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droentanglmg j et strips including a first hydroentanglmg jet strip and a second hydroentanglmg jet strip spaced apart in the pro -

o cessing direction, the first hydroentanglmg jet strip being upstream of the second hydroentanglmg jet strip in the processing direc
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METHOD OF FORMING NONWOVEN FABRICS UTILIZING REDUCED ENERGY

FIELD OF INVENTION

The present invention relates generally to hydroentanglement processes for producing

nonwoven textiles, and more particularly to reducing the amount of energy necessary to

hydroentangle fibers without compromising performance characteristics of the nonwoven textiles

produced.

BACKGROUND OF THE INVENTION

Nonwoven fibrous networks are increasingly used as a substitute for conventional woven

textiles due in part to their low cost of production. The nonwoven fibers are initially presented as

unbound fibers or filaments, which may be natural or man-made. A key step in the manufacturing

of nonwovens involves binding the various fibers or filaments together. The manner in which the

fibers or filaments are bound can vary, and include both mechanical and chemical techniques that

are selected in part based on the desired characteristics of the final product. One bonding method

involves hydroentanglement, which utilizes fluid sprayed from jets that impinge upon a web of

filaments, causing fiber twisting and entanglement.

Accordingly, hydroentanglement or "spunlacing" is a process used for mechanically

bonding a web of loose fibers to directly form a fabric. The underlying mechanism in

hydroentanglement is subjecting the fibers to a non-uniform pressure field created by successive

banks of high-velocity fluid streams. The impact of the fluid streams with the fibers while the

fibers are in contact with adjacent fibers displaces and rotates the adjacent fibers, thereby causing

entanglement. During these relative displacements of the fibers, some of the fibers twist around

others and/or interlock with other fibers to form a strong structure, due at least in part to frictional

forces between the interacting fibers. The resulting product is a highly compressed and uniform

fabric formed from the entangled fibers. Such a hydroentangled fabric is often highly flexible, yet

very strong, generally outperforming woven and knitted fabric counterparts in performance. Thus,

the hydroentanglement process is often capable of providing a high-speed, low-cost alternative to

other methods of producing fabrics. Hydroentanglement machines can, for example, produce

fabric between about 1 and about 6 meters wide at a rate as fast as about 700 meters of fabric or

more per minute. In operation, the hydroentanglement process depends on particular properties of

coherent high-speed fluid streams produced by directing pressurized water through orifices defined



in strips engaged with manifolds for dispensing water at a selected pressure through the orifices to

form the fluid streams.

In conventional hydro entangling systems, a single manifold strip defines a row of orifices of

identical size for creating substantially identical fluid streams. In addition, it is typical to utilize a

series of manifolds, wherein each presents a hydroentangling fluid stream driven by a higher

pressure than the previous fluid stream. The hydroentanglement process utilizes closely-spaced

fine, high-speed, columnar water jets described, for example, in U.S. Pat. Nos. 3,403,862;

3,485,706; 3,485,709; 3,486,168 and 3,620,903, the entire disclosures of which are hereby

incorporated by reference. Typical jet orifices range in diameter from 80 to 150 microns and the

orifices are typically spaced apart at a distance of about 500 to 600 microns. Hydroentanglement

jet strips are available from, for example, Groz-Beckert and Nippon Nozzle. In order to provide

uniformity of the product and enhance repeatability of the hydroentangling process, the jet streams

emitted from the jet nozzles are intended to impact the fabric in a confined space as the jet streams

lose their uniform continuity due to various physical aspects of the water jet streams, such as

internal flow patterns, wall friction, cavitations and the like. A description of a hydroentangling jet

strip device and related jet nozzles is provided in U.S. Pat. Nos. 7,303,465 and 7,467,446, the entire

disclosures of which are herein incorporated by reference.

The number of water jets depends on the orifice density (also referred to as the orifice-to-

orifice spacing). In general, the spacing of nozzles in traditional systems is about 500 to 600

microns, or approximately 1600 to 2000 orifices per meter. Often, the fibrous web passed through

a hydroentangling system is pre-wetted by an initial manifold operating at low pressure, which also

helps to get rid of air pockets in the fibrous material. The water delivered in a pre-wetting stage

can also act as a lubricant and thereby enhance the subsequent intermingling of fibers. In a

traditional system, the water pressure will gradually increase in successive manifolds. The

hydroentangled fabric can also be passed through a de-watering system, for example air dryers,

where excess water is removed with the help of a vacuum box attached below the belt holding the

fabric and inside the drum to avoid submersion of the fabric and achieve better fiber entangling.

Hydroentanglement was initially established in the 1,950' s and used as a low energy

patterning process. In fact, hydroentanglement was primarily used solely as a finishing process for

a previously bonded nonwoven material. This is because the hydroentanglement process yields the

most textile-like product for nonwoven materials. Hydroentangled nonwoven fabrics are

sometimes referred to as "spunlace" due to the "lace" like structures created by the hydroentangling



manufacturing process. Hydroentangled nonwoven fabrics have textile-like features with similar

feel and comfort.

Additionally, hydroentangling or spunlacing is also utilized for producing wipes, which are

used in a variety of contexts as a consumer product, as well as in medical and other industries. The

marketability of some wipes lies in specific functionality, which in turn depends on the bulk of the

nonwoven substrate produced after hydroentangling.

It is commonly thought that in order to maintain a strong fabric, the fiber to fiber bonding

forces must be maximized throughout the length of the fabric, thus necessitating densely packed jet

nozzles along a jet strip to impart energy into the fabric for twisting and entangling the fibers.

Operation of these densely packed jet nozzles utilizes large quantities of water. This large water

requirement can negatively impact the environment around nonwoven manufacturing plants and

can even limit production capabilities of certain plants where availability of sufficient water is a

constant challenge.

Accordingly, there is a need to provide a method of producing a nonwoven product having

desired qualities related to, for example, bulkiness, quilted appearance, and strength, that utilizes a

hydroentangling bonding technique that minimizes the required energy and water input.

BRIEF SUMMARY OF THE INVENTION

Embodiments of the present invention relate to systems and methods for hydroentangling a

fabric material moving in a processing direction to form a nonwoven fabric. In certain

embodiments, the system advantageously utilizes less water and energy than traditional

hydroentanglement systems and can still provide a nonwoven fabric with performance

characteristics comparable to nonwoven fabrics formed using conventional systems. Specifically,

an inventive aspect of a system described herein includes the use of jet strips having nozzles

spaced apart greater than the standard 500-600 microns. Thus, a novel set of jet-strips described

herein can be used to reduce the amount of energy expended and the amount of water consumed in

a hydroentangling system. Although wider orifice spacing equates to a smaller impact force,

wider orifice spacing also allows jet streams to achieve a deeper fiber penetration. Thus, by

utilizing an elongate hydroentangling jet strip comprising a plurality of nozzle orifices spaced

apart from one another an orifice spacing distance of at least 1200 microns along a length of the

elongate hydroentangling jet strip, less energy is required while still maintaining the strength of

the hydroentangled structure due to an increased depth of the bonding and the fibers intertwining

along the path of the increased depth. Furthermore, using a jet strip with increased orifice spacing



can result in a hydroentangled web with regions which are uncompressed, full with loft, bulk and

volume and thereby exhibiting improved absorbency and insulating properties. Such a structure is

highly desirable for wipes, insulation materials, filtration media, and other applications requiring

bulk. Various system and method embodiments described herein can further be used for splitting

or fibrillating multicomponent fibers in a more efficient way.

Specifically, embodiments of the present invention relate to a method for hydroentangling a

fabric material moving in a processing direction to form a nonwoven fabric, the method comprising

advancing the fabric material in the processing direction and subjecting the fabric material to fluid

jet streams from one or more hydroentangling jet strips. The fluid jets are emitted from each

hydroentangling jet strip at pressures sufficient to hydroentangle the fabric material. In an

embodiment, the one or more hydroentangling jet strips operate at a fluid pressure of about 100 bar

or greater. Each jet strip comprises a plurality of nozzle orifices spaced across a width of the fabric

material substantially perpendicular to the processing direction. In addition, one or more of the

hydroentangling jet strips comprises one or both of (i) at least one hydroentangling jet strip having

a spacing between nozzle orifices of at least about 1200 microns; and (ii) a series of

hydroentangling jet strips comprising a first hydroentangling jet strip and a second hydroentangling

jet strip spaced apart in the processing direction, wherein the first hydroentangling jet strip is

upstream of the second hydroentangling jet strip in the processing direction and comprises a

plurality of nozzle orifices having a first spacing between nozzle orifices that is greater than a

second spacing between the nozzle orifices of the second hydroentangling jet strip, the first spacing

being at least about 1200 microns.

In an embodiment, the one or more hydroentangling jet strips comprise at least one

hydroentangling jet strip having a spacing between nozzle orifices of at least about 1500 microns.

In an embodiment, the one or more hydroentangling jet strips comprise at least one

hydroentangling jet strip having a spacing between nozzle orifices of at least about 1800 microns.

In an embodiment, the one or more hydroentangling jet strips comprise at least one

hydroentangling jet strip having a spacing between nozzle orifices of at least about 2000 microns.

In an embodiment, the one or more hydroentangling jet strips comprise at least one

hydroentangling jet strip having a spacing between nozzle orifices of at least about 3000 microns.

In an embodiment, the one or more hydroentangling jet strips comprise at least one

hydroentangling jet strip having a spacing between nozzle orifices of at least about 4000 microns.

In an embodiment of the present invention, the first spacing is at least about 1500 microns.

In an embodiment of the present invention, the first spacing is at least about 1800 microns. In an



embodiment of the present invention, the first spacing is at least about 2000 microns. In an

embodiment of the present invention, the first spacing is at least about 3000 microns. In an

embodiment of the present invention, the first spacing is at least about 4000 microns. In an

embodiment of the present invention, the first spacing is at least about 1800 microns and the second

spacing is less than about 1500 microns. In an embodiment of the present invention, the first

spacing is at least about 2000 microns and the second spacing is less than about 1500 microns. In

an embodiment of the present invention, the first spacing is at least about 2000 microns and the

second spacing is about 600 microns.

In various embodiments of the present invention, the hydroentangling method further

comprises a pre-wetting jet strip positioned to wet the fabric material with a fluid stream and

positioned upstream of the one or more hydroentangling jet strips. In an embodiment, the pre-

wetting jet strip operates at a fluid pressure of less than about 80 bar. Preferably, the pre-wetting

jet strip operates at a fluid pressure of less than about 50 bar, and more preferably the pre-wetting

jet strip operates at a fluid pressure of about 30 bar. A purpose of the pre-wetting jet strip is to

saturate the fabric material prior to subjecting the material to the one or more hydroentangling jet

strips.

In a particular embodiment of the present invention, the hydroentangling method comprises

subjecting the fabric material to fluid jet streams at a first fluid pressure from a pre-wetting jet strip

in order to pre-wet the fabric material and subjecting the fabric material to fluid jet streams from a

series of hydroentangling jet strips spaced apart in the processing direction and downstream from

the pre-wetting jet strip, each hydroentangling jet strip operating at a second fluid pressure greater

than the first fluid pressure. Additionally, each hydroentangling jet strip comprises a plurality of

nozzle orifices spaced across a width of the fabric material substantially perpendicular to the

processing direction, wherein the series of hydroentangling jet strips comprises a first

hydroentangling jet strip comprising a plurality of nozzle orifices having a spacing between nozzle

orifices greater than about 1200 microns and a second downstream hydroentangling jet strip having

a spacing between nozzle orifices of about 600 microns. Again, the pre-wetting jet strip can

typically operate at a fluid pressure of less than about 80 bar while the hydroentangling jet strips

can typically operate at a fluid pressure of about 100 bar or greater. In an embodiment, the first

hydroentangling jet strip comprising a plurality of nozzle orifices has a spacing between nozzle

orifices greater than about 1500 microns, greater than about 2000 microns, greater than about 3000

microns, or greater than about 4000 microns in various embodiments.



Various embodiments of the present invention also relate to a system for hydroentangling a

fabric material moving in a processing direction to form a nonwoven fabric, the system comprising

one or more hydroentangling jet strips, each hydroentangling jet strip comprising a plurality of

nozzle orifices spaced across a width of the fabric material substantially perpendicular to the

processing direction. The one or more hydroentangling jet strips comprise one or both of (i) at least

one hydroentangling jet strip having a spacing between nozzle orifices of at least about 1200

microns (e.g., at least about 1500 microns, at least about 1800 microns, at least about 2000 microns,

etc.); and (ii) a series of hydroentangling jet strips comprising a first hydroentangling jet strip and a

second hydroentangling jet strip spaced apart in the processing direction, wherein the first

hydroentangling jet strip is upstream of the second hydroentangling jet strip in the processing

direction. Furthermore, the first hydroentangling jet strip comprises a plurality of nozzle orifices

having a first spacing between nozzle orifices that is greater than a second spacing between nozzle

orifices of the second hydroentangling jet strip, the first spacing being at least about 1200 microns

(e.g., at least about 1500 microns, at least about 1800 microns, at least about 2000 microns, etc.).

Embodiments of the system can incorporate any of the embodiments of the jet strips noted above.

BRIEF DESCRIPTION OF THE DRAWINGS

The drawings pertinent to this invention are briefly described as follows:

FIG. 1 is a non-limiting schematic illustration of an embodiment of a hydroentangling unit

employed for hydroentangling the nonwoven webs.

FIG. 2 is a non-limiting schematic illustration of an embodiment of a jet strip mentioned in

FIG. 1.

FIGs. 3A-F are non-limiting top-view schematic illustrations of jet strips with varying jet

spacing of the nozzles.

FIG. 4 is a non-limiting schematic illustration of the depth of fiber penetration after water

jet impact.

FIG. 5 is a non-limiting schematic illustration of an embodiment of a test-stand

hydroentangling unit employed for impinging water jet(s) onto a nonwoven fabric.

FIGs. 6A-B are non-limiting optical cross-sectional views of a nonwoven web before and

after water jet impingement.

FIGs. 7A-C are non-limiting top view, schematic illustration of nozzle plates used in the

test-stand hydroentangling unit of FIG. 5.



FIGs. 8A-C are non-limiting illustrations of the differences between web structures obtained

after water jet impact using (a) a single jet, (b) two jets, and (c) three jets.

FIG. 9 is a non-limiting graph illustrating depth of fiber penetration for single jet impact at

100 and 200 bar pressure.

FIG. 10 is a non-limiting graph illustrating % fiber penetration for single, two, and three jet

hydroentangled webs.

FIG. 11 is a non-limiting graph illustrating a comparison of depth of fiber penetration with

varying number of jets at two different pressures.

FIGs. 12A-B are non-limiting schematic illustrations of the depth of fiber penetration when

hydroentangling a web with a single jet.

FIGs. 13A-B are non-limiting schematic illustrations of the depth of fiber penetration when

hydroentangling a web with three jets.

FIGs. 14A-B are non-limiting three-dimensional images illustrating a single jet

hydroentangled web and showing (a) jet impact region and (b) non-jet impact region.

FIGs. 15A-B are non-limiting three-dimensional images illustrating the grouping of fibers

and strands for a two jet hydroentangled web.

FIGs. 16A-B are non-limiting three-dimensional images illustrating the grouping of fibers

and strands for a three jet hydroentangled web.

FIGs. 17A-B are non- limiting graphs plotting (a) jet impact force per meter of manifold and

(b) fiber penetration as nozzle spacing is increased.

FIGs. 18A-E are non-limiting optical cross-sectional images of nonwoven webs

hydroentangled at 100 bar pressure with jet strips with various nozzle spacings, S.

FIGs. 19A-E are non-limiting optical cross-sectional images of nonwoven webs

hydroentangled at 200 bar pressure with jet strips with varied nozzle spacing S.

FIG. 20 is a non-limiting image illustrating the water jet marks after two passes under a jet

strip at 100 bar pressure and with an orifice spacing of 4800 microns.

FIGs. 21A-B are non-limiting optical cross-sectional images of nonwoven webs

hydroentangled as per conditions mentioned in Example 3 .

FIG. 22 is a non-limiting graph illustrating the increased thickness or bulkiness exhibited by

a nonwoven material hydroentangled with jet strips having nozzles spaced at 4800 microns versus

jet strips having nozzles spaced at the standard 600 microns.

FIG. 23 is a non-limiting graph illustrating the increased consistency of the surface of a

nonwoven hydroentangled with a jet strip incorporating the wider spaced nozzles.



FIGs. 24A-E are non-limiting images illustrating the increase in bulkiness achieved with jet

strips incorporating wider spaced nozzles.

DETAILED DESCRIPTION

The present inventions will now be described more fully hereinafter with reference to the

accompanying drawings, in which some, but not all embodiments of the invention are shown.

Indeed, these inventions may be embodied in many different forms and should not be construed as

limited to the embodiments set forth herein; rather, these embodiments are provided so that this

disclosure will satisfy applicable legal requirements. Like numbers refer to like elements

throughout. As used in this specification and the claims, the singular forms "a," "an," and "the"

include plural referents unless the context clearly dictates otherwise.

As used herein, jet strips are sometimes differentiated by reference to a "hydroentangling"

jet strip as opposed to a "pre-wetting" jet strip. In a typical hydroentangling system, a first jet strip

is used to simply wet the fibrous material by delivering water jets at a pressure that is insufficient to

achieve significant entangling of the fibers (e.g., a pressure of less than about 80 bar, more often

less than about 50 bar). This is referred to herein as a pre-wetting jet strip. After treatment by a

pre-wetting jet strip, hydroentangling systems typically subject the fibrous material to one or more

higher pressure water jet strips adapted to entangle the fibers, which are referred to herein as

hydroentangling jet strips. These jet strips operate at pressures of, for example, at least about 100

bar or at least about 200 bar (e.g., about 90 to about 250 bar). Reference to increases in jet strip

orifice spacing herein are primarily directed to the hydroentangling jet strips. Consequently, orifice

spacing of the pre-wetting jet strip is not particularly limited in the present invention.

It should be understood that various embodiments of the present invention provide an

advantageous design for a system comprising at least one elongate hydroentangling jet strip (see

element 200, FIG. 2, for example), wherein the spacing S between nozzle orifices is greater than

about 600 microns, and more preferably greater than about 1200 microns. In one embodiment, a

plurality of elongate hydroentangling jet strips may be provided wherein the orifice spacing S may

vary between two or more elongate hydroentangling jet strips. Specifically, an inventive aspect of

a manufacturing process and associated system described herein includes the use of jet strips

having nozzles spaced apart greater than the standard 600 microns. These jet strips included

nozzles spaced from, for example, about 1200 microns to about 4800 microns. These jet strips are

typically attached to non-oscillating heads, although use of oscillating jet strips could be used

without departing from the invention.



As used herein, the term "fiber" is defined as a basic element of textiles which has a high

aspect ratio of, for example, at least about 100 times. In addition, "filaments/continuous filaments"

are continuous fibers of extremely long lengths that possess a very high aspect ratio. "Staple

fibers" are cut lengths from continuous filaments. The term "multicomponent fibers" refers to

fibers that comprise two or more polymers that are different by physical or chemical nature

including bicomponent fibers. The term "fabric material" as used herein in reference to fibrous

materials, webs, mats, batts, or sheets refers to fibrous structures in which fibers are aligned in an

undefined or random orientation. The term "hydroentangled" as applied to a nonwoven fabric

herein defines a web subjected to impingement by a curtain of high speed, fine water jets, typically

emanating from a nozzle jet strip accommodated in a pressure vessel often referred to as a manifold

or an injector. This hydroentangled fabric can be characterized by reoriented, twisted, turned and

entangled fibers.

The fibers hydroentangled according to the present invention can vary, and include

continuous filament and staple fibers having any type of cross-section, including, but not limited to,

circular, rectangular, square, oval, triangular, and multilobal. In certain embodiments, the fibers

can have one or more void spaces, wherein the void spaces can have, for example, circular,

rectangular, square, oval, triangular, or multilobal cross-sections. The fibers may be selected from

single-component i.e . , uniform in composition throughout the fiber) or multicomponent fiber types

including, but not limited to, fibers having a sheath/core structure and fibers having an islands-in-

the-sea structure, as well as fibers having a side-by-side, segmented pie, segmented cross,

segmented ribbon, or tipped multilobal cross-section.

A jet strip with orifice spacing greater than 600 microns requires less fluid to operate and

therefore less energy than a jet strip with orifice spacing of about 600 microns. Although impact

force of a jet strip with wider orifice spacing is decreased, the bond depth penetration increases as

orifice spacing increases. Therefore, a system incorporating jet strips with orifice spacing greater

than, for example, about 1200 microns is capable of forming a hydroentangled fabric with

characteristics comparable to a hydroentangled fabric formed from a system incorporating only jets

strips with orifice spacing of about 600 microns, but at reduced water and energy consumption.

Furthermore, a hydroentangling system comprising jet strips with orifice spacing greater than about

1200 microns is able to form bulkier nonwoven fabrics that have applicability in many industries

where increased absorbency is desired.

Conventionally, jet strips with spacing on the order of 600 microns between adjacent nozzle

orifices is used in multiple banks or injectors to achieve sufficient entangling. It is established



herein that this is not necessary and that wider spacing between nozzle orifices can be utilized to

achieve deep hydroentangling. Furthermore, if the final fabric is required to have a consolidated

structure that is more tightly entangled, this can be achieved by a "finishing" jet strip. A finishing

jet strip has a nozzle orifice spacing adapted to achieve a look similar to hydroentangled fabrics

formed in systems utilizing conventional jet strips (e.g., a nozzle orifice spacing of about 600

microns).

Various embodiments of the present invention provide a method for hydroentangling a sheet

of fabric material moving in a processing direction to form a hydroentangled nonwoven fabric. In

an embodiment the method comprises advancing the fabric material in a processing direction. The

advancing step may be accomplished using a conveyor belt configured for carrying the fabric

material. The fabric material (and the nonwoven fabric resulting therefrom) may also be advanced

by being taken up on a series of drums that may carry the finished nonwoven fabric to a dryer or

other downstream processing step. The method further comprises subjecting the fabric material to

a first plurality of fluid streams. As described herein with respect to various system embodiments,

the first plurality of fluid streams may be generated by a corresponding first row of nozzle orifices.

The first plurality of fluid streams may thus be spaced apart from one another along a width of the

fabric material substantially perpendicular to the processing direction. The first plurality of fluid

streams may be configured for impacting the fabric material with a first force intensity to form a

hydroentangled fabric.

Various method embodiments of the present invention further comprise subjecting the

nonwoven fabric to a second plurality of fluid streams disposed downstream from the first plurality

of fluid streams in the processing direction. The second plurality of fluid streams are laterally

offset at a selected distance from the first plurality of fluid streams along the width of the fabric

material, such that the second plurality of fluid streams impact the fabric material with a second

force intensity. In an embodiment, the second force intensity can be less than the first force

intensity. In an alternative embodiment, the second force intensity can be greater than the first

force intensity.

In an embodiment, the method and related system further comprises subjecting the fabric

material to a pre-wetting plurality of fluid streams disposed upstream from the first plurality of

fluid streams in the processing direction. The pre-wetting plurality of fluid streams are laterally

offset at a selected distance from the first plurality of fluid streams along the width of the fabric

material 110 (as shown in FIG. 1), such that the pre-wetting fluid streams impact the fabric material

with a pre-wetting force intensity. In an embodiment, the pre-wetting force intensity is less than



the first force intensity and is configured for wetting the fabric material. In an embodiment, the

pre-wetting force intensity is too low to significantly hydroentangle the fabric material.

In an embodiment of the current invention, a fiber web is hydroentangled on only one

surface using at least one manifold engaging at least one jet strip. The jet strip comprises a

plurality of orifices spaced along length L of the jet strip, such that orifice spacing S is greater than

approximately 600 microns. A nonwoven fabric with enhanced bulk can thereby be produced

where the bulk can be controlled by the orifice spacing S. In another embodiment, a fiber web is

hydroentangled on both surfaces using a plurality of manifolds, each engaging at least one

hydroentangling jet strip. In certain embodiments, the hydroentangling jet strips operate at a

pressure of at least about 100 bar, at least about 150 bar, or at least about 200 bar. A typically

pressure range for hydroentangling is about 90 bar to about 300 bar, although higher pressures

could be used without departing from the invention.

When entangled only on one surface, upon impingement, water jets re-register the jet marks

creating and maintaining a quilt like structure. For example, a web may be hydroentangled by

using hydroentangling jet strips having an orifice spacing of 4800 microns in a plurality of banks

followed by a final bank engaging a hydroentangling jet strip with an orifice spacing of 600

microns. The final bank is used to "finish" the fabric instead of using 5 banks of 600 microns

spacing. This will result in a similar fabric (in terms of appearance and performance) at much

lower amounts of energy.

In an embodiment of the present invention, a plurality hydroentangling jet strips of varied

orifice spacing is utilized. For example, a hydroentangling jet strip with increased orifice spacing

S is utilized at a first hydroentangling manifold station. The increased orifice spacing S

preferably ranges from approximately 1200 microns to approximately 4800 microns. Subsequent

to the initial depth bonding at a first hydroentangling manifold station, a second hydroentangling

manifold station is used. The second hydroentangling manifold station engages a second jet strip

with orifice spacing S2. In an embodiment, S2 is about 600 microns. In certain embodiments, S2 =

Si or S2 < Si or S2 > Si. In a preferred embodiment, the second hydroentangling jet strip is

positioned downstream of the first hydroentangling jet strip in the processing direction and the

second nozzle orifice spacing S2 is less than the first nozzle orifice spacing Si. It is important to

note that the first hydroentangling jet strip is not necessarily adjacent to the second hydroentangling

jet strip. The methods and systems disclosed herein can incorporate any number of

hydroentangling jet strips. In various embodiments wherein a series of hydroentangling jet strips is

used and varying orifice spacing is used, it is advantageous for one hydroentangling jet strip



positioned upstream to have a larger spacing between nozzle orifices (e.g., greater than about 1200

microns or greater than about 1500 microns) than at least one hydroentangling jet strip positioned

downstream, regardless of whether these two jet strips are adjacent to one another. For example, in

certain embodiments, the methods and systems of the invention involve multiple passes through jet

strips having the same orifice spacing (e.g., each jet strip with an orifice spacing greater than about

1200 microns or greater than about 1500 microns) followed by multiple passes through jet strips

with a different orifice spacing (e.g., about 600 microns).

In a preferred embodiment, a hydroentangling system comprises three or more

hydroentangling manifolds. A first manifold engages a first jet strip with orifice spacing S of

about 4800 microns. A second downstream manifold engages a second jet strip with orifice

spacing S2 of about 2400 microns. A third manifold (preferably downstream from the second

manifold) engages a third jet strip, also referred to as a finishing jet strip, with orifice spacing S3 of

about 600 microns.

In various embodiments of the present invention, the hydroentangling system comprises a

pre-wetting manifold station positioned upstream from the first hydroentangling manifold and

configured such that the jet streams emanated from the pre-wetting manifold only wet (instead of

significantly hydro entangle) the fabric material passed through the system. In an embodiment, the

pre-wetting manifold engages a pre-wetting jet strip with orifice spacing S In an embodiment,

the pre-wetting manifold engages a pre-wetting jet strip with orifice spacing S of approximately

600 microns. In an embodiment, a pre-wetting jet strip operates at a pressure of less than about 80

bar (e.g., less than about 50 bar or less than about 40 bar).

In certain embodiments, two or more components of a multicomponent fiber used in the

hydroentangling system of the invention can be separated from each other (e.g., by fibrillation or

splitting). For example, in one embodiment, an islands-in-the-sea fiber is used wherein the fiber

can be fibrillated to separate the islands and sea component. See, for example, U.S. Pat. Nos.

7,883,772 and 7,981,226, both to Pourdeyhimi et al., which are incorporated by reference herein.

Various embodiments of the system and methods described herein can be used to split

multicomponent fibers while utilizing less energy. Structures such as segmented pie and islands-in-

the-sea require significant hydroentangling energy to form micro-denier structures. A set of

collimated jet streams can cause fiber splitting and subsequent fiber entanglement. The result is a

micro-denier, soft, strong, durable nonwoven hydroentangled material. If the multicomponent

fibrous structure is subjected to too high of energy initially, the fibers on the surface will split, but

leave the rest of the fibers intact. The inventors have determined that with traditional systems



comprising a plurality jet strips all with orifice spacing of 600 microns, no more than about 60% of

the fibers are split. This leads to poor performance, delamination and loss of durability. However,

if a system comprising a plurality of jet strips, wherein at least one initial jet strip has an orifice

spacing S of at least 1200 microns is utilized, a higher percentage of the fibers can be split.

Furthermore, less energy is required to operate such a system. By utilizing at least one jet strip

with a wider orifice spacing S of at least 1200 microns, the fibrous structure is said to be "pre-

entangled" prior to fiber splitting/fibrillation. As discussed above, a jet strip with increased orifice

spacing is able to achieve an increased bond depth penetration, thereby deeply bonding and

securing the individual fibers with a lower impact force. Fibers are more readily split when they

are not free to move, i.e., when they are pre-entangled.

As shown in FIG. 1, for example, various embodiments of the present invention provide a

system for hydroentangling a sheet of fabric material 110 moving in a processing direction X to

form a nonwoven fabric 135. The system comprises at least one hydroentangling manifold 115

engaged with at least one elongate hydroentangling jet strip 200. As shown in FIG. 2, for example,

a jet strip 200 comprises a plurality of orifices 201 arranged in at least one row 205 spaced apart

along the length L of the jet strip 200. Each orifice can be spaced from an adjacent orifice a

distance S, as measured from the center of a first orifice to the center of a second, adjacent orifice.

Additionally, each orifice 201 can have a diameter d. Reference to spacing between nozzle orifices

herein refers to center-to-center spacing S as shown in FIG. 2 . High pressure fluid streams (e.g.,

water) are emitted through the orifices such that the fluid streams impact the fabric 110 in a local

manner.

It should be further understood that an individual nozzle orifice in the present invention can,

in various embodiments, be configured in a "cone-down" or "cone-up" position. Furthermore, a

plurality of nozzle orifices 201 comprising a row 205 can be arranged in a staggered configuration

or a substantially straight line.

In one embodiment, the fibrous material 110 which is subjected to water jet impingement is

fed through a plurality of water jets via an endless conveyor belt 105. This belt 105 can be made of

polymeric materials or stainless steel and can also be characterized by fine perforations and

patterns. The conveyor belt is also referred to as a forming or supporting surface. Drums 130 can

be used to move the belt 105 through the hydroentangling system 100.

The embodiment of a hydroentangling system 100 shown in FIG. 1 includes at least one

hydroentangling manifold 115 (also referred to as a "bank"). A manifold is, for example, a

pressure vessel or container extending along the width of the hydroentangling machine that is



capable of accommodating a jet strip. A hydroentangling jet strip operates at a pressure sufficient

to hydroentangle the fibrous material 110. Embodiments of the present invention can further

comprise a pre-wetting manifold 112 that engages a pre-wetting jet strip that operates at a lower

pressure which is sufficient only to pre-wet the fibrous material 110 and not sufficient to

significantly hydroentangle the fibrous material.

A chamber inside a manifold emanates at least one fluid stream at a required pressure in a

direction or plane which is substantially perpendicular to the machine direction X. In an

embodiment, a pressure gauge (not shown) can be used to monitor pressure of an emanated fluid

stream. An embodiment of a hydroentangling system 100 further comprises a de-watering system,

for example air dryers, where excess fluid is removed with the help of a vacuum box 120 attached

below the belt 105 to avoid submersion of the fabric and achieve better fiber entangling. The

system can further include apron 106 that moves across the top face of the fibrous material around

the location of the first manifold.

In various embodiments of the present invention, pressurized fluid streams impinge the face

of the fabric 110 as the fabric 110 passes under a manifold 115. An embodiment of a

hydroentangling system 100 comprises a plurality of manifolds 115 used to impinge the face of the

fabric material 110. As used herein, the term "pass" defines a single run of the fabric material

through a system 100. In an embodiment of a hydroentangling system 100, fabric material 110 can

undergo a plurality of passes through the system. In various embodiments, the fibrous web

material 110 may be subjected to multiple manifolds or banks 115 and/or passes on a single side.

In an alternative embodiment where bulk is not desired, or registering of the various jet

streams is not critical, additional impingement and penetration may be carried out on the back-side

of the fibrous web material 110 with a plurality of jet streams engaged with at least one backside

manifold 116. In an embodiment, a large drum 125 can be used to roll the fabric material 1 0 such

that the backside of the fabric material 1 0 is exposed to a jet strip 200 engaged with a backside

manifold 116. Such a production system is also useful for hydro-splitting nonwovens comprised of

multicomponent filaments. The additional backside jet streams facilitate breaking the various

filaments at a different surface than the surface impinged by the at least one frontside manifold 115.

However, when bulk is an objective of the finished product the nonwoven web 110 is only

subjected to water jet streams on a single side.

In an embodiment, a manifold is capable of engaging a jet strip 200 (also referred to as a

"nozzle strip"). Various hydroentanglement system and method embodiments described herein

provide a first elongate hydroentangling jet strip 200 defining at least one nozzle orifice 201 that



generates a corresponding fluid stream. Various embodiments (such as that shown in FIG. 1, for

example), comprise at least one additional jet strip 200. Embodiments of the present invention can

comprise a plurality of hydroentangling jet strips 200. In an embodiment, a jet strip 200 is

approximately 25 mm wide, 1 mm thick and has a length L spanning the width of the

hydroentangling machine. Depending on the desired end-use of the hydroentangled material 135,

length L can range between 1.2 to 7 m, although the length can vary without departing from the

invention.

A jet strip 200 is characterized by a plurality of surface perforations also referred to as

orifices or nozzles of required diameters and perforated at intervals along the length L of a jet strip

200. A plurality or curtain of water jets emanates from the nozzle orifices 201 and causes the fibers

of the fibrous web 110 to be mechanically bonded by turning, twisting, inter-twining and

penetrating the surface fibers into the thickness, which thereby forms a high-strength, flexible

hydroentangled fabric 135.

FIGS. 3(a) to 3(f) serve to illustrate exemplary jet strips that could be used with the present

invention and particularly highlight that orifice diameters can be varied in the present invention

(within a single jet strip row or varied between adjacent jet strip rows), and these figures also

provide various examples of changes in orifice spacing. As shown in FIG. 3(a), for example,

various embodiments of jet strip 200 comprise a first row 205 of a plurality of nozzle orifices. A

first orifice 202 has diameter di. In an embodiment, a second orifice 204 has diameter d2. In

various embodiments, di=d2, di<d2, or alternatively di>d2. As illustrated in FIG. 3(b), for

example, various embodiments of jet strip 200 comprise a first row 205 of a plurality of orifices

and a second row 210 of a plurality of orifices. As illustrated in FIG. 3(c), for example,

embodiments of jet strip 200 comprise a plurality of orifice rows. As illustrated in FIGs. 3(a)-3(f),

for example, diameters of each nozzle orifice in a single row, or across a plurality of rows, can

remain the same or vary.

Furthermore, a plurality of orifices 201 in a jet strip can have orifice spacing S. The term

"orifice spacing", "orifice-to-orifice distance", or "pitch" is the distance S measured between two

successive centers of orifices 201 in a same row of a nozzle strip 200. As illustrated in FIGs. 3(d)

and 3(e), for example, various embodiments of a jet strip 200 comprises a plurality of nozzle

orifices 201 evenly spaced along length L of jet strip 200. In an alternative embodiment, spacing S

between nozzle orifices comprising a single row is altered. As illustrated in FIG. 3(f), for example,

various embodiments of a jet strip 200 comprise a first row 205 of a plurality of nozzle orifices



with orifice spacing Si and a second row 210 of a plurality of nozzle orifices with orifice spacing

S . In various embodiments, Si=S , S!<S , or alternatively Si>S2.

In many traditional embodiments of a jet strip 200, adjacent nozzle orifices 201 in a single

row are evenly spaced by a distance S of about 600 microns. In an embodiment of the system

described herein, adjacent nozzle orifices 201 in a single row of at least one jet strip are spaced by a

distance S of at least about 1200 microns. In certain embodiment, adjacent nozzle orifices 201 in a

single row of at least one jet strip are spaced by a distance S of at least 1500 microns. In an

embodiment, adjacent nozzle orifices 201 in a single row are approximately spaced by a distance S

of at least 2400 microns. In an embodiment, adjacent nozzle orifices 201 in a single row are

approximately spaced by a distance S of at least 4800 microns. Subjecting the fibrous web 110 to

jet strips with increased spacing S can increase bulkiness and consistency in the registering of the

respective jet streams for creating a "quilted" composition. Furthermore, less water and energy is

required to operate a jet strip with increased spacing S.

Commonly, in a jet strip, the pitch or spacing between the orifices defines the jet density. In

a traditional embodiment where orifice spacing is 600 microns, the process requires a relatively

high energy in bonding the webs to obtain a well-bonded uniform, regular substrate 135. Also, a

higher number of orifices produces high water consumption throughout the process, requires a

greater amount of energy to obtain the desired pressures at higher flow rates, and also increases the

task of re-cycling and filtering the used water. Thus, a novel set of jet-strips described herein can

be used to reduce the amount of energy expended and the amount of water consumed in a

hydroentangling system. In various embodiments of a hydroentangling system, for example,

nozzle strips have an orifice density ranging from 200 - 1600 orifices per meter indicating a

decrease in the number of water jet streams as the orifice-to-orifice spacing increases. This implies

a reduction in amount of fluid flowing through the orifices, also defined as mass flow rate (m), and

subsequently a decrease in the amount of energy required by the system.

When a water jet emanates from a nozzle plate with nozzle inlet diameter d , it remains

collimated through a certain length having a glassy appearance. Prior development in

hydroentangling nology has established the diameter of constricted water jets, dj as

where ~ 0.62 which is the discharge coefficient of a sharp-edge capillary nozzle generating a

constricted water jet with nozzle inlet diameter d . Using the diameter of constricted water jet dj ,

the mass flow rate through a nozzle can be calculated as follows:



where p =998.2kg Im , representing the density of water at room temperature. Pi is the pressure

in Pa, and V is in m/s. Note that 1 bar is equal to 105 Pa. Thereby, the above mentioned set of

equations can be used to calculate the flow rate of water through each of the nozzle strips used in

an embodiment of a hydroentangling system.

Furthermore, the impact force, F of a liquid jet is linearly related to its velocity, V, and flow

rate, m. In turn, the flow rate, m, is directly proportional to gauge pressure. As mentioned, p is

defined as the liquid's density. Therefore the following equations can be used to calculate impact

force F of a liquid jet stream:

F a mV , where m =—pd V

Bernoulli's equation is used to calculate the velocity of a constricted water jet, which is given as:

From the above equations, we conclude Fa?

Therefore, wider orifice spacing equates to a smaller impact force. However, wider orifice

spacing also allows for deeper fiber penetration as explained below. Thus, by utilizing wider

spaced nozzle jets, such as greater than about 1200 microns, for example, less energy is required

while still maintaining the strength of the hydroentangled structure due to an increased depth of the

bonding and the fibers intertwining along the path of the increased depth.

Nozzle orifice spacing S affects percent fiber penetration. As illustrated in FIG. 4, for

example, due to the impact of a water jet on a fibrous material 110, fibers from the surface 405 are

carried along the jet and reach deep inside the textile substrate 410. The distance between the

fibers on the surface of the web to the point where the fibers penetrate inside the bulk of the web at

the jet impact region is defined as the depth of fiber penetration. Accordingly, the fiber penetration

relative to the thickness of the web, measured using ASTM D 5729, for example, is defined as %

fiber penetration and is calculated using the following equation:

% FiberPenet ration l ιχ ΐ 00 , where



Ύ - Web thickness after water jet impact (mm); and

T - Depth of fiber penetration (mm).

Optical cross-sectional views of hydroentangled fabrics can be used to reveal the transfer of

surface fibers into the bulk of the web at a jet impact point. It is noted that there is no surface fiber

penetration at a non-jet impact region. When high speed water jets hit the surface of a web, the jets

carry the directly impacted fibers along their path and also drag peripheral fibers in the vicinity of

the jet impact region along their path as well. Increased orifice spacing corresponds to deeper

bonding penetration. The jet impact regions exhibit the interlocking of fibers by twisting, turning

and bending with each other and of course fiber penetration. The increase in depth of fiber

penetration in thickness direction also indicates that the interaction between fibers coming under

the influence of adjacent water jets is reduced as orifice spacing is increased. Hydroentanglement

systems incorporating jet strips with increased orifice spacing provide for more flexibility of the

fibers upon impact of the water jets. This flexibility is characterized by the fibers being enabled to

penetrate deep into the web, thus enhancing the interlocking action by supplying fibers disposed

within the structure with energy to bond by twisting. This construction provides for a "depth"

bonding of the nonwoven fibers versus the mere surface bonding of the prior art.

In the case of a single jet, surface fibers penetrate deep inside the web at the jet impact

region as the high-speed water jet pushes the surface fibers deep into the bulk of the web. Since the

fibers are not held by any other force except inter-fiber friction, there is better fiber movement

along the jet direction and the inter-fiber friction is negligible when compared to the applied impact

force. On the other hand, when a plurality of jet streams are closely spaced, the depth of fiber

penetration is lower because adjacent jets on either side of a first jet hold and restrain the two ends

of a fiber while the middle jet acts on pushing the fiber down. Due to no freedom of movement for

the fiber, the fiber movement is restrained and effective fiber penetration is reduced.

In various embodiments, an exemplary fiber length is about 2500 microns. Therefore, as

orifice spacing in a jet strip is increased above 600 microns, adjacent jet streams are less able to

hold and restrain the ends of a fiber and the percent of fiber penetration increases.

Apart from deeper fiber penetration with increase in orifice spacing S, hydroentangled webs

also exhibited a "quilt like" structure as a result of jet impingement with wider orifice spacing. For

orifice spacing of, for example, about 2400 and about 4800 microns, the energy imparted by the

water jets is sufficient to rebound off of the mesh utilized in forming the web and produces a mirror

"quilt". By contrast, a "quilt" construction is not formed for similar water jets spaced at 600



microns, for example. When high speed water jets hit the surface of a web, the jets carry the

directly impacted fibers along their path and also drag peripheral fibers in the vicinity of the jet

impact region along their path as well. Therefore, when a curtain of jets impact the surface of a

web, the fibers move into the web and either penetrate deeper with a wider orifice spacing, or their

mobility is arrested due to more closely spaced jet streams. In addition, the impact of jet streams

also compresses the web at the point of jet impact wherein the amount of compression depends on

how closely the jets are positioned. If the jets are closely spaced as in the conventional

hydroentangling jet strip with a nozzle density of 1600 per meter (i.e., orifice spacing of 600

microns) for example, then the web is compressed more than a web impacted by jet streams more

widely spaced. Upon jet impact, both the level of compression and the amount of surface fiber

transfer, both of which determine the final thickness and degree of entanglement, are affected by

the orifice spacing S. Specifically, the impact force of fluid streams per meter of fibrous web

material decreases as orifice spacing S increases. As the spacing between the jets is increased,

fibers were entangled by forming a knot-like structure which compresses the web at the jet impact

region. Moreover, between the clustered entangled regions of a web hydroentangled with the

widest orifice spacing, there are regions which are uncompressed, full with loft, bulk and volume

and thereby exhibiting improved absorbency and insulating properties. Such a structure is highly

desirable for wipes and other applications requiring bulk.

EXPERIMENTAL

Several examples are discussed below demonstrating certain embodiments of the invention.

The examples demonstrate the effect of nozzle strips having wide orifice spacing on the properties

of hydroentangled nonwoven fabrics and on the amount of hydroentangling energy required. The

testing conducted in the examples is briefly described below.

To examine the quantitative effects of the embodiments of the present invention in

improving nonwoven fabric strength, the tear resistance of certain inventive nonwoven examples

was evaluated in the processing direction and compared to corresponding tear strength of a control

fabric. The tear test measures the force required to tear a textile specimen in which a tear is

initiated prior to testing. More particularly, according to ASTM D2261-96 "Standard Test Method

for Tearing Strength of Fabrics by the Tongue (Single Rip) Procedure (Constant- 65 Rate-of-

Extension Tensile Testing Machine)," a rectangular specimen (75 mmx200 mm) of the nonwoven

fabric is precut in the center of the long edge to form a two-tongued or "trouser-shaped" specimen.

One tongue is clamped into the lower jaw of the machine and the other is clamped into the upper



jaw. During the measurement, the distance between the jaws increases and the force applied to the

fabric, due to the movement of the jaws, propagates the tear. During the tear test, the force required

to move the clamps is also recorded. The results can be normalized with the average resistance of

the control fabric for better comparison.

As one skilled in the art will appreciate, it is important that hydroentangled fabrics maintain

their strength against tensile load. It is important to ensure that amending the tear resistance of the

fabrics does not damage their tensile properties. For this reason, certain embodiments of the

nonwoven fabric of the invention were examined using the tensile test methods outlined in ASTM

D 5035-95 entitled "Standard Test Method for Breaking Force and Elongation of Textile Fabrics

(Strip Method)". This test reports the force required to tear a textile specimen in the tensile

direction. In accordance with this method, a rectangular specimen (25 mm x 150 mm) of the

nonwoven fabric is mounted on the upper and lower jaw of a tensile testing machine with its long

dimension parallel to the direction of force application. The distance between the jaws is increased

until the break of the fabric occurs, caused by the force applied to the specimen. The force required

to break the textile specimen and the elongation of the specimen are reported during the

measurement.

Enhanced bulk of the hydroentangled material is another important characteristic achieved

by various embodiments of the present invention. Certain product samples were tested for their

thickness. Thickness is the measure of distance between the opposing surfaces of the nonwoven

material and is measured using thickness test methods outlined in ASTM D 5729-97 entitled

"Standard Test Method for Thickness of Nonwoven Fabrics."

Additionally, the basis weight of the samples was examined using test methods outlined in

ASTM D 3776/D 3776M-09ae2 entitled "Standard Test Method for Mass Per Unit Area (Weight)

of Fabric." This test reports a measure of mass per unit area and is measured and expressed as

grams per square meter (g/m ) .

In addition, air permeability of certain samples was examined using test methods outlined in

ASTM D 737-04 entitled "Standard Test Method for Air Permeability of Textile Fabrics." This test

method reports a measure of air flowing through the fabric sample in a give area.

Absorbency of certain samples was measured using a Gravimetric Absorbency Testing

System (GATS). This test indicates the lateral wicking ability of a fabric, or the ability of the

material to take-up liquid spontaneously in the direction perpendicular to its plane.



Finally, the specific energy of certain samples was measured using a calculation based on

the Bernoulli equation that ignores viscous losses throughout the system. Having the manifold's

pressure, P, the jet velocity is:

Where p = Density of the water in room temperature, assumed to be 998 kg/m3. The pressure P is

expressed in Pa and Vis in m/s. Note that 1 bar is equal to 105 Pa.

The rate of energy transfer by waterjets is calculated as follows:

E = pd 2CdV

Where d is the diameter of the orifice capillary section and expressed in m. C is the coefficient of

discharge (described below and set to be ~ 0.62), and E 1S the energy rate in J/s.

Specific energy expressed in j/kg of fabric is calculated using the following equation:

SE =
M

Where is the mass flow rate of the fabric in kg/s and is calculated as follows:

M =Sample Width x Basis Weight x Belt Speed

Sample width is expressed in m, Basis Weight is expressed in kg/m2, and Belt speed is expressed in

m/s. Therefore, SE is expressed in Joules (or kilo Joules) per kilogram of fabric. The total energy

transferred to the fabric is therefore, dependent on jet pressures used, the line speed and the basis

weight of the web used.



Example 1

A hydroentangling test apparatus used in this example is shown in FIG. 5. This illustrated

apparatus 300 was employed for carrying out a preliminary study of this invention and producing a

control sample for comparison with alternative configurations which become the subject of the

invention. This test apparatus 300 comprises a high-pressure pump system (not shown in the

figure) engaging a filtration system (not shown) and water supply 320, a pressure vessel or

manifold 305 operating up to a pressure of 400 bar, a motor (not shown) which drives a stainless-

steel drum with fine mesh 325, a feed roller 308, and wind-up rollers 309. A pressure gauge 306

measured pressure within the manifold 305. The entire apparatus 300 is supported on a stand with

a leveling screw 315 that can adjust the height of the drum from the nozzle exit 330 fixed in the

manifold 305. The nozzle plate used for this study can be accommodated in a flange 335 mounted

under the manifold 305. The web shown in FIG. 6A was subjected to impingement from a water

jet emanating from the manifold 305.

The tested material is characterized by having layers of fiber webs. Specifically, the

employed web comprises a cross-lapped nylon fiber web laid over a polyester cross-lapped fiber

web. This combination of webs is passed from the feed roller 308 over the drum 325 to a wind-up

roller 309. The tested webs were hit with at least one water jet emanating from an orifice of a

nozzle plate illustrated in FIGS. 7A-7C. The experiment was carried out with three different nozzle

plates, namely a nozzle plate with a single orifice (FIG. 7A), a nozzle plate with two orifices FIG.

7B), and a nozzle plate with three orifices (FIG. 7C). The nozzle plates were each approximately

38.1 mm (one and-a-half inch) long, approximately 12.7 mm (half-an-inch) wide, and

approximately 1 mm thick. These dimensions were such that the nozzle plates can be fixed in the

slot of a flange of the manifold. For each of the nozzle plates, an orifice diameter of 130 microns

and an orifice-to-orifice spacing of 600 microns were maintained. The jets exiting from the orifices

were impinged onto the web mentioned above at a distance of approximately 25.4 mm (one inch)

or less. This distance was maintained between the nozzle exit 330 and the web surface with the

help of leveling screw 315 on the test-stand.

In conducting the experiments, two different manifold pressures of 100 and 200 bars were

utilized in varying experiments to produce the respective jets. Upon the impact of water jets, the

webs revealed distinct web structures. However, the common behavior of fibers in all the obtained

web structures was bending, twisting, turning, intermingling, and penetrating within the webs. In

other words, upon the water jet impact, fibers from the surface are transferred into the bulk of the

web and are entangled. The transfer of surface fibers into the bulk is visualized by staining the



fibers directly. Since the webs comprise two different polymer fibers, they can be dyed

preferentially. Accordingly, the surface fibers were dyed/stained accordingly after water jet

impingement. Subsequently, the cross-sections of the web were examined and analyzed by using

an optical microscope. The surface penetrating nylon fiber web has a darker color and can be

differentiated from the bulk after dyeing the web structures.

FIG. 6B shows an optical cross-sectional view of surface fiber transfer into the bulk of the

web when a single jet emanating from a single nozzle was tested. FIGS. 8A-8C illustrate optical

cross-sectional views of the hydroentangled webs impinged by (A) a single jet, (B) two jets and (C)

three jets.

FIGS. 9 to 11 show the depth of fiber penetration values as a function of input/gauge

pressure for the web structures impacted by a single jet, two jets, and three jets. The results

indicate that % fiber penetration increases with an increase in pressure from 100 to 200 bars. This

trend is similar for web structures impinged with a single jet, two jets and three jets. This is due to

the increase in impact force that pushes the surface fibers deeper into the bulk of the web.

On the other hand, when the depth of fiber penetration was compared for web structures

impinged with a single jet, two jets and three jets, the trend was different from the effect of pressure

on depth of fiber penetration. FIG. 11 illustrates the effect of increasing the number of jets on the

depth of fiber penetration. The results exhibited a decrease of % fiber penetration corresponding to

an increase in the number of jets. This trend is considered to be a result of the interaction of fibers

that are under the influence of neighboring jets when two or more jets are impinged on a nonwoven

web.

The above experiment suggests that traditional hydroentangling systems, which use

multiple jets positioned in a row across the nonwoven web at a typical spacing of 600 microns,

provides for surface bonding, but limits bonding within the depth of the structure. FIGS. 1 and 13

are schematic illustrations of certain findings of the experiments conducted with jet nozzles spaced

at 600 microns. In the case of a single jet, surface fibers are penetrating deep inside the web at the

jet impact region as the high-speed water jet pushes the surface fibers deep into the bulk of the web.

As illustrated in FIG. 12, when impinging a fabric with a single jet, there is better fiber movement

along the jet direction and the inter-fiber friction is negligible when compared to the applied impact

force. On the other hand, when three jets spaced at 600 microns are utilized, the depth of fiber

penetration is found to be lower than the single jet and two jets under the same pressure. The

reason for this behavior can be attributed to the fact that, in a three-jet system, jet number 1 and jet

number 3 hold and restrain the two ends of a fiber, while the middle jet number 2 pushes the fiber



down. However, due to no freedom of movement for the fiber, the fiber movement is restrained

and effective fiber penetration is reduced. Since the distance between the jets spacing or orifice-to-

orifice distance is 600 microns and the standard fiber length is 2500 microns (25 mm), it is assumed

that at least one fiber could be interacting with more than one jet. Consequently, when water jets

from a nozzle strip with three orifices impinge the web, adjacent jets would hold the fibers coming

under their action and swirl the fibers, entangle them with each other, and restrain them from

penetrating deeper.

Therefore, as illustrated in FIG. 13B, for example, a consolidated and integrated structure is

obtainable when hydroentangled with three or more jets. This represents the standard practice of

the current industry. Such configurations of multiple jets provide for surface bonding. Thus to

summarize, the study of the effect of an increasing number of water jets indicates that water jets

may interact with the neighboring jets resulting in intermingling of fibers rather than deeper fiber

penetration. FIG. 11 also shows that depth of fiber penetration increases with an increase in

pressure from 100 to 200 bars, regardless of the number of jets used to impinge the fibrous web.

FIGS. 14-16 illustrate the three-dimensional structures of webs hydroentangled with a

single jet, two jets and three jets, each jet strip having the standard 600 micron orifice spacing. The

images were obtained using a Digital Volumetric Imaging technique - a three-dimensional image

forming procedure. FIG. 14 shows the difference between (A) jet impact and (B) non-jet impact

region with fibers penetrating deep inside the bulk of the web hydroentangled with a single jet

stream. The darker nylon fibers are clearly shown as having penetrated into the nonwoven web in

Fig. 14A, while the figure in FIG. 14B shows less intermingling between the darker nylon fibers

and the lighter polyester fibers. FIGS. 15 and 16 illustrate a grouping of surface penetrating fibers

and the formation of twisted strands along the jet direction due to the fiber interaction mechanism

associated with the additional jets.

Example 2

Examples were produced utilizing the hydroentangling system substantially as illustrated in

FIG. 1. In the exemplary embodiment, the system is equipped with five pressure vessels or

manifolds, also referred to as banks, of which the first one (manifold 1) is employed to pre-wet the

fibrous materials utilizing a standard jet strip having nozzles spaced at approximately 600 microns.

Downstream manifolds 2 and 3 were provided with jet strips having orifice spacing S greater than

the standard 600 micron spacing. However, the jet strips at manifolds 2 and 3 were of similar

spacing in order to provide consistency in the registering of the various jet streams. Furthermore,



both jet strips at manifolds 2 and 3 were stationary and non-oscillating in order to further increase

consistency of the various jet streams. The non-oscillating aspect is important so multiple jets may

register for defining a predetermined "quilting" of the web. For some experiments, only one of

manifolds 2 and 3 are used.

As illustrated in FIGS. 17A-17B, for example, the theoretical impact force of fluid streams

per meter of fibrous web material decreases as nozzle orifice spacing S increases. However, the

percent of fiber penetration increases as nozzle orifice spacing S increases. These results were

recorded for a material passed through a single manifold having the listed jet spacing. As shown in

FIG. 17B, for example, for a jet spacing of 1800 microns and above, percent fiber penetration was

approximately 80% and upwards to 100%. Moreover for a more quantitative comparison purpose,

the depth of fiber penetration can be measured by image analysis techniques and used to

characterize the structures impinged with varying water jets.

FIGS. 18A-18E illustrate optical cross-sectional images of webs that are hydroentangled

using nozzle strips with increasing jet spacing. Each nozzle has a diameter d of 130 microns and

the pressure P is 100 bar. FIGS. 19A-19E illustrate optical cross-sectional images of webs that are

hydroentangled using nozzle strips with increasing jet spacing. Each nozzle has a diameter d of

130 microns and the pressure P is 200 bar. The cross-sectional images reveal the surface fiber

transfer into the bulk of the web. FIGS. 18 and 19 illustrate the "depth" bonding achieved when a

water jet drags the fibers peripheral to the jet impact region. The fibers are twisted and grouped

together forming a twisted and consolidated strand of fibers along the thickness direction. These

strands with twisted fibers penetrate into the bulk of the web by accumulating fibers along its path

during the jet impingement. The formation of twisted fiber strands is also accompanied by

interlocking of these fibers in the bulk of the web resulting in entanglement regions as the fibers are

unrestrained.

As illustrated in FIGS. 18 and 19, utilization of a wider orifice spacing gradually decreases

the degree of web compression and compression is only observed at the jet impact region with

wider orifice spacing. As illustrated in FIGS. 19D and 19E, for example, "quilted" structures are

formed where orifice spacing is 2400 microns and 4800 microns, respectively. For orifice spacing

of 2400 and 4800 microns, for example, the energy imparted by the water jets at 200 bar is

sufficient to rebound off of the mesh utilized in forming the web and produces a mirror "quilt". By

contrast, as illustrated in FIG. 19A for example, a "quilt" construction is not formed for the similar

200 bar water jets spaced at 600 microns. Furthermore, as illustrated in FIGS. 18 and 19, when the

amount of jet impact pressure is increased from 100 bar to 200 bar, the impact force transferred by



the water jets onto the web is higher. Therefore, bond depth penetration increases as pressure

increases.

Example 3

Fiber webs were subjected to water jet impingement by using one or more manifolds in an

experimental set-up substantially similar to the system of FIG. 1, containing nozzle strips having

orifices placed at an interval higher than 600 microns and operating at pressures between 100 to

200 bars. When entangled only on one surface, upon impingement, water jets re-register jet marks,

thereby creating and maintaining a quilt like structure.

In one experiment, a web is pre-entangled by using jet strips having a spacing of 4800

microns in four banks followed by using jet strips having a spacing of 600 microns in the final bank

to "finish" the fabric instead of using five banks of 600 microns spacing. This will result in a

similar fabric produced with much lower amounts of energy. Note that when the fabric cross-

section is examined, it can be seen that fibers penetrate deeper at pre-determined spacing

corresponding to the orifice spacing when the wider spaced strips are utilized. FIG. 20 shows water

jet marks in the web following two passes through a jet strip with an orifice spacing of 4800

microns. FIGS. 2 1A and 2IB illustrate the difference in fiber penetration when comparing a single

pass through a 600 micron spaced jet strip (A) and a single pass through a 4800 micron spaced jet

strip followed by a 600 micron spaced jet strip (B).

In a second experiment, nonwoven fibrous webs were subjected to water jet impingement

only on the face-side using a nozzle strip having wider orifice spacing or fewer orifices on the

aforementioned hydroentangling machine. With this action, fibers are well entangled and form

bond points at the jet impact regions. As mentioned earlier, the pre-entangled web is characterized

by fibers forming strands which are twisted and grouped. This can be accomplished by passing the

webs under nozzle strips having orifices spaced at least 1200 microns apart or greater. The pre-

entangled web is further subjected to water jet impingement with manifolds containing nozzle

strips with higher orifice density (reduced spacing) than the former strips.

The webs subjected to hydroentanglement are described as follows: nylon fibers of

approximately 50.8 mm (2-inch) fiber length and 3.3 denier were cross-lapped into a fibrous web

with a basis weight of 40 g/m2. Polyester fibers of 6 denier and approximately 50.8 mm (2-inch)

fiber length were layered to form a cross-lapped nonwoven web of 160 g/m2 basis weight. These

two nonwoven fibrous webs were laid over each other to form a consolidated web with two layers

(a composite layered web). The resultant web is configured with nylon web forming the surface



and polyester web as a bulk with a total basis weight of 200 g/m2. The above-mentioned samples

were prepared in the pilot facility of the Nonwovens Institute at North Carolina State University in

Raleigh, N.C.

The initial manifold for pre-wetting comprised a nozzle strip with orifices of 130 µη

diameter spaced at 600 µιη , and operated at a pressure of 30 bar. The second manifold was used

for entangling at 200 bar using jet strips with varied orifice spacing during subsequent tests. Tests

were run for orifice spacing of 600 microns, 1200 microns, 1800 microns, 2400 microns, and 4800

microns.

Table 1 lists the properties of the hydroentangled fabrics. Absorbency, permeability, and

thickness are improved significantly as orifice spacing increases. Tear seems to be essentially

unaffected. Tensile strength is lowered as spacing increases. Use of the wider-spaced nozzles

results in significant reduction in the specific energy needed to create the hydroentangled web. At

4800 micron spacing, the energy is about 12% of that for 600 micron spacing.

Table 1

Example 4

The data shown in Table 2 below was generated using a system similar to the

hydroentangling system as described with respect to Example 3 above except that two manifolds

were employed for entangling instead of one. These are the second and third manifolds shown in

FIG. 1. The spacing of the respective nozzles was the same for the respective manifolds enabling a

consistent registration of the respective jet streams to be recorded. The pre-wet manifold at 30 bar

was fitted with 600 micron spaced strips while manifolds 2 and 3 were fitted with jet strips

originally spaced at 600 microns for a control sample and then provided with jet strips having wider

spaced nozzles and pressurized at 200 bar. Note that all fabric properties are improved and the tear

increases with increasing orifice spacing. Furthermore, the difference in tensile is smaller when

multiple hydroentangling manifolds are utilized.



Table 2

Example 5

The data shown in Table 3 below is derived from the same hydroentangling system as

utilized with respect to Example 3, except that two manifolds were employed for entangling instead

of one and different fibers were used than the fibers utilized in Example 3. The fibers used in this

example were nylon 6 and pulp. The web was produced by carding and crosslapping and the pulp

was introduced during hydroentangling by feeding a sheet of pulp. Cellulose fibers comprising 50

g/m2 of pulp (jet side) and 50 g/m2 of nylon (PA6) (belt side) are hydroentangled.

The pre-wet manifold at 30 bar was fitted with 600 micron spaced strips while manifolds 2

and 3 were fitted with jet strips having nozzles originally at 600 microns for a control sample and

then with wider spaced nozzles emitting fluid at 200 bar. The spacing of the respective nozzles

was the same for Manifolds 2 and 3 for maintaining consistency of registering the fluid streams.

Note that the absorbency of the standard 600 micron spacing is attained by expending less energy.

Furthermore, a smaller difference in tensile and tear strength is maintained.

Table 3



Example 6

The data shown in Table 4 below is derived from a hydroentangling system as defined for

Example 3, except that two manifolds were employed for entangling instead of one and a

spunbonded web is used. The spunbond web is described in U.S. Patent No. 7,981,336, the entire

disclosure of which is herein incorporated by reference. The web was fed to the hydroentangling

unit together with a sheet of pulp. Cellulose fibers comprising 50 g/m2 of pulp (jet side) and 50

g/m2 of mixed media (belt side) are hydroentangled.

The pre-wet manifold at 30 bar was fitted with 600 microns spaced strips while Manifolds

2 and 3 were fitted with similar jet strips with varying spacing at 200 bar. Note that mechanical

properties have improved and a smaller difference in absorbency is maintained over the standard

600 microns spacing while expending lesser energy.

Table 4

Example 7

This example describes another set of results obtained in order to minimize the required

hydroentangling energy. Webs were hydroentangled using a jet strip with 4800 micron jet spacing

followed by a jet strip having 600 micron spacing (labeled as 4800+600). The fabric is compared

with the results obtained when using only 600 micron spacing for the two jet strips (labeled as

600+600). The series were hydroentangled at 100 bar pressure. The results are summarized in

Table 5 below. The mechanical properties are comparable and this suggests that by altering the

sequence of jet strips and jet spacing, one can attain comparable mechanical properties

accompanied by reduction in the amount of energy required.



Table 5

Example 8

The advantages of utilizing wider spaced jet nozzles were also tested utilizing splittable

bicomponent fibers. The samples used are spunbonded bicomponent nonwoven webs composed of

polymers polyester (PET) and nylon (PA) forming a 16 segmented-pie configuration. The obtained

spunbonded webs comprised PET/PA in the ratio of 80:20 with a basis weight of 100 g/m . These

examples were subjected to water impingement on the face and back by a total of five manifolds as

shown in FIG. 1 with Manifolds 2 and 3 subjecting the web on a first surface and Manifolds 4 and

5 subjecting the web to hydroentangling forces while on a drum on an opposite surface. The jet

spacing for Manifolds 2-5 were varied as indicated in Table 7 below. For example, reference to

" 1800 + 600" means that manifolds 2 and 4 were operated at an orifice spacing of 1800 microns

and manifolds 3 and 5 were operated at an orifice spacing of 600 microns. In the configuration

used, each manifold comprises one jet strip with the indicated orifice spacing.

In these examples, the first or initial manifold for each pass was kept constant for pre-

wetting the sample. It consisted of a jet strip with 600 microns jet spacing and an orifice diameter

of 130 microns. After the web was pre-wetted, the web was subjected to the four manifolds

described above. The pressures used for the manifolds are shown in Table 6 below. For all of these

samples, the webs were subjected to two passes through the hydroentangling machine, such that a

total of 8 manifolds (other than pre-wetting) were used for entangling. Table 7 below compares the

energy consumption and mechanical properties after two passes. Note that at lower energies, the

hydroentangled fabric performance is improved for all initial orifice spacing larger than 600

microns.



Table 6

Table 7

Example 9

The same fabrics used in Example 8 are subjected to three passes through the

hydroentangling unit indicating a total of 12 manifolds (other than pre-wetting) are used for

hydroentangling. 600 + 600 + 600 means the fabric was passed through the hydro unit three times

and uses 600 micron spacing for all 4 manifolds in all three passes. 1800 + 600 + 600 means the

fabric was subjected to 1800 micron spacing for all 4 manifolds on a first pass, followed by two

passes where all 4 manifolds had 600 micron spacing. In all cases, the pre-wet manifold used 600

micron spacing.

Table 8 below compares the energy consumption and mechanical properties after three

passes. Here again, the fabric is superior to those produced with standard 600 micron spacing.

Even increasing the jet spacing from 600 to 4800 microns resulted in a sample with improved

mechanical properties without compromising other fabric properties. Note that the air permeability

is essentially the same in these fabrics, thus indicating the same level of consolidation/splitting of

the fibers. These results demonstrate that one can achieve strong fabrics by reducing the amount of

energy required for hydroentangling when we utilize at least one widely-spaced jet strip.



Table 8

Example 10

In another example, a fabric is constructed of polyester staple fibers and the resulting web

was produced by carding and crosslapping. This fabric was subsequently hydro entangled. The

results are described below.

An advantage of the wider spaced nozzles is evidenced by the increase in bulk exhibited by

nonwovens subjected to the subsequent wider spaced water jets. FIGS. 22, 23 and 24 illustrate the

results that were achieved. As shown in FIG 22, a nonwoven substrate subjected to a single

manifold of water jets spaced apart 4800 microns exhibited a thickness almost twice as great as a

nonwoven substrate subjected to a single manifold of water jets spaced apart the standard 600

microns. This results in a much bulkier substrate.

Additionally, as shown in FIG. 23, the surface area of nonwovens subjected to wider spaced

nozzles have a more uniform consistency due to the removal of the frequency of the water streaks

and subsequent surface bonds. The contrast shown on the Y axis relates to the strength of the

texture clarity and the distance shown on the X axis is the spacing along the width of the fabric.

The period is indicative of the spacing of the texture. Details of the technique used to measure

texture is described in J . Sobus, B. Pourdeyhimi, J . Gerde and Y. Ulcay, Assessing Changes in

Texture Periodicity Due to Appearance Loss in Carpets: Gray Level Co-occurrence Analysis,

Textile Research Journal, 61, (10), 557-567, (1991), and O. Berkap, B. Pourdeyhimi and A. Seyam,

Texture Evolution in Hydroentangled Nonwovens, International Nonwovens Journal , Spring, 1-0,

Spring (2003), the entire disclosures of each are herein incorporated by reference. Furthermore, the

widening of the water nozzles produces wider bands of bonded fibers as shown in FIG. 24. This

produces a more consistent surface area for wipes and the like.

Many modifications and other embodiments of the inventions set forth herein will come to

mind to one skilled in the art to which these inventions pertain having the benefit of the teachings



presented in the foregoing descriptions and the associated drawings. Therefore, it is to be

understood that the inventions are not to be limited to the specific embodiments disclosed and that

modifications and other embodiments are intended to be included within the scope of the appended

claims. Although specific terms are employed herein, they are used in a generic and descriptive

sense only and not for purposes of limitation.



What is claimed is:

1. A method for hydroentangling a fabric material moving in a processing direction to form a

nonwoven fabric, the method comprising:

advancing the fabric material in the processing direction;

subjecting the fabric material to fluid jet streams from one or more hydroentangling jet

strips, each hydroentangling jet strip comprising a plurality of nozzle orifices spaced across a width

of the fabric material substantially perpendicular to the processing direction, wherein the one or

more hydroentangling jet strips comprise one or both of (i) at least one hydroentangling jet strip

having a spacing between nozzle orifices of at least about 1200 microns; and (ii) a series of

hydroentangling jet strips comprising a first hydroentangling jet strip and a second hydroentangling

j et strip spaced apart in the processing direction, wherein the first hydroentangling jet strip is

upstream of the second hydroentangling jet strip in the processing direction and comprises a

plurality of nozzle orifices having a first spacing between nozzle orifices that is greater than a

second spacing between nozzle orifices of the second hydroentangling jet strip, the first spacing

being at least about 1200 microns.

2. The method of claim 1, wherein the one or more hydroentangling jet strips comprise at least

one hydroentangling jet strip having a spacing between nozzle orifices of at least about 1500

microns.

3. The method of claim 1, wherein the one or more hydroentangling jet strips comprise at least

one hydroentangling jet strip having a spacing between nozzle orifices of at least about 1800

microns.

4. The method of claim 1, wherein the one or more hydroentangling jet strips comprise at least

one hydroentangling jet strip having a spacing between nozzle orifices of at least about 2000

microns.

5. The method of claim 1, wherein the one or more hydroentangling jet strips comprise at least

one hydroentangling jet strip having a spacing between nozzle orifices of at least about 3000

microns.

6. The method of claim 1, wherein the first spacing is at least about 1500 microns.



7. The method of claim 1, wherein the first spacing is at least about 1800 microns.

8. The method of claim 1, wherein the first spacing is at least about 2000 microns.

9. The method of claim 1, wherein the first spacing is at least about 3000 microns.

10. The method of claim 1, wherein the first spacing is at least about 4000 microns.

11. The method of claim 1, wherein the first spacing is at least about 1800 microns and the

second spacing is less than about 1500 microns.

12. The method of claim 1, wherein the first spacing is at least about 2000 microns and the

second spacing is less than about 1500 microns.

13. The method of claim 1, wherein the first spacing is at least about 2000 microns and the

second spacing is about 600 microns.

14. The method of claim 1, further comprising a pre-wetting jet strip positioned to wet the

fabric material with a fluid stream and positioned upstream of the one or more hydroentangling jet

strips.

15. The method of claim 14, wherein the pre-wetting jet strip operates at a fluid pressure of less

than about 80 bar.

16. The method of claim 1, wherein the one or more hydroentangling jet strips operate at a fluid

pressure of about 100 bar or greater.

17. The method of claim 1, comprising:

subjecting the fabric material to fluid jet streams at a first fluid pressure from a pre-wetting

jet strip in order to pre-wet the fabric material;

subjecting the fabric material to fluid jet streams from a series of hydroentangling jet strips

spaced apart in the processing direction and downstream from the pre-wetting jet strip, each

hydroentangling jet strip operating at a second fluid pressure greater than the first fluid pressure



and comprising a plurality of nozzle orifices spaced across a width of the fabric material

substantially perpendicular to the processing direction, wherein the series of hydroentangling jet

strips comprises a first hydroentangling jet strip comprising a plurality of nozzle orifices having a

spacing between nozzle orifices greater than about 1200 microns and a second downstream

hydroentangling jet strip having a spacing between nozzle orifices of about 600 microns.

18. The method of claim 17, wherein the pre-wetting j et strip operates at a fluid pressure of less

than about 80 bar.

19. The method of claim 17, wherein the hydroentangling jet strips operate at a fluid pressure of

about 100 bar or greater.

20. The method of claim 17, wherein the first hydroentangling jet strip comprises a plurality of

nozzle orifices having a spacing between nozzle orifices greater than about 2000 microns.

21. A system for hydroentangling a fabric material moving in a processing direction to form a

nonwoven fabric, the system comprising one or more hydroentangling jet strips, each

hydroentangling jet strip comprising a plurality of nozzle orifices spaced across a width of the

fabric material substantially perpendicular to the processing direction, wherein the one or more

hydroentangling jet strips comprise one or both of (i) at least one hydroentangling jet strip having a

spacing between nozzle orifices of at least about 1200 microns; and (ii) a series of hydroentangling

jet strips comprising a first hydroentangling jet strip and a second hydroentangling jet strip spaced

apart in the processing direction, wherein the first hydroentangling jet strip is upstream of the

second hydroentangling jet strip in the processing direction and comprises a plurality of nozzle

orifices having a first spacing between nozzle orifices that is greater than a second spacing between

nozzle orifices of the second hydroentangling jet strip, the first spacing being at least about 1200

microns.

22. The system of claim 21, wherein the one or more hydroentangling jet strips comprise at

least one hydroentangling jet strip having a spacing between nozzle orifices of at least about 1500

microns.



23. The system of claim 21, wherein the one or more hydroentangling jet strips comprise at

least one hydroentangling jet strip having a spacing between nozzle orifices of at least about 1800

microns.

24. The system of claim 21, wherein the one or more hydroentangling jet strips comprise at

least one hydroentangling jet strip having a spacing between nozzle orifices of at least about 2000

microns.

25. The system of claim 21, wherein the one or more hydroentangling jet strips comprise at

least one hydroentangling jet strip having a spacing between nozzle orifices of at least about 3000

microns.

26. The system of claim 21, wherein the first spacing is at least about 1500 microns.

27. The system of claim 21, wherein the first spacing is at least about 1800 microns.

28. The system of claim 21, wherein the first spacing is at least about 2000 microns.

29. The system of claim 21, wherein the first spacing is at least about 3000 microns.

30. The system of claim 21, wherein the first spacing is at least about 4000 microns.

31. The system of claim 21, wherein the first spacing is at least about 1800 microns and the

second spacing is less than about 1500 microns.

32. The system of claim 2 1, wherein the first spacing is at least about 2000 microns and the

second spacing is less than about 1500 microns.

33. The system of claim 21, wherein the first spacing is at least about 2000 microns and the

second spacing is about 600 microns.

34. The system of claim 2 1, further comprising a pre-wetting jet strip positioned to wet the

fabric material with a fluid stream and positioned upstream of the one or more hydroentangling jet

strips.



35. The system of claim 34, wherein the pre-wetting jet strip operates at a fluid pressure of less

than about 80 bar.

36. The system of claim 21, wherein the one or more hydroentangling jet strips operate at a

fluid pressure of about 100 bar or greater.

37. The system of claim 21, comprising:

a pre-wetting jet strip configured to subject the fabric material to fluid jet streams at a first

fluid pressure in order to pre-wet the fabric material;

a series of hydroentangling jet strips spaced apart in the processing direction and

downstream from the pre-wetting jet strip, each hydroentangling jet strip operating at a second fluid

pressure greater than the first fluid pressure and comprising a plurality of nozzle orifices spaced

across a width of the fabric material substantially perpendicular to the processing direction, wherein

the series of hydroentangling jet strips comprises a first hydroentangling jet strip comprising a

plurality of nozzle orifices having a spacing between nozzle orifices greater than about 1500

microns and a second downstream hydroentangling jet strip having a spacing between nozzle

orifices of about 600 microns.

38. The system of claim 37, wherein the pre-wetting jet strip operates at a fluid pressure of less

than about 80 bar.

39. The system of claim 37, wherein the hydroentangling jet strips operate at a fluid pressure of

about 100 bar or greater.

40. The system of claim 37, wherein the first hydroentangling jet strip comprises a plurality of

nozzle orifices having a spacing between nozzle orifices greater than about 2000 microns.
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