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WO 2007/022052 PCT/US2006/031579 FLOW MEASUREMENT AND

CONTROL WITH BUBBLE DETECTION BACKGROUND OF THE
wORNWENTEQN |. Field of Invention The present invention relates toiSysie s 379

and methods for measuring and controlling 5 liquid flow, and more

specifically to systems and methods for measuring and controlling liquid

flow in environments where bubbles may be present in the liquid flow. 2.

DisghsHon it RE e A P MGG A UBIC St sgsying a flow.

o Cconout,ptpe—of tooe

flow meters, coriolis force flow meters, differential pressure 10 flow
meters, and ultrasoni/ oW FREEND GE1aFaIRY YENEIW meters sense

one or more parameters of the flow that can be calibrated to correspond

_i- to theekhed wentiomlumetric or mass) of flow of the liguid. Such flow

meters can he used either as passive monitors of liquid flow through a_
oy tai POTHCTRSEHE BN So 0 A LRSS A2 ERmEe aeyrorating
liquifoded-twdmdeetisaific sYstersy thatscontnoithlidu it flovedu teanygtermaiing liquid

fioW HELEFShfreAS PRIV RSS! A&féé%%séé {&‘Eﬁecﬁﬂi{g? - SUMMARY OF
INVENTION When a bubble enters'a sensor conduit of any type of flow

meter, the Si on which the flow meter bases its flow measurement
2. ma?ﬁg“&%{%%g%&%ﬁ?ﬂgn result in spurious 20 measurements. Where
the flow meter is operating as the sensor element of a closed-loop flow
CcONtRIAEY, BTRuIysE BisbiysysasHiing ay Tesarateorfind igpisrbrrsingginal aanduit, pipe,
or tAbENTRESOISATIReRSAE! fokwiatl, biesRietsRTBChanae, Indbe oudaleue.

of the liquid. This can,lead to instability in the, controlled flow, which
ot TR B B e BT LT RS i e

parqaitgecorfdspiomditiptoaa typitiathtadse ceety ek ainhe25iAthouaiutheric or mass)
o fRAFSRGAALALRNIAPEAD AlSK! ALIYRE A oV Maleh O oNRS ANY HR
varying degrees), it is especially problematic for ultrasonic-type ﬁow
throgfra iy sisareE s era1set ap Lt P Al H OfafTeseRsoa Remsatiing closed-loop
feedDRASYER AEAREOk bRlatiNalyHOW HANE EXRE (65 SutcREIVRER D ARORNNIA . flow
cate 2 I So??ér pplicants have recognized that conventional ultrasonic flow -
meters afd flow controllers lack the ability to detect and respond to the
presence of a bubble in a WO 2007/022052 PCT/US2006/031579 -2
sensor conduit and to rerggiinsk Saiesiair-fespite the presence of the

bubble in the sensor ‘ :
When a bubble enters a sensor conduit of any type of flow meter, the signal upon which

‘the flow meter bases its flow measurement may be disturbed. This can result in spurious

measurements. Where the flow meter is operating as the sensor element of a closed-loop flow
controller, the closed loop system may.react to the spurious signal and attempt to compensate
for what it interprets as a change in the flow rate of the Hquid. This can lead to instability in the
controlled flow, which interferes with the purpese of the controller to provide a stable flow ata
rate corresponding to a (typically user-set) setpoint.

Although the presence of bubbles can affect any type of flow meter or controlier {and to
varying degrees),- it is especially problematic for uitrasonic-typé flow meters, partiouiariy'v}here
such ultrasonic flow meters are used to measure or control relatively low flow rates (e.g.,
between 5 to 50ml/min, or less). Applicants have recognized that conventional ultrasonic flow

meters and flow controllers lack the ability to detect and respond to the presence of a bubble in a
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conduit, especially where they are used to measure and/or control such

relatively low flow rates. Applicants have developed systems and
WORMHOBEFbr achieving stable operation of liquid flow controls BUBRISEh@H0a1579

bubble passes through the sensor system. The systems and methods 5

developed by applicants can minimize the effect of the bubble on liquid

flow measurements or - on controlled-liguid flow rates. In exemplary

embodiments, a liquid flow sensor system of the present invention senses
SSOSET RRRI GRG TR A theArgeach SRRy tRER g dn g seasor
condidndsptciblip wiistetheparlyzasithedioursigael o airte SR esERR eXaP Bow rates.

“ by detecting characteristic changes in the ig signal, whether. a bubble is ... .

o B S R A R R e of i

ﬂOWagmwbm,mbﬁwmmmMngnwﬁwcmm and methods
devdibpoeBsarplitaaouhbign Ini XeIpREY SMRAIMENE AhAd WA Qrements or

system that incorporates the flow sensor as a feedback source for |
on ceigeligd H8BIE SRIIRLSd includes bubble detection, the flow control system

maly mﬁ@fuﬂ)ﬁ&xﬁbeﬁﬁmj Qlighid Doy oRne ke E%éﬁﬁ%%_ﬁtf&vﬁensas a
oo QIS PRIBMEISTS 15 Uil e futble has exfed he sensar condy I~

tRIE Way. the System may avold mstabiitET B TR A RBH by th&ysten
analyrestht-fbop slevel o detetmitenfptiegupteatk mmssﬁwm‘mﬁo cleignrals the
signfRVARAOY% MR eReeAiNaURbIe JRARCARRC R LIRAN ag&%&%in%‘; that 2

the present invention, there is provided a method of measurin low rate
bublip & RERFRIHAMRY SITREAG Hewngimsd indieiivef frswprsarissanibribwblle In
exerdflH0REMoERNSIKIARC N digkidl ietudinaaibninaiiihblesdaurad
fod heﬂceinﬁrggg metho comegrisinlg cts {)f repe d%/ sensin&e flow signal
e S P TR SR T RO e P e SBREOPEGIRIL oL syser:
maydetponditirs; betseibupén atibladtyunepansindteriighiw signal ,parameters
s MREHREEEhIR RS0 8. UDRIS &9&%&9%&%@ WS gy %&%EH '&gg‘%sﬁnﬁ%binﬁas in
conduit; providing, in response to a determination that no bubble’is

flowfatp ausgd xirtRe retacinem g oyt /smesna in raffoRvreEssigmagensor

signiiciaaibierotiberisndade @k thgbguid flowing in the liquid flow sensor
based ugoon a most recently sensed flow signal; and providing, in

! Iing, In,
resPbASE TRAC ISR riTh 5T tPat T PAE A S SRS Bt PRSI SR YISEY finmethod of
meathargquitbwitlindhe lsens doeondinit, Mdéd@omsof, &DeaiﬁkﬁWﬂ&kessigmaihciuding a
sensPRSSEUPAR the mestrerantl.sensed f&@%@@&afoﬁﬂgdg%@%é'%@%od comptising

I

indicative of a presence of the at least one bubble, an a flow rate
acts Siefsataeaic AtRAe £ 3l teemalLinditaiv i Rdion MERARBNEHE liquid flow
flowdgNBahdasee upadu b lefthanitizeraies Lyaceyscenspedlaw-sIgNak Mw
. accordance . with on bodiment wherein. the. liquid flow sensor
Sigh cb%ﬁrlseersa‘gaiﬁa U Paes%b%%fﬁ(ﬁsuﬁ{gg?ﬁ)s\?ﬂ 8 R, Papd ﬁ%@%&%ﬁ?@sﬁéﬁﬁﬁé‘t‘ér of
provitimglonreigersccompeisasinstion that no bubble is disposed in the liquid within the
sensor conduit, a flow rate signal indicative of the flow rate of the liquid flowing in the lguid

flow sensor based upon a most recently sensed flow signal; and providing, in response to a
determination that the at least one bubble is disposed in the liquid within the sensor conduit, at
least one of: &) a flow rate signal based upon the most recently senséd flow signal and an alert
signal indicafive of a presence of the at least one bubble, and b) a flow rate signal indicative of
the flow rate of the liquid flowing in the liquid flow sensor based upon other than the most
recently sensed flow signal.

- In accordance with one embodiment wherein the liquid flow sensor comprises an

ultrasonic liquid flow sensor, the at least one parameter of the fiow signal comprises an
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WO 2007/022052 PCT/US2006/031579 -3 ultrasonic flow signal
amplitude. In accordance with this embodiment, the method may further
WOCHIiI285an act of calculating, responsive to the act of repeatatiiyrs2006/¢31579
sensing, a weighted sum, such as a running average, of a value of the
ultrasonic flow signal amplitude, wherein the act of determining includes
an act of determining whéether a mostreeently sensed value of the 5
~ultrasonic flow signal amplitude deviates from the weighted sum by more

uitrgsepiciigstshmm sEPlMetne fasdarmmit hisemhetieeenibotichasmay further
compiesein dheliaalish Hony SeRsRERRMAHS QSR r%ﬁ&@@igéﬂ@iﬁg flow; 588 Qhm,

_and wherein the flow Pi%’l?| Q%Ttggises an ultrasonic time-of- flight = ,
S SR SRS, EVEAE o GER SR RO P Eh BRI e rein the c of
detdnulvthgsinr g it udeofalgtthninty adethertinneosififightidiffased oahftony the

' I MF‘}? ith a. qmpg i t, the,act of determjning .

ultr%%ﬁ%gg%%‘f act of e?fle}g%n?rel?rﬁ%gv%%%ﬁer thegjiéga%%l u eb%fn et raas%é:tﬁéﬂmed
amge-of-flight difference flow signal deviates from the magnitude of a prior

ultrasepiertimesatitiahbatfetrpsadion wigrahi maredtaan HresbRtises an

still further embodiment of the present

i value. In accordance WiH1 [ it
R oS RO 1R B PSSR ROTBPIGh EHIEREPE Hofror

fiighigiibray Devusedainthom inmaiion pitindeiestion aba bighhlebageds HRGMmd.
or BRI Sanah anall Al paYidR sy detedlion. ot the.
presence of a bu In the sensor conduit. In accordance with another
embesiBEEefthachré Semrmivistonlitse ra erprb diethining wivdbef thompgltinge of
the Hnealonicrase i liauid torouamafiguneonduit covpied 1o.a santolabls .,
valve and a Tﬁ%};qg[g flow sensor, liquid flow sensor including a sensor
R Y CHE PRI B 2 TR AR UBACSTRORRIE e agberdance

withnaesiiid Gctben prigiodimeis otie peatedinaensi g AownaigRaliodeatiR gt tme-

f e Jiguid flowing in the sensor conduit; determjnipg,
i e e S R R
UPOR HMOIETIS RS H9Se s ghaltreiidinideiithiotide sl ortettiahuit thravisimge of a bubble
in tHEshRBsedmadetermination 25 that no bubble is disposed in the liquid ,
within the sensor conduit, control parameters for the controllable valve
badedtpEis R Wb ShpEE REyesepS ey fosiesignadnivovitingisinrresidnsaethod of
contiflisngdgtemmnationthaldhe ﬁ?&ﬁﬁ%‘?ﬂ%@@ﬁlﬁt@oﬂiﬁ@@ﬁ?g RASIIGN Datve and a

. .w'ﬁhin the senso onduit, control parameters for the controllable valve
iquig % SESar TAGHS s i i PRER AP Y BE Y AR SigAui iqbydes a plurality of

ased upon o
bubbigrfroiiddhinercortrotthbievalvisiageardifigppeatthcontrol parameters, 30

7 senstgAC Skd anee: Withoane smiodiment. HﬁH@ﬁHMﬂH&H@ 1{{'@%‘%0@%&%@:

“calculating, _
determining, lQe?se:d upon at least one parameter of the flow signal, whether at least one bubbie

ig disgosed in the liquid within the sensor conduit; providing, in response to a determination
that no bubble is disposed in the liquid within the sensor conduit, control parameters for the
controllable valve based upon the most recently sensed flow signal; providing, in responseto a
determination that the at ieast-one bubble is disposed in the liquid within the sensor condait,
control parameters for the controliable valve based upon other than the most recently sensed
flow signal; and controlling the controliabie valve according to the control parameters,

In accordance with one embodiment, the method further includes an act of calculating,
responsive to the act of repeatedty sensing, a weighted sum, such as a running average, of a
value of the at least one parameter of the flow signal, wherein the act of determining includes

an act of determining whether a most recently sensed vaiue of the at least one parameter of the



responsive to the act of repeatedly sensing, a weighted sum, such as a
running average, of a value of the at least one parameter of the flow
WOIERHPZ#erein the act of determining includes an act of deteP@MlIEg006/031579
whether a most recently sensed value of the at least one parameter of the
WO 2007/022052 PCT/US2006/031579 -4- now signal deviates from me
weighted sum by more than a determifed amount, In accordance with
another embodiment, the act of providing control parameters based upon
HOVOHHERHASHARS THBLPTStupriy SSHR Y MRAte i feestinehrovimag iehescordance
witinaosthe certibdintentidielaconfimyidianeiars Rirhiehd bias ey S Yaan the
mosg(f:‘etegmineednggghgo szUbatle wa -Sdis g.sded i%ﬁthe liguid within the sensor
CONUIE I ACCOraARCa WIS Vet B TurtTar e B e R R P RS fekAer
parasepinpTiEvast bivaygienipeshrdestaingd dohperioebbletings dispesgionsRetticid
wittigieraination that the at least one bubble is disposed in the liquid within
the_sensor conduit, determining, after the predetermined period of time,

whERRSFIFanse BdsGhe Brbpembedimasp Sscmsheddudittonmniisthacts of
walitenspredaathii-bpaest wpamthe Alivast ane puameiesPiihelowsignsl

nd executing, In response to_.a determinagion that the, at least one bubble,
b e o e R i 1 S LGB SRR e AN Fffgmined
per ipﬂcﬁfémwbemmftmmwmbuﬂbtﬁs@fmmtiﬂiﬁﬂuqﬁwiﬁﬁhintﬁe sensor
con@ENSALLHM I LORS LMD AdmERL, the:e Hv%%gfa%i% B&%&&%%V%n response to

inchdes opening and shuttln% the controllable v n accordance
- & deienmingEen B Sorisashres bubhiw it hdisnered dnghsiduid avisistém sesor
conduiRAS b Refl gt diRond ciiciaic g Jnadlovs condils s lidiflauid within
fhe iggslglgingﬁiplr%alit%of bu?%téles formed therein, the system comprising a
T F e PR AR SR SP S PR CPRT RIS BB i dpReheRine and
shuttipp dasitcahiedligbled Yidve. sensor being configured to sense a flow rate of the
liquid flowing in the sensor conduit and provide a flow signal indicative of
the flow rate of the liquid flowing in.the -sensor conduit; a bubble detection
mqg]uféf%réﬁnﬁleegl%%ﬂ% Iqu iﬁ?ﬁowoéep}r%gfetggrirtelgé’?\l}telcilﬁeﬂﬁcrﬁ/vlssf’gr?}%iﬁgﬁdsy siem for
meaglisteg tiHey Bésseld: lipwd Beveasiron8ovaramete theflinedfioviudignalywhiéthef bubbles
formRl i9RELORE: byblecisslisne e in theWiguic withinithe SensPLEROAE: RS oupied

‘ : thb ble d%tectgrgmo le bein %‘(T)_nfi Lojérgd to provide, in response to a )

O R RS ThAT A BUBHIR T BTSSRl B ithh ireet tiiuid flowing
in tbeam@ﬁf:wﬂmv\ﬁnéw&si'glnal findismtabindithe oW/ thatioof the dfqhédit!miWMg in the .
sensthediguid Jleas@@@égatimgmpe&ag@%Mee@aﬁ&'m@@aﬁgrfégyxcéilg@a!e A0 signat |

provide, in response to a determination that the at least one bubble is o
and feLEN RS (ithReHEaBsEt e Rfulity st erehstsHis o 57 fRsupubble is
dispesdé sighalibaisedtipondhensoosbrecently sensediftowsignalansan al@feured to

provide, in response to a determination that no bubble is disposed in the liquid within the sensor
conduit, a flow rate signal indicative of the flow rate of the liquid flowing in the liquid flow sensor

based upon a most recently sensed flow signal, and provide, in response to a

determination that the at least one bubble is disposed in the liquid within the sensor conduit, at
least one of. a) 2 flow rate signal based upon the most recently sensed flow signal and an alert
signal indicative of a presence of the at least one bubbie, and b) & flow rate signal indicative of
the flow rate of the liquid flowing in the liquid fiow sensor based upon otber than the most
recently sensed flow signal.

In accordance with one embodiment directed to 2 flow controlier, the system further

comprises a controliable vaive in fluid communication with the fiow conduit, to cantrol the
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signal indicative of a presence of the at least one bubble, and b) a flow

rate signal indicative of the flow rate of the liquid flowing in the liquid flow
WOosHs 2 Eged upon other than the most recently sensed flowesipmabolis/o31579

accordance with one embodiment directed to a flow controller, the system

further comprises a controllable valve in fluid communication with the flow

conduit, to control the WO 20071022052 PCT/US2006/031579 _5 flow

rate of hl-?f OWI flow conduit based upon control parameters
ﬂowr%%;f 2 HJfhe ¢on Eﬁ %W&O%‘i‘:%lﬁaé?ﬁﬁ%‘rrb?%%?}&@a%fﬁﬁ%nfam%ed to
thefmwtséhasbr\am toned emmmdﬁhtecmﬂﬁé Jeahreigiié fibe fawosigniahl estbgable
vallld dowsshentautkpiue dha gopishParamelars, (s conIolae

valve. In accordance tvith “one embodiment; t & detection modia meters
to fheosipmEnstntayan Iﬁhé@@@fﬁmvew%m@wbemmhé%@mmm@nmqume is

implepRif:S digResAtdNethenticiid Wwithindhesenseh Gonduis Hh%iﬁ@@@ﬂ&ﬁsed in
b rov&ies the control aé’;‘] s to th%? controllable valve based upon the
e B SR O G OB S EPEIAC 30 R QLRI e

corthrellableastveoheskdibire {sedisposedritithendtglidwitiginihe sensaiganduii,
cietg?&ﬁg%ﬂix% ﬁroaef@sa ml%g 1o &é}gﬁa@g& S0 408 B rollanle V&!ysondmt

based upon other than. e most recently sen f‘]‘E)W S|gna

thea%ﬁ%mgremmméﬁ@a%mﬂdw eortadipdle wniwémﬁ@mw@r than
thed@mghmo@u@mawq@me flow rate signal based upon the most
rec nsed flow signal and the alert signal indicative of the presence
neh Tt pR S e e A e s
dethstist onelbapbieidispsedadrs ﬁmhtqhasbdvmlmn thensensaeanneiited Sdheienal
temm.f r I flui munication w
o R B ) S R R

dafewma%i%@dlﬁﬁé}%%ﬁ%bub%métwwmmé&qumwglmmmanm
the &?ﬂsﬁh@ﬂﬁ@l lﬁ:ﬁnﬁ%blt#ﬁ | Q@c{l@:{fﬂ%ﬁﬂlﬂ %f%QEm%Q%ﬁﬁﬁggﬁiﬁlﬁ@%ﬁ %\ét%"m@t

W rate si e alert s provide the control parameters to
cory e SHieaia f%iﬁé ?/%We F F%Iﬂ%@?’%’fﬁ%&bfﬁ‘?é?ﬁ%ﬁ%ﬁ&%ﬁ PR SRR
pargigteds thevcldttotier drewzbsbih eaontaol @arm&,rsqnmwdedhmbthﬁle detection
moSERIRNANE YAV Ok Bl e ML ML A0RI S BAONED Lobleo pacamoters

response to the alert signal, the controller | confi 10 Wait 16
to thy<aBti AR - Eriod of time, and upon a determination that the at least

In aomedw labigoisabidis paseskindhsligeicwithiny dhe s reonduikang.the

ar e%gerr@‘}igeggt[lggoo{rg Eihas elapsed, impJement a controlled 25, .
P P e S PRSI SR Bfe HhotF RS tRGLEPhRtmenS in
resphesséntsrabohalgital, the controlier 15 conﬁgured to wait for a predetermined period of

time, and upon a determination that the at least one bubble is still disposed in the quuid within
the sensor conduit and the predetermined period of time has elapsed, implement a controlled

force procedure to remove the at least one bubble from the liguid within the sensor conduit.

BRIEF DESCRIPTION OF DRAWINGS
Exemplary embodiments of systems and methods according to the present invention will
be understood with reference to the accompanying drawings, which are not intended to be
drawn to scale. In the drawings, each identical or nearly identical oom}ﬁonent that is illustrated
in various figures is represented by a like designator. For purposes of clarity, not every

component may be labeled in every drawing. In the drawings:
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BRIEF DESCRIPTION OF DRAWINGS Exemplary embodiments of
systems and methods according to the present invention will be

woundersteszl with reference to the accompanying drawings, whichesgngbs1579
intended to be 30 drawn to scale. In the drawings, each identical or nearly
identical component that is illustrated in various figures is represented by
a like designator. For purposes of clarify, not every. component may be
labeled in every drawing. In the drawings: WO 2007/022052 PCT/US2 0 0
6/0 B gme7iols S Figmais ispicseriatoatid s sregunestontstancakehadiand flow

meRNBREINeRY ST adissid flew. measurement and/or control system; Figure 2
is a flow diagram illustrating an exemplary embodiment of a method of _.
detESHHE it RSP HRERT A Pe S8 REBRATD SRR P afgpod of

deteomduitOfeadigdidflohdpraeastisdmertibinil/ dreorntteaysterny Fignne 8ds
a flow d'% gram i%ﬁtsrgiati@% an exemplary embodiment of a method of

meﬁ&%@%ﬁﬁg angrr%sponé?,ng% the exit of a bubble from the sensor conduit of

a liqlstscs mBewdiegrenillnarsnsontstoptrsmmbigimen i amiethod of
detdHAREaNY Q&EHﬁiﬂ%@%@é%m anuembedimentais-usinat.eh deeaing

the presence of a bubble in the sensor conduit of a liquid flow system;
megsames A AR Mustrating an exemplary embodiment of a
methigdrof Hetdictingiipampidsancmphadebblerinctheosensantancimiodfod
liguid C%!Qws stem:. Figure 6 is, a flow diagram ilustrating an exemplary
e e B e T e T o
senSignsohtuatisivadiepidfidusisyitenmn ¢S Rgercemhilunarteinansihpdbin

| @R RSHRIG RO SRR bR g bukhle @nisE DRosegsRREONdUI
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Figure 7B illustrates a signal in an ultrasonic sensor conduit as a bubble

realHBEGAES BAREHIBSHIHESEALRS B0 FAHE IR GRS e Heigiial
detdorimg ﬂiérggeeﬂeaeﬂwbﬂ@@uﬁuﬁeasmcbmbb&gipaﬁsﬁqﬁdmsw asteansducer;

Figyie 797%1%EH§¥3ssaaS%g]Q§'iﬁn an ultrasonic %%“%%&&?Q%&%%%u RHOBIE < he

travefses the m|da Fe of the conduit: EI\—S|gure 1/-l |Ii3ustra es a signal'in‘an
sengfitreisiiié sensor conduit as ‘a bubble reaches a second transducer;

Figure 7B illustrates a signal in an ultrasonic sensor conduit as a bubble reaches the
entrance of the sensor conduit;
- Figure 7C iliustrates a signal in an ultrasonic sensor conduit as a bubble passes a first
transducer;
~ Figure 7D illustrates a signal in an ultrasonic sensor conduit as a bubble traverses the
middle of the conduit; ‘ _ ’
Figure 7E illustrates a signal in an ultrasonic sensor conduit as a bubble reacheé a second -
transducer;
Figure 7F illustrates a signal in an ultrasonic sensor conduit as a bubble reaches the exit
end of the conduit;
Figure 7G illustrates a signal in an ulirasonic sensor conduit after a bubble has exited the
sensor conduit; o 7 ' .
Figure § illustrates an ultrasonic flow sensor signal plotted against time as a bubble
traverses the sensor conduit of the flow senscir;
Figure 9 illustrates a differential time-of-flight signal obtained from an ulirasonic flow

sensor, plotted against time, as a'bubble traverses the sensor conduit of the flow sensor; and
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25 Figure 7F illustrates a signal in an ultrasonic sensor conduit as a

bubble reaches the exit end of the conduit; Figure 7G illustrates a signal
warr@n/emEsonic sensor conduit after a bubble has exited the seng@kaos/a31579

conduit; Figure 8 illustrates an ultrasonic flow sensor signal plotted against

time as a bubble 30 traverses the sensor conduit of the flow sensor;

Figure 9 illustrates a differential time-of-flight signal obtained from an

ultrasonic_ flow sensor, plotted against time, as a bubble traverses the

sen§igucohd ilivstatee dlowgepisnrpahdENRODF GRRA5Ric flow meter sensor

coRGTSAAPBIORIE 7. ToFighie, 1A luspales ansxsmplary embodiment

of an ultrasonic flow meter sensor conduit that may be used in
accordance with the present invention. DETAILED DESCRIPTION 5
Referring to Figure 1, there is illustrated a schematic block-diagram of one
example of a liquid controPEystEREHRART Td@Npects of the present

invention. The system 100 as.,.jllustrated includes a controllable valve 108
R THS R MG B RO TR S erample of o

liqeig pratieltecs irapedthdnghothedoliofihgiscussiomtiil. reter prismnote
ingierenich A8 heing:a ST IRBIB AYBARRIANRLBIATEN10%mayalso

be another type of 10 liquid actuator such as, for example, a pump

lingaikny 198 nialy Beboraprainisidhal s ihoash S dallg wisawitaesinariei esfralpgmarily

to dleat-maybie:agjusiedriaanesiherfiow vate ofithehond £houghthg oer type of
108 is controlled hy a c ntrl(él er 120 as indicated by line

. _system. The yal

o ol e B e R s i b ST
elecismirsliercontiollid %Whhetéwm m@bbec@uﬁﬁmeﬂrﬂWIﬁﬁem of theliquid -
thr Y End QRS sb%x&'tﬁf@@%ﬁtﬁﬁ@@%%ﬁ@%@3@%&%&%&’%&; Y RE. 114,

_ disposed upstream of the valve 108. The flow o quid may _
Thecezoliedt 4y 1R8 o fPhistarie o mHstoRaseetihise cansrolien theliquid flow meter

11 (canyrodessi@thaitsimireat\oninelingy 1, o ingiactviesndigated Biuid fiow
me‘!é???glw %%ddz%zgs'eé% iggstrat in Ia%éjm é1 Jgr%'oge example, the flow
meter 110 may be inteorarto tha nigidt e 162 Sqertibs liguidimats grrsured
by tellpejimertin 1 00kabisey froms tiniouig ivithelftownmelier XD eithis: tiirbaly via line
1192pPEeGated 4h ﬁ{é#agt&% meter 313 20M %SQQJEH‘Q&E??%IIQJQ% li%:ﬂ)geglﬁ%gmpie,

the%i(m’ or‘ma)g be pasitionéd in a branch or bypass liquid line” such tha

Bl dter AABHHAY Hisare BRARMIDYATH b Erilamig igwinedmheriauid
linecki¥\dwntifimal liopaick ot GowtradisysteMic sighalsdspRLthediau MetRky meter 110
ma%%%%%%%%ﬁ%i&%%éyﬁgg% [l%%%e t,?%rnz}%é g'g ;;Soes?ttlgge Onrll g%IrIaer[c%%(r) b%gadsst%ceiuid line
such that the flow meter 110 may measure only a portion of the entire liguid stream.

* In a conventiona! liquid flow control system, signals from the flow meter indicative of
the liquid flow rate may be sent to controller 120, and the controiler 120 may be adapted to use
information, such as the flow rate of the liquid, provided by the flow meter 110 to monitor the
flow rate of the liquid and to control the valve 108 to achieve a desired rate of flow, thereby
providing clesed-loop control of the liquid flow in the system 100. For example, in one
embodiment, control of the liguid flow rate is achieved by a control system in which the liquid
fiow meter 110 is a feedback element in a closed loop system. The flow meter 110 produces an
electronic signal indicative of the rate of flow of fhé liquid through the liquid line 104. The flow
meter signal may provide real-time feedback of liquid flow and may be input to the controller
120. A signal provided by the controlier 120 is input to an actuator driving the valve 108 (as

indicated by line 114) and may be used to control the valve 108 so as to vary the rate of flow as
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information, such as the flow rate of the liquid, provided by the flow meter

110 to monitor the 25 flow rate of the liquid and to control the valve 108 to
WoanhizazEtesired rate of flow, thereby providing closed-loopeeantroloaé cz1s79

the liquid flow in the system 100. For example, in one embodiment,

control of the liquid flow rate is achieved by a control system in which the

- liquid flow meter.110 is a feedback elgment in a closed loop system. The

- flow meter 110 produces an  electronic signal indicative of the rate of flow
reqoireded igphid htiouidgsitine dicrid lige d dw T Mo 030 Haete FisigRakRaY also be an
: ' al-time f iguid flow and may be input tq,the controller .
it oy 1o Lo e e B G g on
of fifesyaisie g s 2 irpmecat e yhivk maviafer prambis, usetbttieoontiohtine in the

syswivend 08:eR.88 dRMaRY, the fird e, fioyy @8nWQ E0R4(049PR21ude sensors that may
P.%H#SZO%/O?A&?Q -8- required to achieve the desired rate of |IC_]UI(§ o
PrONE ISR AR Fq%ﬁatfféwcr]’a%% ATAPMIRE DR dicihbhitsHe & eterataad limits
of thentmoller dfAtuEcvelabhplenthediguidrmsyeniaidhe-Hssiraiadipaitionnef
i fr ce.102,which ma , for example,, an
P R R SRR i B ATRE R enthe
infurgifiii s Ay BRI adiassdhnsps et ofligEdiroliiédiiforifation to
the podtellenl20 .abamieaied Prdnedkhd: siehas-sstappinsandioits
. _ofthe ,awggptad%f liguid available, temperature, pressure,.concentration,
A 5“%8%&8 e i ERATBTRLF RO BT R RERRERIEDifrd st the flow
mettP @ maseivatediapton id fisElatinlbbiafdrmaiian andeathe P tesadifisiation
te-af liguid.in.liguid. i In.an exemplary embodiment
e 22 R BT g 128
inclydtdbaisHrisdisny TeliaigiaiaRasvransraiier Sigmatsioreigues bydthean alert

sigiio\ueneter BsJeR erenisd v iner Sy dfshubhiadetestion medie.1 24

m z H M - . -
melhE g 2B GEHHRB IR S0 iy HHriec et detehenaistinet
mognisten siberadrabigiipastol marépnoofiomteddtes digiiats maanel/ ol @naigd the

| | indicative of the. presence,or absepce of ‘
o L e R I BB 10

it myy anetyne Siefey matsgsienal s hreimasrseanbaibbls prlee iepaisddiidmsdtion to
the BABYDIRANGOFROGUAL IO HAITR MBIl d QRN RNR: EORURNEHA20nto the

Where the bubble detection module 124 js incorporated into the flow
con A R AU AT L OB PR ol B Bresence of s

meter
bubblglsblthgsriny ¢onpradisinganfespeati anctoditngycontestiebe drirenbodingmistit: below.

whigh the;Bubhlgdetect IS, i into the 20 controller

120, it mal analyze the%ﬁ%%ggﬁiegﬁgﬁ%ﬂ%ﬁ?ﬁ% %bgtg??i%gftgratﬁseer :

inter{ree d At & Bich IRt Yo thaPiRe> aatthétmib hesp daspontedersordinglyeainiorface
128 gescaibeddnsnaceaiel HERRERCINW o provide input to the controller 120, as

indicated by line 126. The user may be able, via the user interface 128, to observe parameters of

alxwheqtge?%t%%m%ion to the controller 120 as illustrated by line 122.

the system (provided by the controller 120 or by the flow meter 110} and/or to provide inputs to
the controller 120 such as, for example, a desired flow rate of the liquid, (i.e., liquid flow rate
set pomts) and/or upper and lower flow rate limits. The controller -1 20 may output to the user
interface 128 various information including, for exampie, actual ﬂow rate, out-of-limit alarms,
and data management and data decision support information. It shounld be appreciated that the

controller 120 may be coupled to another system computer instead of, or as well as, being

coupled to the user interface 128. The bubble detection module 124 may also be coupled to user

interface 128, as illustrated schematicaily by line 130. Thus, for example, thé user interface 128
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In addition, as illustrated in Figure 1, the controller 120 may be coupled to

a user interface 128 which may be, for example, a graphically based user
WOIReHaL®ST he user interface 128 may allow a user to monitopdhrausystens 1579

and to provide input to the controller 120, as 25 indicated by line 126. The

user may be able, via the user interface 128, to observe parameters of

the system (provided by the controller 420 or by the flow meter 110) .

d/ ide i : troller 1 , for le,
e IS PG R B BN 0 Sok B RAR thper

indignidviooidhdiomssate difnitsibbheg ditpbijengl2Oamey udpbivdmthesiserhich the

bub@@&@&%&%%é’cﬁﬁi@{éﬁﬂ%%gﬂggg RLinGlding. J%&&Xg}g&l %5,@8&&% flaw ig‘gﬁtie user

out-of-limit alarms, 30 and data management and data decision suppor

intefiaGR IR SPLRY S eI e At stiaiedirastly ene Srafiste et MAyiiée controller

. 120coupled to another system computer instead of, or as well as, being

coupled to the user interface 128. The hubble detection madule 124 may
oo S G TR AP o155 L RPN AR 5 et
of pt@Pamb bz, fortetbmgple, thzeuks: ifitedaioepld SidOm007Y 0280 rogranumed to

utilfz é%féﬁ%ggzg/ 91?9@5??13%?0%&%88%&9&%@5{Eﬁﬂ%}gﬁl%%ﬁgﬁz control, etc.,

2
d on module 12 a positive alert signal "indicative o resence

suclyps fusBIBY-dleistabidraistaibie appesrbimid & mmshrRsEROWuUbble

meteﬂ%aﬁﬂenem@@ui@nh?ﬁmemms.ipi&ﬁhﬁg&lcgﬁmglt@{, %@cﬁﬁ%h@raalm}r&uﬁémd
120, the,user interface may receive.t ubble alert status directly from
by G, RGP ED o WA S T TS Yo SR FOEAd TR tnaodel-

freet adamifer (b0 aNelydiéhpr oy raivmtiedvalith e Bhix wetiety iolykegr fradbiok

e GRRAERNING 1heYANME 1A%, ROk RRRPIS ! @&Qﬁérgelt%qmﬁﬁ&ﬁg%%ge}g;%%

to utilize proportional integral (P1) control, proportional integral diffe
sysigp By EapR GO ERIUIS fOPTaE, en eikdpssetha dsaamiss i Getrarcohiertione

embwithrihermiaimeass fonsdhraeteiteantieler MCaReBl19WReddd: S Shu-Xing
Patent No. i%?62 164, w is herein incqrporated by reference in its

164, whic
Chcélﬁti\rye%/c.hlir? angi?lérfcgyéjr%ﬁ e,b S EGHTOHLF %rﬁ‘g‘adapted to use a
"m@t@oﬁ@e'fammémﬁml tilg Brith mf:tcrdri()enﬁ]ebvakveitft%niﬂﬁsw meter that
is 2035004 (RElHAeR aJeRARRLKACWROs RAS R CORRL AIRITYR AR S ermine the

independent of the particular liquid flowing in the system and does not
flovy &pfiré BpimtckRoWieisRmsiaa Y iathids the aeripsterieauensasprier i time-
of-fRghboimasint Hiadmematisidesaibadie detadl inlbeuRabbiapies of the
T S AR A RSB e B0 NS0
desqribgdb®mgraitrés onieflovemietemitbl . & audipaidndlusE (Sae e iof
“UIHIAFORIGWAYRSRFORAORET SRFRuU the Habif 6928 RMMINGIBE s herein
incorporated by reference in its entirety. In other smbodiments, other types of flow meters may
be employed, including without limitation coriolis force fiow meters, thermal flow meters, or
other flow meters known in the art. |

Figure 2 is & flow diagram functionally illustrating, in broad overview, an exemplary

method that may be performed by a flow meter and/or flow controller system to detect and
respond to the presence of a bubble in a sensor conduit. The system may begin (block 200) at
startup or with input from a user, for example, initiating flow control. In an exemplary
embodiment, the system periodically measures the flow through the flow meter, receiving a
flow meter signal (biock 202). The nature of the flow meter signal will depend upon the type of

flow meter used in the systen1. The received flow meter signal may be either a raw signal from
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flow rate of the liquid. Such parameters may include the
amplitude,-frequency, and/or the time 20 of-flight of ultrasonic signals
wWptopagatsyy through the liquid. lllustrative examples of the mammesos/e3157¢
which ultrasonic signals may be used to determine the flow rate of a liquid
are described, for example, in commonly owned U.S. application No.
10/878,974 entitled . "Ultrasonic Liquid I®lew Controller," published as
- US20050288873A1, which'is herein incorporated by reference in its
the élatir atgiciaciidr ensigim spessprndingAsdiediqiidivwtals indy 3Bl as a
wh&EBloYae dBglbingithaut éigﬂﬁ%&ﬁ‘n@t’é@ lis dQraefAauy ﬁ@a@%ﬁ%n@&% M&lsome

flow meters, or other flow meters known in the art. Flg%ure 2 is a flow
empRAiPER £RFCTETXAG RIS SR RS TRIRANSH, %5 T 5ed iRy Mo fcsqoiated
witthdt peaydiepEformedtbinafion (ifnatﬁfeanﬁlﬂé ﬁemcﬁemtmldﬁtesy&em to '

detec ond to the prese ofab bble| or cond
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preREHOIICAIYLMIE BAVIRS 1R W #y odhibe lamdnetekarReeiinsay g make it

meter signal (block 202). The nature of the flow meter signal will depend
PossihlREY e B HoW Rl eRA PR QYR ﬂ?é%&%%@%%%%ﬁm over
timsjgodbinay bebeithesmrydnisigdal EondOiR0GO220RRIt. Examples of such
PCT/IS2 06/0315%9 i -10 th flow meter. a Lgsaslggrﬁ rgn f%g al

charalteristic ¢ es I oW d’(l} r S1 are disc
corresponding to he liquid flow rate in the systemasa w oIe or some

co niﬁh?a@iﬁw BN Pravanstaorsem aredl HoPRTleE o6 sesteterd dlots mhter
&gésmﬁdl@mcesmem@mmﬁ resceivedHowmatesRignalieanberecosdad.of

stored in a memory associated with the controller 120, the flow meter

reSHORG, 1B~ (HE B SHIE St SChBH RHobRAB Wash% Hediouice, e bkl affptection

- systznadyz dsplbectlawmmetdradignadand (determines avkethidnihete8igridbure 1, or are

S bu iS.pres mthes sorcondw the fl m
o SO P s i SRR B et e

sysisigritlapkchabacienstitha oy meleniahkeng weddinfesrrnianré ﬂﬁéogowasurements

- of IREtensiInat{ b theiaxalision of o mﬁte‘?vs%émbp%m@rﬁo@y%emﬁai that is

to detect a bub entry into and/or exjt from the sensar condui
besp B RS 6 T, 10 s SRR SHBNGHR 7 e SRt B C i Pl oFor

exadigkey ssed furthenphélowe iMhdrelthedaralystd ofrthe dftdw dne tartisigaaiorofte
meANYARRS 0 B%Fe%gc%dof%%d%b%e Sianalsdngicates that a.bubble. iseprs fé‘c&

In the 'sensor conduit, an exemp ary systentmay respond in a variety o

_me%wwmrp@zweﬁmﬁmﬁw %W%@e@&ﬁlﬂ Mb@ deteripApurious

Systeinaie sepinvedas partaha JomearBRl SysiepisUshaSdaktion of the flow
|Ilustr ted in |gure§ or are 1{% ?fﬁ ng used to %ﬁflay, ﬁgord or lg
Sl e e PR e R R gring the flow rate
{block 212), the flow meter may aiso generate an alert signal that can be used to notify a user
and/or other parts of the system that a bubble has been detected (and, therefore, that any flow
rate measurements provided during the presence of the bubble may not be accurate), For
example, the alert signal may be a Boolean flag that can be set and passed to the controlier (e.g.,
as a separate signal or as a part of the signal 122 in Figure 1) and/or to the user interface (i.e.,
signal 130 in Figure 1) and/or written to a2 measurement log.
. Where the flow meter and bubble detection system are incorporated into a flow control

system (L.e., Flow Control YES}, then the system may respond to the detection of a bubble in the
sensor conduit by freezing the flow control paramsters by which the controller 120 controls the

controliable valve 108 (block 214). In this way, instead of the flow controller tracking and
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system (block 210). Where the flow meter is being used to display, record,

or log measurements of liquid flow, then upon detection of a bubble, the
wsygtemaay provide a flow rate signal that is based upon onecarseses/ 631579

flow rate signals recorded prior to the detection of the bubble. For

example, the system may freeze the displayed, recorded, or logged value

at the last. flow rate 20 measured.prioritb-detection of a bubble, or at an

average of some fixed number of flow rate_measurements taken prior to

ToSoAHREAR FBTTIBRHHIO e Usrtk 2usy hy thiswrssresiiiidubbiethresator

corftidy, radblétat-oeat boaanesel ahihauhblasidisaptionebie aparation
layed, or recorded. Instead of or in

oft r will not be
o e S8 RN rete” ISk 5oy e b heiE iy Hgiment
theg@n‘arpélm B Mt@@ﬁmm mmbé@nse@nmdurq R4senbandiarsoifer

indRAHROhNESYRIE T hak8ib %Qlﬁ@és%&g%?gg?%m g&ﬁ‘?]ef"!g %EC%JI Tollable

any flow rate measuremen@égrowded durln‘g1 presenc u
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Sigm@} fgoewmei@ taecfl opemeteica fidw alsblesgetd clioasysieriiacet in Which the
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system may respond to the detection of a bubble in the sensor con
mr%&%h@ﬁﬂ{é?ﬂdwe’aﬁ%ﬁ BdPamatdrls wwzﬂﬁtﬁéeécﬂ%mtqzm@nfm@ fhed

flotheiceopigolinblke vakve LoSiblosk2ldinin dhusswaayp-ostead:efihedtaWubnie.

controller tra klragﬂand WO 2007/022 52 PCT/US2006/031579 -11
Alecaars ¥onu étg S UTOUE TSI TP EY rff'aars é%‘ge ERAEAGRYEREY of 2

Hﬂ%b@mﬁmmme@mowmsmtaf@@ﬂammbermﬁmhﬁwdmdnétest@ml that is’
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achjeved in a variety of ways. In one exemplary embodiment |
bubblt B SieseRp SERIGESRYH the bubble detection module 124 a positive
alerFigignal i arfw@fadiagzthamrﬁsm@amfrasp@thblsg AN H8ERSHBRANUR 0f 2
ete, s such gs the contro alve se t| n response to t%%
ﬂo‘gl%gr%gl1 th othecrogi:r% Sdimen s% #10 elljrif\g{fesr%}ﬁt %ffs S ﬁ%’f? BBk
TroggatthetRontrabRRgeng R @m@@awmmmmmmﬁmpﬁmo@mbme in biock

mmgme@@rwﬁaﬁﬁw%@&v@wwm@%%g 59&3%9&&&04 1320 a

fixed flow meter signal, for example, based upon a prior flow meter signal.
hafeleriin BoMmRaRb I Lettic mﬁé%semrawjﬁi@e%ameg%ms&qm may
permarmte«swa@adimm the flowimeelebRigab 1l eaeivag il mghaa},t@nook

| 304% Cfgg‘y&%l %ﬁg GII IC 0?&‘%{@1&3 It IS rgcel¥ G%.Sfééegﬂf(!’io rR%tgﬁ tg%r%?f!‘a of

flow meter signal may bethée W me er S|gna
detgsiine tBedatetds @m@ﬁ@%@ﬁl@ Sensor condmt the system may analyze the flow meter

signal, a collection of a number of recorded flow meter signals, and/or the time evolution of
flow meter signal parameters in order to detect changes characteristic of a bubble’s exit from the
sensor conduit as discussed in further detail below. The system may respond in a number of
different ways to detection of the bubble’s exit (step 308), depending upon whether the flow
meter and bubble detection system are deployed as part of a flow control system such as that
illustrated in Figure 1, or are being used passively to display, record, or log measurements of
liquid flow through the system (block 310). In an exemplary embodiment in which the flow
meter and bubble detection system are being used to display, record, or log measurements of

liquid flow, upon detection of the bubble’s exit the system may simply resume the display, i
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Alternatively, the fixed flow meter signal may be a weighted sum (such as

an average) of a number of prior recorded flow meter signals, or, it may
WOoeEzIn&ad flow meter signal that is 15 suitable to stabilize themostool®s1579

response (and hence the flow through conduit 104) while a bubble is

“present in a sensor conduit. Figure 3 is a flow diagram illustrating the

response of an exemplary embodimentof a flow meter.or flow controller

~ system tq the bubble's exit from the sensar conduit. Having frozen the
rec o 5 O REIA S T B e AR RTh A Lo R S Bheats: the flow
mefzuisiieim hiydin2ddden (Figuire2) aif rexenipdalipsys enecoalingal amaitements)
ion_qf ' istic of lels. exit.fram the
e P ISt ARGIEHNE DI AR SO0 v may
be rpeRivaIEPTIOR HetePltlBek SR e ale pad thdsecsirly ek 304) for
featuremebaraiaristimrhaukhlasexidiomuhiesersescontl aAS iR ated

o S BRSO R 2 B e
Sensececdéuﬁtfmammmgs‘ﬂgwalsnmidl@r aﬁewmglﬁa/o@ut_ioheoﬂ thlnwahatére_sigmal
cot %%H?é%ﬂ?iﬂ'ﬁ‘!%oiﬁe%tﬁ%%&@%(??%%&r%.. tﬁfbc%%'fla%ﬁéﬂed ina

from the sensor conduit as discusse er detail below. The system
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derith Jﬂoaﬂﬁfmpkﬁfy%%mbfa&imeﬂﬂémaach@%ﬂ@&%&gﬁg&%%&&y Q%ﬁ%

__detection system are being used to display, record, or log measurem
effestiRjtiioRe rUpTRSHBiBE ARG tHOB G BIe e e the s tigrrin GpsitpRow
met@SUMe: e eigplar e 2007/022052 PCT/US2006/031579 12 ,

recqrding, or loggi f new.measurement vajues (block 318). In some

G S T M T S i R Er AT BT B e o par
of a8suvingrdispigyronrbesttlin flosaedsa Ements prasdtethg whal prsiyanl to
disagglpégéﬁd]@a&gmug%&mmm%aﬁ_&fgﬁ BURbIE. Sugh asignal, .,

_may be received by, for example, the user interface "128 and/or'the .
incRiga Sy 10 S hlerAterdipTetft Pt et red theatstmpiirp @higmamic fow

confletesidnn systenvareineainosatachsitonaflomisanimbsy S8 s he S¥SEe Mhay be
sefif igepond (g dhe detecion, of & bbble s et rom e, senoy gondut

" y resumlnglflow ontrol, 1.e. Al owmgrtsrfélco 6811851 0t HRRPHEHBEH v

caugehiroihpararbiste mismge Sponge the fowonesiug gnalbsititdeitd2 Bsulitiis: dan

rec&%iagw%%me&exar@fyemrwx%xﬁmm%@%%ﬁrﬁm@%ﬁmp0d'mem’ the

controller 120 receives from the bubble
Thus, In an exemplary embodiment, ir response to detection of the bubble’s exit from

the sensor conduit (block 308), a countdown may be started for a predeteﬁnined amount of time
(or, in the case of & digital control loop, a predetermined number of process or thread cycles),
and the suspended flow meter measurements and/or controller parameters may be extended until
the countdown is over. This delayed latching allows any spurious signals to subside before-
resuming measurement and/or flow control after the bubble clears the sensor conduit. In an
exemplary embodiment the delay is optimized so as not to be so small that the spurious signals
or flow turbulence may not yet have subsided, but also not to be so long that the flow
parameters have an opportunity to drift away from the setpoint. In an exemplary embodiment, a

delay of ab_out 100-150 ms is sufficient to allow any spuricus signals or flow turbulence to
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io detection module 124 a signal indicating the exit of the bubble (e.g., the

negation of the alarm signal generated in response to detection of a
woniblezoand in response to that. signal resumes dynamic flawcarsttalehiz 1579

other embodiments (including embodiments in which the bubble detection

module 124 is integral with the flow meter 110), the control parameters

may be . effectively unfrozen by resumikiy-the provision of current flow

meter signals from the flow 15 meter | 10 to the controller.120. In either
disggale w ArESHEY Mdtingriberabine s etk Spstarre surstder|ay@donirol,
butasnpar i ya W 1ROl aXSIEMEHC AR IRt MY STRIGH IR FGI §elaf 'iz&gﬁ%epand

being used passively to display, record, or log measurements of liquid
DGR B R A& YSEA R TRAIIE SR YmeBH Mg such

parsleténtian Hithetbbhie yievdsiandythiear atibipiion tldynasie dams2@ation of the

sen 8@5%9([}]%& gtigg,lay or recordation of measurements (blocks 312, 314).
uch a. dela Sbe useful to allow any disruption of the flow meter

may
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COnGRG IS VEFHaF ' SUBBIEER LW S Uil BETumANh b gefigured to
res@xXemplanysemiodinreahtbewdeaiani dogpiimized seasmotiyadad stosnalltro! after a

IQUS Sl I ce may nat yet have subsided,
P IO B S e R SS,  BReese
durgfi savele fleteriHacd sppmiea ity andexer ipsydampiotinants i ayafeters,
incla B3 RABES Sufficl eﬁ&,tg@u@memp%w&ig@é@ﬂ iR iameter or
. turbulenge to WO 2007[022%5 PCT/US2006/031579 -13 dissipate
oneRAgH e gﬁ‘r?@%&%%awagﬁﬁ} fié& resumption of real-time measurement
andicosrteod, ;matlamg émr@&&axﬁmmmehnemwyafﬁmt_jme !ﬁ}%@dﬁ@%ﬁk&s
and PSR RRIGRARIp Acmcl 6RE G HBR0 DS ROHIPIAL DR EMERIRN O, e
the flow meter and flow control system, including'suchi parameters as How
senjeREONdifo HIEEBS Ry ryIaed BSOS peatRE HifioBtepBmaAtasioe. Ffahibat

readd 5 Q0RRI G ANATHBRTSR IRFC MR} aR¥ BRI PRHIOMLARINE® korcing of a

~ pubbySiem ma also be aadtagted to respond to a

& Sensor conduit, particularly in instances where it appears that the bubbie has
become stuck. Controlled forcing typically involves temporarﬂy altering the flow rate through
the sensor conduit to urge the bubble out of the conduit. In an.exemplary embodiment, the
means for controlied forcing can include program code to rapidly open and close the valve in
order to knock the bubble from the conduit.

* In some embodiments, the con‘ﬁroﬂer'may begin counting time and/or thread cycles upon
detection of the presence of a bubble in the flow control system or upon receipt from the flow
meter or the bubble detection module of an alarm signal indicating the presence of .th.e bubble,
In addition, the controller may be programmed or provided (e.g., through the user interface or
other data source) with an expected transit time of a bubble through the sensor conduit. With

that information, the system can respond with a controlled forcing procedure where the bubble’s
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second bubble entering the sensor conduit during the countdown process
initiated by the exit of the first bubble. In one embodiment, where a
WOsHofieEhbtibble enters the sensor conduit shortly after the ex#afasinet031579
bubble, i.e., during the delay period represented by blocks 312 and/or 10
314, the resumption of flow meter measurements and/or controller
parameters may be delayed further. Odce the second bubble's exit is

detected a new countdown may begin. In alternative embodiments,
pasagtdakroiyehdenar thansmpressieditansintine. sEheostiverrduitast time of a bubble

candRperilbasbaRaMeetPe QW MeIRn AR HRW LORHRIIBE SISV MNP S onduit
conflgurgccji[ﬁ%g{eset the alarm sg{nal, resume measurement logging,
S

diangigor RO R3S ChMPIRRks Pasimd pcaHdntioTie of |
exaprgsetmimiienbicpracessorethicedd, ay tigsd Aam@DpropriateRFRS8Em rather than

i0 ined empiricall may,depend upon various .
oIS S A Pl 1B SRR B o
rateyiseddrpengisie s Bisieativ ef tubbiiairete condwiti diaation ofitfte pemsdo becoming

studlORAHY cAREHOHARYS: RuSRIRIRaIlataBgIdar RIgWhe e dha flowReciated

h characterize(gby low flow rates 20 and/or for low liquid pressures, a”
SSATBBTE T (AR ACPAHAD Sy G AR S L fRsit-tiTYoR e the senspsepnduit is
dispmad itit; dausing dipelongedrdistvpiieniobdoruratetiow pammaetsice of
ing. . n,.some embodiments. af flow controllers ma
e R S T TS g o
stuckdritlie. pdvilropiaety WalnEthnces where it appears that the bubble has

becorag SeskpGnkaiRehiore naheIGaHlY ieMEs IR PRSALLY ALRHNG DG

flow @%e tiaré%)gg%? 25 the sensor condulit tg urge the bubble out of the
PSR T ST AFAHEEBE SIRRIES 18- MeorurricE Bt oNeasRS R xecute 2
rapidarpéntlp dedpriogjramithel emﬁwﬂmue,aﬁm@fuﬂimméﬁmgalﬁw Q4elahiuch the
senéﬂ}%gﬁcm?tg Lﬂ&%@tﬁ%‘%ﬂb@% ney 'tﬂclzﬂ FOO oecigrtz)gnqlmep tg_,l[gge c? Onzti“EPolzlteI{’lay be

may begin counting time and/or thread cycles upori "detectio R :
SuSRﬁ@ééimi%@a‘fmm itsdtsdreomiorsysedithordporrebreing flomraeto its

confloned3Ovarctenar thadubRladateciienmadule Rt ERI9RAlvsis of the flow
pe, bulﬁgle. In addition, the controller ma be
%gﬁazmg

indicatiln he presence of t > (
oty SR T R A 5 TR e S Rl e FOBHRLE
prosoure@)ayith @peakplactékteamsittinateal pionihbl € thralighl hadensdrand/or the

bubfsféﬂi’éféfcﬁ\é{f'@gmtiﬁ&ﬁ%%%m %ﬁ?ﬁﬁ@@%}%ﬁ%‘é@% with a controlled

orcing procedure where the bu z
PCPRsppBsr03amTdler: & iRaszadle vareshinedt fongde tfdpreing eetitetibubble

out BENGIL e, eslimaieckiEansitiimenaf AcouhRIe:HanIA8PSRANRRY Be used to

s TR bR e ot concul_
the shesgysieinitFor some embodiments, such a flag may be set and passéd o a user interface,
and/or recorded or logged along with measurements from the flow meter.

As described above, a bubble’s presence in or exit from a sensor conduit can be detected
by analysis of flow meter signal parameters for characteristic changes. An exemplary bubble
detection system is now described. '

One example of a flow controller that is known in the art employs an ultrasonic flow
sensor to provide liquid flow rate feedback to the controller. Ultrasonic flow sensors measure.
liguid flow rate through a sensor conduit by propagating one or more ﬁitrasonic signals through
the liquid and measuring one or more effects that the flowing liquid can have on the propagating

signals. For example, ultrasonic liquid flow sensors may detect changes in frequency, phase, or
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example, smaller bubbles move more slowly, as liquid tends to move
around them rather than 5 push them along the conduit. In contrast, larger
WORBDIBgaEnd to flow along with the liquid flow rate, but (depeddifagra0an31579
the ratio of bubble size to conduit diameter) can be prone to becoming
stuck in the conduit and/or causing unstable, turbulent, or slug flow. It
should be appreciated - that dependent-on the orientation of the sensor
- copduit (e.g.,.whether the sensor conduit is disposed in a direction | . )
time. GHHEASHA DPHPLERIVBISERS ATORER B Grabiy YOI fEpnsit time (time-
of-figiep leraiian) ¢ drtairia Hecheitatians smayrinolddenx giayigionporaatg tiem are
- and/or.respond to a, bubble, whi h not, In.one.exemplar
e S S e B O e v

publishedanlichidut WL 2§88E4dting the bubble's exit, the controller may,
in rgﬁmaﬁ%i@m@c@erf&mgigmﬁagﬁwﬂ?&aw@fE%H&le\fﬂ%?exempzary

momentarily increasing the flow rate through the 15 sensor conduit to
ultragiris finysapineibtsrrEich Bis SRS e b e I Ea P RYOPoshERo Ay udes
a seh@r suspentetjnd oitiesexie Cutinduthbis Prpaadacd and sksumid thereatiedni:
1005%‘%@&“9%f'%v¥n¥%%&% R eomiolied ?%%'a‘é\{ﬂe{eem% e SRR R & e in

controfle orcing procegvure, analysie of the flow meter signal Indicates
FiguieatGiaadoisiseiived sxihovicmmnendyowebsdpinding tontpetied deirtinagon entitled

“Ult@&%ﬁ@' HISWRRY B IRPERIRH UHHLA M&@[ﬁ:ﬁ%‘%ﬂﬁf@ﬁﬂﬁ_\@@émﬁl Ao ﬁHQQﬁAE%omey
achieved and/ar the 20 bubble-detection signals indicate that a bubble is

Dockg! pigarisre datn/ A0ntkan st bhtOfar AaddaedmraietPinistaraen berein. In
the ithipadtel efifordingm dDgked Hulibjeiddidvaf thrsegisofeconduiit 7 I HRweTieter

. licatiops, a configurable alarm output may be to_.signal an
e B S o o S hare E b Rt s 702

- and Fe¢ enderatmétiehicheopegioheorgivhe fosonsdierbididaeationduciheotiey

tranS0AYCRCTHRY AR RRSSERL IR MSELIMBHRCRon? FRRIAIE e Rhlag8ethaiysis

ong with measurements from the flow meter. As described above, a

al . ’
Of th IBHIRST B SS RIS ifY SRt HOHP s o Bl e b agedig e the flow

- dircatalydis affimrednetbosigned pathmeters:fdediaratiteripic’changasbidh a time- -

oisBigmplary bubble detection system is now described. One example of a
w controller that is known in the art employs an ultrasonic flow 30

seABERO PRI SRRAGMSW. raedifesHivabes tsdhebimsitented lrasbrntiow
num$RNSOISHEAGH A HOLdHa: FRIRHRIREETB2SEISGRRAUE BV ARAGRLNG: the
. %16 or more u#té?siﬁlc signals throggﬂ thefl ui %pd measuring one qr
1quidh 53 SUNEHRETH At (A HERIAD TP BT HE0E BHIRE Prop Ay itmyneiyheer
bubller7ekanppiesmutralsosioshguitdlon SEn'Sbessiay getaetshhangelsinatically in

- PigdIEIHEREY ARG MY R8¢ AR 024 R G YR 29083 L0 R ohigh this discussion

considers the exemplary case in which the ultrasonic signal propagates along the flow direction,
in sorhe embodiments the chirp signal 720 is generated at transducer 704 and propagates
upstream to transducer 702, In further embodiments, signals propagating in both directions are
employed.)

In Figure 7A, before a bubble 708 enters the sensor conduit, the received signal -
amplitude is relatively steady with time (point A in Figure 8). As the bubble 708 approaches the
entrance to the measurement section of the sensor conduit, as shown in Figure 7B, the amplitude
of the received signal momentarily increases, as illusirated by reference number 722 in Figure
7B and at point B in Figure 8. This momentary increase in the amplitude of the received signal

does not appear to be related to a change in the gaiﬁ applied to received flow signal by the flow
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time of ultrasonic signals propagating through a flowing liquid to determine
a transit time (time- of-flight) to measure flow rate. Such ultrasonic
wosmasorswnd controllers incorporating them are described, far@Epanipbe o579
U.S. Patent Nos. 6,055,868, 5,974,897, and 3,575,050, as well as
published application US2005/0288873A1. 5 An example of characteristic
signals indicating the presence of a bdBle in an exemplary ultrasonic
illustrated in F| ures 7A-7 The a,sonlc W sensor

; flow sensor ?
e 0N B BRSPS R R AAE ARG LR B Ao han
- the feppalterfiatevel Senson candiiin fRGDfomase ¢&e&mnids)mmﬁmsﬂm%ememrbe
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propagate throu e liquid to transduc ang s In Iits amplitu

00ﬂﬁ$&§3§@%ﬁél9&%’tg% indlesiedonridisk the. conpie Yo Kijirssamt fie paapensate,
Whlggﬂﬁg;rrggnﬂmhﬁg@bglﬂgﬁe changes are shown schematically in Figures

TA- G a tted chematlcall tlm in Figure S, (Although
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recesigdaigzm pagdaies atm@yt(pelﬂtﬁnd FentioR).2Gdnesdinglenigodimertsdhe
oveRABR B8R La0iSi0eRer el AL ransauce]/ &‘E&Hgopﬁ?é%ﬁ%aéﬁébh{@&{%% in

to transducer 702. Ifi further émbodiments, signals propagating in both

partdfdgishiaReMSH I TORRAESS Y TRRyPHEFA ulERsrend WatsiTen? oevaline Samdhe
tranSERSPICD rlﬁib!'thkh@ﬂ&ﬁ%%@@@Wh%ﬁ'ﬁlﬁﬂ%éé‘ﬁ)&ﬁ&hﬁgﬁ%ﬁﬁ@%%ﬁé&ﬁ%r 704.
int A re u e approaches the entrance
T P PR Pt T S B B g e of
the masampnﬁudeimhbrerretﬁiwd ﬁg{mainﬁ%m@ugardy%]n&masegs akoittustraiedre 7G,
as t}?&bﬁﬁ!&%&l&éﬂ?@ E&@& %5&%%27§e%&%9 ngﬁzﬁ dﬂx;ﬁ %@7% ;Elalﬁns 10 s

momentary increase in the amp |tude of the received sighal
steady state value (point G at Figure 8}.

An exemplary bubble detection process takes advantage of the characteristic time
evolution of the detected signal ampiitude, such as that illustrated in Figures 7A-7G and Figure
8, to detect the presence of the bubble 708. It should be appreciated that the time evolution of
the detected signal amplitude illustrated in Figures 7A-7G and Figure 8 reflects measurements -
obtained with a particular flow sensor over a particular range of flow rates, and that the
characteristic time evolution of the detected signal amplitude may vary when used with other
sensor configurations and other flow rates. Empirical measurements may be made with other

sensor configurations and at other flow rates to identify the manner in which ths presence of a-
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does not appear to be related to a change in the gain applied to received
flow signal by the flow WO 2007/022052 PCr/1JS20061031579 -16 meter

- wWodglegttomise (because it occurs over a period of time which is pivedyoos/031579

much smaller than the response time of the gain control in the flow meter
electronics), and is believed to be attributable to the ultrasonic signals
- reflecting back from the bubble 708 at the.entrance to.the conduit 712
and reinforcing in phase with the transmitting wavefront that is traveling
butioieveanis B ehibalieietion HEthiemalisdaced 20:hbReghiditss pfotiespinysibat be
ada?i&?ﬂﬁ@ﬁé&tﬁ&?&gﬁﬂgﬁgxglﬁ?ﬂ%rén signal amplitude is characteristic of

resence of a bubble; and thus can be used to detect the bubble. As
the Y ASBREdLES ﬁ@h%ﬁg@fﬁm?aﬁw@eérmva@@ﬁowwwwm@mrws
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arl, as illustrated erence nu r oint In Figure
o B e T oL e Do
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presence of the bubble 708 is of value; in the abs nce o a system,
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overshoot may be attributed at least in pa orfcement In
Figgradés OF e piansry) dhledotiie Waveiroresravetintrtesse srealom signal (block
41(1yamggdgeédm%@1d the reflected wave from the bubble 708 as it reaches

th 704 Th fl ted | fad e bubble 708

A e S e SR e e
signal Eﬁg&lr@mpowh@elﬂlﬂgm@@)wﬁm@lfybamm ioF Erig e Hijens g
am}gﬁg&@%ﬁﬁegﬁw%wgﬂmaﬂ%@ém@ %9&@1%%%@&01(1 or

34 returns to its steady state value (point G at F| ure 8). 25 A

amQURL, SRAHRSEHIONS 8 RANISY: Brbbldetentios sgvat géeéﬁmeeﬁ@rﬁémégﬁ@m

ﬁlumade;yetgﬁmafoth@&@t@aﬁaﬁﬁwaéa@mmmt&ig@;gﬁéémtdlb@aa&ﬁqﬂmude
ures, 7A-7G gq %%8 to resence of tl?bubble 708, It
e

A SRR AR 0% dunaliehi g

é ou’id e apprecia
nmangmméeumﬁatedeﬁwcﬁaw eosti</SitadRiepiien8igsflb ol should be appreciated

that BRARMEMENR LRANRLMID &t@é’{é&ﬂ@a{sﬂﬁ\é’ SEMTALPYRIR RAULGUIAhis

range of flow ra es, and that th
embodament other forms of welghted sums of the detected ultrasonic signal amplitude may be

used, as the present invention is not so limited. For e_xampis, rather than simply computmg a
running average, more recently received values of the amplitude of the flow meter signal may
be accorded a different (e.g., higher) weight than those that were received less recently. The
weighted sum may be computed by a processor associated with the flow meter, the flow
controller, or the bubble detection module, although it should be appreciated that such a
weighted sum could alternatively be determined by filtering the received flow meter signals
using, for example, a low pass filter,

In accordance with the embodiment depicted in Figure 5, the amplitude of the received
signal may be periodically sampled and stored in a buffer (block 502), sampling the flow

measurement at some predetermined time interval. Some number N of samples (e.g. 20 samples



1¢

20

23

30

30 characteristic time evolution of the detected signal amplitude may vary
when used with other sensor configurations and other flow rates.
wWoBnigiszabmeasurements may be made with other sensor corfigursiiosnss 579
and at other flow rates to identify the manner in which the presence of a
WO 2007/022052 PCT/US20061031579 -17 bubble can affect the
detected signal amplitude, and a bubblé eletection process may then be
adapted to reflect that characteristic signature. In accordance with the
in geresEntilave PRIbAGIBIS X Bt abble elaestion proeabsdiinenrites gnal
sanfﬂﬁgﬁ?ﬂ?él%’sl&g&gﬁ testheiSsRER\ide s hatcQRResISHUaLe SsmpIeteaiedew data is

signal 5 amplitudes to previous signal amplitudes, looking for the
PlacKLAn 4880 L AR CATR/S BYSHS (rRtciiediBia bR SibagliFbior e
pretlbysirated mrHguses {AnpGsathd Higure Sginl anpkxeiplatyuiamhodimanintage
o fHbhie detslion Sustem maviseslve.sianal ampliude valyes fom the |
Tow me rf%?ocrigf )a.gln Ghie embodiment. a number Stre R/%gsglgvr?a © 15
that#iBiiaud eenpnngobBastetions may imehioAjifisedcimmesd svrhethe flenendispeepon the
oo IRBERR AL 05 DURDIR I AEHOR R THE SRS Rons, and ot
a

eriodically compares the received amplitude to a_ previously received and
fﬂ“g’t‘éreﬁ“ﬁrﬁﬁlﬂﬁ BETGICKRBIRGHVERS 86 TATRETHE iSu s/ FEuaRr g calibration,
basstiarpsh ampliftaeatiilocks#01dr dbere dao systeacapieris aahafaetresstic
sesGARGe I signal amplitude (sugh asdhatilistiated in Flgyres 7A- 76 and
|gureg855 lock 2‘6é§glt ay, In response, genera%é)an alarm signal (block
4103 aBesiesunietabieiven. 1B Adwrti ereRieiskarydedhibe dhmehihestagu sl the
ola¥ieighiad sum- b the.deteciad Ao melrh.sional AMRHILARARNMOSIRINR in the

received value of the amplitude of the flow meter signal amplitude

bUTHE SRS RRGOWERM e Shin ) For SRt TR s e Hrate iR 2verage

sighibreshiildermanteuninsend sichréspanssvapasitivephiobble tletection

Sig%'ﬁ&oéx%éa@%%fﬁ%‘c%%”é&?gi{%‘{eeéﬁofﬁlfeséé?tu‘?ﬁiiwf {%a "SR Cgs”a’ﬁ’é%gs 3 below
running averaae fthe detected ultrasonic signal’amplitu e 20 and, where

the ghaaEaNBAEvaRieeds shiscer Bt BebblaHetstonoriveshdiy satobaiatpentiom

recdfIRANHIUNG @H%@ﬁﬁu&@@ﬂtﬁé@iﬁ%%%i%@&@!&iﬁié@ﬂ?ﬁﬂ&%%@& dipping
signal._ It should be a%reciated that althqugh a running average of the

belgRE kbt SH N S Y GRS R el RS i BRI SR i pemal i
genfonras Giweighted IunFhofithaidédentedeisrsediadig sahappltateadaytation

h . . . ) . . . “ .
abos € BRIl %85%%3%6%8 %R{%.'%E'Pé;,%%g{%zlg gzl;reé’g%%i%@@b& ?él?\l;az C??E 5, or 20

an simply computi running averag

pereaitday sFiaRcTam BIRdeRn BIXAECTRSR Yigter dig Hupmel wslupcapRidarger or smaller
depaiiasebs Snbighes waighbihandbasedhabuiene Fersivad less 1arRANM need
not g%%v%e%‘gggfﬁ Sﬂlflo %geg ggépa%‘été?gug}' gagtro?‘g?gé%gggi %%é?tget evgé?e;g?nation |
of the threshold’value may include (without limitation) viscosity of the liquid whose flow is _
being measured, operating temperatures and pressure, particle contents when the liquid is a
slurry, ete. In practice, an optimal threshold can be determined by trial and error or during
calibration, for exampie, by deliberately injecting bubbies into the sensor conduit and setting a
threshold level that allows the desired efﬁcﬁiency of bubble detection {i.c., minimizing the
number of undetected bubbies and the number of false positives). The comparison of the
received value of the amplitude of the flow meter signal to a threshold reduces the possibility of .
a false positive bubble detection. |

In accordance with the embodiment depicted in Figure 5, where the received amplitude

value of the flow signal exceeds the upper threshoid value or falls below the fower threshoid -
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controller, or the bubble detection module, although it should be
appreciated that such a weighted sum could alternatively be determined
wolpfittertagethe received flow meter signals 30 using, for exampieuszmergs1s79
pass filter. In accordance with the embodiment depicted in Figure 5, the
amplitude of the received signal may be periodically sampled and stored
~in a buffer (block 502), sampling the fid® -measurement.at some

' 1pregetermined time interval. Some number N of samples (e.g. 20 samples
val

56T S 8P BT HCTS IS 335 7R PRI e st ivm rigpab misskind8hryin one
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. ] sta. uch.t as the new,received sighal IS S ,
empceﬂgégé%. Il ﬁgo%eanhb&%tlaf?ﬁxes Oﬁarﬁ"é{eem Some pa 181(:1:1&1* \J %gg)[s‘)taicgle_tg&bie_

new-data Is placed on top an a IS pusne wn
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flow parameters.in the particular arrangeme ther, factors. Thus, .
while gnper}éeglqu%ﬁﬁ%& @a Sregt’o the am p'le U%Q&?F?%% "esrxrﬁ%ga&’%eri %SL{Bm may, 1
resplier s tinssdruppmiadns (FE etelfrynlesivrmnesheors prewsisrmsiused

cycRR)PIONRAAS AR IR GRLL0 R ERIGIENAL.A JNBRINY ARLMIBRIANA: flag is due to

amplitude in real-time is preferred. As new samples are taken, the newest
2 g ARSRS SURF BEF STt {83 BYIREMASCRISGhPhe BiacslleciifpIcl pat thevbere the
buthittedsaidhessiaek hiseeist fndetn? e insis thaversgeeatNsanilesim number
the er is calculated periodically (block 504): In an exemplan
o B B e R B e
thresheld ainfectitpiewtsentiseddrptdudl inctsatb GiethelBhier baslexberpileapubble-exist
flagSRedneRb Adheshold Aevelomp dRn-BalieXIGRaS ARR VRG0S, Rﬁjﬁﬁ‘fnﬂgﬁof

GIchﬁnnlng average value is selected as a bubble detection threshold, such

8 HPH e T ittt o et SR e it i p dersiron spareigms stopped.
the éxeeeadingsthls thekshatduarsdip@inge balw ihag, htbbieigprertaned 46tion for the -

] Iti bble detection signal iS, generated
o L N A S R e
condiifiatRsrf BonsIse e dtsd el awdetermineimpairerayietoaid cPomeambtecles) at
whitheaseshnd P eract Qurd Snd ROnRRICE AL SSMAIRN KRS SIS such
verage valye. The threshold value can be larger or smaller depending
as tﬁ’%ﬁi MIHBEI6PLPafn parameters and operating conditions. The |
thrdsholdcneethdhotioe, HyivwestaidabalstdiiahunrizgaveEabebiluey early in its

oA ASERIEMERS SIS, RLUR SR T, e

InC out imitation) viscosity o ‘IQUIdW ose flow Is eing

sen$peEnPeEcTS e fellitiy tantedpatiirsslesirdpede atest tiriehblecstnaman hessible
befSheigiIJE the control signal, preferably before the controller has had a chance to alter the -

feedback parameters {and hence the flow rate) in response to the spurious signals caused by the
presence of the bubble. _

In some cases, the moving or running average threshold detection described above will
sense the bubble in a timely manner, and the controller will respond to the positive bubble-
detection signal, holding the controlier parameters until the bubble completes its transit through
the sensor conduit, However, as illusirated in Figure 7b and at point B in Figure §, where the
amplitude of the signal rises sharply, if can be beneficial to alert the controlier about this signal

spike early, before the running average signal amplitude (or some other weighted sum) reflects
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slurry, etc. In practice, an optimal threshold can be determined by trial and
error or during calibration, for example, by deliberately injecting bubbles
WOiRtwHie288nsor conduit and setting a threshold level that allopesitkie2006/631579
desired efficiency of bubble detection (i.e., minimizing the number of
undetected bubbles and the number of false positives). The comparison of
. the 30 received value of the amplitude28f-the flow meter signal to a
" threshold reduces the possibility of a false positive bubble detection. In

it, and digenibe WHGhy Beabantdn thscimeds iR erBlah erb tdimes el dow

meRMBIUABL MR AR HOWHigNRl 8116 £ 6 Aithe R HBERSIIQIS ARIME Bfeme that
fails below the lower threshold WO 203%%22052 PCT/US2006/031579

assify %‘I"ﬁ?ﬁ‘r‘?@% A P SO SRR B Itoe b apbremibed snthe

chagignsfliiiecikdpahniatane exemplary embodiment, a positive '
bubple-detection signal impl i le-.exist flag.
e e B SR R

valgrpidis: nespfifléghh dgles difieranss onmmeiati derotsdbisielnezsves whick engere

sen§@i9d 'ﬂih&%@&dﬁﬁﬁ&eﬁ@ SmABe A ﬁﬂi@ﬂ’f—ﬁﬁﬁﬁ%l@ff Hﬁﬁ&@(b%q{a%mw% e
bubble-exist flag can pe used as tri%%er,si%[;l | for othefr control and data

A B S S e HE R LB R 8T PP TRoRE Br 2 AR figal) traveling
froeconsthaandisioreanedhioca I (s msidesarbatadwa. iranexeipplbrgveling in the

bod i ot _ .
revelsk ﬁ%‘éﬁ&?ho‘ﬁ?%%ﬁﬁ@#'?&af%ﬁ %ﬁﬁ@%@gﬁ@%&?&%@%}%ﬁ%ﬂgg

response, st_art_ a timer that counts tlm.e ( Uc A
dovprefess ngir Eag fod i ewRireR) et Ean bd isddiirmabeive il etiant

val@SRHIRN QfpReibbRIReXIR flagds siuRiRdrRdIHe Bubhie ReingPreseRhrOf
0 a momentary glitch in the data collectio '{ﬂat is, where the

HE 988 htn a ,
predigternsinkbdmatninismonerpbedingf ook dydies af thiga diciotase thines xft]-

" i , t - ] Id a liteh
R R R R ol
caniss gy iEcas it gra Whie Yeigdhera Seivreqsrdbrepsrranse afa axhblgsppears
as ARIRRMARIRE PHNNBEAh HloskaiiheadieyaeshiisiikelvdnatiRectubliged in

. has _blocked the sensor conduit and stopped the flow entirely. In such a
F.lngrec%Jmstance, the system may, in response, initiate an action for the
_contolteenfpraingnobdtiimbuiaiile bobtdtuteidtiefl predestrerployimal such a differential -
meSGRMGRIA RGN A cR0oR: A dbsusaRtkanae dHE At aURIned

__maximum interval (or number of cycles) at 20 which a controlled forcing -
diffsrencsigranaiy Baimithacorimirhrisiofe iy Peraaniceh titi 6 g seRmdgne-of-
flighowitRtes Uity iseRSi e Stk SR -BATNORI MERIS 6045 sestabledR difference

'(bkgjc?ctggé)t.hﬁ rg:ag %%%Sgrgcglflebcp tlga%/ g{g/c'{({esaé% Ia?nl 8604 may be performed in the reverse

order or simultaneousty., _ .

In one exemplary embodiment the time-of-flight difference xoft]- xgft-1] is corﬁputed
each time a new X value is obtained. Upon a determination that the difference exceeds a
predetermined threshold (the differential threshold), then a bubble is suspected and a positive
bubble detection signal, such as asserting a bubble-exist flag, can be generated (blocks 610,
612). Alternatively, to minimize the incidence of false positive responses, the differential
threshoid condition may be checked again at the next thread cycle, and a positive bubble
detection signal generated only where the threshold condition is again met. In either case, the
threshold value may be selected to be greater than the maximum change in xo that could occur

due to the step changes in system parameters such as set point values, so that false positive
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transit through the sensor conduit. In particular, where the ultrasonic flow

meter is used as the sensor component in a flow controller, it is desirable
wQeudeteenshe bubble as soon as possible 25 before it disruptsttieTsmuobsisre

signal, preferably before the controller has had a chance to alter the

feedback parameters (and hence the flow rate) in response to the -

spurious signals caused by the prese‘r?ée‘of the bubble. In some cases,

t ving ot running average threshold detection described above will
b“%%%‘?ﬁﬁ%ﬁ%&b%@%ﬁfaff%%"ri}gmaeﬁn@?% TERPRTERS i slpwAt ociweed
Altpositivelsh difdeBoidetddt detsignainhp ktingiihecinieled paransesessdsatiuring

ch%pgﬁ@ég&mg@@s its transit through the sensor conduit, However, as
illustrated in Figure 7b and at point B in Figure 8, where the amplitude of

the $igraiivebsiadsiscionaiend puseriedass it ofe emngoiekethaixceeds the

disthienSig Tk sspikenenty ubaf QEaitha BN ANElReR Nomal ApRliHae (Qk
some other weighted sum reag)ects WO 2007/022052 ) )
meﬁ?&ﬁ?%&‘&d%ﬁi&%i%‘?ﬁ“@ﬁ T el e SR BTG S PRt ioPreial gepated by

theqhasrmg_efsoﬁhmbahbhmplary embodiment of a flow meter with bubble
RN i B o o e R Sy

) [
that assists in detecting bubbles at very early stages, before the controller

avepage dsteintetntineion smyeurifrorniatypemineteto vEng thpeystem to freeze -
theembﬁiﬂih Fﬁ@tﬁﬁeih@f&@%@éﬂ@f ﬂ_‘ &Igﬁﬁh@%&%@ﬁﬂ%dﬁ»@ﬁﬁ%%ﬁ@%@ﬁ@%é@d by
the value of the time-of-flight elay erence parameter, denoted herein _
the PSR @%ﬁ.?’l}%ﬁa@e %‘?ﬁ&?\%ﬁﬁ&?ﬁ%ﬁmﬁﬂ%@eﬁgrfasgefﬁanmng average
detertiendfifhig littdelayndifferen tepdramieteit xanistihee différidndechatweenadbie
op&ﬁ&%ﬁ%téqléo{?{rmﬂ%%ﬂﬂlﬁﬁ%% oL 6 le, a chirp signal) traveling

from transducer 702 to transducer 704 and the transit time of an ultrasonic
Sigr&I LTI sbatimeve the difermdial Rerriaraplacntdhe runming average
detttansdieaibéddkitiatiis bevdifiarencabeiwasn hemdMFeRM aRSHio the
time aggl.thf_:[ gaeg‘}reatm transi timeg i;I'h diftf%re cehggtween the current )
senChEQAInlg Loa Breb B0 bae KB PPy B BhGch Gl CBie dErah Rpndui
as ithisinasetiha e défferdrmoantive pesbimzipmeb 9 a predetermined threshold :
(bloghia S0 <9 Al liles a6 flrfa%ﬁﬂga%@ﬁag% g used o

4
ti_me-of-.fli%;\t difference values xo[t]- 1 [% against time for the entire

(0]
PropidB AR AR SRes R ER AR ntit carErl P Eld fnvmaitindbe rresearetss ikdles,

as;)f)mmf:tigupﬁa&ﬁhaivwhﬁ% mgngem@a@)@lﬁfl@éﬁﬂgggﬁahfm$§a@%ﬁa&@e of bubble
u appears as a sharp spike very clgse to t N the '
R L AL B0 POt A iy 200544

desemihbothensaodhliroblslevdectivmprocds petiioyingrsudibdbdifferefdidids in a

suspension of solids in solution, such as'a CMP slurty. The '844 patent describes that the

presence of bubbles can limit the accuracy of such measurements, and notes that bubbles
typically need to be eliminated prior to measurement. Aspects of the present invention may be
readily adapted to such a particie size and distribution measurement scheme to detect the
presence of bubbles, and/or to limit particle size and distribution measurements to periods in
which bubbles are not detected. Adaptations to other technologies where the presence of |
bubbles may impact measurement and/or control may also be rea&ﬂy envisioned.

Having thus described several aspects of embodiments of the present systems and
methods for measuring and controlling liquid flow, it is to be appreciated various alterations,

modifications, and improvements will readily occur to those skilled in the art. Such

_ alterations, modifications, and improvements are intended to be part of this disclosure, and are



20 measurement is illustrated functionally in Figure 6. Values of the
time-of-flight delay difference parameter xo may be computed periodically
Wolypeneazsing the downstream time-of- flight (block 602), measuvimgpéhensis79
upstream time-of-flight (block 604), and taking the difference (block 606).
It should be appreciated that blocks 602 and 604 may be performed in the
reverse order or simultaneously. 25 trFdne exemplary embodiment the
time-of-flight difference xoﬁIs Xo[t-1] is computed each time a new x0
intepdrddads Bl tesinn o Hsisrrniaton BRatne gt SRteome desgupgon and
dra@iﬁgﬁ&rwm tiresholid (thie. differential threshold), then a bubble is
. suspected and a positive bubble detection signal, such as asserting a
bubble-exist flag, can be generated (blocks 610, 612). Alternatively, to
minimize the incidence of false positive responses, the differential 30
threshold condition may be checked again at the next thread cycle, and a
positive bubble detection signal generated only where the threshold
condition is again met. In either case, the threshold value may be
selected to be greater than the maximum change in xo that could occur
due to the step changes in system parameters such as set point values,
so that false positive WO 2007/022052 PCT/US2006/031579 -21
bubble-detection signals are not generated when the flow parameters are
deliberately changed. Alternatively, differential bubble detection may be
temporarily locked out or suspended during changes in setpoint values. A
positive bubble detection signal generated as a result of a change in xo
that exceeds the 5 differential threshold may be used as described above
to freeze feedback parameters or measurement values, preventing
destabilizing system response to spurious signals generated by the
presence of the bubble. The differential detection criterion may detect a
bubble's presence earlier than running average detection, and therefore
may provide an early warning, allowing the system to freeze io the
controller states before the controller states are corrupted by the spurious
signals caused by the presence of the bubble. Even where the differential
detection precedes running average detection by as little as one or two
thread cycles, it can still be useful in facilitating stable operation of a
control system during transit of a bubble. In an exemplary embodiment,
the differential detection supplements the running average 15 detection
described previously above, and is mainly active during the bubble's entry
into the sensor conduit. However, it can also be used to detect the
bubble's exit from the sensor conduit,
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as illustrated by the second; smaller peak in Figure 9. Although the

present invention has been primarily described herein as being used to
wprenidezatcurate measurement and/or control of fluid flow ratecitvtiResss/e31579

presence of bubbles, 20 aspects of the present invention may be used for

other purposes where the presence of bubble may affect a measurement

and/or control process. For example,-W3S. Patent No. 5,569,844

describes the use of ultrasonic waves to measure the particle size and

distribution of solids in a suspensitim@#solids in solution, such as a CMP

1. S'“Wml&%d%%@ﬁﬂﬁé@ﬁ%ﬂ%&%15%%&%8% %I%%Ies i3, c_nm) f.e quid

-the accuracy o easurements notes typlcé

| ﬂowéeaQbi@ﬂtemuﬁe@e@pmtﬁ%a#wenﬂchem@bﬁwm@s@ws formed
thesBMEMUGR-FR&Y Rengieadilyadapted to such a particle size and distribution

measurement scheme to detect the presence_of bubbles, and/or to limit
e EIEASH SRR U SRR e B TR b R g the

sena:recnmnd’etected Adaptations to other technologies where the presence of
bub t t g{% [
e B S T 38, o e

bubpie %@W@%ﬁ%ﬁﬂaﬁwmﬁ%wf%@mmg and controlllng liquid

flowivigiio: b ?e@?éﬁé‘é%&dd\é%ﬁﬁﬁéw ABubpediigalons @mt iquid within
improve

ments cur. to tho ed in the rt Suc
the R e A P B S BB o P e ) Lo e
hqufamd:ass&emhamdaimea\ﬂ@;ﬁ@%ﬂﬁm%@W/ir@ﬁﬁ@ﬁﬂ)SlS?g 22

inte eﬁ%$%ﬁ? L‘%EBHS"J‘B g%@&%ﬁéﬂ& @ BoR- 1%@985@ FE dw&sad in the

foregoing escrlp jon and drawings are y way of examp
liqudyriopthe s Wuliondres1mr 9t 23 CLAIMS I. A method_ of

Hneasu rine)aafmg rate ehailicuid flawing &ﬂ@,ﬂ ietlaéqtﬂoy&r@ie@dme U@ilﬂpélﬂﬂ an

ow sensor inclyding a ensor con the liquid jnclu ng a plurality

of bﬂ%%@‘ﬁi}ﬁfg‘@qﬁ%? P THE e ({%%]8 oij 5"% repeatedly

‘sensing alflaviisignet isignedindcatth efftbwﬂraterﬂé tbfeﬂuqmmﬂcﬂmmgrim&@ liquid

onag Sofcl b deIGHTINAG, BASGAL Wpan SLIRPLANEAAIEIE! Of (e
osed In

flow signal, whether at least one bubble is di within the
- sensor conduit; providing, in response to a determination that no bubble is -

2. dismﬁ%ﬁﬁmﬁﬁﬂﬂiﬂﬂ@t}m flow rate of a liquid through a flow conduit coupled to a
contreﬂable valve and 2 liquid flow sensor, liquid flow sensor including a sensor conduit and
the liguid including a plurality of bubbles formed therein, the method comprising acts of:

repeatedly sensing a flow 51gna1 indicative of the flow rate of the liquid flowing in the
sensor conduit;

- determining, bésed upon at least one parameter of the flow signal, whether at least one

bubble is disposed in the liquid within the sensor conduit;

providing, in response to a detennﬁlation that no bubble is disposed in the Hquid within
the sensor conduit, control parameters for the controliable valve based upon the most recently
sensed flow signal; '

providing, in response to a determination that the at least one bubble is disposed in the
liquid within the sensor conduit, control parameters for the controllable valve based upon other
than the most recently sensed flow signal; and |

controlling the controllable valve according to the control parameters.
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10 the sensor conduit, a flow rate signal indicative of the flow rate of the
liquid flowing in the liquid flow sensor based upon a most recently sensed
WOToar 9izpast; and providing, in response to a determination that¢haiatdeastisyo
one bubble is disposed in the liquid within the sensor conduit, at least one

of: a) a flow rate signal based upon the most recently sensed flow signal
and an 15 alert signal indicative .of a-gfesence of the at least one bubble,.
and b) a flow rate signal indicative of the flow rate of the liquid flowing in
3. the Tiefuer R EaMS BF Pasetl s on WRASE e S TSTREvAR i ks g act of
detdioneSioRal Sadtimeibagibé eoiatwingpthenflew sateaiavidpiallio yidnge being
- flow conduit coupled to a, 20 controllable valye and a liguid flow sensor,
oo G SR BGP TG & SRL R SR ARG e snsor
conpluirality of bubbles formed therein, the method comprising acts of:
repeatedly sensing a flow signal indicative of the flow rate of the liquid
flowing in the sensor conduit; determining, based upon at least one
4. parAhtatstiornkany AESgIaI hiRdiesiehedioHi Behiraen: semRsiseLay
ultriRdAe liguidswithientiae sensor conduit; providing, in response to a
determination that no bubble is disposed in the liquid within the sensor
conduit, control parameters for the controllable valve based upon the most

5. recahtynsbobeliclim Sigrigheprtvideasionegpomeianod He Bominarnamarises

an JH&&%&@%@W&%@P&H&&&@!Sposed in the 30 liquid within the sensor

conduit, control parameters for the controllable valve based upon other
than the most recently sensed flow signal; and controlling the controllable .
6. valvehageareingr toathescontRipaipioeie te oM 20K 0RI2O5R act of detecting a
PCT/US2006/031579 -24 3. T ethod.of any of claims | ar 2 erein
chalgg s PRSI T AAREae B B b e B e AU Blence
of tikertdtdeasticdndipardisneset wftiedifloid wighiakhthesrivangediiding '
characteristic of the presence of the at least one bubble disposed in the
liquid within the sensor conduit. 5 4. The method of any of claims | or 2,

7. whelRarmRORT 8148w SBRLST EIRmELRLAA% ffrasonic liquid flow sensor.
5. The-methgd-ehalsive ¢ mdwreinrthesaideashsing panatieierabheflovealue of

ignal r .
the %lllgragongg ?fcpw %Eg?lal amplitude; .
wherein the act of determining includes an act of determining whether a most recently

sensed value of the ultrasonic flow signal amplitude deviates from the running average'by

- more than a threshold value.

8. The method of claim 4, wherein the flow signal comprises an ultrasonic time-of-flight

difference flow signal, and wherein the at least one parameter of the flow signal incledes a

magnitude of the ultrasonic time-of-flight difference flow signal.

G. The method of claim 8, wherein the act of determining includes an act of determining
whether the magnitude of the ultrasonic time-of-flight difference flow signal deviates from the
magnitude of a prior ultrasonic time-of-flight difference flow signal by more than a threshold '

value,

16.  The method of any of claims 1 or 2, further comprising an act of:
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io an ultrasonic flow signal amplitude. 6. The method of claim 5, wherein

the act of determining includes an act of detecting a change in the
WOoUleraE88ps flow signal amplitude, the change being characteriBtg/@ktes/ 631579

presence of the at least one bubble disposed in the liquid within the

“sensor conduit. 15 7: The method of claim 6, further comprising an act of:

calculating, responsive to the act of reieatedly sensing, a running average

of a value of the ultrasonic flow signal amplitude; wherein the act of

detealnittnngincipdesivarictbe efadtemeitidly sehsitiize avemgisedsvonla pgue of

' the 28RSGGYAMEAES HTARARIGfipw signal amplitude deviates from the

running average by more than a threshold value. 8, The method of claim
4, Wi ettt SERRITtBRIBPRIYESS 4R MbRibrEtAHBESTRABIT dmRsFaFReaty
sendt@WBignalihang wesaipthamtdeasihemepaigmpieriafthieofioiesigngtited sum by
includes g 25.magnitude of the ultrasonic time-of-flight difference flow
morg; gl?‘a&?ﬁ%ﬂﬁﬁ% %mcl)g claim 8, wherein the act of determining.includes
an act of determining whether the magnitude of the ultrasonic-

. imerfiflaulifercngc fow sional dauRea oG, megiitude of a prior

ultrasonic time-of-flight difference flow si by more than a threshold 30

valGalcHlatinhdsRomeTs &t BRPOrERRRYGISH SPAit & BB ifgaa P b vete of
the WEadQR&/p2Re R RERARI0N@AB1579 -25 .calculating, responsive to

e ok BRlatceensing. Aeiahied sumal el e ARt oy

one parameter OF tHE TIOW SIgnal: Wherein the ac g?%lé%rmmmg inclides
sengud nduebitteatrimirigwivetmetaroiibe fboenityat derdes/aihre th thanitg average
by deastone parameianpkthe flow signal deviates from the weighted sum by

5 more than a determined amount. 11. The method of any of claims 1 or

2, further comprising an act of. calculating, responsive to the act of
12. repeatadiyhsansicigin IURRRgrede Ry of ol avidiigaief fithe atd egshbindicative of

tne BRIEESE 1 hefow sgnel. 10 uherein the actof determiia incydes .
an act or deter INiNg whether a most recently sense value of the a

recdetissamedfiramietel bithfipwvsitrest desvieustyisonethBawsisng fwerbigh it was
pre MNP R NARR S HESRPIRBEUURs disposed in the liquid within the sensor conduit.

13.  The method of claim 12, wherein the previously sensed flow signal comprises the most

recently sensed flow signal for which it was -previous.ly determined that no bubble was

-disposed in the liquid within the sensor conduit.

14.  The method of claim 1, wherein the act of providing the flow rate signal indicative of
the flow rate of the liquid ﬂowing in the liquid flow sensor based upon other than the most
recently sensed flow signal includes providing a previously sensed flow signal for which it was
previously determined that no bubble was disposed in the liquid within the sensor conduit

along with the alert signal.

15, The method of claim 2, wherein the act of providing control parameters based upon.
other than the most recently sensed flow signal includes providing previously provided control
parameters for which it was determined that no bubble was disposed in the liquid within the

sensor conduit,
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12. The method of claim 1, wherein the act of providing the flow rate

signal indicative of 15 the flow rate of the liquid flowing in the liquid flow
WOsH§geeased upon other than the most recently sensed flowsityakoos/031579

includes providing a previously sensed flow signal for which it was

previously determined that no bubble was disposed in the liquid within the

sensor conduit. 13. The method of cla#fi 12, wherein the previously

sensed flow signal comprises the most , 20 recently sensed flow signal for .

16 whik &R Re b PEIBHR N ol SHRFR G BFRYERHS B M i e fomprise

 the ligpsictasdiitin thevkirdsentohgutimédrsihewhethirdvaf praitostydeeseimtdehat no

butff SLPARYIAING, e fiow 1Al6, signal indicaliv gf. the flow rate of the liquid
owing inthe liquid flow sensor based upon other than the most 25
recently sensed flow signal includes providing a previously sensed flow

17. Sigral Rl wbickr tuas, Pievigushisiaiggmiaedzthat no bubble was

disposed in the liquid within the sensor conduit along with the alert signal.
15, THEG & PISEFTRLRA PR SfIeHR SR VEHIOG T Ratition that the at least
oneftaisiRaielspdast th tROkqR0 eiiher fawethe coostitecently sensed flow
- signal includes providing previously provi contro meters for ,
.c%%ep\t}\}glsn% a?ter {d e%?&}{%% %réxgxg&/gg 4 g? ggne \Hlee'tgelﬁ{l% éaﬁ fgas% one bubble is

which'i etermin ubble was dispos iquid within

stiltidispessisiortieo gkl WiDmibe 77052 9SmiRiG F78r3 2006 g bipest 6 pEampier of

the FGINGELef, Glaim 15, wherein the previously provided control parameters
comprise, the most recently provided control parameters for which it was |
preSGERPETEITARREEP R HECHUIRRNES WisPuSeY REREARYuIG SHitsiirgied »

the SRIMEOW RRMALE séndof cdlimime toatonibe fire 2rduethes tompsisinteacisasfone

; itin redetermined period of time in response to a determination that

bu%%% a e%rgetﬁ %gﬁg%% eg}gﬁfésﬁéggn Fr'l? the liquid within the sensor conduit;
determining, after the predetermined period of time, whether the at least

13.0nefpidble iy st disnoseddnihedduidryikinthe Sensolcondyiblasttbubbie

_upon the at least one parameter of 10 the flow signal; and executing, i .
s SRR B RO o SPHRY SRS ROER RS Rk S SOs Sbee
thetinadigod skt dhe stmsdlososigit, heochtipt difpriepraaadare toe of:
the at | t ligui ithj i .
rlzmj%‘fae%eger%c&%%%;e(‘)’?ﬂgeég%’ 4%&[?‘1%59 éﬁ%ﬁ%&s‘ gl %%'yg?ﬁ%ﬁﬁﬂ%é CORAM S i

aim 17/, wherein'the act o ermining whether

- andhe at least one bubble is still disposed in the liquid within the sensor

Con%ﬁ@ﬂ%ﬁa@@%ﬁ&%@%@%ﬁ% BRI Within the sensor conduit.

19.  The method of claim 17, wherein the act of executing a controlled force procedure

includes temporarily altering the control parameters for the controllable valve.

20. The method of claim 17, wherein the act of executing a controlled force procedure

includes opening and shutting the controliable valve.

21. A system for measuring a flow rate of a liquid flowing in a flow conduit, the liquid -
including a plurality of bubbles formed therein, the system comprising:

a liquid flow sensor including a sensor conduit fluidly coupled to the flow conduit, the
liquid flow sensor being configured to sense a flow rate of the liquid flowing in the sensor
conduit and provide a flow signal indicative of the flow rate of the liquid flowing in the sensor

conduit;
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the at least one parameter of the flow signal, the change being

characteristic of one of: a) a presence of the at least one bubble disposed
woinwkehizsir within the sensor conduit; and 20 b) an exit of thecatisasisarses7o

bubble from the liquid within the sensor conduit. 19. The method of claim

17, wherein the-act of executing a controlled force procedure includes

temporarily altering the control parametgrs for the controllable valve. 25

20. The method of claim 17, wherein the act of executing a controlled

- force piddedeiretiimoiudied=omemied @ribkShpitifipthesoentoltatiry dvdloRsignal
andUERNAR Tolmapeing AW (a2 deuedandngdn arlanscondult,joe

mcludln plurality of bubbles formed therein, the system
bu@&mpﬁ@me@@ Hpdigidiibse Ascreniensaityia deratblairRmtion faffute being
OWQ&O the flow conduit, the liquid flow sensor being configured to

te of th I id fl th d
o G hATERTVE B 8 AN AP TS PR QLGB
theconhy itp i, 2007/02R05 B GIHiciS20 061D3A&¥ 9ate20f thblilybid ftetéctiprhe
lig ﬂ%&e&g@s&&g@gm& flow, 36 RSRLR SRS réYﬁItQﬁdﬂOW signal and

etermine, based upon at least one” parameter of the flow signal, whether

at |cUSYigACD RRIBRSS Soch<lsis vt eRahig the A i whe ibikois dithassd inghe
liqRdRBleidalesiiraraadule baing: aandigured to: 5 provide, in response to a

determlnatlo hat no hu d in the liquid withip, the sen

coneit, A G PRE G EEA U b o b E ER

the e!lqmisjgﬁal/vrﬂmas@e bisecksypondef trosticegent\bsarisaethflow signal, and :

provide, Inb %?@%Q?&ég@ngﬁﬁ%f %'%ﬁ@%%@?a@c!?aﬁtlﬂﬂﬁdmﬁ'ﬁl the liquid

disposed in't %wd within the sensor condult, at least one of:
flowlleResgigeras ewﬁw&ﬁ@méwéw%%@fﬁﬁw@w and an

alert signal indlcatlve of a presence of the at least one bubble, and b) a
ﬂo ate s ica f the flo f th |IC|UId flowin Uld
22 o G5B DAL o SUNEP R NG SRAca U AL et

chabge2d tHedws Bysitens pﬁrataﬁm@f theHfereisighas, mm@gem@mmwmetm Qf the

| pregéﬁge%% b 15asiP0e. GRAN0GIRING AleARL ARG PRSI, O Badaw

signal, the change being characterlstlc of the presence of the at least one.
bubble disposed in the liquid within the sensor conduit.

23.  The system of claim 21, wherein the liquid flow sensor comprises an ultrasonic liquid

flow sensor.

24, Thé_sjfstem of claim 23, wherein the at least one parameter of the flow signal comprises

an uitrasonic flow signal amplitude.

25.  The system of claim 24, wherein the bubble detection module detects a change in the
ultrasonic flow signal amplitude, the change being characteristic of the presence of the at least

one bubble disposed in the liquid within the sensor conduit.

26. The system of claim 25, wherein the bubble detection module is forther configured to:
calculate a running average of a value of the ultrasonic flow signal amplitude; and
determine whether a most recently sensed value of the ultrasonic flow signal amplitude

deviates from the running average by more than a threshold value,
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23. The system of claim 21, wherein the liquid flow sensor comprises an
ultrasonic liquid 20 flow sensor. 24. The system of claim 23, wherein the
wORlleHs12002 parameter of the flow signal comprises an ultraseriviffows/e31579
signal amplitude. 25 25. The system of claim 24, wherein the bubble
detection module detects a change in the ultrasonic flow signal amplitude,

. the change being characteristic of the %?ésence of the at least one bubble
~_dispgsed in the liguid within the sensor conduit. 26, The system of claim_ _.
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-tiltrasonic tlow signal amplitude deviates from the running average by
more than a threshold value. WO 2007/022052 PCT/US2006/031579 -28

28.27. The Syriawr ofafiahm dBeihatRindhn o Siana CRIRRESaMa configured to:

ultrasonic time-of-flight difference flow signal, and wherein the at least
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the ultrasonic time-of-flight difference flow signal deviates froma

previously determined ultrasonic time-of-flight difference flow signal by
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andnd determine whether the most recently sensed value of the at least one

parameter of flow signal | r i ‘
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average of the value of the at least one parameter of the flow signal; and
30 determine Whetgceir.the most recent\lﬁ/gl%ggifd value of the.at least on
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apdate signal indicative of the flow rate of the _

| determine whether the most recently sensed value of the at least one parameter of the

flow signal deviates from the running average by more than a threshold value.

31. . The system of claim 21, wherein the flow rate sigﬁai indicative of the flow rate of the
liquid flowing in the liquid flow sensor based upon other than the most recently sensed flow
signal comprises a previously sensed flow rate signal for which it was previously determined

that no bubble was disposed in the liquid within the sensor conduit.
32.  The system of claim 31, wherein the previously sensed flow rate signal comprises the
most recently sensed flow rate signal for which it was previously determined that no bubble

was disposed in the liguid within the sensor conduit,

33.  The system of ciaim 21, further comprising:
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liquid flowing in the liquid flow sensor based upon other than the most
recently sensed flow signal comprises a previously sensed flow rate
WOsIgaISvhich it was previously determined 25 that no bubb{eviasone/431579
disposed in the liquid within the sensor conduit. 32. The system of claim
31, wherein the previously sensed flow rate signal comprises the most
. recently sensed flow rate signal for whi¢h-it was previously determined
that no bubble was disposed in the liquid within the sensor conduit. 30 33.
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valgg wherein: the bubble detection module is implemented in the controller;
10 wherein, upon the determination that no bubble is disposed in the liquid
within the sensgor conduit, the controller provides the control parameters
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wi w condult, to control the flow rate of the fluid flowing in the flow
conduit based upon control parameters provided to the controllable valve;

35 and-paeQpitoliest seupied idhalubble sletestianmasilit foteeRivR Way rate
sigﬂglvgz{s?etg ﬁc’ﬁ r'; %’!ear?xgst recently sensed flow signal and the alert signal indicative of the
presence of the at least one bubble in response to the determination that the at least one bubble
is disposed in the liquid with the sensor conduit, the system further comprising:
a controllable valve in fluid commumication with the flow condui, fo conirol the flow

rate of the fluid flowing in the flow conduit based upon control parameters provided to the

- controllable valve; and

a controllér, coupled to the bubble detection module, to receive the flow rate signal and

the alert signal and provide the control parameters to the controllable valve.

36. The system of claim 35, wherein:
in response to the alert signal, the controller freezes the control parameters provided to

the controllable valve at a prior value.

37, The éystem of claim 35, wherein:
in response to the alert signal, the controller is configured to wait for a predetermined

period of time, and upon a determination that the at least one bubble is still disposed in the



25 the alert signal and provide the control parameters to the controllable
valve. 36. The system of claim 35, wherein: in response to the alert signal,
WOtk corsdter freezes the control parameters provided to theramitratimbles1579
valve at a prior value. 30 37. The system of claim 35, wherein: in response
to the alert signal, the controller is configured to wait for a predetermined

period of time, and upon a determinati#h-that the at least one bubble.is
still disposed in the' WO 2007/022052 PCT/1JS2006/031579 -30 liquid
liquigithithithihisesnsor eoddiiienthbameprisaniasfmradaibee drtiglapprds implement a
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: one bubble from the liquid within the sensor conduit. 5 3$. The system of
conddim 37, wherein the controlled force procedure comprises opening and
shutting the controllable valve.

38.  The system of claim 37, wherein the controlled force procedure comprises opening and

shutting the controllable valve:



