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... and the like, in the system. A conduit may be viewed as having a set of natural

20 vibration modes, including for example, simple bending, torsional, radial, and coupled
modes. In a typical measurement application, a conduit is excited in one or more
vibration modes as a material flows through the conduit and motion of the conduit is
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

25  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

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

instrumentation by cabling, such as by two independent pairs of wires. The
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vibration of the flow conduit. Instead, the bubbles can be decoupled from the flow fluid

25  and can move independently, with entrained gas bubbles 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

30  occur where the multi-phase flow includes liquids of differing densitics and or

viscosities. The decoupling action has been found to be affected by various factors,
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The size of the bubbles can vary, depending on the amount of gas present, the
25  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
30  measured density of the flow fluid. Duc to the compressibility of a gas, the bubbles can
change in gas amount, or mass, yet not necessarily change in size. Conversely, if the

pressure changes, the bubble size can correspondingly change, expanding as the

3



5 higher frequencies. The operating frequency in a prior art
vibratory flow nmeter is typically chosen in order to facilitat

fl ow neter Qezg?gé‘ﬁ“z%roductl on, and operation. For exan‘p‘f(érms&mf??m%’rls

art vibratory flow neter is confi gured to be physically conpact and
subst ant i abreysutddrbfd &8 dhitinRindBE ThORSssufeOhc@¥REPTRIs can ARb GhhseQariatidHsiiRr
art flow neter is typicallyless than the length, giving a | ow

hei ght - t o- uhengwalaspre@namﬁneq@en(cwoﬁheeﬂmw getd corresponding high drive
frequency. Flo ref er.al | e,

natal 18t on | SrEraE T HAEE B TpfEs e PReHR i Sd P il haRlyencies
assumes a aphddr1o0 toS00 HRtz{{PRs eSdihelbdo droMicRAchrt dedsddab @getats at much
optinmally operate with such a uniformflow fluid. In the prior art,

flow met erlyghgrpcre@amoyem d\he opcragng Fengncy {2 Paaigirhvikspentilowmetr 15
(HL). Zté( %ho%gﬂ' ﬂw)rhexf %1%E dtue ?l%%l 1%ﬁtgle #l]&g %}100(# SRt Qn@gﬁ)e?%

rati o of ypl aP y produces requenc
flow condurd@xamplepﬁ bEor meﬁrstt&ylﬁﬁmietw id m@tghrcﬁrt@lib bﬁygi@ﬂltytwmpact and
dom nant dinmension and will_increase the height-to- I engt h aspect

ratio (H L3ubstegiimlyamifoghiip dimgnsions ofioneeapie, aheighbel @B@Pfg%ﬂowwer is
hi gh
O aSPbciyplelily B i G KN L ARNSE SRS 1 MUEL Sid ot Dend | O

art may hav aspe rati
exanpl €l correquﬁdﬁ‘rgdugle dnvmﬁe@elneﬁdﬂow mbter agets ;ﬁmfera swrialircaveeatlysidel sovhat

nmeter that, is capa, f_accurately and |'j abl surin
mul ti - phasBSEHEF §|‘F ifieds furthes €¥Wt1%3f| dr%v‘)’&ﬁtCP OILLy assuim mes a upiforghe

aspect of ghge| &,P%/S%mdl@ﬁowammw sF dft6 Ingy Oﬁfééélé %&rssacﬁh%f&% Bbw

25conpri ses: ow neter asse I nc nor e
condui ts, fmitth the flow neter assenbly being configured to gener ate a

very Iowfrequ vi brati onal respa that .is belo redet er mi ned
i i mum decoupiih i BB dte Sy P RRCTF P b bR s aliiBi o
foreigry .ah s&hiERt Qnddit RGeSk Hé%taelﬁé@{t-t&@&%@]i)%e&ﬂ 1@fo oﬁﬂﬁ'o MQch
2009/ 13482 P /USZO 9/ 042018 neter electronics coupled to the flow

met er asseiybicgllnpredoensfailygh duve Bequsoey.vBovekflowopndwiy are eﬁ@remyl to keep

vi brati on onse.and era | ow meas

{her of r om the IERARSE KRG AERGH AR E0EpGOn B Pl BeE A HERIF R ere
response igpbekaW @/DY. CHEWEVH] Hi@st att MAvA iR SEP0E eRRE Sk hibh spect
t hreshol d |ndependent of a forei gn material size or a forei

materi al cehposh chnd opbewed egidyit flowemgier &y the peier s Aayhaye a g@lﬁhﬁ -t9ur ed
such A RSEUBLAIR AR e pReL 1L TR e e
met er el ect r oni'Kierd entdisfd igd édtheuehfor haibratonyi Bew sidter tha ieédpableiofel vy
accurately and reliably measuring multi-phase flow fluids.
Aspects of the Invention
In one aspect of the invention, a very low frequency vibratory flow meter
25  comprises:
a flow meter assembly including one or more flow conduits, with the flow meter
assembly being configured to generate a very low frequency vibrational
response that is below a predetermined minimum decoupling frequency for the

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

30 composition; and



10infinity with regard to particle notion for the flow fluid at the
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frequency vibrational response is bel ow about 50 Hertz (Hz).
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(Hz).
Preferably, the very low frequency vibrational response is below about 50 Hertz
(Hz).
15 Preferably, the very low frequency vibrational response corresponds to an
inverse Stokes number (8) that is above about 3.5.
Preferably, the one or more flow conduits are configured to vibrate at a very high
vibrational response amplitude.
— Preferably, the one or more flow conduits are configured to vibrate at a
20  vibrational response amplitude of greater than about one millimeter (mm).
Preferably, the one or more flow conduits are configured to vibrate at a
vibrational response amplitude of greater than about five millimeters (mm).
Preferably, the one or more flow conduits are configured to achieve the very low
frequency vibrational response by configuration of one or more of a flow conduit
25  stiffness, flow conduit length, flow conduit aspect ratio, flow conduit material, flow
conduit thickness, flow conduit shape, flow conduit geometry, or one or more
vibrational node positions.
Preferably, the very low frequency vibratory flow meter is excited off-resonance
at a predetermined low frequency and an off-resonance mass flow measurement is
30  obtained, wherein the off-resonance mass flow measurement is substantially immune to

decoupling and SOS effects.
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material composition;
receiving a very low frequency vibrational response; and
20 generating one or more flow measurements from the very low frequency vibrational

response.
Preferably, the very low frequency vibrational response is below a predetermined

minimum SOS/compressibility threshold independent of a foreign material size or a

foreign material composition.

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

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

30  very low frequency.

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

(Hz).
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measurenent is substantially imune to decoupling and SOS effects.

20Pr ef erabl y, tPheferabbddteameionotbre Buwfooeduitrrcy cordiguhwisteachiove the vesplond

to an frequency vibrational response by configuration of one or more of a flow conduit
stiffness, flow conduit length, flow conduit aspect ratio, flow conduit material, flow
conduit thickness, flow conduit shape, flow conduit geometry, or one or more

15  vibrational node positions.

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

" decoupling and SOS effects.

20 Preferably, the predetermined low frequency is chosen to correspond to an
inverse Stokes number (8) greater than a threshold value selected to substantially
eliminate multi-phase errors.

Preferably, the off-resonance mass flow measurement is compared with a
resonance mass flow measurement obtained at a resonant frequency and if the off-

25  resonance mass flow measurement and the resonance mass flow measurement differ by
more than a predetermined decoupling range, a multi-phase indication is generated.

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

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

and to determine a multi-phase error magnitude.



i nverse Stokes nunber (5) greater than a threshold value selected to
substantially elimnate nulti-phase errors. Preferably, the

h
of f - r esonaO@2'WHSB2? | ow measurement is conpared with a BESGRREGE%Nss
fl ow measurenent obtained at a resonant frequency and if the off- 25

resonance nmass fI% |oﬁ¥"a§)}’e@§6fr REBREN RN 2 WEh S ESTABARRE aMBEFI0l R uency
measurenent differ by nore than a predeterm ned decoupling range, a
mul t i - phasebiatly dlat weter sogmes:at ed. Preferably, the very | ow

f ibyatory fl t [ ited off- t L tipl
pr edet er i ned P FUNRE BASHEE et JEWCPUSPEIRINETARGIE [P SedRt ng

of f-resonance nMaggEAQW iBRARSHIIBHENE: RH:6d BREAICAEdn cXMRERI Tbv NRid,
mul tiple off-resonancé 30 nmass fl ow neasurenents are conpared to

det er niSne whet hevhezseimtie very s epdrating fzequeney iabdlovoa gredetermined minimum

mul ti-phase erroy magni tude. 0Q9/ 134829PCT/ US2009/ 042018, . . .
" one aspect | o e R EALIS S B PN T eBr RGO o g Pgril ize
frequency vi bl’amﬁfoﬁehmmﬁigrcoﬁ%ﬁﬁbﬁ;eSZ determ ning a pyedet erm ned
very | ow operating frequency for 'the very |ow frequency vibratory
flow neter baskatiemons onmeerstiloxncandpis desian ehaspptenisticbasd whdhei n the
focoup! 1 ng 1 r eq by PRI bRl B AR Yt oy conduit
materif@ size ordegigh@h&th@bristit Beingkelectsd ashibs@ntialBelcivivt dg frodeterimined
nore fl ow conduit design characteristics based on the predeterm ned
\1/8ij | ow oEer at (Ve loreepeering fragpeney: ﬁ@%oge or more Tlﬁ.JO\I;V congl_uit "
esi gn char . _ ST [ : e
pr edet er m ne(f%\f/[getrg{?hﬁ%'&v&(s)‘be %’?ﬁgﬂeﬁg%gerﬁég; andhﬁggrrlset U t"?%gle?ﬁlgcvery
| ow frequency vidaeat atoye flbwwonadtiedesgmpihaticgistidyeosky édtieg offiresoamancer e
fl ow conduit desjgn_characteristi grs, or by driving off resonance
?i rectly at Lh;{rdéfé’g‘i]ﬁ aidhe éﬁlqeiii‘m’] Lg%%@nCISPr ef ;r%abl Y, t%rie very |ow
requepscy Vi br 3l Rnaly HRSRRNRSY it ViRatRns RafidW B ipfditermined
S%/co%r essi bi Ielety t%r esho gﬁfnd%pengent ofn a %lg{ngiégn mat er1 al egimzné3
or a f or eimgmimamdtOSHcomprepokility threshold independent of a foreign material size or a

foreign material composition.
Préferabiy, the flow meter is conﬁguréd such that a decoupling ratio (A,/Ay) is
about 1:1 for entrained solids or entrained gas at the very low frequency.
20 Preferably, the flow meter is configured such that a viscosity is effectively
infinity with regard to particle motion for the flow fluid at the very low frequency.
Preferably, the very low frequency vibrational response is below about 5 Hertz
(Hz).
Preferably, the very low frequency vibrational response is below about 50 Hertz
25  (Hz).
Preferably, the very low frequency vibrational response corresponds to an
inverse Stokes number (8) that is above about 3.5.
Preferably, the one or more flow conduits are configured to vibrate at a very high
vibrational response amplitude.
30 Preferably, the one or more flow conduits are configured to vibrate at a

vibrational response amplitude of greater than about one millimeter (mm).



Preferably, the flow neter is configured such that a decoupling ratio
(A13/A0 is about 1:1 for entrained solids or entrained gas at the
very | ow fweqoenais2® 20Pr ef erably, the flow neter i s corffATdiszesd/0£0th
that a viscosity is effectively infinity with regard to particle

nmotion for the Jlow fluid at the very |qw frequency. Preferably, the
very Tow 1 r equdits b e reame S ioatile SERSTRE SRS 1)
25(Hz) . Prab@tiaml Yespbiie angdltudedf gréREUBACIbME v @ilUnaterd @8RPNSE 1S
bel ow about 50 Hertz Preferably, the very |ow frequency

vi brational redpeiReble dioraemsmenge tlowaonfwisears sosimikektorighisee thegert loat
I s above . r I 0 fl its
are confi gfgc%gén%oé%a%?%%lécsg? S%%\;f?r% Q}ﬁﬁ%"éﬂgr\l/lgﬂ(r?%et cfr(%%ar'{e%rf gsf%\o&néogfa%

anpl i t yde.stiBE¥seflewabhyuit Iehgthpflew @ondmt &Féd’t%\‘lid; Pcludonduid htate N flogur ed
to vibrate at a vibrational response anplitude of greater than about
one il | i rRongyit fyughness, ey xonduit Swge T FoRPEEPOLYH1E one or more

Pr ef er abl Wibrraﬁ&lxa?%dé) osi®y§ flow conduits are configured to vibrate
at a vibrational response anplitude of greater than about five

mllimeters (mBrefefdbbf, dreakelylow frequeney oibratorydldw mwstee tnelicittd offfresonance
configured to achi eve It‘,[he very |l ow frequency vi bratd' onal response by

conf i gur atd BRTRHHECGIOMECGUGTEY Fnf B RHCIEHIUNES BaTSi o BEasurgineRyis
Conay | S YN SRRSCL 0 b RICUTEUS e
one or nordecwipbingtandfEIS affeds. posi ti ons.

Preferably, the predetermined low frequency is chosen to correspond to an
inverse Stokes number (8) greater than a threshold value selected to substantially
eliminate multi-phase errors.

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

— Preferably, the very low frequency vibratory flow meter is excited off-resonance

20  at multiple predetermined off-resonance frequencies and multiple corresponding off-
resonance mass flow measurements are obtained, wherein the multiple off-resonance
mass flow measurements are compared to determine whether a multi-phase flow exists
and to determine a multi-phase error magnitude.

Description of the Drawings

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

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

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

30  embodiment of the invention.

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

frequency, up to 100 Hz in the example shown in the graph.
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Preferably, the very | ow frequency vibratory flow neter is excited

of f-resonance at a predeterm ned | ow frequency and an off-resonance
mass flow WOZEWIEHEMt is 10 obtai ned, wherein the off- rREIHEAOPAE s
fl ow measurenent is substantially i mmune to decoupling and SOS

5L, pona AT Ebteph B RAAITL AL LS8t ooy

to correspond to an 1 nvers
t hr eshol d feahwerysleverpeesding dregudretly Ay toal AI0H=z1ni the aetnepleshdwn phhs graph.
errors. 15Pref glglﬁbly, t he, of.f -resgnance mass ,fl ow nmeasur.enment

s

conpared with & o decoppling TRHQ JGURERRSIRS HLY 5&|wa‘re%low

resonant fﬁ&gr‘éﬁ Vlb@afﬂﬂy'ffo“h%tc%écohﬁﬁ QARG EnvERESH.f | ow measurement and
t he resonance ndss fl ow nmeasurenent ffer by nore than a

pr edet & m ned chGoﬁphmm&ga pantige of thermery lovpfregencyndibcdonydtow meter according
gener at ed. ]rrlefeﬁ%bl y, the very low frequency vibratory flow nmeter is
excited off® H% 20 at multiple predeternined of f-resonance

frequenci es andgubtd Ph@w@l@iﬂ@f%@@ﬁbﬂﬁf@ﬁ&aﬁ@%ﬁﬁ@?%% §cri°c Qr\ﬂ‘)ratory
measurenents are obtai ned, wherein the nultiple off-resonance nass

flow neasuﬂm@‘aarcedmerﬁ\pﬂreedwlﬁwdet erm ne whether a nulti-phase
fl ow exi st 0 deter nmulti-phase error magnitude.
e3eq plscefifiisdBe dyfabdol

Descripti me reference nunber represents

the same el emergiGeN1-J dnddheaflIogsng ddscisaon di:ptw qmﬁw@aﬁ@qbdtb ddach fidse
drawi ngs are not necessarily to scale. 1 shows _a very | ow

frequency skillnddn drgart howtovpelke antdosstas bryt mede n’éthﬁnn/@ntlp@nFor the purpose
FIG 2 shoy eacﬂ g ﬁﬁ&%ﬁﬁlgr? r1f151ﬁ{1§les'3% coh@én‘%@ﬁéyasgéc?%%tb%én %&@?E’% g to

an 30 enbo nventr’on I's a

decoupl i ngmﬂiw‘eectrhmrssu&dﬁm aqueneill é}ipfeo@at@!eﬁryatioﬁy\&'r@ﬁﬂhadel erxgmples that fall
frequency, up to 100 Hz in the exanple shown in the

20091134829t thesape phths davgntion. Thcrsr%@lﬂll&d i the aéfd’l’lr“@é’rﬂfﬁ%ﬁt‘fh@ab?hﬁph of
decoupl4 “%M?e%%e%gkﬁg&p)g c}(ﬁﬁrb%‘é&nfbﬁrﬁ:ﬂlﬁ DENodsQbay? 1y ?Jr%ﬁ 1lﬂﬁTHp%0\?arrﬁhbﬁ'sg

frequency, u e exa shown in-the
of the invention. As aresult, the inventlon is not limited to the spemﬁc examples

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

FIG. 1 shows a very low frequency vibratory flow meter 5 according to the

invention. The very low frequency vibratory flow meter S in one embodiment
20 comprises a Coriolis flowmeter. In another embodiment, the very low frequency
vibratory flow meter 5 comprises a vibrating densitometer.

The very low frequency vibratory flow meter 5 is designed to measure fluid
characteristics of a flow fluid, including measuring either a flowing or stationary flow
fluid. The very low frequency vibratory flow meter 5 is further designed to accurately

25  and reliably measure the flow fluid when the flow fluid comprises multiple phases. The
multi-phase flow fluid can include entrained gas in some embodiments, wherein the
entrained gas can comprise a bubbly flow. The entrained gas can include air bubbles or
bubbles of various sizes. Entrained gas is problematic in prior art vibratory flow meters.
The entrained gas, especially for moderate to large bubbles, can move independently of

30 the flow fluid and cause measurement errors or uncertainties. In addition, the entrained
gas can cause varying measurement effects due to compressibility of the gas varying

with the operating pressure of the flow fluid.
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FIG 5 is a graph of decoupling ratio versus density ratio for the
very |l ow frequency vibratory flow neter according to the invention.
5FIG 6 shea00/1348221i on of the very | ow frequency vi br @Cards2dooo¥ee1s
nmeter according to the invention. FIG 7 is a flowhart of a

e tordi my ohel Alnud-phelynd Dl &A4RAGN e ble Rt ey Bodimspes.

10FI GS. 1-wheaeid tﬁ&@ltfamad@wlmcaﬂ%ﬁfprm b ORinge MretexBRBRI dohfprRYAIHRL @8 sdiP
teach those skilled in the art how to make and use the best node of

t he i nventnagirlesire nefrelopin fieyse The cuteredsd sodds pananeys/iadpnandentiy efghe Sowe
conventi o lld ﬁ]ﬁtpgacttsé upﬁé{?mg&ﬁ%n%tsrmlldfgrfu%gcrf)atnﬁ% tted. Those skilled

in the art e’'variations e exanples that fall

Wi t hi n5t he scoﬂﬁ s@‘he tmbodimeant ihemulfilphase Bdiv chrethchude Bifeerimitligids| such as
appreciate that the 15 features described bel ow can be conbined in

vari ous wd%mﬁ‘ﬁblr:éﬂﬁi%h%t cpmet ba pxed tegetherr Fonexamplerhe aw hyd gan
result, hﬁclllﬁ'é/ &t 'v\%br aﬁd Bﬁ; V{’ljlg]éé% Elfeq'hﬁ&) ﬂBQf? ﬁﬁ%ﬁ&ﬁé ﬁa\%@f}%’lj édcnsmcs,

descrlbed ut on clains an el r equival en
FIG 1 shcﬂmsﬂmd\szwy/ccbmmrfenmwmgpeMérh:r@@b@k)deéd@anﬁhﬂﬂg Bowasgedi ng to

t he i nventi.on ver Wfre vi bratory fl ter 5in one
enbodi rrent‘”l%"étl%g—glﬂ é” g(ligﬂldoq ﬁ%/%\ﬂﬁﬁsteé ﬁfo@‘gg»r é Pﬁéﬂt

the vapy | ngéa%%%ﬁyeryﬁaplrtﬁégﬁmﬂ‘dupw nmeter 5 conprises a vibrating
densi t onet e he very low frequency vibratory flow neter 5 is

designed to rreé&a rveryflbm fdethmyaabm_tors tfiomsmeter & irfcluales £ lflowdnetenadsentblyy

t f tation ro fluid e ve | ow
(T equency W BASEuFRRIRe2 e To8 HetetRlel RS dhis GRBtPiodbe T ol y 25
and rel i abkyeBRSOLR 1&4&@ 1iob @‘Aﬂ fd wn@hgvm@o bRRidd lﬁaast&emeqm%é o® ﬁﬁ)re of
mul tipl e phases. The multi-phase | uid can i1 nclude entrained gas

in some erﬂ:ctcdsmse mass floearigi yoluhe ﬂem nam, tetalizgd snasmfiowotepipesiture, dndisithey

flow. .The.e i ned gas canlnlude rbubI S 0 Ll QuUS
51 65 eGSR 2ol Afiat Pan s, SIS BhmgheR e iR B

meters. The tﬁﬂtth@pﬂ@%ht gﬂb‘anu@smealsb& if &y typelef-Abmtdr ﬂowlgaebw@b&&%s

can nove i ndependently of 30the flow fluid and cause neasurenent

errors or ofithearunheref dgvers, pickdefif sensars, {lpw condyits orde ga@ra@@mm@d@ugé
varying megsiy Sndehd S’g{:e%ogr#?cic#]tgat?tﬁgﬁ nsiétg[‘% (':%o%flpr DS ISR VI g

with the operating pressure

2009/1348219%5471&&2&&8/064%118]13 mass fidkenaretl ti - phase flow fluid can
|nclude entrai ned solids in sone enbodi nents, wherein the entralned

sol i d€0can conphe flewsmeterpssgmblord incudes apaionifianses! Yamnd 191", swpffolds
particles nl'to?;} ?é’é*r@hfwmb%%%k SHSemidty fiel 98! LESNGARNRYE 103 and

i ndepende the I'ur d "and causeé neasurenent errors an
uncert ai ntliddB. The driver 104 and the pick-off sensors 105 and 105" are connected to the flow
conduits 103A and 103B.
In one embodiment, the flow conduits 103A and 103B comprise substantially U-
25  shaped flow conduits, as shown, Alternatively, in other embodiments, the flow conduits
can comprise substantially straight flow conduits. However, other shapes can also be
uscd 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
30  maintains the spacing between the manifolds 102 and 102" in order to prevent undesired
vibrations in the flow conduits 103A and 103B. When the flow meter assembly 10 is

inserted into a conduit system (not shown) which carries the flow fluid being measured,
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SIn some enbodi ments, the multi-phase flow can include differi ng
l'iquids, such as immscible |iquids that cannot be m xe

dto
For exanpl WO 209434828\ f| ui d can incl ude both water and %l I’US%W?@r‘@1§ he
fluid flow conponents have differing densities, the fluid flow

conponent sy, Iey.eRE thieRGSe ﬁ@%né’c@lc&gﬂhblpg Othro'qug tHe! de‘HgE“? be rp asses through
vibration. The entrained liquid can ess dense than the bul k

fluid. Thetheimletanaaild 003 whend teatotdd emgentseiflavhBwmdiis dirgai¢dktofdnggr dhe flow

Th | ow.f 5
nosemtl y 1ondtr Ao, Bl turon gl Rl edtah RS} G By B T o
connect ed g ohil MBRLERId S QY it 2RIty iR th@@dgscHily @G@er§%]§@1@fﬂaﬁgé egi'to

provi de neasurenents of one or nore of a density, mass flow rate,
vol ume 5 | ow r atTe flayt edridnidel 164 snd 163 a@eﬁﬁb@@é@@d apprapiiatelytiepunted to the

Lhose ki 1R pa o8 AP Hh ke e mRakla F62 5b b e SRS BRAL LG o

any type ohaidntabeion, frﬂoﬁwm&ifeﬁcrﬁ@gﬂﬂ@laeﬁ@mﬁulb@%mﬂ%ecren@fngchkbsvers
pi ck-of f sensors, flow conduits, or_the (geratlng node of vibration.

It shoul d We-Waaohir-PedemsaivalneThe Sow wapditsd 034 mnd dAPBextend outwardly

meter asvelianyro By AREAR 12 BP Rul MR AR T 2000 ol e
102 an 102", artdrilowecontons 1034 hn@ﬂo‘)mmmmn b9 Theadrthvet 064 in eppdsitd ow

conduits 103A and 103B. The driver, 104 and the pick-off sensaors 105
and 105' atEecHepfRbenEhe F‘%?P?ﬁé’efheéd\%nééﬁ%ﬁ}wt%ldl‘ﬁﬁ%&’ fpigdermed the first

In one enb
substanti a‘ﬁﬁ W Eggﬁp‘%gﬂ% g\f/)v&ggl n({yﬁ}n'%%%éas g‘ﬁlvgls the te rHr)llgjtpﬂilt\?el %/A El|mr11
ot her e rrbOtﬁBMhsﬂtemIaﬂvélj/ bevinatdd bt ssevand cwnyiphase benbiap amddeadr hygher, if

straight flow conduits ot her shapes can aI Q. be used and
are wit hi resfied s%ﬁéﬂaasfbegﬁ g%élﬂbra{l%ﬂr@ EACHY IS, TR VisPamiydeste 01

and 10L  age oglfafnﬁm%ﬁeésﬁr&%t yRnLd 4! cﬁlﬁ’eréﬁzvﬂ?rﬁﬁoﬂa@ ?requ%?es e fakes1 (402
and 102" can be

I xed to opposite ends of a spacer 106. The spacer
106 30 naimgpcerspriseens pioiang wedtlwoemn artaegenaerits, shehsaslkOPagmd ni@Rtedita the

095 e ¥ EH0 U G S ahEhS SR oDt S DR FARE AT AR e
syst em ( nodyreh ss\é@itlﬁbu%ﬁtﬂlé lopgoditiecdil @Walideioth bsidngs Feasured, A WO

2009/ 134829PCT/ US20091042
suitable drlve signal is applied by the meter electronics 20 to the driver 104 via the lead

20 110.

The meter electronics 20 receives sensor signals on the leads 111 and 111,
respectively. The meter electronics 20 produces a drive signal on the lead 110 which
causes the driver 104 to oscillate the flow conduits 103A and 103B. The meter
electronics 20 processes the left and right velocity signals from the pick-off sensors 105

25 and 105" in order to compute a mass flow rate. The communication path 26 provides an
input and an output means that allows the meter electronics 20 to interface with an
opcrator or with other electronic systems. The description of FIG. 1 is provided merely
as an example of the operation of a vibratory flow meter and is not intended to limit the
teaching of the present invention.

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

low frequency. The very low frequency can comprise a first bending mode vibration.
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the flow fluid enters the flow neter assenbly 10 through the flange
101, passes through the inlet manifold 102 where the total anount of
flow flui dwp0is4822 ed to enter the flow conduits 103AreEmAS1®%B42018
flows through the flow conduits 103A and 103B and back into the
outlet manifold 102' , .where it .exits the meter assenply, 10 thr h
Che 11 angdiater St AStRLBrdes 1% SovgRr e e 36 Samtnf Sopga i
appropri at®kytigiMhedlaiast he inlet manifold 102 and to the outl et

mani fol d 102" 'so as to have substantially the same nmass distribution,
nonents of i nedor axample 18 sewe embadnsntssthe Bowtmetheashembly 1§ can bs diyenypif

d W--W i he, f i Q d 103 d
Ut ar i y PRERREL e Ea8 eRRRE, Mot BRSLANY Tef [ ather
fashi os. 1ok ehdrhdeyvistiondié HihsdARAARRadR&B Biepdddtamaindylowheeddiehiedan

104 in opposite directions about the resRecti ve bendi ng axes Wand W
and at whde lpss thaty the gesopant fiiegugncput he resphingenase flgwrigeassemest wilhee f | ow
nmet er 5. PR _ ( 5| A A , j y
be. vi br at o sty it SaGRNEH G SO RS B R YR Bl B
desired. Tihias measulzenchoniethé prede@irhinedidve frequent .S Thépredeteinvingd Rsy

fluid viscosity tests, or 15for obtaining nmeasurenent val ues at

di ff er ent TRABF2RY; GAEE chpsey iR AATERONAIANGRY &G Stolses gbes fhpreadd thea of

many gl | AReNI 68 SBIE b SHAII S iR Bl BRI A DéRfy 1 ow

conduit 103A and an opposing co unte w condul t
al t er nat i ngeasurerent 1sinot passibidditetto dwegfact thet the froguangy bas beeh eparaficsdlybot h

conduits to oscillate. A sui | e drive signal is applied t he
reter el echPURITELeDtR greenEedy R HEREnATATE RIL QRO b (e © e
neter el eGhdRAiCIMPARLIELERMY BSnRARFAbeShENAHE t&heldtrds §:RS vibiakioand
1111 , respectively. The neter electronics 20 produces a drive signal

on the | edtbviever,whis challaps e hehavedrineely hutting additivhdl dtize porererf drduy
condui1 s 103A and,103B. The ”E;t eﬁl Fl ectroni cs 20 processes the |eft
and ri éht Y EPRRERAE PREPEIFREH ORR BT sensors 105 25 and 105
in order to comphddtien, MSSow heradad.be Misraea AIH DbEH diPAmPiatlle. 26 some
provi des an input and an output neans that allows the neter

el ect r oni esbpdipents, Hiealevs setenistdan e vilyated stnuloneavshatarvesr losi Bequenen ¢
systens. T ription .af . Fl j ovi.ded, ner el S ex |l e
o7t he opanget Sk Re SRbL | e ool iR GRS ok S0 AR

l'i m.t_ t he preasilyndis@issédh Aps Rseintthd M Ndw GRrquay vitrReraflowmetddie very
| ow frequency vibratory flow neter 5 1s vibrated at a very | ow
f r equeficy Pradiees &gyl freauepe visratians! spgses dha verylew fisghenig node

vi brati °”-vgbr@ﬁgpéé&%éqﬁﬁr@%@ﬁé%@gg@%%ﬁnfff@‘m 8t botR bPE kespo

vi brati ona e co are wthin the scope 0F>%t he
descri pti dieqaatychdianssponse amplifade. eRanpiponsé freqeney anbadi mepinse t he

PRI SR S TRCE O T T
mass flow rate, density, viscosity, et cetera. The very low frequency nature of the flow
25  meter 5 is discussed further below.

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

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

may be operated at higher frequencies, such as at a second, third, or fourth bending
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5 flow characteristics) are subsequently neasured. The predeterm ned
| ow frequency can be |less than the resonant frequency. The resulting

mass fl ow WO28WEHEAt will be substantially i mune to dIOUEPIOAG20IHd
SCS effects and can be determ ned through phase measurenent at the

pr edet er m e .o, LE CHEOR 1y THE: IGUELERILIRG: LA SEREY oF AiduBEics

chosen to cofrespond to an 1 n erse es°nu grea
10t hr eshol ¢f thalneer sabeatt dtqhency s erntplal | y el | m nate nul ti-phase

errors. Density neasur i s not sible due to t fact that t
f requency has ﬁééﬂ%ﬁ@%ﬁ%‘éﬁ p@w !ffﬁ‘ﬂll’?éﬁy Y#‘?%OWeti&m@&Pr ng‘e
chal | enge &Ier&tfl?étn%ﬁflﬁﬁgﬁflbxgﬂ&ﬁﬁtﬂea dcr% t'TﬁF:l J’l‘rgplé Gl ﬂﬁﬁl ﬁ‘@&ﬁlch&Héj@a

t he conduit be s f-resonant vi ratl on. However,
this chal Imnlyée vibnating thwﬁowonﬁerb@ssemlpiytmlanglteidaimgr fosvmienales areat rirfﬁ@entor
by 15avera hase asurenments taq. h reject noise.

nadi i on, - BeR GG PG B berUAtea: B S U oHin 10AH1 B ude.
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at a very frequency and at a very high anplitude. The flow fluid

can be either dStonekanpleythoverfyl lowi fraguensy \pbl@mm tlohymelies tAssmdhperase at a
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of a response fregyency and a response anplitude. The response

frequency Zuhdeqiendy.rtbe pameranenepifi-rasorance mapellos eepaswedenia can hecenpared

mor e 10w i Char GO S CReal DELUTT Bl EONBSSLILOW: LY & IBNS] B
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example. Therefore, the drive frequency can differ from a vibrational response

25  frequency and can vary according to the makeup of the flow fluid. In addition, the drive
frequency is affected by the stiffness characteristic of the flowmeter. As the stiffness
characteristic increases, the drive frequency will increase. As a result, lowering the flow
conduit stiffness will result in a lower flow conduit resonant frequency and a decreased
flow meter frequency. The flow conduit stiffness can be changed in a variety of ways,

30  as discussed below.

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

are affected and impeded during such multi-phase periods. The multi-phase effects may
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For exanple, the very |low frequency vibratory flow neter 100 can
operate at a resonance frequency and obtain resonance mass flow and
density neaoup@nmgsses and can 10 operate of f-resonance &ed/usktaisotne
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Vi scositi es. i - phase fl ow, e Vi tion o ow condul t
does 16t ndclesBaw ifluyd anovbe titerece fradensdy Heatsesi twl flats flowimudebefoyeipm
phase with the f]}lowfl id. This vibrational anomaly is referred to as
decoupl i nd S} PhFHIP e Gas bubbl es, for exanple, can become

g ﬁ;ogﬁkgg qL retr)] mqe Qizk loPWiclubRs caf $8¢dependiRE o tHr At duanaf gds§sRERs theand
pressure of the flow fluid, temperature, the degree of mixing of the gas into the flow
fluid, and other flow properties. The extent of the decrease in performance is not only

30 related to how much total gas is present, but also to the size of the individual gas
bubbles i 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
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15derived flow characteristics. Small bubbles typically nove with the
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nat ur all resonant frequency of the flow neter. In a
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vi brat i ondfarfglespre align Q??erlqrﬁ%ar«fiﬁaf@el GREIPOBFRY Hsnéaret. era?rff‘f Q?e&fég‘bf
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the fl ow q:(arlnb]estmoﬂ’dﬁksa‘ st @ntep obplagityrof thﬁrﬂuéfhmiixtuwestiﬁlesmes ishghtil ui d

o TR R R R ARSI AP

fluid m xtishg sfromthe center of the vi bratlng conduit. This is
the basis of the decoupllng problem As a result, flow rate and

density char actlethesgasduuid, eoluhliemldr %}ﬂdrquecblhqwé@asasmée fifeendiasti mogias of y
o0 2 "R BRI R bR 5Rhes T 4 SR BR R
and the liquid component. If the compressibility of the gas is neglected, then the same
25  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
effectively frozen in place in the fluid and little flow error results. At a very low

30  vibrational frequency, the flow flnid will act as a very viscous fluid, i.e., as if the
viscosity is infinite. At a very high vibrational frequency, the flow fluid will act as a

non-viscous fluid, i.e., as if the viscosity is approximately zero (i.e., the inviscid case).
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particles are often heavier than the |liquid conponent. Under the
accel eration of the vibrating conduit, the heavier particles nove
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25 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
turbulence while pipeline elbows can increase bubble size by forcing them together

30  through centrifugal force.

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

the very low frequency vibratory flow meter 5 can be achieved through appropriate
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20 of the flow fluid. Due to the conpressibility of a gas, the
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can be selected in order to reduce meter stiffness and reduce the frequency.

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

30 A factor in meter stiffness is a flow conduit shape. The flow conduit shape can

be modified in any desirable fashion, including using conduits of substantially round,

elliptical, rectangular, irregular, or other suitable shapes.
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A factor in neter stiffness is a flow conduit material. The fl ow
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| ength of t ow conduits that experience ration uce
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SRV L O MR EREE e R AU e
et er stiffness and thus reduces frequency.
25 As a result of careful meter design, the very low frequency vibratory flow meter
5 can be operated at very low frequencies. The very low frequency operation will result
in a gas decoupling or a solids decoupling being maintained at about a decoupling ratio
of 1:1, where the foreign material in the multi-phase flow fluid moves substantially with
the flow fluid. In addition, the very low frequency operation will result in flow
30 characteristics similar to a flow in which the viscosity is very high. This is true whether
the foreign material comprises gas, liquid, or solid components, This is true whether the

foreign material is of a moderately different density than the flow fluid or whether the
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alternative, the very low frequency can be derived or determined during a meter start-up

operation. For example, the very low frequency can be based on pre-stored or user
entered values. This may include, for example, a very low frequency that is based on
30 pre-stored or user-entered information regarding the nature of the multi-phase flow

fluid.
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Hz. ratio will remain at a decoupling ratio of about 1:1, i.e., almost no decoupling will
25  occur. For a very low vibration frequency of 5 Hz or less, it can be seen that the
response decoupling magnitude (A,/Ap) will remain in the darkest region along the left
axis of the graph, at around the 1:1 decoupling ratio, as indicated by the scaling bar
along the right side of the graph. It can also be seen that the decoupling effect decreases
for high vibration amplitudes. As a result, entrained gas bubbles will move with the
30 flow fluid, causing no errors in mass flow or mixture density measurcments. Velocity

of sound effects will also be negligible for such a low frequency, as
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density and mass flow measurements as the operating frequency increases.

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

25  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
about 40 Hz. If more gas is entrained or bubble size increases, it may be that only the
measurements at 10 and 20 Hz are equivalent, meaning that the decoupling is worse

30 than in the example above and a lower frequency measurement is required. This

diagnostic capability can be used to determine the presence of multiple phases or can be
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used to give the user an indication of the accuracy of the
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352 JEI
27 V\mi*

f (1)

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 | is the length. For a frequency (f) of
25 seventy Hz and a length (L) of eighteen inches, a proportionality constant can be found
for the (EL/m) component. As an example, a flow conduit must be about sixty-seven
inches in length for an E200 model Coriolis flow meter in order to achieve a five Hz
vibrational frequency, without changing the E, I. or m terms.
Another approach is a combination of the previously discussed factors. For
30  example, one solution would be to lengthen the conduits somewhat, decrease wall
thickness somewhat, add a little mass near the driver or pickoffs, and/or operate below

resonance. Another effective method to reduce frequency would be to allow the
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conduits to bend into line with the pipeline before the brace bars or
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are defi nefdreagn maiggabig dgradgagh ghis assumption is no longer valid, as there is relative
20  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
(A/Ag) and a decoupling phase angle (@) are:
25
m ﬂ =F

P dt drag + £ history +F, addedmass + Fbuoyam:y (3)

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

defined as:
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F g = 0m1t,a(u —v)$(Re) 4)
Fo = 67ryfa[u ; v +_5§L d(iﬁ— V)J (5)
Frtitess =3 p,a{-f—;i—%j ©)
Frup = 7078 2% @

The motion of the flow fluid is assumed to match the motion of the flow conduit.

The motion of the bubble or particle is calculated as:
FluidVelocity = u = A, cos(wt) (8)
ParticleVelocity = v = A, cos(wt + ¢) (%)

The above equations can be used to find particle motion in the oscillating
environment of a vibratory flow meter to within about plus or minus ten percent
accuracy for the vibrational amplitude and phase difference in most situations.

The six inputs needed to solve the above equations for bubble motion are: the
vibrational response frequency (f), the vibrational response amplitude (Ajy), the fluid
density (py), the particle density (p,) of the foreign material particles entrained in the
flow fluid, the dynamic flow fluid viscosity (i), and the particle radius distribution (a)
of the foreign material entrained in the flow fluid. The vibrational response frequency
(f) and the vibrational response amplitude (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 (pg) may be
specified by a custorner, 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 (1) may
be specified by a customer, such as in the case of a known flow fluid, or can be obtained
by measurement. The particle size distribution (a) may be specified by a customer, such

as in the case of a known flow fluid, or can be obtained by measurement, including
25
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acoustic or radiation measurements of foreign material particles or bubbles in the flow
fluid.

FIG. 5 is a graph of decoupling ratio versus density ratio for the very low
frequency vibratory flow meter according to the invention. The graph further includes
results for various inverse Stokes numbers (8). The inverse Stokes number (6) can be
used to more succinctly characterize the conditions for avoiding frequency-related
decoupling and SOS/compressibility effects.

The graph shows five different inverse Stokes numbers (8) and the resulting
decoupling ratios. It can be seen from the graph that entrained gas and entrained solids
react oppositely in terms of decoupling, with the entrained gases exhibiting greater
motion than the bulk fluid and solid particles exhibiting less motion. Regardless, the
ideal situation is when all phases inside the flow conduit move at exactly the same
amplitude and phase (i.e., where Ap/Af=1). It can also be seen that as gas bubble size
increases, the amount of decoupling increases. Solid particle decoupling also moves
away from the ideal case of 1:1 motion when solid particle size increases.

The inverse Stokes number (&) comprises:

5= 21 )

The inverse Stokes number () takes into account the flow fluid kinematic
viscosity (1), the angular vibrational frequency (), and the particle or bubble radius (a)
of the foreign material. The kinematic viscosity (1)) comprises the dynamic viscosity (u)
divided by the density (p) of the fluid, i.e., 1 = Wp. 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 an upper
vibrational frequency limit 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
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 common multiphase flow conditions in a

vibratory flow meter, the extent of measurement error depends primarily on the inverse
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10The notion of the flow fluid is assumed to match the notion of the
fl ow conduit. The notion of the bubble or particle is cal cul ated as:
Fl ui d Vel o&Dt29091434829 = Al cos(cot) (8) 15Particl e Vel oci tRCTAS26809/042018
Apcos(tot + 0)(9) The above equations can be used to find

particle tion int i1l ati .envi ron t of.a vibrat . 1ol
ot er to PRSP g S P e Bl piegg e b sl

Vi br at | ONn&das@oPd 31 UdEolid g At evhle fif t@E faGHetd RSk, FldtHBIhAIRS is 20The
si x inputs needed to solve the above equations for bubble notion are:

t he vi br atlegrietied pad fericeoypl wguaticgpprgaches e The maerseridvkes aupors@)

the for er domrerih gl EREkicn Pl Mo ARIE heocRy S B MGY HRE ©

dynam & f|fubhdyi 6 iMp&ees) oy afyRbne ofaRéke vagatias 41b64d. eHdS\ﬁé'\ie\ﬂ,Sfrequem%y is
distribution (a) of the foreign material entrained in the flow fl uid.
The vi br atjopialicd simetss desigreehaeastsyistss, phyle yrgosityendingrtials erfabble size
response ayqll .ne | i brational
response o %%(fe&gﬁoe]&@%g ?rrg(?gﬂ e%n%gﬁtgﬁ%ﬁfgro%%ggﬁd?q%@’ such as from
t he vi br at i onalTheéswosesStolsdsgimalbegEd) ¢ sdraclerhodilentgicokpafdsa {ulfter above
105'). The fluid density (pr) may, be_specified by a custoner, such as
in the cas®oWid-a Ih%wwelfsr‘éwlﬁeﬁ grgberdp) S EINAHNGIES CHPPTRER & G t.

The papt i Ghgdanst 1. [R)indEYe RELSRREIVeE 89 iPYorfle SHBE AR Rbmprises a
ﬁ %gﬁ %I eﬁ#ro t he P ﬁ

alternatively may be determ na | deal gas law rn the
case of emundicnaltbvgaboutdlven a nmeasured tenperature and pressure of

the flow fluid., The dypam c viscosit may be specified by_a
cust oner, such Inygoif e Radisats. B v wﬁwﬁwrﬂﬁw ‘f‘P'&FCH? Tow iBglA? hgen be
obt ai ned ks DRAFU HRBRL at aT\hﬁrﬁH@ﬁat] !r@sb@ns%'f?&lugﬁc%#dﬂéﬁtib b@&lt@?{)[z.n?‘%oﬁﬁ

specified by a custonmer, such as inthe case 0 nown flow tluid,
or can be cotbodimeds, ithe verasaw Enewengcy vibedtogi fhay magr 5 can be designed to operate
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furt her i nejpgasesfrequency of up to about 20 Hz. In some embodiments, the very low
frequency vibratory flow meter 5 can be designed to operate at a vibrational response
frequency of up to about 30 Hz. In some embodiments, the very low frequency

20  vibratory flow meter 5 can be designed to operate at a vibrational response frequency of
up to about 40 Hz. In some embodiments, the very low frequency vibratory flow meter
5 can be designed to operate at a vibrational response frequency of up to about 49 Hz.
Desired bending mode frequencics may be reached through meter design considerations,
or alternatively through off-resonant vibration at a specified frequency.

25 In some embodiments, the very low frequency vibratory flow meter 5 can be
designed to operate at a vibrational response amplitude of above about 1 mm. In some
embodiments, the very low frequency vibratory flow meter 5 can be designed to operate
at a vibrational response amplitude of above about 2 mm. In some embodiments, the
very low frequency vibratory flow meter 5 can be designed to operate at a vibrational

30 responsc amplitude of above about 5 mm. Tn some embodiments, the very low

frequency vibratory flow meter 5 can be designed to operate at a vibrational response

amplitude of above about 10 mm.
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5 results for various inverse Stokes nunbers (8). The inverse Stokes
nunber (8) can be used to nore succinctly characterize the conditions
for avoi diWg 20¥88dhcy-rel at ed decoupling and SOS/ conprR&I&iR3N0{042018

ef fects. The graph shows five different inverse Stokes nunbers

(5) and the resyht fng, Jecouphh B8aLhPRw flq R, PErA&S T Al Be
gé\% 2] ? égl%so |(Hs %’0

graph that entrarned gas ntrain react oppositely in
terms of deeedplg todhe invedtidnhdhénfigat slecvotas dewexbiebs emplpyirgeataere
notion than_the bulk fluid and solid particles exhjbiting |ess .
mot i on. Ré"&é&lmt‘é'éf'é{gﬁl HRestaRi (U4 pesorGne F%SWﬁeﬂngfrCillnﬁleégg@eilﬁ‘éﬁn&ent he
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where Ap/ Al can see t as gas bubble size
I ncr eases, flivhencaropatatiof frdquamopl i ng i ncreases. Solid particle

d [i | L 1 t i deal 1:1 ti
oo e 5, B0 LA e S0 SRRy
compri ses :dasﬂed217n%]§ liﬁ th%q'%u?c {ddv typRINGabdWRE $50 PKRS. BHER®arsPd t akes

into account the flow flurd kinématic viscosi '_[{ 0-0, the angul ar
vi br at i onadonfmetyemployed)q fiahehdimenedes and bealdishialishiliegrangi usragaparsfix

the forei terial. .Th | nemat.i c,Vi SGOSI { u) conprises the
dynam ¢ v 1% DoV EpnE T IBe Byt harndh ey ook SRR g OFed, and
fi= pig THEnhiRhEsaTBERTABho A Mhe bedddRarETH MdNeY’ Sdsblieh a dBhdiag Beid
solids, as previously discussed. The inverse Stokes nunber 25 (8

t her ef or e WeyWbehars etlytthe foweonduippertiensabave thechandbigeiis WetVé arg Hoveed

upper vi brational -frequency .l i.m &, han. i | '
frequency @ b’é@? i gﬁf i%%%cfmg s lvm'{rqfcrregtglgfslr%ge ?%gﬁ%oﬁélgfgécgngngﬁﬁéal er
(8) moves Kebps GegRYRtIcRRigati o (Ap/ Af) closer to unity, indicating a

reduction in relative notion. As the density ratig increases past
about 50, the deewlspre mgdifstherpemtine fieanensy. heberding 9xis loceHen Pk se

St okes, snunher. SUB) equbliis tt;leaﬁ&gae%ﬁg ft?é);]lu}fné);%?lrbtquﬁllcg«?E?‘dﬁ pobriate

gas/liqui d mXxtures have
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

20  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
through flow conduit geometry modifications. Other methods are contemplated and are
within the scope of the description and claims.

25 FIG. 7 is a flowchart 700 of a method of operating a very low frequency
vibratory flow meter according to the invention. In step 701, the flow meter is vibrated
at a very low frequency. The very low frequency can include a frequency below about
50 Hertz (z). The very low frequency can include a frequency below about 5 Hertz
(Hz), in some embodiments. Other very low frequencies are contemplated and are

30  within the scope of the description and claims.

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

(A,/Ag) of about 1:1 is achieved for a specific application or for a majority of
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rati os, usually above 100. Thus, for the nost common nul ti phase flow
conditions in a vibratory flow neter, the extent of neasurenent error
depends prwoapidligdson t he i nverse WO 2009/ 134829PCT/ USFATA/Re204818
St okes nunber (8). If this paraneter is very small, the result

h t i nvi.sci d. f. 1 | L. i while if th
e e U sl LT b W
rati o appreafRes chnlnclidea E%%@ﬁsl%QKﬁ%HQWG \ﬁ&')osit:l" hpiﬁbidﬁﬁ@ingﬁ?

Cc an

the bal ance between fluid kinenatic viscosity, particle size, _
frequency i gchieyedrfonihe flomofluidnyhe verydpwiftrguencyznen &b ibelovas prgdetermined

However, frequency is.conirolled. by neter .design characteristdcs

Wi o vi sBEIn e pAPE TR mtREe s e AR o e
of t en uncaniteill RRpesiHHAC THS vENeky tiic@Béncy thereforel AA@idsMiees ERindlediets and
nunber (8) in sone enbodi nents conprises a nunber above about 3.5.

The i nver she stteaiees farmigremategipl mavescirbstantisdyivignihs flovhiifs dbe senydptier
10 ab i . i i t
el T R e e e S L

very | ow finéspeedsy of 4 Brraighyatéria) Wizo®t & forbighanatéréal desipgeiton.t Dhopey ddve
at a vibrational response frequency of_up tg about 5 Hz. In sone
enbodi mentfEEAUERRY therelpre aypids %a%ﬁel}’f‘iﬁﬁlbﬂﬁl’ sHECtS, (VaiFheR 8ot agpear gk
designged t : .yiLprational response frequency of up to
about r@o ﬂg@?ﬁ%ﬁlg%gﬁ%@}%ﬁ 's, the very |low frequency vibratory
flow nmeter 5 c@mehe ndes iflgneghntioitopehatayddw drequdrcatvitoa@ly flesmonaare
frequency of _up to about 20 Hz. In sone enbodinents, the very |ow
frequency c&nﬁgh&fiéwya S ey 1o saeey BEPBRBLE Q)ftpi’élﬁé’if@%‘% 0% flow
vi brati ongly, 88 RARREs, frloSARARNK l&fgtﬂf@lo@ccﬁﬁ@i‘t‘ﬁsp%@t %o, fdlv SRt material,
enbodi nents, the very |l ow frequerncy 20 vibratory flow neter 5 can be
desi gned tfovwoperdaitéhiakneas,fidw edridoiiahapee fpwrerddit gopueatiyy ooéneup roare

about 40 ._lL.n so enbodi nents,. the. ver ow, freguen vi br at or
L ow et ertraf it Bt Rl et ipiagiciaed, AlapSiefn e diedh it fow
frequency BhdHR hey BPMNendI - #EondARS bt £6rcBABMHHIALS ]mdﬁenfpfeﬁélﬂ e6\wéraBar Y
be reached through neter design considerations, or alternatively

t hr ough ofrésonestdresmencyi by prevonslatdisgusspéei fi ed frequency. 251 n sone

Gosi gned t o' opd SPEt bieBi PR SR Aol gAY ol o

about__1 mMyibrhflor0 fep&iseeah BENi], to ldbRmiBe ) reatiid RegiRAGY and Lmnstitadey
flow nmeter 5 can be designed to operate at a_vibrational response

anpl i 20de Tesludingedregpensy thatean comprssArcarRsBtiTeRIIvRSY for e Hew Jluidow
frequency vibrgl &E% 7h3, e B bftle @o&ff{ﬁealgﬁre%%ﬁfs%&ﬂe EShRE] Ao A véry low
mpl1tude of a mm n sone

vi brational 30 responsSe a ove about

enbodi mentfeequénivy wigtisonladvesporsgldhe yony bbmatoflyw incayuramess cin memdbe
designed to operate at a vibratignal response anplitude of above .
about 10 s Ipps ratsodhepag soprers {lepaerssyanienls cpp aclusle aisheitg HdpRsign

of the very a%&xg{n%#gﬂ;@@ﬁ gg' ?ﬁéﬂﬁﬁeﬁéﬂe{n%@tdg{enﬁir@ﬁ‘%H{hdslsﬁlﬂPﬁt%nrs €10

. . 1
I nventi on. QI' IS ow"net er e oylng a large

hei ght25t o-thedgbhplagato andthedhidvisyosityc Qrtbkripw mesmnanartbadicorietpladdd
the inventign. The Iar%gcg hejégﬁgt-to.-l.engt& las ect ratio (H'L) |owers
the flow B & Wilinhifceps ahthe gscription and claims.

Decoupling is, in general, a complicated function of many input paramecters,
which makes it very difficult to compensate for in flow meter measurements. However,
it has been found that the decoupling effect is negligible for small gas bubbles.

30  Similarly, where the flow flnid is highly viscous, the decoupling may not occur or may
only occur with very high vibrational frequencies. Further, in an entrained gas scenario,

if the foreign material is mixed well with the flow fluid, decreasing the bubble size
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5 flow nmeter operating frequency. In addition, the figure shows
a change in the vibrational node positions. The dashed lines in the
figure shoWOt0913422 br ace bars 120 and 120'. Brace bar PE/ES20BMRMAE v
enpl oyed to fix bendi ng nodes and establish a bending axis. Brace
bars fix t I 4l 1S | at.i ow
conduits agrhgfcjégg%ig%%aﬁ%gf% #E%f’ %tegg{\% Ci?r 3?@% acﬁﬁ Egli‘]e |u\r%%?§1rge ee%‘fﬂ%
brace bar sclihiQatadéh do2fe caesd. abko,shhigh flewdiuid vaxbsity\Wédubsts vhairinerky t he
fl ow conduit partions above the bending axis W-Ware allowed to

vi brat e THECHS Mg 7daRGTasey MPPSUERNGTt AREQTaqye HOWHvaE iaﬂ%%arweéaa%wh%nd
typically : =Yo]! I ] t L& ) Ling
f1 squoncy. " ERETsanaY BG BEFRGHLRE BN e Bh R A SREL B BRENERRE ST

t he opér atdcogptéd egisency can be reduced by an appropriate bending axis
| ocation, such as by apprapriately |ocati i bratiaqnal  node. .

bos 11 ons. & VEBSaRE VBN VIBT<EY Tl BOERHIE Soiebrbla Eruto gy ahmgne
t he brace ShEQoWR:RYi AR220 FiE J

The br ace bare 33 ana hss! "SLRE; (W SOREAR TG ARy ot i i pfne

ot her enbodfaesntQy, coutsieswhen threvedwoo npentstmedd foreigl innaferiak getglatye enoagh,
brace bars _altogether. In suc nbodi nents, the.bending.axis can b
et or i ned By A0RE PR 0ROHY T T ik SEC00 A S oy e
mani f glods f}&ﬁlewﬂﬂa& fneterWilShALkHibREMRH %%ht&mauﬁalssemi RIi8bIAR Hak WO
possi bl e nethods for |owering frequency through flow conduit geonetry
nmodi f i cat i oederateoh bighrfetgherhy pios agonhretepy Howdnelerd are within the
scope of the description and clainms. 25FIG 7 is a flowhart 700 of a
nmet hod of operating a very |low frequency vibratory fl ow neter
according to the invention. In step 701, the flow neter is vibrated
at a very low frequency. The very |ow frequency can include a
frequency bel ow about 50 Hertz (Hz). The very | ow frequency can

i nclude a frequency bel ow about 5 Hertz (Hz), in sone enbodi nents.

O her very |l ow frequencies are contenplated and are 30 within the
scope of the description and cl ai ns. The very | ow frequency can
i nclude a frequency where a decoupling ratio (Ap/Af) of about 1:1 is
achieved for a specific application or for a ngjority of WO

2009/ 134829PCT/ US2009/ 042018 applications; including those with
entrained gas or solid particles. The very | ow frequency can include
a frequency such that an effective viscosity approaching infinity is
achieved for the flow fluid. The very | ow frequency can be bel ow a
predet er mi ned m ni num decoupl i ng frequency, independent of a foreign
material size or a foreign 5 material conposition. The very | ow
frequency therefore avoi ds decoupling effects and the entrained
foreign material noves substantially with the flow fluid. The very

| ow frequency can be bel ow a predeterm ned m ni num

SOS/ conpressibility threshol d, independent of a foreign material size
or a foreign material conposition. The very | ow
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frequency therefore avoids SOS/ conpressibility effects, which do not
appear until 10 higher frequencies are achieved. One or nore
flow conduits of the very |ow frequency vibratory flow neter are
configured to achieve the very | ow frequency by configuration of one
or nore OVhat if kawmedrdui t stiffness, flow conduit |ength, flow

conduit aspect, ratio, flow conduit terial, flow conduit thickness,
fl ow condui t <h¥pR 1oy f%%ﬂ@ﬁ%&li atala'gﬁwa@e,ter&m SOBPTIEHEe 15

i brati | Lo ( ; _ |
{hrattonel o el @38y 7B AR dlispuea cAlageasb il
predeterm ned | ow fwigoihefloyw nle@ksenttdn (1Gebeivsaidipurdd ©gitaBeYe a 88y

previously discussed. In step 702, a vibrational response of the flow
net er Sassenbly is rewdisguencytrbrajiopplaesraras thab ipshew aqupdaermised t o

determne a resulting.fre NCY- anplitu 20 4 ngl udi n
frequency that can n&@%‘l’?@ﬁ%“ﬁ@%&ﬁ%ﬂﬂgﬁﬁ todgﬁ%ggwf%lpgluh%@'?%‘%t Pfdia.
In step 703, one ofoRMrPmhlcBWl BASHA BFBIhSn&eRIRJnGRARTOAL §6ld f rom t he
very |l ow frequency vibrational response. The one or nore flow

measur enent s ¢aHern gledtrahecsa 2hhesaupit¢dotw tha flowTinetep assemblynOl0e ahd gunfigured to
measurenents can include a density. A densit asur enent, usi n(t:; t he
very | ow I equency Ve HEDERM KEUSREY NIESoNE (oFBpeSE 280 g5 nemts gpe or
decoypl ing ratio angybhe.f h\é‘aﬂ:r&%é&t@?ﬁ& frorﬁfe Qrijérefd Ql\é’lﬁ'&ésélléﬁ[]ﬂg{f%sf@ﬁ £

contenplated and are within the scope of t escription an
Decoupling is, in genfgakd sactcthaph deatupting wvatit (AQMAQTs hdrfyr entprihed solids
paraneters, which nmakes it _ very difficult to conpensate for in flow
met er measur ement s OF PRRIDEG 2as 3t theeenyday fresugacst vhiational EeRAEE! i ng
effect is negligible for small gas bubbles. 30 Simlarly, where the
flow fluid is highly viscous, the decoupling may not occur or may

only occar w tihewetylow ﬂb?u/dnby&iﬁr@mﬂ/ flovasaeen CI08Y of ElithNetwherdin @i very
entrai ned gas scenario, if the foreign material is mxed well with
t he 1§ owlew dicqueniacyibeasiong response ko w jazsedafgmined minimum

2009/ 134 CT/ US2009/ 042018, and/ or even di.stributing the gas, then
the decoublRumRERTBRY Ll BegmdBll T 2 HEh Attt St A faen
cases. Ap$ferid cBipdsitiogw fluid viscosity reduces or elimnates
decoupl i ng and i ncCreases neasurenent accuracy. However, the
characteristics of the flow fluid may be fixed in nature and the
bubble s |3.ze a%e\(rlegycl%%} Igrgqurg%)(/:y r\]/1 \{rgtogj(/)ﬂg% meter (100) of claim 1, wherein the meter
20 electronics (20) 1s configured such that a viscosity is effectively infinity with regard to

particle motion for the flow fluid at the very low frequency.

4. The very low frequency vibratory flow meter (100) of claim 1, with the very low
frequency vibrational response being below 5 Hertz (Hz).

25
5. The very low frequency vibratory flow meter (100) of claim 1, with the very low

frequency vibrational response being below 50 Hertz (Hz).
6. The very low frequency vibratory flow meter (100) of claim 1, with the very low

30 frequency vibrational response corresponding to an inverse Stokes number (J) that is

above 3.5.
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5accepted as-is. A very low frequency vibratory flow neter can be
designed to be substantially immune fromnulti-phase effects,

i ncl udi ng both SOS/ conpressibility effects and dccoupling effects. O
course, where the volune of entrained foreign material gets |arge

enough. dven alhecreyy lairgeenedrayratas Faromgter ) mbcimnnyvigythedne or

sonme effects,,but a. ver f.r eguen flow neter wl. til

o bi t | e Tt b RS i Al s i e RS B s s BB e
frequen%nﬁﬂit@de@ﬂ'greytbpﬂﬁhwnﬁihﬁﬁet@?&ﬁ&?; What is claimed is: 1. A
very |l ow frequency vibratory flow nmeter (100), conprising: a flow
nmeter assenbly (10) including one or nore flow conduits (103A, 103B),

ith the fl t mbly (10) bei fi dto. at
51 ow Pr eduencyl iGrab sy ebatny i istes gl hos cfrid it die or
M ni num qﬁ@%‘fﬂJ E&acﬂﬁtﬁg}@&ﬁdﬂ) btel}%aédn%@fuféd%%&%%%ﬂﬂﬁ% A1 1Bsponse
foreign material “size or a forergn material conmposition; and et er

el ect r oniagglitady oLgopeethah divicheilliletsraghey. assenbly (10) and
configured to receive the very | ow frequency vibrational response and
generate one or 10 nore flow neasurenents therefrom wherein the

meter el got ronues (20N, hSaCOnll s, SHEN,Lhak) Gy dSCoRl ! iehdahid

(A3,/Al) Ts 1: rarne entraitned gas at ’the verye S

f r equencrhdre ANPORIduits $PIBYS E.03B) afd€onBfuYed RVchieod danN ety bR fRdq@ENCY
flow nmeter (100) of claim1, wherein the very 15 | ow frequency

vi br at i onvalbratiesyl sespenssbpedifiguaatprneeicensr orimens ofiarflaw gonduit stiffness, flow

SOS/ conpr essi bi i hreshol d i ndependent of foreign mater,al, sjze
or & { of GRBRUMEPBH. SOV GH0Y PO TR (ARCoTH MG A s Dgargyt thitkdks
vi brat or i} e&dﬁ s%_agé,lfﬁm cOfdut! Sdotelry, WPBREL mbREViIBB®hal node positions.
20el ectronics (20) 1s configured such that a viscosity 1s effectively

infinity wwth regard to particle notion for the flow fluid at the
very lLow frequency. 4. The very |ow vi.bratory fl ow neter

f
(100)5of 18 ai hbE, Vefy daw fiRgusnsyyIpraipry #@53%2@%%0&%@}%%1, whezgigrievery
bei ng bel,qy f?eqlﬁigﬁéyzvii)f_;ﬁgry flow meter (100) is excited off-resonance at a predetermined

low frequency and an off-resonance mass flow measurement is obtained, wherein the
off-resonance mass flow measurement is substantially immune to decoupling and SOS
effects.

20
11.  The very low frequency vibratory flow meter (100) of claim 10, wherein the
predetermined low frequency is chosen to correspond to an inverse Stokes number (5)

greater than a threshold value selected to substantially eliminate multi-phase errors.

25 12.  The very low frequency vibratory flow meter (100) of claim 10, wherein the off-
resonance mass flow measurement is compared with a resonance mass flow
measurement obtained at a resonant frequency and if the off-resonance mass flow
measurement and the resonance mass flow measurement differ by more than a
predetermined decoupling range, a multi-phase indication is generated.

30
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25 5. The very low frequency vibratory flow nmeter (100) of claiml,
with the very | ow frequency vibrational response being below 50 Hertz
(Hz). 6. The very low frequency vibratory flow neter (100) of
claiml1, with the very |ow 30 frequency vibrational response

cor r esporidi ng Tihe veny low Gegeensy okeatony flber mé®)y (ol chimdOywharehn the very
7. The very | ow frequency vjbratory ow neter (100) of claiml1l, with
the one dPWHEWEREYD %%rmﬂ%nmqsé}x{)&lléwltq%?fﬁ@eseeaﬁqeg%p@ﬁtmls

vi brate i apl. : .

m i et 2)?6%%*;‘9@@%4’%40&%?%“?%%@%%E%&n*é%@%F%&rfgﬁ’&’ﬁ?ﬁ“%ﬁé%‘?aﬁoo>
of cl ai mndass Wokhmehwrenents treabiginéd, avhegeindbié hmlt{ple 3 - reddididre heisndow
configured to vibrate at a vibrational response anplitude of greater
t han i vanggsuiementsears compyreddo tpiermmeoypwhahera myliephdsewlowr extighs gnd fow
meter (10Q) of claiml, wherein the.one 10 or nore flow conduits
(103A, 1 eea%lgm"PB?f‘Feeﬁmtrg’agEﬂ?%%e the very | ow frequency

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

fl ow conddi t wametlicd of dpemting anduy tow ficqghensysibitcwllosnaetiet, theapthod
fl ow condui t .geo_rretry, or one or nore vibrational node positions.
1510. The Q&P frequency vibratory flow nmeter (100) of claim1,
uher ghn the Vefntaliiohd SHBRNoWBARKRIOF the 0%y TBHAFedutR) vibRarsicad g
of f-resonance at a predeterm ned [ow frequency and ah off-resonance
mass fl ow nmeasur emendter & aoketwlaweftequérey ehat 1§ beloofd predsiomained mmassum
fl ow neasurenent is substantially jnmune to decoupling a

d.S
effects. 20 11. The dgequplingireapeniiydoe thailgy dlueg yidﬁp%weﬁb@f{é foeglge)m%?rial
a5 onerei . _ ) _
correspond o an i SieLa TARLELARRR (ARp A Hfkcih%, 6T he Biip hyfA)

val ue sel ected to sbstfantdtalihed Rlidsonahteaiitd fas AMES CergéWEequency;
2512. The very | ow frequency vibratory flow nmeter (100) of claim 10,
wher &8 n t he ot¢ceivingayanclownliegrenrywibretienal egspanse; 8n¢onpared with a
resonance mass _flow nmeasurenent obtained a aﬁ r«%ﬁonant f;e ueﬁéy and
i f the of f-reSERAALRES HREY PPEHR G WA (he P BN AR RS s
flow measurenent difdr8fiorddY rdtpbsset han a predeterm ned decoupling
range, a nulti-phase indication is generated.

“77 15.  The method of claim 14, wherein the very low frequency vibrational response is
20  below a predetermined minimum SOS/compressibility threshold independent of a

foreign material size or a foreign material composition.
16.  The method of claim 14, wherein the very low frequency vibratory flow meter is
configured such that a viscosity is effectively infinity with regard to particle motion for

25  the flow fluid at the very low frequency.

17.  The method of claim 14, with the very low frequency vibrational response being

below 5 Hertz (Hz).

30 18.  The method of claim 14, with the very low frequency vibrational response being
below 50 Hertz (Hz).
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30 13. The very |l ow frequency vibratory flow neter (100) of claim
10, wherein the very |ow frequency vibratory flow neter (100) is
excited off-resonance at nultiple predeterm ned off-resonance
frequencies and multiple correspondl ng of f-resonance_nass fl ow

][r:sasur emetit s alhe ppthar o glaimnlh aiith tha ¥erilow sequesey vrbé%tmwlhaeépﬁaﬁ@s
5 -
flgw exr‘:qoz-}égﬁ%}l@%gs@a{n m%8§§8%rt&%slnt%m%%§]§@%§?s Wslhes a nulti-phase

ermne a’ mi e error nmaghi tude. 14. A
met hod of operating a very |ow frequency vibratory flow neter, the
met hod conprising: 10vibrating one or nore flow conduits of t he very
| ow f requihcy Thebmethod ywfcladw Ife wath the one oemrft ﬂmmmdu@mb@ng kanfigured to

 mclop SndGHpragt i YIBFUOG R AToURAs SheregRar e FeNgpaig] (. ¢

conposition, wherein a decoupling ratio (Ap/Af) is 1:1 for entrained
solids or entrained gas at the very |ow frequency; 15receiving a very
| ow frequancy Thernethoddklaimsldomsty thande gemeraflowg-ondeitobeinp cenfigured to
rreasurerrent s fromthe very | ow frequency. vibrational response. 15.
The met hodbigte %qaa‘flhiail@nal\mmcmse. PR tiHerdf %axﬂrfth@aﬁ@ﬁe}ﬂlww@t(ﬂ%)a|
response is 20 bel ow a predeterm ned m ni mum SOS/ conpressibility
threshol d i ndependent of a foreign nmaterial size or a foreign

mat enal 30NPoHidhemod of clém THHehersif e e dilmom@flody coiiiigiare Edieiguesd/
| ow frequenc vi br at ori/ flow meter is confi gured such that a

vi scosi t ycmag iev¢ tetvore ifmqumowyvxbﬁatlanalégmoasq by pamﬁgu:rafeorn@i PRErPIfIBPIe

25 the fl |UId ver thod of ¢
Ta, it h R Epad wtﬂf@aa s SR CRERR 0w sbhpl ST Rp 8Pl oudl
Hertz (HahatedR, ﬂng&&dﬁﬁttmeﬁn&é dRicBhdit sH@Etzahﬂéxb‘%oH@ﬁiV écﬁiﬂ\étf}‘ %%ﬁ@%y
vi brational response being bel ow 50 Hertz ). 19. Tﬁe met’hod
cl ai m 14, mesetshbiatienalexogde ipositibngquency vi brati onal response
corriﬁpondi ng to an inverse Stokes nunber (8) that is above 3.5.

e method of claim14, with the one or nore flow conduits being

configurem to fevh f@farﬁl\ﬁ' hetdi® | Jib 4ty 9f

greater than o]ﬁg Qt{h??ﬁete} %i @hmﬁ%ﬁ é? m@ W mﬁter is

t he one axcited efffrtenancnakid lﬁmdéxenngledm lf@quad:ytamd\famcrf&tresoaanc& mass flow

vi brational response anplitude of greater than five mllinmeters (nm
measurement 1s obtained, wherem the off-resonance mass flow measurement 1s
substantially immune to decoupling and SOS effects.

20

24.  The method of claim 23, wherein the predetermined low frequency is chosen to
correspond to an inverse Stokes number (§) greater than a threshold value selected to

substantially eliminate multi-phase errors.

25 25.  The method of claim 23, wherein the off-resonance mass flow measurement is
compared with a resonance mass flow measurement obtained at a resonant frequency
and if the off-resonance mass flow measurement and the resonance mass flow
measurement differ by more than a predetermined decoupling range, a multi-phase
indication is generated.

30
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10 22. The nmethod of claim 14, wherein the one or nore flow conduits
are configured to achieve the very |ow frequency vibrational response
by configuration of one or nore of a flow conduit stiffness, flow
conduit length, flow conduit aspect ratio, flow conduit nmaterial,
flow condigi t tTheakethss of Elaow?28 pwlericin thbapey lofW fraquennd wiliratgepfletvryietenis
one or nore vjbrational node positions. 15 23. The npethod, of claim
14, wher expiteheivesapanesntipegpleiugdsiemprined pif-resenanpe frequansics gagd padtiple
of f-reso . i r f onance
1BAES Al REFASEL e A QYL SBUERGK AOAMATLREERNE

mass fl ow neasure erein ésohance nass

f1 ow nmeasuiilEpRMYf-résofatetmads fRi whehsirbents ardleaaptred ROd@RGhiR N hether a
effects. 20 24. The nethod of claim 23, wherein the predeterm ned

| ow f pequerltiyphase Bhwsaists andiordetsrpungia nol@phaspsrawenggritids. nunber (8)
greater than a threshold value selected to substantially elimnate
mul ti-phase errors. 25 25. The nethod of claim 23, wherein the

of f - resongnce ATRgshdd UIHRRBY RIP W g Bt b vAmeRS A8 RER SRS S

fl ow neasurenent obtai ned at a resonant fréquency and if the
of f -r esorampeismgss fl ow nmeasurenent and the resonance mass fl ow

measurenent differ hy nore than pr edet er m ned .decoupl j ng range, a
mul ti - phase i Qa{CERINIBE aPEdetTRIRRANETY SV opergting Fequeich dar B¢ Veralow 23,

whergpn the very | ?ﬁ@ﬁﬁéfc@‘{ﬁ&%’ ﬁ[’/iff%»%%{ b %%I{Tﬁtlgz{st L Fg;i}%irédeﬁ'ow fluid

of f-réesonance at multip predet erm ne -resonance uenci es and
mul tiple corresponaitege defvereRanapaatin@isqidnowineaswraamedétsrmeihed

obt ai ned, wherein the nultiple off-resonance mass fl ow neasurenents
are conpared to defiphiva depeumiag freavengy for thehBew fuidindsperdent ahdl t o

determ ne a nulti-pghase error, nagni tyde. 27, - A nmet hod. of rmnpg a
very | ow frequency@Qfl%ﬁgnaﬁgﬁgé‘)a]fsi%“%\?rn%#)é%fgnﬁaéer tCHB’é’OglgWBrY’E?rﬁa?a
determ ning a predgbesuplingFatySIA /AU PREOAEAIRANET SR ¥nfr@ihied BSs MahY
| ow 10frequency vibratory fl ow met ér based on at | east an expect ed
flowlfl uid, where vhey lowrgparagingopequeneyig frequency is bel ow a

pr edet er m ned

i ni num decoupl ing frequency for the flow fl ui
dependent - of BT GG il oRf i R Gon Bretion e
conposition, wher eg&&t&ﬁmmergw égélﬁtiWe@f\énc!ry,Swﬂt%ﬂché e GNhbA AGH
solids or entrained gas at the 1bvery | ow operating frequency;
conduit design characteristics being selected to substantially achieve the
predetermined very low operating frequency; and
20 constructing the very low frequency vibratory flow meter employing the selected

one or more flow conduit design characteristics.

28.  The method of claim 27, wherein the flow meter is configured such that a
viscosity 1s effectively infinity with regard to particle motion for the flow fluid at the

25  very low frequency.

29,  The method of claim 27, wherein the very low frequency vibrational response is
below a predetermined minimum SOS/compressibility threshold independent of a
foreign material size or a foreign material composition.

30
30. The method of claim 27, with the very low frequency vibrational response being

below 5 Hertz (Hz).
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sel ecting one or nore flow conduit design characteristics based on
the predeterm ned very | ow operating frequency, with the one or nore
fl ow conduit design characteristics being selected to substantially
achi eve the predeterm ned very | ow operating frequency; and
20constructi ng the very |l ow frequency vibratory flow neter enpl oying

the sele e or r on | characteristics. 8.
The mot hod- of “DIATH8S O Shiel ' ehant 18R Thar b RaCE i B Eongy Bine
that a vimgg ér&(?{zt)ectrvely infinity with regard to particle
nmotion for the flowfluid at the 25 very |low frequency. 29. The

met hod of claim 27, wherein the very | ow frequency vi brati onal

respo S oW a_pr.e / CO re si bi |

thr eofol ¢ n 3&%8%5%? i reV.rParr ety it b%Ponse
rraterral /s With the very

| ow frequcg)ncgl Vi [E_)r |acl)lﬁlgll‘]elr§gssédgr%§el @ t% dvﬁ?r%z (Hz). 31.The
nmet hod of claim 27, wt h the very | ow frequency vi brational response
bei ng bel ow 50 Hertz é 32. The met hod of c¢laim27, wiith the veréJ
| ow frequiBncy Niegpethp ﬁéplarlegﬂewe the preepmerr Hewicondnits briag senfanprd

or mor o (g ERSER RnsR Amp IR R ubl Bk lpallighebg, O

respqpse anplitude of greater than one mllineter (m 10 34. The
met hod of claim27, with the one or nore flow conduits being
conf i gur éd-. t o Riepnethed af ckimi2ys aithdhepne esporsdowarmenilvittiecing coprfeprred to

than five net.er . 35. T hod , of wher ei the
oneor e a5 aarReineSe amP Pl v b A EhE it SS CR o
frequency vibrational response by configuration of one or nore of a
flow conduit stiffness, flow conduit |length, flow conduit aspect
ratio, fl36w cdigunethodbécliaah,27f wharetrotheidne dr mark fless corfduate/aceradiglired
shapeI\ fl ow condyit ei)rre% or Qne .or nore vibrat |fonal nod
poSi t|50n§0 achieve t evegy ow rezuency vibrational response by configuration of one or more
of a flow conduit stiffness, flow conduit length, flow conduit aspect ratio, flow conduit
material, flow conduit thickness, flow conduit shape, flow conduit geometry, or one or

more vibrational node positions.

20 36.  The method of claim 27, wherein the very low frequency vibratory flow meter is
excited off-resonance at a predetermined low frequency and an off-resonance mass flow
measurement is obtained, wherein the off-resonance mass flow measurement 1s

substantially immune to decoupling and SOS effects.

25 37. The method of claim 36, wherein the predetermined low frequency is chosen to
correspond to an inverse Stokes number (&) greater than a threshold value selected to

substantially eliminate multi-phase errors.
38. The method of claim 36, wherein the off-resonance mass flow measurement is

30 compared with a resonance mass flow measurement obtained at a resonant frequency

and if the off-resonance mass flow measurement and the resonance mass flow
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20 36. The nethod of claim 27, wherein the very |ow frequency
vibratory flow neter is excited off-resonance at a predeterm ned | ow
frequency and an off-resonance nmass fl ow neasurenent is obtained,
wherein the of f-resonance nass fl ow neasurenment is substantially

i mune t onchsuempEnt dgferhg 1S08 thdrf @ ptesletePBigd. dEheuptmghrovga fa nonléiFpha3eé,
wherein th redeterm ned | ow frequency is chosen to correspond to an
i nverse Sﬁ%ﬁ OHF#ERTTE) greater than a threshol d val ue selected to
substantially elimnate nmulti-phase errors. 38. The nmethod of claim
36, wherein the off-resonance mass fl ow nmeasurenent is 30 conpared

w th a régonarnite mehed bl olaimBaswherinthe vetaionefieqicnay viganantlow meter is
frequency and if the off-resonance nass fl ow neasurenent and the

r esonanc Expisessolifresgnangad anehpletpredaterapings offgeonanem iraqynneiss vad muHEple
decoupl i ng._range; ti- ifdi L.on i [ . . Ih

met hod or oar A ePLe R G R, SRan PR sb kB v iy T s,
nmeter i s plfpel dfedesehindeafARINFEMRESUTIMELR lafe QIBEREE fldEnine whether a
of f-resonance frequencies and nultiple correspondi ng of f-resonance
mass f| ownultadasefewtexiss andlotdetereune aneiigiphaseharoruhagmiude.

of f-resonance nmass fl ow neasurenents are conpared to determ ne

whet her a mul ti-phase flow exists and to determne a nulti-phase

error magnitude.
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