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VI BRATORY FLOW METER FOR DETERM NI NG ONE OR MORE FLOW
FLU D CHARACTERI STI CS OF A MJULTI - PHASE FLOW FLUI D

w®aakgssand of the Invention 1. Field of the |PeEUS2009042019
The present invention relates to a vibratory flow

meter, and nmore particularly, to a vibratory fl ow
et o VIBRAIBER FROw Wik roR Sef R i ic ORE or MoRE

rom) tﬁéﬁér@g%syg P yf\ft}f‘%ﬁ HASE FLOW FLUID

as Coriolis mass flow neters and vi bratory
densitoneters, typically operate by detecting notion
Ba@kg@pundoofémerlgve@ﬁﬁmt that contains a flow ng or non-

Propert| es associated with the materi al
L fhe)ﬁr?zg}éeh” §74°" such as mass flow, density and t he

|'i kKephe GREscheindBh@ITINRES BYa PHRESS S MRS M@ RS particularly, to
signals received fromnotion transducers associ at ed

a \mbnatory Iiﬁbwcmnttm ifor. deférenivinigraaei comoredlesy Gfiidt ¢tharadtdyrséics nfja multi-
illed systemgenerally are affected by the
phg ‘?‘ﬁ ss, stiffness and danping characteristics
of the contai ni ng conduit and the material contained
therein. A typical vibratory flow nmeter includes one
2. Stratemieet gfaheBirdldenhat are connected inline in a
pi pel.ine or_other transport system and conve
mat eripgtorydlayy mefqrey, sysh ag Coripliz gags ﬂomeqerwd Vipragory

def?s}{ rsAt chﬁy h ‘té}pget&t?%%oﬁgn E?X V¥ afn n‘;ﬁf g(;n(RlEt thflt contains

or eXxa

a fhﬁiflﬂg %) noﬁQ“foﬁWlﬁgl aﬂu;d rBt@:péﬂtl.es @Mcfa@étm’vﬁﬂ tlli@ﬂﬁﬁerlal [h fhe conduit,

typi cal neasurenent application, a conduit is excited
su¢hasomessoflowmdansiey Bnéthedikersaele deteemingd dyipapcassipgancasurement

mg@g&srﬁee ({;ﬁoglgpﬂ?%ﬁ grglgs gaerglagwéle}t?]iw tgﬁlggg(?n({ult SThe vibration

mdaes Io'f ad \qarah%ﬁtrﬂa%ﬁﬂtmedomwnﬁ g&e@afnyaﬂe%@fe@@a% th@ c8mbined
an el ectronechani cal devi ¢e, such as a voice coil -type

madk,i stigfnesy drat dgeping charattfeastondithe comamigecomlditand the material
fashio Fluid density may be obtai ned by determ ning
Co%tafné’gé eI - frequency of the flow fluid. Mass flow rate

di f prS ﬁ!%tl g %ﬂg‘yl I‘H&@ISH{ChﬂigS Bhgsr HI%IF@XOIRfuth @l@eﬁ%re connected

en notions at the transducer
inlireciatal p)pshneTmﬂsercrfantsp@m syieanad convei kbl eansiid), slurries
are typically enployed in order to nmeasure a
ang ithyy laleq, dmie Yeispbr eopduit gaytbeaie wehauhavips a sgrfuatual

Vlba}nﬁior? fn%dgél %(ﬁﬁhmé f&o g)&‘ﬁ?pqe mBPeStLethd?n%S tot %Egtle?aqi]lal and coupled

modes. In a typical measurement application, a conduit is excited in one or more
vibration modes as a material flows through the conduit and motion of the conduit is
measured at points spaced along the conduit. Excitation is typically provided by an
actuator, e.g., an electromechanical device, such as a voice coil-type driver, that perturbs
the conduit in a periodic fashion. Fluid density may be obtained by determining a
resonant frequency of the flow fluid. Mass flow rate may be determined by measuring
time delay or phase differences between motions at the transducer locations. Two such
transducers (or pickoff sensors) are typically employed in order to measure a vibrational
response of the flow conduit or conduits, and are typically located at positions upstream

and downstream of the actuator. The two pickoff sensors are connected to electronic
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and downstream of the actuator. The two pickoff

sensors are connected to el ectronicinstrunentation by
wa@aii1sg330 such as by two i ndependent pairs of PCT/@S2009/042019

The instrunentation receives signals fromthe two

plckoff sensors and esses the signals in_ orde
InsamepEationhyscabiipgysuc taé wé\ggu?iw@ﬂée.n% PRBHORISEs T éfs

ins b AL A TRRRe HoRIYAE R R er 8Bl brocgsses the signals
in ofdeeto B¢riife Beaty AGY rhvméedsi@htenphase flows. One area
in which vibratory flow neters are used is in the
net Elow @l%ﬂs @r¢ usgdo @ﬁéfOWQ [pasg @torwtaée anpher iﬁﬂékﬂ)a steagyrements for
c conpr.i L nck udi n
o T T BT Rbl R 5 TR s G b g8y e arca in
whi@yeateRt flgl Meders Ard hexdfib anthlel Hétdrind\of 8il lhhél hdlwkl1 @Wtputs. The
fluid therefore can include oil, water, air or other
prtghEle swhdvdls @arndnprisothewltisgiase fant incliding Hquidebut also

a Vvibratory flow neter IS u
in L 8ifanf oo BN IaLCa e St b lThBd G & S1ld flow
ﬂu@d]ﬁ{eperfm%oéahqﬁd 1611 A6 SF %%yor‘gthéxg%sé@taﬁ&/of" bt other soil
significantly gegra ded 'S 'y desirable %
pattivalates lﬁcbltexlaglpflretléowegerbwhas aadlaratoay €loasmpes & IHed to measure
even, for such nulti-phase flows. The nulti-phase flow
flopy {ipids 1ecdwding entigiace g@%eauaﬁ@@r galidss th CASERECAOf {1oaBIsT gan be

m@?ﬁca& lgﬁgra ?& fHL ié‘ g}}%?ﬂ%s?rag eotﬂ@ tﬁ@?e Hgﬂ\%gte?lﬂgrb%'ag %gcurate

or-entral ne artlc

as ?Oi?s‘ilﬂet@en&bﬁsucﬁdﬁﬁlﬁ%has@”ﬂbWs phase fl ows can include
|qU| ds of different densities, such as water and

pet rT énuﬁldéwg@ﬂem&uldfs e inghidglcatramid gmﬁ'ése@enaaily tablely gas

o PSR ok s AR, o ) DS PURRE Rt
mlsieeés J‘u‘éh a@ esﬁcsféer blcy F‘ﬁ?t‘iﬁ@r hﬁ\ﬁtl%ﬁ@ﬂﬁ&g c%ﬁﬁ%&qhqﬁés of
completely in phase with the flow fluid. This

différontadaneniab, sanb s ivatdrsind peeoleacth ¢campmedese barpixamgleorThe phases

slip . Gas bubbles, for exapple, can becone
Mmay, ﬁ@%&?f@m SHce YIFRRLSS ULt TBRETIRY ¢ he

vi biatiqnal Hag@ﬂg%;s rrgea\ngr E}E?{ 0P HIRBH thdo%g hbY ﬁ&e&éaﬁl move

characteristics es typlca nove W th
thd éramtiiddugadesdsolids e ofdpdstelyeh @haseswith hineaﬂe\d flutdwElBrvibrational
I arijer bubbl es do not _nove with the flow fluid during
anQgiMBLYAHf refrred 1@ aredgooylingd Autlinpage.nSee Babblen dopesmie Chn become

de&ﬁ@)é%gfﬁg ﬁi%' @llog}jﬂ{l]ﬁiog@fééﬂ [g fh Wlbl’llt&] n%%g%ggoﬁs%rhnﬁoa\ﬁ(? subsequently

ned S nmovi

defigéd hew o@afhcfeaﬁheg $han bhibsiet b@%aﬂllyuh@lvedwnh ige ﬁaﬁzrﬂuld as the
vi brational novenent. This adversely affects the

flow meter iionikrated sﬂowgeeroiargﬁé)ufbbm«ﬁetrmt momu\fslth thedllayp fluid during
vikgafd Ot 8 ot e et BUAHEE: cootetfrepuilidioh g now nuia
and eGP HRIVE i dPRhAdHly REithAht@inekias bliB¥Yes moving farther 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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fluid at increasing particle sizes or vibrationa

frequenci es. The decoupling may even occur where the
wonmwidgbase fl ow i ncludes |iquids of differinBCT/US2009/042019

densities and/or viscosities. The decoupling action

as een f ound ffected by various factors, such
515 & WaceHips Pt e éﬂ éﬁ)w ﬁ@ldra} ¢ differengsdnidsasipy ptween the flow

t fluid and the f
ﬂu'l([]aﬂjde{l]l%'ﬁ)%fl%{sﬁq‘ﬁ@e?%%lfglee?{dnﬂwgdI tj: Onatno pr §b| g:n? ggused

by theddigbaté pebiahd cdused b tibletsiventotiar 61 wibdtes and particles,
Coriolis nmeters can experience accuracy degradati on
Coriodimmgsers §an PXRGIANEC pSTGICY drer @@ﬂpném BP¢cdiaf sownd £¥PR), or

f th fl
coflgfai ke ity Vb Flstobp Rt oo SR A Rpisht hdicif gy or he
osdillbIrclnoy bt oo IﬁgMeLQﬁil&d REvelfibrgasRS clddihes than

| owest velocities result froma m xture of
gasanobutthe foveess melotitigoesnit fufm gamixéme oéitweigva. fEeenl d godliamount
results i dramat i reduction in the speed of ound
of g ittt AT Roasfis P A A% 5h R refludiRRES Sheld oF 200K of the
anﬁEéWkﬁ%bﬂﬁu%?eﬁﬂﬁ hhow tube produces sound waves t hat
oscillate 1 n the transverse direction at the drive

f r edihe msgnllaﬁom béthaetey tubdfpradudes seyrebdawds thamn;dﬂlate mrthe
fluird is hig as in a single_phase fluid, the fir
traggstsa dicechon @f therdriviedfeapepeeok b rerttayWocn drewpscd ﬁEsound of the

ﬂu?(Lfsqﬂ l?rasq i‘HL%tle %ﬁas@fﬂgﬁ‘d '{Hg ﬁrﬁ 'ag&?srtlﬁfnrl(?&ui%? &XPNE&?& sgund

eed 0o

waleo @é‘ro%e tcﬁlctllaﬁ c@ﬁﬁjlﬁ k@na Q{ucﬁ&ﬁ %ﬁ@ ﬁa:qhéﬁbyl tfan tHeedrive
frequency of the acoustic node so drops. Wen the

eﬂu@rw/e ftgwerert Whermbewpeedohwyad dnepstdie td rthax@d%@tw%g@ toa
e, .eter e rs result e to th onance
tioGigR Pl ey SF I Seli&iinhodfe Uikt RuRhH b aRORES et
achiiic i GRUMICHe BBV E hodanide EMGRE, Qﬁételpé@&r@%suﬂ’tr(ﬁfésdi tRSoff-resonance
vel ocity of sound effects are present in nultiphase

eX@hmmmwﬁuheamnmuGuHMBwynhgdngebk@emnth respect to the
speci fied_ accurac the neter. However, for hig
f_re?eéﬁm fiegfiisyi beih aé‘H§YB‘ﬁ%]rI§PF?§§ PEESSYISy \ﬁl%%@ﬁé@und cffects
R PP 0 O ORI, A s
acémh@r aittht omctéethieeavdrfor diighveequracy Ooridliv ntetat operating at low
des. .The size of the bubbles can vary, dependlng on

prqsmrea%@rhub@%y Huiglspthe yelocity of éOIHrde%aétheelowf enoygh g gse

t
si %lf%aﬁt Pqegg[ﬁ'gﬁl?{\tuerfqrf a Qté ﬁhﬁ erg(gtx ?ﬂ}ﬁ:ed}gfeecarng aﬂghgd IVlbratlon
mdREf ormance is not only related t o how much total gas

Is present, but also to the size of the individual gas
bubH]h§§12|erpftth@btﬂbtdw canhears, degending 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
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the bubbles affects the accuracy of the neasurenent.
Lar ger bubbl es occupy nore vol une and decouple to a
wo moovhes3ext ent, |eading to fluctuations in theCTER09/§42019
and neasured density of the flow fluid. Due to the
conpre33|blllt of a gas, the bubbles can cgﬁn ge in .
Prifé‘ére h&“}i’f%s%t ?/E’EGSHHF H?Fé%%a][msfaeﬁ g?éu‘f’%"a“atlons in
thhdtiral SPMSIEQ{%'f%gu%ﬁ K‘ﬁ%@ﬁ‘ééﬁr&i&% r.changes, the bubble
sl ze can corres ange, e€expandi ng as

t hePries aurvebrdtc@pﬂow memrs aeitpgicaldy dhegruideds up@ating frequencies
i ncreases. This can al so cause variations in the

arq%lﬂdroalto 3P0 dtastrr{din), Witk goraa ayeters ou)ﬁ@tmg@wfrﬁﬁwwwsmerwen 500

a0 Thg Ry Susrafil BEOEDBAHE pbbP ol e ey W evpicany

chM\éeTnhn DRIER tOBAcElittcORE TR Metedldedibe PreatdtRY, Bed ¥eeRtiGDOFor
and 1,000 Hz. The operating frequency in a prior art

exuhpleat oripr filt ovbrawre or Ceribhpilowl hgter hamahgireddo dhemhysically
co%%élgt%{ntfigh sttglgt?al Xloglwi[mrrr]glt 1%2{111%1{%?%8@3 orr%%%ﬁlé){l% la&he%q ofa prior art
i o ViSi
TR A B S S TEA R BRI gt o
(Héxjeampll eecoreespendjhg hogh (Hl\mrﬁrmueacy Floowmpsetr (ﬂsers prefer a small
caIIerssthantheIen ving a |
OV?F@ﬁg“’Pﬂe wodhptengfe Hatiggpis stmp e llllglef oy mter design commonly

asscu%el[s%slﬂlq{%(iifnn gllngieg@‘lagﬁ }ﬂYﬁed hB&/oalﬁ%qg X%:m Q}]egi}'\{a ﬁ%ﬁg Iaé Soﬁ%?ate with

er a s Sizé so t

suét aphifbinedowHliiher, flow meter design comonly
assunmes a uni form single-phase fluid flow and is

desiligy ﬂl,fd)ﬂQi aéfpﬂowamﬁsﬁr&ab@rcaﬂé hayve A lew élﬁlgéltxtmﬂmﬂname@watlo

(Hflla\l;lvfﬁ 8 I‘%llg{l ?061 I r ar o:ﬁgﬁ%%? iﬁr}_g;ﬁ?a%aelg{ gﬂ\ftzero which

ty}ﬁ@il%t"odﬁééé\’é( Hrgﬁ ahvs @{%qﬁerﬂ:‘i" qmwécpﬂb@ r&ghau@sse&@ %"fteﬁ abdPto keep
Zero, which typically pfoduces a high drive

the‘ leeg]tﬂmefrmy bemgvvhd dbinavant dndensien ardewdf trereass guk hemglketeﬂength
the | en om bei n t he dom nant di nensi.on and

asw&raé@s@ﬁh eflﬂ&e&?ﬁ» PHGE 1L HPHmESHe npaa?sagrm‘ﬁ tn Yigh' aspect

rat!;&%"\'?&’ Elirvel ot BowRl Eoﬁdﬁf"ﬂ% ter ﬁbtﬁv\ggk r &t glllég’r}%q/e\éﬂ Helleht-to-

I gh aspect ratios. A curve urt flow

lerigeti evpectratibepprdaohingrit3, rfayeymmﬁea hei ght toI engt h
aspect rati o approachi ng exanp The
endinRE RSt RePdLiA éheaarft ftfroar Vlhramyr%q% met%n taw lﬁéﬁléarble of

i R S

As B@tsfb?@ﬁ&lmféfnti)he i nvention, a vibratory flow neter
or determining one or nore flow fluid characteristics

of &n an¢ aspephelstae filentibhug vibeasepr flew gneter for determining one or

more flow fluid characteristics of a multi-phase flow fluid comprises:

a flow meter assembly including one or more flow conduits with the flow meter
assembly being configured to generate a very low frequency response that is below a
predetermined minimum decoupling frequency for the flow fluid and to generate a very
high frequency response that is above a predetermined maximum decoupling frequency
for the flow fluid, independent of the foreign material size or the foreign material

composition; and
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a flow nmeter assenbly including one or nore flow
conduits with the flow neter assenbly bei ng configured

wo eoogassss@t e a very | ow frequency response thaPCT/852009/042019
bel ow a predeterm ned m ni mrum decoupling frequency for

e i T SORCTeL 5.8 B S e
oS5 L 9 5 eEnE, pind e LRI L st ngpctiest

freqoemystibtadiohalasspopkey arrl dtémting dr arupledtetiiow Aaid dhavacteristics

nmeter assenbly and configured to receive one or nore
frog the quepripQIgUSHE P W frBdeanicy yahratiery) serpessagridddheorg or more very

. e ver igh frequency vibrational responses and
hg%gﬁgpﬁ?ﬁzvﬂﬁgﬂ)ﬁlﬂ%Po e flow fluid characteristics

f r oPrdfBRILB @hOMmetBR R U Bhs IOWWHfToRFMERARY tNAtRI ®&lcb@alg ratio

responses ‘and the one or nore very high frequency

(AyiAr iatabomial: 1 fessthovseslowPrequenap yd is ¢oafigstaesisuch that a decoupling
e Sk i TR R ob bl GBI AR caua
to GRDE @y gptﬁgf?%h chtifthe s ARE A Bld iy hih f?ec&(l%gﬁﬁf ) is

about r entrained gas at the very frequency
and Prafemibby tthemetdr eteotrdhicd istcdnZighrddduehthatfaoriscosity is effectively

. entrained solids at the very high frequency. )

infppigr with egard fhpargiglegpoldems tarthn flow fluid abHei gy kv Sigapency and is
. . : ; : NP, 2 h L ‘

cof s NUTBREL b3 PR Kbt A8 lign o e

flohwr Bdidenelye @did high froqidngir ed such that a viscosity is
effectively zero with regard to particle notion for
t he Prefewbly, thavery lewdregaeycshisdiglaw e uedetsymimdemariany

Nl ' | - ed n ned :
SOt bR oo die Rl a 3B P Radh Setiene fapien
maeiQcBhPRsi@heri al size or a foreign naterial

conposition. Preferably, the very | ow frequency

vi biPatfemibly, thespyrise fomueespabugional mepinse epyesgOndk esan
. nunber (d) that _.is aboye about 3.5 and the, very high
m\fﬁﬁ%ﬁ@héﬂfgwm@ b 4’8% s 3&%@%&&@@@5 figqueticy
AT, A AL e 041 RN s

0.lconfigured to achieve the very |ow frequency and the

very high frequency by configuration of one or nore_ of
a f PeRic@eha tine ong pFmAtslow cpadnitore GPrrligwad thacheysfhe very low

L e A TR
cof@an&ifiess, dMovw B8ndiit RBEE, 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 vibratory flow meter is configured to operate at a first bending
mode and higher bending mode frequencies.

Preferably, the vibratory flow meter is operated at a plurality of frequencies to
generate a plurality of vibrational responses, wherein the plurality of vibrational
responses are compared in order to determine an approximate onset of multi-phase

effects.
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vi brational node positions. Preferably, the vibratory
flow neter is configured to operate at a first bending
woreae/134380 hi gher bendi ng node frequenci es. PrePer/abiog9/042019

the vibratory flow neter is operated at a plurality of

frequencies to_generate a plurality of vibrational
r es%’é‘?fg@é’f ,ﬁhlf'eﬂ@wan%tﬁ%asaf:@g& QIYPIETeS (VB ORISR Alow meter

o LERARTSRE Y SREATPOY A, OLE 1, HSLRIIE B e vr

highheedueawy rBpetiscassenbl y conprises two or nore flow
neter assenblies that are vibrated to generate the )
ver Yy paoasncsteicthe ynyeasipaisectiod fondetoeniping ¢ or more flow fluid

frequency & esppnse. I oRe. aspect of the invention, a
chipa PR e BERE R A ORI CERIS™ 1 ow f1 Ui d
charash@id §4iEstoRf flawTHbtet aRBABS, 4t AW drinkdrd veBRAW f8§iencies

vibrating a vibratory flow neter assenbly at one or
thaterebalewyn prodetemeinad nonesum kacouplmglfedquaney for the flow fluid and

.predeterm ned mni decoupling fre n for.th
ViR FeUT R AR Al P BF PR Srate HEaisiicy thgt are above a
prélfé?erﬁﬁné@h@xﬁd&ﬁfnr% gpmllgg g%ﬁg?rﬂ@i%r o %l??f?&'{pﬁgdem of the

predet erm ne frequency
forkeigmwnhteninbsizé odihp dockent maferinheorhposiign nmat eri al si ze
or the foreign material conposition; receiving one_ or
mor ECGREAPE PBAOF POERIBHY YOV TFRAENShuibratioaabisspesghand pge or more

Veﬁ’e'%igﬁ{%%ﬁﬁﬁfg%ﬂb%oﬁille@%i%ﬁ%&;}é' g)r ati onal responses; and

€ one or nore ow fluid characteristics

f r odetchfine ther ondrendrerfiow Owid ¢t tyicy fldhathe@halor more very
responses and the one or nore very high frequency
lowiftpgaenaynebratiosplopsponscrinsk e gBE P mate V@ﬁyehlglﬁ figapency
uencies result in a decoupling ratio

very low fre
Vlb(r%b(yr}ffl)resgfmsae%t)ut 1:1 and the one or nore very high

f r ePuERRILAS th€8tH br Bredved§ TOW BitclqNendid! deSulf M4 &é()ou?fing ratio
about 3:1 for entrained gas and about equal to 3/(1 +
(Af2Arofmbopf }J)1 dndrthenbe ar medk salyihdsh frieqehercalbésplt inheleonepling

or ery low frequencies result in a viscosity
ratje g obAPEKLI ] SeTRHTiaR a0 ROyt sgHR or Y Ipare T évgn) for
en?g%@goﬁ&( the flow fluid and the one or nore very |ow

requencies result in a viscosity that is effectively

zer PrefBrablygtiadbryg ort iereoveey dow fiegaeweesyrebdninf 4 enuesityi thst is

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

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

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

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

mode and higher bending mode frequencies.
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m ni mrum SOS/ conpressi bility threshol d, independent of
a foreign material size or a foreign materi al

W@ eomas4sso on. Preferably, the one or nore veryPCDWS2009/042019
frequency vibrational responses correspond to an

i nverse okes nunber (d) that is above about 3 and .
t he Paffféragiy, s wibadeyy fewimatetey @eﬁr@%dﬂt@rpjwiaﬁ%@f Rediencis to

eeh@ERUNTERIELE! FRPANS! ol St thO KRR Eh Riorkfidna)
redpbosiés e esmpsred dnbidgy ke dettBniap @happroximatcfonsstoflaguldipigise

node and hi gher bendi ng node frequencies. Preferably,
cffepfs. vi bratory flow neter is operated at a plurality of

BB AR EayT SpaEhormore ver
low $RABRESs Adeat GBI SiGmbFe x%rrﬁ BligH Re BTelcH@pfites vibrating two or
approxi mate onset of nulti-phase eftects. Preferably,

morg yrtationg flolvenetieh asseoblies.| ow net er assenbly at the one

or re very | frequenci es_and the on r re

ver §5 Ang et bR GeUEE e LB < ThraeE g b e g meter for
defeRiARObYe bt &Wrérﬂl)%rfg?é ]}%ﬁﬂgbﬂeﬁ%cs'df ONIR lﬁ’a%lEtﬂoRJJ fifi e

I nventTon, a nethod ormng a vibratory tlow neter
cofmpriseket ermi ning one or nore flow fluid characteristics
of a nmulti-phase flow f]uid conprises: determning at

| eadeteonEpy aeew ORe RESACIEMINGOVFTY 1Y Feqegnmndat Teast one

. ( ) .
PR QU1 18 BEIAR A PO AGIBOEL Rl o et
eXﬂSédm flow fthid Wyith tHee 1&dst beaptedoRemiplegdeielow fiegueret being below
ow frequency being bel ow a predeterni ned m ni mum '
a piedeserplinetgmiiniatue degouahtg Wienhendyeandtwitle ghstat depst one predetermined
redetermi ned very, high frequency being above a
el R B RS ot o e BN G pPSY0EREG Y Bptha froquency for
thd QW flidiiHdepcndeneTdenteist natdri §iz8dr FESRIdrAhaktiaBchposition;
a foreign material conpoSition; selecting one or nore
f | oweleomgudne aesdgnflohapaduiedéssgn cmribdsesdico basddeorathe at least

| east one predeterm ned very | ow frequency and on the )
Ong PrqdgiEEIngey Gy M?@ﬂ%ﬂ%ﬂ&nﬁﬁ iabl%@%tr%]&lpéﬁ@%}?ﬂw? very high
@I : |
EanS s RGN ABRTchl OBLER AR RS et
sulsstantiailgdeherotheed 1yt ynd pwdbteagiredcyrnalay fibguaicylaadslie at least

on%g edet erm ned very high frequency; and
ong grasieraiRingdgyary 8igh fiediesey; ddow net er enpl oyi ng t he

sel %81‘1&91&{%& i Vigpartgryf AW meter employing the selected one or more flow

conduit design characteristics.

Preferably, the at least one predetermined very low frequency results in a
decoupling ratio (A,/As) of about 1:1 and the at least one predetermined very high
frequency results in a decoupling ratio (A,/A¢) of about 3:1 for entrained gas and about
equal to 3/(1 + (2 * p,/py)) for entrained solids.

Preferably, the at least one predetermined very low frequency results in a
viscosity that is effectively infinity with regard to particle motion for the flow fluid and
the at least one predetermined very high frequency results in a viscosity that is

effectively zero.
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conduit design characteristics. Preferably, the at

| east one predeterm ned very | ow frequency results in
wa2aeasspd i ng ratio (Ap/ Af) of about 1:1 and tPeT/@B2009/042019

| east one predeterm ned very high frequency results in

a decoupl ratio (Ap/ Af) of about 1 for ent.r |ned

gas Pa#ara&%gh ddeat opg prgdeterminesl very (v fipylugnsy is Below a
PRk 32?9§ B ERIin BFesBbid FRRpaRfi of a forcign
matéridl @fdetoy atfordign maefrfa@competisionnfinity with regard to

partlcle motion for the flow fluid and the at | east

one Pefeblye it #cgasy eng pradgermineguec yo W é@qmrw qerIgsponds to an

inyeE RSBl B R Rl by RlhfiaRiaN dioidiRhmined
veRl lﬁgﬁ f&gﬁéﬁ@%dﬁ&?éﬂﬂ@t@%ﬁﬁm St%ﬁésbﬂnhhbéf (Emﬂﬁ@ Rakéh than about

i'ndependent "of a foreign material size or a foreign
O.lmaterial conposition. Preferably, the at |east one

predeterm ned very | o fre uenc orr onds, t .
v eraErBg Rl Viiatearuy S hafided 1 BBot § g tarhending
t d very high frequency
mddien gshé%%ilgk?%ﬂgﬁ S SRR (d) that is
| es Prefhrablygbioaivibéatdry fRevehesteddk ppetakeel atiatplatabityyof frexwencies to

meter is configured to operate at a flrst bendi ng
ZeRGTAICHY RIHEYIMY eﬁwbﬁ@l%beeSPQresa&éﬁ@ree thephrality ot ylbrﬁhenal
res, H§e§ta% Xorlili)?r\é’d b &ler kosdé)cgr%lﬂg %ﬁ. ?f/)ro%}grﬁhtléro?ll tof Iﬁ‘};]tl -phase
quencres 't o generate a plurali 0 brati
effeetsponses wherein the pI urality of vibrati onal
resg)onses are conpared in order to determ ne an

approsierahlye vahreeng gre wmnatoryé}%ele@faew@ly RE @reem@blrynore very

b b fl
tog SR BEACHE: dreh ORE G it By B e ARRERS sdBisdsratfie two or
mdfswmaﬂogyﬂtwverﬂaeﬂsgseﬁlbﬁeﬁprI ses vibrating two or nore

vi bratory flow neter assenblies. Description of the
Drawi ngs The same reference nunber represents the sane

el ene drawi ngs. It shoul d be understood that
Dqsﬁ"épHP'é\R/?ﬁ&abﬁ?@“’rgét necessarily to scale. FIG 1
showg.2a Mk ki’f::ii%%?{ é nglh‘fo%\;\\é?s F@tr@sren@ ow%‘l@ Glehfnt 8f all drawmgs It

i nventi on. very requency vibrato
shéulawe matlefstoadahatdthadrawingnare not necessarily to scale.

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

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

FIG. 3 is a graph of decoupling effect versus frequency for very low operating
frequencies up to 100 Hz in the example shown in the graph.

FIG. 4 is a corresponding graph of decoupling phase angle (¢) versus frequency
for very low operating frequencies up to 100 Hz in the example shown in the graph.

FIG. 5 1s a graph of decoupling ratio versus density ratio for the very low or very
high frequency vibratory flow meter according to the invention.

FIG. 6 shows a portion of the very low frequency vibratory flow meter according

to the invention.
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enbodi nent of the invention. FIG 3 is a graph of
decoupling effect versus frequency for very | ow
wop@vasissg frequencies up to 100 Hz in the exaP@l/@S2009/042019
shown in the graph. FIG 4 is a correspondi ng graph of
decoupl i ng phase angle (f) versus frequency for ver )
| owlbger atokya fiat gibedy dparam 1oy i Stlraﬁe&th@%%aﬁﬁ?(@rrors in
AT Ao VAR nBlyGhetied S @ graph of decoupling
ratio versus density ratro for the very low or very
hi gIFIGT 8 dugios)thy hvt@h@Ty rtlaovelyHight patiety 6if agdivk @ ibkide a tube of
invention. FIG_6 a portion of the very |ow

h
a viblat oy wictsr AHISA I sdcner Bpwadeidr di ng 1o ¢ he

26, SR a SRR B PG b R S ACBRR B inee
qubrfierVdsBIIRtIBH Yf tHOMOWREIRY, thdi% it SRRLE BlochGor™®t theReer of

arelatively light particle radius a inside a tube
grofityd Gi)bratory flow neter filled with a denser flow

fl ui G 9 shows.a tatal relative mtio t ween

t he FiGir 19 Ehve diorRisty S ieCE wght Piireend sLaHd Fiton
co&:ﬁ)oﬁaﬁs.ﬂ ow tube, including the change in |ocation of

the center of gravity (CG. FIG 10 gives the

| oc&Gohkisof gitapk o€dcafupling dpasity @t@sveand paftididdensitgui d

conmponents. FIG 11 is a graph of decoupling density. )

er r 10y &f sssystace plate! glepsiy grrorHpesfluidbviseos 4y yigrsug particle size.

pl o f ' rkQr of : ' ' i ; I .

Par 161 LSS urlaef g oy fhof i BERPUdost 3G pprice
desdifyor for fluid viscosity versus particle density.

FIG_ 14 is a surface plot of density error for conduit

anpFlEOutie iscessirse plardidensitl erferdgueerdpit Fm@itudg versugvibrational
frchart that shows sinulation results of total density

QY from a very | ow frequency node, a nedi um

f r equeney jselfurt AACsIRWRINutiBh rEheQvefay] dRdRy efroffrom a very
Coriolis flow nmeter. FIG 16 shows a very high

low fequemyymodd ranediynf freyueney erodacowt alivery high mquency mode of a
en‘ﬁg jment of the invention. FIG 17 is a flowhart of
Cogiofis {0SHMEET- det ermi ni ng one or more flow fl uid

FIG. 16 shows a very high frequency vibratory flow meter according to an
embodiment of the invention.

FIG. 17 is a flowchart of a method for determining one or more flow fluid
characteristics of a multi-phase flow fluid according to the invention.
Detailed Description of the Invention

FIGS. 1-17 and the following description depict specific examples to teach those
skilled in the art how to make and use the best mode of the invention. For the purpose
of teaching inventive principles, some conventional aspects have been simplified or
omitted. Those skilled in the art will appreciate variations from these examples that fall
within the scope of the invention. Those skilled in the art will appreciate that the
features described below can be combined in various ways to form multiple variations
of the invention. As a result, the invention is not limited to the specific examples

described below, but only by the claims and their equivalents.
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characteristics of a nmulti-phase flow fluid according
to the invention. Detail ed Description of the

wo nooensdsem FI GS. 1-17 and the foll ow ng descri pCT/082009/042019
depi ct specific exanples to teach those skilled in the

art hwto make_and use the best de of the
i nvéhi bahoepp Vt%toauﬁawsr@ets? 5@@@1%0 ithe, wyentjen. The vibratory
i I v
B 3R RYTA0ShBEREE, Y P,
mapRige eidtice a\fiuwiagiod satibham fidve slaide XBinpliesatédyaflow aldter 5 in one
within the scope of the invention. Those skilled in
en”tblf?élfﬁ@ftt ceimprisggp L eEipls Sopmater Ha apeliien pagodisaent,itheyibratory
ﬂow e¥é’ %an he. S%onbﬁbr}ed iR r0| %gs ways to formnultiple
SRl S RERE Sy ARV S ROMRE . " eeul ¢t he
i nv qih%lv%}ato??r Rty B Binclh@estJ1ﬁo§/Hﬁ@tbf zhs%el%ﬂﬁp(b 8% meter
descri bed ow, but only by the clainms and their
eleequn'maaénfféle Pheter decthmues 20 leobnaecmeq/tofﬂheumewta@serﬁbly 10 via leads
he invention ﬁ@ vi br at or
a

di
105 S58 b itish e st DilF BhdapFeme R ieatradte of Sgicngi. s flow

rath! %1%6'%% Bk NG NBaPtaiNEowR! fehfferdudel Y BB ePinformation over a
stationary flow fluid. The vibratory flow meter 5 in
comnaeciiodi paen26.c bspoilde® appaient ol thesd d;lolmbirﬁhe attrthat the present

anot her enbodj nent, the_vibratory flow ne

invenHaR caik Be Hs&A 1Hranyithee eleyisTatefrei ey met?{ere%re}ea% of themugyper of
dI‘IQFItSe icR- dffq&lnggﬁ ﬁlﬁwféoﬁiﬁ{n'@st F'Eheaéﬁe? g?ége %%b?ﬁfo%r It should be

Fonl cs er ’el ectronic I S connected

redo@nizo@ tiee ties flewsaebdt ¥ cdcoinpriteadibrdiofy @ditb@eter and/or a Coriolis
configured to provide neasurenents of one or nore of a

m&ﬁeﬂ@ﬂmeteﬁass flow rate, volune fl ow rate, totalized
d ot her.

conmii B gl To RS G ip e R dnE g B Buanifolas

10§ lkhi 199, hArivBel @, bldl{héﬂfséﬁk%r§’f(?§ﬁ{ﬂ 10VRAL AR c63T1iRE 03A and
used in any type of vibratory flow neter regardl ess of

108Be Tingrdveer 64 dnd thermck-pficknafrs 182asdd 65" af¢ oannected to the flow
nduj ts e operating node of vibration. It
co ‘ﬁBﬁIIdB@ea’FQ: ized that the flow neter 5 can
co i / I :
ot PRECARSAN IhY AR L 654 306 1B3BRAHISP sl tantially U
shapridrload ccf)thdiril‘g;a& shodvnanalitédrdtivel yErinioflodr dsnbbdZmerts) tIh@Zlow conduits

a driver 104, ck-of f sensors 105 and 105', and flo
can 6%9?1@%8%@&1&%8%%@ flow sondyi{re rHawayvcanefhethghapes can also be

s 81 el ISR S AR BTN o ent, 1 e

fl OWh@mﬂFeg 150115}%1(ﬂndremﬁﬁe@mh@rﬁeﬁnﬁﬂmstmziﬂcﬁldy The
Ushaped flow conduits, as shown. Alternativel

magtifodds WRrodi ghean ba #dixed smoppasitaicnds of a spacer ¥06 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,
the flow fluid enters the flow meter assembly 10 through the flange 101, passes through
the inlet manifold 102 where the total amount of flow fluid is directed to enter the flow
conduits 103A and 103B, flows through the flow conduits 103A and 103B and back into
the outlet manifold 102', where it exits the meter assembly 10 through the flange 101"

10
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can conprise substantially straight flow conduits.
However, other shapes can al so be used and are within

wo b@ogsspe of the description and cl ai ms. The PCEHO§ES9/042019
101 and 101" are affixed to the manifolds 102 and

égs&#&@%ﬁ%ﬁllgﬁﬁgﬁg%@%gzsq]ﬁ&%g ﬁgg gS{)r]:pia;ég‘tcjel}s l’Cl)’lOlll’lted to the
inl%ﬁ?ﬂﬁi%lﬂsl Ogl'h%d%’ A QP %a\f’ﬁ?ﬂi toe 85@@ d ﬁ’el\%%uﬂ)%@ﬂﬁr the same
0 in or un Vi At He

er to prevent esire rations |1

madsh divtrdtanibunl hondddPofinartih03Mm cM¥enmbbelet hbwitnké Bénding axes
assenb%&hlo is inserted into a conduit system (no

t
Wshoard WiniWhesneetivels. tlihe ffavogeriduifs d 0BAiang h@égsfgzqt@ui, outwardly

the fl f.l,ui the fl t nbl 10
srapf st iRttrdies ) {2, RL P68 i 85 S BUR [T bEURP RSN, &
maniThelfihwl fghdife 1163 AN dtIOB® ard BEh b9 fthd d@verfilodiifd obBosite

‘directed to enter the flow conduits 103A and 103B,
direttoaws ablonoihgetpieetivd lpandomgakestWs ab03IX' andcat vIBB isatetnbd tice first

i th tl et i f d 102 it it t he .
oul, 3t e Btk Flods RO oAt 71 HRE e 15 A oyt 103A and

i . r 1 3 .
0880 R s o R L .

desieadl. i nibBe domedsr ¢adibhatvom @ubstrgvctiaiticy, flind vdsowity tests, or

mass, di stribution, ponments _of inertia, and elastic .
foriRinEg MpBuEereid VBBISH irheifexay woreliennd figduengics. The driver 104

el .
R PP S RS B o o
flogss@iduitalOBy fay & ddosnasdvilafounttbé td flow wadaiyil 0SB 1 A3 alternating

and 103B are driven by the driver 104 in opposite
cugpitds Phrsad thypogh therpposiggaetlito saseriwitihgorduets ty\osgilatyy A

. what . -med the fi . h bendi ng.
o5 8y Rbel T TS bl Bt PPBR BRI B o ac
11803A and 103B can alternatively be vibrated at a

second out of phase bendi ng node or higher, if
desilihednetdihélsctrmnycd2) thoawes sansomsighalapn dire leadt ekl ampl11',

activities, fluid viscosjt ests,, or for_ obtaini )
res&g%\(ﬂl%ngﬁ? MELET ¢ tr.gfncai%pfépé S i %P’g.tsil%ﬁ%fm the leacli] ?10 which
ca@\%ﬁ ?l'ré‘;c‘ﬂ%e‘?%oﬂ@ Bs ATtk &he HOG %ﬁﬁuﬁs"mA $fid 2088 O rhERer

nown arrangenents, such as a nmagnet nounted to
eldctrenick QW peavedibstthd RFtarrindglavetiepte Sighglscioom th®pitkesdt tensors 105
flow conduit 103B. An alternating current is passed )
angd 4P B IRT4FH 0 spPBYEIeymas flow sateqde cRBIRIHEA R Rath £ provides an
. Ll at . ) . Dis o
g5 bR Purhd PBLE S04 B B0 ThelGutER ek o o

opdrhtbr of REtHBther elettesic Oyitehis.20hé BERHPESN SENSQ! | & ©OAded merely
on the leads 111 and 111', resgectlvely. The neter

as e esamnplei d shQopgriveluees vidratpiywbowingetal anshis e interstgd 1 dimit the
¢ \A:Ei ch f(;tﬁuses tthe driver 104 to oscillate the flow
CACHINGATRC RIS AR ™MIS8B. The neter

When operating as a densitometer, the flow meter 5 can measure the density of
single phase or multi-phase flows. The measurement of the multi-phase flow density is
problematic, as the density measurement will be affected by the components of the
multi-phase flow, whether including entrained gas or entrained solids. The flow meter 5
will measure the density of the mixture, but it is typically desired that the density
measurement be the density of just the liquid component(s), as any entrained gas or

solids will commonly comprise unwanted components. Not only do the bubbles or
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el ectronics 20 processes the left and right velocity
signals fromthe pick-off sensors 105 and 105" in

wor@er34860 conput e a mass flow rate. The comunNPCERUBZNG/042019
path 26 provides an input and an output nmeans that

all ows the neter electronic (? |nterfac ith

20 t
solidseGanpep CBRNGR; ip @%ﬁ%m@%é%ﬁwc esQUp g er muftiphase error
me‘éﬁ&&gﬁﬁ%h&{é a(a.fdlti:dn% e&oﬂ Ranqﬁgﬁtﬁ%r(f%h? gﬁ.‘s an exanpl e
(0] e operatlon 0 I atory ow ne I and i s not

| nt @naeidy isombasurdd 1tnh£‘v1bmlyl fhgy afetdrits gut@ssning the resonant (ie.,
i nvention. When operating as a densitoneter, the flo

nafebiregansy Ofssse R auiSpy b Kyiee smty ofthe flow fluid,

thef $r|812:1tlea gwh IR f %PS%’P@?}&”?QS?,S% ! §gs?m1%n(gglﬁ: P\{ver he naPurgIS §equency

of ERAZHK eRR&t as%\érhblyblft) &f 4 eBbRd The dehsity RIFRARERAESt $¥fthé FBw meter
mul ti - phase fl ow, whether including entrained gas or

5 ieimdeppmdst abthedtw Tie afid 0an bepenfornadi with pgkuing ot hen-flowing
ﬂ>qﬁnsity of the mxture, but it is typically desired
Yhat the density nmeasurenent be the density of just
the T'h'e%v?jnfé%}godé‘ﬁ%éacshre tRe d@ﬂéﬁﬁﬁ@ﬁé@ aﬂ?gr B@de &dmponents are
solids w commonl y conprise unwant ed conponents. Not
présphtyandiccahipenbrabbd esxtorsddnsds (palyse far ¢ hatigehase fleve fluid. If it is
true m xture density, decoupling and other nultiphase
assentaalr thaetbb@rire me ccavsducaddictowpialg, esyrumeaisayvdlodty of sound, or
m xtyre densjty. Density is gﬁﬁsured in a vibrat

otfyer gyl frehase oty ﬁ@q«ﬂtﬁgnqaﬁ YchyiRtatery racter Wgﬁ) ge yeyy close
o JsBETRG s SRR FRELATLLIo TR 1BEERGhR e

flofwt @pERicBEs 6 kaoWhythdh tiethaid oW exves of diviatiallcdmponents may be

frequency of the flow neter assenbly 10 as a whol e.
esmn@tedemumylgmb@h@m bhe {idernoigprsert vadums fractions of the

i ndepend ow rate and,can be performed with
colgBp B 5% iR GlatEY Pt B ou et or "5 can

nmeasure the density when two or nore conponents are

present an 8 gFeBer_a e a mxture density ( p mature(l)

) forqe mil 44 - fHase fiowf uid. If it is assuned that

there are no errors due to decoupling, asymretries,

vel dcugey nbrestedno maasuraighenly o tiquiﬁmaﬂ'tyaw&lé atcsr at heror

densi t asur ed a vipratory neter be very
propagaena &0 fKe e gqacww (renglesairaiped aﬁda%eﬁéwspﬁt The density

enSHRL Bl ase REhOMid LS cfls0aity £ of the T1ow

conponen sPare known. then t mass Tl ow rates of
i ndi vi dual conponents may be estinmated, assum ng no

bubbbe sljp. /gﬂmgf terpp reprg{qm Pt vol ume fracti ons (2)

error ar zde article
of tHE conpbfient’s. “I'ndiVi‘dual“fractions nust sum

to unity. P mxture = P fluid Y fluid P particl
Y' p&ot pxdrapley ifg user expects a liquid density of 1000 kg/m”,

but the fluid has
10% volume fraction of entrained gas, a prior art Coriolis mass flow meter (operating at
a prior art vibrational frequency) will measure roughly 900 kg/m’, giving a (-100) kg/m’
density error. Even though the prior art meter has correctly measured the mixture
density, including both the liquid component and the gas component, the user interprets
this as a -10% error from the desired liquid density. The volume flow rate is
subsequently found by dividing the measured multi-phase mass flow rate by the

measured multi-phase density, so the mixture volume flow rate is about 10% higher than
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A user interested in nmeasuring only the liquid density
Wi Il incur an error proportional to the vol une
woe@otiBep0 i f a single entrai ned phase i s presePtT/US1069/042019
density error for a multi-phase flow fluid can be
eﬁﬁesented as: P error Prmat e~PfIU|Sf?
ligpj @W)ratv Howgvep,thepses typigally desdies Hhegaass oW pf aia ugne flow rate
el f as 10% vol une
Ofﬁ'%act |1¥ F(]Tgﬁ?r al ngg1 gtggftl gll?%ﬁflé’w {'jlhrﬂt?1 Coriolis mass
f | oWheeter il dasitatis AgthRt campointdedasyt erlf()rb dat t@ﬂ@iouphng effects
frequency) will neasure roughly 900 kg/ nB, giving
ang S Om@tﬁsﬁabléleneffws &otlppf Wizt%rar@ Hoe th@webrgtdp@pf tahetmultl-
rect neas rpg]d th

th%Efﬁ’%i 0 SO s R e B Mottt AR Bhbing and

Mfg&‘é@ilbﬂﬁ@@ffé@?r |nter prets this as a -10% error
romthe desired liquid density. The volunme flow rate

| s Mzsagoemt exrofsque dxdnertited i enlglulthehmatkzw €ldid including

|1 ti-phase mass flow rate b sure nul ti - phase
entiined e ReT4IRe g et Tieee AFGPNEE and bout - 10%
Sdﬂ/@&lﬁ%reﬁé]@ﬂh‘ty gt ds Eﬂa%maér&ralﬂé@wg%vlag Thgqs #3eto the large

typi cal desires the mass flow or vol une owrateo
diﬁfersncet 1Inaiehslq5ubetwteelm'gammd ligfids Wwhichubdultsphadletivd metion between
id. The error in density is further caonpounded by
theephaéesg apgdug ¢ g)@(g@gmresrsgol %’f(efcth‘é myxiyre, which results in unwanted off-

o RSPRS00 B, A e i
effotts dusivily bchiphas@radid to%bo@[ﬂhig@rid Vi sigetdpls] Meddoupling
SOS/ conpressibility effects. Measurenent errors are

cffegtalor peladseage 1ass acveue thanpfhegfes% |l gt aiffieet measugements.

G oe DR AR iR AR R SR hellit by BB ARGy ppigps at

spé’UlﬁJ: vt GHal ﬁ@% cﬁégsfredﬁén%le's $ha lf)@od&etldﬂ@wlnadegﬁuphng, and
ference in density between gas and |iquid, which

comwaoshtyreffeeﬂsaﬂt has beon ifomdibeiveematidreoftha sles; mated S ehese
.to.the conpressibilit f the mxture, which result
ViRl ARFSRC O T e B R G BR Ak PR BForFest plsAdygments Br density,
ma%? roa) ng oﬁf&'v%?aﬁ% | not suffer fromconpressibility

ects but wi exhi bit errors due to decoupling and
Vi s tosdstheerthact that atherydkeouidritivpabfrt@eincies) ths decalspling of the
are |less severe than faor gases, but will still affect
foreiansmpieriahdictive gsupesalifl, Bprestisally sonerdienisid therdesaypling

rat?&/ isOBELAT: Ilnzge tf!i]l% eB rQWeHgEt? ﬁ golﬁits ggﬁ?c% v Jth%rsg}ﬂeod}ﬁgnce as the

quenci’'es, Tre uenci e uce novvn

li dﬁp@ﬂﬂbdrﬁﬁt oPURG TRONTILRS Sﬂlbilﬂatl?rYathei*ﬁ tdve vibritidias filegedhcies, the
found that operation of the flow nmeter 5 at these

visgpiikyael tha é10“eﬂmdea¢e85asalf lltos\@pprommatelydeﬁertmwimrq‘:l@ﬁh@f:ntralned

for%?gnrnqutterla OVes Wit the ﬂj . Si:u%her at very low vibrational frequencies

there are no SOS/compressibility effects. As a result, the decoupling ratio (A,/A¢) can
be assumed to be one, the compression can be assumed to be zero (wherein the speed of
sound (c) is assumed to be the SOS of the flow fluid), and the viscosity is assumed to be
an infinite value (i.e., similar to a solid).

It should be understood that the most common and least difficult and least
expensive approach is to avoid multi-phase flow fluids. However, this is not always

practical or possible. The approach discussed herein is not to avoid multi-phase
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mass flow, and other variables. It has been found that
at very low vibrational frequencies, the decoupling of
wo b@ofiesesad gn mat eri al, whet her gas or solids, PET/US2009/042019
practically nonexistent and the decoupling ratio is
about 1: i.e., the ntr as or solids particles,

de ngﬁégi?%?%cwg&egﬁ 1t§é§ %q%d%ﬁt%ﬁdéerﬁ%??é%? gler in such
\{rell)pélg tfo hgratesi ﬁ%\gﬁ Lcu}fd SL?Jsta\ﬁ?%M%/ t‘(‘éft%( \%%%l UI @J As a result,

eque |es VI SCOoSIty O acts as

detlflatldnsloﬁ" f@mpmxsmherhty atadiinplified. BaRreinmtaraenéitabn®d then
foreign material noves with the flow fluid. Further,
fefﬁ@"@ﬁery | ow vi brational frequencies there are no

decgt %:grsf é‘l?r{d t'h?tyat/evk%eﬁlgg @étlg uI tfticdesogh %ecouplﬁlég effects
caf® RSHRh @A SipPer EAN. iR Bichit ProRled %%ﬁbt&f&?@ﬁﬁ*e@o f%rﬁ,@ed benefits.
speed of sound (c) is assumed to be the SOS of

Theldevofplinigdy theaeidra keowni ambpnedy:tatée absieradntle ﬂoeelwnalned gas, the

f t I t lid
definliRaapei Bt e Cd i %%999313 . B areiih gt yiy Tty about
thrgggvnv{egal% d1§féﬁ€@ﬁia‘t’ﬁleaiﬁﬁ{] PEGHp bﬁerft%fﬁiéoﬂéjwrﬂﬂllld hioRB&SEor

ul ds. However not always practical or
enpa)iﬁsd bbleds, dhecrpppgioabhatvnsciispedciosrthe de¢aiphap ratm w111 be about

id multi- phasedecou [in nd SOS/.conpressibilit
eq@ﬁflft% éltesquaaafy 3R5t@anr/P)- dp %}f‘a@e@sgy of g sebddartigle sslfaﬂcfhgreater

tha‘ﬂat}ﬂe %ﬁufp? tffé?r{ﬁ%@ﬁt?alﬁeé( Q@Wp%ggl@ H}?ﬁ tr@tﬂ&fn%h}p?taﬁt?ﬁﬁ} sq{l’tﬁonary

ror e rivations

whn%atﬁel tiga®ndosnnenSinePed Witk the 6w QOAJLIDVIBRAFIH. EABIry Gdth
be then renoved. It has been found that at very high

vibrpipersd figaaenciese él@e\ns,qOégy of He fhesw dlupd oty aefffieistappeagamately zero,
rovi.des

wifle P Lo RBinge Rieis Mo i RR kit by BB M Ripy

t hel’c%@grsssmﬁtwwﬁmot%w ot dlathedRBlideXetR Quertdy/, the very high
entrai ned gas,” the decoupling approaches about a 3:

fredeermyptibragory dtdvo metdreér @inrbegabralpadodslacfsequeney edpolito t)hgleeter than
times the_ distance that the liquid c 0 of the, ..
they YRRT FLIF ECSHAPGY TOTHDF CEPRUPLInge A TSgiePang %mpwﬁhﬂﬂy effects
f ing ratio wll be
C%B%E?‘Iﬂké’%%f dﬁé*?ﬁ@%ﬁﬁﬁ%ﬁ@ﬁﬁ?ﬁ%% p/pf)). If the
d e ndiiquidohavehte ghal sodicpa dditiesethas gneshbigrteatoavest heilcﬂtlberesult

quid, then the entrained solid particles will rema
froglm wiﬂémr@ af thy teparhhsrsditianmef @rep Remallpmernt oigahom fiquid

resﬁﬂ% iy \Me{nq c%dﬂét?o\ﬁ 1?1%99 bi%ehedvolf %l%d 8 he ’%{nxﬁ%@ -\6§ %kxgt!ﬂat of either

|ona fre uencil es, € VI SCOSI

phﬁsieUIAJ s@@tlndsint f)f ds drém@ﬁ@dlgb(mm@és)/mﬁ;@ﬁ@ ,coiMptréEsIHﬂ@ty, while the
entrai ned foreign matter not being constrai ned by

mikjuge densiitygeriing claerp thas oif thel liquidwi 11 not apply to
ent r\ﬁflen t?le speedd of 50%8{1] F the efTu % hlgﬂ,easvl%rey sirrl]glglg r]?)hase fluid, the first

acoustic mode for transverse sound waves across the circular conduit is at a much higher
frequency than the drive frequency. However, when the speed of sound drops due to the
addition of gas to a liquid, the frequency of the acoustic mode also drops.

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

low pressures with bubbly fluids, the velocity of sound can be low enough to cause
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frequency vibratory flow nmeter 5 can be vibrated at a
frequency equal to or greater than the upper limt
woe@gasney for the decoupling. Any resulting PCT/US2009/042019
SOS/ conpressibility effects can be conpensated for
using conventional techniques.  Liquids ve. hig
SIgRHifaRt (ISP PIPRISCIIG A U S BECragHpn § we@rbgb@ﬁrwangcfhlﬁi yipration
mdfsult froma mxture of the two. The addition of even
a small anpbunt of gas to a liquid results in a

dr apainiote pleghited eoplanatidnhef vepee dfsosedieffe@t it i@ratory flow meters
m xture below that of eit her phase. A small anount of

is @a&th@rfh%m haitnie ismomperssd againuiitle ewivsieasall of the fybe on cach

osi iy WHGndh bbb BBRIeL b UETRAE T AR Bl oy et
mctfoni fIth1§'v¢‘bSI| Sclobiap 6f §dunidbfdcheré kinsilards Ab&duptinBRERcts in that
for transverse sound waves across the circul ar conduit

thd actil eaonm@uhecghﬁ mofvnemue@ﬁtgneﬂmmon@éﬂw ¢onger of gravity. The

ainglySe BTy S S@‘é‘é‘{s iR ﬂrahe%%%@a 5o GhCousside
WG FREONBE hiTEOE0glN0: LRI HoBYick A F RAHERSN TRE! Falls of

typi cal proces essures vel ocity of sound
theefubecFer thiercps@s &’BIOClm OIﬁEd)lln(bé’rm afd posstiveutndadeeoupling errors are
usual ly negligible with respect to the specified
negdpiGr acy of the meter. However, for high frequency

MG IR TR RE ahibg% BlaudPl PHESFUEEAOW flbuency or

at & QegaAUER FiegDérfdyC arie rﬁﬁﬁﬁﬂg ﬁﬁéﬁﬁﬁre@éﬁt@ fcan Be@niployed as discussed
i nteracti on between the drive and fluid vibration

be}m@@s@@ Fﬁan? @n%ﬁy@ce@m@wpﬂ&da@u&swrﬁf Thekbeva @ssumptlons or

f
koGRS o o® et QI8 Res Bh B Af B B B b Tow
még@,hﬂengﬁtst Q&Oh%llggle@ﬂnﬁgsch oscillation, when the
conpr essi b y of the mxture is hi gh enough to all ow

f or Theofbrawry dlow ater biis dosagnedvelaociraiclpind mliatly measure the
ects, ar jmlar to decou ffec in that e )
ﬂogvcﬁw& Wit §e Tlow baws@@lmgﬁeﬁﬁﬁlé@%tpﬁaﬁrest ema%l&fl? ﬂpw fluid
f (=Tl [ ' :
carh RRUER it 428 Y koo oTBRaftherh v in e LIPNYPR R ehibomprise
a baibbBi lew wdhe enthintlgat cdieinghide @irdebdbigldar bgbbles of Various sizes.

heavi er fluid pushed to the_inside walls of the tube.
Enfrgpned gag lwabmlawén BEi0F greaibratoum fosr metess- aFke gEiRgd gns,

ex R HSBP UL B GRS SR YR ndEBORRIHF N e 180 huia and

ow- ' ne can opera a ve

caﬁ%&ﬁ@%ﬁﬁé{n@fc eﬂbrsaoﬂ/iﬁ‘fc}értﬁhhﬂbs f hemdansy theT&ﬁraﬁlﬁlLstlcaﬁ cause
measurenments can be enpl oyed as di scussed bel ow (see

vapslig megsupenirifestcdrpampinpgesdiBiiysditbn pas Thgingbuviethe
opera%ng%ressure o the flow fluid.

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

In some embodiments, the multi-phase flow can include differing liquids, such as
immiscible liquids that cannot be mixed together. For example, the flow fluid can

include both water and oil. Where the fluid flow components have differing densities,
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known val ues can be used in order to derive inproved
density and/ or mass fl ow neasurenents, anong ot her
wo homgs4830he vi bratory flow neter 5 is desi gneBCT/0S2009/042019
accurately and reliably nmeasure the flow fluid when
the flow fluid conprises multiple phases. The
therrﬁunfii iquyﬁ SQEPPNGYP MY iCHPEAFNCE ﬁem@di@C@Hﬁmgi Giepediay meter
. 3 .ent. s i i -Ga . .
D Py B et e f T T L o8B T forgin objects

ca@beé dbndebties the flowbidiies of various sizes. Entrained gas
is problematic in prior art vibratory flow neters. The
ent Aappeatigaghe siyeteraflpy mejer hsaebaybratgd php yery low frequency

S e e O

mARdiiblabiBn. HONSBE, lo@dd §5braasn dbded diEcoEMpIAted and are within the
neasur enent effects due to conpressibility of the gas

scapgrofithe dedcriptiphend pkuimas.i Agr grasyderie sometenebddiments ithe low meter
Th ti-phase fl fluid can include tral ned )

st d0ian B QB enslidienamnce SGnaredFi e ddn Eangacy. wherein the

Qo An AVTBIHCS 1o Sl P BT RATPEL SR, The

san Il particles 1n a petroleumflow
praietaraimeid osofreqlencyanamihees foredepleswtant kthe @hornane fittmecy. The
fluid and_ cause neasurenent errors_and/ or

resyH ey AT VE seappreaioRb Wl B dibrsHitially dmeung) to degpppdipg and SOS
L L e

fret]ti@w?rl ol frodde@difed st BdgudRl/tandt &hodhtto@otrespifdtd an inverse
the fluid fl ow conponents have differing densities,the

Stakegingntbied (9) oegterann & tirayhadd yakicsalseted donsuleréardiablyiohigninate
' fl t i bration. Th ' | ect
i g R S et Bl gt ReRb R MBS B be
poS§aile RIS c 46 Rieetact tAaNtht MR qhéRY Has Webln spddifhRelathio®h rathe than
vibratory flow neter 5 can'be vibrated at "a very | ow

mdasagde ity chalddnge of thie typehifgipefatimgue ey theTeepanse piriphitnde of the
frequ C conprise.a first bendi ng node vi.bration.
CO@%&A@W@??% SPAL AT irtT(Ethtquﬁ%an%d’é'%raHP%_ Botefp 4 & allgge can be
o . r .
oV BB A ARRE Ly 5 oS AT armens
helpsiefiebhyisd.0 can be driven off-resonance at a

predet erm ned | ow frequency, wherein the mass flow
r at d hedlogy Hpidstandie qithsistaianay osflosting ¢ pagvdously discussed. As a

re e RS RS REoRREFE BRRREy p BRIcES SR ow

fre@sntyt VibgitigRslSeégode.neasur enent wi Il be substantially
i mmune to decoupling and SOS effects and can be

det é¥lieimmityebhtlugowpneiseS rempiadepeavent highdrequency vibrational
res%rogéje?tﬁ{e%qu %ig,lhof%quency can comprise a first bending mode vibration.
Alternatively, the very high frequency can comprise a second, third, or higher bending
mode vibration. However, other vibrations, such as off-resonance vibrations, are
contemplated and are within the scope of the description and claims. As a result, the
very high frequency vibratory flow meter 5 produces a very high frequency vibrational
response. The very high frequency vibrational response is processed in order to
determine, for example, a response frequency, a response amplitude, and a response

phase delay between pickoffs. The very high response frequency can be used to
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frequency. The predeterm ned | ow frequency can be
chosen to correspond to an i nverse Stokes nunber (d)
w@e@aties3a han a threshol d val ue selected to  PCT/US2009/042019
substantially elimnate nmulti-phase errors. Density
nmeasurenent at an qf f-resonance frequency wil| not b )
detsgauieng qyeoredliawm u’fda‘&a“t%%ﬁsuﬁhén?lﬂa’@@éh@ﬁs W%t@n&nsﬂ%
: | £ y chosen rather than neasured. The
Vﬁ%ﬁgﬁhgkgg&%f this type of operation is that the
I esgboseryalow fritgutacobor vbe ldghdieqicvdyl iblaeosaakdpodveist processed
_the off-resonant vibration. However, this challenge
in pegder prdeorniae gblogyt 4 epRANSE Apaueriyt i Biediespinise &cguoisy p be used

i h t0.hel i ise. . .
to BV AR BE B T oD E O RER R b Ping i AR Pl density,
visRbEW, QUSdt¥radiI3RUSSE thw A qlerlcgSimkilor VORERiH ifRIGAERS RiturR of the

very |ow frequency, the flow meter 5 produces a very
flomomefar 8qs dscyssed burthdrdetdw.r esponse. Al ternatively, the

flow neter 5 c roduce a ver i gh, frequenc :

Vi P OBl EP G BBRGB R UL P i LGB RB, e in some
enfHOORhéREcéh bd b5dralde régh{%@efrﬁg&%e\ﬁ'c@s?itf'deﬁred. This may be done where

Al'ternatively, the very high trequency can conprise a
nosednghase Aowds capeditdyhiar dxanmpiadf o dbw ireratsi ismstalled

ver, other vibrations, such as off-resonance

Ho \ .
dowpiieT BF3 SCRATOE BRYIEFNeR Y T i idemay PRRFCPED! S BpifRrm and
fre fof %H?aiﬂgé %ﬂe&[n' Iﬁgteﬂ?f.j I‘fll S?I:IIFQ sit(itidh, El%%&& ’métges Ml%gyoe operated

igh Trequency vibratory ow et er produces a very

at highbr fré@@ueRrsysu¢h Ak at 4 Gvahd) BsdossRurthiRnd@Ynbdeg bt cetera,
frequency vibrational response is processed in order

wheee dhethaglieir pederfbgndiagangdes comprise poHeples pehusimycs of the meter
i tude, ;and a response phase del ay between

I
res%%%%%?@.eg‘%‘gﬁéoﬁl%@m?‘gh response frequency can be used

t ode e5ik BALBAEN&AILs, TRE Sibkdtery ﬂé&!rﬁet@ﬁ?&ﬂ%@bfg&ﬁﬂe@%ﬁ multiple
including a mass flow rate, "density, viscosity, et

vilgeti @rad freThenoves: yTHeavw kipdauibrationel fre@ropcies ghn fncheleenbaating the
vi br ati onal, .response is ocessed in orgder to ) .
flojfomsiesmneny [ 55 ?ﬁ%{n?%%%%ﬁwwé &6 ah&?greﬂﬁ TR different
. e . .
tinke G Y RARAREED (REIHS Gfotbn PSP S PSR AR sl Mhated a
mudepleiviyrativha dagjutycieet cetera. The very | ow frequency
and/ or_very high frequency nature of the flow neter 5
i s Afwléiplesaassiiinw measyemsits oRiaiael atfiEgeenbresppant or off-resonance

fre ngr%c%esg%%&{e@\mﬂﬁéf{o (getérfhiﬁ g{hg%l%g g f#@é’-@?&@ﬁoé dxflts and to

S Can e oper
defer@fHéan@uRBphist c#®S nfRMitud®i Bom@antige, dPARsIASHEnEBurements

mul ti-phase flow is expected. For exanple, if the flow
obtpmagratg 0j 20 pad 8@ Hzeate substantially identical, but a mass flow measurement
obtained at 40 Hz significantly deviates from the previous measurements, then it can be
determined that multi-phase errors are occurring somewhere above the 30 Hz vibrational
frequency, and a multi-phase indication can be generated.

The drive frequency is the frequency at which the one or more flow conduits

103A and 103B are vibrated in order to measure flow characteristics of the flow fluid.
The drive frequency can be selected to be at a flow fluid resonant frequency, for

example, or can comprise one or more resonant frequency harmonics, higher bending

mode frequencies, or off-resonant frequencies above or below the resonant frequency.
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downstream of a separator device, then the flow fluid
may be acceptably uniformand free of entrained

wo evogitges3omat eri al . I n such a situation, the f|pPeT/Ie1089/042019
5 may be operated at higher frequencies, such as at a

second, thjrd, or fourth _bendi ng de, et cetera,
ThgFeiors. Eh?ﬁmeg&we%%@@ 4&@%@ frag! BRI GughsspaRse fréquency and can

oD PRI ol IR U Ra0TRLlyg feauency i
affiectod &y ahy stififiouss kRiractebstiast the flopanate dAathdatiffiepd éharacteristic
~vibrational frequencies. The nmultiple vibrational )
ingreasguidhe fliae Egaugngy widldneepicatAny rashl, omewnggheflow conduit

.assenbly 10 at_ alterpating freqguencies or at. different.
stifffESTMead: e Bvd DPH oMol B VIR C kR airp et
stifth@W AR bBchas&ANR lawatRtyeenw iR, 8¢ BlkbiRBEBLIDIY Vi brat ed

at multiple vibrational” frequencies. Miltiple mass

f | oWhreasulentagqeenepoaiverdchigh figgfi¢rmyanpabibsonanthedlow meter 5

of f -resonance frequencies can be co d to determne .
caf R FHEEV A TR PRSI Goh G PRREG TG B FOASHETon in
préBilcldy BB @?&aﬁg\% AbwTRERE 54t Eférm@tglaggffﬁgti\g beéirlﬁﬁ% fhb@¥%tiffness

nmeasur enent s tained at 10, 20 an
cars bbsharged ah byder dentodefglthe bpdragn grésgudrcgwndea seroaam(br natural)
obt ai ned at 40 Hz significantl )é devi ates fromthe
€

fregpenavo Uneraaegs BnRtes Stifaes cpp be 4phisEcdE: By mMARAST ARG L is not
i RAPSE G EONTRREE o RGH AN S8 BDRY SR likely
Vi brationa requency, an mul't'i - phase

wdyBdicdibtBedBdlowe generated. The drive frequency is
the frequency at which the one or nore flow conduits

103A faathbr 10 3B terrséifiicks Wadiow goeduiklengdl. nidwsflowe nateength is
characteristics of the.flow fluid.. The .dri,ve frequency .

s BT SolrBla oo b S S bble a4y Bh e loF R

trah§18QUEREMe deBfeaSXRTRLRY s GRANE QEWat@ﬁalq_fh%lu@ﬁcm&lsequenﬂy,
resonant frequency harnoni cs, higher bendi ng node

the flewyueeici lesgtharandkfchosgoimarderfto aghieme aekastisome roeter stiffness
bel ow t he resonant frequency. Therefore, the drive

chif&€quency can differ froma vibrational response

f reau . . . i . k .

1 o Tt 4 s AL i B B IR U p ol At this

disesfifst@t, elde Aywirhetesidpbénats icteimdtagra fdw encodr Heght (H) divided by

As the stiffness characteristic increases

fl . P
the ﬂgwgr?%tg@eﬂg@d&énwﬂwtm aspretrate e (Hak) gsepddi 2). Where the height
o) B B shUY S0 B TRl g By bcess e

on€OMEhere i fldw Meser i€ antiafzhe Aang@etet,th@ h¥ight-&)-kngfh WPY¥& ratio
as di scussed bel ow. The very |ow frequency or very

(HA il beceftieatioylyczpebWhere g hfightKH) 19 swated than the agtind.), the
hel‘agglg-if:Qe:- e%%ﬂé?s&%&%?}i% Eﬁ?@p\z{/hlatt)eegrggtseir an e otr g{;asrhpl-g]len the flow
meter 5 of FIG. 2, the height-to-length aspect ratio (H/L) will be significantly larger
than one and can reach a relatively high number. As a consequence, the height-to-
length aspect ratio (H/L) can be increased in order to reduce meter stiffness and can be
reduced in order to increase meter stiffness.

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

to-height (L/H) aspect ratio. A straight tube flow meter under such a convention would
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producing the vibratory flow neter 5 is that the
nmeter's effective bending node stiffness can be
wa@b@ages3o n order to nodify the operating fregP€ntg2009/042019
and/ or resonant (or natural) frequency. The change in
meter stiffness can be achiev in any. manner and it .
hayga th-F&sE?lg h%spﬁ%fvr,amgﬂw%fg WP EINKR g EcHng this aspect
SRk HONR) al likely ways are
rm:lécusgggmgg#%ML A%ﬁé%#%%Mﬁ% meter stiffness is a flow
condufdctdrén@idicr stififictd ©w fiel eondigngiteriat Thbgbardondhit ynaterial
correlated to neter stiffness, wherein increasing the
caiybe gelegted dit Ardgr (9 increape piadecrease danmcws siéaes. i n net er

stiffpess.and, operati on freque .. Con nt | the.

1o PERR PR R Hoy, AR Rk GRT SHIHEM kinalilifickness
cah B@8harfRA8n BRdcR o BlodifyIBS McttandRessA HAGERY, dsh pRESEal matter,

stiffness is a flow conduit aspect ratio. For purposes

sulpsitartthail seddictenssigi fbovwy comdnif thosknesst @in ragpeinta redueasl pressure
defined .as a.fl ow neter  hei ght di vided by the flow

cofgyiy e padRudh SRt LA o 2 (T L) (see
FI GA Bktor WA Rlort el 9RtAddkohduil §Rpe! IT"']?'_KF ffok]vec(}rﬁiﬂg;tsﬂape can
(L), the height-to-length aspect ratfo (HL) wll be

be neshfied anamndesiriblerfestidte ihdlodingetare dondaitsdf aibgtantifllywweund,

meter, the height-to-length aspect ratio (HL) wll be
cllpticak recirngpla erpuipredteotheisulablginanasy is greater than

t he J J ' -t Q- ' :

0 R e B o b IBAD SR T Ry
gebinemy i B¢ affe@bd Ml &ay desitabR fasiightintéladingnbé Dse@sPePpropriate

ratio (HL) will be significantly |larger than one and
stragight anbeived sastians.ver gxamnlp honbeanplasa H-depedfaemeaduit has a

the height-tol ength aspect ratio L).can b

i e R T T
be nefideRdn fbt@ B&[uchsy istENSRTEndEt BlasSt Thd R-SSant BRGBency of
fl ow meter manufacturers use an opposite convention

thecfionp metemnassembbnidt wilbdrdpeisghe flpl/ ddndas pesss iy mrreasedawith all
under . such a caqnventi on

i gh b | i
oA PRA S YISHBREE oL Kel G ORUBEES Y e iR dgereased n

anPRAAAC P drikhbley ﬂo(xp&gﬁﬁrtqgasts Qhﬁ B?E‘r?&@%&e{i %Ijtoﬁgh |thr$ addition of

convention to be relatively unhe acto
conmettaveiglits ol bE®S niaSsa, fdrewampied Ul ddingihess at a difbetd paint or
conduit naterial can be selected in order to increase.
loggtiog sl glggieastibe ppemtionyl; frequeney withpaicingieasing flopegonduit
Sﬁﬁh&&fness is flow conduit thickness. The flow conduit
I'Ckness can be changed in order to nodify the neter

sti fAf ARES in i@ weiffnedSisa My ebhdiat ndtrl k& krictstiad Abtdtidhal node
loc;aZiggsg tejﬂl?;;ag‘lggnétlef lessgr?lg?yui(g cetmhiln(c::{(urzigsoie Co? rgnorrg iglietll rlesntrigtors that
control a vibration node position and bending axis and therefore affect the vibrational
response. A common nodal restrictor in the embodiment shown comprises the spacer
106 in combination with the manifolds 102 and 102°. Alternatively, in other
embodiments the nodal restrictor can comprise one or more brace bars that extend
rigidly between the two flow conduits at a defined point substantially near to the flanges
101 and 101’ (i.e., substantially at the two ends of the flow meter 5). Other node

positions are shown in FIG. 6. The one or more nodal restrictors are included in order to

fix the vibrational nodes of the curved flow conduits 103A and 103B, creating desired
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capability and in an inadequate durability or
ruggedness. A factor in neter stiffness is a flow
wa@oendas4sseshape. The fl ow conduit shape can be poTiUF2089042019
in any desirable fashion, including using conduits of
substantially round, elljptical, rectangul ar )
bendipg @ﬁ?sarﬁleo‘Pneo‘?rH@?resftﬂdﬁiﬂﬂs@céWQﬁé%. e Rosiepest (or empgyeed) in order
£ . ¢ g T ' .
to Hlheek DB Ioh A N SRA LA, ARCRRRN o B8 UG BPEH o located
so b ed reduogthichength of afvirppn@pottdhefshe Abghiondnids COBA/aad 103B. In
sections, for exanple. For exanple, a U shaped flow
Flgohdhie torhies of spetiossrl 02 ane flAd s alse redvcas bendingmode shtiness and
flow neter of the sanme length. A factor in neter
ﬂ“ﬁf@@ﬁ?ﬁ@fquug‘fIOMIconduit mass. The resonant

fr equgne ¥hdils h Reryf loQWrERIcREY &ﬁﬁ@cﬂ’? Hown¥et 5 a66RBin@%o an
the flow conduit ‘'mass is increased, with all other '
emfbadinoerg off dianigv emtedra nffedflowvendniesn Banand 103issn bawithen a casing

20} aTeBRaUAe HHEE D3R Bar RN BaCBA SCBoROAGHT 1038 and can

furdeldihh Qdnah g_%ﬁfé'iﬁ RuWEI OB e bl 8 oMRSERRIt O or failure. The
exanpl e. Adding nass at a discrete point or location

vilwadoky deormeatee Stihdudper aiglotdhnd ndepnggincy Inedhioeiteen from the
i ncreasing. flow conduit stiffness. A factor in net

figyrq thatids dicight 5wy thiy ahpeimentyis grniticantlyjsceater thagy the meter length
i y | i T | .
L RS e B T PR TBbE e e

can 1 n restric

The heéidnr-as-langth agR c@sib t(HON) @ag bb eéngeadgd ax biledfslreduce the
therefore affect the vibrational response. A comon
freqoeryly aredternagively ay beecdoabd il erdar tosihewsaschrpradqyescy: hehe

S er 106 in copbination with the nanifol 102 and .
oG5 ot psple ORP A oy e b uteb af Reho ¢ gt RihgR etuding o
nuf®et fueh YrgEdt GATRE kisd AREfRexBRpR. brace bars that

extend rigirdly between the two flow conduits at a

def ilmede pmbadinsubsthameterd dvgralblengthd. isreibsfanngbsth@listance

and 101 ' (i.e., taptially at the two ends of t .
beyash tﬁ%ﬂ@eg%@l@eﬁﬁﬁ neﬂéﬂe?fw PR, SYEICTRG dif o pveral height H
: n : i Gt QLS. i j i
s Qg ERBAP i TR QPER) o EEREAKE LT, B ADEL HAROIS 102 and
102 badlhe Sartid3 Aaaay cdiSBine ¢ f. @ athergnte st thedizak dif tg: Bosesd portion).

The one or npre_nodal restrictors. can be positiaoned )
The gspgct psiely therafose g ppRIgXimrie ayawifiqagion of firovsralt shape and size
0 its.t i, i- i .C
or AU B3R L SA 30 oS RREPLE AR 1 Ul P e

thePBoW irdsteiOhastdiardd el an doinbared s fs dttd 03B. In FIG 6,
the torsion of sections 102 and 102' al so reduces

bendii shgultblreurdarstpe@ it thecspenisatie darcadiernztagliebe gefined as
length-to-height (L/H). According this alternate definition, the flow meter of this figure
will have a very low aspect ratio.

FIG. 3 is a graph of decoupling effect versus frequency for very low operating
frequencies up to 100 Hz in the example shown in the graph. The graph shows the
decoupling effect versus frequency for a range of vibrational amplitudes. A flow meter
operating at less than about 5 to 10 Hz will function desirably because the decoupling
ratio will remain at a decoupling ratio of about 1:1, i.e., almost no decoupling will

occur. For a very low vibration frequency of 5 Hz or less, it can be seen that the
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FIG 2 shows a very |low frequency vibratory flow neter
5 according to an enbodi nent of the invention. The

wé baw1ssseui t s 103A and 103B can be within a chST/Ng2009/042019
203, as shown. The casing 203 can protect the flow

conduits 103A an nd can further function t o
resaemeaqiqaoual%@agmﬁlqoaépzw wil Gemainginghe dshensreeipaglong the lef

r | to e
axﬁeolfgﬂ%% éﬂI.'élba’n & Eg&fn\éintgg E k&élclopb@%%feo éseglrﬁi Ilcir‘ar om-t ﬁ]e%cahng bar
aldniggbi¢ eighhétle bhehehehghtIt bhn Blsd besea@nmbadihrBiztousing effect decreases
significantly greater than the neter length L. The
foraply wbratdon @ﬁglqwda% pag e reslt, eniraned gassbutihdesrwtli mowe Wlth the
flo ? CVI\lD nnener CI'halr aCJSer IO\SNtOII'CSl -I;'hede Sl(t}'ght g?‘ l’ll’l g locit
X’sﬁ% P SRR WYY RSB SO RREUS S TBE QP g Pty 8 Toc Y
of ke SrRQLUERAYalfs bahbgligiBlel %?kﬂch@hﬁwbﬁedti&%?% in order
to i ncrease the frequency. The hei ght-to-length aspect

SOScaropier¥ibilityratfedse typheatlyedd nas bengmaepprdntiruntid ¢l vibrational
i ncl udi n ch larger or smaller than one,
eﬂB?nCé(Hﬁg?(g a%loﬁpg(ﬁ%ﬂznbodi ment, the meter overall
| en
| RS0, SRR A 16 B SRR Loy fuenc

fometrglowvpemtihg fieqgércidd u]gstosltﬁﬁ)slﬂam thaleixymipheshdivat arthe graph It
between_ a centerline of the inlet/outlet nanifolds

02
cai Ay sqagofrorg{bisgheply hiat e sleconplineainserngla &p) renins lowéwhen the
v1b‘% t{%ﬁﬁﬁ% %&S, @%gﬁopéxcteggsw;ed portion). The aspect

an approximate quantification of

t he Reyerdddss of Maptodithtiinzenlfrudd) @aftddwwiz®tflrid dendeybahicle
aspect ratio (H'L) according to this definition
degsdtyn @néﬂutdﬁscqsﬁa the solatiee Brotinadeavdearthe pwém@ﬂﬁndi-ﬂuld is non-

It s

d
xRRIPRE Soud? o Pec BRROL ftpdny I By R utinRRR S Gothe'dtBbupting
raticﬁ(?gp YRS Qpp}ﬁa&fé‘s a(lLI' Htio a‘h‘él(%ﬁé @lb&iﬁp‘hﬁ}g %h@det %'F@Gqﬁ approaches

|on the flow neter of this gure w
zenoe r@hdrdwreaﬁmc is mandadl. to Ehlgnlage ﬂE @cgmpipig rafio tﬂAg/@u)odm thg

defisfpe bRt (§" 1067 (ot i reltBpT EoBHRARE PrPceneluid and
3R ar R SRR PTINOUR LB dRc Rl 86 8 LR MRS Ements

guency for a range o at1onal udes.

beédugwtieet &rnoitbicimei@at bdtessn hﬁ@ﬁﬂ-p&bmdon{ﬁ)dmnfko THiZs is true for
will function desirably because the decoupling ratio
sluggies, by fHids, caudsderrsu or F‘lﬁﬁgo?hﬁf%ltérﬂeﬁ%mﬁonlpoﬁlte iflugd.

al ”%’{rlbrﬁorgreﬁgvuf %étgrgs% lglgsc?%refi aggve c‘:ﬁu\f& ra}éo b%vﬁrlven n its

vi bratton freguency ess, can be se

seddndt thifde b sRehSend BRAUPHds) GithBanihsteorl Ads Asbuyvel |ab0ve
remain in the darkest region along the left axis of

de@m&ohgga’mfseratwmh erehs iigdrequenels cBh@bfomg meyei and ra@re negatlve
I ndi.cat ed 2(%5 alln bar al tﬁg gr sid

errph g/ At (hecnS “Geafrflebiigns Baufiepnpeases.

Co%gécﬁféhﬂ?,etﬁé %?&Qt%ry ﬂow meter can be operated off-resonance.

This fact can be useful as a diagnostic. The meter can be configured to
determine whether measurements are affected by SOS or decoupling effects, and at what
frequencies the effects become negligible. For example, a flow meter can be driven
simultaneously on and off resonance at frequencies of 10, 20, 30, 40, 50, 60, 70, 80, 90,
and 100 Hz. For a given flow fluid, measurements at 10, 20, and 30 Hz may all be

equivalent, indicating that SOS/decoupling effects do not impact measurements below
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for high vibration anplitudes. As a result, entrained
gas bubbles will nove with the flow fluid, causing no
we@re0of13488n mass flow or m xture density nmeasur BOEOER09/042019
Vel ocity of sound effects will also be negligible for
such a | ow frequency, .as, S npressibility effects
abeutA0cHE {f merergse hektEiaed %ﬂﬁq Sigincreas e 1GNRY 8¢ thahanly the
t
m%lgl%?g%gg ﬁﬁ;a%g%g) @?foé eé]é éﬂﬁl rﬁgé gn gqeak 2}1 ecokq?h]}g is worse
thaneihshis exdaresluaboye &l a Wevor ﬂeqwe@cgennaﬁwm@néﬁtag tRfudicds Thiy
to 100 Hz in the exanple shown in the gr It can be
diagnestiq ¢%’ﬁbﬂlﬁ§’ §argb%.p$fsdttﬁaietem@1 @wlenefgogwa Kip %nnl@%és or can be
|ns | ow wh V|brat|o frequen
usqro st B REr 1 Ml o Buh bRy B he e AP &R
meﬁd yt ude, particle size, fluid density, particle
ensity, and fluid viscosity, the relative notion
betWEpmnmhempﬂK@n@mefandyﬂbqumnwnqbméxﬂsneﬂ0wﬁnﬂemnmybean
| ow oscillat.ion frequenc The a de r
upyifeadn (OHEnEBtieios kit Fiib T 6oy éﬁwwen@p%ﬁ Gfsplfasg meter
wddd ERmaee lh"é%@& ?Méez)gﬂltcﬁhéﬁ‘ @xt‘?&ﬂélg e&g eg vibratory
zero. Therefore, there is no need t te t
ﬂo@emmﬂmhﬂnglm@ﬂ«ﬂwﬁﬁ@ﬁﬁﬁ}émmuhmg1ddn9dﬁﬁnumamMa&ﬁoawgh&dbe
(f%@ Further, the result is independent of the
vepy drsiablertp dicoihapd £aecPnBHIAEY- avl?%wgaht@ﬁfleasvrﬁethﬁé@%h output of
caifBF LRI ARRRY AR AN 16 LAPHE JHERR WANRIL 8 BERAVAG the

Celﬁl@ﬂmﬁ@ﬁh§rocﬁmaﬁtldlés dddugntia@ledsday rﬂhalelﬁg ibathey plidseingigture. With
enul sions, or any other multi-density conposite fluid.

noAckatise Bo6iop berweenrasyert tl@@phasas ad@@tﬁemcaﬁb@ getgguverld perform
drlven hnits secon or fourth bend
as ﬂbo&gé SIS Qe MO SRR, Migge ds%w% SRgedgiraire mass A% and
midese aahsht@zqnwﬁ%twr&ghrm@@sr &SRBk BGmfb%ﬁGf'&Hﬁ]IYonents or phases.
Thereforé, nore and nore negative error W ll appear in
t he Vﬂbl&@lttltypmmﬂcé@ toedrevt a atdrlodf-openatceag Idw egbiehdyequency, the
cl.eases. nt | the vjbratory flow neter can
Reasip ﬁ ity bR R S OngEAENCGEay in
|
sofie %sﬁg?@?gg%dr ‘Zt?rg%‘?gl’% thie ems“%ﬂ%ld@%@% bOi eg%i%% f%gch the
dedfddeatrs lovafidqatnoyhats 4 aqmqﬂe,l fos aMEr@Mc&ﬁn&nb@i @20 Coriolis
negligi ble. For exanple, a flow nmeter can be driyven
flogy wgter s Sriea) lyorbErses Afarser ety dlmiedusncy fiquessriag wtter, the

ﬂOQXPCOI%% %Qte%l# thmi h6thn Elghes ast ?ﬁ% bég&gff}o%sg%ﬁﬁf ﬁéatcﬁ consider

Iven measur erment
aﬁbh f&eﬁ&gtéhyyabﬁmﬁxedime@ahﬂﬂ@geﬁ%atn SGS/ decoupl i ng
ef ects do not inpact neasurenents bel owabout 40 Hz.
If nore gas is entrained or bubble size increases, it
may Jpe 3t5ma mnly the

14

)

Where E is the Modulus of Elasticity, I is the moment of inertia of the cross-
section, m is the mass per unity length, and 1 is the length. For a frequency f of seventy
Hz and a length (L) of 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 Micro Motion Coriolis flow meter in order to achieve a S Hz

vibrational frequency, without changing the E, I, or m terms.
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measurenents at 10 and 20 Hz are equival ent, neaning

that the decoupling is worse than in the exanpl e above
wana@oasdsemer frequency nmeasurenent is requiredPCTOER09/042019

di agnostic capability can be used to determ ne the

presence of multiple phases or can be ysed to give the
user\Nther 3gPLo3eh e eAmpination emhsdye\afmﬁﬁ disqhsse facipm 4o

ex@% RAGH: {SIGGALROUId B q%rlbﬁ%{n f’h%%h&@ﬁé Un&hf, y&Edhsb M1

rgqUency vibratory flow er may be an upsttream

thiClpicss sepawhitoand add a itk madsuical thgadivee as plcRoER tnd/OH6perate
a nulti-phase neter would elimnate the need for a

abaepel kalow resonarse: ranethgr effgséins imasherbip reduceArequepay poyld be to

fl net er. whi_ch rked wi,th +1-5% aceguracy.in fhis
anfy it Bt JBp PR RS KRS et s Belr BGRYF ARalt 4t Apevent to
cliffihat@ itk K88 BATMIRistWoyldhiecraEY the QtiFFRARUN Ehd HEvd Rl

out put of each oil well. Another applicationis in
consdig¢rallyathid/to an mdt gronakforseore compeovieat ésee idGe &hent

contains ropck.particles and_.entraj ned S, , maki it a.

C hr dBeRnb B RSiesy Wirefm SoPunatr S GoNpe denened fhsarpieific
pPihyBh, S RS Rer N con UM AN vl W RO fhency that
aclgeves cpredetetmines tvaryel owasibrdtional freglioncy tind eceonsi tiprational

nmeasur enents, regardl ess of the nunber of conponents
resppnyghizegencyang cnythigly vilsationsil eespensgramiditidéret er
of f ' : . : N
LTRSS oo G D BRI PG iy ngyoraion
freqBéRyy dhibéapedificd as e maaend@irdsRoRIUTRIMES PRE & thrate@en trequency
on how | ong the conduits would have to be in order to
can pagped fied ackding belowrapredoiermigdaisequpling thresexldoplienit. The
for a cro Motion model 'E200. Coriolis f]ow neter that
vitlorfeG el &8 FRRed 36 Bring PRl p BT
SOS?@&HﬁﬂeBﬁbl\l\@% Bfresholoff KWV, qORAblaBiofNRRMABOHN be specified as
ei ghteen inches past the brace bar. As an estimate,
comphgiglenthtdhgredefaanined ifarsed $toeremoybafthresholdedfmeédiscussed
Wiere E is t

antijever beam f = (3),2p \ h
befw@u |F{9§ %?mﬁea@ieipé?@fg}%rmm%%lrkVﬁ%Seﬂgé%q%tnua?ber Hgﬁﬁhﬁd g¢n be chosen

to %%tﬁigﬁ?%ﬁﬁﬁtﬁ%@mdﬁj.g;%gééﬁé?ré@ss per unity length, and

engt For requency f of seventy Hz and a
| eng@toniolik a3k flemginteenandicibesoryadepso@aétetsoregliiré shat the flow fluid
constant can be found for the (El conmponent. As an

mosigaidh gie oW cenw riiing qwiéllati@é ah@l? URetgy X pgtuER igquency. When
forjé]ﬂ{(ﬁlh%?tlegig%; #sg%%m cfgg,rtihﬂsnagrgé‘ggti% %Z[L%li'glelgéer%aa E %iﬁ]lere is relative
motion or decoupling between the two or more phases. A model has been developed to
predict the conditions that are needed for a good mixture density measurement, given
specific meter operating conditions. The fluids model, which has been validated
experimentally, can predict decoupling effects. The equations to find a decoupling ratio

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

dv
mp E = Fdrag + Fhistory + Faddedmass + Fbuoyancy (4)

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
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vi brational frequency, wthout changing the E, I, or m

terms. Anot her approach is a conbination of the
w@e@9iles3d y di scussed factors. For exanpl e, ONBCT/US2009/042019

solution would be to | engthen the conduits sonewhat,

decrease_wall thic nes somewhat, and add g |ittle
COPRREISC AR fOreigh npRtpRely fud&ilg: £t ubblgsasedid RasHElss.cor gygy gortions of
r e
a cﬁf;feetk%ﬁ{e ﬁ%\g(/l e\?lglg Cv@t}%lo a&f f]% fﬁLé gg% Y I1@hgﬂg Qof &ﬂ}éﬁgn (4) are
deﬁnﬂfwmnth the pipeline before the brace bars or event
to elimnate the brace bars. This woul d decrease the
stiffness in the drive node considerably due to an
addifij prdl7t otst op(ROnmponent (see FIG 5). The very (5)
| ow frequency vibratory flow nmeter 5 can be desi gned
for a specific application. The flow neter 5 can
ther}efore6 b Y/errﬁz r&ber at | ng frequency that (6)
achi éV&s a pf def er meneddwrery | ow vi brati onal
frequency and very IOMIV|brationaI response frequency

and very hlgh VI response anplitude. The
V|bnat|onal n be specified in nmultiple (7)
ways.“fHe Bbré aﬁaldf equency can be specified as a

frequency threshold or limt. The vibrationa
frequency gan be specified as being bel ow a

pr ed%;}e,[ym:ned?fdéeeupl ing threshold or limt. The (8)
vi brational® freqééncy can be specified as being bel ow

a predeterm ned SOS/ conpressibility threshold or
| i nilthe rdteonvofithafiosndnidfis esueredyto ozatctbthespetoorf ofttie dow conduit.

conpl yin ith a predeterm verse Stokes nunber
Th@ﬁ?@@%}&fgh%%ugblmogpem e &9%5 For exanple, the
predeterm ned inverse Stokes nunber threshol d can be
cho bstantjally elimnate nulti-phase errors.
?%V dtgoé?ﬁg)é — o(ﬂlfl“rg%(élf and vibratory densitoneters(®
reqwre that the flow fluid nove with the flow

condurtisle WblbkAg=9SCH | tRtbongat the meter’s natural (10)
frequency. Wién foreign material is introduced, this

assurrptlon is no longer valid, as there is relative
not i1&8 aBPVRIREUSEENS AR PRvseddn f’tmid)atrv\ﬁie srotipgria thmawdldating
en?ﬁ(g erhe&ao% aQ/Gfg d)q?/\fﬁol\xp Rl%gel”é(? Ig élgoué i)?ues %Cr%ﬁjllug 'te%nlg'ercent

are nee or a goo ure

acé’(ﬁ@%ufo@ MW ibrgioneNarspesidé bed ﬁﬁis%rdlﬂ?@h@é i@ ost situations.
onditions. The fluids npdel, which has been vali dat ed

expdihesenmnalisyneedethtopodd the abem)@ﬁplaitlngs afrfbabble. matwen are: the
Vikg”qﬁlqaﬁ?;}) (lr)ﬁps%a%lo éogldea%é t?l gilltljrgtgcr@? trﬁl:ﬁéo e{n'%f)l de 9A3 the fluid
density (py), the particle density (p,) of the foreign material particles entrained in the
flow fluid, the flow fluid dynamic viscosity (i), and the particle size distribution (a) of
the foreign material entrained in the flow fluid. The vibrational response frequency (f)
and the vibrational response amplitude (Af) 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 (i) may
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= Fdrag + Fhistory + Faddedmass + Fbuoyancy The

decoupling ratio (Ap/ Af) conprises the ratio of the
w@aooilsdseo (i .e., foreign material) anplitude (BEI/US2009/042019

versus the fl ow conduit anpl i tude (Af) . The particle

be DR ELPY SGrT EsarUt b okt Tsrcoyehn bEby oy fam%aor can be obiained
byqﬁ%afsﬁtre ¢ f ltr}eiér: Eﬂsr‘?ir& d ﬁi@ggtrmuh? rda)trﬁgy éeg éJd gy Egﬁomer such

equat i on ar e
as Fbhiefcasd d)f a kpovd Reyw &y, ér ¢an-be\/0bi£1vledi byl mea);uﬂéhﬁnt including
tnorryv =6pnff a\ S 1-2- - dt J (6) F =-2 Pfa -du -dv

acqup}lc 37 raﬂlglmmpm%ﬁl'@y of foreypn rgaterigigyartyples ppbitdveson the flow
$e flow fluid is assumed to match the notion of the
ow conduit. The notion of the bubble or particle is
cal ¢uas eda asphff 'élbéj&(%lfﬁ irhtyo véksu‘ﬂieﬂ% (ratlo fodthe very low or ve
Parti cl eVel %cipty =v gos wt +f p? The ab overy v
highgfirequcong VﬂmatobeﬂqwedetBDS facqm‘dmgrto |t1md mvantoronlhagtahk further

il ot "Rl BT ket aihBes (Bl T B RE S Wi Rumber
catt BE u¥dPlothbRIBLCALRY LhdifeARTRARG(BLE FRIRBAENS frelBiiey-

situati ons. X 1 nputs nee to solve the abo
rdeadabcwmﬂn@amdﬁﬁhbbmnpnﬁmbﬂngeﬁ%m@he V|brat|onm

response frequenweé f)p t he vibrational reébp

anpTite GERPI RO s Higedifietang IyS R S(t9k6(spmnb% @afitﬂpf‘cxeéultmg

dego‘?.{f) Xatgcpsf))nlt ?%1 B{'? qﬁq}dlglﬂe &%hﬁ rﬂ#eﬁlenf} ghseg‘nd entralned solids

reav:t sp litely iareoms @hdbcbtislimaniitcthe cairdiged lgagersle&hiblmig gi@hter
e foreign material entrained in the flow fluid.

motigs it RSN G bR idaueryiige jos b e Regardless, the

iadh) SRS bbb AR S B hHot oA S VE P BTG e
anfpPiRehd 4ndl }{h:ll@e’;ﬁ’e IOREE A dfem) ag chh Qﬁbtb'é%eéfﬂ Hfa@ﬁé gmiubble size

response signal genera the pick-offs (10
inckOfey,.tha hleloﬁntmfcdedemﬂmgym(:mgesnﬁphﬂ@artlcle decouphng also moves
away from the ideal case of 1:1 motion when solid particle size increases.

The inverse Stokes number (8) comprises:

S= 2’72 (11)
wa

Where the inverse Stokes number (6) takes into account the flow fluid kinematic
viscosity (1), the vibrational frequency () in radians, and the particle or bubble radius
(a), in meters of the foreign material. The kinematic viscosity (1) comprises the
dynamic viscosity (u) divided by the density (p) of the fluid, i.e., n = u/p. The foreign
material can include entrained gas or entrained solids, as previously discussed. The
inverse Stokes number (8) therefore may be used to more completely and accurately
determine upper or lower vibrational frequency limits than is possible through just a
frequency specification.

Increasing the inverse Stokes number (8) moves the decoupling ratio (A,/Ay)

closer to unity, indicating a reduction in relative motion. As the density ratio increases
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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@opnaaso cl e density (pp) may be specified byP@r/us2009/042019

custoner or alternatively may be determi nable fromthe

I AL A N T R T
Oy XIS 5L IR SRS, Bl g gt

rat@s, ganllbebobé d0MeThiyy forehs wicreathmohhaupiaphdse fiewséaalitions in a
distribution (a) may be specified by a custoner, such
vitgatorn flowametgs ehe extaniafonpaspranert (eror depsnds apmgeily on the inverse

bt al ned surenment., incl udi ng, acoust i ¢..ofr
St 0% Pl e JE AR Sk B Py T 7 Sl ryediapproaches
thOmviReidR8 of B 3t hgedoupMhg tatiod whiiik G the pafardet6f RMAYg8]f relative
decoupling ratio versus density ratio for the very |ow
magionvie rgstihdtgth afd expudeaoypluigonatio epprobriow Ikt dhe averse Stokes

e Da TRtk dRrighe bives Beers RBLPipmelie ViagsiB: piete size.
andl PENERyTE KBS AR an{ She SR ARE vHESed AoRT Bowever, frequency is
g l'y cﬁ [ gl ng

succl nc aracterize the conditions for avo
cofittetpdemceyest dtedn deaactetistig, ahde SESOsiIogMMdEsatibieldrtbyibble size
effects. The gr shows fjve different .inverse Stokes

h
depgehst compipx aRd i upgairaliahly RIEeRsS SPIiHORRt i 0s. |t
o TS AT 30 DB GP AL 9RO Plency

enfh@dBbg@lts Bempiédsh Adigb@nbbad st 3o eShEHReReSteEs number () in
greater notion than the bulk fluid and solid particles
soaghieni lovhygibraspaahiequancy Repad tnes compasdsdeaimber above about 1.0.
si.tuation,is when | phases inside t.he flow condujt..
T b SQpSplB® nReRETh I 0R 0 ah i Sl fR Hbbdiments
coPEit& LRIAbE dbovk ab&@M. &l sO be seen that as gas bubble
size increases, the anount of decoupling increases.

Sol iFgr gerpurpdse afeperapingragyibtasey ritowe mctenary afngnyibhegional
fI.ideal case of 1:1 notj.on en solid p%%ticle ﬁ%ZZ
HEYAY LR reenrbiq dRrOMRUNGPIORES T YEFSCRIKSAmpITCE £8) can pe used
£ rhibbw N Ehd D&y VP! BarRAKAE &{ higf]) *SThe |
0?%?% accountrthe ??b&gflu?gﬁtﬁneng?#%9v§s%%§?%y h}lelnvmse
Stdkee nviribea(d)anabmt veguleigh wikrafiondd fregde@oysemibsdimehs comprises a
particle or hubbl e radius (a%, in neters._of the )
nuggee [ayrer eanegboyt 0. ITphadniense Stekey nYRBST ) ip pgme very high
- COADL | 1 i j i Vi vl
ISR RS R ERTALY ol Mgl .

In some embodiments, the vibratory flow meter 5 can be designed to operate at a
very low vibrational response frequency of up to about 5 Hz. In some embodiments, the
vibratory flow meter 5 can be designed to operate at a very low vibrational response
frequency of up to about 10 Hz. In some embodiments, the vibratory flow meter 5 can
be designed to operate at a very low vibrational response frequency of up to about 20
Hz. In some embodiments, the vibratory flow meter 5 can be designed to operate at a
very low vibrational response frequency of up to about 30 Hz. In some embodiments,
the vibratory flow meter 5 can be designed to operate at a very low vibrational response
frequency of up to about 40 Hz. In some embodiments, the vibratory flow meter 5 can

be designed to operate at a very low vibrational response frequency of up to about 49
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material can include entrained gas or entrained
solids, as previously discussed. The inverse Stokes
wooas4sf@) therefore may be used to nore conpP€r/@b3009/042019
and accurately determ ne upper or |ower vibrational
frequency Limts than is possible through just a, .
Hz r%%r@%@n%gén@dec $qUSHCICH Mrayesdieagiedrbrough srdler dssiges
coﬂﬁgg}gfi?ﬂs@br ééﬁ&t&é?? GGV B R ARt VB ) &%iﬁ%g fower or
to unity, indicating a reduction in relative ROt on.
higher fikgueleysity rati o increasespast about 50, the
decoupling ratio is dependent primarily on the inverse
St oz sompe gEwed{ragnts, thpvibrateryeBewenetey § campoesagied to operate at a
-because all gas//tiquid mxtures haye high densit .
vitdIGEE PPt il aba Gtolh S e Y « g SR hdfseghe vibratory
floWthnkter BRas ®efdein 6@ AflbddraR st h Rritkatibi] adpodsd ARYIitiBE 8hove about
the extent of neasurenent error depends primarily on
2 mive Invomesentstdokents nthatyahratody flow hetehé canbe desigStdioegperate at a

ViRt reshas S0 Fovsiatols PG ¢ SBL QoG ar e vibratory

TR AR S Bk T AL Ly e6ove oo

10shwkes nunber (d) illustrates that the bal ance between
fluid kinematic viscosjty, particle sizg,

d
f r edlfEne yhewes p ppgiongithe Kery 1amyiresneney Vltbﬁ%tgg/ oy ingiees

. - fr i .
oo Gt 1o LR Ehion (PRGNS SruSIRE EBY FiveBX M ing o Joree
hei@ht-Basbdvloth &ipeet e R coriRd RXsoattder@bddments of the invention.
uncontrol | abl e process conditions. The inverse Stokes

Thaarige heighy-to-fengdnaspeeriptip O/ Ivi lowars badlov metpiertipess and the

ﬂogvnboel rne*ntag1 cgrnc‘ﬁri sces a nunber above about 3.5. The
V&S EPEPGRE Hrtser (d) in sone very |l ow vibrational

f r eqy 88&Yio8 e RN W T anSE T theRNHPRAAONARRVE pBYifiBhs. The
1.0. The inverse Stokes nunmber (d) in sone very |ow
dastiedrlates omele figuee sleme yypeed) bdicesrtrs 1 Abapt 1 2Es Bracrubdyenre

above about Q.5.. For .the purpose aof.operating a
coply swfwegw fsthepding nodgs 5415 GoteRlish IS Bte Agee bars fix
theM) AR rLIafEh BBk WIng, bEElimd i B RCrSe Sy ed, and
forimh @ wibratiorail bemdihg hoéeuEhe racs bhisgl20emduldo. esthielidhra/e¢rgkéng axis
St okes nunber in sonme very high vibrational

d
WtMegtraie pnbnthe _ngé?ﬂ@u@&%‘i*q)@e@oé(e mmpradingaEs Whihare allowed
o FSHE, T el e S S AR LR b s A OT B Reaty

kedptnhefreboyvesy Hifian about 0.01. In sone enbodi ments, the
vi bratory flow neter 5 can be desi&ged to operate at a

ver yn puigr vo modify shabperedpmfregudnceiie bepdiop aufs loeatminoum be
m05ve|(_1|.z 'Colnrs]eqsu%gﬁy,et e %gierg%{]l}g %I‘eq%lgn%y can be reduced by an appropriate
bending axis location, such as by appropriately locating vibrational node positions. In
some embodiments, this can be accomplished by moving the brace bars, as shown by
brace bars 122 and 122’ in the figure. The brace bars 122 and 122’ establish the
bending axis W”--W". In other embodiments, this can be accomplished by eliminating
the brace bars altogether. In such embodiments, the bending axis can be determined by
the flanges 101 and 101" or can be accomplished by the manifolds 102 and 102°. It

should be noted that these are only two possible methods for lowering frequency
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vibratory flow neter 5 can be designed to operate at a
very | ow vi brational response frequency of up to about

wQaeoobia34sBm sone enbodi nents, the vibratory fl oRCTVEEENN9/842019
can be designed to operate at a very |ow vibrational

g AP Rk ERB T PR RGA oy HatrdpeGodafregentemplated and are
[ 1Ne. J ow vi brational response
?}%Ztltquenggé 8];%‘% r?pt@%ua?ld?,%gl . In sone enbodi nents,

t he Avedisagwonye fof awuletghasdfloarfllie idhat gracate ﬂuﬁb@é@&tu@ements
at _a very |ow vibrational response frequency of up

argifdrptedsgidpmpedad é@ﬁ@g é@ﬁi@@uﬁbﬁh@ﬁe p@ﬁe Vi Eheﬂwﬂtyph@wffects may

neter. 5 can be deS| erat e a ver v
be FRosEht fshal tRouecs O FuRufBS 18, B phish ovaegitions. The
nafdes bf & MERdiHage MBASI!idEH R RSt 1H&bnﬁﬁe§sﬁﬁﬁ®%@eed of sound
t hrough neter design considerations, or alternatively
(SOS) oﬁgctts ofd i mr é@@nplmug vﬁfentabememcompsp@&s of the rholtiephase flow
fre In SO t he vi brator

ﬂu]aca g W%e q%ﬂé)&e 181116 cg(itl EY oraper éelectlon 01yV1brat10nal
fre h&{@tanq%ﬁ l[tgé@onse anpl i tude above about 1 nmm In
one “enbodi nents the vibratory flow neter 5 can be
desilheeaultiephape ﬂaWethatis earvinbhalticatrained gamnmemally bubbly gas
anpl i tude above about mm | n sone enbodi nents

floyispridredryltirphse fgvercas I%Hd%eltt?é%@dgw@és 06 cpipRRed eolad pajticles,
I
m&%l?rée en‘grég coﬁ&?ﬁoﬂfﬁﬁé&g?tlbr %ﬁ%ﬁﬁ‘a?‘ﬁ%@v p?rlgt?@hog( T r{g:'fhde liquids

of dEdrameitntidicopaciabewater any ipbfrdlcl@N@mp@RARNEL example The
anpl i t ude above about 10 nm FIG 6 shows a portion of

phages nwé/rlyaweowfcrueetqd@mwswrb‘flsﬁqsrtwsf| ow nmeter 5

ot 20 ugnthol igh DR a Mo, S BpL el afty move
thd éﬁtfa‘i’nefd"ﬁdsés/?&ﬁf?, rBhiplctt R lﬁ%sseewhﬁ BN I1R8. THR vibrational

invention. The large height-to-length aspect ratio
an¢daly)is refweed ta ireedddooplimeoeslippapé.f Ges bullrids, tthieexfantple, can become

g S0RARGRY HEEneGipedhs es%%ltu%{aﬁEéseé%%te{n'eﬁéry%vhequenﬂy

delgﬁtgphgg\g! cihgﬁ%térﬂtlggq s hhGYlELRY 15a¥1§ rﬁ?‘q/ e ®X c}ﬁ‘%ﬁe ?%Sﬂﬁllg Qs the

Brace bars are co
flobemdtends vibeteed. aHdwes¢abirgatbubbles rddlm)g rr&)VIeSNnIBﬂ&d%\b ﬂlusd during
fix the flow conduits in relation to each other,

vihrgjhon P%weél%w&déntarlaste%|ﬂas%@bblwnf®r¢ﬁcaup/% .frml &maﬁlow fluid
ang%glg{n%glerll i) 9@ G/?t%een% %d]gtzlg bﬁ?l?’e}%l%Vl %Jfafm&l E'rﬂi fAster than

endi ng axi where on Oow con

thePP6W I RAG dakey @adhh\ﬂb%@dalﬂﬁoaé?héthfhw aherly oMeds the vibrational
vibrate. The bending axis W-Wrestricts the

respopseaef] the dlowimese eloy issHsp tryp o€ splidparticles entrained in the flow fluid,

where the solid particles are increasingly likely to decouple from the motion of the flow

— o

w

fluid at increasing 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, such as the viscosity
of the flow fluid and the difference in density between the flow fluid and the 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
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keeps the frequency high. In order to nodify the

operating frequency, the bending axis |ocation can be
wonwed34s@ionsequent |y, the operating frequency BEnuUbm09/042019

reduced by an appropriate bending axis |ocation, such

ﬂug(g p@ﬁ‘gr %%Il)gaofg%lyeél.l% alte%%%f \él lee%telgr%ggqlqm%crjfeormance is not only

TR, OTRAg-LIE R3S 0653 S0y
bub&l@s anghe ¥Ry, €hé aibé o$ lfhetlhﬂ)blm rdicog thx h@cchny thé¢ theasurement.

ot her enbodi nents, this can be acconplished b
Laggar puhbles ﬁgcqménmea\@éumarlgacang &y Euefaptionsrindhe ﬁensﬁy and

oo B 50 o RT3 e M o
charel ih @h#Ls y@%t&fé@esl‘@ﬁiy ch'ahgéSHPSHJzéj Oenneied it hrtpréf@iechanges,

are only two possibl e nethods for [owering
thef bldﬂqll@mg/ thn ocugftspbnehmgbmhaugm egpambng ys thedirédsomt drops or

ShigRiRE 20 i HE B B G ont BNEEHAP e A EBHSRgadhc sagfel or
re%n%'ﬁé%gﬁaﬁgfﬁlk%\xﬁ J4dig is that accurate fluid

measur enent’s are affected and i npeded during such
nmul thn a piErseng esndmits theTdveelerat fon-of| hhsmbﬁtfrgocto&dnﬂya@s the
resent even in the presence .of noderate
bubkiey fo PRNSe The SOREBRCEIcEHION lfrﬁeteﬁatr{?fi&y(fhe fvrhﬁatlonal frequency

anﬁntﬂet \'Flglgagl%égll J%@Wugéé g d*idthf% %g%e'lﬁfgén(t%&)d' %]g,ftge tbélbblrjc]s are ; accelerated

in &%Cs@bﬂé' dirgtieh bedesconatiivaesti&aPeNené sultled hh@ve faster and further
mul ti - phase flow fluid. The two effects can

thanghe flom eandoit. dilierfister bbby motiop éandsishelsing élmcbﬂlsplacement)

cafyc sk §7 e LR W FRRE GAOE TR b el ol cBRESE net shif
in BiekRher g@grefvh@vw thd NBidHI e aaRRadds ¥ BRcdnRelof @ vibrating
entrai ned solids or entrained solid particles,

condwt. uFless isthetbasis of trcdeepepling probices., Astagesiyflowerafe and density
mul ti.-phase flows can,include_.li s af differ
chafapigript Isare apder-rgpotied @eeatiye %%W%aﬂgiﬁﬂ%leyomﬁ)e Sgn cpiggined air

aup! e. The phases may have different densities, or
iscosities. In a multi-phase flow, the vibration of a
f | oWhaoios pidseteesmilat pm&&ﬁ S &t theycas®ysltfres eidwaiengtle solid

1%Wes/sollds conpletely. in phase with the flow fl uid.
parfigiles aje pftgR hepyaer taﬁ%ﬁa&l ljauid compangrég Ungentheqsedeistippgf the

Vlbg‘gltltz%(l:(ﬁﬁgl thS%ae?ﬁgPBF ﬁfe%slr{lj(?x;c? 1%@3 ?} ﬁp%g%ﬁ?ﬂ?cause the heavy

paﬁicwsahbwl@hs RS QARG faneh i8Ny he mﬂﬂﬂﬁiﬁﬂd/stﬂﬁﬁqb\/@ﬁslfglhﬂw
characteristics. Small bubbles typically nove with the

ba¢kvpards [feimithgsentee of thewgomduier This agahy igselts inbiegetrer flow and

| arger bubbl es do not nove with the flow fluid durl ng
density~etrors.

In the gas-liquid, solid-liquid, and liquid-liquid cases, the differential motion of
the entrained phase is driven by the difference in density between the entrained phase
and the liquid component. If the compressibility of the gas is neglected, then the same
equations can be used to describe the behavior of all three scenarios.

Compensating for fluid decoupling has been difficult because there are several
factors that determine how much the bubbles move with respect to the fluid. Fluid

viscosity is an obvious factor. In a very viscous fluid, bubbles (or particles) are
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vibration of the flow conduit. Instead, the bubbles
can be decoupled fromthe flow fluid and can nove

wo naeperdent |y, with entrai ned gas bubbl es novP@TLyUS2009/042019
farther and faster than the flowfluid during each

SR 858 TR ot AR S L S
g
ARSI 60 0 R an gAY Ll

visgdesioupliefifit® it iﬂ@eﬁd’hgb Ribehtidriag fletyomdcly| thed]cavtl fluid will act as a
i ncreasi ng vibrational frequencies. The decoupling may
nogwairont Euid, whe pe fithe visgpeity 15 BRBWXIINAEDT ZREPudes | i qui ds

of ffering densiti and/ or vi Sj

o itsioRly Ma AR oE e Bhed hPT BRIV ER i PEipe ggformed by
citM@' §h@&k3st1fe§§bpé>&ens$&€dl‘ s@8sst N gk § ¥h&aD st 1% YhOfestsPRcE bPMthuld to

fluid and the difference in enS|ty bet ween the fl ow

flofd, @i phanficative dfoheflgid’ sitidmiesd. , Visoosigxaaypbe thotight Qf Zsea measure

o Bl BB A0t PSRRI ERE BIOURE 0
restlfféﬁ?;%rtétsHéﬁ'st&&qs %Q&Jﬁe&s ah 18X 6f invREiGAsidi nto the

owf | uid, and other flow properties. The extent of
t he Adexthceasfudnce pﬁlbfllbbhﬁl’lﬁ]ﬁ]lt}SlSﬁhd& bobbly sizel dhedragomawubble is
much total gas_ is present but al so to t.he size of the
propewtionad (a fhegasfape pispewhensas the buoydnt fetes is prapogonah g the
I I
VOﬁ.H]?ég) efﬁ‘ r@{)o%? géef'}é%:rgg%gﬁfr}rl}gregﬁ%v J}ﬁgﬂﬁ %%%O%w ratio and tend to

mdveugitiedel fiE. SimallibbeRSubYeqRBetyTeasy rsﬁﬁlltbems t godfersely, large
the flow fluid. Due to the conpressibility of a gas,

bubbles undhios so menic avitnge fluid apdresylbin oge psess &éilmsalgne ‘holds true

for R Ridle of Sioa T EIR et ihtrokE R LR TP B G Rrngl ervors.

as tRHRT PISHES diﬁ%bﬁlbﬁdlfdnﬁglsﬁ&d&& sblid @@Sﬁw&mpresmbmty
i ncreases. This can al'so cause variations in th

effets uThkscorffactsionbnmaks Bowemdydeosityt meafurememteumreasnrrglﬁ

. Vibratin he.accel eration of the vibrating
ingCRHH o7 SAnTa T BEBHSSH TRGUEICy THE RS

acc I h t .

T equEiRulif e Gk S MARE Bitol. '8 bloAA A, proportional to the

différeesdt inalensitly betsicet ke fuidbheshagss. a@h@lﬁprasﬁde gans danchave a high
same direction as the conduit accel eratjon.

enpjnicensityy affeeidhepuaymat faiee et rqdﬁa%therdécpmwgc%fﬁ&au n
ad(y?l%n ﬁi‘%nen?);&b&%u Mo%‘vél El% Le%a#]lgutoglq} o tihhtions i in, the density

causes sone O O nove nor

of ﬂieoﬂ‘d)w flil@nNDub € fHeWngRERWIlity SfaUsdsNthedubbles h Ehaﬂ in gas
the center of gravity of the fluid m xture backwar

quamta:tmanﬁ getreitnecessfribyahangd natiza gC@@mmly, if thei me$sgrq ﬂ@nges the
of the dec

Rismretan qafer ety Sl Sirradirg s Hof Biirg ghar iy shrinking as
the( ReBRkE MRrd AW BNd cSeRRD Liu@ VPR Abn WA BRI RS oAbkt

frequency of the flow meter and variations in the actual two-phase density.

Second order factors also can have an effect on bubble and particle mobility.
The turbulence 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
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is present. Slurries present a simlar problem In the
case of slurries, however, the solid particles are

wobtdaen3dseavi er than the |iquid conponent. UndePCT/li82009/042019
accel eration of the vibrating conduit t he heavier

articl s npve, I s than the liq . But ecause the
mrﬁ@%we WaHe pay 3 @EdnCrepse ee%lZ%'Py gqram.gttberaftogether
e still noves slightly backwards from
ﬂn?ﬁghgéﬁ?gl oﬁh?%e conduit. This again results in
negatsi avesiilk ool dens degighl therdbratdty tifvdy grser!Si @uib@, operated at

solid-liquid, and liquid-Iiquid cases, the
Vel Jopefreditangics gbat vy igh fiequaneicai Aeverphaw draqgcryi epasation will

t he dlffer nce in en the, _entr
rost b R Fo R TRE S do IR Ak olptRE PRAR b G R aPgf 4 ggpouting
rat®f oft Ne, G8Srelthe RABIAGhSLrialtiReRe ﬁﬁlﬁl—?ﬁﬁ% W%&@ﬂﬁv@s’i@bstantlally
be used to describe the behavior hr ee
witictha dlovo8uidCdnpddsmni thg vieoy low ﬁnduem‘gwptatlng vidlgepdem flow
diffi.cult .because.there are several factors. that

chyaeiHRIHS RN P HOWHR “Iighihes 1$ro0LY & Yary Mlpect to
t he s %e%bwtger\fhé @&éf@@é@@%@%ﬁ%@& MR, or bAlid

very viscous fluid, bub
compendrftecThisas yrut mhceher |the for@ige materidies 6f aihadarately idiffdrent
flow error _results very |l ow vi brational

delﬂ%@c{h@%g&? flgw; dlugiq Wbﬁ@%ﬂw preigirmagesiag hised grogtly diffiering
deﬁglgr’ %s ﬁgnsegﬁléar{c'ef thtelyﬁ n%ﬁ%’fe&léﬁ ljtnateh fbv'ﬂ'l #1?1‘ sv.(ggta :illly affect

I"onal requenc

theaﬁlteameraeﬁt@ PerfbgealSy fHeUldlv niet@- 5 ar@Bthie fflowh ghetdr SOORI prvduce
i s approximately zero. Viscosity is a neasure of the
satisdagtertibyraseungte and Ilehabilemashreurrsen&eu Iy thess tbe ivddateyy flow meter 5

wiftiobfgs Rl RGu S BN TR o i i L8R 06R) andvor
sol(ﬂ&éaﬂﬁdtfdn(?%ﬁl@ Belo db'lhetofs]aﬁbficﬁ)rﬂ hfel&ﬁﬁé $he NbwIREYH weﬂ@/the
be thought of as a measure of d friction. AU eal

cofpositien lohtte woltephassifioivafive \tamest Felstlae;r butperafihgithe flow meter 5
whi ¢ no resi stance ta she r strg s is kno as an

ata y hloyv| r?q}leapy,lwowrassmlmyde HLPC pRgqupiredbepause
trafARRLEa BRI frolcd SorcliealHI FroRéPfoqubhgiedr a0 on 2

e I's proporti to the“sur area, whereas
t he Abu@yamgh frequysapm‘aupﬁ rtilleaallt iha gdgeiewlhpm‘g ratlo being
Ther ef or e, bubbl es have a hi dr ag
mARfPEAAY bt adi/eéﬁ‘épltf@ﬁtlt)@ ﬁok/eAv\ﬁeﬂhh%h%rqqﬂlew opgygfign will

reﬁ%ﬂqg laes%hggﬁécg)%?gﬁ% k%lo @#@g msﬂﬁh ne? ﬁ{ ?tg]osﬁt Fﬁ%%&ﬁ{lﬁ% itio of 3/(1+

not nove w

) Fﬁ@wlf)l; Inad @fige tﬁé ff@d’yshlgﬂ_ ReqSait® opetidntwillacdif inSMdv, d

particles, as small particles tend to nove with the
chanagﬁedstacmslmdals@ asﬂan in evhiglr the vasrositers gifesbivelm zceused

Ihgglgf%tl quqt oS fdj generastes a grlgfe s1g21a1 to the drive 104 and so can be
conﬁgured to drive/vibrate the flow meter assembly 10 at the very low frequency or at
the very high frequency. As is common practice in vibratory flow meters, this entails
the meter electronics 20 generating a drive signal of a predetermined frequency and
amplitude, wherein the predetermined frequency and amplitude can be affected and
modified by feedback taken from the pickoff signals. For example, the drive signal can
be controlled according to the feedback in order to achieve a resonant (i.e., natural)

frequency in the vibrational response as measured by the pickoff sensors 105 and 105°.
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effects. These effects make mass fl ow and density
nmeasurenents increasingly inaccurate for gassy flows

w@sgomhs4830 br ati onal frequency increases. The JdROEUE3009/042019
di fference is another factor. A buoyant force is

prop rtional to the difference in densit et ween the
f 1 uildeapaen slectgpidcs 20 sangde gndieuigdet Og€§§el@g“n %ﬁa/@@y YWhpgrery high
fre‘aﬁa&tgr' iggﬁg lluén é/agg . "f‘lfl% frle eﬁtegbggjay% %@tclag :B'ég:%gﬂg%eﬂ HEE
mad@fdepyre NIck ax blywpBropraady pebdramhiitiea fnhemdryaif itlmeted electronics
the density of the flow fluid. Due to the
20¢ dvlsreadichi, Ithe lgne@rf clecyasics EAgap B sPeEswWaA vaHbligdragrency during
uantit not, ne ari | e i-n size,
» PR PO ek E TR ARGty BREM gl Pl fSue
err%ﬁlrﬁé%{tﬁ ﬁﬁlﬁ%ﬁéﬂwbﬁ/ tHel lﬁ@&ﬁrecﬁ@&ﬂ&%ﬂﬂiﬁe@i@lei& Stiffh&® 4 determined
dr ops or rinking as the pressure increases. This can
byadhe oalduatsen pracesst iloasother alkenatateu thel fresuenes canalpr derived or
fre n of the flow neter.an arlat
el i G2 AHAEET HaHEI GPCaisiodipr g Atk bieicdiy gon be based
u [ L
on et urﬁﬁaﬁ%ﬁﬁéﬁ?ﬁe‘dﬁﬁ?ﬁh Sy S 0 ST iuency that s
basealr @epgasorod obiss-dnndrod snfairhaiororegsrdingdiths naadeof thy multi-phase
decoupling error. Surfactants reduce the surface
flopetididon of bubbl es and decr ease their tendency to
ot TR B RRERRC HRUAReR, B0 BAKRIAH ofabqur o 3:1
detuiiphing rafi@ orlPasésOwbiergtht Igamrt ooeidiensd eps@hwill move about three

centri fugal force. As a result of careful neter
tinggs shgyistanke trw@s@d by {hefligd pempenadnt daping éflh‘fp‘é@fat Elae laquld

ow fregq | es | fr enci
colBpettalver SEREY Spchadiont it FealPHHRAG G vorst case i
a dé@@lﬁﬂﬁﬂg' 8o OF aBout @ 1, dsh A€ R IdHarthab E&sdﬁ@ﬂaﬁﬁ@lﬂ}nﬁgtléﬁary during
about a decoupling ratio of 1:1, where the foré€ign
condatieoscallation. This avaliutsiwhpnabe ﬁfelqmmdyl 18l hdghmmdethe particle density is
.Substantially with the flow fluid. In addition, the
hlgi]ery | ow frequency operation will result in flow

cha I.C [ '

v soaep FEMRLACR, Snflatl cdyffealc ko B Fnt M parameters.
wHidt gialges ity dlﬁﬂicuitotﬂmohq&ﬁszga&r thiftpow d]eteﬁtrmmhﬂeﬂihents However,

conponents. This is true er the foreign mater.ial

it hag bgen founddbatdhedgcanpiing .eéﬁ%t laélﬁglilglplet fenpmal gas b%bl?les
f |
S sy DL St PR 0B B d g LR o may

onfyos@ug v itiateey hith Mblialtloﬁﬂtfr%? fEiant Fadthor, ﬁhfefn%ﬁtra‘iﬂw gas scenario,
measur enents perfor med e flow neter 5 and the

if tihle dovergt watesia slranpd @Cﬁlﬂc\@lﬂs the dewidiuad.idegregsiogrtiae bubiiesize

nts Fur the vibrato

| iabl
B 6Py SRFT WY a7 il BE Shbolpadapbarist of icctively
ehfrﬁ'%édjirﬁs%?n@éasgésAYs%', o higregbw ahid AEdsi8Ndaes or eliminates

decoupling and increases measurement accuracy. However, the characteristics of the

flow fluid may be fixed in nature and the bubble size and viscosity may have to be
accepted as-is.

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

Of course, where the volume of entrained foreign material gets large enough, even a
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solids fraction, while being able to satisfactorily
nmeasure the flow fluid even as the conposition of the
wonmwidgbase flow fluid varies. Further, by oppCBEUS2g9/042019
the flow neter 5 at a very Iowfrequency, no
con'pr ssibility effﬁcts wi | | ancount ered ﬁ)é‘?ause
vepy; lgnsirequsacy &E%ttoﬁé Wd@%teéﬁ}%ép &l Shlfc ?ﬁt‘@ a very low
Frog B R S ST QU b BRI RO bR by than
mcajecaw ofhidhcfasplehagpriat drovidiatdiylflov v&eis. hi gh frequency
operation wll result in a solids decoupling ratio
bei A§CGnaishews asnple fesbody ahacgé@‘@@mtulﬂgst%% ¢ gpurgg Of errors in

iy phab RN viBeRoll b 8oy, hons ot e a g pETEéaug! density

and Qiz8 stiteMinigrp1xdek @le tdBirthISAOIRHLded fBuil IhiRfid UElng AesRillation of
The neter €lectronics 20 generates a drive signal to

the Aew duboseasigwvaneh the letinidseoichonfigger ed to
dri / br the f ter a senb the r .
owlRrEas st gebr e g M gpri By Fenae Agls @hate scenario
of HRYMERFIIW @&ﬁdu(fte nb R R AtRE %cﬁﬂlé’ﬂvom%‘%gﬁ‘v_er bh gl%vﬁg}t(@g‘) Deceurs

the meter electronics 20 generating a drive Signal

and thor reedextad froqurend y forf égusestyn &ndlaﬁﬁafpﬂedt UHbayevehan enultitghase
predeterm ned fregquency and anplitude can be affected

mléﬁwe%ﬂ PRQVER e FaH HaBkeandR B 0T thohgyRethpityR dRAd parccls o
paISt 9&{%5{11% Séxg% gg%%g%ﬁn% teohgﬂlkﬁgn % Qﬁ‘%ff&%ﬂt E’e%s tles causing a

n orde

ch@%l ia\ige RchRSOoRMhe ((a} o€the tOB&.UF &t e)xamﬂgueawbble ntldﬂ\%s further
rational response as neasured by the pickoff
thagethe itbe croschmdcillggon, Then sasnefluid mpstriopyck the oppesitsalirection to

R Bhe] R AFPEGE 1Rl AT RLe sl L bt bl size and

mds@Bnd 8n GRBLAFN e ﬁaﬁid%ag@wa@%ﬁé@ such as by
appropriately programm ng a nenory of the neter

eI e&t/he:rmhcspaﬁtﬁ:le édrltsdwnﬂaffel\sd’rgm thdwﬂuldateesltseladdttma] fosces such as

b d th th d
e nrr%atsg 8hd BF 58 cPise bR f anogLingt el affe HuBgcpid on
cadd Gl n@l“HésE‘e ?d?g@s ﬁ?’ﬁ?ﬁ*fe%ﬁ&%% Yol 6R %Uaargﬁ idle, cagsmg non-

neasur e eterm ned neter stlf ness as
rarfdont B8plaaéinbiita thay argpearesatediwitlaeahhacilbtive rcyalél ‘C@nsequently,
the frequency can be derived or determ ned durin

changedp the locatigihobiherdd pbHhe trbe oeglmpe@rdipgédo fheé&u@qﬁesﬂuency
can phe Q%%ﬁ% sqgeﬁ{oﬁloﬁto‘% %Qlaf%l%?grht gQ feld 9&‘5@ 1l @inside a tube of

Thi s uenc

a igagsly @Idmpﬁ&te‘ﬁffﬂlreﬁ@vlﬂf a H&mier €6tvelgd. rm% Parmilé ﬁfd)ves a total
regarding the nature of the nulti-phase flow fluid.

dispense o i, mefating tensfaiipnay nrrﬂrﬁ@lafsamg withe @ﬂﬁémﬂeu psqﬂcbatam of the
o] 1ol BB St FlfNESBHOE Brdefing ap o - HETERag e tube
mdvaE $6rward by 4, during each quarter oscillation.

When a bubble moves too far forward in the fluid during an oscillation, some
quantity of fluid must backfill the vacated volume. This causes a change in the location
of the CG. The change in CG location can be calculated in terms of meter and fluid
parameters to determine, for example, the expected density measurement error for a
vibratory flow meter with multi-phase flow. The same exercise can be done for mass

flow, although decoupling as a function of length along the flow conduit must then be
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times the distance traversed by the |iquid conponent
during vibration. The |iquid conponent noves primarily
wowaoa/184380 f | ow conduit. For a solid particle, PORUSING042019
case is a decoupling ratio of about 0:1, where the
sql.id Q?rt'ile IS substanti al l tlona y. durlnﬁ
coppderilt SYSERl RFIFIRSIONS 7 Pade By %\ﬁng Tivalery@hdgnsity error
duf 't&Hec%ﬂﬁhfﬁ‘.eTHé‘gLﬂuféie%g{% bt ¥ s%ﬂ'i‘eltﬂg ﬂ%?ﬁé&?ﬁﬂlqweﬁ 'defined by
I'n generals a conp |cate unc Ion of many Inp
an pafplitiedeatatio and ipbliscramighs hbtvever iy isdirfly possiblett® derlve an analytic
conpensate for in flow neter neasurenents. However, it
eXPrgssipe &1 depsify crpradua uqeie@@@iﬂum linr@gﬂ@vf’ﬁléfé@r yséng a CG approach,
blef nal | asb n arly wher e
wHRR3S Pk bR Pt o BuBiaey thesrfol ™
asUeftlonUf z@Pd/pl%b )ﬁngl‘éqyf)er%dtﬁ MEf for FHeOdsy bPain fRfiRly viscous fluid
frequencies. Further, In an'entrained gas scenario, if
or thenvfigme iflgrd, et exanglle wilemh@ﬂovmlohdw istvibtaeed dtowry low or very

.fluid, decreas bbl e nd/ or evenl
high B4 qUeBEr P LR ym L Or OHER S Sat fe dBn B GREES fanally less than
it t
o B Moo UL i Paobr B deh i e 167 AR%andd Sfmeter and
ﬂumﬂapzn'apietang famd fong veéastesy ﬂawsmetermrwcpaaedlr Acgonstant tube volume,
wever, the characteristics of the flow flujd_my

pamc%‘ew Anf Deticde BRES dwdngetshilatios; % alsn @ssnr%%sﬂ%eye ﬁwmptlons
areb@%ﬁ anﬁe? fgre %Cf%?eﬁél? an‘rﬁ'esrla!l ‘T’%clf%d&? {%ﬁ 5 ‘Qgﬁﬂ%@ L 1ncluT310n density.

er can

mul FIGPH @ﬁ@w@ﬁhﬁ@l @lative @hottbingetReémthe particle and fluid on a s1ngle
Sos/ corTPr essibility effects and decoupling effects.
quatserraselllafipe oé thehidow émhﬁmcémdlég\thee@ha@ﬂe froloeptgon okthe IGG&l The

lirhfl 25 CapUelh oS Rl BRI G TR oot wbe

ca1f1 5@ ayeteed |aw Iﬁs&&ﬁeﬂftﬂdflthesm daugshd &basmamwt\ﬁﬁch depends
accuracy and reliability than noderate or high

onfthedersmoap qfi rt]ne)corapmnentmraitfmw ffr|tbevpartickes slecdip®. The path of a
shows a.sinple fr di agr that. illustrates the

Padisift OV eIy 40 Fe“r? ﬁﬂaﬂac%‘g%té‘nt}‘ﬁ&/\?slpﬁn%ol%]a“t g}‘i"‘aerf V8l

he]qﬁ%) Bfs o eﬂﬁh? 'étBéM:l ghhyid parcels of equal density

Si ze svvltc I'ng places due to turbulent induced

f | uiTdhenotal neludierafipgridoie asd fllidedfferedby theembtiavof thbearticle

as shown on the left side of the_ figure. Because the
reladygsto the §luggd op Héluﬁllt@r seplationdy defingdasdgllaws n t he

si ngl e phase scenario of the Ieft flow conduit, no

change in the location of th ter of gravity(CG)

occurquignt d’l’t‘IH%Dh%)? f%ecﬂrg of the systemis (12)

unaf f ect ed. However, |n mul ti - phase m xtures, as shown

in the right flow condU|4t of the figure, the two fluid
par dairtscleVolume Dlsplaced—gﬂa (13)

The above expressions are multiplied by respective densities to find the mass of
each component displaced. Working in terms of mass allows for arbitrary fluid and

particle densities.

Liquid Mass Displaced = p (4, — 4, )(za®) (14)

: : 4
Particle Mass Displaced = p, {Eﬂfj (15)
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particles that switch places during an oscillation are
of different densities, causing a change in the
wo omatide0 of the CG of the tube. For exanple, PET/ES2009/042019
bubbl e noves further than the tube on each
oscillation, then sone fluid nust nove in the opposite

direction to fill the void |eft g%tthe bubbl e. This
nustUsie FKe % daelopatienueietha (ot eanhtofiihwprrdicks and ligvdd

d | i .qui d ph d.
cofaneng Gl iET EREE G yfai OB S e Tura
dengigy 10 gAML HRAtdRIF AT SUCHY tBS phiiR1AIHBG MRS Aad

drag forcés cause a particle notion that is relative
compotéres,frefeirehcod fimat theadntiet lameiio f1GTH és thef(0b of sadttomponent,

ction on.ever C
el Ao anGis Hedantes vk Ride CpSherFHat B0npE thedifzmass m,
[
(1P SRt MaRugRedpicafic SRTPRGUEIE LY sultrklarin e HIR inder
wtﬂmhmeatlﬁerreqseeﬁmdi)offﬁhﬁ 8 depicts the notion of a
relativel particle of radius a _inside a tube of
a viT@ﬁé@tafylaﬁa %whﬁ@t)@poqu thagmgyeshis glefised By: 1 ow
fluid. The particle noves a total distance of Ap
relative to a statlonary inertial frame, with each
quaUMef;§@C£¢&§% gn ofgnhenfpbe frommdline to peak. (16)
This refative notion /s defined as Ap - Af because the
tube noves forward by Af during each quarter
os CiThkat @ @R the\Wigslaceddliiil Ibe fare viespdraiolefraévds Fromazerol to peak is
the fluid during an oscillation, sonme quantity of
defingd @ tollowsbackfil|l the vacated volune. This causes a
change in the location of the CG The change in CG
| ocati on can beegalculated in terns of neter and fluid
par amet er tQ_d %QQ} e1_1@3 A an) xpect ed
den ty &k ennt ‘érr 6r f'or 2 V|6faforv flow meter (j7
"l t i phase flom12T &kercise can be done
for mass fTow, al t ho(§ ‘gﬁlng 4€7a function of
| ength al ong the f|OM/CondUIt must then beconsi der ed.

g:\r/ ﬁ&,laltC%@ 8% g}rg)%gﬂ S?q:daﬁlélp, ngrer giﬁg)at{tgcﬁg g&ovl%;@ H?qzenh%% peak is

deBa¢d AClfofloRt i on in an oscillating fluid nedlun1|s wel |
defined by an anplitude rati o and phase angl e, however
it is only possible to derive an anal ytic expression

for densit¥ eyr d decouplin zn4a
usi ng a chﬁﬁﬂfgéle ‘ff\)ﬁ P?el(‘ghéég ahgl"é @e(%vee‘ﬁf he

partd.el € and T Ui d 15 asspned To pe zero. The (18)
assunption of zero pW@seféﬁg+éf-s—genﬂectly met for

the case of an infinitely viscous 3f1uid or an inviscid
fluid, for exanple when the flow conduit is vibrated

at \Télﬁ;toﬂabws@ncw thay thei Gh meeyue tiyrelativs peferdnge Ifiamerean be found

er ,scenarj.os e is usually less than
by B GegReidT 123 EorE BT RE  appr oxt mat | on'of
density error for the range of neter and
4 4
gmfpp(Ap—Af)—gﬂfpf(Ap—Af)

AQ:Qﬁ _Qbf = (19)
after efore 5 A A 4 3
a pf( - f)+§7m L,

The expression can be simplified in order to more clearly expose the important

parameters.

35



10

15

20

25

30

fluid paranmeters found for a vibratory flow neter is
expected. A constant tube volune, particle size, and

w@aoi1sdseo nass during oscillation are al so assSPOEUS2009/042019
These assunptions are well nmet for any foreign

material jnclusion type, regardl ess of the inclusion
density. [Fl Go, d?ho a total relative notion between

t he partiéré_a pfrgﬁd on a single quarter oscillation
of tAwe-f ding the change in |ocation of (20)

of partﬂdﬁg;‘fﬁ Tﬁ%:llating fl ow tube can be

cal cul at ed. novenent of the CG causes a

measur enent error which depends on the densities of

t he ICoRRIeRSRt Mtidndchdyfmityl(pg pary betfes deaephhR fluidcthen

path of a particle noving relative to the fluid traces
thegeicambe he ebangienaetabinalof gya Chddf the hubblesrare paaslbgglyfsmall, then

[ t both . The total I f ti :
Aot i R patees nd CEee AR o B B Cofe 1Bt it shhal density
rat[cﬁ@@i ¥®), 18 féBe Ched oF Ofbady QBB bEMRicRSHI d 1@l FThebBgible density,

defined as fol lows. Liquid Volume Displaced = (%\p - Af
the ¢hpagy in( bjtidn PaiMEI(Al ecdvsbutre-Apbspiuac dg apprpachel £8jo, Theequired
by R B et B b B Rgie onay i e
. di- ' ' ' al f
nd LRSS ARG UL DEUTRGSL, RS, 2 KU B8 g o
mdsklef gareiclen Bfliqhid) the dns)ty paz) afptddchidairfirdtye(pMass ) and the

Di splaced = pp -pa3.\ (15)Using FIG 9, the location
chgjrgetindo@gosfof ébft&GdieP@ﬁ@S oy ondragticla gize i 4diT-4a/3.

L : f : f . i 1.1 ati.on.
i ol gonmosle FRT MRS SRR RRE et Buco

grves cation

(A?W defithed B eduisiohd 1 9P6PERANYsSillafieh.e TARAEDWIEQ dfiBe motion of the
otted linein FIG 9 to the CG of each conponent,

CG dpedl md inmediadely4)icld Motespression dgddng sy siegputiementigiser. i Instead, a

N EITEV AT O .
tu‘t%elhﬁ dblebinfhe@¥%bi Q48 brddtike aGle dwerl PREVH 98 G, A may then be

uid. The total ss of the conposite that noves is
assabeiddrbat this: stationary-pagpdf Myod-is AbschtfropatBp ded i) mFdsardent

of the displ.ace lyid before the particle ves from
becauisg itp Qﬁ%z)(%(is iegt?reﬁy (Lilecoupleed éom the tu%e motfon. XSD a resu{t, t?le natural

t he The npyT nt of the CG due to decoupl ed notion

frequency of the system increases, and in the case of a vibrating densitometer, negative
density error results.

From the perspective of a stationary observer in the inertial frame, a single phase
fluid of mass (my) in the tube of a vibratory flow meter has momentum (p) defined by
the mass of the fluid multiplied by the sinusoidal tube velocity, giving (p =
meAswcos(ot)). From the perspective of an observer moving with the tube, the single
phase fluid has no momentum because the velocity of the CG of the fluid is exactly zero
(40 = 0). However, when multiple phases are present, it can be shown that the motion
of the CG of the mixture is non-zero with respect to a relative reference frame moving
with the tube (4Q # 0). This results in non-zero momentum in the relative frame. It can
be demonstrated that this momentum, caused by decoupling, results in density

measurement errors.
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defined as follows: The CG of the displaced fluid

after the particle noves fromzero to peak is defined
w@go00babdsems: The total distance that the CG noR€BUSI009/042019

the relative reference frane can be found by

subtracti ng equat| on ((17) from equatiqn (18)
expri®§ SNYRCREA Hadusaddy the&govn rB%‘Séé‘Flgtr%Ot}ﬁ?r‘éf te@g;gw 40) is

ﬁr&@%ﬁt{;?ﬁo%@ rktn?@/’w Fsﬁ?tﬁ_cqg?‘fo‘?foﬁ. ﬁ[cpt‘?oﬁes@% c}n)énr BhbOis then

I's exactly unity (p/pp = , as for a single phase

fodrdduhat prodesestthe sane aét rhemoatuehamgsch skcliRgiahj dMoraéntuhefor a
CG If the bubbles are vanishingly small, then =Af,

comp@sithiapss is sHNpl the taitlame tines e xeloshy of theeGagthg gomposite.

e limt. of. small n ' for
Fof i cahShl o a5 iRAGy PERR I prbecint R B et b0l &by o
mdpeh g1l & é’a%ﬁsthiyter dRa#vAN PR chikel tAE AldtR i9hssiiRdESbe
reduces to - ecause Ap approaches zero, as required
singyoidhlewith degular frequsngy «sm end zdve ppase, il moimenson faay be defined
hat remai ns tionary inertial reference
in Pl i TR ThapegUes B 6lind 15, Final ty. for
the case of a massless particle in a liquid, the
density ratio approaches infinity (b/ pp ) and the
chaqgeﬁfﬂ—[@@am( on) [of oA&/ @3(depends only on particle(2])
size, AQ dt-_'4al 3. The conposite nmass M defined by

equation (16) experiences the shift in CG (DQ defined

by édGaP repredch®)ormrpossible asdightatonarf. mo'ﬁhhg niasgest oe/dg éistances

of, the not on of the es not diately yield
whigpprodupesiine W%@%%&lﬁﬁi%?%ﬁp Pr dlowseay Bstp arg g infinite
ot PRt ¥on BT bASH et Pk SR o HBEREL S thar could
praétiRice ths stk 50 eméuir iadbie eelitive B@(’ﬁé. Bvendigurdrivhi thax ppbduces

the CG It may then be assuned that this stationary . )
theveggsvadentimementus aiskibat is fCPmPPtS%Oﬁ%W@E& yhisBgsmpgwetationary in
e BERIT FerkdeRe Pttty U8R R R PR DB E P e b RGry low
meINSBRAldeNElsRsiesdy dabslipldd b teBstodibna Vi brating

densitoneter, negative density error results. Fromthe

per ﬁqaatuqm/é?%fﬁnds dheatotad eéicgtiabwesseifluid (M whidy wiald have to be
id of in the

St RGBSRy ARG Bt RN A SURET MBS uBr e Tgduced by
eqﬁaﬁ?o r@?foﬁle £28) felHia gpéﬂfL Bb&ub? thddrdchge ﬁaﬂHﬁ&Z%‘isa is needed in

city, givin At Cocos( cot
termsrcsf plee ticvténl @bo@iinod systerar T i@ galmlahohsh:ﬂad:vtebmw tdferred to the
si.ngl.e phase fluid has no nonentum because th

rel@té%@amy with ¢apadinasedi)-« Heweven the wlusata)ys &%dsd where the CG of

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

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

follows.
M [Aéa)cos(a)t)] = M’[—Afa)cos(a)t)] (22)
,__MAQ
M= 23)

S
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(AQ = 0). However, when nmultiple phases are present,

it can be shown that the notion of the CG of the
WORobas4830 S non-zero With respect to a rel ati VBCT/US2009/042019

reference frame noving with the tube (AQ O. This

results in non-zero nmomentumin the relative franme. It

can be denonstrated that this nonentum caused by

decoupl i4ng,, ,r esul t)sAL n _density measurenent errors. The

nonéﬁtﬁ‘”ﬁ?&éuééh bz_fﬂ known mass and notion of the(4)

CG (M AQ is first ' talculated fromthe known particle

nmotion. A fictitious stationary mass is then found

t haEquaeiuEy gies thaoffeoil stmivhatyuadueas the motion of a single

oscillation. Momentum for a conposite nass is sinply )

ﬁhe mass is

paxticde elotpgrifieeradiusi wish assesiajed dacoupling ratigeanddepsity.

0 Ite  For fhe.case.qf th 0 I.ui n
acfRIRRE Y ool OFeRRu TR, P BoIBRUREGRSE, M ey
de€dupBarioflbRr FeF th@&ﬁd)ﬂe?@hér@Deas@%@“@&&@é HEpaitle @1%eb 8nd particle

assunmed to be sinusoidal wth angular frequency (w)

dergidesz dreoeypinesswn fohetatiommmmass (guircan sognefonregr each particle in
t f the h i ¢ displ t of.t )

PR o N ey EIRES el s 0lcP i Bpaishpauld be

dife&ent? eéﬁén*a\h/@ SO REd 818 PR A, i8R hsity and fluid

di st ances I ch” produces the nonentum defined In
disptpcaticonarq@lifude Homsorer,, ar¢ haumedrte be mbhstattefonedudirparticle. Thus, p,
ossi bl e confjguratjons _of certain nasses _noving . . .
and dy SR,PAL BECdrHPRAT Helhe olpvingsyERationn whilg Y qEgntities referring
. Ln . 1 .q e- i ti .t 2
o B b ol A P, Lo AT SR R Bl
sulendedrsswaleir ghlcdenmd whichtiabs@naing atranigluddg) tTal decoupling
reference franme is desired. This mass i s not measured ,
ratigy(4 1) ivi seaieiothgn fntyforthe bublele and dess thansundin for gheysolid particle,

coupl ed fromtube notion, Equation (22) .finds.th .
angf BRI F Pl RIS Teb Rt GRS G ARR ol ik hss in mass
fron® tHeein&tvadiaP H@Jo\ﬁt[)le'al thbgon BEEdchPartidl &N s§inRLAHME Ar@N particles,

equi val ent nonentum as that produced by equation (21).

cadthef Whish)has en assmspeed derlsdg.aadimst dral anpleote vesponse, the total
tati onar SS .i $ nhe dinter of the inertia

e E5Siuid MEYEes elien B as Sietiove have
referred to the relative frane with coordinate (qQ).
However, the val ue of Q) iﬁjneeded where the CG of

t he Aga;% 4 bg/gig ar @_tl inertial frane. Because(zs)
(x = q % sz,%f or ar agj onary mass it is found that

(x =0) and (q = -Af) . 'This describes the fact that a
mass noving a distance (-Af) in the (g) coordi nate

systearonstant paricly desidy iana arzg aig evsumedpiden egaivaleat motion is
exf)enc%er({ fo%leacf:ﬂ Sarn%ble and the subscripts are no longer needed on «, p,, or 4,. This

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

A
M =N2zd (p;—p, )| —=-1 (26)
3 4,

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

tube volume, which is the sum of the particle and fluid volumes, yielding:
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Assum ng equi val ent nmonentum requires that the
stationary nass (M) is defined as follows. M AQaos(w
WO 2000184880 f wcos(wt)] (22) Equation (24) gives POEUS2009/042019
effective stationary mass due to the notion of a
single particle of specific radius, wth associated
decouypl i n§yotati p and (edsi 1‘1 . The mass is dependent o?
t he RO YPE ;Qfoft & PArtligle, |the density difference, 27)
and the eXtent' of decoupled notion. For the nore
general case of a range of particle sizes and particle
dendlividasg by h&newprvedsnoreviels astcatity geantityniosn whgtuwaes
a.sunmation over each particle in the flow tube. It is.
Preydayhe Masa AUPHEY iT§5|d5§%1ﬁ1@ tO%élF’ﬁJP?frle]&e"O ing faftion, o, is simply
dcl . i i.f p i i cl o
L BRI RE QLT E R0 P e W PN A Fonriuting
potlichpd fade@pignts dufipled tin cbems d Wevsarticlane ass Baetort, @, bein:
constant for each particle. Thus, p/ and Af do not
need subscripts in the foll ow ng sunmati on, while any
quantities ref rApi ng to the particle do. Consider a
m xtRirFeX Ps}liTig-bf a bubble and a solid particle (28
suspended in a ertfilled tube which is oscillating
at anplitude Af. The decoupling ratio ALJAf) is
gr egthelactAbmixtitd denfksRY ahlehbddeblifleaendifsse AR tedns of the
for the solid particle, and thus M woul d consi st of
votunee Begamaafche disperseéphassent yialfingie ef fective loss in
mass from the individual decoupled notion of each
particle. Assumng there are N particles, each of
whi chhasPah—89satat ed densi ty, radius, and anplit udé&29)
response, the total effective mass of decoupled fluid
M is given by the equation: Ifﬁgnf nstant particle
densjty and, $i-zg)ane,agsu , Equi val ent notion
i's &6%%@{ egof?orgzeagﬁapg?f im(?;jgainﬁ tae subscripts are 30)
no | onger needed on a, pp, or Ap . This allows for

the_re al of the su tion of .equatjon .(25),.

} e BRI ) achil RETERE e R A8 if B ratey flow meter
A e
reptbscndiettic byngityethhowatildthehecasatadni; thehviilehitarg floemstemdaé to the

the particle and fluid vol unes, vyieldi n%: Di vi di ng Qk/)\ésa
degtis mofiomef fewsstides Tlmerren rofdrie mixtaresiengifadu

i i i piti e
aeBIHRER YR, QURALLIY soPEndabl B Aol LB yelaine
vol unme divided by the total volune. Thus, the
effective non-contributing portjon of density is
defimed=ig ternay of =tHe papt)iagl-e~volunme fraction, a, (31)
as in Tﬁg d%%uaf ﬁiiﬁu(e densidy anhd the decoupl ed

density are defined in terns of the volune fraction of

the Aq{e%ﬁ)a“atfv%%g tl?eb(?esh%ity Qrror X&r%éjléﬂgessed in percent form, which allows

for better comparison between widely varied fluid densities.

_ _(pf_pp)“b_p_l]

p L= 100 pdecoupled pactual _ 100 f (32)

error,%
pactual pf(l_a)+ppa
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Pactual = Pf (\ ~a) + Pp a (29) decouf) led =p f

(l-a) +ppa-(pf - pp) (30) Recall that the
wa@ceaaabssaensi ty of the multi-phase fluid in theCcT/US2009/042019

vibratory flow neter given by equation (29) is the

TR LR TN TEAC
' : unl i f .

the RN a0V BIELRY A UEm) B D RCARRD S Ml B BYftgpm s the

paitildesiam! fragion dne.be phidchok iy oispHiticleGldentstEifuadn )0 Ms a check of

(29) fromequation (30), yielding: P error P decoupled
theee gesuilta copsier the gxtrpmezpyesoira Wh%éer taan ipgisgid flyjd or an infinitely

visGRRE 1y B Dlie B QS oS aR R al B E i ey ek Filticte
dehdit)i 6F RENKi dsb@BediRNBoudhOrtRE Infin®lelP viScdRRafteM & oPhecessary

the flow fluid, the (pp) termis the density of the
beemise diendstoppling sledisninathe complesly forr paitislet ¢feany density. For an

in SRR PSRy SR B B b A S BB b . 3. and
forsellnzi%ﬁgitéltyr\ji@b% PfRld th%sde@ov.gd]g%‘rgﬁg ai%?agﬁ?/ Eﬁﬁg] F®r ecach, odf these

consi der "t he extrenme case an i nvi sci
cofiditionls, @quation (30) néduebsytovths callsvihpui d, for which the
decoupling ratios are explicitly known. Here a
particle density of zero is assunmed, although for the
i nfimit.el v.Mh.seous, dase)this is not necessary because(33)
the decoupling is elimnated conpletely for a particle
of any density. For an.inviscid fluid and nmass-| ess 34
part[fd(Efiuzéﬁ,l’vfstOh@bbldécodlgbl ?%g ratio is exactly three (i.e. ,( )
3:1), and for an infinitely viscous fluid the
dec dpse regultedre @quisakxaat thysaifuuiy .in begvi@achott stidteseHemp &
condi tions, equation (30) reduces to the follow ng: P
Yeuag @Q&ﬁédThq: map;gg@m,r@glggreéi denpity 05 two times the void fraction times the

ﬂugcféé’ngg[' §¢ fq‘ﬁiélﬁt%f%re:’cﬁgeg'%ﬁ% gﬁtﬁaé iir} an irfideid 10} CR i TR | bfected

i'va n-previous Wor ks “su

deRsityHe PRedict¥@ Yt iiMISIn anliginiraki Vitkoul €8 @ CTReteARASK b Ynixture
of two tinmes the void fraction tinmes the fluid density

withsl %oan drofcoiragtive is aresentt the denbity errphisappeeted srbelbetween 0 and -
Jluid .while.no .neglected density is predicted for
200, BT On T iseRT P PEBP S “Vies B0 rackire TR PERGpamefery, It
shEUIA e MRt thi thieARSoMALMLTS BRE/ RIMid B PAeiR RO twitH :‘ik%ligible mass.
density error Is expected to be between 0 and - 2%
Fodeyxangliend tlommassefothe pystichuistgreatad then thedtiqrid fthe quagnayde of the

and ot her para ers. It should be noted that this
depsifyeeTERT AR @ﬁwaﬂg%s RISArAh AR by ise ﬂgf'al?%r?lelﬁé@W% fraction.

negld Ghtlife MPSRiation (31), the measured density of a bubbly fluid will be
erroneously low because the decoupling ratio is greater than one. This is intuitive, as
bubbles move farther through the fluid on each oscillation, causing fluid to move
backwards to fill the vacated volume. The result is an apparent density which is less
than the true mixture density. Error is also found to be increasingly negative for larger
bubbles, as is expected because large bubbles decouple further and increase the non-
participating mass. For the case of a dense solid particle in a liquid, the decoupling ratio
is less than one and the density difference, p,- p,, is negative, causing the last term in

equation (30) to be negative, similar to the case of a bubble. This is expected because a
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For exanple, if the mass of the particle is greater

than the liquid, the magnitude of the density error
wa@amvasise@l | y be greater than twi ce the parti cPer/vstooyes2019

fraction. According to equation (31), the neasured

densi t f a bubbly fluid wil] be erroneously | ow o
sobdpaiisle 4as NQEROYRRS FY 48 kG Huids sgpgain diere frahbeshavard it in the

L] ‘ ‘
) B LN R BBE) BB E RO ;b P b e e et
backwar dbid oghaph lof dbeupiiagidedsinodrisrbiersiR@artdelléndity. athe fluid

apparent density which is, | ess than the true mxture

is wates with. | € viseosity, P8 sefraudesity. and qoreseBlasiondloguency and

b b GLEST PP Srinf FoamBe FRTCAS Lo RE 3830in the graph,
th\@RAY eiBl BAs {m&bcﬂﬁgﬁn% %cwwmenev%@ﬁee,%gﬁdm@@gﬁ &8kicensity
, p

particle in a |iqui he decoupling ratio is |less
(excephindhe casechfinoadedenslirtgy fati which éncdgnsRy ermop s, zarg). The no

acfS S SRR 4B Pkl B GO0 ATR 2 Bnen
Vis%wﬁfotr@éél RECAHRS B d RIRRLIhS G SR8, NAG, m@P?s%id;o%requaﬁon

as the flurd, so again there is a backward shi
(32)Hfer €6 dehsityerron eepkexddn petdeat foeay yssuaripg ne phasoangte between
| ess on average than the tube itself. FIG 11 is. a
thegpagprlesnd dbdéubhe Agnsiyresiorpparoaghes tie dipergiicat maxignum of -2a for
[ e fluid.i.-swat ar. W . Vi.sScasity, .
Sl DYy oS TRl pteb ot of C¥RERIAN] 16 %R Bosity were

to apprbhdhigieo ahe UORkityzereotdcht 0-k%7mﬁﬁa1¢i@le(ﬂ&1sitﬂ Would apé)roach the

respectively. As can be seen in the grap the density

expgatest valueof @%lecoupl i ng is al ways negative, regardl ess

of rticle Si t xcept _in the case. of no.. .

decans s o EPhieh HREP hunbiels)S aff BtiqiroDirisy on gasity error
duffg 4RAAHNhENEH0WERB Alsb Dbl tiesti e ttheaRamel tha thére ihfo phase

sanme density as the fluid or en viscous forces are

dif§areindogetwhert thegartedlatnd thenfinid o ho density. erfdr@ppidximgtion given by
based .equation (32) for the density error,
eq‘é%kﬂne(éggﬁ qupp B¥rCent form assum ng no phase angle

bet yggn hﬁ e, ﬁgfe{ch i)ll(?c oq!agn%{iw&gor 5P ﬁu?ﬁ'ﬁ%%&s}’tg?refs% particle size.

approaches t oretical “maxi num o
Ddnmass etress doutrblled primlatihobigthel decosplirigiatie dathontah die fhase angle,
vi scous effects. |f viscosi t‘%, were tq approach zero, )
as plpeviy Ehidietfiguee.r 4 capedteds genshypuraris mEnigaiged foF sl jybbles in
) - D ) f Tk f . of )
PR PR B S St G ST berne

visdBgis). t BeRk@theParidlg demklity is BBaISEble] My roastsgbEewhEaRMe of thumb
investigated. It is assuned that there is no phase

thadithe dgns iy erroe v seesrbetiveerpzare iapd eniangtwhemes thedvoidigaction,

OB Pl BB RN LY R 9L 20 BN i v
videBSity HidS, hE FERAK T idE] 8448 o %l delnity? E#6r for 1% gas volume fraction
may be reached.

FIG. 13 is a surface plot of density error for fluid viscosity versus particle
density. As expected, errors increase as the fluid-to-particle density ratio deviates from
the single phase ratio of 1:1. The most severe density errors result from gas bubbles or
highly dense particles in relatively inviscid fluids. For the case of high density particles,

note that the magnitude of the density error may exceed two times the particle volume
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Density error is controlled primarily by the
decoupling ratio rather than the phase angle, as shown
WO noobheisBo gure. As expected, density error i s PECTVURID®042019
for small bubbles in high viscosity fluids and grows
wi.th i ncreasing bubble size and/or w th decreasing
fragtig. o wrt@%é%r@% RGTgassarthe ameligidsd i ('géA@éfquP@% pgall,
metaﬂﬁlgr RIUhE DafeRid Qéli’eﬁy hv& @ft%%%cﬁﬁ@iton%n Wérg}%ective of a
error varies between zero and mnus two tinmes the voild
laHot@6ty GservdepENds,ng intrepangnticary paticlt iasndoeddilgdy sfatienary,
and viscosity. For large particles in |low viscosity )
cayqing gdarge heckyedd myovicmans @F the (s of gt Howteaid 3 cargsppnding
larfgrelo{? a8, v&lgmarfracti on may be reached. FIG 13 is
g° 8T ate B? 1" densi ty error for fluid viscosity
ver $ug, PRitd Glreacd PIidfendsy @¥Refol B6hdie ArRpIStutld ¢E:RaS Gibrational
as the fluid-to-particle density ratio deviates from
freghencyi Nifledfighrageves alehotyodrrdrak.a fihetiomef metey desegnipainteyjers. The

. It f bubbl i ghl d
defifsciriaragnite s EERd By oy do trRaeTe,rgP oy o geter.
ARfitidHa9Y, SR neR@lchh GithSte AALRKY A aﬁlbﬁtdﬁ@%ntcﬂﬁl‘ént%ith the

the density error may exceed two tines the particle
vemolowniéquenty.ofor &angde.tdtal constentstuby amptitesgabotth®S mm, the
anplitude ratjo. (Ap/Af) becones snall, neaning that
de@s{{@ GERTLS 8138 “hRieBPYy forsdlralgry plosapistes ossillptng 8+l dathan a
Viﬁrgt%rf QBW‘&I& ﬁ?ciﬁ’étir% At%@ rPﬂ, Ahy O%b/% %%1%? f?rTer' 1500 B? meter. At the
I ncreasi ngly heavy particle’is incredsingly

sarat abipdinatey derkdtyrfod iQohlgr-ga b astandew nidmveribritingfat 1 0€1z, and
CG of the flow tube and a correspondi ng | arge negative
errge trsyirtyaldy eloninaddor figquencéesdessitiee 1 plot of density

errqgr_for, conduij.t |itude versus.vibhrational

Fr eaueiey o< byl T Yol iesi it 1S iBiafhe the flow meter
asdeiHHy 103t OfirdeRAindeROA) PR BREL&IEng HiRe d6ADILYs £FdsORant

can be mnimzed by using a very | ow frequency

frequercyt dithe floovinatet essembdidi @.ivoinakinythe 1dngtt domflret@ndeh@moves in
vibrate at a very |ow a i tude, concurrent. wth th

a S%%??/ 81r G o eﬁé%%vaaﬁ&P%%ﬂPﬁpey C} COMpLESYiRing Gle‘eﬁOW meter

R0 SRy R A8 R Ry icons

vithatidhasded exidobatadiow tomdmitreTley carslaitlpoatiomapnadithtdBidktnf this
.and 0.5% hi gher for a 1000 Hz neter. At the sane

vibgapenal pgde MeyAdn PRPesiteshrerdomsnl y - 0. 4% for a flow

) . . : (
or 1 1 nb@5sR ety ol By PG 680 ey ortle ¥Rt gn
op¥iaby @tal Whigliﬁﬁmblﬁﬁ@y af@fesht oTgloverRebridsighbratémg t he
y

flow neter assen 10 at a first bending node. The '
emiodgnerdnribe meryrogle freawmcly selratory dlovnaater Droat wparaje affa very high

e LW TEtier, geserbly 10, whesblifle | ength of a

FIG. 15 is a chart that shows simulation results of total density error from a very
low frequency mode, a medium frequency mode, and a very high frequency mode of a
Coriolis flow meter. It can be seen that at very small particle sizes, any decoupling is
negligible, such as where the decoupling ratio (A,/Ay) is approximately one and the
density error is correspondingly insignificant. In this small particle scenario, speed of

sound (SOS)/compressibility effects dominate. As a result, the medium and high

42



10

15

20

25

30

a single direction. A high vibrational frequency can

conprise vibrating the flow neter assenbly 10 at a
wae@ornsssr hi gher bendi ng node. At hi gher bendP@TyUS2009/042019

nodes, additi onal vibration nodes exist on a flow

condwt e conduit portion ither sid f th|
eauﬁ“rcatma% aﬁ@@@Slﬁlﬁe STTPFS @&ptgg ﬁ’q%%@ﬂpw 86 e. ?}éve much
er'SPROgj ments, the very high frequency vi bratory fI ow

nmeter 5 can operate at a very high frequency as a

r es i dwesfer,fWiesn budbéss gdebiggor thian asfowaethib ofla mEtitsetet mediameter,
very high frequen i br ator flow neter 5 can operate
deequpling @;Clﬁ,b@glq tpéi\;?@@ﬁ@ty t]g{gS Sfcepgl@prpssd:ylhtyh@ffects and the error goes

nofadrlveS| 5 is a;cha

negzﬁgfel gﬁote e aF‘rBfl%]tC oHZG e ?%s g}e ?bgFrveﬁ SLoL Ivs{ﬂl agwpgtotwally

cohVvé@pR & thehidvikaWnd RUHRNRY, /D GE an absRA: U Gbédu%‘ﬂiﬁg #4tY0 (A/Ay).
node, and a very high frequency node of a Coriolis

Thiy aywmptete &Lappetns&‘arhdnen e of babblatsiacewyerstinalokcipation Glguency is

bl h
highoc e R, ESRRHT (npa 5 RSP hish ek Ty e R qduiion (32)
calgﬁé‘%hii)y mfeﬁf tht?%rf 6?5591‘21@ LRQhYof b@enél% Sﬁt[‘ﬂowlﬂhld viscosity.

thrs cenarl o, spee sound
( SOB)YGe bfmsincassa loedyi High ékfeatcy demtomttbw Asted Sreesuddhng to an

t he. medi ym and hi ghfrequency npdes have positiv
embo pRent gh e M¥CNAR- £ Fsguran Syehbeecaer §2hBe bhaggernacffective

leq%rtﬁ 8{ th%tOﬁlglolr ];md#g %Wéondtmgrm?ﬂb%ﬁ fugc? thel d%e%gf?ew &8 Bow meter

]?I%Gio‘éls@’&gsdﬂlsééﬁ did éticeive e o 8OR S‘dﬂﬁ@érﬁsﬁdllﬂidntst c)éln be controlled
ects and the error goes negative. Note that as

by;ﬂa@ flowl eondpit geometrpabeaddition thd davy Eg¢qeencyrcapbe|further affected

by B TR et Sl GO 194G ceB bty T e oot e flow
Comfgplt(p,;ge 103BP&NSccdad. i er in ternms of bubble size when
the oscillation frequency is high. Therefore, if a

rret én thesfigirbrthe édvameter ilgh adarge déngth équqmomrtlt)tn éma relatively

S| g t' Oﬁ%(fﬁ Yca%e@g% %@?ﬁa M%@Oholﬁ?ff@g tacrere jpay have a
low Ih@lgh%go ge!é‘l e¥te1raﬁo SHS‘:@ QLERDYe %i'hlé £ 05 Ye rgltﬁ)é{\é ect ratio

ng to |nen e I nveriti o

(HMhemxe by 143k g{anfcrreﬁwﬂnleys than obe hhasetbrontharvesf hightfregaency
| ength of the _one or nore flow condU| ts 103A, 103B and
Vlhrht@rﬁg ﬂ@Wéﬁﬁs@r SRceqTENg tovherivertian 1sgslagvelyi soipdl and therefore casy

to Qécso &?a% '(!;)]']%Ft @‘é%ﬁh?\égpfﬁ?@%p in some enbodi nents

can con OW conduit geonetry. In

addirg B&ﬁe chid@dHhénte tﬁé 6y aIgly fregiferR§ coipiiRey a aftfrﬁfdrfeﬁlequency

by one or nore bal ance nmasses that can optionally be
abe¥d |.28@ Hzo Intsemgreantndiments, the yaryclughl direqeenay3ammogsa vibration

frequency a%ove 2,000 Hz. In some embodiments, the very high frequency comprises a
vibration frequency above 3,000 Hz and beyond. However, it should be understood that
the vibration frequency can be at any frequency above these thresholds, as the required
very high frequency will ultimately depend on various factors, including the flow fluid
composition and the nature of the entrained foreign material, for example.

It should be understood that alternatively both a very low frequency vibratory
flow meter and a very high frequency vibratory flow meter can be used together in order

to achieve the results discussed herein. For example, two flow meters can measure the
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In the figure, the flow neter 5 has a large length L

in proportion to a relatively small height H The very
whk@hb/1B4sequency vi bratory flow nmeter 5 theref OPET/INEZ009/042019

have a | ow hei ght-to-length aspect ratio (HL). For

exgnpl e, .a height-to-length aspect ratio (H L) y be
flopgHuid;as é‘#??{?nh%%‘ﬂm@@% apd e reHEtNg Rspagent %la%aqg@%rybe

j f [ I OF6li :
pretedid o SRR M BLE b gl i TP Bl PO T8 BodcRithlBan be
peEoanEhCat endtér di@stonidt@dithar Apwimeat, ioposn bé peisomieed in a

enbodi nents, the very high frequency conprises a
SCRATHE ACVISA: f r equency above 1,500 Hz. In sone

1 bRGUBR! B whlEGe HisbbE b GEGYRRY iRy HeheP configured to be
a VRRPRA freflidhcy VillsradeRy Yo shbtek bEAWBRCigh mﬁérﬁgﬁviﬁratory flow

vibration frequency above 3,000 HZ and beyo
madawearebs opdratet et hltiele yilttetion frodudarieats. tHoe exarbplat thervibratory
frequency, can be at any fre ncy above these :
MophPRLR oS OBE e AURTR B WEF SR G 4 FagLaR gy vty of
ul # S i :
e Pl POt cffparpd in
ordenite dgiermateenni aplproxXimateexaopdiemulti-pisdsoeffdctse under st ood
that _alternatively both a very |ow frequency vibratory .
f 1 oWltel & aHewaharel Uhplghmetioduienesterniping eraort gy How fluid
chﬂ%&t%f@t‘i"&g)f%emﬂﬁﬁgh%sg %Wﬁ{u'x_i' d%c8fd‘iir?r%‘fot e %%%hﬁ}éﬁ. Hﬂ Ste]é 1701, a
results di scussed herein. For exarple, tw Tlow neters

vitgaryrfasunetet kadgetmed htibrie @tméiel ey B3W obérathle Re@shcdithnd one
the resulting neasurenment signals can be processed
or e VelyHt gk OP¢taring s qeersisi gbugtory Hlow meeanicep e oppated to

rocessi ng can.be.perforned jn.the nmeter .el ectroni cs
s TAER SOl g e < PRl ipde [ERHG g orbodiiments.
AlRSRANRE titeVibERory! flove ARubbaR®pdeited RAFbERARtallN§multancously
vibratory flow nméter 5, whether configured to be a

vibreteyat tiwwrfer @querecyery idor equencidscmdrag ther orgr oramererverhhigh
freqguency vibratory flow neter, can be operated at
freqieqGiet e vi brati on frequencies. For exanple, the

Vi DALMY of hade g@ﬁgbmg%&gfgp %f.@ﬁf‘edo LordndileUWed) hfg‘lﬁ Plquencies

frequencies to rate urality of vibratioha
mayespdois@sinedbasedion dnhexppttod dlowt fluidf foricknmpiconAlternatively, the one
responses are conpared in order to determne an .
or Hise BRIYNATETHIsaticH ANGrAY the Opp Q% Base eyt kigh feayencyesingay depend

at %F%W%B‘%Whg} éﬁ %th%fr c&lsrﬁedﬁrﬁg,dsugﬁ rasa glﬁ%(ﬁt{& pi 08r Q\?ﬁ?lagfe Iﬁgﬁggal space

aracteristics o ase ow f

foradB6 dficlér GorteXafip@e. | OMRP toMraintd ast @Btchifldted And iabs Withirythe scope
flow neter is operated at one or nore very |ow

of gpedeactipigorf grsleleimes. es and one or nore very high

oDt N0 LGRSl ogis i M HREAL NN HhRREFLS, S35
measurement. Depending on bubble size and flow fluid viscosity, a gassy or bubbly
flow fluid at a given vibrational level may exhibit more measurement error than an
equivalent entrained solids multi-phase flow. Entrained solids typically do not exhibit
compressibility effects and tend to decouple to a lesser extent than bubbles.
Consequently, an entrained gas multi-phase flow fluid might require a more extreme
frequency or frequencies than an entrained solids multi-phase flow fluid, depending on

conditions.

44



10

15

20

25

30

substantially sequentially vibrate at the multiple
frequencies in sone enbodi nents. Alternatively, the

woiwasessy fl ow meter can be operated to substpar/uatoyo042019
si mul taneously vibrate at the one or nore very | ow

frequenci es d. at the ope or nore very high
fr ea‘ ﬁép%cé?(? %H@ f@w@ cap aﬁwé%%ﬁg«uqn@wdwga %é?f‘éii @arpggpected
I [ f '
pallte SR T2E T M ot o AT S R “For cxample, the
vitsep flew mAtice taabé ¥&dighedtin8omrentodimetts Y@ raliabBwnake fluid
frequencies and at the one or nore very high )
meapaguEehts Bsingdyoduisen owtinflagdige sseptbigiaedaptedupbles/particles.
constraints, such as fluid pressure .or..avail ahl.e
Th oy PoRmatey Sp Brdostatd PR GsigiPetts o oty measure
en&HINSd LA flr HuBbK AW BilcRkRY RV, aARehiidI, WiE cBeB lesign,
of the description and clains. For exanple, entrained
thayabrateryt fhev exqperctae defdesigntd tn accusatclyand ecleably nasure even slug
measur enent . Depending on bubhle size and flow fluid.
AloJioe dETEy eV GRS 4o BB S HIeHES 6 40 SCUBs gy reliably
me\éhﬁ%%ﬁlﬁ[‘;ﬁlasé BB Y irﬁ:ﬁiﬂi&%%om b[@%aaﬁﬂ_rsﬁﬂﬁsr]tsuﬁ{ sO¢oncrete or
than an equival ent entrained solids nulti-phase flow.
otlen ceaentedixxwics,der typhplal | y do not exhi bit
conpressibility effects and tend to decouple to .a
| esdde deter@iiing gam fusthss take InteRcsawimerafing saneraintyiod dhe
‘ 1. S tuh . cqui ‘
vigRrgHebpBATe T SE LR o PRI P L prossure. The

op8&iatihgdsomittdints pAabe ifdepynddntibflor e@pacidided Mw fluid viscosity. The
condi tions. The expected fluid flow can allow for

opetating €ABSIradRis cafh inshlechinox paefed fpretananiateaint iyor er eypes. The
bugbl e size ti n thelf({ ow, . or .an expect ed .rf\n?e of. Th

OPEHDIAE Copiay SAbINE Ul GBS S0y BHCHRY ¥FC @57 Fe The

op&iRgih g B6RktHatS Ok irRINRRHNRALISLIE ?h&ﬁbzhlfs%'aé’e foRkge {ibkt6ry flow
measur enents during two phase flow including small to

mateder at e bubbl es/ particles. The vibratory flow neter

can_be dgaigned in sone e ogrl ments to reli ablpy
meadtiPEPnPr 15 TBAS WCBY | BUBBAYIY o 2HaRa F5Po8s gignd one or
mdrk @ tlgéb‘fﬁqg%{d%\ﬁbﬁéﬁoﬁﬁlt@se&%%&f Atk rgcee?\'leglp’Tﬂehﬁbra]tional responses

VI br ter can b esi gned to accurately an
will deiraddiyedimastponse uethe sletigloiw avdverlyigheétive frbguencies used to
Vibratory flow neter can be designed to accurately and
vihrateithe flowragstpwsemily {Q.phase f1ow fluids incl uding

gghg%gééﬁﬁ)lz §§ (ﬁ{%dorsiﬁl)ljedf?dw ﬂﬂg&dﬁaae&%ﬁs?fg?tmee c?erter%iﬁﬁci from the one

ures, for exanp mning ca

or e Refy TbakReduehy aiteaibal REoMck AEd GG ¢t bR vety hipd
vibratory flow neter. The operating constraints can

fregnenaydabratiphawespamises. prlessengr er.m ow fluid characteristics can include

a mixture mass flow rate (71, ) and a mixture density ( p,, ) that are highly accurate and

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

characteristics can further include a fluid mass flow rate (7, ) and an entrained
particle/gas mass flow rate (72,) that are accurate and not substantially affected by

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

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

phase flow effects. The one or more flow fluid characteristics can further include a fluid
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operating constraints can be independent of or can
include a flow fluid viscosity. The operating

wa@omotis@dmt s can i ncl ude an expected forei gn NRBCEUSZN9/042019
type or types. The operating constraints can include

an expected foreign terial size or sizes. The
fragiien 60i hg PABHE FaF AL @Snan% MU TPCRY &1 PO Crs). Other
physi cal ?_El;;\ce for the vibratory flow nmeter. In step
addirigpal e flyid phsrecterdsties R aniembiatrdyan; ase atithimtie scope of the

: nd one or nore very high frequency
de%?@’?%ﬁ?%ﬁ&%@é‘sponses are received. The vibrational

r es qhesREerifinihg BeiyriacRUY ading A MnesposSRstifed DEuY 6ithe @étoupling
and very high drive frequencies used to vibrate the

ratfd G/ ABt éxt vars vbfrgquanciesnthe depouptng, rahm eAgA bthethier ay

fluid characteristics are determned fromthe, one or
entiiad g §F SR TP e PO O e ey P
freB1En@Es, Y &ec¥iplin 240 fHf i@rﬁ%ﬁﬁ&b’géé'c*ﬁﬁ@e'a@ﬁﬁhed oRCAIEE3: 1,

he one or nore flow fluid characteristics can include

whalerth tlecompirag satfd fowvenatimed solnds Jandrechssumed taubeatmbem squal to 3/(1

éw ) that are highly accurate and not
* gy %f}?tially affected by nulti-phase flow effects.

The I LUK LSt ther

e SaErplopf BEGccR. Hefidhy AIF BRI Toh 68 R Fmadib e
app@kirhateB/ iganityaAs vehohigh dteguéigies), tHeh@dw dled aBconist @n be

and not substantially affected by nulti-phase flow
aspfeddpdC apReoxdmatedy z¢dre flow fluid characteristics

can furt Deh OGLYdS &G0 0”3”20 fulsu(i?rd%nsei tiié S‘jhegr Sutting ve

thatA_is AW a8  And" HoT OSUbst ant's %/pa?? acll'e f g very
lownahd iveBNagE fllhavnm ST fiBktidnal o RREs. Hquieios (84)0velobwinthy be

characteristics can further include a fluidfraction (.
applied at aaypabratien &cfnersyi whethef high ordon. Atrvicryt lovefregeandies,

of soynd, (cmx) . O he dditional flow fluid
hopeufiotaieearpide g Gonbih bt 800 anarialol HhiewspeAs a result
T L R OF |, B S Ty P SEhED Rl Med by dhe
vitdewoy fibingeteais the aé&palAh)xturcAtenviey ¥ ol oW A¢ eogsaitaifelss very low

t he decoupling ratio (Ap/Af), whether for entrained
fregaenayt itenknavn deht slak indasuredmikeradensiyd 4, Q) eachot¢ and reliable.

1:1. At very high frequencies, the decoupling ratio
Alf@rat éretveny hed viastiaah flequasyuthedntasuted abxowe n3ast flow (7

whi |l e the decoupling ratio for entrained solids can be
alsadswmmadotbe doeuratroartd refakelk, dsradyiptslptdiscassedl ow

frequenci es, the{l w fl i(fl Vi scosity can b%f?ssumad
to ugtb(?ﬂ, é%a) AR alsg ,@ppﬁq: 9t 9q&torq)é9r§ \ﬁ:pghlg equencies, such as
thétc %ﬁ%gﬁ&céh%%vn i'h%%g%‘{i/&ige(%gﬂ%)%eﬁ&% 'th %a&?&sgﬁh@%%‘&ﬁ)qmg ratio

appr oxi mat
will remain substantially constant - and independent of bubble size, for example - over

) is

mix

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

increasing frequency (®)).

2
— pmz'x C()(d/z) A
pmeter _pmz’x _T( C,. _(pf _pp)¢p A_j_ (35)
pmix :pf¢f +pp¢p (36)
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As an exanpl e, several equations may be used for
processing the resulting very |ow and very high
woe@gassey vi brational responses. Equation (35pCT/D81009%42019
may be applied at any vibration frequency, whether
hi gh or Iow At very low frequencies, however, the
decdupt¥nglratio (Ap/Af) will be one, as previously G7)
di scussed. As a result, the right hand termin
equatllon (35) |s¢effect|vely zero, so the density
nmeasureg-by—the-vibratory flow neter is the actual (38)
m xtRrédesFty 4€p ma ) . As a result of the very | ow
frequency, it is known that this neasured m xture
densjty_f; R, ) is accurate and reliable. Also, at (39
the V&ry fow*i brational frequency, the measured
m xture mass flow (mMmx ) is also known to be accurate
and megl i ab} e mas previously discussed. Equation (35) 40
can _I_sojp_e a/gpl ied at one or nore very high (40)
frecﬁd@hm es, ‘sich as the exanples shown in equat i ons
(45)-(46), beI ow. In each case, the decoupling ratio
mﬁIﬂnpeﬁeanBMb@maﬁMhukyﬁoemmewahnhwdaﬂde%nuEmendemmﬂneﬂow
ubbl e si f exa - over the. one r
ARt GG DR S Y e FienSesef g et | 1 a worst case
scéﬂ%ﬁ%eﬁl%%ei%lh@s % §r§@t§drﬂ§ Sl EoYE §a§ é(i’)e)nof End'\fnl? ofeis(n?h%h
mmz=mf 39) In one exanpl e, ratory flow
althedghr the SﬂON\Sﬂdldt[ﬂ‘GﬂSﬁf@ﬁiﬂﬂ nempeMmerarmpecdl]Iyameefshtddobr known. The
characteristics of ojl froma well, where gas is
Vltgﬁﬁorsaﬂﬁwnpwr tSh@beitqd using 3 lgast ope aa@elogfc%%wmey apghat least one

Vefg’ﬁ'ﬁ%mtﬁlgﬁﬁ% a(?ets ?@ ?long ﬂlﬁ. ﬂech? act %Eﬁ pr es ﬁélug% gt least a

mik @O B1a8d A6 r@fee(nfz Qlaﬁa|a| 1M1xlﬁﬁ@9d'éﬁﬁ€& ©p,.. lanmrtaddlﬁbﬁ the (fluid) oil
vibratory flow neter is vibrated using at |east one

cotPbiert@Mask rﬂeqweﬂﬁ@ym;\mh@aeﬂs&?w PaR MY tdb@Hfesired. This may
frequency. The desited fl ow {d characteristics

re Me¥edstete Wérainih g as boildidii& fratQomBs&e frh@W-giak&flow. The
mx ) and a m xture density ( p nx ) . In addition,

mash Elopf fatd (d}, oird deosipp hen) ofths La compoaens (Where)gaabdbbles are the
density ( pf ) are likely to be desired. This may

enfraiqad permiesr(p)jemw oamey det e desmiedg Tha (paﬂtlbleﬂqmwb) gas density
fractjon of the nulti-phase flow. The nmass fl ow

(6 W21 b ercyatsdifrgm éhepldsal)gaéflaw ke gelslc W%tthﬁt ttmérdénsﬁy (ps)

%ﬁs bubbl es are the entrained particles (
18

ingededpdddeianagyibrations psEPEmed 8y iy Bl f?%@n@@wlﬂwowde

adémgﬁlﬁ’l e%%lﬁéé\i‘/%s? gnef[ﬁ @;{kg%@ﬂggﬁ gf’[lﬁ Q(?Lb W%ﬁ‘! n&ﬁﬁefr ot tinknowns.

Th‘e@fbﬂe' @Rafe the b? 161) I aﬁ@( E,,Qx')rfBﬂn@ire\d%E]Yed" it@b additional very high
frequenC|es provi d

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

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

frequencies.
pmix:pf¢f+pp¢p (41)
o, +o, =1 (42)
M, =11, + 101, (43)
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addi ti onal equations, enabling the solution of an
equi val ent nunber of unknowns. Therefore, where the (

wo oop/134836 p ), and ( cmx ) terns are desired, PCTWS2009/042019
addi tional very high frequency vibrations are needed,
which will provide the results shown in equations (45)
and t46) ."'The”iwo very high frequencies (coi) and (m2k44)
can 5onpr¢;e‘@ny suitable frequencies. <P f +<P p =

mix

(42) =nf “+np (43)The use of two or nore versions

of equatlon (35), i.e., rodu0|ng the results shown in
equati ons (45»;a cA63 bl es he el i m nation of

t he BeAMDA~SOS T T PTné,» éﬁultlng t wo (45)
equati ons can be sofwed /i n order to determ ne the
unknowns (ff ) and (fp , Then additional flow fluid
characteristics i ved u3|ng equations (41)

t hr h, ¢ ntenplated and ar e46
mnt%%% %hgﬁécoﬁe ofcape jisc |pt|on "and cl ai ns. Wat |§4)

claimed is: 1. Avibratory flow neter (5) for
det i
ae w%l'ht%‘lu?é Eg gygé‘ ﬁ %or%‘f?ér%ghé 8¥:Ie&l!\l/a| fofl éggﬂ écﬁ)g({,cviur%mﬁgctﬁe ?%s)ults
shGOHM eqiatidns &4 5)laaw (4®), eﬁatﬂ&meiellmlﬁalt% dffthé YelnAPNBES term
or nore flow conduits (103A, 103B), with the flow
(camdt dihe sesdiing §vq apptipes eap ol velimearderdogistrspinathg unknowns

TR S RTB rar
o A B 6, 0T 5 BB PpSETRY tin h scope

Ofgﬁggggh@ﬂgl£ﬁpa5§ﬁ§y for the flow fluid, independent
of the fToreign material size or the forelgn materi a

conposition; and neter electronics (20) coupled to the
flow neter assenbly (10) and configured to receive one
or nore very |low frequency vibrational responses and
one or nore very high frequency vibrational responses
and determ ne the one or nore flow fluid
characteristics fromthe one or nore very | ow
frequency vi brational responses and the one or nore
very high frequency vibrational responses. 2. The
vibratory flow neter (5) of claim1, wherein the neter
el ectronics (20) is
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configured such that a decoupling ratio (Ap/Af) is

about 1:1 for the very |low frequency and is configured
wao@b/1843a¢ a decoupling ratio (Ap/ Af) i s aboutP@r/US1009/042019

entrai ned gas at the very high frequency and is about

%ﬂual to 3/(1 + (2 * Pp/pf)) for entrained solids at
Whaids ¢l8ipediisgh frequency. 3. The vibratory flow neter

(5) A0f; i [ I [ [ o
L G onft bFhHidy: 18 ) for Mtk B HloZF @R oy e ctbfacteristis
of b mhultiighasevilbw fliedathd vitrapay tlood mete®(d)wonipisiidie fl ow

fluid at the very |l ow frequency and is configured such

t ha@ flowmssassissanbly (89)iaekuiding qnesmpongifiaw perrhyig (1@3A, 103B),

particle thon for the fl fluid.at t ve hi gh

Pr equency S Tioa els? GposiP L8 il sy Sl O Rfihga very
wher ei n ke ivghndydFdnRe Uen &ybdlswheledétdrmined minimum
predet erm ned m ni num SOS/ conpressibility threshold,

i ndependdatoupling ffaguengnfomtheetlpwilflugd 2ed tr genefase eivgry high

mat eri al .conposition.5 Eghe vi brato fLom;neter]%g% 1
of cl ai mIFAUGHITEIROISHEA) & 3PAVE R RPULETEHRS asFatnslegpupling
response feanERSPBRER Ay Fid, @H&’e{p%ﬁde?ft%'f% TR ndkal size or
that is above about 3.5 and wherein the very high

f r equencyheovfoogigh inonatal ceapossencard esponds to an

i nverse Stokes nunberp&%i that, is | ess than about 0.1,

6. THderglertanags(2P) eryphed torthe Slpwometer assembly (B agd gontigured to
t he one re f ' r

cont i gur Seprs s orafatREY Iy penaily i Eeognigy and one or
very hi glindre egriemioh fRyueyfvibtativhilaBsgins@endodetérdiife fe one or
a flow conduit stiffness, flow conduit length, flow

condui t aypedlovw Buidehardctauistientam thegne or alore vewvlow frequency
conduit thickness, flow conduit shape, flow.conduit . .
qeonot ry VAL FesponS a8 bq SRR s NSRSty vibrational
7. The v&@?@hgﬁy flow nmeter (5) of claiml1, with the
vibratory flow neter being configured to operate at a

first bendi ng node and hi gher bendi ng node

2.1 RN dow B Gy ot g et B e ca 120) s
coffigh 8 khoh (ot { SEUBNEL S0 UPRDT Dy T DRI Lo 180 requency

andl i¢aatfiganal sucksiponsksoagltngcranp dAgh ) R aboded: 1 tfor entrained gas at
determ ne an approxi nate onse ti-phase effects.

) t _of nul :
thegvery hégh, frequensy gnd ispahonbetal o3/ (bt @ apmped), fopptraipedsolids at
- nbly (10) conprising two or nore flow
m%iﬁ%ﬁﬂgégéﬂgiﬁzs (10) that are vibrated to generate
the very | ow frequency response and the very high
; freqyency response.

he vibratory flow meter (5) of claim 1, wherein the meter electronics (20) is
configured such that a viscosity is effectively infinity with regard to particle motion for
the flow fluid at the very low frequency and is configured such that a viscosity is

effectively zero with regard to particle motion for the flow fluid at the very high
frequency.

4. The vibratory flow meter (5) of claim 1, wherein the very low frequency is below
a predetermined minimum SOS/compressibility threshold, independent of a foreign

material size or a foreign material composition.
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10. A nethod for determning one or nore flow fluid

characteristics of a nulti-phase flow fluid, the
woretobasuss@npri si ng: vibrating a vibratory fl ow@EUS2009/042019

assenbly at one or nore very |ow frequencies that are

bel ow a predeterm ned m ni nrum decoupling frequency for

the flow fluid and vibrating the flow neter assenbly

t

5 e o A B8 Ko I PR only
vitfrhoomal kespdnsd auiteppaEnb aafintdiee Sked gumbat(@) itak issdboee about 3.5

or the foreign material conposition;receiving one or
angrrhereje ﬁlys Yaswhighebiequeagy vitBrEQNab FRSPORENBTesRends gl aB averse

sicfes BPIBsl B ol PRk WG RO ow 11 U char act ers &t s

fromthe one or nore very | ow frequency vibrational
responses and the one or nore very high frequency '
6. vi brli&eivabratory dopomstes (5)1df. claihel weldro thé on¢ ai mot©flow conduits

13 A e ot el I T STl o i

f
8, S UL AL D By conc

lergdls ﬂa:md cahimtt aspeetahtio,d1d4 cdndui( Raterigp/flofy gorfdmit thickness, flow
entrained_solids. 12. The nethod of claim10, with the
copgut ﬂ}apﬁnﬂ%wem}mr BYPTRGEY 98 RBF 85 MAES YIbratinal Rode positions.
viscosity that is effectively infinity with regard to
particle notion for the flow fluid and with the one or

7. mor Ghe&fidratorg ol @atee () Eldigs Lwith thel VibRitotly Ses feyer being
that is effectively zero. 13. The method of claim 10,
configitred ko ppryatsraé adirstmndingehode and highgueamdingsmare fiiganengics.
a predeterm ned m ni nrum SOS/ conpressibility threshol d,
i ndependent of a foreign material size or a foreign

8. Mat ghic3hibra P ADint inefer (§)40ch51§1 ITEM'%?QmQEe ¢ty Bow meter is

wherein the one or nore very | ow frequency vibrational

opemsylonsqduratity eSronentios angémevae selBatikest vibrmbienal(yponses,
and wherein the, one or

that s aboyve ut . 3. re .
WheEsty th @Hmﬁ%aﬁ@%&maﬁmato%%ﬁa pre- GoupRted U et @r%é?{aﬂme an
Eﬁ@& d) that is | ess than
ap%%XﬁHa %\ﬁ?étiognﬂrﬁgﬂ%%{‘ od of(cl) aim10, with the

vibratory flow neter being configured to operate at a
first bendi ng node and hlfgher bendi ng node
9. ¢%r eaf@élyébrég)ry flow meter (5) of claim 1, with the flow meter assembly (10)
comprising two or more flow meter assemblies (10) that are vibrated to generate the

very low frequency response and the very high frequency response.

10. A method for determining one or more flow fluid characteristics of a multi-phase
flow fluid, the method comprising:
vibrating a vibratory flow meter assembly at one or more very low frequencies
that are below a predetermined minimum decoupling frequency for the
flow fluid and vibrating the flow meter assembly at one or more very high
frequencies that are above a predetermined maximum decoupling
frequency for the flow fluid, independent of the foreign material size or

the foreign material composition;
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16. The nmethod of claim 10, wherein the vibratory flow

nmeter is operated at a plurality of frequencies to
w@eomenatsao a plurality of vibrational responsesPCWISI09/042019

the plurality of vibrational responses are conpared in

order tq determ ne an %pprOX|nate %nset of nmulti-phase
ef f 633S8/10g ONTRBMOES KIY 18Y fEqaueRsyLvibraliongl sespRnses POl more
Vi br at or I or nore very
Iovvfreqslg'e{?J g% ﬁﬁ&é gagﬁgﬂ%%&ﬂﬁegﬁggry hi gh
f r equengirgsg drngiel Oirim@e\ﬂdw ful dehakawtertytichbioen thiclnatod myore very
flow neter assenblies. 18. A nethod of formng a
vi br at or Yo fisauprayeribragionglapenanses ang Baeneer more verydugh
fluid characteris g qf a multi-phase flow fluid, the
nmet hod ¢ r?ﬂ‘r‘l?%cy g reqere rﬁ,?]%)nﬁ%s at | east one
pr edet er m ned very | ow frequency and at | east one
predeterm ned very high frequency for the vibratory

L1f | oWhmﬁhocbaﬁeldimriOawith d&oneacpr prpecre dow ipguénaigsdesulting in a

degfuinlEaEio K eRa U BOE T AE8 Yt e HE GG R FRGhiEh Tedtncies
resﬁﬂtﬁ%*%rhcd’ec%ﬂﬁ‘l fakelot ﬁg&%of@&%& 39NRr RhESEEE %@, RRALBRE ¥qual to
frequenc

el ng e a predeterm ned X1 mum
3/(d|e+c@fpblg/p1g) for equreincy sélods. t he fl ow fluid, independent
of a foreign material size or a foreign nateri al
conposition; selecting one or nore flow conduit design
cha
12 gr%t%téﬁér%h?:&e éf: glaﬁﬁsfﬁdwﬁﬁ }%@ﬁ%eﬁ%ryﬁqgﬁeéxterg Tcﬁﬁ fregyerrc:les resulting in a
VlsQﬁﬁt}pﬂh@ﬂﬁtleeﬁ”tl{‘flﬁﬂ vy Withheddregolpareitle mbtibn fdieh@Aewofluid and
nore flow conduit design characteristics bein
withethe one @r twre ypat ek ifigpgncagsiiealing hea xiscovlysthabineffectively
redeterm ned very | ow frequency and the at | east one
redeterm ned very high frequency; and constructing
the vibratory flow neter enploying the sel ected one or
nore fl ow conduit design characteristics. 19. The
13net Atd nodthed af elails IOWthtretrhiéleame log axtre yoey low frequencies are

redeter m ned ver 0] uenc resu
beped BRdergMingd; ral mré?ééf oGty %ﬁ%ﬂg% PYiChendent of a
equency resul ting
foreitha@RS BreORt Rt A R eSS o
entrai ned gas and about equal to 3/(1 + (2 * pp/pf))
for entrajned solids.20. The nethod of claim 18, with
14¢ he The methed Ofaﬂél%rl@d@herﬁrﬂ HePng OF queweml@w?éwncy vibrational

res&gﬁ%éstclo%s d%o ahsi \Qesf é ¥to ?é”‘ﬁuﬂlﬁﬂe 6{) ﬁﬂgaft S a%oX/e aBBﬁtrgg ¥nd

re ar 0 par
wherein the one or more very hlgh frequency vibrational responses correspond to an

inverse Stokes number () that is less than about 0.1.

15.  The method of claim 10, with the vibratory flow meter being configured to

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

16.  The method of claim 10, wherein the vibratory flow meter is operated at a
plurality of frequencies to generate a plurality of vibrational responses, wherein the
plurality of vibrational responses are compared in order to determine an approximate

onset of multi-phase effects.
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flow fluid and with the at | east one predeterm ned

very high frequency resulting in a viscosity that is
webdooasissel y zero. 21. The nmethod of clai m 18, P@h@smio042019

the at | east one predeterm ned very |ow frequency is

bel ow a predeterm ned m ni nrum SOS/ conpressibility

t hreshol d, independent of a foreign material size or a

17gg’r Q*;}\]% MndRbE {)Ja@ihin?? ﬁhtvlﬂﬁgtl%%aﬁ: V-Ii-gr%t Wm%ﬁer%%?én%ly at the

erern e at st one

oné beaiees wrydowrﬁaecpeﬁoies tied atthe Pvie bs mo& 08@311 glu ﬁi@qtledc(it)s
that is above about 3.5 and wherein the at | east one

copmpegiEger piaHeg twe oy THirg NibratesuEpRymetsr asepbHes to an
i nverse Stokes nunber (d) that is |less than about O.1.
23. The nmethod of claim18, with the vibratory flow

18Met & nREHoADIFBFhiInG U EBrak & yIRRY Alcferdbr éetfairﬁﬁingb&{kd(bﬁ}ﬁore flow
node and hi gher bendi ng nbde frequencies. 24.

flunde¢rryaictofistiss aif mni@ti-piiaee Sow flwid, thicnethod yompnsmngvet er

s erated at. a plura of enci es n
BRI B Gt prelsii iR T ISy Hadaras g 16 Eone
pI ural It MR Aot £ rah A6w!' Het
or der to%aeg{eéer m negf\éégpappr oX Cﬁféﬂtég%nsgt\,ﬁgé%% thV grste):ased on
ef f ect s. aRkastHneexipetthd dloof fleidaivithtBe atlicadt one lpreaietenrgnned very
t he vi bratory flow neter assenbly at the one or nore
very | owlW digaeerayeeinhpelay & M@d%tﬁ@ﬂ@ﬁd R ENVRdpCaiRiing

frequenc 'ﬁ%ﬁugfcg%]ld%ﬂg thVeI f rl@atslt 0% f)fé@et%fmfﬁgﬁ Q/e}'yl R gﬁtﬁ%rqylency

fl ow neter “ass
being above a predetermined maximum 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 at least
one predetermined very low frequency and on the at least one
predetermined very high frequency, with the one or more flow conduit
design characteristics being selected to substantially achieve the at least
one predetermined very low frequency and the at least one predetermined
very high frequency; and

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

conduit design characteristics.

19.  The method of claim 18, with the at least one predetermined very low frequency
resulting in a decoupling ratio (A/As) of about 1:1 and with the at least one
predetermined very high frequency resulting in a decoupling ratio (A,/Ay) of about 3:1
for entrained gas and about equal to 3/(1 + (2 * p,/ps)) for entrained solids.
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20.  The method of claim 18, with the at least one predetermined very low frequency
resulting in a viscosity that is effectively infinity with regard to particle motion for the
flow fluid and with the at least one predetermined very high frequency resulting in a

viscosity that is effectively zero.

21.  The method of claim 18, wherein the at least one predetermined very low
frequency is below a predetermined minimum SOS/compressibility threshold,

independent of a foreign material size or a foreign material composition.

22.  The method of claim 18, wherein the at least one predetermined very low
frequency corresponds to an inverse Stokes number (J) that is above about 3.5 and
wherein the at least one predetermined very high frequency corresponds to an inverse

Stokes number (0) that is less than about 0.1.

23.  The method of claim 18, with the vibratory flow meter being configured to

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

24.  The method of claim 18, wherein the vibratory flow meter is operated at a
plurality of frequencies to generate a plurality of vibrational responses, wherein the
plurality of vibrational responses are compared in order to determine an approximate

onset of multi-phase effects.
25.  The method of claim 18, with vibrating the vibratory flow meter assembly at the

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

comprising vibrating two or more vibratory flow meter assemblies.
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