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DEPTH FILTER ELEMENT WITH OVERLAPPING FILAMENT ZONES

FIELD
[0001] This specification relates to depth filter cartridges, to melt blown media and to

methods of making them.

BACKGROUND OF THE INVENTION

[0002] A depth filter retains particles throughout the depth of a filtration media.
Various media can be used to construct a depth filter, one of them being a non-woven media
of melt blown or spun bond filaments. A depth filter may have multiple layers (or zones), with
the layer having the largest pore size usually forming an upstream layer and the layer having
the smallest pore size forming a downstream layer. This is in contrast to surface filters,
alternatively called screen filters, which retain particles primarily by size exclusion on or near
an upstream separation layer rather than throughout the depth of the filter. A surface filter
may provide some depth filtration for particles below its rated absolute particle size, but the
amount of depth filtration is limited by the surface filter's lack of thickness and the desire to
make any layers behind the upstream separation layer as permeable as possible. A depth
filter may be distinguished from a surface filter by way of the depth filter's substantial
thickness, which is typically at least 5 mm and more often at least 10 mm. A depth filter is
also typically provided in a configuration that provides a smooth inner and outer peripheral
surface to maximize its volume whereas a surface filter is typically folded or pleated so as to
maximize its surface area.

[0003] A cartridge filter is a removable or replaceable filter element designed to be
placed in a housing. Some cartridge filters may be cleaned, but they are typically discarded
at the end of their useful life. A depth filter cartridge may be rated according to its dirt holding
capacity (DHC), which is measured in grams of solid particles that the filter can hold before
plugging. The useful life of a cartridge is measured as the time the filter element can be
operated under specified conditions before reaching a specified maximum pressure drop
across the depth filter cartridge. The useful life of a cartridge may be limited by its DHC or by
its mechanical ability to withstand the applied pressure as it becomes loaded with particles.
Other rating criteria include the efficiency of the filter in removing particles of a specified size
and the clean water pressure drop of the filter. For example, a removal efficiency rating may
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be specified as 90% removal of particles down to a specified micron size or as “absolute”
(meaning 99%) removal of particles down to a specified micron size.

[0004] US Patent Number 6,986,427, issued on January 17, 2006 to Aune et al.,
describes a melt blown non-woven media useful for a depth filter element. The media is made
by directing a plurality of melt blown filaments at the side of a conical end of a tubular structure.
The tubular structure rotates on a spinning mandrel. The tubular structure grows in length as
material is added to its conical end while the tubular structure is drawn out of the filament
spray area along the length of the mandrel. Different filaments are directed at different
portions of the cone, and the filaments may vary in one or more characteristics along the
length of the cone. This produces concentric annular zones in the tubular element with a
corresponding variation in the one or more characteristics. One or more other melt blown
filaments may be applied across the length of the cone to add filaments that extend through
the depth of the element, crossing multiple zones, to strengthen the media.

[0005] US Patent Number 6,938,781, which shares a common priority application with
US Patent Number 6,986,427, describes a non-woven depth filter cartridge that includes a
cylindrical mass of essentially continuous melt-blown polymer filaments and an essentially
continuous traversing meit blown polymer filament extending through the mass. The
cylindrical mass has a depth dimension, a longitudinal dimension, and a circumferential
dimension. The filaments of the cylindrical mass are generally oriented in the longitudinal and
circumferential dimensions and form a plurality of concentric zones. The traversing filament
extends in the longitudinal dimension through a substantial portion of a length of the cylindrical
mass while extending around the cylindrical mass in the circumferential dimension and
extending radially in the depth dimension through substantially an entire thickness of two or
more zones of the cylindrical mass.

[0006] Polypropylene depth filter cartridges made according to the patents described
above are sold by GE Water and Process Technologies in association with the Z.PLEX trade
mark. These cartridges have inside diameters of about 1 inch and outside diameters of about

2or 2.75 inches. They are used in a number of water filtration applications.

INTRODUCTION TO THE INVENTION
[0007] The following introduction is intended to introduce the reader to the detailed

description to follow and not to limit or define the claimed in invention. A claimed invention
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may be a sub-combination of elements or steps described below, or include an element or
step described in other parts of this specification.

[0008] As indicated above, commercial depth filter cartridges made according to US
Patent Numbers 6,938,781 and 6,986,427 have outside diameters of less than 3 inches.
Large diameter filters, in particular filters with nominal outside diameters of more than 3 inches
(8 cm) and up to 7 inches (18 cm), are typically constructed out of surface filters in a pleated
filter format. A pleated filter cartridge with a nominal 6.5 inch outside diameter and 40 inch
length may have a surface area of about 70-80 square feet. In contrast, a depth filter of the
same size has a surface area of about 5 square feet at its outer surface and about 3 square
feet at its inner surface. Because of this limited surface area, a conventional depth filter would
not be expected to have a low clean water pressure drop, for example less than 0.5 psi at a
flow rate of 40 US gallons per minute (gpm) in a nominal 40 inch long filter with a 90% removal
efficiency for particles under 20 microns. However, depth filters have some advantages,
including for example the ability to resist surface loading with organic or emulsified
contaminants.

[0009] This specification describes a tubular depth filter element having three or more
concentric zones. Each zone is made of an essentially continuous melt blown filament.
Alternatively or additionally, each zone is made of one or more filaments, and the one or more
filaments of an outer zone have a larger diameter than the one or more filaments of the other
zones. An outer zone filament overlaps or intersects or both with the filament of another zone
through at least 50 or 85%, and preferably all, of the depth of the other zone. Optionally, one
or more additional filaments may traverse through all of the zones. An exemplary embodiment
has 5 zones.

[0010] This specification also describes a method of making a depth filter element.
Melt blown filaments are sprayed onto a rotating mandrel to form a filament mass in contact
with a conical press roller. The filaments are sprayed from three or more nozzles which are
spaced apart along the length of the mandrel. One of the filaments is formed in a spray pattern
that overlaps with at least 50 or 85%, and preferably all, of the spray pattern of an adjacent
filament. Preferably, the overlapping spray pattern is produced from a nozzle forming an outer
zone that is angled at least 10 degrees relative to a line normal to the mandrel towards the
next zone

[0011] A depth filter element described herein provides a useful alternative to existing

filter cartridges. The depth filter element may be used, for example, to provide a filter with an
-3-
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outside diameter of at least 4.5 inches, having a significant lifetime and low clean water

pressure drop.

BRIEF DESCRIPTION OF THE DRAWINGS

[0012] Figure 1 is a photograph of a depth filter cartridge taken from its right side.
[0013] Figure 2 is a photograph of the depth filter cartridge of Figure 1 taken from its
left side.

[0014] Figure 3 is a schematic end view of the depth filter cartridge of Figure 1 as it is

being formed.

[0015] Figure 4 is a schematic drawing of a machine for making the depth filter
cartridge of Figure 1.

[0016] Figure 5 is a graph of experimental results showing the dirt holding capacity of
comparative four and five zone depth filter cartridges and a depth filter cartridge of Figure 1.
[0017] Figure 6 is a graph of experimental results showing the lifetime of the depth
filter cartridges tested in Figure 5.

DETAILED DESCRIPTION

[0018] Approximating language, as used herein throughout the specification and
claims, may be applied to modify any quantity that could vary without resulting in a change in
the basic function to which it is related. Accordingly, a value modified by a term or terms such
as "about” is not limited to the precise value specified. In some instances, the approximating
language may correspond to the precision of an instrument for measuring the value. Range
limitations may be combined and/or interchanged, and such ranges, and all sub-ranges, are
included herein unless context or language indicates otherwise. Other than in the operating
examples or where otherwise indicated, all numbers or expressions referring to quantities of
materials, process conditions and the like, used in the specification and the claims, are to be
understood as modified in all instances by the term "about".

[0019] "Optional" or "preferable" and similar terms mean that the subsequently
described event or circumstance may or may not occur, or that the subsequently identified
material may or may not be present, and that the description includes instances where the
event or circumstance occurs or where the material is present, and instances where the event
or circumstance does not occur or the material is not present. The term “may” is used to

indicate conditions that might or might not be present.
-4-
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[0020] As used herein, the terms "comprises,” "comprising," "includes," "including,"
"has," "having" or any other variation thereof, are intended to cover a non-exclusive inclusion.
For example, a process, method, article or apparatus that comprises a list of elements is not
necessarily limited o only those elements, but may include other elements not expressly listed

or inherent to such process, method article or apparatus. The singular forms "a,” "an" and
"the" include plural referents unless the context clearly dictates otherwise.
[0021] Referring to Figures 1 and 2, a depth filter cartridge 10 has a tubular depth filter

element 12, a left side end cap 14 and a right side end cap 16. The words “left side” and “right
side” are arbitrary and will be used in this description merely to provide a means to describe
the cartridge 10 as it is oriented in the figures. The cartridge 10, or a part of it, may also be
described as having length (measured in a longitudinal dimension parallel to a line between
the left and rights sides of the cartridge), circumference (measured in a circumferential
dimension along a circle perpendicular to the longitudinal dimension), or depth (measured in
a radial dimension perpendicular to the circumferential dimension).

[0022] The end caps 14, 16 may be made of a thermoplastic material and are
preferably thermally bonded to each end of the depth filter element 12 to form a seal with the
ends of the depth filter element 12. Alternatively, the end caps 14, 16 may be bonded to the
depth filter element 12 by an adhesive or by other means known in the art. The end caps 14,
16 fluidly separate the outside of the depth filter element 12 from the hollow center of the
depth filter element 12. Preferably, a porous core tube (not visible)} extends through the hollow
center of the depth filter element 12 and is attached and sealed to the end caps 14, 16.
[0023] The depth filter cartridge 10 is typically used after inserting it into a housing or
shell, not shown. The housing may hold one, or more than one, cartridge 10. In an outside-
in filtration mode, feed water to be filtered flows through an inlet into a plenum defined by the
inside of the housing and the outside of the cartridge 10. The feed water then flows through
the depth filter element 12 and filtered water collects in the hollow center of the depth filter
element 12 or the core tube. One or both of the end caps 14, 16 has an opening for the filtered
water connected to an outlet of the housing. In the cartridge 10 shown, the left side end cap
14 includes an adapter 18 and a seal 20, which plug into an outlet of the housing. The seal
20 is an O-ring located in a groove in the adapter 18. Alternatively, a seal 20 may be formed
by potting an elastomeric material in a groove to provide a planar annular gasket around an

adapter 18 that is in the form of a simple hole, or by other means known in the art.
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[0024] Referring to Figure 3, the depth filter element 12 comprises a plurality of media
layers or zones 22 through its depth. Preferably, the zones decrease in retention size (particle
size removed at a given efficiency) from the outside surface 24 to the inside surface 26 of the
depth filter element 12. Thus, large particles will be retained near the outside surface 24 and
progressively smaller particles will be retained as the feed passes inwards through the depth
filter element 12. Although the zones 22 are illustrated with a sharp line between them for
ease of illustration, in practice there may be a more gradual transition, or a transitional area,
between zones 22. Although 5 zones 22 are preferred, as shown, there could be more or less
zones. In the depth filter element 12 of Figures 1 and 2, each of its five zones 22 has a different
filament diameter and retention size with both the filament diameter and retention size
decreasing towards the inside surface 26. Optionally two or more zones 22 may have the
same filament diameter or retention size, but preferably while still providing an overall
decrease in retention size towards the inside surface 26 for the depth filter element 12 as a
whole.

[0025] In the example of Figures 1 and 2, the depth filter element 12 has an outside
diameter of about 6.5 inches and an inside diameter of about 3 inches. The length of the
cartridge 10 is about 38 inches, which corresponds with a nominal length of 40 inches. The
adapter 18 is a standard type 226 fitting, although other suitable fittings may be used. The
dimensions of the cartridge 10 may also be varied. For example, the outside diameter may
be larger or smaller, preferably in the range of 3 inches to 9 inches, or 4.5 inches to 7 inches.
The length may also be larger or smaller, for example a nominal 60-inch cartridge may be
made. Optionally, a surface filter may be provided inside of the depth filter element 12 in the
manner described in International Publication Number WO 2012/034028. In this case, the
surface filter may, for example, rest on a core tube having an outside diameter of between
about 1.1 inches and 3 inches and extend to an outside diameter of the inner surface filter of
between about 2 inches and 4.5 inches.

[0026] The cartridge 10 of Figures 1 and 2 is made with a polypropylene (PP) depth
filter element 12 and ABS end caps 14, 16 attached with an adhesive. The end caps 14, 16
are intended to be replaced in commercial embodiments with PP end caps 14, 16 thermally
welded to the depth filter element 12 to provide a food contact compliant cartridge 10. Other
materials useful for forming the depth filter element 12 include, for example, other polyolefins
such as polyethylene, cellulose, polyamides, polyesters, and mineral fibers such as fiberglass.

Multiple materials may be used in a single cartridge 10.
-6-
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[0027] The depth filter element 12 may be made of melt blown media wherein each
zone 22 is a mass formed of one or more essentially continuous polymer filaments. As will be
described below in relation to Figure 4, each zone 22 is made of polymer supplied from a melt
blown filament delivery system. Subject to the possibility of random breaks, each zone 22 is
made from a single essentially continuous filament. The filaments making up the zones 22
extend primarily in the longitudinal and circumferential directions. Preferably, the depth filter
element 12 also comprises one or more multiple zone filaments 32. The multiple zone
filaments 32 are essentially continuous polymer filaments extending in the depth dimension
between two or more zones 22, preferably between all of the zones 22. In Figure 3 (and in
the cartridge of Figures 1 and 2) the multiple zone filaments 32 include static filaments 28 and
Z-filaments 30 as described in US Patent Numbers 6,938,781 and 6,986,427.

[0028] As will be described further in relation to Figure 4, filaments making up the
zones 22 are built up into a mass layer upon layer by being sprayed from longitudinally spaced
positions against a rotating conical end of the depth filter element 12 being formed. The
multiple zone filaments 32 are similarly sprayed against the rotating conical end of the depth
filter element 12 being formed, but these filaments 32 are sprayed in a pattern that extends
longitudinally across multiple zones 22. A multiple zone filament 32 is not primarily
responsible for forming any particular zone 22. The multiple zone filaments 32 collectively
provide less than 50% of the filament mass in any zone.

[0029] The multiple zone filaments 32, among other things, improve fiber to fiber
bonding and provide an interlocking element to the mechanical structure of the other filaments.
In particular, the mass of the static filament or filaments 28 is highest, at least on a per unit
volume but preferably also on an absolute basis, in the innermost zone or zones 22. The
diameter of the static filament or filaments 28 may be about the same as or larger than the
diameter of the filaments used in the innermost zone 22. A static filament 28 strengthens the
inner zones 22, which would otherwise be weak in compression given the small filament
diameter used in the inner zones 22 to provide retention of small particles.

[0030] The Z-filament or filaments 30 are sprayed in an oscillating pattern (rather than
from a fixed delivery system) across the rotating conical end of the depth filter element 12
being formed. Oscillating the delivery system of a Z-filament 30 provides a filament mass that
is concentrated (i.e. it has areas of higher and lower density) in the circumferential direction
whereas a static filament 28 and the filaments making up the zones 22 have homogenous

density in the circumferential dimension. A Z-filament 30 thereby links multiple zones 22,
-7-
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preferably all of the zones 22, together with compression resistant regions without greatly
increasing the density of the depth filter element 12 as a whole. The mass of the Z-filament
or filaments 30 is preferably between 2 and 20% of the mass of the depth filter element 12.
Optionally, the per unit volume density of Z-filament 30 may be higher in inner zones 22 to
further strength these zones. For example, Z-filament 30 may make up about 25% of the
filament mass in the innermost zone 22 and about 3% of the filament mass in the outermost
zone 22.

[0031] As shown in Figure 3, the depth filter element 12 shown has five zones 22
labeled, from the innermost zone to the outermost zone, as zones 22A to zone 22E. These
zones 22 may also be referred to as the first to fifth zones 22 respectively. The outer or fifth
zone 22E includes a freestanding portion 32 and an overlapping portion 34. The overlapping
portion 34 extends through at least 50 or 85% of, and preferably all, of at least one other zone
22. For example, the overlapping portion 34 in Figure 3 extends across the entire fourth zone
22D and partially into the third zone 22C. Optionally, but not preferably, the freestanding
portion 32 may be omitted. In a depth filter element 12 with more or less than 5 zones 12, the
last zone is made as described for the fifth zone 22 above.

[0032] Preferably, though not shown in Figure 3, a thin layer of bonding fibers is added
over the outermost zone 22 as described in US Patent Numbers 6,938,781 and 6,986,427.
The bonding fibers reduce the appearance of loose filament loops and provide a protective
cage on the outer surface of the depth filter element 12. These bonding fibers may also shrink
as they cool, which provides roughness to increase the effective surface area of the depth
filter element 12.

[0033] While the Figures are directed to cylindrical filters, the same principles may be
applied to a flat sheet or planar product. Such a flat product may be produced along a flat
table with the filament sprayers oscillating across the width of the table or by cutting a depth
filter element made on a large cylindrical mandre! along its length to obtain a sheet of material.
[0034] Figure 4 shows a system 110 for making a tubular depth filter media
continuously to an indefinite length. The media can then be cut into a plurality of individual
depth filter elements 12 of desired length. This system is similar to the system described in
US Patent Numbers 6,938,781 and 6,986,427, for example Figure 5 of US Patent Number
6,938,781, but with the addition of a filament delivery system to provide a fifth zone 22.
[0035] The system 110 includes motor driven screw type extruder 112, which is

supplied with thermoplastic polymeric material from a source (not shown). Polypropylene is
-8-
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preferred but other materials such as polyesters, Nylon™ or polyurethanes may also be used
for some or all of the filaments. Within extruder 112, the polymeric material is heated to a
molten state, at which time it is metered and conveyed into heated delivery lines 114. The
material is conveyed 1o two filament delivery systems 116 and 118.

[0036] Filament delivery system 116 includes, for each of five nozzles 127, 128, 129,
216 and 217, a motor driven gear type positive displacement metering pump 120 which
receives molten polymeric material from heated delivery line 114 and pumps it to heater block
122. The speed of motor 124 which drives metering pump 120, and thus the rate at which the
material is metered through pump 120 is electronically controlled by an appropriate controller
126. Motor 124 and controller 126 are shown for only nozzle 127 to simplify the figure, but
would typically also be provided one for each of nozzles 128, 129, 216 and 217.

[0037] Each heater block 122, which is independently heated via heating means (not
shown), is provided with an internal passage that leads to one of nozzles 127, 128, 129, 216
and 217. The heating means, and thus the temperature of the polymeric material within heater
block 122, is controlled by temperature control 130. Each nozzle 127, 128, 129, 216 and 217
includes an orifice, the size of which may be selected as desired to assist in achieving a
desired filament size or diameter. The molten material fed to each nozzle 127, 128, 129, 216
and 217 exits the respective orifice in a stream. Preferably, the size of the orifices increases
across the nozzles 127, 128, 129, 216 and 217 from the right to the left side of Figure 4 such
that nozzle 127 has the smallest orifice and nozzle 217 has the largest orifice.

[0038] Associated with each nozzle 127, 128, 129, 216 and 217 are attenuating
mechanisms 131, 132, 133, 218 and 219, which comprise a plurality of gas or air jets. Gas
flowing out of the attenuating mechanisms 131, 132, 133, 218 and 219 functions to attenuate
the stream of molten material exiting from nozzles 127, 128, 129, 216 and 217 to form
polymeric filaments in a manner known in the art. Attenuating mechanisms 131, 132, 133, 218
and 219 accordingly may be of any design known in the art including that described in U.S.
Pat. No. 4,173,443 by Lin.

[0039] Attenuating mechanisms 131, 132, 133, 218 and 219 are associated with an
optional gas heater 134 and gas supply source 136. Gas supply source 136 provides gas via
conduit 138 and appropriate valves and regulators to heater 134. The temperature of heater
134 is elevated or lowered to the desired temperature via temperature control 140. The gas
is then fed from heater 134 through conduit 142 to attenuating mechanism 131. Attenuating

mechanisms 131, 132, 133, 218 and 219 may be provided with gas from a common supply
-9-
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source or alternatively separately controlled gas sources may be employed for each
attenuating mechanism 131, 132, 133, 218 and 219. In the case of a common gas supply,
flow control valves (not shown) are typically provided so that each attenuating mechanism
131, 132, 133, 218, 219 may receive air at a different rate.

[0040] Filament delivery system 118 is substantially similar to that of system 116
described above, except that filament delivery system 118 preferably includes a means of
delivering the filaments in such a manner as to actively intermingle with filaments produced
by one or more of the nozzles used in system 116. Filament delivery system 118 may include
one or more polymer extrusion nozzles. One embodiment uses a nozzle 144 and attenuator
154 connected to a sweep mechanism. Specifically, system 118 includes heater block 146,
independently driven positive displacement metering pump 148 and motor 150. Heater block
146 is provided with temperature control 152. System 118 is also provided with attenuating
mechanism 154 associated with nozzle 144. Pressurized gas is passed to attenuating
mechanism 154 from gas supply source 156 via conduit 158. As with delivery system 116,
each of the attenuators in system 118 can be associated with optional gas heaters, not shown.
The provision of separate filament delivery systems 116 and 118 enables separate control
and production of polymeric filaments produced by each part of system 116 and system 118.
[0041] Delivery systems 116 and 118 produce streams of discrete, essentially
continuous polymer filaments which are distributed in flared patterns 166, 168, 170, 220, 221,
172 and 228 directed from nozzles 127, 128, 129, 216, 217, 144, 224 and attenuating
mechanisms 131, 132, 133, 218, 219, 154 and 226 respectively, toward filament collection
device 174. There is preferably some overlap in adjacent filament patterns 166, 168, 170 and
220 so that the filaments of each pattern connect with the filaments of the respective adjacent
patterns, resulting in an integrated tubular filament mass. Further, filament pattern 221
overlaps with at least half of pattern 220, optionally at least 85% of pattern 220, preferably all
of pattern 220, and more preferably also part of pattern 170. Filament collection device 174
includes central, rotatable collection device 176 such as a mandrel or drum, which extends
from drive motor 178. Press roll member 180, which rotates about axle shaft 181, is disposed
adjacent to mandrel 176 and spaced therefrom.

[0042] During operation, the essentially continuous polymer filaments of streams 166,
168, 170, 220 and 221 are directed in a flared pattern toward rotating mandrel 176 and
collected thereon. While mandrel 176 is shown, it is contemplated that other collection devices

may also be used, such as large diameter drums. Simultaneously, reciprocating or oscillating
-10 -

Date Recue/Date Received 2021-03-23



10

15

20

25

30

stream 172 deposits an essentially continuous filament or fiber stream that spans the distance
between a far edge 182 of stream 166 and a far edge 184 of stream 221 and traverses the
layers of filaments laid down by streams 166, 168, 170, 220 and 221. Rotating press roller
180 engages the filaments that have accumulated on rotating mandrel 176. As sufficient
filaments are built up on mandrel 176, press roller 180 forces non-woven filament mass or
fiber structure 186 off the axial end of mandrel 176 in the direction of arrow 188 to produce a
continuous filament mass 186 of indefinite length. Filament mass 186 has a radial dimension,
a longitudinal dimension, and a circumferential dimension. The entire filament collection
device 174 may be similar to that described in U.S. Pat. No. 4,240,864 by Lin.

[0043] Nozzles 127, 128, 129, 216 and 217 are longitudinally aligned along common
axis 190, which is preferably about 0-15 degrees offset from parallel to mandrel 176. Each
nozzle 127, 128, 129, 216 and 217 includes an orifice that defines an axis 192, 194, 196, 193
and 195 respectively. Axes 192, 194, 196 and 193 are preferably perpendicular to axis 190
and about 0-15 degrees offset from perpendicular to mandrel 176. Axes 192, 194, 196, 193
and 195 generally correspond to the flow axis of molten polymer exiting the respective nozzle
orifice. This orientation results in flared filament patterns 166, 168, 170, 220 and 221 being
directed toward mandrel 176. Filament pattern 221 is preferably angled inwards, towards
filament pattern 170, to assist in providing an overlap of filament pattern 221 with filament
pattern 220 and optionally filament pattern 170. Filament pattern 221 is preferably angled by
angling nozzle 217 inwards. Optionally, attenuator 219 can also be angled inwards.

[0044] As a non-limiting example, polymer filaments of filament patterns 166, 168,
170, 220 and 221 may be produced by extruding polypropylene heated to a temperature of
between about 325 degrees C and about 400 degrees C at a rate of about 5 to 20 pounds per
hour per nozzle while passing an ambient gas at a temperature of about 25 degrees C at a
rate of about 10 to 20 standard cubic feet per minute over the molten polymer stream exiting
the nozzle orifice. The mandrel 176 may rotate at between 600 and 1000 rpm.

[0045] Filament pattern 172 comprises pattern 172A, which moves in a reciprocating,
transverse pattern, preferably covering the distance between the primary pattern edges 182
and 184. Alternatively, filament pattern 172 covers less than the distance between edges 182
and 184. Filament pattern 172 preferably originates from one or more nozzles 144 located in
a position above or below press roll 180 so that pattern 172 travels from nozzle 144 to mandrel

176 and lands on the forming filament mass 186 without spraying directly onto press roll 180.
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[0046] Attenuating mechanism 154 preferably includes servo driven sweep
mechanism 198 which allows attenuating mechanism 154 or nozzle 144 to sweep through an
angle so that the filament pattern 172A traverses back and forth among fiber patterns 166,
168, 170, 220 and 221 along a longitudinal dimension of filament mass 186. As pattern 172A
traverses fiber patterns 166, 168, 170, 220 and 221 it deposits essentially continuous polymer
filaments across the overall laydown pattern which extends between the primary pattern
edges 182 and 184.

[0047] In a preferred embodiment, sweep mechanism 198 comprises a servo drive
motor with a cam and follower mechanism. Other suitable devices, such as AC/DC driven
mechanical cranks and push rod mechanisms, for example, are also acceptable. In a
preferred embodiment, sweep mechanism 198 runs at about 800 to 1000 oscillations per
minute. As depicted, attenuating mechanism 154 of nozzle 144 is oriented to produce gas
streams that result in flared filament pattern 172 being directed toward mandrel 176.

[0048] Preferably, the fiber of filament pattern 172 is still relatively liquid when it
contacts the fibers of filament patterns 166, 168, 170, 220 and 221. Because a skin or shell
has not completely formed on the fiber of filament pattern 172, it instantaneously adheres to
the fibers of filament patterns 166, 168, 170, 220 and 221 upon contact. However, some
attenuation or cooling of the fiber of filament pattern 172 is required to avoid melting of the
fibers of filament patterns 166, 168, 170, 220 and 221.

[0049] As a non-limiting example, polymer filaments of filament pattern 172 are
produced in the depth filter of the instant invention by passing polypropylene heated to a
temperature of between about 325 degrees C and about 400 degrees C through a nozzle
having an orifice size of about 0.016 inch at a rate of about 8 pounds per hour and passing at
an ambient gas at a temperature of about 25 degrees C at a rate of about 7 standard cubic
feet per minute over the molten polymer stream exiting the nozzle orifice. Other suitable
parameter combinations may also be used.

[0050] An accumulated mass of filaments 186 is produced on mandrel 176. Filament
pattern 172 comprises reciprocating cone-shaped filament pattern 172A, which sweeps
between pattern edges 182 and 184 to produce an overall wider cone-shaped pattern 172. In
one embodiment, press roller 180 is oriented at an angle relative to mandrel 176 with nip 200
in contact with mandrel 176. As a non-limiting example, outer surface 202 of press roller 180
is angularly displaced by about 1 to 10 degrees relative to mandrel 176. In one embodiment,

nip 200 contacts mandrel 176 close to edge 182 of filament pattern 166. Because of the
-12-

Date Recue/Date Received 2021-03-23



10

15

20

25

30

angular placement of press roller 180, compression of filaments in collective filament mass
186 varies along the length of press roller 180. This results in a filament mass having a varying
density gradient in the radial dimension, with the filament density of filament pattern 166 being
generally greater than that of the filament masses comprised of outer filament patterns.
[0051] Fibers from filament patterns 166, 168, 170, 220 and 221 form a generally two-
dimensional mat or layer of material that is continuously formed on mandrel 176 to build up
filament mass 186 composed of many layers of fibers. These fibers can be described as being
laid down in an X-Y plane, or in the longitudinal and circumferential (or latitudinal) dimensions.
As the fibers are built up, layer upon layer, they produce a radial or depth dimension. The
sweeping motion of filament pattern 172A, combined with the rotation of mandrel 176 causes
the fibers coming from nozzle 144 to integrate into mass 186 as a "z" direction fiber, extending
radially through the zones produced by filament patterns 166, 168, 170, 220 and 221.
Filament patterns 166, 168, 170, 220 and 221 produce the zones 22 shown in Figure 3. Z-
filament 30 of Figure 3 is produced by filament pattern 172. Z-filament 30 is preferably placed
in a continuous manner from the inside to the outside and back to the inside of the zones 22
during approximately 120 degrees or less of rotation of the depth filter element 12.

[0052] System 110 preferably further includes filament delivery system 214 which is
substantially similar to that of system 116 described above, except that filament delivery
system 214 preferably includes a means of delivering the filaments in such a manner that they
intermingle with filaments produced by one or more of the nozzles used in system 116.
Filament delivery system 214 may include one or more polymer extrusion nozzles. One
embodiment uses one nozzle 224 with attenuator 226, positioned at an acute angle relative
to mandrel 176 to deliver a filament pattern or stream 228 which contacts filament mass 186
in an elliptical pattern which intermingles with filament patterns 166, 168, 170, 220 and 221
and those of filament delivery system 118.

[0053] Specifically, system 214 includes heater block 230, independently driven
positive displacement metering pump 232 and motor 234. Heater block 230 is provided with
nozzle 224 and temperature control 236. System 214 is also provided with attenuating
mechanism 226 associated with nozzle 224. Pressurized gas is passed to attenuating
mechanism 226 from gas supply source 238 via conduit 240. As with delivery system 116,
attenuators 226 can be associated with an optional gas heater, not shown. The provision of
separate filament delivery systems 118 and 214 enables separate control and production of

polymeric filaments produced by each system 118 and 214, although each of the filament
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delivery systems 118 and 214 produces filaments which traverse filament mass 186 in a
radial, or z, dimension. In one embodiment, the source of material for filament delivery system
214 is extruder 112 via delivery line 114; in another embodiment, the material source for
system 214 is separate to provide alternate materials to those used in filament delivery
systems 116, 118 and 214.

[0054] Delivery system 214 produces a stream of a discrete, essentially continuous
polymer filament that is distributed in flared pattern 228 and directed from nozzle 224 and
attenuating mechanism 226 toward filament collection device 174. During operation, the
filament pattern 228 is directed in a flared pattern toward rotating mandrel 176. In one
embodiment, filament pattern 228 spans the distance between a far edge 182 of stream 166
and a far edge 184 of stream 221. In an alternative embodiment, filament pattern 228 does
not span the distance between far edges 182 and 184, but does cover a significant portion of
the forming layers of filament mass 186, e.g., the distance covered by filament pattern 228 is
greater than the distance covered by each primary filament stream 166, 168, 170, 220 and
221 individually. Preferably the distance covered by filament pattern 228 is greater than the
distance covered by two or more adjacent primary filament streams 166, 168, 170, 220 and
221. In one embodiment, nozzle 224 is placed at an acute angle of about 10 degrees to about
20 degrees relative to mandrel 176. Static filament 28 in Figure 3 corresponds with the
filament of spray pattern 228.

[0055] Shell-forming filament delivery system 222 is substantially similar to system
116 described above, except that shell-forming filament delivery system 222 is preferably
configured and positioned to produce a relatively smooth outer shell zone on the exterior
cylindrical surface of filament mass 186. Shell-forming filament delivery system 222 preferably
uses a different location, polymer throughput rate, and air attenuation setting relative to
filament delivery system 116. Compared to system 116, nozzle 244 is preferably placed closer
to mandrel 176 and uses a lower polymer throughput rate; additionally, attenuating
mechanism 246 uses less air attenuation. Similar to system 116, shell-forming filament
delivery system 222 includes heater block 248, metering pump 250, motor 252, temperature
control 254, gas supply source 256, and conduit 258. As a non-limiting example, polymer
filaments of filament pattern 262 is produced by extruding polypropylene heated to a
temperature of between about 270.degrees C and about 325 degrees C through nozzle 244

having an orifice size of about 0.016 inch at a rate of about 1 pound per hour and passing an
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ambient gas at a temperature of about 25 degrees C at a rate of about 1.5 standard cubic feet
per minute over the molten polymer stream exiting the nozzle orifice.

[0056] Nozzle 244 is preferably placed so that the filament produced thereby is
deposited on the outer zone 22e formed by filament pattern 221. This configuration produces
a very shallow zone or shell with significant fiber-to-fiber bonding, including some bonding
between the fibers of the shell and the fibers of outer zone 22e. The fiber-to-fiber bonding of
the shell essentially eliminates the presence of loose fibers on the surface of the finished
depth filter element 12 and significantly increases the surface area of the resulting depth filter
element 12.

[0057] Figures 5 and 6 give the results of tests on several depth filter cartridges made
according to three designs. Each of these cartridges had an outside diameter of about 6.5
inches and a nominal length of 40 inches (i.e. about 37 or 38 inches) and about 90% removal
efficiency for 12 micron particles or 99% (absolute) removal of 70 micron particles. Filters A
and B were made according to the method described in US Patent Numbers 6,938,781 and
6,986,427 with four and five minimally overlapping concentric zones respectively and static
and Z form multi-zone filaments. Filters C was made as shown in Figures 1 to 4 with 5 zones,
the fifth zone overlapping with zone 4 and part of zones 3, and similar static and Z form multi-
zone filaments.

[0058] As shown in Figure 5, each of Filters B and Filters C provided significantly more
dirt holding capacity (DHC) than any of Filters A. However, as shown in Figure 6, the lifetime
to a pressure differential of 50 psi at 40 gpm for Filters C was significantly increased relative
to both Filters A and Filters B. Based on these results and visual inspection of the filters, the
inventors believe that Filters C were more resistant to compression than Filters B and that this
property of Filters C was at least partially responsible for their improved lifetime relative to
Filters B. Without intending to be limited by theory, the inventors believe that the overlap of
filaments from the fifth zone into the fourth zone provides an increased density of filament to
filament bonds, as well as allowing adequate filament density per unit volume in these zones
despite the high rotational velocity of a large diameter filter element as it is made. The angled
spray pattern of the fifth zone relative to the fourth zone may also further inhibit compression
of the fourth zone.

[0059] In other tests, the clean water pressure differential (pressure drop) of Filters C

was measured at between 0.2 and 0.4 psi at 40 gpm. Pressure drop remained negligible
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when the filters were operated at 80 gpm. A pressure drop of 1.0 psi was recorded at 100
gpm.

[0060] One or more embodiments of the invention have been described in this detailed
description with reference to the drawings to help disclose the invention and enable the
invention to be practiced. However, the invention is defined by the claims and it is not intended
to limit the claims to these specific examples or embodiments. The claims may include
alternatives, modifications and equivalents.
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CLAIMS:

1. A tubular depth filter element having three or more concentric zones, wherein one or
more melt blown filaments of an outermost zone have a larger diameter than melt blown
filaments of the other zones, and wherein at least one of the one or more melt blown filaments
of the outermost zone overlaps, or intersects, with a melt blown filament of another zone
through at least 50% of the depth of the other zone.

2. The tubular depth filter element of claim 1 wherein each zone is made of an essentially

continuous filament.

3. The tubular depth filter element of claim 1 or 2 wherein a filament of the outermost
zone overlaps, or intersects, with a filament of another zone through all of the depth of the

other zone.

4. The tubular depth filter element of claim 1 or 2 wherein the at least one filament of the
outermost zone overlaps, or intersects, with the filament of the other zone through all of the
depth of the other zone and part of a third zone adjacent to the other zone.

5. The tubular depth filter element of any one of claims 1 to 4 having four or more
concentric zones.

6. The tubular depth filter element of any one of claims 1 to 4 having five or more

concentric zones.

7. The tubular depth filter element of any one of claims 1 to 6 having one or more

additional filaments that traverse through all of the zones.

8. The tubular depth filter element of any one of claims 1 to 7 having an outside diameter

of 11.5 cm or more.

9. The tubular depth filter element of any one of claims 1 to 7 having an outside diameter
of 15 cm or more.
-17 -
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10. A method of making a depth filter element having three or more concentric zones
comprising the steps of spraying melt blown filaments onto a rotating mandrel to form a
filament mass in contact with a conical press roller wherein the filaments are sprayed from
three or more nozzles which are spaced apart along the length of the mandrel, wherein one
or more filaments of an outermost zone have a larger diameter than filaments of the other
zones, and at least one of the one or more filaments produced from a nozzle forming the
outermost zone is formed in a spray pattern that overlaps, or intersects, with at least 50% of

the spray pattern of an adjacent filament zone.

11. The method of claim 10 wherein at least one of the one or more filaments of the
outermost zone is formed in a spray pattern that overlaps with at least 85% of the spray pattern

of the adjacent filament zone.

12. The method of claim 10 wherein at least one of the one or more filaments of the
outermost zone is formed in a spray pattern that overlaps with all of the spray pattern of the
adjacent filament zone.

13. The method of any one of claims 10 to 12 wherein the overlapping spray pattern is
angled at least 10 degrees relative to a line normal to the mandrel towards an overlapped

zone.

14. A machine for making a depth filter element comprising,

a) a rotatable mandrel,
b) a conical press roller; and,
c) three or more nozzles which are spaced apart along the length of the mandrel

and configured to spray melt blown filaments onto the mandrel, wherein a first one of the
nozzles is angled relative to a second one of the nozzles in order to form an outermost zone
ofthe depth filter element having a spray pattern that overlaps, or intersects, with at least 50%
of a spray pattern of an adjacent zone of the depth filter formed by the second one of the
nozzles, wherein the first one of the nozzles is adapted to spray a melt brown filament having
a larger diameter than the other nozzles.

-18 -
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15. The machine of claim 14 wherein the first one of the nozzles is angled relative to the
second one of the nozzles so that the spray pattern of the outermost zone overlaps, or
intersects, with at least 85% of the spray pattern of the adjacent zone formed by the second
one of the nozzles.

16. The machine of claim 14 or 15 wherein the first one of the nozzles is angled relative
to the second one of the nozzles so that the spray pattern of the outermost zone overlaps, or
intersects, with all of the spray pattern of the adjacent zone formed by the second one of the

nozzles.

17. The machine of any one of claims 14 to 16 wherein the first one of the nozzles is
angled at least 10 degrees relative to the second one of the nozzles.
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