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(57) ABSTRACT 

Melt blown or spun bond nonwoven webs are formed by 
flowing fiber-forming material through a die cavity having a 
Substantially uniform residence time and then through a 
plurality of orifices to form filaments, using air or other fluid 
to attenuate the filaments into fibers and collecting the 
attenuated fibers as a nonwoven web. Each die orifice 
receives a fiber-forming material Stream having a similar 
thermal history. The physical or chemical properties of the 
nonwoven web fiberS Such as their average molecular weight 
and polydispersity can be made more uniform. Wide non 
woven WebS can be formed by arranging a plurality of Such 
die cavities in a Side-by-side relationship. Thicker or mul 
tilayered nonwoven webs can be formed by arranging a 
plurality of Such die cavities atop one another. 
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METHOD FOR MAKING ANONWOVEN WEB 

0001) This application is a divisional of U.S. Ser. No. 
10/177,446, filed Jun. 20, 2002, now allowed, the disclosure 
of which is herein incorporated by reference. 
0002 This invention relates to devices and methods for 
preparing nonwoven webs, and to melt blown or spun 
bonded fibrous nonwoven webs. 

BACKGROUND 

0003) Nonwoven webs typically are formed using a melt 
blowing proceSS in which filaments are extruded from a 
Series of Small orifices while being attenuated into fibers 
using hot air or other attenuating fluid. The attenuated fibers 
are formed into a web on a remotely-located collector or 
other Suitable Surface. A spun bond process can also be used 
to form nonwoven webs. Spun bond nonwoven webs typi 
cally are formed by extruding molten filaments from a Series 
of Small orifices, exposing the filaments to a quench air 
treatment that Solidifies at least the Surface of the filaments, 
attenuating the at least partially Solidified filaments into 
fibers using air or other fluid and collecting and optionally 
calendaring the fibers into a web. Spun bond nonwoven 
WebS typically have less loft and greater Stiffness than melt 
blown nonwoven webs, and the filaments for spun bond 
WebS typically are extruded at lower temperatures than for 
melt blown webs. 

0004. There has been an ongoing effort to improve the 
uniformity of nonwoven webs. Web uniformity typically is 
evaluated based on factorS Such as basis weight, average 
fiber diameter, web thickness or porosity. Process variables 
Such as material throughput, air flow rate, die to collector 
distance, and the like can be altered or controlled to improve 
nonwoven web uniformity. In addition, changes can be made 
in the design of the meltblowing or spun bond apparatus. 
References describing such measures include U.S. Pat. Nos. 
4,889,476, 5,236,641, 5,248,247, 5,260,003, 5,582,907, 
5,728,407, 5,891.482 and 5,993,943. 
0005. Despite many years of effort by various research 
ers, fabrication of commercially Suitable nonwoven webs 
Still requires careful adjustment of the process variables and 
apparatus parameters, and frequently requires that trial and 
error runs be performed in order to obtain Satisfactory 
results. Fabrication of uniform wide nonwoven webs and of 
ultrafine fiber webs can be especially difficult. 

BRIEF DESCRIPTION OF THE DRAWING 

0006 FIG. 1 is a schematic top sectional view of a 
conventional tee slot meltblowing die. 
0007 FIG. 2 is a schematic top sectional view of a 
conventional coathanger meltblowing die. 
0008 FIG. 3 is a schematic top sectional view of a 
meltblowing die of the invention. 
0009 FIG. 4 is a sectional view of the die of FIG. 3, 
taken along the line 4-4. 
0.010 FIG. 5 is a schematic perspective sectional view of 
the die of FIG. 3. 

0.011 FIG. 6 is a schematic perspective sectional view of 
an array of die cavities of the invention in a Side-by-side 
relationship. 
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0012 FIG. 7 is a schematic perspective sectional view, 
partially in phantom, of an array of die cavities of the 
invention in a vertically Stacked relationship. 
0013 FIG. 8 is an exploded view of another meltblowing 
die of the invention. 

0014 FIG. 9 is a schematic sectional view of a spun bond 
die of the invention. 

SUMMARY OF THE INVENTION 

0015. Although useful, macroscopic nonwoven web 
properties Such as basis weight, average fiber diameter, web 
thickness or porosity may not always provide a Sufficient 
basis for evaluating nonwoven web quality or uniformity. 
These macroscopic web properties typically are determined 
by cutting Small Swatches from various portions of the web 
or by using Sensors to monitor portions of a moving web. 
These approaches can be Susceptible to Sampling and mea 
Surement errors that may skew the results, especially if used 
to evaluate low basis weight or highly porous webs. In 
addition, although a nonwoven web may exhibit uniform 
measured basis weight, fiber diameter, web thickness or 
porosity, the web may nonetheless exhibit nonuniform per 
formance characteristics due to differences in the intrinsic 
properties of the individual web fibers. Meltblowing and 
Spun bonding processes Subject the fiber-forming material to 
appreciable viscosity reduction (and Sometimes to consid 
erable thermal degradation), especially during passage of the 
fiber-forming material through the die and during the Sub 
Sequent attenuation Step. A more uniform nonwoven web 
could be obtained if each filament had the same or Substan 
tially the same physical or chemical properties as it exited 
the die. Uniformity of Such physical or chemical properties 
can be facilitated by Subjecting the fiber-forming material to 
the same or Substantially the Same residence time throughout 
the die, thereby exposing the fiber-forming material to a 
more uniform thermal history as it passes through the 
various regions of the die. The resulting filaments may have 
more uniform physical or chemical properties from filament 
to filament and after attenuation and collection may form 
higher quality or more uniform nonwoven webs. 
0016. The desired filament physical property uniformity 
preferably is evaluated by determining one or more intrinsic 
physical or chemical properties of the collected fibers, e.g., 
their weight average or number average molecular weight, 
and more preferably their molecular weight distribution. 
Molecular weight distribution can conveniently be charac 
terized in terms of polydispersity. By measuring properties 
of fibers rather than of Web Swatches, Sampling errors are 
reduced and a more accurate measurement of web quality or 
uniformity can be obtained. 
0017. The present invention provides, in one aspect, a 
method for forming a fibrous web comprising flowing 
fiber-forming material through a die cavity having a Sub 
Stantially uniform residence time and then through a plural 
ity of orifices to form filaments, using air or other fluid to 
attenuate the filaments into fibers and collecting the attenu 
ated fibers as a nonwoven web. In a preferred embodiment, 
the method employs a plurality of Such die cavities arranged 
to provide a wider or thicker web than would be obtained 
using only a single Such die cavity. 
0018. In another aspect, the invention provides a non 
woven web-forming apparatus comprising a die cavity hav 
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ing a Substantially uniform residence time for fiber-forming 
material flowing through the die cavity, a plurality of fila 
ment-forming orifices at the exit from the die cavity, a 
conduit that can Supply a stream of air or other fluid to 
attenuate the filaments into fibers, and a collector and 
optional calendaring device on which a layer of the attenu 
ated fibers can form into a nonwoven web. In a preferred 
embodiment, the apparatus comprises a plurality of Such die 
cavities arranged to provide a wider or thicker web than 
would be obtained using only a single Such die cavity. 
0019. In a particularly preferred embodiment of the 
above-described method and apparatus, the die cavities are 
part of a meltblowing die and the attenuating fluid is heated. 

0020. In a further aspect, the invention provides a non 
woven web having a width of at least about 0.5 meters and 
comprising at least one layer of melt blown or spun bond 
fibers having Substantially uniform polydispersity. 

0021. In yet a further aspect, the invention provides a 
nonwoven web comprising at least one layer of melt blown 
ultrafine fiberS having an average fiber diameter less than 
about 5 micrometers and Substantially uniform polydisper 
sity. 

DETAILED DESCRIPTION 

0022. As used in this specification, the phrase “nonwoven 
web' refers to a fibrous web characterized by entanglement 
or point bonding of the fibers, and preferably having suffi 
cient coherency and Strength to be Self-Supporting. 

0023 The term “meltblowing” means a method for form 
ing a nonwoven web by extruding a fiber-forming material 
through a plurality of orifices to form filaments while 
contacting the filaments with air or other attenuating fluid to 
attenuate the filaments into fibers and thereafter collecting a 
layer of the attenuated fibers. 
0024. The phrase “meltblowing temperatures” refers to 
the meltblowing die temperatures at which meltblowing 
typically is performed. Depending on the application, melt 
blowing temperatures can exceed 315 C., 325 C. or even 
335° C. 

0.025 The phrase “spun bond process” means a method 
for forming a nonwoven web by extruding a low Viscosity 
melt through a plurality of orifices to form filaments, 
quenching the filaments with air or other fluid to Solidify at 
least the Surfaces of the filaments, contacting the at least 
partially solidified filaments with air or other fluid to attenu 
ate the filaments into fibers and collecting and optionally 
calendaring a layer of the attenuated fibers. 

0026. The phrase “nonwoven die” refers to a die for use 
in meltblowing or the Spun bond process. 

0027. The phrase “attenuate the filaments into fibers' 
refers to the conversion of a Segment of a filament into a 
Segment of greater length and Smaller diameter. 

0028. The phrase “melt blown fibers” refers to fibers 
made using meltblowing. The aspect ratio (ratio of length to 
diameter) of melt blown fibers is essentially infinite (e.g., 
generally at least about 10,000 or more), though melt blown 
fibers have been reported to be discontinuous. The fibers are 
long and entangled Sufficiently that it is usually impossible 
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to remove one complete melt blown fiber from a mass of 
such fibers or to trace one melt blown fiber from beginning 
to end. 

0029. The phrase “spun bond fibers” refers to fibers made 
using a spun bond proceSS. Such fibers are generally con 
tinuous and are entangled or point bonded Sufficiently that it 
is usually impossible to remove one complete Spun bond 
fiber from a mass of Such fibers. 

0030) The term “polydispersity” refers to the weight 
average molecular weight of a polymer divided by the 
number average molecular weight of the polymer, with both 
weight average and number average molecular weight being 
evaluated using gel permeation chromatography and a poly 
Styrene Standard. 

0031. The phrase “fibers having substantially uniform 
polydispersity” refers to melt blown or spun bond fibers 
whose polydispersity differs from the average fiber polydis 
persity by less than +5%. 

0032. The phrase “shear rate” refers to the rate in change 
of Velocity of a nonturbulent fluid in a direction perpendicu 
lar to the velocity. For nonturbulent fluid flow past a planar 
boundary, the Shear rate is the gradient vector constructed 
perpendicular to the boundary to represent the rate of change 
of velocity with respect to distance from the boundary. 

0033. The phrase “residence time” refers to the flow path 
of a fiber-forming material Stream through a die cavity 
divided by the average Stream Velocity. 

0034. The phrase “substantially uniform residence time” 
refers to a calculated, simulated or experimentally measured 
residence time for any portion of a stream of fiber-forming 
material flowing through a die cavity that is no more than 
twice the average calculated, Simulated or experimentally 
measured residence time for the entire Stream. 

0035) Referring to FIG. 1 and FIG. 2, meltblowing 
typically is carried out using a “tee slot die 10 Such as is 
shown in FIG. 1 or a “coathanger' die 20 such as is shown 
in FIG. 2. Fiber-forming material enters through inlet 11 or 
21 and flows through manifold 12 or 22, slot 13 or 23 and 
die lip area 14 or 24. The fiber-forming material (which 
undergoes considerable heat-induced thinning and Some 
times thermal degradation and a molecular weight change 
due to passage through the die cavity) exits the die 10 or 20 
at die tip 17 or 27 through a row of side-by-side orifices 18 
or 28 drilled or machined in die tip 17 or 27 to produce a 
Series of filaments 40. High velocity attenuating fluid (e.g., 
air) is supplied under pressure to orifices (not visible in FIG. 
1 or FIG. 2) adjacent die tips 17 or 27. The fluid attenuates 
the filaments into fibers by impinging upon, drawing down 
and possibly tearing or Separating the filaments 40 into a 
stream of elongated and reduced diameter fibers 42. The 
fibers 42 are collected at random on a remotely-located 
collector Such as a moving Screen 44 or other Suitable 
surface to form a coherent entangled web 46. Web unifor 
mity typically is controlled by adjusting the relative balance 
of inlet and outlet pressures at the die and by adjusting the 
temperature profile acroSS the die, in order to obtain approxi 
mately uniform fiber diameters. The temperature profile 
adjustment usually is made with the aid of electrical heating 
units embedded at various locations in the die. These 
approaches to web uniformity control have limitations, due 
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in part to the different shear rate history, temperatures and 
residence times experienced by the fiber-forming material in 
different regions of the die. 
0.036 Further details regarding conventional meltblow 
ing can be found, for example, in Wente, Van A., “Superfine 
Thermoplastic Fibers” in Industrial Engineering Chemistry, 
Vol. 48, p. 1342 et seq. (1956), or in Report No. 4364 of the 
Naval Research Laboratories, published May 25, 1954, 
entitled “Manufacture of Superfine Organic Fibers,” by 
Wente, V. A.; Boone, C, D.; and Fluharty, E. L. 
0037. A nonwoven die 48 of the invention for use in 
meltblowing is shown in a Schematic top Sectional view in 
FIG. 3. Fiber-forming material enters die cavity 50 through 
inlet 51 and flows through manifold 52 along manifold arm 
52a or 52b. Manifold arms 52a and 52b preferably have a 
constant width and variable depth. Some of the fiber 
forming material exits die cavity 50 by passing through 
manifold arm 52a or 52b and through orifices such as orifice 
58a or 58b machined or drilled in die tip 57. The remaining 
fiber-forming material exits die cavity 50 by passing from 
manifold arm 52a or 52b into slot 53 and through orifices 
such as orifice 58 in die tip 57. The exiting fiber-forming 
material produces a Series of filaments 40. A plurality of high 
Velocity attenuating fluid Streams Supplied under pressure 
from orifices (not visible in FIG. 3) near die tip 57 attenuate 
the filaments 40 into fibers 42. The fibers 42 are collected at 
random on a remotely-located collector Such as a moving 
Screen 44 or other Suitable Surface to form a coherent 
entangled nonwoven web 46. 

0038 FIG. 4 shows a cross-sectional view of the die 48 
of FIG. 3, taken along the line 4-4. Manifold arm 52a has 
a variable depth H that ranges from a maximum near inlet 51 
to a minimum near the ends of manifold arms 52a and 52b. 
Slot 53 has fixed depth h. Fiber-forming material passes 
from manifold arm 52a into slot 53 and exits die cavity 50 
through orifice 58 in die tip 57 as filament 40. Air knife 54 
overlays die tip 57. Die tip 57 is removable and preferably 
is split into two matching halves 57a and 57b, permitting 
ready alteration in the size, arrangement and Spacing of the 
orifices 58. A preSSurized Stream of attenuating fluid can be 
supplied from plenums 59a and 59b in the exit face of die 
48 through orifices 59c and 59d in air knife 54 to attenuate 
the extruded filaments 40 into fibers. 

0039 FIG. 5 shows a perspective sectional view of 
meltblowing die 48. For clarity, only the lower half 57b of 
die tip 57 is shown, and air knife 54 has been omitted from 
FIG. 5. The remaining elements of FIG. 5 are as in FIG. 3 
and FIG. 4. 

0040 Die cavity 50 can be designed with the aid of 
equations discussed in more detail below. The equations can 
provide an optimized nonwoven die cavity design having a 
uniform residence time for fiber-forming material passing 
through the die cavity. Preferably the design provides a 
uniform or relatively uniform shear rate history for fiber 
forming material Streams passing through the die cavity. The 
filaments exiting the die cavity preferably have uniform 
physical or chemical properties after they have been attenu 
ated, collected and cooled to form a nonwoven web. 

0041. In comparison to the dies illustrated in FIG. 1 and 
FIG. 2, meltblowing die 48 is much deeper from the 
fiber-forming material inlet to the filament outlet for a given 
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die cavity width. Die cavity 50 may be scaled to a variety of 
sizes to form nonwoven webs of various desired web widths. 
However, forming wide webs (e.g., widths of about one-half 
meter or more) from a single Such meltblowing die would 
require a very deep die cavity that could exhibit excessive 
pressure drop. Wide webs of the invention preferably have 
widths of 0.5, 1, 1.5 or even 2 meters or more and preferably 
are formed using a plurality of die cavities arranged to 
provide a wider web than would be obtained using only a 
Single Such die cavity. For example, when using a nonwoven 
die of the invention that is Substantially planar, then a 
plurality of die cavities preferably are arranged in a side 
by-side relationship within the die to form wide webs. 
0042 FIG. 6 illustrates a meltblowing die 60 of the 
invention incorporating a side-by-Side arrangement of con 
tiguous die cavities 61 through 66 like the die cavity shown 
in FIG. 3. Die 60 can form a web whose width is six times 
the width of an individual die cavity. For clarity, only the 
bottom half 67b of the die tip is shown in FIG. 6, and the 
overlying air knife that would direct pressurized attenuating 
fluid from orifices such as orifice 69 has been omitted from 
FIG. 6. Die tip 67b preferably is machined to provide the 
lower half of a plurality of orifices such as orifice 68. A die 
such as that shown in FIG. 6 enables the arrangement of a 
plurality of narrow die cavities (having, for example, widths 
less than 0.5, less than 0.33, less than 0.25 or less than 0.1 
meters) in a side-by-side array that may form uniform or 
substantially uniform nonwoven webs having widths of one 
meter or more. Compared to the use of a single wider and 
deeper die cavity, the use of a plurality of Side-by Side die 
cavities may reduce the overall depth of the die from front 
to back and may reduce the pressure drop from the die inlet 
to the die outlet. 

0043. Die cavities like those shown in FIG. 3 may also 
be arranged to provide a thicker web than would be obtained 
using only a single Such die cavity. For example, when using 
nonwoven dies of the invention that are Substantially planar, 
then a plurality of Such die cavities preferably are arranged 
in a stack to form thick webs. FIG. 7 illustrates a meltblow 
ing die 70 of the invention incorporating a vertical Stack of 
die cavities 71, 72 and 73. For clarity, die tips 74, 75 and 76 
are shown without the overlying air knives that would direct 
attenuating fluid from orifices such as orifice 79 onto the 
filaments exiting orifices such as orifice 78 in die tip 74. Die 
70 may be used to form three contiguous nonwoven web 
layers each containing a layer of entangled, attenuated melt 
blown fibers. 

0044) For nonwoven dies of the invention employing a 
plurality and especially an array of die cavities, it often will 
be preferred to Supply identical Volumes of the same fiber 
forming material to each die cavity. In Such cases, the 
fiber-forming material preferably is Supplied using a plan 
etary gear metering pump as described in copending appli 
cation Ser. No. (Attorney Docket No. 57008US002) entitled 
“MELTBLOWING APPARATUS EMPLOYING PLAN 
ETARY GEAR METERING PUMP, filed even date here 
with, the disclosure of which is incorporated herein by 
reference. For example, a planetary gear metering pump 
could be used to Supply fiber-forming material to each of die 
cavities 61 through 66 of die 60 in FIG. 6, or to two or more 
of die cavities 71, 72 and 73 of die 70 in FIG. 7. 
0045 For meltblowing applications, it may also be pre 
ferred to Supply identical Streams of attenuating fluid to each 
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extruded filament. In Such cases, the attenuating fluid pref 
erably is Supplied using an adjustable attenuating fluid 
manifold as described in copending application Ser. No. 
(Attorney Docket No. 57803US002) entitled “ATTENUAT 
ING FLUID MANIFOLD FOR MELTBLOWING DIE”, 
filed even date herewith, the disclosure of which is incor 
porated herein by reference. 

0046. In a preferred embodiment of the invention, the die 
cavity outlet is angled away from the plane of the die slot. 
FIG. 8 shows an exploded perspective view of one such 
configuration for a meltblowing die 80 of the invention. Die 
80 includes upright base 81 which is fastened to die body 82 
via bolts (not shown in FIG. 8) through bolt holes such as 
hole 84a. Die body 82 and base 81 are fastened to air 
manifold 83 via bolts (also not shown in FIG. 8) through 
bolt holes such as holes 84b and 84c. Die body 82 includes 
a contiguous array of eight die cavities 85a through 85h like 
that shown in FIG. 3, each of which preferably is machined 
to identical dimensions. Die cavities 85a through 85h share 
a common die land 89. Die cavity 85a includes manifold 
86a, slot 87a and inlet port 88a. Similar components are 
found in die cavities 85b thorough 85h. Die tip 90 is held in 
place on air manifold 83 by clamps 91a and 91b. Air knife 
92 is fastened to air manifold 83 via bolts (not shown in 
FIG. 8) through bolt holes such as hole 93a. Air manifold 83 
includes inlet ports 94a and 94b through which air can be 
conducted via internal passages (not shown in FIG. 8) to 
plenums 95a and 95b and thence to air knife 92. Insulation 
pads 96a and 96b help maintain apparatus 80 at a uniform 
temperature. During operation of die 80, two 4-port plan 
etary gear metering pumps 97a and 97b Supply fiber 
forming material through distribution chamber 98. The use 
of two pumps facilitates conversion of apparatus 80 to other 
configurations, e.g., as a die for extrusion of multilayer webs 
or for extrusion of bicomponent fibers. The fiber-forming 
material is conducted via internal passages (not shown in 
FIG. 8) in base 81 through ports such as port 99a and then 
through ports such as port 88a into die cavities 85a through 
85h. After passing through the manifolds such as manifold 
86a and through the die slots such as slot 87a, the fiber 
forming material passes over die land 89 and makes a right 
angle turn into a slit (not shown in FIG. 8) in air manifold 
83. Because of the arrangement of components and parting 
lines in die 80, die cavities 85a through 85h are surrounded 
by machined metal Surfaces of ample width that can be 
firmly clamped to base 81 and air manifold 83. Normally, it 
would be difficult to place heat input devices in Some regions 
of a die design like that shown in FIG. 8. However, for 
reasons explained in more detail below, preferred nonwoven 
dies of the invention can be operated with reduced reliance 
on Such heat input devices. This provides greater flexibility 
in the overall die design and enables the major components, 
machined Surfaces and parting lines in the die to be arranged 
in a configuration that can be repeatedly assembled and 
disassembled for cleaning while reducing the likelihood of 
wear-induced leakage. 

0047. The slit in air manifold 83 conducts the fiber 
forming material to orifices drilled or machined in tip 90 
whereupon the fiber-forming material exits die 80 as a series 
of Small diameter filaments. Meanwhile, air entering air 
manifold 83 through ports 94a and 94b impinges upon the 
filaments, attenuating them into fibers as or shortly after they 
pass through slit 100 in air knife 92. 
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0048. Nonwoven dies of the invention for use in the spun 
bond process also have a Substantially uniform residence 
time for fiber-forming material passing through the die 
cavity. In general, the fabrication of Such spun bond dies will 
be simpler than fabrication of meltblowing dies Such as 
those shown in FIG.3 through FIG. 8, since the pressurized 
attenuating fluid passages in the die body can be omitted. 
FIG. 9 shows a preferred spun bond system 106 of the 
invention. Fiber-forming material enters generally vertical 
die 110 via inlet 111, flows downward through manifold 112 
and die slot 113 of die cavity 114 (all shown in phantom), 
and exits die cavity 114 through orifices such as orifice 118 
in die tip 117 as a series of downwardly-extending filaments 
140. A quenching fluid (typically air) conducted via ducts 
130 and 132 Solidifies at least the Surfaces of the filaments 
140. The at least partially solidified filaments 140 are drawn 
toward collector 142 while being attenuated into fibers by 
generally opposing Streams of attenuating fluid (typically 
air) supplied under pressure viaducts 134 and 136. Collector 
142 is carried on rollers 143 and 144. Calendaring roll 148 
opposite roll 144 compresses and point-bonds the fibers in 
web 146 to produce calendared web 150. Further details 
regarding the manner in which spun bonding would be 
carried out using Such an apparatus will be familiar to those 
skilled in the art. 

0049 Those skilled in the art will appreciate that the 
nonwoven dies of the invention do not need to be planar. A 
die of the invention can be configured using an annular die 
cavity having a central axis of Symmetry, for forming a 
cylindrical array of filaments. A die having a plurality of 
nonplanar (curved) die cavities whose shape if made planar 
would be like that shown in FIG. 3 can also be arranged 
around the circumference of a cylinder to form a larger 
diameter cylindrical array of filaments than would be 
obtained using only a single annular die cavity of Similar die 
depth. A plurality of nested annular nonwoven dies of the 
invention can also be arranged around a central axis of 
Symmetry to form a multilayered cylindrical array of fila 
mentS. 

0050 Preferred embodiments of the nonwoven dies of 
the invention can be designed using fluid flow equations 
based on the behavior of a power law fluid obeying the 
equation: 

m=ny (1) 

0051 where: 
0.052 m=viscosity 
0053 m=the reference viscosity at a reference shear 
rate Y 

0054) n=power law index 
0055) y=shear rate 

0056 Referring again to FIG. 3, an x-y coordinate axis 
has been overlaid upon die cavity 50, with the x-axis 
corresponding generally to the die cavity outlet edge (or in 
other words, the inlet side of die tip 57) and the y-axis 
corresponding generally to the centerline of die cavity 50. 
Die cavity 50 has a half width of dimension band an overall 
width of dimension 2-b. The fluid flow rate Q(x) in the 
manifold at position X can be assumed for mass balance 
reasons to equal the flow rate of material exiting the die 
cavity between positions X and b, and can also be assumed 
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to equal the average Velocity of the fluid in the manifold 
times the cross-sectional area of the manifold arm: 

Q(x)=(b-x)h-WH(x), (2) 
0.058 where: 

0059 Q(x) is the fluid flow rate in the manifold 
arm at position X 

0060 v, is the average fluid velocity in the manifold 

0061 b is the half width of the die cavity 
0062) v. is the average fluid velocity in the slot 
0063 h is the slot depth 

0064 H(X) is the manifold arm depth at position X 
0065 W is the manifold arm width. 

0.066 The manifold arm width is assumed to be some 
appreciable dimension, e.g., a width of 1 cm, 1.5 cm, 2 cm, 
etc. A value for the slot depth h can be chosen based on the 
range of rheologies of the fiber-forming fluids that will flow 
through the die cavity and the targeted pressure drop acroSS 
the die. The fluid flow in the manifold is assumed to be 
nonturbulent and occurring in the direction of the manifold 
arm. The fluid flow in the slot is assumed to be laminar and 
occurring in the -y direction. The dotted lines A and B in 
FIG. 3 represent lines of constant pressure, normal to the 
fluid flow direction. The pressure gradient in the slot is 
related to the preSSure gradient in the manifold arm by the 
equation: 

(E)-(F) () (3) 

0067 where A is the hypotenuse of the triangle formed 
by Ax and Ay, shown in FIG. 3 where dotted lines A and B 
intersect the contour line C between right-hand manifold 
arm 52b and slot 53. The equation: 

A = Ay 1 (E) (4) 

0068 can be found using the Pythagorean rule. The 
derivative dx/dy is the inverse of the slope of the contour 
line C. Combining equations (3) and (4) gives: 

A-(E)/(A) - (5) 

0069. The fluid pressure gradient Ap and shear Y at the 
die cavity wall can be calculated by assuming Steady flow in 
both the slot and manifold, and neglecting the influence of 
any fluid exchange. ASSuming that the fluid obeys the power 
law model of viscosity: 
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2-1 (6) n = n 
yo 

0070 the pressure gradient and shear at the wall can be 
calculated for the Slot as: 

Ap 
(-2ny) -y, yn (7) 

= "(...) 
... = -(+2). (8) 

0071 An additional boundary condition is set by assum 
ing that the shear rate at the wall of the slot will be the same 
as the shear rate at the wall of the manifold: 

Y=Y at the Wall. (9) 

0072 This makes the design independent of melt viscos 
ity and requires that the Viscosity be the same everywhere in 
the die cavity, at least at the wall. Requiring a uniform Shear 
rate at the wall of both the manifold and slot, and requiring 
conservation of mass, gives the equation: 

b - xyl2 (10) H = { 

0073 and an equation for the slope of the manifold arm 
contour C: 

dy b - x 1.2 (11) = -(-1) 

0074 which can be integrated to find: 

0075 Equation (12) can be used to design the contour of 
the manifold arm. 

0076 The manifold arm depth H(X) can be calculated 
using the equation: 

H(x) = (''). (13) 

0077. A die cavity designed using the above equations 
can have a uniform residence time, as can be seen by 
dividing the numerator and denominator of equation (3) by 
At to yield the equation: 
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A. (14) de-de(3') 
dy day At 

0078 Equation (14) can be manipulated to give: 

dip -1 (15) 

0079 which through further manipulation leads to: 

At = (16) ay & 

0080. The residence time in the manifold is accordingly 
the same as the residence time in the slot. Thus along any 
path, the fluid experiences not only the same shear rate but 
also experiences that rate for the same length of time. This 
promotes a relatively uniform thermal and shear history for 
the fiber-forming material stream across the width of the die 
cavity. 

0081. Those skilled in the art will appreciate that the 
above-described equations provide an optimized die cavity 
design. An optimized die cavity design, while desirable, is 
not required to obtain the benefits of the invention. Delib 
erate or accidental variation from the optimized design 
parameters provided by the equations can Still provide a 
useful die cavity design having Substantially uniform resi 
dence time. For example, the value for y(x) provided by 
equation (12) may vary, e.g., by about t50%, more prefer 
ably by about +25%, and yet more preferably by about +10% 
acroSS the die cavity. Expressed Somewhat differently, the 
die cavity manifold arms and die Slot can meet within curves 
defined by the equation: 

0082) 
equation: 

and more preferably within curves defined by the 

b - x Y12 (18) 
y(x) = (1 + 0.252w(' 1) 
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0083) and yet more preferably within curves defined by 
the equation: 

b-x Y12 (19) 
y(x) = (1 +0.12w(' 1) 

0084 where x, y, b and W are as defined above. 
0085 Those skilled in the art will also appreciate that 
residence time does not need to be perfectly uniform acroSS 
the die cavity. For example, as noted above the residence 
time of fiber-forming material streams within the die cavity 
need only be substantially uniform. More preferably, the 
residence time of Such streams is within about +50% of the 
average residence time, more preferably within about +10% 
of the average residence time. A tee slot die or coathanger 
die typically exhibits a much larger variation in residence 
time across the die. For tee slots dies, the residence time may 
vary by as much as 200% or more of the average value, and 
for coathanger dies the residence time may vary by as much 
as 1000% or more of the average value. 
0086 Those skilled in the art will also appreciate that the 
above-described equations were based upon a die cavity 
design having a manifold with a rectangular cross-sectional 
shape, constant width and regularly varying depth. Suitably 
configured manifolds having other cross-sectional shapes, 
varying widths or other depths might be substituted for the 
design shown in FIG. 3 and still provide uniform or Sub 
Stantially uniform residence time throughout the die cavity. 
Similarly, those skilled in the art will appreciate that the 
above-described equations were based upon a die cavity 
design having a slot of constant depth. Suitably configured 
die cavity designs having Slots with varying depths might be 
substituted for the design shown in FIG. 3 and still provide 
uniform or Substantially uniform residence time throughout 
the die cavity. In each case the equations will become more 
complicated but the underlying principles described above 
can Still apply. 
0087. A film extrusion die based on similar equations was 
described by Professor H. Henning Winter of the Depart 
ment of Chemical Engineering of the University of Massa 
chusetts and Professor H. G. Fritz of the Institut fir Kunst 
stoffechnologie of the University of Stuttgart, see Winter, H. 
H. and Fritz, H. G., “Design of Dies for the Extrusion of 
Sheets and Annular Parisons: The Distribution Problem” 
Polym Eng Sci 26:543–553 (1986) and Published German 
Patent Application No. DE 29 33 025 A1 (1981). Owing in 
part to the long front-to-back depth of the Winter film die, 
it has not been widely used for film manufacturing. The dies 
of the present invention have a die cavity with Similar 
rheological characteristics and a plurality of orifices at the 
die cavity outlet. Fiber-forming materials passing through 
Such orifices typically must be heated to much higher 
temperatures and typically must have much lower Viscosities 
that is the case for extrudable materials passing through a 
film die. Compared to conventional film extrusion, melt 
blowing and the Spun bond proceSS Subject the fiber-forming 
material to Substantially greater thinning or even thermal 
degradation and tend to magnify the effects of residence time 
differences upon the extruded filaments. Use of a die cavity 
having Substantially uniform residence time can provide a 
Significant improvement in nonwoven web uniformity. The 
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uniformity improvement can be more Substantial than that 
obtained when a Winter film die is employed to form a film. 
Preferred dies of the invention can form nonwoven webs 
whose characteristics are substantially uniform for all fibers 
collected along the die cavity outlet, because each die orifice 
receives a fiber-forming material Stream having a similar 
thermal history. In addition, because the present invention 
permits a plurality of narrow width die cavities to be 
arranged to form a wide nonwoven web, the die depth 
disadvantage associated with wide Winter film dies is not a 
limiting factor. 

0088 For the dies of the invention, the shear rate at the 
die cavity wall and the shear StreSS experienced by the 
flowing fiber-forming material can be the Same or Substan 
tially the same for any point on the wetted Surface of the die 
cavity wall. This can make the dies of the invention rela 
tively insensitive to alteration in the Viscosity or mass flow 
rate of the fiber-forming material, and can enable Such dies 
to be used with a wide variety of fiber-forming materials and 
under a wide variety of operating conditions. This also can 
enable the dies of the invention to accommodate changes in 
such conditions during operation of the die. Preferred dies of 
the invention can be used with Viscoelastic, shear Sensitive 
and power law fluids. Preferred dies of the invention may 
also be used with reactive fiber-forming materials or with 
fiber-forming materials made from a mixture of monomers, 
and may provide uniform reaction conditions as Such mate 
rials or monomers pass through the die cavity. When cleaned 
using purging compounds, the constant wall shear stress 
provided by the dies of the invention may promote a uniform 
Scouring action throughout the die cavity, thus facilitating 
thorough and even cleaning action. 

0089 Preferred dies of the invention may be operated 
using a flat temperature profile, with reduced reliance on 
adjustable heat input devices (e.g., electrical heaters 
mounted in the die body) or other compensatory measures to 
obtain uniform output. This may reduce thermally generated 
Stresses within the die body and may discourage die cavity 
deflections that could cause localized basis weight nonuni 
formity. Heat input devices may be added to the dies of the 
invention if desired. Insulation may also be added to assist 
in controlling thermal behavior during operation of the die. 

0090 Preferred dies of the invention can produce highly 
uniform webs. If evaluated using a series (e.g., 3 to 10) of 
0.01 m samples cut from the near the ends and middle of a 
web (and Sufficiently far away from the edges to avoid edge 
effects), preferred dies of the invention may provide non 
woven webs having basis weight uniformities of +2% or 
better, or even +1% or better. Using similarly-collected 
Samples, preferred dies of the invention may provide non 
woven WebS comprising at least one layer of melt blown 
fibers whose polydispersity differs from the average fiber 
polydispersity by less than +5%, more preferably by less 
than 3%. 

0.091 A variety of synthetic or natural fiber-forming 
materials may be made into nonwoven webs using the dies 
of the invention. Preferred synthetic materials include poly 
ethylene, polypropylene, polybutylene, polystyrene, poly 
ethylene terephthalate, polybutylene terephthalate, linear 
polyamides Such as nylon 6 or nylon 11, polyurethane, poly 
(4-methyl pentene-1), and mixtures or combinations thereof. 
Preferred natural materials include bitumen or pitch (e.g., for 
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making carbon fibers). The fiber-forming material can be in 
molten form or carried in a Suitable solvent. Reactive 
monomers can also be employed in the invention, and 
reacted with one another as they pass to or through the die. 
The nonwoven webs of the invention may contain a mixture 
of fibers in a single layer (made for example, using two 
closely spaced die cavities sharing a common die tip), a 
plurality of layers (made for example, using a die Such as 
shown in FIG. 7), or one or more layers of multicomponent 
fibers (such as those described in U.S. Pat. No. 6,057,256). 
0092. The fibers in the nonwoven webs of the invention 
may have a variety of diameters. For example, melt blown 
fibers in Such WebS may be ultrafine fibers averaging leSS 
than 5 or even less than 1 micrometer in diameter, microfi 
bers averaging less than about 10 micrometers in diameter; 
or larger fibers averaging 25 micrometers or more in diam 
eter. Spun bond fibers in such webs may have diameters of 
about 10 to 100 micrometers, preferably about 15 to 50 
micrometers. 

0093. The nonwoven webs of the invention may contain 
additional fibrous or particulate materials as described in, 
e.g., U.S. Pat. Nos. 3,016,599, 3,971,373 and 4,111,531. 
Other adjuvants Such as dyes, pigments, fillers, abrasive 
particles, light Stabilizers, fire retardants, absorbents, medi 
caments, etc., may also be added to the nonwoven webs of 
the invention. The addition of Such adjuvants may be carried 
out by introducing them into the fiber-forming material 
Stream, Spraying them on the fibers as they are formed or 
after the nonwoven web has been collected, by padding, and 
using other techniques that will be familiar to those skilled 
in the art. For example, fiber finishes may be sprayed onto 
the nonwoven webs to improve hand and feel properties. 
0094. The completed nonwoven webs of the invention 
may vary widely in thickness. For most uses, WebS having 
a thickness between about 0.05 and 15 centimeters are 
preferred. For Some applications, two or more Separately or 
concurrently formed nonwoven WebS may be assembled as 
one thicker sheet product. For example, a laminate of spun 
bond, melt blown and spun bond fiber layers (such as the 
layers described in U.S. Pat. No. 6,182,732) can be 
assembled in an SMS configuration. Nonwoven webs of the 
invention may also be prepared by depositing the Stream of 
fibers onto another sheet material Such as a porous non 
woven web that will form part of the completed web. Other 
Structures, Such as impermeable films, may be laminated to 
a nonwoven web of the invention through mechanical 
engagement, heat bonding, or adhesives. 

0.095 The nonwoven webs of the invention may be 
further processed after collection, e.g., by compacting 
through heat and pressure to cause point bonding of spun 
bond fibers, to control sheet caliper, to give the web a pattern 
or to increase the retention of particulate materials. Webs of 
the invention may be electrically charged to enhance their 
filtration capabilities as by introducing charges into the 
fibers as they are formed, in the manner described in U.S. 
Pat. No. 4,215,682, or by charging the web after formation 
in the manner described in U.S. Pat. No. 3,571,679. 

0096. The nonwoven webs of the invention may have a 
wide variety of uses, including filtration media and filtration 
devices, medical fabrics, Sanitary products, oil adsorbents, 
apparel fabrics, thermal or acoustical insulation, battery 
Separators and capacitor insulation. 
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0097. Various modifications and alterations of this inven 
tion will be apparent to those skilled in the art without 
departing from the Scope and Spirit of this invention. This 
invention should not be restricted to that which has been set 
forth herein only for illustrative purposes. 

1. A nonwoven web-forming apparatus comprising a die 
cavity having a Substantially uniform residence time for 
fiber-forming material flowing through the die cavity, a 
plurality of filament-forming orifices at the exit from the die 
cavity, a conduit that can Supply a stream of air or other fluid 
to attenuate the filaments into fibers, and a collector and 
optional calendaring device on which a layer of the attenu 
ated fibers can form into a nonwoven web. 

2. An apparatus according to claim 1 wherein the die 
cavity is configured So that the filaments have the Same or 
Substantially the same physical or chemical properties as 
they exit the die cavity. 

3. An apparatus according to claim 1 wherein the die 
cavity is part of a meltblowing die and the attenuating fluid 
is heated. 

4. An apparatus according to claim 1 wherein the calcu 
lated, Simulated or experimentally measured residence time 
for any portion of a stream of the fiber-forming material 
flowing through the die cavity is within about 50% of the 
average calculated, simulated or experimentally measured 
residence time for the entire Stream. 

5. An apparatus according to claim 1 wherein the calcu 
lated, Simulated or experimentally measured residence time 
for any portion of a stream of the fiber-forming material 
flowing through the die cavity is within about +10% of the 
average calculated, simulated or experimentally measured 
residence time for the entire Stream. 

6. An apparatus according to claim 1 wherein the resi 
dence time in the die cavity is Such that the polydispersity of 
fibers formed by the apparatus differs from the average fiber 
polydispersity by less than +5%. 

7. An apparatus according to claim 6 wherein the basis 
weight uniformity of a nonwoven web formed by the 
apparatus is about t2% or better. 

8. An apparatus according to claim 1 wherein a plurality 
of the die cavities are arranged to form a wider or deeper 
nonwoven web than would be obtained using only a single 
Such die cavity. 

9. An apparatus according to claim 1 wherein a plurality 
of the die cavities are arranged in a Side-by-Side array that 
can form a uniform or substantially uniform nonwoven web 
having a width of about one meter or more. 

10. An apparatus according to claim 1 wherein a plurality 
of the die cavities having widths less than about 0.33 meters 
are arranged in a Side-by-Side array that can form a uniform 
or substantially uniform nonwoven web having a width of 
about one meter or more. 

11. An apparatus according to claim 1 wherein a plurality 
of the die cavities having widths less than about 0.25 meters 
are arranged in a Side-by-Side array that can form a uniform 
or substantially uniform nonwoven web having a width of 
about one meter or more. 

12. An apparatus according to claim 1 wherein a plurality 
of Such die cavities are arranged in a Stack. 

13. An apparatus according to claim 1 wherein the die 
cavity is part of an annular die having a central axis of 
Symmetry. 

14. An apparatus according to claim 1 wherein the die 
cavity can be operated using a flat temperature profile. 
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15. An apparatus according to claim 1 wherein the die 
cavity has a generally planar die Slot and an outlet and the 
die cavity outlet is angled away from the plane of the die 
slot. 

16. An apparatus according to claim 15 wherein the die 
cavity outlet is angled away from the plane of the die slot at 
approximately a right angle. 

17. An apparatus according to claim 1 wherein the die 
cavity has a manifold having a wall and a die Slot having a 
wall, and the shear rate at the slot wall is substantially the 
Same as the Shear rate at the manifold wall. 

18. An apparatus according to claim 1 wherein the die 
cavity has an outlet edge and a centerline, and further has 
manifold arms and a die slot that meet within curves defined 
by the equation: 

where X and y are coordinates in an X-y coordinate Space in 
which the X-axis corresponds to the outlet edge and the 
y-axis corresponds to the centerline, b is the die cavity 
half-width and W is the manifold arm width. 

19. An apparatus according to claim 18 wherein the 
manifold arms and die slot meet within curves defined by the 
equation 

b - x 112 

y(x) = (1 + 0.12w(' 1) 

20. A nonwoven web having a width of at least about 0.5 
meters and comprising at least one layer of melt blown or 
Spun bond fibers having Substantially uniform polydisper 
sity. 

21. A web according to claim 20 wherein the polydisper 
sity of the fibers differs from the average fiber polydispersity 
by less than +3%. 

22. A web according to claim 20 wherein the layer of 
fibers has a basis weight uniformity of about +2% or better. 

23. A web according to claim 20 wherein the layer of 
fibers has a basis weight uniformity of about +1% or better. 

24. A web according to claim 20 having a width greater 
than about 1 meter. 

25. A web according to claim 20 wherein the fibers 
comprise melt blown microfibers averaging less than about 
10 micrometers in diameter. 

26. A web according to claim 20 wherein the fibers 
comprise melt blown ultrafine fibers averaging less than 
about 5 micrometers in diameter. 

27. A web according to claim 20 wherein the fibers 
comprise polyethylene, polypropylene, polybutylene, poly 
Styrene, polyethylene terephthalate, polybutylene terephtha 
late, linear polyamides Such as nylon 6 or nylon 11, poly 
urethane, poly (4-methyl pentene-1), or a mixture or 
combination thereof. 

28. A web according to claim 20 wherein the fibers 
comprise polypropylene or at least one layer or blend thereof 

29. A nonwoven web comprising at least one layer of melt 
blown ultrafine fibers having an average fiber diameter leSS 
than about 5 micrometers and Substantially uniform poly 
dispersity. 
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30. A web according to claim 29 wherein the polydisper 
sity of the fibers differs from the average fiber polydispersity 
by less than +3%. 

31. A web according to claim 29 wherein the layer of 
fibers has a basis weight uniformity of about +2% or better. 

32. A web according to claim 29 wherein the layer of 
fibers has a basis weight uniformity of about +1% or better. 

33. A web according to claim 29 having a width greater 
than about 0.5 meter. 

34. A web according to claim 29 having a width greater 
than about 1 meter. 
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35. A web according to claim 29 wherein the fibers 
comprise polyethylene, polypropylene, polybutylene, poly 
Styrene, polyethylene terephthalate, polybutylene terephtha 
late, linear polyamides Such as nylon 6 or nylon 11, poly 
urethane, poly (4-methyl pentene-1), or a mixture or 
combination thereof. 

36. A web according to claim 29 wherein the fibers 
comprise polypropylene or at least one layer or blend 
thereof. 


