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VERY HI GH FREQUENCY VI BRATORY FLOW METER Backgr ound of
the Invention 1. Field of the Invention The present

WO neosns4sen relates to a vibratory fl ow neter, PODUSBIO®042016
particularly, to a very high frequency vibratory fl ow
meter. 2. _Statenent of the Problem Vibratory flow
meters, sYHRYHEH REQUENEY VIRRATQRY Kh@W METER
vi bratory densitoneters, typically operate by
detecting notion of a vibrating conduit that contains
a flow ng or non-fIBuwkggodnd bfitheAndeatibhes associ at ed
with the material in the conduit, such as mass fl ow,

1. dégldiafyhatdert@ | i ke, can be determ ned by processing

co ot SPBAn O ARk Ela T o TR i RO RRRE Birfcutany. o

aaehﬁmgm@%ﬂeﬁ&ym}a%ﬂyaﬂo&wlét&d system general ly are

fected by t'he conbi ned mass, stiffness and danpi ng
2. éhaeaene@%éthdﬂaw the containing conduit and the

o Shibitd diE mafds oiehgs CoghltnRS Bowipe bRyttt
deh ey loaug%bbﬁ% 68 gALAGE: HEABBPS LiSUSHERAN that contain

convey nateria urries an
a flowihper aystfRwin Q\ﬂm:d] dEmopemy abwcidtelw ith alse matiriad) 1rath8 ebndult

of natural vibration nodes, including for exanple,

sugf) #pMassHibowi drgisity and thsnldlfe, cambe determimgd @amép@ésmg daegsurement

si gélglsargéeé%(f I%mrfﬁgﬁ&g ﬁg}?ﬂhc%‘g %%éo%?attéd) glth%é: &

n one or nore Vi a nafe
mdde9 W8 tHdWibrigin g ot ci6 ANGI A syRfeh pBidraIny & atffdb@te@Qﬂ'Ctﬁé tombined
measured at points spaced al ong the conduit.
mEE%(ﬂUffﬁleS&)fmd cgamlgflpg chaagtepsioes afabe btyntamlr@wniumandéh@mateﬂal
an %ﬁtronechanlcal devi ce, such as a voice coil-type
CO‘a‘ia 8 “TPHat perturbs the conduit in a periodic
fashy %wa’ﬂdﬁr&’to%ﬁﬂ%vtlﬁet@ﬁi{lcﬁﬁieﬁ) Qhé‘ bf‘%r@&’oﬂiﬁﬁt@ At AkEnnected
a resonant frequency of the luid. Mass flow rate
inlmeeyinkaepipeirer ori atleat ttgnspmasmemgmﬂlcnavqanagerm} ephaf@ds, slurries

SR SR L
Vi‘t&ﬁﬁoﬁ M]%'dgé"‘lnlléiu&iﬂglﬂy @)&P#ﬁ% cegil??fe ﬁe%d[r@a%fgl%ngi ra and coupled

rationdl response o ow condui £ or eondul ¢

maied. ai e typipilcadadsyreheoabpslicatiopasédndaitds epsteddamna bd more
downstream of the actuator. The two pickoff sensors
vibtgplaon medes ey material dows ghioggh the conduit and motion of the conduit is

measured at points spaced along the conduit. Excitation is typically provided by an

Irc'e \flbratlon

actuator, e.g., an electromechanical device, such as a voice coil-type driver, that perturbs
the conduit in a periodic fashion. Fluid density may be obtained by determining a
resonant frequency of the flow fluid. Mass flow rate may be determined by measuring
time delay or phase differences between motions at the transducer locations. Two such
transducers (or pickoff sensors) are typically employed in order to measure a vibrational
response of the flow conduit or conduits, and are typically located at positions upstream
and downstream of the actuator. The two pickoff sensors are connected to electronic
instrumentation by cabling, such as by two independent pairs of wires. The
instrumentation receives signals from the two pickoff sensors and processes the signals

in order to derive a mass flow rate measurement.
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i nstrunmentation by cabling, such as by two independent
pairs of wres. The instrunmentation receives signals

wo e@ar1s43e7 t wo pi ckof f sensors and processes theCEHUSIAY/B842016
in order to derive a mass flow rate neasurenent. Fl ow

neters are used to performmass flowra e nd/ or
dendiQ% MAIEES FFemicatie PRHPE Mgsy dlopaiatenf/ off doopiiy ancapusganents for

I
a V@{&Q V91f1£t§7 o Lﬁ@ \f}lﬁgvr% g{hg@ffeﬁ ﬁ{ hse{c%?\lagg Qar eﬁ%lé g@l&sﬂﬁgt ﬁge area in
whriat elroratgryoﬂow inhetérd dlr@ﬁ&dWE i theuhgratisg off b apd gauiell@utputs. The
such wells can conprise a nulti-phase flow, includin
prcpduqupﬂ%lcmffelm 58 CoRprisaipmpulgaRese Saw siclubng agultdh éwt also

inGilnd ol St G el AT a8y Ui, AggiBfta fow

fludBERFofoRHQhcl8 N Bl O atel, BB orSRhér dded, af@bALARI orf dther soil
exanpl e. However, when a vibratory flow meter is used

pattt@um foreexaimpie. f Haivdeeri ndkw divmrateny flawnmdtey asewd to measure

th f t t
NSy Gt S oG e ath e Ariod i1 ASCUTF R B Rgter can be

t
Rk T 8, DR SRR PR Bt o e
as pbssilds, ©o@n fommichdnulemhaae ﬂed/sgas es, especially bubbl y

gas _flows. The Iti-phase flows can include entrained
sol i1 r@ﬂ“é}h@lﬁ%ﬂﬁ%ﬂ@% £ Wshude enaainegdigasasy espegighy bybly gas

ﬂo‘&gn thggrﬁ%]fn@}%}fafs? @?g}ﬁ h:%é %r}]ég%['(#é éntpahﬁesdest?fhdgw Iﬁt?ﬂné([] %Al‘r&jfartlcles

I es

ml@@&ésﬂdu@hﬁﬂs congeresics Futtber, exariphase flows phagrsudsEighéVel
different densities, viscosities, or other properties.

dififeremt degiities, pswah as Patswan ipetrolepragdroponshtsa fr exampdn dlha phases
nove the entrai ne .d gases/solids

Y
me e P A Rl R e S RO PP TS T <
Vi brgt Ingnalga@@@ﬂalv%/tﬁesvﬂaﬁt@ﬁ bed ﬂon B RRCRIER hbNBeREsarily move
sl i ppage for exanple, can becone

thaj@r:tmjmﬂdegasésr/mhds lwendpleelyfih phdse with el flong ftuhé This vibrational
vi bratio res nse subs tl erived fl ow
anQRaIyAHe FF&@ el dasgypfin %%’"ﬁﬁ’é’&g? yﬁﬁ% E}qwgmg%ewme,t%e become

de%dg&‘é\ée(fr ﬁg‘ﬁ‘gg?es%lﬁﬁ%mvg%e? ré(ﬂh&fa Fe% 01}1#%‘04‘9@ glg’subsequently

detiidt Alowahaeiktdrivecd. | Dwalt dnblbies typlicuslyaadye witk t]hmﬂbbvethnd as the
can be decoupled fromthe flow fluid and can nov

flomiapsfse ireiReatyd. HPWﬁV@nl%r%¢f@@b§‘é§Oﬂ% NS wﬁvth@gﬂow fluid during
Vlﬁrg{)&rrbg th%rfﬁ)& roﬁcﬁl IH&%}I o a%l!lbeovf’e %alﬂ' bde (?e F@l@g EI%%IP the flow fluid

atl onal novene vVerse

an¥ chi ﬁidv@n@depéﬁééiﬁl@sﬁllt‘hfenhﬁﬁlem AWBEbISIEs mbRir: fasthat & faster than
true of solid particles entrained in the flow fluid,

thwﬁ@wélulﬁ dugng e@php\abtatl@nélgnaveemrﬁc Eélasadvgrgﬁly pfifedty thegyibrational

response gfl the fﬂrogvrrrl]nettgre ﬂ?lg I1soa SO Ime of sohdo 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,
such as the viscosity of the flow fluid and the difference in density between the flow

fluid and the foreign material, for example.
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fluid at increasing particle sizes or vibrationa
frequenci es. The decoupling may even occur where the
wonmwidgskase fl ow i ncl udes |iquids of differinBCT/US2009/042016
densities and or viscosities. The decoupling action
has _been found to be affected by various factors, such.
! @ b g et

as J%ég‘i}?l%é‘épf%b QRS gapse lAteyCamRi o i apflarticles,
CoRBI TS SIS D oI S 05 o

coRyrdsbdilitg] efféceewhon thensoafc Yalbdityest the thdaaireiehefuid is low or the
Coriolis neters can experience accuracy degradation.
os¢iHatiers Feeaupnsy of Higaciesog)igho bicadiphavsdiighqrisppic velgeatigsshan
amhagtkﬁe songc We}ocitxtgf t he Teasurament f u%@1i51 amount
29GP Y HEYSE P IPPRET SRV AR SR EE Of fli ek Vst Highamou
of?hﬂéﬂtﬁtﬁné@fﬁ% I BAEsuHO M § dVRhA feli®SidniAMhIFHRE 0fRBind of the
he | owest velocities result froma m xture of the

mikoe; elen that ofmaltherarhesmt of gas entrained in a liquid
resylts in a dr tic duction in the speed of. n
of e ¢ DL o PRIl FbibTof s shiuid SniSanatgifae i the
traﬁ§x9‘e!r%é @FdcBn Af HeBive! PWUEHBL o PIHRINGES WAL %é"%\é_@é of ftind of the

oscillate in the transverse direction at the drive
fluiid sdugincy b sirpde pietse fluidiike fitd acsypeiednade foo tmdsvetsctdoand
fluid is_hi in.a single phase fluid, the first

WayEY a%rpﬁscthﬁ&gfgﬁleg 291%4%@ Pbf SBIChOhaT ERIESNGICER sha dreve
fretahéer&y. %O&Q\%‘F%ﬁeﬂ fhe h%gde {;/@és‘r‘bfﬂm\a;%ig%%tr%%rtg %ee;.'&&{og&g gﬁ%a& toa

Fi've frequency. spee

ligttdo pse fettchoy bhtheaddidticofo®d alga@drdpe. avhérfithedrequbgey of the
frequency of the acoustic node al so drops. Wen the

acqysgiquiegrtsyangdfthe Helve smdstare clopel enetpigertere refultdiertp dlee effgesonance
cl ose, ter errors, result .due to the off-resonance
exiatiep il e Slin Bode S5l 8vSOEy (he arive mode. For
| oWrhp W%aﬁeﬂ@trﬁétﬁs%@l thyiRhICbc %?e%§§re@,rvl%$§difye§f,sound effects
e

vel ocity of sound ects are present in multiphase
ard prewnt bu mudtighass flais punegluisgaly segligiblevegpespedt to thesspecified
speci fied accuracy of fhe. er. However.,, for high.
aC‘f‘vF%% § RS ﬁ?‘ée‘ﬁ%t %F 51%5%?%%@%6 IOLBWG;S%QE%@E% at low
profs s W&b(;%by HLS; thk @Elo\éﬁ% Q¢ kb PlanSRUd, &ﬂ)ﬂgﬂ 30 LAWe
enough to cause significant neasurenent error ue to
signifi@nhanichaireidehvereots dhe taintaractdontbdtiveerdthei doivatandfluid vibration

nodes. The size of the bubbles can vary, depending on
mqdgs anount of gas present, the pressure of the flow

N e R Y S
pr&3elie @TIRNEEW fRuifdabmPbayure Sarat e deSreb @VniidEIy dfah@bas 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 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 pressure drops
or shrinking as the pressure increases. This can also cause variations in the natural or

resonant frequency of the flow meter.
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gas is present, but also to the size of the individua

gas bubbles in the flow The size of the bubbles
w@bdoeasss21t he accuracy of the neasurenent. Lar geeT/US2009/042016

bubbl es occupy nore vol une and decouple to a further

ext ent, e?ging to fluctuations in the measured,

| .
dendTioy 2B IRTRLTY [l Peisryareriiicrlyy dendsncdripr sREARE freguencies
al”&nlféldal 0935 306 Iifer%h@fié,e\%itﬁ ahmE I?ﬁé?%@ o;pgragiﬁ ea@ ciddbetween 500

ss, yet not necessarily change in si nversely,
andl fl,OOEH AT 88U HEOE hamgass atdéedieividlte opee: dtigher frequencies. The
correspondi ngly change, expanding as the pressure
operagps fiseuenyi 1nki miprast Yihwteyy doyvmetirrs baepdly, chppgrsingggder to
fa "ﬁts t@agls%v V%{' telions’ 1) cgthoe ng%ural igr{.féersg;nantl a prior art
b esﬁeu HAl Yot RE T ERP REP LI TG PPEREOR | BYREEFP 1
videlo®y 8r ebBokyRb&ahét¥ér Q%hﬂ%ﬁ@dfts e %?§i@£l'l§199m act and
frequencies around 100 to 300 Hertz (Hz), with sone
subsgargragly opefoaniin gimendionsq Uen ckasplee b weght 500 pandart flo0meter is

R ET R EEFeb. T S BT ISR g
coﬁéépoﬁﬁﬁfgq{igﬁ Hri%] g‘é’ﬂﬁ&f&r F'léwtrﬂé%é%e@/%t%f’eﬁ’%esﬂjdlf‘o\%g%g’éize so that

tofacilltate t ow net er design, ‘production,
insegdatiah iiosimpdiede ¥anthbe floav pictcordesigh combaatl p aysuares a uniform,
.Coriolis, flow neter is configured to be physically.

ingdsrpbase Thyidiflewndandesiensd @riptienally opeaitawHEl Bish a yrglorm flow

S
ﬂusfanple, a height of a prior art flow neter is
ypically less than the length, giving a | ow

hei ghtrdight ngti flesp@eter had i Beighi-to-leath &pect ratio of zero, which
correspondi ng hi %h drive fr e&g)ené%ﬂ Fl ow nmeter users
tymeadiveproduenyal high devalfiequency. ddpwaskilowwondunitsare often gised to keep
Si ified. . Further.. flaw meter desi.gn conmnl.y. .
o eBRindeord e AP ripany AU FRGL R T R it to-lengtn
as;?al%% HARAU/LY ARLVER] b RR]N @induiMlol Seed iR tHeridram hhPWave a
u

id. A straight conduit flow neter has a

height-tiriength dspadttiaspponchiagild, dér @@ngple.whi ch typical ly
pro es a high drive freguenc. . fl ow ﬁonduit

C Bowed
P o R R g RSB AR T E0T BHGEHOR U BRI h s Capable of

acﬂg?%ﬁ?@#ggpengﬁh&gggg Pﬁﬁgﬁﬁ%gfﬂﬁﬁﬁﬁnﬁygurved or bowed

Aspecid wiftthé Iiowentidner in the prior art may have a

hei ght-to-1length aspect ratio _approaching 1.3, for

ex aﬂ% pac aspest @f the pryonsion, hery high freguency vikyatogy flow meter

COXJBEQ%ory flow nmeter that is capable of accurately and
Fel T abl y nmeasuring nulti-phase flow fluids. Aspects of

L he alffowe ek asddin S0 @ncﬂﬁ@iﬁg ton@or hitre flawerdHdans, witly Bfeyflow meter

i gh frequency vibratory fl ow neter
assembly being configured to generate a very high frequency response
that is above a predetermined maximum decoupling frequency for the
flow fluid independent of a foreign material size or a foreign material
composition; and

meter electronics coupled to the flow meter assembly and configured to receive

the very high frequency vibrational response and generate one or more
flow measurements therefrom.

Preferably, the meter electronics is configured such that a decoupling ratio

(Ap/Ay) 1s about 3:1 for entrained gas at the very high frequency.
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conprises: a flow neter assenbly including one or nore
flow conduits, with the flow neter assenbly being

wa@oeobilguseed t o generate a very high frequency PEFPSI®S®042016
that is above a predeterm ned maxi mnum decoupl i ng

B S SR BT S o
te ' f :
(Ag%&)elrs aﬁg)ﬁcégrﬁgmoctﬁe ﬁﬁé:ﬁﬂtg g’/ (:1 %Q*J\E)g/ P{)b ﬁ&gﬁﬁ%ﬁfed%ﬁﬁﬁw the very high

configured to receil requenc
frequdicat i onal response and generate one or nore flow
nmeasurenents therefrom Preferably, the neter o )
el e®referibds themetonelagtipnigs sueanitayeed sichded @prisagity a ¢fdectively

2ol Bl ecat B feg e dedicabfoy T AE A0 P el B By
CONPAF@L. SO ler Nk edRIOVRL R0 Bo0) EAPHAT (19)

about equal to the quan 3/ (1 +(2*p p/
ent Paéfedlys dhd derydugh frequamcy viirghorfal eeppenssycorresponds to an

. Preferably, the ter el ectraoni i s configured such

okt SR, piastip) et brpisdat P Deko with regard to
par : ;
Preqiancy ey ) MeulsRYs SR Rby SonE L
aboecfalablyt, tHe &oHaotezfl¢wWzpndiitsedre cabfigyred beacheewe the very high
hi gh frequency vibrational response corresponds to an

frequi’FféWsté’ endleaationrione caMArRAE aifow earduitiaitingps dovoconduit
le@% ﬁvﬁgr)%dzunt(%??éﬁaﬂo hﬂ&w {)é(ﬁﬂf{’lﬁlg&}éiﬁléSﬂoozra\pgélrﬁiuﬂnﬁ%vi{vness, flow

r ef era nore f

cofd@tlthaps, A6 condiit geureeint, or daBoeMfrre Ribrvteinal Rbddpositions.
fre%uencai)i by configuration of one or nore of a flow
condu¢feradly. thareery high Gegeaan iikratosy gow, metepis eomhigurad to operate

a t ratio, . flow conduit material, flow conduit
at?ﬁl%g&)ﬁgglgfg n?(?doew conduit shape, flow conduit geonetry,
or m&a%mmg&yy%g{ freq@ncy Q/ﬁ*ﬁaﬁ)@? lﬂbbvoﬁié‘eer R &néioalRl o operate
y

the very Hig requency vibrator ow neter is
at bighéi ppndet mode frequereiest a first bendi ng node.

Preferably, the very high fr ency vibratory flo

et &8 OPg assiskt ‘Pé‘BFé@y Oﬁpaemgﬁ@%a{% ORFGHER R g HHseney
Vigr?t%g}uﬁgg,itﬁgterb&n n&aspect of the invention, a nethod

0

operating a very high frequency
vibrating one or more flow conduits of the very high frequency vibratory flow

meter at a very high frequency, wherein the very high frequency is above
a predetermined maximum decoupling frequency for the flow fluid
independent of a foreign material size or a foreign material composition;
receiving a very high frequency vibrational response; and
generating one or more flow measurements from the very high frequency
vibrational response.
Preferably, the very high frequency vibratory flow meter is configured such that
a decoupling ratio (A,/A¢) is about 3:1 for entrained gas at the very high frequency.
Preferably, the very high frequency vibratory flow meter is configured such that
a decoupling ratio (A,/A¢) is about equal to the quantity 3/(1+(2*p,/py)) for entrained
solids at the very high frequency.
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vibratory flow neter conprises: vibrating one or nore
flow conduits of the very high frequency vibratory
wo b@w/1saster at a very high frequency, wherein PORUSENY042016
hi gh frequency is above a predeterm ned maxi num
decoupling frequency for the flow fl uid i ndependent of
a f SF%TJF@#?M%Y%@@ frequsncy vilyptory Hopgmgter & configured such that

‘ ey Cor " ; '
o GRUBET MU LEOBILAN ey DAL LOSGURINS foy iggs e vy
higresgifegdnt s fromthe very high frequency vibrational

resE)onse. Preferably, the very high freqguen

vi bPaeleraply, (tagw erthegh frequcnsy iy abgehl,é%glyeatz (Hz).

decoupl | ratio [Af) is about 3.1 for entralne

e Dol % Lt e 3050 B by " EbRER po an
inJ&@Stﬁk@ﬁHﬁ*ﬁE&_(@j ih%ﬁfs%éé tﬁbrp%dtﬁ?o.elf. i's configured such

that a decoupling ratio (Ap/Af) is about equal to the

quamréfesably, theryaymugh pequencypns gmvieaibned2,800 HistzdHz).he
er ' frequency. Preferably, .the ver) i gh .
¥ e buda i B P T Bl flofarabut of WEGshe Mk s vibgpry flow
SRR ed s REASCHNS ) B Aoty A i gfon o mor

of hrflequestanit sEiffrcey, dlowycortdag leestl, fiowyleohdwgasgrectyratis, flow conduit
above about Preferably, the ver

1,500 He Hz) .
maiergH, Howgardiey tfv?lﬁﬁéf{aitszﬂ’f*g}?m%dé‘étp%lﬁ% feoy F@&d@%wm%ryaﬁr one or
mgﬁg\c rgg%rﬁqggﬁiggﬁggg (d) that is |ess than about 0. 1.

re Y,

era very high frequency is above about

2, 0Peftibly thdizgry hRstefreqaddcy vira®ry flowbmetet isownfigured to operate
conduits of the very high frequency vibratory flow
at préirbeadivgaerds gured to achi eve the very high

frequency, by configuration of .one or, nore of a flow
condinEraby Fhe Ry el Badcdedoitaiost Gor ieDly ol to operate
atg%ggp@er{d@{gi Rodé eyu&Rndui t material, flow conduit
t hi ckness, flow conduit shape, flow conduit geonetry,
or dmenonsprot ef the bmentionad medwd qideimningrasverPheghefirehiency
.the v r?)/v hi%h frequency vibratory flow neter is
Vltgamgﬂ CbCYpRYHe at a first bendi ng node.

R R e ORI OO Ry
f requencibased on at least an expected flow fluid, wherein the very high frequency
is above a predetermined maximum decoupling frequency for the flow
fluid independent of a foreign material size or a foreign material
composition;
configuring the very high frequency vibratory flow meter to operate at the very
high frequency; and
constructing the very high frequency vibratory flow meter.
Preferably, the meter electronics is configured such that a decoupling ratio
(Ap/Ay) 1s about 3:1 for entrained gas at the very high frequency.
Preferably, the meter electronics is configured such that a decoupling ratio

(Ap/Ay) 1s about equal to the quantity 3/(1+(2%*p,/py)) for entrained solids at the very high
frequency.



10

15

20

25

30

In one aspect of the invention, a nmethod of formng a

very high frequency vibratory flow neter conprises:
waledwensdsai ng a predeterm ned very hi gh frequenegr/i82009/042016

the vibratory flow neter based on at | east an expected

]I;:r gé'yé&suf méﬂcb RS ARATBES E%W%?lf%{ewf eqﬁE‘@é:iyar%‘féq%ﬁg\fseef?ecﬁvely
zefol Q¥h gérgé'r&j td wpﬁqﬂ(‘?ﬁﬂn R ﬁ&&/eﬂ@&‘ a{‘ﬁl‘e‘%»rekfhigﬁ'fée?@ﬁﬁcﬂ

forei materi al conposition; confirguring -t %

hi giPréfeeUe niey vaty iigh frequdnlcous amiverabbat bped aleetzdHzy.he
very high frequency; and constructing the very high

fr eé’mfﬁwlw iths weryhyel frequansy aibrapra sespBnse carfRspaidsdp an

. el ectronics is figuyred, such that a decoupling ratio
iR o §S it BPBE RIER T B 8E gas ot i he very
hi gipréfer® ,err?ﬂﬁ%lﬁﬂ@%h%cy@;ﬁod@ta%uﬁi,%@ Rz GElZ).S
configured such that a decoupling ratio (Ap/Af) is
abolreferpbdy, theoonder masnflow woBdyitsire tpnfpgyed jo ddreve the very high
ent r ai,ned lids at.the ve

fredPeRaYdesP aéwamfﬁnet%éﬁ%togkgf&%mr}d&ﬁﬁ sEidfness, flow conduit

lerf @D A ESist U BedtHatio okl %s&ﬁmlxlateﬁaﬁfffo%fééﬁ&whgyﬁﬁess, flow
th regard to particle notion for the flow fluid at
cotdat shepy, fiogleohdwaggenmastry, lor eheoabloye vithetionat yodd pdsitions.
fre%uenc% i s, above about 1,500 Hertz (Hz). Prefer abldy,
t he PURIRLADRY. §he Yora duighbgauansy yitrateay flewsmetes és configured'to operate

) an inverse Stokes nunber (d) that is
at?glé%t%t%ﬂglﬁga %%f 0.1. Preferably, the very high

f r equeforply, $h@@¥@1i@bﬁ@&1ue&c?@@orb&ﬂz flotwHapter Y @n€igalddyto operate
the one or nore tlow conduits are configured to
at hightebendingmede frepilgleidsr equency by configuration of

plRs Fr n?rq%ﬁf a. flow conduit stiffness, flow conduit
“15%‘}}5 131’10 Flb E%W:ﬂﬁst. aspect ratio, flow conduit
nat qhicadhmefrbRYénee AdHiblr tpr&lRRIBe sdrhO@WeARAHYH b1l ARAPRgs. It
flow conduit geonetry, or one or nore vibrational node

shpdd ibeivoderstdadehatrthb dyawingearearoy nbegkartly eo e y
vib ory flow neter is configured to operate at.a
fir Eiébﬁﬁla@ﬁﬁa B SiieAReneY) \%am fley B’eFﬁfj‘ﬁCOYdmg to the

infdhggLency vibratory flow neter is configured to
operate at hi gher bendi ng node frequencies.
FIG. 2 is a chart that shows simulation results of total density error from a very

low frequency mode and a very high frequency mode of a Micro Motion model E200
Coriolis flow meter.

FIG. 3 shows a very high frequency vibratory flow meter according to an
embodiment of the invention.

FIG. 4 is a flowchart of a method of operating a very high frequency vibratory
flow meter according to the invention.
Detailed Description of the Invention

FIGS. 1-4 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
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Description of the Drawi ngs The sane reference nunber
represents the sane elenent on all drawings. It should
wbeonnssest ood that the drawi ngs are not necesBer/UB3009/042016
scale. FIG 1 shows a very high frequency Vi bratory
fl ow met ccording to the i nvention.
featwrap lorrbed Dlswscat bR FIPIBRA FoXaTIqus Wﬁysﬁa Qm a’éﬁ%@waﬂaﬂom

of er Rledtlddm A ¥ %s%ﬂlt,la %ﬁ\;e%glkﬁrfﬁfomge(ﬁb%%lg Sffﬁﬁc Q{(fgﬂples

requency node cro ti1on node rrolis

deddribed etosy,.bubbfly 3/ thbelsma avé theihe@hivdlemguency
vi br at ory flow neter according to an enbodi nent of the
i nvERGi brhowy evelzy high éreﬂu@wyﬁabltatw flowrgteksd ascording to the

r at er h fre V|br flow ter
mGBERR e B Bl e SRR Bt sy fen
cofnpisédwy €6¥1bﬁ’§1ﬂ547v%terl 1t aﬁ@ﬁeﬁ Hﬁbé&h{eﬂw tREvEISIhEH Blel@hcy

depi ct specific exanples to teach those skilled in the

vitaatorh demt mwetenk eommscfsaevtbm@m@@nsnmmteof t he

|pm/ b’gg’shlgggﬁgﬁg%% E{E}%Q}p( 0\%2%3 SQ%rdgglé%g ghmeasure fluid
charhBRkikfid &St Ofio @ Tk, (?ﬁlcl %Srﬁ%e%ﬁhh% @ﬁlhérré fi8\Gind dr S’Mtﬂolnary flow

appreci ate variations ese exanples that fa
flurd. t Theweryehigie ﬁpquemfcytvhiﬁatany élotv mnter Tho fiethsk ldbd;lgnied tr(b accurately
the art will appreciate that thefeatures described

an% s¢lphhemsagie Sisnhewdld when theotiew (hys comprigisnnpliipts phases. The
mu\ﬂﬁ \}Jh@%é A6 fﬂIld tc?\? ﬂcﬂcher%n'tr%ﬂled% & L& eltnbohfﬁ?eqts wherein the

ron Is SECIICEX&

enﬁ}@lﬁ@d ighechnbInayisetlbutdn foRy Iﬂéean@ﬂaﬁieﬁ%aaﬂgn Irfvhlde air bubbles or
uivalents. FIG 1 shows a very high frequency
bubb # af vrjous| stres mEngping d es sy RIPhlgmasictin erlph g itiratory flnw meters.

h f br |

Thg Shtamed Bed SN oY LYol bl e b @iiepgpdently of

theENSRAN IR BAA cAlRe nY&kWrehicab efrbRB+emeyrtathhEQtiaraddftl®Whe entrained
meter 5 conprises a vibrating densitoneter. The very

gahcghcduse qalte'ntcg/rneamranemtwffdctsvduWD epnpréssibaletyiof tlegigasovarying
r{ﬁ sure fluid char ctehl stfj1 8 of a flow fluid,
with,he oge nﬁ@éesgé’ﬂlier@ A% | owi ng or stationary
fl o"’lfhfelrﬁﬁlﬂ I%h ’ﬂ 1H'cgﬁ' nf SRUERGYn &Flﬁg ﬂ{é’ h P&Yb ?1ments
Urt B

ter 51s esu to accurately and re
whmaﬁ tiieeeritiddndd @hidf kcam dombﬁﬁe 4 Blarfyl @wef dxantple oasmpns@ssand or soil

parr{llélletsl 1glaepe?r2?esu%18 ﬂox-zrvh The entrained solids can move independently of the flow
fluid and cause measurement errors and/or uncertainties. Another example is concrete.

Other slurries or emulsions are contemplated and are within the scope of the description
and claims.

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,
the fluid flow components may experience some decoupling during flow meter
vibration. The foreign objects can be less dense than the flow fluid. The foreign objects
can be denser than the flow fluid.

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

high frequency. The very high frequency can comprise a first bending mode vibration.

8



10

15

20

25

30

mul ti-phase flow fluid can include entrained gas in

sone enbodi nents, wherein the entrai ned gas can
wa@oeompnssse’ a bubbly flow. The entrai ned gas canP€nub2d®042016

air bubbl es or bubbles of various sizes. Entrained gas

IS problematic i rior art vibratory flow neters. The |
Al@ﬁ@artlafleg’e dhegury hé@pﬁewnw CRIp FORBHES APeEOpS. thifdger hlgherhbendmg
mdUeRRb&ion S FOWIRYEE oltﬁbq%)&ggﬁﬁt, k¥crPds c;f?-(?esfohmefxliﬂllaﬁoﬁ{] Are

cause measurenent errors or uncertainties. 1In
coatddipldtedand he veittiihahdedpg a$ tleadescapisen Mad ylaimgs. As a result, the

nmeasurenent effects due to conpressibility of the gas
veryarigh dtganpnay ibetesydlant mederpr redueas aofery heghf fregueppyvibrational

The ti-phas |l ow fl ui,d can,include entrained
rexgrcia 1o SR A i oG REPRe PRl R grder o
dehiféSoreat Fo@TBf 4 BRpansel f¥fukéncy RN& £XAPPAR éh@;%!&ﬁﬂé €Phe very high
sand or soil particles in a petroleumflow. The o
respotscaire@unsy canlbe vsad towleterinmategrenatantiteyflof fundclidrasteristics,
. fluid and use neasurenent .errors and/or :
inqlyag paransREY oA GRRER - SRARBRe o Cgdnci G ey Bigheequency nature
of BleUigw et 5 Fsﬁ%&fs%@lsfuﬁhgr_ gaghenpl ated and are within
the scope of the description and clains. In sone
enbdihic fimwt metdrideinoiuldes a Poasmectel aswendiy i @ahdideter electronics 20.

differig‘%li-quids, such as imm scible |jquids,kthat )
The apgiet cledrqnisted) ISsgaREESd torhe nesterraspembiynld) ¥ip depds (1P @nd is
. 1o . o 1 ui

cof B TR BARIROL e Pt S P a8 b pPRESES R BAS A e
vol@PASRThE, fRViRYPeIsk FIGE t&APEatles Qud!Jtig iffdimagol bosy a

meter vibration. The foreign objects can be | ess dense
compami¢dtenipagnl 6.l lishoulithe appresng iy bopetkiBedunthp ertdbaidhe present
. than the flow fluid. In.operation, the very. hi
iniePBRneneh vRe! el e ST REREY B oyt BB e pypmper of
drik}bﬂh{)lfckﬁﬁﬁ'é’eﬁ‘ﬁbfrs, fib& oaaYitdliod thd SREMBICY 08201 ¢BIRIONS Gt Should be

first bending node vibration. Alternatively, the very
redoigglzefl tle tlenfgwanetec hopr covpasseeibnapryt dénsdometer hindfloen Coriolis

begl%i ng node vi bration. However, other vibrations,
MagcR™ efé‘f'f -resonance vibrations, are contenplated and

are : : i1 B :

o T OEI SSOREy O D IBCEREH O BRSheBTe 1 A8 10T pidhifolds
103 apd ad'c e drigen B4y piukgdffsewsguen@yand brAtdndrfaddw cesqins@3A and

The veréﬁg‘ hi gh fre%uency yi brational response is
103Boddssiyer h04bpabiherickietiseniaie 18nandl 0pgracemegted to the flow

CO‘?{?%EOR%%M(FWW and a response anplitude. The very

résponse frequency can be used to determ ne one
or Mm®bee bdYHinhdit,dhe Mdkacsn@nits 1 034 ant NOBBdoRtrike RBBSantially U-

shzl;plegvr;fllc;v? tg@el@@ggggslré%wl\é ! El%eoriiattixye’ly,ei; oc‘zfetreein%od-irrgeent\s/,et{lg flow conduits
can comprise substantially straight flow conduits. However, other shapes can also be
used and are within the scope of the description and claims.

The flanges 101 and 101" are affixed to the manifolds 102 and 102". The
manifolds 102 and 102' can be affixed to opposite ends of a spacer 106. The spacer 106
maintains the spacing between the manifolds 102 and 102' in order to prevent undesired
vibrations in the flow conduits 103A and 103B. When the flow meter assembly 10 is

inserted into a conduit system (not shown) which carries the flow fluid being measured,

the flow fluid enters the flow meter assembly 10 through the flange 101, passes through
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of the flow neter 5 is discussed further below The

flow neter 5 includes a flow neter assenbly 10 and
woreaoen3abect roni cs 20. The nmeter el ectroni cs 2BCT/8S2009/042016

connected to the neter assenbly 10 via | eads 100 and

hﬁlolg’ll Y o ntl 582 ﬁ%}g £ Igggg} %ggrﬂ:\rpg %ﬁp%@%ﬂggéa tomgnter the flow
Co1lt1@.¥1ﬁl l'OZﬁXdaI{Hiﬁ%Bf lfﬁ)\%s thi ({{%ﬁﬁrtﬂ{; 'l ﬁv’ Cpoglrd 1t§%6§& and 103F (jmgéback nto

ormati on over a conmu shou

theagykt entinifold t0WMsehakiil dxed theintebe a8sdmilpan thivaghtiesfmige 101"
i nvention can be used in any type of vibratory flow

et éfﬁlerfb@wmd@é@ 198 Atand IdRoue selecigd iapé ﬂﬁpmprl@t@lsomounted to the

G R R0t IRA e Ridh ) GRS Bl R Uy Gl e sae
ma'fés EEdiglisiean™ | hﬁ)@ne’ﬁts\/bﬁh&&ﬁr indlensid SEBLRE aBAOH/tRE b@qdm%axes
Coriolis mass flow neter. The flow neter assenb

Wi-Né hudi 86--3V'paspecovely] dhgdbw oandantd 1984 andnid3iBf @dtmd G.tﬁﬁ/ardly
senso T53\51.05 and 105

frai cheringnitel s 08 Hed 168 An aR S SBally RETEI FoBPR 04  ang

t he 1k GevPEdn REQI0BA oHAS 0BBL L APiveRbS tEOMRIRGTIRE if %855‘&&
flow conduits 103A and 103B. I n one enbodi nent, th

direttoomscaboduthe sesh@dthyalah difB3dk os OMpnid SE' ados tvetnit nsaﬂehyled the first
Ushaped fl gw conduits, .as shown. Alternatively, i

oubhehRiase REMHNEEHAS OftﬂF’F‘eﬂf’de’t%ﬁdﬁoﬁ"@"%ﬁhf‘cﬂ%rﬁ%aﬂl“ 103A and
10§% Qﬁh %ﬂ&ln% 1L%ﬁ¥%ter\ﬁlﬂ)1%{gd ta g’ id bt i mgﬁ%‘@}/ ﬁlggep tlﬂfersned The

use

drltzblelm(ap icpinip@iRe anél oﬂhﬁhﬁﬁvell'rlhﬁ)vxfﬂ argesmbis, gmh abQlmagnet
are affixed to the manifolds 102 and 102'. The

mayatdd ol the ﬂwzcoemdultﬂ@éA apalrantppas Mg ced mouphsilew condsit 103B.

106. Th 106 h
AP Fa B R ne R AR SR e L e S no 2 s o
osHNgRSIA ﬁﬁta‘b'lebﬂﬁ‘l}é apsalii@ aﬁﬁl%deyOtWe GRS b&roHIdA PR he driver 104
103B. Wien the flow neter assénbly 10 is inserted into

viaathe derdlui 10. sy st em (not shown) which carries the fI ow
fluid bei ng neasure the flow fl.uid enter ég (iN ,
met ernCARLENHPSITOMNCY 4t KFGHICE BRASPY SRS Pp he %3 s bl and 111,
ht t I r
respefiey] ?Fu.h%k?sd%@é%? 28 OB S kD bAIARNI 0 which
caude8 fheadiivel QBB to bh@listetthy Goglconleit | @3 andd03B.Ss The 3ﬁbter

and 103B and back into the outlet manifold 102
elgcirogigs 29 PF‘PFé’SWétﬂé‘? leficandwighy vetpcity signghs froma the awgeoff sensors 105

an&(faS' 1n16?(?e;(r t{) %\frrrl@ %Sa:l'al'é? ﬂ(?\ﬁAat% ht%%’ar;glr@; f%ﬁolfg%ttﬁ% %Foq’ldes an

appropri a
infut@n@uh |0ﬁ£pumit tnbes Hp2mered e@@trbﬁlcb ay e HEsiRRVitiahh Yperator or

t he sane
with other electronic systems. The description of FIG. 1 is provided merely as an
example of the operation of a vibratory flow meter and is not intended to limit the
teaching of the present invention.
FIG. 2 is a chart that shows simulation results of total density error from the very
low frequency mode and the very high frequency mode of a Micro Motion model E200
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
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mass distribution, nonents of inertia, and elastic
nodul es about the bending axes WWand W- W

wo empasisevel y. The flow conduits 103A and 103BPE€RUSII9/042016
outwardly fromthe manifolds 102 and 102" in an

OGO  iETBRF S Hmies o 368 NGB eguercy mode
t
raGh FBGIH OPTOPRR GG ERBRG! bt BERTRDRX RR.HVARY oV

Is terne rst hase
nmod @] awfevieh avlidnombiidsiet biggblothax arfewttb@thﬁ boéwngitindetet & diameter,
103A and 103B can alternatively be vibrated at a
deeapding eﬁ@ﬁ@uh@gm@dﬂ@n@naﬁut@% SOS/qOﬂnRIé‘@ilblba/ cffeess #id tagerror goes

rise.one .of arrangenen
neg i Ao G MR gh BE RECH PR e B D B MG b gty
coRfbr OO RSk NAviSAU ImdHRY Rds8 s i@ fa aWaBORMII deddiPBng Atio (A, /A;).
altérnating current is passed through the oppoSing

Thmsoaslyntp(botc Aoppectseatia om thuins ©f bobbls sidel valten tha oscrillaadn frequency 1s
t | ect ' 20 t

hight o P8 o eud o v iveedded R Sfieh fiefiercst bt et (14

caitBe Eﬁ@%ﬁéﬁis%%) SEQRRIoR (P1) fshﬁdég)%ﬁ&iént bt gu‘%‘l@ sizbhind flow

respectively. The mnet el ectroni 20 produces a
ﬂudiiizmeomygnal on the Iead 110 which causes the driver

104 to oscillate the flow conduits 103A and 103B. The

met &1Ced sReWoA Ve Bigh Sicguencyedbiatry flomy mekry Sracgprding to an

“’%’ggﬂﬁé&ﬁ%f dﬁgl?l@{?%tl%lg on%e: y&g@l %#fr&ﬂen?f @&1? be b%%ﬁ AU effective

lerp@i BT thie Gk i0d indra lyw2Eonduaty i1 08A, 80BB aﬂditheagwnwﬁymﬂtn@ﬂow meter
that allows the neter electronics 20 to interface with

5, anpispwuatygtisasseg t Fheoaffestive length rmmnes%b@dfmenﬂsr@n be controlled

by 35 B opdPudranedy I ofuPAEdhs SFvTEfuhe aflfe RlAifrected

bylohb P @este %Qlahbéﬂﬂas§e|§ ehdtRAk BFﬁsnequ BNETIREE &mﬂe one or more flow
I nvent i1 on. is a char t hat shows sinul ati on

con@stsl h%POﬂOBBtwnwdﬂél ty error fromthe very |ow
fre nc d the r i gh_ frequency node o
ot $U6ﬁ Jaw Bt S gﬂ% l?rr%sk?vfrfgt%?porwn Sy efatively
sm%ﬁ% éélﬁl?, a1 Ellﬁe W %1%%%\1{33@?%&&%& ﬁ%@ﬁmf@?)ﬁ tﬂ&‘éfb&‘@ ha9%ave a

s n e decoupling rat

low Ap{ghf-)o le‘ng&pwp@mi naEid €HylL)o rfear&mimbhae a(ﬂlerg$1|t4tq-largt}oaspeet ratio
carrespondi ngly | significant. In th snal | partlcle
(Hdoanay pe less Hrap ‘é‘&&%ﬁ thaogne-c ﬁB§§1 the very/high ffegpency

Vlbq* fsgll'fﬁ'bgf m&¥%r & acgcg'ﬁlnﬁ tottﬁee mef'egpor{ fsergfé?og%r gPaqlearﬁatﬁer%fore easy

Ive error an reqguenc
to bl@éb@nﬁb@dneﬁfmgt@&teﬁhg apbﬁmmg, Wnen bubbl es get

blg?er than a few tenths of mllimeter in dianeter,

n some embodiments, the very hlgh frequency comprises a vibration frequency
above 1,500 Hz. In some embodiments, the very high frequency comprises a vibration
frequency above 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.

FIG. 4 is a flowchart 400 of a method of operating a very high frequency

vibratory flow meter according to the invention. In step 401, the flow meter is vibrated
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decoupling effects begin to dom nate the
SOS/ conpressibility effects and the error goes
woe@atiBage? Note that as particle size increaseBCT/URE09/042016
observed error mﬁll asynptotically converge to the
at an abo

i nvi sci d nDdeI 3:
at y¥eUPeh fgdrero R%RDV/W fugh ﬁrfrﬂ%n%%ms aflﬁpgﬁgcy where a

I
eI E rat ' ATRT R Sbo PR Slamelen i Eéffn?*ieﬁ'v.fbr Hgg nieh
freqher&:yhjaghnﬁﬁd@ 8 Iﬁrehnawye\m@ere atdeesusingatiio AL/ ofcboube: 1 for

npl oyed (see below). Equation (14) is independent of
enw@@qi solidsas thanvery lhagh freqicacyi 468 yietyyhlgh |f@qu3ncgfrr@nsn@lude a

freffiny eils A RERERG VRIS altofiaro sRleBy gk HoMeauia. The
vely IBGHERGNC A aRInBAgEd fRQu %ﬁifﬁ&@tﬂhé@er& m%{e heglentb® above o

one or nore flow conduits 10 103B and geone
pragleterendd maxltmme lde@upésg rfreauemys indegersdens etal forﬁm materlal size
effective Iegg n.so enboqya§ ts can be.c ro
or §forcHEn MAsHA Pf?sﬂ“%o Yy B%HGF]F?S a0 {1 i i Squency

Wlfbe'f&[eﬂfée\fé@'h él]?lhflw fs@%ﬁv@ﬁfp RAntie QRS IR0/ c%mpresmblhty

ance at” can optionally be affixed to
threstmldxrmde:peedérhtmﬂ a(fom’igm trstek B Aize DO 3 Boregm me&adlaﬁcorhposmon The
the figure, the flow neter 5 has a |arge | ength

very gl rﬁtqqa?my(paa ipgpgde ﬁ\f@ﬂye@wwﬁ ebeit] 190 ez (/Iézx'/ The very

B
exaiilceor rﬂorﬁ&l@hboﬁ@nﬂs QﬁT @‘iehvéi@ heed fre@idney Mﬂrhﬁorﬁﬂﬁwhﬁeter are

| ess than or nmuch | ess than one. Therefore, the very
configied teaeheensthe Vbryalmgh_\frenu@wym @nf&uaaiw@rqﬁqmg qrcmqrn of a flow

cobMAETBRA oo EhBLu Rakor PRy o aREhEIor ABEohot it materia

floRNBRHuRRicRnedk hBowRbYd ik Shpfe! BEWRRANYE g@f&hb@? Sordne or more
vi bration frequency above 1,500 Hz. In"sone

vitentoardil mede positibies, aepseviiugly dllstaq;&@hcy conpri ses a
In. s

v b@eh@& lgltgﬁ uenc a\% %’agq)]t%lf Ooggelzﬁ%rfag&wpgggreg to operate at a
ﬁr?\ftb‘t}%haﬁl"g%oéer W h?@?ﬂg%l%gtgg &]ﬁgtﬁ& ﬂoﬁﬂ%@ﬂa can be be conﬁ gured to

opéraeateime \or Gidire hendih g anydeb f @ghi s agecediever thiré ending mode or
thr eshol ds, as the required very high frequency wll
“ti mat el y depend on various factors, including the

; lo(r)\eﬂllfa eﬂ 4%{2;? U]%?é?t g?&esﬁ&gse oﬁh@é&rﬁe@; astsg?]]bgmsrrgéen\?e% The
vitteoral répoBid s Kefusefes atterifingd avesulting BleqhéReuURE GYnplitude,
including a frequency that can comprise a resonant frequency for the flow fluid or an
off-resonance frequency.

In step 403, one or more flow measurements can be generated from the very high
frequency vibrational response. The one or more flow measurements can include a
mass flow rate. The one or more flow measurements can include a density. A density
measurement achieved with the very high frequency can be determined using

assumptions as to the decoupling ratio and the fluid viscosity. Other flow measurements

are contemplated and are within the scope of the description and claims.
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vibratory flow neter according to the invention. In
step 401, the flow neter is vibratedat a very high
woe@gasnsey. The very high frequency can i ncl udBCEUS2009/042016
frequency where a decoupling ratio (Ap/Af) of about
3:1 for, entrained gas i.s achi eve e very
f r edliesEy e degqueney i§ dae Heqyeagush $ Rk%h‘g? ang Oagl%gpmgmdults
105 &L4nQ %ﬁ/é}% VitfthteB90 Uﬁdﬁcg tdlnfegﬁhrg %W%@&téﬁ’étfcg%f e AR fluid.
very hi requency. e very hi frequenc
Thie rai@ivu cfﬁsqaelﬁcryewmehmlewtwrte barat efﬁcfw ﬂmderemmo $ictjiverely, for
about zero is achieved for the flow fluid. The very
exatmgh: ¥ W@f@m@m@% éeS@nﬁmequayy hiraraniesh élg;héf pending
mo&i glg ! rl’el l'ISenC %b%é/en a é‘edeet %{em e C1OT rHI'IVG frequenc
e R eyt aBy S rlla ERAEREI: THoIRE, Bl Brive frequency
cafMBifRrifAm 8 vAsraBbnA r&@oﬁé@ﬁecﬁ[&fn A\ 'r@denfe@rtp&ﬁhtﬂdw metdi@ssembly
very high frequency can inc frequency where the

10wedygahivgty docetlientoythicsnaksop of aledﬂtwélued mdnnaddli e itheudnive

fre'qg?sr/g:glglﬁ aﬁgftg{i %gltfles%/ h%g %ggr:agtpwtgqioeﬁtgg gfpwdpeter As the stiffness

chSAPRASHL inRPeasdD eneV@ive fé %qﬂl %t‘fé’as@ a?xs' ek Qnﬁr %ng the
frequency abové about 1, rtz . The very

flofwr ﬁmdartcsylfmass wﬂbﬂeauﬂe iaa h@]ﬂu doone oanldmt ecsahontt fralu@ﬁ@y and

Hertz (Hz). or nore flow condujts of the very high
thﬁff?@é‘fb@h Wrw%ﬁ ﬂ@‘cyrrpetfer Hedwsncyr Taedlovpsendyfrséidinegs can be

mc?&{% EYEaEQHetﬁ%erxz%}’sg% ({lgﬁlgy&ﬂgéf?\gy configuration of

OW con I'Tfness, flow conduit

I engs; herlyfﬂlg\/\'vﬁ)@ﬂmﬂal fragieel chidbe @chlébéli/\b}eﬁiwzitlﬂg the flow meter
mat eri a | ow conduit thickness, flow conduit shape,

asa‘en&xly ¢Bnba ﬂrst@@d@grryodeo rThenrspbenting mpidp camipsises a Frsgeant

h
frefRginetcne OPR BEEY bRFRy Shoeh g KAgh et § aPudinguit moves in
a saE ir6titn. %Iﬁcérﬁﬁve@y% HHE Dy MEE vibH o4 X gt can comprise

frequency vibratory Tlow méter can be configuied to '
vilopengthe faiw oreterassanbly 10et dlsngorrdi@@shngsmo&e aét thessecamtlbending
oy thi

node , or .hi In s
eb?%?fﬁfﬁﬁam @38% Bodg ctipg |aof39%§9% ulE@%@%ﬁm f}‘w cgnter of the
Vitgg?% (Y@[fhmtgb?téefﬂsb r'f’ﬁe' éyt?lﬁhlt g%?tﬁﬁﬁso‘:ﬁ Her Pﬁte Eggﬂs Ufbrational node

m ne sulting freqguency an
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A consequence of a multi-phase flow fluid is that accurate fluid measurements
are affected and impeded during such multi-phase periods. The multi-phase effects may
be present even in the presence of moderate to mild multi-phase flow conditions. The
nature of the multi-phase flow fluid can manifest in compressibility/speed of sound
(SOS) effects and in decoupling effects between components of the multi-phase flow

fluid. The two effects can be controlled or eliminated by proper selection of vibrational

frequency and amplitude.
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measur enent achieved with the very high frequency can
be determ ned using assunptions as to the decoupling
wo atma3set the fluid viscosity., Qther flow neaBOT/@8ENG/842016
are contenpl ated and are within the scope of the
description and_cl ajns. The drive frequency is th
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del&fr}@}éif ¥ the EBUEAGY, ¥rbdtinoNRE §AZSorAP re%[){)ll%%lgntd'an%/ subsequently

easing the flow condui't stiffness result in
detivghBowfdhamctonted. t Smeld bnbbits fypécpliynayvawdh ttheflefdied as the
an increased flow neter frequency. The fl ow condui't

flogt mefe é%%lbaaélﬁi- bEOPREFTeE8e BuRbies wiarmas mpvsrwiaing, flopg fluid during
vitthIGHEER RS O3t \aiﬁlgtﬁ%](n{t%%b%&ésa&fn%a&ecfoﬁ@% FLOY gfefow fluid

€ achni eve y Vi Oow neter ass

and chn hidlve et &ith dherafred Slas Bebisle s thoviiefacBsparidsRster than
a _resonant frequency of the flow neter assenbly 10,
thenfiew dluid dheng exddt Hbestiogak meveraeord dibis aeessly affectsihegiilerational

L sl B 0 S
wiRsS 8rbUd bartRlesturs %ﬁ?é&iir@@? dk&1g tfadeoupht frbReths ¢RI of the flow
bendi ng node, an additional vibration node exists on a

flufid atvincreasiog tvitaati@iad dtequdreiase ntherdesbupliver map ewen ogpur where the
ondui t _por.tions..The ¢ it porti.ons on either side
mhﬁ?l-p??ﬂ?f‘sﬂ WBP%WMH@%@@%%& ﬁn%%so@}d?%f %}%@éa@ﬁohﬁ.@
- i ment i ghfr B ALBE Y oo
o AT EOPBRLAEA Sy R 6 AGRUSOEN UL R o
of tlesflow flufid hhdiherdifferencke i domsity beswaser therfiodi fivadtaad thdforeign

very high frequency vibratory flow neter 5 can operate
mageriy, {pseYaRPKh frequency as a result of the

con YA, Bl ot APl FIRESRHNGR & ssen

mul t'i-"phase ~actura .
pré¥e@aswrenenbw falie, ehfpeinad, Medchrieadesixthy éMBbe gkcinto the flow

mul ti - phase periods. The nulti-phase effects may
fluid, and other flow properties. The extent of the decrease in performance is not only
related to how much total gas is present, but also to the size of the individual gas
bubbles in the flow. The size of the bubbles affects the accuracy of the measurement.
Larger bubbles occupy more volume, leading to fluctuations in the density and
measured density of the flow fluid. Due to the compressibility of a gas, the bubbles can
change in mass, yet not necessarily change in size. Conversely, if the pressure changes,
the bubble size can correspondingly change, expanding as the pressure drops or

shrinking as the pressure increases. This can also cause variations in the natural or

resonant frequency of the flow meter.
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be present even in the presence of noderate to mld
mul ti-phase flow conditions. The nature of the
wonwiidgskase flow fluid can nanifest in PCT/US2009/042016
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affecting the vibrational response and any

subSEYTERPTSYCRY SElar proglgrenbit Betcars ok slegless?emwver the solid
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vibhhfihy EdRIuiitl QWHdauieﬂﬁﬁitlﬂfclngnWebl%ﬁ then tief ligihe. BudBecause the heavy
conduit. |nstead e bubbl es can be decoupled from

partigdesfinove kelssnﬂ@le eanterafrgrang eof the Elvichaéxiura stillynpries slightly

bagidelh B fERePE Bl % RS ThRA R R M dhiflive B and

depdiesigtly affects the vibrational response of the
flowreter. This is also true of solid particles
ent datheeghsilmuidesofil diquid, wind liguieheuitllvesesothiedli ffarential restion of

o SRS e UL L RS LR
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eqidtime shi be sisedivedcd ediosihleibebaaot oball thase freeariésound t o
be affected by various factors, such_as the viscosit

of {Ieemensating ier dluithdeqonling h@%be@ﬁ&éfﬁqult&@ﬁ%uwhere ard several
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viscosity is infinite. At a very high vibrational frequency, the flow fluid will act as a
non-viscous fluid, i.e., as if the viscosity is approximately zero.

Viscosity is a measure of the resistance of a fluid which is being deformed by
either shear stress or extensional stress. In general, it is the resistance of a liquid to
flow, a quantification of the fluid’s thickness. Viscosity may be thought of as a measure
of fluid friction. All real fluids have some resistance to stress, but a fluid which has no

resistance to shear stress is known as an ideal fluid or inviscid fluid.
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related to how nmuch total gas is present, but also to

the size of the individual gas bubbles in the flow
wab@9gs4se7 of the bubbl es affects the accuracy BETURE09/042016

nmeasur enent. Larger bubbl es occupy nore vol une,
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flow and density errors) when entrained air is
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t he xture s nmoves sl.i ghtl ackwards .from
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e use VI Or
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difficult because there are severa
through centrifugal force.

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
decoupling and SOS/compressibility effects, but instead to operate a flow meter in such
a way as to generate a known and substantially constant error effect. As a result,

derivations of flow measurements are simplified. Errors in measurement can be then

removed.
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factors that determ ne how nmuch the bubbles nove with
respect to the fluid. Fluid viscosity is an obvi ous

wo a@bas4s2t n a very viscous fluid, bubbles (or PCT/US2009/042016
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particles, as small particles tend to nove with the
caf bgcamaaapatesiuioe usingicpneantionsl tegugirsr  pr obl em caused

by wvibration is spged of sound.(S0S) or. .
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hav oh: Ly ff :
and R Re R TRAGE RN Rby BT RF e N iR RS How
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o8 S N kDRt AR Dt o
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pressure drops or shrinking as the pressure increases.

Thi \nodlrer apprwach s prodagingtthoneryimgh frequracynabratry flow meter 5 is
o R R0 AP B 00 MPopestin reguency
and/or resonant (or natural) frequency, along with a conduit amplitude. The meter
stiffness can be increased in any manner. However, several likely ways are discussed
below.

A factor in meter stiffness is a flow conduit length. The flow meter length is
substantially correlated to meter stiffness, wherein decreasing the meter length will

translate to some increase in meter stiffness and operational frequency. Consequently,
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Second order factors also can have an effect on bubble
and particle nobility. The turbulence in a high fl ow
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For exanple, if the flow fluid is _vibrated at .a %
thagrpnggndrien derahicrelatively igh nyedstpPrergasng &&h%htrto ength aspect
rat Qf/ﬂ? Qiflfi %?%sfeﬁ@%ﬁw%%ﬁ?ﬁ%és@ndﬁhé h‘ne@&%reg%%%ﬂt fr‘géﬂﬂ%cy As a

coﬁsreqqetﬁﬁaCtt@aaelgmf:od@z;g@M aépeagraelbf(em) ¥drl be ERsBO ilBYder to achieve at
than about 3.1, i.e., a gas bubble will nove about
1ealsh$'0é@e mictas stiffsessdncrgase he | i qui d conponent noves. |t
f.oun tral ng SO

Ut bechmaR Heribinet ol TG 2R ARldHET o TGt rateria
caRBOYElc OB M mtd@r Ed“@ch‘i’é@rb& fdabt Hrhd ﬁ{e&r@tl%esfs)lhcrehie atﬂaea

density of the solid particle is much greater than the
cofrespoindingtherativha feequendynedresst.i d particles will remain

subst ntl ally stat onary while t qui 0 onen
o & PRt s PERO NI COH R icSHES oS DS Popduit Gickness
cafbl ncE ﬁ&‘?ﬂ)ﬁﬁe}fb a'?d?ﬁé\%'eﬁ]?éjastsgﬁéjﬁrete%ﬂﬁﬁgééq{lye%se R flow
very requency vibratory ow neter can
cotvduit ﬁuﬁd@hem cam Her mmamdyb}eamaéultrableMm@rreamwdvha ras alpeactical
upper lim.t frequency for the decoupling
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upper I'ndepen W con Sl ze,
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of the liquid conponent. The upper limt may be
shape can be modified in any desirable fashion, including using conduits of substantially
round, elliptical, rectangular, irregular, or other suitable shapes.

A factor in meter stiffness is a flow conduit geometry. The flow conduit
geometry can be designed in order to achieve at least some meter stiffness increase. The
flow conduit geometry can be affected in any desirable fashion, including the use of
appropriate straight and curved sections, for example. For example, a straight flow
conduit has a greater stiffness than a U-shaped conduit flow meter of the same length.

A factor in meter frequency is a flow conduit mass. The resonant frequency of

the flow meter assembly 10 will rise as the flow conduit mass is decreased. The flow
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primarily dependent on a density ratio between the

l'iquid conponent and the foreign material. The very
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St eSS I'ncreas
true whether the foreign material comprises gas or solid components. This is true

whether the foreign material is of a moderately different density than the flow fluid or
whether the foreign material has a greatly differing density. As a consequence, the
entrained foreign material will not substantially affect the measurements performed by
the very high frequency vibratory flow meter 5 after the predictable errors due to
decoupling and SOS/compressibility effects have been removed. Further, the flow
meter 5 will operate consistently and predictably regardless of variations in gas void
fraction (GVF) and/or solids fraction, while being able to satisfactorily measure the flow
fluid even as the composition of the multi-phase flow fluid varies, as discussed below in

conjunction with equations (13-19).
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A factor in neter stiffness is a flow conduit

material. The flow conduit material can be selected in
wor@en34se7 achi eve at | east sone neter stiffnesBCT/US2009/042016

increase and a corresponding vibrational frequency

i ncrease. A factor jn neter stiffness is flon/ ndui t
t hi dikg&acter etpeiranies 2 aeerates ¢ ATk pigaal todhe dave i@ é%%@acan be

I
cof RRBEAT o EAREIR: A0l ST Lol MER Bequgrer. A
is &mn@nn psadticaltih elbamgnﬂowhbmﬁsemls agaids theaﬁételcabctronics 20

matter, substantial increases in flow conduit
gengipgRmadsive signakeiia preferernined dreaneray. whickhe thepredetepined

| d h he 1
gl B Rae R P o E REATRIRSS PP R iR Etenals. For
exhiBpRl t&me@g@n it bé E&ﬁﬁcﬁle’d%fz to-h_:ﬁ@ fééd@)i‘él@i‘ﬂr&blért to achieve

shape can be nodified in any desira f ashi on,
a reseolhod(ieg nagiraly fegnehdiytis thf Vlbcmmmahltesmrlsy as ouasiyred by the

picatiBe iR 1P R B0 HEH elekePHhcs 2Pieagbe Rinfiishlh fperate a

higRePBBAdiMe m¥s.f | ow conduit geonmetry can be designed in
order to-achi éve at |east some meter stiffness

i nciThasecterTdlecttdrivs bcahubd copemedd ty gmeraltfethafvfegchlgﬁ fraquency
any desirabl e fashion, |nclud|n§ t he, use
in éi%fb‘?%m’%?t d fgetrfl%ﬁegﬁlﬁcta%%m faHbe etfigmed dmeng @RAwgcare, such

o EFSpRIBTRLS, B PLALL L O iR ok e

thes@orr bRRGbRIcs 20 fcag be l’coﬂlﬂ’\gm‘ed inthf the §u8gigh iffeqaeldyQiMring a
conduit mass. The resonant frequency of the flow neter
calalygtiom pyocw W1 axapipde velere He o W ghoiherrencypegrargming in some

ondui t can be, decre
el GRS fiay oA Y R B e SAf G s determined
by'th&b‘élﬁfratﬁd 06@RdYH bhiiothér £1eeq~hmvel th hlg?ntﬂrécfdéﬁéy%érﬁbe
 ow conduit nodal restrictor and vibrati onal node
detlmxhorl datermifibd dfitioge metarstassp rm’pblwtlm@ tanexangplogdbe omey high
estrictors that con brati on

or nore
eﬂB%‘éCYpfé‘éﬂie({@ﬁ S R R %eibisr}aasasa@de for
t
exﬁﬂ lter Q?telyrlg%ﬁtﬁteﬁe tg%@?rgﬁ&d cﬁn 0@%‘5@&@00 n%r%?ggég-e tered information
regmp@nglthelﬁ)ﬁufemfabmmmph@se fdow Hluidhe mani f ol ds 102 and
102", Alternatjvely, in other enbodi nents the naod

r esGariofis maéaﬁb&fomﬁter%@dowbraéﬁarymtw%@@ ngyise th%fhe flow fluid
mo tv%@kg 'f%vg chn@Lﬁ{sv&? ?l]ltd%n a %Wn?ﬁ@rdgkatﬁraﬁtfre%tﬁncy When

efl ne poi nt St an near anges
forangh thetbrial is ihtr@&duced Lthﬁsta%@ﬁ Tﬁﬂld)ﬂv isato IbhgeﬂMdeﬁwﬁleﬁf istrélative
flow neter 5 (not shovvn e one or nore nodal
mqt@@tqrud@swrsllr@rl@twn@i nhldéwom npyrd phases. A sodplehas been developed to

es_of
predlcpt tRe com %101’18 that are neecq]e% 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:

m ﬂ:F

? d t drag

+ F

history

Faddedmass + Fbuoyancy (1)
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curved flow conduits 103A and 103B, creating desired

bendi ng axes. The one or nore nodal restrictors can be
w@omwtideeed i n order to decrease the | ength of pehesidoom2016

conduits that experience the vibration, thereby

i ncreasj ng a, resqonant, frequency of the very high )

fred rﬁi@mﬁwrgar%? {AYPoORTEeS B1e rago of thegppriiclgpmplitude (Ay)
oS S TEDRE SRS A9, A0 b EHBIEY o i materi
indllidigg easbetsblesT Relid paryictusgbr dvicaguetions ofpeatiffetenn flwid dntrained

result in the decoupling being naintained at_or near a
withae Siepflo v dluicdyt Tlae Brdigdualftenmseeit qaapHen (gase defingsoist

3/ (I +(2*p p/pf)) for entrained solids. In addition,

the very high frequency operation will result in flow

chaﬂ%miéﬁ?%%?@%‘ggﬁg@ar to a flowin which viscosity 2)

is effectively zero. As a consequence, the foreign

material int myl ti- S | ow fluid noves

pr edi, gt abloyu 'ﬁﬁiﬁeé%@BZ? giLhe flow fluid liquid (3)

conponent . i's ¢s tRue dhether the foreign materi al

conprises gas or solid conponents. This is true

whet her theyforeigp npferial is of a noderately

di f ferent wp}a{;ghag{ghe flow fluid or whether the (4)

foreign materi al s 4 greatly differing density. As a

consequence, the entrained foreign material wll not

substanti ald y affiect the nmeasurenments performed by th?

ver%ﬁhﬁ@hzgﬂghﬂquy vibratory flow neter 5 after the ©)

predi ctabl € errors due to decoupling and

SCOS[ conpr essi bili.t ffects have been renoved. :

Fur L o mhe ol I5 ayIcddp SRk N GRRFEL @b flow conduit

e I jations in gas void

Th??%g??gﬂ“?%@ﬁ?mgﬁﬁ?%ﬁggﬁﬁﬁﬁ§5#¥§£%§bn, whi | e bei ng

able to satisfactorily neasure the flow fluid even as

the}qgﬂp@ﬁkgygqhgg thgul ti-phase flow fluid varies, (g)
as di scussed bel ow’in conjunction with equations

(13-19). The neter electronics 20 generates a drive
si griddriitleVelheinor vwed 10s(@ndéso can be configured to (7)
drive/vibrate the flow neter assenbly 10 at the very

dri vel | bly 10 at
11 ooy & St BT R RRAE er "ol oot oni cs 25

generating a drive signal of a predeterm ned
frequengzéhmherein the predeterm ned 5 frequency can

be af £e > and nodi fied by feedback taken fromthe (8)
pickochaignals. For exanple, the drive signal can be
controlled according to the feedback in order to

achitey¥enver§EeSRR8NMurhberd) takdd Hidhdcdun My fluf kiR@matic
vi brati onal response as neasured by the pickoff

vissesigo(m, thoBngnldr thBationThiequaney (@), ot thhpasicRordabbleaadius (a)

of ﬁ*?enffolrqurrl ?ndatetr?al.o FFEE %tmeerr?attic viscosity (1) comprises the dynamic viscosity (L)

divided by the density (p) of the fluid, i.e., n = Wp. The foreign material can include
entrained gas or entrained solids, as previously discussed. The inverse Stokes number
(0) therefore may be used to more completely and accurately determine an upper
vibrational frequency limit than is possible through just a frequency specification.

As the density ratio increases past about 50, the decoupling ratio is dependent
primarily on the inverse Stokes number (8). This is especially important because all

gas/liquid mixtures have high density ratios, usually above 100. Thus, for the most
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hi gher bendi ng nodes. 10 The neter el ectronics 20 can
be configured to generate the very high frequency in

WO armasss2nays. The neter el ectronics 20 can bePCT/US2009/042016
configured during manufacture, such as by

approprjately_ programmng a of the neter
cognyy Y KiphasoRow LopdifiQrs in ey ratpweﬂ%tr@?t% e exteniafs

%Qul%ﬁfénp I (ﬂ{g}' ﬂh%}h'oﬁ ﬁ]l% %{%rge gfo‘ﬂg? fnﬁr‘ﬁ mﬁg@zytTReerefore, if

uring a ca Cess, exa

theviaryrsBiSgdkek mambeﬂcﬁj) 1pwagrs@mﬁ fg: deBuls @moé&hee ihxoiivive it Gase of a
may depend on the neasured or determ ned neter
3: 1st1¢q0F1ﬁ 8 ragio, Bdledhihgaarangetenis largei tshaditvie spotios éesrictpd and the

de%oe thfﬁg (rgatg?l Bl%epgggéﬂr?\?/ ﬁ & dt 'E'l%; nﬁzalysg@ heg]:nrug% X ?é():)ylgu&rates that the
baRREE BétinRBn RS kIB¥AARE QiscbilBy, YaFiINis) aht FEH48BEY i aMpBRant, not
based on pre-stored or user entered val ues. Thi's may

any ot ofthesé mrlmlwqu@e; HoweV@r, friegenicy ag) wﬁ@leﬂﬁmmetsr design

based on store r-en ion 20
ch RT3 NG SR St DATHEIC I D Bl PRof RaiTlex and often
unEMtRlabk SBE&s Cb{q?\(tllgﬁé ers and vibratory densitoneters
require that the flow fluid nove with the flow
condfot tie mluposegfeperdtingta abraadrytfloav meterat 8 higt vibadtional

frequency. Wien foreign nmaterial is introduced, this
frequenfrgnioBeerte opgrafimgepredisfable andexnesicd multirphase regime, the

1n@%e$tgh9sr ntg'ﬁﬁé%%geveﬂﬁ% lfstg\ﬁ"?g ﬁﬁ%ﬁ%}%&@%ﬁﬁ?ﬁé ggﬁg@@ﬁ? fre%ency is

highhéfough e The eghadsd Sokes ﬂﬁﬁﬁer"(’ﬁﬂrﬁo@néj&ﬁ%dlments comprises a number
measur ement, given specific nmeter operating

lowerribipn alzmt, 0.trhBh¢ inyietrs StekrsInuniter ¢h lnégrr@@émbwamwatc@@pﬂses a
aII predi ct decoupling effects. The
nugg)gg “66?{ alnoa‘t%/onﬁg%g decoupling ratio (Ap/ Af) and a
dqulH@'abBGe Eﬁlfh@l%ﬂ@@ﬂ{ Be isdd td fMdSarticl® niotion ifltR@oscillating

hi story 'addednmass ' buoyancy VThe decoupling ratio
enyitginént of anpbiagey flowemetetrite wothin hha)qm htsi arlreinaspdni pancent

IR AR R D T

g FRUSH R P S o SR PO g
vibraonal m@bnseeﬁr@eﬁéy e uat lvdﬁatﬁdx)al a¢sponef amglituds (A, the fluid
der(ljsny (pf) ﬁle partlcle dens)lty((pp))of(tlzlg foeelgn matrer)gal p?artlcles entrained in the
flow fluid, the flow fluid viscosity, 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 (A¢) 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 (pgp) may be specified by
a user, 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 viscosity may be specified by a

customer, such as in the case of a known flow fluid, or can be obtained by measurement.

The particle size distribution (a) may be specified by a customer, such as in the case of a
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-\ (4) /7 du buoyancy =-4 ppf a3 (5) ~dt The notion
of the flow fluid is assuned to match the notion of

wo b@9ofiB4sar condui t. The notion of the bubbl e or PEEUB2009/@42016
i s calcul ated as: FIuidV@Iocity =u =Af cos( ) (6)

Par t ocity =v = s(wt +f) e inverse
n@‘fvea@ﬁ 8F cyhye efape F@éfsmeaﬁﬁeem épg@ggxgoaﬁegstw&fhaﬂon
|

kR DR TRERM B Ab DL HRTRATIMEL (1
and Hiple ﬁmqnénocyl Retors tk)pi@b]ly‘:‘ ha@sdmatsm(r&éd ofelltfoeeitedigédgas
material. The kinematic viscosity (h) conprises the
apﬁlwémn% Wh@g@sn f%?SerrfOTd ¢PRRIPeBiprMABCS HRtithe @@faouehng ratio is
Very 1Fgf1,!]%slugﬂ¥ P%‘or% ggl aé éﬁ ll%ee%)eﬁé% g ou[n?éeﬁec cau(s:ea Rdditional

enﬂfsewmé%ﬁiﬂép@'écﬁ@ﬂéé%%he iddel:nver se St okes nunber (d)
therefore may be used to nore conpletely and

accurately determ ne an upper vibrational frequency
limt than '%dp si bl e through just a frequency
spemjslerpaHEen— l0he density ratio increases past ©))
about 50, %\H&.decoupling ratio is dependent primarily

on the inverse Stokes nunber (d) . This is especially

i nportant because all gas/liquid m xtures have high
densjty Lait[leﬁ._ usygl | y above 100. Thus, for the (10)
nmost coffhore (mad t ijphase flow conditions in a vibratory
flom1neter the extent of measurenent error depends

PherBe an Bl refuacy g angatas bR iaigae Hyibragiopal freauency by
SQ&H Thd %}%eﬁ%%%ﬁn@&pﬁl mﬁﬁf& g caﬂ%%sﬂc%@&ﬁ@ng well-known

:1 decoupling ratio he paraneter Is |arge,
eqﬂﬁhﬂﬁ@w@bﬂnwooﬁhedmm&ﬂﬁnﬁﬁheﬂoaﬂdbehﬁ1dknowp]|ng ratio
approaches, 1: i nverse St okes nunber

7P 136 Raiddratio tRe b e 4o e taaBese i hae eradforeign
ma\fér?ﬁ%i:flﬁrg?ﬁ’ed Ql?e;rgl Calrg 18 %Seragggtrgﬁqﬁlg' %%713‘\1%)% %uﬂcﬂr&% Bf"lgrtlcle size,

he§e arla I"es

paﬂfc@é}@@ﬂﬁy flgidarensitg I ffer@ekuy, ﬂ[ﬁ!@éscﬂl@ﬁio@rﬁmphmde and fluid viscosity.
characteristics, while viscosity and particle or

SomenHi tb@S@up@éard@tp@rﬂne drfﬁ@@htrp) eRasiel 1@¢1uémgmcm1@ sigk] asghey
ess congi ti.ons t he . pose r
el ey Prsh e s napdip i G SR, for e
Unlike the viscous model, an inviscid model for particle motion is dependent
only on the densities of both phases, which are often known to reasonable precision. In

addition, in the inviscid model, motion is independent of particle size and can be

represented as:

[H

In general, the inviscid model (i.e., a fluid that exhibits no viscosity) is not

dv du
=3= 11
] dt dt (ih

applicable to a vibratory flow meter, as a vibratory flow meter is commonly used to
measure viscous fluids. Even water has enough viscosity to significantly affect the
results. However, it turns out that as the vibrational frequency is increased, the physics

of the oscillatory flow are more and more similar to the inviscid case, even for a fluid
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frequency in order to operate in a predictable and
expected nulti-phase regi ne, the inverse Stokes nunber

W@ djosaaes2be used to determ ne whet her the vi br B€T/O82009/042016
frequency is high enough. The inverse Stokes nunber

i RS oG TSR homma e nero g b e then

nEFSRELTIONS AT LSRSof QRS R e e i

withoid plfask eladye IogendrhRthing €bxd thomnRtmeku@menky, aviory/decoupling
flow neter to within about plus or mnus ten percent

MRt tioge fedsaly andanass dloar papal Haywpyer: gesigmbicast adeantage of

dif.-ference, . st _situatio The six i nputs needed
opfighib§ BB hisP ATR0EnEL S RSB s pabigte HBIEhS aREFEBEnd on he
dehdi§y MtiBr Fhi ORI REREAPMOILEAWEBEEY: d)or sbh€, does not depend on the
vi brational response anplitude (Af), the fluid density

sizg piigtributien, pdvich sluwsuadnsnknowipphd ofayt eeinfpmssiblgrto determine.
mat eri aj rticles entrained in the flow fluid, .the
£ oD SRS X FTEG B QogoHip e Op abriary S SEguplin Tatios Can be
Qi skg hbkhien t§a) of the foreign material entrained in
prtﬁe ?Iom;?ﬁgid. The vi brational response frequency (f)
and the vibrational response anplitude (Af) can be
determ ned fromthe vibrati gnal nesponse of the one or
mor ep,f | evp,condyi ts-((4,034, ) A 03B)1 |such as fromthe (12)
vi brational response signaf generlated by the pick-offs
(105, 105'). The fluid density (pf) may be specified
by . aS,i 0f: Fhaow 1 uid,
o ouiBL ARk O RSBl A bbb and are
add&nil {ielding) may be specified by a customer or
alternatively may be determ nable fromthe ideal gas
law in the case of entrained gas, given a neasured

tenperature aBd Lessae of the fljowfYuijd. The
Vi sgosi. typ ey .sgeegihfﬁppy;%)¢y t 1| such as in (13)
the case of a knows.flow fluid, or|\chn bel obtained by

nmeasurenent. The particle size distribution (a) nmay be

specified by a. .custoner, ,such as in the case of aknown .

¢ owrr B ey ey ¢ s srie ST AE o T roR AR mixiure
dehd16! Y tBIhAEQHBINLE cPloctk JFHISTI/QMPRIASHIBIBAY Sc@hupling. If all six

foreign material particles or bubbles in the flow

inffut packmdebrg o fhrogruieric ynatamergeiatig aralkhywhathe deocupliogkedo
B e ST 5 PP L0 BT T RRER
PR Ve e SR TR b ool BB SRRE o be
abputahiectfedgdyyhibbéesrimddiquidyd.e., a bubble will move about three times the
distance as the flow fluid, albeit without any phase delay. Consequently, for a

satisfactorily high vibrational frequency, equation (13) becomes:

2
i | O(d /2
Pmeter — Pumix ZPTL%] _2(pf _pp)¢p (14)

mix

Now the equation depends only on quantities that are generally known in many
processes. Three other equations are needed in order to simultaneously solve and

determine the four unknowns (s, @p, Pmix» Cmix), Where the (@) term is the liquid
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vo xI1 OO (9) c The angul ar frequency of vibration (w)
is related to the vibrational frequency by w = 2pf.
wab@gpmer of sound of the mixture (cn) can bePCT/US2009/042016
calculated with a well-known equation (see below). The
di,aneter of the flow tube (d) .is known. The applitud
fra@%@lil,d}*% kfep) taren lﬁﬁ%%aar&élue%ﬂs HEtchigRhe fmif) e 9 tﬁ? an%ap%ase flow
E OF-e] an: ' e i ned i ' o
ol 2, 28 e Pl oy " B 600 O Bie Bhft doBRREY Bl
density, fluid density, frequency, fluid oscillation
anpl j t udg, luid viscosity. Sone of these
paréﬁ%terg@gﬂgﬂ%ifficult to nmeasure, including (13)
particle size, as they depend on many other factors,
I ncl@ydi g=pi pel i ne configuration, for exanple. Unlike(16)
the viscous nodel, an inviscid nodel for particle
nntionlis dependent only on the densities of both
phases, _which angoften known to reasonabl e precision(]7)
I n additi om,cin ajeg inviscid nodel, notion is
i ndependent of particle size and can be represented

s BTN IS8R 15 S ol

exh S No Vi SCOSI

miXtueé demyity, hAhdieMBixQire sp&edeofWobhdt This, fat @ Widhetibratiodal frequency,
commonl y used to nmeasure viscous fluids. Even water

thehgas feaesigglandiligoiskiragtioncagbyrietqranpgd. yFrant Getdetdmained gas and
. Its. i t t th t he .vi br ati pnal
tiu e R TR ataht i Shptiats S S oblali ety mass or

volun®W Rk QsIRA& RBLUFIE fippardl Indfeall QsfuliRsitAMItBE bEbasRves at the
even for a fluidwth sone viscosity. If oscillation

sarhe aqloerty yoive thepipehinghs tHediquad anpheseX] G0 tateszrwotldentherimase be

'nvis%id nodi! agglies and a gas bubbl e noves about .3

UNKRORIR DPCAUSH A L OrIPAR MEr 4 qenEIOMPIEHMSAS R Bllﬁ%lrea@?nsl% cven
r [ Sl i1 ey f ntes, P

SR kb SODHRR LR B0 RS AR Gl ofa i

masovevelumet fiew satghd d¢strable mdwastthg as@ftyppsiyaonlngasds about the
is.that bubble and particle

. this high frequenc )

ligisk eITHAPHS. 3@@9%%#%@ AR SOes fEgm pimuttpaceee pefMing two

nuﬂ@ﬁir£ﬁ9hﬂ%£é9ﬁ t&%%@ﬁﬁ& gas or solid, does not depend
gt Hient PO

e s|1ze utrorn, which is usually unknown,
and may be inpossible to determ ne. The density error
due .o dgcaypling for arbitrary decoupling ratios cangg
be pr&di cfed“according to: Perror = Preter ~ P r = (18)
-(Pf ~Pp) Fp ~ | 2)

My _ My My (19)
pmix pf pp

Where (71, ) is the flow fluid mass flow rate, the (#2,) term is the foreign

material particle mass flow rate, and the (71, ) term is the multi-phase mixture mass

flow rate. The above equation assumes no slippage between the foreign material and the
flow fluid.

It is possible to vibrate the flow conduit at additional resonant bending mode
frequencies to determine the phase fractions for a mixture which includes more than two

components. For example, consider the following oil, water, and gas mixture. The

system of equations to be solved, with five unknowns, (Qg, @w, Qo Pmix> Cmix), COMPIises:
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At high frequencies, the SOS/ conpressibility effects
will be inportant and are added in, yielding: P mx |
w0 2¢023348The above equati on descri bes the densiPET/@82009/042016
as a deviation froma true m xture density due to the
conbi ned effects of SOS/conpressibility and
decoupling. If all six input paranmeters to the
par td,ct &, ndt Fdn equati ons are known, the decoupling (20)
ratio (Ap/ Af) can be cal cul ated generally for any
freguenc However, if the nmeter is operating at a
ver %ﬁkﬁ?ﬂ%eﬂ@&@?% hen the decoupling ratio (ALl/Af )(21)
is known to be about three for gas bubbles in a
liquidy i.e.g a bybblegill nmove about three times the
di stance—as—thet {1t ai-d, al beit without any phase (22)
del &y=C@onsBeduenth§w O a satisfactorily high
vi brational frequency, equation (13) becones: A A =f
T2/ , Vt, (14) Now § uation depends only on
quadﬁﬂ@@e&fﬂhaLl%f@ﬂﬁé%grgi?y known in many processes(23)
Three opher equations,are meeded in order to
si mul t aneously sol ve and determ ne the four unknowns
(ff «fp, pm mx), where . the (ff). term.is.the
i il By 8 Seiees ol gl pEBApPUf ot a tow
frelylidedyl ¥Adi of PARKY hidhr fRduenéyBerBithd hrodBaTBe kh®Wripts represent
fﬁlﬁii&g1 (i éfgnﬁm Xt ure) géJlﬁensqlty,}hand the (C 111x) ter P
oili(e), weters(peeandass@ind i n the m xture. Pm =PfFf +PPFP (
15 ff. +fp =\ (16) Equations_(14-17) can be sol ved
i £hiE8Gs PSP VRt hettd ot ?%41%,%@9%‘2@%@?% r2@s bubble
. I .
SR D et ok HUC R i ® o aRihte, ARtRangHy Ahe meter
cotliddhel dbfatericii aoverg dow had detyeligh fieduertaydrentd e edesimuitadeously,
. gas and liquid fractions, the flow rates of the two,
in phidorRenthe syaienbel eqafipns ey beisphed With prpsr ennsidsrajip of the

Va&é@igﬁﬁ%ﬁggﬁ%ﬁﬂg(gggble slip and instead assunes that

ves the sane velocity down the

pi peh hix@yaasdshBubblévize id not Ehesecrioudhtd aaks thie hkumptions
ot herwi se be unknown because a Coriolis neter or
(espherisly onenwtenraselayieg aampdsratgrte higneibragional&equeney). fdowever,

T L TR 1 SN N
apﬂﬁ,idg’ &RlaBoRELHUS ehd Kigh YRE Tow YRIGRR! AY aBRhys, BRI REbRARPKWhat to
use for the decoupling ratio (A,/Ay), assuming it cannot be explicitly calculated. At least
in the high mode, the decoupling ratio (A,/Ay) will be nearly or approximately three. In
a low frequency mode, it can be assumed that the frequency was low enough to neglect
decoupling, i.e., where the decoupling ratio (A,/A¢) is approximately one. Alternatively,

an intermediate value can be assumed and used.
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liquid neasurenent. This cal cul ation of rates cones
from sinul taneously solving two nore linearly

wo n@eperdent equations: *a = f + P 8) Were (PET/US2089/042016
the flow fluid nass flowrate, the (np ) termis the
for,eiIg terial particle mass flow rate, and the (
%gsyatrg@ $ts the mJIti-phase m xture mass flow rate.

The j the

for ?%%%@grl glllléhr&?@%ﬁw @Hcpgﬂ%ﬁt&qﬁsﬁ% Eible to
Vi badl@y iriteerfas qamnisio g o) 1hclalﬂl@ctdietdr0ﬁ@ie fle@s omaditits (103A, 103B),
bendi ng node frequencies to determne the phase
fract i ongvithothe dlo wtﬂr@swmt&h (10)&4%@0&%&@64 ieegeneRate a very
conponenﬁn1 or exa sl nt5| der the fQ Iovmﬁ 0i.l
wat er ¥y %q“r%n 80 SFhe®'s§ SPem %Preéiaﬁgiﬂ IR

sol ved, Wbé(fhpfh'ngqr ﬁléﬁ@/\ﬂfﬁ the(ﬂ@w i ifd@perflehd 8K a foreign material
C1111x) conpri ses:fgpg +Hfwpw +f P =pnmx (2 1) There

are real Isyzefoweformgramamm caspohieom;awtl one i s being

P G RTREERLF o HEBHRe S Selss arvepdy F B rud sppfiured o
oil (o), ré’&ﬁ\?c" the Wery fG’g va&g ;cjr(cg')wbllaﬁohg‘l'r% L}%ﬁé@ an&’g&?éﬁ't@ one or

we vi brate at both a freq c

bubbl e smc&elﬂwtmlesswanyntsmﬂréfrd)m avoi d bubbl e sI i p
and decoupling. Alternatively, the neter could be
vibrated in a very | ow and very high frequency bendi ng

2. ggsg“th?@ fﬁ%@?ﬁé{ﬁ@fﬁy 411 ra%%\? grgegerr (é g%)s(ytz’%%ﬁ ?fwher]gin the

mdt&eel¥@rdndts 20 Pisrd@naibuduath it 6 d3¢ouplidgraiy (£ga9Ss about 3:1 for
bubbl e size is not small enough to nmake these

entigisadges Yrthe yeydugh dletyency- a meter enpl oying a
noderate to high vibrational frequency). However,
decoupl i ng can be added back into the equation so that

3.the mtvlagdhﬂgﬁrﬂ@;]ubﬁbﬂﬁaﬁit@ly L %rlih%rY(HOG) @m@m @rwﬁe’l@n the

at the hi'gh and 1 ow nodes al ways, the problemis
memmledtmnuxsse(m))ls doh@guredouph thag adatowplinApaidé YA, /Ag)Ssrbag equal

I.t cannot_ be lici cal c ted. At le n the
to H}egqvaﬂ{awe%/?ﬁ(?ﬁé@ﬁfsr %W@alv i ldéﬂbih&f‘je%ﬁ}gﬁl bEsH y
or approximately three. In a | ow frequency node, it
can be assuned that the frequency was | ow enough to
4. neg I"[életved’,eh:l(ghﬂ}dqlugmcy vibratomhftove nidier (deepefdlaing 1, whéroin the
(t S aBroxurater one. Alternatijvely,
meter electronlcs (2 )Dls configured such that a viscosity is effectively zero with regard

to particle motion for the flow fluid at the very high frequency.

5. The very high frequency vibratory flow meter (100) of claim 1, with the very
high frequency vibrational response corresponding to an inverse Stokes number (o) that

is less than about 0.1.

6. The very high frequency vibratory flow meter (100) of claim 1, with the very
high frequency being above about 1,500 Hertz (Hz).

7. The very high frequency vibratory flow meter (100) of claim 1, with the very
high frequency being above about 2,000 Hertz (Hz).
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an internedi ate val ue can be assunmed and used. Wat is

clained is: 1. A very high frequency vibratory flow
wWoreaen348200), conprising: a flow neter assenbl pC(/U83009/042016

i ncluding one or nore flow conduits (103A, 103B), wth

the flow neter assenbly (10) being configured to

generate a very high frequency response that is above

8. 1 DT e e oo VB A6H] R et 16OV in] £ hHin the one
or hwreflgw ¢oridaits a103¢QmodBi) hfaxhnfgnﬂbdrfetaehleeé &cst ‘re@;a hégh frequency

(20). coupled to the flow neter asserrbly {] an
by centipyiatied of ene @t:@uc}%OMEOWeqoyldmt ghifhessq @W@;@ndult length, flow

f |
o B AT RTSIAL S B TRAS i o,
flow EdrRfu@rotofleByy, FESRY ol hOR)viBfatiphal I{Bdla powdiehel n the

neter electronics (20) is configured Such that a
decoupling ratio (Ap/Af) i's about 3:1 for entrained

9. 92 af el Wiel ragp i VRGNS I e (15p)' Sl lpi §)with the very
HiQHIRERIEAcE DR EnoBASLF SO ol @rea%o e Ofh Welling

hat “a decoupli'’ng ratio S abo equal to the
magigantity 3/ (I +(2*p p/pf)) for entralned solids at the
very high frequency. 4. The very high frequency
vibratory flow neter (100) of clain11 wherein the

1oNet %e@eyﬁirgﬁg#e?@elg%p'}l fastmg/ @rd(lég)c%f L{lgﬁ% | aW1th the very

VI scosi t 0 parti

hlgl‘pﬁ‘é(ﬁf@nf:? Kibrierf flow rﬁétut Beiag cbllﬂﬁguted Yo Bp@htcfat GgheA Byndmg
very high frequency vibratory flow nmeter (100)

maste feqqaliensies. with the very high frequency vibrational
response corresponding to an inverse Stokes nunber (d)
that is less than about 0.1. 6. The very high

111 r eQUBREO AV IpRERIMY af VPWhIP BEqUCAOPY itREtos) ﬂb\mrﬂetef"\"tﬁehmethod

the very high frequency bei ng above about” 1,500 Hertz
cofnipieiping7. The very hi gh frequency vi bratory fI ow mnet er

abO\Y) @rg{%%i{)gézgnro‘éﬁr%ﬁt’@’ftog&&iv e‘%fyth gr?' f rlg%ﬁ $f¥<:y Vljbra(lgory flow

frequenc t
wher ei n \éélg{ltg \%?yﬁgh%ﬁh con 8]8%%9‘;( 1%55{%%%5%1)16%%8 above
confi gur aq)rédbta&hnanamﬁumeleyodplgﬂg freqmgnientoy thy flow fluid

configuration of one or nore of a flow_ conduit
sti f f nesdndeperdeng @ﬁalﬁq)rtelgnem@tleﬁal §IEQoF a foreign material composition;

receiving a very high frequency vibrational response; and
generating one or more flow measurements from the very high frequency

vibrational response.

12.  The method of claim 11, with the very high frequency vibratory flow meter being
configured such that a decoupling ratio (A,/Ay) is about 3:1 for entrained gas at the very
high frequency.

13.  The method of claim 11, with the very high frequency vibratory flow meter being
configured such that a decoupling ratio (A,/A¢) is about equal to the quantity
3/(1+(2*p,/py)) for entrained solids at the very high frequency.
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conduit aspect ratio, flow conduit material, flow

conduit thickness, flow conduit shape, flow conduit
WQ@e@uHBs48y7 or one or nore vibrational node posPCT/ORRN9/042016

9. The very high frequency vibratory flow neter (100)

of claiml1l, with the very high frequency vibratory

flow neter being configured to operate at a first

14ben : I : ' :
PP oA gn RS i TR HF P FRURIEY  HRR B meter o
coﬁiﬁ@ﬁb‘l& REsh thhba aisedigttyf ik eWeomN oty z&ei wigh egafd gusaedcleenotion for the

operate at hi %éger bendi ng node frequencies. 11. A
flowetinigp figauengery hi gh frequency vibratory

fl ow neter the met hod conprising: vibrating one or

nore flow condui ts of the very high frequency

15Vi briak@ndthdd BPCIaRA 81, Rith 3o/ edry hli‘glgﬁecfllie@lﬂ%‘ @t&umom eEPohse

the very high frequency i s above a predeterm ned
corraspondmgde @oupy dregSfokesjmember ®o that Irseleﬁsl iban boutd). 1.

i ndependent of a foreign material size or a foreign

mat eri al conposition; receiving a very hi gh frequency

16Vi brbinQagbd staeﬁm@ wﬁﬁ@h@@é}g HHQ %l bevE hedht 1,500

measurenents fromthe very h req enc rationa
Heregplanse. 12. The nethod of claim 11, vvlth the very

hi gh frequency vibratory flow neter bei ng confi gured

such that a decoupling ratio (Ap/Af) i's about 3:1 for

17;';: e Qﬁ@h&fglf%taﬂ*ﬁ %ﬁﬁ@{b&g %ﬁﬁ&g@%}é}/ g a‘t}'a@e about 2,000

HeviZlpay.ory flow meter being configured such that a
decoupling ratio (Ap/Af) is about equal to the
quantity 3/ (I +(2*P p/ pf)) for entrained solids at the
gVer met hod of claim.11 ith ..
1) e TR R g RPRRE g PEp T Oty sBo s Yy nigh
freaaéﬁdy%t)a@o@m hitadr ade YoriERSEd % dchi&biRE %fyqtl ¥h ﬁ%ﬁ@ency by
h"regard to particle notion for the flow fluid at
cotltfngmaemyoﬁo@woﬁmemﬂowr@ndﬂm stiffe¢sholdowfcondat length, flow

t.h the very_hi r.e enc I brat respgnse )
copiyif %Sé’SBtrt&PHgﬂ?% Landyiares @%mimh@&knw) HpRgongyit shape,
flowESShdult EHI oforte orfo emﬁra%gﬂ%dgf oSt tl%hgn 11 wi th
the ver h|g frequency el ng above about
19.  The method of claim 11, with the very high frequency vibratory flow meter being

configured to operate at a first bending mode.

20.  The method of claim 11, with the very high frequency vibratory flow meter being

configured to operate at higher bending mode frequencies.

21. A method of forming a very high frequency vibratory flow meter, the method
comprising:
determining a predetermined very high frequency for the vibratory flow meter
based on at least an expected flow fluid, wherein the very high frequency

is above a predetermined maximum decoupling frequency for the flow
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Hertz (Hz). 17. The nethod of claim1l, with the very
hi gh frequency bei ng above about 2,000 Hertz (Hz). 18.
wab@meisbod of claim 1l, wherein one or nore fPOWUS2009/042016

conduits of the very high frequency vibratory fl ow
neter ar nfigured t chi eve the very
frequenc31wr§ln@snrrr of %‘ffr cigpn I%%feﬂ@rswrdrr@ elanrrraéwal
condui t %’h%’gﬁﬁﬁ flow conduit | ength, flow conduit
aspect ow conduit material, flow conduit
t hi c&mﬁg&mg‘ ﬂh@WengIIﬂl@hlﬁeq&B@c@evlbfdt@W foneidtdr to BRI Y, the very
or one or nore vibrational node positions. 19. The
net hod ofllgilﬁﬁwelliya%th the very high frequency
vrbrat confr ureﬂog perate at a

I

BRI T S N L PRET Cwith

the very high frequency vi bratory fl ow neter being
configured to operate at higher bending node
22f r eqihemadteed oPdlainA2 et hodinothe froster ¢lgeteonve iy chinfygured such that a

oo BT A Al PSSy S, TPACE SRR,

the vibratory flow rreter based on at | east an expected
flow fluid, wherein the very high frequency is above a

23pr eddtencthoddf emich ﬁmnwﬂaenutﬁxlerm@erf afleq:tr&msyrs fconﬁgdned such that a
flowfluid independent of a size

degsipdingratit/ar Aol is abrHiGarelite ﬁhe %arrrtlng é/r(fﬁ@*pr»{ef)l/@ryntramed
Solhdsgﬁtﬁée%ulqulyﬁg%&rn%ory flow nmeter to operate at the

Cy; “and constructing the very high
frequency V|bratory flow neter. 22. The nethod of
claim 21, wherein the nmeter electronics is configured
24sucAhemaethed abelaimPi nyhetgin e (mqtr:m@lyctr@lesuc gonfgured gpch that a

BN SRCA 2t O o FORTOE o g gt e ver
hlg}pﬁ%@% ¢d such that a decoupling ratio (Ap/Af) is

about equal to the quantity 3/ (I +(2*P p/pf)) for
entrai ned solids at the very high frequency. 24. The

d wh h |
25 g onfP oL AL ER 2 S0 e el BEGHaRSE 1 yagn apsgonse
co%@%\r}g?%acﬁ AntifveE SiokbEntMbo®) Bt id R& hhRWbbly. f at

26.  The method of claim 21, with the very high frequency being above about 1,500
Hertz (Hz).

27.  The method of claim 21, with the very high frequency being above about 2,000
Hertz (Hz).

28.  The method of claim 21, wherein the one or more flow conduits are configured
to achieve the very high frequency by configuration of one or more of a flow conduit
stiffness, flow conduit length, flow conduit aspect ratio, flow conduit material, flow
conduit thickness, flow conduit shape, flow conduit geometry, or one or more

vibrational node positions.
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hi gh frequency. 25. The nethod of claim21, with the
very high frequency vibrational response correspondi ng
W0 eooan34sever se St okes nunber (d) that is | ess POBENS2009/042016
about 0.1. 26. The nmethod of claim21, with the very
hi gh, frequency bei ng above about 1,500 Hertz (Hz). 27. )
29TheTr]?§t“PFgEO‘BP¥ elpun g 2w 1th g very faek, Epquancy WIhrﬁf@am@ﬁwneter being
i WEBE (Hz). 28. The nethod of
CO@?%@%?%??Mﬁﬁ%?ﬁﬁﬁ“ ]%%gh ob&%vre flow conduits are
configured to achieve the very high frequency by
configuration of one or nore of a flow conduit

30st i flivgergthod poolatpRduvith tanyery high Boeaucssn witraigsyEew meter being
e T R i

nore vibrational node positions.29. The nethod of
claim21l, with the very high frequency vibratory flow
net er being configured to operate at a first bending
node. 30. The nethod of claim?21, wth the very high
frequency vibratory flow nmeter being configured to
operate at hi gher bendi ng node frequenci es.
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