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NOMENCLATURE

Ap = projected fiber area in direction of
motion, m?

Cq4 = coefficient of discharge

Cy = coefficient of velocity

count = number of wire in CD, /inch

d; = orifice diameter, m

dcp = forming wire diameter in cross-
machine direction, mm

dfiber = diameter of fiber, mm

dM = moment in the element, Nm?

dvp = forming wire diameter in machine
direction, mm

E = specific modulus, Nm/kg or cN/dtex
E = average secant modulus, cN/dtex

E, = bending Energy, J/kg

Er = friction Energy, J/kg

Eg = stress-Strain Work, J/kg

F = normal force acted by the water jet on
the fibers, N

Fp = drag force, N

F¢ = jet force required overcoming friction,
N

F, = fiber strain force, cN

Ft = tension force in element, N

F,, = water jet force, ctN
g = gravity, 9.8 m/sec’

1 = fiber length, m

I, = bending length to form a unit hole,
mm

lp avg = average bending length, mm

l¢ = friction length to form a unit hole, mm
It avg = average friction length, mm

L, = projected fiber length in the direction
of motion, m

V= outlet velocity, m/s

M = moment of the cross-section, Nm?
m= water mass, kg

mesh = number of wire in MD, /inch

N = total number of fibers passed through
one single unit cell

N, = number of fibers passed through a
unit cell in one layer

N = total number of layers

Ny = total number of unit cell for 1kg
fabrics

P,= inlet pressure, N/m?

P,= outlet pressure, N/m?

Pcp = forming wire spacing in cross-
machine direction, mm

P, = gauge pressure, Pa

Pump = forming wire spacing in machine
direction, mm

Pyire = forming wire space, mm

Q = water mass flow, kg/s

Re = Reynolds number, dimensionless
Ry = radius of unit knuckle, mm

r = radius of curvature, m or mm

T = fiber linear density, kg/m or dtex

t =time, S

u = relative velocity between fiber and
fluid, m/s

U = bending energy, J

U, = bending energy to form a unit cell, J
Ug= friction energy to form a unit hole, J
Ugs = stress-strain work for one unit hole, J
V. = actual outlet velocity, m/s

V= inlet velocity, m/s



W = web basis weight, gsm

Wiiain = fiber strain work, cN*mm or J

Wi avg = average strain work for one single fiber, cN*mm or J
x = distance to neutral plane, m

yp = drag coefficient, dimensionless

Y = Young’s modulus, N/m’

€ = strain, dimensionless

€max = Maximum strain for a jet force

OA = area of cross-section element, m?

p = fiber density, kg/m’ or g/cm’

pw= density of water, 10°kg/m’

u = fiber-to-fiber coefficient of friction, dimensionless

1w = wet fiber-to-fiber coefficient of friction, dimensionless
Nw= water viscosity, kg/(ms)

@, = flexural-rigidity mechanism factor

(o) ;= friction mechanism factor

@ = stress-strain mechanism factor

X1
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Figure 2.6 Apertured Hydroentangling [70]

Different lines, such as straight, diagonal, or herringbone shaped, can also be produced in the
product. By introducing watermark technology from papermaking to hydroentanglement
process, hydroentangled product can be made with virtually any designed character in it.
Since the forming wire produces an exact mirror image in the nonwovens product, its quality
and uniformity requirements are exceptional and the seams in the wires in particular must be
perfect. All of this has posed quite a challenge to the wire manufacturer [67,70,71]. Albany
International Corporation and National Wire in the United States and Asten Johnson in

Canada are among the wire suppliers.

A fine-mesh stainless steel, bronze or plastic screen is usually used when hydroentangling the
first side of a nonwoven web. The mesh size selected must be fine enough to minimize fiber
losses and maximize water reflection back into the web to increase entanglement while, at
the same time, be open enough to adequately drain the water from the jets. A rotary drum
process on the second stage of water needling gives more versatility in the types of fabric

patterns available than a flat conveyor system does because drum sleeves with a variety of
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coarse screens or perforated metal plates can be used. Forming surfaces that are not

rectangular produce fabrics with varying degrees of stretch and recovery.

The interactions between the water jets, forming wire and fibers are the governing
mechanism behind hydroentanglement process [10]. It is believed that two different
mechanisms can give rise to fiber entanglement.

o Water jet/ Fiber interaction: As the water jet passes through the fiberweb it will encounter
fibers and force them out of the way. This will be predominantly be towards the holes in
the forming wires. As the jet penetrates deeper into the web, turbulent effects will
increase. Entanglement can be created as the fibers interact with one another or react to
eddy within fluid medium.

o Water jet/ Forming wire interaction: If the water jet reaches the conveyor belt without
being significantly dispersed, it will be deflected by the rigid forming wire. Deflection
will be partially upwards, back into the fiberweb. Through interactions outlined above,
rebounded jets will give rise to further entanglements. This mechanism will

predominantly affect fibers from the underside of the web.

Newer methods of forming the support media have greatly expanded the possibilities for the
fabric structure to enhance fabric capabilities. The Miratec'™ Brand of fabrics that use the
APEX process is an example of these new possibilities. Solid forming surfaces as described
by Unicharm and Perfolet do not provide a pattern or design in the entangled fabric.
However, the ricochet effect of the jet passing through the web and then bouncing back
through the web has been shown to significantly reduce the amount of entangling energy

required to form a fabric [27,35].

2.1.3.2 Water Jet Entangling

In the hydroentangling process, fiber entanglement is accomplished at the water jet
entangling unit by directing fine, columnar, high-energy water jets from orifices in a series of
manifolds, arranged perpendicular to the machine direction, against a fiber-web supported by

a substrate. The orifice jet is designed to produce a steady column of water at high pressure
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and high velocities. These columns of water act like the needles of a needle loom; however,

the jets are continuously striking the passing web.

In the first jet needling stage, the pre-formed web usually is compressed, de-aerated, pre-
wetted and entangled to a controlled degree under low jet pressures, without adversely
damaging or shifting the layers of fiber. The degree of pre-wetting and hydroentangling
depends on the pressure selected on the first jet head. Hydroentangled webs are usually
needled by water jets acting alternatively from both sides. This maximizes strength,
eliminates two-sidedness, and minimizes fiber loss associated with a one-side treatment.

Two-sided means one side is entangled and the other is “fuzzy” [63,64].

The number, size, and pressure level of the jets depends on the fiber types and desired
amount of entanglement. Orifice sizes typically range from 0.10 to 0.18 mm in diameter
arranged in single or multiple rows, and hole densities, from 12 to 24/cm (30 ~ 60/inch). 200
bar (2940psi) pressure is very common in modern hydroentanglement machines [1,35]. New
equipment technology could make it possible to offer as high as 1000 bar water jet injectors
with high efficiency and quality [51]. Table 2.2 gives the machine parameters from different

manufacturers [12].

Table 2.2 Examples of hydroentanglement machine parameters [12]

Designation | Manufacturer | Working Pressure | Web weight | Production
width (bar) (g/mz) speed1
(m) (m/min)
Jetlace 2000 | ICBT Perfojet 3.5 400 20-400 300
Aquajet Fleissner 4.2 600 10-600 600°
Hydrolace Spunlace 3.5 200 450° 200
350 Technologies

" With lowest possible web weight

? With lightweight spunbonded nonwovens

3 Maximum basis weight

An important criterion of the installation’s economic efficiency is the specific energy (SE),
which is the energy consumed to produce one kilogram of hydroentangled fabric (kJ/kg). It is
an independent variable that significantly affects fabric properties and performance and a

function of the number of manifolds, jet pressure, process speed, surface design, and fabric
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basis weight [17]. To derive the equation for specific energy, the fluid flow behavior through

an orifice needs to be described first; then three kinds of energies are discussed.

2.1.3.2.1 Fluid Flow Behavior through an Orifice
An orifice is an opening with a closed perimeter through which a fluid flows [32]. Figure 2.6

represents a cross-section of a vertical sharp edged orifice discharging a liquid from a
reservoir into atmosphere. This is the situation of the water jet in the hydroentanglement
process. When the particles of the liquid converge from all directions to the orifice, they have
inertia caused by the velocity components parallel to the plane of the orifice. Those particles
can not make abrupt changes in their direction when they reach the orifice. They continue to
move in curvilinear paths, thus causing the jet to contract for a short distance beyond the
orifice. This phenomenon is called contraction of the jet. Vena contracta is the section AB

(Figure 2.7) where the contraction caused by the orifice ceases.

AAB

Figure 2.7 Fluid Flow Behavior through an Orifice

Three coefficients are used to describe the fluid flow behavior through an orifice:
o Coefficient of contraction, C., is the ratio of the cross-sectional area of the vena

contracta, A g, to the cross-sectional area of the orifice, Ao.
A .
C.=—2% Equation 2-2
AO
where
C. = coefficient of contraction, dimensionless
A= cross-sectional area of the vena contracta, m.

. . 2
Ao = cross-sectional area of the orifice, m”.
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o Coefficient of velocity, C,. By assuming that the fluid-friction energy loss is negligible,
an ideal velocity can be calculated using the Bernoulli equation. The actual velocity in
the jet is less than the ideal velocity because of the frictional resistance that occurs as the
fluid enters and passes through the orifice. The ratio of the actual velocity, Vap, to the

ideal velocity, Vo, is called the coefficient of velocity, C,, of the orifice and is given as

V
C, =—4& Equation 2-3
VO
where Cy = coefficient of velocity, dimensionless

Vg = actual velocity of the vena contracta, m/s
Vo= 1ideal velocity at the orifice, m/s.
o Coefficient of discharge, C4. The product of C. and C, is usually replaced by a single
coefficient, Cq, called the coefficient of discharge.
C,=C.*C, Equation 2-4
The Coeftficient of discharge can also be defined as the actual discharge, Qag, to the ideal

discharge, Qo

QO VO * AO

V., *A4
C, = Qi Vs " Aus _ C.*C, Equation 2-5

Where

Qag = actual volume flow rate, m’/s.

Qo = ideal volume flow rate, m’/s.
Since Volume flow rate is the product of fluid velocity and fluid area, substitution of volume
flow rate by those products in equation 2-5 finally leads to the same result as that in equation
2-4. The definition in equation 2-5 may describe better what it is called coefficient of

discharge than that in equation 2-4.

2.1.3.2.2 Three Types of Energy
Three types of energy are defined and discussed in this section: total specific energy, Er, total

energy delivered to the fiberweb by water jets, E4, and energy absorbed by fiberweb, E,. If
neglecting energy losses in the pumps and water supply ducting, the theoretical formula for

specific energy (SE) consumed in a manifold is given by [22]
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F = force acted on the web, N

m= water mass, kg

Q = water mass flow, kg/s

Cq4 = coefficient of discharge, dimensionless
t = water jet flowing time, s

d; = orifice diameter, m.

l Water Jet Force

Figure 3.4 Water jet flow through web

Substitution of equation 3-6 and 3-7 into 3-8, we get normal force
T .
F= ECVCddIZPg Equation 3-9

3.2.3 Drag Force Analysis in Hydroentanglement

Substitution of Equation 3-3 and 3-7 into 3-2, we can get
F,=x,C, Lyd,P, Equation 3-10
Drag coefficient is a function of Reynolds number. Reynolds number can be described as:

ud ,
Re = Ly Equation 3-11
um
Where Re = Reynolds number, dimensionless

Nw= water viscosity, kg/(ms) {10~ kg/(ms) at 20°C}.

Figure 3.5 shows the relationship between Reynolds number and drag coefficient for
cylinders (infinite length-to-diameter ratio), disks, and spheres [42]. In our study,

o We assume fibers are cylinders.
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o Fiber length-to-diameter ratio is larger than 2400 and can be considered as infinite.

o Coefficient of velocity, C,, is around 0.95 and coefficient of discharge, Cq4 is 0.62
[8,9,25, 58].

o Fiber diameters used in our study have a range of [1.24x107 — 1.56x10] mm;

o Jet pressure falls between 3.45 — 8.96Mpa. Using equation 3-7, the relative velocity can
be calculated and falls between 78.9—127.2 m/s;

o Water viscosity at 20°C (10°kg/ms) is used;

o The Reynolds number falls between [1000, 2000] by calculation.

Figure 3.5 shows that, when Reynolds number is in the range of [1000, 5000], drag

coefficient is a constant with value 1.1 for cylinders. Hence, drag coefficient is 1.1 in our

study. It keeps constant 1.1 up to 56.9Mpa (570 bar) at which Reynolds number is 5,000.

100,000

10,000

100 :

Drag CoefTicient

10 ._’__t: NN

M = : .
0.1 R B | | : |
0.0001 0,001 0.01 0.1 1.0 10 100 1000 10,000 100,000 1000,000
Reynold Number

Figure 3.5 Drag Coefficient for Cylinders [42]

Since the fiber length is longer than the jet diameter, the projected fiber length is jet diameter.
After rebounding back from knuckles, water jet may split and an average jet diameter

(project fiber length) can be used. For certain forming wire type, the average jet diameter is
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assumed to be a constant. Hence, drag force is proportional to jet pressure and fiber diameter

and can be rewritten as equation 3-12 in our study:
F,=099L,d,P, Equation 3-12

Where ip = Average projected fiber, m (constant for fixed wire type).

3.3 Resisting Factors and Force Mechanisms

3.3.1 Fiber Flexural Rigidity and Bending Energy

The fiber flexural rigidity is defined as the couple required to bend the fiber to unit curvature.
Curvature is the reciprocal of radius of curvature. Morton & Hearle [38] modeled fiber
bending as beam bending. As shown in Figure 3.6, suppose a specimen of length 1 is bent
through an angle 0 to a radius of curvature r. Its outer layer will be extended and its inner
compressed, but a plane in the center, known as neutral plane, will be unchanged in length.
As a result of the extension and compression, stresses will be set up that give an internal

couple to balance the applied couple.

————=u /¢
X

(a) Fiber bending (b) Cross-section of fiber
Figure 3.6 Bending of a fiber
Consider an element of area of cross-section dA, at a perpendicular distance x from the

neutral plane (Figure 3.6 (b)). Hence, the strain ¢ is:

o (r+x)t9—r0:£

Equation 3-13
ré

Where
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€ = strain, dimensionless

x = distance to neutral plane, m
0 = bending angle, arc.

r = radius of curvature, m.

and, therefore, tension in element

F, =2vs4 Equation 3-14
r
where Ft = tension force in element, N

Y = Young’s modulus, N/m*
SA = area of cross-section element, m”.

Its moment about an axis in the neutral plane

avt =2 vsax =L 2o Equation 3-15
r r

where dM = moment in the element, Nm?.

Hence, the total internal couple is

2
M = ZszéA _ Yk
r r

Equation 3-16

The parameter k is thus analogous to a radius of gyration, taken about the neutral plane.
Finlayson [21] related the radius of gyration k with the shape factor n of the fiber by the
equation:

k* = L77A Equation 3-17
4r

For the round shape, the shape factor is equal to 1. Here, we assume fibers are round.

Since

A= r Equation 3-18
yo,

Where

p = fiber density, kg/m’

T = fiber linear density, kg/m
and Y = pE, where E = specific modulus, J/kg.

Finally, for a round fiber, the total couple is
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2
yro LET
4z rp

Equation 3-19

Where
p = fiber density, kg/m’
T = fiber linear density, kg/m
E = specific modulus, Nm/kg
M = moment of the cross-section, Nm?.

Therefore, fiber flexural rigidity (FR) is

2
< FR >:LET

4z p

Equation 3-20

This is the derivation of equation 2-1. In SI units, E is in Nm/kg, T is in kg/m, p is in kg/m’
and flexural rigidity in Nm®.

In customary textile units with E in N/dtex, T in dtex, p in g/cm3, and FR in cN*mm?, the
equation becomes

2
< FR >:LET

4z p

x107? Equation 3-21

The results apply only to small strains. It may be noted that, if the neutral plane remains in
the center of the fiber, the maximum tensile strain, which will be positive on the outside and
negative on the inside of the bend, equals the ratio of fiber radius to radius of curvature of
bend. Since fibers are so fine, quite small values of radius of curvature (high curvature) result
in fairly small strains, so that, in many practical situations, it is only the initial strain that is

relevant.

Also, in the process of hydro-entanglement, the assumption of initial flexural rigidity is fairly
reasonable. Since the fiber stress-strain curves in the range of strain between 0% and 2% are
straight lines, it is reasonable to use the 2% secant modulus instead of Young’s modulus.
Hence, 2% fiber secant modulus will be used in our calculation rather than Young’s modulus,
and the relationship between stress and strain in the initial stage (0-2% strain) is considered

to be linear.

Based on linear stress-strain assumption, the bending energy, U, in the fiber with length 1, is
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Equation 3-22

Substitution of equation 3-13 and 3-14 into 3-22, then combined with equation 3-15, we can

get
aU =L Evsayx ey =L+ X x2oa)
2r 2r r

- Lam
2r

where U is the bending energy, J, and 1 is fiber length, m.
Integration of equation 3-23, we get

U= m
2r

Substitution of equation 3-19 into 3-24, the bending energy is

2
U:LETZI
87 pr

In customary textile units, the equation can be rewritten as

2
o L ETl

= 5 x107°
8z pr

with E in cN/dtex, T in dtex, and p in g/crn3 ,rinmm, and U in J.

3.3.2 Fiber-to-Fiber Friction Force

Equation 3-23

Equation 3-24

Equation 3-25

Equation 3-26

In hydroentanglement process, fiber-to-fiber friction needs to be overcome when fibers slide

over each other to form the unit cell. Assume fibers slide over each other in a plane and the

normal force acted on fibers can be calculated by equation 3-9. Hence, fiber-to-fiber friction

force Fr is

T
F/' :/’IWF :EILICVCddIZPg

where

Fr= wet fiber-to-fiber friction force, N

Equation 3-27
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L = wet fiber-to-fiber friction coefficient, dimensionless
C, = coefficient of velocity, dimensionless

Cq4 = coefficient of discharge, dimensionless

d; = orifice diameter, m

Pg = gauge pressure, Pa.

3.3.3 Stress-Strain Force

Since fibers are very fine and entangle with each other, there must exist a certain degree of
strain in the spunlace progress. Assumptions are made below:
1) The entangled points are in the middle of wire spacing, as shown in Figure 3.7.

2) Fibers are extended around unit cell.

AMD
A R B
= | .
\_/ y | :
Wire Spacing

Figure 3.7 Schematic of strain to form a unit hole
In figure 3.7, R is diameter of unit hole, mm, and 6 is angle to cross-machine direction (for
calculation). Based on the assumption, the fiber’s initial length is the length of straight line
AB and is extended to the length of curve AB.
The strain, &, is

R(E—Q)—Rcose
g=2—2

Equation 3-28
K

where K, is the forming wire space, mm.
The stress-strain force required to form unit cell can be calculated as

R(E —6)— Rcosb
F = EeT =2ET—2 - Equation 3-29
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The maximum strain €mpayx, 18

= R(z=2) at0=0 Equation 3-30

max
w

Hence, the maximum stress-strain force required to form unit cell is

F . —Es 7=""DRET

s _max

Equation 3-31

w

3.3.4 Force Mechanisms

In order to decide which force mechanism is governing force mechanism, flexural rigidity,
fiber-to-fiber friction, or stress-strain force, ratios of drag force to those three factors are
calculated and named as:
o Flexural-Rigidity (FR) Mechanism:

Using equation 3-12, the ratio of drag force to fiber flexural rigidity,®gr, can be
expressed as
_F, 099L.dP,

< FR > < FR >

Equation 3-32

FR

ip is assumed to be a constant for certain forming wire. Hence, when flexural rigidity
mechanism dominates, we would expect that: 1) Fabric properties increase with

increasing jet pressure, and 2) Increasing rate is proportional to d/<FR>.

o Friction Mechanism:
Using equations 3-12 and 3-27, the ratio of drag force to fiber-to-fiber friction force, ®r,

can be calculated as

F L.d,
D, ="L=061—"7"— Equation 3-33
-5 1, Cqd,

For the machine used, coefficient of discharge, Cq4, is 0.62 and orifice diameter, d;, is

0.127mm. Hence, we can get

F L.d,
D, =—L=608x10" —L Equation 3-34
F, #,
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When friction mechanism dominates, one can expect that jet pressure has no effect on

forming unit cell. It is a function of fiber properties and wire parameters.

o Stress-Strain (SS) Mechanism:
Using equation 3-12 and 3-31, the ratio of drag force to maximum stress-strain force, @s;,

can be calculated as

0.87L d.PK
D, 5 ST g v Equation 3-35
F RET

N

When stress-strain mechanism dominates, one can expect that: 1) Fabric properties
increases with jet pressure, and 2) Increasing rate should be proportional to d/RET for

certain forming wire since Ky, and L, are only functions of forming wire.

3.4 Energy Factors
3.4.1 Bending and Friction Energy for a Unit Hole

Figure 3.8 shows the movement of a single fiber in forming a unit hole, in which, R is

diameter of unit hole, mm, and 0 is angle to cross-machine direction (for calculation).

AMD

Figure 3.8 Formation of Unit Hole
The single fiber with length CD passes through the unit cell by straight line AB before

hydroentanglement. In the process of spunlace, water jet force pushes the fiber away from the
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knuckle and bends the fiber around the unit cell. The two ends, C and D, shift to E and F,

respectively. The move needs to overcome the fiber-to-fiber friction force at the same time.

To simplify the calculation, we assume that fibers are arranged side by side and there is no
space between two fibers. In fact, as a uniform web, the fibers can be distributed randomly
through all directions. Hence, the number of fibers passed through a unit cell in one layer, Nj,
is

N, =— Equation 3-36

where dr is the diameter of fiber, mm.

Total number of layers, Ny, is

W 10000

wd
N, *(d, *107) = 1on Equation 3-37

where
W = web basis weight, gsm;
T = fiber linear density, dtex.

Hence, using equation 3-36 and 3-37, total number of fibers passed through one single unit
cell is

N=N,*N, = 20# Equation 3-38
Since fibers are very fine, average bending length and slide length are used for calculation.
To form a unit hole, all the fibers in the hole regions finally bend around the holes, hence the

average bending length is

2.[0E (Rcos@)RcosBdO
lbiavg = T
.[05 Rcos@dé Equation 3-39
R
2

Here, 1y, avg is average bending length, mm.

Average friction length is
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2F {R(” - 0] —Rcos G}R cosédo
0 2

J'O;z[ Rcos0do Equation 3-40
=)
2

Here It 4y 1s average friction length, mm.

Using equation 3-38 and 3-39, the bending length to form a unit hole is

lb = N*lb_avg = 20;'VR *?
5 Equation 3-41
_10zWR
T

where 1, is bending length to form a unit hole, mm.
All these fibers have same curvature. Hence, by substitution of equation 3-41 into 3-26,

bending energy to form a unit hole is

IOﬂWRZ

LET sy J07TR7

_(_ R
 WET
P

Equation 3-42
=1.25%10

where Uy is bending energy to form a unit cell, J.

Since the water jet acts as a normal force on the web, fiber-to-fiber friction must be
overcome to form unit holes. Using equation 3-38 and 3-40, the friction length to form a unit

hole, 1, mm, is

20WR

l,=N*l, ., =—7%2 ——)R
8 VR’ Equation 3-43
T

The friction energy to form a unit hole is
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8.6WR*

*107°
T )

U, =(uF)*(1,*107) = (uF)*(
s Equation 3-44
=8.6><10‘3M

where
u = fiber-to-fiber coefficient of friction, dimensionless
F = normal force acted by the water jet on the fibers, N

U= friction energy to form a unit hole, J.

Substitution of equation 3-9 into 3-44, the friction energy for a unit cell, Uy, J, is

WR* uC,C,d,* P
U, =135x107 A T

Equation 3-45

3.4.2 Stress-Strain Work for a Unit Hole

The stress-strain force can be calculated by equation 3-29. Even though the actual fiber
stress-strain curve is a curve, we treat it like a straight line and use the average secant

modulus E. Similar to equation 3-22, the stress-strain work for one simple fiber is

1 Lz
W, = 5 * tension * elongation = 3 (EeT)* (K ,€)

RAY

1o Equation 3-46
= EEIKWg2
where

E = average secant modulus, cN/dtex

T = fiber linear density, dtex.

W, = fiber strain work, cN*mm.

Substitution of Equation 3-39 into Equation 3-46, we get

'l 2
thmm = 2ETR (E_
‘ K 2

w

0 —cos )’ Equation 3-47

When the fiber and forming wire are chosen, other parameters except 0 are fixed. The

average Wgirin 18
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ETR I (% — 0 —cosf)? RcosOdo

ss_avg K

p Equation 3-48
" J-OE Rcos@df

where

2
7 % —1—61 = 7.46x107 Equation 3-49

If(% —6—cos@)*RcosOdo

J?Rcos@d@

Combine Equation 3-48 with Equation 3-49, average strain work for one single fiber, W avg,
cN*mm, is

- 2
W =1.49x10" ETR

ss_avg

Equation 3-50

Combination of Equation 3-38 with Equation 3-50, stress-strain work for one unit hole, U,

J, s

nl 2
U, =(1.49x10" EIZR x10-5)*(20$)

_ Equation 3-51
_1.91x107 2R

Hence, Equations 3-42, 3-45, and 3-51 can be used to calculate the energy required forming a
unit hole in different forms. These energies can be considered the energy which is actually

delivered to the final spunlace fabrics.

3.4.3 Contribution to Specific Energy

In the field of spunlace, specific energy is used to describe the energy consumption to
produce the spunlaced fabrics. Its unit is kJ/kg. First we will calculate the number of unit cell
for 1kg fabrics, then derive the energy equations for those three forms. The total number of

unit cell for 1kg fabrics, Ny, is

100 100 ., 1000
* )*
2.54 2.54 w

%
_ 1 55x10° Meshcount 0y

N, = (mesh * count *
Equation 3-52
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Where
mesh = number of wire in MD, /inch;
count = number of wire in CD, /inch;
W = basis weight, gsm.

From Equations 3-42, 3-45 and 3-51, we can get contributions of these three factors to

specific energy are

a) Bending Energy, E,, J/kg:

_; mesh *count * ET

Py

E, =1.94x10 Equation 3-53

b) Friction Energy, E¢, J/kg:

mesh * count * R* * (uC,C,d." P
E, =2.09x10° - (HC, Cyd Fy) Equation 3-54

c) Stress-Strain Work, Eg, J/kg:

p3
E, —462Meh* c;””t *ER Equation 3-55

w

3.4.4 Estimated Energy Consumption from the Model

Based on the industrial application and our measurements, we fix the values of some
parameters for future calculation. The fiber we choose for calculation is PET. The principle
of setting the value of fiber properties is that, whenever we have choice, a high value will be
chosen. Hence, we use dry fiber-to-fiber friction coefficient, which is greater than wet
friction. 2% secant modulus is chosen for E even though it has much higher value than E

(Figure 3.9). We also assume that

=P, Equation 3-56

and

= %J CD Equation 3-57

Forming wire parameters and jet parameters are shown in Table 3.1 and 3.2, respectively.
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Figure 3.9 Stress-strain curve of PET fiber

Table 3.1 Forming Wire Parameters
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Type Mesh x Count | dmp dep Pvp Pcp Kwire
(/inch) (mm) (mm) (mm) (mm) (mm)
Tech 10 11x11 0.89 1.00 2.31 2.31 231
Tech 14 14x13 0.88 0.89 1.81 1.95 1.88
Tech 36 36x27 0.40 0.40 0.71 0.94 0.81
Tech 100 100x90 0.11 0.11 0.25 0.28 0.27

Table 3.2 Fixed Parameters

Parameter Value
Jet Diameter, m 1.27x10™
(0.005 inch)
Coefficient of Velocity, C, ~1
Coefficient of Discharge, Cq 0.6
Jet Pressure, Pa 8.27x10°
(1200psi)
Fiber density p r. (g/cm’) 1.38
Fiber Linear Density T, dtex 1.63
E, cN/dtex/% 28.1
E, cN/dtex/% 28.1
Coefficient of Friction 0.43

The three different energies calculated by equation 3-53, 3-54 and 3-55 and their summation,

Eiotar, are listed in Table 3.3. Commercial specific energy (SE) usually is in the range of

5~10x106J/kg. The ratio of Eiya1 to SE is also listed.




Table 3.3 Effect of wire type on calculated energies

Type Bending Friction Strain *Ertotal Range of
Energy, Energy, Work, (J/kg) Ratio of

Ey (J/kg) E¢ (J/kg) Ess (J/kg) Etotal/SE

(x107?)
Tech 10 7.8 16,744 20,395 37,147 0.37-0.74
Tech 14 11.8 22,014 30,748 52,775 0.53-1.06
Tech 36 62.6 24,018 35,038 59,119 0.59-1.18
Tech 100 580 16,818 20,530 37,928 0.38-0.76

*Eyotar 1S the summation of bending energy, friction energy and Strain work

Table 3.3 shows the impact of wire type on calculated energies. It is clear that the calculated
bending energy is very small as compared to calculated friction energy or stress-strain work.
It also shows that the ratio of the total calculated energy (Ei) to actual specific energy is in
the range of 0.37-1.18x10 which is extremely small. This despite the fact that high values of
fiber parameters (PET fiber) were selected to maximize the values of calculated energies. It
seems that most of the water jet energy is lost, and only a very small portion of the energy is

delivered to the fabric.

The effect of forming wire type on the calculated energies is not clear. This is due to the fact
that low aperture forming wire has large number of knuckles but small size fabric holes are

formed. These two factors show mixed effects on the calculated energies.

3.4.5 Conclusion for Energy Calculation

Based on the “Unit Cell” model and energy calculation, we can conclude:
1) Pure fiber bending energy (without large strain) is very small;
2) The efficiency of energy delivered from water jet to fabric is very small, and most
energy is lost for the PET fiber considered; and

3) Water jet force may play more important roles in hydroentanglement process.

3.5 Summation

There are two ways to analyze the formation of unit cells: by force or by energy. In order to

form unit cells, three factors need to be overcome: fiber flexural rigidity, fiber-to-fiber
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friction, and stress-strain force. Hence three kinds of energies are consumed. First, we need
to answer a question:

o Which one is governing mechanism: energy delivery or force?

Results of the energy calculation show that the efficiency of energy delivered from water jet
to fabric is very small, and most energy is lost. Hence, force may be the governing
mechanism. But force mechanism consists of three mechanisms. It then raises the second
question:

o Which one is the governing force mechanism: flexural-rigidity, fiber-to-fiber friction, or

stress-strain?

Experimental verification is needed for the model and governing mechanism. Nozzle
parameters are considered fixed. For a certain type of fiber and forming wire, fiber and
forming wire properties are also fixed. When one force mechanism dominates one would
expect the process to show the following characteristics:

o Flexural-rigidity (FR) mechanism: Fabric properties increase with jet pressure and

increasing rate increases linearly with dg/<FR>.
o Friction Mechanism: Jet pressure has no effect on fabric properties.
o Stress-Strain Mechanism: Fabric properties increase with jet pressure, and increasing rate

should increase linearly with d¢/RET.

These predictions can be tested with experimental data.
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4 MATERIALS AND METHODOLOGY

This study focus on establishing fundamental relationships between fiber properties, water jet
properties, forming wire geometry, and fabric properties.  First of all, various types of
fibers and forming wires were chosen based on their properties and used to make
hydroentanglement fabrics at the Nonwovens Laboratory at College of Textiles, North
Carolina State University (NCSU). Then fabric properties were measured.

4.1 Materials

The following fibers were considered for this project:
o 4 types of poly(ethylene terephthalate) (PET)
o Poly(trimethylene terephthalate) (PTT)
o Nylon 6
a Nylon 6,6
o Polypropylene (PP).

Several tests were executed to measure different characteristics of the collected fiber types.

4.1.1 Testing of Fiber Parameters
4.1.1.1 Testing with FAVIMAT Tester
Fiber fineness and fiber stress-strain properties were measured using the Textechno
FAVIMAT tester, which is shown in Figure 4.1 and 4.2. The sequence of a standard tensile
and crimp stability test with count measurement with the FAVIMAT is as follows [19]:
1. Fiber is pre-tensioned with paper weight (approx. 0.01 cN/tex)
2. Load sensor at upper clamp is calibrated to zero
3. Fiber is clamped (initial gage length e.g. 20 mm)
4. Position of lower clamp is adjusted, so that fiber is exactly pre-tensioned with
0.001 cN/tex referred to nominal count
5. Actual crimp test starts:
-- Lower clamp moves downwards at constant rate of extension (e.g. 20 mm/min)
-- Until preset “crimp force” (e.g. 1 cN/tex) is reached.

-- Lower clamp moves upwards



-- Until preset gage length is reached
6. Count test is done:
-- Fiber is loaded at a predefined rate
-- Fiber is excited acoustically & resonance frequency is detected

7. Fiber is loaded until it breaks

+ Force Measuring Head

* Upper Clamp

L Optical Fiber Count
Measuring Head

» Lower Clamp

» Fiber Clamp for Handling Purposes
(For Crimp Tests, Much Lighter
Paper Tabs Are Being Used)

+ Gage Length
Continuously Variable: 5 - 80mm

« Maximum Force: 200
+Force Fesolution +0.0001ckH
» Force Sensitivity: 0.001 cN

* Extension Resolution:  +0.1 um

+ Testing Speeds: 0.1 - 100mm/min

Figure 4.2 Measuring Unit of Textechno FAVIMAT Tester [7]
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8. Lower and upper clamp open, fiber drops

9. Lower clamp moves upwards to initial position

4.1.1.2 Fiber Count and Tensile Properties
The FAVIMAT measures the count according to the vibroscopic method ASTM D1577

using a built-in automatic measuring head. The fiber is loaded to a predetermined specific
tension at a predefined speed, then exited with an electroacoustic sinusoidal vibration. The
resonance frequency is detected with an optoecectronic sensor. For simplicity of the
calculation, uniform mass distribution and circular cross-section of the fiber is assumed, and

bending rigidity is disregarded.

Fiber strength values obtained from the FAVIMAT tester are simply the peak load of the
fiber. For this test, the fiber, which is mounted between the two clamps of the tester, is
loaded until it breaks. For the FAVIMAT tester used, ten data points on the stress-strain
curve were extracted and fiber modulus was measured using certain points on the fiber stress-

strain diagram. Fifty replicates were chosen for each fiber sample.

4.1.2 Fiber Friction Properties

A fiber-to-fiber friction test was conducted at Goulston Technologies’ facilities by their
technician using the staple pad friction test method. Figure 4.3 shows the staple pad friction
apparatus, which is mounted on an Instron tester and driven by its clamps. The apparatus
consists of a metal plate, a dead weight and a length of line (Kevlar® was used because of its
high modulus and minimum elongation). One end of the line is tied to the upper clamp of
Instron and other end is tied to the dead weight, which sits on the fiber sample. The metal
plate is mounted on the top of the lower clamp. By the use of the line and pulley, the vertical
displacement of the clamps is transformed to a horizontal movement. A piece of sandpaper
was stuck on the top of the metal plate, and a fiber sample was put on the sandpaper. Then
the dead weight, which was driven by the line, was located on the top of the sample. The test
was carried out by dragging the dead weight for a certain amount of time and the frictional

characteristics were obtained from the load-time curve.
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Figure 4.3 Staple Pad Friction Test Apparatus on Instron [18]

4.1.3 Polymer Density

The densities of the fibers were measured by the floating method: Two solvents, acetone and
tetrachloroethylene, which have densities of 0.791g/m’ and 1.623 g/m’ respectively, are
chosen. Since all the fibers’ densities fall in the range of the density of these two pure
solvents, certain amount of tetrachloroethylene is added in a volumeter, and then the acetone
solvent can be added into the volumeter gradually till the fibers float up. From the volumes
added in and densities of these two solvents, the density of the mixture can be calculated,

which is the fiber density.

4.1.4 Fiber Properties
Fiber tensile strength summary is shown in Table 4.1. The data of fiber count, friction, and
polymer density are listed in Table 4.2 and stress-strain data are listed in Appendix A. The

stress-strain curves are shown in Figure 4.4 and 4.5.
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Table 4.1 Fiber Tensile Properties Summary

Fiber Type Stress (cN/dtex) Break | Break
Strain (%) Strain | Stress
2 4 6 8 10 15 20 25 (%) | (cN/dtex)
PET1 0.72 1 1.02 | 1.27 | 1.63 | 2.06 | 2.84 | 3.27 | 3.55 | 54.94 4.25
PET2 0.78 | 1.24 | 1.80 | 2.62 | 3.46 | 438 | 4.76 | 491 | 33.30 5.04
PET3 0.56 1 090 | 1.07 | 1.20 | 1.54 | 2.29 | 2.74 | 2.93 | 46.90 3.51
PET4 0.52 1 088 | 1.03 | 1.12 | 1.21 | 1.61 | 2.45 | 3.66 | 46.3 5.00
PTT 0.27 |1 046 | 0.56 | 0.62 | 0.68 | 0.85 | 1.10 | 1.40 | 57.5 2.08
Nylon 6 025 1 041 | 049 | 0.57 | 0.65 | 092 | 1.26 | 1.70 | 67.5 4.04
Nylon6,6 | 0.35 | 0.52 | 0.61 | 0.71 | 0.83 | 1.21 | 1.70 | 2.32 | 100.7 4.66
PP 044 1075|1102 | 1.27 | 1.48 | 191 | 2.19 | 2.38 | 171.0 2.76
Table 4.2 Fiber Properties
Polymer Source Fiber | Density | Coefficient Linear Density
Type Length (g/cm3) of Friction [ count | stdev | CV
(mm) (dtex) (%)
PET1 Wellman 38 1.39 0.438 1.70 | 0.14 | 8.49
PET2 Wellman 38 1.40 0.397 1.74 | 0.09 | 5.08
PET3 -- 38 1.38 0.426 1.63 | 0.12 | 7.03
PET4 Shell 38 1.39 0.472 1.67 | 0.27 | 15.92
PTT Shell 38 1.32 0.469 1.89 | 0.39 | 20.61
Nylon 6 Shell 40 1.14 0.551 1.93 | 0.28 | 14.34
Nylon 6, 6 Shell 40 1.15 0.495 1.70 | 0.14 | 8.49
Shell 38 0.91 0.475 1.74 | 0.21 | 12.17

4.2 Forming Wire

To determine the effect of forming wire geometry on process and fabric properties, four
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different forming wires provided by Albany International Corporation were used (shown in

Figure 4.6). Their parameters are listed in Table 4.3.

Table 4.3 Forming Wire Parameters

Type Material | Count Wire/Filament | MD Wire | CD Wire | Open

(/inch) Shape Diameter Diameter | Area
(mm) (mm) (%)

10 mesh | Polyester | 11 x 11 | Round 0.89 1.00 35

36 mesh | Polyester | 36 x 27 | Round 0.40 0.40 25

100 mesh | Stainless | 100 x 90 | Round 0.11 0.14 29

Steel
14 mesh | Polyester | 14 x 13 | Rectangle 0.88x0.57 | 0.89 28
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Figure 4.6 Forming Wire Geometry

4.3 Equipment

4.3.1 Fiberweb Formation
All fibers were provided in bale form. The fibers were processed in the carding and

crosslapping line available at the College of Textiles, NC State University. This line has an
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opener, flat-top card, crosslapper, tacker, and take-up. The fibers were passed through the
opener, the flat-top card, the tacker and finally to the take-up to form the required fiberwebs.

Fiberwebs with required quantity of nominal weight of 50 g/m” and 100 g/m” were produced.

In the case of hydroentanglement, it is critical for their commercial use that fabrics should be
as uniform as possible in their properties. Basis weight (weight per unit area) is one of most
important properties. Keeping the basis weight as close as possible to the target value is
difficult to achieve. The quality of hydroentanglement fabrics is largely determined by the
quality of the web at the end of the carding process. In this study, the actual basis weight was

measured.

4.3.2 Hydroentangling

Fiberwebs were entangled using a 50.8cm(20inch) wide honeycomb model
hydroentanglement machine with three manifolds (see Figure 4.7 and 4.8). Fabric samples
were produced using different energy levels by varying manifolds pressure and number of
passes. The pressure of the first manifold was kept constant at 1.38 Mpa (200psi) for the first
pass only to prewet the samples in this study. The manifold pressure can be as low as
1.38Mpa (200psi) for pre-wetting, and as high as 10Mpa (1,450psi) for hydroentangling. The
orifice diameter is 0.127 mm and the density of the jets is 16 orifices/centimeter. The
machine parameters are listed in Table 4.4. A simple sketch of Honeycomb hydroentangling

machine is shown in Figure 4.7. Both sides of fiberweb are hydroentangled alternatively to

get good bond.
Table 4.4 Constant Variables
Variable Value
Jet Density 15.8 jets/cm
Jet Diameter 0.127mm
Discharge Coefficient 0.62
Number of Manifolds/Pass 3
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4.4 Testing

Fabric properties reported in this thesis are basis weight, tensile strength, and image analysis.
The fabric mechanical properties and basis weight testing and evaluation were performed
according to ASTM standards for nonwoven fabrics. The image analysis testing was
performed using software and hardware provided by Nonwovens Cooperative Research

Center (NCRC), College of Textiles, North Carolina State University (NCSU).

4.4.1 Fabric Basis Weight

The fabric basis weight was determined using the ASTM D 3776-96 [3]. 10 samples were
tested.

4.4.2 Tensile Strength

The tensile test provides much information: breaking load, the percent elongation at peak
load, strain at peak load, energy to peak, and modulus of fabrics. The test was performed on a
tensile tester, using the ASTM D 5035-95 (strip method): “Standard test method for breaking
force and elongation of textile fabrics™[4].

o The sample size was 25.4mm x 203.2 mm (1 inch x § inch).

o The gage length was fixed at 76.2 mm (3 inch).

o The speed of elongation was 304.8 mm/min (12 inch/min).

o Five samples in the machine direction and five samples in the cross direction were

tested.

4.4.3 Image Analysis

A flatbed scanner (up to 2400 dpi resolution) and image analysis software developed by
NCRC [43-47] were utilized to take pictures of fiberweb and fabrics and measure fiberweb
and fabric properties such as orientation distribution function (ODF) and hole size. This
software performs a Fast Fourier Transform to measure the orientation distribution. Results

are illustrated as mean dominant angle of orientation and frequencies of orientation angles.



S PRELIMINARY EXPERIMENT

Before a series of experiments designed to determine the effect of fiber type, forming wire
type, and jet parameters on fabric performance, preliminary experiments were designed to 1)

determine optimum process variables such as vacuum levels, line speed, and number of

passes, 2) have a general understanding of hydroentangled fabric properties.

5.1 Experimental

Two sets of trials (referred as trial 1 and trial 2 throughout this dissertation) were performed.

Experimental variables in trial 1 and trial 2 are listed in Table 5.1.

Table 5.1 Experimental Variables

Variable Trial 1 Trial 2
Fiber Type PET3 PET3
Forming Wire 100 mesh 100 mesh
Fiberwebweb | Nominal 100 50
Basis Weight | Actual 99.6 56.9
(g/m?) Standard 4.1 2.0
Deviation

Conveyor Speed (m/min) 4.57 9.14
Jet Pressure (Mpa)* 2.76,5.52,8.27 | 2.76, 5.52,8.27
Number of Passes 2,4,6,8 2,4,6,8,10,12

* First manifold pressure was fixed at 1.38Mpa (200psi) for the first pass only

5.2 Triall

5.2.1 Objectives
The objectives of trial 1 were to

1) Decide the optimum vacuum level;

2) Obtain general understanding of hydroentangled fabric properties.

5.2.2 Major Observations

5.2.2.1 Effects of Vacuum Level on Fiberweb Water Content and Fabric Performance
A set of trials was conducted to test the effect of vacuum levels on water content in fabrics

(g/g) to observe if water will be removed promptly. The above carded, cross-lapped webs

with basis weight 99.6gsm (nominal 100gsm) were used to produce hydroentangled fabrics at
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two line speeds, 4.57 m/min (15 feet/min) and 9.14 m/min (30 feet/min). The weight of fiber-
web was measured before and after one pass through the hydroentanglement equipment and

the water content was calculated. The results are shown in Figure 5.1.

—e— 15 feet/min
—m— 30 feet/min

Water Content (g/g)
(&)

0 1000 2000 3000 4000 5000 6000 7000
Vacuum (Pa)

Figure 5.1 Effect of Vacuum Level on Water Content in PET Fabrics
The water content in PET fabrics decreases with increasing vacuum levels to a certain value
(about 3000 Pa or 12 inches of water) after which further increase in vacuum doesn’t change
the water content significantly. The results of this experiment prove that the
hydroentanglement equipment used can remove the water from fabric effectively at 4978 Pa
(20 inches of water) and any increase after this value would not be necessary. While this is
clear fact from this experiment, we have studied the fabric performance at different two
vacuum levels to check whether the slight difference in water content would have significant

effect on fabric performance.

Two vacuum levels, 20 inches of water (4978Pa) and 40 inches of water (9957Pa) were used
to test the effects of vacuum level on fabric properties. Figure 5.2 shows such effect on tear
strength. It is obvious from the figure that there is no effect of vacuum level on tear strength
at all values of specific energy or pressure. The results of other properties (tensile strength
and strain at peak load), which are not shown, exhibit no effect on the properties as a result of
change in vacuum level. Hence, 4978 Pa (20 inches of water) vacuum level was chosen for

all other experiments.
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Figure 5.2 Effect of Vacuum Level on Tear Strength

5.2.2.2 Fabric Basis Weight and Tensile Strength

Figure 5.3 shows the effect of jet pressure and specific energy on fabric basis weight.
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Figure 5.3 Fabric Basis Weight
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Figure 5.4 and 5.5 shows the effect of jet pressure and specific energy on fabric tensile
strength in machine direction (MD) and cross-machine direction (CD). In general fabric basis

weight decreases with increase in specific energy.
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5.2.3 Conclusions

The following conclusions can be drawn:

1) Under 4978 Pa (20 inches of water) vacuum level, water was removed promptly and
hence the 4978 Pa vacuum level was chosen for all other experiments;

2) Fabric basis weight decreases with increasing specific energy (number of passes), hence
normalized tensile strength was used in this dissertation;

3) There exists threshold specific energy (number of passes) for fixed jet pressure, at which
maximum fabric tensile strength is reached. Different jet pressure may cause different

threshold specific energy.

5.3 Trial 2

5.3.1 Objectives

The second trial (combined with the trial 1) was designed to:

1) Determine the effects of basis weight on fabric properties; and

2) Demonstrate the effects of number of passes on fabric properties.

5.3.2 Major Observations
5.3.2.1 Fabric Properties

As shown in Table 5.1, fiberweb basis weight was reduced to half and line speed was
doubled in trial 2 when compared with trial 1. Hence, specific energy remains the same under
same jet pressure in both trials so that fair comparison can be expected. Figure 5.6 shows
fabric basis weight, figure 5.7 and 5.8 depict fabric tensile strength in MD and CD, and
figure 5.9 and 5.10 describe the behavior of fabric elongation.
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Figure 5.10 Elongation in CD (Trial 2)

Fabric basis weight decreases significantly with increasing specific energy (Figure 5.6).
Tensile strength increases in MD and decreases in CD with specific energy for all jet
pressure levels used (Figure 5.7 and 5.8). The elongation at peak load decreases in MD and
increases in CD with specific energy at all levels of jet pressures (Figure 5.9 and 5.10).
Result also shows that fabric tensile strength in MD is reduced with jet pressure. These
results are totally different from trial 1 because of low fiberweb basis weight. Water jet can
easily penetrate thin fiberweb, make fibers conform to forming wire. High peeling force is
required to remove fabrics from forming wire, and high number of passes cause reduction in
fabric tensile strength in CD. To find out if there are changes in the fiber orientation and the
structure of fabrics, image analysis was used to determine ODF of crosslapped fiberwebs and
hydroentangled fabrics. Further, observing fabrics’ images may lead to understand the reason

behind the reduction of tensile strength in MD with jet pressure.
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5.3.2.2 Fabric Images

Figures 5.11-5.14 show the images of hydroentangled fabrics processed at different jet
pressures and specific energies. The effect of jet pressure on the hydroentangled fabric
texture at constant number of passes (two passes) can be noticed from Figures 5.11(a),
5.12(a) and 5.13(a). At 2.76Mpa(400psi) jet pressure the fabric exhibits only small holes
texture. At 5.52Mpa(800psi) jet pressure the texture of the fabric shows clear streaks and
medium size holes. The 8.27Mpa(1200psi) jet pressure caused the fabric to form the largest
size round-shape holes and clear streak. The fact that increasing jet force cause larger size
hole is caused by high peeling force needed to remove fabric from forming wires. The effect
of the number of passes on fabric texture at low jet pressure of 2.76Mpa(400psi) can be seen
by comparing Figures 5.11 (a) and (b). Increasing the number of passes at such low pressure
caused the fabric texture to exhibit larger diameter holes. The number of passes at
5.52Mpa(800psi) jet pressure did not show similar effect {Figures 5.12 (a) and (b)}. The
clear streaks of the fabric of Figure 5.12 (a) disappeared and the hole size is reduced by
increasing the number of passes to 6 {Figure 5.12 (b)}. For the fabrics processed at jet
pressure of 8.27Mpa(1200psi), the streaks did not disappear by increasing the number of
passes. Additionally, the texture was changed from round-shaped holes to ellipse-shape with
the major diameter in the machine direction because high peeling force draw fabrics off from

machine direction.
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(a) 2.76MPa, 2 passes, 56.9g/m’ (b) 2.76MPa, 12 passes, 56.9g/m’
(SE: 1.51x10°kJ/kg) (SE: 9.99x10°kJ/kg)

Figure 5.11 Fabric Image (2.76MPa inTrial 2)

(a) 5.52MPa, 2 passes, 56.9g/ m’ (b) 5.52MPa, 6 passes, 56.9g/m’
( SE: 1.70x10°kJ/kg) (SE: 18.48x10°kJ/kg)

Figure 5.12 Fabric Image (5.52MPa in Trial 2)
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a) o. a, £ passes, Jg/m . a, o passes, Jg/m
(a) 8.27MPa, 2 56.9g/ m* (b) 8.27MPa, 8 56.9g/m’
( SE: 3.04x10°kJ/kg) ( SE: 33.87x10°kJ/kg)

Figure 5.13 Fabric Images (8.27MPa in Trial 2)

(a) 8.27MPa, 2 passes, 99.6g/ m’ (b) 8.27MPa, 8 passes, 99.6g/m’
(SE:8.50x10°kJ/kg) (SE: 38.70x10°kJ/kg)

Figure 5.14 Fabric Image (8.27MPa in Trial 1)
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5.3.2.3 Fiber Orientation Distribution Function (ODF) in Fiberweb and Fabrics

Figure 5.15 shows the orientation distribution function (ODF) of the fiberweb. Machine
direction is defined as 90°. The bi-modal fiber orientation distribution is obvious since the

web is crosslapped. The two domain angles are around 20° and 160°.
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Figure 5.15 Fiberweb Orientation Distribution Function

Figures 5.16 ~ 5.19 show the ODFs of hydroentangled fabrics processed at different jet
pressures and specific energies. The results of Figures 5.16 and 5.17 indicate that the fiber
orientation increases in MD with increasing the number of passes. Although fabrics
processed with different jet pressures have different fiber orientation (Figure 5.18), the fiber
orientation become quite similar at high number of passes regardless of jet pressure level

(Figure 5.19).
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Figure 5.19 Effect of Jet Pressure on Fabric ODF (6 Passes)
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The results of the ODF explain why the fabric tensile strength in MD is higher than that of
the fabric in CD (Figures 5.7 and 5.8). The behavior of fabric elongation at peak load of
Figures 5.9 and 5.10 can be also explained in terms of the ODF. With increase in fiber
orientation in the MD the fabric strength in MD increases and in the CD decreases. This
behavior is reversed for the elongation at peak load. The results of load-strain of Figure 5.20

support this explanation.
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Figure 5.20 Load-Strain Curves of Fabrics (8.27 MPa)

5.3.3 Conclusions

The following conclusions can be drawn:

1) Too many hydroentanglement passes change the fiber orientation in fabrics and adversely
affect the fabric strength because of stretch by peeling force.

2) While cross-lapped web has bi-modal ODF, hydro-entangled fabrics have uni-modal
ODF due to fiber rearrangement in MD caused mainly by peeling of fabrics after each

pass and the jet pressure.
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6 EXPERIMENTAL

The objective of main experiment was to demonstrate the effect of fiber type, forming wire
construction, and jet pressure on fabric mechanical properties. Governing mechanism

analyses were conducted.

Results of preliminary experiments showed that too many passes changed the fiber
orientation in the fabrics and adversely affected fabric tensile strength. It was decided then
that the number of passes must be kept constant at 2 passes for fair comparison. This means
that the specific energy can be altered by jet pressure, number of manifold used, and line
speed. Specific energy of the range (1.9 - 12 x10° kJ/kg), which covers the practical specific
energy used by industry, was employed to form the hydroentangled fabrics. Line speed was

set as 6.1 m/min for all runs.

6.1 Experimental Approach

6.1.1 Material

Five fiber types with wide range of properties were used in this trial and their properties are
listed in Table 6.1. One carded and crosslapped fiberweb with nominal basis weight of 50
g/m” was produced in enough quantity for all runs. Four different forming wires were used

and their construction parameters are listed in Table 4.3.

Table 6.1 Fiber Properties

Fiber Linear | Density Diameter 2% Secant Flexural Coefficient
Type density | (g/cm’) 102 Modulus Rigidity | of Friction
(dtex) A0 mm) 1 Ndtex/%) | (cN*mm?) (dry)
PET2 1.74 1.40 1.26 38.98 6.71 0.40
PET4 1.67 1.38 1.24 26.14 4.24 0.47
PTT 1.89 1.32 1.35 13.64 2.94 0.47
Nylon 6 1.93 1.13 1.47 12.58 3.30 0.55
PP 1.74 0.91 1.56 22.16 5.83 0.48

Although the nominal fiberweb basis weight was set as 50g/m’, the actual fiberweb basis

weights varied with fiber type and were listed in Table 6.2. To make fair comparison of
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fabric tensile properties, fabric properties were normalized to 50g/m® based on actual sample

weight.

Table 6.2 Actual Fiberweb Basis Weight

Polymer Type Fiberweb Basis Weight
(gsm)
PET2 48
PET4 50
PTT 56
Nylon 6 60
PP 42

6.1.2 Jet Pressure and Specific Energy

Table 6.3 shows the jet pressure levels of different manifold for the two passes. Specific
energies for different jet pressure and fiber type are listed in Table 6.4. In calculating specific

energies actual fiberweb basis weight is considered.

Table 6.3 Jet Pressure Levels

Run Jet Pressure (MPa)
Pass Manifold 1 Manifold 2 Manifold 3
#1 Pass 1 1.38 3.45 3.45
Pass 2 0 3.45 0
#2 Pass 1 1.38 4.14 4.14
Pass 2 0 4.14 0
#3 Pass 1 1.38 4.83 4.83
Pass 2 0 4.83 0
#4 Pass 1 1.38 6.21 6.21
Pass 2 0 6.21 0
#5 Pass 1 1.38 7.58 7.58
Pass 2 0 7.58 0
#6 Pass 1 1.38 8.96 8.96
Pass 2 0 8.96 0

Line Speed: 6.10m/min (20 feet/min)



Table 6.4 Specific Energy under Different Jet Pressure

Jet Specific Energy (x10°kJ/kg)
Pressure | pgET2 PET4 Nylon6 PTT PP
(MPa)
3.45 2.2 2.2 1.8 2.0 2.6
4.83 3.7 3.5 2.9 3.2 4.1
6.21 5.2 5.1 4.2 4.5 6.0
7.58 7.0 6.8 5.7 6.1 8.0
8.96 8.9 8.7 7.2 7.7 10.2
6.2 Results

6.2.1 Fabric Basis Weight
Effects of forming wire and jet pressure on fabric basis weight are shown in Figure 6.1 —6.5.
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6.2.2 Fabric Tensile Strength

6.2.2.1 Effects of Fiber Type and Jet Pressure on Fabric Tensile Strength

94

Effects of fiber type and jet pressure on fabric tensile strength are shown in figure 6.6 — 6.9.
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Figure 6.6 Fabric Tensile Strength on 100 Mesh
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Figure 6.7 Fabric Tensile Strength on 36 Mesh
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6.2.2.2 Effects of Forming Wire and Jet Pressure on Fabric Tensile Strength
Effects of forming wire and jet pressure on fabric tensile strength are shown in figure 6.10 —

6.14.
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Figure 6.10 Fabric Tensile Strength (PET2)
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6.2.2.3 Fabric Images and Orientation Distribution Function (ODF)

6.2.2.3.1 Fabric Images
When high pressure water jet is acted on fiberweb of PP fibers, there is standing water on the

surface because of its hydrophobicity, which causes texture imperfection (Figure 6.15). It
appears on 100 mesh with 6.21Mpa jet pressure or above and on 36 mesh with 7.58Mpa jet
pressure or above. It does not appear on 14 mesh or 10 mesh because its high aperture wire.

This phenomenon does not appear for all other four fiber types.

Figure 6.15 Wrinkle on PP Fabric

Forming wire has significant effect on fabric texture. Figure 6.16 (a)—(b) shows the

examples of PET2 on 100 mesh and 10 mesh. Other types of fabrics have similar behaviors.
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6.2.2.3.2 ODF
All five types of fibers have similar ODFs. Figure 6.17(a)~(d) show PET2 ODFs on four

types of wires. ODFs for other four fiber types are shown in Appendix B.

8
PET2, 100 mesh
—&— 3.45 MPa
7 A v\ -0 4.83 MPa
\ —v- 6.21 MPa

—v-— 7.58 MPa
—& - 8.96 MPa

Frequency (%)
=)}

T T T T T T T T

\V4
0 20 40 60 80 100 120 140 160 180

Orientation Angle (degree)
(a) 100 mesh

8
PET2, 36 mesh
7 .
&
S
>, 07
&
=
<P]
=
g 5]
= —@— 3.45 MPa
-0 4.83 MPa
4 —w—- 6.21 MPa
—-— 7.58 MPa
—=& - 8.96 MPa
3 T T T T T T T T

0 20 40 60 80 100 120 140 160 180

Orientation Angle (degree)
(b) 36 mesh



Frequency

Frequency (%)

8
PET2, 14 mesh
—e— 3.45 MPa
7 O~ 4.83 MPa
—v- 6.21 MPa
—v-— 7.58 MPa
—& - 8.96 MPa
6
5
4 T T T T T T T T T
0 20 40 60 80 100 120 140 160 180
Orientation Angle (degree)
(c) 14 mesh
8
PET2, 10 mesh
2 —e— 3.45MPa
7 O 4.83 MPa
—w—- 6.21 MPa
—v-— 7.58 MPa
—=& - 8.96 MPa
6
5
4 T T T T T T T T T

0 20 40 60 80 100 120 140 160 180

Orientation Angle (degree)
(d) 10 mesh

Figure 6.17 ODF of PET2 Fabrics

106



107

6.3 Analysis of Results

6.3.1 Fabric Basis Weight
Results of Figures 6.1-6.5 show that forming wire type affects fabric basis weight

significantly. The fabrics produced on lower aperture forming wire have higher fabric basis
weight. High aperture forming wire has less number of knuckles and hence less number of
entangled points are formed as compared to those forming wires with low aperture. Thus
fabrics produced with high aperture can be more easily stretched than those produced on
lower aperture forming wire. Also, high aperture wire has larger spaces between wires that
allow fibers to bend around the forming wires during the hydroentanglement process than
low aperture wire. When peeling off fabrics from the forming wire after each pass, higher
force is needed for fabrics produced on high aperture forming wires than those on low
aperture. This causes more stretch of fabrics produced on high aperture forming wires than

those produced on low aperture forming wires.

After hydroentanglement, fabrics are first subjected to high-vacuum flat belt to remove
additional water and reduce the drying load, and then dried at 109°C (228°F) in our
experiment. To determine the effects of fiber type and forming wire on fabric dimensions and
fabric basis weight, a set of trials were designed. Fiberweb samples from the five fiber types
with dimensions 10 cm x 10 cm (MD x CD) were first marked, then hydroentangled with two
passes on two types of forming wire (100mesh and 10mesh), water-extracted by high-
vacuum flat belt, and finally dried. After each step, both MD and CD dimensions were
measured and listed in Table 6.5. Sample areas after vacuum and drying are listed in Table

6.6.

Results of Table 6.5 and 6.6 further prove that low aperture wire (100 mesh) causes smaller
stretch than high aperture wire (10 mesh). Among fabrics produced on 100 mesh wire, Nylon
6 fabric is the only one to show appreciable heat shrinkage. Three types of fabrics produced
on 10 mesh wires, Nylon 6, PTT, and PET 4, show appreciable heat shrinkage. Nylon 6
fabrics show highest heat shrinkage. The balance between stretch and heat shrinkage decides

the behavior of fabric basis weight.



Table 6.5 Fabric Dimensional Change in Hydroentanglement
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Polymer | Wire Type MD x CD Dimension (cm x cm)
Type First Pass Second Pass Vacuum Dry

PET 2 100 mesh 10.6 x 10.2 10.6 x 10.3 10.6 x 10.3 10.5x 10.3
10 mesh 13x 10 13.7x9.9 13.3x 10.1 13.2x10.2

PET 4 100 mesh 10.5x 10.1 10.4x 10.2 10.3x10.2 | 10.2x10.2
10 mesh 152x8.8 16.6 x 8.5 16.3x 8.9 15.5x8.5

PTT 100 mesh 10.5x 10 10.2x 10 10x 10 10x9.9
10 mesh 14x9.5 14.5x9.3 143x9.5 13.9x9.2

Nylon 6 | 100 mesh 10.5x 10 10.4 x 10.1 103 x 10.1 9.5x10
10 mesh 13.5x 8.5 14x 8.3 13.5x 8.3 12x 8.2

PP 100 mesh 10.8 x 10 10.6 x10.2 104x10.2 | 10.3x10.2
10 mesh 13.4x9.8 14x 10 13.5x 10 13.5x 10

Table 6.6 Effect of Fiber Type and Forming Wire on Fabric Dimension

Polymer Area (cm”) Heat Area (cm?) Heat

Type 100 mesh Shrinkage, 10 mesh Shrinkage,
Vacuum Dry % Vacuum Dry %

PET2 109 108 0.91 134 134 0.00

PET4 105 104 0.95 145 132 9.00

PTT 100 99 1.00 136 128 5.88

Nylon 6 104 95 8.65 112 98 12.50

PP 106 105 0.94 135 135 0.00

Since the fabrics with original 10cm x 10 cm size (MD x CD) were stretched by peeling
force when removing from forming wires, following analysis focus on correlation of fabric
stretch ratio with fiber flexural rigidity. Fabric area ratio is defined as the ratio of
hyroentangled fabric area (without drying) to original area (100cm?). The data is listed in

Table 6.7 and regression line is shown in Figure 6.18.
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Table 6.7 Effect of Fiber Flexural Rigidity on Fabric Stretch

Fiber Type | Flexural Rigidity Fabric Area Ratio
(cN*mm?) 100 mesh 10 mesh
PET2 6.71 1.09 1.34
PET4 4.24 1.05 1.45
PTT 2.94 1.00 1.36
Nylon 6 3.30 1.04 1.12
PP 5.83 1.06 1.35
1.6
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Figure 6.18 Effect of Flexural Rigidity on Fabric Stretch Ratio
Results show that fabric stretch ratio on 100 mesh increases almost linearly with fiber
flexural rigidity. But the trend on 10 mesh is not clear.

The regression equations are:
100 mesh: Y = 0.0183X + 0.9638  (R”=0.8235)

10 mesh: Y = 0.0214X + 1.2254  (R*=0.0810)
Fibers with low flexural rigidity are easy to bend around each other and wires. When
fiberwebs are hydroentangled on 100 mesh wire, spaces between wires are small and fibers

mainly bend around each other. Hence fabrics made of fibers with low flexural rigidity have
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tighter entangled knots and are less likely to stretch. When fiberwebs are processed on 10
mesh wire, fibers can easily bend not only around each other, but also around wires. Much
higher force is needed to peeling fabrics from wires. Such fabrics undergo high stretch and

hence their basis weigh is reduced.

6.3.2 Fabric Tensile Strength

According to theoretical analysis in Chapter 3, there are three possible force mechanisms in
forming fabrics:

o Flexural-Rigidity (FR) Mechanism:

F,  099L.dP,
" <FR>  <FR>

FR

When it dominates, we would expect that: 1) Fabric tensile strength increases with
increasing jet pressure, and 2) Increasing rate is proportional to d/<FR>.

o Friction Mechanism:

L.d
=i=6.08x107 )
Ff /Llw

o,

When friction mechanism dominates, one can expect that jet pressure has no effect on
forming unit cell. It is a function of fiber properties and wire parameters.

o Stress-Strain (SS) Mechanism:

F, 087Ld,PK,

o =L
F RET

s

When stress-strain mechanism dominates, one can expect that: 1) Fabric properties
increases with jet pressure, and 2) Increasing rate should be proportional to d¢/RET for

certain forming wire.

To find out the governing mechanism, effect of jet pressure needs to be investigated first. If
jet pressure has no effect on tensile strength, friction mechanism can be considered as
governing mechanism. If jet pressure is proportional to tensile strength, fiber, wire, and
nozzle properties need to be considered to tell which is governing mechanism, flexural-

rigidity (FR) mechanism or stress-strain mechanism. Also, high jet pressure causes fabric
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stretch and peeling force may lead fibers disentanglement. Hence, only jet pressure less than
critical jet pressure was included in this analysis. Tensile strength is used as an indicator of

degree of hydroentanglement.

6.3.2.1 Tensile Strength in MD on 100 Mesh
For jet pressure below the strength maximum pressure in Figure 6.6(a), the regression lines

are shown in Figure 6.19 and regression parameters are shown in Table 6.8.
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Figure 6.19 Fabric Tensile Strength in MD on 100 Mesh (Regression)

Table 6.8 Regression Parameters (100 mesh, MD)

Polymer Intercept, by Slope, b, Correlation

Type (Tensile Potential) | (Increasing Rate) | Coefficient, R?

(N/cm) (N/cm/Mpa)
PET2 21.32 1.26 0.99
PET4 9.00 1.79 0.97
PTT 4.89 2.86 1.00
Nylon 6 8.71 2.61 0.87

PP 1.29 1.64 0.88
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For each fiber type, tensile strength in MD increases linear with jet pressure (Figure 6.19).
Hence flexural rigidity and stress-strain mechanisms need to be checked. The correlation
coefficients vary in range between 0.87-1.00, which shows good linear behavior (Table 6.8).
Each fiber type shows different increasing rate (slope) and initial strength (if extended to

zero) and this must depend on fiber properties.

From equation 3-32, if flexural rigidity mechanism dominates, increasing rate needs to be
proportional to d/<FR> for certain forming wire, which was shown in Table 6.9. For stress-
strain mechanism, definitions of unit cell are not clear {Figure 6.16 (a)} and we assume that
unit cell diameter, R, is constant for same wire type. Hence mechanism factor that affects
increasing rate is d¢/ET for stress-strain mechanism and listed in Table 6.9. Regression curves

are shown in Figure 6.20 and 6.21.

Table 6.9 Factors of Mechanisms (100 mesh)

Polymer Type FR Factor, d¢/<FR> Stress-Strain Factor, d¢ /ET
(x102cN"*mm™) (x10™* mm/cN)
PET2 0.19 1.86
PET4 0.29 2.84
PTT 0.46 5.24
Nylon 6 0.45 6.05
PP 0.27 4.05
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Figure 6.21 Effect of d¢/ET on Increasing Rate (Stress-Strain Mechanism)

Results of regression show that flexural rigidity is governing mechanism for tensile strength

in MD on 100 mesh (R* = 0.9915) other than stress-strain mechanism (R* = 0.7977).
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If the regression lines in Figure 6.19 extend to zero, they give the initial strength for each

fiber type (intercepts in Table 6.8). The initial strength is called fabric tensile strength

potential and its value may depend on fiber tensile strength and fiber-to-fiber friction. Table

6.1 lists 2% secant modulus and fiber-to-fiber friction and Figure 6.22 shows the effect of 2%

secant modulus on fabric tensile strength potential. In general fibers with high 2% secant

modulus have high initial tensile strength except PP because of its hydrophobicity. Fiber-to-

fiber friction also plays important roles. Nylon 6 has lowest 2% secant modulus, but its

tensile strength potential is higher PTT because of its highest fiber-to-fiber friction.

6.3.2.2 Tensile Strength in MD on 10 Mesh
Using the same procedure as 100 mesh, regression lines are shown in Figure 6.23 and

regression parameters are shown in Table 6.10.
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Figure 6.23 Fabric Tensile Strength in MD on 36 Mesh (Regression)

Table 6.10 Regression Parameters (10 mesh, MD)

Polymer | Intercept, by Slope, b, Correlation Coefficient of
Type (N/cm) (N/cm/Mpa) | Coefficient, R? Friction
PET2 14.38 0.08 0.42 0.40
PET4 13.93 -0.19 0.61 0.47
PTT 11.93 -0.16 0.29 0.47

Nylon 6 17.93 -0.10 0.08 0.55

PP 4.22 0.18 0.88 0.48

Results show that jet pressure has no effect on fabric tensile strength and fabric tensile
strength keeps almost constant with increasing jet pressure. Hence, friction mechanism is the
governing mechanism for fabric tensile strength in MD on 10 mesh. The fabric tensile
strength potentials are shown in Figure 6.24. Coefficient of friction, which is listed in Table
6.10, plays more important roles on 10 mesh than on 100 mesh. Nylon 6 has the highest
tensile strength because of its highest coefficient of friction. PP has the lowest tensile

strength because of its hydrophobicity.
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Using the same procedure, regression lines are shown in Figure 6.25 and regression

parameters are shown in Table 6.11.
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Figure 6.25 Fabric Tensile Strength in MD on 36 Mesh (Regression)
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Table 6.11 Regression Parameters (36 mesh, MD)

Polymer Intercept, by Slope, b; Correlation
Type (N/cm) (N/cm/Mpa) Coefficient, R*
PET2 18.96 0.78 0.42
PET4 9.63 1.76 0.98
PTT 15.24 0.12 0.08

Nylon 6 23.60 -0.16 0.30

PP 4.47 1.09 0.95

Results show that jet pressure has no effect on fabrics made of PTT and Nylon 6 fibers,

which have lowest flexural rigidities among five fiber types used. For three other types of

fabrics, tensile strength increases linear with jet pressure. Using the same method as for 100

mesh, the regression results of flexural rigidity and stress-strain mechanisms are shown in

Figure 6.26 and 6.27. Flexural rigidity mechanism has better regression result than stress-

strain mechanism. Hence governing mechanism on 36 mesh is a transition between two

mechanisms: friction mechanism and flexural rigidity mechanism. The imperfection of

flexural rigidity mechanism regression should be caused by the mechanism transition.
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Figure 6.26 Flexural Rigidity Mechanism (36 mesh)
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Figure 6.27 Stress-Strain Mechanism (36 mesh)

6.3.2.4 Tensile Strength in MD on 14 Mesh
Regression results are shown in Figure 6.28 and Table 6.12.
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Figure 6.28 Fabric Tensile Strength in MD on 14 Mesh (Regression)
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Table 6.12 Regression Parameters (14 mesh, MD)

Polymer Type | Intercept, by Slope, b; Correlation
(N/cm) (N/cm/Mpa) | Coefficient, R’
PET2 12.36 0.44 0.90
PET4 10.21 0.16 0.15
PTT 11.77 0.08 0.07
Nylon 6 18.00 -0.02 0.01
PP 7.30 -0.18 0.33

It is still a transition period. Friction mechanism becomes governing mechanism for all fiber

types except PET2 fabrics, which shows behavior of flexural rigidity mechanism.

6.3.2.5 Tensile Strength in CD on 100 Mesh
Figures 6.29 and Table 6.13 show the regression results. PTT fabrics show behavior of

friction mechanism. Figures 6.30 and 6.31 test the mechanism for other four fiber types,
neither flexural rigidity or stress-strain mechanism is applicable. Hence tensile strength in

CD has different governing mechanism as tensile strength in MD on 100 mesh.
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Figure 6.29 Tensile Strength in CD on 100 Mesh (Regression)



Table 6.13 Regression Parameters (100 mesh, CD)

Polymer Intercept, by Slope, b; Correlation
Type (N/cm) (N/cm/Mpa) Coefficient, R*
PET2 18.16 2.26 0.85
PET4 21.85 2.07 0.94
PTT 16.66 0.32 0.29

Nylon 6 15.38 4.29 0.66

PP 5.55 4.90 0.90
7
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Figure 6.30 FR Mechanism in CD (100 Mesh)
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Figure 6.31 SS Mechanism in CD (100 Mesh)

6.3.2.6 Tensile Strength in CD on 36 Mesh, 14 Mesh, and 10 Mesh

Regression lines and parameters are shown in Figure 6.32—6.34 and Table 6.14 — 6.16. In
general friction mechanism is the governing mechanism. Because of its hydrophobicity, PP
shows different behaviors on 36 mesh and 14 mesh. Th e small variation can be explained by
experimental errors. It further proves that governing mechanism in CD on 100 mesh is a
combination of friction mechanism and other factors such as peeling force and experimental

CITors.
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Figure 6.32 Tensile Strength in CD on 36 Mesh (Regression)

Table 6.14 Regression Parameters (36 mesh, CD)

Polymer Intercept, by Slope, b; Correlation
Type (N/cm) (N/cm/Mpa) Coefficient, R
PET2 23.07 -0.02 0.01
PET4 22.45 0.70 0.74
PTT 16.31 -0.18 0.35

Nylon 6 31.34 -0.65 0.28

PP 21.45 1.20 0.97
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Figure 6.33 Tensile Strength in CD on 14 Mesh (Regression)

Table 6.15 Regression Parameters (14 mesh, CD)

Polymer Intercept, by Slope, b; Correlation
Type (N/cm) (N/cm/Mpa) Coefficient, R
PET2 21.65 -0.32 0.21
PET4 16.08 0.65 0.31
PTT 14.37 -0.05 0.04

Nylon 6 30.66 -0.59 0.70

PP 26.57 -1.56 0.46
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Figure 6.34 Tensile Strength in CD on 10 Mesh (Regression)

Table 6.16 Regression Parameters (10 mesh, CD)

Polymer Intercept, by Slope, b; Correlation
Type (N/cm) (N/cm/Mpa) Coefficient, R
PET2 14.41 0.95 0.49
PET4 16.26 0.04 0.19
PTT 12.81 -0.04 0.02

Nylon 6 25.38 -0.03 0.01

PP 20.07 -0.49 0.23
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6.3.3 ODF

The fiber orientation distribution functions (ODF) of PET2 fabrics are shown in Figure 6.17.
ODF depends heavily on forming wire type. Fabrics produced on high aperture forming wire
(14 mesh and 10 mesh) have similar ODFs. It is also the case for low aperture forming wire
(36 mesh and 100 mesh). Although just fiber ODFs of PET2 fabrics are shown in Figure
6.17, those four other fabrics (PET4, PTT, Nylon 6 and PP) have similar fiber ODFs
(Appendix B).

There are three domain angles on the ODF curve of fabrics produced on 10 and 14 mesh: one
primary peak (90 degree), and two secondary peaks (around 20 and 160 degree). The primary
peak is in MD and caused by peeling force in MD. Those two secondary peaks originate
from fiberweb which has bi-modal ODF (domain angles: around 20 and 160 degree). These
two secondary peaks disappear on the curve of 36 and 100 mesh. When fabrics are produced
on high aperture forming wires, fibers bend around forming wire, conform tightly to forming
wire geometry, and form apertures in fabrics, hence keep certain degree of fiberweb structure
unchanged. In the process of detachment from forming wire, it can be distorted but finally
recover from distortion. It is not the case for low aperture forming wire. During
hydroentanglement, fibers mainly bend around with each other and are pushed into wire
apertures for low aperture wires. When peeling from wire, peeling force changes ODF
permanently, hence causes just one domain angle in machine direction. Figures 6.16 (a)—(d)
show the fabric conformation on 10 and 14 mesh and unclear aperture definition on 36 and

100 mesh.

Jet pressure has significant effect on ODF and the effect varies with forming wire type. For
fabrics produced on high aperture wire, frequency in MD decreases with increasing jet
pressure (Figure 6.17 (b)). It is opposite for fabrics produced on low aperture wires, which
has increasing frequency in MD with increasing jet pressure. High jet pressure leads to high
drag force, which causes fibers conform tightly to high aperture wires and also high peeling

force. On high aperture wire, fiber conformation is dominant than stretch by peeling force,
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hence causes low frequency in MD with high jet pressure. On low aperture wire, high peeling

force caused by high-pressure jet stretches fabrics in MD and leads to high frequency in MD.

6.3.4 Fabric Tensile Energy
Theoretical analysis in chapter 3 shows that absorbed energy is very small and most jet

energy is lost. Figure 6.35 shows the calculation of fabric tensile energy, which is the area
under fabric stress-strain curve. For the samples with dimension 2.54cm x 20.32cm, figure
6.36 shows the effect of jet pressure on fabric tensile energy. Fabric tensile energy increases
at low pressure, and reaches critical point quickly and then levels off. Since the tensile
energy in figure 6.35 is for a sample size (2.54cm x 20.32cm), the tensile energy (TE) for
lkg sample can be calculated and divided by actual specific energy (SE). Hence, the ratios of
TE/SE for different fiber types and jet pressures can be calculated. The results are shown in

Table 6.17.
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Figure 6.35 Schematic of tensile energy calculation
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Although the tensile energy does not represent the absorbed energy, it is helpful to

understand the energy absorption. It shows that absorbed portion of energy decreases with

increasing specific energy (jet pressure). For all fiber types, the percentage of TE/SE is less

than 0.40%. The results agree well with modeling calculation in Chapter 3. Even if we

consider that sample size between two clamps in testing is 2.54 cm x 7.62 cm, the absorbed

portion is still small. The efficiency of energy delivered from water jet to fabric is very small,

and most energy is lost. It agrees well with modeling calculation.

Table 6.17 Percentage of TE/SE

Fiber Percentage of Tensile Energy to Specific Energy (%)
Type 3.45Mpa | 4.14MPa | 4.83MPa | 6.21MPa | 7.58MPa | 8.96MPa
PET2 0.17 0.14 0.12 0.08 0.06 0.04
PET4 0.21 0.19 0.14 0.10 0.08 0.06
PTT 0.21 0.18 0.14 0.10 0.08 0.05
Nylon 6 0.36 0.32 0.26 0.19 0.14 0.11
PP 0.12 0.10 0.10 -- -- --
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7 CONCLUSION AND RECOMMENDATION

A physical model was developed using the unit cell concept. Unit cells describe the stretches
which are developed in the fabric. There are two ways to analyze the formation of unit cells:
by force or energy. Drag force and water jet specific energy are the only factors driving unit
cell formation in fabrics. In order to form unit cells, three factors need to be overcome: fiber
flexural rigidity, fiber-to-fiber friction, and stress-strain force. Hence energy is consumed in

three possible processes.

First, the energy mechanism is considered. Three energy components, namely fiber bending

energy, fiber-to-fiber friction, and fiber strain energy are considered. Calculation using the

“unit cell” model show:

o Energy consumed by all three factors (flexural rigidity, fiber-to-fiber friction, and stress-
strain work) is very small;

o The efficiency of energy delivered from water jet to fabric is very small (less than 1.18%
for PET fiber);

o Most energy is lost.

Since energy is not the governing mechanism, force mechanism must be studied. Three
resisting forces must be overcome to form fabric texture or “aperture holes”. These three
resisting forces lead to three force mechanisms:

o Flexural-rigidity (FR)

o Friction

o Stress-Strain

Before a series of experiments designed to determine the governing mechanism and effect of
fiber type, forming wire type, and jet parameters on fabric performance, preliminary
experiments were designed to determine optimum process variables such as vacuum levels,
line speed, and number of passes. Results of preliminary experiments showed that too many
hydroentanglement passes changed the fiber orientation in the fabric and increasing number
of passes adversely affects fabric strength. It is recommended then that the number of passes

be kept low in general and must be constant for fair comparison. Specific energy can be
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altered by jet pressure, number of manifold, and line speed. However, the number of passes

should always be held constant. Line speed was set at 6.1 m/min (20 feet/min) because of the

limitation of the machine used.

Five fiber types with a broad range of bending, friction, and stress-strain behaviors were

chosen to be hydroentangled on four forming wires to determine the governing force

mechanism and the effect of fiber type, forming wire geometry, and jet pressure on fabric

performance. Fiber properties, wire geometry, and fabric properties were measured to

correlate these properties. The following conclusions can be drawn:

Q

Q

Fabrics produced on low aperture forming wire have higher normalized tensile strength.
MD fabric tensile strength is determined

= By flexural rigidity when fine forming wire (100 mesh) is used;

= By friction with coarse mesh (10);

»= By a combination of both with intermediate screens (36 mesh and 14 mesh).

CD tensile strength is generally governed by the friction mechanism.

Fabric tensile strength potential is a function of fiber modulus and friction.

Fabrics produced on 10 and 14 mesh have tri-modal orientation distribution function
(ODF) and those produced on 36 mesh and 100 mesh have uni-modal because of wire
geometry.

Ratios of fabric tensile energy to input energy is very small. Efficiency of energy delivery

is low, and most energy is lost.

Recommended areas for future study are:

a

Interaction between water jet and forming wire. For example, jet behavior after
rebounding from wire knuckles.

Wire vibration and movement in the hydroentanglement process.

Other wire parameters, such as crimp.

Understanding the energy loss or waste. From our model, most of jet energy is lost and

improvement of energy efficiency may save energy significantly.
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Appendix A: Fiber Stress-Strain Data

Table 1 Stress-Strain Data for PET1

Strain (%) | Stress (cN/dtex) stdev Cv
2 0.72 0.12 5.65
4 1.02 0.13 16.51
6 1.27 0.24 12.50
8 1.63 0.40 18.60
10 2.06 0.57 24.60
15 2.84 0.66 27.45
20 3.27 0.57 23.06
25 3.55 0.50 17.49
30 3.71 0.50 14.02
35 3.87 0.45 13.39
54.94 4.25 0.24 11.68
Table 2 Stress-Strain Data for PET2
Strain (%) | Stress (cN/dtex) stdev Cv
2 0.78 0.12 15.64
4 1.24 0.14 11.39
6 1.80 0.27 14.9
8 2.62 0.41 15.49
10 3.46 0.46 13.39
15 4.38 0.43 9.74
20 4.76 0.40 8.35
25 491 0.29 5.92
30 4.93 0.23 4.71
33.3 5.04 0.30 5.95
Table 3 Stress-Strain Data for PET3
Strain(%) | Stress (cN/dtex) stdev CV
2 0.56 0.18 31.09
4 0.90 0.17 19.33
6 1.07 0.21 19.95
8 1.2 0.35 27.62
10 1.54 0.50 32.64
15 2.29 0.53 22.92
20 2.74 0.35 12.87
25 2.93 0.32 11.00
30 3.08 0.32 10.39
35 3.22 0.29 9.02
46.9 3.51 0.44 12.54
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Table 4 Stress-Strain Data for PET4

Strain (%) | Stress(cN/dtex) stdev Cv
2 0.52 0.14 27.42
4 0.88 0.14 15.64
6 1.03 0.09 8.87
8 1.12 0.08 6.69
10 1.21 0.09 7.23
15 1.61 0.20 12.32
20 2.45 0.48 19.50
25 3.66 0.73 19.96
30 4.44 0.69 15.46
35 4.77 0.59 12.28

46.3 5.00 0.59 11.70
Table 5 Stress-Strain Data for PTT

Strain(%) | Stress(cN/dtex) stdev Cv
2 0.27 0.06 23.09
4 0.46 0.06 13.40
6 0.56 0.04 6.98
8 0.62 0.04 5.64
10 0.68 0.04 6.27
15 0.85 0.07 8.16
20 1.10 0.12 11.08
25 1.40 0.19 13.82
30 1.63 0.26 16.03
35 1.72 0.29 16.60

57.5 2.08 0.55 26.62
Table 6 Stress-Strain Data for Nylon 6

Strain (%) | Stress(cN/dtex) stdev Cv
2 0.25 0.07 26.75
4 0.41 0.07 16.67
6 0.49 0.05 11.06
8 0.57 0.07 11.40
10 0.65 0.08 12.78
15 0.92 0.16 16.91
20 1.26 0.25 20.2
25 1.70 0.42 24.72
30 2.24 0.61 27.19
35 2.73 0.66 24.21

67.5 4.04 0.66 16.51
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Table 7 Stress-Strain Data for Nylon 6,6

Strain (%) | stress(cN/dtex) stdev Cv
2 0.35 0.08 21.59
4 0.52 0.06 11.91
6 0.61 0.05 8.41
8 0.71 0.07 9.45
10 0.83 0.09 10.52
15 1.21 0.15 12.43
20 1.70 0.26 15.02
25 2.32 0.40 17.21
30 2.85 0.43 15.15
35 3.12 0.41 13.04

100.7 4.66 0.33 7.12

Table 8 Stress-Strain Data for PP

Strain Stress(cN/dtex) stdev Cv
2 0.44 0.10 22.11
4 0.75 0.14 18.27
6 1.02 0.18 17.52
8 1.27 0.21 16.65
10 1.48 0.23 15.53
15 1.91 0.26 13.49
20 2.19 0.26 12.23
25 2.38 0.26 10.89
30 243 0.23 9.46
35 242 0.21 8.85
171.0 2.76 0.20 7.34
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Appendix B: Orientation Distribution Function (ODF)
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Figure I ODF of PET4 Fabrics
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