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VERY LOW FREQUENCY VI BRATORY FLOW METER Backgr ound of
the Invention 1. Field of the Invention The present
WO pvensdsen relates to a vibratory flow neter, POTURIIN®042018
particularly, to a very |low frequency vibratory flow
nmeter. 2. Statenent of the ProblemVibratory flow
meters, sOdRRYSL i%@%@ﬂ’%% W METER
vi bratory densitoneters, typically operate by
detecting notion of a vibrating conduit that contains
BagkElouwidngr e Tneendidiowi ng flui d. Properties associ ated
with the material in the conduit, such as mass fl ow,
1. d%dd.quh@mer@w I | ke, can be deterni ned by processing
measyr enent SI eigcel ved from tion trr%sducer
ae

as s ol PrESgntany e |atVlbIﬁ%% %V}/ nycter, a L B?I%cularly, to

a Vehelow Beagbdmd v'i'% V @lowf inkteed system generally are
affected by the conbi ned nass, stiffness and danpi ng

characteristics of the containing conduit and the
terial ntained therein. A typical vibratory flow
2. %té’i”e‘i”r&fgﬁé fl& or nore conduits that are connect ed
i nl '\ﬂ@ra’t&?@lo‘% Hl%'téré‘%u@l‘i af)b'a%hé Eri%n@ssFl@{'xztmé"ﬁélégt f he tory

convey eri al . , slurries an
densitonieeers ytypesaily Apenam:ﬂw detﬂayng:)motmlewéai Vdﬁaﬂmag/ccngiua thaatt contains
of natural vihbration nodes, including for exanple

a flqwipe &t perrdlongne flyidsi Rieaertics gerogiatedawifh daqmrisaiakisyigs conduit,
suélf]asa\intd%/spﬂl&@ de'ﬁg Hh& RNk 2R ﬁ;{ ii)é(; aétje mea bg%géjés%m? ?nqasurement

rTDEVI

si gﬁqh@%cdl{?é@ﬂam rhb@on: fatiduterd ra@lsdmttdad)wltﬁfthé tenduen ditiet vib&ition
neasured at points spaced al ong the conduit.

qulx:@ |0f thei \ohratig g mqéere%lrﬁli,e@’y@tﬁnué@lewlsawe adteataddy, the cgmbined

h d
i RE P pE Ptk S AR oo dinieiFGuficnd the Rferia

coht@alRdRerefnl Ui d density may be obtai ned by determ ning
a resonant frequency of the flow fluid. Mass flow rate
may Abtypaed erbmtosdfloy metasncludgs bherer tekagoratuitp e ere connected
di fferences between notions at the transduc

inljr5 i i R PR e Rl ST POfh SYGB 8 CERVGY BRIGTIAL SevsiBpigy slurries
an&”E TP '11‘?@1 s&st%ﬁpl R%Sfigﬁltpﬁﬂ'&%%rwé\%d‘%aﬁé{ﬁ o Zset o J natural

rati ona esponse O fl ow conduit con

v1t&a]tdoramdés/ mhcjadhhg fooeangde, aimplesicnid gs torplshaleﬁarm;&nﬂqd coupled
downst ream of the actuator. -The two pickoff sensors
moges bpnhatead dnqasuismest ARpicatiphst ?Qﬂﬁiﬁﬁtl%%fdﬁ’ gy one or more

I BBy AE o ReY L8 RO Ryl 58 conu i
mdakgieaat psRRSPase BMenP HRCEDHTAE. E%@lt@tﬁ(ﬁﬁi@'tﬁpically 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
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

instrumentation by cabling, such as by two independent pairs of wires. The
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in order to derive a mass flow rate neasurenent. Fl ow
neters are used to performnmass flow rate and/ or

walemsits4g2neasurenents for a wide variety of fleCTiusioonss2018
and of fer high accuracy for single phase flows. One

wh fl
in BRI IGEoa1* A AT D IR SCrTaS B BERRSESCs FIe signals
in ﬁﬂféptd’\@érkfe eFlglﬁssCﬂWr%lt%gn@asH}éMén’[ phase flow, including

I qui ds SO I nc ng gases and/or solids that

can Fixey endtéraiaregseldno pbefofrh ovask ifleindrato’anddod deneityl nfdaawements for
fluid therefore can include oil, water, air or other
a vgide é@rletélrﬂf/fbhid lawg apd OéﬁGh B}ghs%purasmf@r. Sé@glaﬂ)égse figws. One area in

Wlffc)ﬁl EE)raeto W& V&t?rs"é@ee I \” b{ Iatnge §}N ro_ﬁ'gﬁ(z g8 ! XellD gputs The

asu Pat s Ses
prétiet of sd’cﬁ'Wéifs cah'&@nr%‘iﬁél ﬁ@ﬁMtleha%@ ﬁo%lrﬁﬂud&ﬂ%h@@lds but also
a It is |ghydeS|ra e t hat

wgnl ficantly degr
indhinding ggseistang rﬁeh@mha@caméowt@umdrlattbe Hewpbsdi Binegilfield flow

for such I ti-phase.flo
g et Ole R ! SR RE vy B0, Bhbr sV b
paﬂﬁkﬁlaftéso‘ﬁ?f ex h}?léﬂJﬂ{BWe@&a%elfl E%aﬁb@\? floRchedde 1seﬁ‘steﬂ% ARAsure
solids’ or entrfained solid particles, mxtures such as
ﬂomoﬂmlde tigludihg enfraintd gases rzmd/tor sqlindss ehefdoomcy afithenmbttedean be
i s of different densit ch as.water an
si 11 @gﬁ%oﬁéﬁgb%hﬁjx BFsig %ﬁ%bﬁtetﬁe ¢ tma@@@rlﬁa%ewé@ecuraw
Lf £ ti- ies, or other properties.
as?b&ﬁﬁ fﬁkn ﬁak%lﬁﬁlﬂyigggﬁgﬁbratlon of a fl ow conduit

doeghaetuligshass Ao fuiddvs indrideRhrainde dagrsepksially Babbly gas
conpletely in phase with the flow fluid. This

flowisbrldeinowlaphease Mhawy cas incndy erdeningsl sedidg et eniptinedysaid particles,

Gas_bubbl b
migrBORREias £ SerPiengler Tuptft ot ieFe a6RR 67 il tiquias of
difydrbhtaddnoitial, sues a@%eerzaﬁd p@ﬁmeﬁﬁb&ﬁﬁp&ﬁh{syf&%&hm@é fTHB/\f)hases

characteristics. bubbl es typically nove with
mafyl Iwaefdhftﬁﬁdne@entsh@s f‘hsmsntmsecpr dtBenpropertiesl. However ,

| ar b be es move W he flow fluid dur
vib %f‘ b, 0om Bl CBREAN £ & flodk et dns® b fitessafily move
théd gﬁ%?ﬁ"/%lﬁ%ctg A r‘]ctEI Einfﬁ)lhg A §H 'E)lﬁjeb il TH¥S ibrational

I n epen es novi ng
anbranlyhierefarrdd f(ﬁ&t daafcotljjhmg ohdipphgey Ghubabldey, Ifnlgeyﬁlﬂqﬁe can become
vi brational nove Thi s adversely affects the

decquplet fromehe ﬂ@%fawéea%@ﬁmgéh% VRS resrainss ang agy sgbsequently
de%éﬂaﬂé?{, c%%acf&igaé %}ngﬁ bﬁ%lééb&&?&ug%lwhee fth ?ﬂ\%(ﬁ{)w fﬂnd as the

he so es are-rncreasin

flodesetsplievibrasd. tHewmaéﬂ tiRg@fbubbRs fdoaiyt fﬂd:uedmai the flow fluid during
|ncrea5|nglpart|cle sizes or vibrational frequencies.

vibragordelkibia plavwneondant. dustrad dleeibublties eanttieedaggpplied pigas the flow fluid

an(fi can move 1ncgepen(llen%1y, \Czlv?thoefntrginfetl%gs ng&gsn rsnotvinegsfaﬁﬂer and faster than

the flow fluid during each vibrational movement. This adversely affects the vibrational
response of the flowmeter. This is also true of solid particles entrained in the flow fluid,
where the solid particles are increasingly likely to decouple from the motion of the flow
fluid at increasing particle sizes or vibrational frequencies. The decoupling may even
occur 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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vi scosities. The decoupling action has been found to

be affected by various factors,such as the viscosity
wo@toovhastd ow fl uid and the di fference in densiPgT/US2009/042018

between the flow fluid and the foreign material, for

xanmpl e, In addjtion to. proble caused py the
sugheg e yiscABEy Shihe oy Diiddd agfé‘gqr@ﬁl% ipgehipy bespiegn the flow

. ' cy degradation from speed
ﬂ“ﬁgﬁﬁlﬁ?{%@@gﬁﬁggﬁnﬁaﬁs i1 ty effects when the
sonilic additiog itd groblerhheavsed by tieneitivielnidttbn ¢ Bubblgrant particles,
oscillation frequency of the nmeter is high. Liquids
Coniglis niitefRh AN S¥PATICNGR PeRiraqyedearbion Ak spaggtofispand (SOS) or
| owest ..vel ocities result. from.a m.xture of t. 0.
co @geﬁsﬁaallgﬁae?ﬁéctg r?vgberrlltt_ﬁg 150%18 ye gﬁ{t}z g?%hee Ie%suger}l%rgtﬁllua&\?s low or the
os¢iB8tidr Fredubndy @F BBBhb@r [se&igl@.t LefuiddhdvenisiRe /dniefvessvitidd than
of the m xture; below that of either phase. The
gagpschutithe lovesoiclopigies reswittitdre apnigtue of theowed Ewenessmalhamount
oscillate in the transverse directign at the drive
of BRGUERS Bm B FE In Gk i caia BTG obpopkof the
mikbué; el QRf cABerighade. Si NGl e phase fluid, the first
acoustic node for transverse sound waves across the
ci r dhkascitionaudf thefleat tubemuodudes ghverd Waeggubatoyscillagnin the
the drive freqguency. wever, en the speed of sound
tragsshe irstion afﬁﬂ@ b f.(_éfo%lﬁn%f ofyihs mpqgery Wihgw the spep of Sound of the
flud HEREY if e EEEETRAE AR BeARETRER HIREARERE sound

wakkos&0s Mt Rircelar O6reduitsis ut & ntlied Hi %hetr e qaéicy B e e
excitation of the acoustic node by the drive node. For

freuoncyr ddpreensy. Weerethe saeesl efsupdidrensalveds thy adBiiereef gas to a

. vel gci of sopnd effects ar resent..in I4i phase

tiaj e, 08 e e S OHRE Pyl fisf HTIRE 1 b PR i DgR e the

acSUREE nhd RAGEY HAGY nffdetahecloBd, Shete EYEY @sultf Rie titloff-resonance
frequency Coriolis neters operating at | ow pressures

exqitationlodbhd geodfubu¢ dwdetlyghe driveintodeof sound can be | ow
h . to.cause signifi %ant. gleasurement errors .due

eno to
|t SPRIY BRIBRNESIOH AT PIGE PAREESS PER GG H-YeAqaigP1 sotind effects
ard 8 T DRI Aoy BRRLER R HAE N infRRAOAL e ecified
t he the ow

t'he anount gas present, pressure o
acduragydef the mpe¢ratHisweeveanidr hixh flegrcaey Coriolix ntegerobptfang at low
gas into the flow fluid, The extent of the decrease in

prgsevEd MR hsIRE. BRNMGIOCEY oF seURdCandg InticHotgk 40 cais
SRR h AL b0 By Rt DRkl §Fradon

mddee, accuracy of the measurenent. Larger bubbl es occupy
nore vol une and decouple to a further extent, |eading
t o flhgstzgaifitimbulibdes ¢pa \daéngiepyn(gng on the amount of gas present, the

pressure of the flow fluid, temperature, and the degree of mixing of the gas into the flow
fluid. The extent of the decrease in performance is not only related to how much total
gas is present, but also to the size of the individual gas bubbles in the flow. The size of
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
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

3
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nmeasured density of the flow fluid. Due to the

conpressibility of a gas, the bubbles can change in
w@amoassant , or mass, yet not necessarily chanP€T/U82009/042018

size. Conversely, if the pressure changes, the bubble

si ze can correspondi gI change, pandi n S . .
prqsa@ﬁﬂéseﬁﬂréhamgge heptestie ﬁ@cr%?sse% ¢ hohisrcag afipeause variations in
thd ﬁh@ﬁ&?ﬁﬁfeso&lﬂt?re c?z‘o%%&ﬁ%ﬁm @fiations inthe

natural or reson requency o the flow nmeter. Prior

ar t Pyiobaatvitsiyitoi tﬁleniﬁE&marartﬁpleM daligneddes oge’redng fiequencies

oper at i ng frequencies around 100 to 300 Hertz (Hz).
arogiigd 09rtp 9P 0 dfartzfdtzar §0meé°rn>é@rtgﬂet@r8taée ée%gmdetoakperﬁre Ht much

r frequ 0 ti fre
hlgérlle? 1h~r% ernacl:?g %rf}rel Z)%rartre gfreq%g ?ay rerr a%l g)(f‘e}(c%ryl %@\g?‘ﬂ & is
tyﬂl@alfya&lo'séﬁ al @rdtah@ fﬁbl@r‘fﬁ@ﬁ{eeﬂloxd @ﬁét&mes gt&ﬁlbﬁ@n aAl®peration.
operation. For exanple, a prior art vibratory flow

Fonexampliesa poof arguibsatoryofl pe rpﬁysrsmnﬁgu@drrp hetphgsidally compact and

sy T i Gimirorky dir RS EPRr e et oER PYOT gL o meter i
tyﬂl&ﬁﬁl lkg‘sethhﬁ ﬂgst]lgngtg' %ﬂv’i}% A1dvoReibRI- ﬂﬁfcn%@l dspRathi& )?Stand a

corresponding high driv frequ ncy.
coﬁbwndmgdnglm deves fipgedrey. &lewahdterowersapriefesiazenadloovtelnat size so that
. installation js sinplifjed. Further, flow neter desig
ln%agfﬁﬁlﬁﬂrgﬁlag%rfwés Fyr We@%$lénﬁH%@Y arsen?eﬁ@wmgrm
' Y,
s1n%ﬁrgféa§sren ?ﬂi ﬁB jan grs 8?%@1?%{6‘ opolp?%?eﬁgicﬁ)’ \‘\%t% gvv{lﬁl@tgh% uniform flow
fluid/pi cal |y have a low height-to-length aspect ratio
(HL). Astraight conduit flow neter has a '
hei émrfhetﬁfquéiﬁ‘g wagipees typigaily heve 2 dow helghi-torlanggh @%)ler:tyratlo
roduces. ive frequenc d .fl ow condui.t
EDCS S E el Qb ol By Y R PR Sk astif EG 8t Bro. whieh
tyFledTyNsa tHu s @ﬁgh dRvaR@quéddy. IBYWRREEW LcBRduits are often used to keep
hei ht to-1ength aspect ratio (HL). However, prior
thfalrengiﬂll foam e tngrtbe domimet ddesisgrreehdmvilhineraghe &sﬁ@@ght-to-length
rati os ved or howed _.condujt flow in. the
osfstt B oAH{L haoRAVE: BTRBR AN FShuA TS fevencdatith fieh aspect
rat?o%prz@ 89r ﬂ)o@e f:QﬁdLﬁ%ﬁﬂ?lrﬁeter 1*1119(5@ Pﬁ gana@@%qlell t-to-
he art for a vi ratory ow met er at is able o
ler@dcaﬂpetteﬂayroapﬁrdaehmgmy foeaguiplag nmul ti - phase fl ow
fluids. Aspects of the Invention In one aspect of the

i nvgﬂr@reorﬁmaals\ﬁemgﬁ diig\Whe 3 &r&%@mﬁr%&% ieten th ingaible of
acﬁ%g‘@f}) eh?%]%ﬁggt ﬁﬁ{,g Em’?’ﬁ 2)% O\Wﬁh 4di ng one or nore

oW con er assenbly being
Asi:.@afslogu]i@m‘temﬁgner ate a very | ow frequency

vi brati onal
In one aspect of the invention, a very low frequency vibratory flow meter
comprises:
a flow meter assembly including one or more flow conduits, with the flow meter
assembly being configured to generate a very low frequency vibrational
response that is below a predetermined minimum decoupling frequency for the

flow fluid independent of a foreign material size or a foreign material

composition; and
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response that is below a predeterm ned m ni mum

decoupling frequency for the flow fluid i ndependent of
wa@2doonaisgn material size or a foreign materi al PCT/US2009/042018

conposi tion; andneter eI ectronics coupled to the flow

nmet er ssenbly an ured to rec e the very
f FRSGRR wr%ﬂ%r%pgﬁ %ﬁ%@%@%ﬁk&%@n@ﬁ@re&rw receive the

nor e r V,
| ow f%lé)quency Vi ﬁr %ﬁél{éﬂ% %Iggr?saéﬁl‘o%hglcre?&&% o RGeS

pr ededcasumenedtsitheviefrom. SOS/ conpressi bility threshol d

| ndependent of a foreign material size or a faoreign

mat é’m ara boﬁl%g@rvﬂ@w frqqpélﬁ?émbrevwn@hr@smeﬂs below a’predetermined

mlﬁ »&% fr%?%/igmgfseselgﬁlqg} &3 oé(ri fr{:(gp c% §:f 9 ? l(f'g?nl rrlglastrlliee ra
forgash mhtetilPcom@pokitichy frequency. Preferabl y t he met er

electronics is configured such that a viscosity is '
ef f @etfenablyy thaiictsir eleconies nseogmf@uted pahthatlagdegouplorg ratio

(Apars P, 1 Fave i ol PR A B8 iy ow frequeney.
res ﬁ"?&%leabhﬁ tlki’eeﬂn%Wr aheybnrs 'iﬁf&n?lg(fgd) sucﬁrtﬁeftedr\?‘i@délty t1sh@ffectlvely

very low frequency vibrational response is bel ow about
infifityHeith ze gaHi Jo p&tiefeanatidry fortthefloerfjuid enthiervequ irve ﬁequency

VI brat on respo se correspands, to an inverse St

?y, tﬂPf'aYerV OWHERAECRGO IPTagi0gal opRANSE 4HPS) Owﬁ%@m 5 Hertz

(H e or nore flow conduits are configured to vibrate at

a’'very high vibrational response anplitude.

Pr eﬂ)eéfafmlb?, tlﬁeh@erg new dreqiiei® Yibeloaandspdrse & Below about 50 Hertz

configured to vibrate at a vibrational response
Hahpl i tude of greater than about one nillinmeter (m.

Pr ef,erab he 0 uits

conPrarly- o Grrs Poy dreal RS bR bords Shfgwonds to an
invRRg Stbyéﬁl@ﬁb@r(sﬁﬂqef istdbale abqut3 4.ive mllinmeters (mm.

Preferably, the one or nore flow conduits are '

confPrefaradty, tle enhoraverd fiev venquitsoue corfggiend jo vibrate at a very high

vi brational res on e by configuration of one or nore

vikgptionaf pespoR Ui f fness, flow conduit length, flow
con i
COnBFRPI o2 Fpr AR TBAL @l o Thale ot

vitgetdored tesponde anglitade odgeater braat abonabnanodé nposi (tinons .

Preferably, the one or more flow conduits are configured to vibrate at a
vibrational response amplitude of greater than about five millimeters (mm).

Preferably, the one or more flow conduits are configured to achieve the very low
frequency vibrational response 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
vibrational node positions.

Preferably, the very low frequency vibratory flow meter is excited off-resonance
at a predetermined low frequency and an off-resonance mass flow measurement is
obtained, wherein the off-resonance mass flow measurement is substantially immune to

decoupling and SOS effects.
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Preferably, the very |low frequency vibratory flow
nmeter is excited off-resonance at a predeterm ned | ow

wo e@gusesey and an of f-resonance nmass fl ow neasPCEIB2W9/042018
i s obtained, wherein the off-resonance mass fl ow

measur e t is sybstantiall i mmune. to decouplin nd
SCOsS é?ff:%ggé .ﬂlrﬁ‘r %fﬁé?tﬁﬁpﬁehj%‘@%é%yéﬁ ﬁgﬂ%‘& tp g\gﬂlespgon% to an
; r
inJef GHIBRAMIALGRBP Bl URAS FRRADK YA AT

clisiisé anilii-gphhye @kdrgi nate nul ti - phase errors.
Preferably, the off-resonance nmass fl ow nmeasurenent is
conprefebiy. the effresppanercmastaldew imearnieaest isesppprared with a
in a_resonant. fir n nd if.th .
resgtpRisdihs lon® pieBSARREly L ABUT AL ROl rdl®p ot off

resoB&Scel thW TRAsieaaBMentidd @F réonBRdcemhdiafiMowd measurement differ by
predet erm ned decoupling range, a nulti-phase

mare thapan predetcaniged deeeupding Predce painhl{yi;phake indegagion gwgenerated.

f i br at f ter | ited . .

L EHHGLER R B0 TS Bk s pacisgfpesonance
at ﬁﬁlﬁﬂﬂg P%d%%ﬂ%d%—?és%h%&%éﬁ?ﬁgg AR g1880R&RRding off-

mass OW neasurenents are ob , wherein the
resoubtdephassdidw neasmramestsrmas sbthined, whareur gwenmd Isipkr &f-resonance

conpared to determ ne whether a nulti-phase fl ow ,
magx @Wsmswr%era%@@r%@{@r mett*?maﬁ%\%w@ﬁ BIMHHIHREG ey exists
and B BREARREGHUALAHAE ot BY FRbH O, @ et hod of operating

a very low frequency vibratory flow nmeter conprises:

Vi bl@bhé @spedeotthe iredtibh anmetivdwtoperting hevere tow fikghiency
_frequency vibratory flow neter at a very | ow frequency
vibrptery flawbaptencemprigaget er ni ned mi ni mum decoupl i ng

freguency for the flowf.luid,independent of a.fareign
MFRTE o Tnols o §ati bk SFSRRRTERsTr FighoR ABw meter
receat ¥ vBg 18wMBEdich@MHak RIMEHRE Y prbdit@inhifE@ifi@RRRAS&upling
and generating one or nore flow neasurenents fromthe

ver yreoendyrfer therftow Yiubd ideperalent eSptmsign nmrtefidrsadsl or,a foreign
t he ve%%/ | ow fr.e.ﬂu_ency vi brational response is below a

pr e FALIHCABROREIN um SOS/ conpressibi lity threshol d

&é&%ﬂﬁg?%gg B ﬂeﬁ%ﬁ_@y g'fbr?%&r%}re}’bo?e%ﬁn&" a foreign

mat er i nposi t Pre e very | ow

foercragme ynd bomoneflew masc@nidngufreth theiebrytloat frequency vibrational
decoupling ratio (Ap/Af) is about 1:1 for entrained

sol fePOBYC-entrai ned gas at the very |ow

Preferably, 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.

Preferably, the very low frequency flow meter is configured such that a
decoupling ratio (A,/Ay) is about 1:1 for entrained solids or entrained gas at the very low
frequency.

Preferably, the very low frequency vibratory flow meter is configured such that a
viscosity is effectively infinity with regard to particle motion for the flow fluid at the
very low frequency.

Preferably, the very low frequency vibrational response is below about 5 Hertz

(Hz).
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frequency. Preferably, the very | ow frequency

vibratory flow neter is configured such that a
wor@ensisty is effectively infinity with regar dP€DUS2009/042018

particle notion for the flow fluid at the very | ow

fre Preferably, the ve uenc

vi bERFGHA ﬂ?f'e%%ﬁ fregugpow %/?6’8% @SIP‘%}SF js Below about 50 Hertz
(Hgﬁz) Preferably, the very | ow frequency vi brati onal

response i s bel ow about 50 Hertz (Hz). Preferably, the

ver Préfomibly, elirede Yowiflugathgnabratespomsgonse coasyponds td m
_an inverse Stokes nunber (d) that is above about 3.5.
InvoFser ples lgumbqréﬁbﬂﬂét Brabae abeyt - condui ts are

contyi a \VerV

resfgo rea% 1? rbe doer E}Zf? gsﬁél}/ltst%g cgn ?3& Vi re%tf: atavery high
Vl&%ﬂ}@p@ﬁ@ AAplitLgslr ed to vi br ate at a vibr atl onal

response anplitude of greater than about one

mi | [Prefetabty, (dmmne @rreb@rﬂmwondMQ apeeomiigurod & Yiboue at a

qur%%%%hiépgﬁ% afq? gﬁﬂtg%{ﬁ'} t ot (g%%%fl Vi, brat i onal
m | |P'r6f€1ta%[y3 tl(e%ﬂe OIP I‘h@feeﬂé\b lCMndﬁlﬁearQ N8O éurg@ ‘ &V 1fb¥ A

conduits dre configured to achieve the very | ow
vitfratéensé nespondcharaplitodabf gresieo tisa eﬂvputﬁmé rrgl]un&ttere mof). one
or rmreapo:){ fl ow condujt stiffness, ondlfl
| engtHCraPPo WG e mogesfﬁa%tcoa%wrscﬁre EpBEwERAhicve the very low

fre érf‘cry' Abr tlfotlﬁ‘%%%%?é'%/ c&'?ﬁ%hgﬁ‘ér? of Sn Y r‘fl d(%f: oné\fb% %lélt

ow on or nore vi

stiffads} ﬂ@WS‘conH’lﬁlﬂfﬁlfg&mﬂo,w thriuverspedt@uvid, rfﬁﬂddedi’tfdmt material, flow
vibratory flow neter is excited off-resonance at a
COM@H@Wm dew ewdpiteherm dlpvaerndait gspmefiys oheirce Mas
urenent i s obtai ned, wherein the

Vlb&??or}aﬁf}ﬁ%ﬂ%sétl?ﬁasSS fl ow neasurenent is substantially
| MMpREretaB ]y @eOvRY 1166 m%&@sv@fa&&@tﬁow Riceéas aRdivod dﬁt@esonance

predet ermined | ow frequency is chosen to correspond
at aprddateemgedSpokiesuenabend fupifgeamntece triasmﬂawtrheastwhmht is

oo e R L AL L et TS e
S ROS grcarbr o 12 1 esonence s {Lon

t he Pedferabbgniangredetermined low frequency is chosen to correspond to an
inverse Stokes number (0) greater than a threshold value selected to substantially
eliminate multi-phase errors.

Preferably, the off-resonance mass flow measurement is compared with a
resonance mass flow measurement obtained at a resonant frequency and if the off-
resonance mass flow measurement and the resonance mass flow measurement differ by
more than a predetermined decoupling range, a multi-phase indication is generated.

Preferably, the very low frequency vibratory flow meter is excited off-resonance
at multiple predetermined off-resonance frequencies and multiple corresponding off-
resonance mass flow measurements are obtained, wherein the multiple off-resonance

mass flow measurements are compared to determine whether a multi-phase flow exists

and to determine a multi-phase error magnitude.
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mass fl ow nmeasurenent and the resonance mass flow
nmeasurenent differ by nore than a predeterm ned

waoele@oupiseng range, a multi-phase indication i SPCT/US2009/042018
generated. Preferably, the very |ow frequency

vibratory flow meter is excited off-resonance at
mul 47 pNe af;ﬂﬂéﬁ%ﬁtge AYRHOB & mﬁ@@grﬂi {eEning &gifen f% fregpency

Vlﬂ}yﬂobﬁb%rﬁ&’ﬂ'efg&ﬁﬁﬁg% Jng of fresonance mass flow

measur enents are obtained, wherein the multiple
ofdtter@innan @eedésaﬁqlfﬁécbwmm epermeng Sreguencyoiop dreeckry tow
determ ne whether a nulti-phase flow exists and to

det efigAHeNcY \ﬁmafqryé}%@eéqrrb@ﬁemaﬁ legsgen ewpesied Haydkuid,
of t heh Irer}ﬁ/ Tow oﬁﬁ}au%geﬁ? g}le %glo%v E{% cjeydte e?mlned minimum

frequency vib ra ory rrsess erm ni ng

a pr geesupliik FRAuYRyYfok e QPR FRlid RilchERIIAEBEY fcfr@fgntrﬁzﬁerlal size
very |l ow frequency vibratory flow neter based on at

Ieastorarfomgmet@ta@aaNmnmﬂlmrd wherein the very | ow

f ) det d
aSthehng vy rBEaTty oPefttt fih SRR R dhitR o
a f oﬁoo?é(ﬁfbrﬁﬁ{&ir\l'e@i/ 18V BBe@fing ﬁfeaﬁ@ﬂcg'nmttﬁé bﬁé or more flow conduit

conposition; selecting one or nore flow conduit design
char degign lchztmctsrlhtméxdalrtgﬁsdidfuee(bnoemhbttanmlbeabmmeﬁhé predetermined
operating frequenc wth the one or nore flow conduit
desi §JRIYCIRNEr R A S ?‘B&en@élaﬁ]& sel ected to substantially

%Hﬁ&%ﬁ%mh& ‘f’l}fﬁ\g&g 468 ﬂ?lgcr}lvﬁﬁ)% é&&"i’l&@ﬁ{ rfe%gploxélng the selected

frequencys; onstr very

vi br ah@bynfolr@%waioaﬂuﬁmmlgy ich@ratReistia| eﬁbﬁdnoimg dffresonance
nore flow conduit design characteristics, or by
dri vidirgethy @tthéééﬁmﬁicléwdﬁW%@ﬁPXﬁ at the desired | ow

f f h W |
i brtraes TOLFL AR fredhBiob il P SO BIRERC K o g ermined
m1§»ﬁa1§!uﬁ<s0m@§lﬁp¥asélbw¥ ke @@ Ll chBetRRE BHS Rire R MatbAABI & or a

material size or a toreign material conposition.
foreranfreatzlinlconppasitidrow meter is configured such that a

dec r at 1 for entrained
ol PHEeiB, s P ATighk cah et dhrt ok rERBRCTIS (AJ/A ) i
f. t a
ab§Ht: PR EntiaideARpIUOY Gt cd SrscdBc Sl S Tl dy?
par Prefeebhpthofiokanctths cfohﬁgurfekilsudl &tat tviscesityyisledfvctively

requency. Preferaply, .the veré | ow .frequency
lnfmlwr\atth seard feRpHRIapiomErdle Hewfuida F&}etvz%rx lgyy frequency.

Preferably, the very low frequency vibrational response is below about 5 Hertz
(Hz).

Preferably, the very low frequency vibrational response is below about 50 Hertz
(Hz).

Preferably, the very low frequency vibrational response corresponds to an
inverse Stokes number (0) that is above about 3.5.

Preferably, the one or more flow conduits are configured to vibrate at a very high
vibrational response amplitude.

Preferably, the one or more flow conduits are configured to vibrate at a

vibrational response amplitude of greater than about one millimeter (mm).
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Preferably, the very | ow frequency vibrati onal
response i s bel ow about 50 Hertz (Hz). Preferably, the
W@ 009/184329 f r equency vi brati onal response corr eBEDOSRN09/042018
an inverse Stokes nunber (d) that is above about 3.5.
Preferably, the one or re flow conduits are .
conPrefarel e RBPEreHO% CORFYNATEROYTBIES [SHRFate ata
. , . ow
VISR PEnBR bifide DI EloflsP Mok arb PP il MG Rk

r es Pegtsabanphd dner mbregil@atcondditsaite abofigurod € achieve the very low
m'IIime,ter,(m’r).Prefelrabl%f,g the one or nore flow )
fregBensyi ibragipealdesonge Py gonlaSwpierpong oramerem iz flowgonduit

- opse anpl.itud reat er. than about five. .
SRR fRF BB ot Pl R asbR oo b b, fow
cof @It dkSe R, EloGORYrdaitisBEpd, PloReEb RN debfeHST ¥r dor more

_frequency vibrational response by configuration of one
vitwatiore @odé pesifibmsw conduit stiffness, flow conduit

I t dui t t rati I dui t.

mat SFTERDLE Hhs o T kB STy b e da e g resonance
at gﬁé@efe‘?ﬁ_ %Hdtlo&ef?éq%{eﬁ&’y i arPHR-rRorMREE ML LIS ROALIARIE is

positions. Preferably, the very |ow frequency

obtaimEdatvbieyeid thevofire¢senance masi fied nehfurcesonanabstattialy immune to
predet ergﬁ' ned | ow frequency and an off-resonance nass
de¢quphingea ¢Ct$-s obt ai ned, wherein the

ff o t i.al |
R B 8RR lih 10 TRESHORPREY s RpRda 8y Rkt an
inRreARbRESIIREEr (D)L ichd temncythi&holiostie dcdect@ foasipoaatiilo,

an inverse Stokes nunber (d) greater than a threshold
clipranaje nydi-gbaseert@ssubst antial 'y el iminate mul ti-phase

errqQr ef.er apl the off-fresonance nmass fl ow .
meaTEHERE (R S akisnri fotnnEY PRASEARR ot Trgdith
resFRATI BARMovP Blcakii8heat oain88 ARt ohaRGHRENC 2R ifthe off-

t he of fresonance nmass fl ow neasurenent and the

resopsuueanes fioos sichbwemepband thawesondidef massijowrnreasureaenadiffer by
redet erm ned decoupling range, a . multi-phase .
i G oA e Gp Gl e sh agte p aar P s My eion dgygenerated.
freg 1y ot dt&?/%' is excited off-
of f - ?%E%}r? ﬁclgergét&rr% tﬁr pwg rg {at erm netg&g?rfl-s re)écéloer(liaoncéesonance
at fuuétiple poddeeramncdnff-tésphen edreqepondambmaltiple somespoading off-
mass fl ow measurenents are obtai ned, wherein the
respppRGegN@ssFIaw MeagHaMeats i 8bRINsH: aakel} Bvanylbiple @ff-resonance

ma(eég iﬁgtws H8ad PerEHE LT &)?mﬂ?&{ Refet@niTH: BrchRAS %Jl{i%\’ﬁase flow exists

and to determine a multi-phase error magnitude.
Description of the Drawings

The same reference number represents the same element on all drawings. It
should be understood that the drawings are not necessarily to scale.

FIG. 1 shows a very low frequency vibratory flow meter according to the
invention.

FIG. 2 shows the very low frequency vibratory flow meter according to an
embodiment of the invention.

FIG. 3 1s a graph of decoupling effect versus frequency for a very low operating

frequency, up to 100 Hz in the example shown in the graph.
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and to determne a nulti-phase error magnitude.
Description of the Drawi ngs The sane reference nunber
w0 epwassr s the sane el enent on all draw ngs. PCT/Bhmod/a42018
be understood that the draw ngs are not necessarily to
scal FIG 1 sho a ve wfre Cy vibratory
1 oWt éra sieopan gtgesa%%tj desouriinton asw@leé(ap)amfwgs frequency

N A T

of @eGoSIN 4 paphidfdetoupting ustid veguedaitl @aitlaafomhe/vd:r@vl/ow
oper at i ng frequencg up to 100 Hz in the exanple shown
frepRenayeviia r.%C@dwméhi)ﬁW@n%@n graph of

deceoL 16 D055 5L MG LSOO B eorain

to gja,qmeﬂtﬁ,nt he graph. FIG 5 is a graph of decoupling
rati o versus density ratio for the very |ow frequenc

VI bfé@o?ys 4 flowchat ef 2 avtirdofngperadingreviryvewtiraguendst Goratory
hows a ortlgﬂqof the very |ow frequency vibratory

ﬂof“f Weﬁﬁfcé)rr DI MY he invention. FIG 7 is a
Deftzllﬂ’é’(\f:b@{ctrll\flﬁoﬁomterm RfioPrerating a very |ow

frequency bratory f ow nmeter according to the
| nvéhGBoi7 dbetthe Fetbvieg desquiption depict kgechfi extnpes fol t€&h those

i issir B daive GG ESS e RBTPAC § RedpT el o igdairpose
of ?éaghlﬂgqn\‘;e{f@lv? gﬁh i:ﬁ?éjsescﬁfle Egr?\le'nmﬁﬁﬂta!sg%ts EQ\;G ﬁé%ﬁ simplified or

i nventive princi

onfi@ed eThosenalllcdsip el@d sct hdl appreeiatsyaritiohk ﬁ@noﬂqemiemﬁes that fall
Those skilled in the art w | %E)prem ate variations
withip therssepeobsharpyansionh dihopaskillod triha arm\éﬂlsm@clafﬁ thatéhe

IIe in,the art wl

fedeis IbacdBed BEGP St adifnfle il Fasfils tsio BORE fAGPIE yariations

of WY th P&RioNRYAs 4 foshin! the W dnkidh &s M@trurﬁ&écpfbsth@fsltoédwﬁc examples
i nvention. As a result the invention is not limte

desapibeti bekye diut Dnlyéoyanltp cbemd ead thdieetbellovs. but onl y by

| o TS0l RHEy S YPBr B1F e ouy IETER BOWaBGFEY AGFareingi he
AR RSSO 3 5 L
coapotder Ceribladilowntetert e auethyr ¢rabodineatebeyery low frequency
vibratory flow meter 5 comprises a vibrating densitometer.

The very low frequency vibratory flow meter 5 is designed to measure fluid
characteristics of a flow fluid, including measuring either a flowing or stationary flow
fluid. The very low frequency vibratory flow meter 5 is further designed to accurately
and reliably measure the flow fluid when the flow fluid comprises multiple phases. The
multi-phase flow fluid can include entrained gas in some embodiments, wherein the
entrained gas can comprise a bubbly flow. The entrained gas can include air bubbles or
bubbles of various 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 operating pressure of the flow fluid.
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vibratory flow neter 5 conprises a vibrating

densitoneter. The very |ow frequency vibratory flow
woreaen34s29 s desi gned to neasure fluid charact ePCHFUSZN89/042018

of a flow fluid, including nmeasuring either a flow ng

atlonary flow id. The ver Iom; enc
vi brl SRy timtgye ﬂ%Wet{lmg i inclyderitaings) TH md embodiments,
h
wREGHIRL SRRl Lo BRER e aiéé‘?nf#%b&‘nﬁ“% snd il
paiti¢ldsiin phrseldunoflodl Uitg mramedcslohdeczeﬂmbae ieidpgadently of the flow
sone enbodi nents, wherein the entrained gas can
W‘F@ée AGHEBMPNE PIHQYS ATEOT éﬂ@frfﬁillﬁéf@ gas can i ncl ude

airy g%l‘?% ﬁ,ﬁ&bggm?en? tﬁéc' mufltl aseb roavi/% u(%n(hf rln eﬂq%ﬁg such as

|spr A oprior ar 1t il

imAi{difleNRElid3aRat RBEAGAiRedte etH@td EFo@Teﬁathlel ﬁfe@@ow fluid can
bubbl es, can nove i ndependently of the f ow fluid and

incdedeskothweaseraademt Whersrthe ékuldJﬂoquompmee@ havediffering densities,
agdi tﬂ t he entrai ned Iicrlas can uselvar ]6‘%
d fIOHERRPRRILE ey g§Re @CESH‘E?F S9N nngt‘ii‘ ove mgier
Vl‘t)fQﬂié’ﬂ MBhdedtthid LI QARG R bB%sR eSS MUhS He Bulle flll®Whe entrained
flurd. The nulti-phase flow fluid can i nclude entrained
ligewl daishel densartbaetitoddillfintds, wherein the entrained

Sand 13 eBolon Badtarey S«sbsr'fw%?éﬁeyﬁﬁéqegéﬁmlu&ﬁc e meter assembly
IO%HH .rngit&e ecstpdmgsSZ(F L DRy efé@ﬁBﬁ‘f@g 96% ¥O&GC&H%O ftﬂeoﬂﬂeter

cause neasur enent

asdentey 1 aivid le@ds IOOTalf(DﬁQoﬁﬂ@m@dﬂr@ pt‘(ﬁvldd ﬂl%asmﬂérhbnt@ lbdsAe or more of
flow can include differing liquids, such as inm scible

a dengjiy, dieass Haw wimneturbellaivial, taseérck anass Elow, ésmpgyrarre, and other
Wher

intpRGagrE e oSS MehREHER R0 AT Eh Al 1nO3€ Mined in the
artttH@c thé Ffe@erﬁt' IAVeRRARANBR S cdBYarSXRBE b MRt BMBow meter regardless
decoupling during flow neter vibration. The entrained

of thequintber ari dbiereitsepiskaghsamsosafowhmnPuitk of the eheratirgg mode of
entrai he uid can he, depnser than the bul k fl

Vi ot SR thtaRe fonymeees e compEss fhaftiaion

defsifonfer Rld®sr aaé&‘?m YadOn@pd,digt er el ectronics 20. The

meter electronics 20 I's connected to the neter
ass diblfiowl thevdr asdeeddy 1000clade 4 saic ofhflages 6101 taﬁd n()d)\/ idhaifolds
measurenents of one or nore of a density,

10 g 10%/op griwer | Qwpickr ff sensory | Gedndrtds arnﬂd‘ww Condults 1034 and
1058 MRRLH-NLP 10@@&% %t B)ZEk-})fff sgﬁou% g@g afd §05'%re (tzor%ngciiehi (;cg éhe flow

connunlcatlon e apparen

coﬁdﬁh{gll@l}ﬂ;{hdhﬁ’,fﬁrt that the present invention can be
used in an% type of vibratory flow neter regardl ess of
t he Imandembedingmitithe slowpgasiduds 1034 n86 r1§3qu01mrlse substantially U-
rtheoer e .of V|brt|on

sheg}?g&réxt/ g%n tcs’o%gshqh? af&lé%%?tﬁve%zllgwt%te ogmeeéms the flow conduits

cai® OOMpH§EsdsMhBRBY Hr¥ight flow conduits. However, other shapes can also be
used and are within the scope of the description and claims.

The flanges 101 and 101" are affixed to the manifolds 102 and 102". The
manifolds 102 and 102' can be affixed to opposite ends of a spacer 106. The spacer 106
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

inserted into a conduit system (not shown) which carries the flow fluid being measured,
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densitoneter and/or a Coriolis mass flow neter. The

flow neter assenbly 10 includes a pair of flanges 101
warea®s29 mani folds 102 and 102', a driver 10BCT/US2009/042018

pi ck-of f sensors 105 and 105', and fl ow conduits 103A

and 3B. The drjver 104 and.th i ck-of f_sensars 105
thesflop ]fg!s@? BieE 6 AcrstT %S@Fﬂ)éy 10 gosh s Ranerg9A, masees through
; ' | it
e BRR R 0 TR AR Sl BB FFHAL B EBgg he flow
cosdawnlO3Al drel NGB, fRiwk, thicughtthe floandvaduite h03A ahtie 08 Bawd back into
conduits can conprise substantially strai ght flow

thec@tetimagifoldp @3 evherg itrsits Shapeter @aypnahly d Oparoysk ghafienge 101

2 o W SR De OB R IA5R Bl AP IERFELEY bRR PR Fa i Boyued o he

in1d0RAaRifield 102  and Th ehd@itick Alasisfol0 P26 ad B2haveab&entially the same
af fi xed to opposite ends of a spacer 106. The spacer

mage @istreuiton; momdngs slpacitiagabeaganmpelesrabdftohelberddpe axes

a 102", i,n order. to event undesi vibrations jn
WEREaRT S-Sh A8 v tio ke A hon DA g TR e uowardly
frod$ BRTRAN fhs 162 AP 63°6M ah%%&nﬁaﬁ?ﬁ%‘ll%l ByRibem (not

shown) which carries the flow fluid belng nmeasured,the

f | oWhe Iflovdc@rtués 4 08 Aeantll IO3Bnat drivars e fid griddd 1t0Krinwghosite
.the flange 101, passes through the inlet nifold 1
dirgans BPRK! DBTEIPCERGUMIIHIE TICBW ARG 6l TRt fselgrp fhe firs

oufﬁf ﬁalsé Bgn(flhg W@ %Tglé%o\ﬁ%%ﬂg%B%%d HbYeRer ftljleo tciaﬁgﬁﬁggql 03A and

oW condui ts and back 1 nto

103Btchethltematit el e Mdateddarsecarid @itiof phhdeeboi@irg mode or higher, if
assenbly 10 t rou%h the flange 101'. The flow conduits
degipmia HHgimByIB done tetadibratpnapidesdpgraspities eflyidyipsigyitests, or

tq.t.he inlet manifold 102 .and.tg the tl et manifol d.
forghing Mo TRl i & G Profin G i ThdB TR dhiver 104
madi hnfiprveton@ b nRBISkeSwh BRbhdctner ) duel 884 hfaghBidHb@sied to the

about the bending axes W-Wand W- Wrespectively.

flofheorfdugw 08 dnahdl ansopp@Siganed ModBed it Bow contiwad GBE. fAmoatternating
the .mani fol.ds 102 and 102' i.n an essentiall ar al,l el

cutr Sy Bt HE R o dRITRE SoH g8 A oL SRS (BT Loy

suftdtie dFilY ?ign%gé g*)ﬁlé X SeliBetd EIBCHMAS ARPHE drREr 104 Vig the lead

respectiv n es Wand Wand at what 1s terne
116he first out of phase bendi ng node of the flow neter
5. However, the flow conduits 103A and 103B can '
al t NAaRGtHetigetpmnics 3} recaiyensengoidarHy op e spdphblsand 111,
. . y . =g '
o BERED, TGRSl OB AR S TR 0B TRy i

calises tife drver f104 t@bidilite ige freRdehenmeNt 03/ahb@$03B. The meter
different vibrational frequencies. The driver 104 nma

elestrapics 28 poeresesh thaleyt an nighkvelasitssignalyelvemitie piskicT a%/nsors 105
and 10590 eotrderp%g %r%%u‘geoa rtngses 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
teaching of the present invention.

In operation, the very low frequency vibratory flow meter 5 is vibrated at a very

low frequency. The very low frequency can comprise a first bending mode vibration.
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fl ow conduit 103A and an opposing coil nounted to flow
conduit 103B. An alternating current is passed through
WO b@oopsesi ng coil to cause both conduits to OBCI/UBZNS042018
A suitable drive signal is applied by the neter
electronics 20 tq the driver 104 via the l.ead 110. Th
Hopeeh, hacapiaiped meses deeraisep ndgrg 4thin i scare of the
3 3d 111", respectively. The neter
de% g%@?é%%ggﬂgﬁ'produces a drive signal on the lead 110
whi Cor caaingls, inhendr dnvlesdid@dtstthe Asei hbtet essetidly | ®van be driven off
conduits 103A and 103B. The meter electronics 20
resgpecEss aPredesernuned wafreqegney vwherein fie snags dlosv ragpangdps other
| gk-off . ar.s 10 105" | r der e
Mo AR B SRR AR € PGSR RETE Rogyency can
be 1630 WharAthe réonankt PatfucABANThd Rabitill ANS fidveni¥a§iBtment will be
el ectronics 20 to interface with an operator or with
substangiallylimonms b desqupliogeind BRS dffews ppd canbodetpingned threugh
h%{ovided mer e as an exaqgie f the o rathf? of. a
PhTegPSEERS T edeteRUn T o frefnExu d dePacqarsringdhlow
frehﬁét&@/' g Rfchbhig 18r RBREPor d ¥ eRLih Ptse Sfbk@@ﬁﬁﬁbé%% gé&%’er than a
very |l ow frequency vibratory flow neter 5 i1s vibrated
thrathodd veluy stlovtetl te quistryial I lebmreaty nhdti-phasgeresrsy Deasity
conprise a first bendin de vi brati on. However, other
MEASHeRIENbitdI0t Rpthilc due to gwnfté)ﬁﬁhétt g frgquengyhagiveen ppacHecally
ri g cleay : [ '
oh e e TR, H e e el B P oA ke
respohyeeiimplithidé 68 thieasdaduidtvih bp et &icrt tiedoffaws cnaeoniBREn.
wherein the mass flow rate (and/or other flow.
Hosteyendhis chali¢ngs)can be oyatsompushinpyttingasditegal diee power or by
aVIfepet rgined Iom%ﬂg$ﬂ§enc§ican.be | ess than the
SRS PEGUEHES S FRAPLSISFLHNY mass 11 ow |
neashlh&dVEDA, the flowP@ et Baa o ivibraded AAURE, hizhd@sRHRdd. "B some
and SCS effects and can be determ ned through phase
embodergsehe flaw méter Hicenl be ethrited dirhelanepesjyehe yeryTlhw frequency

redeterm ned |.ow fr ncy can he chosen .to )
an B BaS Ut Splfiden Ui B g Gt GRT S0 Gy ar fowing, as
g o] i : i.al
PrfAPAIEEENONS AR 1RGP IAE SuBISBAG Aoy meter S
prathicepossiydbe fiepichoy vibeatianat rdspadset Mehefveeyleen byqhary

.been specifically chosen rather than neasured. The
VitEpfaP1ad FRFOBTC 1 BrRCCESAgdn O de be dferHc aierds poth pfa response

r ' h ' j I
e RSP Sy el R MetorR R RYfnl®
amplifudeecad bR edes dtetniipy loht B8 n@éiToivofMald clbta¢@rRaveindiding a
by averagi ng phase neasurenents to help reject noise.
mass flow rate, density, viscosity, et cetera. The very low frequency nature of the flow
meter 5 is discussed further below.

An advantage of the very low frequency vibratory flow meter 5 is that the flow
meter 5 in some embodiments can be operated at higher frequencies, if desired. This
may be done where no multi-phase flow is expected. For example, if the flow meter 5 is
installed downstream of a separator device, then the flow fluid may be acceptably

uniform and free of entrained foreign material. In such a situation, the flow meter 5

may be operated at higher frequencies, such as at a second, third, or fourth bending
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In addition, the flow nmeter 5 can be vibrated at a

very high anplitude. In sone enbodi nents, the flow
woredoensf2ecan be vi brated sinultaneously at a vRPC/USIINY/042018

frequency and at a very high anpl itude The flow fluid

oIS, Wire 3 WS ol Rerdtg mogs §RRBiASEILPI or harmonic
Ofmek}{l@gepfégo{,gl&\%egﬁ %Qﬁ;ngg\%rees a very | ow frequency

vi brati ona y |l ow frequency

vi biatéraaamboaspans eha: serprloweBspdndnvidraderty flew meter 100 can be
determ ne one or both of a re3£onse frequency and a

0P¢f@§€}§1cfﬁ§@l EHRs! ‘ilb%@nal'[ff%ﬂuﬁ’é@%n emiyatignel Geqaencies can

incl e(iseD \4 Efa inl ;IF' hé ]ﬁ%t:éagisg I?@ %t ea;cencttlenr r%enqeuggnggg ?tl different

freqaérﬁnesdeﬁ RIsfféoént 8L OAltbdhati@ély CE TRy mbhe a\jﬁrﬂbl& QW can be
frequency nature of the flow nmeter 5 is discussed

siniultankewnslyp&lboaied anmadhirde vigetiofal fiequermigs. | ow frequency

b e Yoo e HRg AR 07 chloperae
resfoﬁ%%éeﬁ‘@du%ﬁcy hfd G8ain" @Cbnahbl ﬁqa@ﬂo%n‘a%ﬁsffy‘ﬁfe%&@ments and can

nmul ti-phase Tlow is expected. For exanple, 1f the flow
operateesff-hedomancesiral dbeaindmerns e o ofesansep ataas cﬁlnwdmeasmeements

ghenthe | ow fluid y be acceptaply unlformandfree
Supsequpntivitheang O BPHNOHATRAFC NP Q¥ FnegsutiemeRts; G, be compared

w1¢hr efrés%‘ﬁ’a&eetrﬁﬁss W%%%r%&%ﬁ?t ﬁghea{)%éﬂdr)%gglgerofff-(g%srotnﬁnce mass flow

equenci es, suc a Sec

mdaem@mgma thetesofiricanasiiRie nichgurbinghediffor B indde tehinng
nodes con(i)rl se nmultiples or harnonics of the neter

pradetesmannd qceqmﬂm:lganw dr mektiapigse indigatypreandregeaicrasert

t he v en Vi br at flow neter 10
i i S RS R R S $ﬁs°mpafed to
deﬂ&mxﬂeabﬁetﬁéxbar @ﬁlltpfiﬁzisefﬂcﬁzﬂ BRIREI28d t6 ABtetMflcUtRuMi-PhakichGr
| ow meter assenbly 10 at alternating frequencies

ma@mtade dCﬁlﬁmqemtlyf nﬁ@ﬁﬁeemnesceamasﬂ fidve masunemmss at 10, 20 and 30

o Alternatiyv % "ff[ er asserrblg 10 can 40 H
ZHT RV PSR gﬂgi,efv Cslp UEA gHTRANENGT Bay %P\gtmwarement at 40 Hz

s1g{1/1|§1§& g‘ﬁ'eg esfSm Wgﬁus B8 I¥ntsOWeh i EHHERCSetermined that

ow net er O can operate at a resonance
mLﬂnquuwayorarade odruadimg s@sonbere eboesthefJ0dde aibdatitenas freyuency.
neasurenents and can operate off-resonance and qgbtain
one 16 diye dregrengyeis élaﬁaﬁe@%ﬁx 8t whisy the 98¢ PemeR¢ Jow conduits

10§Mba§18%§ B e{ré( mﬁr@t%g 20 Grdd td‘H{gﬁs&% E‘oW&ﬁ?@c@&%ﬂ@%? t}fe' f0W fluid.

the resonance

Th%ld@we maaxﬁ@maﬁtbe slefectdaletonéfat arfloweflgidofel ol ﬁﬁ?ﬁ@ﬁy, for
mass fl ow neasurenments and the resonance nass fl

exaraplsurldwesforeditef dfvenyeansney t:zlrra@hlf&r ﬁtioguéwdmﬁlwdi response

deCOlg,pI g, n Varygadcordlng tot Jthe Se%p'o??lllecﬁ wiid2th etl)(?dition, the drive
frequency is affected by the stiffness characteristic of the flowmeter. As the stiffness
characteristic increases, the drive frequency will increase. As a result, lowering the flow
conduit stiffness will result in a lower flow conduit resonant frequency and a decreased
flow meter frequency. The flow conduit stiffness can be changed in a variety of ways,
as discussed below.

A consequence of a multi-phase flow fluid is that accurate fluid measurements

are affected and impeded during such multi-phase periods. The multi-phase effects may
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Further, nultiple off-resonance mass fl ow neasurenents
can be conpared to determ ne whether a nulti-phase

wo b@w1at8est s and to determne a nmulti-phase erPOF/US2009/042018
magni t ude. Consequently, if off-resonance mass fl ow

measurenents at 10, 2Q and 30 S.u t tlaIIy
be pgesiang @en, m@mprﬁﬁﬁn&fsp?ﬁé?@r?éﬁ lflr agflﬁ%ﬁgmns The

naftfe 619th'é|%nlf‘l'tlgfﬂa§%ﬁ9@/.t f¥id ey 'lbq‘?atngl%stf 15% @ssﬁ; iRV QESd of sound

measur enent en 1t can termn

(SOB) thifeqhaseireddcoupling effancbistvicog compondres of tleangltitgimse flow
30 Hz vibrati onalbm @_Rrency The drive frequency is
¥

flujdheThe Expueltesfs gan allgd op glimanateg b PronsHselesfa efsvibrational
1 re vibrated in order to neasure flow
fregng%cgaé}g 5331%% “of the flow fluid. The drive frequency

can Tie naatigHaefib® MAdatarfinth@w chirbindd L8SRN&Pecially bubbly gas
frequency, for exanple. Therefore, the drive frequency

flopvsn Idhefrivelti-hrasenflawsicon amqlmftﬁad%ntree@qﬁmild s or enfuained/salidparticles,
et U6 2 ERGEET VEGectiae ey e P edenay e mcude liquids
of It drENERASIEPATALH 8¢ il Gn@betrdRuf cQ)\Pﬁ[fotn%ﬁts 5% kB@ple. The

stiffness characteristic | ncreases, drive
phéses quegnicy ewdifferenndensaes orAﬂscasmasul t, I owering the
flow conduit stiffn SWI|| S |naIvverrow .
cond iy EIREG oWy 0%93 cp nghngrsssFily move
thef SRR glas?s/gbq%(fcs|C8¥M§)(fé%91§l‘igtph§§e' \M ‘f’lﬁesﬁ]&\@'}hﬁ& ¢hR"GED ional
I nh a var Fscusse

anG0ABEg uebaed of asaddmhphng:)braﬁﬁ)phg@mﬁ&, bubles foh@tample, can become
accurate fluid nmeasurenents are affected and i npeded

de@mml@dgfr@mdhe fhamt fluighaiectivartheo ubrational mﬁp@msemﬁlé%y subsequently

ef th
eyl b TR BRES e Eh RS rer S S fals IBSAFEs e
flotinkter Reideatéd. OMotveviérd 1686 biBBIck @tnot thove with the flow fluid during
conpressibility/speed of sound (SOS) effects and in

Vlhjet@@upf nhn qloe\f t@dust Hestord mhe:blmideﬂenmsbeodewhﬁed from the flow fluid
t|- wflui.d. The t cts c

and can Fn& p e@pn nit]ﬁh WA éagtrsyieargaﬁ)g lglgf g&v%@ﬁgper and faster than
the]\c’? 1@8 1n% Eﬂ%ﬂﬁlgﬁﬂ%méﬁtuq‘hs AdRr ero'i’%‘%%evlbratlonal

an include entral ned gases, especia
resbuhmsl Q'f tgaﬂoizvlnwsr Thie ismalkd trugbisdid patislecs amriined uﬂtﬁe flow fluid,
entrai ned sol i or entrained solid parti.cles,
whershgreelid @é@wle&sar% giresasingly Skely tp dscoupiefrom the magtion of the flow

ﬂugﬁjellt 1h<t:1%ta1§ﬁ§ ﬂrgt\f\@na? %ghéh%llééd el (féld %fm LL&l ?&tur ]yvhere the

and etro mco onen

mEX PR EflowhecIpiEsIesidRyt diaﬁéﬁngl dehefiendnddangsdos#iesOMThe
viscosities. In a multi-phase flow, the vibration of a

demuv&wng Gaden hasderss faved treleaffented by woeustiaetorsa sucdi asethic viscosity
of %ﬁssti %@l.ll(g %ﬁ]ﬁ@%fgrterelcé/ in' dbnfi ? %etween thet gwffllmgland %Ihe foreign

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
fluid, and other flow properties. The extent of the decrease in performance is not only
related to how much total gas is present, but also to the size of the individual gas
bubbles in the flow. The size of the bubbles affects the accuracy of the measurement.

Larger bubbles occupy more volume, leading to fluctuations in the density and

15



10

15

20

25

30

anomaly is referred to as decoupling or slippage. Gas
bubbl es, for exanple, can becone decoupled fromthe
wo baw/184se9 d, affecting the vibrational responseCHOS20891§42018
subsequently derived flow characteristics. Small
bubbl es typicall ve with the flow flyid as the f]o
magagier drasitl airthe 8w Nee e tojths a%mpmﬁlaﬁ& o8 gﬁ%tth?r{aw‘iﬁles can
. flui . i brati
e R b R I, OB dfar B ssure changes.
thd hebbid owe thucsirapdndiaglynahiegd, reppatitend the, pridstife drops or
entrai ned gas bubbl es noving farther and faster than
shiipfang p et Mressyraineraasese adts ¢abrlae romsIvanaieretthe mugal or
adversel ff th i brational response of the
respg%r\?;\tﬁrﬁqé“l?gr.le%ﬁglteﬁlsowa s?gert_rue of solid particles
ent 1@ Restatify EaRIu W dckblicfhtionftgtiee Vibeatmdl doddRRChiseh e
are increasingly likely to decouple fromthe notion of
bubbles fd mavé.| The canduinaacelesitiog iv dpbicamnineddly the etuatiriagfequency

and Wiy PHCH BHER TP NS ot B Care 0 heripedeangs OF aubaRg A accelerated

in ¥eSGRR! ditc@Bon AP EcARRAUR hbQGerdGbh OThE BSLINEEMOl O Wkterlad further
be affected by various factors, such as the viscosity

thaof the flewf ¢anduftl dibd faster iibdladifofien €arakethie mesahdtingd flyid displacement)
between the flow fluid and. the forei materi.al, for )
cayses gpine of fieellifd f@ H&V@trﬂ%re@MYéga e o GO EpiHga net shift

. . of , .
S s R S R

condlio THie if theWakik wif the dwrduptinieprobledy Bk apestli, €w i€and density
extent of the decrease in performance i s not only ' '
charaptgristicsiase Hodermgportedbingiatgesilow apd devsity erprs) whewentgined air
» t heenii ze of the individual gas bubbles in the flow
&% ze of the bubbles affects the accuracy of the
NMeaSuireie® Presekiadl GRIilaPPRIBIES. ACHERUsETBI QuitRk UiRvever, the solid
leading to fluctuations in the density andneasured
padehssiarg ofén heaviéd then fHediqiid Domporenthé&ndentheessélpiativn pf the

B U BB 556D DS D8 plPhece vy
palg{g:?e%sfHB\ee RASMESontd T gzegﬁg) &F the fhaid Ak thRY s&ﬁ‘?ﬁ%ﬂs{ﬁ%ﬂy

ange, expandi ng as t ressure drops or ri
bacswvirie fronetsueeter b€ theasaduit. Thhs an @ksles waiegetive flow and
variations in the natural or resonant frequency of the
depsiy¢rft-er. In a vibrati ng conduit, the accel eration

f i i . ' . : | . Ny
o B IR0, BTG, YRR 0RO AR oo o

thevériraadddoghake fsr @aeansythadeférbecavinieatitpbéiveaid dngtiéhed phase
In the case of entrained gas, the bubbles are

ang ghedi@rd ceapppenth &f thawempresstbilityrpfake garels voglgated, then the same
and further than

caffi% o Sl e rERe B B b e TR i t ne

r esiloniasdtlind @r AuikPIRSEPERS 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
effectively frozen in place in the fluid and little flow error results. At a very low
vibrational frequency, the flow fluid will act as a very viscous fluid, i.e., as if the

viscosity is infinite. At a very high vibrational frequency, the flow fluid will act as a

non-viscous fluid, i.e., as if the viscosity is approximately zero (i.e., the inviscid case).

16



10

15

20

25

30

causes sone of the fluid to nove nore slowy than the
flow conduit, causing a net shift in the center of

wQ@re@gits4g20f the fluid m xture away fromthe ceP€PUSNIN042018
the vibrating conduit. This is the basis of the

decoupl i ng.probl em aresult, flowrate anpd density
chardERO8 Y &t § BEasHE of diesipEpet 06 ﬂP%e@’E{Cﬁ\}%Q?IPB\@e ed by
eit A tREE BF Sitetfiithl gﬁlf:gsa'lﬂg b i 1? tﬁ@lﬁ%ﬁféﬁwe of 2 liquid to
urries present a sim em n the case o
flosl, arquassfichionfehe fltikies Ek@ékrtéss:) aviscedigsmay eec didught of as a measure
heavi er than t he i quid conponent. Under the

of Heidirictiani ovll el ﬂw@s VRKe same gesasémaut@ str@aﬁeblﬁéaﬂmlérwhlch has no

SES al’lCGqZB ﬁff-aréﬁ‘gss 1 8\tNh é%ns%lhf%all ﬂg. ? ll’lVié]Cl lélautss LP €

t he Afdothed imfludnél @n Hubble MBSy &lth@Blihbie bﬁ@ kwae dgad 6108 bubble is
the center of the conduit. This again results in

prcm@gta@nal@o fheowrianel a@enwhcryasethuedmgyantrfomees geeportianal th the

and uid-1jquid cases,, the :
vofifeg aPagitHost et ot B0 S reh it 4 bER S i vaucatipaind tend to
m&bé \;/ll&?ﬂfél Adigr S%@l B%b%%ﬁbééﬁu@ﬁﬂ%@%ﬁﬂe GhaII%Ror e @Sﬁlversely, large
hase and the liquid conponent. 1f the conpressibility

bubﬁilel; ladgasot smoneglitcthedluid iedhrashle irs lnge emorat |T(hﬂ$amarh01ds true

be used.to descrjbe the behavior of | three
forssolid partgdes, %ﬁ%ﬁ Pattiches e t Mg e Wdfé’égﬁ éliuilc{@l%%@y [saisse small
eﬂg jfficult because there are several factors that

et er mi ne how nuch the bubbl es nove with respect to

t he Afdothdd préBlemtav&IcBsvibyatios i8Bp@ldwauaind ESOY or dompressibility

very viscous fluid, bubbles (or particles) are
efféctﬁe dhpseetffects mzlémmaﬁs Bracadidensipemppgyirgmentd indreasingly

ow . error results a_very.low vibrationa

marcflér&tf’ fo yoo HIoS %Swl”‘? Nﬁr g “aer s "d VEPY vi scous

f1 uime den@ty di#@rdnke idghoth&FREDbE YA b‘ho'yé]rﬁt' fotdeds pAtpoatmna to the

very high vibrational frequency, the flow fluid wl
diffgenasinalensity b¢tweom1 ﬁlef fludeénd |th@gas as high prhssuvd g@so@nthﬁve a high

r oxXi rra nvjscjd )
enqiat et e rd Bugtabb o RahEs 1edleSounting effecy Tn
It ;

ad%llrtl&elglta}g‘?s%r?g Jgt@frl@ggféﬁ{ g&ﬁg%eir@aéfiﬁl e %esﬂlﬁae!atﬁ)hg fPthe density
of tresflew dde Dfiec 0 theqmm:bréssﬁﬁh@vmf exag&uﬁietbdobteatchm phafge in gas

the fluid s thickness. Viscosity may be thqught of as
qUaNtHE A8 YEL Rt mpﬁﬁsarlbrqheﬂg%w 0.1 Gellver ey b e essybnghanges, the

buf)l?l%! ?z{e%ﬁ%o{r ﬁﬁ-ﬁ\é gl%ﬁt sd ﬁﬁ%\%\% tﬁ@g&@ﬁg fopfslor.sgrmkmg as

resi stance

theOprebduvd Hetdhséd. UTlﬁs cANPkH @Eudeﬁah@ﬁﬁ@ﬁm&ﬁe labtdbd1®r resonant
nDbI|I%y I's the bubble size. The drag on a bubble is
t

fregn@tqu b ﬂthroeﬁeh and thup yedatagnsan thhegtaal $wothape dgsiy -

e T BEE PRaveaRe g Ry b S B Sy ARE A g it pbtiy
Thet@BulePce in a high flow rate fluid can break large gas bubbles into smaller ones,
thus reducing decoupling error. Surfactants reduce the surface tension of bubbles and
decrease their tendency to coalesce. Valves can decrease bubble size through increased
turbulence while pipeline elbows can increase bubble size by forcing them together
through centrifugal force.

In some embodiments, the very low frequency and high amplitude capabilities of

the very low frequency vibratory flow meter 5 can be achieved through appropriate
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nove with the fluid. Small bubbl es subsequently cause

smal |l errors. Conversely, |arge bubbles tend to not
worenwe/1dseh the fluid and result in | arge errorBCT/UR®09/042018

sanme holds true for solid particles, as snal

particles tend to nove. with the fluid and only cause
doligphragiaiegs Lor | ationomite A 5{?§§H§wcg b PREPEANgIdroquency).
THE IS cBhia e Wbt Che FATRUTISH A BN PLERRL Y Ad0RRRer 5 i
that gy @@ REiffectinabaldiag moldestiffassymiidt begleagatdiein order to reduce

vi brational frequency increases. The density )
thegliepnang (RIenatyal BIRCY akltipmayemgegapenied by @ reduction or

nGEE0% KR QIAE LRSS o s t508) RSB e
ang RMEL: SN dottimpdithiedion 1 hutey atind0r&Rcand if &4UABlished

the decoupling effect. In addition, |arge bubbles
Hoyowvepyenoaklikady ways afedistussed belowue fluctuations in

the density of the.flow fluid. e to.t :

comp BEBT g ety SSFng gia 4 Eonsbiendine e o guetgrfeneth is
su&@a?ntﬂtﬂ?r&)h%}été%ﬂ% M&kr A IS GRS ihé’reﬁﬂﬁ@%’e iBte? lerfth will

Conversely, 1t the pressure changes, the bubble siZze
translatedo so@s plenaasginymeteastifnese epdopemgord ftdyacprye dSansequently,

drops or shrinking as the pressure increases. This ca
theafla Mot ENENARIE SHES T NRAeT R RGR B oF IoRd s8I Apeter stimess
rmﬁkﬁgﬂency of the flow neter and thus variations in the

actual two-phase density. Second order factors al so

can Ahfieoran nefidratitfmess iuidve candlipasptitaheo MBI puipyses of this
The turbulence in a high flowrate fluid can break

discassien, dhasflowinetesaspaetgations definedrme s, flamreterdiighitdl) divided by
g B8 BB oy ik L BRTBE THERH [8rEc 3F tiyhere the height
(H RAb&sHn kNS (ERNhERE ﬁﬁ&plehgﬂlbisge@cira@o tIT9UEN be less than

I ncreased turbul ence whil'e pipeline el bows can

ong.nd¥leas hebilb Inecteri iz @ shyigho floivgetehehe heigbt-teelengthraspgtt ratio
ntrifugal force. Ip,.so nbqdi rents, the ve | ow

(1t e Pt ol - a NI BsarcedipAby 11 4realst ranhg lepghy L), the

heitgﬁ‘{‘-’tcf-le%%‘r}? ct4hRb g%l&;)}’wﬁf %&%F{haﬁ @N FoE cRGRHRY filkhe flow
rough~appropri at edesi gn paraneters (or in

meatanboNBIG. ) tivd lidiglattbden gth ek mrcs ratfud Lasvild pe ki foceakly larger
frequency). The basjc consideration in producing the

thapeqne anghgap reashericiatively kigh pymbepwAfecapsaurace; Hig haigh-to-
! regd . i
B SR Sy T AR LR Y e apgrvee

thd hegue esonaliibseraty Peqirae@npani ed by a reduction or
increase in conduit anplitude. The reduction of the

et éy fagtarfin meser stidimetsels adhave verduinmateyiaha e flowrm@nidyit material

Cari};ﬁ% g%_%?t}agﬁgé%d%p %0 rhcglvl\é:et Hﬁ%terg%%iﬁjﬁessstainf(lfr&?uscse tﬁee %’rlé&ﬁein%?z. 's

A factor in meter stiffness is flow conduit thickness. The flow conduit thickness
can be reduced in order to reduce meter stiffness. However, as a practical matter,
substantial reductions in flow conduit thickness can result in a reduced pressure
capability and in an inadequate durability or ruggedness.

A factor in meter stiffness is a flow conduit shape. The flow conduit shape can
be modified in any desirable fashion, including using conduits of substantially round,

elliptical, rectangular, irregular, or other suitable shapes.
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However, several |ikely ways are discussed bel ow. A
factor in neter stiffness is a flow conduit |ength.
wab@ofiB4see neter length is substantially correl BEPUS1009/042018
meter stiffness, wherein increasing the neter |ength
will ftranslate to _sone decrease i.n neter stiffness and
opelAa{taiCEPﬁéIP MAIGHERESS is GORAHY geomHEY- e fpercandu
e B0} b BY pREETRE ST, JRIABAToth i SROLENR (B uh SO ppp TR
strhighgarfd @wvedsddtivhs, depecimplat For examiplpur Pashapedflotvidodduit has a
di scussion, the flow neter aspect ratio is defined as

lesgerfstigfpenethan asepight conquitilen deriesf the sarme dpgtheand type.

| t L), wh th i = (H Fl
o st it R e R ROy BhA B s G Eency of
thd Niew edtehdsséablyeriowill aspestthé abhondiinadk id inbRak®S Svith all

than one. Were the flow neter is a straight flow '
othee faators thiem ghuichhn gado- Therfip caspatmassaeand o IHCicpsag inlanydashion.

Fo LS FOh Y At S ek e RO e e

or bifek haddds! fo@%xgﬂhg%t. %ddiﬁ?ﬁm@@ 8t a FRErcBXFTRY &b 1ob&tidn§ill decrease
flow nmeter 5 of FIG 2, tThe height-to-1ength aspect

ther afaratiquial frpquéricl wiehosit griréasanfioy cbadgestiffian one and
f ﬁg Arqg%é)gtir? p{ﬂ?(leraﬁltft ! %l%!&%llﬁ glcf?orly 251;11%161{ IP‘V(@; rqa,sggpchéaenqduveigga%’onal node
loéaﬂgﬁg afﬁnﬁﬂ.b&} lﬁétgxeﬁssgﬁbgﬁf’(y§¥1 LSk onk ioE beeré ﬁoﬁlﬂqes;&rictors that
reduce e neter s resaonant/operating frequency.

coht@sitaovibiatiofBiode pdtitibhaasd dehding aklsedeberdiort affe¢tahe albrational
The flow conduit material can be selected in order to
respedife e wemerorsiqdal prsectania the gupbed mprant Shewgy epiaprises the spacer

actor.in.nete tiffn is fl condui t .t hi ckness.
106 RES T {REER Wi, B el @ drapof oAbl VA GRS,
emib@dieéntiBlclodat fckfrResoan [MOWRYRE on@dr thoké Bfelck ®ats that extend
matter, substantial reductions in flow conduit

rigidy bkivesss thahwvo owl donidnitaatlr edefoed nessbstented yatdar i the flanges
nd,in an i nadequate durabilit r.r edness.

107 3¢ 1 2 crperetgal b dacovacndiald HERATRET Shdiber pads

po%i'ti@l‘é\é SRnAHh i 18@6.C¢Re BRe BPAI0LE G4 ?es@fgé’tofgeﬁbri h&d in order to
ashion, 1 ncluding using conduits of substantially

fixrtbeinibratédral podealf the entvad flokaconduits eghkand 108Bptioating desired
suitabl e shapes. A factor in neter stiffness js a f

|
ber@jRg aKes- gesneer §F. mateenodabigs EisHIG CEn §eBRBtiPYeEn tgmoved) in order
o G ESL AR PR PRSP SuE L Il W e atFRcuce e

freq¥éMyl dn FEG! 6 ethai@kn of skbitdinped ahldaw2cerdutduch@ber@ling mode
| esser stiffness than a straight conduit flow neter o

stiffhess saddhusaiedueesdragueype.

As a result of careful meter design, the very low frequency vibratory flow meter
5 can be operated at very low frequencies. The very low frequency operation will result
in a gas decoupling or a solids decoupling being maintained at about a decoupling ratio
of 1:1, where the foreign material in the multi-phase flow fluid moves substantially with
the flow fluid. In addition, the very low frequency operation will result in flow
characteristics similar to a flow in which the viscosity is very high. This is true whether
the foreign material comprises gas, liquid, or solid components. This is true whether the

foreign material is of a moderately different density than the flow fluid or whether the
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A factor in neter frequency is a flow conduit nass.

The resonant frequency of the flow neter assenbly 10
wowdb/1gesep as the fl ow conduit nmass i s i ncreasedl/uston$042018

all other factors being unchanged. The fl ow conduit

mass can pe increased_.in apy fashion. For exanple, . .
forejgvingiHalhas %%r%t?seg%f%@gi Bribased 2CRPYIYRN G ElC entrained foreign

l1ifAh AR R W ht P the very 1

R R TR PP R LR SRR e bl gy oo

fregibiicydabraems €ldvwmeaper aidi the abryf loedfieneyicywibiaoty flow meter 5
increasing flow conduit stiffness. A factor in neter

wilpreduse satisfactarity angueasnangd religblganeasgramands. oF urdliey, the very low
vi br ati.onal de | ti .. the f.low. neter assenbly.1 .

frflleSrtPRRey GRS Bl kB Pobof ) B (R SREHRY s void

fradtidh RGRF) @Rd/BP s8R ctioAbamel able 6l k s fakdislyanchsure the flow fluid
therefore affect the vibrational response. A comon

everoafathe cospopitivoofitie mhli-phasedlave Auidsyries. Eontei, bgopetaging the
spacer 106 in.conbipation with the manifolds 102 and . ..

Ve 3% Trog ke AT ORRY oM mBEhS P & NESdP N Lot TRagafbressibilit

effeE8 Will HeQncG@e2@BREARE tRRSyRSe TS PARAEs AHedr hakich higher

extend rigidly between the two tlow conduits at a
fredqeénaiesd poi nt substantially near to the flanges 101

and_101' (i.e., substantially at the two ends of th
f 1 oWhREREFT dlsctratytiet pRAGEAEDHS ATV S Hignalte a8 19 piEs0 can be

‘ | i e h ‘
cofighe® (B Qe OREPmAB ARbRby § A BT e i ney. Asis
cot@ithuprasti O3 Arilrachri PR metceatthid gnadls itlicethetee Blbcitoniax 26 .

The one or nore nodal restrictors can be positioned

gen@ptingaduise pignal ofraeedetermines depguendyeandemgpliudg, whepsein the

prodk @R RA Gty AR T8 vb et B nRRFRERL REBRcx cakcen
froaf thelfiekofRbisRalk € HHE ESarRSIBAhB ArivB dRinst édnf resohtidMidd abBébtding to
reduces frequency. As a result of careful neter

thediesdlopek in loedoréo gchiove 4 rasquan ¢iye.vndsned birgqfenoyvimhicenbidtional
can be operated at very.low frequencies. The very | ow

respP BB yAY B 5 Gkt Senaeral DIRdd 0g2s decoupl i ng or
a s qlnk gt AEQRURIHI AR PEINE Vﬁ'f@.\ﬁd}%%eﬁ&a?@ﬂ%tveg lloa frie%uency in

decoupling ratio of 1:1, e foreign mat

vatibws wayd i Fighess e hidhommplituidd nayviesa saizsdimice af the weiry bow
the flow fluid. In addition, the very |ow freguency
fregRencatqraan iRYult frea @ driversignad gmphigidse t e raetep elestronipn 0 can be

co e L PG50 gt Ml Ty o

orei g

mdtérolédiron@ds 200! A era RN ent snetditlEctionidsrA0ecanttRt dvafighied with the
forelﬁn material is of a noderately different densit

venyhlaw regienty durfing b ¢albbrafipe prasess, herf eaginde whare theaverh
S B B AP o SRBESENE eoc or
deRbhel h&ter FEARLE SOBAESNRBA by tReehIBYatidiepro8EX. 19¥hother
alternative, the very low frequency can be derived or determined during a meter start-up
operation. For example, the very low frequency can be based on pre-stored or user
entered values. This may include, for example, a very low frequency that is based on
pre-stored or user-entered information regarding the nature of the multi-phase flow

fluid.
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frequency vibratory flow neter 5 and the very | ow

frequency vibratory flow nmeter 5 will produce
wg@atwasees orily accurate and reliabl e neasur eneeit/g§52009/042018

Further, the very |low frequency vibratory flow neter 5

will he substantiall|y i.nmmune tq variations in gas void

fr aﬂ&o% shewiheaisay LPrW SeAPESy MRy 21,0%@% Sarrding to an
enBEULSL RO BN hyfTRaE (IR, A8 cOhaMt LAY pY SR Sad Bwithin in o
cadrhlg OB ras shywapdhatcasigg 08 cue pyoté@whd fleguandyity i @3atod Y03B and

flow neter 5 at a very | ow frequenc

car Birpice S@dbionite gorpineleplsaggiin rfheo%ve@h@%iu ﬂggw eundyi daulser failure.
e R PR S P AR APRENin Qb Db B g ene . 1

caflbé ¥&nSfr&iahe ﬁ?uﬁe"’tﬁat‘ihé weighPH iaNKis ehbodinde i€ Qishifdney greater
to drive/vibrate the flow neter assenbly 10 at the

thapethg meadey lemgth hentlye heaghti-to-lengthompent aaita d&'Li) ns thiclsataa of these two
fl , thi ils t ter,. ics. 20 )

e PRI k- s bEEh GioaRni P et T et s aniein order

to ARCATRI Y-y ifv opbraliss Tregﬂﬁld?.r q@ﬁt}%ﬁgﬁtrﬁs.der{gftg gg%gg%(aﬁ%r(m)

anpl 1 tude can be affected and nodi fied by
mayaceincfeasm tohaay micctaf fiusbgnalctudidpa nedophach {drgerdhaw ene, for

signal_can. he controlled according to the feedback in
exgPBgr @h@%a%téorge%ﬂa é@t?ﬁ'é?ﬂtlo((ﬁ%e). may begven Nghek gehayan aspect

[ k ' resp by the pickoff
ratéd(};é%&c%&%@%@@ %é 'OE%TE%%%%@é}é@?gghrggni cs 20 can be
conflh ghi¢ eshbbdingemahahetdritweral ¥nbtdWw. fsr@guangslly the distance
various ways. The very high anplitude may be
S

a
betyees dawi8prgesdOliand 10er of theilaw axptrsre yhale thametes oyerall height H

i st NG RBs EE + KSetiG T R BB aBG 102 and
102PRHPME ifAtIRIY aR AP BEREMNINGY;. & 1HRMRhdr Bf tHeRakBE ée bowed portion).
el ectronics 20. Alternatively, the neter el ectronics

Theespah rd® is dindrepue el approkinndte quantifidaban fof druerecall shape and size
uring a calibration proces for exanple, rre the
of S0 i by HBRGRT o 19505HE Ao RSO aptes tha
thedﬁm@l%t&nhésfagagg;ea%ﬁ%ﬁq{ es%pslteartm@% fer stiffness
ne t

as determ calibfation process. In another
al t #lGas isvegraphefdecyupling cticeguansyfreprnbe faeriaugeoboperating
determi ned during a nmeter start-up operation.

For
fregyenaitse UP h 04 Blzyn (e anaf e hyn dhthegsaasblie gigph shows the
. - Thi i dg,
R R e B S
opBrating holeedlthan abser s entE®He dvilIifhagtioat d@iablgdreaiseghd Becoupling
nature of the nulti-phase flow fluid.FIG 2 shows the

ratigewyl] resuin pee desmaipliog bataa of 3bout dil, et ekt ae slee@iphigetvoll
oc&ll. Fora very low vibration frequency of 5 Hz or less, it can be seen that the
response decoupling magnitude (A,/A¢) will remain in the darkest region along the left
axis of the graph, at around the 1:1 decoupling ratio, as indicated by the scaling bar
along the right side of the graph. It can also be seen that the decoupling effect decreases
for high vibration amplitudes. As a result, entrained gas bubbles will move with the
flow fluid, causing no errors in mass flow or mixture density measurements. Velocity

of sound effects will also be negligible for such a low frequency, as
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enbodi nent of the invention. The flow conduits 103A
and 103B can be within in a casing 203, as shown. The

W@ awbngs293 can protect the flow conduits 103APEIUSHOBBI2018
and can further function to contain | eakage in the

event of flow conduit fault or failure. very | ow
SQS/%‘%W&%;%@ tpeieds W@W (%&%besomﬁepmf@%t tgltﬁ Yibratonal
freﬁﬁé*ncﬁ/é E&fs[}lbbuti(% q Gan be seen fromthe figure that
el

I'n this enmbodinment is significantly

gr e&l@r 4 ish@bort ds@onding igraphneft decbuplirheptige ghgle (@) lvéﬂsgi frequency

aspect ratio (HL) is the ratio of these two net
forcaieoneeatEng Sequescy TRéo hRY Hhatin tle pxamaplp sla@fzs@@t thearm&l It can be

L ihn. ond duce w

syt TR ERE TR MedlRe ot e F BRI LR Ehs RS
vitritidnal m}qu&&%/'d'&féﬁ ﬁ@ﬁ@&eé@sfﬂw needed nurrber i ncl udi ng

a nunber nuch larger than one, for exanple. The '

hei @maltddﬁss ohdluid @@pi@ttonraampltiu@mayﬂm?lzmélmddnnsﬁy particle

her h as.an,aspect ro [ e of
denpifly St g s wa SRR L bt RRFGRIR iR ARt S Rnon-
V. s t
xR el WIS a’ﬁ%‘géﬂ“‘i%ﬁfbm‘%?-o?ﬁ%gﬁ"hﬁ%é"358?3 g egoupling
ratwhiA £A D) happreddhies avel sdtio dnelithtledduipsing phsteaamigical()yappioaches

di st ance bet ween a cent er he inl et/o tl et
zetop nk FeHTRLS. Hit95C Hriep ness! to £4 u[]q’ﬁ%qﬂeé{“(lﬂ‘&ltngaf\ﬂm Ay/Ay) or the

de&%}{hﬁ% #?Q?&T%ﬂglee g(paez:l:ltﬁ?thgf IAt'ltléz"lltesﬁltt ﬁst itﬂa?]ge%‘r‘(‘iiénpéf the ?r&i}?#éﬁ%id and

an ap
phid driad@bment. Ofhd ietcd geiicthies sbapsc and réliabée ﬁlfeaidﬂements
ow neter 5. A high aspect ratio (H'L) according to

begayise these isma ﬁe&)'cvqw@cmmrehetwnmnm&% REVPORRRONEN S q is true for

H d th L. FIG .
st IR HligtystRTBSLY Prady biske rEM ity daphosite fhid
r angevet; 1oRarafueid; %b@éﬂé@%\ﬁ %netéipsut:@ ad @Qsclfl%eﬂ AbéNecould also

exanpl e shown in the graph. The graph shows the
bedeivoupl ith geceﬁﬂetbtrdy@fr @uﬁhfheedpwug megdefsowithoutdnyigatadn. This is

Vi t i onal des. A flow neter operati ess
foqf s i, A rop B vy o R BT i At 3.agiGiecn be
: t
driy D oHSEQURNLOR g fruthoy. ACTRIEH aBotE A0URIIAG AR with
indreasirg frequentpwliedef@t] mord arslquerayegafivoerriar will hmmr iri the

can be seen_that the response decoupling nagnitude (Al
denyrity agid masseryy ﬁlqawrﬁﬁ@n@@rs w@%@p%@%ﬁrewe@ﬁg IRERASCRS t

21 180 v AR AL HANRGL N ki IS ERURLL BB LS

as 1 n € ScCa

deteﬁntﬂ@ewmta@hnedshr@ﬁéhtsah@caffeeteﬁ&@rs(DBa)tr db&tﬁlp@h@g QifetisNghd at what
effect decreases for high vibration anplitudes. As a

frequendies, the nffeels heeprgasedlidiblee s onickampisye fiait ineten earf bodriven
SI%E@QW‘@}ﬁgﬁ& gﬁrﬁgéla%%gﬁ%ﬁ?(ﬁ%%gles b1 %50, ToX44" ). 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
about 40 Hz. If more gas is entrained or bubble size increases, it may be that only the
measurements at 10 and 20 Hz are equivalent, meaning that the decoupling is worse
than in the example above and a lower frequency measurement is required. This

diagnostic capability can be used to determine the presence of multiple phases or can be
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of sound effects wll also be negligible for such a

| ow frequency, asSOS/conpressibility effects typically
wa@loooos4secone apparent until the vibrational PCPUN®BOLY42018

exceeds about 200 Hz. FIG 4 is a correspondi ng graph

of decoyplin se angl e ( versuys frequency for a
USRSHIOr Y S gaﬁ @%&ﬂtlea of m%uwyl th%@e%%%ts S
frol ﬂm{ graph It can be seen fromthis graph that the
ecoupllng phase angle (f) remains | ow when the
vi braapiimas) agpleatiencya dagsowdieraepdibbatbiz: flée gadtet @ag be an
of fluid oscillation anplitude, particle size, fluid
UpEGaER (Rye- semrtlﬁoa ol gedhitigal canmepsuipent syisdiapulty plgase meter

tive N4 h&t e e nd fluid.is
wohf) @l 0 8RR AT PA B B 14, R Sbratory

ﬂombtetr Wlﬁ‘cH afbﬂ&d(wlﬂ@ +-5Y N cHRLOUR I qlﬁi@am @Eﬁlﬁa/tlﬁﬁ)\x)ould be
approaches a 1:1 ratio and the decoupling phase angl e

verf c)esaplpluedaﬁtﬁe@ll aied gas Chimemuhivy,evha wenietoirgeasorantbe dough output of

dec ling.rati.o | Af
eafibebitsth ayFsBb i Fi) Mg rafsr roffing aSogms. yaere the
ceh@l@%?ﬂﬁ@focﬁ _Pahkt@eﬁrﬂcé?ﬁéﬂeld%ag ﬁﬂlgln? hea firfd ﬂ&se mixture. With
arrangenent. The neter generates accurate and reliable
norelative ertioh Hebecausy diles phisss aolomefradicney,tbe nwter would perform

het ween nul ti - phase conponents. This is true for
as H1ouehithare V5 9HE POMAgPRROUS PRATGIBHE Ve SPTTERHyIBHHE .mass flow and

defid rﬂél o‘flge%'fur%%f%‘% ng%}ﬁlse'ﬁ &f {111'e Wfhbefo¥ & %ﬁﬂ%&?‘ﬁti SEAsCl

er suc eSscri apove cou

al savibige diid yeRiblartd &ﬁv@@ﬁ@&ﬁhoff Fdsoshncerat foa ﬁ%ﬁuéaﬁs}gth@g
modes, without limtation. This is feasible due to

feasthalityi ofq Yarp hew Hiequenay Vibigtqry dlhav ety driveqwanespnapgesipay in

sorfe FpEies SRBaEab b Tl spRAEREP St R I EERE egen the
deilfe%m@fﬂww frEQ 86ROy alBaenFIBdoFR mlcP@wtiomnsdd] @200 Coriolis
appear in the density and mass flow measurenents

ﬂoaemtetee tkcqm eypcalhgvibraseps ralc’/SO Iin rftreqam fol hiegsfrangt W@tan tb@ﬂow
usef ul di ti r can be confi

coBBRSIH 0 Bt PO LSt SNRE: Bire Ay Tbey Dy ob

eqﬁ’% %g ﬁ%guéfn&%‘%tasf xeﬂ?@i:eaéan‘f‘ﬁ@;er begAuencies the

t neg For exanple, a flow neter
can be driven si rrultaneously on and of f resonance at
frequency 10, 20, 30, 40, 50, 60, 70, 80, 90, and
100 Hz. —a-given flow fluid, neasurenents at 10, (1)
20, and2BoY 1 may all be equival ent, indicating that
SOS/ decoupl ing effects do not inpact neasurenents
bel avhab ®lis tHOMddulusfofmRiaeiciias] isshenionainneflinettidofdht @ross-
size increases, it _may be that only the neasuremsnts

segitong o ig e g@ssraeramétYéamgtbam&tls theelgngthg Foratragmency (f) of
sevde%%p H%lalnﬁ% lel’?gt}ﬂ\‘&f &t eighteen inches, a proportionality constant can be found

for the (EI/m) component. As an example, a flow conduit must be about sixty-seven
inches in length for an E200 model Coriolis flow meter in order to achieve a five Hz
vibrational frequency, without changing the E, 1. or m terms.

Another approach is a combination of the previously discussed factors. For
example, one solution would be to lengthen the conduits somewhat, decrease wall
thickness somewhat, add a little mass near the driver or pickoffs, and/or operate below

resonance. Another effective method to reduce frequency would be to allow the
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than in the exanpl e above and a | ower frequency

measurenent is required. This diagnostic capability
w@andbaisesed to determ ne the presence of nul t PEI/ES2009/042018

phases or can beused to give the user an indication of

e ac c f the neasure each, frequency. A .
@CFW&P eny gﬂytp ae Vg e Papaliae n&) ?qswa‘?erléraa%h%rﬁ O?iemragoofflymnate the
brefc'e%‘é’rémﬁﬁﬁ wiRYd B&rdfie ‘ﬂlﬁ’éétgﬁ?eﬁé (P (ﬁﬁ/@aﬁ@&eoé&nsﬂ&ab?}p fue to an
natural gas measur ement uch a mul ase neter
addvoichal tefsidn qiahporidne(see®UGf 8. a separator, an extrenely

expenS| ve device. A vibratory flow neter which worked
wit wea%oxcﬁraq%lyy ViPraters ﬂawmp@uﬁtcaa,b@dﬁ@gmcbfpr a specific

ol a1 850 kB R D, A0 9350 TN e v

loviapbhaehg #FRQLESS thhchieveda @kéﬂef&nﬂﬁ%ﬂ Wry I &ibrAGonal frequency
cement, where the cenent contains rock partl cles and

ané N@nyalpwedblg?é@nahﬁmqme ifteqaertdyrand vehabighniilaatipeal rgwponse
n? relative notion between any of the phases at | ow
é"&%ency the neter woul d performas though there was
one THERRGSAGIOH FrBlaRs Gthed ;p‘é@iﬁ%e i ﬁﬁﬂuﬂb xx;a#,g € TR S Srational
fl ow and density neasurenen regardl ess
frequel’h@'rcanfbe(spﬂq:lﬁaé at 8 fiequakystbseshyli drdimit. The pd:ssm(tﬂaé frequency

drivy net.er of f-resqnance | ow frequency, t
cai g%\ i iied 35 Raingbelamea PWW@@&%N@W&H@@&F@FWﬂI%\Hm“ The

Vlﬂﬁﬁ(ﬁ{ ‘E{ gﬁ&{&lyh % gg%g@&p‘e‘& a%%(lgg %efo%? 8&%1%% ehlizegdepend

S wou n order to

Sosaaﬁhprtehﬁbﬂheﬁ thr&dhoV®61ylitnaw Thicadbiatioial fﬂﬁql udficyecanniy @ecified as
for a Mcro Motion nodel E200 Coriolis flow neter that

comppiiaamiih aprgdeteaningd inver® Mekes runesrdhresloeld e disuit {digpussed

t.e the f t d ut 18 t
o0 s bbbl MR e SIS B NS ol Pyl G PR Bl be chosen
to §istdnti@Ay 8NEYnAE ndulfiipked: fiswemeant i | ever beam f K (1)
Wiere E1s the Modulus of Elasticity, | is the nonment

of Goerolis anasf fliohemeteosaskeabiatory dﬂnsﬁomttersrtaqmr@émt the flow fluid
uni t. Ienth and 1js. the For a,frequency (f
MQYE g bt iaigea BRGH 8 PRSI Reguidy. When
fon@f Hﬂﬁtteklgpﬁllhﬁyd&@@Sﬁl?snissﬁﬁﬁtfu??lsftﬁ)uﬁg%é@fahhh% lg‘l 1g)6elatlve

conponent. As an exa ow condUit nust
maioxtor-deemgilingriinesen tﬂ’ne lteo @t ndro phases E20Mhodeldelds been developed to
Coriolis flow meter in order to achieve a five Hz

P“W‘Hrﬂé? P@Wé‘llon%téaiﬁéﬁ @9ed% foRageod MINGThgCRsHy nReaspremegt, given
SpéElﬁ@e merlo?a%ttﬁg e oRRRG r hé ﬁu %S'cpél n\@flicﬁ Tlag Beérpxgahdated

previ ous usse ors.

ex%&iﬂdéﬁt@ll‘y Wwad |p(ﬂedi@t de@oulﬁﬁ@t éf%té hﬂl@&ﬂﬁﬂbﬁé;tosﬁﬁﬁiﬂ\/dédouphng ratio
ecrease wal
(Ay/Ap) and a decouphng phase angle (¢ ) are:

dv

+ 5,
p drag history
dr

+F

addedmass + Fbuoyancy (3)

The decoupling ratio (A,/As) comprises the ratio of the particle (i.e., foreign
material) amplitude (A,) versus the flow conduit amplitude (A¢). The particle can
comprise any foreign material, including gas bubbles, solid particles, or even portions of
a different fluid entrained within the flow fluid. The individual terms of equation (3) are

defined as:
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t hi ckness sonmewhat, add a little mass near the driver

or pickoffs, and/or operate bel ow resonance. Anot her
wetdoeasisee net hod to reduce frequency woul d beP€DUSI0D0M2018

t heconduits to bend into line with the pipeline before

the brace bars or even to elimnate the brace bars.

This woul d decrease the stiffness in the drive node

condi.der&pya@uev)pRan additional torsion conponent (4)

(see FIG 5). The very | ow frequency vibratory flow

meter 5 can be desigpe for a specific application.
The Ne?/ I6ny iitegliedy YW B¥ At ory flow meter 5 can (5)
t her éf'Gre hale asverg Iou(t operating frequency that

achi eves a predeterm ned very | ow vibrationa
frequency agd very, |l o i brational response frequency
and mery R ghpyi ¢ E response anplitude. The (6)
vi brati onal freq gficydean be specified in multiple
ways. The vibrational frequency can be specified as a
frequency yhreshgl,d or limt. The vibrationa

fredUgncy= fneggpe0|f|ed as being bel ow a (7
predet erm red de upllng threshold or limt. The

vi br ati onal frequenc can be specified as being bel ow

a prTélé anetiar ¢febie Somy @dpif assymedItp mptethihegnefian eofrthe flow conduit.
t f b fied
Thegiiian HigfePLRb R o Padister SR Gar se st okes humber

threshold or limt (discussed below). For exanple, the
pre i nver okes nunber threshold can be
choggggﬁghg s#gn?fgﬁﬂéiélininate mul ti - phase fl ow ()
errors. Coriolis mass flow neters and vibratory
denstdrocievebsinr€gui A ecdstat+ ghe flow fluid nove with (9)
t he f|OMICOHdUItS durlng oscillation at the meter's

nat frequenc rei rial
intr &ée&e qUaohs an by 21 fﬁ‘?irpéqu@ﬁ g&h%nlﬂae osgdllating
en%?&{rﬁeﬂtsof ‘%Jlﬁfato‘@ 1R hql% 98 WIGHEP 69 tdnYert iR
or nore phases. A nod ﬁas been ope to predict
acdurecycfon dhld vibrsionbedmpli@de eed gﬂasfeaﬁffaregoe)ﬂl mbxttsitoetions.
density. neasurenent, given sgeci fic meter erating
con&ﬂhﬁsaﬁ@puﬁm@eﬁ%ﬁo@@l\fﬁotae al O‘ow:cawtlﬁa%f%@@gbk%npw gg: the

ORSTATRELRY Yoo BASHL SPGB B e i
deﬁ’eﬁWB! thepapias de@i@l (8,)(offthd f@e®n riiderial pirfitles entrained in the
flow fluid, the dynamic flow fluid viscosity (L), and the particle radius distribution (a)
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
response signal generated by the pick-offs (105, 105”). The fluid density (ps) 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 () may
be specified by a customer, such as in the case of a known flow fluid, or can be obtained
by measurement. The particle size distribution (a) may be specified by a customer, such

as in the case of a known flow fluid, or can be obtained by measurement, including
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-j = Fdrag + F history Faddedmass Fbuoyancy (3) dt
The decoupling ratio (Ap/ Af) conprises the ratio of

wo b@pased cle (i.e., foreign material) anplituPEr/%p9/042018
versus the flow conduit anplitude (Af) . The particle

can conpyr.i se any foreign terial, .includin )
acwsswég? im lale%%\r%m%még,f ?Q?Flg@\rgﬁeﬁ@m%ﬂgs o Dbbles in the flow
ifferent fluid entrained within the flow fluid. The
i ndi vidual terns of equation (3) are defined as: Fdny
=6piFiGag is a ¥japh (OReEcdupling ratio versed derd{ty ratw) for the derly low
- -T-J (6) = f a- (7) The notion of the flow fluid
ffeFlF}efEé’s‘{]h@éPchP%ff@Fﬁrtaﬁ%Ofﬁﬁtgi torthefnvenegos.| Bhg g@pdither includes

The .ootion of th bbl [ rthcl.e | s Lcul a :
resbE ot B Py S RPER Gy Oy Py SQRLRARGEL G can e
used1d B8R kcintily cRaradtbazalR\@naHiéal o ofdRs RRqUERY-reRted

find particle nmotion in the oscillating environnment of

deepuplibg and SOF/ t@nprestibiity offoéts.hi n about plus or m nus
ten_percent ,accuracy.for the vibrational apmplitude and
phadBCa e RRed e Pt LVETORe Torsre] & i wobltng
demg)@hﬁg rhifosS at ¥4 bdh&cRIRME t@g{a?h 802 ch@4inpy ?Q Sd b @kd solids
are: tThe vibrational response trequency (f), the
react bp@adsitolyain teraspafideecapilg, twatheth¢ Ahdraint & gadds wix bibatens giteyter
(pf), the particle density. (pp) .of the foreign
mquéh?%ﬁ‘eﬁ%@f %‘eﬁe@dewélﬁaqaﬁydes ¢rhipigng ﬁ%ﬁwqttﬂnd Regqgdless, the
- i cf. | i ' ' e
LTy L ASH 3593 ) Ly I PEL L
amiitudri andhiabe (ke WhawAfp/ At €.1).Thiecavi doahd wealthdtes panbebble size

requency (f) and the vibrational response anplitude
inqreggsys, dhhapeufcaafaleap g inpignsdse Selidmattide decauplips alse moves

f 4h | ow. its. (103A 103 h
AT HE Gl Bk PRAGOREE it e sk go Sy e
pi chhefifwer{clOkes®imber (N6ohpHid: density (pf) may be

5= |21 2)
wa

The inverse Stokes number (0) takes into account the flow fluid kinematic
viscosity (1), the angular vibrational frequency (®), and the particle or bubble radius (a)
of the foreign material. The kinematic viscosity (1) comprises the dynamic viscosity (L)
divided by the density (p) of the fluid, i.e., n = Wp. The foreign material can include
entrained gas or entrained solids, as previously discussed. The inverse Stokes number
(0) therefore may be used to more completely and accurately determine an upper
vibrational frequency limit than is possible through just a frequency specification.

Increasing the inverse Stokes number (6) moves the decoupling ratio (A, /Ay)
closer to unity, indicating a reduction in relative motion. As the density ratio increases
past about 50, the decoupling ratio is dependent primarily on the inverse Stokes number
(0). This is especially important because all gas/liquid mixtures have high density
ratios, usually above 100. Thus, for the most common multiphase flow conditions in a

vibratory flow meter, the extent of measurement error depends primarily on the inverse
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speci fied by a custonmer, such as in the case of a

known flow fluid, or can be obtai ned by neasurenent.
wab@opased cl e density (pp) may be specified byPEI/US2009/042018

custoner or alternatively may be deterninable fromthe

i deal aw.in the case of ent a|n
Stales sy Ei) npEthat RATRMSHRY lspr'é‘gémaQ t%npaw%%rh& inviscid

t
g S TR e e

res&ﬁcte@an@mec&ebauplﬁfg fayionpasacksent. Theeényeadd $tok@ ®mirdeer (5)
distribution (a) my be specified by a custoner, such
illypgrafay t]tlfﬁéh‘?:b@slénQﬁbeéWR%ﬂﬁldfklmvnF‘ll%Y]dCO%tb’ paificlseize, and

ff Qb BB R or YRS SRURARCRUR o FroRleyer, feguency i
coftirolidh} @St dedibe cﬁér@Weflkt%sdwhﬁb @1sc5sﬂt§f5arﬁ1 }%Hh répl cﬁ?fbubble size

decoupliing rati o versus densi ty ratio e very | ow
de}ﬁemiquemplex l@ndmﬁrsly ufit@wrakiebkerpracess ndndigonsa th e
i nventi.on raph further inclpydes sults.f
var 1364 Grves Ok P BRbe (Bl e P pOTITERES aRTjsga @ number above
abc?ﬁt@‘?STHé‘ IRRFse(Sbk&ahinMer US g sfoﬁle"@?ﬁ@o(ﬁhﬁ%ﬁﬂs ehip¥ises a number
characterize the conditions for avoiding
abéveahoandy- rﬁi&ameeksd Sakep himpern(] iBABhe ombodsserdts Lomprises a
effects (ﬂr aph shows five different inverse Stokes
nu ahaye 8- the resulting decoupling ratios. It
can
ont rhg gonngig %{S}lgl %%?(f@rgﬁg\éﬂféqlugﬂé% %Itbg“?g%gﬁtfw A¥er 5 can be
deglgaalifol dpegate wi & hlbtrditﬁ)r@nterspbmcfr@@sﬁ@y &l Wi 45o0g5 Hz. In some
mgs}’@eater notion than the bulk fluid and solid particles
Himents,ribe veydowdteauanciRegeataneley maier  emabe demgned to operate

at TR oy Feelo P BPTRR R ThaS Ll Tphall tibucs, e
Vem%ﬁ)efr&{ﬂeﬁf:y vibkatory flowaAetdt § Qaﬂi’ Be 8@&@ Qné(f‘t@top@%tg @6a vibrational
bubbl e size increases, the anount of decoupling

resipnuseciaeprncysof ipl tcpdmut @D é{ml elocopie mﬂgbtailmnmﬂleweay\bw

frfromth |de3.LDcase tion when 50|d]£) ci
GQP%CWH LS QLo TR e SO RE L FRTB R pajOrationd response
SRR e TR 1 L ERUBUIREE 40 LSUR ey

Vl‘tﬁﬂltgujr ﬂDW\mbﬂeaS icamat desigagtetocypetasd at antbrithmapesspodedrauency of
bubbl e radius (a) of the foreign nmaterial. The
uptp Aboriri0cH i Beang gmpadimesis Fhesessy 1oy f@ﬁﬁ%ﬁﬁwlbmww flow meter

5 c\éh%%%%%%}ﬂew ﬁje'.‘:%tje %?Q V%aﬁ&ﬁl ?&?ﬁh%ey frécﬂ)engy Pf gﬁ;tg lﬂ%uq 49 Hz.

orel g

Degittd Bémiflg gsle reqasidied mayl bs@bdciad tlasugh métce@debign considerations,
di scussed. The |nverse St okes nunber %d) t herefore may
e

or plcrgievrly dhraugle oforpinentyipraing A acpeeitied iream@ym ne an

DG P Eb gy BRSO G PREF RS  cn
designed to operate at a vibrational response amplitude of above about 1 mm. In some
embodiments, the very low frequency vibratory flow meter 5 can be designed to operate
at a vibrational response amplitude of above about 2 mm. In some embodiments, the
very low frequency vibratory flow meter 5 can be designed to operate at a vibrational
response amplitude of above about 5 mm. In some embodiments, the very low
frequency vibratory flow meter 5 can be designed to operate at a vibrational response

amplitude of above about 10 mm.
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Increasing the inverse Stokes nunber (d) noves the
decoupling ratio (Ap/Af) closer to unity, indicating a
w0 e@gasdsen in relative notion. As the density PEL/UB2009/042018

i ncreases past about 50, the decoupling ratio is

dependent primarily on the inverse Stokes numper (d) .
Thi Floc0 adbie BPYHPN 9153%? v%tlowéi%ay@a%m rﬁa@nﬁm efer 3
r ; : [

oo Bl TS PR o B QoML BB g Adoree
height-go-Yanthedspeyt ratio (HIBt ecordifetoeihtndmbddimeasfen®mivention.

error depends primarily on the inverseStokes nunber
Thedgrge herghi-ta-tengHy axpeetaiptip §Hilek lpwerrethp flophmetes stiffpess and the

appr hes..the inyvjscid case of a 3:1 decoupling
ﬂo?&@?%?%aﬁﬁpég%?qyﬁgyparaneter is large, relative

ot [®Addisioh &Rt FigGkeshoRth élﬁﬁé@ ar@eRlibradohdtiode positions. The
approaches 1:1. The inverse Stokes nunber (d)

dasheddmies ant g figvae shave tymaca beasedmrawedharfd 12A. IBraeafeers are

Vi SCOSi t rti.cl.e size, and fr ency, i s.inportant
comgto Ry Bl RarS (iad i iodht ad STHE sl .  Hiace bars fix
thd fIGHLBAGYiLS B rERALA B L&H IMerMRhefe GRSAON condyits are employed, and

characteristics, while viscosity and particle or

foroublyiteatsorme badefiegdodn Therbtaex barsd 20fanenl 20N ectablishl 4 adyldéng axis
process conditions. The inverse Stokes nunber, (d) .in
Wi dmevharpoa Yn%ﬁtf@wc%ﬂ%iﬂlﬂté@yl%wfh% theisadéngapdutyV 3Wsare allowed
to Yt {BE EndhR SRR Wy atarhh v EMBRE RO sypically
ke¢psnhefreqdondyrhiglome enbodi ments conpri ses a nunber
above about 0.5. In sone enbodinents, the very | ow
f r eduertsy to ModHy dhe operatingreacnsy ctin beedige sxigrieentton can be
operate at a.vibrational .response freguen of up to.
R ol e 85 Rt @B AeRRRRS e e SRG by iBrdtire
behdif URRAYcatioR! Alchray byl a@prdﬁta@ély Pocading ReordesHANBEe hBsitions. In
operate at a vibrational response frequency of up to

sombeutbodOmeirts, this canrpe aeodyoplivhed by, moiag viey §rabobars, as shown by
freque vi hrat or | ow neter 5 can he desjgned, i
brasEREn WAL SA B 6 AT B8 BELo R fIiC) S F dlttuthe
beﬁ@ﬁgtax%QVH-z-%{ NnSAAG EIRRGMEERRT tis L eva%gbfm:pH%Gg by eliminating
reguency vibratory flow neter 5 can be designed to

theolracabars attogetherb riatsucn ambo éispnins ehd baglirenayis odn bpdétormined by
about 30 Hz. | onme enbodi nents, the v% ow
r

ther Wgtiss0) 04! 4P Bt o GRnrcRoRimpLrhod Ryzthe Branitoldsghizandol 02”. 1t

RYE G LR LA SRR GOIEGH BT

thrbtiglel fencaondiigab @ity ihcifietodk. Dib@méBodesicgoa@nipated and are
operate at a vibrational response frequency of up to

withtio the s¢ope-of thealsherintidpemndialgjminde frequenci es may be

ol ¢ Sioiad 1N ERTE g o bF PP RERR Bt L 3o fifrequency
vibtRRey flbRAnbteedRBEMg to the invention. In step 701, the flow meter is vibrated
at a very low frequency. The very low frequency can include a frequency below about
50 Hertz (Hz). The very low frequency can include a frequency below about 5 Hertz
(Hz), in some embodiments. Other very low frequencies are contemplated and are
within the scope of the description and claims.

The very low frequency can include a frequency where a decoupling ratio

(Ap/A¢) of about 1:1 is achieved for a specific application or for a majority of
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In sonme enbodi nents, the very | ow frequency vibratory
flow neter 5 can be designed to operate at a
wQ dwasisenal response anplitude of above aboutPQT/IR2009/642018
some enbodi nents, the very |ow frequency vibratory
fl.ow neter cap be designed to operate at a
PRGN dGRdingL oo ‘%’i‘lfl%éaso?rp SBGeriie The e low
f
fre?[ﬁ%%acvy%nemt 21?‘51 %éﬁregﬁ&%g SI%QE% i }Q% egfg&lﬂ\?éer g 'ﬁ}é%o\éﬁt 3bRa¥hing infinity
is adhlnatlifonthle ffoes flaits eTlaamary loid €reqhicalyonas rbieldw 2 predetérmined
sone enbodi nents, the very |ow frequency vibratory
min e AU medEusacY dadepradent o f éé@ﬁea&r@naterlal size of a foreign

ma\rf&?qg%én%gg \%sz%g %%’r @I\Txphl c&#e %?her t%?é/ VO%H? gécc?ughré% effects and

theVér¥Fadd @l Pordib® Yhatd i Eno'i/eél@@@d‘caditﬁﬂytvﬂtﬁ {he flgw enid. Orhe very low
This figure shows the flow neter 5 enploying a | arge

freiaengiytcandel behgyr b paefpeamined mmlmﬁoéé@mnmmblhw t%lmsbold

t f th t
indi AR gL b TR ISR BT BERn Iy dilasosmmosisiopy e very low
freqﬁ&ﬁry tAldefdrp %§§1d§ R_ehd/ J%atn%ﬂe@é%ﬂﬁ}; 8ffeQRAVEER Q8 not appear until

frequency. In addition figure shows a change in
hqﬁheﬁeqmﬂakmamahdnadd,p03|t|ons The dashed I|nes in

e R i o T g i or
co Co}%@?h 'ttcg Qch"i‘e\% gIVEIg' I%W ﬁ‘eqalﬁﬁ@g %Kggﬁﬁ%\%ﬂaﬁoﬁ g?oﬂ% {3’%\fvr\1,0re of a flow

Inre atl eret

coeduititiffitesqritove ﬂ@lﬁd)ﬂﬁl@ngt&mﬂowmalt‘dsﬂb'cﬁtatl@n fdbwhemdui naterial,
node. The brace bars 120 and 120" establish a bendi ng
flogixgandwt tw:kmér Bowwopdyihshapeoflowsradiit gwneﬁrbr@ 0R8 @ gnore
t he | axi W are vi br.a
vits o 48 e bR il RSP QUEGH L RuingiGiS; e segpore flow
co@mﬁtstmw B@litverkeFResdnafcd 4QOBAEYRINGA low Fre@81RYy, Idver than the
fy the operating frequency, the bending axi$
resloualatfremen@n appravomety dSomseduent |y, the operating

frequenc reduced b ropriate b )
ot SH F8B 08 o b By s D P Be s §-Seblnly Meeeived. The
o . ¢
Vit ROR BB AR 10 BSrminR MR ATRRRLTRD oD ol e,
inddydibg adeeqancy thalcanchnigi®e a msdrtaat fregusney fdinihe lﬂoa@ ﬂuld
bars 122 and 122' establish the bending axis W~W. 1In
ot hé&h SEERTE4: PRSATsMOoReHlaw @@ﬁ%sw&n@e@oq%ﬁmes%ara&;d fromm the very low

freg{ﬁ%ﬂpé{%&apgnélqg e@%@g eTﬁ@Bﬁe 811 ﬁl%geehg\% r%e%sﬂre‘?ﬁ’e%@s 0361 1n?]|111de a

ndi ng axrs can ermn

mdsh flogesitel Olthcadk dl%orecﬂovﬁ atcab@rcaraahiisdede @)deﬁsh@ A density
mani fol ds 102 and 102'. It should be noted that these

meageremenyuing theossy bive fieanensysande detanarinargwith aspueimiipns as to

the decoupling ratio and the fluid viscosity. Other flow measurements are contemplated
and are within the scope of the description and claims.

Decoupling is, in general, a complicated function of many input parameters,
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
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through flow conduit geonetry nodifications. O her
nmet hods are contenplated and are within the scope of

wo b@odasey i ption and clainms. FIG 7 is a fl owcher/uS2000042018
of a nethod of operating a very |ow frequency

i bratory. fl.ow nmeter accordi to.the invention. | )
ané/péﬁv zﬁlﬂrhl@lvtvm gat dheny @1'63%59%11@& 3 b %@H |06&ffectwely

fr C T e | . > N ..
ol B R orad el bt P B T FEOEUHAS of climinaces
detauplingnay itataseh alcasi@cmeht ®gueiagy Husl o, abodliarbetbldsticz of the
(Hz), in sone enbodi nents. Ot her very |ow frequencies
flox Buidgntehplized i patareand thy brbhic sie agd yissowity mge have to be
descyiption and clains. The very |ow frequency can
acgﬁé(tﬁb&a frequency where a decoupling ratio (Ap/Af)
A Gdryab@uteqhiedcy wibatdiyeV@d nicdér @n?tfé%‘sig!n@d appé ifRtdn@a11P immune
for a majority ofapplications; including those with '
frosmmudti-pbasegedfecty, insdiding patht $@$PeempTeseibiletyeffegty and decoupling

' d f h that.
e U b SRR SHSPh ORbEt bygpenouen
evéiPh vERS oM Q&&edeh&@z JibrdiBR; MEWYméBMmhY SAHENGINEATRE but a very low
bel ow"a predet erm ned m ni num decoupl i ng frequency,

freiqneleyefihe nictafwil ftor @ihgit match predtersiczeracy and farabilgp than
(g@teriagggp osition. The very | ow frequency therefore

MOAPHLe 8T UCREY ROt ¥ibgart oW &pRFRi ned” f or ei gn
mat eri al noves substantially with the flow fluid. The
very | ow frequency can be bel ow a predeterm ned
m ni mum SOS/ conpressi bility threshold, independent of
a foreign material size or a foreign materi al
conposition. The very | ow frequency therefore avoi ds
SOS/ conpressibility effects, which do not appear until
hi gher frequencies are achieved. One or nore flow
conduits of the very |low frequency vibratory fl ow
nmeter are configured to achieve the very | ow frequency
by configuration of one or nore of a flow conduit
stiffness, flow conduit length, flow conduit aspect
ratio, flow conduit material, flow conduit thickness,
fl ow conduit shape, flow conduit geonetry, or one or
nore vi brational node positions, as previously
di scussed. Alternatively, the one or nore fl ow
conduits may be driven off-resonance at a
predeterm ned | ow frequency, |ower than the resonant
frequency, as previously discussed. In step 702, a
vi brational response of the flow neter assenbly is
recei ved. The vibrational response can be used to
determine a resulting frequency and anplitude,
including a frequency that can conprise a resonant
frequency for the flow fluid.
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In step 703, one or nore flow nmeasurenents can be
generated fromthe very | ow frequency vi brational
WO e@passe? The one or nore fl ow measurenents CBEIT/US2009/042018
include a mass flow rate. The one or nore flow
neasuy e ts can include a density. A density
W]ﬁgéé%ﬁllaéﬂ%cﬂis' usi ng the very Iow frequency can be

det ar li,ng ratio

L and% g&&?ﬁw‘%déii}l SCOSI ty %I% vaﬁ{éasu ts are
contdhgw ateedt agstnlay €10 1hh1mdntghﬁ1e5cﬁ~on@redfow h@ndults (103A, 103B),
description and clains. Decoupling. is, in general, a
conpl i catath tha ke m@teéfaswarrh}y K}{Blhelrpgamf@équto aRRPi@ke a very
makes it 10V 6 d%ricfg'\pl a&gﬁgl r%sp'gﬂ ﬁlact‘ig be?o ' al fcliegﬁm%med

met er measur e een Y

t he decowghini@m&fct&&lin Sfrét{b@hé foeltiee flow ﬂiﬂalnhd @8dent of a
bubbles. Simlarl y%gr he §fgl ow fluidis hu%m y

vi scous, fereignduaistipl sm@omﬁorﬁl@n roateinal compesitionn hyd

- Aietdredin GECaudL B B mRE HSREIR PR feured to

is mxed yehle Wk tv@g‘ 1'3@/ fré nEd Yifatisee ‘fé’sgéﬁsréganﬁ nerate one or
bubbl e si zeand/ or évenly strlbutlng t he gas,

t he decougplre figwcanadmeemets dedefoomef f ecti vel y
elimnated in sone cases. Also, a high flow fluid
vi scosity reduces or elimnates decoupling and

2 Char Sev e oy REARPEPNIRTEH AP mGREENR or kM . ppercin the very

lowdtequendgndbiafienbitbiorssiviel@nd predaasihyd ﬁ‘ﬁl}ilnhﬁﬂe to
be accepted as-is. A very |low frequency vibratory flow
SQﬁé@@npr@aﬂbl@é\/ a@gsh@%@dﬁbemnb@ﬁa%mwgn anatorial miaeras o foprign
mrrul t1 12 effects, including both
%88 P% Qi lity effects and decoupling effects. O
course, where the volunme of entrained foreign nmateri al
gets |l arge enough, even a very | ow frequency vibratory
3.1l oWhmsrlomfre@mE vitgetoey €bventtsr (KW o clagnyl, wdaerein the meter

closfatiea g D 6oH bt asadironplis e G raboat 111 for
enﬂcrfu‘ﬁgél’ ('é}?dé d?re'n%m%ﬁ a¥ h?ﬂ@t@ﬁy lowt f \g@ﬂ[@?ﬁ:gr s. Wat is

ai e rrequen ratory flow
meter ( 100), corrprl SI ng: a flow neter assenbly (10)

i ncludi ng one or nore flow conduits (103A, 103B),

4.t he ﬁpaﬁrm@%ﬁe(g@éwp@ra@mﬁowépﬁ@r c0p ,06 G]faé@ Iy g/herem tc]he meter
ele%ﬁ‘gﬁircggf()gq? X@I{%gdr d\IJh%ﬂQ@@G}éC&’Sﬁ% 19&#&(} gll%?lgtglsﬂ%th regard to

termn

paftickatneten férahe tﬂlbev flhiawt ihavdly iodergneait of a foreign
material size or a foreign material conposition; and
nmeter electronics (20) coupled to the flow neter

ass%rlrlblv%ry( llov&) frequen(c::}g r\]/fl‘tl)rgt%g‘ye glow meter (100) of claim 1, with the very low

frequency vibrational response being below about 5 Hertz (Hz).

6. The very low frequency vibratory flow meter (100) of claim 1, with the very low

frequency vibrational response being below about 50 Hertz (Hz).
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receive the very | ow frequency vi brational response

and generate one or nore flow neasurenents therefrom
wQ2009ha8eery | ow frequency vibratory flow net ePCT/LSD)9/042018

of claim1, wherein the very low frequency vibrational

res g}gse i]ﬁs0 bel ow a predet erm ned

m
7. sos/l &6 mERes Pwetnywmré@mﬂaw rﬁaf@béﬁ%ﬁﬁu o clgimd. pathehgyery low
LR i, el P HRp AL M CAERRLL! fgp p
abeveaboul 3.5wherein the nmeter el ectrom cs (20) is
configured such that a decoupling ratio (Ap/Af) is
about 1:1 for entrained solids or entrained gas at the

xleg ?fél QW f]he AHEN %‘8}’ bfeﬁ?fy ﬁg gt%\lN( ]];doﬁmﬁfgggl%nl tvxﬁth the one or

md¥B kv @drﬁi@ﬁtg Pru3es 1028) bbﬁlg%ﬁﬁggﬁw&g vibiele dt Bafery@high vibrational
Vi scosity is effecti vel y infinrty with regard to

respansd athplitnde.i on for the flow fluid at the very |ow
frequency. 5. The very |ow frequency vibratory flow
meter (100) of claiml1l, with the very | ow frequency

9. V' bf[% 'v%ﬂﬁioxxf RERRARE Vihidgy PBhateRP ?HiO) of bR, ()J"Eh)the one or

The veéry | ow trequency Vvibratory flow neter
mcm‘: flobacamdiijts Wi (13I:A tlIﬁ)éB\) beingl omvﬁgumdlm Iwehyratei ap laa/tlbranaﬂlal response
sponse bei n ow abo]ﬁ (Hz) 7. The very
amp qer%ﬁﬁ%aﬁ%ryt %lils QHtoMg MR IGW"% r@ (100) of claim i,
with the very | ow frequency vibrational response
corresponding to an inverse Stokes nunmber (d) that is

10aboéealpulowdfrbqudhcy Vitgatoey Ylowaveter €009 RE ¢lavinkl &Lt the one or
flow meter (100) of claiml, with the one or nore flow

maze Al ¢@d@11.ts>3k0 &d@é}%) béln@goeﬁgﬂﬁeédﬁ aibrate ayippyikipaorgl response
h..iby at tude. 9. Th
N ey g e o

with the one or nore flow conduits (103A, 103B) being
configured to vibrate at a vibrational response '
llanp Tihe ey lofw ge@mney vitivatera Bowt metee (H0) loif ekimrl, (vhejein the one

he ver C rator ter
or frore, Pmronctis Ehap dO4FE S comea el fachiaka i ery 18 Aequency
r
vith itHa) DBk AR ARG R o frBlof S AP LG AN Tess, flow
comduit fengthe flew(sompuit hdpecT haiov Eloyv damduftmegeieaic flowi dmlndtlm thickness,
flow meter (100) of claim1l, wherein the one or
flopy %mdé&ﬁaap% élom@@multmmeﬁar ar QRfd1 Igelfee\abfaéloa%hﬂ%wosmons
the very | ow frequency

12.  The very low frequency vibratory flow meter (100) of claim 1, wherein the very
low frequency vibratory flow meter (100) is excited off-resonance at a predetermined
low frequency and an off-resonance mass flow measurement is obtained, wherein the
off-resonance mass flow measurement is substantially immune to decoupling and SOS

effects.
13.  The very low frequency vibratory flow meter (100) of claim 12, wherein the

predetermined low frequency is chosen to correspond to an inverse Stokes number ()

greater than a threshold value selected to substantially eliminate multi-phase errors.
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vi brational response by configuration of one or nore

of a flow conduit stiffness, flow conduit Iength, flow
weomwdas4s2aspect ratio, flow conduit material, PECDWS2009/042018

condui t thickness, flow conduit shape, flow conduit

geo ry, ne or npre vihrational si tions.
1475 "%ﬁaye%wv e iR \%Pmlaf:f&lﬁ 91425 @ﬁﬁﬁeﬁé@ phgsn the off-
resgpaﬁde%ﬁgs]ﬂovy\’g%)%?ﬁr@m%ﬁﬁs\é%g% té?iwxzftﬁ G RLSRGH RS ALY
ow net er IS excited off-resonance at a
mdas@deicat obtardd howrdsoagudieycandaahifalid offeswnancemarsSow

fl ow measurenent is obtained, wherein the
megFYrepEEbhibe rAWHsNed BRFRRN measwismens dfes @van@reéhqtrya

0 ] n n ef f. ery | ow
el S PYL 0L PO AP S est ely
wherein the predeterm ned | ow frequency IS chosen to

correspond to an inverse Stokes nunber (d) greater
15t ha'ha vety lesheguanay webrseineflowdneter LIPS oéntaimal 12y wherein the very

el.i m nate | ti ase_ er ver
lof fisaORn Dt B ) R i S Robpngige panttipte
t f 3
profRR At 1R {%025Wr AR b MBITRBURARM: dfR rosonance
masb flavnedasaterente senerniinéd emheealmthandﬂmﬁletolﬁéresonance mass flow

of f-resonance mass fl ow neasur eﬁrent d the esonance
MEGHHEETCNBI FreFRREén delgrnimervis ufthaasg flow exists and to
te nge, a nultl-phase
det%h&éﬂfé 1?1(()11%{1 asgge?]‘%%dé@g‘“% The very low frequency
vibratory flow neter (100) of claim 12, wherein the
very | ow frequency vibratory flow neter (100) is
l6exc i egthedfofopsmtiageveay lawificnpeneypretars flavnagter, the method
COof flsr esonance frequencies and nultiple corresponding
'SP Pesonance mass fl ow measurenents are obt ai ned,

whekairhtidhend s bR ﬁo@fctmwmﬁe QeBSH firé cy vibratory flow
measurenents are conpared to determ ne whet her a

mul ti - phasserfdteweex lost requency shates belnwrfepradm@rmmephmeenum
error magnitu 16. A net hod, of a very | ow )
Fr equency AR P RnctoRo ¢ RBT HEERGR B R fap g materia
vi brati ng;,Qmy a%ra%{@latérfawc&ﬁ pelflibs of the very |ow
frequency vi brat ow neter at a very |ow frequency

t hatede$vibe h @eryalopr fag@icacyivitedtionahrespondeandipl i ng

freq uenc%{ for the flow fluid i ndependent of a foreig
mat EFRGRTIRG 9Re o mAre PowigensHemantairoRdRp S mynfrequency

receivi ”Qub%t‘f&{a\frés&}%i equency vi brational response;

and generating one nore fl ow neasurenents fromthe

very | ow frequency
17.  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.
18.  The method of claim 16, wherein very low frequency vibratory flow meter is

configured such that a decoupling ratio (A,/A¢) is about 1:1 for entrained solids or

entrained gas at the very low frequency.
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vi brational response. 17. The nethod of claim 16,

wherein the very | ow frequency vibrational response is
whedoomsss2pr edet er mi ned mi ni mrum SOS/ conpr essi bi PCT/YS2009/042018

t hreshol d independent of a foreign material size or a

191? ern% é‘?f‘gﬁ?tf 9@39@ 3o Wﬁ%rtaitgt%ey%% 1@1.*;2 rsﬁetnptg ?fw%%@& Oiwsmeter is

AR 0 TSR o o

thev@ey fluadvaf the gegnioy: iBquehlbe. et hod of cl aim 16 wher ei n
the very |low frequency vibratory flow neter is
confi gur ed such that a viscosity is effect ively

| nf i e L I rti cI e fo
20 f1ui etw%& clg%?lg wﬁ}rlglgeue r{gyowg%equ Y né{ahlé)ﬁal rfegponse being
beWéHBulg,Hmztd]{j)he very | ow frequency vibrational

response being bel ow about 5 Hertz (Hz). 21. The

met hod of claim 16, with the very | ow frequency

2155 T BB dpaV i 16 Yo T TR gy PEjonal (Shonse being

befdEBRRSY H/érgr@;zl)onal response correspondl ng to an
I nverse Stokes nunber (d) that is above about 3.5. 23.

The nethod of claim 16, with the one or nore flow

conduits bei ng configured to VI brate at a very hjgh
22y priaeinesiagd peclptnd 8, WHPthe YRI¥ 10 ATeappReyg Fsinakrsponse

coff oMt il d-esBREs GBS LW SRNULLS el ng

0 Vi |on response

anplitude of greater than about one millineter (M.

25. The nethod of claim 16, with the one or nore flow
23condiicieethed phclavni 6gwrtb the enagmynakedtlew candyirbeingoergifigured to

resp nse i t.ud reater t about five
ARl TR ol SRt mbiRTe P i m 16, wher i n
the one or nore flow conduits are configured to
achi eve the very | ow frequency vibrational response by
24conflihgumethodof dhinoné, with tir eneodr raotel fbaw condiuitstbeing configured to

stiffness w condui t t conduit aspect

Vit ia0 B ACATOD S AT RNAR OF Brcatst daciioLt ppg ERijaier (mm).
fl ow conduit shape, flow condwt geonetry, or one or
nore vibrational node positions. 27. The met hod of

25¢| aiTine histhodhef daim tt ewitkthe dovorf hegudeme ytoﬂdthtsaieﬁig/conﬁgured to
flow meter .is excited off-resqgnance at a predetermn

vibraly af perdratienal seiporse ¥TPURES OhgFAET Hhasatouplyve il hters (mm).

measurenent i s obtai ned, wherein the off-resonance
mass fl ow measurenent is

26.  The method of claim 16, wherein the one or more flow conduits are configured

to achieve the very low frequency vibrational response 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 vibrational node positions.

27.  The method of claim 16, wherein the very low frequency vibratory flow meter is
excited off-resonance at a predetermined low frequency and an off-resonance mass flow
measurement is obtained, wherein the off-resonance mass flow measurement is

substantially immune to decoupling and SOS effects.
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substantially i mmune to decoupling and SOS effects. 28.
The nmethod of claim 27, wherein the predeterm ned | ow
wo e@guaesey i s chosen to correspond to an i nver BET/BERE 642018
nunber (d) greater than a threshold value selected to
substantially elimnate nulti-phase errors. 29. The
met hod of claim 27, wherein the off-resonance nass
281 | owLIRASHE EHBALIh 87C fneﬂeiﬁ‘réd'ét&nﬁﬁ FrEQUEARY is chosen to
fl ow neasurenment obtal ned at resonant reqd%ncy an
cotréspond to b imves@siokes maserf(bpyrearasishenbrdshakidvdlixeselected to
resonance mass flow neasurenent differ by nore than a
substaially chinreye aad B heTonge, a nul ti - phase
indication is generated. 30. The nethod of claim 27,
wherein the very |ow frequency vibratory flow neter is
29excithein@hdd 6LSIRMANG ewhéreMLithk ioBf-RsPRARE I8 IR/Imeasurement is
of f-resonance frequencies and nmultiple corresponding
comphredesitha nesonacssnidsdlowmsturement ebtained ebe sdsnaant frequency

%@i@ei t he nultt@l of f -resonance Bss flow a

and b BnReinge Do o BV Bt G o g s Mlow

meihehieRh@SRr bl MoeX¥hat $ pRAtchAiIMalRESI IR i, b nPtdsiRise
error magni tude. 31. A nethod of formng a very | ow

indicagpuengynaratedat ory fl ow nmeter, the nethod conprising

determ ning a predeterm ned very | ow operating
frequency for the very | ow frequency vibratory flow

30Net gy %&ﬁgd 8Pc13m ?9 a\%fl?l%ﬂl {h8 %y R %Eﬁ%%nfcg l{/'i&atow Bo% meter is
the very T ow operatihg frequency I's befow
ex@itcRideff-esdBh et dTiniil Pl ptedadetphihéd offrrespiRncy fit@ierichs and multiple
flow fluid i ndependent of a foreign material size or a
cofrespongmeridt-eesoainceanps SIay sieaswementsiangobasicdr whericen the
nabeMQﬁgndUit geskqugharagterigygcs(pased on Hhe. hether a
PIRGATEFRORRTCTRS oW mSHArErrR 4T equRHe © it ipRey
mAHhate ABWxIOMERRriniAes hilti Phaseat @ hsddigslebei ng
sel'ected to substantially achieve the predetern ned
very | ow operating frequency; and constructing the

1Y SIS e Lok LLow MELEL SITR] QY109 LS. o

co&?ﬁ&ﬁ teristics.32. The nmethod of claim 31, wherein
the very | ow frequency vibrational response is below a

pr edeteemniming d pnddetarnin aievoy pdw pgeifatiag fieqayndydior tHeevery low

flow fluid i ndependent of a foreign material size or a _ .

forei gn MisABPHCY VIRBHEYSIRY Bister dascipreatigtsian expectecflpy fluid,

31, wher gifard % VehPWWBD&htih S QMNP EdoSHEfrelibREmed
minimum decoupling frequency 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

predetermined very low operating frequency, with the one or more flow
conduit design characteristics being selected to substantially achieve the
predetermined very low operating frequency; and

constructing the very low frequency vibratory flow meter employing the selected

one or more flow conduit design characteristics.
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decoupling ratio (Ap/Af) is about 1:1 for entrained
solids or entrained gas at the very |ow frequency. 34.
wab@oneeshod of claim 31, wherein the flow net ePCT/BS2009/042018
configured such that a viscosity is effectively
infipity with. regard t article potjon for the flow :
32¢ | yilge drethpolepyn ﬁgwﬁ?rgah%ﬁ gLy lowy FroghengupBatioal response is
b B b R e S P L R lependent
of SEccomparesial sivd bt y fdrbigashakdal cvagasidant of a foreign
material size or a foreign material conposition. 36.
The nethod of claim 31, with the very | ow frequency
Vi b [ l,r n bei n l-pw t. rtz )
3357 BRI BESBRN AT Pk AEARN R doiRhly Lifnaca
deédupliv8 ReNo VA DAALIS Ob@t 1F ERRQNERiINREISBEIPE! hiaakQUias 20 the very low
Hertz (Hz). 38. The nethod of claim31l, with the very
frejoendyr equency vi brati onal response corresponding to an
i nverse Stokes nunber (d) that is above about 3.5. 39.
The nethod of claim 31, with the one or nore flow
34C0NnquibgerRS) BECIGRR B SWhELid Be VoW Alcfer & ccﬁlﬁ/%%"ré’d fic8hhat a
vi brati onal response anplitude. 40. The nethod of
viscbatyms 2tfectwdli it fivatyoweh oegard tepdrtioly moticuidrshdB8owdluid at the
configured to vibrate at a vibrational response
VerypieM %%’é’%?- greater than about one nillineter
(m.41. The nmethod of claim31, with the one or nore
fl ow conduits being configured to vibrate at a
35Vvi bmatinkiadd 6LspenS e, whddeir thd&cof 1ogy ﬁa@%‘ncfr Rébtaadeditesponse is
five mllineters (mm. 42. The nethod of claim 31,
belgiet pragetenaingdaniimppy SO {compeessthilitysheeskold dgndgpgudey of a

to achi eve .the very. | ow frequency. vibrational response
forgr BT 4 ok 5P 2B B RSP OSHIOR T ow condu ¢
stiffness, flow conduit length, flow conduit aspect

ratio, flow conduit material, flow conduit thickness, '
36f | oWhe ometiod of¢lape 31 f Wishyvthoveiyilow deegrenayyyibmtiopakresponse being

re vihrational node positions. 43. The nethod of
be@"aﬁ?ﬂu@% Wﬁ&%)n the very | ow frequency vibratory
flow nmeter is excited off-resonance at a predeterm ned
| ow frequency and an off-resonance mass fl ow

37meadc enthdd oSclatoh il nedh thidresreilowtfieguofidy viesoiaakc@esponse being
mass fl ow nmeasurement is substantially inmune to

belgacehat PAGAHdHSds effects. 44. The nethod of claim

43, wherein the predeterm ned | ow frequency is chosen
to

38.  The method of claim 31, with the very low frequency vibrational response

corresponding to an inverse Stokes number (o) that is above about 3.5.

39.  The method of claim 31, with the one or more flow conduits being configured to

vibrate at a very high vibrational response amplitude.

40.  The method of claim 31, with the one or more flow conduits being configured to

vibrate at a vibrational response amplitude of greater than about one millimeter (mm).
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correspond to an inverse Stokes nunber (d) greater

than a threshold val ue selected to substantially
weboogiiaeste nul ti - phase errors. 45. The net hod BET/TEZN0M42018

43, wherein the of f-resonance nass fl ow neasurenent is

#1501 Gaethed 87 Fabrlht ih sy AT CPRGIT being configured t0

vithhfe: a"t?%%}%{i&?al Dnbd %@ﬂé ‘dggfé‘ﬁ% tﬁeﬁﬂaﬁolﬂl? fiVEMN #R&Ers (mm).

mass fl ow neasur msnt

predeterm ned decoupling range, a multi-phase

indication is generated. 46. The nethod of claim43,
42wherdiemngthed 9%@ G Gy wh@qubﬁh.@;pne B aare kv ¢andupre pesrcandigured

of f-respnance. at det e

to Gt by g R ahi o5 PRA TG R e i PhsBo i LG LR E ment g or more
of @fffow ESRAANEGEMITRS Floh M ITRASHIB B ToAd @t el A8, flow conduit

wherein the multi pl e of f -r esonance mass fl ow
mat@aéuﬂewnnéulatmcmﬁqaé}oemcmraiuatathepcmﬂmv whietuhiegeometry, or one or

mogigrv aﬁ%&i%{)%g& %ussts and to determ ne a nulti-phase

43.  The method of claim 31, wherein the very low frequency vibratory flow meter is
excited off-resonance at a predetermined low frequency and an off-resonance mass flow
measurement is obtained, wherein the off-resonance mass flow measurement is

substantially immune to decoupling and SOS effects.

44,  The method of claim 43, wherein the predetermined low frequency is chosen to
correspond to an inverse Stokes number (6) greater than a threshold value selected to

substantially eliminate multi-phase errors.

45. The method of claim 43, wherein the off-resonance mass flow measurement is
compared with a resonance mass flow measurement obtained at a resonant frequency
and if the off-resonance mass flow measurement and the resonance mass flow
measurement differ by more than a predetermined decoupling range, a multi-phase

indication is generated.

46.  The method of claim 43, wherein the very low frequency vibratory flow meter is
excited off-resonance at multiple predetermined off-resonance frequencies and multiple
corresponding off-resonance mass flow measurements are obtained, wherein the
multiple off-resonance mass flow measurements are compared to determine whether a

multi-phase flow exists and to determine a multi-phase error magnitude.
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