AUTONOMOUS FILTER ELEMENT This application claims priority of U.S.

Provisional Patent Application Serial No. 61/152,329, filed February 13, 2009

and U.S. Provisional Patent Application Serial No0.61/241,053, filed

September 10, 2009, the disclosures of which are incorporated by reference
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multitude of applications, from removing crystals from wine, to removing
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To do so and maintain sterility, it is common to include a sterile vent filter on
the container. In son]fA' ARt CYFE B b g5 carbon dioxide or
steam, produced dumlﬁemmsﬁm m the container. In
other instances, sparge or charge gasses, such as oxygen or air are
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filters is maintaining an acceptable gas flow. A common problem is that the
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bioreactors, fermentors or other chemical processes.

Filters 1in each of these applications have 1issues
associated with their use. In some cases, the issues may be
specific to a particular application. For example, a number
of containers, including but not limited to pharmaceutical
containers, such as bioreactors and buffer tanks, require
the ability to wvent the internal gasses to the outside
environment, or to take in fresh gas from outside the
container. To do so and maintain sterility, it is common to
include a sterile vent filter on the container. In some
instances, excess gases, such as carbon dioxide or steam,
produced during the reaction must be released from the
container. In other instances, sparge or charge gasses,
such as oxygen or air are intentionally added into the

container.

One specific issue with these vent filters is
maintaining an acceptable gas flow. A common problem is

that the materials, typically water vapor, within the



applications, gas temperature during operation is greater than ambient (i.e.
35C typical for a bioreactor and 80C for a WFI tank) If this material
condenses on the vent filter, it will restrict the flow of gasses between the
container and the outside environment by blocking the pores of the filter

cdherebysedueing iteffectivejsrface-area Jangas ransportsAddidionally, thest
natural foaming that occurs from biomanufacturing processes can
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nown that condensation or plugging may still occur on the vent filter

element. One possible solution to this problem is the use of external heating
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thereby reducing the ‘condensation on t ement. These external heating
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in one of several ways. First, anti-foaming agent can be
added to the container so that the surface tension 1is
reduced and foam 1s not <created. Alternatively, the
container or filter housing may be designed to break bubble
formation before it moves up to the filter membrane. Both
of these approaches add complexity to the design of the

vent filter and reaction process.

To counteract these phenomena, vent filters are
typically made from hydrophobic membranes, which resist
condensation within the filter pore structure. However,
despite the use of hydrophobic membranes, it is known that
condensation or plugging may still occur on the vent filter
element. One possible solution to this problem is the use
of external heating elements, which serve to elevate the
temperature of the filter element, thereby reducing the

condensation on the element.

These external heating elements are typically applied

after the filter has been assembled, and can suffer from



sensor on the external heating element can fail, causing the filter to
overheat, potentially compromising its integrity. In other instances, the
sensor failure may lead to an inactive heater, which does not perform the
desired function. In other instances, the heating element is only able to
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Additionally, in large containers, the wvent filter may
be physically remote from the operator, such as on a
different level of the building, and therefore, cannot be
easily inspected by the operator. Thus, issues of integrity
or flow rate may be ongoing for a period of time before

they are detected using current implementations.

Other filter applications may have other unique
issues. For example, tangential flow filters (TFF filters)
may become clogged by the protein which it is filtering.
Maintaining proper backpressure can help alleviate this

problem.

In addition to application specific issues, there are
issues that are generic for all filters. For example, the
issue of integrity is common to all applications. A small
breach in the filter membrane causes particulate to pass

through the filter. Such a breach may be catastrophic



used to insure a sterile interface or boundary, such a breach is
unacceptable. A second generic issue is that of reduced flow rate due to an
excessive amount of particulate trapped against the filter membrane. This
issue causes many filter vendors to suggest that filters be changed at regular
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Today, most filters have two modes of operating. The
first mode is normal operating mode. In this mode, the
filter 1s operating normally, removing particulate as
intended. In many embodiments, this is the default
operation of the filter, and nothing is required to ensure
that the filter remains 1in this mode. However, 1in some
applications, it may be necessary to perform additional
maintenance actions to insure that the filter remains in
operating mode. For example, 1t may be necessary to heat
the filter element to insure that the fluid being filtered
remains in a particular state (such as liquid or gas), as

described above in relation to the vent filter.

The second mode of operation also common to all
filters is end of 1life. In this mode, the filter has
exceeded 1its useful life. Such an event may occur due to an
excessive buildup of particulate on the filter membrane.

Typically, the ability of the filter element to pass fluid



cases, the fluid flow is completely stopped. Another failure that leads to end
of life is an integrity breach. If the filter element is no longer integral, it cannot
perform its function, and therefore has reached its end of life. Filters must be
replaced upon reaching their end of life. Although filters typically are only

atusegrin thesepyaynedes; there maybe advaniagpeedwsmiahave athirdénedemne
of operation, known as recovery mode. In this mode, the filter is not
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, compramised the fikers abilty (o operate effigienty In the case of.the vent -
fitter, this may occur accidently ina ioreactor when spargggas surges

1 speaying the protein foam on the filter membrane. In most filter applications,
this mode is indistinguishable from end of life, and therefore is remedied in a
similar fashion, typically by replacement of the filter. An improved device and
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cost, by maximizingthe use e filter element, and by minimizing the
orfowHtih assotated aithzefiltsreraplacedsentI® this mode, the filter

is not performing optimally, however, it has not actually
reached its end of life. The performance may have degraded
by a process condition outside the typical operating, such
as when a large particulate blocks the membrane, or a large
number of particulates arrive simultaneously. The filter
membrane itself is not clogged vyet, however, a large or
unexpected amount of particulate has compromised the
filter’s ability to operate efficiently. In the case of the
vent filter, this may occur accidently in a bioreactor when
sparge gas surges spraying the protein foam on the filter
membrane. In most filter applications, this mode is
indistinguishable from end of 1life, and therefore 1is
remedied in a similar fashion, typically by replacement of

the filter.

An improved device and method that can more reliably
monitor, detect and control these three modes of operation
would be beneficial. Such a device and method can reduce
cost, by maximizing the useful life of the filter element,
and by minimizing the downtime associated with a filter

replacement.



SUMMARY OF THE INVENTION The problems of the prior art are overcome
by the present invention, which discloses an autonomous filter device and a
method for improving the filter life and performance. The filter element is
equipped with one or more sensors, adapted to measure one or more
characteristics or parameters of the fluid, such as temperature, pressure, or
flow rate. In response to the measured characteristic or parameter, the
control logic within th ' e an appropriate
response. For example, the control logic may determine that a sudden, but
temporary, blockage has occurred in the filter membrane. In response to
this, (e SorktoT oG hay hititioa SBBEE rébondd des fed 8 Siotidie e
pike blockagevEhisireaponséindy bel adempesature rchanges adnratonfalter
aShenge in fluid flow path, or same other action, The control agic will then
déeterminé'the SucCéss of the responsé),%asea%n monitoring any change in
pahnet fluidechasacteristics£ Based thereome the coatrot fpgieumay alerttheone or
0 gpgratorstggg %hresfilter egen%enctergust bteo replac(gzd.S @Irtgrnati\é%lg, if th(()ar ore
response was successfu mpcorrecting the bfgcﬁage, the control logic need
clnot aotifyr thetoperatorras the fiteeelentent istbackite nofmalidperatingh  as
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operating mode ilter,'such as by Insuring that the passing there
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w£mpediments, the filtep elemenLyorks in jconjuggtion with thegurioupding 5
support mechanism to 6
appropriate response. For example, the control logic may
determine that a sudden, but temporary, blockage has
occurred 1in the filter membrane. In response to this, the
control logic may initiate a specific response designed to
alleviate the blockage. This response may be a temperature
change, a vibration, a change in fluid flow path, or some
other action. The control 1logic will then determine the
success of the response, based on monitoring any change in
the fluid characteristics. Based thereon, the control logic
may alert the operator that the filter element must be
replaced. Alternatively, 1f the response was successful in
correcting the blockage, the control logic need not notify
the operator, as the filter element 1is back to normal
operating operation. In other embodiments, the control
logic also regulates the operating mode of the filter, such
as by insuring that the fluid passing there through is at a

predetermined temperature or pressure.

In other embodiments, the filter element works in

conjunction with the surrounding support mechanism to



provide the required functionality. For example, in certain embodiments, the
filter may determine that particulates have reduced the flow rate. In response
thereto, the filter may communicate to the associated support mechanism,
which may alter the fluid flow through the filter. BRIEF DESCRIPTION OF

pddiE BRAWINGSFiguresl shows adloswchait of the pegsenbinvention; cEiguks n
2 illustrates a representative schematic of the present invention; Figure 3
SRR S Contdifér hdving averftdtter ARG WiflustrdRs a Yartiitter o7t b
hdke present daveriion fuithvan integrated heatingrelement Fauwe iHustrateser
a representative schematic of one embodiment of the present invention; |
ME{gUreBSHOWE & phase &%&aﬁﬁ Figurd Flustries 5Ee|5[}%§ Atatigl,  which
mdlpwehaetthah ean beiusefl ysthehprocgssing ¢init durkag normal operating
mode in one embodiment of the present invention; Figure 8 illustrates the
operation of a plurality of flow sensors in a filtering element; Figures 9a-9d
show flow rate graph for various filter elements; Figure 10 illustrates a filter in

accordance with L SRIPPSHTRE) Qjﬁh%ﬂemﬁ} jon; Figure 11
illustrates flow p%ﬂr&a-wperﬁgmeﬁows the flow
path of a tangential flow filter (TFF); 7 Figure 13 shows a second

emb%%g@?éoaﬂgﬁgwgpgﬂklowchart of the present invention;

Figure 2 illustrates a representative schematic of the
present invention;

Figure 3 illustrates a container having a vent filter;

Figure 4 1illustrates a vent filter of the present
invention with an integrated heating element;

Figure 2 illustrates a representative schematic of one
embodiment of the present invention;

Figure 6 shows a phase diagram;

Figure 7 1illustrates a representative flowchart that
can be used by the processing unit during normal operating
mode in one embodiment of the present invention;

Figure 8 illustrates the operation of a plurality of
flow sensors in a filtering element;

Figures 9a-9d show flow rate graph for various filter
elements;

Figure 10 illustrates a filter in accordance with a
second embodiment of the present invention;

Figure 11 illustrates flow paths through wvarious
filter types;

Figure 12 shows the flow path of a tangential flow
filter (TFF);



of a TFF filter; Figure 14 shows the forces acting upon a TFF filter; and
Figure 15 illustrates a TFF filter in accordance with an embodiment of the
present invention. DETAILED DESCRIPTION OF THE INVENTION As
described above, a filter element preferably has three modes of operation.

These thieeamadesaiediistated dorfkigwarde dheoperaling taederidis path

used during the majority of the filter's life. In most cases, no actions are
°feduifdd taTihsGfetthat the filter remains in operating mode. However, in

somerebodimentss adwaintenanaeaction 1 maybeiperformedraither 1ter;

continuous or periodically, to insure that the filter remains operational. Such
aré‘% action may be a thermal cycle, vibration, pressure or fluid backflow or

otherrremecial astion. After somesamourRof 16, tameasured parameter owith
N I%:hgr%céﬁristic ch tg% fi!:tﬁré such as tge flow rate of the filtered fluid, upstream

lime rese nventilon. .
andlor downstreant pressure, or - fltid temperature, may deviate from the

acceptable ranges. If this event 27 occurs after an extended period of time,
or as predicted by the manufacturer, the filter may simply have reached its
end of life. In such a case, the mode of the filter changes from operating

mode 10 to eREFAFSER BB FR B TIHNo DFatlHE WNVENTIAN 27. 8

Alternatively, the parameter may change suddenly, indicating that the filter
has an integrity issue, and is no longer acting to filter particulate. Such an
evenfalsalehanges the aodeeof the fified from operatRigtimadecIG®irbly has

three modes of operation. These three modes are illustrated
in Figure 1. The operating mode 10 1s wused during the
majority of the filter’s life. In most cases, no actions
are required to insure that the filter remains in operating
mode. However, in some embodiments, a maintenance action 12
may be performed, either continuous or periodically, to
insure that the filter remains operational. Such an action
may be a thermal cycle, vibration, pressure or fluid

backflow or other remedial action.

After some amount of use, a measured parameter or
characteristic of the filter, such as the flow rate of the
filtered fluid, wupstream and/or downstream pressure, or
fluid temperature, may deviate from the acceptable ranges.
If this event 27 occurs after an extended period of time,
or as predicted by the manufacturer, the filter may simply
have reached its end of life. In such a case, the mode of
the filter changes from operating mode 10 to end of 1life

mode 30, by way of natural wearout path 27.



end of life 30 via path 27. However, at times, a degradation event 15 may
occur unexpectedly or instantaneously. In such a scenario, the event
causes the filter to perform suboptimally, as may be determined by an abrupt
change is one of the measured parameters or characteristics. A sudden

change ir thes easuyed parametghwenliseincopsisteptwith dypical weai1 y,
. out, and, therefore may indicate an abnormal, perhaps temporary blockage .
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scenario, the filter may move from operating mode 10 to recovery mode 20.
R Fover e 55, the fiter Brterhpisth oo 8Bt (BB By Aualihg *°
erofieddr marm=cartective gratemedial procedures. These procedures may

include increasing temperature, changing fluid circulation paths, shaking the

filter membrane, changing or reversing transmembrane pressure and others.
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corrective action attempts, 9 the parameter has not returned to an
Pacesptablesvalue, thd Hifter tiraniipansitions to 2ndsofdife 80, visapath 25.n  the
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of the present invention, a generic

out, and therefore may indicate an abnormal, perhaps

temporary blockage has occurred. For example, a dramatic

decrease 1in fluid flow rate may indicate that the filter

has instantaneously become blocked. In such a scenario, the

filter may move from operating mode 10 to recovery mode 20.

In recovery mode 20, the filter attempts to correct
the blockage Dby actuating one or more corrective or
remedial procedures. These procedures may include
increasing temperature, changing fluid circulation paths,
shaking the filter membrane, changing or reversing
transmembrane pressure and others. This corrective action
may be performed one time, and if the corrective action 1is
successful in restoring the measured parameter or
characteristic to an acceptable value, the filter

transitions back to operating mode 100, wvia path 18.

In some embodiments, the corrective action may be
performed a plurality of times, as shown in path 13. If

after a predetermined number of corrective action attempts,



diagram of the structure of the filter will be described. Figure 2 shows a
representative schematic of the filter element 100 of the present invention.
This filter element 100 contains control logic 140 to allow it to understand
and transition between the modes described above. To provide this level of

tHRteigenee; BeROWRs SURPY mustke rovideda in crrtaip eatiodimentsed the
battery or an electrical outlet is used to supply the required energ% for the
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and receives power wirelessly. In certain embodiments, a magnetic

induction power coypling loop 110 is used_in conjunction with a magnetic
feld B geniate The Relind ST Sburde. T T ey HR HitGHB ot - Fates
tHetheretbto ant externdlipiower supplyhaopisdbere-an actirecpower soufeaeric

resident in the filter. Methods for attaching_.a integrating a magnetic. fiel
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hereby incorporated by reference. In one embodiment, the magnetic

induction power,coupling loop 110 is used to create a voltage which is use
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under fr-sofe episbdirnentss bhe @t mdve Sensors 120512 INT2E are dsed 16 bed

a%%t.oraféeag%i%an@@rsor level of 1intelligence, a power

supply must be provided. In certain embodiments, a battery
or an electrical outlet 1is wused to supply the required
energy for the heating element. However, in other
embodiments, the filter 1s self-contained and receives
power wirelessly. In certain embodiments, a magnetic
induction power coupling loop 110 is wused in conjunction
with a magnetic field to generate the required power
source. In this way, the filter is not tethered to an
external power supply, nor 1is there an active power source
resident in the filter. Methods for attaching and
integrating a magnetic field are described in co-pending
application serial no. 12/079, 396, which is hereby

incorporated by reference.

In one embodiment, the magnetic induction power
coupling loop 110 is used to create a voltage which is used
by the sensors, actuators and by any associated circuitry
within the filter. Any voltage variations needed to operate
the filter element are performed by circuitry within the

vent filter. In another embodiment, the magnetic field is

10



characteristic of the filter element. Coupling loop 110 is used to create an
induced voltage from the external field. This voltage, which is an AC voltage
112, is then rectified and smoothed using a rectifier circuit 113 to create a
DC voltage 115. This DC voltage 115 is then used to power any active

mEH WY SUeh agduness, sersorsHePUsand e like:A seasor $2G iscusgdwer
to manitor a parameter or characteristic of the filter element and relay this

CoBImhAfor BREK to-d processing unit 140, such as a central processing unit
(CPU). The processing unit 140 includes a storage device, such as a
semiconductor memoré which is used to store instructions for the (éP
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1 {gmperature within the container 100 may cycle from lower

A sensor 120 1is wused to monitor a parameter or
characteristic o0f the filter element and relay this
information back to a processing unit 140, such as a
central processing unit (CPU). The processing unit 140
includes a storage device, such as a semiconductor memory,
which is used to store instructions for the CPU and store
various parameters and settings. The sensor 120 may be
wired, or wireless, depending on its location within the
filter. For example, if the sensor 120 is located in the
housing near the control c¢ircuit, a wired or wireless
configuration may be used. If however, the sensor 120 is
located away from the control circuit, it may Dbe

advantageous to use a wireless sensor.

In one embodiment, the wireless sensor 120 is embedded
in the end cap of the filter element 100. In other
embodiments, the sensor 120 is affixed to, or embedded in,
the filter element 100 at a different point, such as on the

downstream side of the filter core element. In some

11



temperatures to higher temperatures and back, therefore the sensor should
be capable of withstanding this temperature cycling. In one embodiment, a
wireless transmitter is also located near, or integrated with, the sensor 120.

In the preferred embodiment, the wireless transmitter and the sensor 120
a@be ensapsiated ina singletegrated cempopgat. Alterpatively theent may
transmitter apd the sensor 120 can be separated, and in communication with
SEARADthe! > such &2 Gia%iEctficaf sighis YariGi§/pes ofifirelesEhstanding
tieommuicationdayices arpassible dacluding RiYB4Zigbes,m802.21a/b/g, the

and other protocols. The processor unjt 140 compares the value measured
C P LeSor 126 16 the GBSira BF BediHTed Valud"dF ranbe 6 VERGRS, o "e"
t dhe parametes or charagtesistic. che-valtie returaed b dle sensos d2fomay the
sbe ananglog, yalue, such as, ane praportional to the parameter measured, or,

may be & qigita signal. B&Sed on the vafue fetarmed, the processor 790
cyeteémmynes whether the filter is still in operating mode, or whether it should

transition to a different mode. As shown in Figure 1, in some embodiments, a

maintenance action 12 can be taken to enable the filter to remain in

operdting moede EMIhIS aetidn may takemamy formsaineludingebut Agt  also
1 Jied fo emperayie or, pagkpressyre, modification. ULiiess empgdimets .o

the 12 processing unit 140 controls actuator 150, which performs the
predeirat:maitehancenaction. Iftthe measigéd pararnetsr vrchafactedstie, ashe

s SRED DY sensor 12Q. devigtesfrom anaccepied value 0FfANQe, s ntegrated

component. Alternatively, the transmitter and the sensor

120 can be separated, and in communication with each other,
such as wvia electrical signals. Various types of wireless
communication devices are possible, including RFID, Zigbee,

802.11a/b/g, and other protocols.

The processor unit 140 compares the value measured by
the sensor 120 to the desired or accepted value, or range
of values, of the parameter or characteristic. The wvalue
returned by the sensor 120 may be an analog value, such as
one proportional to the parameter measured, or may be a
digital signal. Based on the wvalue returned, the processor
140 determines whether the filter is still in operating

mode, or whether it should transition to a different mode.

As shown in Figure 1, in some embodiments, a
maintenance action 12 can be taken to enable the filter to
remain in operating mode 10. This action may take many
forms, including but not limited to temperature or

backpressure modification. In these embodiments, the
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the CPU 140 may transition to recovery mode 20. In this mode, the filter
actuates a corrective action 13, using actuator 160. This actuator may be the
same actuator as the actuator used to implement the corrective action 13, or
may be a different actuator. Suitable actions that may be employed include

p ieBperatUre onbackprassure mediication: teikatdation pafh madifigation - filkei s
vibration, or other similar actions. After the CPU has controlled actuator 160,

EhEa gt oHetks The Tedsarsf vaiGE T8firned by sensor 120. If the value has

returned to a normal range, the CPU terminates the corrective action 13 and
returns_to operating mode 10. If the measured value is still unacceptable, the
CPU 130 "ay B0 Heat 17e EBFeative Gbtior 3 BFé OF Mdretmes, 11°°="
b{hesmeasured value detutnstiosan facceptahle sangep teting/thisiime,rthe- €fd |,
140 rn normal mode 10, If, however, the value remains .
hadcaptable) e BPU 140 HArSHons o 8 Srt 31 e Siate 3601 sbihe "5
maehodinrentsf thietilter 503 mayeempioy marecthaivene sensom1203For using

4 EXAPle. the filter may ha‘c’%a?‘a%%r?p%%“%ese@%%r %%%eaniu Sﬁrﬁ?”‘r as the
pressure sensor 121 and a downstream pressure sensor 122. In other
aemiodimentssd  differemt tombinationcof senserstmayg beasedn Inltheser may

pEMBodiments, e CPY 140 gan use E?ﬁaéé'ﬁel%va'%%iﬂ one, 9 mage of 1o

the sensors in determining what mode to enter 13 and to determine the
eppprofsibtelactiorlFoitexamplet thee CPU Iaookay eseutie ompdt fisavetaln

c BEPIQISHeG, temperafyrg apd pressyre) te coplrpl the ymaintepance getion o
12: lHoweveit,.lt may use a single sensor (e.g. flow rate) to
sSlmllar actions.

After the CPU has controlled actuator 160, it again
checks the measured value returned by sensor 120. If the
value has returned to a normal range, the CPU terminates
the corrective action 13 and returns to operating mode 10.
If the measured wvalue is still unacceptable, the CPU 140
may opt to repeat the corrective action 13 one or more
times. If the measured value returns to an acceptable range
during this time, the CPU 140 returns to normal mode 10.
If, however, the wvalue remains unacceptable, the CPU 140

transitions to the end of life state 30.

In some embodiments, the filter 100 may employ more
than one sensor 120. For example, the filter may have a
temperature sensor 120, an upstream pressure sensor 121 and
a downstream pressure sensor 122. In other embodiments, a
different combination of sensors may be used. In these
embodiments, the CPU 140 can use measured values from one

or more of the sensors in determining what mode to enter

13



determine whether the corrective action was successful. In some
embodiments, an indicator 170 is used to alert the operator that the filter has
reached end of life 30. This indicator 170 may be visual, auditory, tactile or
some other means. Upon reaching end of life 30, the CPU 140 may actuate

arigdicator dd0e hnsorme embodiprents.the actuatariln0. andior astuaten 460 the
may not be physically located within the filter element 100. For example, in

CEPplicatibnsiiere'cHange85n pradsird orthang8¥ it ditcul 3P Bath aréS - 9
t @fmployed;the SRU p46 smayepntrel abresreriotherdevicestwhish@se action
. 2;ghysically separate from the filter. This iontrol can be via wired or wireless
ommiii&&ton. Thestate Hggrantdhd struGGhRe Gésctbed aboletahbe) °

darsednin acnurhkemefdifferent appkeations. Sevarahoty theseuapplications will

be discussed below. However, this list is not exhaustive and those of

ordinary skill in the art will appreciate that other applications can also utilizes

the tdachingsedisclbseti hereirs EXAMPLEILaVENTIFILTER msefirsto alert

ugbedinent,a veptfiter s employed, I a first embodiment, he filtarig yseg,
as a vent filter. 14 Figure 3 shows a container having such a vent. Typically,
Thhe comtdiner 201 is ¢6nsteuctéa: fromsnigid , matetials; such asstadinkess stewbme

oBg,rigid plastic. Ip gther. embogiments, the copfaipermay bea flexble, o 1,

plastic material. To allow gasses to pass between the inside of the container
aQodadivl thedoutsideenvitdnment, typically a vent filter 200 is used. In the
embodiment shown in Figure 3,

In some embodiments, the actuator 150 and/or actuator
160 may not be physically located within the filter element
100. For example, in applications where changes in pressure
or changes in circulation path are employed, the CPU 140
may control valves or other devices which are physically
separate from the filter. This control can be via wired or

wireless communication.

The state diagram and structure described above can be
used 1in a number of different applications. Several of
these applications will be discussed below. However, this
list is not exhaustive and those of ordinary skill in the
art will appreciate that other applications <can also

utilizes the teachings disclosed herein.

EXAMPLE 1 - VENT FILTER

In a first embodiment, a vent filter is employed. In a

first embodiment, the filter is used as a vent filter.
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the filter element 200 is located at the top surface of the container 201, so
that it is separated from the material contained within the container 201. Vent
filtration systems are used not only for bioreactors, but also for growth
media, buffer solution, WFI (Water For Injection) preparation systems and

fillingragplications. Ehasevent filtersarg steriized yisinga syifable 2 vent.

technique, such as autoclave, Steam-In-Place, gas sterilization, suchas =
Tﬂ%ﬁ?ga%%é' (etfy1&ne SXite} YaS or YammbSrradfitioh VehEfiters8  ri9+d
mdypieallylipstallad-in one ofstwoi coafigurationsi Inihe ernbadimeptishowrrin In

Figure 3, a replaceable cartridge is installed within a stainless steel housing,,
o B Rett oy oo B Eor Ao D SELEHABLR dpLastic
mAERYENT (1) diltern availables from Millipore Casparation of iBilleticajde of the

Maﬁssachus%t A schc%decommon on(ggyfratlon % thce usce of a

“Selicontainé pléasrhc capsul%%i%hll S own pjlé:sotf%:nhélus’mg.@nlecg&g‘ry fiiter’ i%nt

£ ahtePTIOXP (0 capsidel filter withlam AERGENTe hydroploobic membianece 3,
wyaiable from Miljpare Garporation. of Bilgrica. Massashyselts, 5 Hiowe 4.,

shows a vent aving an integrated heating e ement, The vent fifter 200
conayebeof apsuitable type,tsucl as butsepdimiteddo d digpoddtse filtererial

~&apsyle or q e qqgaglleefil er cartridge. Ygnt filters typically have an outer

porous plastic housing or sleeve 210, a membrane 220 and an inner core
230. The housing 210 and the inner core 230 are porous, preferably with a

seriegQfilarge ppepings (212 and 237 Lespectively) fagllow fluid o1y £or

bioreactors, but also for growth media, buffer solution,
WEFI (Water For Injection) preparation systems and filling
applications. These vent filters are sterilized wusing a
suitable technique, such as autoclave, Steam-In-Place, gas
sterilization, such as using ETO (ethylene oxide) gas, or

gamma irradiation.

Vent filters are typically installed in one of two
configurations. In the embodiment shown in Figure 3, a
replaceable cartridge is installed within a stainless steel
housing, and the entire assembly 1is affixed to the
container. One such filter is an AERVENT® filter available
from Millipore Corporation of Billerica, Massachusetts. A
second common configuration is the use of a self-contained
plastic capsule with its own plastic housing. One such
filter is an OPTICAP® capsule filter with an AERVENT
hydrophobic membrane available from Millipore Corporation

of Billerica, Massachusetts.
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to move from the exterior of the filter through the housing 210 via its
openings 212 through the membrane 220 and the openings of the porous
core 230 to an outlet (not shown) which is connected to the core 230 and the
base 240. A heating element is located within the vent filter 200, such as

integratgd into the plastigshousings2k0 or the-iperheare230.dA SoMe egrated
embodiments, the membrane 220 is surrounded by a support layer (not,
DERbWRY . ThZSupport! iyel Ay be'd idre 1igi Porous méthbrig, §ut tabte
t ieayovend a 4aeshged. kbsome embediments, the headipg eleyment isilter
laced in the support I%fzr. Thebvent fjlrier has a base, 540, which attaches to

CIRE LoMtaifér. The VERMET 200 also haS A cI68ed-fol &idt 250 Rigurd 5 - *S
t phowsld repteseatative schematipofrihesentl fikeri dn itscsigptest lorm,dheeve

2Jigating elements 339 jpelude a conductive wire, whichs electrigally Jsolated,
rom its surroundring, connécted 0 a power supply. The ‘passage o Surrent
attkirotigh thenndre seoves to3teat the wireytisereby efevating Yherterhperatreies

f the surroundings. Modifications i e current passed through ﬁwir .
o B e R e pana e ) oo PE 10 o
t eemperatdresrare aehievéd byopassing tmorg cutremt throughothe wige. housing

2 ﬂt?(ﬁﬁi\’@){’ the 16, eyirent £an r%'ﬂ?ﬁlg&ﬁdtwgi'%@lﬁb‘i%gﬂ&y?i‘% Juing; tne
which 1t is applied is varied. In other embodiments, a combination of current
ormaUrtane® fimelurationds sisetbioe regéfatetthe 2emparafeé ofthetfiltehown)

witirthersheating, glements may be, In the form of grids, gr pashes oL porous . »
mats that are electrically conductive
heating element is located within the wvent filter 200, such

as integrated into the plastic housing 210 or the inner
core 230. In some embodiments, the membrane 220 1is
surrounded by a support layer (not shown). This support
layer may be a more rigid porous membrane, a nonwoven or a
mesh grid. In some embodiments, the heating element 1is
placed in the support layer. The wvent filter has a base
240, which attaches to the container. The vent filter 200

also has a closed top end 250.

Figure 5 shows a representative schematic of the wvent
filter. In its simplest form, the heating elements 330
include a conductive wire, which 1is electrically isolated
from 1its surrounding, connected to a power supply. The
passage of current through the wire serves to heat the
wire, thereby elevating the temperature of the
surroundings. Modifications in the current passed through
the wire serve to provide a mechanism to control the
temperature. Thus, higher temperatures are achieved by

passing more current through the wire. Alternatively, the
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and capable of generating the desired heating effect. They may be made of
metal or other conductive materials such as carbon, graphite or carbon
nanotubes. To affect a change in temperature, a power supply must be
provided. In certain embodiments, a battery or an electrical outlet is used to

csupplyithe sequiteghenergy ferqthergatingrelement Haweves, in@thelg which
. embodiments, the vent filter is self-contained and receives power wirelessly.

i cerfain éRBddiftentst & magheti€ fhductidh pGWEFEoupiy ROPIIEUsEd in 2
c&Opjunction with A ragretic- fialddorgenerate thenkequited power seurgeda to

this way, the vent filter is not tethered to xternal power supply, nor is
t ?ﬁélr%aa%eagma PSNEFSSUrEE ?eé?ge i t%g1 itfef."Methods for attaching and

integrating a magnetic field are described in co-pending application serial no.

121009390, el i Nerebu ncomorated by rglerence. Inone embodiment. .
the magnetic’in uction p%wer coupling loop is Used 'to create a vcr)ﬂltage which
o1s usethisys therheating etemernt aand hy any assaxiated circaitryywithimdhe t ive
filter. Any, voltage variations .needed to change the temperature of the
A Hoont e e By i S e Vet Her b s ert Y
membotdimete 17thaatagnetic fieldlis modifietisd as¢o varydhe ¥bkageich as

cdegiyed by the power ounling-Igon. . sqme embodiments, one or more

temperature sensors are used to control and monitor the temperature of the
heating element and its surrounds. Figure 5 shows a representative

schematig pEhe circuitprequired foran, actiyelycontrolied vent fligr ) v must

Coupling loop 310 is used
be provided. In certain embodiments, a battery or an
electrical outlet is used to supply the required energy for
the heating element. However, 1in other embodiments, the
vent filter is self-contained and receives power
wirelessly. In certain embodiments, a magnetic induction
power coupling loop is used in conjunction with a magnetic
field to generate the required power source. In this way,
the wvent filter 1s not tethered to an external power
supply, nor is there an active power source resident in the
filter. Methods for attaching and integrating a magnetic

field are described in co-pending application serial no.

12/079,396, which is hereby incorporated by reference.

In one embodiment, the magnetic induction power
coupling loop is used to create a voltage which is used by
the heating element and by any associated circuitry within
the filter. Any voltage variations needed to change the
temperature of the heating element are performed by

circuitry within the wvent filter. In another embodiment,
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to create an induced voltage from the external field. This voltage, which is an
AC voltage 312, is then rectified and smoothed using a rectifier circuit 313 to
create a DC voltage 315. This DC voltage 315 is then used to power any
active circuitry, such as tuners, sensors, CPUs and the like. A temperature

£ 18NS 328 ¢sed to monitor #he temperatise gkthe heatingelementdsdtage
and relay this information back to_a processing unit 340, such as a central

r %?866’3%%63él’niw€P8?W?ﬁeqgﬁ]ﬁéﬂéf@relg@r%or may be wired, or wireless,
depending on its location within the vent filter. For example, if the sensor is
located in the housjng near the control circuit, a wired or wireless
configlhatisiinay BETREEC T Howe & e terpaAiuHs BPEDF iBcaied =07

aavay frem theocontsalkeircuit, didayrhen advantageous tongee-atviteless £  the

nSE120%, Sullable sensors fpclude 2 thermistor, which s g resistopwith ghigh
?empe?jature Coetficient of Tesistance,” ahd A transducer; Which is an

rénptegrated gircwie Thehsenrsor cam alsabe ofamathér type racudingg butaot an
limited.to, a diode, a . RTD (resistance temperature, detector) or .

A Ao e 1610 oo e o Lt e w LG Hparabise 280k 3282

tds embetdechin the @ndwdp of the fiter Btement 800¢ kT otherlenfbedinhent®) i s

vd15 Iefmperajure sensor s affxed o, of ;emBgdded;ip, thedjier leman 4 aanq

ifferént point, preferably on the downstream side. in some applications, the
snemperaturalofithe filter elemiehf htay exdaeti45C 3 thercfore aseaser a DC

v&?@QB@(gfgqm%%@gt@étQ%@%@@ge3l5 is then used to power any

active circuitry, such as tuners, sensors, CPUs and the

like.

A temperature sensor 320 1is used to monitor the
temperature of the heating element 330 and relay this
information back to a processing unit 340, such as a
central processing unit (CPU). The temperature sensor may
be wired, or wireless, depending on its location within the
vent filter. For example, 1if the sensor is located in the
housing near the control c¢ircuit, a wired or wireless
configuration may Dbe used. If however, the temperature
sensor 1is located away from the control circuit, it may be

advantageous to use a wireless sensor.

Suitable sensors include a thermistor, which is a
resistor with a high temperature coefficient of resistance,
and a transducer, which 1s an integrated circuit. The
sensor can also be of another type, including, but not
limited to, a diode, a RTD (resistance temperature

detector) or a thermocouple.
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should be employed. Similarly, the temperature within the container 100 may
cycle from lower temperatures to higher temperatures and back, therefore
the temperature sensor should have a response time sufficient to be able to
measure temperature cycling. In one embodiment, a wireless transmitter is
also located near, or integrated with, the temperature sensor 320. In the
preferred embodiment, the wireless transmitter and the temperature sensor

320 dre eMEpSHRRA iR dinglE Mntdgt et U doHunt tAtRthatveER TRE 320
i dransmittedend ithe seasos 320 eap be sepatated,iand in commueRieatmmOWithr n
each other, such as via electrical signals. Various types of Wi%
o A HIBAH evicas Are-po<cihie HAciihimg® RETL Zisbed doo Efarbfy, ©F
erdneldatber pratpcolsh&he pracessor ahisdtthencomparés ilie temperatorient ,

value nﬁ?sured by the te %(]era%ure sensoréo thesglgsired temperature and
n ST 1de

refrera o] [S] Il am . Some. ca ons
Padjusts the'current through the heating elément adcordinglyTrRe Vare™ S

threturnediyrthe utemperaturersensarlmay be arramatog valve, sxichkas oAd 5°C,

t}pé(%porrtlonal to the Igerg}peraturebdftecg)e]gl, or magobe.a dlgétﬁllglgr%aelng% ature

method used’ bysﬁesproce%%ﬁﬂag Unit to - make this gé’jﬁgtment can be any
sizoitable breansdncludihg B9 batlactllimitedite Pi>oortrelt proporionalin the

cSRPYOLQ" ani/oethgfagpe Qlérheﬁ%%e_ﬁ%'{lz%E“ikéﬁ%g?g%%%esc%ﬁf”%igher
through the use of cdrrent control circuit 350. This circuit 350 controls the
tenmsurit of eafrent passing throughtthedeating eleme®s38xG: 18iNgre sensor

siEgnyantienal means. ln sggye.embpdiments,, ke conirel cirgyit 350 vatigg the
duty cycle of the
measure temperature cycling.

In one embodiment, a wireless transmitter 1is also
located near, or integrated with, the temperature sensor
320. In the preferred embodiment, the wireless transmitter
and the temperature sensor 320 are encapsulated in a single
integrated component. Alternatively, the transmitter and
the sensor 320 can be separated, and in communication with
each other, such as via electrical signals. Various types
of wireless communication devices are possible, including

RFID, Zigbee, 802.1la/b/g, and other protocols.

The processor unit 340 then compares the temperature
value measured by the temperature sensor to the desired
temperature and adjusts the current through the heating
element 330 accordingly. The value returned Dby the
temperature sensor may be an analog value, such as one
proportional to the temperature detected, or may be a
digital signal. The method used by the processing unit to

make this adjustment can be any suitable means, including
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current passing through heating element 330. In other embodiments, the
circuit 350 varies the magnitude of the current passing through the heating
element 330. In some embodiments, a second temperature sensor 360 is
used as a fault tolerant device, such as a thermal relay or switch, to insure

pikatibe ventdiltes gdoes not overbgat in thecaseofa tailure oithefisst sepsan y
320. Preferably these temperature sensors are placed in proximity to the

oHeafingeleignt 330 so as to accurately report the temperature of the filter
elements. In another embodiment, the circuitry within the vent filter is very
simplistic, com%risi%lg only of a W%I’%GSS temperature sensor and %{1 inductior}le

coil. INtRis®EMBoTIMETt, tHe'Controf of fhe'Voitag8 Ts Farfdrmied eXfethdito"
udhe filber and: theemagnetic fieldlis adjusted to change thehcurrentithraugh thes o

ceating element_This embodiment requires loss, clecionics withip the fiter,
ut ‘requires additional externaWoglc and Editrol As aescrﬁo%d above, d

e xternal Exiersisimply supplyea tdonstantramaount of heatdtodhefiberdiments,

tﬁe(leementst as fheﬁinOC%alncnotéj%ect Vthe mternacl condgll&)ps of the ?Iter.olr% ong,

embocﬁ%ent, the heating circuit of Flgaurré%sis utﬁi%ed with an ihte I?gent

cyprocessingranit IFgy examplecd pressurersensed 87@ niay Beadded to thecher
e JHS&%E@%‘E&I’ adapred tp, measure the pressure wiihip the containgr Aswasy,
escripe Wlth respect to the temperature sensor, the pressure sensor may
Cipengirgd ppddrelesst Thisusengdr3 7eis tcapabkeleftgareratiiy an output,
which varies as a function of the pressure of the surrounding
In some embodiments, a second temperature sensor 360
is used as a fault tolerant device, such as a thermal relay

or switch, to insure that the vent filter does not overheat

in the case of a failure of the first sensor 320.

Preferably these temperature sensors are placed in
proximity to the heating element 330 so as to accurately

report the temperature of the filter elements.

In another embodiment, the circuitry within the vent
filter 1is very simplistic, comprising only of a wireless
temperature sensor and an induction coil. In this
embodiment, the control of the voltage 1s performed
external to the filter and the magnetic field is adjusted
to change the current through the heating element. This
embodiment requires less electronics within the filter, but

requires additional external logic and control.

As described above, external heaters simply supply a

constant amount of heat to the filter elements, as they
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environment. In another embodiment, the sensor 370 is a differential sensor,
whereby its output is a function of the difference is pressure between two
areas. This output can be in the form of an analog voltage or current, or can
be a digital value or pulse. In the preferred embodiment, the output varies

cdinganly withdhe pressure, however this ds PobasequirementsAny diputn one
having a known relationship, such as logarithmic or exponential, to the

SRS UREMG presitire "EATHE EmpIbYEY Lh sich &<ifliAtion, 2a trahsBmatidee
wofthe eutputicandia pedarmeddtoo detesminge theractual neasuresh@resswe. a

In some applications, temperature of the filter element may excee
DR Ee or O borl? (AL <tibie i Bae BB He s et

acmpleyed. Simtladyra transmitteseapable 0f withstamndingsthisatemaperature
should be employed. Finally, the temperature with the container 100 may
cycle from lower temperatures to higher temperatures and back, therefore
the pkessuwe sensrsshiolice de able to withstamdttemperatune cydlmgo@tature
Therer arecmglti%e %@Qggimeents of this pregsure sensor 370..lFroer]faexéelgn.pl%hiS

SERSO re scﬁsor ma% PL i
this sehsor can'be constructe using m ro-electro-mechanical system

SQNWSﬁté@hd@[ogﬁmkpl@zoefecg@etemmga egonductive or resistive varies
o polymer, B%‘&'Qg‘&qe'a%%mer%ﬁé‘d '%?F%rsﬂé@”s er. These examples ;g
to be illustrative of some of t

are intended e types of sensors that can be
engedothieistnot iktended td de arrexhdusietlist oftedl seemsaitable’0 is a

de%%ﬁ}gﬁtﬁ%ﬁso@eﬁQQEiPn%&%%% sensors,can.ie made ysing, RUiconon, ¢
Insulator (SOI) technology, as described in

the difference is pressure between two areas. This output
can be in the form of an analog voltage or current, or can
be a digital wvalue or pulse. In the preferred embodiment,
the output varies linearly with the pressure, however this
is not a requirement. Any output having a known
relationship, such as logarithmic or exponential, to the
surrounding pressure, can be employed. In such a situation,

a transformation of the output can be performed to

determine the actual measured pressure.

In some applications, the temperature of the filter
element may exceed 145°C, therefore a sensor that is stable
at these temperatures should be employed. Similarly, a
transmitter capable of withstanding this temperature should
be employed. Finally, the temperature with the container
100 may cycle from lower temperatures to higher
temperatures and back, therefore the pressure sensor should

be able to withstand temperature cycling.
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copending application 12/502,259. In addition, an alert mechanism 380 may
be in communication with the processing unit 340. This enables the filter
element to alert the operator that it has determined that the filter has reached
its end of life and is in need to replacement. This filter can be used in the

manne{descabed inu Figuse 4. bneperating modes thewventfitesmustinsdrgsor
that the fluid being filtered remains in gas phase. Figure 6 shows a traditional

3 Phase'@iagra 2BY hionitdriht® tefpRratire SAl/orPresSares e 8Btfin et "9

mVenbean «detennine phasedhat thedhuid istin. Byvarying the: curient beipg  a
asse throur%h the heating elements, the CPU can insure this.gaseous

PphaSE 1§ Maintaind SIS, in this SHBOUTHENE thefe i€ & n&ihteian&s 1 YT/

iactiond 124 asshewndnd+tgureal)dFiglmé 7 ,shows a sepresentative dowchaitese

e °£}3%91 Sontrol loop required,to regujate tE‘l_Efg‘érePéﬂ%V'eng a2 t@E%th e the

eafing ‘element during operating mode. Fi € processing unit queries

t fipe pressure=sertsos ta- ldetermime the pressure within the containerfasded to

pShown in Box.500.,The processing nit fhen ayeries the femperature, senser, .
fo determine the temperature within the container, as shown in Box 510. The

sgrecessing bt tHarpcempares thiss set of galsies $o tlephabe diagrdm forsing

s ihg given materigl; In spme embgdiments an equation is %tor%‘%%i}? he i,
storage element of the processing unit which represents the gas/liquid line
cRonfhiotherembodirnents, %€t 0f pdints whose coordinates correspond to

the gas/liquid line 400 are

In addition, an alert mechanism 380 may be 1in
communication with the processing unit 340. This enables
the filter element to alert the operator that it has
determined that the filter has reached its end of life and

is in need to replacement.

This filter can be used in the manner described in
Figure 1. In operating mode, the wvent filter must insure
that the fluid being filtered remains in gas phase. Figure
6 shows a traditional phase diagram. By monitoring
temperature and/or pressure, the CPU in the wvent can
determine phase that the fluid is in. By wvarying the
current being passed through the heating elements, the CPU

can insure this gaseous phase is maintained.

Thus, 1n this embodiment, there 1s a maintenance

action 12 (as shown in Figure 1).

Figure 7 shows a representative flowchart of the

control loop required to regulate the current flowing
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stored in the storage element of the processing unit. The processing unit
compares the actual readings to those stored in the storage element. Based
on this comparison, the processing unit can determine whether the operating
conditions are such that the material is in its gaseous state. If not, the

t IPFOCRASINGHMIt iRcseases the shuant iR the heatig-element todaise.theri rst,
temperature, as shown in, Box 540. In a further embodiment, if the material is
Eheits YRSEEGS stite, thE' procesEiTd Ufit compares e valtéS o fifgser  to
dgestiquitkline 0 dtthesvaldesypreduee a peintdbat: isi elese todbe 400, in

then_a proper amount of heat is being used to maintain the environment, as
B Qhowih i BOE 57 HETBUAHT BNt T fOF e e 400, (IS HpieS =S
sdhaidhe temnpesatarentnay betreducedpwitiout fear wi tdondensationcdnthisner,

2 £25g.the curentin the heating elementis reduced, as shown.in Box 880,
Theflowchart o ?‘—}fgure "is exectited repeatré%lly, SO “as to maintam the
sdieatifg eleimert ata proper téraperatlireg ddre adjustmeatsdothe coeririal .

may be based on.any control algorithm. For example, a proportional, .
o, <D e Reoriim (roporiaiaAlogral, & Bob Erbpartsidl  £h®
s deriegtive) brreeP4-Doalgorithnp (properional-mtegralw derivative) atgosithrm  the
o139 be usgd {q determine the curent adjystmant, Qlher algorithms, are.alsg ; o
nown and within the scope of the invention. The CPU continues executing
whihisdlorehad asdoRg asotheaneaswet pardrneters staywitlin Aéoeptdble are

s {anges. The dilter begins in.operating, mode 1048y eadingepresse . e
sensor 370 and the temperature sensor 320, the processing
processing wunit compares the actual readings to those
stored in the storage element. Based on this comparison,
the processing unit can determine whether the operating
conditions are such that the material is 1in its gaseous
state. If not, the processing unit increases the current in
the heating element to raise the temperature, as shown in
Box 540. In a further embodiment, if the material is in its
gaseous state, the processing unit compares the values to
the gas/liquid line 400. If the values produce a point that
is close to the line 400, then a proper amount of heat is
being used to maintain the environment, as shown in Box
570. However, if the point is far from the line 400, this
implies that the temperature may be reduced without fear of

condensation. In this case, the current 1in the heating

element is reduced, as shown in Box 560.

The flowchart of Figure 7 1s executed repeatedly, so
as to maintain the heating element at a proper temperature.
The adjustments to the current may be based on any control

algorithm. For example, a proportional algorithm, a P-I
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unit can determine the phase that the potentially clogging material is in, as
shown in Figure 6. The goal of the control system is to insure that the
material remains in gaseous form. Thus, it continuously monitors the
pressure and temperature within the container, and adjusts the current

abeing passed thravgh:the hieating elergeats)to insyre that thigcopditionisnal -
met. The use of such an algorithm allows erxibiIitF\:Din the placement of the

AEbntditer’ il otifdr wérds” tHe Preseri Systétht calPadapt 1o titfstént ntegral-
deperating.egnditivnps{eoltn waktn asdot tesmaperatues)cand heatthe fikerrrent
Ccordin%lg and %fficienty. In a further embodiment, flow rate detec.togf, are

d

AGrdbHHBrAEd inthe VenfritEr TFigive s St aes . fits "800 WherE théiow e

s obmatetialia éndicated thiythe arrows. The fluid enters the core 610, passes
through the membrane 620 and exits to the exterior of the filter. In some
embodiments, the heater elements are placed in or proximate to the
memfrene®@20, suctt asiretheccore, housingt ok sugportviayer A temperatygrea s

LifEnser{natshpwn) is, 24 placed within fhe gore. o measure fhe lemperaturg, .
of the ?derprlor}tjo Its passage tﬁro&@h the membrane: corresponding

f Mated tbmpeérsturensernsor 630 igyplacee oh the Bexterirdftige filter, toressure

sdpeasuresthe tempergjyre ‘BITH&% ﬂgiﬁu%f&er it has passed,thrqugh t%%oces ing
membrane 620 and the co-located heating element. As explained above, the
ungrpperituréliffarance olbdervad by thesbawo skasars dlows atheyflowlage ang

mdRatnaint to ke measured. 104he embodiment showg in Figure &, three,flow, o
rate sensors are

control system is to insure that the material remains in

gaseous form. Thus, it continuously monitors the pressure

and temperature within the container, and adjusts the

current being passed through the heating elements to insure

that this condition is met.

The use of such an algorithm allows flexibility in the
placement of the container. In other words, the present
system can adapt to different operating conditions (cold,
warm or hot temperatures), and heat the filter accordingly

and efficiently.

In a further embodiment, flow rate detectors are
incorporated in the wvent filter. Figure 8 illustrates a
filter 600, where the flow of material is indicated by the
arrows. The fluid enters the core 610, passes through the
membrane 620 and exits to the exterior of the filter. 1In
some embodiments, the heater elements are placed in or
proximate to the membrane 620, such as in the core, housing

or support layer. A temperature sensor (not shown) 1is
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shown, where each is adapted to measure the flow rate at a different section
of the filter element. Figures 9a-9d show graphs illustrating exemplary flow
rates observed by the three sensors for a filter as it becomes clogged over
its life cycle. When a new filter is installed, all portions of the membrane are

pEgbally permeablehAt thispojnt intimeflaw eates, may begeughlyrequst atche
all portions of the filter, as shown in Figure 9a. Alternatively, a higher flow
E 4t 9may be ¥een BPthe! feftmdit S8ASET, ad tHiS88Hsor iithe dHed08&st 1o &
cdhe satser)ang fiuid srpyexidbreugh hisssenser singe itiis thepathiobleasthe
resistance and sEorte t distance, This is illustrated in Figure 9b. As the
FHEAng Slefent iUsad,. Spiatter s BAATIEM e Mater AP BAGIna 15 o 1
f filter typically begirmirg neardbe inletrafihe filtere Thashihenlowspate asd the
- g_ef(rjlcb%ttg Ieftkrlneoas{_g sgnsor(ies& .er?ncel% ed, forcing an infge%seedin flg\goa\; ethe
other focations, a8 shown in igure 9¢. As Re filtércontinues to clog, the
t dlopenate at theditite: sensor altstelvegids oy debrease tiorcing myare of tle ows
ofiow tbough theriohtmost part of (e fiter, as shoun in Eigure. 2d. 26 Such g,
configuration 1s valuable in that abdolute flow Tate values are unnecessary.
erRathemn¢hng refdtivervalues Bf dhe varfousSensers blertime aee sefficienttoare
shinggrstand. the gurentpermeability,and condition, of the filter, For example,
the actual flow rate values are not included on Figures 9a-9d. However, the
dgeheral shape ©f ilse grdpht aad fthetrelativhshipidetween the flows at the
various points allows one of ordinary skill in the art to understand the

the

Figures 9a-9d show graphs illustrating exemplary flow
rates observed Dby the three sensors for a filter as it
becomes clogged over its life cycle. When a new filter is
installed, all portions of the membrane are equally
permeable. At this point in time, flow rates may be roughly
equal at all portions of the filter, as shown in Figure 9a.
Alternatively, a higher flow rate may be seen at the
leftmost sensor, as this sensor i1s the one closest to the
source, and fluid may exit through this sensor since it is
the path of least resistance and shortest distance. This is
illustrated in Figure 9b. As the filtering element is used,
splatter or foam from the material begins to coat the
filter, typically beginning near the inlet of the filter.
Thus, the flow rate as seen by the leftmost sensor is
reduced, forcing an increase in flow at the other
locations, as shown in Figure 9c. As the filter continues
to clog, the flow rate at the middle sensor also begins to
decrease, forcing more of the flow through the rightmost

part of the filter, as shown in Figure 9d.
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status of the membrane and determine whether replacement is required. In
other embodiment, a simple hot-wire anemometer can be used. In this
embodiment, a thin wire is placed in the flow of the fluid. This wire is then
energized by passing a current through it, thereby heating the wire. The fluid
flow pagtithe wirehasdhe effeshofiremayingheat asit ishbeinggeserated byow
the wire, thereby cooling the wire. Thus, the greater the fluid flow, the lower
T3 te‘fﬁ&élr%ﬁjré I6f tHE WireS SAitationS i thetempefatafe 61 the wird* tatise ©F
tisémilay vagatonsaindbe sesistance-ahibe yike. shheisi flownatetcanibederstand
determined by measuring, the resistance of the wire. In certain emhodiments,
RO B Banst T RGaht AfdmBRater [CERSS s GinstaRFcutert® - FoF
easped thratgh the wire] arfd the vollage acrose theaviee isdneasued teled on
determinegit§5 sistance. In other embodiments, lﬁnown as constant vohﬁage q
‘anemometers (CV. §5’Y%V§orrfstan evoqiteargl;%rl%1 maintained across the wire,’and |
tikee curient ioméasureck tweiher sbenafibpthe resistance of thelwire ganibe s
- fietermined, and conseauenty. the flid flow,Gan be. paleylated 26 Ty ¢ne
low rate can be used to detérmine 1f a filter is gecomlng cloggeg.rln other
s wdrds, refertibg tanEigore e ifahd fidwtratengraglually teereases thissmay beis
. indication of wear out. Such an event would lead the CPU 340 to
transition to the end of life mode 30. While the flow rate sensor is useful in
determining clogging within a filter, it can also be used to determine filter

inteQrﬂB" 'S%%)%a”é%oi&&'?ﬁeﬂ&"‘/ rate @ﬁmple hot-wire anemometer can

be used. In this embodiment, a thin wire is placed in the

F

flow of the fluid. This wire is then energized by passing a
current through 1it, thereby heating the wire. The fluid
flow past the wire has the effect of removing heat as it is
being generated by the wire, thereby cooling the wire.
Thus, the greater the fluid flow, the lower the temperature
of the wire. Variations 1in the temperature of the wire
cause similar wvariations in the resistance of the wire.
Thus, flow rate can be determined by measuring the
resistance of the wire. In certain embodiments, known as
constant current anemometers (CCAs), a constant current is
passed through the wire, and the voltage across the wire is
measure to determine its resistance. In other embodiments,
known as constant voltage anemometers (CVAs), a constant
voltage is maintained across the wire, and the current is
measured. In either scenario, the resistance of the wire
can be determined, and consequently, the fluid flow can be

calculated.
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determined by one of the sensors undergoes a substantial increase, an
integrity issue may exist. A sudden increase in flow rate measured at one or
more of the sensors may indicate that the filter membrane has broken,
thereby increasing the flow instantaneously. Thus, increases in flow rate can

causethe CPE1teiransition (e gnahef life anode, 3Qidntegrihnissues can alsprer
. be detected through the use of pressure sensors. As is known to those of
L DrARERIM R, theHfERntidlprésStiie bERKESH t& pSints B&n b8 dsedte® 1
1 fetenmine the flowrrate of fuidpassing betweens those paintss These¢ be an
. pressure sensofs can be connected to a processing unit such that the
S GERkh GarF ORIt Hitercth pr2Bs re SETos Y THA hickRESs aitfe C2U
3 Membranes ferisigas: ot integrity issties fHoweremetggig is not the only
concern. In certain situations, a temporary blockage may occur. In some
environments, such as a fermentation reactor, a material or byproduct of the
reactidni sechtasethe proteim faam, seay @ccumulatesnithe top sddfaeemnding

e pushed up ard. Wh%n t reachesﬁthe surface thg foam may, burat as it .
t t b to

AT " sbjfas%rés the gas is released: At times, this material

f Maesplasmortortheilter Elemeng:causing,it to1 27 clogeIn Som@ rate as

dee{%bf?r?i'%@&tsb@@(?&%c‘(%%e '3 ROt PEIManent, %&‘94?8}6@8 reac“fé%j?@&&ﬂ?t Lal
application of sufficient heat so as to vaporize the splashed material. In suc

1cseenario, te protEssnd Unitl340 maydétecta suddeh chaitanin theflewse
idhreugh,a patticularpartion of the flter. Based,an this, theprocessingynit 1y,

may regard this as an abrupt degradation in a measured parameter, as

irpoamte that the filter membrane has broken, thereby
increasing the flow instantaneously. Thus, 1increases 1in
flow rate can cause the CPU to transition to end of 1life
mode 30. Integrity issues can also be detected through the
use of pressure sensors. As 1s known to those of ordinary
skill, the differential pressure between two points can be
used to determine the flow rate of fluid passing between
those points. These pressure sensors can be connected to a
processing unit such that the processor can monitor the

differential pressure across the thickness of the membrane

for signs of integrity issues.

However, clogging is not the only concern. In certain
situations, a temporary blockage may occur. In some
environments, such as a fermentation reactor, a material or
byproduct of the reaction, such as the protein foam, may
accumulate on the top surface and be pushed upward. When it
reaches the surface, the foam may burst as it contacts a
surface and splash as the gas is released. At times, this

material may splash onto the filter element, causing it to
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in Figure 1. The CPU 340 then moves to the recovery mode 20, where a
corrective action will be attempted. In this embodiment, the CPU 340 may
apply a significant amount of current to the heating element, assuming that
this change is due to a splash. The processing unit will then continue to

c Taenitor thedflove ratetfyaugh this portionsof the Jitegdf the flowirates rmanent,
improves, then the assumption was correct, and the processing unit will
gl the dpethting fbdBY10 HowaVE!: A& HoW rdfe doEstdtifprovesat
sd0 aaspecific valug withirea ptegdeterspinedtiswe periac the jprocessingsurih  a
may determineathat the filter is_sufficiently cé?fg(ﬁed such that heat alone
C

S Cah Aot ustdto RNTSH e ShuaBn tin a'83&nafi5 e prodesdiHg e
chunitgway transiten ta thevendrofditeymode 30z and wolifyr arpeperatar thsdughhe

use of an_alert 380. In an .alternative embodiment, the abrupt degradatio 5,
Tt A b sool e i eg Ao, kng FeRaSedragaiol ohis
apressurbwitbin thie gontdrteromhis ninerease mayecbrgspond te a,temporanpwn

idlogkade as desgrbed abgve; [jpop, detedting such a p%%séﬁjrree‘:hoa&&egheode
steps described above can be executed to attempt to vaporize the matérial

2 Grommthe fittercelemente if the e28asituation ig inbt reetified thranproedssidgrunitiis

em%eéa%fxtan QReralopinraugh yse of gn alert. In acegrdance with the, e ¢
embodiment shown in Figure 5, the processor may be in'communication with

carmgnberto? differemaypesof sehevrs) s praviousiydeddribed,this change

1 dergperajyre sensors can beused.io maintgina predetgmined hen  continue
to monitor the flow rate through this portion of the
filter. If the flow rate improves, then the assumption was
correct, and the processing unit will return to the

operating mode 10.

However, 1f the flow rate does not dimprove to a
specific wvalue within a predetermined time period, the
processing unit may determine that the filter is
sufficiently clogged such that heat alone cannot be used to
remedy the situation. In such a scenario, the processing
unit may transition to the end of life mode 30, and notify

an operator through use of an alert 380.

In an alternative embodiment, the abrupt degradation
15 may be detected using a pressure sensor to detect a
sudden increase 1in ©pressure within the container. This
increase may —correspond to a temporary Dblockage as
described above. Upon detecting such a pressure change, the
steps described above <can Dbe executed to attempt to

vaporize the material from the filter element. If the
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temperature for the filter element, and for calculating flow rate. Pressure
sensors can be used for flow rate or for integrity testing. Other types of
sensors can also be employed. For example, in a bioreactor, it may be
known that a subcompound of the reaction has a deleterious effect on the
s hiydraphebicity offilter reerpbraned)y ehangingdbessurface energyad® notify
counter this, the level of material_within the bioreactor is kept sufficiently low
A5 REAGL Fach the Vet Hitér. Ribvidlet, 'éxcessive foaming or splashing
may cause material to reach the vent filter. A conductivity sensor, in
conjunction with a processing unit,. can be used to re%f%l_this conditjon and

prepare fortheC pending cBntadt. EXa TSARTIEGUATE BILTER'EE 7

tlamotheembodiment @ filtrationrsystemnfon ipartididatesy such as celhdebtis of
from a bioreactor or crystals from wine, may employ the technolo .
TUEEGABAT abbVR R filrdfion SutSTor partiEulates SRR IS ool dlmeHER
t eripierssictoreor prystalsSrom wilee istshowntin  Figure 240nlt eomsistd@fermined
housing, 702 containing,one or. more filters 704. The filter 704 is att ch%é .
O S 55 706 b1 1 Fouo St (o AT it A Baeirg eSS 8-
f Hoes se by havingdisstypassed twoaghcthe filker 7184 hédwoudihgw02alsp or

£ 48 ainiet {08 from.a spurceghthe fluig 4o be fitered, Downstieam of the ¢
outlet 7067is a remrcuﬁatlon loop 710 which is connecteé] via a first
ergidctrcricallyr actustedvale 714 fsueh dsle rsolerioid valve, tanthe obet Z0ewn

tﬁ%@tgt@%ﬁ@Sﬂgéﬁ%d of the reaction has a deleterious effect

on the hydrophobicity of filter membrane by changing the
surface energy. To counter this, the level of material
within the bioreactor is kept sufficiently low so as not
reach the wvent filter. However, excessive foaming or
splashing may cause material to reach the wvent filter. A
conductivity sensor, in conjunction with a processing unit,
can be used to predict this condition and prepare for the

pending contact.

EXAMPLE 2 - PARTICULATE FILTER

In another embodiment, a filtration system for
particulates, such as cell debris from a bioreactor or
crystals from wine, may employ the technology described

above.

A filtration system for particulates such as cell
debris from a bioreactor or crystals from wine is shown in
Figure 10. It consists of housing 702 containing one or

more filters 704. The filter 704 is attached to the outlet
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housing 702 via a second electronically controlled valve 718. In the normal
closed position, filtrate leaving the outlet 706 is passed downstream to the
next location 718 such as a storage container or an additional purification
step. Inlet 708 also has an electronically controlled valve 732 mounted

7 @dljagant thechousing ¥0g. ThedilterciQd-has anfirst sensert220 moitechgn the
the upstream side of the filter material and a second sensor 722 mounted

OHowHstreAn? of BS filteSMatEral. BOWH &nsbid $50, P25 #eg) cbiarrgn  the

£ WirelessTpmmuriieationodevieg suczasa RFID4a9.AN0 additenalo8 from a
computational_Jogic device such as a PID controller or CPU 724 is in

S R unlERtioR th inetoi sbReo Ryt A Ml G733 Coin Bonfhre =1

oandegontrast the signate tronctheatwioosenseorsp 720,07 2”Tagainst a kaownset ed
of parameters. The processing -unit 724 alsq is capable of trolling valves

VA A 18 ot S B WS Caeheiota dEvicd Toe, TS o

s cbatained inaeach,of the vahes Jl4] 18 and 732 drespectizely sr via wired the

communication. The wireless communication device may be an itable
h catio _ o al G& May. & any SHEQLIE, 4
%Lllpsel,r}ﬁcludlng t\)fultanota Ilmslt%%lotro1 an IS e(\)/rllcle?%r%% Z(ljg?bneer eviljge. Tﬁg Ve
TICRU 724 islable o sotubatecdradesttuatestheivalves 7141 A8, 732aying the

oiepded. JThe sepsars 120,722 apd.the, processing unit /24.m y&%%&’%’ﬁre‘ﬁls
remotely such as by an 30 inductive coupling device in the outlet of the
solusing 762. Stive adieless commaticationdevicts 171261728, T34 offtheation

svalyes . (18 gpd /82 ancLtbe yalvesdhemsglves vild, £18.anth {32 may) ve

be powered by a hard wire electric connection to the system power supply
73Rofshivipd adjacent the housing 702.

The filter 704 has a first sensor 720 mounted on the
upstream side of the filter material and a second sensor
722 mounted downstream of the filter material. Both
sensors 720, 722 may contain a wireless communication
device such as a RFID tag. An additional computational
logic device such as a PID controller or CPU 724 is 1in
communication with the two sensors 720, 722. This CPU 724
can compare and contrast the signals from the two sensors
720, 722 against a known set of parameters. The processing
unit 724 also is capable of controlling valves 714 and 718
such as via a wireless communications device 726, 728, 734
contained in each of the wvalves 714, 718 and 732,
respectively or via wired communication. The wireless
communication device may be any suitable type, including
but not limited to an RFID device, and a Zigbee device. The
CPU 724 is able to actuate or deactuate the wvalves 714,
718, 732 as needed. The sensors 720, 722 and the

processing unit 724 may be powered remotely such as by an
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Unfiltered wine containing crystals to be removed is passed from the inlet
708 into the housing 702 and through the filter (such as a PolySep(D Il filter
available from Millipore Corporation) to the outlet 706 of the system. The
first and second sensors 720, 722 are monitored by the processing unit 724

1 e astdntesvalschiagevery 2-ainutes nla thistembodimenh hogpaintenance? .
action is required to retain the filter in operating mode 10. However, when

Thfe prosSureValus BBIRE e RRS sERSOrS 20, 722 is fotind td differ¥y the

vaneredhan a, predetesminedamoeutt, such asdwes(2) psignthelprosessing 718
unit7824 initiates a corrective action. The processing unit 724 sends a signal
8 e 1R ValoEs 703 S 18t Bodie i Caler 9045 Hiaks. R L don
t embedimeat, ¢he potuatorsuspawn mEiguse Qware .actually outside of the filter
element, however they are controlled by the processing unit within the filter
element. However, another embodiment collocates the actuators and valves
withivthei filter r kousinignth ereby impraving the respdnse timekand sensitigily 1s
of the,measurements. and cor. ive actions. This correctiv tion %iv ts the
o e A o e e s g e ao el e
theop 710tatra pbintcdjaeent to tRe dbutsigeof The fiftet t/F04 where Valves718 iom

Mi%aitg%-réhﬁﬁ% ToSatuel O!iH}Te” 134 Ryt ppto Pﬁ@@?%%%frgg‘st@%&“t%rhe
surfaces of the filter 704. This flushing may occur for a fixed amount of time,
fsueh as80 sezondsdaftertirogredet@iminediimea periodhastelapsedothe the

pPrecessing,unit, /24 then gommands, valygs £12.and 718 tg.cloge andyaue
732 to open. Valve
minutes. In this embodiment, no maintenance action 1is

required to retain the filter in operating mode 10.

However, when the pressure value between the two
sensors 720, 722 is found to differ by more than a
predetermined amount, such as two (2) psig, the processing
unit7824 initiates a corrective action. The processing unit
724 sends a signal to cause the valves 712 and 718 to open
and valve 732 to close. In this embodiment, the actuators
shown in Figure 2 are actually outside of the filter
element, however they are controlled by the processing unit
within the filter element. However, another embodiment
collocates the actuators and wvalves within the filter
housing thereby improving the response time and sensitivity

of the measurements and corrective actions.

This corrective action diverts the filtrate from the
outlet 706 back into the housing 702 wvia the recirculation
loop 710 at a point adjacent to the outside of the filter

704 where wvalve 718 1is 1located. This causes any sediment
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744 is then opened to drain the loop 710. Processing unit 724 then
compares and contrasts the signals from the two sensors 720, 722 against a
known set of parameters upon reactivation of the system to its forward
flow/filtration sequence. In the event that the flushing does not improve the

piittiation fviacmaiptainingstheryessure-differential ouithin thepreserdedor  the
differential), the processing unit 724 may try the caorrective action (e.qg.

£ Jﬂbgﬁiﬁgygéeco@ﬁ%efmﬁd&ﬂ Méasuré and coparfe thetirdsdireunt of
t diffgrentiabagainst the setstandard. If the difereppe stifh-daestrotrfathwithin i me

the prescribed range, the processing unit then moves to end of life mode 30,
OSTE al Aarti e g 15 oS ARG D the Spator Tt BRI

vaneeds torhe replacerl #f the flushingerestotesvthe differerttiak pressiugre 10 amnl ve

78{?%@?‘%‘%&’6"“83“&%{ 0%%55‘51‘9 unit 724 returns t°798‘?ra[49% 2008 10, snit
where it S|m|5]y continues to monitor the  differéntial pressure between

7Z&nsore 7 2@ of22a e a different embogiment ohthissexample, the cpressuee two

=S808015 730,722 1 replaced by flow pate, sensais. The pragessingunt 734, ,
nowW monitors the flow rate 32 through the filter in order to make its

refetarminations  adout hmde chargestand tosredtivevactions, Withf fhig tration

s eeglggggt(i:%n_, the system functions equivalent to thgt described above. In yet
another embodiment, a single flow rate sensor is placed on the downstream
side of the filter, and is monitored by the processing unit 724. Rather than

In the event that the flushing does not improve the
filtration (via maintaining the pressure differential
within the prescribed differential), the processing unit
724 may try the corrective action (e.g. flushing) a second
time and again measure and compare the pressure

differential against the set standard.

If the difference still does not fall within the
prescribed range, the processing unit then moves to end of
life mode 30, where an alarm (not shown) 1s set off,
indicating to the operator that the filter needs to be

replaced.

If the flushing restores the differential pressure to
an acceptable wvalue, the processing unit 724 returns to
operating mode 10, where it simply continues to monitor the

differential pressure between sensors 720, 722.

In a different embodiment of this example, the
pressure sensors 720, 722 are replaced Dby flow rate

sensors. The processing unit 724 now monitors the flow rate
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measure differential flow rates, the processing unit 724 simply monitors
absolute flow rate through the filter. EXAMPLE 3 - TFF Filters Tangential
Flow Filters (TFF) are commonly used to separate proteins from a filtrate.
Since the proteins may clog the membrane, the fluid flows past the

tHRemprane ika tangeatial directionydiguresllashewsithe floweetaminations
traditional filter, wherein the fluid flows toward, or normal to, the surface of

kRS mer¥dfe. EGEREEEL iIMitraté e sderifon 6£4 TR iter Witdre thé+S
e flbich flownis tangaatial totbesurfaceefdhe snembrane. ikhis allows few  that

articles to gather on the membrane, thereby reducing the incidence of
I G BE 15 shofis A TcBAAMEonC AT REE - sybte FAIE 6P
ratteeddanrio80Q is pumaped ina citctitadsypathriatova 3 F&filier 810 and biaickr,

to the feed tank 800. The TFEF filter 810 filters filtrate fro e fluid, which
e o oAt a TitTe ST a0 S TS pibhss Cadmute et than
megnoeriration Of retentadé inCleases.dduring each passooffhisd oyerthe t 724

surface of the filter membrane, applied pressure forces a portion_of the
R e eI A B e T 3 S B0 Thessult i
a gradient in the feedstock concentration from the bulk conditions at the
center of the channel to the more concentrated wall conditions at the
membrane surface. There is also a concentration gradient along the length
EXANMRLIec] chaPiel Fbhiteesnlet to the outlet (retentate) as progressively
more fluid passes to the filtrate side.

Tangential Flow Filters (TFF) are commonly used to
separate proteins from a filtrate. Since the proteins may
clog the membrane, the fluid flows past the membrane in a
tangential direction. Figure 1lla shows the flow of a
traditional filter, wherein the fluid flows toward, or
normal to, the surface of the membrane. Figure 11b
illustrates the operation of a TFF filter, where the fluid
flow 1is tangential to the surface of the membrane. This
allows few particles to gather on the membrane, thereby

reducing the incidence of clogging.

Figure 12 shows a traditional <concentration TFF
system. Fluid from a feed tank 800 is pumped in a
circuitous path into a TFF filter 810 and back to the feed
tank 800. The TFF filter 810 filters filtrate from the
fluid, which exits the system via filtrate stream 820. As
this ©process continues, the concentration of retentate
increases. During each pass of fluid over the surface of
the filter membrane, the applied pressure forces a portion

of the fluid through the membrane and into the filtrate
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Figure 14 illustrates the flows and forces described above with the
parameters defined as: QF : feed flow rate [L/h] QR : retentate flow rate [L/h]
Qf : filtrate flow rate [L/h] Cb : component concentration in the bulk solution
[o/L] Cw : component concentration at membrane surface [g/L] Cf:

s €PAMONENt goNcentsation infiltrate stream {o/bd i MR: applied peessiR dstock
across the membrane [bar] Transmembrane pressure (IMP) is defined as the

CRESSHIE TittetBntidl FerdsSTh& 1FE nigthfrane® Refeéting i Figiree2, fths the

cliag Average pressurerr the Juidoside,r jpicallywdefined asdhe averwge of the
the feed pressure 830 and the retentate pressure 840, less the pressure on

SRR e Sid. RIS knonhFthat mMaintiii aMBWGTR RZcerai raHge ="t

a Imprpvesdhe eperation and iperfornancenafrihe T Fir diltert Ritennvery high the

01\1/\?1” oncentratlrcl)pgtag)d hlagh membrane fouh%% occur, esgﬁua!jlly durlng the

Startup o rt(laﬁgeprocess. TS rediide the filtrate rate and enable the INIB o be —°

tloentrolled at thesowevalues required for robust TFF 34 operations the filtrate
flow must be controlled. In a controlled flow filtrate operation, a pump or
valve 860 on the filtrate line restricts filtrate flow to a set value, as shown in
FigurBilg: te additionltbuetueing sthe fiktratelftove toamdintainragequdtess cribed

a%r%%éemig{fﬁo nit creates ressurg in the filtrate line to reduce the TMP

eed andretentate pressures remain fixed. By monitoring the feed
pressure:aricbté retentateate [L/h]

Or : retentate flow rate [L/h]

Qf : filtrate flow rate [L/h]

Cp, : component concentration in the bulk solution [g/L]
Cy : component concentration at membrane surface [g/L]
Cf : component concentration in filtrate stream [g/L]

TMP: applied pressure across the membrane [bar]

Transmembrane pressure (TMP) is defined as the
pressure differential across the TFF membrane. Referring to
Figure 12, it is the average pressure on the fluid side,
typically defined as the average of the feed pressure 830
and the retentate pressure 840, less the pressure on the

filtrate side.

It is known that maintaining a TMP within a certain
range improves the operation and performance of the TFF
filter. Often, very high wall concentrations and high
membrane fouling occur, especially during the startup of
the process. To reduce the filtrate rate and enable the TMP

to be controlled at the low values required for robust TFF
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pressure, it is possible to determine the optimal pressure on the filtrate side
of the filter. The filtrate pump or valve 860 is then adjusted to achieve this
pressure. Having defined the typical operation of a TFF filter, the use of an
autonomous TFF filter will now be described. As shown in Figure 15, the

opiter 900 has a firsksensor B204neuntedienthe wupgtieam sige of the fikern 1e4.
membrane and a second sensor 922 mounted downstream of the filter

membrane. Both sensors may be proximate to the relative side of the filter

and donok necessardy have to1 be artd preferably ape natingontagt wittntbe or
embra&: itself, so a?s,éo&obscure the filtration function. For example the
et

Y
Yy bé focatdt ihthe 5ﬁ3eﬁltr]a{élech]é%ﬁ1éf§l§di§ce§ﬁ e Pdspettivd’sige @
sof thedfilies., They maywalsoibe mognted onzan inneranvall efieither charwehcing

and _the like, Both.sensors 920, 922 may contain a wireless _communication .
SRR L ARETD s KA MM S o e e e e vt
cieRlBeontrofiesorr€PU 024 lisin €ommariieatidn meth the twoedensors 920, TMP

92%. TQ'S C(:)FU %24 can compare and contrast the signals frogn the,two 35

whitlé and retentate pressures T In fixed.

sensors 92 ,99% against a known sep ofe parameters. Lilﬁe processing unit
924 also is capable of controlling valves or pump 914 such as via a wireless

communicalions devige 926 contained i%_‘é%"é(?%@“%é&“&ﬁé’ia Wér%%ntate
commaunication. The wireless communication device may be any sultable
PSS Urcluding badsnardiAtiteldte ahRFIBtdavice) <Blub®otirdevied amfassure

orfigbge device. The CEY,924 s ablg, o acfyate or deactuate {Q%%@'Y%%p or
pump 924 as needed. The sensors 920, 922 and the processing unit 924
vqﬁ3¢b§60 is then adjusted to achieve this pressure.

Having defined the typical operation of a TFF filter,

the use of an autonomous TFF filter will now be described.

As shown 1in Figure 15, the filter 900 has a first
sensor 920 mounted on the upstream side of the filter
membrane and a second sensor 922 mounted downstream of the
filter membrane. Both sensors may be proximate to the
relative side of the filter and do not necessarily have to
be and preferably are not in contact with the membrane
itself, so as to obscure the filtration function. For
example they may be located in the feed and filtrate
channels adjacent the respective side of the filter. They
may also be mounted on an inner wall of either channel and
the 1like. Both sensors 920, 922 may contain a wireless
communication device such as a RFID tag. An additional
computational logic device such as a PID controller or CPU
924 is in communication with the two sensors 920, 922. This

CPU 924 can compare and contrast the signals from the two
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powered remotely such as by an inductive coupling device in the outlet of the

housing. The wireless communications devices 926 of the valve or pump

1014 and the valve or pump itself 914 may be powered by a hard wire

electric connection to the system power supply (not shown). As explained
saboyesfluighis pasged tangentigly averk thefilteg membrang frilifrate #a5S€SThe

through the membrane and becomes part of the filtrate stream. In. some
PiepfisotinTefits “hete i71b rRainfenaficeaeton £2 raquifsd by e TEE fiterves
oHowever, Biatherermbogiments, the processing unibimthei Eek filasmayvice
9 cgntinuousl .monitor the ugst&eam and downstream %%essure, via sensors, q

920, 653" "BA8&F on the diffstérice bétheer tHBRe valugs, té procedsing €
camitunay eontsel the valve ior pLaas 9 b rtherebya indire cte cdnteolling/thee any

downstream pressure and the IMP. At some, point, the upstrea ssure, or
R TS g mch s LR BFicH Sanf be ALTHEA by S ot T Rl
B bnguor 8144w this case] the filergimay mbyeitoerecOvery Gitte 204 whereadle
goregtiyeaction s performed. In one embodiment, he fitep has one ormare,
piezo electric devices, which vibrate when energlzeg,ulogate on 36 or near
Thke fiften poernbraié. In thi® embodiment, theocemtrolley 92hactudtds theay be
pdiEzrRlegindevices 450, Hiesg piezo algeliic devlces g jocaiedgp e

filter element, preferably close or affixed to the membrane. When actuated,
thiese@déviess 930 vibiate imfasponge to Télectrical edieent. Themegnliingtions
aibration gausesghe;partigylate that has sceumulatedion the membrane tg,

break free and move in the tangential flow, thereby lowering the
itself 914 may be powered Dby a hard wire electric

t

connection to the system power supply (not shown).

As explained above, fluid is passed tangentially over
the filter membrane. Filtrate passes through the membrane
and becomes part of the filtrate stream. In some
embodiments, there is no maintenance action 12 required by
the TFF filter. However, in other embodiments, the
processing unit in the TFF filter may continuously monitor
the upstream and downstream pressure, via sensors 920, 922.
Based on the difference between these values, the
processing unit may control the wvalve or pump 914, thereby

indirectly controlling the downstream pressure and the TMP.

At some point, the upstream pressure, or the TMP, may
reach a level which cannot be rectified by adjusting the
valve or pump 914. In this case, the filer may move to
recovery mode 20, where a corrective action is performed.
In one embodiment, the filter has one or more piezo

electric devices, which vibrate when energized, located on
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upstream pressure. Although piezo electric devices cause the desired
vibration thereby loosening the accumulated material, other mechanical or
electrical embodiments may be used. For instance, as proteins are known to
be electrically polar as used in Gel Electrophoresis, a temporary electrical
owoltage potential cauldherusegkian tempararityndrayneff preteinsdiemathe the
membrane surface. If this occurs, then the processing unit 924 returns to the
Al ofératifg modie 15 HoweVers if theSAbrationc6rGthier méethodss 230+
Tisyccessiubin remaing the qarticidate, dhe proeessingiundmay atienptl ter
the recove? agtion one or more times. Iflff.ter tcgleﬁredegterminegnumber (ﬂ
© HelBRiPts, the atfion R dhable 5 reftova the 5attidiiate the Protesddr g2 er
aday meye to thecend ofdifer imede 3 30 thisymoeder the processiagphitsadertst o
{he Jperator, as described aﬁlove. In an fJEternative rrangement, one migh
©-usé a backflush’of fui througﬁ thé membrane from thé filirate side to the
pdeed sideaodistddye the accaumulateth particolatetfram therfeedrsidetsurfaceak
of the membrane. The filtrate pump 860 can be reversed and draw filtrate
ek U The MbriEtane LA e 080 iy Gl Bt R4 45 gy the
upedueediin speed ifdesired’orirequivéd toiachieve e thackfludhvThes cause

riackilushed fitrats fen flows b@ﬁ% ygﬁjgzghl@%ﬁeg}%gte ing.to the fegd) ot eq

tank. As another alternative, buffer solution cou ed from the filtrate

naidarthrdugrthieane mbrarratocladckfldsieit $o tthathifratenixonoireqtitedntoybéo e
ndiligred twice,If this geeursthen the progessing yoit 924 Letumis, i o pe

electrically polar as wused in Gel Electrophoresis, a

%he

temporary electrical voltage potential could be wused to

temporarily draw off proteins from the membrane surface.

If this occurs, then the processing unit 924 returns
to the normal operating mode 10. However, if the vibration
or other method is unsuccessful in removing the
particulate, the processing unit may attempt the recovery
action one or more times. If after the predetermined number
of attempts, the action is unable to remove the
particulate, the processor 924 may move to the end of life
mode 30. In this mode, the processing unit alerts the

operator, as described above.

In an alternative arrangement, one might wuse a
backflush of fluid through the membrane from the filtrate
side to the feed side to dislodge the accumulated
particulate from the feed side surface of the membrane. The
filtrate pump 860 can be reversed and draw filtrate back

through the membrane. Feed pump 850 may either be shut off
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to the normal operating mode 10. However, if the backflush is unsuccessful
in removing the particulate, the processing unit may attempt the recovery
action one or more times. If after the predetermined number of attempts, the
action is unable to remove the particulate, the processor 924 may move to

o therend, et life modedn this medebe Rrecessing waigaleds thenqperatorne
as described above. In each of these situations, the present invention

bafekdcd fie isSE afid Slertetheheratbr bRHe problent. -FHiS dietts through

tilecharisareanbe of vasious types. khsomereabodiments, a Sepsoryaletther
such as visual or auditory, is utilized. In these cases, D may illuminate
o B R e G SR & <5 Bt bt Bl gy 2
s ibe opératargn ather emhbdiments; ointaxmiation donderning thé etrorfisl trate
i traggpit}eed Lvl\/irgle?sj%/)o t%g r%n?%e gevic%wvivgiech receives the wireless
Transmission, and su sequenfly a?er?sdthe operator, such as through a
graphic message on a video display unit. The filter of the present invention is

adap&eg t%hr{wgingaéré H}esopetr%tér}g_c;ﬂ%gitions of the. filteriﬂg leJCem];ejw 38

rocessin Z}’ returns
recover from temporary etror conditions, gnd)report u%correctab e errors to

t@ndperator ke mpe@d@gnimom alsé detém{sudden ¢Hanges ilbatI@Mlush
1 Jate andlorpressyre, which, may indicate a transient, errar, speh aﬁ%‘%‘%@%‘ing

splashing. Based on this assumption, the processing unit can emplo
unecovedy tedHrigquds, sheh aselevated tempepatursss tooattempicto taoreect 1f

af@%?“#ﬂﬁyh5@@%@&g&ﬁﬁ%ﬁ%?”k%%%g@ggﬁﬁfE%%@%@SQ, the action is
unable to remove the particulate, the processor 924 may
move to the end of 1life mode 30. In this mode, the

processing unit alerts the operator, as described above.

In each of these situations, the present invention
detects the issue and alerts the operator of the problem.
This alert mechanism can be of wvarious types. In some
embodiments, a sensory alert, such as visual or auditory,
is utilized. In these cases, a LED may illuminate or a
device may sound to indicate a condition that must be
attended to by the operator. In other embodiments,
information concerning the error is transmitted wirelessly
to a remote device, which receives the wireless
transmission, and subsequently alerts the operator, such as

through a graphic message on a video display unit.

The filter of the present invention 1is adapted to

maintain the operating conditions of the filtering element,
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cannot be rectified by the processing unit, an alert can be sent to an
operator, signifying that the filtering element requires servicing. The above
examples show several embodiments of the present invention. In all
embodiments, the filter element comprises a processing unit, capable of

ropsiRting irtiyge diftergptmedes, and st leasteng sersol, This sensor Byt
be a pressure sensor, temperature sensor, flow sensor, a pH sensor, or any
USRS itaBie fy p& I frPadiditién, Ie OBYoteS&IRg unit has the ability to control
at least one actuator, which is used during recovery mode. In some
embog?iments, the processing unit also controls at least one actuator during .
the MaieRAREE SEHSITin FoNhal ABAé. It ShamEHe notdd Sk i Somaes 1
f cases; steh asExamplerk dbe rgrocegsinthunit; gensoss and @ctuatorsareiaht

ercgntrained Slel/g in thae filterfnlap %thfgcfmbodi gnhs I§uch a Iglxae ple thhethis
actudtors are locatéd’ separa%e from the fifter’ %uti are” controie by the

a psocgssingunit inttke filtlerdenakly nim Examite 3, one actatdrds locatedoorery
c éh%glter while Sausehcond aCtLJ}ile'[\gg |selgca£%dms%g_,ar te from thceoflltgr. 39 The

tSims and ‘ekpréssions which have been employed hereih are uséd as terms ©

cof destription ancbhaoeof. limitation, and there is no intention in the use of
such terms and expressions of excluding any equivalents of the features
shown and described (or portions thereof) . It is also recognized that various
modifiéatiohsyare possibl@ewithinghé scope of the tlaimedOtiérl ter, which

cdnodifications. variations, gpd aliematives ate glso ppssivble ,Agerdingly, the,e
foregoing description is by way of example
sent to an operator, signifying that the filtering element

requires servicing.

The above examples show several embodiments of the
present invention. In all embodiments, the filter element
comprises a processing unit, capable of operating in three
different modes, and at least one sensor. This sensor may
be a pressure sensor, temperature sensor, flow sensor, a pH
sensor, or any other suitable type. In addition, the
processing unit has the ability to control at least one
actuator, which 1is wused during recovery mode. In some
embodiments, the processing unit also controls at least one
actuator during the maintenance action in normal mode. It
should be noted that in some cases, such as Example 1, the
processing unit, sensors and actuators are all contained
within the filter. In other embodiments, such as Example 2,
the actuators are located separate from the filter, but are
controlled by the processing unit in the filter. Finally,
in Example 3, one actuator is located on the filter, while

a second actuator is located separate from the filter.
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only and is not intended as limiting. 40 What is claimed is: 1. An autonomous
filtering device, comprising: a. A filter element having a membrane through
which said fluids can pass and a housing to support said membrane; and b.
At least one sensor located within said filter element adapted to monitor at
leastone parameler sassociaigd Wit said filigringrdeviee;ic. Aaachastigmdged
indicate an alert to an operator; and d. A processing, unit in communication
D&vittr&aid dehsoF 8Rd safmedfidiism, &hd ad&sted B tontrol @RGctditsr, ©F
1 whiereinisaid proeassing:urit is sadapted:ie operate inieachrof thiee medessuch
wherein a first mode is used during notrmal, operation, a second mode is
CGBY (5 BotroF BTG SR Tor, nd e TBHe 0568 1 AURATE tSaich et
fenechanismhibwiheaalementsafrclaiadl, whereirsaid astuatas ie selectedrt is
{rom the gr:ourf). cor%?istjcrhqa[%f a piezp electric ge\fice, n electromotive force bl
“ deévice, aheating element, a vaive, and a'pump. 3. The €lémeft of claim,”
wintierein saick progessiag unit tramsitionsleetween saichmode based drathéons,

output of said sensor. 4. Theiglement.of claim 3, wherein_said processing
varlacrlionsg and . .a eﬁyatlvea are éiso. ﬁoss ble.
unit_transitidns from said first mode to said second mode if said sensor

Agutputisoltsideche acceptablerrangescription is by way of example

only and is not intended as limiting.
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5. The element of claim 4, wherein said processing element controls said
actuator, said actuator adapted to affect said parameter monitored by said
sensor. 41 6. The element of claim 5, wherein said processing unit
transitions from said second mode to said first mode, if said sensor output
reverig,toran aceeptahlegyange. 7. The element of claim 5, wherein said
processing unit transitions from said second mode to said third mode is said
sensor output does not return to an acceptable range. 8. A device for venting
fluids reoraprisingna s filker element; having e=mestirare trvyggh which said

fluids can pass and a houiiln%to suqﬁé)rt, said memb%?ne; and b. A heating . N
element TocAted Withirt said FiteF eletidht Xapted T8 Reat Said MemBrand g .
The device ehdlaim8, wihkreircsaid device isadapiedhtoagentdluids fram@oort

container. 10.The device of claim 9, wherein said fluids comprise gases.
11.The devicszg%&cf?ﬁﬁ”ln%f?&ﬁhera@o%prising an induction loop adapted to
convert élecitomaganetic fietdeensegys into électricatipowierhi2. Theadevicgidfter
claim 8, furtgtire com risia% atfgat %eomgieratucrg rseg%orlag%%ted tg measure
the temperature of said Titer element. 13.The device of claim (ﬁ, further

comprising asprocessing unittadapted td réguaterthedempeseature of said

ﬁ“erdeQE”g'mechanism to indicate an alert to an operator;
and

d. A processing unit 1in communication with said

sensor and said mechanism, and adapted to control
an actuator, wherein said processing unit 1is
adapted to operate 1in each of three modes,
wherein a first mode 1is used during normal
operation, a second mode is used to control said
actuator, and a third mode is used to activate
said alert mechanism.

2. The element of claim 1, wherein said actuator is
selected from the group consisting of a piezo electric
device, an electromotive force device, a heating
element, a valve, and a pump.

3. The element of claim 1, wherein said processing unit
transitions between said mode based on the output of
said sensor.

4. The element of claim 3, wherein said processing unit
transitions from said first mode to said second mode
if said sensor output is outside an acceptable range.

5. The element of claim 4, wherein said processing
element controls said actuator, said actuator adapted

to affect said parameter monitored by said sensor.
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14.The device of claim 13, wherein said processing unit regulates the
temperature of said filter element, based on data from said first temperature
sensor. 15.The device of claim 14, wherein said regulation comprises
varying the current passing through said heating element. 42 16.The device

ofsclainm &3, Jueheneomprising-a Rressurghsersok, Wherginsait BECessingni
unit regulates the temperature of said filter element based on data from said
first temperature Yehsorait Sid Pret&urd Sehssr 17 rndtelickdittaimede
16, whereinsaid iracessing: upit tcorepares Sattbdata te ecpredeteramined get.
of7vallﬁqs to E]e%t‘llate the temperature of said filterir\llg element. 18.The device,
of claim 7, FuFHEF ComPrisinta Stordge " Blehiert, witerdingaiessing unit
predetermired setaf vakies ase isiored i sdidstatage eleswent anth said mode

predetermined, set of values compriges a phase diagram. 49.The devige of .,
claim 13, futther comprising a gecondp?emperature sensor. 20-Thé dévice o}?

claim #9nwherein said heating element and said filter element is positioned
b%twegn OF,ea\ifdl Jgstftgm@é%@{% sensor.a d saig rgeggnq temperature sensor,
S0 as'to comprise a flow rate sensor. 21.THe device of claim 20, wherein said
processiag @nitf determirebcfioww raté based or datarfrorasaidfirspargh which

second temBSGraéur?f%% us. ez, The deviceof claim 20, wherein said dewics,
comprises a plurality of flow rate sensors, adapted to measuré
said membrane; and
b. A heating element located within said filter
element adapted to heat said membrane.
9. The device of claim 8, wherein said device is adapted
to vent fluids from a container.
10.The device of claim 9, wherein said fluids comprise
gases.
11.The device of claim 8, further comprising an induction
loop adapted to convert electromagnetic field energy
into electrical power.
12.The device of c¢laim 8, further comprising a first
temperature sensor, adapted to measure the temperature
of said filter element.
13.The device of claim 12, further comprising a
processing unit, adapted to regulate the temperature
of said filter element.
14.The device of claim 13, wherein said processing unit
regulates the temperature of said filter element,
based on data from said first temperature sensor.
15.The device of <claim 14, wherein said regulation
comprises varying the current passing through said

heating element.
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fluid flow at various points within said filter element. 23.The device of claim
13, further comprising an anemometer to measure the flow rate of said fluid.
24.The device of claim 23, wherein said device comprises a plurality of
anemometers, adapted to measure fluid flow at various points within said

filtey elemente 25 ddhegevice-afrclaim, 13; furtherconprisinganalest pressure
mechanism in communication with said processing unit, 43 wherein said

proceS§RE Unit is"Aapted'to ffdith 4A° BpEREdFEF al &Hor donditibnt 28. THe S
device efglaim th3rwhetein said firsttempetature: SeN$e Lommunicates Withom

said processing.unit Wirelesslg/. 27. A method of preventing clogging of a
fiter grhent, Honiprising REGiERL BF a. STing aiter elhidht METRG S

membrane cthtough which said fluids can pass and a housing to support said

me blr ne, and.a heatirng e{ement Ié)cate within said filter element adapted .
ﬂ]. S .§ev1c§ OL 1 C alI‘[i 1 ra.wnereln Sadl é)a%ce§81ng unit
to héat said membrane; b. regulating’the temperature of said heating

elementmpthiresaid diltér dlezent ¢o mipindze tcondensaticredn séidvalues to

e e e

cariinilimicatien with said seémsor ahd saitithedting etement] adapted tostorage

recewglgﬁgkqgmﬁ%%¥§?%x%aid predetermined set of values are
stored in said storage element and said predetermined
set of values comprises a phase diagram.

19.The device of claim 13, further comprising a second
temperature sensor.

20.The device of claim 19, wherein said heating element
and said filter element 1is positioned between said
first temperature sensor and said second temperature
sensor, so as to comprise a flow rate sensor.

21.The device of claim 20, wherein said processing unit
determines flow rate based on data from said first and
second temperature sensors.

22.The device of claim 20, wherein said device comprises
a plurality of flow rate sensors, adapted to measure
fluid flow at wvarious points within said filter
element.

23.The device of claim 13, further comprising an
anemometer to measure the flow rate of said fluid.

24 .The device of claim 23, wherein said device comprises
a plurality of anemometers, adapted to measure fluid
flow at various points within said filter element

25.The device of claim 13, further comprising an alert

mechanism in communication with said processing unit,
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29.The method of claim 28, wherein said heating element comprises a
resistance element through which current is passed, and said processing
unit regulates the temperature of said filter by varying the current through
said heating element. 30.The method of claim 28, further comprising

supplying 2e PressHraisepser peximateta said filtenelepren and iNnform an
communication with said processing unit. 31.The method of claim 30,

whereik SATTbcedsiAY Rl “Comparedireadihgs from said pressure and

termeratireesSensorsto a pradetermined setahvalues andhasetddpdbature
said comé%arison, regulates the current through said heatin%éelement. 32.The,

method O aim 31 WREEIN 35 preddterthined 3&F of VRIURSCoMpIBes &7+ ¢

phasesdiagiar s33: .A method of providing status of a filter element,

comprising the steps of: a. supplying a filter element having embrane
O WhEhT S R Eor RO Bt ATt 16 Bobors S e irat
a heatingueleinentglocatedswithin said filter element adapted to heat said

membrane and flrist arqd secon%if@eoeratuiee senscorsﬂ%cated on elthn?ém dreane

of said mémbrane’and said heating e]femgnt,rgﬁa a proéfels%%g Gnit in
communicatiorr withsaich sehsoFs afd Saidildsatingrelement; b.rmoritoringsing

the flow ratec%‘roé‘@'p“pzﬂ% mggabﬁaﬂﬁe%%%%g[] t@%@?”ﬁ%? AifferenCeent
secon

between said first an temperature sensor; an
located within said filter element adapted to

heat said membrane;

b. regulating the temperature of said heating
element within said filter element to minimize
condensation on said membrane.

28.The method of claim 27, further comprising supplying a
temperature sensor proximate to said filter element,
and a processing unit 1in communication with said
sensor and said heating element, adapted to receive
data from said sensor.

29.The method of claim 28, wherein said heating element
comprises a resistance element through which current
is passed, and said processing wunit regulates the
temperature of said filter by wvarying the current
through said heating element.

30.The method of claim 28, further comprising supplying a
pressure sensor proximate to said filter element and
in communication with said processing unit.

31.The method of claim 30, wherein said processing unit
compares readings from said pressure and temperature

sensors to a predetermined set of values, and based on
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c. alerting an operator if said flow rate decreases below a predetermined
level, said decrease indicating that said membrane is clogged. 34. The
method of claim 33, further comprising alerting an operator if said flow rate
increase above a predetermined level, said increase indicative of a filter

integrigy probleddrison, regulates the current through said

heating element.

32.The method of claim 31, wherein said predetermined set

33.

34.

of values comprises a phase diagram.

A method of providing status of a filter element,

comprising the steps of:

supplying a filter element having a membrane
through which said fluids can pass and a housing
to support said membrane, a heating element
located within said filter element adapted to
heat said membrane and first and second
temperature sensors located on either side of
said membrane and said heating element, and a
processing unit in communication with said

sensors and said heating element;

. monitoring the flow rate through said membrane

based on the temperature difference between said

first and second temperature sensor; and

. alerting an operator if said flow rate decreases

below a predetermined level, said decrease

indicating that said membrane is clogged.

The method of claim 33, further comprising alerting

an

operator 1f said flow rate increase above a

predetermined level, said increase indicative of a

filter integrity problem.
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