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 in their
entireties. BACKGROUND OF THE INVENTION Filters are used in a multitude of applications, from
removing crystals from wine, to remauroNOROE FiromeEkirkigwRter and motor oil, to removing
particulates from bioreactors, fermentors or other chemical processes. Filters in each of these
applications have issups sseciatedanith fheirdises i1 sgme £ases, the issyes May be speeifie to a
particular application. For example, a number of containers, including but not limited to pharmaceutical

containers, HCRibredttors Aha butter tafke, raquité the abilityto GemttHa terhar gaeses to the

outside enviepingnent, or, 1. take infreshsgasfsam outsigledhe contaipen. Je=dd sa and maintain sterility, it
is common tg (I)n.CéLjd 313}%@% ver%t.f |t§é og t?ti%% ecrg)kr)lttea}_lnelroln %od*%l ms%%geceg,ig[)écleosss aesses,o ch as
carbon dioxide or steam,’prodtced during reaction must be reléased fromthe container.” [n other
instances, spargetrorahargergassesy stehl as pxygeér oe airare intehtidnalyreddsesltihtosthe container.

BACKGROUND OF THE INVENTION

Filters are used in a multitude of applications, from
removing crystals from wine, to removing impurities from
drinking water and motor o0il, to removing particulates from

bioreactors, fermentors or other chemical processes.

Filters 1in each of these applications have issues
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 wvent filters is
maintaining an acceptable gas flow. A common problem is

that the materials, typically water vapor, within the



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 container can be subject to condensation since in most
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 containerand the outside anyirepment by blecking dhe peres ofi thediltertherghytreducing its
effective surface_area for gas transport. Additionally, the natural foaming that occurs from

biomanufactBfiRg brodesSBS carPAcculrtiate GhineSiltérdnd festiBEair Eahducticn. $he36&Mm is typically

controlled inonerof sevarahwaysi First, astidoangingagentrean be asldedda ¢he eontainerssothat the
surface tension is reduced and foam is not created. Alternatively, the container or filter housing may be
designed to gpé%\k Bubbié fofmation befdre 8ve@%1bet5]tﬁé filtsr HiemBrahe Botfr o th&§& hpproaches
add complexitytadie dessignwof the vent filiercand teactian process. ga ske sountaractthesehghenomena,

vent filters are t E)icarlllggnadedfrocrﬂhhygrqtpho ic mem.branes,n hi%h rebsjfst c}gnden ehtion within the filter
e :
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pore structure. However, daesplte e use O]J_ ydrophoblc mempranes, | ISCknOV%'] t a? cgndCensatlon or

plugging may stiltbecuif on the veritditebelemedt Qmey passibleesdiatian teethisuyproblem is the use of
external heathng elements, which serve to elevate the temperature of the filter element, thereby reducing

@) %as tr?nsgor . ) . . .
the condensation on the element. These external heating elements are typically applied after the filter
has been assembled, and can suffer from

Additionally, the natural foaming that occurs from
biomanufacturing processes can accumulate on the filter and
restrict air conduction. The foam 1s typically controlled
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



several failure modes. In some instances, the temperature 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 monitor the heat of the stainless steel housing around the filter element.

Thus, changes-ie gas flaw threugh thediter, wihichsaffiect thediltens demperature; Sapaetbe measured or
detected by the external heating element. This can result in_a lack of sufficient heat, or an |

overabundaii&e! Hepertiing S thE FibGTate of 1é fididdn et  CAQdidéhally, i farge tdntainers,
the vent filtet may beiphysically:-remate &one the, operatosrsuchias,on a differentilevelof theckuilding, and
therefore, cannot be easily inspected by the operator. Thus, issues of inée rﬁga?r flow rate may be
ongoing for 4 BEREA bF fine BAIGTE il AredetBaEa usTg cur BT MApISehiEion=Y  ERAE fitr
applications mayarave other uniquedssues, Fehexamplestangentiaptowt dilkers {MEF fikersy avy become

clogged by the protein which t is fitering, Maintelning proper backaressurs can help alleyiate ihis
problem. In‘addition'to application specific iIssues, there are issties that are generic for a Milters. For

example, theaissae afdntegnity i comrnen focadlcapplicatibrs. Atsmallllreachsinghé filtesusembrane
causes partiyla(e (¢ pasg thraush e fitey Sun.a breach.may be apastrontic depending gn the
application. For example, If the filter is used to insure a sterile interface or bounda%/, such abreach is
unacceptabléhrough the filter, which affect the filter’s temperature,
cannot be measured or detected by the external heating
element. This can result in a lack of sufficient heat, or

an overabundance, depending on the flow rate of the fluid

in the filter.

Additionally, in large containers, the vent 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



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 intervals. For example, automotive oil filters should be changed at intervals determined by
elapsed time or elapsed mileage. Similarly, water filters for refrigerators may have a life cycle measured
in months ofse-ergallons of water fifgned: a + 1 Jaday;dpost:fiiers bave twa-medes of eperating. The first
mode is normal operating mode. In this mode,_the filter is gperating normally, removing particulate as
intended. In Wy erbodiMBRES thR isthe det&ult bpERFIIoASST th%ﬁ‘ilté?’?&ﬁﬁi?%%ing%g?@quﬁed to
ensure that thediten rarmains4a this taegdes However, in some applications, it may be necessary to perform
additional maintenance actions to insure that the filter remains in operating mode. For example, it 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), ardeseribed abpyvedn relaticrstosthe wentfiter. of Thedecead moske ofeperation also
common to %!quélteESOis aerrlld ce)f Iifgéls)n.t\rflies rgode,r}ge filrfer hg§tei(8e<i%ec% its ur%efuleli e.aSuchnaSr]cevent may
occur due to an excessive buﬁ%lup of particﬂﬂ%?e on the flitér membrane. ‘Ityplc%ﬁ)ly, the %‘:ﬁﬁlty of the filter
element to paks fldid lat@n aceaptabtesfloviirate isicampromisedt dn extteméE cases, the fidiofiow is
completely sfo ped. Anotjger f%ilucre af leads t%end %f life is,an igtegrit blreach. If the filttir element is no
. . t T d ; : . .

longer integral, it %gﬁﬁce)tsperforrﬁ its ulnctlgrrl,SandethecrefkflnrrléJ has reached its end &qﬁ(ae.rlylﬁersé must be
replaced updirreaehingtieir eruigfdifie.t 1 veAlthddghfilterstypicahoaredonleused dm thiese a0 modes,
there may b‘?L§9¥?@§980”§é8£ﬂ¥§ﬁ‘e@'r%§‘9 el%%%%{a“é’{wiénoé!‘én asTEEAELY ggsﬁ@ethls mode,
the filter is not performing optimally, howevet, it has not actually reached its'end of life. The performance
may have degradéd by v proedssreohditiohrsutdide theetypicad spérating Msuchagvghen allafge particulate
blocks the rane or.a largg numper of particulates arrive sigplta&gg%lxgh%gltew@glbrane itself
is not clogged yet, however, a large or unexpected amount of particulate has compromised the filter's
ability to opefateteffi€iéntly. 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 life, and therefore is remedied in a similar fashion, typically by
reMacementOfme?M§ﬁy' 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, 1t may be necessary to perform additional

maintenance actions to insure that the filter remains in

operating mode. For example, it 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



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 anautonemoxsditer devise andoa methed forigpreying:tbe fiferlife and pesferraarce. The filter
element is equipped with one or more sensors, adapted to measure one or more characteristics or

parameters 6FtHEFiid, SUEh ab tEmPeratdrd” presSure IFROGTALE, In TESPUnEe to tHe' MdaSared
characteristi¢ 91 patameteg theleerirol togicanithin thefiltee elemeatis able-tprdeternine asrappropriate
response. For example, the control logic may determine_that a sudden, but temparary, blockage has
ocoutred in the e aE IrFASBEREe 1 e the LORRBROGIE AEY iate 3 opGs fospones
designed to akeviatenthe blockage: thhis yespodse maydieademperattse chadge, asviktaiion,fa change in
fluid flow pa r some other action. The control logic will then determine the success of the response,
pased on marheing Sy chafgd Hie T TRBR RS cs Baskatheibbh, i ConrslI9gie iy aler the
operator thaflthéfilter element must be replaced. Alternatively, if the response was successful in
correcting the blockage, the control logic need not notify the operator, as the filter element is back to
normal operating operation. In other embodiments, the control logic also regulates the operating mode of
the filter, such as by insSwingtthdtithe flui passingpthere threughnis at a peedetermihed teniperature or

pressure. . In,other embediments. fhe filtgr element warks in cqaiynction with, the gurraunding support

mechanism to
operation, known as recovery mode. In 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
sSparge 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.



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 THE
DRAWINGS Figure 1 shows a flowchart 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
illustrates a vent filter of the present invention with an integrated heating element;

SUMMARY OF THE NTION

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 1life and
performance. The filter element 1s 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 the filter element 1s able to determine an
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



Figure 2 illustrates a representative schematic of one embodiment of the present invention; Figure 6
shows a phase diagram; Figure 7 illustrates 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 fos vavioys filtereleentsiecd 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 THE DRAWINGS

Figure 1 shows a flowchart 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);



Figure 10 illustrates a filter in accordance with a second embodiment of the present invention; Figure
11 illustrates flow paths through various filter types; Figure 12 shows the flow path of a tangential flow
filter (TFF); Figure 13 shows a second embodiment of the flow path of a TFF filter;

Figure 13 shows a second embodiment of the flow path
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 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, upstream 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 life

mode 30, by way of natural wearout path 27.



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
three modes are illustrated in Figure 1. The operating mode 10 is used during the majority of the filter's

life. In most cases, now@actigns are gguiredite inssise that the filtgrremansingeperatingiaede, However, in
some embodiments, a maintenance action 12 may be performed, either continuous or periodically, to

insure that tHe fit&ireritinsTeratidnal. Stth%h ddficn iay bREfehnél cyef Sibraith, préssure or
fluid backflow®r othesesemedial agtiofo filter particulate. Such an event also

changes the mode of the filter from operating mode 10 to

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 1is one of the measured
parameters or characteristics. A sudden change 1in the
measured parameter would be inconsistent with typical wear
out, and therefore may indicate an abnormal, perhaps
temporary Dblockage 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 Dbe
performed a plurality of times, as shown in path 13. If

after a predetermined number of corrective action attempts,



After some amount of use, a measured parameter or characteristic of the filter, such as the flow rate of
the filtered fluid, upstream 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 fromreperatingriaede 104e end of lifednede 30.thy way etnatpralweareutinaih 2¢ne
Alternatively, the parameter may change suddenly, indicating that the filter has an integrity issue, and is

no longer acfifg t6 filteFaHiCaIAi Suchh &verfttis® Ehandes the/m8dé oPfeiltet from operating
mode 10 to end of life 30 via path 27. However, at times, a degradation event 15 may occur
unexpectedly or instantaneoug!él In such a scenariq, the event causes %he fiItePLtgé)erform suboptimally,

as may be determingd By an ftfp?% ange O of the MELslrdd parameters B & aradtetistics. A
sudden changesinribeleneastirachparaiieter-wotild thesinpersistent withrdéypicalrwear oy randi therefore

may !ndlcate > an a?g%rmgrj, @%rhagﬁ]rt%m Sraeryob%oqc@?e piaftoccuvrvrle](‘:ll F](B)r eé%mglg_giged gmatlc deprease
in fluid flow raté ﬁ]ay indicate ‘fhat the filter hasnstan aneousﬁ/rbecome focked. Th’stich a scenario, the

filter may move from operating mode 10 to recovery mode 20. In recovery mode 20, the filter attempts
to correct the bIockgge b¥ acttéatinsqhone or more correctivetor remedial roce@rt:res. T@esecgrocedures

. . . ure [QAS] a epresentativ S ematic,.,. O e
may include mcreasma temperature, cﬁanglng fluid circulation pat%s, shaking the filter membrane,
changing or feviersing trarsmembrbhe pressureeant otrers L Thisivemaédtive -acfidn may bétperformed one

time, and if th &9&ﬁgti}/§ agtion '(;%%Lo{gb%egsf@ gg{%%tgring 38? @eﬁ%edtpoaramelt%%or ¢haracteristic to an

acceptable value, the filter transitions back to operating mode 100, via path 18.
understand and transition Dbetween the modes described
above. To provide this 1level of intelligence, 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 1is 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



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, the parameter has not returned to an
acceptable value, the filter then transitions to end of life 30, via path 25. Having defined a generic
flowchart that demonstrates the modes of the filter of the present invention, a generic diagram of the

structure of thedilter wall hesdessribesl. vakiguwee shewsatepresentative seRematic of thefilter element
100 of the present invention. This filter element 100 contains control logic 140 to allow it to understand

and transition BEWEEH the fodbs Yescribed above. To provide this level of intelligence, a power supply
must be provided. In certain embodiments, a battery or an electrical outlet is used to supply the required

energy for the heating element. However, intother embodiments, the filter is se;{-ggnt]all%rﬁd d receives
power wirelessly. In Certait'emBEGRIEHES B fagifatic inductisi Bowsr toupfing 1o8p 110'is Used in
conjunction with a magaétic field to generaterthe required powter sodree. Inphis avayt, ¢he filterds not

tethered to anhexternal power sup&ly, oris h(fre an active power source resi%nt in tlf%ilter. Methods
. C %fa%te %stlc F ? 1 t%F ei§TFn . O%ﬁ in o?g 18
for attachingand integrafing a magnetic field are described in co-pending agpllcal n Serial no.
12/079,396, which isheretysineorporatediby eeferenceage from the external field.
This wvoltage, 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 circuitry, such as tuners, sensors, CPUs and the

like.

A sensor 120 1is wused to monitor a parameter or
characteristic o0of 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 1is 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



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 modified so as to vary the voltage received by the power coupling loop

110. In sepielerbedisnents, ene ordpakessensere 120621422 arejused tazmenierat lgast one
parameter or characteristic of the filter element. Coupling loop 110 is used to create an induced voltage

from the ext&rraffigld. This VoltaGBEWRICHYE arf AC ¥BItAge 192P R then fettifitd dHit§hodthd using a

rectifier circuithils3 to eregie s Grltage 315 dThisbC veltage §4%3 is then ysed ta powertany active
circuitry, such as tuners, sensors, CPUs and the like, Aignsor 120 is uied tg% moni%a arameter or

characteristic OF e filtet Slentant 5rid r&IAG tHiS Therhistion back T8 protesSing BT 140"Stkh as a
central processing:uait (CBVY).tkhehdrgpessingupit 140unedudes a storage deviee csiicheasae

semiconductor memorg Whifgbisbused to s%olre instIructioQﬁ f%r thg.CPU gﬂd stO{e variou%ﬁarameters and
settings. The Sersor 1 61 ?ﬁlay e Wired, or wireleSs, dvé%)enéinagnonlﬁlsgloca ion within the filter. For
example, if thg semnsaor.120 is located in the housing near the control circuit, a wired or wireless
configuration may be used. If however, the sensor 120 is located away from the control circuit, it may be

advantageous to use a wireless sensor.
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 are encapsulated in a single 1integrated
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 wvalues, 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

12



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 applications, the temperature of
the filter element may exceed 145C, therefore a sensor capable of withstanding this temperature should

be employed; Similady ihe temperature within the sontaingr 160 may eycle frosm loyer tempeyatures to
higher temperatures and back, therefore the sensor should be capable of withstanding this temperature
cycling.  IN¥neEMBOARTEMa Wirdied frarsHittaP is also located near, or integrated with, the sensor
120. In the preferred embodiment, the wireless transmitter and the sensor 120 are encapsulated in a
single integrated component. Alternatively, the transmitter anc(l_\lt?he sensor 120 can be separated, and in

communication with Sach Gthét 8T &S viR BIERIcAl Sighals VAU pes bt MreldSs SSifhunication
devices are pgssiie,dneluding RFHR; Zighes 802 dda/blg, and ethetprotadals. or Theaprgegssor unit

140 compares the llre sured by the sensor 120 to the desired or accep g value, or range of
values, of th%??)%ra(r\“[hge er To%%(?han}%gter)lésﬁ%r.lﬁglv%?ue(grgturﬁ%%%\@etﬁ% S(I-:-nr?éjf)er 1? 'mayrf)e %Iﬁlasnalog value,
such as onerprdportionatto fie parameterumeasured, aranay be avdigitat sigpal. Based oaithg value

returned, the processor ]14 det%mines wchether the filtekis stiﬂ ino eratin% modce or whe{her it should
.. a t?a or 0~ &s ac uatEr maX € the S mg.a tuatdr .as he .
transition to a different mode. s shown in Figure 1, in some embodiments, a maintenance action 12

can be takerntoterdbie thesfiltertto remaireincoperating mode 40t This actiohanay tekeanamaforms,

including but ot limited to-temperature,qr hackpressyre mogficaiop; 1) these;embogiments, the
employed include temperature or backpressure modification,
circulation path modification, filter wvibration, or other

similar 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
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processing unit 140 controls actuator 150, which performs the required maintenance action. If the
measured parameter or characteristic, as seen by sensor 120, deviates from an accepted value or range,
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 aclion 18o0rdnay be andiffereat agtyatep Suitableactions that mayhesempployed include
temperature or backpressure modification, circulation path modification, filter vibration, or other similar

actions.  AREr the’CPURRS cohtfollel etustorE86, it 86ain%%%ﬁ§%he asared valife Feturned by

sensor 120. Héhevaluehias returned ée anasmat mngen thecCP UHerminatesdthecosregtive agtion 13 and
returns to operating mode 10. If the measured valye is still unacceptable, the CPU 140 may opt to repeat
the correctivéaction 13'sHe’ or'thof&imss S ﬁesﬁggéﬁrea%ﬁ?erre%rhg to anAecEptable fange during
this time, thed€EP&r140 ecturnstioacnoratad mogert@: df, howevet dhewatuesiemains fmacceptable, the CPU
140 transitions to the end of life state 30. In some embodiments, the filter 200 may employ more than
one sensor 120. For example, the filter may have a temperature sensor 120, an upstream pressure
sensor 121 and a downstreamauiessuimessensor 322.indthertembddiments, asdifferent edrabination of

sensors may, g used In [hese empodiments; e GPU, 140 can,ise measyred. yalyes from gne or more
of the sensors in de?ermlnlng what mode o enter and t0 determime the appropriate action. For example,
the CPU 140Cmay usedhe output bf Several Sensors (8¢, tempirature and préssuee)to contrel the

maintenance agtion 12. However, it may use a single senser {¢.g, flay rate) fo determing whether the
corrective action was successful.
actuate indicator 170.

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 wvalves 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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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 indicator 170. 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 changesiig.girgulation pathyare empleyed.dhe GPU 140 may central valves @k gther devices
which are pr%?ically separate from the filter. This control can be via wired or wireless communication.

The state didgfBiand Zrructul€ deSertéd 866ve 3N be'dsePSE htHber Of diffestBnt gicitions.
Several of theseapplicatjons withbesdiscsissed below. Howeveraths list igindt exhattstive and those of

ordinary skill in the art will reciate that other applications can also utilizes the_teachings disclosed
neorein EXARPLED SN IETER: | I et GauA, o Fort it & bioyBHe A Trs

embodimentpthecfilter is used asg acienyfifeles to pass between the inside of the
container 201 and the outside environment, typically a vent
filter 200 is used. In the embodiment shown in Figure 3,
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,
WEFI (Water For Injection) preparation systems and filling
applications. These wvent 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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Figure 3 shows a container having such a vent. Typically, the container 201 is constructed from rigid
materials, such as stainless steel and rigid plastic. In other embodiments, the container may be a flexible
plastic material. To allow gasses to pass between the inside of the container 201 and the outside
environment, typically a vent filter 200 is used. In the embodiment shown in Figure 3, the filter element
200 is located at the top surfage afthe gontainge 201, $q thatit isrsepakatedsfromithedyaterialicontained
within the container 201. Vent filtration systems_are used not only for bigreactors, hut also for growth
media, buffelSBIutiBH, WETPRAter FArnjéetidn) préparation SyERLan Pfilling ¥pSithtioRs SThese vent
filters are sterifizeq using-a suabledeehnigue, suchnas agtoalave,sSteamstrBlases gas sterdization, such
as using ETO ethal]lene oxide) gas, (ﬁt%amerﬁi irradiation. Vent filtgﬁrs are typically installed in one of
two configur&fiGHa: 117 th8 BmbBodiniéht ShoWr in Figtre 3 a repaceabidartridge|is instalied Within a
stainless steel/bausing,yand dke entite assemblypisadfixed pa e containers Onge soieh tierdsan
AERVENTO2fiJLt8.r availablebfrom Miél' Qre C%rporati.on of Billerica, sa(ij}fsegs. A secorédlgommon
configuration'is the Usé of a'selt<con alneadqp astic clzi]pns%Fe with its own'plas ic ho%%lsnlgr}%)ne such filter is
an OPTICARQ@ ¢apsudle fitterwith ancAERV EAlTehyarophchic mentlranelavaialle frons Miliipere
Corporation of Billerica, Massachuset Figur hows a vent filt ri‘na ing an,integrated heating
cloment. The Sett s 200 st B8 of 247 SCHADIE 6. SoEr SE bUt Lot I i S e LBl iter
capsule or atreplaceablé fifter cartridget &entfilters typfieallfyinaveranbuten porouseplasticshiausing or
sleeve 210, emhpran 0 inner.cose : haqusin hejpper_core are porous,
preferably W%?% rsT;eﬂar"légs %fglgrggeggﬁ?rgggs (% aﬁg%%g%sgg%iv%%ﬁ%§5?é%v f?u?g toaqrﬁ(gve% ﬁ%m the
exterior of therfitter fieroughtthé housing 246 viadtssopeathgs 212 throughlthie memisrand 220 )and the
openings of {he; perous.core, 230 1q an outlet (ot shown) whigh is.connected to.the corg30 and the base
240. A heating element is located within the vent filter 200, such as integrated into the plastic housing 210
or the inner 6@ 2307 IIf $6MeEmBSdirheftst #te MeRBrané 220 V$ Blirrdunddeirby 8 Suppsidayer (not

shown). This,SUppAKt dayer may be,q More,dgid,parous memprang ,a nanyvoyen qriamesfhgrd. In some
embodiments, the heating element is placed in the support layer. The vent filter has a base 240, which

attaches to th@ €®ntafnet - Thel Gent fiBE20FARB W8 Edsed dfend 25 ranFiguté 8 shdis a
representativg, schematiciof the vent filter, dn-its simplast form . the heating elements 33 include a

conductive wire, which is electrically isolated from its surrounding, connected to a power supply. The
passage of Ctif&nt tHIBUgP fhedwifd E&rvés fo- He &t the Wire e E By Blevating tHEtERTperdturd of the
surroundings.dMadifigatiens inthe gutrent pagsegitheoudh), thecwire serve 19,grodde adnechagism to
control the temperature. Thus, higher tem}geratures are achieved by passing more current through the
wire. Alterna]%é‘l?,eﬁwe in the “suppor 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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current can remain fixed, while the duty cycle during which it is applied is varied. In other embodiments, a
combination of current amount and time duration is used to regulate the temperature of the filter.

Further heating elements may be in the form of grids or meshes or porous mats that are electrically
conductive and capable of generating the desired heating effect. They may be made of metal or other

conductive nateralstsuehras cafben graphite okcarben rapotubes. cyJixalfest anehangedn
temperature, a power supply must be provided. In certain embodiments, a battery or an electrical outlet is

used to supply the Tquirddienktdy forthe hEafinG Stemeht HOWEVEF, in 6IARP EMbUuifents, the vent
filter is self-coptained and fecefvespoverivitglesshy I cartainembodimentsna magnetig inguction power

coupling loop is uied inc n%unction with a mag1 etic fiel%t enerate the required power source. In this
way, the ventt fif8ris Hot tethefdd 1o 4t &Xtetn %o%é? s boﬂ)ﬁ/?ﬁt)r 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 n%ulrzclgé%B 6, vglhich is Plereb)r/ljcnscor orat%d b)ﬁrrlef%rgncef Inoqt?e embodiment, the
by

magnetic induction power coup %ag (1388 isUSed 1o create 4 voﬁage which is used he' hea ?ng element

and by any assoaiatedecircuitry withinuthe filiers Anyaoltagesvadatons needdd/to chadge thertemperature
of the heatlnig element ar eoe(r)fgrm%d Q)f’ Sjreuitry Mté‘llh Olthe vent fllﬁeralcnianothe]{f%mqulrlnrgg% the

magnetic fie d is modified so as to%/ar}y the vgl?age received E?/(%he Sowe?1 gou% ing Toop.

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 supply the required energy for
the heating element. However, in 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 1is 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 wvariations needed to change the
temperature of the heating element are performed by

circuitry within the wvent filter. In another embodiment,
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In some 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 schematic of the circuitry
required for an actively controlled vent filter. Coupling loop 310 is used 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:3l3rte greatea DG yoHages31ae dhisikRE veltages318ds thenwsed to paweray active
circuitry, such as tuners, sensors, CPUs and the like. A temperature sensor 320 is used to monitor the

temperature 'of e KESRY elehferR 350 arftPrétdy s ifGHination 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 §xgngeqlple, if the sensor is located in the housing near the control circuit, a

wired or wireless cantigiiration 0§84 97 howsver: theterperatiidSehsdr & IGHES Aivay from the

control circui,rit maysbe advantageausoto used witeless sensore  tSuitaite sensorsificiudea
thermistor, v&hichﬁis a resisltor with a hi%t&tem@erature coeffic(ij{ant of btesistance, nd %transducer, which is
emen a 1 oun .

an integrate Gitcuit. rhe“sensor (t:an also be of ano?ﬁé:rrtype, |%élud|nb?55te notlimited 16" a diode, a RTD

(resistance tempesatare: detector)sarrestieermocauplethe  miomea: émbpdineemnt,ithedviretess temperature
sensor 320 is emlt%/_eedped in It%eegdrici cap of thte fl%t%ﬁ_ g!eermené SOOlIn oth%ro emb%qlg}erllts, theetgmperature

sensor is aﬁ&%g to, orembe in(,et e filter element at a different. goint, BPefera y on the downstream

side. In sométappt’r.@":t'rbﬁs,athe ierdpe@ﬂur@@lU@@ﬁlteﬁ@@mé@%@@m&dl%ﬁakﬁereﬁréa sensor
capable of monjtoring thig fem e@éur%éh%d!981%8‘9%‘1“23“!@”%1‘&%%teP%%eJ% & yithingthe

container 100 may cycle from lower temperatures to higher temperatures and back, therefore the
temperature Sepsohshibuld have a resperseitime sufficientidtbe ablé totmeasuratemperatie cycling.

voltage 315. This DC voltage 315 is then used to power any
active circuitry, such as tuners, sensors, CPUs and the

like.

A temperature sensor 320 is wused 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, if 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 is 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.

18



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 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, 802.11a/b/g, and other protocols. The
processor unit 340 then compares the temperature value measured by the temperature sensor to the

desired temperaturé And 5 R fHE QiRent thioTigh 17 hE&ng EBRTE 336%cEERvdly. >Fie value
returned by the temperaiere sensarHaaydeian-apaleg value, saeh as:0ne psapertiorsd tq thertemperature
detected, or ma}{%be a (1%?%?] signéil. Thte method used kgly therg)rocessing unit té) make %his adjustment can
be any suitaBle 1iafS IREaling “But not fimited5 BIbEontrof hiSportional ‘cohtidfor &y Sther method.
The processigounitida40 varies the eurrent thesaugle thenase: of atirreat canitrdleirenit 35600 This, circuit 350
controls the arpeoyntro &urren}lpaggigg ggo%%p:%e Qleagngeelemfnt SSBOOrheusin cgril\é%nctiog%means. In
some embodiments, the ontrol circuit 350'Varies the dutly cycle of tha curre F?assmg tjhrough heating
element 330t heothermgrelediments cthe ¢ircuit 350 variesehemeagnitudeyof thecewrdent gassing through
theheamﬁ;%%@?@%%?%’ea sensor capable of monitoring this temperature

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 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, 802.11la/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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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 vept filterds verrsimglistic; comprisingranty of 3 witelessitemperatsire sensasangrap induction

coil. In this embodiment, the control of the voltage is performed external to the filter and the magnetic field

is adjusted t6 thang&' e Grent 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 suppgl a constant amount of he%tét the filter elements, as they cgnnot ete% the internal
ter. t i

conditions of the filte! in"OhREHBdditheht ‘the Redting Eitcuit of Kigare 3 M iliz8d Witk an-ivtelligent
processing unite Foo éxample; @pressunetsensor 37 anay:be atlded tathesfilterietement, atapted to
meagﬂethgﬁgg%%g?SM%i%“ﬁ%%%%in%% current passing through the heating
element 330, using conventional means. In some embodiments,
the control «circuit 350 wvaries the duty cycle of the
current passing through heating element 330. In other
embodiments, the circuit 350 wvaries 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 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 wvent
filter 1is very simplistic, comprising only of a wireless
temperature sensor and an induction coil. In this
embodiment, the control of the wvoltage 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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As was described with respect to the temperature sensor, the pressure sensor may be wired or wireless.
This sensor 370 is capable of generating an output, which varies as a function of the pressure of the
surrounding 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 @n eurrest; 8k can he aidigialnalue-enpulse oindhe preferred embadiment, Higoutput
varies linearly with the pressure, however this is not a requirement. Any output having a known

relationship, SRR A5G arithniicor Exonehtial 3b 8 ShrrdUndifig Préssure, chh b8 ehplé§iéd. In such a
situation, a transformation ehthelautputhean he-pedersmedto determine the-actualaneasyred gressure.
In some applications, the temperature of the filter element may exceed 1%5 , therefore a sensor that is
stable at (eSS TEMBETaUTER SHaUI BY eripibyddt STHIARG, atansiitter cdidtie o WHtariding this
temperature sheglcbe empteyed. Fnallyethertesyperature withrthelcontainerniGXmay cycle from lower
temperatures to higher temperatures and back, therefore the pressure sensor should be able to withstand
temperature cycling. There are multiple embodiments of this pressure sensor 370. For example, this
sensor can be constructedasinganicro-bledtrovmethaniealsystem (MEMSBEtechrology pa piezoelectric
element, a conductive ot_[}gesistive %%Mgersei%csl%c%in%glasgoemersragg i%lg_;s,, oraltr gssgucelr 'Il'hese

t

examples are intendéd to be flustrative of some of e)fypes of sensors that can be used,; }tjhléc’ is not

intended to beean exhaustivedistefalbdychosuitableepressoe sensors. Additionally these sessors can be
made using Silicon,on IgﬁngEquo@OT)jpchn&!ggy, s gggqu%ed it%fopegqéng angy%%g{?oz,%g.

In addition, an alert mechanism 380 may be in communication with the processing unit 340. This enables
the filter elerpertitocaiag e opEratcrthatic hasddterdiined that tHesfilterchaPreach&d its endof life and is

in need to replacement. ; 5 Thisilter can be usedn the magnep described,in Figure 1, Ip operating
mode, the vent filter must insure that the fluid being filtered remains in gas phase. Figure 6 shows a
traditional pHdse disigram: ByTfonitoriRg GFRp&atupe aridfst pleslurer #resCP Ui thedientean determine

phase that the, fluig s in, By yarying the current being passed thigugh theheating:elergentsg the CPU can
insure this gaseous phase is maintained.
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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Thus, in this embodiment, there is 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 through the heating
element during operating mode. First, the processing unit queries the pressure sensor to determine the
pressure within the container, as shown in Box 500. The processing unit then queries the temperature

sensor to determing the-tempesaturg witpinsthegentainen as shewnrn 8oy &19skhe pseegssing unit then
compares this set of values to the phase diagram for the given material. In some embodiments, an

equation is stdréd withih the”dBRR eleflent of 1FE processily uhft wiiieR F&presERtd thesgdiliquid line

400. In otherembediments, @ sekofpointsavhosesgeardinates somesponditedha gashiguid line 400 are
stored in the s.tora?e element of t?}e rocessing unit. éhhg 1a{),rocessing unit compares the actual readings to

those storedtif THE SloTaGE elemeht Babed of tHiS B fidon, e proSesting tnittan'@&tErmine

whether the dpenatingrepndiionstasesuch thatihe mateyial is1in its gaseaus dtate.dt noty ke processing

unit increases the current in the.heating eollemcent Ik()) raiseﬁhe gcem%erature as shown inPox 540. In a
exam are. lLnten O e strative Of . some O the

further embodiment, it the matefial is in its gaseous state; the processing unit compares the values to the

gas/liquid line A8 Ifdtie values psoduteta peint that isctase tolthe line 400,tthem aiprdper amount of heat

is being used to maintain tﬂe envi.ronmeTt, as sho¥un in Box 570. However, i{)&he paint is far from the line
T .2 all exhaustive lB 8 a L. S?Ch sSulta c. pi:e%sure
400, this implies that the temperature may be reduced without fear of condensation: In this case, the

current in the deatimg elemelatiis reducedy as sHowaein Bex.560s Chhe flowchardf Figwrerigis executed
repeatedly, s0,3 {painiain the-haling elemiesy At apiopgyiEmperatue. The Adusiments fo the current
algorit I

may be based on any control m. For example, a proportional algorithm, a P-
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 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 vent 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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algorithm (proportional-integral), a P-D (proportional-derivative) or a P-I-D algorithm
(proportional-integralderivative) algorithm may be used to determine the current adjustment. Other
algorithms are also known and within the scope of the invention. The CPU continues executing this
flowchart as long as the measured parameters stay within acceptable ranges. The filter begins in

operating mede-404By reagingdhe pressuressanser 3if0-and thegemperatyrensensor 320; the processing

unit can determine the phase that the potentially clogging material is in, as shown in Figure 6. The goal of

the control sy&em i§ 18 e tifht thelmateri&YemaiTs in gaSeodd Bim “Fhus, ft ToRtRuousR monitors

the pressuresicktemperaturewithir tha.eentaineh and adjysts dre-eurnrent beig passschthriough the

heating elements to insure that this condition is met. The use of,such%algcorithm allows flexibility in
t

the placemehtst the Contaiher. T StHe? Wotds, the bre58AE sySent &5 a o Gifferert ‘Iperating
conditions (ceddh svarmtar hattemperatures)canddigat the filler aecandinglytand efficieatiyher, In a further

embodiment, flow rate detectors arﬁlllecor@greated in the vent filter. FlgCLge 8 illustrates a fll[gr:i %?E? where

the flow of méa%erlsaﬁ dindicated’ B(y e darrows. The fldid enters the Eore §fb,%%%€8§ ﬁﬁsro&

membrane 628tandfexits todiwe exteridreof the: fikerdliresorme embodirhentsitherheaterestemeénts are
ggincseoci i(r;]gtr Sﬁgg\fvi%%eeto e ngmLane 620, 3uch a3 in the core, hoysing of support;iaver, gy temperature
storage element of the processing unit which represents the
gas/liquid line 400. In other embodiments, a set of points
whose coordinates correspond to the gas/liquid line 400 are
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 1in 1its 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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placed within the core, to measure the temperature of the fluid prior to its passage through the
membrane. A corresponding mated temperature sensor 630 is placed on the exterior of the filter, to
measure the temperature of the fluid after it has passed through the membrane 620 and the co-located
heating element. As explained above, the temperature difference observed by these two sensors allows
the flow rateat datipaint to berveasurednHntherembediment showrpingFigure: 8 dBree: fiow rate sensors
are shown, where each is adapted to measure the flow rate at a different section of the filter element.
Figures 9a-9¢Shol? grapts illistraing Bxémplariy oW rat88 ob$BREY LY the'three-8&7sbré tor a filter as it
becomes clogged-ayvert its Jifexaygte: When agnewditenisdastalbed; al pottions of ke membrane are
equally permeable. At this point.in time, flow rates may be roughly equal at all portions of the filter, as
shown in Figire 65 ARBatoaly 4 hEPEP AW e &S bé bE8n AFREIeftHBStShder: ab His sensor is
the one closestidpdhe source, anddluid 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 leftrifbst seASoras neducesls forcing@niingrease in flove attheratherslodations aas shown in
Figure 9c. A% thee frifllteé ggng%ues t?a%%% eﬂ%% fI%v%/ Jate at the Irlnidadcle gergsa%rlalsorg% in% to %%cerease,
forcing more gf the flow tﬁrougﬁ?he rightmost part%f the ilter, as shown i igure d.”" Sucha
configuratiorfislvaduabite i that absolpterfiow ratevaflesldre upnecessary.Rather, thre eslative values of
the various seniars oves gme ae sufficient Buindersiand e qurrentgermagbiliy, and. condition of the
filter. For example, the actual flow rate values are not included on Figures 9a-9d. However, the general
shape of thewgraph,&rd the relationship-betwelenthe fiows atthe rribas pointd allews edeé o ordinary
skill'in the arf tq understand, thgﬁ'gatu%of @g(mgmQrgneﬂ%duggtermineﬂ@et@é replagementds required.
In other embodiment, a simple hot-wire anemometer can be used. In this embodiment, a thin wire is
placed in thecfie\i BP the SIufd- SThisiiretis themSetiergized by passingadedrtént tHroligh itSthéreby heating
the wire. Theyfluidflow pastthe wirg bas the effgctafremoving heat as dis being ggnerated by the wire,
thereby cooling the wire. Thus, the greater the fluid flow, the lower the temperature of the wire. Variations
in the tempefattire 6FIRRSHIfS Catise Yintifat Variafiéhs iRtRetésisStancedtthe Hire" This, flow rate can be

determined Ry,measuring theyresisiance ofithevyte. imeentaip embpdiments, kBown asconstant current
anemometers (CCAs), a constant current is passed through the wire, and the voltage across the wire is

measure to d&tefminglifs relRtarice?n dthétembodiments, 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 consequentlilc,crthe fluid flow can be calculated.

Thus, flow rate can B&usEiftoHetéMfifle 4 fite? 3¢ bEEIMMG I8 Gged!: 7¥ bttt Wotds Yefetfing to Figure

1, if the flow patecgradually decreases,dbisgaay e .an indicatior of wearduf. Stch ampevertrwould lead
the CPU 340 to transition to the end of Iifeo{’ng(ge 30. , .

system can adapt to ifferent 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

24



While the flow rate sensor is useful in determining clogging within a filter, it can also be used to determine
filter integrity. For example, if the flow rate as 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, increages #xtiowfate Lan eausedbeCPY &0 iransitiontoand of difgmede30: Integrighissues can
also be detected through the use of pressure sensors. As is known to those of ordinary skill, the

differential pfesstire bétveeh twb pointd Ban BE %880 %o determitthe ol rafSBMAG Passifiy between

those pointscbhesssprasstireysensossi car hp convaetedde agprocessing bnipsuehethas thecprocessor can
monitor the differential pressure acrgss the thickness of the metr%brane for si%ns of interg]rit issues.
However, clSGUifg %ot e SR corcerfifin chftaifl &ittations & tenipEIany Blockage® ag%cur. In
some envirofinends, stick as atfetmentaticnsehctdt ramaterial or byproductofdhe reactionhsuch as the
protein foamé m_wo%%ctum&nat% on tthe top su_ﬁace afnd be pusheq< uRgard.Mhe%t reachesclhhee surface,

the foam maanurst 45 It contacts a sutface a%rélesrﬁ) ash aé?he gea§ isTeleased. At imds, this Taterial may

splash onto thenfilter &tementd cadsingitde cldys drsemeembddimentsy this bloskage sliatyermanent,
and may be %cetifieglbé/wtheraﬁplicatigcn of %uall‘fticient heact S0, as tqb\éaporize the esglash?g1 m%tgrial. In such

a scenario, the processing unit 340 arlnay 5etect a'sudden cﬁgnge In th%ef?os{’/\l/l%rough a parﬂcuﬁar portion of

the filter. Basedod thispthe processing uhit gwayeref§ardithiseas ahlabruptedeygradationsin aaweasured
parameter, assh%qv@{vn i{}h%g%:e eJai C'I"Qe&%PLCJ1 éai.é)ttggn moves tQ H}ee recpyery 1“397(131:%9: Wr(]jecre a corrective
0

action will be attempted. In this embodiment, the CPU 340 may apply a significant amount of current to
the heating elémeat,sas'sufteg ilvat this chaagé 19 dae te assprash. The processing unit will then 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, if the flow rate does

not improve to a spEéifie Vafue YwtHiA a predeterifRes tirhé Pesibba thsroCesEIRy amiy may ¥etermine

that the filter,ig sufficigpthe.cloggedisuch that heat along canpetbe sed o 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 38FCOM4F af aftefRiveBfbodiftent the abilipt degiddafiorr15 /iy béldetéctdd using a

pressure sensos Q detect a sydden ingreasenn pressure-within the,sentainer.ghhis inskgaseimay
correspond to a temporary blockage as described above. Upon detecting such a pressure change, the

steps descriBEd 366V Ban He eXxBitteB o Atteript to-Paporizethe TRateralfomthe fitei%ieMent. If the

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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situation is not rectified, the processing unit may notify an operator through use of an alert. In
accordance with the embodiment shown in Figure 5, the processor may be in communication with a
number of different types of sensors. As previously described, temperature sensors can be used to
maintain a predetermined temperature for the filter element, and for calculating flow rate. Pressure

sensors can be useslfon flaw Faterardor intearity testing1 Qihardypes efsensarssean;also begmployed.
For example, in a bioreactor, it may be known that a subcompound of the reaction has a deleterious effect

on the hydropRbBicity o fiterThEmBFAHEHY ERdRging tHe Strface Ener§y. 2d- ¥sunterhis the level of

material withim the-biereactor iskeptsuffisiently owso assosieaehdheventfitentdewevernaxcessive
foaming or sgl?shing may cause materiaﬂlt o reach the vent filter. A co dugivity sensor, in conjunction with

t
a processing (fiit, A be Used 1 Brédict this'coRtitiors R brepate ?o% the'pending Edritadt "EXAMPLE 2
- PARTICULATENBPILF ERt he Innanother embediment a filiration system fiertpattictilatesdsuch as cell
debris from @ bioreactor or ¢rystals from wine, may employ the technology described above. A
fitration syStor K Far A TIRs SURh SE Lol debis HONES blor AR of oy St AN he <L Shown in

Figure 10. It tbasists b housinh 402 lcentatrng aresor Moresfilters 704 =T hesfitter 764 jsodttached to the
outlet allows one of ordinary skill in the art to understand the
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 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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706 of the housing such that all filtrate reaching the outlet 706 does so by having first passed through the
filter 704. The housing 702 also has an inlet 708 from a source of the fluid to be filtered. Downstream of
the outlet 706 is a recirculation loop 710 which is connected via a first electronically actuated valve 714,
such as a solenoid valve, to the outlet 706 and to the side of the housing 702 via a second electronically
controlled valve 718&nindhe nowmal €lposed positier, fillkrte leayingdhe putlet706ds passeddawnstream to
the next location 718 such as a storage container or an additional purification step. Inlet 708 also has an

electronically EoffSIRE Ve 782 Aidtintdd adjabért tHe Hdtising 702 T 1 "¥né filtdr #0% Ras a first sensor

720 mounted en thaaipstream sidetaf the filkerkenaterial @ndraeseennd semsas 722amoupted downstream of
the filter materigl, Both sensors 720, 722 may contain a wireless communication device such as a RFID
tag. An addiﬂcﬂgdl Cohptiatidhal TSGIE d&Vise suthS aaBIDeé’oﬁﬂPbllé’ro&%P&% ist%eco%ﬁyunication
with the two 3ensars #260; 722t This CBUtI24 eardcaemparefanchcantrast 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 valves
714, 718 and 732, iéspéetivelyeor ¥inowiredscomnugrication.iEheusiedleds commimtieationndevice may be

any suitable %pe includinng]t not Iir}ite to an REID devic%ﬁndgeZigg%e d%vice The CPU 724 is able
va .

to actuate or eoa(%‘:?uléltg the valves 71 1%6,]932 %1t5 needed. The sensors 20,%23%%%ﬁﬂé%erocessing

unit 724 mq;fbé p@werémmq?elyysuch%&srby arxamdoctive caupling device irpthe oudlet of the housing
102, The wiigless spimnIsglions dovices T30, 788, 134 0 e yabies oA T1B AL 137 and the valves

themselves 714, 718 and 732 may be powere wire electric connection to the system power
supply (not showrfase ,Uriiltered Witie tontairiisg erystals 16 besemobedsis passed-fromethednlet 708 into

the housing 702 and, thrqugh the filter, (sugh as a BolySepo I} filter a@iIakg}gefrogéNglgggremporation) to
the outlet 706 of the system. The first and second sensors 720, 722 are monitored by the processing unit
724 at an inteRl Cstieh ast@gdry 2tiiutés. Ihelis erRBediment, AimaiMERATED actiditisYeyuired to

retain the_f”t%&%%%@ﬂ@g moede 101 oy HQW@‘(%%@@H?SSW&\@UG Pﬁ@’%%%%&e two, sensors
720, 722 is found to differ by more than a predetermined amount, such as two (2) psig, the processing

unit7824 initiatéd’a Earréctivé Actich! The prSceSsiHg tRit 72886rds akighal t6tdustithé vafves 712 and

718 to open ghdyalye . 7321pLlase: In thissembodiment, thg aptuators shews in Rigurgi? argactually
outside of the filter element, however they are controlled by the processing unit within the filter element.

However, andfifer @mbBEMENTCOIIGERES five adtGators dAdVEeswithitPife fiter Fusimg thereby
improving the¥esponserine;and seasitivity of ghe seastiraraents and epgeglvienactionsn 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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This corrective action diverts the filtrate from the outlet 706 back into the housing 702 via the recirculation
loop 710 at a point adjacent to the outside of the filter 704 where valve 718 is located. This causes any
sediment built up to be dislodged from the outer surfaces of the filter 704. This flushing may occur for a
fixed amount of time, such as 30 seconds. After the predetermined time period has elapsed, the

processing unitoi24 then semanands valvesnily, andh 118 to1clese gad valve 432 {2 epancyalye 744 is
then opened to drain the loop 710, Processing unit 724 then compares and contrasts the signals from the
two sensors 720, 75 a§&inst SkriownT SetBf paFdmEtRRs GG réittiVation O thé $§8tendts forward
flow/filtrationssequesce.to IR Hheeverd thatiibe flushiagidees net trapriave the filirationdvia maintaining
the pressure differential within the prescribed differential), %Qle processing unit 724 may try the corrective
action (e.g. fUEHIRY) 2eecondftime andEgaiR fedllré and Compare tH e&r%ggureadiffapé fal against the
set standardchank¢he differenee stilldoes netfaljtwithin therqréscribed ranrge; the processing unit then
moves to eng .o{ {ifGe moge 30, where_ an. alarrgénot shown% is. set off ilr]cdicating to thaer%petrﬁtor that the

filter needs to be ref)racea.S ed I tr}lletf u%ﬁihg restofes the d?f%élr%nt]ilé}f presnsl.%ye {0 an accep able value, the
processing unit 724 returngto ojerating micge 10) whenesit simplyl coatiruesttermonitor Hieodifferential

mesgﬂebeq%mefgﬂ%gszgaé§g'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 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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In a different embodiment of this example, the pressure sensors 720, 722 are replaced by flow rate
sensors. The processing unit 724 now monitors the flow rate through the filter in order to make its
determinations about mode changes and corrective actions. With this exception, the system functions
equivalent to that described above. In yet another embodiment, a single flow rate sensor is placed on the

downstreamside:gtthediltes andds montterecthy, therrogessingswnih §24: Rathertham measyre
differential flow rates, the processing unit 724 simply monitors absolute flow rate through the filter.
EXAMPLE 3 TERRIRrST tRang&htidt Efow Eilfdis ¢HEE 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 11a shows the flow of a tra%gio al filter, wherein the fluid flows toward, or r%ormal to, the
surface of the membrahe® Bigtr8 11 bSIIubtates rhg OPBIAtON ST A TR RItSY, where tA8 HfaidHow is
tangential totthe sustace<«of 4he mewprane. This allewsfew partictes tovgatheraon thentrembrane, thereby

reducing theO{n.l i enc%gf cl%g&g : Ofiguge 12 shows a traditional conc%trati%%TFF es(t]{em. Fluid

from a feed tan s pum N a cwcuitouesnpsa(fﬁlsn'to a TEF filter 810 ‘and*back ©6 e feed tank 800.

The TFF filter Sd0fitters: filkratesfronrthe dhuid, wehichsexitstthe sy steha via fitrate streaar 820.e4is this

e L e D e S ey ce

filtrate flow rate. Pressure sensors can be used for flow rate or
for integrity testing. Other types of sensors can also be
employed. For example, 1in a bioreactor, it may be known
that a subcompound 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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stream 920. The result is 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 of the feed channel from the inlet to the outlet (retentate) as
progressively more fluid passes to the filtrate side. Figure 14 illustrates the flows and forces described

above with the parametersedefinedas QFsferd flow ratesEL/N] QR retentatesfiow ratg Ekid Qffiltrate
flow rate EL/h]
ou

tlet 706 does so by having first passed through the
filter 704. The housing 702 also has an inlet 708 from a
source of the fluid to be filtered. Downstream of the
outlet 706 is a recirculation loop 710 which is connected
via a first electronically actuated wvalve 714, such as a
solenoid wvalve, to the outlet 706 and to the side of the
housing 702 via a second electronically controlled valve
718. In the normal closed position, filtrate 1leaving 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 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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OF : component concentration in the bulk solution [g/L] : 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, feedkpresswe 30 ad theyretentate presswe BAD; less the pressuks ag thefiltrate side.
It is known that maintaining a TMP within a certain range improves the operation_and performance of the

TFF filter. Ot&F, vETGR Wall COREBH RS A hifh hefibrafeYoulifgtceur’ spetially*during the

startup of theypraeess.7la reduce the filtrateorate. and eaable ke $ Mfhtebe: contsollrdat the lpw values
required for gor%lsggle

may be powered by a hard wire electric connection

to the system power supply (not shown).

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® II 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 at an interval, such as every 2
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 located. This causes any sediment
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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 Figure 13. In addition to reducing the filtrate flow to maintain adequate tangential flow,
it creates pressure in the filtrate line to reduce the TMP while the feed and retentate pressures remain
fixed. By monitoring the feed pressure and the retentate pressure, it is possible to determine the

optimal prespureien the filtrateiside of the fillera Thefilfratepumparealve 8604s thenagdjusted to achieve
this pressure. Having defined the %/ ical operation of a TFF filter, the use of an autonomous TFF filter
will now be desthiféd.” %% As shownh i E‘fgﬁnéﬁ%, YAl 906 hhS T fitst'sersdr 36 Mbuntdd on the

upstream sidei akthe filterrmembrate agdaseicond sensos 922 meuied dewnsiteantof thedter
membrane. Both,se$sErs mag/ be gro im%ﬁ to the relative side of the g’ggr anﬁ do not necessarily have to
be and prefetaBiy &re AGtin CORREERIth the“mérhBrane itdli, $8'as to'Shscird e fitf4HidA $anction. For
example theyaaxebe [otatedinithe feed-andfiltsate channels adfacethe respeetive sidel okthe filter.

They may a_ls; E)e {nsou&tleednon an inner )évgll %elthe%anr’iel andégg)illke Both sensors 920‘t922 may

contain a wireless communication device such as a RFID taS.ORn tion%]f%g%%%%ﬁ%ngﬂﬁgic device

such as a Plxcontroker or @Rid 824 isancommunication withehestiwmsérsorfsre20, 822. ThisCPU 924
can compare, gﬂ% ggntra;% 5he sigjbals froam rtlhsectwo sensars 9.ZSOé t92% %gairésrt a Ig]coeménS set oé arameters.
The processing unit 244186 is capab?eqo%contromng vaives or pump 1X'SGEN as Via a witeless
communicatiops devicetd2e:confainstkin valvesn ptmp 914 of viawwired cohamdnichtion.tTlverwireless
communication device may be any suitable type, including but not limited to an RFID device, Bluetooth
device and a Zighee device. The CPU 924 is able to actuate or deactuate the valve or pump 924 as
needed. The sensors 920, 922 and the processing unit 924 may be powered remotely such as by an

inductive coupling device,in the.Qutlet of the hoysings il'@gkygiﬁ%jes&oc&énngltg)gcamg%gl@gicet%%% of the
valve or pump 1014 and the valve or pump itself 914 may be powered by a hard wire electric connection
1DtheSygeﬁ*kﬁﬁﬁgggmy(mﬁ%mowﬁﬁintaining 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 value, 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 by flow rate

sensors. The processing unit 724 now monitors the flow rate
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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 betwesndhese values; the processing-yait may contrekthe; valve o g 834 .ithereby
indirectly controlling the downstream pressure and the TMP, At some point, the upstream pressure, or

the TMP, m&Pf&ath d1898 wiieh tdhrfot B ¥ctiffétr By abjusting B vale or plimp 914~ fhis case, the
filer may mowe ¢@ racovery made:=20, wlietea correaiive astion is perfotmednln one embediaent, the filter
has one or more piezo electric devices, which vibrate when energjzed, located on or_near the filter
membrane. %efﬁigré%%%dil% R the cohtrdfisr @Ogjiﬁ&te?ﬂgeo 606 Stectrit devitésD30 These piezo
electric devices:aredecated ohsthe fiterelement aretesably clasarorsaftixedbtd theanembrasne, When
actuated, these devices 930 %/(ijbrrzéxgg in res;g?lnse to electrical current Thﬁgesullggg[ vibration causes the

e

particulate thaar%%a§ Accumulated on tfkfé/ membrarie 10 break free 3%15 move in t gﬁé:en%aﬁﬁlow, thereby

lowering therupstream presstrecAlthaugh pieze elegtricsdevicks causedhe tlasiyedwvibratioi thereby
loosening the accgmulated Enarterialbgt r.me (glviqcarl or eeletcft]ri%al m%%émgn?t@gy be used. For

. SIm monitors olLute . ”
Instance, as prot%m% arerknown toabe electrically polar as usedrln e ectroﬁhore&s, a temporary

electrical voltage potential could be used 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 actiRPYRLEr more TERSEFKLERE $he 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 use
a backflush of fluid H#oggh tie membeahe froatteiltrald Site R1he feeBRMelto diststiye fie

accumulatedspayticylate from the feedsidg surfage of the.membrane, Tﬁﬁéi“ﬁ@i%%fi‘ﬁs%ﬁacfn be

reversed and draw filtrate back through the membrane. Feed pump 850 may either be shut off
clog the membrane, the fluid flows past the membrane in a
tangential direction. Figure 1la 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 wvia 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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or reduced in speed if desired or required to achieve the backflush. The backflushed filtrate then flows
back through the retentate line to the feed tank. As another alternative, buffer solution could be fed from
the filtrate side through the membrane to backflush it so that filtrate is not required to be filtered twice.

If this occurs, then the processing unit 924 returns to the normal operating mode 10. However, if the

backflush is yasucgessiul in remeving-the particulate sthespragessing unit mayatteraptithegegovery action
one or more times. If after the predetermined number of attempts, the action is unable to remove the

particulate, tHe'pr6Cessdr 892 nfdy Mol8 fo e énd 6P fite mode 36.5n thiS nf6de; The BFocesSing unit

alerts the operatan &b describedabavee cbheaeh obthese situptionseihei presest inmenttanedetects the
issue and alerts the operator of the prohlem. Thijs alert mechanism can be of various types. In some
embodimentSSA3EALSry Sfé??, 2GEh asiSUA or SuditoR” is LtilizRH “thEas %8§es,g§%%]§ fhay illuminate
or a device maysqundto indicateha canditien that shush be ttendedio myhtheiopesatot.dn otker
embodimentshitnﬂorguation (E‘onctergir;lg the error is transmitted wirelessly %ola remote device,twhich
receives the Wireléss transmission, and Stb aagﬁﬁ)/sglle:Ytes He (%jerrgtor, sSUc as?ﬁ\sfg’l?& a ﬁraphic
message ontahwidéad displaneunit.de . The filter of the present invention is adapted to maintain the
operating conditions of the filtering element, recover from temporary error conditions, and report
uncorrectable errors to an operator.

Figure 14 illustrates the flows and forces described

above with the parameters defined as:
Or : feed flow rate [L/h]
QOr : 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 1is 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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The processing unit can also detect sudden changes in flow rate and/or pressure, which may indicate a
transient error, such as material splashing. Based on this assumption, the processing unit can employ
recovery techniques, such as elevated temperatures, to attempt to correct the problem. Finally, in the
event of a clogged filter, which cannot be rectified by the processing unit, an alert can be sent to an

operator, sigpifyingthatthe filtedag elementigguires servicingmustThe akove exaraples shew 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 sensorcow:senser a pHosensar] erany othgsuitabietypes Incadditionthe
processing unit_has tg ability to con r,o#{at least gne actuator, which is used during recovery mode. In
some embodifiehs, r%éj pp&egogiﬁg %Jn teﬁ?&%or%ﬂ? at ekt ofe ic%hf&r&?%g%tég%atiﬁteﬁance action
in normal made: Itwshoutd, bearoted that inisonfe gases, $ach asExardpleihthe proeessing ngit, sensors
and actuatorg area%g];;g% medfﬁ\glthln he filter. Ip ather e bo%’@een% sugh as Example 2, the actuators

are located se}b%r rom the filter, but are controtled b?/ ﬁg%rocessmrégurﬂtt inthe fi é)rV.VFinhﬁy, in

Example 3, aneacteatopisdecated on the ffifter, While assecondiactuator is-lodatsel separatéMrom the filter.
The terms anﬁ efgresgionf wkg’ch hgve been emplo%éed herein are used as terms of description and not of
T W, the Ieed. an etentate pressures remaln rfixed. . .
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 modifications

are possible With‘in s%%qleigfo@%%ai $ chfé %Qdi@craeti Qérgari%tjio#s, @}Qg aIEeé@%tljlvteast%re allso. .
possible. Accordingly, the foregoing description is by way of example only and is not intended as limiting.
pressure, it 1s 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 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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What is claimed is: i. An autonomous filtering device, comprising: a.A filter element having a membrane
through which fluids can pass and a housing to support said membrane; and b. At least one sensor
located within said filter element to monitor at least one parameter associated with said filtering device; c.
A heating element located in said filter element;

sensors 920, 922 against a known set of parameters. The
processing unit 924 also is capable of controlling valves
or pump 914 such as via a wireless communications device
926 contained in wvalve or pump 914 or via wired
communication. The wireless communication device may be any
suitable type, including but not limited to an RFID device,
Bluetooth device and a Zigbee device. The CPU 924 is able
to actuate or deactuate the wvalve or pump 924 as needed.
The sensors 920, 922 and the processing unit 924 may be
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 Dby a hard wire electric

connection to the system power supply (not shown).

As explained above, fluid 1is 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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d. A mechanism to indicate an alert to an operator; and e.A processing unit in communication with said
sensor., said mechanism and said heating element, wherein said processing unit operates in each of
three modes, who a first mode is used during normal operation, where, in said normal mode, said heating
element is actuated to maintain said fluids in a gaseous state, wherein a second mode lis used to control

said heating glemgstso as te -perforara copegiivesaction, and a third megde isjused,to activate said alert
mechanism, wherein said second mode is entered when there is a blockage, as indcated by a sudden
change in s&i@ Hieritbtéd paramotérS AHa Wieref SaidPcsrsttive &&iohis infihéedss elitminate said
blockage. Thmelementiaf efaine1ewherein said/processinge unitdransitionsbetween saitdimede based on
theouunnozﬁg%ggg$xbreferably close or affixed to the membrane. When
actuated, these devices 930 vibrate in response to
electrical current. The resulting vibration causes the
particulate that has accumulated on the membrane to break
free and move in the tangential flow, thereby lowering the
upstream pressure. Although piezo electric devices cause
the desired vibration thereby 1loosening the accumulated
material, other mechanical or electrical embodiments may be
used. For instance, as proteins are known to Dbe
electrically polar as wused in Gel Electrophoresis, a

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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the element of claim 2, wherein said processing unit transitions from said first mode to said second mode
it said sensor output is outside an acceptable range, 4. The element of claim 3, wherein said processing
element controls said heating element, said heating element adapted to affect said parameter monitored
by said sensor. The element of claim 4, wherein said processing unit: transitions fMom said second

mode to saidfirst-mgdeci said sepsurpuiput rRvertsle apaceepfabled@nge. achieve the
backflush. The backflushed filtrate then flows back through
the retentate line to the feed tank. As another
alternative, buffer solution could be fed from the filtrate
side through the membrane to backflush it so that filtrate

is not required to be filtered twice.

If this occurs, then the processing unit 924 returns
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 1is
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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6. The element of claim 4, wherein said processing unit transitions from said second mode to said third
mode if said sensor output does not return to an acceptable range.

recover from temporary error conditions, and report

uncorrectable errors to an operator.

The processing unit can also detect sudden changes in
flow rate and/or pressure, which may indicate a transient
error, such as material splashing. Based on this
assumption, the processing unit can employ recovery
techniques, such as elevated temperatures, to attempt to

correct the problem.

Finally, 1in the event of a <clogged filter, which
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 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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The terms and expressions which have been employed
herein are wused as terms of description and not of
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 wvarious modifications are possible
within the scope of the c¢laims. Other modifications,
variations, and alternatives are also possible.
Accordingly, the foregoing description is by way of example

only and is not intended as limiting.
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What is claimed is:

1. An autonomous filtering device, comprising:

a.A filter element having a membrane through which
fluids can pass and a housing to support said
membrane; and

b. At least one sensor located within said filter
element to monitor at least one parameter
associated with said filtering device;

A heating element located in said filter element;

A mechanism to indicate an alert to an operator;
and

e. A processing unit in communication with said
sensor, said mechanism and said heating element,
wherein said processing unit operates in each of
three modes, wherein a first mode is used during
normal operation, where, 1in said normal mode,
said heating element is actuated to maintain said
fluids in a gaseous state, wherein a second mode
is used to control said heating element so as to
perform a corrective action, and a third mode 1is
used to activate said alert mechanism, wherein
said second mode is entered when there is a
blockage, as indicated by a sudden change in said
monitored parameter, and wherein said corrective
action is intended to eliminate said blockage.

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

3. The element of claim 2, wherein said processing unit
transitions from said first mode to said second mode
if said sensor output is outside an acceptable range.

4. The element of claim 3, wherein said processing element

controls said heating element, said heating element
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adapted to affect said parameter monitored by said
sensor.

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

6. The element of claim 4, wherein said processing unit
transitions from said second mode to said third mode
if said sensor output does not return to an acceptable

range.
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