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� Conventional models under-predict
the permeability of the fibrous filters
studied.

� Local porosity variations lead to
significant permeability deviations.

� An equation is proposed that
investigates the effect of local
porosity variations.

� A model is proposed that accounts for
anisotropy due to stacking of medium
sheets.
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The permeability prediction of real fibrous media remains a major challenge due to their complex porous
structure. The existing models generally take two parameters into account that depict the average struc-
tural properties of fibrous media: porosity (or solid volume fraction) and fibre diameter (or radius). Due
to the local variations that those parameters can exhibit the models often fail to accurately predict the
permeability. In this study experimental data of three fibrous media of different porous structures
employed in air filtration are used to assess numerous empirical and analytical models from the litera-
ture. It is found that all the models considered significantly under-predict the experimental permeability
values. Special attention is given to the analytical Representative Unit Cell (RUC) model which is physi-
cally adaptable and can therefore be used to investigate the aforementioned discrepancies between
model and experiment. Local porosity variations are investigated through a sensitivity analysis on the
minimum and maximum solid volume fraction values. Incorporation of the porosity variations into the
RUC model significantly reduces its under-prediction and may also serve as explanation for the discrep-
ancies observed. An adaptation to the RUC model is proposed that takes into account the anisotropy
effects as a result of the stacking of fibrous medium sheets into several layers and the increase in porosity
as a result thereof. The adapted analytical model gives an indication on the factor to apply on the mean
porosity in order to incorporate the anisotropy effect into the model prediction, and so reduce the
observed under-predictions.

� 2018 Elsevier Ltd. All rights reserved.
1. Introduction

The permeability of fibrous porous media depends on the
medium’s structural properties: fibre thickness, morphology, size
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Nomenclature

a coefficient indicating order of mathematical depen-
dency [–]

Ap|| streamwise cross-sectional flow area in RUC [–]
B media permeability [m2]
d cubic cell dimension in RUC [m]
de average length of flow path in RUC [m]
ds rectangular solid width in RUC [m]
dt rectangular cell dimension in RUC [m]
Df fibre diameter [m]
K modified Bessel function of the second kind [–]
rf fibre radius [m]
Uo total RUC cell volume [m3]
Uf fluid RUC volume [m3]
Us solid RUC volume [m3]
V superficial air velocity [m�s�1]
Z sample media thickness [m]

Greek letters
a coefficient in Tomadakis and Robertson model [–]
c factor by which the cell dimension d is increased [–]
d fraction of fluid flowing through local porosity region [–

]
e porosity [–]
m air dynamic viscosity [Pa�s]
/ solid volume fraction [–]
DP pressure drop [–]

Subscripts
adapt adapted
exp experimental
iso isotropic
max maximum
min minimum
mod modelled
sens sensitivity
TP through plane
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distribution, diameter to length ratio and arrangement. The deter-
mination of the permeability of fibrous media for aerosol filtration
(in specific) is an important aspect as this parameter influences the
filter performances (i.e. pressure drop and collection efficiency).
The earlier attempts in predicting the permeability of fibrous por-
ous media were based on the assumption of isotropy. The perme-
ability prediction assuming isotropy, i.e. Biso, of Jackson and James
(1986) and Davies (1952), for example, are based on empirical
models and respectively given by:

Biso ¼
D2

f

4
3

20/
ð� ln/� 0:931Þ; ð1Þ

and

Biso ¼
D2

f

4 16/3=2ð1þ 56/3Þ
h i ; ð2Þ

where Df is the fibre diameter and / denotes the solid volume frac-
tion. The implicit analytical model of Spielman and Goren (1968)
also based on isotropic media, is given by:

1
4/

¼ 1
3
þ 5
6

ffiffiffiffiffiffiffi
Biso

p

rf

K1
rfffiffiffiffiffi
Biso

p
� �

K0
rfffiffiffiffiffi
Biso

p
� � ; ð3Þ

where K0 and K1 are the modified Bessel functions of the second
kind and rf = Df /2 denotes the fibre radius. More recently
Tomadakis and Robertson (2005) proposed the following perme-
ability prediction for isotropic media:

Biso ¼
ð1� /ÞD2

f

32ln2ð1� /Þ
ð1� /� epÞaþ2

ð1� epÞa ðaþ 1Þð1� /Þ � ep
� �2 ; ð4Þ

with ep = 0.037 a percolation threshold porosity and a = 0.661.
Due to their manufacturing processes, fibrous media can, how-

ever, exhibit anisotropic fibrous structures (e.g. Theron et al.,
2017). Moreover, due to their implementation in ventilation facil-
ities, the airflowmostly penetrates the filter through pathlines nor-
mal to the medium. Therefore, for this kind of medium the
permeability is generally determined through pressure drop mea-
surements in flat configurations normal to the flow, known as the
through plane permeability. Analytical permeability predictions
for through plane (and in-plane) flow were proposed for anisotro-
pic media by e.g. Spielman and Goren (1968) Tomadakis and
Robertson (2005), Tamayol and Bahrami (2010) and Van Doormal
and Pharoah (2009). The following implicit analytical equation
for the through plane permeability prediction (BTP) was provided
by Spielman and Goren (1968):

1
4/

¼ 1
2
þ

ffiffiffiffiffiffiffi
BTP

p
rf

K1
rfffiffiffiffiffi
BTP

p
� �

K0
rfffiffiffiffiffi
BTP

p
� � : ð5Þ

The permeability prediction for through plane flow provided by
Tomadakis and Robertson (2005) is given by the following Toma-
dakis and Robertson through plane model:

BTP ¼ ð1� /ÞD2
f

32ln2ð1� /Þ
ð1� /� epÞaþ2

ð1� epÞa ðaþ 1Þð1� /Þ � ep
� �2 : ð6Þ

with ep = 0.11 and a = 0.785.
Tamayol and Bahrami (2011) have classified the through plane

and in-plane permeability models as representative of that of 2D
fibrous media. In such media all the fibres lie in planes that are par-
allel to each other, but may take on random orientations, albeit still
classified as anisotropic because of the 2D configuration. Several
models have also been proposed in the literature for flow through
1D fibrous media (Woudberg, 2017) in which the fibres also lie in
parallel planes but with their axes directed parallel with respect to
each other. In such a case the flow is regarded as parallel or per-
pendicular (or transverse) to the fibre axes and anisotropic. The
first analytical models for flow parallel and perpendicular to 1D
fibrous media were proposed by e.g. Happel (1959), Drummond
and Tahir (1984) and Gebart (1992). Model predictions by
Tomadakis and Robertson (2005) and Tamayol and Bahrami
(2010) followed in more recent years.

The isotropic permeability models mentioned above fall in the
category of 3D fibrous media. An alternative analytical approach
in producing 3D isotropic permeability models, apart from the
models of Spielman and Goren (1968) and Tomadakis and
Robertson (2005), discussed above, is by allocating a weight of
1/3 to the permeability prediction for flow parallel to 1D fibrous
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72 S. Woudberg et al. / Chemical Engineering Science 180 (2018) 70–78
media and a weight of 2/3 to that for flow perpendicular to 1D
fibrous media. This concept was initially introduced by Jackson
and James (1986) and later by Mattern and Deen (2008) as a mix-
ing rule. Clague and Phillips (1997) have applied the weighted
average approach to the permeability prediction for flow parallel
to 1D fibres proposed by Drummond and Tahir (1984) and the per-
meability prediction for flow perpendicular to 1D fibres of Sangani
and Acrivos (1982). Woudberg (2017) proposed additional isotro-
pic (abbreviated, iso) models based on the weighted average
approach. One is based on the parallel and transverse flow models
of Happel (1959), yielding the following Happel iso model:

Biso ¼
D2

f

4
1
3
4/ � ln/� 3

2
þ 2/� /2

2

 !�1

þ 2
3
8/ � ln/þ /2 � 1

/2 þ 1

 !�1
2
4

3
5

�1

;

ð7Þ
and the other on the parallel and transverse flow models of
Tomadakis and Robertson (2005), yielding the following Tomadakis
and Robertson iso model:

Biso ¼
D2

f

4
1
3

ð1� /Þ3
8/2

 !�1

þ 2
3

ð1� /Þ3
8/2

expð�a/Þ
ð1þ að1� /ÞÞ2

 !�1
2
4

3
5

�1

;

ð8Þ
with a = 1.16. Eq. (8) will be referred to as the Tomadakis and
Robertson iso alternative (abbreviated, iso alt) model.

The permeability prediction of real fibrous media remains chal-
lenging, despite the numerous attempts in the literature men-
tioned above. All the models presented above are functions of
the average fibre diameter and solid volume fraction. These struc-
tural parameters can, however, exhibit significant local deviations.
Moreover there are only a few studies in the literature (e.g.
Jaganathan et al., 2008; Gervais et al., 2012; Huang et al., 2015)
that present actual data (such as permeability, fibre diameter and
porosity or solid volume fraction) that enables one to assess the
validity of the existing models. Recently Soltani et al. (2017) used
X-ray micro-computed tomography and simulations to generate
realistic and virtual 3D fibrous structures of porosity ranging from
0.74 to 0.93. On the basis of the obtained numerical domains they
predicted both through-plane and in-plane permeabilities by fluid
flow simulations. These numerical results were then compared to
experimental data as well as available empirical, analytical,
numerical and experimental results in terms of dimensionless per-
meability, i.e. permeabilities divided by the square of fibre radius.

The objectives of this study are to compare experimental per-
meability values for airflow through fibrous media to model pre-
dictions from the literature and to investigate the extent of local
porosity variations and increase in porosity as a result of the stack-
ing of medium sheets (yielding an additional anisotropy) on the
permeability prediction. The latter effect will henceforth be
referred to as the stacking effect. The fibrous media examined
experimentally may fall in the category of 2D fibrous media
because of the random orientation of the fibres exhibited in planes
parallel to each other. In addition, only through plane flow were
considered and the structural parameters have been characterized
with as much accuracy as possible. As a result, the 2D anisotropic
through plane models will be assessed in this study and henceforth
be referred to as the through plane (TP) models as opposed to the
isotropic models. The isotropic models will also be assessed to
serve as reference for the TP models. In Section 2 the existing ana-
lytical Representative Unit Cell (RUC) model of Woudberg (2017)
for through plane flow and isotropic fibrous media will be
discussed.

The structural properties and permeabilities of the three real
fibrous media used to assess these models as well as those consid-
ered from the literature are detailed in Section 3. In Section 4 the
model comparison is presented and discussed. Special attention
is paid to the sensitivity of models to the structural properties
since their experimental characterization can lead to significant
deviations. As a result, a sensitivity analysis is performed on the
isotropic RUC model in order to investigate the influence of local
in-plane porosity variations on the permeability prediction. The
objective of Section 5 is to adapt the isotropic RUC model in order
to estimate the increase in porosity as a result of the stacking
effect.

2. RUC models

In order to depict the experimental permeability generally
obtained by permeametry for anisotropic fibrous media,
Woudberg (2017) presented a 2D geometrical model consisting
of rectangular fibres in a cubic Representative Unit Cell, known
as the RUC model, and schematically shown on the left hand side
in Fig. 1. The two solid fibres orientated in the two principal 2D
directions of a rectangular Cartesian coordinate system, represent
the average geometry of the actual fibres that have random orien-
tations in planes parallel to each other. The surfaces of the average
fibre geometry adjacent to the RUC in the through plane flow direc-
tion is also indicated. Note that the second solid fibre layer is not
included in the RUC, although the effect of the adjacent layer is
indeed taken into consideration to establish the piece-wise parallel
plate geometry between which the flow takes place in the limit of
low Reynolds number flow. Only the through plane flow direction
is indicated (by the arrow) since the in-plane direction was not
considered in the experiments of which the data will be used to
assess the model. The through plane flow direction corresponds
to the streamwise direction. The isotropic RUC model is shown
on the right hand side of Fig. 1.

The isotropic RUC model results from placing three of the solid
fibres in the 1D fibre RUC model (refer to Fig. 1 of Woudberg, 2017)
in the same cubic RUC such that the fibres are orthogonal with
respect to each other and two of the fibres are directed perpendic-
ular to the flow direction and the other one parallel.

The rectangular fibre orientated in each of the three principal
directions resembles the extent of solid contribution in each direc-
tion as a result of the 3D randomness of actual fibrous media. This
model will be used as reference in addition to the through plane
model to assess the experimental permeability data.

In Fig. 1 the cubic cell dimension is denoted by d. There are dif-
ferent ways in which to convert the rectangular fibre geometry
used in the RUC model to cylindrical geometry in order to find
an estimation for a representative fibre diameter. The approach fol-
lowed by Woudberg (2017) was to set the cross-sectional area of a
rectangular and cylindrical fibre equal, i.e. ds2 = p rf

2, with ds being
the rectangular solid width of the fibre in the RUC model, as indi-
cated in Fig. 1. In this study an alternative approach will be fol-
lowed in which ds is simply set equal to the cylindrical fibre
diameter Df.

The permeability prediction provided by the RUC model for
through plane flow (Woudberg, 2017) is given by the following
RUC TP model:

BTP ¼ D2
f

ð1� ffiffiffiffi
/

p Þ3
13:5/3=2

" #
: ð9Þ

The RUC TP model results from assigning twice a weight of 1/2
to flow perpendicular to arrays of 1D fibrous media due to the two
fibres in Fig. 1 that are both orientated in directions perpendicular
to the streamwise direction (Woudberg, 2017). This was done in
conjunction with the mixing rules of Mattern and Deen (2008)
and also in analogy to the weighted average procedure in which
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Fig. 1. RUC models for through plane flow (left) and flow through isotropic media (right) (Woudberg, 2017).

S. Woudberg et al. / Chemical Engineering Science 180 (2018) 70–78 73
a weight of 1/3 is assigned to the permeability prediction for flow
parallel to 1D fibrous media and a weight of 2/3 to that for flow
perpendicular to 1D fibrous media in order to mathematically con-
struct the isotropic model. As a result of equal weights being
assigned in the RUC TP model, the permeability prediction is sim-
ilar to that of flow perpendicular to 1D fibrous media.

The RUC model for flow through isotropic media is given by the
following RUC iso model:

Biso ¼ D2
f

1
3

48/2

ð1� /Þ3
" #

þ 2
3

13:5/3=2

ð1� ffiffiffiffi
/

p Þ3
" #" #�1

: ð10Þ

In Section 3 the three fibrous media are described that will be
used to assess the models. The measured geometrical parameters
will be provided and the methods that were used for the character-
ization will be discussed.
3. Experimental data

Table 1 contains details about the three fibrous filters that were
used in this study for assessment of the models discussed in Sec-
tions 1 and 2. Two of the three media were characterized in the
GEPEA laboratory and are used for particle removal from air: a
raw filter of G4 type (named Medium A) according to the European
Standard EN 779-2012 and the fibrous support of a bi-layered
media of E10 type (named Medium B) according to the European
Standard EN 1822. The experimental characterization of the bi-
layered medium, and of its fibrous support is detailed in Theron
et al. (2017). The sample thicknesses Z have been measured with
a caliper for Medium A. For Medium B it was measured with more
accuracy due to the facility developed by the LGP2 Laboratory (also
used by Zerrouati et al., 2015) to measure the thickness of paper
samples at low pressure. The fibre diameters Df have been deter-
mined by picture treatment of the SEM observations and the mean
porosities emean have been obtained by application of mercury
porosimetry. The experimental permeabilities Bexp have been
determined with the aid of permeametry. Pressure drop measure-
ments were carried out in a ventilated duct with a square cross
Table 1
Properties of the studied fibrous media (data on the stainless steel medium obtained from

Medium reference Material Z (mm)

A Cotton/polyester 2.8 ± 0.7
B Polyester 0.918 ± 0.022
C Stainless steel 10.0
section of 10 � 10 cm2 in the 0.1–2.0 m�s�1 air velocity range.
The permeability was derived from the linear part of the curve
using the Darcy correlation:

DP
Z

¼ l
Bexp

V ; ð11Þ

where m and V respectively denote the air viscosity and the magni-
tude of the superficial velocity. For each medium the deviation in
measured permeability is calculated on the basis of the sample
thickness deviation.

The last filter (named Medium C) has been characterized and
studied by Manzo et al. (2016) for the removal of liquid aerosol
by coalescence filtration. It consists of five sheets of a medium
made of stainless steel fibres, of 2.0 mm thickness. The porosity
of the medium has been measured by a pycnometer method, and
the permeability by a Frazier Permeability Tester.

Media A and C exhibit permeabilities of similar orders of mag-
nitude despite their distinct characteristics. The porosity of Med-
ium C is higher than that of Medium A, and generally very high,
therefore making it interesting to evaluate the ability of the models
to predict the permeability. Medium B is less permeable than the
other two media by one order of magnitude. The different media
to be used in the assessment were thus carefully selected in order
to investigate the model performances taking into account the dif-
ferent media characteristics.

In Section 4 the models discussed in Sections 1 and 2 are
assessed against the experimental data provided in Table 1.

4. Comparison between predicted and experimental
permeabilities

Fig. 2 compares the experimental permeability of Medium A to
those predicted by the different models from the literature. Con-
cerning the experimental permeability, the error bars reflect the
deviation due to the measured thickness variation indicated in
Table 1. For the permeability predictions the error bars represent
the higher permeability range obtained by taking into considera-
tion the experimental deviation associated with the fibre diameter
Manzo et al. (2016)).

Df (mm) emean (–) Bexp (m2)

13.8 ± 4.4 0.92 ± 0.01 2.02 � 10�9 ± 0.5 � 10�9

24.0 ± 0.1 0.85 ± 0.01 8.23 � 10�10 ± 0.2 � 10�10

6.5 ± 0.1 0.986 ± 0.007 2.76 � 10�9 ± 0.003 � 10�9
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Fig. 2. Permeability predictions of various models from the literature compared to
the experimental permeability of Medium A.

Fig. 4. Permeability predictions of various models from the literature compared to
the experimental permeability of Medium C reported by Manzo et al. (2016).
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or porosity. This deviation is associated with the fibre diameter for
Medium A, and with the porosity for Media B and C. It is evident
from Fig. 2 that all the models significantly under-predict the
experimental permeability. The two model predictions closest to
the experimental permeability are those provided by the isotropic
model of Tomadakis and Robertson and the isotropic RUC model
which exhibit Bexp to Biso ratios of 7.7 and 7.3, respectively. The
RUC through plane model yields a ratio of 8.8 whilst for the other
model predictions the ratio ranges between 14.2 and 16.7.

The same comparison is made for Medium B in Fig. 3. As for
Medium A, all the models under-predict the permeability, but with
lower Bexp to Bmod ratios. The two models providing the most accu-
rate permeability predictions compared to the experimental value
are again the isotropic model of Tomadakis and Robertson and the
RUC iso model which yield Bexp to Bmod ratios of 4.5 and 4.1, respec-
tively. Contrary, the Spielman and Goren through plane model
yields the maximum ratio of 7.9.

Fig. 4 compares the experimental permeability of Medium C of
Manzo et al. (2016) to those predicted by the different models from
the literature. Also in this case the under-prediction is less than in
the case of Medium A. The Bexp to Bmod ratios obtained for the iso-
tropic model of Tomadakis and Robertson and the RUC iso model
are 1.2 and 1.6, respectively. The two other models of Tomadakis
and Robertson also perform well, with Bexp to Bmod ratios of 1.5
for both the isotropic alternative and the through plane versions.
The maximum ratio of 7.7 is obtained with the model of Happel.
In Fig. 4 the model deviations, represented by the error bars, are
significant for the three models of Tomadakis and Robertson and
the two RUC models although the experimental permeability falls
Fig. 3. Permeability predictions of various models from the literature compared to
the experimental permeability of Medium B.
within the deviation range of the predicted permeability. This may
be due to the fact that the permeability models are very sensitive
to the porosity at such high values. Fig. 5 depicts the sensitivity
of the permeability to the porosity predicted by the five aforemen-
tioned models. In this figure the grey rectangle represents the
range of porosity of Medium C that is 98.6 ± 0.7%. It shows that
(depending on the model considered) the experimental permeabil-
ity of Medium C is reached by the models for porosity values rang-
ing from 98.7 to 99.1%.

Figs. 2–4 show that in the range of permeability tested (8.23 �
10�10–2.02 � 10�9 m2), all the models under-predict the experi-
mental permeability value. This phenomenon can be explained
by the in-plane heterogeneous nature of fibrous media, which
can be rather pronounced. Indeed, it is highly probable that the
mean porosity does not reflect well the real porous structure of a
fibrous medium. It can be assumed that the fibrous media exhibit
local porosity variations in the plane of the fibre sheets, and espe-
cially some zones more porous than the mean porosity value which
can lead to preferential air flow paths through the sheets.

Medium A is a rather rough medium, which explains why it
leads to the highest Bexp to Bmod ratio. Even if Medium C has a sim-
ilar permeability, which is the case, its lower Bexp to Bmod ratio can
be due to its layered structure formed by the stacking of different
sheets. Indeed, the potential local heterogeneities (resulting in
local in-plane porosity variations) of each sheet may be averaged
by the stacking of the five sheets, and thus may be of smaller mag-
nitude than the local heterogeneities (resulting from medium
roughness) exhibited by Medium A. Finally concerning Medium
B, its Bexp to Bmod ratio lies between those obtained for Media A
Fig. 5. Sensitivity of the permeability predicted by various models to the mean
media porosity in the aim of predicting the permeability of Medium C reported by
Manzo et al. (2016).
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Fig. 7. Sensitivity of the permeability predicted by various models to the media
porosity in the aim of predicting the permeability of Medium B.
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and C. The structure of Medium B is less rough than that of Med-
ium A, so its structural properties may be more homogeneous even
at local scale. Medium B, on the other hand, is thinner than Med-
ium C which can lead to more preferential air flow paths in case
of potential local heterogeneities.

The local variations of porosity cannot be quantified by meth-
ods such as mercury porosimetry and picnometry. These local vari-
ations should not be confused with the porosity deviations
indicated in Table 1 that reflect the variations in terms of mean
porosity obtained by repeating the measurement on different med-
ium samples. To the knowledge of the authors, the only method
that enables local porosity variations to be detected is X-ray
micro-tomography. Such analyses have been performed on Med-
ium B (e.g. Theron et al., 2017). The measurement performed on
a sample of 10 mm in diameter enabled the determination of a
similar mean porosity to that obtained by mercury porosimetry.
It also enabled one to calculate the porosity of five non-
interpenetrated circular zones distributed on the sample and to
highlight an in-plane local porosity range. In order to be more rep-
resentative, the same calculations are presented in Fig. 6 but on 13
circular zones of 1.49 mm in diameter, corresponding to local areas
of 1.74 mm2. The average porosity of those zones is 85.6%, which is
in good agreement with the value of 85.5% obtained for the com-
plete sample and the 85.0 ± 1.0% obtained by mercury porosimetry.
Separately these zones exhibit porosities ranging from 81.2 to
89.1%, which indicate that the porous structure of this medium is
rather heterogeneous.

Fig. 7 presents the sensitivity of the permeability of the tested
Medium B to the porosity predicted by the two best fitting models.
Those models are the isotropic Tomadakis and Robertson model
and RUC iso model, as well as the through plane Tomadakis and
Robertson model and the RUC TP model. In this figure the grey
zone represents the range of porosity of this medium obtained
by mercury porosimetry that is 85.0 ± 1.0%, and the vertical dashed
bar represents the maximum value detected locally by X-ray
micro-tomography (89.1%). The two isotropic models fit better
with the experimental values than their through plane counter-
parts and lead to the highest permeability values. The RUC models
predict higher values than those predicted by the models of Toma-
dakis and Robertson. The RUC models thus appear rather satisfac-
tory as they are purely analytical compared to the models of
Tomadakis and Robertson which involve some empirical coeffi-
cients that have been determined on the basis of curve fitting of
experimental data. Moreover, the anisotropic character of Medium
B seems to have less influence on the permeability than its local
Fig. 6. Evaluation of in-plane variation in the porosity for Medium B obtained by
micro-tomography on a 10 mm diameter sample.
heterogeneous porous structure (due to the in-plane porosity
variations that it exhibits).

Indeed, Fig. 7 shows that in the porosity range between the
mean value measured by mercury porosimetry (85%) and the max-
imum local value detected by X-ray micro-tomography (89.1%) the
permeability increases by a factor of approximately 2.2 for the five
models considered, whereas for each model the ratio of the perme-
ability predicted by the isotropic version to the through plane one
is approximately 1.3.

For reference and completeness sake, Fig. 8 is included in which
the RUC iso model for fibrous media is compared to the permeabil-
ity prediction proposed by Hooman and Dukhan (2013) for foams,
experimental data for foams by Mancin et al. (2010) and Dietrich
et al. (2009) as well as the permeability predicted by the Ergun
equation for granular packed beds. The solid filled symbols repre-
sent the experimental foam data of Mancin et al. (2010) and the
non-filled symbols the foam data of Dietrich et al. (2009). The cir-
cles (filled and non-filled) represent the experimental data for
foams, the squares represent the RUC iso model, the triangles Eq.
(18a) of Hooman and Dukhan (2013) and the diamonds the perme-
ability predicted by the Ergun equation (Ergun, 1952).

The foams studied by Mancin et al. (2010) have an average strut
diameter of 443 mm and porosities within the range 0.90 � e �
0.96 and the Alumina foams of Dietrich et al. (2009) an average
diameter of 537 mm and a porosity range of 0.75 � e � 0.86. These
average diameters are 1–2 orders of magnitude larger than those of
Fig. 8. Comparison of the permeability predicted by the RUC iso model for fibrous
media with models and data from the literature for foams and granular media. Solid
filled symbols are applicable to experimental foam data of Mancin et al. (2010) and
non-filled symbols to foam data of Dietrich et al. (2009). Circles denote experimen-
tal data for foams, Squares represent the RUC iso model, Triangles Eq. (18a) of
Hooman and Dukhan (2013) and Diamonds the permeability predicted by the Ergun
equation.
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Media A, B and C for similar porosity values. This leads to perme-
ability values of 2–3 orders of magnitude larger than that of the
fibrous filters considered in this study. The experimental perme-
ability values of Media A, B and C are therefore not indicated in
Fig. 7. For direct comparison, it was assumed that the granular par-
ticle diameters are equal to the fibre diameters and foam strut
diameters. Under this assumption, good correspondence is
obtained between the Ergun equation and the models for fibrous
and foamlike media, although the range of porosities indicated falls
beyond that of packed beds for which the Ergun equation is appli-
cable. Although the permeability prediction of the RUC iso model
corresponds well with the foam data and models for foams and
granular media, it still under-predicts the permeability data for
the fibrous media considered in this study. This is also true for
the other fibre models discussed in Section 1. An investigation into
the discrepancies between the model predictions and experimen-
tal data for fibrous media therefore deserves attention.

Up to this point, the fibre models presented only take into
account the mean porosities and fibre diameters, in terms of input
parameters to the models. The local variations of in-plane porosity
could be an explanation for the under-prediction in permeability.
In particular, the highest detected porosity value gives an indica-
tion of the preferential paths that may be followed by the air flow,
although it does not represent the whole porosity field.

A sensitivity analysis is performed on the RUC iso model in
order to illustrate the effect of the local variations of in-plane
porosity on the permeability prediction. Let dmin represent the esti-
mated percentage (expressed as a fraction between 0 and 1) of flow
through local lower porosity regions (for which the maximum solid
volume fraction /max will be used as an upper bound). The fraction
of flow through local higher porosity regions (for which the mini-
mum solid volume fraction /min will be used as a lower bound)) is
calculated as dmax = 1 � dmin. Introducing the local minimum and
maximum solid volume fractions into the permeability prediction
into Eq. (10), leads to the following expression for the permeability
prediction of the RUC iso sensitivity model (abbreviated, Bsens):

Bsens ¼ dminD
2
f

1
3

48/2
max

ð1� /maxÞ3
" #

þ 2
3

13:5/3=2
max

ð1� ffiffiffiffiffiffiffiffiffiffi
/max

p Þ3
" #" #�1

þ ð1� dminÞD2
f

1
3

48/2
min

ð1� /minÞ3
" #

þ 2
3

13:5/3=2
min

ð1� ffiffiffiffiffiffiffiffiffiffi
/min

p Þ3
" #" #�1

: ð12Þ

Fig. 9 shows the influence of the heterogeneity of Medium B on
the model prediction provided by Eq. (12) by making use of the
measured (by X-ray micro-tomography) /min ¼ 1� emax and
/max ¼ 1� emin values for which emin ¼ 0:812 and emax ¼ 0:891.
Fig. 9. Effect of fractions of local minimum and maximum porosity values on the
permeability predicted by the RUC iso sensitivity model for Medium B.
As expected, the smaller dmin, and thus the larger dmax, the
higher the permeability value. This implies that a greater
percentage of fluid will flow through the local regions of /min

(corresponding to the local maximum porosity regions). The model
prediction therefore tends to support that the fluid will flow
mainly through local high porosity regions compared to local low
porosity zones. Although the most accurate result is obtained
when dmin = 0 (as expected), the purpose of the sensitivity analysis,
portrayed by Eq. (12), is to illustrate the significant effect that local
porosity variations can have on the accuracy of the permeability
prediction. The ratio of the permeability prediction for dmin = 0 to
dmin = 1 is 3.8.

For Medium B the local minimum and maximum porosity val-
ues used to assess this RUC iso sensitivity model comes from 13
values of local porosity (obtained on 1.74 mm2 zones). To be statis-
tically more accurate, more local porosity values should be deter-
mined which would require additional tomography analyses on
several medium samples. In general, the use of Eq. (12) is recom-
mended in order to investigate the influence of the porosity varia-
tion when assessing a model prediction. Although Eq. (12)
specifically involves the RUC iso model, the other permeability
models can be expressed in a similar form, i.e.:

Bsens ¼ dminBmodð/maxÞ þ ð1� dminÞBmodð/minÞ: ð13Þ
In the next section the RUC iso model will be adapted in order to

better reflect on the stacking effect, i.e. the influence of anisotropy
as a result of the stacking of fibrous medium sheets into layers con-
stituting the real filter.
5. Adaptations to RUC iso model

Medium C studied by Manzo et al. (2016) were constructed by
stacking layers of fibrous medium sheets and will therefore be con-
sidered in this section. Since the RUC iso model performs superior
to the RUC TP model, the former model will be adapted to take the
stacking effect into account.

The stacking of fibrous medium sheets into several layers cre-
ates an additional porosity as a result of the air spaces between
the layers that needs to be incorporated into the model. Fig. 10 dif-
fers from the model on the right hand side of Fig. 1 in that the ver-
tical fibre leg is shifted to the right in order to correctly portray the
staggering in the streamwise direction of the piece-wise parallel
plate geometry created by the indicated surfaces of the average
fibre geometry adjacent to the RUC. All other model characteristics
remain the same. The only other difference is the vertical cell
dimension (parallel to the through plane flow direction) that is
labelled dt in Fig. 10 which will now be allowed to take on values
Fig. 10. Adapted RUC Iso model.
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Fig. 11. Effect of both value and formulation of the anisotropic factor c on the
permeability predicted by the RUC iso model for Medium C reported by Manzo et al.
(2016).
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that are larger than the in-plane cell dimension d. This implies that
the open air space between the two solid sections, (representative
of the stacking of fibrous medium sheets into layers) can be
extended to take the additional porosity between medium layers
into account. Although the model assumes that the medium sheets
are isotropic, which is in good agreement with permeability results
(see Fig. 4), the objective is to incorporate the stacking effect into
the permeability prediction of the RUC iso model.

The dimension dt is allowed to be extended, such that dt = c d,
with c (�1) an anisotropy factor representing the factor by which
the RUC cell dimension is extended to account for the additional
porosity as a result of the stacking of sheets. The porosity affected
by the adaptation, represented by eadapt, can accordingly be
expressed as:

eadapt ¼ Uf

Uo
¼ Uo � Us

Uo
¼ dtd� d2

s

dtd
¼ cd2 � d2

s

cd2 ¼ 1� 1
c

ds

d

� �2

; ð14Þ

where Uo is the total cell volume, Uf is the fluid volume and Us the
solid volume in the RUC. Eq. (10) itself remains unchanged, since
there is no change in the shear stresses because the amount of solid
volume remains the same. Recall that the adjacent solid surface
indicated at the top part of the RUC in Fig. 10 does not contribute
to the solid volume in the RUC. It merely illustrates the effect of
an adjacent layer that constitutes the piece-wise parallel plate
geometry on which the flow is based. The following relationship
is obtained from the 1D fibre model (Woudberg, 2017):

ds

d
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� eexp

q
¼

ffiffiffiffiffiffiffiffiffi
/exp

q
; ð15Þ

where eexp (and thus /exp) is the experimentally measured average
porosity (and thus solid volume fraction) value. Eq. (15) can be used
to calculate the ds/d ratio from the measured mean porosity value.

Knowing this value, the adapted (or apparent) porosity value
eadapt can be determined by substituting Eq. (15) into Eq. (14)
and expressing the result in terms of the solid volume fraction, i.e.:

/adapt ¼
/exp

ca
; ð16Þ

or in terms of porosity:

eadapt ¼ 1� 1
ca

ð1� eexpÞ; ð17Þ

with a = 1. According to Eq. (14), eadapt will increase (and thus /adapt

will decrease) with an increase in the value of c, as expected. The
effect of 1 � c � 2 on the permeability prediction of the RUC iso
adapt model is shown in Fig. 10 by replacing / in Eq. (10) with
/adapt (given by Eq. (16)). The range of c-values investigated resem-
bles a vertical RUC dimension ranging from the cubic dimension (c
= 1) to a rectangular dimension having a through plane height of
twice the length of the in-plane dimension (c = 2).

Fig. 11 illustrates the significant effect of the dependency
between the experimental and adapted solid volume fraction val-
ues. Although it is assumed that dt changes linearly with d, (arbi-
trarily chosen) alternative relationships, i.e. a = 2 and 0.5 are also
indicated in Fig. 11. The c-values that provide exact correspon-
dence between model prediction and Bexp for each a-value, i.e. a
= 2, a = 1 and a = 0.5 are c = 1.15, c = 1.30 and c = 1.75, respectively.
This illustrates the effect of the a-dependency on the anisotropic c-
factor. Each of the three corresponding (a, c)-values yields a value
of 0.989 foreadapt. This porosity value corresponds to the one at
which the RUC iso model fits the experimental permeability value
(in Fig. 5), which is to be expected. It must be noticed that this
porosity value also falls within the deviation range of the mean
fibrous medium porosity measured by pycnometry (0.986 ±
0.007). With eadapt ¼ 0:989 being close to the value of the measured
mean porosity of a single fibrous sheet, tends to indicate that the
stacking does not affect the filter apparent porosity significantly.
However, whilst the measured mean porosity is used in the RUC
iso model in order to predict the permeability, the RUC iso adapt
model could be applied to calculate the porosity value to be used
in the model prediction (i.e. eadapt) more accurately. It should be
noted that although the permeability is sensitive to the c and a-
values, as shown in Fig. 11, the eadapt value is not. This is due to
the high average porosity value of the fibrous medium considered.
Further analysis should be conducted on lower porosity materials
in order to establish the sensitivity of the calculated eadapt value
on the c and a values.

Alternatively, the tortuosity could be used to determine eadapt,
should such values be known. The geometrical tortuosity v can
be expressed in RUC notation as

v ¼ de

dt
¼ Uf

Apjjdt
¼ eadaptUo

Apjjdt
¼ eadaptd

2dt

Apjjdt
¼ eadaptd

2

Apjj
¼ eadaptd

2

ðd� dsÞ2
; ð18Þ

where de denotes the average length of the flow path in the RUC and
Ap|| is the streamwise cross-sectional flow area in the RUC
(Woudberg, 2017). From Fig. 10 it can be deduced that Ap|| = (d �
ds)2. Substituting Eq. (15) into Eq. (18) leads to

eadapt ¼ v 1� ds

d

� �2

¼ v 1�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� eexp

q� �2
: ð19Þ

The anisotropic factor c does not appear in Eq. (19) since it can-
cels out. The tortuosity factor appears instead and usually takes on
a similar range of values as c (i.e. 1 � v � 2). It may, however, be
easier to obtain the value of c by measuring the average extended
dimension between the stacking of fibre sheets than to determine
tortuosity values, which gives preference to the use of Eq. (17).
6. Conclusions

Permeability values ranging from 8.23 � 10�10 to 2.02 � 10�9

m2 of three real fibrous media used for air filtration were compared
to those predicted by numerous empirical and analytical models
from the literature. The three media exhibit mean porosity and
fibre diameter values of 85–99% and 6–24 mm, respectively. Special
attention is given to the analytical RUC model. It has been demon-
strated that all the models under-predict the experimental perme-
ability value, but with different orders of magnitude depending on
the medium characteristics. Indeed the rougher the medium,
which can be reflected by a significant in-plane heterogeneous nat-
ure, the higher the Bexp to Bmod ratio.
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Moreover it was found that for the media tested the best predic-
tion is always reached by the Tomadakis and Robertson and the
RUC models. The RUC model thus appears rather satisfactory as
it is purely analytical compared to the model of Tomadakis and
Robertson which involves some empirical coefficients. The isotro-
pic versions of both models better predict the experimental values
than their through plane counterparts. This indicates that the ani-
sotropic character of the medium seems to have less influence on
the permeability than its heterogeneous nature (due to the in-
plane porosity variations that it exhibits, for example).

It has also been illustrated that the mean porosity value (or
solid volume fraction, typically measured by porosimetry or pic-
nometry) used in the model predictions for the permeability is
not adequate, especially if the heterogeneous nature is due to sig-
nificant local in-plane porosity variations. Data of such local poros-
ity variations were experimentally obtained for Medium B. A
sensitivity analysis applied to the RUC iso model reveals that min-
imum or maximum solid volume fraction values incorporated into
the model leads to a significant relative permeability deviation. An
equation was developed to investigate the influence of the local
porosity variation when assessing a model prediction, which is rec-
ommended to be tested in case of available local porosity data
(obtained by X-ray micro-tomography for example).

Finally the stacking effect of fibrous sheets has been investi-
gated. It has been shown that an adaptation of the RUC iso model
by extending the RUC height in the through plane direction (repre-
sentative of the increase of apparent porosity due to stacking)
results in fitting the experimental permeability. This RUC iso adapt
model allows one to calculate the value of the apparent porosity of
the stacking to be used in the model. In the future it would require
further analysis especially on lower porosity materials.

The results obtained in this study provide more insight into
some of the physical phenomena that influence the permeability
prediction of fibrous materials and contribute to the understanding
of the significant under-prediction of the numerous models from
the literature when compared to the experimental data. The
investigations were focused on fibrous media used for air filtration,
with their own structural properties, but could be also tested for
other types of non-woven materials (such as papers, composites,
textiles, etc.).
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