
HAL Id: hal-02357714
https://hal.science/hal-02357714

Submitted on 6 Dec 2020

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Permeability of fibrous carbon materials
B. Karakashov, J. Toutain, F. Achchaq, P. Legros, V. Fierro, A. Celzard

To cite this version:
B. Karakashov, J. Toutain, F. Achchaq, P. Legros, V. Fierro, et al.. Permeability of fibrous carbon
materials. Journal of Materials Science, 2019, 54 (21), pp.13537-13556. �10.1007/s10853-019-03854-5�.
�hal-02357714�

https://hal.science/hal-02357714
https://hal.archives-ouvertes.fr


1 

 

 1 

Permeability of fibrous carbon materials 2 

 3 

B. Karakashov1, J. Toutain2, F. Achchaq2, P. Legros3, 4 

V. Fierro1 and A. Celzard1* 
5 

 6 

1
 Université de Lorraine, CNRS, IJL, F-88000 Epinal, France 7 

2
 I2M – TREFLE department, ENSAM, 33405 Talence cedex, France 8 

3
 PLACAMAT, 33608 Pessac cedex, France 9 

 10 

 11 

Blagoj KARAKASHOV : Orcid: https://orcid.org/0000-0002-1320-9191 12 

e-mail : blagoj.karakashov@univ-lorraine.fr 13 

Jean TOUTAIN :  Orcid : https://orcid.org/0000-0002-9891-3582 14 

    e-mail : jean.toutain@enscbp.fr 15 

Fouzia ACHCHAQ :  Orcid : https://orcid.org/0000-0001-7966-5352 16 

    e-mail: fouzia.achchaq@u-bordeaux.fr 17 

Philippe LEGROS :  Orcid : https://orcid.org/0000-0003-2839-733X 18 

    e-mail : philippe.legros@u-bordeaux.fr 19 

Vanessa FIERRO  Orcid : https://orcid.org/0000-0001-7081-3697 20 

e-mail : vanessa.fierro@univ-lorraine.fr 21 

Alain CELZARD:  Orcid: https://orcid.org/0000-0003-0073-9545 22 

    e-mail: alain.celzard@univ-lorraine.fr 23 

 24 

  25 

                                                 
*
 Corresponding author. Tel: + 33 372 74 96 14 

https://orcid.org/0000-0002-1320-9191
mailto:blagoj.karakashov@univ-lorraine.fr
https://orcid.org/0000-0002-9891-3582
mailto:jean.toutain@enscbp.fr
https://orcid.org/0000-0001-7966-5352
mailto:fouzia.achchaq@u-bordeaux.fr
https://orcid.org/0000-0003-2839-733X
mailto:philippe.legros@u-bordeaux.fr
https://orcid.org/0000-0001-7081-3697
mailto:vanessa.fierro@univ-lorraine.fr
https://orcid.org/0000-0003-0073-9545
mailto:alain.celzard@univ-lorraine.fr


2 

 

Abstract 26 

The air permeability of a number of commercial fibrous carbon materials: soft non-woven 27 

felts, rigidized felts and rigid boards, based on either PAN- or Rayon-derived fibres 28 

presenting various diameters, graphitised or not, and consolidated by different methods, was 29 

measured and investigated. Consistent behaviours were found within families of closely 30 

related materials, but the diversity of porous structures prevented any model, including the 31 

very popular Tomadakis-Sotirchos equation, to fit all results. The Archie’s coefficient and the 32 

tortuosity factor for viscous flow were thus calculated. Not only all data were perfectly 33 

aligned on one single master curve, but the analysis was extended to many other fibrous 34 

materials and the same master curve was found to be relevant. The Archie’s coefficient thus 35 

appears to be an intrinsic property, purely defined by the material geometry, as it does not 36 

depend on the 1D, 2D or 3D-type of flow. A fitting equation was proposed, encompassing all 37 

fibrous materials in very broad ranges of porosities and porous structures. 38 

 39 

Keywords: Carbon fibres; carbon felts; permeability; Archie’s exponent 40 

  41 
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1. Introduction 42 

Flow and transport of fluids through porous media are of great interest for a wide range of 43 

engineering applications, such as petroleum industry, geology, agriculture, acoustics, 44 

chemical and biomedical engineering, and so on. As far as porous carbon materials are 45 

concerned, phenomena encountered in filters, adsorbents, catalyst supports, fuel cells, 46 

membranes, carbon foams used as heat sinks or as hosts for phase-change materials, and in 47 

the process of carbon fibres-based composites manufacturing, depend critically on 48 

permeability. The intrinsic permeability of a porous medium measures its ability of letting a 49 

fluid pass through it under the influence of a pressure gradient. For practical applications such 50 

as those listed above, it is of high interest to predict the permeability of a given medium based 51 

on its porous structure. 52 

Many research works have been devoted to this topic in the past decades, combining 53 

experimental characterisation, simulation and modelling of porous media, as reported in 54 

several monographs [1–4]. But as far as carbon materials are concerned, published studies are 55 

quite scarce, despite the significance of the topic, especially in the field of electrochemistry in 56 

general, and of gas diffusion layers for fuel cells in particular. Indeed, and as far as the 57 

authors know, only a few works focused on the permeability changes of carbon felts either as 58 

a function of porosity, modified by axial compression [5,6], or as a function of thickness 59 

[7,8]. Other papers just reported values of permeability of composite materials made of 60 

carbon felts coated with a microporous layer [9–11], or such that various amounts of PTFE 61 

were used as binder for gluing the fibres with each other [12–15]. 62 

In the former papers, obvious observations were noticed such as an increase of 63 

permeability with the open porosity of the medium, and then these trends were successfully 64 

accounted for by application of either the Kozeny-Carman (KC) equation or the Tomadakis-65 

Sotirchos (TS) equation. These two equations, as well as the various forms they may take, 66 



4 

 

depending on the context, have been discussed in detail elsewhere [16]. The TS equation was 67 

found to be particularly suitable for describing the permeability of random fibre beds, not only 68 

because it describes numerical results of gas diffusion layers for fuel cells quite well [17], but 69 

also because it is supposedly is free of adjustable parameters [5]. 70 

However, all these studies lack a critical discussion of the corresponding parameters, 71 

whose values were predicted for a few ideal cases, but which cannot be used for all situations. 72 

This is especially the case of non-woven fibrous carbon materials, whose structures and 73 

physical properties are determined by the nature, the orientation distribution and the average 74 

diameter of the fibres, the type of bonding and the consolidation method, as well as the fabric 75 

architecture. Thus, these materials can present various needle-punching densities or, in most 76 

cases, be made of multi-layered randomly oriented fibre webs that were either mechanically 77 

or chemically consolidated. As a result, very different permeabilities can be measured at 78 

similar porosities, and vice-versa. In the present work, the static air permeability of no less 79 

than 18 different fibrous carbon materials was measured and fitted with the TS equation, with 80 

the aim of finding some potentially universal behaviour for the tortuosity. The paper is 81 

organised as follows. First, the fibrous carbons are described in terms of porosity, nature of 82 

the fibres, and structure of the mats. The way the through-plane permeability was measured is 83 

also detailed. Then, some reminders about the origin of the relevant permeability equations 84 

are given. The latter equations are applied to the studied materials and the obtained data are 85 

presented and discussed. Finally, a universal curve linking the bulk tortuosity to the so-called 86 

Archie’s exponent is presented, which should encompass any other non-woven fibrous 87 

material, carbonaceous or not. 88 

 89 

 90 

 91 
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2. Materials and methods 92 

2.1. Materials 93 

It is useful, in the context of the present work, to recall how fibrous carbon mats are 94 

obtained, and how the various ways of preparing them may impact their final structural and 95 

physical properties such as porosity and bulk density, mechanical, electrical and thermal 96 

properties, and, of course, permeability and fluid flow properties in general. As it is usually 97 

the case [18], two types of precursors were used for producing the present carbon non-98 

wovens: polyacrylonitrile (PAN) and regenerated cellulose (Rayon). From the latter fibrous 99 

precursors, non-wovens can be designed by various methods leading to different bond 100 

structures, whose type, shape, rigidity, size and density influence the materials properties. The 101 

choice of the aforementioned parameters mainly depends on the foreseen application. 102 

One way of manufacturing mechanically bonded non-wovens is interlacing either 103 

individual fibres or loose fibrous strands. These kinds of connections are flexible, and the 104 

constituent fibres are able to slide or move within the bonding joints. Typically, periodic 105 

needle-punched fabrics have their unique structural architecture caused by the interaction of 106 

fibres with the needle barbs of the needle-punching machine, see Fig. 1. By reorientation and 107 

migration of fibre segments from the surface of the web towards the interior of the fabric, new 108 

pillars of fibre segments are rearranged roughly perpendicular to the bedding plane of the 109 

fabric fibres. Carbon non-wovens layers are thus reinforced by the formation of such 110 

rearranged fibrous pillars, and hence the layers are compacted and interlocked with each other 111 

[19,20]. Production parameters that influence the bonding points are: dimensions/number of 112 

barbs on the needles in relation to the fibre diameter, needle-punching density, and needle 113 

penetration. 114 

https://www-sciencedirect-com.bases-doc.univ-lorraine.fr/topics/materials-science/rayon
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 115 

Fig. 1. Overview of carbon non-wovens production. 116 

Some of the resultant needle-punched non-wovens can be then infiltrated with solutions of 117 

phenolic resin at various concentrations [21], thereby giving them an additional chemical 118 

consolidation. Rigidized carbon felts are thus obtained, which have a modified morphology 119 

with respect to the initial soft materials, and hence exhibit modified physical properties. 120 

In contrast, chemically-bonded fabrics are formed by adhesion or cohesion between 121 

polymer surfaces. A minor part of the fibrous network thus becomes rigid as the freedom of 122 

movements within the bond points and the fibres is significantly reduced (see again Fig. 1) 123 

[22–24]. The delivery of the resin in the fabric is largely ruled by the way it is introduced into 124 

the web and how it flows in-between the fibres, but 5 wt. % of binder is often enough to bond 125 

them at their surfaces and interconnections [25]. The resultant physical properties thus depend 126 

on fibres, resin and interaction between them, and on their relative spatial arrangement, 127 

surface and bulk properties [26]. Since a large number of fibres may be entangled and joined 128 

by a coating of binder connecting fibre crossover points and/or interfibrous porosity, this 129 
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results in solid bond points in most of fabrics, making these materials quite different from 130 

their needle-punched counterparts. 131 

After the non-woven formation process, the materials are thermally treated at temperatures 132 

typically in the ranges of 800–1600°C for carbonisation, or of 2000–2800°C for graphitisation 133 

[27,28]. Although carbonised and graphitised non-wovens exhibit exactly the same 134 

appearance, the use of different precursors and manufacturing parameters changes the final 135 

non-wovens properties. There are indeed several commercial grades of carbon/graphite non-136 

wovens available from different manufacturers, with different end-uses, and the differences 137 

from one material to another can be considerable. 138 

Thus, in the present work, 18 commercial samples were received from 5 different 139 

suppliers, most of them having properties unknown to us. They were first sorted into various 140 

groups and sub-groups for an easier presentation and discussion of the characterisation data, 141 

see Table 1. The samples were labelled as either soft felt, rigidized soft felt or rigid board (SF, 142 

rSF and RB, respectively), followed by a letter related to the final heat-treatment temperature 143 

(C for carbonisation or G for graphitisation), plus a number referring to the precursor (1 for 144 

Rayon or 2 for PAN) and a small letter corresponding to the fibre diameter (a for thin fibres or 145 

b for thick fibres). The last, one or two, capital letters consider the samples manufacturing 146 

origin. For instance, SFC1aC refers to a soft felt, carbonised at 1200°C, originating from a 147 

Rayon preform made of thin fibres (diameter 9-12 µm), kindly provided from one of the 148 

commercial suppliers (assigned as “C” for “CeraMaterials”). Table 1 gives also reference to 149 

the commercial supplier codes of the investigated materials. 150 

 151 



8 

 

 

Table 1. Sorting of 18 commercial non-woven carbon materials investigated here into groups and sub-groups, depending on their main 

characteristics. 

Type of carbon fibre 

material Precursor Fibre diameter Sample code used here Commercial name and supplier 

Needle-punched  
non-woven 
Soft Felts 

Rayon 9-12 µm 

SFC1aC Carbon (Rayon) felt CeraMaterials 

SFG1aC Graphite (Rayon) felt CeraMaterials 

SFC1aBG RSF1 Beijing Great Wall Co. 

SFG1aBG RSF2 Beijing Great Wall Co. 

SFG1aSC GF2 Schunk 

SFC1aSI SIGRATHERM® KFA5 

SFG1aSI SIGRATHERM® GFA10 
 

PAN 

9-10 µm  

SFG2aZF PX 35 ZOLTEK
TM

 

SFG2aC GFE-1 CeraMaterials 

SFG2aBG 
Battery Energy Saving Felt Beijing 

Great Wall Co. 
 

17-20 µm 

SFC2bC Carbon (PAN) felt CeraMaterials 

SFG2bC Graphite (PAN) felt CeraMaterials 

SFC2bBG PSF1 Beijing Great Wall Co. 

SFG2bBG PSF2 Beijing Great Wall Co. 

 
Chemically rigidized needle-

punched 

non-woven Soft Felts 
PAN 17-20 µm 

rSFG2bBG PRF3  Beijing Great Wall Co. 

rSFC2bC 
Carbon Insulating Board 

CeraMaterials 
 

Chemically bonded  
rigid boards 

Rayon 9-12 µm 
RBG1aSI SIGRATHERM® MFA 

RBG1aC 
Graphite Insulating Board 

CeraMaterials 
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2.2. Methods  

2.2.1. Porosity and morphology of samples 

The porosity ε (dimensionless) of all carbon non-woven samples was calculated from Eq. (1), 

where ρb (cm
3
 g

-1
) and ρs (cm

3
 g

-1
) are bulk and skeletal densities, respectively: 

    
  

  
           (1) 

ρs was measured by helium pycnometry, using an AccuPyc II 1340 (Micromeritics, USA) 

automatic apparatus, whereas ρb was determined by weighing 10 cylindrical samples and 

measuring their dimensions (thickness and diameter of felts or boards), then averaging the 

obtained results. The mass of the samples was measured with an analytical balance with an 

accuracy of 0.001 g, and the diameter was determined with an electronic calliper with an accuracy 

of 0.01 mm. The non-wovens thickness measurement was more problematic since soft felts are 

highly compressible, and using a calliper can lead to erroneous results [29]. The thickness of non-

woven materials, defined as the distance between the upper and lower surfaces of the material 

measured under a specified pressure [30], is normally measured as the gap between a flat solid 

surface and a presser foot or other measuring instrument used to apply a known, moderate 

pressure. 

Herein, the thickness of soft carbon felts was measured by using an Instron 5944 universal 

testing machine equipped with a 2 kN load cell, and applying a modified ASTM D5729-

97(2004)e1
1

standard. The samples were placed between two parallel solid surfaces: a fixed lower 

one, and a vertically adjustable one. The thickness of each soft carbon felt was defined at a 

pressure described by the aforementioned standard (689 Pa for needle-punched materials) and then 

averaged by measuring 10 different samples of each material. 

                                                 
1
 ASTM D5729-97(2004)e1: Standard Test Method for Thickness of Nonwoven Fabrics | Engineering360 
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The average fibre diameter and the overall fibrous materials morphology were investigated by 

Scanning Electron Microscopy (SEM), using a ZEISS EVO 50 instrument, equipped with an 

Everhart-Thornley secondary electron detector and operating at a maximum voltage of 30 kV. 

Carbon fibres can have circular or non-circular cross-sections [31], especially when derived from 

Rayon [32]. Therefore, the mean fibre diameter was obtained by drawing more than 10 segments 

across the cross-section, measuring their lengths and calculating the average value. The same 

procedure was repeated across at least 10 different fibres from 5 different locations in each sample 

to ensure a representative range of values. The corresponding measurements were carried out by 

using the ImageJ software. Even though this technique is restricted to the outer parts of the 

samples, it proved to be representative of the entire bulk since these (commercial) materials are 

usually reproducible and homogeneous [33]. 

2.2.2. Average air permeability measurements 

The fluid flow through porous media such as non-woven fabrics follows Darcy’s law, described 

by equation (2) [34]: 

   
    

   
 

  

 
          (2) 

where the resistivity to fluid flow σ (Pa·s m
-2

) is calculated from the pressure drop ΔP (Pa) and the 

flow rate Q (m
3
 s

-1
) of a fluid flowing across a material of section A (m

2
) and thickness L (m). Rf 

(Pa·s m
-1

) is called fluid flow resistance. Darcy’s law is broadly used in several engineering areas 

where the involved fluid is Newtonian with a low Reynolds number (Re < 10). The inertial effects 

are thus not critical, so that the viscous interaction between the fluid and the porous solid is the 

main source of pressure drop [35]. 
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The airflow resistance Rf, being the product σ  L according to Eq. (2), was directly measured 

with a Sigma airflow resistance meter (Mecanum, Canada). This apparatus (Fig. 2) was specially 

designed to measure the airflow resistance of materials within the range of 10 – 10
6
 Pa·s m

-1
, and 

complies with two international standards: ISO 9053:1991
2
 and ASTM C522-03(2016)

3
. The 

pressure regulator maintained the steady-state flow of air throughout the specimen, and a 

differential pressure transducer was used to quantify the static pressure difference between the free 

faces of the specimen with respect to atmosphere. Valid measurements were only made in the 

region of laminar airflow where, apart from random measurement errors, the airflow resistance 

(thus the airflow permeability) was strictly constant. Then, the airflow permeability k (m
2
) of all 

samples was calculated with the software SIGMA–X of the device, by application of Eq. (3): 

  
   

  
           (3) 

where v = 1.84  10
-5

 Pa s is the dynamic viscosity of air at room temperature. 

Because of their low thickness with respect to the required sample diameter, the fibrous mats 

were only characterised along their out-of-plane direction, i.e., perpendicular to the bedding plane 

of the fibres. For that purpose, cylindrical specimens having a diameter of 44.44 mm and a height 

imposed by the initial thickness of the materials were cut with a special round cutter so that the 

samples fitted tightly in the specimen holder, see Fig. 2. The measurements were carried out at 5 

different airflow velocities, all below 50 mm s
-1

 (as recommended by the supplier as the upper 

limit for staying in non-turbulent regime), and the average value was calculated for each sample. 

Then, a series of 5 samples per type of fibrous carbon mat was investigated, and the average 

values and standard deviations were calculated. 

                                                 
2
 ISO 9053:1991 : Acoustics - Materials for Acoustical Applications -- Determination of Airflow Resistance 

3
 ASTM C522-03(2016) : Standard Test Method for Airflow Resistance of Acoustical Materials | Engineering360 
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(a)         (b) 

                  

Fig. 2. (a) Prepared sample and sample holder for airflow resistance measurement; (b) top view of 

the sample holder, with one sample installed into it. 

 

3. Results 

3.1. Materials structure and morphology 

One of the most remarkable characteristics of needle-punched nonwovens is their high porosity 

and large pore size [36]; these features were confirmed by SEM observations (see below and the 

Electronic Supplementary Information). Since various carbon felts were received from different 

suppliers, various ranges of bulk and skeletal densities, and of resultant total porosity, were 

expected and were indeed observed, see Table 2. The carbon non-wovens derived from PAN and 

Rayon precursors, regardless of fibre diameter, rigidity, or felt formation technique, exhibited 

porosity values varying from 87.5 to 95.7%. 

Needle-punched non-woven soft felts had clearly lower bulk density and higher porosity than 

rigidized soft felts and rigid boards, as a result of the chemical bonding process by which the latter 
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materials were formed. The resin binder indeed accumulated at the intersection where fibres touch 

or nearly touch each other, thus bridging the gap between their surfaces. Consequently, the 

materials density slightly increased, thus making the total porosity decrease by 5% on average. 

 

Table 2. Average fibre diameter (with standard deviation), total porosity, and air permeability in 

the out-of-plane direction (with standard deviation) of all fibrous carbons investigated here. 

Sample name Fibre diameter Total porosity                Out-of-plane air permeability 

 
(µm) Std. dev. (µm) (%) (m

2
) Std. dev. (m

2
) 

Rayon Needle-punched Soft Felts 

SFG1aSC 10.30 2.54 92.7 1.35  10
-10

 3.68  10
-12

 

SFC1aBG 11.98 1.59 93.9 8.41  10
-11

 6.58  10
-13

 

SFG1aBG 12.57 3.95 94.6 7.12  10
-11

 3.49  10
-12

 

SFC1aC 12.02 2.34 94.8 8.07  10
-11

 7.02  10
-13

 

SFG1aSI 9.70 1.66 94.8 1.04  10
-10

 7.51  10
-13

 

SFG1aC 10.70 2.36 95.7 1.22  10
-10

 3.34  10
-12

 

SFC1aSI 9.59 3.00 95.7 1.26  10
-10

 3.34  10
-12

 

PAN (thin fiber) Needle-punched Soft Felts 

SFC2bBG 18.53 2.05 93.2 3.11  10
-10

 1.31  10
-11

 

SFG2bBG 17.98 1.83 93.3 2.90  10
-10

 1.01  10
-11

 

SFG2bC 19.71 2.15 93.8 3.33  10
-10

 2.23  10
-12

 

SFC2bC 18.69 2.45 92.5 3.26  10
-10

 7.38  10
-12

 

PAN (thick fiber) Needle-punched Soft Felts 

SFG2aZF 9.05 1.24 93.4 1.33  10
-10

 6.66  10
-12

 

SFG2aC 9.06 1.49 95 1.77  10
-10

 2.81  10
-12

 

SFG2aBG 10.56 1.07 95.3 1.99  10
-10

 5.62  10
-12

 

PAN (thick fiber) Rigidized Needle-punched Soft Felts 

rSFG2bBG 16.96 2.92 89.3 1.53  10
-10

 7.09  10
-13

 

rSFC2bC 19.59 4.13 88.1 1.86  10
-10

 2.13  10
-12

 

Rayon Rigid Boards 

RBG1aC 11.63 3.5 87.5 8.24  10
-11

 6.86  10
-13

 

RBG1aSI 10.01 1.34 89.6 5.47  10
-11

 1.90  10
-12
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Evidence from SEM observations shows that all carbon non-wovens were anisotropic and made 

of randomly laid/dispersed fibre layers, consolidated by needle-punching and/or chemical 

bonding. All samples were quite correctly described by the schematic representations of either soft 

felt or rigid board shown in Fig. 3, in which x-, y- and z- axes are indicated. These directions 

originated from those of the machine with which the materials were prepared. The x- and y- axes 

are full equivalents and define the “in-plane” (IP) direction, i.e., the bedding plane of the fibres 

within which no preferential orientation exists. The orthogonal direction, z, is the “out-of-plane” 

(OP) direction of the materials. 

   (a)       (b) 

 

Fig. 3. Schematic representation of: (a) soft felt, and (b) rigid board samples, with x-, y-, z-

directions (reprinted from [37] with permission from Elsevier). 

All soft carbon felts appeared to be organised according to a rather repetitive architecture, in 

which the IP-oriented fibres followed a defined pseudo-weaving pattern as a result of the fibres 

laying manufacturing step, prior to the needle-punching process. Part of the fibres directly 

exposed to the impact of needles and their barbs were abruptly redirected along the OP-direction. 

Other fibres were indirectly affected by the needle-punched redirected ones, and occasionally 

x

y

z
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deviated from their initial orientation. Needling marks resulting from punching movements were 

also observed in the x-y plane. The various commercial origins of the felts and the differences in 

fibre types and in assembly process resulted in soft felts with different morphologies, as seen in 

Figs. S1, S2 and S3 of the Electronic Supplementary Information. 

The group of thick-fibre, PAN-derived rigidized felts had the same morphology as that of the 

aforementioned soft felts, except at the surface in the IP direction, see Fig. S4. The corresponding 

two samples were indeed additionally chemically bonded, thus discrete regions of rigidized fibre 

layers were formed. Such modification has two main motivations: (i) it is industrially used as 

upscaling technique for obtaining thicker materials by joining two or more needle-punched soft 

felt on top of each other (along the OP direction); (ii) it improves the mechanical properties by 

decreasing the probability of fibres release and movement. 

On the other hand, the group of rigid boards presented completely different morphological 

characteristics: fibre intersections were bonded by more or less discrete regions made of glasslike 

carbon derived from phenolic resin. The materials investigated here had measured densities and 

porosities in the same ranges as observed elsewhere [24], reported to be 0.1 – 0.5 g cm
-3

 and 70 – 

90%, respectively, for this kind of materials. They consisted of many clusters and bundles of 

fibres, due to the different manufacturing and chemical bonding processes, see Fig. S5 of the 

Electronic Supplementary Information. No clear needling pattern could be seen, unlike what was 

observed in all other groups of soft and rigidized soft felts. 

As a final remark about the present fibrous carbon materials, it can also be recalled that the 

carbon fibre microstructure depends on precursor’s properties and processing conditions, and 

different models were proposed to describe the cross-section fibre microstructures [28,38]. The 

average fibre diameters of all investigated non-woven carbon materials were analysed from the 
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SEM pictures (two examples are shown in Fig. S6), as explained in subsection 2.2.1, and the 

corresponding values are given in Table 2. The materials could then be sorted in 2 subgroups 

according to their fibre diameter, 9 – 12 µm on the one hand, and 18 – 20 µm on the other hand, as 

already presented in Tables 1 and 2. 

3.2. Materials out-of-plane permeability 

Studying the fluid transport behaviour in carbon non-wovens becomes of considerable interest 

as soon as their infiltration is considered, for producing composite materials for instance. Fibre 

architecture and surface chemistry, permeability and tortuosity, liquid viscosity and temperature 

are quantities known to influence the infiltration process of non-woven materials [39]. Therefore, 

any difference in fluid transport properties is important information to be known before selecting 

one or the other fibrous material for making composites. The corresponding values of out-of-plane 

permeability have been given in Table 2, and are presented in Fig. 4 as a function of either 

porosity or fibre diameter. 

Indeed, as previously observed elsewhere [29,40,41], these two quantities are the main ones 

that affect fluid flow through fibrous porous media. The various structures of the present 

materials, however, did not allow observing any universal trend when all samples were considered 

together. Nevertheless, and as expected, porosity-dependent permeability could be observed 

within individual families and subgroups of materials, see Fig. 4(a). Thus, in most needle-punched 

soft felts, the permeability increased with the overall porosity. But clear deviations from this 

logical behaviour were also seen in the groups of Rayon-derived soft felts and thick-fibre PAN-

derived soft felts, lower porosity sometimes leading to higher permeability. This might be 

explained by different manufacturing-induced morphological properties of the materials, 

especially in terms of number of fibre webs and of needle-punching density. 
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(a) 

 

(b) 

 

Fig. 4. Out-of-plane permeability of all materials, as a function of: (a) overall porosity, and (b) 

average fibre diameter. Each symbol represents a given carbon non-woven group, and the same 

symbols with different colours represent materials from different sub-groups of the same group. 
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Due to their higher carbon fibre volume fraction, and to binder between fibres blocking and 

narrowing the pores, Rayon-derived rigid boards had lower permeability than most needle-

punched soft felts, rigidized or not, as also observed elsewhere [13,39]. The same kind of 

conclusion applies to thick-fibre PAN-derived felts, the rigidized ones being clearly less 

permeable than the soft ones, which were free of chemical bonding. Furthermore, no increase of 

permeability with porosity was observed in the groups of Rayon-derived rigid boards and thick-

fibre PAN-derived rigidized soft felts. As previously observed in Fig. S5 of the Supplementary 

Information, these materials indeed differ in terms of distribution of fibre interconnections 

(compare RBG1aC with RBG1aSI), or in terms of felt formation and rigidizing technique 

(compare rSFG2bBG with rSFC2bC). 

As for the effect of fibre diameter, shown in Fig. 4(b), opposite effects were observed: the 

permeability of rigidized and non-rigidized thick-fibre PAN-derived soft felts increased with fibre 

diameter, whereas that of Rayon-derived soft felts decreased. It can also be seen that Rayon-

derived materials presented lower permeability than their PAN-derived counterparts in similar 

ranges of porosity and fibre diameter. In addition to the aforementioned effect of the morphology 

differences induced by the production methods, the Rayon-derived fibres indeed present highly 

inhomogeneous surfaces and non-circular cross-sections compared to the smooth and almost 

cylindrical PAN-derived fibres (see again Fig. S6). All other things being equal, this may cause a 

higher drag to the fluid flow in Rayon-derived materials, thus lowering their permeability. 

Comparing Fig. 4(a) and 4(b) also evidenced that the airflow permeability of materials made of 

thicker fibres is slightly higher than those made of thinner ones, whereas their porosity is generally 

lower than that of non-wovens made of thin fibres. Indeed, and as reported by other authors 
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[11,15], decreasing the fibre diameter increases their contact area and reduces the average pore 

size, all other things being constant. 

Plotting the ratio of permeability k to squared fibre radius r
2
 thus appears to be a better option. 

Because it is dimensionless, k/r
2
 is called reduced permeability, and it is the quantity most 

frequently used for characterising fluid flow through fibrous materials [16]. The corresponding 

graph is given in Fig. 5, and the data indeed appeared less scattered than in Fig. 4. However, given 

that several families of materials are considered together, still one single trend could not be 

observed, but a general trend appeared, according to which k/r
2
 increases with . Attempts were 

made below to model such behaviour and to find a universal relationship embracing all measured 

values. 

4. Discussion 

4.1. Theoretical background of permeability 

Generally speaking, three basic standard structures: granular, tubular and fibrous, have been 

considered from which permeability-porosity relationships have been suggested. The 

corresponding equations have been, and still are, improved by considering different approaches 

and refinements, among them the variational bounds theory, based on statistical correlation 

functions between pore structure and permeability [42], the percolation theory, which considers 

the porous medium as a random medium without spatial correlation [43], or the fractal theory, 

describing the porous structure with statistical geometrical self-similarities [44,45]. The roughness 

and the complexity of the pore surface, quantified by the fractal dimension of the porous medium 

under consideration [46], indeed has a strong impact on the permeability. 

The well-known Kozeny-Carman equation [47] can take various forms such as: 
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where k and  are again the permeability and the porosity, respectively. Vp and Sp are the volume 

and the surface of the pore space, respectively. v is the tortuosity factor for viscous flow, i.e., a 

ratio of the average fluid path through the porous material to material thickness, in viscous flow 

conditions. rh = 2Vp/Sp is the hydraulic radius. Kc = 2v is called Kozeny constant (Kc = 2 for 

straight cylindrical tubes whereas Kc  5 for many porous materials). Sb = /(Vp/Sp) is the internal 

accessible surface area per unit volume of bulk material, and Ss is the same but expressed by unit 

volume of solid material so that Ss = Sb/(1-). In the context of fractal mathematics, the Kozeny-

Carman equation may also be written in the following, more general form [46]: 

    
    

      
          (5) 

where C is a coefficient including the geometrical parameters of the porous medium,  is called 

Archie’s constant, and n is a real number corresponding to the fractal dimension of the medium. It 

should be mentioned here that n = 1+ [48], and hence the fractal dimension has the same 

physical meaning as Archie’s exponent. By definition, Archie’s exponent is directly related to the 

formation factor (see below) that allows estimating the tortuosity factor, for example. For 

geologists, it plays the same role as the cementation index [49] and, for mathematicians, the same 

as the fractal dimension. 

Usually, the parameters C,  and n are determined by fitting Eq. (5) to experimental data 

corresponding to different materials or materials categories (see for instance [50]). However, 

calculations show that estimating the permeability with such equations is much more difficult for a 

fibrous structure than for any porous medium. Indeed, a deviation between experimental and 

calculation results from Eq. (4) is observed for porosities higher than 0.2 [51]. This problem is 
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related to the geometrical details of the porous medium such as shape, spatial distribution, 

orientation and volume fraction of fibres, having a significant impact on the tortuosity. Although 

tortuosity may have various definitions, depending on the considered phenomenon, this quantity is 

a way of describing the complexity of the structure of a porous material, i.e., how sinuous and 

interconnected it is [52]. Therefore, different fibrous geometries are still investigated today in 

order to get a deeper understanding and a better prediction of the structure-property relationships 

in materials models [51,53]. 

Nevertheless, some uncertainties and controversy have been reported. For example, Costa 

claimed that the value of Archie’s exponent can vary from 1 to 4 in the case of the unified 

Kozeny-Carman equation applied to porous media, including fibrous ones [54]. Bayles et al. 

stipulated that the value of Archie’s exponent can consistently be greater than unity, and that it is 

itself a function of both porosity and particle size distribution in the medium [48]. Tomadakis and 

Sotirchos suggested a generalised Archie’s law in order to estimate, explicitly, the bulk diffusion 

tortuosity b as a function of the porosity of the medium on the one hand, ε, and of the percolation 

threshold of the system on the other hand, εp, i.e., the critical porosity below which the fluid flow 

vanishes. The bulk tortuosity differs from the viscous one by the fact that the former is derived 

from Brownian diffusion random-walk simulation results in a porous medium, and not from 

viscous flow throughout the same medium. In the case of randomly overlapping fibres, the bulk 

diffusion tortuosity reads [55]: 

    
     

     
 
 

          (6) 

and this kind of structure also imposes that [56]: 

    
 

   
           (7) 

where r is again the fibre radius. 
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Whereas the Kozeny-Carman model is based on a purely geometrical hydraulic radius, Johnson 

et al. developed a more accurate model based on a dynamical radius, , which is an intrinsic 

measure of the dynamically interconnected pore size [57]. Therefore, it is a dynamical length scale 

directly related to transport, unlike the aforementioned hydraulic radius. In this context, Eq. (4) 

becomes: 

  
  

   
 where        

    

    
 
  

 and F = b/    (8) 

F is called formation factor and corresponds to the ratio of the bulk diffusivity of a chemical 

species in a fluid to the bulk diffusivity of this chemical species in a porous medium saturated 

with the same fluid. It thus represents a relative resistance to transport through a fluid with respect 

to a porous medium saturated with the same fluid. 

Combining Eqs. (6), (7) and (8), one finally gets the permeability-porosity relationship for 

porous structures made of randomly overlapping fibres of mean circular radius r [16]: 

 

    
 

        
  

     

     
 
 

  
     

           
 
 

       (9) 

Eq. (9) behaves asymptotically like Eq. (5) when εp  0, n = 2 and ε  1. Tomadakis and 

Robertson recommended the values of  and εp reported in Table 3, depending on the structure of 

the fibrous medium and on the main direction of the flow through it [16]. For instance, for a fluid 

flow parallel to perfectly aligned fibres (i.e., the 1D // problem in Table 3),  = εp = 0, thus the 

theoretical reduced permeability is the highest: 

      

    
 

        
          (10) 

and the bulk tortuosity is obviously the lowest: b 1D// =1. In the other cases, the tortuosity is 

always higher than 1, and for instance the tortuosity factor for viscous flow reads: 
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Table 3. Archie’s law parameters for the bulk diffusion tortuosity expressed by Eq. (6) [16]. 

Structure Flow 
p    

1D 

 

// to fibres 0 0 

 to fibres 0.33 0.707 

2D 

 

// to fibres layers 0.11 0.521 

 to fibres layers 0.11 0.785 

3D 

 

All directions 0.037 0.661 

 

The Tomadakis - Robertson equation (9) is probably the most efficient one for fitting the 

permeability-porosity relationship of a number of fibrous media, as observed in many former 

studies [5,41,58–60]. For this reason, it will receive a special attention in the next subsection. But 

former models should also be considered. For instance, the empirical model of Davies [61], 

represented by Eq. (12), is supposed to fit the OP permeability data of highly porous fibrous 

materials whose porosity ε is higher than 70 %: 

 

           
 

              
  

       (12) 

Tamayol and Bahrami [62] investigated the OP permeability of several fibrous structures 

involving square, staggered, and hexagonal arrangements of unidirectional aligned fibres, along 

with simple 2D felts and simple cubic matrices. They proposed the following analytical equation: 
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           (13) 

Van Doormaal and Pharoah [63] used a Lattice Boltzmann approach for simulating a fluid flow 

through idealised porous layers and a Monte Carlo method for generating their geometry. The 

resultant calculated permeability of random fibrous porous materials was fitted by the following 

equation: 

 

       
    

   
          (14) 

Other fractal and mechanistic models have also been proposed by the group of Fan and Ding 

[64-68] and are not reported in detail here, although they have been tested and confronted to our 

experimental results, as explained below. 

4.2. Application of the models to the experimental results 

The values of reduced permeability measured by Gostick et al. on commercial fibrous carbon 

gas diffusion layers for fuel cells [5] were introduced in Fig. 5, in addition to the present results 

for the 18 carbon non-wovens. As can be seen, no model was able to correctly fit a broad variety 

of materials, whose different structures explain why it happened that samples having higher 

porosities than others could have lower reduced permeabilities, and vice-versa. The model of 

Davies (Eq. (12)) underestimated the reduced permeability of all materials except the group of 

Rayon-derived soft felts (see Fig. 5(a)). The underestimation can be explained by the drag theory 

[41], according to which the model does not take into account the lower drag performed from the 

fibres oriented along the fluid flow. The overestimation seen in the case of Rayon-derived needle-

punched soft carbon felts is explained by the preferential orientation of fibres perpendicular to the 

OP direction and the higher drag due to non-circular fibre cross-sections and rough fibre surfaces. 
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Fig. 5. Out-of-plane reduced permeability of all present materials as well as a few other ones from 

the literature, as a function of overall porosity. The symbols have the same meaning as in Fig. 4. 

The curves correspond to the application of models of: (a) Davies (Eq. (12)), Tamayol – Bahrami 

(Eq. (13)), and Van Doormaal – Pharoah (Eq. (14)); and (b) Tomadakis – Robertson (Eq. (9)). 



26 

 

The same kind of conclusions also applies to the Tamayol – Bahrami model (Eq. (13)), for 

which the discrepancy between experimental and calculated values was found to be even higher 

(see again Fig. 5(a)). These deviations are based on the differences between the model’s 

assumption of perfectly layered structures, with fibres randomly oriented along the IP direction 

and layered orthogonally to the fluid flow, and the real non-woven materials structure, with 

random deflections in the fibre orientation. As previously shown in [41,45,62], and although most 

of the present materials have porosities outside the range formerly simulated in the original paper, 

the model of Van Doormaal – Pharoah (Eq. (14)) was worth testing as well because it refers to 

various porous transport layers including carbon fibre nonwoven materials having a typical fibre 

diameter ranging from 7 to 12 µm. This model led to the curve having the lowest slope, thus 

passing closer to most groups of carbon non-wovens, and hence producing the best compromise 

for the whole set of needle-punched soft felts (at a porosity ε higher than 92%). This can be 

explained by the very realistic approach of the simulation of porous layers made by Van Doormaal 

and Pharoah [63]. Moreover, these authors indicated that structures made of orthogonal 

neighbouring layers of randomly oriented fibres are a good approximation of random fibre 

structures, as proved by the statistical similarity of their OP permeability estimations. 

Testing the models of Fan and Ding [64-68] produced exactly the same kind of curves as those 

shown in Fig. 5. In other words, no improvement of the fits was obtained, as seen in Fig. S7 of the 

Electronic Supplementary Information. The models indeed preserved the shape of the evolution of 

the reduced permeability as a function of porosity in a manner similar to the other analytical 

models presented in the manuscript. However, we have observed that due to some morphological 

differences, samples with higher porosities than others may have reduced permeabilities, and vice-

versa. Therefore, as we have seen above, the suggested models remain very dependent on fitting 
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parameters, thus allow estimating correctly the permeability of the materials only at low or high 

porosity, and not both at once. 

Finally, and unlike most other research works dealing with one family of fibrous mats having 

different porosities, fitting Eq. (9) with the parameters of Table 3 was again impossible for all 

materials together, as it clearly overestimated the reduced permeability in most cases, see Fig. 

5(b). The agreement between experimental and predicted values was only fair in the range of low 

to medium porosities investigated here, and especially in the case of thick-fibre PAN-derived 

rigidized soft felts and Rayon-derived rigid boards, considering these materials as intermediates 

between 2D  and 3D random structures (see again Table 3). The reduced permeability of 3 

materials: rSFG2bBG, SFG1aSC and SFG2aZF, was even exactly the one predicted by the 3D 

Tomadakis – Robertson model. The feature shared by these materials is their high needle-

punching density observed by SEM, although the latter could not be quantified. These results 

suggest that some needle-punched and/or chemically bonded samples can be well represented by 

Eq. (9), as previously observed by Soltani et al. [69]. The rest of the investigated materials 

reduced permeability values was definitely lower than what was predicted by any form of Eq. (9), 

including the one corresponding to the 1D  structure, which leads to the lowest possible values. 

Nevertheless, it should be stressed that finding Tomadakis’ model as the most suitable one is 

logical since the corresponding equation contains the largest number of free parameters such as  

and F, themselves containing implicitly Archie’s exponent or fractal dimension (see again Section 

4.1). The other models are all derived from the unified Kozeny-Carman equation with  fixed by 

fitting and with only one free parameter, ε. Besides, Tomadakis’ model also considers p, which is 

not the case for the other models and this is the reason why it better fits the experimental values 

collected from the literature. However, in the case of the most porous materials, the calculated 
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reduced permeability is still overestimated, as seen in Fig. 5(b). When ε  1, Tomadakis’ model 

converges towards its asymptotic value C/(1-ε)
n
, where C is the same coefficient as in Eq. (5) and 

where n = 2. The discrepancy observed in Fig. 5(b) at high porosity thus means that the values of 

C and n are not the right ones for our materials when ε  1, and hence highly porous fibrous 

carbons are not correctly represented by the standard 1D, 2D and 3D "flow structures" shown in 

Table 3. 

Moreover, the multi-layered consolidated structure of the present fibrous carbon materials 

provides a much higher resistance to air flow. Such superior resistance should correspond to a 

significantly increased tortuosity factor, and indeed, the only way of shifting downwards the 

curves shown in Fig. 5(b) is using values of  that are much higher than those given in Table 3. 

The Archie’s exponent was then calculated as follows. For randomly overlapping fibre structures 

the combination of Eqs. (4) and (7) leads to: 

 

    
 

          
          (15) 

and since the Kozeny constant Kc is equal to 2 v, it reads: 

    
    

         
          (16) 

The corresponding data can be readily calculated, given that , k and r have been measured and 

were given in Table 2. Now, the expression of the tortuosity factor can be found by identification 

of Eqs. (9) and (15): 

      
     

     
 
 

  
     

           
 
  

 

  

 =      
  

     
 
 

     (17) 

Given the very high porosity values of the present materials, already listed in Table 2 and ranging 

from  88 to  96%, the percolation threshold εp can be considered as negligible in Eq. (17). Such 
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approximation was already successfully used for describing the physical properties of highly 

porous graphite materials [70]. Eq. (17) thus simplifies into: 

    
      

  
          (18) 

so the Archie’s exponent  is the solution of the final equation: 

      

  
 

  

 
  

    

         
         (19) 

The mathematical analysis revealed that the obtained solution is always unique within [0; +∞[. 

Resolving Eq. (19) for each of our fibrous carbon materials led to the results given in Fig. 6, 

where  has been plotted as a function of v. 

 

Fig. 6. Archie’s coefficient, , vs. viscous tortuosity factor, v, for all fibrous carbon materials 

investigated here, calculated from Eq. (19), i.e., assuming that the percolation threshold is zero. 
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The solid line is a fit of Eq. (21) to the data points, plus one added at (v = 1;  = 0). The symbols 

have the same meaning as in Fig. 4, plus one added for (v = 1;  = 0). 

It is usually accepted that the Archie’s exponent, or cementation index, is close to 1.5 [49]. It is 

indeed the case most frequently encountered with many materials [71,72], and it is even exactly 

equal to 3/2 for a dilute assembly of spheres [73]. In the present case, it can be seen that, whereas 

half of tested materials presented Archie’s exponent in the range 1 – 2, values as high as almost 

3.5 were also found. The same kind of comment can be done for the Kozeny constant: whereas its 

value is close to 5 for most common materials, values in the range 7 – 14 were reported for more 

complex granular materials having fractal geometry [48]. The present materials are definitely 

more complex than granular ones, thereby leading to lower permeabilities, since Kc ranged from 

roughly 7 to 50, i.e., varied by almost one order of magnitude. This finding agrees with former 

results for which the values of Kc were even found to span over two orders of magnitude [16]. 

Fig. 6 shows that despite so many different families of materials are gathered in one single plot, 

all data points fall on the same master curve. This finding strongly suggests that  is not a free 

parameter but may be considered as an intrinsic property of the fibrous medium. To the best of the 

authors’ knowledge, this is the first time that the master curve shown in Fig. 6 is obtained. It could 

be fitted with a very good accuracy in the range of investigated values (determination factor R
2
 = 

0.99895) by a second-order polynomial such that: 

                              
       (20) 

To further improve the quality of the prediction, one additional point was added at  = 0, for 

which v = b = 1. With such additional data, for which no real material exists, the polynomial fit 

was slightly less perfect, whereas the following relationship was truly excellent instead 

(determination coefficient R
2
 = 0.99958): 
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               (21) 

The same numerical treatment was also applied to the experimental data points presented by 

Jackson and James [50] for fibrous materials having a range of porosities even broader than that of 

our own samples, i.e., such that 0.346    0.995. The result is given in Fig. 7, which clearly 

demonstrates that the aforementioned master curve can be extended to many other different 

fibrous materials. Thus, in contrast to other studies, the fibres average radius r, the porosity  and 

the permeability k have been measured, from which Kc and hence v could be obtained from Eq. 

(19). Then, the solution of Eq. (18) led to the values of . In other words,  is now experimentally 

determined and no more numerically fixed, as it was the case in former works. The main 

limitation of this analysis is the fact that if data are too noisy, then the scattering of  values may 

become very important. However, a very good alignment of data can be seen in Fig. 7, despite the 

extreme diversity of the samples, suggesting that materials should be classified according to their 

increasing value of . 
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Fig. 7. Same as Fig. 6, but with the addition of 106 other fibrous materials referenced on the plot, 

having porosity within the range 34.6 up to 99.5% and whose data were taken from [50]. The red 

dashed line is the fit of Eq. (22) to the whole set of data, whereas the solid blue line corresponds to 

the boundary expressed by Eq. (23). The inset is a zoom on the lowest values of  and v. 

A fit of the form of Eq. (21) was tried again on the whole set of data, thus encompassing all 

samples including our own ones, with a determination coefficient of 0.99669: 

                    
              (22) 

Broadening this way the ranges of both porosities and materials for applying the same kind of 

fit obviously led to a slight decrease of accuracy in the more restricted domain of fibrous carbons, 

but demonstrates that the clear correlation between Archie’s coefficient and tortuosity still holds. 

Eq. (21) should thus be preferred as long as usual fibrous carbons are concerned. 
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Of course, Eqs. (20) to (22) are expected to be valid only for tortuosity factors v  1. It can be 

seen that Eqs. (21) and (22) are close to the simple expression: 

        
             (23) 

or, in other words, they suggest that: 

                   (24) 

which is indeed the lower boundary of the viscous tortuosity when   1 (see again Eq. (18)). In 

Fig. 7, the data corresponding to such limit have been reported, and it can be clearly seen that all 

experimental data are either on or below this limiting curve. 

The combination of Eqs. (17) and (24) suggests that b should be always close to 1 in our series 

of materials. Calculating b from Archie’s law, which is the simplest form of Eq. (6) when the 

percolation threshold p is assumed to be zero, and which thus reads: 

                 (25) 

indeed led to values within the range 1.06 – 1.21 (see also Fig. 8 below). 

Thus, Archie’s exponent is defined only by the tortuosity factor b, and hence allows the 

calculation of the formation factor F = b/. The corresponding results are shown in Fig. 8. 
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(a)           (b) 

 

Fig. 8. Formation factor F calculated from the data of Fig. 6 and from the known porosity of the 

materials (see again Eq. (8)), and plotted as a function of: (a) tortuosity factor for viscous flow, v; 

and (b) porosity, . The symbols have the same meaning as in Fig. 4. 

Fig. 8 illustrates the broad variety of fibrous carbons considered here, since no trend could be 

observed. For instance, some materials were both highly porous and highly tortuous at the same 

time, such as all Rayon-derived soft felts except SFG1aSC, whereas others were both less porous 

and less tortuous, especially RBG1aC or rSFC2bC. Such radically opposite behaviours are 

explained by the structure, whose randomness can lead to high tortuosity despite the high porosity 

on the one hand, or whose high needle-punching density and/or numerous fibres clumps, clusters 

and bundles formations can lead to many straight canals throughout the material and hence to a 

lower tortuosity despite a lower porosity on the other hand. Of course, intermediate situations exist 

for which lower tortuosities correspond to higher porosities (e.g., SFG2aC, SFG2aBG and to a 

lower extent SFG1aSC and SFG2aZF). But for most materials, the tortuosity globally increased 

with the porosity, as seen in Fig. 9. 
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Fig. 9. Tortuosity factors of all samples, as a function of their overall porosity. The symbols have 

the same meaning as in Fig. 4. Solid and empty symbols stand for v and b, respectively. The 

corresponding full and dashed lines, respectively, are just guides for the eye. 

The general trend that can be seen in Fig. 9 for v is totally counter-intuitive as long as 

materials of similar structure are considered. Moreover, the corresponding Kozeny’s constants (Kc 

= 2v) are far higher than those predicted by Tomadakis and Roberson [16] using the fixed 

parameters of Table 3. But in the case of carbon felts, and as recalled above, the structure is 

controlled by the need of maintaining a mechanical integrity of these materials: those of higher 

porosity have a more deformable character, so that a higher mechanical consolidation (hence a 

higher entanglement of fibres) is required, leading to a much more complex and intricate structure. 

The same applies to thick materials, whatever their porosity, made by consolidation of successive 

layers of fibrous mats. 
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Given that the results presented in Figs. 6 – 9 were obtained from the assumption that the 

percolation threshold is negligible, a sensitivity analysis was also carried out. First, a few non-zero 

values of p were tested, and how the values of Archie’s exponent changed with the viscous 

tortuosity factor was calculated. The results are shown in Fig. S8(a) of the Electronic 

Supplementary Information. It can be seen that using p = 0.037, i.e., the value expected for 

random 3D materials (see again Table 3) very poorly affected the Archie’s exponent, especially in 

the range of low to moderate tortuosity factors. Values as high as p = 0.11, i.e., corresponding to 

purely 2D materials (which is unrealistic in our case: see again Figs. S1 to S5) led to higher 

changes (up to one unit) but again at extreme values of tortuosities only. The impact of a non-zero 

percolation threshold should thus be considered as negligible, and especially for materials having 

porosities close to 1. 

Finally, the same kind of sensitivity analysis was carried out as for the impact of the porosity, 

assuming again that p = 0. It can be seen in Fig. S8(b) that  was strongly affected by the value of 

. Nevertheless, the couples of values (, v) strictly remained on the same master curve as the 

one presented in Fig. 6, thus supporting its robustness and suggesting that  should be considered 

as an intrinsic property of the porous medium and not as constants, as formerly recommended by 

Tomadakis and Robertson. 

5. Conclusion 

In this work, 18 commercial fibrous carbons ranging from soft felts to rigid boards through 

rigidized felts were thoroughly investigated in terms of general structure, total porosity, average 

fibre diameter, and through-thickness air permeability. These materials were derived from either 

PAN or Rayon fibres having different diameters, were graphitised or not, and consolidated with 

various techniques usually employed in the industry, i.e., either mechanically (through needle-
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punching, assisted or not with an additional chemical bonding) or chemically with a resin 

subsequently carbonised. As a result, a full set of materials with rather different porous structures 

and hence different permeabilities, irrespective to their porosity, was considered. 

Attempts carried out for sorting the materials by groups and sub-groups of closely related 

samples revealed consistent behaviours within limited ranges of structures or porosities, but were 

unable to account for all observations. The huge scattering of the results from one family of 

materials to another was explained by the versatility of structures, so that no model could be fitted 

to the whole set of samples. And especially, all models dramatically overestimated the reduced 

permeability in the high-porosity range. This finding also applied to the very popular Tomadakis-

Sotirchos equation, despite its higher number of parameters, and which is widely used to describe 

the permeability of carbon felts used as electrodes in redox flow batteries or as gas diffusion layers 

in fuel cells, for instance. 

The Archie’s coefficient and the viscous tortuosity (through the Kozeny constant) were then 

calculated from measured values of porosity, fibre diameter and permeability. A clear correlation 

between these two parameters was evidenced, so that all data were perfectly aligned on one single 

master curve. The analysis was then successfully extended to many other fibrous materials, and all 

the data from the literature were also found to follow the same master curve. The Archie’s 

coefficient thus appears to be an intrinsic property, purely defined by the material geometry, as it 

does not depend on the 1D, 2D or 3D-type of flow. In contrast, the parameters in Tomadakis’ 

model were fixed and therefore not relevant to a broad range of fibrous structures. A fitting 

equation was proposed, encompassing all fibrous materials in very broad ranges of porosities and 

structures. Based on this new equation, all fibrous materials can be classified according to their 

Archie’s coefficient, thus leading to an outstanding predicting character. 
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