WD 2008/ 147408PCT/ US2007/ 069737 VI BRATORY FLOW METER AND METHOD FOR
CORRECTI NG_FOR ENTRAI NED GAS | N A FLOW MATERI AL Background of the

I nvention WO of the Invention The present PeHURALTYISH37
relates to a vibratory flow nmeter and nethod, and nore particul arly,

to a vibratory {ViBRAMRYRY FAINGWRILPERS QN DA EEODEORCORRECTIICE 1R

inaflowmterial. 10 2. Statenent of the Problem Vi brating
conduit sensors, such aENIRADNED GASIN A FLOWt MIATBREALI br ati ng
densitoneters, typically operate by detecting notion of a vibrating
conduit that contains a flowng material. Properties associated with
the material in the conduit, Peho@und@itheveh@yn density and the

| i ke, can be determ ned by processing neasurenent signals received
frommotion transducers associated with the conduit. The vibration
nodes of the.yviprati material -filled systemgenerally are affected
by the co 'ijrrllgk % }%%?}ﬁ,g 9% ness and danpi ng characteristics of the

contai ni ng condiietpréved: nRentatrehiasho & OMk@bRelow het@iand nZMbd, Yid £dte
Coriolis nmass flow nmeter includes one or nore conduits that are

connect ed RERIGWRELY fo & vibrgary v gictesapd methodniopeprrecsiys fapniamed gpsiaya
mat eri al , ﬁo»ﬁmat&]a‘f‘i ds, slurries and the like, in the system Each
conduit may be viewed as having a set of natural vibration nodes,

i ncl udiong for exanple, sinple bending, torsional, radial, and coupled
nodes. In ypi cal riolis mass flow measurenment application, a
condui t isfzﬁ"%%{”t%fgﬁ‘fﬁ"@ﬁ@’or nmore vibration nodes as a materi al

fl ows through t\hﬁra@iﬁg%ﬁ&uit %H&)rm LR @&icﬁlﬁ%&?'ﬂ%ﬁ! 1315116 %{ﬁ%a‘ﬁ%g‘g%ahy

poi nts spaced al ong the conduit. citation 1s typi y provi

an act uat alepsiggters agpehlbe opaate biyakiecthg thetibe of a sibcdtingscoadwibihaecontains
coil-type driver, that perturbs the conduit in a_periodi¢ fashion.
VhsS 11 b LU o BRReH o Sor o aoRGb I AgA e T the oy el Spilanass

di f f erignc v lenBgndhé BRS cah bl B&eRPintd BPHRIERInd AEALIDMRHE sigiRls Such
transducers (or pickoff sensors) are typically enployed in order to

measur e a ro¢epyest iramatotionsposdwersfassasatdd with Swrmoilvit.ofhe vibttion snodss df
are typically.located at itions upstream.an ownstream of the
Sctuat or - bt E A TR BRee 5 1 BRCRERY GO POt T a e iR <
ar e connectiffledsQneldeibir@rihGracRekfisioTMbAEdrediniy ceddlit 4d thé HakerAp DY
two i ndependent pairs of wires. The instrunentation receives signals

from the topptapicdilemeinsensors and processes the signal's in order to
deri Vgpd Mass fﬁl %icré%gri&?sal%%sw&eter includes one or more conduits that are

connected inline in a pipeline or other transport system and convey material, e.g., fluids,
slurries and the like, in the system. Each conduit may be viewed as having a set of
natural vibration modes, including for example, simple bending, torsional, radial, and
coupled modes. In a typical Coriolis mass flow measurement application, a conduit is

25  excited in one or more vibration modes as a material flows through the conduit, and
motion of the conduit is measured at points spaced along the conduit. Excitation is
typically provided by an actuator, e.g., an electromechanical device, such as a voice
coil-type driver, that perturbs the conduit in a periodic fashion. Mass flow rate may be
determined by measuring time delay or phase differences between motions at the

30  transducer locations. Two such transducers (or pickoff sensors) are typically employed
in order to measure a vibrational response of the flow conduit or conduits, and are

typically located at positions upstream and downstream of the actuator, The two pickoff
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Flow neters are used to performnmass flow rate neasurenents for a

w de varie&y 50f fluid flows. One area in which Coriolis flow neters
can pot ent P 39¥Ye&t8sed is in the netering of oil and gBST/HRAPHELITBRe
product of such wells can conprise a multiphase flow, including the

oi | or gasgenbdts afd &PinkAEd HHIRGoRIREFRARS abiiﬁﬁlstiit%kﬁa £r and

air, for exanple. It is highly desirable that “the reéesu nmet eri ng
be as accuindegendsntpags obiveres.eVienintornmenietomgttivgiragaldf franshe two pickoff

10Coriolis neters,offer h%hgh. a%:r]gurac {o(i Si ngl e ase, flows.

However , WSS 2ROPIOGFTS® PP Slgnkr R Prdes I dsiye Adnars JOM R ARPRP I -ui dis
or fluids includbRn&sisadl BRE t888forBa@Ch 8RY nRhsurbfeBFRa WidB viGety
significant I%m‘degraded. Entrai ned gas is comonly present as bubbl es

in the ¥ oof finid dlowal Ontlaecasin »éhight Cotielistlldyb Inetereean podenyially dbpesetl indn the

t he amount_of . sent, t.he pressur f the.flow material,,the
tonper at ur BEeaRf R STE R wbh® P HRGHIcEo Pipeh NETS e be MR A ticPie,

of the decfigasclutingehd 6il FREGEHItSldThclAling oitRk abBFoded i MW e whiek Ald
gas is present, but also to the size of the individual gas bubbles in

the flow aFhdospaapls I ichigilijeesbly thaicths resniingaraipring bads acherate as
measur ene ossib?er, ?ﬁ{n @Pg%qﬁulﬂﬁﬁ#ﬁﬁog’%re volume, leading to
e y o e Tl

fluctuations I'n ensit ow material. Due to the

conpr essi bi | i t yCafolia ngass offochighhbliescycfansiafiepiesd Movga SHewsken wiydia
20not necessarjly change in size. Conversely, if the pressure
changes, theridisdlavemeies & used te Brepuus atated duids or Sl induding antynedseashe
pressure K : e r is o]
Crnse. var iag Poubley VMIEL A Aed DEniRLARRNcprBE BARARed P cbifiholly®
nmet er. Anqgirbent g loibbEsic teseov hatgat  Dhixiteesf the bsblilgpageanSaapdnding on

bubbl es typical | 5 nmove with the liquid flow material as the flow
meter is VhbAZP .O%ugawg?n,t» 5P5é$11r58§§103‘@“a@a'f?6@ , S EMppRRIrg fad the

| i qui dsdurdeBebe\iriatiatnoQR i pib&imel AW ckitheor thoat&ese i B&f&ﬂﬁﬁbfﬁ noftnye
decoupl ed fromthe |iquid and can nove I ndependently of the |iquid.
Consequentklatedith dowinquéhototnd gast is pvesamtp btchIgotte tim it efsthe Fidigdead ges sel vy

affects the,yjbratigpal response of the flo ter. 30There remains a
nced 1 n ¢ tahler e T, BRSRETS g bubuld: iR Stebrte o T ptrairaene
level s of 1eRgdraubEls 8esipy TRAE @R idA8ing 16 BREuAtTors I8 RN denki®f ofthe flow
vibratory flow neter that can accurately neasure flow characteristics

in the presiped. dluedntheatommiesyibility ofi@ 2agoly hubMBSRTThaIRR (0 ZAOBINBIE yet
(e
gas. Sunmmaoyresfontiigly ¢haapd,ie@paniing 4 thé prcysuré OmpsBt eiridkiiy K0 pREJURG
for entrained gas in a flow material is
increases. This can also cause variations in the natural or resonant frequency of the flow
meter.
Another problem caused by gas bubbles is slippage. Small bubbles typically
25  move with the liquid flow material as the flow meter is vibrated. However, larger
bubbles do not move with the liquid during vibration of the flow tube. Instead, the
bubbles can be decoupled from the liquid and can move independently of the liquid.
Consequently, the liquid can flow around the bubbles. This adversely affects the
vibrational response of the flowmeter.
30 There remains a need in the art for a vibratory flow meter that detects
problematic levels of entrained gas. There remains a need in the art for a vibratory flow

meter that can accurately measure flow characteristics in the presence of entrained gas.
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5 provided according to an enbodi nent of the invention. The vibratory
flow meter conprises a flow neter assenbly configured to generate a
vi brati onaW4% W8 for the flow material, a bubble viBWHUPEW SRR or
configured to generate a bubbl e neasurenent signal for the flow
materi al , : i

and 1ot he BOBbT o Brar ey e (A PhERr Bobiiiol B R oELurEhARRAdlre
conf i gur edflow cheweiktigidheahOlevélmf ahiraned gasesponse and t he bubbl e
measur enent signal, determ ne g bubbl e SLZE%O]‘ bubbles in the flow
material using at |east the bubBFEMHYthe RYFRIOGnal | deternine one
or nore flow charnaghry 86w aRtQifol Afrdci¥idRhehindd chShRA) nla8RRl ist he
vi brational response and the bubble size. A vibratory flow neter for
cor r ectd ngprovided acqoading tb gaembedimcht aftheriventical. The vilrapry fiowedeter
according to an enbhodi mstnt of 1he iﬁvenﬁai on. The vibr at olr% flow mﬁéer
conpri ses @ HHE grlnﬁgg%sﬁﬁpélycctfiﬂ £G6 Lo s aiep dibigtonal respgnsy {9540
response f@gwinierfdl QVbUPBlEYibRk on SerRUPEILEHidarta izbiitate AheBF1ec Gk ingHcad
to generate a bubbl e neasurenent signal for the flow material, and

met er el ectgiphfarghe opirescnial, andaneteioslecteandgs caupledto thefloav meter Agsembly
bubbl e vi by at.i of- . Th r-electroni.cs.i s i gur.ed

recei ve 1 ratigh i BPRRYibafBF ORhA TR REME AR Ahutita ERMIA PR Bl e

si gnal [0 dedibrasibnag réspbbdrdnd thé Bebbdd mbsHBdiBent kiznhl) Getbhive BdLBklealzc Wi N

at | east the_ bubbl e neasurenent signal, determ ne one or. nore flow

char act er | &ibbtes i therfipyy mpiakusies atapast ierybhle meswemeniesighabragtaraving
response, ar. : : TN

pr odot or i A8 2 PERE FRAATRRRARALE if g By AR uSnE S REGSE TpPaional
mor e fl ow efymnacief the bublde kave exceeded 25 a predeterm ned

measur enent tol erance. A nethod of correcting for entrained gas
ina flow mat er't ¥l “it%rypﬂ%’i’/iﬂ%?&c@&cafl?%fqrﬁn%ﬁn%dp ﬁ;ﬂﬂw Batorighis

I nventjison. p JRRedBIBRANE AR drfsrin g6t M dinDehefonL HAR Vbrilo AP nli’éf%l‘bl es
inthe flow material using at |east a vibrational neasurenent of the
f 1 ow nmat erdoatprisgen8oatmeter asamlly abnidgatd toegaporsea bipratiobalatipugsafof ttew

t ube assenpl nd. 3Qd rm ni.ng the one or .nore flow characteristics
usi g at et mefE P o7 el SBT e e b SUaNG Biensigpsnent
2008/ 1474085MaT fddSRO00W @O, and metd JIBIRALs @busied fogtfﬁﬁ 189 theder assembly

entrained gas in a flow material is provided according to an
enbodi mentangdfto theeduibhleabrabon senker. nigtehoeferdegranivsds detfgurddrip mepeive the
bubbl e,,si ze_of bubbl es in.the flow material wusi,ng at .l east .

i br acConat et FaRane Bf W R Yo Rping § Bple size of
vi br at i ondubbRs ROhe globymyiekinPlsintOatdedst B bubble neasasibkyt 26, determine
5determ ning one or. nore flow characteristics of the flow nateri al

usi ng at |@§$r mopflowishatarisrsicsrad shyoflews majgiip] yeine phlersi ghearibeptiansh i f

t he bubbl e_sj ze eF i j eshol i th: the
o o T irebope, BEEGRIERLEHEFRTLIRA, 518 T ldER Bafrontinb ik
exceeded ahmpsledétweitinheathrmdadivadipphat drel o mevre EowAspeetesistids [1ahe exceeded

I nvention 10l n one aspect of the vibratory flow neter, the bubble
si ze fansdyPrageiaripad yeasurement tolerance.

A method of correcting for entrained gas in a flow material is provided according
to an embodiment of the invention. The method comprises determining a bubble size of
bubbles in the flow material using at least a vibrational measurement of the flow
material, generating a vibrational response by vibrating a flow tube assembly, and

30  determining the one or more flow characteristics using at least the vibrational response

and the bubbie size.



bubbl e response to a vibration of one or nore bubbles in the flow

mat eri al . | n anot her aspect of the vibratory flow neter, the
bubbl e si z&¥GWREHFi brates the flow material and subselfceHizy69737
measures a bubble response to the vibrating. In yet another aspect of

the vibratory fAQuefgt @E’oonte@ﬁldgbﬁép@ﬁt?aiﬁéc?gas%ﬁﬁ%% 1%5@891%%316%"’&%‘&3%01&@

vibrates the flow materi al and subsequently neasures a .
response t o anhanwidonentioh¢he invention] Thy etetlzndotoneprisesgesertninifigtatbabble size of

AR A G e S
aspect of ﬁqﬁérmi,?él@érm% 4 ViBMItIBRA19EspohitehPHBR . WifFefub O BssSBSLInd S 20

formed as part of the flow neter assenbly. I n yet another
aspect of ddeminbgane pymporoflpwehaecterisiies ofBisl flow insteatal ering etrlsast the

ver " anot nerPuEETredRed afd Bent B Btn RSB TR Ko TR e
bubbl e si z&ze thresh6ldnwith Sigsalsted RdBafihd that e dAEPhRI&N18® cRiradteristics have
substantially | argest bubble in the Tlow 25material . In yet

anot her aspéeedegra predeterpnespeasurement ipdaraice. det er mi ni ng t he bubbl e

size further conprises determ nj |.ze of the bubbles in
the flow material that are abov%gkgec%)s}r](gfc}ggzgﬁg%ﬁlz) size threshold. In

yet anit her asgaohcafpceher thie bibadtor)yfidw mutorethe bubblk bize tdigonmb&ures a
el ectronics bei ng further configured to generate an alarmif the
bubbl e si z@bgf‘-’cr@ g%\topﬂ' BHEEIaR /f ARGIOSINORS ml?g@ Hoihg floyy Atefin al ar m

or edot er i ned naanar Snipfet TR el SR S5 RED BRSE SRR IR V2,
I n yet andiidvemazspéend afbs¢duently breatuoesya Bubinle reetonse tdf the tvibeatingonpri si ng

generating a buybble size out In yet another aspect of the
vibratory flow Hé’f"é?"ﬁomcﬂf“fﬂ‘%&%é%%’rbf%?‘ﬁ' %H@F%‘ﬁﬁ@u le size s¢5Ae 1 ow

condi 1is0NSychofigicaRY bdPatks the MBwAHRRES! #dZ8bRYEEREIEAIBreR & BUEEIE EHBRE to
si ze 5t hreshol d.
the vibrating. '

In yet another aspect of the vibratory flow meter, the bubble vibration sensor is
separate and independent from the flow meter assembly.

In yet another aspect of the vibratory flow meter, the bubble vibration sensor is

20  formed as part of the flow meter assembly.

In yet another aspect of the vibratory flow meter, the bubble vibration sensor
comprises at least one pickoff sensor of the flow meter assembly.

In yet another aspect of the vibratory flow meter, determining the bubble size
comprises determining the bubble size of a substantially largest bubble in the flow

25  material.

In yet another aspect of the vibratory flow meter, determining the bubble size
further comprises determining the bubble size of the bubbles in the flow material that
are above a predetermined size threshold.

In yet another aspect of the vibratory flow meter, with the meter electronics

30  being further configured to generate an alarm if the bubble size exceeds a predetermined
size threshold, with the alarm indicating that the one or more flow characteristics have

exceeded a predetermined measurement tolerance.
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In yet another aspect of the vibratory flow neter, determning the
one or nore flow characteristics further conprises determ ning the
one or nor ¥GIBRIEHEr act eristics using at | east the vi bPYGHVPAY69737

response and the bubble size only if the bubble size exceeds the

predet er m ned Sli#é{?:(t:} %Mtﬁe?rﬁgé&t of b Qh&%@%%ﬁéﬁ@ﬁ%ﬁ% Cé?lfll?l‘ESSé generating a

vi bratory flow generating the a her “conpr
gener at i ngbwbblbaudibd eutpitze out put indi cating the bubble size. In

yet anot her aspect of the vi brtatﬁ}or flow neter, gg@erati ng.the alarm
further conpris@yehdnthetesprgt of Bephiraos Jew sitgutirder comapsitesnering a

| ar gest  bughhge HowlddRditibAYNARLESH Flthe %ﬁg;& n;af eﬁ@éﬁshﬁ% RAPEThined sibe

vibratory flow neter, generating the urther c rises
gener ati ngtheesbbldnge fl ow conditions indication if the bubble size

exceeds the predetermhned size.threshold n yet. anot her aspect
of the.vi br at oy ¥ RS farect e HBFRPTER et Aot Bnipg et or Tere

confi gur edfw cHAhQEMRE iR B8 pAses r&i’éfeﬁnfﬂin‘i%\the RAE BELRId BW CRardiSEREIRL
| east the 20vi brational response and the bubble size. I'n one

aspect of ushg stdedsbilie veloatéenal rispense hed Hetitibblesizeendoifithe bubble size exceeds

determ nin h bl e size aof substantially | argest bubble in the
fl ow mat ertlﬂgﬁ).re%eg%%gmeﬁ8123?]}&:%@'1&%pect of the nethod, determning the

bubbl ei(si ze f urthiyef aroeip higeesoftRE Sibfatey b IRt ulbkatis) B Dt fither
bubbles in the flow material that are above a 2bpredeterm ned size

t hr eshol d.comprises genepasing ariwbhlersizgopant inskicating thashubdle sizhe net hod

pr edotor mned or 38 TSt rutn: g BRI Y el uSeRhE B iRl

or nore flammehad galkeitingtibtibblRaie kit ofledulatprieltielgfdt heble in the flow
measur enent tql erance. 30l n yet another aspect of the nmethod, further
conpri si ng"4&H&r ati ng a bubbl e size output. WO

2008/ 1,47408PCT/ Iﬁ?ﬁ%&?‘%ﬁ gbﬁféZt of the vibkﬂo%%ov@ﬂﬁ%e@,e%angﬁgﬁ% Eheﬁl%x{v{/pﬁrther

met hod, the net conprises génerating

condi t i onscompdisesganerating atchendeubibw eorslitiensdnxdiesttbn if the bubeldetze ertards the
size threshold. I.n yet ano r] r aspect of the nethod, determ ning the
f1 ow char d¥f ‘?rglc“i“igysﬁfrfgﬁé Ogconpri ses determning the one or nore

flow charact erijgtbCotiRt Rpedlof tREFHrdHts AOWPHRLe: AR@Ineter electronics is further
configured to determine the one or more flow characteristics using at least the
20  vibrational response and the bubble size.

In one aspect of the method, determining the bubble size comprises determining
the bubble size of a substantially largest bubble in the flow material.

In another aspect of the method, determining the bubble size further comprises
determining the bubble size of the bubbles in the flow material that are above a

25  predetermined size threshold.

In yet another aspect of the method, the method further comprises generating an
alarm if the bubble size exceeds a predetermined size threshold, with the alarm
indicating that the one or more flow characteristics have exceeded a predetermined
measurement tolerance.

30 In yet another aspect of the method, further comprising generating a bubble size

output.



response and the bubble size only if the bubble size exceeds the

predeterm ned size threshol d. In yet anot her aspect of the
met hod, geW&APHGBhe al arm further conprises gener at i Hg/BS2871861787
size output. 10l n yet another aspect of the nmethod, generating the

al arm further C]ﬁ?égﬁrgglﬁeé s f 8¢ ﬁ@%%&?ﬂfgﬁetﬂégpﬁ{r&gpg&gﬁﬁai generating a

indication if t Ze exceeds predeterm ne

t hr eshol d. chHangg Bbwamodibiens mdjwzeton dfthd ebbhetihoekcetdsehaptelictdrmhined hiee
conpri ses determ ning the one or nore flow characteristics using
at |east t éesg?lg]r ational response and the 15bubbl e size. In yet

anot her aspect @fyel NRRLEAL: oHBL BlcM Al BlleiniRin@NRe Abw MR clkliGY fiu(r)t\lllver

f n
characteristics Tyurthe_r_ conprises determ ning %he one or nore f
char actler i @mmscudétagniangl teaenc arhroreiflomathapavidristiespoms & leastthehabrational

P ol RN B e SRR

met er conphieshélg, @ fl ow neter assenbly and neter el ectronics.
FIG 2 shows a vibratory flow nmeter according to an enbodi ment of the
i nvention. 25FlGyeRanssngspect oighie hethodogensratsg ilocialafm futheeeemprises or

ent rai ned L:n flow material in a vibratory flow neter. FIG 4 is
a graph ofg%giﬁraahl‘%?ibgg@eﬁil%ﬁf@ugi ze distribution in a flow material .

FI G Sishows a lhybbdr@tih aspdi sRhRmFERGdNgenatdting HRSALSH ﬁtrﬂlcﬁcﬁlh%ﬂisﬁsf | ow
material. FIG 6 shows the displaced fluid volume and the bubble
bef or e andiCafialpg achypgdlovaemditians irdieatignef Hebrbblesizalexceeds thep) g 7

shows a fl . of . of correcting for entrained gas in a
fl ow mat eré%a Jeﬁ{}”ééavsil%r a %E@g’f | ow neter. WO

2008/ 147408PCT/MJ$20MbtHe6 9sfizdt of the method th8 nsdileoabfuthw daiddrizey ddtérévining
meter according to an, enbodi ment, of .the invention., FIG 9 shows
a vi brat ortEJe PROYY HeTeTOvaclBRFIIRGCS Biamatdaisd dendbratipnal rergonsevidd ticon.

15  bubble size.

In yet another aspect of the method, determining the one or more flow
characteristics further comprises determining the one or more flow characteristics using
at least the vibrational response and the bubble size only if the bubble size exceeds the
predetermined size threshold.

20 ‘Description of the Drawings

FIG. 1 shows a flow meter comprising a flow meter assembly and meter
electronics.

FIG. 2 shows a vibratory flow ineter according to an embodiment of the
invention.

25 FIG. 3 shows a flowchart of a method of correcting for entrained gas in a flow
material in a vibratory flow meter.

FIG. 4 is a graph of statistical bubble size distribution in a flow material.

FIG. 5 shows a bubble of radius R moving with respect to a fluid flow material.

FIG. 6 shows the displaced fluid volume and the bubble before and after slippage

30  in the fluid flow material.
FIG. 7 shows a flowchart of a method of correcting for entrained gas in a flow

material in a vibratory flow meter.



5Det ai | ed Description of the Invention FIGS. 1-9 and the

foll ow ng description depict specific exanples to teach those skilled
in the art WebW¥HY7#H8ke and use the best node of the i nvRGKUIPALT/BHIST

t he purpose of teaching inventive principles, sone conventional

w T approci ate varraprons el MLEI e iRag FRb PR O | ¢ e

scope of timeentivnenti on. Those skilled in the art will appreciate that
the features de}_islg{"i bgd bel gw can_be conbi ned, i n vari ous, vvaés to form
mul ti pl e vari atiibnd sBPWE REIOIHOBHEOW Meteraceprdigg i an ephadimepentthen i s
not |imtegyiRidhe specific exanples described bel ow, but only by the
clainms and their equivalents. FIG 1 shows a flow neter 5 conprising
a flowSreter assenbly 10 aldetxibddeDestbipkiontof drd vedlion The net er

el ectronics 20 i.s..connected the meter assenbly. 10 via_leads 100
and is confi gurlgg}st g‘%"r“@xfﬁ%l@ﬁé"é%?@ﬁ%?ﬁ%‘ %P‘%ﬁ%‘% C GgPwiesito éea"ﬁ those

density, n@$iSedih®¥ &Bb&y to RIaKEBnd h@Whé Qés?moﬁgbﬂﬂeqﬁ\%nﬁﬁﬁ.sFf)ljhtﬂ)é" urpose
tenperature, and other information over a conmuni catlon pat 58UR%

shoul d be efppechingtinventivh psiaciples] oo donvetienalraspedinbavietveepsiompdified or
i nvention can bhe.used,i.n . any type..pof Coriolis flow meter regardles
of The. mordiaRels THEE kYRS thel S Plookaia Sy artationS o Rthits SETRl teiy o
oper ationg wWekia e sc6p® 6B Mventibn. alRbskisRMed iid the ol @grdcﬁ@@ﬂlai #hed

that the flow nmeter 5 can alternatively conprise a vi rato_ri/ o
densi t onetféatures descripad belopigapdespmbiwdipvgrias ways e fem mulsigie vagiations

fl anges 10 1 L f 102 and 102 . a drjver 4 i ck-of f
sensors 10% t%%v%g%‘m; %ﬁ%}efs @(Itj\(/{vﬁ%%lﬁr%tﬁnsls Taﬁlﬂhg%ddtof iﬂ?fﬁfﬂfpc'l%éi%aﬁsver
104 and t hiesgriteld-befdw, banedy by t8kbclaing shdSheinsgienanect ed to the flow

conduits 103A and 103B. I n one enbodi nent, the flowtubes 103A
and 103B conpr itd@- &spsyshilpwimeiend eoapresing ¢ S uprier, asgainlbly d@mnd meter

et 20 AR 201 L A48 R g
used, and 130 aadés wunifigiredith eroddpacaiirdnatefae iopiniode oa dersita) inss fTowe
flanges 101 and 101’ are affixed to_the manifolds 102 and 102'. The
mani T ol ds THSavelige g3 taiea pialized rask Bavy BEHSHOSR BIHE IBlorgatigney 2
g R
undesi r ed invdntiah cambe usedtiheny typeof Qedalig B0 03Reranghrd @8Bof thith amnbérerf
Tlow %t erdrﬁf%rss?gi% —%ﬁl soenic,osrs, flow conduits, or the operating mode of vibration. In addition,
it should be recognized that the flow meter 5 can alternatively comprise a vibratory
densitometer.

The flow meter assembly 10 includes a pair of flanges 101 and 101', manifolds
102 and 102", a driver 104, pick-off sensors 105 and 105", and flow conduits 103A and

25 103B. The driver 104 and the pick-off sensors 105 and 105" are connected to the flow
conduits 103A and 103B.

In one embodiment, the flowtubes 103A and 103B comprise substantially U-
shaped flowtubes, as shown. Alternatively, in other embodiments, the flowtubes can
comprise substantially straight flowtubes. However, other shapes can also be used, and

30  are within the scope of the description and claims.
The flanges 101 and 101’ are affixed to the manifolds 102 and 102'. The

manifolds 102 and 102’ can be affixed to opposite ends of a spacer 106. The spacer 106
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inserted into a conduit system (not shown) which carries the flow
mat eri al bei ng neasured, the flow material enters the fl ow nmeter
assenbl y 1@"’(4%["*81]‘@'?1’% he flange 101, 5 passes through t hRCT/H$HY7/069737
mani fold 102 where the total anpunt of flow naterial is directed to
enter the ﬁhﬁl\%iﬁm@@g Sngl Bddeatle LO3Eo1d ll@%n& fﬂﬁ@lﬁgt}rdepg ﬁrb@éﬁt undesired
conduits 103A and 103B and back into the outl et manifol ere
it exits tvéraenem the ﬁewmoyidtlms 13oughl (3ike Whem@le fmametefhgembbw\lo is

conduits 103A and 103B .are cte d to the
SOl et el e RS s 2 WRRR PR Hso BRI heib, o
subst ant i ahbysutdie tHeaEy {m&%adbr&&ﬂslﬂlwm@ %etéf%@%'iﬁlﬁ ) tﬂrﬂ@gﬁ the flagBd101,
el astic nodul es about the bendi ng axes - VK}/, respectively.

The flcdw ceashsitheughtr Iawammé@dew@mr@thm@talcﬁmlfm ofrﬂ@ﬁenatmﬁlfml ds

102 and 10 n e al | ar | i.on. JThe condu
Toan ang 16mstdl B DR A ConauGi FiA fha A0 s BRReh LN GP BRI o
about the r@spaat ioss mr&bnmaml%aﬂﬁnquog' aherhbdxilsshd gefred the

first out of phase bendi ng node of the flow neter 5. The driver 104
may conpr i &ecrably @fthﬁ?ﬁﬁlythﬁeﬂqngﬁﬁ%n arrangenents, such as a magnet

Condutt 1035, AL Ay PEPaRti, 1638 e TOo R R RARY M SBbrn TR ekl fou

coi | tid@ cauke nﬁntfbldcmdmdtns t}icaauolsclmhﬂuﬁle 102!\ s6 @k tcalidve sdbstmlaﬂy @madamcs
20appl i ed b the meter electronics 20 to the driver 104 via the |ead
110. gtk ton, BOMmeaH f dngrta.apd sl ModRiss Abat firdrending e

| eads 111 @i dNJai‘\&W--W’%@ﬁ%%&’%ﬁ]@ﬁ@w%ﬁﬁﬂ %%tarnﬁ'l'o%% fﬁﬂmﬁ g&'{f@gt o

drive signal on the |ead causes t e driver to os
t he fl ow clomduilid madi@8ds s0arkiDRR’ 1ﬂ'trees§attaﬂly@hm¢lb}fashlom 20 processes

the left and right_velocjt he |ck nsors 105 25
and 105' in or def oy E‘Eﬂ‘ilﬂ éaéat‘g ‘iioﬁ B\ 'é’tc ‘?r(‘: AILSRNOBIE pat h
26 pr oy defiredfond Ul A8 @es@ect%tuaﬁamg%w&ﬁatwa&dd%}ﬁhﬁ (Rt the first

el ectronics 20 to interface with an operator or with other electronic
systens. Thofipkase bpmdmgumﬁe pf e flow mefsr by ffdjednm lél4ynasccanpr®>emp o€

f th fl t d

it ho PERCHTAERor™ FReasrisdrt ey Gredean. MauTRLeORABH robt ChA n

nmeasuri ng dnden@ppodiig B3Il RobhtewtsNawash@rit B0IE: SARLIt GRS I @RrehDR Pasded

entrained air (or any gas) _in the flow material. The entrained gas

can be prdBmugh e onpEsng s0bo causy betl condusts tyweegillathe Auiable drise signal is
| at Y 0 9737

et gibl PBIRLRy e o Rl 8 e SRR PR3 2 b e

Si ze i ncreases Thelegeter di@trohfbs&b@edd@ﬂsﬁﬁ@ﬁﬂfgﬁﬂ‘fﬁﬂﬁ &eabam liinaheéases.
FIG 2 shows a_vibratory flow neter 99 accordjng. to an_enbodi nent, of
the i nvent®agctivehe Vhemgieselecronigs HRproduees ajdsive §igaal @ﬁlpé%drﬂépéffhwh

assenbl y gl d t

The neter jce beegttr oni gglggtozer)%ﬁ?g(ﬁ%?%(? %nflﬁ& (?'9{ eﬁa@%&%‘% y 10 by
the | eads el@fronithe0 pedcessee tedtft and cighe!aitg s;gnutslf&ﬂn tie gitieoffsbisoes 105
Si ze nsor ﬁg bg e or nore Iead 51 in élhe embodi nent ggown i

this gur®d lPhdnor t?r%‘i”él?“t%%é‘é%% oW iBtea ePH@“B\E‘EP&P@“ﬁ?t oEREdes agn
can be co j

The fl ow %’élg‘rilnggn 3 gglgl#%&rsi tggf atggﬁgvxéﬁezl gtggg%g}dlrg%uﬂ ﬁ)thase ‘?{th\%{l

The fl ow roptrtord® vgélrmha‘teé@:tmmq sypreosedThé desaription af FI6t. |lss poovided merely
nmeasurenent. The fl ow,.characteri.st sur enent i npproved in the
e sance: b o fisinple Of v BeBHBIoE S ool Sop Bemeindp pal TrRr toidips e
the flow RRlRIngYT tepteRN lv@hGorAN | Mproved density nmeasurement for a
flow material . However it should be understood that the fl ow nmeter
15 993fan addi t(]n@rvamnyormrobiedmnanédsmmgdnt@nﬁeamreeﬂmtchm’actehmcs lagives
mat eri al . result,.the.flow ne can _co vi bratin
Ganel t ametendndif 3y erbraissll i L2l Bis Tt O GpBaL 13 cstiaed Brasii be

present as bubbles of varying size. When the bubbles are relatively small, they have

8



The neter electronics 20 in one enbodinent is configured to vibrate
the 20 flowtubes 103A and 103B. The vibration is performed by the
driver 104WOrHEYHEH8r el ectronics 20 further receives rBSHP$Z0pH69737
vi brational signals fromthe pickoff sensors 105 and 105'. The

vi brati ona i i L L QN

R Sl e S e G SR
response atmordetiler fivweseasrements atspendreayes.char act eri stics, such as a

d ity, 25f | te, et The bubbl
sensor 50 can CRhriCRVR EGr ArY St Bract Haing AR BTy RGP LlEer
99 and caninientd, "B vasraRR HoR mdtheod eWdaes Abwasa&mRieme) 10, a bubb]e

Al ternatively, the bubble size sensor 50 can conprise a separate
conponeht sifasenser X pad acter ahdtmmde& nblenmetier olgettdnacst30oae neupded to the

assenbly 1 | n_anat her er.n ze senso 50 can
o part” of weN RN AELF0 bEBEkI g She AR Sefisffes B afTER

pi ckof f sermgdle s’ﬁ%seﬂﬁlﬂv’ﬂr byldiR' or@fort AdE b O (FB eRibodRiRb o nlip- thls\f@ure
2008/ 147408PCT/ US2007/ 069737 The bubbl e size sensor 50 is

conf i gur edTheflgmesterrasseantiyihBeed HeduibblermigstseniogAflican be caupded togonduit
mat eri al . bubbl s&, to
2 Vi br at ot DR TGP 8 AREARea”, AP ARKER Srdit iR AP GO

t he bulibl emokiashuserfient signal from the bubble vibrational response
The bubbl e size _sensor 50 5can passively detect bubbl e vibrations.

Al ternatively, tKlewpwsies 92@2@6@@&%imm‘/%daﬂow|CBara@t§r1$twemﬁasuwment The
mat eri al

Vi br at] ng. PR UIREHERch AER bRV B BB P RARETRRa b biiubbles in

vi br at i onsthe ﬂbWanamtlalveFloy exdnipletthe floerrhetei M%eh&etevanb[@trd)m%eﬁiiq
non- acousti c. 10The bubbl e si ze Eﬁ one enbodi nent

nsor 50 in
conpri ses TIFASHECTIGRE fQr & Qe matezial. ?Wcﬁéﬂéﬁ%“gb%wcéfé?@c@@t the flow meter
Vi br atjisonsyg &B%dh%ﬁ!ﬂ% ﬁx’o%ﬁe%eﬂlﬁzpfatéglehﬁlrélﬁé Ot RRAlerafnAY b RLake
a correspondi ng flow conduit or flow materi a n can recelve
resul ti ng the ﬂp‘aztmctms% Janecompaise ed*lhraﬂnr@dﬂmmmneiamrbiéorar@cbrgdscﬂavometer

det erm ne Si z of entrained s inth terial. T

bubbi & o1 ASPEeaEiToBEReR mEPeRisnR o P eofosrial nd SEITHY B SeoReRiihs
such as t hjegetition ap@klaihf) @ conduit. Alternatively, in other

enbodi ments the bubble size sensor 50 conprises a passive device that
merely detects Taanatercal¢oimeniopi2Brimpnoembodimentis bbifegustd ® \demateghe 50 can

acsenttty 2o ARG e VAL Rp Rl b oot DR R

f1 ow mat erdlékronith 20 Horthtr ee®ivae r@aNmErvieticansi S\Eﬂa@ ot the ?foﬁbfﬂ%@ﬁso?@l%
generated by the flow of the flow materi al, erein the vibrations

can be prd@ed8ed The Wbadenal signalspmprise & vibiasional reppaasepf the fesvtubes
The fl | t
e T1 oW IRl arASPEED e Wkl &RiBhic b Bl SRR R A WBLALI QR3]

response for t ow nat er oni c r

and pr oc esieterinch ohd bemoraew ehanitesitgsaucaada dasity] Dindts da)r volume
respo | order to determ ne a bubble size, 25 anong ot her things.
The Yed5: 6tk cs 20 can recei ve and process the bubble

measur errent Si Ibu@lgﬁ szgger}éb 5@{:% r’fs@sdﬂgllfl}afg'gi I\S}ép%ﬂgé gf Q%t m 144 dne

a bubbl e S|zeo esint ter|
si ze t hr eshaatrd9 didecambe dorneldess tpag oif dm 24w omterneeaible 1@ndltpmateds, thée
bubbl e neasyrenent si ggga?and the vibrational response in order to

det er mi ne PHORGBSHESLO N CPTRRTREAATPIE e|cympapa§§1ﬂatwsﬁréte and

independent from the flow meter assembly 10. In another alternative, the bubble size
30 sensor 50 can be part of the flow meter assembly 10 and can comprise at least one

pickoff sensor 105 and/or 105” of the flow meter assembly 10.



30in the flow material . The neter electronics 20 can receive
and process the bubbl e neasurenent signal and the vibrational
response i WOWHEHMIYE det enni ne one or nore flow char act BFY/Y30ER6HBY ng
WO 2008/ 147408PCT/ 1JS2007/ 069737 at | east the vibrational response

and the bubbl e $jz&,HRE§d %eﬁbor%oqggor}f%lr&ﬂﬁ%@égﬁé'ar}glbggslﬁéh%ﬁfeﬂ%t ﬂgnal

Alternatively, the meter electronics can Treceive and process
bubbl e nmeafutieniow nsitgiml Thabulthhesizé fmatd Bnah mesponrdmbble respdase toa

enerate an,alarm.if the b ceeds redet er Si ze
oot hor o TibBuiohBohe bhkars bl 3 6 A1 R e Rl the DA LT o m
can ther ef gegukdilirg éigﬂaltﬁ?&lh tHJlﬁlbfbleDMbl%ﬁéﬁﬁQEs%Bhs%t IThe RBHR%EREERr 80

predet er m ned neasurenent tol erance. The neter electronics 20 can
gener at®e acdmjiabiiecty ndz@cidmbblnvmmtlsmmlmm@mcm fitehubblessizesiohdos SQicam

out put co e si ze,  of . one or nore bhubbl e enbodi jrent s,
Che” bubbl eviotehedicRt FiedioTal SuBammil essbea b B iRubtin 04ft y

| argest 10yibtaphke in the flow material. The bubble size output can be
stored and or transferred to an operator or can be transferred to a
remot e | ocat i onlhsrvibrafipesein some empledinmsteconerseeantie yizgicran generat e

2 change (ARMLGAN 4 80 LKLARLNAT inkhBnbUBILE. s gcexcecds a

pr edet er m'ned" Si z res W S indication

can prmmpt an onﬁ:rtaﬂabrc sdfe s‘cﬁaala 30GhH 8dné ansbtﬁﬁ@ﬁtsfcbﬁwn@@mﬁl dctio@ 8evite thhe
flow 15 neter 99, such as by changi n_gna flowrate, a flow pressure,
BY-

or ot her flangenskes @r&féete%@bﬁﬁp cdptbbisrizessenepr SAnn s enhedimentean
one or ”Dfﬁb;fago%vgcfrl?&é&%&u? hé&ﬂ&ﬁdtﬁﬁ@r::ﬁmfﬂ]&}{}ﬁl Q&HOPJn én%eeremﬁ%

exanpl e I ze be cor 0 a v0| ractl on val ue
and t he neagBratibmy letledmedwdirumlsfch@% aadlezcdian dbranie bableld sizes of

accordi ngl one, enbqdi nents,. the nefer electronics 20 deterni nes
t he one orglr#‘i‘i%”@ﬁfg%w the flowapaterdly iTheibukblg sizg spasof AR can disreatiyelyevibrate

exceeds; a ff gdet BfHPedcR hszfﬁr(;t@%%b?\! id-a con duit. Tﬂfielfnbﬁ'véﬁ ol

conprises the equations of notion of a sp erlca partiCle In an
oscillati rmjnﬁddamntstkmrblmble|sme@bnsfot SReom@risase phsﬁve devick WetbmereM detects
Bubbl es, ps and PRarticl

Acad 306; 314,
i ncor por at rﬁ%ef‘ﬁs Y gggtionss ﬁ%ﬁe@ble?ﬁsg@ggﬁﬁf ecé?’ é’r?tﬁl?ﬁ(?f6§°nd“‘t

sol ving t hﬁcmaﬁ?%&mﬁt ok®E MRALUAbPAR RPN TN} HahpR, &%a%rmﬂeﬁﬂé}c Adtect
corrections to the various terns to account for hi gher Reynol

nunbers, adbmiighitoliske flowndatpmals dive baiohle sz senvet &0 campptéivavibotions
A T S e e e
bubbl e si zgdérso defeahieRedibblarsgledh seubbl e si ze nmeasurenent of one or
nore bubbles in the flow material. A
The flow meter assembly 10 is configured to generate a vibrational response for
the flow material. The meter electronics 20 can receive and process the bubble
measurement signal and the vibrational response in order to determine a bubble size,

25 among other things. The meter electronics 20 can receive and process the bubble
measurement signal and the vibrational response in order to determine a bubble size of
bubbles in the flow material above a predetermined size threshold. The meter
electronics 20 can receive and process the bubble measurement signal and the
vibrational response in order to determine a bubble size of a substantially largest bubble

30 in the flow material.

The meter electronics 20 can receive and process the bubble measurement signal

and the vibrational response in order to determine one or more flow characteristics using
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30bubbl e size sensor can be used to determ ne the bubble size. The
bubbl e size-can be determ ned using a vibratory bubble size

nmeasur enen oustic bubble size WO

2008/ 147403%0/0%2 7/ 069737 neasurenent, as previousl yPgFéUga(]sog/eOG 37

The bubbl e size neasurenent is discussed in detail below after the

di scussi onablkadtiee ¥ibavioikdréspdsk and the bubthesibel (Bet 1G] ¥ and the a0¢®@npanying
' s bubbl e size..  The_ bubbl e sjze

ganbodi nment . co rPg‘@ an 'ieertﬁnt anegij .
in some enBEEt -sHUBRRY R BLhe metis StesAPRISS £ caBrsiye apd pcessdhe pubble

The bubbl e s | ' ' ' .
roasur onent e BBk Be L ne & e SRar SRkt s e Rk e e
bubbl e si zbulbke sieerexceadsodpredeteminedyire deashald(ebsFliEh 7 anldltie daogpahying
bubbl e size. The sufstantially | rges(ig b‘%]rg‘?l&P | ze .can be used
because t hEISFUsFigB P eany HEReHIT MGG ReR ziowharaqﬁweoiﬂﬁ%exceededa
bi ggest | r%ﬂeg@c%gn@@gleggméﬁémg&e;agg&rreasured fl ow characteristics.

02 '

10l n step , a Vvibrational response is generated by vibrating a
fl ow t ube assernfieymettheleatrdmiestdlorsal genasizantsibbld dite sapyt. dzemnedi ng t o

the flow of the flo terial in the flow tube assenbly. || tep 303,
one or morEbaReR e Brthle Size outPF ComRRISGs AFKEAT a7 Pomiie qudhles. T gome
vi brati 0naémw&ﬁaeﬁﬁmiégaﬁbﬁlwgz@u@@h@c@ﬁﬁes Ihzsﬁbﬁa@@ize bf&r@ﬁ@s_tafdlﬁqm? largest

characteristics can 15include a density of the flow materia or
exanpll®. Tivbblera the flow meatériadwTbe hnblde eize stiputcande storedl and ontramsderad tow

rate of the flow material .  for ampl e, ver,, ot her flow

Char act er iR s <ah bE Bip S R efiebocape of ¢ he
description ancnﬁhﬁét@fselecmgidd@U%mgema&eczaadﬁaﬁg@ﬂw@oﬁibb&hnhi%u@én Fhhe
accuracy of the one or_nore flow 20 characteristics. For exanple, a

densi ty nasblesiaerxcepss apaedetarmingd sizs theeshdlfle dhe ghange dlowr eandésibngas i n

consequent iR BhpRorppriabelitsntt Bt AASRION RGP A B oA
det er s nedneten 999 sihidheasthvibhegiag zdlowliate, AUl presduze of athdr Apivi cdAditiops.a

bubbl e count) can be uTed to deternine a substantially instantaneous
gas vol une in tRE Metgslsedenics aP cadeteraige thy aneeor sagre flewdharasterisbiced

froma subsiar b bibiBshakareanDIY haiRHid Q4 LAY comelated foih AAT®

enbodi nents, t determ ning step-cdn on a current
si ze. For fiexaopiadye iid the ness 8dwhatehireshanellowtratg caabe adjnktad agcordingly.

D o el eE R Lhan e deL el m g, o2 bt onall v, be
bubbl egsi zRarg%eR&RS ochiaf RIcARBbRI &l esis 25t dMiGa; dbize threshold.
The fluids model comprises the equations of motion of a spherical particle in an
oscillating flow, such as in Clift R., Grace I.R., and Weber M.E., Bubbles, Drops and
Particles, N.Y., Academic Press, 1978, p. 306-314, incorporated herein by reference.
These equations are found by solving the unsteady Stokes equations and then using
25  empirical corrections to the various terms to account for higher Reynolds numbers, as
might be found in some Coriolis meter applications.
FIG. 3 shows a flowchart 300 of a method of correcting for entrained gas in a
flow material in a vibratory flow meter. In step 301, a bubble size is determined
through a bubble size measurement of one or more bubbles in the flow material. A
30 bubble size sensor can be used to determine the bubble size. The bubble size can

be determined using a vibratory bubble size measurement or an acoustic bubble size
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30 then the determ ning step can use at |east the vibrational
response and the bubble size. The threshold can be set so that the
det er m ni NYOAEPHH8done only when bubbl e size and ent rRETHERROGHEIT37
ef fect beconmes significant. WO 2008/ 147408PCT/ US2007/ 069737

Coriolis mabelseh&iUlsfeiddly E0Gsbd W B BhleAize TRY:STrehitht X dichch i
. en g bu‘bg e e&, thi's

fl owt ubes during oscillTatio as es are rntroduc
assunpt i onddtsil belowpaitpenhodikdidsias of tierfowchaat3fdeast sonme rel ative

noti on, or deco,ﬁ?pling between the two phases, The, fluids npdel for
predi cting behakicdiubgie sigsinsgme cmbadinents sompuises anyivsBnENeats bepplssizs.

in a 5Corigld ke ] : :
compensat o For B i ingcdiodies (it el RS R Bt Ble e

si ze i $ knbBwnbubble size iBusbimcentiodandms eonprjzes @ buldhladize incasiramerylbaebbles
function of the gepnetry of the |line, t | qw rate, and .other fluid
br oper ¢ e<iUOTRE PERRE T Rre e IS T he MBI 2% e RO Beter coumitisse
measur ed OfgdsfafBATH fRsOADbR d 'ltlfé%ufn!téﬂtﬁﬁ% lrmg;églt bB¥le BB URPEk §Rq10

conpensate for decoupling errors and can enabl e~ nprovenents in
ent r ai ned kfssuseshslargesentobles in the flSeweteailal wdhipaeithsbighéw infarchedorde

Si ze measurenent based on gul tilghaée f| ow acoustics, including the
ABS AcoustT®EHY 8”§5§‘8ﬁ1 AT RFF Bﬁ'imlﬁynaFl ow, Inc., of Jessup,

Maryl apd, and ifAglcddionoa vibentBhalaa¢pbARESs ReRdtel b?ﬁr@dfht@@ RGbw tube
Manufacturing & 15 Materials Technol ogy of O ayton, Australia. The
measur enerass@nrbliic (Tpf aibratiopel sespangp vell vEackcerdiniglite thesftow phthe Slomaipigrinl
at its natiHrt@ ﬂé&gl&%enc%nmh'en hit with pressure disturbances in the

ass . .
fl ow or pressure Stirbantes from external sources. The oscillation

frequency (co) Iaktehl363fdesdr niare €loiwschardcreriktidsyaré détoiiginb @ 0sifg afl 1B&st Hez e
of the bubhle as follows: 20 = -1 ii3x, p (1) VWhere the (a)
termis thabptipn scspaprcaad thaTaubbly sizee r g anerds anqre dawrhaesisrisiosghnt he

flow rat erih@igde %}H@rtsﬁt%)of bR 0 ﬁqa%&f%]l,sf@re&&{ﬂ fe. NBRL ol in?orgfﬂotwhe flow

material, and the (p) termis the Tiqui ressure. The measurenent

conpri ses chagicteristcsaah idbhde, a @bdstfeow witd bf the flowl atkrifll fovepsmply. dlutwever,

excitation at certain frequencics, ond then recelying and 2anal yzing
and claims.

The determining can provide a high level of accuracy of the one or more flow

20  characteristics. For example, a density measurement has been known to be affected by
entrained gas in a liquid flow material, also known as a two phase flow condition, and
consequently the density can be more accurately and reliably determined using the
bubble size. The bubble size (and optionally a bubble count) can be used to determine a
substantially instantaneous gas volume in the fiow material. The gas volume can be

25  subtracted from a substantially instantaneous volume flow rate.

In some embodiments, the determining step can be based on a current bubble
size. For example, if detected bubbles are not greater than a predetermined size
threshold, then the determining can optionally be performed using only the vibrational
response. Conversely, when the bubble size exceeds the predetermined size threshold,

30  then the determining step can use at least the vibrational response and the bubble size,

The threshold can be set so that the determining step is done only when bubble size and

entrained gas effect becomes significant.
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The vi brational bubble size neasurenment may not be highly accurate or
reliable for smaller bubbles. However, it may be desirable to neasure
only bubbl ¥O WA certain size, as the smaller gas bEUGHPIEHTAHIHI t
a negligible effect on the accuracy of the flow neter. 30FIG 4 is a
graph of a stat r

O P bunbl o o ot idIEhorRit0 :ﬁﬁﬁ%ﬁﬁpﬁgﬁ%ﬁﬁ%ﬂmdep&ﬁgf\!thﬁ%gieo%vm%%
descri bed dyrimg 0s¢iDag GR8 W% 408 PN ¢I3R0 Difod 6&d3thid asgmaptied is no longer valid

di stribution, being skewed nlflcantl to the small er dianeter

W1 Do shOvena Bule e rdadl et oy disotalints bR dirdvoRE o dhe
are only ahig¥nlodeOBr BrARYES bERRAGH JF RS idPAbidOEart HRdBRSeAbBhIHEerH

wth a norn%all distri Bgtélgonl gt he manlanéﬁ%?gnda? dﬂgew at ?60 ste%‘%elna
known to deétisles meter. shaper, ahe flhids dicsict ¢apubeivoed toFmmpchgat& farlehweinedygas in
devel opnent s,, t hese r er.s l.ese pi cal water and gas fl ows
at noder atti} Flloglvxlln?tgflg@wegfﬁ eebué?}’g:’pstl%sgg a/ol ling aspects regarding
the decoupl i ng BEBLN sikdin (P& bp&dxﬁultfid Y61 ﬂ?&:ﬁ ﬁmcFBﬁe oﬂﬁie%om&r%fﬁ@t ed
by the volunme of gas in the nmeter because this volune determnes the

anount of m@eﬁwdicéﬂr&t¢,@nd offise Auidgrraperiies. noei @ﬁctohttublstlmf\he@hles_mstdee
t h t c bub
ther o ar o, gt be MRpiea b F Bl R0 Ing s BRORTIR b hatle™

bubbl es) di @phRESAtC ﬁﬁ‘Qi@Bﬂlpth ciroffl and canlbldbie inSpr&vertidd in dnhﬁincﬂ fgagloes
not decouple fromthe fluid, then it will not cause any errors and

does not HERWUEEMEE. consi der ed. Onl y the larger bubbles will matter

froma dccoupl '%%@EE §a%t]és oq'fe{é%ﬁbﬁysﬁg e%gur ltillglatso g@ﬂ %&gﬁ@%ﬁsebﬁj&p le

may cause greater et er
bubbl es. l%rcomtaswnbludmgpmaaﬁmaoneuc Bubbie Sb@tﬁoﬁWtdr&fcgﬂDybwlﬁbbvemcl f
the distribution %ﬁtt r use %{h%se contain alnopst all of the total

vol ume. THEEUpsMa “19 Wigstae SHeam b PRfRrogyct arosh e FROManupretyrifigas
of itsiara r

Si zes Iﬁheﬁ“%“%gafsk??%u“a‘%‘ﬁ’%*2‘2%%"85. ABGLE TR ichourGnbiDrBlAFS vBH A Ble.
consi der eoEaciliI’wbbdnd:ed;lllptﬁechdmlb( at fta natical fmqmqncy mﬁeh hintuith mesmlzees

there will no dec Thus, ,for, a i cal | ognor

et v but 1R AT Ty B g e e oot B kel Siroms Thigsglegion
t he bubbl epe 1@né}*®)‘$'f§ﬁer ﬁl@Mhb&U‘lq‘f#nllﬁar@Fa ﬁﬁﬁﬂbﬁb?hﬂé siRGE @k BiibbRIRP

V\nththeflwd and will cause no error in mass flow or density

measur emerfpBowe5] t has been found that bubble SI ze corresponds to an

oscillation frequen f the bubble. Consequently, bubble size can be
Eam

det er migned by dcgt:éc a vibrational response. If only the Iar( jest
si zed, nost signifd t bubbles in the flow are desired to be

Where the (a) term is the bubble radius, the (p) term is the liquid density of the
flow material, the (y) term is the specific heat ratio of the flow material, and the (p) term
is the liquid pressure. The measurement comprises exciting a bubble, either with
turbulent flow or by active excitation at certain frequencies, and then receiving and

25 analyzing the returned frequencies.

The vibrational bubble size measurement may not be highly accurate or reliable
for smaller bubbles. However, it may be desirable to measure only bubbles above a
certain size, as the smaller gas bubbles exhibit a negligible effect on the accuracy of the
flow meter,

30 FIG. 4 is a graph of a statistical bubble size distribution in a flow material. The

bubble distribution in a pipeline is commonly known to be well described by a

13



found, then a relatively |ow frequency signal somewhere in the

800- 2,000 Hz range should be exam ned. This is well above nost of the
vi bration RH20PH3ps and ot her 30 conponents. As a r eBGIDS200TH9737
recei ved vi brational response can be exam ned for a drastic increase

ir gp; gggi’\;’et ﬁéb%é&ﬁ%l‘gﬂiﬁ?ﬁﬁ{eﬁ%ﬁg %%caﬁ(}%@oothg%maﬁ@ AEnRH s will be

2008/ 147408RGT iBa0Eis06BARTicial becaussis ursamgthbihthee e anﬁty arfewstlargs batibles
the liquid are kn t he les.in the neter are

own ag%ﬁt he sizes of bu ]EPE %
known, t heCUlEE Dest pEthgas xolne; 4y ith & norppl distriltiegy the srear andig i n
the meter Q%Hap@d&%tw B be KHORR &H@fﬂ{el the sﬂ e%?ﬂlel?ﬁs ﬁﬁt%&mﬂ?ﬂlehow

much farther each bubble is traveling than |qU| cating
exact | Y5 hofellowatg ddvalogmicatsdihepd mradctbmkplﬁsdmet}(mdrméwad:r ped pasaiovsaat
response to a r}:ﬁ)tlon of the bubble. This leads directly to a

det er mi nat P8ACBE TEME Sy error and void fraction through a sinple

equation. The nﬁie?@&e%%bht?ﬁﬁnéaﬁﬁ@ﬁs@éga‘?ﬁm@Elﬁzvdetcb!u;ﬁﬂl '8¢ a Chriolis
shoul d be understood that other nethods are contenpl ated and are

within t heﬂ@E@’gﬁéerofThﬁh@et@relSéffﬁqB@d bnthenwluhaphegas iFthg mSestroasseghisubbl e

of radius vin w res d. fl ow eri

bubbl e Sony 1o CodmBlskyineERMSEef eRunied i AREaFRITE Hikop Peretr Frtereen
i's oscid | aht Bgo phassy. nnmtm»z@as QR MdctcR db&a’ tfdaQVﬁd:bbﬁlanﬂ_ Bﬁ’olﬂ@srﬂlbr@a?c hae
a radius R and_noves a total distance of ( Ap) with each oscillation

of the tub@ther Brs sldected by the arlunyeef fhud mosgbllbhi@s«ad@ﬁ@ce; Seperv, ifza givere
bubbl e t te npt th
PO MB35 QAP b oS b b rBRS BhS o TR SRl

be defi nederass 4 s pot na%li)to babetsiderAll) Only thdRr@plibiledeilDinattdterom a
continuous fluid medium The fluid anplitude (Al) is essentially the
anpl i t ude GeoYHBEMCHRESHHE- ilseEieeigH ong Suashameiankybble may eause graater

shows bt&mr%fﬂa\ihasr§h5[9mﬂqg@dbfﬂf®sHﬁeﬁbbﬁ&e tube motion (the |eft

position in the figure e maxi mum anplitude of vibration to one
si de. The t ot alFroolandumé paspc@dvb,)onﬂﬁme;fawﬂargd:rdmhsbles ntgthﬁardmmm&roa thaiter

peak anpli,tude throu d i S: 2 Vo] uneA_ ected =
1) (7zR 2 )be%*kfe.f?e@%e%tmamost Vet to bbb Jéalswtuwéreéfcauﬁamed

t hat rmve&/oqmﬁéoﬂp&pﬂefbclktﬂsieecdb@%fwekm of the gas bubble. Only the
volume of liquid that nmoves during fl owt ube vibration is of concern,

and this is giwest, that isreditephladdd the larger bubble $1;e(smlm)t(lésylctﬁﬂUS| ng

R TN M O M T AR

the fluid-efy &hal patle best BRrdwbbéeEno J&%uﬁl%%t"ﬂﬁl@ foPh tf18n1 SIMoBhalOf

gravity of the displaced fluid before the bubble moves fromzero to

peak (Xbefdbitihutios; which is already skewed to the smaller sizes, many of the bubbles in the
distribution will be completely locked in step with the fluid and will cause no error in
mass flow or density measurements.

25 It has been found that bubble size corresponds to an oscillation frequency of the
bubble. Consequently, bubble size can be determined by detecting a vibrational
response. If only the largest sized, most significant bubbles in the flow are desired to be
found, then a relatively low frequency signal somewhere in the 800-2,000 Hz range
should be examined. This is well above most of the vibration due to pumps and other

30  components. As a result, the received vibrational response can be examined for a

drastic increase in recetved signal somewhere between 800-2,000 Hz, which would

represent the large bubbles in the flow.
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Xbeibre = -2R + -1 (A p - Af(4) 32 WO 2008/ 147408PCT/ US2007/ 069737

The equatign for the center of gravity of the displaced fluid after
t he bubbl eMHYEIHI8m zero to peak (Xcii,) is: after = ECHESHYYURIT37 A
) 32 P Thus, a volune of ( ITR2 (A p - Al)) noves an average

di stance of ( - 'Assﬁ)mﬁ@fhe%ﬁ%ct%n?cﬁﬁ%'tﬂeaﬁ ﬁ’([‘ar@‘cknbﬁﬁ ah&'ﬁﬁ‘e sflie@%‘fﬁﬁ:r%%%

peak displ acenent. 6 shows the displaced fluid volune an
t he bubbl eingb¢ meéerarﬂjkrmre theyllmq:magéreﬂaﬁlve meotioni.el, ddcowpling) ecéating Fhthe

termis the c f avi t f the | aced, f1l ui d
(T gure. shougter & porfite. S 8¥Reinforlly. B85 P ISy ol it cach™
sl i ppage. HulsRitfabelink ﬂhh‘@tlfé‘iﬂlhﬁf iRficaind \ekhotly(Row REENTISidI D dRPRE&d bdcRN
to the vibration of the 10fl| owt ube. However, know ng the anount of

fluid thattheethes dsectiondn @cspgnwd@ theseption ¢fghe bebtde.nT hls &fgids Héc@}yrte@t on

vor ume. ¢ hee SRR Aoy Qepianief B0 i dackSn PERIAR el Tl Dl baos

forward i ncoafies ﬁ@exﬂéﬂd@@ntyﬁ@ﬁ&ﬁm nRAasge be Minddteto6@ Ha€bthef mathavs hng.
It can then be 15assuned that this volune is not participating in the

t ube osci | $oRtsrEHatgshand A widys thessppg pfdhe descripdon #d ¢lein | | be absent
fromthe densi tpid"?%ﬁb% Gl%l:he Elg a% ﬁ%@gg@%ﬁ% @1 1%%;&1?{ Vaaﬁﬁﬁ’}]og{r%q\é%!rﬁﬂe

cal cul ati on, assum ng t
duri nglt heTl&sblleleattdlmlseél' inep}fcﬁbii]dwﬂpgn a dnéitnadinon "D‘hcrﬂiﬁd triedium is \
Xcalclat | cul ated = (-

non-particip vol u

non-part i Cqsaxj{apﬂ 1112@'(1301{:1%912@1011 yyg tﬁ unge ( Khe parfic f)h]as are(d)_luspR and moves

f') Vnon- par} i} Rt of (4,) with each oscillation of the tube from zero to peak. The point of
interest is how far the bubble travels through the fluid, and not its absolute motion with

respect to a laboratory frame of reference. This relative motion can be defined as

15 (A4, —4,), where (4,) is the amplitude of the continuous fluid medium. The fluid
amplitude (4, ) is essentially the amplitude of the flowtube vibration, a known quantity.

The figure shows a bubble moving from the midline of the tube motion (the left
position in the figure) to the maximum amplitude of vibration to one side. The total

volume affected by the particle moving from zero to peak amplitude through the fluid is:
20 VolumeAffected = (A, — 4, YR ) + %ﬂR ’ (2)

However, the actual volume of liquid that moves does not include the volume of
the gas bubble. Only the volume of liquid that moves during flowtube vibration is of
concern, and this is given as:

VolumeDisplaced = (4, — 4, )X(7R ) (3)

25 Using this volume and the above figure, it can be seen that a center of gravity
analysis can be employed to find the average displacement of the fluid in the path of the

bubble. The equation for the center of gravity of the displaced fluid before the bubble

moves from zero to peak (X,,,.) is:
= 2 1
qulbre :§R+E(Ap _Af) (4)
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The non-participating volunme conprises the particle volunme nultiplied

by a ratio of the relative particle displacenment to the tube
di spl acemeMC 20%iiki%g over all particles in the tube, tHe/VRYNIYBAN
be stated in terns of void fraction (F): 4 (A -Af 25V

non- parti el pat ipppeHidds Rr thBdenBhbof Havi \éﬁh displaced fluid after the bubbl
D008 147 408peT TRSecsid Ror thkentthlof Pavity BEne displace gaseous sphere

noving to mbecgﬂr@h&cl(oﬁtppealé{ﬁaﬁgmit:a | i qui d sphere noving the sane

distance to the left. The same nmethods and equations can further be
used to derive e non- aﬂz{i‘ici paSi ng vol une. Equations for the t ual
density ( ()actalk)™ an TE déﬁ‘z'ty wi t h decoupling 5( deconeo(g can
be established as follows: Parma, = (1-F) P pr Pdecoupled = R ( (1-F)
P pr P ff A ( Thus, Devlsineyférkui, caty heroved aubatres dsatchef (LR fenegch
bet ween t he decoupl ed density and the actual density divi ded3by t he

act ual glensicinatiod 8f BRMHKY & S6RUBRAP&RFacement,

FIG. 6 shows the displaced fluid volume and the bubble before and after slippage
in the fluid flow material. The (X) term is the center of gravity of the displaced fluid
volume. The figure shows the shift in the center of gravity (X ) due to the slippage.

The shift in the center of gravity (X ) occurs in opposition to the vibration of the
10 flowtube.

However, knowing the amount of fluid that moves backward is not useful for
determining the effect on the density measurement. Instead, what is needed is the
equivalent volume that would move backward the same distance as the tube moves
forward in order to produce the same change in the center of gravity. It can then be

15  assumed that this volume is not participating in the tube oscillation and the mass
contained in the volume will be absent from the density measurement. This comprises a
conservation of volume calculation, assuming that the bubble does not change in volume

during the oscillation. The following calculation finds the non-participating volume,

Xcafculaled ch!cula.'ed = (_A ' )vnom participating (6)
20 Or:
4
[_ ER][HRZ (Ap - Af )] = (_Af )erorr—parlr'c'r"uariarg (7)

The non-participating volume comprises the particle volume multiplied by a ratio
of the relative particle displacement to the tube displacement. Summing over all

particles in the tube, the result can be stated in terms of void fraction (I):

4 A —A
25 v . :—ﬂR{ 2 f} (8)
noh~ participating
3 4,
Or:
A, —A
_ S
vnon—pam'c&:afing - r( pAf J (9)
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pfr ? Ap- Al (12) Pactual Pr (F -1) - ppr Af Thi s

equati on directl%/ %I ves density error as long as the relative notion
of the par MORKH™MUE  the Ap terns, are known from t hePGVUSHE/47de! .
The bubbl e size nmeasurenent and the known flow material fluid

characteristic ' [ ' flLui )
Wth this inf o?rrrlg%lg?@tﬂ E@gﬁgta ée‘ia{‘g%digﬁu;i“te ?ﬁgﬁ?%’? Egéltéggbe’qi%%gjrﬁ@?gd.

I'n addi ti OghhetdRoviRh MRl UkthaRE t§ Hel1BRr TH@S&fﬁ@ﬁ]leﬁll%déjgﬁ EdiafiSnst AR
void fraction F, as the actual liquid density 1s already known from
t he fl ow nBirtber ld usell 0¢ dercresthenoeparticipasng fdlemese of a bubbl e si ze
measur enent praqvides a.c | et el y independent asurenent which can
be used to dgt quatiyes fﬁfBﬁ%‘fglé‘?g‘%/ns%gpémﬁaﬁnaélﬁg%%é‘?t OUPHRE 20
techni que not o nah det ection of the gas, but can provide an
est | rral% hdWeerrse é/atnﬁbé’ eékﬁﬁﬁeﬁéagﬂ!%’saffects the flow neasurenents.
FIG 7 shows a f|OW_(_3haI’t_I70+0 cl.t a nmethod of correcting for ent r@'b)ned
gas in a flow nﬁdc"-‘e‘rl'glf(li n )a Ki bratory flow neter. In step 701,

bubbl e size is determ ned, as previouys|y discussed. 25In step 702, a
vi br ati onal res}gonseg @e [F%; ?d_d%))f POT 4t | ng a fl ow tube ass y.
One or nore fl oweHardcteristi¢s he4fl ow material are determnined
using at least the vibrational response. The determ ning can further
i ncl ude using tikesiybirbecamiteaalculated as the difference between the decoupled density

and the actual density divided by the actual density:

10 permr — pa'ecozrp.'ed - Ioac.'ua.’ — pfr Ap - A_f
Pactuar Pr (r - 1) - ppr A_f

(12)

This equation directly gives density error as long as the relative motion of the
particles, i.e., the A, terms, are known from the fluids model. The bubble size
measurement and the known flow material fluid characteristics provide the information
needed for the fluids model. With this information, the meter’s density output can be

15 corrected. In addition, the information can further be used to determine the void
fraction I, as the actual liquid density is already known from the flow material fluid
characteristics,

The use of a bubble size measurement provides a completely independent
measurement which can be used to detect the presence of gas in a very robust way. The

20  technique not only enables detection of the gas, but can provide an estimate how much
the entrained gas affects the flow measurements.

FIG. 7 shows a flowchart 700 of a method of correcting for entrained gas in a
flow material in a vibratory flow meter. In step 701, a bubble size is determined, as
previously discussed.

25 In step 702, a vibrational response is generated by vibrating a flow tube
assembly. One or more flow characteristics of the flow material are determined using at
least the vibrational response. The determining can further include using the bubble

size.
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WD 2008/ 147408PCT/ US2007/ 069737 In step 703, the bubble size is

conpared to a @%ﬁdeternined size threshold. The predeterm ned size
t hreshol d W9 2E™¥8bodi nents can conprise an accept abl BCEHIPHYUGEE7
gas threshold. If the bubble size is less than or equal to the

predet erni ned sizetRnesRYubblelshens LgphetPR) ﬁéh%&%ﬁﬁe@%ﬁfﬁéﬁbﬁ g

the method branches around step 704 5and exits. e e sizeIs
gr eat er t hpmde¢tbrnipedsiet tresholddn sone etibpdintenlsdiantchepristhan facbpthblesi ze

i s unaccept abl e .and .t h t.hqd eeds to step 704 In ste :
704 an o RS s Hersielh 1 Hr PR n e BB r Fal 9 e pRteg TG size
f1 ow char agtnbial ihes MR LRGRSE ﬁ&e?taBTeQﬁﬁtﬂ@é’ Ried bPRRALY RORH step 704
tol erance. For exarIEI e, if the bubbles are too |large, then a density

measur ememndgixits.hE the bubesiee isgireatenthyethe predeteaminsdpizethegeltodd) thendthe an

char act or | PP AR R AE sl EHbbAT BB B0 PPTRA gae. conerat ng

the al arm can inglepdmasat b istinadafdMTHE Akl ifdichtds thAEthE®HhE br more flow
el ectronics 20. Generating the alarmcan include transferring an

al ar m condiberagteristics by exgqeded ¢ predetreningéieaasemenidplegace. of er example, if
moni tori g3 %ﬁﬁtﬁ@g arg‘?&efa%e;P%Ptﬁqrh%nﬁ{ﬁﬁggég%ﬂleqnfof tgg ![fféq?m?t%ﬂglrc%h'b@g any

manner of vi sual "or "audi neratin e al arm can

furthell i nalvadelytimpastteand ceg, bedinapdopyabhgaceoratodpetd Wh eink d gisc adthagfidvine
bubbl e size, such as generatjng a bubble sjze output. The bubble size
can corrpri@éraaterlavwaﬁ%&dﬁ@|d&ggaid§<ébymeteémﬁ%wéa~y, the bubbl e size

out put_can  coMRgdse.fo REPASLEIAhLN S BUBRL & Shas ofiiath AURL AR bUDb! &

size. 20In sone e ments, generating t arm ca urt

conpri se gdevdmoates 20. &enerating theradiroadanancltdatransfuttiog e slaam vewdtifroor
changi ng t.he. flow conditions. In some enbadi nents, generating.the

al arm can lflﬁlﬁi‘fwélrm@@?%rd%léeseﬁ SHE 2 CHEIPHBRS YRR PT%B?%‘F‘“&%'P%MrFﬁPe,

a flowsmatigglad g&fe@a‘iﬁ%\raﬁy%%ngeofiﬁﬁfaﬁﬁsﬁﬂid dla@f der to decrease the
entrained gas error. An increased pressure can reduce the bubble

si ze. Alt er nat iGeaseyating ha dlernt canfurtheranclade transfercingadigdaying, or déherwise

b k bubbl t I OVi m xi.n ction. |In _anothe .

Al tor nat i VO 0 hESle 8 e g e Rt LR ireaal CBS Byl ean
bubbl es orcogighigs _wmges& BAbYIE siR6bANBSTI¢ES, thd BELUIR Xiz&Buthii@abiPhis€an
pronpt a change in tlow conditions in order to break up bubbl és or

ot her wi se rPR@spitatiyg bpblele size @5 an pyetagesbublblpdzea vi bratory flow neter 99

accordj;ng to a ' Q inventiaon..The vibratory flow
et or 0% 't nits SIS St @eRls, i ptle AR S s SO R et e
met er asseniing ih@icatldiethakibeicates a asdl for ERangtihe slos dopditichowinupes 103A

and 103B, the driver 104, and the pickoff sensors 105 and_105'. The
WO 2008/ 14Mmhodieents,SoncratEnths alamsicap furthes gpnprisaorhanzing thy dew conditiens.

neter el eGhyt leﬁﬁle,zzggw ntlangriah ?eqﬁlrlj;'ggn b@ﬁl{:&%&ég I‘r:ltcaﬁ(!le&ft?qurédstgﬁle the

bubbl e si ze sensor can conprise a portion ow neter
assenbl y entrained gas error. An increased pressure can reduce the bubble size. Alternatively,

25 the flow rate can be increased in order to break bubbles apart and provide a mixing
action. In another alternative, a mixing action can be initiated in order to break up
bubbles or otherwise reduce bubble sizes. The mixing indication can prompt a change
in flow conditions in order to break up bubbles or otherwise reduce bubble sizes.

FIG. 8 shows a vibratory flow meter 99 according to an embodiment of the

30 invention. The vibratory flow meter 99 in this embodiment includes the meter
electronics 20 and the meter assembly 10. The meter assembly 10 comprises the
flowtubes 103A and 103B, the driver 104, and the pickoff sensors 105 and 105°. The
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10 and can be coupled to the nmeter electronics 20 by the link 51. The
bubbl e size sensor 50 of this enbodi nent can be | ocated anywhere on
the fl ow mMHEVIEEERDIy 10 or 5 alternatively can ext enBCT/HIHUA69737
flowtubc of the flow neter assenbly 10. In sone enbodi nents, the

bubbl e si zg.8e08S8MHRO (Fi%rﬁfoﬁ}gg@fd 1&t&eﬁ§c@oh%§2ﬁ%&gﬁ@1e9& §§)i5ef?rie In

attached to or part o w condul t a Vi rafory
met er 99 asdbtidah, g Hubbkrsizndsodirddrean odmphie: 4 poreioh bHihe fbvemeichb natmbly

108" a0 bet 10 and dhaycPuglan 6o e e o e 0D By ehe B sPu B bapble Sise sensor
Consequent yof ﬁ‘lﬁ%lﬁﬂo@i%é‘iﬁtc?rﬁ b@?o%@i@@'aﬁ?/%ﬁerb M}?@ﬂ&@%&& ag&%ﬂggt ﬁ'b{ e

el ectronics 20 by the leads 10 communi cat e
vi br at i onadltersgiyolysen &ngnd frgo b flewttebsoizbe ﬁewsmtmsﬁmblj?m \m berat or y

fl ow neter dmstho rding to e invention.,can be enpl oyed
acoor df ng SEDSHIERP R BTERSA St ] FerRiEse § Vi aurtac BB argmor
advant agesattadhed th di9aitled flok@ndufer atory flow meter and method can be
enpl oyed to determ ne accurate flow characteristics. The vibratory

fl ow neter and Iet ﬂ@howmvwéat@wmwwtqr&%@c@dmgﬁea@ﬁmbo«ﬂnmtef the

11 ow mat erPayitos 126 BB GOy TR ETLIRL G ol kol SuBle SR S aie ot

det er nigne dehsor I o3achan ag @cbfﬁsbm;es aﬁ@bﬁh BesbiE sioek sl SOV @iﬁ{s@diucnt]y, the
assenbly only if the bubble size 20exceeds a size threshold.

vi br at or y floveimetaseasenihy 1 %ﬁ%ﬁleéé@\ﬂwen@mlw@mqsaodmtbe }ﬁaﬁfel%{) bﬂwm e
size. The lgé rl"ﬁg%‘é}fnﬁlln%/gté@&ltﬁ the) ra Bcjﬂqgﬁpﬁﬁlﬁe alﬂ% tﬁé@ub%x S1ZE measureme
b vol une. d th & CEN noe

determ ne ‘a e Vi OW et er ~an
enpl oyed to detRienibratoan lawanettr aid 1ﬁﬂh6@h¢’d}©fﬂl@§m the Rlebibgancbev ol une
of entrai ned %(cé The. vi br at o¥§1&flow nmeter and 25 nethod can be

r

enpl oyed tFRISIEATHOIEIng 10 GPY Of aEMoAINeY Wé)ffl‘FdePFm’tl@rﬁCé[Pral adyantages,
Vi bratry it Qe RE v REGRThea R SRR NS chidislRlies Mhatninubnl es.
S| Ze. r an net ho can

| arger than a critica e vi ratory
be enpl oydtbw dlamlmtemtmmeThdneibmmd)mnfbvoﬁaemr and mtholdwbbb%mplﬂyed to

vibratory fl ow. nmeter and net hod anwg ocy%gketo generate an al arm
i f the bublSfEMECARCSE LigEcasued °‘t" é%aﬁfﬁ STRenFHIgIne] 820 PresERvn
met er and tﬁ@ﬂbﬁ%aﬁ@iﬂalbqh@ R 6841160 n%‘?&%ﬁtlﬁetl?odgéégme%nﬁﬂ&%dQHtd@défmme

The vi br at or% flow nmeter and net hod can be enpl g€nerate a
change f| éhe Bowdhtiaekssticsdbtanddoiomfa flavembteb bisembiyzenle xiobe bisbtde size e

LA B%l d ‘exceeds a size threshold.

The vibratory flow meter and method can be employed to determine a bubble
size. The vibratory flow meter and method can be employed to determine a bubble
volume. The vibratory flow meter and method can be employed to determine an amount
of entrained gas, including a volume of entrained gas. The vibratory flow meter and

25  method can be employed to determine a void fraction in the flow material.

The vibratory flow meter and method can be employed to determine bubbles
larger than a critical size. The vibratory flow meter and method can be employed to
determine the volume of critical bubbles. The vibratory flow meter and method can be
employed to generate an alarm if the bubble size exceeds a size threshold. The

30  vibratory flow meter and method can be employed to generate a bubble size output. The
vibratory flow meter and method can be employed to generate a change flow conditions

indication if the bubble size exceeds a size threshold.
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What is clainmed is: 1.Avibratory flow meter (99) for correcting for
ent r ai nedW§a2008A42408| ow materi al, conpri si ng: PCH/US00TINBT37
assenbly (10) configured to generate a vibrational response for the
5fl ow material; a bubble size sensor (50) configured to generate a
bubbl e nevgar Rr@siimediignal for the flow material; and neter

el ectronics (20) coupled to the flow neter assenbl_yeém)_ and to the
bubbl e sike sefsobrat@yylosnmetasiP?)olior edrredingdor enteninerbgas ibraafl pwmedterial,
response and the 10bubbl e neasurenent signal, determ ne a bubble size
of bubbl ELHR!$ & f1 ow naterial using at |east the bubbl e neasurenent

signal, deter naﬂswqa@tepasseﬁrbgvi groz\é’oﬁﬂ?%{r@@t@géﬁéré@% rtaﬁgﬁ%{}%ﬁ%nse for the

material using at |east the tion response an e sl ze.
15 2. Bhe vi bratory fibwwnatetiad; (99) of claiml, with the bubble size

sensor (50) neasuring a bubble response to a vibration of one or nore
bubbl es in t he? PURRLE HgE 880s8r .(560) cosﬁgvrwé t%ﬁm%r@@raybwhbgwml@eme@t@)lm for

claim1l, wth the i, Ze: or (50) vibrating the flow materi al
and subsequently nebtggl;ﬁroi%vn%age?ﬁgb e response to the 20vi brating. 4.

The vi brat ory heewncietrefics OT) c@ﬁgl@ﬂ% Melflowinidtert Reerhblylyl €) s the BEbble
(50) acoustically vibrating the flow material and subsequently

nmeasuring a bubbl e Siesyaaee50bandheontsignred fongeeizs thesvibmitiened tsspanse ynd the
flow,meter (99) of claim1, with the bubble.siz nsor 0 ei. n
separBte and i ndepditibH by s eSS DU s e A5pRbbIeS f fhe
The vibratory flow gy efatéPushie fﬁ|1@dsf‘ih131bu%fennéﬁ‘s,ﬁré?h@iﬁ|s%n§l,%i%te?§1’ﬁ§é36ne
(50) being 30 fornmed as part of the flow neter assenbly (10). WD
2008/ 147408PCT/ US2 00 Me&IWB7 characteristics of the flow material using at least the

vibrational response and the bubble size.

15 2. The vibratory flow meter (99) of claim 1, with the bubble size sensor (50)

measuring a bubble response to a vibration of one or more bubbles in the flow material.

3. The vibratory flow meter (99) of claim 1, with the bubble size sensor (50)
vibrating the flow material and subsequently measuring a bubble response to the

20  vibrating.

4. The vibratory flow meter (99) of claim 1, with the bubble size sensor (50)
acoustically vibrating the flow material and subsequently measuring a bubble response
to the vibrating.

25
5. The vibratory flow meter (99) of claim 1, with the bubble size sensor (50) being

separate and independent from the flow meter assembly (10).

6. The vibratory flow meter (99) of claim 1, with the bubble size sensor (50} being
30 formed as part of the flow meter assembly (10}.
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7. The vibratory flow nmeter (99) of claiml, with the bubble size
sensor (5W0 2W80dV4i8ng at | east one pickoff sensor (105)PE/USHE 70697
neter assenbly (10). 8. The vibratory flow neter (99) of claim1,
with determ ning the bubble size 5 conprising determ ning the bubble

si ze of a7.subsThaavibadtbiy ﬂ@\ﬁrgﬂétér (@9? bl elatm 1t héthftheBubBlt 8izcakbnsor (5O
The vibratory flow neter of claim1, with determ ning the bubble

si ze fur t$RERPIEBAP A l§ﬂstgma@@cé<roﬁf sensey (A8) ofibpiflovsmeter gssenthdy BLObI es i n
the flow material that 10 are above a predeterm ned size threshold.
10. The vibratory flow neter (99) of claim1, with the neter

el ectronigs (2Phe PBIAGHT fW AHReC@DS boMARS 1t Qltﬁ%%‘érﬁﬁﬁn?@h@&%mé bizet he

bubbl e size exceeds a predeternmined size threshold, w the alarm

i ndi cati r@rmprMng Hetconiming thedubblel sone afitasudstaatialdy largesh hulsbla n thedbmred
a predetern ned neasurenent tolerance. 11. The vibratory flow neter
(99) of JP&°RA%, further conprising generating a bubble size output.
2012. The vi bratory flow neter (99) of claiml1, further conprising
generating a change flow conditions indication if the bubble size

exceeds the prﬂmtetlbrmb@eﬂb\shi'eﬁert(%psfldhﬂnl Wwah d’éhﬁmvmhgaﬁealﬁubﬁlé Sive
meter (99) of claim1l, with determning. the one or nore

char act erfUshereomprsing detearinings thepubblecsizg of the buh@eénbth@rﬂ%ﬁ@tmaéwat
h b | dth
bubbitg. o1 8 ek £ PreBici st G BleshOB, coode 1 o prederorm ned si e

threshold. 14. A vibratory flow meter (99) for correcting for
entrained gas in a flow material, conprising: 30a flow neter assenbly
(10) confliGgur ébhe wbrpsemrfiave meter (BPhof Iaian 15 with dhe mefayelackrenics ¢20) being

mat eri al [ 147408PCT/ US2007/ 0 bubbl e size s nsor 0
cont | gur U GENEHERLIOZ BT B AL if BhNpO A Cress 4 ECRFGoed Size
mat eri al thﬂ:@ﬂolﬁe%vﬁh tRé SaHh ARAiEid2Bht G2\WRL A nidRe FAS, ENPHLOPRERS
assenbly (10) ahd to the bubbl e1rfsg|22e sensor (50 33 and conf?%%rega‘t/%
receilfe tdxecadeldragirtdetatmined prmaswemedt toherafidaubbl e nmeasur enent si gnal ,
determ ne a bubble size of bubbles in the

11. The vibratory flow meter (99) of claim 1, further comprising generating a bubble

size output.

20 12.  The vibratory flow meter (99) of claim 1, further comprising generating a change

flow conditions indication if the bubble size exceeds the predetermined size threshold.

13.  The vibratory flow meter (99) of claim 1, with determining the one or more flow
characteristics further comprising determining the one or more flow characteristics
25  using at least the vibrational response and the bubble size only if the bubble size exceeds

the predetermined size threshold.

14. A vibratory flow meter (99) for correcting for entrained gas in a flow material,
comprising:
30 a flow meter assembly (10) configured to generate a vibrational response for the

flow material;
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flow material using at |east the bubble neasurenment signal, determ ne
one or noW 2008(14¢408r acteristics of the flow material udAGIYUSL007H6ST3I7
the vibrational response, and generate an alarmif the bubble size

exceeds a predeterm ne size threshold, with the alarmindicating that

one or nore 104 betle biataciser (50)i v fipand t@?@@ﬁd%dl Bultivl egrbQirBinBAkignal for
measurenent tol erance. 15. The vibratory flow neter (99) of claim 14,
with the bubbl e sizZ@edlowsmateeml)andeasuri ng a bubbl e response to a

i brat | f . bubhl es ] | ' 16. Th
Vibratory 1 ovipist gieTRaSes L Pl 1 05 o Tl SimBhly 4Py aidig B pubble
(50) vibrating the J&@yén@&tgggaﬁd e&&hgﬁfﬂ@@&ﬁteeé&%m@%ﬁﬁohapreép%ge%@the

response to the vibrating. 7. The vibratory flow neter (99)
cl ai m514, with the Wbbbd messwemswtrsgral (dE®rmasoadublblalsizg ofibobhles mytehe

flow material and subsequently, measuri a bbl e response o, t he,

vi brati ng. 18 Nepgran ?rbalé%wt %wrﬁ%ét@gfe(@gﬁsumm%térgﬂaiAi,et%mlﬁf one
t he bubbl e size se i : s m

the flow neter assenb| ?/ (5@%‘3[ Qﬁé@%ea%éﬁ?%?g?gﬁggﬁabggv&?n@%@%%g é)of
claim 14, with the dbkibaalsesmnsenmdrgehbdle frealagm fidthewdbble spay dxceéds a

the flow neter assenbly (10).. 30 20.The vibratory flow nmeter (99) of
claim 14, with the Baddeenigp siedkigshnld woh thewipin sndigating thatene gimore

2008/ D47 a08pCT Usoot?] Gt Gs R R HafBBE AP e insd Chgusmest

claim14, wth det apEraticed t he bubbl e size conprising determning the
bubbl e size of a substantially |argest bubble in the flow nmaterial. 5
22.The vibratory flow neter (99) of claim14, with determ ning the

bubbl i f h i Si i.ni h bl i. f
bubbl 5. 11t helHa Ry Iva PEAo0 S eeIBigb 4 Wit M DS s e a6r P B0)
t hreshol dneasuring 2 BubblRGeyiREtPA Yibrhtt BSR orfldhe tRibbfdsdh MelfowWhdtbrial.

generating the alarmfurtther 10 conprising generating a bubble size
outpdd. 24. The vibratory flow meter (99) of claim14, with

gener at i the alaymfurther co i sl ng. generating a change fl ow
condi ti on® i ngﬁh?a‘flf)@FPWf %@%ﬂﬁﬁ?)@éﬁﬁ%@ SoCuihy ghe b&%a%ﬁeé}sm &
size thr Qﬁm{iﬂg the flow material and subsequently measuring a bubble response to the

vibrating.

20 17.  The vibratory flow meter (99) of claim 14, with the bubble size sensor (50)
acoustically vibrating the flow material and subsequently measuring a bubble response

to the vibrating.

18.  The vibratory flow meter (99) of claim 14, with the bubble size sensor (50) being

25  separate and independent from the flow meter assembly (10).

19.  The vibratory flow meter (99) of claim 14, with the bubble size sensor (50) being

formed as part of the flow meter assembly (10).

30 20.  The vibratory flow meter (99) of claim 14, with the bubble size sensor (50)

comprising at least one pickoff sensor (105) of the flow meter assembly (10).
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15 25. The vibratory flow neter (99) of claim14, with the neter
el ectroni & 2008)14H8ng further configured to deternm ne tHE/BRZ008/069737
nore flow characteristics using at | east the vibrational response and
t he bubbl e size. 20 26. The vibratory flow nmeter (99) of claim 25,

wi th det ez ni Tige VibeatoReflow m@ee(90) ofclatan dciihidetdrignihy thidRibble size
conprising determ ning the one or nore flow characteristics usin at

| east t hecomprising detarminiegthedwbhlecsizenel uubistastially targest publple in th

si ze exceed tpe predeterm ned size threshold. 25 27. A net hod of
correcti nIB entrained gas in a flow material in a vibratory flow
meter, the rret hod conprising: determ ning a bubble size of bubbles in
the flow material using at |east a vibrational neasurenent of the

fl ow fat €3.al ;The g’brﬂonytﬁlmg nzeten (90ao0f daah 14 ewphristerimyniug reaibbie size

fl ow tube. a serrb L. 30determ ni one o fl ow .
char act erﬁugtfl%%o ifige g?ten@ag@g {H‘P&“gg]&%ﬁ £ Pﬁ'%lﬁm@eaﬂmv mpgerial that

bubbl e S|aq.g P%yégﬁggg{e%?n%g%ﬁgtg}%% 7/ 969737 28. . The net hoq pf

claim 27, mning t € size conprising determ ning the
bubbl e size of a substantially |argest bubble in the flow material.

29. The nethod of claim?27, with determ ning the bubble size further
conpri si r?g3 5dekhe vibratory Ao maieHO8) ef daime 4 wih |sgperrbng the alaren further

mat er;iyal size threshol d. 30. The
met holg ?}Fpﬂsﬁgﬁ%%?ﬁm&@g%yﬁ?Pﬁb‘g‘gener ating an alarmif the
bubbl e 5| ze exceeds a predeterm ned size threshold, with the alarm
indicating that the one or 10 nore flow characteristics have exceeded

a predet i nebhardheatoryribow mardPahekclaind14, witk gmrhtingﬁfeadarai farthier
further conpri si enerati,ng a_ bubble.size ut he. net ho
o orel mTBrTie Serr ek ¢ltas Mo chraliors TnSthBN it tos Bib N Siaf Ekcpads the

15i ndi cat r@&téﬁmh&pmggm}gﬁmﬂ ze exceeds the predet erm ned size
t hr eshol 33. The nethod of claim27, with determning the flow

chardﬁterlstlc further conpri si ng determ ning the one or nore flow

characterjsti u | east t rational. response and th
bubbl e si%Pe oniBE ¥ S %%meéergpg}ao Wik the feter electronics ?20) being

further configured to determine the one or more flow characteristics using at least the

vibrational response and the bubble size.

20  26.  The vibratory flow meter (99) of claim 25, with determining the one or more
flow characteristics further comprising determining the one or more flow characteristics
using at least the vibrational response and the bubble size only if the bubble size exceeds

the predetermined size threshold.

25 27. A method of correcting for entrained gas in a flow material in a vibratory flow
meter, the method comprising:
determining a bubble size of bubbles in the flow material using at least a
vibrational measurement of the flow material;
generating a vibrational response by vibrating a flow tube assembly; and
30 determining one or more flow characteristics using at least the vibrational

response and the bubble size.
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20 predeterm ned size threshold. 34. A nmethod of correcting for
entrained gas in a flow material in a vibratory flow neter, the

met hod conmiQ P§iEp7408 determ ni ng a bubbl e si ze RET/BRAGHV RIS n
the flow material using at |east a 25vibrational neasurenent of the

f1ow mat e;%?y aﬁl?délgé@eh 89 ciin b‘?rv@ﬁlﬁ 8&%'11115{?1%98@3 bl?é/sﬁf B ﬁéﬁg a flow

t ube asse rmning on arac er of the

f1 ow mat er dgbrmisingghabutbéasite cﬁﬁ'tesmbsﬂamaéllydn@bstrbeﬁblenﬁ &ie fagvd material.
generating an alarmif the bubble size exceeds a predetennined size
threshold, 30with the alarmindicating that the one or nore fl ow

U0 2008/ 14540670 T LRO0S| Gagy3s WAEIAL IR, ARAR LR SRR

det er mi n@ptm’ﬂanﬂngb}m Iﬁllﬁ:ilczsazccm?tbc bubbicy ideheflow mateyidl et bredboec si ze of
a substanti al | est bu einthe flow material. 36. The net hod
of clai m 3bred Ifni‘fn 1&g thiss ﬂ -the bubbl e size further conprising 5
determ ning the bubble size of the bubbles in the flow material that
are above a predeterm ned size threshold. 37. The nmethod of claim
34, with gﬁher aThmgethhé0§¢lai1mr27 Unttharconpnipmi gengagemar dinn g the bulibid e
si ze out put..

21 nn T ur i B PR TRh G e LG A et Baialing gRgee ot or

i ndi catg onmbfe AR cipithlbstish B R4%CER1E atph@icRirAHReh$isiRfhcht ®%rance.
threshold. 15 39.The nethod of claim34, further conprising

determ ning the one or nore flow characterlstlcs u5| ng at | east the

vi bration response; a det;he Si 78 40. The f .claim
Wi th det orthn nonangRar i 2b dRfesotRurieielhFelie L8Nt G
conprising determning the one or nore flow characteristics using at
| east the 20 vibrational response and the bubble size only if the

bubbl e si z¥- excld@daethpdobelaige? b inithe gogipysing geeeipdgp change flow conditions
15 indication if the bubble size exceeds the predetermined size threshold.

33.  The method of claim 27, with determining the flow characteristic further
comprising determining the one or more flow characteristics using at least the
vibrational response and the bubble size only if the bubble size exceeds the

20  predetermined size threshold.

34. A method of correcting for entrained gas in a flow material in a vibratory flow
meter, the method comprising:
determining a bubble size of bubbles in the flow material using at least a
25 vibrational measurement of the flow material;
generating a vibrational response by vibrating a flow tube assembly and
determining one or more flow characteristics of the flow material using at
least the vibrational response; and
generating an alarm if the bubble size exceeds a predetermined size threshold,
30 with the alarm indicating that the one or more flow characteristics have

exceeded a predetermined measurement tolerance.
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35.  The method of claim 34, with determining the bubble size comprising

determining the bubble size of a substantially largest bubble in the flow material.

36.  The method of claim 34, with determining the bubble size further comprising
determining the bubble size of the bubbles in the flow material that are above a

predetermined size threshold.

37.  The method of claim 34, with generating the alarm further comprising generating

a bubble size output.

38.  The method of claim 34, with generating the alarm further comprising generating
a change flow conditions indication if the bubble size exceeds the predetermined size

threshold.

39.  The method of claim 34, further comprising determining the one or more flow

characteristics using at least the vibrational response and the bubble size.

40.  The method of claim 39, with determining the one or imore flow characteristics
further comprising determining the one or more flow characteristics using at least the
vibrational response and the bubble size only if the bubble size exceeds the

predetermined size threshold.
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