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DETERM NI NG ONE OR MORE FLOW FLUI D CHARACTERI STICS OF A MULTI - PHASE
FLOW FLUI DVE300{g#483thd of the Invention 5 1. Field of tRETUNVHOI28H
The present invention relates to a vibratory flow neter, and nore

particularly, t i I r r InFyi
Prow fud ohar asPEAdRETEOWPUMIFERTORTPFERMIING (50 Oit MORE
St at emrent of FLO® RLAADECHARA CYIERISTECS OF avWIHL EF- BHASK RLOSWELUID | s

mass flow nmeters and vi bratory densitoneters, typically operate by
detecting notion of a vibrating conduit that contains a flow ng or

non- f | ow @ac&hl‘ﬂﬂrd (ﬁ{tH?Fﬁ‘;én passociated with the material in the
conduit, such”as mass ow, density and the |ike, can be determ ned

by pr oéesdi ielfedsher fepenionl5 signals received fromnotion transducers
associated with the conduit. The vibration des of the vibrati

ot or | al 1111 edhepEsEh GURPAFTgon ot GprEey dIPvb e Bhe o8 GHSF ABACHALE,

stiffness ;aneka bRAnEBAfR AERFhRd LCeheQr A8 160 18H BhitFctEPIRY bf a ARG-

the material contained therein. Atypical vibratory flow neter

i ncl udes qhesedlowdlnal. conduits that are connected 20inlinc in a

pi peline or other transport system and convey material, e.g., fluids,
slurries and the like, in the system A conduit may be viewed as

havi ngoa sets:@bmbatdiad probliat i on modes, including for exanple,
sinpl e bending, torsional, radial, and coupled nodes. In a typical

nmeasur ement applibretory Saw metesnsishtas Corighis massailow metess and wyrasory
i brati d t.eri al h N i . of
'he. conduidbryomsiste PO 4R bR iRk e o O TBREME o R et doBlif

Exci t ati on figyihy gt S6H-FywRigofiiderdpyrtitn agdtiagddovith fhe nateréd in the conduit,
el ectromechani cal device, such as _a voice coi I‘-tcﬁpe driver, that
perturbs theh @onarsiftow. deasipyanddes ke, sambeAeterprpediby piosessing agasygment

obt ai N3d RiordR%ELM N itk P 57 ARl SABNEN Phn R ohe AN ThaliBraribRSS
y y e phase

flow rate be determ ne neasuring tinme ay or
di f f er encesodesbiehervitratingmateaitil-fied $ystens geneedllyl aoe affféavasby fhasosiboled 30

transducers (or, pickoff sensors) are.typically enployed i rder t
neasure a lﬁsbr%}ﬁig%ﬁeﬂnd ﬂé@’ﬁﬁ}%@aﬁpteﬂ'lﬁ%csfq@éb\? %ﬁ%"%ﬂﬁlﬂrgg CB&&!%@J& mategia
are typi cahl Mid-8%RkEd at positions upstream and downstream of the

actuator. l‘#ﬁe two pickoff sensors are connected to electronic WD
2009/ 134830PCTALISRRADYiBA2A Y Jovnmtten itehtdas domorhyoreabhdwty, thatichcamettyd

two i ﬁepe dent pairs of wires. The instrunmentation.receiyves signals
from eRe. tHED aiRgrding oh et Faisgop sy aad oY I £ BB TGS
derive a npgshd HRWd @E SyIBAS W QMBI malRWidRidedshading ausesk daturer f or m
mass flow rate and/ or density nmeasurenents for ) .
vibration modes, including for example, simple bending, torsional, radial, and coupled
modes. In a typical measurement application, a conduit is excited in one or more
vibration modes as a material flows through the conduit and motion of the conduit is
25  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. Fluid density may be obtained by determining a
resonant frequency of the flow fluid. Mass flow rate may be determined by measuring
time delay or phase differences between motions at the transducer locations. Two such
30 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 sensors are connected to electronic
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5 a wde variety of fluid flows and offer high accuracy for single
phase fl ows. ea in which vibratory flow neters are _used isS in

t he neter|W828?9“8ﬁ3°and gas well outputs. The product HCLEURR(% S

can conprise a multi-phase flow, including |iquids but also including

gases and/ 19§tr1§ﬁéﬂt5’c§mtﬂiaéabﬁﬁ‘@ sBén &gy @kd“i%@e;icﬂdéﬂi%afré e irkdli Phe An
oilfield flow fluid therefore can i'nclude oil, water, air or other

gases, andhsfrumenietianrreetivasrsignals| fram thsaimiol piekodf essors end pregpyseeethe signals
However, when atV| brato é atIIl| qut er |i sngs[ed to nmeasure flow fl uids
i ncl udi ng B9 %gﬁr”@ea%l@ Sy G¥C BRI ™ M e accuracy of the neter

can be signifi qagkhyetsleareaded o pdrfdri RbGHow Besidddy Rnéibakeidieements for
resulting nmetering be as accurate as possible, even for such

nul ti- éhas%Wfdeowgletmfélwﬁ;ﬂows prdaficrhighagourrcy Soranele Akasgdlowsn Qugi aieain

gases. CSRSRLALINBPRY 888 RNI.0NR o TREEMI L 5PRSR: LS 630, The

i ncl ude ent P s or rarned

as concr etgod@it of sd'_dhl'ﬁ/dllél’can ﬁbllhphsdﬁﬁmﬁl-bh&wﬁlo%mclmglﬁ@uﬂs bittiatks of
different densities, such as water and petrol eum conponents, for

exanpl e. THReUAMaLEses AR OR sidsdhatican éﬁﬁma%ﬁ%d injthasflowitlid sppjoddicld flow
ot her pr O%{lh 'tk?e?efo}encaﬂ IH&’HI(Fé oiP W&” %xk 8‘{:’ thE:Ih S¥§ Qﬁtgt)f %d%}' ﬁtep Lsc?lYV
e en ases/ so

conduit doés not necess rarne 1 ds

conpl etttel yharticupdias éorvuxhimplehd{ddrw fvlrheln(h V1Hd’atcﬁyﬂbbrrmeneorsaisechtmmdwrd s
referred to as decouypl.ing or, slip ﬁ bbl es, exa can
becone decfc[ﬁ}b flaiisapcinding gntraiesg sqs d/%rfsp g f CFW@"X/P ﬁhatnil% aﬂan be

response af ﬁﬁt@%gﬁﬂy@f‘%%{gﬁ? \;Gv‘ijz%l{l% (it a@%aﬁﬁ%nhaalﬁ be sRchrate

bubblestyp ca e Wt as the ow neter Is
vi br at ed. eislqmesmhe exlearfg&mcbuhﬂﬂl@hasﬂadlm rmve with the flow fluid

during 25 vibration aof .the flqw. conduit. t ea t he n be
Gecoud oa 1 oriiedmfianar o i B AR AR SAsor BSPO Ty PUbE gk
ent raimed @ass. PSS-SV NowE akd iﬁeruda Rek-fiasd s%n]dg Bﬁéhﬁd&dféﬁﬂWpﬁhlé!éé

during each vi brational novenment. This adversely affects
vi br at i onahixtgepercbeas obnarete, dié.ofmthesymultinphas¢ Sows san inclvde diﬂulﬂ@lf)fd

particles ed..in the flow f hal
Pher east ndlheTeRkETyES St suprer PRl dRETeteaR iRkl 67 BuRs®

at i ncr eashghBrdiffelett ®ngigiss, Q’Escﬁélﬂé@bt ethet prlopatisenci es. The

decoupl i ng may even occur where the nult | fllo ase flow includes Liquids

of differing ddnsimuléhasedfiow. the ybsation efg flopheondaitsiops nofdreaessaidly HAS

20001 Do dbpetredousroadotso ikl RSt Bidme R aujo. s ymiiopely o
and the dlefnbﬁfa@ﬁ@e&ﬁe@&fﬁsl deyolpingee slippigef Oawblﬁlihleﬂ f(&‘rﬁatnbﬁa tar eicgme
material, for exa In addition to agblem; caysed hy the

relative rﬁﬁpp@%e%ﬁow%ﬂey fawét %%Ptlm&thégflbr%qn fesgonsgeBd gny gpsequently
exper i encey Q/%&”ﬂ@&/ gteclg{e?i en%‘ﬂ%éﬂg{gﬂgl C?ﬁﬂfﬂ@l A 1t1€ ﬁ‘@ow PicPas the

conpr essi b| ity, ect S measur enent
fluid is |ﬂ):vwm’etetrh€v1ﬂ)&ﬂ:¢d Iﬁmwmrf]a@ubmiﬂ)}eqafo ndnmavetwath the ﬂbmgiﬂuid during

Li qui have hi gh nic velo |t ase owes i
Vel oci i oov Pl oF Fie IAMCoRRta s <5 PEGUPHE: CaBy RO froShae fowghuid
gas entraipadah rﬂ?cﬁ'e Jﬁc‘}bﬁ_‘bﬁdeﬁﬁ? ul {9 eﬁt?alﬁedj%a@ﬁﬁ%lﬁs ﬁl%dh'l%tihl‘?l'ﬂar aﬂg tRGer than

speed of soun xture, below t of either phase.
osci | | ati aohe dbwtihed tlong easvberlkpmtbm;ﬂamvsmanm Thas/alyetshbt aftestsi the aﬂaeathnal

t Eg ts:)ggzvrggpsogégl 13 § Iot%rp.}'lg er. h‘las 1Csj raiso%'ue 0%%]&6({] Sé’ru&es enrl‘reallg%tln the %{\(V)]S rhuid,
where the solid particles are increasingly likely to decouple from the motion of the flow
30  fluid at increasing particle sizes or Vibrational frequencies. The decoupling may even
oceur where the multi-phase flow includes liquids of differing densities and/or

viscosities. The decoupling action has been found to be affected by various factors,
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fluid is high, as in a single phase fluid, the first acoustic node
for transverse sound waves across the circular conduit is at a nuch
hi gher fr a§Qemests#ian the drive frequency. However, whERTAURMYHERR of
sound drops due to the addition of gas to a 15liquid, the frequency
of the acaqustic S r - i C
mode and oHE PG iy S ARE gl G dOBiLRGRL APGksRY biRef BRI

of f - r esonghdeamkibk fakigamaatridfr agonsti ¢ mode by the drive node.

For | ow frequency neters and typical process pressures, velocity. of
sound effects & addifiestonroblamsgiysed hydee nelagiig Meotipn gf BubplesAndpartices,
negl i gi bl AT : LA r

iovever, (5ol piFRPER ok Bt SARGY dditncaloRal BEK S oo TE (S8 For

pr essuies coiripkeskibiiiy,\effebtyivd®en thdwnievadoadityyofolie measncknoan fioel ik dow enthegh
to cause significant neasurenent errors.due to jnteraction between
e dr i ve OSHTHAN RIS NG Mol AR TR s Ve B OB S T

vary, de p?ﬁgjeis St Pk fo%s@%ﬁﬁs h%su RLESiCRke ot e tde PV ESSHhA] Ahotidte

flow fl ui t enper at ure, egree of mxing of the gas into the
fl ow fl ui @f gdhenteitednin adiuidhresudisén e dsandtic rpduction mathe epéesl afsourshdfithe

rel ated to how h total .gas ,is present, but also to the size of the
i ndi vi dualmlé%e’g‘ég‘& ’%‘@tﬁ?gf“%‘ﬁlép}fals%w. The size of the bubbles affects
the aqguracy offpt BEiMRARUINEM:Sw hHR HEAucRH RN vaRES thRY o€ HGhslMe
and decouple to a further extent, |leading to fluctuations in the

densi ty arm@ng@rseahsatieatdbndiive/fresuenéieof themetdruWhenthespesd phgound of the

conpressibylity.qf a.gas, .the bubb an_change i,n S a nt r
mass, yet 164 1%@1‘5&% H% fipele ﬂ?ﬁ?ﬁ&éﬂiléﬁﬁ? ﬁléq a%Iat\I/“glrng dg {/(),(;Ilq’riafl Y %eé SBP%@S ure
changes, tRePuNsahSEEMIGINGAL Q6 Paidh hedhyr Fbargey K pandivg as the

WO 2009/ 134830PCT/ US2009/ 042019 pressure drops or shrinking as the
pressure ifipgrensyeslowenes whan the speedel round drapadneisthe addifen pbgastar or

resongpt frequ t i i br | ow
eeorgst BRI AN e dho Pl hchte Mot 0"
300 Hert z atdig}ic nwide And armirivetngdde 209 eloed, nitgeratrofy esplehe teshdeff\reenai@0

5and 1,000 Hz. The operatijng freguenc_y ina prior art vibratory flow
meter is ©yptaian oy therpsewsticimodsihydhe dgve B8Afi tate the 1 ow neter

desi gn, produckhOpy, A0 RRFHRehOMd tgl%al g&g%@rgss%reﬁr basci%afs\shm géf&lts\/

or Coriolis flow meter*i s configured to ically conpact an
subst.ant i atd preseni fronoltiphasdiffosvssiue are. uskally soghigiblewith réspeghe thefspecified or

art flow neter is ically less_than the length,. giving a |l.ow

nei gheDt o APt Beiery HOME Eor AYal Tesmansy o s hoRA CREFHRGH 8 ve
frequency ., &Law W?c[n%{1bl.’al§‘¥ﬁ§dsgfh%fv%foc§y%F?édnd%‘éﬁ‘ baldw ShARhI chiliat
installation is sinplified. Further, flow nmeter design conmonl

assunes a significantmnessureghent pivers aluf kaiinteradtiow batvaeen shaidrsvepndfhiid vibration
optimally ocpd[eerate with such a uniformflow fluid. In the prior art,
fl ow met e %pically have a | ow height-to-length aspect ratio

15(H'L). A strghgbite 6Pdbubbles 6 viRY,lephafin@onBleAouhOof 28 ptReseCt
ratio of zero, which typically produces a high drive frequency. Bowed

f1 ow @&ndprassurané thsfficen fluklempsrdterepand-be Hegrer of mixiig efethp gas ko the flow

dom nant dj ion.and.w Il increase the height-1{o- S t
rati o v ERE PR 0p e teorsR F St & o G FRE BaB 3R e
hi gh aspeghs fsairésent, bht A4 t6aHe e HPHE thdivibgulighs bhihlesTatles flow. Thesige bor
art may have a hei ?ht -t o-
the bubbles affects the accuracy of the measurement. Larger bubbles occupy more
volume and decouple to a further extent, leading to fluctuations in the density and
30 measured density of the flow fluid. Due to the compressibility of a gas, the bubbles can
change in gas amount, or mass, yet not necessarily change in size. Conversely, if the

pressure changes, the bubble size can correspondingly change, expanding as the
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20 length aspect ratio approaching 1.3, for exanple. There
remains a need in the art for a vibratory flow neter that is capa

of accur at WO i abl y neasuring nmul ti-phase flow RN ER00 iﬂéﬁ’é‘t’:t s

of the Invention In one aspect of the invention, a
vi bratory ISI%%YYN{@PE{ ol @FinfiR g%ﬁtﬁ r@&u%‘ﬁm‘éﬁsegS‘THTS%aﬁ EEchalhéé'vgmatmns in
characteristics mul t1 - phase l'uird conprises: a flow

met er asseﬂlbhynlraiottasbnfglt&equmcymﬁﬂwﬂdvometmndw ts with the flow

nmet er assenbly ei n con red to enerat ver ow frequency .
fesponee. hat B saronAlosy Has s B dea oA A ehst i herty i B
for the f'é}%ﬁd 10000 H@tIERE WilIEsofn /B Mrshipdfatink QEEBA N CIeE BRNREE 500
that is above a predeterm ned maxi mum decoupling frequency 30 for the

fl ow flui dandi n@KbdndEhe OIaﬂratut‘rmfrtﬁcmee%gm amicgaitalibrgiore flow meter & aymeadly
mat eri al %ro ositi

09/ 830PCT/ U 09/ 042019
net er el ect lélsorg%ﬁf)?aecghtf‘t& % O‘F"II% 4 g’? I%{Sg‘é‘%{?ﬂy %P%E%}?PI §F ed

to recei ve,@ipldh pﬁﬁ@of‘ Qrt\(rﬂfré(tohﬂw ool EmRY méieP Isadon fiBRded 1@ 5O pRye&IIgNd
one or nore very high nci)é vi brational responses and determ ne

t he one orcqma@t mddwbﬂam potie dinsasioss.f Fomxempleo adeght pipz Rrigrarty
low fr eq”eﬂ‘ Gé‘gp?cﬁﬂ 1&;‘5‘ TRRE Enfild g}r&g% a%g«l 1% gl:[fﬁé—?%éﬁé %{spéa' B

f requency VI I on ponses. era

el ect ragni qﬁmyaméargasp@dmgxmlghtdh@é firqaeoUPlovnghetetbads HryférAf Imalls
about 1:1 for the very |ow frequency and_Is configured such that_ a
decoupl i ngoverl] Bzq ssq&h%tflystaléat@@dmw ifieflo Fughar, dow Beptey glesigh comenopby v

hi gh freq _ I

entrai ned Seiec it Sk AT R MGt & deqgiodif Pﬁ%’?ﬂ@%{)%gten“@%%r
el ect r oni csich 2 vaifofm gowethiguch that a viscosity is effectively
infinity with regard.to particle notigp for the f] wf uid at the
very low fr equéﬁg@e R s %Bfﬁ?f%{ﬁ%@ﬂ&ﬁ\f? ﬁé?wge Ler'sgd? dpect afio

ef fectjyvel éﬁﬁrﬂ sﬁ‘a%ﬂt &ﬁﬁﬁftq}lo’iﬂn%f hacd l?elﬁfﬁltb %hgﬁ?ﬁsp%&ei‘ai% B¥Ydrb, L\i/l‘ﬁcﬁ‘t

the very h frequency. Preferably, the Vvery frequency is bel ow
a predet erim'niceldiy pﬂOdummfﬁ.ﬁSdﬁW@ﬁﬂqﬂe&S}SI Bowed ﬂowmoeé.htslmie ofterthesed el kseap

f f i | f t it
Pr ef er abl yHE 1BV E0D bFH e GermanELSOIemaR PEhaNT PESHonTR FetArTissIsBRYs
to an invefspect PtRKEHLNUABREVd Ipridritad fldve nRRQY SreadPMsighed vAltthibh @speet ¥

hi gh frequency vibrational response corresponds to an inverse Stokes
nu mber ( 5)rat1hsatA icgrvied 98 bowethcatsloiitfllopometer in the prioppré gy disvy a height-ione

0 ondujts are ¢ nfl d to achieve the very | ow
fr equeﬁ)c lg?l%tﬁta%ectfé"?]? aRPré‘ﬁ ggeﬁé'fxf)@p]%bnfi guration of one or nore
of a flow COﬂdUFHeréﬁeiﬂaitﬁQt&&,edfﬁ 0 1006l bl ivibrateRdW nict@uhatanehpableagpect
ratio, flow conduit material, flow conduit th| ckness fl ow conduit

shape, fl cWcegidurnd ghablyrmeasuralg WRB-phasedpw fuids.
Aspects of the Invention

In one aspect of the invention, a vibratory flow meter for determining one or
25  more flow fluid characteristics of a multi-phase flow fluid comprises:
a flow meter assembly including one or more flow conduits with the flow meter
assembly being configured to generate a very low frequency response that is below a
predetermined minimum decoupling frequency for the flow fluid and to generate a very
high frequency response that is above a predetermined maximum decoupling frequency
30  for the flow fluid, independent of the foreign material size or the foreign material

composition; and



25vi brati onal node positions. Preferably, the vibratory flow
meter is configured to operate at a first bendi ng node and hi gher
bendi ng node 26008383nci es. Preferably, the vibrat 8EV/UF208%043e0er
is operated at a plurality of frequencies to generate a plurality of

v et onal e oL 0 DI Sh Sty Bt R e

mul ti - phasgeof hved Sery 10M0fiRGMNCTE I3 MIMRTYebi96941(d42@ 19 more very high
Preferably, the flow neter assenbly conprises two or_nore, flow neter
assenbl i edtagHeRcyaikrationsl eﬁsgw$%arybf¥ﬁé@ratl%e the NG BF JRorelipy fﬂé&i @seagpteristics

response Q{}hqn fRe, ¥ %E I}nggé %a}y‘;]r(%\? %%ég{{'@éy ngz‘&?&ﬁﬂes%onses and the b mﬁnrg  very

aspect of e 1 nvéen termning one or nore
fluid 3chaigctrefuesd cbratibna regpohsesphase flow fluid conprises:
vibrating a vibratory flow nmeter assenbly at .on r re very |l.ow
frequenci es t hateieraBlyplesieter Siecrgics is o Wﬁ}lﬁhﬁ?%"&%awl?waﬂo

frequency hon rigﬁw%&ltqw for me%?ynﬁwyﬁggﬁehh)ngn&a%%oﬁﬁ We@agﬁrthﬁ%ﬁﬁealﬂinét

one or norev Igh frequencies that are ove pr edet er m ned
maxi mum desatdu@d ¥ A isfabeqiie h dyr dntrainet @ad dtdhe Féryihigh frephepenahens abdut eieal

10 forei igl si the farei terial ition;
recer vi ng RABL B RB) Brpnireed raldBenty IoPaR AR esponses and

one ongnore Vebyrhhel, fikSaiaIsenbhies &l dodfighrel8RPMEESvis@Rly is effectively
detennining the one or nore flow fluid characteristics fromthe one

or nore verfnityowith regguictiopartiddomatiprofelthe Bew duabsl thdery hew dreuascy aad &

hi gh f i br.ati.onal . Pr ef bl t
one o norRRGRHSA TSk A aqienYBCe oEEaIRY 70 3 ASBURN RECT AEISorAR ke
of about Holy and at e veRenigh fildgidcyery high frequencies result in a
decoupling ratio of about 3:1 for entrai ned gas and about

| Af
equal to 3/0 +P(eiér§€bpﬂl)pf\fﬁljy Ipwr freguencsi indelosior pigdeterPuPREMEEBNY, t he
ot eols o R RSB haL o Lrdeh SR Yt R i,

ef fectivel’y THTI tion Tor
fluid andpidi@iddeempssitid.e very |ow frequencies result in a viscosity
that is effectively zero. Preferably, the one or nmgre very

| ow frequenci e§reerabIethewer Ippeararerey Heatiaba rFRRPSSOSIERApFe b | i ty
thresho' dinddddensRdehbef (o tfa? %Hud0e AR 5!5%nathe Forf hidh Ffulhs) 0N

mat erial conpositl
vibrational response corresponds to an inverse Stokes number (3) that is less than about

20 0.1
Preferably, the one or more flow conduits are configured to achieve the very low
frequency and the very high frequency by configuration of one or more of a flow
conduit stiffness, flow conduit length, flow conduit aspect ratio, flow conduit material,
flow conduit thickness, flow conduit shape, flow conduit geometry, or one or more
25  vibrational node positions.
Preferably, the vibratory flow meter is configured to operate at a first bending
mode and higher bending mode frequencies.
Preferably, the vibratory flow meter is operated at a plurality of frequencies to
generate a plurality of vibrational responses, wherein the plurality of vibrational
30 responses are compared in order to determine an approximate onset of multi-phase

effects.



Preferably, the one or nore very |ow frequency vibrational responses

correspond to an inverse Stokes nunber (8) that is above about 3.5
and the on®O3PHB1880 very hi gh frequency vibrational red{$dii§2e9/042019
correspond to an inverse Stokes nunber (8) that is |less than about

0.1. 30Prefer agiryferakgg i @5@ WY abd 1%61ﬁﬁr1§£ 179 BF W ggwtn%tgper ate

at a first ben e and |g er ndi ng° node frequencl es.

2009/ 13483&(3%1111116821@@ 9re0dBO1E to generatl@rtm arpbiw freqimacy rdspetssrapd ﬁlha)very
nmet er q_gehgted at a {))I urality of frequencies to generate a

pl ural | ty ‘981 VPBIQEY BB Pesponses, wherein the plurality of

vi brational regpQAs8EHeal & tROMNBAIRFh, h Tdidiefor HQeMih o RSy &tbre flow fluid
approxi mate onset of ‘nulti-phase effects. 5Pr eferabl y, vibrating the

vi brat éry MWeM@rofasselmmk;aseﬂowrfbud)manmsearor e very |low frequencies

and at the one nore ver h e uen es conpri ses vi.brati t WO
ot e vt by g oM RSy B el RO S TR R et il Hepheheie

i nvention,tha AEbeF aQfredRériming ﬁlﬂlﬂnbfrlade@bﬁ‘lalfn'g%qﬁ’@ﬁ@rfof Ok QL BhidiaAtNg
one or nore flow flui'd characteristics of a nulti ghase flow fluid 10

conpri ses:vigratieg rrherﬂqvgmter AR ELYOHONS 0B HWER ¥ oY Aégh @wnwewhﬂtr ¥y abesya

11 ow ot erotpsstafB PR PSR aEo PE AR gL RBe L B

| east 1@ne fpreddieieteibngst srethy fdreigh iee e oetipoatidy bel ow a
predet ermi ned m ni num decoupling frequency and with the at | east one

predet ermi ned TEFeiMdRg OBg @}Hnﬂﬁeéﬁﬁémﬁ%ieﬁ‘@’ BibEenal IBTROFEISANAORR gr more
maxi mum de‘%g}pllrﬁl P'ﬁg:qilé gqmgggoﬂa%esh&%e{ QW fluid, independent of a

forei gn mat sI'ze eriral conposition;

sel ecting one deteAmingng ihewmorndmret ﬂdxeﬂughckmkeaatamtlawfrsmthsoﬁmaadomnrery
t he at Ieast one predeterm ned very w frequency and on the at | east
one pr edet!@¥fieqaenayspbrationm I’?SP@%ﬁféﬁ’&%%e\Mn?ﬁfm?ée e1e high &%ﬂ”@n‘ﬁ ow
conduijts degh Ao ?&;S%g_l stics being selected to 20 substantially
achi eve the at eas one predeterm ned very |ow frequency and the at
| east one pr edé’lrﬁ"embbedmme;orhﬁcghvénydqwd:mqyenmmsult inadeomgﬂ'mgc‘atﬁmg

th br at fl I th : d
condui . adavi ERIPEL eI BrrraBe PRer Byl T gecolfling
pr edet er mipgel LF‘?A% off A¥6ult RECHR @ﬁﬁ‘alﬁ&is stafid aBow egR4186 BHPH (20 dpﬁ}’f)) %r

(Ap/ Af) of abo 1 and the at |east one predetemined very
f requency entraimkd solids. a decoupl ing ratio (Ap/ Af) of about 3:1 for

ggf Ir Sgaed gas %n&eragﬂz%he oqme or 1ﬁ09e %ry low%equerpc?es rLsult n aevrllécro%'t}p&lat is

effectively infinity with regard to particle motion for the flow fluid and the one or more
very low frequencies result in a viscosity that is effectively zero.

Preferably, the one or more very low frequencies are below a predetermined
minimum SOS/compressibility threshold, independent of a foreign material size or a

25  foreign material composition.

Preferably, the one or more very low frequency vibrational responses correspond
to an inverse Stokes number (8) that is above about 3.5 and the one or more very high
frequency vibrational responses correspond to an inverse Stokes number (3) that is less
than about 0.1,

30 Preferably, the vibratory flow meter is configured to operate at a first bending

mode and higher bending mode frequencies.



Preferably, the at | east one predeterm ned very | ow frequency results
in a viscosity that is effectively infinity with regard to particle
noti on forw@Re9fis48%0 f | uid and 30t he at | east one predePETHBHEYHIEWY
hi gh frequency results in a viscosity that is effectively zero. WO

2009/ 134830PCT/US2009/ 042019 Preferabl yv.. the at. | east. -

pr edet er m ned \%&éagﬁmﬁ}er‘@ﬂﬁ@% OW%“%%%%\RP%%?&EI%P@?%@ggﬁﬁﬁluneimr"rlﬁ%o
SOS/ conpr gggdrbicld fhyralifr &Shigtondl redpoRiasieitierdih tie glaratibyasf vitbgsiadl si ze
or a foreign material conposition. Preferably, the at |east one

pr edet er niTPRRENSES AYE GAMPAAGif PEFRE YO defeTaiap amaRPTOBIMAE ensehidpuls-hask es
nunber (8)e ﬁe&gt is above about 3.5 and the at |east one predeterm ned
very high i‘freq'uency corresponds to an inverse Stokes nunber (8) that
is | ess than alpesferaBly]lvibrating thdviefasraliloy melee asstinbht aithe frlemwanmet eeryi s
configured to operate at a first bendi ng nmode and hi gher benpding node
frequenci é&W fregpeneicsaag py the PR oy MeFeaYesy Pigh) f&ﬂllﬁ%{l@rcowrﬁﬁ%wg%ag gyogr
plurality I e a plurality of vibrational
responses,lgﬁﬁggbg%gs{ﬁ%‘gg%%ﬁl&?ﬁ%%' vi brational responses are

conpar ed i n or @ieond speetod e ineeraion spmethod wé fanons & viboftompflaw mpteaser

ef fects. .. Preferably, vihrating the vibratory flow peter
assenbl y éipfepﬁgn%%neoqr IB?fPéTO\‘i"eh'}‘/‘.df arg W‘?tfcéﬁﬁé%h%'§¥ﬁﬁ?ﬁ% Hﬁ e one or
nmor e qgrycgglggsgsg equenci es conprises vibrating two or nore vibratory

fl ow neter senblies. Description of the Draw ngs The
same ref er ence detenbiaing = astert Bedehansuateest refiequencyaind atdeasi ongs. |t

20 shoul d be, under stood .t hat the draw ngs are,not pecessarily to
scal e, FI EreCERSRTE B HER Jeatey Ko e B O Gl s S che leabthn

i nventi oNnexpected Mdwalugl, WOWRe & I¥RE ¥nd %‘é’dété@ﬂﬁ&ﬂ@&y%\b 'ﬁ%hﬁﬁlﬁéyfbbmg\below
meter according to an enbodi nent of the invention. FI 3

i s a graph poédetrrodngdl hingnefifdgeouplisg Sigqugncy goemdi thoat loast gng prgdetermined

gfggﬁ&% ng V%rSy ﬁléﬁ %%Sﬁle%icfr" %eilﬁg abSueld greggtexilﬂnéc[]%afw h?coﬁB‘f?Hﬁ‘frEdheBW for

the flow fluid, independent of a foreign material size or a foreign material composition;
selecting one or more flow conduit design characteristics based on the at least
one predetermined very low frequency and on the at least one predetermined very high
frequency, with the one or more flow conduit design characteristics being selected to
20  substantially achieve the at least one predetermined very low frequency and the at least
one predetermined very high frequency; and
constructing the vibratory flow meter employing the selected one or more flow
conduit design characteristics. |
Preferably, the at least one predetermined very low frequency results in a
25  decoupling ratio (A/As) of about 1:1 and the at Jeast one predetermined very high
frequency results in a decoupling ratio (A,/Ay) of about 3:1 for entrained gas and about
equal to 3/(1 + (2 * p,/pp) for entrained solids.
Preferably, the at least one predetermined very low frequency results in a
viscosity that is effectively infinity with regard to particle motion for the flow fluid and
30 the at least one predetermined very high frequency results in a viscosity that is

effectively zero.



FIG 4 is a corresponding graph of decoupling phase angle (c) versus

frequency for very |ow operating frequencies up to 100 Hz in the
exanpl e shB@ROPM3¢3R gr aph. FIG 5 is a graph of d&&PBPIOMg2019
ratio versus density ratio for the very low or very high frequency

vibratory flow PTEfe'Fa{bhg%?{;tg%d&g%%%%@ﬁeﬁxﬂ}{&%wﬁ‘ow%%Eﬁeﬁc % gy a

portion of the very [ow ratory ow neter %CCOI’dI ng to
t he i nventpredeterniPONAMLBIBADRCTH1dSADNDY O¥@baRI, indeperdet of A fotwgrs a

sinple free bogell§ di ag r m.t hat | ILustrates the source of errors in
mul t i - phas@aef! l%f‘n"f\ﬂ F%%Wteflfa HATPRASEIO&: FIG 8 depicts the

f I '
motion of are Iﬁl’Eera%'l)%’,itilu? %gEﬁPt@ﬁé ﬁrﬁh&er%né@@é %\é‘ ﬁ'egééngglc%ré%gﬁd% il

vi bratory flow neter a denser flo shows a
total rel averse ﬁmkbmmulbb&lw&)eihattiheb@aarabpuﬂ B5and tHeIauilet;tstcnne@rqletfgﬂnmed

gquarter oscil ion of the f ube i nc i ng the nge,in
Tocat § on ooty hithdBugox TRt b oo Stoker fedibeBLEHEE 145h han about
|l ocations @f the CG of the particles and of the liquid conponents.

10FIG 11 is a graph of decoupling density error versus particle
density. FI Grefegably the @bratt@&élom wetenfs apafigined @ ppayate fabr fifst beryling

Vi scosity versus 13 is a surface plot of density
error for LPP@J?%PWE% éef@n%é’? ?ﬁéeﬁﬂ?nt i€l e densi ty. FIG 14
is a suface p'F}Efeﬁfb])dQ]ﬁ@hbiyat&S/rfIbﬁv fnefer Rapdtitdd arilinhligof MRkGetkies to
vi brati onal 15frequency. FIG 15 is a chart that shows

si mul at i oneanexid @ Bluglity of ‘aubraﬁl@mhr@§p0é$%owh¢rﬁmﬂlaphvé¢lw pbwbfativgalency
mode, a med Oéﬁ@qés a%@ E&Hﬁz}(re&'?ﬁj&de ﬂsé%nﬁ{eg%gi\ﬁgpomﬁﬁt%%ﬁe%ﬁ[@ £ »Rlsed

Coriolis fi a ver uenc
vibratory dffeew. met er according to an 20 enbodi nent of the i nvention.

FIG 17 is a flowhart of a nethod for _determ ning _one or nore fl ow
f1uid charact erBreierabdy, yibrating fhe vitspasellow Heten asseoly albihg AR Of Botg Ty

i nventj{on. lo%ﬁukﬁges[ﬁﬁc‘ft Rt b Aork b&yl H}é[k?ﬁ[e&&ﬁmes comprises vibrating two or

more vibratory flow meter assemblies.

Description of the Drawings
The same reference number represents the same element on all drawings. It
20  should be understood that the drawings are not necessarily to scale.
FIG. 1 shows a vibratory flow meter according to the invention.
FIG. 2 shows a very low frequency vibratory flow meter according to an
embodiment of the invention.
FIG. 3 is a graph of decoupling effect versus frequency for very low operating
25  frequencies up to 100 Hz in the example shown in the graph.
FIG. 4 is a corresponding graph of decoupling phase angle () versus frequency
for very low operating frequencies up to 100 Hz in the example shown in the graph.
FIG. 5 is a graph of decoupling ratio versus density ratio for the very lJow or very
high frequency vibratory flow meter according to the invention.
30 FIG. 6 shows a portion of the very low frequency vibratory flow meter according

to the invention.



FIGS. 1-17 and the follow ng description depict specific exanples to
teach those 25 skilled in the art how to make and use the best node
of the i nEARIBA348RLr the purpose of teaching inventi v&CHUSHIPPBI2EL)
sonme conventional aspects have been sinplified or omtted. Those
skilled in the t- W rect at 1.al ] . .
That fall i tnieCt At AR RS AR IR R BB AR iy
wi Il appr emildtphatBdw iheibteaty flesmdescri bed bel ow can be conbined in
various ways to_formnultiple variations 300f the ig\r/e_ti on.. As

result, the inV&Ht? depiFts th%poqiqwﬁaeﬁlaﬁiaelﬁﬁ%ghéa@wﬁ 'awné@eau?be of

descri bed ' s heir equivalents. WO
2009/ 1348?%@%@38@%%%8?@ ‘]E—[P%a%tfﬁgseﬁg\?\gqgu@i bratory flow neter 5
accordibng to t FeGi stervts omotal Fdiative ibotddroseywédnohe patiele aadifhiidlesa gingldt t o
measure fluid characterjstics of a flow fluid, includin asurin
either a fAUgHFTRICHRIH at ‘i?lﬁﬁ]&W“L‘F’dth‘ 192 the charesin ?cgfleﬁl??f heserieter
in one enmbegd); conprises a Coriolis flowreter. In another

enbodi neﬂ%? tlﬁg@\ﬁ)bratory 5flow nmeter 5 conprises a vibrating

densi t onet er. FIG. 10 Fines the hocatiomsypfftheo@Gnaitke p&ticlne inddefshalifhidw et er
assenbly 10 and rtret er electronics 20. The neter electronics 20 is
connect ed ‘PEPPHE et er assenbly 10 via leads 100 and is configured to
provi dg measur enEnf 5isQf grfiEofUecHiyIR g Pendtyd@rs vbus pRESeldeRWtyr at e,
volume flow rate, totalized nmass flow, tenperature, and other

i nformati on ov&IGal 2B aconfaeaplotef dsnsipagrrorder fluid vidsositydvesais pppistasite. t o

h Killed i . h . ' ion . b [
any type of i b1 b b pi ok GeBUE G OB RS RS Lo

pi ck-of f siepsigrs, flow conduits, or the operating node of vibration.
It should be recognized that the flow nmeter 5 can conprise a . |

vi bratory densiFlGnkt e sarfagenloboicsnsib ¢rsorrfﬁls@nﬁm§wn@%@9 VersgyWErgtiopd
nmet er lgssg;%t&{lé(nc}p i ncludes a pair of flanges 101 and 101', manifol ds
102 and 1 , a-driver 104, pick-off sensors 105 and 105, and flow
condui ts 103A &N@. 1508 B.chdihehat shoves sichQthtian eesttheoPioti dersity zens o by
and 105' are connected to the flow conduits 103A and 103B. I n ope
enbodi mentow figgusncynedsng miediim Haguenry mpdaand Gisey Yigh disgusngxmodeof ay.
20 shaped dJ 0y #00duids, as shown. Alternatively, in other

enbodi nent's, th |'ow conduits can conprise substantially straight

f | ow. condui t s. FEOWEVshows atveey highdipgsercarvilabtooy Dew ussel sampatdanggowant hi n
the sgope of the descgriptiaon and clains. The flanges 101 and 101' are
af {1 xell t GUIREIREEHPF DPRYer8Shand 102' . The manifolds 102 and 102' can

be affixed to @ppOSi&a MRASaRhf 8 nFRRfEHr dQ6mite o%g%isﬁ{ore’t_ﬁﬁw%ﬁlid

mai ntai ns the spacing between the nmanifolds 102 and 102" in order to
prevent urheséterstiogiohr aulopdaserflavh8uid aseprdogdaithesint@gnand 103B. Wien

the flow nete senbly 1Q is inserted into a conduit system (not
shown) M{Fﬁalmfséglpf%g OEFW'}VF{]&&“ bei ng measured, the flow fluid
enters the flow@gster7 ﬁ&ﬁ&@%ﬂ’ov&iﬂgﬂ@ﬁ&iﬁﬁbn &R et shadife eldtiplePRI8LH those
through the inlet manifold 102 where the total anount of flow fluid

i s di 2éct ekilled intheart hometofinge and use the best mode of the invention, For the purpose
of teaching inventive principles, some conventional aspects have been simplified or
omitted. Those skilled i the art will appreciate variations from these examples that fall
within the scope of the invention. Those skilled in the art will appreciate that the
features described below can be combined in various ways to form multiple variations

30 ofthe invention. As a result, the invention is not limited to the specific examples

described below, but only by the claims and their equivalents.



30 conduits 103A and 103B, flows through the flow conduits 103A and

103B and back into the outlet manifold 102', where it exits the neter
assenbly 1WO2APHEHHEt he fl ange 101'. WO 2009/ 134830PCHUSFEHSNEADD 19
The fl ow conduits 103A and 103B are sel ected and appropriately

mounted to the pral ¢khepai mkﬁoi%v@ﬂﬁtér@_atcb@r_dﬂgttb Bte TR HA! dhd YbretBry
as to have substantially the same mass distribution, nonents of

inertia, dieveletstsisdevghadds nebsre ulvechaeretiristcsaofesilon fiwdamtlwing W r

e’ mani { dPisutBou 63 i s BRGLATY 1 pim Urrcry Kttt s o

The flow consBdithentk83Driadtth GO isH Rvidétey en AM¥thHehemBsdiveht, #4/ibidtory

opposite directions about the respective bending axes Wand W and at
what i $ t diovethetdsd dommsisepuvibeting dgssdtopweteti ng node of the flow neter
5. However, the.flow conduits 103A and 1Q3B can altermnatively be
Vibrated ai a dneonBot T RrtdeeneliE AoRoie SR gRay i perd
10desi r ed.elddbioficR®Y. T8 GRe el Rtrofiel DO isAionBBcted toltBS hiehd agRibly 10 €8, leads
fluid viscosity tests, or for obtaining nmeasurenment val ues_ at

di f f er ent AiOmngts eprdiguradds peayddeancasyrranaiy Qfcne o mare gt & BeRsHY sBaB Al f
N . :
many we %E’gfsr}aﬁ{erf%%&?ﬁ‘&aazeﬁ. S %Bwateg%{%ga‘%@ﬁe%%d{@nﬁjg@%{ é‘%‘rq’a

conduit 1 an opposing coil nmounfe

al t er n@t i n@natiitienionipathoas sieshduld beigipatdne topssikilieddaithe drothaathsgrdzentn
conduits to oscillate. A 15suitable drive_signal is applied by the
meter el edBY@HioBsapbe pepdiipany pipgf vibmatoy; Bow meteraggprdless of the numbgyof

et er ol CGLARY BRiATr LAERL YRSy BARAAL FANGSAB hOR dSAG A Ry be

111, respective e neter electronics uces a drive signha

on t he | eadcdehi¥edtiat thechiors astdridacad comerisd  4ibraonysdeink ikahetert dnel/drladvoriolis
conduits 103A and 103B. The neter 20el ectronics 20 processes the left
and right lg%ﬁséjgi“f’\}:‘e%ef'gnal s fromthe pick-off sensors 105 and 105' in

order ftso CoONputygF JHpsatel hé%\é(n%ﬁlﬁ)inEﬂ@e&@?HPBfﬁﬁigeQTOp%{d‘l(ﬁﬁ AR gles
an input and an output nmeans that allows the neter electronics 20 to

i nt er f ace MR2tanddf2'opdrimerdi04opickvioffsensdie t 0k bttt mind floystondeits T and

descripti f ElG. 1| r.ovi de rel an | e of .the

oper at | on pBa Theiiriseo G et RebTTsehatte 305 80 i AR BuRtsst{ Butos Tove
25t eachi ngonfiuits"M3RA AREIBBL Nvent i on. When operating as a
densitoneter, the flow meter 5 can nmeasure the density of single

phase or nul ti ipkasemppdimsnt, feellove asuduiisd A3 Agnd L AZB gomprisgtvhstental byl
dens: 26, | SBha SV it 34O Eht T RETB ol RS
entrai ned @aso®prisdubaiangdlysdiaighs floW@ntbhiew ML &fer, ptidd\ehddes 0BASING Be
the density of the mxture, but it is typically desired that the
density usedand are within the scope of the descripfion 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
25  maintains the spacing between the manifolds 102 and 102' in order to prevent undesired
vibrations in the flow conduits 103A and 103B. When the flow meter assembly 10 is
mserted into a conduit system (not shown) which carries the flow fluid being measured,
the flow fluid enters the flow meter assembly 10 through the flange 101, passes through
the inlet manifold 102 where the total amount of flow fluid is directed to enter the flow
30  conduits 103A and 103B, flows through the flow conduits 103A and 103B and back into

the outlet manifold 102', where it exits the meter assembly 10 through the flange 101"

10



measurenent be the density of just the liquid conmponent(s), as any
entrained gas or solids wll comonly conprise unwanted conponents.
Not only dgorbe/1psbbl es or WO 2009/ 134830PCT/ US2009/ 022TAB268P420E
cause a change in the true m xture density, decoupling and ot her

mul ti phase err chani.s use jtional error away. from ture
densi by ° " Tag PR GRIT L GA PR SRR af bRt BBl
det er m ni nglet Menif&a a02R@hd (d the outliahanifld 162 eslseidtnveutistavialtomd ghihe

oscillation. The greater the density of the flow fluid, 5 the greater

the mass dhassdistihwignnepwents o eertia andelasiis mpdulesobopt the depding pigs
frequency pf & h 1OWr . assepbl : | j

reacur ot 3F Sh a7 PRRER RS T Aot RRUE TS T R pHSRE bltently
can be sperffqh tRMnmifdldsal 021 i 109° Brann@sentikbybargilél fakhtbn. The fl ow et er
5 can neasure the density when two or nore conponents are 10 present

and can gener atl&e Aoy sondpiss HB4sand,/1Q35 are ylriveyy by thgydriver Hiaigopppety
fluid. If j.t i . r i
asymmet 11 direeliBSHTR Bk BEREnFhia o NPT U Enldls RERONEIS Ak
density nmmasof ghsoperaling inodd of thie fetvanctar 5.1 Howevarr the floosenridoitd hEBA and
actual m xture density, as shown in equation_(1), bel.ow If the ,
donsi ti es 19PBrABa PBa vebn PR RiERted atreseronsi gt of Hlé%e Pﬁ%l%g@d? Pbﬁwgh?ft s
of indivi i , i

ol i b e e b o B e L P R T
i ndi vi dualforf stagitingnseaswsmestvaltas apdiffeyent Prtiratianabfrequehtiks. i ‘Ghdduichd 104
particl eV$arti cle + 20)9 user 13 terested in rreascylri nﬁgonlg t he éiqt'ﬂ' d
densi ty w4y SOHEGIC QR 81 13EY BFOSOPYT SHANSHE EnE VAP Ak &f PVRYRD FF Ny
singl e entf@ ARAURNBSA ahd aR Eﬁﬁﬂi‘ﬁg colNBostRES 1ol Yol EoiRhuit OB B An alternating

mul ti -phase flow fluid can be represented as: Perror = PnlLvture
Pfluid = (ch@epds passédihPoyghrthé opposipgidoditel P both geoduitntarmstidatei A a

li.qui.d it. f kag/ .b L ui 0%
T 5P L g B AR Ty 2 O M B

nmeter (opganeting at a prior art vibrational frequency) will neasure
roughly 900 kg/n8, giving a (-100) kg/nB density error. Even though
the prior art rbe&etdigicchoniced? rsceivensunseicsigngds o the leads 30! achkilyy |

i ncl udi ng . | QUi n . r
e pr or ORI TACHEE: GOTRARRD BOMHE A0S yERIRENAS long (G SRS
vol une fl ewudeatie dries UpERMseillaleyth Auwdobytuich MBI ang 0BB. @ sieted

mul ti - phase mass flow rate b){@the measured nul ti-phase density,

a m P C SQ
t he m2Rt urckecanignel prosepseuthe 16k anghaeht vty sigRals fioRbive pygs-off sénsors 105
2009/ 134830P¢d4 {PaRRP fooczb%ﬂa]u?e amass flow rate. The communication path 26 provides an

input and an output means that allows the meter electronics 20 to interface with an

operator or with other electronic systems. The description of FIG. 1 is provided merely

as an example of the operation of a vibratory flow meter and is not intended to limit the
25  teaching of the present invention,

When operating as a densitometer, the flow meter 5 can measure the density of
single phase or multi-phase flows. The measurement of the multi-phase flow density is
problematic, as the density measurement will be affected by the components of the
multi-phase flow, whether including entrained gas or entrained solids. The flow meter 5

30  will measure the density of the mixture, but it is typically desired that the density
measurement be the density of just the liquid component(s), as any entrained gas or

solids will commonly comprise unwanted components. Not only do the bubbles or

11



liquid flow rate. However, the user typically desires the mass fl ow
or volume flow rate of ]USt the liquid conponent of the nulti-phase
flow flui d¥02009/1348%he error in density is further corrpd’lﬁTél@éO(’BE“““w
errors due to decoupling effects and SCS/conpreSS|b|I|ty ef fects,
bot h of :

iud. i Beads Sifs fufr i B eah bl Rpiey Ao and AT Reror
and SQOs/ cofrmhaasnislchm%mdéﬂtﬁ)eaﬂtmor away frotvbmwmmmemltyer rors are

exacerbated in_a nmulti-phase flow fluig inclu entral
Entrained gas WISITRISHNEASHeAR 8 Vihspis ?Weéﬁgvyr%?f‘émmmg e tefbhRi (i

SCS/ compr %ﬁh@g gf chfert lo® fib dofiaie WidilatRR! itk @?&té@ﬁé (%SIJ Bf ﬁle'fﬁ)v@'ﬂﬁd
to the large 1 nce in density between~gas and liquid
resul t $ i rthe gieater tee masts iof thebbiwwereter akembha s@ and tindovderghe oattlhléfrequency

conpressibiJjty of the m , _Which res n_unwa

of 1t esondits Yodimsirgnmmtad fant et Hdl @sﬁ*siua%nw?r)f the flove peics:
from Corrprieﬁ%hcp:'pt:h&e\ht sf tfh@(ﬂto% 1Rk ani¥l dah b@’ﬁ@l‘f@hﬁede&lﬁ?ﬁ flo dthon-flowing
decoupling and viscosity effects. The decoupling effect Tor solids
are | ess dhvdre than for gases, but will still affect neasurenents.

15Me t add d b t the fl t
5at speci T vy S SErbaTaREs B ErfoilafbRitoyfite Bhusndls B
decouplo n%re@:ﬁﬂarﬁpdﬁﬁrg%ﬁ&h@a' mfxmr@fd&%qﬁyq 0.1 1 )Tasa RRRDp mamvm@a If]t is

operation of the flow nmeter 5 at thesé vibrational extrerres al | ows

for the defsanfddiaki ercale COENTES duaBAGtOBPIRIY, Ssynonetdies) Selogity BAssunt] aw,

and ot her variables. 20lt has been found that at very | ow vibrational

frequenci et ertlwétlcr@é&ﬁfchwgt'@fdcvﬁaf IPB%SéFC&rbYr%Y‘BWW mepreyifldie yRgclepe

SO|IdS [ n n ut
o, TSR B RAE, ok SRl B D R (Pl i 7R

d| st ance aow b@npmmtschrebmmmn ehndn thé niakeflbwaones biumdwuﬁmhubmpdqpntsanay be

very | ow vi hrati.onal e e SCOSI t of t ow fl ui

acts i fesfinajed. %ﬁ%ﬁb‘i‘%&%'@ﬂ? iRy Hf?ﬁ@ teW%%’fe@ e‘%tr’fé? ﬁa?twga Ogg’e
foreign n%%ﬂoﬁlmt‘imﬁ‘ﬁém\ﬂwl&hatl Gt drd Wnlsk il 1o iy her, at very | ow

vi brational frequencies there are no SOS/ conpr €ssi b| lity effects. As
a result, the decoupl ing ratio (Ap/Af) can be assuned to be one, the

conpr essi on canphbe assiir ﬂ,dt@pgg,egngrcm(mher ein the speed of soumg (c)
is assumed to be the SOS 0 he flow fluid), and the viscosity is

assu to be an infinite.va to_a solid 301t
Shoul dhe. undert PodERAEd m@ew&g A e R A

| east expgighotlordd b ﬂh@%hbﬁe ERctRWAT Qsﬁ{giete'ntrﬁiﬁ@@ Phésb bt d¥he density
However, this is not always practical or possib The approach

di scussed @t orrp myltinphase éo‘a\ibn@ carube feppertied asnD

2009/ 134830PCT/ US2009/ 042019 decoupling and SOS/ conpressibility
effects, but instead to operate a flow neter.in such a way as ta
generate a knowrrandubs P T Qg Corst afidrror ef fect. As a @
resul t25 derivations of flow nmeasurenents are sinplified. Errors in
nmeasur enent carFobexds, if @ naresped 4 ligwid dossty dfd000 ket batthy Buid Hak gh
vi brati onal frequenC|es %he decoupl i ng effects can reach an up

limit. Thi9 appmeltraction pr enfaensd sasraeia Sre il @é@ﬁﬂ?@dﬁ%ﬁ@ﬂ)ﬁ%@% at
The decoup]| r{lﬂa 15%‘&61%{1 ﬁué&{& Y1 &E@H@gh@%@;& i, g ﬁ%FkQOOiI%'Im

ent rai ned t he ecoup |ng roac es a
ratio, whefeasu:y @mr ((3073) 0] tlﬁmglmveeprain(auimtth]rlm coimely mbasudidshencetutdhat

the |i d, co ro fl d nov For 10entrai ned solid
LS e s i herh e At e RBONrh B GBE S PP Rk 5 YRR Py

about equafhlstag al- b@s/o%%{mbrnyth%ést&e%m[%ld tﬂl—‘)n}srty | Thd PAus8 IR stk L he
solid particle is nuch greater quid, then the entrained

sol i d par tsubsegmentiyt founéhmdrwcbugﬁt@neasatekiymsltlaﬂmmas,s flghw tage bhthel i qui d

conponent noves Wt conduit vibratiopn. At ve
P measured mulﬂ-p ase (;enm , 80 the mixture volume How rite Yo ab>6urI 1@’;‘ higher than
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15 with the entrained foreign matter not being constrained by fluid
Vi scosity. Conmpressibility will not apply to entrained solids.
ConsequentW§ 20004&s83pery hi gh frequency vibratory flow nBEEESHIYEHAMPe
vibrated at a frequency equal to or greater than the upper limt
frequency f C i i L L.t
effects ¢ élﬁ%leﬁgé’g F?g‘g n@gﬁé{l}ﬂ@f oF ég%if%pggéi%‘lfgﬁ?ﬁg‘ﬁg{&ﬁ?@é ?\’? "df gllggi.e How rate
20Li qui ds offiisethisilighiy componentwettipomtiteghasb Aowdasds, but the | owest
velocities result froma mxture of the twg The addition o{ e%/f%;nqtﬁa

smal | amount ofthg &80t |5 densitygis ifirthes sempaundgd by grrarseiue fo Aerouplting

the speed a% S@g@%ﬁésﬂbﬂ% %Etwtﬁ)ﬂp% \«QWCB Q?et dlﬁfto ‘?ﬁet ﬂﬁfangIF' hfhe 1@%{&?‘:' !

anmount of ‘gas tica I'NnCreases m xture conpressi Ity,
t he m %t uphasdeiwy flyidr fiedanion of o siaglephieadilldot ehiebltittpud etou @ bigfeed t he

speed of ynd of the fluyid is high, as in a single phase fluid, the
first aco%gqsl?%omﬂfﬁ‘%mﬂétﬁ’#ﬁe%sver se sound waves across the circul ar

conduit is at %&Hﬁ&n@ﬁ@?ﬁﬁs ére%%tgweéig%ﬁmeptﬁgé H&w FREPHERGhg

However, when the speed of sound drops due to the addition of gas to
a |iquid, entginéd gayudintrpinel ghhwilhedulsit moradeteupingendmaps. For | ow

frequency ers and.typi.cal process pressures,. vel aci of sound
effects 3§§52C%%§%ﬂ°ﬂﬁ%f%ﬁﬁ56‘%ﬂh%@ﬁw§ Sglﬂffé ans lﬁgﬂféw@ei%‘%?i gi bl e
W th nespegierbitelil efitg bt Rf oA€ S Beidd,Abhibi fes T8 BrelatiPdR¥E6n bétdieen
hi gh frequency vibratory flow neters operating at | ow pressures with

bubbl y f | dicghaseshend/éiegoithecapfipressimidty s ithepminteggs whish ggsults incenyeated gbt-
2009/ 134830PCT/ US2009/ 042019 si i.fi.cant ..neasur ene ar ,
 otor s Stomer T gonal R posts, e oy A R A B B B0 Coﬁlpge%%)&hﬁtsr e

physi cal egptiaBatwilexaibivetRs the/tofecogMng aall Wiebsty offerisb Tat desoubliogy
nmeters is that the fluid in the tube is conpressed against the
out si de waffectdpr sohids argdesssavesa drngongases, byt W hstillg{fast mggsurements.

conpr ggsi bil i t}(/[e%ur&ggm{gg?éﬁ%rg gbére@eﬂgﬂelgeﬂf@g@&%}@' thQ‘Ho{v%etéP%t

notion. In this way, ve soun simlar to
decoupl i ngp&ificeibmtionaltif@eidie, dequeaties a0 prodscelawsenddoyuptimgeamht  of
the location of the center of gravity. The difference is that

vel ocity GPIBESHBLIEY pldedts lﬁE%ﬁmeniquﬁ‘éa%@Prﬁlpﬁpﬁﬁvﬁﬁ%@e%5@5@68@
out si de : Of i ' ' i i
pushed t o e el bifeniet oW rorFhe RACHBLAN JrEoipirdnco BRI Ty Aty
of saund erasoflewanel @ghaivariekleand decoupling errors are negative.

Consequent |y, e flow neter 5 can, be .operat at either a ver w
fr equgﬁcy or am*_és I?%‘?r‘sv/\%oﬂi"%&'af ‘?tevﬁ%W@S/‘.”g 8“?12%‘?4%@’ Wﬁé@ﬁ?‘@ﬁ_@ét"t 8’@an
be enpl oy ggteRn 85I SHRANE9 W ESIRR, FKpfactiddilyithekBRnAHEOTP L3 UPENg
di scussion). The above assunptions or _ ]
ratio is about 1:1, i.e., the entrained gas or solids particles move the same distance as the
liquid component of the flow fluid. Similarly, at very low vibrational frequencies, the
viscosity of the flow fluid acts as if it is approximately infinite, wherein the entrained
25  foreign material moves with the flow fluid. Further, at very low vibrational frequencies
there are no SOS/compressibility effects. As a result, the decoupling ratio (A,/Ay) can
be assumed to be one, the compression can be assumed to be zero (wherein the speed of
sound (¢) is assumed to be the SOS of the flow fluid), and the viscosity is assumed to be
an infinite value (i.e., similar to a solid).
30 It should be understood that the most common and least difficult and least

expensive approach is to avoid multi-phase flow fluids. However, this is not always

practical or possible. The approach discussed herein is not to avoid multi-phase

13



15 known val ues can be used in order to derive inproved density

and/ or mass fl ow neasurenents, anong ot her things. The
vibratory VO 5 is designed to accurately and r AGEGRHPMeRNr e
the flow fluid when the flow fluid conprises nultiple phases. The

mul ti - phasgchhAMofdnlishsaprasibils, Erkl:abntaskidito oPe RIENSTRAN TR Bhch
wherein the entrai ned gas can conprise 20 a bubbly flow. The

ent r ai ned ayasy ente genelatechekmivn dndbivbstantinllylsohisig srof effesti dva resules.
Entrained gas j.s problematic in prior grd vibratory flow neters..The
ont 1 ai ned GagelduRidRa PSn it bhe Sndtitse) BHGE BitsuSbErT s

i ndependenfelypved, the flow fluid and cause nmeasurenent errors or
uncertainties. In addition, the entrained gas can cause varying
measur énent  ef flebasdeguéound thasmpresdig vibrajiond] frequengaes, thardgreupling eHects
t he 25operating,pressur.e of the flow fluid The mul ti -

low 1 dAnarrenReoRY ind: ThRdePechiniioriioes dreamiairitib et Mkt
t he entrai igddesohplEg i§ B FORMNoSA aad Predidtiyble. OREr GARIFN, EorCBRITc8 8s, the
sand or soil particles in a petroleumflow  The entrained solids can

nove i ndep&seaningyppproaches abpwig 3:1l deeputing sdivs wherelisgasdwbhles ayove akout
o ey mor _ ; | .
el ouea FREFRG 6 LR SRR BRRL o S Bl lse o b

i ncl ude di erin cannot be
m xed 10ogedn@ined kolidsexangpy Rightvitrafibremvirbluindies,ahe devolipheg i willdiebout
and oil. VWhere the fluid fl ow conponents have differing densitjes,

WO 2009/ 134880P¢y V5p8001/ 042810 Pobte Lrthe Aepsity ghihesrpié el isyich greater
exper SncenapiiR IARRLHRN RO IHEIdGfl BT il WAL BlancblS A EG"

obj ects can nse t or el gn” obj ect
can be denskile thhaquidrvenfpootivhered withrthe flewakbnduit viblegioni Brtatonrhigh | ow

meter 5 can, be vihrated at_a very low fre n 5 and/.or a very high
fr equepcy.“‘?’ﬁ‘é‘o%?‘i?q'llqur@ﬁ MR tvesiine B eCdet vy 1 44iS prtar st g
Vi bratjson. y HoWR\aain8d REbig niRl heNRind RABSaiREELE ARfSRbLated and are
wi thin the scope of the description and clains. For exanple, in sone

enbodi ment s t heCdmpessiteliyrwidswe apply td entamedselids. | Gensegidntly etho varydeghat

det d | i Nt f t d/
ot her 11 ovieEnan By %) e S et Bt Bivtlid 3 Ronio e i e ' bt than
predet er m HgdppRWnlit BEHRASY for Ak ddretsmy Q&ﬂ%ﬁrebﬂﬁﬁ% FO@Yhoﬁﬂ]ﬁesrsﬁﬁlﬁt?%ﬂ*ects

frequency. The resulting nass flow nmeasurenent w be substantially
i mune t o Yadsepmipaesateddocangedwentonghigclziaudse det er mi ned t hr ough

or caetl m ned Togy Rt ahOHRl EEHE B S LAY epl SRR N E s ogives st

St okes nunb@h aktigs efthe twbhThe additioesheled avalallenseinest &3 tba liquid
substantially elimnate 15 nulti-phase errors. Density neasurenent at
an of f - r esi6HHisdR aMraspatierequakion in Hhsspers deundheidhe rxtuir belew that of either
the frequ h i L : t X -
chal | enge g i 5l ShobRds des GPinichltP Bk SR hurk KR IR nl
t he conduihixtark ldeisétysombins dloee toothtief thé figuidsonant vi brati on. However,

o R B e Pk S b P Y
acoustic mode for transverse sound waves across the circular conduit is at a much higher
frequency than the drive frequency. However, when the speed of sound drops due to the
addition of gas to a liquid, the frequency of the acoustic mode also drops.

For low frequency meters and typical process pressures, velocity of sound effects
30  are present in multiphase flows but are usually negligible with respect to the specified
accuracy of the meter. However, for high frequency vibratory flow meters operating at

low pressures with bubbly fluids, the velocity of sound can be low enough to cause

14



The flow fluid can be either stationary or flow ng, as previously
di scussed. As a result, when vibrated at a very |ow frequency, the

fl ow net erwd 200Q8ligses a very | ow frequency vi brati onal pEesRfIses2019
Alternatively, the flow neter 5 can produce a very high frequency

vi brational 25 response. The very high frequency can conprise a first
bendi ng notRIi5BE Jal@a%lﬁ@m%t@@pﬁaﬁupwu?@ra@tmqunﬁh%ﬂwwﬁnéylbé%twn
conprise g,spcond, third, or higher bending node vibration. However,
ot her vibrations, such as off-resonance vibrations, are contenpl ated
and are w thi nA hmeresginpiealafxptanetistesiovel quiity @f seaund affeaisiis vibhsony fl®es ueters

the very high frequency vibratory flow neter 5 produces . a very high
frequency lﬁ/ﬁm@@?fwﬂfﬁm_t B (be dpenraressThasajett ha Rt ds Wé@ agmﬁube ¢h cach

vi br at isongls iSSR0 ¥HE ke cfbli@ﬁé‘s%fb?l 'o?fl{?eﬁﬂ%hr&‘i’s @Eﬁ @ﬁéﬂgﬂ% afl @ ﬁ&%%t?ﬂ?' €,
a response ?requéncy, a response anplitude, and~a resSponse phase

del ay bet wesivnpilt kid$ fvay, vEheity exf younidgfifece siposisdlaf toedpoemdingediectsaen thwed

to WD 2009/ 134830PCIT/ US2Q091042019 determ ne o or nore flow. fluid
char act er it 50T CTALTS SATASH PX eie@ent ehinf ipcationghiee ConteRATemySy vLhee;

cetera. differeddeSs YRF ¥elb@W & SAMEOGICtOfes VBV BP ALIISANRRAY the outside
vi brational response is processed in order to determne at |east a

response fwadlgwé teytubeTibile denoupléng fesdtsir hegviodhidpuihed do Bieanside walld ofe
one or,.nore flow.fluid characteristics, including a s flowrate
Gonst 0§ e BbE T WlsebBR ST SR prioli P Pl e S b At e
hi gh frequepaiwenature of the flow nmeter 5 is discussed fiwher below
An advantage of the vibratory flow neter 5 is that the flow meter 5
in sone enbodi fenseguently, e fpyemstasd can bpiogeretedfat eigfips aaveBslow frequency or

For exampree i AREERY BEo oy esthol Relicr el Bahet Ak FHgealed

separ at or hdrw @es FIGET dnliehd Acevmbhiiith dByusbienpCTIRNibabe ¥ssumptiongwrand
free of entrained foreign material. In such a situation, the flow

met er 18 néowWe valyey sanels used i opder torderiye apepored dansity, andfomnag flav ong,
third, or i : cetera, where the higher order

bendi ng ml) egﬁ%@%@?@%&%@%@gébr har noni cs of the neter 15resonant
frequency, for Taxaibpitery flow metdris is deggrexdio deareately antl heliablyonedsaretht | ow

ARG W RGO
i Trerent T Mokt PR I HRUERRL s, Thefil L CRRlintd FRUERChEprR
si mul 28neausibhinfidy. atlederdtairRdrpab tampinelude bir dtibblabr Hubbtps @hgamems sizes.
Entrained gas is problematic in prior art vibratory flow meters. The entrained gas,
especially for moderate to large bubbles, can move independently of the flow fluid and
cause measurement errors or uncertainties. In addition, the entrained gas can cause
varying measurement effects due to compressibility of the gas varying with the
25  operating pressure of the flow fluid.

The multi-phase flow fluid can include entrained solids in some embodiments,
wherein the entrained solids can comprise a sluiry. One example comprises sand or soil
particles in a petrolewn flow. The entrained solids can move independently of the flow
fluid and cause measurement errors and/or uncertainties.

30 In some embodiments, the multi-phase flow can include differing liquids, such as

immiscible liquids that cannot be mixed together. For example, the flow fluid can

include both water and oil. Where the fluid flow components have differing densities,
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Mul tiple mass fl ow neasurenents obtained at different resonant or

of f-resonance frequenci es can be conpared to determ ne whether a

mul ti - phaswofzooviseso sts and to determ ne a multi-phase mImE2009/042019
magni tude. For exanple, if mass flow neasurenents obtained at 10, 20
and 30 Hz rg@s(fgstantl ally identical, but %ﬁ?ﬁalﬁs f] ow g@asuremsnt 25
obt ai ned a %uCaWP‘P‘? PX/OMIF%‘EG&IW% THEZSUER 2 §i8 meter
measur ementisratibhMhé E‘or@@ﬁ ogﬁcg%ﬁ bEd3S HortsB @an'THe HowHIAS STRE fd?élgn 8bRcts

occurring sonewhere above vi brational frequency, and
mul t i - phasenibgdicoser itiom thaAowehgdner at ed The drive fr equency is

the f t which t its 103A and_.103B
e Ul aetedY | dh opRiafion o b Eie S Tbieich arie ey gk daroray RAV fegimcy
fluid. 530 éﬁaﬁ)rqruewhiffghqwaafcy gRe vBE; 198 RGuBhkyt @nkR8ntis@a Fik@Wedding d

resonant frequency, or exarrp e, Or can conprise one or nore resonant
frequency hedaphrasien. Hiogiexer, béwrvibptienelanedes greesnsiteaplaid and frerveidsn dret

frequenci es_abo nt fre

2000/ 1345 30P0 P4 5 85T BSh 1o SiaRe A SrarpmiE HEPEY epffimenss the g meter
di ffer fromsandiynoabh eadtivércsfoadaaideatt @rrlitetn thed ddw iRl erdy CRREteGhe
to the makeup of the flow fluid. In addition, the drive frequency is
af fected byatsHloverd @ados odwhflawcarasterisics} arerabsenpunivrasasuisd. (The

stiffngss I%E'@Jt@r%ﬁéq S ﬁoc{,\gﬁéf@a%%ﬁereﬁo?@béjfehq" aIfl }F‘eg’é%@(nesds ency. The

i ncrease. Oow con

result in :asdlﬁngmaﬁdﬂxywmauememte;smn@rstlbsftmqm?ﬁmmun?fh@dédoaph@gmﬁwms
stiffness can be chapged in a_ variet %}aof ways, as discussed bel ow.
B

The very |&GiFctroagsamey defernpiapd thrpgh éf‘q@é%lyelv@%abﬁhpmd@@n@fnemw
fl t
ow met erg, éqn%ﬁkg;er ate%ﬁ@de?ééﬁﬁnéd;lw% t@';ﬁcgf &Hfb'e%h&eﬂ%? c%es@g{lggﬁﬂ%ﬁpgeme

The basic co i‘on 1 n producing vi bratory Tl ow
t hat the r&bberq et %) taraateriikandi thgesholderafitei stfented so fibstanialiveeldhamatge d

in ord t he erating frequen nd/ or resonant
it o a3, fruloated e DRRG R T CRAG R SV T Fojetnce S ke agbhe | n
any mannerpo@ﬁﬁ]e‘ciue't@tﬂ?:%ct'tﬁﬁ%éﬁ‘ ueﬁ%y‘llets%eﬂ%é%iﬁc%llyfcﬁ&%ﬁ?atﬁgﬁ‘,ﬁ&? i's

acconpl i shed. However, several ely ways are di scussed bel ow.
factor in messereds(Tiethakege of &ua‘ Mv\/oﬁomdmcnm ib 8rag the. respioasd anoplitée @ﬁthe

length is 15 tial correl edto t i ffness., rein

| ereasi ng PR R B el e b bR EihmaRt B Bhn o awelte P B fechan e
stiffness @aReoaR bRk afdiaHa AeVe pGRASEUISRetaing fiRsd eydubEh&@its to
| engt h can be chosen in order to achl eve at | east sone neter

stiffrdss holinreipet ngis¢.actor in neter stiffness is a flow conduit

aspect ratio. ol S BOREIGL o RS B0t SEURRIAN o5 ASITLAMARIES Asa

aspect ratio is as ' a hei ght

fl ow net errei&ﬂ%hn@lb)‘ate&\/éﬁﬁerthmqmic stk flowméte¥ £ prddaess ﬁd@z 132 .
Where the height (H) is less than the length (L), the
hei ght -t o- fF’Wﬁ‘EW'ﬁBﬁ?&‘@WW%’PBS@(HL) will be |less than one. Where the

oL, PRLARLADL I ) ERLED o et Bk ORI Mep

t han tife |resphke. (The varphigh frequency can comprise a ﬁrst bending mode vibration.
Alternatively, the very high frequency can comprise a second, third, or higher bending
mode vibration. However, other vibrations, such as off-resonance vibrations, are
contemplated and are within the scope of the description and claims. As a result, the
very high frequency vibratory flow meter 5 produces a very high frequency vibrational

30 response. The very high frequency vibrational response is processed in order to

determine, for example, a response frequency, a response amplitude, and a response

phase delay between pickoffs. The very high response frequency can be used to
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25 height-to-length aspect ratio (Hit) will be greater than one. For
exanple, in the flow neter 5 of FIG 2, the height-to-|ength aspect

rati o (H twowobhsdBs significantly |larger than one and eetvusmastizé19
relatively high nunber. As a consequence, the height-tol ength aspect
ratio (HL) can be increased jn order tqo reduce neter stiffness and
can be red@teEdinepnggatore oV iRHEeEAGRItSEES, d1GlYding3 Srasstiey Faes Jeawty;

net er manl{,?%ﬁ &f &tdise an opposite convention conprising a |ength-
t o- hei ght Waspect' ratio. A straight tube flow nmeter under such a

conventi on woulltie vii 130 TBqh Sy 30 R Hifl? BI04 OltRathmukresponse is processed

| engt h-to- hei ght aspect ratio that uld approach infinity, rendering
thi's aspedt?® froo&;s‘gﬁuwti B # EPSBSF dfearenFes ﬁaﬁ%_gpwfequgncy o Re el
factorsin t%&t@ﬁﬁliﬁ& bhd E{‘;’ﬁ%re' ﬁox@ﬂgicﬂéﬂafﬁggﬂgﬁés, MRh R mast oyt FW density

conduit material can selected in order to incréase or decrease the
met er st i fviscesity, etboktdracThe virm love thiequaicy fihdies sery higH foequeneydudtare of the
t hi ckness., The fl ow conduit. thi ckness can be changed in order to

S11 ¢ s

modi fy t hdlOpEmEter Beyssed fu as a practical matter,

substantial reduCidvMigod &F thé P AMYRGW mettk Sko@pbthe AdW Bt § il Sorfe
reduced pressure capability and in an inadequate durability or

r uggednes smbodiments can beaperated at higheefregenéitnabdesired.alhis owydsrigoe where

shape.,,The f| ondui t .sha ap 10be ified in any. desi,r.able
Fnape an T " ARk i A0k e o R GaiR bt Al bR AR
rect angul @bwnbttda@Oott Bdepa@bordeties, theH theBlo® BllaRes: befctaridy uhiforffRARY
stiffness is a flow conduit geonetry. The flow conduit geonetry can

be af f ect d¢eioh crtraineieidreigibmaterigh Hinghch ¢ pigyatianihe flaw meter pmay be operated

appropri at i d ryv i f . le, a
O Shaped F1 SR EaRA0 RS SR P SEEhO IR o byt RN bR, o EHEER
condui t f lwhardit @ighef ofdeeb&ding hed@icbmpAsd maltiles ot harh@tics sfeimpRy | S

a flow conduit nmass. The resonant frequency of the flow neter
assemiPy I%ﬁoﬁﬂtlfre&P%Ya@rFﬁ%nPIPow conduit mass is increased, with all

other factors Belyd, J?lggﬁ?@%&gﬁgrﬂ%dt%&&wﬁwr% c’&ﬁgé io?é@tela%t Igfpased

or decreased in any exa ow condu nmass can be
i ncr eased vitramanghfredveneaidsli Thomubipl2abotiont dragaemgiidssan inaddesribmtsg ts,
for exanpl

e. Addin s, at di screte paint or, locatjon will
decr ease 198 BREF ﬁ%ﬁlgﬁ&mr% eraARE &ff_ﬂw gis ?rrfd:rdégﬁ%rf”ﬁ TGRS difrent
Sti ffness mes. Alteﬁiati@é’l&%le 'ﬂ'BwWﬁEtlgf as§51hf)lfyrl%§é_§rﬁ'El:m%fslﬁmil{aﬂ%lﬁwwartedrﬁ%dal

restrictor and vibrational node | ocations. ow neter assenbly 10
can i 36! udelople vibratabfreqeaties.estri ct ors t hat

Multiple mass flow measurements obtained at different resonant or off-resonance
frequencies can be compared to determine whether a multi-phase flow exists and to
determine a multi-phase error magnitude. For example, if mass flow measurements
obtained at 10, 20 and 30 Hz are substantially identical, but a mass flow measurement

25  obtained at 40 Hz significantly deviates from the previous measurements, then it can be
determined that multi-phase errors are occurring somewhere above the 30 Hz vibrational
frequency, and a multi-phase indication can be generated.

The drive frequency is the frequency at which the one or more flow conduits
103A and 103B are vibrated in order to measure flow characteristics of the flow fluid.

30  The drive frequency can be selected to be at a flow fluid resonant frequency, for
example, or can comprise one or more resonant frequency harmonics, higher bending

mode frequencies, or off-resonant frequencies above or below the resonant frequency.
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25control a vibration node position and bending axis and therefore
affect the vibrational response. A comon nodal restrictor in the
enbodi mrentwelownizenopri ses the spacer 106 i n conbi nat i ACIWS2009t0l2819
mani f ol ds 102 and 102'. Alternatively, in other enbodi nents the nodal
restrictor_can. conprjse one or nore.brace bars.that extend rigidl
betwieen t MBI FITBGEINEICY 0 4T 1708 VG AN LSRR P aqnyy Adpan

to the flangesccadkfid (Pihe rddkdup bf the MowSHAE! BNAAGEbY 1R drivagrdgilngnds of
the flow neter 5). her node positions are shown in FIG 6. The one
or nore nodfdcteddytthe stiffincss ehasadteristio @é thei flovoneter. Aptheisiiffhess characteristic

vi brational nodes, of, .the curved.fl ow conduits 103A and ,103B, creating
est red S B00S B HED B R GtR oAb At R RRE iR

nor e nodal siresd Wik @&t BaloRer Rewicbh@ne@sdRht freqRMEE) Th 1Ok d8hdutio
increase the length of the flow conduits that experience the

vi br at i on ssiffngssreapédelchargeddn 8 yamely 06 wagsl 8 discwsed belgwh of a vi brati ng

[ f th I ol . : s ' f
Cocti ons 102 andetbs AT BkdEadre0e g i rGmisdcathifin L0 AV S0 €

reduces fregwenelieved throughlagproprisie @esig pi@metdrQWT e IRgicadayidyiabomior y
flow neter 5 according to an enbodi ment of the invention. The flqw
condui t s IW8dvcngithe oBaioanlow nigtery i§ that thesmplgr's gffectiys bepding morlg stiffness

. 03 _ .
£, PO %R RERLAT ob e LN AUk 3,0 shBZPL AR pan)
faul t or ffadduene:. THeechhfgevinhnatostiffnkisoanietaehicbed Mcny desiner el igitnot

and a length L. It can be seen fromthe figure éfgat the height H in
this enmbodiMpeHanthovethe matershitines %ﬁ%@l@ﬁcq%wh Hewerer, seigehliely The

hei ght -t o- io (HL) is the ratio of these two neter
YRR RRRSEL LAY

characteri st -to-length aspect ratio (NIL) may be
i ncreased i n orAlactdron metkreafthéss if a Agqwenoguiolengiht dihedtowmkter eagthbe
reduce

in order to increase the frequency. .The 15 height-to-|ength
L poct ar B Al o e B Gt e M LB R D TG
nunber MuGkRIG8soRfe dBRhie8h niddaRtipRBss ah@lopErasRi] _?requenc%/. doﬁse@[ﬂ@ntly,
enbodi nent, the neter overall length L is substantially the distance

bet ween t Hae flownyessr lt0gthaan bg ohosenin eider fol aghicwe pelcass somhbitleter sifnenst er
overall heiight His substantially the distance between a centerline
of the inl€fPeutl et manifolds 102 and 20 102' and the farthest away

centerline (i.ex factdi9n aRMrtifMAéss iQeflpRdondiit Adpectrione drffukpdrs) of thize
aspect ratio is therefore an approxi nate quantification of the

over ald0 shdipassion the Hewapeteraspeat sptionis defing! asa favg mess height dhr dividedipy )

accordi ng hi .10t it g tar I

o ght 1 B bH fetpClehBh'( SRR el B 4 1P (T A Wite fhe RIS
aspect rat(H) ickss thhh eielatgth €LY tHechetigft it dshgdnaspbitemis (H/ALY whlk bg lss (Hah) .
According this_alternate definitigon, the flow neter of thjs figur_e

wi |l have %eveVhere 8 Bapawterint prrightflgw mefes, the Beighthiodengtl eersst ioHg
ARSI AR i R O S Y R
ef f ect25v erimightfto-eepgenaspedtantia(H/Ah gall bé gudater dianamal Farmplample és theAldw ow
et er meter 5 of FIG. 2, the height-to-length aspect ratio (H/L) will be significantly larger

than one and can reach a relatively high number. As a consequence, the height-to-

length aspect ratio (H/L) can be increased in order to reduce meter stiffness and can be

reduced in order to increase meter stiffness.

30 Some flow meter manufacturers use an opposite convention comprising a length-

to-height (L/H) aspect ratio. A straight tube flow meter under such a convention would
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30 operating at less than about 5 to 10 Hz will function desirably
because the decoupling ratio will remain at a decoupling ratio of

about 1:1,wba6yes13Rk¢0St no decoupling will occur. For acysisYooh/ooio
vibration frequency of 5 Hz or less, it can be seen that the WO

2009/ 134830PCT/ US2009/ 042019 response decoupling nagnitude (Ap/ Af)
wi |l remaiheve A lengih-teahqigytespesyrasin thatoryld spreachanting r@ﬁieﬂ%thgwépwt

:]{ oﬁ[yogﬂg r%?cgﬁcgn\%ng %;b%![ hﬁg‘é“{lg%h&lyﬁf i ndi cated by the scaling bar

can al so be seen that the

decoupl i ng ef f ecfactbedn mare stiffiesss v Offow icbidaiit natediaip The Ubescondsait aaterial
result, entra| ned gas bubbles will nove with the 5flow fluid, causing
no errors %A Prﬁ%1§°tF4 BUPTBFT RINATEASE OHETRETASy P BEET IHERES. Vel ocity of

sound @ffects ﬁ%kal«,toé oRE sk & ﬁv@cé ut%h'ﬁ As.| Pk has@%ﬁmﬁ%hl& ess

SOS/ conpressibility e cts typrca econe apparent unti
t he vi br atdanbakhdmged iremcyr mxn@nhﬂzsthabmﬁr sﬂﬁﬁeslsiz Hoﬁle@er ds & praatical matter,

correspondi raph of decquplin e angl e ( us,fre uency 10
for very IS a%%r%@faq%%ow% gafon @PE‘&?@BSS B T§ "-"hatr ‘C%% € shown
in the gr %Bﬁlabﬂ'lﬂy andihn Ql?llﬁg&[ﬁater d%ﬁ‘&ﬁlf"ﬂy%rgﬁg?%QHnésQat t he deCOUp' ing
phase angl e ( remal ns | ow when the vibrational frequency does not

exceed 5 Hz. A factoReyactt esffnasé isfd fowl comdiitl shapd. ohheafilg¥ condiet, shape can

particle size, .flyuid dens arti.cl.e.density nd f.l ui . SCOSI
Phe r d0a: Boatuifiedin apSRiarts 8k, HeiEe BERab Epufthe o€ Sishents BERRoR
for 2 Ver XIEPRE Al ok A0URIRY: sufilie e ude ratio (1. the
decoupling ratio roaches a 1:1 ratio and the decoupl i ng

phase angle (9A ﬁtppmamn@s%tz s 1%@\@pm®lt genedyi dhadowasndeip

(3) " For ¢ el FESY B oy Rl p M AR rR Rk BARSEREE D1

pi ping ar rq&a@ﬁﬂamcuﬁdae;emhﬁrfogeﬂﬁﬁlﬂbeﬁoﬁ@@ufp@é @ (a8khpee ifloddoRduit has a
measurenents 20 because there is no relative notion between

mul t i 1phadessercipBREthan a sirpightcenduiyloy spete adithq wane lsghi y 1 ui ds,
enul si ons, or Ay R E}Fxrne hleh%ﬁ:%gg Btb 0\99 (ﬂﬁﬂ ﬁlgSSf é[tl’l'e‘?eson%nt fr qtbbnchr olf N

vi bratory flow nmeter suc ve coul I'so rrve
its secondhe ﬂdilwnﬁbtelﬁfsse‘ndﬂy 116 whB debpnag th@ﬂe\? comdliitiouss ik imirdaaed, ovith oAl

di scussed above, couplin rsens wth increasing.frequency. )
Ther ef or e ot f@t%ﬁgelﬁﬁﬂ@chﬁg‘g i Ve B sppgiit Wﬁslca'ébgé’é’?eﬂg?ﬁe ?‘HﬁeCEFé?FSi By
measur e”E%W?ésh’Eo%? P%P@Jia?ﬁ;gggﬂ&{r @&{h‘% G s? Réd S@ﬁl%ﬁease@cﬁﬁa%@ﬁ%zld&noh*b?

vibratory fifow neter can be operate resonance.
can bé&lusebulteaseightd dagheshasses, 'ﬁbrer:xampbr m&img)masscn’mldgacr@dpmmt or

R TN - T R L L TR
exanpl e, atiffhey nmeter can be driven
A factor in meter stiffness is a flow conduit nodal restrictor and vibrational node
locations. The flow meter assembly 10 can include one or more nodal restrictors that
25  control a vibration node position and bending axis and therefore affect the vibrational
response. A common nodal restrictor in the embodiment shown comprises the spacer
106 in combination with the manifolds 102 and 102°, Alternatively, in other
embodiments the nodal restrictor can comprise one or more brace bars that extend
rigidly between the two flow conduits at a defined point substantially near to the flanges
30 101 and 101’ (i.e., substantially at the two ends of the flow meter 5). Other node
positions are shown in FIG. 6. The one or more nodal restrictors are included in order to

fix the vibrational nodes of the curved flow conduits 103A and 103B, creating desired
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30si mul t aneously on and off resonance at frequencies of 10, 20, 30,
40, 50, 60, 70, 80, 90, and 100 Hz. For a given flow fluid,

measur enerwe 20049/13630 20, and 30 Hz may all be equi val entpCTiusdétoationyg

t hat SOS/ decoupling effects do not inpact neasurenents bel ow WO
2009/ 134830P /U8200,@4 042019 abou(ﬁ 40 Hcﬁi | f gore.gas i.s entrained or
bubbl e si ZE"TNEAEEE e 1 rRPTR A044] SFsUTiPT cri 8° PEYENCd RTEToNFdS X
20 Hz are tgGhryak e lenfB AN RGN 8dndulte tiAe eQtPleh@dthe §ibMRIchricARBe Idtated
t he exanpl e above and a | ower frequency neasurenment is required. This

di agnost i socapabiduce thedengtibel ugibtrting padicarafithefloweopdusdAds aptl 103B. In

mul tiple s,ar_can be us t i-ve, the, user an indicatton of
The accur 200" By o8 forSRB o SselolS 2 4R BN Rish PiaiBbhopibe MRS o,
appl i cat i ahupfedicotereyuémy, f requency vibratory flow meter may be an
upstream (pre-separator) oil and natural gas neasurenment. Such a
nul ti - phase rretFéE- oS &Veriileva fisqensy yewatonoHoy maeray aecerdingfe an

cr Tl SRRTALG I8 iR NPIRMRLARR A IPIE SRy g

desi r abl e 208, 4dshooinl Thedagas 20Dcanprbieyt theMid wevatiuito] 032asid B3Bwhdr@ugh
out put of each oil well. Anather ap%I icatign is in _mxing and/or

met eri ng dBrB#HnGHEte confaindeikage cihacusT of pdlory qoadnit &udicordpidure. The
ent r aijped i i % t v i

ot 1 ot Cpergaiorf BkRere] s ehldEEEnBRALA oE Sty L1 R sbBL Bbnthy
per f or m 15iguse tHaothgheigheHan Was elmbedimenbg sipgnifican{ih gsaten ddinghy metn tangdt

m xture mass_fl ow and_m xture densi nmeasurenment s, regardl ess of. the
nunber of lcolffoRfdaiidodngshapest rato ) e aa Oﬁlt@esaé@g@w%r_ abaagieF s
meter of f 'T‘lﬁ%@ﬁ-@@-lc%gtﬂ a%\ggcy%rr?tlmogvh%xgg e Mefeastd S §rB&SHREdUCE ¥hdf 2

very | ow frequency vi brat rrven on-resonance nmay in
sone r espdrquentaperadtconatinkdymayrog redieed ondudiet ® incradse thafrequeocheTha

order to reach ,the 20 desired | ow fre ncy. n exanmpl e,.. for
o W ol MIERGR el D60 i U] oy BRI ® Ry R e Ry bt
at a sevemfuhtef nfubB WHEHGY shidller BASHKd, RGt sWahple. the flow conduits
ext end about ei ghteen'inches past the brace bar. As an esti nate,

consi der the eduan¢ embedment; tgueeieyovsralhlengthddistspbsansatly itheedistantseam

25 1.3.52 . El . 2:z: \| mi , ere i e .Mbdul us of .

B asi ot tyebyéndhe findli dof Bdq jor or mallh Fcars” whig dQBMEH Byeiy oight
mass per ugkibitan€iily the dastalice betwicbe alcentgtlthe ofetie ialet/beit engyfoldsal2 and
seventy Hz and a length (L) of eighteen inches, a proportionality

const 2t dAR’ ard the drdhesgiwayrendlinee ) theciepisnehihe prak efithe kavpd portign).
flow Condul*kfeleg]tx'éctt re{%@oié‘%réfor%:caléga&pﬁo%‘ﬁﬁ&e :qﬁ%gtrﬁffg{i&q bERGLDehA Shitfe aﬁ?%gze

nodel M cro 1 on riolls met er r to achi eve
vi br at i onaif thier fow emetar,S. wh hiphusspedn enigi (FHL) dveofding to this defibiglon&onnotes that

the flow meter has a large height H compared to its length L,

It should be understood that the aspect ratio can alternatively be defined as
25  length-to-height (L/H). According this alternate definition, the flow meter of this figure
will have a very low aspect ratio.

FIG. 3 is a graph of decoupling effect versus frequency for very low operating
frequencies up to 100 Hz in the example shown in the graph. The graph shows the
decoupling effect versus frequency for a range of vibrational amplitudes. A flow meter

30  operating at less than about 5 to [0 Hz will function desirably because the decoupling
ratio will remain at a decoupling ratio of about 1:1, i.e., almost no decoupling will

occur. For a very low vibration frequency of 5 Hz or less, it can be seen that the
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WO 2009/ 134830PCT/ US2009/ 042019 Anot her approach is a

conbi nati on of the previously discussed factors. For exanple, one

sol uti on weQhkehohasso | engt hen the conduits sonmewhat, dECTAEG/MRD19

t hi ckness sonewhat, and add a little nmass near the driver or pickoffs

and/ or operate above .or bel ow,r nce. Another effective nethpd. t.0
oduce 11 Stmen R Resatptud FRof3 Pl reBRfin B FHRtkuoR 2t
wi th the pkRefinesRst, ok roihe tRr 13 geddapEn@ratieValhditeeby mmamdgm
brace bars. This woul d decrease the stiffness in the drive node

C(r)]nsi der atslgpgdberight side efdbe giaphalt cep plsp b seadripuirteh decoyplinggifset dgereases
T | f i f i .
c very SRSt UGB b, GAPLSIER 01 o

specific C can ave a very

oper at sng floefluidNesingab chdraiahhay edweorihigdet aensitn estbav@echowVelocity

vi brational frequency and very | ow vibrational response frequency and
very hi gh of pomshaffests witledsodiegieghignple fosch a low freqppreyy pbr at i onal
frequency H: L i J L t .

fr equency Scancgp ERRity iftcls byt & SortfSkine SEecht Bt Ufationy),

vi br at i ondtegheregueroayls about260 $j2eci fi ed as bei ng bel ow a predeterm ned

decoupling threshold or Ilimt, The 15 vibrational frequency can be
specified as b&l%d* Bl C@Weépoaﬂéwe&r@nhﬁfr@a%ﬂﬂgd’aﬁ%%&q@wﬁys requency
t hreshgl d i, A ' f AL sIsREC A i

conpl r3;|9ng fg\nl'r‘{éﬁ& 218 V%?%%gt?leg\r/%%%%&i n etrosfeda%?%%gge nu1 e?st hr eisnt%i@grag? It
limt (di sewbseskndedrovis giaph tlex thepleequptling ppasedeger(p) nedainnloer when the

St okes numper . t hig_shol d ﬁan be chOégg_Fto substantially elimnate
mul ti - phadePraiorgr FeawsHes FPesI 108 e¥ee w neters and vibratory

densi tometers RREMIISs éﬂ;ﬁhabt@n&ﬁdﬁ%ﬁﬂmﬁ&, ieleWideNfihiiaqichdigvpa@RRUI t S

during oscillation at the nmeter's natural Trequency. Wen foreign
mat er i al idengifyt amsbihaid iscositys theselatipe inotion etmsen tegerticlandifluidds norer e

[ l.ative. ' i. bet he t . h . A
model 'Ras FERR! BE0aRbpE LTSRS PRE Coname A Rt &2 PR puge
for a goodat ¢ W& HPRsaches ITRASMICIRIthe d@io_\dﬁlﬁh%ﬂ&ﬁ@@ﬁé]é Co)BbESaches
operating conditions. The fluids nodel, which has been validated

exper i mentzglor yThegderepthetsi ie no aerdbigpricuiptethe decanplimg etioddatibeisthe o i nd
® docoul 0 Bl AR 50 R4PE Ay 6P LB i O
— the piping arrangement. The meter generates accurate and reliable measurements
20  because there is no relative motion between multi-phase components. This is true for
slurries, bubbly fluids, emulsions, or any other multi-density composite fluid.

A vibratory flow meter such as described above could also be driven in its
second, third, or fourth bending modes, without limitation. As discussed above,
decoupling worsens with increasing frequency. Therefore, more and more negative

25  error will appear in the density measurement as the operating frequency increases.
Consequently, the vibratory flow meter can be operated off-resonance.

This fact can be useful as a diagnostic. The meter can be configured to
determine whether measurements are affected by SOS or decoupling effects, and at what
frequencies the effects become negligible. For example, a flow meter can be driven

30 simultaneously on and off resonance at frequencies of 10, 20, 30, 40, 50, 60, 70, 80, 90,
and 100 Hz. For a given flow fluid, measurements at 10, 20, and 30 Hz may all be

equivalent, indicating that SOS/decoupling effects do not impact measurements below
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30 The decoupling ratio (Ap/Af) conprises the ratio of the particle
(i.e., foreign material) anplitude (Ap) versus the flow conduit
anpl it ude VARPW/IFHE0 particle can WO 2009/ 134830PCMI S2 83/ E2919/P42019

conprise any foreign material, including gas bubbles, solid
particles, Q f t t he
flow fl UI Gab%%ﬁﬁy ﬁ% dP@%B u%@? Jnn@lngéf"l 0]; 8{1 %%1%4: wzf%a&% ft%ﬁ%}% tﬁﬁt Jﬁ'l}?thte
5Fdr ag = Ghéasptenfens(at 10(aReé 0 Hiz artFe(':[Lilii'/aiEI)t, mefififpthhathd d(acmlp\h)lg 1slwb’rs¢

2di 23 gdl e dV) F addednza" f a- 3dt dt Fb",),"" pf a
3 du an mstha rample aheyei 294 adpwehiieqiensy meRvEETA issaiiset. (Bt ch

the notio Eglﬁplg r
S cal cul ;Htlfé’@otsﬂ?c@a& (?p %‘%‘Cqsed Idj&t&%xh@&eg}res% (9 é?l te;ﬁ(i:j]ae é)?-('%ngll t&i/
=V = A p (Stlbto §iLO}hedBEhmen mbmumreqithe nomsacyad tlhaeme&sacbmecmts‘ atrdch

particl e \Cﬁtlon in the oscillating environnent of a vibratory flow
neter to WRFHYabout plus or minus ten percent accuracy for the

\s/: Sr ﬁ]i onal a"gi gfl %{b it adlety RIWEREGchBy mﬁftoxz" ﬂd’é@fﬁe%%ﬁaymean
puts nee to 'sol've the above equations for bubble notion are:
t he upstream (pre-separator) oil and natural gas measurement. Such a multi-phase meter
would eliminate the need for a separator, an extremely expensive device. A vibratory
10 flow meter which worked with -+/-5% accuracy in this difficult application would be
very desirable to the oil and gas community, who want to measure the rough output of
each oil well. Another application is in mixing and/or metering cement, where the
cement contains rock particles and entrained gas, making it a three phase mixture. With
no relative motion between any of the phases at low frequency, the meter would perform
15  as though there was one homogeneous phase and give correct mixture mass flow and
mixture density measurements, regardless of the number of components or phases.
While it is possible to drive a meter off-resonance at low or high frequency, the
feasibility of a very low frequency vibratory flow meter driven on-resonance may in
some respects depend on how long the conduits would have to be in order to reach the
20  desired very low frequency. As an example, for a Micro Motion model E200 Coriolis
flow meter that typically vibrates at a seventy Hz frequency for measuring water, the
flow conduits extend about eighteen inches past the brace bar. As an estimate, consider

the equation for frequency of a fixed-free cantilever beam:

3.52

25 )
/= 271' ml4

3)

Where E is the Modulus of Elasticity, T is the moment of inertia of the cross-
section, m is the mass per unity length, and 1 1s the length. For a frequency f of seventy
Hz and a length (L) of eighteen inches, a proportionality constant can be found for the
30 (El/m) component. As an example, a flow conduit must be about sixty-seven inches in
length for an E200 model Micro Motion Coriolis flow meter in order to achieve a 5 Hz

vibrational frequency, without changing the E, I, or m terms.
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vi brational response frequency (0, the vibrational response anplitude
(AQ the fluid 25density (pc), the particle density (pp) of the
foreign rrq,p@%gg,ln,,@ﬁ]rtl cles entrained in the flow fl ui dpcti€zobdeiioe
fluid dynam c viscosity (tt), and the particle size distribution (a)
of the foreign material entrained in the flow fluid. The vibrational
response frequémeihef apriperhiine combinatipnahihe peayinlyedisaupiediiaeiers( Kpy can

be de o 5ol Rl IR hORALn L SAPRN3E Al S1ScR05, SLIBE 6ah! O

conduits Suc I ona resp

si gnal gemlﬂﬁlaie@den{eWHlﬁ apidald aflittte himead BB’ d)lveerIQchﬂdotﬂﬁ%dn%ﬂ Spéryte( pf)
may be specified a customer, such as in the case of a known_ fl ow
fluid, orabayf Qféve&s:m EaspRACHy ARpIRET piéseENe method tp apdupe frequsary woyld hedp

ey be Spl%gb&,'tﬁéicd% UL ATRE 136 v@ﬂhftﬁé ﬁ@% fi¥EbFofla: BecOshebrtnable

fromthe eal gas Fawin the case o al ned gas, glven a neasure
t enper at uretimadute fhiedsserbarsofTHihwot ldalecdechds the stiffiesdinthetidveiredesi ty
(it.f) may V@ 009113483 CT/ Us20Q91042019 be S %{cjl SI ed by a

cust oner, 09% ¥ {dHe fohah 284ationgt togsIQ eRIAPINCRLSES ‘or can be

obt ai ned by rre%ﬁewsgq% frelih @%ﬁﬂaﬁkfﬂaw%ﬁet% dnl Rk Rfed P&rwrsg&nﬁ@

specified by a custoner as | e case o a known flo | ui d,
or can be appiucmhndebcyﬂnwamjereﬁrmmtthenefure hdverﬁgvea{pmysopm’ang freqlicacy bnt

measurenent s, of for n, eri rticles or bub Ies t.he flow
F 1ot A0 achieves ety e PRt BB g s Coelo S bkl
ratio for réPBnEFubRY A WY Higﬁ‘v%atfdn@ﬂfé@%tﬁ%e ¥inpligbery flow neter 5
according to the invention. "The graph furt i ncludes results for

various i nversé’hswbk@gmﬁhﬁwmescs(@)n benecified sy peltipteokays. Abeiyédmati@il can
be used tq nore suc |nct characteri t ondi. ti or a

{r equency TR AR Bt SRR ok AR BT DOk RNl L B Rieney
The graph cahpsspdcified o bbin@ R 4 PieaESAniakO KemupE®ES&h01)or ainsle. t Tige
resulting decoupling ratios. It can be seen fromthe graph that

ent r ailhed vijuaticnsbifredienay prdbessprpidied pebeing bplpw rredgieninger ns  of
d | h
e b RSO RRAR PSR IR AP RAL LB B A bSS

t he bul k es exhibi

Regar dl es %ombl}@ngﬁritﬂ@@lrec&'tetnhﬁ&teﬁdﬂvdr@a Stbleds rﬁlhﬂbe@ﬂtmsldi mshmie(chh;ﬁassfekiow
conduit npve at _exactl lf t he sane anpljtude _and phase (i
A13/ Af =1) below)c Epr enageyp %éh%@@ﬁet@@ape%‘f@rég Smks%n@néqrzléreﬁhféé e%ps@’schc’@%

arount of ERRULS g eRgR bl dhypar 1 L dcoupl g also Toves
i ncrea@des. TheCorivbs messS ok axtaruatrbyib{aB)ry cdongitoireess red0ire #at the flow fluid
move with the flow conduits during oscillation at the meter’s natural frequency. When
foreign material is introduced, this assumption is no longer valid, as there is relative
motion or decoupling between the two or more phases. A model has been developed to
predict the conditions that are needed for a good mixture density measurement, given
25  specific meter operating conditions. The fluids model, which has been validated

experimentally, can predict decoupling effects. The equations to find a decoupling ratio

(Ap/Ag) and a decoupling phase angle (¢ ) are:

+F

history addc'a'mass +F buoyancy (4)

dv
m —=F,_+F
dt drag

30
The decoupling ratio (A,/A¢) comprises the ratio of the particle (i.e., foreign

material) amplitude (A,) versus the flow conduit amplitude (Ay). The particle can
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- coaz Where the inverse Stokes nunber (8) takes into account
the flow fluid kinematic viscosity (1), the vibrational frequency (w)
i n radi answoana/134s30 particle or bubble radius 25(a), i rraetr®/0efolt he
foreign material. The kinematic viscosity (u) conprises the dynamc
Vi scosity di vided by the.density ( f the fluid, Le., 1= pip.
The Tor ef HRPEATRIOER Mg fdBc uAbeh b s ikl Rt ey Bt dgroRdis of
as previ oupliyfefling SHRISREainER SvilhiY Ble TRWOH QI ThB WHPEHUA1 B ETR LA R (AR¥re
be used to nore conpletely and accurately determ ne upper or |ower

vi br at i onadeffneégtiency |imts than i s possible through just a

30f requency specification. I ncreasing the inverse Stokes nunber
(8) noves the decoupling rati Ap/ Af) closer to unity, indicatjing a
reductidon in refat F\ﬁé’ﬂnﬁ@‘i_dé?&é the density ratio increases

2009/ 134830PCT/ US2009/ 042019 past about 50, the decoupling ratio is
dependent primarily on the, invef stgus_t@ es nunber (8). This is

especi al | y i npofit.ant blge usd—i/e—al-ig-gag/—l—i qui d mi xtures have high (6)
density ratios, usually e 190. “Thus, for the nobst common

mul ti-phase flow conditions in a vibratory flow neter, the extent of
measur enent errgr depends pfiugarddly on the inverse 5 Stokes nun}}er
(6). If the invérsesStHREs’ nURDER, [(8) is very small, the result )
apprﬁg]t(bhes the inviscid case of a“3:1 decoupling ratio, while if the
paraneter is large, relative notion is restricted and the decoupling
rati o approaches 1: J_:i aiﬁﬁ‘zerse St okes nunber (6) illustrat essgj hat
t he bal ance bet W& f3uf § kilnematic viscosity, particle size, and
frequency is inportant, not any one of these variabl es al one.

However, frequergymdtionldfeenils®ifliediskisuriidad ntesH @0 nehiRhafiies fleh b6sduit.
whil e viscosity and ﬁarticle or bubbl e size depend on conpl ex and
of t en uncohesptieneldhppyide ar pasteleds epdalated as: * The j nverse St okes
nunber;{8) in some very |ow vibrational frequency enbodi nents
conprises a nu ( ove aboyt 3.5. The inverse Stokes nunber ( in
some very |ow &P’%"X?@S%T”ﬁ%q‘i?é%} enbodi ments conprises a nun@ar
above about 1.0. 15 The inverse Stokes nunber (8) in sone very |ow

vibrational frerueneyeeqods aenices(@onp)i ses a number above aboytop. 5.
For the purpose of operating a vibratory flow neter at a high

o braonal 11 Sauchel s AReLeSRid Lo deconling el e b Al Lavero°
vi brat i onalyfrbSAMRREY vittatohgNo®HRdto wikkn hﬁmﬁgﬁ@_cﬁ ChislsOK R perdimEer
(8) in sonme very high vibrational frequency enbodi nents conprises a
nunber | ovascurapafor gheovibragonal amimd@ﬂegyéa&diﬁe@nmnbmst gigjations.sone
very high The six inputs needed to solve the above equations for bubble motion are: the
vibrational response frequency (f), the vibrational response amplitude (Ay), the fluid
25  density (pys), the particle density (p,) of the foreign material particles entrained in the
flow fluid, the flow fluid dynamic viscosity (uy), and the particle size distribution (2) of
the foreign material entrained in the flow fluid. The vibrational response frequency (f)
and the vibrational response amplitude (Ay) can be determined from the vibrational
response of the one or more flow conduits (103A, 103B), such as from the vibrational
30 response signal generated by the pick-offs (105, 1057). The fluid density (pg) may be
specified by a customer, such as in the case of a known flow fluid, or can be obtained by
measurement. The particle density (p,) may be specified by a customer or alternatively

may be determinable from the ideal gas law in the case of entrained gas, given a

measured temperature and pressure of the flow fluid. The dynamic viscosity (ji) may
24
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determine upper or lower vibrational frequency lumits than is possible through just a

30  frequency specification.
Increasing the inverse Stokes number (8) moves the decoupling ratio (Ay/Ag)

closer to unity, indicating a reduction in relative motion. As the density ratio increases
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30 the vibratory flow meter 5 can be designed to operate at a very low vibrational response
frequency of up to about 40 Hz. In some embodiments, the vibratory flow meter 5 can

be designed to operate at a very low vibrational response frequency of up to about 49
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bending axis W”--W". In other embodiments, this can be accomplished by eliminating
30 the brace bars altogether. In such embodiments, the bending axis can be determined by
the flanges 101 and 101° or can be accomplished by the manifolds 102 and 102°. It

should be noted that these are only two possible methods for lowering frequency
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of the flow fluid and the difference in density between the flow fluid and the foreign
30  material, for example.
The size of the bubbles can vary, depending on the amount of gas present, the

pressure of the flow fluid, temperature, the degree of mixing of the gas into the flow
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and the liquid component. If the compressibility of the gas is neglected, then the same
equations can be used to describe the behavior of all three scenarios.
30 Compensating for fluid decoupling has been difficult because there are several
factors that determine how much the bubbles move with respect to the fluid. Fluid

viscosity is an obvious factor. In a very viscous fluid, bubbles (or particles) are
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The turbulence int a high flow rate fluid can break large gas bubbles into smaller ones,
30  thus reducing decoupling error. Surfactants reduce the surface tension of bubbles and

decrease their tendency to coalesce. Valves can decrease bubble size through increased
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the measurements performed by the flow meter 5 and the flow meter 5 will produce
satisfactorily accurate and reliable measurements. Further, the vibratory flow meter 5

15 will operate consistently and predictably regardless of gas void fraction (GVF) and/or
solids fraction, while being able to satisfactorily measure the flow fluid even as the
composition of the multi-phase flow fiuid varies. Further, by operating the flow meter 5
at a very low frequency, no compressibility effects will be encountered because
transverse acoustic modes appear at much higher frequencies.

20 A very high frequency operation will result in a gas decoupling ratio being
maintained at about a decoupling ratio of 3:1. A very high frequency operation will
result in a solids decoupling ratio being maintained at about a decoupling ratio of 3/(1 +
(2 * pp/pg)). In addition, the very high frequency operation will result in flow
characteristics similar to a flow in which the viscosity is effectively zero.

25 The meter electronics 20 generates a drive signal to the drive 104 and so can be
configured to drive/vibrate the flow meter assembly 10 at the very low frequency or at
the very high frequency. As is common practice in vibratory flow meters, this entails
the meter electronics 20 generating a drive signal of a predetermined frequency and
amplitude, wherein the predetermined frequency and amplitude can be affected and

30 modified by feedback taken from the pickoff signals. For example, the drive signal can
be controlled according to the feedback in order to achieve a resonant (i.e., natural)

frequency in the vibrational response as measured by the pickoff sensors 105 and 105°.
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5 conponents, referenced fromthe dotted line in FIG 9 to the CG of

each conponent, |abeled (1) to (4). Note the negative sign included
in the cal WOIZSYS#H3Bf the first mass mi (1). This is r S&HIFRREOse

this mass is to be subtracted fromthe fluid cylinder (2), which is

ot herwi se full ﬂ{g {,étgg dectibdfesLBlah E&f??#ﬁfrﬁﬁa eﬁ&%Ctﬁé b&ytlmtorweggﬁ

I s defined by: 4 Aln- =Znz,,a ga3 pp

t he di spl atephehdyuindabiefiowayst Ndhepaates &id:@rommsé@ chn becoignrecodpamk i s
defined as foll ows r dpf +-21-ra- Ap- Af) .aefore
E za2pf (A m%L)f@PWeg%HCEGQ %li?ypmp“g‘elyfﬁ “B & f MRS Tf%‘@ t?l)ﬂ?cgmmcs
after the ﬂﬁ%l‘t&ﬁ@clw f® ﬁlét@f‘t‘:]é&’f&uésozon‘.%ﬁ%e'cﬁnﬂﬁfrbd‘ﬁfﬂhaﬁe fr&iﬂeﬁ&‘ﬁdur\mg
1\ 2 4 --2n-a3pf (A ) +- 27 A p -Af) +-3ga3pp(Ap-Af)
after SN 4 ¢ahb?q:mfo(1@ecmsg, -f@l@?(gmpm where the frequency programming in some

embodiments may depend on the measured or determined meter stiffness as determined
by the calibration process. In another alternative, the frequency can be derived or

determined during a meter start-up operation. For example, the frequency can be based
on pre-stored or user entered values. This may include, for example, a frequency that is

10 based on pre-stored or user-entered information regarding the nature of the multi-phase
flow fluid.

Decoupling worsens with increasing frequency, up to a maximum of about a 3:1
decoupling ratio for gases, where the gas in a worst case scenario will move about three
times the distance traversed by the liquid component during vibration. The liquid

15 component moves primarily with the flow conduit. For a solid particle, the worst case is
a decoupling ratio of about 0:1, where the solid particle is substantially stationary during
conduit oscillation. This occurs when the frequency is high and the particle density is
high,

Decoupling is, in general, a complicated function of many input parameters,

20  which makes it very difficult to compensate for in flow meter measurements. However,
it has been found that the decoupling effect is negligible for small gas bubbles.
Similarly, where the flow fluid is highly viscous, the decoupling may not occur or may
only occur with very high vibrational frequencies. Further, in an entrained gas scenario,
if the foreign material is mixed well with the flow fluid, decreasing the bubble size

25  and/or evenly distributing the gas, then the decoupling can be reduced or effectively
eliminated in some cases. Also, a high flow fluid viscosity reduces or eliminates
decoupling and increases measurement accuracy. However, the characteristics of the
flow fluid may be fixed in nature and the bubble size and viscosity may have to be
accepted as-is.

30 A very low frequency vibratory flow meter can be designed to be immune from
multi-phase effects, including both SOS/compressibility effects and decoupling effects.

Of course, where the volume of entrained foreign material gets large enough, even a
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The total distance that the CG noves in the relative reference frane
can be found by subtracting equation (17) fromequation (18). 43f43
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particles that switch places during an oscillation are of different densities, causing a
change in the location of the CG of the tube. For example, if a bubble moves further
than the tube on each oscillation, then some fluid must move in the opposite direction to
15  fill the void left by the bubble. This must be the case because a constant bubble size and
mass and an incompressible liquid phase are assumed.

When the particle density differs from the fluid density, additional forces such as
the added mass and drag forces cause a particle motion that is relative to the fluid on
each oscillation. These forces act in the same direction on every particle, causing non-

20 random displacements that are coordinated with each oscillation cycle. Consequently, a
change in the location of the CG of the tube occurs according to the drive frequency.

FIG. 8 depicts the motion of a relatively light particle of radius « inside a tube of
a vibratory flow meter filled with a denser flow fluid. The particle moves a total
distance of 4, relative to a stationary inertial frame, with each quarter oscillation of the

25  tube from midline to peak. This relative motion is defined as 4, - 4, because the tube
moves forward by 4, during each quarter oscillation.

When a bubble moves too far forward in the fluid during an oscillation, some
quantity of fluid must backfill the vacated volume. This causes a change in the location
of the CG. The change in CG location can be calculated in terms of meter and fluid

30 parameters to determine, for example, the expected density measurement error for a
vibratory flow meter with multi-phase flow. The same exercise can be done for mass

flow, although decoupling as a function of length along the flow conduit must then be
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The above expressions are multiplied by respective densities to find the mass of

each component displaced. Working in terms of mass allows for arbitrary fluid and
particle densities.

30
Liquid Mass Displaced = p, (4, — 4,)7a”) (14)

Particle Mass Displaced = p, [%;ﬁrcf] (15)
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(-Al') inthe (q) coordinate systemis actually stationary with
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20 defined as follows:
15

1
_ Z’":% B Jm pf(A -4 )+27m pf(A —A )

bc’fore Zm xazpf (Ap . Af)—i_gﬁaspp

(I7)

The CG of the displaced fluid after the particle moves from zero to peak is

defined as follows:

20
2 wip, (4, -4 2 raip (4, -4, Y +2nap, (4, - 4,)
—- _Ejmlof( P f)+§7mpf( P f) +§E“'Dp r AN
Qaﬁer = ” 4 3 (18)
map, (AP —Af)+§rm Py
The total distance that the CG moves in the relative reference frame can be found
by subtracting equation (17) from equation (18).
25
4 3 4 3
o _ 374 pp(Ap—Af)nga pf(Ap—Af)
AQ = Qaﬁer - qu’ore = o 4 s (19)
Ta P, (Ap —Af)+§;ra 2,
The expression can be simplified in order to more clearly expose the important
paraimeters.
30
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M=Z |If a constant expected for each -7ra (pf - pp,i) [4 3
particle density particle and the -1.](25) size are assuned, then
equi val ent WR%348¢ are no | onger needed on a, pp, or FAF/USE}9Q42019

subscripts and 25 allows for the renoval of the summation of
equation (25), vyielding: A\
2lh-a)
AD= . (20)
3 (p;
1+4—a[—b:J(Ap—Af)

If the density ratio is exactly unity (p/p,= 1), as for a single phase fluid, then

there can be no change in location of the CG. If the bubbles are vanishingly small, then
5 A, = A and there can be no change in location of the CG. In the limit of small density

ratio (pg/p, « 1), as for the case of a heavy solid particle in a fluid of negligible density,
the change in location of the CG reduces to -4, because 4, approaches zero, as required
by the model. In this case, the particle is so heavy that it remains stationary in the
inertial reference frame while the fluid moves around it. Finally, for the case of a

10 massless particle in a liquid, the density ratio approaches infinity (py/p, — o) and the
change in location of the CG depends only on particle size, 4Q = -4a/3.

The composite mass M defined by equation (16) experiences the shift in CG
(AQ) defined by equation (19) on each oscillation. This knowledge of the motion of the
CG does not immediately yield an expression for density measurement error. Instead, a

15 Afictitious mass that is stationary in the inertial frame during each oscillation of the flow
tube is determined so as to produce the same overall motion of the CG. Tt may then be
assumed that this stationary mass of fluid is absent from the density measurement
because its motion is entirely decoupled from the tube motion. As a result, the natural
frequency of the system increases, and in the case of a vibrating densitometer, negative

20  density error results.

From the perspective of a stationary observer in the inertial frame, a single phase
fluid of mass (my) in the tube of a vibratory flow meter has momentum (p) defined by
the mass of the fluid multiplicd by the sinusoidal tube velocity, giving (p=
mzAgqocos(mt)). From the perspective of an observer moving with the tube, the single

25  phase fluid has no momentum because the velocity of the CG of the fluid is exactly zero
(40 = 0). However, when multiple phases are present, it can be shown that the motion
of the CG of the mixture is non-zero with respect to a relative reference frame moving
with the tube (A0 # (). This results in non-zero momentum in the relative frame. It can
be demonstrated that this momentum, caused by decoupling, results in density

30  measurement errors.
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M =N-1 ira3 (pl-pr)3 (26) Al It is recognized that N nultiplied
by the volunme of each particle is sinply the 30 total particle vol une
i nsi de t hevohewi@dle. Equation (26) is now divided by PEEUSIHI42010ube
vol une, which is the sumof the particle and fluid vol unmes, vyielding:

VO 20001 134830015000 AR SR Di o PR PR
definiti Oﬂirﬁfcalchﬁttd@laﬁ‘élh@ﬁeﬁﬂﬂb@dntﬁﬁﬁtld’]é aRtibANA ftitio8s SthtigHayy mass is then
found that produces the same net momentum on each oscillation. Momentum for a
composite mass is simply the total mass times the velocity of the CG of the composite.
5  For the case of the decoupled fluid and particle, the CG of mass M displaces by a
magnitude 40 on each quarter oscillation. Because the motion is assumed to be
sinusoidal with angular frequency (®) and zero phase, the momentum (p) can be defined

in terms of the harmonic displacement of the CG.

10 p= M%[Aésin(wt)] = wAQM cos () 21

FIG. 9 represents one possible configuration of moving masses over distances
which produces the momentum defined in equation (21). However, there are infinite
other possible configurations of certain masses moving certain distances that could

15  produce the same net momentum in the relative frame. A configuration that produces
the equivalent momentum and that is composed of a mass which remains stationary in
the inertial reference frame is desired. This mass is not measured by the vibratory flow
meter because it is entirely decoupled from tube motion.

Equation (22) finds the total effective mass of fluid (M), which would have to be

20  stationary in the inertial frame to produce an equivalent momentum as that produced by
equation (21). The (-Ap) term appears because the effective stationary mass is needed in
terms of the inertial coordinate system. The CG calculations above have referred to the
relative frame with coordinate (q). However, the value of (q) is needed where the CG of
the mass is stationary in the inertial frame. Because (x = q + Ay), for a stationary mass it

25  is found that (x = 0) and (q = -Ay). This describes the fact that a mass moving a distance
(-Ap in the (q) coordinate system is actually stationary with respect to the inertial frame.

Assuming equivalent momentum requires that the stationary mass (M) is defined as

follows.
30 M [Aéa) cOs (a)t)] =M '[—A o cos (wr)] (22)
pr=-MAQ 23)
A
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5the particle volume divided by the total volune. Thus, the effective
non- contrlbutlng fortlon of density is defined in terms of

particle vVBPH¥P#tion, a, as in: 10The actual ni ﬁq}"r“ész%ﬁ’é%oﬂ%
and the decoupl ed den5|ty are defined in terns of the volune fraction
of the dispersed phase, a, yielding: Pea"a, = Pr - a) + pa il
15Pdt t vupl & =a)+ P pa (Pf Pp,p - -1 Af Recall that the actual
density of the jqul_t_lmp(]gse f)lﬁzd_ the vibratory flow nmeter gigen by
equation (29) is the mx{ urédze,n y, not the liquid density.
Equation (30) represents the denS|ty t hat woul d be nmeasured by the

v oratory 1o Bt 45 e SRR oRRMRLS TR e ARPRET,
subt ract i ner@ge 8t §peBiflcd9diué, kR S9oahte® aec(oaﬁl)mg paitioladlil @ensity. The mass is
25Al L er nat e 3/ nt tr? teh Ci/e lnuSr}leE yf t%(re ! grrtlclceatrﬂebd%nbelx p&l?fgrse?lge Iat?ld ?heerecx?e% 0} orm
whi ch al | gigpendent on the vo 0 P ty
decoupled motion. For the more general case of a range of particle sizes and particle
densities, the expression for stationary mass requires a summation over each particle in
the flow tube, It is assumed that the displacement amplitude of each particle could be
10  different, depending on particle size and particle density. The fluid density and fluid
displacement amplitude, however, are assumed to be constant for each particle. Thus, pf
and A, do not need subscripts in the following summation, while any quantities referring
to the particle do. Consider a mixture consisting of a bubble and a solid particle
suspended in a water-filled tube which is oscillating at amplitude A4z The decoupling
15 ratio (4,/4,) is greater than unity for the bubble and less than unity for the solid particle,
and thus M’ would consist of two separate terms representing the effective loss in mass
from the individual decoupled motion of each particle. Assuming there are N particles,
each of which has an associated density, radius, and amplitude response, the total

effective mass of decoupled fluid M’ is given by the equation:
20

N

M'@Brmf (pf—p,,,,-)[i%jj—lﬂ (25)

If a constant particle density and size are assumed, then equivalent motion is
expected for each particle and the subscripts are no longer needed on a, p,, or 4,. This

25  allows for the removal of the summation of equation (25), yielding:

Ay

A4
M'=N§7ra3(pf upp)[-——"i-—lJ (26)

It is recognized that N multiplied by the volume of each particle is simply the
30 total particle volume inside the flow tube. Equation (26) is now divided by the total

tube volume, which is the sum of the particle and fluid volumes, yielding:
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for better conparison between widely varied fluid densities. WD
2009/ 134830PCT/ US2009/ 042019 Here, the (pr) termis the density
of the fl } he (pp) termis the density of the
particlessw?%gﬂ?%ﬁyiAl) termis the decoupling ratio, §ﬁ3k§%2ﬂ%g?w
termis the particle volume fraction (i.e., a particle size or
particle size distrifgtion). As. adchetk of these results, consider
the extreme cagéSﬁaf—aipPRbbeﬁhﬁE p—ﬂEviscid fluid or an infinid%ly 5
viscous fluid, for Ani IRt he dec.%gli g ratios are explicitly known.
Here a particle density of zero is assuned, although for the
infinitely visoiginpase: kivwh vauheteveels asieadiyy qraadtyseorh vhatdeaeoupl i ng
is elimnated conpletely for a particle of any density,

) 1 y. For an .
i nvi sci d foreNienshhtmesseianttys Thgdefinition of Hie naglcde polupg fragtipy 4 & simply
exactly t g 1) (. AL AL el i~ SC: |
Gecoupti neneBiie Potugt dideF R bRl Mg ufe HESRG Ror Sl fioidie
equati on (pa3fjonrcdigassy it defifa th adrhawif tg: paRitde volplredrdctivs,ai, ds bubbl e =
P1(1-3a)(33) Pdecoupl ed, viscous, bubble = p i.(1- a)(34) 15
These results are equivalent tpo those found in previous works such as
Henp & Yeung (Zogég. The xi miim negl ected density of two tine he
void fraction tAm Fhﬁé%a Grd density is found for the case of
bubble in an inviscid flurd/ ile no neglected density is predicted
for a bubble in an infinitely viscous fluid. Therefore, if a mxture
20 wi tlR 1% gas Thoretuplmabtire density pné §wrdeconted densiy aie defingd in tgrms of the
expected to,be between .0 and - 2% dependi on viscosity, bubble
si ze, neté?h¥W%€ﬂ%ﬁ%§£“EHﬁﬂﬁFﬁgPﬁ%gr%ﬁ%?@?l: It should be noted that
this rule of thunmb is only valid for particles with negligible nass.
For exanple, if,the maps,pf sthe particle is greater than the |jmyid,
the magnitude oFfF“the“density’ error can actually be greater than fwice
the particle volune fraction. 25According to equation (31), the
neasurgd density of a bybbly fl uid mﬁlh egeq oneously Iom1bec§ﬂﬁe
the découpl i ng Ao~ Ps Qfﬁﬁﬂé?'ﬂﬁhﬁﬁb @| JThi'g is intuitive, a
bubbl es move farther through the fluid oh éach oscillation, causing

fluid to nove backwards to fill the vacated volume, The result is an
appar ent densi Regcalhthehthe gctnelsiensinaef theveuti-phasgiflidiinethel wibsatery. flawy mefer

< oxpoct a0 RaE PO ERIE R GRR L ol Bl PR HIENE R P2

nonparti cirgitbienes th@aénsitl tat Waaldsaelred byahs eibsabiydldarieiee ige totha
l'iquid, the decoupling ratio is |less than one and the densit%&_
i on

di f f ePBncdecpwlgsipnotion ofehapireles.chrerrey frave tng SHx{uEs (RO dek,
(30) to b %e@o%%ﬁ}lé égn bbbk 8l sﬁﬁratcnﬁg EQnEiof! f(29'3 LR Q&L?atioﬂ_ I@ﬁ(ﬁ yidlding:

expect ed bécadse
AP
perrar =pdecoupn'ea' _pacmai =_(Jof-pp)a' 2—_1 (31)
7
25 Alternatively, the density error can be expressed in percent form, which allows

for better comparison between widely varied fluid densities.

Picconpted =P _(pf_pp)a[f_l]
Pororsis = 100( decoupled actial J =100 f (32)
" pac.'ual pf(l_a)-l_ppa

39



WO 2009/ 134830PCT/ US2009/ 042019 solid particle does not nove as far
as the fluid, so again there is a backward shift in the CG of the

t ube V\herew[)zt)m;;m@vy conponent noves | ess on aver age gdi@ik2bdeL4iowde
itself FIG 11 is a graph of decoupling density error versus

particle densit The fluid is water with 1 cP viscosity, 998 kg/n8
density, and afieseche (pe}fegn i the demsiiyypf dedfloys dgid, ﬁltﬁi@p)dﬁnthwerﬁﬁm of
0. 37

Congi 1 DR e BRRECH M) cFR£00 REGRTBR LU WIE 0B 3Pl e

particle demidlé yolpemedesetion (V.4 hepatade siat onpardeleaiseldinngbution). Wokchedkhsf
density error is zero). The no decoupling scenario occurs when the
particie |t§e&eﬁém%ta*@n&éﬁrsﬁhthé@n% fRses pia Pubile irpsnnyiseld dlued pranciainiigly

so hi gh thﬁécoﬂ?ﬂgﬁﬂ %‘Mﬁcﬁ'&%‘d‘é@o@ Ee?tm h% ﬁ%lﬂgﬁctnﬁgfi.e‘iie?@@%i‘fe' on

10 (32) for t ensity error sse orm assum ng no
phase angldenbiet m isheesymacd, rah]h{mghtfot thé mf‘dutel]ihvasajmn shateyhle lig 100t necessary

approaches the t retical xL nmum of for mass- | ubbl ef:

al t hough i ttecweﬁlil Feanplingnie we@% fgk § Buticie of pny Aensg 9 Her e
to approa S I ql@erﬁ t d
approach ? E“@Eg}é%‘% e ﬂg{gulgé%q‘aﬁﬁcg%th%?ﬁg ef%%gt@?{)&a% e rrelte e? l\j\%ld

desi gn parfanet sxfmitalyd/ifdous tuidrtbepdecoiplsngimtid ensiactty enmsorFm‘macIngf these

mul ti-phase fl.ow has als een investigated. It is assuned that there
s ho Bhacergiiors Fdneny aPhEae i CRIPETERE and the 1o d. The
density error approxi mation given by equation (32) is enployed. FIG
12 is a surface,pl ot of densj g %)*or for fluid viscosity Ver sygsy
particle size. R RS 47 er T controlled primarily by the
decoupling ratio rather than the phase angle, as shown in the figure.

As expected, dengity..ekLe =icg(may m zed for small bubbles in hi(
Vi scosjist y fI uids and grows with increasing bubble size and/or with

decreasing vi S%%éé%ésul%%@ﬁ%ﬁﬁ#l&ﬁ 1D osé ?A nSI Pﬁe’vﬁ&ﬁs 'uﬁ)rﬁ'seﬁfchgégll %e& he

results follow a nile of at the y error varies
zero and rﬁ’emug (20&6)tTh@makhmmneg]ecftechat&nsm}npf @ﬁdﬁmemd]iewgid)fnaqmnammsehes
such as b sl.ze nd V|%§05|ty

Iar art
T oonr s iRt s Bina finhe iy ot aabis S e anidiGs vhTeaBbelectsd 106

gas Vol ungeh§iackippulidtBy fie u8Bkhfdn nﬁ‘lrﬁielylv?isdo%s Auil IR oR! H'ta Rfxture
density error for fluid viscosity versus ‘particle density.

expect28d, veitlr bYeszai rvrorde%tmoass prigent, |t density parot ns&kpeccuﬁﬁmbmbet\men@ and -

deviates LRI B S BBABI B Tk el R BB

rel ativel WhbidibeGlotbdfthati (B rulEQF tHue 888, @flidFbOPardels i npgiidibleless.

note that the magnitude of the density error may exceed two tinmes the

particl e Jisirgrample, if the mass of the particle is greater than the liquid, the magnitude of the
density error can actually be greater than twice the particle volume fraction.

25 According to equation (31), the measured density of a bubbly fluid will be
erroneously low because the decoupling ratio is greater than one. This is intuitive, as
bubbles move farther through the fluid on each oscillation, causing fluid to move
backwards to fill the vacated volume. The result is an apparent density which is less
than the true mixture density. Error is also found to be increasingly negative for larger

30  bubbles, as is expected because large bubbles decouple further and increase the non-
participating mass. For the case of a dense solid particle in a liquid, the decoupling ratio
is less than one and the density difference, p;- p,, is negative, causing the last term in

equation (30) to be negative, similar to the case of a bubble. This is expected because a
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i ncreases, the anplitude ratio (Ap/Af) becones small, neaning that
the parti ovewanzisge noves with each oscillation from t RETHEREYEECIIOVe
of a | aboratory observer. Thus, an increasingly heavy particle is

i ncreasi ngly,statjonar causi a ] arge backward nov nt of, .t.he ,CO
of et St BBt o BN TR OB, RSP TR Y BRI S 2
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versus vi brational frequency. The figure gives density error as a

fiinction of mEl@rIldiesiggphrefirdsaeunding demily emon3Eeys partiele dersitypd he fluid
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vi br at i ng datoublingizcenarid oerurowherstheipatticdd Is yheedainrd deasigdasf the fifvideriveireai es

| ess than 1 Hz. _ 15A very .l ow vi bratjonal frequen can. be achi eved by
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; isgz tm%p;ng%:{)qmg%_eﬁﬁgﬁeré%o?,ﬁig{?eﬁ@gﬁ@@%ﬁfbﬁﬁ,%&ﬁmn fnotghgsd AR Y &dn

rein fl ow conduit ves 1 n a single
di r ect i on thefpdniicjh and Aozt i Tealendityemuoeapyroeches denhedrsecal nfoxanum gf tdeefor

flow neter assenbly 10 at a,second qr hi gher, bendin d At hj gher

bend ng. IS R H 1o ALIowES TR SRR D A YSRTOES eae- 1 heRg .
The conduitf ,RRE4dhORR, AR RinkidLErsY A k%f’mzﬂ%rﬁc]‘é 'd@ﬁs?{%"»%lﬂﬂ apRegchRye in
opposite directions. I'n sone erfbodi nents, the very high

f r equency expdstedltadue ¢fl-8%. net er 5 can operate at a very high frequency
as a result of fla er. desjign. .ln _sone _enbadinents, .the v [
frequdtcy vi br 36 PYeqtRs e iRl sl o SRRPERORAN IE Blshorecf Gy Yoleley Ul
25f r equengirias iy lti-pBatktflow hdshgsotseh ifdstadatedn 10F adsuihiddRat3h@Ba no phase
FIG 15 is a chart that shows sinmulation results of total density

error frodiffereraepetwspnithepariplepnddwdluid, Fpeidensity ceauanpegximation siyeg by
very high fr A a Coriolis flow neter. It can be seen
t hat at véﬁ‘}ﬁgﬁg?&%%f"c‘@@ si zes, any decoupling is negligible, such
as where the deweup isagurfade mot(oAaeAdi)y dror dppihaa ivisabsiyywensue parnidlet s,
30density error is correspondingly insignificant, In this seg%l(al

ge angle,

par ti éPe” Rearitt preor is pereplisd PEBIARY pisheycedmbipgsaiogriier faafh
dom nat e. g@%@y@%ﬁ%gﬁﬁgﬁgﬁgéagﬂ,%@&i@' e9r iMBnimized for small bubbles in

2009/ 1348
high viscosity fluids and grows with increasing bubble size and/or with decreasing

viscosity. Because the particle density is negligible, the results follow a rule of thumb
that the density error varies between zero and minus two times the void fraction,

25  depending on parameters such as bubble size and viscosity. For large particles in low
viscosity fluids, the nearly inviscid case of -2% density error for 1% gas volume fraction
may be reached.

FIG. 13 is a surface plot of density error for fluid viscosity versus particle
density. As expected, errors increase as the fluid-to-particle density ratio deviates from

30 the single phase ratio of 1:1. The most severe density errors result from gas bubbles or
highly dense particles in relatively inviscid fluids. For the case of high density particles,

note that the magnitude of the density error may exceed two times the particle volume
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frequency nodes have positive errors and the | ow frequency node does
not have nuch error at all. However, when bubbl es get bigger
than a feWwpasoHs4s8¢ a mllinmeter in di aneter, decoupl iR¢d/WEREO42910
begin to dom nate the SOS/ conpressibility effects and the error goes
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15substantially sequentially vibrate at the nultiple frequencies in
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i nclude an exp ted orel gn nmaterial size or sizes e operating
const r ai ntts acc@mniodztaid enesn mevaingaippBegploysi cal space for the vibratory

flow neter. In step,, 1702, one re very |ow frequenc
vibrational relpHiEenaKITRE. BF VRS UL BRYRFLHOTPETa AN TSR BRA
responses  ghfe f §ﬁ(?H¥eﬂl S ﬁ@erﬁb&flﬁi@h@ rlﬂb vé@%ﬁgﬂﬁ&f 1688y YArhprides avasRiored
in response to t very ow and very drive requenCI es used to
vi br alé t Heqhtmmw abete?,00& Hanibb yoni@embodlments, the very high frequency comprises a
vibration frequency above 3,000 Hz and beyond. However, it should be understood that
the vibration frequency can be at any frequency above these thresholds, as the required
very high frequency will ultimately depend on various factors, including the flow fluid
composition and the nature of the entrained foreign material, for example.
30 It should be understood that alternatively both a very low frequency vibratory

flow meter and a very high frequency vibratory flow meter can be used together in order

to achieve the results discussed herein. For example, two flow meters can measure the
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In step 1703, one or nore flow fluid characteristics are determ ned
fromthe one or nore very |ow frequency vibrational responses and the
one or norEOI3483Yh frequency vibrational responses. PEREIS3HE04019
nore flow fluid characteristics can include 25a m xture nmass fl ow
rate (tit"g." - 4l gﬁrﬂ%i . i cHiate and
not subst af}ﬂv%g {%/Ltg%f?ééﬁtgfcfﬁgy rrula:ﬂl}{-ﬂé)%ﬁagi%slghﬁg %nv?/g“{él ?12%1??@6 %ﬁgc oerle or
mor e fl ow prbdesskdcisasrdinigan ivatitwesenttandihatts btheimehticde Bhd procehsimgssn bt ow
rate ( titf and an entrajned parficle/gas mass flogwrate (/h t hat
are accur &€ 05?1%‘9%86 W%Pkﬁﬁrf’@ﬁ 9%%\%‘3é519@dn?§9‘“ or can eﬁ"nﬁ%‘égggf | ow
effects. nore flow fluid characteristics can further

i ncl ude 3%@%@8%& fluid density (pl) that is accurate and not
substasti al |y af fheatddst inderstdodithatphagibratdryflosf hetet §, whttheromefiguredwo be
flow fluid chajac eristicsg can fi(g{ther include a.fluid \H\lr)

2009/ 1348300 IVSTEBENSY SBIYOR, Iy msfrr eef VeTy Heh SRty erg Vi dem 3w
(Op), and fei ¥htbEosPREE aQhuRBHblabbh FreqidndRs. 2EHdalIlhd vieMitdryui d
characteristics are contenplated and are within the scope of the
descri pt i diovandtericai b operited diet plurality nfjfrequenciattogtecnats smpjuralitnoefn or

assuned val.ue .for the decgupl.i ratio. ((Apl.Af). At very |ow .

f requenci é@?ra{l?@l SERERSP ‘ﬁb&?lgﬁg&o&tﬂﬁ%}yﬁ% élé\%ﬁ‘g’i‘fﬁ EFPPRTS é%et Croél?lﬁlé Yas
or entypai NRgertOdbdining an aPFroRmsdiEBaket Of RAltARINME effecks. At very high
frequencies, the decoupling ratio for entrained gas can be assuned to
be about 3:1, VH©OI &7 istael I 70Agf p methpdifor detpmpaingsge 9o Maae flewrlwé
assunmed to,be about ual,..to 3/£1 * Ppf I

Fr equenci abRe RSt s AR A b acsh R odoEhutRieh. yfYen 1701,
appr oxi matghator Flow rhater iSlopwatent ab b8holf INBRURRE IS operitirof kaivehdied ghd one
viscosity can be assuned to be approxi mately zero. As an exanpl e,
several eduarqreneryigh prerafinedreayengies cEesyibigtarh Sopaueies ¢angpanelatedip
and very hi i hel.ow,
may bats i R PBl Ao LERANEER R Bl CSRmPRG "

very | ow fAleanaielyg she Vimerre flowt ihetetemchepdperaged @tsubstdmillfsmuitankolsdy
one, as previously discussed. As %resul_t, the right hand term.in

equat i on (“3BYie a the ey iMALe yerydpy fregyengies apdt ey hren Bire yeryhigh o
vibratory glow,ggter is the actual mixture density ( p",J. As a
result of tqe very | ow frequency, it is known that this neasured
m xture densi t yThg ope or morg varg law Geqadreicandd thel dnalol enor@ Qerilhigh frequenties

very, L vi Brgl honal  SIUED0 ks oS ERRVASE, B EA S TR, th one

or more very low frequencies and at the one or more very high frequencies may depend

o

at least somewhat on other constraints, such as fluid pressure or available physical space
for the meter, for example. Other constraints are contemplated and are within the scope
of the description and claims.

25 For example, entrained gas in the expected flow fluid can cause errors in
measurement. Depending on bubble size and flow fluid viscosity, a gassy or bubbly
flow fluid at a given vibrational level may exhibit more measurement error than an
equivalent entrained solids multi-phase flow. Entrained solids typically do not exhibit
compressibility effects and tend to decouple to a lesser extent than bubbles.

30 Consequently, an entrained gas multi-phase flow fluid might require a more extreme
frequency or frequencies than an entrained solids multi-phase flow fluid, depending on

conditions.
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al so known to be accurate and reliable, as previously discussed.
Equation (35) can also be applied at one or nore very high

frequenC| 850 2@9&5’48%5 the exanpl es shown in equations (ge}kh8dmszer1o
bel ow. In each case, the decoupling ratio will renmain substantially

constant - and independent of bubble size, for exanple - over 25 the
one or rnore vefiec hippotedrfbudi@nwices aUaWtfhloﬁl@phlen%edfﬁ@ hasedhanmnl ¢xpected

e SR8 LS o o Sl o
2009/ 1348%@?5%&}5&9%@%9%9 d@ggneﬂ 16 @Bme Endédindents toReliaBn} 1|na@fﬁu1kiv IV,

PpC p2 5 1it7I1 I nzxlIP Ani.
measurements during two phase ﬂow including small to moderate bubbles/particles.

5  The vibratory flow meter can be designed in some embodiments to reliably measure
entrained gas for bubbly flows but not slug flows. Alternatively, with careful design,
the vibratory flow meter can be designed to accurately and reliably measure even slug
flows. Further, the vibratory flow meter can be designed to accurately and reliably
measure multi-phase flow fluids including both bubbles and solids, such as concrete or

10 other cement mixtures, for example.

The determining can further take into account operating constraints of the
vibratory flow meter. The operating constraints can include a flow fluid pressure. The
operating constraints can be independent of or can include a flow fluid viscosity. The
operating constraints can include an expected foreign material type or types. The

15  operating constraints can include an expected foreign material size or sizes. The
operating constraints can include an available physical space for the vibratory flow
meter.

In step 1702, one or more very low frequency vibrational responses and one or
more very high frequency vibrational responses are received. The vibrational responses

20  will be received in response to the very low and very high drive frequencies used to
vibrate the flow meter assembly 10.

In step 1703, one or more flow fluid characteristics are determined from the one
or more very low frequency vibrational responses and the one or more very high
frequency vibrational responses. The one or more flow fluid characteristics can include

25  amixture mass flow rate (s, ) and a mixture density ( p,,.) that are highly accurate and

not substantially affected by multi-phase flow effects. The one or more flow fluid

characteristics can further include a fluid mass flow rate (7, ) and an entrained
particle/gas mass flow rate (#1,) that are accurate and not substantially affected by

multi-phase flow effects. The one or more flow fhuid characteristics can further include

30 acomponent fluid density (o, ) that is accurate and not substantially affected by multi-

phase flow effects. The one or more flow fluid characteristics can further include a fluid
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In one exanple, the vibratory flow neter is used to determ ne one or
nore flow 10fluid characteristics of oil froma well, where gas is

entrai ned Wwipofva3eHzb. | n a worst case scenari o, the densitii®sioaithio
fractions of the oil and gas are not known or assuned, although the
flow fluid pressure and tenperature are typically neasured or known.
The vi br atitgjion|(gw. seicls Gactionr(dy band gimnytuzg speed of saynd (Gedy Qtlesy
frequency and at | east one very high frequency. The desired fl ow

flui d charaiditionpkflow dluidehepaeteyistiprcarg gentgmpl ndzre wifhia the scapg & thel ow

rate (th",} ixture density ( p). In addition, the (fluid) oil
conponent drre)g%@l gavr\l/alcﬁlég'(thy) and density (p4 are likely to be

desired. This rie deeauminiee My tdeksisirgt £kbeiresmdsininig] wtuofoViheqdeicoupling
fraction of the multi-phase flow The mass flow rate (/h), and density
(pp) of t Helig&ay Bdmp¥ et lopidesenejes thedaspeding raliq H/do Whstherdor
particles i i . . ' .6l 1kl gas
density 20 p%ﬁcq%g%%%ﬁ%a cgg 1511%28 r%%@?lﬁg&#bgoeeg%%gglsﬁ] g[vtvbrgggjug%m
However, tfhenkheied tisadesodplingpido fa catraintd pesada de adsadicditobalabout 3:1,

vi brations perforned at very high fre ncies will prqvide additi I
equati ons, ¥ %P idﬁiijﬁ’ég gdoder %r?ff%@edéﬂﬂgﬁ%ﬁ ASFHm 12DEYE RO,
Therefore,+(@e§§%f?)he (01), (4 and (c,) terns are desired, two

addi ti onal ver gh frequency vibrations are needed, which wll
provi dé t he res\tivesy bhoftequiencies)ulat flomSluidiEpc@Brneh pl&pumddé bavo very

O 11 SO A1l AP GO SRR O A LSRR, et 1,
WO 2009/ 134888ed fobeRpbroxEniteRlkero.
As an example, several equations may be used for processing the resulting very
low and very high frequency vibrational responses. Equation (35), below, may be
[5 applied at any vibration frequency, whether high or low. At very low frequencies,
however, the decoupling ratio (A /Ag) will be one, as previously discussed. As aresult,
the right hand term in equation (35) is effectively zero, so the density measured by the

vibratory flow meter is the actual mixture density ( o, ). As a result of the very low
frequencyi, it is known that this measured mixture density ( o, ) is accurate and reliable.
20 Also, at the very low vibrational frequency, the measured mixture mass flow (1, ) is

also known to be accurate and rcliable, as previously discussed.

Equation (35) can also be applied at one or more very high frequencies, such as
the examples shown in equations (45)-(46), below. In each case, the decoupling ratio
will remain substantially constant - and independent of bubble size, for example - over

25  the one or more very high frequencies (although the SOS term will increase with

increasing frequency (w)).

2
Do w(d/Z)] {A}, }
Pme,er—pm.=—~’ﬂ’=‘-[ -\ —p, )0, | (35)
" 4 Cmix ( d P) ? Af
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pmat CQJd | 2)\ 2 Preter,1 Pmv gpf - Pp)Op 4 \ Pneter,2 p "th.
Lo2(d I 12 2 (pi -pp)Op 4cps The use of two or nore versions
of equati o0 ¢®@5/)34830. €., produci ng the results shown i nPE[UENBHE01045)
and (46), enables the elimnation of the conmon SOS term (cm x). The
resulting two equations can be solved in order to determ ne th%7
unknowns 10( 0¥/ %rd (Op), Then additional flow fluid )
characteristics can be derived using equations (41) through (44).
Qther equations gre copitenpjated and are within the scope of the
descripti on and—clmiTrs = Wrar is claimed is: 1.A vibratory floW%eter
(5) for deterniffifiy o€ orPsfore flow fluid characteristics of a

mul ti-phase flow fluid, the vibratory flow neter (5) conprising: a

fl ow néter assenpl=(4®) including one or nore flow conduits (83(93A,
103B), 5with the flow neter assenbly (10) being configured to
generate a very. | ow.freguency vibrational response that is below a

pr edet er m ned lﬁ‘_ﬂmmgeéoupl ing frequency for the flow fluid @4t to
generate a very.hi g, fr@guency vi brational response that is above a
pr edet er mi ned maxi num decoupling frequency for the flow fluid,

i ndependent  of pagne example, the vibratory flow meter is used to determine one or more flow
10  fluid characteristics of oil from a well, where gas is entrained in the oil. In a worst case
scenario, the densities and fractions of the oil and gas are not known or assumed,
although the flow fluid pressure and temperature are typically measured or known. The
vibratory flow meter is vibrated using at least one very low frequency and at least one
very high frequency. The desired flow fluid characteristics commonly include at least a

15 mixture mass flow rate (s, ) and a mixture density ( p,,. ). In addition, the (fluid) oil

mix

component mass flow rate (7, ) and density (o, ) are likely to be desired. This may

require or necessitate determining an oil/liquid fraction of the multi-phase flow. The

mass flow rate (71,) and density (p,) of the gas component (where gas bubbles are the

entrained particles (p)) may or may not be desired. The (particle/bubble) gas density
20 (p,) can be calculated from the ideal gas law P = p,RT. However, the fluid density (py)

is still needed. Additional vibrations performed at very high frequencies will provide
additional equations, enabling the solution of an equivalent number of unknowns.

Therefore, where the (4,), (4,), and (c,,, ) terms are desired, two additional very high

frequency vibrations are needed, which will provide the results shown in equations (45)

25 and (46). The two very high frequencies (»,) and (®,) can comprise any suitable

frequencies.
pmix:pf¢f+pp¢p (41)
30 g, +¢,=1 (42)
M = Wl 0, (43)
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10foreign material size or a foreign material conposition, wherein a
decoupling ratio (Ap/Af) is about 1:1 for the very | ow frequency

vi br at i onafVorRe¥HsH$3e and the decoupling ratio (Ap/Af) iBCTADGHY/04019
for entrained gas at the very high frequency vibrational response and
i s about equal Lo 3141 4, (2 * pp/pc)) for entrained solids at the
very high frequercy -15+vihrati onal response, with the decouplingd)
ratio (Ap/ Af) cBmpriBingsa ratio of a particle anplitude (Ap) to a
fluid anplitude (At), where pp is a foreign material particle
density, and pf is a flow f}ui sity; and neter electronics (20)
coupled to the‘$|0wL 2t P mig (& b aqd)?onfigured to receiyg the
very |ow frequery' viBrat#opalc,esponse’and’tthe very high 20
frequency vibrational response, and deternm ne the one or nore flow
fluid characteristics fromthe very,l ow frequency vibrational
responép and the very hi gha ﬂEG%é%k _5' rgth al response. 2.TR§6

vi brat ory flcwv@mW%rﬁ%%f af | cl ai m 1), et ef’ he nmeter electro ié%
(20) is 25 configured such that"a Viscosity is effectively infinity

with regard to artic%e notion for th% flom/f$ id at the very I?w
frequency vi br HIEHHEPT PESHIRGE SREPTSST CMFio (P Seit & RRANFAE tig results

Vi scosity 4 f: ks ht : J } he
Lo T o g P O U e
vi brat ory (EhQwTive result{r) twofeqohtionncan babarel m drie to deterihow the eduewoy

S8/ colfor ) BRIy ieacgRipna) BRAE Ao e sy SRARSTved WPl s 2o

or a foreign mater]j CO it{on. 4. The vibratory flow neter, (5
of ot ar m et dr h reel LR (iiPienudinanel SrirainGard REGHBHE le'spe
cor r espondsy thOdRBriptdHeAtladnekes number (b) that is above about 3.5
and wherein the very high frequency vibrational response corresponds
to an inverse 5Stokes nunber (b) that is |ess than about 0.1. 5. The
vibratory flow nmeter (5) of claim1, wherein the one or nore flow
conduits (103A, 103B) are configured to achieve the very | ow
frequency vi brational response and the very high frequency

vi brational response by configuration of one or nore of a flow
10conduit stiffness, flow conduit length, flow conduit aspect ratio,
flow conduit material, flow conduit thickness, flow conduit shape,

fl ow conduit geonetry, or one or nore vibrational node positions.

6. The vibratory flow nmeter (5) of claiml1, with the vibratory fl ow
nmeter being 15 configured to operate at a first bendi ng node and

hi gher bendi ng node frequencies. 7. The vibratory flow neter (5) of
claim1, wherein the vibratory flow neter is operated at a plurality
of frequencies to generate a plurality of vibrational responses,
wherein the plurality of vibrational responses are conpared in order
to determine an 20 approxi mate onset of nulti-phase effects.
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8. The vibratory flow neter (5) of claiml, with the flow neter
assenbly (10) conprising two or nore flow nmeter assenblies (10) that
are vibrated to generate the very | ow frequency vibrational response
and the very high frequency vibrational 25response. 9. A nethod for
determ ning one or nore flow fluid characteristics of a nulti-phase
fl ow fl ui dyhithecleRtdaod: conpri si ng: vibrating a vibratory flow neter
assenbly at a very low frequency that is below a 30predetermned _ .
mi ni mum ddeoupk Yi TaFQ@dl@é‘h@?tefB% ferietsrmining pug o me favpflaid charagteestics

fl ow nmeter J: I.S.ahove a
pr edet er moggzﬁﬁng%%%e?nﬁ%’gg\oﬁ%ﬁe%@% P béﬁ‘g‘gglg&%o(w%%ﬁ%l% fluid,
i ndependent of adlofvoheiegassembir(il @) inludiag@he ar hivtellgn comidki(803A, 103B),

conposition; receivi ng a very | ow frequenC}; Vvibrational response and
a very>hi gh frequen®ifbyigHew mstaasseadboddd beipg contigysed torgpnerats a very

frequency vibratio esyl fj | | '

(Ao AT of about  1: e RARE AP REGR Rl Harts BREQ M-t Bhed
response resul ting minimutedupdlinadragatioy fHAhe/1IBY) ol anl cugendrate 4 oery
entrai ned gas and about equal to 3/( for entrajned

{ + (2 | pf
solids, with the de¥ghFeappcy yibrgion ﬁefm%fe%ﬁgﬁgg%%@m&d?taww%f a

particle anplitude i i ( e L

foreign 10materi al 1%??%1}%%&8@'@%%{/%2%#%? ﬁjlesf%gy Pﬁ@\’/v{n? F}Eélﬁ gb‘gecﬁg ity;
~and dé@erni ni ng t hefoomign ontenial Bzd draviofdign shatshial eetpsit®h] wherkinam t he
very | ow frequency Vi brational onse and the very high frequency
vi brational resppns%?o‘i@%.rﬂ%(@fﬁbsoai’(?flt g?é‘?‘?ﬁg,‘“e 'Ift)‘ﬁ WERREry | ow
frequency vibrati Qﬂﬁbraﬁgﬁz,‘?%@@ns&e‘a’ﬁﬂkl{d dHdobplind r&ﬂié@?ﬁA})Ys 2038t 3.1 For
effectively infinity wwth regard to particle notion for the flow
fluid and with the engminetiigghatitheverehigh fedduenty vbrmtionasgrpasse andsdtiouhg
wherein the very | GRFFBAUARE AIHEErOREF e B e v peh B ety
predetsrm ned m ni MipRaSER( caFBiRsWitRtHd degoliglingshied di /ANdenphdanh rafo a
foreign material size or_a forei gg mat eri_al  conposi tion. B
The met hod of cl ai raf@ pawfrée anplitnfe(Aw fo/a floig arplbueen(dy), whereaiinaireign
response 25 corres i t er.. (: at is above
about 3.5 and wher gﬁﬁgﬁﬂé}%ggc%a%}%h%ﬁ?g&@éﬁ%ﬁ@ﬁ@r‘%ﬂé@%ﬁg{@r esponse
corresponds t oméer ¢lasterie (300doepled yariierfldbinetdnaseindly @ 9% addenfighedto

0.1. .. 13. The nethod of claim9, with the vi bratoré/ fl ow neter
bei ng configured t 63%%%@9 yery low frequency vibrational response and the very high
20 " frequency vibrational response, and determine the one or more flow fluid

characteristics from the very low frequency vibrational response and the

very high frequency vibrational response.

2. The vibratory flow meter (5) of claim 1, wherein the meter electronics (20) is

25  configured such that a viscosity is effectively infinity with regard to particle motion for
the flow fluid at the very low frequency vibrational response and is configured such that
a viscosity is effectively zero with regard to particle motion for the flow fluid at the very

high frequency vibrational response.

30 3. The vibratory flow meter (5) of claim 1, wherein the very low frequency
vibrational response is below a predetermined minimun SOS/compressibility threshold,

independent of a foreign material size or a foreign material composition.
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30 at a first bending node and hi gher bendi ng node frequencies. 14.
The nethod of claim9, wherein the vibratory flow neter is operated
at a plurality of frequencies to generate a plurality of vibrational
responses, wherein the plurality of vibrational responses are
conpared in order to determ ne an approxi mte onset of multi-phase
effects. 5 15. The nethod of clain19, with vibrating the vibratory

fl t W, f Vi t |
and at t hetver y I YRl FL QGRS LG R s eifuRe Sery SRR eBr ey
vi brating JivRtiehal F¥p@ndd drRkSInds td M119&§@St0%§§ﬂ\§fﬁbér€(§) thé0s &BoveAbout 3.5

met hod of forming a vi brat?dy flow neter for determning one or nore
flow fl ui danciwelrea@néha wary bighdrequernyl mbrapmeé eespbuosg dorgsiednds teeanripyéresd

conprisin eter uency vi brational response and
a ver y%hl d tog?@&&%ﬁﬁ@g?%ﬂ%ﬁsyﬁgﬁ VYFOélgggnse for the vibratory flow
meter based on at |east an expected flow fluid, wth the very |ow

frequency vibrational response 15being bel ow a predeterm ned m ni mum
decoupl i ng-f r edlrervératomaflamihetet(s) oﬁcrlgmhl gwlerrtmecﬁh@@wmm@pmﬂults

he 1 ow (H1, RPR R BRRENE0 DGR e T RO D TR %8

mat eri al  chePeyitiglofequaht Vibl“a@loﬁﬂrryspb@w By @AFR0LYioM P biad b1aA&le of a flow
response resulting in a ecoup:ll g ratio é Ap/ Af) of 20about 1:1 and

wi th tiRe vepduihstiffnoss, diowesrngu flowondeis pimesioratiedinw renguitinagerial,

d i / of
equal ¢ 1)”%?deﬁfé‘f‘ﬁ*cﬂ%ﬁ%@?o?@#a ARt RS o HRRA
decoupl i ngibratioral (édy Pdsjtiomenpri sing a ratio of a particle anplitude

(Ap) to a fluid anplitude (Af), where pp is a foreign materi al
particle density, and pf is a 25flow fluid density; selecting one or

mor e fl owgcondyint vHesE GR ARG ST 6f§ﬁeh S %ﬁleﬂe‘?/fbr%tlaﬁzr H@\M‘nelté?‘ﬂfemg

frequency V|brat|ona response and on t é very hig equency

vi br atlf onabnfipspdivseperate tta fitsebondagomodemarel nglams/bemhdg ntodd diefjgencies.
characteristics being selected to substantially achieve the very | ow
frequency vibrational 30response and the very high frequency

vi brationgl regpeRRRitoA oW BRI %ﬂdnﬁmt h evh\été% a{ewlurafdrpwow%aér is
enpl oyi ng the sel ected one or nore flow ¢onduit desi

char act er Ppérated at a pluralitof freqirogico fo gdngrate 4 plurglity lof vfgbeatmalyefsmmes,
frequency i Q n sultin COSI

ef fact 1 verer e R B R e et RaR Bidst et g9 o,
flui dzandapprbﬁmdwomf yf RbBhpidseaffesncy Vi brational response resulting
in aviscosity 5Sthat is effectively zero. 18. The nethod of claim 16,
wherein the very low frequency vibrational response is below a

predet ermgned. 4,00 RS Bl | %Sdftaa% htly“hﬁ&rtﬁéB%%a&“é%?e‘?ﬁm?fﬁ) of a

forei gn mat er| Sl ze ert al OSi
comprising two or more flow meter assemblies (10) that are vibrated to generate the

very low frequency vibrational response and the very high frequency vibrational

25  response.

9. A method for determining one or niore flow fluid characteristics of a multi-phase
flow fluid, the method comprising:
vibrating a vibratory flow meter assembly at a very low frequency that is below a
30 predetermined minimum decoupling frequency for the flow fluid and

vibrating the flow meter assembly at a very high frequency that is above a
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19. The method of claim 16, wherein the very |ow frequency

vi brational response corresponds to an inverse Stokes nunber (6) that
I s above about 3.5 and wherein the very high frequency vibrational
response corresponds to an inverse Stokes nunber (5) that is |ess
than about 0.1. 20. The nethod of claim16, with the vibratory flow
met er bei ng confi guprdeteoningé nweenman dacduplisg ﬂb@lﬁ#b}’\@Mﬁ@ﬁo\aﬁhﬁf%i gher

bendi de f ies.. 21 . The.nethod .of claim 16 in th
VT brarary 1 ow mat elaeResEy et D BABGel ARk A e PaaL oo
generate a pl urgdelviyg #leryilOn FegRORy Vil SRMBRSponsb 8h&h RelyBoiPirbdiRhty Y

of vibrational responses are conpared in order to determne an
appr oxi mat e onset ofibmiional igsnesee, afithetbe very low fzquaney virathenal bpisai m

16, with vibrating the,vibratory flow. no\a l.y, at ; t 25 ver)
ow 11 Squency vi bt NEE 1 BLRaEEERIBTRTRETIBY 11 B MBI e
vi brational responsge@@npy VivkiBnyi ERhbd\@siag H a BREpMidXaad PAYADlBW
met er assenblies. )
about 3:1 for entrained gas and about equal to 3/(1 + (2 * p,/pg)) for
entrained solids, with the decoupling ratio (A, /Ay) comprising a ratio of a
particle amplitude (A;) to a fluid amplitude (Ag), where p;, is a foreign
1 material particle depsity, and pyis a flow fluid density; and
determining the one or more flow fluid characteristics from the very low
frequency vibrational response and the very high frequency vibrational

TeSponse.

15 10.  The method of claim 9, with the very low frequency vibrational response
resulting in a viscosity that is effectively infinity with regard to particle motion for the
flow fluid and with the very high frequency vibrational response resulting in a viscosity

that is effectively zero.

20 11.  The method of claim 9, wherein the very low frequency vibrational response is
below a predetermined minimum SOS/compressibility threshold, independent of a

foreign material size or a foreign material composition.

12. The method of claim 9, wherein the very low frequency vibrational response
25  corresponds to an inverse Stokes number (§) that is above about 3.5 and wherein the
very high frequency vibrational response corresponds to an inverse Stokes number (6}

that is less than about (.1.

13.  The method of claim 9, with the vibratory flow meter being configured to operate

30  atafirst bending mode and higher bending mode frequencies.
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14.  The method of claim 9, wherein the vibratory flow meter is operated at a
plurality of frequencies to generate a plurality of vibrational responses, wherein the
plurality of vibrational responses are compared in order to determine an approximate

onset of multi-phase effects.

15.  The method of claim 9, with vibrating the vibratory flow meter assembly at the
very low frequency vibrational response and at the very high frequency vibrational

response comprising vibrating two or more vibratory flow meter assemblies.

16. A method of forming a vibratory flow meter for determining one or more flow
fluid characteristics of a mmlti-phase flow fluid, the method comprising:

determining a very low frequency vibrational response and a very high frequency
vibrational response for the vibratory flow meter based on at least an
expected flow fluid, with the very low frequency vibrational response
being below a predetermined nunimum decoupling frequency and with
the very high frequency vibrational response being above a predetermined
maximum decoupling frequency for the flow fluid, independent of a
foreign material size or a foreign material composition, with the very low
frequency vibrational response resulting in a decoupling ratio (A,/Ag) of
about 1:1 and with the very high frequency vibrational response resulting
in a decoupling ratio (A/Ag) of about 3:1 for entrained gas and about
equal to 3/(1 + (2 * p,/py)) for entrained solids, with the decoupling ratio
(A/A;) comprising a ratio of a particle amplitude (A,) to a fluid
amplitude (Ay), where p, is a foreign material particle density, and pris a
flow fluid density;

selecting one or more flow conduit design characteristics based on the very low
frequency vibrational response and on the very high frequency vibrational
response, with the one or more flow conduit design characteristics being
selected to substantially achieve the very low frequency vibrational
response and the very high frequency vibrational response; and

constructing the vibratory flow meter employing the selected one or more fiow

conduit design characteristics.
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17.  The method of claim 16, with the very low frequency vibrational response
resulting in a viscosity that is effectively infinity with regard to particle motion for the
flow fluid and with the very high frequency vibrational response resulting in a viscosity

that is effectively zero.

18.  The method of claim 16, wherein the very low frequency vibrational response is
below a predetermined minimum SOS/compressibility threshold, independent of a

foreign material size or a foreign material composition.

19, The method of claim 16, wherein the very low frequerncy vibrational response
corresponds to an inverse Stokes number () that is above about 3.5 and wherein the
very high frequency vibrational response corresponds to an inverse Stokes number (5)

that is less than about 0.1,

20.  The method of claim 16, with the vibratory flow meter being configured to

operate at a first bending mode and higher bending mode frequencies.

21, Themethod of claim 16, wherein the vibratory flow meter is operated at a
plurality of frequencies to generate a plurality of vibrational responses, wherein the
plurality of vibrational responses are compared in order to determine an approximate

onset of multi-phase effects.

22.  The method of claim 16, with vibrating the vibratory flow meter assembly at the
very low frequency vibrational response and at the very high frequency vibrational

response comprising vibrating two or more vibratory flow meter assemblies.
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