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(57) Abstract: Disclosed are coalescing media for coalescing a mixture of two phases, namely a continuous phase and a dispersed
phase. The disclosed coalescing media has multiple layers with distinct porosities, where an interior layer of the coalescing media
o has a higher porosity than the layers immediately adjacent to the interior layer. The disclosed media may be utilized in coalescers,
coalescing systems, or coalescing methods for removing the dispersed phase from the mixture.
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MULTRLAYER COALESCING MEDIA HAVING A HIGH POROSITY INTERIOR
LAYER AND USES THEREOF

BACKGROUND

{0081} The field of the invention relates to coalescing media, coalescing systems, and
methods for coalescing a mixture of two phases, namely a continuous phase and g dispersed
phase. In particular, the field relates to coalescing media, coalescing systems, and methods
for coalescing drops of the dispersed phase in order to collect and remove the dispersed phase

from the muixture.

10002} Coalescers are used widely to remove immiscible droplets from a gaseous or Hquid
continuous phase, such as in crankcase ventilation filtration, tuel water separation, and oil-
water separation. Prior art coalescer designs incorporate the principles of enhanced droplet
capture and coalescence by utilizing graded capture (7.¢., decreasing fiber diameter, pore size
and/or porosity in coalescing media) or by utilizing thick depth coalescers, Often, prior ant
coalescing media may have a more open layer upstrean: of an mterior fayer in order to
increase life of the coalescer or downstream of an interior layer to increase the size of
released drops. Wettability also i3 recognized as affecting coalescer performance. (See, e.g.,
U8, Patent No. 6,767 459 and U S published Patent Application Nos, 2007-0131235 and
2007-0062887). 1S, Patent No. 5,443,724 discloses that the media should have a surface
energy greater than water in order to improve coalescer performance (e, that the media
should be preferentially wetted by botl coalescing droplets and continuous phases), U.S.
Patent No. 4,081,373 discloses that coalescing media should be hvdrophebic in order to
remove water from fuel. U.S. published Patent Apphcation No. 2006-0242933 discloses an
otl-mist coalescer in which the filtration media is oleophobic, thereby enagbling the flad muist
to coalesce mto droplets and drain from the filtration media. This published apphication also

discloses that a second media layer optionally may be hydrophobic.
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{0003} With regard to the removal of water from fuel, there is a need to increase removal
efficiency gnd to remove smaller droplets than in the past, in order to protect high pressure
rail fuel-injection systems. This challenge is further magmtied by the mtroduction of new
fuels, meloding vliva-low sulfur diesel (ULSD) and biodiesels with lower mterfacial tensions
and different additive packages, than fuels in the past. In fuels with lower interfacial tension,
the size of dispersed drops s decreased, making the drops more difficalt to remove.

Enhanced coalescence therefore is needed to meet these challenges. Improved coalescers that
nclude improved coalescing media also are desirable because they peront the use of a smaller
media pack in view of tmproved coalescing efficiency. In fuels with lower interfacial tension,
the size of drops 1s decreased, making the drops more difficult to remove. Enhanced
coalescence therefore is needed to meet these challenges, Improved coglescers that inclade
improved coalescing media also are desirable because they pernut the use of a smaller media

pack i view of unproved coalescing efficiency.
SUMMARY

{0004} Disclosed are coalescing media for coalescing a mixture of two phases, namely a
comtinuous phase and a dispersed phase. The disclosed media may be utilized in coalescers,

systems, and methods in order to collect and remove the dispersed phase from the mixture.

{0005} The disclosed coalescing media is configured for capturing droplets of a dispersed
phase from a mixture of the dispersed phase and a continnous phase. The mixture is passed
from apstream to downstream through the media and captured droplets of the dispersed phase
coalesce and grow in the coalescing media 10 a sufficient size whereby they are released from
the coalescing media. The coalescing media imcludes at least three adjacent lavers that extend
in series from the upstream divection to the downstream direction, namely a first layer, a
second layer, and a third laver. The first laver, the second layer, and the third layer have

porosities gy, &z, and g, respectively, and g3 = ¢ and &7 > &1,

{0006} In some embodiments, a coalescer or coalescer system as contemplated herein may

ot
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inchude the disclosed coalescing media contained in a housing. The housing may include an
upstream infet structured to recetve the mixtore, a frst downstream outlet structared to
discharge the mixture after coalescing, and optionally a second dowustream ontlet structure to

discharge the coalesced dispersed phase.

{0007} The disclosed coalescers, coalescing svstems, and methods may be ntilized to coalesce
any suitable nuxture that includes a continucus phase and a dispersed phase. In some
embodiments, the continuous phase and the dispersed are imnuscible hquids, For example,
the disclosed systems and methods may be configared or utilized for coalescing water
dispersed 1n a hydrocarbon hquid (e.g., hydrocarbon fuel, biodiesel fuel, or lubricating,
hydraulic, or transmission oil). In other embodiments, the continuous phase 1s water and the
dispersed phase is hydrocarbon liguid. In further embodiments, the continuous phase is a gas

and the dispersed phase is a liquid.

{0008} The disclosed coalescing media includes at feast three adjacent lavers that extend in
series from ppstream o downstream, namely a first layer, a second laver, and a third layer.

greater than the porosity of the first fayer (g4} and

bes

The second layer has a porosity {(e;) that 15
that is greater than the porosity of the third laver {e:). For example, in some embodiments, gy
= (). 88 {0 0.92 {or aboat 0.91); ¢o= 0.94 to 0.96 {or about 0.96}; and e: = 0.88 10 0.92 (or about
(.92} In other embodiments, g¢= 0.85 {0 0.88;¢;= 08910 0.92; and gy = 0.80 10 0.84 The
layers may be characterized by their solidities (where solidity 13 defined as | minus g for a
particular laver). In some embodiments, the solidity of the second laver is no more than about
75% as much as the solidity of the first laver {or no more than about 50% as nwch as the
solidity of the first layer); and the solidity of the second laver 1s no more than about 75% as
much as the sohidity of the third layer {or no nwore than about 30% as much as the sohdity of

the third layer).

10009} in the disclosed coalescing media, the first laver, the second laver, and the third layer

have mean flow pore diameters, My, Ma, and M;, respectively. Preferably, Mz = My and M 2
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Mi. In some embodiments, Mz is at least about 1.5 times greater than M; {preferably at least
about 2 times greater than M) and at least about 1.5 times greater than M; {preferably at least
about 2 times greater than Ms). In further erubodiments, My may be about 1-30 g (or about
5-12 um); My may be about 10-100 ym {or about 15-50 pumj; and My mav be about 0.1-10 um

{or about 3-9 pm).

[6016] In the disclosed coalescing media, the first faver, the second laver, and the third layer
have thicknesses Ty, T», and Ty, respectivelv. Thickness refers to the dimension through the

media (or laver) in a direction of flow of the mixture. Preferably T, > Ts and optionslly To =
Ti. In some embodiments, T; may be at least about 30 pm. In further embodiments, T, > T,
and T; » Ts, for example, in order to minimize pressure drops. In even further embodiments,

Ts may be about 0.01 - 0.1 man (Le, 10 - 100 ymy).

{0011} In some embodiments of the coalescing media, the first layer, the second layer, and
the third laver may have distinct porosities. For example, optionally, the second laver may
have a higher porosity than the first laver; the second layer may have a higher porosity than
the third layer; or the second layer may have a higher porosity than both the first layer and the

third layer.

{6012} In the disclosed coalescing media, the first layer, the second laver, and the thud layer
have capillary pressures, Py, Py, and Py, vespectively. Preferably P; > P; and optionally Py >
Pi. Capillary pressure for a laver may be defined ax:
. dycosd,
’ M,
where Pra local capillary pressure for the indicated laver I;
v == interfactal tension;
& = contact angle of a drop on the media in the fluid for the indicated layer

and
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Ay = mean flow pore diameter for the indicated layer L
In the following discussion, when comparing capitlary pressures of adjacent lavers, the
variahle terms v will cancel out, because the two lavers will be contacted with the same flnd
simultaneously. As sach, capillary pressure for a layer relative to an adjacent layer may be
defined by an eguation cos/M i which 8 15 a contact angle for a drop of dispersed phase
the continuous phase on the layer, as deflined herein below, and M 18 mean flow pore diameter
for the laver. In some embodiments, 0y, 8., and 0, for the first, second, and third layer,

In other embodiments, 1307 <8, < 160°% 130° <6, < 160°; and 130° < 8; < 160°.

10013} The disclosed coalescing media has at least three adjacent layers that extend 1 series
from upstream to downstream, namely a first layer, a second layer, and a third layer. In some
embodiments, the three adjacent lavers may extend in series from upstream to downstream in
an axiat divection or a linear direction {e.g., wheve the coalescing media is configwed in a
linear coalescer element), or in other embodiments the three adjacent lavers may extend in
series from upstream to downstream in a radial direction (e.g., where the coalescing media is
configured in a cylindrical coalescer element). The coalescing media also may be configured

in a flat-panel or other arrangement.

{0014} The coalescing media may include additional lavers provided that the media includes
at least one layer having a relatively high porosity m relation to an adjacent upstream layer
and a downstream adjacent layer, as described above. In some embodiments, the coalescing
media may include an additional fourth layver downstream of the third layer that s configured
1o prevent re-emuldsification of the coalesced drops as they exit the third layer, for example,
where re-emudsification may result for low interfacial tension systerns when there is an abropt
change in pore size after the third layver. In order to prevent re-emulsification, the fowrth
taver: (1) may have a pore size and porosity that is greater than those of the third layer; (2}
may have a capitlary pressure that is greater than that of layer 3; and (3) may have a pore size

that is smaller than the average diameter of drops that would form after being released from
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the third laver under quiescent conditions.

16015} In further embodiments, the coalescing media includes at least five adjacent lavers that
extend m series from upstream to dewnstream, namely a pre-layer, a first layer, a second
taver, a third laver, (in which the first laver, the second laver, and the third laver are as
described above), and a post-layer. The pre-laver, the first layer, the second layer, the third
taver, and the post-laver, have porosities epw, €1, &z, €1, and £poy, respectively, and preferably

Epre & 81, 82 2 61, €2 2 83 AN Spoee 2 £,

{0016} Where the coalescing media includes at least five adjacent layers, the pre-layer, the
first layer, the second layer, the third laver, and the post-laver have mean flow pore diamaeters,
Mpre, My, Ma, Mg, and Mpog, respectively. Preferably, Mpe &
Mpga = M.

{0017} Where the coalescing media includes at least five adjacent layers, the pre-layer, the
first layer, the second layer, the third layer, and the post-layer have capillary pressures, Ppe,
Py, Py, Py, and Py, respectively. Preferably P; > P;, and optionally P > Py, Pr > Py, and

o & A | - - “ b 5 - E > Lo s

P = Pr. As discussed herein, capillary pressure for a layer relative to an adjacent laver may
be defined by an equation cos®/M in which 8 15 a contact angle for a drop of dispersed phase
in the continyous phase on the layver as defined herein below (e g., a contact angle for a drop
of water i1 ultralow sulfur diesel fuel on the lavery, and M is mean flow pore diameter for the
taver. In some embodiments, Oy, 8y, 83, 85, and Bp.., for the pre-tayer, the first layer, the
second iaver, the third layer, and the post-layer, respectively, may be defined as follows: Bp
B AS87 45718 1357607 £ 0, S 135% 6, 2907 (g, 0,2 120%); and Bpu 2 907 (e g, Bpog
120%). In farther embodiments, & for all layers may be = 90°. In other embodiments, 130° <
Boee < 1607 130° < 6y < 1607, 1307 <8, <1607, 130° <8 <160 130 <64 < 160%;, and 130°

< Bt < 160°.

{0018} In some embodiments, the disclosed coalescing media may be configored foruse n a

coalescer, a coalescing system, or a coalescing method. The disclosed coalescers, coalescing

e
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svstems, and coalescing methods may include or utilize the disclosed coalescing media for
coalescing a dispersed phase from a muixture of the dispersed phase in a continwous phase.
Optionally, the coalescers, coalescing systems, and coalescing methods may mclude or utilize
additional media. In some embodiments, the disclosed coalescers, coalescing systems, and
coalescing methods further may include or further may utilize a hydrophobic media for
removing water, where the hydrophobic media is positioned downstream of the coalescing

media.

{0019} The disclosed coalescing media may be utitized in coalescers, coalescing systems, and
coalescing methods for removing a dispersed phase from a continuous phase. In some
embodiments, the coalescing media may be uitlized in coalescers, systems, or methods for
removing water dispersed in hydrocarbon fuel, biodiesel fuel, or lubricating, hvdraulic or
transmyission oil. Preferably, the coalescing media may be utilized in coalescers, systems, or
methods for removing at least about 93% of water dispersed in higuid hvdrocarbon fuel (more
preferabdy at least about 95% of water dispersed in higud hvdrocarbon fuel, even more
preferably at least about 97% of water dispersed i hgud hydrocarbon fuel, most preferably
at least about 99% of water dispersed in liguid hvdrocarbon foel). In some embodiments of
the coalescers, coalescing systems, and coalescing methods, the continuoas phase i3 water and
the dispersed phase is hydrocarbon lignid. in other embodunents of the coalescers, coalescing
svstems, and coalescing methods, the continuous phase 18 a gas and the dispersed phase is a
Haguid. In some embodiments, the coalescer is used as a first stage element in a two stage
coalescer system, where the first stage element coalesces droplets into larger droplets as
disclosed herein, and the second stage clement mcludes a non-wetting barrier with respect to

transport of the coslesced larger droplets.
BRIEF DESCRIPTION OF THE DRAWINGS
{0020} FI1G. 1 dlustrates coalescing media of the prior art.

{0021} FIG. 2 graphically ilfustrates coalescing media of the prior art comprising three layvers
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and includmg an mterior layer having a relatively low porosity and in relation to an adjacent

upstream layer and a downstream adjacent layer.

{0022} FiG. 3 graphically describes one embodiment of coalescing media as contemplated
herein having three lavers of distinet porosities i which drops of a coalescing dispersed
= B i‘ b i‘

phase exhibit distinct velocities.

16023} FIG. 4 schematically illustrates one embodiment of coalescing media as contemplated

herein having three layers.

j0024} FIG. 5 schematically illustrates another embodiment of coalescing media as

comemplated herein having five lavers.

{00251 FIG. 6 iHlustrates a method for determining contact angle € for a dispersed drop on a

media phase.

{0026} FIG. 7 provides a unit cube as a model for determining M as a function of d (fiber

diameter) and & as further discussed hereimn.

{0027} F1G. 8 graphically describes one embodiment of coalescing media as contemplated
herein having six lavers of distinet porosities, Z.¢., a Pre-Layer, Laver #1, Laver #2, Laver #3,
Layer #14, and a Post-Layer, w which drops of & coalescing dispersed phase exhubit distinct

velocities.
DETAILED DESCRIPTION

10028} Disclosed are coalescing media and coalescers, systems and methods which ntilize the
disclosed coalescing media for coalescing a muxture of two phases, namely a continuous
phase and a dispersed phase. The disclosed coalescing media may be utilized in coalescers,

svstems, of methods i order to collect and remove the dispersed phase from the mixture.

10029} The coalescing media comprises multiple layers, which include at least three adjacent

..
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tavers that extend in series from the upstream direction to the downstream direction, namely a
first laver, a second layer, and a third laver. As contemplated herein, each layer has a
desirable porosity, sohidity, How pore diameter, and capillary pressure. The terms “porosity,”
“sohidity,” “flow pore diameter,” and “capillary pressure” may refer {0 “average” or “mean”
valaes for these terms (e.g., where a laver 1s graded and “porosity,” “sohdity,” “flow pore
diameter.” and “capillary pressare”™ are reported as average porosity, average solidity, mean

flow pore diameter, and average capillary pressure for the graded layer).

{0030} The coalescing media disclosed herein may be utihzed to coalesce a dispersed phase
from a mixtore of the dispersed phase in a continuous phase. Mixtures contemplated herein
may inclade nixtures of a hyvdropheobic ligud (e.g., a hydrocarbon hguid) and an aqueous
figuid (e.g., water). In some embodiments, the continuons phase may be a hydrocarbon ligoid
and the dispersed phase may be water. In other embodiments, the continuous phase may be
water and the dispersed phase may be a hyvdrocarbon bquid. As contermuplated herein, a
hydrocarbon liquid primarily includes bydrocarbon material but further may include non-

hydrocarbon material {e.g., up o about 1%, 5%, 10%, or 20% non-hydrocarbon material).

{0031] FIG. 1 shows a coalescing media 20 of the prior art for coalescing a mixture 22 having
two immiscible phases, namely a continuous phase 24 and a dispersed phase 26. For
example, the continuous phase 24 may include hydrocarbon bquid, and the dispersed phase
may inclade water, e.g. in the form of a fine mist having droplets 26 of abowt one micron and
smaller in diameter. The continuous phase 24 flows from upstream to downstream, Le. left to
right in FIG. 1. The coalescing media includes fibrous material 28 capturing droplets of the
dispersed phase, coalescingly growing the droplets into larger drops, for example as shown at
30, 32, which further coalesce and grow to form larger drops such as 34 which ave released
from the media as shown at 36, Within the continuous phase 24, droplets 26 can collide and
grow in size by drop-to-drop coalescence. Upon entry into the coalescing media 20, the
droplets ave captured by impaction, interception, diffusion, electrostatic, or other filtration

mechanisms. Droplets grow in size as captured and vncaptured droplets coalesce to form

n
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targer drops 34, The enlarged drops flow through the bed of fibrous media and are released

as shown at 36, The media includes three layers (Laver #1, Laver #2, and Layer #3). The
media includes an interior laver (Layer #2) having relatively low porosity in relation to an
adjacent upstream laver {Layer #1). Optionally, the intertor layer (Laver #2) may have a
refatively low porosity in relation to a downstream adjacent layer (Layer #3). As discussed
herein and understood 1n the art, porosity 1s determined by parameters that include, buot are not

fimited to fiber diameter of the media {(d), and mean flow pore size of the media (M).

{0032} FIG, 2 graphically iHlustrates coalescing media of the prior art having three tavers for
graded capture (Le., Laver #1, Layer #2, and Layer #3). The media includes an interior layer
{Layer #2) having a relatively low porosity in relation to an adjacent upstream layer {(Layer

#1) and a downstream adjacent layer (Layer #3).

{0033} The coalescing media disclosed herein, which for example may be utilized to remeove
water from fuel {e.g., hydrocarbon fuel or biodiesel fuel), include fibrous media or media
tavers that induces a change in fluid velocity and a change in droplet surface area to enhance
coalescence of the dispersed phase. The coalescing media disclosed herein typically has at
teast three layers from upstream to downstream, including a first moderate velocity laver, a
second fower velocity laver, and a third higher velocity laver. Drops of the dispersed phase

are held wp at the juncture between the second and third layer where the drops coalesce.

{0034} The coalescing media disclosed herein typically includes an interior layer {see Layer
#2FIG. 3) in which a coalescing fluid exhibits a low velocity relative to an upstream
adjacent layer {(see Layer #1, FIG. 3) and relative to a downstream adjacent laver {vee Layer
#3 F1G. 3). The interior laver (see Layer #2, FIG. 3) typically has a higher porosity relative
to an upstream adjacent faver {see Laver #1, FIG. 3) and relative to a downstream adjacent
fayer (see Laver #3, FIG. 3). The interior laver may be configared such that flow of the
coaleseing fld through the laver 15 of relatively low veloctty, antform, and calm. Smaller

diameter water droplets that previously have passed throungh the upstream adjacent layer may

-1l
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coalesce as they pass out of the interior laver into the downstream adjacent laver, overcoming
the effect of emulsion stabilization which, for example, may be caused by sorfactants in the
coalescing fluid, This configuration of the coalescing media concentrates droplets and places
them in close proximity to one another in the imterior layer, if not actually touching one
another. Then, the leading droplet in the mtenior laver 1s accelerated through smaller pores in
the downsireanm adjacent layer, causing adjacent droplets to combine nto a single, larger
droplet. In addition, as leading droplets exit the miterior laver and enter the saaller pores of
the downstream adjacent layer, their shape mayv become deformed and their surface area may
mnerease, causing a transient mcrease i interfacial tension that further causes adjacent
droplets to combine into a single, larger droplet. The pore sizes for the low velocity layer and
the adjacent layers may be selected to target g desirable water droplet diameter (e.g., based on
the fluid system in ase and the expected droplet size generated by pumps and other
equipment). The upsiream adjacent layver may be configured to induce larger water dropleis
1o coalesce, and may act as a solid or semi-solid particle separator to prevent the mtertor fayer
and downstream lavers from clogging with debris. Each laver may be configured based on
physical properties to induce these velocities, for example based on porosity {£) for the layer,
mean flow pore diameter {M) for the laver, and capillary pressure (P) for the laver. Each
taver also mayv be configured based on physical properties to target water droplets of selected
droplet sizes. In addition, the drop wetting charactenstics of the media may be selected to

further enhance droplet coalescence,

[0035] FIG. 4 illustrates one embodiment of coalescing media as contemplated herein
including at least three layers. Laver #1 has a relatively moderate porosity &y and a relatively
moderate mean flow pore diameter M. Coalescing droplets passing through Laver #1 exhibit
a relatively moderate velocity, Laver #2 has a relatively high porosity &; and g relatively high
mean flow pore diameter M. Coalescing droplets passing through Layer #2 exinbit a
refatively low velocity. Layer #3 has a relatively low porosity & and a relatively low mean

IE

flow pore diameter My, Coalescing droplets passing through Layer #3 exhubit a relatively

11~
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high velocity.

16036} In FIG. 4, a mixture that inchudes a continuous phase and dispersed phase enters the
media at an upsiream face of Layer #1 58 and droplets in the dispersed phase 52 begin to
coalesce 1 Laver #1. The coalescing droplets pass from the downstream face of Layer #1 54
and enter the upstream face of Laver #2 536, The velocity of the droplets 18 slower m Layer #2
relative to the velocity of the droplets in Laver #1. The droplets further congregate and
coalesce at the juncture of Layer #2 and Layer #3 588, The coalescing droplets further pass
from the downstream face of Laver #2 68 and enter the upstream face of Layer #3 62. The
velocity of the droplets is higher in Laver #3 relative to the velocity of the droplets in Laver
#2. In addition, the surface arca of individual droplets is higher in Layer #3 relative to the
surface area of individual droplets in Laver #2. The droplets further coalesce and are veleased

from the media 64,

[0037} In a preferred embodiment, the coalescing media contemplated herein includes at least
three adjacent fayvers mesting the following oriteria; exSeyand g < e Ma<Myand My <

My Pa= Prand Py > Py; and 85, 0y, and 8; > 90° {and ideally 85, 8,1, and 8; » 135°). A

coalescing media meeting these criteria may be utilized, for example, i a fuel-water

separation system for fuels having v < 20 dynefcm or ideally v < 135 dyne/om.

& d

{0038} As contemplated herein, the coalescing media may inchnde an addivional fourth layer
{Laver #4) downstream of the third layer that 1s configured to prevent re-emudsification of the
coalesced drops as they exit the third laver {see FIG. 8), for example. where re~emulsification
may result for low interfacial tension systems when there is an abrupt change in pore size
after the third layer. In order to prevent re-emulsification, the fourth layer: (1) may have a
pore size and porosity that is greater than those of the thard laver; (2) may have a capillary
pressure that is greater than that of layer 3; and (3) may have a pore size that 1s smaller than
the average diameter of drops that woald form after being released from the third layer under

quiescent conditions. The approximate size of such released drops (D) may be calculated

RS
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utilizing the drop-weight method for determining surface tension, whereby the size of the

released drops is given by:

o Nicd
{64 v
P T B ;
y §
X ga

where g = acceleration due to gravity;
p = density difference between the continnous and dispersed phases; and M

and v are ag defined herem.

The relationship between the third and fourth layver is given by the equation:

Ideally, the porosities, mean flow pore diameters, and capillary pressures for the third layer

and fourth layver meet the following conditions: &: Sag, Ma S My and P2 Py,

j0039]  For the coalescing media contemplated herein, typically the following criteria are
met: P = Py and P = Py and ideally, 8: £68: and 8: £ 8,. However, in some embodiments,
for example, where the coalescing media is utiized to coalesce water in fuel comprising
additives and haviug a low interfacial tension, 8 may be greater than ~130° In these
embodiments, mean pore size for the adjacent fayers must be judiciously selected in order to

achieve the same critenia {including the criteria for the optional fourth layer ).

{00406} FIG. 5 illustrates another embodiment of coalescing media that includes five layers,
i.e., a laver with relatively small pore size upstream {labeled as Layer #1), followed by a
nuddie fayer with a larger pore size than Layer #1 (labeled as Layer #2), followed by another
layer with a smaller pore size than Layer #2 (Iabeled as Layver #3). The layvers labeled as
“Pre~layer” and “Post-tayer™ m FIG. § are optional. Laver #1 13 configured to coalesce drops
that can be removed and coalesced in the traditional manper. Layer #2 15 configured o
decrease fluid velocity, concentrate drops and droplets, and to decrease the surface area of

drops by enabling them to achieve near spherical shape. In Laver #2, 1t is desirable that

~13
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droplets move closer o each other. Laver #2 may be thicker than Laver #1 and Layer #3, in
order to facilitate drop accumulation and to achieve near spherical shape for the drops. Laver
#3 is configared to function as a barrier {causing drops to concentrate in the preceding layers),
to erease fluid velocity, and to increase the surface avea of drops as they enter the smaller
pores, all of which may facilitate coalescence. The porosity of Laver #3 i3 less than that of
Laver #2 1n order to achieve the desired increase in fluid velocity. As for the other layers,
Laver #3 may have pore size, porosity. and fiber diameter characteristics selected to remove

the targeted water droplet sizes and yield the desired removal efficiency.

{0041} The coalescing media described herein include multiple layers that differ in mean flow
pore size, porosity, fiber diameter, and drop contact angle in order to achieve the desired
changes m velocity and drop surface area. The multiple layers may be defined in a composite
media that functions as a coalescing media as contemplated herein. Alternatively, the
multiple lavers may be sheets of separate, individual, or discrete media that are combined to
form the coalescing media as contemplated herein. The coalescing media, as described
heremn, may comprise lavers of fibrous material {e.g., polymer, glass, ceramic, or metal fibers)
in a composite filter media, or may comprise mdividual layers of different filter media with
approprigie characteristics overlaid on one another and physically or chemmcally held
together. Typically, in hquid-liquid coalescence applications, a separate separator or
stripping stage 18 placed downstrears and separated from the coalescing media described In
this invention {e.g., hydrophobic material for removing water). Each layer of the multiple
tavers (ie., the optional pre-laver, Laver #1, Laver #2, Layer #3, and the optional post-layer)
may be homogenous or heterogenous. The terms “porosity,” “fiber diameter,” and “drop

Pt

contact angle™ for a laver may refer 1o “average porosity,” “average fiber diameter,” and

“average drop contact angle™ for that layer.

[0042} The coalescing media described heremn inclades lavers that may comprise material
having distinct hydrophilicity or hydrophobicity. For water coalescing media, the fayers of

media may comprise hydrophilic material. Alternatively, the coalescing media may include

~i4e
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one laver comprising relatively hydrophilic material and another layer comprising relatively
hvdrophobic material. For example, in FIG. 4, Laver #1 may comprise material that is neither
strongly hvdrophobic nor strongly hydrophilic (but preferably material that is hyvdrophilic);
Layer #2 may comprise material that 1s relatively hydrophilic in comparison 1o the material of
Layer #3; and Laver #3 may comprise material that 1s relatively hydrophobic (e.g., where 0 2
90%). In FIG. 5, the Pre-laver and Layer #1 may coraprise matenial that is netther strongly

hydrophobic nor strongly hydrophilic (but preferably material that is hydrophilic); Laver #2
may comprise material that 1s relatively hydrophilic in comparison to the material of Layer

£

#3; Layer #3 may comprise material that 1s relatively hydrophobic; and optionally the Post-

e

layver may comprise material that is relatively hydrophobic,

{0043} The coalescing media disclosed herein may be utithzed in coalescers, coalescing
elements, coalescing filters, coalescing apparatuses, coalescing assemblies, coalescing
systems, and coalescing methods disclosed inthe art. (See, ez, U.S. Patent Nos. 7.416,657;
7326266, 7,297 279, 7T235,177, 7.198,718, 6,907 997, 6,81 1,693; 6,740,358, 6,730 ,236;
6.605224: 6,517,615, 6,422,396, 6,419,721, 6,332.987. 6,302,932; 6,149,408 6,083 38¢;
6,056 128; 5 874.008: 5,861 087; 5.800,597: 5.762.810: 5,750,024 5,656,173, 5.643 431;
5,616,244, 5575896, 5,565,078; 5.500,132; 5,480,547, 5,480,547, 5,468,385, 545
5,454 937 5439 588, 5 417 848; 5,401 404; 5242 604; 5,174,907, 5,156,745; 5,112,498,
5.080.802; 5,068,035, 5,037 454; 5.0006,260; 4 88& 117 4,790,947, 4,759, 782; 4.643,
4,640,781, 4 304,671, 4 251 369; 4,213,863, 4,199,447, 4 083,778 4,078,965, 4,052.31¢6;
4,039,441; 3.960,719, 3,951 814; and ULS. published Application Nos. 2007-0289915; 2007-
0107399, 2007-0062887; 2007-0062886; and 2007-0039863; the contents of which are
incorporated herein by reference in their entiveties.) The coalescing media disclosed hergin
may be manafactured ntilizing methods known in the art and may include additional features
disclosed in the art. (See, e.g., U8, Patent Nos, 6,767 439, 5, 443,724; and 4,081,373; and
L8 published Patent Application Nos. 2007-0131235; 2007-0062887; and 2006-0242933; the

contents of which are incorporated herein by reference in their entireties ). For example, the
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coalescing media disclosed herein may be manufactured by combining nultiple lavers of
media having distinct porosities (85 or mean tlow pore diameters (M) by utilizing a mel-
blown process or other processes. For example, the coalescing media may comprise a
thermoplastic polymer, including but not linuted to nylon {e.g., nylon 6 or nylon 6,6),
polvester, polypropylene, polyetherester, polvamide, polyurethane, polyphenyiene sutfide,
ethylene acrylic copolymer, polystyrene, polymethvimethacrelate, polyvearbonate,
fluorocarbons, silicones, polvethylenether-phthalate, or blends or mixfures of these. The
coalescing media may be manufactured as a composite media comprising at least three layers
as contemplated herein. Alternatively, the coalescing media may be manofactured by laying
at least three discrete layers on top of each other and physically coupling the layers together
using one or more methods such as pressure coupling, clamping, pleating, needle punching,

thermal bonding, ultrasonic bonding, chemical adhesion, and the like.

10044} {n some embodiments of the disclosed coalescing media, by way of example only, a
first laver {15 pm mean flow pore diameter), a second laver (50 wum mean flow pore
diameter), and a third layer (5 um mean flow pore diameter) may be combined. In another
embodiment, optionally a pre-layer {123 pun mecan flow pore diameter), a first layer (10 yum
mean flow pore diameter), a second laver (100 wm mean fow pore diameter), a third layer (5
wim mean flow pore diameter), and optionally a post-laver (50 um mean flow pore diameter)
may be combined. In a further embodiment, optionally a pre-layer {100 m mean flow pore
diarneter}, a fivst layver (10 pam mean How pore diameter}, a second laver (50 ywm mean fow
pore diameter), a third layer (§ ym mean tlow pore diameter), and optionally a post-layer (50
sun mean flow pore diameter) may be combined. In the manufacturing process, the post-layer
or the “effluent layer” {i.e., the most distal downstream layer) may be bonded to the upstream
adjacent laver in order to prevent the effluent layer from being pulled downstream {e.g.. by
piilizing ultrasonic welding or other means). Alternatively, a conrse “binder” layer may be
applied at the downstream face of the fibrous media in order to prevent media mugration.

Coarse binder material may include relatively rigid mesh material. In some enbodiments, the

{6~
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second laver or the post-layer comprise rigid material to facilitate forming the coalescing

media inio a pleated structure,

{0045} The coalescence process as disclosed heremn may be understood to comprise a series of
steps including: (1) capture of droplets by the coalescer media; (2) coalescence and drop
growth m the media; (3) drainage of coalesced drops through the media; and (4) release of
coalesced drops from the media. Coalescers typically utilize coalescing media with
decreasing pore size, fiber diameter, and/or porosity to capture increasingly smaller droplets
and concentrate them to facilitate coalescence. {See FIG. 2.) This aspect is referred to as
graded capture. When the coalesced drops become large enough, drag induces them to flow
through the media until they are released, typically on the downstream side of the coalescer.
{See FIG. 1) In some apphications, notably crankcase venttation, coalesced drops may drain
down due to gravity and be released at the bottom of the coalescer. A final coarser, release
fayer of media with larger pore size, fiber diameter and/or porosity may be located at the
downstream face of the coslescer to ensure the release of enlarged drops and to reduce the

break-up of coalesced drops. {See, e.g., Post-layer, FIG. 5))

{0046} Further referring to the coalescing media tHustrated in FIG. 5, the media comprises

five lavers:

{0047} Pre-layer, Solids and semi-solids removal layer, The Pre-layer is configured for

removal and retention of solid particles to increase coalescer life, and to capture droplets 66,

initiate growth and coalescence of droplets.

[0048] Laver#1. Laver #1 is configured for capture of finer droplets and droplet growth due

to coalescence 68,

10049} Layer #2. Quiescent laver. Coalesced drops from Laver #1 are released into Layer #2

as enlarged drops 78 and further capture of solids or semi-solids may occor in Laver #2. In

Laver #2_ the velociy of the fhad and drops decreases and drops assume a more spherical
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shape with reduced surface area 72 relative to drops of Layer #1. Drops are held up and
concentrated at the interface 74 of Layer #2 and Laver #3, This mner laver with larger pore
size and higher porosity than adjacent layers provides a low velocity zone immediately prior
to a smaller pore, fower porositv, tortuous layer. As drop enter Layer #3, their velocity
accelerates relative to their velocity in Layer #2, causing them to clongate in shape. The
drops also may elongate because Layer #3 has a stoaller pore size. Adjacent droplets may
form two facing wipples in the contact area between them. Coalescence of the droplets is
hastened in Layer #2 and cascading coalescence to other adjacent water droplets that bad been
concentrated at the downstream face of this layer occurs. Due o a smaller pore size for Layer
#3 relative to the pore size for Layer #2, a lower porosity for Laver #3 relative to the porosity
for Laver #2, and a higher tortuosity for Layer #3 relative to the tortuosity for Layer #2, drops
entering Layer #3 deform and increase in surface area. For these same reasons, drops
entering Laver #3 experience g temporary increase in mterfacial tension that may be sufficient
1o overcome the mterfacial tension lowering effects of some surfactants present in water-

hydrocarbon Bquid mixiures.

0050} Layer #3. Cascade coalescence layer, Due to its smaller pores, more tortucus flow

path, lower porosity, and reduced wettability for coalescing drops relative to Layer #2, drops
are held up and concentrated at the mterface 74 of Laver #2 and Layer #3 until the local
pressure drop across the drops exceeds capillary pressure in Layer #3. At this point, drops
enter Layer #3 76 where the fluid velocity increases, their surface area and corresponding
interfacial tension mereases and coalescence among neighboring drops 15 triggered.  In order
to minimize break-up of drops in this tighter layer, the thickness of Layer #3 is preferably

smaller than the thickness of Layer #2.

{0031} Post-laver. Drop release laver. Coalesced drops from Layer #3 are expelled into Post-

layer 78, The velocity of the drops n the Post-layer is reduced relative to Layer #3, In
addition, the pore size, fiber diameter and/or porosity are larger for the Post-layer {relative to

Laver #3}, i order to further mumimize the breakap of coalesced drops into smaller drops and

18-
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maxinize the size of release drops 80.

10052} This mnvention can be applied to any set of immisecible fluids, such as water 1 diesel
fuel, water in biodiesel fuel, od m water, and crankcase otl from engine blow-by gases.
Depending on the application, there may be a separate stripping or separator stage, positioned
downstream of the coalescing media (or downstream of a coalescing element comprising the
coalescing media), further to remove coalesced drops from the mixture. The separate
stripping or separator stage may be positioned such that there 1s a gap between the coalescing
media {or element) and the separate siripping or separator stage where the coalescing media
or element (first stage) is not in direct contact with the separate stripping or separator stage
{second stage). In further embodiments, the coalescing media s present in a coalescing
system that hurther includes a device for removing drops that are coalesced by the coalescing
media. For example, a coalescent system further may include one or more of a gravity
separator, centrifuge, 1mpactor, lamelia separator, inclined stacked plate, screen, quiescent

chamber, and the like.

{0053} In this mwvention, the properties and characteristics of the various lavers may be
defined, w part, i terms of changes in the local fluid velocity and capillary pressure in layers
refative to one another and, potentially relative to the condinons of the application. Local

fluid velocity may be defined as:

where {7= local fluid velocity;
g+ porosity of the media; and
| == subscript indicating the ayer; and

0 refers to the upstream face velocity (ie., of the coalescer as a whole).

j0054} In this invention, the capillary pressure of a laver may be defined as:

10
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_drcosé,

b
T M,

where P = local capillary pressure for the indicated {aver;
¥ = interfacial tension;
& = contact angle of a drop on the media o the tluid for the indicated layer;
and
M = mean tlow pore diameter for the indicated laver.
In the following discossion, when comparing capillary pressures of adjacent layers, the
variable terms v will cancel out, because the two layers will be contacted with the same fluid

simultaneously.

{0035} The contact angle § may be defined as in FIG. 6. The comtact angle 8 may be defined
as an angle baving its vertex 90 at the intersection of the continvous phase, dispersed phase,
and media phase with one ray 92 extending parallel to the media surface from the vertex and
the other ray 94 extending tangentially to the surface of the dispersed phase at the vertex.
Typically, the angle 8 15 reported as being measured through the dispersed phase. In some
embodiments, the contact angle may be measured for a droplet on an individual fiber. In
other embodiments, the contact angle may be measured for a droplet on a patch of filter

madia.

{0056} To take advantage of the traditional and newly described coalescence mechanisis
{e.g., the traditional graded capture mechanism, velocity-enhanced coalescence, and surface
area enhanced coalescence), the phyvsical, structural, and surface properties of each layer may

be optimized.
j0037} Referring again to FIG. 5, the fellowing optimization rules may be followed:

{0058} The Pre-layver preferably should be more open than Layer #1. ideally, the contact

angle of drops should be greater than 43, i, the layer should not be strongly wetted by the

20~



WO 2010/042706 PCT/US2009/059983

coalescing drops.

{0059} Layer #1 preferably should be tighter than both the Pre~layer and Layer #2. In order
to facilitate the flow of captured drops from the Pre-laver to Layver #1, the capillary pressure

of Laver #1 relative to the Pre-layer ideally may be defined by the following equation:

cosd, _cosf,,
M, M

Frow

where 8 = contact angle of a drop on a fiber of filler media in the fhwd;

M = mean flow pore size; and

subscripts indicate the layer.
In addition, the contact angle of Laver #1 preferably should not be strongly wetting nor non-
wetting, Lo, 4508, < 135° These conditions may be desirable i order to facilitate the
movement of captured and coalesced droplets from the Pre-layer to Laver #1, even under
operating conditions of changing flow rate. In addition, My < My, in order to facilitate
removal of larger particles in the mwore open Pre-laver, where thew capture will less adversely

umpact pressure drop, as opposed to Layer #1.

{0060} Laver #2 preferably should be more open than Layer #1 and Laver #3. The capillary
pressure of Layer #2 preferably should not be excessively low relative to Laver #1.
Excessively low capillary pressure in Laver #2 may refer to g condition in which the media
capillary pressure is so negative that normal drag forces on the drops due to fluid flow are
wsufficient to force them nto Layer 2. In general, it 13 desirable to mininuze the
accomulation of drops at the Laver #1-Layer #2 interface, while encouraging the buildup of
captured and coalesced drops at the Layer #2-Layer #3 interface. Ideally, the capillary

pressure of Layer #2 relative to Layer #1 may be defined by the following equation:
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cos ¢, , cos &,
M, M,

cosf, cosé,
M, M,

Or

In addition, the coutact angle of Laver #2 preferably shounld be neither strongly non-wetted
nor strongly wetted by the drops, e, 60°< 0; <0 135°, in order Lo encourage drops to facilitate
the flow of drops into Layer #3 when local pressure conditions are favorable, Further, M, «
M; in order to facilitate movement of drops into Layer #2. The thickness of Layer #2
preferably should be greater than that of Layer #3 and preferably should be the diameter of
coalesced drops leaving Layer #1 or larger. Thus, Laver #2 preferably should be at least 30

s thick, but may be thicker.

{0061} Layer #3 preferably should be tighter than the Pre-layer, Laver #2, and the Post-layer.
In order to enhance the baitldup of drops at the Laver #3-Layer #2 mterface, the capillary

pressure of Layer #3 relative to Layver #2 ideally may be defined by the following equation:

cosf,  cosd,

In addstion, the contact angle of Laver #3 preferably should be non-wetting, e, 8; > 90% and
ideally, 8 > 1207 Further, My < M; and &7 << gz tnorder to: (1) facihitate accumulation of
drops at the Layer #2-Laver #3 mterface, (2) increase velooity in Layer #3, and (3} increase
drop surface area in Laver #3. Finally, Laver #3 preferably should be thin in order to

mininize restriction and to reduce breakup of coalesved drops as they are released to Layer

ey

{0062} The Post-layer preferably shoald be more open than Laver #3. In order to facilitate
the flow of drops from Layer #3 {o the Post-layer, the capillary pressure of the Post-layer

relative to Layer #3 ideally may be defined by the following equation:

%
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cosl,  cosl,
M, M

Fhiasy

In addition, the contact angle of the Post-layer preferably should be non-wetted by the drops,
e, S0 0p,y, and ideally, 120°28p., in order to encourage drops to release casily from the

Past-taver without break up. For the same reason, Mz < Mpu, and gpoq > 5.

{0063} The preceding discussion provided exemplary rules and optimal relationships among
the vartables P, 8, M, g, and thickness for the various layers. The preferred values selected
ultimately mav depend upon: the concentration and size distribution of selids and semi-solids
in the fluid upstream of the Pre-layer, as the properties of this layer influence the life of the
coalescer; and the upstream droplet stze distribution, and the anticipated y, nterfacial tension

for apphication, directly impact the design of Lavers #1, #2 and #3.
PP ; y mp g :

{0064} In some embodiments of the methods for removing water from diesel fuel, it has been
found that water removal is on the order of 99% when v=-25 dyvne/om, Ma=7.1 pm, and
9=~80". From the Gibbs Equation, the following relationship between v and D {droplet
diameter) may be derived for g system in which the mterfacial tension changes {i.¢., the Gibbs
Free Energy to produce the drops, AG, 1s the same for the two systems). The relationship v

and D is:

AG = A = yf;*r[rr;i?fgji
;‘3_,?{!)?

]

C=

¥ Fs
Dy Dy
.= i

where the subscripts refer to two systems of different interfacial tensions. If it is further

3.
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assumed that there is a linear relationship between D for a given v and the M; needed to
achieve the desired removal at the same vy, then the following equation s obtained which can

be used to used to guide choices for the remaining properties and layers:

. '5“'r3>

ﬁ.}f g = A
.
A

M

[0065] Then, for the previously described v and M for Laver #2 and traditional diesel fuel

systems, the following equation 1s provided:

{0066] The vanable M may be ntihzed to charactenize the filter moedia. M is a function of d,
fiber diameter, and &, As an approximation, a layer may be modeled as a series of unit cubes
as shown m FIG. 7. M s the equivalent diameter of pores, as determined by a porometer. In
the model, the face of a unit cell is a square with the open area equivalent to the circalar

cross-section assumed by the porometer. A length of a side of this square, m, is:

=
o
\?" AT
2
2

where d = fiber diameter of the media.
The volume of the fibers in this unit cube, Vy, 15

v Yr{m v o yd*
¥ :

24
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and the £ estimated from knowledge of M and 4:

and from knowledge of any two of M, d and ¢, the third term can be estimated.

10067} These disclosed principles may be utilized to design a multi-laver coalescing media
that exhibits superior performance. The coalescing media disclosed herein fypically includes
at least three adjacent layers that extend in series from upstream to downstream, namely a
first layer, a second layer, and a third layer. (Optionally, the fibrous media includes one or
more additional upstream or downstream fayers, such as an additional upstream layver {fe., a
“pre~layer”) and/or an additional downstream layer (Z.e., a “post-layer”™) for a total of four or
five lavers.) The first layer, the second laver, and the third laver of the at least three adjacent
favers have mean How pore diameters (My, M;, and My, respectively); cosine of contact
angles {cos 8y, cos 8,, and cos 8;, respectively), porosities (g, &3, and &, respectively); fiber
diameters (dy, da, and ds, respectively); and length of a side of a unit cell (my, me, and my,

respectivelyv).

0068} In some emboduments of the coalescing media, the media has three layers. The first
taver has the following characteristics: a mean flow pore digmeter My of abont 1-30 microns
{(e.g., about 3-15 microns, about 3-10 nucrons, or about 6~-8 microns); a cosine of §; of about
0.71-0.71 (f.e., 45° <6 < 135%); a porosity &; of about 0.85-0.95 {e.g.. about 0.86-0.94, about
0.88-0.92, or about 0.90-0.92); a fiber diameter & of about 1-10 microns {e.g.. 1-6 microns,
about 1-4 mucrouns, or about 2-4 microns); and a thickness Ty of about 0.1-1 mum {e.g., about
0.2-0.8 mun, about 0.3-0.7 mm, or about 0.4-0.6 mm). The second laver has the following
charactenistics: a mean flow pore diameter My of about 10-100 microns {e.g, 20-80 microns,
about 30-70 microns, or about 40-60 mucrons); 8 cosine of 8; of about "0.71-0.5 (i.e, 607 26,
< 1357, a porosity €, of about 0.90-0.99 (e.g., about 0.93-0.99 about 0.94-0.98, or about

.95-0.97); a fiber diameter d; of about 3-30 microns (e.g., about 5-25 microns, about 10-20
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microns, or about 12-18 microns); and a thickness Ty of about 0.05-1 mm {e.g., about 0.05-0.5
mn, ghout 0.05-0.3 mum, or about 0.05-0.15 mun), The third layer has the following
characteristics: a mean flow pore diameter M; of about 0.1-10 microns {e.g., about -8
microns, about 3-7 microns, or about 4-6 microns); a cosine of 8; of less than about 0 less
than about 0.5 {f.e., 8; 2 907, or 8; 2 120%); a povosity gz of about 0.80-0.95 (i.e., about 0.85-
.95, about 0.90-0.94, or about 0.91-0.93); a fiber diameter d; of about 0.5-5 microns {e.g.,
abowut 0.5-3.5 miucrons, about 1-3 mucrons, or about 1.5-2.5 nuerens); and a thickness Ts of

about 0.01-0.5 mm (e g., about 0.01-0.25 nwm, about 0.01-0.15 mm, or about 8.05-0.1 mm}.

j0069] In some embodiments of the coalescing media, the media has three lavers and an
optional fourth {aver. The first layer has the following charactenistics: a mean flow pore
diameter My of about 3-30 microns {e.g., about 3-15 mucrons, about 5-15 microns, or about 3-
12 microns);, 130° < 8 < 160°); and a porosity &; of about 0.83-0.95 (e.g., about 0.84-0.92,
about 0.85-0.90, or about 0.85-0.88). The second layer has the tollowing characteristics: a
mean flow pore diameter Mz of about 10-100 microns {¢.g, 10-80 microns, about 15-70

{e.g., about 0.85-0.95, abowt 8.87-0.93, or about 6.89-0.92). The third layer has the following
characteristics: a mean flow pore diameter M of about £.1-15 microns {e.g., about 1-12
microns, about 2-10 microns, or about 3-9 nuicrons); 1307 <85 < 1607; and a porosity 0f
about 0.78-0.90 {(i.e., about 0.79-0.89, about 0.80-0.96, or about 0.80-0.84}. The optional
fourth layer has the following characteristics: a mean flow pore diameter My of about 2-30
microns {e.g2., about 3-40 microng, about 4-30 microns, or ahout 8-24 microns);, 1307 <8 <
160°; and a porosity £q of about 0.80-0.95 (i.e., about 0.83-0.93, about 0.84-0,90, or showt
0.85-0.89),

{0070} Referring now to FIG. 8, one embodiment of coalescing media as contemplated herein
has six layers of distinct porosities in which drops of a coalescing dispersed phase exhibit
distinet velocities, namely an optional Pre-Laver, Layer #1, Layer #2, Layer #3, an optional

Laver #4, and an optional Post-Layer. In some embodiments in order to prevent re-

e
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emulsification of coalesced drops exiting Laver #3, Laver #4: (1) may have a pore size and
porosity that is greater than those Layer #3; (2) may have a capillary pressure that is greater
than Layer #3; and (3) may have a pore size that is smaller than the average diameter of drops
that would form after being released from Layer #3 under quiescent conditions. The
approximate size of such released drops (I3) may be calculated ntilizing the drop-weight
method for detenmining surface tension as described herein. [deally, the porosities, mean
flow pore diameters, and capillary pressures for Layer #3 and Laver #4 meet the following
conditions” &; < gs) My € My, and Py = Pa. In an example, the optional Pre-Laver, Layer #1,

Laver #2, Layer #3, optional Laver #4, and optional Post-Laver meet the criteria in Table 1.

TABLE 1
Layer Poresity Capillary Mean Flow Contact
{g) Pressure Pore Diameter Angle
(P, dynesfom®) | (M, microns) | (8, degrees)

Pre (optional) | 0.90-0.94 >715 > 15 130-160
#1 (.85-0.88 4.0-4.4 5-12 130-160
#2 §.89-4,92 1.7-21 15-530 130-160
#3 {1.80-0.84 5.6-60 3-9 130-160
#4 (optional) {.85-0.89 2327 8-24 130-160
Post §.70-0.74 1317 > 13 130-160
{optional)

{0071} The disclosed principles mayv be utilized to design a multi-laver coalescing media that

exhibits superior performance m coalescers, systems, and methods for removing a dispersed
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phase (e.g.. water) from a continuous phase (e.g., hydrocarbon fuel). For example, the
disclosed coalescing media may be configured for use in systems for removing a dispersed
phase from a continuous phase where the system removes at feast about 93, 94, 95, 96, 97, 98,

or 99% of the dispersed phase from the continuous phase,

{0072} In the foregoing description, certain terms have been used for brevity, clearness, and
understanding. No unnecessary limitations are to be implied therefrom beyond the
requirement of the prior art. The different configurations, systems and method steps
described herein mayv be nsed alone or in combination with other configurations, systems and
method steps. It is to be expected that various equivalents, aliernatives and modifications are
possible. The afore-cited patents and published applications are incorporated herein by

reference.

B3Y
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CLAIMS
What s claimed is:
i. A coalescing media for coalescing & mixture of two phases, namely a

continuous phase and a dispersed phase, the mixture flowing through the media from
apstream to downstream, wherem the media ts configared for capturing droplets of the
dispersed phase and coalescingly growing the droplets into larger drops which further
coalesce and grow to a sufficient size whereby they are released from the media, the media
comprising at least three adjacent lavers that extend n series from upstream to downstrean,
namely a first laver, a second laver, and a third laver;

wherein the first layer, the second layer, and the third layer bave porosities gy, £, and
&, respectively, and g; > gy and g; > g4, and

wherein the first layer, the second layer, and the third laver have capillary pressures,

P Py, and Py, respectively; Py > Py and optionally P, > Py

2. The coalescing media of claim 1, wherein the first layer, the second laver, and
the third laver have mean flow pore diameters, My, My, and M, respectively, and M; > M,

and M; > M,

k3

3. The coalescing media of claim 1, wherein the first layer, the second laver, and
the third laver have contact angles for a drop of the dispersed phase in the continuous phase

on a respective layer, 84, 8, and 8); and 8, B2, and 8; > 90°,

4. The coalescing media according to claim 1, wherein the continuons phase and

the dispersed are inuniscible liguids.

5. The coalescing media according to claim 4, wherem the continuous phase is a

hydrocarbon liquid and the dispersed phase is water.

20
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6. The coalescing media according to claim 4, wheremn the continuous phase is

water and the dispersed phase 1s hydrocarbon higud.

7. The coalescing media according to claim 1, wherem the continuous phase is a

gas and the dispersed phase is g lguid,

8. The coalescing media according to claim 1, wherein the first layer, the second
faver, and the third laver have respective solidities, the solidity for the second layer being no

more than about 75% as much as the solidity for the first laves, and the solidity for the second

taver being no more than about 75% as mwuch as the sohdity for the third layer.

9. The coalescing media according to claim 1, wherem the first layer, the second
taver, and the thud laver have respective solidities, the solidity for the second laver being no
more than about 30% as much as the solidity for the first layer, and the solidity for the second

faver being no more than about 50% as much as the sohidity for the third layer.

10, The coalescing media according to clamm 1, wheremn Mz is at least about 1.5

times greater than M, and whergin M; 15 at least about 1.5 times greater than M.

1. The coalescing media according to claim 10, wherein My 1s at least abont 2

times greater than M, and whergin M; s at least about 2 times greater than M.
12, The coalescing media according to claim 10, wherein M, is about 5-10 pm.
13, The coalescing media according to claim 10, wherein M; s about 15-530 um.
14, The coalescing media according to claim 10, wherein M; 15 about 1-5 um.

15,  The coalescing media according to claim 1, wherem the first layer, the second
faver, and the third laver have thicknesses Ty, T, and Ty, respectively; Ts > T4 and optionally

Ty =Ty

-3
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16.  The coalescing media according o claim 15, wherein T2 > 30 pum.

17, The coalescing media according to claum 1, wheremn capillary pressuore for a

faver is defined by an equation dycosB/M, wheremn v is interfacial tension.
18, The coalescing media according to claim 1, wherein 85, 8;, and 8, >135°.

19, The coalescing media according to clatm 1, wherein the coalescing media is

composite material.

20.  The coalescing media according to claim 1, wherein the coalescing media is
formed by obtaining a first media material, a second media material, and a third media
material, and physically or chemically coupling the first media matenial, the second media

material, and the third media material m lavers.

21, The coalescig media according to clamm 1, wherein atf least one of the at least

three adjacent lavers comprises nvlon.

22, The coalescing media according to claim 1, comprising a pre-layer, a first
fayer, a second {ayer, a third layer, a fourth layer, and a post-layer;

wherein the pre-laver, the first layer, the second layer, the third layer, the fourth layer,
and the post-laver have porosities, Sy, 81, &2, 85, 84, A0 Epo, respectively, and &y, 15 0.90-

(.94, £ 13 0.85-0.88; & is 0.89-0.92 £2 13 0.80-0.84; g4 15 0.85-0.89; and g, 18 0.70 10 0.74.

23, The coalescing media according to claim 1, comprising a pre-layer, a first
fayer, a second {ayer, a third layer, a fourth layer, and a post-layer;

wherein the pre-laver, the first layer, the second layer, the third layer, the fourth layer,
and the post-laver have capillary pressures, Pue, Py, P2, Py, Py, and P, respectively, and Py

ey A A Ao 3 ‘ o S e g
ts 2 1.5 dynesfom™; Pyis 4.0-4 4 dynesiom™;, Pp s TL7- 2.1 dynesiony™; Pais 5.6-70.0

. b ’ - : 2 v ey oy - . 4 3
dynesieny’; Py is 2.3-2.7 dynesi/em”, and Poog 18 71.3-717 dynesiom”.
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24, The coalescing media according to claim 1, comprising a pre-layer, a first
tayer, a second layer, a third layer, & foarth layer, and a post-layer;

wherein the pre-laver, the first layer, the second layer, the third layer, the fourth layer,
and the post-layer have mean flow pore diameters, My, My, Mo, M3, My, and M,
respectively, and My, 13 2 15 microns; M) 15 5-12 nmcrons; M; 1s 15-50 microns; Myis 3-8

microns; My 1s 8-24 microns, and My, 1s = 15 microns,

25, The coalescing media according to claim 1, comprising a pre-layer, a first
faver, a second laver, a third layer, a fourth layer, and a post-layer;

wherein the pre-layer, the first layer, the second layer, the third layer, the fourth layer,
and the post-laver have contact angles for a drop of the dispersed phase in the continuous
phase on a respective layer, 8o, 81, 82, 81, 84, and Q... respectively, and 8, i1s 130-1607; &

is 130-160%; 81 is 130-1607; O is 130-160° 84 15 130-160% and By, 15 130-160°.

26, The coalescing media according to claim 1, comprising a pre-layer, a first
fayer, a second layer, a third layer, a fourth layer, and a post-layer;

wherein the pre-layer, the first laver, the second laver, the thud laver, the fourth layer,
and the post-laver have thicknesses, Ty, Th, Ty, Ty, Ta, and T, respectively, and T is 0.1~
O03mm; Ty 0913 mm; Tr 15 020-024 mm; T5is 0.11-01 5 mm, Tsis 0103 mm, and T

st 18 0.5-0.7 mm,

27.  The coalescing media according to claim 1, comprising a first layer, a second
faver, a third laver, and optionally a fourth layer;
wherein the first laver, the second laver, the third layer, and the fourth fayer comprise

polvalkviene terephthalate, nylon, or a mixture thereof.

2

8 A coalescing element comprising the coalescing media according to claim 1.
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29, The coalescing element of claim 28, wherein the coalescing media is contained
in a housing, the housing having an upstream inlet structured to receive the mixture and a

downstream outlet structured to discharge the mixture after coalescing of the dispersed phase.
30, A coalescing system comprising the coalescing element according to claini 29

31 The coalescing system according to claim 30, configured for removing water

dispersed in hydrocarbon fuel.

32 The coalescing system according to clamm 31, further comprising a

o

hydrophobic media for removing water positioned downstream of the coalescing element.

33, The coalescing system according to claim 31, further comprising an additional
device for removing water positioned downstream of the coalescing element, the device
selected from a group consisting of gravity separator, centrifuge, impactor, lamella separator,

inchined stacked plate, screen, and quiescent chamber.

34, The coalescing system according to clamm 33, wherein the additional device

does not directly contact the coalescing element.

350 A method of removing water dispersed m hydrocarbou fuel, the method
comprising passing the hydrocarbon tuel through the coalescing media of claim 1, wherein

the system removes at least aboat 93% of the water dispersed in the hydrocarbon fuel.

]

36, The method according to claim 35, wherein the system removes at east about

96% of the water dispersed m the hydrocarbon fuel.

37.  The method according to claim 335, wherein the system removes at least about

99% of the water dispersed i the hydrocarbon fuel.

38, The method according to claim 335, wherein the hydrocarbon fuel has vy < 20

dvnefom, preferably the hvdrocarbon foel has v <015 dynefom.



PCT/US2009/059983

WO 2010/042706

14V HOIMd

[ 9l

E# HIAVI

¢# HIAYT  T# HIAYI

.&

SUBSTITUTE SHEET (RULE 26)



WO 2010/042706

T
Y,

Y

PCT/US2009/059983

e
Z

LAYER #1

LAYER #2

LAYER #3

(UPSTREAM ADJACENT LAYER) ~ (INTERIOR LAYER) (DOWNSTREAM ADJACENT LAYER)

FIG. 2

PRIOR ART

SUBSTITUTE SHEET (RULE 26)



WO 2010/042706 PCT/US2009/059983

3/7

A N
/ o
H
// / o
>_
<
4
(9N
H
o
>_
\ 5
/ %
(a'ed
=
=
dinTd 9NIOSITVOI 40 ALIDOTIA
)
> (5
L
A
/ o
H
(a'ed
=
<
(9N
H
o
>_
\ Z
e
/%
<
H3AVT 40 ALISOYOd
Vd

SUBSTITUTE SHEET (RULE 26)



WO 2010/042706 PCT/US2009/059983

i

O

[—

N

!

LAYER #2 60 LAYER #3

FIG. 4

!
0| OO
O

O

8
o
of

O
O

O 4 %g
O

O

O

[
LAYER #1

o=
.

o ) oD

%

> _
o F o

L

O

SUBSTITUTE SHEET (RULE 26)



PCT/US2009/059983

WO 2010/042706

5/7

d3AV1-1S0d J

G Ol

E# mm_><._ 9/ C# mm_><._ 0/

/

89

I# mm;Q mm;/@lumm

O

@%

®

Q

\
=

P

i

5 o

Ei

O
O

8L

i

OO -

O
O
OO

@ O
; 04 o@_ ®,

SUBSTITUTE SHEET (RULE 26)



WO 2010/042706 PCT/US2009/059983

6/7

CONTINUGUS PHASE

92 MEDIA PHASE

FIG. 6

SUBSTITUTE SHEET (RULE 26)



PCT/US2009/059983

7/7

WO 2010/042706

8 Ol
v# HIAY]

mm_><._|_.w0n_ E# mm_><._ c# mm_><._ I# H3AVT  H3AVI-34d

@nWlO«

Y 100
= 00
O

Qo

u@o

QQM@ 5=
p

L~
]

/ OO

SUBSTITUTE SHEET (RULE 26)

|

¢L

(J

OO O B =
Q

,_m

C D
I\
v



INTERNATIONAL SEARCH REPORT

International application No.
PCT/US 09/59983

A. CLASSIFICATION OF SUBJECT MATTER
IPC(8) - BO1D 46/00 (2009.01)
USPC - 55/482, 55/486, 55/487

According to International Patent Classification (IPC) or to both national classification and IPC

B.  FIELDS SEARCHED

IPC(8) -- BO1D 46/00 (2009.01)
USPC -- 55/482, 55/486, 55/487

Minimum documentation searched (classification system followed by classification symbols)

USPC -- 55/482, 55/486, 55/487 (text search)
IPC(8) -- BO1D$ (2009.01)

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched

Search Terms Used -- please see extra sheet

Electronic data base consulted during the international search (name of data base and, where practicable, search terms used)
PubWest (PGPB,USPT,USOC,EPAB,JPAB); USPTOQ; Espacenet; Google

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category* Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.
Y US 2007/0062887 A1 (Schwandt et al.) 22 March 2007 (22.03.2007), Fig 27; para [0003]; 1-38
[0055); [0061]; [0063); [0068]; [0069); [0071); [0088]
Y US 2006/0207234 A1 (Ward et al.) 21 September 2006 (21.09.2006), Table 1; Fig 5; para 1-38
[0002]; [0028]; [0032]; [0033); [0035]; [0037); {0038); [0039]; [0073]; [0075]; {0076)
Y US 2004/0094459 A1 (Prater et al.) 20 May 2004 (20.05.2004), para [0033}; {0034); [0035) 1-38
Y US 2005/0026526 A1 (Verdegan et al.) 03 February 2005 (03.02.2005), Fig 8; para [0052); 2,8-16, 24
[0055);
Y US 2008/0105629 A1 (Yang et al.) 08 May 2008 (08.05.2008) Fig 2; Fig 6; para [0007); [0022); | 18, 20, 25, 26, 29-38
[0029]; [0032]; {0033}); [0038]; [0039]; [0040]
Y US 5,084,170 A (Janik et al.) 28 January 1992 (28.01.1992), Fig 1; Fig 2; col 5, In 50-55 32-34
Y US 2008/0179263 A1 (Wieczorek et al.) 31 July 2008 (31.07.2008), Fig 1; para [0032] 33,34
Y US 2008/0035586 A1 (Chen et al.) 14 February 2008 (14.02.2008) , Fig 1; Fig 2; para [0016] 33,34
A US 6,771,808 B1 (Wallack) 03 August 2004 (03.08.2004), entire document 1-38

D Further documents are listed in the continuation of Box C.

[

* Special categories of cited documents:

“A” document defining the general state of the art which is not considered
to be of particular relevance

“E" earlier application or patent but published on or after the intemational
filing date

“L" document which may throw doubts on priority claim(s) or which is
cited to establish the publication date of another citation or other
special reason (as specified)

“O” document referring to an oral disclosure, use, exhibition or other
means

“P” document published prior to the international filing date but later than

the priority date claimed

“T” later document published after the international filing date or priority
date and not in conflict with the application but cited to understand
the principle or theory underlying the invention

“X” document of particular relevance; the claimed invention cannot be
considered novel or cannot be considered to involve an inventive
step when the document is taken alone

“Y" document of particular relevance; the claimed invention cannot be
considered to involve an inventive step when the document is
combined with one or more other such documents, such combination
being obvious to a person skilled in the art

“&"” document member of the same patent family

Date of the actual completion of the international search

22 NOVEMBER 2009 (22.11.2009)

Date of mailing of the international search report

04 DEC 2009

Name and mailing address of the ISA/US

Mail Stop PCT, Attn: ISA/US, Commissioner for Patents
P.O. Box 1450, Alexandria, Virginia 22313-1450

Facsimile No. 571-273-3201

Authorized officer:
Lee W. Young

PCT Helpdesk: 571-272-4300
PCT OSP: 671-272-7774

Form PCT/ISA/210 (second sheet) (April 2007)




INTERNATIONAL SEARCH REPORT International application No.

PCT/US 09/59983

Search Terms Used:

CAPILLARY PRESSURE CENTRIFUGE COALESC$ CONTACT ANGLE DOWNSTREAM DYNES/CM FUEL GRAVITY SEPARATOR
HYDROCARBON HYDROPHOBIC IMPACTOR LAMELLA SEPARATOR LAYER LAYERED MEDIA MULTILAYERS MULTI-LAYER$
PLIES MULTI-PLY POLISH$ POROSIT$S PORE DIAMETER PORE SIZE POST-TREAT$ QUIESCENT CHAMBER SEPARAT$
STACKED PLATE WATER .

Form PCT/ISA/210 (extra sheet) {April 2007)



	Page 1 - front-page
	Page 2 - description
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - description
	Page 14 - description
	Page 15 - description
	Page 16 - description
	Page 17 - description
	Page 18 - description
	Page 19 - description
	Page 20 - description
	Page 21 - description
	Page 22 - description
	Page 23 - description
	Page 24 - description
	Page 25 - description
	Page 26 - description
	Page 27 - description
	Page 28 - description
	Page 29 - description
	Page 30 - claims
	Page 31 - claims
	Page 32 - claims
	Page 33 - claims
	Page 34 - claims
	Page 35 - drawings
	Page 36 - drawings
	Page 37 - drawings
	Page 38 - drawings
	Page 39 - drawings
	Page 40 - drawings
	Page 41 - drawings
	Page 42 - wo-search-report
	Page 43 - wo-search-report

