WD 2006/ 127527 PCT/ US2006/ 019595 METER ELECTRONI CS AND METHODS FOR
DETERM NI NG A MASS FRACTI ON Background of the Invention 5 1. Field of the

| nventi on Wzo%ﬁ%%@t invention relates to neter el ect rP@i‘/%§20@&7919 t hods for
determining a nmass fraction of flow conponents in a flow material flow ng

through a flow neter. 2. Statenment of the ProblemIt is known to use

Cori ol i s mETERERECIRONSCHaN) METHODS FOR BEFERMEYING & M#&SS nat i on of
materials flow ng through a pipeli leAetsr];Blicl osed in U S. Patent No.
4,491,025 issued to J.E. Smith, et .0 anuary 1, 1985 and Re. 31,450 to
J.E. Smith of February 11, 1982. These flow neters have one or nore flow
tubes of different configurations. Each conduit configuration maybe vi ewed
as havi ng Baekgroahdefthe Bdventiohr ati on nodes including, for exanple, sinple
bendi ng, torsiagnal, radial and coupled 15 nodes. In a typical Coriolis mass
fl ow nedsufe Ofé’f&ﬁﬂi"@é‘f’%n, a conduit configuration is excited in one or

Tor e Vi br at i on R0EReas ifeiBbedIks {oUE: LRNALR dhiSerfONL: beteRftgl | ON Of

the conduit is nea at points spac ong the conduit. e Vi brati onal
nodes of t hassrirdaionalf ffow t@npaeatséme flawemdiefinnfalving tirangh byflowhmeteconbi ned
mass of the flow tubes and éhe material within the flow tubes. Materi al
flows 20 ?-ntgﬁth’WfP?&ﬁ/Pﬁ@{? P froma connected pipeline on the inlet side of

the f1ow et er. Thesdiat £rds2lod s B HohShked f BiUBbstoeabhoMatiae or 1 ow

tubes and exits ow neter to a pipeline connected on the outlet side.
A drivéd appbinesioa of onateridloflowegfthmwgh alpépelinbes disclosedciald. 8sPathnt Nd.ow t ube to

o nt s al ofgoL25 Sshrbis L Ramaset ol af Lripon Aot HnRe cHA PHRSE Sl
material bR 1bEN TALOUSN, SBRr LAWoRHBEmo NS Okl aeaRKAEAL | oo cause

each poi nt t he ow tube to have a different phase wth respect to
ot her poi ntenfgduoaipnsh&ath canduitlwenfiiretiphuasy bemiewted as hheing sisdeofofaturhe  f | ow

tube lags the driver, while the phase on the qutlet side | eads, the driver.
Sensors ar @1*{1'%}%@56393@}1@&125P}Ea&a?iﬁt%mawrﬁeﬂ@n_ga Gieahaatial BrARIEIS
sinusopgal yg0afs, tﬁg%ﬁé&%lg%rp?s% fRw ﬁlg%stu?&némtat)}ﬂfbaﬂgn,teh@oﬂdhﬂw tube at the
different points. T phase ditference between e two sensor signals is
pr opor t i onadtnfiguratioa isescted inwne at moodf vibtatiomaicges ad a folateniah fl otk tlooggh thehe fl o
tube or flow tubes, 1. .. . . .
conduit, and motion of the conduit is measured at points spaced along the conduit.
The vibrational modes of the material filled systems are defined in part by the
combined mass of the flow tubes and the material within the flow tubes. Material flows
20  into the flow meter from a connected pipeline on the inlet side of the flow meter. The
material is then directed through the flow tube or flow tubes and exits the flow meter to
a pipeline connected on the outlet side.
A driver applies a force to the flow tube. The force causes the flow tube to
oscillate. When there is no material flowing through the flow meter, all points along a
25  flow tube oscillate with an identical phase. As a material begins to flow through the
flow tube, Coriolis accelerations cause each point along the flow tube to have a different
phase with respect to other points along the flow tube. The phase on the inlet side of the
flow tube lags the driver, while the phase on the outlet side leads the driver. Sensors are
placed at different points on the flow tube to produce sinusoidal signals representative of
30 the motion of the flow tube at the different points. The phase difference between the
two sensor signals is proportional to the mass flow rate of the material flowing through

the flow tube or flow tubes.



WD 20061127527 PCT/ US2006/ 019595 One application of a vibrating flow tube
devi ce as descri bed above is in neasuring a nass flow rate of a flow

material . Royeyghaisi/1 sone flow measurenment environnmenpgqydshiehioy materi al
conprises a nulti-phase flow that includes two or nore of a fluid phase, a

gas phase, and a solid phase. A common nulti-phase flow naterial 5 conprises
a fluid fl ow matCeriapplitdimn of acfibrdieg ﬁmmaﬁertbdlogas desonibhd abowkiis jn f or  exanpl e.

A prior art flowreter c nnot rately ckI .or satisfactoril track or
det er ni ne dN{PRKRE§ M¥eh %‘P’r tF@gﬁgﬁW@I@Pfﬂné& &b 1% AYBE TOPREFIGIDL £ | ow

material . eawratmaftt thd BB |cQM@HEé’sra§-f1ﬁi’h\%pkﬁ‘§§ﬂ@ﬂ"—‘tﬂattlﬁclﬁ&?sst'vlfo%r'?E@ré flow

rate of arelativ stable and uniform mat eri al However, because the

f 1 ow neasurofmehiid plﬂsb,et:gas ptlﬂasﬁ, md aaslssd piias¢.hA dohmrrmtlbr-pladsp flator mpteriehanges

in nmass _.can cause ﬁ u ts or .t he mas flow han eﬁ are not
R R

even tréckecﬂmr?ir‘s‘fsr?e et 3\1,}}? rgéls’tsﬂ 3% ‘I“ Oht

includes entrai Degi@ drs fbheRE EarQiébQ&cﬁx?atél? ey g stmaétbﬁw@etcﬁror c an cause
spi kes in the frequency response of owneter. These f requency errors

can cause déterined pigkafii smoxeﬁmuqn%gdlamgacwma@e Rawsoffthoflowanated#ld can be
propagated 0 15 sy bse c | cul ati ons of othe

char act er i }065}{%@5ﬁ%ggwmefrs # FOJRTASPAH AP %ISW fate ?]T a@%tg/glysl ow and
error pr on%tab?esmtdhﬁummqrovaﬁtate@ar IH@@e\téa EoeRARS The Hbi s8R cHbleMPct AR
determ ned pi ckoff frequency. Therefore, any error in the frequency

det er milfat imoass o§ thcd‘rqmmtbml,rahrlmh ellqmassm s SAMTASE ieTANeOTisangaguIgmenisr

i ncreased ror i f requen t

dot or o et 16 Mg B e dbS SEHR S EHELPT bl et FriR Aot Fheiedte ) ow
rate. |n adthv h@férlabﬁi@ﬁidéﬁeﬁtfhﬁléﬁ%ﬁtﬁg AiEBlbbldseausaay theafléemeter YaLehub®
determine a nass flow rate and a densrty value (density is approximtely

equal to orseikeyérthe f@qumwye@qn@r@dble flawmeter ol hess frageenqyeeuasp egn cause

determ nati at ed. or caapoun ss.flow and ns

dot or m nat (shits b8 AR s SETRAANRE ol bl EF bt pEeBREs MRt o
sati sf a6t orsiibdeqi®ashIcalatidhs d)ﬂtdhétltﬂiw&haﬁmgﬂesﬂt@o&%q@enm?' thephgse flow. The
prior art frequency determnation is relatively slow he prior art

frequency distesmiriaian psdpkqu@ Stl@‘lvlayd értartar@nerasz}eesprtqrerﬁde@wes theahage ti me peri od

of at |east,. -2 secon her ef roduce average fre yency

meacur emont UPE VRe AREhAEY BleBh ARORE” TP roraf g e phase
flows and fdqovse td&@érm@ﬂh@ﬂﬁ@s @mﬁpbuahéu/\inmapﬁasmeeﬁhhmoﬁhah@resshaIﬂsgeS are not
measur abl e |n the 30 prior art. Accurate neasurenent of individual flow

conponent s ieceased etser Wdhe Eoaeengy detteﬁ@nptrmb&ndamtthe Ahrese gelepningtien, deasins to
acecur at26| y 19&3 Eacﬁn L6t }nhc%t%%fmg {he i lﬂtokv rgpeaﬁg d1?10n bzecause the determined

frequency value is used to determine a mass flow rate and a density value (density is
approximately equal to one over frequency squared), an error in the frequency
determination is repeated or compounded in the mass flow and density determinations.
A prior art approach to metering a flow material does not satisfactorily measure
25  individual components of a multi-phase flow. The prior art frequency determination is
relatively slow. The prior art frequency determination typically characterizes the flow
over a time period of at least 1-2 seconds and therefore produces an average frequency
measurement value. The prior art approach is satisfactory for single phase flows and
flows that change only slowly and modestly. Sharp changes are not measurable in the
30 prior art. Accurate measurement of individual flow components cannot be achieved by

the prior art. The prior art cannot accurately determine the mass of a multi-phase flow



WO 2006/ 127527 PCT/ US2006/ 019595 at a point in tine. The prior art cannot
determ ne the mass fraction of individual flow conponents of a nulti-phase
flow. Summayymkiise Sol uti on The above and ot her probl egBudimese@bssed and an
advance in the art is achieved 5 through the provision of nmeter electronics
and nethods for determning a mass fraction of flow conponents in a flow
mat eri al f labaipnigt irtimegRhapfipoant pannet detdvioting theInesss freefiarsoffiodivithtabflaivni ng a
mass fraction of flow copnponents in a flow nmaterial flow ng through a flow
meter is prCBV’iPHE?Pt%B%I VIHFEBhatSSﬂ:SQW'enbodi ment of the invention. The neter

el ectroni CEuAREY setheMdhitier f ace for receiving a frequency 10 response of
the flow material® and a processing systemin comunication wth the
interface. The phoeksw ang cthertpeoblerms awsrsblvgd and ar advasce in/beatds peldeiedncy

ot o SgadtPheh iR e Son AT B ioaRhoE e et PP L S g SRERY B ©

processi ng oF¥isthedBngonkhts il € Flowcaak g Sing ehré@iled flowenéer.overal | density
fromthe frequency response and determ ne a 15 gas density fromthe gas

frequency conpohégier. clauienins deredsierAniag gimeass fgctiqly efflew cewRenely ac fow
det erni ne th i.d f.ragti : f .
more of |t n it R abE kb SHeR RIS B B apbERIRRTY af ERRAIREE0EARNe T

processi ng igyentien) The féter RRIrERIAE EaHpads b idefRefonRcéibbignpeqdenact i on from
the void fraction of gas nmultiplied by a ratio of the gas density divided

by the 18veresponspeafshe flowanatprizheand 6 rocspsinmkesstom i smuUpEation Wik theon of f1ow
component s | 4@ '@‘O@ ﬁ%n%eﬁgihglcsys[t%rh%\éorﬁ% %ﬁ?b‘%ﬁvgftﬂﬁééﬁ/ﬁ%(gehg%ﬁéﬁ ol ed

according to an e e 1 hvention. I'SEs receiving

a frequencyhd @ER006 andlbrédkeout kafréabdy r@bponbe BaK hilgashulgas flegudnicgquency
response into at |east a gas frequency con_Ponent and a fluid frequency
conponent , ce@ﬁoemtﬁnﬁgﬂalﬁé Boeueary coreprienty Fhregprpeqsaing spHeaie furthésponse, and

25 determ nj S j . . hod
further comnirdedadaRihd i b bR A ¥pl HEHENGE, SAANHY odAfufEs 100
responssé ands dasitfroniiegad fretiihcy asmpomgueThy pwospipaytteand fiutieerf | ui d
frequency conponent. The method,  further conprises determ ning the nmass
fraction fromigued podederming thegridbiragion ofgps frpm;theifregyensy reppprseandione ofas

dens: O HAFSBE OB UALS S50 bl 0 ARG LOpolghr 019 2 e
i's provi degraessigisyseeni & farth@rdoapiedto ddterntige theveas ifruotion from thetybiald
O S om0 Shs Tultiplisd by 3 ratio G The as density divided by the overall dbisy. > "
20 A method for determining a mass fraction of flow components in a flow material
flowing through a flow meter is provided according to an embodiment of the invention.
The method comprises receiving a frequency response of the flow material, breaking out
the frequency response into at least a gas frequency component and a fluid frequency
component, determining an overall density from the frequency response, and
25  determining a gas density from the gas frequency component. The method further
comprises determining the void fraction of gas from the frequency response and one or
more of the gas frequency component and the fluid frequency component. The method
further comprises determining the mass fraction from the void fraction of gas multiplied
by a ratio of the gas density divided by the overall density.
30 A method for determining a mass fraction of flow components in a flow material

flowing through a flow meter is provided according to an embodiment of the invention.

The method comprises receiving a frequency response of the flow material, processing

3



3 WD 2006/ 127527 PCT/ US2006/ 019595 the frequency response with a notch
filter that substantially rejects one of a gas frequency conponent and a
fluid freqgyahsyssoeaonent, determ ning an overall densipyrubfoosnibie
frequency response, and determ ning a gas density fromthe gas frequency
conponent. The nethod further conprises determining the void fraction of gas
from 5 t he the feeguencyrespape with aamdchofiterdhatsobsantially meicetaoné pfygancy conponent

dthe fluid f . Th t hod further . i det er ni ni
The mmss. 1 EAGUTSH COFPORIR AGC Go Fracprsromroigls e houg R ailly o
the gas demgjp bhe%lvlh@tﬁgi 183poh B an@WeteAhinir3esds td¥nsity ﬂ&hh@@'giiﬁeqﬁ@h@r nning a

mass fraction of fl'ow conponents in a flow material 10 flow ng through a
f1 ow met er comppna.i Teeimgthodrftithey compaisesetetrminiag theofoid frectionefigasdipm The

met hod conprises receiving a,frequency r.espo the flo ter had .,
b T R e s A G S R S R SR S
rej ects theregasndy/comipeidlt. TRFRAIH fuARéh coupsiaddtenifinpabsfass factiohui d
frequency conponént, wherein the first filter outputs the fluid frequency

conponent , feomaithiejvioidefragtigntof @as mukfindied Py pasiioakiae gag fensity dividedkdnthes i | t er
that substanti ﬂH" .Jyejects the fluid frequency conponent and substantially
passes the 06'3% éﬂ@(ency conponent, wherein the second filter outputs the

gas frequency QOmBBBE fdr deldtmimBg Aashss Bather offRWEI BBt i8MIW AGteRial
overall density fromthe frequency response and determ ning a _gas density

from tHE gdlovingtheigby Rewpestars provided agearding to ar embedisennp ol Bednratienni ni ng
the void fr Ctél!r)’eg@ocfg%m aﬁsg%{e%g“w'g{‘gf#eréfq%ﬁgygé%énge ro?t?r%%osvsﬁ%?e%a?%te%h%'ﬁ?r e of

the gas fr dency ~conponent. net hod
further cofpgu&ry respofsdWith BdirétTaterams sibsaatialbnredceytht lges Froquency racti on of
gas multiplied by a ratio of the gas density divided by the overall density.

Aspect s of compongiyard substaptalbnpassessbe fluish raquencystanpeaielt theraie the fitple gas

density comprj | A8 t ;
overal | dentiet Jui B REuAe Cobhpolehet B GIGHHIRE LR FERBRE Wl 1,
aspect 16f tshondeller that aistaatialfsrejdchethp flokieBsjusgesyshonensaridyubbtartially
configured to determne a mass flow rate of the flow material fromthe
frequency PREBSHBISEES HREUSPEY EPRPARETAIWhesiB theosseonst fillerqutruts thedas SARBISENt
mass and a f ASS | ¥ f i d the
mace 11 ow FAPEORH DY ingihofa AN R RSCoe Riitnt 47 oTRAR ARG AR AL
frequency fegRaRSeeHOnFRdndeRtermining a gas density from the gas frequency component.

The method further comprises determining the void fraction of gas from the frequency
20  response and one or more of the gas frequency component and the fluid frequency

component. The method further comprises determining the mass fraction from the void

fraction of gas multiplied by a ratio of the gas density divided by the overall density.

Aspects of the Invention

In one aspect of the meter electronics, the gas density comprises an inverse of the

25 gas frequency squared and the overall density comprises an inverse of the frequency

squared.

In another aspect of the meter electronics, the processing system is further
configured to determine a mass flow rate of the flow material from the frequency
response and determine at least one of a first flow component mass and a second flow

30 component mass using the mass fraction and the mass flow rate.
In yet another aspect of the meter electronics, the frequency response comprises

a first sensor signal and a second sensor signal and the processing system is further

4



a first sensor signal and a second sensor signal and the processing system
is further 4 WD 20061127527 PCT/ US2006/ 019595 configured to determ ne a

subst ant i alyy,dobl$i78s3t aneous frequency and determine a pEPstAbBLdsY
i nst ant aneous phase difference, wherein the mass flow rate is determ ned

using the frequency and the phase difference. In yet another aspect of the
met er el ectoniguwsd ta deterimimasibsiantialdpimsmetanerys ifiegpencysnd detarminesensor si gnal

and a secon ensor.signal and the processin stemis further configured
1o det or i A Sgans i e ie! SeRiTEsue PSR Adhutalh i Sergrined

subst ant i alykiysiimst-ai-ate asthd &R diffblgtence, divide the phase differenge by
the frequency in order  to obtain a tine delay, and multiply the tinme del ay

by a constant i ysnrdethet sspeditcditle mbter aestsorfi¢sotherfaquenchoresponge compuisdser

t of t t | ect i the fr : i first
Sensor 81 gfdRE BT DB e AL B BT B g By BB (s
further copifi @@t dferdfites altBtadtiflly RitaBAnblRQHRYuEANIS Betehthibk af rom the first

sensor signal, conpute the frequency using the first 90 degree phase shift
and the fi sehstansinlpinstingangbus phasedifienence adividp thearhapadifiergnes bsinheaneous phase

difference,. divide th hase difference th 5 frequen inorder to
obtain a tilﬁ}?@u%P’é ,orcgaﬁgo ﬂﬁf“?iaﬁﬁ}e gﬁgy 3 %@ﬁgih%wg%gﬁxgéa%ﬁonﬁ?m Brder to
obt ai n t he of®s$ $o HbtoM thahRiss flewyYae. anot her aspect of the neter el ectronics,

t he frequency response conprises a first sensor signal and a second sensor

si gnal 18nd t he pbryiassthagaspyeitos tha meten elepegnicse theffiaguerey tespaes epmpiisey a
first 90 degree phase shift fromthe first sensor signal,. 20. uting the
phase di f1 ataneemugviegatang FiebSHE st SorctgRberp il Broif Svoned s PR engor

si gnal , andohfiir&@EONMAHeNS Afst 90 B8k phAE Shifl fidrA Sheafisy Bsaindik@dl | dbmpute

i nst ant aneous phase difference, dividing t_hgwghase di fference by the
frequency ithe Beavencyt esinpthgifirstPOrdegeee pheseshift anditheirsti sgnsar signeh deferminedel ay
by a constant, in.order tq obtain mass f.low.rate. Ln.yet her aspect
of the’ et oyl et taBR et AREDRE LN G e BRRITT &
sensor [si gfirbuéed iR ofRE ANEbtSIAAI e 8¢18¥)1aind andtiflp ehdtie @SRl Y S36mb@RM inS
further configured to generating a first 90 degree phase shift fromthe

first sens@rdesiqeRipin thyeasy Bewmica second 90 degree phase shift fromthe
dearee phase shiT1e B eEBEET ol HeisP HERForiie, HElFRBE DRl By .
signal , and firfi@es®e oipdals@idsecsidyRator stbhpird the Pebcassiisisnt isglitier30
i nst ant aneous phase di fference, dividing the phase difference by the
frequency icenfiguged to generating a first 90 degree phase shift from the first sensor signal,
20  computing the phase difference using the first 90 degree phase shift, the first sensor
signal, and the second sensor signal, determining a substantially instantaneous phase
difference, dividing the phase difference by the frequency in order to obtain a time
delay, and multiplying the time delay by a constant in order to obtain the mass flow rate.
In yet another aspect of the meter electronics, the frequency response comprises
25  afirst sensor signal and a second sensor signal and the processing systern is further
configured to generating a first 90 degree phase shift from the first sensor signal,
generating a second 90 degree phase shift from the second sensor signal, computing the
phase difference using the first 90 degree phase shift, the second 90 degree phase shift,
the first sensor signal, and the second sensor signal, determining a substantially
30 instantaneous phase difference, dividing the phase difference by the frequency in order

to obtain a time delay, and multiplying the time delay by a constant in order to obtain

the mass flow rate.



to obtain a time delay, and nultiplying the tinme delay by a constant in
order to obtain the mass flow rate. 5 WO 2006/ 127527 PCT/ US2006/ 019595 In

yet anot hewoasi@ets@f the nmeter el ectronics, the frequeGyud26&RPA5E
conprises a first sensor signal and a second sensor signal and the

processing systemis further configured to generate a 90 degree phase shift
fromthe first Ingnasarotlsrgspdct obthameter electrbnies)iehGyquensy vsspensgsiomprisése 90

degree phas hift and the first sensar signgl, conpute a 5.phase difference
ising at ket o Sgaant s st s8R0 el ol ermrPERLR ReBpRal BRER: “ana’ ne
second sengRifigfict & benABRW0RIerdel phBselBl Bt oRtiSthe Girdt Bénsbf SigHANEymMpHasponse and
the phase difference, conpute the nass flowrate fromthe tine del ay,

det er m ne fiegehet mapinst bgingithesYhdeszeearhase gt ged dierfirat sense, sighakicgmpuige phase

di fference by the frequency, i rger _to .obt al. ' del a nd ltiply
the b1 o des Srereg dHBeaticaf 86 AGliodrpepift iR Bre-Toenis SepeBif B! '
one aSpeCtse@éndi&ﬁsdf%}jé]ﬁ@,,cohfﬁﬁtegﬁﬁmgﬁélﬁy thgﬂ{Hﬁécﬁl@ﬁcy&fésﬂ)dﬁéeﬁﬁ@ﬂ@;phbm gas
frequency squared and the overall density conprises an |nverse of the

frequency diffgieace¢ompitedhonises flawpate froof the imerdaldip deterime petuhgiantialiyt her
conprises determning a mass I rate of.the fl terial. fr he
tglbtgﬂ%ogs gﬁ&se aciélf'f(earreH]cen idhvdg% e Ipé%‘sg tcﬂfféreﬁce kfyoae?féqgéﬁcsl in oF

frequency T@ one’ o r OW conponent

nmass and aotigiaanfind déliy, GagpRaneply thesse dslap By atensdassn oftdened bbrinahe t he mass
flowrate. In yet another aspect of the nethod, determ ning the mass fl ow.

rate cbhprimgsdlowjerter ni ni ng a substantially instantaneous frequency and

deter NG o AL RO SR RoRIBRS A 8LERER TS T L1

mass flow rate et*er'm ned usi ng fference.

I n yet anofrbgien@spetedaidttheoveeilhachsity bemplisd s ipyerdeasmNbn feqeREpr i ses a
first sensor signal and a second sensor signal and determ ning the mass

flow rate ¥WA§SAi ses deternining a substantially instantaneous frequency,

phace di 11 or ondd PR Erre R ADAbE hERERe BRI FESimfEy T 00 11

mul ti plyi n@adsHRw iateo ik Ao whiarriglofcrh Rt fréduentyd@spdee ahd détBrminhg drtast f | ow
rate. In yet another aspect of the nethod, the frequency response conprises
a first sersse ey comporens mashandsessond Bpysamparent @aase inathegnesie mass

flow rate futERGhA the mass flow rate.

In yet another aspect of the method, determining the mass flow rate comprises
determining a substantially instantaneous frequency and determining a substantially
20  instantaneous phase difference, wherein the mass flow rate is determined using the
frequency and the phase difference.
In yet another aspect of the method, the frequency response comprises a first
* sensor signal and a second sensor signal and determining the mass flow rate comprises
determining a substantially instantaneous frequency, determining a substantially
25  instantaneous phase difference, dividing the phase difference by the frequency in order
to obtain a time delay, and multiplying the time delay by a constant in order to obtain
the mass flow rate.
In yet another aspect of the method, the frequency response comprises a first
sensor signal and a second sensor signal and determining the mass flow rate further
30  comprises generating a first 90 degree phase shift from the first sensor signal,
computing the frequency using the first 90 degree phase shift and the first sensor signal,

determining a substantially instantaneous phase difference, dividing the phase difference

6



30 conprises generating a first 90 degree phase shift fromthe first sensor
signal, conputing the frequency using the first 90 degree phase shift and
the first s@pspEssgnal, determning a substantially ipgtagi@ade@sns phase
difference, dividing the phase difference 6 WD 2006/ 127527

PCT/ US2006/ 019595 by the frequency in order to obtain a tine delay, and
mul ti plyi ngytiefrequencyisl crgdersy ohtaira Hatealetayj asndomubiplytieg tisttanade¢lagbyass 1 ow

rate. In yet another. aspect. of the t hod, the frequency response conprises
a first s@ﬂ‘%sg?’n?érf Giist Oa%%lg?%ee@gﬁéﬂé%ﬁg%r signal and determi ning the mass
flow rate furthgfyetan6t@ePisbe@Df HRNAERDH He Fediichsy réiPosteWoaprRbPs arsghi ft from

the first sensor signal, conputing the phase difference using the first 90
degr ee phasensehsigeal anga seqongiserson sighal asid gleterminingithe eass dovnatestortber si gnal |

phase. drt f SPERGE By Ry ¢ BetiaR BBl R PRI R OB nelint pPr el by, "
mul ti plyi ngonpeting e ﬁﬁ@e&f(ff&tén@e mrgﬁﬂh@lﬁfrsti% depéehise spixt ahd fithpeer¥ss f 1 ow
rate. 10 In yet another aspect of the nethod, the frequency response

conpri ses &ighpk 8rd theseensd sensgn signaln deternsiaingracubsaaiipllysngfaatAneond phieseer ni ni ng
the mass fl te.further i leat ] | egy: phase
shift fromd éér?clef %@%@%@8 P hgsl%g%rig?r?géee e@gtﬁ%ﬂ{d&ggﬁ é%:‘%?i%o g%a%eagﬂr’nglg phase
shift fromdthe, aﬁmﬂdﬁmﬂ@me tis eQdeddy; byCHEMIstant T dri€r tblod&en tHiirhiss TRIVERtdIST Ng
the first 90 degree phase shift, the second 90 degree phase shift, the 15
first dBnsor si §hedt anather aspectHd thpractheddbe Tequpnay respersscRimprises afirst
substanti al L: 0 . diffar e IBYANe t i fference
byt ho 1 r odtiin: R 20k AIRUIR sBR et o ERA Gyl e ThRY ATl ARESS | 7 T
del ay by acompftaientratins 86kst90 dofieaiphasctshift ffBshd fisrabesighdl, yeleratingt her
aspect of the nmethod, the frequency response conprises a first 20 sensor

si gnal and ageead M dlestes phasesihifihs fombthe serond sersar signal heorppignefthoRhasat e furt her
conpri ses L r 2ol frQ Ir oy _signal,
comput i ng Sttgrds atedne Bus 8RO LIRS Rl by ORI rebden AIAS", P
first senseistsepabignalcairtit se@nad sglyassgailf det¢ranniag usubgamiallyeast the 90
degree phase shift, the first sensor signal, and the second sensor_ signal,

conput i ng anstantaneiy Ripseidiffesencredividing fbe plyasp gliffesenrsiydhe fgquensy im axder

di fference UL . f.r t i I mning a
S IUbSt ant i al’t? §19[|5r121;é[ tgﬁ? %ér\lg%’uag%m{sé@ﬁﬁg@ée ﬁrélr? c&égyﬁ \?dl %J.n%f%e&gﬁratg g)%ffﬁ fer Ien g e
by the fredieanays floww mmeder to obtain a tine delay, and multiplying the tine

delay by a constant in order to obtain the mass flow rate. |
In yet another aspect of the method, the frequency response comprises a first

20  sensor signal and a second sensor signal and determining the mass flow rate further
comprises generating a 90 degree phase shift from the first sensor signal, computing a
frequency response using the 90 degree phase shift and the first sensor signal,
computing a phase difference using at least the 90 degree phase shift, the first sensor
signal, and the second sensor signal, computing a time delay using the frequency

25 response and the phase difference, computing the mass flow rate from the time delay,
determining a substantially instantaneous phase difference, dividing the phase difference
by the frequency in order to obtain a time delay, and multiplying the time delay by a
constant in order to obtain the mass flow rate.
Description of the Drawings
30 The same reference number represents the same element on all drawings.
FIG. 1 illustrates a Coriolis flow meter in an example of the invention;

FIG. 2 shows meter electronics according to an embodiment of the invention.
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Description of the Drawi ngs 30 The sane reference nunber represents the sanme
elenment on all drawings. FIG 1 illustrates a Coriolis flow neter in an

exanpl e of WwHaodshyspiion;, FIG 2 shows neter electroni CcagRHodh{dgost O an
enbodi nent of the invention. 7 WD 2006/127527 PCT/ U82006/019595 FIG 3 is

a flowhart of a nethod of processing a sensor signal in a Coriolis
f1 owret er accor #IGg3 tie aaflowctaodofe mietitdd bherdcessery & GensokIsignatt irs A0B&idlze.

met er el ectyonics accordl n%&to enbodinent of the invention. FIG 5 is a
fl owchart SPvANSteRaceerdyie 19 ceé%bsoaﬁ’éenltiof@teu&‘ﬁ@tlg%cond sensor signals in 5 a

Coriolis flowrreg?g @quh@%e%e e?éatrsﬁfreegece}’d?ﬁ Rf art b dine lgtltdnfgﬂe m%rﬁlonﬁ is a

bl ock di agram o portion of the processing system accor
enbodi ment of t B&Gi hisenflowehartdf@ mé‘ths&hoﬁ\prodasmglﬁnstf antdreecoid dpmsdr sngrautssihor m
i nyen 10 FIGS. 8 and 9 are

bl ock agcor an enbodi nent
bl ock dPagr g#‘FE'P%IF NG RSS e aBFHhP@ﬁ@%F“BP én‘éfWQP’i}m s bl ock according
to an embodi ”EmFIGfﬂsQieolbélé/@iﬁ aﬁf‘ofzﬁﬁo@hoﬂ-@fﬂl@ p?oc@%‘{‘ﬁ‘g’sy%&%%édéﬂlﬂgfbséﬁy pl ot

of a pick-off sensor signal | ow neter under normal conditions. FIG
11 shows aembbdemmtbfmesﬁwm)bl ock accordi ng to the single phase shift 15

cmbodi mont . FI QIG5 SHOYR A AL of Buibst Brsdem Blogk Bt e AR SR inpar od

to the priQftheahlentiperein a tine di fference (At) val ue of each i s conpared.
FIG 14 shows the neter electronics according to another enbodi ment of the
20 invéfiti on. FEF®S1% a‘né 9aargrbéqcﬂh @agrainewf ired endependrné reanches pbihsemnalysis ai r,

for a flui Luid.mx (i.e., for a fluid including
entrai ned i)l’lqc%ac?_qr ng H‘E? ‘Wgﬂg IN¥eNHOMet hod for determining a nass

fraction of flomecwgeeker kpecBufn QMsRpRSticEa %'c@l@fﬂéhnfs&rﬁgﬂé] oF 4 fiew meter
according to an 25 enbodi nent of the invention. 17 is a flowhart of a

nmet hod for Inﬁtremdﬁmnmahcmtsorfsr action of flow conponents in a flow
material flow n%I(t}hliP ggw i—lol\éle ta%gformcbqog 9cor81ngqo the single phase shift

15 embodiment.

FIG. 12 shows the analysis block for the single phase shift embodiment.

FIG. 13 shows the sensor processing of the invention as compared to the prior
art, vyherein a time difference (At) value of each is compared.

FIG. 14 shows the meter electronics according to another embodiment of the

20  invention. |

FIG. 15 is a graph of flow meter frequency responses for air, for a fluid, and for a
combined air/fluid mix (i.e., for a fluid including entrained air).

FIG. 16 is a flowchart of a method for determining a mass fraction of flow
components in a flow material flowing through a flow meter according to an

25 embodiment of the invention.

FIG. 17 is a flowchart of a method for determining a mass fraction of flow
components in a flow material flowing through a flow meter according to an
embodiment of the invention.

FIG. 18 is a frequency graph showing low-pass and high-pass filter responses

30 that can be used to break out the fluid frequency component and the gas frequency

component according to an embodiment of the invention.



enbodi mrent of the invention. FIG 18 is a frequency graph show ng | ow pass
and hi gh-pass filter responses 30 that can be used to break out the fluid

frequency GpHBRYEIs;ANd the gas frequency conponent ac ' n
enbodi rent of the invention. 8 WD 2006/ 127527 PCT/ USZOO%%%E%%@’BBEI%G 19 is

a flowhart of a nethod for determning a mass fraction of flow conponents

in a flow materpra 19 ioibgchidir loeBod farWetiRingling g eoks fragti dntofatow enbodi ment
of the invention. FIG_ 20 is a graph of a notch filter frequency response.
5 Det ai | edcaepsnentpin o fopfmeatgaal) f?amng thopugh aBow 10er agrardingstoradl | owi ng

descriptio epl ciflLc. exanples to teach those skilled in the art how
to make an%ﬂﬁosdglln%{[e&@gesftn(’&n%@g of the invention. For the purpose of teaching

inventive prindIp. 6 is $gmph cdaverhifideaireqrepectssphaee been sinplified or
omtted. Those skilled in the art will appreciate variations fromthese
exanpl es tRefailed Descriptign of thedpgentisipe of the invention. Those skilled in

the art will aRRGACHSGHHNA roliBRind RRLUNRA ABRFEARAR AELBNGBRAE 1fREDI Ned

in various ways to formmultiple variations he i nvention. As a result,
t he i nvent skdlied ia theodrt howitd edke and hee thpbest fricde eX drgphemtiode For iHequirpmseow, but
only by the clains and their, ?qui valents. FIG 1 sgows a Cori Otl is fl ow neter
5 conpri si Mgeachinerayeriive erpriplefosoapreomyertionahaspet i AR YeRReR SIBRILIagAr or
assenbly 1 p : i grial.
Vet or ol cctPiEinIRgE dcHRIc (L Uil Brbedld VAT o) ROPLUPEIS TS o
provi de) dewihinythe steps of thevinveatien. dhosetskilledrintherast will appratiatethadtter pat h 26,
as well as_, other infqrnmation not relevant .to the present _invention. A

Cori ol i s ieeRFEeesrinet] bR £ b omARd N Berow YRGUBIOR: MUl RS (o ¢ hose
skilled i nyfheiRbhtidaks 4 R8uR! 88 GllenfidtVR Mot Hﬂit@@t&ﬁ@'sﬁeé?ﬁc BxAgfleced as a

vi brating tube densitoneter wthout the additional measurenent” capability
provi ded bdeserit@driebdw,dutrasly Hyl tbevclagneand their equinglemtsbl y 10 i ncl udes a pair of

i folds 150 50', fl 103 d. 103. , havi fl ks 110 d
110 Ca pair ot Iat aPpit & (RGNt BNSNTH0 SHOPSS & My de e PO AP S0,
Lerper of Ur 8 39Ra001 erciilertb R0 o Gon Pk NOACRARDER! dehBly BAprLEOR. 25

Fl ow tubes 130 and 130" have two essentially straight inlet” legs 131 and
131' and omatesal. NMetgsele@ronags01i3 4bnneied o oweter asgmbiphavisleadscllfOdoher at fl ow

t ube nounting .bl.ocks 120 _—and 120'.. Flow tubes 130 and 130. bend at two
symmetric aH’TO%SE gf"?%‘ﬁ’smﬁfso%%w e apdpw‘#ure iformiation Sver path 26, as well as

other information not relevant to the present invention. A Coriolis flow meter structure
is described although it is apparent to those skilled in the art that the present invention
20  could be practiced as a vibrating tube densitometer without the additional measurement
capability provided by a Coriolis mass flow meter.
Meter assembly 10 includes a pair of manifolds 150 and 150', flanges 103 and
103" having flange necks 110 and 110", a pair of parallel flow tubes 130 and 130', drive
mechanism 180, temperature sensor 190, and a pair of velocity sensors 170L and 170R.
25  Flow tubes 130 and 130" have two essentially straight inlet legs 131 and 131" and outlet
legs 134 and 134' which converge towards each other at flow tube mounting blocks 120
and 120'. Flow tubes 130 and 130' bend at two symmetrical locations along their length
and are essentially parallel throughout their length. Brace bars 140 and 140' serve to
define the axis W and W' about which each flow tube oscillates.
30 The side legs 131, 131" and 134, 134" of flow tubes 130 and 130" are fixedly
attached to flow tube mounting blocks 120 and 120' and these blocks, in turn, are fixedly



and are essentially parallel throughout their |length. Brace bars 140 and
140' serve to define the axis Wand W about which each flow tube

oscil | at esyweSodssi de 1 egs 131, 131" and 134, 134" of pEt@¥sdosiPesHs130 and
130" are fixedly attached to flow tube nounting bl ocks 120 and 120" and

these blocks, in turn, are fixedly 9 WD 2006/127527 PCT/ US2006/ 019595
attached t attaehedftocmifokB 14Adnd 560'. Thisi soyidesd c¥ingowsoeivsadunatsridipatied

material path tg:r ngh rioli oy rrf@er assenbly 10. Wen flanges 103 and
103", havi %‘%‘5]? QrIPERTEHG 2462 °Vare connected, via inlet end 104 and outl et
end 104" into awWwhQrespeh 10PakdP03 3ROWRIIMII10D 2@ 102' Qe EdiRcPe@GeS Ml
material that is being neasured, material enters end 104 of the neter

t hrough an endilf# end outdet end 104'dniger rosess ne ot shavet whiely carniesrthsiprededs 150 to

fl ow tuhe nounti bl ock 120 having.a surfa W t hi ni f ol 150 t he
rmtor i TR S RE0s BRuntT i S T o 2wt e sk
exiting fl oMitikpesgel A3 i8REndRed thidugh RaAFBRISI 08D Elomatubt snountif@bldckedoi n a

single streamw thin nmanifold 150" and is thereafter routed to exit end 10
104" connediagingimsuffagn il - 1Wathimzmeniie)d 360 theraptedal ip divided andaoped dagugh i ne

Lo the 11 o CUBES TAORET 1 o Bk it o S 30 58 1307 RRAOARL kel T,

the same massombifidd indih@b stredi® WeMhirSmedhifdlde50'iadd atheréafiBlrotitednd ekis sndbout
bendi ng axes -Wand W--W respectively. These bendi ng axes go_t hrough

W
brace b s HAocomneciediby flangmbidbaving belhbolesi 02 tinige Progsavlins(ngt shora)s | ow

t ubes change w wo&%mggrl% %L?%%(gglde %emc&dﬁgﬁgﬁﬁgﬁgi%@dﬁoﬁ@gdtoct%l%%%h n of

fl ow and density, resistive erature I's nounted to

flow tube IBinting®lkBll0dadis2y soeakiliage biitstdnenle trtsame mdsstdiverition, t ube.
The tenperature of the flow tube and hence the vol tage appearing across the
RTD for a HemeHs elineginandangs modiusiabpeignding ayes MnWEndyWi-n¥',t enper at ur e

of ‘the mat egi gl 29, PRASLAGNGHE UGN 6 bh 8L YRR 1 4F1Ra TP SRALNIE apendent

vol t age appedri ng -across t wel I 'known e by et er

el ectr aisi csydglseneduiipestshe BofvatbdshBangehaittgRniperaelrasiridothisatidhgisafédctsfthew
tubes 130 and 130' due to any changes in flow tube ten&erature. The RTD i s
connect ed te8lcytetien of flawtgngifiepsity2 eesksive temperagure dincpr ARG 1qBdsmengedy 130"

o o 5, AR RSt Sl A Al eopect e
mode of t heehpautunedfrhe Tohi thbeland/kenve dieanitage dij@atimy acossthe RITafoy a one of
many well kgri]\(/)ggI cu?rreglta;g]a%sef‘iglg3 rt]ﬁesréthrsolfl(é isagSOV%me %get"ltle t%g{f)gga%jreto tlflel r?l\é\{e;iglbe 130" and
20  passing through the flow tube. The temperature dependent voltage appearing across the
RTD is used in a well known method by meter electronics 20 to compensate for the
change in elastic modulus of flow tubes 130 and 130' due to any changes in flow tube
temperature. The RTD is connected to meter electronics 20 by lead 195.
Both flow tubes 130 and 130' are driven by driver 180 in opposite directions
25  about their respective bending axes W and W' and at what is termed the first out-of-
phase bending mode of the flow meter. This drive mechanism 180 may comprise any |
one of many well known arrangements, such as a magnet mounted to flow tube 130' and
an opposing coil mounted to flow tube 130 and through which an alternating current is
passed for vibrating both flow tubes. A suitable drive signal is applied by meter
30 electronics 20, via lead 185, to drive mechanism 180.

Meter electronics 20 receives the RTD temperature signal on lead 195, and the
left and right velocity signals appearing on leads 165L and 165R, respectively. Meter
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an opposing coil mounted to flow tube 130 and through which an alternating
current is passed for vibrating both flow tubes. A suitable drive signal is

appl i ed by webe18@2e! ectronics 20, via |l ead 185, to drip¢gdBpbadssm 180.
Meter el ectronics 20 receives the RID tenperature signal on |ead 195, and

the left and right velocity signals appearing on | eads 165L and 165R,
respect i velejectriit®20 piidut® tROGGY < Ak Appratink/5A 086113596 dbive elearnt 680 arsi 20

produces the drive nal ring on |e 185 to dr.i nt. 180 and
vi brat e tufyE¥at fé@beaﬁég 1%1\&%‘? ei?‘“‘é“(?ﬂ"é%ﬁé’éocf@sebm?clgé%g bveledity and
right vel O%lotn){ls aﬁﬂ M?D%al'%ﬁaf t'ibecoﬁiﬂﬁtesﬂhg Bdlss HOwWTRRRHE ehd J@ls@%ﬁtﬂelrﬁ’%ﬂﬁt e and

the density of the materi passing through neter assenbly
i nf or mat i opassaigthrpughtnhetertdssamblyflOr rhhtsi informatiors atgpglwiddothyr mrmatleh,est ronics
20 over _path 26, to utiljzatio ter electronics 20

. FIG. 2. sh
accordi ng €BPYS Ry BEisT ﬁlﬁﬁqo%(fsrzogvae?ﬁétﬁﬁlﬁ'%Hﬁlz%‘r?é Iﬁe\éspﬁggel ectronics 20 can

i nclude an int erf@Cesifkks Béter éed?fdﬁf&%‘d&gor&{-% t@@haﬂr%odﬂalf@n ofBleQhveéRti8f! I oni cs
20 receives first and second sensor signals fromthe neter assenbly 10,

such as pi alh@mdt@:r@ﬂ@@lonsﬁs§@r¢9@tﬂcbldgmallsterf’cr¢ﬁe2(ﬁeemérampwsmérsﬁ’ﬁsmz?@%ﬂb@esses
the first 10 an(ii econ ensor order. t

|
Lo aet or § o HesORRR %0 PERRE AR AR sCeonf sfisf ighle AR miaf dssertly ol y 10,

For exanpl gy, §daﬁ alBIcRbIBleRI) 0865 sighhls althe ﬂeﬁeﬁémmlm ?foceaaé@th@fﬁrﬁ phase
difference, a frequency, a tinme difference (At), a densi a nmass fl ow

rate, afAd andetcone s¢risousigaaleinf erden tp@tasteﬂgvyrchgnagmstscs of dlre Brampiterial | n
addi tion, her flow araterls c n be det accordi to the
i nvention. % CtF |a§)sﬁ go d%‘a &(g.glgge ﬁ’gl% o ellﬁ‘gr%%?sig)g%?’flf ference
det er m nat Id@fénﬁﬂfé onb ©r hopslbeNshasel aifffreicBad frequeat S arfuﬁ@dﬁfe’r\éﬂc@r(Aﬁ)n&i nor e
accurate and reliable than such determinations in the prior art. In one

enbodi ment densi, pmésaﬂWfrate;@ﬁl@evqi@meﬂ@Wrratelﬁﬁmmenm stgr@éﬁa&f@yample

det e it 0 i, ST TS O SRS e 2o

advant qgeoq%lgydefegﬁm@ﬁgngdj@di:gelgg@@@&m@ time required in or der to conmpute the
flow characteristics. |In another enbodi ment, the phase difference is

derived from phab@phmfdﬂfg’elgmcetﬁ@tqm@@ﬁi@man@t@ﬁm%lenwﬂqt@mimimraéthy is
deri ved fr@a‘q%% Ly |s$%§ rc?flgblt%ﬁlganasl C%Eh% 1th Ea}ﬁﬁnﬁh fa?FCIH agy of

both fl ow i CS aster han in

the prior afribodlzﬂ;‘enifhlee mas@alf&&éncfe rdeteuﬁnﬁﬁoﬂ@ﬂcenhmﬂ%qhmwy deedrhagigiohwpd cal | y
tal ce 1-2 seconds to perform In contrast, the freq uenc%/t determ nation

accor di ng dgeethederiyed fiorbaplass shid of only one sensor signal, without the need for any

20  frequency reference signal. This advantageously reduces the processing time required
in order to compute the flow characteristics. In another embodiment, the phase
difference is derived from phase shifts of both sensor signals, while the frequency is
derived from only one phase shift signal. This increases the accuracy of both flow
characteristics, and both can be determined much faster than in the prior art.

25 The prior art frequency determination methods typically take 1-2 seconds to
perform. In contrast, the frequency determination according to the invention can be
performed in as little as 50 milliseconds (ms). Even faster frequency determination is
contemplated, depending on the type and configuration of the processing system, the
sampling rate of the vibrational response, the filter sizes, the decimation rates, etc. At

30  the 50 ms frequency determination rate, the meter electronics 20 according to the

invention can be about 40 times faster than the prior art.
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performed in as little as 50 mlliseconds (ns). Even faster frequency
determ nation is contenpl ated, depending on the type and configuration of

t he proces%@%oﬁyﬁg m the sanpling rate of the vibratpgpakotEspease, the
filter sizes, the decimation rates, etc. At 30 the 50 ns frequency

determ nation rate, the neter electronics 20 according to the invention can
be about 40 ti nFge imsifae 20haeceives ther sepsoraignal ftdm\eBe 20 @6 e 5@ Bensors

PCT/ US2006/ 019595 The. interfa 2 recejives the nsor sjgnal from one of
the vel oci tly0kapd QR Ylﬁdge ff‘ﬁés i&b?&]}@alt Hée I@%‘é%cefg)g C@PPPTH@\% #0Y The
interface : slabhgd & ig@ndi tioni ng,
such aoang SRl oP LR MR coldRRATRSLIHO P BLHA F ORALURS T

Al t er nat i vamplifisation, buffeding, efc. tAleersdtiyalyl saonadi 4l ofithegignalnconditiosingsrahdened i n

t he procgessi system 203. In additjqgn, the interface 201 can enable
communi cat ipﬁ‘%g ‘Ré}éenp"toﬁ%ssw&sé{?teme#ogctroni cs 20 and external devices. The

interface 201 capaRftiSRRE I rRice 20V cAPdaBle Rimeli@fbhPPéiveeR Bl Bder OF
wi rel ess conmmuni cation.” The interface 201 in one enbodinent is coupled with

a di gi ti zerle2@2nicsh@prd exteingl depicesebointegtagadl] cambe Papableaf aayahangesesor
signal. The dj gi.ti zer l202 sap;ol es and digitizes the anal og sensor signal
and pr oduc&ECHOREHARECRL OF RUSICSE PURIPNICEL. i gi ti zer 202 can al so perform

any needed deci g i:fBfact 2N 9h Bné BEbEWiMehElk cE@ISPithialigikizeS203¢ GheRieahel N
order to reduce the amount of signal processing needed and to reduce the
pr ocesdidng senseesigiteothpeiseaar anlog sehsopeigdils dﬂmsggitliwr X8rsemgpéssain digiticns, 15

The processin stem 203 congducts operatjons of the ter . el roni,cs 20
and " pr oce st s RpEREISaRe R Rl Fer el THE LAt 2o A
processi Ng pedfsing By B&b3e8¥e&iHal6n, OMRréh tHEiLitd) O8R5 Sighsl ik abdimansl iddeddr her eby
processes the flow neasurenents in order to produce one or nore flow

char act eri $e fadyce thaempuptelsugnag pepstsing reededand toapdick e progessigdimpur pose

comput er, 20 _m Cr.opro i g syste l.ogi,c_circuit, or sone other

gener al purar&_ggigmglra 1§18§{1@§§§1és&95s8¥&r8§%e1cﬁ&aﬂglge\;?\@.e_ ~The processing system 203
can be 1di stri buTgéprresthddiistenPb 8 cRHOaS sdrAGord it etel BRCPEHESIGhD Syst em
203 can include any manner of integral or independent el ectronic storage

medi um sudkocgsses Rewsnensarpanesisstreritrodiow metersssvaniy il fig The prasasstuBsysiedtesses
t he sensor in_order etermn

char act or1 207 SEepIeS e KR St SrERb D 8% st o s ABhEMbI O
charact eri gidaSigearits iM6tdeeled proptiessde @i hives Apwehamctefisissency, a time
difference (At), a
The processing system 203 can comprise a general purpose computer, a
20  microprocessing system, a logic circuit, or some other general purpose or customized
processing device. The processing system 203 can be distributed among multiple
processing devices. The processing system 203 can include any manner of integral or
independent electronic storage medium, such as the storage system 204.
The processing system 203 processes the sensor signal 210 in order to determine
25  one or more flow characteristics from the sensor signal 210. The one or more flow
characteristics can include a phase difference, a frequency, a time difference (At), a
mass flow rate, and/or a density for the flow material, for example.
In the embodiment shown, the processing system 203 determines the flow
characteristics from the two sensor signals 210 and 211 and the single sensor signal
30  phase shift 213. The processing system 203 can determine at least the phase difference
and the frequency from the two sensor signals 210 and 211 and the single phase shift

213. As aresult, either a first or second phase shifted sensor signal (such as one of the
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mass flow rate, and/or a density for the flow material, for exanple. In the
enbodi nent shown, the processing system 203 determ nes the fl ow,

char act eri sgd sfeMiz7€n t he two sensor signals 210 and 21lpafeisidd€o®kd’gl e
sensor signal 30 phase shift 213. The processing system 203 can determ ne at

| east the phase difference and the frequency fromthe two sensor signals
210 and 211pstream predayinsgeem pickol sigraly) capb@prosessed by thel nrocessingeystemf208st  or

second phase shifted sensor signal. (such.as on the 12 WO 2006/.127527
pCr/ Uszoo6 68808 6 ts3Rranion 3t Bt IEHRER ERSr Plich e Sl RilEer BB Cessed
by the procegatngd Y)SheIbrdhasoBe0 otk ig thOflbWendtayantion in order to

determ ne a phase difference, a frequency, atime difference (At), and/or a

mass flow rate flie stomgefsygpmmdierngiore ftbe materpegrmaipstaamdzayseibmarst ore f1ow
ol b SRR TEMC AR R W e

variabl & v ne e 't Orage Syste

routines tay indleded e ititice thabyretdkecnedbE Riphcesying eyet303. h @ee  enbodi nent,
t he storage system 204 stores a phase shift routine 212, a phase difference
routine 21%mbadinest thesipragssystem 294 stores a phase shiftrayiinecdl % A@ﬁaﬁe&yffﬁrﬁ@cezn,
and a flow ract eri.st | i ] ] st orage
system 204 rg gir% e*@%v%?‘fe%ngz r({;}ggl 2’? §’ %%Iglre ggtger%r%g?ﬂ@ggwgfeﬁ%lfﬁ%%va?éﬁ er 5. The
st orage syshamct2fiidsro@ne Aigbodi nent stores vari ables such as the first

sensor signal 210 and the second sensor signal 211, which are received from
the vell8city/ pi &keng embedigest, mamioramsymm%. 04 storgsiyamabdes used & apestgdle syst em

Lhe | BREVEFORVA sforg 2
ot or m ne. (01 A AR 27 TR IDReB Hubm 24 L b BB S ER b BBEn Vet em

204 st or es aotie: first seps@ sidmah2 1 Chal the keond kémssr siphA2nédwhichard feeeilédfom
nmeasurenents. The stor afge system 204 in one _enbodi nent stores_fl ow

char act er i $8¢ vlodfymckail sensprsdd Okjand d Y @ikc b adsyion, they stioragsh exptern 204 cap ¢ j e
di f f . - - i : | il
|TTerence gf% g|9ﬁ %g%lteé}aﬂ@s%%ﬁ O (3 § olidate@ifGASH ']&9’%&1’1%9 Sﬁgg ol ume T1ow

rate 20 22 erm ne romthe®”sensor signa e shift
routi ng5212hpacteristics. a 90 degree phase shift on an input signal, i.e., on
the sensor signal 210. The phase shift routine 212 in one enbodi nent

i npl ements a Hi Mherg erpbodimerss Hie(SRragd sysem Hyh BoUFS onher BRSO 1 f er ence

R T L ey o B T et
embodiment stores flow characteristics such as a phase difference 220, a frequency 221,
a time difference (At) 222, a mass flow rate 223, a density 224, and a volume flow rate
20 225, all determined from the sensor signal 210.
The phase shift routine 212 performs a 90 degree phase shift on an input signal,
i.e., on the sensor signal 210. The phase shift routine 212 in one embodiment
implements a Hilbert transform (discussed below).
The phase difference routine 215 determines a phase difference using the single
25 90 degree phase shift 213. Additional information can also be used in order to compute
the phase difference. The phase difference in one embodiment is computed from the
first sensor signal 210, the second sensor signal 211, and the 90 degree phase shift 213.
The determined phase difference can be stored in the phase difference 220 of the storage
system 204, The phase difference, when determined from the 90 phase shift 213, can be
30  calculated and obtained much faster than in the prior art. This can provide a critical

difference in flow meter applications having high flow rates or where multi-phase flows

occur. In addition, the phase difference can be determined independent of the frequency
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t he phase difference. The phase difference in one enbodi nent is conputed
fromthe first sensor signal 210, the second sensor signal 211, and the 90

degree phasggsfkfiizsz13. The determ ned phase differencecs8:20080 gggred in
the phase difference 220 of the storage system 204. The phase difference,

when determ ned fromthe 90 phase shift 213, can be 30 cal cul ated and

obt ai ned nutditensdntr difiaih 2 0 of DEL. Vogiovar, becality the amksentiffviedee 8 Cri ti cal
difference in flow nmeter appljcations having high flow rates or where
mul t i - phas8etemaingd independentiy,oithe fiepesncy: aneerisn sBPANeY & thsRhasediflgeence

det i ned ;i t 7527, P . 06/ 019595
01? :ir'[nhg(ra g%%%%?ﬁgﬂgféfln%%fgQﬁggﬁygﬁwgg\g}ﬁn gg%grg{sréatgﬁé'eﬁﬁ% ditference

is det er ntampbunditgperutemtieyphafe differcheemeasueameran Censayuentdyyplosysiase i N t he
phase difference does not incl udﬁ_@gn error c?rrpon,ent of the frequency

det er mi hat ffsrence grror isgduced Ve P ?’r‘é@@fﬂﬂ’i"ﬁ@ e pior A the phase difference
measur ement . w@ﬁ@g&@%}wmme z@@@é@Tﬂgngg ;ﬁeg&aeﬂs%ﬁ QE tHaf eXIRHHGRLY, Over a

phase difference o e prior art. requency routine 216 deternines a
frequency ¢éishee theafirst $eakoresxdniabP 1 (eok thy secend karsot §igndli2d $) fremrtbe PO degmral 210 or

t he second senspor. signal 211) fraomthe 90 degree . phase shif 13.. The
det er mi nedP$3se §hkrcly?- 2@?‘? d%:geréqrgflgigfqpﬁnqyw@n g? g@mg‘? quléﬁmi' h%% ng}’(‘}r age
system 204 C t ) : i ghase shift 10
213, oan beoER ST L e R o B Bl R E & hi s

can pr o¥i d213 cacbe talcalatediahfl ebteined niuchffhgey that srtheppbr arat Thissahavavidg & gh
flow rates or e nulti- phase flows occur. The_ tine difference, (At)

Fout | ne. 219t it 18 SprfRcia: 1RLRERS A¥ipi gy TR FAteS pRovhrE Siilie ns or
signal 210 ﬁ’e{&@ﬂto% xegond sensor signal 211. The time difference (At) 15
can be sto?e inthe tine difference (At) 222 of the storage system 204. The
time differenceTligMinedoffipeneddt)sobitadit’ detdrmitdse tine diffarered (pHasevatnvi ded by

the det ernj f is_therefore. erm.ne th fl
rate. The PR CRATRCEBR 210 thOUenRL o WA ALl oT Rt HEeGHBTSAIE 11 ow
char acieri st 6Sstorte {HeAMhE BHAGEE (AT LDE SF Wl AR J4BnCAon. UBR diie det er ni ned

phase 20 difference 220 and the determ ned frequenCy 221, for exanple, in
order to adiffsnice ¢At) compsiecsauibstantmblyithed desevnthet plese diveddddy. the detstoimed be

onder o ood L hel SO ROl oL IR on TRy B peguiged for these
| oo i oL s g5 S e bosap it s e agae Tron e
t he frequedsyacteristics. The flow characteristics routine 218 can use the determined phase
20  difference 220 and the determined frequency 221, for example, in order to accomplish
these additional flow characteristics. It should be understood that additional information
may be required for these determinations, such as the mass flow rate or density, for
example. The flow characteristics routine 218 can determine a mass flow rate from the
time difference (At) 222, and therefore from the phase difference 220 and the frequency
25  221. The formula for determining mass flow rate is given in U.S. Patent No. 5,027,662
to Titlow et al., and is incorporated herein by reference. The mass flow rate is related to
the mass flow of flow material in the meter assembly 10. Likewise, the flow
characteristics routine 218 can also determine the density 224 and/or the volume flow
rate 225. The determined mass flow rate, density, and volume flow rate can be stored in
30  the mass flow rate 223, the density 224, and the volume 225 of the storage system 204,

respectively. In addition, the flow characteristics can be transmitted to external devices

by the meter electronics 20.
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25 221. The fornmula for determning nmass flowrate is given in U S. Patent
No. 5,027,662 to Titlowet al., and is incorporated herein by reference.
The mass flow rate is related to the mass flow of flow nmaterial in the
neter assenbly 10. Likewi se, the flow characteristics routine 218 can al so
det er mi ne twe2denssiry 224 and/or the volune flow rate 2epwsIheodeiser m ned
mass flow rate, density, and volune flow rate can be stored in 30 the mass
flow rate 223, the density 224, and the volunme 225 of the storage system
204, respecti vEIG.3 isa BarmhertdR0 of penathashefgmesessing penser ggnalain deotielmsmi t t ed

pCT1US2006/ 18668 e i WBisfR it HeRERR et B BEEC ng

sensor si gR&dofd iséhsar Q%ﬂzil@He&eédlﬁﬂﬂk@rﬁﬁ%ﬁmﬂlsig@alt@n&i@nﬁheéiﬂﬁ@@h of the
invention. In step 30 the first and second sensor signals are received.

The first &B¥gem @'WSUéﬁhpﬁﬁﬁﬁiﬁ%réﬁgﬂﬁer an upstream or downstream
kof f h | dit d.
pot ssensor o dpkes 5 i A D ARTSR S O0BLBRGERIE 0T e

and unwant egndiiigiag san inﬂlwlﬁlteﬁﬁ@nﬁiemmé noist end uﬂl\i/ﬁ’ftemggﬁﬂm Iroor | se
band- pass fllterln centered around the exp eg fundanent al. frequency of
the Cori ol icEbpdiggnidaghlteying sancomprise handopase f1 t%‘i‘ﬁi?ftfit‘?fﬁii Atpund tas SPreRd can
be perfor g S|gnals
10 Sompri od et BSaRARY bt kR Rdeihs AR k) 201n B bulePEoneitatbe X O

sanpl i ng, ogérgiidnszahibe perfanmed] sadhnatangifichtidn, duffeqhed, fettf € the sanwrdgnalso
produce digital sensor signals. In step 303, a single 90 degree phase shift

i s gendPat SEMPIHAGPERigHas thensienc Fh?rC@HWﬁ‘F?é@émén%oééﬁﬂB@%hase shift
of the sen 1tlzsa'tlgﬁa4n[d d-l;@ﬁ?]a%ﬁ))n%&rafg Hﬁﬁl@d ?fhblfdtir to(ljpﬁo&?c% (ﬁ aﬁ)gérgsgf med by any

manner of p ani smor operatio t he 90
degree phasignalkift is perforrred usi ng a Hil bert transform operating on

di gital sensor signal 304, phase difference | conputed usi ng
the single 90 d&y 3 @% H0 egroinplant P ar EFIrEFImI PRl dSHRPSE be used

in order tq ?&gﬁ#}r £ iay phase
difference 1s de er?%%t%g(éﬁ?%%ﬁ?ﬁz}]s |rst§%%er?§%r8k%agm?g@ggélse oar?gglggtnsor
si gnal ,15andar hﬁepesrfargied b9 Ging egmaer @iphase shiffit friechaitiem ph aperaﬁlori flreece

conprises a se diff nce in the res se Signa i.h a pickoff
sensor, th&ED p imeab e 9 dearee phnse dijfiispordor élétng.arﬂtlwét hasior: gerﬁa%r

assenbly 1Q, digital sensor signals.
In step 304, a phase difference is computed, using the single 90 degree phase

shift. Additional information can also be used in order to compute the phase difference.
20  In one embodiment, the phase difference is determined from the first sensor signal, the
second sensor signal, and the single 90 degree phase shift. The phase difference
comprises a phase difference in the response signal, i.e., in a pickoff sensor, that is seen
due to the Coriolis effect in the vibrating meter assembly 10.
The resulting phase difference is determined without the need for any frequency
25  value in the calculation. The resulting phase difference can be obtained much faster
than a phase difference calculated using a frequency. The resulting phase difference has
a greater accuracy than a phase difference calculated using a frequency.
In step 305, a frequency is computed. The frequency according to the invention
is advantageously computed from the 90 degree phase shift. The frequency in one
30  embodiment uses the 90 degree phase shift and the corresponding sensor signal from
which the 90 degree phase shift is derived. The frequency is a vibrational response

frequency of one of the first sensor signal and the second sensor signal (the frequencies
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The resulting phase difference is determ ned without the need for any
frequency 25 value in the calculation. The resulting phase difference can

be obt ai ne faster than a phase difference cal cul i N0
Q6D 8 ApdNRage

frequency. esul'ti ng phase difference has a greater curacy
phase difference calculated using a frequency. In step 305, a frequency is

conput ed. Bh&leftcv%qul%mgﬁﬂ@@f@Hulagtaﬁtﬁhn;yhaeﬂtf&weiﬁtdpeﬂatioh)s n@@a}@ggpusl y
conputed fromthe 90 degree phase shift. The frequency in one 30 enbodi nent
uses the 9Gompysasa ibiatena HicAuenssdesrhasectheSpGHEE Ay flowndss te b yitattidor om

whi ch the 90 degree.ph hft is derived. The frequency is a vibrational
response %P%edﬁg%&/’ﬂgef&g\%ﬁg' the first sensor signal and the second sensor

signal (the frequeneygsc Qe bBEbd VIGuGRAR6d 6hn9Indepbnddne t Wo
sensor signals are substantially identical in operation). The frequency

conpri sés arequancxrelsreare sigadudheedassiisebtained Femythe ginglredbdegrecontashes to a
o t quel 7 . T e ;
obta, ned vt R etopgafid Hof thlotttasditn i HEPUEEXe FQURREHIMER s )

The frequengyedts aobiracynden bifequédts calcaBied ifthedgipraet. phase shift in an
operation that is nuch faster than in the prior art. The resulting frequency

has a greater Htster 3@ atness flov ratapfdinoymeteriglis gemguted. (Ihe mpass dlowasate is | n

step 306, r . . i ow rate
s comput SR eftine Lfie pllulPRbL B bf SO Fihued0PediiRed L TS0y
conput éd i Btepd 80454305304 additiodOthe nlags Adlirite edmptifationess cdrhpwe aainge

conput ati on, can ct(%ggute atime difference (At) fromthe phase. difference and

the frequedifferenged At thephags difisreage and @Atfﬁezllé@lcbfgwﬂhtﬂilerﬂ‘{“é dfI8RE t o
conpute th?A{FE)%ﬁléfdlt%W%tEEftlﬁed Jlc e 3R inask ARwAGRSI Ly can optionally be
e gensi

det er m ned. y “can be term ned as one of the flow

charact eri sti csin atesi3@anhddendey eqmopidally benddttrenihéd. f Thadanity carf b exanpl e.
In step 308, the volune flow rate can optionally be determ ned. The vol une
flow rate dasrBisedas erneifeeflay daeckrisitreand ep tristapingd 5emdke and can be

det er myped t flow rate and the density, for exanple. FIG 4
shows t1 e rﬁrgé{lar g1%§?ro?ﬁ &s 20 accordi ng to an enbodi nent of the 20

i nvention. The &l seebdss thedomadiowatevahloftiomlisierdetdriénesiarhervelenence
nunbers. The neter _electronics 20 in this enbodi nent includes the first
sensor si ghAM aieganfsgeteHaingd @gaae ks Sovsihgrasieristas, antganboede&ing syst em

203 processes, fBedsk sk 18R%nd the density, for example.

FIG. 4 shows the meter electronics 20 according to an embodiment of the
20 invention. The elements in common with FIG. 2 share the same reference numbers.

The meter electronics 20 in this embodiment includes the first sensor signal 210
and the second sensor signal 211. The processing system 203 processes the first and
second (digital) sensor signals 210 and 21! in order to determine one or more flow
characteristics from the signals. As previously discussed, the one or more flow

25  characteristics can include a phase difference, a frequency, a time difference (At), a
mass flow rate, a density, and/or a volume flow rate for the flow material.

In the embodiment shown, the processing system 203 determines the flow
characteristics from only the two sensor signals 210 and 211, without the need for any
external frequency measurement and without the need for an external frequency

30  reference signal. The processing system 203 can determine at least the phase difference

and the frequency from the two sensor signals 210 and 211.
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second (digital) sensor signals 210 and 211 in order to determ ne one or
nore flow characteristics fromthe signals. As previously discussed, the
one or norevbb@en2Bs2characteri stics can include a phase pgirfik@eiOSs a
frequency, a tine difference (At), a mass flowrate, a density, and/or a
volume flow rate for the flow material. In the enbodi nrent shown, the
processi ng syst &swaredesuelyrdisrussedhihe fstorage sybtamadestorss & pBasersbifi mutiye t he two

sensor sig s 210 211 i t t the need for . external frequency
measur enen ’ t rence

_ 00, 5 hioe B En o bt 4 oo ianie 2 i baiodneenber L
si gnal . Thgyuphe0essna ffow tiRdaEtieabudat 2181 TRe fbrak8 3pdterh P94 RARSELe
difference and the frequency fromthe two sensor signals 210 and 211. 16 WO

2006/ 1275 2firspensuSiand 200 esd e spepndsengor sighalulllly Thiestarsgeesysterrha04kaler age

T equoncorB B VAR S difPr) adEa g oy BORREphics SHERSGRE L 110

charact er i géreg@ied Buinithe sehbSr siditds HiREGAE deahReNRDAw (cRARStefiliges. TAswas sensor
signal 210 and the second sensor signal 211. The storage system 204 also 5

stores a fPieyiougly dircyssed, thRaiosazsisystemP0d stores the phessridffopneragtlethephase shift
that are  BEQRLE) %1,&/@%&‘&8 r&?ffe?r?&%?ét)é%ﬁnﬁﬁle%éaé? ﬂ?{qu%;et%z? a%?c%@%bpﬁélt gﬁdf | ow

characteri sttcs. revi ousl Stuss em 2 st ores
t he phase giefbtimenfiew2a8226he frequency 221, the tine difference (At) 222,
the mass flow rate 223, the density 224, and the volune flow rate 225. 10

The ph¥e shi f t Thephasashifroutine313mesfosmsa 90 degree phasgsbifkon ar inpyt signalnput
ot onal 211 Mk h 8 h Rt Sen 1R Sh M ccod s BRG lhdh 581 PEO BB "

Hi | bert trghigfreutme(2dRds vas edbddiimen) impléeerphashibeitfifaasfona €disoussedipel @4 R

determ nes a phase difference using the first 90 deﬁree phase shift 213 and
the second 90 dEgyRhesyAdieencarouting®] S degamines A phaseslifiprenetraningthedist @ so be

used in or t i a difference in one
enbodi nent Q%e% @%ﬁ@gﬁggﬁgpﬁi@}iﬁﬁ%d é%s r%g? gnglzeglé‘%d%tﬁdnaisecond sensor
si gnal 121 linféraeatibh kai al90 belagidaa opdrase cahpiitt thilphasadidfetdhee sEaopHas80 degr ee

phase shift 213. The determ ned phase difference can be stored in the phase
di f f er encediffErenge in eneeembasiimet 1s gomped Gam the fisyt s¢nsou sigpaldi 19c thsseepndrhe

e LSS0 AU B\ el g0 g o hece

shifts, can uldted and o f n-in prior art.
Thi s can pshifti2de. The deteingiakbd ghdst diffsrereceican bk swrateinghe pleagspldiffatn@20hdvi ng
O O o syetim 2041 88 previouely discussed, ‘The phase ditferonce. when
20  determined using the first and second 90 phase shifts, can be calculated and obtained
much faster than in the prior art. This can provide a critical difference in flow meter
applications having high flow rates or where multi-phase flows occur. In addition, the
phase difference can be determined independent of the frequency of the sensor signals
210 and 211. Moreover, because the phase difference is determined independently of
25 the frequency, an error component in the phase difference does not suffer from an error
component of the frequency determination, i.e., there is no compounding error in the
phase difference measurement. Consequently, the phase difference error is reduced over
a phase difference of the prior art.
The frequency routine 216 determines a frequency (such as that exhibited by
30 either the first sensor signal 210 or the second sensor signal 211) from the first 90
degree phase shift 213 and the second 90 degree phase shift 214. The determined

frequency can be stored in the frequency 221 of the storage system 204, as previously
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phase difference can be determ ned i ndependent of the frequency of the
sensor signals 210 and 211. Moreover, because the phase difference is

det er m nedyigwepepdently of 25 the frequency, an error gonpRL@REIHN the
phase difference does not suffer froman error conponent of the frequency

determnation, i.e., there is no conpounding error in the phase difference
nmeasur enengiscusserk eFresfiequgncy. rdhepdatsemitied fropethe dirgirandse¢andrWopheseislofisr  a
phase difference,of .the i.or art. . The frequency.routine 216 deternm nes a
Prequency taumiatdindln et Ml BRI 1; SHEERE ynar 510
or the seceoriicas @iFsepéncs i@ Naly maid) agpliemidnl Batihg bighHow ey aewpdiasulghi ft 213
and the second 90 degree phase shift 214. The determ ned frequency can be

stored i n PhascfloBg@epidy 221 of the storage system 204, as previously 17 WO

From tne 11 ot SEROSaideas oA PO etk N Aere PR SRR, O

much f ast ethetflrasensortsip@alp2 i landahé secdhd sersarsigad i tleThe tigkidifferahcediNtf er ence
in flow nmeter applications having ow rates or where nulti- phase

hi gh {1
flows occufan b sfereddn fhe tans fidieesice (1%3\1222 PotbeistEagesy sigey € mPhBSVieusiyne
differenc edﬂs%s)se&? ?fnllé@@ﬂ? Tdh?e?er{c'e r(?htc)%ﬁlgﬁgés s%b&%iallég}g? g&tgﬁﬁeiﬁlt&} ﬁg&g nd sensor

signal 211. e ti erence can be stor i fference
(At) 222 otlivided tstthe dgernsivisd &vyndy, aad ipthersfars sikad tocesarngisettie midse flbivme
difference (At) conprises substantially the determ ned phase divided by the
det er nitthedr §-equency, and is therefore used to determine the mass flow 10

rate. The flow ?Hfﬂ@&%ﬁ&ﬂa&ﬁeh&&s&%}ﬁde’hﬁs%ﬁﬁd ﬂg%ﬁ&%"r%ré’&ﬁh@’md@h‘éwf’f the
mass flow rate, e density, and/or the volunme tflow rate, as previously
di scussed. rdtd, e FenisBy,aantilonvkdrecl tim® flowahteaasnmeiodsipidisousseéssi ng first and

second sensor sjignals jn Caorjolis flo ter accqording to an enbodi nent of
the inventi on. Flﬁgétlésﬂoz@s@é?%ﬁ%mﬂwé%mwn%ﬁ@ﬁamg feSOpREASPed. I n one

enbodi nent ; . £ . ' - ' ' TITaL:
ounst 1 ean Bl § CHoBEe g Bt G A O A el i 5
recei vésl. b5ol,cinefistrizndomegial ithecisel dndne smhsdimest, giafirst oampod dgisalei t her a

downstream or upstream pi ckoff sensor signal (i.e., the opposite of the
first sensePMRISHSIher apyppizean %gwyeﬁrﬁé’“‘é‘é"f:égﬁps%istﬁ%l-s can be conditioned.

1312 doﬂﬁmgﬁggi g?féxtnsgipfs f#”b%r Flkfegs'%g&ﬁd R ghds kQelwde 1l bhd GhbOEER:, HRIRYGL 0! Se
sensor signal comprises either a downstream or upstream pickoff sensor signal (i.e., the
opposite of the first sensor signal).

20 In step 503, the sensor signals can be conditioned. In one embodiment, the
conditioning can include filtering to remove noise and unwanted signals. In one
embodiment, the filtering can comprise band-pass filtering, as previously discussed. In
addition, other conditioning operations can be performed, such as amplification,
buffering, etc. If the sensor signals comprise analog signals, the step can further

25 comprise any manner of sampling, digitization, and decimation that are performed in
order to produce digital sensor signals.

In step 504, a first 90 degree phase shift is generated. The first 90 degree phase
shift compfises a 90 degree phase shift of the first sensor signal. The 90 degree phase
shift can be performed by any manner of mechanism or operation. In one embodiment,

30  the 90 degree phase shift is performed using a Hilbert transform, operating on digital

sensor signals.
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enbodi nent, the filtering can conprise band-pass filtering, as previously
di scussed. In addition, other conditioning operations can be perforned,

such as amyd bdog@isspn, buffering, etc. If the sensor sipgpRksEPERYs s€
anal og signals, the step can further 25 conprise any nmanner oP sanpl i ng,

digitization, and decimation that are perforned in order to produce digital
sensor signal s. It stes 5@ a$0dqnd=D(f degsde hAsedsehift segephiasel. SThefsecorsl Yedearat ed. The

first 90 degree,phase .shift conprises 90 degre hase shift of the first
sensor si gRue bCaEprEn R o SREE ahaE it Sl oS SERGE e bys R Bher  of
mechani sm gp JepRE BhiLRhifl, heOIEd B st cAPbd Bﬁf&%egftglrﬁ RiasLoshi ft is

performed using a H lbert transform operating on digi sensor signals.
18 WD 2006 hk2iE85n BChHds82@06/ 019595 In step 505, a second 90 degree phase

shift igs generated. secon 0 degree phase, shif onprises a.90,.degree
Shase Shi 1t of  IhER ST AATERHLGFegrG fAORIRERTROTHE by S Serser Se 8l phase
shift, they@ledaas &ﬁs&@?%ﬁl, %Bin%tthé?ﬁﬁt bE dBBES SHARE shibande SRBAEHO Qbgree
mechani sm or operation. I'n step 506, a phase difference is conputed

bet ween t h@htsershift. shdditpnal infarhatzomdcantatse bsaserhitt wderdorcogipyteethe phaseng t he
first 90 d ee phase shift . .and the.sec 90 degree. se shift.

Ada ¢ i onal CHEFERSn TR SRE EaROGRER b R ragte S R RRE i hiemser

di ff er encesighfl, ¢eQeedHAAEhIR Rignal, iR MBEFEIdEdef asngeft] mddat sédshaed dege t he
first sensor sig t he second sensor s;%_‘r;al, the first 90 degree phase

na ! . . . ’
shi ft, 18nd ph#se sba ot oseidigeranc oophrisas aghiase diffpreace naibe rebpphssrsigneb
conprises a _phase.differgnce in_the respon si-anal. i.e. ., in the two ‘
o1 ckof - sengorue i pieRof dEord; el f BF B nE LBEBLS eitkss B the iy i ng
met er assemief abmblye0r esul ting phase difference is determ ned w thout the
need for any frequency value in.the calculation. The resulting phase
di fference can Bee oisulingebaseutiferenes isdeteamingd withophis aeced for ane sauedgl cul at ed

han’a phadBURY tecARELER chb RaBRRRG SRRRGIANIG oo BRLERREC 2

frequensy ilsanGosHasd @tferchoe cileslatednsingadkauehdyy The redidtin & differerics has
advant ageously conputed fromthe first 90 degree phase shift and the second

90 degr ee 2jHRARS aserney, thama phassliferencq elultpedpiierip fsdeengEes the 90 degree
phase S {120 8l g, SHLSEROTCLIRGEA e DAL, WEAMIDIE IR dcor oo
of one of tGwivhhtagdousSEDaIpusdddifcth tiedirst 90 degree phase shift and the second 90
degree phase shift. The frequency in one embodiment uses the 90 degree phase shift
20  and the corresponding sensor signal from which the 90 degree phase shift is derived.
The frequency is a vibrational response frequency of one of the first sensor signal and
the second sensor signal (the frequencies of the two sensor signals are substantially
identical in operation). The frequency comprises a vibrational frequency response of the
flowtube or flowtubes to a vibration generated by the driver 180.
25 The frequency thus derived is obtained without the need for any independent
frequency reference signal. The frequency is obtained from the 90 degree phase shifts
in an operation that is much faster than in the prior art. The resulting frequency has a
greater accuracy than a frequency calculated in the prior art.
In step 508, a mass flow rate of flow material is computed. The mass flow rate is

30 computed from the resulting phase difference and the resulting frequency computed in

steps 506 and 507. In addition, the mass flow rate computation can compute a time
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t he second sensor signal (the frequencies of the two sensor signals are
substantially identical in operation). The frequency conprises a

vi brati onal yfyr response of the flowtube or flow Q.a yibration
gener at ed b\ybtzﬁ%%g%%er 180. 25 The frequency thus deri \})leiﬁ‘%?séoc?@?y&%{%ed

wi t hout the need for any independent frequency reference signal. The

frequency isffabhd MRPrbham pihtge AdTHGLE QRd ueidyf 4ith thotidle dFeeAtd on t hat
is much faster than in the prior art. The resulting frequency has a greater

accuracy tHah teingdtjmetelyusedite apmpeld themedsdlgyy fad art. In step 508, a mass

flowrate of flow ma ial .S ed. .. The .mass. fl.ow rat.e i.s .. conput ed
fromthe resul t?ﬁ&teBﬁgé’eﬁﬁpéﬁéﬁgﬁg&éﬂﬁlly ES dthréﬁ]InF fl’naﬁ W?@&fﬁgg?g‘%ﬁfgut ed in
steps 506 and 50 step3100€E vblame idverdi@es dptionallabedgeriittdak previ@nlyconput e a
time 19 WD 2006/ 127527 PCT/ US2006/ 019595 difference (At) fromthe phase

di f f er eAce dasetissele frequency, with the time difference (At) being
ultimately used t ow r.ateec.ln_step 50 density can
gﬁ@r En?sne ?81%1 éliqgraﬁ?é@o (]c)ﬂ ayl\a%a'flgn & the rocel%ﬁn% pzsbeng ?@

optionally be d revious cussed. t he vol une

flow rate capordfigitonaalehbobigndtebemaiinedtionSinahe Yigotesthe blSckdirssiuseaesithdrl G 6
is a block diagram 600 of a portion of the processing system 203 according
to an enbodirAERing £ireHBY OnPSESSHIE, actipnyieatingsg e bladkedipgramt)Oriaglndesent

either pr i [ by 1 i i i T

G agr am B00 4eea e PR S0k Y e PEREERSHNRA RO A Boo B, IEES
602, a It | healysisbiorkf6odmTbe PO HOBRP@Ihuacokibrise ahd/ RiftSpi o€ Kighdl4nputlagd L PO
and RPO i nputs conprise the left pickoff signal_input and the right pickoff
si gnal i npuhe rightmesoff signal fepuér Either thpltP Qi icgl campripesg fiEd piser si gnal .
I n one enb%g%{g?nt, the stage 1 filter block 601 and the stage 2 filter block
602 conpri digital Finite Inmpul se Response (FIR) pol yphase deci nation

filters, 15 inpligeoRat@Bodimeht)ehduigreestitdrdlexsi0emnddie stddes Glted bibelk 602r ovi de
an optimal nethod for _filtering_and decimating one qr hoth sensor signals,
with the figomerisedigitabFiaie inaesngesnoasr§lippalyphnse degimatian X8, chr onol ogi cal

(i " . . _ : .t \
e 2 AR IR IR0 S8 a0 OB Sl BB cndd et €7
Response ( Iflifdtingiahd decimatingbiesr tsoth betldbesighaly, tnddh the Filterisg atid dddimeting

processes. 20 However, it should be understood that other filtering
processes AwirEderiormed af thy sarasrplyaneiesical tipeandatithniang GFImAYORIRE- wi t hi n t he

scope of t %t&ﬁﬁﬁfeif‘iﬂeoﬁag%qdﬁl‘férﬁ&ﬁc 601 and the stage 2 filter block 602 can comprise

Infinite Impulse Response (IIR) filters or other suitable digital filters or filter processes.

20 However, it should be understood that other filtering processes and/or filtering
embodiments are contemplated and are within the scope of the description and claims.

FIG. 7 shows detail of the Hilbert transform block 603 according to an

embodiment of the invention. In the embodiment shown, the Hilbert transform block
603 includes a LPO branch 700 and a RPO branch 710. The LPO branch 700 includes a

25 LPO delay block 701 in parallel with a LPO filter block 702. Likewise, the RPO branch
includes an RPO delay block 711 in parallel with an RPO filter block 712. The LPO
delay block 701 and the RPO delay block 711 introduce sampling delays. The LPO
delay block 701 and the RPO delay block 711 therefore select LPO and RPO digital
signal samples that are chronologically later in time that the LPO and RPO digital signal

30  samples that are filtered by the LPO filter block 702 and the RPO filter block 712. The
LPO filter block 702 and the RPO filter block 712 perform a 90 degree phase shift on
the inputted digital signal samples.

20



FIG 7 shows detail of the Hilbert transform bl ock 603 according to an
enbodi nent of the invention. In the enbodi nent shown, the Hlbert transform
bl ock 603 wWshétes72 LPO branch 700 and a RPO branch 738¢yudfa6edibsesbr anch
700 includes a 25 LPO delay block 701 in parallel with a LPOfilter block
702. Li kew se, the RPO branch includes an RPO delay block 711 in parallel
with an RPO fi | The Hilbert kradsf@rm bloek 6PDis afitsastepiooqukviditie tangphedee RPO del ay

bl ock 711 introd N del ., TIh PO .del | ock, 701 he RPO
el y bl oc REFHTEHIFg: dRBRL e AOs B b RpeeiN o e Here B EPBe * ha
are chronobgorpa) éighahﬁélﬁ?eirﬁrﬁlg HELifbRALrah &8 d: PEhe PElibBR Qg i@hh fhodticedad 30

sanples that are filtered by the LPO filter block 702 and the RPO filter
bl ock 712. dagyee phRSshiftedeersiins off teOPQaod RRO RROLS, i.kt, grprbdusek qFadzatpesr f or m a

90 d hi f1 the inputted digital signal les. 20 WO
2006/ 12552 BP0 6 Grtsna TR e gbHEnd BomBpaii oTRCRABRE o 1 ¢ st
step tO proNieitAGnifBen BIRE&0TRRS MORTHBY ided 1 nbliv! zﬁﬁﬂﬁatﬁréﬁg%&ﬁ Rhagkp®03

receives the filtered, decimted LPO and RPO signals a performs a Hil bert
t ransf or m Qrand BRO 6% ral ongrweitts the romigpab durpbase ) Sig@gcmpm%@ilﬁném’%r si ons
of the LPO and Q si gnal.s, .. e i r.aduc uadrature 5 (Q conponents of
the original, i 1?)}?:5’3@% e %115%?21@%?’(%0@8%? g& ‘%?Zbedﬁ]i’rﬁﬁ?nt%q‘ e(st he Hilbert
transform bl ock 603 therefore provides the new quadrature (Q conponents LPO
Q and BPO Q al 6R§ wibeost@) ori gi nal, in-phase (1) signal conporiéhts LPO |
and RPO I.  The pipgputs tahhenH | bert transform bl ock 603 can bgsyepresent ed
as: 10 LPO = Alpo cos(®t) (2)"" RPO = Arpo cos(wt+0) (3) Using the Hil bert
transformthe output beconmes: 15 LPChtlbert = Al po sin(cot) (4) RPOhtl bert
= A P. si nUsingtho¥jlbersyrangform thei qvgput hecardsgi nal ternms with the output of the
Hi | bert transformyields: 20 LPO=Al po[cos(w)+isin(w)]=A poeA ) (6) RPO =
A p, [eds(cot +I0D, + i=4d] Bator)t 0)] = Arpe e W0) (7) 25 FIGS. @4pnd 9 are
bl ock di agrans of two i ndependent branches of the analysis block 604
according to an odi ment ,of t i nvention. The analysis block 604 is the
final stage of tR% lufbdwe:qéeq%%ﬂ,wta;}?e]f erential phase, and delta T (A
measurenent. FIG 8 is

Combining the original terms with the output of the Hilbert transform yields:

20
LPO = A4, [cos(at) +isin(wr)] = 4,,e’ (6)
RPO = 4,,,[cos(at + ¢) + isin(wx + ¢)] = Arpuef‘“”*“’) (7)

25 FIGS. 8 and 9 are block diagrams of two independent branches of the analysis

block 604 according to an embodiment of the invention. The analysis block 604 is the
final stage of the frequency, differential phase, and delta T (At) measurement. FIG. 8 is
phase portion 604a comprising a first branch that determines a phase difference from the
in-phase (I) and quadrature (Q) components. FIG. 9 is a frequency portion 604b that

30 determines a frequency from the in-phase (I) and quadrature (Q) components of a single
sensor signal. The single sensor signal can comprise the LPO signal, as shown, or can
alternatively comprise the RPO signal.

In the embodiment of FIG. 8, the phase portion 604a of the analysis block 604

includes join blocks 801a and 801b, a conjugate block 802, a complex multiplication

35  block 803, a filter block 804, and a phase angle block 805.
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phase portion 604a conprising a first branch that determ nes a phase
difference fromthe in-phase (1) and quadrature (Q conponents FIG. 9is a
frequency peohi®iBPAb that 30 determ nes a frequency frgqq% hase ()
and quadrature (Q conponents of a single sensor signal e S|ng e sensor
signal can conprise the LPO signal, as shown, or can alternatively conprise
the RPO signal Tﬁﬂotmomammsomre&l@e b&h meﬁasm(B)S@dppraHtaa&e@Q}la of the
anal ysis bl ock 604 includes 10|n bl ocks 801 a and 801 b, a conjugate bl ock
802, a conplmeRonenisial gispessr signal agg pessdbrman3 Thy conbgale bincsd02ge zxgorraﬁa a phase

angle bl oc 9 801 a
and 801b rgoeﬁ%x C%%F%AQ? ﬁlqgﬁéa%sézgégalg%/ quadr %}’% df_égﬁn%%ﬁé%ngleg?ﬁ% sensor
si gnal andinpedisary kighalo rfhe'Ebmpwnnulgpheatbhmd@kz npleltlpmsrthe RPCsipid] exd

conj ugate on_a sensor signal , (here . the LPO s rﬁ'ﬁ %lﬂgebbgwk 8Qorms a negative of

the i n%g: el Q pigpals lmpﬁfﬁe@&%ﬂq&ﬁnmgﬁ PRIPWe 6 3mplementsi g es]c t Ihe
bl ock 904 (RN el B HAR Y FBUSERRSRO TRERES @Ock Ba DAL el L\ 11

above. Thepélypiaee dedimatioBiftercthat is asgalrtb @mave Imﬂnxbphaxaﬁtedefrbnﬂhe amphdskt er t hat

is used to renmpve harnonic content fromthe in-phas and quadrature (Q
conponent s{png W@dgaé‘ﬁ&ﬁ@ §PgRapentsf the pansarsigngl, 8 & Séoldﬁ%‘m The

Ral
filter coe i putted 10
i gnal , _such s e TIER el S b Rk i B R O e e g ¢
bl ock 8@5 s1gm1muahaeded1met1mhhﬁefwuglcﬁ’ 10y fomexdraple nTbh@hae(ahgledﬂdclm%dr ature
(Q corrpo nts .o LPO naI and_ t he RPQ si gna hase a e bl ock
805 inpl e ﬁ?@u@aﬁ&@ pB%Fe@ﬂ AR G Bp AL aﬂﬁl&uaﬁrégg &@?e?rgﬂor@@wao wn in
FIG 8
i Wt? Alp%#lﬁhé RPPv el +wg§;£§g'&nglejol§oék%@5 iR p;rnerﬂ's Lf%flbl]( gl)l)X

ARPQei (nr +Q X ARPQel wher e LPO I's

conj ugat e sifowrRf@lovdssumi ng that: 20 ARPQ = ALPQ = A (9) then

LPOXRPO=A2 0 + 25.Th ff tial ph

angle is: el (—t )aq:.hep Oséx)t Iﬁsflj)érfa(l gl‘lov& n in FIG glmpleé\:mre%:ssl% e %oql%wallg ec?ura%gnl 4l pnase
15

LPOx RPO = A,,,e™" x 4, e"*** = 4

Ipo

% A j( wr+ot+g) (8)

Ipo Rpa

where LPO is the complex conjugate of LPO. Assuming that:

20 Ao = 4y = 4 9)
then:
LPOx RPO = A%e'™® = A*[cos($) + isin(@)] (10)
- The resulting differential phase angle is:
¢=tan"[§%%%} (11)
30 FIG. 9 is a block diagram of a frequency portion 604b of the analysis block 604

according to the invention. The frequency portion 604b can operate on either the left or
right pickoff signal (LPO or RPO). The frequency portion 604b in the embodiment
shown includes a join block 901, a complex conjugate block 902, a sampling block 903,
a complex multiplication block 904, a filter block 905, a phase angle block 906, a

35  constant block 907, and a division block 908.
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[cos(O 30 FIG 9 is a block diagramof a frequency portion 604b of the
anal ysis block 604 according to the invention. The frequency portion 604b

can operate on either the left or right pickoff signal PQ ). The
frequency 8’&%@%#7%% in the enbodi mrent shown incl udegéﬁUfZS%]mE%Bgck 901, a

conpl ex conjugate bl ock 902, a sanpling block 903, a conplex multiplication

bl ock 904, & T bt gfovihRRki88sednyRan® @nalor bl 19060 raddnsanst ant bl ock
907, and a division block 908. "~ 22"WDO 2006/ 127527 PCT/ US2006/ 019595 As

previ ous| yqeidsetuss€) cotripensrss of hicosk DPhl amtprssesshémon. Thephaigatebjocknd
adrature onponents of a nsor signal d S t.hem on, - The

Lo ot e et ER Y e bt s IRl WP BRI 70 ET, S 19l 2 e o

the LPO si ggattive antheliRlapMmad sifit8atThy Gel@f bloble 903 RfoAaENs aSaeipling dEhe igel ay

bl ock 903 introduces a sanpling delay into 5 the frequency portion 604b,
and t he ef mee&m@b@mmraomg&h, and diegpiere selapp ladligitphsighal sempbndioigi cal |y ol der

intine. This ol der..digital..si le is ltipli.ed wit h urrent
igi tar si GHERORERRS ol B st SRS oR R Righal Slaf sich Mo et wf

mul ti pl i catingshtdigeksiBRd imtetdoRiple@smbitiplitAonlkad04arthet ddgnpld3O conj ugat e
signal, inpl ertrpngt??n%)lggﬁdat ieor?_ 12) b‘é‘flpc;w. 'Ir}he filter l:?l ock 905 inplenents a
di gi tal fimudtiplicaiiernblogk 64 mwdiptieRite LRQ pigpaleand dastHOdiongsissiemmhe fil ter

narmoni ¢ cORDEREFIbERg el BRESE TRl fRas b ek b BaiBRE b o e

sensor 1§i gasthe FAR filR} brexfoukly diQubs¥at Bhd hkerlakados chiRomiptiké @ polyphidei Ci ent s
can be chosen to provide deci mation of the inputted signal, such as

deci mat i ondegimatipmElterrtheffis peed ip semevedkasmenicrratephiem the gi-ehase 6 1and o6

det i L0 t
component 01K BB SF sHBeL HERInaRudl s BN BHACH R R e
portion of fizetiedeifpoier(td San hredhowen (bhigovian déanbtiohd OBk irfitied Vignhl, &fchasf act or
conprising a _sanple rate F5 divided by two pi, as shown in equation (14).
The di vi si 8ecimpdekboadacierafdfnior exenpipy iThe agase@eglathl@k% detfrBEnas® ( 14) .

The fregue [ o] t | [ O
LPor, o Bie ikl st (8 R QTR chialfint o) AARRAI U RO RSnat -
bet ween t wihe phsse atigle blockD0plidplensentshepa@tion 6f cqativd (M) below. The constant
:tan-'[singwt-wt 1 (13 cos(w, - vvt_l} o . .

lock 907 supplies a Tactor comprising a sample rate F; divided by two pi, as shown in
equation (14). The division block 908 performs the division operation of equation (14).

The frequency portion 604b implements the following equation:

20
LPOyx LPO,,y = Ayye™ /@ x A, &7 = 47 pe @0 (12)
The angle between two consecutive samples is therefore:
4| sin{wt — ot )
25 ot—-ot_ =tan” | ————= (13)
cos(wt —at_,)
which is the radian frequency of the left pick-off. Converting to Hz:
(ot —ot_)x Fs
= 14
f}po 271_ ( )
30

where “Fs” is the rate of the Hilbert transform block 603. In the example previously

discussed, “Fs” is about 2 kHz.
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which is the radian frequency of the left pick-off. Converting to Hz: (w -
wt-)xFs frpa = (14) 2,r 30 where "Fs" is the rate of the Hlbert transform

bl ock GOS.QW%@aan e previously discussed, "Fs" |1$Cﬁ§ 36/0% 3J§Hz 23 WO

2006/ 12752 06/ 019595 FIG 10 is a power spectru enS| y plot of a
pi ck-of f sensor signal of a flow nmeter under normal conditions. The

fundamental fr egeengys Qicaobe%ﬁfzeJ:tﬁMﬁéx?s‘ity'p‘ﬁotto% pidkabff 8slsoP RkA Bt ik 9r aph
and is | ocated at about figure al So shows several other |arge

spi kes i n mhter ﬂm@qlmermayl ogpél@pnmrrquetffmadammal fregretqyrfdhe Aowmetasdethes t he

Fundamont s FBORYS OFARdab Ut sLXaial rdt n3F Mg Be B ARGl 5+ Wi

fl owreter emne 1aig%%pn@grmhs¢reqhmﬂy,spedee@hé Akt fors- Gt MU BDHAE is e twit t Wi St
node, a second bend node, etc. )l FIG 11 shows an alternative H | bert

transf ot m mpé@kt w0SeRe: of 0wl | 6 simesshafequenphakige dsndameatabswidaenihesshe
Hil bert t PO b h
o bt -ERBRERRRALElsr A0 SOl oI RHIRRL SIS AGgRek "D branch,

i n paral | ehndskikdbl@sdnisdrt abddsl (pek a 70idt molg aBE’@nldrb%ﬁdﬁhon,l&cJ)n thi s enbodi nent

includes only a delay block 701. As before, the delay blocks 701 introduce
sanpling del aylG. Ad shewparaltarpativeHilsrt tepngform Roock Bt ecREding Bue siBgleee phase

shift on t sé E&ﬁﬁteh?q%glrﬂ A Ak ibgf%%la @%ﬁgké@fi‘ﬁ%s g%%ﬁﬂﬂ&ﬁrﬁélﬁ g that

alternativ tran orm coul ase s j ust

t he RPQ si QDBD brddhs] 1pomeimbﬁmib1@dilmﬁlthdm btdneh Iﬂlld)(b)ﬁrclud‘eﬁ adshor n1 phase
shift of only one sensor signal in order to derive both the freguency and

the phase ®lof¥ &9 kingrarglie withjadgter bjack)7021iThe REGybrianshe Hhi k}“h’é&ﬁt?@ I nunber
of comput afi.0Rs &ﬁ?qfedglag%lé’&r e rRsabe%]’gstge dgﬁg%ﬂ{cﬁﬁ{?ﬁnﬁﬁg 4 SHl ant ly
Urib to obtain e §“as

reduces the n utati o6ns nee ow rate.

In this enﬂm@rsneirstbef@’egthelﬂlqaubloolf: 7011ﬁerfdlrhiselr90 dergea@s;ﬂmem}bﬂ@nkh@ﬁ@uttw |
provi de the guadrature nent of her the |eft_or rlght sensor

si gnal , bufigi@signgt smple I t8h@ulé>b§#ﬁ1i@st8@qi &wt alfesgativsty the dHthert tsanstosme
shifteds 2§,LP57 d%uﬁ%h%?@gﬁfl\f’t}us(t #RPO signal.

This processing embodiment uses the Hilbert transform/phase shift of only one
sensor signal in order to derive both the frequency and the phase difference (see FIGS.
2-3). This significantly reduces the number of computations needed to perform a phase
measurement and significantly reduces the number of computations needed to obtain the

20  mass flow rate.

In this embodiment, the output of the Hilbert transform block 603' will provide
the quadrature (Q) component of either the left or right sensor signal, but not both. In
the example below, the LPO signal is phase shifted.

25 LPO = 4,,, cos(awx) (26)
RPO = 4,,, cos(wt +¢) 27
- Using the Hilbert transform, the output becomes:
LPO, = Ay, sin(ar) ‘ (28)
RPO = 4,,, cos(wt +¢) 29)
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RPO = Arpo cos(wt+0) (27) Using the Hilbert transform the output becones:
30 LPQ,,,I1,,O, = APOsin(w) (28) RPO = A PO cos(wt+0) (29) 24 WO

2006/ 12752 ¥edd/ 1992906/ 019595  Conbi ni ng the LPO ori gi ngdpii&oipdibdhb t he
output of the Hilbert transform(i.e., wth the 90 phase shift) yields: LPO
= A PO [cos(Ww) + i sin(w)] = A Poe' (") (30) 5 while the RPO stays the
sane: rrefGopbingng the ERP oriz@ AcrRueth tivd crddutAf PEIHUbgrBnsf@nHi@., with thhows t he
anal ysi s 0opHas66Hif) yiehis: t he singl e phase shift enbodinent. 10 The anal ysis
bl ock 604a’ in this enbodi nent includes one join block 801, the conpl ex

mul tiplication block 803, a lowpass filter block 1201, and a phase angle

bl ock 805. ThelB@Aal 4sices(¥locisid@dh= 4,5e’'t'hi s enbodi nent i npl ene@0% t he

foll owigng equation: i(-+6) -i(Ww+A) Po [e -+O e APa x ARpo Ile a +~+0O> + e;
(vt+o,.0 7 n x A2 15 (32) The lowpass filter block
1201 coner§%§&% OMFg%gﬁmE?ﬁ%er t pat,.,,emyes, & hi gh frequency conponent
produced by theRpQrm}gekog(u}ttFi{,;pI:iA:aEf_Qn_bﬁ_"QQK__BE& The | ow pass (|3f1i)| ter block
1201 can inplenent any manner of Tpwpas? filtering operation. Thé result

20 of the multiplication operation produces two terns. The (-cot + wt + 0)

t er m conbi nes j . : 0 ool I since the
(-cot) and theaf?g}c')? ? ?E%*J%@%%ﬁg%*ﬁ%%@ Z'ao'?l R%trhgg{?%[é%ee %@ftteﬁfp%gﬁleni' 0)

si npl i f§ esTheanalysA(Wbck M at BY this edibddwhé&f iddiedes bhefiiebrock 881 nde complekesul t is
the sumof 2 terns, the high frequency (2wt +0) termcan be renoved. The

only si gnanulsiplipgiicartdek §8s a love-passefiltse blask 20 Iiipad 1gipiase ansdeibleek 802c ot

The analysis block 604a’ in this embodiment implements the following equation:

J(ot+g) —j(ar+g)
LPOx RPO = 4 e—J(wt) XA,,FO‘:e ";e :}: AlPD ZARPO [ej(—wt+w1+¢) +ej(a)l+wr+¢)]

Ipo
15 (32)

The low-pass filter block 1201 comprises a low-pass filter that removes a high-
frequency component produced by the complex multiplication block 803. The low-pass
filter block 1201 can implement any manner of low-pass filtering operation. The result

20  of the multiplication operation produces two terms. The (-t + ot + @) term combines
and simplifies to a phase-only @ term (a DC result), since the (—wt) and the (wt) terms
cancel each other out. The (ot + wt + @) simplifies to a (2wt +O@) term, at twice the
frequency. Since the result is the sum of 2 terms, the high frequency (2wt +0) term can
be removed. The only signal of interest here is the DC term. The high frequency (2wt

25 +0O)term can be filtered out of the result using a low-pass filter. The cut-off of the low-
pass filter can be located anywhere between zero and 2@.

After filtering, the result is:

2
LPOx RPO = 4%¢’® = —%—[cos(q}) +isin(g)] (33)
30
Therefore, the differential phase angle is:
 tan™1| S0) 34
¢ I:cos(¢) ©9
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25 +0) termcan be filtered out of the result using a |lowpass filter. The
cut-off of the low pass filter can be |ocated anywhere between zero and 2w.

After filtegugd result is: LPOXRPO=A2e' (0) = 22 [c (S ] (33)
30 Theref o?ﬁ?e@ﬁ/g-}g?ffer ential phase angle is: O=tan, [?%g@ﬁfd"f’?ﬁ% 34) 25

WO 2006/ 127527 PCT/ US2006/ 019595 By taking the Hil bert transform of one

pi ck-of f si gnal Bynsltiegeheoflilberotrardtshencefang ipadk-effisignhldastesbetiod, tie per f orm
phase and frequency estimation in Coriolis nmass flow neters is
advant ageo$8myutaiigi depd nesdedosafonR phasecmd dirayencyipstimation gy €omelis Hasser ni ned

using two SpRSOLeR! 998 s Hﬁsl&'?«ifdﬂtg OMe s A ﬁ’&ﬁ%ﬁ%g@%ez&% e 5 FIG

13 shows the sensor processing o e 1n 1 on as’ co he pri or
art, wher eerrainet neindithb aemsoc sighdls,)buv asitig onlfy ora®h degree phipsr shikt. The chart
shows a _flow material . including a gas flow (i._ e., gas bebI es,. for

exanpl ef. Under "Gils LaveheiSgreor PReCsFng af 16 iEntien ascoBwrieh s BENioF #uced in
the new al ek M RE G fad anpge £ ation.
It can be g@rgneh?é%%gt e gnrcgpghétﬁg% Q{ﬁdggéseoggﬁ%?ﬁgeri%eﬁﬁ&%%g%mﬁﬁlégn does
not 10 di sphchydingegdsdtaye(ipe ghsbubhids\fat ¢xayple). hEhdeartlas carfditat, €at flow poiseds ar t
(At) neasur nt.s, The invention.differs fromithe prior art.. First, the

b or Tt ORIy e S o e g e b et e B b Esmish Bl ¢ o gna
and an i ndepedidedt. It cacheaneyis@UiCaaptSUahthatsdt daved 81 tif) ifakios dods o0 a
driver systemin order to determne the vibrational response frequency. In

contradf, wifelayihelargepealerand vallave shaf medeftaied ibprigart @rpeaswemsitise of one 15
of the two Sens%e?ﬁx%ﬂﬁbr?dif B i pfbrtart’ iy 168 Pﬁ'&?a?{ @P&%gg'a&e}éxh&%%' onal
1Tt st gnar. cond, nost

response frequency from a phase s of "a SEénso

prior art frickoffefiefuenclelsigr prkaffpizaseandidhfiedepandenb Gleyesicy gbadsefsuch ad gnal s

using the prior art frequency determ nation. As a consequence, any error

i ncl uded i Miriveresignal sent dp e driveiRysisEyinpedes torflefarmias thesvibistlopRld@sions he pri or

art phase iffe 1 i i . I in the
oo s AR IR VAR R R 0 o N U el G

det er miges of ke tplasasadisfghelse mbe pébr &¢ tbas ot deternvine tigy vibiiophiassponkd f t ed
sensor signals, w thout using any frequency determnation. As a result, any
error ter mifequensy frqm g phassrshihpl/a sensorpgnab” mani pul ati on and phase

Second, most prior art flowmeters determine a phase difference between pickoff
signals using the prior art frequency determination. As a consequence, any error
included in the prior art frequency determination is included in the prior art phase

20  difference determination, compounding the overall error in the prior art mass flow rate
determination. In contrast, the invention determines the phase difference directly from
one or two phase-shifted sensor signals, without using any frequency determination. As
a result, any error term is the result of only the phase manipulation and phase
measurement of the phase difference determination, and is not affected by any

25  frequency determination error.

Third, the prior art determines the mass flow rate using the independently
determined outside frequency. Typically, the prior art also uses a phase difference that
has been obtained using the independently determined outside frequency.
Consequently, in the prior art, the mass flow rate can be twice affected by any error in

30  the frequency determination, and therefore is not satisfactorily accurate and reliable. In
contrast, in the invention the frequency determination and the phase difference

determination are independently derived. The frequency determination and the phase

26



measur enent of the phase difference determ nation, and is not affected by
any 25 frequency determnation error. Third, the prior art determ nes the
mass fl ow watgosustsig the i ndependently determ ned out SicdeuhH6RBUBHLY -
Typically, the prior art also uses a phase difference that has been

obt ai ned usji ng the independently determ ned outsjde frequency.

Consequent flijferanae defernpinptign inrthe inyvprtiondtberefqreinciuded rough seallegierer af f ect ed by

St o nct orgnsht et EIRAShL el Yk Oltee AL WRASLESnL BBl o e

frequency gabet Bt B@abi @nhandss New phadeeghinhesreis gecatigeb@rdatin ajohquuamg,
i ndependent |y derived. The frequency determ nation and the phase 26 WO
200611275 2¢eriT Andspdome Glogsmees ageqrimgdn de iHeintioRiaraalpo HpRvehia 4CAWEAY | on

therefoye %ﬁ]feﬁ%ﬁi much snaller error component. As a result, using the
meter €l ectronics and the nethod of the invention, the anount of error in

the mass flow rEdqugthdgiedfotuemdyl deferinSnagibg af the privdurtegkes @aeladaeleiédgtime.densi ty
and volune_flow rates according to the invention are also_inproved in
accuracy B siwationsiwhese thetlow mgterighcorpprises a &HQr@Ress aditeephase oy s9eh ahe

prior art gﬁg,rﬁﬁ i&]&ﬁh?\%\fg}‘%ﬁé’d go‘ﬁﬂgaﬁ%‘ﬁeentral]r{éd ' % #ggdc‘ﬁ% a%ﬁlegﬁ?ﬂlef qéjrl%g

mat eri al .conpri ses a ase or three-phas W, suc

i ncl udi ng anfrequeneyl determitatiamncinaakedt mached -2 asead{ Busrbvids aatabldatabl es), the
prior _art frequency determ nation can take as ch as 1-2 seconds to

provi di) a SHaElY asmgratereauiensy medsyromeal r by @nfiag oihe Aeduercy AndaRass . I n

contrast, &i@ﬁr&%@ﬂ%@ﬂﬁﬁé@&ﬂ a@@&ﬁﬁnﬁ t?'tﬂefiﬁ{/@r{?ﬁ)ﬁ c%%%ﬂﬂaﬁ%ﬁ'xﬁﬁb% %&885 phg to

t he invention can be obtained muc ast'er, suc as on the order’o

m | | i seconaksornthe bridedl beas]lieéconts or lnmderdd 9f mAllisedondsy Aldloactiearacsdristiss deri ved
fromthe frequency and, the phase difference can al so be obtai ned in nuch

| ess ti mederpvsd fom thf%fegH% anddhsphase didfegence 6an algo b ohmsHdn A¥ich éesanot her
enbodi ment ;0f the invention. The neter electronics 20 of this enbodi ment
can include the interface 201, the digitizer 202, the processing system
203, amd the stKGage shywt ¢ 26w ckstrgmiey2®asloydingl ts entgtb@cem Koalipemtenfttse and/ or
routines in copmon_w th other enbodi gents share comm&drege[en e nunbers.
It shoul d ¥eeRitger heoBEter Rigctrpmes AR 08 fhig PROPHIBIsIE capmehde se inferdacei dr e can

oL ude o6 3Ry COTDSIAg cach o0y U 0SB alote Bt LY 2oy
sensor si gdiadussed. Components and/or routines in common with other embodiments share
common reference numbers. It should be understood that the meter electronics 20 of
20  this figure can include various other components and/or routines, such as those
previously discussed. '
In operation, the meter electronics 20 processes first and second sensor signals
from the meter assembly 10 in order to determine a mass fraction of flow components in
a flow material flowing through the flow meter 5. Mass fraction is a ratio of mass flow
25  between a first flow component and a second flow component in a two phase flow
stream. The mass fraction can be used to determine masses of the various flow
components. For example, the flow can comprise a fluid component and a gas
component. The total mass flow rate of the flow material can be multiplied by the mass
fraction in order to derive one or more of a fluid component mass flow rate and a gas

30  component mass flow rate. The fluid can comprise any manner of fluid and the gas can

comprise any manner of gas. The gas can comprise air, for example. The discussion
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fromthe neter assenbly 10 in order to determne a nmass fraction of flow
conponents in a flow material flowng through the flow neter 5. Mss
fraction igodyfsAbisgs Of mass flow 25 between a first fl Quaa rg@g;a@gs and a
second flow conponent in a two phase flow stream The nass action can be
used to determ ne nmasses of the various flow conponents. For exanple, the
fl ow can cloelpwifsmises dd i th < Onid e it shaofd te @asrstood hankdinvediivn dppliad tomass
flowrate of the flow material can be multiplied by the nmass fraction in
order to d®Pi8%& one or nore of a fluid conponent mass flow rate and a gas
30 conponent Mg, @IEAics BGeldi ol PLEQIBLIR Gualy (ARG 100 dff Ui d and
the gas can conprise any manner of gas. e gas can nprise air, for
exanpl e. Tihe nottes@assibdy 10,20cMES Qﬁ%bérﬁaﬁs’agnd?ctiﬂwﬁﬁﬁﬂﬁéo@ﬂl@S%or behadw f ocuses

on air jn fluid, but it shquld be nder st e_invention plies to
any gas THY L fera thediu e dBe Btorelasipnics 2&3 eﬁPﬁe %?eau?wmﬁ
response 1%)@ 1H'Ecothé & u%ﬁc Lyt 442 23HAE BSd Fre E;hérﬁfr RPRAEntIugpal 1410

and a second sensor SI gn 1411 fromthe flow net he meter el ectronics
20 br eaks Ohe metee elbctemrdeﬂﬁydat@spm oveAdGlensitso(ptle 1 4pfsfré mebrifragiency rrpo nent

1412 and the fluid frequency conponent el ec n

dot o m nes eSS0 | CERGR 3£ 0 ORPaIent 85515 B LAE! 15 SUBHEH DR onse
1410. Li keg!s%quaacgae%ummmam FRORetey e(e@ﬁ@ﬁlcslél(?ﬁse's%héjﬁécﬁfeﬁhﬂf‘e‘é?érfs@m the
gas frequency conponent 1412. The neter electronics 20 uses t requency

responske 10410400 oandr oree of thagaefrequentiecqasoneneltieriny thofipafesquency12 and t he

fluid frequenc co nt 1416 to term th ol.d fractjon aof s 1418.
The. et o edhen B0 Golerdite tha vaid Beiqotast a1 bk BRET sleatofe S oral
density 1420meids Hféevog@ﬁa&%SMth tiaé%’l‘eﬂbﬁ’ de%tqum) nﬁdﬁﬂ@gﬁ'@@eﬁm aptii@n 1419.
The mass fraction (nf) i1 s defined 35) +7in, 15 In one

enbodi rrentdetcmenenﬂnssna‘ss@@cmmlﬁﬁnﬁheSMS&anm(mfbwcdafmndm gas (nfgas). The
mass fraction of gas conprises: nf90 = nBs (36) 1719-5 + n? p" rd

However, it shoykd béunderstood that alternatively the inventi can
determne a mass fmaeton of fluid (nffl,,;d) in the flow material (or any
other mass fraction). The 20 mass fraction of fluid (nffl,,;d) corrprlses t he

conpl elent  of tIn@ngambodimest.itheymess fgesion comprises a mass fraction of gas (mfg,).

The mass fraction of gas comprises:
m
mf,, =— (36)

gas
’ngas +n 1./Izu‘d

However, it should be understood that alternatively the invention can determine a
mass fraction of fluid (mfg,;4) in the flow material (or any other mass fraction). The

20  mass fraction of fluid (mf},;3) comprises the complement of the mass fraction of gas:

m,.
Sluid
nv{ﬂuid = — (37)
m + mﬂm.d

gas
However, this discussion will focus on the mass flow of gas (mfg,) for purposes of
simplicity.
The first sensor signal 1410 and the second sensor signal 1411 comprise time-
25  varying electronic signals that are substantially continuously received and processed by
the meter electronics 20, such as signals from the pick-off sensors 170L and 170R. The
frequency response 1410 can be determined using the previously discussed processing

blocks (see FIGS. 6-7 and 9). Advantageously, when using the previously discussed
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tlzlhnd (37) nlfpmd = ngu, + nflv;d However, this discussion will focus on
the mass flow of gas (nfg) for purposes of sinplicity. The first sensor

si gnal 141§Q0a0st/1bfxe; second sensor signal 1411 conprise dap®nondRigsed Yi ng
el ectronic signals that are substantially continuously recelved and

processed by the neter electronics 20, such as signals fromthe pick-off
sensors 170gh-speetd FaQERncyhieterfiratjor by investhonsa quickly, aacurbtelyd ehéreiiabgd usi ng

t he previously.discussed processi bl ocks (see FIGS. 6-7 and 9).
Advant ageocg’iq‘%‘,m B HOJFatHoR R g?fr]quﬁousl y di'scussed 28 WD 2006/ 127527

PCT/ US2006/ 01999 préitiesding RRgn b0 RUBRGIIRIRETCBRINARe A VHd FAMER | on can
qui ckly, accurately, and reliably determne the void fraction of gas 1418.

The processitme 31 @no2bSiltenrautine 1402 aud aerass fagtionrottimbel 405valitg fracti on

ting 1401 tch filt tine 1402, and L. tine 1405.
The 5 o odBeierfiE Siiceabbom BRI FBHEADY Pt IHo0F P DEPasdr

filter roubiwiRss fifsGBudse P03 AWaRASSplss HIRF rdudive 1864, 14RSmanekiR the 8 Pass
filter routine 1404. Alternatively, ?he one or nore filters or filter

routines camdra Gilteser diltsotaitings ¢ananclodmé hofeh dilteoeprndiguatioaror pther &iter
configuratiop that rejects a narrow of f.requencies.. The pr ssi ng
yot em 20¢ BHRE iR AL AT BTk M Bt e Reee Easing "B RIS Efct i on
1418, and frth@Saclidds frb@ibndP résfdSet1Bay, LA B [418UHRNE MabLERARSE
measurenents, void fraction determ nations, and mass fraction

det er nilhat 14d A ghat cas getst fraqiency rEhonse meeswements woikractos detarminatiohsrandi ncl ude
a fluid frequency c onent 1416 and .a s freguency, compone 412 t hat
Store wor K PriguenEym oat s ettt g I8 o P e e e dtepetct s on

det er m natihglnge a flider Rfue&sSInitbnSHSI4e 012803 fﬁ@ﬁeﬁwnbiﬂ@6mb&€énﬂ@¢12‘?‘fha@Ver all
density 1420, a gas conponent 15 density 1421, and a fluid conponent density

1422 t hat ssaremerkiog kiegeengs vgluey fordheexd figetion 4rsl magsdractian tetermmatdonsass

fraction term nations. fr ency, r.esponse, 1410 ri ses a mx

fr equency (I Pseaeih i 20h e RPEEEENLYE FRSIERL B GO0 BRSS! gas

frequepncy d%:ﬁ_ﬁgomfﬂ ar_(cf ~asMd c%ﬁﬂ;%n@rﬂ‘iieﬁsit_fy' uiod thdt SRS QBERInE @ém%}%lueé ftdrl at d)

1416. The void fraction and nass fraction can be 20 determ ned after these

frequency thorpdnwatien ardempssdkastiopdetephinatiensyi x frequency (fm X) and
gfet o mned. At @A%ebhdRy rbBnld PAYRIGHEESPARCRAtES GAD), Wikkid gAY amount
frequency response 1410 can include an gas frequency component (fy,s) 1412 and a fluid
frequency component (fg,;¢) 1416. The void fraction and mass fraction can be
20  determined after these frequency components are broken out of the mix frequency (fui)
and determined. At any time, the frequency response 1410 can include any amount of a
gas frequency component (fy,s) 1412 (i.e., entrained gas).
FIG. 15 is a graph of flow meter frequency responses for air, for a fluid, and for a
combined air/fluid mix (i.e., for a fluid including entrained air). The density of a gas is
25  distinguishable from the density of a fluid in the flow material flowing through the flow
meter. Since density can be derived from a measured frequency, the frequency
associated with air is also distinguishable from the frequency of the fluid. This is also

true of other gases or gas mixtures.

An equation for calculating frequency is:

(38)

30 ot — ot :tan']l:_s_ig(_a).t;wt;l)_:l

cos(wt — at ;)
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gas frequency conponent (fgas) 1412 (i.e., entrained gas). FIG 15 is a
graph of flow neter frequency responses for air, for a fluid, and for a
conbi ned aj ! ix (i. e., for a fluid including e i k:) . The
densi ty o?"”%é%"é*s”?é’m 25 di stingui shabl e from the densi ??*@?5"2@??5% in the
flow material flowi ng through the flow neter. Since density can be derived
from a nmeasisred i the gattarcfrequehey 6f the CoRioYs Aswandtert €thend bermi repiesersd 80

di stingui shable fromthe frequency, of the fluid, This is also true of other
gases or glanftsquepessaniic Suua PKions pr eatlier PAIPISRETIA feraEsfingdhe 30 cut -

cot-, =t ' 5 2 ) ot ) J 29 WO 2006/ 127527

PCT/ USZOOZ%%@S@&%V%E)?%ag%eaiué&?ﬁén %%gﬁ?gﬁ%%‘%lg%ency of the Coriolis flow
nmeter. The co.,,terfwrepresénts a radian frequency sanple fro previ ous
or earlier sanﬂrb’h@i Pperiogl, Converting the radian frequency co {Pé) a frequency
fin Hertz (Hz) gives: {" _ (wt-cot_,)XF. (39) JPafd 27c 5 This equation
assume§ only offbisfeqeaticeressumes Qe senirequehcy isprésealyué hed dsquensiespresent , as

in the case of entrained air, (the.freqguency of . .air d it he frequency of the
1 ow et oPreteat PSS Cion ot Huw Rt | B pueynes S B drafmt i 7, 7 )
?)Ap;;AAICIosEﬂc?;akX P%@S{iEIN?ug%t%ﬂw%O%bdg&%(é{Ag Gt tallgllv\ﬁgré (U e
frequency response pf he fenti rs@ 33)I 6y\L t eryal; singel wdia)g. as 10
CRRTE, e S S SR, e
eferring again to u dpas g at i mpl emrents a
| ow pass filter. A lowpass filter tgasses | ow fre uen<1:i S substantially

. q
bel ow a | Sepales it thefregpenayratpoase9f thaentyg doxsmateriph Melyding a8t e can be used
to refgve ghi r i @5y A6 Mgy f tiyne 1404 inplenents a
hi gh- ggss f%:q?%}‘é:&cg%gﬁﬁ%t%%ﬁ)ss 15 1?:}{63?&%55(%%?%&?%;?%'?)@uenci es
substanti al | y Rbferengaduigto-flas 44 cthe lof-badsrfdopentine 1A0Rightenpats vkt er

therefore can.be used to renove | Qw frequenci es.
pass filter. X low-pass ﬁ?ter passesqow freqaencies sugstantially below a low-pass cut-

off frequency. A low-pass filter therefore can be used to remove high frequencies.
The high-pass filter routine 1404 implements a high-pass filter. A high-pass
15 filter passes high frequencies substantially above a high-pass cut-off frequency. A high-
pass filter therefore can be used to remove low frequencies.

The notch filter routine 1402 implements a notch filter. A notch filter rejects a
narrow range of frequencies that are centered on a “notch” in the frequency response of
the notch filter. Only the frequencies in the notch are rejected by the notch filter.

20  Therefore, the notch filter is very useful for removing known, undesired frequencies
from the frequency response 1410.

The void fraction routine 1401 determines a void fraction (typically of gas) in the
flow material. The void fraction can be determined from the densities of the flow
components, where the overall density (py;x) comprises the sum of the gas component

25 density (pg,s) and the fluid component density (pgyiq).

Density (p) substantially comprises:

ps[lj (41)

where f is the frequency measurement of the fluid frequency component 1416 (i.e., fn;,).

The fluid component density (pguiq) 1422 can be calculated using the fluid frequency
30



The notch filter routine 1402 inplenents a notch filter. A notch filter
rejects a narrow range of frequencies that are centered on a "notch"” in the

frequency wgsprAs®,#f the notch filter. Only the freql@ﬁ% e notch
are rej ecteg by t é notch filter. 20 Therefore, the notc s??otdé)?bs%i' very

useful for renoving known, undesired frequencies fromthe frequency
response diPoneiha4y®i th difeeibodiinéouht fieidl#éihedet eomponeat b4 Maiothifrisect i on

(typically of gas) .inthe flow mterial. The void fractjon can b
det er mi nedNRVENFLS AEXHEHESIUCRY - oFherges cpmpanent éﬁ&f&ﬁgmé 1 2%&%@% Gl al |

density ( | fi1bh 1d 2actienst .,) and
the flui d@g%%%%%ﬁ?%@%@ﬁ}{%p&ﬁ?ﬁtﬁ%ﬁ %Bg%u%%%%ﬁ%st ?anti aléaé 1((%ggrrpri ses:
Pl i)2 (41 calodigeeé af a ratiot dfehd fleiduenpyners dsnsigripnt) 0422 ienusithe averalequency
conponent 1416 (i.e f,rnnsd-., The fluid conponent density. Wd) 1422 can
be cal cul é%%%itytéinw)gi‘?ﬁéﬁ‘ﬂﬁﬁﬁ%yfheéhﬁ%ﬁ@w%}l %@ﬂ&@?%&% 2396/ 019595
component clhbliner A BIHIUD DR vEiBGraklioh CorhpBASENEY BOMRAACNT 1416
conprises anh average m Xture frequency. The gas component density (pg.)
1421 can be cal cul ated. usimg, tpg gas frequency conponent 1412.

Consequent |y, t\’i?édféﬁ‘alopr:acri“cr_rr‘vf gas 1418 is calculated as d4%htio of the
fluid conponent density (pfol/"("f; d)og‘”l422 m nus the overall 5 density (pnjXx)
1420 di vi . i s (ggpggg ' : , 14 ' t he gas
conponent qglgrllgs?ﬁ%@%%g?)a&i% : Egi%%?%&fs %égtﬁ’é%gagéﬁ%lg%tﬁ% 313%}]&%@ the form
Voi d- Fr actmateriat. Pnoid - P"'" (42) Pfl ed - Pgns The resulting void fraction

of gas 1418 ref]lects a ratio of gas to fluid in the flow terial. 10 The
mass flPaction rdGiHasereom rutieg HlselstarmanesdasmassHeaction 1449 §Or Bf t he

frequency ln ' [ rhe 1405
uses the SERERTTERALI4IT 1885 EROONIRL ook BRES, oAk A0S M DS 1
val ues, | nletrwaredtvoid fradtonl (JFe 141 atoagswiflr derivied dedsity Saludbsia orddr tand vol unme

(V) are related by density (p)... Therefore, density 15 conprises: P= V (43)
As a resu|°9%cu{aFFet%Fr§sa§Sf§I@‘§m @‘)rw(rrf) can be sinplified to:

Mass (m) and volume (V) are related by density (p). Therefore, density

15  comprises:

P=2 ‘ (43)

As aresult, the mass fraction (mf) can be simplified to:

m m V
mf — 1 = 1 _ A" ( 4 4)
7711 + m?. mmix p mixI/mix

Because the void fraction (VF) comprises the volume ratio:

20 VF = Vﬁ- (45)

mix

then the mass fraction (mf) comprises:

mf =VF* 2L (46)

Pmix

As aresult, the mass fraction can be determined from the void fraction (VF), the

gas component density (pg,) 1421, and the overall density (pmi) 1422. The gas
25  component density (pg,s) 1421 and the overall density (pyx) 1422 can be determined

from the gas frequency component 1412 and the frequency response 1410, respectively.

It should be understood that only one of the gas frequency component 1412 and

the fluid frequency component 1416 may be needed if either the gas or the fluid is
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nf =nil =alt = P1V (44) nm + m nPnGXV n!x Because the void fraction (VF)
conprises the volune ratio: 20 VF =V (45) V "ix then the mass fraction
(nf) conpri . = VF' A(46) P,,,n As a result, th f tion can
be deterniﬁ§§§%?@%?{%e void fraction (VF), the gas conggﬂﬁﬁﬁmﬂéﬁépty (pgas)
1421, and the overall density (pmx) 1422. The gas 25 conponent density
(pgas) 142%ngnf FhCeauidkf thd @BSEdipriRihir) thdiftd staf@hd AR FRLEAY R§fnsd r om t he
gas frequency conponent 1412 and the frequency response 1410, respectively.
It shoul d Kenddedsityiconde abramednlAp agnsulpthet knovgasas or dyiseftequeoanprortent 1412
and the flwd frequency,co ent 1416 be needed if either the gas or
the fluid ?twﬁﬁfmgffg8%%%¥%§§%?nﬁé%Pﬁ§%%%%?o19595 known. For exanple, if
the gas conpri sghe feter elddfBnids 30 amtlaldeicHally GeREHRB GYher ERROSHREactdrRtis, densi ty)
can be assuned. As a result, the known gas or fluid frequency can be
filtered oguchana ayarayl rapss ffow raes, iarsgmppeqt inpshBewsdompege @ el6t roni cs
20 can add'ﬂ'e%@?ér'decfr%h%%%&n gL Hle{oxﬁlh%ce]&{&%rv%ﬁ{ ﬁlre'rﬁétércasstSemt?lP/SlBCthl% an
overal | mass Oow rate, a“conponent NasSs ows, conponent volunes, "etc.
met er el ectiiexmnkiesasd®mbBN (i cOmPEIRTED} Gatneddf bivmétbethaeiekraagsenbl y 10,

where the neter assenbly 10 can conprise any manner of flow neter that
gener at es arcqEensyuespense: d8pen sabodimesh heampigtassembly theompsises a 495iohbl y 10

70 Conpr i s e 2Rl Bl iR breph P B OREY) Sl SRR 05 of o

met hod 1or JddediniEtenl Ng a mass fraction of flow conmponents in a flow
material flow ng through a flow neter according to an enbodi nent of the
invention. I n sFEp 10602 flogvohpr qaehele methed derdateminipgiavesss frppdon e ejtiency
response CRBuBGe Rl Eth P TR S B BE LR 51 Reed: B 3R o The 15
frequency response conprises a Trequency“response to a vibrating neter

assenbly 1@mbbbliatent ofthedieentibe Id e nENes firbuench réspenseli6 Bsteivieie The equency

response is broken out into a gas frequency ,
frequency response can be received in the meter electronics 20, for example. The

The

15  frequency response comprises a frequency response to a vibrating meter assembly 10
that includes the flow material.

In step 1602, the frequency response is broken out into a gas frequency
component 1412 and a fluid frequency component 1416. This is possible because the
frequency response 1410 comprises a gas frequency component that is related to a gas

20  flow rate in the flow material and a fluid frequency component that is related to the fluid
flow rate. The breaking out can be performed by one or more filters, as previously
discussed.

In step 1603, an overall density (py;) is determined from the frequency response.
The overall density (pmix) reflects the density of the combined fluid and gas flow

25 components. As previously discussed, the overall density (pmix) comprises substantially
the square of one divided by the frequency response (i.e., the frequency response
inverted).

In step 1604, a gas component density (pg,s) is determined from the gas
frequency component (fy,). The gas component density (p,.s) reflects the density of just

30  the gas flow component.
In step 1605, as previously discussed, the void fraction (VF) of gas 1418 is

determined using the frequency response 1410, the gas frequency component 1412, and
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conponent 1412 and a fluid frequency conponent 1416. This is possible
because the frequency response 1410 conprises a gas frequency conponent
that is reglgb@gi3R;72 9as 20 flowrate in the flow mategj luid
frequency conpoﬁen% that is related to the fluid flom?ngggﬁgggﬂﬁreaking
out can be perfornmed by one or nore filters, as previously discussed. In
step 1603theafiuid\fegaddcy dempbhsnt (H16., Thd @selehekoidieadtion ofphsel 1ireagbency
response. The overall density (pm,) reflects the density of the conbined
fluid andYRresse g 2aiq; 8 RRIGAAES Or Allepmedstseis| y di scussed, the overal |
denst LY P X) L Qupt 406 RS kLAl deer iR SAUANR R BB (it BY | e

frequency respons requency response inverte step 1604,
gas conponsdt ratensithy gdspipasi)y (pg.)detoserlniedsity @M. ), besigam infdqeati@nd, conmponent

(fga,), The gas_conponent densj pgas) reflects the density of just 30
the gas flow cﬁﬁﬁﬁ@.ﬂowﬁﬂ%ifﬁéﬁf{e&{neﬁ@dé?redﬁtmwg&i%ﬁé@é on phdow o d
fraction LS \ i response 1410,
the gas f?g‘gﬁzﬁ%“;ﬁ??n%ﬁ@ﬁ%élfhﬁg‘f”ﬁ%%%%‘W%%%f e Ay | B e 515805
t he fl ui defnbedinencyf thoipenton. 044 fetlibdef besalelrty ovg thediwd ndgas Pequehcgas 1418

can be expressed ﬁs (a]]ée{ tio, a percent age, or tot her neasure. In step 1606,
the mass FPREPIGHS fram FHCREUI PN CABPYSSPeFPHRIE SO (ifeying 2pgratt a

rati o of : it - I i < in

Cquati on S5¢ (HRRpRERSl s (AHRRL: KRMENE fieoliRy parRiba 5, AR 0

mass 10 actilstenitilly kgects the gpofreqiency norapéiennambiubstantialfyl passesghe Homugh a f 1 ow

neter accqrding to an e di mené f the inyention, C?e r,rettgg of breaking

out the f ‘e nse
ABENEH GOBRENGTY "ﬁﬁ%ﬁwn @Bﬁ%%%ﬁﬁf%“an%l?ﬁfﬁés erdpge %eﬂg%a

conpr i ses RERLRNAING sty itk 5] RBSRRIRLRBS the A bl dhRRgkAt | On

conpri ses tering t requency response wt frite hat 10
subst ant i ahd yubsenéeliys pashes thagas freppaercycgonummentn efd a et shb Sitsadidternl | y passes

the fluid frequency, conponent. The second fil i Ng operation conprises
{11t er | ng OGO eS R o W HTE G seson THeT Swp s SE HLaMD: al 1 y
rejects thembbling frequency conponent and substantially passes the gas

frequency conhponent. As a result, the first filter outputs the fluid

frequency conpbnsep 17, b éretyhencs eesponsefis rdceived aspue dotdhe dgassséd.equency 15
. 1701 f i i i I

component. In step 1701, 3 frequency resngnse |s,Lsceided 13 Pl fikous!y
substantially rejects the gas frequency component and substantially passes the fluid

frequency component (see FIG. 18). In one embodiment, the first filter comprises a
20  low-pass filter, wherein a low-pass cut-off frequency of the low-pass filter is
substantially above the fluid frequency component. As a result, the low-pass filter
substantially passes the fluid frequency component and substantially rejects the gas
frequency component. |
In step 1703, the frequency response is filtered with a second filter. The second
25  filter substantially rejects the fluid frequency component and substantially passes the gas
frequency component. In one embodiment, the second filter comprises a high-pass
filter, wherein a high-pass cut-off frequency of the high-pass filter is substantially below
the gas frequency component (but above the fluid frequency component). As a result,
the high-pass filter substantially passes the gas frequency component and substantially
30  rejects the fluid frequency component.
In step 1704, the overall density (ppix) is determined, as previously discussed.

In step 1705, the gas density (pg,s) is determined, as previously discussed.
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In step 1702, the frequency response is filtered with a first filter. The
first filter substantially rejects the gas frequency conponent and

subst anti a\Yoogasses the fluid frequency conponent (seerhistosddlos | N one
enbodi nent, the first filter conprises a 20 | owpass filter, wherein a

| ow- pass cut-off frequency of the lowpass filter is substantially above
the fluid freqlesep 1066 peswioushsdiacusesiitite, voihEradtoon qfpas 1418 tseletermined

subst anti al | asses the fluid freguency conmponent and bst ant i al rej ects
The pant ! eint, (BATS Gnsted Sonattie by S SR b b b A red i Bat Y
filtered WidfleRoyS&mlehd 14167 . The second 25 filter substantially rejects

the fluid frequency conponent and substantially passes the gas frequency
conponent . | n dnetepriFodithemass frimiondddPis detdringneds anprevmaslyalisvugdedpass

filter,. wherei i gh- pass cut-off. frequency of .the high-pass filter is
substant i1y BPolt SrEeqRny redhehny te B o R PRI B [RRoTL
frequency tganmRABetdd todtedk dif e fluid fﬁeﬂ@ed&%@ﬁm@@ﬁéﬁfahdi HRIgasWRehatyi al ly
passes the gas frequency conponent and substantially 30 rejects the fluid

f r equency coomeoerrccoriingge ép empodimenhef e éxventiore ke loyet pine okiheigsaph

determ ned, as preyi ousl| i scussed. In st 1705, .t he gas densit eas
e Gt b S PR RS0 St el S08% G aiBRbYRS B oces
In step 170.a @S fiRG8MIcOESIpofént tdbeS athe ﬂu'i@fr&%ie‘ﬂg%&@:ﬁbéﬁﬂt RbeGRRvt B 1S

determ ned using the frequency response 1410, e gas frequency conponent
1412, Hnd fresmendythan thergag treqesncy eopporant lobg1 8 he uppestlaygs eTmPrise hloWrnass

fraction 9 is determ,ned, a reviousl y discussed. FI G 18,1 S

fr equency DIEHPeRGIHG TekepaIubh RpR Gt BT BREE t bt 1ty can e
used to brealfordqueRd fol Bo@ the RELEASE Y€ BIFRORENfilteRds Substadasllyf setsiedcy
conponent according to an enbodi nent of the invention. The lower |ine of the

graph repreésesstthe 8o labes. nidedewipasyansiiigh-pass goiesecanhial e gicagnzonf ¢utiof
frequency gconponent | obe .and a requency, ¢co nent, lohe. The fluid
frequency %@%%We?{tcapglﬁ}ée ﬁhg{éfe&?gg'(fsfﬁ 7o Flgﬁudgﬁgé/mﬁ%%mehfgmg sla-\ggsequency
conmpongnt fQfencyldienpoRpes. It dae e s&hatSBe Bow-pa¥sFARS will blifpaf thegRipd@nse and a
hi gh-pass filter response, along with a cut-off frequency. Here, the

cut - of f f rieequeneyycomrponpeitandithehichwnagralter avill outnyh theagas fifegpensy somponent.
e U R e M e M
frequenci eBsqueiBedtipt@e @ 4t beand tel flliafdq@asy tombbeskienty, conponents. It can
be seen that the | owpass filter will output the fluid
Another method of breaking out the fluid and gas frequency components
20  comprises filtering out a single, known frequency component and using the frequency -
component passed by the filter operation in order to determine the fluid and gas
component densities. For example, where gas in the flow material is air, then the
filtering operation can be configured to filter out a relatively narrow frequency band
centered on a typical air frequency response. Subsequently, the overall density derived
25  from the frequency response and the fluid density component derived from the
remaining fluid frequency component can be used to determine an air density term. For
example, where the gas is known to be atmospheric air, a filter (such as a notch filter,
for example) can be used to substantially reject an air frequency component of the
frequency response. As a result, the overall density (pmix) 1420 can be calculated from
30  the frequency response 1410 and a fluid component density (pguiq) 1422 can be

calculated from the fluid frequency component 1416. Therefore, the air component

density (pgas) 1421 comprises:
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frequency conponent and the high-pass filter will output the gas frequency
conponent. Therefore, the two filters can break out the frequency response
1410 into ofl?S75.h r equency conponent 1412 and the fl uj

conponent WG%Znozgher met hod of breaking out the fl u&ﬁén%g‘g%bg%?r{equency
conponents 20 conprises filtering out a single, known frequency conponent
and using the fplg\qﬂml(”: 1-eBypenent passed by the filter operatigy)in order
to determine the flui'd and gas™ conponent densities. For exanple, where gas
in the flow nmatEii$ eduatisn ar be idveittentas: filtering operation can be configured
to filter out a relatively narrow frequency band centered on a typical air
frequency respofises Paubsequantty, the overall density derived Zg%romthe
frequency response and the fluid density conponent derived fromthe

remai ning fluid frequency conponent can be used to determ ne an air density
term r exa i [ LI, ilter
(such g’g a not C'Iﬁllt%fx?tw(%?}{,?ts%?@d%%é%ﬁrgﬁ%@%bt%% fg@gg&%{i@&%&%@ r?ﬁ%rglcﬁlsbé ej ect
an air fregueneyfiterpdongnhd te did frattieopaane deteaapirdseingAle gasrfesukihcy t he
overall density (p,,,;.C) 1420 can be cal culated from 30 the frequency
response 1PMPORRH- L5 901G Bbviese fedurdqs repo@h FAbaperirmed vieropwe thid cul at ed

fromthe flui r C [€m a I (o]

densi ty. (o T AA oA o r oo S Bns s BB o IBaRE: o
PRui d (1- MequemcyPgmovehmpthodloars reaepateither thafulefrequendyt ¢@mpa@asnt &'the zasPf | ra
p" is - Pga,ogo, (48) 5 Alternatively, it should be understood that the
fluid ¥4 eqieHEPOXARRATERE can be renoved/filtered out, and the void
fraction can b ' i ef ore,
this singl o f rafoncpboamient sl Bokit REaliasy LEABHRALton GATRRDETbY oFf of cecses o
known charmoiectilicss whilé theqiisrdiequasyanapoaerd igpassed by thelfdteeihgoperatibe si ngl e

frequency renoval nethod can renpve either the fluyid frequency conponent or
the gas ~ 160G PrecRiERRs ?@%%Bﬁéﬁﬁg%%m&?ﬁéc%bﬁi%a} glaers i“hgPieh %ﬂ%ﬁnﬁémsy

conponent : : j ~Whi t guency
component L enEnbESBURH BiRAREPRInY furidn bala: Bk hErch1f i MEhept IR |
one enifodi mepins€)o dtersaivalyn dteadne for nicee filtérsmah chmpriset ary spsfaasry fltdr or
frequenci es except fr %uenci es within a narrow band (i. e., a notch in the
f requency @hl%@mrpééﬁt ISAl ternatively, the one or nore filters can conprise

any satisfactorpicf i b i8S i@ chart 1900 of a method for determining a mass fraction of flow

components in a flow material flowing through a flow meter according to an
embodiment of the invention. In step 1901, the frequency response 1410 is received, as
20  previously discussed.

In step 1902, the frequency response is processed with a notch filter. The notch
filter passes frequencies above and below a notch, such as above and below the gas
frequency response in this embodiment. Therefore, the notch filter substantially rejects
the gas frequency component 1412. The notch filter substantially passes the fluid

25  frequency component 1416.

FIG. 20 is a graph of a notch filter frequency response. In the example shown,
the notch is centered on a gas frequency. The notch filter passes substantially all of the
frequencies above and below the notch and only the gas frequency is substantially
rejected by the notch filter.

30 Referring again to FIG. 19, in step 1903 the overall density (pmix) is determined,
as previously discussed.

In step 1904, the gas density (pgs) is determined, as previously discussed.
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conmbi nation of filters. FIG 19 is a flowhart 1900 of a nethod for

determ ning a mass fraction of flow conponents in a flow material flow ng
t hrough a wbawisN®iser according to an enbodi ment of thecrRMsRkbRRes | N Step
1901, the frequency response 1410 is received, as 20 previously discussed.
In step 1902, the frequency response is processed with a notch filter. The
notch filter [astepd905 dguentiragioaltdges bid ibdttonnimedaisghneviswsthdiasusadthve and
bel ow the gas _freq y. respaonse in this enbodinment. Therefore, .the notch
filter substang?ﬁ?Pasﬁéﬂh%@Pgf%FHQHéé§9Fﬁ@ﬁﬁ@ﬁ@9’%Uﬁﬁﬁﬁéﬂfd¥ﬁT¥?dThe not ch
filter substantigliefeRaGe@fich Bd Method a€oorlin R SRR Jehddeed ! G 20
is a graph of a notch filter frequency response. In the exangle shown, the
notch i s eeodrdingdo any af thasnfbodigueatciy.orddreo nbtkirse édat atvapmges $f desived.anti al |y
all of .th fre uencieg abave and hel ow .t he nohch nd §B|Y t he gas frequency
i s subst ant1e4PYSHIOR SRR EFIERIIAS 2 IS Hattas iR tvaPhasdlows dhe ISUYLTaR to FI G
19, 10 StefehAfhd d Es<OVRtih bn SRR bHask S THeSnAGHBH LA Bherm® aRhAY! OUS! ¥
di scussed. In step 1904, the gas density (pg.) is eternlngg, as previously
di scussed.frac86n Wira0H 6y ras? FaetierCT 820064 01vesdin ¢an detemidodmashiractiond

fraction of. gas. 1418 i.s determ ned, as previ ous di scussed. In step 1906,
e’ mmas R 48: 5k ivFEon SR T saSes bt SR deY GRURDELsautaté ot or

el ectroni s a06 RGN . FREPTIN Phash [r AN | DR BRBntRS) dM})-6MBOS Bthss accor di ng
to any of the enbodinents in order to obtain several advantages, if desired.
5 The liOnv draciiom detannidetier off greater avasmcy amtteliapilityn Ehet inverploasen prowde ahe

i nvention can_.deternmne .a mass fractjion in a | ti.- phase .fl ow. The invention
can det or RS CEORTLQCtOR TR A R 1o ioh airald Wyla BPRoTios 6t ui d. The

i nvention £anRsdet apEi ne a mass fraction of air. The invention can determ ne
masses of “i ndividual flow conponents, such as a gas flow nmass and a fluid
fl ow nmass, for exanple. The invention can provide a nmass 10 fraction

determ nation of greater accuracy and reliability. The invention can provide
a mass fraction determ nation faster than the prior art and while consun ng
| ess processing tine. 36 WO 2006/ 127527 PCT/ US2006/ 019595
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W claim 1. Meter electronics (20) for determning a mass fraction of flow
conponents in a flow material flow ng through a flow neter (5), the neter

el ectronic rising: an interface (201) for recegjyj equency
response o?"c{ﬁ)gg/ﬁc/g material; and 5 a processing systg&n‘#%g@?m{%%
comuni cation with the interface (201) and configured to receive the
frequency pesfgpse fromthe interface (201), break out the frequency

response into at |east a gas frequency conmponent and a fluid frequency
conponent , 1ddMetemslevdronics ey fat Hetdawiningya thassifractien 6f Bgerenmponegpimsfow

determ ne a gas, ,densi fromthe gas_frequency conponent, determn ne the
voi d fract PEFTH ﬂa\gglgftﬁ%qﬂgglﬂgﬁ%n?e _Z%)e PRSP g‘P‘ﬁgg&o“r%“RﬂSl%re of the
gas frequency corpeient @0g thiRcivid Q_ﬁéqﬁageyq@@bngngpmegm mg{aﬁaf?%ﬁ@rm ne

the mass fraction fromthe’void fraction of "gas tiplied by a'ratio of
t he gas5 densi t ya groceshig $ysterrh@ 03y ar edimmute osionywitiPthe Tinerfawt @0 1 pdrelct r oni cs

(20) of claiml1, characterized in that th densi t conpri sj ng an

i nverse of C?’ﬁ]ég toﬁ‘é’dﬂ%ﬁ@@‘%%ﬁ’ﬁéﬂ“’&ﬁ? rgplrgé%@;,@;eé qcei%ql@i l?lﬁglg@r‘*ﬁb‘? sing an
i nver se of g : . QNG f claiml1,
characteri grg |nfr?§'? t6 Hﬁ%ﬁ’g‘#gﬁg&s iga;sgﬂ%@g?ﬁﬂpfggﬁg%nn%&g t%etaﬁ%er%c?,conf i gured
t o det er m nemponems Slefdrmmer at @vendll ddnsity from thea frequeacy response? deteligink hggsiency

response and determ_ne at | east one of a first flow conmponent ss and a
second f|o@e®%§mm€ %é@qugncﬂgwenms@tqwﬁ@sﬂo@rﬁaqt% Gheas KpRGhE 1 at .

4. The et g gleet s ARhesu M i B e Jus SORIAES BBk Bd HRtnde

frequency respon conprising a first sensor signa a second sensor
si gnal and fishieenpy corpenag, adsdessrmiithé 239 fractiondrdm thicerid Gaofioigof @d t o
determne a uqst%g,ti al |y instantaneous, frequency and determ ne a

Lﬁtl}?

subst ant i aft i EHe ol hesas engiyrdreided By the gyisradi dengite mass flow rate is

determ ned using the frequency and the phase difference. 5. The neter

el ectronics (20) of claim3, characterized in that the frequency response
30 conpri si2ndlhe mhétesdletmsasr(26) efivddimal)dharastedreddn sleat slow gasidgnsity and t he
processing system (203) being further configured to determne a .

subst aA® i alPPrisies ARdREL the gepiasausncy Yutief ang Enepverabkdensity gpmprising

i nst ant ane ﬁ%? S i ivide the phase difference by 37 WD
2006/ 12752('}IH %é%g%%%e?gggq‘%ag%dfrequency in order to obtain a tine
delay, and nultiply the tinme delay by a constant in order to obtain the mass
flowrate. 6. The neter electronics (20) of c¢laim 3, characterized in that
the frequercylheaagienaactronics (20) of claim 1, characterized in that the processing system
(203) being further configured to determine a mass flow rate of the flow material from
20  the frequency response and determine at least one of a first flow component mass and a

second flow component mass using the mass fraction and the mass flow rate.

4. The meter electronics (20) of claim 3, characterized in that the frequency response

comprising a first sensor signal and a second sensor signal and the processing system
25  (203) being further configured to determine a substantially instantaneous frequency and

determine a substantially instantaneous phase difference, wherein the mass flow rate is

determined using the frequency and the phase difference.

5. The meter electronics (20) of claim 3, characterized in that the frequency response
30  comprising a first sensor signal and a second sensor signal and the processing system
(203) being further configured to determine a substantially instantaneous frequency,

determine a substantially instantaneous phase difference, divide the phase difference by
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5 conprls (g a first sensor signal and a second sensor si naI and
processi n§ BIE/E1H27(203) being further configured to gené /HSQO‘?/S”P?ﬁ 90
degree phase shift fromthe first sensor signal, conpute the frequency

usi ng the flrst 90 .degree phase shift and the fir sensor signa
det er ni neth§ gqgggch(r}p,og#qrg,o B‘P\t%kne?ntﬂ‘ﬁﬁgﬂ% aﬁﬂé@ﬁtlﬂi?’ftl?eerr“@ﬁéélaym’\ﬂ BsiiBe phase

di fferencg.l é})iexitﬂ%bfau?ﬂiéerﬂ&é flo Qfeder to obtain a tinme delay, and multiply
the time de constant I1n order to obtain the mass flow rate. 7.

The neter electronlcs (20) of claim3, characterized in that the frequency
response r|5|n afir S or _si gnal econd sensor signal and

the. pr ocebs it HG My EbRTopis 610) BEF A" P ite At gBhin t&a}t@ rteaueeexé?sgpvﬁ%g a first
90 dey eec&ﬁﬁ%ﬁné@ﬁ?& séﬁsgmlgﬁaq ahdl b $¢coha s%@?ﬂﬁ?z?'ag{iﬁﬂee’pr?@égpiﬂé's{]'gelﬁhe phase

difference using the first degree phase s I rst “sensor signal,
and t he s&f3hbeisgfigtrer sonfimired Wegepemiern fingt 20 degrat @rasé sift\from Hetfast aneous

phase difference, dividing the phase difference by the frequency.in order
Do obt ai nSSseh e apUIeta TRAPTCR A e el 20 hertroniy® ﬂv§§n§§?fs@raht in
order to Qhk& fonad MRdIBSR 4 éLfB‘é‘faﬁ@atlﬁz 1n52‘.9nt§neo-1|1§"?hﬁ%&iﬁ"fer@ﬁ&?&ﬁ%‘tﬁé k0) of
claim 3, charac%erlzed In that the frequency fesponse conpr|5|n8 a first
sensor si glfﬁ:renaabyahaﬁeqmdqsmdﬂ tsobtaad a amd dehg, prdovelsiplythe siyetdetay ( 203)
bei ngléurgher conf i ured t‘g’éﬁ&t ratl a first 90 degree phase shift from

the f Y & SpRsant 8ﬁ§¥u’ V%@and 90 degree phase shift fromthe

second sensor signal, 25 conputlng the phase difference using the first 90
degree phase shift, the second 90 degree phase shift, the first sensor
si gnal , afidThheesrctmtosientd)) of tlgmaB, cldetctarizedimipatthe diehsinapmtrespbhse

|nstantaneous hase di fference, dividi t he ph i fference by the
ety PR T Seton A 2pf e el S oL AR O I L PRy del ay by
2, Const antoos} B ek CoBibdoliferdBRea R LBhee oA ShirTAENTRL s

el ectronics clai characterized in that the frequency response
conpr I 5i neenaoif sugrmﬂ @Mng dhegphabe diffdreacsesing theSastsWr degregrhbseasifttthe

i t 03 t h ' dt t 90 d
Phase shi TES FsH St SRE SEHub e i S tar patess S R ERb 006/ 019508
si gnal , Cﬁﬁﬁk’l{aﬁeﬁlsfﬂhﬁ%'&%)én&@%ﬁ)ﬂﬂ'ﬁg tme;pmge BifRréifee @%eeﬁecmea@;euﬁd}aért and the

first sensor signal, conpute a phase ference using at | east the 90
degr ee phm;@t@mafttme d¢iey,fa|nd snultiplying the time delay by a constant in order to obtain

the mass flow rate.

20
8. The meter electronics (20) of claim 3, characterized in that the frequency response
comprising a first sensor signal and a second sensor signal and the processing system
(203) being further configured to generating a first 90 degree phase shift from the first
sensor signal, generating a second 90 degree phase shift from the second sensor signal,

25  computing the phase difference using the first 90 degree phase shift, the second 90
degree phase shift, the first sensor signal, and the second sensor signal, determining a
substantially instantaneous phase difference, dividing the phase difference by the
frequency in order to obtain a time delay, and multiplying the time delay by a constant
in order to obtain the mass flow rate.

30
9. The meter electronics (20) of claim 3, characterized in that the frequency response
comprising a first sensor signal and a second sensor signal and the processing system

(203) being further configured to generate a 90 degree phase shift from the first sensor
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sensor signal, and the second sensor signal, conpute a tine delay using the
frequency 5 response and the phase difference, conpute the nass flow rate
fromthe tiWM@2Wei2A27 determ ne a substantially instant 26F8I$20000H5

di fference, divide the phase difference by the frequency in order to obtain
a tinme del naland multiply the time delay by a constant in order to obtain
the mass f rate. 10 10. A nethod for determning a mass fraction of flow

conponents in acbhmputerEfr@jueady refpodié igng the @GR greefphaw st eid tHe TRstsefidded
conprising: receiving a frequency response of the flow material; breaking

out the fr&EhaneympPEsgahate diFfesnen unsalleast hadOrdeatsadhese bfigbnist and 15 a
fluid f : . L i By Sk
ecponee: BPL BT AOCEE s SR EETMYBR S e RS ke DAk "

det er mi Bi ngespbese\edtthd plact differeice genuteiiic inhigs floRGuR T HRSRAOdeapnd one or
nore of the gas, frequency conponent and the fluid frequency conponent; and
20 det er m APiSgINBA syhsantallydpstgraneounphase diffirence r divide dhe pasgdiffarenceibpl i ed by

or ol o m 207 REPRS: SRR ol S Rl SRR e Bt s R0l co 25

of the gas if oxlat@nshyain thines fiovlrdidie overal | density conprising an inverse
of the frequency squared. 12. The nethod of claim 10, characterized in that
further conprising: determning a mass flow rate of the flow naterial from

t he frqguency response; 30 and determ ning at |east one of a first flow
conponent mass and a second flow conponent mass using the mass fraction and

the mass fliQw A aiethod3dr WerRiBGgla’ni sl Fracfidh UEA0R@otb30as inldflowheatemilhod of
claim 12, characterized in that the determning the mass flow rate

conpri si ng:flayéng thrpugthg flawsnetst, i methpy comBHgAg'aneous frequency; and
determning a substantially ins n i,fference, wherein the mass
ik Rdiraliel AT ERL RS AR TRy

5flowrate is det requency and the phase difference. 14.
The nethod of cliédkidgeoutGhafraqicty 7gporiss iftbat lehste das Efpdanty doappaagand

compri S1I ng aaﬂuid frequency component;
determining an overall density from the frequency response;
determining a gas density from the gas frequency component;
determining the void fraction of gas from the frequency response and one or
more of the gas frequency component and the fluid frequency component; and
20 determining the mass fraction from the void fraction of gas multiplied by a ratio

of the gas density divided by the overall density.

11. The method of claim 10, characterized in that the gas density comprising an inverse
25  of the gas frequency squared and the overall density comprising an inverse of the

frequency squared.

12. The method of claim 10, characterized in that further comprising:
determining a mass flow rate of the flow material from the frequency response;
30 and
determining at least one of a first flow component mass and a second flow

component mass using the mass fraction and the mass flow rate.
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first sensar i ga% and a second sensor signal and the determ ning the nmass
flow rate c@ﬁﬁ 24ng: 10 determining a substantially instQHPS08YP$595
frequency; determ ning a substantially instantaneous phase difference;

di vi di h i £ er by th in order to optain a ti
el ay: | abil RO ERBIoRG ARt Py T HERE U taflins he BRSSHONGR6bt ai n t he

nmass fl ovgdiRbding:15 15. The method of claim 12, characterized in that the
frequency response conprising a first sensor signal and a second sensor
si gnal and t hedetetmanmigra whstanteallyasgarftireaus feguentyirander conpri si ng:

generating a first .90 degree se . shift fromt first.sensor signal; 20
domput | ng t he. FERIBME KRG A RaT LT EeogbP oG PR HHaSRhSRM B S the {1 r st
sensors  sflgRahte if@dt&iiThed Ran@thS YR LM 1aak ke pHASE &ffepdgOUS phase difference;
di viding the phase difference by the frequency in order to obtain a tine

delay; and 25 multiplying the tinme delay by a constant in order to obtain
t he mass ow rate. 6, . T t hod. of . cl aj 2, characterized in that the
[ r equency +eLibieBog st gl A Tarastizey mAUSE Henuiy raRats Cousiithedonsor
si gnal anff §&s6edigddrand B9edone s%@ﬁsigﬂleﬁ%ﬂ HeQletdriifiRe theGRAR oW AE 30
generating a first 90 degree phase shift fromthe first sensor signal;

conput i ngcarhprisphgse di fference using the first 90 degree phase shift, the

first i I d.the. d ' | ; det i ni
subst dht i al 1y PHEERRIEHBGRaRRatm R0 BEdUeG W0 2006/ 127527

PCT/ US2006/ 0198&8rmiding Adubstahii@lyihasgattoht phapaatdyndhe frequency in order
to obtain a tine delay; and multiplying the tinme delay by a constant in

order to obt ai Aividieg thesghasd Gifereaceby helrquativy imetdenth oftainladime delay;
characterized in that the frequency response conprising a first sensor
si gnal ant™a second sensor si gnal and the determning the nmass flow rate

further conpri giufglying the time delay by a constant in order to obtain the mass flow rate.
15
15. The method of claim 12, characterized in that the frequency response comprising a
first sensor signal and a second sensor signal and the determining the mass flow rate
further comprising:
generating a first 90 degree phase shift from the first sensor signal;
20 computing the frequency using the first 90 degree phase shift and the first sensor
signal;
determining a substantially instantaneous phase difference;
dividing the phase difference by the frequency in order to obtain a time delay;
and

25 multiplying the time delay by a constant in order to obtain the mass flow rate.

16. The method of claim 12, characterized in that the frequency response comprising a
first sensor signal and a second sensor signal and the determining the mass flow rate
further comprising:
30 generating a first 90 degree phase shift from the first sensor signal;
computing the phase difference using the first 90 degree phase shift, the first
sensor signal, and the second sensor signal;

determining a substantially instantaneous phase difference;
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generating a first 90 degree phase shift fromthe first sensor sr(gnal
gener at i ng' OF08¥BIMI 90 degree phase shift fromthe secondPGéhE8ps/ P¥Aal . 10
conputing the phase difference using the first 90 degree phase shift, t he

second 90 degree se, shi first sensor sjignal, .and th second
sensor signal ;4 Hjé‘{)geﬁ%ﬁrph?ﬁ?dI éfergmfgltyalhr Igfiyspey %?@ﬁ?%&%ﬂg aﬁﬁ%&‘gl%ﬁ;f f erence;
di vi di ng phase difference by the frequency in order to obtain a tine
delay; and 15 nmultiplying the time delay by a constant in order to obtain
t he mass fl ow maltplyingd &he tithedetey byal codstant ai ondd2o abkean detreass Aloey tare. t hat t he

frequency response conprising a first sensor signal and a second sensor
signal and the determning the nmass flowrate further conprising: 20

gener af i ngy ar %n%ga%?cﬁhﬁIQQ c‘iﬁra&crlfzéd)mtﬁﬁeihé frE&&cnﬁ?Pe%BBrhs%' ?Hf?)lrlmnggnpm Ing a

frequency response using th e degree phase shift and't sensor

si gnal ; cﬁnpwnsmgplglabbmteschohdemm:segnﬂambtmtdeteaasnngthenﬁkas flegrre® phase
shift, irst sensor signal, and the second sensor signal; 25 conputing
a time deﬁ'ﬁ'&‘eh%q”r‘ﬁlsﬂ% frequency response and the phase di fference:

conmputi ng the ing a
np g g@;@gélﬁgg#ggﬁ%@%éﬁgégghg%hm ﬁ%mdt‘ﬁE st sg@s&f&l i ng

substantial ly I Tference; e phase difference
by the f requengeme'raningrackecoﬁdcﬂ&adﬂgederphasdshrfeﬁdﬁi thysecoaddex&ﬁr srghdli pl yi ng t he

time delay by a consta r er to obtai e mass flow.ra
2006/ o757 PCRMEEBEaRORES8E: f'i@we,srswgtﬂrro@r_sr } depapeplfish 8@1@&5@@ fraction
of T1ow componantisist thid, fHeQWstrEEIas%E k%hal, {domk Beohl’s #é@?ﬁgnil' ow meter, the

met hod conpri'si ng: receiving a frequenty response o f1ow materl al ;
processi ng t heddteragnmgaysubsgspablyanstartimeaunphast diffdréree; t hat subst anti al I y

rejects 5 one of .a as freguenc nent and fluid fre n conmponent ;
det er mi ni ng andigifiRgine ‘ﬂﬁ ¥e0 {}T‘Egreﬂ?eéﬁﬁé‘n@gief E‘s%ﬂs‘é‘t geﬁéf 'm ning a
gas densijy fromthe gas frequency conponent; determning the void fraction

of gas fromthe frequency response and one or nore of the gas frequency
conpohfent and mhéiplying chef tireedelay by e comsane mt ordentb obtain the mass flow rate.

18. The method of claim 12, characterized in that the frequency response comprising a
first sensor signal and a second sensor signal and the determining the mass flow rate
further comprising:
20 generating a 90 degree phase shift from the first sensor signal;
computing a frequency response using the 90 degree phase shift and the first
sensor signal,
computing a phase difference using at least the 90 degree phase shift, the first
sensor signal, and the second sensor signal;
25 computing a time delay using the frequency response and the phase difference;
computing the mass flow rate from the time delay;
determining a substantially instantaneous phase difference;
dividing the phase difference by the frequency in order to obtain a time delay;
and

30 multiplying the time delay by a constant in order to obtain the mass flow rate.
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10 determ ning the mass fraction fromthe void fraction of gas multiplied by
aratio of the gas density divided by the overall density. 20. The nethod
of claim 19y0ekanziSteri zed in that the gas density conpriCIiusgoosaldssfver se of
the gas frequency squared and the overall density conprising an inverse of

the 15 frequenc ed. 21..The nmethod of claim 19, characterized in that
further coﬂgr i‘%%’r‘?g‘%%(a){@{ g?tﬁ‘i“h‘i‘“ﬁ’@ amass fractipygf ﬁ%WéO%‘PO?%SW%ﬁpW%WaAI from
t he frequeqﬁ)\(viﬁga.ggurgpé ﬂo@ﬁﬂetggt%%gae&ﬂ i@hg:| east one of a first flow

n n

conponent nass a seco flow conmponent mass using the nmass fraction and
t he mass fl ow r ateeivig@a ffEqeenvytrbspdngf ofchaflow 2datertddar act eri zed in that the

determning the mass.flqQqw rate conprising: 25 erm ning a substantially

i nst ant aneous frpé%ﬁ.‘?éﬁ’l’&%'%e qﬂua%qyertegg)qqp%}jﬂga ffétdfg#fit%ﬁtlsybﬁg?fgfaﬁﬁf%iﬁ‘éﬁus phase
di fference, ehifk Wt @ @i bRy dgshddat,ng the frequency
and the phé)sng&gi%f"fgr eﬁ%ﬁgg@p%\e Farﬁet%\ggidzf%é% aiyrrﬁ 21, characterized in that

the frequency r elspongdng ampyérgil dgnsity i3 therfequernysespasisggnal and a second
sensor signal and the.determnni | ow rate conprising:

t h f
determining a sYSETGHIRAREES ?%ﬂgﬁpaﬁ@g%? P TIShEPORBEer i ni ng a

substanti al | y i ngfeantRRe S RNBa&id difc8s §BfEthe frédudiRy 2098hde2Ad%he or
PCT/ US2006/ 019595 dividi ng the phase difference by the frequency in order

to obtai n anoiernd thtegasyfrequancynednpopenti ang thenBuitifrequeletyappniponantgamdt ant i n
order tg obtain e mass flow rate, 24, Th, .hod_.of cl ai .
Charactdh i sed | elFminns demet feion Padintad iy of R SlielpdPy st
signal and g ResAEnSIBNaR el tINAL Rl hhiRitget erm ning the mass flow rate
further conprising: generating a first 90 degree phase shift fromthe first

sensor signal; conputing the frequency using the first 90 degree phase shift
and the first .sens 10 .si | , deternni substantiall y.i nstant aneous
Phase di 1 ATerE mgned B it he BRECE A PAPEARe By RS (Rt PHOSK der to
obtain a tidmhédgdsdquency squared and the overall density comprising an inverse of the

15 frequency squared.

21. The method of claim 19, characterized in that further comprising:
determining a mass flow rate of the flow material from the frequency response;
and
20 determining at least one of a first flow component mass and a second flow

component mass using the mass fraction and the mass flow rate.

22. The method of claim 21, characterized in that the determining the mass flow rate
comprising:
25 determining a substantially instantaneous frequency; and
determining a substantially instantaneous phase difference, wherein the mass

flow rate is determined using the frequency and the phase difference.

23. The method of claim 21, characterized in that the frequency response comprising a
30 first sensor signal and a second sensor signal and the determining the mass flow rate
comprising:
determining a substantially instantaneous frequency;

determining a substantially instantaneous phase difference;
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and nul ti Iying the tine delay by a constant in order to obtain the nass
flow rat eVO2UYBE2TThe net hod of clai m21, characterized RGT/¥AR0/Q1PR95
frequency response conprising a first sensor signal and a second sensor

signal and the determning the mass flaow rate. further conprising:
generating a fqiygn eah@%é‘é&ifﬁ%%‘? ystﬁ? f«q'fqnsmrt?fge#ﬁorosbfalgéﬁméeé%gnm; 20
conput i ng,yhe phase difference using the first 90 degree phase shift, the
first sensor signal, and the second sensor signal; determ ning a

subst anti al | y mukiphmgathesnse ¢pdiasey dcddsememcaderdbwbtiimthetrhass floasmtedi f f er ence
by the frequency in order to obtain a tine delay; and 25 nultiplying the
tinme delay by a constant in order to obtain the mass flow rate. 26. The

met hod of )£l Bfehéhod 6PBLAS D & dnéRbretRed R‘E}Battd?@fr@%&ﬂb'ﬁ%?oﬂs%%Bﬁi@ﬁﬁng9”pr I si ng
a first sensor signal and a second sensor signal and the determning the
mass f | owinstedeasorfsigriahamd & savpnd sinsgr: si@Gl gahihe defenyginang the stas9Qodegtece phase
shift fro he first sensor signal; generating a second 90 degree phase
shift fr HEOTRBHE sensor signal ; 43 WO 2006/ 127527 PCT/ US2006/ 019595

conputing the phasendiffer #IEgrddPhag: dhiYe b Bé fi2Q s4R8F &gnAhase shift, the
second 90 degree phase shift, the first sensor signal, and the second

sensor si gnal ;codgtuéingitie frequensubsigatheifaft 99 degee phasersbiftisndthadestdefsoer ence;
di vi &iong the phase difference by the frequency in order to obtain a tine
del ay; e mul tiplying the tine delay by a constant in order to obtain

the mass flow deadirining 4 subf&ntBY A inebhdpisLdiffepdireact eri zed in that the
frequency response conprising a~ first sensor signal and a second sensor

signal and t hedididireg thie phasy differencesty the dvequenic il Ordeutot didain edimpr dedayng:
generating a 90 degree phase shift fromthe first sensor signal; conputing a
frequencyaqﬁdesponse using the 90 degree phase shift and the first sensor

signal ; conputhiBipHiRdarairk 48y 'Sﬁﬁ? Gortb®dn ¢h Gder @3Bhaik BR MAAsIRGY A&, Phase
shift, the first
15
25. The method of claim 21, characterized in that the frequency response comprising a
first sensor signal and a second sensor signal and the determining the mass flow rate
further comprising:
generating a first 90 degree phase shift from the first sensor signal;
20 computing the phase difference using the first 90 degree phase shift, the first
sensor signal, and the second sensor signal;
determining a substantially instantaneous phase difference;
dividing the phase difference by the frequency in order to obtain a time delay;

and

25 multiplying the time delay by a constant in order to obtain the mass flow rate.

26. The method of claim 21, characterized in that the frequency response comprising a
first sensor signal and a second sensor signal and the determining the mass flow raté
further comprising:

30 generating a first 90 degree phase shift from the first sensor signal;

generating a second 90 degree phase shift from the second sensor signal,
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. nmeter, the me

15 sensor signal, and the second sensor signal; conmputing a tine delay using
the frequency response and the phase difference; conputing the mass fl ow
rate from tW@200p/¥5%el ay; determ ning a substantially i rsrast@eenss phase
difference; dividing the phase difference by the frequency in order to
obtain a time delay; 20 and nmultiplying the tj del ay by a constant in
order to obt ai ncommutipgdhe phase,difarence usg the fst ?]Q)ngegr@ﬁplgfég hif Fherfﬁcoélgnass
fraction o n i ' | thriough a flow

O O O B T & oo e of the f1 ow
material; filteddtargnihing afsubstamtivtly ingsporses phdsé ddfekence; filter that
substantially rejects the gas. frequency conponent and substantially passes
the fluid frequéNkingbspbaterdiffersnes By the Treguercy an prder ¢ ebtaiy i tyne delevie 1 ui d
frequen%y gopponent ;. filtering the frequency response with a second filter
that substantially rejects the 30 fluid frequency conponent and

substantial |y paskgsyihfehedase Helagbeacynaaimoorist to obiianled masshfowsetand filter
out puts the gas frequency conponent; determ ning an overall density fromthe
frequency response; 44 W) 2006/ 127527 PCT/ US2006/ 019595 determ ning a gas

fr equency ; > 6/ _ g a g
NSty 1o 19 L ANENGY oROIRANEAL, AR HILILIY LSS LLARY on ©

Is
gas fromt requency responsé a ue

conponent fndsdnder figndl dnd b eeldBAGYnOO KipAdl@AY theadetermitiihg te Magsdlavhataras s
fraction fromthe void fraction of gas nultiplied by a ratio 5 of the gas
densi t Y0 di firdetcasypiisiesoveral | density. 29. The nethod of claim 28,

characterized ip.t t i .S [ rse of the gas
frequency squargﬂlegaﬁglgta@ %@?eﬁﬂ§%%ﬁ§?&}%@8%gggl nélS%\rlllgll nverse of the
frequency squar esmputthg30freiieacyRispartde bing ttai 90 @Preeqfhasastifand et first t hat
further conprising: determning a mass flow rate of the flow material from
the frequebfyoregbnse; and deternmining at |east one of a first flow

component nass g fec e bliffencd 159 TPRAGHe IRERrUShILe LR, HBSRT T acti on

and the nass fl ow
15 sensor signal, and the second sensor signal;

computing a time delay using the frequency response and the phase difference;
computing the mass flow rate from the time delay;
determining a substantially instantaneous phase difference;

dividing the phase difference by the frequency in order to obtain a time delay;
multiplying the time delay by a constant in order to obtain the mass flow rate.

28. A method for determining a mass fraction of flow components in a flow material
flowing through a flow meter, the method comprising:
25 receiving a frequency response of the flow material;
filtering the frequency response with a first filter that substantially rejects the gas
frequency component and substantially passes the fluid frequency component, wherein
the first filter outputs the fluid frequency component;
filtering the frequency response with a second filter that substantially rejects the
30  fluid frequency component and substantially passes the gas frequency component,
wherein the second filter outputs the gas frequency component;

determining an overall density from the frequency response;
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3 1. The nethod of claim30, characterized in that the determ ning the nass
f1 ow rat eWO8MITEng: deternmining a substantially instafEHeBREeF1P¥§uency;

and 20 determining a substantially instantaneous phase difference, wherein
the mass flow rate is deternin?d usi ng gge frequency and the phase
di fference. 32detorENIRGAEa8 depsity frompihggas HRglheney E9MPI¥Ntn that the frequency

response COMPrddidifinfl dd {di £ERH0Sr SR 0B tlaBu RSN aCARAR g Onal and

t he determ ning S ow rate conpri si'ng: erm ni

subst ant i mbieyofiths panframentyscoinpaeegirany the et drequericpGompsndsi aat i al | y

i nst ant aneous phase difference; dividing the phase _difference by the
frequency in ofUEMIRIHE B HAS fé@%lpwéroaveqhaypld fcdonof gan mplgpyedly B KLY i ne

2006] 12737 0 DR BE 4 gt 0051 ci ai m 30, character i zed in

that the frequency response conprising a first sensor signal and a second

sensor signal. and the determning the pmass flow rate further conprising:
gener at i nz39 al g gthod of glagn &8 hrmsterized mtﬁwrtgwsrfkenflm CQMEEMHIN DVEHal : 5

conput i ng i j : : Lf nd the first
sensor s?fgﬁgﬁégtg%tbg?%ysrﬂﬁ%eagng t?rges(%dae%ﬁ %ﬁ%?l;t)d ?‘%@f‘%‘?@%ﬁ@&gg%ﬁgé@ di fference;
di vi di ng fr&imepbasmarctidf f erence by the frequency in order to obtain a tinme

delay; and 10 multiplying the time delay by a constant in order to obtain
the méss flow rate. 34. The nethod of claim 30, characterized in that the

fr equency?ad. fﬁ}%qgét‘ﬁo&%m%hﬁ b@gchﬁracfeiri"z%{l iétﬁ&rsf‘aﬁhér;cgr kisﬂl d a second sensor

signal an eterm ning the nmass ow rate er cconprising: 15
generating a fdatainiRigdagassdophateofahe flowiniaendl fwnf ihe Steqeemyaespngnal ;
conputing the phase difference using the first 90 degree phase shift, the
first seH¥or si gnal, and the second sensor signal; determning a

substant i al |y dfsAfpNeRS DaPS siloSl nine hdnd abiNitRe di fference

by the frequency in o to obtain a tinme
15  component mass using the mass fraction and the mass flow rate.

31. The method of claim 30, characterized in that the determining the mass flow rate
comprising:
determining a substantially instantaneous frequency; and
20 determining a substantially instantaneous phas‘e difference, wherein the mass

flow rate is determined using the frequency and the phase difference.

32. The method of claim 30, characterized in that the frequency response comprising a
first sensor signal and a second sensor signal and the determining the mass flow rate
25  comprising:
determining a substantially instantaneous frequency;
determining a substantially instantaneous phase difference;
dividing the phase difference by the frequency in order to obtain a time delay;
and

30 multiplying the time delay by a constant in order to obtain the mass flow rate.

45



20 and nultigﬂzing@the time delay by a constant in order to obtain the mass
fl ow rat eWOH86/127P3 met hod of clai m 30, characterized i n *aHVSH0AKO¥FBquency
response conprising a first sensor signal and a second sensor signal and
the determ ning the nas%#fIOM/rate ,2$_f§rther conprising: generating a
first 90 dégreemshiadet siimdls shapactarized i bpt (e AIBYENSY GFRRPNSe RBIESHEING a
second 90 I I -S| ; ting the
Shase. i f T Sasgr e End B o e s M 90 degr ce
phase shi furthet bemprisisd: sensor signal, and the second sensor signal; 30
determ ning a substantially instantaneq phase_ difference; 46 WO

2006/ 127527 PCE?HSB‘ZG’G@/%"@%@@@%T?E 15}138? ﬂ@gtsﬁf?éﬂ Pedud sanyor §ig8Rke by t he

2 conctant i oo aeyR BEERLEy KRR LA R0 AR Pllebe i R e AR P

30, charasigealj zed in that the frequency response conprising a first sensor
signal and a second sensor Si gqgll and t he det egigtj ning the nass flow rate

further conpri S$tRERINHEeTubsapally ioganiarsouePRAss SHTIRIGS: from the first sensor
signal ; conput | : : n I t. hi ft and
the first 10 g@ﬁgggﬁ%ﬁgﬁa ?M%ﬁﬁ%€§Y§§fgﬁBﬁEQéH?F%?é?@%%@ﬁﬂgﬁﬁggé’ | east the
90 degreeamhase shift, the first sensor signal, and the second sensor
signal; conputing. a time delay using the frequency response and the phase

di ffetence; ¢ lying ﬂe%mﬁégl@@wwon%eré 1p PEieF toebtain the masstiow sate.

determ ning a substantially instantaneous phase difference; dividing the
phase difference by the frequency in order to obtain a tinme delay; and

mul tiplyi 8¢ Themethod ofelauy 30y claarantersded i thanthe fidquertcy redpoasecantyeisimgss f | ow

rate. 47 . . -
first sensor signal and a second sensor signal and the determining the mass flow rate

further comprising:
15 generating a first 90 degree phase shift from the first sensor signal;
computing the phase difference using the first 90 degree phase shift, the first
sensor signal, and the second sensor signal;
determining a substantially instantaneous phase difference;
dividing the phase difference by the frequency in order to obtain a time delay;
20  and

multiplying the time delay by a constant in order to obtain the mass flow rate.

35. The method of claim 30, characterized in that the frequency response comprising a
first sensor signal and a second sensor signal and the determining the mass flow rate
25  further comprising:
generating a first 90 degree phase shift from the first sensor signal;
generating a second 90 degree phase shift from the second sensor signal;
computing the phase difference using the first 90 degree phase shift, the second
90 degree phase shift, the first sensor signal, and the second sensor signal;

30 determining a substantially instantaneous phase difference;
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dividing the phase difference by the frequency in order to obtain a time delay;
and

multiplying the time delay by a constant in order to obtain the mass flow rate.

36. The method of claim 30, characterized in that the frequency response comprising a
first sensor signal and a second sensor signal and the determining the mass flow rate
further comprising:

generating a 90 degree phase shift from the first sensor signal;

computing a frequency response using the 90 degree phase shift and the first
sensor signal;

computing a phase difference using at least the 90 degree phase shift, the first
sensor signal, and the second sensor signal;

computing a time delay using the frequency response and the phase difference;

computing the mass flow rate from the time delay;

determining a substantially instantaneous phase difference;

dividing the phase difference by the frequency in order to obtain a time delay;
and

multiplying the time delay by a constant in order to obtain the mass flow rate.
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