Water Flow Through the Polypropylene-Based Geotextiles
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ABSTRACT: This article presents the results from a study
on the cross-plane water flow through the needle punched
nonwoven geotextiles produced from polypropylene fibers.
Different types of nonwoven geotextiles are produced by
varying the processing parameters during the needle
punching process. The pore characteristics and the cross-
plane water flow (or permeability) through the nonwoven
geotextiles are measured by liquid extrusion porometry
and water permeability tester, respectively. The water flow

velocities through the geotextiles are predicted by the finite
element analysis. There is a good correlation between the
average velocity data obtained from water permeability test
and theoretical prediction based on finite element analysis.
The pore characteristics play an important role in water
permeability behavior of nonwoven geotextiles. © 2008
Wiley Periodicals, Inc. ] Appl Polym Sci 108: 3876-3880, 2008
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INTRODUCTION

The cross-plane water flow (or permeability) through
the nonwoven fabrics plays an important role in
many applications such as medical and hygiene, fil-
tration, composite manufacturing, etc. Nonwoven
geotextiles are fibrous structures capable of doing
more than one functions simultaneously, i.e., separa-
tion, filtration, and drainage. The distinctive porous
structure of nonwoven geotextiles makes them ideal
medium for liquid filtration and drainage applica-
tions in comparison with their woven counterpart
because of the low cost of production and product
can be manufactured in a very short time. The poly-
propylene fiber based nonwoven geotextiles offer fur-
ther advantages due to their chemical inertness, low
water absorption and quick drying capacity, which
makes them ideal for liquid filtration and drainage
applications. The water permeability behavior of
nonwoven geotextiles is mainly influence by the pore
characteristics namely, pore size and its distribution.
The performance characteristics of nonwoven geotex-
tiles are determined by the way water flow through
it. Ideally, there should be a smooth flow of water, so
that unnecessary pressure build-up can be avoided.
Therefore, the pore characteristics influence the water
permeability behavior. The orientation of fibers in
nonwovens varies from regions to regions due to dif-
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ferent structural arrangement of fibers.!™ It also
affects the water permeability behavior.

Different processing parameters during needle
punching may results in different structural arrange-
ment of fibers in nonwoven geotextiles and subse-
quently affecting the pore characteristics. There may
be a different arrangement of pores in nonwoven
geotextiles, when the depth of needle penetration is
varied during needle punching process, keeping the
fabric area weight (mass per unit area, g/m? con-
stant. The reported research works on this important
aspect are scanty, so, we attempt to link the changes
in pore characteristics with the measured permeabil-
ity values of nonwoven geotextiles. This work
focuses on the cross-plane water flow through the
polypropylene fiber based nonwoven geotextiles. It
is often assumed to be laminar*® and laminar flow
through anisotropic nonwoven geotextiles can be
described by the Darcy’s law®” as:

@)

where v is the volume flow rate of the fluid in a unit
area, m is the liquid viscosity, dp is the difference in
hydraulic pressure, dx is the conduit distance, and k
is the specific permeability. In practical applications
of Darcy’s law, it is preferable to use the permeabil-
ity coefficient, K, which is also known as Darcy’s
coefficient. This coefficient (K) is defined in Darcy’s
law as: v = K X i, where i is the hydraulic gradient.®
The above coefficient (K) normally represents the
permeability of the porous medium.
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The finite element analysis (FEA) is used for mod-
eling and simulating wide range of technical prob-
lems. For the present work, it was performed by the
commercially available software Comsol Multiphy-
sics.” Different types of fiber orientations were con-
sidered in the two dimensional-2D FEA of nonwo-
ven geotextiles and water flow velocity through it
were computed. The water permeability was mea-
sured experimentally by water permeability tester.
The pore characteristics were measured experimen-
tally by liquid extrusion poromerty. The water flow
velocities data obtained from the instrument and
FEA are compared.

EXPERIMENTAL
Sample preparation

Needle punched nonwoven geotextiles are produced
by subjecting the polypropylene fibers to carding,
then orienting the carded web in the cross direction
by using a cross lapper, subsequently subjecting it to
the action of barbed needles in needle punching
machine. The length and fineness of fibers utilized
for sample preparation are 60 mm and 6.6 dtex,
respectively. The crimp and average diameter of the
fibers are found to be 10/cm and 17 pm, respec-
tively. The following processing parameters during
needle punching were used for producing the non-
woven geotextiles: feeding speed, 0.7 m/min; depth
of needle penetration, 4, 6, and 8 mm; stroke fre-
quency, 256/min; and output speed, 4 m/min. The
nominal area density of the nonwoven geotextiles
was 120 g/m>.

Measurement of water permeability

The water permeability test is carried out by the Per-
meameter GE-TE-FLOW-K instrument. The mea-
suring principle of this instrument is based on fall-
ing hydraulic head method in according to EN ISO
11058 standards.'® In falling head method, a column
of water is introduced normal to the geotextiles
plane to induce a laminar flow through its structure.
The temperature of the water is maintained at 20°C.
The water flow rate and the pressure change against
time are taken to measure the permeability. The test
is carried out without adding any weight to the sam-
ple with a diameter of 67.8 mm. The measuring
range of the Permeameter GE-TE-FLOW-K contains
hydraulic difference in height of 0 < H < 540 mm.

Measurement of pore size and its distribution

For the present work, the capillary flow porometer
was used to characterize the pore structure of non-
woven geotextiles, principle of which is based on the
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liquid extrusion porometry technique.'' In this tech-
nique, a wetting liquid with known surface tension
of 15.9 dynes/cm fills the pores spontaneously and
it is then removed by pressurized nonreacting gas
(air) to give pore size and its distribution. Three
kinds of pores may be present in nonwoven geotex-
tiles, namely, closed pores, through pores, and blind
pores. Closed pores are not accessible and therefore
do not allow passage of liquid and air. The blinds
pores terminate inside the material and do not per-
mit the fluid flow. Through pores are open and
allow the flow through the medium and they are im-
portant for filtration and drainage applications."
The important pore structure characteristics of non-
woven filter media are the most constricted through
pore diameter (smallest detected pore diameter), the
largest pore diameter (bubble point pore diameter),
and mean pore diameter (mean flow pore diameter).
Mean flow pore diameter is the diameter of the ma-
jority of the pores." It is defined as half of the flow
through the pores having diameter greater than
mean flow pore diameter and other half of the flow
is through the pores having diameter smaller than
mean flow pore diameter.'>'*

Measurement of fiber orientation

The fiber orientation is measured by using image
analysis program ““Analysis” version 3.2. The rela-
tive frequency of fibers for 10° orientation interval
with respect to cross direction is computed.

FINITE ELEMENT ANALYSIS

The FEA is a tool to build complex model with sim-
ple elements. The complex model is divided into a
number of manageable elements. The system is then
described by the physical properties of each element.
These elements are connected to their neighbors by
nodes. This forms an approximate system of equa-
tions for the entire structure. In the next step, the
system of equations is solved involving unknown
quantities at the nodes. After the solution, the
desired quantities at selected elements can be calcu-
lated. For the present work, velocity inlet and outlet
boundary conditions with no slip at wall are taken
into account and following assumptions are consid-
ered:

a. Fibers are assumed as long circular cylinders.

b. Fiber crimp is considered.

c. Thickness of fabric is very small compared with
other two dimensions.

Modeling approach based on assuming a single
fiber as cylindrical rod is adopted in this study. The
representation of fibers by a single element allows a
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TABLE 1
Various Dimensional Parameters, Pore Size, and Permeability Behavior of Needle-Punched
Polypropylene Fiber-based Nonwoven Geotextiles

Sample Thickness Pore diameter (um) Permeability Velocity® Velocity®
code (mm) Smallest Mean flow Maximum Ky (m/s X107 (mm/s) (mm/s) R?
Al° 24 53.37 215.62 367.81 1.25 125 105 0.84
A2 2.0 40.51 189.10 331.73 1.09 109 93 0.87
A3 1.7 24.64 163.23 291.12 0.97 97 80 0.85

? Average velocity measured from water permeability tester.

b Average velocity obtained from FEA.
¢ Needle depth: Al, 4 mm; A2, 6 mm; and A3, 8 mm.

significant reduction in computation time. The
behavior of single fibers can be combined and
mapped onto the elements representing bundle of
fibers and ultimately representing this bundles of
fibers in the nonwoven geotextiles. The cylindrical
rod element is assumed as a straight bar, loaded at
its ends with uniform properties from end to end.
This type of elements has two degrees of freedom at
each node, ie., displacements in X- and Y- direc-
tions. Suitable equations are used at node points to
describe the nonlinear behavior of the fibers. In the
nonwoven geotextiles fibers are oriented in different
directions, i.e., some fibers are in the machine direc-
tion, some fibers are in the cross-machine direction
and other fibers oriented randomly. In the modeling
work, these different fiber orientations are taking
into account. The flow of incompressible non-Newto-
nian fluid through the pores of nonwoven geotextiles
can be solved by Navier-Stokes equation''® along
with Darcy’s law. The Navier-Stokes equation for
fluid flow is given by:

P m(Vie-t (V") 4 pla- A+ ap = F

V-u=20

where 7 is the viscosity, p is the density, u is the ve-
locity, p is the pressure, and F is the force. The first
equation is the momentum balance equation, and
the second is the equation of continuity for incom-
pressible fluids.

RESULTS AND DISCUSSION

Orientation distribution of fibers
in nonwoven geotextiles

A typical orientation distribution of fibers in the nee-
dle-punched nonwoven geotextiles (Samples Al and
A2; Table I) is shown in Figure 1. The vertical
dashed arrow line at 90° angle represents the
machine direction, the cross direction being perpen-
dicular to this. The lower frequency values in the
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machine direction indicate that fewer fibers are ori-
ented in that direction. The higher frequencies val-
ues in the other direction indicates the majority of
fibers are oriented in the cross direction, which is
due to cross-lapping process of laying the web. Simi-
lar trend is also found for the other sample (A3) and
is not shown here.

Pore size and water permeability behavior
of nonwoven geotextiles

The pore size of needle-punched nonwoven geotex-
tiles obtained from liquid extrusion porometry is
shown in Table I. As the depth of needle penetration
increases during the needle punching process, there
is decrease in smallest, mean flow and maximum
pore diameters. As the needling depth increases,
frictional contact between the fibers increases as
more number of needles acting on any fiber and con-
sequently over the whole fabric area. As a result of
this, there is more consolidation of the web and the
web thickness decreases. So the nonwoven geotextile
produced with less depth of needle penetration is
consequently an open structure and is of the highest
thickness (Sample Al) in comparison with the one
which is produced with higher depth of needle pen-
etration, which is less open, and thickness of the
geotextiles is the lowest (Sample A3). There is
decrease in smallest and maximum detected pore di-
ameter with the increase in needle depth, as pores
may be getting covered by the neighboring fibers.

10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160 170 180
Orientation angle, degree

Figure 1 Orientation distribution of fibers in the needle
punched nonwoven geotextiles.
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Figure 2 Pore size distributions obtained from liquid
extrusion porometry for Sample Al.

There is 24% decrease in mean flow diameter with
the increase in depth of needle penetration, the di-
ameter of which is normally a measure of the size of
the majority of pores. This may be due to the web
getting more compact with the increase in needle
depth as frictional contact between the fibers
increases.

The pore size distributions of needle punched
nonwoven geotextiles obtained from liquid extrusion
porometry are shown in Figures 2-4. We divided the
pore size distribution into three different regions of
pore diameters ie., 0-100 pm, >100-250 pm, and
>250 pum. The percentage contribution of pores in
the above three different regions for Samples Al,
A2, and A3 are as follows: 22, 44, and 34; 25, 50, and
25%; and 26, 55, and 19%. These values indicate that,
when depth of needle penetration increases, there is
decrease in percentage of bigger pores (>250 um), as
bigger pores are getting covered by the neighboring
fibers during entanglement of the fibers by the
barbed needles. This indicates that needle punched
web become more compact. These bigger pores
(>250 pm) mainly govern the permeability, as how
easily the fluid pass through the structure without
unnecessary pressure built-up is of importance.
Also, as the depth of needle penetration increases,
the percentage of smaller (0-100 um) and medium

Pore size distribution
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Figure 3 Pore size distributions obtained from liquid
extrusion porometry for Sample A2.
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Figure 4 Pore size distributions obtained from liquid
extrusion porometry for Sample A3.

pores (>100-250 pm) increase. During the process of
needle punching, some of the medium pores getting
converted into smaller pores and bigger pores con-
verted into medium pores due to the entanglement
action of needle. The above types of pores mainly
help in retaining the impurities in the fluid flowing
apart from allowing the fluid to pass through it. In
all geotextiles structures, pore size distribution
obtained from experiment does not follow any defi-
nite trend as observed from Figures 2—4.

The water permeability behavior of needle-
punched nonwoven geotextiles measured on a water
permeability tester and corresponding average veloc-
ity values obtained from it and FEA are shown in
Table I. The water permeability values of nonwoven
geotextiles decreases as the depth of penetration of
needles increases during the needle punching pro-
cess. This may be due to variation in the pore char-
acteristics of the three different nonwoven geotex-
tiles. Although thickness of Sample Al is higher
compared with A2 and A3, it is the open structure
among the three, followed by A2 and A3. Also mean
flow pore diameter of Sample Al is the highest
among the three samples. So water passes easily
through Al, than A2 and A3. The pore characteris-
tics play an important role in the water permeability
behavior. The velocity values of water (mm/s) flow-
ing through the needle punched nonwoven geotex-
tiles obtained from a 2D FEA is shown in Figure 5.
The water flow through the nonwoven geotextiles is
measured perpendicular to its plane. So, the fibers
which are assumed as circular cylinder in the non-
woven geotextiles, when viewed from top, will look
like a rectangular bar. Each color in Figure 5 repre-
sents a particular velocity value in mm/s, red being
the highest and blue is the lowest. Each pore arises
due to different arrangement of fibers, is represented
by same or different colors of velocity values of
water flowing through. The average velocity of
water flowing through Samples A1l is the highest fol-
lowed by A2 and A3, due to variation in the pore
characteristics of the nonwoven geotextiles which
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Figure 5 Velocity values of water (mm/s) through the needle-punched nonwoven geotextiles (a) Al, (b) A2, and (c) A3.
[Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]

subsequently governs the permeability behavior.
Different pore sizes can be observed from the three dif-
ferent samples as the depth of needle penetration in-
creases during the needle punching process (Fig. 5).
The Sample Al consists of a majority of bigger
pores, in comparison with Samples A2 and A3, fol-
lowed by medium and smaller pores. The Sample
A3 mainly consists of medium and smaller pores
and Sample A2 is in between of two samples. The
average velocity values obtained from FEA is under
evaluated. This may be due to the fact that, when
observing the geotextiles from the top, some of the
pores that are below the top layered may not get
covered during this measurement, although the fab-
ric thickness is very small. Another reason may be
these pores have different configurations which may
affect the results. Nevertheless, there is a good corre-
lation between the average velocity values obtained
from FEA and water permeability tester (Table I).

CONCLUSIONS

The influence of processing parameters during nee-
dle punching on the water permeability behavior of
nonwoven geotextiles is investigated. The water per-
meability behavior is influenced by the arrangement
of pores in nonwoven geotextiles. A theoretical pre-
diction of cross-plane water flow through the non-
woven geotextiles was done by the FEA. A good cor-
relation is achieved between the average velocity
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data obtained from water permeability test and theo-
retical prediction based on FEA.
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