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ABSTRACT

We have developed a simple model of the air permeability of
paper and shown that it is in reasonable agreement with experi-
mental results for softwood chemical pulps. The permeability is
given as a function of fibre external height and width and fibre
volume fraction including the lumen volume if present. The most
important conclusion from the model is that the average fibre
thickness in the paper is the critical fibre property controlling
air permeability. In fact, the theory predicts that the sheet per-
meability is roughly proportional to the fourth power of the fibre
thickness.

INTRODUCTION

Air permeability is an important property in the conversion of sack paper,
i.e., high air permeability facilitates the removal of entrained air during filling
of the sack. It is one of the two key properties of sack paper, the other being
tensile energy absorption. A desirable goal from the fundamental point of
view is to predict the permeability of paper from basic fibre properties using a
simple model.

The modeling of air permeability of paper has historically been an applica-
tion of the Kozeny-Carman equation which models the paper structure as a
bundle of parallel identical cylindrical capillaries oriented in the direction of
the air flow. The apparent flow through the sheet is given as a function of the
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void volume fraction, the radius of the capillaries, and a tortuosity factor to
account for the fact that the real flow channels are non-uniform and not
parallel. The limitation here is that the fibre parameters leading to the given
permeability cannot be deduced from the assumed pore radius and that the
tortuosity factor for anisotropic porous media such as paper cannot be
deduced from first principles and becomes in many cases a factor to fit
theoretical data to experimental data.

In recent times, permeability modeling consists of a fibre network, con-
structed by numerical algorithms, and a calculation of the flow through the
network by lattice-Boltzmann hydrodynamics [1, 2]. The limitation is that the
accuracy of the calculations depends on the size of the simulation box of
fibres which puts serious demands on the computing power available. Also,
the results of the calculations must be interpreted carefully to extract a
clearer understanding of the permeability of paper.

Another recent approach is to construct a two-dimensional matrix of infin-
itely long solid rods of different cross-section (circular, elliptical, or rect-
angular) and calculate the creeping flow through these structures [3–5]. In this
case, the Navier-Stokes equations for creeping flow are solved either analytic-
ally or numerically so that no resolution problems are incurred. Rectangular
fibres appear to be the best approximation to flattened wood fibres [6].
Nilsson and Stenstrom [5] in 1997 calculated using the numerical approach
the permeabilities through a regular array of parallel non-contacting rect-
angular fibres of width-to-thickness ratio of 3.5 and found the results to be in
good agreement with measured permeabilities through handsheets of
unbeaten softwood kraft over a range of porosity levels (void volume fraction
0.5–0.9). In 2001, Nilsson [7] presented a simple model of fluid permeability
using Poiseuille’s equation for the rectangular channels through the array of
rectangular fibres considered in [5] and found the results to be in excellent
agreement with the rigorous solution of Navier-Stokes equations for creeping
flow [5].

In this report, the Nilsson model is utilized but with a somewhat more
realistic model of paper as planar arrays of parallel rectangular fibres con-
tacting each other with alternative arrays oriented at right angles to each
other. This more physical approach assumes firstly an explicit fibre structure
which leads to an explicit pore structure through which air permeates. This
model of paper structure is the same as that adopted by Page and Seth in
their work on elastic modulus of paper [8]. Although reference [1] has shown
that permeability is affected significantly with z-directional fibre orientation,
the model used here assumes no z-directional fibre orientation since the litera-
ture indicates for sheets made at low consistency little such orientation of the
fibres as a whole although small segments may orient into the z-direction. In
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addition the model utilizes a regular array of fibres and therefore does not
consider the effects on permeability of pulp fines, paper formation, and fibre
orientation. This paper explores the permeability calculated from this model
in relation to experimental values for sheet and fibre properties of various
softwood chemical pulps.

MODEL

Theory

The fluid flow through a porous structure is assumed generally to follow
Darcy’s equation:

V is the fluid flow velocity (m/s) in the z-direction, Q is the volumetric flow
(m3/s), A is the cross-sectional area of flow (m2), μ is the viscosity of the fluid
(N·s/m2), dp/dz is the gradient of pressure in the z-direction (Pa/m2), and K is
termed the permeability coefficient or constant (m2) of the structure. The air
permeability constant, K, of a sheet of paper may be calculated knowing the
Gurley or Parker air volumetric flow (e.g., mL/s), the viscosity of air, the
caliper of the sheet, and the pressure drop and sheet area used by the Gurley
or Parker instrument.

Figure 1a shows the model paper structure for which the goal is to calculate
the permeability constant K from the air flow in the transverse and in-plane
directions. In Figure 1b of the model of paper structure, B is the distance
between fibre centres (m), and b and h are the external fibre width (m) and
thickness (m), respectively. Note that z-directional flow through the sheet is
just a multiple of the flow through the elementary or repeating cross-sectional
area B2. In the model, the fibre length is considered very much greater than B,
b, and h and its effect is ignored. In Figures 1a and 1b, the fibres are truncated
for clarity of presentation. It is recognized that b and h are functions of the
fibre morphology and the consolidation of the paper structure. For an actual
fibre, a lumen void may exist within the external dimensions. It is easily shown
for one layer of fibres that the fibre volume fraction, � is given by (bhL)/(BhL)
where L is the fibre length, or simply b/B. Since all layers of fibres are identi-
cal, � for the whole structure is also b/B.

The apparent z-directional fluid flow through the structure in Figure 1b is
considered to be made up of two microscopic flows: a transverse flow in the
square channel, defined in cross-section by the free fibre length (B-b) for the
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square side, and in length by h; and an in-plane flow in two opposite rect-
angular channels, defined in cross-section by length (B-b) and width h, and in
depth by b/2. The apparent flow v is considered to be through the square area
defined by side B.

Figure 1a. Model geometry (three-dimensional view).

Figure 1b. Model geometry.
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Hagen-Poiseuille flow of an incompressible viscous fluid is assumed for air
permeation within the pore structure of the paper. The compressibility of air
can be ignored since the total pressure drop in the air permeability testers,
such as the Gurley densometer, used for air permeability testing of paper are
well within the limit of 2 kPa for a volume change of 1 % [9]. The pressure
drop within the paper pores is much less than the total drop across the paper
thickness. The volumetric flow rate Q of an incompressible viscous fluid of
mean velocity v in a rectangular channel of cross-section defined by long
dimension c and short dimension d is given by the equation [10];

where dp/dz is the pressure gradient in the z-direction, the direction of flow.
F(c/d) is a function of the c/d ratio [10]:

For c � d, F approaches unity, and for c/d = 1, i.e, a square channel, F = 0.42
approximately.

Thus, using equation 2, the transverse volumetric flow by the pressure
gradient Δ P1/h is given by

where the left side of the equation is the apparent macroscopic flow through
the elementary area B2 and the right side is the actual microscopic flow
through the pore area (B-b)2. The value of F, i.e. equation 3, for this flow, F1,
is equal to 0.42 since the pore area is square with side (B-b).

In the next layer below, the transverse microscopic flow above is split into
two in-plane microscopic flows by a pressure gradient ΔP2/(b/2) through two
rectangular channels. This statement is equivalent to the following equation

where F2 = F ((B-b)/h). For the range of sheet apparent density and range of
b and h considered in the case studies given later, (B-b)/h is roughly 7, and F2
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is therefore approximately 0.9. As a matter of fact, F2 varies little with (B-b)/
h, having the values 1 to 0.8 for values of (B-b)/h from infinity to 3.

Finally, the macroscopic flow through the two elementary layers is
considered an application of Darcy’s equation as follows

Combining equations 4, 5, and 6, one obtains

where � = b/B in the model. The first term in the right side of equation 7 is
due to the transverse flow and the second term is due to the in-plane flow.
Note that the numerical values of F1 and F2 have been inserted in this
equation.

The calculation of the experimental value of the fibre fraction, �, from
simply the ratio of sheet density and cell wall density tends to underestimate
� since the lumen volume if present is not accessible to air flow and lowers
sheet density. The ratio of the lumen cross-sectional area, LA, to the cell wall
area, A, can vary from zero to 0.6 times for well beaten to unbeaten softwood
kraft according to unpublished results of Jang [10]. In general, � can be
expressed as (1 + LA/A)ρ/ρf where ρ = sheet density and ρf is cell wall density
(here 1.55 g/cm3). It will be shown that the second term of equation 7 is the
dominant term and it can be shown that this term is relatively insensitive to
the value of � around the usual value of � ∼ 0.5.

For flattened fibres in a planar sheet of randomly oriented fibres, Perkins
[12] derives the centroidal distance (m) between fibres, B, as;

where b is the fibre width (m), ρ is the sheet density (kg/m3) and ρf is cell wall
density (kg/m3). The above analysis of the model for orthogonally oriented
fibres gives B = b ρf /ρ for flattened fibres with no lumen volume. The close
agreement of values of the centroidal distance, B ≈ 0.8 b ρf /ρ for random
sheets, and b ρf /ρ for the model here, indicates that the assumption of a
network of orthogonally oriented fibres gives relations similar to a network
of randomly oriented fibres.
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At this point, it is instructive to insert typical values of fibre parameters in
equation 7 to see the relative value of the two terms in this equation, and to
see if a reasonable value of the permeability constant, K, results. For
unbeaten black spruce [13], values of h were measured as 6.5 μm at standard
wet pressing pressure. Assuming a fibre perimeter of 80 μm, b becomes
33.5 μm. The sheet density was 0.58 g/cm3. For unbeaten pulp, LA/A is
approximately 0.6 so that � equals 0.60. Therefore 1/K can be calculated from
equation 7 as:

The first term representing the resistance of the model fibre structure to the
transverse microscopic flow is quite small compared to the second term which
represents the resistance of the structure to the in-plane microscopic flow.
This is because the ratio of the second flow to the first flow is roughly pro-
portional to (h/b)4 which is much less than unity since h<<b. Since the
microscopic transverse and in-plane flows are in series, the in-plane flow,
being by far the smallest, is the limiting flow. This means that the per-
meability of the paper is largely determined by the fibre thickness which
controls the microscopic in-plane flow component of the apparent flow. The
importance of fibre thickness in determining fibre sheet properties has been
pointed out by Sampson and Urquhart [14] for pore size distribution and by
Termonia [15] for permeability. This also explains why the analysis of the
transverse flow component only by Corte and Lloyd was not very fruitful in
modeling the air permeability of paper [16]. From equation 9, K = 2.2 × 10−13

m2 which agrees roughly with values quoted in the literature [2, 5].
In the above calculation, 80 μm was assumed as the perimeter of a fibre.

The value of 80 μm follows from the work of Seth [17] on low yield softwood
kraft pulps who found using image analysis techniques that the fibre wall
thickness was proportional to the fibre coarseness. The proportionality factor
gives a constant fibre perimeter of about 80 μm (±10 %) for the eight different
softwood species considered by Seth. More recent work by Seth [6] using
confocal laser scanning microscopy (CLSM) gives mean fibre outer perim-
eters of 68 to 86 μm for six softwood kraft pulp species. For simplicity, the
assumption of a softwood kraft perimeter of 80 μm will be used for all
softwood chemical fibres discussed in this report. It is also noted that with
flattened fibres b>>h so that fractional change in b with wet pressing or
refining is very much less than the fractional change in h.

Some limitations of the model may be specified here. It assumes no deflec-
tion by wet pressing of the fibres from their initial plane into adjacent layers
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of fibres which would restrict flow further. It also assumes no corrections for
abrupt changes in flow directions from transverse to in-plane and back to
transverse. Finally, it does not account for the significant influence of fines on
air permeability.

MODEL VALIDATION

To validate the model, one needs to compare the experimental permeability
of a paper to the theoretical permeability predicted using equation 7 and
values of b, h, and � for that paper. There are little data in the literature on the
air permeability of paper as well as the cross-sectional dimensions of fibres
and the fibre fraction of that paper. However, four case studies follow, using
both published and unpublished data.

Case 1

The only published work which contains values of fibre thickness of chemical
pulp at various wet pressing pressures and sheet density is that of Görres et
al. [13] for the long fibre fraction (14/28 Bauer-McNett) of eastern Canadian
softwood kraft pulp. Fibre thickness was measured using a stylus profilom-
eter. The relation between Gurley flow Q (mL/s), sheet grammage G (g/m2)
and sheet density ρ (g/cm3) and the permeability K (m2) is assumed to follow
the modified form of Darcy’s law, equation 1, as follows:

where A is the measurement (apparent) area of the Gurley instrument
(6.45 × 10−4 m2), the pressure drop is 1.22 × 103 Pa/m2, sheet thickness = sheet
grammage/density, and μ is 1.8 × 10−5 N·s/m2 for air at room temperature.
Putting this together, we obtain

The data from reference 13 are summarized in Table I.
A model Gurley flow was calculated for each pressure with equations 7 and

11 using the data in Table I. Figure 2 shows that the calculated Gurley flow
follows the same trend with sheet density as the experimental value. The
calculated values are generally higher but the experimental values are well
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within the error bars calculated from assuming the fibre thickness to be ± 2
μm [13] of the mean value in Table I. The lack of closer agreement of the
calculated and experimental values is a result of the limitations and assump-
tions in such a simple model and error in the values of fibre thickness and
sheet properties. Among other limitations, the model does not include deflec-
tion of fibres in the thickness direction which would result in smaller but
more in-plane channels and hence smaller flow values possibly. Equation 7 is
very sensitive to the value of h (fibre thickness). The fibre thickness value in
Table 1 if smaller would give better agreement in Figure 2. This agrees with

Figure 2. Comparison of calculated Gurley air permeability with experimental
values of Eastern Canadian softwood kraft [13].

Table I. Fibre and sheet properties from Gorres et al. [13] of the long fibre fraction
of eastern Canadian softwood kraft. The mean fibre thickness values have a standard
deviation of about 2 μm.

Pressure
kPa

Mean fibre
thickness μm

Grammage
g/m2

Sheet density
g/cm3

Gurley flow*
mL/s

350 6.5 60.3 0.58 42
860 5.5 60.6 0.67 20
2240 4.2 60.5 0.70 13
4830 3.9 60.7 0.75 7

* Unpublished data from R. Amiri, Paprican.
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the conclusion of Görres et al. [13] that their fibre thickness values were on
the high side.

Case 2

Never dried unbleached kraft pulps of different species and coarseness
values were refined in a PFI mill to various freeness values and the resulting
pulp and handsheet properties measured [17]. As the pulp is refined, the
fibres will collapse more under standard wet pressing conditions. Jang using
CLSM has shown that the ratio of lumen area to fibre wall area (LA/A) for
black spruce kraft pulp beaten for 0, 1000, and 4000 PFI revolutions was 0.6,
0.4, and 0.2, respectively [11]. No freeness values were available. To obtain
freeness values corresponding to these PFI revolutions, unpublished data
from the work of reference [17] on a black spruce pulp of similar yield were
used. These PFI revolutions of 0, 1000, and 4000 correspond to about 700,
660 and 570 CSF, respectively. The assumption is made that these freeness
values are valid for this analysis. Jang also found that a western Canadian
softwood kraft beaten to 250 CSF had a value of LA/A of 0.01 [18]. The
assumption will be made that the LA/A at the given freeness values above is
the same for all softwood kraft pulps considered here. This assumption is
supported by the conclusion of Jang and Seth [6] that wood pulp fibres of
different species prepared similarly by the kraft chemical process have similar
collapse behaviours.

For a rectangular fibre of a given double wall thickness, t2w, and outer
dimensions b and h, LA = (b-t2w)(h-t2w) and A = bh-LA. Thus,

Using values of LA/A of 0.6, 0.4, 0.2 and 0.0 above, values of t2w from [17],
and assuming the fibre perimeter, 2b + 2h, equals 80 μm for all softwood
fibres, values of h may be calculated from equation 12 for LA/A.

Table II below gives the values of coarseness, C, t2w and interpolated values
of Gurley flow for 600 and 450 CSF along with the values of the model
rectangular fibre thickness, h, calculated from equation 12 above. The values
of Gurley flow, model fibre thickness, h, and sheet density at 600 and 450
CSF are interpolated from plots of flow, h and sheet density versus freeness
over 700 to 250 CSF. The experimental values of freeness, sheet density and
Gurley flow used are from unpublished data of reference [17].

In Figure 3, the experimental values of Gurley flow at 600 and 450 CSF for
the various pulps are compared to values calculated from equations 7 and 11
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using the data in Table II. A grammage of 60 g/m2 was assumed in this
calculation since standard handsheet data were used. The calculated values
of Gurley flow at 600 CSF lie about 20% below the measured values indicat-
ing that the calculated values of h are slightly too small. The agreement of
the calculated and measured values at 450 CSF is somewhat fortuitous. The
effect of fines and fibre deflection in the z-direction may reduce the measured
Gurley flow to match the calculated value which is based on fibres only.
Nevertheless, the agreement of calculated and measured values of flow as
well as their trend with coarseness is reasonable considering the assumptions
made. It is also apparent from the graph and table that increasing coarseness
increases Gurley flow particularly at the higher freeness. Based on the model,
this is due in part to the greater change in fibre thickness with increasing
coarseness at 600 CSF versus 450 CSF. At the lower freeness, the fibre has
collapsed to the point that the lumen area is quite small and does not affect
fibre thickness.

Table II. Properties of softwood kraft pulps.

Western red
cedar

Black
spruce

Douglas
fir

Jack
pine

Sitka
spruce

Loblolly
pine

C, μg/m 100 123 189 137 155 195
t2w, um 1.65 2.26 3.39 2.48 2.86 3.49

Gurley flow
mL/s

600 CSF 1.3 6 22 8.8 10 28

Gurley flow
mL/s

450 CSF 0.5 2 13 3 2 5.2

CSF LA/A h, μm h, μm h, μm h, μm h, μm h, μm

700 0.6 2.7 3.8 5.8 4.2 4.8 6.0
660 0.4 2.5 3.2 5.0 3.6 4.1 5.0
570 0.2 2.0 2.7 4.2 3.0 3.5 4.3
250 0.0 1.7 2.3 3.4 2.5 2.9 3.5
600 2.2 2.8 4.4 3.2 3.7 4.5
450 1.8 2.3 3.5 2.7 3.0 3.6

CSF Sheet density, g/cm3

600 0.69 0.69 0.61 0.69 0.68 0.63
450 0.74 0.73 0.63 0.71 0.71 0.64
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Case 3

A study on high-consistency refining (HCR) of kraft pulp for sack paper also
included atmospheric and pressurized refining of the same pulp [19]. Pressur-
ized HCR gives higher sheet air permeability at the same tensile energy
absorption (TEA) than atmospheric HCR. Table III compares the effect of

Figure 3. Comparison of calculated Gurley air permeability for pulps of different
coarseness and freeness.

Table III. Comparison of the effect of atmospheric and pressurized high consistency
refining (HCR) on air permeability and measured and calculated fibre heights.

Atmospheric HCR 1800
RPM 336 kW·h/t

Pressurized HCR 1800
RPM 391 kW·h/t

Gurley Permeability, mL/s 5.8 32
Grammage, g/m2 93.4 84.3
Apparent density, g/cm3 0.597 0.558
Fibre height by Image
Analysis, μm

5.6 6.4

Standard Deviation, μm 1.0 1.4
Fibre height calculated with
model, μm

3.7 5.5

Paul Shallhorn and Norayr Gurnagul

486 Session 3: Transport and Moisture Interactions



atmospheric and pressurized HCR on Gurley air permeability and the theor-
etical fibre thickness calculated with the model equations to give the meas-
ured Gurley value. A measured value of fibre thickness by image analysis of
the handsheets is also included. The image analysis was done on the scanning
electron micrographs of handsheet cross-sections using Image Pro-Plus
software (version 4.0) from Media Cybernetics.

The agreement between measured and calculated values is satisfactory con-
sidering the large standard deviation of the measured values. Also, the image
analysis signal was filtered to reduce noise so that fibre thicknesses less than
about two microns were not measured; therefore, the actual average measured
fibre thicknesses would be less than the values in Table III and closer in value
to the calculated thicknesses using the model.

It is seen that for the same specific energy pressurized HCR gives a higher
Gurley volumetric flow rate and higher theoretical fibre thickness than the
corresponding values for atmospheric HCR. It is conjectured that the lower
water retention value achieved in pressurized HCR results in a less collapsed
fibres in the bonded state after pressing and drying [19].

Case 4

In a laboratory experiment, unbeaten Douglas Fir kraft pulp was added to
black spruce kraft pulp beaten to 430 mL CSF in a PFI mill. It is noted that
Douglas fir is much coarser and therefore a less collapsible fibre than black
spruce and was expected to make the resulting handsheets more porous.
The mixture of 90% black spruce and 10% Douglas fir resulted in a hand-
sheet increase of Gurley permeability of 70%, from 0.47 (Black Spruce
alone) to 0.80 mL/s of the mixture. This large increase results from the fact
that permeability is predicted by the model to be roughly proportional to
the fourth power of the fibre thickness. This is seen from equation 7 for the
permeability factor, K, where the second term, involving the fourth power
of the fibre thickness (assuming the change in fibre width is not significant),
has shown to be dominant. To determine the effect of the admixture of
Douglas fir to the black spruce on permeability, the mean of the fourth
power of the fibre thickness of the pulp mixture is calculated. This mean of
the mixture will be then compared as a ratio to the fourth power of the fibre
thickness of the black spruce itself. This ratio is predicted by the model to
be similar to the ratio of the Gurley permeabilities of the mixture to black
spruce alone.

The mean of any fibre property, here <h4>, the mean of the fourth power
of the mixture fibre thickness, in such a mixture of two pulps, is calculated
from the theoretical discussion in [20]:

A Simple Model of the Air Permeability of Paper

14th Fundamental Research Symposium, Oxford, September 2009 487



where <h4> is the mean of the fourth power of the mixture fibre thickness,
and λi and hi are the total fibre length and fibre thickness respectively of pulp
is i = 1,2 in the mixture pulp. This expression assumes that fibre collapse
which dictates fibre thickness occurs mainly by wet pressing at fibre crossings
whose number is proportional to the square of the total fibre length of a
given pulp type. Since λi is proportional to wi/Ci, where wi and Ci are the
weight fractions and fibre coarseness respectively of the two component
pulps in the mixture, equation 13 becomes:

Substituting h1 = 2.3 μm (black spruce beaten to 450 CSF), C1 = 123 μg/m,
h2 = 5.8 μm (unbeaten Douglas fir), C2 = 189 μg/m from Table II, and
w1 = 0.9 and w2 = 0.1, <h4> = 51.9 μm4. Therefore, the theoretical ratio of the
permeability of the mixture to that of black spruce alone will be approxi-
mately 51.9/(2.3)4 or 1.9 to be compared to the experimental ratio of (0.80/
0.47) or 1.7. This agreement is satisfactory considering the assumptions
made. This indicates that small admixtures of coarser pulp can give signifi-
cant increases in air permeability because of the fourth power sensitivity of
permeability to fibre thickness. This result has wider implications. In this
work, the effect of the fibre thickness distribution has not been considered.
This distribution, although unknown, has non-negative and finite values of
the ordinate (fibre thickness value extending from the totally collapsed fibre
thickness to the totally uncollapsed fibre thickness), and is likely not skewed
to smaller ordinate values. In this case, <h4> is equal to or greater than <h>4,
the mean raised to the fourth power. Thus, the theoretical values of permea-
bility calculated from the mean alone are likely underestimating the
permeability if the fibre height distribution were to be taken into account.

CONCLUSION

A simple model of the air permeability of paper has been developed and
shown to be in reasonable agreement with experimental results for softwood
chemical pulps considering the simplicity of the model and experimental
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error in the data used for validation. The permeability is given as a function
of fibre external height and width and fibre volume fraction including the
lumen volume if present. The model has no need of an assumption of a
tortuosity factor used in models based on the Kozeny-Carman relation. The
most important conclusion from the model is that the average fibre thickness
in the paper is the critical fibre property controlling air permeability. In fact,
the theory predicts that the sheet permeability is roughly proportional to the
fourth power of the fibre thickness. This result emphasizes the continued
need for the measurement of fibre cross-sectional morphology in paper after
papermaking operations in order to predict properties such as air
permeability.
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A SIMPLE MODEL OF THE AIR
PERMEABILITY OF PAPER

Paul Shallhorn and Norayr Gurnagul

FPInnovations – Paprican Division, 570 St. John’s Blvd.,
Pointe-Claire, QC, Canada H9R 3J9

Roger Gaudreault Cascades R&D

Norayr, it might be a trivial question, but the unit usually for Gurley is the
number of seconds per hundred millilitres, but you used the opposite, i.e.
millilitres per second. Is there a reason?

Norayr Gurnagul

Well, the normal units for Gurley are in air resistance and what we showed is,
of course, the air permeability.

Ramin Farnood University of Toronto

Thank you, Norayr, for an interesting paper. My question is regarding your
assumptions for the model. I realize that you listed a number of limitations in
your model, but I wonder if ignoring pore size distribution is another limita-
tion that perhaps needs to be carefully visited. I know Bill Sampson has a
couple of related articles and maybe he would like to make some comment
too. You can see from your results that pore size in the in-plane is in essence
controlling the permeability, no wonder because they are smaller. If you
extend this conclusion to the situation that, when you have a pore size distri-
bution, you will have pores which will be smaller than your ordered structure
and those pores will be the ones which control the permeability. I just wanted
to ask what you think about this?

14th Fundamental Research Symposium, Oxford, September 2009
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Norayr Gurnagul

Well, that is a very valid point, Ramin, and in fact we do refer to the work by
Bill Sampson. I think, Bill, that you showed that fibre thickness is quite
important in determining the pore size distribution and to some extent the
permeability?

Bill Sampson University of Manchester (from the chair)

What we found was that the pore height distribution contributes about 70%
to any measurement of the pore size distribution obtained by flow resistance.
The pore height distribution is controlled by the fibre thickness, so this is
entirely consistent with Norayr’s results.

Petri Mäkelä Innventia

I wonder if you could comment on the effect of drying restraint on the air
permeability and how your model would be able to capture that?

Norayr Gurnagul

Good question. Well, I guess drying restraint would have an impact on the
pore size distribution. I can’t say any more than that.

Bill Sampson

Through porosity, probably.

Norayr Gurnagul

Yes.

Bill Sampson

You said that you felt the model needed to be extended to take account of
fines, but you have taken account of density explicitly and this is influenced
by fines. So I wonder if that really is a shortcoming because some of your
pulps will have significant fines fractions and yet the prediction is quite
reasonable? I think the effect of fillers is another point.
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Norayr Gurnagul

Yes. That is a good point. I guess the role of fines in terms of their impact on
bonding is probably covered by density, but I guess if there are certain fines
that are just acting as kind of a filler or filling voids . . .

Bill Sampson

So, for mechanical pulps maybe?

Norayr Gurnagul

Yes.

14th Fundamental Research Symposium, Oxford, September 2009
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