNAL NAME FOR Q(]) DEKOOO 54
c AtT«JN) IS LEAST SQUARES MATRIX. DEKQOQ 55
C ATRANS (IsJ) IS TRANSPOSE OF A MATRIX DEKOOO 56
c Ctlsd) IS PRONUCT OF PREMULTIPLICATION OF ATRANS(I.J) AND A(IsJ DEKOOOD 57
C Z(1) 1S PROPUCT OF ATRANS(IsJ) AND Y(I) DEKOOO 58
c - DLTA(T) IS DELTA VECTOR DEKOOO 59
c Yv(I) _ IS VECTOR Y DEK00O &0




|

— ¢ ——#} - ———15 SL.OPE OF CURVE FOR _LARGE CAPILLARY FLOW— ——— — —DEKOOO 61
c Rl " 1S INTERCEPT ON Y1 AXIS OF ABOVE CURVE — ——— — DEK0gO— 62 ——— 0 —
C A2 1S SLOPE OF CURVE FOR SMALL CAPILLARY FLOW DEK00O 63 T
c B? 1S INTERCEPT ON YZ AXIS OF ABOVE CURVE — _DEKQOO 64

c DEK0OD 65
c SUBSCRIPTED VARIABLES USED IN GENERATING ITERATION SUMMARY DEK00O 66
¢ ALPMIN(IT)  USEp TO STORE ALPHAS DEKODO 67
¢ VMIN(IT) USEp TO STORE MINIMUM v FUNCTIONS DEK000 66
c GRAD (IT) USEn TO STORE NORM OF GRADIENT (FIRST DERIVATIVE) PEK0OO 69
c AONE (IT) USER TO STORE Al!S DEKOOO 70
c RONE (17) USED TO STORE B1!'S DEK0ODO 71
c ATWO(IT) USEP TO STORE A2'S DEK00O 72
¢ RTWO(IT) USEp TO STORE B2!S DEK0 D0 73
¢ DEKO0O 74
c ALLOCATION OF GLOBAL STORAGE FOR THIS PROGRAM DEK00O 75
c DEK00O 76
c DEK000 77
000002 COMMON DEKO0OO 78
A/BLOCKA/ A(200, 6) DEK0OO 79
C/BLOCKC/ CL 6y 6) NEK000O 80
D/BLOCKD/Z DLTA( &) DEKOOO 81
S/BLOCKS/ DSQ(200) DEK0OOO 82
M/RLOCKM/ ALPMIN(128)s VMIN(128)s GRAD(128) | DEK000 a3
P/BLOCKP/ PARAM( &) DEK0QO B4
T/BLOCKT/ TPARAM(1284 6) DEK0OO 85
X/RLOCKX/ X(200) ' DEKD00 86
Y/BLOCKY/ Y (200) DEKO0OO 87
V/BLOCKV/ YV(200) PEK00O 88
Z/RLOCKZ/ Z(200) DEK000 89
c DEKO0OO 90
000002 DOUBLE PRECISION A DEK0 OO 91
000002 DOUBLE PRECISION ALPHA DEK0OO 92
000002 DOUBLE PRECISION ALPINC DEKDOO 93
000002 DOUBLE PRECISION ALPMIN DEK000O 94
000002 DOUBLE PRECISION ALPRNG DEK00O 95
006002 DOUBLE PRECISION ALPTMP DEK0OQO 96
000002 NOUBLE PRECISION C DEK0QO 97
000002 DOUBLE PRECISION CVALUE DEK0OD 98
000002 DOUBLE PRECISION DLTA DEK00O 99
000002 DOUBLE PRECISION DSQ DEKD0O 100
000002 DOUBLE PRECISION EPS DEKOOD 101
600002 DOURLE PRECISION GRAD » DEKOGO 102
000002 DOUBLE PRECISION PARAM DEK000 103
000002 DOUBLE PRECISION TPARAM DEK0 0O 104
000002 DOURLE PRECISION VDLTA DEK0 0O 108
000002 DOUBLE PRECISION VLAST DEK000 106
000002 DOUBLE PRECISION VMIN DEK000 107
000002 DOUBLE PRECISION VTEMP DEKO000 108
000002 DOUBLE PRECISION X DEKG00 109
000002 DOUBLE PRECISION Y NEK000 110
000002 DOURLE PRECISION YV NEK0O0Q 111
000002 DOUBLE PRECISION Z DEK0QO 112
¢ DEK0OO 113
¢ INPUT DATA DEK000 114
c READ DATA SET NUMBER (FORMAT 15) DEK00O 115
000002 10 READ(5,500) IDATASNDATA DEK000 116
000012 500 FORMAT (215) DEK000 117
c IF IDATA = 100 STOP 0CT284A 1
000012 IF( IDATA«EQ,100 ) 60 TO 999 0CT28A 2
000014 WRITE(69600) IDATAsNDATA DEK000 118
000024 600 FORMAT(4SHIFLUTD MECHANICS OF TIMBERSs DATA SET NUMBER , 15 o/  DEKO0OO 119

* 35HONUMRER OF BITS OF DATA InNTHIS SEF+ I8 o424 DEKOOO 200 — — — ————— ———
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¢ NPARAM IS NUMBER oF PARAMETERS TD BE QETEﬁﬂiNﬁﬁg'V\Rf *“’"‘ﬁEKﬁﬂG‘\\*IE%—*‘—M“L;::";::f;;:ji;:jf,::?i
000024 —— — NPARAM-—= & , - DEK00O 126
C IF IDATA = ZERO PROGRAM IS IN TEST MODE DEKGOO 12& o
000025 IF( IDATAWNE. 0 ) GO TO 101 DEKOOO 129
000026 CALL DATAGN(NPARAM, NDATAs PARAM ) DEKQOO 130
000031 GO TO 102 DEKOOOD 131
poon32 101 CONTINUE DEKQOO 132
C TF IDATA SIX Caliy GENSIX DEKODO 133
000032 IF( IDATACNEL6 ) GO TO 107 DEKQOO 134
o DEKGODO 13%
000034 READ (5+510) XND DEKOGO 136
000042 510 FORMAT(DZ20,.8) DEKODO 137
L DEKOOO 13s
pono4a2 CaLL GENSIX(NPARAMyNDATA ¢ XND) DEKDOD 139
000045 GO TD 102 DEKOOO 140
000046 107 CONTINUE DEKOOD 141
c DEKGOQ 142
C TF IDATA GREATER THAN 90000, OCT28A 3
C CAlLL SPECIAL SUBROUTINE TO READ X AND Y DIRECTLY 0CTZEA 4
000046 IF( IDATA.LT.90001 ) GO TO 108 OCTZ28A 8
000051 CALL PQIN(NPARAM,NDATA) DEKDOO 146
000053 G0 TO 102 DEKDOD 147
000054 108 CONTINUE DEKQOD 148
C NEKGOO 1649
C NORMAL DATA INPUT SUBROQUTINE DEKUOO 150
000054 CALL DATAIN(NPARAM, NDATA) . NEKOOO 181
c DEKOOD 182
000056 102 CONTINUE DEKOGO 183
C WRITE INPUT DATA AS CHECK DEKGOD 154
C DEKOOO 156
000056 WRITE (6+600) IDATAJNDATA DEKDOD 156
o NEKQGO 187
c WRITE INITIAL VALUES OF CONSTANTS Al 81+A2¢B2¢A34B3 DEKOOD 158
c NEKGODQ 159
No0066 IF (NPARAMWIEQ, &) WRITE(6e+601) (PARAM(I)s I=)4NPARAM) DEKOND 160
000077 601 FORMAT(11H/INPUT DATAe //» DEKGOO 161
1 B8H Al = 4 1PD20.8y / » DEKDDO lez
2 AH Bl = s 1PD20.8y / » DEKOOO 163
3 8BH A2 = 3 1PD20,8e / DEKODOD 164
4 BH B2 = s 1PN20«8B. //) DEKGOQ 168
000077 IF(NPARAMWEQ, &) WRITE(6+602) (PARAM(I)s I=14+NPARAM) DEKOOD 166
000110 602 FORMAT(LILIHOINPUT DATAY //» ’ DEKGOQ 167
1 BH Al = 4 1PD20.8s / DEKOOD 168
2 BH Bl = s 1PD2048Bs / » DEKQOD 169
3 BH A2 = 5 1PND2048By / DEKODO 176
4 BH B2 = ¢ 1PD20a.8By / » DEKGOQ 171
S B8H A3 = 9 1PD2048By / DEKOODO 172
6 BH B3 = 4 1PD20.8Be /7 ) DEKOOO 173
c DEKGOO 174
c WRITE VALUES OF PBAR AND Q DEKOQO 175
C DEKOGD 176
000110 WRITE(69604) DEKOQO 177
000114 604 FORMAT( 4M0 I, 10Xe 5H PBARy 16Xs 2H Qo // ) DEKGOO 178
c DEKQOD 179
000114 DO 110 I=leNDATA DEKGOD 180
poclle WRITF(69606) 1, X(I)s Y(I) NEKOQD 181
000131 110 CONTINUE DEKOOO 182
-~ 000134 606 FORMAT( 1Xy 14, 1P2D2048 ) DEKODO 183
—_ e - e — DEKOOD 184

c ZERQIS& mELTA”vacToR -
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000141 DLTA(TI) = 00000400 BEXKODD —38T S— E—— e —
000143 125 CONTINUE DEKGOO 188
c BEKO000 189
, C SET ITERATION COUNTER TO START FROM ZERO DEKGOQ 190
000144 ITCNT = =1 : DEKGOD 191
c DEKODO 192
C SET INITIAL VALUES FOR EXAMINING ALPHA RANGE RDEKODD 193
C ALPRNG IS RANGE OF ALPHA TO BE EXAMINED DEKOOO 194
000145 ALPRNG = 2.000D+00 DEKOOD 195
C ALPINC IS INCREMENT OF ALPHA TO BE USED DEKODD 196
000150 ALPINC = 0,010D+00 NDEKOOO 197
C DEKG30O 198
000152 IND = ALPRNG/ALPINC + 0,100 DEKDOO 199
c DEKOOO 200
C SET CONVERGENCE VALUE FOR ITERATION DEKOQOD 201
800171 CVALUF = 1,000D=10 DEKODO 202
¢ WRITE CONVERGENCF VALUE FOR ITERATION DEKGOD 203
pool73 WRITE(6¢603) CVALUE DEKQQO 204
000201 603 FORMAT (36MOCONVERGENCE VALUE FOR ITERATION IS o 1PDl4.6s // ) DEKDODD 205
C DEKQQO 206
C SET MAXIMUM NUMBEROF ITERATIONS TO gE COMPLETED DEKOQD en7
000201 ITMAX = 127 REKGOO 208
C WRITE VALUE OF ITMAX DEKOOD 209
000202 WRITE (64654) TTMAX RDEKQOO 210
000210 654 FORMAT (32HDOMAXIMUM NUMBER OF ITERATIONS IS, I10 ) DEKQOO 211
C RDEKDOO 2lz
C DEKOOO 213
c*#***#**##%%***%###***ﬁ**#-*##*ﬁ*#%'H'***#*####%#%ﬁ*#*%*ﬁ#*###%#*#ﬂ##*#**# DE’KQQ{) 214
c DEKDODO 215
C START OF ITERATION PROCEDURE DEKOOD £16
C DEKOOO 217
000210 1000 CONTINUE DEKOOO 218
C CURRENT VALUE OF ITERATION DEKOOD 219
000210 ITCNT = ITCNT + 1 DEKGOO 220
C DEKOOO e2l
C CHOOSE ALPHA TO GIVE MINIMUM v FUNCTION DEKGCOD £2e
foa0212 ALPHA = (.000D+00 DEKQDO S 223
000214 CALL OPTALP(NPARAMJNDATA+ALPHALZVLAST) DEKOGO 224
C DEKDOO 225
0600217 VTEMP = VLAST DEKDOO 226
¢ IND SFT OUTSIDE ITERATION LOOP DEKOOO 227
ponz22 DO 235 I=lsIND DEKOOQ 228
000223 ALPHA = FLOAT(I)#ALPINC DEKQQOD 229
000231 CALL OPTALP(NPARAMINDATAALPHALVDLTA) DERKGOD 230
C SELECT MINIMUM VplLTA AND NOTE VALUE OF ALPHA DEKOOOQ 23]
000234 IF( VTEMP.LE.VDLTA ) GO TO 235 DEKQOD £32
000237 VTEMP = VDL TA DEKOOD 233
00024 ALPTMP = ALPHA DEKDOO 234
D00244 235 CONTINUE DEKQOO 235
c DEKOOO 236
C DEKOOQ 237
000247 ALPHA = ALPTMP . DEKOOO 238
C UPDATE CONSTANTS Al Bl A2 B2 A3 B3 DEKDOO 239
0600251 B0 237 I=l NPARAM ) DEKOOQ 240
000261 PARAM(I) = PARAM(I) + ALPHA#DLTA(I) DEK(OOO 241
000272 237 CONTINUE DEKDOO 242
C DEKQQOD 243
C BATHER DATA FOR SUMMARY DEKQOQ 244
C IT 1% USED AS SURSCRIPT FOR FORMING SUMMARY OF ITERATION DEKQOD 245
000274 T =ITCNF+1]— — — DEKOOO 246
c ALPMINC(IT) IS USED TU STORE SUMMARY OF ALPHA DEKQDO 24T —
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o € VMIN(IT) IS USEp TO STORE SUMMARY OF MINIMUM VFUNCTION o ‘*‘DEKQQG‘\*vzﬁg—a4<4:ri::f;::*~m-”»—
0600301 YMIN(IT) = VTPRMWP——n — — L DEKOOO 250
¢ T hEKG0e—e%}%- —
000305 no 129 I=14NPARAM DEK0OOO 252
000316 TPARAM(ITI) = PARAMI(I) ' : DEKGOD 253
000320 129 CONTINUE ’ DEKOOO 254
c DEKGOO 255
000322 IF( NPARAMJEG., 4 ) CALL AFOUR( NPARAM, NDATA ) : DEKOOO £56
000326 IF( NPARAM,EQ, & } CALL ASIX ( NPARAMy NDATa ) DEKOQO 257
c : DEKOODOD 258
C PREMULTIPLY TRANSPOSE OF A BY A MATRIX DEKDOOD 259
¢ DEKDOO 260
000332 DO 220 I=l.NPARAM DEKOOO 261
000334 DO 240 J=leNPARAM DEKDOO 262
000335 CtIv+J) = B.000D*0D DEKOOD £63
000342 DO 260 Kz=lsNDATA DEKOOD 264
000357 ClloJd) = C(Isd) » A(KsI) # A(KsJ) NEKOOQ 265
000370 260 CONTINUE NEKGOO 266
poo3ve 240 CONTINUE DEKOOO 267
000374 220 CONTINUE DEKQOO 268
c DEKOOO 269
c PREMULTIPLY TRANSPOSE OF A MATRIX BY Y VECTOR DEKQOD 270
c DEKOQD 271
000376 DO 280 I=l4NPARAM DEKOQO 272
000377 Z(I) = 0,000D+00 DEKODD 273
000402 NO 300 K=lsNDATA : DEKOOD 274
000414 Z(I) = Z(I) + A(KyI) # YV(K) DEKQGO 275
000425 300 CONTINUE DEKOOO 276
000427 280 CONTINUE DEKOOO 217
C DEKQOO 278
c CALCULATE NORM OF GRADIENT DEKOOO 279
c GRADIENT IS FIRST DERIVATIVE OF V FUNCTION DEKOOO 280
c DEKOOO 281l
000431 GRAD(IT) = 0.,000n+00 DEKOOO 282
000435 DO 304 I=)leNPARAM DEKOGO 2R3
000444 GRAD(IT) = GRAD(IT) + Z(I)#Z(1) DEKQOOOQ 284
000455 304 CONTINUE DEKOGO 285
c DEKOOOQ 286
000456 GRAD(IT) =DSQRT(GRAD(IT)) DEKOOO za7
c WRITE GRADIENT VECTOR AND NORM DEKGOO 288
C PDEKOOO 289
C CAPTION REQUIRED OUTSIDE LOOP FOR NPARAM = 4 AND & DEKOQO 290
¢ DEKGOO 291
c ‘ DEKONO 292
c TEST IF CONVERGENCE IS ADEQUATE DEKDOO 293
000466 IF( GRAD(IT) LT+CVALUE ) GO TO 197 DEKQQOO 294
t DEKGOO 295
c Call INVERSION SUBROUTINE DEKQQO 296
000472 EPS = 14000D=100 DEKOOO 297
000474 NCOL = 1 DEKOOO 298
c NOTE INVERSION PROCEDURE WILL WORK IF DIMENSIONED STORAGE 1S DEKOOO 299
C GREATER THAN ACTUAL MATRIX SIZE DEKOOO 300
0600475 NDIM = 6 DEKGODO 301
c DEKOOO 3ng
000476 CALL DGELG( NPARAMs NCOLs EPS » IER) DEKOODO 303
C IF MATRIX SINGULAR GO TO NEXT DATA SET DEKOOO 304
000501 IF{ IERW.NE. 0 ) 60 TO 197 DEKOOO 308
c COPY SOLUTION TO DELTA VECTOR DEKOOO 306
000502 — — DO 368 IsleNPARAM DEKOOO 3n7
00511  ~ ToprTAOIyYs2HALVY— —o— T = — —— —— — DEK0O0Q _ 308

000813 308 CONTINUE T —DERBOO0——309
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C — T
¢ TEST 1F LIMIT OF ITERATIONS HAS BEEN REACHED DEKOQQ 312
000815 IF( ITCNT-LT ITMAX Y GO TO 1000 DEKOBD 313
c DEKGHD 314
C : DEKG0Q 318
poo0s17 197 CONTINUE DEKQOD 316
c DEKQQO 317
000817 calLl SUMARY (IDATAs ITCNTe NPARAM) DEKOQD 318
C DEKQQY 319
C WRITE VALUE OF PARAMETERS DEKOOD 320
C ‘ DEKOOO 321
np0%s22 IF( NPARAMJEQ.4 ) WRITE(6:690) ITONT» (PARAM(I)eI = ] ,NPARAM) DEKODOD 3rzz
000835 690 FORMAT (26MIVALUES OF CONSTANTS AFTERy ISs1lr ITERATIONSy //s PDEKOOD 323
1 TH Al = o 1PD208¢ / DEKQOO 324
2 TH Bl = 4 1PD20+8s /7 DEKODO 325
3 TH A2 = 9 1PDZ2048s / » DEKDHO 326
4 TH B2 = s 1PD20.By / ) DEKQQD az7
000538 IF( NPARAM,FEQes6 ) WRITE(64680) ITCNTe. (PARAM(I) I = 1 .NPARAM) DEKQDO 328
000550 680 FORMAT(26HIVALUES OF CONSTANTS AFTER, IS5Ss11H ITERATIONSs 7/ DEKOOO 329
1 7H Al = 5 1PD20«8Bs / » DEKGOO 330
2 TH Rl = o 1PD20.8Bs / o DEKOOO 331
3 MTH AZ = 9 1PD20.8s / DEKOOOD 33z
4 TH B2 = 9 1PD20.8y / DEKQQO 333
8§ TH A3 = o 1PN2048r / DEKQOO 334
6 TH B3 = o 1PD20.8s // ) DEKODO 335
o DEKQOO 336
C S/R CHECK WRITES VALUES OF O BASED ON CURRENT Al Bl A2 B2 DEKQOOD 337
000880 CoalL CHECK(NPARAMs NDATA) DEKOOQO 338
C DEKOQO 339
C PROCESS NEXT DATA SET DEKQO0O 340
000852 G0 TO 10 DEKQOO 34]
C NDEKODD 342
000R53 999 STOP DEKDOD 343
C DEKGGO 344
000558 END DEKOOGO 345
- C DECKa2 e
UNUSED COMPILER SPACE
015100
SUBROUTINE DATAGN( NPARAMy NDATAs PARIN ) DECKp? 3
c DECKn2 4
C#*##%ﬁ**#%*##’#*##*#*##*****##***-HHHQ#*ﬂ*ﬁ-#**#**-ﬂ-*ﬁ#%#*%ﬁ*******#**%**#ﬁ# DECKQE s
it EnsEs savapndane DECKD? [
(4 48 35 48 S 30 24 4 40 46 VERSION 25 APRIL 1970 wumnaunann DECKO2 7
CHumBaRpites apuakiens DECKOD 8
c##*###*####ﬁ*#*#%**##-:H%#*#%#*%****%*#*#*%%**%#%#*ﬁ#%**%*#*%**#ﬂ**#*%#ﬁ% {)ECKQE =}
o) DECKD2 10
c DECKoz 11
C DATAGN CALCULATES DATA FOR TESTING MAIN PROGRAM DECKn2Z 12
C LINEAR COMPONENTS ARE DECKn2 13
c Y1 = Al#X + B} DECKn2 14
C Y? = AR2®X + R? DECKOZ2 1%
C THIS SUBROUTINE THEN CkLCULATES Y VALUES FOR DECKoe2 16
C 1/Y = 1/Y1 + 1/Y2 DECKn2 17
C DECKp2 18
C DECKg2 19
¢ STORAGE FOR THIS S/R DECKn2 20
& Y YW —— . _DECKn2 2]
c LABELED COMMON STORAGE _DECKQD 22




eouaed CompqyoOny — —0/0—70i - —nn ——— T e e UMW T e e e e

- X/BRLOCKX/ X(200) T T —DECKoE ;igi*“'v;:%~::ﬁ¥::*ﬁ::f;::f;::f
T TTTTTTY/REOCKYSA O — DECKQn2 25
000005 DIMENSION PARAM{ 6) - DEg¥Kpep— —26
000005 DIMENSION PARIN( 6) DECKn2 27 o
c ' DECKO2 28
000005 DOUBLE PRECISION PARAM DECKp2 29
000005 DOUBLE PRECISION PARIN DECKD2 30
000005 DOURLE PRECISION X DECKp2 31
0000085 DOURLE PRECISION XINC NECKy2 32
000005 DOUBLE PRECISION Y DECKon2 33
000005 DOURBLE PRECISION YA DECKo2 34
000005 DOUBLE PRECISION YB DECKg2 35
000005 DOURLE PRECISION YC DECK)2 36
e DECKn2 37
c DECKoZ 38
000005 WRITE(64600) DECKG2 39
000010 600 FORMAT(21HOPROGRAM IN TEST MODEs /// ) DECKG2 40
c DECK0?2 41
c SET CONSTANTS FOR LINEAR RELATIONSHIPS DECKo2 42
000012 PARAM( 1) = l.000D+00 NECKo2 43
000015 PARAM( 2) = 0.,500D+00 DECKD2 44
000017 PARAM( 3) = 2,0000+00 DECKG2 45
000022 PARAM( 4) = 1.500D+00 DECKoR 46
000024 PARAM( 8) = 3,000D+00 DECKn2 47
000027 PARAM( 6) = 1.0000+00 DECKaZ2 48
c DECKn2 49
c WRITE INPUT DATA AS CHECK DECKO2 59
000031 IF INPARAMWEQ. 4) WRITE(6+605) (PARAM(I)s I=]sNPARAM) DECKy2 51
000044 605 FORMAT( 11HOINPUT DATAy // o DECKp2 52
1 6H Al = o« 1PD204Te / » DECKDZ 53
2 6H Rl = o 1IPD20.Ty / » DECKp2 54
3 6H A2 = s 1PD20WTe 7/ o DECKDZ 5%
4 6H B2 = ¢ 1PD20aTy /) ~ DECKg2 56
000044 IF (INPARAMJEQ. 6) WRITE(R9615) (PARAM(I)s I=]14NPARAM) DECKn2 57
000057 615 FORMAT(11HOINPUT DATAs // DECKp2 58
1 6H AL = o 1PD20,7e 7/ DECKon2 59
2 AH Bl = » 1PD20,Te / DECKnZ 60
3 6H A2 = 9 1PD20,7e / DECKOZ 61
4 6H B2 = ¢ 1PD20,7y / o DECKOZ2 62
5 gH A3 = ¢ 1PD20,7e 7/ » DECKng 63
6 6H B3 = » 1PD20,7y /) DECKDZ2 64
c DECKn2 65
o} T LLT I 2 530 4% 3540 4 40 30 34 3 eI Gt #ed DECKY2 66
c DECKOZ2 67
c INVESTIGATE EFFECT OF INCREASING NDATA DECKp2 68
o : DECKo2 69
C Y- ¥E-T-2°3 3. 1:7-3 45 3 38 36 3 3 42 4h ¥ - Y-X-X- 21 22 F-%- 1 [: 22 DECKQZ T60
c DECKp2 71
c SET RANGE FOR AUTOMATIC GENERATION OF X DECKo2 72
000057 XST = 0,0000E+00 DECKn2 73
000060 XND = 2.0000E+00D DECKp2 74
00006} XRANGE = XND = X§T DECKO2 7%
000062 XINC = XRANGE/FLOAT (NDATA = 1) DECKg2 76
¢ ‘ DECKonZ2 77
¢ GENERATE X VALUES DECKQ2 78
000066 DO 100 I =14NDATA DECKOZ 79
000074 X{I) = XINC # FLOAT( I = 1) DECKp2 80
000103 100 CONTINUE DECKO2 81
_— DECKn2 B2
— ¢ —€ALEULATE Y VALUES CORRES PONDING TO X VALUES AND- WRITE TO O/P  DECKo2 83

000104 WRITE(6;620) T — — — —DEgcKkp2— 84— —— — ——



000112 620 FORMAT( 9raY VALUES”» —  ——7—¢70o07097  — e e~ BEWRGg "o — e

R 1 3Xe 2H I9 10X, 2H Xs 18Xy 2H Yo // ) : T TDECKDZ — B& T
c ’ - — : - — . ) - B DECKp2 87
000114 DO 110 I=1+NDATA - T T ——DECKpz———— 88— 000
c SET PARIN(I) FOR THIS SUBROUTINE DECKAn2 /9
po0120 YA = PARAM(1)#x(1) + PARAM(Z2) DECKp2 kIt
000132 Y8 = PARAM(3)#X(1) + PARAMI(4) DECKo2 91
000143 YC = PARAM(B)#X(I) + PARAM(6) DECKOZ2 9z
poN15S IF (NPARAMSEGQ, 4) Y(I) = (YA®RYB)/(YA+YB) DECKo2 23
000206 IF (NPARAMeEQ,. &) Y(I) = (YARYB#YC)/(YB#YC + YA#YC + YA#YRB) DECKo? 94
000260 WRITE(62630) I, XtIde Y(I) DECKp2 85
000274 630 FORMAT( IS, 1P2D20.6 ) DECKQ2 26
000276 116 CONTINUE DECKO2 97
c DECKO2 98
C SET INITIAL VALUES OF Al A2 B]l AND B2 WHICH ARE CALLED DECKn2 99
000301 PARINC 1) = Z.000D+00 DECKn2 100
000303 PARIN( 2) = 1.000D+00 DECKp2 inl
000306 PARIN( 3) = 4,0000+00 DECKQ2Z 102
000311 PARIN( 4) = 3.000D+00 DECKao2 103
000314 PARIN( 5) = 6.000D+00 DECKG2 104
000317 PARIN( 6) = 2,000D+00 RDECKo2 10%
c DECKo2 106
c DECK$2 107
000322 RETURN DECKQZ ios8
c DECKo2 109
000323 END DECKp2 110
C GENSIX 2
UNUSED COMPILER SPACE
016500
SURRQUTINE GENSIX (NPARAMyNDATA» XND) GENSIX 3
c GENSIX 4
g&%**%%*“*****##%#*ﬁ*#**ﬁ*%#*ﬁ###%##**%ﬁﬁ*#*#*%#%%#***%##**##%*#**##*%%G GENSIX &
Gt sttt i i waRspeteer GENSIX 6
A d Wit bt VERSION 01 JUNE1QT73 aadaiiddnt  GENSIX 7
LTI LT L2 skttt GENSIX 8
CHBHURERFSRIRESP BB BB A B RS AR PR ARFERRRR AR RS R BB R BRRRBRRRRR R RSB aR AR R R ARSI R RED GENSIX ]
C GENSIX 10
G GENSIX 11
C SUBROUTINE GBGENSIX READS IN SIXPARAMETERS GENSIX 12
C A1sRB19A2+B2+A3,83 AND CALCULATES GENSIX 13
c 1/Y = 1/Y) + 1/¥2 + 1/Y3 GENSIX 14
c WHERE Y1 = Alwx + Bl GENSIX 15
c Y2 = A2#X + B2 GENSIX 16
C Y3 = A3#X + B3 GENSIX 17
c STORAGE FOR THIS S/R BENSIX 18
c GENSIX 19
c LABELED COMMON STORAGE GENSIX 290
000005 COMMON GENSIX 21
X/BLOCKX/ X(200) GENSIX 22
Y/rLOCKY/Z Y(200) GENSIX 23
P/RLOCKR/ PARAM{ &) GENSIX 24
000005 DIMENSION PARIN( 8) GENSIX 25
c GENSIX 26
000005 DOURBLE PRECISION PARAM GENSIX 27
000005 DOURLE PRECISION PARIN GENSIX 28
000005 DOUBLE PRECISION X GENSIX 29
—— 000005 — —— —DOURLE PRECISION XINC GENSIX 30
T 00000% —  ——DOUBLE-PRECISIONY 0~ —— — — —— —— —— ——  _GENSIX 3]

000005 DOUBLE PRECISION YA - ———— GENSIX 3 =~ —— ——



coAHHRU— D P REL iy R—™0 - ——o—  —— TN e e —
000005 DOUBLE PRECISION YC L A 11 =&, J— | S—— T
e BENSIX 35
c GENSTIX 36
g00008 WRITE(64600) GENSIX 37
000010 600 FORMAT(4OHOPROGRAM IN BINOMIAL/POLYNOMIAL FIT MODEs///) GENSIX 38
o READ DATA SET NUMBER GENSIX 39
000012 READ(5:510) EX GENSIX 40
000020 510 FORMAT( IS5 ) GENSIX 41
c WRITE EXAMPLE NUMBER GENSIX LY
poooz2 WRITE(62640) EX GENSIX 43
000030 640 FORMAT(1BHOEXAMPLE NUMBER 2 I5) GENSIX 44
000032 LPARAM = 6 GENSIX 45
c READ IN SIX PARAMETERS Al.B1+42+B2,A3,.B3 GENSIX 46
C GENSIX 47
000033 READ(54500) (PARIN(I)sl=1+LPARAM) GENSIX 48
000042 500 FORMAT( DZ20.8 ) GENSIX 49
¢ GENSIX 50
C WRITE INPUT DATA AS CHECK GENSIX 51
000044 WRITE(64618) (PARIN(I)» I=1,LPARAM) GENSIX a2
000083 615 FORMAT (46HOINPUT DATA FOR SIX PARAMETER CURVE GENERATIONs//» GENSIX 83
1 6H A1 = » 1PD20,7y / » GENSIX 54
2 6H Bl = 9 1PD20,7y / o GENSIX 55
3 6H A2 = 2 1PD2D,Ts / o GENSIX 56
4 6H B2 = o 1PD20,Te / GENSIX a7
S 6H A3 = 9 1PD20,7s 7/ GENSIX a8
6 6H B3 = 9 1PD20,7y /) GENSIX 59
C BENSIX 60
c SET RANGE FOR AUTOMATIC GENERATION OF X GENSIX 61
000055 XST = D.0000E+0D GENSIX B2
000055 XRANGE = XND = XST GENSIX 63
c GENSIX b4
c SET NUMBER OF DATA SETS TO BE GENERATED GENSIX 65
c BENSIX 66
c 15 3 45 30 44 30 6 98 4 4 T HHRRSR BRI E RS #ad GENSIX 67
c GENSIX 68
C INVESTIGATE EFFECT OF INCREASING NDATA GENSIX 69
c GENSIX 70
C PR LY T I TETY Yy PETT T E T e sae GENSIX 71
c GENSIX Te
0000587 XINC = XRANGE/FLOAT(NDATA = 1) GENSIX T3
c GENSIX Th
c GENERATE X VALUES GENSIX 75
000063 PO 100 I =1.NDATA GENSIX 76
000070 X(I) = XINC # FLOAT( I = 1) GENSIX T7
000077 100 CONTINUE GENSIX 78
C BGENSIX 79
C CALCULATE Y VALUFES CORRESPONDING TO X VALUES AND WRITE TO O/P GENSIX 80
000100 WRITE(61620) GENSIX Rl
000106 620 FORMAT( 9HOY VALUES.// GENSIX ¥4
1 3Xy 2H I 10X, 2H X» 18Xy 2H Yy // ) GENSIX 83
G GENSIX B4
000110 DO 110 I=l,NDATA GENSIX 85
C SET PARIN(I) FOR THIS SUBROUTINE GENSIX 86
000114 YA = PARIN(II®#X(T) ¢ PARIN(2) GENSIX 87
000126 YR = PARIN(3)#X(1) + PARIN(4) GENSIX 88
000137 YC = PARIN(B)#X(T) + PARIN(&) BGENSIX B9
000151 IF(LPARAMSEQe6) Y(I) = (YARYB#YC)/(YB#YC + YARYC + YA#YR) GENSIX 90
000223 WRITE(6+630) I, X(I)s Y(I) GENSIX 21
000237 630 FORMAT( I5s 1P2D20.6 ) GENSIX 9e
—00024]) 110 CONTINUE — — -_— - GENSIX 93
c GENSIX D - e
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000244  — — READ(5+500) (PARMMI D) wizlyNPARAM) — 777~ T T TGENSIX— 8% . ——
¢ - T T ——— —GENSIX— Y9 T — o e
€ BENSIX 97
000253 RETURN . GENSIX 28
c GENSIX 99
000254 END GENSIX 100
c DECKn3 z
UNUSED COMPILER SPACE
D17000
SURROUTINE DGE|G(MeNsEPSsIER) DECKD3 3
c DECKn3 4
CRUBBUMEDHSREERRRBR LR P AR A RERBS AR IR R BRI R LR ARG R AR AR BB AR R BRI E R a SRR Reess DECKOT %
Cost it #ednnkanse DECKN3 &
ot LT LT LT NEW VERSION INTRODUCED ON 29 MAY 1969 wirpgrnsras DECKD3 7
45 48 5 30 80 40 48 31 ¢ 40 wusadapras DECKO3 8
CHaastaitasy UPDATED TO 05 JUNE 1969 whnpeegen DECKQO3 9
CHBHRBBRUG S sndnuiinas DECKO3 10
CHsuddsntirattttatttet st tepaattauattoRsditdipirtattbaitasrasdraiaise DECKN3 11
e DECKg3 12
c SURROUTINE DGFLG NOW MODIFIED TO SUIT HBPG DECK33 13
C DECKD3 14
C PURPOSE DECK03 15
C TO SOLVE A GENERAL SYSTEM OF SIMULTANEOQUS LINEAR EQUATIONS. DECK03 16
c DECKD3 17
c USAGE DECKO3 18
o CALL DGELG(RyAIMsNIEPSy IER) NOW CHANGED SEE BELOW DECKp3 19
C CALL DGELG(MsNJEPSIIER) sssaseA AND R NOW IN BLOCK COMMON DECKn3 20
¢ DECKN3 21
c DESCRIPTION OF PARAMETERS DECKG3 2e
C R = DOUBLE PRECISION M BY N RIGHT HAND SIDE MATRIX DECKO3 23
c (NESTROYED)« ON RETURN R CONTAINS THE SOLUTIONS DECKO3 24
C 0OF THE EQUATIONS. DECKG3 25
C A = DOURLE PRECISION M By M COEFFICIENT MATRIX DECKN3 26
c (DESTROYED) DECKO3 27
C M - THE NUMBER OF EQUATIONS IN THE SYSTEM, DECKn3 28
i N ~ THE NUMBER OF RIGHT HAND SIDE VECTORS, DECKg3 29
c EPS - DOUBLE PRECISION INPUT CONSTANT WHICH IS USED AS DECKo03 30
o RELATIVE TOLERANCE FOR TEST ON LOSS OF DECKD3 31
c STIGNIFICANCE, DECK03 32
c 1ER - RESULTING ERROR PARAMETER CODED AS FOLLOWS DECKO3 33
c IFR=0 = NO ERROR, DECKG3 34
c IFR==~] = NO RESULT BECAUSE OF M LESS THAN 1 OR DECKo3 35
c PIVOT ELEMENT AT ANY ELIMINATION STEP DECKD3 36
c EQUAL TQ 0, DECK023 a7
c IFR=K = WARNING DUE TO POSSIBLE LOSS OF SIGNIFI=- DECK(3 38
C CANCE INDICATED AT ELIMINATION STEP Kel, DECKo3 39
o) WHERE PIVOT ELEMENT WAS LESS THAN OR DECKo3 40
¢ EQUAL TO THE INTERNAL TOLERANCE ERS TIMES DECK03 4]
c ABSOLUTELY GREATEST ELEMENT OF MATRIX A. DECK03 42
C DECKoO3 43
c REMARKS DECKo3 44
c INPUT MATRICES R AND A ARE ASSUMED TO BE STORED COLUMNWISE DECKn3 45
c IN M&N RESP, M#M SUCCESSIVE STORAGE LOCATIONS. ON RETURN DECK03 46
c SOLUTION MATRIX R IS STORED COLUMNWISE TOO. DECKD3 47
c THE PROCEDURE GJIVES RESULTS IF THE NUMBER OF EQUATIONS M IS DECK03 48
C GREATER THAN 0 AND PIVOT ELEMENTS AT ALL ELIMINATION STEPS DECKOD3 49
I o ARE DIFFERENT FROM D, HOWEVER WARNING IER=K = If GIVEN = DECKO3 50
¢ ____INDICATES POSSIBLE 0SS OF SIGNIFICANCE., —lN4CA$E\QF4A‘EEkL44,DECKOB;\\i 51
c SCALED MATRIX A AND APPROPRIATE TOLERANCE EPSyTER=K-MAY BE DECKD3 52 R —



|

c GIVEN IN CASE M=].

———— - DECKo2R 55
c SUBWQUTINES “aND FUNCTION ON SUBPROGRAMS REQUIRED  ——— — —— —DPECK¢3—— S6_

c  NONE DECK3 57

c DECK03 S8

e METHOD DECKD3 59

c SOLUTION I DONE BY MEANS OF GAUSS-ELIMINATION WITH DECKA3 60

¢ COMPLETE PIVOQTING, DECKa3 61

C DECKO3 6z

G Pesenentstennsasrasnnstranasssnecernassenssesanesettsnsansnccanseness DECKO3 63

c DECKn3 64

c DECK03 65

c DECKaA 66

c LABELLED COMMON NECLARATIONS DECKn3 67

0000086 COMMON NECKn3 &8

- C/BLOCKCY/ C( as &) DECKO3 69

2/7BLOCKZ/ R( 6) DECK03 74

C DECKD3 71

C SYMBOLIC ADDRESS A IS LOCAL TQ THIS ROUTINE DECKn3 T2

pooooe DIMENSION A(36) DECKa3 T3

C DECKD3 74

000006 DOUBLE PRECISION A DECKO3R 75

000006 DOURLE PRECISION AZERO DECKoA 76

000006 DOURLE PRECISION C DECKn3 17

nooooe DOURLE PRECISION EPS DECKo3 78

000006 DOURLE PRECISION PIVs PIVIs TBy TOL DECKo3 79

000006 DOURLE PRECISION R DECKDA 80

c ‘ RDECKO3 a]

C coPY ¢ MATRIX AS ONE DIMENSIONAL ARRAY CLOSED UP COL RY COL DECKO3 82

000006 DO 400 I=l.M DECKN3 83

000007 L o= Mi#(I=]) DECKa3 B4

000012 DO 410 J=laM RPECKN3 85

00002} K= L + .J DECKO3 86

000022 AtK) = ClJe1) DECKo3 87

000030 410 CONTINUE DECKNS 88

000033 400 CONTINUE DECKN3 89

c DECKO3 Q0

c DECK03 21

000036 IF(M)R2392301 DECKD3 we

Cc SEARCH FOR GREATFEST ELEMENT IN MATRIX A DECKa3 83

000037 1 IER=0 DECKD3 94

000040 PIV = 0,000D+00 DECKn3 95

000042 MMz MM DECKo3 96

000044 NMm N M DECK3A 97

000046 DO 3 L=1l¢MM DECK03 98

000047 TR=DABS(A(L)) DECKO3 99

000082 IF(TB=PIV)393e2 DECKO3 104

Doo0e&3 2 PIV=TH DECKn3 101

000066 1=l DECKODD lo2

000067 3 CONTINUE DECKO3 103

oponT2 TOL=EPSH#PILV DECKb3 104

c AtI) IS PIVOT ELEMENT,. PIV CONTAINS THE ABSOLUTE VALUE OF A(I). DECK03 108

o DECK03 106

c DECKO3 107

c START ELIMINATION LOOP DECKp3 i08

000100 L8T=] DECKo3 109

pon101l DO 17 K=lsM DECK03 110

o DECKO3 111

¢ TEST ON SINGULARITY DECKn3 112

000102 4 TF(IER)TeS¢7 ~ —— —— — — . DECKo3 113
000103 5 IF(PIV=TOL)Bs6,7 S _DECKo3 1l — ~—— — — —

!

— T INTERPRETEN THA +H¥FfMA¥R1XWA—HASﬁIHEWEANK‘KI ﬁw_WARNTﬁ 3 1o T DECKO3 DI ——

= " pEeKe3 — B& —— — —



000112 6 JFERsKe) ~ I . DECKo3 415 ) .
—000114 7T PIVI = 1000D+00/8¢)— — — — — ——————————— DECKp3 — e — —

000130 Ja(I=1)/M DECKo3 117
000134 Tz T jt MK DECKa3 118
000136 Jm el =K DECKO3 119
o I+K IS ROW=INDEX, J+K COLUMN=INDEX OF PIVOT ELEMENT DECKDS 120

C ' DECKO3 121

c PIVOT ROW REDUCTION AND ROW INTERCHANGE IN RIGHT HAND SIDE R DECKa3 122

000140 DO B L=KeNMgM DECKo3 123
000145 LL=L+] NECKO3 124
0600146 TR=PIVI*R{LL) DECKOR 125
000157 R(LL)=R(L) DECKO3 126
000166 8 R{L)=TB DECKD3 127
DECKOR 128

c 1S ELIMINATION TERMINATED DECKN3 129

000174 IF(KeM)9918s18 DECK03 130
c DECKD3 131

C COLUMN INTERCHANGE IN MATRIX A DECKD3 132

000200 9 LEND=LST+M=K DECK03 133
000202 IF(J) 12912910 DECKD3 134
000204 10 IT=JeM DECK03 13%
000207 DO 11 L=LST.LEND DECKn3 136
a0021e6 TR=A(L) DECKQ3 137
000220 LL=L+T11 DECKn3 138
000221 AlLY=A(LL) DECKo3 139
000226 11 A(LL)=TB DECKOA 140
C DECKO3 141

¢ ROW INTERCHANGE AND PIVOT ROW REDUCTION IN MATRIX A DECKO3 142

000236 12 CONTINUE DECKO3 143
0600236 PO 13 L=LSTeMMM DECKDA l44
000244 LL=L+1 DECK(3 145
000245 TR=PIVI#*A(LL) DECKN3 146
000256 A(LL)=A(L) DECKO3 147
000265 13 A(L)=TB DECKD3 148
DECKN3 149

C SAVE COLUMN INTERCHANGE INFORMATION DECKo3 150

000273 A(LST)= DECKn3 181
c DECKp3 152

C ELEMENT REDUCTION AND NEXT PIVOT SEARCH DECKn3 153

000276 PIV = 0,000D+00 DECKn3 154
000301 LST={ 8T+]} DECKD3 188
ond3cz J=0 DECKn3 156
000303 DO 16 TI=LSTl.LEND NECKnA 157
000307 PIVIzwaA(II) DECKN3 158
000312 ISTeITI+M DECKAO3 159
000313 Juded DECKg3 1606
0003185 DO 15 L=ISTsMMyM DECKo3 is1
000317 LL=lwJ DECK03 162
000320 ALL)=A(L)+PIVI#A(LL) NECKnA 163
600333 TR=DABS (A(L)) DECKO3 164
000337 IF(TB=PIV) 15415914 DECKO3 1685
000350 14 PIV=TR \ DECK03 166
000353 I1=L DECKO3 167
000354 15 CONTINUE DECKo3 168
000357 DO 16 L=KsNMyM DECKn3 169
No0364 LiL=l+.) NECKHA 1760
000365 16 R(LL)=R(LL) +PIVI#R (L) DECKN3 171
000412 17 LST=LST+M DECKO3 172
c END OF ELIMINATION LOOP DECKO3 173

C DECKDA 174

c DECKO3 175

C BACK S TON A A INTERCHANGE

DECKD3 178




DOURBLE PRECISION P1

000416 18 IF(Me1)23922919 — — — T e T T T DECKO3 — VT S
000420 19 IST=MMeM - T T DECKg3—— 1w — — — — —
000421 - istsmey — 07— DECKO03 179
000423 DO 21 I=2M T ——DEekKe3d— 80—
000425 II=L.8ST=] DECKD3 18]
000426 IST=IST=LST DECKO3 182
000427 L=IST=M DECK03 183
000430 L=A(lL) +«500 DECK03 184
000437 DO 21 J=IleNMeM DECKD3 185
000441 TR=R(J) DECK03 186
000444 LL=J DECK03 187
000446 DO 20 K=ISTyMM,M DECKN3 188
000452 Li=lLL+] DECKp3 189
000454 20 TB=TB~A(K)#R (L) DECKo3 190
000472 KeJ+l DECKQ3 191
000473 R(J)=R(K) DECK03 192
goos02 21 R(K)=TB DECKD3 193
000812 22 GO TO 89 DECKo3 194
C : DECKD3 195
c DECK03 196
C RETURN FOR SINGULAR MATRIX DECKo3 197
000513 23 JER==] DECKo3 158
PDOB14 99 CONTINUE DECKD3 199
c DECKO3 200
000514 IF( IER.EQ. n ) GO TO 999 DECKp3 2ol
000815 WRITE(69699) IER DECKp3 202
000523 699 FORMAT (24HOMATRIX SINGULARs IER = o I5s // ) DECKD3 £03
000526 999 CONTINUE DECKO3 204
000526 RETURN DECK03 205
0n0527 END DECKn3 206
C DECK0S (4
UNUSED COMPILER SPACE
016200
SUBROUTINE DATAIN(NPARAM, NDATA) DECKnS 3
¢ DECKQS 4
c DECKoS 5
C*****##***%**##*ﬂ'*'FHH#h**#*ﬂ####****#%**%*%*#**%*%*#*%ﬁ%%#ﬁ##*%ﬁ**#****ﬁ DECKGS 5
CHd st i s #atapariar DECKOS 7
CHadatnnny UPDATED TO 12 MAY 197¢ nuspsepeis DECKOS 8
R AR R #avusEnene DECKDS g
Qi&****4&*#*{Hﬂt*#*#&********#*#*#*#****###*#*ﬁ*#%****k*#**#*%ﬁ#*###%##*%*ﬂ' DECKOS 10
c DECKDS 11
c DECKnS 12
c DATAIN PROCESSES INPUT DATA DECKGS i3
C DECKnS 14
000004 COMMON DECKOS 15
P/BLOCKP/ PARAM({ @) DECKOS 16
X/BLOCKX/ X(200) DECK0S 17
Y/RLOCKY/Z Y(200) DECKDS 18
600004 DIMENSION P1(200)s SPECP(200)s FLOWP(200) DECKOS 19
000004 DourlLE PRECISION C DECKnNS 24
000004 DOURLE PRECISION C1 DECKnS 21
000004 DOURBLE PRECISION DTWO DECKaS 22
000004 DOURLE PRECISION G DECKG5 23
000004 DOUBLE PRECISION F1 DECKDS 24
000004 DOURLE PRECISION F2 DECKoS 25
000004 — —— DOUBLE PRECISION FLOWP - DECKOS 26
—ﬁﬁﬁﬁﬁﬂ__““‘““‘Uﬁﬂﬁtﬁ—Pﬁﬁﬁ%s%ﬁN—9~——\m__ﬁ~_w;::;:::;::;::f‘V““**‘~A~\fAﬁfg~\rﬁQEC5Q5‘R,Ajgﬁm¥
600004 T T —DBECKps 2B



000004 - DOUBLE PRECISION P2 o A _DECKDS 29
00004 PRECISTON P3— - DECKOS5 30
000004 DOURLE PRECISION PARAM DECKOS 31
000004 DOUBLE PRECISION SPECP DECKOS 32
000004 DOUBLE PRECISION U DECK0S 33
000004 DOUBLE PRECISION X DECKDS 34
000004 DOURLE PRECISION Y DECKO5 35
c DECKOS 36

000004 DO 130 I=1,NPARAM DECKOS 37
000011 PARAM(I) = 0,000n+00 DECKOS 38
000013 130 CONTINUE DECKDS 39
c DECKOS 40

¢ READ VALUES OF PARAMETERS (PARAM(T) ) DECKOS 41

000014 READ (5+550) ( PARAM(I)s I=1,NPARAM) DECKOS 42
C DETAIL OF FORMAT FOR READING CONSTANTS, D20.5 DECKO5 43

¢ DECIMAL POINT IN COLUMN 11 DECK0S 44

c D IN COLUMN 17 DECKOS 45

c SIGN OF EXPONENT IN COLUMN 18 DECK0S 6

c EXPONENT IN COLUMNS 19 AND 20y RIGHT JUSTIFIED DECK0S 47

000025 550 FORMAT( D2045 ) DECKOS 48
¢ DECK0S 49

c SET DATA COUNTER DECKOS 50

000027 I =0 DECK05 51
000027 100 T =1+ 1 DECKOS 52
000031 READ(5+500) P1(I)y SPECP(I)s FLOWP(I) DECK0S 53
000045 500 FORMAT( 3020,5 ) DECK0S 54
c IF LAST DATA HAS BEEN READ IN START PROCESSING DECKOS 55

000047 IF(P1(I)«6T410000,000) GO TO 125 DECKOS 56
000053 GO TO 100 DECK0S 57
000053 125 CONTINUE DECK0S 58
c DECK0S5 59

c HENCE DETERMINE NUMBER OF DATA SETS READ IN DECKOS 60

000053 NDATA = I=1 DECK05 61
c DECKOS 62

c SET MANOMETER CONSTANTS DECK0S 63

000055 F1 = 0.079570D+00 DECK05 64
000057 F2 = 0,007918D+00 DECKOS 65
c DECKNS 66

c WRITE TITLE AND MANOMETER FACTORS, DECKUS 67

¢ DECKOS 68

000062 WRITE(69600) Fly F2 DECKOS 69
000071 600 FORMAT( 1BHOEXPERIMENTAL DATAs ///, DECKOS 70
1 22H MANOMETER FACTOR F1 =y D2048s /, DECK0S 71

2 22H MANOMETER FACTOR F2 =y D2048y / ) DECK0S5 72

c DECK0S 73

c SET CONVERSION FACTOR FOR MM HG TO DYNES/SQ, CM DECK0S 74

¢ ' DECK0S 75

000073 C = 1,3534100+00 DECK0S 76
000075 G = 9B0,6650D+00 DECK0S 77
000100 cl =6 # C DECK0S 78
c SET DOUBLE PRECISION TWO DECK0S 79

000106 DTWO = 2,000D400 DECK0S 80
c DECKOS 81

c CALCULATE PBAR AND @ CALLED X AND Y IN THIS SUBROUTINE DECKOS 82

000110 DO 110 I=1yNDATA DECK0S5 83
000121 P2 = F1 # SPECP(1) DECKNS B4
000127 P3 = F1 # FLOWP(T) DECKOS 85
000135 U = F2 # FLOWP(T) DECKDS B6
000143 P = PL(I) + P2 + P3/DTHWO DECKOS 87
000167 Y(I) = U#P/P2 DECK0S 88
000204 X( 1) = C1 # ( PLII) + P2/DTWO ) DECK0S 89
_ 000231 110 CONTINUE DECKUS 90




C WRITE DATAAND CALCULATED RESULTS PECKNS 92

——000056—— IF (NPARAMCFQ,. 4) YNEW

000234 WRITE(6+620) DECK05 93
Qﬁﬁ244 P20 FORMATLIHO 93X 1 HTI+ S5 X1 SHOUTLET PRESSURE ¢ 3Xe17H SPECIMEN DELTA P, DECKnS 24
12X+ 1 THFLOWMETER DELTA FPe8Xe14HPBARITXe1HQy /7 ) DECKOS 95
0600243 DO 120 I=1loNDATA , DECKOS 96
000244 WRITE(6+640) I, P1(I)e SPECP(I)s FLOWP(I)s X(I)y Y(I) ' DECKn® 97
000272 120 CONTINUE DECKnS 98
000274 640 FORMAT( I545D20.8 ) DECKnS 99
000274 999 CONTINUE DECKuS 100
000274 RETURN DECKpS 101
000275 END DECK0S log
c - DECK(6 é

UNUSED COMPILER SPACE

017100

SUBROUTINE CHECK( NPARAMs NDATA) DECKnS& 3
c DECKo6A 4
(3403503 3540 S0 40 3 41 A A0 4R AP 4R SR 3H B0 00 b A S SRR SR SRR AR AR S R R R R R AR BRSNS BB p Rt R eaRaer DECKOG )
Ot db it B abie widapnannt DECKO6 f
(44 36 40 S0 06 45 31 20 45 41 VERSION 26 APRIL 1970 wiBaRdRde DECKOS 7
ol a 20 L 22 1 21 st Rgd DECKOA 8
a2 T AT A L s L L A A L L L L S L e L L L oY o ol 1T Q
c DECKa6 10
C CHECK CALCULATES VALUES OF @ BASED ON CURRENT VALUES OF DECKoR 11
C Al Bl A2 B2 AS CHECK ON ACCURACY OF ITERATION DECKnG 12
C THE DIFFERENCE BFTWEEN THE ORIGINAL VALUES OF Q AND DECKOA 13
C THE NEW VALUES OrF Q ARE WRITTEN DECKo®e l4
C DECKa6 15
c DECKn&a 16
C LABELED COMMON STORAGE DECKne 17
000004 COMMON DECKOA 18
P/BLOCKP/ PARAM( &) DECKo& 19
X/8.0CKX/ X(200) DECKp®& 20
Y/BLOCKY/ Y(200) DECKn& 2]
000004 DOURLE PRECISION DIFF DECKn6 2e
000004 DOURLE PRECISION PARAM DECKyoe 23
000004 DOUBLE PRECISION TEMP1 DECKo & 24
000004 DOURLE PRECISION TEMPZ2 DECKp6 25
000004 DOUBLE PRECISION TEMP3 DECKO6 26
000004 DOUBLE PRECISION X DECKo& 27
000004 DOUBLE PRECISION Y DECKas 28
000004 DOURBLE PRECISION YNEW DECKo& 29
C DECKn& 30
c WRITE TITLE OF QUTPUT ) DECKNA 31
c DECKo6 32
000004 WRITE (6+600) DECK0 6 33
a00007 600 FORMAT(25H0SUBROUTINE CHECK ENTERED, /7 ) DECKa6 34
c DECKn®& 35
c WRITE NEW VALUES OF Q@ AND DIFFERENCES DECKD® 36
C DECKn6& 37
000011 WRITE(69610) , DECKn& 38
000014 610 FORMAT(4X o 1HIs 12Xse 5H PBARe 16Xe 2H Qo 16Xs SHNEW Qy 12X DECK@® 39
1 10HDIFFERENCE, / ) : DECKo6 440
C DECKoA 41
600016 DO 100 I=lyNDATA DECKnS 42
000022 TEMP1 = PARAM(1)#X(I) + PARAM(2) DECKpé 43
000033 TEMP2 = PARAM(3)#X(I) + PARAM(4) DECKoé 44
_N0004% TEMP3 = PARAM(5)#X(I) + PARAM(6) DECK@6 45

(TEMP1#TEMP2) / (TEMP1+TEMP2) DECK06 46




000107 T1F(NPARAMJEQ, 6) YNFW = (TEMP1#TEMP2#TEMP3)/ DECKo6 47
I (TEMPZHTEMP I 3 TEMPI#TEMP2 + TEMPI#TEMP3)— DECKO6 48
000160 DIFF = Y(I) = YNEW DECKgé 49
000167 WRITE(Re620) To X(I)de Y(I)s YNEW, DECKgé 50
000206 620 FORMAT( IS5 1P4D20+6 ) DECKO6 51
000210 100 CONTINUE DECKo6 52
C DECKo6 53
c DECKG6 54
poozlz RETURN DECKO6 58
poozlz END DECKo6 56
c DECKGSE 4
UNUSED COMPILER SPACE
017400
SUBROUTINE OPTALP (NPARAMyNDATAALPHANV ) DECKoR 3
c DECKgo8 4
C#*%%ﬂ'*%Ht'*%**##ﬁ####*#%##**%#*ﬁ##****%#*#**%#Q***#****#%%###**ﬁ%*-ﬂ-***#*% DECKOR &
CHuasanadny wiERapRERE DECKORA 6
Ot dtdbirdtirie i it VERSION 10 MAY sntspnends DECKNS 7
84 48 30 40 3 30 38 3444 pitnpwidars DECKOB B
C*#*********#*#**ﬁ#*#*%#*ﬁ*#*#**%%ﬁ##*%*#*#*%#%##*%#*##****##*%%*ﬁ**ﬁ*** DECKOR 9
C DECKgS 10
DECKOS 11
C OPTALP IS USED To FIND THE OPTIMUM VALUE OF ALPHA TO DECK(B 12
c MINIMISE COST FUNCTION V DECKoB 13
c DECKNB l4
000006 COMMON DECKnS 15
D/BLOCKD/ DLTA( 6) DECKD8 16
P/RLOCKP/ PARAM( &) DECKO® 17
X/RLOCKX/ X(200) DECKo8 18
Y/RLOCKY/Z Y(200) DECKnSB 19
c DECKaR 20
000006 DIMENSION F (200) DECKnB 21
000006 DIMENSION TPARAM( 6) DECKo8 22
000006 DOUBLE PRECISION ALPHA DECKeB 23
000006 DOUBLE PRECISION DLTA DECKoB 24
000006 . DOUBLE PRECISION ERROR DECK0B 25
000006 DOUBLE PRECISION F DECKoB 26
000006 DOUBLE PRECISION PARAM DECKy® 27
) DOUBLE PRECISION TEMP1 DECKnS8 28
000006 DOUBLE PRECISION TEMP2 DECKnB8 29
000006 DOURLE PRECISION TEMP3 DECKa8 30
000006 DOUBLE PRECISION TPARAM DECKNS 31
000006 DOURLE PRECISION V DECKoB Az
600006 DOURLE PRECISION X DECKS 33
oopooe DOURLE PRECISION Y DECK(B 34
c DECKp8 35
c CALCULATE CURRENT VALUES OF PARAMETERS DECK0S8 36
000006 DO 105 I=1sNPARAM DECKD8 37
000015 TPARAM(I) = PARAM(I) + ALPHA®DLTA(I) DECKnS 38
oooo026 105 CONTINUE DECK(8 39
c DECK08 40
000030 vV = 0,0000400 DECKOB 41
¢ DECKoB 42
000035 DO 100 I=1sNDATA DECKo8 43
000051 TEMP1 = TPARAM(1)#X (1) + TPARAM(2) DECKo8 b4
000063 TEMP2 = TPARAM()#X(I) + TPARAM(4) DECK(B 45
000075 TEMP3 = TPARAM(S)#X(I) « TPARAM(6) DECK0B 46
C DECK0S8 47
000107 IF (NPARAMSFEQ,. 4) F(I) = (TEMPI#TEMP2)/(TEMP1+TEMP2) — DECK(8 48—




000140 ~ JF(NPARAMSEQ: ) F{I) = (TEMPIWTEMP2RTEMPI) /— —  —— —— —— DECKHB —-
o 1 (TEMP2#TEMP3 + TEMPLI#TEMP3 + TEMP1#TEMP2) -

T HENCE NORMCaN-BF CALCULATED = DECKOSB 51
000213 ERROR = Y(I) = F(I) T DEEks—  —82
000221 V = V + ERROR#ERROR DECKDS 53
000232 100 CONTINUE DECKpa 54

c : DECKaR 55
000235 RETURN DECKO8 56
pOD235 END DECKoB 57
¢ DECK12 2
UUNUSED COMPILER SPACE
017300
SUBRDUTINE SUMARY(IDATA. ITCNT. NPARAM) DECK12 3
C 4 DECK12 4
Gt i B o 2 SR S AP E R S A A RSP SRS R R R U R R R B R R BB R DO H R B BB RSN RRSE DECKL 2 &
oLd 2 LT e BHSpRRARRS DECK) 2 &
CoRiitdt s VERSION 10 MAY 1670 saupparnsr NECK]2 I4
CHrieastnass #daednie DECK]2 8
g*###%ﬁ#*ﬁ#*#*#**#*%#*%###%*#*#*#**#**###%%ﬁ*%#%*%#%*#%**%%%&*%%%**##### DECK] 2 G
C DECK1Z 10
C DECK1? i1
c SUMARY LISTS SUMMARY OF ITERATIONS DECK12 12
000005 COMMON DECK12 13
M/RLOCKM/ ALPMIN(}128)y VMIN(128)s GRAD(128) DECK12 14
T/BRLOCKT/ TPARAM(128s 6) DECK1Z 18
C PDECK1?2 16
000005 DOUBLE PRECISION ALPMIN DECK12 17
0oo00% DOURLE PRECISION GRAD NECK12 18
000005 DOURLE PRECISION TPARAM DECK12 19
000005 DOUBLE PRECISION VMIN DECK12 20
c DECK)Y2 21
0ooo0s WRITE(6¢600) INATA DECK12 22
coonl2 600 FORMAT(42H1SUMMARY OF ITERATIONS FOR DATA SET NUMBER, I10n ) DECK1Z2 23
DECK12 24
000014 WRITE(64620) DECK12 2%
000020 620 FORMAT( 4HO  T97Xe DECK12 26
1 6H ALPHA, PECK12 27
2 21H COST FUNCTION, DECK12 28
3 14H GRADIENT, DECK12 2%
4 13H Al ' DECK12 30
5 13H Bl ’ DECK12 3)
6 13H ‘A2 » DECK12 32
7 13H B2 ’ DECK12 33
8 13H A3 ’ DECK12 34
9 13K B3 s /7 ) DECK1Z2 35
c DECK12 36
C CYCLE SUMMARY OF ITERATION DECK1R 37
000022 IND = ITCNT + 1 DECK12 38
600024 DO 100 I=lyeIND DECK12 39
00002% IT=1~1 DECK12 40
000026 WRITE(69630) ITy ALPMIN(I)s VMIN(I) GRAD(I), DECK12 41
1 (TRARAM{IsJ) s J=1yNPARAM) DECKL2 42
000072 100 CONTINUE DECKl?2 43
000078 630 FORMAT( 1X9 I3y 1PD1544s 1PD21+12s1PD1344+1P6D13,5 ) DECK)?2 44
C DECK1R2 4%
c DECK1Z2 46
- — — DECK12 &7
- 000075 ~ — RETWRNG— — o — ~ ~—~ — — — —— —— — — — _____DECK)2 = 48
000078 END T ———DEEK}2 49 000000 T T T

49

“‘*4‘*“\74523Kﬁg ;;sg;:i;:r:i:%;:f;:r*u“¥



e T T T T DECKYY— 2. I
UNUSED COMPILER SPACE o
017600

SURROUTINE AFDUR( NPARAM, NDATA ) DECK14 3

c DECK14 4

C####******#%#****ﬁ**###*%%**%**%%'IHD-&ﬁ#**#*****#%**%***#***##*****%%*#*# DﬁCK}‘Q o)

2 LT YTt pudasnrane DECK14 6

(45 35 34 80 90 4020 B0 0 81 VERSION 1% MAY 1970 wndanttnes DECK1IA 7

(S 4 dh b ot #adpdhardsd DECKL4 23

c#**%**%*ﬁ**%#ﬁ***%“%4@**#*ﬁ#**#*#*#*%**%**%%G#***#%*%***%*********H*#%ﬂ# DECK14 9

C DECK14 10

ot DECK14 11

C AFOUR CALCULATES A MATRIX WHICH IS RECTANGULAR (N#4) NECK14 12

C AFOUR ALSO CALCULATES Y VECTOR DECK14 13

¢ RDSH 1S RECIPROCAL OF DENOMINATOR SQUARED DECK14 14

C ‘ DECK14 15

C PDECK14 16

C LABFLLED COMMON DECLARATIONS DECK14 17

000004 COMMON DECK14 18

A/RLOCKA/ A(Z200.0 6) DECK14 19

P/RLOCKP/ PARAM( &) DECK14 20

X/7BLOCKX/ X(200) DECK14 21

Y/BRLOCKY/ Y (200) DECK14 22

V/7rlLOCKV/Z YVIZ00) DECK14 23

C DECK14 24

000004 DOURBLE PRECISION A DECK14 25

Qo0004 DOURLF PRECISION PARAM DECK14 26

000004 DOURLE PRECISION DONE DECK14 2t

000004 DOURLE PRECISION RDSQ DECK14 28

000004 NOUBLE PRECISION TEMP] DECK14 29

600004 DOURLE PRECISION TEMP2 DECK14 39

000004 DOURLE PRECISION TEMP3 DECK1 4 3l

000004 DOURLE PRECISION TEMP4 DECK1 4 3z

000004 poueLE PRECISION TEMPS DECK14 33

000004 DOUBLE PRECISION X DECK]14 34

000004 DOURLE PRECISION Y DECK14 3%

000004 DOUBLE PRECISION YV DECK14 36

C DECK14 37

C SET DOUBLE PRECISION ONE DECK14 38

p00G04 DONE = 1.000D+00 DECK14 39

c DECK14 40

0o0006 DO 160 I=l«NDATA DECK14 41

0e0020 TEMP1 = PARAM{1)#X(I) + PARAM(2) DECK1 4 42

600032 TEMP? = PARAM(3)#X(1) ¢ PARAM(4) DECK14 43

000044 TEMP3 = TEMP1 + TEMPZ DECK14 44

0o00ns3 TEMP4 = TEMP3 # TEMP3 NDECK14 &5

000061 RDSG = DONE / TEMP4 DECK14 46

000073 A{ls2) = TEMPZ # TEMPZ % RDSQ NDECK1 4 47

000104 AlTal) = A(Te2) # X(I) DECKI4 48

000112 A(Is4) = TEMP1 # TEMPl # RDSQ DECK] & 49

p00122 A{Te3) = A(T94y) # X(I) DECK1l4 -1¢]

000130 TEMPS = (TEMP1#TEMP2) /TEMP3 DECK14 5]

000151 YV(Iy = Y(I) =~ TFMPS DECK1 4 52

000157 160 CONTINUE DECK1 4 53

> DECK1i4 5S4

C PECK1 4 55

000167 RETURN DECKl4 56

000167 _END - Y — — DECK14 57
c DECK] 6 e —




UNUSED COMPILER SPacF - e T e e

017500

-~ SUBROUTINE ASIX( NPARAM, NDATA ) DECK16 3

¢ , DECK16 4

c*ﬁ-#*#%&#*%##*%%*****#%%%*%*%##%%%%ﬁ*%#%#*####%%**#**%#*****%#ﬁ*%##%*%*** DECKl{, 5

8 4696 80 40 R S oF 8 pRdgHRRHNe DECK] S &

s A 2L L LT YT VERSION 15 ™MAY 1970 widpsrtaes DECKLIA 7

CHaRisatty whdanhinen DECKLA 8

C**%***%ﬁﬂ-*ﬂ-##*%HHHH&%*#*ﬁ%**#*ﬁ*###&%%**%**%*%%*#*ﬂ-*##%*#%**ﬂ-***%***ﬂ-ﬂvﬁ# {}ECKl& G

c DECK1# 1¢

' DECK16 11

c ASIX CALCULATES A MATRIX WHICH IS RECTANGULAR (N#6) DECK16 12

c ASTX ALSO CALCULATEA Y VECTOR NECK1& 13

C ROSG IS RECIPROCAL OF DENOMINATOR SQUARED DECK1® 14

c DECK1é6 18

o LABELLED COMMON NECLARATIONS DECK16& 16

000004 COMMON DECK1& 17

A/BLOCKA/ A(200, 6) DECK1& 1&

P/BLLOCKP/ PARAM( &) DECK1A 14

X/78L0CKX/ X(200) DECK16 20

Y/BLOCKY/Z Y(200) DECK]1A 21

V/RLOCKV/Z YV (200 DECK1® 2

c DECK1& 23

000004 DOURBLE PRECISION A DECK16 24

000004 DOURBLE PRECISION DONE DECK16 z25

Do0004 DOURLE PRECISION PARAM DECKI& 26

000004 DOUBLE PRECISION RDEM DECK1& 27

000004 DOURBLE PRECISION RDSQ DECK16 28

000004 NDOURLE PRECISION TEMP) DECK1s 29

000004 DOUBLE PRECISION TEMPZ2 DECK16 30

000004 DOUBLE PRECISION TEMP3 DECK1& 31

000004 DOUBLE PRECISION TEMP4 DECK16 32

000004 DOUBLE PRECISION TEMPS DECK16 33

000004 DOUBLE PRECISION TEMPS DECK1& 34

000004 DOUBLE PRECISION TEMPT DECK16 35

000004 DOUBLE PRECISION TEMPS DECK16 36

000004 DOUBLE PRECISION TEMP9 DECK16& 37

000004 DOURLE PRECISION X DECK16 34

000004 DOURLE PRECISION Y DECK1S 39

000004 DOUBLE PRECISION YV DECK16 40

o DECK16 41

C SFT DOUBLE PRECISION CONSTANT EQUAL TO UNITY DECK1I6 42

o6nooo04 DONE = 1.000D+00 DECK16 43

c DECK1 & 44

000006 DO 160 I=1e+NDATA DECK1& 44

oon023 TEMP] = PARAM(1)#X(1) + PARAM(Z2) DECK1 & 46

000035 TEMP2 = PARAM()#X(]) + PARAM(4) DECK1®& &7

000047 TEMR3 = PARAMI(S)#X(I) + PARAM(6) DECK16 48

000061 TEMP4 = TEMP]L & TEMPI DECK16 49

000067 TEMPS = TEMP2 % TEMP2 DECK1®6 50

000075 TEMP&R = TEMP3I & TEMP3 DECK1 & 51

000103 TEMPT = TEMP2 # TEMP3 + TEMPI#TEMP3 + TEMPI#TEMPZ DECK1#6 LY

000130 TEMPR = TEMP7T & TEMPT DECK16 53

000136 RNSQ = DONE/TEMPE DECK16 54

000150 RDEM = DONE/TEMPT DECK1 6 55

c DECK16& 56

0001673 A(1e2) = TEMPSB # TEMPS6 # RNSQ DECK16 57

000178 —A(Iet)y = TEMP4 % TEMP6 # RDSG  _ _ DECK]® 58
Noo206 A(Te6) = TEMPG W TEMP2Z # RDSH— DECK16 &9 -




—g00217 — — —AtTed)= AtlIe2)y # X(IY T e e

600225

- 000233

000240
000254
000262

000275
000275

UNUSED
017100

000004

000004
000004
0co004

000004
0ooo007

000011
000016
000020

000021

000032

000034
600035
000046
000050
000052
000052

UNUSED
020100

c
c

160

— DECK16 60

COMPI|ER SPACE

e N Re RS

O OO0 O

600

130

550

500
100

A(Ie3) = A(T94) @« X(I) - e —
ALIs5) = A(I.6) # X(I) DECK16 62
TEMPG = TEMP1 # TEMPZ % TEWMP3 % RDEM DECK}6 63
YV(I) = Y(I) - TEMP9 DECK]& 64
CONTINUE DECK16 65
, DECKL6 66
DECK16 67
RETURN DECK16 68
END DECK16 69
SUBROUTINE PQIN(NPARAM¢NDATA) DECK17? 2
SUBROQUTINE PQIN READS IN VALUES OF P AND G ALREADY CALCULATED DECK17 3
FROM EXPERIMENTAL DATA DECK17 4
DECK17 5
LABELLED COMMON DECLARATIONS DECK]7 6
COMMON DECK1?Y 7
P/BLOCKP/ PARAM( &) DECK1? 8
X/BLOCKX/ X(200) DECK17 9
Y/BLOCKY/ Y (200) DECK17 10
DECK17 11
DOURLE PRECISION PARAM DECK17? 12
DOURLE PRECISION X DECK17 13
DOURLE PRECISION Y DECK17 14
DECK]T 15
WRITE(69600) FEBO1A 3
FORMAT( 8H WARNINGs//)» FEBO1A 4
1 254 SUBROUTINE PQ ENTEREDs// FEBO1A 5
2 37H VALUES OF P AND G ALREADY CALCULATEDs// ) FEBO1A 6
DO 130 I=14NPARAM DECK17 16
PARAM(I) = 0,0000D+D0 DECK17 17
CONTINUE DECK1T 18
READ VALUES OF PARAMETERS (PARAM(I)) DECK17 19
READ (59550) (PARAM(I)sI=]1yNPARAM) DECK17 20
DETAIL OF FORMAT FOR READING CONSTANTS  D20.5 DECK17 21
DECIMAL POINT IN COLUMN 11 DECK17 22
D IN COLUMN 17 DECK17 23
SIGN OF EXPONENT IN COLUMN 18 DECK17 24
EXPONENT IN COLUMNS 19 AND 20y RIGHT JUSTIFIED DECK17 25
FORMAT (D2045) DECK17 26
DECK17 27
DO 100 I=)sNDATA DECK) 7 28
READ (59500) X(I),Y(I) JULZ0A 1
FORMAT (2020,8) DECK17 30
CONTINUE DECK17 31
RETURN DECK17 32
END DECKL7 33

COMPILER SPACE



o ~LOAD MAR,  74/11/11a 2021657, " T T e e

FL. REQUIRED TO LOAD 50100
“Fl. REQUIRED TO RUN: 41200
INITIAL TRANSFER TO BARTTWO - 15321

BLOCK ASSIGNMENTS,

BLOCK ADDRESS LENGTH FILE
/8{.0CKA/ 10¢ 4540

/BLOCKC/ 4640 110

/BLOCKD/ 4780 14

/BLOCKS/ 4764 620

/BLOCKM/ 5604 1400

/BLOCKR/ 7204 14

/BLOCKT/ 7220 3000

/BLOCKX/ 12220 620

/BLOCKY/ 130490 620

/BLOCKY / 13660 620

/BLOCKZ/ 14500 620
BARTTWO 18320 5244 L6O
DATAGN 22564 565 LGO
GENSIX 23351 436 LGO
DGELG 24007 723 LGO
DATAIN 24732 2723 LGO
CHECK 27655 272 LGO
OPTALP 30147 1151 LGO
SUMARY 31320 226 L.GO
AFOUR 31546 253 LGO
ASTX 32021 402 LGO
PRIN 32423 121 .GO
/GENVAR, / 32544 ]

SYSTEM 32544 1532 RUNLIB
CPUCPR 34276 171 RUNLIB
DABS 34467 15 RUNLIB
DSART 34504 60 RUNLIB
GETBA 34564 17 RUNLIB
INPUTC 34603 130 RUNLIB
KODER 34733 1303 RUNLIB-
KRAKER 36236 1085 RUNLIB
QUTRTC 37313 72 RUNLIB
REWINM 37405 63 RUNLIB
S10L 37470 1449 RUNLIB
CPUSYS 41130 32 RUNLIB
CPUCPM 41162 4 RUNLIB

ENTRY POINTS,
ENTRY ADDRESS REFERENCES

BARTTWO
BARTTWO s

DATAGN _




DATAGN 22565  BARTTWO. ,"15351

oo BENSIX o o o s o e o oo T T e s s
S GENSTX— 23352 —BARTTWO 18365 - —— — o o o
DGELG
B DOELG —— —— 24010 BARTTWO — 1602}
DATAIN
DATAIN 24733 BARTTWO 15376
CHECK
CHECK 27656  BARTTWO 16072
OPTALP
OPTALP 30150  BARTTWO 15537 15554
SUMARY
SUMARY 31321  BARTTWO 16042
AFOUR
AFOUR 31547  BARTTWO 15646
ASIX
ASIX 32022  BARTTWO 15652
PQIN
PQIN 32424  BARTTWO 15373
SYSTEM
QBNTRY 32566  BARTTWO 15322
END 32670  BARTTWO 16077
DATAGN 23111
GENSIX 23627
DGELG 24540
DATAIN 2523]
CHECK 30071
OPTALP 30406
SUMARY 31417
AFOUR 31737
ASTX 32320
PQIN 32477
EXIT 32712
STOP 32720  BARTTWO 16075
ABNORML, 32730 INPUTC 34663
KODER 36043
KRAKER 37076
OUTPTC 37373
REWINM 37455
SYSTEMC 32745
SYSTEMP 32774
ONTRAP 33007
SYSTEM 33233 DABS 34476
DSGRT 34545
INPUTC 34662
KODER 36042
KRAKER 37046 37053 37075
OUTPTC 37372
REWINM 37454
LOT 34250
COUNTA. 34254
CPUCPR
RECOVR 34276
CPR= 34313 SYSTEM 32607
SETUP, 34313
DABS
DABS 34470  DGELG 24060 24345
DSORT
DSGRT 34505  BARTTWO 16001
GETBA
GETBA 34565  INPUTC 34623

REWINM _ 37413




e e e e U ST T e e s e R

7iNPUTQ | ca32 15387 1836l isser ——

- INPUTC 34605 BARTTWO 15325 15327 15331 18332 15387 15361 15362
T GENSIX——— 23366 2331 23412 23617 23624
23370 23407 23413 23623
DATAIN 24752 24756 24757 24765 24770 24713 24776 24T’
PQIN 32450 32454 32455 32462 32465 32470 32471
KOPER
KODER 34734  OUTPTC 37317 37334
KRAKER
KRAKER 36237  INPUTC 34611 34647
OUTPTC
OUTPTC 37315  BARTTHWO 15337 15403 156417 15434 15451 15827 16055
15341 15405 15424 15440 15516 15530 le0e2
15343 15406 15427 15442 15520 18047 16064
15344 15413 15430 15445 15521 1605} 16067
15401 15416 15433 15450 15525 leode 16070
DATAGN 22573 22621 22626 22640 22675 230467 23054 230¢
22574 22625 22634 2264) 22676 2305] 23057
GENSIX 23360 23376 23401 23423 23456 23577 23604 236
23361 23400 23420 23424 23457 236i] 23607
DGELG 24527 2453) 24532
DATAIN 25016 25022 25172 25200 25205 A5213 25221
25020 25023 25173 25202 25210 2216 25222
CHECK 27663 27670 30046 30053 30060 3063
27664 27671 30050 30056 30062
SUMARY 31327 31332 31340 31353 31365 dléag
31331 31337 31351 31360 31372 314lo
. PQIN 32431 32432
REWINM
REWINM 37406  INPUTC 34630
SIOE
DAT. 37472  INPUTC 34644 34672 34677
KRAKER 37045 37052 37100 37106 37110 37110 37115
OUTPTC 37331 37344 37352
SI0.CTL 37720  SYSTEM 33516
REWINM 37424 37431
INITL. 37751 SYSTEM 33457 33514
INPUTC 34634
OUTPTC 37324
REWINM 37417
SI10. 40021 SYSTEM 3346]
INPUTC 34673
QUTPTC 37351
SI0.END 40540 SYSTEM 33525
REWINM 37433
CI01. 40565  REWINM 37442 37444
RCL1, 40575 SYSTEM 33530
REWINM 37435
OPEN, 40603 - SYSTEM 33701
RDPRU, 40663
BKSPRU. 40703
ADVIN, - 40713 REWINM 37430
POSFI, 40741
MVUWDS, 41100
SYSERR., 41111  INPUTC 34617
CPUSYS
SYS= 41133 SYSTEM 32571 32603 32710 3272% 32742 33424 33543 3374
32577 32708 32715 32741 33376 33536 337490
CPUCPR 34327 34345 34422 34424
- —— — — — __Sl0%& __ 40572 40601 40607 40645 41117

$9™ 1o —_— R — - -
CPM 41162 -




CPUCPR

34325

34334

34412

chucPM

CPM= 41163 SYSTEM

33411



—-FLANE MECHANICS UF TIMBERSY VATA LV NMOAGERNR. 0ol i o — o o o —

NUMBER OF BITS OF DATA IN THIS SET 1o 7 =

PROGRAM IN TEST MODE

INFUT DATA
Al = 1.0000000D+00
Bl = 5.0000000D=01
Az = Z2«0000000D+00
B2 = 1.5000000D+00
Y VALUES
1 X Y
1 DaD*0D 3:,7500000=01
2 202222220=01 B.2662040=01
3 bobbbbb4D=0] 6.7685190=01
4 H.66666TD=0] A,263889D=01
5 8.888R890=0] 9,755291D=-01
& 11111110400 101244210+00
7 1¢3333330+00 14273148D+00
B 1.565856D+00 144217590400
9 1-77777BD+0G0 1.8702860+00
146 20000000400 1.718750D+00



~ FLUID MECHANICS OF TIMBERSs DATA SET NUMBER  —0 — — —

CONVERGENCE VALUE FOR ITERATION IS

INPUT DATA

Al = 2.,00000000D+00

Bl = 1.00000000D+00

A2 = 4400000000000

B2z = 3,00000000D+00
1 PBAR Q
1 0.D+00 3,75000000D=01
2 2.22222222D=01 5,26620370D=01
3 batbbt4644N=01 6,76851852D=01
4 6.6666666TD=01 8,26388889D=01
5 8,88888BA89N=0] 9,755291010=01
6 1111111110400 1,124421300+00
7 1.33333333D+00 1,273148150+00
8 1555555560400 1.,421759260+00
9 1e7TTTTTTTBD400 1,570286200+00

2.00000000D400 1.718750000+00

MAXIMUM NUMBER OF ITERATIONS 1S 127

1.0000000-10



——SUMMARY -OF ITERATIONS FOR DATA SET NUMBER™ ~—~— —0 -~ o — ——— .
1 ALPHA COST FUNCTION GRADIENT AL el a2 Bz A3 T was
0 0.D+00 1.2637187213100+01  8,32090400 2.00000D+00 1.00000D%00 4,00000D+00 3,000000+00
1 1.0000D400  B,558438834462D=49  5,8854D=28 1.000000400 5.000000~01 2,000000+00 14500000400



“VALUES- OF CONSTANTS AFTER 1 ITERATIONS

Al = 1.00000000D+00 - : e e

‘Bl = 5 5,000000000~01 ~
AZ = *s000600000p+00 0 .
B2 = 1.50000000D+00

SUBROUTINE CHECK ENTERED

ekl

DOW~NPAP LN -

fo

PRAR

0.D+00

2:222222D0~0])
40444444D=0]
6+ BEHELTD=0]
B.HBRBRBGND=01]
1,111111D+00
143333330+00
1.585556D+00
17777780400
2.000000D+00

Q

3,7500000~01
5.266204D=01
6,7685190~01
B.2636889D=01
9.7552910=01
11244210+00
14273148D+00
1.421759D+00
1:8702B60D+00
171875%0D+00

NEW @

3.750000D~01
5.266204D~01
6.7685190=01
842638890=01
9.755291D~01
1e124421D+00
1.273148D+00
144217590+00
1.570286D+00
1.718750D+00

DIFFERENCE

 3.BU9BEID=RS

=8,1924720=25
~3+3005940-25
w2 a2T9492D=26
1e9510740=25
2+BBTEH2D=25
2.6561260D=25
1e425756D=25
ﬂﬁn@ﬂl?ﬁ@ﬁ”ab
=34393743D=25



FLULD MECHANICS OF TIMBERSs DATA SET _NUMBER 47002 — :"f‘:"—; e —

__NUMRER OF BITS OF DATA IN THIS SET E——
EXPERIMENTAL DATA
MANOMETER FACTOR F)l = De798700000=01
MANOMETER FACTOR F2 = 0.79180000D=02
1 OUTLET PRESSURE SPECIMEN DELTA P FLOWMETER DELTA P PHRAR G
1 De14250000D+04 0,242000000+03 0210000000402 De190409820407 NelZ247H586D+02
2 012950000D+04 0,23500000D+03 0.21500000D+02 (17311872007 Nall9a7s26n+02
3 De11B870000D+04 0,23500000D+03 0220000000402 0.15878451D+07 0sll24n225n+02
4 0.10650000D+04 0,234000000+03 0.22500000D%02 ND.14258687D+07 De10376913n4+02
5 0,95000000D+03 0.,25500000D+03 0.25500000D%02 0.12743648D+07 0e96654417n+01
6 0.81200000D+03 0,20000000D+03 0.21500000D+02 D.108828120+07 0+88656034N+01]
7 0,68100000D+03 0,24000000D+03 0,27000000D402 1.9165247104+06 NeTB4SSL1UN+01
A 0.51900000D+03 0,218000000+03 0.28000000D+02 0.70034984D+06 D+6B693243n+01
9 0.40500000D+03 0,17350000D%03 0.26000000D+02 0.8466944BD+06 0e62607105D+01
0,37500000D+03 0,214000000+03 0.330000000+02 0.509015810+06 0+603884377n+01
0.239000000+03 0,15800000D+03 D«31000000D+02 0.32555388D+06 Ne4938794Tn+01
0.13900000D+03 0,18450000D+03 0,49000000D+02 0.194229010D+06 Ne4l130078Dn*01
N,67000000D+02 0,17800000D+03 0.72000000D+02 D.SBIZE3T0D+0S 0+33822255n+01
0.59000000D+02 0,20200000D+03 0.86000000D+02 DL.HB9T37390405 0332547190401
0.17000000D+02 0,17200000D+03 0«12600000D%03 0431645453D+05 De26023379D+01)
0.,20000000D+01 0,71000000D*02 D«12400000D+03 0.64035901D+04 De21EB6TI02N*0]



~ FLUID MECHANICS OF TIMBERS, DATA SET NUMBER 47002

NUMBER OF BITS OF DATA IN THIS SET

e — e e e e S —

INPUT DATA
Al = 5.00000000D=05
Bl = 4.00000000D+00
A2 = 5.00000000D=06
B2 = 5.00000000D%00
I PBAR Q
1 1.904098230+06 1,24785B65D+01
2 1.73118717D+06 1,19678263D+01
3 1.58784505D+06 1,12402249D+01
4 1,42586875D+06 1.037691310+01
8 1.27434483D+06 9.665441680+00
& 1.088281220+06 8,865603400+00
7 Q416524T14D+05 7.849511040+00
8 Ta00349844D4+05 6,86932428D+00
9 5466944850405 6,26071047D+00
5.09015805D+05 6,035807720+00
3,255838760405 4,93579466D+00
194229009D+05 4,113007760+00
9.83243700D*04 3,382225480+00
B,.B9T737390D+04 3,325471870+00
3.16454532D+04 2.60233786D+00
6,403590050+03 2.18679018D+00
CONVERGENCE VALUE FOR ITERATION IS 1,000000D=10

MAXIMUM NUMBER OF ITERATIONS 15 127



—AUMMARY O JTERATIONS FPUR DATA SET RNUMBE

“GRADIENT AL

I ALRHA COST FUNCTION -

0. ~1.0000D#00 1:401546853]1990=01 3.87720+05 5400000005 4,000000+00 5.00000D=06 S.0600000+00
1 5.50000D=01 1.0083650659210=01 Te4998D+04 5,721610=05 3,B88034D+00 4.96057D=06 4.75629D+00
2 T«50000=01 9.665039759937D=02 9017730404 6,19333D=05 3,76238D+00 44945200=06 4.55867D+00
3 1, 06000400 9.,5383234526530~02 1.s5478D+03 64,361720=05 3.70766D+00 4.94288D=06 4.563735n+00
4 1.0100D+00 9.5382041309530=02 9.94890~01 6,35433D=05 3,71013D+00 4.943160=06 4,63871D+00
5 1.00000+00 9.53R2041220140=02 2+1938Dm03 6,35423D=05 3,71011D400 4,94316D=06 4.53874D+00
6 7T.80000=01 9.5382041220140=02 4oT787TTD~064 64354230=05 3,710110400 4.94316D=06 44638740400
7 7.8000D=01 9,538204122014D=02 10438D=04 6,35423D-05 3,71011D+00 4.94316D=06 4.53874D+00
8 T.80000~01 F.538204122014D=02 2¢2743D=05 6,354230=05 3,71011D%00 4.94316D=06 4.63874D+00
9 T«80000=01 9,5382041220140=02 4+95250=06 64354230=05 3,71011D+00 4494316D=06 4.63874D+00
10 7.8000D=n01 9,538204122014D=02 140778D=06 6,35423D=05 3,710110+00 4,943160=06 4.63874D+00
11 7.,80000=01 9.5382041220140D~02 2+34450=07 6,354230=05 3,71011D400 4.94316D=06 4.63B74D+00
12 7.8000D=01 9.5382041220140=02 5.09710=08 64354230=05 3,71011D+00 4.94316D=06 4.63B74p+00
13 7.8000D0~01 9.5838204122014D=02 101076D=08 6,35423D-05 3.71011D+00 4,94316D=06 4,463874D+00
14 T8000D=01 9.538204122014D=02 2.4055D=09 6,35423D0=05 3,71011D+00 4.94316D=06 4,A3874D+00
15 T«BOOOD=01 9.5382041220140=02 5422210=10 6435423D=05 3.710110+00 4+94316D=06 4.63874D+00
ié 7.8000D=01 94538204122014D~02 1413330=10 6435423D0=05 3,71011D+400 4.94316D=06 4.6368740+00
17 T«B8000D=01 9.5382041220140D=02 24458TD=11 6,35423D0=05 3,710110+00 4.94316Dm06 4.63874n+00



LA U LU Y MIN . lmb E.“—*WW‘&WW‘ o —— J— . . o
Al = 6.35423050D=05 ~ R ——
Bl = 3. TIoL0652D+00
AZ = 4.943159980=06
B2 = 4+.63873555D+400

SUBROUTINE CHECK ENTERED

k]

ot
DLW NSO -

ook Bk b s
E PV

15

o
o

PBAR

1.904098D+06
1.731187D4+06
1.587845D+06
14425869D+06
1.274345D+06
1.,088281D+06
9,165247D+05
7.003498D+05
54669450405
5,0901580+05
3.255539D+05
1.942290D4+05
9.832437D+04
BeBOT3T74D+04
3.164545D+04
6+403590D+03

Q

1.247859D+01
1.196783D+01
1.1240220+01
10376910401
9.6654420+00
B.8656030+00
T7+849511D+00
6.8693240+00
6.260710D+00
6,035808D+00
44935795D+00
4,113008D+00
3,382225D+00
3,3254720+00
2,602338D+00
2.1867900+00

NEW Q

1e262809D+01
1182410D+01
1.115592D+01
1:039848D+01
F.686857D+00
8.807308D+00
Te98T089D+00
69353790400
6e16417T7TD+00
5.9701220+00
4+9741190+00
44150989D+00
3+383478D+00
342927010+ 00
2:¢6086490D+00
2+1881360+00

DIFFERENCE

=144950790=01
1+437214D=01
B,430173D=02
-Z+1567170=02
=2e141572Dm02
5.829532D=02
=1+375481D=01
b 605504002
9.653386D=02
6.568590D=02
~3.8324820=02
=3.798094D=02
=-142820410-03
3.277125D=02
~6+311441D=03
=1+346241D=03





