
ABSTRACT

JAGANATHAN, SUDHAKAR. An Investigation on Fluid Flow in Fibrous Materials via Image-
Based Fluid Dynamics Simulations. (Under the direction of Dr. Hooman Vahedi Tafreshi and Dr. 
Behnam Pourdeyhimi.).

While there are a large number of analytical studies dedicated to developing permeability 

equations for a 2-D and 3-D models of fibrous disordered structures, there are only few numerical 

work that compares these models with real counterparts. For the first time, we present a series of 

numerical simulations performed on real fibrous media obtained via Digital Volumetric Imaging 

technique. An efficient procedure is presented for reconstructing 3-D images from the 2-D images 

of real fibrous media and processing them (meshing them) for performing fluid flow simulations. 

Permeability values obtained from these simulations are compared with those obtained from 

analytical equations given in the literature. We also present two scale modeling technique to 

predict macro scale permeability of fibrous structures.

Second part of this thesis deals with unsaturated flow through the fibrous media. We start our 

study by computing the pore size distribution of typical hydroentangled nonwoven materials and 

present a theoretical model for their geometric pore size distributions based on Poisson line 

network model of the fibrous media. We also study connectivity of the pore space in fibrous 

media by computing and comparing the accessible and allowed pore volumes in the form of 

access function graphs. We also present a novel image-based technique to study the changes in 

the pore size distribution of a fibrous material exposed to compressive load. 



A combined micro- and macroscale modeling is presented to simulate the fluid infiltration in 

fibrous media. The Richards’ equation of two-phase flow in porous media is used here to model 

the fluid absorption in un-saturated fibrous thin sheets. The required consecutive equations, 

relative permeability and capillary pressure as functions of medium’s saturation, are obtained via 

microscale modeling and long column experiment, respectively. The Richards’ equation together 

with the above consecutive correlations is simultaneously solved for fibrous media inclined with 

different angles. To validate our simulations, we compared our numerical results with those of 

our long column experiment and observed good agreement. 
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CHAPTER 1

INTRODUCTION
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1.1 POROUS MEDIA

As this thesis deals with fluid flow, a concise definition of porous media is given on the basis of 

fluid flow phenomenon. Generally, porous media consists of multiphase matter, with at least one 

of these phases being non-solid called as the pores or voids (Bear 1972). Perhaps first definition 

of a porous media was given by Leonhard Euler (Euler 1762) as pointed out by (de Boer 2000), 

Euler states “…The most distinct difference, however, which must be considered for the pores of 

any body, is that some form an open path to others, whereas other ones surround rough matter in 

such a way that the subtle matter therein contained can not escape. In order to denote this 

difference we will call first open pores and the last closed pores”[Taken from English translation 

given by (de Boer 2000)].Any solid material has void space or pores either at the  molecular level 

or at the macroscopic level, but in a “real” porous media, all or substantial part of this void space 

should be interconnected to one another and poses so called “intrinsic permeability to fluid flow” 

which only depends on the solid’s geometry and independent of the fluid property which flows

through it (Dullien 1979).This requirement eliminates all those solid materials which have 

individual pockets of void space which are not interconnected. Another consequence of this 

definition is that we eliminate considering bundle of capillary tube as a model for porous media,

since they are not interconnected to one another (Corey 1994).We also don’t consider all those 

solid material’s which allows fluid to flow through based on a “pure” diffusion process of 

molecules.

Many natural and artificial materials like soil, wood, leather, building materials, fibrous structures 

etc., could be considered as a porous media based on this definition. In this thesis our focus is on 

the fibrous porous media. In a fibrous porous media, at least one of the solid matrix is composed 

of a phase having large aspect ratio (ratio of length to cross-sectional area).This includes woven, 
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nonwoven, paper, body tissues (for example collagen and proteoglycan fibers near arterial wall, 

Clague and Phillips 1997) etc. In this thesis our main focus is on nonwoven fibrous media. 

Nevertheless general principle discussed in this thesis could be extended to other such porous 

materials. Nonwoven can be defined as “a sheet, web, or mat of natural and/or man-made fibers 

or filaments, excluding paper, that have not been converted into yarns, and that are bonded to 

each other by any of several means” (INDA 1999). For sake of brevity a detail account is not 

given here, readers could refer to (Albrecht et al 2003) for technologies and methods used to 

produce nonwoven fabric. A distinct advantage of nonwovens is their ability to form a stable 

structure even at very high porosity, which makes it pliable yet applicable to many functional end 

uses. Nonwoven has been widely used in many applications like filters, wipes, heat insulators, 

automotive products, geotextiles applications, incontinence products, medical products etc to 

name few. Most of these applications involve fluid flow, characterizing factors affecting this fluid 

flow phenomenon is an important requirement to develop nonwovens for particular end use. 

In general fluid flow through fibrous structure could be classified into two types single phase 

flow and multiphase flow. In case of single phase flow we assume that fibrous media is 

completely saturated with a single phase fluid for example air or water flowing through a filter 

media. In case of multiphase flow we assume that there is two or more fluid flowing 

simultaneously, for example capillary rise of fluid in nonwoven material where air is replaced by 

an invading fluid. In first part of this thesis we will deal with single phase fluid flow followed by 

discussion on two-phase flow. 
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In this thesis our main focus is to model and study the fluid flow through nonwoven 

fibrous media. In this chapter brief introduction to fluid flow through porous media 

necessary to further develop the thesis is given. Various equations governing the fluid are 

discussed and a brief account on the historical development pertaining to modeling 

fibrous media fluid flow is given.

1.2 SINGLE PHASE FLOW THROUGH FIBROUS STRUCTURES

1.2.1 PARAMETERS AFFECTING FLUID FLOW THROUGH POROUS MEDIA

Number parameters are required to characterize a porous media, here we discuss those parameters 

which are essential for the thesis. First and foremost property which effects flow is volumetric 

solid volume fraction ( SVFor ) defined as the ratio of total volume of fibers to bulk volume of 

a fabric. Porosity is complement of SVF defined as 1 . SVF is an ensemble property not a point 

property of a porous media i.e. SVF could not be estimated for a single point of porous media it 

requires an ensemble of particles (Bear 1972). Appropriate volume of porous media that should 

be considered for determining SVF is called representative elementary volume (REV). REV 

should be larger than size of a single fiber such that it includes sufficient number of fibers. 

Defining an REV is essential for the fluid flow problems without which we could not represent a 

porous media as continuum (Bear 1972). 

Fiber orientation is another important parameter which affects fluid flow through a fibrous 

structure. Orientation of fibers in a fibrous structure affects the drag offered to fluid flow, so it is 

important to have information on fiber orientation. Microstructure of fibrous materials, in general, 
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can be considered to be fall into three major categories (see figure1): Unidirectional structures, 

where axis of the cylindrical fibers are oriented either perpendicular or parallel to the flow 

direction (see, for instance, Chen and Papathanasiou 2006;Chen and Papathanasiou 2008) , 

layered structures, where axes of cylindrical fibers lie randomly in the plane perpendicular to 

fluid flow (see, for instance, Maze et al. 2007;Zobel et al. 2007), and random structures, where 

fibers axes can be randomly arranged in any spatial direction (Tomadakis and Robertson 2005).

                  

Figure 1: Classification of fibrous structure based on fiber orientation a) Unidirectional b) Layered c) 

Random microstructure

Image analyze methods have been developed to determine the planar fiber orientation distribution 

(see for example Pourdeyhimi, Ramanathan, and Dent 1996; Pourdeyhimi, Ramanathan, and 

Dent 1996; Pourdeyhimi, Dent, and Davis 1997). Determining 3-D orientation distribution seems 

to be complex, some effort in this direction has been done by (Chase, Beniwal, and 

Venkataraman 2000).

Another important parameter which is widely used to characterize pore space is pore size 

distribution. Note, however, that pore space in almost all fibrous media is a continuous domain. 

Dividing such a continuous domain into a number of discrete volumes, is only a widespread 

MD

CD

TD

b)a) c)
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approximation that has been used often in the context of solid-liquid separation or barrier 

materials. Defining pore size distribution for a given material makes it easy, in many cases, to 

characterize and compare different porous materials. Techniques such as porosimetry are, 

therefore, developed to obtain a pore size distribution for a given porous material. Porosimetry is 

developed based on the so-called “bundle of capillaries” assumption in which pores are regarded 

as straight capillary tubes with no interconnectivity. By incrementally forcing a nonwetting fluid 

into a porous material and monitoring the volume of intruded fluid, one can obtain a pore size 

distribution using the well-known Young-Laplace equation,

2 cos
r

p

 



(1)

where r is the pore radius,  is the fluid’s surface tension,  is the solid-fluid contact angle, and 

p is the applied pressure. Various types of porosimetry techniques have been used to 

characterize fibrous media like Mercury intrusion porosimetry (MIP), capillary flow porometry, 

and liquid extrusion porosimetry (Miller and Tyomkin 1994). Pore size distributions measured by 

different techniques are not unique and changes based on the direction from which fluid is 

intruded. (Jena and Gupta 2003).After giving a general introduction to the equations governing 

fluid flow through a porous media we will discuss another important fluid flow parameter 

“permeability” of a fibrous structure.

1.2.2 GOVERNING EQUATION FOR FLUID FLOW THROUGH POROUS MEDIA

Corner stone for fluid flow analysis is the continuity and Navier-Stokes equations for 

conservation of momentum. Readers could refer to standard fluid dynamics books for the 
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derivation of Navier-Stokes equations (see for example, Panton 2005).Continuity and Navier-

Stokes equation pertinent to incompressible fluid flow through a porous media is given as 

(Happel and Brenner 1983),

0v.                (2)

Fvv.v
v 2  






 



p
t

(3)

Where v is vector flow velocity having components  vwu ,, , p is the fluid pressure, is fluid 

density, F is the external body forces like gravitational or centrifugal forces and  is the dynamic 

viscosity. When Reynolds number (defined as


 lU
Re  , U and l characteristic fluid velocity 

and length) is small, flow becomes conditionally linear (Phillips 1970) that is inertia terms in the 

left hand side of the equation, although non-zero, becomes negligibly small compared to the 

terms on the right hand side, resulting in so called Stokes equation. Usually in a single phase flow 

problem we neglect the external body force and we write Stokes equation as (Happel and Brenner 

1983),

p

1

v2 (4)

Stokes equation is applicable to fluid flow if Re<1. Length scale l which should be considered to 

find Reynolds number of a porous media will be discussed after we introduce the concept of 

permeability.
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1.2.3 DARCY’S LAW

Henri-Philibert D’arcy (Darcy 1856) through his experimental procedures found that the 

volumetric flow rate Q through a porous media is directly proportional to the cross-sectional area 

A, pressure drop across the porous media P and inversely proportional to thickness T of the 

porous media. Based on these observations he proposes following equation which is famously 

known as Darcy’s law,

T

P
AKQ


 (5)

Constant of proportionality is called “permeability-K” of the media and negative sign represents 

flow is from high pressure region to low pressure region. Another form of writing Darcy’s law is 

in terms of superficial velocity U 







A

Q
, intrinsic or specific permeability k (unless other wise 

stated “permeability” in this thesis means intrinsic permeability k) and fluid viscosity  as ,

T

Pk
U





` (6)

Intrinsic permeability k is only a function of geometry of the porous media and independent of 

fluid properties and it has a unit of L2.Also note here that, free stream or superficial velocity U is 

related to local or average pore velocity u by 

U

u  where ε is porosity of the medium. This is 

called Dupuit-Forchheimer assumption (Dullien 1979).

Although empirical in nature it has been shown by many authors that the Darcy’s law could be 

rigorously derived from the Stokes equation (Eqn.4) (see for example Whitaker 1966; Neuman 
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1977; Whitaker 1986). Darcy’s law is only applicable in the Stokes flow regime (i.e. is Re <1).

Authors usually determine the Reynolds number of fibrous media using fiber diameter d as the 

length scale but it should noted that fibrous structure with same fiber diameter could have 

different solidity or solid Volume Fraction (SVF or  ), resulting in lower or higher Reynolds 

number. A more appropriate measure which has been suggested by some authors is to use

modified Reynolds number given as (Papathanasiou, Markicevic, and Dendy 2001),


 kU

'Re (7)

Here k is considered as characteristic length for fluid flow. All geometrical parameter necessary 

to calculate Reynolds number of a porous media is considered in this equation, since permeability 

itself is an ),( df  .At higher Reynolds number, velocity becomes a nonlinear function of pressure 

drop and Darcy’s law no longer apply in this flow regime. For this type flow one requires higher 

order velocity terms in the flow equation, Ergun and Forchheimer equations are modification to 

Darcy’s equation used at higher fluid velocities (see for example, Ergun 1952;Papathanasiou, 

Markicevic, and Dendy 2001). In this thesis we restrict our self to the Stokes flow regime.

Darcy’s law also breaks down when mean free path length of fluid molecules becomes 

comparable to the fiber diameter, the parameter which characterizes this is Knudsen’s 

number 







r


, where  mean free path length of molecules and r is the fiber radius. Usually 

1
r


for continuum regime to prevail, a fiber diameter of m10 is sufficient enough to provide 

required Knudsen number (Herman et al. 2007). In this thesis we further restrict our self to

continuum regime.
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1.2.4 THEORETICAL AND EMPIRICAL MODELS TO PREDICT PERMEABILITY

Given a fluid system with a particular pressure drop, fluid viscosity and media thickness 

obtaining flow velocity depends only on permeability of the medium. Over the years many 

research works have been focused on developing theoretical and empirical models to predict 

permeability of the fibrous structures. A brief review on these developments will be given in this 

section. 

A dimensional analysis of the parameters affecting permeability could be used to shows that 

permeability is only a function of Solid volume fraction and fiber diameter. We write these 

parameters as (Davies 1973),

0),,,,,,( 


r
rU

T

p
f

 (8)

By Buckingham’s π theorem these seven parameters could be converted into four dimensionless

units,

0,,,
2










 r

rU

rp

TU
f





(9)

First of this term is Darcy’s law written in terms of dimensionless permeability ( 2r

k
), second 

dimensionless number is Reynolds number which could be ignored if velocity is low as discussed 

in previous section, we can also ignore Knudsen number if there is no molecular slip on fiber 

surface in this case,
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)(2 f
r

k
 (10)

This shows that permeability k is only a function of SVF and fiber radius which are geometrical 

parameters. 

A key parameter which was left out in above analysis is the fiber orientation which markedly 

effects permeability. In figure 2 we show possible fluid flow through fibrous structure with 

different fiber orientation. In case of a unidirectional structure (UND) only two unique 

permeability UND
CD

UND
TD kk  and UND

MDk (where TD =Thickness Direction, CD=Cross direction and 

MD=Machine direction) are required to characterize the structure. Also CDTD kk  << MDk this is 

due to the fact that when flow is perpendicular to fiber axis (TD,CD) drag offered to the fluid 

flow by the cylinder is much higher than  when flow is along the fiber axis. 

            

Figure 2: Schematic of fluid flow direction through fibrous structure a) unidirectional b) layered c) random 

[same color represents same permeability]

MD

CD

TD

a) b) c)
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In case of layered structure (LAY) we again require only two unique permeability values LAY
TDk << 

LAY
MD

LAY
CD kk  . In case of random structures (RAN), RAN

MD
RAN
CD

RAN
TD kkk  only one unique 

permeability value is required to characterize the structure.

Two different approaches were taken by authors to predict permeability of these microstructures, 

first approach is based on assumption that the fluid flow is through conduit or pores, second 

approach is based on assumption that fluid flow is around the fibers (Dullien 1979). 

1.2.5 CONDUIT TYPE MODELS TO PREDICT PERMEABILITY

Conduit type model was pioneered by Carman and Kozeny (Carman 1956; Scheidegger 1960), 

their approach was based “Hydraulic radius” theory where-in irregularly shaped pores could be 

approximated using single channel diameter DH given by,

poresofareaSurface

mediumofvolumeVoid
DH




4
(11)

Based on Hagen-Poiseuille’s law for flow through a circular tube we could than predict 

permeability of fibrous beds as (Dullien 1979; Davies 1973),

2
0

3

4

)1(




k
kck


 (12)

0k is Kozeny constant which varies from 3 to 184 for SVF ranging from 1 to 0.001 (Langmuir 

and Blodgett 1944;Davies 1973). Happel’s (Happel 1959) analytical equation for predicting 

Kozeny constant for fluid flow parallel and perpendicular to the fiber axis is given as,
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Where ε is porosity of the fibrous medium (or 1-SVF).Carman-Kozeny conduit type flow 

modeling is highly criticized in the literature (see for example Dullien 1979; Avkhadiev and 

Kacimov 2005). Authors claim that the rapidly increasing value of Kozeny constant at lower SVF 

suggest that the friction drag becomes major part in deciding the permeability rather than viscous 

shear which decides friction in conduits (Dullien 1979).Also Avkhadiev and Kacimov (2005) 

points out that the Carman-Kozeny’s areal averaging technique to find velocity becomes 

meaningless if pore deviates from a “standard” cylinders. Usually, SVF of nonwoven fibrous 

structure ranges from 0.001 to 0.15 suggesting that Carman-Kozeny equation should be used with 

caution.

1.2.6 DRAG MODELS TO PREDICT PERMEABILITY

For fibrous structure at lower SVF drag type models are more appropriate than the conduit type 

models (Dullien 1979). Drag type models are based on calculating the force per unit length (F) 

experienced by a fiber in a fluid flow. In order develop the model we have to first write 

permeability in a non-dimensional form as,

22 rAG

Q

r

k 
 (15)
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Where G is magnitude of mean pressure gradient p . Dimensionless force per unit length of a 

fiber is given as (Higdon and Ford 1996),




 Q

rAG

U

F 2

 (16)

From Eqn.15 & 16, dimensionless force per unit length could be related to the dimensionless 

permeability by the relation (Higdon and Ford 1996; Clague and Phillips 1997),











k

r

U

F 2





or




Fr

k


2
(17)

Where F is the dimensionless force per unit length (Eqn.16). It should be noted here that both 

dimensionless permeability and force per unit length only depends on some )(f and fiber 

orientation. We could find dimensionless force per unit length by solving Stokes equation (Eqn.4)

for fluid through system of fibers to obtain the permeability of fibrous structure.

1.2.7 ANALYTICAL SOLUTION TO PREDICT PERMEABILITY OF FIBROUS 

STRUCTURES

1.2.7.1 2-D CELL MODELS TO PREDICT PERMEABILITY

Stokes assumption that the inertial force is everywhere small compared to viscous force breaks 

down at very large distance from an objects surface (Happel and Brenner 1983).In order to 

correct this paradox Oseen (1927) suggested following correction to Stokes equation,

v.v2  Up  (18)
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Based on this Oseen’s assumption Lamb (1932) proposed following equation for force per unit 

length of a cylindrical fiber with fiber radius a as,


















4
ln

2

1

4

aU

U
F (19)

Where  is the Eulers constant. There are number of controversy on Oseen’s correction term 

v.U (Happel and Brenner 1983) although it seems a satisfactory approximation to true 

inertial term v.v far from a fiber surface, it is not satisfactory at the fiber surface were one 

requires v=0.

If we consider the dimensionless force per unit length F it is independent of fiber diameter, 

which is physically irrelevant since 0F when 0r which is called Stokes paradox (Happel 

1983).This paradox could be partly eliminated if one considers influence of neighboring fiber of 

radius b, in this case 







b

a
fF and dimensionless force per unit length becomes some function 

of fiber diameters (Happel 1983). 

Happel (1959) developed so called cell model to find a closed form solution to Navier-Stokes 

equation considering mutual proximity of fibers. The cell model is based on the assumption that 

all fibers in the fibrous assembly experience the same flow field and all fibers are perfectly 

perpendicular or parallel to the main flow direction. His cell model consists of two concentric 
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circles as shown in the figure 3, inner circle represents fiber of radius say a and an outer fluid 

envelope having radius b chosen such that it provides required solid volume fraction.

  

Figure 3: Cell model of fibrous structure

In order to solve Stokes equation we need appropriate boundary condition on the fiber surface 

 and at the fluid envelope far from the fiber surface . Happel used no slip boundary condition 

u=0 at fiber surface and zero shear stress boundary condition 





  0

dr

du
on imaginary outer 

envelope . Based on these boundary conditions he obtains an analytical solution for 

permeability as (Happel 1959),
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(For the flow parallel to fiber axis) (20)
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Kuwabara (1959) used similar kind of cell model but changing zero shear stress boundary 

condition (BC’s) to zero vorticity BC’s on  . Their solution for fluid flow perpendicular to fiber 

axis is given by,
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3
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1 2
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r

k
(22)

Happle and Bernner (1983) argue that zero shear BC is superior to zero vorticity BC used by 

Kuwabara, reason being, using zero vorticity BC results in a unnecessary energy dissipation

across the cell boundaries. But Kirsch and Fuchs (1967) showed through their experimental 

results that Kuwabara’s assumption is better than that of Happel’s. 

1.2.7.2 MANY FIBER MODELS

Although simple, single fiber cell model seems to be very unsatisfactory in representing the 

actual reality of a fibrous structure (Brown 1993). In order to represent the reality some authors 

have used a regular polygon instead of circular unit cell to represent fibrous structure, this type of 

unit cells provide more versatility. In so called many fiber model, fibers could be placed in 

square, triangular, staggered and hexagonal arrays as shown in figure 4 (Hasimoto 1959; Sparrow 

and Loffler Jr 1959; Sangani and Acrivos 1982; Drummond and Tahir 1984). This type of unit 

cell model seems to be more representative of actual fibrous structure than the Kuwabara and 

Happle’s model (Jackson and James 1986). Hasimoto (1959) uses Fourier series solution to solve 

Stokes equation through square array of fiber their solution for fluid flowing perpendicular to 

fiber axis is given as,

 476.1ln
8

1
2

 
r

k
(23)
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Figure 4: Fiber unit cell a) Square array b) Triangular array c) Hexagonal array d) Staggered array

Using numerical simulation technique (Sangani and Acrivos 1982) obtains solution to Stokes 

equation in square and hexagonal arrays. Drummond and Tahir (1984) uses method of 

singularities to solve Stokes equation in square, triangular and hexagonal arrays their solution for 

flow fluid flow perpendicular to square array is given as,

 2
2

774.12476.1ln
8

1 



r

k
(24)

a) b) c)

d)
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Jackson and James (1986) report that Kuwabara, Hasimoto ,Sangani & Acrivos and Drummond 

& Tahir models for permeability are almost identical. Clague and Philip (1997) suggest that these 

array type cell models are valid for 3.0 .Brown (1998) used variational principle to solve 

Stokes equation for flow through square and staggered array of fibers and provide numerical 

solution to predict the permeability. Brown (1993) also suggest various staggering methods to 

arrange fibers in a lattice and points out that the glide plane staggering where-in amount 

staggering is altered in each successive planes provides a more realistic result.  Papathanasiou 

(1996) uses boundary element method to solve fluid flow through a square array of fiber clusters 

and provide numerical results for permeability of fibrous structure at high SVF 0.25-0.7.

These idealistic arrangements of fibers in a lattice are still far from reality of a fibrous structure. 

Some authors developed 2-d numerical models recognizing randomness of the fiber arrangement 

(see for example Sangani and Yao 1988; Ghaddar 1995; Papathanasiou and Lee 1997;Chen and 

Chen and Papathanasiou 2006; Chen and Papathanasiou 2007; Papathanasiou 2008). Chen and 

Papathanasiou (2008) argue that permeability is not only a ),( df  but depends also on the 

underlying randomness in the fiber arrangement, their model is shown in figure 5 together with 

contours of the fluid speed through fiber clusters. Jackson and James (1986) points out that 

introducing inhomogeneity into structure increases permeability as much as 50%.

1.2.8 3-D MODELS OF FIBROUS STRUCTURES

3-D analytical models of fibrous structure are relatively scares than the 2-d models owing to 

complexity of the solution. Nevertheless some pioneering work done in this area will be 

discussed in this section.
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Figure 5: Contours of fluid speed through random clusters of fibers (Chen and Papathanasiou 2008)

Speilman & Goren (1968) uses Brinkman’s equation to predict permeability of 3-d fibrous 

system. Essence of Brinkman’s equation is that forces on fluid not only arise due to pressure and 

viscous stress but also due to a body damping force caused by neighboring fibers. In this case we 

modify Stokes equation (Eqn.4) to (Speilman & Goren (1968)),

uRup   2 (25)

Where R is damping coefficient which is nothing but Darcy’s viscous resistance term 
k

1
.Note 

here that far from fiber surface where average velocity is uniform, velocity gradient in Eqn.25

vanishes to become differential form of Darcy’s equation. Near to the fiber surface where no slip 

BC is applied, damping co-efficient vanish, Eqn.25 becomes Stokes equation. This assumption is 

not theoretically rigorous and only of approximate validity (Spielman 1977; Neale and Masliayah 

1975).Basic assumption in formulation of above eqn.25 is that neighboring fibers should be 
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distributed around a central fiber in such a way it is approximately distributed in the medium

(Spielman 1977). This assumption breaks down at higher solid volume fraction which makes it

invalid at higher SVF (Speilman 1977). Using Brinkman’s equation Speilman and Goren (1968) 

sets up a stream function equation and obtain following analytical solution for permeability. Their 

expressions for flow perpendicular, lay
TDk and parallel, lay

MDk = lay
CDk , to a layered microstructure, are

given respectively as:
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where 1K and 2K are Bessel functions of second kind, r is the fiber radius and  is the solid 

volume fraction. Speilman and Goren also derived the following expression for flow through 

isotropic random microstructures, ran
MDk = ran

CDk = ran
TDk .
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               (28)

For the case of flow parallel to fibers in unidirectional microstructures, Speilman and Goren 

(1968) proposed the following expression.
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Speilman and Goren (1968) did not make a distinction between the case of flow perpendicular to 

the fibers in unidirectional fiber bundles, und
TD

und
CD kk  , and that perpendicular to a layered 

microstructure, lay
TDk . Unlike simple algebraic co-efficient required in case of 2-d models in-order 

to solve Speilman-Goren’s model we require computational techniques to obtain Bessel 

functions. Sangani and Yao (1988) report that Brinkman’s approximation provides reasonable 

agreement with their 2-d numerical simulation results using random fiber arrangement .Howells 

(1974) suggest that although Speilman and Gorens model is heuristic in nature they provide 

leading order approximation to modeling random fibrous media. 

Another widely used empirical correlation for perpendicular flow through layered fibrous

structure was given by Davies (1952),

135.1
2 )]561(16[  

r

k
(30)

It is worth mentioning that the Davies’s correlation is in good agreement with the above 

expression of Speilman and Goren (Eqn.26) for the lower SVF range (Speilman & Goren (1968)),

When calculating permeability of 3-d random structure (figure 2c) usual method is to take 

weighted average of resistance offered for fluid flow in parallel and perpendicular direction of 
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fiber axis. Based on this assumption Jackson and James (1986) derives an equation for 

permeability of random fibrous structure as,

1
2

]931.0ln[
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k
(31)

Clague and Philip (1997) suggest following averaging technique for calculating permeability of 

random fibrous structure,

)3/2(

1

)3/(
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 tp kkk
 (32)

Where pk is permeability of fibrous structure for fluid flow parallel to the fiber axis, tk is flow 

perpendicular to fiber axis. Here 1/3 of SVF was assigned to parallel flow and 2/3 is assigned to 

perpendicular flow. 

Higdon and Ford (1996) uses simple, body and face centered cubic representation of three 

dimensional random fibrous structure. Using spectral boundary element method they provide 

numerical solution to permeability of random fibrous structure which was in good agreement with 

other analytical and experimental results. Higdon and Ford (1996) also mention that both James 

& Jackson and Speilman & Goren’s model yields similar prediction for permeability and have 

good agreement with experiments.

1.2.9 RECENT ADVANCEMENT IN 3-D MODELING OF FIBROUS STRUCTURES

2-D models and deterministic 3-D models as discussed in section 1.2.7 have limited scope in 

capturing reality of fibrous structure, (Rodman and Lessmann 1988). This is mainly due to the 
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inhomogeneity in fiber orientation, and SVF. Many authors have recognized this and tried to 

incorporate these inhomogeneity parameters into their models .In last decade or so there has been 

increased usage of numerical simulation techniques using realistic 3-D geometries of fibrous 

structure to model fluid flow. This type of modeling has a distinct advantage of capturing reality 

of actual fibrous system and gives possibility to verify some the previously proposed analytical 

models. Numerical modeling of 3-D fibrous structure requires enormous computational resource.

Recent development in parallel computation and increased computational power has made this 

kind of 3-D numerical simulations possible. These 3-d numerical modeling techniques could be 

classified into three types; quasi 3-D modeling, modeling based on virtual geometry and those 

based realistic 3-D images.

1.2.9.1 QUASI 3-D MODELING TECHNIQUES

In quasi 3-D modeling one does not use the actual geometry of fibrous structure, but instead 

obtains realistic data of fibrous structures from 3d images which is in turn used to develop a 

numerical model. Although limited in scope this type of modeling is useful in understanding 

effect of heterogeneity of fibrous structural parameters on fluid flow. Quasi 3-d modeling also 

requires minimal computational resource. This technique was used by Schweers and Löffler

(1994) to model fibrous filtration media. They develop a numerical model of a filter by dividing 

structure into equal sized compartments. Each compartment is than assigned with respective 

permeability using Kuwabara’s 2-d cell model (Eqn.22), information needed for this calculation 

was obtained from realistic SVF and fiber orientation distribution of fibrous structure. By solving 

the fluid flow equation through these compartments they obtain overall permeability of the 

fibrous system. The same technique was used earlier by Yu and Soong (1975). Lehmann et al 
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(2005) obtain realistic information on SVF distribution using Magnetic Resonance Imaging 

(MRI) technique and use this information to assign compartmental permeability values. They 

report that their simulation technique had excellent agreement with experimental result. It is not 

quite clear why these authors use Kuwabara’s 2-d cell model instead of 3-d analytical solution for 

calculating compartmental permeability.

1.2.9.2 VIRTUAL GEOMETRIES OF FIBROUS STRUCTURES

Most attractive of 3-d modeling techniques were those based on virtual geometries of fibrous

structure. Many authors have used virtual geometries of fibrous structure to study fluid flow 

phenomenon (see for example, Clague and Phillips 1997, Clague, Kandhai, and Zhang 2000, 

Jeong, Choi, and Lin 2006, Wang et al. 2006, Maze et al. 2007; Zobel et al. 2007). In figure 6

we show a 3-D model of a nonwoven fibrous structure developed at Nonwoven co-operative 

research Centre, NC state university and used for studying fluid flow and filtration properties

(Zobel et al. 2007, Wang et al. 2006).This type of virtual geometries could be generated as 

interpenetrating structures where fibers penetrate into one another or could be separated from 

each other with certain inter fiber spacing or just allowed to touch each other.

Virtual geometries are also very versatile they could be generated with any required fiber 

orientation and fiber diameter distribution. In figure 7 we show a virtual geometry of a filter 

media having bimodal fiber diameter distribution this structure was developed using algorithm 

developed by ITWM, Germany and implemented in Geodict code. In figure 8 we show virtual 

geometry generated with unidirectional, layered and random fiber arrangement.
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Figure 6: A virtual 3-d model of nonwoven fibrous media together with velocity vectors of fluid flow

(Wang et al 2006)

Although somewhat unrealistic Tomadakis and Robinson (2005b) used inter penetrating structure 

to study permeability of fibrous material using electric conductivity principle and showed that 

their numerical model had good agreement with some of the analytical models for permeability 

given in the literature. Some authors use rigid fibers with out any fiber bending to represent the 

fibrous structure (Schulz et al. 2007).



27
                                                                                                                                             

Figure 7: Virtual geometry of a filter media with bimodal fiber diameter distribution

To be more realistic authors (Koponen et al. 1998, Provatas et al. 2000, Faessel et al. 2005,

Pourdeyhimi, Maze, and Tafreshi 2006,Maze, Tafreshi, and Pourdeyhimi 2007) have introduced 

crimp and bending of fibers at cross over’s. Koponen et al (1998) used a growth algorithm 

developed by Niskanen and Alva (1994) to develop a 3-D structure of a paper like material, in 

their algorithm fibers having rectangular cross-section were randomly laid in x- and y- direction, 

and fibers were allowed to bend where they cross over (see figure 9).

Figure 8: Virtual geometry of fibrous media with a) unidirectional b) layered c) random fiber arrangements

a) b) c)
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Figure 9: 3-D virtual geometry of a fibrous structure developed using growth algorithm [Koponen et al 

(1998)]

Using μ-randomness method (suitable for generating a web of continuous fibers) and I-

randomness method (suitable for generating a web of staple fibers) Pourdeyhimi et al (2006)

present a novel technique to generate 3-d fibrous structure as shown in figure 10.This type of 

technique was later used by (Zobel et al. 2007, Wang et al. 2006), to study fluid flow 

phenomenon through fibrous structure. In figure 10 we show a virtual glass fiber mat generated 

by this technique. This technique has a distinct advantage that actual fiber orientation distribution 

of nonwoven could be directly used to generate the virtual geometry.

Faessel et al (2005) present a novel crimped fiber virtual geometry of a fibrous structure. Their 

method is based on extracting details about fiber length, fiber diameter, position (x, y, z –

coordinates), orientation and curvature of fibers from a real 3-D image of a fibrous structure and 

using this information to generate virtual fibrous structure.
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Figure 10: Top and side view of a virtual glass fiber mat (Pourdeyhimi et al., 2006)

Using their technique they were able generate random, semi-random and oriented virtual 

geometry. Their 3-d virtual geometry is shown in figure 11.

                          

Figure 11: Faessel et al’s (2005) 3-d virtual geometry a) Random b) semi-random c) oriented fibrous 

structure

1.2.9.3 REALISTIC 3-D GEOMETRIES OF FIBROUS STRUCTURES

Final type of 3-d geometries is those based on realistic 3-d images. A useful technique to obtain 

realistic microstructure of a porous medium is serial sectioning-imaging of the material imbedded 
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in a polymeric resin. These acquired 2-D images can then be used to virtually reconstruct the 

original 3-D microstructure (see for example, Genabeek and Rothman 1996). It seems this kind of 

classical histological techniques is extremely tedious and requires great precision in processing.

Along with the above sectioning technique, X-ray-computed micro-tomography has also been 

developed and widely used in studying porous materials in general. Only a few works, however, 

are dedicated to fibrous materials (see, for example, Lux et al. 2006,Maschio and De Arruda 

2001, Latz and Wiegmann 2003,Schladitz et al. 2006). On a parallel track, Magnetic Resonance 

Imaging (MRI) has also been used by various investigators to obtain a 3-D image of fibrous 

porous media (see, for example, Hoferer et al. 2007).In figure 12 we show 3-d tomographic 

image of a paper board obtained by Faessel et al (2005). Both micro-computed tomography and 

MRI are non-destructive in nature they proved to be extremely useful in obtaining pore scale 

morphology of fibrous structures.

                                                   

Figure 12: 3-D tomographic image of paper board obtained by Faessel et al (2005)

1.2.10 PORE SCALE MODELING APPROACH TO PREDICT PERMEABILITY

Hierarchical arrangement of fibrous system at basic level consists of single fiber, at this level 

fiber diameter, fiber shape and fiber surface are parameters which affects the fluid flow (see 
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figure 13). When this single fiber is arranged into a system we obtain fibrous porous media 

(micro-scale level), at this level fiber orientation, SVF are the parameters which affects fluid 

flow. Next hierarchical level is macroscopic level, at this level we actually obtain a nonwoven 

fabric. In-homogeneity in SVF, fiber orientation and fiber diameter are the parameters which 

affects fluid flow at this macroscopic level. When a nonwoven fabric is converted into a product 

we obtain a megascopic structure, at this level, important characteristic which affects the fluid 

flow is design of the product and environment in which it is used. Characterizing effect of various 

parameters on fluid flow at a particular hierarchical level is important to design a better fibrous 

product.

This concept of hierarchical arrangement is widely discussed in literature in case of a general 

porous media (see for example Bear 1972) but we lack a detail account in case of fibrous 

structure. Thanks to recent advent of modern imaging and computational techniques, it is now 

possible to study the parameters that affect fluid flow at microscopic level, we could call this pore 

scale modeling approach.

Pore scale approach involves analyzing fluid flow at microscopic level, whose domain size is 

much smaller than the macroscopic size of the nonwoven fabric. Pore scale modeling approach 

involves two basic steps, first step is to generate or obtain 3-d geometry of fibrous structures as 

discussed in previous section. In second step we conduct fluid flow simulation using these 3-d 

images to obtain fluid flow properties. This information could be helpful in modifying either 

lower or upper hierarchical level.  Computational fluid dynamic (CFD) simulation methods like 

finite volume method (Wang et al 2006), finite difference techniques (Wiegmann 2007),
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boundary element method (Papathanasiou 1996), lattice gas and lattice Boltzmann method 

(Genabeek and Rothman 1996), are widely used methods for pore scale simulation

                     

                   

                        

Figure 13: Hierarchical arrangement of a fibrous system

These simulation techniques are called first principle based approaches since basic governing 

equations Eqn.2, 3 are directly solved at pore scale level (Genabeek and Rothman 1996).This 

approach is no different from experimental techniques where we generate fabric samples and 

Micro-scale Macro-scale

Mega-scale

Fiber scale
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obtain permeability, but pore scale simulations are highly versatile in that some of the 

experimental techniques which are difficult to perform could be easily implemented using 

numerical schemes(Genabeek and Rothman 1996).

1.2.10.1 PORE SCALE NUMERICAL SIMULATION METHODS

Finite difference method involves finding numerical solution to linearized form of Navier-Stokes 

(Eqn.4) and continuity equations (Eqn.2), with no-slip boundary condition on the fiber surface. 

Finite difference method is done by discritizing 3-d structure into mesh or grid points. Then 

numerical approximation to exact solution is sought at these grid points. The derivatives in the 

differential equation are replaced by finite difference approximation. For example second order 

derivative could be approximated as (Langtangen 2000),
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Where 
n

h



1

1
is the cell length which is taken as constant. Finite difference scheme results in 

coupled system of n linear algebraic equation with n-1 unknowns, solving this equation provides 

required numerical approximation to the problem (see Langtangen 2000 for more details). 

Implementing no-slip boundary condition on the fiber surface is a major difficulty in finite 

difference simulation techniques. Various techniques have been developed to solve this problem 

(See for example Kim, Kim, and Choi 2001, Jung and Torquato 2005, Wiegmann 2007).

Finite volume method takes a control volume approach to solve fluid flow equation (Patankar 

1980).Unlike finite difference scheme were we take cell length 0h to obtain differential 
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equation and obtain approximation to this differential equation, solution in case of finite volume 

method is obtained directly from  the physics of the equation (Langtangen 2000).Similar to finite

difference scheme we have to discritize fluid flow domain into smaller control volumes knows as 

grids or meshes (as shown in figure 14). Numbers of different types of mesh elements are 

possible like quadrilateral, triangular and hybrid mesh elements for 2-D models; Hexagonal, 

tetrahedral and hybrid mesh elements for 3-D models.

Figure 14: Finite volume discretization of fluid flow domain

In figure 14 we show 2-d geometry meshed using hybrid triangular and quadrilateral mesh 

element. Appropriate selection of mesh elements is essential for getting unbiased estimate of 

exact solution. Meshing also becomes increasingly difficult and often fails when structure 

deviates from a regular polygon. Complex geometry of fibrous structure requires specialized 

software codes to generate the mesh. Finite volume method has been used by many authors (

Wang et al. 2006, Maze et al. 2007, Zobel et al. 2007, Maze, Tafreshi, and Pourdeyhimi 2007) to 

study fluid flow through virtual geometry fibrous structure.

Some authors have used Boundary element method to solve fluid flow through 2-D (Chen and 

Papathanasiou 2008, Chen and Papathanasiou 2006, Chen and Papathanasiou 2007,

Papathanasiou and Lee 1997, Papathanasiou 1996) and 3-D models (Higdon and Ford 1996) of 
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fibrous structure. But to the best of our knowledge it has been never used with realistic 3-d 

images.

Lattice gas and lattice Boltzmann simulation methods are relative new techniques based on 

seminal work of Firsch et al (Frisch, Hasslacher, and Pomeau 1986). A good review on 

applicability of this method to porous media could be found in (Succi 2001). Basic principle is to 

allow particle collision in a discritized space and time, this collision of particle and their 

reflection are based on deterministic rules. These deterministic rules are formulated such that it 

produces exact solution to Stokes equation at macroscopic level. An important advantage of 

Lattice Boltzmann simulation method is relative ease by which “no slip” boundary condition 

could be implemented (Genabeek and Rothman 1996) and it can also handle complex geometries. 

Koponen et al (1998) used this kind of simulation techniques to solve Stokes equation for fluid 

flow through 3-D fibrous structure.

1.2.11 FINAL REMARKS

This literature review provided an overview on historical developments and modern trend in 

characterizing single phase fluid flow through a fibrous porous media. Although there are well 

established two dimensional analytical solutions for characterizing permeability of fibrous 

structure, we seldom encounter this kind of idealistic structure in a real fibrous structure. Review 

of this literature also shows that as the complexity of flow problem increases, analytical solution 

to fluid flow equation becomes scarce and numerical solution becomes more prevalent. Modern 

development in direct pore scale modeling using virtual and realistic images could provide an in-

depth understanding of parameters effecting fluid flow through realistic fibrous structure.
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Chapters 2-5 of this thesis provide various 2-d, quasi 3-d and realistic 3-d modeling technique to 

predict permeability of fibrous structures.

1.3 TWO PHASE FLOW THROUGH FIBROUS STRUCTURE

1.3.1 MECHANICS OF IMMISCIBLE FLUID DISPLACEMENT IN FIBROUS

POROUS MEDIA

Fluid infiltration is an important fluid flow phenomenon which we encounter in nonwoven usage 

as wipes, diapers, medical absorbent, oil spill cleaners etc. Infiltration involves two or more fluid 

phases which are separated by an interface resulting in density and pressure gradient across the 

interface. Presence of this interface requires interfacial forces acting tangentially to the 

boundaries. These forces arise due to unbalanced cohesion force between fluids involved at the 

boundaries. This unbalanced cohesion force try to contract the interface resulting in so called 

surface tension . At equilibrium this interfacial forces are balanced by a pressure difference 

across interface known as capillary pressure (Corey 1994).This capillary pressure is driving 

force behind fluid infiltration into fibrous media. Magnitude of this capillary pressure could be 

obtained using Young-Laplace equation given by,











21

11

rr
 (34)

Where 1r and 2r are radius of curvature of the interface (as shown in figure 15).

For a circular capillary tube as shown in figure 16a Young-Laplace equation reduce to,

r

 cos2
 (35)                                                                                                                      
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Figure 15: Fluid-fluid interface showing radius of curvature of interface and surface tension force

Where  contact angle of fluid-solid interface, r is the radius of capillary tube.

                                                                                                                                           

Figure 16: schematic of fluid flow through a) Capillary tube b) in-between parallel plates

For the fluid flow in-between parallel plates as Shown in figure 16b, first approximation gives 

following equation for capillary pressure (Corey 1994),

b

 cos2
 (36)

a) b)
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Where b is the gap between the two plates. Forgoing analysis show that the capillary pressure 

depends on the geometry and fluid characteristics involved in the flow. When fluid flow takes 

place through a porous media number of factors affect capillary pressure like pore size and shape, 

pore wall characteristics, external body force like gravity. When we consider a fibrous structure, 

problem becomes ill-defined because of lack of knowledge on definition of appropriate length 

scale, and complexity of the fibrous structure involved in the fluid flow. Nevertheless based on 

simplified assumption many authors have solved two phase flow problems through fibrous 

structures. Before going into further analysis we like to give a brief introduction different kind of 

two-phase flow problems which we encounter in nonwoven usage.

Two-phase problems could be classified in different ways here we give classification based on 

forces involved in fluid flow. Most frequently encountered fluid flow is spontaneous infiltration, 

in this type of flow there is no externally applied pressure, fluid penetration takes place only due 

to capillary pressure and gravitational force. As shown in figure 17 magnitude and direction of 

gravitational force depends on angle of inclination  of fabric sample. When  > 0◦ we call it 

upward infiltration where gravity opposes the fluid flow, when  is 0◦ we call it horizontal 

infiltration where there is no gravitational effect, when  < 0◦ we call it downward infiltration 

where gravity assists the fluid flow. In textile terminology this processes are called wicking.

When fluid flow takes from a point source it is called spontaneous spreading as shown in 

figure18. Like spontaneous infiltration, we don’t have an external applied force and the 

classification could be made based on angle of inclination. Fluid could be introduced by applying 

external forces like application of external pressure as in case of composite molding or fluid

would be introduced as constant areal flux.
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Figure 17: Schematic showing a thin fibrous sheet inclined at angle 

Special topics which are of great importance to nonwoven application is fluid flow involving 

swelling of fibers, two phase flow under compression, fluid flow into composite structures (for 

example, a Diaper structure) and flow under gravitation field. In order to solve any of these 

problems we have to first develop an in-depth understanding of simple two-phase flow problems. 

In this section we will discuss spontaneous infiltration of a fluid from an infinite source into a 

nonwoven fabric which is inclined at different angles.

Figure 18: Spreading of fluid from point source

Inclination, 

Infinite Fluid 
source

lc
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1.3.2 UNIDIRECTIONAL INFILTRATION INTO INCLINED FIBROUS SHEET

1.3.2.1 WASHBURN’S MODEL FOR FLUID INFILTRATION

Here we consider a special case of infiltration, were fabric is dipped into an infinite source at one 

end as shown in figure 17 and fluid infiltrates due to capillary forces. Our interest is in finding out

rate of increase of wetted length ( cl ).Fluid infiltration problem in a general porous media could 

be solved if media is considered to be made bundle of circular capillary tubes. In this case 

equation of steady-state flow in a circular tube is given by Hagen-Poiseuille’s equation (Zhmud, 

Tiberg, and Hallstensson 2000),

  xgxx
rr

xxx 


 
2

8cos2
(37)

Where  is fluid density, r is capillary tube radius,  is fluid viscosity and g is acceleration due 

to gravity. Here for a simple case of steady laminar flow without any gravitational effect equation

37 reduces to,
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From this equation 38 a Solution to infiltration rate could be obtained as,
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 (39)

Where cl is length of the wetted region and er is equivalent capillary radius of porous media. This 

is called Washburn’s equation (Zhmud, Tiberg, and Hallstensson 2000) which defines rate of 
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infiltration fluid front ( cl ) as function of time t. As we can note rate infiltration depend on tC . 

Where C is a constant which depends on geometry of porous media and fluid properties. Many 

simplifying assumption has been made in driving this equation, it is assumed that flow is 

unidirectional, region behind fluid front is completely saturated, pore space could be assumed to 

be circular capillary tube and an equivalent capillary radius er could be obtained. Readers could 

refer to (Pan and Zhong 2006, Patnaik et al. 2006,) and literature there in for an in-depth review 

on applicability of Washburn’s equation to fibrous material. Many modifications to this equation 

39 have been proposed [see for example Zhmud et al 2000]. Some of this modification is based 

on fundamental anomaly of Washburn’s model i.e. is velocity at entrance of the capillary tube is 

infinite for all time t,
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Zhmud, Tiberg, and Hallstensson (2000) give a long time asymptotic solution to Washburn’s 

equation to correct above anomaly their equation is given as,
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Where 
rg

x


 cos2
 , is the equilibrium height.

Reed and Wilson (1993) did a complete force balance analysis on dynamics of capillary rise 

through fibrous structure and propose following modified form of Washburn’s equation,
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Mullins, Braddock, and Kasper (2007)in their latest paper used this equation 42 to study fluid rise 

in nonwoven material and proposed empirical correlation to find equivalent capillary radius of the 

nonwoven fabric. But in their work they didn’t had a good empirical fit that could satisfy both 

short time and long time capillary rise phenomenon.

Masoodi, Pillai, and Varanasi (2007) utilizing energy balance method proposes a modified form 

of Washburn’s equation to study fluid wicking property of polymeric wick, their equation is 

given as,
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Although it seems energy balance method is unsatisfactory in predicting fluid rise, it gave a much 

better fit to the experimental results compared to Washburn’s equation.

Other modification is based on utilizing the saturated permeability Ks defined as 

k

where is k is 

intrinsic permeability or Darcy’s permeability of porous media (note here it is customary to 

represent K=

k

as “permeability” in unsaturated flow), to define infiltration. According to this 

modification, for flow without gravitational effect  = 0◦, wetted length increases according to 

following equation (Landeryou, 2005),

tKl Sc
 2 (44)
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Where  is capillary pressure at fluid front and scales as
r

 cos
~ . For case of  <0◦ 

ultimately magnitude of gravitational forces over take the capillary force and length increases at a 

constant rate according to (Landeryou 2005),

 sintgKl sc  (45)

When fibrous sheet is inclined upward ( >0◦) equilibrium between capillary and gravitational 

forces is reached and cl tends to (Landeryou 2005),
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 (46)

There are several criticisms on Washburn equation when we extend it fibrous porous media, it 

should be first of all recognized that Hagen-Poiseuille’s equation is derived for precise geometry ( 

i.e, is a circular tube),applying it to a unknown topology like fibrous structure is highly 

questionable (Philip 1970) and there is no theory to prove that pore space of fibrous structure 

could be regarded as circular capillary tube as assumed by Washburn other than for mathematical 

simplicity . We also don’t have exact analytical model to obtain equivalent capillary radius of a 

fibrous structure other than empirical correlations. 

As will be shown in next section Washburn’s assumption of complete saturation under wetting 

front for all time t is theoretical impossibility under gravitational force and finally Washburn’s 

equation is only applicable to unidirectional flow.
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1.3.2.2 GRAVITATIONAL  EFFECT ON FLUID INFILTRATION

When fluid flows is influenced by the gravity a balance of force could be written as (Corey, 

1994),

0 g
dx

d 
(47)

Trivial solution to this equation is given by,

  0cnww hg   (48)

Where w is density of wetting fluid and nw is density of non-wetting fluid. When non-wetting 

fluid is air we usually neglect nw and 0cp is capillary pressure at datum line. When we assume 

medium is completely saturated  at bottom, 0cp becomes zero. So eqn.48 could be written as,,

hgw  (49)

Comparing this Eqn.49 with Young-Laplace equation (eqn.34) we note that,
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This shows that mean curvature of the interface continually changes as the wetted length 

increases. This change in curvature and capillary pressure should result in variable saturation 

profile (Corey, 1994) across the sample unlike as assumed by Washburn. In other words we could 

say Saturation  f . In next section we propose using Richard’s equation which is widely 

used in soil like porous media for studying fluid infiltration problem in fibrous structure.
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1.3.3  RICHARD’S EQUATION FOR UNSATURATED FLOW IN POROUS MEDIA

It was recognized that unsaturated flow obeys the Darcy’s law when saturated permeability Ks

and capillary pressure  is written as )(f (Richards 1931, Phillip 1955,Gardner 1958) where 

is volumetric moisture content (fraction of bulk volume occupied by fluid). In this case Darcy’s 

law could be written as (Landeryou et al 2005),

)sin)()((  gKu  (51)

Where u is filtration velocity. When we combine this equation with continuity requirement,

u
t

.
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We obtain equation defining fluid infiltration into thin inclined fibrous sheet (Landeryou et al 

2005),
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This advection-diffusion equation is highly nonlinear in nature, exact analytical solution and 

semi-analytical solution requiring empirical constants are obtained only for special cases

(Landeryou et al 2005). Numerical solution is widely used to solve Richard’s equation. These 

numerical solutions require various empirical correlations. Eqn 53 can be written as saturation 

( ) dependent form , defined as volume of pore occupied by fluid (saturation is related to 

moisture content by relation
S


 ; S is porosity) as,
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Where )(D is the diffusivity co-efficient 






)(K .In order to find closed form solution for the 

eqn.55 we need two empirical correlations )(K and )( .

1.3.3.1 CHARACTERIZING PERMEABILITY AS A f (Θ)

Authors have suggested various methods to characterize saturation-permeability relation like 

steady state method, Richards method using permeameter, long and short column test, air relative 

permeability measurement ,unsteady state methods etc,. A good introduction to these techniques 

could be found in monographs by Corey 1994 and Collins 1961. Many empirical correlations 

have been suggested relating permeability to saturation which is mostly obtained for soil like 

porous media. An important and widely used power law relation between permeability and 

saturation was given by Brooks and Corey 1964 as,
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Here is called pore-size distribution index,  or 3 for uniform porous media having 

single pore size (like membrane) and  tends to smaller value for porous media having wide 

range of pore diameter. Brooks and Corey (1964) suggest that for most porous media  tend to 
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have a value of 4. Another widely used model was given by van Genuchten 1980 which relates 

saturation to permeability as, 
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Where 
n

m
1

1 is an empirical constant. van Genuchten model has been used to characterize 

nonwoven material (see for example Stormont, Henry, and Evans 1997, Eames et al. 2003,Iryo 

and Rowe 2003).

These relationships were mostly used in case of soil like porous media. When we are dealing with 

nonwoven fabric one has use experimental or simulation methods to find the applicability of these 

relationships. Landeryou et al (2005) and Eames et al (2003) uses an experimental procedure 

where-in a  downward inclined needle punched fabric was saturated with range of flow rates and 

permeability-saturation relationship of the sample was obtained by finding speed of infiltration 

and saturation sample for particular flow rate. Using this procedure they purpose following 

relationship,

3)(  SKK (58)

This equation is similar to Brooks and Corey relationship (Eqn. 56) for soil like porous media. 

But exponent  was 3, suggesting that fabric might have had uniform pore size in the sense of 

Brooks and Corey relation. Lauderyou et al (2005) also suggest that when 4.0 , permeability 

goes to zero this is called critical percolation threshold below which fluid infiltration is not 
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possible. Effect of percolation threshold is sharpening of fluid front. Iryo et al (2003) comparing 

many previously done experiments using nonwoven geo textile material, suggest that van 

Genuchten parameter n ranges from 2.5 to 3.5.

1.3.3.2 CHARACTERIZING CAPILLARY PRESSURE AS A f (Θ)

There are different methods which are available to predict capillary pressure as a )(f .First of 

this method is long column test in this method fabric is allowed to hang in a test fluid kept at 

bottom and allowed to imbibe against gravity. After certain amount of time, fluid reaches 

equilibrium height (i.e. is flow stops, capillary pressure becomes same magnitude as that of 

retarding gravitational force). Once fluid reaches an equilibrium height sample is cut into equal 

segment and saturation of the sample is found by gravimetric method. Capillary pressure is given 

by hg were h is height of segment from the datum line. This test method was used by (Collins 

1961) for soil like porous media, and (Ghali, Jones, and Tracy 1994) for knitted textile fabric.

Second method is known as centrifuge method, in this method a sample is completely wetted with 

a test fluid and centrifuged at some fixed angular velocity until wetting fluid inside the sample 

reaches equilibrium saturation. Then capillary pressure could be calculated from the angular 

velocity. This method is used for testing desorbency of fluid from a sample rather than infiltration 

(Corey 1994).

Third method is pressure cell method which is most widely used method for soil like porous 

media. In this test method sample is placed over semi-barrier membrane (i.e. is membrane which 

permit the wetting phase to pass through but not the nonwetting phase) inside a test chamber 
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under pressure. Then pressure is decreased at incremental steps so that the wetting phase fluid 

from a reservoir penetrates into porous media. By noting down the volume of fluid intruded and 

the incremental pressure, one can obtain the saturation-capillary pressure relationship. This 

method was used by Landeryou et al (2005) to investigate the nonwoven fabric. This method 

seems to be only useful for investigating an isotropic material. In case of layered structure we 

expect different saturation-capillary pressure relation in MD, CD, and TD direction, in this case 

saturating sample in MD and CD direction could be extremely difficult since sample thickness 

through which liquid has to penetrate is very small.

Many empirical relations have been proposed in the literature to relate saturation to capillary 

pressure. Again most of these relationships are given for soil like pours media. Among this 

Brooks and Corey relationship (Brooks and Corey 1964) and van Genuchten (van Genuchten 

1980) relation ship seems to be very popular among soil scientist. Brooks and Corey relation is 

given as,














 d (59)

Where d is the air-entry pressure or bubble point pressure of the porous media and  is pore 

diameter index as explained in Eqn.56. van Genuchten relationship is given as,
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Where  is an empirical co-efficient having units of inverse of pressure, we can make 

approximation 
n

m
1

1 (van Genuchten 1980) where n is an empirical constant representing 

variation of pore diameter distribution.

Brutsaert (1967) proposes following relation between the saturation and capillary pressure,





 (61)

where  and  are empirical co-efficient characterizing porous media 

Luderyou e t al (2005) analyzing nonwoven fabric proposes following exponential relationship,














exp (62)

Where  is empirical co-efficient having units of inverse of pressure.

1.3.4 NUMERICAL METHODS TO SOLVE RICHARDS EQUATION

One dimensional Richards’s equation could be solved in two ways either in pressure based form,
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Or saturation based form,
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Where 






)(C is called specific moisture capacity, 






)()( KD is diffusivity co-

efficient. In order to solve the above equation we have to substitute various empirical correlation 

discussed earlier in sections 1.2.3.1 and 1.2.3.2. Various numerical simulation techniques are 

available to solve the Richards equation. Finite difference and finite element method are two 

widely used methods to solve Richards’s equation. Pressure based form seem to suffer from poor 

mass conservation (Celia, Bouloutas, and Zarba 1990, 1483). Various finite element and finite 

difference solution have been proposed (see for example (Haverkamp, Vauclin, and Touma 1979, 

181; Huyakorn et al. 1986, 1790; Narashimhan and Witherspoon 1976, 491) ).Richards could be 

easily extended to two or three dimensions (see Eqn.55) and fluid spreading properties could be 

studied. This requires further empirical correlation to obtain closed form solution.

1.3.5 FINAL REMARKS 

Richards’s equation for studying unsaturated fluid flow through porous media is a well 

established method for granular materials extending it to fibrous structures requires new 

simulation or experimental correlations. Analytical solutions are relatively scares and only few 

authors (see for example Landeryou et al 2005 and Eames et al 2005) have extended Richards 

equation to study nonwoven material. Combining realistic image based simulation with 

Richards’s equation will give a new direction for solving some of the fluid absorbency problems 

pertaining fibrous porous media. In chapter 6-8 we discuss numerical techniques to solve two 

phase problem pertaining to fibrous.
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1.4 THESIS OVERVIEW

This research has two major objectives; first objective is to study single phase flow through a 

fibrous structure. Our main objective in conducting these numerical simulations is to characterize 

the permeability of the fibrous structure. In Chapter 2 of this thesis we present a simple 2-D 

numerical model to predict pressure drop and /or permeability of a fibrous filter media with 

bimodal fiber diameter distribution, we use finite volume method to show how a 2-D model 

would be used to solve complicated fluid flow problem. In Chapter 3 we use quasi-3-D 

permeability model to numerical simulate hydroentangling process, our aim here is to predict 

vacuum pressure required to completely remove water film developed on the nonwoven fabric

surface. In chapter 4 we introduce Digital volumetric imaging technique, which will be used 

through out this thesis work to obtain the realistic 3-d image of fibrous structure. These realistic 

3-D images were than utilized in direct pore scale simulation technique to predict permeability of 

fibrous structure. In chapter 5 we introduce an efficient dual scale modeling approach to convert 

micro to macro scale permeability value. 

Second objective of this thesis is to study two-phase flow problem pertaining to fibrous structure. 

In chapter 6, we model liquid porosimetry to characterize pore size distribution of fibrous 

structure. We utilize so called full morphology method implemented in Geodict code to 

characterize pore size distribution. A statistical model is also developed based on existing theories 

to characterize so called geometric pore size distribution. In chapter 7, we study effect of 

compression on various fluid flow properties of fibrous structure. A novel imaging technique is 

developed to capture images of fibrous structure at different compression levels, these images are 

than utilized to characterize effect of compression on pore size distribution of the medium. In 
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chapter 8, we study fluid infiltration problem using 2-D virtual geometry of fibrous structure. We 

show how volume of fluid method could be used to characterize fluid infiltration into fibrous 

structure. In chapter 9 we study one dimensional fluid infiltration problems using Richard’s 

equation. Various constitutive equations required to solve Richard’s equation were obtained using 

simulation and experimental techniques. These constitutive equations were than used to solve 

Richards’s equation. Infiltration rate of fluid into fibrous structure at various inclination angles of 

nonwoven fabrics were obtained using simulation techniques and compared with experimental 

and semi analytical solutions. In chapter 10 we give overall conclusion and recommendation for 

future work.
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CHAPTER 2

EQUIVALENT DIAMETER TO CALCULATE PRESSURE 

DROP OF FILTER MEDIA WITH BIMODAL FIBER 

DIAMETER DISTRIBUTION

This chapter is a manuscript entitled “On the Pressure Drop Prediction of Filter Media Composed 

of Fibers with Bimodal Diameter Distributions”, by Jaganathan, S., Vahedi Tafreshi, H., and 

Pourdeyhimi, B., and has been published in Powder Technology, 181, pp 89-95 (2008).
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2.1 INTRODUCTION

The pressure drop caused by fibrous filters has been studied for many years and numerous 

analytical, numerical and empirical correlations are available for such media.  In almost all these 

models, a filter is assumed to be made up of fibers with a unimodal fiber diameter distribution.  

Ignoring the width of the fiber diameter distribution, it is still possible to conveniently calculate 

the filter’s pressure drop using a single average fiber diameter.  A great portion of the fibrous 

filters however, are made up of blends of coarse and fine fibers with widely different average 

diameters.  This is often the case where mechanical strength and filtration efficiency are both 

important.  The fine fibers contribute to the high filtration efficiency (high collection efficiency 

for a given pressure drop) while the coarser fibers contribute to the medium’ rigidity.  The fibers 

may be intimately blended in the case of short fibers like in carded, air-laid, or wet-laid fiber-

webs or layered in the case of melt-spun media such as melt-blown and/or spun-bonded webs.  

Despite their importance, there hasn’t been enough work dedicated to calculating the pressure 

drop of filters with bimodal (or multimodal) fibers.  This is probably because of the presence of 

too many independent but coupled variables which contribute greatly to the complexity of such 

calculations.  The current study is aimed at improving our understanding of the influence of 

different variables on the permeability of filters with bimodal fiber diameters. 

To estimate the pressure drop of unimodal filters, air flow through the media was modeled by 

solving the flow governing equations over a structured array of fibers in two or three dimensional 

geometries.  Various authors have proposed well-known models for predicting the pressure drop 

of unimodal filters ( Happel 1959, Kuwabara 1959, Hasimoto 1959, Speilman and Goren 1968, 

Krisch and Fuchs 1967, Davies 1952, Jackson and James 1986, Brown 1993, Sangani and 
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Acrivos 1982, Drummond and Tahir , 1984).  All these models present the pressure drop per unit 

thickness of a unimodal filter as:

2
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For a constant fluid viscosity, η, filter face velocity, V, and fiber radius, r , pressure drop per unit 

thickness becomes a function of the medium’s Solid Volume Fraction (SVF),  , alone.  By 

setting appropriate boundary conditions it is therefore, possible to calculate the flow field in an 

ordered matrix of fibers in a so-called cell model which leads to an expression for )(f .  The cell 

model is based on the assumption that all fibers in the filter experience the same flow field and all 

fibers are perfectly perpendicular to the main flow direction.  Based on 2-D cell models with 

fibers arranged in square lattice, Sangani and Acrivos (1982) via numerical methods and 

Drummond and Tahir (1984) using analytical methods proposed the following equations 
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These models are in good agreement with those of other authors (Kuwabara 1959, Hasimoto 

1959).  In a pioneering work, Brown and Thorpe (2001) assumed that for given fluid properties 

and face velocity, pressure drop per unit thickness of a bimodal filter,
t

p
, is only a function of 

the medium’s SVF, , and an equivalent fiber diameter, eqd :
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Where eqd can be now used in the above-mentioned expressions for pressure drop calculations 

(equations 1 to 3, for instance).  Brown and Thorpe (2001) concluded that the best approximation 

for eqd is an area-weighted average of the fiber diameters in the bimodal filter.  This means that 

the pressure drop of a bimodal filter is similar to that of a unimodal filter having the same SVF 

but composed of fibers with a diameter that is obtained by area-weighted averaging of the fiber 

diameters in the original bimodal filter.  Our paper builds up on the work of Brown and Thorpe 

(2001) and is aimed at improving their model and better our understanding of the factors affecting 

the pressure drop of filters with bimodal fibers. As will be discussed below, predicting the 

pressure drop of filters with bimodal fibers by using only the area-weighted average diameter can 

cause considerable errors depending on the ratio of fiber diameters and the number fraction of the 

coarser (or fine) fibers.  Note that our results here are limited to the case of orthogonal fiber 

arrangement as used in Brown and Thorpe work (2001) The case of offset fiber arrangement is 

not considered. Readers are referred to the works of Lundstrom et al (1995) and Papathanasiou  

(2001) and Papathanasiou & Markicevic (2001) for the case of flow through square and 

hexagonal fiber packing at high SVFs. 

Here, we assume that the pressure drop per unit thickness of a bimodal filter made of intimate 

blends of different fiber diameters to have the following form: 

),,,,( ccffc FRddf
t

p



               (5)
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where cd and fd are diameters of the coarse and fine fibers, 
f

c
cf d

d
R  is the diameter ratio of 

coarse fiber to fine fiber, and cF is the number fraction of the coarse fibers (the number of coarse 

fibers divided by the total number of fibers in the medium).   Obviously, cf FF 1 , where fF is 

the number fraction of the fine fibers.  We have introduced a modification to the above-

mentioned equivalent diameter, eqd as a function of cfR , and cF .  This modified equivalent 

diameter when used with existing unimodal 2-D models of square packing of the fibers shows an 

excellent agreement with the pressure drop results of filters with bimodal fibers.  

2.2 NUMERICAL MODELING OF FILTERS WITH BIMODAL FIBERS

Following the work of Brown and Thorpe (2001), we generated a series of 2-D geometries with 

fibers arranged in square lattices (see Fig. 1a). The SVF of the filter was kept at 5%, the same as 

that of Brown and Thorpe (2001), while the fiber diameters, and therefore, the cell sizes were 

varied.  Here, the coarse fiber number fraction, cF ,can only be 0, 0.25, 0.50, 0.75, and 1, which 

corresponds to the 0:4, 1:3, 2:2, 3:1, 4:0 fraction in the work of Brown and Thorpe (2001) where 

the first and last digits represent the number of coarse and fine fibers, respectively.  We also 

studied filters with fibers diameter ratios, cfR , ranging from 2 to 12.  

When using a unit cell, one needs to use periodic boundary conditions in order for the unit cell to

be a representative of the whole domain.  An alternative approach is to replicate the cells to 

obtain the required filter thickness (see Fig. 1b).  This allows considering uniform flow at the 

inlet and outlet.  The number of unit cells considered is not as important since the results are 
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presented per unit thickness of the filter.  We considered a thickness of approximately 1 mm for 

the filter, depending on the number of unit cells simulated.  Note that one of the unit cells is 

divided into two parts and has been added to the left and right sides of the whole geometry.  Also 

note that the inlet and outlet boundaries are considered at a distance of cdL 5 (Li and Ahmadi 

1982) so that a uniform flow can be assumed to prevail at the inlet and outlet, and the pressure 

drop calculation is carried out in the regions far from any flow gradients.  It is also worth 

mentioning that tracking the trajectory of the airborne particles via Lagrangian method (Wang et 

al 2006) and calculating the filter’s collection efficiency is more accurate via the approach 

considered here as they can be released from an inlet boundary placed far upstream of the filter.  

The case of 50.0cF represents three distinctive fiber arrangements depending on whether 

different fibers are placed in columns, rows, or staggered fashion (see Fig. 1c).

The filter geometries were meshed with triangular cells in the filter zone and quadrilateral cells in 

the fluid entry and exit zone.  The mesh refinement near the wall boundaries was performed in 

such a way that the accuracy was maximized.  We used 40,000 to 130,000 cells in the results 

presented in this paper depending on the ratio of the fiber diameters.  A larger number of cells is 

normally used in the simulations where the length scales (fiber diameters) are very dissimilar, i.e., 

1cfR .  A steady-state laminar incompressible flow was assumed to prevail inside our filter 

geometry when exposed to an air flow with a velocity of 0.1 m/s.  Minuteness of the dimensions 

considered in this work prevents the flow to become turbulent at velocities about 0.1 m/s 

(Reynolds number,  /Re Vd , <1, where  is the air density).  
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Figure 1: a) Square unit cell for the case of 75.0cF with three coarse and one fine fiber arranged on the 

corners of an orthogonal grid. b) Simulation domain and boundary conditions for the case of 25.0cF . c) 

Three possible fiber arrangements of columns, rows, and staggered configurations for the case 

of 50.0cF in a square unit cell.
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The finite volume method of Patankar (1980) implemented in Fluent code is exploited to solve 

the continuity and the conservation of momentum equations in 2-D geometries (equations are 

eliminated for the sake of brevity).  

Boundary conditions considered for the simulations are shown in Fig. 1(b).  Air flow is assumed 

to flow normal to the filter plane and enter the simulation domain through a velocity-inlet and 

leave it from a pressure-outlet boundary condition.  Symmetry boundary condition is considered 

for the sides of the computational box.  For the air flow on the fiber surfaces, we assumed a no-

slip boundary condition as the flow is in the continuum regime, i.e., 1/2  ff dKn  , where 

fKn is the fiber Knudsen number,  is the mean free path of the air molecules (about 64 nm).  

Since we used no-slip boundary condition in our simulations a minimum fiber diameter of 10 μm 

was used to ensure the accuracy of the pressure drop calculations. For fibers considerably smaller 

than 10 μm slip flow occurs and no-slip boundary condition is not relevant (Herman et al.,  2007).  

To ensure that the simulation results are mesh-independent, one of our filter geometries was 

arbitrarily chosen and the effect of mesh density on its pressure drop was calculated for different 

number of mesh points around the perimeter of the finer fiber.  As it can be seen in Fig. 2, 

increasing the number of mesh points beyond 40 does not have any significant influence on the 

pressure drop.  We, therefore, used at least 40 mesh points around the fine fiber in our 

simulations.

As mentioned above, our objective here is to find a relation between the properties of the fibers in 

a filter with bimodal fibers and its pressure drop.  According to Brown and Thorpe (2001), there 
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are three distinct ways of averaging the diameters of the fibers in a bimodal filter in order to 

obtain an equivalent representative unimodal diameter.  

Figure 2: Effect of the number of mesh points around the fine fiber perimeter on the pressure drop 

calculations, mesh independence was obtained beyond a 40-point mesh on the fine fiber perimeter.

These are number-averaged, area-averaged, and volume-averaged diameters:
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respectively.  An example, the equivalent diameters obtained for a bimodal filter having cd = 80 

µm and fd = 40 µm ( cfR = 2) are shown in Table 1.  

Table 1: A comparison between various unimodal equivalent diameters of bimodal filters with 2cfR and 

80cd μm calculated using Equation (6).

Number of Fibers of Each 

Diameter Number-weighted 

average diameter

Area-weighted average 

diameter

Volume-weighted 

average diameter80.00 μm 40.00 μm

4 0 80.00 80.00 80.00

3 1 70.00 74.29 76.92

2 2 60.00 66.67 72.00

1 3 50.00 56.00 62.86

0 4 40.00 40.00 40.00

Similar to the bimodal filter geometries, the unimodal filters made up of number-weighted, area-

weighted, and volume-weighted average diameters are simulated in this work and their pressure 

drops are compared with those of their corresponding original bimodal filters in the next section.

2.3 RESULTS AND DISCUSSION

2.3.1 UNIMODAL EQUIVALENTS OF FILTERS WITH BIMODAL FIBERS

The pressure drop per unit thickness of two bimodal filters having identical coarse fiber diameter 

of, 80cd μm, but different diameter ratios of 2cfR and 34.5cfR is simulated and compared 
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with their equivalent unimodal filters in Fig. 3a and b.  In Fig. 3b we have shown only cF = 0.25, 

0.50, and 0.75 for a better comparison, as the cases with cF = 0 and 1 correspond to unimodal 

filters made solely of fine and coarse fibers, respectively.  Note that the pressure drop decreases 

by increasing the fraction of coarse fibers in a bimodal filter.  This is because for a given SVF, 

increasing the fraction of the coarse fibers causes the specific surface area of the filter to 

decrease.  The pressure drop, therefore, decreases as it is proportional to the available surface area 

of the fibers.  In agreement with the findings of Brown and Thorpe (2001), pressure drop of 

unimodal filters made of area-weighted average diameters, )2(
eqd , are closest to those of bimodal 

filters.  We also simulated three other fiber blends having identical SVF of 5% but different 

diameter ratios and coarse fiber diameters (( 67.2cfR , 40cd μm ), ( 8cfR , 120cd μm), 

and ( 12cfR 120cd μm)) and observed a similar trend (not shown). 

Note also that, as mentioned before, there are three different fiber configurations for the case of 

cF = 0.50 which result in three different pressure drops (see Fig. 3a and b).  In agreement with 

Brown and Thorpe (2001) column configuration is found to cause the highest pressure drop and it 

is followed by the staggered and row configurations. 

Note that a column configuration can be an approximate representation of a bimodal filter made 

of layers of unimodal fibers, as implied by Clarenburg and Werner (1965), whereas the staggered 

configuration resembles a bimodal fiber blend.  This indicates that the pressure drop of a layered 

bimodal filter is likely to be higher than that of a blended fiber structure with the same fiber 

fractions (Clarenburg and Werner, 1965).  Note that the current work is not aimed at describing 
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the differences between the intimate blend and layered structures.  This can be done in a series of 

3-D simulations.  As the staggered configuration is the closer to a real bimodal blend, we consider 

only this case for the rest of our analysis in case of cF = 0.50.

     

     

Figure 3: Comparison of pressure drop per unit thickness of bimodal and their equivalent unimodal filters. 
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Although the pressure drop of the unimodal filters made of fibers with area-weighted average 

diameters, )2(
eqd , is closer to those of their corresponding bimodal filters, there is still a 

considerable discrepancy between the two.  As can be seen in Fig. 4, the absolute error 

percentage of such a prediction, 100/
BimodalUnimodalBimodal
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Figure 4: Absolute error percentage of the bimodal pressure drop predictions using area-weighted 

equivalent diameters, )2(
eqd , the error percentage increases by increasing cfR and decreasing cF

In order to account for this discrepancy, we used a multiple regression technique to find a 

modified unimodal equivalent diameter, *
eqd , in the form ),,( )2(*

ccfeqeq FRdfd  which leads to a 

least error percentage as will be discussed in the next section.

2 4 6 8 10 12
Rcf

0

10

20

30

40

50

A
bs

ol
ut

e
er

ro
r

(%
)

Fc = 0.75
Fc = 0.50
Fc = 0.25



78
                                                                                                                                             

2.3.2 MODIFIED UNIMODAL EQUIVALENT FIBER DIAMETER

In order to correct the aforementioned errors associated with using area-weighted average 

diameter as the equivalent unimodal diameter of a bimodal filter, we first found an expression to 

predict the pressure drop per unit thickness of the unimodal filters in the form of Equation 1 by 

fitting a curve to the results of a series of unimodal filter simulation (see Fig. 5).  We used JMP®

statistical software for nonlinear curve fitting which uses an iterative Gauss-Newton method to 

find the least square estimate.  

    

Figure 5: : Nonlinear curve fitted to the pressure drop values obtained from simulating unimodal filters 

(Eq. 7), the error percentage in this curve fitting was below 2%.
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98.1
0




dc
t

p
(7)

where 6
0 1065.1 c . The absolute error percentage of the above curve fitting is about 2%.  

Therefore, Equation 7 was used to find the equivalent unimodal diameters for the pressure drop 

per unit thickness obtained from the simulation of bimodal filters.  Our aim here is to find a 

relation between the diameter obtained from Equation 7 and )2(
eqd , cfR , and cF .  A backward 

stepwise procedure was used for the regression analysis (for more information on this regression 

procedure readers are referred to Ott and Longnecker, 2002), the equivalent unimodal diameter 

obtained from Equation 7 was considered as the predicted variable and )2(
eqd , cfR , and cF as 

independent parameters.  The resulting diameter was termed modified equivalent diameter, *
eqd . 

Due to the nonlinearity of the error percentage (see Fig. 4) we included other nonlinear terms of 

cfR and cF in the regression procedure.  The expression below is the result of our regression

analysis with an Adjusted R2 of 0.999.

2/12/1
5

2/1
4

2/1
32

)2(
10

*
ccfccfcfeqeq FRaFaRaRadaad  (8)

where 20,65.25,49.14,21.1,95.0,25.23 543210  aaaaaa .  In order to examine the 

accuracy of Equation 8, we simulated a bimodal filter with 16cfR and 160cd μm.  The 

equivalent unimodal diameter was calculated by using Equations 8 and the unimodal pressure 

drop was obtained by using Equation 7.  The comparison between the predictions using *
eqd and 

the original area-weighted average equivalent unimodal diameter, )2(
eqd , is shown in Fig. 6 in 
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terms of the error percentage when compared to the results of pressure drop simulation through 

the bimodal filter.  It can be seen that the absolute error percentage is remarkably lower when 

using *
eqd . 

    

Figure 6: A comparison between the error percentage in the pressure drop prediction of a bimodal filter 

with 16cfR and 160cd μm and by using equivalent unimodal filters having fiber diameters obtained 

from )2(
eqd and *

eqd .
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modified equivalent unimodal fiber diameter, *
eqd , together with Equations 1 and 2 to predict the 

pressure drop of different bimodal filters having a SVF of 5%. These filters are numerically 

simulated and their pressure drops are used for comparison (see Fig. 7a, b and c).  

                                           

Figure 7: A comparison between the calculated pressure drop values using *
eqd in the model of Drummond 

and Tahir [10] and that of simulated bimodal filters. a) 80cd μm, b) 15fd μm, c) 120cd μm
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Figure 8: A comparison between the calculated pressure drop values using *
eqd in the model of Drummond 

and Tahir (1984) and that of simulated bimodal filters for different SVFs. 
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of cfR = 2 and the coarse fiber diameter of cd = 80 μm.  The predicted pressure drops are 

compared with those obtained from simulation of bimodal filters in Fig. 8.  An excellent 

agreement is evident indicating that Equation 8 can be used for filters with SVFs up to at least 

15% and in the diameter range of 10 to 160 μm which we have considered in our simulations.

2.4 CONCLUSIONS

While it is fairly easy to estimate the pressure drop of a filter with unimodal fibers, it is difficult 

to obtain the same for a filter composed of bimodal fibers.  This work builds up on the pioneering 

work of Brown and Thorpe (2001) on finding a unimodal filter geometry that can be used to 

calculate the pressure drop of bimodal filters.  

In agreement with Brown & Thorpe (2001) we concluded that unimodal filters obtained by area-

weighted averaging of the fiber diameters, )2(
eqd , can be used to estimate the pressure drop of 

bimodal filters.  However, the accuracy of this estimation rapidly declines as cfR increases or cF

decreases.  To this end, we proposed a modification to the above equivalent diameter in terms

of )2(
eqd , cfR , and cF .  Our modified unimodal equivalent fiber diameter, *

eqd , is shown to be 

accurate for a wide range of cfR and cF when used for predicting the pressure drop of bimodal 

filters.  We have also shown that this modified equivalent diameter can be used for filters with 

SVFs up to at least 15% and in the diameter range of 10 to 160 μm which is a typical range for 

aerosol filters operating in continuum flow regime. The numerical simulation illustrated in this 

chapter shows effectiveness of using 2-D model to solve some complicated problem that might 

arise during manufacturing process.
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CHAPTER 3

A NOTE ON WATER MANAGEMENT IN 

HYDROENTANGLING PROCESS

This chapter is a manuscript entitled “The influence of forming surface on the vacuum pressure in 

hydroentangling process”, by Jaganathan, S., Vahedi Tafreshi, H., and Pourdeyhimi, B., and has 

been published in The Journal of Textile Institute, in press, DOI: 10.1080/00405000701692338.
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3.1 INTRODUCTION

Nonwovens are assemblies of fibers bonded together in the form of sheets, webs, or bats (Butler 

1999). One of the most popular methods used for bonding the loose fibers in a nonwoven fiber-

web is hydroentangling (Connolly and Parent 1993). The underlying mechanism in 

hydroentanglement is the exposure of the fibers to a non-uniform spatial pressure field created by 

a successive bank of closely-packed high-speed waterjets. The impact of the waterjets with the 

fibers in a somewhat random fiber-web displaces and rotates them with respect to their neighbors. 

These relative displacements, results in a coherent web of entangled fibers. Some of the fibers 

twist around others and/or interlock with them (Vahedi Tafreshi et al 2003, Vahedi Tafreshi and 

Pourdeyhimi 2004, Anantharamaiah et al 2006 a). The final outcome is a compressed and strong 

sheet of entangled fibers. 

Hydroentangling waterjets are generated from tiny cone-capillary nozzles with a typical inlet 

diameter of about 130µm (Vahedi Tafreshi and Pourdeyhimi 2003, Vahedi Tafreshi and

Pourdeyhimi 2004b, Anantharamaiah et al 2006 b, Anantharamaiah et al 2007). 

Hydroentangling nozzles are placed on long stainless steel strips, normally referred to as “nozzle-

strips”. Nozzle-strips span across the width of the machine (often a few meters). The nozzle-to-

nozzle distance (spacing between waterjets) is usually about 500µm to 600µm. Each nozzle-strip 

is placed in a manifold (jet head) where high-pressure water is supplied to the nozzles. 

Hydroentangling machines normally have several manifolds. An example of a hydroentangling 

machine is schematically shown in Figure 1. 
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Different kinds of fiber-webs can be bonded by hydroentangling. The webs are carried by a 

moving belt or a rotating perforated drum (also called a forming surface). There is one vacuum 

box for each manifold, underneath the belt (and inside the drum), which extract the water from 

the web for efficient entanglement (see Figure 2a). 

It is crucial for the entanglement at each manifold that the stagnant water remaining from the 

previous manifold is completely extracted from the fabric so that the incoming jets strike on the 

fibers and not a film of water. If the jets hit a film of water they immediately lose their energy and 

will not be able to cause any entanglement. The magnitude of the negative pressure applied in the 

vacuum box has a considerable effect on the structure and formation of the nonwoven fabric. 

Inadequate water removal also increases the time that is required for drying the fabric in the 

subsequent oven-drying process. On the other hand, excess vacuum aggravates the undesirable 

impression of the woven screen onto the fabric’s back surface.

Figure 1: An example of hydroentangling unit
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It can also cause the nonwoven fabric to get embedded into the woven screen and entangle with 

it. When a fabric adheres to the forming screen, excessive forces are required to detach it and this 

often causes unrecoverable damages to the fabrics. In spite of their importance, there is no 

publication available in literature that deals with the optimization of the vacuum pressure in 

hydroentangling. In this concern, we considered a simple quasi 3-d model of hydroentangling 

process and simulated the negative pressure required for evacuating the excess water for different 

nonwoven fabrics. We use a quasi 3-d modeling ( see section 1.1.9.1) technique in this chapter, 

where-in nonwoven above the forming surface is treated as porous media whose permeability 

value alone is substituted without need of any actual geometry. This modeling process 

considerably reduces the computational requirement.
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Figure 2: a) a model of hydroentangling process, b) weave unit cell of the forming surface
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In section 3.2 we describe our model of the hydroentangling system. In section 3.3 we describe 

analytical means to calculate pressure drop. In section 3.4 we describe numerical means to predict 

pressure drop. In section 3.5 we present results and discussions followed by the conclusions in

section 6.

3.2 MODELING WATER EXTRACTION PROCESS

Calculating the pressure needed for extracting the moisture from the fabric is more complicated 

for the case of hydroentangling on the belt as the web is supported by a woven screen as opposed 

to the simple thin-plate perforated sleeve of the drum. The belt (forming surface) is assumed here 

to be a monofilament woven screen with a plain weave pattern and a known weave density and 

yarn diameter. A schematic of hydroentangling process is shown in Figure 2a along with the unit 

cell of the woven forming surface in Figure 2b. Water is assumed to flow through a uniform 

velocity-inlet enter the nonwoven fabric kept over woven forming surface and leave it from a 

pressure-outlet beneath the forming surface. This means that we assume waterjets to merge into 

the water film on the surface and uniformly flow through the nonwoven fabric. 

In this chapter we discuss the cases of hydroentangling on openly woven and tightly woven 

forming surfaces separately. When the forming surface is an openly woven screen, nonwoven 

fabrics enter the open area between the filaments conforming to the texture of the screen. Such a 

problem, however, has not been observed in the case of tightly woven screens. 
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3.2.1 VACUUM PRESSURE CALCULATION FOR THE CASE OF TIGHTLY 

WOVEN SCREENS

In this section we present an analytical approach for calculating the vacuum pressure needed for 

extracting stagnant water from nonwoven and woven structures. This approach is relevant only 

for the case of hydroentangling on tightly woven screens where the nonwoven fabrics do not 

significantly enter into the screen and so one can assume the flow through the nonwoven fabric to 

be unidirectional as will be discussed in section 3.2.1.1 The total vacuum pressure required for 

extracting the process water through the nonwoven fabric and the woven screen can be predict as 

follows. 

NWWTot ppp  (1)

Where Wp and NWp are the pressured across the woven and nonwoven media. In the following 

subsections we describe appropriate analytical approaches for calculating each of these 

components.

3.2.1.1 FLOW THROUGH NONWOVEN FABRIC

Pressure drop caused by nonwoven materials can be predicted using Darcy’s law applied to 

unidirectional flows:

v
kn

p 





(2)

Where n is thickness of the porous zone,  is viscosity of the fluid, k is the permeability of the 

medium and v is the superficial velocity.
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Figure 3: Layered nonwoven fibrous structure

Most nonwoven materials are 3-D layered structures as shown in Figure 3 with different 

permeability’s along and through the plane of the fabric. Tomadakis et al (2005) investigated the 

permeability of viscous flow through such fibrous structures. Based on an electric conduction 

model, they proposed the following equation for dimensionless permeability,
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(3)

Where  is the porosity, p =0.11 is the percolation threshold for both perpendicular and parallel 

flows. The exponent is 0.521 and 0.785 for flow parallel and perpendicular to the plane of the 

fabric. Note that, as expected for layered structures, the permeability is lower in the through-plane 

direction that in the in-plane direction. It should be noted that this Eq. 2 is only valid for low-

speed flows. Modified Reynolds number, 'Re is often used in determining the point at which the 

flow starts to deviate from the Darcy‘s flow (Papathanasiou et al 2001).
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Papathanasiou et al (2001) stated that nonlinear deviation from Darcy’s flow starts for 'Re > 1 

where creeping flow assumption fails.

3.2.1.2 FLOW THROUGH WOVEN SCREEN

Pressure drop of woven fabrics can be calculated analytically using friction factor equation as 

given by Wu et al [13]:
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Wu et al (2005) suggest an empirical equation for kf for a wide range of weave designs and 

porosity as
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where Reynolds number (Re) here is given by:
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where is porosity of the weave repeat, pD equivalent spherical diameter of weave, v velocity of 

the fluid. The equivalent spherical diameter is given by:

v
p S

D
6

 (8)

where vS is the surface area per unit volume of the filaments in a weave repeat. By using the 

three dimensional geometry of weave repeat as shown in Figure 2b vS and can easily be 

calculated. 

3.2.2 VACUUM PRESSURE CALCULATION FOR THE CASE OF OPENLY WOVEN 

SCREENS

When the screen is openly woven, nonwoven fabrics can penetrate into the open area between the 

filaments. As the flow between the filaments in the woven screen is not unidirectional, one cannot 

simply use Eq.3 to calculate the pressure drop caused by the nonwoven media embedded in the 

woven screen. Alternatively, one can incorporate Eq.3 in a flow field calculation obtained via 

numerical simulation. In this concern we considered a numerical model for calculating the 

system’s pressure drop. To construct the woven screen, we used a yarn diameter, yd , of 

m200 and an inter-yarn spacing, yL , of m400 for unit cell shown in Figure 2b. This unit cell 

resulted in a wire count of 63.5 wires/inch. The weave geometry was imported to Gambit, a 

preprocessor for Fluent Computational Fluid Dynamics (CFD) code, via a journal file. The 

journal file describes all the operations needed to reconstruct the geometry of the weave. 
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The nonwoven fabric is assumed be placed over this plain weave as shown in Figure 4. The 

nonwoven is characterized by its thickness, t , Solid Volume Fraction (SVF) , , and fiber 

diameter, fd . 

                                                      

Figure 4: Computational domain considered in our simulations

A steady-state laminar flow is assumed to prevail inside our nonwoven media. The finite volume 

method of Patankar (1980) implemented in Fluent code is exploited to solve the continuity and 

the conservation of momentum equations in 3-D geometries (equations are eliminated for the 
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sake of brevity). Boundary conditions considered for the simulations are shown in Figure 5 (for 

clarity the computational box is sliced from the middle in the figure). Symmetry boundary 

condition is considered for all the sides of the computational box. 

                                                     

Figure 5: Computational domain showing penetration of nonwoven fabric into the openly woven screen 

Beneath the forming wire a vacuum fluid zone is appended. The outlet boundary for this vacuum 

zone is placed far downstream from the woven screen so that a uniform flow can be assumed to 
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prevail. A fluid entry zone is placed over the nonwoven material in a distance tL 2.0 . This is to 

ensure that the pressure drop calculation is carried out in the regions far from any flow gradients. 

It should be noted that the vacuum box sucks the water down in a large compartment which is not 

water-filled. A realistic modeling of the flow that exits the woven screen, flowing into the 

vacuum box, requires a two-phase flow approach. Such a two-phase model is computationally 

expensive and does not significantly improve the accuracy of the pressure drop calculations 

reported here. In this regard, we assumed that the compartment underneath the woven screen is 

filled with water (see Figure 5). 

To ensure the mesh independence of the results presented, we changed the cell counts from 

500,000 to 1,500,000 and noticed no significant change beyond about a density of about 800,000 

cells in the solution domain. The results presented here have obtained using about 900,000 cells. 

All the fluid zones were meshed using Hexagonal/Wedge mesh except the area inside the woven 

screen which was meshed using tetrahedral/hybrid mesh.

Inlet velocity used in the simulation can be obtained from the conservation of mass: water inflow 

from the waterjets is equal to the outflow through the total number of weave unit cells present 

above an area covered by the vacuum slot. Mass flow rate from a single water jet is given by,

jjet urm 2 (9)

Where 3/1000 mkg is the water density, r and ju are the waterjet radius and velocity. 

A typical hydroentangling pressure is 200 bars and so here we perform all our simulations for 

such a manifold pressure. Using Bernoulli equation one can obtain a jet velocity of about 200 m/s 
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for a manifold pressure of 200 bar. Therefore, for jet diameter of 100 µm and velocity of 200 m/s, 

we obtain a mass flow rate of skgm jet /1057.1 3 . This mass of water should go through 

several numbers of woven cells. The opening area of the vacuum box is a rectangular slot with a 

fixed width. Here we considered a width of 8 mm for the vacuum slot. This dimension is 

measured on the hydroentangling machine of the Nonwoven Cooperative research Center 

(NCRC) at NC State University made by Fleissner AquaJet 2000. For a filament centre-to-centre 

distance of 4.0yL mm, we obtain 20 woven unit cells in the width of the vacuum slot. Noting 

that the spacing between the nozzles on the nozzle-strip is 0.5 mm we, therefore have 20 

(0.5/0.4) = 25 unit cells fed by a single water jet. Hence, the mass flow rate through a single 

woven cell, cellm , is 51028.625/  jetcell mm  kg/s. With area of a unit cell being 

72 106.1  ycell LA m, we can find the inlet velocity through the nonwoven fabric, 

39.0/  cellcellinlet Amv  m/s.

The porous media lumped model of Fluent was employed in this study for modeling the 

nonwoven fabric. This model incorporates a flow resistance in a specified region which, in our 

case, is the nonwoven fabric. A porous medium in Fluent is modeled by the addition of a 

momentum sink term to the fluid flow equations. This momentum sink contributes to the pressure 

gradient in the porous cells, creating a pressure drop Eq. 2. Nonwoven material shown in Figure 5 

was assumed anisotropic with different permeability’s in through-plane and in-plane directions. 

The permeability values required for the model were calculated using the Eq. 3. As mentioned 

earlier, Darcy’s law is only valid for Re’ < 1 (Papathanasiou et al 2001). Calculating Re’ (Eq.4) 

we found that it is always below unity for the range of SVF and diameters considered here.
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In the case of woven screen, Reynolds number was calculated using Eq. 7. Parameters required 

for the calculation was found using unit cell shown in Figure 2b. With a porosity of 53.89%, we 

found a Reynolds number of about 60 indicating that the flow inside the woven screen is 

turbulent. We, therefore, used the Re-Normalized Group (RNG) - turbulence method to model 

the influence of the flow turbulence on the main flow parameters (equations are eliminated for the 

sake of brevity) (Readers could refer to, Fluent manual 2006 and Wilcox 1998 for additional 

details). The wall boundaries are treated in our simulations with the so-called enhanced wall 

treatment implemented in Fluent code. This method divides the whole domain into a viscosity-

affected region and a fully turbulent region and treats them with different approaches (Fluent 

manual 2006). This method requires a reasonably fine mesh on the boundaries with solid surfaces 

that in turn increases the computation time. The criterion for generating an acceptable mesh in 

this method is the dimensionless distance from the wall,    /yuy  , where  /wu  is 

the friction velocity and y is the distance from the wall, respectively (Fluent manual 2006, Wilcox 

1998, Versteeg and Malalasekera 1995). In the enhanced wall treatment, y+ values should be of the 

order of unity in the cells adjacent to the solid surface. The fine mesh used in our simulation 

resulted y+ values around 0.5 which falls into the acceptable range.

3.3    RESULTS AND DISCUSSION

In this section we first consider the case of openly woven screens. Nonwoven fabric in this case 

will penetrate between the filaments of the screen which causes a 3-D flow pattern inside the 

nonwoven medium. The flow field in this case is solved according to the aforementioned 

algorithm. Figure 6 shows the velocity field in the simulation domain. The unidirectional flow 

through the nonwoven fabric above the screen and its transformation into a 3-D flow field inside 
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and after the screen can be seen. Here we considered four different fiber diameters of 5 m , 

10 m , 15 m and 20 m with five different SVF’s of 0.05, 0.075, 0.1, 0.125 and 0.15. Our 

results revealed that by decreasing the fiber diameter, while keeping the SVF constant, the 

required vacuum pressure increases (see Figure 7). This is because by reducing the fiber diameter, 

the specific surface area (surface area per unit of mass) of the medium increases. 

                      
Figure 6: Velocity vectors from the simulation showing unidirectional and 3-D flow patterns
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The increased surface area causes additional friction and so increases the pressured drop. On the 

other hand, by decreasing the SVF for a given fiber diameter the media’s pressure drop decreases 

as expected. 

As it could be expected, the pressure drop caused by the woven screen is not remarkable in the 

case of openly woven screens. In a separate simulation, in the absence of the nonwoven fabric, 

we computed the pressure drop caused by the screen and found it to be around Wp = 1197 Pa. 

This pressure drop was subtracted from the abovementioned simulations and the resulting 

pressure drop is shown in Figure 7. It is obvious that the pressure drop caused by woven fabric 

mesh is negligible except for the case of very low-SVF nonwovens.

                         

Figure 7: Pressure drop caused by the nonwoven (NW) and the screen (S) for nonwoven fabrics with 

different porosities and fiber diameters
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For the case of tightly woven screens, the nonwoven fabric does not get embedded into the screen 

and so the flow pattern stays unidirectional. It is then more convenient to use the 1-D Darcy’s law 

(Eq. 2) together with Eq. 5 for the pressure drop caused by the screen to obtain the required 

vacuum pressure (note that here the pressure drop caused by the screen may not be negligible). 

To demonstrate this hypothesis we conducted a series of simulations using m10 fiber. Here we 

used the same woven screen as discussed before but assumed that the nonwoven fabric stays on 

the surface without entering into the open areas between the filaments as shown in Figure 8. 

Pressure drop was also analytically calculated using equations (2, 5). As we can see from the 

Figure 9, pressure drop from these simulations is in good agreement with the analytical

prediction. This means that for tightly woven screens one can calculate the required vacuum 

pressure using simple analytical expressions.

Using the aforementioned analytical equations (Eq. 2 and Eq. 5) to predict the results presented in 

Figure 7 (the case of openly woven screens) leads to a considerable underestimation of the 

vacuum pressure as shown in Figure 10. It should be noted that these results are obtained 

assuming that the nonwoven fabric enters half-way into the woven screen. Even for a fixed 

operating pressure and screen geometry, the extent of embedment will be different depending on 

the type of the fibers in the web. Obviously, the predictions of the analytical method will deviate 

more if more nonwoven gets embedded into the screen.
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Figure 8: Computational domain for the tightly woven screen

3.4    CONCLUSION

Removing the stagnant water film from the surface of the nonwoven fabrics is very important for 

a successful hydroentanglement. In this paper, we presented two different strategies for 

calculating the vacuum pressure required for efficiently extracting the above stagnant water. For 
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the case of hydroentangling on tightly woven screens where little or no nonwoven gets embedded 

into the open areas between the filaments in the screen, one can assume a 1-D flow pattern and 

use analytical expressions for both media. In the case of openly woven screens, on the other hand, 

the flow becomes three dimensional and requires a numerical simulation. Presenting an example 

of openly woven screens coupled with different nonwoven fabrics, we demonstrated that 1-D 

approach via analytical models lead to underestimation of the vacuum pressure required for a 

complete water extraction. 

                    

Figure 9: Comparison between pressure drop prediction using 1-D analytical models and numerical 

simulations for tightly woven forming surface
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Our results also show that the vacuum pressure needed for complete removal of hydroentangling 

water increases by decreasing the fiber diameter or increasing the fabrics SVF. Following the 

procedure presented here one can determine the required vacuum power for hydroentangling 

different nonwoven fabrics on different woven screens.

                        

Figure 19: Comparison between pressure drop prediction using 1-D analytical models and numerical 

simulations for openly woven forming surface
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CHAPTER 4

A NEW APPROACH FOR MODELING PERMEABILITY

OF FIBROUS MATERIALS: REALSTIC IMAGING 

COUPLED WITH CFD SIMULATION

This chapter is a manuscript entitled “A realistic approach for modeling permeability of fibrous 

media: 3D imaging coupled with CFD simulation”, by Jaganathan, S., Vahedi Tafreshi, H., and 

Pourdeyhimi, B., and has been published in Chemical Engineering Science, 63 (2008), 244-252.
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4.1 INTRODUCTION

Nonwovens are assemblies of fibers bonded together in the form of sheets, webs, or bats. 

Nonwoven fibrous materials stem from the family of porous media. One of the most attractive 

characteristics of nonwoven materials is that they can form stable structures even at very low 

Solid Volume Fractions (SVFs). Having low SVF allows a porous media to attain a high 

permeability which is an essential requirement for the porous media used in many applications. 

Highly permeable nonwovens have been utilized in absorbency products, filtration, composites 

micro-devices and microbiology-related applications amongst many others. Realistic modeling of 

fluid flow through fibrous materials, is, therefore, essentially important for determining the 

accuracy of existing theories and/or developing new predictive tools. 

For slow flow through porous media, permeability is related to pressure drop across the media 

through the famous law of Darcy:

x

pk
V







(1)

where V is superficial velocity,  is fluid viscosity, k is permeability, 
x

p




is the applied 

pressure drop per unit thickness. Permeability, as given in Eqn.1, is a material property depending 

strongly on the material’s microstructure as discussed in section 1.1. Microstructure of fibrous 

materials, in general, can be considered to fall into three major categories: aligned structures, 

where axis of the cylindrical fibers are oriented either perpendicular or parallel to the flow 

direction (see, for instance, Chen and Papathanasiou 2006 and 2007), layered structures, where 

axes of cylindrical fibers lie randomly in the plane perpendicular to fluid flow (see, for instance, 
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Wang et al. 2006, Maze et al. 2007, and Zobel et al. 2007), and random structures, where fibers 

axes can be randomly arranged in any spatial direction (Tomadakis and Robertson, 2005; Li and 

Park, 1999). In section 4.2, we use these models to predict the permeability of a hydroentangled 

fabric.

A useful technique to obtain realistic information about the microstructure of a porous medium is 

serial sectioning-imaging of the material imbedded in a polymeric resin (Schweers and Loffler, 

1994, Brown and Vaughan 1996, Mölter and Fissan 1997, and Herman et al. 2006). These 

acquired 2-D images can then be used to virtually reconstruct the original 3-D microstructure 

(Berryman and Blair, 1986; MacDonald et al, 1995). Along with the above sectioning technique, 

X-ray-computed micro-tomography has also been developed and widely used in studying porous 

materials in general. Only a few works, however, are dedicated to fibrous materials (Hyväluoma 

et al, 2006; Faessel et al. 2005; Lux et al. 2006, Maschio and Arruda, 2001, Summerscales et al. 

2004, Latz and Wiegmann 2003, Schladitz et al. 2006). On a parallel track, Magnetic Resonance 

Imaging (MRI) has also been used by various investigators to obtain a 3-D image of porous 

media (see, for example, Hoferer et al 2007 and Lehmann et al 2005).

In this chapter, an integrated approach using automated serial sectioning technique Digital 

Volumetric Imaging (DVI) and finite volume method is presented to predict the permeability of 

nonwoven fabrics. Section 4.2 outlines an introduction to DVI. In section 4.3 a fast procedure for 

discretization of complicated microstructure of a porous material is reported. Section 4.4 presents 

the results of our finite volume simulations and their comparison with some of the available 

analytical models. This is followed by our conclusions in section 5.
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4.2 DIGITAL VOLUMETRIC IMAGING TECHNIQUE

Digital Volumetric Imaging (DVI) developed by Micro-science Group Inc., is a block-face 

fluorescence imaging technique (Chinn et al. 2004, Gujan 2001, Kerschmann 2001) where a 

fibrous material, embedded in a polymeric resin, is repeatedly sectioned and imaged. The 2-D 

cross-sections are then combined to construct a 3-D image of the microstructure. Unlike the 

conventional serial sectioning methods which are laborious (Oren, Bakke 2002, Spanne et al. 

1994), serial sectioning in DVI is fully automated using a computer interface. Initially, fibrous 

materials are stained using fluorescent dyes (e.g., Acridine Orange, Fluorescein, or Prodon) 

before being embedded in a proprietary polymeric resin mixed with Sudan black dye which 

optically opacifies the sample and limits the amount of light transmitted into the sample block 

during the imaging process .Basic elements of the DVI machine from Micro-science Group Inc 

are shown in figure 1. The sample block is mounted on a translational stage. During the 

downward vertical movement, a diamond knife cuts out a thin slice of the material. When the 

sample holder moves up an image of the block face is captured by an optical system. The optical

system consists of illumination source which could be either Mercury or Xeon arc lamp. The 

illumination light is passed though condenser lenses, fluorescence excitation filters, and 

wavelength selective dichromatic beam splitter before being focused on the sample block using 

microscope objective lens. The fluorescence emitted by sample face is again transmitted through 

objective lens, beam splitter and motorized color analyze filter which selects suitable wavelength 

to produce colored images. These images are captured using a Kodak Megaplus 4.2i CCD camera 

(Chinn et al. 2004). Once this process is completed translational stage is precisely moved forward 

using a stepper motor in a predetermined step length and the imaging process is continued. 

Resolution of images obtained from DVI ranges from m/pixel48.448.0  , with a field of view 
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ranging from 0.45 to 4.4 mm. Once the 2-D cross-sectional images are obtained, they can be 

reconstructed into a 3-D image for visualization and data analysis. The images could be exported 

out as image stacks in Tiff file format. 

Figure 1: Schematic of digital volumetric imaging technique

Figure 2 shows a 3-D image of hydroentangled fabric made of Nylon fibers produced at NCRC 

Partner’s lab, NC State University. Hydroentangling is one of the most popular methods used for 

bonding the loose fibers in a nonwoven. The underlying mechanism in hydroentanglement is the 

exposure of the fibers to a non-uniform spatial pressure field created by a successive bank of 

closely-packed high-speed waterjets. The impact of the waterjets with the fibers in a somewhat 

random fiber-web displaces and rotates them with respect to their neighbors. These relative 

displacements, results in a coherent web of entangled fibers. Some of the fibers twist around 
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others and/or interlock with them (Vahedi Tafreshi and Pourdeyhimi 2003). The final outcome is 

a compressed and strong sheet of entangled fibers. 

The sample shown in Figure 2 was stained using Sulforhodamine 101 fluorescent dye before 

being imaged by our DVI machine. A resolution of pixelm /77.1  was chosen with a 2-D image 

size of 1200  1200 pixels and the total number of cross-sectional images taken were 1200. The 

DVI images were exported as 2-D image stacks in TIFF file format for further analysis.

                    

Figure 2: A sub-sample of Hydroentangled nonwovens imaged via DVI with a resolution of 

1.77 m /voxels having an average fiber diameter of 15.5 m and a SVF of 89%

The resin used in our study has a low viscosity and we speculate that it did not cause any 

significant change in the fabric’s microstructure, as it can be seen from the 3-D image shown in 

Figure 2. We measured the thickness of the sample using the 3-D image obtained from DVI and 
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the original fabric according to the ASTM D5729 test method. These two measurements showed 

a relatively good agreement. Nevertheless, it should be noted that there is a chance of slight 

alternation in the microstructure during the sample preparation process. 

4.3    FLUID DOMAIN DISCRETIZATION IN COMPLEX FIBROUS STRUCTURES

In order to use the 3-D geometries obtained via DVI technique, in a Computational Fluid 

Dynamics (CFD) code like the one from Fluent Inc. one needs to discretize the continuous fluid 

domain. The conventional approach for meshing such geometries is a CAD-based technique 

where the 3-D geometries are converted into Stereo Lithography (STL) files. The STL faceted 

geometries can then be volumetrically meshed using a mesh generator like Gambit (Tabor et al., 

2006). The major problem with the above approach is that it requires extensive computational 

resources (Tabor et al., 2006; Selomulya et al., 2006). Apart from this, meshing disordered 3-D 

geometries is very laborious. In this concern, we used an image-based approach which does not 

require an intermediate STL file conversion. Here the fluid domain discretization is accomplished 

directly from the voxels of the image. An image processing tool, Scan-IP, is used here for 

segmentation and 3-D image reconstruction (see section 4.3.1). A finite volume model of the 

microstructure is created using an image-based mesh generator program, Scan-FE (see section 

4.3.2). We start with a grayscale image stack obtained from DVI, threshold the image and then 

reconstruct the fluid flow domain. We also added two series of blank slices upstream and 

downstream of the media. Number of these blank slices is determined from the resolution of the 

voxels and the thickness of the fibrous medium. We placed the inlet and outlet at a distance of 

t5.0 from the fabric surface where t is fabric’s thickness. With this new approach, preprocessing 

a typical 3-D fibrous structure, like those presented in this study, takes about 30 min. 
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4.3.1 IMAGE SEGMENTATION AND 3-D RECONSTRUCTION

In order to combine the 2-D images one has to, first, segment out the fiber cross-sections from the 

background void space. Thus, the images need first to be ‘thresholded’ to separate the fibers from 

the background (black from white). This is a critical step as the ‘thresholding’ method selected 

can significantly influence the results. Thresholding (also known as “segmentation”) is the 

procedure where the gray levels are split into two classes in an attempt to separate the objects of 

interest from the background and is an essential step in image analysis. The most common 

method of thresholding is when the pixels are simply separated into two classes based on a 

predefined threshold or cut-off value. The important problem is how to decide upon the optimum 

threshold value so that the desired classification of objects is achieved. Consider the image given 

in Figure 3a and its gray level histogram given in Figure 3b. Although the contrast in the image 

appears to be high, thresholding using the mean intensity as the cut-off value results in the loss of 

some fiber segments. The thresholding accuracy can be improved by employing a local contrast 

enhancement procedure through histogram equalization prior to thresholding. Here, we use a log 

hyperbolic transform function that “stretches” the contrast levels further apart sufficiently 

allowing thresholding by using the mean intensity of the new image. This transform function is 

intended for separating the intensity levels clustered too closely together. Because the dark and 

the light objects are further separated, the theresholded image results are not dependent on the 

threshold level selected allowing automatic thresholding of the images. Figure 3 c, d shows the 

image and its histogram after the hyperbolic transformation. For a full description of the 

technique, refer to Pratt (2001). Once the thresholded images are ready they can be combined to 

construct a fluid domain for the purpose of conducting CFD simulation. Alternatively, they can 

be inverted to obtain the solid fibrous microstructure.
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Figure 3: a) Grayscale DVI cross-sectional image of a fibrous structure, b) Histogram distribution of gray 

level values of the cross-sectional image, c) Segmented DVI cross-sectional image using hyperbolic 

transformation, d) Histogram of gray level values after the hyperbolic transformation

4.3.2 VOLUME MESHING AND RESAMPLING

Fluid flow domains in this work are meshed using Scan-FE preprocessor. In this code fluid 

domain is meshed by developing an orthotropic grid which intersects the boundaries of the 

geometrical objects (Tabor et al., 2006). This base grid is then used to create tetrahedral cells. The 

preprocessor also utilizes a boundary interpolation scheme to optimize the mesh quality. Quality 
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of the mesh from this preprocessor is given by outin RRQ /3 where inR and outR are the radii of 

the inscribed and circumscribing a sphere in a tetrahedral cell (Tabor et al., 2004; Scan-FE 

Mannual, 2006). The joint element quality is then given by  imean QNQ 1 where N is 

number of mesh elements and iQ is the quality of the thi mesh as described above. 

Using high resolutions during the imaging process (here )/77.1 voxelm improves the quality of 

the reconstructed geometry but requires extensive computational memory for performing a 

single-phase flow simulation. The DVI images obtained in this work have typically around 

120012001200 voxels. Depending on the available computational memory, one has to cut sub-

samples of different sizes to make the CFD simulations affordable. For instance, with the 

abovementioned meshing scheme, about 24 million cells are required to discritize a sub-sample of 

250250250 voxels, size. To reduce the number of cells, one can resample the images to a lower 

resolution (reducing number voxels representing the image). 

Table 1: Effect of resampling on the number of computational cells

RESAMPLING IMAGE SIZE RESOLUTION MESH SIZE

DVI ORIGINAL RESOLUTION 100 × 100 × 150 1.770 ΜM 6,744,202

90% OF THE ORIGINAL 90 × 90 × 133 2.213 ΜM 5,035,435

80% OF THE ORIGINAL 80 × 80 × 118 2.529 ΜM 3,537,100

70% OF THE ORIGINAL 70 × 70 × 104 2.950 ΜM 2,391,637

60% OF THE ORIGINAL 60 × 60 × 89 3.540 ΜM 1,507,865
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In resampling, an interpolation scheme is used to lower the number of voxels without altering the 

original geometry of the media. A detailed explanation of the linear interpolation method used in 

the resampling process can be found elsewhere (Bankman, 2000). Table 1 gives effect of

resampling on number of the mesh elements for a sample DVI image.

4.4 RESULTS AND DISCUSSION 

4.4.1 EFFECT OF RESAMPLING PROCESS ON FLUID FLOW SIMULATIONS

A steady-state laminar flow is assumed to prevail inside our hydroentangled nonwoven media. 

The finite volume method of Patankar (1980) implemented in Fluent code is exploited to solve 

the continuity eqn.2 and the conservation of momentum equations eqn.3 in 3-D geometries. 

0).( 



V
t


          (2)

VP
Dt

DV 2  (3)

where  , V , P ,  are the fluid density, velocity, pressure, and viscosity, respectively. Boundary 

conditions considered for the simulations are shown in Figure 4. Symmetry boundary condition is 

considered for all the sides of the computational box. Note that if the sample size is large enough 

(see the next section) the choice of symmetry boundary conditions will not affect the simulation 

results. This is because flow is mainly in the through-plane direction and lateral flows are 

negligible. No-slip boundary condition was used on the fiber surface. 

In order to determine the effect of resampling process on the fluid flow simulation, we considered 

a DVI sub-sample of 100100100  voxels size and re-sampled it with different percentages. 
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Pressure drop was computed by imposing a superficial velocity of sm /01.0 at the inlet. As it can 

be seen from Figure 5 there is no considerable error in the pressure drop prediction due to the 

resolution reduction for re-sampling percentages greater than 60. We therefore, applied a 60% re-

sampling to all our DVI images used in this work. 

                               

Figure 4: Simulation domain and its boundary conditions

4.4.2 COMPARISON WITH ANALYTICAL MODELS

As mentioned before, the objective of this paper is to establish a fast and robust procedure for 

predicting the local permeability of fibrous porous media. Our proposed procedure is used here to 

predict the permeability of hydroentangled nonwoven fabrics using Eqn. 1. To determine the 

accuracy of our simulations we compare our results with some of the analytical models in the 



122
                                                                                                                                             

literature. In order to find the appropriate size for the simulation box, we used the Brinkman 

screening length criterion which is given by k where k is permeability of the medium (Clague 

and Phillips 1997). According to (Clague and Phillips, 1997; Clague et al., 2000) a box size of 

about 14 times greater than the Brinkman’s length is large enough to smooth out the local 

inhomogeneities.

                                     

Figure 5: Effect of resampling on the pressure drop prediction

To obtain an estimate of the relevant simulation size, analytical equation (Eqn.6) was used. For 

the simulations we randomly chose 15 sub-samples from the original DVI image. Average fiber 

diameter ( m5.15 ) and sub-samples SVF were measured using ResView software. It was found 

that a maximum simulation box of around m256 is sufficiently large to satisfy Brinkman 

screening length criterion. We chose a DVI image size of 175175175 voxels with a resolution 

of voxelm /77.1  which was re-sampled to 60% to obtain an image size of 105105105 with a 

V =0.01 m/s

Resampling %

P
re

ss
ur

e
D

ro
p

(P
a)

20 40 60 80 100
10

11

12

13

14

15

16



123
                                                                                                                                             

resolution of voxelm /95.2  . As mentioned before, two inlet and outlet zones of thickness 0.5t

were added to the simulation domain. The CFD results reported here are obtained with 10 to 11 

million tetrahedral mesh elements in a simulation domain of mmm  620310310  size. In 

meshing the geometries, a minimum joint mesh element quality of 0.15 was maintained which 

resulted in a satisfactory residual convergence during the CFD simulations. Figure 6 shows an 

example of the fibrous structures considered for the simulations together with the path lines of the 

water flow colored by velocity through the medium. There are several studies in the literature 

dedicated to studying the permeability of fibrous media. A good review of these works is given 

by Jackson & James (1986). Using Brinkman’s equation for the fluid flow, Speilman and Goren 

(1968) derived a set of permeability equations for different microstructures. Their expression for 

3-D layered and random microstructures is given as: 
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Here 1K and 2K are modified Bessel functions of second kind. The above expressions are valid 

for SVFs less than 0.5 and 0.75, respectively.
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Figure 6: Flow path lines through the medium colored by velocity magnitudes a) isometric view b), side 

view, and c) bottom view.

c)

b)

a)
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Permeability of different DVI sub-samples having different SVFs were computed with the 

aforementioned procedure and shown in Figure 7. It can be seen that dimensionless permeability 

decreases by increasing SVF. As can be noted from Figure 7, there is a wide range of SVFs 

obtained by sub-sampling different parts of the nonwoven material considered for this study. This 

is an inherent property of hydroentangled materials where the impaction between a curtain of 

waterjets and the fibers causes a fairly non-uniform texture to form (Anantharamaiah et al. 2006, 

Anantharamaiah et al. 2007). The non-uniformities exist in both in-plane (periodic with a 

periodicity of 500 µm to 600 µm) and through-plane directions. Figure 7 shows that the analytical 

model of Spielman and Goren obtained for layered fibrous structures, is in close agreement with 

the results of our simulations especially at low SVFs. The full 3-D isotropic model of Spielman 

and Goren, on the other hand, over-predicts the permeability of hydroentangled fabrics. 

We also compared our results with the predictions of Davies empirical correlation (Davies 1973) 

which was obtained for layered fibrous structure, Eqn. 6. 

135.1
2

)]561(16[  
r

k
(6)

As it can be seen, there is a good agreement between our simulations and the Davies’ correlation. 

Again, this indicates that the microstructure of a typical hydroentangled nonwoven fabric is closer 

to a layered (anisotropic) fibrous structure than an isotropic 3-D medium. 

In order to further elucidate this argument, we took 24 2-D cross-sectional images of a re-

constructed 3-D image with a spacing of 25 voxels in the x, y, and z directions. These images 

were then combined together using a logical “AND” operation using our in-house image analysis
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software ‘Image’ (see Figure 8). In this operation a pixel in the resulting image is turned “ON” 

i.e., converted to a black pixel, if it is on in either of the original images.

              

Figure 7: Comparison between the dimensionless permeability obtained from our simulations and the 

analytical models. 

From Figure 8 we can see that the image in the plane normal to the z-direction is completely 

different from those in the other two directions. As expected for a layered structure, elongated 

elliptical cross-sections are visible in the plane normal to the z-direction while circular cross-

sections in the planes normal to the x, and y.The fact that the above sub-samples have 

permeability constants close to those of layered 3-D structures, as oppose to 3-D random 
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structures, indicates that the hydroentangled fabric considered here, as a whole, is a layered 

structure. This conclusion is not immediately obvious because fibers in a hydroentangled fabric 

are bonded together in all x, y, and z directions as a result of the impaction with the high-speed 

waterjets. 

                            

                                               

Figure 8: 2-D images made by combining the fabric’s cross-sectional images obtained by multiple slicing 

of a 3-D image at every 25 voxels in the a) x-direction, b) y-direction, and c) z-direction.

For the completeness of study, we also compare our results with the analytical model of 

Tomadakis et al. (2005). They proposed an analytical model based on the electric conductivity to 

a) b)

c)
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predict the permeability of fibrous structures. Tomadakis et al (2005) proposed the following 

equation for the permeability of fibrous media with layered microstructure:

2
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where  is the porosity of the media, p is the percolation threshold (0.11),  a constant (0.785). 

The above expression is valid for SVFs less than 0.3. This expression shows a good agreement 

with our simulation data at higher SVFs. At low SVFs, however, it seems to over-predict the 

permeability of the media. It is worth mentioning that the isotropic model of Tomadakis et al. 

(2005) results in higher permeability predictions, compared to their anisotropic layered model, 

and so is not shown in Figure 7.

It is worth mentioning that most of the permeability equations in the literature are either empirical 

or based on the so-called 2-D cell models. The cell models are based on the assumption that all 

fibers in a fibrous medium experience the same flow field and fibers are perpendicular or parallel 

to the main flow direction. An example of such models is given by Drummond and Tahir (1984):

))(774.12476.1ln(
8

1 32
2




O
r

k
 (8)

where r is radius of the fiber,  is the SVF. The analytical model of Drummond & Tahir (1984) 

under-predicts the materials permeability. In Figure.7 we have also shown 2-D random fiber 

model of Papathanasiou and Lee (1997). Similarly, this model also seems to under-predict the 

permeability of a 3-D fibrous structure especially at high SVFs. This is a typical behavior all 2-D 
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models and has been reported in previous studies as well (Dhaniyala, and Liu, 1998; Rodman and 

Lessman, 1988; Wang et al. 2006).

In figure 7 we also compare our simulation data’s with experimental permeability of the 

nonwoven. These permeability data’s were obtained using Frazier air permeability tester. A 

constant pressure drop 0f 0.5 inches of water was used for permeability prediction. Reynolds 

number measured from the test (~ 0.75) was higher than one used in the simulation (~ 0.15), but 

the flow regimes can be considered within stokes flow assumption. These experimental 

permeability values slightly over predicts the micro-structural permeability of the nonwoven, this

we should expect from the permeability predicted using macrostructure where inhomogeneity in 

Solid volume fraction, fiber orientation and fiber diameter could increase the permeability 

because of bypass effects [Schweers and Loffler, 1994].

4.5 CONCLUSIONS

In this chapter we describe a novel procedure for modeling fluid flow through the real 

microstructure of a fibrous material. The method is based on fiber-level information obtained via 

Digital Volumetric Imaging (DVI). Complex microstructure of fibrous materials was discritized 

using an image-based mesh optimization method and utilized in the finite volume CFD 

simulations. The fluid flow simulations were used to calculate the permeability of the fibrous 

structures and compare with various analytical equations. Our integrated DVI-CFD approach is 

valuable as it can complete the existing analytical, empirical, and modeled-geometry-based 

numerical methods. Using DVI techniques, we obtained 3-D images from a hydroentangled 

nonwoven fabric made in our laboratory and computed its local permeability, as an example. A 
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good agreement between our results and the existing permeability models were observed. 

Comparing our results with the available analytical models developed for spatially random and 

planar random (layered) 3-D fibrous structures, it was found that the microstructure of a typical 

hydroentangled fabric is closer to a layered structure. 

REFERENCES

Anantharamaiah, N., Vahedi Tafreshi, H., Pourdeyhimi, B., 2006. A Study on Hydroentangling 

Waterjets and their Impact Forces. Experiments in Fluids 41 (1), 103.

Anantharamaiah, N., Römpert, K., Vahedi Tafreshi, H., Pourdeyhimi, B., (In press). A novel 

nozzle design for producing hydroentangled nonwoven materials with minimum jet-mark defects. 

Journal of Material Science 42(15), 6161-6170.

Bankman, I., 2000. Handbook of Medical Imaging: Processing and Analysis. Academic Press,

San Diego: USA.

Berryman, G. J., Blair, C. S., 1986. Use of digital image analysis to estimate fluid permeability of 

porous material: Application of two point correlation function. Journal of Applied Physics 60(6), 

1930-1938.

Chen, X., Papathanasiou, T.D., 2006. On the variability of the Kozeny constant for saturated flow 

across unidirectional disordered fiber array. Composite Part A 37, 836-834.



131
                                                                                                                                             

Chen, X., Papathanasiou, T.D., 2008. The transverse permeability of disordered fiber arrays: A 

statistical correlation in terms of mean nearest interfiber spacing. Transport in Porous Media 

71(2), 233. 

Chinn, D., Ostendorp, P., Haugh, M., Kershmann, R., Kurfess, T., Claudet, A., Tucker, T., 2004. 

Three dimensional imaging of LIGA- made microcomponents. Journal of Manufacturing Science 

and Engineering 126, 813-821.

Clague, S. D., Phillips, J. R., 1997. A numerical calculation of the hydraulic permeability of three 

dimensional disordered fibrous media. Physics of Fluids 9(6), 1562-1572.

Clague, S. D., Kandhai, D. B., Zhang, R., 2000. Hydraulic permeability of (un) bounded fibrous 

media using lattice Boltzmann method. Physical Review E 61(1), 616-625.

Dhaniyala, S., Liu, B.Y.H., 1999. An asymmetrical, three dimensional model for fibrous filters. 

Aerosol Science and Technology 20, 333-348.

Davies, C.N., 1952. The Separation of Airborne Dust and Particles, Proceedings of Institute of 

Mechanical Engineers B1, London, 185–213.

Drummond, J.E., Tahir, M.I., 1984. Laminar viscous flow through regular arrays of parallel solid 

cylinders. International Journal of Multiphase Flow 10(3), 515-540.



132
                                                                                                                                             

Faessel, M., Delisée, C., Bos, F., Castéra, P., 2005. 3D modelling of random cellulosic fibrous 

network X-ray tomography and image analysis. Composite Science and Technology 65, 1931-

1940.

Gujan,S., 2001. Secrets of the very small. Popular Science 256(6), 80.

Herman, P.K., Lehmann, M.J., Velu, Y.K., 2006. Predicting initial pressure drop of fibrous filter 

media: Typical models and recent improvements. Journal of Textile and Apparel, Technology and 

Management 5(2), 1-15.

Hoferer, J., Hardy, E.H., Meyer, J., Kasper, G., 2007. Measuring particle deposition within 

fibrous filter media by magnetic resonance imaging. Filtration 7(2), 154-158.

Hyväluoma, J., Raiskinmäki, P., Jäsberg, A., Koponen, A., Kataja, M., Timonen, J., 2006. 

Simulation of liquid penetration in paper. Physical Review E 73(3). 

Jackson, G.W., James, D.F., 1986. The permeability of fibrous porous media. Canadian Journal 

of Chemical Engineering 64 (3), 364–374.

Kerschmann, R., 2001. Filter Media Structure in Virtual Reality. Filtration & Separation 38(7), 

26-29.



133
                                                                                                                                             

Lehmann, M.J., Hardy, E.H., Meyer, J., Kasper, G., 2005. Fibrous filters: Non-invasive 

determination of local 3D fiber structure by MRI. Filtration 5(2), 62-67.

Latz, A., Wiegmann, A., 2003. Simulation of fluid particle separation in realistic three 

dimensional fiber structures. In FILTECH Europa conference, Düsseldorf.

Li, Y., Park, C.W., 1999. A predictive model for the removal of colloidal particles in fibrous filter 

media. Chemical Engineering Science 54, 633-644.

Lux, J., Ahmadi, A., Gobbé, C., Delisée, C., 2006, Macroscopic thermal properties of real fibrous 

material: Volume averaging method and 3D image analysis. International Journal of Heat and 

Mass Transfer 49, 1958-1973.

MacDonald, F. I., Zhoa, Q. H., Kwiecien, J. M., 1995, Analysis of the approaches to 3-D 

reconstruction of porous media. Journal of Colloid and Interface Science 173, 245-248. 

Maschio, C., De Arruda, F.C.A., 2001. Modeling of the efficiency of fibrous filters through 

numerical simulation and X-ray tomography. Advanced Powder Technology 12(3), 311-329.

Maze, B., Vahedi Tafreshi, H., Wang, Q., Pourdeyhimi, B., 2007. Unsteady-state Simulation of 

Nanoparticle Aerosol Filtration via Nanofiber Electrospun Filters at Reduced Pressures. Journal 

of Aerosol Science 38, 550-571.



134
                                                                                                                                             

Möelter, W., Fissan, H., 1997. Structure of a high efficiency glass fiber filter medium. Aerosol 

Science and Technology 27, 447-461.

Øren, E.P., Bakke, S., 2002. Process based reconstruction of sandstones and prediction of 

transport properties. Transport in Porous Media 46,311-343.

Papathanasiou, T.D., Lee, P.D., 1997. Morphological effects on the transverse permeability of 

arrays of aligned fibers. Polymer Composite 18(2), 242-253.

Patankar, S.V., 1980. Numerical heat transfer and fluid flow. Hemisphere Pub: Washington. 

Pratt, W.K., 2001. Digital Image Processing. Wiley-Inter science publication: New York.

Rodman, C.A., Lessmann, R.C., Automotive nonwoven filter media: Their constructions and 

filter mechanism. Tappi Journal 71, 161-168.

Scan-FE Reference Guide, Simpleware Ltd: Exter, UK.

Selomulya, C., Tran, M. T., Jia, X., Williams, A. R., 2006. An integrated methodology to 

evaluate permeability from measured microstructure. AIChE Journal 52(10), 3394-3400.



135
                                                                                                                                             

Schladitz, K., Peters, S., Bitzer, D.R., Wiegmann, A., Ohser, J., 2006. Design of acoustic trim 

based on geometric modeling and flow simulation for non woven. Computational Materials 

Science 38, 56-66.

Schweers, E., Löffler, F., 1994. Realistic modeling of the behavior of fibrous filters through 

consideration of filter structure. Powder Technology 80, 191-206.

Spanne, P., Thovert, F. J., Jacquin, J. C., Lindquist, B. W., Jones, W. K., Adler, M. P., 1994. 

Synchrotron computed microtomography of porous media: Topology and transport. Physical 

Review Letters 73(14) 2001-2004.

Spielman, L., Goren, S.L., 1968. Model for predicting pressure drop and filtration efficiency in 

fibrous media. Environmental Science and Technology 2, 279-287.

Summerscales, J., Rusell, P.M., Lomov, S., Verpoest, I., Parnas, R.S., 2004. The fractal 

dimension of X-ray tomographic sections of a woven composite. Advanced Composite Letters 

13(2), 113-121.

Tabor, G., Xuan, B., Fureder, R., West, T., Young, P., 2004. On automating the generation of 

CFD models based on 3D data: Industrial and biomediacal applications. In European Conference 

on Computational Methods in Applied Sciences and Engineering.



136
                                                                                                                                             

Tabor, G., Tame, D., Pierron, F., Young, P. G., Watkinson, A., Thompson, A., 2006. Patient-

specific arterial flow simulation with additional geometric elements. In European Conference on 

Computational Fluid Dynamics ECCOMAS CFD.

Tomadakis, M. M., Robertson, J. T., 2005.Viscous permeability of random fiber structures: 

Comparison of electrical and diffusional estimates with experimental and analytical results. 

Journal of Composite Materials 39(2), 163-188.

Vahedi Tafreshi, H., Pourdeyhimi, B., 2003. Effects of Nozzle Geometry on Waterjet Breakup at 

High Reynolds Numbers. Experiments in Fluids 35(4), 364

Vaughan, N.P., Brown, R.C., 1996. Observations of the microscopic structure of fibrous filters. 

Filtration & Separation, 741-748.

Wang, Q., Maze, B., Vahedi Tafreshi, H., Pourdeyhimi, B., 2006. A Note on Permeability 

Simulation of Multifilament Woven Fabrics. Chemical Engineering Science 61, 8085.

Zobel, S., Maze, B., Vahedi Tafreshi, H., Wang, Q., Pourdeyhimi, B., (2007). Simulating 

Permeability of 3-D Calendered Fibrous Structures, Chemical Engineering Science 62, 6285–

6296.



137
                                                                                                                                             

CHAPTER 5

A DUAL SCALE APPROACH TO PREDICT 

PERMEABILITY OF FIBROUS STRUCTURES

This chapter is a manuscript entitled “A case study of realistic two-scale modeling of water 

permeability in fibrous media”, by Jaganathan, S., Vahedi Tafreshi, H., and Pourdeyhimi, B., and 

has been published in Separation Science and Technology, 43(8) (2008), 1901
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5.1 INTRODUCTION

Fibrous materials are widely used in industry as well as in our daily life for a very simple reason; 

they are flexible, relatively strong, and, most importantly, permeable. In almost all the 

applications where a fibrous material is deployed, its permeability is critically important. Viscous 

fluid flow through fibrous material has been often characterized using Darcy’s law:

x

p
kv



 1 (1)

where v is the superficial velocity,  is the fluid viscosity, k is the permeability, and 
x

p




is the 

pressure drop per unit thickness. Using idealized modeled geometries many authors have 

proposed various expressions for predicting the permeability of fibrous materials (Happle, 1959, 

Kuwabara, 1959, Spielman and Goren 1968, Sangani and Acrivos 1982, Drummond and Tahir 

1984, Jackson and James 1986, Higdon and Ford 1996, Clague and Phillips 1997, Papathanasiou 

and Lee 1997, Koponen et al 1998, Dhaniyala and Liu 1999, Tomadakis and Robertson 2005, 

Wang et al 2006, Zobel et al 2007). However, all these works are based on the assumption that 

the material is a homogeneous medium. On the contrary, real fibrous materials are rather 

inhomogeneous. The inhomogeneity can be in Solid Volume Fraction (SVF), in fiber 

orientations, and/or in fiber diameter distribution. These inhomogeneities can cause the 

permeability of a given specimen to be markedly different from what the models predict.

There are basically three different techniques for obtaining realistic information regarding the 

microstructure of a fibrous porous medium: serial sectioning-imaging of the material impregnated 

with a polymeric resin (Schweers and Löffler 1994); Magnetic Resonance Imaging (MRI) 
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(Hoferer 2007), and X-Ray computed tomography (Faessel et al 2005, and Lux et al 2006). The 3-

D geometries obtained via each of the above techniques can be used as a solution domain for 

solving fluid flow equations and calculating the materials’ permeability. However, the resulting 

microstructures, especially when imaged at high resolutions, require enormous amount of 

computational memory which renders the above modeling strategy impractical. Our objective in 

this paper is to present a dual-scale modeling approach that allows utilizing real 3-D 

microstructures in calculating the permeability of a fibrous material without requiring significant 

computational resources. In this chapter, we use an automated serial sectioning-imaging 

technique to obtain 3-D images of the microstructure of a hydroentangled fibrous media. Sub-

domains of the large image are then used to derive the permeability of the material at micros-

scales. The microstructural permeability constants are utilized in macro-scale model developed 

based on the lumped porous media model of the Fluent CFD code to obtain the effective 

permeability of the entire fabric using an ordinary personal computer. 

Below, we provide a brief introduction to the materials used in this study. In section 5.3, we 

present the micro-structural permeability modeling of a nonwoven fibrous material. In section 

5.4, we compare micro-structural permeability with various permeability models presented in the 

literature. In section 5.5, we find the effective permeability of the entire hydroentangled fabric 

using a macro-scale model. This discussion is then followed by our conclusions in section 5.6.

5.2 MICRO-SCALE IMAGING USING DVI

Digital Volumetric Imaging (DVI) [Micro-science Group Inc.], is a block-face fluorescence 

imaging technique (Chinn 2004). Here a fibrous material, embedded in a polymeric resin, is 
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repeatedly sectioned and imaged automatically. These 2-D cross-sectional images are then 

combined to construct a 3-D image of the microstructure. Unlike the conventional serial 

sectioning methods which are laborious, serial sectioning in DVI is fully automated. The 

resolution of images obtained from DVI ranges from 0.48 to m/pixel48.4  , with a field of view 

ranging from 0.45 to 4.4 mm. The 3-D images can also be used for structural analysis (see 

Kerschmann (2001) for more information). 

For the current study, hydroentangled nonwoven fabrics made up of Nylon fibers with a fiber 

length of 3 cm and an average diameter of about 15 m were produced in the pilot facilities of the 

Nonwovens Cooperative Research Center (NCRC) at NC State University. Hydroentangling is 

one of the most popular methods used for bonding loose fibers in a nonwoven fiber-web. 

The underlying mechanism in hydroentanglement is the exposure of the fibers to a non-uniform 

spatial pressure field created by successive banks of closely-packed high-speed waterjets. The 

impact of the waterjets with the fibers in a fiber-web displaces and rotates them with respect to 

their neighbors and result in fiber entanglement leading to a coherent and strong fabric (The fiber 

web used for the hydroentangling process here was prepared via carding process.  

Our hydroentangled fabric was stained using by Sulforhodamine 101 fluorescent dye and imaged 

using the DVI equipment. 600 cross-sectional images with a size of 800 800 pixels and a 

resolution of 1.77 pixel / m were obtained. Figure 1 shows the reconstructed 3-D image 

considered for this study. 
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Figure 1: 3-D reconstructed DVI image of a typical carded hydroentangled nonwovens 

( 800 800 600  voxels, with a resolution of 1.77 m / pixel and an average fiber diameter of about 

15 m ).

5.3 MICROSCALE PERMEABILITY MODELING

The problem in using real microstructures in fluid mechanics computation is the complexity of 

the solution domain. In this chapter, we use the grid-aligned version of the Peskin’s Immersed 

Boundary Method (IBM) implemented in the GeoDict CFD code from ITWM, Germany (Jung 

and, Torquato, 2005, Kim et al 2001). By binirizing the 3-D images and converting the pore space 

into empty cells and the fibers into solid obstacles, one can use the image voxels as the 

computational cells, unlike the separate preprocessor (for example, Scan-IP) used in chapter 4. 

This greatly reduces the difficulties involved in mesh generation of complex geometries. 
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Finite difference scheme was used to solve steady state Stokes equation with periodic boundary 

condition. In this scheme velocity variables are assigned to the voxel faces and the pressure 

variables are defined at the center of each voxel. The governing equations for conservation of 

mass and momentum are given below respectively:
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where xv , yv ,and zv are velocity in the x, y, and z directions, respectively, and p and  are 

pressure and viscosity respectively. Our simulation strategy here is to specify a pressure drop in a 

given direction and then obtain the averaged flow velocity through the fibrous medium. Pressure 

drops were chosen such that velocity is always below 0.01 m/s resulting in Reynolds numbers 

smaller than unity (Stokes flow). Note that the periodic boundary conditions considered in our 

simulations results in non-zero velocity components in the lateral directions (perpendicular to the 

applied pressure gradient). According to the Darcy’s law we have:
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where here ),,,( zyxjikij  is the full permeability tensor of the sub-domain. Note that by 

specifying a value to the pressure gradient along one of the Cartesian coordinates, while others 

are set to zero, one can obtain three elements of the permeability tensor. Repeating this procedure 

for the other two coordinate directions, all the 9 elements of the ijk tensor will be obtained.

Figure 2: A schematic representation of various permeability models a) Unidirectional random fiber 

arrangement, b) Layered fiber arrangement, c) Random fiber arrangement

5.4 MICROSCALE PERMEABILITY CONSTANTS

5.4.1 ANALYTICAL MODELS TO PREDICT MICROSCALE PERMEABILITY

Existing analytical or numerical models consider the microstructure of a fibrous medium to be 

either of “unidirectional”, “layered” or “isotropic random” as shown in Figure 2. Here, for 

simplicity, we assume the so-called machine direction (MD) to be in the y-direction. The x- and z-

a)
b) c)

z

x



144
                                                                                                                                             

directions, therefore, will be the cross-machine and through-plane (or thickness) directions, 

respectively, and shown by CD and TD.  “Unidirectional” is the case where fiber axes lie parallel 

or perpendicular to flow direction. The medium’s microstructural permeability constants in the y, 

x, and z directions are therefore, shown by und
MDk , und

CDk , and und
TDk , respectively. Note 

that und
TD

und
CD kk  . Fibrous structure can be classified as “layered” if fiber axes lie randomly in 

planes perpendicular to the flow direction. In this type of structure, permeability constants 

are lay
MDk , lay

CDk , and lay
TDk where lay

MDk = lay
CDk and are normally greater than lay

TDk . “Isotropic random” 

is the case where fiber axes is randomly orientated in all the three coordinate directions. In this 

case, there exist only one permeability constant of ran
MDk = ran

CDk = ran
TDk .

Using Brinkman’s equation, Speilman and Goren (1968) proposed different expressions for the 

permeability of modeled fibrous media. Their expressions for flow perpendicular, lay
TDk and 

parallel, lay
MDk = lay

CDk , to a layered microstructure, are:
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where 1K and 2K are Bessel functions of second kind, r is the fiber radius and  is the solid 

volume fraction. It is worth mentioning that Davies (1952) developed an empirically correlation 
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which has been widely used since for filter media. The Davies’s correlation is in good agreement 

with the above expression of Speilman and Goren (Eqn.5) for the range of SVFs considered in 

this paper and so is not shown here for the sake of brevity. 

Speilman and Goren (1968) also derived the following expression for flow through isotropic 

random microstructures, ran
MDk = ran

CDk = ran
TDk .
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For the case of flow parallel to fibers in unidirectional microstructures, Speilman and Goren (3) 

proposed the following expression.
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Speilman and Goren (1968) did not make a distinction between the case of flow perpendicular to 

the fibers in unidirectional fiber bundles, und
TD

und
CD kk  , and that perpendicular to a layered 

microstructure, lay
TDk .  Note that many authors have proposed analytical or numerical expressions 

to predict the permeability of unidirectional microstructures in CD or TD directions. Kuwabara 

(1959) and Sangani and Acrivos (1982), Drummond and Tahir (1984), studied the case of cross 

flow in fiber bundles with a regular fiber arrangement, and are known for under-predicting the 

permeability of 3-D fibrous structure (Dhaniyala and Liu 1999, Rodman and Lessmann 1988 ). In 
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a recent study, Chen and Papathanasiou (2007) studied the case of flow parallel and perpendicular 

to fiber bundles in 2-D and have reported on their permeability calculations at high SVFs.  

Previously, we have shown that 2-D modeling of Papathanasiou and his co-workers (1997), same 

as other 2-D models, under-predict the medium’s permeability at low SVFs (Jaganathan et al 

2008). Tomadakis and Robertson (2005) have also reported on a comprehensive 3-D permeability 

modeling accounting various fiber orientations.  Comparing the results of Tomadakis and 

Robertson (2005) with the well known empirical correlation of Davies (1951) (the most reliable 

experimental permeability correction available) revealed that their expressions over-predict the 

permeability of real fibrous media for the range of SVFs considered in this paper. We, therefore, 

used the expressions of Spielman and Goren (1968) which is probably the most accurate 

analytical predictive model available for the range of SVFs considered here. 

5.4.2 MICROSCALE PERMEABILITY OF A TYPICAL CARDED 

HYDROENTANGLED NONWOVEN

As mentioned in section 5.2, in the current study, we considered a nonwoven fabric obtained by 

hydroentangling a carded fiber web of Nylon fibers with a length of 3 cm and an average 

diameter of about 15 m . Local (microscale) permeability constants of the specimen shown in 

Figure 1 (with a size of 800 800 600  ) can be found by taking series of sub-domains from the 

original 3-D image and solving Eqn. 2 and 3 using the GeoDict code. In order to find an 

appropriate size for the simulation domain we used the Brinkman screening length. According to 

Clague and Philip (1997) and Clague et al (2000), a simulation domain greater than the Brinkman 

length, k (where k is permeability of the medium), by a factor of 14 is sufficiently large to 

smooth out the effect of local inhomogeneities. Since no prior knowledge of the medium’s 
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permeability was available, we used the Spielman and Goren (Eqn. 7) to approximate the size of 

the simulation domain. In this paper, we considered a series of sub-domains with a size of 

200×200×200 voxels.   

                                           

Figure 3: A sub-domain of DVI image used in Finite Difference calculations

This is large enough to represent the microscale properties of our fibrous media and, at the same 

time, small enough to allow the computations to be carried out on a personal computer. Figure 3 

shows a typical sub-domain used in this study.

In Figure 4, the local permeability constants obtained form simulating a series of sub-domains in 

the machine ( MDk ), cross-machine ( CDk ), and thickness ( TDk ) directions are shown versus the 

SVF. Note that the resulting local permeability tensors are found to be almost symmetric with 

negligible off-diagonal elements when compared with the diagonal elements. 
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Figure 4: Permeability of microstructure as a ( )f  in main flow direction ( , , )TD MD CDk k k

From Figure 4, it may be observed that the local SVF considerably changes from one region to 

another within 800 800 600  specimen resulting in different local permeability values. In this 

figure, note that TDk is smaller than CDk and MDk . Interestingly, it can also be seen that MDk is 

smaller than CDk indicating that there is some degree of in-plane directionality in the material. The 

permeability in the TD direction tends to lie between lay
TDk and ran

TDk of Spielman and Goren (Eqns 

5 and 7, respectively), i.e., und
TDk < lay

TDk < TDk < ran
TDk , as it can be seen in Figure 5a. Note that MDk is 

closer to lay
MDk , at low SVFs, indicating that the microstructure of our medium is less likely to be 

unidirectional at low SVFs. 
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Figure 5: Comparison of micro-structural permeability with analytical expressions of Spielman and Goren 

(3), a) z-direction (TD) b) x-direction (CD) c) y-direction (MD)

In the MD direction, our permeability constants lie between lay
MDk and und

MDk (Eqns 6 and 8, 

respectively), i.e., ran
MDk < lay

MDk < MDk < und
MDk , as it can be seen in Figure 5b. In the CD direction, our 
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permeability constants are somewhat scattered between all the three models making it difficult to 

distinguish clear upper and lower boundaries (see Figure 5c). It, however, seems that our results 

are mostly close to lay
CDk indicating a somewhat layered microstructure for the material used in this 

work. 

It is worth mentioning that if the fibers were perfectly oriented in the MD direction, then one 

would expect to see und
TDk = und

CDk which is not exactly the case here but, as shown in Figure 4, 

there are some indications suggesting some degrees of unidirectionality in the fiber arrangement. 

This can probably be caused by the hydroentangling jet-streaks which form ridges and valleys on 

the surface of the fabric as discussed in our previous work (Jaganathan et al 2008). 

The above analysis shows that existing idealized models may not always be sufficient for 

predicting the permeability of a fibrous material. Small deviations from an ideal fiber 

arrangement considered by the above models can bring about considerable error in the prediction. 

This requires developing future models that allow for the imperfection of the fiber arrangements 

(e.g., the 2-D work of Chen and Papathanasiou (2007)). 

5.5 MACROSCALE PERMEABILITY CONSTANTS

From a practical point of view the local permeability constants need to be converted to a single 

representative value – effective permeability. Obviously, the effective permeability would be 

found if one could simulate the entire thickness of the material (see Figure 1).  However, as 

mentioned earlier, such a simulation is computationally expensive. We, therefore, used the local 

permeability tensors obtained from equation 4 in a macroscale porous media model implemented 
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in the Fluent CFD code to find the effective permeability of the material. A porous medium in 

Fluent is modeled by the addition of a momentum sink term to the fluid flow equation in a 

specified region of the solution domain. This momentum sink term is made of a viscous 

resistance ( ijij kW )( 1 ) which we find from modeling our sub-domains. These local 

permeability constants contribute to a pressure gradient in each porous region creating an overall 

pressure drop for the whole fabric. In our macroscale modeling, the finite volume method of 

Patankar (1980) is exploited to solve the continuity and the Darcy’s equation:

0
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 .The above equations are solved in each porous zone 

(lumped sub-domain) and so the permeability tensor in each zone here is an input which was 

obtained from our sub-domain simulations (see section 5.3). Boundary conditions considered for 

the simulations are shown in Figure 6. Symmetry boundary condition is considered for all the 

sides of the computational box. A fluid entry and exit zone was placed over the nonwoven 

material in a distance tL 5.0 where t here is the thickness of the fibrous medium in the 

simulation box. This is to ensure that the pressure drop calculation is carried out in the regions far 

from any flow gradients. Water was used as fluid with superficial velocity of 0.01 m/s. Note that 

if the sample size is large enough, the choice of symmetry boundary conditions will not affect the 
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simulation results. This is because flow is mainly in the through-plane direction and lateral flows 

are negligible.

                                      

Figure 6: Simulation domain together with boundary conditions used to calculate effective permeability 

A similar type of two-scale modeling has been carried out by Schweers and Löffler (1994), and 

Lehmann et al (2005). However, these authors have used the over-simplified unidirectional fiber 

bundle model of Kuwabara in their calculation of effective permeability. As shown in this 



153
                                                                                                                                             

chapter, unidirectional models under-predict the permeability of a real fibrous microstructure and 

can render the effective permeability calculations inaccurate. 

5.5.1 MACROSCALE PERMEABILITY OF A TYPICAL CARDED 

HYDROENTANGLED NONWOVEN 

Our aim here is to simulate the permeability of the entire thickness of our hydroentangled fabric. 

As mentioned earlier, we divided our image 800800800  into 48 sub-domains of  

200200200  voxel and simulated their microscale permeability’s (see Figure 5). The CPU 

time needed for running each of our 48 sub-domain simulations was around 90 minutes with a 

memory requirement of about 1 GB. These microscale permeability constants are now used in a 

lumped porous model to simulate the permeability of the whole medium. Our lumped model 

simulation required less than 2 GB of RAM and took about 30 minutes to converge. The 

dimensionless effective permeability obtained from this simulation was found to be 2.12. 

In order to further validate our simulations, we measured the through-plane permeability of our 

fabric using a Frazier air permeability tester. A constant pressure drop of 0.5 inches of water was 

used in the experiment. Reynolds number measured from the test (~ 0.7) was higher than the one 

used in the simulations (~ 0.16), but the inertial effects can still be ignored. A total of 30 tests 

were conducted which resulted in an average dimensionless permeability of about 2.19 with a 

Standard Deviation of 0.07. The individual data points are shown in Figure 5a. It can be seen that 

simulations are in good agreement with our experimental measurement.  This hybrid technique of 

finding effective permeability based on realistic data obtained from the high resolution 
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microstructure of fibrous structure together with porous media lumped models seems promising 

in regard to efficiency and time consumption. 

5.6 CONCLUSIONS

In this chapter, a two-scale approach for calculating the permeability of a porous medium was 

presented. By calculating the permeability of a series of microstructures obtained via 3-D DVI 

imaging, we simulated the macroscale permeability of a carded hydroentangled fabric by using a 

regular personal computer.  Comparing our permeability simulations with experimental data 

indicate that our two-scale modeling is reasonably accurate and can be used in cases where a one-

step simulation is not possible due to the extensive computational requirements. 

As a case study, we considered a carded hydroentangled fabric and calculated its microscale and 

macroscale permeability constants. The microscale permeability calculations were compared with 

the most reliable analytical permeability models and were discussed in details. 
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CHAPTER 6

PORE SIZE DISTRIBUTION OF FIBROUS MEDIA:

ANALYSIS OF MICROSTRUCTURES VIA DIGITAL 

VOLUMETRIC IMAGING TECHNIQUE

This chapter is a manuscript entitled “Modeling liquid porosimetry in modeled and imaged 3-d 

fibrous microstructure”, by Jaganathan, S., Vahedi Tafreshi, H., and Pourdeyhimi, B., and has 

been published in Journal of Colloid and Interface Science, 326, 166-175 (2008).
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6.1 INTRODUCTION

Nonwoven fibrous materials have enormous applications in filtration, insulation, acoustics, and 

clothing as well as in fluid absorbent and/or barrier materials. This is mainly because of the wide 

range of pore sizes that nonwovens can provide for fluid and particle flow, heat transfer, and 

acoustical waves, to name a few. Characterizing pore space of a fibrous medium is, therefore, of 

fundamental importance to optimize and develop new products. Pore space of a fibrous material 

can be characterized by different measures including, but not limited to, porosity , permeability, 

pore size distribution, and topological parameters such as connectivity (Dullien, 1979). 

In this paper we study pore size distribution of nonwoven fibrous materials. Note, however, that 

pore space in almost all fibrous media is a continuous domain. Dividing such a continuous 

domain into a number of discrete cylindrical volumes, i.e., cylindrical pores, is only a widespread 

approximation that has been used often in the context of solid-liquid separation or barrier 

materials. Defining pore size distribution for a given material makes it easy, in many cases, to 

characterize and compare different porous materials. Techniques such as porosimetry are, 

therefore, developed to obtain a pore size distribution for a given porous material. Porosimetry is 

developed based on the so-called “bundle of capillaries” assumption in which pores are regarded 

as straight capillary tubes with no interconnectivity. By incrementally forcing a nonwetting fluid 

into a porous material and monitoring the volume of intruded fluid, one can obtain a pore size 

distribution using the well-known Young-Laplace equation,

2 cos
r

p

 



(1)
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where r is the pore radius,  is the fluid’s surface tension,  is the solid-fluid contact angle, and 

p is the applied pressure. 

Thanks to the recent progress in imaging techniques, it is now possible to obtain 3-D images of 

the microstructure of a porous material with relatively good resolutions. Such images can be used 

to characterize the pore size and the pore-related properties of porous materials. There are 

basically three different techniques for obtaining 3-D images of porous materials: serial 

sectioning-imaging the resin-impregnated samples, Magnetic Resonance Imaging (MRI), and X-

Ray computed tomography (Schweers et al, 1994, Dirckx et al, 2000, Lux et al, 2006, Montimony

et al, 2004]. In previous chapters 4 and 5 ( see also Jaganathan et al 2008) we used an automated 

serial sectioning-imaging method known as Digital volumetric imaging technique to obtain 3-D 

images of the microstructure of a hydroentangled nonwoven fabric. These 3-D images were then 

used to conduct a series of fluid dynamics simulations to compute the media’s permeability 

constants. In this chapter, we focus our study on characterizing pore size distribution and liquid 

porosimetry modeling in 3-D microstructure of fibrous materials obtained via the above 

sectioning-imaging technique. 

In the next section, we provide a brief introduction to the materials used in this chapter. In section 

3, we present new methods for studying Porosimetric Pore Size Distribution (PPSD) and 

Geometric Pore Size Distribution (GPSD) of a fibrous media. In section 3, moreover, we apply 

these methods to characterize the Pore Size Distribution (PSD) of a typical hydroentangled 

nonwoven, as an example. In section 4, we present our pore space connectivity analysis using the 

so-called access function graph and discuss the pore space connectivity of homogeneous and 



163
                                                                                                                                             

heterogeneous (layered) nonwoven fibrous microstructures. This discussion is followed by our 

conclusions in section 5. 

6.2 MICROSCALE IMAGE OF FIBROUS STRUCTURE

For the current study, two different hydroentangled nonwoven fabrics made of nylon and 

polyester fibers with mean fiber diameters of 14.3 µm and 12.8 µm, respectively, were produced 

using two different manufacturing recipes in the pilot laboratory of the Nonwovens Cooperative 

Research Center (NCRC) at NC State University. Note that this chapter is not aimed at comparing 

these two nonwoven fabrics from a process-material-property relationship point of view. These 

two fabrics are only used in this work to demonstrate the capabilities of the developed 

methodologies with no attempt in relating their properties to their manufacturing or fibers’ 

properties. The fibers used for making these fabrics had a length of 3 cm and their webs were 

prepared via carding process. 

            

Figure 1: Hydroentangled nonwoven fabric imaged by DVI technique with resolution of 1.77 /m pixel a) 

Nylon nonwoven fabric b) Polyester nonwoven fabric

a) b)
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Our nylon and polyester fabrics were stained using fluorescent dyes, and imaged. A total of 1200 

cross-sectional images with a size of 1016 1024 pixels and a resolution of 1.77 pixel / m were 

obtained. Figure 1 shows a reconstructed 3-D image of the nylon and polyester fabrics.  Note that 

the resin used for impregnation has, generally, a low viscosity and we speculate that it did not 

cause significant change to the microstructure of the fabrics, as it can be seen from Figure 1. We 

calculated the thickness of our samples from the 3-D images. We also measured the thickness of 

the original fabrics according to the ASTM D5729 test procedure. The two measurements showed 

a relatively good agreement. The 3-D images were binarized using the algorithm described in our 

previous work [6] and used here for our pore space analysis.

6.3 MODELING MORPHOLOGICAL PORE SIZE DISTRIBUTION 

Full-morphology approach to characterize pore space parameter is a quasi-static image analysis 

method developed by Hazlett (1995) and was later on used by Hilpert and Miller (2001). In this 

technique, morphological openings are used to determine parts of pore space where spherical

structuring elements could be fitted without intruding fiber boundaries. This process corresponds 

to the concept of granulometry discussed by Soille (1999). Liquid intrusion and extrusion 

porosimetry can be simulated using this approach. In the current chapter, we use a modified full-

morphology algorithm developed based on the works of Hilpert and Miller (2001) and 

implemented in the Geodict Code (a detailed description of the implementation can be found in 

Schulz et al, 2007). This algorithm assumes that the pore space of the medium is initially filled 

with air and the medium is connected from one side to a large reservoir of nonwetting fluid. The 

nonwetting fluid, then, intrudes into the fibrous structure as the reservoir’s pressure is increased. 

Based on the Young-Laplace equation (Eqn.1), it is assumed that only a certain pore diameters
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can be intruded for each pressure increment. In order to simulate this quasi-static fluid intrusion, 

we first developed a spherical structuring element ( rB ) of an increasing radius of r which is used 

in a morphological operation “erosion” defined as:

 ,( ) :B x rr
x B     (2)

where  is the pore space and ,x rB is the structuring element centered at point x (Schulz et al, 

2007). The radius r of these structuring elements is obtained using the Young-Laplace equation 

(Eqn.1). 

Note here that, since full-morphology model treats the nonwetting fluid intrusion problem as a 

purely geometric problem, it is not sensitive to the fluid’s contact angle or surface tension. The

only requirement here is that the contact angle should be such that a spherical interface can be 

assumed (Schulz et al, 2007). The erosion operation results in the center points, where a given 

sphere can fit without intruding the fiber boundaries. The erosion procedure is then followed by a 

connectivity analyzes which results in the removal of all those eroded pore spaces which are not 

connected to the reservoir.

In order to find the pore volume which has been intruded for a particular pressure, the eroded 

space is then dilated using the same structuring element defined as:

 ,( ) : ( )B B x r Br r r
D X x B X        (3)

Once this dilation step is completed, pressure is incremented in predetermined steps to find the 

next smaller structuring element, using the Young-Laplace equation, and the above procedure is 
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repeated. Note that the nonwetting fluid reservoir can be placed at any side of the simulation 

domain. Here all other boundaries are assumed to be impermeable to the fluid. The Pore Size 

Distribution (PSD) obtained based on the fluid connectivity to the reservoir, is called

Figure 20: Cumulative volume of nonwetting fluid intruded into 2-d cross-section of fibrous structure 

taken from 3-d images shown figure 1 using full morphology method a) Un-intruded fibrous structure b) 

Cumulative pore volume fraction intruded by nonwetting fluid for 71D m c) Cumulative pore volume 

fraction intruded by nonwetting fluid for 53D m d) Cumulative pore volume fraction intruded by 

nonwetting fluid for 35.4D m

Porosimetric Pore Size Distribution (PPSD). Figure 2 shows the cumulative pore volume fraction 

of a fibrous media occupied by a nonwetting fluid as the pressure is incremented. For a better 

a)

b)

c)

d)
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clarity the fluid intrusion is shown in 2-D cross-sectional images taken from the y-z plane of the 

3-D image shown in Figure 1b. Note that since Figure 2 only shows 2-D slices of the actual 3-D 

simulation domain, the connectivity of the fluid-filled volumes is not obvious in this figure. 

An important step in the above procedure is connectivity of the intruding fluid to the reservoir. 

Ignoring this step, one obtains what is called the Geometric Pore Size Distribution (GPSD) of the 

material. In the case of GPSD, the erosion process is directly followed by the dilation without 

checking for the connectivity. This procedure is called “opening” the pore space by structuring 

element rB ,

 ( ) |BO X B B X   (4)

A detailed comparison of full morphology method with other image analysis technique could be 

found in (Vogel et al, 2005).

6.4 GEOMETRIC PORE DIAMETERS AND PROBABILITY DENSITY 

FUNCTIONS 

Using the above algorithm, GPSDs of the aforementioned nonwoven fabrics were evaluated. In 

Figure 3a and b we show GPSDs of our nylon and polyester fabrics, respectively. Here a mean-

value for the geometric pore diameter can be obtained using, 
i

ii pDDED )( , where ip is the 

pore volume fraction for given pore diameter ( 1ip  ). The mean geometric pore diameters of 
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the nonwovens analyzed here, and their standard deviations ( 2 2( ) ( ( ))E D E D   ), were found 

to be 77.25 36 m and 65 32 m for the nylon and polyester fabrics, respectively. 

Figure 3: Geometric pore size distribution nonwoven fabric a) Nylon nonwovens b) Polyester nonwovens

It is of fundamental importance to have quantitative information regarding the probability of the 

existence of a given pore diameter in a fibrous media. Probability distribution of the pore 

diameters depends on the stochastic nature of the materials and has been studied extensively by 

many authors (see for example, Deng and Dodson, 1994, Parkhouse and Kelly 1995, Johnston,

1998, Dodson and Sampson,1999, Sampson, 2004, Yi et al, 2004). The works of many of these 

authors in stochastically modeling the random fiber networks have been based on the assumption 

that these structures are planar with no through-plane fiber orientation. It was assumed that fiber 

axes are randomly distributed in 2-D planes and follow a point Poisson process (see for example 

Johnston, 1998). Based on the seminal work of Miles (1964), Castro and Ostoja-Starzewski

(2000) showed that the diameter of the pores associated to the polygons of planar Poisson 

network follow a Gamma distribution with a Probability Density Function (PDF) given as:
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1( )
( )

k
k df d d e

k
  


(5)

where d is the pore diameter,  is the Poisson line network density with a unit of 1L , and (.) is 

the Gamma function. A similar Gamma distribution has been proposed by Johnston (1998) and 

Sampson (2003) for the pore diameter of 2-D models of nonwoven materials. The shape 

factor, k characterizes the Coefficient of Variation (CV) of the pore diameters and its numeric 

value depends on the manufacturing process variables of the fabrics (Eichhorn and Sampson, 

2005) although it has been treated as a constant by most authors. Eichhorn and Sampson (2005) 

suggested that k can be obtained as
1

CV
k

 where CV for random structures was considered to 

be 
216

CV





 . Other authors Johnston (1998)  and  Sampson (2003) proposed a shape factor 

of 3k  for area (or volume) based on the frequency distribution of the pore diameters. 

The Poisson line network density in Eqn.5, , can be obtained from the relation proposed by 

Matheron (1971) and later used by Lombard et al (1989) for nonwoven materials as :

  (6)

where  is the specific length (with a unit of
2

L

L
) defined as the total length of the fibers in a unit 

area of the nonwoven. Considering a unit area of the nonwoven fabric with a thickness of 2 fd ,

Lombard et al (1989) proposed the following equation for the specific length,  :

8

f fT d




 
 (7)
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where  is the mass of the fabric per unit area and T is the fabric’s thickness. fd and f are the 

fiber diameter and density, respectively. For a fibrous medium composed of n number of 

independent 2-D stacked planes (layers) PDF of the pore diameter is given by Sampson (2003):

1
( ,

( , , ) ( )
( )

n

n k d
f d n f d

k





 

   
(8)

where (.,.) is incomplete Gamma function and  is the porosity of the entire fibrous media. In 

this paper, we approximate n with 
2 f

T
n

d
 as originally proposed by Lombard et al [27]. 

1


in 

the above equation is used as a weighting factor to account for the tortuosity and interconnectivity 

of the media (Sampson, 2003).

Table 1: Parameters used in Eqn.8 to obtain probability density function of pore diameters of nonwoven 
fabric

λ(micron-1) n ε

Nylon 3102296.5  46 0.8882
Polyester 310543.3  80 0.8493

In the current paper, for the first time, we compare the PDF of GPSDs obtained from real (as 

opposed to modeled) 3-D microstructures of a fibrous material with the theoretical model given in 

Eqn.8. Unlike all previous published works, k is not treated as a constant number in the current 

work. We considered k to depend on the fibrous microstructure under investigation and computed 

its value via numerical nonlinear curve fitting. Other parameters used in the Eqn. 8 were obtained 

the fabric’s specifications as shown in Table 1. 
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Relative frequency of geometric pore diameters shown in Figure 3a and b were converted to 

probability densities by dividing them between a series of bins with a size of, 54.3d µm. 

PDFs of the pore diameters of the nylon and polyester fabrics are shown in Figure 4a and b. 

  

Figure 4: Probability density of pore diameters of nonwoven fabric compared with PSD obtained using 

Eqn.8 for different values of shape parameter k a) Nylon nonwovens b) Polyester nonwovens

Nonlinear curve fitting resulted in shape factors, k , of 2.75 and 2.41 for the nylon and polyester 

fabrics, respectively. PDFs corresponding to the best fit k values are also shown in Figure 4a and 

b along with two extreme cases of 2k  and 3k  for comparison. Note here that the PDFs 

shown in these figures closely resemble a Gamma distribution, as given in Eq.8.This analysis 

shows that the shape factor, k is not a constant value as assumed by some authors. The k value in 

the case of nonwoven materials depends on fiber and processing parameters. Note again that, as it 

is not the objective of this chapter, we have not attempted to establish a relationship between the 

observed quantities, e.g., shape factor, and the manufacturing method or materials used for 

producing these nonwovens samples. 
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6.5 POROSIMETRIC PORE SIZE DISTRIBUTION AND INK-BOTTLE EFFECT

In Figure 5a and b we show the PPSD of the nylon and polyester nonwoven fabrics, respectively, 

and compare them with their GPSD. As discussed earlier, PPSD of a porous medium is obtained 

based on the fluid connectivity to the reservoir. Due to this requirement, as expected, a PPSD is 

very different from its corresponding GPSD. As can be seen in Figure 5a and b, PPSDs seems to 

have narrower distributions. This typical behavior of the PPSD is attributed to the so-called “ink-

bottle” effect. As we discussed earlier in the introduction, the underlying principle in porosimetry 

is the “bundle of capillaries” assumption. Here volume fraction of fluid which intrudes the 

material for a given pressure is assigned to a pore diameter via the Young-Laplace equation 

(Eqn.1). 

  

Figure 5: Histogram of porosimetric pore size distribution for fluid intrusion in positive z direction 

compared with geometric pore size distribution a) Nylon nonwovens b) Polyester nonwovens (for clarity 

vertical bars are shown as smaller widths for PPSD otherwise they have same bin-size)
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In reality pores in most porous material do not have constant diameters. They are made of a series 

of interconnected contracting and enlarging voids. As shown schematically in Figure 6, there are 

often some pores that are not intruded upon an incremental increase in the reservoir pressure 

despite of the fact that they must be liquid-filled according to the Young-Laplace equation. This 

is because these pores are only connected to the fluid reservoir via some narrower pores which 

block the access to them (see Figure 6b). In order for the fluid to fill these blocked bigger pores, 

the reservoir’s pressure should be increased to reach or exceed the pressure required for intruding 

the narrower pores, bottle necks. Once the pressure exceeds the bottle neck pressure, the narrow 

and large pores, both, become filled almost at the same time (see Figure 6c). Consequently, an 

incorrect pore volume will be assigned to a smaller pore diameter. The ink-bottle effect has been 

fully investigated for different types of porous materials by different authors (Moro and Böhni, 

2002, Unsal, 2006).
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Figure 6: schematic diagram of ink-bottle effect a) Ink bottle pores of fibrous media, two bigger diameters 

1( )D connected via a bottle neck pore ( 2D ) b) Nonwetting fluid intrudes into bigger diameter pores 

connected directly to reservoir but bottle neck pore blocks the access to bigger diameter pores connected to 

it c) Pressure of nonwetting fluid exceeds the requirement for bottle neck pore which leads to filling of both 

bottle neck pore and bigger diameter pore connected to it
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6.6 ACCESS FUNCTION GRAPH 

Pore space topology and its effects on fluid flow in porous media can be quantitatively 

studied using access function graph. Larson and Marrow (1981), defined the access 

function as ( ( ))a th p  , where ( )th p is the fraction of allowed pore space for an 

intruding nonwetting fluid of pressure, p (corresponding to a given pore diameter). In a 

recent work, Hyväluoma et al (2007) used the access function graphs to study 

connectivity of pore space in paper-like microstructures. These authors showed that the 

ink-bottle effect is also significant in the fibrous media where pores are often assumed to 

be well-connected and easily accessible. In order to obtain the access function graph of 

our nonwoven fabrics we consider the pore volume fraction intruded for a particular pore 

diameter in the same way as we did for calculating GPSDs and PPSDs. In the case of 

GPSD, we obtain the allowed pore volume fraction for a particular pore diameter 

(reservoir pressure), whereas in the case of PPSD, we calculate the accessible pore 

volume fraction. Plotting these two pore volume fractions against each other results in the 

access function graph (see Figure 7a and b). Diagonal dotted lines show a hypothetical 

situation where accessible pore volume fraction is same as that of the allowed pore 

volume i.e. PPSD=GPSD, and the “bundle of capillaries” assumption holds. Obviously, 

in reality not all the pores are accessible at a given pressure due to the ink-bottle effect. In 

Figure 7a and b we also showed two different cases of fluid intrusion in the positive and negative 

z directions. Note that the shape of access function curves slightly changes depending on the 

direction in which fluid intrudes into the medium. This is, perhaps, because the connectivity of 
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the pores is different at different sides of the materials considered in this study, which, obviously, 

influences the ink-bottle effect, as discussed earlier. 

    

Figure 7: Access function graph of nonwoven fabric for fluid intrusion in positive z direction and in 

negative z directions, diagonal dotted line shows a hypothetical situation where fluid intrusion takes place

without ink-bottle effect a) Nylon nonwovens b) Polyester nonwovens

The ink-bottle effect will persist in any porous material which is characterized via porosimetry. It 

should be noted that porosimetry overestimates the smaller pores and its results are only relevant 

for studying liquid penetration into barrier materials. 

We have also calculated 50D , which is the diameter at which 50% of the medium is saturated. 

For the case of intrusion in the positive z-direction, 50D for nylon and polyester fabrics were 

found to be 63.36 m and 52.14 m , respectively. Same simulation in the negative z-direction 

resulted, however, in 65.5 m and 51 m , for nylon and polyester nonwovens.
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6.7 EFFECT OF THICKNESS, SVF, AND FIBER DIAMETER ON ACCESS 

FUNCTION

In many applications involving nonwoven fibrous materials, it is not only important to know 

about their PSD, but is also crucial have qualitative information regarding their pore connectivity. 

The pore connectivity, however, seems to be affected by other properties of the material. Here, 

for the first time, we attempt to study the influence of the important characterizing properties of a 

fibrous material (i.e., SVF, thickness, and fiber diameter) on its pore connectivity. 

                                         

Figure 8: An example virtual geometry of homogenous fibrous structure used in current study with sample 

thickness of 531 m , SVF of 12% and fiber diameter of 20 m

To do so, we generate virtual fibrous microstructures using the Geodict code (Schladitz et al,

2006).Recognizing the layered nature of nonwoven fibrous materials, microstructures were 
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generated with no z-directional fiber orientation. The fibers were laid randomly in the x and y

directions as shown in Figure 8.

Before investigating the effect of the above parameters on the pore connectivity, one needs to 

make sure the size of the computational domain considered for the simulations is large enough 

and so the results to be statistically meaningful. Since nonwovens are often in the form of layered 

fibrous materials, we keep the thickness as a variable but change the x and y dimensions to find a 

so-called Representative Elementary Volume (REV) for our media. To the knowledge of the 

authors, REV has not previously been considered in studying the pore connectivity of fibrous 

media. Clague and Phillip (1997) considered a REV of kc for computing the permeability of 

saturated fibrous media. Here k is the Brinkman’s screening length of the medium, k is the 

permeability constant, and 16c . The materials permeability, k , is not often known a priori, but 

one can deduce it from the existing analytical expressions. In the present case, we assume our 

relevant REV to be proportional to k but attempt to find the proportionality constant, c, for our 

unsaturated media. 

To find the constant c, two different microstructures having a SVF of 12% but fiber diameters of 

20 m and 75 m where generated. The thickness of the media was kept constant at 885 m . The 

x and y dimensions of the simulation box were increased in predetermined steps and the access 

functions were calculated in each step until a size-independent set of results were obtained (see 

Figure 9a, b). As it can be seen, the access function curve becomes independent of the size of the 

simulation box, once the size is greater than 531µm 531µm.
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In Figure 9b, we show the Cumulative Distribution Function (CDF) of the geometric pore 

volumes obtained from the simulations. It can be noticed that beyond the above critical box size 

of about 531µm 531µm, the CDF curves becomes indistinguishable. A similar set of results was 

obtained for our other simulation with m75 fibers and are not shown here for the sake of brevity. 

The critical box size was found to be about 2478µm 2478µm for the latter set of simulations. 

          

Figure 9: Effect of sample dimension in x and y direction on access function a) access function line for 

different sample dimension  c) CDF of geometric pore sizes

We used the permeability equation of Speilman and Goren’s (1968) obtained for fibrous media 

with fibers having random in-plane arrangements perpendicular to the flow direction:
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(9)

where 21, KK are modified Bessel functions of second kind. The constant c obtained using this 

equation was found to be about 65 and 61 for the simulations made with fibers of 20 m and 
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75 m diameters, respectively. This indicates that a simulation box with the x and y dimensions of 

~ 65 k is sufficiently large to provide a REV for our pore connectivity analysis. The REV for 

all the media simulated in this work (see the next section) or used for DVI imaging (see section 3) 

is obtained using the above criterion for the size of the simulation box. Note in Figure 9b that,

except for the smallest size of s=354µm 354µm, all other curves collapse onto one single curve 

indicating that the critical REV for analyzing the pore diameters of our media is perhaps greater 

than 354µm 354µm.

Although the effects of a medium’s micro- or macroscale properties on its PSD have been studied 

in some previous publications, their effects on the pore space connectivity has never been 

investigated. To study the influence of the medium’s thickness, we generated a series of fibrous 

media with varying thickness ( ~ 88.5 m to 1239 m ) while their SVF and fiber diameter were 

kept constant at 12% and 20 m , respectively. The access function graphs of these media are 

shown in Figure 10a. It can be seen that by decreasing the thickness, the access function curves 

progressively straighten and become closer to the diagonal line. This shows that the ink-bottle 

effect is weaker for thinner materials. In Figure 10b we show the CDF of the geometric pore 

volumes of these virtual media. It is interesting to note that although thickness has a significant 

effect of the access function curves; it appears to have a negligible influence on the CDF of the 

pore volumes. This means that while the pore space connectivity is sensitive to the materials’ 

thickness (i.e., being macroscale property), the pore volume distribution is not (being a 

microscale property of the media). Note again that as we increase the thickness of a planar fibrous 

medium, the CDF of the geometric pore diameters dose not change (as increasing thickness does 

not affect the morphology of a medium) as shown in Figure 10b.
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However, the number frequency of ink-bottle pores which block the access to the thicker 

medium’s larger pores will increase. Therefore, there will be a stronger ink-bottle effect and the 

access function curve moves further away from the diagonal line.

         

Figure 10: Effect of sample thickness on pore space connectivity a) access function for different sample 

thickness b) CDF of geometric pore sizes for different sample thickness
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In order to evaluate the effect of SVF on the pore space connectivity, we generated a series of 

virtual geometries with SVFs varying from 2 to 30% while thickness and fiber diameters were 

kept at 885 m and 20 m , respectively. Results of these simulations are shown in Figure 11a 

and b. As it can be seen, by increasing the SVF, the access function curve tends to move away 

from the diagonal line for the most parts. 

   

Figure 11: Effect of sample SVF on pore space connectivity a) access function for different sample SVF b) 

CDF of geometric pore sizes for different sample SVF
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The end of the curve (allowed pore volumes greater than about 0.7) which corresponds to smaller 

pore volumes, however, seems to be independent of the SVF. This effect can be explained by 

considering the CDF of the geometric pore volumes shown in Figure 11b. Here it can be seen that 

as the SVF increases the pore volumes distribution becomes narrower indicating that there is a 

less degree of variation in the pore volumes when the SVF is high. This result may seem to 

indicate that there should be an increase in the connectivity of the pore spaces resulting in a 

reduced ink-bottle effect at high SVFs. 

However, note that even though the range of available pores are narrower at high SVFs, there are 

more number of very small pores and the access to larger pores is still through these very small 

pores causing the access function curve to move away from the diagonal at high SVFs.

Our next set of simulations was devised to study the effect of fiber diameter on the pore space 

connectivity. For these simulations, a series of virtual media having a thickness of 885µm and an 

SVF of 12%, with fiber diameters ranging from 30µm to 50µm were created. Results of these 

simulations are shown in Figure 12a and b.  As it can be seen in Figure 12a, the access function 

curve tends to move away from the diagonal line as the fiber diameter is reduced. As expected, 

the cumulative pore volume distribution becomes narrower as we decrease the fiber diameter 

while keeping thickness and SVF constant (see Figure 12b).  As mentioned before, even though 

the range of available pores is narrower for fibers with smaller diameters, there are more number 

of very small pores and the access to larger pores is still through these very small pores causing 

the access function curve to move away from the diagonal.
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Figure 12: Effect of sample fiber diameter on pore space connectivity a) access function for different 

sample fiber diameter b) CDF of geometric pore sizes for different sample fiber diameter

From the above analysis, it can be concluded that one can control the extent of fluid penetration 

in a fibrous material by controlling its SVF, fiber diameter, and/or thickness. In our analysis, we 

quantitatively compared the effect of these basic parameters to shed some light on their relative 
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importance in the performance of the materials in different applications. This information can be 

useful in designing/selecting the right material (e.g., barrier fabrics) for a specific application. 

6.8 CHARACTERIZING LAYERED MATERIALS VIA ACCESS FUNCTION 

GRAPH

Access function graph can be used to predict the ink-bottle pore diameter in a porous medium. 

Moreover, it can be used to determine the relative location of the narrowest pores (bottle necks) 

in a layered medium. To demonstrate this, we consider three layered fibrous media consist of a 

high-SVF and two low-SVF layers (see Figure 13).

L L DL L D

         

Figure 13: A schematic diagram of dual layered structure considered in this paper a) D-L-L structure (D-

Denser(Black Color), L- Looser Structure (White color) b) L-D-L structure c) L-L-D structure

These layered microstructures are named Dense-Loose-Loose (D-L-L), Loose- Dense-Loose (L-

D-L), and Loose-Loose-Dense (L-L-D) and are intruded in the positive z-direction as shown by 

arrows. Note that many nonwovens are actually layered materials. For instance, it is very 

common to sandwich a fluffy loosely bonded nonwoven between layers of dense and strong 

fabrics for producing a fluid absorbing nonwoven product. Alternatively, one can place a thin 

high-SVF sheet of nonwoven material on one side (or in between two) of low-SVF medium to 

produce a fluid-barrier, but yet breathable composite material.   The above loose and dense layers 

have an identical thickness of 400 400 400  voxels in the x, y, and z directions, respectively; 
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where each voxel represent a volume of 1.77 1.77 1.77 m  (see the L-D-L structure in Figure 

14). All the layers were made up of identical fibers with a diameter of 20 m . The loose and 

dense layers had a SVF of 5% and 15%, respectively.

                               

Figure 14: Computer generated virtual geometry of L-D-L structure with open structure having SVF of 5% 

and denser structure having SVF of 15%

Access function graphs of these layered structures are shown in Figure 15. It can be seen that 

there is an abrupt change in the accessible pore volume at a particular point associated to the 

breakthrough pressure (the bottle neck pore diameter) of the composite medium.  Note that as we 

place the dense layer closer to the fluid reservoir (the case of D-L-L) the jump in the access 

function curve becomes more abrupt, i.e. the accessible pore volume is considerably less than the 



186
                                                                                                                                             

allowed pore volume for a given pressure. Access function graph, therefore, can be used as tool to 

find the location of bottle neck within the thickness of a fibrous medium

                                     

Figure 15: Access function graph of layered structure having different configurations shown in Figure 13, 

open structure had a SVF of 5% and denser structure SVF 15% 

6.9 CONCLUSION

Characterizing the pore space is one of the classical problems that one faces when working with 

fibrous porous materials. In this paper, we studied pore diameter distribution and pore volume 

connectivity of fibrous media using 3-D microstructural images obtained from Digital Volumetric 

Imaging technique. Using an advanced image analysis technique, the so-called porosimetric and 

geometric pore size distributions of the material were obtained.
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A formal analysis was conducted to illustrate the differences between these two types of pore size 

distributions. In particular, it was found that due to the so-called ink-bottle effect, the 

Porosimetric Pore Size Distribution (PPSD) is always narrower than the Geometric Pore Size 

Distribution (GPSD). It was also shown that the Probability Density Function (PDF) of the 

geometric pore diameter can be approximate by a Gamma distribution. The scale parameter, k , of 

the Gamma distribution, being dependent on the material’s manufacturing parameters, was 

calculated for the hydroentangled nonwoven fabrics considered in our study. Pore space 

connectivity was studied using access function graphs. For a fibrous material, it was 

quantitatively shown that the pore volume accessible to an intruding fluid, at any given pressure, 

is lower than the actually available pore volume due to the so-called ink-bottle effect. 

Using the access function graph we also studied the pore space connectivity of homogeneous and 

layered fibrous microstructures. In case of homogenous media, the effects of the media’s 

thickness, SVF and fiber diameter on the pore space connectivity was studied. It was shown that 

increasing the thickness of a fibrous material while keeping its SVF and fiber diameter constant 

augments the ink-bottle effect. Similarly, increasing the SVF while thickness and fiber diameter 

are kept constant causes an increase in the ink-bottle. On the other hand, increasing the fiber 

diameter when SVF and thickness are kept constant reduces the ink-bottle effect. Using access 

function graph for layered fibrous materials, we demonstrated, for the first time, that access 

function graphs can be utilized to locate a denser layer inside the thickness of the media. Our 

analysis was aimed at shedding some light on the relative importance of the media’s basic 

parameters (SVF, thickness, and fiber diameter) in their performance. This information may be 

useful in choosing the right media for different applications. 
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CHAPTER 7

EFFECT OF COMPRESSION ON FLUID FLOW 

PROPERTIES OF NONWOVEN FABRIC

This chapter is a manuscript entitled “A study on compression- induced morphological changes 

of nonwoven fibrous materials”, by Jaganathan, S., Vahedi Tafreshi, H., Shim, E., and 

Pourdeyhimi, B., and has been submitted for publication in a peer-reviewed journal.
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7.1 INTRODUCTION 

Fibrous porous media have enormous applications in filtration, insulation, acoustics, wipes, and 

many other industrial and consumer products. Due to their high degree of flexibility and 

compressibility, fibrous assemblies readily undergo structural deformation when exposed to a 

compressive stress. In many cases, a product is designed, manufactured, and even tested and

rated, in the absence of any compressive stress.  However, in practice, and often, the material is 

subjected to compression.  For example, a cleaning wipe’s behavior in use is often different from 

what has been measured in a lab because of the compression involved.  For these reasons, 

understanding the morphological changes of a fibrous material under compression is critically 

important for better product design and development. 

Many investigators have used analytical (see for example, Van Wyk 1946, Dunlop 1974, Carnaby 

and Pan 1989, Neckář 1997), numerical (e.g., Zobel 2007, Maze 2007), and experimental [Jena

and Gupta 1999] techniques to characterize the properties of fibrous structures under 

compression. Most of these works, however, have been studied to characterize effect of 

compressive pressure on SVF, but only very few work dedicated to characterize other fluid flow 

properties. Furthermore, in most of the above studies, nonwovens were assumed to be 

homogeneous and isotropic materials. Fibrous materials are known to have different degrees of 

in-plane and/or through-plane non-homogeneity. Additionally, micro-scale information of the 

structure, to the extent used in the present work, was not utilized by previous studies for 

characterizing morphological changes under compression.
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Below, we demonstrate the utility of 3-D imaging in visualizing and analyzing the internal 

microstructure of a fibrous material.  This makes it possible to track the relevant morphological 

changes under compression. Our objective in the present chapter is to develop an image-based 

characterization method to evaluate pore size distribution of fibrous materials and establish “easy-

to-use” correlations. It is important here to clarify that the definition of pore and pore size 

depends on the material’s application. In liquid porosimetry, for instance, a pore is assumed to be 

a cylindrical capillary with its diameter calculated via capillary-pressure measurements (the 

capillary pressure is the pressure required to intrude (or extract) a nonwetting (or wetting) fluid 

into (from) the material and is related to the capillary diameter via the Young-Laplace equation). 

Such a pore size (and its distribution) is often used for characterization of fibrous materials in 

applications where two immiscible fluids (e.g., air and water) simultaneously occupy the void 

spaces between the fibers in the media (i.e., unsaturated media). On the other hand, in 

membranes and liquid filters where there is only one fluid phase involved (saturated media), the 

pore size is defined based on the size of the particles that can penetrate through the media without 

getting trapped, like in the case a micro-sieves. In the case of saturated media, the pore size 

depends only on the internal morphology of the material, while in porosimetry (unsaturated 

media) the pore size depends also on the path with which the wetting fluid can access the 

different void spaces. These differences are often discussed in the context of the so-called ink-

bottle effect (for more information see Jaganathan et al (2008 a)). In the current chapter, we limit 

our study to the case of saturated media for the sake of brevity.  

In section 7.2 below, we present our miniature compression cell designed to help with imaging 

fibrous materials under compressive pressure. In Section 7.3 we describe our image analysis 
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method, known as the full-morphology method for characterizing pore size distribution, and its 

implementation in GeoDict code (Fraunhofer, IWTM Germany). In section 7.4, we present our 

pore size distribution analysis and develop a new correlation for calculating the media’s mean 

pore size under compression followed by conclusion. 

7.2 SERIAL SECTIONING-IMAGING 

Our DVI instrument operates based on a block-face fluorescence imaging technique [13]. It 

repeatedly sections and images the material embedded in a polymeric resin. The resulting 2-D 

cross-sectional images are then combined together to construct a 3-D image. Unlike the 

conventional serial sectioning methods which are laborious, serial sectioning in the DVI 

instrument is fully automated. The resolution of the images ranges from 0.48 to 4.48 µm/pixel, 

with a field of view ranging from 0.45 to 4.4 mm. 

The micro 3-D images obtained from DVI can be utilized in many different characterizations and 

analyses. In a recent work, for instance, we reported on our fluid flow simulations in 3-D images 

of a hydroentangled nonwoven fabric and presented a dual-scale approach for modeling 

permeability of porous media ( Jaganathan et al 2008 b). 

To image a fabric under compression, the sample holder in the DVI instrument was modified. 

Our strategy here was to develop a compression cell that allows for the fabric to be compressed to 

a desired level and kept in place for the subsequent resin impregnation and section/imaging (note 

that the serial sectioning-imaging is a destructive method. Therefore, it is impossible with this 

technique to continuously image the material while being compressed). 
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7.2.1 IMAGING UNDER COMPRESSION 

To modify the DVI instrument to allow for imaging fibrous media under pressure, we developed 

a miniature compression cell. A polyester monolithic block was selected for the cell as it does not 

impart undue strains on the instrument’s diamond knife. This monolithic block was then grooved 

to a dimension of 3 mm  4 mm so that the fabric could be placed inside and compressed to 

different thickness using a top plate (see Figure 1). We pressed the top plate against the fabric to 

achieve a desired thickness (compression level). In the next section, we will explain how one can 

determine an equivalent pressure corresponding to this thickness change. The plate was then 

locked in place by a fast-setting adhesive. This whole setup was placed inside the DVI sample 

holder and impregnated with the necessary polymeric resin – low viscosity embedding Spurr 

media and Sudan Black B as an opacifier. Initially, undesirable air bubbles were observed during 

the impregnation of highly compressed fabrics. To overcome this problem, we centrifuged all our 

samples for 30 minutes at 3500 rpm. Note that during compression, the sample was only

constrained in the x-direction (cross direction) but was relatively free to expand in the y-direction

(machine direction). Since the Poisson ratio in a nonwoven is usually very small, we speculate 

that the material’s expansion in the y-direction was negligible. 

For the current study, hydroentangled nonwoven fabrics made up of polyester fibers with a fiber 

length of 3 cm and an average diameter of about 15µm were produced in the pilot facilities of the 

Nonwovens Institute at NC State University. Hydroentangling is one of the most popular 

methods used for bonding loose fibers in a nonwoven fiber-web. The underlying mechanism in 

hydroentanglement is the exposure of the fibers to a non-uniform spatial pressure field created by 

successive banks of closely-packed high-speed waterjets. The impact of the waterjets with the 
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fibers in a fiber-web displaces and rotates them with respect to their neighbors and result in fiber

entanglement leading to a coherent and strong fabric [15-16].

                         

       

Figure 1: a) A schematic of the miniature compression cell developed in this study to image fibrous 

structures at different compression levels b) DVI image of the fibrous structure together with compression 

cell (Shown here is only a sub-section of entire image)
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Compression

Cell

Nonwoven
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The fiber-web used for the hydroentangling process here was prepared via the carding and cross-

lapping processes. Our hydroentangled fabric was stained by using a Nile Red fluorescent dye 

before the DVI imaging. A 4X objective providing resolution of 2.2 µm/voxel was selected for 

the sectioning-imaging and B2A fluorescent filter cube (Nikon) was used.

The 2-D cross-sectional images need to be “thresholded” before they can be utilized in the 3-D 

image reconstruction. Thresholding refers to the segmentation of the fiber cross-sections from the 

background. In this regard, a log-hyperbolic transformation of the intermediate gray-scale images 

followed by an automatic segmentation was used. A detailed explanation of this technique is 

given in our previous paper [17]. These segmented images were then used in the direct pore scale 

simulation techniques described previously by Jaganathan el al. (2008 c). The fabric’s initial 

Solid Volume Fraction (SVF) was measured to be about 6%. Our samples were carefully selected 

from the most representative areas of the fabric and compressed to different levels, and imaged as 

shown in Figure 2.

7.3 FULL-MORPHOLOGY ANALYSIS

In this work, we use an image analysis technique known as full-morphology method to obtain the 

pore size distribution of our nonwovens under compression. The full-morphology approach is a 

quasi-static image analysis method described well by Hazlett (1995) and Hilpert and Miller 

(2001).  In this technique, morphological “opening” (Readers could refer to Serra (1982) for 

further details on morphological operations) is used to determine parts of the pore space where a 

spherical structuring element could be fitted without intruding the fiber boundaries.   In the 

current chapter, we use a modified full-morphology algorithm developed based on the works of 
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Hilpert and Miller (2001) and implemented in the Geodict Code (a detailed description of the 

implementation is given by Schulz (2007)). Here we obtain Geometric Pore Size Distribution 

(GPSD) of fibrous structure as explained in Section 6.7. A detailed comparison of full-

morphology method with other image analysis techniques can be found in the paper by Vogel et 

al. (2005).

Figure 2: DVI images of a hydroentangled nonwoven fabric made of polyester fiber with an average 

diameter of about m15 compressed to different compression percentages a) Uncompressed with a 

a) b)

c) d)
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thickness of m1971 b) 46% compressed with a thickness of m1064 c) 63% compressed with a 

thickness of m730 d) 76% compressed with a thickness of m404 . 

7.4 PORE SIZE DISTRIBUTION UNDER COMPRESSION

In Figure 3 we show the GPSD of the samples at different compression levels. It is immediately 

obvious that GPSD has becomes markedly narrower under the compression and the tail of the 

distribution is dramatically reduced. 

Note that most of the theoretical pore size distribution models are obtained for homogenous 

structures (see for example Kallmes and Corte 1960, Johnston 1998, Dodson and Sampson 1999). 

It is interesting here to check if our hydroentangled fabrics are homogeneous in the thickness 

direction and determine to what extend the previous models can be used to predict their pore size 

distribution. In this regard, we calculated the SVF of our samples at different compression levels. 

In order to measure the SVF profile, we divided the entire thickness of each sample into series of 

horizontal slices with a thickness of fd10 (where fd is fiber diameter). We then calculated the 

average SVF of each slice and plotted them in Figure 4a for all compression levels. The same 

procedure has been repeated in the x (cross direction) and y (machine direction) directions and 

their corresponding results are shown in Figure 4b and c, respectively Note that in order to make 

the comparison easier, we normalized each group of SVF data with their maximum SVF 
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and SVF of the uncompressed, 46% compressed, 63% compressed, and 79% compressed 

materials are found to be m1971 and 6%, m1064 and 12%, m730 and 18%, and 
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m404 and 34%, respectively. It is interesting to note that by increasing the compression, the 

material tends to become more uniform to the point that at a compression of 79%, the SVF profile 

becomes almost flat. As it can be seen in Figure 4, our hydroentangled fabric seems to have a 

gradient density distribution in the thickness direction, while it is quite homogenous in the 

machine and cross directions.

                        

Figure 3: Effect of compression on the geometric pore size distribution of the fibrous structures

The gradient density obviously precludes utilizing of any the aforementioned theoretical models 

in predicting the pore size distribution of a typical hydroentangled fabric.  Our analysis highlights 

the need for developing new theories that can take into account the non-homogeneity of the 

material at the micro-scale. Given the inherent variability of fibrous materials, developing such a 

theoretical model is quite important. 
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Figure 4: Change in the normalized local SVF due to compression; a) thickness direction, b) cross 

direction, and c) machine direction.  The average SVF of the uncompressed, 46% compressed, 63% 

compressed, and 76% compressed fabrics were 6%, 12%, 18%, and 34% respectively.

7.4.1 MEAN PORE DIAMETER AS A FUNCTION OF COMPRESSIVE STRESS

In many applications, especially those involved with liquid-solid filtration/separation, filters and 

membranes are often characterized based on their mean pore diameter. This is because mean pore 

diameter provides a convenient way to compare and categorize different media. Our main 
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objective in this chapter is to obtain an empirical equation to relate the material’s mean pore 

diameter to compression. Here, the geometric mean pore diameter is defined 

as, 
i

ii pDDED )( , where ip is the pore volume fraction for a given pore diameter 

( 1ip  ). The mean pore diameter of our uncompressed, 46% compressed, 63% compressed, 

and 79% compressed fabrics were found to be m98 , m66 , m52 , and m26 , respectively.

To find the compressive stress applied during DVI sample preparation an external experiment 

based on thickness gauge was devised. A variable-weight thickness tester (SDL digital thickness 

gauge, SDL Atlas Ltd) with a resolution of 0.01 mm was used here to find a relationship between 

SVF and the compressive stress. 

With the SDL tester, one can add weights in incremental steps and obtain the material’s thickness 

and if we know the basis weight of the fabric, corresponding SVF under pressure could be easily 

obtained. A pressure foot diameter of about 20.9 mm was used in the test.

Figure 5 shows the results for our hydroentangled fabric along with the equation of van Wyk 

(1946) fitted our data. The van Wyk’s (1946) equation is:

)( 3
0

3
ffP   (4)

Where P is the compressive stress,  k is a constant in which k is the van Wyk’s constant 

(depends on the material’s properties) and  is the fiber bending rigidity (7.5 mPa for Polyester 

fiber used in this study). Here 0f and f are SVF with and without the loading. 
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Figure 5: Theoretical van Wyks model fitted to our experimental data to obtain the empirical coefficient 

77.19 MPa

As it can be seen in Figure 5, van Wyk’s model has correctly predicted the trend of our data. The

curve fitting shown in Figure 5 resulted in 77.19 MPa. With this empirical expression in 

hand, we can now assign an equivalent compressive stress to each compression level (see Table 

1) and relate that to the fabric’s pore size distribution. We thus, present an empirical correlation 

which can be used obtain mean pore diameter of the fabric under compression. To do so, we 

rewrite the van Wyk’s equation for SVF with loading, f :

3 3
0ff

P 


  (5)
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Table 1: Compressive pressure corresponding to SVF of the DVI images obtained using the van Wyk 

formula with an empirical constant of  =19.77 MPa

Compression Level (%) DVI SVF (%) Pressure Applied (Pa)

0 6.12 0

46 11.95 23190

63 17.6 97240

79 34.42 795650

We also non-dimensionalize the mean pore diameter with the mean pore diameter of the 

uncompressed sample (
0

*

m

m

d

d
d  ) and noticed that it is linearly proportional 

to 









3 3

0 )( f
P

Ln 


, as shown in Figure 6.Our mean diameter-pressure correlation, therefore, 

is:
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 (6)

where 2.0 and 4.0 . This correlation can be used to predict the variations of the fabric’s 

mean pore diameter as a compressive load is being applied. As mentioned in section 1, in many 

cases, a product is manufactured, tested, and even rated, in the absence of any compression but, 

for practical reasons, has to operate in a compressed state. The above relation indicates that the 
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mean pore diameter of a typical nonwoven fabric decreases exponentially with increasing 

compressive load. 

                    

Figure 6: A straight line fit to the dimensionless mean pore diameters 

It is worth mentioning that the porometric techniques have been traditionally used to assign mean 

pore diameters to different fibrous materials under compression (Jena and Gupta 1999). 

Porosimetric techniques, however, fail to be accurate with structures having through-plane non-

homogeneity (gradient density materials) as can be seen, for instance, in Figure 4. When applied 

to gradient density structures, the porometric results are often affected by the so-called ink-bottle 

effect (Larson and Morrow 1981, Hyväluoma 2007, Jaganathan 2008 a) and assign incorrect pore 

volume fractions to small pores. Similarly, the ink-bottle phenomenon can mask the effect of 
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compression on pore diameter calculations. The experimental procedure explained in this paper 

can be applied to most nonwoven fabrics to obtain parameter ,  , and  .

7.5 CONCLUSION 

Often, a fibrous material is manufactured, tested, and even rated, in the absence of any 

compression but, for practical reasons, has to operate under compression.  In this paper, we 

present a novel approach for obtaining 3-D images of a fibrous structure under different levels of 

compression and use them in numerical models to determine the material’s pore size distribution. 

The success of the methodology was demonstrated by using a hydroentangled nonwoven fabric. 

Our numerical results demonstrate that the geometric pore size distribution of the fabric tends to 

become narrower as the compressive stress increases. The van Wyks analytical model was used 

to relate the fabric’s mean pore diameter to the loading pressure. A new empirical equation was,

therefore, developed to predict the changes of the mean pore diameter as a function of pressure.

This new correlation indicated that the mean pore diameter of a typical hydroentangled nonwoven 

fabric decreases exponentially with increasing the loading force. Even though this new 

correlation has been obtained by using a given fabric, we believe it can generally help in 

estimating the order of magnitude of the pore diameter change under compression. 
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CHAPTER 8

NUMERICAL SIMULATION OF LIQUID INFILTRATION 

INTO VIRTUAL FIBROUS STRUCTURE

This chapter is a manuscript entitled “Simulating liquid flow into virtual glass fiber mat”, by 

Jaganathan, S., Vahedi Tafreshi, H., Maze, B., and Pourdeyhimi, B., and has been published in 

Textile Research Journal 78(10), 903-910 (2008).
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8.1 INTRODUCTION

Liquid flow through unsaturated fibrous material has variety of applications in different 

industries.  Liquid distribution in fibrous structures has been experimentally studied for decades 

(Dullien 1992).  Accurate quantitative prediction of the liquid penetration, however, is not easy.  

This is because of the presence of a large number of parameters influencing the liquid transport in 

such structures.  These parameters include but are not limited: to porosity, anisotropy, and non-

uniformity of the media as well as fiber surface properties.  Moreover, liquid viscosity, density, 

and surface tension (even if they remain unchanged during the penetration) as well as injection 

condition can play a significant role in distribution pattern and time scale.  For instance, the 

spread and penetration pattern of a droplet in a given nonwoven sheet can completely change 

depending on its size or impingement velocity.  Numerical simulations are attractive tools as they 

allow one to change a single fluid or structural property (e.g., liquid surface tension or fiber 

orientation) without altering any other properties (e.g., liquid density or fiber diameter).  

Obviously, the same is not always possible in an experimental approach.  

Generally, unsaturated liquid flow in porous material has been numerically studied via network 

modeling approaches (Dullien 1992).  In network modeling, the porous structure is discretized 

into series of cells and channels for which separate mass and momentum equations were solved.  

Network modeling is based on an over-simplified assumption that a porous media can be 

considered as a series of cylindrical channels connected to spherical reservoirs.  Nevertheless, 

network modeling has shown great success in predicting the overall behavior of unsaturated 

porous material (Dullien 1992). Amongst many others, the successful network modeling of 

Thompson (2002) shows a promising future for fibrous structures.  He developed a 3-D fibrous 
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structure based on random Voronoi diagram.  He could emulate spread of a 0.5 mm liquid droplet 

into his dry fiber network.  However, Thompson’s fibrous structures being random or semi-

ordered, or heterogeneous were not constructed based on parameters of a real nonwoven mat.  On 

a parallel track, Zhong et al. (2002), Zhong and Xing (2004) and simulated spontaneous and 

under-pressure liquid penetration through fibrous media using Ising’s model combined with 

Monte Carlo technique.  Their work, however, was two-dimensional and their fibrous structures 

were random.

Liquid penetration in a sheet of nonwoven fabric is intrinsically a 3-D problem.  However, at 

certain conditions it is possible to break this problem into an “in-plane” and a “through-plane” 

penetration.  A 3-D liquid spread can be considered an “in-plane” distribution if the liquid 

progression in the other direction is either much faster or much slower than that in the plane of 

nonwoven sheet.  Obviously, an inverse statement can describe the through-plane penetration.  

Kim and Pourdeyhimi (2003) calculated the spread of liquid front in an in-plane wicking test 

versus time based on an expression derived by Mao and Russell (2003 a, b) for relating the 

wicking rate to the fiber orientation.  Konopka et al. (2002) conducted a series of experiments on 

in-plane liquid distribution in thin nonwoven sheets (fast penetration in through-plane) using 

Modified Gravimetric Absorbency Testing System (MGATS) machine.  Konopka et al. (2002)

showed that liquid penetration, in the case of hydrophilic fibers, is dictated by the orientation of 

the fibers in the nonwoven.  Computations carried out by Kim and Pourdeyhimi (2003) were in 

good qualitative agreement with the experimental observations conducted by Konopka et al.

(2002).
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In spite of the previous modeling studies, there is still a lack of reliable simulations scheme for 

predicting the behavior of nonwoven media under different wicking and wetting scenarios.  The 

major problem, to the knowledge of the authors, lies in the difficulties involved in realistically 

modeling a nonwoven fibrous structure.  The current study is undertaken in order to help improve 

our understanding of the above-mentioned problem.  In this regard, we first generate a virtual 3-D 

fibrous structure based on the data obtained from analyzing microscopic images of a real 

nonwoven media (see section 8.2).  We then solve unsteady state Navier-Stokes equations for the 

two-phase air-water system in order to track the spontaneous liquid front throughout the 

simulation.  The numerical scheme used for our Computational Fluid Dynamics (CFD) 

simulations are presented in section 8.3.  To reduce the computation time, we considered in-plane 

and through-plane liquid penetrations in 2-D geometries obtained from a 3-D structure.  These 

results are presented in section 8.4 followed by our conclusions in section 8.5.

8.2 NONWOVEN WEB GENERATION

In this work, we model the fibers as straight cylinders with a given diameter.  The fiber assembly 

(web) is stored in memory as a list of “fibers”, which are in turn, stored each as a list of nodes.  

The nodes are composed of x, y and z coordinates and the radius of the fiber.  They represent the 

endings of the fiber and any contact point with another fiber. There are two widely used methods 

of generating a fiber in a given plane.  These are called μ-randomness (suitable for generating a 

web of continuous fibers) and I-randomness (suitable for generating a web of staple fibers).  

These methods have been fully detailed and their use is justified elsewhere [Abdel-Ghani and 

Davies 1985, Pourdeyhimi et al 1996 (a, b), 1997].  In I-randomness method, used in for this work, a 

point P is chosen at random by its coordinates such that it lies in a surface larger than the original 
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sample size by length l.  This ensures that edges of the sample are intersected by appropriate 

fibers of length l having their center of mass outside the sample.  Next, a slope α is selected from 

the ODF determined experimentally and a segment of length l with slope α and with the point P

as its middle is created. 

To generate a 3-D web, first a new fiber is generated at an altitude greater than the current 

thickness of the web.  Both the web and the new fiber are projected onto the plane (z = 0) and the 

projections are assumed to be rectangles.  A subset of the web is created from the projected fibers 

which intersect the projection of the new fiber.  This subset will be used instead of the full web in 

order to speed up computations.  If there are no fibers underneath the new one, it is directly 

positioned on the plane z = 0.  The next step is to lower the new fiber on the web or, in other 

words, to find the smallest vertical translation which will bring the new fiber in contact with the 

web.  To do so, we first define the distance d between the two non-parallel lines (N1N2) and 

(N3N4), MNd  (see Figure 1). Assume 21NNa 
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For each fiber in the subset, we want to get the translations such as
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where R1 and R2 are the radii of the new fiber and the examined fiber from the subset, 

respectively.  Let z


.  be such a translation.  
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Figure 1: Distance between two non-coplanar lines in 3-D space

From the above equations we obtain a 2nd order equation: 
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The two solutions of this equation bring the new fiber in contact with the examined fiber, one 

solution on top, the other on the bottom.  Once we have all the translations, we can choose the 

shortest one, move the fiber there and create the corresponding new nodes.  

For the next step, we consider only the first two nodes or “head” of the new fiber. We are looking 

for the rotation around the second node with the smallest angle  which will bring the head of the 

new fiber in contact with another from the web.  The problem is similar to the previous one, 

except this time, the equation is a degree 8 polynomial in tan (/2).  Half the roots are complex 
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numbers and thus discarded.  The other four are real numbers and we keep the smaller one.  

Again, once we have all the rotation angles, we choose the smallest one, rotate the new fiber in 

position and create the corresponding new nodes.  The process is repeated with the now shorter 

head until one of two conditions is met: (1) the remaining length of the head is too short; (2) there 

are no more fibers underneath the head.  In addition, we have two other constrictions: (1) the 

fiber’s end must not go below the plan z = 0; (2) the slope must not be greater than 20°. The 

bending angle of 20° angel is arbitrarily chosen to somewhat represent the bending rigidity of the 

fiber.  

The above process is repeated for the last two nodes or “tail” of the new fiber and eventually the 

new fiber is added to the web.  This process will be repeated for a given number of fibers or when 

a target surface weight or thickness is reached.  Figure 2 shows a typical web made with the 

above algorithm. For more information regarding the above simulation scheme readers are 

referred to the works by Maze et al (2006).

8.3 NUMERICAL SIMULATION METHOD

The finite volume method (Patankar 1980), implemented in the CFD code from Fluent Inc, has 

been used in this chapter to solve Navier-Stokes flow equations.  The underlying methodology in 

finite volume method is to subdivide the solution domain into a large number of cells (or mesh).  

Mesh generation in this work has been done using Gambit software.  We used triangular mesh 

due to its flexibility in matching the complex boundaries.  The mesh density is important for 

obtaining accurate results.  The reason for this is that refining the mesh size in locations where 
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fibers are very close to each other will result in an abrupt change in the mesh area which can 

cause problem for the solution convergence.

                   

Figure 2: Top and side view of a 3-D virtual glass fiber mat with a basis weight of 250 g/m2 and a fiber 

length, diameter, and density of 6 mm, 60 micron, and 2.6 kg/m3, respectively. 
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On the other hand, increasing the mesh density over all the solution domain rapidly increases the 

simulation time.  To overcome this problem to some extent, we merged the fibers together in 

locations where they were very close to each other and generated a reasonable mesh with respect 

to accuracy and CPU time.  A fine mesh results in a distinct air and water phases throughout the 

domain while the coarse mesh smears the air-water interface.  The number of cells in the work 

presented here varies from one simulation to the other but they are typically between 50,000 to 

150,000.    

A drawback to the fiber bending algorithm mentioned in the previous section is that as the fibers 

(cylinders) bend around the nodes, they get inside each other.  Overlapping fibers are rare 

occurring in each slice however; they need to be modified prior to mesh generation.  In such 

cases, we merged the overlapping fibers together and considered them as a single body. 

To model an unsteady state liquid flow through a nonwoven structure, we assumed that the web is 

filled with air at the origin of time (t = 0).  Liquid was introduced into the structure and the water-

air interface was tracked through the domain. The appropriate two-phase flow solution method 

implemented in Fluent 6 is the Volume of Fluid (VOF) method (Fluent Manual 2002).  A single 

momentum equation is solved throughout the domain which results a velocity field shared among 

liquid and air.  

Continuity equation:

  0



v
t


(5)

Momentum equation: 



221
                                                                                                                                             

      Fgvvpvv
t

v T






 

(6)

To track the interface between the phases a volume fraction continuity equation for liquid phases 

is solved along with the above equations.  
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Note that the sum of all volume fractions is equal to 1 ( 1
2

1


q

q ).  The properties appearing in 

the transport equations are determined by the presence of the component phases in each control 

volume.  

The surface tension model in Fluent is the Continuum Surface Force (CSF) model of Brackbill et 

al. (1992).  With this model the surface tension is written in terms of a pressure jump across the 

surface.  The force at the surface is expressed as a volume force and is added to the momentum 

equation as a source term:  

21
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volF (8)

In Fluent, the surface curvature, κ, is computed from local gradients in the surface normal at the 

interface.

n̂ (9)

where,
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n

n
n ˆ and qn  (10)

The above scheme results in the prediction of the water-air interface in the whole domain, which 

is the main purpose of this study.  

We assume the liquid to enter the solution domain from a pressure inlet boundary.  The outgoing 

flow can be in either of liquid water or air phases and leaves the domain from a pressure outlet 

boundary.  For flow simulation close to solid boundaries, we assumed no-slip boundary 

condition.  

We use the segregated solver and find the best convergence with PISO algorithm when 

considered for coupling the pressure and velocity fields.  We use the Body Force Weighted 

scheme for discretization of the pressure equation and second order upwind for the momentum 

equation (Fluent Manual 2002). We use Geo-reconstruction VOF scheme as it shows the highest 

accuracy in predicting the interface.  We also include the surface tension and gravitational forces 

in the calculation.  

Simulations presented in this paper are 2-D and unsteady state with a time step in microsecond 

range.  Having small time steps is essential for reaching convergence at each time step and this 

makes the simulations time consuming.  The convergence criteria for these simulations are 

defined in terms of the “residuals”.  The residuals provide a measure of the degree to which each 

of the conservation equations is satisfied throughout the flow field.  The residual for flow variable 

gives a measure of the error magnitude in the solution for each iteration.  A three orders of 
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magnitude reduction in the residuals is normally required for a solution to be considered 

converged.  

8.4 RESULTS AND DISCUSSIONS

The first step in conducting a CFD simulation is to define the simulation domain and the 

boundary conditions. In order to investigate the liquid spreading and penetration behavior we 

generated a 12 mm by 12 mm web with a basis weight of 250 g/m2.  The web we considered for 

this work has a fiber length, diameter, and density of 6 mm, 60 micron, and 2.6 kg/m3, 

respectively.  To emphasize on the importance of fiber orientation we laid the fiber according to a 

narrow ODF resulting in a web with its fibers highly oriented in the machine direction.  The 

above-mentioned virtual 3-D structure as a whole is typically too computationally expensive for a 

two-phase unsteady state CFD simulation.   To shorten the CPU time needed for the simulations 

we sliced our 3-D geometries in horizontal and vertical directions.  This can greatly reduces the 

computation time at the expense of failing to reveal the 3-D features of a real-life liquid flow 

through nonwovens.  Nevertheless, since our 2-D simulation planes are taken from a 3-D 

structure with given properties (fiber orientation and diameter, basis weight, surface properties, 

etc), we believe our 2-D CFD results can reveal, to some degree, the effects of the above-

mentioned web properties in the in-plane and through-plane liquid penetration.

8.4.1 IN-PLANE LIQUID FLOW

This section discusses the flow in a horizontal plane through a simulated nonwoven with fibers 

deliberately laid mostly in the Machine Direction (MD).  The reason for choosing highly MD-

oriented fibers is to emphasis on the role of orientation distribution of the fibers in in-plane liquid 



224
                                                                                                                                             

penetration. Simulation domain (2.9 mm by 6.5 mm plane) and the boundary conditions are 

shown in Figure 3.  

Figure 3: Simulation domain and the boundary conditions considered for the in-plane simulation.   

The web is initially filled with air and liquid is introduced to the solution domain from a 

pin-hole at the center.  As we mentioned before, such a simulation may resemble the case 

of liquid distribution where penetration in the other direction much faster or much slower 

(no remarkable changes in the other directions during the in-plane simulation time).  

Figure 4 shows the penetration of liquid into the plane at different instants of time during 

the first 11 milliseconds of simulation.  The fiber web is assumed to have a hydrophilic 

surface with a liquid-solid static contact angle of zero degree.  Note that in most cases of 

wicking or absorbency tests, there is always a very small back pressure (or initial 

velocity) that help onset of the wicking process.  For this reason we considered the liquid 

to be backed by a small pressure of 0.1 mm of H2O. Neglecting this small external 
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pressure drop simulation could be considered as spontaneous spreading of fluid driven 

only by capillary pressure. Neglecting this small external pressure drop simulation could 

be considered as spontaneous spreading of fluid driven only by capillary pressure.

                                                      

Figure 4: Different moments of time during the in-plane liquid distribution.
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Based on the simplified assumption that the porous media could be treated as bundles of capillary 

tubes,–Washburn proposed the following equation for the rate of fluid flow in a capillary tube 

(Washburn 1921),




cos
4 l

r

dt

dl
 (11)

here r ,  ,  ,  , l are the radius ,  surface tension, contact angle, fluid viscosity, and the filled 

length of the capillary, respectively. . For radial wicking process Washburn equation has been

modified to find the radius of wetted area as a function of time R (t) Timonen et al., (2006),

t
R

Pk

R

R

R

R

o

c

oo
2

2

2

1
)

2

1
(ln


 (12)

oR is the radius of the liquid source, k is permeability of fibrous structure, and cP is the capillary 

pressure For highly anisotropic structures such as the one considered in this study, permeability in 

the machine and cross directions can be very different. A higher permeability in the machine 

direction can cause an elliptical wicking pattern as noted by Kim et al (2003) and Konopka et al 

(2004). From the figure 4 it could be seen such ellipse like structure is indeed formed with major 

axis oriented in the machine direction which has higher permeability.  Zhong et al (2002)

simulated the fluid spreading in a 2-D isotropic fibrous structure and observed a circular wicking 

front. 

It should be noted that the Washburn equation is derived for flow in a capillary tube where a 

meniscus is formed between the walls of the capillary. For short staple fibrous structure with low 

solid volume fractions the fibers can be so far apart from each others that defining a continuous 
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confined passage, i.e., pore, becomes very difficult. As it can be seen from Figure 4 the fluid is 

not able to establish a meniscus in capillaries formed by fibers which lie far apart in this case 

fluid will flow as thin film.It is also worth mentioning that we repeated the above simulation for 

non-hydrophilic fibers having a liquid-solid static contact angle of ninety degree and did not 

observe any liquid spread as was expected. 

Figure 5: Simulation domain and the boundary conditions considered for the through-plane simulation A) 

Plane perpendicular to MD B) Plane parallel to MD
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8.4.2 THROUGH-PLANE LIQUID FLOW

The 3-D web discussed before was sliced vertically, perpendicular to the Machine Direction in 

this section.  Depending upon the fiber-plane relative angle, fibers will appear as ellipses with 

different aspect ratios.  The smaller the acute angle between the fiber and the plane, the higher is 

the aspect ratio of cross-sectional ellipse.  For the sake of CPU time, we considered only a small 

part of the 12 mm by 12 mm plane.  Simulation domain is shown in Figure 5(a) along with the 

type of boundary conditions considered.  Same as the in-plane simulation, a small back pressure 

of 0.1 mm of H2O is also considered here.  Note that in the through-plane simulations gravity is 

included in the calculations although it may not have a remarkable contribution.  Results of the 

through-plane simulations are shown in Figure 6.  

The fiber web to the left is assumed to have a hydrophilic surface with a liquid-solid static contact 

angle of zero degree.  The fiber web to the right, on the other hand, is considered to be non-

hydrophilic having a liquid-solid static contact angle of ninety degree.  It can be seen that 

hydrophobic surface suppressed the liquid penetration before it could reach the other side of the 

sample.  Hydrophilic surface, on the other hand, continued absorbing and the liquid reached the 

other side of the sample in less than 1 ms. It can be, therefore, concluded that the through-plane 

liquid flow in the cross direction is faster for hydrophilic fibers and slower for non-hydrophilic 

structures. 

It is worth mentioning that the above plane was cut through the web in the cross directions 

(perpendicular to the machine direction).  We repeated the above simulation in a plane along with 

the machine direction see figure 5(b) and noticed that the liquid penetration was slower than that 
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in cross direction.  This is because most of the fibers in our virtual 3-D structure are in the 

machine direction; a plane in machine direction will slice less number of fibers.  Therefore, there 

is less available hydrophilic surface area for the liquid to follow and penetrate into the web.  

Figure 6: Different moments of time during the through-plane liquid distribution

8.5 CONCLUSIONS

Constructing 3-D virtual structures based on the overall properties of nonwoven mats, we 

simulated liquid flow through such structures.  To reduce the computation time, we sliced the 

webs in vertical and horizontal directions and solved the flow in each plane separately. In the 
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inplane direction an elliptical wicking pattern was found elongated in the machine direction 

where the permeability is higher. 

In our through-plane simulations we observed that hydrophobic surface suppressed the liquid 

penetration before it could reach the other side of the sample.  Hydrophilic fibers, on the other 

hand, continued absorbing liquid.  We concluded that the through-plane liquid flow in the cross 

direction is faster for hydrophilic fibers and slower for non-hydrophilic structures, if the fibers in 

the nonwoven are highly machine direction oriented.

REFERENCES

Abdel-ghani M. S. and Davies G. A., 1985, Simulation of Non-woven Fiber Mats and the 

Application to Coalescers. Chemical Engineering Science 40(1), 117-129.

Brackbill, J.U., Kothe, D.B., Zemach, C., 1992, A Continuum Method for Modeling Surface 

Tension. Journal of Computational Physics 100, 335-354.

Dullien F. A. L., 1992, Porous Media:Fluid Transport and Pore Structure. San Diego: Academic 

Press.

Fluent Manual, 2002. Fluent Inc, Lebanon, USA.

Hirt, C.W., Nichols, B.D., 1981. Volume of Fluid method for the dynamics of free boundaries, 

Journal of Computational Physics, 39, 201-221.



231
                                                                                                                                             

Kim, H. S., Pourdeyhimi, B., 2003. In-plane Liquid Distribution in Nonwoven Fabrics: 

Simulation. International Nonwovens Journal 12, 2.

Konopka, A. Kim, H. S., Pourdeyhimi, B., 2002, In-plane Liquid Distribution of Nonwoven 

Fabrics. International Nonwovens Journal 11, 4.

Mao N., Russell S. J., 2003 (a). Modeling permeability in homogeneous three-dimensional 

nonwoven fabrics. Textile Research Journal, 73 (11), 939-944.

Mao N., Russell S. J., 2003 (b), Anisotropic liquid absorption in homogeneous two-dimensional 

nonwoven structures, Journal of Applied Physics. 94 (6), 4135-4138.

Maze B., Pourdeyhimi B., Tafreshi V.T., 2006. Simulation and Analysis of Unbonded Nonwoven 

Fibrous Structures. Journal of Engineered Fibers and Fabrics 1(2).

Patankar, S.V., 1980. Numerical Heat Transfer and Fluid Flow. Hemisphere, Washington DC.

Pourdeyhimi, B., Ramanathan, R., Dent, R., 1996 (a). Measurement of Fiber Orientation in 

Nonwovens, Part 1, Simulation. Textile Research Journal, 66(11), 713-722.

Pourdeyhimi, B., Ramanathan, R., and Dent, R., 1996 (b). Measurement of Fiber Orientation in 

Nonwovens, Part 2: Direct Tracking. Textile Research Journal, 66(12), 747-753.



232
                                                                                                                                             

Pourdeyhimi, B., Dent, R. and Davis, H., 1997. Measuring Fiber Orientation in Nonwovens, Part 

III: Fourier Transform. Textile Research Journal, 67, 143-151.

Thompson, K., 2002. Pore-Scale Modeling of Fluid Transport in Disordered Fibrous Materials. 

AIChE Journal, 48(7), 1369-1389.

Hyväluoma, J., Raiskinmäki, P., Jäsberg, A., Koponen, A., Kataja, M ., Timonen., J., 2006, 

Simulation of Liquid Penetration in Paper.Physical Review E 73(3), 036705.

Washburn, W.E., 1921. The Dynamics of Capillary Flow. Physical Review 17, 273.

Zhong, W., Ding, X. and Tang, Z. L., 2002. Analysis of Fluid Flow through Fibrous Structures.

Textile Research Journal 72(9), 751-755.

Zhong, W., and Xing, M.Q., 2004. A Stochastic Model in Liquid Penetration through Fibrous 

Media, Journal of Colloid and Interface 275, 264-269.



233
                                                                                                                                             

CHAPTER 9

ON APPLICATION OF RICHARDS EQUATION TO 

FIBROUS MEDIA FLUID INFILTRATION PROBELMS

This chapter is a manuscript entitled “A Realistic Micro- and Macroscale Modeling of Fluid 

Infiltration in Thin Fibrous Sheets”, by Jaganathan, S., Vahedi Tafreshi, H., and Pourdeyhimi, B., 

and has been submitted for publication in a peer reviewed journal.
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9.1 INTRODUCTION

Infiltration is the basic mode of spontaneous fluid transport in most fibrous materials. The word 

“spontaneous” here is used to refer to the fluid uptake solely due to the capillary pressure. The 

spontaneous infiltration can be influenced by the gravitational forces depending on the materials 

angle of inclination. Upward fluid infiltration in thin fibrous materials has been studied by many 

researchers in the last decades (see Chatterjee & Gupta 2002 and Pan  & Zhong 2006 for a 

complete review). Many authors have used the pioneering model of Washburn (1929) to study the 

fluid infiltration (e.g., Gillespie 1959, Marmur and Cohen 1997, Hamraoui and Nylander 2002, 

Zhu et al 2008). Washburn’s approach of modeling complex interstitial pore space with 

equivalent capillary tubes has been often criticized in the literature (e.g., Philip 1970 and Eames

2003). To this date, there is no fundamental analytical theory to deduce the equivalent capillary of 

a porous medium and investigators have had to rely on empiricism (e.g., Mullins et al 2007). The 

other shortcoming of the Washburn’s model is its assumption of fully-saturated media below the

wetting front. This assumption is known to break down when the flow is influenced by the 

gravity for instance (Corey 1994).

On a parallel track, fluid infiltration problems have also been studied using the so-called 

Richards’ equation (Richards 1931) originally developed for granular porous media (e.g., Phillip 

1955, Gardner 1958, Parlange 1971). Richards’ equation is based on the modification of the 

Darcy’s law for partially-saturated media. Unlike the work of Washburn, the pore space is not 

modeled by series of equivalent capillary tubes in the Richards’ model. Further assumptions here 

are that the capillary pressure is a function of the local fluid 

content  mediaofvolumefluid/ofvolume ; inertial forces are neglected; and the flow is 
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laminar. Based on these assumptions, the Darcy’s law for unsaturated flow in the presence of 

gravitational effects can be written as (Landeryou et al 2005):

))(()(  SingKu  (1)

where K , ,  , and g are the permeability, capillary pressure, fluid density, and gravitational 

acceleration. Here  is the angle of inclination of the sheet with respect to horizon (see Figure 1). 

Also note here that /kK  , where k is the intrinsic (or Darcy’s) permeability of the medium.

                    

Figure 1: A schematic representation of 1-D fluid infiltration problem considered in this chapter. 

When Equation 1 is combined with the continuity equation, we have:
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Richards’s equation is a highly nonlinear advection-diffusion type equation; i.e., analytical 

solution is seldom possible. Richards’ equation can be also written in terms of pressure but 

Infinite Fluid 
source

Inclination angle, 
cl



236
                                                                                                                                             

numerical solution seems suffer from poor mass conservation (Landeryou et al 2005). One-

dimensional form of Richards’ equation can be also written in terms of 

saturation pore)ofmefluid/voluofvolume(Θ  , as:
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where  /)()( KD is the diffusivity coefficient. Here saturation is related to moisture 

content  by s / where s is moisture content at complete saturation, i.e., porosity of the 

medium. A trivial solution for Equation 4 exist in terms of error function when diffusivity 

coefficient is constant and  =0 (Chatterjee & Gupta 2002). In order to solve the above equation, 

one needs have the permeability and capillary pressure in terms of saturation, 

i.e., )(K and )( .

In next section, we present our microscale modeling approach to obtain an expression for )(K . 

This will be followed by a description of our long-column experiment designed to establish a 

relationship between capillary pressure and saturation ( )( ). In section 3, we present our finite 

element solution of Richards’ equation for the upward, horizontal, and downward fluid 

infiltration. In this section we also compare our modeling results with experimental data and the 

available modeling in the literature. Moreover, we used our micro- and macroscale modeling to 

obtain empirical coefficients for the semi-analytical correlations that were previously reported in 

the literature for the case of horizontal and downward infiltrations.
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9.2 Constitutive Equations

9.2.1 Relative Permeability - Saturation Relationship: Microscale 

Modeling

In order to find the relative permeability as a function of saturation, )(K , we utilize 3-D images 

of the medium’s microstructure. These images are obtained via Digital Volumetric Imaging 

Technique (DVI). DVI instrument operates based on a block-face fluorescence imaging technique 

[17] (Chinn et al 2004). It continuously sections and images the material embedded in a 

polymeric resin. The resulting 2-D cross-sectional images are then combined together to construct 

a 3-D image. Resolution of the images range from 0.48 to 4.48 µm/pixel with a field of view 

ranging from 0.45 to 4.4 mm. For more information on processing 3-D images and their 

applications in fluid flow and pore size characterizations, readers are referred to our recent works 

(Jaganathan et al 2008 a & b).

For the current study, hydroentangled nonwoven sheets made up of polyester fibers with a fiber 

length of 3 cm and an average diameter of about 13µm were produced in the pilot facilities of the 

Nonwovens Institute at NC State University. These materials had an average porosity 

of %95s . Hydroentangling is one of the most popular methods used for bonding loose fibers 

in a nonwoven fiber-web. The underlying mechanism in hydroentanglement is the exposure of the 

fibers to a non-uniform spatial pressure field created by successive banks of closely packed high-

speed waterjets. The impact of the waterjets with the fibers in a fiber-web displaces and rotates 

them with respect to their neighbors and result in fiber entanglement leading to a coherent and 

strong fabric (Vahedi Tafreshi and Pourdeyhimi 2003). The fiber-web used for the 

hydroentangling process here was prepared via carding process. Our hydroentangled fabric was 
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stained using a Nile Red fluorescent dye before the imaging. A resolution of 2.2 µm/voxel was 

selected for the sectioning-imaging. Figure 2 shows a DVI image of our hydroentangled fabric 

used in this study.

                                      

Figure 2: A 3-D image of our polyester hydroentangled nonwoven fabric obtained via DVI. Fiber 

diameter, fd , is about 13µm and the materials average porosity is %95s .

To find the relative permeability as a function of saturation one has to saturate the sample to 

different levels and predict the permeability of this partially-saturated medium. Landeryou et al.

(2005) used an experimental technique wherein fluid was introduced at different flow rates into 

nonwoven sheets and the relative permeability – saturation relationship was found from the 

translational speed of the fluid front. These authors obtained a cubic relationship between the 

relative permeability and saturation of the medium:
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3)(  sKK (5)

Where sK is saturated permeability of the medium. This expression is similar to the general 

power-law relationship of Brooks and Corey (1964),

 sKK )( (6)

where 4 is reported to be a typical value for granular porous media [11]. In our work, we use 

an image analysis technique known as full-morphology method to saturate a virtual 3-D model of 

the material’s microstructure to different levels and predict its permeability. The virtual images, 

as mentioned before, are obtained via DVI imaging. The full-morphology approach is a quasi-

static image analysis method described in details in the works of Hazlett (1995) and Hilpert and 

Miller (2001). In the current paper, we use a modified full-morphology algorithm developed 

based on the works of Hilpert and Miller (2001) and implemented in the Geodict Code from 

Fraunhofer ITWM. Readers are referred to Schulz et al (2007) for a detailed description of this 

implementation. This algorithm assumes that the pore space of the medium is initially fully-

saturated with a non-wetting phase and is connected from one side to a large reservoir of a 

wetting fluid. The wetting fluid, then, intrudes into the fibrous structure as the reservoir’s 

pressure is increased. Based on the Young-Laplace equation rpc /cos2  , it is assumed that 

only a certain pore diameters can be intruded for each pressure increment. In order to simulate 

this quasi-static fluid intrusion, a spherical structuring element  rB of an increasing radius of r is 

developed and is used in morphological operation “erosion” defined as:

   XBxX rxBr
 ,: (7)
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where X is the pore space and rxB , is the structuring element centered at point x (Schulz et al 

2007)  . The radius, r, of these structuring elements is obtained using the Young-Laplace 

equation. The erosion operation results in the center points, where a given sphere can fit without 

intruding the fiber boundaries. The erosion procedure is then followed by a connectivity analyzes 

which results in the removal of all those eroded pore spaces which are not connected to the 

reservoir. In order to find the pore volume which has been intruded for a particular pressure, the 

eroded space is then dilated using the same structuring element defined as:

      XBxXD
rrr BrxBB  ,: (8)

This dilation step gives particular saturation level of wetting phase fluid. Once this dilation step is 

completed, pressure is incremented in predetermined steps to find the next smaller structuring 

element, using the Young-Laplace equation, and the above procedure is repeated to get find next 

saturation level. Note that the wetting fluid reservoir can be placed at any side of the simulation 

domain. Here all other boundaries are assumed to be impermeable to the fluid. Note also that the 

numeric value used for the contact angle is not important in this analysis as the objective is 

finding the relation between the relative permeability and saturation (not the capillary pressure).

As the image shown in Figure 2 is too large to fit our available computational memory, we crop 

the image to a size of 400400400  voxels. This size is believed to be large enough to represent 

the whole medium. For more discussion on the importance of the domain size readers are refereed 

our previous work ( Jaganathan 2008 b). In Figure 3, we show fibrous structure which has been 

saturated different levels by full-morphology method.
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Figure 3: A 880880880  µm sub-domain of the image shown in Figure 2 is considered here for full-

morphology simulation. Wetting fluid saturation a) 0%, b) about 50%, c) about 75%, and d) 100%. 

At each increment of wetting fluid intrusion (each level of saturation), one can find the medium’s 

permeability by solving the Stokes flow equation with periodic boundary conditions inside the 

microstructure.The Stokes equations for conservation of mass and momentum are as follow:
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where ,, yx  and z are velocity in the x, y, and z directions, respectively. GeoDict treats each 

voxel as a computational cell and circumvent the mesh generation process in the complex 3-D 

geometry of a fibrous medium. Based on the Darcy’s law the relation between mean velocity and 

pressure drop in each direction are as follow:
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where ),,,( zyxjikij  is the intrinsic permeability tensor. Here we use finite difference scheme 

of Geodict code (Wiegmann 2007). Note that during these simulations, the nonwetting phase is 

considered as immobile obstructions to the fluid flow (i.e. the nonwetting phase is considered as a 

solid phase) which increases the resistance to the fluid flow. This also implies that there is no 

momentum transfer between phases. For more information of these simulations readers are 

referred to our previous publication (Jaganathan et al 2008 c). Note that kxz and kyz are almost 3 

orders of magnitude smaller than kzz. We, therefore, neglect any fluid flow in the x and y

directions (in-plane flow) in formulating our 
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Figure 4: Relative permeability – saturation relationship obtained via full-morphology method and shown 

in a dimensionless form  sKK / . 

macroscale model. As mentioned earlier in the introduction, the intrinsic permeability can be 

converted to permeability of the medium by /kK  .

When the non-wetting phase is completely removed we obtain saturated permeability sK . The 

absolute (fully-saturated) permeability was found to be gsmmKs /.01.0 3 . We fitted the 

equation of Brooks and Corey (1964) (Equation 6) and the cubic relation of Landeryou et al.

(2005) (Equation 5) to our data. Brooks and Corey (1964) equation with 6.4 resulted in a 

much better fit as can be seen in Figure 4. This deviation from the cubic relation might be due to 

the difference between the microstructure of the nonwoven material (hydroentangled fabric) used 

in our work and that of Landeryou et al. (2005) (needle-punched fabric). Also note here that 

relative permeability  sKK / tends to zero when saturation is smaller than 0.4, suggesting that 
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there is a percolation threshold for the fluid infiltration. Neither of the cubic or power-law 

relationships can capture this feature.

         

Figure 5: a) A schematic of the long-column test. b) Our experimental results are shown along with the 

correlations of van Genuchten (1980) and Landeryou et al (2005) fitted to our data.

9.2.2 CAPILLARY PRESSURE – SATURATION RELATIONSHIP: EXPERIMENT

Landeryou et al. (2005) used an autoporosimeter (Miller and Tyomkin 1994) to obtain a 

relationship between the capillary pressure and saturation. The work of (Landeryou et al 2005).

was conducted in the material’s thickness and, therefore, cannot be used here to study the in-

plane infiltration. Note that most nonwoven materials have anisotropic layered microstructures; 

i.e., measurements made in the thickness direction cannot be used in other directions. We, 

therefore, used a long-column method (Collins 1961 and Corey 1994) to obtain a relationship 

between the capillary pressure and saturation. In this method, a long strip of the fibrous sheet was 
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cut and hung in an infinite source of wetting fluid (as shown schematically in Figure 5a) until an 

equilibrium height was reached, after about 24 hrs. The samples were then cut into equal 

segments and the saturation of each segment was found by measuring their wet and dry weights 

with an analytical microbalance having a resolution of 1 microgram. Saturation of the sample is 

obtained by:

 /dbf

dw

Mv

MM




 (16)

where wM and dM are the wet and dry weights of the segments and f and bv are the fiber 

density )/1039.1( 33 mmg and bulk volume of the material. Here  is the relative density given 

by fluf  / where 34 /1041.8 mmgflu
 is the fluid density (mineral oil from Sigma-Aldrich 

with a viscosity of sPa.03.0 ). To suppress any fluid redistribution, we froze the samples before 

cutting using a dry ice. Capillary pressure is given by hg  , where h is height of each 

segment from datum line. The above test was repeated three times and the results are shown in 

Figure 5b. 

It is also possible to develop a capillary pressure – saturation relationship by conducting a quasi-

steady microscale modeling similar to that of Schultz et al (2007). Such a modeling, however, 

requires an accurate estimation of the contact angle between the fluid and the fibrous media 

which is not easy to determine. With the above experiments we could circumvent this problem. 

In Figure 5b, we fitted the empirical correlation of van Genuchten (1980) to our experimental 

data:
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mn  ])/(1[ * (17)

where nm,, are empirical constants. Further approximation (van Genuchten 1980) nm /11

was also considered to simplify the equation. It is worth mentioning that the van Genuchten’s 

model has also been used by Iryo and Rowe (2003) to study fluid infiltration in nonwovens used 

in geotextile applications. The empirical fit of the van Genuchten correlation to our experimental 

data results in 2/342 smmg and 4n . We also fitted the exponential relation 

)/exp(   of Landeryou et al. (2005) but did not observe a good match as can be seen in 

Figure 5b.

9.3 NUMERICAL SIMULATIONS 

Having the constitutive equations, obtained in the previous sections, we can now numerically 

solve the Richards’ equation to simulate the fluid absorption in our fibrous sheets. FlexPDE 

program was used here to solve the Richards’ equation along with the aforementioned relative 

permeability – saturation and capillary pressure – saturation relationships:
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FlexPDE is a general purpose mathematical program developed by PDE Solutions Inc. for 

solving partial differential equations using finite element method. The above equations are coded 
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in FlexPDE and are solved in a 1-D domain with the following boundary and initial conditions: 

,1),0(  tx 0),(  tlx and 0)0,(  x , where l is length of the domain. To ensure that the 

results of our finite element simulations are not mesh-dependent, we considered different 

numbers of element counts in our trial simulations. The results presented here are obtained with 

60 elements and are believed to be mesh-independent. 

9.3.1 UPWARD INFILTRATION

The results of the upward infiltration are shown in Figure 6a where a comparison is made 

between the saturation profile obtained from our simulations and experiment for 90 at 

t=86400s. Good agreement between our simulations and experiments is evident. It can also be 

seen that there is a steep saturation gradient under the wetting front. This can be observed also in 

the contour plot of Figure 6b (1-D simulation results are copied in the y-direction to produce a 2-

D contour plot for better visualization). As mentioned before, Washburn’s equation cannot 

predict this partially saturated region. 

In order to check the accuracy of our simulations, an experimental setup was build to allow 

capturing the images of fluid infiltration. A Computar® dynamic video camera was used to 

capture images at a rate of 1 frame/second. Imaging the entire length of the fluid rise requires a 

camera with a high resolution, and simultaneously, a large field of view. Our camera had a field 

of view of about 20 mm and so we limited our imaging to the first 50 seconds of the fluid 

infiltration experiment. 
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Once the images were captured (see Figure 7a), they were processed to extract the wetting front 

so that the rate of infiltration could be calculated. The images were first subjected to a gray-level 

relaxation process (see Pratt (2001) for more details) to improve the contrast between the fluid 

and material (see Figure 7b).

                                                                                  

Figure 6: a) Saturation profiles after t=86400s for upward infiltration obtained from simulation and 

experiment. b) A contour plot of the medium’s saturation obtained from our simulation at t=86400s. Note 

that the 1-D results are presented in a 2-D domain for better visualization.

A median filter was then used to remove any noisy pixels from the image. This was followed by a 

single thresholding step to convert gray scale images to binary images as shown in Figure 7c. 

This final step provided us with the wetted front. Note that the wetted front is not distinguishable 

with naked eye. To eliminate the operator’s error, the wetted heights were considered to be the 

height where the first white pixel was encountered when moving down from the top of the image, 

as shown in Figure 7c.
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Our wetted length data (three separate experiments) are plotted versus time in Figure 8a along 

with the predictions of our numerical simulation. It can be seen that there is good agreement 

between the experiment and the model. 

                                            

            

Figure 7: The image processing steps used for determining the wetting front: a) initial gray scale image, b) 

the image after the gray level relaxation, and c) the image after the thresholding.

The average equilibrium height (maximum height) that fluid could reach was about 80mm and it 

is in good agreement with our numerical results being 80.4 mm (not shown in the figures). Figure 

a) b)
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8b, we shows a comparison between the saturation profiles and the wetted lengths for various 

angle of inclination ( )0 at t=1000 s obtained from numerical simulations. It can be seen that 

increasing the inclination angle slows the fluid infiltration.

     

Figure 8: Numerical solution of Richards’ equation: a) wetted length versus time for 90 , b) 

saturation profile at t =1000s for various inclination angles

9.3.2 HORIZONTAL INFILTRATION

For the case of horizontal infiltration in the absence of inertial effects, a simple analytical 

equation can be derived for the wetted length )( wl according to the Poiseuille’s equation for flow 

through a capillary tube (Washburn 1929):

tClw  (21)
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where  2/coscrC  . Here cr is the equivalent capillary radius, and , , and  are 

surface tension, wetting angle, and viscosity of the fluid. In terms of saturated permeability, sK ,

the constant C can be written as  sKC 2 where  is known as the capillary potential of the 

medium and should be obtained empirically (Eames et al. (2003)). In spites of its underlying

over-simplified assumptions, Washburn’s equation forms a good framework for analyzing the 

horizontal infiltration due to its simplicity. 

In the case of horizontal infiltration, 0 , Richards’ equation (Equation 18) reduces to:

(22)

A well known solution to the above equation for the rate of infiltration in terms of Boltzmann 

transformation (Boltzmann 1894, Ruoff 1959, Corey 1994 and Landeryou et al 2005) is,

tlc 2          (23)

where  is an empirical constant. It is worth mentioning that the above equation implies that the 

wetted length is proportional to t as was originally proposed by Washburn. Landeryou et al.

(2005) assumed ssK  /2  where  is an empirical constant to be obtained from curve 

fitting the numerical solution of Equation 22. Figure 9 shows the wetted length versus 

t obtained by solving Equation 22 using the FlexPDE software. Note the linear relationship 
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between the wetted length and t . The solution of Equation 22 is fitted into these results to 

obtain 89.0 . This indicates that the wetted length increases slower than what the Washburn’s

equation predicts. This effect can be attributed to the fact that the fluid front is not fully saturated 

as Washburn model assumes, and so reduces the relative permeability of the medium. It is worth 

noting that Landeryou et al. (2005) obtained a coefficient of 77.0 for their needle-punched 

fibrous media.

                                  

Figure 9: Numerical solution of Richards’ equation for 0 : wetted length versus t . Equation 23 is 

fitted to the numerical solution to yield 89.0

9.3.3 DOWNWARD INFILTRATION

For the case of downward inclination, 0 , the Richards’ equation has a solution for the wetted 

length as a function of time obtained by Philip (1957) in the form of a power series :

  2/2/3 )( m
mc tftttl  (24)
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where the coefficients are functions of  (Corey 1994). For all practical purposes, we only need 

the first two terms of this power series (Philip 1957): 

ttlc   (25)

According to this equation, at the initial stages of infiltration, the first term in Equation 25 is the 

dominant term [11]. 

                                 

Figure 10: Numerical solution of Richards equation for 0 : wetted length versus t . Equation 25 is 

fitted to the numerical solution to yield 89.0 , 69.0
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(2005). Same as the case of horizontal infiltration, we use our numerical simulations (Equation

18) to obtain the required empirical coefficients ( and  ). Figure 10 shows the numerical 

solution of Richards’ equation (Equation 5). Fitting Equation 18 to these results, we obtain 

89.0 and 69.0 . 

9.4 CONCLUSIONS

Fluid infiltration problems involving fibrous materials have long been studied using Washburn’s 

model. While Washburn’s equation is a good approximation for the fluid infiltration, it has two 

major shortcomings. It models the complex pore spaces of a fibrous medium by a series of 

unidirectional discrete capillary tubes, and so requires an equivalent capillary diameter. 

Furthermore, Washburn’s model assumes a complete saturation under the wetting front which is 

obviously inaccurate. 

In this paper, we have used a more complete macroscale model based on the work of Richards 

(1931) to numerically simulate the fluid infiltration into inclined fibrous sheets. Here, for the first 

time, we have combined the Richards’ equations with the results of 3-D microscale relative 

permeability computations in fibrous microstructures obtained from imaging. In particular, it is 

shown that the relative permeability – saturation relationship for a fibrous thin sheet has a form 

similar to that proposed by Brooks and Corey (1964) with an exponent of 6.4 . Our capillary –

saturation relationship was obtained experimentally and was observed to obey the model of van 

Genuchten (1980). 
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Fluid infiltration simulations are conducted for three different configurations of upward, 

horizontal, and downward infiltrations. To validate our simulations, we compared our numerical 

results with those of our long-column test and observed good agreement. The rate of fluid height 

rise was obtained via imaging and was found to be in good agreement with our numerical 

simulations. Furthermore, we obtained empirical coefficients for the correlations proposed by 

Landeryou et al. (2005) and Philip (1957) for the horizontal and downward infiltration in thin 

fibrous sheets, respectively. The rate of fluid infiltration was shown to be similar to that predicted 

by the Washburn’s model but with a slower rate.
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CHAPTER 10

OVERALL CONCLUSIONS & RECOMMENDATIONS FOR 

FUTURE WORK
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10.1 OVERALL CONCLUSION

In this section, key aspects of this research are summarized. This research is focused on studying 

single and two-phase flow through realistic 3-D models of fibrous media. These microstructural 

models were either obtained via digital volumetric imaging or mathematically constructed based 

on the overall properties of fibrous materials. The first part of this thesis is focused on simulation 

of single-phase flows in fibrous media, referred to here as saturated media. This part of the work 

deals with developing computational methodologies for determining permeability (or pressure 

drop) of a fibrous medium exposed to air or water flow. The second part of this thesis is a study 

on two-phase flows in fibrous media. We simulated the fluid intrusion in fibrous microstructures 

using full morphology method to obtain the materials so-called geometric and porosimetric pore 

size distributions. In the final part of the work, we also present a combined micro- and macro-

scale modeling for studying fluid flow through fibrous media. This dual-scale model was utilized 

to simulate fluid infiltration into inclined fibrous sheet and relevant semi-empirical equations 

were obtained for the calculation of infiltration rate. 

Some of the major findings of this research are summarized below:

 Simulating the permeability of bimodal filters, we demonstrated the errors in the area-

weighted diameter averaging of Brown and Thorpe (2001) and proposed a modification 

to their model as function fiber diameter ratios and their number fractions. 

 Application of analytical permeability expressions was demonstrated in a practical case 

by calculating the required vacuum power in the hydroentangling process. The result 

were compared with numerical simulations and discussed in details.

 A realistic pore scale simulation technique based on digital volumetric imaging technique 

shows that 2-D analytical models under predict the permeability of realistic 3-D fibrous 
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media. Permeability of typical hydroentangled fabric seems lie between layered and 

random analytical model given by Speilman and Goren (1969). In order to overcome the 

computational requirement to simulate macroscale permeability value, a dual scale 

approach has been developed and efficacy was shown by comparing the simulation result 

with experiments.

 It is shown that the probability density function of the geometric pore size distribution 

can be approximated by a two-parametric Gamma distribution. We also study 

connectivity of the pore space in fibrous media by computing and comparing the 

accessible and allowed pore volumes in the form access function graphs. It was shown 

that the so-called ink-bottle effect can significantly influence the fluid intrusion in a 

porous material. The pore space connectivity of a homogeneous fibrous media is 

observed to be a function of thickness, Solid Volume Fraction (SVF), and fiber diameter. 

It was shown that increasing the materials’ thickness or SVF, while other properties are 

kept constant, reduces the pore space connectivity. On the other hand, increasing the fiber 

diameter enhances the connectivity of the pores if all other parameters are fixed. 

Moreover, modeling layered fibrous microstructures; it is shown that the access function 

graphs can be used to detect the location of the bottle neck pores in a layered/composite 

porous material. 

 The 3-D images of fibrous structures under compression were obtained using DVI 

technique to study the pore size distribution of the material and develop an empirical 

correlation as a function of compressive stress for these structures. This new correlation 

indicates that the mean pore diameter of a nonwoven material decreases exponentially 

with increasing the compressive pressure.
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 Fluid infiltration problems involving fibrous materials have been studied using 

Washburn’s model for a long time. While Washburn’s equation is a good approximation 

for the fluid infiltration, it has major shortcomings. In this thesis, we have used a more 

complete macroscale model based on the work of Richards to numerically simulate the 

fluid infiltration into inclined fibrous sheets. Here, for the first time, we have combined 

the Richards’ equations with the results of 3-D microscale relative permeability 

calculation in microstructures obtained from 3-D imaging. In particular, it is shown that 

the relative permeability – saturation relationship for a fibrous thin sheet has a form 

similar to that proposed by Brooks and Corey for granular porous media. Capillary –

saturation relationship was obtained experimentally and observed to obey the model of 

van Genuchten. Simulation results are obtained for three different cases of upward, 

horizontal, and downward infiltration. To validate our simulations, we compared our 

numerical results with those of our long column experiment and observed good 

agreement. The rate of fluid infiltration at different angles of inclination is shown to be 

similar to that predicted by the Washburn’s model but infiltration rate seems to be much 

slower.

10.2 RECOMMENDATION FOR FUTURE WORK

 Recent nonwovens often have large amount of nanofibers embedded in (or layered on) a

matrix (or substrate) of larger fibers. The 3-D imaging technique discussed in this thesis is 

limited in resolution to be used for imaging fabrics having nanofibers. There is a great deal of 

interest in developing techniques for obtaining 3-D images of materials made up of 

nanofibers.
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 Many nonwoven absorbent materials are made up of porous fibers. These fibers swell

when they absorb liquid. Future more sophisticated studies are required to numerically model 

fluid infiltration in such fibrous materials. 

 Richards’ equation has a highly versatile form, it can be used to solve fluid infiltration

problem in 2-D and 3-D geometries. This, however, requires additional constitutive equations 

to be developed. 

 Nondestructive 3-D imaging (NMR or CT-scan etc.) can be used to image absorption of

liquid in fibrous media and develop constitutive relationships that are required for the 

Richards’ equation.

 Many recent nonwoven materials have a non-uniform density (i.e., gradient

density structures) in the z-direction. The available mean pore diameter and/or 

compression-thickness theories cannot incorporate the effect of density gradient. 

Developing such comprehensive theories is highly important for characterize the new 

generation of nonwovens. 


